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Abstract

Ocean waves and currents—ubiquitous features of the sea—are in a constant state of
mutual interaction, which causes strongly inhomogeneous sea states. Their interplay
regulates air–sea interaction processes in space, time, and magnitude and also poses a
threat to marine activities because of, for example, substantial wave height modulations.
The imprint of currents on the sea state is still not properly understood, largely due to
the lack of observations. The research presented in this thesis aims to understand the
current-induced physical processes that modulate the sea state, and the degree to which
it changes. Furthermore, the aim is to evaluate the reliability of sea state predictions by
spectral wave models including current forcing in realistic, energetic, flow fields.

These aspects are quantified in a very strong tidal current in northern Norway—
namely the Lofoten Maelstrom—and its surrounding coastal area. A set of conventional,
and unconventional, metrics for validation have been utilized; this includes novel in
situ observations of waves, currents, and wave breaking-induced air bubble penetration
depths, as well as satellite remote sensing observations, in addition to local knowledge.
These assets have been carefully evaluated against a range of modeling tools, including
high-resolution spectral wave models both with and without surface current forcing, in
combination with order-of-magnitude estimates.

The Lofoten Maelstrom strongly modulates the sea state. This includes the wave
breaking statistics, wave heights (up to 90 % increase), directional spectrum, as well as
the short-term extreme wave statistics (up to 15 % increase). Both in the Maelstrom
and the coastal area of northern Norway surrounding it, the wave–current interaction
mechanisms include local and non-local effects. These take place over a range of spatio-
temporal scales that are closely related to the flow field dynamics and wave conditions.
Such variability is mapped out using a novel diagnostic method. The modeling results
agree well with the available observations, in particular the wave spectrum modulations.
However, more observations are needed to draw even more firm conclusions on the effect
of currents on waves, which, by nature, is a strongly inhomogeneous problem in both the
temporal and horizontal domain.

Abstract

Oceanwavesandcurrents—ubiquitousfeaturesofthesea—areinaconstantstateof
mutualinteraction,whichcausesstronglyinhomogeneousseastates.Theirinterplay
regulatesair–seainteractionprocessesinspace,time,andmagnitudeandalsoposesa
threattomarineactivitiesbecauseof,forexample,substantialwaveheightmodulations.
Theimprintofcurrentsontheseastateisstillnotproperlyunderstood,largelydueto
thelackofobservations.Theresearchpresentedinthisthesisaimstounderstandthe
current-inducedphysicalprocessesthatmodulatetheseastate,andthedegreetowhich
itchanges.Furthermore,theaimistoevaluatethereliabilityofseastatepredictionsby
spectralwavemodelsincludingcurrentforcinginrealistic,energetic,flowfields.

TheseaspectsarequantifiedinaverystrongtidalcurrentinnorthernNorway—
namelytheLofotenMaelstrom—anditssurroundingcoastalarea.Asetofconventional,
andunconventional,metricsforvalidationhavebeenutilized;thisincludesnovelin
situobservationsofwaves,currents,andwavebreaking-inducedairbubblepenetration
depths,aswellassatelliteremotesensingobservations,inadditiontolocalknowledge.
Theseassetshavebeencarefullyevaluatedagainstarangeofmodelingtools,including
high-resolutionspectralwavemodelsbothwithandwithoutsurfacecurrentforcing,in
combinationwithorder-of-magnitudeestimates.

TheLofotenMaelstromstronglymodulatestheseastate.Thisincludesthewave
breakingstatistics,waveheights(upto90%increase),directionalspectrum,aswellas
theshort-termextremewavestatistics(upto15%increase).BothintheMaelstrom
andthecoastalareaofnorthernNorwaysurroundingit,thewave–currentinteraction
mechanismsincludelocalandnon-localeffects.Thesetakeplaceoverarangeofspatio-
temporalscalesthatarecloselyrelatedtotheflowfielddynamicsandwaveconditions.
Suchvariabilityismappedoutusinganoveldiagnosticmethod.Themodelingresults
agreewellwiththeavailableobservations,inparticularthewavespectrummodulations.
However,moreobservationsareneededtodrawevenmorefirmconclusionsontheeffect
ofcurrentsonwaves,which,bynature,isastronglyinhomogeneousprobleminboththe
temporalandhorizontaldomain.
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Sammendrag

Bølger og strøm – allestedsnærværende trekk ved havet – er i en konstant tilstand av
gjensidig vekselvirkning. Disse prosessene forårsaker sterkt inhomogene sjøtilstander.
Samspillet dem imellom regulerer utvekslingsprosesser mellom hav og atmosfære i både
tid, rom, og omfang. Bølge-strøm veskelvirkninger utgjør også en trussel for maritime
aktiviteter på grunn av, eksempelvis, betydelige modulasjoner av bølgehøyden. Det er
fortsatt stor usikkerhet knyttet til hvor stort avtrykk strømmen setter på bølgefeltet,
som i stor grad skyldes mangel på observasjoner. Formålet med denne oppgaven er å
forstå de strøm-induserte fysiske prosessene som modulerer bølgefeltet, og i hvilken grad
bølgefeltet endres. Målet er også å evaluere påliteligheten til bølgeprognoser fra spektrale
bølgemodeller med strøm-pådrag i realistiske og energiske strømningsfelt.

Disse aspektene er analysert i en svært kraftig tidevannsstrøm i Nord-Norge – nemlig
Moskstraumen – samt i det omkringliggende kystområdet. Et bredt utvalg av konven-
sjonelle og ukonvensjonelle metoder er blitt brukt i valideringsarbeidet. Blant annet:
Særegne in situ-observasjoner av bølger, strøm og dybden til luftbobler injisert via bry-
tende bølger, fjernmålings-observasjoner fra satellitt, og lokal kunnskap. Disse har blitt
nøye evaluert mot en rekke modelleringsverktøy, som høyoppløselige spektrale bølgemod-
eller både med og uten strøm-pådrag, i kombinasjon med størrelsesorden-estimater.

Moskstraumen har en stor innvirkning på bølgefeltet; den modulerer bølgebrytnings-
statistikken, bølgehøydene (opptil 90 % økning), retningsspekteret, i tillegg til korttids-
ekstrembølgestatistikken (opptil 15 % økning). I Moskstraumen, og de omkringliggende
områdene, er bølge-modulasjonene preget av lokale og ikke-lokale effekter. Disse inntre-
ffer på rom- og tidsskalaer som er nært knyttet til strømningsfeltets dynamikk, i tillegg
til de rådende bølgeforholdene. En slik type variasjon er kartlagt ved hjelp av en ny
diagnostisk metode. Modellresultatene stemmer godt overens med de tilgjengelige ob-
servasjonene. Dette gjelder særlig modulasjonene i bølgespekteret. Det er imidlertid
behov for flere observasjoner for å kunne trekke enda sikrere konklusjoner om effekten
av strøm på bølgefeltet, siden dette er et problem – som av natur – er sterkt inhomogent
i tid og rom.

Sammendrag

Bølgerogstrøm–allestedsnærværendetrekkvedhavet–erienkonstanttilstandav
gjensidigvekselvirkning.Disseprosesseneforårsakersterktinhomogenesjøtilstander.
Samspilletdemimellomregulererutvekslingsprosessermellomhavogatmosfæreibåde
tid,rom,ogomfang.Bølge-strømveskelvirkningerutgjørogsåentrusselformaritime
aktiviteterpågrunnav,eksempelvis,betydeligemodulasjoneravbølgehøyden.Deter
fortsattstorusikkerhetknyttettilhvorstortavtrykkstrømmensetterpåbølgefeltet,
somistorgradskyldesmangelpåobservasjoner.Formåletmeddenneoppgavenerå
forstådestrøm-indusertefysiskeprosessenesommodulererbølgefeltet,ogihvilkengrad
bølgefeltetendres.Måleterogsååevaluerepålitelighetentilbølgeprognoserfraspektrale
bølgemodellermedstrøm-pådragirealistiskeogenergiskestrømningsfelt.

DisseaspekteneeranalysertiensværtkraftigtidevannsstrømiNord-Norge–nemlig
Moskstraumen–samtidetomkringliggendekystområdet.Etbredtutvalgavkonven-
sjonelleogukonvensjonellemetodererblittbruktivalideringsarbeidet.Blantannet:
Særegneinsitu-observasjoneravbølger,strømogdybdentilluftboblerinjisertviabry-
tendebølger,fjernmålings-observasjonerfrasatellitt,oglokalkunnskap.Disseharblitt
nøyeevaluertmotenrekkemodelleringsverktøy,somhøyoppløseligespektralebølgemod-
ellerbådemedogutenstrøm-pådrag,ikombinasjonmedstørrelsesorden-estimater.

Moskstraumenharenstorinnvirkningpåbølgefeltet;denmodulererbølgebrytnings-
statistikken,bølgehøydene(opptil90%økning),retningsspekteret,itilleggtilkorttids-
ekstrembølgestatistikken(opptil15%økning).IMoskstraumen,ogdeomkringliggende
områdene,erbølge-modulasjonenepregetavlokaleogikke-lokaleeffekter.Disseinntre-
fferpårom-ogtidsskalaersomernærtknyttettilstrømningsfeltetsdynamikk,itillegg
tilderådendebølgeforholdene.Ensliktypevariasjonerkartlagtvedhjelpavenny
diagnostiskmetode.Modellresultatenestemmergodtoverensmeddetilgjengeligeob-
servasjonene.Dettegjeldersærligmodulasjoneneibølgespekteret.Deterimidlertid
behovforflereobservasjonerforåkunnetrekkeendasikrerekonklusjoneromeffekten
avstrømpåbølgefeltet,sidendetteeretproblem–somavnatur–ersterktinhomogent
itidogrom.
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ekstrembølgestatistikken(opptil15%økning).IMoskstraumen,ogdeomkringliggende
områdene,erbølge-modulasjonenepregetavlokaleogikke-lokaleeffekter.Disseinntre-
fferpårom-ogtidsskalaersomernærtknyttettilstrømningsfeltetsdynamikk,itillegg
tilderådendebølgeforholdene.Ensliktypevariasjonerkartlagtvedhjelpavenny
diagnostiskmetode.Modellresultatenestemmergodtoverensmeddetilgjengeligeob-
servasjonene.Dettegjeldersærligmodulasjoneneibølgespekteret.Deterimidlertid
behovforflereobservasjonerforåkunnetrekkeendasikrerekonklusjoneromeffekten
avstrømpåbølgefeltet,sidendetteeretproblem–somavnatur–ersterktinhomogent
itidogrom.
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1 Introduction

1.1 Motivation

The size and appearance of wind–generated ocean surface waves are proportional to
the wind speed and fetch (Hasselmann et al., 1973; Holthuijsen , 2007). When at sea,
however, significant wave field modulations may occur, seemingly out of nowhere—even
during calm winds and in deep waters. These abrupt changes are caused by interactions
between the ambient current and waves. Ambient currents dictate the horizontal wave
field variability at scales from O(100) km to O(102) km (Ardhuin et al., 2017; Romero
et al., 2020); this is particularly evident in coastal1 environments since they often host
tidal currents, river mouths, and small-scale flows caused by frontogenesis processes—
either separately or in combination. Such environments are very vulnerable to waves
due to the presence of man-made structures, coastal erosion, and their implication for
ship navigation, among others. It is therefore of societal and economical importance to
obtain accurate estimates of the wave field and its current-induced modulations.

Figure 1.1: The Lofoten Maelstrom in northern Norway
(orange bounding box). The Maelstrom is locally known
as Moskstraumen; “straum” is current in Norwegian.

Strong currents are particu-
larly undersampled due to the
complexity of deploying instru-
ments and the associated risk
of losing them. A current of
this kind is the Lofoten Mael-
strom, which is an exception-
ally strong tidal current in north-
ern Norway (Fig. 1.1). The
tidal current—known locally as
Moskstraumen—is a critical dy-
namic component for its sur-
roundings. For example, Lofoten
is a primary spawning area for
the pelagic Northeast Arctic cod
(Hjermann et al., 2007), and the
Maelstrom is a main driver in
the dispersion of eggs and larvae
on their way to the Barents Sea
(Lynge et al., 2010; Ommundsen ,
2002; Vikebø et al., 2007). The flow field dynamics of the Maelstrom have been stud-
ied extensively (Børve et al., 2021; Gjevik et al., 1997; Moe et al., 2002), but no studies
have accurately verified the results against observations. Moreover, though this area has
long been an infamously dangerous place to sail, this study is the first to demonstrate
the impact of the Maelstrom on the wave field.

Energetic flow fields, like the Agulhas and Kuroshio currents, are notorious for their
hazardous wave conditions (Barnes and Rautenbach , 2020; Kudryavtsev et al., 1995;

1Here, coastal is the part of the ocean being closer than about 200 km from land.
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2 Introduction

Quilfen and Chapron , 2019; Tamura et al., 2009). Such complicated conditions involves
at least three facets: It refers to a sea state of high significant wave height, despite
the wind speed suggesting otherwise (Quilfen et al., 2018); a complex sea state due to
crossing and choppy waves (Kudryavtsev et al., 1995, 2017); a sea state more prone to
individual extreme waves (Lavrenov , 1998; Onorato et al., 2011; Toffoli et al., 2011),
which are also known as “freak” waves (Dysthe et al., 2008). These different facets
need be verified—a task that becomes increasingly complex in their respective order.
Statistically speaking, recent studies show that the modeled wave height variability (or
inhomogeneity2) caused by realistic ocean currents agree with the variability measured by
remote sensing instruments (Ardhuin et al., 2017; Romero et al., 2020). Nevertheless, the
accuracy of such forcing in a deterministic wave modeling perspective is more challenging
(Babanin et al., 2017, 2019; Kanarik et al., 2021; Palmer and Saulter , 2016; Rapizo
et al., 2018; Staneva et al., 2015); this is linked to the uncertainties associated with the
underlying flow field dynamics, together with the lack of observations.

The recurring and predictable nature of the tides makes tidal currents suitable loca-
tions for studying wave–current interaction at oceanic scales (Baschek , 2005). However,
the wave field modulation by tides is a multifaceted problem, which is largely related
to the variety in met–ocean3 conditions. Such variety includes the range of flow field
properties (e.g., linked to the bathymetry and topography), in combination with the
prevailing wind and wave conditions. This variability influences the dominating interac-
tion mechanism, which may be either local or non-local. An exact quantification of their
respective contribution is, however, difficult to provide (Ardhuin et al., 2012; Davidson
et al., 2008; Romero et al., 2017; Tolman, 1990a; Vincent , 1979). Therefore, careful
considerations of simplified theoretical models are an essential step in the process of di-
agnosing the dominant cause of the observed modulations (e.g., Ardhuin et al., 2017; Ho
et al., 2023; Holthuijsen and Tolman , 1991; Masson, 1996). Moreover, recent discoveries
suggests that the horizontal variability of sea state parameters of higher-order spectral
moments are different than those of lower order (Ardhuin et al., 2017; Romero et al.,
2020). Hence, one might expect that sea state parameters like the expected extreme
waves, say, (relying on higher-order moments) respond differently to currents than the
significant wave height (the zeroth-order moment).

1.2 Objectives

The primary aim of my thesis is to analyze and assess the effects of mean ocean currents
on the short-term statistics of surface gravity waves. More specifically, I want to properly
assess the extent to which the Lofoten Maelstrom modulates the sea state—which denotes
the short-term statistical characteristics of the wave field. For instance, how much does
the Maelstrom influence the wave heights? Does it alter the occurrence probability of
extreme waves? In that case, what are the driving mechanisms for such modulations,
and to what extent are they predictable? Central to this thesis, and these questions,
are the novel in situ wave and current observations that were collected in the Lofoten
Maelstrom during the winter season of 2018–2019. In addition, I want to examine the
wave field modulations caused by currents in the larger coastal region surrounding the

2Here and throughout, “inhomogeneous” refers to spatial, or horizontal, variability.
3Met–ocean is an abbreviation for the meteorological and oceanographic conditions.
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etal.,2018;Stanevaetal.,2015);thisislinkedtotheuncertaintiesassociatedwiththe
underlyingflowfielddynamics,togetherwiththelackofobservations.
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tionsforstudyingwave–currentinteractionatoceanicscales(Baschek,2005).However,
thewavefieldmodulationbytidesisamultifacetedproblem,whichislargelyrelated
tothevarietyinmet–ocean3conditions.Suchvarietyincludestherangeofflowfield
properties(e.g.,linkedtothebathymetryandtopography),incombinationwiththe
prevailingwindandwaveconditions.Thisvariabilityinfluencesthedominatinginterac-
tionmechanism,whichmaybeeitherlocalornon-local.Anexactquantificationoftheir
respectivecontributionis,however,difficulttoprovide(Ardhuinetal.,2012;Davidson
etal.,2008;Romeroetal.,2017;Tolman,1990a;Vincent,1979).Therefore,careful
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agnosingthedominantcauseoftheobservedmodulations(e.g.,Ardhuinetal.,2017;Ho
etal.,2023;HolthuijsenandTolman,1991;Masson,1996).Moreover,recentdiscoveries
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momentsaredifferentthanthoseoflowerorder(Ardhuinetal.,2017;Romeroetal.,
2020).Hence,onemightexpectthatseastateparametersliketheexpectedextreme
waves,say,(relyingonhigher-ordermoments)responddifferentlytocurrentsthanthe
significantwaveheight(thezeroth-ordermoment).

1.2Objectives

Theprimaryaimofmythesisistoanalyzeandassesstheeffectsofmeanoceancurrents
ontheshort-termstatisticsofsurfacegravitywaves.Morespecifically,Iwanttoproperly
assesstheextenttowhichtheLofotenMaelstrommodulatestheseastate—whichdenotes
theshort-termstatisticalcharacteristicsofthewavefield.Forinstance,howmuchdoes
theMaelstrominfluencethewaveheights?Doesitaltertheoccurrenceprobabilityof
extremewaves?Inthatcase,whatarethedrivingmechanismsforsuchmodulations,
andtowhatextentaretheypredictable?Centraltothisthesis,andthesequestions,
arethenovelinsituwaveandcurrentobservationsthatwerecollectedintheLofoten
Maelstromduringthewinterseasonof2018–2019.Inaddition,Iwanttoexaminethe
wavefieldmodulationscausedbycurrentsinthelargercoastalregionsurroundingthe
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needbeverified—ataskthatbecomesincreasinglycomplexintheirrespectiveorder.
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(Babaninetal.,2017,2019;Kanariketal.,2021;PalmerandSaulter,2016;Rapizo
etal.,2018;Stanevaetal.,2015);thisislinkedtotheuncertaintiesassociatedwiththe
underlyingflowfielddynamics,togetherwiththelackofobservations.
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tionmechanism,whichmaybeeitherlocalornon-local.Anexactquantificationoftheir
respectivecontributionis,however,difficulttoprovide(Ardhuinetal.,2012;Davidson
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2020).Hence,onemightexpectthatseastateparametersliketheexpectedextreme
waves,say,(relyingonhigher-ordermoments)responddifferentlytocurrentsthanthe
significantwaveheight(thezeroth-ordermoment).

1.2Objectives

Theprimaryaimofmythesisistoanalyzeandassesstheeffectsofmeanoceancurrents
ontheshort-termstatisticsofsurfacegravitywaves.Morespecifically,Iwanttoproperly
assesstheextenttowhichtheLofotenMaelstrommodulatestheseastate—whichdenotes
theshort-termstatisticalcharacteristicsofthewavefield.Forinstance,howmuchdoes
theMaelstrominfluencethewaveheights?Doesitaltertheoccurrenceprobabilityof
extremewaves?Inthatcase,whatarethedrivingmechanismsforsuchmodulations,
andtowhatextentaretheypredictable?Centraltothisthesis,andthesequestions,
arethenovelinsituwaveandcurrentobservationsthatwerecollectedintheLofoten
Maelstromduringthewinterseasonof2018–2019.Inaddition,Iwanttoexaminethe
wavefieldmodulationscausedbycurrentsinthelargercoastalregionsurroundingthe
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1.2 Objectives 3

Maelstrom. Here, certain areas are known for intense wave–current interaction, but there
have been no attempts at resolving them using state-of-the-art wave models. Moreover,
and in contrast to the Maelstrom, the currents in these areas are made up of several flow
field components, which further complicates the task.

From the scientific literature, I found that it was not straightforward to either assess or
interpret the observed wave modulations in the Maelstrom. For example, remote sensing
observations showed bands of wave breaking at the tidal front when the Maelstrom and
waves were heading in the same direction, thus suggesting that other mechanisms than
the typical opposing waves and currents were important (Baschek , 2005). Moreover,
few works have addressed the influence of currents on the extreme wave statistics. The
recent implementation of space–time extreme waves in spectral wave models by Barbariol
et al. (2017) and Benetazzo et al. (2021) made it possible to conduct such a study in
the Maelstrom. Furthermore, the considerable lack of observations of both waves and
currents in the coastal area surrounding the Maelstrom made it difficult the verify wave
model results. Therefore, I hypothesized that local knowledge could be used as a source
of information to judge whether numerical model results were realistic or not.

Based on these considerations, the following objectives were addressed in the thesis:

• Present the novel observations in the Lofoten Maelstrom, and discuss how the tidal
current interacts with the wave field (Paper I).

• Assess the physical processes that cause the strong wave field modulations in the
Maelstrom (Papers I–IV). Here, the non-local contribution of refraction was a most
essential component (Paper III).

• Assess wave field predictions in northern Norway when using ocean surface cur-
rents as forcing by, among others, using local knowledge as a qualitative indicator
(Paper II).

• Characterize the spatio-temporal variability in wave field modulations due to cur-
rents of different origin (Paper II).

• Evaluate how, and to what extent, the Maelstrom modulates the wave spectrum
and the associated short-term extreme wave statistics.(Paper IV).
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2 Scientific background

2.1 Stochastic ocean waves

Ocean waves are commonly characterized by their period T , which is the time it takes be-
tween two consecutive crests to pass a fixed point. Long waves (like tides and tsunamies)
have large periods, while short waves (like ripples) have short periods. This thesis fo-
cuses on the wind–wave regime, i.e., waves in the approximate range of T ∈ (0, 30] s,
which are generated by surface winds (Munk , 1950). Furthermore, emphasis is put on
studying surface gravity waves such that the forces associated with surface tension can
be neglected. Wind generated surface gravity waves are hereafter referred to as waves,
for brevity.

2.1.1 Wave theory

Linear wave theory assumes that the magnitude of the sea surface elevation η, which is
made up by a set of waves with amplitude a and wave number κ = |k| = |(kx, ky)|, is
small compared with a characteristic wave length λ = 2π/κ. Formally, the assumption
requires that the wave steepness (also referred to as the wave slope) ε = aκ ≪ 1. As a
consequence, an arbitrary sea surface can be considered a linear superposition of a given
number N monochromatic plane surface waves with different amplitudes and frequencies
fi = 1/Ti as

η(x, t) =

N∑
i=0

ai sin (χi), (2.1)

where x = (x, y) is the position vector and t is time. Indeed, such waves are uncorrelated
and prescribes a Gaussian wave field. The phase function for the ith component is

χ = k · x− σt+ δr, (2.2)

which specifies the stage in the wave cycle between 0 and 2π, where δr is arbitrary. The
wave angular frequency σ = 2πf is interconnected with the wave number κ through the
dispersion relation

σ2 = gκ tanh (κd), (2.3)

where d and g are the water depth and gravitational acceleration, respectively. From
the phase function, k = ∂χ/∂x and σ = −∂χ/∂t. The wave phase speed, i.e., the
propagation speed of the wave crest, is

c =
σ

κ
. (2.4)

Two important limits for waves and their propagation occurs at deep and shallow waters.
Deep water means that d ≫ λ/2 such that κd ≫ π, and the dispersion relation reduces to
σ2 = gκ. Such waves are known as dispersive, meaning that their phase speed depends
on the wave length since c =

√
g/κ. As a consequence, long waves (i.e., small κ)

propagate faster than short waves (large κ). In shallow water, tanh (κd) ≃ κd such that
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gd; such waves are non-dispersive since they propagate with the same phase speed
independent of their wave length. The range between deep and shallow waters is know
as intermediate depths.

Ocean waves are essentially a reservoir of energy and momentum. The wave energy
(per unit area) is equally partitioned in a kinetic and a potential term, and their sum
Etot, for a single wave component, is

Etot =
1

2
ρwga2, (2.5)

where ρw is the density of water. The wave momentum is related to the wave energy by

M =
Etot
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It is worth noticing that the wave energy is a scalar while the momentum is a vector.
The wave energy propagates with the wave group velocity

cg =
∂σ

∂κ
, (2.7)

which in vector form is cg = cgk/κ, and oriented in the direction normal to the wave
crest. In the deep–water limit cg = c/2 while in the shallow–water limit cg = c.

2.1.2 The wave spectrum

A cost-efficient and convenient approach is to consider waves as a stochastic process using
a spectral (or phase-averaged) representation, instead of the deterministic phase-resolved
description. The one-sided unidirectional wave variance density spectrum can formally
be described by the continuous Fourier transform of the auto-covariance function C as

E(σ) = 2

∫ ∞

0

C(τ) cos (στ) dτ. (2.8)

Here, it is assumed that η = η(t) is a weakly-stationary Gaussian zero-mean process, by
applying the central limit theorem. Therefore, C(τ) = E{η(t)η(t+τ)}, where E{·} and τ
denote the statistical expected value and a time difference, respectively. Wind–waves are
generated by the synoptic mean wind conditions. Stationarity can therefore be obtained
at time scales in-between synoptic variability and the fluctuations associated with single
waves; this is a reasonable assumption for a duration D ∈ (15, 30) minutes. It follows
directly that C(0) is the variance of η such that

var(η) = E{1
2
a2i }, (2.9)

(for a discrete sea surface) which is proportional to the total wave energy in (2.5).
Therefore, the wave spectrum—as it will be referred to here—is interchangeably referred
to as the wave variance and wave energy density spectrum. The wave spectrum can
be presented in its unidirectional form E(σ) (i.e., integrated over all directions) and
directional form E(σ, θ), where θ denotes wave direction. Furthermore, it can be written
as a function of frequency f = σ/2π, wave number κ, or wave number vector k. Since
the total variance is conserved, these different forms are related by their Jacobian; a
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denote the statistical expected value and a time difference, respectively. Wind–waves are
generated by the synoptic mean wind conditions. Stationarity can therefore be obtained
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be presented in its unidirectional form E(σ) (i.e., integrated over all directions) and
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2.1 Stochastic ocean waves 7

complete derivation of the Jacobian from an absolute to intrinsic frame of reference (to
be introduced later) is shown in the Appendix of Paper IV.

Some characteristics about the wave field can be inferred from the wave spectrum.
Swell waves are located at low frequencies and recognized by a narrow frequency and
directional spectrum. Consequently, in physical space, they appear as long-crested. Such
waves originate from distant storms due to deep–water dispersion (2.4), i.e., long waves
propagate faster than short waves and can escape the storm. Formally, swell can be
characterized by requiring that the wave age c/U10 > 1.2 or c/U10 cos(θ − θwind) > 1.2
(Grachev and Fairall , 2001), where U10 is the mean wind speed 10 m above sea level
and θwind the wind direction. Contrary, active wind–waves are characterized by a wide
frequency and directional spectrum, and typically reside on higher frequency; these are
waves that are actively generated (and fed) by the wind. More details about the wave
generation by wind is provided later and in Appendix A. Sometimes, swell and active
wind–wave appear simultaneously. The resulting spectrum is then commonly referred to
as being bi-modal ; such cases are treated in Paper II and Paper IV.

Under the assumption of linear long-crested waves, Longuet-Higgins (1952) showed
that the wave amplitude ai and wave height Hi follow a Rayleigh distribution. There-
fore, the statistical characteristics of the wave field, which is commonly referred to as
the sea state, can be expressed by spectral moments on the form (here also using the
unidirectional spectrum for simplicity)

mj =

∫ ∞

0

σjE(σ) dσ. (2.10)

Such bulk parameters provide important descriptors of the sea state. For instance, the
zeroth-order moment m0 = var(η). Furthermore, m0 is related to the significant wave
height Hs ≃ Hm0 ≈ 4.004

√
m0, which is the maybe most important sea state parameter

for seafarers and in engineering contexts. In a wave record, Hs is similar to the mean
of the one-third highest waves. Other standard physical variables include mean wave
periods like Tm01 = m0/m1 and Tm02 =

√
m0/m2. Here, it is important to note that

higher order moments are more sensitive to the higher frequencies; this is particularly
important in wave measurements since higher frequencies are typically more sensitive
to noise, which may thus contaminate higher order spectral variables. In addition to
physical parameters, spectral shape parameters (like the frequency bandwidth) provide
insight on the type of sea state. A number of such parameters are computed in Paper IV,
and some are introduced below.

2.1.3 Short-term extreme wave statistics

For engineering and practical purposes, it is of interest to know the size of the highest
wave one is most likely to encounter in a given sea state; this includes the maximum
wave crest ηmax and crest-to-trough height Hmax. In wave statistics, the highest wave
represents an outlier—or extreme—in the wave height distribution. The degree to which
waves are considered extreme is characterized by their ratio with Hs. Those that exceed
the limits ηmax > 1.25Hs and Hmax > 2Hs are usually referred to as freak or rogue
(Dysthe et al., 2008). Such events are considered rare, but do appear in wave records in
all sea states. Still, they are not possible to deterministically predict (Bitner-Gregersen
et al., 2024).

2.1Stochasticoceanwaves7

completederivationoftheJacobianfromanabsolutetointrinsicframeofreference(to
beintroducedlater)isshownintheAppendixofPaperIV.

Somecharacteristicsaboutthewavefieldcanbeinferredfromthewavespectrum.
Swellwavesarelocatedatlowfrequenciesandrecognizedbyanarrowfrequencyand
directionalspectrum.Consequently,inphysicalspace,theyappearaslong-crested.Such
wavesoriginatefromdistantstormsduetodeep–waterdispersion(2.4),i.e.,longwaves
propagatefasterthanshortwavesandcanescapethestorm.Formally,swellcanbe
characterizedbyrequiringthatthewaveagec/U10>1.2orc/U10cos(θ−θwind)>1.2
(GrachevandFairall,2001),whereU10isthemeanwindspeed10mabovesealevel
andθwindthewinddirection.Contrary,activewind–wavesarecharacterizedbyawide
frequencyanddirectionalspectrum,andtypicallyresideonhigherfrequency;theseare
wavesthatareactivelygenerated(andfed)bythewind.Moredetailsaboutthewave
generationbywindisprovidedlaterandinAppendixA.Sometimes,swellandactive
wind–waveappearsimultaneously.Theresultingspectrumisthencommonlyreferredto
asbeingbi-modal;suchcasesaretreatedinPaperIIandPaperIV.

Undertheassumptionoflinearlong-crestedwaves,Longuet-Higgins(1952)showed
thatthewaveamplitudeaiandwaveheightHifollowaRayleighdistribution.There-
fore,thestatisticalcharacteristicsofthewavefield,whichiscommonlyreferredtoas
theseastate,canbeexpressedbyspectralmomentsontheform(herealsousingthe
unidirectionalspectrumforsimplicity)

mj=

∫∞

0

σjE(σ)dσ.(2.10)

Suchbulkparametersprovideimportantdescriptorsoftheseastate.Forinstance,the
zeroth-ordermomentm0=var(η).Furthermore,m0isrelatedtothesignificantwave
heightHs≃Hm0≈4.004

√
m0,whichisthemaybemostimportantseastateparameter

forseafarersandinengineeringcontexts.Inawaverecord,Hsissimilartothemean
oftheone-thirdhighestwaves.Otherstandardphysicalvariablesincludemeanwave
periodslikeTm01=m0/m1andTm02=

√
m0/m2.Here,itisimportanttonotethat

higherordermomentsaremoresensitivetothehigherfrequencies;thisisparticularly
importantinwavemeasurementssincehigherfrequenciesaretypicallymoresensitive
tonoise,whichmaythuscontaminatehigherorderspectralvariables.Inadditionto
physicalparameters,spectralshapeparameters(likethefrequencybandwidth)provide
insightonthetypeofseastate.AnumberofsuchparametersarecomputedinPaperIV,
andsomeareintroducedbelow.

2.1.3Short-termextremewavestatistics

Forengineeringandpracticalpurposes,itisofinteresttoknowthesizeofthehighest
waveoneismostlikelytoencounterinagivenseastate;thisincludesthemaximum
wavecrestηmaxandcrest-to-troughheightHmax.Inwavestatistics,thehighestwave
representsanoutlier—orextreme—inthewaveheightdistribution.Thedegreetowhich
wavesareconsideredextremeischaracterizedbytheirratiowithHs.Thosethatexceed
thelimitsηmax>1.25HsandHmax>2Hsareusuallyreferredtoasfreakorrogue
(Dystheetal.,2008).Sucheventsareconsideredrare,butdoappearinwaverecordsin
allseastates.Still,theyarenotpossibletodeterministicallypredict(Bitner-Gregersen
etal.,2024).

2.1Stochasticoceanwaves7

completederivationoftheJacobianfromanabsolutetointrinsicframeofreference(to
beintroducedlater)isshownintheAppendixofPaperIV.

Somecharacteristicsaboutthewavefieldcanbeinferredfromthewavespectrum.
Swellwavesarelocatedatlowfrequenciesandrecognizedbyanarrowfrequencyand
directionalspectrum.Consequently,inphysicalspace,theyappearaslong-crested.Such
wavesoriginatefromdistantstormsduetodeep–waterdispersion(2.4),i.e.,longwaves
propagatefasterthanshortwavesandcanescapethestorm.Formally,swellcanbe
characterizedbyrequiringthatthewaveagec/U10>1.2orc/U10cos(θ−θwind)>1.2
(GrachevandFairall,2001),whereU10isthemeanwindspeed10mabovesealevel
andθwindthewinddirection.Contrary,activewind–wavesarecharacterizedbyawide
frequencyanddirectionalspectrum,andtypicallyresideonhigherfrequency;theseare
wavesthatareactivelygenerated(andfed)bythewind.Moredetailsaboutthewave
generationbywindisprovidedlaterandinAppendixA.Sometimes,swellandactive
wind–waveappearsimultaneously.Theresultingspectrumisthencommonlyreferredto
asbeingbi-modal;suchcasesaretreatedinPaperIIandPaperIV.

Undertheassumptionoflinearlong-crestedwaves,Longuet-Higgins(1952)showed
thatthewaveamplitudeaiandwaveheightHifollowaRayleighdistribution.There-
fore,thestatisticalcharacteristicsofthewavefield,whichiscommonlyreferredtoas
theseastate,canbeexpressedbyspectralmomentsontheform(herealsousingthe
unidirectionalspectrumforsimplicity)

mj=

∫∞

0

σjE(σ)dσ.(2.10)

Suchbulkparametersprovideimportantdescriptorsoftheseastate.Forinstance,the
zeroth-ordermomentm0=var(η).Furthermore,m0isrelatedtothesignificantwave
heightHs≃Hm0≈4.004

√
m0,whichisthemaybemostimportantseastateparameter

forseafarersandinengineeringcontexts.Inawaverecord,Hsissimilartothemean
oftheone-thirdhighestwaves.Otherstandardphysicalvariablesincludemeanwave
periodslikeTm01=m0/m1andTm02=

√
m0/m2.Here,itisimportanttonotethat

higherordermomentsaremoresensitivetothehigherfrequencies;thisisparticularly
importantinwavemeasurementssincehigherfrequenciesaretypicallymoresensitive
tonoise,whichmaythuscontaminatehigherorderspectralvariables.Inadditionto
physicalparameters,spectralshapeparameters(likethefrequencybandwidth)provide
insightonthetypeofseastate.AnumberofsuchparametersarecomputedinPaperIV,
andsomeareintroducedbelow.

2.1.3Short-termextremewavestatistics

Forengineeringandpracticalpurposes,itisofinteresttoknowthesizeofthehighest
waveoneismostlikelytoencounterinagivenseastate;thisincludesthemaximum
wavecrestηmaxandcrest-to-troughheightHmax.Inwavestatistics,thehighestwave
representsanoutlier—orextreme—inthewaveheightdistribution.Thedegreetowhich
wavesareconsideredextremeischaracterizedbytheirratiowithHs.Thosethatexceed
thelimitsηmax>1.25HsandHmax>2Hsareusuallyreferredtoasfreakorrogue
(Dystheetal.,2008).Sucheventsareconsideredrare,butdoappearinwaverecordsin
allseastates.Still,theyarenotpossibletodeterministicallypredict(Bitner-Gregersen
etal.,2024).

2.1 Stochastic ocean waves 7

complete derivation of the Jacobian from an absolute to intrinsic frame of reference (to
be introduced later) is shown in the Appendix of Paper IV.
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directional spectrum. Consequently, in physical space, they appear as long-crested. Such
waves originate from distant storms due to deep–water dispersion (2.4), i.e., long waves
propagate faster than short waves and can escape the storm. Formally, swell can be
characterized by requiring that the wave age c/U10 > 1.2 or c/U10 cos(θ − θwind) > 1.2
(Grachev and Fairall , 2001), where U10 is the mean wind speed 10 m above sea level
and θwind the wind direction. Contrary, active wind–waves are characterized by a wide
frequency and directional spectrum, and typically reside on higher frequency; these are
waves that are actively generated (and fed) by the wind. More details about the wave
generation by wind is provided later and in Appendix A. Sometimes, swell and active
wind–wave appear simultaneously. The resulting spectrum is then commonly referred to
as being bi-modal ; such cases are treated in Paper II and Paper IV.

Under the assumption of linear long-crested waves, Longuet-Higgins (1952) showed
that the wave amplitude ai and wave height Hi follow a Rayleigh distribution. There-
fore, the statistical characteristics of the wave field, which is commonly referred to as
the sea state, can be expressed by spectral moments on the form (here also using the
unidirectional spectrum for simplicity)
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Such bulk parameters provide important descriptors of the sea state. For instance, the
zeroth-order moment m0 = var(η). Furthermore, m0 is related to the significant wave
height Hs ≃ Hm0 ≈ 4.004√m0, which is the maybe most important sea state parameter
for seafarers and in engineering contexts. In a wave record, Hs is similar to the mean
of the one-third highest waves. Other standard physical variables include mean wave
periods like Tm01 = m0/m1 and Tm02 = √m0/m2. Here, it is important to note that
higher order moments are more sensitive to the higher frequencies; this is particularly
important in wave measurements since higher frequencies are typically more sensitive
to noise, which may thus contaminate higher order spectral variables. In addition to
physical parameters, spectral shape parameters (like the frequency bandwidth) provide
insight on the type of sea state. A number of such parameters are computed in Paper IV,
and some are introduced below.

2.1.3 Short-term extreme wave statistics

For engineering and practical purposes, it is of interest to know the size of the highest
wave one is most likely to encounter in a given sea state; this includes the maximum
wave crest ηmax and crest-to-trough height Hmax. In wave statistics, the highest wave
represents an outlier—or extreme—in the wave height distribution. The degree to which
waves are considered extreme is characterized by their ratio with Hs. Those that exceed
the limits ηmax > 1.25Hs and Hmax > 2Hs are usually referred to as freak or rogue
(Dysthe et al., 2008). Such events are considered rare, but do appear in wave records in
all sea states. Still, they are not possible to deterministically predict (Bitner-Gregersen
et al., 2024).
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8 Scientific background

An in-depth treatment of the deterministic and stochastic models related to extreme
waves is outside the scope of this thesis. However, a brief summary of the traditional
short-term statistics for a single point, together with the extension to a space–time
domain, is provided below.

Time extremes

The expected extreme waves computed from the Rayleigh distribution agrees reasonably
well against observations (Forristall , 1978). However, ocean waves are not strictly linear,
and active wind–waves are short-crested. Concerning nonlinearity, it is recognized that
the largest wave crests in storm conditions deviate from the linear theory (Dysthe et al.,
2008; Malila et al., 2023). An extension to the linear wave theory was proposed already
by Sir George Gabriel Stokes in the 1840s by which η is made up by a perturbation series
of bound harmonics in ε to a given order (see Lamb, 1932). As a result, the probability
density function of η is skewed towards lower values, since the nonlinear contributions
makes the troughs wider and crests narrower. The maybe most known nonlinear wave
crest distributions are those up to second-order by Tayfun (1980) and Forristall (2000).
Tayfun and Fedele (2007) found that the nonlinear contributions have an insignificant
impact on Hmax. This can be reasoned by the fact that nonlinear crests and troughs are
higher and shallower, respectively, compared with linear theory. As a consequence, the
crest-to-trough wave height becomes, to some extent, conserved.

In a short-crested sea state, the crest-to-trough heights H are, in a time series, gen-
erally lower than that of narrow-banded sea states. Naess (1985) and Boccotti (1982)
suggested to account for frequency bandwidth effects through the auto–covariance func-
tion C. As a consequence, Hs ≃ 2

√
2(1 + |Ψ∗|)m0) where Ψ∗ ∈ [−1, 0] is the ratio

between the absolute maximum and the absolute minimum of the autocovariance (see
Boccotti , 2000, ch. 4.7.3.). It is a spectral bandwidth parameter, and usually referred
to as the narrow-bandedness parameter. If Ψ∗ = −1, the spectrum is infinitely narrow
which leads to the common Hs ≈ 4

√
m0. For a parametric JONSWAP spectrum (Has-

selmann et al., 1973), Ψ∗ ∈ [−0.75,−0.65]. As a consequence, the extreme wave height
distribution also becomes a function of Ψ∗ (see Boccotti , 2000, ch. 5.7.3.).

Space–time extremes

The study of stochastic extreme waves has emerged from the traditional single-point
observations. It is, however, acknowledged that single point observations are unlikely
to capture the highest sea surface elevation—particularly for short-crested sea states.
Thus, a three dimensional domain that spans both space and time is more appropriate.
Recent developments have applied the exceedance probability of the general geometric
field statistics by Adler (1981) and Piterbarg (1996) to the three dimensional sea surface
elevation η = η(x, t) (Fedele, 2012; Fedele et al., 2013; Krogstad et al., 2004). Following
Tayfun (1980), Benetazzo et al. (2015) recently proposed a correction of the space–time
crest height distribution to second-order in ε. In a space–time domain, the number
of waves (or sample size) is much larger than that of a single-point time series domain
(Krogstad et al., 2004). Thus, the magnitude of the expected extremes increases. Finally,
and building upon the so-called quasi-determinism theory by Boccotti (2000), it is more
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crestheightdistributiontosecond-orderinε.Inaspace–timedomain,thenumber
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An in-depth treatment of the deterministic and stochastic models related to extreme
waves is outside the scope of this thesis. However, a brief summary of the traditional
short-term statistics for a single point, together with the extension to a space–time
domain, is provided below.

Time extremes

The expected extreme waves computed from the Rayleigh distribution agrees reasonably
well against observations (Forristall , 1978). However, ocean waves are not strictly linear,
and active wind–waves are short-crested. Concerning nonlinearity, it is recognized that
the largest wave crests in storm conditions deviate from the linear theory (Dysthe et al.,
2008; Malila et al., 2023). An extension to the linear wave theory was proposed already
by Sir George Gabriel Stokes in the 1840s by which η is made up by a perturbation series
of bound harmonics in ε to a given order (see Lamb, 1932). As a result, the probability
density function of η is skewed towards lower values, since the nonlinear contributions
makes the troughs wider and crests narrower. The maybe most known nonlinear wave
crest distributions are those up to second-order by Tayfun (1980) and Forristall (2000).
Tayfun and Fedele (2007) found that the nonlinear contributions have an insignificant
impact on Hmax. This can be reasoned by the fact that nonlinear crests and troughs are
higher and shallower, respectively, compared with linear theory. As a consequence, the
crest-to-trough wave height becomes, to some extent, conserved.
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which leads to the common Hs ≈ 4√m0. For a parametric JONSWAP spectrum (Has-
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to capture the highest sea surface elevation—particularly for short-crested sea states.
Thus, a three dimensional domain that spans both space and time is more appropriate.
Recent developments have applied the exceedance probability of the general geometric
field statistics by Adler (1981) and Piterbarg (1996) to the three dimensional sea surface
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domain.
In short-term statistics, the homogeneity assumption enables us to compute the afore-

mentioned variables (together with other ancillary variables) from the directional wave
spectrum. In other words, the expected space–time extreme waves can be computed
from the directional spectrum. This was recently implemented in spectral wave models
(to be introduced in the subsequent section) by Barbariol et al. (2017) and Benetazzo
et al. (2021). Furthermore, and as will be seen later, ambient currents modulate the
wave spectrum, and thus the spectral moments and associated variables. Their impact
on the expected space–time extreme waves is demonstrated in Paper IV.

2.2 Waves on mean currents

The ocean flow field can be considered a linear superposition of different current com-
ponents like those associated with the mean flow U = (u, v), the wave orbital motion
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D). In combination with (2.12), one can derive the wave ray equations

dx

dt
=

∂Ω

∂k
, (2.13)

dk

dt
= −∂Ω

∂x
, (2.14)

dω

dt
=

∂Ω

∂t
, (2.15)

which govern the kinematics related to wave propagation. Here d/dt is the material
derivative. Equations (2.13)–(2.15) express the evolution in position, wave number,
and absolute frequency along a ray, respectively. A ray is a parametric curve in the
x–y plane. At zero currents, rays are directed normal to k; this is not the case for
non-zero currents. Any change in σ, k, and U affect the ray through (2.12). Owing to
wave number density conservation, such changes are particularly related to the intrinsic
dispersion relation (2.3), which is also sensitive to the water depth. Paper III presents
a numerical solver of (2.13)–(2.15), and further details are given therein.

The advection (2.13) is essentially the group velocity in the absolute reference cg,a.
For large parts of the wind–wave regime, the weak current assumption δ = U/cg ≪ 1,
where U = |U| holds (e.g., Dysthe, 2001). Consequently, the advection is to leading
order governed by the (intrinsic) group velocity. In the form presented here, (2.14)
includes the change in both k and κ. The first is associated with refraction since the
wave propagation direction θ is normal to the wave crest, and the second represents the
change in wave number and thus the wave length. The change in κ is at times referred
to as the “concertina effect” which alludes to the instrument (Ardhuin et al., 2017; Wang
and Sheng , 2018). Refraction due to currents and bathymetry is an important effect
that causes strongly inhomogeneous wave fields (e.g., Bôas et al., 2020). This topic will
be discussed in more detail later. Kenyon (1971) was the first to show that the wave
deflection angle, in deep water, is a function of the vertical component of the current
vorticity ζ = ∂v/∂x − ∂u/∂y (to first order in δ); this was also derived in detail by
Dysthe (2001).

The change in ω through (2.15) is for most applications considered to be negligible.
The bathymetry is most often steady, meaning d = d(x), and the current changes little
in time compared with the time scales of the waves (i.e., ∂U/∂t ≈ 0). However, such
simplifications are not always true—particularly in shallow regions with strong tidal
modulation (Ho et al., 2023; Tolman, 1990b).

An example of numerically integrating the ray equations with respect to waves at
intermediate depths is shown in Fig. 2.1. Here, only the change in water depth is taken
into account. Nevertheless, it is clear that the set of equations captures the leading order
change in wave propagation direction when compared against the background satellite
image (note the factor 30 lower resolution in the bathymetry field [using GEBCO1]
compared with the satellite image).

Some of the earliest wind–wave forecasting models were based on ray tracing frame-
works, however most often neglecting the currents (e.g., Cavaleri and Rizzoli , 1981).
This includes the first coastal wave forecasting model in Norway, where estimates of
crossing waves were based on the work by Mathiesen (1987) (Christakos , 2021).

1https://www.gebco.net/data_and_products/gridded_bathymetry_data/ accessed 2024-01-
18
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simplificationsarenotalwaystrue—particularlyinshallowregionswithstrongtidal
modulation(Hoetal.,2023;Tolman,1990b).
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changeinwavepropagationdirectionwhencomparedagainstthebackgroundsatellite
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works,howevermostoftenneglectingthecurrents(e.g.,CavaleriandRizzoli,1981).
ThisincludesthefirstcoastalwaveforecastingmodelinNorway,whereestimatesof
crossingwaveswerebasedontheworkbyMathiesen(1987)(Christakos,2021).
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which govern the kinematics related to wave propagation. Here d/dt is the material
derivative. Equations (2.13)–(2.15) express the evolution in position, wave number,
and absolute frequency along a ray, respectively. A ray is a parametric curve in the
x–y plane. At zero currents, rays are directed normal to k; this is not the case for
non-zero currents. Any change in σ, k, and U affect the ray through (2.12). Owing to
wave number density conservation, such changes are particularly related to the intrinsic
dispersion relation (2.3), which is also sensitive to the water depth. Paper III presents
a numerical solver of (2.13)–(2.15), and further details are given therein.

The advection (2.13) is essentially the group velocity in the absolute reference cg,a.
For large parts of the wind–wave regime, the weak current assumption δ = U/cg ≪ 1,
where U = |U| holds (e.g., Dysthe, 2001). Consequently, the advection is to leading
order governed by the (intrinsic) group velocity. In the form presented here, (2.14)
includes the change in both k and κ. The first is associated with refraction since the
wave propagation direction θ is normal to the wave crest, and the second represents the
change in wave number and thus the wave length. The change in κ is at times referred
to as the “concertina effect” which alludes to the instrument (Ardhuin et al., 2017; Wang
and Sheng , 2018). Refraction due to currents and bathymetry is an important effect
that causes strongly inhomogeneous wave fields (e.g., Bôas et al., 2020). This topic will
be discussed in more detail later. Kenyon (1971) was the first to show that the wave
deflection angle, in deep water, is a function of the vertical component of the current
vorticity ζ = ∂v/∂x − ∂u/∂y (to first order in δ); this was also derived in detail by
Dysthe (2001).

The change in ω through (2.15) is for most applications considered to be negligible.
The bathymetry is most often steady, meaning d = d(x), and the current changes little
in time compared with the time scales of the waves (i.e., ∂U/∂t ≈ 0). However, such
simplifications are not always true—particularly in shallow regions with strong tidal
modulation (Ho et al., 2023; Tolman, 1990b).

An example of numerically integrating the ray equations with respect to waves at
intermediate depths is shown in Fig. 2.1. Here, only the change in water depth is taken
into account. Nevertheless, it is clear that the set of equations captures the leading order
change in wave propagation direction when compared against the background satellite
image (note the factor 30 lower resolution in the bathymetry field [using GEBCO1]
compared with the satellite image).

Some of the earliest wind–wave forecasting models were based on ray tracing frame-
works, however most often neglecting the currents (e.g., Cavaleri and Rizzoli , 1981).
This includes the first coastal wave forecasting model in Norway, where estimates of
crossing waves were based on the work by Mathiesen (1987) (Christakos , 2021).
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2.2 Waves on mean currents 11

Figure 2.1: Wave rays computed from the solver in Paper III in the vicinity of the Rottnest
iceland on the west coast of Australia. Background image has 10 m pixel resolution and is
acquired by the Copernicus Sentinel-2 mission (band B4). For the wave rays, only refraction due
to the changing bathymetry (300 m resolution) is taken into account. Image contains modified
Copernicus Sentinel-2 data [2021], processed by ESA.

2.2.2 Wave dynamics

The seminal series of papers by Michael S. Longuet-Higgins and Ross W. Stewart laid
the foundation on how to physically understand, and mathematically describe, the in-
teraction between ocean waves and mean currents (Longuet-Higgins and Stewart , 1960,
1961, 1962, 1964). They essentially argued that transport of the wave induced momen-
tum M is equivalent to a stress, and that horizontal variations in this stress act as forces
on the water (as body forces). The stress is known as the Radiation stress, and is pro-
portional to Etot. It is usually written in its tensor form Sαβ (α, β = x, y). The different
directional contributions depend on the alignment with the reference coordinate system.

The governing equation for modeling waves on ambient mean currents arises from
applying the conservation laws for energy, momentum and mass. In its simplest form, i.e.,
considering a vertically uniform current profile and disregarding dissipative processes, the
wave energy balance equation becomes (see Phillips , 1977, ch. 3.6 for details)

∂Etot

∂t
+

∂

∂xα
[Etot(uα + cg,α)] + Sαβ

∂Uβ

∂xα
= 0. (2.16)

The frequency shift caused by current gradients according to (2.12) can be physically
interpreted as a straining mechanism; waves become longer on positive current gradients
and vice versa. According to Longuet-Higgins and Stewart, the interaction between
the radiation stress and the current-induced straining results in an exchange of energy
between the current and the waves, since the rate-of-strain (i.e., the current gradient)
does work against the radiation stress. In the case of a constant ambient current, energy
is conserved; there is no current-induced straining involved, and the last term on the
left hand side vanishes. Conversely, wave energy is not conserved with the presence of
varying currents; the product between the radiation stresses and current gradient appear
as either a source or sink of wave energy. In Paper I, (2.16) is considered in more detail.
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1961,1962,1964).Theyessentiallyarguedthattransportofthewaveinducedmomen-
tumMisequivalenttoastress,andthathorizontalvariationsinthisstressactasforces
onthewater(asbodyforces).ThestressisknownastheRadiationstress,andispro-
portionaltoEtot.ItisusuallywritteninitstensorformSαβ(α,β=x,y).Thedifferent
directionalcontributionsdependonthealignmentwiththereferencecoordinatesystem.

Thegoverningequationformodelingwavesonambientmeancurrentsarisesfrom
applyingtheconservationlawsforenergy,momentumandmass.Initssimplestform,i.e.,
consideringaverticallyuniformcurrentprofileanddisregardingdissipativeprocesses,the
waveenergybalanceequationbecomes(seePhillips,1977,ch.3.6fordetails)
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Thefrequencyshiftcausedbycurrentgradientsaccordingto(2.12)canbephysically
interpretedasastrainingmechanism;wavesbecomelongeronpositivecurrentgradients
andviceversa.AccordingtoLonguet-HigginsandStewart,theinteractionbetween
theradiationstressandthecurrent-inducedstrainingresultsinanexchangeofenergy
betweenthecurrentandthewaves,sincetherate-of-strain(i.e.,thecurrentgradient)
doesworkagainsttheradiationstress.Inthecaseofaconstantambientcurrent,energy
isconserved;thereisnocurrent-inducedstraininginvolved,andthelasttermonthe
lefthandsidevanishes.Conversely,waveenergyisnotconservedwiththepresenceof
varyingcurrents;theproductbetweentheradiationstressesandcurrentgradientappear
aseitherasourceorsinkofwaveenergy.InPaperI,(2.16)isconsideredinmoredetail.
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Figure 2.1: Wave rays computed from the solver in Paper III in the vicinity of the Rottnest
iceland on the west coast of Australia. Background image has 10 m pixel resolution and is
acquired by the Copernicus Sentinel-2 mission (band B4). For the wave rays, only refraction due
to the changing bathymetry (300 m resolution) is taken into account. Image contains modified
Copernicus Sentinel-2 data [2021], processed by ESA.

2.2.2 Wave dynamics

The seminal series of papers by Michael S. Longuet-Higgins and Ross W. Stewart laid
the foundation on how to physically understand, and mathematically describe, the in-
teraction between ocean waves and mean currents (Longuet-Higgins and Stewart , 1960,
1961, 1962, 1964). They essentially argued that transport of the wave induced momen-
tum M is equivalent to a stress, and that horizontal variations in this stress act as forces
on the water (as body forces). The stress is known as the Radiation stress, and is pro-
portional to Etot. It is usually written in its tensor form Sαβ (α, β = x, y). The different
directional contributions depend on the alignment with the reference coordinate system.

The governing equation for modeling waves on ambient mean currents arises from
applying the conservation laws for energy, momentum and mass. In its simplest form, i.e.,
considering a vertically uniform current profile and disregarding dissipative processes, the
wave energy balance equation becomes (see Phillips , 1977, ch. 3.6 for details)

∂Etot

∂t
+

∂

∂xα
[Etot(uα + cg,α)] + Sαβ

∂Uβ

∂xα
= 0. (2.16)

The frequency shift caused by current gradients according to (2.12) can be physically
interpreted as a straining mechanism; waves become longer on positive current gradients
and vice versa. According to Longuet-Higgins and Stewart, the interaction between
the radiation stress and the current-induced straining results in an exchange of energy
between the current and the waves, since the rate-of-strain (i.e., the current gradient)
does work against the radiation stress. In the case of a constant ambient current, energy
is conserved; there is no current-induced straining involved, and the last term on the
left hand side vanishes. Conversely, wave energy is not conserved with the presence of
varying currents; the product between the radiation stresses and current gradient appear
as either a source or sink of wave energy. In Paper I, (2.16) is considered in more detail.
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12 Scientific background

2.2.3 Wind–wave modeling

In a modeling context, it is inconvenient to work with a non-conservative property like
E. However, a related quantity known as the wave action density N = E/σ, or wave
action in short, is conserved in the presence of currents (Bretherton and Garrett , 1968;
Whitham, 1965). State-of-the-art spectral wave models now solve the wave action balance
equation, which is similar to (2.16) but formulated for N and with a non-zero right-hand-
side that includes non-conservative and nonlinear processes (Komen et al., 1994);

∂N

∂t
+∇h ·

(
ẋN

)
+∇k ·

(
k̇N

)
=

Sin + Snl + Sds + Sbot

σ
. (2.17)

Such a model has been used in Paper II and Paper IV. In (2.17), N = N(k;x, t) is
a five-dimensional variance density spectrum. The horizontal gradient operator ∇h =
(∂/∂x, ∂/∂y) and the wave number gradient operator ∇k = (∂/∂kx, ∂/∂ky) denote the
gradients in physical and spectral space, respectively. The terms with overdots represent
material derivatives ⟨̇⟩ = d⟨⟩/dt, and we recognize that wave action propagates along
rays defined by (2.13)–(2.14). The wave action spectrum can also be written N =
N(κ, θ;x, t) by which (2.17) would involve other, interrelated, terms like (2.15); this
form is used in the Wave Watch III spectral wave model (WW3DG , 2019).

The right hand side of (2.17) contains non-conservative physical and nonlinear pro-
cesses; the Sin (in = input) represent the momentum transfer from surface winds into
the wave field, which is proportional to U2

10; the Snl (nl = nonlinear) redistributes the
wave action density in the frequency–directional space because of triple (shallow water)
and quadruple (deep water) nonlinear wave-wave interactions; the Sds (ds = dissipa-
tion) is a sink of wave momentum, primarily due to wave breaking (called whitecapping
in deep–water). Nearshore, wave energy is also dissipated through the bottom friction
source term Sbot. In shallower regions, terms like depth-induced wave breaking should
also be included. A thorough review of these parameters is outside the scope of the
present thesis, but can be found in Komen et al. (1994). In this thesis, I have primarily
focused on including currents in the wave kinematics, i.e., the left hand side of (2.17).
Such a choice is supported by Ardhuin et al. (2012) who reviewed the performance of
spectral wave models in areas of strong currents. They suggested that most important
for the accuracy of influence by currents on waves was, in decreasing order: The accuracy
of the forcing fields; the behaviour of the source terms; and the accuracy of the model
numerical schemes. A more in-depth discussion on the appearance of mean currents in
the source terms, including the importance of the numerical resolution, is provided in
Appendix A.

2.3 Currents effects on waves

In the previous section, I introduced how preexisting currents enters the governing equa-
tions for ocean waves. Hence, currents impact the advection of wave energy, its direc-
tion and frequency [i.e., (2.12)–(2.15)], but also their amplitude and associated energy
[(2.16)–(2.17)]. However, it is difficult to directly attribute how, why, and where, in
the governing equations—but also in the physical space—the interaction appear. Such
knowledge is key to further understand the physical processes. Here, a review of currents
effects on waves is first considered by simplified models, then by highlighting their mod-
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In a modeling context, it is inconvenient to work with a non-conservative property like
E. However, a related quantity known as the wave action density N = E/σ, or wave
action in short, is conserved in the presence of currents (Bretherton and Garrett , 1968;
Whitham, 1965). State-of-the-art spectral wave models now solve the wave action balance
equation, which is similar to (2.16) but formulated for N and with a non-zero right-hand-
side that includes non-conservative and nonlinear processes (Komen et al., 1994);
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Such a model has been used in Paper II and Paper IV. In (2.17), N = N(k;x, t) is
a five-dimensional variance density spectrum. The horizontal gradient operator ∇h =
(∂/∂x, ∂/∂y) and the wave number gradient operator ∇k = (∂/∂kx, ∂/∂ky) denote the
gradients in physical and spectral space, respectively. The terms with overdots represent
material derivatives ⟨̇⟩ = d⟨⟩/dt, and we recognize that wave action propagates along
rays defined by (2.13)–(2.14). The wave action spectrum can also be written N =
N(κ, θ;x, t) by which (2.17) would involve other, interrelated, terms like (2.15); this
form is used in the Wave Watch III spectral wave model (WW3DG , 2019).

The right hand side of (2.17) contains non-conservative physical and nonlinear pro-
cesses; the Sin (in = input) represent the momentum transfer from surface winds into
the wave field, which is proportional to U2

10; the Snl (nl = nonlinear) redistributes the
wave action density in the frequency–directional space because of triple (shallow water)
and quadruple (deep water) nonlinear wave-wave interactions; the Sds (ds = dissipa-
tion) is a sink of wave momentum, primarily due to wave breaking (called whitecapping
in deep–water). Nearshore, wave energy is also dissipated through the bottom friction
source term Sbot. In shallower regions, terms like depth-induced wave breaking should
also be included. A thorough review of these parameters is outside the scope of the
present thesis, but can be found in Komen et al. (1994). In this thesis, I have primarily
focused on including currents in the wave kinematics, i.e., the left hand side of (2.17).
Such a choice is supported by Ardhuin et al. (2012) who reviewed the performance of
spectral wave models in areas of strong currents. They suggested that most important
for the accuracy of influence by currents on waves was, in decreasing order: The accuracy
of the forcing fields; the behaviour of the source terms; and the accuracy of the model
numerical schemes. A more in-depth discussion on the appearance of mean currents in
the source terms, including the importance of the numerical resolution, is provided in
Appendix A.

2.3 Currents effects on waves

In the previous section, I introduced how preexisting currents enters the governing equa-
tions for ocean waves. Hence, currents impact the advection of wave energy, its direc-
tion and frequency [i.e., (2.12)–(2.15)], but also their amplitude and associated energy
[(2.16)–(2.17)]. However, it is difficult to directly attribute how, why, and where, in
the governing equations—but also in the physical space—the interaction appear. Such
knowledge is key to further understand the physical processes. Here, a review of currents
effects on waves is first considered by simplified models, then by highlighting their mod-

12 Scientific background

2.2.3 Wind–wave modeling

In a modeling context, it is inconvenient to work with a non-conservative property like
E. However, a related quantity known as the wave action density N = E/σ, or wave
action in short, is conserved in the presence of currents (Bretherton and Garrett , 1968;
Whitham, 1965). State-of-the-art spectral wave models now solve the wave action balance
equation, which is similar to (2.16) but formulated for N and with a non-zero right-hand-
side that includes non-conservative and nonlinear processes (Komen et al., 1994);

∂N

∂t
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ulation of the wave spectrum, and lastly by considering how they cause inhomogeneous
wave fields in space and time.

2.3.1 Idealized and simplified models

It is not readily seen from (2.16) and (2.17) how the wave spectrum responds to ambient
currents. Therefore, some considerations of idealized cases are helpful in pinpointing the
leading order mechanisms. Such cases are often sensitive to the type of sea state, i.e., if
it is of swell type or (active) wind–sea type (Holthuijsen and Tolman , 1991). For swell
conditions, and on horizontal length scales below 100 km, the source terms can often be
considered negligible (Ardhuin et al., 2010). On the other hand, an actively forced wind–
sea generates a broad frequency–directional spectrum, and the high frequency part of
the spectrum becomes saturated (Phillips , 1984). Under constant wind, for sufficiently
long duration, the spectrum (or sea state) may reach a state of equilibrium ; the terms
Sin, Snl, Sds, and Sbot balance each other (Phillips , 1985).

Quasi-stationary solutions

The non-dissipative wave action equation, i.e., with a zero right-hand-side in (2.17), can
be further simplified by considering a quasi-stationary (or steady in short) wave train on
deep water, and a unidirectional action spectrum N = N(f ;x). By using the Doppler
shift equation (2.12), and by only considering waves propagating in the x–direction with
u = u(x), we obtain

E

E0
=

c20(1 +
2u0

c0
)

c2(1 + 2u
c )

. (2.18)

This is maybe the most well-known solution describing how currents modulate the wave
field—shown already by Longuet-Higgins and Stewart (1961). The subscript “0” refers to
a region with a specific current u0; it usually refers to conditions where u = 0. According
to (2.18), the wave energy increase as the denominator becomes small, which occurs on
negative, or opposing currents (Fig. 2.2). A singularity occurs when u = −c0/4 which
is known as the blocking velocity (see Appendix B). In (2.18), one assumes that there
is an upwelling flow to compensate for the current gradient; another solution—with less
impact on the spectrum—can be found for a current being compensated by a transverse,
horizontal, inflow velocity such that ∇h · U = 0 (Longuet-Higgins and Stewart , 1961).
To first order in the relative weak current assumption |δr| = |u/cg,0| ≪ 1, (2.18) can be
evaluated by the simple expression

E

E0
≃ 1

1 + 2δr
, (2.19)

by assuming u0 = 0; the derivation of this expression is shown in detail in Appendix B.
A comparison between the exact (2.18) and the approximate (2.19) is shown in Fig. 2.2.
As expected, these two solutions diverge for large values of |δr|. High frequency waves
are most sensitive to this current modulation, since δr increase with frequency.

Throughout the literature, different versions of (2.18) have been used to emphasize
the effects of currents on the wave field (e.g., Baschek , 2005; Baschek et al., 2006; Chawla
and Kirby , 2002; Holthuijsen and Tolman , 1991; Huang et al., 1972; Lai et al., 1989;
Masson, 1996; Ris and Holthuijsen , 1996; Rusu and Guedes Soares , 2011; Vincent , 1979;

2.3Currentseffectsonwaves13

ulationofthewavespectrum,andlastlybyconsideringhowtheycauseinhomogeneous
wavefieldsinspaceandtime.

2.3.1Idealizedandsimplifiedmodels

Itisnotreadilyseenfrom(2.16)and(2.17)howthewavespectrumrespondstoambient
currents.Therefore,someconsiderationsofidealizedcasesarehelpfulinpinpointingthe
leadingordermechanisms.Suchcasesareoftensensitivetothetypeofseastate,i.e.,if
itisofswelltypeor(active)wind–seatype(HolthuijsenandTolman,1991).Forswell
conditions,andonhorizontallengthscalesbelow100km,thesourcetermscanoftenbe
considerednegligible(Ardhuinetal.,2010).Ontheotherhand,anactivelyforcedwind–
seageneratesabroadfrequency–directionalspectrum,andthehighfrequencypartof
thespectrumbecomessaturated(Phillips,1984).Underconstantwind,forsufficiently
longduration,thespectrum(orseastate)mayreachastateofequilibrium;theterms
Sin,Snl,Sds,andSbotbalanceeachother(Phillips,1985).

Quasi-stationarysolutions

Thenon-dissipativewaveactionequation,i.e.,withazeroright-hand-sidein(2.17),can
befurthersimplifiedbyconsideringaquasi-stationary(orsteadyinshort)wavetrainon
deepwater,andaunidirectionalactionspectrumN=N(f;x).ByusingtheDoppler
shiftequation(2.12),andbyonlyconsideringwavespropagatinginthex–directionwith
u=u(x),weobtain

E

E0
=

c20(1+
2u0

c0
)

c2(1+2u
c)

.(2.18)

Thisismaybethemostwell-knownsolutiondescribinghowcurrentsmodulatethewave
field—shownalreadybyLonguet-HigginsandStewart(1961).Thesubscript“0”refersto
aregionwithaspecificcurrentu0;itusuallyreferstoconditionswhereu=0.According
to(2.18),thewaveenergyincreaseasthedenominatorbecomessmall,whichoccurson
negative,oropposingcurrents(Fig.2.2).Asingularityoccurswhenu=−c0/4which
isknownastheblockingvelocity(seeAppendixB).In(2.18),oneassumesthatthere
isanupwellingflowtocompensateforthecurrentgradient;anothersolution—withless
impactonthespectrum—canbefoundforacurrentbeingcompensatedbyatransverse,
horizontal,inflowvelocitysuchthat∇h·U=0(Longuet-HigginsandStewart,1961).
Tofirstorderintherelativeweakcurrentassumption|δr|=|u/cg,0|≪1,(2.18)canbe
evaluatedbythesimpleexpression

E

E0
≃1

1+2δr
,(2.19)

byassumingu0=0;thederivationofthisexpressionisshownindetailinAppendixB.
Acomparisonbetweentheexact(2.18)andtheapproximate(2.19)isshowninFig.2.2.
Asexpected,thesetwosolutionsdivergeforlargevaluesof|δr|.Highfrequencywaves
aremostsensitivetothiscurrentmodulation,sinceδrincreasewithfrequency.

Throughouttheliterature,differentversionsof(2.18)havebeenusedtoemphasize
theeffectsofcurrentsonthewavefield(e.g.,Baschek,2005;Bascheketal.,2006;Chawla
andKirby,2002;HolthuijsenandTolman,1991;Huangetal.,1972;Laietal.,1989;
Masson,1996;RisandHolthuijsen,1996;RusuandGuedesSoares,2011;Vincent,1979;
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ulation of the wave spectrum, and lastly by considering how they cause inhomogeneous
wave fields in space and time.

2.3.1 Idealized and simplified models

It is not readily seen from (2.16) and (2.17) how the wave spectrum responds to ambient
currents. Therefore, some considerations of idealized cases are helpful in pinpointing the
leading order mechanisms. Such cases are often sensitive to the type of sea state, i.e., if
it is of swell type or (active) wind–sea type (Holthuijsen and Tolman , 1991). For swell
conditions, and on horizontal length scales below 100 km, the source terms can often be
considered negligible (Ardhuin et al., 2010). On the other hand, an actively forced wind–
sea generates a broad frequency–directional spectrum, and the high frequency part of
the spectrum becomes saturated (Phillips , 1984). Under constant wind, for sufficiently
long duration, the spectrum (or sea state) may reach a state of equilibrium ; the terms
Sin, Snl, Sds, and Sbot balance each other (Phillips , 1985).

Quasi-stationary solutions

The non-dissipative wave action equation, i.e., with a zero right-hand-side in (2.17), can
be further simplified by considering a quasi-stationary (or steady in short) wave train on
deep water, and a unidirectional action spectrum N = N(f ;x). By using the Doppler
shift equation (2.12), and by only considering waves propagating in the x–direction with
u = u(x), we obtain
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2u0

c0 )

c2(1 + 2u
c )

. (2.18)

This is maybe the most well-known solution describing how currents modulate the wave
field—shown already by Longuet-Higgins and Stewart (1961). The subscript “0” refers to
a region with a specific current u0; it usually refers to conditions where u = 0. According
to (2.18), the wave energy increase as the denominator becomes small, which occurs on
negative, or opposing currents (Fig. 2.2). A singularity occurs when u = −c0/4 which
is known as the blocking velocity (see Appendix B). In (2.18), one assumes that there
is an upwelling flow to compensate for the current gradient; another solution—with less
impact on the spectrum—can be found for a current being compensated by a transverse,
horizontal, inflow velocity such that ∇h · U = 0 (Longuet-Higgins and Stewart , 1961).
To first order in the relative weak current assumption |δr| = |u/cg,0| ≪ 1, (2.18) can be
evaluated by the simple expression

E

E0
≃

1

1 + 2δr
, (2.19)

by assuming u0 = 0; the derivation of this expression is shown in detail in Appendix B.
A comparison between the exact (2.18) and the approximate (2.19) is shown in Fig. 2.2.
As expected, these two solutions diverge for large values of |δr|. High frequency waves
are most sensitive to this current modulation, since δr increase with frequency.

Throughout the literature, different versions of (2.18) have been used to emphasize
the effects of currents on the wave field (e.g., Baschek , 2005; Baschek et al., 2006; Chawla
and Kirby , 2002; Holthuijsen and Tolman , 1991; Huang et al., 1972; Lai et al., 1989;
Masson, 1996; Ris and Holthuijsen , 1996; Rusu and Guedes Soares , 2011; Vincent , 1979;
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14 Scientific background

Wang and Sheng , 2018). It has proven to be quite robust in determining wave height
modulations in strong currents, particularly where active wind sea is dominating, but
also when compared with more advanced—but still simplified—models like the transient
version by Ardhuin et al. (2012).

Figure 2.2: Wave energy modulation by steady currents.
The exact solution (2.18) (with u0 = 0) is plotted in solid
line, while the leading order approximation (2.19) is plot-
ted in dashed line.

Based on (2.18), Rapizo et al.
(2017) proposed to modify the
Sds term by Rogers et al. (2012)
to enhance the dissipation on op-
posing currents. They found the
modification to provide satisfac-
tory wave height results in a tidal
inlet (more details are found in
Appendix A).

The convenience of working
with (2.18) is that it can also
express modulations in other pa-
rameters by utilizing wave in-
terrelations. For instance, in
Paper IV a reformulated version
of (2.18) is used to express the
change in wave steepness ε.

In the scientific community,
there is no clear naming for the
wave modulation mechanism in
(2.18). It is often referred to as the “blocking effect” (e.g., Chawla and Kirby , 2002),
“energy bunching” (e.g., Ardhuin et al., 2012), or “the combined effects of wavelength
shortening and energy focusing” (Rapizo et al., 2017). Here, the latter is the most
precise, since shortening and energy bunching are associated with negative current gra-
dients. However, most of the aforementioned expressions only consider the negative cur-
rent gradients, while the modulation also occurs for positive current gradients (Fig. 2.2).
Therefore, in Paper IV, we called it the wave straining mechanism (partly based on a con-
structive comment by one of the anonymous reviewers). Here, wave alludes to the wave
action and straining the lengthening or shortening by the current gradients as described
in Section 2.2.2; this is similar to Holthuijsen and Tolman (1991), but they separated be-
tween the energy contributions from the wave length modulation (i.e., current-induced
shoaling) and the radiation stresses.

Another interesting steady case is that of horizontally sheared currents oblique to
the wave propagation direction, like u = u(y). This was originally treated by Johnson
(1947), but the energy modulation due to the radiation stresses was corrected by Longuet-
Higgins and Stewart (1961). In such cases, the current also causes wave refraction, which
will be treated in more detail in the subsequent section. Under such conditions, however,
some approximate analytical solutions for energy modulations owing to specific effects
exists; these were used to study waves in the Gulf Stream by Holthuijsen and Tolman
(1991), a work that was recently reproduced and extended by Allahdadi et al. (2023).
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Wang and Sheng , 2018). It has proven to be quite robust in determining wave height
modulations in strong currents, particularly where active wind sea is dominating, but
also when compared with more advanced—but still simplified—models like the transient
version by Ardhuin et al. (2012).

Figure 2.2: Wave energy modulation by steady currents.
The exact solution (2.18) (with u0 = 0) is plotted in solid
line, while the leading order approximation (2.19) is plot-
ted in dashed line.

Based on (2.18), Rapizo et al.
(2017) proposed to modify the
Sds term by Rogers et al. (2012)
to enhance the dissipation on op-
posing currents. They found the
modification to provide satisfac-
tory wave height results in a tidal
inlet (more details are found in
Appendix A).

The convenience of working
with (2.18) is that it can also
express modulations in other pa-
rameters by utilizing wave in-
terrelations. For instance, in
Paper IV a reformulated version
of (2.18) is used to express the
change in wave steepness ε.

In the scientific community,
there is no clear naming for the
wave modulation mechanism in
(2.18). It is often referred to as the “blocking effect” (e.g., Chawla and Kirby , 2002),
“energy bunching” (e.g., Ardhuin et al., 2012), or “the combined effects of wavelength
shortening and energy focusing” (Rapizo et al., 2017). Here, the latter is the most
precise, since shortening and energy bunching are associated with negative current gra-
dients. However, most of the aforementioned expressions only consider the negative cur-
rent gradients, while the modulation also occurs for positive current gradients (Fig. 2.2).
Therefore, in Paper IV, we called it the wave straining mechanism (partly based on a con-
structive comment by one of the anonymous reviewers). Here, wave alludes to the wave
action and straining the lengthening or shortening by the current gradients as described
in Section 2.2.2; this is similar to Holthuijsen and Tolman (1991), but they separated be-
tween the energy contributions from the wave length modulation (i.e., current-induced
shoaling) and the radiation stresses.

Another interesting steady case is that of horizontally sheared currents oblique to
the wave propagation direction, like u = u(y). This was originally treated by Johnson
(1947), but the energy modulation due to the radiation stresses was corrected by Longuet-
Higgins and Stewart (1961). In such cases, the current also causes wave refraction, which
will be treated in more detail in the subsequent section. Under such conditions, however,
some approximate analytical solutions for energy modulations owing to specific effects
exists; these were used to study waves in the Gulf Stream by Holthuijsen and Tolman
(1991), a work that was recently reproduced and extended by Allahdadi et al. (2023).
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2.3 Currents effects on waves 15

Wave action conservation along rays

Since wave action is conserved along wave rays, the wave energy modulation can be com-
puted from the change in distance between two initially parallel, say, rays; a shortening
yield higher waves and vice versa (Mathiesen , 1987). Such a treatment gives qualita-
tively good results, which is why ray density maps can be used to assess the impact
by refraction on wave heights (see e.g., Quilfen and Chapron , 2019; Rapizo et al., 2014;
Ying et al., 2011). Such maps should, however, be evaluated carefully since ray trac-
ing frameworks often specify a single initial direction of all rays, and the ray paths are
very sensitive to the initial direction and thus not representative for an ocean wave field
(Holthuijsen and Tolman , 1991; Smit and Janssen , 2019). Therefore, an ensemble of
rays, ideally reflecting the frequency-directional distribution of the directional spectrum
should be used. We used a ray density map in Paper I to assess the importance of refrac-
tion in the Lofoten Maelstrom. However, the linear theory breaks down as the distance
between the rays approaches zero, or they coalesce (Peregrine, 1976). Such singulari-
ties are called caustics. More precisely, caustics are the envelopes that enclose points of
crossing rays. Wave ray tracing frameworks—as the one in Paper III—are essentially La-
grangian frameworks, which are unable to properly take into account non-conservative
and nonlinear interactions. However, ray tracing analysis can be very powerful when
combined with a full, Eulerian, spectral wind–wave model. Such analyses were carried
out in Paper II and Paper IV.

Transient solution: the relative wave convergence

A scaling analysis of (2.16), accompanied by a discussion of the effects of currents on
wave energy, is provided in Paper I. Essentially, under conditions of following waves and
currents (assuming a coordinate system aligned with the wave propagation direction),
(2.16) reduces to
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Here, it is possible to evaluate the relative impact by current gradients on the transient
wave field; this is readily done by considering the deep and shallow–water limits as
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In this special case, the change in wave energy per time is proportional to the horizon-
tal divergence ∇h ·U. We recognize the minus sign in front of the divergence such that
a convergent flow field causes an increase in wave energy. Thus, we named the term
“relative wave convergence”. The convenience with (2.21) is that a first-order approxi-
mation of the temporal modulation in E can be assessed directly by using a current field
from an ocean model. In Paper I we only considered the deep–water limit, but the wave
spectrum is even more sensitive to the current gradients in shallow waters.
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Here,itispossibletoevaluatetherelativeimpactbycurrentgradientsonthetransient
wavefield;thisisreadilydonebyconsideringthedeepandshallow–waterlimitsas
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Inthisspecialcase,thechangeinwaveenergypertimeisproportionaltothehorizon-
taldivergence∇h·U.Werecognizetheminussigninfrontofthedivergencesuchthat
aconvergentflowfieldcausesanincreaseinwaveenergy.Thus,wenamedtheterm
“relativewaveconvergence”.Theconveniencewith(2.21)isthatafirst-orderapproxi-
mationofthetemporalmodulationinEcanbeassesseddirectlybyusingacurrentfield
fromanoceanmodel.InPaperIweonlyconsideredthedeep–waterlimit,butthewave
spectrumisevenmoresensitivetothecurrentgradientsinshallowwaters.

2.3 Currents effects on waves 15

Wave action conservation along rays

Since wave action is conserved along wave rays, the wave energy modulation can be com-
puted from the change in distance between two initially parallel, say, rays; a shortening
yield higher waves and vice versa (Mathiesen , 1987). Such a treatment gives qualita-
tively good results, which is why ray density maps can be used to assess the impact
by refraction on wave heights (see e.g., Quilfen and Chapron , 2019; Rapizo et al., 2014;
Ying et al., 2011). Such maps should, however, be evaluated carefully since ray trac-
ing frameworks often specify a single initial direction of all rays, and the ray paths are
very sensitive to the initial direction and thus not representative for an ocean wave field
(Holthuijsen and Tolman , 1991; Smit and Janssen , 2019). Therefore, an ensemble of
rays, ideally reflecting the frequency-directional distribution of the directional spectrum
should be used. We used a ray density map in Paper I to assess the importance of refrac-
tion in the Lofoten Maelstrom. However, the linear theory breaks down as the distance
between the rays approaches zero, or they coalesce (Peregrine, 1976). Such singulari-
ties are called caustics. More precisely, caustics are the envelopes that enclose points of
crossing rays. Wave ray tracing frameworks—as the one in Paper III—are essentially La-
grangian frameworks, which are unable to properly take into account non-conservative
and nonlinear interactions. However, ray tracing analysis can be very powerful when
combined with a full, Eulerian, spectral wind–wave model. Such analyses were carried
out in Paper II and Paper IV.

Transient solution: the relative wave convergence

A scaling analysis of (2.16), accompanied by a discussion of the effects of currents on
wave energy, is provided in Paper I. Essentially, under conditions of following waves and
currents (assuming a coordinate system aligned with the wave propagation direction),
(2.16) reduces to
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Here, it is possible to evaluate the relative impact by current gradients on the transient
wave field; this is readily done by considering the deep and shallow–water limits as
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In this special case, the change in wave energy per time is proportional to the horizon-
tal divergence ∇h ·U. We recognize the minus sign in front of the divergence such that
a convergent flow field causes an increase in wave energy. Thus, we named the term
“relative wave convergence”. The convenience with (2.21) is that a first-order approxi-
mation of the temporal modulation in E can be assessed directly by using a current field
from an ocean model. In Paper I we only considered the deep–water limit, but the wave
spectrum is even more sensitive to the current gradients in shallow waters.
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Inthisspecialcase,thechangeinwaveenergypertimeisproportionaltothehorizon-
taldivergence∇h·U.Werecognizetheminussigninfrontofthedivergencesuchthat
aconvergentflowfieldcausesanincreaseinwaveenergy.Thus,wenamedtheterm
“relativewaveconvergence”.Theconveniencewith(2.21)isthatafirst-orderapproxi-
mationofthetemporalmodulationinEcanbeassesseddirectlybyusingacurrentfield
fromanoceanmodel.InPaperIweonlyconsideredthedeep–waterlimit,butthewave
spectrumisevenmoresensitivetothecurrentgradientsinshallowwaters.
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16 Scientific background

2.3.2 Spectral modulation

Using the relative current–wave ratio δr, and only considering waves in x–direction, the
Doppler shift equation becomes

ω = σ(1 + δr). (2.22)

Thus, for a given u, the shortest waves is most sensitive to current modulations. Conse-
quently, the high frequency part of the spectrum is most sensitive to current gradients;
this explains the formation of bright narrow bands that are often observed along ocean
fronts in remote sensing imagery, which are due to spectral saturation causing wave
breaking (Phillips , 1984)—as those shown in Paper I. Bright and dark narrow bands in
remote sensing imagery also reveal internal waves, where the saturated and non-saturated
spectrum fluctuates as a result of the current gradients caused by the oscillating pycno-
cline (Alpers , 1985; Lenain and Pizzo, 2021).

In terms of directional distribution, the spread often increase due to varying currents
(Ardhuin et al., 2012; Holthuijsen and Tolman , 1991; Mathiesen , 1987). Rapizo et al.
(2016) found that the broadening in direction was more pronounced the narrower the
initial wave system prior to entering the current. Dysthe (2001) and Kenyon (1971)
showed that the shortest waves are most sensitive to current-induced refraction, which
often causes an increase in the spreading. However, refraction may also cause a local
decrease in the directional spread. Particularly in caustics if the current and waves
are such that they become aligned and not necessarily crossing (Wang et al., 1994).
Furthermore, the directional spread may also decrease down-wave because of short waves
breaking, as is nicely illustrated by the orthophotos by Johnson (1947) at a tidal inlet in
California. Indeed, in such situations, the currents become a high-pass filter down-wave
because of the breaking-induced dissipation.

In summary, currents may cause substantial modulations within the unidirectional
and directional spectrum. However, such modulations are not necessarily seen in the
integrated spectral parameters (Tolman, 1990a). Locally, for instance, δr decrease with
frequency such that changes in the lower order moments—most sensitive to the energy
carrying frequencies—may be small. The impact by currents on spectral parameters in
a bi-modal sea state, i.e., having a distinct wind–wave and swell component, can be
particularly difficult to assess. In Paper IV we provide an in-depth discussion on such a
case. To introduce the subsequent section: An interesting feature is the non-local impact
by currents on the spectrum that occur down-wave. Such modulation is mainly caused
by refraction, that occur locally, but the most substantial changes in the spectrum occur
down-wave.

2.3.3 Spatio-temporal wave field variability

Local and non-local influence on wave height

Indeed, waves constantly interact with the current while propagating. This is a chal-
lenge in interpreting observations, particularly those that have limited horizontal cov-
erage (Vincent , 1979). This is the reason why the simplified models introduced above
are worthwhile (Masson, 1996). The wave energy—represented by Hs—is the maybe
most important wave parameter for practical use and therefore studied most extensively.
Later, parameters associated with higher order spectral moments are also considered.
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case.Tointroducethesubsequentsection:Aninterestingfeatureisthenon-localimpact
bycurrentsonthespectrumthatoccurdown-wave.Suchmodulationismainlycaused
byrefraction,thatoccurlocally,butthemostsubstantialchangesinthespectrumoccur
down-wave.
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16 Scientific background

2.3.2 Spectral modulation

Using the relative current–wave ratio δr, and only considering waves in x–direction, the
Doppler shift equation becomes

ω = σ(1 + δr). (2.22)

Thus, for a given u, the shortest waves is most sensitive to current modulations. Conse-
quently, the high frequency part of the spectrum is most sensitive to current gradients;
this explains the formation of bright narrow bands that are often observed along ocean
fronts in remote sensing imagery, which are due to spectral saturation causing wave
breaking (Phillips , 1984)—as those shown in Paper I. Bright and dark narrow bands in
remote sensing imagery also reveal internal waves, where the saturated and non-saturated
spectrum fluctuates as a result of the current gradients caused by the oscillating pycno-
cline (Alpers , 1985; Lenain and Pizzo, 2021).

In terms of directional distribution, the spread often increase due to varying currents
(Ardhuin et al., 2012; Holthuijsen and Tolman , 1991; Mathiesen , 1987). Rapizo et al.
(2016) found that the broadening in direction was more pronounced the narrower the
initial wave system prior to entering the current. Dysthe (2001) and Kenyon (1971)
showed that the shortest waves are most sensitive to current-induced refraction, which
often causes an increase in the spreading. However, refraction may also cause a local
decrease in the directional spread. Particularly in caustics if the current and waves
are such that they become aligned and not necessarily crossing (Wang et al., 1994).
Furthermore, the directional spread may also decrease down-wave because of short waves
breaking, as is nicely illustrated by the orthophotos by Johnson (1947) at a tidal inlet in
California. Indeed, in such situations, the currents become a high-pass filter down-wave
because of the breaking-induced dissipation.

In summary, currents may cause substantial modulations within the unidirectional
and directional spectrum. However, such modulations are not necessarily seen in the
integrated spectral parameters (Tolman, 1990a). Locally, for instance, δr decrease with
frequency such that changes in the lower order moments—most sensitive to the energy
carrying frequencies—may be small. The impact by currents on spectral parameters in
a bi-modal sea state, i.e., having a distinct wind–wave and swell component, can be
particularly difficult to assess. In Paper IV we provide an in-depth discussion on such a
case. To introduce the subsequent section: An interesting feature is the non-local impact
by currents on the spectrum that occur down-wave. Such modulation is mainly caused
by refraction, that occur locally, but the most substantial changes in the spectrum occur
down-wave.

2.3.3 Spatio-temporal wave field variability

Local and non-local influence on wave height

Indeed, waves constantly interact with the current while propagating. This is a chal-
lenge in interpreting observations, particularly those that have limited horizontal cov-
erage (Vincent , 1979). This is the reason why the simplified models introduced above
are worthwhile (Masson, 1996). The wave energy—represented by Hs—is the maybe
most important wave parameter for practical use and therefore studied most extensively.
Later, parameters associated with higher order spectral moments are also considered.
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2.3.2Spectralmodulation

Usingtherelativecurrent–waveratioδr,andonlyconsideringwavesinx–direction,the
Dopplershiftequationbecomes

ω=σ(1+δr).(2.22)

Thus,foragivenu,theshortestwavesismostsensitivetocurrentmodulations.Conse-
quently,thehighfrequencypartofthespectrumismostsensitivetocurrentgradients;
thisexplainstheformationofbrightnarrowbandsthatareoftenobservedalongocean
frontsinremotesensingimagery,whichareduetospectralsaturationcausingwave
breaking(Phillips,1984)—asthoseshowninPaperI.Brightanddarknarrowbandsin
remotesensingimageryalsorevealinternalwaves,wherethesaturatedandnon-saturated
spectrumfluctuatesasaresultofthecurrentgradientscausedbytheoscillatingpycno-
cline(Alpers,1985;LenainandPizzo,2021).

Intermsofdirectionaldistribution,thespreadoftenincreaseduetovaryingcurrents
(Ardhuinetal.,2012;HolthuijsenandTolman,1991;Mathiesen,1987).Rapizoetal.
(2016)foundthatthebroadeningindirectionwasmorepronouncedthenarrowerthe
initialwavesystempriortoenteringthecurrent.Dysthe(2001)andKenyon(1971)
showedthattheshortestwavesaremostsensitivetocurrent-inducedrefraction,which
oftencausesanincreaseinthespreading.However,refractionmayalsocausealocal
decreaseinthedirectionalspread.Particularlyincausticsifthecurrentandwaves
aresuchthattheybecomealignedandnotnecessarilycrossing(Wangetal.,1994).
Furthermore,thedirectionalspreadmayalsodecreasedown-wavebecauseofshortwaves
breaking,asisnicelyillustratedbytheorthophotosbyJohnson(1947)atatidalinletin
California.Indeed,insuchsituations,thecurrentsbecomeahigh-passfilterdown-wave
becauseofthebreaking-induceddissipation.

Insummary,currentsmaycausesubstantialmodulationswithintheunidirectional
anddirectionalspectrum.However,suchmodulationsarenotnecessarilyseeninthe
integratedspectralparameters(Tolman,1990a).Locally,forinstance,δrdecreasewith
frequencysuchthatchangesinthelowerordermoments—mostsensitivetotheenergy
carryingfrequencies—maybesmall.Theimpactbycurrentsonspectralparametersin
abi-modalseastate,i.e.,havingadistinctwind–waveandswellcomponent,canbe
particularlydifficulttoassess.InPaperIVweprovideanin-depthdiscussiononsucha
case.Tointroducethesubsequentsection:Aninterestingfeatureisthenon-localimpact
bycurrentsonthespectrumthatoccurdown-wave.Suchmodulationismainlycaused
byrefraction,thatoccurlocally,butthemostsubstantialchangesinthespectrumoccur
down-wave.

2.3.3Spatio-temporalwavefieldvariability

Localandnon-localinfluenceonwaveheight

Indeed,wavesconstantlyinteractwiththecurrentwhilepropagating.Thisisachal-
lengeininterpretingobservations,particularlythosethathavelimitedhorizontalcov-
erage(Vincent,1979).Thisisthereasonwhythesimplifiedmodelsintroducedabove
areworthwhile(Masson,1996).Thewaveenergy—representedbyHs—isthemaybe
mostimportantwaveparameterforpracticaluseandthereforestudiedmostextensively.
Later,parametersassociatedwithhigherorderspectralmomentsarealsoconsidered.
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2.3 Currents effects on waves 17

In the ocean, the most important non-local effect on Hs is refraction. The cur-
rent gradients causes areas with focusing and de-focusing of wave rays, which induces a
strongly inhomogeneous wave field (Ardhuin et al., 2017; Irvine and Tilley , 1988; Romero
et al., 2020). Bôas et al. (2020) showed that the horizontal variability in narrow-banded
wave fields was dictated by the rotational component of the mean current flow field.
Conversely, they found insignificant changes in the wave field by increasing the kinetic
energy in the irrotational component of the flow field. Moreover, and for such wave fields,
Bôas and Young (2020) and Smit and Janssen (2019) showed that the refraction-induced
wave scattering causes a directional diffusion in wave energy. In deep water, a charac-
teristic wave deflection angle θc can be computed from the ray curvature expressions by
Dysthe (2001) and Kenyon (1971), by assuming a constant vertical current vorticity ζc
over a certain distance lc (Gallet and Young , 2014)

θc =
ζclc
cg

. (2.23)

Using values of ζ = 2 × 10−5 s-1, and lc = 100 km, a swell with T = 10 s deflects
about 14.5 degrees while a T = 17 s wave deflects about 8.5 degrees. The importance of
refraction is evaluated in all the papers of this thesis. Interestingly, and as pointed out in
Paper II and Paper III, refraction due to currents and bathymetry occurs simultaneously
at intermediate and shallow waters, where one may act as a wave guide for the other.

The transient relative wave convergence solution of (2.21) is another example of a
non-local effect in Hs. Here, the growth in wave energy is associated with the time a wave
train experiences a certain current convergence, and vice versa for current divergence. A
more detailed evaluation of (2.21) is given in Paper I.

Local modulations in Hs occur through (2.18). Here, “local” means length scales by
which the ambient current vary in space. Modulations in (2.18) becomes evident when δ
is of O(1), and particularly when approaching the blocking velocity (Chawla and Kirby ,
2002). For small–scale wind generated waves, Phillips (1984) showed how the current
gradients, in combination with the scale of variability in the current field, could have a
significant local influence on the waves; negative current gradients induces local spectral
saturation—as referred to in the previous section.

Temporal variability due to different current regimes

Ocean currents of different origin typically vary on different time scales—the wave field is
modulated accordingly. In descending order of spatio-temporal scales, such modulations
have been demonstrated in the Antarctic Circumpolar Current (Rapizo et al., 2018), at
mesoscales (Marechal and Ardhuin , 2021; Quilfen and Chapron , 2019; Tan et al., 2023), in
tidal currents (Ardhuin et al., 2012; Masson, 1996), and at submesoscales (Ardhuin et al.,
2017; Lenain et al., 2023; Romero et al., 2020). However, current regimes of different
origin may occur simultaneously, which makes it difficult to discern their impact on the
wave field (Gemmrich and Garrett , 2012). In Paper II, we address how to map the
temporal variability of different current regimes in northern Norway by introducing a
diagnostic method; it is repeated in a more generic form in Appendix C.
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et al., 2020). Bôas et al. (2020) showed that the horizontal variability in narrow-banded
wave fields was dictated by the rotational component of the mean current flow field.
Conversely, they found insignificant changes in the wave field by increasing the kinetic
energy in the irrotational component of the flow field. Moreover, and for such wave fields,
Bôas and Young (2020) and Smit and Janssen (2019) showed that the refraction-induced
wave scattering causes a directional diffusion in wave energy. In deep water, a charac-
teristic wave deflection angle θc can be computed from the ray curvature expressions by
Dysthe (2001) and Kenyon (1971), by assuming a constant vertical current vorticity ζc
over a certain distance lc (Gallet and Young , 2014)

θc =
ζclc
cg

. (2.23)

Using values of ζ = 2 × 10−5 s-1, and lc = 100 km, a swell with T = 10 s deflects
about 14.5 degrees while a T = 17 s wave deflects about 8.5 degrees. The importance of
refraction is evaluated in all the papers of this thesis. Interestingly, and as pointed out in
Paper II and Paper III, refraction due to currents and bathymetry occurs simultaneously
at intermediate and shallow waters, where one may act as a wave guide for the other.

The transient relative wave convergence solution of (2.21) is another example of a
non-local effect in Hs. Here, the growth in wave energy is associated with the time a wave
train experiences a certain current convergence, and vice versa for current divergence. A
more detailed evaluation of (2.21) is given in Paper I.

Local modulations in Hs occur through (2.18). Here, “local” means length scales by
which the ambient current vary in space. Modulations in (2.18) becomes evident when δ
is of O(1), and particularly when approaching the blocking velocity (Chawla and Kirby ,
2002). For small–scale wind generated waves, Phillips (1984) showed how the current
gradients, in combination with the scale of variability in the current field, could have a
significant local influence on the waves; negative current gradients induces local spectral
saturation—as referred to in the previous section.

Temporal variability due to different current regimes

Ocean currents of different origin typically vary on different time scales—the wave field is
modulated accordingly. In descending order of spatio-temporal scales, such modulations
have been demonstrated in the Antarctic Circumpolar Current (Rapizo et al., 2018), at
mesoscales (Marechal and Ardhuin , 2021; Quilfen and Chapron , 2019; Tan et al., 2023), in
tidal currents (Ardhuin et al., 2012; Masson, 1996), and at submesoscales (Ardhuin et al.,
2017; Lenain et al., 2023; Romero et al., 2020). However, current regimes of different
origin may occur simultaneously, which makes it difficult to discern their impact on the
wave field (Gemmrich and Garrett , 2012). In Paper II, we address how to map the
temporal variability of different current regimes in northern Norway by introducing a
diagnostic method; it is repeated in a more generic form in Appendix C.
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rentgradientscausesareaswithfocusingandde-focusingofwaverays,whichinducesa
stronglyinhomogeneouswavefield(Ardhuinetal.,2017;IrvineandTilley,1988;Romero
etal.,2020).Bôasetal.(2020)showedthatthehorizontalvariabilityinnarrow-banded
wavefieldswasdictatedbytherotationalcomponentofthemeancurrentflowfield.
Conversely,theyfoundinsignificantchangesinthewavefieldbyincreasingthekinetic
energyintheirrotationalcomponentoftheflowfield.Moreover,andforsuchwavefields,
BôasandYoung(2020)andSmitandJanssen(2019)showedthattherefraction-induced
wavescatteringcausesadirectionaldiffusioninwaveenergy.Indeepwater,acharac-
teristicwavedeflectionangleθccanbecomputedfromtheraycurvatureexpressionsby
Dysthe(2001)andKenyon(1971),byassumingaconstantverticalcurrentvorticityζc
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θc=
ζclc
cg

.(2.23)

Usingvaluesofζ=2×10−5s-1,andlc=100km,aswellwithT=10sdeflects
about14.5degreeswhileaT=17swavedeflectsabout8.5degrees.Theimportanceof
refractionisevaluatedinallthepapersofthisthesis.Interestingly,andaspointedoutin
PaperIIandPaperIII,refractionduetocurrentsandbathymetryoccurssimultaneously
atintermediateandshallowwaters,whereonemayactasawaveguidefortheother.

Thetransientrelativewaveconvergencesolutionof(2.21)isanotherexampleofa
non-localeffectinHs.Here,thegrowthinwaveenergyisassociatedwiththetimeawave
trainexperiencesacertaincurrentconvergence,andviceversaforcurrentdivergence.A
moredetailedevaluationof(2.21)isgiveninPaperI.

LocalmodulationsinHsoccurthrough(2.18).Here,“local”meanslengthscalesby
whichtheambientcurrentvaryinspace.Modulationsin(2.18)becomesevidentwhenδ
isofO(1),andparticularlywhenapproachingtheblockingvelocity(ChawlaandKirby,
2002).Forsmall–scalewindgeneratedwaves,Phillips(1984)showedhowthecurrent
gradients,incombinationwiththescaleofvariabilityinthecurrentfield,couldhavea
significantlocalinfluenceonthewaves;negativecurrentgradientsinduceslocalspectral
saturation—asreferredtointheprevioussection.

Temporalvariabilityduetodifferentcurrentregimes

Oceancurrentsofdifferentorigintypicallyvaryondifferenttimescales—thewavefieldis
modulatedaccordingly.Indescendingorderofspatio-temporalscales,suchmodulations
havebeendemonstratedintheAntarcticCircumpolarCurrent(Rapizoetal.,2018),at
mesoscales(MarechalandArdhuin,2021;QuilfenandChapron,2019;Tanetal.,2023),in
tidalcurrents(Ardhuinetal.,2012;Masson,1996),andatsubmesoscales(Ardhuinetal.,
2017;Lenainetal.,2023;Romeroetal.,2020).However,currentregimesofdifferent
originmayoccursimultaneously,whichmakesitdifficulttodiscerntheirimpactonthe
wavefield(GemmrichandGarrett,2012).InPaperII,weaddresshowtomapthe
temporalvariabilityofdifferentcurrentregimesinnorthernNorwaybyintroducinga
diagnosticmethod;itisrepeatedinamoregenericforminAppendixC.
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18 Scientific background

Horizontal variability for higher order spectral moments

This topic has not been particularly emphasized in the present thesis. However, it has
been discussed indirectly in Paper IV. Recent studies show that the horizontal variability
in higher order spectral moments is different than those of lower order. Romero et al.
(2020) pointed out that wave parameters like the mean square slope (∝ m2) and stokes
drift (∝ m3) were more collocated in space with the current divergence and vertical
vorticity than, for example, Hs (∝ m0). They also pointed out that the current gradients
dictated areas of wave breaking; this agrees with the works by Rascle et al. (2016,
2017, 2018), which highlighted how the mean square slope was modified locally by the
current gradients—in agreement with the theory by Phillips (1984). Moreover, Ardhuin
et al. (2017) showed how the moments m0–m4 had similar variability at scales above
100 km. However, larger variability was found for the highest moments at scales below
approximately 10 km. Together with the work by Romero et al. (2020), this supports
the idea that the horizontal variability of the bulk energy in the spectrum—typically
residing on the lower frequencies—is governed by mechanisms like refraction, while the
high-frequency part is more locally affected by the ambient current.

18Scientificbackground

Horizontalvariabilityforhigherorderspectralmoments

Thistopichasnotbeenparticularlyemphasizedinthepresentthesis.However,ithas
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3 Methods, data, and region of interest

In this chapter, I provide an overview of the most important datasets and methods that
have been used in the scientific papers, together with an introduction to the region of
northern Norway. The Lofoten Maelstrom is introduced first. Note that within the all the
papers included in this thesis (Chapter 6), I have mostly referred to the Maelstrom by its
local name Moskstraumen. Here, however, I continue by using the Lofoten Maelstrom,
or simply Maelstrom in short.

3.1 The Lofoten Maelstrom

In the region from the north–east Atlantic to the Barents Sea, the tide propagates as a
shallow–water wave, across the Norwegian Sea, in a north-eastward direction (Fig. 1.1).
Close to the coast of Norway, it becomes a topographically steered Kelvin wave that
reaches phase speeds around 100 m s-1 at the continental shelf (while reaching higher
speeds further offshore). For the tidal wave, the Lofoten archipelago appears as a funnel
shaped vertical wall, which hinders its propagation. Besides the narrow straits across the
archipelago (see Nappstraumen and Gimsøystraumen in Fig. 1.1), the only way around
is through the Moskenes sound. It is located between the westernmost tip of Lofoten
and the island Mosken, and is about 8 km wide. The sound is a shallow bottom ridge
of about 50 m depth which connects the Norwegian Sea to the west with the semi-
enclosed basin Vestfjorden to the east. The sea surface level difference across the sound
reaches about 0.4 m, and the associated pressure gradient generates a strong semidiurnal
tidal current—the Lofoten Maelstrom. It is strongest about 2 h after high and low tide
where it is flowing west and east, respectively (Gjevik , 2009). During spring tide, the
Maelstrom reaches speeds of at least 3 m s-1, and the volumetric flow rate is estimated to
reach 0.6 Sv (Gjevik , 2009; Lynge et al., 2010). This is about twice that of the Amazon
river. The dominating tidal components are the semidiurnal lunar (M2) and solar (S2)
constituents (Moe et al., 2002).

Historically, the Maelstrom has been infamous for its ferocity and dangerous whirls.
It was known as the “Charybdis of the North”—the ancient Greek sea monster in the
Messina Strait described in Homer’s Odyssey (Homer , 1919)—and was mentioned in
tales as early as the Viking age (Guerber , 1909). Among the abundance of references,
the best known are the classical works “A Descent into the Maelström” by Edgar Allan
Poe (Poe, 1841) and “Twenty Thousand Leagues Under the Seas” by Jules Verne (Verne,
1891). Poe’s novel inspired the American composer Phillip Glass, and his music was re-
cently filmatized1. The word Maelstrom stems from the Dutch “malen” meaning grind-
ing, or in some contexts pulverizing. For reference, Røst (the name of the archipelago
located south-west of the Maelstrom [Fig. 1.1]) originates from the Norse “Rost” which
means whirl in English. Consequently, the currents in the area are known for their strong
vortex-like appearance. In many of the historical references, the sea surface manifesta-
tion of the Charybdis (or any of the other associated creatures) took the form as high
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1https://www.nfi.no/eng/film?name=descent-into-the-maelstrom&id=2046–accessed2024-
01-16
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waves. An example is shown in Fig. 3.1 where the Italian cartographer Vincenzo Maria
Coronelli (1650–1718) depicted the Maelstrom as monstrous waves that arose from the
deep. The Danish priest and poet Anders Arrebo (1587–1637) claimed that the Mael-
strom generated waves so high that they shaded the view of the sun (Spaans , 2023). In
the post-medieval era (around 1500–1750), where many of these references stem from,
the ocean was indeed mysterious. This is nicely illustrated in the “Carta Marina” by
the Swedish priest and chartographer Olaus Magnus from 1539 (reproduced over the
Maelstrom in Paper I). However, and in contrast to these contemporary mythical de-
scriptions, a more physical reasoning about the origin of the Maelstrom was proposed by
the Norwegian poet and priest Petter Dass in 1685 (Gjevik et al., 1997). He was able to
attribute the flow of the Maelstrom with the phases of the moon. His considerations also
included the modulation of the waves entering the Maelstrom (see Appendix in Paper I).
A more complete historical review of the Maelstrom is given by Gjevik et al. (1997), and
a condensed version is provided in Paper I.

Figure 3.1: The sea surface manifestation of the Lofoten Maelstrom by the Venetian (Italian)
cartographer Vincenzo Maria Coronelli around 1690. The text reads in English “Waves formed
by the sinkhole of Moskstraumen”. Here, the Mosken island is to the left in the painting.

The different tidal stages of the Lofoten Maelstrom is shown in Fig. 3.2: The Mael-
strom flows west at high tide (panel a), while accelerating to its maximum around 2 h
after high tide (panel b). The front is associated with a strong current shear and thus
subject to breaking waves. Slack tide occurs a couple of hours before low tide (panel c).
The west-going branch of the Maelstrom decelerates and turns in a clockwise direction,
starting with the southernmost part and then gradually northwards. Such turning causes
a strong horizontal current shear within the sound and is locally known as Strinna; it
causes complicated sailing conditions for smaller vessels (Den norske los , 2018). This re-
gion of strong current shear is elaborated upon in Paper II. Note that the currents just
east of Lofoten turns anti-clockwise in contrast to the rest of the area (Moe et al., 2002).
The Maelstrom starts flowing west at low tide (panel d), while accelerating to maximum
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acondensedversionisprovidedinPaperI.
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stromflowswestathightide(panela),whileacceleratingtoitsmaximumaround2h
afterhightide(panelb).Thefrontisassociatedwithastrongcurrentshearandthus
subjecttobreakingwaves.Slacktideoccursacoupleofhoursbeforelowtide(panelc).
Thewest-goingbranchoftheMaelstromdeceleratesandturnsinaclockwisedirection,
startingwiththesouthernmostpartandthengraduallynorthwards.Suchturningcauses
astronghorizontalcurrentshearwithinthesoundandislocallyknownasStrinna;it
causescomplicatedsailingconditionsforsmallervessels(Dennorskelos,2018).Thisre-
gionofstrongcurrentsheariselaborateduponinPaperII.Notethatthecurrentsjust
eastofLofotenturnsanti-clockwiseincontrasttotherestofthearea(Moeetal.,2002).
TheMaelstromstartsflowingwestatlowtide(paneld),whileacceleratingtomaximum
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eastward flowing current about 2 h after low tide (panel e). Eddies and whirls—which
have given name to the Maelstrom—occur in the vicinity of current. Around 2 h be-
fore high tide (panel f), the current turns gradually from north to south (again causing
the Strinna) and continues to accelerate westwards against high tide. In Paper I and
Paper II, and the stages where the Maelstrom were flowing west (Fig. 3.2 a–c) and east
(Fig. 3.2 d–f) were called falling and rising tide, respectively.

The flow field associated with the Maelstrom takes different shapes when flowing
west and east; it becomes a narrow jet when flowing west, while being broader and more
horizontally uniform when flowing east. Such flow field asymmetry was also suggested
in the model study by Børve et al. (2021). However, the asymmetry has only been
qualitatively verified by satellite imagery (as in Paper I). Nevertheless, as ocean models
(including the one used in this thesis) suggests that such asymmetry exists, it allows to
investigate how different flow fields affect the wave field. This is studied in Paper IV.

Satellite imagery and ocean model current fields of the Maelstrom are shown in
Figure 3.3; this is a situation after high tide (Fig. 3.2b) and the Maelstrom is thus
flowing west. The satellite image reveals the tidal flow direction, but also the fronts that
are associated with strong current gradients and wave breaking. The extent and shape
of the current is also represented by the 800 m resolution ocean model (to be introduced
in Section 3.3.3). From the vertical cross-sections, we see that the model predicts a
barotropic current. This is in agreement with the measurements that are presented in
Paper I, and also with the previous model studies by Moe et al. (2002).

Figure 3.2: A conceptual illustration of the flow field evolution of the Lofoten Maelstrom during
a tidal cycle. Different stages are shown in panels a–f, where maximum current speed of the
Maelstrom occur about 2 h after high and low tide. Arrows denote the approximate direction
and relative magnitude of the current. Ridged orange lines denote areas associated with strong
horizontal current shear and thus wave breaking. Spirals indicate typical areas where whirls
(radiating from the Maelstrom) appear. The illustration is based on the descriptions by Den
norske los (2018) and Gjevik (2009).
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eastwardflowingcurrentabout2hafterlowtide(panele).Eddiesandwhirls—which
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eastward flowing current about 2 h after low tide (panel e). Eddies and whirls—which
have given name to the Maelstrom—occur in the vicinity of current. Around 2 h be-
fore high tide (panel f), the current turns gradually from north to south (again causing
the Strinna) and continues to accelerate westwards against high tide. In Paper I and
Paper II, and the stages where the Maelstrom were flowing west (Fig. 3.2 a–c) and east
(Fig. 3.2 d–f) were called falling and rising tide, respectively.

The flow field associated with the Maelstrom takes different shapes when flowing
west and east; it becomes a narrow jet when flowing west, while being broader and more
horizontally uniform when flowing east. Such flow field asymmetry was also suggested
in the model study by Børve et al. (2021). However, the asymmetry has only been
qualitatively verified by satellite imagery (as in Paper I). Nevertheless, as ocean models
(including the one used in this thesis) suggests that such asymmetry exists, it allows to
investigate how different flow fields affect the wave field. This is studied in Paper IV.

Satellite imagery and ocean model current fields of the Maelstrom are shown in
Figure 3.3; this is a situation after high tide (Fig. 3.2b) and the Maelstrom is thus
flowing west. The satellite image reveals the tidal flow direction, but also the fronts that
are associated with strong current gradients and wave breaking. The extent and shape
of the current is also represented by the 800 m resolution ocean model (to be introduced
in Section 3.3.3). From the vertical cross-sections, we see that the model predicts a
barotropic current. This is in agreement with the measurements that are presented in
Paper I, and also with the previous model studies by Moe et al. (2002).

Figure 3.2: A conceptual illustration of the flow field evolution of the Lofoten Maelstrom during
a tidal cycle. Different stages are shown in panels a–f, where maximum current speed of the
Maelstrom occur about 2 h after high and low tide. Arrows denote the approximate direction
and relative magnitude of the current. Ridged orange lines denote areas associated with strong
horizontal current shear and thus wave breaking. Spirals indicate typical areas where whirls
(radiating from the Maelstrom) appear. The illustration is based on the descriptions by Den
norske los (2018) and Gjevik (2009).
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Figure 3.3: Snapshot of the Lofoten Maelstrom while flowing west at October 10 2021. Panel a
show the sea surface signature of the Maelstrom depicted by the Copernicus Sentinel-1B satellite.
Panel b show modeled surface current speed closest in time (i.e., T=17 UTC from the NK800
ROMS model [Tab. 3.1]). Vertical cross-sections across and along the Moskenes sound are
shown in panels c and d, respectively. The red dot in panel a indicates the location of the
ADCP. Note that the small isles in the middle of the sound are not included in the NK800
topography. Image contains modified Copernicus Sentinel-1 data (2021), processed by ESA.

The Moskenes sound combines the Vestfjorden basin to the east with the Norwegian
Sea to the west (Fig. 1.1). Therefore, the wave conditions are constrained by the limited
fetch (about 100 km) from the east, while in practice having unlimited fetch from the
west. Due to the location in the belt of westerlies, the wave field often becomes multi-
modal typically consisting of a (local) wind sea and remote swell component. Such wave
fields, together with the asymmetric flow field conditions of the Maelstrom, are treated
in Paper IV.

Its history, intensity, and strong gradients makes the Maelstrom a popular site for
remote sensing imagery for both popular science communication2 and in the so-called
gray literature (e.g., Dokken and Wahl , 1995). The tides also generate internal waves
in the Moskenes sound, that propagate into Vestfjorden (Dokken et al., 2001). The
associated currents caused by internal waves also affect surface waves (e.g., Lenain and
Pizzo, 2021), but the current gradients are typically much lower than those associated
with the Maelstrom. The role of internal waves on surface waves in the area has not
been addressed in this thesis. As a sidenote, the strongest tidal current in Norway,
Saltstraumen, is located just across Vestfjorden. This is an inshore tidal current which
is among the strongest tidal currents in the world, with claims of speeds up to 10 m s-1

(Gjevik , 2009).

2https://earthobservatory.nasa.gov/images/89984/ungovernable-fury–accessed 2024-01-
16
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Northern Norway is surrounded by open ocean from the Barents Sea to the north, to
the Norwegian Sea to the southwest (Fig. 1.1). It is located in the belt of westerlies and
thus exposed to extratropical cyclones, but also polar lows. Moreover, the region has a
set of ocean circulation systems. Here I introduce the regions’ characteristic met–ocean
conditions that are relevant for this work.

3.2.1 Ocean currents

The offshore ocean circulation is dominated by the Norwegian Atlantic Current (NwAC),
while the Norwegian Coastal Current (NCC) is wedged between the NwAC and the
coast of Norway. The NwAC is a two-branch system of the North Atlantic Current
flowing northwards bringing saline water into the Arctic (Mork and Skagseth , 2010). In
this thesis, the relevant branch is the topographically trapped barotropic current that
closely follows the continental slope (Fig. 3.4). The NCC is colder and fresher as it
consists of river runoff and Baltic sea water, and thus provides a low-salinity inflow to
the Barents Sea (Christensen et al., 2018). The NwAC and NCC mix gradually as they
flow northward. As seen in Fig 3.4, mean current speeds reaches about 1 m s-1 offshore,
while maximum values exceeds 2 m s-1. Furthermore the circulation also comprise wind-
driven near-inertial currents at the Coriolis frequency fcor (Röhrs and Christensen , 2015).
These are, however, difficult to discern from the semidiurnal tides; at these latitudes
(between 67–72 degrees north) f−1

cor ∈ [12.6, 13] h and is thus close to the M2 (≃ 12.42 h)
tidal period. Submesoscale features like eddies and fronts typically arise from baroclinic
instabilities in the NCC, as seen visually in Fig. 2 of Paper II. Details about their
generation and origin is outside the scope of this thesis. A more in-depth description
is given by McWilliams (2016). However, their horizontal extent is typically between
0.1–10 km (i.e., lower than the Rossby radius) and their life time varies from sub-daily
to a couple of days.

3.2.2 Wave conditions

Indeed, most waves entering the region from offshore have in practice no fetch limitation.
Therefore, and because of the westerlies, the wave climate includes a regular influx of
remotely generated swell, which often appear in combination with an active wind–sea
component. Furthermore, the sea state may become extraordinarily high; the 100-year
return value of Hs is around 17 m (Aarnes et al., 2012; Haakenstad et al., 2020). There
is a strong seasonal variability in wave heights, with the largest occurring during the
winter season. In summary, the wave climate is multi-faceted, with a strong seasonal
dependence.

Of particular interest to this thesis are the near–coastal locations (in addition to the
Maelstrom) that are known for dangerous sea states—treated in detail in Paper II. These
locations have been reported to be particularly complicated to navigate, and overlap with
areas that throughout history have been known for shipwrecks. A total of 24 such areas
have been identified along the coast of Norway, and eight out of these are located in
northern Norway. Here, the severe wave conditions are almost exclusively attributed to
the interaction with the ambient currents (Den norske los , 2018).
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tidalperiod.Submesoscalefeatureslikeeddiesandfrontstypicallyarisefrombaroclinic
instabilitiesintheNCC,asseenvisuallyinFig.2ofPaperII.Detailsabouttheir
generationandoriginisoutsidethescopeofthisthesis.Amorein-depthdescription
isgivenbyMcWilliams(2016).However,theirhorizontalextentistypicallybetween
0.1–10km(i.e.,lowerthantheRossbyradius)andtheirlifetimevariesfromsub-daily
toacoupleofdays.

3.2.2Waveconditions

Indeed,mostwavesenteringtheregionfromoffshorehaveinpracticenofetchlimitation.
Therefore,andbecauseofthewesterlies,thewaveclimateincludesaregularinfluxof
remotelygeneratedswell,whichoftenappearincombinationwithanactivewind–sea
component.Furthermore,theseastatemaybecomeextraordinarilyhigh;the100-year
returnvalueofHsisaround17m(Aarnesetal.,2012;Haakenstadetal.,2020).There
isastrongseasonalvariabilityinwaveheights,withthelargestoccurringduringthe
winterseason.Insummary,thewaveclimateismulti-faceted,withastrongseasonal
dependence.

Ofparticularinteresttothisthesisarethenear–coastallocations(inadditiontothe
Maelstrom)thatareknownfordangerousseastates—treatedindetailinPaperII.These
locationshavebeenreportedtobeparticularlycomplicatedtonavigate,andoverlapwith
areasthatthroughouthistoryhavebeenknownforshipwrecks.Atotalof24suchareas
havebeenidentifiedalongthecoastofNorway,andeightoutofthesearelocatedin
northernNorway.Here,theseverewaveconditionsarealmostexclusivelyattributedto
theinteractionwiththeambientcurrents(Dennorskelos,2018).
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tidal period. Submesoscale features like eddies and fronts typically arise from baroclinic
instabilities in the NCC, as seen visually in Fig. 2 of Paper II. Details about their
generation and origin is outside the scope of this thesis. A more in-depth description
is given by McWilliams (2016). However, their horizontal extent is typically between
0.1–10 km (i.e., lower than the Rossby radius) and their life time varies from sub-daily
to a couple of days.

3.2.2 Wave conditions

Indeed, most waves entering the region from offshore have in practice no fetch limitation.
Therefore, and because of the westerlies, the wave climate includes a regular influx of
remotely generated swell, which often appear in combination with an active wind–sea
component. Furthermore, the sea state may become extraordinarily high; the 100-year
return value of Hs is around 17 m (Aarnes et al., 2012; Haakenstad et al., 2020). There
is a strong seasonal variability in wave heights, with the largest occurring during the
winter season. In summary, the wave climate is multi-faceted, with a strong seasonal
dependence.

Of particular interest to this thesis are the near–coastal locations (in addition to the
Maelstrom) that are known for dangerous sea states—treated in detail in Paper II. These
locations have been reported to be particularly complicated to navigate, and overlap with
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have been identified along the coast of Norway, and eight out of these are located in
northern Norway. Here, the severe wave conditions are almost exclusively attributed to
the interaction with the ambient currents (Den norske los , 2018).
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Figure 3.4: Bathymetry (panel a), mean surface current speed (Ū panel b), and maximum surface
current speed (panel c) in northern Norway. Current statistics are computed for the period
January–September 2019 using NK800 (see Tab. 3.1). Orange contour in panel a highlight the
WAM model domains used in Paper II and Paper IV. White contour in panel b highlight the
area covering the Lofoten Maelstrom.

3.3 Data: Observations and models

Here I provide an overview of the most important datasets and sources that are used in
the papers. A summary is provided in Tab. 3.1.

3.3.1 In situ

The most central data set in this thesis is the acoustic Doppler current profiler (ADCP)
observations that were acquired in the Maelstrom during the winter season 2018–2019
(Fig. 3.5). The successful ADCP deployment and recovery operation was a collaborative
effort between the Norwegian Coastal Administration, Nortek AS, and the Norwegian
Meteorological Institute. This was the first-of-its-kind measurements of waves and cur-
rents in the Maelstrom. That is, Moe et al. (2002) used some current recordings from a
21-day period in 1972 at four locations, each with three vertical depths. Other attempts
measuring the current profile have been abandoned due to the harsh conditions. To
my knowledge, waves in the Maelstrom have not been measured previously. Moreover,
and throughout the world, very few moored observations of waves and currents exists
in such intense environments similar to the Maelstrom. Our instrument—a five-beam
(four slanted and one vertical) NORTEK Signature 500 kHz ADCP3—was mounted in a
tripod frame with a gimbal to compensate for a potentially slanted bottom topography,
and deployed at about 50 m depth southeast of Lofoten (see Fig. 3.3a). The instru-
ment operated in a concurrent plan by alternating between average and burst mode.
A description of the acquisition setup and data is presented in Paper I, Paper II, and

3https://www.nortekgroup.com/products/signature-500–accessed 2024-01-31.
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January–September2019usingNK800(seeTab.3.1).Orangecontourinpanelahighlightthe
WAMmodeldomainsusedinPaperIIandPaperIV.Whitecontourinpanelbhighlightthe
areacoveringtheLofotenMaelstrom.

3.3Data:Observationsandmodels

HereIprovideanoverviewofthemostimportantdatasetsandsourcesthatareusedin
thepapers.AsummaryisprovidedinTab.3.1.

3.3.1Insitu

ThemostcentraldatasetinthisthesisistheacousticDopplercurrentprofiler(ADCP)
observationsthatwereacquiredintheMaelstromduringthewinterseason2018–2019
(Fig.3.5).ThesuccessfulADCPdeploymentandrecoveryoperationwasacollaborative
effortbetweentheNorwegianCoastalAdministration,NortekAS,andtheNorwegian
MeteorologicalInstitute.Thiswasthefirst-of-its-kindmeasurementsofwavesandcur-
rentsintheMaelstrom.Thatis,Moeetal.(2002)usedsomecurrentrecordingsfroma
21-dayperiodin1972atfourlocations,eachwiththreeverticaldepths.Otherattempts
measuringthecurrentprofilehavebeenabandonedduetotheharshconditions.To
myknowledge,wavesintheMaelstromhavenotbeenmeasuredpreviously.Moreover,
andthroughouttheworld,veryfewmooredobservationsofwavesandcurrentsexists
insuchintenseenvironmentssimilartotheMaelstrom.Ourinstrument—afive-beam
(fourslantedandonevertical)NORTEKSignature500kHzADCP3—wasmountedina
tripodframewithagimbaltocompensateforapotentiallyslantedbottomtopography,
anddeployedatabout50mdepthsoutheastofLofoten(seeFig.3.3a).Theinstru-
mentoperatedinaconcurrentplanbyalternatingbetweenaverageandburstmode.
AdescriptionoftheacquisitionsetupanddataispresentedinPaperI,PaperII,and
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current speed (panel c) in northern Norway. Current statistics are computed for the period
January–September 2019 using NK800 (see Tab. 3.1). Orange contour in panel a highlight the
WAM model domains used in Paper II and Paper IV. White contour in panel b highlight the
area covering the Lofoten Maelstrom.

3.3 Data: Observations and models

Here I provide an overview of the most important datasets and sources that are used in
the papers. A summary is provided in Tab. 3.1.

3.3.1 In situ

The most central data set in this thesis is the acoustic Doppler current profiler (ADCP)
observations that were acquired in the Maelstrom during the winter season 2018–2019
(Fig. 3.5). The successful ADCP deployment and recovery operation was a collaborative
effort between the Norwegian Coastal Administration, Nortek AS, and the Norwegian
Meteorological Institute. This was the first-of-its-kind measurements of waves and cur-
rents in the Maelstrom. That is, Moe et al. (2002) used some current recordings from a
21-day period in 1972 at four locations, each with three vertical depths. Other attempts
measuring the current profile have been abandoned due to the harsh conditions. To
my knowledge, waves in the Maelstrom have not been measured previously. Moreover,
and throughout the world, very few moored observations of waves and currents exists
in such intense environments similar to the Maelstrom. Our instrument—a five-beam
(four slanted and one vertical) NORTEK Signature 500 kHz ADCP3—was mounted in a
tripod frame with a gimbal to compensate for a potentially slanted bottom topography,
and deployed at about 50 m depth southeast of Lofoten (see Fig. 3.3a). The instru-
ment operated in a concurrent plan by alternating between average and burst mode.
A description of the acquisition setup and data is presented in Paper I, Paper II, and

3https://www.nortekgroup.com/products/signature-500–accessed 2024-01-31.

24Methods,data,andregionofinterest

Figure3.4:Bathymetry(panela),meansurfacecurrentspeed(Ūpanelb),andmaximumsurface
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currentspeed(panelc)innorthernNorway.Currentstatisticsarecomputedfortheperiod
January–September2019usingNK800(seeTab.3.1).Orangecontourinpanelahighlightthe
WAMmodeldomainsusedinPaperIIandPaperIV.Whitecontourinpanelbhighlightthe
areacoveringtheLofotenMaelstrom.

3.3Data:Observationsandmodels

HereIprovideanoverviewofthemostimportantdatasetsandsourcesthatareusedin
thepapers.AsummaryisprovidedinTab.3.1.

3.3.1Insitu

ThemostcentraldatasetinthisthesisistheacousticDopplercurrentprofiler(ADCP)
observationsthatwereacquiredintheMaelstromduringthewinterseason2018–2019
(Fig.3.5).ThesuccessfulADCPdeploymentandrecoveryoperationwasacollaborative
effortbetweentheNorwegianCoastalAdministration,NortekAS,andtheNorwegian
MeteorologicalInstitute.Thiswasthefirst-of-its-kindmeasurementsofwavesandcur-
rentsintheMaelstrom.Thatis,Moeetal.(2002)usedsomecurrentrecordingsfroma
21-dayperiodin1972atfourlocations,eachwiththreeverticaldepths.Otherattempts
measuringthecurrentprofilehavebeenabandonedduetotheharshconditions.To
myknowledge,wavesintheMaelstromhavenotbeenmeasuredpreviously.Moreover,
andthroughouttheworld,veryfewmooredobservationsofwavesandcurrentsexists
insuchintenseenvironmentssimilartotheMaelstrom.Ourinstrument—afive-beam
(fourslantedandonevertical)NORTEKSignature500kHzADCP3—wasmountedina
tripodframewithagimbaltocompensateforapotentiallyslantedbottomtopography,
anddeployedatabout50mdepthsoutheastofLofoten(seeFig.3.3a).Theinstru-
mentoperatedinaconcurrentplanbyalternatingbetweenaverageandburstmode.
AdescriptionoftheacquisitionsetupanddataispresentedinPaperI,PaperII,and

3https://www.nortekgroup.com/products/signature-500–accessed2024-01-31.

24Methods,data,andregionofinterest

Figure3.4:Bathymetry(panela),meansurfacecurrentspeed(Ūpanelb),andmaximumsurface
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Table 3.1: Summary of the most important data that are used in the papers (including observa-
tions and those from community models). RS–Remote Sensing.

Name Type Short summary Duration Location Paper(s)

ADCP In situ Nortek Signature 500 ADCP 3 months The Maelstrom I, II, IV

WR In situ Datawell Wave rider 3 months Vestfjorden II

Sentinel-1 RS Sentinel-1 SAR imagery Instant The Maelstrom I

Sentinel-2 RS Sentinel-2 MSI imagery Instant
The Maelstrom,

Rottnest Island
I, III

CMEMS S3A RS Sentinel-3A Level-3 altimeter Swaths Entire domain II

ESA CCI RS ESA CCI altimeter multi-mission Swaths Entire domain II

NK800 Model
800 m horizontal resolution

ROMS model
- Entire domain I–IV

NORA10 Model
Wave and surface pressure fields

from 10 km resolution hindcast
- Entire domain I

WAMref Model
WAM 800 m resolution with

wind forcing only
- Entire domain II

WAMcurr Model
WAM 800 m resolution with

wind + NK800 current forcing
- Entire domain II

WAMW Model
WAM 800 m + Latemar package

with wind forcing only
- Entire domain IV

WAMW+C Model
WAM 800 m + Latemar package

wind + NK800 current forcing
- Entire domain IV

3.3Data:Observationsandmodels25
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Paper IV, in decreasing order of detail, respectively. However, the aforementioned pa-
pers used different parts of the data set. Therefore, I give a brief summary here. After
Paper I got published, Nortek AS also made their own story about the deployment in
the Lofoten Maelstrom4.

Figure 3.5: On the way to deploy the Nortek Signature 500 ADCP in the Maelstrom in December
2018. The up-looking ADCP was mounted in a tripod (see bottom right) and deployed in the
sound between the Mosken island and Lofotodden. The photograph field-of-view is oriented in a
west-southwest direction.

An overview of the deployment setup and data acquisition plan is shown in Fig. 3.6.
In average mode, 1 Hz current profiles (2 m vertical resolution) were acquired every 10th
minute (starting at full hours) with a duration of 1 minute. In burst mode, the five-beam
configuration measured horizontal currents (with the four slanted beams) at 2 Hz (2.4 m
vertical resolution) for 20-minute segments every 30 minutes (starting at whole hours).
Vertical currents were also measured by the slanted beams, as well as by the vertically
oriented fifth beam. This beam also measure the sea surface elevation η by filtering out
the ocean surface from the backscatter intensity in vertical echogram profiles. Moreover,
a pressure sensor at the instrument is also used for wave measurements. A standard
routine during burst measurements is to acquire a single vertical raw echogram profile in
order to properly detect the sea surface. In our setup, such profiles were acquired every
15th minute with 2.4 cm vertical resolution.

In Paper I, Paper II, and Paper IV, vertical ocean current profiles and wave statistics
were computed using Nortek’s OceanContour (v. 2.1.2) software. Wave parameters also
include the directional wave spectrum, which is inferred from correlating the uppermost
velocities from the slanted beams. The frequency limit for such velocities, and thus the
directional spectrum, is about 0.2 Hz waves at 50 m depth. The raw echograms were
used in Paper I to evaluate the bubble penetration depth from breaking waves, which is
elaborated upon in Section 3.4.1. In Paper IV, the raw η from the burst segments was
used for evaluating the tendency to wave extremes.

In addition to the ADCP, a third-generation directional Datawell Waverider5 buoy
4https://www.nortekgroup.com/knowledge-center/userstory/improving-metocean-

forecasts-with-wave-and-current-data–accessed 2024-01-31.
5https://datawell.nl/products/directional-waverider-mkiii/–accessed 2024-01-31
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PaperIV,indecreasingorderofdetail,respectively.However,theaforementionedpa-
persuseddifferentpartsofthedataset.Therefore,Igiveabriefsummaryhere.After
PaperIgotpublished,NortekASalsomadetheirownstoryaboutthedeploymentin
theLofotenMaelstrom4.
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configurationmeasuredhorizontalcurrents(withthefourslantedbeams)at2Hz(2.4m
verticalresolution)for20-minutesegmentsevery30minutes(startingatwholehours).
Verticalcurrentswerealsomeasuredbytheslantedbeams,aswellasbythevertically
orientedfifthbeam.Thisbeamalsomeasuretheseasurfaceelevationηbyfilteringout
theoceansurfacefromthebackscatterintensityinverticalechogramprofiles.Moreover,
apressuresensorattheinstrumentisalsousedforwavemeasurements.Astandard
routineduringburstmeasurementsistoacquireasingleverticalrawechogramprofilein
ordertoproperlydetecttheseasurface.Inoursetup,suchprofileswereacquiredevery
15thminutewith2.4cmverticalresolution.

InPaperI,PaperII,andPaperIV,verticaloceancurrentprofilesandwavestatistics
werecomputedusingNortek’sOceanContour(v.2.1.2)software.Waveparametersalso
includethedirectionalwavespectrum,whichisinferredfromcorrelatingtheuppermost
velocitiesfromtheslantedbeams.Thefrequencylimitforsuchvelocities,andthusthe
directionalspectrum,isabout0.2Hzwavesat50mdepth.Therawechogramswere
usedinPaperItoevaluatethebubblepenetrationdepthfrombreakingwaves,whichis
elaborateduponinSection3.4.1.InPaperIV,therawηfromtheburstsegmentswas
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Figure 3.6: An illustration of the Nortek Signature 500 ADCP setup in the Maelstrom during
the three month deployment. The ADCP was mounted in a tripod about 50 m below mean sea
level. For illustrative purposes, the figure only shows two of the in total four slanted beams (i.e.,
#1 and #3) together with the vertical fifth beam. Green vertical profile indicate the barotropic
current and direction (arrows). The instrument acquisition plan is outlined in the insert figure:
Burst mode (blue) includes wave and current measurements (beams #1–#5) , average mode
(orange) includes currents only (beams #1–#4), and raw echograms (black) were acquired every
15th minute (beam #5).

located in Vestfjorden was used in Paper II to evaluate wave model results (Table 3.1).

3.3.2 Satellite remote sensing

Broad and narrow swath satellite remote sensing have essentially been used for two
purposes: Assessing the impact by currents on the wave field through Hs retrievals (Ta-
ble 3.1), and to visualize the imprint of ocean dynamics on the sea surface (e.g., see
Fig. 2 in Paper II). In Paper I, both synthetic aperture radar and optical imagery, from
the respective Copernicus Sentinel-1 & 2 missions, were used to qualitatively verify the
shape of the modeled flow field of the Maelstrom. In addition, they provide evidence for
increased wave breaking during maximum current strength. For wave refraction at small
scales, the Sentinel-2 snapshot in Fig. 2.1 is a qualitative verification of the ray tracing
model in Paper III (in Paper III the Sentinel-2 image is only used to highlight the con-
cept of refraction). These broad swath products were primarily accessed through the
Norwegian ground segment for Sentinel data (Halsne et al., 2019). In Paper II, Hs re-
trievals from a number of satellite altimeter missions were used to to verify wave model
output. These are 1 Hz Level-3 products processed by the Copernicus Marine Service
(CMEMS) and the European Space Agency Climate Change Initiative (ESA CCI). The
Hs retrievals, and the accompanied model verification parameters, were accessed and
computed using the open-source wavy6 package. More specifications about the afore-
mentioned sensors and products are found in the respective papers.

3.3.3 Community models

Spectral wave model

Different versions of the third-generation spectral wave model WAM (WAve Modelling
group, Komen et al., 1994) have been used to model the wind–wave field in northern

6https://wavyopen.readthedocs.io/en/latest/–accessed 2024-01-31
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scales,theSentinel-2snapshotinFig.2.1isaqualitativeverificationoftheraytracing
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Norway (Table 3.1); a 10–11 km horizontal resolution hindcast model (Reistad et al.,
2011) provided the environmental conditions in Paper I; different versions of an 800 m
resolution setup were employed for Papers II and IV. The domain of the latter WAM
simulations are outlined in Fig. 3.4a, and is similar to the operational wave model op-
erated by the Norwegian Meteorological Institute for the specific domain. Most of the
model specifications are listed in the respective papers. In short, the 800 m resolution
model in Paper II was a 4.7 version provided through the MyWave project (Behrens
et al., 2013). In Paper IV, a more recent version was used which included the computa-
tion of expected space–time extreme waves. This latter procedure was documented and
implemented by Barbariol et al. (2017) and Benetazzo et al. (2021), and is known as the
Latemar package7.

Norkyst800 ROMS model

The Norkyst800 (NK800) is a ROMS (Regional Ocean Modeling System, Shchepetkin
and McWilliams , 2005) implementation which is used as ocean current forcing in the
aforementioned 800 m WAM simulations. It is an operational forecasting model operated
by the Norwegian Meteorological Institute. The most relevant model specifications for
the works in this thesis are listed in Paper I and Paper II, and a complete overview is
given by Albretsen et al. (2011). Note that there is a difference in number of vertical
levels in Papers I and II, due to updates in the NK800 setup during the period. The
ocean model domain includes the northermost parts of the NwAC and NCC, and is
forced with eight tidal constituents. Statistically speaking, the ocean model is expected
to be representative of the coastal waters. However, NK800 is not expected to give
deterministic prediction of all the dynamics; this particularly involves the submesoscale
features that radiate from the NCC.

3.4 Methods

Here I present some of the key methods that were used in the scientific papers (Chap-
ter 6).

3.4.1 Echogram bubble depth retrievals

During maximum current speed of the Lofoten Maelstrom, the tilt of the ADCP, at
times, exceeded the limit (i.e., 10 degrees from zentih) by which wave measurements
can be used with a sufficient degree of accuracy. However, the raw vertical echogram
data are still valid observations. From such measurements, it is possible to estimate the
penetration depth by wave breaking induced air bubbles (e.g., Strand et al., 2020; Vagle
and Farmer , 1998; Wang et al., 2016). In the context of our measurements (with sparse
temporal resolution [Fig. 3.6]), the interesting parameter were not the maximum depths
reached by the bubbles, but rather the tidal modulation of the bubble depths.

Bubble penetration depths were estimated by a thresholding procedure on the high
resolution vertical echogram data (see Fig. 4 in Paper I). Since bubbles are a well-known
feature in echograms close to the surface, the algorithm required continuous exceedance
of the threshold level in order to remove other spurious features further down in the
water column. This includes fish with limited vertical extent. The threshold was set

7https://www.mercator-ocean.eu/en/portfolio/latemar/–accessed 2024-01-20
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Norway (Table 3.1); a 10–11 km horizontal resolution hindcast model (Reistad et al.,
2011) provided the environmental conditions in Paper I; different versions of an 800 m
resolution setup were employed for Papers II and IV. The domain of the latter WAM
simulations are outlined in Fig. 3.4a, and is similar to the operational wave model op-
erated by the Norwegian Meteorological Institute for the specific domain. Most of the
model specifications are listed in the respective papers. In short, the 800 m resolution
model in Paper II was a 4.7 version provided through the MyWave project (Behrens
et al., 2013). In Paper IV, a more recent version was used which included the computa-
tion of expected space–time extreme waves. This latter procedure was documented and
implemented by Barbariol et al. (2017) and Benetazzo et al. (2021), and is known as the
Latemar package7.

Norkyst800 ROMS model

The Norkyst800 (NK800) is a ROMS (Regional Ocean Modeling System, Shchepetkin
and McWilliams , 2005) implementation which is used as ocean current forcing in the
aforementioned 800 m WAM simulations. It is an operational forecasting model operated
by the Norwegian Meteorological Institute. The most relevant model specifications for
the works in this thesis are listed in Paper I and Paper II, and a complete overview is
given by Albretsen et al. (2011). Note that there is a difference in number of vertical
levels in Papers I and II, due to updates in the NK800 setup during the period. The
ocean model domain includes the northermost parts of the NwAC and NCC, and is
forced with eight tidal constituents. Statistically speaking, the ocean model is expected
to be representative of the coastal waters. However, NK800 is not expected to give
deterministic prediction of all the dynamics; this particularly involves the submesoscale
features that radiate from the NCC.

3.4 Methods

Here I present some of the key methods that were used in the scientific papers (Chap-
ter 6).

3.4.1 Echogram bubble depth retrievals

During maximum current speed of the Lofoten Maelstrom, the tilt of the ADCP, at
times, exceeded the limit (i.e., 10 degrees from zentih) by which wave measurements
can be used with a sufficient degree of accuracy. However, the raw vertical echogram
data are still valid observations. From such measurements, it is possible to estimate the
penetration depth by wave breaking induced air bubbles (e.g., Strand et al., 2020; Vagle
and Farmer , 1998; Wang et al., 2016). In the context of our measurements (with sparse
temporal resolution [Fig. 3.6]), the interesting parameter were not the maximum depths
reached by the bubbles, but rather the tidal modulation of the bubble depths.

Bubble penetration depths were estimated by a thresholding procedure on the high
resolution vertical echogram data (see Fig. 4 in Paper I). Since bubbles are a well-known
feature in echograms close to the surface, the algorithm required continuous exceedance
of the threshold level in order to remove other spurious features further down in the
water column. This includes fish with limited vertical extent. The threshold was set
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Norway(Table3.1);a10–11kmhorizontalresolutionhindcastmodel(Reistadetal.,
2011)providedtheenvironmentalconditionsinPaperI;differentversionsofan800m
resolutionsetupwereemployedforPapersIIandIV.ThedomainofthelatterWAM
simulationsareoutlinedinFig.3.4a,andissimilartotheoperationalwavemodelop-
eratedbytheNorwegianMeteorologicalInstituteforthespecificdomain.Mostofthe
modelspecificationsarelistedintherespectivepapers.Inshort,the800mresolution
modelinPaperIIwasa4.7versionprovidedthroughtheMyWaveproject(Behrens
etal.,2013).InPaperIV,amorerecentversionwasusedwhichincludedthecomputa-
tionofexpectedspace–timeextremewaves.Thislatterprocedurewasdocumentedand
implementedbyBarbarioletal.(2017)andBenetazzoetal.(2021),andisknownasthe
Latemarpackage7.

Norkyst800ROMSmodel

TheNorkyst800(NK800)isaROMS(RegionalOceanModelingSystem,Shchepetkin
andMcWilliams,2005)implementationwhichisusedasoceancurrentforcinginthe
aforementioned800mWAMsimulations.Itisanoperationalforecastingmodeloperated
bytheNorwegianMeteorologicalInstitute.Themostrelevantmodelspecificationsfor
theworksinthisthesisarelistedinPaperIandPaperII,andacompleteoverviewis
givenbyAlbretsenetal.(2011).Notethatthereisadifferenceinnumberofvertical
levelsinPapersIandII,duetoupdatesintheNK800setupduringtheperiod.The
oceanmodeldomainincludesthenorthermostpartsoftheNwACandNCC,andis
forcedwitheighttidalconstituents.Statisticallyspeaking,theoceanmodelisexpected
toberepresentativeofthecoastalwaters.However,NK800isnotexpectedtogive
deterministicpredictionofallthedynamics;thisparticularlyinvolvesthesubmesoscale
featuresthatradiatefromtheNCC.

3.4Methods

HereIpresentsomeofthekeymethodsthatwereusedinthescientificpapers(Chap-
ter6).

3.4.1Echogrambubbledepthretrievals

DuringmaximumcurrentspeedoftheLofotenMaelstrom,thetiltoftheADCP,at
times,exceededthelimit(i.e.,10degreesfromzentih)bywhichwavemeasurements
canbeusedwithasufficientdegreeofaccuracy.However,therawverticalechogram
dataarestillvalidobservations.Fromsuchmeasurements,itispossibletoestimatethe
penetrationdepthbywavebreakinginducedairbubbles(e.g.,Strandetal.,2020;Vagle
andFarmer,1998;Wangetal.,2016).Inthecontextofourmeasurements(withsparse
temporalresolution[Fig.3.6]),theinterestingparameterwerenotthemaximumdepths
reachedbythebubbles,butratherthetidalmodulationofthebubbledepths.

Bubblepenetrationdepthswereestimatedbyathresholdingprocedureonthehigh
resolutionverticalechogramdata(seeFig.4inPaperI).Sincebubblesareawell-known
featureinechogramsclosetothesurface,thealgorithmrequiredcontinuousexceedance
ofthethresholdlevelinordertoremoveotherspuriousfeaturesfurtherdowninthe
watercolumn.Thisincludesfishwithlimitedverticalextent.Thethresholdwasset
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to 40 dB. Bubble penetration depths are computed to be the vertical distance from the
lowermost point exceeding the threshold and up to the sea surface elevation.

3.4.2 Twin model experiments

Twin model runs (i.e., with and without ocean surface current forcing) were conducted
for the 800 m resolution WAM models in Paper II and Paper IV. Such pairs allows us to
assess the sea state modulations caused by the currents, and is a frequently used method
in the scientific and operational community (e.g., Kanarik et al., 2021; Olabarrieta et al.,
2012; Palmer and Saulter , 2016; Rapizo et al., 2018). Since the wind forcing is the
same in both models, the differences in model fields are solely due to currents. A more
quantitative approach—that has not been considered here—can be enabled within the
wave model framework. That is to turn on and off the different kinematic terms in
(2.17), as well as within the source terms, to assess the model sensitivity to each of
them. Indeed, this is a very powerful approach to evaluate the contribution by specific
mechanisms in (2.17). This approach have been used by, e.g., Ardhuin et al. (2017),
Guimarães et al. (2022), Marechal and Ardhuin (2021), Romero et al. (2020), and Wang
and Sheng (2018). In such cases, however, the model output fields should be carefully
evaluated. Because, by turning off certain mechanisms, like refraction, also implies that
the other processes, like wave-wave interaction, will adjust an already artificial model
field.

3.4.3 Frequency modulation

Some current regimes can be characterized by their temporal modes, like the M2 and S2

components in the Maelstrom. Therefore, it is convenient to analyse time series of wave
modulations in frequency space. In particular, a power spectral density (PSD) analysis
is commonly used to separate between different dynamics (e.g., Gemmrich and Garrett ,
2012). In Paper I, the tidal modulation in bubble depths was quantified by computing
the PSD on specific subsets of the bubble depth time-series presented above. Moreover,
in Paper II, PSD analysis were carried out for both single and multiple grid points on the
model difference fields (e.g., WAM with minus WAM without surface current forcing) to
single out the temporal variability. Such analysis led to the diagnostic method proposed
in Paper II, which can be applied to map the spatio-temporal variability for certain
temporal modes. The method is presented in a more general form in Appendix C.
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the PSD on specific subsets of the bubble depth time-series presented above. Moreover,
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4 Introduction to the papers

Paper I: Intense interactions between ocean waves and currents observed in
the Lofoten Maelstrom

Øyvind Saetra, Trygve Halsne, Ana Carrasco, Øyvind Breivik, Torstein Pedersen, and
Kai Håkon Christensen

The Lofoten Maelstrom appeared very strong in the NK800 model, but its strength and
flow field properties had never been properly verified. Moreover, the sea state modulation
caused by the Maelstrom had only been described in folklore and pilot guide reports,
without any quantitative information. Furthermore, and throughout the world, very few
moored observations exists in such intense environments. Therefore, the in situ current
and wave measurements acquired in the Lofoten Maelstrom were novel (Section 3.3.1).
We assessed the impact by the current gradients on the wave field by using (2.21) with
modeled currents from NK800, and by physical reasoning. The results were compared
against the ADCP observations. We found that the standard wave observations were
at times corrupted during maximum currents due to the high tilt of the instrument.
Therefore, bubble penetration depths were estimated from the raw vertical echogram
data, and were considered a proxy for the current-induced wave height modulations
(Section 3.4.1). The main findings from Paper I are summarized below.

• We verify that the Maelstrom reaches speeds of at least 3 m s-1, and that the
Maelstrom is barotropic. This is in line with the NK800 output and corroborate
previous estimates by Gjevik et al. (1997) and Moe et al. (2002).

• The observed tidal modulation in bubble depths suggests that the current gradients
cause a strong energy exchange between the current and wave field, which leads to
steeper waves. Another likely cause of the bubble depth modulations is that waves
steepen as the Maelstrom decelerates relative to the waves riding on the current.

• The apparent strong tidal modulation of the wave field, and the good agreement
between the observed and modeled current, suggests that current forcing can give
added value to wave forecasting models.

The findings were also summarized in a dedicated news article by the Norwegian
Broadcasting Corporation1, and by forskning.no2—a national digital platform for scien-
tific news.

Erratum: Equation (16) in Paper I includes a term Ek, where the k-index is a typo.
The typo is corrected in the subsequent Equation (17), which was solved numerically.

1https://www.nrk.no/nordland/for-forste-gang-har-de-malt-farten-pa-den-
verdensberomte-strommen-moskstraumen-1.15911428–accessed 2024-02-09

2https://www.forskning.no/havet-historie-meteorologisk-institutt/sa-raskt-
strommer-tidevannet-i-den-beryktede-moskstraumen/1998858–accessed 2024-02-09
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Paper II: Resolving regions known for intense wave–current interaction using
spectral wave models: A case study in the energetic flow fields of Northern
Norway

Trygve Halsne, Patrik Bohlinger, Kai Håkon Christensen, Ana Carrasco, and Øyvind
Breivik

In Paper I, we found that the NK800 model gave a reasonable representation of the
Lofoten Maelstrom. Therefore, I wanted to check if forcing a high-resolution WAM
model with surface currents from NK800 would improve the predicted wave heights. I
also found that the aforementioned corrupted wave height measurements only occurred
during some of the spring tide periods. In other words, measured wave parameters
like Hs were available most of the time. Furthermore, the near–coastal area in northern
Norway surrounding the Maelstrom is also subject to strong currents on different spatio–
temporal scales. Some specific sub-regions are known for dangerous sea states—all linked
to the ambient current—but no measurements other than scattered satellite altimeter
Hs retrievals were available. However, detailed descriptions of supposedly dominating
interaction mechanisms existed in the Norwegian Pilot Guide for Maritime Navigation
(Den norske los , 2018). I hypothesized if such information could be of any value when
assessing the difference in a twin-model experiment. The main findings from Paper II
are:

• Most of the areas known for dangerous waves were qualitatively resolved by the
model including current forcing.

• Local knowledge can be a valuable source of information in terms of wave model
assessments.

• Absolute model differences in Hs around 2 m (up to 90 % increase) were found in
regions with strong tides. The ADCP observations in the Maelstrom corroborated
the modeled wave field modulations when including currents.

• A new diagnostic method to map the spatio–temporal variability was presented.
The method was employed to distinguish between the tidal and sub-mesoscale
currents influence on the Hs field.

Erratum: The “2D spectrum” in the caption of Fig. 12 is a typo. It should be “1D” or
“unidirectional” spectrum.

32Introductiontothepapers

PaperII:Resolvingregionsknownforintensewave–currentinteractionusing
spectralwavemodels:AcasestudyintheenergeticflowfieldsofNorthern
Norway

TrygveHalsne,PatrikBohlinger,KaiHåkonChristensen,AnaCarrasco,andØyvind
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temporalscales.Somespecificsub-regionsareknownfordangerousseastates—alllinked
totheambientcurrent—butnomeasurementsotherthanscatteredsatellitealtimeter
Hsretrievalswereavailable.However,detaileddescriptionsofsupposedlydominating
interactionmechanismsexistedintheNorwegianPilotGuideforMaritimeNavigation
(Dennorskelos,2018).Ihypothesizedifsuchinformationcouldbeofanyvaluewhen
assessingthedifferenceinatwin-modelexperiment.ThemainfindingsfromPaperII
are:

•Mostoftheareasknownfordangerouswaveswerequalitativelyresolvedbythe
modelincludingcurrentforcing.

•Localknowledgecanbeavaluablesourceofinformationintermsofwavemodel
assessments.

•AbsolutemodeldifferencesinHsaround2m(upto90%increase)werefoundin
regionswithstrongtides.TheADCPobservationsintheMaelstromcorroborated
themodeledwavefieldmodulationswhenincludingcurrents.

•Anewdiagnosticmethodtomapthespatio–temporalvariabilitywaspresented.
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Paper III: Ocean wave tracing v. 1: a numerical solver of the wave ray equa-
tions for ocean waves on variable currents at arbitrary depths

Trygve Halsne, Kai Håkon Christensen, Gaute Hope, and Øyvind Breivik

In order to qualitatively assess how variable currents modulate the wave field, simplified
solutions are a most essential tool. By those listed in Section 2.3, the inhomogeneous
wave field caused by current-induced refraction is the most difficult to assess. Refrac-
tion analysis by ray tracing has played a central role in numerous recent wave–current
interaction papers (e.g., Ardhuin et al., 2012; Bôas and Young , 2020; Gallet and Young ,
2014; Romero et al., 2017, 2020; Sun et al., 2022). In Paper I, I used a version that only
took current-refraction into account. It was extended in Paper II to also support vary-
ing depths. Therefore, and since no such model was available as open source, I decided
to make a robust implementation with the aim of supporting the scientific community.
The main features and results in Paper III are:

• It is is implemented for arbitrary currents at variable depths.

• The joint effect of current and depth-induced refraction, occurring at intermediate
depths, can be decisive for the horizontal wave height variability.

• The solver is verified against analytical solutions and tested for numerical conver-
gence.

• The model follows an object-oriented, and modular, approach such that new func-
tionality can easily be added and old components easily substituted, without chang-
ing the entire system.

• The solver is enclosed by a set of relevant ancillary methods which simplifies further
analysis.
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Paper IV: Wave modulation in a strong tidal current and its impact on ex-
treme waves

Trygve Halsne, Alvise Benetazzo, Francesco Barbariol, Kai Håkon Christensen, Ana
Carrasco, and Øyvind Breivik

Tidal currents have been proposed to be ideal locations for studying the effect of currents
on extreme waves (e.g., Baschek , 2005). However, very few attempts have been reported
in the scientific literature. Moreover, the vast portion of preexisting works have focused
on the deterministic aspect of extreme waves, and to a much lesser extent the stochastic
approach. With the exceptions of Barbariol et al. (2015) and Romero et al. (2017),
no previous studies have considered the influence of currents on the recent stochastic
extreme waves formulated for a space–time domain (see Section 2.1.3). In particular,
the sensitivity of space–time extreme wave heights to currents have never been assessed.
In Paper II, we found that the flow field of the Maelstrom appeared different when
heading east and west, suggesting that different interaction mechanisms could dominate.
Such situations, and their impact on the space–time extremes, were further investigated
in Paper IV. The key findings in Paper IV are:

• We find an increase up to 15 % in the expected second-order space–time extreme
wave crests when the Maelstrom opposes the dominating wave field. In particular,
the increase is sensitive to the currents modulation in spectral steepness.

• The Maelstrom, at times, cause an increase in the expected space–time extreme
wave heights up to 12 %. However, the extreme wave heights correlated strongly
the narrow-bandedness parameter, which resulted in a decrease during long-crested
sea states.

• Our results suggests that tidal-induced modulations in expected extremes are sensi-
tive to the dominant wave–current interaction mechanism. Particularly, refraction
and wave straining affect the spectral steepness differently.
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PaperIV:Wavemodulationinastrongtidalcurrentanditsimpactonex-
tremewaves

TrygveHalsne,AlviseBenetazzo,FrancescoBarbariol,KaiHåkonChristensen,Ana
Carrasco,andØyvindBreivik

Tidalcurrentshavebeenproposedtobeideallocationsforstudyingtheeffectofcurrents
onextremewaves(e.g.,Baschek,2005).However,veryfewattemptshavebeenreported
inthescientificliterature.Moreover,thevastportionofpreexistingworkshavefocused
onthedeterministicaspectofextremewaves,andtoamuchlesserextentthestochastic
approach.WiththeexceptionsofBarbarioletal.(2015)andRomeroetal.(2017),
nopreviousstudieshaveconsideredtheinfluenceofcurrentsontherecentstochastic
extremewavesformulatedforaspace–timedomain(seeSection2.1.3).Inparticular,
thesensitivityofspace–timeextremewaveheightstocurrentshaveneverbeenassessed.
InPaperII,wefoundthattheflowfieldoftheMaelstromappeareddifferentwhen
headingeastandwest,suggestingthatdifferentinteractionmechanismscoulddominate.
Suchsituations,andtheirimpactonthespace–timeextremes,werefurtherinvestigated
inPaperIV.ThekeyfindingsinPaperIVare:

•Wefindanincreaseupto15%intheexpectedsecond-orderspace–timeextreme
wavecrestswhentheMaelstromopposesthedominatingwavefield.Inparticular,
theincreaseissensitivetothecurrentsmodulationinspectralsteepness.

•TheMaelstrom,attimes,causeanincreaseintheexpectedspace–timeextreme
waveheightsupto12%.However,theextremewaveheightscorrelatedstrongly
thenarrow-bandednessparameter,whichresultedinadecreaseduringlong-crested
seastates.

•Ourresultssuggeststhattidal-inducedmodulationsinexpectedextremesaresensi-
tivetothedominantwave–currentinteractionmechanism.Particularly,refraction
andwavestrainingaffectthespectralsteepnessdifferently.
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5 Synthesis, conclusions and future perspectives

5.1 Synthesis of scientific results

This thesis is a story about how energetic currents modulate the short-term statistics of
ocean waves in coastal and near–coastal environments. Here, I present a linkage between
the scientific results that, together, compose the thesis (Chapter 6). Papers I, II, and
IV focused on different aspects of the sea state modulation in northern Norway. Paper I
presented the novel ADCP measurements in the Lofoten Maelstrom, and demonstrated
the connection between the increase in bubble depths and the horizontal current gradi-
ents. Hence, it focused on the current-induced modulations in wave breaking. Paper II
focused more on the sea state modulations in terms of Hs, and the performance of wave
models including realistic surface current forcing. That is, in the Maelstrom but also in
the larger coastal region surrounding it. A third aspect of the sea state was addressed
in Paper IV, namely current-induced modulations in the short-term space–time extreme
wave statistics. Expected extremes are computed from a number of spectral (sea state)
variables, and are thus sensitive to the influence by ambient currents.

The physical processes that govern the sea state modulations were addressed in all
papers. This is an important task, since it brings a more generalized view of the interac-
tions, which may be applicable elsewhere. Refraction analyses has been a most essential
step in this process, which resulted in the solver presented in Paper III.

Another way to consider the connection between the scientific papers is in terms of
spectral modulation. To some extent, Paper I focused on the high frequency part of
the spectrum: The high frequency components are saturated first, which results in an
increased wave dissipation. The dissipation was manifested as air bubble injection due to
wave breaking. Paper II focused more on the energy carrying frequencies in the spectrum,
located at lower frequencies, through Hs (∝ m0). In terms of spectral modulation,
Paper IV was sort of a combination of Papers I and II since the expected extremes are
computed from a set of spectral variables of different order. For instance, expected space–
time extreme wave crests grow with increasing spectral steepness (∝ m2
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the same time, the “extremeness” of such large waves are found through normalization
by Hs. As a consequence, the normalized expected extreme wave estimates are to some
extent balanced by moments of different order, which are sensitive to the underlying
interaction mechanism.

5.2 Main conclusions the from scientific results

The works within this thesis are the first to demonstrate the impact of the Lofoten Mael-
strom on the sea state. The ADCP observations provide evidence that these changes in-
clude the wave breaking statistics (Paper I), wave heights (Paper I, Paper II, Paper IV),
the wave spectrum (Paper II, Paper IV), and also the occurrence probability of extreme
waves (Paper IV). For the latter point, Paper IV is the first work to demonstrate the sen-
sitivity of stochastic space–time extremes in realistic currents. Furthermore, the results
show that the Maelstrom is adequately represented in NK800, and that using the current
fields as forcing in WAM800 provide realistic spectra (Paper II, Paper IV). Moreover,
the associated spectral variables validates well against the observations. As a conse-
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quence, spectral wave models give more realistic wave forecasts when including tidal
currents as forcing; this beneficial in both an operational context (wave forecasts) as
well as for engineering applications (hindcasts or reanalysis). Furthermore, the Mael-
strom causes more intense wave breaking and is thus an important dynamic component
in driving upper ocean mixing and air–sea fluxes.

In the coastal region of northern Norway, the model results suggest that including
surface current forcing improves the sea state representation, particularly in areas with
strong tidal currents. The results are, however, less conclusive in areas subject to ocean
dynamics of less predictability, like submesoscale fronts. Nevertheless, the wave model
with current forcing qualitatively resolves most of the areas known for dangerous waves,
thus giving credibility to such forcing to be included in an operational context.

Indeed, in geographical terms, the objectives of this thesis are rather narrow; it is
centered on the region of northern Norway, and to a large extent the Lofoten Maelstrom.
This region, and more importantly its dynamics, is, however, representative of many
places around the world. In particular intense tidal environments1—keeping in mind that
some areas have very characteristic met–ocean conditions. Nonetheless, the convenient
relative wave convergence solution (2.21) (Paper I), order of magnitude reasoning [e.g.,
(2.19) and Paper IV], and wave ray tracing (Paper III) are convenient methods that
easily can be applied to assess the influence of currents on the wave field. Furthermore,
ocean currents occur on different spatio-temporal scales throughout the world’s oceans
(Gemmrich and Garrett , 2012; Romero et al., 2017; Lenain et al., 2023). As such, their
variability and space and time can be singled out using the diagnostic method proposed in
Paper II (see Appendix C). In summary, the scientific results presented here are expected
to have a general applicability.

5.3 Future perspectives

The scientific results suggest that the spectral modulation is sensitive to the underlying,
or dominant, interaction mechanism. However, more observations are needed in order
to draw more precise conclusions on this topic. Tidal currents are well suited locations
for further investigation. The Maelstrom is still heavily undersampled, particularly its
horizontal variability. Such variability can be explored in detail by applying quantita-
tive 2D wave field measurement techniques like those reported by Hansen et al. (2016),
Kudryavtsev et al. (2017), Lenain et al. (2023), and Rascle et al. (2018). This also al-
lows to target the strong variability that occurs at scales smaller than 800 m. However,
the aforementioned measurement techniques will only provide a short temporal coverage.
Such limitations can be mitigated by, for instance, deploying an array of ADCPs cover-
ing different parts of the Maelstrom. Moreover, as wave buoys become more lightweight,
cheaper, and thus expendable, deploying an array of such freely drifting devices could
also resolve the inhomogeneities. Such measurements should preferably be compared
with high-resolution numerical models, potentially also including phase–resolving mod-
els. Furthermore, recent work in the community (following Bôas et al., 2020; Bôas and
Young , 2020) aims at providing a mapping between the rotational component of the
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wellasforengineeringapplications(hindcastsorreanalysis).Furthermore,theMael-
stromcausesmoreintensewavebreakingandisthusanimportantdynamiccomponent
indrivingupperoceanmixingandair–seafluxes.

InthecoastalregionofnorthernNorway,themodelresultssuggestthatincluding
surfacecurrentforcingimprovestheseastaterepresentation,particularlyinareaswith
strongtidalcurrents.Theresultsare,however,lessconclusiveinareassubjecttoocean
dynamicsoflesspredictability,likesubmesoscalefronts.Nevertheless,thewavemodel
withcurrentforcingqualitativelyresolvesmostoftheareasknownfordangerouswaves,
thusgivingcredibilitytosuchforcingtobeincludedinanoperationalcontext.

Indeed,ingeographicalterms,theobjectivesofthisthesisarerathernarrow;itis
centeredontheregionofnorthernNorway,andtoalargeextenttheLofotenMaelstrom.
Thisregion,andmoreimportantlyitsdynamics,is,however,representativeofmany
placesaroundtheworld.Inparticularintensetidalenvironments1—keepinginmindthat
someareashaveverycharacteristicmet–oceanconditions.Nonetheless,theconvenient
relativewaveconvergencesolution(2.21)(PaperI),orderofmagnitudereasoning[e.g.,
(2.19)andPaperIV],andwaveraytracing(PaperIII)areconvenientmethodsthat
easilycanbeappliedtoassesstheinfluenceofcurrentsonthewavefield.Furthermore,
oceancurrentsoccurondifferentspatio-temporalscalesthroughouttheworld’soceans
(GemmrichandGarrett,2012;Romeroetal.,2017;Lenainetal.,2023).Assuch,their
variabilityandspaceandtimecanbesingledoutusingthediagnosticmethodproposedin
PaperII(seeAppendixC).Insummary,thescientificresultspresentedhereareexpected
tohaveageneralapplicability.

5.3Futureperspectives

Thescientificresultssuggestthatthespectralmodulationissensitivetotheunderlying,
ordominant,interactionmechanism.However,moreobservationsareneededinorder
todrawmorepreciseconclusionsonthistopic.Tidalcurrentsarewellsuitedlocations
forfurtherinvestigation.TheMaelstromisstillheavilyundersampled,particularlyits
horizontalvariability.Suchvariabilitycanbeexploredindetailbyapplyingquantita-
tive2DwavefieldmeasurementtechniqueslikethosereportedbyHansenetal.(2016),
Kudryavtsevetal.(2017),Lenainetal.(2023),andRascleetal.(2018).Thisalsoal-
lowstotargetthestrongvariabilitythatoccursatscalessmallerthan800m.However,
theaforementionedmeasurementtechniqueswillonlyprovideashorttemporalcoverage.
Suchlimitationscanbemitigatedby,forinstance,deployinganarrayofADCPscover-
ingdifferentpartsoftheMaelstrom.Moreover,aswavebuoysbecomemorelightweight,
cheaper,andthusexpendable,deployinganarrayofsuchfreelydriftingdevicescould
alsoresolvetheinhomogeneities.Suchmeasurementsshouldpreferablybecompared
withhigh-resolutionnumericalmodels,potentiallyalsoincludingphase–resolvingmod-
els.Furthermore,recentworkinthecommunity(followingBôasetal.,2020;Bôasand
Young,2020)aimsatprovidingamappingbetweentherotationalcomponentofthe
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in driving upper ocean mixing and air–sea fluxes.

In the coastal region of northern Norway, the model results suggest that including
surface current forcing improves the sea state representation, particularly in areas with
strong tidal currents. The results are, however, less conclusive in areas subject to ocean
dynamics of less predictability, like submesoscale fronts. Nevertheless, the wave model
with current forcing qualitatively resolves most of the areas known for dangerous waves,
thus giving credibility to such forcing to be included in an operational context.

Indeed, in geographical terms, the objectives of this thesis are rather narrow; it is
centered on the region of northern Norway, and to a large extent the Lofoten Maelstrom.
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current and the horizontal variability in Hs for swell–wave regimes; such a comparison
would be interesting to perform in the Maelstrom.

Proper wave breaking statistics, including whitecaps at the sea surface and the depth
of which the bubbles reach, are of interest to quantify the mixing and dispersion of
matter due to waves. Such work is also interesting in the context of momentum transfer
from the waves to the current. The effect by vertical mixing on transport of substances
may not be pivotal within strong barotropic currents like the Maelstrom, but may be
more impactful on strong vertically sheared currents.

With regards to current forcing, this study has exclusively focused on using surface
currents. Even though this is a valid assumption in the barotropic Maelstrom, most other
places it is not. Recent studies have shown that strong shear can lead to substantial
changes in wave energy (Quinn et al., 2017) as well as in wave breaking statistics (Zippel
and Thomson , 2017). However, the uppermost currents are the most important, and
their vertical shear is less important the shorter the waves (Ellingsen and Li , 2017;
Stewart and Joy , 1974; Kirby and Chen , 1989). With regards to wave kinematics on
vertically sheared currents, the ray tracing model in Paper III is a good candidate to
perform a sensitivity analysis.

Lastly, this thesis has focused on the impact by currents on the wave field. Waves,
however, also impact the mean flow (e.g., Hypolite et al., 2021). In a tidally dominated
estuary, Olabarrieta et al. (2011) found that the momentum transfer from waves to cur-
rents, particularly because of wave breaking, could change current speeds up to 0.5 m s -1.
Fully coupled model experiments are therefore good candidates to gain further insight on
the broader range of interaction processes that occur between ocean waves and currents
(Breivik et al., 2015).
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ABSTRACT: The LofotenMaelstromhas been known for centuries as one of the strongest open-ocean tidal currents in the

world, estimated to reach 3m s21, and by some estimates as much as 5m s21. The strong current gives rise to choppy seas

when waves enter the Moskenes Sound, making the area extremely difficult to navigate. Despite its reputation, few studies

of its strength exist, and no stationary in situ measurements for longer time periods have been made due to the challenging

conditions. By deploying for the first time in situ wave and current instruments, we confirm some previous estimates of the

strength of the current. We also show that its strength is strongly connected with wave breaking. From a consideration of

specific forcing terms in the dynamical energy balance equation for waves on a variable current, we assess the impact of the

underlying current using a convenient metric formulated as a function of the horizontal current gradients. We find that the

horizontal gradients are a likely explanation for the observed enhancedwave breaking during strong currents at a rising tide.

KEYWORDS: Currents; Gravity waves; Wave breaking; Tides

1. Introduction

The Lofoten Maelstrom, locally (and hereafter) referred to

as Moskstraumen, is a very strong open-ocean tidal current

in northern Norway. It is caused by the large difference in

tidal amplitude between Vestfjorden and the Norwegian Sea.

Moskstraumen is located in the Moskenes Sound between the

Lofoten peninsula and the island of Mosken (Figs. 1a and 2).

The Lofoten peninsula acts as a barrier for the northward-

propagating tidal Kelvin wave, building up a water level dif-

ference. The tidal currents are thus driven by the pressure

gradient across the Moskenes Sound (Gjevik et al. 1997; Moe

et al. 2002; Ommundsen 2002). Its ferocity made it notorious as

early as the Viking Age (Guerber 1909), with notable refer-

ences in the classical literature like ‘‘A Descent into the

Maelström’’ by Edgar Allan Poe (Poe 1841), and Twenty

Thousand Leagues Under the Seas by Jules Verne (Verne

1869). In the first nautical chart covering Scandinavia, the

‘‘CartaMarina’’ (see Fig. 1b), the Swedish priest OlausMagnus

depicted the current as a giant whirlpool engulfing ships

(Peterson et al. 1996). The wordMaelstrom originates from the

Dutch ‘‘malen’’ meaning grinding, referring to the ocean

eddies generated by the current. These were thought of as sinks

of water, whereby the water was drawn into the holes of large

magical millstones grinding salt on the ocean floor (Guerber

1909), supposedly explaining the mechanism that makes the

ocean salty.

Maritime navigation in the Moskenes Sound is considered

safe only on slack tide. A recent incident involved the fishing

vessel Iselin (see Fig. 1c), which capsized in the middle of the

Moskenes Sound, fortunately without loss of human life (Smith

2017). The Norwegian Pilot Guide (Den norske los 2018)

claims that ships with up to 10-kt speed (about 5m s21) have

been unable to advance. Their claim, however, is based solely

on observations from ships and other eye-witness accounts.

Model studies (Gjevik et al. 1997;Moe et al. 2002;Ommundsen

2002) have estimated current speeds to reach 3m s21, using a

500-m resolution barotropic ocean circulation model, but the

authors noted the lack of observations to corroborate their

results. Ship-based measurements with an acoustic Doppler

current profiler (ADCP) were taken in 2009, where current

speeds up to 1.7m s21 (Lynge 2011) were observed. The

Institute of Marine Research tried to deploy current moorings

in 1977, but the speed of the current made it too risky, and the

attempt was abandoned (S. Sundby 2020, personal communi-

cation). Thus, to our knowledge, the ADCP observations re-

ported here are the first in situ observations of its kind in

Moskstraumen. That is, simultaneous observations of waves

and currents spanning a considerable time period.

The theory describing wave–current interactions is well es-

tablished (e.g., Longuet-Higgins and Stewart 1960; Phillips

1977; Andrews and McIntyre 1978; Phillips 1984). However,

the response of surface waves to different current regimes

at both mesoscale and submesocale is still an active field of

research (e.g., Gallet and Young 2014; Quilfen et al. 2018;

Vincent 1979; Ardhuin et al. 2017; Gemmrich and Garrett

2012; Masson 1996; Romero et al. 2020; Marechal and Ardhuin

2021). Recent studies include further development ofmodeling

frameworks taking wave–current interactions into account

(e.g., Moreira and Peregrine 2012; Ardhuin et al. 2012;

Romero 2019; Villas Bôas et al. 2020) as well observational

case studies (e.g., Quilfen and Chapron 2019; Romero et al.

2017; Kudryavtsev et al. 2017). In nearshore environments,

wave–current interactions depend on the local wave and current
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ABSTRACT:TheLofotenMaelstromhasbeenknownforcenturiesasoneofthestrongestopen-oceantidalcurrentsinthe

world,estimatedtoreach3ms21,andbysomeestimatesasmuchas5ms21.Thestrongcurrentgivesrisetochoppyseas

whenwavesentertheMoskenesSound,makingtheareaextremelydifficulttonavigate.Despiteitsreputation,fewstudies

ofitsstrengthexist,andnostationaryinsitumeasurementsforlongertimeperiodshavebeenmadeduetothechallenging

conditions.Bydeployingforthefirsttimeinsituwaveandcurrentinstruments,weconfirmsomepreviousestimatesofthe

strengthofthecurrent.Wealsoshowthatitsstrengthisstronglyconnectedwithwavebreaking.Fromaconsiderationof

specificforcingtermsinthedynamicalenergybalanceequationforwavesonavariablecurrent,weassesstheimpactofthe

underlyingcurrentusingaconvenientmetricformulatedasafunctionofthehorizontalcurrentgradients.Wefindthatthe

horizontalgradientsarealikelyexplanationfortheobservedenhancedwavebreakingduringstrongcurrentsatarisingtide.
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1.Introduction

TheLofotenMaelstrom,locally(andhereafter)referredto

asMoskstraumen,isaverystrongopen-oceantidalcurrent

innorthernNorway.Itiscausedbythelargedifferencein

tidalamplitudebetweenVestfjordenandtheNorwegianSea.

MoskstraumenislocatedintheMoskenesSoundbetweenthe

LofotenpeninsulaandtheislandofMosken(Figs.1aand2).

TheLofotenpeninsulaactsasabarrierforthenorthward-

propagatingtidalKelvinwave,buildingupawaterleveldif-

ference.Thetidalcurrentsarethusdrivenbythepressure

gradientacrosstheMoskenesSound(Gjeviketal.1997;Moe

etal.2002;Ommundsen2002).Itsferocitymadeitnotoriousas

earlyastheVikingAge(Guerber1909),withnotablerefer-

encesintheclassicalliteraturelike‘‘ADescentintothe

Maelström’’byEdgarAllanPoe(Poe1841),andTwenty

ThousandLeaguesUndertheSeasbyJulesVerne(Verne

1869).InthefirstnauticalchartcoveringScandinavia,the

‘‘CartaMarina’’(seeFig.1b),theSwedishpriestOlausMagnus

depictedthecurrentasagiantwhirlpoolengulfingships

(Petersonetal.1996).ThewordMaelstromoriginatesfromthe

Dutch‘‘malen’’meaninggrinding,referringtotheocean

eddiesgeneratedbythecurrent.Thesewerethoughtofassinks

ofwater,wherebythewaterwasdrawnintotheholesoflarge

magicalmillstonesgrindingsaltontheoceanfloor(Guerber

1909),supposedlyexplainingthemechanismthatmakesthe

oceansalty.

MaritimenavigationintheMoskenesSoundisconsidered

safeonlyonslacktide.Arecentincidentinvolvedthefishing

vesselIselin(seeFig.1c),whichcapsizedinthemiddleofthe

MoskenesSound,fortunatelywithoutlossofhumanlife(Smith

2017).TheNorwegianPilotGuide(Dennorskelos2018)

claimsthatshipswithupto10-ktspeed(about5ms21)have

beenunabletoadvance.Theirclaim,however,isbasedsolely

onobservationsfromshipsandothereye-witnessaccounts.

Modelstudies(Gjeviketal.1997;Moeetal.2002;Ommundsen

2002)haveestimatedcurrentspeedstoreach3ms21,usinga

500-mresolutionbarotropicoceancirculationmodel,butthe

authorsnotedthelackofobservationstocorroboratetheir

results.Ship-basedmeasurementswithanacousticDoppler

currentprofiler(ADCP)weretakenin2009,wherecurrent

speedsupto1.7ms21(Lynge2011)wereobserved.The

InstituteofMarineResearchtriedtodeploycurrentmoorings

in1977,butthespeedofthecurrentmadeittoorisky,andthe

attemptwasabandoned(S.Sundby2020,personalcommuni-

cation).Thus,toourknowledge,theADCPobservationsre-

portedherearethefirstinsituobservationsofitskindin

Moskstraumen.Thatis,simultaneousobservationsofwaves

andcurrentsspanningaconsiderabletimeperiod.

Thetheorydescribingwave–currentinteractionsiswelles-

tablished(e.g.,Longuet-HigginsandStewart1960;Phillips

1977;AndrewsandMcIntyre1978;Phillips1984).However,

theresponseofsurfacewavestodifferentcurrentregimes

atbothmesoscaleandsubmesocaleisstillanactivefieldof

research(e.g.,GalletandYoung2014;Quilfenetal.2018;

Vincent1979;Ardhuinetal.2017;GemmrichandGarrett

2012;Masson1996;Romeroetal.2020;MarechalandArdhuin

2021).Recentstudiesincludefurtherdevelopmentofmodeling

frameworkstakingwave–currentinteractionsintoaccount

(e.g.,MoreiraandPeregrine2012;Ardhuinetal.2012;

Romero2019;VillasBôasetal.2020)aswellobservational

casestudies(e.g.,QuilfenandChapron2019;Romeroetal.

2017;Kudryavtsevetal.2017).Innearshoreenvironments,

wave–currentinteractionsdependonthelocalwaveandcurrent

Denotescontentthatisimmediatelyavailableuponpublica-

tionasopenaccess.

Correspondingauthor:TrygveHalsne,trygve.halsne@met.no

NOVEMBER2021SAETRAETAL.3461

DOI:10.1175/JPO-D-20-0290.1

�2021AmericanMeteorologicalSociety.Forinformationregardingreuseofthiscontentandgeneralcopyrightinformation,consulttheAMSCopyright
Policy(www.ametsoc.org/PUBSReuseLicenses).

Brought to you by Meteorologisk institutt | Unauthenticated | Downloaded 02/14/24 11:45 AM UTC

IntenseInteractionsbetweenOceanWavesandCurrentsObservedintheLofotenMaelstrom

ØYVINDSAETRA,aTRYGVEHALSNE,a,bANACARRASCO,aØYVINDBREIVIK,a,bTORSTEINPEDERSEN,cAND

KAIHÅKONCHRISTENSEN
a

aNorwegianMeteorologicalInstitute,Oslo,Norway
bUniversityofBergen,Bergen,Norway

cNortekAS,Oslo,Norway

(Manuscriptreceived20November2020,infinalform3September2021)

ABSTRACT:TheLofotenMaelstromhasbeenknownforcenturiesasoneofthestrongestopen-oceantidalcurrentsinthe

world,estimatedtoreach3ms21,andbysomeestimatesasmuchas5ms21.Thestrongcurrentgivesrisetochoppyseas

whenwavesentertheMoskenesSound,makingtheareaextremelydifficulttonavigate.Despiteitsreputation,fewstudies

ofitsstrengthexist,andnostationaryinsitumeasurementsforlongertimeperiodshavebeenmadeduetothechallenging

conditions.Bydeployingforthefirsttimeinsituwaveandcurrentinstruments,weconfirmsomepreviousestimatesofthe

strengthofthecurrent.Wealsoshowthatitsstrengthisstronglyconnectedwithwavebreaking.Fromaconsiderationof

specificforcingtermsinthedynamicalenergybalanceequationforwavesonavariablecurrent,weassesstheimpactofthe

underlyingcurrentusingaconvenientmetricformulatedasafunctionofthehorizontalcurrentgradients.Wefindthatthe

horizontalgradientsarealikelyexplanationfortheobservedenhancedwavebreakingduringstrongcurrentsatarisingtide.

KEYWORDS:Currents;Gravitywaves;Wavebreaking;Tides

1.Introduction

TheLofotenMaelstrom,locally(andhereafter)referredto

asMoskstraumen,isaverystrongopen-oceantidalcurrent

innorthernNorway.Itiscausedbythelargedifferencein

tidalamplitudebetweenVestfjordenandtheNorwegianSea.

MoskstraumenislocatedintheMoskenesSoundbetweenthe

LofotenpeninsulaandtheislandofMosken(Figs.1aand2).

TheLofotenpeninsulaactsasabarrierforthenorthward-

propagatingtidalKelvinwave,buildingupawaterleveldif-

ference.Thetidalcurrentsarethusdrivenbythepressure

gradientacrosstheMoskenesSound(Gjeviketal.1997;Moe

etal.2002;Ommundsen2002).Itsferocitymadeitnotoriousas

earlyastheVikingAge(Guerber1909),withnotablerefer-

encesintheclassicalliteraturelike‘‘ADescentintothe

Maelström’’byEdgarAllanPoe(Poe1841),andTwenty

ThousandLeaguesUndertheSeasbyJulesVerne(Verne

1869).InthefirstnauticalchartcoveringScandinavia,the

‘‘CartaMarina’’(seeFig.1b),theSwedishpriestOlausMagnus

depictedthecurrentasagiantwhirlpoolengulfingships

(Petersonetal.1996).ThewordMaelstromoriginatesfromthe

Dutch‘‘malen’’meaninggrinding,referringtotheocean

eddiesgeneratedbythecurrent.Thesewerethoughtofassinks

ofwater,wherebythewaterwasdrawnintotheholesoflarge

magicalmillstonesgrindingsaltontheoceanfloor(Guerber

1909),supposedlyexplainingthemechanismthatmakesthe

oceansalty.

MaritimenavigationintheMoskenesSoundisconsidered

safeonlyonslacktide.Arecentincidentinvolvedthefishing

vesselIselin(seeFig.1c),whichcapsizedinthemiddleofthe

MoskenesSound,fortunatelywithoutlossofhumanlife(Smith

2017).TheNorwegianPilotGuide(Dennorskelos2018)

claimsthatshipswithupto10-ktspeed(about5ms21)have

beenunabletoadvance.Theirclaim,however,isbasedsolely

onobservationsfromshipsandothereye-witnessaccounts.

Modelstudies(Gjeviketal.1997;Moeetal.2002;Ommundsen

2002)haveestimatedcurrentspeedstoreach3ms21,usinga

500-mresolutionbarotropicoceancirculationmodel,butthe

authorsnotedthelackofobservationstocorroboratetheir

results.Ship-basedmeasurementswithanacousticDoppler

currentprofiler(ADCP)weretakenin2009,wherecurrent

speedsupto1.7ms21(Lynge2011)wereobserved.The

InstituteofMarineResearchtriedtodeploycurrentmoorings

in1977,butthespeedofthecurrentmadeittoorisky,andthe

attemptwasabandoned(S.Sundby2020,personalcommuni-

cation).Thus,toourknowledge,theADCPobservationsre-

portedherearethefirstinsituobservationsofitskindin

Moskstraumen.Thatis,simultaneousobservationsofwaves

andcurrentsspanningaconsiderabletimeperiod.

Thetheorydescribingwave–currentinteractionsiswelles-

tablished(e.g.,Longuet-HigginsandStewart1960;Phillips

1977;AndrewsandMcIntyre1978;Phillips1984).However,

theresponseofsurfacewavestodifferentcurrentregimes

atbothmesoscaleandsubmesocaleisstillanactivefieldof

research(e.g.,GalletandYoung2014;Quilfenetal.2018;

Vincent1979;Ardhuinetal.2017;GemmrichandGarrett

2012;Masson1996;Romeroetal.2020;MarechalandArdhuin

2021).Recentstudiesincludefurtherdevelopmentofmodeling

frameworkstakingwave–currentinteractionsintoaccount

(e.g.,MoreiraandPeregrine2012;Ardhuinetal.2012;
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ABSTRACT: The LofotenMaelstromhas been known for centuries as one of the strongest open-ocean tidal currents in the

world, estimated to reach 3m s
21
, and by some estimates as much as 5m s

21
. The strong current gives rise to choppy seas

when waves enter the Moskenes Sound, making the area extremely difficult to navigate. Despite its reputation, few studies

of its strength exist, and no stationary in situ measurements for longer time periods have been made due to the challenging

conditions. By deploying for the first time in situ wave and current instruments, we confirm some previous estimates of the

strength of the current. We also show that its strength is strongly connected with wave breaking. From a consideration of

specific forcing terms in the dynamical energy balance equation for waves on a variable current, we assess the impact of the

underlying current using a convenient metric formulated as a function of the horizontal current gradients. We find that the

horizontal gradients are a likely explanation for the observed enhancedwave breaking during strong currents at a rising tide.

KEYWORDS: Currents; Gravity waves; Wave breaking; Tides

1. Introduction

The Lofoten Maelstrom, locally (and hereafter) referred to

as Moskstraumen, is a very strong open-ocean tidal current

in northern Norway. It is caused by the large difference in

tidal amplitude between Vestfjorden and the Norwegian Sea.

Moskstraumen is located in the Moskenes Sound between the

Lofoten peninsula and the island of Mosken (Figs. 1a and 2).

The Lofoten peninsula acts as a barrier for the northward-

propagating tidal Kelvin wave, building up a water level dif-

ference. The tidal currents are thus driven by the pressure

gradient across the Moskenes Sound (Gjevik et al. 1997; Moe

et al. 2002; Ommundsen 2002). Its ferocity made it notorious as

early as the Viking Age (Guerber 1909), with notable refer-

ences in the classical literature like ‘‘A Descent into the

Maelström’’ by Edgar Allan Poe (Poe 1841), and Twenty

Thousand Leagues Under the Seas by Jules Verne (Verne

1869). In the first nautical chart covering Scandinavia, the

‘‘CartaMarina’’ (see Fig. 1b), the Swedish priest OlausMagnus

depicted the current as a giant whirlpool engulfing ships

(Peterson et al. 1996). The wordMaelstrom originates from the

Dutch ‘‘malen’’ meaning grinding, referring to the ocean

eddies generated by the current. These were thought of as sinks

of water, whereby the water was drawn into the holes of large

magical millstones grinding salt on the ocean floor (Guerber

1909), supposedly explaining the mechanism that makes the

ocean salty.

Maritime navigation in the Moskenes Sound is considered

safe only on slack tide. A recent incident involved the fishing

vessel Iselin (see Fig. 1c), which capsized in the middle of the

Moskenes Sound, fortunately without loss of human life (Smith

2017). The Norwegian Pilot Guide (Den norske los 2018)

claims that ships with up to 10-kt speed (about 5m s
21
) have

been unable to advance. Their claim, however, is based solely

on observations from ships and other eye-witness accounts.

Model studies (Gjevik et al. 1997;Moe et al. 2002;Ommundsen

2002) have estimated current speeds to reach 3m s
21

, using a

500-m resolution barotropic ocean circulation model, but the

authors noted the lack of observations to corroborate their

results. Ship-based measurements with an acoustic Doppler

current profiler (ADCP) were taken in 2009, where current

speeds up to 1.7m s
21

(Lynge 2011) were observed. The

Institute of Marine Research tried to deploy current moorings

in 1977, but the speed of the current made it too risky, and the

attempt was abandoned (S. Sundby 2020, personal communi-

cation). Thus, to our knowledge, the ADCP observations re-

ported here are the first in situ observations of its kind in

Moskstraumen. That is, simultaneous observations of waves

and currents spanning a considerable time period.

The theory describing wave–current interactions is well es-

tablished (e.g., Longuet-Higgins and Stewart 1960; Phillips

1977; Andrews and McIntyre 1978; Phillips 1984). However,

the response of surface waves to different current regimes

at both mesoscale and submesocale is still an active field of

research (e.g., Gallet and Young 2014; Quilfen et al. 2018;

Vincent 1979; Ardhuin et al. 2017; Gemmrich and Garrett

2012; Masson 1996; Romero et al. 2020; Marechal and Ardhuin

2021). Recent studies include further development ofmodeling

frameworks taking wave–current interactions into account

(e.g., Moreira and Peregrine 2012; Ardhuin et al. 2012;

Romero 2019; Villas Bôas et al. 2020) as well observational

case studies (e.g., Quilfen and Chapron 2019; Romero et al.

2017; Kudryavtsev et al. 2017). In nearshore environments,

wave–current interactions depend on the local wave and current
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, using a

500-m resolution barotropic ocean circulation model, but the

authors noted the lack of observations to corroborate their

results. Ship-based measurements with an acoustic Doppler

current profiler (ADCP) were taken in 2009, where current
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MaritimenavigationintheMoskenesSoundisconsidered

safeonlyonslacktide.Arecentincidentinvolvedthefishing

vesselIselin(seeFig.1c),whichcapsizedinthemiddleofthe

MoskenesSound,fortunatelywithoutlossofhumanlife(Smith

2017).TheNorwegianPilotGuide(Dennorskelos2018)

claimsthatshipswithupto10-ktspeed(about5ms
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)have

beenunabletoadvance.Theirclaim,however,isbasedsolely

onobservationsfromshipsandothereye-witnessaccounts.

Modelstudies(Gjeviketal.1997;Moeetal.2002;Ommundsen

2002)haveestimatedcurrentspeedstoreach3ms
21

,usinga

500-mresolutionbarotropicoceancirculationmodel,butthe

authorsnotedthelackofobservationstocorroboratetheir

results.Ship-basedmeasurementswithanacousticDoppler

currentprofiler(ADCP)weretakenin2009,wherecurrent

speedsupto1.7ms
21

(Lynge2011)wereobserved.The

InstituteofMarineResearchtriedtodeploycurrentmoorings

in1977,butthespeedofthecurrentmadeittoorisky,andthe

attemptwasabandoned(S.Sundby2020,personalcommuni-

cation).Thus,toourknowledge,theADCPobservationsre-

portedherearethefirstinsituobservationsofitskindin

Moskstraumen.Thatis,simultaneousobservationsofwaves

andcurrentsspanningaconsiderabletimeperiod.

Thetheorydescribingwave–currentinteractionsiswelles-

tablished(e.g.,Longuet-HigginsandStewart1960;Phillips

1977;AndrewsandMcIntyre1978;Phillips1984).However,

theresponseofsurfacewavestodifferentcurrentregimes

atbothmesoscaleandsubmesocaleisstillanactivefieldof

research(e.g.,GalletandYoung2014;Quilfenetal.2018;

Vincent1979;Ardhuinetal.2017;GemmrichandGarrett

2012;Masson1996;Romeroetal.2020;MarechalandArdhuin

2021).Recentstudiesincludefurtherdevelopmentofmodeling

frameworkstakingwave–currentinteractionsintoaccount

(e.g.,MoreiraandPeregrine2012;Ardhuinetal.2012;

Romero2019;VillasBôasetal.2020)aswellobservational

casestudies(e.g.,QuilfenandChapron2019;Romeroetal.

2017;Kudryavtsevetal.2017).Innearshoreenvironments,

wave–currentinteractionsdependonthelocalwaveandcurrent
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TheLofotenpeninsulaactsasabarrierforthenorthward-

propagatingtidalKelvinwave,buildingupawaterleveldif-

ference.Thetidalcurrentsarethusdrivenbythepressure

gradientacrosstheMoskenesSound(Gjeviketal.1997;Moe
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Dutch‘‘malen’’meaninggrinding,referringtotheocean

eddiesgeneratedbythecurrent.Thesewerethoughtofassinks

ofwater,wherebythewaterwasdrawnintotheholesoflarge

magicalmillstonesgrindingsaltontheoceanfloor(Guerber

1909),supposedlyexplainingthemechanismthatmakesthe
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Romero2019;VillasBôasetal.2020)aswellobservational

casestudies(e.g.,QuilfenandChapron2019;Romeroetal.

2017;Kudryavtsevetal.2017).Innearshoreenvironments,

wave–currentinteractionsdependonthelocalwaveandcurrent

Denotescontentthatisimmediatelyavailableuponpublica-

tionasopenaccess.

Correspondingauthor:TrygveHalsne,trygve.halsne@met.no

NOVEMBER2021SAETRAETAL.3461

DOI:10.1175/JPO-D-20-0290.1

�2021AmericanMeteorologicalSociety.Forinformationregardingreuseofthiscontentandgeneralcopyrightinformation,consulttheAMSCopyright
Policy(www.ametsoc.org/PUBSReuseLicenses).

Brought to you by Meteorologisk institutt | Unauthenticated | Downloaded 02/14/24 11:45 AM UTC



conditions which, in turn are affected by the bathymetry, at-

mospheric and tidal conditions (Masson 1996; Rapizo et al.

2017). At the same time, wave–current interactions are also

nonlocal with regards to the current’s influence on the waves

along their propagation path. This includes current-induced

refraction, which is shown to play a key role in modulating

the wave field for both swell and wind sea at scales up to

several hundreds of kilometers (Gallet and Young 2014;

Ardhuin et al. 2017; Romero et al. 2017; Kudryavtsev et al.

2017; Quilfen et al. 2018; Quilfen and Chapron 2019;

Villas Bôas et al. 2020; Marechal and Ardhuin 2021). Both

Vincent (1979) and Masson (1996) reported that their

local observations of significant wave height variability

needed to be adjusted for current-induced refraction. In

the field studies of Romero et al. (2017), they found that

wave breaking at scales # 1 km was sensitive to the local

gradients in the current, but the areas of enhanced wave

breaking also overlapped with areas of convergent wave

rays. In general, observations reflect cumulative effects as

well as local processes.

The aim of this paper is to present the observations of waves

and currents in Moskstraumen, shedding some light on domi-

nant interaction processes. The paper is organized as follows.

In section 2, we present the governing equations for waves on a

variable current together with a simplified expression assessing

the importance of the local current gradients on the wave field.

We also present the various data, i.e., observed and modeled,

which were used in the analysis. In section 3, we present the

environmental conditions during the case study periods se-

lected from our field campaign. In section 4 we present the

results which are further discussed in section 5. Finally, our

conclusions are presented in section 6.

2. Methods, data, and observations

a. Governing equations

1) WAVES ON A VARIABLE CURRENT

A plane surface wave propagating in a slowly varying me-

dium can be described as

h(x, t)5 aeix , (1)

where x5 k � x2 st1 f is the wave phase function. Here, a, k,

x, s, t, and f denote the wave amplitude, wavenumber vector,

horizontal spatial coordinates, angular intrinsic frequency,

time coordinate, and random phase, respectively. For waves

on a current, the absolute angular frequency is

v5s1k � u , (2)

where u 5 (u, y) is the horizontal Eulerian velocity vector

representing an ambient current. We thus have

FIG. 1. The many views of Moskstraumen. (a) A photograph of Moskstraumen in the

Moskenes Sound from 2009 by Jørn Røssvoll taken from a helicopter. The photograph is most

likely taken during a falling tide, as seen from the geometry of the current bending northward

around Lofoten. (b) Moskstraumen drawn in ‘‘Carta Marina’’ from 1539 by the Swedish priest

Olaus Magnus. Moskstraumen is located in the center of the panel engulfing a ship. (c) The

distressed fishing vessel Iselin photographed from a rescue vessel (picture courtesy of the

Norwegian Sea Rescue Society). Iselin capsized in theMoskenes Sound in 2017 due to the fishing

nets and ropes getting tangled up in the propeller.
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conditionswhich,inturnareaffectedbythebathymetry,at-

mosphericandtidalconditions(Masson1996;Rapizoetal.

2017).Atthesametime,wave–currentinteractionsarealso

nonlocalwithregardstothecurrent’sinfluenceonthewaves

alongtheirpropagationpath.Thisincludescurrent-induced

refraction,whichisshowntoplayakeyroleinmodulating

thewavefieldforbothswellandwindseaatscalesupto

severalhundredsofkilometers(GalletandYoung2014;

Ardhuinetal.2017;Romeroetal.2017;Kudryavtsevetal.

2017;Quilfenetal.2018;QuilfenandChapron2019;

VillasBôasetal.2020;MarechalandArdhuin2021).Both

Vincent(1979)andMasson(1996)reportedthattheir

localobservationsofsignificantwaveheightvariability

neededtobeadjustedforcurrent-inducedrefraction.In

thefieldstudiesofRomeroetal.(2017),theyfoundthat

wavebreakingatscales#1kmwassensitivetothelocal

gradientsinthecurrent,buttheareasofenhancedwave

breakingalsooverlappedwithareasofconvergentwave

rays.Ingeneral,observationsreflectcumulativeeffectsas

wellaslocalprocesses.

Theaimofthispaperistopresenttheobservationsofwaves

andcurrentsinMoskstraumen,sheddingsomelightondomi-

nantinteractionprocesses.Thepaperisorganizedasfollows.

Insection2,wepresentthegoverningequationsforwavesona

variablecurrenttogetherwithasimplifiedexpressionassessing

theimportanceofthelocalcurrentgradientsonthewavefield.

Wealsopresentthevariousdata,i.e.,observedandmodeled,

whichwereusedintheanalysis.Insection3,wepresentthe

environmentalconditionsduringthecasestudyperiodsse-

lectedfromourfieldcampaign.Insection4wepresentthe

resultswhicharefurtherdiscussedinsection5.Finally,our

conclusionsarepresentedinsection6.

2.Methods,data,andobservations

a.Governingequations

1)WAVESONAVARIABLECURRENT

Aplanesurfacewavepropagatinginaslowlyvaryingme-

diumcanbedescribedas

h(x,t)5aeix,(1)

wherex5k�x2st1fisthewavephasefunction.Here,a,k,

x,s,t,andfdenotethewaveamplitude,wavenumbervector,

horizontalspatialcoordinates,angularintrinsicfrequency,

timecoordinate,andrandomphase,respectively.Forwaves

onacurrent,theabsoluteangularfrequencyis

v5s1k�u,(2)

whereu5(u,y)isthehorizontalEulerianvelocityvector

representinganambientcurrent.Wethushave

FIG.1.ThemanyviewsofMoskstraumen.(a)AphotographofMoskstraumeninthe

MoskenesSoundfrom2009byJørnRøssvolltakenfromahelicopter.Thephotographismost

likelytakenduringafallingtide,asseenfromthegeometryofthecurrentbendingnorthward

aroundLofoten.(b)Moskstraumendrawnin‘‘CartaMarina’’from1539bytheSwedishpriest

OlausMagnus.Moskstraumenislocatedinthecenterofthepanelengulfingaship.(c)The

distressedfishingvesselIselinphotographedfromarescuevessel(picturecourtesyofthe

NorwegianSeaRescueSociety).IselincapsizedintheMoskenesSoundin2017duetothefishing

netsandropesgettingtangledupinthepropeller.
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conditions which, in turn are affected by the bathymetry, at-

mospheric and tidal conditions (Masson 1996; Rapizo et al.

2017). At the same time, wave–current interactions are also

nonlocal with regards to the current’s influence on the waves

along their propagation path. This includes current-induced

refraction, which is shown to play a key role in modulating

the wave field for both swell and wind sea at scales up to

several hundreds of kilometers (Gallet and Young 2014;

Ardhuin et al. 2017; Romero et al. 2017; Kudryavtsev et al.

2017; Quilfen et al. 2018; Quilfen and Chapron 2019;

Villas Bôas et al. 2020; Marechal and Ardhuin 2021). Both

Vincent (1979) and Masson (1996) reported that their

local observations of significant wave height variability

needed to be adjusted for current-induced refraction. In

the field studies of Romero et al. (2017), they found that

wave breaking at scales # 1 km was sensitive to the local

gradients in the current, but the areas of enhanced wave

breaking also overlapped with areas of convergent wave

rays. In general, observations reflect cumulative effects as

well as local processes.

The aim of this paper is to present the observations of waves

and currents in Moskstraumen, shedding some light on domi-

nant interaction processes. The paper is organized as follows.

In section 2, we present the governing equations for waves on a

variable current together with a simplified expression assessing

the importance of the local current gradients on the wave field.

We also present the various data, i.e., observed and modeled,

which were used in the analysis. In section 3, we present the

environmental conditions during the case study periods se-

lected from our field campaign. In section 4 we present the

results which are further discussed in section 5. Finally, our

conclusions are presented in section 6.

2. Methods, data, and observations

a. Governing equations

1) WAVES ON A VARIABLE CURRENT

A plane surface wave propagating in a slowly varying me-

dium can be described as

h(x, t)5 ae
ix
, (1)

where x5 k � x2 st1 f is the wave phase function. Here, a, k,

x, s, t, and f denote the wave amplitude, wavenumber vector,

horizontal spatial coordinates, angular intrinsic frequency,

time coordinate, and random phase, respectively. For waves

on a current, the absolute angular frequency is

v5s1k � u , (2)

where u 5 (u, y) is the horizontal Eulerian velocity vector

representing an ambient current. We thus have

FIG. 1. The many views of Moskstraumen. (a) A photograph of Moskstraumen in the

Moskenes Sound from 2009 by Jørn Røssvoll taken from a helicopter. The photograph is most

likely taken during a falling tide, as seen from the geometry of the current bending northward

around Lofoten. (b) Moskstraumen drawn in ‘‘Carta Marina’’ from 1539 by the Swedish priest

Olaus Magnus. Moskstraumen is located in the center of the panel engulfing a ship. (c) The

distressed fishing vessel Iselin photographed from a rescue vessel (picture courtesy of the

Norwegian Sea Rescue Society). Iselin capsized in theMoskenes Sound in 2017 due to the fishing

nets and ropes getting tangled up in the propeller.
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rays. In general, observations reflect cumulative effects as

well as local processes.
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and currents in Moskstraumen, shedding some light on domi-

nant interaction processes. The paper is organized as follows.

In section 2, we present the governing equations for waves on a

variable current together with a simplified expression assessing

the importance of the local current gradients on the wave field.

We also present the various data, i.e., observed and modeled,

which were used in the analysis. In section 3, we present the

environmental conditions during the case study periods se-

lected from our field campaign. In section 4 we present the

results which are further discussed in section 5. Finally, our

conclusions are presented in section 6.
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where x5 k � x2 st1 f is the wave phase function. Here, a, k,

x, s, t, and f denote the wave amplitude, wavenumber vector,

horizontal spatial coordinates, angular intrinsic frequency,

time coordinate, and random phase, respectively. For waves

on a current, the absolute angular frequency is

v5s1k � u , (2)

where u 5 (u, y) is the horizontal Eulerian velocity vector

representing an ambient current. We thus have
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conditionswhich,inturnareaffectedbythebathymetry,at-

mosphericandtidalconditions(Masson1996;Rapizoetal.

2017).Atthesametime,wave–currentinteractionsarealso

nonlocalwithregardstothecurrent’sinfluenceonthewaves

alongtheirpropagationpath.Thisincludescurrent-induced

refraction,whichisshowntoplayakeyroleinmodulating

thewavefieldforbothswellandwindseaatscalesupto

severalhundredsofkilometers(GalletandYoung2014;

Ardhuinetal.2017;Romeroetal.2017;Kudryavtsevetal.

2017;Quilfenetal.2018;QuilfenandChapron2019;

VillasBôasetal.2020;MarechalandArdhuin2021).Both

Vincent(1979)andMasson(1996)reportedthattheir

localobservationsofsignificantwaveheightvariability

neededtobeadjustedforcurrent-inducedrefraction.In

thefieldstudiesofRomeroetal.(2017),theyfoundthat

wavebreakingatscales#1kmwassensitivetothelocal

gradientsinthecurrent,buttheareasofenhancedwave

breakingalsooverlappedwithareasofconvergentwave

rays.Ingeneral,observationsreflectcumulativeeffectsas

wellaslocalprocesses.

Theaimofthispaperistopresenttheobservationsofwaves

andcurrentsinMoskstraumen,sheddingsomelightondomi-

nantinteractionprocesses.Thepaperisorganizedasfollows.

Insection2,wepresentthegoverningequationsforwavesona

variablecurrenttogetherwithasimplifiedexpressionassessing

theimportanceofthelocalcurrentgradientsonthewavefield.

Wealsopresentthevariousdata,i.e.,observedandmodeled,

whichwereusedintheanalysis.Insection3,wepresentthe

environmentalconditionsduringthecasestudyperiodsse-

lectedfromourfieldcampaign.Insection4wepresentthe

resultswhicharefurtherdiscussedinsection5.Finally,our

conclusionsarepresentedinsection6.

2.Methods,data,andobservations

a.Governingequations

1)WAVESONAVARIABLECURRENT

Aplanesurfacewavepropagatinginaslowlyvaryingme-

diumcanbedescribedas

h(x,t)5ae
ix
,(1)

wherex5k�x2st1fisthewavephasefunction.Here,a,k,

x,s,t,andfdenotethewaveamplitude,wavenumbervector,

horizontalspatialcoordinates,angularintrinsicfrequency,

timecoordinate,andrandomphase,respectively.Forwaves

onacurrent,theabsoluteangularfrequencyis

v5s1k�u,(2)

whereu5(u,y)isthehorizontalEulerianvelocityvector

representinganambientcurrent.Wethushave

FIG.1.ThemanyviewsofMoskstraumen.(a)AphotographofMoskstraumeninthe

MoskenesSoundfrom2009byJørnRøssvolltakenfromahelicopter.Thephotographismost

likelytakenduringafallingtide,asseenfromthegeometryofthecurrentbendingnorthward

aroundLofoten.(b)Moskstraumendrawnin‘‘CartaMarina’’from1539bytheSwedishpriest

OlausMagnus.Moskstraumenislocatedinthecenterofthepanelengulfingaship.(c)The

distressedfishingvesselIselinphotographedfromarescuevessel(picturecourtesyofthe

NorwegianSeaRescueSociety).IselincapsizedintheMoskenesSoundin2017duetothefishing

netsandropesgettingtangledupinthepropeller.
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VillasBôasetal.2020;MarechalandArdhuin2021).Both

Vincent(1979)andMasson(1996)reportedthattheir

localobservationsofsignificantwaveheightvariability

neededtobeadjustedforcurrent-inducedrefraction.In

thefieldstudiesofRomeroetal.(2017),theyfoundthat

wavebreakingatscales#1kmwassensitivetothelocal

gradientsinthecurrent,buttheareasofenhancedwave

breakingalsooverlappedwithareasofconvergentwave

rays.Ingeneral,observationsreflectcumulativeeffectsas

wellaslocalprocesses.

Theaimofthispaperistopresenttheobservationsofwaves

andcurrentsinMoskstraumen,sheddingsomelightondomi-

nantinteractionprocesses.Thepaperisorganizedasfollows.

Insection2,wepresentthegoverningequationsforwavesona

variablecurrenttogetherwithasimplifiedexpressionassessing

theimportanceofthelocalcurrentgradientsonthewavefield.

Wealsopresentthevariousdata,i.e.,observedandmodeled,

whichwereusedintheanalysis.Insection3,wepresentthe

environmentalconditionsduringthecasestudyperiodsse-

lectedfromourfieldcampaign.Insection4wepresentthe

resultswhicharefurtherdiscussedinsection5.Finally,our

conclusionsarepresentedinsection6.

2.Methods,data,andobservations

a.Governingequations

1)WAVESONAVARIABLECURRENT

Aplanesurfacewavepropagatinginaslowlyvaryingme-

diumcanbedescribedas

h(x,t)5ae
ix
,(1)

wherex5k�x2st1fisthewavephasefunction.Here,a,k,

x,s,t,andfdenotethewaveamplitude,wavenumbervector,

horizontalspatialcoordinates,angularintrinsicfrequency,

timecoordinate,andrandomphase,respectively.Forwaves

onacurrent,theabsoluteangularfrequencyis

v5s1k�u,(2)

whereu5(u,y)isthehorizontalEulerianvelocityvector

representinganambientcurrent.Wethushave

FIG.1.ThemanyviewsofMoskstraumen.(a)AphotographofMoskstraumeninthe

MoskenesSoundfrom2009byJørnRøssvolltakenfromahelicopter.Thephotographismost

likelytakenduringafallingtide,asseenfromthegeometryofthecurrentbendingnorthward

aroundLofoten.(b)Moskstraumendrawnin‘‘CartaMarina’’from1539bytheSwedishpriest

OlausMagnus.Moskstraumenislocatedinthecenterofthepanelengulfingaship.(c)The

distressedfishingvesselIselinphotographedfromarescuevessel(picturecourtesyofthe

NorwegianSeaRescueSociety).IselincapsizedintheMoskenesSoundin2017duetothefishing

netsandropesgettingtangledupinthepropeller.

3462JOURNALOFPHYSICALOCEANOGRAPHYVOLUME51

Brought to you by Meteorologisk institutt | Unauthenticated | Downloaded 02/14/24 11:45 AM UTC

conditionswhich,inturnareaffectedbythebathymetry,at-

mosphericandtidalconditions(Masson1996;Rapizoetal.

2017).Atthesametime,wave–currentinteractionsarealso

nonlocalwithregardstothecurrent’sinfluenceonthewaves

alongtheirpropagationpath.Thisincludescurrent-induced

refraction,whichisshowntoplayakeyroleinmodulating

thewavefieldforbothswellandwindseaatscalesupto

severalhundredsofkilometers(GalletandYoung2014;

Ardhuinetal.2017;Romeroetal.2017;Kudryavtsevetal.

2017;Quilfenetal.2018;QuilfenandChapron2019;
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1=v5 0, (3)

which describes conservation of wave crests within any given

area (see, e.g., Phillips 1977, p. 23). The angular intrinsic fre-

quency and wavenumber are related through the general dis-

persion relation

s2 5 gk tanh(kd) , (4)

where d is the water depth and k 5 jkj.
Instead of resolving the phase of each single wave compo-

nent it is also possible to apply a phase averaging model for the

wave energy density E, which is common in wave forecasting.

Without ambient currents,E is a conserved quantity. But in the

presence of currents there is an exchange of energy between

the wave field and the mean Eulerian current, and E is no

longer conserved (Longuet-Higgins and Stewart 1964). The

dynamical aspects of wave evolution could alternatively be

formulated as an equation for the wave action,N5 E/s, which

is a conserved quantity in the presence of currents (Bretherton

and Garrett 1968; Phillips 1977). From a spectral wave mod-

eling perspective it is common to considerN5N(t, x, k, u), and

the evolution of a wave field is modeled through the wave ac-

tion conservation equation (e.g., WW3DG 2019), here using

index notation
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Here, i, j5 (1, 2) represent the horizontal components, and u is

the direction of the wavenumber vector. The term Ŝ represents

sources and sinks of E like wind forcing and wave breaking

in addition to nonlinear interactions. The total time deriv-

ative terms (denoted with overdots) constitute the wave ray

equations
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where s is a coordinate in the direction of u andm is orthogonal

to s. In Eq. (5), the terms in Eqs. (6)–(8) represent wave ad-

vection by the total group velocity, the evolution in wave-

number, and the change in wave direction, respectively.

2) HORIZONTAL CURRENT GRADIENTS AND WAVE

FIELD MODULATION

Tidal fronts can be considered to be natural laboratories for

studying wave–current interactions (Baschek 2005). When

considering the processes in the small region with the most

intense tidal currents, we chose to disregard the wind forcing in

Eq. (5) in order to qualitatively assess the impact of the tides on

the wave field. With no wind forcing, the evolution of the

wave field would not be realistically represented under con-

ditions with high wind speed. Although the wave field in

Moskstraumen is known to become even more complicated

under certain weather and wave conditions [seeDen norske los

(2018) and also the appendix], the spatiotemporal variations in

the wind controls scales larger than those by the ocean

currents and tides in our area of interest. Thus, local wind

wave growth occurs at longer time scales than those as-

sociated with the tide (Tolman 1990). Furthermore, we

will first disregard the dissipation in the region with most

intense tidal currents since we are primarily interested

in the period where the tidal currents impact the wave

growth, before the waves break. We look more closely at

the wave breaking process later on, however, in section 4.

In the following, we turn to the equations for E. Wave

energy density E is proportional to the square of the sig-

nificant wave height, and is a common and convenient

variable in wave measurements.

Following Phillips [1977, Eq. (3.6.21)], the nondissipative

barotropic energy balance equation for waves on a variable

current can be written as

›E

›t
1

›

›x
i

( _x
i
E)1S

ij

›u
i

›x
j

5 0, (9)

where _xi 5ui 1 c
(g)
i from Eq. (6), where c

(g)
i is the intrinsic

group velocity. The last term in Eq. (9) is the radiation stress,

which denotes the nonlinear transfer of energy between the

FIG. 2. The area of Moskstraumen. Moskstraumen is located in

theMoskenes Sound between Lofoten and the island of Mosken in

northern Norway, as indicated by the red square. The sea sur-
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›k

›t
1=v50,(3)

whichdescribesconservationofwavecrestswithinanygiven

area(see,e.g.,Phillips1977,p.23).Theangularintrinsicfre-

quencyandwavenumberarerelatedthroughthegeneraldis-

persionrelation

s25gktanh(kd),(4)

wheredisthewaterdepthandk5jkj.
Insteadofresolvingthephaseofeachsinglewavecompo-

nentitisalsopossibletoapplyaphaseaveragingmodelforthe

waveenergydensityE,whichiscommoninwaveforecasting.

Withoutambientcurrents,Eisaconservedquantity.Butinthe

presenceofcurrentsthereisanexchangeofenergybetween

thewavefieldandthemeanEuleriancurrent,andEisno

longerconserved(Longuet-HigginsandStewart1964).The

dynamicalaspectsofwaveevolutioncouldalternativelybe

formulatedasanequationforthewaveaction,N5E/s,which

isaconservedquantityinthepresenceofcurrents(Bretherton

andGarrett1968;Phillips1977).Fromaspectralwavemod-

elingperspectiveitiscommontoconsiderN5N(t,x,k,u),and

theevolutionofawavefieldismodeledthroughthewaveac-

tionconservationequation(e.g.,WW3DG2019),hereusing

indexnotation

›N

›t
1

›

›x
i

(_x
i
N)1

›

›k
i

(_k
i
N)1

›

›u
(_uN)5

Ŝ
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Here,i,j5(1,2)representthehorizontalcomponents,anduis

thedirectionofthewavenumbervector.ThetermŜrepresents

sourcesandsinksofElikewindforcingandwavebreaking

inadditiontononlinearinteractions.Thetotaltimederiv-

ativeterms(denotedwithoverdots)constitutethewaveray

equations

_x
i
5

›v
i

›k
i

,(6)

_k
i
52

›s

›d

›d

›s
2k

i

›u
i

›s
,(7)

_u52
1

k

�
›s

›d

›d

›m
2k

i

›u
i

›m

�
,(8)

wheresisacoordinateinthedirectionofuandmisorthogonal

tos.InEq.(5),thetermsinEqs.(6)–(8)representwavead-

vectionbythetotalgroupvelocity,theevolutioninwave-

number,andthechangeinwavedirection,respectively.

2)HORIZONTALCURRENTGRADIENTSANDWAVE

FIELDMODULATION

Tidalfrontscanbeconsideredtobenaturallaboratoriesfor

studyingwave–currentinteractions(Baschek2005).When

consideringtheprocessesinthesmallregionwiththemost

intensetidalcurrents,wechosetodisregardthewindforcingin

Eq.(5)inordertoqualitativelyassesstheimpactofthetideson

thewavefield.Withnowindforcing,theevolutionofthe

wavefieldwouldnotberealisticallyrepresentedundercon-

ditionswithhighwindspeed.Althoughthewavefieldin

Moskstraumenisknowntobecomeevenmorecomplicated

undercertainweatherandwaveconditions[seeDennorskelos

(2018)andalsotheappendix],thespatiotemporalvariationsin

thewindcontrolsscaleslargerthanthosebytheocean

currentsandtidesinourareaofinterest.Thus,localwind

wavegrowthoccursatlongertimescalesthanthoseas-

sociatedwiththetide(Tolman1990).Furthermore,we

willfirstdisregardthedissipationintheregionwithmost

intensetidalcurrentssinceweareprimarilyinterested

intheperiodwherethetidalcurrentsimpactthewave

growth,beforethewavesbreak.Welookmorecloselyat

thewavebreakingprocesslateron,however,insection4.

Inthefollowing,weturntotheequationsforE.Wave

energydensityEisproportionaltothesquareofthesig-

nificantwaveheight,andisacommonandconvenient

variableinwavemeasurements.

FollowingPhillips[1977,Eq.(3.6.21)],thenondissipative

barotropicenergybalanceequationforwavesonavariable

currentcanbewrittenas
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(g)
ifromEq.(6),wherec

(g)
iistheintrinsic

groupvelocity.ThelastterminEq.(9)istheradiationstress,

whichdenotesthenonlineartransferofenergybetweenthe

FIG.2.TheareaofMoskstraumen.Moskstraumenislocatedin

theMoskenesSoundbetweenLofotenandtheislandofMoskenin

northernNorway,asindicatedbytheredsquare.Theseasur-

facesignatureofMoskstraumenduringafallingtideiscaptured

bytheCopernicusSentinel-2Aopticalsatelliteat21Jul2017.

Thesignatureischaracterizedbytheplume-likestructureswest

ofLofotenwiththenarrowwhitebandsindicatingareasof

breakingwaves.Theplumesareheadingwestward.Theyellow

shadedareaandmagentadotshowstheareadepictedinFig.1a

andthelocationofthebottom-mountedADCP,respectively.
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›k

›t
1=v5 0, (3)

which describes conservation of wave crests within any given

area (see, e.g., Phillips 1977, p. 23). The angular intrinsic fre-

quency and wavenumber are related through the general dis-

persion relation

s
2
5 gk tanh(kd) , (4)

where d is the water depth and k 5 jkj.
Instead of resolving the phase of each single wave compo-

nent it is also possible to apply a phase averaging model for the

wave energy density E, which is common in wave forecasting.

Without ambient currents,E is a conserved quantity. But in the

presence of currents there is an exchange of energy between

the wave field and the mean Eulerian current, and E is no

longer conserved (Longuet-Higgins and Stewart 1964). The

dynamical aspects of wave evolution could alternatively be

formulated as an equation for the wave action,N5 E/s, which

is a conserved quantity in the presence of currents (Bretherton

and Garrett 1968; Phillips 1977). From a spectral wave mod-

eling perspective it is common to considerN5N(t, x, k, u), and

the evolution of a wave field is modeled through the wave ac-

tion conservation equation (e.g., WW3DG 2019), here using

index notation
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›xi
( _xiN)1
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›ki
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›u
( _uN)5
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Here, i, j5 (1, 2) represent the horizontal components, and u is

the direction of the wavenumber vector. The term Ŝ represents

sources and sinks of E like wind forcing and wave breaking

in addition to nonlinear interactions. The total time deriv-

ative terms (denoted with overdots) constitute the wave ray

equations
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where s is a coordinate in the direction of u andm is orthogonal

to s. In Eq. (5), the terms in Eqs. (6)–(8) represent wave ad-

vection by the total group velocity, the evolution in wave-

number, and the change in wave direction, respectively.

2) HORIZONTAL CURRENT GRADIENTS AND WAVE

FIELD MODULATION

Tidal fronts can be considered to be natural laboratories for

studying wave–current interactions (Baschek 2005). When

considering the processes in the small region with the most

intense tidal currents, we chose to disregard the wind forcing in

Eq. (5) in order to qualitatively assess the impact of the tides on

the wave field. With no wind forcing, the evolution of the

wave field would not be realistically represented under con-

ditions with high wind speed. Although the wave field in

Moskstraumen is known to become even more complicated

under certain weather and wave conditions [seeDen norske los

(2018) and also the appendix], the spatiotemporal variations in

the wind controls scales larger than those by the ocean

currents and tides in our area of interest. Thus, local wind

wave growth occurs at longer time scales than those as-

sociated with the tide (Tolman 1990). Furthermore, we

will first disregard the dissipation in the region with most

intense tidal currents since we are primarily interested

in the period where the tidal currents impact the wave

growth, before the waves break. We look more closely at

the wave breaking process later on, however, in section 4.

In the following, we turn to the equations for E. Wave

energy density E is proportional to the square of the sig-

nificant wave height, and is a common and convenient

variable in wave measurements.

Following Phillips [1977, Eq. (3.6.21)], the nondissipative

barotropic energy balance equation for waves on a variable

current can be written as
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(g)
i from Eq. (6), where c

(g)
i is the intrinsic

group velocity. The last term in Eq. (9) is the radiation stress,

which denotes the nonlinear transfer of energy between the

FIG. 2. The area of Moskstraumen. Moskstraumen is located in

theMoskenes Sound between Lofoten and the island of Mosken in

northern Norway, as indicated by the red square. The sea sur-

face signature of Moskstraumen during a falling tide is captured

by the Copernicus Sentinel-2A optical satellite at 21 Jul 2017.

The signature is characterized by the plume-like structures west

of Lofoten with the narrow white bands indicating areas of

breaking waves. The plumes are heading westward. The yellow

shaded area and magenta dot shows the area depicted in Fig. 1a

and the location of the bottom-mounted ADCP, respectively.
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Ŝ

s
.(5)

Here,i,j5(1,2)representthehorizontalcomponents,anduis

thedirectionofthewavenumbervector.ThetermŜrepresents
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Insteadofresolvingthephaseofeachsinglewavecompo-

nentitisalsopossibletoapplyaphaseaveragingmodelforthe

waveenergydensityE,whichiscommoninwaveforecasting.

Withoutambientcurrents,Eisaconservedquantity.Butinthe

presenceofcurrentsthereisanexchangeofenergybetween

thewavefieldandthemeanEuleriancurrent,andEisno

longerconserved(Longuet-HigginsandStewart1964).The

dynamicalaspectsofwaveevolutioncouldalternativelybe

formulatedasanequationforthewaveaction,N5E/s,which

isaconservedquantityinthepresenceofcurrents(Bretherton

andGarrett1968;Phillips1977).Fromaspectralwavemod-

elingperspectiveitiscommontoconsiderN5N(t,x,k,u),and

theevolutionofawavefieldismodeledthroughthewaveac-

tionconservationequation(e.g.,WW3DG2019),hereusing

indexnotation

›N

›t
1

›

›xi
(_xiN)1

›

›ki

(_k
iN)1

›

›u
(_uN)5

Ŝ
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Here,i,j5(1,2)representthehorizontalcomponents,anduis

thedirectionofthewavenumbervector.ThetermŜrepresents

sourcesandsinksofElikewindforcingandwavebreaking

inadditiontononlinearinteractions.Thetotaltimederiv-
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equations
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wheresisacoordinateinthedirectionofuandmisorthogonal

tos.InEq.(5),thetermsinEqs.(6)–(8)representwavead-

vectionbythetotalgroupvelocity,theevolutioninwave-

number,andthechangeinwavedirection,respectively.

2)HORIZONTALCURRENTGRADIENTSANDWAVE

FIELDMODULATION

Tidalfrontscanbeconsideredtobenaturallaboratoriesfor

studyingwave–currentinteractions(Baschek2005).When

consideringtheprocessesinthesmallregionwiththemost

intensetidalcurrents,wechosetodisregardthewindforcingin

Eq.(5)inordertoqualitativelyassesstheimpactofthetideson

thewavefield.Withnowindforcing,theevolutionofthe

wavefieldwouldnotberealisticallyrepresentedundercon-

ditionswithhighwindspeed.Althoughthewavefieldin

Moskstraumenisknowntobecomeevenmorecomplicated

undercertainweatherandwaveconditions[seeDennorskelos

(2018)andalsotheappendix],thespatiotemporalvariationsin

thewindcontrolsscaleslargerthanthosebytheocean

currentsandtidesinourareaofinterest.Thus,localwind

wavegrowthoccursatlongertimescalesthanthoseas-

sociatedwiththetide(Tolman1990).Furthermore,we

willfirstdisregardthedissipationintheregionwithmost

intensetidalcurrentssinceweareprimarilyinterested

intheperiodwherethetidalcurrentsimpactthewave

growth,beforethewavesbreak.Welookmorecloselyat

thewavebreakingprocesslateron,however,insection4.

Inthefollowing,weturntotheequationsforE.Wave

energydensityEisproportionaltothesquareofthesig-

nificantwaveheight,andisacommonandconvenient

variableinwavemeasurements.

FollowingPhillips[1977,Eq.(3.6.21)],thenondissipative

barotropicenergybalanceequationforwavesonavariable

currentcanbewrittenas
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where_xi5ui1c
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ifromEq.(6),wherec

(g)
iistheintrinsic

groupvelocity.ThelastterminEq.(9)istheradiationstress,

whichdenotesthenonlineartransferofenergybetweenthe

FIG.2.TheareaofMoskstraumen.Moskstraumenislocatedin

theMoskenesSoundbetweenLofotenandtheislandofMoskenin

northernNorway,asindicatedbytheredsquare.Theseasur-

facesignatureofMoskstraumenduringafallingtideiscaptured

bytheCopernicusSentinel-2Aopticalsatelliteat21Jul2017.

Thesignatureischaracterizedbytheplume-likestructureswest

ofLofotenwiththenarrowwhitebandsindicatingareasof

breakingwaves.Theplumesareheadingwestward.Theyellow

shadedareaandmagentadotshowstheareadepictedinFig.1a

andthelocationofthebottom-mountedADCP,respectively.

Iceland(ISL),GreatBritain(GB),andNorway(NO)aremarked

forreference.
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waves and the mean Eulerian currents. Equation (9) can be

rewritten as
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The terms on the right-hand side are convergence/divergence

of wave energy by the current field, refraction from horizontal

gradients in the group velocity due to variations in the water

depth or the ambient current, wave energy advection, and the

interaction between the radiation stresses and the current

gradients.

3) SCALING ARGUMENTS AND TIDAL FORCING

ASYMMETRIES

Lacking direct observations of the horizontal variations, it is

difficult to quantify the contribution from each term on the

right-hand side in Eq. (10). We do know, however, that the

tidal flow is associated with very strong current gradients (see

Fig. 2 and later Fig. 9). Since these gradients are primarily due

to the geometry of the coastline, bathymetry, and the sharp

fronts that develop as the flow entrains the more quiescent

regions on both side of theMoskenes Sound, we keep open the

possibility that the horizontal length scale Lu associated with

the tidal flow is different from the horizontal length scale Lw of

the waves (Tolman 1990). The obvious cases to consider are

when the waves and currents are either opposed or aligned.

Opposing wind and currents are known to contribute to

significant local wave growth in the Moskenes Sound [see

Den norske los (2018) and also the appendix], for which we

assumeLw andLu are of the same order of magnitude. There

is obviously also a modulation of the waves when the waves

and currents are heading in the same direction, but reports

indicate that the coupling is not as pronounced: the pre-

vailing wave direction is from the southwest, and the waters

east of Herjeskallen (Fig. 3) are known to be covered by

whitecaps during rising tide, that is, during both calm and

rough weather conditions. Heading in the same direction,

waves will also increase when the current decelerates. In this

case, the decreasing current opposes the waves, relative to

its maximum.

Letting E0, u0, c0 denote typical values for the wave energy,

the speed of the current, and the wave group velocity, re-

spectively, and letting b 5 c0/u0, we find that the right-hand

side terms of Eq. (10) scale as
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If now Lw/b � Lu, we see that the first and last terms on the

right-hand side of Eq. (10) would dominate. Previous studies

suggests that Lu decreases in coastal areas due to the influence

of the bathymetry (Tolman 1990). In our case, reasonable

values are u0 5 3m s21 and c0 ; 10m s21, hence b ’ 3 and we

need to require thatLu�Lw/3. ForLu5 1022 103mwewould

require that Lw . O(104) m, which is only realistic when the

waves and currents are aligned. We will analyze this special

case in some detail below.

FIG. 3. The bathymetry in the Lofoten area. Red indicates areas with depth . 70m. The

ADCP instrument location is denoted with the magenta dot, located about 2 km east of the

seamount Herjeskallen. The 50-m horizontal resolution bathymetry data are freely available

from the Norwegian Mapping Authorities.
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wavesandthemeanEuleriancurrents.Equation(9)canbe
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Thetermsontheright-handsideareconvergence/divergence

ofwaveenergybythecurrentfield,refractionfromhorizontal

gradientsinthegroupvelocityduetovariationsinthewater

depthortheambientcurrent,waveenergyadvection,andthe

interactionbetweentheradiationstressesandthecurrent

gradients.

3)SCALINGARGUMENTSANDTIDALFORCING

ASYMMETRIES

Lackingdirectobservationsofthehorizontalvariations,itis

difficulttoquantifythecontributionfromeachtermonthe

right-handsideinEq.(10).Wedoknow,however,thatthe

tidalflowisassociatedwithverystrongcurrentgradients(see

Fig.2andlaterFig.9).Sincethesegradientsareprimarilydue

tothegeometryofthecoastline,bathymetry,andthesharp

frontsthatdevelopastheflowentrainsthemorequiescent

regionsonbothsideoftheMoskenesSound,wekeepopenthe

possibilitythatthehorizontallengthscaleLuassociatedwith

thetidalflowisdifferentfromthehorizontallengthscaleLwof

thewaves(Tolman1990).Theobviouscasestoconsiderare

whenthewavesandcurrentsareeitheropposedoraligned.

Opposingwindandcurrentsareknowntocontributeto

significantlocalwavegrowthintheMoskenesSound[see

Dennorskelos(2018)andalsotheappendix],forwhichwe

assumeLwandLuareofthesameorderofmagnitude.There

isobviouslyalsoamodulationofthewaveswhenthewaves

andcurrentsareheadinginthesamedirection,butreports

indicatethatthecouplingisnotaspronounced:thepre-

vailingwavedirectionisfromthesouthwest,andthewaters

eastofHerjeskallen(Fig.3)areknowntobecoveredby

whitecapsduringrisingtide,thatis,duringbothcalmand

roughweatherconditions.Headinginthesamedirection,

waveswillalsoincreasewhenthecurrentdecelerates.Inthis

case,thedecreasingcurrentopposesthewaves,relativeto

itsmaximum.

LettingE0,u0,c0denotetypicalvaluesforthewaveenergy,

thespeedofthecurrent,andthewavegroupvelocity,re-

spectively,andlettingb5c0/u0,wefindthattheright-hand

sidetermsofEq.(10)scaleas
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IfnowLw/b�Lu,weseethatthefirstandlasttermsonthe

right-handsideofEq.(10)woulddominate.Previousstudies

suggeststhatLudecreasesincoastalareasduetotheinfluence

ofthebathymetry(Tolman1990).Inourcase,reasonable

valuesareu053ms21andc0;10ms21,henceb’3andwe

needtorequirethatLu�Lw/3.ForLu51022103mwewould

requirethatLw.O(104)m,whichisonlyrealisticwhenthe

wavesandcurrentsarealigned.Wewillanalyzethisspecial

caseinsomedetailbelow.

FIG.3.ThebathymetryintheLofotenarea.Redindicatesareaswithdepth.70m.The

ADCPinstrumentlocationisdenotedwiththemagentadot,locatedabout2kmeastofthe

seamountHerjeskallen.The50-mhorizontalresolutionbathymetrydataarefreelyavailable

fromtheNorwegianMappingAuthorities.
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waves and the mean Eulerian currents. Equation (9) can be

rewritten as
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The terms on the right-hand side are convergence/divergence

of wave energy by the current field, refraction from horizontal

gradients in the group velocity due to variations in the water

depth or the ambient current, wave energy advection, and the

interaction between the radiation stresses and the current

gradients.

3) SCALING ARGUMENTS AND TIDAL FORCING

ASYMMETRIES

Lacking direct observations of the horizontal variations, it is

difficult to quantify the contribution from each term on the

right-hand side in Eq. (10). We do know, however, that the

tidal flow is associated with very strong current gradients (see

Fig. 2 and later Fig. 9). Since these gradients are primarily due

to the geometry of the coastline, bathymetry, and the sharp

fronts that develop as the flow entrains the more quiescent

regions on both side of theMoskenes Sound, we keep open the

possibility that the horizontal length scale Lu associated with

the tidal flow is different from the horizontal length scale Lw of

the waves (Tolman 1990). The obvious cases to consider are

when the waves and currents are either opposed or aligned.

Opposing wind and currents are known to contribute to

significant local wave growth in the Moskenes Sound [see

Den norske los (2018) and also the appendix], for which we

assumeLw andLu are of the same order of magnitude. There

is obviously also a modulation of the waves when the waves

and currents are heading in the same direction, but reports

indicate that the coupling is not as pronounced: the pre-

vailing wave direction is from the southwest, and the waters

east of Herjeskallen (Fig. 3) are known to be covered by

whitecaps during rising tide, that is, during both calm and

rough weather conditions. Heading in the same direction,

waves will also increase when the current decelerates. In this

case, the decreasing current opposes the waves, relative to

its maximum.

Letting E0, u0, c0 denote typical values for the wave energy,

the speed of the current, and the wave group velocity, re-

spectively, and letting b 5 c0/u0, we find that the right-hand

side terms of Eq. (10) scale as
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�
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If now Lw/b � Lu, we see that the first and last terms on the

right-hand side of Eq. (10) would dominate. Previous studies

suggests that Lu decreases in coastal areas due to the influence

of the bathymetry (Tolman 1990). In our case, reasonable

values are u0 5 3m s
21

and c0 ; 10m s
21
, hence b ’ 3 and we

need to require thatLu�Lw/3. ForLu5 10
2
2 10

3
mwewould

require that Lw . O(10
4
) m, which is only realistic when the

waves and currents are aligned. We will analyze this special

case in some detail below.

FIG. 3. The bathymetry in the Lofoten area. Red indicates areas with depth . 70m. The

ADCP instrument location is denoted with the magenta dot, located about 2 km east of the

seamount Herjeskallen. The 50-m horizontal resolution bathymetry data are freely available

from the Norwegian Mapping Authorities.
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wavesandthemeanEuleriancurrents.Equation(9)canbe

rewrittenas
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Thetermsontheright-handsideareconvergence/divergence

ofwaveenergybythecurrentfield,refractionfromhorizontal

gradientsinthegroupvelocityduetovariationsinthewater

depthortheambientcurrent,waveenergyadvection,andthe

interactionbetweentheradiationstressesandthecurrent

gradients.

3)SCALINGARGUMENTSANDTIDALFORCING

ASYMMETRIES

Lackingdirectobservationsofthehorizontalvariations,itis

difficulttoquantifythecontributionfromeachtermonthe

right-handsideinEq.(10).Wedoknow,however,thatthe

tidalflowisassociatedwithverystrongcurrentgradients(see

Fig.2andlaterFig.9).Sincethesegradientsareprimarilydue

tothegeometryofthecoastline,bathymetry,andthesharp

frontsthatdevelopastheflowentrainsthemorequiescent

regionsonbothsideoftheMoskenesSound,wekeepopenthe

possibilitythatthehorizontallengthscaleLuassociatedwith

thetidalflowisdifferentfromthehorizontallengthscaleLwof

thewaves(Tolman1990).Theobviouscasestoconsiderare

whenthewavesandcurrentsareeitheropposedoraligned.

Opposingwindandcurrentsareknowntocontributeto

significantlocalwavegrowthintheMoskenesSound[see

Dennorskelos(2018)andalsotheappendix],forwhichwe

assumeLwandLuareofthesameorderofmagnitude.There

isobviouslyalsoamodulationofthewaveswhenthewaves

andcurrentsareheadinginthesamedirection,butreports

indicatethatthecouplingisnotaspronounced:thepre-

vailingwavedirectionisfromthesouthwest,andthewaters

eastofHerjeskallen(Fig.3)areknowntobecoveredby

whitecapsduringrisingtide,thatis,duringbothcalmand

roughweatherconditions.Headinginthesamedirection,

waveswillalsoincreasewhenthecurrentdecelerates.Inthis

case,thedecreasingcurrentopposesthewaves,relativeto

itsmaximum.

LettingE0,u0,c0denotetypicalvaluesforthewaveenergy,

thespeedofthecurrent,andthewavegroupvelocity,re-

spectively,andlettingb5c0/u0,wefindthattheright-hand

sidetermsofEq.(10)scaleas
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IfnowLw/b�Lu,weseethatthefirstandlasttermsonthe

right-handsideofEq.(10)woulddominate.Previousstudies

suggeststhatLudecreasesincoastalareasduetotheinfluence

ofthebathymetry(Tolman1990).Inourcase,reasonable

valuesareu053ms
21

andc0;10ms
21
,henceb’3andwe

needtorequirethatLu�Lw/3.ForLu510
2
210

3
mwewould

requirethatLw.O(10
4
)m,whichisonlyrealisticwhenthe

wavesandcurrentsarealigned.Wewillanalyzethisspecial

caseinsomedetailbelow.

FIG.3.ThebathymetryintheLofotenarea.Redindicatesareaswithdepth.70m.The

ADCPinstrumentlocationisdenotedwiththemagentadot,locatedabout2kmeastofthe

seamountHerjeskallen.The50-mhorizontalresolutionbathymetrydataarefreelyavailable

fromtheNorwegianMappingAuthorities.
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4) SIMPLIFIED WAVE ENERGY EQUATION FOR ALIGNED

WAVES AND CURRENTS

Assuming now that Lw/b � Lu holds, we may simplify

Eq. (10) such that
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. (12)

If we align the x axis with the wave propagation direction, the

nonzero diagonal components of the radiation stress tensor

[Phillips 1977, Eq. (3.6.27)] yield
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where c is the phase velocity. The ratio between the phase

and group velocity determines the relative weight given to

the current gradient components in the x and y directions.

Equation (13) gives an impression of how the temporal rate

of change of wave energy is related to the horizontal current

gradients. The deep water limit allows us to simplify Eq. (13)

further,
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52
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52R
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. (14)

The right-hand side term, excluding the minus sign in front, we

denote ‘‘relative wave convergence,’’ with the general symbol

Rwc. At 50-m depth, the mean depth in the Moskenes Sound

(Fig. 3), this corresponds to waves with a wavelength of less

than approximately 100m (l , 2d) with corresponding wave

periods from 8 s and below.

The Rwc is a function of the horizontal current gradients and

can easily be computed from an ocean circulation model.

Where the current field is convergent, the wave energy will

grow. Hence, negative Rwc leads to an increase in energy

density, and vice versa where Rwc . 0. In areas with strong

current gradients and barotropic conditions, Eq. (14) can thus

provide insight into how the currents modulate the wave field.

b. Observations and model representation of
Moskstraumen

1) ADCP MEASUREMENTS

Continuous bottom-mounted ADCP measurements were

acquired for a 3-month period (6 December 2018–25 February

2019), using a Nortek Signature 500. This is a five-beam in-

strument capable of measuring currents, waves and turbulence

simultaneously. Contrary to traditional ADCPs, the instru-

ment contains a vertically oriented fifth beam, which was used

as an echo sounder to both measure distance to the surface and

high-resolution backscatter in the water column. The instru-

ment was deployed at the entrance of the Vestfjorden basin as

indicated by the magenta dot in Fig. 2, at 50-m depth about

2 km east of the seamount Herjeskallen (Fig. 3). The instru-

ment was mounted on a tripod in a gimbal to keep it vertically

oriented. We used current and wave data from both the aver-

aging mode (averaged values of 60 samples every 10min with

1-Hz sample rate and vertical bins of 2m) and burst mode

(17min sample window with 2-Hz sample rate and 13-min gaps

between measurement windows), in addition to the raw al-

timeter echo burst (0.0011-Hz sample rate with vertical bins of

2.4 cm). Nortek’s OceanContour (v. 2.1.2) software was used

for processing the data.

Due to the strength of Moskstraumen, in particular during

spring tide (i.e., maximum tide during lunar cycle), the in-

strument tilt sometimes exceeded the limit of what can be

compensated by the gimbal. The limit used by Nortek was 108.
For measurements with high tilt, wave data cannot be esti-

mated with sufficient degree of accuracy. Current measure-

ments, however, can be used.

2) ATMOSPHERIC, OCEAN CIRCULATION, AND

SPECTRAL WAVE MODEL DATA

The NORA10 hindcast (Reistad et al. 2011) was used to

assess the wind conditions during the field campaign. The

horizontal resolution is approximately 10 km, whereas the

temporal resolution of the wind field is one hour.

The ocean surface currents were taken from NorKyst800,

the NorwegianMeteorological Institute’s operational version of

the RegionalOceanModeling System (ROMS; see Shchepetkin

and McWilliams 2005). NorKyst800 is a three-dimensional

ocean circulation model (hereinafter just referred to as the

ocean model) with 800-m horizontal resolution. The vertical

dimension is resolved using a terrain-following s coordinate

with 35 levels, with higher resolution close to the surface. The

uppermost layers have a resolution of approximately 30 cm in

the area of interest. Output fields have a temporal resolution of

1 h. Further specifications of the model setup are given by

Albretsen et al. (2011).

A spectral wave model was used to assess the dominating

wave conditions outside the area close to the observation site.

The estimates are based on the Wave Analysis Model (WAM;

Komen et al. 1994). This is an upgraded version of the third-

generation WAM code developed under the EU-funded

project MyWave (Behrens et al. 2013). The total wave spec-

trum is made up by the wind sea part and swell, where the wind

sea is under influence of the local winds. A common separation

of the two regimes is that the wind sea part of the spectrum

consists of wave components with phase speed less than the

local wind velocity projected onto the wave component di-

rection. Swell is then defined as the remaining part of the

spectrum. See Behrens et al. [2013, Eq. (18)] for the exact

separation in the WAM model, which also includes the direc-

tional difference between the wind and waves.

3) SATELLITE OBSERVATIONS

Data from two of the Copernicus Sentinel missions, i.e.,

Sentinel-1 (S1) and Sentinel-2 (S2), have been used to look for sea

surface signatures of wave–current interactions inMoskstraumen.

Both missions consist of polar-orbiting satellites with 1808 phase
difference. The S1 satellites carry a C-band synthetic aperture

radar (SAR) and the S2 satellites carry aMultispectral Instrument

(MSI), sampling 13 spectral bands. For S1, we used the

high-resolution ground range detected interferometric

wide swath mode products with 20 m 3 22 m horizontal

resolution (range 3 azimuth). For S2, the spectral bands
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4)SIMPLIFIEDWAVEENERGYEQUATIONFORALIGNED

WAVESANDCURRENTS

AssumingnowthatLw/b�Luholds,wemaysimplify

Eq.(10)suchthat
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Ifwealignthexaxiswiththewavepropagationdirection,the

nonzerodiagonalcomponentsoftheradiationstresstensor

[Phillips1977,Eq.(3.6.27)]yield
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wherecisthephasevelocity.Theratiobetweenthephase

andgroupvelocitydeterminestherelativeweightgivento

thecurrentgradientcomponentsinthexandydirections.

Equation(13)givesanimpressionofhowthetemporalrate

ofchangeofwaveenergyisrelatedtothehorizontalcurrent

gradients.ThedeepwaterlimitallowsustosimplifyEq.(13)

further,
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Theright-handsideterm,excludingtheminussigninfront,we

denote‘‘relativewaveconvergence,’’withthegeneralsymbol

Rwc.At50-mdepth,themeandepthintheMoskenesSound

(Fig.3),thiscorrespondstowaveswithawavelengthofless

thanapproximately100m(l,2d)withcorrespondingwave

periodsfrom8sandbelow.

TheRwcisafunctionofthehorizontalcurrentgradientsand

caneasilybecomputedfromanoceancirculationmodel.

Wherethecurrentfieldisconvergent,thewaveenergywill

grow.Hence,negativeRwcleadstoanincreaseinenergy

density,andviceversawhereRwc.0.Inareaswithstrong

currentgradientsandbarotropicconditions,Eq.(14)canthus

provideinsightintohowthecurrentsmodulatethewavefield.

b.Observationsandmodelrepresentationof
Moskstraumen

1)ADCPMEASUREMENTS

Continuousbottom-mountedADCPmeasurementswere

acquiredfora3-monthperiod(6December2018–25February

2019),usingaNortekSignature500.Thisisafive-beamin-

strumentcapableofmeasuringcurrents,wavesandturbulence

simultaneously.ContrarytotraditionalADCPs,theinstru-

mentcontainsaverticallyorientedfifthbeam,whichwasused

asanechosoundertobothmeasuredistancetothesurfaceand

high-resolutionbackscatterinthewatercolumn.Theinstru-

mentwasdeployedattheentranceoftheVestfjordenbasinas

indicatedbythemagentadotinFig.2,at50-mdepthabout

2kmeastoftheseamountHerjeskallen(Fig.3).Theinstru-

mentwasmountedonatripodinagimbaltokeepitvertically

oriented.Weusedcurrentandwavedatafromboththeaver-

agingmode(averagedvaluesof60samplesevery10minwith

1-Hzsamplerateandverticalbinsof2m)andburstmode

(17minsamplewindowwith2-Hzsamplerateand13-mingaps

betweenmeasurementwindows),inadditiontotherawal-

timeterechoburst(0.0011-Hzsampleratewithverticalbinsof

2.4cm).Nortek’sOceanContour(v.2.1.2)softwarewasused

forprocessingthedata.

DuetothestrengthofMoskstraumen,inparticularduring

springtide(i.e.,maximumtideduringlunarcycle),thein-

strumenttiltsometimesexceededthelimitofwhatcanbe

compensatedbythegimbal.ThelimitusedbyNortekwas108.
Formeasurementswithhightilt,wavedatacannotbeesti-

matedwithsufficientdegreeofaccuracy.Currentmeasure-

ments,however,canbeused.

2)ATMOSPHERIC,OCEANCIRCULATION,AND

SPECTRALWAVEMODELDATA

TheNORA10hindcast(Reistadetal.2011)wasusedto

assessthewindconditionsduringthefieldcampaign.The

horizontalresolutionisapproximately10km,whereasthe

temporalresolutionofthewindfieldisonehour.

TheoceansurfacecurrentsweretakenfromNorKyst800,

theNorwegianMeteorologicalInstitute’soperationalversionof

theRegionalOceanModelingSystem(ROMS;seeShchepetkin

andMcWilliams2005).NorKyst800isathree-dimensional

oceancirculationmodel(hereinafterjustreferredtoasthe

oceanmodel)with800-mhorizontalresolution.Thevertical

dimensionisresolvedusingaterrain-followingscoordinate

with35levels,withhigherresolutionclosetothesurface.The

uppermostlayershavearesolutionofapproximately30cmin

theareaofinterest.Outputfieldshaveatemporalresolutionof

1h.Furtherspecificationsofthemodelsetuparegivenby

Albretsenetal.(2011).

Aspectralwavemodelwasusedtoassessthedominating

waveconditionsoutsidetheareaclosetotheobservationsite.

TheestimatesarebasedontheWaveAnalysisModel(WAM;

Komenetal.1994).Thisisanupgradedversionofthethird-

generationWAMcodedevelopedundertheEU-funded

projectMyWave(Behrensetal.2013).Thetotalwavespec-

trumismadeupbythewindseapartandswell,wherethewind

seaisunderinfluenceofthelocalwinds.Acommonseparation

ofthetworegimesisthatthewindseapartofthespectrum

consistsofwavecomponentswithphasespeedlessthanthe

localwindvelocityprojectedontothewavecomponentdi-

rection.Swellisthendefinedastheremainingpartofthe

spectrum.SeeBehrensetal.[2013,Eq.(18)]fortheexact

separationintheWAMmodel,whichalsoincludesthedirec-

tionaldifferencebetweenthewindandwaves.

3)SATELLITEOBSERVATIONS

DatafromtwooftheCopernicusSentinelmissions,i.e.,

Sentinel-1(S1)andSentinel-2(S2),havebeenusedtolookforsea

surfacesignaturesofwave–currentinteractionsinMoskstraumen.

Bothmissionsconsistofpolar-orbitingsatelliteswith1808phase
difference.TheS1satellitescarryaC-bandsyntheticaperture

radar(SAR)andtheS2satellitescarryaMultispectralInstrument

(MSI),sampling13spectralbands.ForS1,weusedthe

high-resolutiongroundrangedetectedinterferometric

wideswathmodeproductswith20m322mhorizontal

resolution(range3azimuth).ForS2,thespectralbands
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Continuousbottom-mountedADCPmeasurementswere
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generationWAMcodedevelopedundertheEU-funded
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Sentinel-1(S1)andSentinel-2(S2),havebeenusedtolookforsea

surfacesignaturesofwave–currentinteractionsinMoskstraumen.

Bothmissionsconsistofpolar-orbitingsatelliteswith1808phase
difference.TheS1satellitescarryaC-bandsyntheticaperture

radar(SAR)andtheS2satellitescarryaMultispectralInstrument

(MSI),sampling13spectralbands.ForS1,weusedthe

high-resolutiongroundrangedetectedinterferometric

wideswathmodeproductswith20m322mhorizontal

resolution(range3azimuth).ForS2,thespectralbands

NOVEMBER2021SAETRAETAL.3465

Brought to you by Meteorologisk institutt | Unauthenticated | Downloaded 02/14/24 11:45 AM UTC

4) SIMPLIFIED WAVE ENERGY EQUATION FOR ALIGNED

WAVES AND CURRENTS

Assuming now that Lw/b � Lu holds, we may simplify

Eq. (10) such that
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If we align the x axis with the wave propagation direction, the

nonzero diagonal components of the radiation stress tensor

[Phillips 1977, Eq. (3.6.27)] yield
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where c is the phase velocity. The ratio between the phase

and group velocity determines the relative weight given to

the current gradient components in the x and y directions.

Equation (13) gives an impression of how the temporal rate

of change of wave energy is related to the horizontal current

gradients. The deep water limit allows us to simplify Eq. (13)

further,
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The right-hand side term, excluding the minus sign in front, we

denote ‘‘relative wave convergence,’’ with the general symbol

Rwc. At 50-m depth, the mean depth in the Moskenes Sound

(Fig. 3), this corresponds to waves with a wavelength of less

than approximately 100m (l , 2d) with corresponding wave

periods from 8 s and below.

The Rwc is a function of the horizontal current gradients and

can easily be computed from an ocean circulation model.

Where the current field is convergent, the wave energy will

grow. Hence, negative Rwc leads to an increase in energy

density, and vice versa where Rwc . 0. In areas with strong

current gradients and barotropic conditions, Eq. (14) can thus

provide insight into how the currents modulate the wave field.

b. Observations and model representation of
Moskstraumen

1) ADCP MEASUREMENTS

Continuous bottom-mounted ADCP measurements were

acquired for a 3-month period (6 December 2018–25 February

2019), using a Nortek Signature 500. This is a five-beam in-

strument capable of measuring currents, waves and turbulence

simultaneously. Contrary to traditional ADCPs, the instru-

ment contains a vertically oriented fifth beam, which was used

as an echo sounder to both measure distance to the surface and

high-resolution backscatter in the water column. The instru-

ment was deployed at the entrance of the Vestfjorden basin as

indicated by the magenta dot in Fig. 2, at 50-m depth about

2 km east of the seamount Herjeskallen (Fig. 3). The instru-

ment was mounted on a tripod in a gimbal to keep it vertically

oriented. We used current and wave data from both the aver-

aging mode (averaged values of 60 samples every 10min with

1-Hz sample rate and vertical bins of 2m) and burst mode

(17min sample window with 2-Hz sample rate and 13-min gaps

between measurement windows), in addition to the raw al-

timeter echo burst (0.0011-Hz sample rate with vertical bins of

2.4 cm). Nortek’s OceanContour (v. 2.1.2) software was used

for processing the data.

Due to the strength of Moskstraumen, in particular during

spring tide (i.e., maximum tide during lunar cycle), the in-

strument tilt sometimes exceeded the limit of what can be

compensated by the gimbal. The limit used by Nortek was 108.
For measurements with high tilt, wave data cannot be esti-

mated with sufficient degree of accuracy. Current measure-

ments, however, can be used.

2) ATMOSPHERIC, OCEAN CIRCULATION, AND

SPECTRAL WAVE MODEL DATA

The NORA10 hindcast (Reistad et al. 2011) was used to

assess the wind conditions during the field campaign. The

horizontal resolution is approximately 10 km, whereas the

temporal resolution of the wind field is one hour.

The ocean surface currents were taken from NorKyst800,

the NorwegianMeteorological Institute’s operational version of

the RegionalOceanModeling System (ROMS; see Shchepetkin

and McWilliams 2005). NorKyst800 is a three-dimensional

ocean circulation model (hereinafter just referred to as the

ocean model) with 800-m horizontal resolution. The vertical

dimension is resolved using a terrain-following s coordinate

with 35 levels, with higher resolution close to the surface. The

uppermost layers have a resolution of approximately 30 cm in

the area of interest. Output fields have a temporal resolution of

1 h. Further specifications of the model setup are given by

Albretsen et al. (2011).

A spectral wave model was used to assess the dominating

wave conditions outside the area close to the observation site.

The estimates are based on the Wave Analysis Model (WAM;

Komen et al. 1994). This is an upgraded version of the third-

generation WAM code developed under the EU-funded

project MyWave (Behrens et al. 2013). The total wave spec-

trum is made up by the wind sea part and swell, where the wind

sea is under influence of the local winds. A common separation

of the two regimes is that the wind sea part of the spectrum

consists of wave components with phase speed less than the

local wind velocity projected onto the wave component di-

rection. Swell is then defined as the remaining part of the

spectrum. See Behrens et al. [2013, Eq. (18)] for the exact

separation in the WAM model, which also includes the direc-

tional difference between the wind and waves.

3) SATELLITE OBSERVATIONS

Data from two of the Copernicus Sentinel missions, i.e.,

Sentinel-1 (S1) and Sentinel-2 (S2), have been used to look for sea

surface signatures of wave–current interactions inMoskstraumen.

Both missions consist of polar-orbiting satellites with 1808 phase
difference. The S1 satellites carry a C-band synthetic aperture

radar (SAR) and the S2 satellites carry aMultispectral Instrument

(MSI), sampling 13 spectral bands. For S1, we used the

high-resolution ground range detected interferometric

wide swath mode products with 20 m 3 22 m horizontal

resolution (range 3 azimuth). For S2, the spectral bands
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where c is the phase velocity. The ratio between the phase

and group velocity determines the relative weight given to

the current gradient components in the x and y directions.

Equation (13) gives an impression of how the temporal rate

of change of wave energy is related to the horizontal current

gradients. The deep water limit allows us to simplify Eq. (13)

further,
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The right-hand side term, excluding the minus sign in front, we

denote ‘‘relative wave convergence,’’ with the general symbol

Rwc. At 50-m depth, the mean depth in the Moskenes Sound

(Fig. 3), this corresponds to waves with a wavelength of less

than approximately 100m (l , 2d) with corresponding wave

periods from 8 s and below.

The Rwc is a function of the horizontal current gradients and

can easily be computed from an ocean circulation model.

Where the current field is convergent, the wave energy will

grow. Hence, negative Rwc leads to an increase in energy

density, and vice versa where Rwc . 0. In areas with strong

current gradients and barotropic conditions, Eq. (14) can thus

provide insight into how the currents modulate the wave field.

b. Observations and model representation of
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Continuous bottom-mounted ADCP measurements were

acquired for a 3-month period (6 December 2018–25 February

2019), using a Nortek Signature 500. This is a five-beam in-

strument capable of measuring currents, waves and turbulence

simultaneously. Contrary to traditional ADCPs, the instru-

ment contains a vertically oriented fifth beam, which was used

as an echo sounder to both measure distance to the surface and

high-resolution backscatter in the water column. The instru-

ment was deployed at the entrance of the Vestfjorden basin as
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with 35 levels, with higher resolution close to the surface. The
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the area of interest. Output fields have a temporal resolution of

1 h. Further specifications of the model setup are given by
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A spectral wave model was used to assess the dominating

wave conditions outside the area close to the observation site.

The estimates are based on the Wave Analysis Model (WAM;

Komen et al. 1994). This is an upgraded version of the third-

generation WAM code developed under the EU-funded

project MyWave (Behrens et al. 2013). The total wave spec-

trum is made up by the wind sea part and swell, where the wind

sea is under influence of the local winds. A common separation
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surface signatures of wave–current interactions inMoskstraumen.
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difference. The S1 satellites carry a C-band synthetic aperture
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resolution (range 3 azimuth). For S2, the spectral bands

NOVEMBER 2021 SAETRA ET AL . 3465

Brought to you by Meteorologisk institutt | Unauthenticated | Downloaded 02/14/24 11:45 AM UTC

4)SIMPLIFIEDWAVEENERGYEQUATIONFORALIGNED

WAVESANDCURRENTS

AssumingnowthatLw/b�Luholds,wemaysimplify

Eq.(10)suchthat

›E

›t
52

›ui

›xi
E2Sij

›ui

›xj
.(12)

Ifwealignthexaxiswiththewavepropagationdirection,the

nonzerodiagonalcomponentsoftheradiationstresstensor

[Phillips1977,Eq.(3.6.27)]yield
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wherecisthephasevelocity.Theratiobetweenthephase

andgroupvelocitydeterminestherelativeweightgivento

thecurrentgradientcomponentsinthexandydirections.

Equation(13)givesanimpressionofhowthetemporalrate

ofchangeofwaveenergyisrelatedtothehorizontalcurrent

gradients.ThedeepwaterlimitallowsustosimplifyEq.(13)

further,
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Theright-handsideterm,excludingtheminussigninfront,we

denote‘‘relativewaveconvergence,’’withthegeneralsymbol

Rwc.At50-mdepth,themeandepthintheMoskenesSound

(Fig.3),thiscorrespondstowaveswithawavelengthofless

thanapproximately100m(l,2d)withcorrespondingwave

periodsfrom8sandbelow.

TheRwcisafunctionofthehorizontalcurrentgradientsand

caneasilybecomputedfromanoceancirculationmodel.

Wherethecurrentfieldisconvergent,thewaveenergywill

grow.Hence,negativeRwcleadstoanincreaseinenergy

density,andviceversawhereRwc.0.Inareaswithstrong

currentgradientsandbarotropicconditions,Eq.(14)canthus

provideinsightintohowthecurrentsmodulatethewavefield.

b.Observationsandmodelrepresentationof
Moskstraumen

1)ADCPMEASUREMENTS

Continuousbottom-mountedADCPmeasurementswere

acquiredfora3-monthperiod(6December2018–25February

2019),usingaNortekSignature500.Thisisafive-beamin-

strumentcapableofmeasuringcurrents,wavesandturbulence

simultaneously.ContrarytotraditionalADCPs,theinstru-

mentcontainsaverticallyorientedfifthbeam,whichwasused

asanechosoundertobothmeasuredistancetothesurfaceand

high-resolutionbackscatterinthewatercolumn.Theinstru-

mentwasdeployedattheentranceoftheVestfjordenbasinas

indicatedbythemagentadotinFig.2,at50-mdepthabout

2kmeastoftheseamountHerjeskallen(Fig.3).Theinstru-

mentwasmountedonatripodinagimbaltokeepitvertically

oriented.Weusedcurrentandwavedatafromboththeaver-

agingmode(averagedvaluesof60samplesevery10minwith

1-Hzsamplerateandverticalbinsof2m)andburstmode

(17minsamplewindowwith2-Hzsamplerateand13-mingaps

betweenmeasurementwindows),inadditiontotherawal-

timeterechoburst(0.0011-Hzsampleratewithverticalbinsof

2.4cm).Nortek’sOceanContour(v.2.1.2)softwarewasused

forprocessingthedata.

DuetothestrengthofMoskstraumen,inparticularduring

springtide(i.e.,maximumtideduringlunarcycle),thein-

strumenttiltsometimesexceededthelimitofwhatcanbe

compensatedbythegimbal.ThelimitusedbyNortekwas108.
Formeasurementswithhightilt,wavedatacannotbeesti-

matedwithsufficientdegreeofaccuracy.Currentmeasure-

ments,however,canbeused.

2)ATMOSPHERIC,OCEANCIRCULATION,AND

SPECTRALWAVEMODELDATA

TheNORA10hindcast(Reistadetal.2011)wasusedto

assessthewindconditionsduringthefieldcampaign.The

horizontalresolutionisapproximately10km,whereasthe

temporalresolutionofthewindfieldisonehour.

TheoceansurfacecurrentsweretakenfromNorKyst800,

theNorwegianMeteorologicalInstitute’soperationalversionof

theRegionalOceanModelingSystem(ROMS;seeShchepetkin

andMcWilliams2005).NorKyst800isathree-dimensional

oceancirculationmodel(hereinafterjustreferredtoasthe

oceanmodel)with800-mhorizontalresolution.Thevertical

dimensionisresolvedusingaterrain-followingscoordinate

with35levels,withhigherresolutionclosetothesurface.The

uppermostlayershavearesolutionofapproximately30cmin

theareaofinterest.Outputfieldshaveatemporalresolutionof

1h.Furtherspecificationsofthemodelsetuparegivenby

Albretsenetal.(2011).

Aspectralwavemodelwasusedtoassessthedominating

waveconditionsoutsidetheareaclosetotheobservationsite.

TheestimatesarebasedontheWaveAnalysisModel(WAM;

Komenetal.1994).Thisisanupgradedversionofthethird-

generationWAMcodedevelopedundertheEU-funded

projectMyWave(Behrensetal.2013).Thetotalwavespec-

trumismadeupbythewindseapartandswell,wherethewind

seaisunderinfluenceofthelocalwinds.Acommonseparation

ofthetworegimesisthatthewindseapartofthespectrum

consistsofwavecomponentswithphasespeedlessthanthe

localwindvelocityprojectedontothewavecomponentdi-

rection.Swellisthendefinedastheremainingpartofthe

spectrum.SeeBehrensetal.[2013,Eq.(18)]fortheexact

separationintheWAMmodel,whichalsoincludesthedirec-

tionaldifferencebetweenthewindandwaves.

3)SATELLITEOBSERVATIONS

DatafromtwooftheCopernicusSentinelmissions,i.e.,

Sentinel-1(S1)andSentinel-2(S2),havebeenusedtolookforsea

surfacesignaturesofwave–currentinteractionsinMoskstraumen.

Bothmissionsconsistofpolar-orbitingsatelliteswith1808phase
difference.TheS1satellitescarryaC-bandsyntheticaperture

radar(SAR)andtheS2satellitescarryaMultispectralInstrument

(MSI),sampling13spectralbands.ForS1,weusedthe

high-resolutiongroundrangedetectedinterferometric

wideswathmodeproductswith20m322mhorizontal

resolution(range3azimuth).ForS2,thespectralbands
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either have 10 m 3 10 m (4 bands), 20 m 3 20 m (6 bands),

or 60 m 3 60 m (3 bands) horizontal resolution. We used

the frequency band B4 with a central wavelength of 664.6 nm.

As a consequence of the polar orbits, the temporal resolution for

the Lofoten area is quite high, with approximately daily and

subdaily coverage for S1 and S2, respectively. However, S2MSI

does not acquire images at low solar angles, which in practice

means that there is no coverage in the period from late October

until the end of February.

As an illustration of the surface signature of the current at a

falling tide, where the flow is directed out of Vestfjorden, we in-

cluded an optical image (acquired by Sentinel-2A) in Fig. 2. The

image clearly shows the strong current gradient on the eastern side

(upstream) as well as a plume-like structure on the western side of

Moskstraumen, where the outgoing current meets the open ocean.

c. Wave breaking derived from high-resolution raw
altimeter echo bursts

Events of enhanced wave breaking were identified using the

raw altimeter echo bursts (hereinafter AB) from the ADCP

(Fig. 4a). Such measurements can be used as a proxy for wave

breaking (Thorpe 1986; Wang et al. 2016; Strand et al. 2020).

The data were acquired by an upward-looking echo sounder

with a vertical bin resolution of 2.4 cm. From the AB, we

estimated a bubble penetration depth in the water column

based on signal intensity. We define the bubble depth as

the layer between the sea surface and the value from AB

exceeding a threshold value, set to 40 dB. All values within

the surface layer must exceed the threshold in order to be

attributed to wave breaking.

Noise in the AB signal were smoothed column wise using a

running mean filter. A time series of the smoothed vertical

columns closest to the sea surface is shown in Fig. 4a. Here,

values above the sea surface are masked out by means of the

pressure measurements. The approximate bubble depth com-

puted from the entire measurement period is shown in Fig. 4b.

Outside the spring tide periods of investigation (denoted SP1

and SP2 in Fig. 4), we found that, qualitatively, the bubble

penetration depth corresponded well with the wind speed. This

was particularly evident during the strongest storms, with a

bubble depth of more than 20m (Fig. 4b). Moreover, it is

possible to separate the six periods of spring tide during the

three months measurement period from the envelope of the

sea surface height, Fig. 4a.

3. Weather conditions during the case study periods

The area surroundingMoskstraumen, or the Lofoten area, is

located in an area of prevailing southwesterly winds and waves,

particularly during the storm season in fall and winter. In the

current work, we focus on two periods during spring tide, i.e.,

21–24 December and 22–26 January. These were chosen since

they included periods with strong horizontal current gradients,

sometimes combined with low wind speeds. Time references

refer to UTC time. In the following we provide a brief de-

scription of the dominant weather pattern for both periods,

which is summarized in Fig. 5.

a. 21–24 December 2018

At noon 21 December, the synoptic weather situation

was dominated by a strong high pressure centered over the

Northern Scandinavian peninsula, which, together with a weak

low pressure system developing between the Svalbard archi-

pelago and the island of Jan Mayen, directed southerly winds

FIG. 4. Computation of approximate bubble depth from the full time series of ADCP measurements together with modeled wind.

(a) The smoothed altimeter echo burst (AB) measurements where values above the sea surface are masked out by means of the pressure

measurements. (b) The approximate bubble depth computed from the AB measurements and (c) the spectral representation of ap-

proximate bubble depth (black line) and U10 (red line) for the entire measurement period. The black shaded area denotes the 95%

confidence limit for the bubble depth. SP1 and SP2 denote the case study periods in December 2018 and January 2019, respectively.

Frequencies of tidal constituents and the inertial frequency are plotted in the lower panel.
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eitherhave10m310m(4bands),20m320m(6bands),

or60m360m(3bands)horizontalresolution.Weused

thefrequencybandB4withacentralwavelengthof664.6nm.

Asaconsequenceofthepolarorbits,thetemporalresolutionfor

theLofotenareaisquitehigh,withapproximatelydailyand

subdailycoverageforS1andS2,respectively.However,S2MSI

doesnotacquireimagesatlowsolarangles,whichinpractice

meansthatthereisnocoverageintheperiodfromlateOctober

untiltheendofFebruary.

Asanillustrationofthesurfacesignatureofthecurrentata

fallingtide,wheretheflowisdirectedoutofVestfjorden,wein-

cludedanopticalimage(acquiredbySentinel-2A)inFig.2.The

imageclearlyshowsthestrongcurrentgradientontheeasternside

(upstream)aswellasaplume-likestructureonthewesternsideof

Moskstraumen,wheretheoutgoingcurrentmeetstheopenocean.

c.Wavebreakingderivedfromhigh-resolutionraw
altimeterechobursts

Eventsofenhancedwavebreakingwereidentifiedusingthe

rawaltimeterechobursts(hereinafterAB)fromtheADCP

(Fig.4a).Suchmeasurementscanbeusedasaproxyforwave

breaking(Thorpe1986;Wangetal.2016;Strandetal.2020).

Thedatawereacquiredbyanupward-lookingechosounder

withaverticalbinresolutionof2.4cm.FromtheAB,we

estimatedabubblepenetrationdepthinthewatercolumn

basedonsignalintensity.Wedefinethebubbledepthas

thelayerbetweentheseasurfaceandthevaluefromAB

exceedingathresholdvalue,setto40dB.Allvalueswithin

thesurfacelayermustexceedthethresholdinordertobe

attributedtowavebreaking.

NoiseintheABsignalweresmoothedcolumnwiseusinga

runningmeanfilter.Atimeseriesofthesmoothedvertical

columnsclosesttotheseasurfaceisshowninFig.4a.Here,

valuesabovetheseasurfacearemaskedoutbymeansofthe

pressuremeasurements.Theapproximatebubbledepthcom-

putedfromtheentiremeasurementperiodisshowninFig.4b.

Outsidethespringtideperiodsofinvestigation(denotedSP1

andSP2inFig.4),wefoundthat,qualitatively,thebubble

penetrationdepthcorrespondedwellwiththewindspeed.This

wasparticularlyevidentduringthestrongeststorms,witha

bubbledepthofmorethan20m(Fig.4b).Moreover,itis

possibletoseparatethesixperiodsofspringtideduringthe

threemonthsmeasurementperiodfromtheenvelopeofthe

seasurfaceheight,Fig.4a.

3.Weatherconditionsduringthecasestudyperiods

TheareasurroundingMoskstraumen,ortheLofotenarea,is

locatedinanareaofprevailingsouthwesterlywindsandwaves,

particularlyduringthestormseasoninfallandwinter.Inthe

currentwork,wefocusontwoperiodsduringspringtide,i.e.,

21–24Decemberand22–26January.Thesewerechosensince

theyincludedperiodswithstronghorizontalcurrentgradients,

sometimescombinedwithlowwindspeeds.Timereferences

refertoUTCtime.Inthefollowingweprovideabriefde-

scriptionofthedominantweatherpatternforbothperiods,

whichissummarizedinFig.5.

a.21–24December2018

Atnoon21December,thesynopticweathersituation

wasdominatedbyastronghighpressurecenteredoverthe

NorthernScandinavianpeninsula,which,togetherwithaweak

lowpressuresystemdevelopingbetweentheSvalbardarchi-

pelagoandtheislandofJanMayen,directedsoutherlywinds

FIG.4.ComputationofapproximatebubbledepthfromthefulltimeseriesofADCPmeasurementstogetherwithmodeledwind.

(a)Thesmoothedaltimeterechoburst(AB)measurementswherevaluesabovetheseasurfacearemaskedoutbymeansofthepressure

measurements.(b)TheapproximatebubbledepthcomputedfromtheABmeasurementsand(c)thespectralrepresentationofap-

proximatebubbledepth(blackline)andU10(redline)fortheentiremeasurementperiod.Theblackshadedareadenotesthe95%

confidencelimitforthebubbledepth.SP1andSP2denotethecasestudyperiodsinDecember2018andJanuary2019,respectively.

Frequenciesoftidalconstituentsandtheinertialfrequencyareplottedinthelowerpanel.
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either have 10 m 3 10 m (4 bands), 20 m 3 20 m (6 bands),

or 60 m 3 60 m (3 bands) horizontal resolution. We used

the frequency band B4 with a central wavelength of 664.6 nm.

As a consequence of the polar orbits, the temporal resolution for

the Lofoten area is quite high, with approximately daily and

subdaily coverage for S1 and S2, respectively. However, S2MSI

does not acquire images at low solar angles, which in practice

means that there is no coverage in the period from late October

until the end of February.

As an illustration of the surface signature of the current at a

falling tide, where the flow is directed out of Vestfjorden, we in-

cluded an optical image (acquired by Sentinel-2A) in Fig. 2. The

image clearly shows the strong current gradient on the eastern side

(upstream) as well as a plume-like structure on the western side of

Moskstraumen, where the outgoing current meets the open ocean.

c. Wave breaking derived from high-resolution raw
altimeter echo bursts

Events of enhanced wave breaking were identified using the

raw altimeter echo bursts (hereinafter AB) from the ADCP

(Fig. 4a). Such measurements can be used as a proxy for wave

breaking (Thorpe 1986; Wang et al. 2016; Strand et al. 2020).

The data were acquired by an upward-looking echo sounder

with a vertical bin resolution of 2.4 cm. From the AB, we

estimated a bubble penetration depth in the water column

based on signal intensity. We define the bubble depth as

the layer between the sea surface and the value from AB

exceeding a threshold value, set to 40 dB. All values within

the surface layer must exceed the threshold in order to be

attributed to wave breaking.

Noise in the AB signal were smoothed column wise using a

running mean filter. A time series of the smoothed vertical

columns closest to the sea surface is shown in Fig. 4a. Here,

values above the sea surface are masked out by means of the

pressure measurements. The approximate bubble depth com-

puted from the entire measurement period is shown in Fig. 4b.

Outside the spring tide periods of investigation (denoted SP1

and SP2 in Fig. 4), we found that, qualitatively, the bubble

penetration depth corresponded well with the wind speed. This

was particularly evident during the strongest storms, with a

bubble depth of more than 20m (Fig. 4b). Moreover, it is

possible to separate the six periods of spring tide during the

three months measurement period from the envelope of the

sea surface height, Fig. 4a.

3. Weather conditions during the case study periods

The area surroundingMoskstraumen, or the Lofoten area, is

located in an area of prevailing southwesterly winds and waves,

particularly during the storm season in fall and winter. In the

current work, we focus on two periods during spring tide, i.e.,

21–24 December and 22–26 January. These were chosen since

they included periods with strong horizontal current gradients,

sometimes combined with low wind speeds. Time references

refer to UTC time. In the following we provide a brief de-

scription of the dominant weather pattern for both periods,

which is summarized in Fig. 5.

a. 21–24 December 2018

At noon 21 December, the synoptic weather situation

was dominated by a strong high pressure centered over the

Northern Scandinavian peninsula, which, together with a weak

low pressure system developing between the Svalbard archi-

pelago and the island of Jan Mayen, directed southerly winds

FIG. 4. Computation of approximate bubble depth from the full time series of ADCP measurements together with modeled wind.

(a) The smoothed altimeter echo burst (AB) measurements where values above the sea surface are masked out by means of the pressure

measurements. (b) The approximate bubble depth computed from the AB measurements and (c) the spectral representation of ap-

proximate bubble depth (black line) and U10 (red line) for the entire measurement period. The black shaded area denotes the 95%

confidence limit for the bubble depth. SP1 and SP2 denote the case study periods in December 2018 and January 2019, respectively.

Frequencies of tidal constituents and the inertial frequency are plotted in the lower panel.
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As a consequence of the polar orbits, the temporal resolution for

the Lofoten area is quite high, with approximately daily and

subdaily coverage for S1 and S2, respectively. However, S2MSI

does not acquire images at low solar angles, which in practice

means that there is no coverage in the period from late October

until the end of February.

As an illustration of the surface signature of the current at a

falling tide, where the flow is directed out of Vestfjorden, we in-

cluded an optical image (acquired by Sentinel-2A) in Fig. 2. The

image clearly shows the strong current gradient on the eastern side

(upstream) as well as a plume-like structure on the western side of

Moskstraumen, where the outgoing current meets the open ocean.

c. Wave breaking derived from high-resolution raw
altimeter echo bursts

Events of enhanced wave breaking were identified using the

raw altimeter echo bursts (hereinafter AB) from the ADCP

(Fig. 4a). Such measurements can be used as a proxy for wave

breaking (Thorpe 1986; Wang et al. 2016; Strand et al. 2020).

The data were acquired by an upward-looking echo sounder

with a vertical bin resolution of 2.4 cm. From the AB, we

estimated a bubble penetration depth in the water column

based on signal intensity. We define the bubble depth as

the layer between the sea surface and the value from AB

exceeding a threshold value, set to 40 dB. All values within

the surface layer must exceed the threshold in order to be

attributed to wave breaking.

Noise in the AB signal were smoothed column wise using a

running mean filter. A time series of the smoothed vertical

columns closest to the sea surface is shown in Fig. 4a. Here,

values above the sea surface are masked out by means of the

pressure measurements. The approximate bubble depth com-

puted from the entire measurement period is shown in Fig. 4b.

Outside the spring tide periods of investigation (denoted SP1

and SP2 in Fig. 4), we found that, qualitatively, the bubble

penetration depth corresponded well with the wind speed. This

was particularly evident during the strongest storms, with a

bubble depth of more than 20m (Fig. 4b). Moreover, it is

possible to separate the six periods of spring tide during the

three months measurement period from the envelope of the

sea surface height, Fig. 4a.

3. Weather conditions during the case study periods

The area surroundingMoskstraumen, or the Lofoten area, is

located in an area of prevailing southwesterly winds and waves,

particularly during the storm season in fall and winter. In the

current work, we focus on two periods during spring tide, i.e.,

21–24 December and 22–26 January. These were chosen since

they included periods with strong horizontal current gradients,

sometimes combined with low wind speeds. Time references

refer to UTC time. In the following we provide a brief de-

scription of the dominant weather pattern for both periods,

which is summarized in Fig. 5.

a. 21–24 December 2018

At noon 21 December, the synoptic weather situation

was dominated by a strong high pressure centered over the

Northern Scandinavian peninsula, which, together with a weak

low pressure system developing between the Svalbard archi-

pelago and the island of Jan Mayen, directed southerly winds

FIG. 4. Computation of approximate bubble depth from the full time series of ADCP measurements together with modeled wind.

(a) The smoothed altimeter echo burst (AB) measurements where values above the sea surface are masked out by means of the pressure

measurements. (b) The approximate bubble depth computed from the AB measurements and (c) the spectral representation of ap-

proximate bubble depth (black line) and U10 (red line) for the entire measurement period. The black shaded area denotes the 95%

confidence limit for the bubble depth. SP1 and SP2 denote the case study periods in December 2018 and January 2019, respectively.

Frequencies of tidal constituents and the inertial frequency are plotted in the lower panel.
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eitherhave10m310m(4bands),20m320m(6bands),

or60m360m(3bands)horizontalresolution.Weused

thefrequencybandB4withacentralwavelengthof664.6nm.

Asaconsequenceofthepolarorbits,thetemporalresolutionfor

theLofotenareaisquitehigh,withapproximatelydailyand

subdailycoverageforS1andS2,respectively.However,S2MSI

doesnotacquireimagesatlowsolarangles,whichinpractice

meansthatthereisnocoverageintheperiodfromlateOctober

untiltheendofFebruary.

Asanillustrationofthesurfacesignatureofthecurrentata

fallingtide,wheretheflowisdirectedoutofVestfjorden,wein-

cludedanopticalimage(acquiredbySentinel-2A)inFig.2.The

imageclearlyshowsthestrongcurrentgradientontheeasternside

(upstream)aswellasaplume-likestructureonthewesternsideof

Moskstraumen,wheretheoutgoingcurrentmeetstheopenocean.

c.Wavebreakingderivedfromhigh-resolutionraw
altimeterechobursts

Eventsofenhancedwavebreakingwereidentifiedusingthe

rawaltimeterechobursts(hereinafterAB)fromtheADCP

(Fig.4a).Suchmeasurementscanbeusedasaproxyforwave

breaking(Thorpe1986;Wangetal.2016;Strandetal.2020).

Thedatawereacquiredbyanupward-lookingechosounder

withaverticalbinresolutionof2.4cm.FromtheAB,we

estimatedabubblepenetrationdepthinthewatercolumn

basedonsignalintensity.Wedefinethebubbledepthas

thelayerbetweentheseasurfaceandthevaluefromAB

exceedingathresholdvalue,setto40dB.Allvalueswithin

thesurfacelayermustexceedthethresholdinordertobe

attributedtowavebreaking.

NoiseintheABsignalweresmoothedcolumnwiseusinga

runningmeanfilter.Atimeseriesofthesmoothedvertical

columnsclosesttotheseasurfaceisshowninFig.4a.Here,

valuesabovetheseasurfacearemaskedoutbymeansofthe

pressuremeasurements.Theapproximatebubbledepthcom-

putedfromtheentiremeasurementperiodisshowninFig.4b.

Outsidethespringtideperiodsofinvestigation(denotedSP1

andSP2inFig.4),wefoundthat,qualitatively,thebubble

penetrationdepthcorrespondedwellwiththewindspeed.This

wasparticularlyevidentduringthestrongeststorms,witha

bubbledepthofmorethan20m(Fig.4b).Moreover,itis

possibletoseparatethesixperiodsofspringtideduringthe

threemonthsmeasurementperiodfromtheenvelopeofthe

seasurfaceheight,Fig.4a.

3.Weatherconditionsduringthecasestudyperiods

TheareasurroundingMoskstraumen,ortheLofotenarea,is

locatedinanareaofprevailingsouthwesterlywindsandwaves,

particularlyduringthestormseasoninfallandwinter.Inthe

currentwork,wefocusontwoperiodsduringspringtide,i.e.,

21–24Decemberand22–26January.Thesewerechosensince

theyincludedperiodswithstronghorizontalcurrentgradients,

sometimescombinedwithlowwindspeeds.Timereferences

refertoUTCtime.Inthefollowingweprovideabriefde-

scriptionofthedominantweatherpatternforbothperiods,

whichissummarizedinFig.5.

a.21–24December2018

Atnoon21December,thesynopticweathersituation

wasdominatedbyastronghighpressurecenteredoverthe

NorthernScandinavianpeninsula,which,togetherwithaweak

lowpressuresystemdevelopingbetweentheSvalbardarchi-

pelagoandtheislandofJanMayen,directedsoutherlywinds

FIG.4.ComputationofapproximatebubbledepthfromthefulltimeseriesofADCPmeasurementstogetherwithmodeledwind.

(a)Thesmoothedaltimeterechoburst(AB)measurementswherevaluesabovetheseasurfacearemaskedoutbymeansofthepressure

measurements.(b)TheapproximatebubbledepthcomputedfromtheABmeasurementsand(c)thespectralrepresentationofap-

proximatebubbledepth(blackline)andU10(redline)fortheentiremeasurementperiod.Theblackshadedareadenotesthe95%

confidencelimitforthebubbledepth.SP1andSP2denotethecasestudyperiodsinDecember2018andJanuary2019,respectively.

Frequenciesoftidalconstituentsandtheinertialfrequencyareplottedinthelowerpanel.
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proximatebubbledepth(blackline)andU10(redline)fortheentiremeasurementperiod.Theblackshadedareadenotesthe95%

confidencelimitforthebubbledepth.SP1andSP2denotethecasestudyperiodsinDecember2018andJanuary2019,respectively.

Frequenciesoftidalconstituentsandtheinertialfrequencyareplottedinthelowerpanel.
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eitherhave10m310m(4bands),20m320m(6bands),

or60m360m(3bands)horizontalresolution.Weused

thefrequencybandB4withacentralwavelengthof664.6nm.

Asaconsequenceofthepolarorbits,thetemporalresolutionfor

theLofotenareaisquitehigh,withapproximatelydailyand

subdailycoverageforS1andS2,respectively.However,S2MSI

doesnotacquireimagesatlowsolarangles,whichinpractice

meansthatthereisnocoverageintheperiodfromlateOctober

untiltheendofFebruary.

Asanillustrationofthesurfacesignatureofthecurrentata

fallingtide,wheretheflowisdirectedoutofVestfjorden,wein-

cludedanopticalimage(acquiredbySentinel-2A)inFig.2.The

imageclearlyshowsthestrongcurrentgradientontheeasternside

(upstream)aswellasaplume-likestructureonthewesternsideof

Moskstraumen,wheretheoutgoingcurrentmeetstheopenocean.

c.Wavebreakingderivedfromhigh-resolutionraw
altimeterechobursts

Eventsofenhancedwavebreakingwereidentifiedusingthe

rawaltimeterechobursts(hereinafterAB)fromtheADCP

(Fig.4a).Suchmeasurementscanbeusedasaproxyforwave

breaking(Thorpe1986;Wangetal.2016;Strandetal.2020).

Thedatawereacquiredbyanupward-lookingechosounder

withaverticalbinresolutionof2.4cm.FromtheAB,we

estimatedabubblepenetrationdepthinthewatercolumn

basedonsignalintensity.Wedefinethebubbledepthas

thelayerbetweentheseasurfaceandthevaluefromAB

exceedingathresholdvalue,setto40dB.Allvalueswithin

thesurfacelayermustexceedthethresholdinordertobe

attributedtowavebreaking.

NoiseintheABsignalweresmoothedcolumnwiseusinga

runningmeanfilter.Atimeseriesofthesmoothedvertical

columnsclosesttotheseasurfaceisshowninFig.4a.Here,

valuesabovetheseasurfacearemaskedoutbymeansofthe

pressuremeasurements.Theapproximatebubbledepthcom-

putedfromtheentiremeasurementperiodisshowninFig.4b.

Outsidethespringtideperiodsofinvestigation(denotedSP1

andSP2inFig.4),wefoundthat,qualitatively,thebubble

penetrationdepthcorrespondedwellwiththewindspeed.This

wasparticularlyevidentduringthestrongeststorms,witha

bubbledepthofmorethan20m(Fig.4b).Moreover,itis

possibletoseparatethesixperiodsofspringtideduringthe

threemonthsmeasurementperiodfromtheenvelopeofthe

seasurfaceheight,Fig.4a.

3.Weatherconditionsduringthecasestudyperiods

TheareasurroundingMoskstraumen,ortheLofotenarea,is

locatedinanareaofprevailingsouthwesterlywindsandwaves,

particularlyduringthestormseasoninfallandwinter.Inthe

currentwork,wefocusontwoperiodsduringspringtide,i.e.,

21–24Decemberand22–26January.Thesewerechosensince

theyincludedperiodswithstronghorizontalcurrentgradients,

sometimescombinedwithlowwindspeeds.Timereferences

refertoUTCtime.Inthefollowingweprovideabriefde-

scriptionofthedominantweatherpatternforbothperiods,

whichissummarizedinFig.5.

a.21–24December2018

Atnoon21December,thesynopticweathersituation

wasdominatedbyastronghighpressurecenteredoverthe

NorthernScandinavianpeninsula,which,togetherwithaweak

lowpressuresystemdevelopingbetweentheSvalbardarchi-

pelagoandtheislandofJanMayen,directedsoutherlywinds
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measurements.(b)TheapproximatebubbledepthcomputedfromtheABmeasurementsand(c)thespectralrepresentationofap-

proximatebubbledepth(blackline)andU10(redline)fortheentiremeasurementperiod.Theblackshadedareadenotesthe95%

confidencelimitforthebubbledepth.SP1andSP2denotethecasestudyperiodsinDecember2018andJanuary2019,respectively.

Frequenciesoftidalconstituentsandtheinertialfrequencyareplottedinthelowerpanel.

3466JOURNALOFPHYSICALOCEANOGRAPHYVOLUME51

Brought to you by Meteorologisk institutt | Unauthenticated | Downloaded 02/14/24 11:45 AM UTC

eitherhave10m310m(4bands),20m320m(6bands),

or60m360m(3bands)horizontalresolution.Weused

thefrequencybandB4withacentralwavelengthof664.6nm.

Asaconsequenceofthepolarorbits,thetemporalresolutionfor

theLofotenareaisquitehigh,withapproximatelydailyand

subdailycoverageforS1andS2,respectively.However,S2MSI

doesnotacquireimagesatlowsolarangles,whichinpractice

meansthatthereisnocoverageintheperiodfromlateOctober

untiltheendofFebruary.

Asanillustrationofthesurfacesignatureofthecurrentata

fallingtide,wheretheflowisdirectedoutofVestfjorden,wein-

cludedanopticalimage(acquiredbySentinel-2A)inFig.2.The

imageclearlyshowsthestrongcurrentgradientontheeasternside

(upstream)aswellasaplume-likestructureonthewesternsideof

Moskstraumen,wheretheoutgoingcurrentmeetstheopenocean.

c.Wavebreakingderivedfromhigh-resolutionraw
altimeterechobursts

Eventsofenhancedwavebreakingwereidentifiedusingthe

rawaltimeterechobursts(hereinafterAB)fromtheADCP

(Fig.4a).Suchmeasurementscanbeusedasaproxyforwave

breaking(Thorpe1986;Wangetal.2016;Strandetal.2020).

Thedatawereacquiredbyanupward-lookingechosounder

withaverticalbinresolutionof2.4cm.FromtheAB,we

estimatedabubblepenetrationdepthinthewatercolumn

basedonsignalintensity.Wedefinethebubbledepthas

thelayerbetweentheseasurfaceandthevaluefromAB

exceedingathresholdvalue,setto40dB.Allvalueswithin

thesurfacelayermustexceedthethresholdinordertobe

attributedtowavebreaking.

NoiseintheABsignalweresmoothedcolumnwiseusinga

runningmeanfilter.Atimeseriesofthesmoothedvertical

columnsclosesttotheseasurfaceisshowninFig.4a.Here,

valuesabovetheseasurfacearemaskedoutbymeansofthe

pressuremeasurements.Theapproximatebubbledepthcom-

putedfromtheentiremeasurementperiodisshowninFig.4b.

Outsidethespringtideperiodsofinvestigation(denotedSP1
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particularlyduringthestormseasoninfallandwinter.Inthe
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over Moskstraumen (Fig. 5a). During 22 December the wind

turned southwesterly, increasing in strength. On 24 December

the synoptic weather situation was dominated by a rather in-

tense low pressure system coming from the west/southwest. As

this low approached the Norwegian coast, the wind speed in-

creased to about 14m s21 in the late evening. The significant

wave height was less than 3m during the entire period (Fig. 5c).

The wind sea and swell were mainly headed eastward.

b. 22–26 January 2019

On 22 January a weak high pressure ridge was located over

the Lofoten peninsula, resulting in weak southerly winds (less

than 5m s21) and significant wave heights below2m (Figs. 5b,d).

During the evening, a high pressure system built up over the

Svalbard archipelago, while at the same time a more intense low

pressure system came in from the southwest near Iceland. This

resulted in a change to northeasterly winds at the observation

site and steadily increasing wind speed. The large-scale wind

pattern remained stationary for the rest of the study period, with

the observation site located between these two synoptic systems.

4. Results

a. Current maxima

For the 3-month period of the ADCP deployment at the

seabed in Moskstraumen, we measured current speeds up to

3m s21 at 10-m depth, confirming previous model studies

(Gjevik et al. 1997; Moe et al. 2002; Ommundsen 2002). Due to

the instrument’s location, we do not expect this to represent

the maximum strength of the tidal current, which is more likely

to be found where the Moskenes Sound is at its narrowest.

b. Wind, waves, and enhanced wave breaking

There is a connection between the observed bubble depth

and the modeled wind (Figs. 5 and 6). The wind affected the

wave energy density spectrum and the bubble depth mea-

surements in terms of both its strength and direction. This was

particularly evident during the second part of January 2019.

Here, the wind had shifted from heading east and northward to

more westward (about 2000 UTC 22 January, Fig. 5b). It also

ramped up in strength. The impact on the wave energy spec-

trum was a transition to a wider spectrum. This is seen at

2000 UTC 22 January and 1000 UTC 25 January with more

energy on neighboring frequencies around 0.1Hz and 0.2Hz,

respectively (Fig. 6d). Considering the AB, the sea surface got

rougher, indicating enhanced wave breaking during larger

portions of the period, in particular from 1000 UTC 25 January

to 0000 UTC 26 January (Fig. 6b).

To compare the wind speed with enhanced wave breaking

(or bubble depth), we performed a power spectral density

(PSD) analysis on both these variables for the entire mea-

surement period (Fig. 4c). Here we found that the low fre-

quencies in the PSDs fitted well with the passage of synoptic

weather systems. That is, from zero and up to about 0.75 cycles

per day. For lower frequencies, the wind speed signal dropped

close to zero while the enhanced wave breaking had spikes

close to those of the semidiurnal tidal constituents, M2 and S2.

c. Wave breaking during a rising tide

The time series of relative wave convergenceRwc, computed

from the ocean model at the ADCP location, are presented in

Figs. 7a and 7e. Both panels consistently show negative wave

convergence for approximately 3-hourly periods before pro-

nounced peaks in the surface tracker signal from the ADCP

(Figs. 7b,f). The peaks indicate enhanced wave breaking and

are marked with gray vertical bars. Moreover, the enhanced

wave breaking corresponded with the maximum current speed

(Figs. 7c,g). This was further supported by the spectral repre-

sentation of wave breaking during all spring tide situations in

our ADCP data (Fig. 8). Here we found good agreement

FIG. 5. Time series of the dominant wind and wave conditions during the two periods under consideration. (top)Wind

speed at 10m (U10; black) and wind direction (red circles) from a grid point in the NORA10 hindcast close to the ADCP

location. (bottom) Significant wave height (Hm0, black) together with the wave directions (red) from a WAM spectral

wave model grid point close to the ADCP location. Wave directions are given for the wind sea regime (circle) and swell

(triangle), where wind sea and swell are discriminated by a criterion based on the directional difference betweenwind and

wave propagation as well as the inverse wave age. All directions follow the meteorological convention (coming from). N,

E, S, and W denote north, east, south, and west, respectively.
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overMoskstraumen(Fig.5a).During22Decemberthewind

turnedsouthwesterly,increasinginstrength.On24December

thesynopticweathersituationwasdominatedbyaratherin-

tenselowpressuresystemcomingfromthewest/southwest.As

thislowapproachedtheNorwegiancoast,thewindspeedin-

creasedtoabout14ms21inthelateevening.Thesignificant

waveheightwaslessthan3mduringtheentireperiod(Fig.5c).

Thewindseaandswellweremainlyheadedeastward.

b.22–26January2019

On22Januaryaweakhighpressureridgewaslocatedover

theLofotenpeninsula,resultinginweaksoutherlywinds(less

than5ms21)andsignificantwaveheightsbelow2m(Figs.5b,d).

Duringtheevening,ahighpressuresystembuiltupoverthe

Svalbardarchipelago,whileatthesametimeamoreintenselow

pressuresystemcameinfromthesouthwestnearIceland.This

resultedinachangetonortheasterlywindsattheobservation

siteandsteadilyincreasingwindspeed.Thelarge-scalewind

patternremainedstationaryfortherestofthestudyperiod,with

theobservationsitelocatedbetweenthesetwosynopticsystems.

4.Results

a.Currentmaxima

Forthe3-monthperiodoftheADCPdeploymentatthe

seabedinMoskstraumen,wemeasuredcurrentspeedsupto

3ms21at10-mdepth,confirmingpreviousmodelstudies

(Gjeviketal.1997;Moeetal.2002;Ommundsen2002).Dueto

theinstrument’slocation,wedonotexpectthistorepresent

themaximumstrengthofthetidalcurrent,whichismorelikely

tobefoundwheretheMoskenesSoundisatitsnarrowest.

b.Wind,waves,andenhancedwavebreaking

Thereisaconnectionbetweentheobservedbubbledepth

andthemodeledwind(Figs.5and6).Thewindaffectedthe

waveenergydensityspectrumandthebubbledepthmea-

surementsintermsofbothitsstrengthanddirection.Thiswas

particularlyevidentduringthesecondpartofJanuary2019.

Here,thewindhadshiftedfromheadingeastandnorthwardto

morewestward(about2000UTC22January,Fig.5b).Italso

rampedupinstrength.Theimpactonthewaveenergyspec-

trumwasatransitiontoawiderspectrum.Thisisseenat

2000UTC22Januaryand1000UTC25Januarywithmore

energyonneighboringfrequenciesaround0.1Hzand0.2Hz,

respectively(Fig.6d).ConsideringtheAB,theseasurfacegot

rougher,indicatingenhancedwavebreakingduringlarger

portionsoftheperiod,inparticularfrom1000UTC25January

to0000UTC26January(Fig.6b).

Tocomparethewindspeedwithenhancedwavebreaking

(orbubbledepth),weperformedapowerspectraldensity

(PSD)analysisonboththesevariablesfortheentiremea-

surementperiod(Fig.4c).Herewefoundthatthelowfre-

quenciesinthePSDsfittedwellwiththepassageofsynoptic

weathersystems.Thatis,fromzeroanduptoabout0.75cycles

perday.Forlowerfrequencies,thewindspeedsignaldropped

closetozerowhiletheenhancedwavebreakinghadspikes

closetothoseofthesemidiurnaltidalconstituents,M2andS2.

c.Wavebreakingduringarisingtide

ThetimeseriesofrelativewaveconvergenceRwc,computed

fromtheoceanmodelattheADCPlocation,arepresentedin

Figs.7aand7e.Bothpanelsconsistentlyshownegativewave

convergenceforapproximately3-hourlyperiodsbeforepro-

nouncedpeaksinthesurfacetrackersignalfromtheADCP

(Figs.7b,f).Thepeaksindicateenhancedwavebreakingand

aremarkedwithgrayverticalbars.Moreover,theenhanced

wavebreakingcorrespondedwiththemaximumcurrentspeed

(Figs.7c,g).Thiswasfurthersupportedbythespectralrepre-

sentationofwavebreakingduringallspringtidesituationsin

ourADCPdata(Fig.8).Herewefoundgoodagreement

FIG.5.Timeseriesofthedominantwindandwaveconditionsduringthetwoperiodsunderconsideration.(top)Wind

speedat10m(U10;black)andwinddirection(redcircles)fromagridpointintheNORA10hindcastclosetotheADCP

location.(bottom)Significantwaveheight(Hm0,black)togetherwiththewavedirections(red)fromaWAMspectral

wavemodelgridpointclosetotheADCPlocation.Wavedirectionsaregivenforthewindsearegime(circle)andswell

(triangle),wherewindseaandswellarediscriminatedbyacriterionbasedonthedirectionaldifferencebetweenwindand

wavepropagationaswellastheinversewaveage.Alldirectionsfollowthemeteorologicalconvention(comingfrom).N,

E,S,andWdenotenorth,east,south,andwest,respectively.
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overMoskstraumen(Fig.5a).During22Decemberthewind

turnedsouthwesterly,increasinginstrength.On24December

thesynopticweathersituationwasdominatedbyaratherin-

tenselowpressuresystemcomingfromthewest/southwest.As

thislowapproachedtheNorwegiancoast,thewindspeedin-

creasedtoabout14ms21inthelateevening.Thesignificant

waveheightwaslessthan3mduringtheentireperiod(Fig.5c).

Thewindseaandswellweremainlyheadedeastward.

b.22–26January2019

On22Januaryaweakhighpressureridgewaslocatedover

theLofotenpeninsula,resultinginweaksoutherlywinds(less

than5ms21)andsignificantwaveheightsbelow2m(Figs.5b,d).

Duringtheevening,ahighpressuresystembuiltupoverthe

Svalbardarchipelago,whileatthesametimeamoreintenselow

pressuresystemcameinfromthesouthwestnearIceland.This

resultedinachangetonortheasterlywindsattheobservation

siteandsteadilyincreasingwindspeed.Thelarge-scalewind

patternremainedstationaryfortherestofthestudyperiod,with

theobservationsitelocatedbetweenthesetwosynopticsystems.

4.Results

a.Currentmaxima

Forthe3-monthperiodoftheADCPdeploymentatthe

seabedinMoskstraumen,wemeasuredcurrentspeedsupto

3ms21at10-mdepth,confirmingpreviousmodelstudies

(Gjeviketal.1997;Moeetal.2002;Ommundsen2002).Dueto

theinstrument’slocation,wedonotexpectthistorepresent

themaximumstrengthofthetidalcurrent,whichismorelikely

tobefoundwheretheMoskenesSoundisatitsnarrowest.

b.Wind,waves,andenhancedwavebreaking

Thereisaconnectionbetweentheobservedbubbledepth

andthemodeledwind(Figs.5and6).Thewindaffectedthe

waveenergydensityspectrumandthebubbledepthmea-

surementsintermsofbothitsstrengthanddirection.Thiswas

particularlyevidentduringthesecondpartofJanuary2019.

Here,thewindhadshiftedfromheadingeastandnorthwardto

morewestward(about2000UTC22January,Fig.5b).Italso

rampedupinstrength.Theimpactonthewaveenergyspec-

trumwasatransitiontoawiderspectrum.Thisisseenat

2000UTC22Januaryand1000UTC25Januarywithmore

energyonneighboringfrequenciesaround0.1Hzand0.2Hz,

respectively(Fig.6d).ConsideringtheAB,theseasurfacegot

rougher,indicatingenhancedwavebreakingduringlarger

portionsoftheperiod,inparticularfrom1000UTC25January

to0000UTC26January(Fig.6b).
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(PSD)analysisonboththesevariablesfortheentiremea-
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weathersystems.Thatis,fromzeroanduptoabout0.75cycles

perday.Forlowerfrequencies,thewindspeedsignaldropped

closetozerowhiletheenhancedwavebreakinghadspikes
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over Moskstraumen (Fig. 5a). During 22 December the wind

turned southwesterly, increasing in strength. On 24 December

the synoptic weather situation was dominated by a rather in-

tense low pressure system coming from the west/southwest. As

this low approached the Norwegian coast, the wind speed in-

creased to about 14m s
21

in the late evening. The significant

wave height was less than 3m during the entire period (Fig. 5c).

The wind sea and swell were mainly headed eastward.

b. 22–26 January 2019

On 22 January a weak high pressure ridge was located over

the Lofoten peninsula, resulting in weak southerly winds (less

than 5m s
21
) and significant wave heights below2m (Figs. 5b,d).

During the evening, a high pressure system built up over the

Svalbard archipelago, while at the same time a more intense low

pressure system came in from the southwest near Iceland. This

resulted in a change to northeasterly winds at the observation

site and steadily increasing wind speed. The large-scale wind

pattern remained stationary for the rest of the study period, with

the observation site located between these two synoptic systems.

4. Results

a. Current maxima

For the 3-month period of the ADCP deployment at the

seabed in Moskstraumen, we measured current speeds up to

3m s
21

at 10-m depth, confirming previous model studies

(Gjevik et al. 1997; Moe et al. 2002; Ommundsen 2002). Due to

the instrument’s location, we do not expect this to represent

the maximum strength of the tidal current, which is more likely

to be found where the Moskenes Sound is at its narrowest.

b. Wind, waves, and enhanced wave breaking

There is a connection between the observed bubble depth

and the modeled wind (Figs. 5 and 6). The wind affected the

wave energy density spectrum and the bubble depth mea-

surements in terms of both its strength and direction. This was

particularly evident during the second part of January 2019.

Here, the wind had shifted from heading east and northward to

more westward (about 2000 UTC 22 January, Fig. 5b). It also

ramped up in strength. The impact on the wave energy spec-

trum was a transition to a wider spectrum. This is seen at

2000 UTC 22 January and 1000 UTC 25 January with more

energy on neighboring frequencies around 0.1Hz and 0.2Hz,

respectively (Fig. 6d). Considering the AB, the sea surface got

rougher, indicating enhanced wave breaking during larger

portions of the period, in particular from 1000 UTC 25 January

to 0000 UTC 26 January (Fig. 6b).

To compare the wind speed with enhanced wave breaking

(or bubble depth), we performed a power spectral density

(PSD) analysis on both these variables for the entire mea-

surement period (Fig. 4c). Here we found that the low fre-

quencies in the PSDs fitted well with the passage of synoptic

weather systems. That is, from zero and up to about 0.75 cycles

per day. For lower frequencies, the wind speed signal dropped

close to zero while the enhanced wave breaking had spikes

close to those of the semidiurnal tidal constituents, M2 and S2.

c. Wave breaking during a rising tide

The time series of relative wave convergenceRwc, computed

from the ocean model at the ADCP location, are presented in

Figs. 7a and 7e. Both panels consistently show negative wave

convergence for approximately 3-hourly periods before pro-

nounced peaks in the surface tracker signal from the ADCP

(Figs. 7b,f). The peaks indicate enhanced wave breaking and

are marked with gray vertical bars. Moreover, the enhanced

wave breaking corresponded with the maximum current speed

(Figs. 7c,g). This was further supported by the spectral repre-

sentation of wave breaking during all spring tide situations in

our ADCP data (Fig. 8). Here we found good agreement

FIG. 5. Time series of the dominant wind and wave conditions during the two periods under consideration. (top)Wind

speed at 10m (U10; black) and wind direction (red circles) from a grid point in the NORA10 hindcast close to the ADCP

location. (bottom) Significant wave height (Hm0, black) together with the wave directions (red) from a WAM spectral

wave model grid point close to the ADCP location. Wave directions are given for the wind sea regime (circle) and swell

(triangle), where wind sea and swell are discriminated by a criterion based on the directional difference betweenwind and

wave propagation as well as the inverse wave age. All directions follow the meteorological convention (coming from). N,

E, S, and W denote north, east, south, and west, respectively.
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over Moskstraumen (Fig. 5a). During 22 December the wind

turned southwesterly, increasing in strength. On 24 December

the synoptic weather situation was dominated by a rather in-

tense low pressure system coming from the west/southwest. As

this low approached the Norwegian coast, the wind speed in-

creased to about 14m s
21

in the late evening. The significant

wave height was less than 3m during the entire period (Fig. 5c).

The wind sea and swell were mainly headed eastward.

b. 22–26 January 2019

On 22 January a weak high pressure ridge was located over

the Lofoten peninsula, resulting in weak southerly winds (less

than 5m s
21
) and significant wave heights below2m (Figs. 5b,d).

During the evening, a high pressure system built up over the

Svalbard archipelago, while at the same time a more intense low

pressure system came in from the southwest near Iceland. This

resulted in a change to northeasterly winds at the observation

site and steadily increasing wind speed. The large-scale wind

pattern remained stationary for the rest of the study period, with

the observation site located between these two synoptic systems.

4. Results

a. Current maxima

For the 3-month period of the ADCP deployment at the

seabed in Moskstraumen, we measured current speeds up to

3m s
21

at 10-m depth, confirming previous model studies

(Gjevik et al. 1997; Moe et al. 2002; Ommundsen 2002). Due to

the instrument’s location, we do not expect this to represent

the maximum strength of the tidal current, which is more likely

to be found where the Moskenes Sound is at its narrowest.

b. Wind, waves, and enhanced wave breaking

There is a connection between the observed bubble depth

and the modeled wind (Figs. 5 and 6). The wind affected the

wave energy density spectrum and the bubble depth mea-

surements in terms of both its strength and direction. This was

particularly evident during the second part of January 2019.

Here, the wind had shifted from heading east and northward to

more westward (about 2000 UTC 22 January, Fig. 5b). It also

ramped up in strength. The impact on the wave energy spec-

trum was a transition to a wider spectrum. This is seen at

2000 UTC 22 January and 1000 UTC 25 January with more

energy on neighboring frequencies around 0.1Hz and 0.2Hz,

respectively (Fig. 6d). Considering the AB, the sea surface got

rougher, indicating enhanced wave breaking during larger

portions of the period, in particular from 1000 UTC 25 January

to 0000 UTC 26 January (Fig. 6b).

To compare the wind speed with enhanced wave breaking

(or bubble depth), we performed a power spectral density

(PSD) analysis on both these variables for the entire mea-

surement period (Fig. 4c). Here we found that the low fre-

quencies in the PSDs fitted well with the passage of synoptic

weather systems. That is, from zero and up to about 0.75 cycles

per day. For lower frequencies, the wind speed signal dropped

close to zero while the enhanced wave breaking had spikes

close to those of the semidiurnal tidal constituents, M2 and S2.

c. Wave breaking during a rising tide

The time series of relative wave convergenceRwc, computed

from the ocean model at the ADCP location, are presented in

Figs. 7a and 7e. Both panels consistently show negative wave

convergence for approximately 3-hourly periods before pro-

nounced peaks in the surface tracker signal from the ADCP

(Figs. 7b,f). The peaks indicate enhanced wave breaking and

are marked with gray vertical bars. Moreover, the enhanced

wave breaking corresponded with the maximum current speed

(Figs. 7c,g). This was further supported by the spectral repre-

sentation of wave breaking during all spring tide situations in

our ADCP data (Fig. 8). Here we found good agreement

FIG. 5. Time series of the dominant wind and wave conditions during the two periods under consideration. (top)Wind

speed at 10m (U10; black) and wind direction (red circles) from a grid point in the NORA10 hindcast close to the ADCP

location. (bottom) Significant wave height (Hm0, black) together with the wave directions (red) from a WAM spectral

wave model grid point close to the ADCP location. Wave directions are given for the wind sea regime (circle) and swell

(triangle), where wind sea and swell are discriminated by a criterion based on the directional difference betweenwind and

wave propagation as well as the inverse wave age. All directions follow the meteorological convention (coming from). N,

E, S, and W denote north, east, south, and west, respectively.
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overMoskstraumen(Fig.5a).During22Decemberthewind

turnedsouthwesterly,increasinginstrength.On24December

thesynopticweathersituationwasdominatedbyaratherin-

tenselowpressuresystemcomingfromthewest/southwest.As

thislowapproachedtheNorwegiancoast,thewindspeedin-

creasedtoabout14ms
21

inthelateevening.Thesignificant

waveheightwaslessthan3mduringtheentireperiod(Fig.5c).

Thewindseaandswellweremainlyheadedeastward.

b.22–26January2019

On22Januaryaweakhighpressureridgewaslocatedover

theLofotenpeninsula,resultinginweaksoutherlywinds(less

than5ms
21
)andsignificantwaveheightsbelow2m(Figs.5b,d).

Duringtheevening,ahighpressuresystembuiltupoverthe

Svalbardarchipelago,whileatthesametimeamoreintenselow

pressuresystemcameinfromthesouthwestnearIceland.This

resultedinachangetonortheasterlywindsattheobservation

siteandsteadilyincreasingwindspeed.Thelarge-scalewind

patternremainedstationaryfortherestofthestudyperiod,with

theobservationsitelocatedbetweenthesetwosynopticsystems.

4.Results

a.Currentmaxima

Forthe3-monthperiodoftheADCPdeploymentatthe

seabedinMoskstraumen,wemeasuredcurrentspeedsupto

3ms
21

at10-mdepth,confirmingpreviousmodelstudies

(Gjeviketal.1997;Moeetal.2002;Ommundsen2002).Dueto

theinstrument’slocation,wedonotexpectthistorepresent

themaximumstrengthofthetidalcurrent,whichismorelikely

tobefoundwheretheMoskenesSoundisatitsnarrowest.

b.Wind,waves,andenhancedwavebreaking

Thereisaconnectionbetweentheobservedbubbledepth

andthemodeledwind(Figs.5and6).Thewindaffectedthe

waveenergydensityspectrumandthebubbledepthmea-

surementsintermsofbothitsstrengthanddirection.Thiswas

particularlyevidentduringthesecondpartofJanuary2019.

Here,thewindhadshiftedfromheadingeastandnorthwardto

morewestward(about2000UTC22January,Fig.5b).Italso

rampedupinstrength.Theimpactonthewaveenergyspec-

trumwasatransitiontoawiderspectrum.Thisisseenat

2000UTC22Januaryand1000UTC25Januarywithmore

energyonneighboringfrequenciesaround0.1Hzand0.2Hz,

respectively(Fig.6d).ConsideringtheAB,theseasurfacegot

rougher,indicatingenhancedwavebreakingduringlarger

portionsoftheperiod,inparticularfrom1000UTC25January

to0000UTC26January(Fig.6b).

Tocomparethewindspeedwithenhancedwavebreaking

(orbubbledepth),weperformedapowerspectraldensity

(PSD)analysisonboththesevariablesfortheentiremea-

surementperiod(Fig.4c).Herewefoundthatthelowfre-

quenciesinthePSDsfittedwellwiththepassageofsynoptic

weathersystems.Thatis,fromzeroanduptoabout0.75cycles

perday.Forlowerfrequencies,thewindspeedsignaldropped

closetozerowhiletheenhancedwavebreakinghadspikes

closetothoseofthesemidiurnaltidalconstituents,M2andS2.

c.Wavebreakingduringarisingtide

ThetimeseriesofrelativewaveconvergenceRwc,computed

fromtheoceanmodelattheADCPlocation,arepresentedin

Figs.7aand7e.Bothpanelsconsistentlyshownegativewave

convergenceforapproximately3-hourlyperiodsbeforepro-

nouncedpeaksinthesurfacetrackersignalfromtheADCP

(Figs.7b,f).Thepeaksindicateenhancedwavebreakingand

aremarkedwithgrayverticalbars.Moreover,theenhanced

wavebreakingcorrespondedwiththemaximumcurrentspeed

(Figs.7c,g).Thiswasfurthersupportedbythespectralrepre-

sentationofwavebreakingduringallspringtidesituationsin

ourADCPdata(Fig.8).Herewefoundgoodagreement

FIG.5.Timeseriesofthedominantwindandwaveconditionsduringthetwoperiodsunderconsideration.(top)Wind

speedat10m(U10;black)andwinddirection(redcircles)fromagridpointintheNORA10hindcastclosetotheADCP

location.(bottom)Significantwaveheight(Hm0,black)togetherwiththewavedirections(red)fromaWAMspectral

wavemodelgridpointclosetotheADCPlocation.Wavedirectionsaregivenforthewindsearegime(circle)andswell

(triangle),wherewindseaandswellarediscriminatedbyacriterionbasedonthedirectionaldifferencebetweenwindand

wavepropagationaswellastheinversewaveage.Alldirectionsfollowthemeteorologicalconvention(comingfrom).N,

E,S,andWdenotenorth,east,south,andwest,respectively.
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overMoskstraumen(Fig.5a).During22Decemberthewind

turnedsouthwesterly,increasinginstrength.On24December

thesynopticweathersituationwasdominatedbyaratherin-

tenselowpressuresystemcomingfromthewest/southwest.As

thislowapproachedtheNorwegiancoast,thewindspeedin-

creasedtoabout14ms
21

inthelateevening.Thesignificant

waveheightwaslessthan3mduringtheentireperiod(Fig.5c).

Thewindseaandswellweremainlyheadedeastward.

b.22–26January2019

On22Januaryaweakhighpressureridgewaslocatedover

theLofotenpeninsula,resultinginweaksoutherlywinds(less

than5ms
21
)andsignificantwaveheightsbelow2m(Figs.5b,d).

Duringtheevening,ahighpressuresystembuiltupoverthe

Svalbardarchipelago,whileatthesametimeamoreintenselow

pressuresystemcameinfromthesouthwestnearIceland.This

resultedinachangetonortheasterlywindsattheobservation

siteandsteadilyincreasingwindspeed.Thelarge-scalewind

patternremainedstationaryfortherestofthestudyperiod,with

theobservationsitelocatedbetweenthesetwosynopticsystems.

4.Results

a.Currentmaxima

Forthe3-monthperiodoftheADCPdeploymentatthe

seabedinMoskstraumen,wemeasuredcurrentspeedsupto

3ms
21

at10-mdepth,confirmingpreviousmodelstudies

(Gjeviketal.1997;Moeetal.2002;Ommundsen2002).Dueto

theinstrument’slocation,wedonotexpectthistorepresent

themaximumstrengthofthetidalcurrent,whichismorelikely

tobefoundwheretheMoskenesSoundisatitsnarrowest.

b.Wind,waves,andenhancedwavebreaking

Thereisaconnectionbetweentheobservedbubbledepth

andthemodeledwind(Figs.5and6).Thewindaffectedthe

waveenergydensityspectrumandthebubbledepthmea-

surementsintermsofbothitsstrengthanddirection.Thiswas

particularlyevidentduringthesecondpartofJanuary2019.

Here,thewindhadshiftedfromheadingeastandnorthwardto

morewestward(about2000UTC22January,Fig.5b).Italso

rampedupinstrength.Theimpactonthewaveenergyspec-

trumwasatransitiontoawiderspectrum.Thisisseenat

2000UTC22Januaryand1000UTC25Januarywithmore

energyonneighboringfrequenciesaround0.1Hzand0.2Hz,

respectively(Fig.6d).ConsideringtheAB,theseasurfacegot

rougher,indicatingenhancedwavebreakingduringlarger

portionsoftheperiod,inparticularfrom1000UTC25January

to0000UTC26January(Fig.6b).

Tocomparethewindspeedwithenhancedwavebreaking

(orbubbledepth),weperformedapowerspectraldensity

(PSD)analysisonboththesevariablesfortheentiremea-

surementperiod(Fig.4c).Herewefoundthatthelowfre-

quenciesinthePSDsfittedwellwiththepassageofsynoptic

weathersystems.Thatis,fromzeroanduptoabout0.75cycles

perday.Forlowerfrequencies,thewindspeedsignaldropped

closetozerowhiletheenhancedwavebreakinghadspikes

closetothoseofthesemidiurnaltidalconstituents,M2andS2.

c.Wavebreakingduringarisingtide

ThetimeseriesofrelativewaveconvergenceRwc,computed

fromtheoceanmodelattheADCPlocation,arepresentedin

Figs.7aand7e.Bothpanelsconsistentlyshownegativewave

convergenceforapproximately3-hourlyperiodsbeforepro-

nouncedpeaksinthesurfacetrackersignalfromtheADCP

(Figs.7b,f).Thepeaksindicateenhancedwavebreakingand

aremarkedwithgrayverticalbars.Moreover,theenhanced

wavebreakingcorrespondedwiththemaximumcurrentspeed

(Figs.7c,g).Thiswasfurthersupportedbythespectralrepre-

sentationofwavebreakingduringallspringtidesituationsin

ourADCPdata(Fig.8).Herewefoundgoodagreement

FIG.5.Timeseriesofthedominantwindandwaveconditionsduringthetwoperiodsunderconsideration.(top)Wind

speedat10m(U10;black)andwinddirection(redcircles)fromagridpointintheNORA10hindcastclosetotheADCP

location.(bottom)Significantwaveheight(Hm0,black)togetherwiththewavedirections(red)fromaWAMspectral

wavemodelgridpointclosetotheADCPlocation.Wavedirectionsaregivenforthewindsearegime(circle)andswell

(triangle),wherewindseaandswellarediscriminatedbyacriterionbasedonthedirectionaldifferencebetweenwindand

wavepropagationaswellastheinversewaveage.Alldirectionsfollowthemeteorologicalconvention(comingfrom).N,

E,S,andWdenotenorth,east,south,andwest,respectively.
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overMoskstraumen(Fig.5a).During22Decemberthewind

turnedsouthwesterly,increasinginstrength.On24December

thesynopticweathersituationwasdominatedbyaratherin-

tenselowpressuresystemcomingfromthewest/southwest.As

thislowapproachedtheNorwegiancoast,thewindspeedin-

creasedtoabout14ms
21

inthelateevening.Thesignificant

waveheightwaslessthan3mduringtheentireperiod(Fig.5c).

Thewindseaandswellweremainlyheadedeastward.

b.22–26January2019

On22Januaryaweakhighpressureridgewaslocatedover

theLofotenpeninsula,resultinginweaksoutherlywinds(less

than5ms
21
)andsignificantwaveheightsbelow2m(Figs.5b,d).

Duringtheevening,ahighpressuresystembuiltupoverthe

Svalbardarchipelago,whileatthesametimeamoreintenselow

pressuresystemcameinfromthesouthwestnearIceland.This

resultedinachangetonortheasterlywindsattheobservation

siteandsteadilyincreasingwindspeed.Thelarge-scalewind

patternremainedstationaryfortherestofthestudyperiod,with

theobservationsitelocatedbetweenthesetwosynopticsystems.

4.Results

a.Currentmaxima

Forthe3-monthperiodoftheADCPdeploymentatthe

seabedinMoskstraumen,wemeasuredcurrentspeedsupto

3ms
21

at10-mdepth,confirmingpreviousmodelstudies

(Gjeviketal.1997;Moeetal.2002;Ommundsen2002).Dueto

theinstrument’slocation,wedonotexpectthistorepresent

themaximumstrengthofthetidalcurrent,whichismorelikely

tobefoundwheretheMoskenesSoundisatitsnarrowest.

b.Wind,waves,andenhancedwavebreaking

Thereisaconnectionbetweentheobservedbubbledepth

andthemodeledwind(Figs.5and6).Thewindaffectedthe

waveenergydensityspectrumandthebubbledepthmea-

surementsintermsofbothitsstrengthanddirection.Thiswas

particularlyevidentduringthesecondpartofJanuary2019.

Here,thewindhadshiftedfromheadingeastandnorthwardto

morewestward(about2000UTC22January,Fig.5b).Italso

rampedupinstrength.Theimpactonthewaveenergyspec-

trumwasatransitiontoawiderspectrum.Thisisseenat

2000UTC22Januaryand1000UTC25Januarywithmore

energyonneighboringfrequenciesaround0.1Hzand0.2Hz,

respectively(Fig.6d).ConsideringtheAB,theseasurfacegot

rougher,indicatingenhancedwavebreakingduringlarger

portionsoftheperiod,inparticularfrom1000UTC25January

to0000UTC26January(Fig.6b).

Tocomparethewindspeedwithenhancedwavebreaking

(orbubbledepth),weperformedapowerspectraldensity

(PSD)analysisonboththesevariablesfortheentiremea-

surementperiod(Fig.4c).Herewefoundthatthelowfre-

quenciesinthePSDsfittedwellwiththepassageofsynoptic

weathersystems.Thatis,fromzeroanduptoabout0.75cycles

perday.Forlowerfrequencies,thewindspeedsignaldropped

closetozerowhiletheenhancedwavebreakinghadspikes

closetothoseofthesemidiurnaltidalconstituents,M2andS2.

c.Wavebreakingduringarisingtide

ThetimeseriesofrelativewaveconvergenceRwc,computed

fromtheoceanmodelattheADCPlocation,arepresentedin

Figs.7aand7e.Bothpanelsconsistentlyshownegativewave

convergenceforapproximately3-hourlyperiodsbeforepro-

nouncedpeaksinthesurfacetrackersignalfromtheADCP

(Figs.7b,f).Thepeaksindicateenhancedwavebreakingand

aremarkedwithgrayverticalbars.Moreover,theenhanced

wavebreakingcorrespondedwiththemaximumcurrentspeed

(Figs.7c,g).Thiswasfurthersupportedbythespectralrepre-

sentationofwavebreakingduringallspringtidesituationsin

ourADCPdata(Fig.8).Herewefoundgoodagreement

FIG.5.Timeseriesofthedominantwindandwaveconditionsduringthetwoperiodsunderconsideration.(top)Wind

speedat10m(U10;black)andwinddirection(redcircles)fromagridpointintheNORA10hindcastclosetotheADCP

location.(bottom)Significantwaveheight(Hm0,black)togetherwiththewavedirections(red)fromaWAMspectral

wavemodelgridpointclosetotheADCPlocation.Wavedirectionsaregivenforthewindsearegime(circle)andswell

(triangle),wherewindseaandswellarediscriminatedbyacriterionbasedonthedirectionaldifferencebetweenwindand

wavepropagationaswellastheinversewaveage.Alldirectionsfollowthemeteorologicalconvention(comingfrom).N,

E,S,andWdenotenorth,east,south,andwest,respectively.
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overMoskstraumen(Fig.5a).During22Decemberthewind

turnedsouthwesterly,increasinginstrength.On24December

thesynopticweathersituationwasdominatedbyaratherin-

tenselowpressuresystemcomingfromthewest/southwest.As

thislowapproachedtheNorwegiancoast,thewindspeedin-

creasedtoabout14ms
21

inthelateevening.Thesignificant

waveheightwaslessthan3mduringtheentireperiod(Fig.5c).

Thewindseaandswellweremainlyheadedeastward.
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On22Januaryaweakhighpressureridgewaslocatedover

theLofotenpeninsula,resultinginweaksoutherlywinds(less

than5ms
21
)andsignificantwaveheightsbelow2m(Figs.5b,d).

Duringtheevening,ahighpressuresystembuiltupoverthe

Svalbardarchipelago,whileatthesametimeamoreintenselow

pressuresystemcameinfromthesouthwestnearIceland.This

resultedinachangetonortheasterlywindsattheobservation

siteandsteadilyincreasingwindspeed.Thelarge-scalewind

patternremainedstationaryfortherestofthestudyperiod,with

theobservationsitelocatedbetweenthesetwosynopticsystems.
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seabedinMoskstraumen,wemeasuredcurrentspeedsupto

3ms
21

at10-mdepth,confirmingpreviousmodelstudies

(Gjeviketal.1997;Moeetal.2002;Ommundsen2002).Dueto

theinstrument’slocation,wedonotexpectthistorepresent

themaximumstrengthofthetidalcurrent,whichismorelikely

tobefoundwheretheMoskenesSoundisatitsnarrowest.

b.Wind,waves,andenhancedwavebreaking

Thereisaconnectionbetweentheobservedbubbledepth

andthemodeledwind(Figs.5and6).Thewindaffectedthe

waveenergydensityspectrumandthebubbledepthmea-

surementsintermsofbothitsstrengthanddirection.Thiswas

particularlyevidentduringthesecondpartofJanuary2019.

Here,thewindhadshiftedfromheadingeastandnorthwardto

morewestward(about2000UTC22January,Fig.5b).Italso

rampedupinstrength.Theimpactonthewaveenergyspec-

trumwasatransitiontoawiderspectrum.Thisisseenat

2000UTC22Januaryand1000UTC25Januarywithmore

energyonneighboringfrequenciesaround0.1Hzand0.2Hz,

respectively(Fig.6d).ConsideringtheAB,theseasurfacegot

rougher,indicatingenhancedwavebreakingduringlarger

portionsoftheperiod,inparticularfrom1000UTC25January

to0000UTC26January(Fig.6b).

Tocomparethewindspeedwithenhancedwavebreaking

(orbubbledepth),weperformedapowerspectraldensity

(PSD)analysisonboththesevariablesfortheentiremea-

surementperiod(Fig.4c).Herewefoundthatthelowfre-

quenciesinthePSDsfittedwellwiththepassageofsynoptic

weathersystems.Thatis,fromzeroanduptoabout0.75cycles

perday.Forlowerfrequencies,thewindspeedsignaldropped

closetozerowhiletheenhancedwavebreakinghadspikes

closetothoseofthesemidiurnaltidalconstituents,M2andS2.

c.Wavebreakingduringarisingtide

ThetimeseriesofrelativewaveconvergenceRwc,computed

fromtheoceanmodelattheADCPlocation,arepresentedin

Figs.7aand7e.Bothpanelsconsistentlyshownegativewave

convergenceforapproximately3-hourlyperiodsbeforepro-

nouncedpeaksinthesurfacetrackersignalfromtheADCP

(Figs.7b,f).Thepeaksindicateenhancedwavebreakingand

aremarkedwithgrayverticalbars.Moreover,theenhanced

wavebreakingcorrespondedwiththemaximumcurrentspeed

(Figs.7c,g).Thiswasfurthersupportedbythespectralrepre-

sentationofwavebreakingduringallspringtidesituationsin

ourADCPdata(Fig.8).Herewefoundgoodagreement

FIG.5.Timeseriesofthedominantwindandwaveconditionsduringthetwoperiodsunderconsideration.(top)Wind

speedat10m(U10;black)andwinddirection(redcircles)fromagridpointintheNORA10hindcastclosetotheADCP

location.(bottom)Significantwaveheight(Hm0,black)togetherwiththewavedirections(red)fromaWAMspectral

wavemodelgridpointclosetotheADCPlocation.Wavedirectionsaregivenforthewindsearegime(circle)andswell

(triangle),wherewindseaandswellarediscriminatedbyacriterionbasedonthedirectionaldifferencebetweenwindand

wavepropagationaswellastheinversewaveage.Alldirectionsfollowthemeteorologicalconvention(comingfrom).N,

E,S,andWdenotenorth,east,south,andwest,respectively.
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between bubble depth and the M1, S1, and S2 tidal frequencies,

and in particular the M2 constituent. The inertial frequency is

close to the M2 frequency in the Lofoten area. All these events

happened at a rising tide, which means that the tidal flow was

directed eastward into Vestfjorden (right panels, Fig. 9). The

current speed shows an almost uniform vertical profile, con-

firming the assumption of predominantly barotropic conditions

in Eq. (9).

The degree of alignment between the Eulerian current

and mean wave direction is shown in Figs. 7d and 7h. Here,

the directions are projected on to one another, with values of

unity indicating that the current is headed in the mean wave

propagation direction and going against for negative values. In

December 2018 (left panel, Fig. 7), we found repeated events

of enhanced wave breaking when the flow was in the direction

of the waves at current maximum. This period was character-

ized by winds mostly below 10m s21 and a steady propagation

of swell from the west (Figs. 5a,c). Likewise, in the beginning of

January 2019, waves would also break when propagating in the

direction of the current during current maxima (see between

FIG. 6. Time series of altimeter echo burst (AB) and wave energy spectrum during the study periods from the ADCP measurements.

(a),(b) AB inverse echo sounder signal from the ADCP. (c),(d) The wave energy spectrum from December 2018 and January 2019,

respectively. The red and blue areas approximately show the phases of a rising tide (RT) and a falling tide (FT), respectively. At the

location of the ADCP, the currents shift direction from eastward to westward during RT. During FT, the currents shift direction from

westward to eastward. RT is also characterized with maximum current speed which corresponds with the spikes in the AB signal dur-

ing RT.

FIG. 7. Time series of wave and current properties for the two study periods. (a),(e) Relative wave convergence,Rwc,dw, computed from

the ocean model. (b),(f) Altimeter echo burst (AB) data from ADCP. (c),(g) Vertical profile of current speed from ADCP and the sea

surface from bottom pressure measurements. (d),(h) Projected wave and current direction where values 1, 0, and 21 denote same,

orthogonal, and opposite direction for wave propagation and currents, respectively. Vertical gray bars indicate periods of max current

speeds at the rising tide.
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betweenbubbledepthandtheM1,S1,andS2tidalfrequencies,

andinparticulartheM2constituent.Theinertialfrequencyis

closetotheM2frequencyintheLofotenarea.Alltheseevents

happenedatarisingtide,whichmeansthatthetidalflowwas

directedeastwardintoVestfjorden(rightpanels,Fig.9).The

currentspeedshowsanalmostuniformverticalprofile,con-

firmingtheassumptionofpredominantlybarotropicconditions

inEq.(9).

ThedegreeofalignmentbetweentheEuleriancurrent

andmeanwavedirectionisshowninFigs.7dand7h.Here,

thedirectionsareprojectedontooneanother,withvaluesof

unityindicatingthatthecurrentisheadedinthemeanwave

propagationdirectionandgoingagainstfornegativevalues.In

December2018(leftpanel,Fig.7),wefoundrepeatedevents

ofenhancedwavebreakingwhentheflowwasinthedirection

ofthewavesatcurrentmaximum.Thisperiodwascharacter-

izedbywindsmostlybelow10ms21andasteadypropagation

ofswellfromthewest(Figs.5a,c).Likewise,inthebeginningof

January2019,waveswouldalsobreakwhenpropagatinginthe

directionofthecurrentduringcurrentmaxima(seebetween

FIG.6.Timeseriesofaltimeterechoburst(AB)andwaveenergyspectrumduringthestudyperiodsfromtheADCPmeasurements.

(a),(b)ABinverseechosoundersignalfromtheADCP.(c),(d)ThewaveenergyspectrumfromDecember2018andJanuary2019,

respectively.Theredandblueareasapproximatelyshowthephasesofarisingtide(RT)andafallingtide(FT),respectively.Atthe

locationoftheADCP,thecurrentsshiftdirectionfromeastwardtowestwardduringRT.DuringFT,thecurrentsshiftdirectionfrom

westwardtoeastward.RTisalsocharacterizedwithmaximumcurrentspeedwhichcorrespondswiththespikesintheABsignaldur-

ingRT.

FIG.7.Timeseriesofwaveandcurrentpropertiesforthetwostudyperiods.(a),(e)Relativewaveconvergence,Rwc,dw,computedfrom

theoceanmodel.(b),(f)Altimeterechoburst(AB)datafromADCP.(c),(g)VerticalprofileofcurrentspeedfromADCPandthesea

surfacefrombottompressuremeasurements.(d),(h)Projectedwaveandcurrentdirectionwherevalues1,0,and21denotesame,

orthogonal,andoppositedirectionforwavepropagationandcurrents,respectively.Verticalgraybarsindicateperiodsofmaxcurrent

speedsattherisingtide.
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currentspeedshowsanalmostuniformverticalprofile,con-

firmingtheassumptionofpredominantlybarotropicconditions

inEq.(9).
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thedirectionsareprojectedontooneanother,withvaluesof

unityindicatingthatthecurrentisheadedinthemeanwave

propagationdirectionandgoingagainstfornegativevalues.In

December2018(leftpanel,Fig.7),wefoundrepeatedevents
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between bubble depth and the M1, S1, and S2 tidal frequencies,

and in particular the M2 constituent. The inertial frequency is

close to the M2 frequency in the Lofoten area. All these events

happened at a rising tide, which means that the tidal flow was

directed eastward into Vestfjorden (right panels, Fig. 9). The

current speed shows an almost uniform vertical profile, con-

firming the assumption of predominantly barotropic conditions

in Eq. (9).

The degree of alignment between the Eulerian current

and mean wave direction is shown in Figs. 7d and 7h. Here,

the directions are projected on to one another, with values of

unity indicating that the current is headed in the mean wave

propagation direction and going against for negative values. In

December 2018 (left panel, Fig. 7), we found repeated events

of enhanced wave breaking when the flow was in the direction

of the waves at current maximum. This period was character-

ized by winds mostly below 10m s
21

and a steady propagation

of swell from the west (Figs. 5a,c). Likewise, in the beginning of

January 2019, waves would also break when propagating in the

direction of the current during current maxima (see between

FIG. 6. Time series of altimeter echo burst (AB) and wave energy spectrum during the study periods from the ADCP measurements.

(a),(b) AB inverse echo sounder signal from the ADCP. (c),(d) The wave energy spectrum from December 2018 and January 2019,

respectively. The red and blue areas approximately show the phases of a rising tide (RT) and a falling tide (FT), respectively. At the

location of the ADCP, the currents shift direction from eastward to westward during RT. During FT, the currents shift direction from

westward to eastward. RT is also characterized with maximum current speed which corresponds with the spikes in the AB signal dur-

ing RT.

FIG. 7. Time series of wave and current properties for the two study periods. (a),(e) Relative wave convergence,Rwc,dw, computed from

the ocean model. (b),(f) Altimeter echo burst (AB) data from ADCP. (c),(g) Vertical profile of current speed from ADCP and the sea

surface from bottom pressure measurements. (d),(h) Projected wave and current direction where values 1, 0, and 21 denote same,

orthogonal, and opposite direction for wave propagation and currents, respectively. Vertical gray bars indicate periods of max current

speeds at the rising tide.
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betweenbubbledepthandtheM1,S1,andS2tidalfrequencies,

andinparticulartheM2constituent.Theinertialfrequencyis

closetotheM2frequencyintheLofotenarea.Alltheseevents

happenedatarisingtide,whichmeansthatthetidalflowwas

directedeastwardintoVestfjorden(rightpanels,Fig.9).The

currentspeedshowsanalmostuniformverticalprofile,con-

firmingtheassumptionofpredominantlybarotropicconditions

inEq.(9).

ThedegreeofalignmentbetweentheEuleriancurrent

andmeanwavedirectionisshowninFigs.7dand7h.Here,

thedirectionsareprojectedontooneanother,withvaluesof

unityindicatingthatthecurrentisheadedinthemeanwave

propagationdirectionandgoingagainstfornegativevalues.In

December2018(leftpanel,Fig.7),wefoundrepeatedevents

ofenhancedwavebreakingwhentheflowwasinthedirection

ofthewavesatcurrentmaximum.Thisperiodwascharacter-

izedbywindsmostlybelow10ms
21

andasteadypropagation

ofswellfromthewest(Figs.5a,c).Likewise,inthebeginningof

January2019,waveswouldalsobreakwhenpropagatinginthe

directionofthecurrentduringcurrentmaxima(seebetween

FIG.6.Timeseriesofaltimeterechoburst(AB)andwaveenergyspectrumduringthestudyperiodsfromtheADCPmeasurements.

(a),(b)ABinverseechosoundersignalfromtheADCP.(c),(d)ThewaveenergyspectrumfromDecember2018andJanuary2019,

respectively.Theredandblueareasapproximatelyshowthephasesofarisingtide(RT)andafallingtide(FT),respectively.Atthe

locationoftheADCP,thecurrentsshiftdirectionfromeastwardtowestwardduringRT.DuringFT,thecurrentsshiftdirectionfrom

westwardtoeastward.RTisalsocharacterizedwithmaximumcurrentspeedwhichcorrespondswiththespikesintheABsignaldur-

ingRT.

FIG.7.Timeseriesofwaveandcurrentpropertiesforthetwostudyperiods.(a),(e)Relativewaveconvergence,Rwc,dw,computedfrom

theoceanmodel.(b),(f)Altimeterechoburst(AB)datafromADCP.(c),(g)VerticalprofileofcurrentspeedfromADCPandthesea

surfacefrombottompressuremeasurements.(d),(h)Projectedwaveandcurrentdirectionwherevalues1,0,and21denotesame,

orthogonal,andoppositedirectionforwavepropagationandcurrents,respectively.Verticalgraybarsindicateperiodsofmaxcurrent

speedsattherisingtide.
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0000 UTC 22 January and 1200 UTC 23 January in Figs. 7f–h).

When the wind turned northwesterly and ramped up (around

0300 UTC 23 January, Fig. 5b), we ultimately observe a shift to

higher frequencies in thewave energy spectrum (Fig. 6d).We also

observe a general increase in wave breaking, mostly before and

during current maxima (see between 1200 UTC 23 January and

0000 UTC 24 January in Figs. 7f,g). From 1200 UTC 24 January

and out, the waves were opposing the current to a larger degree,

including current during maxima (see 1200 UTC 25 January in

Figs. 7f,h). This periodwas also characterizedwith enhancedwave

breaking, still containing spikes around the current maxima.

d. Moskstraumen from ocean model, satellite observations,

and ADCP

Figure 9 illustrates the sea surface signature ofMoskstraumen

at falling and rising tides. A falling tide is characterized by white

narrow bands forming plume-like structures west of Lofoten in the

optical S2 image (bottom left), and a wider white shaded area in the

FIG. 8. Power spectral density of approximate bubble depth (black line) during spring

tide situations from the ADCP measurements. The black shaded region around the PSD

denotes the 95% confidence limit. The spectral representation shows increased wave

breaking, which coincides with the frequency of the tidal constituents, in particular M2,

S2, and the inertial. These frequencies correspond to the maximum current speed in

Moskstraumen. The synoptic-scale variations in U10 coincide with wave breaking from

zero up to approximately 0.75 cycles per day as seen in Fig. 4c.

FIG. 9. Satellite and ocean model representation of Moskstraumen. Satellite imagery of

Moskstraumen at (left) a falling tide and (right) a rising tide with modeled ocean surface

currents overlaid. The satellite images in the top and bottom panels are from the Copernicus

Sentinel-1 and Sentinel-2 missions, respectively. The magenta dot indicates the position of the

bottom-mounted ADCP. The dates of the events are denoted in each of the images. The image

in the top-right panel was taken during the ADCP deployment. The time difference between

satellite acquisition and model time was within 30min for all the cases.
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0000UTC22Januaryand1200UTC23JanuaryinFigs.7f–h).

Whenthewindturnednorthwesterlyandrampedup(around

0300UTC23January,Fig.5b),weultimatelyobserveashiftto

higherfrequenciesinthewaveenergyspectrum(Fig.6d).Wealso

observeageneralincreaseinwavebreaking,mostlybeforeand

duringcurrentmaxima(seebetween1200UTC23Januaryand

0000UTC24JanuaryinFigs.7f,g).From1200UTC24January

andout,thewaveswereopposingthecurrenttoalargerdegree,

includingcurrentduringmaxima(see1200UTC25Januaryin

Figs.7f,h).Thisperiodwasalsocharacterizedwithenhancedwave

breaking,stillcontainingspikesaroundthecurrentmaxima.

d.Moskstraumenfromoceanmodel,satelliteobservations,

andADCP

Figure9illustratestheseasurfacesignatureofMoskstraumen

atfallingandrisingtides.Afallingtideischaracterizedbywhite

narrowbandsformingplume-likestructureswestofLofoteninthe

opticalS2image(bottomleft),andawiderwhiteshadedareainthe

FIG.8.Powerspectraldensityofapproximatebubbledepth(blackline)duringspring

tidesituationsfromtheADCPmeasurements.TheblackshadedregionaroundthePSD

denotesthe95%confidencelimit.Thespectralrepresentationshowsincreasedwave

breaking,whichcoincideswiththefrequencyofthetidalconstituents,inparticularM2,

S2,andtheinertial.Thesefrequenciescorrespondtothemaximumcurrentspeedin

Moskstraumen.Thesynoptic-scalevariationsinU10coincidewithwavebreakingfrom

zerouptoapproximately0.75cyclesperdayasseeninFig.4c.

FIG.9.SatelliteandoceanmodelrepresentationofMoskstraumen.Satelliteimageryof

Moskstraumenat(left)afallingtideand(right)arisingtidewithmodeledoceansurface

currentsoverlaid.ThesatelliteimagesinthetopandbottompanelsarefromtheCopernicus

Sentinel-1andSentinel-2missions,respectively.Themagentadotindicatesthepositionofthe

bottom-mountedADCP.Thedatesoftheeventsaredenotedineachoftheimages.Theimage

inthetop-rightpanelwastakenduringtheADCPdeployment.Thetimedifferencebetween

satelliteacquisitionandmodeltimewaswithin30minforallthecases.
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S1 SAR image (top left), both indicating zones of wave breaking

(Kudryavtsev et al. 2005, 2017). The situations during a rising tide

(right panels in Fig. 9) shows similar structures, but now the tidal

current flow into Vestfjorden. We have overlaid the modeled sur-

face currents on the satellite images in Fig. 9. The horizontal struc-

ture of the tidal flow appears to be well represented by the model.

Figure 10 compares the modeled ocean current with the

ADCP measurements. The modeled currents were interpo-

lated to the measurement location and the ADCP measure-

ments were linearly interpolated to the temporal resolution of

themodel. Despite an overall satisfactory agreement between the

two, there were differences in both the gradients of the current

direction (i.e., the turning rate) and the phase. This is unsurprising

given a model resolution of 800m. The difference in time and

direction was generally less than 2h and 908, respectively.
In Eq. (14), we are primarily interested in the duration of

the periods of positive and negative relative wave conver-

gence, and not necessarily the magnitude. These periods were

estimated to last 4–5 h (Fig. 7). Hence, the discrepancies in

terms of the direction and its phase between the model and

the ADCP data were within the limits which we considered to

be satisfactory for the time scales considered here.

e. Current gradients

Themodeled horizontal current divergence, d5 ›u/›x1 ›y/›y,

and the vertical vorticity z5 ›y/›x2 ›u/›ywere computed for the

area surrounding Lofoten. An example during a rising tide is

shown in Fig. 11, where the divergence and vorticity are normal-

ized by the inertial orCoriolis frequency f.During all the rising tide

situations in the two study periods, the location and horizontal

extent of the divergent and convergent areas in the Moskenes

Sound were consistent with what is shown in Figs. 11d and 11e.

That is, the tidal current formed two eddies, the northernmost

located just east of the Lofoten peninsula, rotating counterclock-

wise, and the southernmost just east ofMosken, rotating clockwise

(see the relative vorticity plot in Fig. 11e). As the current turned

with the tide, the northernmost eddy disappeared while the

southernmost eddywas advected out of theMoskstraumenbranch

before dissipating inVestfjorden (not shown). Themain structures

inMoskstraumen resolved by the oceanmodel during a rising tide

are in accordance with earlier studies by Lynge (2011).

Recent studies show that the current’s vertical vorticity plays a

key role inmodifying several properties of thewave field like peak

period, direction and significant wave height (e.g., Gallet and

Young 2014; Quilfen et al. 2018; Quilfen and Chapron 2019). In

idealized experiments, Villas Bôas et al. (2020) showed that re-

fractionwas themainmechanism leading to gradients in significant

wave height, and that the effect of divergence was significantly

smaller, even when adding an energetic divergent flow to a purely

rotational one. Moreover, Villas Bôas and Young (2020) derived

an expression for wave action diffusivity showing that the diffu-

sivity was only a function of the rotational part of the current to

first order. This is in accordance with the result showing that the

curvature of a wave ray can be computed from the ratio between

the vorticity and the group velocity

x
rc
5 z/c

g
, (15)

assuming dcu 5 juj/cg is small. The term xrc is the wave ray

curvature (m21) (Kenyon 1971; Dysthe 2001).

In the area west and southwest of the Moskenes Sound, there

were several regionswith z of the sameorder as f, as seen inFig. 11b.

This was the case for both the study periods (not shown). The lo-

cation of these regions varies with the flow and was in general ad-

vected northward by the Norwegian coastal current. To investigate

the impact from current-induced refraction, we performed a simple

ray-tracing analysis solving Eqs. (6)–(8) numerically. Figure 12a

show the effect of refraction for an in incoming 7 s period long

crested wave when exposed to the current field in Fig. 11c. The

initial wave propagating direction ain,0 was chosen according to

values from the spectral wave model. In this case the Moskenes

Sound was subject to diverging wave rays. Wave ray paths are,

however, sensitive to their initial direction as well as to the location

of areas with strong z (Masson 1996). To assess the sensitivity with

respect to the initial propagation direction, we computed thewave

ray density from perturbing the incoming wave direction, which

we denote ain,0. The area in Fig. 12a was further divided into grid

boxes with size 5 times the grid resolution of the ocean model,

FIG. 10. Time series comparing the ocean current direction between the oceanmodel and theADCPmeasurements

for the two study periods. N, E, S, andW denote north, east, south, and west, respectively. The red line shows output

from the ocean model interpolated to the location of the ADCP. The blue line shows the ADCP measurements

interpolated to the temporal resolution of the ocean model. Direction here denotes where the current is heading to.
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S1SARimage(topleft),bothindicatingzonesofwavebreaking

(Kudryavtsevetal.2005,2017).Thesituationsduringarisingtide

(rightpanelsinFig.9)showssimilarstructures,butnowthetidal

currentflowintoVestfjorden.Wehaveoverlaidthemodeledsur-

facecurrentsonthesatelliteimagesinFig.9.Thehorizontalstruc-

tureofthetidalflowappearstobewellrepresentedbythemodel.

Figure10comparesthemodeledoceancurrentwiththe

ADCPmeasurements.Themodeledcurrentswereinterpo-

latedtothemeasurementlocationandtheADCPmeasure-

mentswerelinearlyinterpolatedtothetemporalresolutionof

themodel.Despiteanoverallsatisfactoryagreementbetweenthe

two,thereweredifferencesinboththegradientsofthecurrent

direction(i.e.,theturningrate)andthephase.Thisisunsurprising

givenamodelresolutionof800m.Thedifferenceintimeand

directionwasgenerallylessthan2hand908,respectively.
InEq.(14),weareprimarilyinterestedinthedurationof

theperiodsofpositiveandnegativerelativewaveconver-

gence,andnotnecessarilythemagnitude.Theseperiodswere

estimatedtolast4–5h(Fig.7).Hence,thediscrepanciesin

termsofthedirectionanditsphasebetweenthemodeland

theADCPdatawerewithinthelimitswhichweconsideredto

besatisfactoryforthetimescalesconsideredhere.

e.Currentgradients

Themodeledhorizontalcurrentdivergence,d5›u/›x1›y/›y,

andtheverticalvorticityz5›y/›x2›u/›ywerecomputedforthe

areasurroundingLofoten.Anexampleduringarisingtideis

showninFig.11,wherethedivergenceandvorticityarenormal-

izedbytheinertialorCoriolisfrequencyf.Duringalltherisingtide

situationsinthetwostudyperiods,thelocationandhorizontal

extentofthedivergentandconvergentareasintheMoskenes

SoundwereconsistentwithwhatisshowninFigs.11dand11e.

Thatis,thetidalcurrentformedtwoeddies,thenorthernmost

locatedjusteastoftheLofotenpeninsula,rotatingcounterclock-

wise,andthesouthernmostjusteastofMosken,rotatingclockwise

(seetherelativevorticityplotinFig.11e).Asthecurrentturned

withthetide,thenorthernmosteddydisappearedwhilethe

southernmosteddywasadvectedoutoftheMoskstraumenbranch

beforedissipatinginVestfjorden(notshown).Themainstructures

inMoskstraumenresolvedbytheoceanmodelduringarisingtide

areinaccordancewithearlierstudiesbyLynge(2011).

Recentstudiesshowthatthecurrent’sverticalvorticityplaysa

keyroleinmodifyingseveralpropertiesofthewavefieldlikepeak

period,directionandsignificantwaveheight(e.g.,Galletand

Young2014;Quilfenetal.2018;QuilfenandChapron2019).In

idealizedexperiments,VillasBôasetal.(2020)showedthatre-

fractionwasthemainmechanismleadingtogradientsinsignificant

waveheight,andthattheeffectofdivergencewassignificantly

smaller,evenwhenaddinganenergeticdivergentflowtoapurely

rotationalone.Moreover,VillasBôasandYoung(2020)derived

anexpressionforwaveactiondiffusivityshowingthatthediffu-

sivitywasonlyafunctionoftherotationalpartofthecurrentto

firstorder.Thisisinaccordancewiththeresultshowingthatthe

curvatureofawaveraycanbecomputedfromtheratiobetween

thevorticityandthegroupvelocity

x
rc

5z/c
g
,(15)

assumingdcu5juj/cgissmall.Thetermxrcisthewaveray

curvature(m21)(Kenyon1971;Dysthe2001).

IntheareawestandsouthwestoftheMoskenesSound,there

wereseveralregionswithzofthesameorderasf,asseeninFig.11b.

Thiswasthecaseforboththestudyperiods(notshown).Thelo-

cationoftheseregionsvarieswiththeflowandwasingeneralad-

vectednorthwardbytheNorwegiancoastalcurrent.Toinvestigate

theimpactfromcurrent-inducedrefraction,weperformedasimple

ray-tracinganalysissolvingEqs.(6)–(8)numerically.Figure12a

showtheeffectofrefractionforaninincoming7speriodlong

crestedwavewhenexposedtothecurrentfieldinFig.11c.The

initialwavepropagatingdirectionain,0waschosenaccordingto

valuesfromthespectralwavemodel.InthiscasetheMoskenes

Soundwassubjecttodivergingwaverays.Waveraypathsare,

however,sensitivetotheirinitialdirectionaswellastothelocation

ofareaswithstrongz(Masson1996).Toassessthesensitivitywith

respecttotheinitialpropagationdirection,wecomputedthewave

raydensityfromperturbingtheincomingwavedirection,which

wedenoteain,0.TheareainFig.12awasfurtherdividedintogrid

boxeswithsize5timesthegridresolutionoftheoceanmodel,

FIG.10.TimeseriescomparingtheoceancurrentdirectionbetweentheoceanmodelandtheADCPmeasurements

forthetwostudyperiods.N,E,S,andWdenotenorth,east,south,andwest,respectively.Theredlineshowsoutput

fromtheoceanmodelinterpolatedtothelocationoftheADCP.ThebluelineshowstheADCPmeasurements

interpolatedtothetemporalresolutionoftheoceanmodel.Directionheredenoteswherethecurrentisheadingto.
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located just east of the Lofoten peninsula, rotating counterclock-

wise, and the southernmost just east ofMosken, rotating clockwise

(see the relative vorticity plot in Fig. 11e). As the current turned

with the tide, the northernmost eddy disappeared while the

southernmost eddywas advected out of theMoskstraumenbranch

before dissipating inVestfjorden (not shown). Themain structures

inMoskstraumen resolved by the oceanmodel during a rising tide

are in accordance with earlier studies by Lynge (2011).

Recent studies show that the current’s vertical vorticity plays a

key role inmodifying several properties of thewave field like peak

period, direction and significant wave height (e.g., Gallet and

Young 2014; Quilfen et al. 2018; Quilfen and Chapron 2019). In

idealized experiments, Villas Bôas et al. (2020) showed that re-
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curvature (m
21
) (Kenyon 1971; Dysthe 2001).

In the area west and southwest of the Moskenes Sound, there

were several regionswith z of the sameorder as f, as seen inFig. 11b.

This was the case for both the study periods (not shown). The lo-

cation of these regions varies with the flow and was in general ad-

vected northward by the Norwegian coastal current. To investigate

the impact from current-induced refraction, we performed a simple

ray-tracing analysis solving Eqs. (6)–(8) numerically. Figure 12a

show the effect of refraction for an in incoming 7 s period long

crested wave when exposed to the current field in Fig. 11c. The

initial wave propagating direction ain,0 was chosen according to

values from the spectral wave model. In this case the Moskenes

Sound was subject to diverging wave rays. Wave ray paths are,

however, sensitive to their initial direction as well as to the location

of areas with strong z (Masson 1996). To assess the sensitivity with

respect to the initial propagation direction, we computed thewave

ray density from perturbing the incoming wave direction, which

we denote ain,0. The area in Fig. 12a was further divided into grid

boxes with size 5 times the grid resolution of the ocean model,

FIG. 10. Time series comparing the ocean current direction between the oceanmodel and theADCPmeasurements

for the two study periods. N, E, S, andW denote north, east, south, and west, respectively. The red line shows output

from the ocean model interpolated to the location of the ADCP. The blue line shows the ADCP measurements

interpolated to the temporal resolution of the ocean model. Direction here denotes where the current is heading to.
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(right panels in Fig. 9) shows similar structures, but now the tidal

current flow into Vestfjorden. We have overlaid the modeled sur-

face currents on the satellite images in Fig. 9. The horizontal struc-
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rotational one. Moreover, Villas Bôas and Young (2020) derived

an expression for wave action diffusivity showing that the diffu-

sivity was only a function of the rotational part of the current to

first order. This is in accordance with the result showing that the

curvature of a wave ray can be computed from the ratio between

the vorticity and the group velocity

xrc 5 z/cg , (15)

assuming dcu 5 juj/cg is small. The term xrc is the wave ray

curvature (m
21
) (Kenyon 1971; Dysthe 2001).

In the area west and southwest of the Moskenes Sound, there

were several regionswith z of the sameorder as f, as seen inFig. 11b.

This was the case for both the study periods (not shown). The lo-

cation of these regions varies with the flow and was in general ad-

vected northward by the Norwegian coastal current. To investigate

the impact from current-induced refraction, we performed a simple

ray-tracing analysis solving Eqs. (6)–(8) numerically. Figure 12a

show the effect of refraction for an in incoming 7 s period long

crested wave when exposed to the current field in Fig. 11c. The

initial wave propagating direction ain,0 was chosen according to

values from the spectral wave model. In this case the Moskenes

Sound was subject to diverging wave rays. Wave ray paths are,

however, sensitive to their initial direction as well as to the location

of areas with strong z (Masson 1996). To assess the sensitivity with

respect to the initial propagation direction, we computed thewave

ray density from perturbing the incoming wave direction, which

we denote ain,0. The area in Fig. 12a was further divided into grid

boxes with size 5 times the grid resolution of the ocean model,

FIG. 10. Time series comparing the ocean current direction between the oceanmodel and theADCPmeasurements

for the two study periods. N, E, S, andW denote north, east, south, and west, respectively. The red line shows output

from the ocean model interpolated to the location of the ADCP. The blue line shows the ADCP measurements

interpolated to the temporal resolution of the ocean model. Direction here denotes where the current is heading to.
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S1SARimage(topleft),bothindicatingzonesofwavebreaking

(Kudryavtsevetal.2005,2017).Thesituationsduringarisingtide

(rightpanelsinFig.9)showssimilarstructures,butnowthetidal

currentflowintoVestfjorden.Wehaveoverlaidthemodeledsur-

facecurrentsonthesatelliteimagesinFig.9.Thehorizontalstruc-

tureofthetidalflowappearstobewellrepresentedbythemodel.

Figure10comparesthemodeledoceancurrentwiththe

ADCPmeasurements.Themodeledcurrentswereinterpo-

latedtothemeasurementlocationandtheADCPmeasure-

mentswerelinearlyinterpolatedtothetemporalresolutionof

themodel.Despiteanoverallsatisfactoryagreementbetweenthe

two,thereweredifferencesinboththegradientsofthecurrent

direction(i.e.,theturningrate)andthephase.Thisisunsurprising

givenamodelresolutionof800m.Thedifferenceintimeand

directionwasgenerallylessthan2hand908,respectively.
InEq.(14),weareprimarilyinterestedinthedurationof

theperiodsofpositiveandnegativerelativewaveconver-

gence,andnotnecessarilythemagnitude.Theseperiodswere

estimatedtolast4–5h(Fig.7).Hence,thediscrepanciesin

termsofthedirectionanditsphasebetweenthemodeland

theADCPdatawerewithinthelimitswhichweconsideredto

besatisfactoryforthetimescalesconsideredhere.

e.Currentgradients

Themodeledhorizontalcurrentdivergence,d5›u/›x1›y/›y,

andtheverticalvorticityz5›y/›x2›u/›ywerecomputedforthe

areasurroundingLofoten.Anexampleduringarisingtideis

showninFig.11,wherethedivergenceandvorticityarenormal-

izedbytheinertialorCoriolisfrequencyf.Duringalltherisingtide

situationsinthetwostudyperiods,thelocationandhorizontal

extentofthedivergentandconvergentareasintheMoskenes

SoundwereconsistentwithwhatisshowninFigs.11dand11e.

Thatis,thetidalcurrentformedtwoeddies,thenorthernmost

locatedjusteastoftheLofotenpeninsula,rotatingcounterclock-

wise,andthesouthernmostjusteastofMosken,rotatingclockwise

(seetherelativevorticityplotinFig.11e).Asthecurrentturned

withthetide,thenorthernmosteddydisappearedwhilethe

southernmosteddywasadvectedoutoftheMoskstraumenbranch

beforedissipatinginVestfjorden(notshown).Themainstructures

inMoskstraumenresolvedbytheoceanmodelduringarisingtide

areinaccordancewithearlierstudiesbyLynge(2011).

Recentstudiesshowthatthecurrent’sverticalvorticityplaysa

keyroleinmodifyingseveralpropertiesofthewavefieldlikepeak

period,directionandsignificantwaveheight(e.g.,Galletand

Young2014;Quilfenetal.2018;QuilfenandChapron2019).In

idealizedexperiments,VillasBôasetal.(2020)showedthatre-

fractionwasthemainmechanismleadingtogradientsinsignificant

waveheight,andthattheeffectofdivergencewassignificantly

smaller,evenwhenaddinganenergeticdivergentflowtoapurely

rotationalone.Moreover,VillasBôasandYoung(2020)derived

anexpressionforwaveactiondiffusivityshowingthatthediffu-

sivitywasonlyafunctionoftherotationalpartofthecurrentto

firstorder.Thisisinaccordancewiththeresultshowingthatthe

curvatureofawaveraycanbecomputedfromtheratiobetween

thevorticityandthegroupvelocity

xrc5z/cg,(15)

assumingdcu5juj/cgissmall.Thetermxrcisthewaveray

curvature(m
21
)(Kenyon1971;Dysthe2001).

IntheareawestandsouthwestoftheMoskenesSound,there

wereseveralregionswithzofthesameorderasf,asseeninFig.11b.

Thiswasthecaseforboththestudyperiods(notshown).Thelo-

cationoftheseregionsvarieswiththeflowandwasingeneralad-

vectednorthwardbytheNorwegiancoastalcurrent.Toinvestigate

theimpactfromcurrent-inducedrefraction,weperformedasimple

ray-tracinganalysissolvingEqs.(6)–(8)numerically.Figure12a

showtheeffectofrefractionforaninincoming7speriodlong

crestedwavewhenexposedtothecurrentfieldinFig.11c.The

initialwavepropagatingdirectionain,0waschosenaccordingto

valuesfromthespectralwavemodel.InthiscasetheMoskenes

Soundwassubjecttodivergingwaverays.Waveraypathsare,

however,sensitivetotheirinitialdirectionaswellastothelocation

ofareaswithstrongz(Masson1996).Toassessthesensitivitywith

respecttotheinitialpropagationdirection,wecomputedthewave

raydensityfromperturbingtheincomingwavedirection,which

wedenoteain,0.TheareainFig.12awasfurtherdividedintogrid

boxeswithsize5timesthegridresolutionoftheoceanmodel,

FIG.10.TimeseriescomparingtheoceancurrentdirectionbetweentheoceanmodelandtheADCPmeasurements

forthetwostudyperiods.N,E,S,andWdenotenorth,east,south,andwest,respectively.Theredlineshowsoutput

fromtheoceanmodelinterpolatedtothelocationoftheADCP.ThebluelineshowstheADCPmeasurements

interpolatedtothetemporalresolutionoftheoceanmodel.Directionheredenoteswherethecurrentisheadingto.
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S1SARimage(topleft),bothindicatingzonesofwavebreaking

(Kudryavtsevetal.2005,2017).Thesituationsduringarisingtide

(rightpanelsinFig.9)showssimilarstructures,butnowthetidal

currentflowintoVestfjorden.Wehaveoverlaidthemodeledsur-

facecurrentsonthesatelliteimagesinFig.9.Thehorizontalstruc-

tureofthetidalflowappearstobewellrepresentedbythemodel.

Figure10comparesthemodeledoceancurrentwiththe

ADCPmeasurements.Themodeledcurrentswereinterpo-

latedtothemeasurementlocationandtheADCPmeasure-

mentswerelinearlyinterpolatedtothetemporalresolutionof

themodel.Despiteanoverallsatisfactoryagreementbetweenthe

two,thereweredifferencesinboththegradientsofthecurrent

direction(i.e.,theturningrate)andthephase.Thisisunsurprising

givenamodelresolutionof800m.Thedifferenceintimeand

directionwasgenerallylessthan2hand908,respectively.
InEq.(14),weareprimarilyinterestedinthedurationof

theperiodsofpositiveandnegativerelativewaveconver-

gence,andnotnecessarilythemagnitude.Theseperiodswere

estimatedtolast4–5h(Fig.7).Hence,thediscrepanciesin

termsofthedirectionanditsphasebetweenthemodeland

theADCPdatawerewithinthelimitswhichweconsideredto

besatisfactoryforthetimescalesconsideredhere.

e.Currentgradients

Themodeledhorizontalcurrentdivergence,d5›u/›x1›y/›y,

andtheverticalvorticityz5›y/›x2›u/›ywerecomputedforthe

areasurroundingLofoten.Anexampleduringarisingtideis

showninFig.11,wherethedivergenceandvorticityarenormal-

izedbytheinertialorCoriolisfrequencyf.Duringalltherisingtide

situationsinthetwostudyperiods,thelocationandhorizontal

extentofthedivergentandconvergentareasintheMoskenes

SoundwereconsistentwithwhatisshowninFigs.11dand11e.

Thatis,thetidalcurrentformedtwoeddies,thenorthernmost

locatedjusteastoftheLofotenpeninsula,rotatingcounterclock-

wise,andthesouthernmostjusteastofMosken,rotatingclockwise

(seetherelativevorticityplotinFig.11e).Asthecurrentturned

withthetide,thenorthernmosteddydisappearedwhilethe

southernmosteddywasadvectedoutoftheMoskstraumenbranch

beforedissipatinginVestfjorden(notshown).Themainstructures

inMoskstraumenresolvedbytheoceanmodelduringarisingtide

areinaccordancewithearlierstudiesbyLynge(2011).

Recentstudiesshowthatthecurrent’sverticalvorticityplaysa

keyroleinmodifyingseveralpropertiesofthewavefieldlikepeak

period,directionandsignificantwaveheight(e.g.,Galletand

Young2014;Quilfenetal.2018;QuilfenandChapron2019).In

idealizedexperiments,VillasBôasetal.(2020)showedthatre-

fractionwasthemainmechanismleadingtogradientsinsignificant

waveheight,andthattheeffectofdivergencewassignificantly

smaller,evenwhenaddinganenergeticdivergentflowtoapurely

rotationalone.Moreover,VillasBôasandYoung(2020)derived

anexpressionforwaveactiondiffusivityshowingthatthediffu-

sivitywasonlyafunctionoftherotationalpartofthecurrentto

firstorder.Thisisinaccordancewiththeresultshowingthatthe

curvatureofawaveraycanbecomputedfromtheratiobetween

thevorticityandthegroupvelocity

xrc5z/cg,(15)

assumingdcu5juj/cgissmall.Thetermxrcisthewaveray

curvature(m
21
)(Kenyon1971;Dysthe2001).

IntheareawestandsouthwestoftheMoskenesSound,there

wereseveralregionswithzofthesameorderasf,asseeninFig.11b.

Thiswasthecaseforboththestudyperiods(notshown).Thelo-

cationoftheseregionsvarieswiththeflowandwasingeneralad-

vectednorthwardbytheNorwegiancoastalcurrent.Toinvestigate

theimpactfromcurrent-inducedrefraction,weperformedasimple

ray-tracinganalysissolvingEqs.(6)–(8)numerically.Figure12a

showtheeffectofrefractionforaninincoming7speriodlong

crestedwavewhenexposedtothecurrentfieldinFig.11c.The

initialwavepropagatingdirectionain,0waschosenaccordingto

valuesfromthespectralwavemodel.InthiscasetheMoskenes

Soundwassubjecttodivergingwaverays.Waveraypathsare,

however,sensitivetotheirinitialdirectionaswellastothelocation

ofareaswithstrongz(Masson1996).Toassessthesensitivitywith

respecttotheinitialpropagationdirection,wecomputedthewave

raydensityfromperturbingtheincomingwavedirection,which

wedenoteain,0.TheareainFig.12awasfurtherdividedintogrid

boxeswithsize5timesthegridresolutionoftheoceanmodel,

FIG.10.TimeseriescomparingtheoceancurrentdirectionbetweentheoceanmodelandtheADCPmeasurements

forthetwostudyperiods.N,E,S,andWdenotenorth,east,south,andwest,respectively.Theredlineshowsoutput

fromtheoceanmodelinterpolatedtothelocationoftheADCP.ThebluelineshowstheADCPmeasurements

interpolatedtothetemporalresolutionoftheoceanmodel.Directionheredenoteswherethecurrentisheadingto.
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S1SARimage(topleft),bothindicatingzonesofwavebreaking

(Kudryavtsevetal.2005,2017).Thesituationsduringarisingtide

(rightpanelsinFig.9)showssimilarstructures,butnowthetidal

currentflowintoVestfjorden.Wehaveoverlaidthemodeledsur-

facecurrentsonthesatelliteimagesinFig.9.Thehorizontalstruc-

tureofthetidalflowappearstobewellrepresentedbythemodel.

Figure10comparesthemodeledoceancurrentwiththe

ADCPmeasurements.Themodeledcurrentswereinterpo-

latedtothemeasurementlocationandtheADCPmeasure-

mentswerelinearlyinterpolatedtothetemporalresolutionof

themodel.Despiteanoverallsatisfactoryagreementbetweenthe

two,thereweredifferencesinboththegradientsofthecurrent

direction(i.e.,theturningrate)andthephase.Thisisunsurprising

givenamodelresolutionof800m.Thedifferenceintimeand

directionwasgenerallylessthan2hand908,respectively.
InEq.(14),weareprimarilyinterestedinthedurationof

theperiodsofpositiveandnegativerelativewaveconver-

gence,andnotnecessarilythemagnitude.Theseperiodswere

estimatedtolast4–5h(Fig.7).Hence,thediscrepanciesin

termsofthedirectionanditsphasebetweenthemodeland

theADCPdatawerewithinthelimitswhichweconsideredto

besatisfactoryforthetimescalesconsideredhere.

e.Currentgradients

Themodeledhorizontalcurrentdivergence,d5›u/›x1›y/›y,

andtheverticalvorticityz5›y/›x2›u/›ywerecomputedforthe

areasurroundingLofoten.Anexampleduringarisingtideis

showninFig.11,wherethedivergenceandvorticityarenormal-

izedbytheinertialorCoriolisfrequencyf.Duringalltherisingtide

situationsinthetwostudyperiods,thelocationandhorizontal

extentofthedivergentandconvergentareasintheMoskenes

SoundwereconsistentwithwhatisshowninFigs.11dand11e.

Thatis,thetidalcurrentformedtwoeddies,thenorthernmost

locatedjusteastoftheLofotenpeninsula,rotatingcounterclock-

wise,andthesouthernmostjusteastofMosken,rotatingclockwise

(seetherelativevorticityplotinFig.11e).Asthecurrentturned

withthetide,thenorthernmosteddydisappearedwhilethe

southernmosteddywasadvectedoutoftheMoskstraumenbranch

beforedissipatinginVestfjorden(notshown).Themainstructures

inMoskstraumenresolvedbytheoceanmodelduringarisingtide

areinaccordancewithearlierstudiesbyLynge(2011).

Recentstudiesshowthatthecurrent’sverticalvorticityplaysa

keyroleinmodifyingseveralpropertiesofthewavefieldlikepeak

period,directionandsignificantwaveheight(e.g.,Galletand

Young2014;Quilfenetal.2018;QuilfenandChapron2019).In

idealizedexperiments,VillasBôasetal.(2020)showedthatre-

fractionwasthemainmechanismleadingtogradientsinsignificant

waveheight,andthattheeffectofdivergencewassignificantly

smaller,evenwhenaddinganenergeticdivergentflowtoapurely

rotationalone.Moreover,VillasBôasandYoung(2020)derived

anexpressionforwaveactiondiffusivityshowingthatthediffu-

sivitywasonlyafunctionoftherotationalpartofthecurrentto

firstorder.Thisisinaccordancewiththeresultshowingthatthe

curvatureofawaveraycanbecomputedfromtheratiobetween

thevorticityandthegroupvelocity

xrc5z/cg,(15)

assumingdcu5juj/cgissmall.Thetermxrcisthewaveray

curvature(m
21
)(Kenyon1971;Dysthe2001).

IntheareawestandsouthwestoftheMoskenesSound,there

wereseveralregionswithzofthesameorderasf,asseeninFig.11b.

Thiswasthecaseforboththestudyperiods(notshown).Thelo-

cationoftheseregionsvarieswiththeflowandwasingeneralad-

vectednorthwardbytheNorwegiancoastalcurrent.Toinvestigate

theimpactfromcurrent-inducedrefraction,weperformedasimple

ray-tracinganalysissolvingEqs.(6)–(8)numerically.Figure12a

showtheeffectofrefractionforaninincoming7speriodlong

crestedwavewhenexposedtothecurrentfieldinFig.11c.The

initialwavepropagatingdirectionain,0waschosenaccordingto

valuesfromthespectralwavemodel.InthiscasetheMoskenes

Soundwassubjecttodivergingwaverays.Waveraypathsare,

however,sensitivetotheirinitialdirectionaswellastothelocation

ofareaswithstrongz(Masson1996).Toassessthesensitivitywith

respecttotheinitialpropagationdirection,wecomputedthewave

raydensityfromperturbingtheincomingwavedirection,which

wedenoteain,0.TheareainFig.12awasfurtherdividedintogrid

boxeswithsize5timesthegridresolutionoftheoceanmodel,

FIG.10.TimeseriescomparingtheoceancurrentdirectionbetweentheoceanmodelandtheADCPmeasurements

forthetwostudyperiods.N,E,S,andWdenotenorth,east,south,andwest,respectively.Theredlineshowsoutput

fromtheoceanmodelinterpolatedtothelocationoftheADCP.ThebluelineshowstheADCPmeasurements

interpolatedtothetemporalresolutionoftheoceanmodel.Directionheredenoteswherethecurrentisheadingto.
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directionwasgenerallylessthan2hand908,respectively.
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Thiswasthecaseforboththestudyperiods(notshown).Thelo-
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interpolatedtothetemporalresolutionoftheoceanmodel.Directionheredenoteswherethecurrentisheadingto.

3470JOURNALOFPHYSICALOCEANOGRAPHYVOLUME51

Brought to you by Meteorologisk institutt | Unauthenticated | Downloaded 02/14/24 11:45 AM UTC



for which the wave ray density was computed for each grid box.

The ray density is the ratio between the average number of wave

rays for all realizations within the grid box and the number of

incoming wave rays in the initial grid boxes, i.e., before refraction

due to currents had happened. The wave ray density could be

considered an indicator for wave energy, with dense areas having

larger energy due to crossing waves (Rapizo et al. 2014).

Figure 12b show the spatial distribution of wave ray density for

five realizations of the 7-s period wave, i.e., four 2.58 directional
increments around ain,0 including the result for ain,0. From the

computation, the Moskenes sound was not exposed to focusing

wave rays with wave ray density just below one.

f. Evolution and horizontal extent of relative wave
convergence

Temporal evolution of relative wave convergence Rwc and

z in the Moskenes Sound are presented in Fig. 13. Note that

Rwc was computedwith the x axis taken as the direction of wave

propagation as in Eq. (14), implying waves coming from west. The

areas of strong z and Rwc were collocated in space and time, in par-

ticular for the two cyclonic and anticyclonic eddies in the Moskenes

Sound described above. The extent of the area with negative Rwc

covering theADCPwas growing steadily from2000UTC22 January

(Fig. 13a) until 2200UTC 22 January (Fig. 13c), with the latter being

the timewhen enhancedwavebreaking andmaximumcurrent speed

was measured by the ADCP (Figs. 7f,g). At this point, the area had

the shape of an ellipse with minor and major axes of approximately

5km in north–south direction and 10km in east–west direction, re-

spectively. The location and extent ofRwc and z was about the same

throughout January 2019 (not shown).

5. Discussion

a. Estimating the effect of relative wave convergence

According to Eq. (14), the wave energy density is expected

to grow steadily during periods of negative wave convergence.

FIG. 11. An overview of the horizontal surface current gradients and speed at 2200UTC 22 Jan 2019 during a rising tide computed from

the ocean model showing the (a),(d) current divergence; (b),(e) vertical vorticity; and (c),(f) current velocity vectors overlaid the current

speed. Divergence and vorticity are scaled by the inertial frequency. (top) The large-scale situation and (bottom) a zoom in on the area of

interest covering the red square in (a). The yellow dot denotes the ADCP instrument location.
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forwhichthewaveraydensitywascomputedforeachgridbox.

Theraydensityistheratiobetweentheaveragenumberofwave

raysforallrealizationswithinthegridboxandthenumberof

incomingwaveraysintheinitialgridboxes,i.e.,beforerefraction

duetocurrentshadhappened.Thewaveraydensitycouldbe

consideredanindicatorforwaveenergy,withdenseareashaving

largerenergyduetocrossingwaves(Rapizoetal.2014).

Figure12bshowthespatialdistributionofwaveraydensityfor

fiverealizationsofthe7-speriodwave,i.e.,four2.58directional
incrementsaroundain,0includingtheresultforain,0.Fromthe

computation,theMoskenessoundwasnotexposedtofocusing

waverayswithwaveraydensityjustbelowone.

f.Evolutionandhorizontalextentofrelativewave
convergence

TemporalevolutionofrelativewaveconvergenceRwcand

zintheMoskenesSoundarepresentedinFig.13.Notethat

Rwcwascomputedwiththexaxistakenasthedirectionofwave

propagationasinEq.(14),implyingwavescomingfromwest.The

areasofstrongzandRwcwerecollocatedinspaceandtime,inpar-

ticularforthetwocyclonicandanticycloniceddiesintheMoskenes

Sounddescribedabove.TheextentoftheareawithnegativeRwc

coveringtheADCPwasgrowingsteadilyfrom2000UTC22January

(Fig.13a)until2200UTC22January(Fig.13c),withthelatterbeing

thetimewhenenhancedwavebreakingandmaximumcurrentspeed

wasmeasuredbytheADCP(Figs.7f,g).Atthispoint,theareahad

theshapeofanellipsewithminorandmajoraxesofapproximately

5kminnorth–southdirectionand10kmineast–westdirection,re-

spectively.ThelocationandextentofRwcandzwasaboutthesame

throughoutJanuary2019(notshown).

5.Discussion

a.Estimatingtheeffectofrelativewaveconvergence

AccordingtoEq.(14),thewaveenergydensityisexpected

togrowsteadilyduringperiodsofnegativewaveconvergence.

FIG.11.Anoverviewofthehorizontalsurfacecurrentgradientsandspeedat2200UTC22Jan2019duringarisingtidecomputedfrom

theoceanmodelshowingthe(a),(d)currentdivergence;(b),(e)verticalvorticity;and(c),(f)currentvelocityvectorsoverlaidthecurrent

speed.Divergenceandvorticityarescaledbytheinertialfrequency.(top)Thelarge-scalesituationand(bottom)azoominontheareaof

interestcoveringtheredsquarein(a).TheyellowdotdenotestheADCPinstrumentlocation.
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for which the wave ray density was computed for each grid box.

The ray density is the ratio between the average number of wave

rays for all realizations within the grid box and the number of

incoming wave rays in the initial grid boxes, i.e., before refraction

due to currents had happened. The wave ray density could be

considered an indicator for wave energy, with dense areas having

larger energy due to crossing waves (Rapizo et al. 2014).

Figure 12b show the spatial distribution of wave ray density for

five realizations of the 7-s period wave, i.e., four 2.58 directional
increments around ain,0 including the result for ain,0. From the

computation, the Moskenes sound was not exposed to focusing

wave rays with wave ray density just below one.

f. Evolution and horizontal extent of relative wave
convergence

Temporal evolution of relative wave convergence Rwc and

z in the Moskenes Sound are presented in Fig. 13. Note that

Rwc was computedwith the x axis taken as the direction of wave

propagation as in Eq. (14), implying waves coming from west. The

areas of strong z and Rwc were collocated in space and time, in par-

ticular for the two cyclonic and anticyclonic eddies in the Moskenes

Sound described above. The extent of the area with negative Rwc

covering theADCPwas growing steadily from2000UTC22 January

(Fig. 13a) until 2200UTC 22 January (Fig. 13c), with the latter being

the timewhen enhancedwavebreaking andmaximumcurrent speed

was measured by the ADCP (Figs. 7f,g). At this point, the area had

the shape of an ellipse with minor and major axes of approximately

5km in north–south direction and 10km in east–west direction, re-

spectively. The location and extent ofRwc and z was about the same

throughout January 2019 (not shown).

5. Discussion

a. Estimating the effect of relative wave convergence

According to Eq. (14), the wave energy density is expected

to grow steadily during periods of negative wave convergence.

FIG. 11. An overview of the horizontal surface current gradients and speed at 2200UTC 22 Jan 2019 during a rising tide computed from

the ocean model showing the (a),(d) current divergence; (b),(e) vertical vorticity; and (c),(f) current velocity vectors overlaid the current

speed. Divergence and vorticity are scaled by the inertial frequency. (top) The large-scale situation and (bottom) a zoom in on the area of

interest covering the red square in (a). The yellow dot denotes the ADCP instrument location.
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According to Eq. (14), the wave energy density is expected

to grow steadily during periods of negative wave convergence.

FIG. 11. An overview of the horizontal surface current gradients and speed at 2200UTC 22 Jan 2019 during a rising tide computed from
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forwhichthewaveraydensitywascomputedforeachgridbox.

Theraydensityistheratiobetweentheaveragenumberofwave

raysforallrealizationswithinthegridboxandthenumberof

incomingwaveraysintheinitialgridboxes,i.e.,beforerefraction

duetocurrentshadhappened.Thewaveraydensitycouldbe

consideredanindicatorforwaveenergy,withdenseareashaving

largerenergyduetocrossingwaves(Rapizoetal.2014).

Figure12bshowthespatialdistributionofwaveraydensityfor

fiverealizationsofthe7-speriodwave,i.e.,four2.58directional
incrementsaroundain,0includingtheresultforain,0.Fromthe

computation,theMoskenessoundwasnotexposedtofocusing

waverayswithwaveraydensityjustbelowone.

f.Evolutionandhorizontalextentofrelativewave
convergence

TemporalevolutionofrelativewaveconvergenceRwcand

zintheMoskenesSoundarepresentedinFig.13.Notethat

Rwcwascomputedwiththexaxistakenasthedirectionofwave

propagationasinEq.(14),implyingwavescomingfromwest.The

areasofstrongzandRwcwerecollocatedinspaceandtime,inpar-

ticularforthetwocyclonicandanticycloniceddiesintheMoskenes

Sounddescribedabove.TheextentoftheareawithnegativeRwc

coveringtheADCPwasgrowingsteadilyfrom2000UTC22January

(Fig.13a)until2200UTC22January(Fig.13c),withthelatterbeing

thetimewhenenhancedwavebreakingandmaximumcurrentspeed

wasmeasuredbytheADCP(Figs.7f,g).Atthispoint,theareahad

theshapeofanellipsewithminorandmajoraxesofapproximately

5kminnorth–southdirectionand10kmineast–westdirection,re-

spectively.ThelocationandextentofRwcandzwasaboutthesame

throughoutJanuary2019(notshown).

5.Discussion

a.Estimatingtheeffectofrelativewaveconvergence

AccordingtoEq.(14),thewaveenergydensityisexpected

togrowsteadilyduringperiodsofnegativewaveconvergence.

FIG.11.Anoverviewofthehorizontalsurfacecurrentgradientsandspeedat2200UTC22Jan2019duringarisingtidecomputedfrom

theoceanmodelshowingthe(a),(d)currentdivergence;(b),(e)verticalvorticity;and(c),(f)currentvelocityvectorsoverlaidthecurrent

speed.Divergenceandvorticityarescaledbytheinertialfrequency.(top)Thelarge-scalesituationand(bottom)azoominontheareaof

interestcoveringtheredsquarein(a).TheyellowdotdenotestheADCPinstrumentlocation.
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forwhichthewaveraydensitywascomputedforeachgridbox.

Theraydensityistheratiobetweentheaveragenumberofwave

raysforallrealizationswithinthegridboxandthenumberof

incomingwaveraysintheinitialgridboxes,i.e.,beforerefraction

duetocurrentshadhappened.Thewaveraydensitycouldbe

consideredanindicatorforwaveenergy,withdenseareashaving

largerenergyduetocrossingwaves(Rapizoetal.2014).
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computation,theMoskenessoundwasnotexposedtofocusing
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convergence
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propagationasinEq.(14),implyingwavescomingfromwest.The
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Sounddescribedabove.TheextentoftheareawithnegativeRwc

coveringtheADCPwasgrowingsteadilyfrom2000UTC22January

(Fig.13a)until2200UTC22January(Fig.13c),withthelatterbeing

thetimewhenenhancedwavebreakingandmaximumcurrentspeed

wasmeasuredbytheADCP(Figs.7f,g).Atthispoint,theareahad

theshapeofanellipsewithminorandmajoraxesofapproximately

5kminnorth–southdirectionand10kmineast–westdirection,re-

spectively.ThelocationandextentofRwcandzwasaboutthesame

throughoutJanuary2019(notshown).

5.Discussion

a.Estimatingtheeffectofrelativewaveconvergence

AccordingtoEq.(14),thewaveenergydensityisexpected

togrowsteadilyduringperiodsofnegativewaveconvergence.

FIG.11.Anoverviewofthehorizontalsurfacecurrentgradientsandspeedat2200UTC22Jan2019duringarisingtidecomputedfrom

theoceanmodelshowingthe(a),(d)currentdivergence;(b),(e)verticalvorticity;and(c),(f)currentvelocityvectorsoverlaidthecurrent

speed.Divergenceandvorticityarescaledbytheinertialfrequency.(top)Thelarge-scalesituationand(bottom)azoominontheareaof

interestcoveringtheredsquarein(a).TheyellowdotdenotestheADCPinstrumentlocation.

NOVEMBER2021SAETRAETAL.3471

Brought to you by Meteorologisk institutt | Unauthenticated | Downloaded 02/14/24 11:45 AM UTC

forwhichthewaveraydensitywascomputedforeachgridbox.

Theraydensityistheratiobetweentheaveragenumberofwave

raysforallrealizationswithinthegridboxandthenumberof

incomingwaveraysintheinitialgridboxes,i.e.,beforerefraction

duetocurrentshadhappened.Thewaveraydensitycouldbe

consideredanindicatorforwaveenergy,withdenseareashaving

largerenergyduetocrossingwaves(Rapizoetal.2014).

Figure12bshowthespatialdistributionofwaveraydensityfor

fiverealizationsofthe7-speriodwave,i.e.,four2.58directional
incrementsaroundain,0includingtheresultforain,0.Fromthe

computation,theMoskenessoundwasnotexposedtofocusing

waverayswithwaveraydensityjustbelowone.

f.Evolutionandhorizontalextentofrelativewave
convergence

TemporalevolutionofrelativewaveconvergenceRwcand

zintheMoskenesSoundarepresentedinFig.13.Notethat

Rwcwascomputedwiththexaxistakenasthedirectionofwave

propagationasinEq.(14),implyingwavescomingfromwest.The

areasofstrongzandRwcwerecollocatedinspaceandtime,inpar-

ticularforthetwocyclonicandanticycloniceddiesintheMoskenes

Sounddescribedabove.TheextentoftheareawithnegativeRwc

coveringtheADCPwasgrowingsteadilyfrom2000UTC22January

(Fig.13a)until2200UTC22January(Fig.13c),withthelatterbeing

thetimewhenenhancedwavebreakingandmaximumcurrentspeed

wasmeasuredbytheADCP(Figs.7f,g).Atthispoint,theareahad

theshapeofanellipsewithminorandmajoraxesofapproximately

5kminnorth–southdirectionand10kmineast–westdirection,re-

spectively.ThelocationandextentofRwcandzwasaboutthesame

throughoutJanuary2019(notshown).

5.Discussion

a.Estimatingtheeffectofrelativewaveconvergence

AccordingtoEq.(14),thewaveenergydensityisexpected

togrowsteadilyduringperiodsofnegativewaveconvergence.

FIG.11.Anoverviewofthehorizontalsurfacecurrentgradientsandspeedat2200UTC22Jan2019duringarisingtidecomputedfrom

theoceanmodelshowingthe(a),(d)currentdivergence;(b),(e)verticalvorticity;and(c),(f)currentvelocityvectorsoverlaidthecurrent

speed.Divergenceandvorticityarescaledbytheinertialfrequency.(top)Thelarge-scalesituationand(bottom)azoominontheareaof

interestcoveringtheredsquarein(a).TheyellowdotdenotestheADCPinstrumentlocation.

NOVEMBER2021SAETRAETAL.3471

Brought to you by Meteorologisk institutt | Unauthenticated | Downloaded 02/14/24 11:45 AM UTC

forwhichthewaveraydensitywascomputedforeachgridbox.

Theraydensityistheratiobetweentheaveragenumberofwave

raysforallrealizationswithinthegridboxandthenumberof

incomingwaveraysintheinitialgridboxes,i.e.,beforerefraction

duetocurrentshadhappened.Thewaveraydensitycouldbe

consideredanindicatorforwaveenergy,withdenseareashaving

largerenergyduetocrossingwaves(Rapizoetal.2014).

Figure12bshowthespatialdistributionofwaveraydensityfor

fiverealizationsofthe7-speriodwave,i.e.,four2.58directional
incrementsaroundain,0includingtheresultforain,0.Fromthe

computation,theMoskenessoundwasnotexposedtofocusing

waverayswithwaveraydensityjustbelowone.

f.Evolutionandhorizontalextentofrelativewave
convergence

TemporalevolutionofrelativewaveconvergenceRwcand

zintheMoskenesSoundarepresentedinFig.13.Notethat

Rwcwascomputedwiththexaxistakenasthedirectionofwave

propagationasinEq.(14),implyingwavescomingfromwest.The

areasofstrongzandRwcwerecollocatedinspaceandtime,inpar-

ticularforthetwocyclonicandanticycloniceddiesintheMoskenes

Sounddescribedabove.TheextentoftheareawithnegativeRwc

coveringtheADCPwasgrowingsteadilyfrom2000UTC22January

(Fig.13a)until2200UTC22January(Fig.13c),withthelatterbeing

thetimewhenenhancedwavebreakingandmaximumcurrentspeed

wasmeasuredbytheADCP(Figs.7f,g).Atthispoint,theareahad

theshapeofanellipsewithminorandmajoraxesofapproximately

5kminnorth–southdirectionand10kmineast–westdirection,re-

spectively.ThelocationandextentofRwcandzwasaboutthesame

throughoutJanuary2019(notshown).

5.Discussion

a.Estimatingtheeffectofrelativewaveconvergence

AccordingtoEq.(14),thewaveenergydensityisexpected

togrowsteadilyduringperiodsofnegativewaveconvergence.

FIG.11.Anoverviewofthehorizontalsurfacecurrentgradientsandspeedat2200UTC22Jan2019duringarisingtidecomputedfrom

theoceanmodelshowingthe(a),(d)currentdivergence;(b),(e)verticalvorticity;and(c),(f)currentvelocityvectorsoverlaidthecurrent

speed.Divergenceandvorticityarescaledbytheinertialfrequency.(top)Thelarge-scalesituationand(bottom)azoominontheareaof

interestcoveringtheredsquarein(a).TheyellowdotdenotestheADCPinstrumentlocation.

NOVEMBER2021SAETRAETAL.3471

Brought to you by Meteorologisk institutt | Unauthenticated | Downloaded 02/14/24 11:45 AM UTC



Thismeans that energy accumulates in the wave field, leading to a

net increase in wave height. A first-order estimate on the effect of

relative wave convergence can be made by discretizing Eq. (14),

1

E
k

E
i11

2E
i

Dt
52R

wc
. (16)

Here i denotes the discrete time levels Dt5 ti11 2 ti. Temporal

modulation of E due to Rwc is then obtained by rewriting the

expression as

E
i11

5E
i
2DtE

i
R

wc
. (17)

Equation (17) was solved for a range of representative Rwc

values computed from the ocean model. Figure 14 show the

isolated effect ofRwc on the wave energy density in a wave field

with initial valueE05 1. Figure 14b show two examples of how

the wave energy density changes for waves propagating a

representative distance of 10 km with varying Rwc (Figs. 13a–

d). The 7-s period wave (cg 5 5.5m s21) propagates 10 km in

approximately 30min. While propagating, the wave group

experiences varying Rwc, and the resulting maximum positive

change in wave energy density is DE,max 5 Emax 2 E0 ’
3m2Hz21 (dashed line, duration5 25min in Fig. 14b). The 5 s

period wave (cg 5 3.9ms21) propagates the distance in ap-

proximately 43min, with a resulting DE,max ’ 4.5m2Hz21

(solid line, duration 5 35min in Fig. 14b).

Longer waves approaching the shallow water limit would

also be modulated according to Eq. (17), using the shallow

water solution of Eq. (13). The group velocity for shallowwater

waves would be larger than 22m s21 in the area of interest,

which means they would propagate a distance of 10 km in less

than 8min. Even if the relative weight of the current gradients

is larger for the shallow water solution than for deep water, the

propagation speed limits the wave growth being bounded by

the extent of the area with strong current gradients.

Relative wave convergence of O(1023) s21 produces the

same effect as current gradients ofO(1021) s21. We expect the

current gradients in Moskstraumen to be higher for certain

periods, in particular during spring tide, and capable of mod-

ulating the wave field according to Eq. (17). However, small-

scale variability in the currents not resolved by themodel could

cause directional changes in themean current for certain areas.

The areas of convergent and divergent currents change ac-

cordingly, which in turn affectsRwc. In addition, if a wave is not

propagating in the positive x direction, the cross terms in the

radiation stress tensor (12) becomes nonzero and the contri-

bution from each of the horizontal current gradient terms in

Eq. (13) changes accordingly. This would again affect Rwc.

Another important aspect is that Eq. (14) does not take dissi-

pation through wave breaking into account nor input of energy

from the wind, which obviously is present in our measurements

(Figs. 7b,f).

Another interesting feature is the observation that the

minimum relative wave convergence occurs halfway during the

period of negative wave convergence (top panel, Fig. 7). One

might expect the maximum growth rate to be associated with

enhanced wave breaking. It is, however, the horizontal extent

of the current gradients that is important for the waves to

‘‘feel’’ the effect of the current over a sufficiently long period.

FIG. 12. Temporal evolution of wave rays from solving the wave ray equations for the current

velocity field in Fig. 11c. (a) The evolution for a long crested 7-s period wave with initial

propagation direction according to the WAM model. The wave rays are overlaid the vorticity

field. (b) The density of wave rays computed from five realizations of the same wave in (a), but

with five different initial propagation directions, i.e., waves with directional increments,Dain, of

2.58 around the central initial propagation direction, as shown in (a). The directional increments

are exaggerated for illustration purposes. The ‘‘ray density’’ is computed for grid boxes with

size of 53 5 the grid resolution of the oceanmodel and is the ratio between the average number

of wave rays for all realizations and the initial number of rays in the incoming grid boxes.
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Thismeansthatenergyaccumulatesinthewavefield,leadingtoa

netincreaseinwaveheight.Afirst-orderestimateontheeffectof

relativewaveconvergencecanbemadebydiscretizingEq.(14),
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HereidenotesthediscretetimelevelsDt5ti112ti.Temporal

modulationofEduetoRwcisthenobtainedbyrewritingthe

expressionas
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Equation(17)wassolvedforarangeofrepresentativeRwc

valuescomputedfromtheoceanmodel.Figure14showthe

isolatedeffectofRwconthewaveenergydensityinawavefield

withinitialvalueE051.Figure14bshowtwoexamplesofhow

thewaveenergydensitychangesforwavespropagatinga

representativedistanceof10kmwithvaryingRwc(Figs.13a–

d).The7-speriodwave(cg55.5ms21)propagates10kmin

approximately30min.Whilepropagating,thewavegroup

experiencesvaryingRwc,andtheresultingmaximumpositive

changeinwaveenergydensityisDE,max5Emax2E0’
3m2Hz21(dashedline,duration525mininFig.14b).The5s

periodwave(cg53.9ms21)propagatesthedistanceinap-

proximately43min,witharesultingDE,max’4.5m2Hz21

(solidline,duration535mininFig.14b).

Longerwavesapproachingtheshallowwaterlimitwould

alsobemodulatedaccordingtoEq.(17),usingtheshallow

watersolutionofEq.(13).Thegroupvelocityforshallowwater

waveswouldbelargerthan22ms21intheareaofinterest,

whichmeanstheywouldpropagateadistanceof10kminless

than8min.Eveniftherelativeweightofthecurrentgradients

islargerfortheshallowwatersolutionthanfordeepwater,the

propagationspeedlimitsthewavegrowthbeingboundedby

theextentoftheareawithstrongcurrentgradients.

RelativewaveconvergenceofO(1023)s21producesthe

sameeffectascurrentgradientsofO(1021)s21.Weexpectthe

currentgradientsinMoskstraumentobehigherforcertain

periods,inparticularduringspringtide,andcapableofmod-

ulatingthewavefieldaccordingtoEq.(17).However,small-

scalevariabilityinthecurrentsnotresolvedbythemodelcould

causedirectionalchangesinthemeancurrentforcertainareas.

Theareasofconvergentanddivergentcurrentschangeac-

cordingly,whichinturnaffectsRwc.Inaddition,ifawaveisnot

propagatinginthepositivexdirection,thecrosstermsinthe

radiationstresstensor(12)becomesnonzeroandthecontri-

butionfromeachofthehorizontalcurrentgradienttermsin

Eq.(13)changesaccordingly.ThiswouldagainaffectRwc.

AnotherimportantaspectisthatEq.(14)doesnottakedissi-

pationthroughwavebreakingintoaccountnorinputofenergy

fromthewind,whichobviouslyispresentinourmeasurements

(Figs.7b,f).

Anotherinterestingfeatureistheobservationthatthe

minimumrelativewaveconvergenceoccurshalfwayduringthe

periodofnegativewaveconvergence(toppanel,Fig.7).One

mightexpectthemaximumgrowthratetobeassociatedwith

enhancedwavebreaking.Itis,however,thehorizontalextent

ofthecurrentgradientsthatisimportantforthewavesto

‘‘feel’’theeffectofthecurrentoverasufficientlylongperiod.

FIG.12.Temporalevolutionofwaveraysfromsolvingthewaverayequationsforthecurrent

velocityfieldinFig.11c.(a)Theevolutionforalongcrested7-speriodwavewithinitial

propagationdirectionaccordingtotheWAMmodel.Thewaveraysareoverlaidthevorticity

field.(b)Thedensityofwaverayscomputedfromfiverealizationsofthesamewavein(a),but

withfivedifferentinitialpropagationdirections,i.e.,waveswithdirectionalincrements,Dain,of

2.58aroundthecentralinitialpropagationdirection,asshownin(a).Thedirectionalincrements

areexaggeratedforillustrationpurposes.The‘‘raydensity’’iscomputedforgridboxeswith

sizeof535thegridresolutionoftheoceanmodelandistheratiobetweentheaveragenumber

ofwaveraysforallrealizationsandtheinitialnumberofraysintheincominggridboxes.
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Thismeans that energy accumulates in the wave field, leading to a

net increase in wave height. A first-order estimate on the effect of

relative wave convergence can be made by discretizing Eq. (14),

1

Ek

Ei11 2Ei

Dt
52Rwc . (16)

Here i denotes the discrete time levels Dt5 ti11 2 ti. Temporal

modulation of E due to Rwc is then obtained by rewriting the

expression as

Ei11 5Ei 2DtEiRwc . (17)

Equation (17) was solved for a range of representative Rwc

values computed from the ocean model. Figure 14 show the

isolated effect ofRwc on the wave energy density in a wave field

with initial valueE05 1. Figure 14b show two examples of how

the wave energy density changes for waves propagating a

representative distance of 10 km with varying Rwc (Figs. 13a–

d). The 7-s period wave (cg 5 5.5m s
21

) propagates 10 km in

approximately 30min. While propagating, the wave group

experiences varying Rwc, and the resulting maximum positive

change in wave energy density is DE,max 5 Emax 2 E0 ’
3m

2
Hz

21
(dashed line, duration5 25min in Fig. 14b). The 5 s

period wave (cg 5 3.9ms
21
) propagates the distance in ap-

proximately 43min, with a resulting DE,max ’ 4.5m
2
Hz

21

(solid line, duration 5 35min in Fig. 14b).

Longer waves approaching the shallow water limit would

also be modulated according to Eq. (17), using the shallow

water solution of Eq. (13). The group velocity for shallowwater

waves would be larger than 22m s
21

in the area of interest,

which means they would propagate a distance of 10 km in less

than 8min. Even if the relative weight of the current gradients

is larger for the shallow water solution than for deep water, the

propagation speed limits the wave growth being bounded by

the extent of the area with strong current gradients.

Relative wave convergence of O(10
23
) s

21
produces the

same effect as current gradients ofO(10
21
) s

21
. We expect the

current gradients in Moskstraumen to be higher for certain

periods, in particular during spring tide, and capable of mod-

ulating the wave field according to Eq. (17). However, small-

scale variability in the currents not resolved by themodel could

cause directional changes in themean current for certain areas.

The areas of convergent and divergent currents change ac-

cordingly, which in turn affectsRwc. In addition, if a wave is not

propagating in the positive x direction, the cross terms in the

radiation stress tensor (12) becomes nonzero and the contri-

bution from each of the horizontal current gradient terms in

Eq. (13) changes accordingly. This would again affect Rwc.

Another important aspect is that Eq. (14) does not take dissi-

pation through wave breaking into account nor input of energy

from the wind, which obviously is present in our measurements

(Figs. 7b,f).

Another interesting feature is the observation that the

minimum relative wave convergence occurs halfway during the

period of negative wave convergence (top panel, Fig. 7). One

might expect the maximum growth rate to be associated with

enhanced wave breaking. It is, however, the horizontal extent

of the current gradients that is important for the waves to

‘‘feel’’ the effect of the current over a sufficiently long period.

FIG. 12. Temporal evolution of wave rays from solving the wave ray equations for the current

velocity field in Fig. 11c. (a) The evolution for a long crested 7-s period wave with initial

propagation direction according to the WAM model. The wave rays are overlaid the vorticity

field. (b) The density of wave rays computed from five realizations of the same wave in (a), but

with five different initial propagation directions, i.e., waves with directional increments,Dain, of

2.58 around the central initial propagation direction, as shown in (a). The directional increments

are exaggerated for illustration purposes. The ‘‘ray density’’ is computed for grid boxes with

size of 53 5 the grid resolution of the oceanmodel and is the ratio between the average number

of wave rays for all realizations and the initial number of rays in the incoming grid boxes.
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bution from each of the horizontal current gradient terms in
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might expect the maximum growth rate to be associated with

enhanced wave breaking. It is, however, the horizontal extent

of the current gradients that is important for the waves to

‘‘feel’’ the effect of the current over a sufficiently long period.
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propagation direction according to the WAM model. The wave rays are overlaid the vorticity
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with five different initial propagation directions, i.e., waves with directional increments,Dain, of
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Thismeansthatenergyaccumulatesinthewavefield,leadingtoa

netincreaseinwaveheight.Afirst-orderestimateontheeffectof

relativewaveconvergencecanbemadebydiscretizingEq.(14),

1

Ek

Ei112Ei

Dt
52Rwc.(16)

HereidenotesthediscretetimelevelsDt5ti112ti.Temporal

modulationofEduetoRwcisthenobtainedbyrewritingthe

expressionas

Ei115Ei2DtEiRwc.(17)

Equation(17)wassolvedforarangeofrepresentativeRwc

valuescomputedfromtheoceanmodel.Figure14showthe

isolatedeffectofRwconthewaveenergydensityinawavefield

withinitialvalueE051.Figure14bshowtwoexamplesofhow

thewaveenergydensitychangesforwavespropagatinga

representativedistanceof10kmwithvaryingRwc(Figs.13a–

d).The7-speriodwave(cg55.5ms
21

)propagates10kmin

approximately30min.Whilepropagating,thewavegroup

experiencesvaryingRwc,andtheresultingmaximumpositive

changeinwaveenergydensityisDE,max5Emax2E0’
3m

2
Hz

21
(dashedline,duration525mininFig.14b).The5s

periodwave(cg53.9ms
21
)propagatesthedistanceinap-

proximately43min,witharesultingDE,max’4.5m
2
Hz

21

(solidline,duration535mininFig.14b).

Longerwavesapproachingtheshallowwaterlimitwould

alsobemodulatedaccordingtoEq.(17),usingtheshallow

watersolutionofEq.(13).Thegroupvelocityforshallowwater

waveswouldbelargerthan22ms
21

intheareaofinterest,

whichmeanstheywouldpropagateadistanceof10kminless

than8min.Eveniftherelativeweightofthecurrentgradients

islargerfortheshallowwatersolutionthanfordeepwater,the

propagationspeedlimitsthewavegrowthbeingboundedby

theextentoftheareawithstrongcurrentgradients.

RelativewaveconvergenceofO(10
23
)s

21
producesthe

sameeffectascurrentgradientsofO(10
21
)s

21
.Weexpectthe

currentgradientsinMoskstraumentobehigherforcertain

periods,inparticularduringspringtide,andcapableofmod-

ulatingthewavefieldaccordingtoEq.(17).However,small-

scalevariabilityinthecurrentsnotresolvedbythemodelcould

causedirectionalchangesinthemeancurrentforcertainareas.

Theareasofconvergentanddivergentcurrentschangeac-

cordingly,whichinturnaffectsRwc.Inaddition,ifawaveisnot

propagatinginthepositivexdirection,thecrosstermsinthe

radiationstresstensor(12)becomesnonzeroandthecontri-

butionfromeachofthehorizontalcurrentgradienttermsin

Eq.(13)changesaccordingly.ThiswouldagainaffectRwc.

AnotherimportantaspectisthatEq.(14)doesnottakedissi-

pationthroughwavebreakingintoaccountnorinputofenergy

fromthewind,whichobviouslyispresentinourmeasurements

(Figs.7b,f).

Anotherinterestingfeatureistheobservationthatthe

minimumrelativewaveconvergenceoccurshalfwayduringthe

periodofnegativewaveconvergence(toppanel,Fig.7).One

mightexpectthemaximumgrowthratetobeassociatedwith

enhancedwavebreaking.Itis,however,thehorizontalextent

ofthecurrentgradientsthatisimportantforthewavesto

‘‘feel’’theeffectofthecurrentoverasufficientlylongperiod.

FIG.12.Temporalevolutionofwaveraysfromsolvingthewaverayequationsforthecurrent

velocityfieldinFig.11c.(a)Theevolutionforalongcrested7-speriodwavewithinitial

propagationdirectionaccordingtotheWAMmodel.Thewaveraysareoverlaidthevorticity

field.(b)Thedensityofwaverayscomputedfromfiverealizationsofthesamewavein(a),but

withfivedifferentinitialpropagationdirections,i.e.,waveswithdirectionalincrements,Dain,of

2.58aroundthecentralinitialpropagationdirection,asshownin(a).Thedirectionalincrements

areexaggeratedforillustrationpurposes.The‘‘raydensity’’iscomputedforgridboxeswith

sizeof535thegridresolutionoftheoceanmodelandistheratiobetweentheaveragenumber

ofwaveraysforallrealizationsandtheinitialnumberofraysintheincominggridboxes.
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propagationdirectionaccordingtotheWAMmodel.Thewaveraysareoverlaidthevorticity

field.(b)Thedensityofwaverayscomputedfromfiverealizationsofthesamewavein(a),but

withfivedifferentinitialpropagationdirections,i.e.,waveswithdirectionalincrements,Dain,of

2.58aroundthecentralinitialpropagationdirection,asshownin(a).Thedirectionalincrements

areexaggeratedforillustrationpurposes.The‘‘raydensity’’iscomputedforgridboxeswith

sizeof535thegridresolutionoftheoceanmodelandistheratiobetweentheaveragenumber

ofwaveraysforallrealizationsandtheinitialnumberofraysintheincominggridboxes.
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Thismeansthatenergyaccumulatesinthewavefield,leadingtoa

netincreaseinwaveheight.Afirst-orderestimateontheeffectof

relativewaveconvergencecanbemadebydiscretizingEq.(14),

1

Ek

Ei112Ei

Dt
52Rwc.(16)
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expressionas

Ei115Ei2DtEiRwc.(17)
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2
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2
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radiationstresstensor(12)becomesnonzeroandthecontri-

butionfromeachofthehorizontalcurrentgradienttermsin

Eq.(13)changesaccordingly.ThiswouldagainaffectRwc.

AnotherimportantaspectisthatEq.(14)doesnottakedissi-

pationthroughwavebreakingintoaccountnorinputofenergy

fromthewind,whichobviouslyispresentinourmeasurements
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periodofnegativewaveconvergence(toppanel,Fig.7).One

mightexpectthemaximumgrowthratetobeassociatedwith

enhancedwavebreaking.Itis,however,thehorizontalextent

ofthecurrentgradientsthatisimportantforthewavesto

‘‘feel’’theeffectofthecurrentoverasufficientlylongperiod.

FIG.12.Temporalevolutionofwaveraysfromsolvingthewaverayequationsforthecurrent

velocityfieldinFig.11c.(a)Theevolutionforalongcrested7-speriodwavewithinitial

propagationdirectionaccordingtotheWAMmodel.Thewaveraysareoverlaidthevorticity

field.(b)Thedensityofwaverayscomputedfromfiverealizationsofthesamewavein(a),but

withfivedifferentinitialpropagationdirections,i.e.,waveswithdirectionalincrements,Dain,of

2.58aroundthecentralinitialpropagationdirection,asshownin(a).Thedirectionalincrements

areexaggeratedforillustrationpurposes.The‘‘raydensity’’iscomputedforgridboxeswith

sizeof535thegridresolutionoftheoceanmodelandistheratiobetweentheaveragenumber

ofwaveraysforallrealizationsandtheinitialnumberofraysintheincominggridboxes.
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As long as the relative wave convergence is negative, the waves

will continue to grow despite a decrease in magnitude. This is

clearly seen in Fig. 14b where E 5 Emax occurs long after

Rwc(t) 5 Rwc,min.

b. Wave–current interactions and wave breaking

From the observations, enhanced wave breaking systemat-

ically occurred during a period of negative wave convergence

(Rwc , 0, see Figs. 7a,b,e,f), and coincided with the current

maximum (Figs. 7c,g). From a spectral analysis, we found a

good correspondence between the enhanced wave breaking

and the semidiurnal tidal constituents M2 and S2 (Figs. 4c and

8). This was consistent during periods with wind speeds well

below 10m s21 with steady swell from the west, but also in

periods with higher wind speeds and local wind sea propagat-

ing eastward, like at the end of January 2019 (Figs. 5b,d).

Enhanced wave breaking also happened when the currents

and waves were heading in the same direction (e.g., Fig. 7d).

Wave breaking is related to steepening of waves, and thus to a

modulation in wave amplitude and/or wavenumber. Several

works have reported an increase in wave heights for waves and

currents that are heading in the same direction (Vincent 1979;

Masson 1996; Gemmrich and Garrett 2012; Romero et al.

2017). The modulation is mainly attributed to nonlocal cu-

mulative effects such as current-induced refraction. The area of

modulation could, however, be very sensitive to the direction

of the wave rays (Masson 1996). Furthermore, if propagat-

ing along a collinear jet, wave rays could also diverge from

the center and overlap at the edges of the jet depending on the

properties of the wave field. A north–south transect across the

Moskenes Sound during a rising tide shows that the current is

spatially more uniform (Fig. 9), which is also confirmed in

previous studies (Lynge 2011). The wave ray computations

(Fig. 12) did not indicate that the Moskenes Sound was par-

ticularly exposed to converging wave rays during a rising tide.

However, even if the tides are well represented in the ocean

model (Fig. 9), we expect more uncertainty associated with the

exact location of eddies and areas of strong vorticity. This

would impact the ray tracks and potentially the spatial distri-

bution of the wave ray density.

Regarding the propagation direction of the waves relative to

the current direction, conservation of wave crests [Eq. (3)] to-

gether with the conservation of wave action yields the classical

result of amplitude modulation due to the Doppler shift [i.e.,

Eq. (2)] (Phillips 1977). In their results from the Bodega Bay,

Romero et al. (2017) found that white cap coverage was con-

sistent with focusing of wave rays due to current-induced re-

fraction. Moreover, they found that the area of enhanced wave

breaking was at the edge of a current jet suggesting that the

enhanced wave breaking was also due to opposing waves and

currents in a frame of reference relative to the jet. Opposing

waves and currents are known to be important in tidal inlets and

upwelling jets (Baschek 2005; Rapizo et al. 2017). That is, the

wavelength will increase for waves propagating into a current

heading in the same direction and shorten for waves opposing a

current. For opposing currents, in the x direction, say, the waves

will grow until they reach the limit where u52cg, which is often

referred to as the blocking velocity. Thus, wave steepening due

FIG. 13. The development of areas of relative wave convergence Rwc and normalized vertical vorticity z/f during a rising tide in

Moskstraumen. The Rwc was computed with the x axis taken as the direction of wave propagation as in Eq. (14), implying waves coming

from west. The island of Værøy and the southern tip of the Lofoten Penisula are shown in (a). ‘‘MS’’ denotes the Moskenes Sound. The

location of the ADCP is indicated by the yellow dot.
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Aslongastherelativewaveconvergenceisnegative,thewaves

willcontinuetogrowdespiteadecreaseinmagnitude.Thisis

clearlyseeninFig.14bwhereE5Emaxoccurslongafter

Rwc(t)5Rwc,min.

b.Wave–currentinteractionsandwavebreaking

Fromtheobservations,enhancedwavebreakingsystemat-

icallyoccurredduringaperiodofnegativewaveconvergence

(Rwc,0,seeFigs.7a,b,e,f),andcoincidedwiththecurrent

maximum(Figs.7c,g).Fromaspectralanalysis,wefounda

goodcorrespondencebetweentheenhancedwavebreaking

andthesemidiurnaltidalconstituentsM2andS2(Figs.4cand

8).Thiswasconsistentduringperiodswithwindspeedswell

below10ms21withsteadyswellfromthewest,butalsoin

periodswithhigherwindspeedsandlocalwindseapropagat-

ingeastward,likeattheendofJanuary2019(Figs.5b,d).

Enhancedwavebreakingalsohappenedwhenthecurrents

andwaveswereheadinginthesamedirection(e.g.,Fig.7d).

Wavebreakingisrelatedtosteepeningofwaves,andthustoa

modulationinwaveamplitudeand/orwavenumber.Several

workshavereportedanincreaseinwaveheightsforwavesand

currentsthatareheadinginthesamedirection(Vincent1979;

Masson1996;GemmrichandGarrett2012;Romeroetal.

2017).Themodulationismainlyattributedtononlocalcu-

mulativeeffectssuchascurrent-inducedrefraction.Theareaof

modulationcould,however,beverysensitivetothedirection

ofthewaverays(Masson1996).Furthermore,ifpropagat-

ingalongacollinearjet,waverayscouldalsodivergefrom

thecenterandoverlapattheedgesofthejetdependingonthe

propertiesofthewavefield.Anorth–southtransectacrossthe

MoskenesSoundduringarisingtideshowsthatthecurrentis

spatiallymoreuniform(Fig.9),whichisalsoconfirmedin

previousstudies(Lynge2011).Thewaveraycomputations

(Fig.12)didnotindicatethattheMoskenesSoundwaspar-

ticularlyexposedtoconvergingwaveraysduringarisingtide.

However,evenifthetidesarewellrepresentedintheocean

model(Fig.9),weexpectmoreuncertaintyassociatedwiththe

exactlocationofeddiesandareasofstrongvorticity.This

wouldimpacttheraytracksandpotentiallythespatialdistri-

butionofthewaveraydensity.

Regardingthepropagationdirectionofthewavesrelativeto

thecurrentdirection,conservationofwavecrests[Eq.(3)]to-

getherwiththeconservationofwaveactionyieldstheclassical

resultofamplitudemodulationduetotheDopplershift[i.e.,

Eq.(2)](Phillips1977).IntheirresultsfromtheBodegaBay,

Romeroetal.(2017)foundthatwhitecapcoveragewascon-

sistentwithfocusingofwaveraysduetocurrent-inducedre-

fraction.Moreover,theyfoundthattheareaofenhancedwave

breakingwasattheedgeofacurrentjetsuggestingthatthe

enhancedwavebreakingwasalsoduetoopposingwavesand

currentsinaframeofreferencerelativetothejet.Opposing

wavesandcurrentsareknowntobeimportantintidalinletsand

upwellingjets(Baschek2005;Rapizoetal.2017).Thatis,the

wavelengthwillincreaseforwavespropagatingintoacurrent

headinginthesamedirectionandshortenforwavesopposinga

current.Foropposingcurrents,inthexdirection,say,thewaves

willgrowuntiltheyreachthelimitwhereu52cg,whichisoften

referredtoastheblockingvelocity.Thus,wavesteepeningdue

FIG.13.ThedevelopmentofareasofrelativewaveconvergenceRwcandnormalizedverticalvorticityz/fduringarisingtidein

Moskstraumen.TheRwcwascomputedwiththexaxistakenasthedirectionofwavepropagationasinEq.(14),implyingwavescoming

fromwest.TheislandofVærøyandthesoutherntipoftheLofotenPenisulaareshownin(a).‘‘MS’’denotestheMoskenesSound.The

locationoftheADCPisindicatedbytheyellowdot.
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Aslongastherelativewaveconvergenceisnegative,thewaves

willcontinuetogrowdespiteadecreaseinmagnitude.Thisis

clearlyseeninFig.14bwhereE5Emaxoccurslongafter

Rwc(t)5Rwc,min.

b.Wave–currentinteractionsandwavebreaking

Fromtheobservations,enhancedwavebreakingsystemat-

icallyoccurredduringaperiodofnegativewaveconvergence

(Rwc,0,seeFigs.7a,b,e,f),andcoincidedwiththecurrent

maximum(Figs.7c,g).Fromaspectralanalysis,wefounda

goodcorrespondencebetweentheenhancedwavebreaking

andthesemidiurnaltidalconstituentsM2andS2(Figs.4cand

8).Thiswasconsistentduringperiodswithwindspeedswell

below10ms21withsteadyswellfromthewest,butalsoin

periodswithhigherwindspeedsandlocalwindseapropagat-

ingeastward,likeattheendofJanuary2019(Figs.5b,d).

Enhancedwavebreakingalsohappenedwhenthecurrents

andwaveswereheadinginthesamedirection(e.g.,Fig.7d).

Wavebreakingisrelatedtosteepeningofwaves,andthustoa

modulationinwaveamplitudeand/orwavenumber.Several

workshavereportedanincreaseinwaveheightsforwavesand

currentsthatareheadinginthesamedirection(Vincent1979;

Masson1996;GemmrichandGarrett2012;Romeroetal.

2017).Themodulationismainlyattributedtononlocalcu-

mulativeeffectssuchascurrent-inducedrefraction.Theareaof

modulationcould,however,beverysensitivetothedirection

ofthewaverays(Masson1996).Furthermore,ifpropagat-

ingalongacollinearjet,waverayscouldalsodivergefrom

thecenterandoverlapattheedgesofthejetdependingonthe

propertiesofthewavefield.Anorth–southtransectacrossthe

MoskenesSoundduringarisingtideshowsthatthecurrentis

spatiallymoreuniform(Fig.9),whichisalsoconfirmedin

previousstudies(Lynge2011).Thewaveraycomputations

(Fig.12)didnotindicatethattheMoskenesSoundwaspar-

ticularlyexposedtoconvergingwaveraysduringarisingtide.

However,evenifthetidesarewellrepresentedintheocean

model(Fig.9),weexpectmoreuncertaintyassociatedwiththe

exactlocationofeddiesandareasofstrongvorticity.This

wouldimpacttheraytracksandpotentiallythespatialdistri-

butionofthewaveraydensity.

Regardingthepropagationdirectionofthewavesrelativeto

thecurrentdirection,conservationofwavecrests[Eq.(3)]to-

getherwiththeconservationofwaveactionyieldstheclassical

resultofamplitudemodulationduetotheDopplershift[i.e.,

Eq.(2)](Phillips1977).IntheirresultsfromtheBodegaBay,

Romeroetal.(2017)foundthatwhitecapcoveragewascon-

sistentwithfocusingofwaveraysduetocurrent-inducedre-

fraction.Moreover,theyfoundthattheareaofenhancedwave

breakingwasattheedgeofacurrentjetsuggestingthatthe

enhancedwavebreakingwasalsoduetoopposingwavesand

currentsinaframeofreferencerelativetothejet.Opposing

wavesandcurrentsareknowntobeimportantintidalinletsand

upwellingjets(Baschek2005;Rapizoetal.2017).Thatis,the

wavelengthwillincreaseforwavespropagatingintoacurrent

headinginthesamedirectionandshortenforwavesopposinga

current.Foropposingcurrents,inthexdirection,say,thewaves

willgrowuntiltheyreachthelimitwhereu52cg,whichisoften

referredtoastheblockingvelocity.Thus,wavesteepeningdue

FIG.13.ThedevelopmentofareasofrelativewaveconvergenceRwcandnormalizedverticalvorticityz/fduringarisingtidein

Moskstraumen.TheRwcwascomputedwiththexaxistakenasthedirectionofwavepropagationasinEq.(14),implyingwavescoming

fromwest.TheislandofVærøyandthesoutherntipoftheLofotenPenisulaareshownin(a).‘‘MS’’denotestheMoskenesSound.The

locationoftheADCPisindicatedbytheyellowdot.
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As long as the relative wave convergence is negative, the waves

will continue to grow despite a decrease in magnitude. This is

clearly seen in Fig. 14b where E 5 Emax occurs long after

Rwc(t) 5 Rwc,min.

b. Wave–current interactions and wave breaking

From the observations, enhanced wave breaking systemat-

ically occurred during a period of negative wave convergence

(Rwc , 0, see Figs. 7a,b,e,f), and coincided with the current

maximum (Figs. 7c,g). From a spectral analysis, we found a

good correspondence between the enhanced wave breaking

and the semidiurnal tidal constituents M2 and S2 (Figs. 4c and

8). This was consistent during periods with wind speeds well

below 10m s
21

with steady swell from the west, but also in

periods with higher wind speeds and local wind sea propagat-

ing eastward, like at the end of January 2019 (Figs. 5b,d).

Enhanced wave breaking also happened when the currents

and waves were heading in the same direction (e.g., Fig. 7d).

Wave breaking is related to steepening of waves, and thus to a

modulation in wave amplitude and/or wavenumber. Several

works have reported an increase in wave heights for waves and

currents that are heading in the same direction (Vincent 1979;

Masson 1996; Gemmrich and Garrett 2012; Romero et al.

2017). The modulation is mainly attributed to nonlocal cu-

mulative effects such as current-induced refraction. The area of

modulation could, however, be very sensitive to the direction

of the wave rays (Masson 1996). Furthermore, if propagat-

ing along a collinear jet, wave rays could also diverge from

the center and overlap at the edges of the jet depending on the

properties of the wave field. A north–south transect across the

Moskenes Sound during a rising tide shows that the current is

spatially more uniform (Fig. 9), which is also confirmed in

previous studies (Lynge 2011). The wave ray computations

(Fig. 12) did not indicate that the Moskenes Sound was par-

ticularly exposed to converging wave rays during a rising tide.

However, even if the tides are well represented in the ocean

model (Fig. 9), we expect more uncertainty associated with the

exact location of eddies and areas of strong vorticity. This

would impact the ray tracks and potentially the spatial distri-

bution of the wave ray density.

Regarding the propagation direction of the waves relative to

the current direction, conservation of wave crests [Eq. (3)] to-

gether with the conservation of wave action yields the classical

result of amplitude modulation due to the Doppler shift [i.e.,

Eq. (2)] (Phillips 1977). In their results from the Bodega Bay,

Romero et al. (2017) found that white cap coverage was con-

sistent with focusing of wave rays due to current-induced re-

fraction. Moreover, they found that the area of enhanced wave

breaking was at the edge of a current jet suggesting that the

enhanced wave breaking was also due to opposing waves and

currents in a frame of reference relative to the jet. Opposing

waves and currents are known to be important in tidal inlets and

upwelling jets (Baschek 2005; Rapizo et al. 2017). That is, the

wavelength will increase for waves propagating into a current

heading in the same direction and shorten for waves opposing a

current. For opposing currents, in the x direction, say, the waves

will grow until they reach the limit where u52cg, which is often

referred to as the blocking velocity. Thus, wave steepening due

FIG. 13. The development of areas of relative wave convergence Rwc and normalized vertical vorticity z/f during a rising tide in

Moskstraumen. The Rwc was computed with the x axis taken as the direction of wave propagation as in Eq. (14), implying waves coming

from west. The island of Værøy and the southern tip of the Lofoten Penisula are shown in (a). ‘‘MS’’ denotes the Moskenes Sound. The

location of the ADCP is indicated by the yellow dot.
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As long as the relative wave convergence is negative, the waves

will continue to grow despite a decrease in magnitude. This is

clearly seen in Fig. 14b where E 5 Emax occurs long after

Rwc(t) 5 Rwc,min.

b. Wave–current interactions and wave breaking

From the observations, enhanced wave breaking systemat-

ically occurred during a period of negative wave convergence

(Rwc , 0, see Figs. 7a,b,e,f), and coincided with the current

maximum (Figs. 7c,g). From a spectral analysis, we found a

good correspondence between the enhanced wave breaking

and the semidiurnal tidal constituents M2 and S2 (Figs. 4c and

8). This was consistent during periods with wind speeds well

below 10m s
21

with steady swell from the west, but also in

periods with higher wind speeds and local wind sea propagat-

ing eastward, like at the end of January 2019 (Figs. 5b,d).

Enhanced wave breaking also happened when the currents

and waves were heading in the same direction (e.g., Fig. 7d).

Wave breaking is related to steepening of waves, and thus to a

modulation in wave amplitude and/or wavenumber. Several

works have reported an increase in wave heights for waves and

currents that are heading in the same direction (Vincent 1979;

Masson 1996; Gemmrich and Garrett 2012; Romero et al.

2017). The modulation is mainly attributed to nonlocal cu-

mulative effects such as current-induced refraction. The area of

modulation could, however, be very sensitive to the direction

of the wave rays (Masson 1996). Furthermore, if propagat-

ing along a collinear jet, wave rays could also diverge from

the center and overlap at the edges of the jet depending on the

properties of the wave field. A north–south transect across the

Moskenes Sound during a rising tide shows that the current is

spatially more uniform (Fig. 9), which is also confirmed in

previous studies (Lynge 2011). The wave ray computations

(Fig. 12) did not indicate that the Moskenes Sound was par-

ticularly exposed to converging wave rays during a rising tide.

However, even if the tides are well represented in the ocean

model (Fig. 9), we expect more uncertainty associated with the

exact location of eddies and areas of strong vorticity. This

would impact the ray tracks and potentially the spatial distri-

bution of the wave ray density.

Regarding the propagation direction of the waves relative to

the current direction, conservation of wave crests [Eq. (3)] to-

gether with the conservation of wave action yields the classical

result of amplitude modulation due to the Doppler shift [i.e.,

Eq. (2)] (Phillips 1977). In their results from the Bodega Bay,

Romero et al. (2017) found that white cap coverage was con-

sistent with focusing of wave rays due to current-induced re-

fraction. Moreover, they found that the area of enhanced wave

breaking was at the edge of a current jet suggesting that the

enhanced wave breaking was also due to opposing waves and

currents in a frame of reference relative to the jet. Opposing

waves and currents are known to be important in tidal inlets and

upwelling jets (Baschek 2005; Rapizo et al. 2017). That is, the

wavelength will increase for waves propagating into a current

heading in the same direction and shorten for waves opposing a

current. For opposing currents, in the x direction, say, the waves

will grow until they reach the limit where u52cg, which is often

referred to as the blocking velocity. Thus, wave steepening due

FIG. 13. The development of areas of relative wave convergence Rwc and normalized vertical vorticity z/f during a rising tide in

Moskstraumen. The Rwc was computed with the x axis taken as the direction of wave propagation as in Eq. (14), implying waves coming

from west. The island of Værøy and the southern tip of the Lofoten Penisula are shown in (a). ‘‘MS’’ denotes the Moskenes Sound. The

location of the ADCP is indicated by the yellow dot.
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Aslongastherelativewaveconvergenceisnegative,thewaves

willcontinuetogrowdespiteadecreaseinmagnitude.Thisis

clearlyseeninFig.14bwhereE5Emaxoccurslongafter

Rwc(t)5Rwc,min.

b.Wave–currentinteractionsandwavebreaking

Fromtheobservations,enhancedwavebreakingsystemat-

icallyoccurredduringaperiodofnegativewaveconvergence

(Rwc,0,seeFigs.7a,b,e,f),andcoincidedwiththecurrent

maximum(Figs.7c,g).Fromaspectralanalysis,wefounda

goodcorrespondencebetweentheenhancedwavebreaking

andthesemidiurnaltidalconstituentsM2andS2(Figs.4cand

8).Thiswasconsistentduringperiodswithwindspeedswell

below10ms
21

withsteadyswellfromthewest,butalsoin

periodswithhigherwindspeedsandlocalwindseapropagat-

ingeastward,likeattheendofJanuary2019(Figs.5b,d).

Enhancedwavebreakingalsohappenedwhenthecurrents

andwaveswereheadinginthesamedirection(e.g.,Fig.7d).

Wavebreakingisrelatedtosteepeningofwaves,andthustoa

modulationinwaveamplitudeand/orwavenumber.Several

workshavereportedanincreaseinwaveheightsforwavesand

currentsthatareheadinginthesamedirection(Vincent1979;

Masson1996;GemmrichandGarrett2012;Romeroetal.

2017).Themodulationismainlyattributedtononlocalcu-

mulativeeffectssuchascurrent-inducedrefraction.Theareaof

modulationcould,however,beverysensitivetothedirection

ofthewaverays(Masson1996).Furthermore,ifpropagat-

ingalongacollinearjet,waverayscouldalsodivergefrom

thecenterandoverlapattheedgesofthejetdependingonthe

propertiesofthewavefield.Anorth–southtransectacrossthe

MoskenesSoundduringarisingtideshowsthatthecurrentis

spatiallymoreuniform(Fig.9),whichisalsoconfirmedin

previousstudies(Lynge2011).Thewaveraycomputations

(Fig.12)didnotindicatethattheMoskenesSoundwaspar-

ticularlyexposedtoconvergingwaveraysduringarisingtide.

However,evenifthetidesarewellrepresentedintheocean

model(Fig.9),weexpectmoreuncertaintyassociatedwiththe

exactlocationofeddiesandareasofstrongvorticity.This

wouldimpacttheraytracksandpotentiallythespatialdistri-

butionofthewaveraydensity.

Regardingthepropagationdirectionofthewavesrelativeto

thecurrentdirection,conservationofwavecrests[Eq.(3)]to-

getherwiththeconservationofwaveactionyieldstheclassical

resultofamplitudemodulationduetotheDopplershift[i.e.,

Eq.(2)](Phillips1977).IntheirresultsfromtheBodegaBay,

Romeroetal.(2017)foundthatwhitecapcoveragewascon-

sistentwithfocusingofwaveraysduetocurrent-inducedre-

fraction.Moreover,theyfoundthattheareaofenhancedwave

breakingwasattheedgeofacurrentjetsuggestingthatthe

enhancedwavebreakingwasalsoduetoopposingwavesand

currentsinaframeofreferencerelativetothejet.Opposing

wavesandcurrentsareknowntobeimportantintidalinletsand

upwellingjets(Baschek2005;Rapizoetal.2017).Thatis,the

wavelengthwillincreaseforwavespropagatingintoacurrent

headinginthesamedirectionandshortenforwavesopposinga

current.Foropposingcurrents,inthexdirection,say,thewaves

willgrowuntiltheyreachthelimitwhereu52cg,whichisoften

referredtoastheblockingvelocity.Thus,wavesteepeningdue
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(Rwc,0,seeFigs.7a,b,e,f),andcoincidedwiththecurrent
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goodcorrespondencebetweentheenhancedwavebreaking
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8).Thiswasconsistentduringperiodswithwindspeedswell

below10ms
21

withsteadyswellfromthewest,butalsoin

periodswithhigherwindspeedsandlocalwindseapropagat-

ingeastward,likeattheendofJanuary2019(Figs.5b,d).

Enhancedwavebreakingalsohappenedwhenthecurrents
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modulationinwaveamplitudeand/orwavenumber.Several
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previousstudies(Lynge2011).Thewaveraycomputations
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to opposing waves and currents gives rise to wave breaking by

altering the critical steepness limit. This was observed in

Moskstraumen as early as the seventeenth century (see the

appendix). A negativeDoppler shift, yielding shorter waves, can

also occur for waves riding on time-varying currents similar to

that of Moskstraumen, even if their direction of propagation is

the same. This can be explained by considering different reference

frames. If viewing, say, Moskstraumen, from shore, the direction

of thewaves and currentswill always be aligned during an event of

rising tide (right panels, Fig. 9) for waves heading eastward, both

before and after current maximum. However, when following the

current, the waves in front of the current maximum (i.e., in the

direction of the current) will increase their wavelength in accor-

dance with the Doppler shift. The waves behind the current

maximum will then be subject to a negative current and shorten.

Such phases of positive and negative acceleration are present in

Moskstraumen, as can be seen from the rapid increase and de-

crease in current speed before and after max speed (Figs. 7c,g).

If we assume ideal conditions with a spatially uniform, time-

varying current going from rest (at t 5 0) to a positive maxi-

mum (t 5 T/2) and back to rest again (t 5 T). Waves with no

dissipation propagating in the direction of the current will be

stretched as the current increases and shortened back to their

original shape as the current decreases back to rest. In this case

ðT
0

R
wc

dt5 0:

However, if the net wave convergence Rwc felt by the waves

was negative before the current maximum occurs, then, as the

waves are shortened again, they would become even steeper

than before since they acquire energy due to the horizontal

gradients of the current. Thus, the Doppler shift from the

deaccelerating tidal current could possibly trigger wave

breaking.

We expect mechanisms like current-induced refraction, wave

steepening due to opposing currents as well as relative wind to

also play a role inMoskstraumen. However, from the systematic

occurrence of enhanced wave breaking at the M2 frequency, we

argue that the mechanism in Eq. (14) seemingly constitutes a

significant part of the wave–current interaction processes during

rising tides in Moskstraumen. In particular during periods with

calm winds and waves coming from west. Further investigation

is, however, needed to assess the importance of the other forcing

terms in Eq. (10), and also how small-scale processes not re-

solved by our ocean model would affect the wave field.

6. Conclusions

We have presented the first simultaneous measurements of

waves and currents in one of the strongest open-ocean tidal

currents in the world, namely, the Lofoten Maelstrom, or

Moskstraumen. By estimating the bubble depth from a bottom

mounted ADCP, and using that as a proxy for wave breaking,

we find that enhanced wave breaking occurs during a rising tide

when Moskstraumen is at its strongest. That is, with a period

equivalent to that of theM2 tidal constituent. From a simplified

expression considering specific forcing terms in the wave en-

ergy balance equation [Eq. (14)], we find that the horizontal

gradients in the background flows qualitatively explain the

FIG. 14. A first-order estimate on the effect of relative wave convergence Rwc on wave energy density. (a) The

temporal change in wave energy densityE is plotted as a function of values of relative wave convergence with initial

valueE05 1. Shades of red and blue denote increasing and decreasing wave energy density, respectively. The black

dashed line denotes the minimum negative value computed for deep water waves from the ocean model (Fig. 7e).

(b) Two examples of deep water waves with E0 5 1 propagating over an area with varying Rwc (green lines). The

waves have periods of T5 7 s (black dashed line) and T5 5 s (black solid line) with corresponding group velocities

of cg 5 5.5m s21 and cg 5 3.9m s21, respectively. Their duration corresponds to propagating a distance of 10 km.

The red and blue shaded areas correspond to an increase and decrease in E with respect to E0, respectively.
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toopposingwavesandcurrentsgivesrisetowavebreakingby

alteringthecriticalsteepnesslimit.Thiswasobservedin

Moskstraumenasearlyastheseventeenthcentury(seethe

appendix).AnegativeDopplershift,yieldingshorterwaves,can

alsooccurforwavesridingontime-varyingcurrentssimilarto

thatofMoskstraumen,eveniftheirdirectionofpropagationis

thesame.Thiscanbeexplainedbyconsideringdifferentreference

frames.Ifviewing,say,Moskstraumen,fromshore,thedirection

ofthewavesandcurrentswillalwaysbealignedduringaneventof

risingtide(rightpanels,Fig.9)forwavesheadingeastward,both

beforeandaftercurrentmaximum.However,whenfollowingthe

current,thewavesinfrontofthecurrentmaximum(i.e.,inthe

directionofthecurrent)willincreasetheirwavelengthinaccor-

dancewiththeDopplershift.Thewavesbehindthecurrent

maximumwillthenbesubjecttoanegativecurrentandshorten.

Suchphasesofpositiveandnegativeaccelerationarepresentin

Moskstraumen,ascanbeseenfromtherapidincreaseandde-

creaseincurrentspeedbeforeandaftermaxspeed(Figs.7c,g).

Ifweassumeidealconditionswithaspatiallyuniform,time-

varyingcurrentgoingfromrest(att50)toapositivemaxi-

mum(t5T/2)andbacktorestagain(t5T).Waveswithno

dissipationpropagatinginthedirectionofthecurrentwillbe

stretchedasthecurrentincreasesandshortenedbacktotheir

originalshapeasthecurrentdecreasesbacktorest.Inthiscase

ðT
0

R
wc

dt50:

However,ifthenetwaveconvergenceRwcfeltbythewaves

wasnegativebeforethecurrentmaximumoccurs,then,asthe

wavesareshortenedagain,theywouldbecomeevensteeper

thanbeforesincetheyacquireenergyduetothehorizontal

gradientsofthecurrent.Thus,theDopplershiftfromthe

deacceleratingtidalcurrentcouldpossiblytriggerwave

breaking.

Weexpectmechanismslikecurrent-inducedrefraction,wave

steepeningduetoopposingcurrentsaswellasrelativewindto

alsoplayaroleinMoskstraumen.However,fromthesystematic

occurrenceofenhancedwavebreakingattheM2frequency,we

arguethatthemechanisminEq.(14)seeminglyconstitutesa

significantpartofthewave–currentinteractionprocessesduring

risingtidesinMoskstraumen.Inparticularduringperiodswith

calmwindsandwavescomingfromwest.Furtherinvestigation

is,however,neededtoassesstheimportanceoftheotherforcing

termsinEq.(10),andalsohowsmall-scaleprocessesnotre-

solvedbyouroceanmodelwouldaffectthewavefield.

6.Conclusions

Wehavepresentedthefirstsimultaneousmeasurementsof

wavesandcurrentsinoneofthestrongestopen-oceantidal

currentsintheworld,namely,theLofotenMaelstrom,or

Moskstraumen.Byestimatingthebubbledepthfromabottom

mountedADCP,andusingthatasaproxyforwavebreaking,

wefindthatenhancedwavebreakingoccursduringarisingtide

whenMoskstraumenisatitsstrongest.Thatis,withaperiod

equivalenttothatoftheM2tidalconstituent.Fromasimplified

expressionconsideringspecificforcingtermsinthewaveen-

ergybalanceequation[Eq.(14)],wefindthatthehorizontal

gradientsinthebackgroundflowsqualitativelyexplainthe

FIG.14.Afirst-orderestimateontheeffectofrelativewaveconvergenceRwconwaveenergydensity.(a)The

temporalchangeinwaveenergydensityEisplottedasafunctionofvaluesofrelativewaveconvergencewithinitial

valueE051.Shadesofredandbluedenoteincreasinganddecreasingwaveenergydensity,respectively.Theblack

dashedlinedenotestheminimumnegativevaluecomputedfordeepwaterwavesfromtheoceanmodel(Fig.7e).

(b)TwoexamplesofdeepwaterwaveswithE051propagatingoveranareawithvaryingRwc(greenlines).The

waveshaveperiodsofT57s(blackdashedline)andT55s(blacksolidline)withcorrespondinggroupvelocities

ofcg55.5ms21andcg53.9ms21,respectively.Theirdurationcorrespondstopropagatingadistanceof10km.

TheredandblueshadedareascorrespondtoanincreaseanddecreaseinEwithrespecttoE0,respectively.
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to opposing waves and currents gives rise to wave breaking by

altering the critical steepness limit. This was observed in

Moskstraumen as early as the seventeenth century (see the

appendix). A negativeDoppler shift, yielding shorter waves, can

also occur for waves riding on time-varying currents similar to

that of Moskstraumen, even if their direction of propagation is

the same. This can be explained by considering different reference

frames. If viewing, say, Moskstraumen, from shore, the direction

of thewaves and currentswill always be aligned during an event of

rising tide (right panels, Fig. 9) for waves heading eastward, both

before and after current maximum. However, when following the

current, the waves in front of the current maximum (i.e., in the

direction of the current) will increase their wavelength in accor-

dance with the Doppler shift. The waves behind the current

maximum will then be subject to a negative current and shorten.

Such phases of positive and negative acceleration are present in

Moskstraumen, as can be seen from the rapid increase and de-

crease in current speed before and after max speed (Figs. 7c,g).

If we assume ideal conditions with a spatially uniform, time-

varying current going from rest (at t 5 0) to a positive maxi-

mum (t 5 T/2) and back to rest again (t 5 T). Waves with no

dissipation propagating in the direction of the current will be

stretched as the current increases and shortened back to their

original shape as the current decreases back to rest. In this case

ðT
0

Rwc dt5 0:

However, if the net wave convergence Rwc felt by the waves

was negative before the current maximum occurs, then, as the

waves are shortened again, they would become even steeper

than before since they acquire energy due to the horizontal

gradients of the current. Thus, the Doppler shift from the

deaccelerating tidal current could possibly trigger wave

breaking.

We expect mechanisms like current-induced refraction, wave

steepening due to opposing currents as well as relative wind to

also play a role inMoskstraumen. However, from the systematic

occurrence of enhanced wave breaking at the M2 frequency, we

argue that the mechanism in Eq. (14) seemingly constitutes a

significant part of the wave–current interaction processes during

rising tides in Moskstraumen. In particular during periods with

calm winds and waves coming from west. Further investigation

is, however, needed to assess the importance of the other forcing

terms in Eq. (10), and also how small-scale processes not re-

solved by our ocean model would affect the wave field.

6. Conclusions

We have presented the first simultaneous measurements of

waves and currents in one of the strongest open-ocean tidal

currents in the world, namely, the Lofoten Maelstrom, or

Moskstraumen. By estimating the bubble depth from a bottom

mounted ADCP, and using that as a proxy for wave breaking,

we find that enhanced wave breaking occurs during a rising tide

when Moskstraumen is at its strongest. That is, with a period

equivalent to that of theM2 tidal constituent. From a simplified

expression considering specific forcing terms in the wave en-

ergy balance equation [Eq. (14)], we find that the horizontal

gradients in the background flows qualitatively explain the

FIG. 14. A first-order estimate on the effect of relative wave convergence Rwc on wave energy density. (a) The

temporal change in wave energy densityE is plotted as a function of values of relative wave convergence with initial

valueE05 1. Shades of red and blue denote increasing and decreasing wave energy density, respectively. The black

dashed line denotes the minimum negative value computed for deep water waves from the ocean model (Fig. 7e).

(b) Two examples of deep water waves with E0 5 1 propagating over an area with varying Rwc (green lines). The

waves have periods of T5 7 s (black dashed line) and T5 5 s (black solid line) with corresponding group velocities

of cg 5 5.5m s
21

and cg 5 3.9m s
21
, respectively. Their duration corresponds to propagating a distance of 10 km.

The red and blue shaded areas correspond to an increase and decrease in E with respect to E0, respectively.
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to opposing waves and currents gives rise to wave breaking by
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direction of the current) will increase their wavelength in accor-

dance with the Doppler shift. The waves behind the current

maximum will then be subject to a negative current and shorten.
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ðT
0

Rwc dt5 0:
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toopposingwavesandcurrentsgivesrisetowavebreakingby

alteringthecriticalsteepnesslimit.Thiswasobservedin

Moskstraumenasearlyastheseventeenthcentury(seethe

appendix).AnegativeDopplershift,yieldingshorterwaves,can

alsooccurforwavesridingontime-varyingcurrentssimilarto

thatofMoskstraumen,eveniftheirdirectionofpropagationis

thesame.Thiscanbeexplainedbyconsideringdifferentreference

frames.Ifviewing,say,Moskstraumen,fromshore,thedirection

ofthewavesandcurrentswillalwaysbealignedduringaneventof

risingtide(rightpanels,Fig.9)forwavesheadingeastward,both

beforeandaftercurrentmaximum.However,whenfollowingthe

current,thewavesinfrontofthecurrentmaximum(i.e.,inthe

directionofthecurrent)willincreasetheirwavelengthinaccor-

dancewiththeDopplershift.Thewavesbehindthecurrent

maximumwillthenbesubjecttoanegativecurrentandshorten.

Suchphasesofpositiveandnegativeaccelerationarepresentin

Moskstraumen,ascanbeseenfromtherapidincreaseandde-

creaseincurrentspeedbeforeandaftermaxspeed(Figs.7c,g).

Ifweassumeidealconditionswithaspatiallyuniform,time-

varyingcurrentgoingfromrest(att50)toapositivemaxi-

mum(t5T/2)andbacktorestagain(t5T).Waveswithno

dissipationpropagatinginthedirectionofthecurrentwillbe

stretchedasthecurrentincreasesandshortenedbacktotheir

originalshapeasthecurrentdecreasesbacktorest.Inthiscase

ðT
0

Rwcdt50:

However,ifthenetwaveconvergenceRwcfeltbythewaves

wasnegativebeforethecurrentmaximumoccurs,then,asthe

wavesareshortenedagain,theywouldbecomeevensteeper

thanbeforesincetheyacquireenergyduetothehorizontal

gradientsofthecurrent.Thus,theDopplershiftfromthe

deacceleratingtidalcurrentcouldpossiblytriggerwave

breaking.

Weexpectmechanismslikecurrent-inducedrefraction,wave

steepeningduetoopposingcurrentsaswellasrelativewindto

alsoplayaroleinMoskstraumen.However,fromthesystematic

occurrenceofenhancedwavebreakingattheM2frequency,we

arguethatthemechanisminEq.(14)seeminglyconstitutesa

significantpartofthewave–currentinteractionprocessesduring

risingtidesinMoskstraumen.Inparticularduringperiodswith

calmwindsandwavescomingfromwest.Furtherinvestigation

is,however,neededtoassesstheimportanceoftheotherforcing

termsinEq.(10),andalsohowsmall-scaleprocessesnotre-

solvedbyouroceanmodelwouldaffectthewavefield.

6.Conclusions

Wehavepresentedthefirstsimultaneousmeasurementsof

wavesandcurrentsinoneofthestrongestopen-oceantidal

currentsintheworld,namely,theLofotenMaelstrom,or

Moskstraumen.Byestimatingthebubbledepthfromabottom

mountedADCP,andusingthatasaproxyforwavebreaking,

wefindthatenhancedwavebreakingoccursduringarisingtide

whenMoskstraumenisatitsstrongest.Thatis,withaperiod

equivalenttothatoftheM2tidalconstituent.Fromasimplified

expressionconsideringspecificforcingtermsinthewaveen-

ergybalanceequation[Eq.(14)],wefindthatthehorizontal

gradientsinthebackgroundflowsqualitativelyexplainthe

FIG.14.Afirst-orderestimateontheeffectofrelativewaveconvergenceRwconwaveenergydensity.(a)The

temporalchangeinwaveenergydensityEisplottedasafunctionofvaluesofrelativewaveconvergencewithinitial

valueE051.Shadesofredandbluedenoteincreasinganddecreasingwaveenergydensity,respectively.Theblack

dashedlinedenotestheminimumnegativevaluecomputedfordeepwaterwavesfromtheoceanmodel(Fig.7e).

(b)TwoexamplesofdeepwaterwaveswithE051propagatingoveranareawithvaryingRwc(greenlines).The

waveshaveperiodsofT57s(blackdashedline)andT55s(blacksolidline)withcorrespondinggroupvelocities

ofcg55.5ms
21

andcg53.9ms
21
,respectively.Theirdurationcorrespondstopropagatingadistanceof10km.

TheredandblueshadedareascorrespondtoanincreaseanddecreaseinEwithrespecttoE0,respectively.
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enhanced wave breaking, in particular during periods with low

wind speed and with waves coming from the west (during rising

tides). Under such conditions, the Doppler shift of the waves

possibly contribute to further steepening of the waves. More

measurements are however required to assess the importance

of all the forcing terms in Eq. (10).

The ADCP measurements also confirm results from previ-

ous studies which estimated the strength of Moskstraumen to

reach 3m s21 (Gjevik et al. 1997; Moe et al. 2002; Ommundsen

2002). We do, however, expect Moskstraumen to reach even

higher speeds where the Moskenes Sound is at its narrowest.

The results presented here show the importance of adding

currents as forcing in spectral wave models in nearshore en-

vironments. In addition, the expression in Eq. (14) can be

utilized in areas of strong current gradients to estimate their

role in modulating the wave field.
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APPENDIX

Early Wave–Current Interaction Observations in
Moskstraumen

Increased wave amplitude, and thus increased wave break-

ing, as a result of opposing waves and currents was observed in

Moskstraumen as early as in 1685 (first published 1739) by the

Norwegian priest and naturalist Peter Dass in his work

Nordlands Trompet (The Trumpet of Nordland) (Dass 2007).

In the following, we cite the novel observation by Dass, first in

Norwegian then translated into English (translation by Theodore

Jorgenson, 1954):

Og skeer det, at Vinden er Strømmen imod,

Da reyses de Bølger i dybeste Flod
Saa høye som Klippernes Toppe:

Skull’ nogen fordristes at fare der da,

Han reiste der alrig med Livet ifra,

Men maatte til Bunden ned hoppe.

and

And if it so happens that counterwinds blow,

The waves will as high as the mountaintops flow

And have nothing comparable elsewhere.

Should anyone dare to attempt the sea then,

He would not see near ones or dear ones again;

His grave would be watery bottom.
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currentsasforcinginspectralwavemodelsinnearshoreen-
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APPENDIX

EarlyWave–CurrentInteractionObservationsin
Moskstraumen

Increasedwaveamplitude,andthusincreasedwavebreak-

ing,asaresultofopposingwavesandcurrentswasobservedin

Moskstraumenasearlyasin1685(firstpublished1739)bythe

NorwegianpriestandnaturalistPeterDassinhiswork

NordlandsTrompet(TheTrumpetofNordland)(Dass2007).

Inthefollowing,wecitethenovelobservationbyDass,firstin

NorwegianthentranslatedintoEnglish(translationbyTheodore

Jorgenson,1954):

Ogskeerdet,atVindenerStrømmenimod,

DareysesdeBølgeridybesteFlod
SaahøyesomKlippernesToppe:

Skull’nogenfordristesatfarederda,

HanreistederalrigmedLivetifra,

MenmaattetilBundennedhoppe.

and

Andifitsohappensthatcounterwindsblow,

Thewaveswillashighasthemountaintopsflow

Andhavenothingcomparableelsewhere.

Shouldanyonedaretoattempttheseathen,
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Hisgravewouldbewaterybottom.
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enhanced wave breaking, in particular during periods with low

wind speed and with waves coming from the west (during rising

tides). Under such conditions, the Doppler shift of the waves

possibly contribute to further steepening of the waves. More

measurements are however required to assess the importance

of all the forcing terms in Eq. (10).

The ADCP measurements also confirm results from previ-

ous studies which estimated the strength of Moskstraumen to

reach 3m s
21

(Gjevik et al. 1997; Moe et al. 2002; Ommundsen

2002). We do, however, expect Moskstraumen to reach even

higher speeds where the Moskenes Sound is at its narrowest.

The results presented here show the importance of adding

currents as forcing in spectral wave models in nearshore en-

vironments. In addition, the expression in Eq. (14) can be

utilized in areas of strong current gradients to estimate their

role in modulating the wave field.
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APPENDIX

Early Wave–Current Interaction Observations in
Moskstraumen

Increased wave amplitude, and thus increased wave break-

ing, as a result of opposing waves and currents was observed in

Moskstraumen as early as in 1685 (first published 1739) by the

Norwegian priest and naturalist Peter Dass in his work

Nordlands Trompet (The Trumpet of Nordland) (Dass 2007).

In the following, we cite the novel observation by Dass, first in

Norwegian then translated into English (translation by Theodore

Jorgenson, 1954):

Og skeer det, at Vinden er Strømmen imod,

Da reyses de Bølger i dybeste Flod
Saa høye som Klippernes Toppe:

Skull’ nogen fordristes at fare der da,

Han reiste der alrig med Livet ifra,

Men maatte til Bunden ned hoppe.

and

And if it so happens that counterwinds blow,

The waves will as high as the mountaintops flow

And have nothing comparable elsewhere.

Should anyone dare to attempt the sea then,

He would not see near ones or dear ones again;

His grave would be watery bottom.
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APPENDIX

EarlyWave–CurrentInteractionObservationsin
Moskstraumen

Increasedwaveamplitude,andthusincreasedwavebreak-

ing,asaresultofopposingwavesandcurrentswasobservedin

Moskstraumenasearlyasin1685(firstpublished1739)bythe

NorwegianpriestandnaturalistPeterDassinhiswork

NordlandsTrompet(TheTrumpetofNordland)(Dass2007).

Inthefollowing,wecitethenovelobservationbyDass,firstin

NorwegianthentranslatedintoEnglish(translationbyTheodore

Jorgenson,1954):

Ogskeerdet,atVindenerStrømmenimod,

DareysesdeBølgeridybesteFlod
SaahøyesomKlippernesToppe:

Skull’nogenfordristesatfarederda,

HanreistederalrigmedLivetifra,

MenmaattetilBundennedhoppe.

and

Andifitsohappensthatcounterwindsblow,

Thewaveswillashighasthemountaintopsflow

Andhavenothingcomparableelsewhere.

Shouldanyonedaretoattempttheseathen,

Hewouldnotseenearonesordearonesagain;

Hisgravewouldbewaterybottom.
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A B S T R A C T

Oceanic current forcing in spectral wave models have recently been demonstrated to have a large impact on
wave heights at scales between one and up to several hundred kilometers. Here we investigate the impact of
such forcing on open-ocean wave heights in Northern Norway using a high-resolution spectral wave model
with currents from an ocean circulation model of similar resolution. We find that the wave model, to a large
extent, resolves regions identified in the Norwegian Pilot Guide for maritime navigation as having dangerous
sea states due to wave–current interaction. This is in contrast to a wave model forced with surface wind fields
only. We present a novel diagnostic method to map the spatio-temporal scales associated with the wave height
modulation between the two wave model predictions. The method is employed to map areas where significant
wave–current interaction can be expected. In many cases, we are also able to confirm the physical mechanisms
reported in the Pilot Guide, which are leading to an increase in wave energy due to currents. The largest wave
height differences between the two models occur when waves and currents are opposing each other. In such
situations, refraction and wave blocking are the dominating effects for the swell and wind sea parts of the
spectrum, respectively. Furthermore, including current forcing significantly improves the agreement with in
situ observations in strong tidal currents. Here, we see an increase in significant wave height of up to 50%.
Even larger relative differences, exceeding 100%, are found in sheltered areas, with one specific region showing
a reduction in model errors of 18% due to refraction and advection of wave action.

1. Introduction

Inclusion of ocean currents as forcing in spectral wave models is
an active field of research, since it is one of the least developed and
least verified parts in such models (Babanin et al., 2017, 2019). This
is obviously important for day-to-day wave forecasting in regions with
strong currents, but also for other aspects like modeling air–sea interac-
tions due to the exchange of properties through the interface, which is
key for climate predictions (Cavaleri et al., 2012). Ocean currents can
modulate wave heights significantly, and even dominate the variability
in the open ocean at scales of 10–100 km (Ardhuin et al., 2017). For
shorter scales, sub-mesoscale fronts have been found to increase signif-
icant wave heights up to 30% (Romero et al., 2017), and twin model
experiments have revealed wave height modulations up to 80% due
to current-induced refraction in low wind conditions (Romero et al.,
2020). Furthermore, periodic interactions in tidal currents is known
to induce intense local wave height modulations, such as reported
by Masson (1996).
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Northern Norway is known for its extraordinarily strong open-ocean
tidal currents (Gjevik et al., 1997). In addition, the region is subject
to a turbulent flow field with strong eddies in the Norwegian Atlantic
Current (NAC) and the Norwegian Coastal Current (NCC) (Mork, 1981),
see Figs. 1, 2. Further to this, the northeast Atlantic is home to the most
extreme wave climate globally (Aarnes et al., 2012). This makes North-
ern Norway an interesting region to study wave–current interaction as
there is a steady influx of swell in addition to local windsea. Specific
areas are known for intense interactions, described in detail in The
Norwegian Pilot Guide (Den norske los, 2018, hereinafter NPG). Some
are also mentioned in the classical literature (Gjevik et al., 1997). In the
NPG, they are referred to as ‘‘areas of dangerous waves’’ (Fig. 3). This
information was collected from an extensive survey among experienced
sailors and local fishermen. In addition to mapping these areas, the
survey also addressed the characteristic current and wave conditions
presumed responsible for the choppy, and sometimes dangerous, sea
states. However, there have been no attempts to resolve these areas
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ABSTRACT

Oceaniccurrentforcinginspectralwavemodelshaverecentlybeendemonstratedtohavealargeimpacton
waveheightsatscalesbetweenoneanduptoseveralhundredkilometers.Hereweinvestigatetheimpactof
suchforcingonopen-oceanwaveheightsinNorthernNorwayusingahigh-resolutionspectralwavemodel
withcurrentsfromanoceancirculationmodelofsimilarresolution.Wefindthatthewavemodel,toalarge
extent,resolvesregionsidentifiedintheNorwegianPilotGuideformaritimenavigationashavingdangerous
seastatesduetowave–currentinteraction.Thisisincontrasttoawavemodelforcedwithsurfacewindfields
only.Wepresentanoveldiagnosticmethodtomapthespatio-temporalscalesassociatedwiththewaveheight
modulationbetweenthetwowavemodelpredictions.Themethodisemployedtomapareaswheresignificant
wave–currentinteractioncanbeexpected.Inmanycases,wearealsoabletoconfirmthephysicalmechanisms
reportedinthePilotGuide,whichareleadingtoanincreaseinwaveenergyduetocurrents.Thelargestwave
heightdifferencesbetweenthetwomodelsoccurwhenwavesandcurrentsareopposingeachother.Insuch
situations,refractionandwaveblockingarethedominatingeffectsfortheswellandwindseapartsofthe
spectrum,respectively.Furthermore,includingcurrentforcingsignificantlyimprovestheagreementwithin
situobservationsinstrongtidalcurrents.Here,weseeanincreaseinsignificantwaveheightofupto50%.
Evenlargerrelativedifferences,exceeding100%,arefoundinshelteredareas,withonespecificregionshowing
areductioninmodelerrorsof18%duetorefractionandadvectionofwaveaction.

1.Introduction

Inclusionofoceancurrentsasforcinginspectralwavemodelsis
anactivefieldofresearch,sinceitisoneoftheleastdevelopedand
leastverifiedpartsinsuchmodels(Babaninetal.,2017,2019).This
isobviouslyimportantforday-to-daywaveforecastinginregionswith
strongcurrents,butalsoforotheraspectslikemodelingair–seainterac-
tionsduetotheexchangeofpropertiesthroughtheinterface,whichis
keyforclimatepredictions(Cavalerietal.,2012).Oceancurrentscan
modulatewaveheightssignificantly,andevendominatethevariability
intheopenoceanatscalesof10–100km(Ardhuinetal.,2017).For
shorterscales,sub-mesoscalefrontshavebeenfoundtoincreasesignif-
icantwaveheightsupto30%(Romeroetal.,2017),andtwinmodel
experimentshaverevealedwaveheightmodulationsupto80%due
tocurrent-inducedrefractioninlowwindconditions(Romeroetal.,
2020).Furthermore,periodicinteractionsintidalcurrentsisknown
toinduceintenselocalwaveheightmodulations,suchasreported
byMasson(1996).
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NorthernNorwayisknownforitsextraordinarilystrongopen-ocean
tidalcurrents(Gjeviketal.,1997).Inaddition,theregionissubject
toaturbulentflowfieldwithstrongeddiesintheNorwegianAtlantic
Current(NAC)andtheNorwegianCoastalCurrent(NCC)(Mork,1981),
seeFigs.1,2.Furthertothis,thenortheastAtlanticishometothemost
extremewaveclimateglobally(Aarnesetal.,2012).ThismakesNorth-
ernNorwayaninterestingregiontostudywave–currentinteractionas
thereisasteadyinfluxofswellinadditiontolocalwindsea.Specific
areasareknownforintenseinteractions,describedindetailinThe
NorwegianPilotGuide(Dennorskelos,2018,hereinafterNPG).Some
arealsomentionedintheclassicalliterature(Gjeviketal.,1997).Inthe
NPG,theyarereferredtoas‘‘areasofdangerouswaves’’(Fig.3).This
informationwascollectedfromanextensivesurveyamongexperienced
sailorsandlocalfishermen.Inadditiontomappingtheseareas,the
surveyalsoaddressedthecharacteristiccurrentandwaveconditions
presumedresponsibleforthechoppy,andsometimesdangerous,sea
states.However,therehavebeennoattemptstoresolvetheseareas
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Oceanic current forcing in spectral wave models have recently been demonstrated to have a large impact on
wave heights at scales between one and up to several hundred kilometers. Here we investigate the impact of
such forcing on open-ocean wave heights in Northern Norway using a high-resolution spectral wave model
with currents from an ocean circulation model of similar resolution. We find that the wave model, to a large
extent, resolves regions identified in the Norwegian Pilot Guide for maritime navigation as having dangerous
sea states due to wave–current interaction. This is in contrast to a wave model forced with surface wind fields
only. We present a novel diagnostic method to map the spatio-temporal scales associated with the wave height
modulation between the two wave model predictions. The method is employed to map areas where significant
wave–current interaction can be expected. In many cases, we are also able to confirm the physical mechanisms
reported in the Pilot Guide, which are leading to an increase in wave energy due to currents. The largest wave
height differences between the two models occur when waves and currents are opposing each other. In such
situations, refraction and wave blocking are the dominating effects for the swell and wind sea parts of the
spectrum, respectively. Furthermore, including current forcing significantly improves the agreement with in
situ observations in strong tidal currents. Here, we see an increase in significant wave height of up to 50%.
Even larger relative differences, exceeding 100%, are found in sheltered areas, with one specific region showing
a reduction in model errors of 18% due to refraction and advection of wave action.

1. Introduction

Inclusion of ocean currents as forcing in spectral wave models is
an active field of research, since it is one of the least developed and
least verified parts in such models (Babanin et al., 2017, 2019). This
is obviously important for day-to-day wave forecasting in regions with
strong currents, but also for other aspects like modeling air–sea interac-
tions due to the exchange of properties through the interface, which is
key for climate predictions (Cavaleri et al., 2012). Ocean currents can
modulate wave heights significantly, and even dominate the variability
in the open ocean at scales of 10–100 km (Ardhuin et al., 2017). For
shorter scales, sub-mesoscale fronts have been found to increase signif-
icant wave heights up to 30% (Romero et al., 2017), and twin model
experiments have revealed wave height modulations up to 80% due
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2020). Furthermore, periodic interactions in tidal currents is known
to induce intense local wave height modulations, such as reported
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A B S T R A C T

Oceanic current forcing in spectral wave models have recently been demonstrated to have a large impact on
wave heights at scales between one and up to several hundred kilometers. Here we investigate the impact of
such forcing on open-ocean wave heights in Northern Norway using a high-resolution spectral wave model
with currents from an ocean circulation model of similar resolution. We find that the wave model, to a large
extent, resolves regions identified in the Norwegian Pilot Guide for maritime navigation as having dangerous
sea states due to wave–current interaction. This is in contrast to a wave model forced with surface wind fields
only. We present a novel diagnostic method to map the spatio-temporal scales associated with the wave height
modulation between the two wave model predictions. The method is employed to map areas where significant
wave–current interaction can be expected. In many cases, we are also able to confirm the physical mechanisms
reported in the Pilot Guide, which are leading to an increase in wave energy due to currents. The largest wave
height differences between the two models occur when waves and currents are opposing each other. In such
situations, refraction and wave blocking are the dominating effects for the swell and wind sea parts of the
spectrum, respectively. Furthermore, including current forcing significantly improves the agreement with in
situ observations in strong tidal currents. Here, we see an increase in significant wave height of up to 50%.
Even larger relative differences, exceeding 100%, are found in sheltered areas, with one specific region showing
a reduction in model errors of 18% due to refraction and advection of wave action.

1. Introduction

Inclusion of ocean currents as forcing in spectral wave models is
an active field of research, since it is one of the least developed and
least verified parts in such models (Babanin et al., 2017, 2019). This
is obviously important for day-to-day wave forecasting in regions with
strong currents, but also for other aspects like modeling air–sea interac-
tions due to the exchange of properties through the interface, which is
key for climate predictions (Cavaleri et al., 2012). Ocean currents can
modulate wave heights significantly, and even dominate the variability
in the open ocean at scales of 10–100 km (Ardhuin et al., 2017). For
shorter scales, sub-mesoscale fronts have been found to increase signif-
icant wave heights up to 30% (Romero et al., 2017), and twin model
experiments have revealed wave height modulations up to 80% due
to current-induced refraction in low wind conditions (Romero et al.,
2020). Furthermore, periodic interactions in tidal currents is known
to induce intense local wave height modulations, such as reported
by Masson (1996).
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Northern Norway is known for its extraordinarily strong open-ocean
tidal currents (Gjevik et al., 1997). In addition, the region is subject
to a turbulent flow field with strong eddies in the Norwegian Atlantic
Current (NAC) and the Norwegian Coastal Current (NCC) (Mork, 1981),
see Figs. 1, 2. Further to this, the northeast Atlantic is home to the most
extreme wave climate globally (Aarnes et al., 2012). This makes North-
ern Norway an interesting region to study wave–current interaction as
there is a steady influx of swell in addition to local windsea. Specific
areas are known for intense interactions, described in detail in The
Norwegian Pilot Guide (Den norske los, 2018, hereinafter NPG). Some
are also mentioned in the classical literature (Gjevik et al., 1997). In the
NPG, they are referred to as ‘‘areas of dangerous waves’’ (Fig. 3). This
information was collected from an extensive survey among experienced
sailors and local fishermen. In addition to mapping these areas, the
survey also addressed the characteristic current and wave conditions
presumed responsible for the choppy, and sometimes dangerous, sea
states. However, there have been no attempts to resolve these areas
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only.Wepresentanoveldiagnosticmethodtomapthespatio-temporalscalesassociatedwiththewaveheight
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wave–currentinteractioncanbeexpected.Inmanycases,wearealsoabletoconfirmthephysicalmechanisms
reportedinthePilotGuide,whichareleadingtoanincreaseinwaveenergyduetocurrents.Thelargestwave
heightdifferencesbetweenthetwomodelsoccurwhenwavesandcurrentsareopposingeachother.Insuch
situations,refractionandwaveblockingarethedominatingeffectsfortheswellandwindseapartsofthe
spectrum,respectively.Furthermore,includingcurrentforcingsignificantlyimprovestheagreementwithin
situobservationsinstrongtidalcurrents.Here,weseeanincreaseinsignificantwaveheightofupto50%.
Evenlargerrelativedifferences,exceeding100%,arefoundinshelteredareas,withonespecificregionshowing
areductioninmodelerrorsof18%duetorefractionandadvectionofwaveaction.

1.Introduction

Inclusionofoceancurrentsasforcinginspectralwavemodelsis
anactivefieldofresearch,sinceitisoneoftheleastdevelopedand
leastverifiedpartsinsuchmodels(Babaninetal.,2017,2019).This
isobviouslyimportantforday-to-daywaveforecastinginregionswith
strongcurrents,butalsoforotheraspectslikemodelingair–seainterac-
tionsduetotheexchangeofpropertiesthroughtheinterface,whichis
keyforclimatepredictions(Cavalerietal.,2012).Oceancurrentscan
modulatewaveheightssignificantly,andevendominatethevariability
intheopenoceanatscalesof10–100km(Ardhuinetal.,2017).For
shorterscales,sub-mesoscalefrontshavebeenfoundtoincreasesignif-
icantwaveheightsupto30%(Romeroetal.,2017),andtwinmodel
experimentshaverevealedwaveheightmodulationsupto80%due
tocurrent-inducedrefractioninlowwindconditions(Romeroetal.,
2020).Furthermore,periodicinteractionsintidalcurrentsisknown
toinduceintenselocalwaveheightmodulations,suchasreported
byMasson(1996).
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NorthernNorwayisknownforitsextraordinarilystrongopen-ocean
tidalcurrents(Gjeviketal.,1997).Inaddition,theregionissubject
toaturbulentflowfieldwithstrongeddiesintheNorwegianAtlantic
Current(NAC)andtheNorwegianCoastalCurrent(NCC)(Mork,1981),
seeFigs.1,2.Furthertothis,thenortheastAtlanticishometothemost
extremewaveclimateglobally(Aarnesetal.,2012).ThismakesNorth-
ernNorwayaninterestingregiontostudywave–currentinteractionas
thereisasteadyinfluxofswellinadditiontolocalwindsea.Specific
areasareknownforintenseinteractions,describedindetailinThe
NorwegianPilotGuide(Dennorskelos,2018,hereinafterNPG).Some
arealsomentionedintheclassicalliterature(Gjeviketal.,1997).Inthe
NPG,theyarereferredtoas‘‘areasofdangerouswaves’’(Fig.3).This
informationwascollectedfromanextensivesurveyamongexperienced
sailorsandlocalfishermen.Inadditiontomappingtheseareas,the
surveyalsoaddressedthecharacteristiccurrentandwaveconditions
presumedresponsibleforthechoppy,andsometimesdangerous,sea
states.However,therehavebeennoattemptstoresolvetheseareas
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using spectral wave models. In this work, we aim to map areas known
(or not known) for high and dangerous sea states presumed due to
wave–current interaction using state-of-the-art wave and ocean models.
Moreover, as different flow regimes (e.g., tidal and sub-mesoscale) are
associated with various temporal and horizontal scales, we investigate
if such a model coupling also resolves spatio-temporal variability in the
wave field, including the extreme values in specific regions like strong
tidal currents.

Only a few studies have investigated the impact of currents on
the wave field in Northern Norway. Segtnan (2014) used the wave
refraction model by Mathiesen (1987) and found that the wave prop-
agation direction close to the coast was often misaligned with the
wave direction offshore. The misalignment was attributed to current-
induced refraction due to the eddies associated with the NCC. Saetra
et al. (2021, hereinafter OS21) investigated wave–current interaction
in the Lofoten Maelstrom, which is one of the world’s strongest open-
ocean tidal currents. They found that wave breaking increased during
maximum current speeds. This was associated with an increase in wave
height due to horizontal gradients in the tidal current. Neither of these
studies sufficiently examined the flow fields impact on the wave height,
and the associated horizontal variability.

Here we investigate the impact of currents by comparing the re-
sults from a twin experiment with identical spectral wave models
(hereinafter wave models) with different forcing, i.e., one with wind
and currents and one forced with wind only. Similar model setups
have recently been shown to yield acceptable results on large (e.g.
Marechal and Ardhuin, 2021), intermediate (e.g. Kanarik et al., 2021)
and small horizontal scales (e.g. Romero et al., 2020), including tidal
currents (Ardhuin et al., 2012). We assess the impact by different
current regimes on the wave field by analyzing specific events and by
comparing them with in situ and remote sensing observations. We also
present a novel, generic, method to map spatio-temporal variability in
twin experiments based on time series analysis, which in this context
is used to map regions with strong wave–current interaction. More
generally, we assess the usefulness of such an approach for sensitivity
analysis in twin model experiments.

The paper is structured as follows: In Section 2, we provide a
description of the models, forcing, and observations together with
metrics and methods used for validation. In Section 3, we present our
results, which are further discussed in Section 4. We then present our
concluding remarks in Section 5.

2. Materials and methods

2.1. Models and observations

2.1.1. Model domain and study period
The model domain covers the coast of Northern Norway (Fig. 1), an

area with extensive maritime activity, including ship traffic, fisheries,
marine engineering, and marine harvesting (fish farming). The domain
is identical to the high resolution operational wave forecast model
at the Norwegian Meteorological Institute for this region. Northern
Norway is located in the belt of westerlies and is thus dominated by
westerly winds and waves. Specific areas in the region are subject to
vigorous tidal currents due to the semi-diurnal northward propagating
Kelvin wave. One of these is the aforementioned Lofoten Maelstrom
located on the southern tip of Lofoten (location 7—Fig. 1 local names
are referred to in italic). The tidal current’s local name is Moskstraumen,
which we will use here (see B—Fig. 1). Combined with the Norwe-
gian Coastal Current that meanders northward, loosely following the
bathymetry of the shelf, these strong tidal currents give rise to very
strong current gradients.

This study covers the period from 2018-12-01 until 2019-02-28,
which includes six spring tide periods and some storms mainly ap-
proaching the continental shelf from the west outside Lofoten. Six times
during the period, 𝐻s reached values above 6 m (not shown). The

particular period was chosen since it overlaps with in situ observations
from a measurement campaign in Moskstraumen (Saetra et al., 2021).
We pay particular attention to the locations denoted A and B and those
numbered 2–8 in Fig. 1. The first (A and B) denote the location of
the in situ observations while the latter (2–8) denote areas known for
dangerous waves according to their numbering in the NPG (see Fig. 3).
The reason why we start counting on 2, is that area 1 is outside our
model domain.

2.1.2. The WAM spectral wave model
We used a recent version of the wave model WAM, Cycle 4.7

(Komen et al., 1994; Behrens et al., 2013). WAM solves the wave action
balance equation
𝜕𝑁
𝜕𝑡

+ 1
cos (𝜙)
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𝜙̇ cos (𝜙)𝑁
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𝜕𝜔
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𝜔̇𝑁
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𝜕𝜃

(
𝜃̇𝑁
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=

(1)(
𝑆in + 𝑆nl + 𝑆ds + 𝑆bot

)
𝜎−1,

where 𝑁 = 𝐸∕𝜎, the wave action density, is the ratio of the spectral
wave energy density, 𝐸 = 𝐸(𝑡, 𝜙, 𝜆, 𝜔, 𝜃), and the intrinsic wave angu-
lar frequency, 𝜎. Furthermore, 𝑡, 𝜙, 𝜆, 𝜔, and 𝜃 denote time, latitude,
longitude, angular frequency, and direction, respectively. The right
hand side in (1) denotes the parameterized physical processes which
represents the wind input (𝑆in from Ardhuin et al., 2010), non-linear
wave–wave interactions (𝑆nl from Hasselmann et al., 1985), wave
dissipation due to white capping (𝑆ds from Ardhuin et al., 2010), and
bottom friction (𝑆bot from Hasselmann et al., 1985). The terms denoted
with overdots in Eq. (1) describe the wave kinematics governed by

𝜙̇ =
(
𝑐g cos (𝜃) − 𝑈

)
𝑅−1, (2)

𝜆̇ =
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𝑐g sin (𝜃) − 𝑉
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(𝑅 cos (𝜃))−1, (3)
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𝜕𝑡

, (4)

𝜃̇ = 𝑐g sin (𝜃) tan (𝜙)𝑅−1 + 𝜃̇𝐷, (5)

where 𝐔 = (𝑈, 𝑉 ) is the horizontal surface current velocity vector, 𝑅 is
the radius of the earth, 𝑐g is the wave group velocity, and

𝜃̇𝐷 =
(
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𝛺 − cos (𝜃)
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𝜕
𝜕𝜆

𝛺
)
(𝑘𝑅)−1. (6)

Here, 𝐤 is the wave number vector and 𝑘 = |𝐤|. Latitudinal and longi-
tudinal advection of wave action by the wave group velocity and the
ambient current are represented by Eqs (2)–(3). The temporal change
of angular frequency is given by Eq. (4), where 𝛺 is the Doppler-shift
dispersion relation

𝜔 = 𝛺(𝐤, 𝐱, 𝑡) = 𝜎 + 𝐤 ⋅ 𝐔, (7)

where 𝐱 = (𝑥, 𝑦) is the horizontal positional vector. The intrinsic
frequency follows the linear dispersion relation

𝜎 =
√
𝑔𝑘 tanh (𝑘𝑑). (8)

Here 𝑔, 𝑑 are the gravitational acceleration and water depth, respec-
tively. The refraction, or turning, of waves due to gradients in the
ambient current and bathymetry is dictated by Eq. (5).

The model was set up on a regular grid with 800 m horizontal
grid resolution. It had a spectral resolution of 24 directional and 30
frequency bins, ranging from 𝑓0 = 0.034523Hz to 𝑓29 = 0.5476419Hz
in logarithmic increments such that 𝑓𝑖 = 𝑓0 × 1.1𝑖 where 𝑖 = 1, 2,… , 29.
Model integration time steps of 30 s were used for both the propagation
and source term computations. For the boundaries, we used hourly 2D
spectra from the European Centre for Medium-Range Weather Forecasts
(ECMWF).

We performed a twin model experiment using the same model
specifications and physical parameterizations. Both were forced with
surface winds, but one also included current forcing. These two runs
are hereinafter referred to as the reference run, WAMref, i.e., with zero
currents, and the run including currents, WAMcurr. The current forcing
is not part of the source term calculations but is included in the wave
kinematics [the left hand side of Eq. (1)], as shown in Eqs. (2)–(5).
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usingspectralwavemodels.Inthiswork,weaimtomapareasknown
(ornotknown)forhighanddangerousseastatespresumeddueto
wave–currentinteractionusingstate-of-the-artwaveandoceanmodels.
Moreover,asdifferentflowregimes(e.g.,tidalandsub-mesoscale)are
associatedwithvarioustemporalandhorizontalscales,weinvestigate
ifsuchamodelcouplingalsoresolvesspatio-temporalvariabilityinthe
wavefield,includingtheextremevaluesinspecificregionslikestrong
tidalcurrents.

Onlyafewstudieshaveinvestigatedtheimpactofcurrentson
thewavefieldinNorthernNorway.Segtnan(2014)usedthewave
refractionmodelbyMathiesen(1987)andfoundthatthewaveprop-
agationdirectionclosetothecoastwasoftenmisalignedwiththe
wavedirectionoffshore.Themisalignmentwasattributedtocurrent-
inducedrefractionduetotheeddiesassociatedwiththeNCC.Saetra
etal.(2021,hereinafterOS21)investigatedwave–currentinteraction
intheLofotenMaelstrom,whichisoneoftheworld’sstrongestopen-
oceantidalcurrents.Theyfoundthatwavebreakingincreasedduring
maximumcurrentspeeds.Thiswasassociatedwithanincreaseinwave
heightduetohorizontalgradientsinthetidalcurrent.Neitherofthese
studiessufficientlyexaminedtheflowfieldsimpactonthewaveheight,
andtheassociatedhorizontalvariability.

Hereweinvestigatetheimpactofcurrentsbycomparingthere-
sultsfromatwinexperimentwithidenticalspectralwavemodels
(hereinafterwavemodels)withdifferentforcing,i.e.,onewithwind
andcurrentsandoneforcedwithwindonly.Similarmodelsetups
haverecentlybeenshowntoyieldacceptableresultsonlarge(e.g.
MarechalandArdhuin,2021),intermediate(e.g.Kanariketal.,2021)
andsmallhorizontalscales(e.g.Romeroetal.,2020),includingtidal
currents(Ardhuinetal.,2012).Weassesstheimpactbydifferent
currentregimesonthewavefieldbyanalyzingspecificeventsandby
comparingthemwithinsituandremotesensingobservations.Wealso
presentanovel,generic,methodtomapspatio-temporalvariabilityin
twinexperimentsbasedontimeseriesanalysis,whichinthiscontext
isusedtomapregionswithstrongwave–currentinteraction.More
generally,weassesstheusefulnessofsuchanapproachforsensitivity
analysisintwinmodelexperiments.

Thepaperisstructuredasfollows:InSection2,weprovidea
descriptionofthemodels,forcing,andobservationstogetherwith
metricsandmethodsusedforvalidation.InSection3,wepresentour
results,whicharefurtherdiscussedinSection4.Wethenpresentour
concludingremarksinSection5.

2.Materialsandmethods

2.1.Modelsandobservations

2.1.1.Modeldomainandstudyperiod
ThemodeldomaincoversthecoastofNorthernNorway(Fig.1),an

areawithextensivemaritimeactivity,includingshiptraffic,fisheries,
marineengineering,andmarineharvesting(fishfarming).Thedomain
isidenticaltothehighresolutionoperationalwaveforecastmodel
attheNorwegianMeteorologicalInstituteforthisregion.Northern
Norwayislocatedinthebeltofwesterliesandisthusdominatedby
westerlywindsandwaves.Specificareasintheregionaresubjectto
vigoroustidalcurrentsduetothesemi-diurnalnorthwardpropagating
Kelvinwave.OneoftheseistheaforementionedLofotenMaelstrom
locatedonthesoutherntipofLofoten(location7—Fig.1localnames
arereferredtoinitalic).Thetidalcurrent’slocalnameisMoskstraumen,
whichwewillusehere(seeB—Fig.1).CombinedwiththeNorwe-
gianCoastalCurrentthatmeandersnorthward,looselyfollowingthe
bathymetryoftheshelf,thesestrongtidalcurrentsgiverisetovery
strongcurrentgradients.

Thisstudycoverstheperiodfrom2018-12-01until2019-02-28,
whichincludessixspringtideperiodsandsomestormsmainlyap-
proachingthecontinentalshelffromthewestoutsideLofoten.Sixtimes
duringtheperiod,𝐻sreachedvaluesabove6m(notshown).The

particularperiodwaschosensinceitoverlapswithinsituobservations
fromameasurementcampaigninMoskstraumen(Saetraetal.,2021).
WepayparticularattentiontothelocationsdenotedAandBandthose
numbered2–8inFig.1.Thefirst(AandB)denotethelocationof
theinsituobservationswhilethelatter(2–8)denoteareasknownfor
dangerouswavesaccordingtotheirnumberingintheNPG(seeFig.3).
Thereasonwhywestartcountingon2,isthatarea1isoutsideour
modeldomain.

2.1.2.TheWAMspectralwavemodel
WeusedarecentversionofthewavemodelWAM,Cycle4.7

(Komenetal.,1994;Behrensetal.,2013).WAMsolvesthewaveaction
balanceequation
𝜕𝑁
𝜕𝑡

+1
cos(𝜙)

𝜕
𝜕𝜙

(
̇ 𝜙cos(𝜙)𝑁
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(
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(
̇ 𝜔𝑁

)
+𝜕

𝜕𝜃

(
̇ 𝜃𝑁

)
=

(1) (
𝑆in+𝑆nl+𝑆ds+𝑆bot

)
𝜎−1,

where𝑁=𝐸∕𝜎,thewaveactiondensity,istheratioofthespectral
waveenergydensity,𝐸=𝐸(𝑡,𝜙,𝜆,𝜔,𝜃),andtheintrinsicwaveangu-
larfrequency,𝜎.Furthermore,𝑡,𝜙,𝜆,𝜔,and𝜃denotetime,latitude,
longitude,angularfrequency,anddirection,respectively.Theright
handsidein(1)denotestheparameterizedphysicalprocesseswhich
representsthewindinput(𝑆infromArdhuinetal.,2010),non-linear
wave–waveinteractions(𝑆nlfromHasselmannetal.,1985),wave
dissipationduetowhitecapping(𝑆dsfromArdhuinetal.,2010),and
bottomfriction(𝑆botfromHasselmannetal.,1985).Thetermsdenoted
withoverdotsinEq.(1)describethewavekinematicsgovernedby

̇ 𝜙=
(
𝑐gcos(𝜃)−𝑈

)
𝑅−1,(2)

̇ 𝜆=
(
𝑐gsin(𝜃)−𝑉

)
(𝑅cos(𝜃))−1,(3)

̇ 𝜔=𝜕𝛺
𝜕𝑡

,(4)

̇ 𝜃=𝑐gsin(𝜃)tan(𝜙)𝑅−1+̇ 𝜃𝐷,(5)

where𝐔=(𝑈,𝑉)isthehorizontalsurfacecurrentvelocityvector,𝑅is
theradiusoftheearth,𝑐gisthewavegroupvelocity,and

̇ 𝜃𝐷=
(

sin(𝜃)𝜕
𝜕𝜙

𝛺−cos(𝜃)
cos(𝜙)

𝜕
𝜕𝜆

𝛺
)

(𝑘𝑅)−1.(6)

Here,𝐤isthewavenumbervectorand𝑘=|𝐤|.Latitudinalandlongi-
tudinaladvectionofwaveactionbythewavegroupvelocityandthe
ambientcurrentarerepresentedbyEqs(2)–(3).Thetemporalchange
ofangularfrequencyisgivenbyEq.(4),where𝛺istheDoppler-shift
dispersionrelation

𝜔=𝛺(𝐤,𝐱,𝑡)=𝜎+𝐤⋅𝐔,(7)

where𝐱=(𝑥,𝑦)isthehorizontalpositionalvector.Theintrinsic
frequencyfollowsthelineardispersionrelation

𝜎=
√

𝑔𝑘tanh(𝑘𝑑).(8)

Here𝑔,𝑑arethegravitationalaccelerationandwaterdepth,respec-
tively.Therefraction,orturning,ofwavesduetogradientsinthe
ambientcurrentandbathymetryisdictatedbyEq.(5).

Themodelwassetuponaregulargridwith800mhorizontal
gridresolution.Ithadaspectralresolutionof24directionaland30
frequencybins,rangingfrom𝑓0=0.034523Hzto𝑓29=0.5476419Hz
inlogarithmicincrementssuchthat𝑓𝑖=𝑓0×1.1𝑖where𝑖=1,2,…,29.
Modelintegrationtimestepsof30swereusedforboththepropagation
andsourcetermcomputations.Fortheboundaries,weusedhourly2D
spectrafromtheEuropeanCentreforMedium-RangeWeatherForecasts
(ECMWF).

Weperformedatwinmodelexperimentusingthesamemodel
specificationsandphysicalparameterizations.Bothwereforcedwith
surfacewinds,butonealsoincludedcurrentforcing.Thesetworuns
arehereinafterreferredtoasthereferencerun,WAMref,i.e.,withzero
currents,andtherunincludingcurrents,WAMcurr.Thecurrentforcing
isnotpartofthesourcetermcalculationsbutisincludedinthewave
kinematics[thelefthandsideofEq.(1)],asshowninEqs.(2)–(5).
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gianCoastalCurrentthatmeandersnorthward,looselyfollowingthe
bathymetryoftheshelf,thesestrongtidalcurrentsgiverisetovery
strongcurrentgradients.

Thisstudycoverstheperiodfrom2018-12-01until2019-02-28,
whichincludessixspringtideperiodsandsomestormsmainlyap-
proachingthecontinentalshelffromthewestoutsideLofoten.Sixtimes
duringtheperiod,𝐻sreachedvaluesabove6m(notshown).The

particularperiodwaschosensinceitoverlapswithinsituobservations
fromameasurementcampaigninMoskstraumen(Saetraetal.,2021).
WepayparticularattentiontothelocationsdenotedAandBandthose
numbered2–8inFig.1.Thefirst(AandB)denotethelocationof
theinsituobservationswhilethelatter(2–8)denoteareasknownfor
dangerouswavesaccordingtotheirnumberingintheNPG(seeFig.3).
Thereasonwhywestartcountingon2,isthatarea1isoutsideour
modeldomain.

2.1.2.TheWAMspectralwavemodel
WeusedarecentversionofthewavemodelWAM,Cycle4.7

(Komenetal.,1994;Behrensetal.,2013).WAMsolvesthewaveaction
balanceequation
𝜕𝑁
𝜕𝑡

+1
cos(𝜙)

𝜕
𝜕𝜙

(
̇ 𝜙cos(𝜙)𝑁

)
+𝜕

𝜕𝜆

(
̇ 𝜆𝑁

)
+𝜕

𝜕𝜔

(
̇ 𝜔𝑁

)
+𝜕

𝜕𝜃

(
̇ 𝜃𝑁

)
=

(1) (
𝑆in+𝑆nl+𝑆ds+𝑆bot

)
𝜎−1,

where𝑁=𝐸∕𝜎,thewaveactiondensity,istheratioofthespectral
waveenergydensity,𝐸=𝐸(𝑡,𝜙,𝜆,𝜔,𝜃),andtheintrinsicwaveangu-
larfrequency,𝜎.Furthermore,𝑡,𝜙,𝜆,𝜔,and𝜃denotetime,latitude,
longitude,angularfrequency,anddirection,respectively.Theright
handsidein(1)denotestheparameterizedphysicalprocesseswhich
representsthewindinput(𝑆infromArdhuinetal.,2010),non-linear
wave–waveinteractions(𝑆nlfromHasselmannetal.,1985),wave
dissipationduetowhitecapping(𝑆dsfromArdhuinetal.,2010),and
bottomfriction(𝑆botfromHasselmannetal.,1985).Thetermsdenoted
withoverdotsinEq.(1)describethewavekinematicsgovernedby

̇ 𝜙=
(
𝑐gcos(𝜃)−𝑈

)
𝑅−1,(2)

̇ 𝜆=
(
𝑐gsin(𝜃)−𝑉

)
(𝑅cos(𝜃))−1,(3)

̇ 𝜔=𝜕𝛺
𝜕𝑡

,(4)

̇ 𝜃=𝑐gsin(𝜃)tan(𝜙)𝑅−1+̇ 𝜃𝐷,(5)

where𝐔=(𝑈,𝑉)isthehorizontalsurfacecurrentvelocityvector,𝑅is
theradiusoftheearth,𝑐gisthewavegroupvelocity,and

̇ 𝜃𝐷=
(

sin(𝜃)𝜕
𝜕𝜙

𝛺−cos(𝜃)
cos(𝜙)

𝜕
𝜕𝜆

𝛺
)

(𝑘𝑅)−1.(6)

Here,𝐤isthewavenumbervectorand𝑘=|𝐤|.Latitudinalandlongi-
tudinaladvectionofwaveactionbythewavegroupvelocityandthe
ambientcurrentarerepresentedbyEqs(2)–(3).Thetemporalchange
ofangularfrequencyisgivenbyEq.(4),where𝛺istheDoppler-shift
dispersionrelation

𝜔=𝛺(𝐤,𝐱,𝑡)=𝜎+𝐤⋅𝐔,(7)

where𝐱=(𝑥,𝑦)isthehorizontalpositionalvector.Theintrinsic
frequencyfollowsthelineardispersionrelation

𝜎=
√

𝑔𝑘tanh(𝑘𝑑).(8)
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tively.Therefraction,orturning,ofwavesduetogradientsinthe
ambientcurrentandbathymetryisdictatedbyEq.(5).

Themodelwassetuponaregulargridwith800mhorizontal
gridresolution.Ithadaspectralresolutionof24directionaland30
frequencybins,rangingfrom𝑓0=0.034523Hzto𝑓29=0.5476419Hz
inlogarithmicincrementssuchthat𝑓𝑖=𝑓0×1.1𝑖where𝑖=1,2,…,29.
Modelintegrationtimestepsof30swereusedforboththepropagation
andsourcetermcomputations.Fortheboundaries,weusedhourly2D
spectrafromtheEuropeanCentreforMedium-RangeWeatherForecasts
(ECMWF).

Weperformedatwinmodelexperimentusingthesamemodel
specificationsandphysicalparameterizations.Bothwereforcedwith
surfacewinds,butonealsoincludedcurrentforcing.Thesetworuns
arehereinafterreferredtoasthereferencerun,WAMref,i.e.,withzero
currents,andtherunincludingcurrents,WAMcurr.Thecurrentforcing
isnotpartofthesourcetermcalculationsbutisincludedinthewave
kinematics[thelefthandsideofEq.(1)],asshowninEqs.(2)–(5).
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using spectral wave models. In this work, we aim to map areas known
(or not known) for high and dangerous sea states presumed due to
wave–current interaction using state-of-the-art wave and ocean models.
Moreover, as different flow regimes (e.g., tidal and sub-mesoscale) are
associated with various temporal and horizontal scales, we investigate
if such a model coupling also resolves spatio-temporal variability in the
wave field, including the extreme values in specific regions like strong
tidal currents.

Only a few studies have investigated the impact of currents on
the wave field in Northern Norway. Segtnan (2014) used the wave
refraction model by Mathiesen (1987) and found that the wave prop-
agation direction close to the coast was often misaligned with the
wave direction offshore. The misalignment was attributed to current-
induced refraction due to the eddies associated with the NCC. Saetra
et al. (2021, hereinafter OS21) investigated wave–current interaction
in the Lofoten Maelstrom, which is one of the world’s strongest open-
ocean tidal currents. They found that wave breaking increased during
maximum current speeds. This was associated with an increase in wave
height due to horizontal gradients in the tidal current. Neither of these
studies sufficiently examined the flow fields impact on the wave height,
and the associated horizontal variability.

Here we investigate the impact of currents by comparing the re-
sults from a twin experiment with identical spectral wave models
(hereinafter wave models) with different forcing, i.e., one with wind
and currents and one forced with wind only. Similar model setups
have recently been shown to yield acceptable results on large (e.g.
Marechal and Ardhuin, 2021), intermediate (e.g. Kanarik et al., 2021)
and small horizontal scales (e.g. Romero et al., 2020), including tidal
currents (Ardhuin et al., 2012). We assess the impact by different
current regimes on the wave field by analyzing specific events and by
comparing them with in situ and remote sensing observations. We also
present a novel, generic, method to map spatio-temporal variability in
twin experiments based on time series analysis, which in this context
is used to map regions with strong wave–current interaction. More
generally, we assess the usefulness of such an approach for sensitivity
analysis in twin model experiments.

The paper is structured as follows: In Section 2, we provide a
description of the models, forcing, and observations together with
metrics and methods used for validation. In Section 3, we present our
results, which are further discussed in Section 4. We then present our
concluding remarks in Section 5.

2. Materials and methods

2.1. Models and observations

2.1.1. Model domain and study period
The model domain covers the coast of Northern Norway (Fig. 1), an

area with extensive maritime activity, including ship traffic, fisheries,
marine engineering, and marine harvesting (fish farming). The domain
is identical to the high resolution operational wave forecast model
at the Norwegian Meteorological Institute for this region. Northern
Norway is located in the belt of westerlies and is thus dominated by
westerly winds and waves. Specific areas in the region are subject to
vigorous tidal currents due to the semi-diurnal northward propagating
Kelvin wave. One of these is the aforementioned Lofoten Maelstrom
located on the southern tip of Lofoten (location 7—Fig. 1 local names
are referred to in italic). The tidal current’s local name is Moskstraumen,
which we will use here (see B—Fig. 1). Combined with the Norwe-
gian Coastal Current that meanders northward, loosely following the
bathymetry of the shelf, these strong tidal currents give rise to very
strong current gradients.

This study covers the period from 2018-12-01 until 2019-02-28,
which includes six spring tide periods and some storms mainly ap-
proaching the continental shelf from the west outside Lofoten. Six times
during the period, 𝐻s reached values above 6 m (not shown). The

particular period was chosen since it overlaps with in situ observations
from a measurement campaign in Moskstraumen (Saetra et al., 2021).
We pay particular attention to the locations denoted A and B and those
numbered 2–8 in Fig. 1. The first (A and B) denote the location of
the in situ observations while the latter (2–8) denote areas known for
dangerous waves according to their numbering in the NPG (see Fig. 3).
The reason why we start counting on 2, is that area 1 is outside our
model domain.

2.1.2. The WAM spectral wave model
We used a recent version of the wave model WAM, Cycle 4.7

(Komen et al., 1994; Behrens et al., 2013). WAM solves the wave action
balance equation
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where 𝑁 = 𝐸∕𝜎, the wave action density, is the ratio of the spectral
wave energy density, 𝐸 = 𝐸(𝑡, 𝜙, 𝜆, 𝜔, 𝜃), and the intrinsic wave angu-
lar frequency, 𝜎. Furthermore, 𝑡, 𝜙, 𝜆, 𝜔, and 𝜃 denote time, latitude,
longitude, angular frequency, and direction, respectively. The right
hand side in (1) denotes the parameterized physical processes which
represents the wind input (𝑆in from Ardhuin et al., 2010), non-linear
wave–wave interactions (𝑆nl from Hasselmann et al., 1985), wave
dissipation due to white capping (𝑆ds from Ardhuin et al., 2010), and
bottom friction (𝑆bot from Hasselmann et al., 1985). The terms denoted
with overdots in Eq. (1) describe the wave kinematics governed by
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where 𝐔 = (𝑈, 𝑉 ) is the horizontal surface current velocity vector, 𝑅 is
the radius of the earth, 𝑐g is the wave group velocity, and
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Here, 𝐤 is the wave number vector and 𝑘 = |𝐤|. Latitudinal and longi-
tudinal advection of wave action by the wave group velocity and the
ambient current are represented by Eqs (2)–(3). The temporal change
of angular frequency is given by Eq. (4), where 𝛺 is the Doppler-shift
dispersion relation

𝜔 = 𝛺(𝐤, 𝐱, 𝑡) = 𝜎 + 𝐤 ⋅ 𝐔, (7)

where 𝐱 = (𝑥, 𝑦) is the horizontal positional vector. The intrinsic
frequency follows the linear dispersion relation

𝜎 = √𝑔𝑘 tanh (𝑘𝑑). (8)

Here 𝑔, 𝑑 are the gravitational acceleration and water depth, respec-
tively. The refraction, or turning, of waves due to gradients in the
ambient current and bathymetry is dictated by Eq. (5).

The model was set up on a regular grid with 800 m horizontal
grid resolution. It had a spectral resolution of 24 directional and 30
frequency bins, ranging from 𝑓0 = 0.034523Hz to 𝑓29 = 0.5476419Hz
in logarithmic increments such that 𝑓𝑖 = 𝑓0 × 1.1𝑖 where 𝑖 = 1, 2,… , 29.
Model integration time steps of 30 s were used for both the propagation
and source term computations. For the boundaries, we used hourly 2D
spectra from the European Centre for Medium-Range Weather Forecasts
(ECMWF).

We performed a twin model experiment using the same model
specifications and physical parameterizations. Both were forced with
surface winds, but one also included current forcing. These two runs
are hereinafter referred to as the reference run, WAMref, i.e., with zero
currents, and the run including currents, WAMcurr. The current forcing
is not part of the source term calculations but is included in the wave
kinematics [the left hand side of Eq. (1)], as shown in Eqs. (2)–(5).
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using spectral wave models. In this work, we aim to map areas known
(or not known) for high and dangerous sea states presumed due to
wave–current interaction using state-of-the-art wave and ocean models.
Moreover, as different flow regimes (e.g., tidal and sub-mesoscale) are
associated with various temporal and horizontal scales, we investigate
if such a model coupling also resolves spatio-temporal variability in the
wave field, including the extreme values in specific regions like strong
tidal currents.
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the wave field in Northern Norway. Segtnan (2014) used the wave
refraction model by Mathiesen (1987) and found that the wave prop-
agation direction close to the coast was often misaligned with the
wave direction offshore. The misalignment was attributed to current-
induced refraction due to the eddies associated with the NCC. Saetra
et al. (2021, hereinafter OS21) investigated wave–current interaction
in the Lofoten Maelstrom, which is one of the world’s strongest open-
ocean tidal currents. They found that wave breaking increased during
maximum current speeds. This was associated with an increase in wave
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studies sufficiently examined the flow fields impact on the wave height,
and the associated horizontal variability.
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twin experiments based on time series analysis, which in this context
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generally, we assess the usefulness of such an approach for sensitivity
analysis in twin model experiments.

The paper is structured as follows: In Section 2, we provide a
description of the models, forcing, and observations together with
metrics and methods used for validation. In Section 3, we present our
results, which are further discussed in Section 4. We then present our
concluding remarks in Section 5.

2. Materials and methods

2.1. Models and observations

2.1.1. Model domain and study period
The model domain covers the coast of Northern Norway (Fig. 1), an
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Kelvin wave. One of these is the aforementioned Lofoten Maelstrom
located on the southern tip of Lofoten (location 7—Fig. 1 local names
are referred to in italic). The tidal current’s local name is Moskstraumen,
which we will use here (see B—Fig. 1). Combined with the Norwe-
gian Coastal Current that meanders northward, loosely following the
bathymetry of the shelf, these strong tidal currents give rise to very
strong current gradients.

This study covers the period from 2018-12-01 until 2019-02-28,
which includes six spring tide periods and some storms mainly ap-
proaching the continental shelf from the west outside Lofoten. Six times
during the period, 𝐻s reached values above 6 m (not shown). The
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longitude, angular frequency, and direction, respectively. The right
hand side in (1) denotes the parameterized physical processes which
represents the wind input (𝑆in from Ardhuin et al., 2010), non-linear
wave–wave interactions (𝑆nl from Hasselmann et al., 1985), wave
dissipation due to white capping (𝑆ds from Ardhuin et al., 2010), and
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with overdots in Eq. (1) describe the wave kinematics governed by
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Here, 𝐤 is the wave number vector and 𝑘 = |𝐤|. Latitudinal and longi-
tudinal advection of wave action by the wave group velocity and the
ambient current are represented by Eqs (2)–(3). The temporal change
of angular frequency is given by Eq. (4), where 𝛺 is the Doppler-shift
dispersion relation

𝜔 = 𝛺(𝐤, 𝐱, 𝑡) = 𝜎 + 𝐤 ⋅ 𝐔, (7)

where 𝐱 = (𝑥, 𝑦) is the horizontal positional vector. The intrinsic
frequency follows the linear dispersion relation

𝜎 = √𝑔𝑘 tanh (𝑘𝑑). (8)

Here 𝑔, 𝑑 are the gravitational acceleration and water depth, respec-
tively. The refraction, or turning, of waves due to gradients in the
ambient current and bathymetry is dictated by Eq. (5).

The model was set up on a regular grid with 800 m horizontal
grid resolution. It had a spectral resolution of 24 directional and 30
frequency bins, ranging from 𝑓0 = 0.034523Hz to 𝑓29 = 0.5476419Hz
in logarithmic increments such that 𝑓𝑖 = 𝑓0 × 1.1𝑖 where 𝑖 = 1, 2,… , 29.
Model integration time steps of 30 s were used for both the propagation
and source term computations. For the boundaries, we used hourly 2D
spectra from the European Centre for Medium-Range Weather Forecasts
(ECMWF).

We performed a twin model experiment using the same model
specifications and physical parameterizations. Both were forced with
surface winds, but one also included current forcing. These two runs
are hereinafter referred to as the reference run, WAMref, i.e., with zero
currents, and the run including currents, WAMcurr. The current forcing
is not part of the source term calculations but is included in the wave
kinematics [the left hand side of Eq. (1)], as shown in Eqs. (2)–(5).
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usingspectralwavemodels.Inthiswork,weaimtomapareasknown
(ornotknown)forhighanddangerousseastatespresumeddueto
wave–currentinteractionusingstate-of-the-artwaveandoceanmodels.
Moreover,asdifferentflowregimes(e.g.,tidalandsub-mesoscale)are
associatedwithvarioustemporalandhorizontalscales,weinvestigate
ifsuchamodelcouplingalsoresolvesspatio-temporalvariabilityinthe
wavefield,includingtheextremevaluesinspecificregionslikestrong
tidalcurrents.

Onlyafewstudieshaveinvestigatedtheimpactofcurrentson
thewavefieldinNorthernNorway.Segtnan(2014)usedthewave
refractionmodelbyMathiesen(1987)andfoundthatthewaveprop-
agationdirectionclosetothecoastwasoftenmisalignedwiththe
wavedirectionoffshore.Themisalignmentwasattributedtocurrent-
inducedrefractionduetotheeddiesassociatedwiththeNCC.Saetra
etal.(2021,hereinafterOS21)investigatedwave–currentinteraction
intheLofotenMaelstrom,whichisoneoftheworld’sstrongestopen-
oceantidalcurrents.Theyfoundthatwavebreakingincreasedduring
maximumcurrentspeeds.Thiswasassociatedwithanincreaseinwave
heightduetohorizontalgradientsinthetidalcurrent.Neitherofthese
studiessufficientlyexaminedtheflowfieldsimpactonthewaveheight,
andtheassociatedhorizontalvariability.

Hereweinvestigatetheimpactofcurrentsbycomparingthere-
sultsfromatwinexperimentwithidenticalspectralwavemodels
(hereinafterwavemodels)withdifferentforcing,i.e.,onewithwind
andcurrentsandoneforcedwithwindonly.Similarmodelsetups
haverecentlybeenshowntoyieldacceptableresultsonlarge(e.g.
MarechalandArdhuin,2021),intermediate(e.g.Kanariketal.,2021)
andsmallhorizontalscales(e.g.Romeroetal.,2020),includingtidal
currents(Ardhuinetal.,2012).Weassesstheimpactbydifferent
currentregimesonthewavefieldbyanalyzingspecificeventsandby
comparingthemwithinsituandremotesensingobservations.Wealso
presentanovel,generic,methodtomapspatio-temporalvariabilityin
twinexperimentsbasedontimeseriesanalysis,whichinthiscontext
isusedtomapregionswithstrongwave–currentinteraction.More
generally,weassesstheusefulnessofsuchanapproachforsensitivity
analysisintwinmodelexperiments.

Thepaperisstructuredasfollows:InSection2,weprovidea
descriptionofthemodels,forcing,andobservationstogetherwith
metricsandmethodsusedforvalidation.InSection3,wepresentour
results,whicharefurtherdiscussedinSection4.Wethenpresentour
concludingremarksinSection5.

2.Materialsandmethods

2.1.Modelsandobservations

2.1.1.Modeldomainandstudyperiod
ThemodeldomaincoversthecoastofNorthernNorway(Fig.1),an

areawithextensivemaritimeactivity,includingshiptraffic,fisheries,
marineengineering,andmarineharvesting(fishfarming).Thedomain
isidenticaltothehighresolutionoperationalwaveforecastmodel
attheNorwegianMeteorologicalInstituteforthisregion.Northern
Norwayislocatedinthebeltofwesterliesandisthusdominatedby
westerlywindsandwaves.Specificareasintheregionaresubjectto
vigoroustidalcurrentsduetothesemi-diurnalnorthwardpropagating
Kelvinwave.OneoftheseistheaforementionedLofotenMaelstrom
locatedonthesoutherntipofLofoten(location7—Fig.1localnames
arereferredtoinitalic).Thetidalcurrent’slocalnameisMoskstraumen,
whichwewillusehere(seeB—Fig.1).CombinedwiththeNorwe-
gianCoastalCurrentthatmeandersnorthward,looselyfollowingthe
bathymetryoftheshelf,thesestrongtidalcurrentsgiverisetovery
strongcurrentgradients.

Thisstudycoverstheperiodfrom2018-12-01until2019-02-28,
whichincludessixspringtideperiodsandsomestormsmainlyap-
proachingthecontinentalshelffromthewestoutsideLofoten.Sixtimes
duringtheperiod,𝐻sreachedvaluesabove6m(notshown).The

particularperiodwaschosensinceitoverlapswithinsituobservations
fromameasurementcampaigninMoskstraumen(Saetraetal.,2021).
WepayparticularattentiontothelocationsdenotedAandBandthose
numbered2–8inFig.1.Thefirst(AandB)denotethelocationof
theinsituobservationswhilethelatter(2–8)denoteareasknownfor
dangerouswavesaccordingtotheirnumberingintheNPG(seeFig.3).
Thereasonwhywestartcountingon2,isthatarea1isoutsideour
modeldomain.

2.1.2.TheWAMspectralwavemodel
WeusedarecentversionofthewavemodelWAM,Cycle4.7

(Komenetal.,1994;Behrensetal.,2013).WAMsolvesthewaveaction
balanceequation
𝜕𝑁
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where𝑁=𝐸∕𝜎,thewaveactiondensity,istheratioofthespectral
waveenergydensity,𝐸=𝐸(𝑡,𝜙,𝜆,𝜔,𝜃),andtheintrinsicwaveangu-
larfrequency,𝜎.Furthermore,𝑡,𝜙,𝜆,𝜔,and𝜃denotetime,latitude,
longitude,angularfrequency,anddirection,respectively.Theright
handsidein(1)denotestheparameterizedphysicalprocesseswhich
representsthewindinput(𝑆infromArdhuinetal.,2010),non-linear
wave–waveinteractions(𝑆nlfromHasselmannetal.,1985),wave
dissipationduetowhitecapping(𝑆dsfromArdhuinetal.,2010),and
bottomfriction(𝑆botfromHasselmannetal.,1985).Thetermsdenoted
withoverdotsinEq.(1)describethewavekinematicsgovernedby

𝜙=(𝑐
gcos(𝜃)−𝑈)𝑅−1,(2)

𝜆=(𝑐
gsin(𝜃)−𝑉)(𝑅cos(𝜃))−1,(3)
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,(4)

𝜃=𝑐gsin(𝜃)tan(𝜙)𝑅−1+𝜃𝐷,(5)

where𝐔=(𝑈,𝑉)isthehorizontalsurfacecurrentvelocityvector,𝑅is
theradiusoftheearth,𝑐gisthewavegroupvelocity,and
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Here,𝐤isthewavenumbervectorand𝑘=|𝐤|.Latitudinalandlongi-
tudinaladvectionofwaveactionbythewavegroupvelocityandthe
ambientcurrentarerepresentedbyEqs(2)–(3).Thetemporalchange
ofangularfrequencyisgivenbyEq.(4),where𝛺istheDoppler-shift
dispersionrelation

𝜔=𝛺(𝐤,𝐱,𝑡)=𝜎+𝐤⋅𝐔,(7)

where𝐱=(𝑥,𝑦)isthehorizontalpositionalvector.Theintrinsic
frequencyfollowsthelineardispersionrelation

𝜎=√𝑔𝑘tanh(𝑘𝑑).(8)

Here𝑔,𝑑arethegravitationalaccelerationandwaterdepth,respec-
tively.Therefraction,orturning,ofwavesduetogradientsinthe
ambientcurrentandbathymetryisdictatedbyEq.(5).

Themodelwassetuponaregulargridwith800mhorizontal
gridresolution.Ithadaspectralresolutionof24directionaland30
frequencybins,rangingfrom𝑓0=0.034523Hzto𝑓29=0.5476419Hz
inlogarithmicincrementssuchthat𝑓𝑖=𝑓0×1.1𝑖where𝑖=1,2,…,29.
Modelintegrationtimestepsof30swereusedforboththepropagation
andsourcetermcomputations.Fortheboundaries,weusedhourly2D
spectrafromtheEuropeanCentreforMedium-RangeWeatherForecasts
(ECMWF).

Weperformedatwinmodelexperimentusingthesamemodel
specificationsandphysicalparameterizations.Bothwereforcedwith
surfacewinds,butonealsoincludedcurrentforcing.Thesetworuns
arehereinafterreferredtoasthereferencerun,WAMref,i.e.,withzero
currents,andtherunincludingcurrents,WAMcurr.Thecurrentforcing
isnotpartofthesourcetermcalculationsbutisincludedinthewave
kinematics[thelefthandsideofEq.(1)],asshowninEqs.(2)–(5).
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where𝑁=𝐸∕𝜎,thewaveactiondensity,istheratioofthespectral
waveenergydensity,𝐸=𝐸(𝑡,𝜙,𝜆,𝜔,𝜃),andtheintrinsicwaveangu-
larfrequency,𝜎.Furthermore,𝑡,𝜙,𝜆,𝜔,and𝜃denotetime,latitude,
longitude,angularfrequency,anddirection,respectively.Theright
handsidein(1)denotestheparameterizedphysicalprocesseswhich
representsthewindinput(𝑆infromArdhuinetal.,2010),non-linear
wave–waveinteractions(𝑆nlfromHasselmannetal.,1985),wave
dissipationduetowhitecapping(𝑆dsfromArdhuinetal.,2010),and
bottomfriction(𝑆botfromHasselmannetal.,1985).Thetermsdenoted
withoverdotsinEq.(1)describethewavekinematicsgovernedby
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Here,𝐤isthewavenumbervectorand𝑘=|𝐤|.Latitudinalandlongi-
tudinaladvectionofwaveactionbythewavegroupvelocityandthe
ambientcurrentarerepresentedbyEqs(2)–(3).Thetemporalchange
ofangularfrequencyisgivenbyEq.(4),where𝛺istheDoppler-shift
dispersionrelation

𝜔=𝛺(𝐤,𝐱,𝑡)=𝜎+𝐤⋅𝐔,(7)

where𝐱=(𝑥,𝑦)isthehorizontalpositionalvector.Theintrinsic
frequencyfollowsthelineardispersionrelation

𝜎=√𝑔𝑘tanh(𝑘𝑑).(8)

Here𝑔,𝑑arethegravitationalaccelerationandwaterdepth,respec-
tively.Therefraction,orturning,ofwavesduetogradientsinthe
ambientcurrentandbathymetryisdictatedbyEq.(5).

Themodelwassetuponaregulargridwith800mhorizontal
gridresolution.Ithadaspectralresolutionof24directionaland30
frequencybins,rangingfrom𝑓0=0.034523Hzto𝑓29=0.5476419Hz
inlogarithmicincrementssuchthat𝑓𝑖=𝑓0×1.1𝑖where𝑖=1,2,…,29.
Modelintegrationtimestepsof30swereusedforboththepropagation
andsourcetermcomputations.Fortheboundaries,weusedhourly2D
spectrafromtheEuropeanCentreforMedium-RangeWeatherForecasts
(ECMWF).

Weperformedatwinmodelexperimentusingthesamemodel
specificationsandphysicalparameterizations.Bothwereforcedwith
surfacewinds,butonealsoincludedcurrentforcing.Thesetworuns
arehereinafterreferredtoasthereferencerun,WAMref,i.e.,withzero
currents,andtherunincludingcurrents,WAMcurr.Thecurrentforcing
isnotpartofthesourcetermcalculationsbutisincludedinthewave
kinematics[thelefthandsideofEq.(1)],asshowninEqs.(2)–(5).
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usingspectralwavemodels.Inthiswork,weaimtomapareasknown
(ornotknown)forhighanddangerousseastatespresumeddueto
wave–currentinteractionusingstate-of-the-artwaveandoceanmodels.
Moreover,asdifferentflowregimes(e.g.,tidalandsub-mesoscale)are
associatedwithvarioustemporalandhorizontalscales,weinvestigate
ifsuchamodelcouplingalsoresolvesspatio-temporalvariabilityinthe
wavefield,includingtheextremevaluesinspecificregionslikestrong
tidalcurrents.

Onlyafewstudieshaveinvestigatedtheimpactofcurrentson
thewavefieldinNorthernNorway.Segtnan(2014)usedthewave
refractionmodelbyMathiesen(1987)andfoundthatthewaveprop-
agationdirectionclosetothecoastwasoftenmisalignedwiththe
wavedirectionoffshore.Themisalignmentwasattributedtocurrent-
inducedrefractionduetotheeddiesassociatedwiththeNCC.Saetra
etal.(2021,hereinafterOS21)investigatedwave–currentinteraction
intheLofotenMaelstrom,whichisoneoftheworld’sstrongestopen-
oceantidalcurrents.Theyfoundthatwavebreakingincreasedduring
maximumcurrentspeeds.Thiswasassociatedwithanincreaseinwave
heightduetohorizontalgradientsinthetidalcurrent.Neitherofthese
studiessufficientlyexaminedtheflowfieldsimpactonthewaveheight,
andtheassociatedhorizontalvariability.

Hereweinvestigatetheimpactofcurrentsbycomparingthere-
sultsfromatwinexperimentwithidenticalspectralwavemodels
(hereinafterwavemodels)withdifferentforcing,i.e.,onewithwind
andcurrentsandoneforcedwithwindonly.Similarmodelsetups
haverecentlybeenshowntoyieldacceptableresultsonlarge(e.g.
MarechalandArdhuin,2021),intermediate(e.g.Kanariketal.,2021)
andsmallhorizontalscales(e.g.Romeroetal.,2020),includingtidal
currents(Ardhuinetal.,2012).Weassesstheimpactbydifferent
currentregimesonthewavefieldbyanalyzingspecificeventsandby
comparingthemwithinsituandremotesensingobservations.Wealso
presentanovel,generic,methodtomapspatio-temporalvariabilityin
twinexperimentsbasedontimeseriesanalysis,whichinthiscontext
isusedtomapregionswithstrongwave–currentinteraction.More
generally,weassesstheusefulnessofsuchanapproachforsensitivity
analysisintwinmodelexperiments.

Thepaperisstructuredasfollows:InSection2,weprovidea
descriptionofthemodels,forcing,andobservationstogetherwith
metricsandmethodsusedforvalidation.InSection3,wepresentour
results,whicharefurtherdiscussedinSection4.Wethenpresentour
concludingremarksinSection5.

2.Materialsandmethods

2.1.Modelsandobservations

2.1.1.Modeldomainandstudyperiod
ThemodeldomaincoversthecoastofNorthernNorway(Fig.1),an

areawithextensivemaritimeactivity,includingshiptraffic,fisheries,
marineengineering,andmarineharvesting(fishfarming).Thedomain
isidenticaltothehighresolutionoperationalwaveforecastmodel
attheNorwegianMeteorologicalInstituteforthisregion.Northern
Norwayislocatedinthebeltofwesterliesandisthusdominatedby
westerlywindsandwaves.Specificareasintheregionaresubjectto
vigoroustidalcurrentsduetothesemi-diurnalnorthwardpropagating
Kelvinwave.OneoftheseistheaforementionedLofotenMaelstrom
locatedonthesoutherntipofLofoten(location7—Fig.1localnames
arereferredtoinitalic).Thetidalcurrent’slocalnameisMoskstraumen,
whichwewillusehere(seeB—Fig.1).CombinedwiththeNorwe-
gianCoastalCurrentthatmeandersnorthward,looselyfollowingthe
bathymetryoftheshelf,thesestrongtidalcurrentsgiverisetovery
strongcurrentgradients.

Thisstudycoverstheperiodfrom2018-12-01until2019-02-28,
whichincludessixspringtideperiodsandsomestormsmainlyap-
proachingthecontinentalshelffromthewestoutsideLofoten.Sixtimes
duringtheperiod,𝐻sreachedvaluesabove6m(notshown).The
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numbered2–8inFig.1.Thefirst(AandB)denotethelocationof
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Fig. 1. The study area along the coast of Northern Norway. The Norwegian Atlantic Current (not shown) and the Norwegian coastal current (NCC) are the main ocean currents
in the region, the latter guided northwards by the bathymetry. The WAM spectral wave model domain is outlined by the blue curvilinear polygon. Within the domain, two in
situ measurement devices provided observations during the study period. These are the wave rider (WR) buoy outside A–Tennholmen and the ADCP located in the tidal current
B–Moskstraumen. Additional local reference points are listed in the legend.

Fig. 2. A view of the Norkyst 800 m ROMS ocean model is given in panels (a), (b), and (d). Panel (c) illustrates the small scale variations of the Norwegian Coastal Current
(NCC) during an algal bloom captured by the optical Copernicus Sentinel-2 and Sentinel-3 missions in 2017. The surface current speed, |𝐔|, average speed, and standard deviation,
are shown in panels (a), (b), and (d), respectively. Panel (a) show a snapshot of the ocean model surface current speed. The surface current mean flow (with directions) and the
current variability (in terms of its standard deviation) are shown in panels (b) and (d), respectively. Here, the current statistics are computed for all days in January 2019.
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Fig.1.ThestudyareaalongthecoastofNorthernNorway.TheNorwegianAtlanticCurrent(notshown)andtheNorwegiancoastalcurrent(NCC)arethemainoceancurrents
intheregion,thelatterguidednorthwardsbythebathymetry.TheWAMspectralwavemodeldomainisoutlinedbythebluecurvilinearpolygon.Withinthedomain,twoin
situmeasurementdevicesprovidedobservationsduringthestudyperiod.Thesearethewaverider(WR)buoyoutsideA–TennholmenandtheADCPlocatedinthetidalcurrent
B–Moskstraumen.Additionallocalreferencepointsarelistedinthelegend.

Fig.2.AviewoftheNorkyst800mROMSoceanmodelisgiveninpanels(a),(b),and(d).Panel(c)illustratesthesmallscalevariationsoftheNorwegianCoastalCurrent
(NCC)duringanalgalbloomcapturedbytheopticalCopernicusSentinel-2andSentinel-3missionsin2017.Thesurfacecurrentspeed,|𝐔|,averagespeed,andstandarddeviation,
areshowninpanels(a),(b),and(d),respectively.Panel(a)showasnapshotoftheoceanmodelsurfacecurrentspeed.Thesurfacecurrentmeanflow(withdirections)andthe
currentvariability(intermsofitsstandarddeviation)areshowninpanels(b)and(d),respectively.Here,thecurrentstatisticsarecomputedforalldaysinJanuary2019.
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Fig. 1. The study area along the coast of Northern Norway. The Norwegian Atlantic Current (not shown) and the Norwegian coastal current (NCC) are the main ocean currents
in the region, the latter guided northwards by the bathymetry. The WAM spectral wave model domain is outlined by the blue curvilinear polygon. Within the domain, two in
situ measurement devices provided observations during the study period. These are the wave rider (WR) buoy outside A–Tennholmen and the ADCP located in the tidal current
B–Moskstraumen. Additional local reference points are listed in the legend.

Fig. 2. A view of the Norkyst 800 m ROMS ocean model is given in panels (a), (b), and (d). Panel (c) illustrates the small scale variations of the Norwegian Coastal Current
(NCC) during an algal bloom captured by the optical Copernicus Sentinel-2 and Sentinel-3 missions in 2017. The surface current speed, |𝐔|, average speed, and standard deviation,
are shown in panels (a), (b), and (d), respectively. Panel (a) show a snapshot of the ocean model surface current speed. The surface current mean flow (with directions) and the
current variability (in terms of its standard deviation) are shown in panels (b) and (d), respectively. Here, the current statistics are computed for all days in January 2019.
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Fig.1.ThestudyareaalongthecoastofNorthernNorway.TheNorwegianAtlanticCurrent(notshown)andtheNorwegiancoastalcurrent(NCC)arethemainoceancurrents
intheregion,thelatterguidednorthwardsbythebathymetry.TheWAMspectralwavemodeldomainisoutlinedbythebluecurvilinearpolygon.Withinthedomain,twoin
situmeasurementdevicesprovidedobservationsduringthestudyperiod.Thesearethewaverider(WR)buoyoutsideA–TennholmenandtheADCPlocatedinthetidalcurrent
B–Moskstraumen.Additionallocalreferencepointsarelistedinthelegend.

Fig.2.AviewoftheNorkyst800mROMSoceanmodelisgiveninpanels(a),(b),and(d).Panel(c)illustratesthesmallscalevariationsoftheNorwegianCoastalCurrent
(NCC)duringanalgalbloomcapturedbytheopticalCopernicusSentinel-2andSentinel-3missionsin2017.Thesurfacecurrentspeed,|𝐔|,averagespeed,andstandarddeviation,
areshowninpanels(a),(b),and(d),respectively.Panel(a)showasnapshotoftheoceanmodelsurfacecurrentspeed.Thesurfacecurrentmeanflow(withdirections)andthe
currentvariability(intermsofitsstandarddeviation)areshowninpanels(b)and(d),respectively.Here,thecurrentstatisticsarecomputedforalldaysinJanuary2019.
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Fig. 3. An overview of the areas known for dangerous waves, according to the Norwegian Pilot Guide (Den norske los, 2018, NPG). Pink areas indicate the approximate horizontal
extent of the critical areas (reproduced from the original publication), and their numbering is according to the original index. Area number 1 is outside the model domain and
hence not included. Blue denotes the wave propagation sector associated with dangerous waves, and arrows denote the corresponding critical current direction.

2.1.3. Wave model forcing
NorKyst800 provided the ocean surface currents fields used to force

WAMcurr. This is an operational configuration of the Regional Ocean
Modelling System (ROMS, see Shchepetkin and McWilliams, 2005)
operated by the Norwegian Meteorological Institute. It is a three-
dimensional ocean circulation model (hereinafter ocean model) with
800 m horizontal resolution and 42 vertical levels using topography-
following coordinates. The ocean model is forced at the boundaries by
the Hybrid Coordinate Ocean Model, which is part of the TOPAZ system
operated for the pan-European Copernicus Marine Service (https://
cmems.met.no/ARC-MFC/). Eight tidal constituents are included in the
barotropic boundary conditions. Further specifications of the ocean
model setup are given by Albretsen et al. (2011).

The ocean model gives a good representation of the currents along
the coast of Norway, which is dominated by the NAC and the NCC,
together with the tides (Christensen et al., 2018; Kristensen and Gusdal,
2021). The NCC on average flows northwards (Fig. 2b), and is loosely
following the isobaths of the continental shelf (Fig. 1). Smaller-scale
dynamics includes sub-mesoscale eddies (i.e., of the order of 0.1–
10 km, see McWilliams, 2016) originating from baroclinic instabilities
(Fig. 2a), and inertial currents resulting from the wind forcing (Röhrs
and Christensen, 2015). The appearance of eddies are readily observed
indirectly by optical satellite instruments if algal blooms are present
(Fig. 2c). Their exact location in the ocean model is, however, associ-
ated with larger uncertainty compared with the mean flow. Baroclinic
dynamics associated with the NCC are also transient, as they are
advected northwards by the mean flow. The variability of the NCC is
also strongly modulated by the tides (Fig. 2d). Further to this, several
areas close to the shoreline have high variability but with a weak mean
flow. This includes Moskstraumen where OS21 found the horizontal
extent, magnitude, direction and phase of the modeled current field to
be in reasonable agreement with in situ and satellite observations.

Wind forcing was taken from the operational forecasts generated by
the Arome Arctic numerical weather prediction model operated by the
Norwegian Meteorological Institute. It is a 2.5 km horizontal resolution
non-hydrostatic model with 65 vertical levels, and is primarily based on
the High Resolution Limited Area Model (HIRLAM)–ALADIN Research
on Mesoscale Operational NWP in Euromed (HARMONIE) AROME

configuration. Further specifications are given in Müller et al. (2017).
We used the surface wind fields, 𝐔10, as input to 𝑆in.

2.1.4. In situ observations
Observations from two instruments located in the southern part of

the model domain were available during the period studied (see A,B
Fig. 1). The first, a Nortek Signature 500 acoustic Doppler current
profiler (ADCP), was located east in Moskstraumen. These measure-
ments were reported by OS21, where a more complete description
of the data set and the area can be found. The observations include
standard integrated wave parameters like significant wave height and
the mean wave period, together with wave directional information.
In addition, the ADCP measured the vertical profile of the current,
which is barotropic during the tidal cycles (OS21). Wave measurements
during two of the spring tide events were sometimes flagged as invalid
at maximum current speed because the instrument tilted beyond the
operating range (10◦ from zenith).

The second in situ instrument is a Datawell Mk3 waverider buoy
(WR), moored near the island of Tennholmen. This buoy reported sig-
nificant wave height and mean zero upcrossing period 𝑇𝑧 with hourly
temporal resolution.

For practical purposes, we denote both the observed and spectral
estimate of significant wave height as 𝐻s since they are very simi-
lar (Holthuijsen, 2007). The same applies for the mean wave period,
hereafter denoted 𝑇𝑚02.

The maximum observed 𝐻s values were about 8.5 m and 10.5 m
from the ADCP and the WR, respectively (not shown).

2.1.5. Remote sensing observations
Several satellite altimeter missions are archived and openly ac-

cessible through the ESA Sea State Climate Change Initiative (CCI,
https://data.ceda.ac.uk/neodc/esacci/sea_state/data/v1.1_release/l2p)
and the Copernicus Marine Service (https://marine.copernicus.eu/).
This includes the Copernicus Sentinel-3 missions together with the
SARAL/AltiKa and Cryosat −2. It is common to filter and resample
Level-2 20 Hz (approx. 350 m resolution) retrievals to Level-3 1 Hz
(approx. 7 km resolution) (Bohlinger et al., 2019). For December
2018, we used the Level-3 multimission dataset from CCI. For January
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Fig.3.Anoverviewoftheareasknownfordangerouswaves,accordingtotheNorwegianPilotGuide(Dennorskelos,2018,NPG).Pinkareasindicatetheapproximatehorizontal
extentofthecriticalareas(reproducedfromtheoriginalpublication),andtheirnumberingisaccordingtotheoriginalindex.Areanumber1isoutsidethemodeldomainand
hencenotincluded.Bluedenotesthewavepropagationsectorassociatedwithdangerouswaves,andarrowsdenotethecorrespondingcriticalcurrentdirection.

2.1.3.Wavemodelforcing
NorKyst800providedtheoceansurfacecurrentsfieldsusedtoforce

WAMcurr.ThisisanoperationalconfigurationoftheRegionalOcean
ModellingSystem(ROMS,seeShchepetkinandMcWilliams,2005)
operatedbytheNorwegianMeteorologicalInstitute.Itisathree-
dimensionaloceancirculationmodel(hereinafteroceanmodel)with
800mhorizontalresolutionand42verticallevelsusingtopography-
followingcoordinates.Theoceanmodelisforcedattheboundariesby
theHybridCoordinateOceanModel,whichispartoftheTOPAZsystem
operatedforthepan-EuropeanCopernicusMarineService(https://
cmems.met.no/ARC-MFC/).Eighttidalconstituentsareincludedinthe
barotropicboundaryconditions.Furtherspecificationsoftheocean
modelsetuparegivenbyAlbretsenetal.(2011).

Theoceanmodelgivesagoodrepresentationofthecurrentsalong
thecoastofNorway,whichisdominatedbytheNACandtheNCC,
togetherwiththetides(Christensenetal.,2018;KristensenandGusdal,
2021).TheNCConaverageflowsnorthwards(Fig.2b),andisloosely
followingtheisobathsofthecontinentalshelf(Fig.1).Smaller-scale
dynamicsincludessub-mesoscaleeddies(i.e.,oftheorderof0.1–
10km,seeMcWilliams,2016)originatingfrombaroclinicinstabilities
(Fig.2a),andinertialcurrentsresultingfromthewindforcing(Röhrs
andChristensen,2015).Theappearanceofeddiesarereadilyobserved
indirectlybyopticalsatelliteinstrumentsifalgalbloomsarepresent
(Fig.2c).Theirexactlocationintheoceanmodelis,however,associ-
atedwithlargeruncertaintycomparedwiththemeanflow.Baroclinic
dynamicsassociatedwiththeNCCarealsotransient,astheyare
advectednorthwardsbythemeanflow.ThevariabilityoftheNCCis
alsostronglymodulatedbythetides(Fig.2d).Furthertothis,several
areasclosetotheshorelinehavehighvariabilitybutwithaweakmean
flow.ThisincludesMoskstraumenwhereOS21foundthehorizontal
extent,magnitude,directionandphaseofthemodeledcurrentfieldto
beinreasonableagreementwithinsituandsatelliteobservations.

Windforcingwastakenfromtheoperationalforecastsgeneratedby
theAromeArcticnumericalweatherpredictionmodeloperatedbythe
NorwegianMeteorologicalInstitute.Itisa2.5kmhorizontalresolution
non-hydrostaticmodelwith65verticallevels,andisprimarilybasedon
theHighResolutionLimitedAreaModel(HIRLAM)–ALADINResearch
onMesoscaleOperationalNWPinEuromed(HARMONIE)AROME

configuration.FurtherspecificationsaregiveninMülleretal.(2017).
Weusedthesurfacewindfields,𝐔10,asinputto𝑆in.

2.1.4.Insituobservations
Observationsfromtwoinstrumentslocatedinthesouthernpartof

themodeldomainwereavailableduringtheperiodstudied(seeA,B
Fig.1).Thefirst,aNortekSignature500acousticDopplercurrent
profiler(ADCP),waslocatedeastinMoskstraumen.Thesemeasure-
mentswerereportedbyOS21,whereamorecompletedescription
ofthedatasetandtheareacanbefound.Theobservationsinclude
standardintegratedwaveparameterslikesignificantwaveheightand
themeanwaveperiod,togetherwithwavedirectionalinformation.
Inaddition,theADCPmeasuredtheverticalprofileofthecurrent,
whichisbarotropicduringthetidalcycles(OS21).Wavemeasurements
duringtwoofthespringtideeventsweresometimesflaggedasinvalid
atmaximumcurrentspeedbecausetheinstrumenttiltedbeyondthe
operatingrange(10◦fromzenith).

ThesecondinsituinstrumentisaDatawellMk3waveriderbuoy
(WR),mooredneartheislandofTennholmen.Thisbuoyreportedsig-
nificantwaveheightandmeanzeroupcrossingperiod𝑇𝑧withhourly
temporalresolution.

Forpracticalpurposes,wedenoteboththeobservedandspectral
estimateofsignificantwaveheightas𝐻ssincetheyareverysimi-
lar(Holthuijsen,2007).Thesameappliesforthemeanwaveperiod,
hereafterdenoted𝑇𝑚02.

Themaximumobserved𝐻svalueswereabout8.5mand10.5m
fromtheADCPandtheWR,respectively(notshown).

2.1.5.Remotesensingobservations
Severalsatellitealtimetermissionsarearchivedandopenlyac-

cessiblethroughtheESASeaStateClimateChangeInitiative(CCI,
https://data.ceda.ac.uk/neodc/esacci/sea_state/data/v1.1_release/l2p)
andtheCopernicusMarineService(https://marine.copernicus.eu/).
ThisincludestheCopernicusSentinel-3missionstogetherwiththe
SARAL/AltiKaandCryosat−2.Itiscommontofilterandresample
Level-220Hz(approx.350mresolution)retrievalstoLevel-31Hz
(approx.7kmresolution)(Bohlingeretal.,2019).ForDecember
2018,weusedtheLevel-3multimissiondatasetfromCCI.ForJanuary
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Fig. 3. An overview of the areas known for dangerous waves, according to the Norwegian Pilot Guide (Den norske los, 2018, NPG). Pink areas indicate the approximate horizontal
extent of the critical areas (reproduced from the original publication), and their numbering is according to the original index. Area number 1 is outside the model domain and
hence not included. Blue denotes the wave propagation sector associated with dangerous waves, and arrows denote the corresponding critical current direction.
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Modelling System (ROMS, see Shchepetkin and McWilliams, 2005)
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dimensional ocean circulation model (hereinafter ocean model) with
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Fig. 3. An overview of the areas known for dangerous waves, according to the Norwegian Pilot Guide (Den norske los, 2018, NPG). Pink areas indicate the approximate horizontal
extent of the critical areas (reproduced from the original publication), and their numbering is according to the original index. Area number 1 is outside the model domain and
hence not included. Blue denotes the wave propagation sector associated with dangerous waves, and arrows denote the corresponding critical current direction.

2.1.3. Wave model forcing
NorKyst800 provided the ocean surface currents fields used to force

WAMcurr. This is an operational configuration of the Regional Ocean
Modelling System (ROMS, see Shchepetkin and McWilliams, 2005)
operated by the Norwegian Meteorological Institute. It is a three-
dimensional ocean circulation model (hereinafter ocean model) with
800 m horizontal resolution and 42 vertical levels using topography-
following coordinates. The ocean model is forced at the boundaries by
the Hybrid Coordinate Ocean Model, which is part of the TOPAZ system
operated for the pan-European Copernicus Marine Service (https://
cmems.met.no/ARC-MFC/). Eight tidal constituents are included in the
barotropic boundary conditions. Further specifications of the ocean
model setup are given by Albretsen et al. (2011).
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following the isobaths of the continental shelf (Fig. 1). Smaller-scale
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and Christensen, 2015). The appearance of eddies are readily observed
indirectly by optical satellite instruments if algal blooms are present
(Fig. 2c). Their exact location in the ocean model is, however, associ-
ated with larger uncertainty compared with the mean flow. Baroclinic
dynamics associated with the NCC are also transient, as they are
advected northwards by the mean flow. The variability of the NCC is
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on Mesoscale Operational NWP in Euromed (HARMONIE) AROME

configuration. Further specifications are given in Müller et al. (2017).
We used the surface wind fields, 𝐔10, as input to 𝑆in.

2.1.4. In situ observations
Observations from two instruments located in the southern part of

the model domain were available during the period studied (see A,B
Fig. 1). The first, a Nortek Signature 500 acoustic Doppler current
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lar (Holthuijsen, 2007). The same applies for the mean wave period,
hereafter denoted 𝑇𝑚02.

The maximum observed 𝐻s values were about 8.5 m and 10.5 m
from the ADCP and the WR, respectively (not shown).

2.1.5. Remote sensing observations
Several satellite altimeter missions are archived and openly ac-

cessible through the ESA Sea State Climate Change Initiative (CCI,
https://data.ceda.ac.uk/neodc/esacci/sea_state/data/v1.1_release/l2p)
and the Copernicus Marine Service (https://marine.copernicus.eu/).
This includes the Copernicus Sentinel-3 missions together with the
SARAL/AltiKa and Cryosat −2. It is common to filter and resample
Level-2 20 Hz (approx. 350 m resolution) retrievals to Level-3 1 Hz
(approx. 7 km resolution) (Bohlinger et al., 2019). For December
2018, we used the Level-3 multimission dataset from CCI. For January
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Fig.3.Anoverviewoftheareasknownfordangerouswaves,accordingtotheNorwegianPilotGuide(Dennorskelos,2018,NPG).Pinkareasindicatetheapproximatehorizontal
extentofthecriticalareas(reproducedfromtheoriginalpublication),andtheirnumberingisaccordingtotheoriginalindex.Areanumber1isoutsidethemodeldomainand
hencenotincluded.Bluedenotesthewavepropagationsectorassociatedwithdangerouswaves,andarrowsdenotethecorrespondingcriticalcurrentdirection.

2.1.3.Wavemodelforcing
NorKyst800providedtheoceansurfacecurrentsfieldsusedtoforce

WAMcurr.ThisisanoperationalconfigurationoftheRegionalOcean
ModellingSystem(ROMS,seeShchepetkinandMcWilliams,2005)
operatedbytheNorwegianMeteorologicalInstitute.Itisathree-
dimensionaloceancirculationmodel(hereinafteroceanmodel)with
800mhorizontalresolutionand42verticallevelsusingtopography-
followingcoordinates.Theoceanmodelisforcedattheboundariesby
theHybridCoordinateOceanModel,whichispartoftheTOPAZsystem
operatedforthepan-EuropeanCopernicusMarineService(https://
cmems.met.no/ARC-MFC/).Eighttidalconstituentsareincludedinthe
barotropicboundaryconditions.Furtherspecificationsoftheocean
modelsetuparegivenbyAlbretsenetal.(2011).

Theoceanmodelgivesagoodrepresentationofthecurrentsalong
thecoastofNorway,whichisdominatedbytheNACandtheNCC,
togetherwiththetides(Christensenetal.,2018;KristensenandGusdal,
2021).TheNCConaverageflowsnorthwards(Fig.2b),andisloosely
followingtheisobathsofthecontinentalshelf(Fig.1).Smaller-scale
dynamicsincludessub-mesoscaleeddies(i.e.,oftheorderof0.1–
10km,seeMcWilliams,2016)originatingfrombaroclinicinstabilities
(Fig.2a),andinertialcurrentsresultingfromthewindforcing(Röhrs
andChristensen,2015).Theappearanceofeddiesarereadilyobserved
indirectlybyopticalsatelliteinstrumentsifalgalbloomsarepresent
(Fig.2c).Theirexactlocationintheoceanmodelis,however,associ-
atedwithlargeruncertaintycomparedwiththemeanflow.Baroclinic
dynamicsassociatedwiththeNCCarealsotransient,astheyare
advectednorthwardsbythemeanflow.ThevariabilityoftheNCCis
alsostronglymodulatedbythetides(Fig.2d).Furthertothis,several
areasclosetotheshorelinehavehighvariabilitybutwithaweakmean
flow.ThisincludesMoskstraumenwhereOS21foundthehorizontal
extent,magnitude,directionandphaseofthemodeledcurrentfieldto
beinreasonableagreementwithinsituandsatelliteobservations.

Windforcingwastakenfromtheoperationalforecastsgeneratedby
theAromeArcticnumericalweatherpredictionmodeloperatedbythe
NorwegianMeteorologicalInstitute.Itisa2.5kmhorizontalresolution
non-hydrostaticmodelwith65verticallevels,andisprimarilybasedon
theHighResolutionLimitedAreaModel(HIRLAM)–ALADINResearch
onMesoscaleOperationalNWPinEuromed(HARMONIE)AROME

configuration.FurtherspecificationsaregiveninMülleretal.(2017).
Weusedthesurfacewindfields,𝐔10,asinputto𝑆in.

2.1.4.Insituobservations
Observationsfromtwoinstrumentslocatedinthesouthernpartof

themodeldomainwereavailableduringtheperiodstudied(seeA,B
Fig.1).Thefirst,aNortekSignature500acousticDopplercurrent
profiler(ADCP),waslocatedeastinMoskstraumen.Thesemeasure-
mentswerereportedbyOS21,whereamorecompletedescription
ofthedatasetandtheareacanbefound.Theobservationsinclude
standardintegratedwaveparameterslikesignificantwaveheightand
themeanwaveperiod,togetherwithwavedirectionalinformation.
Inaddition,theADCPmeasuredtheverticalprofileofthecurrent,
whichisbarotropicduringthetidalcycles(OS21).Wavemeasurements
duringtwoofthespringtideeventsweresometimesflaggedasinvalid
atmaximumcurrentspeedbecausetheinstrumenttiltedbeyondthe
operatingrange(10◦fromzenith).

ThesecondinsituinstrumentisaDatawellMk3waveriderbuoy
(WR),mooredneartheislandofTennholmen.Thisbuoyreportedsig-
nificantwaveheightandmeanzeroupcrossingperiod𝑇𝑧withhourly
temporalresolution.

Forpracticalpurposes,wedenoteboththeobservedandspectral
estimateofsignificantwaveheightas𝐻ssincetheyareverysimi-
lar(Holthuijsen,2007).Thesameappliesforthemeanwaveperiod,
hereafterdenoted𝑇𝑚02.

Themaximumobserved𝐻svalueswereabout8.5mand10.5m
fromtheADCPandtheWR,respectively(notshown).

2.1.5.Remotesensingobservations
Severalsatellitealtimetermissionsarearchivedandopenlyac-

cessiblethroughtheESASeaStateClimateChangeInitiative(CCI,
https://data.ceda.ac.uk/neodc/esacci/sea_state/data/v1.1_release/l2p)
andtheCopernicusMarineService(https://marine.copernicus.eu/).
ThisincludestheCopernicusSentinel-3missionstogetherwiththe
SARAL/AltiKaandCryosat−2.Itiscommontofilterandresample
Level-220Hz(approx.350mresolution)retrievalstoLevel-31Hz
(approx.7kmresolution)(Bohlingeretal.,2019).ForDecember
2018,weusedtheLevel-3multimissiondatasetfromCCI.ForJanuary
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Fig.3.Anoverviewoftheareasknownfordangerouswaves,accordingtotheNorwegianPilotGuide(Dennorskelos,2018,NPG).Pinkareasindicatetheapproximatehorizontal
extentofthecriticalareas(reproducedfromtheoriginalpublication),andtheirnumberingisaccordingtotheoriginalindex.Areanumber1isoutsidethemodeldomainand
hencenotincluded.Bluedenotesthewavepropagationsectorassociatedwithdangerouswaves,andarrowsdenotethecorrespondingcriticalcurrentdirection.
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WAMcurr.ThisisanoperationalconfigurationoftheRegionalOcean
ModellingSystem(ROMS,seeShchepetkinandMcWilliams,2005)
operatedbytheNorwegianMeteorologicalInstitute.Itisathree-
dimensionaloceancirculationmodel(hereinafteroceanmodel)with
800mhorizontalresolutionand42verticallevelsusingtopography-
followingcoordinates.Theoceanmodelisforcedattheboundariesby
theHybridCoordinateOceanModel,whichispartoftheTOPAZsystem
operatedforthepan-EuropeanCopernicusMarineService(https://
cmems.met.no/ARC-MFC/).Eighttidalconstituentsareincludedinthe
barotropicboundaryconditions.Furtherspecificationsoftheocean
modelsetuparegivenbyAlbretsenetal.(2011).

Theoceanmodelgivesagoodrepresentationofthecurrentsalong
thecoastofNorway,whichisdominatedbytheNACandtheNCC,
togetherwiththetides(Christensenetal.,2018;KristensenandGusdal,
2021).TheNCConaverageflowsnorthwards(Fig.2b),andisloosely
followingtheisobathsofthecontinentalshelf(Fig.1).Smaller-scale
dynamicsincludessub-mesoscaleeddies(i.e.,oftheorderof0.1–
10km,seeMcWilliams,2016)originatingfrombaroclinicinstabilities
(Fig.2a),andinertialcurrentsresultingfromthewindforcing(Röhrs
andChristensen,2015).Theappearanceofeddiesarereadilyobserved
indirectlybyopticalsatelliteinstrumentsifalgalbloomsarepresent
(Fig.2c).Theirexactlocationintheoceanmodelis,however,associ-
atedwithlargeruncertaintycomparedwiththemeanflow.Baroclinic
dynamicsassociatedwiththeNCCarealsotransient,astheyare
advectednorthwardsbythemeanflow.ThevariabilityoftheNCCis
alsostronglymodulatedbythetides(Fig.2d).Furthertothis,several
areasclosetotheshorelinehavehighvariabilitybutwithaweakmean
flow.ThisincludesMoskstraumenwhereOS21foundthehorizontal
extent,magnitude,directionandphaseofthemodeledcurrentfieldto
beinreasonableagreementwithinsituandsatelliteobservations.

Windforcingwastakenfromtheoperationalforecastsgeneratedby
theAromeArcticnumericalweatherpredictionmodeloperatedbythe
NorwegianMeteorologicalInstitute.Itisa2.5kmhorizontalresolution
non-hydrostaticmodelwith65verticallevels,andisprimarilybasedon
theHighResolutionLimitedAreaModel(HIRLAM)–ALADINResearch
onMesoscaleOperationalNWPinEuromed(HARMONIE)AROME

configuration.FurtherspecificationsaregiveninMülleretal.(2017).
Weusedthesurfacewindfields,𝐔10,asinputto𝑆in.

2.1.4.Insituobservations
Observationsfromtwoinstrumentslocatedinthesouthernpartof

themodeldomainwereavailableduringtheperiodstudied(seeA,B
Fig.1).Thefirst,aNortekSignature500acousticDopplercurrent
profiler(ADCP),waslocatedeastinMoskstraumen.Thesemeasure-
mentswerereportedbyOS21,whereamorecompletedescription
ofthedatasetandtheareacanbefound.Theobservationsinclude
standardintegratedwaveparameterslikesignificantwaveheightand
themeanwaveperiod,togetherwithwavedirectionalinformation.
Inaddition,theADCPmeasuredtheverticalprofileofthecurrent,
whichisbarotropicduringthetidalcycles(OS21).Wavemeasurements
duringtwoofthespringtideeventsweresometimesflaggedasinvalid
atmaximumcurrentspeedbecausetheinstrumenttiltedbeyondthe
operatingrange(10◦fromzenith).

ThesecondinsituinstrumentisaDatawellMk3waveriderbuoy
(WR),mooredneartheislandofTennholmen.Thisbuoyreportedsig-
nificantwaveheightandmeanzeroupcrossingperiod𝑇𝑧withhourly
temporalresolution.

Forpracticalpurposes,wedenoteboththeobservedandspectral
estimateofsignificantwaveheightas𝐻ssincetheyareverysimi-
lar(Holthuijsen,2007).Thesameappliesforthemeanwaveperiod,
hereafterdenoted𝑇𝑚02.

Themaximumobserved𝐻svalueswereabout8.5mand10.5m
fromtheADCPandtheWR,respectively(notshown).

2.1.5.Remotesensingobservations
Severalsatellitealtimetermissionsarearchivedandopenlyac-

cessiblethroughtheESASeaStateClimateChangeInitiative(CCI,
https://data.ceda.ac.uk/neodc/esacci/sea_state/data/v1.1_release/l2p)
andtheCopernicusMarineService(https://marine.copernicus.eu/).
ThisincludestheCopernicusSentinel-3missionstogetherwiththe
SARAL/AltiKaandCryosat−2.Itiscommontofilterandresample
Level-220Hz(approx.350mresolution)retrievalstoLevel-31Hz
(approx.7kmresolution)(Bohlingeretal.,2019).ForDecember
2018,weusedtheLevel-3multimissiondatasetfromCCI.ForJanuary
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Fig.3.Anoverviewoftheareasknownfordangerouswaves,accordingtotheNorwegianPilotGuide(Dennorskelos,2018,NPG).Pinkareasindicatetheapproximatehorizontal
extentofthecriticalareas(reproducedfromtheoriginalpublication),andtheirnumberingisaccordingtotheoriginalindex.Areanumber1isoutsidethemodeldomainand
hencenotincluded.Bluedenotesthewavepropagationsectorassociatedwithdangerouswaves,andarrowsdenotethecorrespondingcriticalcurrentdirection.
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alsostronglymodulatedbythetides(Fig.2d).Furthertothis,several
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flow.ThisincludesMoskstraumenwhereOS21foundthehorizontal
extent,magnitude,directionandphaseofthemodeledcurrentfieldto
beinreasonableagreementwithinsituandsatelliteobservations.

Windforcingwastakenfromtheoperationalforecastsgeneratedby
theAromeArcticnumericalweatherpredictionmodeloperatedbythe
NorwegianMeteorologicalInstitute.Itisa2.5kmhorizontalresolution
non-hydrostaticmodelwith65verticallevels,andisprimarilybasedon
theHighResolutionLimitedAreaModel(HIRLAM)–ALADINResearch
onMesoscaleOperationalNWPinEuromed(HARMONIE)AROME

configuration.FurtherspecificationsaregiveninMülleretal.(2017).
Weusedthesurfacewindfields,𝐔10,asinputto𝑆in.

2.1.4.Insituobservations
Observationsfromtwoinstrumentslocatedinthesouthernpartof

themodeldomainwereavailableduringtheperiodstudied(seeA,B
Fig.1).Thefirst,aNortekSignature500acousticDopplercurrent
profiler(ADCP),waslocatedeastinMoskstraumen.Thesemeasure-
mentswerereportedbyOS21,whereamorecompletedescription
ofthedatasetandtheareacanbefound.Theobservationsinclude
standardintegratedwaveparameterslikesignificantwaveheightand
themeanwaveperiod,togetherwithwavedirectionalinformation.
Inaddition,theADCPmeasuredtheverticalprofileofthecurrent,
whichisbarotropicduringthetidalcycles(OS21).Wavemeasurements
duringtwoofthespringtideeventsweresometimesflaggedasinvalid
atmaximumcurrentspeedbecausetheinstrumenttiltedbeyondthe
operatingrange(10◦fromzenith).

ThesecondinsituinstrumentisaDatawellMk3waveriderbuoy
(WR),mooredneartheislandofTennholmen.Thisbuoyreportedsig-
nificantwaveheightandmeanzeroupcrossingperiod𝑇𝑧withhourly
temporalresolution.

Forpracticalpurposes,wedenoteboththeobservedandspectral
estimateofsignificantwaveheightas𝐻ssincetheyareverysimi-
lar(Holthuijsen,2007).Thesameappliesforthemeanwaveperiod,
hereafterdenoted𝑇𝑚02.

Themaximumobserved𝐻svalueswereabout8.5mand10.5m
fromtheADCPandtheWR,respectively(notshown).
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cessiblethroughtheESASeaStateClimateChangeInitiative(CCI,
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mentswerereportedbyOS21,whereamorecompletedescription
ofthedatasetandtheareacanbefound.Theobservationsinclude
standardintegratedwaveparameterslikesignificantwaveheightand
themeanwaveperiod,togetherwithwavedirectionalinformation.
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whichisbarotropicduringthetidalcycles(OS21).Wavemeasurements
duringtwoofthespringtideeventsweresometimesflaggedasinvalid
atmaximumcurrentspeedbecausetheinstrumenttiltedbeyondthe
operatingrange(10◦fromzenith).

ThesecondinsituinstrumentisaDatawellMk3waveriderbuoy
(WR),mooredneartheislandofTennholmen.Thisbuoyreportedsig-
nificantwaveheightandmeanzeroupcrossingperiod𝑇𝑧withhourly
temporalresolution.

Forpracticalpurposes,wedenoteboththeobservedandspectral
estimateofsignificantwaveheightas𝐻ssincetheyareverysimi-
lar(Holthuijsen,2007).Thesameappliesforthemeanwaveperiod,
hereafterdenoted𝑇𝑚02.

Themaximumobserved𝐻svalueswereabout8.5mand10.5m
fromtheADCPandtheWR,respectively(notshown).
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and February 2019, we used the Sentinel-3 Level-3 data since the
multi-mission dataset does not yet cover this period.

2.2. Verification

2.2.1. Verification metrics
For verification against observations, we computed the normalized

root mean squared error (NRMSE) and normalized bias (NBIAS) using
the same definition as that of Ardhuin et al. (2010),

NRMSE(𝑋) =

√∑
(𝑋o −𝑋m)2∑

𝑋2
o

, (9)

NBIAS(𝑋) =
∑
(𝑋o −𝑋m)∑

𝑋o
. (10)

Here subscripts ‘‘o’’ and ‘‘m’’ denote observation and model, respec-
tively, and 𝑋 denotes the variable. For model intercomparison, we
denote the absolute difference between the two wave model integra-
tions as 𝛥𝑋 = WAM𝐜𝐮𝐫𝐫 −WAM𝐫𝐞𝐟 . Relative changes between the model
runs are denoted as

RC(𝑋) = 𝛥𝑋
𝑋ref

, (11)

where the subscript ‘‘ref’’ indicates values from WAMref. Instead of the
NRMSE, we computed the RMSE in this respect. Further, we computed
the mean, standard deviation (𝜎) and minimum/maximum difference.

2.2.2. Spatio-temporal variability
Since the ocean circulation within the model domain is dominated

by the NCC, inertial currents, and the tides, we expect wave heights to
be modulated on the associated temporal scales. For tides we consider
the M2 semidiurnal tidal constituent. The inertial frequency is the
about the same as M2 in the area, making it difficult to discriminate
these in the open ocean. Close to shore, however, the topography
cancels the inertial response. For baroclinic instabilities associated
with the NCC, namely, fronts and eddies, we consider frequencies
between hours to a couple of days, which generally reflect their life
cycle (McWilliams, 2016). In order to separate the dominant temporal
modes and their associated energy, we conducted a time series analysis
for all grid points in our model domain, similar to the single point
analysis by Gemmrich and Garrett (2012) and OS21. That is, power
spectral densities (PSDs) for each model grid point, (𝑖, 𝑗) were computed
for a specific difference variable 𝛥𝑋 (i.e. WAM𝐜𝐮𝐫𝐫 −WAM𝐫𝐞𝐟 ). We now
compute the energy associated with the low-frequency band [𝑓0, 𝑓1],
namely the NCC (denoted by index 1), and the high-frequency band
[𝑓2, 𝑓3], namely M2 (denoted by index 2), as

𝐸̂1,(𝑖,𝑗) = ∫
𝑓1

𝑓0
PSD(𝛥𝑋)(𝑖,𝑗) 𝑑𝑓 , (12)

𝐸̂2,(𝑖,𝑗) = ∫
𝑓3

𝑓2
PSD(𝛥𝑋)(𝑖,𝑗) 𝑑𝑓 . (13)

For convenience we here consider 𝐻s since it is proportional to the
square root of the wave energy. Note that 𝐸̂ represents the variance of
𝛥𝑋 summed over a specific frequency range and should not be confused
with the wave energy density 𝐸.

To help visualize the variability of the two frequency bands, we now
create a red–green–blue (RGB) color composite showing the spatio-
temporal variability of 𝐸̂ as (R,G,B) = (𝐸̂1, 𝐸̂2, 𝐸̂1). Variations asso-
ciated with the low frequencies (1) appear as purple (equal amounts
of red and blue), while variations associated with high frequencies (2)
appear as green. Black then comes to represent zero variability while
white means both temporal scales are present in equal amounts. This
is a method which is frequently used in remote sensing applications for
multitemporal change detection analysis (e.g. Marin et al., 2015), but
to our knowledge has not been applied to spatial spectral analysis of
wave model fields before.

Table 1
Bulk validation metrics for 𝐻s and Tm02 computed for the wave models vs. observations.

NBIAS NRMSE

WAMcurr WAMref WAMcurr WAMref

𝐻s
ADCP (N = 3767) 0.119 0.120 0.215 0.216
WR (N = 2133) 0.109 0.100 0.181 0.174
Altimeter (N = 1913) 0.05 0.05 0.21 0.21

Tm02
ADCP (N = 3500) 0.185 0.194 0.170 0.175
WR (N = 2133) 0.134 0.115 0.181 0.174

3. Results

3.1. Wave model validation against observations

3.1.1. In situ observations and bulk validation
Energy fluctuations at each observation location are investigated

through a power spectral density (PSD) analysis of 𝛥𝐻s (Fig. 4a) and𝐻s
observations (Fig. 4b). For WAMcurr in Moskstraumen, the most distinct
frequency peaks are located around the tidal constituents M2 and M4
as well as near the inertial frequency, 𝑓 , which is about the same as
M2 in the area (Fig. 4a). This is in accordance with the observations,
with pronounced peaks around M2 and M4 (Fig. 4b), where the latter is
shifted slightly toward lower frequencies in WAMcurr. At Tennholmen,
the M2 signal in 𝛥𝐻s is about two orders of magnitude smaller than
Moskstraumen, which makes sense since the area is not exposed to
strong tidal currents (Fig. 4).

For frequencies below M2, the underlying causes for the inter-model
discrepancies are many (Fig. 4a). Firstly, there is a delayed response in
the mean flow due to the synoptic weather systems. OS21 found wave
breaking in Moskstraumen to correspond well with the passage of such
systems for frequencies below 0.75 cycles per day (see their Fig. 4c).
Secondly, the refraction of wave action density due to eddies and whirls
affects the wave height variability on longer time scales than those of
the tides. This will be discussed in detail later. Thirdly, during one of
the storms within our study period (e.g. 𝐻s > 6 m), 𝛥𝐻s exceeded
2 m in Moskstraumen. Thus, strong wave height modulations occurred
infrequently. Such a storm event is further elaborated in Appendix.

In terms of verification metrics, the overall performance of the wave
model compared against the observations is listed in Table 1. Both
model runs have a negative bias of about 10% in 𝐻s compared with the
in situ observations. The NRMSEs are in the range 17–22%, and inter-
model differences are below 1%. We find slightly higher differences
in NBIAS and NRMSE for 𝑇m02 (Table 1). This is similar to the results
of Palmer and Saulter (2016), who also reported inconclusive bulk
validation metrics but found a more realistic representation of the wave
field sub-regions dominated by tides. Model errors accumulate in such
metrics if the spatio-temporal variations between model output and
observations are slightly out of phase. Due to this, Ardhuin et al. (2012)
found increasing wave model errors in tidal currents against a wave
model forced with wind only.

3.1.2. Altimeter observations
When considering the entire domain, the NBIAS and NRSME against

altimeter observations of 𝐻s are virtually identical for both model runs
( Table 1). However, sub-regions expected to have significant wave–
current interaction (Fig. 5) do reveal a systematic improvement for all
validation parameters for WAMref in Vestfjorden (location 8 in Fig. 1)
with a 16% reduction in bias in December 2018 (P5, Table 2). Albeit
a bit less, a decrease in model error and bias can also be seen for P5
from the CMEMS product. Here, there are twice as many samples as in
December 2018 (N = 76 vs N = 29).
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andFebruary2019,weusedtheSentinel-3Level-3datasincethe
multi-missiondatasetdoesnotyetcoverthisperiod.

2.2.Verification

2.2.1.Verificationmetrics
Forverificationagainstobservations,wecomputedthenormalized

rootmeansquarederror(NRMSE)andnormalizedbias(NBIAS)using
thesamedefinitionasthatofArdhuinetal.(2010),

NRMSE(𝑋)=

√∑
(𝑋o−𝑋m)2 ∑

𝑋2
o

,(9)

NBIAS(𝑋)=
∑

(𝑋o−𝑋m) ∑
𝑋o

.(10)

Heresubscripts‘‘o’’and‘‘m’’denoteobservationandmodel,respec-
tively,and𝑋denotesthevariable.Formodelintercomparison,we
denotetheabsolutedifferencebetweenthetwowavemodelintegra-
tionsas𝛥𝑋=WAM𝐜𝐮𝐫𝐫−WAM𝐫𝐞𝐟.Relativechangesbetweenthemodel
runsaredenotedas

RC(𝑋)=𝛥𝑋
𝑋ref

,(11)

wherethesubscript‘‘ref’’indicatesvaluesfromWAMref.Insteadofthe
NRMSE,wecomputedtheRMSEinthisrespect.Further,wecomputed
themean,standarddeviation(𝜎)andminimum/maximumdifference.

2.2.2.Spatio-temporalvariability
Sincetheoceancirculationwithinthemodeldomainisdominated

bytheNCC,inertialcurrents,andthetides,weexpectwaveheightsto
bemodulatedontheassociatedtemporalscales.Fortidesweconsider
theM2semidiurnaltidalconstituent.Theinertialfrequencyisthe
aboutthesameasM2inthearea,makingitdifficulttodiscriminate
theseintheopenocean.Closetoshore,however,thetopography
cancelstheinertialresponse.Forbaroclinicinstabilitiesassociated
withtheNCC,namely,frontsandeddies,weconsiderfrequencies
betweenhourstoacoupleofdays,whichgenerallyreflecttheirlife
cycle(McWilliams,2016).Inordertoseparatethedominanttemporal
modesandtheirassociatedenergy,weconductedatimeseriesanalysis
forallgridpointsinourmodeldomain,similartothesinglepoint
analysisbyGemmrichandGarrett(2012)andOS21.Thatis,power
spectraldensities(PSDs)foreachmodelgridpoint,(𝑖,𝑗)werecomputed
foraspecificdifferencevariable𝛥𝑋(i.e.WAM𝐜𝐮𝐫𝐫−WAM𝐫𝐞𝐟).Wenow
computetheenergyassociatedwiththelow-frequencyband[𝑓0,𝑓1],
namelytheNCC(denotedbyindex1),andthehigh-frequencyband
[𝑓2,𝑓3],namelyM2(denotedbyindex2),as

̂𝐸1,(𝑖,𝑗)=∫
𝑓1

𝑓0
PSD(𝛥𝑋)(𝑖,𝑗)𝑑𝑓,(12)

̂𝐸2,(𝑖,𝑗)=∫
𝑓3

𝑓2
PSD(𝛥𝑋)(𝑖,𝑗)𝑑𝑓.(13)

Forconveniencewehereconsider𝐻ssinceitisproportionaltothe
squarerootofthewaveenergy.Notethat̂𝐸representsthevarianceof
𝛥𝑋summedoveraspecificfrequencyrangeandshouldnotbeconfused
withthewaveenergydensity𝐸.

Tohelpvisualizethevariabilityofthetwofrequencybands,wenow
createared–green–blue(RGB)colorcompositeshowingthespatio-
temporalvariabilityof̂𝐸as(R,G,B)=(̂𝐸1,̂𝐸2,̂𝐸1).Variationsasso-
ciatedwiththelowfrequencies(1)appearaspurple(equalamounts
ofredandblue),whilevariationsassociatedwithhighfrequencies(2)
appearasgreen.Blackthencomestorepresentzerovariabilitywhile
whitemeansbothtemporalscalesarepresentinequalamounts.This
isamethodwhichisfrequentlyusedinremotesensingapplicationsfor
multitemporalchangedetectionanalysis(e.g.Marinetal.,2015),but
toourknowledgehasnotbeenappliedtospatialspectralanalysisof
wavemodelfieldsbefore.

Table1
Bulkvalidationmetricsfor𝐻sandTm02computedforthewavemodelsvs.observations.

NBIASNRMSE

WAMcurrWAMrefWAMcurrWAMref

𝐻s
ADCP(N=3767)0.1190.1200.2150.216
WR(N=2133)0.1090.1000.1810.174
Altimeter(N=1913)0.050.050.210.21

Tm02
ADCP(N=3500)0.1850.1940.1700.175
WR(N=2133)0.1340.1150.1810.174

3.Results

3.1.Wavemodelvalidationagainstobservations

3.1.1.Insituobservationsandbulkvalidation
Energyfluctuationsateachobservationlocationareinvestigated

throughapowerspectraldensity(PSD)analysisof𝛥𝐻s(Fig.4a)and𝐻s
observations(Fig.4b).ForWAMcurrinMoskstraumen,themostdistinct
frequencypeaksarelocatedaroundthetidalconstituentsM2andM4
aswellasneartheinertialfrequency,𝑓,whichisaboutthesameas
M2inthearea(Fig.4a).Thisisinaccordancewiththeobservations,
withpronouncedpeaksaroundM2andM4(Fig.4b),wherethelatteris
shiftedslightlytowardlowerfrequenciesinWAMcurr.AtTennholmen,
theM2signalin𝛥𝐻sisabouttwoordersofmagnitudesmallerthan
Moskstraumen,whichmakessensesincetheareaisnotexposedto
strongtidalcurrents(Fig.4).

ForfrequenciesbelowM2,theunderlyingcausesfortheinter-model
discrepanciesaremany(Fig.4a).Firstly,thereisadelayedresponsein
themeanflowduetothesynopticweathersystems.OS21foundwave
breakinginMoskstraumentocorrespondwellwiththepassageofsuch
systemsforfrequenciesbelow0.75cyclesperday(seetheirFig.4c).
Secondly,therefractionofwaveactiondensityduetoeddiesandwhirls
affectsthewaveheightvariabilityonlongertimescalesthanthoseof
thetides.Thiswillbediscussedindetaillater.Thirdly,duringoneof
thestormswithinourstudyperiod(e.g.𝐻s>6m),𝛥𝐻sexceeded
2minMoskstraumen.Thus,strongwaveheightmodulationsoccurred
infrequently.SuchastormeventisfurtherelaboratedinAppendix.

Intermsofverificationmetrics,theoverallperformanceofthewave
modelcomparedagainsttheobservationsislistedinTable1.Both
modelrunshaveanegativebiasofabout10%in𝐻scomparedwiththe
insituobservations.TheNRMSEsareintherange17–22%,andinter-
modeldifferencesarebelow1%.Wefindslightlyhigherdifferences
inNBIASandNRMSEfor𝑇m02(Table1).Thisissimilartotheresults
ofPalmerandSaulter(2016),whoalsoreportedinconclusivebulk
validationmetricsbutfoundamorerealisticrepresentationofthewave
fieldsub-regionsdominatedbytides.Modelerrorsaccumulateinsuch
metricsifthespatio-temporalvariationsbetweenmodeloutputand
observationsareslightlyoutofphase.Duetothis,Ardhuinetal.(2012)
foundincreasingwavemodelerrorsintidalcurrentsagainstawave
modelforcedwithwindonly.

3.1.2.Altimeterobservations
Whenconsideringtheentiredomain,theNBIASandNRSMEagainst

altimeterobservationsof𝐻sarevirtuallyidenticalforbothmodelruns
(Table1).However,sub-regionsexpectedtohavesignificantwave–
currentinteraction(Fig.5)dorevealasystematicimprovementforall
validationparametersforWAMrefinVestfjorden(location8inFig.1)
witha16%reductioninbiasinDecember2018(P5,Table2).Albeit
abitless,adecreaseinmodelerrorandbiascanalsobeseenforP5
fromtheCMEMSproduct.Here,therearetwiceasmanysamplesasin
December2018(N=76vsN=29).
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andFebruary2019,weusedtheSentinel-3Level-3datasincethe
multi-missiondatasetdoesnotyetcoverthisperiod.

2.2.Verification

2.2.1.Verificationmetrics
Forverificationagainstobservations,wecomputedthenormalized

rootmeansquarederror(NRMSE)andnormalizedbias(NBIAS)using
thesamedefinitionasthatofArdhuinetal.(2010),

NRMSE(𝑋)=

√∑
(𝑋o−𝑋m)2 ∑

𝑋2
o

,(9)

NBIAS(𝑋)=
∑

(𝑋o−𝑋m) ∑
𝑋o

.(10)

Heresubscripts‘‘o’’and‘‘m’’denoteobservationandmodel,respec-
tively,and𝑋denotesthevariable.Formodelintercomparison,we
denotetheabsolutedifferencebetweenthetwowavemodelintegra-
tionsas𝛥𝑋=WAM𝐜𝐮𝐫𝐫−WAM𝐫𝐞𝐟.Relativechangesbetweenthemodel
runsaredenotedas

RC(𝑋)=𝛥𝑋
𝑋ref

,(11)

wherethesubscript‘‘ref’’indicatesvaluesfromWAMref.Insteadofthe
NRMSE,wecomputedtheRMSEinthisrespect.Further,wecomputed
themean,standarddeviation(𝜎)andminimum/maximumdifference.

2.2.2.Spatio-temporalvariability
Sincetheoceancirculationwithinthemodeldomainisdominated

bytheNCC,inertialcurrents,andthetides,weexpectwaveheightsto
bemodulatedontheassociatedtemporalscales.Fortidesweconsider
theM2semidiurnaltidalconstituent.Theinertialfrequencyisthe
aboutthesameasM2inthearea,makingitdifficulttodiscriminate
theseintheopenocean.Closetoshore,however,thetopography
cancelstheinertialresponse.Forbaroclinicinstabilitiesassociated
withtheNCC,namely,frontsandeddies,weconsiderfrequencies
betweenhourstoacoupleofdays,whichgenerallyreflecttheirlife
cycle(McWilliams,2016).Inordertoseparatethedominanttemporal
modesandtheirassociatedenergy,weconductedatimeseriesanalysis
forallgridpointsinourmodeldomain,similartothesinglepoint
analysisbyGemmrichandGarrett(2012)andOS21.Thatis,power
spectraldensities(PSDs)foreachmodelgridpoint,(𝑖,𝑗)werecomputed
foraspecificdifferencevariable𝛥𝑋(i.e.WAM𝐜𝐮𝐫𝐫−WAM𝐫𝐞𝐟).Wenow
computetheenergyassociatedwiththelow-frequencyband[𝑓0,𝑓1],
namelytheNCC(denotedbyindex1),andthehigh-frequencyband
[𝑓2,𝑓3],namelyM2(denotedbyindex2),as

̂𝐸1,(𝑖,𝑗)=∫
𝑓1

𝑓0
PSD(𝛥𝑋)(𝑖,𝑗)𝑑𝑓,(12)

̂𝐸2,(𝑖,𝑗)=∫
𝑓3

𝑓2
PSD(𝛥𝑋)(𝑖,𝑗)𝑑𝑓.(13)

Forconveniencewehereconsider𝐻ssinceitisproportionaltothe
squarerootofthewaveenergy.Notethat̂𝐸representsthevarianceof
𝛥𝑋summedoveraspecificfrequencyrangeandshouldnotbeconfused
withthewaveenergydensity𝐸.

Tohelpvisualizethevariabilityofthetwofrequencybands,wenow
createared–green–blue(RGB)colorcompositeshowingthespatio-
temporalvariabilityof̂𝐸as(R,G,B)=(̂𝐸1,̂𝐸2,̂𝐸1).Variationsasso-
ciatedwiththelowfrequencies(1)appearaspurple(equalamounts
ofredandblue),whilevariationsassociatedwithhighfrequencies(2)
appearasgreen.Blackthencomestorepresentzerovariabilitywhile
whitemeansbothtemporalscalesarepresentinequalamounts.This
isamethodwhichisfrequentlyusedinremotesensingapplicationsfor
multitemporalchangedetectionanalysis(e.g.Marinetal.,2015),but
toourknowledgehasnotbeenappliedtospatialspectralanalysisof
wavemodelfieldsbefore.

Table1
Bulkvalidationmetricsfor𝐻sandTm02computedforthewavemodelsvs.observations.

NBIASNRMSE

WAMcurrWAMrefWAMcurrWAMref

𝐻s
ADCP(N=3767)0.1190.1200.2150.216
WR(N=2133)0.1090.1000.1810.174
Altimeter(N=1913)0.050.050.210.21

Tm02
ADCP(N=3500)0.1850.1940.1700.175
WR(N=2133)0.1340.1150.1810.174

3.Results

3.1.Wavemodelvalidationagainstobservations

3.1.1.Insituobservationsandbulkvalidation
Energyfluctuationsateachobservationlocationareinvestigated

throughapowerspectraldensity(PSD)analysisof𝛥𝐻s(Fig.4a)and𝐻s
observations(Fig.4b).ForWAMcurrinMoskstraumen,themostdistinct
frequencypeaksarelocatedaroundthetidalconstituentsM2andM4
aswellasneartheinertialfrequency,𝑓,whichisaboutthesameas
M2inthearea(Fig.4a).Thisisinaccordancewiththeobservations,
withpronouncedpeaksaroundM2andM4(Fig.4b),wherethelatteris
shiftedslightlytowardlowerfrequenciesinWAMcurr.AtTennholmen,
theM2signalin𝛥𝐻sisabouttwoordersofmagnitudesmallerthan
Moskstraumen,whichmakessensesincetheareaisnotexposedto
strongtidalcurrents(Fig.4).

ForfrequenciesbelowM2,theunderlyingcausesfortheinter-model
discrepanciesaremany(Fig.4a).Firstly,thereisadelayedresponsein
themeanflowduetothesynopticweathersystems.OS21foundwave
breakinginMoskstraumentocorrespondwellwiththepassageofsuch
systemsforfrequenciesbelow0.75cyclesperday(seetheirFig.4c).
Secondly,therefractionofwaveactiondensityduetoeddiesandwhirls
affectsthewaveheightvariabilityonlongertimescalesthanthoseof
thetides.Thiswillbediscussedindetaillater.Thirdly,duringoneof
thestormswithinourstudyperiod(e.g.𝐻s>6m),𝛥𝐻sexceeded
2minMoskstraumen.Thus,strongwaveheightmodulationsoccurred
infrequently.SuchastormeventisfurtherelaboratedinAppendix.

Intermsofverificationmetrics,theoverallperformanceofthewave
modelcomparedagainsttheobservationsislistedinTable1.Both
modelrunshaveanegativebiasofabout10%in𝐻scomparedwiththe
insituobservations.TheNRMSEsareintherange17–22%,andinter-
modeldifferencesarebelow1%.Wefindslightlyhigherdifferences
inNBIASandNRMSEfor𝑇m02(Table1).Thisissimilartotheresults
ofPalmerandSaulter(2016),whoalsoreportedinconclusivebulk
validationmetricsbutfoundamorerealisticrepresentationofthewave
fieldsub-regionsdominatedbytides.Modelerrorsaccumulateinsuch
metricsifthespatio-temporalvariationsbetweenmodeloutputand
observationsareslightlyoutofphase.Duetothis,Ardhuinetal.(2012)
foundincreasingwavemodelerrorsintidalcurrentsagainstawave
modelforcedwithwindonly.

3.1.2.Altimeterobservations
Whenconsideringtheentiredomain,theNBIASandNRSMEagainst

altimeterobservationsof𝐻sarevirtuallyidenticalforbothmodelruns
(Table1).However,sub-regionsexpectedtohavesignificantwave–
currentinteraction(Fig.5)dorevealasystematicimprovementforall
validationparametersforWAMrefinVestfjorden(location8inFig.1)
witha16%reductioninbiasinDecember2018(P5,Table2).Albeit
abitless,adecreaseinmodelerrorandbiascanalsobeseenforP5
fromtheCMEMSproduct.Here,therearetwiceasmanysamplesasin
December2018(N=76vsN=29).
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and February 2019, we used the Sentinel-3 Level-3 data since the
multi-mission dataset does not yet cover this period.

2.2. Verification

2.2.1. Verification metrics
For verification against observations, we computed the normalized

root mean squared error (NRMSE) and normalized bias (NBIAS) using
the same definition as that of Ardhuin et al. (2010),

NRMSE(𝑋) =

√∑(𝑋o −𝑋m)2
∑𝑋2

o
, (9)

NBIAS(𝑋) =
∑(𝑋o −𝑋m)

∑𝑋o
. (10)

Here subscripts ‘‘o’’ and ‘‘m’’ denote observation and model, respec-
tively, and 𝑋 denotes the variable. For model intercomparison, we
denote the absolute difference between the two wave model integra-
tions as 𝛥𝑋 = WAM𝐜𝐮𝐫𝐫 −WAM𝐫𝐞𝐟 . Relative changes between the model
runs are denoted as

RC(𝑋) = 𝛥𝑋
𝑋ref

, (11)

where the subscript ‘‘ref’’ indicates values from WAMref. Instead of the
NRMSE, we computed the RMSE in this respect. Further, we computed
the mean, standard deviation (𝜎) and minimum/maximum difference.

2.2.2. Spatio-temporal variability
Since the ocean circulation within the model domain is dominated

by the NCC, inertial currents, and the tides, we expect wave heights to
be modulated on the associated temporal scales. For tides we consider
the M2 semidiurnal tidal constituent. The inertial frequency is the
about the same as M2 in the area, making it difficult to discriminate
these in the open ocean. Close to shore, however, the topography
cancels the inertial response. For baroclinic instabilities associated
with the NCC, namely, fronts and eddies, we consider frequencies
between hours to a couple of days, which generally reflect their life
cycle (McWilliams, 2016). In order to separate the dominant temporal
modes and their associated energy, we conducted a time series analysis
for all grid points in our model domain, similar to the single point
analysis by Gemmrich and Garrett (2012) and OS21. That is, power
spectral densities (PSDs) for each model grid point, (𝑖, 𝑗) were computed
for a specific difference variable 𝛥𝑋 (i.e. WAM𝐜𝐮𝐫𝐫 −WAM𝐫𝐞𝐟 ). We now
compute the energy associated with the low-frequency band [𝑓0, 𝑓1],
namely the NCC (denoted by index 1), and the high-frequency band
[𝑓2, 𝑓3], namely M2 (denoted by index 2), as

𝐸̂1,(𝑖,𝑗) = ∫
𝑓1

𝑓0
PSD(𝛥𝑋)(𝑖,𝑗) 𝑑𝑓 , (12)

𝐸̂2,(𝑖,𝑗) = ∫
𝑓3

𝑓2
PSD(𝛥𝑋)(𝑖,𝑗) 𝑑𝑓 . (13)

For convenience we here consider 𝐻s since it is proportional to the
square root of the wave energy. Note that 𝐸̂ represents the variance of
𝛥𝑋 summed over a specific frequency range and should not be confused
with the wave energy density 𝐸.

To help visualize the variability of the two frequency bands, we now
create a red–green–blue (RGB) color composite showing the spatio-
temporal variability of 𝐸̂ as (R,G,B) = (𝐸̂1, 𝐸̂2, 𝐸̂1). Variations asso-
ciated with the low frequencies (1) appear as purple (equal amounts
of red and blue), while variations associated with high frequencies (2)
appear as green. Black then comes to represent zero variability while
white means both temporal scales are present in equal amounts. This
is a method which is frequently used in remote sensing applications for
multitemporal change detection analysis (e.g. Marin et al., 2015), but
to our knowledge has not been applied to spatial spectral analysis of
wave model fields before.

Table 1
Bulk validation metrics for 𝐻s and Tm02 computed for the wave models vs. observations.

NBIAS NRMSE

WAMcurr WAMref WAMcurr WAMref

𝐻s
ADCP (N = 3767) 0.119 0.120 0.215 0.216
WR (N = 2133) 0.109 0.100 0.181 0.174
Altimeter (N = 1913) 0.05 0.05 0.21 0.21

Tm02
ADCP (N = 3500) 0.185 0.194 0.170 0.175
WR (N = 2133) 0.134 0.115 0.181 0.174

3. Results

3.1. Wave model validation against observations

3.1.1. In situ observations and bulk validation
Energy fluctuations at each observation location are investigated

through a power spectral density (PSD) analysis of 𝛥𝐻s (Fig. 4a) and𝐻s
observations (Fig. 4b). For WAMcurr in Moskstraumen, the most distinct
frequency peaks are located around the tidal constituents M2 and M4
as well as near the inertial frequency, 𝑓 , which is about the same as
M2 in the area (Fig. 4a). This is in accordance with the observations,
with pronounced peaks around M2 and M4 (Fig. 4b), where the latter is
shifted slightly toward lower frequencies in WAMcurr. At Tennholmen,
the M2 signal in 𝛥𝐻s is about two orders of magnitude smaller than
Moskstraumen, which makes sense since the area is not exposed to
strong tidal currents (Fig. 4).

For frequencies below M2, the underlying causes for the inter-model
discrepancies are many (Fig. 4a). Firstly, there is a delayed response in
the mean flow due to the synoptic weather systems. OS21 found wave
breaking in Moskstraumen to correspond well with the passage of such
systems for frequencies below 0.75 cycles per day (see their Fig. 4c).
Secondly, the refraction of wave action density due to eddies and whirls
affects the wave height variability on longer time scales than those of
the tides. This will be discussed in detail later. Thirdly, during one of
the storms within our study period (e.g. 𝐻s > 6 m), 𝛥𝐻s exceeded
2 m in Moskstraumen. Thus, strong wave height modulations occurred
infrequently. Such a storm event is further elaborated in Appendix.

In terms of verification metrics, the overall performance of the wave
model compared against the observations is listed in Table 1. Both
model runs have a negative bias of about 10% in 𝐻s compared with the
in situ observations. The NRMSEs are in the range 17–22%, and inter-
model differences are below 1%. We find slightly higher differences
in NBIAS and NRMSE for 𝑇m02 (Table 1). This is similar to the results
of Palmer and Saulter (2016), who also reported inconclusive bulk
validation metrics but found a more realistic representation of the wave
field sub-regions dominated by tides. Model errors accumulate in such
metrics if the spatio-temporal variations between model output and
observations are slightly out of phase. Due to this, Ardhuin et al. (2012)
found increasing wave model errors in tidal currents against a wave
model forced with wind only.

3.1.2. Altimeter observations
When considering the entire domain, the NBIAS and NRSME against

altimeter observations of 𝐻s are virtually identical for both model runs
( Table 1). However, sub-regions expected to have significant wave–
current interaction (Fig. 5) do reveal a systematic improvement for all
validation parameters for WAMref in Vestfjorden (location 8 in Fig. 1)
with a 16% reduction in bias in December 2018 (P5, Table 2). Albeit
a bit less, a decrease in model error and bias can also be seen for P5
from the CMEMS product. Here, there are twice as many samples as in
December 2018 (N = 76 vs N = 29).
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and February 2019, we used the Sentinel-3 Level-3 data since the
multi-mission dataset does not yet cover this period.

2.2. Verification

2.2.1. Verification metrics
For verification against observations, we computed the normalized

root mean squared error (NRMSE) and normalized bias (NBIAS) using
the same definition as that of Ardhuin et al. (2010),

NRMSE(𝑋) =

√∑(𝑋o −𝑋m)2
∑𝑋2

o
, (9)

NBIAS(𝑋) =
∑(𝑋o −𝑋m)

∑𝑋o
. (10)

Here subscripts ‘‘o’’ and ‘‘m’’ denote observation and model, respec-
tively, and 𝑋 denotes the variable. For model intercomparison, we
denote the absolute difference between the two wave model integra-
tions as 𝛥𝑋 = WAM𝐜𝐮𝐫𝐫 −WAM𝐫𝐞𝐟 . Relative changes between the model
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RC(𝑋) = 𝛥𝑋
𝑋ref

, (11)

where the subscript ‘‘ref’’ indicates values from WAMref. Instead of the
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the mean, standard deviation (𝜎) and minimum/maximum difference.

2.2.2. Spatio-temporal variability
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𝑓1

𝑓0
PSD(𝛥𝑋)(𝑖,𝑗) 𝑑𝑓 , (12)

𝐸̂2,(𝑖,𝑗) = ∫
𝑓3

𝑓2
PSD(𝛥𝑋)(𝑖,𝑗) 𝑑𝑓 . (13)
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Table 1
Bulk validation metrics for 𝐻s and Tm02 computed for the wave models vs. observations.

NBIAS NRMSE

WAMcurr WAMref WAMcurr WAMref

𝐻s
ADCP (N = 3767) 0.119 0.120 0.215 0.216
WR (N = 2133) 0.109 0.100 0.181 0.174
Altimeter (N = 1913) 0.05 0.05 0.21 0.21

Tm02
ADCP (N = 3500) 0.185 0.194 0.170 0.175
WR (N = 2133) 0.134 0.115 0.181 0.174

3. Results

3.1. Wave model validation against observations
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the M2 signal in 𝛥𝐻s is about two orders of magnitude smaller than
Moskstraumen, which makes sense since the area is not exposed to
strong tidal currents (Fig. 4).

For frequencies below M2, the underlying causes for the inter-model
discrepancies are many (Fig. 4a). Firstly, there is a delayed response in
the mean flow due to the synoptic weather systems. OS21 found wave
breaking in Moskstraumen to correspond well with the passage of such
systems for frequencies below 0.75 cycles per day (see their Fig. 4c).
Secondly, the refraction of wave action density due to eddies and whirls
affects the wave height variability on longer time scales than those of
the tides. This will be discussed in detail later. Thirdly, during one of
the storms within our study period (e.g. 𝐻s > 6 m), 𝛥𝐻s exceeded
2 m in Moskstraumen. Thus, strong wave height modulations occurred
infrequently. Such a storm event is further elaborated in Appendix.

In terms of verification metrics, the overall performance of the wave
model compared against the observations is listed in Table 1. Both
model runs have a negative bias of about 10% in 𝐻s compared with the
in situ observations. The NRMSEs are in the range 17–22%, and inter-
model differences are below 1%. We find slightly higher differences
in NBIAS and NRMSE for 𝑇m02 (Table 1). This is similar to the results
of Palmer and Saulter (2016), who also reported inconclusive bulk
validation metrics but found a more realistic representation of the wave
field sub-regions dominated by tides. Model errors accumulate in such
metrics if the spatio-temporal variations between model output and
observations are slightly out of phase. Due to this, Ardhuin et al. (2012)
found increasing wave model errors in tidal currents against a wave
model forced with wind only.

3.1.2. Altimeter observations
When considering the entire domain, the NBIAS and NRSME against

altimeter observations of 𝐻s are virtually identical for both model runs
( Table 1). However, sub-regions expected to have significant wave–
current interaction (Fig. 5) do reveal a systematic improvement for all
validation parameters for WAMref in Vestfjorden (location 8 in Fig. 1)
with a 16% reduction in bias in December 2018 (P5, Table 2). Albeit
a bit less, a decrease in model error and bias can also be seen for P5
from the CMEMS product. Here, there are twice as many samples as in
December 2018 (N = 76 vs N = 29).
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andFebruary2019,weusedtheSentinel-3Level-3datasincethe
multi-missiondatasetdoesnotyetcoverthisperiod.

2.2.Verification

2.2.1.Verificationmetrics
Forverificationagainstobservations,wecomputedthenormalized

rootmeansquarederror(NRMSE)andnormalizedbias(NBIAS)using
thesamedefinitionasthatofArdhuinetal.(2010),

NRMSE(𝑋)=

√∑(𝑋o−𝑋m)2
∑𝑋2

o
,(9)

NBIAS(𝑋)=
∑(𝑋o−𝑋m)

∑𝑋o
.(10)

Heresubscripts‘‘o’’and‘‘m’’denoteobservationandmodel,respec-
tively,and𝑋denotesthevariable.Formodelintercomparison,we
denotetheabsolutedifferencebetweenthetwowavemodelintegra-
tionsas𝛥𝑋=WAM𝐜𝐮𝐫𝐫−WAM𝐫𝐞𝐟.Relativechangesbetweenthemodel
runsaredenotedas

RC(𝑋)=𝛥𝑋
𝑋ref

,(11)

wherethesubscript‘‘ref’’indicatesvaluesfromWAMref.Insteadofthe
NRMSE,wecomputedtheRMSEinthisrespect.Further,wecomputed
themean,standarddeviation(𝜎)andminimum/maximumdifference.

2.2.2.Spatio-temporalvariability
Sincetheoceancirculationwithinthemodeldomainisdominated

bytheNCC,inertialcurrents,andthetides,weexpectwaveheightsto
bemodulatedontheassociatedtemporalscales.Fortidesweconsider
theM2semidiurnaltidalconstituent.Theinertialfrequencyisthe
aboutthesameasM2inthearea,makingitdifficulttodiscriminate
theseintheopenocean.Closetoshore,however,thetopography
cancelstheinertialresponse.Forbaroclinicinstabilitiesassociated
withtheNCC,namely,frontsandeddies,weconsiderfrequencies
betweenhourstoacoupleofdays,whichgenerallyreflecttheirlife
cycle(McWilliams,2016).Inordertoseparatethedominanttemporal
modesandtheirassociatedenergy,weconductedatimeseriesanalysis
forallgridpointsinourmodeldomain,similartothesinglepoint
analysisbyGemmrichandGarrett(2012)andOS21.Thatis,power
spectraldensities(PSDs)foreachmodelgridpoint,(𝑖,𝑗)werecomputed
foraspecificdifferencevariable𝛥𝑋(i.e.WAM𝐜𝐮𝐫𝐫−WAM𝐫𝐞𝐟).Wenow
computetheenergyassociatedwiththelow-frequencyband[𝑓0,𝑓1],
namelytheNCC(denotedbyindex1),andthehigh-frequencyband
[𝑓2,𝑓3],namelyM2(denotedbyindex2),as

𝐸1,(𝑖,𝑗)=∫
𝑓1

𝑓0
PSD(𝛥𝑋)(𝑖,𝑗)𝑑𝑓,(12)

𝐸2,(𝑖,𝑗)=∫
𝑓3

𝑓2
PSD(𝛥𝑋)(𝑖,𝑗)𝑑𝑓.(13)

Forconveniencewehereconsider𝐻ssinceitisproportionaltothe
squarerootofthewaveenergy.Notethat𝐸representsthevarianceof
𝛥𝑋summedoveraspecificfrequencyrangeandshouldnotbeconfused
withthewaveenergydensity𝐸.

Tohelpvisualizethevariabilityofthetwofrequencybands,wenow
createared–green–blue(RGB)colorcompositeshowingthespatio-
temporalvariabilityof𝐸as(R,G,B)=(𝐸1,𝐸2,𝐸1).Variationsasso-
ciatedwiththelowfrequencies(1)appearaspurple(equalamounts
ofredandblue),whilevariationsassociatedwithhighfrequencies(2)
appearasgreen.Blackthencomestorepresentzerovariabilitywhile
whitemeansbothtemporalscalesarepresentinequalamounts.This
isamethodwhichisfrequentlyusedinremotesensingapplicationsfor
multitemporalchangedetectionanalysis(e.g.Marinetal.,2015),but
toourknowledgehasnotbeenappliedtospatialspectralanalysisof
wavemodelfieldsbefore.

Table1
Bulkvalidationmetricsfor𝐻sandTm02computedforthewavemodelsvs.observations.

NBIASNRMSE

WAMcurrWAMrefWAMcurrWAMref

𝐻s
ADCP(N=3767)0.1190.1200.2150.216
WR(N=2133)0.1090.1000.1810.174
Altimeter(N=1913)0.050.050.210.21

Tm02
ADCP(N=3500)0.1850.1940.1700.175
WR(N=2133)0.1340.1150.1810.174

3.Results

3.1.Wavemodelvalidationagainstobservations

3.1.1.Insituobservationsandbulkvalidation
Energyfluctuationsateachobservationlocationareinvestigated

throughapowerspectraldensity(PSD)analysisof𝛥𝐻s(Fig.4a)and𝐻s
observations(Fig.4b).ForWAMcurrinMoskstraumen,themostdistinct
frequencypeaksarelocatedaroundthetidalconstituentsM2andM4
aswellasneartheinertialfrequency,𝑓,whichisaboutthesameas
M2inthearea(Fig.4a).Thisisinaccordancewiththeobservations,
withpronouncedpeaksaroundM2andM4(Fig.4b),wherethelatteris
shiftedslightlytowardlowerfrequenciesinWAMcurr.AtTennholmen,
theM2signalin𝛥𝐻sisabouttwoordersofmagnitudesmallerthan
Moskstraumen,whichmakessensesincetheareaisnotexposedto
strongtidalcurrents(Fig.4).

ForfrequenciesbelowM2,theunderlyingcausesfortheinter-model
discrepanciesaremany(Fig.4a).Firstly,thereisadelayedresponsein
themeanflowduetothesynopticweathersystems.OS21foundwave
breakinginMoskstraumentocorrespondwellwiththepassageofsuch
systemsforfrequenciesbelow0.75cyclesperday(seetheirFig.4c).
Secondly,therefractionofwaveactiondensityduetoeddiesandwhirls
affectsthewaveheightvariabilityonlongertimescalesthanthoseof
thetides.Thiswillbediscussedindetaillater.Thirdly,duringoneof
thestormswithinourstudyperiod(e.g.𝐻s>6m),𝛥𝐻sexceeded
2minMoskstraumen.Thus,strongwaveheightmodulationsoccurred
infrequently.SuchastormeventisfurtherelaboratedinAppendix.

Intermsofverificationmetrics,theoverallperformanceofthewave
modelcomparedagainsttheobservationsislistedinTable1.Both
modelrunshaveanegativebiasofabout10%in𝐻scomparedwiththe
insituobservations.TheNRMSEsareintherange17–22%,andinter-
modeldifferencesarebelow1%.Wefindslightlyhigherdifferences
inNBIASandNRMSEfor𝑇m02(Table1).Thisissimilartotheresults
ofPalmerandSaulter(2016),whoalsoreportedinconclusivebulk
validationmetricsbutfoundamorerealisticrepresentationofthewave
fieldsub-regionsdominatedbytides.Modelerrorsaccumulateinsuch
metricsifthespatio-temporalvariationsbetweenmodeloutputand
observationsareslightlyoutofphase.Duetothis,Ardhuinetal.(2012)
foundincreasingwavemodelerrorsintidalcurrentsagainstawave
modelforcedwithwindonly.

3.1.2.Altimeterobservations
Whenconsideringtheentiredomain,theNBIASandNRSMEagainst

altimeterobservationsof𝐻sarevirtuallyidenticalforbothmodelruns
(Table1).However,sub-regionsexpectedtohavesignificantwave–
currentinteraction(Fig.5)dorevealasystematicimprovementforall
validationparametersforWAMrefinVestfjorden(location8inFig.1)
witha16%reductioninbiasinDecember2018(P5,Table2).Albeit
abitless,adecreaseinmodelerrorandbiascanalsobeseenforP5
fromtheCMEMSproduct.Here,therearetwiceasmanysamplesasin
December2018(N=76vsN=29).
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andFebruary2019,weusedtheSentinel-3Level-3datasincethe
multi-missiondatasetdoesnotyetcoverthisperiod.

2.2.Verification

2.2.1.Verificationmetrics
Forverificationagainstobservations,wecomputedthenormalized

rootmeansquarederror(NRMSE)andnormalizedbias(NBIAS)using
thesamedefinitionasthatofArdhuinetal.(2010),

NRMSE(𝑋)=

√∑(𝑋o−𝑋m)2
∑𝑋2

o
,(9)

NBIAS(𝑋)=
∑(𝑋o−𝑋m)

∑𝑋o
.(10)

Heresubscripts‘‘o’’and‘‘m’’denoteobservationandmodel,respec-
tively,and𝑋denotesthevariable.Formodelintercomparison,we
denotetheabsolutedifferencebetweenthetwowavemodelintegra-
tionsas𝛥𝑋=WAM𝐜𝐮𝐫𝐫−WAM𝐫𝐞𝐟.Relativechangesbetweenthemodel
runsaredenotedas

RC(𝑋)=𝛥𝑋
𝑋ref

,(11)

wherethesubscript‘‘ref’’indicatesvaluesfromWAMref.Insteadofthe
NRMSE,wecomputedtheRMSEinthisrespect.Further,wecomputed
themean,standarddeviation(𝜎)andminimum/maximumdifference.

2.2.2.Spatio-temporalvariability
Sincetheoceancirculationwithinthemodeldomainisdominated

bytheNCC,inertialcurrents,andthetides,weexpectwaveheightsto
bemodulatedontheassociatedtemporalscales.Fortidesweconsider
theM2semidiurnaltidalconstituent.Theinertialfrequencyisthe
aboutthesameasM2inthearea,makingitdifficulttodiscriminate
theseintheopenocean.Closetoshore,however,thetopography
cancelstheinertialresponse.Forbaroclinicinstabilitiesassociated
withtheNCC,namely,frontsandeddies,weconsiderfrequencies
betweenhourstoacoupleofdays,whichgenerallyreflecttheirlife
cycle(McWilliams,2016).Inordertoseparatethedominanttemporal
modesandtheirassociatedenergy,weconductedatimeseriesanalysis
forallgridpointsinourmodeldomain,similartothesinglepoint
analysisbyGemmrichandGarrett(2012)andOS21.Thatis,power
spectraldensities(PSDs)foreachmodelgridpoint,(𝑖,𝑗)werecomputed
foraspecificdifferencevariable𝛥𝑋(i.e.WAM𝐜𝐮𝐫𝐫−WAM𝐫𝐞𝐟).Wenow
computetheenergyassociatedwiththelow-frequencyband[𝑓0,𝑓1],
namelytheNCC(denotedbyindex1),andthehigh-frequencyband
[𝑓2,𝑓3],namelyM2(denotedbyindex2),as

𝐸1,(𝑖,𝑗)=∫
𝑓1

𝑓0
PSD(𝛥𝑋)(𝑖,𝑗)𝑑𝑓,(12)

𝐸2,(𝑖,𝑗)=∫
𝑓3

𝑓2
PSD(𝛥𝑋)(𝑖,𝑗)𝑑𝑓.(13)

Forconveniencewehereconsider𝐻ssinceitisproportionaltothe
squarerootofthewaveenergy.Notethat𝐸representsthevarianceof
𝛥𝑋summedoveraspecificfrequencyrangeandshouldnotbeconfused
withthewaveenergydensity𝐸.

Tohelpvisualizethevariabilityofthetwofrequencybands,wenow
createared–green–blue(RGB)colorcompositeshowingthespatio-
temporalvariabilityof𝐸as(R,G,B)=(𝐸1,𝐸2,𝐸1).Variationsasso-
ciatedwiththelowfrequencies(1)appearaspurple(equalamounts
ofredandblue),whilevariationsassociatedwithhighfrequencies(2)
appearasgreen.Blackthencomestorepresentzerovariabilitywhile
whitemeansbothtemporalscalesarepresentinequalamounts.This
isamethodwhichisfrequentlyusedinremotesensingapplicationsfor
multitemporalchangedetectionanalysis(e.g.Marinetal.,2015),but
toourknowledgehasnotbeenappliedtospatialspectralanalysisof
wavemodelfieldsbefore.

Table1
Bulkvalidationmetricsfor𝐻sandTm02computedforthewavemodelsvs.observations.

NBIASNRMSE

WAMcurrWAMrefWAMcurrWAMref

𝐻s
ADCP(N=3767)0.1190.1200.2150.216
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Altimeter(N=1913)0.050.050.210.21

Tm02
ADCP(N=3500)0.1850.1940.1700.175
WR(N=2133)0.1340.1150.1810.174

3.Results

3.1.Wavemodelvalidationagainstobservations

3.1.1.Insituobservationsandbulkvalidation
Energyfluctuationsateachobservationlocationareinvestigated

throughapowerspectraldensity(PSD)analysisof𝛥𝐻s(Fig.4a)and𝐻s
observations(Fig.4b).ForWAMcurrinMoskstraumen,themostdistinct
frequencypeaksarelocatedaroundthetidalconstituentsM2andM4
aswellasneartheinertialfrequency,𝑓,whichisaboutthesameas
M2inthearea(Fig.4a).Thisisinaccordancewiththeobservations,
withpronouncedpeaksaroundM2andM4(Fig.4b),wherethelatteris
shiftedslightlytowardlowerfrequenciesinWAMcurr.AtTennholmen,
theM2signalin𝛥𝐻sisabouttwoordersofmagnitudesmallerthan
Moskstraumen,whichmakessensesincetheareaisnotexposedto
strongtidalcurrents(Fig.4).

ForfrequenciesbelowM2,theunderlyingcausesfortheinter-model
discrepanciesaremany(Fig.4a).Firstly,thereisadelayedresponsein
themeanflowduetothesynopticweathersystems.OS21foundwave
breakinginMoskstraumentocorrespondwellwiththepassageofsuch
systemsforfrequenciesbelow0.75cyclesperday(seetheirFig.4c).
Secondly,therefractionofwaveactiondensityduetoeddiesandwhirls
affectsthewaveheightvariabilityonlongertimescalesthanthoseof
thetides.Thiswillbediscussedindetaillater.Thirdly,duringoneof
thestormswithinourstudyperiod(e.g.𝐻s>6m),𝛥𝐻sexceeded
2minMoskstraumen.Thus,strongwaveheightmodulationsoccurred
infrequently.SuchastormeventisfurtherelaboratedinAppendix.

Intermsofverificationmetrics,theoverallperformanceofthewave
modelcomparedagainsttheobservationsislistedinTable1.Both
modelrunshaveanegativebiasofabout10%in𝐻scomparedwiththe
insituobservations.TheNRMSEsareintherange17–22%,andinter-
modeldifferencesarebelow1%.Wefindslightlyhigherdifferences
inNBIASandNRMSEfor𝑇m02(Table1).Thisissimilartotheresults
ofPalmerandSaulter(2016),whoalsoreportedinconclusivebulk
validationmetricsbutfoundamorerealisticrepresentationofthewave
fieldsub-regionsdominatedbytides.Modelerrorsaccumulateinsuch
metricsifthespatio-temporalvariationsbetweenmodeloutputand
observationsareslightlyoutofphase.Duetothis,Ardhuinetal.(2012)
foundincreasingwavemodelerrorsintidalcurrentsagainstawave
modelforcedwithwindonly.

3.1.2.Altimeterobservations
Whenconsideringtheentiredomain,theNBIASandNRSMEagainst

altimeterobservationsof𝐻sarevirtuallyidenticalforbothmodelruns
(Table1).However,sub-regionsexpectedtohavesignificantwave–
currentinteraction(Fig.5)dorevealasystematicimprovementforall
validationparametersforWAMrefinVestfjorden(location8inFig.1)
witha16%reductioninbiasinDecember2018(P5,Table2).Albeit
abitless,adecreaseinmodelerrorandbiascanalsobeseenforP5
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andFebruary2019,weusedtheSentinel-3Level-3datasincethe
multi-missiondatasetdoesnotyetcoverthisperiod.

2.2.Verification

2.2.1.Verificationmetrics
Forverificationagainstobservations,wecomputedthenormalized

rootmeansquarederror(NRMSE)andnormalizedbias(NBIAS)using
thesamedefinitionasthatofArdhuinetal.(2010),

NRMSE(𝑋)=

√∑(𝑋o−𝑋m)2
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o
,(9)

NBIAS(𝑋)=
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.(10)

Heresubscripts‘‘o’’and‘‘m’’denoteobservationandmodel,respec-
tively,and𝑋denotesthevariable.Formodelintercomparison,we
denotetheabsolutedifferencebetweenthetwowavemodelintegra-
tionsas𝛥𝑋=WAM𝐜𝐮𝐫𝐫−WAM𝐫𝐞𝐟.Relativechangesbetweenthemodel
runsaredenotedas
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,(11)

wherethesubscript‘‘ref’’indicatesvaluesfromWAMref.Insteadofthe
NRMSE,wecomputedtheRMSEinthisrespect.Further,wecomputed
themean,standarddeviation(𝜎)andminimum/maximumdifference.

2.2.2.Spatio-temporalvariability
Sincetheoceancirculationwithinthemodeldomainisdominated

bytheNCC,inertialcurrents,andthetides,weexpectwaveheightsto
bemodulatedontheassociatedtemporalscales.Fortidesweconsider
theM2semidiurnaltidalconstituent.Theinertialfrequencyisthe
aboutthesameasM2inthearea,makingitdifficulttodiscriminate
theseintheopenocean.Closetoshore,however,thetopography
cancelstheinertialresponse.Forbaroclinicinstabilitiesassociated
withtheNCC,namely,frontsandeddies,weconsiderfrequencies
betweenhourstoacoupleofdays,whichgenerallyreflecttheirlife
cycle(McWilliams,2016).Inordertoseparatethedominanttemporal
modesandtheirassociatedenergy,weconductedatimeseriesanalysis
forallgridpointsinourmodeldomain,similartothesinglepoint
analysisbyGemmrichandGarrett(2012)andOS21.Thatis,power
spectraldensities(PSDs)foreachmodelgridpoint,(𝑖,𝑗)werecomputed
foraspecificdifferencevariable𝛥𝑋(i.e.WAM𝐜𝐮𝐫𝐫−WAM𝐫𝐞𝐟).Wenow
computetheenergyassociatedwiththelow-frequencyband[𝑓0,𝑓1],
namelytheNCC(denotedbyindex1),andthehigh-frequencyband
[𝑓2,𝑓3],namelyM2(denotedbyindex2),as

𝐸1,(𝑖,𝑗)=∫
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PSD(𝛥𝑋)(𝑖,𝑗)𝑑𝑓.(13)

Forconveniencewehereconsider𝐻ssinceitisproportionaltothe
squarerootofthewaveenergy.Notethat𝐸representsthevarianceof
𝛥𝑋summedoveraspecificfrequencyrangeandshouldnotbeconfused
withthewaveenergydensity𝐸.

Tohelpvisualizethevariabilityofthetwofrequencybands,wenow
createared–green–blue(RGB)colorcompositeshowingthespatio-
temporalvariabilityof𝐸as(R,G,B)=(𝐸1,𝐸2,𝐸1).Variationsasso-
ciatedwiththelowfrequencies(1)appearaspurple(equalamounts
ofredandblue),whilevariationsassociatedwithhighfrequencies(2)
appearasgreen.Blackthencomestorepresentzerovariabilitywhile
whitemeansbothtemporalscalesarepresentinequalamounts.This
isamethodwhichisfrequentlyusedinremotesensingapplicationsfor
multitemporalchangedetectionanalysis(e.g.Marinetal.,2015),but
toourknowledgehasnotbeenappliedtospatialspectralanalysisof
wavemodelfieldsbefore.

Table1
Bulkvalidationmetricsfor𝐻sandTm02computedforthewavemodelsvs.observations.

NBIASNRMSE

WAMcurrWAMrefWAMcurrWAMref

𝐻s
ADCP(N=3767)0.1190.1200.2150.216
WR(N=2133)0.1090.1000.1810.174
Altimeter(N=1913)0.050.050.210.21

Tm02
ADCP(N=3500)0.1850.1940.1700.175
WR(N=2133)0.1340.1150.1810.174

3.Results

3.1.Wavemodelvalidationagainstobservations

3.1.1.Insituobservationsandbulkvalidation
Energyfluctuationsateachobservationlocationareinvestigated

throughapowerspectraldensity(PSD)analysisof𝛥𝐻s(Fig.4a)and𝐻s
observations(Fig.4b).ForWAMcurrinMoskstraumen,themostdistinct
frequencypeaksarelocatedaroundthetidalconstituentsM2andM4
aswellasneartheinertialfrequency,𝑓,whichisaboutthesameas
M2inthearea(Fig.4a).Thisisinaccordancewiththeobservations,
withpronouncedpeaksaroundM2andM4(Fig.4b),wherethelatteris
shiftedslightlytowardlowerfrequenciesinWAMcurr.AtTennholmen,
theM2signalin𝛥𝐻sisabouttwoordersofmagnitudesmallerthan
Moskstraumen,whichmakessensesincetheareaisnotexposedto
strongtidalcurrents(Fig.4).

ForfrequenciesbelowM2,theunderlyingcausesfortheinter-model
discrepanciesaremany(Fig.4a).Firstly,thereisadelayedresponsein
themeanflowduetothesynopticweathersystems.OS21foundwave
breakinginMoskstraumentocorrespondwellwiththepassageofsuch
systemsforfrequenciesbelow0.75cyclesperday(seetheirFig.4c).
Secondly,therefractionofwaveactiondensityduetoeddiesandwhirls
affectsthewaveheightvariabilityonlongertimescalesthanthoseof
thetides.Thiswillbediscussedindetaillater.Thirdly,duringoneof
thestormswithinourstudyperiod(e.g.𝐻s>6m),𝛥𝐻sexceeded
2minMoskstraumen.Thus,strongwaveheightmodulationsoccurred
infrequently.SuchastormeventisfurtherelaboratedinAppendix.

Intermsofverificationmetrics,theoverallperformanceofthewave
modelcomparedagainsttheobservationsislistedinTable1.Both
modelrunshaveanegativebiasofabout10%in𝐻scomparedwiththe
insituobservations.TheNRMSEsareintherange17–22%,andinter-
modeldifferencesarebelow1%.Wefindslightlyhigherdifferences
inNBIASandNRMSEfor𝑇m02(Table1).Thisissimilartotheresults
ofPalmerandSaulter(2016),whoalsoreportedinconclusivebulk
validationmetricsbutfoundamorerealisticrepresentationofthewave
fieldsub-regionsdominatedbytides.Modelerrorsaccumulateinsuch
metricsifthespatio-temporalvariationsbetweenmodeloutputand
observationsareslightlyoutofphase.Duetothis,Ardhuinetal.(2012)
foundincreasingwavemodelerrorsintidalcurrentsagainstawave
modelforcedwithwindonly.

3.1.2.Altimeterobservations
Whenconsideringtheentiredomain,theNBIASandNRSMEagainst

altimeterobservationsof𝐻sarevirtuallyidenticalforbothmodelruns
(Table1).However,sub-regionsexpectedtohavesignificantwave–
currentinteraction(Fig.5)dorevealasystematicimprovementforall
validationparametersforWAMrefinVestfjorden(location8inFig.1)
witha16%reductioninbiasinDecember2018(P5,Table2).Albeit
abitless,adecreaseinmodelerrorandbiascanalsobeseenforP5
fromtheCMEMSproduct.Here,therearetwiceasmanysamplesasin
December2018(N=76vsN=29).
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o
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NBIAS(𝑋)=
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∑𝑋o
.(10)
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Fig. 4. Power spectral density (PSD) plots of 𝛥𝐻s (= WAMcurr - WAMref) and 𝐻s time series at the in situ observation locations covering the study period. Panel (a) shows 𝛥𝐻s
from grid points closest to the ADCP and wave rider (WR) locations. Panel (b) shows PSDs computed for the 𝐻s observations in Moskstraumen (ADCP) and Tennholmen (WR). The
shaded region around the PSDs indicates the 95% confidence limits. The tidal constituents M1, M2, and M4 are plotted as vertical gray dashed lines for reference together with
the inertial frequency, 𝑓 (red dashed line).

Fig. 5. Altimeter level-3 𝐻s observations within the model domain from the CCI multimission (gray) and CMEMS (black), together with polygons (P1–P5) for regional comparison.

3.2. Large-scale model inter-comparison

3.2.1. Temporal modes in horizontal 𝐻s variability
In addition to the lowest frequencies (see Section 3.1.1), we find

that 𝛥𝐻s exhibits two main temporal scales, controlled by the baroclinic

instabilities associated with the NCC (𝑇e) and the M2 semidiurnal tidal
constituent (𝑇t). In general, the life-cycle of eddies and fronts lasts
from hours to days depending on their generating mechanism and the
prevailing conditions (McWilliams, 2016). In our domain we find that
normally 𝑇e > 𝑇t (not shown). Since the wind forcing is the same in
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Fig.4.Powerspectraldensity(PSD)plotsof𝛥𝐻s(=WAMcurr-WAMref)and𝐻stimeseriesattheinsituobservationlocationscoveringthestudyperiod.Panel(a)shows𝛥𝐻s
fromgridpointsclosesttotheADCPandwaverider(WR)locations.Panel(b)showsPSDscomputedforthe𝐻sobservationsinMoskstraumen(ADCP)andTennholmen(WR).The
shadedregionaroundthePSDsindicatesthe95%confidencelimits.ThetidalconstituentsM1,M2,andM4areplottedasverticalgraydashedlinesforreferencetogetherwith
theinertialfrequency,𝑓(reddashedline).

Fig.5.Altimeterlevel-3𝐻sobservationswithinthemodeldomainfromtheCCImultimission(gray)andCMEMS(black),togetherwithpolygons(P1–P5)forregionalcomparison.

3.2.Large-scalemodelinter-comparison

3.2.1.Temporalmodesinhorizontal𝐻svariability
Inadditiontothelowestfrequencies(seeSection3.1.1),wefind

that𝛥𝐻sexhibitstwomaintemporalscales,controlledbythebaroclinic

instabilitiesassociatedwiththeNCC(𝑇e)andtheM2semidiurnaltidal
constituent(𝑇t).Ingeneral,thelife-cycleofeddiesandfrontslasts
fromhourstodaysdependingontheirgeneratingmechanismandthe
prevailingconditions(McWilliams,2016).Inourdomainwefindthat
normally𝑇e>𝑇t(notshown).Sincethewindforcingisthesamein
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fromgridpointsclosesttotheADCPandwaverider(WR)locations.Panel(b)showsPSDscomputedforthe𝐻sobservationsinMoskstraumen(ADCP)andTennholmen(WR).The
shadedregionaroundthePSDsindicatesthe95%confidencelimits.ThetidalconstituentsM1,M2,andM4areplottedasverticalgraydashedlinesforreferencetogetherwith
theinertialfrequency,𝑓(reddashedline).

Fig.5.Altimeterlevel-3𝐻sobservationswithinthemodeldomainfromtheCCImultimission(gray)andCMEMS(black),togetherwithpolygons(P1–P5)forregionalcomparison.

3.2.Large-scalemodelinter-comparison

3.2.1.Temporalmodesinhorizontal𝐻svariability
Inadditiontothelowestfrequencies(seeSection3.1.1),wefind

that𝛥𝐻sexhibitstwomaintemporalscales,controlledbythebaroclinic

instabilitiesassociatedwiththeNCC(𝑇e)andtheM2semidiurnaltidal
constituent(𝑇t).Ingeneral,thelife-cycleofeddiesandfrontslasts
fromhourstodaysdependingontheirgeneratingmechanismandthe
prevailingconditions(McWilliams,2016).Inourdomainwefindthat
normally𝑇e>𝑇t(notshown).Sincethewindforcingisthesamein
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Fig. 6. Characterization of spatio-temporal variability in 𝛥𝐻s. The image consists of 𝐸̂𝑒, 𝐸̂𝑡, and 𝐸̂𝑒 from Eqs (14)–(15) on the R, G, and B channels, respectively. Hence, shadings
of purple signify areas where the variability is associated with 𝐸̂𝑒 while shadings of green correspond to 𝐸̂𝑡. White (black) show areas where both (none) of the modes have
energy. The PSDs originate from a time series analysis for each model grid point. A few selected cases are shown in the lower panel for Moskstraumen (label 𝑖), Breisundet (label
𝑖𝑖), and Senja (label 𝑖𝑖𝑖). The gray shaded areas denote the frequencies that are excluded in the analysis, and the vertical dashed lines denote the M2 and M4 tidal constituents.
Numbering 2–8 denote the dangerous wave areas from Fig. 3.

Table 2
Validation metrics computed for specific sub-regions (polygons P1–P5 in Fig. 5) against
altimeter observations of 𝐻s. Pearson correlation coefficient is denoted 𝑟.

NBIAS NRMSE r

WAMcurr WAMref WAMcurr WAMref WAMcurr WAMref

December 2018 CCI multimission
P1 (N = 62) 0.18 0.17 0.21 0.21 0.91 0.91
P2 (N = 21) 0.00 −0.02 0.17 0.15 0.64 0.70
P3 (N = 37) 0.12 0.12 0.18 0.18 0.92 0.92
P4 (N = 165) −0.01 −0.01 0.12 0.13 0.93 0.92
P5 (N = 29) 0.47 0.63 0.53 0.71 0.40 0.25

January–February 2019 CMEMS
P1 (N = 88) 0.05 0.04 0.20 0.18 0.87 0.89
P2 (N = 93) −0.04 −0.04 0.19 0.19 0.94 0.94
P3 (N = 106) −0.01 −0.01 0.27 0.26 0.71 0.73
P4 (N = 344) 0.10 0.10 0.24 0.24 0.89 0.90
P5 (N = 76) 0.26 0.32 0.33 0.37 0.91 0.90

WAMcurr and WAMref, 𝑇e and 𝑇t should be resolved by WAMcurr only.
We used Eqs (12)–(13) to discriminate these temporal modes as follows,

𝐸̂𝑒,(𝑖,𝑗) = ∫
𝑀1+𝛿𝑓

𝛿𝑓0
PSD(𝛥𝐻s)(𝑖,𝑗) 𝑑𝑓 , (14)

𝐸̂𝑡,(𝑖,𝑗) = ∫
𝑀2+𝛿𝑓

𝑀2−𝛿𝑓
PSD(𝛥𝐻s)(𝑖,𝑗) 𝑑𝑓 . (15)

Here, 𝛿𝑓0 correspond to about 0.4 cycles per day and constitute a low
pass filter, and 𝛿𝑓 correspond to about 3 h.

An RGB composite showing the spatio-temporal variability of 𝛥𝐻s
is given in Fig. 6. It is clear that the tides impact the wave height in
the area surrounding Lofoten, in particular in Moskstraumen (𝑖,7 Fig. 6).
Here, the energy modulation at M2 is an order of magnitude larger
compared with other areas dominated by tidal currents (lines 𝑖 and 𝑖𝑖
Fig. 6). Furthermore, tidal processes mostly dominate close to the coast,
including in narrow sounds and channels. In addition to bathymetric
effects, some of these are also affected by corner effects that locally
accelerate the tidal current. We also performed an analysis including
the M4 components, which gave more or less the same result (not
shown).

In some regions, 𝑇e and 𝑇t appear simultaneously, but spatially
separated, as in the highlighted box. In these cases, the wave height
modulation is most often associated with the tides, but 𝐸̂(M2) can
be orders of magnitudes lower than 𝐸̂(M1) (not shown). Thus, the

wave–current interaction is dominated by tidal processes, but local
topographic conditions like the corner effect can affect the flow field,
and also and the incoming wave field. For the latter, refraction is very
sensitive to the incoming wave direction, and waves can at times be
refracted into sheltered areas.

Between areas 6 and 7, modulation on 𝑇e is most pronounced
(Fig. 6). Here, some places have a strong M1 signal, while others are
modulated on longer time scales, similar to the shallow banks outside
Senja (see 𝑖𝑖𝑖,6 Fig. 6).

Further away from the coast, 𝑇e is more pronounced, but with
less variability, as seen south and west of Lofoten (7– Fig. 6). This
also includes the strip north of Rolvsøya (location 4– Figs. 1,6), where
the NCC is meandering with strong eddy activity and large current
variability (Figs. 2a,d). As expected, this suggests that wave refraction
due to eddies and whirls is what drives the differences between the
two wave model runs in such areas. Furthermore, it shows that wave–
current interaction becomes more intense in areas close to the coast
with strong tides than further away from the coast.

3.2.2. Statistical variability
There are some systematic differences in the twin model experi-

ment. An area which stands out is Vestfjorden (8– Fig. 1), where on
average 𝛥𝐻s > 0 (i.e., WAMcurr > WAMref in Fig. 7a). The region
stands out even more clearly in terms of the relative change (RC), with
mean 𝛥𝐻s values from +20% and above, and maximum values well
above 100% (Figs. 8a,c). For 𝛥𝑇𝑚02, the mean value in Vestfjorden is
between 0.5 − 1 s with maxima around +3 s (not shown). Considering
the Doppler shift and conservation of wave action, one would expect
the increasing wave periods to be associated with decreasing wave
amplitude. However, 𝛥𝐻s is positive, suggesting other dominating
mechanisms (Figs. 7a, 8a).

Vestfjorden is sheltered from the strongest winds and has in general
lower waves compared with the more exposed areas in the Lofoten
archipelago. The systematic increase in 𝐻s is mainly caused by advec-
tion of wave action due to the tidal oscillations and the NCC, together
with current-induced refraction. To illustrate the impact of these ef-
fects, we inspect a case on 2019-01-05 shown in Fig. 9. Here, the area
was dominated by eastward propagating swell and calm westerly winds
and 𝐻s about 0.1 m and 0.6 m in WAMref and WAMcurr, respectively
(not shown). The wind sea wave height was more or less the same
in both models (lower middle left panel of Fig. 9). The swell heights,
however, were larger in WAMcurr, and the mean swell direction was
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Fig.6.Characterizationofspatio-temporalvariabilityin𝛥𝐻s.Theimageconsistsof̂𝐸𝑒,̂𝐸𝑡,and̂𝐸𝑒fromEqs(14)–(15)ontheR,G,andBchannels,respectively.Hence,shadings
ofpurplesignifyareaswherethevariabilityisassociatedwitĥ𝐸𝑒whileshadingsofgreencorrespondtô𝐸𝑡.White(black)showareaswhereboth(none)ofthemodeshave
energy.ThePSDsoriginatefromatimeseriesanalysisforeachmodelgridpoint.AfewselectedcasesareshowninthelowerpanelforMoskstraumen(label𝑖),Breisundet(label
𝑖𝑖),andSenja(label𝑖𝑖𝑖).Thegrayshadedareasdenotethefrequenciesthatareexcludedintheanalysis,andtheverticaldashedlinesdenotetheM2andM4tidalconstituents.
Numbering2–8denotethedangerouswaveareasfromFig.3.

Table2
Validationmetricscomputedforspecificsub-regions(polygonsP1–P5inFig.5)against
altimeterobservationsof𝐻s.Pearsoncorrelationcoefficientisdenoted𝑟.

NBIASNRMSEr

WAMcurrWAMrefWAMcurrWAMrefWAMcurrWAMref

December2018CCImultimission
P1(N=62)0.180.170.210.210.910.91
P2(N=21)0.00−0.020.170.150.640.70
P3(N=37)0.120.120.180.180.920.92
P4(N=165)−0.01−0.010.120.130.930.92
P5(N=29)0.470.630.530.710.400.25

January–February2019CMEMS
P1(N=88)0.050.040.200.180.870.89
P2(N=93)−0.04−0.040.190.190.940.94
P3(N=106)−0.01−0.010.270.260.710.73
P4(N=344)0.100.100.240.240.890.90
P5(N=76)0.260.320.330.370.910.90

WAMcurrandWAMref,𝑇eand𝑇tshouldberesolvedbyWAMcurronly.
WeusedEqs(12)–(13)todiscriminatethesetemporalmodesasfollows,

̂𝐸𝑒,(𝑖,𝑗)=∫
𝑀1+𝛿𝑓

𝛿𝑓0
PSD(𝛥𝐻s)(𝑖,𝑗)𝑑𝑓,(14)

̂𝐸𝑡,(𝑖,𝑗)=∫
𝑀2+𝛿𝑓

𝑀2−𝛿𝑓
PSD(𝛥𝐻s)(𝑖,𝑗)𝑑𝑓.(15)

Here,𝛿𝑓0correspondtoabout0.4cyclesperdayandconstitutealow
passfilter,and𝛿𝑓correspondtoabout3h.

AnRGBcompositeshowingthespatio-temporalvariabilityof𝛥𝐻s
isgiveninFig.6.Itisclearthatthetidesimpactthewaveheightin
theareasurroundingLofoten,inparticularinMoskstraumen(𝑖,7Fig.6).
Here,theenergymodulationatM2isanorderofmagnitudelarger
comparedwithotherareasdominatedbytidalcurrents(lines𝑖and𝑖𝑖
Fig.6).Furthermore,tidalprocessesmostlydominateclosetothecoast,
includinginnarrowsoundsandchannels.Inadditiontobathymetric
effects,someofthesearealsoaffectedbycornereffectsthatlocally
acceleratethetidalcurrent.Wealsoperformedananalysisincluding
theM4components,whichgavemoreorlessthesameresult(not
shown).

Insomeregions,𝑇eand𝑇tappearsimultaneously,butspatially
separated,asinthehighlightedbox.Inthesecases,thewaveheight
modulationismostoftenassociatedwiththetides,but̂𝐸(M2)can
beordersofmagnitudeslowerthan̂𝐸(M1)(notshown).Thus,the

wave–currentinteractionisdominatedbytidalprocesses,butlocal
topographicconditionslikethecornereffectcanaffecttheflowfield,
andalsoandtheincomingwavefield.Forthelatter,refractionisvery
sensitivetotheincomingwavedirection,andwavescanattimesbe
refractedintoshelteredareas.

Betweenareas6and7,modulationon𝑇eismostpronounced
(Fig.6).Here,someplaceshaveastrongM1signal,whileothersare
modulatedonlongertimescales,similartotheshallowbanksoutside
Senja(see𝑖𝑖𝑖,6Fig.6).

Furtherawayfromthecoast,𝑇eismorepronounced,butwith
lessvariability,asseensouthandwestofLofoten(7–Fig.6).This
alsoincludesthestripnorthofRolvsøya(location4–Figs.1,6),where
theNCCismeanderingwithstrongeddyactivityandlargecurrent
variability(Figs.2a,d).Asexpected,thissuggeststhatwaverefraction
duetoeddiesandwhirlsiswhatdrivesthedifferencesbetweenthe
twowavemodelrunsinsuchareas.Furthermore,itshowsthatwave–
currentinteractionbecomesmoreintenseinareasclosetothecoast
withstrongtidesthanfurtherawayfromthecoast.

3.2.2.Statisticalvariability
Therearesomesystematicdifferencesinthetwinmodelexperi-

ment.AnareawhichstandsoutisVestfjorden(8–Fig.1),whereon
average𝛥𝐻s>0(i.e.,WAMcurr>WAMrefinFig.7a).Theregion
standsoutevenmoreclearlyintermsoftherelativechange(RC),with
mean𝛥𝐻svaluesfrom+20%andabove,andmaximumvalueswell
above100%(Figs.8a,c).For𝛥𝑇𝑚02,themeanvalueinVestfjordenis
between0.5−1swithmaximaaround+3s(notshown).Considering
theDopplershiftandconservationofwaveaction,onewouldexpect
theincreasingwaveperiodstobeassociatedwithdecreasingwave
amplitude.However,𝛥𝐻sispositive,suggestingotherdominating
mechanisms(Figs.7a,8a).

Vestfjordenisshelteredfromthestrongestwindsandhasingeneral
lowerwavescomparedwiththemoreexposedareasintheLofoten
archipelago.Thesystematicincreasein𝐻sismainlycausedbyadvec-
tionofwaveactionduetothetidaloscillationsandtheNCC,together
withcurrent-inducedrefraction.Toillustratetheimpactoftheseef-
fects,weinspectacaseon2019-01-05showninFig.9.Here,thearea
wasdominatedbyeastwardpropagatingswellandcalmwesterlywinds
and𝐻sabout0.1mand0.6minWAMrefandWAMcurr,respectively
(notshown).Thewindseawaveheightwasmoreorlessthesame
inbothmodels(lowermiddleleftpanelofFig.9).Theswellheights,
however,werelargerinWAMcurr,andthemeanswelldirectionwas
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Fig.6.Characterizationofspatio-temporalvariabilityin𝛥𝐻s.Theimageconsistsof̂𝐸𝑒,̂𝐸𝑡,and̂𝐸𝑒fromEqs(14)–(15)ontheR,G,andBchannels,respectively.Hence,shadings
ofpurplesignifyareaswherethevariabilityisassociatedwitĥ𝐸𝑒whileshadingsofgreencorrespondtô𝐸𝑡.White(black)showareaswhereboth(none)ofthemodeshave
energy.ThePSDsoriginatefromatimeseriesanalysisforeachmodelgridpoint.AfewselectedcasesareshowninthelowerpanelforMoskstraumen(label𝑖),Breisundet(label
𝑖𝑖),andSenja(label𝑖𝑖𝑖).Thegrayshadedareasdenotethefrequenciesthatareexcludedintheanalysis,andtheverticaldashedlinesdenotetheM2andM4tidalconstituents.
Numbering2–8denotethedangerouswaveareasfromFig.3.

Table2
Validationmetricscomputedforspecificsub-regions(polygonsP1–P5inFig.5)against
altimeterobservationsof𝐻s.Pearsoncorrelationcoefficientisdenoted𝑟.

NBIASNRMSEr

WAMcurrWAMrefWAMcurrWAMrefWAMcurrWAMref

December2018CCImultimission
P1(N=62)0.180.170.210.210.910.91
P2(N=21)0.00−0.020.170.150.640.70
P3(N=37)0.120.120.180.180.920.92
P4(N=165)−0.01−0.010.120.130.930.92
P5(N=29)0.470.630.530.710.400.25

January–February2019CMEMS
P1(N=88)0.050.040.200.180.870.89
P2(N=93)−0.04−0.040.190.190.940.94
P3(N=106)−0.01−0.010.270.260.710.73
P4(N=344)0.100.100.240.240.890.90
P5(N=76)0.260.320.330.370.910.90

WAMcurrandWAMref,𝑇eand𝑇tshouldberesolvedbyWAMcurronly.
WeusedEqs(12)–(13)todiscriminatethesetemporalmodesasfollows,

̂𝐸𝑒,(𝑖,𝑗)=∫
𝑀1+𝛿𝑓

𝛿𝑓0
PSD(𝛥𝐻s)(𝑖,𝑗)𝑑𝑓,(14)

̂𝐸𝑡,(𝑖,𝑗)=∫
𝑀2+𝛿𝑓

𝑀2−𝛿𝑓
PSD(𝛥𝐻s)(𝑖,𝑗)𝑑𝑓.(15)

Here,𝛿𝑓0correspondtoabout0.4cyclesperdayandconstitutealow
passfilter,and𝛿𝑓correspondtoabout3h.

AnRGBcompositeshowingthespatio-temporalvariabilityof𝛥𝐻s
isgiveninFig.6.Itisclearthatthetidesimpactthewaveheightin
theareasurroundingLofoten,inparticularinMoskstraumen(𝑖,7Fig.6).
Here,theenergymodulationatM2isanorderofmagnitudelarger
comparedwithotherareasdominatedbytidalcurrents(lines𝑖and𝑖𝑖
Fig.6).Furthermore,tidalprocessesmostlydominateclosetothecoast,
includinginnarrowsoundsandchannels.Inadditiontobathymetric
effects,someofthesearealsoaffectedbycornereffectsthatlocally
acceleratethetidalcurrent.Wealsoperformedananalysisincluding
theM4components,whichgavemoreorlessthesameresult(not
shown).

Insomeregions,𝑇eand𝑇tappearsimultaneously,butspatially
separated,asinthehighlightedbox.Inthesecases,thewaveheight
modulationismostoftenassociatedwiththetides,but̂𝐸(M2)can
beordersofmagnitudeslowerthan̂𝐸(M1)(notshown).Thus,the

wave–currentinteractionisdominatedbytidalprocesses,butlocal
topographicconditionslikethecornereffectcanaffecttheflowfield,
andalsoandtheincomingwavefield.Forthelatter,refractionisvery
sensitivetotheincomingwavedirection,andwavescanattimesbe
refractedintoshelteredareas.

Betweenareas6and7,modulationon𝑇eismostpronounced
(Fig.6).Here,someplaceshaveastrongM1signal,whileothersare
modulatedonlongertimescales,similartotheshallowbanksoutside
Senja(see𝑖𝑖𝑖,6Fig.6).

Furtherawayfromthecoast,𝑇eismorepronounced,butwith
lessvariability,asseensouthandwestofLofoten(7–Fig.6).This
alsoincludesthestripnorthofRolvsøya(location4–Figs.1,6),where
theNCCismeanderingwithstrongeddyactivityandlargecurrent
variability(Figs.2a,d).Asexpected,thissuggeststhatwaverefraction
duetoeddiesandwhirlsiswhatdrivesthedifferencesbetweenthe
twowavemodelrunsinsuchareas.Furthermore,itshowsthatwave–
currentinteractionbecomesmoreintenseinareasclosetothecoast
withstrongtidesthanfurtherawayfromthecoast.

3.2.2.Statisticalvariability
Therearesomesystematicdifferencesinthetwinmodelexperi-

ment.AnareawhichstandsoutisVestfjorden(8–Fig.1),whereon
average𝛥𝐻s>0(i.e.,WAMcurr>WAMrefinFig.7a).Theregion
standsoutevenmoreclearlyintermsoftherelativechange(RC),with
mean𝛥𝐻svaluesfrom+20%andabove,andmaximumvalueswell
above100%(Figs.8a,c).For𝛥𝑇𝑚02,themeanvalueinVestfjordenis
between0.5−1swithmaximaaround+3s(notshown).Considering
theDopplershiftandconservationofwaveaction,onewouldexpect
theincreasingwaveperiodstobeassociatedwithdecreasingwave
amplitude.However,𝛥𝐻sispositive,suggestingotherdominating
mechanisms(Figs.7a,8a).

Vestfjordenisshelteredfromthestrongestwindsandhasingeneral
lowerwavescomparedwiththemoreexposedareasintheLofoten
archipelago.Thesystematicincreasein𝐻sismainlycausedbyadvec-
tionofwaveactionduetothetidaloscillationsandtheNCC,together
withcurrent-inducedrefraction.Toillustratetheimpactoftheseef-
fects,weinspectacaseon2019-01-05showninFig.9.Here,thearea
wasdominatedbyeastwardpropagatingswellandcalmwesterlywinds
and𝐻sabout0.1mand0.6minWAMrefandWAMcurr,respectively
(notshown).Thewindseawaveheightwasmoreorlessthesame
inbothmodels(lowermiddleleftpanelofFig.9).Theswellheights,
however,werelargerinWAMcurr,andthemeanswelldirectionwas
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Fig. 6. Characterization of spatio-temporal variability in 𝛥𝐻s. The image consists of 𝐸̂𝑒, 𝐸̂𝑡, and 𝐸̂𝑒 from Eqs (14)–(15) on the R, G, and B channels, respectively. Hence, shadings
of purple signify areas where the variability is associated with 𝐸̂𝑒 while shadings of green correspond to 𝐸̂𝑡. White (black) show areas where both (none) of the modes have
energy. The PSDs originate from a time series analysis for each model grid point. A few selected cases are shown in the lower panel for Moskstraumen (label 𝑖), Breisundet (label
𝑖𝑖), and Senja (label 𝑖𝑖𝑖). The gray shaded areas denote the frequencies that are excluded in the analysis, and the vertical dashed lines denote the M2 and M4 tidal constituents.
Numbering 2–8 denote the dangerous wave areas from Fig. 3.

Table 2
Validation metrics computed for specific sub-regions (polygons P1–P5 in Fig. 5) against
altimeter observations of 𝐻s. Pearson correlation coefficient is denoted 𝑟.

NBIAS NRMSE r

WAMcurr WAMref WAMcurr WAMref WAMcurr WAMref

December 2018 CCI multimission
P1 (N = 62) 0.18 0.17 0.21 0.21 0.91 0.91
P2 (N = 21) 0.00 −0.02 0.17 0.15 0.64 0.70
P3 (N = 37) 0.12 0.12 0.18 0.18 0.92 0.92
P4 (N = 165) −0.01 −0.01 0.12 0.13 0.93 0.92
P5 (N = 29) 0.47 0.63 0.53 0.71 0.40 0.25

January–February 2019 CMEMS
P1 (N = 88) 0.05 0.04 0.20 0.18 0.87 0.89
P2 (N = 93) −0.04 −0.04 0.19 0.19 0.94 0.94
P3 (N = 106) −0.01 −0.01 0.27 0.26 0.71 0.73
P4 (N = 344) 0.10 0.10 0.24 0.24 0.89 0.90
P5 (N = 76) 0.26 0.32 0.33 0.37 0.91 0.90

WAMcurr and WAMref, 𝑇e and 𝑇t should be resolved by WAMcurr only.
We used Eqs (12)–(13) to discriminate these temporal modes as follows,

𝐸̂𝑒,(𝑖,𝑗) = ∫
𝑀1+𝛿𝑓

𝛿𝑓0
PSD(𝛥𝐻s)(𝑖,𝑗) 𝑑𝑓 , (14)

𝐸̂𝑡,(𝑖,𝑗) = ∫
𝑀2+𝛿𝑓

𝑀2−𝛿𝑓
PSD(𝛥𝐻s)(𝑖,𝑗) 𝑑𝑓 . (15)

Here, 𝛿𝑓0 correspond to about 0.4 cycles per day and constitute a low
pass filter, and 𝛿𝑓 correspond to about 3 h.

An RGB composite showing the spatio-temporal variability of 𝛥𝐻s
is given in Fig. 6. It is clear that the tides impact the wave height in
the area surrounding Lofoten, in particular in Moskstraumen (𝑖,7 Fig. 6).
Here, the energy modulation at M2 is an order of magnitude larger
compared with other areas dominated by tidal currents (lines 𝑖 and 𝑖𝑖
Fig. 6). Furthermore, tidal processes mostly dominate close to the coast,
including in narrow sounds and channels. In addition to bathymetric
effects, some of these are also affected by corner effects that locally
accelerate the tidal current. We also performed an analysis including
the M4 components, which gave more or less the same result (not
shown).

In some regions, 𝑇e and 𝑇t appear simultaneously, but spatially
separated, as in the highlighted box. In these cases, the wave height
modulation is most often associated with the tides, but 𝐸̂(M2) can
be orders of magnitudes lower than 𝐸̂(M1) (not shown). Thus, the

wave–current interaction is dominated by tidal processes, but local
topographic conditions like the corner effect can affect the flow field,
and also and the incoming wave field. For the latter, refraction is very
sensitive to the incoming wave direction, and waves can at times be
refracted into sheltered areas.

Between areas 6 and 7, modulation on 𝑇e is most pronounced
(Fig. 6). Here, some places have a strong M1 signal, while others are
modulated on longer time scales, similar to the shallow banks outside
Senja (see 𝑖𝑖𝑖,6 Fig. 6).

Further away from the coast, 𝑇e is more pronounced, but with
less variability, as seen south and west of Lofoten (7– Fig. 6). This
also includes the strip north of Rolvsøya (location 4– Figs. 1,6), where
the NCC is meandering with strong eddy activity and large current
variability (Figs. 2a,d). As expected, this suggests that wave refraction
due to eddies and whirls is what drives the differences between the
two wave model runs in such areas. Furthermore, it shows that wave–
current interaction becomes more intense in areas close to the coast
with strong tides than further away from the coast.

3.2.2. Statistical variability
There are some systematic differences in the twin model experi-

ment. An area which stands out is Vestfjorden (8– Fig. 1), where on
average 𝛥𝐻s > 0 (i.e., WAMcurr > WAMref in Fig. 7a). The region
stands out even more clearly in terms of the relative change (RC), with
mean 𝛥𝐻s values from +20% and above, and maximum values well
above 100% (Figs. 8a,c). For 𝛥𝑇𝑚02, the mean value in Vestfjorden is
between 0.5 − 1 s with maxima around +3 s (not shown). Considering
the Doppler shift and conservation of wave action, one would expect
the increasing wave periods to be associated with decreasing wave
amplitude. However, 𝛥𝐻s is positive, suggesting other dominating
mechanisms (Figs. 7a, 8a).

Vestfjorden is sheltered from the strongest winds and has in general
lower waves compared with the more exposed areas in the Lofoten
archipelago. The systematic increase in 𝐻s is mainly caused by advec-
tion of wave action due to the tidal oscillations and the NCC, together
with current-induced refraction. To illustrate the impact of these ef-
fects, we inspect a case on 2019-01-05 shown in Fig. 9. Here, the area
was dominated by eastward propagating swell and calm westerly winds
and 𝐻s about 0.1 m and 0.6 m in WAMref and WAMcurr, respectively
(not shown). The wind sea wave height was more or less the same
in both models (lower middle left panel of Fig. 9). The swell heights,
however, were larger in WAMcurr, and the mean swell direction was
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Fig. 6. Characterization of spatio-temporal variability in 𝛥𝐻s. The image consists of 𝐸̂𝑒, 𝐸̂𝑡, and 𝐸̂𝑒 from Eqs (14)–(15) on the R, G, and B channels, respectively. Hence, shadings
of purple signify areas where the variability is associated with 𝐸̂𝑒 while shadings of green correspond to 𝐸̂𝑡. White (black) show areas where both (none) of the modes have
energy. The PSDs originate from a time series analysis for each model grid point. A few selected cases are shown in the lower panel for Moskstraumen (label 𝑖), Breisundet (label
𝑖𝑖), and Senja (label 𝑖𝑖𝑖). The gray shaded areas denote the frequencies that are excluded in the analysis, and the vertical dashed lines denote the M2 and M4 tidal constituents.
Numbering 2–8 denote the dangerous wave areas from Fig. 3.
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P3 (N = 106) −0.01 −0.01 0.27 0.26 0.71 0.73
P4 (N = 344) 0.10 0.10 0.24 0.24 0.89 0.90
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An RGB composite showing the spatio-temporal variability of 𝛥𝐻s
is given in Fig. 6. It is clear that the tides impact the wave height in
the area surrounding Lofoten, in particular in Moskstraumen (𝑖,7 Fig. 6).
Here, the energy modulation at M2 is an order of magnitude larger
compared with other areas dominated by tidal currents (lines 𝑖 and 𝑖𝑖
Fig. 6). Furthermore, tidal processes mostly dominate close to the coast,
including in narrow sounds and channels. In addition to bathymetric
effects, some of these are also affected by corner effects that locally
accelerate the tidal current. We also performed an analysis including
the M4 components, which gave more or less the same result (not
shown).

In some regions, 𝑇e and 𝑇t appear simultaneously, but spatially
separated, as in the highlighted box. In these cases, the wave height
modulation is most often associated with the tides, but 𝐸̂(M2) can
be orders of magnitudes lower than 𝐸̂(M1) (not shown). Thus, the

wave–current interaction is dominated by tidal processes, but local
topographic conditions like the corner effect can affect the flow field,
and also and the incoming wave field. For the latter, refraction is very
sensitive to the incoming wave direction, and waves can at times be
refracted into sheltered areas.

Between areas 6 and 7, modulation on 𝑇e is most pronounced
(Fig. 6). Here, some places have a strong M1 signal, while others are
modulated on longer time scales, similar to the shallow banks outside
Senja (see 𝑖𝑖𝑖,6 Fig. 6).

Further away from the coast, 𝑇e is more pronounced, but with
less variability, as seen south and west of Lofoten (7– Fig. 6). This
also includes the strip north of Rolvsøya (location 4– Figs. 1,6), where
the NCC is meandering with strong eddy activity and large current
variability (Figs. 2a,d). As expected, this suggests that wave refraction
due to eddies and whirls is what drives the differences between the
two wave model runs in such areas. Furthermore, it shows that wave–
current interaction becomes more intense in areas close to the coast
with strong tides than further away from the coast.

3.2.2. Statistical variability
There are some systematic differences in the twin model experi-

ment. An area which stands out is Vestfjorden (8– Fig. 1), where on
average 𝛥𝐻s > 0 (i.e., WAMcurr > WAMref in Fig. 7a). The region
stands out even more clearly in terms of the relative change (RC), with
mean 𝛥𝐻s values from +20% and above, and maximum values well
above 100% (Figs. 8a,c). For 𝛥𝑇𝑚02, the mean value in Vestfjorden is
between 0.5 − 1 s with maxima around +3 s (not shown). Considering
the Doppler shift and conservation of wave action, one would expect
the increasing wave periods to be associated with decreasing wave
amplitude. However, 𝛥𝐻s is positive, suggesting other dominating
mechanisms (Figs. 7a, 8a).

Vestfjorden is sheltered from the strongest winds and has in general
lower waves compared with the more exposed areas in the Lofoten
archipelago. The systematic increase in 𝐻s is mainly caused by advec-
tion of wave action due to the tidal oscillations and the NCC, together
with current-induced refraction. To illustrate the impact of these ef-
fects, we inspect a case on 2019-01-05 shown in Fig. 9. Here, the area
was dominated by eastward propagating swell and calm westerly winds
and 𝐻s about 0.1 m and 0.6 m in WAMref and WAMcurr, respectively
(not shown). The wind sea wave height was more or less the same
in both models (lower middle left panel of Fig. 9). The swell heights,
however, were larger in WAMcurr, and the mean swell direction was
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Fig.6.Characterizationofspatio-temporalvariabilityin𝛥𝐻s.Theimageconsistsof𝐸𝑒,𝐸𝑡,and𝐸𝑒fromEqs(14)–(15)ontheR,G,andBchannels,respectively.Hence,shadings
ofpurplesignifyareaswherethevariabilityisassociatedwith𝐸𝑒whileshadingsofgreencorrespondto𝐸𝑡.White(black)showareaswhereboth(none)ofthemodeshave
energy.ThePSDsoriginatefromatimeseriesanalysisforeachmodelgridpoint.AfewselectedcasesareshowninthelowerpanelforMoskstraumen(label𝑖),Breisundet(label
𝑖𝑖),andSenja(label𝑖𝑖𝑖).Thegrayshadedareasdenotethefrequenciesthatareexcludedintheanalysis,andtheverticaldashedlinesdenotetheM2andM4tidalconstituents.
Numbering2–8denotethedangerouswaveareasfromFig.3.

Table2
Validationmetricscomputedforspecificsub-regions(polygonsP1–P5inFig.5)against
altimeterobservationsof𝐻s.Pearsoncorrelationcoefficientisdenoted𝑟.

NBIASNRMSEr

WAMcurrWAMrefWAMcurrWAMrefWAMcurrWAMref

December2018CCImultimission
P1(N=62)0.180.170.210.210.910.91
P2(N=21)0.00−0.020.170.150.640.70
P3(N=37)0.120.120.180.180.920.92
P4(N=165)−0.01−0.010.120.130.930.92
P5(N=29)0.470.630.530.710.400.25

January–February2019CMEMS
P1(N=88)0.050.040.200.180.870.89
P2(N=93)−0.04−0.040.190.190.940.94
P3(N=106)−0.01−0.010.270.260.710.73
P4(N=344)0.100.100.240.240.890.90
P5(N=76)0.260.320.330.370.910.90

WAMcurrandWAMref,𝑇eand𝑇tshouldberesolvedbyWAMcurronly.
WeusedEqs(12)–(13)todiscriminatethesetemporalmodesasfollows,

𝐸𝑒,(𝑖,𝑗)=∫
𝑀1+𝛿𝑓

𝛿𝑓0
PSD(𝛥𝐻s)(𝑖,𝑗)𝑑𝑓,(14)

𝐸𝑡,(𝑖,𝑗)=∫
𝑀2+𝛿𝑓

𝑀2−𝛿𝑓
PSD(𝛥𝐻s)(𝑖,𝑗)𝑑𝑓.(15)

Here,𝛿𝑓0correspondtoabout0.4cyclesperdayandconstitutealow
passfilter,and𝛿𝑓correspondtoabout3h.

AnRGBcompositeshowingthespatio-temporalvariabilityof𝛥𝐻s
isgiveninFig.6.Itisclearthatthetidesimpactthewaveheightin
theareasurroundingLofoten,inparticularinMoskstraumen(𝑖,7Fig.6).
Here,theenergymodulationatM2isanorderofmagnitudelarger
comparedwithotherareasdominatedbytidalcurrents(lines𝑖and𝑖𝑖
Fig.6).Furthermore,tidalprocessesmostlydominateclosetothecoast,
includinginnarrowsoundsandchannels.Inadditiontobathymetric
effects,someofthesearealsoaffectedbycornereffectsthatlocally
acceleratethetidalcurrent.Wealsoperformedananalysisincluding
theM4components,whichgavemoreorlessthesameresult(not
shown).

Insomeregions,𝑇eand𝑇tappearsimultaneously,butspatially
separated,asinthehighlightedbox.Inthesecases,thewaveheight
modulationismostoftenassociatedwiththetides,but𝐸(M2)can
beordersofmagnitudeslowerthan𝐸(M1)(notshown).Thus,the

wave–currentinteractionisdominatedbytidalprocesses,butlocal
topographicconditionslikethecornereffectcanaffecttheflowfield,
andalsoandtheincomingwavefield.Forthelatter,refractionisvery
sensitivetotheincomingwavedirection,andwavescanattimesbe
refractedintoshelteredareas.

Betweenareas6and7,modulationon𝑇eismostpronounced
(Fig.6).Here,someplaceshaveastrongM1signal,whileothersare
modulatedonlongertimescales,similartotheshallowbanksoutside
Senja(see𝑖𝑖𝑖,6Fig.6).

Furtherawayfromthecoast,𝑇eismorepronounced,butwith
lessvariability,asseensouthandwestofLofoten(7–Fig.6).This
alsoincludesthestripnorthofRolvsøya(location4–Figs.1,6),where
theNCCismeanderingwithstrongeddyactivityandlargecurrent
variability(Figs.2a,d).Asexpected,thissuggeststhatwaverefraction
duetoeddiesandwhirlsiswhatdrivesthedifferencesbetweenthe
twowavemodelrunsinsuchareas.Furthermore,itshowsthatwave–
currentinteractionbecomesmoreintenseinareasclosetothecoast
withstrongtidesthanfurtherawayfromthecoast.

3.2.2.Statisticalvariability
Therearesomesystematicdifferencesinthetwinmodelexperi-

ment.AnareawhichstandsoutisVestfjorden(8–Fig.1),whereon
average𝛥𝐻s>0(i.e.,WAMcurr>WAMrefinFig.7a).Theregion
standsoutevenmoreclearlyintermsoftherelativechange(RC),with
mean𝛥𝐻svaluesfrom+20%andabove,andmaximumvalueswell
above100%(Figs.8a,c).For𝛥𝑇𝑚02,themeanvalueinVestfjordenis
between0.5−1swithmaximaaround+3s(notshown).Considering
theDopplershiftandconservationofwaveaction,onewouldexpect
theincreasingwaveperiodstobeassociatedwithdecreasingwave
amplitude.However,𝛥𝐻sispositive,suggestingotherdominating
mechanisms(Figs.7a,8a).

Vestfjordenisshelteredfromthestrongestwindsandhasingeneral
lowerwavescomparedwiththemoreexposedareasintheLofoten
archipelago.Thesystematicincreasein𝐻sismainlycausedbyadvec-
tionofwaveactionduetothetidaloscillationsandtheNCC,together
withcurrent-inducedrefraction.Toillustratetheimpactoftheseef-
fects,weinspectacaseon2019-01-05showninFig.9.Here,thearea
wasdominatedbyeastwardpropagatingswellandcalmwesterlywinds
and𝐻sabout0.1mand0.6minWAMrefandWAMcurr,respectively
(notshown).Thewindseawaveheightwasmoreorlessthesame
inbothmodels(lowermiddleleftpanelofFig.9).Theswellheights,
however,werelargerinWAMcurr,andthemeanswelldirectionwas
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Fig.6.Characterizationofspatio-temporalvariabilityin𝛥𝐻s.Theimageconsistsof𝐸𝑒,𝐸𝑡,and𝐸𝑒fromEqs(14)–(15)ontheR,G,andBchannels,respectively.Hence,shadings
ofpurplesignifyareaswherethevariabilityisassociatedwith𝐸𝑒whileshadingsofgreencorrespondto𝐸𝑡.White(black)showareaswhereboth(none)ofthemodeshave
energy.ThePSDsoriginatefromatimeseriesanalysisforeachmodelgridpoint.AfewselectedcasesareshowninthelowerpanelforMoskstraumen(label𝑖),Breisundet(label
𝑖𝑖),andSenja(label𝑖𝑖𝑖).Thegrayshadedareasdenotethefrequenciesthatareexcludedintheanalysis,andtheverticaldashedlinesdenotetheM2andM4tidalconstituents.
Numbering2–8denotethedangerouswaveareasfromFig.3.

Table2
Validationmetricscomputedforspecificsub-regions(polygonsP1–P5inFig.5)against
altimeterobservationsof𝐻s.Pearsoncorrelationcoefficientisdenoted𝑟.

NBIASNRMSEr

WAMcurrWAMrefWAMcurrWAMrefWAMcurrWAMref

December2018CCImultimission
P1(N=62)0.180.170.210.210.910.91
P2(N=21)0.00−0.020.170.150.640.70
P3(N=37)0.120.120.180.180.920.92
P4(N=165)−0.01−0.010.120.130.930.92
P5(N=29)0.470.630.530.710.400.25
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P2(N=93)−0.04−0.040.190.190.940.94
P3(N=106)−0.01−0.010.270.260.710.73
P4(N=344)0.100.100.240.240.890.90
P5(N=76)0.260.320.330.370.910.90

WAMcurrandWAMref,𝑇eand𝑇tshouldberesolvedbyWAMcurronly.
WeusedEqs(12)–(13)todiscriminatethesetemporalmodesasfollows,

𝐸𝑒,(𝑖,𝑗)=∫
𝑀1+𝛿𝑓

𝛿𝑓0
PSD(𝛥𝐻s)(𝑖,𝑗)𝑑𝑓,(14)
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Here,𝛿𝑓0correspondtoabout0.4cyclesperdayandconstitutealow
passfilter,and𝛿𝑓correspondtoabout3h.

AnRGBcompositeshowingthespatio-temporalvariabilityof𝛥𝐻s
isgiveninFig.6.Itisclearthatthetidesimpactthewaveheightin
theareasurroundingLofoten,inparticularinMoskstraumen(𝑖,7Fig.6).
Here,theenergymodulationatM2isanorderofmagnitudelarger
comparedwithotherareasdominatedbytidalcurrents(lines𝑖and𝑖𝑖
Fig.6).Furthermore,tidalprocessesmostlydominateclosetothecoast,
includinginnarrowsoundsandchannels.Inadditiontobathymetric
effects,someofthesearealsoaffectedbycornereffectsthatlocally
acceleratethetidalcurrent.Wealsoperformedananalysisincluding
theM4components,whichgavemoreorlessthesameresult(not
shown).

Insomeregions,𝑇eand𝑇tappearsimultaneously,butspatially
separated,asinthehighlightedbox.Inthesecases,thewaveheight
modulationismostoftenassociatedwiththetides,but𝐸(M2)can
beordersofmagnitudeslowerthan𝐸(M1)(notshown).Thus,the
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andalsoandtheincomingwavefield.Forthelatter,refractionisvery
sensitivetotheincomingwavedirection,andwavescanattimesbe
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Betweenareas6and7,modulationon𝑇eismostpronounced
(Fig.6).Here,someplaceshaveastrongM1signal,whileothersare
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theincreasingwaveperiodstobeassociatedwithdecreasingwave
amplitude.However,𝛥𝐻sispositive,suggestingotherdominating
mechanisms(Figs.7a,8a).

Vestfjordenisshelteredfromthestrongestwindsandhasingeneral
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however,werelargerinWAMcurr,andthemeanswelldirectionwas

7

T.Halsne,P.Bohlinger,K.H.Christensenetal.OceanModelling176(2022)102071

Fig.6.Characterizationofspatio-temporalvariabilityin𝛥𝐻s.Theimageconsistsof𝐸𝑒,𝐸𝑡,and𝐸𝑒fromEqs(14)–(15)ontheR,G,andBchannels,respectively.Hence,shadings
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altimeterobservationsof𝐻s.Pearsoncorrelationcoefficientisdenoted𝑟.

NBIASNRMSEr

WAMcurrWAMrefWAMcurrWAMrefWAMcurrWAMref

December2018CCImultimission
P1(N=62)0.180.170.210.210.910.91
P2(N=21)0.00−0.020.170.150.640.70
P3(N=37)0.120.120.180.180.920.92
P4(N=165)−0.01−0.010.120.130.930.92
P5(N=29)0.470.630.530.710.400.25

January–February2019CMEMS
P1(N=88)0.050.040.200.180.870.89
P2(N=93)−0.04−0.040.190.190.940.94
P3(N=106)−0.01−0.010.270.260.710.73
P4(N=344)0.100.100.240.240.890.90
P5(N=76)0.260.320.330.370.910.90

WAMcurrandWAMref,𝑇eand𝑇tshouldberesolvedbyWAMcurronly.
WeusedEqs(12)–(13)todiscriminatethesetemporalmodesasfollows,
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lessvariability,asseensouthandwestofLofoten(7–Fig.6).This
alsoincludesthestripnorthofRolvsøya(location4–Figs.1,6),where
theNCCismeanderingwithstrongeddyactivityandlargecurrent
variability(Figs.2a,d).Asexpected,thissuggeststhatwaverefraction
duetoeddiesandwhirlsiswhatdrivesthedifferencesbetweenthe
twowavemodelrunsinsuchareas.Furthermore,itshowsthatwave–
currentinteractionbecomesmoreintenseinareasclosetothecoast
withstrongtidesthanfurtherawayfromthecoast.

3.2.2.Statisticalvariability
Therearesomesystematicdifferencesinthetwinmodelexperi-

ment.AnareawhichstandsoutisVestfjorden(8–Fig.1),whereon
average𝛥𝐻s>0(i.e.,WAMcurr>WAMrefinFig.7a).Theregion
standsoutevenmoreclearlyintermsoftherelativechange(RC),with
mean𝛥𝐻svaluesfrom+20%andabove,andmaximumvalueswell
above100%(Figs.8a,c).For𝛥𝑇𝑚02,themeanvalueinVestfjordenis
between0.5−1swithmaximaaround+3s(notshown).Considering
theDopplershiftandconservationofwaveaction,onewouldexpect
theincreasingwaveperiodstobeassociatedwithdecreasingwave
amplitude.However,𝛥𝐻sispositive,suggestingotherdominating
mechanisms(Figs.7a,8a).

Vestfjordenisshelteredfromthestrongestwindsandhasingeneral
lowerwavescomparedwiththemoreexposedareasintheLofoten
archipelago.Thesystematicincreasein𝐻sismainlycausedbyadvec-
tionofwaveactionduetothetidaloscillationsandtheNCC,together
withcurrent-inducedrefraction.Toillustratetheimpactoftheseef-
fects,weinspectacaseon2019-01-05showninFig.9.Here,thearea
wasdominatedbyeastwardpropagatingswellandcalmwesterlywinds
and𝐻sabout0.1mand0.6minWAMrefandWAMcurr,respectively
(notshown).Thewindseawaveheightwasmoreorlessthesame
inbothmodels(lowermiddleleftpanelofFig.9).Theswellheights,
however,werelargerinWAMcurr,andthemeanswelldirectionwas
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Fig.6.Characterizationofspatio-temporalvariabilityin𝛥𝐻s.Theimageconsistsof𝐸𝑒,𝐸𝑡,and𝐸𝑒fromEqs(14)–(15)ontheR,G,andBchannels,respectively.Hence,shadings
ofpurplesignifyareaswherethevariabilityisassociatedwith𝐸𝑒whileshadingsofgreencorrespondto𝐸𝑡.White(black)showareaswhereboth(none)ofthemodeshave
energy.ThePSDsoriginatefromatimeseriesanalysisforeachmodelgridpoint.AfewselectedcasesareshowninthelowerpanelforMoskstraumen(label𝑖),Breisundet(label
𝑖𝑖),andSenja(label𝑖𝑖𝑖).Thegrayshadedareasdenotethefrequenciesthatareexcludedintheanalysis,andtheverticaldashedlinesdenotetheM2andM4tidalconstituents.
Numbering2–8denotethedangerouswaveareasfromFig.3.
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NBIASNRMSEr
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Fig. 7. Horizontal variability of 𝛥𝐻s statistics including the mean (a), 𝜎 (b), RMSE (c) and minimum/maximum values [(d)/(e)]. All parameters are computed for the entire study
period. The mean value for all grid points are denoted in each panel by ‘‘<Rlon, Rlat>’’. Minimum and maximum values denote the extremes for each grid cell and does not,
necessarily, originate from the same time steps. Numbering 2–8 denote the dangerous wave areas from Fig. 3.

more northwards compared with WAMref (upper middle right panel
of Fig. 9). Swell enters Vestfjorden through Moskstraumen, and meets
strong current dipoles caused by the tidal current (see Fig. 9 OS21
and Fig. 8 Børve et al., 2021). Current-induced refraction is strongly
connected to the vertical vorticity 𝜁 of the current (Dysthe, 2001),
and the dipoles thus have a strong influence on the wave propagation
paths when propagating through Moskstraumen, as shown by OS21
(their Fig. 12). The influence of current refraction on swell can also
explain the aforementioned mean increase in 𝛥𝑇𝑚02 with longer swell
propagating into Vestfjorden in WAMcurr (upper right hand panel of
Fig. 9). In addition to refraction in Moskstraumen, the advection of
wave action from the south by the NCC (see Fig. 1) also modulates the
wave field. The mean 𝐻s difference for a 24 hour period was higher
in WAMcurr, despite the changing vorticity field in Moskstraumen due
to the tidal current (lower right panel of Fig. 9). The accumulation of
wave action in Vestfjorden is in accordance with the results of Ardhuin
et al. (2017), who found refraction and advection effects to dominate
and partially cancel each other for scales larger than 30 km. Inclusion
of current forcing tends to also reduce the horizontal difference in 𝐻s
across the Lofoten peninsula (not shown).

The shallow banks outside Senja reveal a positive mean and large
maximum 𝛥𝐻s (location 6– Fig. 7). There are also several locations
in lee of the mean NCC that exhibit substantial differences in wave
energy connected to flow acceleration from corner effects (Fig. 7a).
It is also interesting to note the separation between areas of positive
and negative mean 𝛥𝐻s in the northernmost part of the model domain
(e.g., between areas 3 and 4 in Fig. 7). Here, areas with on average
positive 𝛥𝐻s are located away from the coast, i.e., collocated with
regions of higher eddy activity and large current variability (Figs. 2a,d),
and areas that are on average negative are located closer to the coast.
The 𝜎, RMSE, and min/max values indicate some hot spots mostly

located close to the shoreline and associated with strong tidal currents
(Fig. 7, panels b–e). These coincide with the strongest signal in the
spatio-temporal analysis in Fig. 6.

3.3. Mapping regions with dangerous sea states

The regions identified by the NPG have been analyzed using the
twin model experiment and observations (Fig. 3). We chose to inves-
tigate the areas where the ocean and wave models are expected to
represent the dominating physical processes, and where the NPG gives a
sufficient description of the phenomenon and underlying cause. Hence,
area 2 is excluded in the analysis. In the subsequent sections, the re-
gions are categorized according to their dominant cause. Moskstraumen
(area 7) is highlighted because of the intense wave–current interactions
as well as the availability of in situ observations.

3.3.1. Area 3 and 4: Opposing waves and tidal currents
Area 3 is exposed to the open ocean, as well as being subjected to

a shallow plateau between 30–70 m (location 3 Fig. 1) which causes
additional acceleration of the current. There is a clear tidal modulation
of the wave field close to shore, where WAMcurr predicts higher mean
wave height values (3– Figs. 6, 7a). The sharp transition to negative
𝛥𝐻s values further away from the coast is due to the mean flow
direction of the NCC being eastward, together with waves primarily
coming from west. In addition, the counter-flowing M2 component is
much weaker further out. Maximum increase in wave heights for this
area was up to 40% in the period studied (Fig. 8c).

Although not confirmed with in situ measurements, the current in
Rolvsøysundet and Breisundet (Rs and Bs in Fig. 10) is estimated to
exceed 1 ms-1 (Den norske los, 2018). During spring tide, the current
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Fig.7.Horizontalvariabilityof𝛥𝐻sstatisticsincludingthemean(a),𝜎(b),RMSE(c)andminimum/maximumvalues[(d)/(e)].Allparametersarecomputedfortheentirestudy
period.Themeanvalueforallgridpointsaredenotedineachpanelby‘‘<Rlon,Rlat>’’.Minimumandmaximumvaluesdenotetheextremesforeachgridcellanddoesnot,
necessarily,originatefromthesametimesteps.Numbering2–8denotethedangerouswaveareasfromFig.3.

morenorthwardscomparedwithWAMref(uppermiddlerightpanel
ofFig.9).SwellentersVestfjordenthroughMoskstraumen,andmeets
strongcurrentdipolescausedbythetidalcurrent(seeFig.9OS21
andFig.8Børveetal.,2021).Current-inducedrefractionisstrongly
connectedtotheverticalvorticity𝜁ofthecurrent(Dysthe,2001),
andthedipolesthushaveastronginfluenceonthewavepropagation
pathswhenpropagatingthroughMoskstraumen,asshownbyOS21
(theirFig.12).Theinfluenceofcurrentrefractiononswellcanalso
explaintheaforementionedmeanincreasein𝛥𝑇𝑚02withlongerswell
propagatingintoVestfjordeninWAMcurr(upperrighthandpanelof
Fig.9).InadditiontorefractioninMoskstraumen,theadvectionof
waveactionfromthesouthbytheNCC(seeFig.1)alsomodulatesthe
wavefield.Themean𝐻sdifferencefora24hourperiodwashigher
inWAMcurr,despitethechangingvorticityfieldinMoskstraumendue
tothetidalcurrent(lowerrightpanelofFig.9).Theaccumulationof
waveactioninVestfjordenisinaccordancewiththeresultsofArdhuin
etal.(2017),whofoundrefractionandadvectioneffectstodominate
andpartiallycanceleachotherforscaleslargerthan30km.Inclusion
ofcurrentforcingtendstoalsoreducethehorizontaldifferencein𝐻s
acrosstheLofotenpeninsula(notshown).

TheshallowbanksoutsideSenjarevealapositivemeanandlarge
maximum𝛥𝐻s(location6–Fig.7).Therearealsoseverallocations
inleeofthemeanNCCthatexhibitsubstantialdifferencesinwave
energyconnectedtoflowaccelerationfromcornereffects(Fig.7a).
Itisalsointerestingtonotetheseparationbetweenareasofpositive
andnegativemean𝛥𝐻sinthenorthernmostpartofthemodeldomain
(e.g.,betweenareas3and4inFig.7).Here,areaswithonaverage
positive𝛥𝐻sarelocatedawayfromthecoast,i.e.,collocatedwith
regionsofhighereddyactivityandlargecurrentvariability(Figs.2a,d),
andareasthatareonaveragenegativearelocatedclosertothecoast.
The𝜎,RMSE,andmin/maxvaluesindicatesomehotspotsmostly

locatedclosetotheshorelineandassociatedwithstrongtidalcurrents
(Fig.7,panelsb–e).Thesecoincidewiththestrongestsignalinthe
spatio-temporalanalysisinFig.6.

3.3.Mappingregionswithdangerousseastates

TheregionsidentifiedbytheNPGhavebeenanalyzedusingthe
twinmodelexperimentandobservations(Fig.3).Wechosetoinves-
tigatetheareaswheretheoceanandwavemodelsareexpectedto
representthedominatingphysicalprocesses,andwheretheNPGgivesa
sufficientdescriptionofthephenomenonandunderlyingcause.Hence,
area2isexcludedintheanalysis.Inthesubsequentsections,there-
gionsarecategorizedaccordingtotheirdominantcause.Moskstraumen
(area7)ishighlightedbecauseoftheintensewave–currentinteractions
aswellastheavailabilityofinsituobservations.

3.3.1.Area3and4:Opposingwavesandtidalcurrents
Area3isexposedtotheopenocean,aswellasbeingsubjectedto

ashallowplateaubetween30–70m(location3Fig.1)whichcauses
additionalaccelerationofthecurrent.Thereisacleartidalmodulation
ofthewavefieldclosetoshore,whereWAMcurrpredictshighermean
waveheightvalues(3–Figs.6,7a).Thesharptransitiontonegative
𝛥𝐻svaluesfurtherawayfromthecoastisduetothemeanflow
directionoftheNCCbeingeastward,togetherwithwavesprimarily
comingfromwest.Inaddition,thecounter-flowingM2componentis
muchweakerfurtherout.Maximumincreaseinwaveheightsforthis
areawasupto40%intheperiodstudied(Fig.8c).

Althoughnotconfirmedwithinsitumeasurements,thecurrentin
RolvsøysundetandBreisundet(RsandBsinFig.10)isestimatedto
exceed1ms-1(Dennorskelos,2018).Duringspringtide,thecurrent
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Fig.7.Horizontalvariabilityof𝛥𝐻sstatisticsincludingthemean(a),𝜎(b),RMSE(c)andminimum/maximumvalues[(d)/(e)].Allparametersarecomputedfortheentirestudy
period.Themeanvalueforallgridpointsaredenotedineachpanelby‘‘<Rlon,Rlat>’’.Minimumandmaximumvaluesdenotetheextremesforeachgridcellanddoesnot,
necessarily,originatefromthesametimesteps.Numbering2–8denotethedangerouswaveareasfromFig.3.

morenorthwardscomparedwithWAMref(uppermiddlerightpanel
ofFig.9).SwellentersVestfjordenthroughMoskstraumen,andmeets
strongcurrentdipolescausedbythetidalcurrent(seeFig.9OS21
andFig.8Børveetal.,2021).Current-inducedrefractionisstrongly
connectedtotheverticalvorticity𝜁ofthecurrent(Dysthe,2001),
andthedipolesthushaveastronginfluenceonthewavepropagation
pathswhenpropagatingthroughMoskstraumen,asshownbyOS21
(theirFig.12).Theinfluenceofcurrentrefractiononswellcanalso
explaintheaforementionedmeanincreasein𝛥𝑇𝑚02withlongerswell
propagatingintoVestfjordeninWAMcurr(upperrighthandpanelof
Fig.9).InadditiontorefractioninMoskstraumen,theadvectionof
waveactionfromthesouthbytheNCC(seeFig.1)alsomodulatesthe
wavefield.Themean𝐻sdifferencefora24hourperiodwashigher
inWAMcurr,despitethechangingvorticityfieldinMoskstraumendue
tothetidalcurrent(lowerrightpanelofFig.9).Theaccumulationof
waveactioninVestfjordenisinaccordancewiththeresultsofArdhuin
etal.(2017),whofoundrefractionandadvectioneffectstodominate
andpartiallycanceleachotherforscaleslargerthan30km.Inclusion
ofcurrentforcingtendstoalsoreducethehorizontaldifferencein𝐻s
acrosstheLofotenpeninsula(notshown).

TheshallowbanksoutsideSenjarevealapositivemeanandlarge
maximum𝛥𝐻s(location6–Fig.7).Therearealsoseverallocations
inleeofthemeanNCCthatexhibitsubstantialdifferencesinwave
energyconnectedtoflowaccelerationfromcornereffects(Fig.7a).
Itisalsointerestingtonotetheseparationbetweenareasofpositive
andnegativemean𝛥𝐻sinthenorthernmostpartofthemodeldomain
(e.g.,betweenareas3and4inFig.7).Here,areaswithonaverage
positive𝛥𝐻sarelocatedawayfromthecoast,i.e.,collocatedwith
regionsofhighereddyactivityandlargecurrentvariability(Figs.2a,d),
andareasthatareonaveragenegativearelocatedclosertothecoast.
The𝜎,RMSE,andmin/maxvaluesindicatesomehotspotsmostly

locatedclosetotheshorelineandassociatedwithstrongtidalcurrents
(Fig.7,panelsb–e).Thesecoincidewiththestrongestsignalinthe
spatio-temporalanalysisinFig.6.

3.3.Mappingregionswithdangerousseastates

TheregionsidentifiedbytheNPGhavebeenanalyzedusingthe
twinmodelexperimentandobservations(Fig.3).Wechosetoinves-
tigatetheareaswheretheoceanandwavemodelsareexpectedto
representthedominatingphysicalprocesses,andwheretheNPGgivesa
sufficientdescriptionofthephenomenonandunderlyingcause.Hence,
area2isexcludedintheanalysis.Inthesubsequentsections,there-
gionsarecategorizedaccordingtotheirdominantcause.Moskstraumen
(area7)ishighlightedbecauseoftheintensewave–currentinteractions
aswellastheavailabilityofinsituobservations.

3.3.1.Area3and4:Opposingwavesandtidalcurrents
Area3isexposedtotheopenocean,aswellasbeingsubjectedto

ashallowplateaubetween30–70m(location3Fig.1)whichcauses
additionalaccelerationofthecurrent.Thereisacleartidalmodulation
ofthewavefieldclosetoshore,whereWAMcurrpredictshighermean
waveheightvalues(3–Figs.6,7a).Thesharptransitiontonegative
𝛥𝐻svaluesfurtherawayfromthecoastisduetothemeanflow
directionoftheNCCbeingeastward,togetherwithwavesprimarily
comingfromwest.Inaddition,thecounter-flowingM2componentis
muchweakerfurtherout.Maximumincreaseinwaveheightsforthis
areawasupto40%intheperiodstudied(Fig.8c).

Althoughnotconfirmedwithinsitumeasurements,thecurrentin
RolvsøysundetandBreisundet(RsandBsinFig.10)isestimatedto
exceed1ms-1(Dennorskelos,2018).Duringspringtide,thecurrent

8

T. Halsne, P. Bohlinger, K.H. Christensen et al. Ocean Modelling 176 (2022) 102071

Fig. 7. Horizontal variability of 𝛥𝐻s statistics including the mean (a), 𝜎 (b), RMSE (c) and minimum/maximum values [(d)/(e)]. All parameters are computed for the entire study
period. The mean value for all grid points are denoted in each panel by ‘‘<Rlon, Rlat>’’. Minimum and maximum values denote the extremes for each grid cell and does not,
necessarily, originate from the same time steps. Numbering 2–8 denote the dangerous wave areas from Fig. 3.

more northwards compared with WAMref (upper middle right panel
of Fig. 9). Swell enters Vestfjorden through Moskstraumen, and meets
strong current dipoles caused by the tidal current (see Fig. 9 OS21
and Fig. 8 Børve et al., 2021). Current-induced refraction is strongly
connected to the vertical vorticity 𝜁 of the current (Dysthe, 2001),
and the dipoles thus have a strong influence on the wave propagation
paths when propagating through Moskstraumen, as shown by OS21
(their Fig. 12). The influence of current refraction on swell can also
explain the aforementioned mean increase in 𝛥𝑇𝑚02 with longer swell
propagating into Vestfjorden in WAMcurr (upper right hand panel of
Fig. 9). In addition to refraction in Moskstraumen, the advection of
wave action from the south by the NCC (see Fig. 1) also modulates the
wave field. The mean 𝐻s difference for a 24 hour period was higher
in WAMcurr, despite the changing vorticity field in Moskstraumen due
to the tidal current (lower right panel of Fig. 9). The accumulation of
wave action in Vestfjorden is in accordance with the results of Ardhuin
et al. (2017), who found refraction and advection effects to dominate
and partially cancel each other for scales larger than 30 km. Inclusion
of current forcing tends to also reduce the horizontal difference in 𝐻s
across the Lofoten peninsula (not shown).

The shallow banks outside Senja reveal a positive mean and large
maximum 𝛥𝐻s (location 6– Fig. 7). There are also several locations
in lee of the mean NCC that exhibit substantial differences in wave
energy connected to flow acceleration from corner effects (Fig. 7a).
It is also interesting to note the separation between areas of positive
and negative mean 𝛥𝐻s in the northernmost part of the model domain
(e.g., between areas 3 and 4 in Fig. 7). Here, areas with on average
positive 𝛥𝐻s are located away from the coast, i.e., collocated with
regions of higher eddy activity and large current variability (Figs. 2a,d),
and areas that are on average negative are located closer to the coast.
The 𝜎, RMSE, and min/max values indicate some hot spots mostly

located close to the shoreline and associated with strong tidal currents
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represent the dominating physical processes, and where the NPG gives a
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a shallow plateau between 30–70 m (location 3 Fig. 1) which causes
additional acceleration of the current. There is a clear tidal modulation
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direction of the NCC being eastward, together with waves primarily
coming from west. In addition, the counter-flowing M2 component is
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area was up to 40% in the period studied (Fig. 8c).

Although not confirmed with in situ measurements, the current in
Rolvsøysundet and Breisundet (Rs and Bs in Fig. 10) is estimated to
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Fig. 7. Horizontal variability of 𝛥𝐻s statistics including the mean (a), 𝜎 (b), RMSE (c) and minimum/maximum values [(d)/(e)]. All parameters are computed for the entire study
period. The mean value for all grid points are denoted in each panel by ‘‘<Rlon, Rlat>’’. Minimum and maximum values denote the extremes for each grid cell and does not,
necessarily, originate from the same time steps. Numbering 2–8 denote the dangerous wave areas from Fig. 3.
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strong current dipoles caused by the tidal current (see Fig. 9 OS21
and Fig. 8 Børve et al., 2021). Current-induced refraction is strongly
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and the dipoles thus have a strong influence on the wave propagation
paths when propagating through Moskstraumen, as shown by OS21
(their Fig. 12). The influence of current refraction on swell can also
explain the aforementioned mean increase in 𝛥𝑇𝑚02 with longer swell
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coming from west. In addition, the counter-flowing M2 component is
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Although not confirmed with in situ measurements, the current in
Rolvsøysundet and Breisundet (Rs and Bs in Fig. 10) is estimated to
exceed 1 ms-1 (Den norske los, 2018). During spring tide, the current
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period.Themeanvalueforallgridpointsaredenotedineachpanelby‘‘<Rlon,Rlat>’’.Minimumandmaximumvaluesdenotetheextremesforeachgridcellanddoesnot,
necessarily,originatefromthesametimesteps.Numbering2–8denotethedangerouswaveareasfromFig.3.

morenorthwardscomparedwithWAMref(uppermiddlerightpanel
ofFig.9).SwellentersVestfjordenthroughMoskstraumen,andmeets
strongcurrentdipolescausedbythetidalcurrent(seeFig.9OS21
andFig.8Børveetal.,2021).Current-inducedrefractionisstrongly
connectedtotheverticalvorticity𝜁ofthecurrent(Dysthe,2001),
andthedipolesthushaveastronginfluenceonthewavepropagation
pathswhenpropagatingthroughMoskstraumen,asshownbyOS21
(theirFig.12).Theinfluenceofcurrentrefractiononswellcanalso
explaintheaforementionedmeanincreasein𝛥𝑇𝑚02withlongerswell
propagatingintoVestfjordeninWAMcurr(upperrighthandpanelof
Fig.9).InadditiontorefractioninMoskstraumen,theadvectionof
waveactionfromthesouthbytheNCC(seeFig.1)alsomodulatesthe
wavefield.Themean𝐻sdifferencefora24hourperiodwashigher
inWAMcurr,despitethechangingvorticityfieldinMoskstraumendue
tothetidalcurrent(lowerrightpanelofFig.9).Theaccumulationof
waveactioninVestfjordenisinaccordancewiththeresultsofArdhuin
etal.(2017),whofoundrefractionandadvectioneffectstodominate
andpartiallycanceleachotherforscaleslargerthan30km.Inclusion
ofcurrentforcingtendstoalsoreducethehorizontaldifferencein𝐻s
acrosstheLofotenpeninsula(notshown).

TheshallowbanksoutsideSenjarevealapositivemeanandlarge
maximum𝛥𝐻s(location6–Fig.7).Therearealsoseverallocations
inleeofthemeanNCCthatexhibitsubstantialdifferencesinwave
energyconnectedtoflowaccelerationfromcornereffects(Fig.7a).
Itisalsointerestingtonotetheseparationbetweenareasofpositive
andnegativemean𝛥𝐻sinthenorthernmostpartofthemodeldomain
(e.g.,betweenareas3and4inFig.7).Here,areaswithonaverage
positive𝛥𝐻sarelocatedawayfromthecoast,i.e.,collocatedwith
regionsofhighereddyactivityandlargecurrentvariability(Figs.2a,d),
andareasthatareonaveragenegativearelocatedclosertothecoast.
The𝜎,RMSE,andmin/maxvaluesindicatesomehotspotsmostly

locatedclosetotheshorelineandassociatedwithstrongtidalcurrents
(Fig.7,panelsb–e).Thesecoincidewiththestrongestsignalinthe
spatio-temporalanalysisinFig.6.

3.3.Mappingregionswithdangerousseastates

TheregionsidentifiedbytheNPGhavebeenanalyzedusingthe
twinmodelexperimentandobservations(Fig.3).Wechosetoinves-
tigatetheareaswheretheoceanandwavemodelsareexpectedto
representthedominatingphysicalprocesses,andwheretheNPGgivesa
sufficientdescriptionofthephenomenonandunderlyingcause.Hence,
area2isexcludedintheanalysis.Inthesubsequentsections,there-
gionsarecategorizedaccordingtotheirdominantcause.Moskstraumen
(area7)ishighlightedbecauseoftheintensewave–currentinteractions
aswellastheavailabilityofinsituobservations.

3.3.1.Area3and4:Opposingwavesandtidalcurrents
Area3isexposedtotheopenocean,aswellasbeingsubjectedto

ashallowplateaubetween30–70m(location3Fig.1)whichcauses
additionalaccelerationofthecurrent.Thereisacleartidalmodulation
ofthewavefieldclosetoshore,whereWAMcurrpredictshighermean
waveheightvalues(3–Figs.6,7a).Thesharptransitiontonegative
𝛥𝐻svaluesfurtherawayfromthecoastisduetothemeanflow
directionoftheNCCbeingeastward,togetherwithwavesprimarily
comingfromwest.Inaddition,thecounter-flowingM2componentis
muchweakerfurtherout.Maximumincreaseinwaveheightsforthis
areawasupto40%intheperiodstudied(Fig.8c).

Althoughnotconfirmedwithinsitumeasurements,thecurrentin
RolvsøysundetandBreisundet(RsandBsinFig.10)isestimatedto
exceed1ms-1(Dennorskelos,2018).Duringspringtide,thecurrent
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Fig. 8. Horizontal variability of relative change (RC) including the mean (a), and minimum/maximum values [(b)/(c)], computed for the entire study period.

Fig. 9. Advection and current-induced refraction of wave energy in Vestfjorden at 2019-01-05T15:00 UTC. Upper panels from left denote the current speed, the vertical vorticity
normalized by inertial frequency 𝑓 , 𝛥 swell direction (black arrows WAMref, red arrows WAMcurr), and 𝛥𝑇𝑚02, respectively. Lower panels from left denote total 𝛥𝐻s, the difference
for the wind sea, and swell components, and the mean difference for one day centered around 15:00UTC (together with mean swell propagation directions as above), respectively.
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Fig.9.Advectionandcurrent-inducedrefractionofwaveenergyinVestfjordenat2019-01-05T15:00UTC.Upperpanelsfromleftdenotethecurrentspeed,theverticalvorticity
normalizedbyinertialfrequency𝑓,𝛥swelldirection(blackarrowsWAMref,redarrowsWAMcurr),and𝛥𝑇𝑚02,respectively.Lowerpanelsfromleftdenotetotal𝛥𝐻s,thedifference
forthewindsea,andswellcomponents,andthemeandifferenceforonedaycenteredaround15:00UTC(togetherwithmeanswellpropagationdirectionsasabove),respectively.
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Fig.8.Horizontalvariabilityofrelativechange(RC)includingthemean(a),andminimum/maximumvalues[(b)/(c)],computedfortheentirestudyperiod.

Fig.9.Advectionandcurrent-inducedrefractionofwaveenergyinVestfjordenat2019-01-05T15:00UTC.Upperpanelsfromleftdenotethecurrentspeed,theverticalvorticity
normalizedbyinertialfrequency𝑓,𝛥swelldirection(blackarrowsWAMref,redarrowsWAMcurr),and𝛥𝑇𝑚02,respectively.Lowerpanelsfromleftdenotetotal𝛥𝐻s,thedifference
forthewindsea,andswellcomponents,andthemeandifferenceforonedaycenteredaround15:00UTC(togetherwithmeanswellpropagationdirectionsasabove),respectively.
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Fig. 10. Model snapshots at 2019-02-21T21 UTC for area 4 (see Fig. 3). Panels show: (a) the ocean current speed overlaid with tidal current direction (red arrows), (b) 𝐻s with
overlaid mean wave direction from WAMref, (c) 𝛥𝐻s, and (d) wind speed with mean direction (black arrows). Wind, wave, and current conditions are similar to those reported
to generate dangerous waves according to Den norske los (2018) in Rolvsøysundet (Rs) and Breisundet (Bs).

is reported to set up a rough sea state. A model snapshot is shown in
Fig. 10. Here, the current meets the waves in Rs and Bs, resulting in an
accompanying RC of about 20% and 40%, respectively. Maximum 𝛥𝐻s
is about 0.7 m in Bs for the entire study period, and maximum RC is
about 50%. The location of the areas with increased wave heights are
well predicted by WAMcurr, together with their associated time scale,
as seen in the highlighted rectangle in Fig. 6. The area with the largest
positive 𝛥𝐻s, north of Rs, is not mentioned in the NPG. One reason
could be that it is located on a shallow plateau with depths between
20–70 m, and is thus not used extensively for ship traffic.

3.3.2. Area 5 and 6: Refraction over shallows
Area 5 exhibits mostly positive mean RC over the shallows banks

in the area, sometimes exceeding 25% (Figs. 1, 8). Even though the
area is reported in NPG, the shallows are not denoted in the nautical
charts provided by the Norwegian Mapping Authorities, contrary to all
the other areas (https://norgeskart.no/#!?project=norgeskart&layers=
1008). Nevertheless, the area is qualitatively resolved in terms of
increased wave heights over the shallow regions according to the NPG

The shallow banks outside area 6 are also resolved in WAMcurr, with
their on average positive RC in 𝐻s up to 15% (Figs. 1, 8a). The shallow

banks are also clearly visible in Fig. 6, with temporal modes associated
with 𝑇e. According to the NPG, dangerous waves occur when the tidal
cycle is in phase with the NCC. The wave heights for northernmost
shallow bank outside area 6 increase up to 40% (Fig. 8c). In order
to quantify the impact of refraction, we conducted a wave ray-tracing
analysis as shown in Fig. 11. Here we have implemented a wave ray-
tracing solver for the Cartesian version of Eqs (2)–(5) to qualitatively
assess the importance of refraction. Switching off the ambient current,
the wave rays for a 14 s period swell converge over the shallow ridge
due to depth-induced refraction (Fig. 11d). However, when currents
are included, additional wave rays converge over the shallow due
to current-induced refraction, causing the increase in 𝐻s in WAMcurr
(Fig. 11c). Thus, the ambient current acts as a wave guide towards
the shallower regions by which the waves becomes trapped by the
bathymetry, which in turn yield increasing wave heights.

3.3.3. Area 7: Moskstraumen
Intense wave–current interaction due to Moskstraumen occur on

both sides of the southern tip of Lofoten (location 7– Fig. 1). The west
side is known for the maximum 𝐻s modulation, but the in situ obser-
vations were collected on the east side (B, Fig. 1). Here, the observed
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Fig.10.Modelsnapshotsat2019-02-21T21UTCforarea4(seeFig.3).Panelsshow:(a)theoceancurrentspeedoverlaidwithtidalcurrentdirection(redarrows),(b)𝐻swith
overlaidmeanwavedirectionfromWAMref,(c)𝛥𝐻s,and(d)windspeedwithmeandirection(blackarrows).Wind,wave,andcurrentconditionsaresimilartothosereported
togeneratedangerouswavesaccordingtoDennorskelos(2018)inRolvsøysundet(Rs)andBreisundet(Bs).

isreportedtosetuparoughseastate.Amodelsnapshotisshownin
Fig.10.Here,thecurrentmeetsthewavesinRsandBs,resultinginan
accompanyingRCofabout20%and40%,respectively.Maximum𝛥𝐻s
isabout0.7minBsfortheentirestudyperiod,andmaximumRCis
about50%.Thelocationoftheareaswithincreasedwaveheightsare
wellpredictedbyWAMcurr,togetherwiththeirassociatedtimescale,
asseeninthehighlightedrectangleinFig.6.Theareawiththelargest
positive𝛥𝐻s,northofRs,isnotmentionedintheNPG.Onereason
couldbethatitislocatedonashallowplateauwithdepthsbetween
20–70m,andisthusnotusedextensivelyforshiptraffic.

3.3.2.Area5and6:Refractionovershallows
Area5exhibitsmostlypositivemeanRCovertheshallowsbanks

inthearea,sometimesexceeding25%(Figs.1,8).Eventhoughthe
areaisreportedinNPG,theshallowsarenotdenotedinthenautical
chartsprovidedbytheNorwegianMappingAuthorities,contrarytoall
theotherareas(https://norgeskart.no/#!?project=norgeskart&layers=
1008).Nevertheless,theareaisqualitativelyresolvedintermsof
increasedwaveheightsovertheshallowregionsaccordingtotheNPG

Theshallowbanksoutsidearea6arealsoresolvedinWAMcurr,with
theironaveragepositiveRCin𝐻supto15%(Figs.1,8a).Theshallow

banksarealsoclearlyvisibleinFig.6,withtemporalmodesassociated
with𝑇e.AccordingtotheNPG,dangerouswavesoccurwhenthetidal
cycleisinphasewiththeNCC.Thewaveheightsfornorthernmost
shallowbankoutsidearea6increaseupto40%(Fig.8c).Inorder
toquantifytheimpactofrefraction,weconductedawaveray-tracing
analysisasshowninFig.11.Herewehaveimplementedawaveray-
tracingsolverfortheCartesianversionofEqs(2)–(5)toqualitatively
assesstheimportanceofrefraction.Switchingofftheambientcurrent,
thewaveraysfora14speriodswellconvergeovertheshallowridge
duetodepth-inducedrefraction(Fig.11d).However,whencurrents
areincluded,additionalwaveraysconvergeovertheshallowdue
tocurrent-inducedrefraction,causingtheincreasein𝐻sinWAMcurr
(Fig.11c).Thus,theambientcurrentactsasawaveguidetowards
theshallowerregionsbywhichthewavesbecomestrappedbythe
bathymetry,whichinturnyieldincreasingwaveheights.

3.3.3.Area7:Moskstraumen
Intensewave–currentinteractionduetoMoskstraumenoccuron

bothsidesofthesoutherntipofLofoten(location7–Fig.1).Thewest
sideisknownforthemaximum𝐻smodulation,buttheinsituobser-
vationswerecollectedontheeastside(B,Fig.1).Here,theobserved
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duetodepth-inducedrefraction(Fig.11d).However,whencurrents
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Fig. 10. Model snapshots at 2019-02-21T21 UTC for area 4 (see Fig. 3). Panels show: (a) the ocean current speed overlaid with tidal current direction (red arrows), (b) 𝐻s with
overlaid mean wave direction from WAMref, (c) 𝛥𝐻s, and (d) wind speed with mean direction (black arrows). Wind, wave, and current conditions are similar to those reported
to generate dangerous waves according to Den norske los (2018) in Rolvsøysundet (Rs) and Breisundet (Bs).

is reported to set up a rough sea state. A model snapshot is shown in
Fig. 10. Here, the current meets the waves in Rs and Bs, resulting in an
accompanying RC of about 20% and 40%, respectively. Maximum 𝛥𝐻s
is about 0.7 m in Bs for the entire study period, and maximum RC is
about 50%. The location of the areas with increased wave heights are
well predicted by WAMcurr, together with their associated time scale,
as seen in the highlighted rectangle in Fig. 6. The area with the largest
positive 𝛥𝐻s, north of Rs, is not mentioned in the NPG. One reason
could be that it is located on a shallow plateau with depths between
20–70 m, and is thus not used extensively for ship traffic.

3.3.2. Area 5 and 6: Refraction over shallows
Area 5 exhibits mostly positive mean RC over the shallows banks

in the area, sometimes exceeding 25% (Figs. 1, 8). Even though the
area is reported in NPG, the shallows are not denoted in the nautical
charts provided by the Norwegian Mapping Authorities, contrary to all
the other areas (https://norgeskart.no/#!?project=norgeskart&layers=
1008). Nevertheless, the area is qualitatively resolved in terms of
increased wave heights over the shallow regions according to the NPG

The shallow banks outside area 6 are also resolved in WAMcurr, with
their on average positive RC in 𝐻s up to 15% (Figs. 1, 8a). The shallow

banks are also clearly visible in Fig. 6, with temporal modes associated
with 𝑇e. According to the NPG, dangerous waves occur when the tidal
cycle is in phase with the NCC. The wave heights for northernmost
shallow bank outside area 6 increase up to 40% (Fig. 8c). In order
to quantify the impact of refraction, we conducted a wave ray-tracing
analysis as shown in Fig. 11. Here we have implemented a wave ray-
tracing solver for the Cartesian version of Eqs (2)–(5) to qualitatively
assess the importance of refraction. Switching off the ambient current,
the wave rays for a 14 s period swell converge over the shallow ridge
due to depth-induced refraction (Fig. 11d). However, when currents
are included, additional wave rays converge over the shallow due
to current-induced refraction, causing the increase in 𝐻s in WAMcurr
(Fig. 11c). Thus, the ambient current acts as a wave guide towards
the shallower regions by which the waves becomes trapped by the
bathymetry, which in turn yield increasing wave heights.

3.3.3. Area 7: Moskstraumen
Intense wave–current interaction due to Moskstraumen occur on

both sides of the southern tip of Lofoten (location 7– Fig. 1). The west
side is known for the maximum 𝐻s modulation, but the in situ obser-
vations were collected on the east side (B, Fig. 1). Here, the observed
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Fig. 10. Model snapshots at 2019-02-21T21 UTC for area 4 (see Fig. 3). Panels show: (a) the ocean current speed overlaid with tidal current direction (red arrows), (b) 𝐻s with
overlaid mean wave direction from WAMref, (c) 𝛥𝐻s, and (d) wind speed with mean direction (black arrows). Wind, wave, and current conditions are similar to those reported
to generate dangerous waves according to Den norske los (2018) in Rolvsøysundet (Rs) and Breisundet (Bs).
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accompanying RC of about 20% and 40%, respectively. Maximum 𝛥𝐻s
is about 0.7 m in Bs for the entire study period, and maximum RC is
about 50%. The location of the areas with increased wave heights are
well predicted by WAMcurr, together with their associated time scale,
as seen in the highlighted rectangle in Fig. 6. The area with the largest
positive 𝛥𝐻s, north of Rs, is not mentioned in the NPG. One reason
could be that it is located on a shallow plateau with depths between
20–70 m, and is thus not used extensively for ship traffic.

3.3.2. Area 5 and 6: Refraction over shallows
Area 5 exhibits mostly positive mean RC over the shallows banks

in the area, sometimes exceeding 25% (Figs. 1, 8). Even though the
area is reported in NPG, the shallows are not denoted in the nautical
charts provided by the Norwegian Mapping Authorities, contrary to all
the other areas (https://norgeskart.no/#!?project=norgeskart&layers=
1008). Nevertheless, the area is qualitatively resolved in terms of
increased wave heights over the shallow regions according to the NPG

The shallow banks outside area 6 are also resolved in WAMcurr, with
their on average positive RC in 𝐻s up to 15% (Figs. 1, 8a). The shallow

banks are also clearly visible in Fig. 6, with temporal modes associated
with 𝑇e. According to the NPG, dangerous waves occur when the tidal
cycle is in phase with the NCC. The wave heights for northernmost
shallow bank outside area 6 increase up to 40% (Fig. 8c). In order
to quantify the impact of refraction, we conducted a wave ray-tracing
analysis as shown in Fig. 11. Here we have implemented a wave ray-
tracing solver for the Cartesian version of Eqs (2)–(5) to qualitatively
assess the importance of refraction. Switching off the ambient current,
the wave rays for a 14 s period swell converge over the shallow ridge
due to depth-induced refraction (Fig. 11d). However, when currents
are included, additional wave rays converge over the shallow due
to current-induced refraction, causing the increase in 𝐻s in WAMcurr
(Fig. 11c). Thus, the ambient current acts as a wave guide towards
the shallower regions by which the waves becomes trapped by the
bathymetry, which in turn yield increasing wave heights.

3.3.3. Area 7: Moskstraumen
Intense wave–current interaction due to Moskstraumen occur on

both sides of the southern tip of Lofoten (location 7– Fig. 1). The west
side is known for the maximum 𝐻s modulation, but the in situ obser-
vations were collected on the east side (B, Fig. 1). Here, the observed
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Fig.10.Modelsnapshotsat2019-02-21T21UTCforarea4(seeFig.3).Panelsshow:(a)theoceancurrentspeedoverlaidwithtidalcurrentdirection(redarrows),(b)𝐻swith
overlaidmeanwavedirectionfromWAMref,(c)𝛥𝐻s,and(d)windspeedwithmeandirection(blackarrows).Wind,wave,andcurrentconditionsaresimilartothosereported
togeneratedangerouswavesaccordingtoDennorskelos(2018)inRolvsøysundet(Rs)andBreisundet(Bs).

isreportedtosetuparoughseastate.Amodelsnapshotisshownin
Fig.10.Here,thecurrentmeetsthewavesinRsandBs,resultinginan
accompanyingRCofabout20%and40%,respectively.Maximum𝛥𝐻s
isabout0.7minBsfortheentirestudyperiod,andmaximumRCis
about50%.Thelocationoftheareaswithincreasedwaveheightsare
wellpredictedbyWAMcurr,togetherwiththeirassociatedtimescale,
asseeninthehighlightedrectangleinFig.6.Theareawiththelargest
positive𝛥𝐻s,northofRs,isnotmentionedintheNPG.Onereason
couldbethatitislocatedonashallowplateauwithdepthsbetween
20–70m,andisthusnotusedextensivelyforshiptraffic.

3.3.2.Area5and6:Refractionovershallows
Area5exhibitsmostlypositivemeanRCovertheshallowsbanks

inthearea,sometimesexceeding25%(Figs.1,8).Eventhoughthe
areaisreportedinNPG,theshallowsarenotdenotedinthenautical
chartsprovidedbytheNorwegianMappingAuthorities,contrarytoall
theotherareas(https://norgeskart.no/#!?project=norgeskart&layers=
1008).Nevertheless,theareaisqualitativelyresolvedintermsof
increasedwaveheightsovertheshallowregionsaccordingtotheNPG

Theshallowbanksoutsidearea6arealsoresolvedinWAMcurr,with
theironaveragepositiveRCin𝐻supto15%(Figs.1,8a).Theshallow

banksarealsoclearlyvisibleinFig.6,withtemporalmodesassociated
with𝑇e.AccordingtotheNPG,dangerouswavesoccurwhenthetidal
cycleisinphasewiththeNCC.Thewaveheightsfornorthernmost
shallowbankoutsidearea6increaseupto40%(Fig.8c).Inorder
toquantifytheimpactofrefraction,weconductedawaveray-tracing
analysisasshowninFig.11.Herewehaveimplementedawaveray-
tracingsolverfortheCartesianversionofEqs(2)–(5)toqualitatively
assesstheimportanceofrefraction.Switchingofftheambientcurrent,
thewaveraysfora14speriodswellconvergeovertheshallowridge
duetodepth-inducedrefraction(Fig.11d).However,whencurrents
areincluded,additionalwaveraysconvergeovertheshallowdue
tocurrent-inducedrefraction,causingtheincreasein𝐻sinWAMcurr
(Fig.11c).Thus,theambientcurrentactsasawaveguidetowards
theshallowerregionsbywhichthewavesbecomestrappedbythe
bathymetry,whichinturnyieldincreasingwaveheights.

3.3.3.Area7:Moskstraumen
Intensewave–currentinteractionduetoMoskstraumenoccuron

bothsidesofthesoutherntipofLofoten(location7–Fig.1).Thewest
sideisknownforthemaximum𝐻smodulation,buttheinsituobser-
vationswerecollectedontheeastside(B,Fig.1).Here,theobserved

10

T.Halsne,P.Bohlinger,K.H.Christensenetal.OceanModelling176(2022)102071

Fig.10.Modelsnapshotsat2019-02-21T21UTCforarea4(seeFig.3).Panelsshow:(a)theoceancurrentspeedoverlaidwithtidalcurrentdirection(redarrows),(b)𝐻swith
overlaidmeanwavedirectionfromWAMref,(c)𝛥𝐻s,and(d)windspeedwithmeandirection(blackarrows).Wind,wave,andcurrentconditionsaresimilartothosereported
togeneratedangerouswavesaccordingtoDennorskelos(2018)inRolvsøysundet(Rs)andBreisundet(Bs).
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positive𝛥𝐻s,northofRs,isnotmentionedintheNPG.Onereason
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analysisasshowninFig.11.Herewehaveimplementedawaveray-
tracingsolverfortheCartesianversionofEqs(2)–(5)toqualitatively
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duetodepth-inducedrefraction(Fig.11d).However,whencurrents
areincluded,additionalwaveraysconvergeovertheshallowdue
tocurrent-inducedrefraction,causingtheincreasein𝐻sinWAMcurr
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Fig. 11. The impact of current-induced refraction for the northernmost shallow bank in area 6 (see Fig. 3). A 𝑇 = 14 𝑠 period wave is propagating against the current (panel a)
according to the modeled mean swell direction (panel b) using a wave tracing solver. Panels (c) and (d) show the impact of current induced refraction (overlaid swell 𝛥𝐻s) and
refraction due to bathymetry only (overlaid the depth profile), respectively.

interactions are presented first, followed by a detailed analysis on the
west side.

The time series of𝐻s and the associated wave spectrum during an 8-
day spring tide period in January 2019 are shown in Fig. 12. At the end
of the period, WAMcurr 𝐻s compares well with the observations at tidal
cycles (see black triangles in Figs. 12a,g). Beginning on 23 January,
the mean wave propagation direction gradually shifts from west to
east following a shift in wind direction (Figs. 12c and d). Thus, wind
waves and currents are coming into opposition as the current reaches
its maximum. This leads to an increase in energy for the wind sea part
of the observed and the WAMcurr spectrum (Figs. 12f,g). A current of
2 m s-1 (Fig. 12b) will block opposing wind waves with periods 𝑇 = 5 s
and shorter, which correspond well with the observed and modeled
wind wave periods of around 0.2 Hz (Figs. 12f,g).

The modeled current maximum is more or less in phase with the
observations (Fig. 12b). However, the peak after current maximum is at
times out of phase (see black arrows Fig. 12b). Here, the northernmost

part of the tidal current that has turned, as it turns westward before
the rest of the tidal current (not shown). The turning induces a local
horizontal shear of opposing surface currents, known locally as Strinna,
which gives rise to a complicated sea state (Den norske los, 2018). Thus,
for the first highlighted 𝐻s peak, WAMcurr is out of phase with the
observations as the eastward (not shown) propagating swell undergo
an increase in wave energy due to Strinna (see lowest frequencies
about 01-23T12:00 UTC Fig. 12f). Nevertheless, the 1D spectrum also
reveal enhanced wave energy for the wind sea at current maximum,
which corresponds well with the observations (Figs. 12f,g). However,
at current maximum, the energy of the aforementioned swell decreases
due to following waves and currents leading the decrease in 𝐻s. In
the context of numerical ocean modeling, a local phenomenon like
Strinna can contaminate neighboring grid points due to limited hori-
zontal resolution. This can in turn lead to a mismatch between wave
predictions and observations, like in the case just described above. This
highlights the challenges of comparing individual model grid points
with observations.
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Fig.11.Theimpactofcurrent-inducedrefractionforthenorthernmostshallowbankinarea6(seeFig.3).A𝑇=14𝑠periodwaveispropagatingagainstthecurrent(panela)
accordingtothemodeledmeanswelldirection(panelb)usingawavetracingsolver.Panels(c)and(d)showtheimpactofcurrentinducedrefraction(overlaidswell𝛥𝐻s)and
refractionduetobathymetryonly(overlaidthedepthprofile),respectively.

interactionsarepresentedfirst,followedbyadetailedanalysisonthe
westside.

Thetimeseriesof𝐻sandtheassociatedwavespectrumduringan8-
dayspringtideperiodinJanuary2019areshowninFig.12.Attheend
oftheperiod,WAMcurr𝐻scompareswellwiththeobservationsattidal
cycles(seeblacktrianglesinFigs.12a,g).Beginningon23January,
themeanwavepropagationdirectiongraduallyshiftsfromwestto
eastfollowingashiftinwinddirection(Figs.12candd).Thus,wind
wavesandcurrentsarecomingintooppositionasthecurrentreaches
itsmaximum.Thisleadstoanincreaseinenergyforthewindseapart
oftheobservedandtheWAMcurrspectrum(Figs.12f,g).Acurrentof
2ms-1(Fig.12b)willblockopposingwindwaveswithperiods𝑇=5s
andshorter,whichcorrespondwellwiththeobservedandmodeled
windwaveperiodsofaround0.2Hz(Figs.12f,g).

Themodeledcurrentmaximumismoreorlessinphasewiththe
observations(Fig.12b).However,thepeakaftercurrentmaximumisat
timesoutofphase(seeblackarrowsFig.12b).Here,thenorthernmost

partofthetidalcurrentthathasturned,asitturnswestwardbefore
therestofthetidalcurrent(notshown).Theturninginducesalocal
horizontalshearofopposingsurfacecurrents,knownlocallyasStrinna,
whichgivesrisetoacomplicatedseastate(Dennorskelos,2018).Thus,
forthefirsthighlighted𝐻speak,WAMcurrisoutofphasewiththe
observationsastheeastward(notshown)propagatingswellundergo
anincreaseinwaveenergyduetoStrinna(seelowestfrequencies
about01-23T12:00UTCFig.12f).Nevertheless,the1Dspectrumalso
revealenhancedwaveenergyforthewindseaatcurrentmaximum,
whichcorrespondswellwiththeobservations(Figs.12f,g).However,
atcurrentmaximum,theenergyoftheaforementionedswelldecreases
duetofollowingwavesandcurrentsleadingthedecreasein𝐻s.In
thecontextofnumericaloceanmodeling,alocalphenomenonlike
Strinnacancontaminateneighboringgridpointsduetolimitedhori-
zontalresolution.Thiscaninturnleadtoamismatchbetweenwave
predictionsandobservations,likeinthecasejustdescribedabove.This
highlightsthechallengesofcomparingindividualmodelgridpoints
withobservations.
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Fig. 11. The impact of current-induced refraction for the northernmost shallow bank in area 6 (see Fig. 3). A 𝑇 = 14 𝑠 period wave is propagating against the current (panel a)
according to the modeled mean swell direction (panel b) using a wave tracing solver. Panels (c) and (d) show the impact of current induced refraction (overlaid swell 𝛥𝐻s) and
refraction due to bathymetry only (overlaid the depth profile), respectively.

interactions are presented first, followed by a detailed analysis on the
west side.

The time series of𝐻s and the associated wave spectrum during an 8-
day spring tide period in January 2019 are shown in Fig. 12. At the end
of the period, WAMcurr 𝐻s compares well with the observations at tidal
cycles (see black triangles in Figs. 12a,g). Beginning on 23 January,
the mean wave propagation direction gradually shifts from west to
east following a shift in wind direction (Figs. 12c and d). Thus, wind
waves and currents are coming into opposition as the current reaches
its maximum. This leads to an increase in energy for the wind sea part
of the observed and the WAMcurr spectrum (Figs. 12f,g). A current of
2 m s-1 (Fig. 12b) will block opposing wind waves with periods 𝑇 = 5 s
and shorter, which correspond well with the observed and modeled
wind wave periods of around 0.2 Hz (Figs. 12f,g).

The modeled current maximum is more or less in phase with the
observations (Fig. 12b). However, the peak after current maximum is at
times out of phase (see black arrows Fig. 12b). Here, the northernmost

part of the tidal current that has turned, as it turns westward before
the rest of the tidal current (not shown). The turning induces a local
horizontal shear of opposing surface currents, known locally as Strinna,
which gives rise to a complicated sea state (Den norske los, 2018). Thus,
for the first highlighted 𝐻s peak, WAMcurr is out of phase with the
observations as the eastward (not shown) propagating swell undergo
an increase in wave energy due to Strinna (see lowest frequencies
about 01-23T12:00 UTC Fig. 12f). Nevertheless, the 1D spectrum also
reveal enhanced wave energy for the wind sea at current maximum,
which corresponds well with the observations (Figs. 12f,g). However,
at current maximum, the energy of the aforementioned swell decreases
due to following waves and currents leading the decrease in 𝐻s. In
the context of numerical ocean modeling, a local phenomenon like
Strinna can contaminate neighboring grid points due to limited hori-
zontal resolution. This can in turn lead to a mismatch between wave
predictions and observations, like in the case just described above. This
highlights the challenges of comparing individual model grid points
with observations.
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Fig. 12. Time series of modeled and measured wave, current, and wind conditions in Moskstraumen during spring tide in January 2019. Panels show: (a) 𝐻s from WAMcurr (blue),
WAMref (orange) and ADCP (magenta). Triangles denote when 𝐻s is modulated due to the tidal current heading eastward during a rising tide. (b) modeled (blue) and observed
(magenta) current speed (|𝐔|). (c) Observed current (red) and mean wave propagation (gray) directions. (d) modeled wind speed (blue) and direction (red dots). The 2D wave
energy density spectra from WAMref, WAMcurr, and the ADCP observations are given in panels (e), (f), and (g), respectively. (h) denote the 2D spectrum for a single point in time
(see red line panels e–g).

Upon inspection of the 1D spectrum during current maxima we
see that the wave energy around the peak frequency is two orders
of magnitude larger in WAMcurr than WAMref, and correspond better
with the observations (see Fig. 12h). However, the energy decay for the
higher frequencies are less compared with the observations, suggesting
that the wave dissipation parameterization is too conservative in cases
like this.

Even though wave growth due to blocking waves seems to be the
dominant mechanism, it most likely occurs in combination with the
relative wind and the radiation stresses as also reported by Ardhuin
et al. (2012), Vincent (1979). The impact of the relative wind is, how-
ever, not quantified in WAMcurr (Section 2.1.2). Nevertheless, the wind
sea modulation at the peak of the tidal cycle corresponds well with
the enhanced wave breaking reported by OS21 (see their Fig. 7). From
Fig. 12c, it is perhaps not obvious that the waves and currents oppose
each other near the current maximum since the observed mean wave
direction can change erratically and sometimes record westward prop-
agating waves. As the ADCP is an Eulerian measurement, these spikes
around the current maximum are a result of blocked waves which
are advected westward by the strong tidal current. Additional selected
cases comparing observations with model results in Moskstraumen are
given in Appendix.

From the twin experiment intercomparison, maximum 𝐻s modula-
tion in Moskstraumen occurs on the western side of Lofoten, when the
tidal current is heading westward during a falling tide (see area 7 in

Fig. 7e). A snapshot from 2019-01-24T05 UTC is shown in Fig. 13.
Here, eastward propagating swell opposes the tidal current. Using the
aforementioned wave ray-tracing method, a 𝑇 = 12 s period wave train
was propagated through the domain. This wave period is representative
of the peak period in WAMcurr (not shown). We find the focusing of
wave ray paths to agree with 𝛥𝐻s in the current branch (right panel
Fig. 13). Local wind sea is also present, but the swell part of the
spectrum is more strongly modulated by the tidal current (not shown).
Trapped waves due to tidal currents were also reported by Ardhuin
et al. (2012) from their field and model study in the Fromveur passage.
In our case, however, the horizontal extent of the tidal current is not
sufficiently long for the swell to be reflected back to the center from
the edges of the current branch.

The largest 𝛥𝐻s west in Moskstraumen was about 90%. During
periods of relatively calm winds, with 𝐻s between 2–3 m, 𝛥𝐻s was
about 1.5 m (not shown), giving a relative difference of about 50%.
This implies that the current can modify the wave field to the same
extent as that of the wind field variations. We also found minimum
𝛥𝑇𝑚02 < −3 s in Moskstraumen, which is caused by the increase in wave
frequency due to the Doppler shift (Eq. (7)).

4. Discussion

In Moskstraumen, the observed temporal scales of wave field modu-
lations are resolved in WAMcurr (Figs. 4, 6). The wave energy density
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Fig.12.Timeseriesofmodeledandmeasuredwave,current,andwindconditionsinMoskstraumenduringspringtideinJanuary2019.Panelsshow:(a)𝐻sfromWAMcurr(blue),
WAMref(orange)andADCP(magenta).Trianglesdenotewhen𝐻sismodulatedduetothetidalcurrentheadingeastwardduringarisingtide.(b)modeled(blue)andobserved
(magenta)currentspeed(|𝐔|).(c)Observedcurrent(red)andmeanwavepropagation(gray)directions.(d)modeledwindspeed(blue)anddirection(reddots).The2Dwave
energydensityspectrafromWAMref,WAMcurr,andtheADCPobservationsaregiveninpanels(e),(f),and(g),respectively.(h)denotethe2Dspectrumforasinglepointintime
(seeredlinepanelse–g).

Uponinspectionofthe1Dspectrumduringcurrentmaximawe
seethatthewaveenergyaroundthepeakfrequencyistwoorders
ofmagnitudelargerinWAMcurrthanWAMref,andcorrespondbetter
withtheobservations(seeFig.12h).However,theenergydecayforthe
higherfrequenciesarelesscomparedwiththeobservations,suggesting
thatthewavedissipationparameterizationistooconservativeincases
likethis.

Eventhoughwavegrowthduetoblockingwavesseemstobethe
dominantmechanism,itmostlikelyoccursincombinationwiththe
relativewindandtheradiationstressesasalsoreportedbyArdhuin
etal.(2012),Vincent(1979).Theimpactoftherelativewindis,how-
ever,notquantifiedinWAMcurr(Section2.1.2).Nevertheless,thewind
seamodulationatthepeakofthetidalcyclecorrespondswellwith
theenhancedwavebreakingreportedbyOS21(seetheirFig.7).From
Fig.12c,itisperhapsnotobviousthatthewavesandcurrentsoppose
eachothernearthecurrentmaximumsincetheobservedmeanwave
directioncanchangeerraticallyandsometimesrecordwestwardprop-
agatingwaves.AstheADCPisanEulerianmeasurement,thesespikes
aroundthecurrentmaximumarearesultofblockedwaveswhich
areadvectedwestwardbythestrongtidalcurrent.Additionalselected
casescomparingobservationswithmodelresultsinMoskstraumenare
giveninAppendix.

Fromthetwinexperimentintercomparison,maximum𝐻smodula-
tioninMoskstraumenoccursonthewesternsideofLofoten,whenthe
tidalcurrentisheadingwestwardduringafallingtide(seearea7in

Fig.7e).Asnapshotfrom2019-01-24T05UTCisshowninFig.13.
Here,eastwardpropagatingswellopposesthetidalcurrent.Usingthe
aforementionedwaveray-tracingmethod,a𝑇=12speriodwavetrain
waspropagatedthroughthedomain.Thiswaveperiodisrepresentative
ofthepeakperiodinWAMcurr(notshown).Wefindthefocusingof
waveraypathstoagreewith𝛥𝐻sinthecurrentbranch(rightpanel
Fig.13).Localwindseaisalsopresent,buttheswellpartofthe
spectrumismorestronglymodulatedbythetidalcurrent(notshown).
TrappedwavesduetotidalcurrentswerealsoreportedbyArdhuin
etal.(2012)fromtheirfieldandmodelstudyintheFromveurpassage.
Inourcase,however,thehorizontalextentofthetidalcurrentisnot
sufficientlylongfortheswelltobereflectedbacktothecenterfrom
theedgesofthecurrentbranch.

Thelargest𝛥𝐻swestinMoskstraumenwasabout90%.During
periodsofrelativelycalmwinds,with𝐻sbetween2–3m,𝛥𝐻swas
about1.5m(notshown),givingarelativedifferenceofabout50%.
Thisimpliesthatthecurrentcanmodifythewavefieldtothesame
extentasthatofthewindfieldvariations.Wealsofoundminimum
𝛥𝑇𝑚02<−3sinMoskstraumen,whichiscausedbytheincreaseinwave
frequencyduetotheDopplershift(Eq.(7)).

4.Discussion

InMoskstraumen,theobservedtemporalscalesofwavefieldmodu-
lationsareresolvedinWAMcurr(Figs.4,6).Thewaveenergydensity
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Fig. 12. Time series of modeled and measured wave, current, and wind conditions in Moskstraumen during spring tide in January 2019. Panels show: (a) 𝐻s from WAMcurr (blue),
WAMref (orange) and ADCP (magenta). Triangles denote when 𝐻s is modulated due to the tidal current heading eastward during a rising tide. (b) modeled (blue) and observed
(magenta) current speed (|𝐔|). (c) Observed current (red) and mean wave propagation (gray) directions. (d) modeled wind speed (blue) and direction (red dots). The 2D wave
energy density spectra from WAMref, WAMcurr, and the ADCP observations are given in panels (e), (f), and (g), respectively. (h) denote the 2D spectrum for a single point in time
(see red line panels e–g).

Upon inspection of the 1D spectrum during current maxima we
see that the wave energy around the peak frequency is two orders
of magnitude larger in WAMcurr than WAMref, and correspond better
with the observations (see Fig. 12h). However, the energy decay for the
higher frequencies are less compared with the observations, suggesting
that the wave dissipation parameterization is too conservative in cases
like this.

Even though wave growth due to blocking waves seems to be the
dominant mechanism, it most likely occurs in combination with the
relative wind and the radiation stresses as also reported by Ardhuin
et al. (2012), Vincent (1979). The impact of the relative wind is, how-
ever, not quantified in WAMcurr (Section 2.1.2). Nevertheless, the wind
sea modulation at the peak of the tidal cycle corresponds well with
the enhanced wave breaking reported by OS21 (see their Fig. 7). From
Fig. 12c, it is perhaps not obvious that the waves and currents oppose
each other near the current maximum since the observed mean wave
direction can change erratically and sometimes record westward prop-
agating waves. As the ADCP is an Eulerian measurement, these spikes
around the current maximum are a result of blocked waves which
are advected westward by the strong tidal current. Additional selected
cases comparing observations with model results in Moskstraumen are
given in Appendix.

From the twin experiment intercomparison, maximum 𝐻s modula-
tion in Moskstraumen occurs on the western side of Lofoten, when the
tidal current is heading westward during a falling tide (see area 7 in

Fig. 7e). A snapshot from 2019-01-24T05 UTC is shown in Fig. 13.
Here, eastward propagating swell opposes the tidal current. Using the
aforementioned wave ray-tracing method, a 𝑇 = 12 s period wave train
was propagated through the domain. This wave period is representative
of the peak period in WAMcurr (not shown). We find the focusing of
wave ray paths to agree with 𝛥𝐻s in the current branch (right panel
Fig. 13). Local wind sea is also present, but the swell part of the
spectrum is more strongly modulated by the tidal current (not shown).
Trapped waves due to tidal currents were also reported by Ardhuin
et al. (2012) from their field and model study in the Fromveur passage.
In our case, however, the horizontal extent of the tidal current is not
sufficiently long for the swell to be reflected back to the center from
the edges of the current branch.

The largest 𝛥𝐻s west in Moskstraumen was about 90%. During
periods of relatively calm winds, with 𝐻s between 2–3 m, 𝛥𝐻s was
about 1.5 m (not shown), giving a relative difference of about 50%.
This implies that the current can modify the wave field to the same
extent as that of the wind field variations. We also found minimum
𝛥𝑇𝑚02 < −3 s in Moskstraumen, which is caused by the increase in wave
frequency due to the Doppler shift (Eq. (7)).

4. Discussion

In Moskstraumen, the observed temporal scales of wave field modu-
lations are resolved in WAMcurr (Figs. 4, 6). The wave energy density
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Fig. 12. Time series of modeled and measured wave, current, and wind conditions in Moskstraumen during spring tide in January 2019. Panels show: (a) 𝐻s from WAMcurr (blue),
WAMref (orange) and ADCP (magenta). Triangles denote when 𝐻s is modulated due to the tidal current heading eastward during a rising tide. (b) modeled (blue) and observed
(magenta) current speed (|𝐔|). (c) Observed current (red) and mean wave propagation (gray) directions. (d) modeled wind speed (blue) and direction (red dots). The 2D wave
energy density spectra from WAMref, WAMcurr, and the ADCP observations are given in panels (e), (f), and (g), respectively. (h) denote the 2D spectrum for a single point in time
(see red line panels e–g).

Upon inspection of the 1D spectrum during current maxima we
see that the wave energy around the peak frequency is two orders
of magnitude larger in WAMcurr than WAMref, and correspond better
with the observations (see Fig. 12h). However, the energy decay for the
higher frequencies are less compared with the observations, suggesting
that the wave dissipation parameterization is too conservative in cases
like this.

Even though wave growth due to blocking waves seems to be the
dominant mechanism, it most likely occurs in combination with the
relative wind and the radiation stresses as also reported by Ardhuin
et al. (2012), Vincent (1979). The impact of the relative wind is, how-
ever, not quantified in WAMcurr (Section 2.1.2). Nevertheless, the wind
sea modulation at the peak of the tidal cycle corresponds well with
the enhanced wave breaking reported by OS21 (see their Fig. 7). From
Fig. 12c, it is perhaps not obvious that the waves and currents oppose
each other near the current maximum since the observed mean wave
direction can change erratically and sometimes record westward prop-
agating waves. As the ADCP is an Eulerian measurement, these spikes
around the current maximum are a result of blocked waves which
are advected westward by the strong tidal current. Additional selected
cases comparing observations with model results in Moskstraumen are
given in Appendix.

From the twin experiment intercomparison, maximum 𝐻s modula-
tion in Moskstraumen occurs on the western side of Lofoten, when the
tidal current is heading westward during a falling tide (see area 7 in

Fig. 7e). A snapshot from 2019-01-24T05 UTC is shown in Fig. 13.
Here, eastward propagating swell opposes the tidal current. Using the
aforementioned wave ray-tracing method, a 𝑇 = 12 s period wave train
was propagated through the domain. This wave period is representative
of the peak period in WAMcurr (not shown). We find the focusing of
wave ray paths to agree with 𝛥𝐻s in the current branch (right panel
Fig. 13). Local wind sea is also present, but the swell part of the
spectrum is more strongly modulated by the tidal current (not shown).
Trapped waves due to tidal currents were also reported by Ardhuin
et al. (2012) from their field and model study in the Fromveur passage.
In our case, however, the horizontal extent of the tidal current is not
sufficiently long for the swell to be reflected back to the center from
the edges of the current branch.

The largest 𝛥𝐻s west in Moskstraumen was about 90%. During
periods of relatively calm winds, with 𝐻s between 2–3 m, 𝛥𝐻s was
about 1.5 m (not shown), giving a relative difference of about 50%.
This implies that the current can modify the wave field to the same
extent as that of the wind field variations. We also found minimum
𝛥𝑇𝑚02 < −3 s in Moskstraumen, which is caused by the increase in wave
frequency due to the Doppler shift (Eq. (7)).

4. Discussion

In Moskstraumen, the observed temporal scales of wave field modu-
lations are resolved in WAMcurr (Figs. 4, 6). The wave energy density
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Fig.12.Timeseriesofmodeledandmeasuredwave,current,andwindconditionsinMoskstraumenduringspringtideinJanuary2019.Panelsshow:(a)𝐻sfromWAMcurr(blue),
WAMref(orange)andADCP(magenta).Trianglesdenotewhen𝐻sismodulatedduetothetidalcurrentheadingeastwardduringarisingtide.(b)modeled(blue)andobserved
(magenta)currentspeed(|𝐔|).(c)Observedcurrent(red)andmeanwavepropagation(gray)directions.(d)modeledwindspeed(blue)anddirection(reddots).The2Dwave
energydensityspectrafromWAMref,WAMcurr,andtheADCPobservationsaregiveninpanels(e),(f),and(g),respectively.(h)denotethe2Dspectrumforasinglepointintime
(seeredlinepanelse–g).

Uponinspectionofthe1Dspectrumduringcurrentmaximawe
seethatthewaveenergyaroundthepeakfrequencyistwoorders
ofmagnitudelargerinWAMcurrthanWAMref,andcorrespondbetter
withtheobservations(seeFig.12h).However,theenergydecayforthe
higherfrequenciesarelesscomparedwiththeobservations,suggesting
thatthewavedissipationparameterizationistooconservativeincases
likethis.

Eventhoughwavegrowthduetoblockingwavesseemstobethe
dominantmechanism,itmostlikelyoccursincombinationwiththe
relativewindandtheradiationstressesasalsoreportedbyArdhuin
etal.(2012),Vincent(1979).Theimpactoftherelativewindis,how-
ever,notquantifiedinWAMcurr(Section2.1.2).Nevertheless,thewind
seamodulationatthepeakofthetidalcyclecorrespondswellwith
theenhancedwavebreakingreportedbyOS21(seetheirFig.7).From
Fig.12c,itisperhapsnotobviousthatthewavesandcurrentsoppose
eachothernearthecurrentmaximumsincetheobservedmeanwave
directioncanchangeerraticallyandsometimesrecordwestwardprop-
agatingwaves.AstheADCPisanEulerianmeasurement,thesespikes
aroundthecurrentmaximumarearesultofblockedwaveswhich
areadvectedwestwardbythestrongtidalcurrent.Additionalselected
casescomparingobservationswithmodelresultsinMoskstraumenare
giveninAppendix.

Fromthetwinexperimentintercomparison,maximum𝐻smodula-
tioninMoskstraumenoccursonthewesternsideofLofoten,whenthe
tidalcurrentisheadingwestwardduringafallingtide(seearea7in

Fig.7e).Asnapshotfrom2019-01-24T05UTCisshowninFig.13.
Here,eastwardpropagatingswellopposesthetidalcurrent.Usingthe
aforementionedwaveray-tracingmethod,a𝑇=12speriodwavetrain
waspropagatedthroughthedomain.Thiswaveperiodisrepresentative
ofthepeakperiodinWAMcurr(notshown).Wefindthefocusingof
waveraypathstoagreewith𝛥𝐻sinthecurrentbranch(rightpanel
Fig.13).Localwindseaisalsopresent,buttheswellpartofthe
spectrumismorestronglymodulatedbythetidalcurrent(notshown).
TrappedwavesduetotidalcurrentswerealsoreportedbyArdhuin
etal.(2012)fromtheirfieldandmodelstudyintheFromveurpassage.
Inourcase,however,thehorizontalextentofthetidalcurrentisnot
sufficientlylongfortheswelltobereflectedbacktothecenterfrom
theedgesofthecurrentbranch.

Thelargest𝛥𝐻swestinMoskstraumenwasabout90%.During
periodsofrelativelycalmwinds,with𝐻sbetween2–3m,𝛥𝐻swas
about1.5m(notshown),givingarelativedifferenceofabout50%.
Thisimpliesthatthecurrentcanmodifythewavefieldtothesame
extentasthatofthewindfieldvariations.Wealsofoundminimum
𝛥𝑇𝑚02<−3sinMoskstraumen,whichiscausedbytheincreaseinwave
frequencyduetotheDopplershift(Eq.(7)).

4.Discussion

InMoskstraumen,theobservedtemporalscalesofwavefieldmodu-
lationsareresolvedinWAMcurr(Figs.4,6).Thewaveenergydensity
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Fig.12.Timeseriesofmodeledandmeasuredwave,current,andwindconditionsinMoskstraumenduringspringtideinJanuary2019.Panelsshow:(a)𝐻sfromWAMcurr(blue),
WAMref(orange)andADCP(magenta).Trianglesdenotewhen𝐻sismodulatedduetothetidalcurrentheadingeastwardduringarisingtide.(b)modeled(blue)andobserved
(magenta)currentspeed(|𝐔|).(c)Observedcurrent(red)andmeanwavepropagation(gray)directions.(d)modeledwindspeed(blue)anddirection(reddots).The2Dwave
energydensityspectrafromWAMref,WAMcurr,andtheADCPobservationsaregiveninpanels(e),(f),and(g),respectively.(h)denotethe2Dspectrumforasinglepointintime
(seeredlinepanelse–g).
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ofmagnitudelargerinWAMcurrthanWAMref,andcorrespondbetter
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Here,eastwardpropagatingswellopposesthetidalcurrent.Usingthe
aforementionedwaveray-tracingmethod,a𝑇=12speriodwavetrain
waspropagatedthroughthedomain.Thiswaveperiodisrepresentative
ofthepeakperiodinWAMcurr(notshown).Wefindthefocusingof
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spectrumismorestronglymodulatedbythetidalcurrent(notshown).
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etal.(2012)fromtheirfieldandmodelstudyintheFromveurpassage.
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Fig.12.Timeseriesofmodeledandmeasuredwave,current,andwindconditionsinMoskstraumenduringspringtideinJanuary2019.Panelsshow:(a)𝐻sfromWAMcurr(blue),
WAMref(orange)andADCP(magenta).Trianglesdenotewhen𝐻sismodulatedduetothetidalcurrentheadingeastwardduringarisingtide.(b)modeled(blue)andobserved
(magenta)currentspeed(|𝐔|).(c)Observedcurrent(red)andmeanwavepropagation(gray)directions.(d)modeledwindspeed(blue)anddirection(reddots).The2Dwave
energydensityspectrafromWAMref,WAMcurr,andtheADCPobservationsaregiveninpanels(e),(f),and(g),respectively.(h)denotethe2Dspectrumforasinglepointintime
(seeredlinepanelse–g).
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seamodulationatthepeakofthetidalcyclecorrespondswellwith
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casescomparingobservationswithmodelresultsinMoskstraumenare
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Here,eastwardpropagatingswellopposesthetidalcurrent.Usingthe
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lationsareresolvedinWAMcurr(Figs.4,6).Thewaveenergydensity
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Fig. 13. Model snapshots (2019-01-24T05 UTC) during a falling tide in Moskstraumen (area 7 Fig. 3), when the tidal current is heading west. Panel (a) shows the current speed
and direction (red arrow) and the dominant swell propagation direction (white arrow). Panel (b) show 𝛥𝐻s with overlaid wave rays (blue) corresponding to eastward propagating
swell with 𝑇 = 12 s from a wave ray tracing solver.

Fig. 14. Maximum 𝛥𝐻s for the entire study period (see Fig. 7e) overlaid with the areas known to be exposed to dangerous waves (black solid lines from Fig. 3) together with
selected areas with strong temporal 𝐻s variability at different temporal modes (see Fig. 6).

spectrum and the associated 𝐻s are at times also correctly represented
by WAMcurr, contrary to WAMref (see Fig. 12). This is in agreement
with Ardhuin et al. (2012), who also found their wave model capable
of representing the current-induced effects using the same wave dissi-
pation parameterization as in our study. Furthermore, and as shown
explicitly in Appendix, the current forcing can impact the wave field
to a similar degree to that of wind field, and also provide a more
realistic representation of 𝐻s during strong storms (𝑈10 = 35 m s-1,

𝛥𝐻s ∼ 2 m, see Fig. 15d). We find that the largest wave height
modulations in tidal currents occur when waves oppose the current. For
wind sea, the increase in wave heights are due to wave blocking and
energy bunching due to the Doppler shift, whereas refraction is most
important for swell. This is also in agreement with previous work (e.g.
Baschek, 2005; Ardhuin et al., 2012; Masson, 1996; Romero et al.,
2017, 2020). However, deviations between observations and model
results suggest that some wave–current interactions are not properly
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Fig.13.Modelsnapshots(2019-01-24T05UTC)duringafallingtideinMoskstraumen(area7Fig.3),whenthetidalcurrentisheadingwest.Panel(a)showsthecurrentspeed
anddirection(redarrow)andthedominantswellpropagationdirection(whitearrow).Panel(b)show𝛥𝐻swithoverlaidwaverays(blue)correspondingtoeastwardpropagating
swellwith𝑇=12sfromawaveraytracingsolver.

Fig.14.Maximum𝛥𝐻sfortheentirestudyperiod(seeFig.7e)overlaidwiththeareasknowntobeexposedtodangerouswaves(blacksolidlinesfromFig.3)togetherwith
selectedareaswithstrongtemporal𝐻svariabilityatdifferenttemporalmodes(seeFig.6).

spectrumandtheassociated𝐻sareattimesalsocorrectlyrepresented
byWAMcurr,contrarytoWAMref(seeFig.12).Thisisinagreement
withArdhuinetal.(2012),whoalsofoundtheirwavemodelcapable
ofrepresentingthecurrent-inducedeffectsusingthesamewavedissi-
pationparameterizationasinourstudy.Furthermore,andasshown
explicitlyinAppendix,thecurrentforcingcanimpactthewavefield
toasimilardegreetothatofwindfield,andalsoprovideamore
realisticrepresentationof𝐻sduringstrongstorms(𝑈10=35ms-1,

𝛥𝐻s∼2m,seeFig.15d).Wefindthatthelargestwaveheight
modulationsintidalcurrentsoccurwhenwavesopposethecurrent.For
windsea,theincreaseinwaveheightsareduetowaveblockingand
energybunchingduetotheDopplershift,whereasrefractionismost
importantforswell.Thisisalsoinagreementwithpreviouswork(e.g.
Baschek,2005;Ardhuinetal.,2012;Masson,1996;Romeroetal.,
2017,2020).However,deviationsbetweenobservationsandmodel
resultssuggestthatsomewave–currentinteractionsarenotproperly
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Fig. 13. Model snapshots (2019-01-24T05 UTC) during a falling tide in Moskstraumen (area 7 Fig. 3), when the tidal current is heading west. Panel (a) shows the current speed
and direction (red arrow) and the dominant swell propagation direction (white arrow). Panel (b) show 𝛥𝐻s with overlaid wave rays (blue) corresponding to eastward propagating
swell with 𝑇 = 12 s from a wave ray tracing solver.

Fig. 14. Maximum 𝛥𝐻s for the entire study period (see Fig. 7e) overlaid with the areas known to be exposed to dangerous waves (black solid lines from Fig. 3) together with
selected areas with strong temporal 𝐻s variability at different temporal modes (see Fig. 6).

spectrum and the associated 𝐻s are at times also correctly represented
by WAMcurr, contrary to WAMref (see Fig. 12). This is in agreement
with Ardhuin et al. (2012), who also found their wave model capable
of representing the current-induced effects using the same wave dissi-
pation parameterization as in our study. Furthermore, and as shown
explicitly in Appendix, the current forcing can impact the wave field
to a similar degree to that of wind field, and also provide a more
realistic representation of 𝐻s during strong storms (𝑈10 = 35 m s-1,

𝛥𝐻s ∼ 2 m, see Fig. 15d). We find that the largest wave height
modulations in tidal currents occur when waves oppose the current. For
wind sea, the increase in wave heights are due to wave blocking and
energy bunching due to the Doppler shift, whereas refraction is most
important for swell. This is also in agreement with previous work (e.g.
Baschek, 2005; Ardhuin et al., 2012; Masson, 1996; Romero et al.,
2017, 2020). However, deviations between observations and model
results suggest that some wave–current interactions are not properly
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Fig.13.Modelsnapshots(2019-01-24T05UTC)duringafallingtideinMoskstraumen(area7Fig.3),whenthetidalcurrentisheadingwest.Panel(a)showsthecurrentspeed
anddirection(redarrow)andthedominantswellpropagationdirection(whitearrow).Panel(b)show𝛥𝐻swithoverlaidwaverays(blue)correspondingtoeastwardpropagating
swellwith𝑇=12sfromawaveraytracingsolver.

Fig.14.Maximum𝛥𝐻sfortheentirestudyperiod(seeFig.7e)overlaidwiththeareasknowntobeexposedtodangerouswaves(blacksolidlinesfromFig.3)togetherwith
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spectrumandtheassociated𝐻sareattimesalsocorrectlyrepresented
byWAMcurr,contrarytoWAMref(seeFig.12).Thisisinagreement
withArdhuinetal.(2012),whoalsofoundtheirwavemodelcapable
ofrepresentingthecurrent-inducedeffectsusingthesamewavedissi-
pationparameterizationasinourstudy.Furthermore,andasshown
explicitlyinAppendix,thecurrentforcingcanimpactthewavefield
toasimilardegreetothatofwindfield,andalsoprovideamore
realisticrepresentationof𝐻sduringstrongstorms(𝑈10=35ms-1,

𝛥𝐻s∼2m,seeFig.15d).Wefindthatthelargestwaveheight
modulationsintidalcurrentsoccurwhenwavesopposethecurrent.For
windsea,theincreaseinwaveheightsareduetowaveblockingand
energybunchingduetotheDopplershift,whereasrefractionismost
importantforswell.Thisisalsoinagreementwithpreviouswork(e.g.
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Fig. 15. Comparing 𝐻s representation for selected segments in Moskstraumen. Columnwise, panels a-e show a zoomed view on 𝐻s time series for a particular period, with a 2D
𝛥𝐻s snapshot associated with the vertical gray line. Arrows filled with red and white represent the tidal current direction and mean wave propagation direction, respectively. The
approximate mean wind speed, ⟨𝑈10⟩, and maximum current speed, |𝐔|, for each of the snapshots are denoted in each time series panel. Red triangle denotes the location of the
ADCP.

resolved by the wave model, which is expected due to the limitations
of linear theory (Babanin et al., 2017). It is also a reminder of the
inaccuracy of comparing single model grid cells with observations.

As the tidal cycles are well resolved WAMcurr (Fig. 12f), we consider
it valid to extrapolate our analysis from Moskstraumen to other areas
exposed to tidal currents, despite the lack of observations. This is of
particular interest for dangerous wave areas (Fig. 3), and includes
area 3, area 4 (Fig. 10), and the west side of Moskstraumen (Fig. 13)
where we have no in situ measurements. For the latter, the model
inter-comparison reveals an increase in 𝐻s of up to 90% in the study
period.

On longer time scales, WAMcurr qualitatively resolves areas 5 and
6 in the mean (Fig. 7a), but also for single cases (Fig. 11). We find the
ambient current to act as a wave guide such that additional wave trains
gets trapped by the local bathymetry, ultimately leading to increasing
wave heights. The wave and current conditions correspond to what is
reported in the NPG (Den norske los, 2018).

We find the proposed method of mapping the spatio-temporal vari-
ability differences between two runs in a twin experiment to be useful
in identifying regions with intense wave–current interaction (Fig. 6).
The information thus provided complements that from the maps of
𝜎 and RMSE (see Figs. 7b,c) by clearly distinguishing the dominant
spectral regimes at work. When overlaying the most dominant areas in
Fig. 6 with the maximum 𝛥 𝐻s (Fig. 7e) together with the dangerous
waves areas (Fig. 3), we see that those that are exposed to strong tidal
currents stand out (Fig. 14). As all of these areas were characterized
independently in the NPG, i.e. the areas 2–8, we conclude that this
demonstrates the importance of including current forcing in high-
resolution wave models in areas with strong currents. Their use is
two-fold. First, the sort of twin-model runs shown here can be used
to identify areas where the sea state is influenced by strong currents,
and associated gradients. This can best be done by running twin-model
hindcasts over sufficiently long periods and then analyze the difference

fields of the two runs using the methodology presented here. In partic-
ular, mapping the average (Fig. 7) and maximum (Fig. 14) differences
in significant wave height, 𝛥𝐻s, and assessing the associated spectral
distribution through RGB composites (Fig. 6) are efficient ways to
identify such potentially dangerous regions. Secondly, the same method
can be employed for real-time forecasting, as is done operationally at
the Norwegian Meteorological Institute. By providing maps of the wave
height difference from such twin-model forecasts, it is immediately ev-
ident when and where situations with strong wave–current interaction
can be expected.

In area 8 in Vestfjorden, we do not find spiky values in 𝛥𝐻s indi-
cating large waves. However, we do find that WAMcurr reduces the
bias and NRMSE in 𝐻s against altimeter observations (P5 Table 2
and Figs. 5, 7, and 8). For the remainder of the domain, wave height
variations mostly occur on shorter horizontal scales than the Vestfjorden
basin (like P1-P4 in Fig. 5) such that the coarse resolution of Level-
3 altimeter observations (about 7 km) is insufficient to reveal the
differences. Utilizing Level-2 observations using novel filtering meth-
ods, such as Bohlinger et al. (2019) for characterizing wave height
variability will be the focus of future studies.

An area that stands out with strong wave field modulation, which
is not reported in the NPG, is located between area 6 and 7 in Fig. 3.
Our findings show that 𝐸̂𝑡 < 𝐸̂𝑒 (Fig. 14). However, 𝐸̂(M1) is in the
northernmost part similar to that in Moskstraumen (see line 𝑖 Fig. 6).
Further south, the wave field modulation occur on frequencies below
M1, suggesting that refraction due to eddies and whirls dominate.
More field work experiments is needed to properly assess wave–current
interaction in this area.

A limitation in the present study is the use of surface currents and
not taking into account the vertical shear of the currents. Even though
this can be considered a second order effect, it is expected to have an
impact on the wave field (Quinn et al., 2017). On the other hand, tidal
currents are often barotropic (like Moskstraumen see Fig. 7 in OS21),
which justifies the use of surface currents in these areas.
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Fig.15.Comparing𝐻srepresentationforselectedsegmentsinMoskstraumen.Columnwise,panelsa-eshowazoomedviewon𝐻stimeseriesforaparticularperiod,witha2D
𝛥𝐻ssnapshotassociatedwiththeverticalgrayline.Arrowsfilledwithredandwhiterepresentthetidalcurrentdirectionandmeanwavepropagationdirection,respectively.The
approximatemeanwindspeed,⟨𝑈10⟩,andmaximumcurrentspeed,|𝐔|,foreachofthesnapshotsaredenotedineachtimeseriespanel.Redtriangledenotesthelocationofthe
ADCP.

resolvedbythewavemodel,whichisexpectedduetothelimitations
oflineartheory(Babaninetal.,2017).Itisalsoareminderofthe
inaccuracyofcomparingsinglemodelgridcellswithobservations.

AsthetidalcyclesarewellresolvedWAMcurr(Fig.12f),weconsider
itvalidtoextrapolateouranalysisfromMoskstraumentootherareas
exposedtotidalcurrents,despitethelackofobservations.Thisisof
particularinterestfordangerouswaveareas(Fig.3),andincludes
area3,area4(Fig.10),andthewestsideofMoskstraumen(Fig.13)
wherewehavenoinsitumeasurements.Forthelatter,themodel
inter-comparisonrevealsanincreasein𝐻sofupto90%inthestudy
period.

Onlongertimescales,WAMcurrqualitativelyresolvesareas5and
6inthemean(Fig.7a),butalsoforsinglecases(Fig.11).Wefindthe
ambientcurrenttoactasawaveguidesuchthatadditionalwavetrains
getstrappedbythelocalbathymetry,ultimatelyleadingtoincreasing
waveheights.Thewaveandcurrentconditionscorrespondtowhatis
reportedintheNPG(Dennorskelos,2018).

Wefindtheproposedmethodofmappingthespatio-temporalvari-
abilitydifferencesbetweentworunsinatwinexperimenttobeuseful
inidentifyingregionswithintensewave–currentinteraction(Fig.6).
Theinformationthusprovidedcomplementsthatfromthemapsof
𝜎andRMSE(seeFigs.7b,c)byclearlydistinguishingthedominant
spectralregimesatwork.Whenoverlayingthemostdominantareasin
Fig.6withthemaximum𝛥𝐻s(Fig.7e)togetherwiththedangerous
wavesareas(Fig.3),weseethatthosethatareexposedtostrongtidal
currentsstandout(Fig.14).Asalloftheseareaswerecharacterized
independentlyintheNPG,i.e.theareas2–8,weconcludethatthis
demonstratestheimportanceofincludingcurrentforcinginhigh-
resolutionwavemodelsinareaswithstrongcurrents.Theiruseis
two-fold.First,thesortoftwin-modelrunsshownherecanbeused
toidentifyareaswheretheseastateisinfluencedbystrongcurrents,
andassociatedgradients.Thiscanbestbedonebyrunningtwin-model
hindcastsoversufficientlylongperiodsandthenanalyzethedifference

fieldsofthetworunsusingthemethodologypresentedhere.Inpartic-
ular,mappingtheaverage(Fig.7)andmaximum(Fig.14)differences
insignificantwaveheight,𝛥𝐻s,andassessingtheassociatedspectral
distributionthroughRGBcomposites(Fig.6)areefficientwaysto
identifysuchpotentiallydangerousregions.Secondly,thesamemethod
canbeemployedforreal-timeforecasting,asisdoneoperationallyat
theNorwegianMeteorologicalInstitute.Byprovidingmapsofthewave
heightdifferencefromsuchtwin-modelforecasts,itisimmediatelyev-
identwhenandwheresituationswithstrongwave–currentinteraction
canbeexpected.

Inarea8inVestfjorden,wedonotfindspikyvaluesin𝛥𝐻sindi-
catinglargewaves.However,wedofindthatWAMcurrreducesthe
biasandNRMSEin𝐻sagainstaltimeterobservations(P5Table2
andFigs.5,7,and8).Fortheremainderofthedomain,waveheight
variationsmostlyoccuronshorterhorizontalscalesthantheVestfjorden
basin(likeP1-P4inFig.5)suchthatthecoarseresolutionofLevel-
3altimeterobservations(about7km)isinsufficienttorevealthe
differences.UtilizingLevel-2observationsusingnovelfilteringmeth-
ods,suchasBohlingeretal.(2019)forcharacterizingwaveheight
variabilitywillbethefocusoffuturestudies.

Anareathatstandsoutwithstrongwavefieldmodulation,which
isnotreportedintheNPG,islocatedbetweenarea6and7inFig.3.
Ourfindingsshowthat̂𝐸𝑡<̂𝐸𝑒(Fig.14).However,̂𝐸(M1)isinthe
northernmostpartsimilartothatinMoskstraumen(seeline𝑖Fig.6).
Furthersouth,thewavefieldmodulationoccuronfrequenciesbelow
M1,suggestingthatrefractionduetoeddiesandwhirlsdominate.
Morefieldworkexperimentsisneededtoproperlyassesswave–current
interactioninthisarea.

Alimitationinthepresentstudyistheuseofsurfacecurrentsand
nottakingintoaccounttheverticalshearofthecurrents.Eventhough
thiscanbeconsideredasecondordereffect,itisexpectedtohavean
impactonthewavefield(Quinnetal.,2017).Ontheotherhand,tidal
currentsareoftenbarotropic(likeMoskstraumenseeFig.7inOS21),
whichjustifiestheuseofsurfacecurrentsintheseareas.
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interactioninthisarea.

Alimitationinthepresentstudyistheuseofsurfacecurrentsand
nottakingintoaccounttheverticalshearofthecurrents.Eventhough
thiscanbeconsideredasecondordereffect,itisexpectedtohavean
impactonthewavefield(Quinnetal.,2017).Ontheotherhand,tidal
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Fig. 15. Comparing 𝐻s representation for selected segments in Moskstraumen. Columnwise, panels a-e show a zoomed view on 𝐻s time series for a particular period, with a 2D
𝛥𝐻s snapshot associated with the vertical gray line. Arrows filled with red and white represent the tidal current direction and mean wave propagation direction, respectively. The
approximate mean wind speed, ⟨𝑈10⟩, and maximum current speed, |𝐔|, for each of the snapshots are denoted in each time series panel. Red triangle denotes the location of the
ADCP.

resolved by the wave model, which is expected due to the limitations
of linear theory (Babanin et al., 2017). It is also a reminder of the
inaccuracy of comparing single model grid cells with observations.

As the tidal cycles are well resolved WAMcurr (Fig. 12f), we consider
it valid to extrapolate our analysis from Moskstraumen to other areas
exposed to tidal currents, despite the lack of observations. This is of
particular interest for dangerous wave areas (Fig. 3), and includes
area 3, area 4 (Fig. 10), and the west side of Moskstraumen (Fig. 13)
where we have no in situ measurements. For the latter, the model
inter-comparison reveals an increase in 𝐻s of up to 90% in the study
period.

On longer time scales, WAMcurr qualitatively resolves areas 5 and
6 in the mean (Fig. 7a), but also for single cases (Fig. 11). We find the
ambient current to act as a wave guide such that additional wave trains
gets trapped by the local bathymetry, ultimately leading to increasing
wave heights. The wave and current conditions correspond to what is
reported in the NPG (Den norske los, 2018).

We find the proposed method of mapping the spatio-temporal vari-
ability differences between two runs in a twin experiment to be useful
in identifying regions with intense wave–current interaction (Fig. 6).
The information thus provided complements that from the maps of
𝜎 and RMSE (see Figs. 7b,c) by clearly distinguishing the dominant
spectral regimes at work. When overlaying the most dominant areas in
Fig. 6 with the maximum 𝛥 𝐻s (Fig. 7e) together with the dangerous
waves areas (Fig. 3), we see that those that are exposed to strong tidal
currents stand out (Fig. 14). As all of these areas were characterized
independently in the NPG, i.e. the areas 2–8, we conclude that this
demonstrates the importance of including current forcing in high-
resolution wave models in areas with strong currents. Their use is
two-fold. First, the sort of twin-model runs shown here can be used
to identify areas where the sea state is influenced by strong currents,
and associated gradients. This can best be done by running twin-model
hindcasts over sufficiently long periods and then analyze the difference

fields of the two runs using the methodology presented here. In partic-
ular, mapping the average (Fig. 7) and maximum (Fig. 14) differences
in significant wave height, 𝛥𝐻s, and assessing the associated spectral
distribution through RGB composites (Fig. 6) are efficient ways to
identify such potentially dangerous regions. Secondly, the same method
can be employed for real-time forecasting, as is done operationally at
the Norwegian Meteorological Institute. By providing maps of the wave
height difference from such twin-model forecasts, it is immediately ev-
ident when and where situations with strong wave–current interaction
can be expected.

In area 8 in Vestfjorden, we do not find spiky values in 𝛥𝐻s indi-
cating large waves. However, we do find that WAMcurr reduces the
bias and NRMSE in 𝐻s against altimeter observations (P5 Table 2
and Figs. 5, 7, and 8). For the remainder of the domain, wave height
variations mostly occur on shorter horizontal scales than the Vestfjorden
basin (like P1-P4 in Fig. 5) such that the coarse resolution of Level-
3 altimeter observations (about 7 km) is insufficient to reveal the
differences. Utilizing Level-2 observations using novel filtering meth-
ods, such as Bohlinger et al. (2019) for characterizing wave height
variability will be the focus of future studies.

An area that stands out with strong wave field modulation, which
is not reported in the NPG, is located between area 6 and 7 in Fig. 3.
Our findings show that 𝐸̂𝑡 < 𝐸̂𝑒 (Fig. 14). However, 𝐸̂(M1) is in the
northernmost part similar to that in Moskstraumen (see line 𝑖 Fig. 6).
Further south, the wave field modulation occur on frequencies below
M1, suggesting that refraction due to eddies and whirls dominate.
More field work experiments is needed to properly assess wave–current
interaction in this area.

A limitation in the present study is the use of surface currents and
not taking into account the vertical shear of the currents. Even though
this can be considered a second order effect, it is expected to have an
impact on the wave field (Quinn et al., 2017). On the other hand, tidal
currents are often barotropic (like Moskstraumen see Fig. 7 in OS21),
which justifies the use of surface currents in these areas.
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Fig. 15. Comparing 𝐻s representation for selected segments in Moskstraumen. Columnwise, panels a-e show a zoomed view on 𝐻s time series for a particular period, with a 2D
𝛥𝐻s snapshot associated with the vertical gray line. Arrows filled with red and white represent the tidal current direction and mean wave propagation direction, respectively. The
approximate mean wind speed, ⟨𝑈10⟩, and maximum current speed, |𝐔|, for each of the snapshots are denoted in each time series panel. Red triangle denotes the location of the
ADCP.
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Fig.15.Comparing𝐻srepresentationforselectedsegmentsinMoskstraumen.Columnwise,panelsa-eshowazoomedviewon𝐻stimeseriesforaparticularperiod,witha2D
𝛥𝐻ssnapshotassociatedwiththeverticalgrayline.Arrowsfilledwithredandwhiterepresentthetidalcurrentdirectionandmeanwavepropagationdirection,respectively.The
approximatemeanwindspeed,⟨𝑈10⟩,andmaximumcurrentspeed,|𝐔|,foreachofthesnapshotsaredenotedineachtimeseriespanel.Redtriangledenotesthelocationofthe
ADCP.
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inaccuracyofcomparingsinglemodelgridcellswithobservations.
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itvalidtoextrapolateouranalysisfromMoskstraumentootherareas
exposedtotidalcurrents,despitethelackofobservations.Thisisof
particularinterestfordangerouswaveareas(Fig.3),andincludes
area3,area4(Fig.10),andthewestsideofMoskstraumen(Fig.13)
wherewehavenoinsitumeasurements.Forthelatter,themodel
inter-comparisonrevealsanincreasein𝐻sofupto90%inthestudy
period.

Onlongertimescales,WAMcurrqualitativelyresolvesareas5and
6inthemean(Fig.7a),butalsoforsinglecases(Fig.11).Wefindthe
ambientcurrenttoactasawaveguidesuchthatadditionalwavetrains
getstrappedbythelocalbathymetry,ultimatelyleadingtoincreasing
waveheights.Thewaveandcurrentconditionscorrespondtowhatis
reportedintheNPG(Dennorskelos,2018).

Wefindtheproposedmethodofmappingthespatio-temporalvari-
abilitydifferencesbetweentworunsinatwinexperimenttobeuseful
inidentifyingregionswithintensewave–currentinteraction(Fig.6).
Theinformationthusprovidedcomplementsthatfromthemapsof
𝜎andRMSE(seeFigs.7b,c)byclearlydistinguishingthedominant
spectralregimesatwork.Whenoverlayingthemostdominantareasin
Fig.6withthemaximum𝛥𝐻s(Fig.7e)togetherwiththedangerous
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currentsstandout(Fig.14).Asalloftheseareaswerecharacterized
independentlyintheNPG,i.e.theareas2–8,weconcludethatthis
demonstratestheimportanceofincludingcurrentforcinginhigh-
resolutionwavemodelsinareaswithstrongcurrents.Theiruseis
two-fold.First,thesortoftwin-modelrunsshownherecanbeused
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andassociatedgradients.Thiscanbestbedonebyrunningtwin-model
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ular,mappingtheaverage(Fig.7)andmaximum(Fig.14)differences
insignificantwaveheight,𝛥𝐻s,andassessingtheassociatedspectral
distributionthroughRGBcomposites(Fig.6)areefficientwaysto
identifysuchpotentiallydangerousregions.Secondly,thesamemethod
canbeemployedforreal-timeforecasting,asisdoneoperationallyat
theNorwegianMeteorologicalInstitute.Byprovidingmapsofthewave
heightdifferencefromsuchtwin-modelforecasts,itisimmediatelyev-
identwhenandwheresituationswithstrongwave–currentinteraction
canbeexpected.

Inarea8inVestfjorden,wedonotfindspikyvaluesin𝛥𝐻sindi-
catinglargewaves.However,wedofindthatWAMcurrreducesthe
biasandNRMSEin𝐻sagainstaltimeterobservations(P5Table2
andFigs.5,7,and8).Fortheremainderofthedomain,waveheight
variationsmostlyoccuronshorterhorizontalscalesthantheVestfjorden
basin(likeP1-P4inFig.5)suchthatthecoarseresolutionofLevel-
3altimeterobservations(about7km)isinsufficienttorevealthe
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variabilitywillbethefocusoffuturestudies.

Anareathatstandsoutwithstrongwavefieldmodulation,which
isnotreportedintheNPG,islocatedbetweenarea6and7inFig.3.
Ourfindingsshowthat𝐸𝑡<𝐸𝑒(Fig.14).However,𝐸(M1)isinthe
northernmostpartsimilartothatinMoskstraumen(seeline𝑖Fig.6).
Furthersouth,thewavefieldmodulationoccuronfrequenciesbelow
M1,suggestingthatrefractionduetoeddiesandwhirlsdominate.
Morefieldworkexperimentsisneededtoproperlyassesswave–current
interactioninthisarea.
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identwhenandwheresituationswithstrongwave–currentinteraction
canbeexpected.

Inarea8inVestfjorden,wedonotfindspikyvaluesin𝛥𝐻sindi-
catinglargewaves.However,wedofindthatWAMcurrreducesthe
biasandNRMSEin𝐻sagainstaltimeterobservations(P5Table2
andFigs.5,7,and8).Fortheremainderofthedomain,waveheight
variationsmostlyoccuronshorterhorizontalscalesthantheVestfjorden
basin(likeP1-P4inFig.5)suchthatthecoarseresolutionofLevel-
3altimeterobservations(about7km)isinsufficienttorevealthe
differences.UtilizingLevel-2observationsusingnovelfilteringmeth-
ods,suchasBohlingeretal.(2019)forcharacterizingwaveheight
variabilitywillbethefocusoffuturestudies.

Anareathatstandsoutwithstrongwavefieldmodulation,which
isnotreportedintheNPG,islocatedbetweenarea6and7inFig.3.
Ourfindingsshowthat𝐸𝑡<𝐸𝑒(Fig.14).However,𝐸(M1)isinthe
northernmostpartsimilartothatinMoskstraumen(seeline𝑖Fig.6).
Furthersouth,thewavefieldmodulationoccuronfrequenciesbelow
M1,suggestingthatrefractionduetoeddiesandwhirlsdominate.
Morefieldworkexperimentsisneededtoproperlyassesswave–current
interactioninthisarea.

Alimitationinthepresentstudyistheuseofsurfacecurrentsand
nottakingintoaccounttheverticalshearofthecurrents.Eventhough
thiscanbeconsideredasecondordereffect,itisexpectedtohavean
impactonthewavefield(Quinnetal.,2017).Ontheotherhand,tidal
currentsareoftenbarotropic(likeMoskstraumenseeFig.7inOS21),
whichjustifiestheuseofsurfacecurrentsintheseareas.
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Fig.15.Comparing𝐻srepresentationforselectedsegmentsinMoskstraumen.Columnwise,panelsa-eshowazoomedviewon𝐻stimeseriesforaparticularperiod,witha2D
𝛥𝐻ssnapshotassociatedwiththeverticalgrayline.Arrowsfilledwithredandwhiterepresentthetidalcurrentdirectionandmeanwavepropagationdirection,respectively.The
approximatemeanwindspeed,⟨𝑈10⟩,andmaximumcurrentspeed,|𝐔|,foreachofthesnapshotsaredenotedineachtimeseriespanel.Redtriangledenotesthelocationofthe
ADCP.

resolvedbythewavemodel,whichisexpectedduetothelimitations
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inaccuracyofcomparingsinglemodelgridcellswithobservations.

AsthetidalcyclesarewellresolvedWAMcurr(Fig.12f),weconsider
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exposedtotidalcurrents,despitethelackofobservations.Thisisof
particularinterestfordangerouswaveareas(Fig.3),andincludes
area3,area4(Fig.10),andthewestsideofMoskstraumen(Fig.13)
wherewehavenoinsitumeasurements.Forthelatter,themodel
inter-comparisonrevealsanincreasein𝐻sofupto90%inthestudy
period.

Onlongertimescales,WAMcurrqualitativelyresolvesareas5and
6inthemean(Fig.7a),butalsoforsinglecases(Fig.11).Wefindthe
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getstrappedbythelocalbathymetry,ultimatelyleadingtoincreasing
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demonstratestheimportanceofincludingcurrentforcinginhigh-
resolutionwavemodelsinareaswithstrongcurrents.Theiruseis
two-fold.First,thesortoftwin-modelrunsshownherecanbeused
toidentifyareaswheretheseastateisinfluencedbystrongcurrents,
andassociatedgradients.Thiscanbestbedonebyrunningtwin-model
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To summarize, five out of seven areas known for dangerous waves
are qualitatively resolved in WAMcurr in terms of increased wave
heights (i.e. 3–7 Fig. 14). For these areas, the dominating cause leading
to wave growth agrees with the reports in the NPG. The two remaining
areas, i.e. 2 and 8, WAMcurr does neither indicate situations with
particularly large waves in our study period, nor does it imply large,
local horizontal wave height gradients. Nevertheless, the large mean
relative 𝐻s increase in Vestfjorden together with the bias reduction
against altimeter observations show that the wave field representation
in this region is improved in WAMcurr.

Based on the results and the discussion above we argue that current
forcing should be included in wave forecasts in our study region.
In particular tidal currents as they enforce the largest wave field
variability and makes a large impact on the wave heights. Spectral
wave models have for decades proven to yield good predictions of the
sea state, including under extreme storm events (Aarnes et al., 2012).
However, with the advent of high-resolution operational ocean models
capable of faithfully resolving the tidal and baroclinic current field, the
modulation of the wave field by spatially varying currents should also
be taken into account.

5. Conclusion

In a twin wave model study in Northern Norway we have inves-
tigated the impact of current forcing in spectral wave models. This
is an area exposed to waves from the open ocean, and an ocean
circulation which is dominated by tides and energetic currents with
associated eddies. We find the wave model with current forcing to
qualitatively resolve several areas that are reported in the Norwegian
Pilot Guide for their large, and sometimes dangerous, waves due to
intense wave–current interaction. This is in contrast to the wave model
without current forcing. The dominating physical mechanism leading
to increased wave heights also correspond to the reports in the Pilot
Guide. Further to this, our results indicate that some areas undergo
strong wave height modulations, which are not reported in the Pilot
Guide.

We find the proposed diagnostic method for mapping temporal
variability in twin model experiments to be convenient in analyzing
regions dominated by ocean dynamics on different time scales. It is
easy to implement and simple to adjust in terms of frequency ranges
of interest. In this work we focused mainly on the modulation of the
significant wave height.

Tidal currents induce the largest absolute wave height discrepancies
between the two model runs. We find the magnitude and phase in wave
height variability to be well represented in Moskstraumen, which is one
of the world’s strongest tidal currents in the open ocean. Here, we find
wave height deviations between the twin model runs up to 50% to
corroborate with observations. Furthermore, and in absence of direct
observations, we find inter model 𝐻s differences up to 90% in tidal
currents.

Maximum relative wave height discrepancies were found in areas
sheltered from the open ocean and with less energetic currents, like
Vestfjorden. Here, we find a better correspondence between altimeter
observations of 𝐻s and the wave model predictions with current forc-
ing. Refraction and advection of wave action reduces the bias and RMSE
by up to 16% and 18%, respectively, for specific periods. The spatial
extent of Vestfjorden is also large enough to be sufficiently resolved by
conventional Level-3 altimeter observations.

Inclusion of current forcing is still uncommon at operational cen-
ters (Palmer and Saulter, 2016; Staneva et al., 2015; Kanarik et al.,
2021; Rapizo et al., 2018). We would suggest to include current forcing
in the wave forecast models covering Northern Norway. Particularly
in areas with strong tidal currents, the current forcing enforce an
improved representation of the wave field for the end users.
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Appendix. Additional selected cases in Moskstraumen

Five additional segments to Section 3.3.3 concerning the impact of
Moskstraumen on the wave field are presented in Fig. 15. All during
rising tide, i.e. with an eastward oriented current. In Fig. 15a, 𝐻s
increases as wind waves meet an opposing current. Prior to this model
snapshot, the 𝐻s observations are invalid due to the tilt of the ADCP,
here indicated by the missing line in the time series panel. Nevertheless,
as the current speed starts decreasing, there is a good agreement
between the observations and 𝐻s predicted by WAMcurr during max-
imum current speed. Otherwise, WAMref is actually closer. There are,
however, large horizontal gradients in 𝛥𝐻s as is evident from the two-
dimensional (2D) views (lower panels in Fig. 15). Thus, comparing
instead with neighboring grid points yielded slightly different results,
except near the peak (not shown). Similarly, the event in Fig. 15c is
also exposed to opposing wind waves and currents. The first and last
peak in 𝐻s are resolved by WAMcurr but not by WAMref.

For the event in Fig. 15b, both wave model runs predict a strong,
large-scale gradient in 𝐻s between the west (5 m) and east side (2 m)
of the Moskens Sound (not shown). There is also a shear in the ocean
current between the tidal current heading eastward, and a current
following the coast west off Lofotodden, ending in a clockwise rotating
eddy. The area sees frequent generation of eddies and dipoles due to the
tidal current (see Fig. 9 OS21 and Fig. 8 Børve et al., 2021). The positive
Doppler shift due to the wave-following tidal current stretches the
waves and increases the wave period, with an accompanied decrease
in wave amplitude in WAMcurr. Waves are also advected both by the
tidal current and the NCC, giving rise to a region where wave action
density accumulates. In addition, when escaping the tidal current, the
waves experience a negative Doppler shift and thus an increase energy,
as also reported by Romero et al. (2017).

The most extreme wave conditions in the study period occurred in
late February, with𝐻s modeled to be around 9 m and 11 m by WAMcurr
and WAMref, respectively (Fig. 15d). The observations were just below
8.5 m. The tidal current, although weaker than in the other cases, was
oriented in the same overall direction as the waves, giving a strong
reduction in 𝐻s within the branch of the tidal current (negative 𝛥𝐻s
region in Fig. 15d). There is an increase in 𝐻s towards the coast, most
likely due to refraction since the current speed is weaker towards the
coast (Palmer and Saulter, 2016).

For the last event, the current exceeded 2 m s-1 and the wind speed
was below 10 m s-1 heading north-west (Fig. 15e). Between the two
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Tosummarize,fiveoutofsevenareasknownfordangerouswaves
arequalitativelyresolvedinWAMcurrintermsofincreasedwave
heights(i.e.3–7Fig.14).Fortheseareas,thedominatingcauseleading
towavegrowthagreeswiththereportsintheNPG.Thetworemaining
areas,i.e.2and8,WAMcurrdoesneitherindicatesituationswith
particularlylargewavesinourstudyperiod,nordoesitimplylarge,
localhorizontalwaveheightgradients.Nevertheless,thelargemean
relative𝐻sincreaseinVestfjordentogetherwiththebiasreduction
againstaltimeterobservationsshowthatthewavefieldrepresentation
inthisregionisimprovedinWAMcurr.

Basedontheresultsandthediscussionabovewearguethatcurrent
forcingshouldbeincludedinwaveforecastsinourstudyregion.
Inparticulartidalcurrentsastheyenforcethelargestwavefield
variabilityandmakesalargeimpactonthewaveheights.Spectral
wavemodelshavefordecadesproventoyieldgoodpredictionsofthe
seastate,includingunderextremestormevents(Aarnesetal.,2012).
However,withtheadventofhigh-resolutionoperationaloceanmodels
capableoffaithfullyresolvingthetidalandbarocliniccurrentfield,the
modulationofthewavefieldbyspatiallyvaryingcurrentsshouldalso
betakenintoaccount.

5.Conclusion

InatwinwavemodelstudyinNorthernNorwaywehaveinves-
tigatedtheimpactofcurrentforcinginspectralwavemodels.This
isanareaexposedtowavesfromtheopenocean,andanocean
circulationwhichisdominatedbytidesandenergeticcurrentswith
associatededdies.Wefindthewavemodelwithcurrentforcingto
qualitativelyresolveseveralareasthatarereportedintheNorwegian
PilotGuidefortheirlarge,andsometimesdangerous,wavesdueto
intensewave–currentinteraction.Thisisincontrasttothewavemodel
withoutcurrentforcing.Thedominatingphysicalmechanismleading
toincreasedwaveheightsalsocorrespondtothereportsinthePilot
Guide.Furthertothis,ourresultsindicatethatsomeareasundergo
strongwaveheightmodulations,whicharenotreportedinthePilot
Guide.

Wefindtheproposeddiagnosticmethodformappingtemporal
variabilityintwinmodelexperimentstobeconvenientinanalyzing
regionsdominatedbyoceandynamicsondifferenttimescales.Itis
easytoimplementandsimpletoadjustintermsoffrequencyranges
ofinterest.Inthisworkwefocusedmainlyonthemodulationofthe
significantwaveheight.

Tidalcurrentsinducethelargestabsolutewaveheightdiscrepancies
betweenthetwomodelruns.Wefindthemagnitudeandphaseinwave
heightvariabilitytobewellrepresentedinMoskstraumen,whichisone
oftheworld’sstrongesttidalcurrentsintheopenocean.Here,wefind
waveheightdeviationsbetweenthetwinmodelrunsupto50%to
corroboratewithobservations.Furthermore,andinabsenceofdirect
observations,wefindintermodel𝐻sdifferencesupto90%intidal
currents.

Maximumrelativewaveheightdiscrepancieswerefoundinareas
shelteredfromtheopenoceanandwithlessenergeticcurrents,like
Vestfjorden.Here,wefindabettercorrespondencebetweenaltimeter
observationsof𝐻sandthewavemodelpredictionswithcurrentforc-
ing.RefractionandadvectionofwaveactionreducesthebiasandRMSE
byupto16%and18%,respectively,forspecificperiods.Thespatial
extentofVestfjordenisalsolargeenoughtobesufficientlyresolvedby
conventionalLevel-3altimeterobservations.

Inclusionofcurrentforcingisstilluncommonatoperationalcen-
ters(PalmerandSaulter,2016;Stanevaetal.,2015;Kanariketal.,
2021;Rapizoetal.,2018).Wewouldsuggesttoincludecurrentforcing
inthewaveforecastmodelscoveringNorthernNorway.Particularly
inareaswithstrongtidalcurrents,thecurrentforcingenforcean
improvedrepresentationofthewavefieldfortheendusers.
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Appendix.AdditionalselectedcasesinMoskstraumen

FiveadditionalsegmentstoSection3.3.3concerningtheimpactof
MoskstraumenonthewavefieldarepresentedinFig.15.Allduring
risingtide,i.e.withaneastwardorientedcurrent.InFig.15a,𝐻s
increasesaswindwavesmeetanopposingcurrent.Priortothismodel
snapshot,the𝐻sobservationsareinvalidduetothetiltoftheADCP,
hereindicatedbythemissinglineinthetimeseriespanel.Nevertheless,
asthecurrentspeedstartsdecreasing,thereisagoodagreement
betweentheobservationsand𝐻spredictedbyWAMcurrduringmax-
imumcurrentspeed.Otherwise,WAMrefisactuallycloser.Thereare,
however,largehorizontalgradientsin𝛥𝐻sasisevidentfromthetwo-
dimensional(2D)views(lowerpanelsinFig.15).Thus,comparing
insteadwithneighboringgridpointsyieldedslightlydifferentresults,
exceptnearthepeak(notshown).Similarly,theeventinFig.15cis
alsoexposedtoopposingwindwavesandcurrents.Thefirstandlast
peakin𝐻sareresolvedbyWAMcurrbutnotbyWAMref.

FortheeventinFig.15b,bothwavemodelrunspredictastrong,
large-scalegradientin𝐻sbetweenthewest(5m)andeastside(2m)
oftheMoskensSound(notshown).Thereisalsoashearintheocean
currentbetweenthetidalcurrentheadingeastward,andacurrent
followingthecoastwestoffLofotodden,endinginaclockwiserotating
eddy.Theareaseesfrequentgenerationofeddiesanddipolesduetothe
tidalcurrent(seeFig.9OS21andFig.8Børveetal.,2021).Thepositive
Dopplershiftduetothewave-followingtidalcurrentstretchesthe
wavesandincreasesthewaveperiod,withanaccompanieddecrease
inwaveamplitudeinWAMcurr.Wavesarealsoadvectedbothbythe
tidalcurrentandtheNCC,givingrisetoaregionwherewaveaction
densityaccumulates.Inaddition,whenescapingthetidalcurrent,the
wavesexperienceanegativeDopplershiftandthusanincreaseenergy,
asalsoreportedbyRomeroetal.(2017).

Themostextremewaveconditionsinthestudyperiodoccurredin
lateFebruary,with𝐻smodeledtobearound9mand11mbyWAMcurr
andWAMref,respectively(Fig.15d).Theobservationswerejustbelow
8.5m.Thetidalcurrent,althoughweakerthanintheothercases,was
orientedinthesameoveralldirectionasthewaves,givingastrong
reductionin𝐻swithinthebranchofthetidalcurrent(negative𝛥𝐻s
regioninFig.15d).Thereisanincreasein𝐻stowardsthecoast,most
likelyduetorefractionsincethecurrentspeedisweakertowardsthe
coast(PalmerandSaulter,2016).

Forthelastevent,thecurrentexceeded2ms-1andthewindspeed
wasbelow10ms-1headingnorth-west(Fig.15e).Betweenthetwo
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PilotGuidefortheirlarge,andsometimesdangerous,wavesdueto
intensewave–currentinteraction.Thisisincontrasttothewavemodel
withoutcurrentforcing.Thedominatingphysicalmechanismleading
toincreasedwaveheightsalsocorrespondtothereportsinthePilot
Guide.Furthertothis,ourresultsindicatethatsomeareasundergo
strongwaveheightmodulations,whicharenotreportedinthePilot
Guide.

Wefindtheproposeddiagnosticmethodformappingtemporal
variabilityintwinmodelexperimentstobeconvenientinanalyzing
regionsdominatedbyoceandynamicsondifferenttimescales.Itis
easytoimplementandsimpletoadjustintermsoffrequencyranges
ofinterest.Inthisworkwefocusedmainlyonthemodulationofthe
significantwaveheight.

Tidalcurrentsinducethelargestabsolutewaveheightdiscrepancies
betweenthetwomodelruns.Wefindthemagnitudeandphaseinwave
heightvariabilitytobewellrepresentedinMoskstraumen,whichisone
oftheworld’sstrongesttidalcurrentsintheopenocean.Here,wefind
waveheightdeviationsbetweenthetwinmodelrunsupto50%to
corroboratewithobservations.Furthermore,andinabsenceofdirect
observations,wefindintermodel𝐻sdifferencesupto90%intidal
currents.

Maximumrelativewaveheightdiscrepancieswerefoundinareas
shelteredfromtheopenoceanandwithlessenergeticcurrents,like
Vestfjorden.Here,wefindabettercorrespondencebetweenaltimeter
observationsof𝐻sandthewavemodelpredictionswithcurrentforc-
ing.RefractionandadvectionofwaveactionreducesthebiasandRMSE
byupto16%and18%,respectively,forspecificperiods.Thespatial
extentofVestfjordenisalsolargeenoughtobesufficientlyresolvedby
conventionalLevel-3altimeterobservations.

Inclusionofcurrentforcingisstilluncommonatoperationalcen-
ters(PalmerandSaulter,2016;Stanevaetal.,2015;Kanariketal.,
2021;Rapizoetal.,2018).Wewouldsuggesttoincludecurrentforcing
inthewaveforecastmodelscoveringNorthernNorway.Particularly
inareaswithstrongtidalcurrents,thecurrentforcingenforcean
improvedrepresentationofthewavefieldfortheendusers.
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Appendix.AdditionalselectedcasesinMoskstraumen

FiveadditionalsegmentstoSection3.3.3concerningtheimpactof
MoskstraumenonthewavefieldarepresentedinFig.15.Allduring
risingtide,i.e.withaneastwardorientedcurrent.InFig.15a,𝐻s
increasesaswindwavesmeetanopposingcurrent.Priortothismodel
snapshot,the𝐻sobservationsareinvalidduetothetiltoftheADCP,
hereindicatedbythemissinglineinthetimeseriespanel.Nevertheless,
asthecurrentspeedstartsdecreasing,thereisagoodagreement
betweentheobservationsand𝐻spredictedbyWAMcurrduringmax-
imumcurrentspeed.Otherwise,WAMrefisactuallycloser.Thereare,
however,largehorizontalgradientsin𝛥𝐻sasisevidentfromthetwo-
dimensional(2D)views(lowerpanelsinFig.15).Thus,comparing
insteadwithneighboringgridpointsyieldedslightlydifferentresults,
exceptnearthepeak(notshown).Similarly,theeventinFig.15cis
alsoexposedtoopposingwindwavesandcurrents.Thefirstandlast
peakin𝐻sareresolvedbyWAMcurrbutnotbyWAMref.

FortheeventinFig.15b,bothwavemodelrunspredictastrong,
large-scalegradientin𝐻sbetweenthewest(5m)andeastside(2m)
oftheMoskensSound(notshown).Thereisalsoashearintheocean
currentbetweenthetidalcurrentheadingeastward,andacurrent
followingthecoastwestoffLofotodden,endinginaclockwiserotating
eddy.Theareaseesfrequentgenerationofeddiesanddipolesduetothe
tidalcurrent(seeFig.9OS21andFig.8Børveetal.,2021).Thepositive
Dopplershiftduetothewave-followingtidalcurrentstretchesthe
wavesandincreasesthewaveperiod,withanaccompanieddecrease
inwaveamplitudeinWAMcurr.Wavesarealsoadvectedbothbythe
tidalcurrentandtheNCC,givingrisetoaregionwherewaveaction
densityaccumulates.Inaddition,whenescapingthetidalcurrent,the
wavesexperienceanegativeDopplershiftandthusanincreaseenergy,
asalsoreportedbyRomeroetal.(2017).

Themostextremewaveconditionsinthestudyperiodoccurredin
lateFebruary,with𝐻smodeledtobearound9mand11mbyWAMcurr
andWAMref,respectively(Fig.15d).Theobservationswerejustbelow
8.5m.Thetidalcurrent,althoughweakerthanintheothercases,was
orientedinthesameoveralldirectionasthewaves,givingastrong
reductionin𝐻swithinthebranchofthetidalcurrent(negative𝛥𝐻s
regioninFig.15d).Thereisanincreasein𝐻stowardsthecoast,most
likelyduetorefractionsincethecurrentspeedisweakertowardsthe
coast(PalmerandSaulter,2016).

Forthelastevent,thecurrentexceeded2ms-1andthewindspeed
wasbelow10ms-1headingnorth-west(Fig.15e).Betweenthetwo
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To summarize, five out of seven areas known for dangerous waves
are qualitatively resolved in WAMcurr in terms of increased wave
heights (i.e. 3–7 Fig. 14). For these areas, the dominating cause leading
to wave growth agrees with the reports in the NPG. The two remaining
areas, i.e. 2 and 8, WAMcurr does neither indicate situations with
particularly large waves in our study period, nor does it imply large,
local horizontal wave height gradients. Nevertheless, the large mean
relative 𝐻s increase in Vestfjorden together with the bias reduction
against altimeter observations show that the wave field representation
in this region is improved in WAMcurr.

Based on the results and the discussion above we argue that current
forcing should be included in wave forecasts in our study region.
In particular tidal currents as they enforce the largest wave field
variability and makes a large impact on the wave heights. Spectral
wave models have for decades proven to yield good predictions of the
sea state, including under extreme storm events (Aarnes et al., 2012).
However, with the advent of high-resolution operational ocean models
capable of faithfully resolving the tidal and baroclinic current field, the
modulation of the wave field by spatially varying currents should also
be taken into account.

5. Conclusion

In a twin wave model study in Northern Norway we have inves-
tigated the impact of current forcing in spectral wave models. This
is an area exposed to waves from the open ocean, and an ocean
circulation which is dominated by tides and energetic currents with
associated eddies. We find the wave model with current forcing to
qualitatively resolve several areas that are reported in the Norwegian
Pilot Guide for their large, and sometimes dangerous, waves due to
intense wave–current interaction. This is in contrast to the wave model
without current forcing. The dominating physical mechanism leading
to increased wave heights also correspond to the reports in the Pilot
Guide. Further to this, our results indicate that some areas undergo
strong wave height modulations, which are not reported in the Pilot
Guide.

We find the proposed diagnostic method for mapping temporal
variability in twin model experiments to be convenient in analyzing
regions dominated by ocean dynamics on different time scales. It is
easy to implement and simple to adjust in terms of frequency ranges
of interest. In this work we focused mainly on the modulation of the
significant wave height.

Tidal currents induce the largest absolute wave height discrepancies
between the two model runs. We find the magnitude and phase in wave
height variability to be well represented in Moskstraumen, which is one
of the world’s strongest tidal currents in the open ocean. Here, we find
wave height deviations between the twin model runs up to 50% to
corroborate with observations. Furthermore, and in absence of direct
observations, we find inter model 𝐻s differences up to 90% in tidal
currents.

Maximum relative wave height discrepancies were found in areas
sheltered from the open ocean and with less energetic currents, like
Vestfjorden. Here, we find a better correspondence between altimeter
observations of 𝐻s and the wave model predictions with current forc-
ing. Refraction and advection of wave action reduces the bias and RMSE
by up to 16% and 18%, respectively, for specific periods. The spatial
extent of Vestfjorden is also large enough to be sufficiently resolved by
conventional Level-3 altimeter observations.

Inclusion of current forcing is still uncommon at operational cen-
ters (Palmer and Saulter, 2016; Staneva et al., 2015; Kanarik et al.,
2021; Rapizo et al., 2018). We would suggest to include current forcing
in the wave forecast models covering Northern Norway. Particularly
in areas with strong tidal currents, the current forcing enforce an
improved representation of the wave field for the end users.
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Appendix. Additional selected cases in Moskstraumen

Five additional segments to Section 3.3.3 concerning the impact of
Moskstraumen on the wave field are presented in Fig. 15. All during
rising tide, i.e. with an eastward oriented current. In Fig. 15a, 𝐻s
increases as wind waves meet an opposing current. Prior to this model
snapshot, the 𝐻s observations are invalid due to the tilt of the ADCP,
here indicated by the missing line in the time series panel. Nevertheless,
as the current speed starts decreasing, there is a good agreement
between the observations and 𝐻s predicted by WAMcurr during max-
imum current speed. Otherwise, WAMref is actually closer. There are,
however, large horizontal gradients in 𝛥𝐻s as is evident from the two-
dimensional (2D) views (lower panels in Fig. 15). Thus, comparing
instead with neighboring grid points yielded slightly different results,
except near the peak (not shown). Similarly, the event in Fig. 15c is
also exposed to opposing wind waves and currents. The first and last
peak in 𝐻s are resolved by WAMcurr but not by WAMref.

For the event in Fig. 15b, both wave model runs predict a strong,
large-scale gradient in 𝐻s between the west (5 m) and east side (2 m)
of the Moskens Sound (not shown). There is also a shear in the ocean
current between the tidal current heading eastward, and a current
following the coast west off Lofotodden, ending in a clockwise rotating
eddy. The area sees frequent generation of eddies and dipoles due to the
tidal current (see Fig. 9 OS21 and Fig. 8 Børve et al., 2021). The positive
Doppler shift due to the wave-following tidal current stretches the
waves and increases the wave period, with an accompanied decrease
in wave amplitude in WAMcurr. Waves are also advected both by the
tidal current and the NCC, giving rise to a region where wave action
density accumulates. In addition, when escaping the tidal current, the
waves experience a negative Doppler shift and thus an increase energy,
as also reported by Romero et al. (2017).

The most extreme wave conditions in the study period occurred in
late February, with𝐻s modeled to be around 9 m and 11 m by WAMcurr
and WAMref, respectively (Fig. 15d). The observations were just below
8.5 m. The tidal current, although weaker than in the other cases, was
oriented in the same overall direction as the waves, giving a strong
reduction in 𝐻s within the branch of the tidal current (negative 𝛥𝐻s
region in Fig. 15d). There is an increase in 𝐻s towards the coast, most
likely due to refraction since the current speed is weaker towards the
coast (Palmer and Saulter, 2016).

For the last event, the current exceeded 2 m s-1 and the wind speed
was below 10 m s-1 heading north-west (Fig. 15e). Between the two
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To summarize, five out of seven areas known for dangerous waves
are qualitatively resolved in WAMcurr in terms of increased wave
heights (i.e. 3–7 Fig. 14). For these areas, the dominating cause leading
to wave growth agrees with the reports in the NPG. The two remaining
areas, i.e. 2 and 8, WAMcurr does neither indicate situations with
particularly large waves in our study period, nor does it imply large,
local horizontal wave height gradients. Nevertheless, the large mean
relative 𝐻s increase in Vestfjorden together with the bias reduction
against altimeter observations show that the wave field representation
in this region is improved in WAMcurr.

Based on the results and the discussion above we argue that current
forcing should be included in wave forecasts in our study region.
In particular tidal currents as they enforce the largest wave field
variability and makes a large impact on the wave heights. Spectral
wave models have for decades proven to yield good predictions of the
sea state, including under extreme storm events (Aarnes et al., 2012).
However, with the advent of high-resolution operational ocean models
capable of faithfully resolving the tidal and baroclinic current field, the
modulation of the wave field by spatially varying currents should also
be taken into account.

5. Conclusion

In a twin wave model study in Northern Norway we have inves-
tigated the impact of current forcing in spectral wave models. This
is an area exposed to waves from the open ocean, and an ocean
circulation which is dominated by tides and energetic currents with
associated eddies. We find the wave model with current forcing to
qualitatively resolve several areas that are reported in the Norwegian
Pilot Guide for their large, and sometimes dangerous, waves due to
intense wave–current interaction. This is in contrast to the wave model
without current forcing. The dominating physical mechanism leading
to increased wave heights also correspond to the reports in the Pilot
Guide. Further to this, our results indicate that some areas undergo
strong wave height modulations, which are not reported in the Pilot
Guide.

We find the proposed diagnostic method for mapping temporal
variability in twin model experiments to be convenient in analyzing
regions dominated by ocean dynamics on different time scales. It is
easy to implement and simple to adjust in terms of frequency ranges
of interest. In this work we focused mainly on the modulation of the
significant wave height.

Tidal currents induce the largest absolute wave height discrepancies
between the two model runs. We find the magnitude and phase in wave
height variability to be well represented in Moskstraumen, which is one
of the world’s strongest tidal currents in the open ocean. Here, we find
wave height deviations between the twin model runs up to 50% to
corroborate with observations. Furthermore, and in absence of direct
observations, we find inter model 𝐻s differences up to 90% in tidal
currents.

Maximum relative wave height discrepancies were found in areas
sheltered from the open ocean and with less energetic currents, like
Vestfjorden. Here, we find a better correspondence between altimeter
observations of 𝐻s and the wave model predictions with current forc-
ing. Refraction and advection of wave action reduces the bias and RMSE
by up to 16% and 18%, respectively, for specific periods. The spatial
extent of Vestfjorden is also large enough to be sufficiently resolved by
conventional Level-3 altimeter observations.

Inclusion of current forcing is still uncommon at operational cen-
ters (Palmer and Saulter, 2016; Staneva et al., 2015; Kanarik et al.,
2021; Rapizo et al., 2018). We would suggest to include current forcing
in the wave forecast models covering Northern Norway. Particularly
in areas with strong tidal currents, the current forcing enforce an
improved representation of the wave field for the end users.
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Appendix. Additional selected cases in Moskstraumen

Five additional segments to Section 3.3.3 concerning the impact of
Moskstraumen on the wave field are presented in Fig. 15. All during
rising tide, i.e. with an eastward oriented current. In Fig. 15a, 𝐻s
increases as wind waves meet an opposing current. Prior to this model
snapshot, the 𝐻s observations are invalid due to the tilt of the ADCP,
here indicated by the missing line in the time series panel. Nevertheless,
as the current speed starts decreasing, there is a good agreement
between the observations and 𝐻s predicted by WAMcurr during max-
imum current speed. Otherwise, WAMref is actually closer. There are,
however, large horizontal gradients in 𝛥𝐻s as is evident from the two-
dimensional (2D) views (lower panels in Fig. 15). Thus, comparing
instead with neighboring grid points yielded slightly different results,
except near the peak (not shown). Similarly, the event in Fig. 15c is
also exposed to opposing wind waves and currents. The first and last
peak in 𝐻s are resolved by WAMcurr but not by WAMref.

For the event in Fig. 15b, both wave model runs predict a strong,
large-scale gradient in 𝐻s between the west (5 m) and east side (2 m)
of the Moskens Sound (not shown). There is also a shear in the ocean
current between the tidal current heading eastward, and a current
following the coast west off Lofotodden, ending in a clockwise rotating
eddy. The area sees frequent generation of eddies and dipoles due to the
tidal current (see Fig. 9 OS21 and Fig. 8 Børve et al., 2021). The positive
Doppler shift due to the wave-following tidal current stretches the
waves and increases the wave period, with an accompanied decrease
in wave amplitude in WAMcurr. Waves are also advected both by the
tidal current and the NCC, giving rise to a region where wave action
density accumulates. In addition, when escaping the tidal current, the
waves experience a negative Doppler shift and thus an increase energy,
as also reported by Romero et al. (2017).

The most extreme wave conditions in the study period occurred in
late February, with𝐻s modeled to be around 9 m and 11 m by WAMcurr
and WAMref, respectively (Fig. 15d). The observations were just below
8.5 m. The tidal current, although weaker than in the other cases, was
oriented in the same overall direction as the waves, giving a strong
reduction in 𝐻s within the branch of the tidal current (negative 𝛥𝐻s
region in Fig. 15d). There is an increase in 𝐻s towards the coast, most
likely due to refraction since the current speed is weaker towards the
coast (Palmer and Saulter, 2016).

For the last event, the current exceeded 2 m s-1 and the wind speed
was below 10 m s-1 heading north-west (Fig. 15e). Between the two
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Tosummarize,fiveoutofsevenareasknownfordangerouswaves
arequalitativelyresolvedinWAMcurrintermsofincreasedwave
heights(i.e.3–7Fig.14).Fortheseareas,thedominatingcauseleading
towavegrowthagreeswiththereportsintheNPG.Thetworemaining
areas,i.e.2and8,WAMcurrdoesneitherindicatesituationswith
particularlylargewavesinourstudyperiod,nordoesitimplylarge,
localhorizontalwaveheightgradients.Nevertheless,thelargemean
relative𝐻sincreaseinVestfjordentogetherwiththebiasreduction
againstaltimeterobservationsshowthatthewavefieldrepresentation
inthisregionisimprovedinWAMcurr.

Basedontheresultsandthediscussionabovewearguethatcurrent
forcingshouldbeincludedinwaveforecastsinourstudyregion.
Inparticulartidalcurrentsastheyenforcethelargestwavefield
variabilityandmakesalargeimpactonthewaveheights.Spectral
wavemodelshavefordecadesproventoyieldgoodpredictionsofthe
seastate,includingunderextremestormevents(Aarnesetal.,2012).
However,withtheadventofhigh-resolutionoperationaloceanmodels
capableoffaithfullyresolvingthetidalandbarocliniccurrentfield,the
modulationofthewavefieldbyspatiallyvaryingcurrentsshouldalso
betakenintoaccount.

5.Conclusion

InatwinwavemodelstudyinNorthernNorwaywehaveinves-
tigatedtheimpactofcurrentforcinginspectralwavemodels.This
isanareaexposedtowavesfromtheopenocean,andanocean
circulationwhichisdominatedbytidesandenergeticcurrentswith
associatededdies.Wefindthewavemodelwithcurrentforcingto
qualitativelyresolveseveralareasthatarereportedintheNorwegian
PilotGuidefortheirlarge,andsometimesdangerous,wavesdueto
intensewave–currentinteraction.Thisisincontrasttothewavemodel
withoutcurrentforcing.Thedominatingphysicalmechanismleading
toincreasedwaveheightsalsocorrespondtothereportsinthePilot
Guide.Furthertothis,ourresultsindicatethatsomeareasundergo
strongwaveheightmodulations,whicharenotreportedinthePilot
Guide.

Wefindtheproposeddiagnosticmethodformappingtemporal
variabilityintwinmodelexperimentstobeconvenientinanalyzing
regionsdominatedbyoceandynamicsondifferenttimescales.Itis
easytoimplementandsimpletoadjustintermsoffrequencyranges
ofinterest.Inthisworkwefocusedmainlyonthemodulationofthe
significantwaveheight.

Tidalcurrentsinducethelargestabsolutewaveheightdiscrepancies
betweenthetwomodelruns.Wefindthemagnitudeandphaseinwave
heightvariabilitytobewellrepresentedinMoskstraumen,whichisone
oftheworld’sstrongesttidalcurrentsintheopenocean.Here,wefind
waveheightdeviationsbetweenthetwinmodelrunsupto50%to
corroboratewithobservations.Furthermore,andinabsenceofdirect
observations,wefindintermodel𝐻sdifferencesupto90%intidal
currents.

Maximumrelativewaveheightdiscrepancieswerefoundinareas
shelteredfromtheopenoceanandwithlessenergeticcurrents,like
Vestfjorden.Here,wefindabettercorrespondencebetweenaltimeter
observationsof𝐻sandthewavemodelpredictionswithcurrentforc-
ing.RefractionandadvectionofwaveactionreducesthebiasandRMSE
byupto16%and18%,respectively,forspecificperiods.Thespatial
extentofVestfjordenisalsolargeenoughtobesufficientlyresolvedby
conventionalLevel-3altimeterobservations.

Inclusionofcurrentforcingisstilluncommonatoperationalcen-
ters(PalmerandSaulter,2016;Stanevaetal.,2015;Kanariketal.,
2021;Rapizoetal.,2018).Wewouldsuggesttoincludecurrentforcing
inthewaveforecastmodelscoveringNorthernNorway.Particularly
inareaswithstrongtidalcurrents,thecurrentforcingenforcean
improvedrepresentationofthewavefieldfortheendusers.
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Appendix.AdditionalselectedcasesinMoskstraumen

FiveadditionalsegmentstoSection3.3.3concerningtheimpactof
MoskstraumenonthewavefieldarepresentedinFig.15.Allduring
risingtide,i.e.withaneastwardorientedcurrent.InFig.15a,𝐻s
increasesaswindwavesmeetanopposingcurrent.Priortothismodel
snapshot,the𝐻sobservationsareinvalidduetothetiltoftheADCP,
hereindicatedbythemissinglineinthetimeseriespanel.Nevertheless,
asthecurrentspeedstartsdecreasing,thereisagoodagreement
betweentheobservationsand𝐻spredictedbyWAMcurrduringmax-
imumcurrentspeed.Otherwise,WAMrefisactuallycloser.Thereare,
however,largehorizontalgradientsin𝛥𝐻sasisevidentfromthetwo-
dimensional(2D)views(lowerpanelsinFig.15).Thus,comparing
insteadwithneighboringgridpointsyieldedslightlydifferentresults,
exceptnearthepeak(notshown).Similarly,theeventinFig.15cis
alsoexposedtoopposingwindwavesandcurrents.Thefirstandlast
peakin𝐻sareresolvedbyWAMcurrbutnotbyWAMref.

FortheeventinFig.15b,bothwavemodelrunspredictastrong,
large-scalegradientin𝐻sbetweenthewest(5m)andeastside(2m)
oftheMoskensSound(notshown).Thereisalsoashearintheocean
currentbetweenthetidalcurrentheadingeastward,andacurrent
followingthecoastwestoffLofotodden,endinginaclockwiserotating
eddy.Theareaseesfrequentgenerationofeddiesanddipolesduetothe
tidalcurrent(seeFig.9OS21andFig.8Børveetal.,2021).Thepositive
Dopplershiftduetothewave-followingtidalcurrentstretchesthe
wavesandincreasesthewaveperiod,withanaccompanieddecrease
inwaveamplitudeinWAMcurr.Wavesarealsoadvectedbothbythe
tidalcurrentandtheNCC,givingrisetoaregionwherewaveaction
densityaccumulates.Inaddition,whenescapingthetidalcurrent,the
wavesexperienceanegativeDopplershiftandthusanincreaseenergy,
asalsoreportedbyRomeroetal.(2017).

Themostextremewaveconditionsinthestudyperiodoccurredin
lateFebruary,with𝐻smodeledtobearound9mand11mbyWAMcurr
andWAMref,respectively(Fig.15d).Theobservationswerejustbelow
8.5m.Thetidalcurrent,althoughweakerthanintheothercases,was
orientedinthesameoveralldirectionasthewaves,givingastrong
reductionin𝐻swithinthebranchofthetidalcurrent(negative𝛥𝐻s
regioninFig.15d).Thereisanincreasein𝐻stowardsthecoast,most
likelyduetorefractionsincethecurrentspeedisweakertowardsthe
coast(PalmerandSaulter,2016).

Forthelastevent,thecurrentexceeded2ms-1andthewindspeed
wasbelow10ms-1headingnorth-west(Fig.15e).Betweenthetwo
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Tosummarize,fiveoutofsevenareasknownfordangerouswaves
arequalitativelyresolvedinWAMcurrintermsofincreasedwave
heights(i.e.3–7Fig.14).Fortheseareas,thedominatingcauseleading
towavegrowthagreeswiththereportsintheNPG.Thetworemaining
areas,i.e.2and8,WAMcurrdoesneitherindicatesituationswith
particularlylargewavesinourstudyperiod,nordoesitimplylarge,
localhorizontalwaveheightgradients.Nevertheless,thelargemean
relative𝐻sincreaseinVestfjordentogetherwiththebiasreduction
againstaltimeterobservationsshowthatthewavefieldrepresentation
inthisregionisimprovedinWAMcurr.
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variabilityandmakesalargeimpactonthewaveheights.Spectral
wavemodelshavefordecadesproventoyieldgoodpredictionsofthe
seastate,includingunderextremestormevents(Aarnesetal.,2012).
However,withtheadventofhigh-resolutionoperationaloceanmodels
capableoffaithfullyresolvingthetidalandbarocliniccurrentfield,the
modulationofthewavefieldbyspatiallyvaryingcurrentsshouldalso
betakenintoaccount.
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asthecurrentspeedstartsdecreasing,thereisagoodagreement
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imumcurrentspeed.Otherwise,WAMrefisactuallycloser.Thereare,
however,largehorizontalgradientsin𝛥𝐻sasisevidentfromthetwo-
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insteadwithneighboringgridpointsyieldedslightlydifferentresults,
exceptnearthepeak(notshown).Similarly,theeventinFig.15cis
alsoexposedtoopposingwindwavesandcurrents.Thefirstandlast
peakin𝐻sareresolvedbyWAMcurrbutnotbyWAMref.

FortheeventinFig.15b,bothwavemodelrunspredictastrong,
large-scalegradientin𝐻sbetweenthewest(5m)andeastside(2m)
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densityaccumulates.Inaddition,whenescapingthetidalcurrent,the
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tidal cycles, both wave models over-predict 𝐻s, but only WAMcurr
resolved the wave height modulations. This example demonstrates that
the tidal current can impact the wave field to a similar degree to that
of the wind field, with variations in 𝐻s of the order of 50%. The
second peak in Fig. 15e covered the maximum relative change in our
measurement period, which was 55.6% (at 2019-02-21T22 UTC).
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tidal cycles, both wave models over-predict 𝐻s, but only WAMcurr
resolved the wave height modulations. This example demonstrates that
the tidal current can impact the wave field to a similar degree to that
of the wind field, with variations in 𝐻s of the order of 50%. The
second peak in Fig. 15e covered the maximum relative change in our
measurement period, which was 55.6% (at 2019-02-21T22 UTC).
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tidal cycles, both wave models over-predict 𝐻s, but only WAMcurr
resolved the wave height modulations. This example demonstrates that
the tidal current can impact the wave field to a similar degree to that
of the wind field, with variations in 𝐻s of the order of 50%. The
second peak in Fig. 15e covered the maximum relative change in our
measurement period, which was 55.6% (at 2019-02-21T22 UTC).
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tidalcycles,bothwavemodelsover-predict𝐻s,butonlyWAMcurr
resolvedthewaveheightmodulations.Thisexampledemonstratesthat
thetidalcurrentcanimpactthewavefieldtoasimilardegreetothat
ofthewindfield,withvariationsin𝐻softheorderof50%.The
secondpeakinFig.15ecoveredthemaximumrelativechangeinour
measurementperiod,whichwas55.6%(at2019-02-21T22UTC).
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tidalcycles,bothwavemodelsover-predict𝐻s,butonlyWAMcurr
resolvedthewaveheightmodulations.Thisexampledemonstratesthat
thetidalcurrentcanimpactthewavefieldtoasimilardegreetothat
ofthewindfield,withvariationsin𝐻softheorderof50%.The
secondpeakinFig.15ecoveredthemaximumrelativechangeinour
measurementperiod,whichwas55.6%(at2019-02-21T22UTC).
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Abstract. Lateral changes in the group velocity of waves
propagating in oceanic or coastal waters cause a deflection
in their propagation path. Such refractive effects can be com-
puted given knowledge of the ambient current field and/or
the bathymetry. We present an open-source module for solv-
ing the wave ray equations by means of numerical integra-
tion in Python v3. The solver is implemented for waves on
variable currents and arbitrary depths following the Wentzel–
Kramers–Brillouin (WKB) approximation. The ray tracing
module is implemented in a class structure, and the output is
verified against analytical solutions and tested for numerical
convergence. The solver is accompanied by a set of ancil-
lary functions such as retrieval of ambient conditions using
OPeNDAP, transformation of geographical coordinates, and
structuring of data using community standards. A number of
use examples are also provided.

1 Introduction

Ambient currents and varying water depth affect the propa-
gation path of ocean waves through refraction. Such changes
can induce substantial horizontal wave height variability
and build complex sea states through crossing rays, lead-
ing to caustics (Fig. 1) (Holthuijsen, 2007). The linear the-
ory of wave kinematics has been known for almost a century
and applies the Wentzel–Kramers–Brillouin approximation
(WKB, and sometimes WKBJ, where the last initial refers
to Jeffreys) to characteristic wave and current conditions
(Kenyon, 1971). That is, the changes in wave amplitude a,
angular intrinsic frequency σ , and ambient medium are small

over distances on the order of a wavelength λ. Such a treat-
ment is known as the geometrical optics approximation and
is applicable in various scientific branches dealing with the
propagation of wave rays on different frequency scales. The
resulting set of equations, typically referred to as the wave
ray equations, only have analytical solutions for certain ide-
alized cases; hence numerical integration is necessary to cal-
culate the wave rays in arbitrary current fields and over arbi-
trary bathymetry (Kenyon, 1971; Mathiesen, 1987; Johnson,
1947). Such solvers have been available in the ocean wave
community since the advent of spectral wave models but of-
ten as part of a large and complex model framework and not
generally available as stand-alone applications.

Recent developments in the ocean modeling community,
including assimilation of observations, have led to more re-
alistic ocean-model output fields, which in turn have led to
an increased interest in wave–current interaction studies (Ba-
banin et al., 2017). Current-induced refraction has often been
singled out as the principal mechanism leading to horizontal
wave height variability at scales between 1 km and several
hundred kilometers (e.g., Irvine and Tilley, 1988; Ardhuin
et al., 2017, 2012). Thus, a number of recent studies em-
ploy wave ray equation solvers in order to quantify the im-
pact of refraction (e.g., Romero et al., 2017, 2020; Ardhuin
et al., 2012; Masson, 1996; Bôas et al., 2020; Halsne et al.,
2022; Saetra et al., 2021; Sun et al., 2022; Gallet and Young,
2014; Rapizo et al., 2014; Kudryavtsev et al., 2017; Bôas
and Young, 2020; Jones, 2000; Segtnan, 2014; Mapp et al.,
1985; Wang et al., 1994; Liu et al., 1994). However, such im-
plementations are rarely open to the community. To the best
of our knowledge, there is no open-source solver available
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Abstract.Lateralchangesinthegroupvelocityofwaves
propagatinginoceanicorcoastalwaterscauseadeflection
intheirpropagationpath.Suchrefractiveeffectscanbecom-
putedgivenknowledgeoftheambientcurrentfieldand/or
thebathymetry.Wepresentanopen-sourcemoduleforsolv-
ingthewaverayequationsbymeansofnumericalintegra-
tioninPythonv3.Thesolverisimplementedforwaveson
variablecurrentsandarbitrarydepthsfollowingtheWentzel–
Kramers–Brillouin(WKB)approximation.Theraytracing
moduleisimplementedinaclassstructure,andtheoutputis
verifiedagainstanalyticalsolutionsandtestedfornumerical
convergence.Thesolverisaccompaniedbyasetofancil-
laryfunctionssuchasretrievalofambientconditionsusing
OPeNDAP,transformationofgeographicalcoordinates,and
structuringofdatausingcommunitystandards.Anumberof
useexamplesarealsoprovided.

1Introduction

Ambientcurrentsandvaryingwaterdepthaffectthepropa-
gationpathofoceanwavesthroughrefraction.Suchchanges
caninducesubstantialhorizontalwaveheightvariability
andbuildcomplexseastatesthroughcrossingrays,lead-
ingtocaustics(Fig.1)(Holthuijsen,2007).Thelinearthe-
oryofwavekinematicshasbeenknownforalmostacentury
andappliestheWentzel–Kramers–Brillouinapproximation
(WKB,andsometimesWKBJ,wherethelastinitialrefers
toJeffreys)tocharacteristicwaveandcurrentconditions
(Kenyon,1971).Thatis,thechangesinwaveamplitudea,
angularintrinsicfrequencyσ,andambientmediumaresmall

overdistancesontheorderofawavelengthλ.Suchatreat-
mentisknownasthegeometricalopticsapproximationand
isapplicableinvariousscientificbranchesdealingwiththe
propagationofwaveraysondifferentfrequencyscales.The
resultingsetofequations,typicallyreferredtoasthewave
rayequations,onlyhaveanalyticalsolutionsforcertainide-
alizedcases;hencenumericalintegrationisnecessarytocal-
culatethewaveraysinarbitrarycurrentfieldsandoverarbi-
trarybathymetry(Kenyon,1971;Mathiesen,1987;Johnson,
1947).Suchsolvershavebeenavailableintheoceanwave
communitysincetheadventofspectralwavemodelsbutof-
tenaspartofalargeandcomplexmodelframeworkandnot
generallyavailableasstand-aloneapplications.

Recentdevelopmentsintheoceanmodelingcommunity,
includingassimilationofobservations,haveledtomorere-
alisticocean-modeloutputfields,whichinturnhaveledto
anincreasedinterestinwave–currentinteractionstudies(Ba-
baninetal.,2017).Current-inducedrefractionhasoftenbeen
singledoutastheprincipalmechanismleadingtohorizontal
waveheightvariabilityatscalesbetween1kmandseveral
hundredkilometers(e.g.,IrvineandTilley,1988;Ardhuin
etal.,2017,2012).Thus,anumberofrecentstudiesem-
ploywaverayequationsolversinordertoquantifytheim-
pactofrefraction(e.g.,Romeroetal.,2017,2020;Ardhuin
etal.,2012;Masson,1996;Bôasetal.,2020;Halsneetal.,
2022;Saetraetal.,2021;Sunetal.,2022;GalletandYoung,
2014;Rapizoetal.,2014;Kudryavtsevetal.,2017;Bôas
andYoung,2020;Jones,2000;Segtnan,2014;Mappetal.,
1985;Wangetal.,1994;Liuetal.,1994).However,suchim-
plementationsarerarelyopentothecommunity.Tothebest
ofourknowledge,thereisnoopen-sourcesolveravailable
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Abstract. Lateral changes in the group velocity of waves
propagating in oceanic or coastal waters cause a deflection
in their propagation path. Such refractive effects can be com-
puted given knowledge of the ambient current field and/or
the bathymetry. We present an open-source module for solv-
ing the wave ray equations by means of numerical integra-
tion in Python v3. The solver is implemented for waves on
variable currents and arbitrary depths following the Wentzel–
Kramers–Brillouin (WKB) approximation. The ray tracing
module is implemented in a class structure, and the output is
verified against analytical solutions and tested for numerical
convergence. The solver is accompanied by a set of ancil-
lary functions such as retrieval of ambient conditions using
OPeNDAP, transformation of geographical coordinates, and
structuring of data using community standards. A number of
use examples are also provided.

1 Introduction

Ambient currents and varying water depth affect the propa-
gation path of ocean waves through refraction. Such changes
can induce substantial horizontal wave height variability
and build complex sea states through crossing rays, lead-
ing to caustics (Fig. 1) (Holthuijsen, 2007). The linear the-
ory of wave kinematics has been known for almost a century
and applies the Wentzel–Kramers–Brillouin approximation
(WKB, and sometimes WKBJ, where the last initial refers
to Jeffreys) to characteristic wave and current conditions
(Kenyon, 1971). That is, the changes in wave amplitude a,
angular intrinsic frequency σ , and ambient medium are small

over distances on the order of a wavelength λ. Such a treat-
ment is known as the geometrical optics approximation and
is applicable in various scientific branches dealing with the
propagation of wave rays on different frequency scales. The
resulting set of equations, typically referred to as the wave
ray equations, only have analytical solutions for certain ide-
alized cases; hence numerical integration is necessary to cal-
culate the wave rays in arbitrary current fields and over arbi-
trary bathymetry (Kenyon, 1971; Mathiesen, 1987; Johnson,
1947). Such solvers have been available in the ocean wave
community since the advent of spectral wave models but of-
ten as part of a large and complex model framework and not
generally available as stand-alone applications.

Recent developments in the ocean modeling community,
including assimilation of observations, have led to more re-
alistic ocean-model output fields, which in turn have led to
an increased interest in wave–current interaction studies (Ba-
banin et al., 2017). Current-induced refraction has often been
singled out as the principal mechanism leading to horizontal
wave height variability at scales between 1 km and several
hundred kilometers (e.g., Irvine and Tilley, 1988; Ardhuin
et al., 2017, 2012). Thus, a number of recent studies em-
ploy wave ray equation solvers in order to quantify the im-
pact of refraction (e.g., Romero et al., 2017, 2020; Ardhuin
et al., 2012; Masson, 1996; Bôas et al., 2020; Halsne et al.,
2022; Saetra et al., 2021; Sun et al., 2022; Gallet and Young,
2014; Rapizo et al., 2014; Kudryavtsev et al., 2017; Bôas
and Young, 2020; Jones, 2000; Segtnan, 2014; Mapp et al.,
1985; Wang et al., 1994; Liu et al., 1994). However, such im-
plementations are rarely open to the community. To the best
of our knowledge, there is no open-source solver available
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propagating in oceanic or coastal waters cause a deflection
in their propagation path. Such refractive effects can be com-
puted given knowledge of the ambient current field and/or
the bathymetry. We present an open-source module for solv-
ing the wave ray equations by means of numerical integra-
tion in Python v3. The solver is implemented for waves on
variable currents and arbitrary depths following the Wentzel–
Kramers–Brillouin (WKB) approximation. The ray tracing
module is implemented in a class structure, and the output is
verified against analytical solutions and tested for numerical
convergence. The solver is accompanied by a set of ancil-
lary functions such as retrieval of ambient conditions using
OPeNDAP, transformation of geographical coordinates, and
structuring of data using community standards. A number of
use examples are also provided.

1 Introduction

Ambient currents and varying water depth affect the propa-
gation path of ocean waves through refraction. Such changes
can induce substantial horizontal wave height variability
and build complex sea states through crossing rays, lead-
ing to caustics (Fig. 1) (Holthuijsen, 2007). The linear the-
ory of wave kinematics has been known for almost a century
and applies the Wentzel–Kramers–Brillouin approximation
(WKB, and sometimes WKBJ, where the last initial refers
to Jeffreys) to characteristic wave and current conditions
(Kenyon, 1971). That is, the changes in wave amplitude a,
angular intrinsic frequency σ , and ambient medium are small

over distances on the order of a wavelength λ. Such a treat-
ment is known as the geometrical optics approximation and
is applicable in various scientific branches dealing with the
propagation of wave rays on different frequency scales. The
resulting set of equations, typically referred to as the wave
ray equations, only have analytical solutions for certain ide-
alized cases; hence numerical integration is necessary to cal-
culate the wave rays in arbitrary current fields and over arbi-
trary bathymetry (Kenyon, 1971; Mathiesen, 1987; Johnson,
1947). Such solvers have been available in the ocean wave
community since the advent of spectral wave models but of-
ten as part of a large and complex model framework and not
generally available as stand-alone applications.

Recent developments in the ocean modeling community,
including assimilation of observations, have led to more re-
alistic ocean-model output fields, which in turn have led to
an increased interest in wave–current interaction studies (Ba-
banin et al., 2017). Current-induced refraction has often been
singled out as the principal mechanism leading to horizontal
wave height variability at scales between 1 km and several
hundred kilometers (e.g., Irvine and Tilley, 1988; Ardhuin
et al., 2017, 2012). Thus, a number of recent studies em-
ploy wave ray equation solvers in order to quantify the im-
pact of refraction (e.g., Romero et al., 2017, 2020; Ardhuin
et al., 2012; Masson, 1996; Bôas et al., 2020; Halsne et al.,
2022; Saetra et al., 2021; Sun et al., 2022; Gallet and Young,
2014; Rapizo et al., 2014; Kudryavtsev et al., 2017; Bôas
and Young, 2020; Jones, 2000; Segtnan, 2014; Mapp et al.,
1985; Wang et al., 1994; Liu et al., 1994). However, such im-
plementations are rarely open to the community. To the best
of our knowledge, there is no open-source solver available
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Abstract.Lateralchangesinthegroupvelocityofwaves
propagatinginoceanicorcoastalwaterscauseadeflection
intheirpropagationpath.Suchrefractiveeffectscanbecom-
putedgivenknowledgeoftheambientcurrentfieldand/or
thebathymetry.Wepresentanopen-sourcemoduleforsolv-
ingthewaverayequationsbymeansofnumericalintegra-
tioninPythonv3.Thesolverisimplementedforwaveson
variablecurrentsandarbitrarydepthsfollowingtheWentzel–
Kramers–Brillouin(WKB)approximation.Theraytracing
moduleisimplementedinaclassstructure,andtheoutputis
verifiedagainstanalyticalsolutionsandtestedfornumerical
convergence.Thesolverisaccompaniedbyasetofancil-
laryfunctionssuchasretrievalofambientconditionsusing
OPeNDAP,transformationofgeographicalcoordinates,and
structuringofdatausingcommunitystandards.Anumberof
useexamplesarealsoprovided.

1Introduction

Ambientcurrentsandvaryingwaterdepthaffectthepropa-
gationpathofoceanwavesthroughrefraction.Suchchanges
caninducesubstantialhorizontalwaveheightvariability
andbuildcomplexseastatesthroughcrossingrays,lead-
ingtocaustics(Fig.1)(Holthuijsen,2007).Thelinearthe-
oryofwavekinematicshasbeenknownforalmostacentury
andappliestheWentzel–Kramers–Brillouinapproximation
(WKB,andsometimesWKBJ,wherethelastinitialrefers
toJeffreys)tocharacteristicwaveandcurrentconditions
(Kenyon,1971).Thatis,thechangesinwaveamplitudea,
angularintrinsicfrequencyσ,andambientmediumaresmall

overdistancesontheorderofawavelengthλ.Suchatreat-
mentisknownasthegeometricalopticsapproximationand
isapplicableinvariousscientificbranchesdealingwiththe
propagationofwaveraysondifferentfrequencyscales.The
resultingsetofequations,typicallyreferredtoasthewave
rayequations,onlyhaveanalyticalsolutionsforcertainide-
alizedcases;hencenumericalintegrationisnecessarytocal-
culatethewaveraysinarbitrarycurrentfieldsandoverarbi-
trarybathymetry(Kenyon,1971;Mathiesen,1987;Johnson,
1947).Suchsolvershavebeenavailableintheoceanwave
communitysincetheadventofspectralwavemodelsbutof-
tenaspartofalargeandcomplexmodelframeworkandnot
generallyavailableasstand-aloneapplications.

Recentdevelopmentsintheoceanmodelingcommunity,
includingassimilationofobservations,haveledtomorere-
alisticocean-modeloutputfields,whichinturnhaveledto
anincreasedinterestinwave–currentinteractionstudies(Ba-
baninetal.,2017).Current-inducedrefractionhasoftenbeen
singledoutastheprincipalmechanismleadingtohorizontal
waveheightvariabilityatscalesbetween1kmandseveral
hundredkilometers(e.g.,IrvineandTilley,1988;Ardhuin
etal.,2017,2012).Thus,anumberofrecentstudiesem-
ploywaverayequationsolversinordertoquantifytheim-
pactofrefraction(e.g.,Romeroetal.,2017,2020;Ardhuin
etal.,2012;Masson,1996;Bôasetal.,2020;Halsneetal.,
2022;Saetraetal.,2021;Sunetal.,2022;GalletandYoung,
2014;Rapizoetal.,2014;Kudryavtsevetal.,2017;Bôas
andYoung,2020;Jones,2000;Segtnan,2014;Mappetal.,
1985;Wangetal.,1994;Liuetal.,1994).However,suchim-
plementationsarerarelyopentothecommunity.Tothebest
ofourknowledge,thereisnoopen-sourcesolveravailable
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Figure 1. Depth refraction of swell against Rottnest Island off the coast of Western Australia depicted by the Copernicus Sentinel-2 mission,
processed by ESA, in December 2021. The swell propagates northeastwards (white arrow) and interacts with the bathymetry when coming
close to the island. Red arrows indicate the change in wave propagation direction, which is normal to the wave crest. An area subject to
crossing waves is found on the east side of the island due to the change in wave propagation direction on both sides of the island.

in a high-level computer language to support such analyses.
Furthermore, some of the solvers only focus on deep water
where the wave ray equations are simplified since the topo-
graphic steering is negligible (e.g., Bôas and Young, 2020;
Bôas et al., 2020; Mathiesen, 1987; Kenyon, 1971; Rapizo
et al., 2014; Kudryavtsev et al., 2017). However, the joint ef-
fect of current- and depth-induced refraction at intermediate
depth can be important (Romero et al., 2020; Halsne et al.,
2022).

The scope of this paper is to present an open-source nu-
merical solver of the wave ray equations implemented in
Python. The paper is structured as follows: in Sect. 2 we
present the theoretical background for the geometrical optics
approximation of the wave ray equations on ambient currents
and in variable depths. The numerical discretization and im-
plementation of the equations and model are given in Sect. 3.
Furthermore, some ancillary functions that support efficient
workflows are also presented in Sect. 3. In Sect. 4, we com-
pare the model output against analytical solutions and in-
spect the numerical convergence. A selection of examples us-
ing the ray tracing module, including idealized current fields
and output from ocean circulation models, are presented in
Sect. 5. Finally, a brief discussion and some concluding re-
marks are provided in Sect. 6.

2 Derivation of the wave ray equations

For simplicity, we first derive the wave ray equations in the
x direction and then extend the results to both horizontal di-

rections. We assume linear wave theory such that ak� 1,
where a denotes the wave amplitude and k = |k| = |(kx,ky)|
is the wave number. When considering the kinematics of
wave trains through the geometrical optics approximation,
it should be emphasized that diffraction is neglected. For a
more complete description of the kinematics and dynamics
of ocean waves, we refer the reader to Phillips (1977) and
Komen et al. (1994).

2.1 The one-dimensional problem

A plane wave propagating in a slowly varying medium is
given by

η(x, t)= aeiχ , (1)

where χ = kx− σ t + δ is the phase function. Here x, t , and
δ denote position, time, and the phase, respectively, and σ is
the wave angular intrinsic frequency given by the dispersion
relation

σ = σ(k,x)=
√
gk tanh(kd), (2)

where d = d(x) is the water depth, which we assume to be
constant in time. In the presence of an ambient current U =
U(x, t), the absolute wave angular frequency is

ω =�(k,x, t)= σ + kU, (3)

which is often referred to as the Doppler shift equation. Con-
sider now a phase function χ ′ = kx−ωt + δ in a frame of
reference not moving with the current. Since k = ∂χ ′/∂x and
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Figure1.DepthrefractionofswellagainstRottnestIslandoffthecoastofWesternAustraliadepictedbytheCopernicusSentinel-2mission,
processedbyESA,inDecember2021.Theswellpropagatesnortheastwards(whitearrow)andinteractswiththebathymetrywhencoming
closetotheisland.Redarrowsindicatethechangeinwavepropagationdirection,whichisnormaltothewavecrest.Anareasubjectto
crossingwavesisfoundontheeastsideoftheislandduetothechangeinwavepropagationdirectiononbothsidesoftheisland.

inahigh-levelcomputerlanguagetosupportsuchanalyses.
Furthermore,someofthesolversonlyfocusondeepwater
wherethewaverayequationsaresimplifiedsincethetopo-
graphicsteeringisnegligible(e.g.,BôasandYoung,2020;
Bôasetal.,2020;Mathiesen,1987;Kenyon,1971;Rapizo
etal.,2014;Kudryavtsevetal.,2017).However,thejointef-
fectofcurrent-anddepth-inducedrefractionatintermediate
depthcanbeimportant(Romeroetal.,2020;Halsneetal.,
2022).

Thescopeofthispaperistopresentanopen-sourcenu-
mericalsolverofthewaverayequationsimplementedin
Python.Thepaperisstructuredasfollows:inSect.2we
presentthetheoreticalbackgroundforthegeometricaloptics
approximationofthewaverayequationsonambientcurrents
andinvariabledepths.Thenumericaldiscretizationandim-
plementationoftheequationsandmodelaregiveninSect.3.
Furthermore,someancillaryfunctionsthatsupportefficient
workflowsarealsopresentedinSect.3.InSect.4,wecom-
parethemodeloutputagainstanalyticalsolutionsandin-
spectthenumericalconvergence.Aselectionofexamplesus-
ingtheraytracingmodule,includingidealizedcurrentfields
andoutputfromoceancirculationmodels,arepresentedin
Sect.5.Finally,abriefdiscussionandsomeconcludingre-
marksareprovidedinSect.6.

2Derivationofthewaverayequations

Forsimplicity,wefirstderivethewaverayequationsinthe
xdirectionandthenextendtheresultstobothhorizontaldi-

rections.Weassumelinearwavetheorysuchthatak�1,
whereadenotesthewaveamplitudeandk=|k|=|(kx,ky)|
isthewavenumber.Whenconsideringthekinematicsof
wavetrainsthroughthegeometricalopticsapproximation,
itshouldbeemphasizedthatdiffractionisneglected.Fora
morecompletedescriptionofthekinematicsanddynamics
ofoceanwaves,wereferthereadertoPhillips(1977)and
Komenetal.(1994).

2.1Theone-dimensionalproblem

Aplanewavepropagatinginaslowlyvaryingmediumis
givenby

η(x,t)=aeiχ,(1)

whereχ=kx−σt+δisthephasefunction.Herex,t,and
δdenoteposition,time,andthephase,respectively,andσis
thewaveangularintrinsicfrequencygivenbythedispersion
relation

σ=σ(k,x)=
√

gktanh(kd),(2)

whered=d(x)isthewaterdepth,whichweassumetobe
constantintime.InthepresenceofanambientcurrentU=
U(x,t),theabsolutewaveangularfrequencyis

ω=�(k,x,t)=σ+kU,(3)

whichisoftenreferredtoastheDopplershiftequation.Con-
sidernowaphasefunctionχ′=kx−ωt+δinaframeof
referencenotmovingwiththecurrent.Sincek=∂χ′/∂xand
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Figure 1. Depth refraction of swell against Rottnest Island off the coast of Western Australia depicted by the Copernicus Sentinel-2 mission,
processed by ESA, in December 2021. The swell propagates northeastwards (white arrow) and interacts with the bathymetry when coming
close to the island. Red arrows indicate the change in wave propagation direction, which is normal to the wave crest. An area subject to
crossing waves is found on the east side of the island due to the change in wave propagation direction on both sides of the island.

in a high-level computer language to support such analyses.
Furthermore, some of the solvers only focus on deep water
where the wave ray equations are simplified since the topo-
graphic steering is negligible (e.g., Bôas and Young, 2020;
Bôas et al., 2020; Mathiesen, 1987; Kenyon, 1971; Rapizo
et al., 2014; Kudryavtsev et al., 2017). However, the joint ef-
fect of current- and depth-induced refraction at intermediate
depth can be important (Romero et al., 2020; Halsne et al.,
2022).

The scope of this paper is to present an open-source nu-
merical solver of the wave ray equations implemented in
Python. The paper is structured as follows: in Sect. 2 we
present the theoretical background for the geometrical optics
approximation of the wave ray equations on ambient currents
and in variable depths. The numerical discretization and im-
plementation of the equations and model are given in Sect. 3.
Furthermore, some ancillary functions that support efficient
workflows are also presented in Sect. 3. In Sect. 4, we com-
pare the model output against analytical solutions and in-
spect the numerical convergence. A selection of examples us-
ing the ray tracing module, including idealized current fields
and output from ocean circulation models, are presented in
Sect. 5. Finally, a brief discussion and some concluding re-
marks are provided in Sect. 6.

2 Derivation of the wave ray equations

For simplicity, we first derive the wave ray equations in the
x direction and then extend the results to both horizontal di-

rections. We assume linear wave theory such that ak� 1,
where a denotes the wave amplitude and k = |k| = |(kx,ky)|
is the wave number. When considering the kinematics of
wave trains through the geometrical optics approximation,
it should be emphasized that diffraction is neglected. For a
more complete description of the kinematics and dynamics
of ocean waves, we refer the reader to Phillips (1977) and
Komen et al. (1994).

2.1 The one-dimensional problem

A plane wave propagating in a slowly varying medium is
given by

η(x, t)= ae
iχ
, (1)

where χ = kx− σ t + δ is the phase function. Here x, t , and
δ denote position, time, and the phase, respectively, and σ is
the wave angular intrinsic frequency given by the dispersion
relation

σ = σ(k,x)=√gk tanh(kd), (2)

where d = d(x) is the water depth, which we assume to be
constant in time. In the presence of an ambient current U =
U(x, t), the absolute wave angular frequency is

ω =�(k,x, t)= σ + kU, (3)

which is often referred to as the Doppler shift equation. Con-
sider now a phase function χ

′
= kx−ωt + δ in a frame of

reference not moving with the current. Since k = ∂χ
′
/∂x and
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spect the numerical convergence. A selection of examples us-
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processedbyESA,inDecember2021.Theswellpropagatesnortheastwards(whitearrow)andinteractswiththebathymetrywhencoming
closetotheisland.Redarrowsindicatethechangeinwavepropagationdirection,whichisnormaltothewavecrest.Anareasubjectto
crossingwavesisfoundontheeastsideoftheislandduetothechangeinwavepropagationdirectiononbothsidesoftheisland.

inahigh-levelcomputerlanguagetosupportsuchanalyses.
Furthermore,someofthesolversonlyfocusondeepwater
wherethewaverayequationsaresimplifiedsincethetopo-
graphicsteeringisnegligible(e.g.,BôasandYoung,2020;
Bôasetal.,2020;Mathiesen,1987;Kenyon,1971;Rapizo
etal.,2014;Kudryavtsevetal.,2017).However,thejointef-
fectofcurrent-anddepth-inducedrefractionatintermediate
depthcanbeimportant(Romeroetal.,2020;Halsneetal.,
2022).

Thescopeofthispaperistopresentanopen-sourcenu-
mericalsolverofthewaverayequationsimplementedin
Python.Thepaperisstructuredasfollows:inSect.2we
presentthetheoreticalbackgroundforthegeometricaloptics
approximationofthewaverayequationsonambientcurrents
andinvariabledepths.Thenumericaldiscretizationandim-
plementationoftheequationsandmodelaregiveninSect.3.
Furthermore,someancillaryfunctionsthatsupportefficient
workflowsarealsopresentedinSect.3.InSect.4,wecom-
parethemodeloutputagainstanalyticalsolutionsandin-
spectthenumericalconvergence.Aselectionofexamplesus-
ingtheraytracingmodule,includingidealizedcurrentfields
andoutputfromoceancirculationmodels,arepresentedin
Sect.5.Finally,abriefdiscussionandsomeconcludingre-
marksareprovidedinSect.6.

2Derivationofthewaverayequations

Forsimplicity,wefirstderivethewaverayequationsinthe
xdirectionandthenextendtheresultstobothhorizontaldi-

rections.Weassumelinearwavetheorysuchthatak�1,
whereadenotesthewaveamplitudeandk=|k|=|(kx,ky)|
isthewavenumber.Whenconsideringthekinematicsof
wavetrainsthroughthegeometricalopticsapproximation,
itshouldbeemphasizedthatdiffractionisneglected.Fora
morecompletedescriptionofthekinematicsanddynamics
ofoceanwaves,wereferthereadertoPhillips(1977)and
Komenetal.(1994).

2.1Theone-dimensionalproblem

Aplanewavepropagatinginaslowlyvaryingmediumis
givenby

η(x,t)=ae
iχ
,(1)

whereχ=kx−σt+δisthephasefunction.Herex,t,and
δdenoteposition,time,andthephase,respectively,andσis
thewaveangularintrinsicfrequencygivenbythedispersion
relation

σ=σ(k,x)=√gktanh(kd),(2)

whered=d(x)isthewaterdepth,whichweassumetobe
constantintime.InthepresenceofanambientcurrentU=
U(x,t),theabsolutewaveangularfrequencyis

ω=�(k,x,t)=σ+kU,(3)

whichisoftenreferredtoastheDopplershiftequation.Con-
sidernowaphasefunctionχ

′
=kx−ωt+δinaframeof

referencenotmovingwiththecurrent.Sincek=∂χ
′
/∂xand
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givenby

η(x,t)=ae
iχ
,(1)

whereχ=kx−σt+δisthephasefunction.Herex,t,and
δdenoteposition,time,andthephase,respectively,andσis
thewaveangularintrinsicfrequencygivenbythedispersion
relation

σ=σ(k,x)=√gktanh(kd),(2)

whered=d(x)isthewaterdepth,whichweassumetobe
constantintime.InthepresenceofanambientcurrentU=
U(x,t),theabsolutewaveangularfrequencyis

ω=�(k,x,t)=σ+kU,(3)

whichisoftenreferredtoastheDopplershiftequation.Con-
sidernowaphasefunctionχ

′
=kx−ωt+δinaframeof

referencenotmovingwiththecurrent.Sincek=∂χ
′
/∂xand
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ω =−∂χ ′/∂t , by cross-differentiating, we obtain the conser-
vation of wave crests (see Note D, Holthuijsen, 2007, p. 339),

∂k

∂t
+
∂ω

∂x
= 0. (4)

If we also assume local stationarity, i.e., ∂/∂t = 0, k be-
comes constant in time and the frequency remains constant
along the rays (∂ω/∂x = 0). By taking the partial derivative
of Eq. (3) while keeping t constant, we obtain

∂ω

∂x
=
∂�

∂k

∂k

∂x
+
∂�

∂x
, (5)

where ∂�/∂k = cg+U is the advection velocity, which con-
tains the wave group velocity cg ≡ ∂σ/∂k. We define the ma-
terial (or total) derivative as

d
dt
=
∂

∂t
+ (cg+U)

∂

∂x
. (6)

Thus, advection of a wave group is simply

dx
dt
=
∂�

∂k
= cg+U. (7)

This is the first of the wave ray equations. The evolution of
the wave number k follows by inserting Eq. (5) into Eq. (4)
such that

dk
dt
=−

∂�

∂x
=−

(
∂σ

∂x
+ k

∂U

∂x

)
, (8)

which is the second of the wave ray equations. Using the
same approach for ω, for a fixed bathymetry we get

dω
dt
=
∂�

∂t
= k

∂U

∂t
, (9)

which reduces to

dω
dt
=
∂�

∂t
= 0 (10)

for a stationary current U(x, t = 0), since we consider am-
bient currents that vary slowly compared to a characteristic
wave period. Thus, the absolute wave frequency is constant.
Summarized, we have obtained the wave ray equations in one
horizontal dimension as

dx
dt
= cg+U, (11)

dk
dt
=−

(
∂σ

∂x
+ k

∂U

∂x

)
, (12)

dω
dt
= 0. (13)

The wave ray equations constitute a set of coupled ordi-
nary differential equations (ODEs) that define a character-
istic curve in space and time. They can be solved as an ini-
tial value problem if defined with a starting point of xn=0

≡

x(t = 0) and an initial wave period of T = T n=0 by using
the dispersion relation from Eq. (2). In deep water, where the
wavelength λ� d/2, the first term on the right-hand side of
Eq. (12) vanishes since tanh(kd)→ 1 in Eq. (2). Under such
conditions the evolution of k is only a function of the hori-
zontal gradients in the ambient current.

2.2 The two-dimensional problem

In 2D we denote the position vector x = (x,y) and the am-
bient current vector U = (U,V ). We define the horizontal
gradient operator as

∇h ≡ î
∂

∂x
+ ĵ

∂

∂y
, (14)

where î and ĵ denote the unit vectors for x and y, respectively.
Now, the absolute angular frequency,

ω =�(t,k,x)= σ + k ·U(t,x), (15)

and the wave ray equations for a stationary current field be-
come
dx

dt
= cg+U , (16)

dk

dt
=−∇hσ − k · ∇hU , (17)

dω
dt
= 0. (18)

In the context of spectral wave modeling, the dynamical
evolution of the wave field is governed by the wave action
balance equation,

∂N

∂t
+∇h ·

(
ẋN

)
+∇k ·

(
k̇N

)
=
S

σ
. (19)

Here, N ≡ E/σ is the wave action density, which is a con-
served quantity in the presence of currents (Bretherton and
Garrett, 1968). The wave action density contains the wave
variance density E, which is ∝ a2. The right-hand side of
Eq. (19) represents sources and sinks of wave action. The
wave number gradient operator is

∇k ≡ î
∂

∂kx
+ ĵ

∂

∂ky
. (20)

The wave ray equations (Eqs. 16–17) model the terms written
(for brevity) with overdots in Eq. (19), i.e.,

ẋ ≡
dx

dt
, (21)

k̇ ≡
dk

dt
. (22)

There is thus a connection between the wave field dynam-
ics and kinematics where ẋ represents the advection of wave
action in physical space and k̇ represents the refraction (“ad-
vection” in k space). The wave action balance (Eq. 19) is
solved by third-generation spectral wave models but then dis-
cretized either by wave number k or frequency f and direc-
tion θ (Komen et al., 1994).
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ω=−∂χ′/∂t,bycross-differentiating,weobtaintheconser-
vationofwavecrests(seeNoteD,Holthuijsen,2007,p.339),

∂k

∂t
+

∂ω

∂x
=0.(4)

Ifwealsoassumelocalstationarity,i.e.,∂/∂t=0,kbe-
comesconstantintimeandthefrequencyremainsconstant
alongtherays(∂ω/∂x=0).Bytakingthepartialderivative
ofEq.(3)whilekeepingtconstant,weobtain

∂ω

∂x
=

∂�

∂k

∂k

∂x
+

∂�

∂x
,(5)

where∂�/∂k=cg+Uistheadvectionvelocity,whichcon-
tainsthewavegroupvelocitycg≡∂σ/∂k.Wedefinethema-
terial(ortotal)derivativeas

d
dt

=
∂

∂t
+(cg+U)

∂

∂x
.(6)

Thus,advectionofawavegroupissimply

dx
dt

=
∂�

∂k
=cg+U.(7)

Thisisthefirstofthewaverayequations.Theevolutionof
thewavenumberkfollowsbyinsertingEq.(5)intoEq.(4)
suchthat

dk
dt

=−
∂�

∂x
=−

(
∂σ

∂x
+k

∂U

∂x

)
,(8)

whichisthesecondofthewaverayequations.Usingthe
sameapproachforω,forafixedbathymetryweget

dω
dt

=
∂�

∂t
=k

∂U

∂t
,(9)

whichreducesto

dω
dt

=
∂�

∂t
=0(10)

forastationarycurrentU(x,t=0),sinceweconsideram-
bientcurrentsthatvaryslowlycomparedtoacharacteristic
waveperiod.Thus,theabsolutewavefrequencyisconstant.
Summarized,wehaveobtainedthewaverayequationsinone
horizontaldimensionas

dx
dt

=cg+U,(11)

dk
dt

=−

(
∂σ

∂x
+k

∂U

∂x

)
,(12)

dω
dt

=0.(13)

Thewaverayequationsconstituteasetofcoupledordi-
narydifferentialequations(ODEs)thatdefineacharacter-
isticcurveinspaceandtime.Theycanbesolvedasanini-
tialvalueproblemifdefinedwithastartingpointofxn=0

≡

x(t=0)andaninitialwaveperiodofT=Tn=0byusing
thedispersionrelationfromEq.(2).Indeepwater,wherethe
wavelengthλ�d/2,thefirsttermontheright-handsideof
Eq.(12)vanishessincetanh(kd)→1inEq.(2).Undersuch
conditionstheevolutionofkisonlyafunctionofthehori-
zontalgradientsintheambientcurrent.

2.2Thetwo-dimensionalproblem

In2Dwedenotethepositionvectorx=(x,y)andtheam-
bientcurrentvectorU=(U,V).Wedefinethehorizontal
gradientoperatoras

∇h≡î
∂

∂x
+ĵ

∂

∂y
,(14)

whereîandĵdenotetheunitvectorsforxandy,respectively.
Now,theabsoluteangularfrequency,

ω=�(t,k,x)=σ+k·U(t,x),(15)

andthewaverayequationsforastationarycurrentfieldbe-
come
dx

dt
=cg+U,(16)

dk

dt
=−∇hσ−k·∇hU,(17)

dω
dt

=0.(18)

Inthecontextofspectralwavemodeling,thedynamical
evolutionofthewavefieldisgovernedbythewaveaction
balanceequation,

∂N

∂t
+∇h·

(
ẋN

)
+∇k·

(
k̇N

)
=

S

σ
.(19)

Here,N≡E/σisthewaveactiondensity,whichisacon-
servedquantityinthepresenceofcurrents(Brethertonand
Garrett,1968).Thewaveactiondensitycontainsthewave
variancedensityE,whichis∝a2.Theright-handsideof
Eq.(19)representssourcesandsinksofwaveaction.The
wavenumbergradientoperatoris

∇k≡î
∂

∂kx
+ĵ

∂

∂ky
.(20)

Thewaverayequations(Eqs.16–17)modelthetermswritten
(forbrevity)withoverdotsinEq.(19),i.e.,

ẋ≡
dx

dt
,(21)

k̇≡
dk

dt
.(22)

Thereisthusaconnectionbetweenthewavefielddynam-
icsandkinematicswhereẋrepresentstheadvectionofwave
actioninphysicalspaceandk̇representstherefraction(“ad-
vection”inkspace).Thewaveactionbalance(Eq.19)is
solvedbythird-generationspectralwavemodelsbutthendis-
cretizedeitherbywavenumberkorfrequencyfanddirec-
tionθ(Komenetal.,1994).
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∂

∂x
+ĵ
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,(14)
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andthewaverayequationsforastationarycurrentfieldbe-
come
dx
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=cg+U,(16)
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=0.(18)
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evolutionofthewavefieldisgovernedbythewaveaction
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∂N
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+∇h·

(
ẋN

)
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(
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)
=
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.(19)

Here,N≡E/σisthewaveactiondensity,whichisacon-
servedquantityinthepresenceofcurrents(Brethertonand
Garrett,1968).Thewaveactiondensitycontainsthewave
variancedensityE,whichis∝a2.Theright-handsideof
Eq.(19)representssourcesandsinksofwaveaction.The
wavenumbergradientoperatoris

∇k≡î
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+ĵ
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Thewaverayequations(Eqs.16–17)modelthetermswritten
(forbrevity)withoverdotsinEq.(19),i.e.,

ẋ≡
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dt
,(21)
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dk
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.(22)

Thereisthusaconnectionbetweenthewavefielddynam-
icsandkinematicswhereẋrepresentstheadvectionofwave
actioninphysicalspaceandk̇representstherefraction(“ad-
vection”inkspace).Thewaveactionbalance(Eq.19)is
solvedbythird-generationspectralwavemodelsbutthendis-
cretizedeitherbywavenumberkorfrequencyfanddirec-
tionθ(Komenetal.,1994).
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ω =−∂χ
′
/∂t , by cross-differentiating, we obtain the conser-

vation of wave crests (see Note D, Holthuijsen, 2007, p. 339),

∂k

∂t
+
∂ω

∂x
= 0. (4)

If we also assume local stationarity, i.e., ∂/∂t = 0, k be-
comes constant in time and the frequency remains constant
along the rays (∂ω/∂x = 0). By taking the partial derivative
of Eq. (3) while keeping t constant, we obtain

∂ω

∂x
=
∂�

∂k

∂k

∂x
+
∂�

∂x
, (5)

where ∂�/∂k = cg+U is the advection velocity, which con-
tains the wave group velocity cg ≡ ∂σ/∂k. We define the ma-
terial (or total) derivative as

d
dt
=
∂

∂t
+ (cg+U)

∂

∂x
. (6)

Thus, advection of a wave group is simply

dx
dt
=
∂�

∂k
= cg+U. (7)

This is the first of the wave ray equations. The evolution of
the wave number k follows by inserting Eq. (5) into Eq. (4)
such that

dk
dt
=−

∂�

∂x
=−(∂σ

∂x
+ k

∂U

∂x

) , (8)

which is the second of the wave ray equations. Using the
same approach for ω, for a fixed bathymetry we get

dω
dt
=
∂�

∂t
= k

∂U

∂t
, (9)

which reduces to

dω
dt
=
∂�

∂t
= 0 (10)

for a stationary current U(x, t = 0), since we consider am-
bient currents that vary slowly compared to a characteristic
wave period. Thus, the absolute wave frequency is constant.
Summarized, we have obtained the wave ray equations in one
horizontal dimension as

dx
dt
= cg+U, (11)

dk
dt
=−(∂σ

∂x
+ k

∂U

∂x

) , (12)

dω
dt
= 0. (13)

The wave ray equations constitute a set of coupled ordi-
nary differential equations (ODEs) that define a character-
istic curve in space and time. They can be solved as an ini-
tial value problem if defined with a starting point of x

n=0 ≡

x(t = 0) and an initial wave period of T = T
n=0 by using

the dispersion relation from Eq. (2). In deep water, where the
wavelength λ� d/2, the first term on the right-hand side of
Eq. (12) vanishes since tanh(kd)→ 1 in Eq. (2). Under such
conditions the evolution of k is only a function of the hori-
zontal gradients in the ambient current.

2.2 The two-dimensional problem

In 2D we denote the position vector x = (x,y) and the am-
bient current vector U = (U,V ). We define the horizontal
gradient operator as

∇h ≡ î
∂

∂x
+ ĵ

∂

∂y
, (14)

where î and ĵ denote the unit vectors for x and y, respectively.
Now, the absolute angular frequency,

ω =�(t,k,x)= σ + k ·U(t,x), (15)

and the wave ray equations for a stationary current field be-
come
dx

dt
= cg+U , (16)

dk

dt
=−∇hσ − k · ∇hU , (17)

dω
dt
= 0. (18)

In the context of spectral wave modeling, the dynamical
evolution of the wave field is governed by the wave action
balance equation,

∂N

∂t
+∇h · (ẋN)+∇k · (k̇N)= S

σ
. (19)

Here, N ≡ E/σ is the wave action density, which is a con-
served quantity in the presence of currents (Bretherton and
Garrett, 1968). The wave action density contains the wave
variance density E, which is ∝ a2. The right-hand side of
Eq. (19) represents sources and sinks of wave action. The
wave number gradient operator is

∇k ≡ î
∂

∂kx
+ ĵ

∂

∂ky
. (20)

The wave ray equations (Eqs. 16–17) model the terms written
(for brevity) with overdots in Eq. (19), i.e.,

ẋ ≡
dx

dt
, (21)

k̇ ≡
dk

dt
. (22)

There is thus a connection between the wave field dynam-
ics and kinematics where ẋ represents the advection of wave
action in physical space and k̇ represents the refraction (“ad-
vection” in k space). The wave action balance (Eq. 19) is
solved by third-generation spectral wave models but then dis-
cretized either by wave number k or frequency f and direc-
tion θ (Komen et al., 1994).
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the dispersion relation from Eq. (2). In deep water, where the
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conditions the evolution of k is only a function of the hori-
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Here, N ≡ E/σ is the wave action density, which is a con-
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solved by third-generation spectral wave models but then dis-
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whichisthesecondofthewaverayequations.Usingthe
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dt
=
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forastationarycurrentU(x,t=0),sinceweconsideram-
bientcurrentsthatvaryslowlycomparedtoacharacteristic
waveperiod.Thus,theabsolutewavefrequencyisconstant.
Summarized,wehaveobtainedthewaverayequationsinone
horizontaldimensionas

dx
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=cg+U,(11)

dk
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dω
dt
=0.(13)

Thewaverayequationsconstituteasetofcoupledordi-
narydifferentialequations(ODEs)thatdefineacharacter-
isticcurveinspaceandtime.Theycanbesolvedasanini-
tialvalueproblemifdefinedwithastartingpointofx

n=0≡

x(t=0)andaninitialwaveperiodofT=T
n=0byusing

thedispersionrelationfromEq.(2).Indeepwater,wherethe
wavelengthλ�d/2,thefirsttermontheright-handsideof
Eq.(12)vanishessincetanh(kd)→1inEq.(2).Undersuch
conditionstheevolutionofkisonlyafunctionofthehori-
zontalgradientsintheambientcurrent.

2.2Thetwo-dimensionalproblem

In2Dwedenotethepositionvectorx=(x,y)andtheam-
bientcurrentvectorU=(U,V).Wedefinethehorizontal
gradientoperatoras

∇h≡î
∂

∂x
+ĵ

∂

∂y
,(14)

whereîandĵdenotetheunitvectorsforxandy,respectively.
Now,theabsoluteangularfrequency,

ω=�(t,k,x)=σ+k·U(t,x),(15)

andthewaverayequationsforastationarycurrentfieldbe-
come
dx

dt
=cg+U,(16)

dk

dt
=−∇hσ−k·∇hU,(17)

dω
dt
=0.(18)

Inthecontextofspectralwavemodeling,thedynamical
evolutionofthewavefieldisgovernedbythewaveaction
balanceequation,

∂N

∂t
+∇h·(ẋN)+∇k·(k̇N)=S

σ
.(19)

Here,N≡E/σisthewaveactiondensity,whichisacon-
servedquantityinthepresenceofcurrents(Brethertonand
Garrett,1968).Thewaveactiondensitycontainsthewave
variancedensityE,whichis∝a2.Theright-handsideof
Eq.(19)representssourcesandsinksofwaveaction.The
wavenumbergradientoperatoris

∇k≡î
∂

∂kx
+ĵ

∂

∂ky
.(20)

Thewaverayequations(Eqs.16–17)modelthetermswritten
(forbrevity)withoverdotsinEq.(19),i.e.,

ẋ≡
dx

dt
,(21)

k̇≡
dk

dt
.(22)

Thereisthusaconnectionbetweenthewavefielddynam-
icsandkinematicswhereẋrepresentstheadvectionofwave
actioninphysicalspaceandk̇representstherefraction(“ad-
vection”inkspace).Thewaveactionbalance(Eq.19)is
solvedbythird-generationspectralwavemodelsbutthendis-
cretizedeitherbywavenumberkorfrequencyfanddirec-
tionθ(Komenetal.,1994).
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icsandkinematicswhereẋrepresentstheadvectionofwave
actioninphysicalspaceandk̇representstherefraction(“ad-
vection”inkspace).Thewaveactionbalance(Eq.19)is
solvedbythird-generationspectralwavemodelsbutthendis-
cretizedeitherbywavenumberkorfrequencyfanddirec-
tionθ(Komenetal.,1994).

https://doi.org/10.5194/gmd-16-6515-2023Geosci.ModelDev.,16,6515–6530,2023

T.Halsneetal.:Oceanwaveraytracing6517

ω=−∂χ
′
/∂t,bycross-differentiating,weobtaintheconser-

vationofwavecrests(seeNoteD,Holthuijsen,2007,p.339),

∂k

∂t
+
∂ω

∂x
=0.(4)

Ifwealsoassumelocalstationarity,i.e.,∂/∂t=0,kbe-
comesconstantintimeandthefrequencyremainsconstant
alongtherays(∂ω/∂x=0).Bytakingthepartialderivative
ofEq.(3)whilekeepingtconstant,weobtain

∂ω

∂x
=
∂�

∂k

∂k

∂x
+
∂�

∂x
,(5)

where∂�/∂k=cg+Uistheadvectionvelocity,whichcon-
tainsthewavegroupvelocitycg≡∂σ/∂k.Wedefinethema-
terial(ortotal)derivativeas

d
dt
=
∂

∂t
+(cg+U)

∂

∂x
.(6)

Thus,advectionofawavegroupissimply

dx
dt
=
∂�

∂k
=cg+U.(7)

Thisisthefirstofthewaverayequations.Theevolutionof
thewavenumberkfollowsbyinsertingEq.(5)intoEq.(4)
suchthat

dk
dt
=−

∂�

∂x
=−(∂σ

∂x
+k

∂U

∂x

),(8)

whichisthesecondofthewaverayequations.Usingthe
sameapproachforω,forafixedbathymetryweget

dω
dt
=
∂�

∂t
=k

∂U

∂t
,(9)

whichreducesto

dω
dt
=
∂�

∂t
=0(10)

forastationarycurrentU(x,t=0),sinceweconsideram-
bientcurrentsthatvaryslowlycomparedtoacharacteristic
waveperiod.Thus,theabsolutewavefrequencyisconstant.
Summarized,wehaveobtainedthewaverayequationsinone
horizontaldimensionas

dx
dt
=cg+U,(11)

dk
dt
=−(∂σ

∂x
+k

∂U

∂x

),(12)

dω
dt
=0.(13)

Thewaverayequationsconstituteasetofcoupledordi-
narydifferentialequations(ODEs)thatdefineacharacter-
isticcurveinspaceandtime.Theycanbesolvedasanini-
tialvalueproblemifdefinedwithastartingpointofx

n=0≡

x(t=0)andaninitialwaveperiodofT=T
n=0byusing

thedispersionrelationfromEq.(2).Indeepwater,wherethe
wavelengthλ�d/2,thefirsttermontheright-handsideof
Eq.(12)vanishessincetanh(kd)→1inEq.(2).Undersuch
conditionstheevolutionofkisonlyafunctionofthehori-
zontalgradientsintheambientcurrent.

2.2Thetwo-dimensionalproblem

In2Dwedenotethepositionvectorx=(x,y)andtheam-
bientcurrentvectorU=(U,V).Wedefinethehorizontal
gradientoperatoras

∇h≡î
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ẋ≡
dx

dt
,(21)

k̇≡
dk

dt
.(22)

Thereisthusaconnectionbetweenthewavefielddynam-
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3 Numerical implementation

3.1 Finite-difference discretization

The wave ray equations (Eqs. 16–17) are well suited for
numerical integration. The ocean_wave_tracing mod-
ule offers two finite-difference numerical schemes: a fourth-
order Runge–Kutta scheme and a forward Euler scheme
through its solver method. For readability, the latter is
used here to present the discretization of the wave ray equa-
tions. The advection (Eq. 16) becomes

xn+1
(l,j)
= xn(l,j)+1t fx

(
xn(l,j),y

n
(l,j),k

n
(l,j),k

n
x,(l,j),U

n
(l,j)

)
, (23)

yn+1
(l,j)
= yn(l,j)+1t fx

(
xn(l,j),y

n
(l,j),k

n
(l,j),k

n
y,(l,j),V

n
(l,j)

)
. (24)

Here n denotes the discrete time index, with n= 0,1, . . .,N
and 1t = tn+1− tn. Discrete horizontal indices are given by
l = 0,1, . . .,Nx ; j = 0,1, . . .,Ny ; and1x = xl+1−xl ,1y =
yl+1−yl . The fx is a function of the group velocity and am-
bient current and becomes (skipping time and horizontal in-
dices for readability)

fx(x,y,k,kx,U)=


cg (k,d[x,y])

kx
k
+U(x,y),

in x direction,
cg (k,d[x,y])

ky
k
+V (x,y),

in y direction.

(25)

The evolution in wave number (Eq. 17) becomes

kn+1
x,(l,j) = k

n
x,(l,j)+1t fk

(
knx,(l,j),k

n
y,(l,j),

∂

∂x

σ(knl,j ,dl,j ),
∂

∂x
Unl,j ,

∂

∂x
V nl,j

)
, (26)

kn+1
y,(l,j) = k

n
y,(l,j)+1t fk

(
knx,(l,j),k

n
y,(l,j),

∂

∂y

σ(knl,j ,dl,j ),
∂

∂y
Unl,j ,

∂

∂y
V nl,j

)
. (27)

Here, fk is a function of the horizontal derivatives of σ and
U . Horizontal derivatives are discretized using a central dif-
ference scheme, such that fk becomes

fk(x,y,kx,ky,U,V )=



−
σ nl+1,j−σ

n
l−1,j

21x − knx,(l,j)
Unl+1,j−U

n
l−1,j

21x − kny,(l,j)
V nl+1,j−V

n
l−1,j

21x , in x direction,

−
σ nl,j+1−σ

n
l,j−1

21y − knx,(l,j)
Unl,j+1−U

n
l,j−1

21y − kny,(l,j)
V nl,j+1−V

n
l,j−1

21y , in y direction.

(28)

3.2 Stability condition

A constraint for hyperbolic equations in finite-difference
numerical schemes is the Courant–Friedrichs–Lewy (CFL)
condition, which for a process with advection velocityW de-
mands that the non-dimensional Courant number be defined
as

C ≡W
1t

1r
≤ 1, (29)

where 1r =
√
1x2+1y2. If C > 1, the process will

advect a distance larger than the grid point resolution
over a period 1t , leading to instabilities in the numer-
ical solution. A dedicated method, check_CFL, is im-
plemented in the Wave_tracing class and added to
the set_initial_condition method (Fig. 2). The
Courant number is written to the log file as

Clogfile =

{
info, if C ≤ 1,

warning, if C > 1.
(30)

The advection velocity (the absolute group velocity as seen
from a fixed point) in Eq. (29) is implemented as

W =max(|U |)+max(cn=0
g ), (31)

which is a good proxy for the magnitude of the maximum
advection speed. It may, however, exceed W for n > 0 for
waves starting in shallow water and propagating towards
deeper water. In the check_CFL, 1r =min(1x,1y).

3.3 Model simulation workflow

The wave ray equations are implemented in Python 3 in
the ocean_wave_tracing module available on GitHub
at https://github.com/hevgyrt/ocean_wave_tracing (last ac-
cess: 6 November 2023) under a GPL v.3 license. It is
based on common native Python libraries and open-source
projects. Key open-source projects include numpy (numerical
Python – https://numpy.org/, last access: 6 November 2023),
matplotlib (https://matplotlib.org/, last access: 6 Novem-
ber 2023), and xarray (https://docs.xarray.dev/en/stable/, last
access: 6 November 2023). The latter library is a large
project, which has become a de facto standard in geophysical
sciences for analyzing and dealing with multi-dimensional
data. The wave ray tracing tool is a class instance, and the
Wave_tracing object contains multiple auxiliary meth-
ods before and after performing the numerical integration.
Here, we will focus on the workflow, input fields, implemen-
tation, and the ancillary methods enclosing the wave ray trac-
ing solver method.

3.3.1 Operating conditions

A set of fixed conditions are specified for the
ocean_wave_tracing module. The most important
conditions include the following:
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Herendenotesthediscretetimeindex,withn=0,1,...,N
and1t=tn+1−tn.Discretehorizontalindicesaregivenby
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yl+1−yl.Thefxisafunctionofthegroupvelocityandam-
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Theevolutioninwavenumber(Eq.17)becomes
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Here,fkisafunctionofthehorizontalderivativesofσand
U.Horizontalderivativesarediscretizedusingacentraldif-
ferencescheme,suchthatfkbecomes

fk(x,y,kx,ky,U,V)=
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3.2Stabilitycondition

Aconstraintforhyperbolicequationsinfinite-difference
numericalschemesistheCourant–Friedrichs–Lewy(CFL)
condition,whichforaprocesswithadvectionvelocityWde-
mandsthatthenon-dimensionalCourantnumberbedefined
as

C≡W
1t

1r
≤1,(29)

where1r=
√

1x2+1y2.IfC>1,theprocesswill
advectadistancelargerthanthegridpointresolution
overaperiod1t,leadingtoinstabilitiesinthenumer-
icalsolution.Adedicatedmethod,check_CFL,isim-
plementedintheWave_tracingclassandaddedto
theset_initial_conditionmethod(Fig.2).The
Courantnumberiswrittentothelogfileas

Clogfile=

{
info,ifC≤1,

warning,ifC>1.
(30)

Theadvectionvelocity(theabsolutegroupvelocityasseen
fromafixedpoint)inEq.(29)isimplementedas

W=max(|U|)+max(cn=0
g),(31)

whichisagoodproxyforthemagnitudeofthemaximum
advectionspeed.Itmay,however,exceedWforn>0for
wavesstartinginshallowwaterandpropagatingtowards
deeperwater.Inthecheck_CFL,1r=min(1x,1y).

3.3Modelsimulationworkflow

ThewaverayequationsareimplementedinPython3in
theocean_wave_tracingmoduleavailableonGitHub
athttps://github.com/hevgyrt/ocean_wave_tracing(lastac-
cess:6November2023)underaGPLv.3license.Itis
basedoncommonnativePythonlibrariesandopen-source
projects.Keyopen-sourceprojectsincludenumpy(numerical
Python–https://numpy.org/,lastaccess:6November2023),
matplotlib(https://matplotlib.org/,lastaccess:6Novem-
ber2023),andxarray(https://docs.xarray.dev/en/stable/,last
access:6November2023).Thelatterlibraryisalarge
project,whichhasbecomeadefactostandardingeophysical
sciencesforanalyzinganddealingwithmulti-dimensional
data.Thewaveraytracingtoolisaclassinstance,andthe
Wave_tracingobjectcontainsmultipleauxiliarymeth-
odsbeforeandafterperformingthenumericalintegration.
Here,wewillfocusontheworkflow,inputfields,implemen-
tation,andtheancillarymethodsenclosingthewaveraytrac-
ingsolvermethod.

3.3.1Operatingconditions

Asetoffixedconditionsarespecifiedforthe
ocean_wave_tracingmodule.Themostimportant
conditionsincludethefollowing:
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3Numericalimplementation

3.1Finite-differencediscretization

Thewaverayequations(Eqs.16–17)arewellsuitedfor
numericalintegration.Theocean_wave_tracingmod-
uleofferstwofinite-differencenumericalschemes:afourth-
orderRunge–KuttaschemeandaforwardEulerscheme
throughitssolvermethod.Forreadability,thelatteris
usedheretopresentthediscretizationofthewaverayequa-
tions.Theadvection(Eq.16)becomes
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Herendenotesthediscretetimeindex,withn=0,1,...,N
and1t=tn+1−tn.Discretehorizontalindicesaregivenby
l=0,1,...,Nx;j=0,1,...,Ny;and1x=xl+1−xl,1y=
yl+1−yl.Thefxisafunctionofthegroupvelocityandam-
bientcurrentandbecomes(skippingtimeandhorizontalin-
dicesforreadability)
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Theevolutioninwavenumber(Eq.17)becomes

kn+1
x,(l,j)=k

n
x,(l,j)+1tfk

(
knx,(l,j),k

n
y,(l,j),

∂

∂x

σ(knl,j,dl,j),
∂

∂x
Unl,j,

∂

∂x
Vnl,j

)
,(26)

kn+1
y,(l,j)=k

n
y,(l,j)+1tfk

(
knx,(l,j),k

n
y,(l,j),

∂

∂y

σ(knl,j,dl,j),
∂

∂y
Unl,j,

∂

∂y
Vnl,j

)
.(27)

Here,fkisafunctionofthehorizontalderivativesofσand
U.Horizontalderivativesarediscretizedusingacentraldif-
ferencescheme,suchthatfkbecomes
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3.2Stabilitycondition

Aconstraintforhyperbolicequationsinfinite-difference
numericalschemesistheCourant–Friedrichs–Lewy(CFL)
condition,whichforaprocesswithadvectionvelocityWde-
mandsthatthenon-dimensionalCourantnumberbedefined
as

C≡W
1t

1r
≤1,(29)

where1r=
√

1x2+1y2.IfC>1,theprocesswill
advectadistancelargerthanthegridpointresolution
overaperiod1t,leadingtoinstabilitiesinthenumer-
icalsolution.Adedicatedmethod,check_CFL,isim-
plementedintheWave_tracingclassandaddedto
theset_initial_conditionmethod(Fig.2).The
Courantnumberiswrittentothelogfileas

Clogfile=

{
info,ifC≤1,

warning,ifC>1.
(30)

Theadvectionvelocity(theabsolutegroupvelocityasseen
fromafixedpoint)inEq.(29)isimplementedas

W=max(|U|)+max(cn=0
g),(31)

whichisagoodproxyforthemagnitudeofthemaximum
advectionspeed.Itmay,however,exceedWforn>0for
wavesstartinginshallowwaterandpropagatingtowards
deeperwater.Inthecheck_CFL,1r=min(1x,1y).

3.3Modelsimulationworkflow

ThewaverayequationsareimplementedinPython3in
theocean_wave_tracingmoduleavailableonGitHub
athttps://github.com/hevgyrt/ocean_wave_tracing(lastac-
cess:6November2023)underaGPLv.3license.Itis
basedoncommonnativePythonlibrariesandopen-source
projects.Keyopen-sourceprojectsincludenumpy(numerical
Python–https://numpy.org/,lastaccess:6November2023),
matplotlib(https://matplotlib.org/,lastaccess:6Novem-
ber2023),andxarray(https://docs.xarray.dev/en/stable/,last
access:6November2023).Thelatterlibraryisalarge
project,whichhasbecomeadefactostandardingeophysical
sciencesforanalyzinganddealingwithmulti-dimensional
data.Thewaveraytracingtoolisaclassinstance,andthe
Wave_tracingobjectcontainsmultipleauxiliarymeth-
odsbeforeandafterperformingthenumericalintegration.
Here,wewillfocusontheworkflow,inputfields,implemen-
tation,andtheancillarymethodsenclosingthewaveraytrac-
ingsolvermethod.

3.3.1Operatingconditions

Asetoffixedconditionsarespecifiedforthe
ocean_wave_tracingmodule.Themostimportant
conditionsincludethefollowing:
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3 Numerical implementation

3.1 Finite-difference discretization

The wave ray equations (Eqs. 16–17) are well suited for
numerical integration. The ocean_wave_tracing mod-
ule offers two finite-difference numerical schemes: a fourth-
order Runge–Kutta scheme and a forward Euler scheme
through its solver method. For readability, the latter is
used here to present the discretization of the wave ray equa-
tions. The advection (Eq. 16) becomes

x
n+1
(l,j)
= x

n
(l,j)
+1t fx (xn(l,j),yn(l,j),kn(l,j),knx,(l,j),Un(l,j)) , (23)

y
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(l,j)
= y

n
(l,j)
+1t fx (xn(l,j),yn(l,j),kn(l,j),kny,(l,j),V n(l,j)) . (24)

Here n denotes the discrete time index, with n= 0,1, . . .,N
and 1t = tn+1− tn. Discrete horizontal indices are given by
l = 0,1, . . .,Nx ; j = 0,1, . . .,Ny ; and1x = xl+1−xl ,1y =
yl+1−yl . The fx is a function of the group velocity and am-
bient current and becomes (skipping time and horizontal in-
dices for readability)

fx(x,y,k,kx,U)=




cg (k,d[x,y])

kx
k +U(x,y),

in x direction,
cg (k,d[x,y])

ky
k +V (x,y),

in y direction.

(25)

The evolution in wave number (Eq. 17) becomes
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V
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Here, fk is a function of the horizontal derivatives of σ and
U . Horizontal derivatives are discretized using a central dif-
ference scheme, such that fk becomes

fk(x,y,kx,ky,U,V )=
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(28)

3.2 Stability condition

A constraint for hyperbolic equations in finite-difference
numerical schemes is the Courant–Friedrichs–Lewy (CFL)
condition, which for a process with advection velocityW de-
mands that the non-dimensional Courant number be defined
as

C ≡W
1t

1r
≤ 1, (29)

where 1r =√1x2+1y2. If C > 1, the process will
advect a distance larger than the grid point resolution
over a period 1t , leading to instabilities in the numer-
ical solution. A dedicated method, check_CFL, is im-
plemented in the Wave_tracing class and added to
the set_initial_condition method (Fig. 2). The
Courant number is written to the log file as

Clogfile = {info, if C ≤ 1,

warning, if C > 1.
(30)

The advection velocity (the absolute group velocity as seen
from a fixed point) in Eq. (29) is implemented as

W =max(|U |)+max(c
n=0
g ), (31)

which is a good proxy for the magnitude of the maximum
advection speed. It may, however, exceed W for n > 0 for
waves starting in shallow water and propagating towards
deeper water. In the check_CFL, 1r =min(1x,1y).

3.3 Model simulation workflow

The wave ray equations are implemented in Python 3 in
the ocean_wave_tracing module available on GitHub
at https://github.com/hevgyrt/ocean_wave_tracing (last ac-
cess: 6 November 2023) under a GPL v.3 license. It is
based on common native Python libraries and open-source
projects. Key open-source projects include numpy (numerical
Python – https://numpy.org/, last access: 6 November 2023),
matplotlib (https://matplotlib.org/, last access: 6 Novem-
ber 2023), and xarray (https://docs.xarray.dev/en/stable/, last
access: 6 November 2023). The latter library is a large
project, which has become a de facto standard in geophysical
sciences for analyzing and dealing with multi-dimensional
data. The wave ray tracing tool is a class instance, and the
Wave_tracing object contains multiple auxiliary meth-
ods before and after performing the numerical integration.
Here, we will focus on the workflow, input fields, implemen-
tation, and the ancillary methods enclosing the wave ray trac-
ing solver method.

3.3.1 Operating conditions

A set of fixed conditions are specified for the
ocean_wave_tracing module. The most important
conditions include the following:
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3 Numerical implementation

3.1 Finite-difference discretization

The wave ray equations (Eqs. 16–17) are well suited for
numerical integration. The ocean_wave_tracing mod-
ule offers two finite-difference numerical schemes: a fourth-
order Runge–Kutta scheme and a forward Euler scheme
through its solver method. For readability, the latter is
used here to present the discretization of the wave ray equa-
tions. The advection (Eq. 16) becomes
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Here n denotes the discrete time index, with n= 0,1, . . .,N
and 1t = tn+1− tn. Discrete horizontal indices are given by
l = 0,1, . . .,Nx ; j = 0,1, . . .,Ny ; and1x = xl+1−xl ,1y =
yl+1−yl . The fx is a function of the group velocity and am-
bient current and becomes (skipping time and horizontal in-
dices for readability)
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The evolution in wave number (Eq. 17) becomes
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Here, fk is a function of the horizontal derivatives of σ and
U . Horizontal derivatives are discretized using a central dif-
ference scheme, such that fk becomes
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3.2 Stability condition

A constraint for hyperbolic equations in finite-difference
numerical schemes is the Courant–Friedrichs–Lewy (CFL)
condition, which for a process with advection velocityW de-
mands that the non-dimensional Courant number be defined
as

C ≡W
1t

1r
≤ 1, (29)

where 1r =√1x2+1y2. If C > 1, the process will
advect a distance larger than the grid point resolution
over a period 1t , leading to instabilities in the numer-
ical solution. A dedicated method, check_CFL, is im-
plemented in the Wave_tracing class and added to
the set_initial_condition method (Fig. 2). The
Courant number is written to the log file as

Clogfile = {info, if C ≤ 1,

warning, if C > 1.
(30)

The advection velocity (the absolute group velocity as seen
from a fixed point) in Eq. (29) is implemented as

W =max(|U |)+max(c
n=0
g ), (31)

which is a good proxy for the magnitude of the maximum
advection speed. It may, however, exceed W for n > 0 for
waves starting in shallow water and propagating towards
deeper water. In the check_CFL, 1r =min(1x,1y).

3.3 Model simulation workflow

The wave ray equations are implemented in Python 3 in
the ocean_wave_tracing module available on GitHub
at https://github.com/hevgyrt/ocean_wave_tracing (last ac-
cess: 6 November 2023) under a GPL v.3 license. It is
based on common native Python libraries and open-source
projects. Key open-source projects include numpy (numerical
Python – https://numpy.org/, last access: 6 November 2023),
matplotlib (https://matplotlib.org/, last access: 6 Novem-
ber 2023), and xarray (https://docs.xarray.dev/en/stable/, last
access: 6 November 2023). The latter library is a large
project, which has become a de facto standard in geophysical
sciences for analyzing and dealing with multi-dimensional
data. The wave ray tracing tool is a class instance, and the
Wave_tracing object contains multiple auxiliary meth-
ods before and after performing the numerical integration.
Here, we will focus on the workflow, input fields, implemen-
tation, and the ancillary methods enclosing the wave ray trac-
ing solver method.

3.3.1 Operating conditions

A set of fixed conditions are specified for the
ocean_wave_tracing module. The most important
conditions include the following:
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3Numericalimplementation

3.1Finite-differencediscretization

Thewaverayequations(Eqs.16–17)arewellsuitedfor
numericalintegration.Theocean_wave_tracingmod-
uleofferstwofinite-differencenumericalschemes:afourth-
orderRunge–KuttaschemeandaforwardEulerscheme
throughitssolvermethod.Forreadability,thelatteris
usedheretopresentthediscretizationofthewaverayequa-
tions.Theadvection(Eq.16)becomes
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l=0,1,...,Nx;j=0,1,...,Ny;and1x=xl+1−xl,1y=
yl+1−yl.Thefxisafunctionofthegroupvelocityandam-
bientcurrentandbecomes(skippingtimeandhorizontalin-
dicesforreadability)
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Theevolutioninwavenumber(Eq.17)becomes
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3.2Stabilitycondition

Aconstraintforhyperbolicequationsinfinite-difference
numericalschemesistheCourant–Friedrichs–Lewy(CFL)
condition,whichforaprocesswithadvectionvelocityWde-
mandsthatthenon-dimensionalCourantnumberbedefined
as

C≡W
1t

1r
≤1,(29)

where1r=√1x2+1y2.IfC>1,theprocesswill
advectadistancelargerthanthegridpointresolution
overaperiod1t,leadingtoinstabilitiesinthenumer-
icalsolution.Adedicatedmethod,check_CFL,isim-
plementedintheWave_tracingclassandaddedto
theset_initial_conditionmethod(Fig.2).The
Courantnumberiswrittentothelogfileas

Clogfile={info,ifC≤1,

warning,ifC>1.
(30)

Theadvectionvelocity(theabsolutegroupvelocityasseen
fromafixedpoint)inEq.(29)isimplementedas

W=max(|U|)+max(c
n=0
g),(31)

whichisagoodproxyforthemagnitudeofthemaximum
advectionspeed.Itmay,however,exceedWforn>0for
wavesstartinginshallowwaterandpropagatingtowards
deeperwater.Inthecheck_CFL,1r=min(1x,1y).

3.3Modelsimulationworkflow

ThewaverayequationsareimplementedinPython3in
theocean_wave_tracingmoduleavailableonGitHub
athttps://github.com/hevgyrt/ocean_wave_tracing(lastac-
cess:6November2023)underaGPLv.3license.Itis
basedoncommonnativePythonlibrariesandopen-source
projects.Keyopen-sourceprojectsincludenumpy(numerical
Python–https://numpy.org/,lastaccess:6November2023),
matplotlib(https://matplotlib.org/,lastaccess:6Novem-
ber2023),andxarray(https://docs.xarray.dev/en/stable/,last
access:6November2023).Thelatterlibraryisalarge
project,whichhasbecomeadefactostandardingeophysical
sciencesforanalyzinganddealingwithmulti-dimensional
data.Thewaveraytracingtoolisaclassinstance,andthe
Wave_tracingobjectcontainsmultipleauxiliarymeth-
odsbeforeandafterperformingthenumericalintegration.
Here,wewillfocusontheworkflow,inputfields,implemen-
tation,andtheancillarymethodsenclosingthewaveraytrac-
ingsolvermethod.

3.3.1Operatingconditions

Asetoffixedconditionsarespecifiedforthe
ocean_wave_tracingmodule.Themostimportant
conditionsincludethefollowing:
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3Numericalimplementation

3.1Finite-differencediscretization

Thewaverayequations(Eqs.16–17)arewellsuitedfor
numericalintegration.Theocean_wave_tracingmod-
uleofferstwofinite-differencenumericalschemes:afourth-
orderRunge–KuttaschemeandaforwardEulerscheme
throughitssolvermethod.Forreadability,thelatteris
usedheretopresentthediscretizationofthewaverayequa-
tions.Theadvection(Eq.16)becomes
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Here,fkisafunctionofthehorizontalderivativesofσand
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3.2Stabilitycondition

Aconstraintforhyperbolicequationsinfinite-difference
numericalschemesistheCourant–Friedrichs–Lewy(CFL)
condition,whichforaprocesswithadvectionvelocityWde-
mandsthatthenon-dimensionalCourantnumberbedefined
as

C≡W
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1r
≤1,(29)

where1r=√1x2+1y2.IfC>1,theprocesswill
advectadistancelargerthanthegridpointresolution
overaperiod1t,leadingtoinstabilitiesinthenumer-
icalsolution.Adedicatedmethod,check_CFL,isim-
plementedintheWave_tracingclassandaddedto
theset_initial_conditionmethod(Fig.2).The
Courantnumberiswrittentothelogfileas
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(30)

Theadvectionvelocity(theabsolutegroupvelocityasseen
fromafixedpoint)inEq.(29)isimplementedas
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whichisagoodproxyforthemagnitudeofthemaximum
advectionspeed.Itmay,however,exceedWforn>0for
wavesstartinginshallowwaterandpropagatingtowards
deeperwater.Inthecheck_CFL,1r=min(1x,1y).

3.3Modelsimulationworkflow

ThewaverayequationsareimplementedinPython3in
theocean_wave_tracingmoduleavailableonGitHub
athttps://github.com/hevgyrt/ocean_wave_tracing(lastac-
cess:6November2023)underaGPLv.3license.Itis
basedoncommonnativePythonlibrariesandopen-source
projects.Keyopen-sourceprojectsincludenumpy(numerical
Python–https://numpy.org/,lastaccess:6November2023),
matplotlib(https://matplotlib.org/,lastaccess:6Novem-
ber2023),andxarray(https://docs.xarray.dev/en/stable/,last
access:6November2023).Thelatterlibraryisalarge
project,whichhasbecomeadefactostandardingeophysical
sciencesforanalyzinganddealingwithmulti-dimensional
data.Thewaveraytracingtoolisaclassinstance,andthe
Wave_tracingobjectcontainsmultipleauxiliarymeth-
odsbeforeandafterperformingthenumericalintegration.
Here,wewillfocusontheworkflow,inputfields,implemen-
tation,andtheancillarymethodsenclosingthewaveraytrac-
ingsolvermethod.

3.3.1Operatingconditions

Asetoffixedconditionsarespecifiedforthe
ocean_wave_tracingmodule.Themostimportant
conditionsincludethefollowing:
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as
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overaperiod1t,leadingtoinstabilitiesinthenumer-
icalsolution.Adedicatedmethod,check_CFL,isim-
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whichisagoodproxyforthemagnitudeofthemaximum
advectionspeed.Itmay,however,exceedWforn>0for
wavesstartinginshallowwaterandpropagatingtowards
deeperwater.Inthecheck_CFL,1r=min(1x,1y).

3.3Modelsimulationworkflow

ThewaverayequationsareimplementedinPython3in
theocean_wave_tracingmoduleavailableonGitHub
athttps://github.com/hevgyrt/ocean_wave_tracing(lastac-
cess:6November2023)underaGPLv.3license.Itis
basedoncommonnativePythonlibrariesandopen-source
projects.Keyopen-sourceprojectsincludenumpy(numerical
Python–https://numpy.org/,lastaccess:6November2023),
matplotlib(https://matplotlib.org/,lastaccess:6Novem-
ber2023),andxarray(https://docs.xarray.dev/en/stable/,last
access:6November2023).Thelatterlibraryisalarge
project,whichhasbecomeadefactostandardingeophysical
sciencesforanalyzinganddealingwithmulti-dimensional
data.Thewaveraytracingtoolisaclassinstance,andthe
Wave_tracingobjectcontainsmultipleauxiliarymeth-
odsbeforeandafterperformingthenumericalintegration.
Here,wewillfocusontheworkflow,inputfields,implemen-
tation,andtheancillarymethodsenclosingthewaveraytrac-
ingsolvermethod.

3.3.1Operatingconditions

Asetoffixedconditionsarespecifiedforthe
ocean_wave_tracingmodule.Themostimportant
conditionsincludethefollowing:
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numericalschemesistheCourant–Friedrichs–Lewy(CFL)
condition,whichforaprocesswithadvectionvelocityWde-
mandsthatthenon-dimensionalCourantnumberbedefined
as
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where1r=√1x2+1y2.IfC>1,theprocesswill
advectadistancelargerthanthegridpointresolution
overaperiod1t,leadingtoinstabilitiesinthenumer-
icalsolution.Adedicatedmethod,check_CFL,isim-
plementedintheWave_tracingclassandaddedto
theset_initial_conditionmethod(Fig.2).The
Courantnumberiswrittentothelogfileas

Clogfile={info,ifC≤1,

warning,ifC>1.
(30)

Theadvectionvelocity(theabsolutegroupvelocityasseen
fromafixedpoint)inEq.(29)isimplementedas

W=max(|U|)+max(c
n=0
g),(31)

whichisagoodproxyforthemagnitudeofthemaximum
advectionspeed.Itmay,however,exceedWforn>0for
wavesstartinginshallowwaterandpropagatingtowards
deeperwater.Inthecheck_CFL,1r=min(1x,1y).

3.3Modelsimulationworkflow

ThewaverayequationsareimplementedinPython3in
theocean_wave_tracingmoduleavailableonGitHub
athttps://github.com/hevgyrt/ocean_wave_tracing(lastac-
cess:6November2023)underaGPLv.3license.Itis
basedoncommonnativePythonlibrariesandopen-source
projects.Keyopen-sourceprojectsincludenumpy(numerical
Python–https://numpy.org/,lastaccess:6November2023),
matplotlib(https://matplotlib.org/,lastaccess:6Novem-
ber2023),andxarray(https://docs.xarray.dev/en/stable/,last
access:6November2023).Thelatterlibraryisalarge
project,whichhasbecomeadefactostandardingeophysical
sciencesforanalyzinganddealingwithmulti-dimensional
data.Thewaveraytracingtoolisaclassinstance,andthe
Wave_tracingobjectcontainsmultipleauxiliarymeth-
odsbeforeandafterperformingthenumericalintegration.
Here,wewillfocusontheworkflow,inputfields,implemen-
tation,andtheancillarymethodsenclosingthewaveraytrac-
ingsolvermethod.

3.3.1Operatingconditions

Asetoffixedconditionsarespecifiedforthe
ocean_wave_tracingmodule.Themostimportant
conditionsincludethefollowing:
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Algorithm 1 Generic workflow code example.

import numpy as np
import maplotlib.pyplot as plt
from ocean_wave_tracing import Wave_tracing

# Defining some properties of the medium
nx = 100; ny = 100 # number of grid points in x- and y-direction
x = np.linspace(0,2000,nx) # size x-domain [m]
y = np.linspace(0,3500,ny) # size y-domain [m]
T = 250 # simulation time [s]
U=np.zeros((nx,ny))
U[nx//2:,:]=1

# Define a wave tracing object
wt = Wave_tracing(U=U,V=np.zeros((ny,nx)),

nx=nx, ny=ny, nt=150,T=T,
dx=x[1]-x[0],dy=y[1]-y[0],
nb_wave_rays=20,
domain_X0=x[0], domain_XN=x[-1],
domain_Y0=y[0], domain_YN=y[-1],
)

# Set initial conditions
wt.set_initial_condition(wave_period=10,

theta0=np.pi/8)
# Solve
wt.solve()

– The model domain must be rectangular and in Cartesian
coordinates with a uniform horizontal resolution in each
direction.

– Units must follow the SI system with length scale units
of meters (m) and seconds (s). The angular units are
radians (rad). Wave propagation direction θ follows a
right handed coordinate system with θ = 0 being paral-
lel to the x axis and propagating in the positive x direc-
tion.

– Variable names, structures, and metadata are, to a large
extent, based on the Climate and Forecast (CF) meta-
data convention (https://cfconventions.org/, last access:
6 November 2023).

3.3.2 Ray tracing model initialization

A flowchart of the model simulation workflow is given in
Fig. 2 and an associated code example in Alg. 1. Firstly, a
wave ray tracing object Wave_tracing is initialized by an
__init__ method. The input variables define the ambient
conditions and include

– the ambient current U,V = U ;

– the bathymetry depth (optional);

– the boundaries X0,XN,Y0, and YN and horizontal res-
olution dx and dy of the domain;

– the number of time steps nt and total duration time for
wave propagation T;

– the number of wave rays nb_wave_rays.

The current is allowed to vary in time by setting
temporal_evolution=True, but it is up to the user to
make sure that U(t,x) is not violating Eq. (18) by ∂U/∂t '
0. If the bathymetry is not specified, the model assumes
deep-water waves and sets a fixed uniform depth at 105 m.
Depth values are defined as positive, implying that neg-
ative values will be treated as land if both negative and
positive values are present through a dedicated bathymetry
checker (check_bathymetry), which is invoked within
__init__. Furthermore, the input velocity field is checked
and xarray datasets are created for the bathymetry and veloc-
ity field as class variables following the CF convention.

3.3.3 Setting the initial conditions

Before the numerical integration, initial condi-
tions for the ODEs are specified in a dedicated
set_initial_condition() method (Alg. 1,
Fig. 2). Here the initial wave period T n=0, wave
propagation direction θ = θn=0, and initial position
r(t = 0,x)= (xn=0,yn=0) are specified. By utilizing the
rectangular model domain, the initial position can most
easily be given as one of the sides of the domain, i.e.,
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Algorithm1Genericworkflowcodeexample.

importnumpyasnp
importmaplotlib.pyplotasplt
fromocean_wave_tracingimportWave_tracing

#Definingsomepropertiesofthemedium
nx=100;ny=100#numberofgridpointsinx-andy-direction
x=np.linspace(0,2000,nx)#sizex-domain[m]
y=np.linspace(0,3500,ny)#sizey-domain[m]
T=250#simulationtime[s]
U=np.zeros((nx,ny))
U[nx//2:,:]=1

#Defineawavetracingobject
wt=Wave_tracing(U=U,V=np.zeros((ny,nx)),

nx=nx,ny=ny,nt=150,T=T,
dx=x[1]-x[0],dy=y[1]-y[0],
nb_wave_rays=20,
domain_X0=x[0],domain_XN=x[-1],
domain_Y0=y[0],domain_YN=y[-1],
)

#Setinitialconditions
wt.set_initial_condition(wave_period=10,

theta0=np.pi/8)
#Solve
wt.solve()

–ThemodeldomainmustberectangularandinCartesian
coordinateswithauniformhorizontalresolutionineach
direction.

–UnitsmustfollowtheSIsystemwithlengthscaleunits
ofmeters(m)andseconds(s).Theangularunitsare
radians(rad).Wavepropagationdirectionθfollowsa
righthandedcoordinatesystemwithθ=0beingparal-
leltothexaxisandpropagatinginthepositivexdirec-
tion.

–Variablenames,structures,andmetadataare,toalarge
extent,basedontheClimateandForecast(CF)meta-
dataconvention(https://cfconventions.org/,lastaccess:
6November2023).

3.3.2Raytracingmodelinitialization

Aflowchartofthemodelsimulationworkflowisgivenin
Fig.2andanassociatedcodeexampleinAlg.1.Firstly,a
waveraytracingobjectWave_tracingisinitializedbyan
__init__method.Theinputvariablesdefinetheambient
conditionsandinclude

–theambientcurrentU,V=U;

–thebathymetrydepth(optional);

–theboundariesX0,XN,Y0,andYNandhorizontalres-
olutiondxanddyofthedomain;

–thenumberoftimestepsntandtotaldurationtimefor
wavepropagationT;

–thenumberofwaveraysnb_wave_rays.

Thecurrentisallowedtovaryintimebysetting
temporal_evolution=True,butitisuptotheuserto
makesurethatU(t,x)isnotviolatingEq.(18)by∂U/∂t'
0.Ifthebathymetryisnotspecified,themodelassumes
deep-waterwavesandsetsafixeduniformdepthat105m.
Depthvaluesaredefinedaspositive,implyingthatneg-
ativevalueswillbetreatedaslandifbothnegativeand
positivevaluesarepresentthroughadedicatedbathymetry
checker(check_bathymetry),whichisinvokedwithin
__init__.Furthermore,theinputvelocityfieldischecked
andxarraydatasetsarecreatedforthebathymetryandveloc-
ityfieldasclassvariablesfollowingtheCFconvention.

3.3.3Settingtheinitialconditions

Beforethenumericalintegration,initialcondi-
tionsfortheODEsarespecifiedinadedicated
set_initial_condition()method(Alg.1,
Fig.2).HeretheinitialwaveperiodTn=0,wave
propagationdirectionθ=θn=0,andinitialposition
r(t=0,x)=(xn=0,yn=0)arespecified.Byutilizingthe
rectangularmodeldomain,theinitialpositioncanmost
easilybegivenasoneofthesidesofthedomain,i.e.,
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Algorithm1Genericworkflowcodeexample.

importnumpyasnp
importmaplotlib.pyplotasplt
fromocean_wave_tracingimportWave_tracing

#Definingsomepropertiesofthemedium
nx=100;ny=100#numberofgridpointsinx-andy-direction
x=np.linspace(0,2000,nx)#sizex-domain[m]
y=np.linspace(0,3500,ny)#sizey-domain[m]
T=250#simulationtime[s]
U=np.zeros((nx,ny))
U[nx//2:,:]=1

#Defineawavetracingobject
wt=Wave_tracing(U=U,V=np.zeros((ny,nx)),

nx=nx,ny=ny,nt=150,T=T,
dx=x[1]-x[0],dy=y[1]-y[0],
nb_wave_rays=20,
domain_X0=x[0],domain_XN=x[-1],
domain_Y0=y[0],domain_YN=y[-1],
)

#Setinitialconditions
wt.set_initial_condition(wave_period=10,

theta0=np.pi/8)
#Solve
wt.solve()

–ThemodeldomainmustberectangularandinCartesian
coordinateswithauniformhorizontalresolutionineach
direction.

–UnitsmustfollowtheSIsystemwithlengthscaleunits
ofmeters(m)andseconds(s).Theangularunitsare
radians(rad).Wavepropagationdirectionθfollowsa
righthandedcoordinatesystemwithθ=0beingparal-
leltothexaxisandpropagatinginthepositivexdirec-
tion.

–Variablenames,structures,andmetadataare,toalarge
extent,basedontheClimateandForecast(CF)meta-
dataconvention(https://cfconventions.org/,lastaccess:
6November2023).

3.3.2Raytracingmodelinitialization

Aflowchartofthemodelsimulationworkflowisgivenin
Fig.2andanassociatedcodeexampleinAlg.1.Firstly,a
waveraytracingobjectWave_tracingisinitializedbyan
__init__method.Theinputvariablesdefinetheambient
conditionsandinclude

–theambientcurrentU,V=U;

–thebathymetrydepth(optional);

–theboundariesX0,XN,Y0,andYNandhorizontalres-
olutiondxanddyofthedomain;

–thenumberoftimestepsntandtotaldurationtimefor
wavepropagationT;

–thenumberofwaveraysnb_wave_rays.

Thecurrentisallowedtovaryintimebysetting
temporal_evolution=True,butitisuptotheuserto
makesurethatU(t,x)isnotviolatingEq.(18)by∂U/∂t'
0.Ifthebathymetryisnotspecified,themodelassumes
deep-waterwavesandsetsafixeduniformdepthat105m.
Depthvaluesaredefinedaspositive,implyingthatneg-
ativevalueswillbetreatedaslandifbothnegativeand
positivevaluesarepresentthroughadedicatedbathymetry
checker(check_bathymetry),whichisinvokedwithin
__init__.Furthermore,theinputvelocityfieldischecked
andxarraydatasetsarecreatedforthebathymetryandveloc-
ityfieldasclassvariablesfollowingtheCFconvention.

3.3.3Settingtheinitialconditions

Beforethenumericalintegration,initialcondi-
tionsfortheODEsarespecifiedinadedicated
set_initial_condition()method(Alg.1,
Fig.2).HeretheinitialwaveperiodTn=0,wave
propagationdirectionθ=θn=0,andinitialposition
r(t=0,x)=(xn=0,yn=0)arespecified.Byutilizingthe
rectangularmodeldomain,theinitialpositioncanmost
easilybegivenasoneofthesidesofthedomain,i.e.,
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Algorithm 1 Generic workflow code example.

import numpy as np
import maplotlib.pyplot as plt
from ocean_wave_tracing import Wave_tracing

# Defining some properties of the medium
nx = 100; ny = 100 # number of grid points in x- and y-direction
x = np.linspace(0,2000,nx) # size x-domain [m]
y = np.linspace(0,3500,ny) # size y-domain [m]
T = 250 # simulation time [s]
U=np.zeros((nx,ny))
U[nx//2:,:]=1

# Define a wave tracing object
wt = Wave_tracing(U=U,V=np.zeros((ny,nx)),

nx=nx, ny=ny, nt=150,T=T,
dx=x[1]-x[0],dy=y[1]-y[0],
nb_wave_rays=20,
domain_X0=x[0], domain_XN=x[-1],
domain_Y0=y[0], domain_YN=y[-1],
)

# Set initial conditions
wt.set_initial_condition(wave_period=10,

theta0=np.pi/8)
# Solve
wt.solve()

– The model domain must be rectangular and in Cartesian
coordinates with a uniform horizontal resolution in each
direction.

– Units must follow the SI system with length scale units
of meters (m) and seconds (s). The angular units are
radians (rad). Wave propagation direction θ follows a
right handed coordinate system with θ = 0 being paral-
lel to the x axis and propagating in the positive x direc-
tion.

– Variable names, structures, and metadata are, to a large
extent, based on the Climate and Forecast (CF) meta-
data convention (https://cfconventions.org/, last access:
6 November 2023).

3.3.2 Ray tracing model initialization

A flowchart of the model simulation workflow is given in
Fig. 2 and an associated code example in Alg. 1. Firstly, a
wave ray tracing object Wave_tracing is initialized by an
__init__ method. The input variables define the ambient
conditions and include

– the ambient current U,V = U ;

– the bathymetry depth (optional);

– the boundaries X0,XN,Y0, and YN and horizontal res-
olution dx and dy of the domain;

– the number of time steps nt and total duration time for
wave propagation T;

– the number of wave rays nb_wave_rays.

The current is allowed to vary in time by setting
temporal_evolution=True, but it is up to the user to
make sure that U(t,x) is not violating Eq. (18) by ∂U/∂t '
0. If the bathymetry is not specified, the model assumes
deep-water waves and sets a fixed uniform depth at 105 m.
Depth values are defined as positive, implying that neg-
ative values will be treated as land if both negative and
positive values are present through a dedicated bathymetry
checker (check_bathymetry), which is invoked within
__init__. Furthermore, the input velocity field is checked
and xarray datasets are created for the bathymetry and veloc-
ity field as class variables following the CF convention.

3.3.3 Setting the initial conditions

Before the numerical integration, initial condi-
tions for the ODEs are specified in a dedicated
set_initial_condition() method (Alg. 1,
Fig. 2). Here the initial wave period T

n=0, wave
propagation direction θ = θ

n=0, and initial position
r(t = 0,x)= (x

n=0,yn=0) are specified. By utilizing the
rectangular model domain, the initial position can most
easily be given as one of the sides of the domain, i.e.,
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Algorithm 1 Generic workflow code example.

import numpy as np
import maplotlib.pyplot as plt
from ocean_wave_tracing import Wave_tracing

# Defining some properties of the medium
nx = 100; ny = 100 # number of grid points in x- and y-direction
x = np.linspace(0,2000,nx) # size x-domain [m]
y = np.linspace(0,3500,ny) # size y-domain [m]
T = 250 # simulation time [s]
U=np.zeros((nx,ny))
U[nx//2:,:]=1

# Define a wave tracing object
wt = Wave_tracing(U=U,V=np.zeros((ny,nx)),

nx=nx, ny=ny, nt=150,T=T,
dx=x[1]-x[0],dy=y[1]-y[0],
nb_wave_rays=20,
domain_X0=x[0], domain_XN=x[-1],
domain_Y0=y[0], domain_YN=y[-1],
)

# Set initial conditions
wt.set_initial_condition(wave_period=10,

theta0=np.pi/8)
# Solve
wt.solve()

– The model domain must be rectangular and in Cartesian
coordinates with a uniform horizontal resolution in each
direction.

– Units must follow the SI system with length scale units
of meters (m) and seconds (s). The angular units are
radians (rad). Wave propagation direction θ follows a
right handed coordinate system with θ = 0 being paral-
lel to the x axis and propagating in the positive x direc-
tion.

– Variable names, structures, and metadata are, to a large
extent, based on the Climate and Forecast (CF) meta-
data convention (https://cfconventions.org/, last access:
6 November 2023).

3.3.2 Ray tracing model initialization

A flowchart of the model simulation workflow is given in
Fig. 2 and an associated code example in Alg. 1. Firstly, a
wave ray tracing object Wave_tracing is initialized by an
__init__ method. The input variables define the ambient
conditions and include

– the ambient current U,V = U ;

– the bathymetry depth (optional);

– the boundaries X0,XN,Y0, and YN and horizontal res-
olution dx and dy of the domain;

– the number of time steps nt and total duration time for
wave propagation T;

– the number of wave rays nb_wave_rays.

The current is allowed to vary in time by setting
temporal_evolution=True, but it is up to the user to
make sure that U(t,x) is not violating Eq. (18) by ∂U/∂t '
0. If the bathymetry is not specified, the model assumes
deep-water waves and sets a fixed uniform depth at 105 m.
Depth values are defined as positive, implying that neg-
ative values will be treated as land if both negative and
positive values are present through a dedicated bathymetry
checker (check_bathymetry), which is invoked within
__init__. Furthermore, the input velocity field is checked
and xarray datasets are created for the bathymetry and veloc-
ity field as class variables following the CF convention.

3.3.3 Setting the initial conditions

Before the numerical integration, initial condi-
tions for the ODEs are specified in a dedicated
set_initial_condition() method (Alg. 1,
Fig. 2). Here the initial wave period T

n=0, wave
propagation direction θ = θ

n=0, and initial position
r(t = 0,x)= (x

n=0,yn=0) are specified. By utilizing the
rectangular model domain, the initial position can most
easily be given as one of the sides of the domain, i.e.,
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Algorithm1Genericworkflowcodeexample.

importnumpyasnp
importmaplotlib.pyplotasplt
fromocean_wave_tracingimportWave_tracing

#Definingsomepropertiesofthemedium
nx=100;ny=100#numberofgridpointsinx-andy-direction
x=np.linspace(0,2000,nx)#sizex-domain[m]
y=np.linspace(0,3500,ny)#sizey-domain[m]
T=250#simulationtime[s]
U=np.zeros((nx,ny))
U[nx//2:,:]=1

#Defineawavetracingobject
wt=Wave_tracing(U=U,V=np.zeros((ny,nx)),

nx=nx,ny=ny,nt=150,T=T,
dx=x[1]-x[0],dy=y[1]-y[0],
nb_wave_rays=20,
domain_X0=x[0],domain_XN=x[-1],
domain_Y0=y[0],domain_YN=y[-1],
)

#Setinitialconditions
wt.set_initial_condition(wave_period=10,

theta0=np.pi/8)
#Solve
wt.solve()

–ThemodeldomainmustberectangularandinCartesian
coordinateswithauniformhorizontalresolutionineach
direction.

–UnitsmustfollowtheSIsystemwithlengthscaleunits
ofmeters(m)andseconds(s).Theangularunitsare
radians(rad).Wavepropagationdirectionθfollowsa
righthandedcoordinatesystemwithθ=0beingparal-
leltothexaxisandpropagatinginthepositivexdirec-
tion.

–Variablenames,structures,andmetadataare,toalarge
extent,basedontheClimateandForecast(CF)meta-
dataconvention(https://cfconventions.org/,lastaccess:
6November2023).

3.3.2Raytracingmodelinitialization

Aflowchartofthemodelsimulationworkflowisgivenin
Fig.2andanassociatedcodeexampleinAlg.1.Firstly,a
waveraytracingobjectWave_tracingisinitializedbyan
__init__method.Theinputvariablesdefinetheambient
conditionsandinclude

–theambientcurrentU,V=U;

–thebathymetrydepth(optional);

–theboundariesX0,XN,Y0,andYNandhorizontalres-
olutiondxanddyofthedomain;

–thenumberoftimestepsntandtotaldurationtimefor
wavepropagationT;

–thenumberofwaveraysnb_wave_rays.

Thecurrentisallowedtovaryintimebysetting
temporal_evolution=True,butitisuptotheuserto
makesurethatU(t,x)isnotviolatingEq.(18)by∂U/∂t'
0.Ifthebathymetryisnotspecified,themodelassumes
deep-waterwavesandsetsafixeduniformdepthat105m.
Depthvaluesaredefinedaspositive,implyingthatneg-
ativevalueswillbetreatedaslandifbothnegativeand
positivevaluesarepresentthroughadedicatedbathymetry
checker(check_bathymetry),whichisinvokedwithin
__init__.Furthermore,theinputvelocityfieldischecked
andxarraydatasetsarecreatedforthebathymetryandveloc-
ityfieldasclassvariablesfollowingtheCFconvention.

3.3.3Settingtheinitialconditions

Beforethenumericalintegration,initialcondi-
tionsfortheODEsarespecifiedinadedicated
set_initial_condition()method(Alg.1,
Fig.2).HeretheinitialwaveperiodT

n=0,wave
propagationdirectionθ=θ

n=0,andinitialposition
r(t=0,x)=(x

n=0,yn=0)arespecified.Byutilizingthe
rectangularmodeldomain,theinitialpositioncanmost
easilybegivenasoneofthesidesofthedomain,i.e.,
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Algorithm1Genericworkflowcodeexample.

importnumpyasnp
importmaplotlib.pyplotasplt
fromocean_wave_tracingimportWave_tracing

#Definingsomepropertiesofthemedium
nx=100;ny=100#numberofgridpointsinx-andy-direction
x=np.linspace(0,2000,nx)#sizex-domain[m]
y=np.linspace(0,3500,ny)#sizey-domain[m]
T=250#simulationtime[s]
U=np.zeros((nx,ny))
U[nx//2:,:]=1

#Defineawavetracingobject
wt=Wave_tracing(U=U,V=np.zeros((ny,nx)),

nx=nx,ny=ny,nt=150,T=T,
dx=x[1]-x[0],dy=y[1]-y[0],
nb_wave_rays=20,
domain_X0=x[0],domain_XN=x[-1],
domain_Y0=y[0],domain_YN=y[-1],
)

#Setinitialconditions
wt.set_initial_condition(wave_period=10,

theta0=np.pi/8)
#Solve
wt.solve()

–ThemodeldomainmustberectangularandinCartesian
coordinateswithauniformhorizontalresolutionineach
direction.

–UnitsmustfollowtheSIsystemwithlengthscaleunits
ofmeters(m)andseconds(s).Theangularunitsare
radians(rad).Wavepropagationdirectionθfollowsa
righthandedcoordinatesystemwithθ=0beingparal-
leltothexaxisandpropagatinginthepositivexdirec-
tion.

–Variablenames,structures,andmetadataare,toalarge
extent,basedontheClimateandForecast(CF)meta-
dataconvention(https://cfconventions.org/,lastaccess:
6November2023).

3.3.2Raytracingmodelinitialization

Aflowchartofthemodelsimulationworkflowisgivenin
Fig.2andanassociatedcodeexampleinAlg.1.Firstly,a
waveraytracingobjectWave_tracingisinitializedbyan
__init__method.Theinputvariablesdefinetheambient
conditionsandinclude

–theambientcurrentU,V=U;

–thebathymetrydepth(optional);

–theboundariesX0,XN,Y0,andYNandhorizontalres-
olutiondxanddyofthedomain;

–thenumberoftimestepsntandtotaldurationtimefor
wavepropagationT;

–thenumberofwaveraysnb_wave_rays.

Thecurrentisallowedtovaryintimebysetting
temporal_evolution=True,butitisuptotheuserto
makesurethatU(t,x)isnotviolatingEq.(18)by∂U/∂t'
0.Ifthebathymetryisnotspecified,themodelassumes
deep-waterwavesandsetsafixeduniformdepthat105m.
Depthvaluesaredefinedaspositive,implyingthatneg-
ativevalueswillbetreatedaslandifbothnegativeand
positivevaluesarepresentthroughadedicatedbathymetry
checker(check_bathymetry),whichisinvokedwithin
__init__.Furthermore,theinputvelocityfieldischecked
andxarraydatasetsarecreatedforthebathymetryandveloc-
ityfieldasclassvariablesfollowingtheCFconvention.

3.3.3Settingtheinitialconditions

Beforethenumericalintegration,initialcondi-
tionsfortheODEsarespecifiedinadedicated
set_initial_condition()method(Alg.1,
Fig.2).HeretheinitialwaveperiodT

n=0,wave
propagationdirectionθ=θ

n=0,andinitialposition
r(t=0,x)=(x

n=0,yn=0)arespecified.Byutilizingthe
rectangularmodeldomain,theinitialpositioncanmost
easilybegivenasoneofthesidesofthedomain,i.e.,
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Algorithm1Genericworkflowcodeexample.

importnumpyasnp
importmaplotlib.pyplotasplt
fromocean_wave_tracingimportWave_tracing

#Definingsomepropertiesofthemedium
nx=100;ny=100#numberofgridpointsinx-andy-direction
x=np.linspace(0,2000,nx)#sizex-domain[m]
y=np.linspace(0,3500,ny)#sizey-domain[m]
T=250#simulationtime[s]
U=np.zeros((nx,ny))
U[nx//2:,:]=1

#Defineawavetracingobject
wt=Wave_tracing(U=U,V=np.zeros((ny,nx)),

nx=nx,ny=ny,nt=150,T=T,
dx=x[1]-x[0],dy=y[1]-y[0],
nb_wave_rays=20,
domain_X0=x[0],domain_XN=x[-1],
domain_Y0=y[0],domain_YN=y[-1],
)

#Setinitialconditions
wt.set_initial_condition(wave_period=10,

theta0=np.pi/8)
#Solve
wt.solve()

–ThemodeldomainmustberectangularandinCartesian
coordinateswithauniformhorizontalresolutionineach
direction.

–UnitsmustfollowtheSIsystemwithlengthscaleunits
ofmeters(m)andseconds(s).Theangularunitsare
radians(rad).Wavepropagationdirectionθfollowsa
righthandedcoordinatesystemwithθ=0beingparal-
leltothexaxisandpropagatinginthepositivexdirec-
tion.

–Variablenames,structures,andmetadataare,toalarge
extent,basedontheClimateandForecast(CF)meta-
dataconvention(https://cfconventions.org/,lastaccess:
6November2023).

3.3.2Raytracingmodelinitialization

Aflowchartofthemodelsimulationworkflowisgivenin
Fig.2andanassociatedcodeexampleinAlg.1.Firstly,a
waveraytracingobjectWave_tracingisinitializedbyan
__init__method.Theinputvariablesdefinetheambient
conditionsandinclude

–theambientcurrentU,V=U;

–thebathymetrydepth(optional);

–theboundariesX0,XN,Y0,andYNandhorizontalres-
olutiondxanddyofthedomain;

–thenumberoftimestepsntandtotaldurationtimefor
wavepropagationT;

–thenumberofwaveraysnb_wave_rays.

Thecurrentisallowedtovaryintimebysetting
temporal_evolution=True,butitisuptotheuserto
makesurethatU(t,x)isnotviolatingEq.(18)by∂U/∂t'
0.Ifthebathymetryisnotspecified,themodelassumes
deep-waterwavesandsetsafixeduniformdepthat105m.
Depthvaluesaredefinedaspositive,implyingthatneg-
ativevalueswillbetreatedaslandifbothnegativeand
positivevaluesarepresentthroughadedicatedbathymetry
checker(check_bathymetry),whichisinvokedwithin
__init__.Furthermore,theinputvelocityfieldischecked
andxarraydatasetsarecreatedforthebathymetryandveloc-
ityfieldasclassvariablesfollowingtheCFconvention.

3.3.3Settingtheinitialconditions

Beforethenumericalintegration,initialcondi-
tionsfortheODEsarespecifiedinadedicated
set_initial_condition()method(Alg.1,
Fig.2).HeretheinitialwaveperiodT

n=0,wave
propagationdirectionθ=θ

n=0,andinitialposition
r(t=0,x)=(x

n=0,yn=0)arespecified.Byutilizingthe
rectangularmodeldomain,theinitialpositioncanmost
easilybegivenasoneofthesidesofthedomain,i.e.,
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Algorithm1Genericworkflowcodeexample.

importnumpyasnp
importmaplotlib.pyplotasplt
fromocean_wave_tracingimportWave_tracing

#Definingsomepropertiesofthemedium
nx=100;ny=100#numberofgridpointsinx-andy-direction
x=np.linspace(0,2000,nx)#sizex-domain[m]
y=np.linspace(0,3500,ny)#sizey-domain[m]
T=250#simulationtime[s]
U=np.zeros((nx,ny))
U[nx//2:,:]=1

#Defineawavetracingobject
wt=Wave_tracing(U=U,V=np.zeros((ny,nx)),

nx=nx,ny=ny,nt=150,T=T,
dx=x[1]-x[0],dy=y[1]-y[0],
nb_wave_rays=20,
domain_X0=x[0],domain_XN=x[-1],
domain_Y0=y[0],domain_YN=y[-1],
)

#Setinitialconditions
wt.set_initial_condition(wave_period=10,

theta0=np.pi/8)
#Solve
wt.solve()

–ThemodeldomainmustberectangularandinCartesian
coordinateswithauniformhorizontalresolutionineach
direction.

–UnitsmustfollowtheSIsystemwithlengthscaleunits
ofmeters(m)andseconds(s).Theangularunitsare
radians(rad).Wavepropagationdirectionθfollowsa
righthandedcoordinatesystemwithθ=0beingparal-
leltothexaxisandpropagatinginthepositivexdirec-
tion.

–Variablenames,structures,andmetadataare,toalarge
extent,basedontheClimateandForecast(CF)meta-
dataconvention(https://cfconventions.org/,lastaccess:
6November2023).

3.3.2Raytracingmodelinitialization

Aflowchartofthemodelsimulationworkflowisgivenin
Fig.2andanassociatedcodeexampleinAlg.1.Firstly,a
waveraytracingobjectWave_tracingisinitializedbyan
__init__method.Theinputvariablesdefinetheambient
conditionsandinclude

–theambientcurrentU,V=U;

–thebathymetrydepth(optional);

–theboundariesX0,XN,Y0,andYNandhorizontalres-
olutiondxanddyofthedomain;

–thenumberoftimestepsntandtotaldurationtimefor
wavepropagationT;

–thenumberofwaveraysnb_wave_rays.

Thecurrentisallowedtovaryintimebysetting
temporal_evolution=True,butitisuptotheuserto
makesurethatU(t,x)isnotviolatingEq.(18)by∂U/∂t'
0.Ifthebathymetryisnotspecified,themodelassumes
deep-waterwavesandsetsafixeduniformdepthat105m.
Depthvaluesaredefinedaspositive,implyingthatneg-
ativevalueswillbetreatedaslandifbothnegativeand
positivevaluesarepresentthroughadedicatedbathymetry
checker(check_bathymetry),whichisinvokedwithin
__init__.Furthermore,theinputvelocityfieldischecked
andxarraydatasetsarecreatedforthebathymetryandveloc-
ityfieldasclassvariablesfollowingtheCFconvention.

3.3.3Settingtheinitialconditions

Beforethenumericalintegration,initialcondi-
tionsfortheODEsarespecifiedinadedicated
set_initial_condition()method(Alg.1,
Fig.2).HeretheinitialwaveperiodT

n=0,wave
propagationdirectionθ=θ

n=0,andinitialposition
r(t=0,x)=(x

n=0,yn=0)arespecified.Byutilizingthe
rectangularmodeldomain,theinitialpositioncanmost
easilybegivenasoneofthesidesofthedomain,i.e.,
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Figure 2. Flowchart of the workflow from initializing a ray tracing object to solving the wave ray tracing equations. The left column denotes
the most important steps in the workflow, and the right column highlights the most important parameters and supporting methods under each
step.

top, bottom, left, or right, where left is default
(see Alg. 1). In such cases, the number of wave rays is
spread uniformly on the selected boundary. Another option
is to specify initial grid points ipx and ipy for each wave
ray. Similarly, θ = θn=0 can also be specified for each ray,
or a single uniform direction can be given for all rays. Such
examples are provided later.

The model is solved for a single wave frequency, dic-
tated by the initial wave period T n=0. The wave number k
is retrieved from T n=0 using Eq. (2), which in intermediate
depths requires an iterative solver. Using the approximation
by Eckart (1952), the error in k is less than 5 % (Holthuijsen,
2007).

3.3.4 Numerical integration

Numerical integration of Eqs. (23)–(28) is initiated by invok-
ing the solver method. Here,∇hU is computed prior to the
integration using the numpy gradient method. The integra-
tion is performed iteratively in a Lagrangian sense by com-
puting the next position rn+1 from the current position rn for
each wave ray. Thus, the solver keeps track of the hori-
zontal indices l and j for every time step and for each wave

ray in the model domain. Hence, the numerical integration
for the wave rays can follow a vectorized approach, which
is conceptually visualized in Fig. 3. For a given position r,
the properties of the ambient medium, i.e., the current and
bathymetry, are selected using a nearest-neighbor approach.

Even though ∇hU is static for each model field, ∇hσ in
Eq. (28) must be computed for each iteration n since the wave
number k evolves in time. Furthermore, for each iteration of
n, the wave propagation direction θn is computed from kn

using the numpy atan2 function.
After a successful call of the solve() function, the

Wave_tracing object will have populated its class
variables for the wave rays being (ray_x,ray_y),
(ray_kx,ray_ky), ray_k, ray_theta, ray_cg, and
(ray_U,ray_V), which are the horizontal position vector,
wave number vector, wave number, wave propagation direc-
tion, wave group velocity, and ambient current vector, re-
spectively. All of the aforementioned class variables have the
dimensions number_of_wave_rays×N .

The numerical scheme used in the solver method is con-
figurable by the user, and the default is a fourth-order Runge–
Kutta scheme. That is, the numerical scheme is generic and
detached from the wave ray equations. The schemes are
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Figure2.Flowchartoftheworkflowfrominitializingaraytracingobjecttosolvingthewaveraytracingequations.Theleftcolumndenotes
themostimportantstepsintheworkflow,andtherightcolumnhighlightsthemostimportantparametersandsupportingmethodsundereach
step.

top,bottom,left,orright,whereleftisdefault
(seeAlg.1).Insuchcases,thenumberofwaveraysis
spreaduniformlyontheselectedboundary.Anotheroption
istospecifyinitialgridpointsipxandipyforeachwave
ray.Similarly,θ=θn=0canalsobespecifiedforeachray,
orasingleuniformdirectioncanbegivenforallrays.Such
examplesareprovidedlater.

Themodelissolvedforasinglewavefrequency,dic-
tatedbytheinitialwaveperiodTn=0.Thewavenumberk
isretrievedfromTn=0usingEq.(2),whichinintermediate
depthsrequiresaniterativesolver.Usingtheapproximation
byEckart(1952),theerrorinkislessthan5%(Holthuijsen,
2007).

3.3.4Numericalintegration

NumericalintegrationofEqs.(23)–(28)isinitiatedbyinvok-
ingthesolvermethod.Here,∇hUiscomputedpriortothe
integrationusingthenumpygradientmethod.Theintegra-
tionisperformediterativelyinaLagrangiansensebycom-
putingthenextpositionrn+1fromthecurrentpositionrnfor
eachwaveray.Thus,thesolverkeepstrackofthehori-
zontalindiceslandjforeverytimestepandforeachwave

rayinthemodeldomain.Hence,thenumericalintegration
forthewaverayscanfollowavectorizedapproach,which
isconceptuallyvisualizedinFig.3.Foragivenpositionr,
thepropertiesoftheambientmedium,i.e.,thecurrentand
bathymetry,areselectedusinganearest-neighborapproach.

Eventhough∇hUisstaticforeachmodelfield,∇hσin
Eq.(28)mustbecomputedforeachiterationnsincethewave
numberkevolvesintime.Furthermore,foreachiterationof
n,thewavepropagationdirectionθniscomputedfromkn

usingthenumpyatan2function.
Afterasuccessfulcallofthesolve()function,the

Wave_tracingobjectwillhavepopulateditsclass
variablesforthewaveraysbeing(ray_x,ray_y),
(ray_kx,ray_ky),ray_k,ray_theta,ray_cg,and
(ray_U,ray_V),whicharethehorizontalpositionvector,
wavenumbervector,wavenumber,wavepropagationdirec-
tion,wavegroupvelocity,andambientcurrentvector,re-
spectively.Alloftheaforementionedclassvariableshavethe
dimensionsnumber_of_wave_rays×N.

Thenumericalschemeusedinthesolvermethodiscon-
figurablebytheuser,andthedefaultisafourth-orderRunge–
Kuttascheme.Thatis,thenumericalschemeisgenericand
detachedfromthewaverayequations.Theschemesare
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Figure 2. Flowchart of the workflow from initializing a ray tracing object to solving the wave ray tracing equations. The left column denotes
the most important steps in the workflow, and the right column highlights the most important parameters and supporting methods under each
step.

top, bottom, left, or right, where left is default
(see Alg. 1). In such cases, the number of wave rays is
spread uniformly on the selected boundary. Another option
is to specify initial grid points ipx and ipy for each wave
ray. Similarly, θ = θ

n=0 can also be specified for each ray,
or a single uniform direction can be given for all rays. Such
examples are provided later.

The model is solved for a single wave frequency, dic-
tated by the initial wave period T

n=0. The wave number k
is retrieved from T

n=0 using Eq. (2), which in intermediate
depths requires an iterative solver. Using the approximation
by Eckart (1952), the error in k is less than 5 % (Holthuijsen,
2007).

3.3.4 Numerical integration

Numerical integration of Eqs. (23)–(28) is initiated by invok-
ing the solver method. Here,∇hU is computed prior to the
integration using the numpy gradient method. The integra-
tion is performed iteratively in a Lagrangian sense by com-
puting the next position r

n+1 from the current position r
n

for
each wave ray. Thus, the solver keeps track of the hori-
zontal indices l and j for every time step and for each wave

ray in the model domain. Hence, the numerical integration
for the wave rays can follow a vectorized approach, which
is conceptually visualized in Fig. 3. For a given position r,
the properties of the ambient medium, i.e., the current and
bathymetry, are selected using a nearest-neighbor approach.

Even though ∇hU is static for each model field, ∇hσ in
Eq. (28) must be computed for each iteration n since the wave
number k evolves in time. Furthermore, for each iteration of
n, the wave propagation direction θ

n
is computed from k

n

using the numpy atan2 function.
After a successful call of the solve() function, the

Wave_tracing object will have populated its class
variables for the wave rays being (ray_x,ray_y),
(ray_kx,ray_ky), ray_k, ray_theta, ray_cg, and
(ray_U,ray_V), which are the horizontal position vector,
wave number vector, wave number, wave propagation direc-
tion, wave group velocity, and ambient current vector, re-
spectively. All of the aforementioned class variables have the
dimensions number_of_wave_rays×N .

The numerical scheme used in the solver method is con-
figurable by the user, and the default is a fourth-order Runge–
Kutta scheme. That is, the numerical scheme is generic and
detached from the wave ray equations. The schemes are
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wave number vector, wave number, wave propagation direc-
tion, wave group velocity, and ambient current vector, re-
spectively. All of the aforementioned class variables have the
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The numerical scheme used in the solver method is con-
figurable by the user, and the default is a fourth-order Runge–
Kutta scheme. That is, the numerical scheme is generic and
detached from the wave ray equations. The schemes are
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Figure2.Flowchartoftheworkflowfrominitializingaraytracingobjecttosolvingthewaveraytracingequations.Theleftcolumndenotes
themostimportantstepsintheworkflow,andtherightcolumnhighlightsthemostimportantparametersandsupportingmethodsundereach
step.

top,bottom,left,orright,whereleftisdefault
(seeAlg.1).Insuchcases,thenumberofwaveraysis
spreaduniformlyontheselectedboundary.Anotheroption
istospecifyinitialgridpointsipxandipyforeachwave
ray.Similarly,θ=θ

n=0canalsobespecifiedforeachray,
orasingleuniformdirectioncanbegivenforallrays.Such
examplesareprovidedlater.

Themodelissolvedforasinglewavefrequency,dic-
tatedbytheinitialwaveperiodT

n=0.Thewavenumberk
isretrievedfromT

n=0usingEq.(2),whichinintermediate
depthsrequiresaniterativesolver.Usingtheapproximation
byEckart(1952),theerrorinkislessthan5%(Holthuijsen,
2007).

3.3.4Numericalintegration

NumericalintegrationofEqs.(23)–(28)isinitiatedbyinvok-
ingthesolvermethod.Here,∇hUiscomputedpriortothe
integrationusingthenumpygradientmethod.Theintegra-
tionisperformediterativelyinaLagrangiansensebycom-
putingthenextpositionr

n+1fromthecurrentpositionr
n

for
eachwaveray.Thus,thesolverkeepstrackofthehori-
zontalindiceslandjforeverytimestepandforeachwave

rayinthemodeldomain.Hence,thenumericalintegration
forthewaverayscanfollowavectorizedapproach,which
isconceptuallyvisualizedinFig.3.Foragivenpositionr,
thepropertiesoftheambientmedium,i.e.,thecurrentand
bathymetry,areselectedusinganearest-neighborapproach.

Eventhough∇hUisstaticforeachmodelfield,∇hσin
Eq.(28)mustbecomputedforeachiterationnsincethewave
numberkevolvesintime.Furthermore,foreachiterationof
n,thewavepropagationdirectionθ

n
iscomputedfromk

n

usingthenumpyatan2function.
Afterasuccessfulcallofthesolve()function,the

Wave_tracingobjectwillhavepopulateditsclass
variablesforthewaveraysbeing(ray_x,ray_y),
(ray_kx,ray_ky),ray_k,ray_theta,ray_cg,and
(ray_U,ray_V),whicharethehorizontalpositionvector,
wavenumbervector,wavenumber,wavepropagationdirec-
tion,wavegroupvelocity,andambientcurrentvector,re-
spectively.Alloftheaforementionedclassvariableshavethe
dimensionsnumber_of_wave_rays×N.

Thenumericalschemeusedinthesolvermethodiscon-
figurablebytheuser,andthedefaultisafourth-orderRunge–
Kuttascheme.Thatis,thenumericalschemeisgenericand
detachedfromthewaverayequations.Theschemesare
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Figure 3. A conceptual figure highlighting the workflow strategy of the model. Here, depth refraction of a T = 10 s period wave propagating
from left with an initial angle θn=0

= 0.1 rad is shown for seven different rays (black lines). The propagation path for each wave ray is
computed simultaneously through vectorization. The lower panels denote the change in depth, evolution in k, and corresponding wave
propagation direction, θ , in time along one of the rays. As expected, the wave rays deflect towards shallower regions due to the increase in
the ky wave number component.

available in a separate utility function util_solvers,
which contains (currently two) numerical schemes which are
defined Python classes in a hierarchy with a generic ODE
solver as the top node. That is, each sub-class has its own ad-
vance method, which corresponds to the numerical scheme.
This approach is to a large extent built on material from
Langtangen (2016). Furthermore, the util_solvers also
contain the advection and wave number evolution functions
in Eq. (25) and Eq. (28), respectively.

3.4 Ancillary methods and testing

3.4.1 Ancillary functions

Ancillary functions include methods which are considered
useful for the user community. The current version has four
methods, three within the Wave_tracing object and one
outside the object.

The method outside the Wave_tracing object is tar-
geted for data preparation before model initialization. It
is not strictly a Python method, but it is a generic work-
flow for data retrieval. More specifically, since the ray trac-
ing model is focused on ocean currents and bathymetry,
it is natural to exploit variable fields from ocean cir-

culation models. It is common for oceanographic cen-
ters to disseminate model results under a free and open
data policy and to enable the Open-source Project for
a Network Data Access Protocol (OPeNDAP – https://
www.opendap.org/, last access: 6 November 2023) on the
data distribution server (e.g., THREDDS – https://www.
unidata.ucar.edu/software/tds/current/, last access: 6 Novem-
ber 2023 or HYRAX – https://www.opendap.org/software/
hyrax-data-server, last access: 6 November 2023). The
OPeNDAP enables spatio-temporal subsetting to be car-
ried out on the server side and thus avoids the prob-
lem of downloading huge amounts of data prior to use.
Such user-defined subsets can be accessed directly via data
streaming by using common netCDF4 readers (https://www.
unidata.ucar.edu/software/netcdf/, last access: 6 Novem-
ber 2023), which are available in xarray. The ancillary
method, or workflow, is provided in the Jupyter notebook
extract_ocean_model_data.ipynb. Here, the user
can plot and check the user-defined area and temporal ex-
tent prior to writing the subset to disk or initiating the
Wave_tracing object directly. It is common for ocean cir-
culation models to have output variable fields with hourly
temporal resolution such that U(t,x) is unlikely to violate
Eq. (18). However, it is up to the user to understand the lim-
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Figure3.Aconceptualfigurehighlightingtheworkflowstrategyofthemodel.Here,depthrefractionofaT=10speriodwavepropagating
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=0.1radisshownforsevendifferentrays(blacklines).Thepropagationpathforeachwaverayis
computedsimultaneouslythroughvectorization.Thelowerpanelsdenotethechangeindepth,evolutionink,andcorrespondingwave
propagationdirection,θ,intimealongoneoftherays.Asexpected,thewaveraysdeflecttowardsshallowerregionsduetotheincreasein
thekywavenumbercomponent.
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Figure 3. A conceptual figure highlighting the workflow strategy of the model. Here, depth refraction of a T = 10 s period wave propagating
from left with an initial angle θn=0 = 0.1 rad is shown for seven different rays (black lines). The propagation path for each wave ray is
computed simultaneously through vectorization. The lower panels denote the change in depth, evolution in k, and corresponding wave
propagation direction, θ , in time along one of the rays. As expected, the wave rays deflect towards shallower regions due to the increase in
the ky wave number component.

available in a separate utility function util_solvers,
which contains (currently two) numerical schemes which are
defined Python classes in a hierarchy with a generic ODE
solver as the top node. That is, each sub-class has its own ad-
vance method, which corresponds to the numerical scheme.
This approach is to a large extent built on material from
Langtangen (2016). Furthermore, the util_solvers also
contain the advection and wave number evolution functions
in Eq. (25) and Eq. (28), respectively.

3.4 Ancillary methods and testing

3.4.1 Ancillary functions

Ancillary functions include methods which are considered
useful for the user community. The current version has four
methods, three within the Wave_tracing object and one
outside the object.

The method outside the Wave_tracing object is tar-
geted for data preparation before model initialization. It
is not strictly a Python method, but it is a generic work-
flow for data retrieval. More specifically, since the ray trac-
ing model is focused on ocean currents and bathymetry,
it is natural to exploit variable fields from ocean cir-

culation models. It is common for oceanographic cen-
ters to disseminate model results under a free and open
data policy and to enable the Open-source Project for
a Network Data Access Protocol (OPeNDAP – https://
www.opendap.org/, last access: 6 November 2023) on the
data distribution server (e.g., THREDDS – https://www.
unidata.ucar.edu/software/tds/current/, last access: 6 Novem-
ber 2023 or HYRAX – https://www.opendap.org/software/
hyrax-data-server, last access: 6 November 2023). The
OPeNDAP enables spatio-temporal subsetting to be car-
ried out on the server side and thus avoids the prob-
lem of downloading huge amounts of data prior to use.
Such user-defined subsets can be accessed directly via data
streaming by using common netCDF4 readers (https://www.
unidata.ucar.edu/software/netcdf/, last access: 6 Novem-
ber 2023), which are available in xarray. The ancillary
method, or workflow, is provided in the Jupyter notebook
extract_ocean_model_data.ipynb. Here, the user
can plot and check the user-defined area and temporal ex-
tent prior to writing the subset to disk or initiating the
Wave_tracing object directly. It is common for ocean cir-
culation models to have output variable fields with hourly
temporal resolution such that U(t,x) is unlikely to violate
Eq. (18). However, it is up to the user to understand the lim-
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can plot and check the user-defined area and temporal ex-
tent prior to writing the subset to disk or initiating the
Wave_tracing object directly. It is common for ocean cir-
culation models to have output variable fields with hourly
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Figure3.Aconceptualfigurehighlightingtheworkflowstrategyofthemodel.Here,depthrefractionofaT=10speriodwavepropagating
fromleftwithaninitialangleθn=0=0.1radisshownforsevendifferentrays(blacklines).Thepropagationpathforeachwaverayis
computedsimultaneouslythroughvectorization.Thelowerpanelsdenotethechangeindepth,evolutionink,andcorrespondingwave
propagationdirection,θ,intimealongoneoftherays.Asexpected,thewaveraysdeflecttowardsshallowerregionsduetotheincreasein
thekywavenumbercomponent.

availableinaseparateutilityfunctionutil_solvers,
whichcontains(currentlytwo)numericalschemeswhichare
definedPythonclassesinahierarchywithagenericODE
solverasthetopnode.Thatis,eachsub-classhasitsownad-
vancemethod,whichcorrespondstothenumericalscheme.
Thisapproachistoalargeextentbuiltonmaterialfrom
Langtangen(2016).Furthermore,theutil_solversalso
containtheadvectionandwavenumberevolutionfunctions
inEq.(25)andEq.(28),respectively.

3.4Ancillarymethodsandtesting

3.4.1Ancillaryfunctions

Ancillaryfunctionsincludemethodswhichareconsidered
usefulfortheusercommunity.Thecurrentversionhasfour
methods,threewithintheWave_tracingobjectandone
outsidetheobject.

ThemethodoutsidetheWave_tracingobjectistar-
getedfordatapreparationbeforemodelinitialization.It
isnotstrictlyaPythonmethod,butitisagenericwork-
flowfordataretrieval.Morespecifically,sincetheraytrac-
ingmodelisfocusedonoceancurrentsandbathymetry,
itisnaturaltoexploitvariablefieldsfromoceancir-

culationmodels.Itiscommonforoceanographiccen-
terstodisseminatemodelresultsunderafreeandopen
datapolicyandtoenabletheOpen-sourceProjectfor
aNetworkDataAccessProtocol(OPeNDAP–https://
www.opendap.org/,lastaccess:6November2023)onthe
datadistributionserver(e.g.,THREDDS–https://www.
unidata.ucar.edu/software/tds/current/,lastaccess:6Novem-
ber2023orHYRAX–https://www.opendap.org/software/
hyrax-data-server,lastaccess:6November2023).The
OPeNDAPenablesspatio-temporalsubsettingtobecar-
riedoutontheserversideandthusavoidstheprob-
lemofdownloadinghugeamountsofdatapriortouse.
Suchuser-definedsubsetscanbeaccesseddirectlyviadata
streamingbyusingcommonnetCDF4readers(https://www.
unidata.ucar.edu/software/netcdf/,lastaccess:6Novem-
ber2023),whichareavailableinxarray.Theancillary
method,orworkflow,isprovidedintheJupyternotebook
extract_ocean_model_data.ipynb.Here,theuser
canplotandchecktheuser-definedareaandtemporalex-
tentpriortowritingthesubsettodiskorinitiatingthe
Wave_tracingobjectdirectly.Itiscommonforoceancir-
culationmodelstohaveoutputvariablefieldswithhourly
temporalresolutionsuchthatU(t,x)isunlikelytoviolate
Eq.(18).However,itisuptotheusertounderstandthelim-
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itations of the model if simulating wave rays for very long
shallow-water waves like tsunamis and tidal waves.

The first of the three class methods within the
Wave_tracing object is a transformation method from
projection coordinates to latitude and longitude values,
which is called to_latlon() (see Fig. 2). That is, when
using ocean-circulation-model field variables as input data,
it is not readily possible to compare the Wave_tracing
output with other sources of data since ocean-model field
variables are most often in a specific projection. In this
context, using latitude and longitude coordinates is often
much more convenient. The method requires the proj4 string
of the ocean-model domain and performs coordinate trans-
formation using the pyproj (https://pyproj4.github.io/pyproj/
stable/, last access: 6 November 2023) library in Python.
Even if not required, it is common that the proj4 string is
listed in the grid_mapping variable in a CF-compliant
ocean-model dataset.

The second ancillary function is based on the wave
ray density method by Rapizo et al. (2014) and is called
ray_density(). It computes the relative number of wave
rays within user-defined grid boxes, which can be considered
proportional to the wave height and thus the horizontal wave
height variability. The method returns a 2D grid and the as-
sociated ray density variable.

The third method takes care of converting all the character-
istic Wave_tracing class variables into an xarray dataset,
including latitude and longitude if the proj4 string is given
as input. The method is called to_ds(). The output xarray
dataset follows the CF convention for metadata. Thus, the
data can utilize all the functionality within xarray, including
the plotting and writing of data to disk. Examples using all
the methods listed above will be shown later in Sect. 5.

3.4.2 Tests

The ocean_wave_tracing repository is equipped with
unit tests written in the framework of Pythons pytest. Unit
tests are tailored for the methods within and used by the
Wave_tracing class and typically check the numerical
implementation against known solutions. For instance, the
computation of wave celerity for deep and shallow water is
tested against analytical solutions.

For integration tests, a set of example scripts running the
entire chain of operations is embedded in the test folder.
Such tests are also implicitly inherent in the scripts pro-
vided in the notebooks and verification folders,
since these notebooks run the entire chain. Moreover, contin-
uous integration tests are embedded in the repository utiliz-
ing the poetry project (https://python-poetry.org/, last access:
6 November 2023).

4 Model validation

Here we verify the output of the Wave_tracing solver
against analytical solutions for idealized cases for depth- and
current-induced refraction. Model differences are given as
the absolute relative difference between the analytical solu-
tion A and the numerical model solution B for an arbitrary
variable z as

1(z)=

∣∣∣∣zA− zB

zA

∣∣∣∣× 100, (32)

given in the units of percentage.

4.1 Snell’s law

When only considering the bathymetry, Snell’s law,

sin(φ1)

sin(φ2)
=
c1

c2
, (33)

applies for parallel depth contours (see Note 7A, Holthuijsen,
2007, p. 207). Here, subscripts 1 and 2 indicate the proper-
ties of the wave and medium before and after being trans-
mitted through an interface, which here are lines of different
bathymetry, and c is the phase speed. The φ1 denotes the in-
cidence angle between the wave ray and the normal to the
interface, and φ2 is the angle of refraction after the interac-
tion.

In the presence of ambient currents, Snell’s law can
be written for a horizontally sheared current V = V (x)
(Kenyon, 1971),

sin(φ2)=
sin(φ1)

(1− V
c1

sin(φ1))2
. (34)

Verification of the wave ray tracing model results against
Eqs. (33) and (34) is shown in the upper and lower pan-
els of Fig. 4, respectively. For the idealized bathymetry, the
wave ray tracing was performed for a shallow-water wave
with wavelength λ= 10000 m propagating towards a step-
wise shallower region.

Here, 1φ2 was computed for each new depth regime
(upper panel Fig. 4a). For the horizontally sheared current
(Fig. 4b), a T = 10 s period deep-water wave propagated
through the current field where

V (X)=

{
0 if X < 2000 m,

2,ms−1 if X ≥ 2000m.
(35)

The relative differences in both the idealized bathymetry and
horizontally sheared current cases listed above were1(θ2)∼

10−1 % (Fig. 4). The script producing Fig. 4 and computing
the analytical results is available as a Jupyter notebook under
verification/snells_law.ipynb.
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itationsofthemodelifsimulatingwaveraysforverylong
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Wave_tracingobjectisatransformationmethodfrom
projectioncoordinatestolatitudeandlongitudevalues,
whichiscalledto_latlon()(seeFig.2).Thatis,when
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formationusingthepyproj(https://pyproj4.github.io/pyproj/
stable/,lastaccess:6November2023)libraryinPython.
Evenifnotrequired,itiscommonthattheproj4stringis
listedinthegrid_mappingvariableinaCF-compliant
ocean-modeldataset.

Thesecondancillaryfunctionisbasedonthewave
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ray_density().Itcomputestherelativenumberofwave
rayswithinuser-definedgridboxes,whichcanbeconsidered
proportionaltothewaveheightandthusthehorizontalwave
heightvariability.Themethodreturnsa2Dgridandtheas-
sociatedraydensityvariable.

Thethirdmethodtakescareofconvertingallthecharacter-
isticWave_tracingclassvariablesintoanxarraydataset,
includinglatitudeandlongitudeiftheproj4stringisgiven
asinput.Themethodiscalledto_ds().Theoutputxarray
datasetfollowstheCFconventionformetadata.Thus,the
datacanutilizeallthefunctionalitywithinxarray,including
theplottingandwritingofdatatodisk.Examplesusingall
themethodslistedabovewillbeshownlaterinSect.5.

3.4.2Tests

Theocean_wave_tracingrepositoryisequippedwith
unittestswrittenintheframeworkofPythonspytest.Unit
testsaretailoredforthemethodswithinandusedbythe
Wave_tracingclassandtypicallycheckthenumerical
implementationagainstknownsolutions.Forinstance,the
computationofwavecelerityfordeepandshallowwateris
testedagainstanalyticalsolutions.

Forintegrationtests,asetofexamplescriptsrunningthe
entirechainofoperationsisembeddedinthetestfolder.
Suchtestsarealsoimplicitlyinherentinthescriptspro-
videdinthenotebooksandverificationfolders,
sincethesenotebooksruntheentirechain.Moreover,contin-
uousintegrationtestsareembeddedintherepositoryutiliz-
ingthepoetryproject(https://python-poetry.org/,lastaccess:
6November2023).

4Modelvalidation

HereweverifytheoutputoftheWave_tracingsolver
againstanalyticalsolutionsforidealizedcasesfordepth-and
current-inducedrefraction.Modeldifferencesaregivenas
theabsoluterelativedifferencebetweentheanalyticalsolu-
tionAandthenumericalmodelsolutionBforanarbitrary
variablezas

1(z)=

∣∣∣∣zA−zB

zA

∣∣∣∣×100,(32)

givenintheunitsofpercentage.

4.1Snell’slaw

Whenonlyconsideringthebathymetry,Snell’slaw,

sin(φ1)

sin(φ2)
=

c1

c2
,(33)

appliesforparalleldepthcontours(seeNote7A,Holthuijsen,
2007,p.207).Here,subscripts1and2indicatetheproper-
tiesofthewaveandmediumbeforeandafterbeingtrans-
mittedthroughaninterface,whichherearelinesofdifferent
bathymetry,andcisthephasespeed.Theφ1denotesthein-
cidenceanglebetweenthewaverayandthenormaltothe
interface,andφ2istheangleofrefractionaftertheinterac-
tion.

Inthepresenceofambientcurrents,Snell’slawcan
bewrittenforahorizontallyshearedcurrentV=V(x)
(Kenyon,1971),

sin(φ2)=
sin(φ1)

(1−V
c1

sin(φ1))2
.(34)

Verificationofthewaveraytracingmodelresultsagainst
Eqs.(33)and(34)isshownintheupperandlowerpan-
elsofFig.4,respectively.Fortheidealizedbathymetry,the
waveraytracingwasperformedforashallow-waterwave
withwavelengthλ=10000mpropagatingtowardsastep-
wiseshallowerregion.

Here,1φ2wascomputedforeachnewdepthregime
(upperpanelFig.4a).Forthehorizontallyshearedcurrent
(Fig.4b),aT=10sperioddeep-waterwavepropagated
throughthecurrentfieldwhere

V(X)=

{
0ifX<2000m,

2,ms−1ifX≥2000m.
(35)

Therelativedifferencesinboththeidealizedbathymetryand
horizontallyshearedcurrentcaseslistedabovewere1(θ2)∼

10−1%(Fig.4).ThescriptproducingFig.4andcomputing
theanalyticalresultsisavailableasaJupyternotebookunder
verification/snells_law.ipynb.
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itations of the model if simulating wave rays for very long
shallow-water waves like tsunamis and tidal waves.

The first of the three class methods within the
Wave_tracing object is a transformation method from
projection coordinates to latitude and longitude values,
which is called to_latlon() (see Fig. 2). That is, when
using ocean-circulation-model field variables as input data,
it is not readily possible to compare the Wave_tracing
output with other sources of data since ocean-model field
variables are most often in a specific projection. In this
context, using latitude and longitude coordinates is often
much more convenient. The method requires the proj4 string
of the ocean-model domain and performs coordinate trans-
formation using the pyproj (https://pyproj4.github.io/pyproj/
stable/, last access: 6 November 2023) library in Python.
Even if not required, it is common that the proj4 string is
listed in the grid_mapping variable in a CF-compliant
ocean-model dataset.

The second ancillary function is based on the wave
ray density method by Rapizo et al. (2014) and is called
ray_density(). It computes the relative number of wave
rays within user-defined grid boxes, which can be considered
proportional to the wave height and thus the horizontal wave
height variability. The method returns a 2D grid and the as-
sociated ray density variable.

The third method takes care of converting all the character-
istic Wave_tracing class variables into an xarray dataset,
including latitude and longitude if the proj4 string is given
as input. The method is called to_ds(). The output xarray
dataset follows the CF convention for metadata. Thus, the
data can utilize all the functionality within xarray, including
the plotting and writing of data to disk. Examples using all
the methods listed above will be shown later in Sect. 5.

3.4.2 Tests

The ocean_wave_tracing repository is equipped with
unit tests written in the framework of Pythons pytest. Unit
tests are tailored for the methods within and used by the
Wave_tracing class and typically check the numerical
implementation against known solutions. For instance, the
computation of wave celerity for deep and shallow water is
tested against analytical solutions.

For integration tests, a set of example scripts running the
entire chain of operations is embedded in the test folder.
Such tests are also implicitly inherent in the scripts pro-
vided in the notebooks and verification folders,
since these notebooks run the entire chain. Moreover, contin-
uous integration tests are embedded in the repository utiliz-
ing the poetry project (https://python-poetry.org/, last access:
6 November 2023).

4 Model validation

Here we verify the output of the Wave_tracing solver
against analytical solutions for idealized cases for depth- and
current-induced refraction. Model differences are given as
the absolute relative difference between the analytical solu-
tion A and the numerical model solution B for an arbitrary
variable z as

1(z)= ∣∣∣∣zA− zB

zA

∣∣∣∣× 100, (32)

given in the units of percentage.

4.1 Snell’s law

When only considering the bathymetry, Snell’s law,

sin(φ1)

sin(φ2)
=
c1

c2
, (33)

applies for parallel depth contours (see Note 7A, Holthuijsen,
2007, p. 207). Here, subscripts 1 and 2 indicate the proper-
ties of the wave and medium before and after being trans-
mitted through an interface, which here are lines of different
bathymetry, and c is the phase speed. The φ1 denotes the in-
cidence angle between the wave ray and the normal to the
interface, and φ2 is the angle of refraction after the interac-
tion.

In the presence of ambient currents, Snell’s law can
be written for a horizontally sheared current V = V (x)
(Kenyon, 1971),

sin(φ2)=
sin(φ1)

(1−
V
c1 sin(φ1))2

. (34)

Verification of the wave ray tracing model results against
Eqs. (33) and (34) is shown in the upper and lower pan-
els of Fig. 4, respectively. For the idealized bathymetry, the
wave ray tracing was performed for a shallow-water wave
with wavelength λ= 10000 m propagating towards a step-
wise shallower region.

Here, 1φ2 was computed for each new depth regime
(upper panel Fig. 4a). For the horizontally sheared current
(Fig. 4b), a T = 10 s period deep-water wave propagated
through the current field where

V (X)= {0 if X < 2000 m,

2,ms
−1 if X ≥ 2000m.

(35)

The relative differences in both the idealized bathymetry and
horizontally sheared current cases listed above were1(θ2)∼

10
−1 % (Fig. 4). The script producing Fig. 4 and computing

the analytical results is available as a Jupyter notebook under
verification/snells_law.ipynb.
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vided in the notebooks and verification folders,
since these notebooks run the entire chain. Moreover, contin-
uous integration tests are embedded in the repository utiliz-
ing the poetry project (https://python-poetry.org/, last access:
6 November 2023).

4 Model validation

Here we verify the output of the Wave_tracing solver
against analytical solutions for idealized cases for depth- and
current-induced refraction. Model differences are given as
the absolute relative difference between the analytical solu-
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zA

∣∣∣∣× 100, (32)

given in the units of percentage.
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ties of the wave and medium before and after being trans-
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interface, and φ2 is the angle of refraction after the interac-
tion.
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wise shallower region.

Here, 1φ2 was computed for each new depth regime
(upper panel Fig. 4a). For the horizontally sheared current
(Fig. 4b), a T = 10 s period deep-water wave propagated
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itationsofthemodelifsimulatingwaveraysforverylong
shallow-waterwavesliketsunamisandtidalwaves.

Thefirstofthethreeclassmethodswithinthe
Wave_tracingobjectisatransformationmethodfrom
projectioncoordinatestolatitudeandlongitudevalues,
whichiscalledto_latlon()(seeFig.2).Thatis,when
usingocean-circulation-modelfieldvariablesasinputdata,
itisnotreadilypossibletocomparetheWave_tracing
outputwithothersourcesofdatasinceocean-modelfield
variablesaremostofteninaspecificprojection.Inthis
context,usinglatitudeandlongitudecoordinatesisoften
muchmoreconvenient.Themethodrequirestheproj4string
oftheocean-modeldomainandperformscoordinatetrans-
formationusingthepyproj(https://pyproj4.github.io/pyproj/
stable/,lastaccess:6November2023)libraryinPython.
Evenifnotrequired,itiscommonthattheproj4stringis
listedinthegrid_mappingvariableinaCF-compliant
ocean-modeldataset.

Thesecondancillaryfunctionisbasedonthewave
raydensitymethodbyRapizoetal.(2014)andiscalled
ray_density().Itcomputestherelativenumberofwave
rayswithinuser-definedgridboxes,whichcanbeconsidered
proportionaltothewaveheightandthusthehorizontalwave
heightvariability.Themethodreturnsa2Dgridandtheas-
sociatedraydensityvariable.

Thethirdmethodtakescareofconvertingallthecharacter-
isticWave_tracingclassvariablesintoanxarraydataset,
includinglatitudeandlongitudeiftheproj4stringisgiven
asinput.Themethodiscalledto_ds().Theoutputxarray
datasetfollowstheCFconventionformetadata.Thus,the
datacanutilizeallthefunctionalitywithinxarray,including
theplottingandwritingofdatatodisk.Examplesusingall
themethodslistedabovewillbeshownlaterinSect.5.

3.4.2Tests

Theocean_wave_tracingrepositoryisequippedwith
unittestswrittenintheframeworkofPythonspytest.Unit
testsaretailoredforthemethodswithinandusedbythe
Wave_tracingclassandtypicallycheckthenumerical
implementationagainstknownsolutions.Forinstance,the
computationofwavecelerityfordeepandshallowwateris
testedagainstanalyticalsolutions.

Forintegrationtests,asetofexamplescriptsrunningthe
entirechainofoperationsisembeddedinthetestfolder.
Suchtestsarealsoimplicitlyinherentinthescriptspro-
videdinthenotebooksandverificationfolders,
sincethesenotebooksruntheentirechain.Moreover,contin-
uousintegrationtestsareembeddedintherepositoryutiliz-
ingthepoetryproject(https://python-poetry.org/,lastaccess:
6November2023).

4Modelvalidation

HereweverifytheoutputoftheWave_tracingsolver
againstanalyticalsolutionsforidealizedcasesfordepth-and
current-inducedrefraction.Modeldifferencesaregivenas
theabsoluterelativedifferencebetweentheanalyticalsolu-
tionAandthenumericalmodelsolutionBforanarbitrary
variablezas

1(z)=∣∣∣∣zA−zB

zA

∣∣∣∣×100,(32)

givenintheunitsofpercentage.

4.1Snell’slaw

Whenonlyconsideringthebathymetry,Snell’slaw,

sin(φ1)

sin(φ2)
=
c1

c2
,(33)

appliesforparalleldepthcontours(seeNote7A,Holthuijsen,
2007,p.207).Here,subscripts1and2indicatetheproper-
tiesofthewaveandmediumbeforeandafterbeingtrans-
mittedthroughaninterface,whichherearelinesofdifferent
bathymetry,andcisthephasespeed.Theφ1denotesthein-
cidenceanglebetweenthewaverayandthenormaltothe
interface,andφ2istheangleofrefractionaftertheinterac-
tion.

Inthepresenceofambientcurrents,Snell’slawcan
bewrittenforahorizontallyshearedcurrentV=V(x)
(Kenyon,1971),

sin(φ2)=
sin(φ1)

(1−
V
c1sin(φ1))2

.(34)

Verificationofthewaveraytracingmodelresultsagainst
Eqs.(33)and(34)isshownintheupperandlowerpan-
elsofFig.4,respectively.Fortheidealizedbathymetry,the
waveraytracingwasperformedforashallow-waterwave
withwavelengthλ=10000mpropagatingtowardsastep-
wiseshallowerregion.

Here,1φ2wascomputedforeachnewdepthregime
(upperpanelFig.4a).Forthehorizontallyshearedcurrent
(Fig.4b),aT=10sperioddeep-waterwavepropagated
throughthecurrentfieldwhere

V(X)={0ifX<2000m,

2,ms
−1ifX≥2000m.

(35)

Therelativedifferencesinboththeidealizedbathymetryand
horizontallyshearedcurrentcaseslistedabovewere1(θ2)∼

10
−1%(Fig.4).ThescriptproducingFig.4andcomputing

theanalyticalresultsisavailableasaJupyternotebookunder
verification/snells_law.ipynb.
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whichiscalledto_latlon()(seeFig.2).Thatis,when
usingocean-circulation-modelfieldvariablesasinputdata,
itisnotreadilypossibletocomparetheWave_tracing
outputwithothersourcesofdatasinceocean-modelfield
variablesaremostofteninaspecificprojection.Inthis
context,usinglatitudeandlongitudecoordinatesisoften
muchmoreconvenient.Themethodrequirestheproj4string
oftheocean-modeldomainandperformscoordinatetrans-
formationusingthepyproj(https://pyproj4.github.io/pyproj/
stable/,lastaccess:6November2023)libraryinPython.
Evenifnotrequired,itiscommonthattheproj4stringis
listedinthegrid_mappingvariableinaCF-compliant
ocean-modeldataset.

Thesecondancillaryfunctionisbasedonthewave
raydensitymethodbyRapizoetal.(2014)andiscalled
ray_density().Itcomputestherelativenumberofwave
rayswithinuser-definedgridboxes,whichcanbeconsidered
proportionaltothewaveheightandthusthehorizontalwave
heightvariability.Themethodreturnsa2Dgridandtheas-
sociatedraydensityvariable.

Thethirdmethodtakescareofconvertingallthecharacter-
isticWave_tracingclassvariablesintoanxarraydataset,
includinglatitudeandlongitudeiftheproj4stringisgiven
asinput.Themethodiscalledto_ds().Theoutputxarray
datasetfollowstheCFconventionformetadata.Thus,the
datacanutilizeallthefunctionalitywithinxarray,including
theplottingandwritingofdatatodisk.Examplesusingall
themethodslistedabovewillbeshownlaterinSect.5.

3.4.2Tests

Theocean_wave_tracingrepositoryisequippedwith
unittestswrittenintheframeworkofPythonspytest.Unit
testsaretailoredforthemethodswithinandusedbythe
Wave_tracingclassandtypicallycheckthenumerical
implementationagainstknownsolutions.Forinstance,the
computationofwavecelerityfordeepandshallowwateris
testedagainstanalyticalsolutions.

Forintegrationtests,asetofexamplescriptsrunningthe
entirechainofoperationsisembeddedinthetestfolder.
Suchtestsarealsoimplicitlyinherentinthescriptspro-
videdinthenotebooksandverificationfolders,
sincethesenotebooksruntheentirechain.Moreover,contin-
uousintegrationtestsareembeddedintherepositoryutiliz-
ingthepoetryproject(https://python-poetry.org/,lastaccess:
6November2023).

4Modelvalidation

HereweverifytheoutputoftheWave_tracingsolver
againstanalyticalsolutionsforidealizedcasesfordepth-and
current-inducedrefraction.Modeldifferencesaregivenas
theabsoluterelativedifferencebetweentheanalyticalsolu-
tionAandthenumericalmodelsolutionBforanarbitrary
variablezas

1(z)=∣∣∣∣zA−zB

zA

∣∣∣∣×100,(32)

givenintheunitsofpercentage.

4.1Snell’slaw

Whenonlyconsideringthebathymetry,Snell’slaw,

sin(φ1)

sin(φ2)
=
c1

c2
,(33)

appliesforparalleldepthcontours(seeNote7A,Holthuijsen,
2007,p.207).Here,subscripts1and2indicatetheproper-
tiesofthewaveandmediumbeforeandafterbeingtrans-
mittedthroughaninterface,whichherearelinesofdifferent
bathymetry,andcisthephasespeed.Theφ1denotesthein-
cidenceanglebetweenthewaverayandthenormaltothe
interface,andφ2istheangleofrefractionaftertheinterac-
tion.

Inthepresenceofambientcurrents,Snell’slawcan
bewrittenforahorizontallyshearedcurrentV=V(x)
(Kenyon,1971),

sin(φ2)=
sin(φ1)

(1−
V
c1sin(φ1))2

.(34)

Verificationofthewaveraytracingmodelresultsagainst
Eqs.(33)and(34)isshownintheupperandlowerpan-
elsofFig.4,respectively.Fortheidealizedbathymetry,the
waveraytracingwasperformedforashallow-waterwave
withwavelengthλ=10000mpropagatingtowardsastep-
wiseshallowerregion.

Here,1φ2wascomputedforeachnewdepthregime
(upperpanelFig.4a).Forthehorizontallyshearedcurrent
(Fig.4b),aT=10sperioddeep-waterwavepropagated
throughthecurrentfieldwhere

V(X)={0ifX<2000m,

2,ms
−1ifX≥2000m.

(35)

Therelativedifferencesinboththeidealizedbathymetryand
horizontallyshearedcurrentcaseslistedabovewere1(θ2)∼

10
−1%(Fig.4).ThescriptproducingFig.4andcomputing

theanalyticalresultsisavailableasaJupyternotebookunder
verification/snells_law.ipynb.
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Figure 4. Verifying the analytical solutions of Snell’s law against the wave ray tracing solver for cases with idealized bathymetry (Eq. 33)
(a) and a shear current (Eq. 34) (b). The relative differences in 1θ2 (Eq. 32) are given as insert text for both cases.

4.2 Wave deflection

For deep-water waves, there is a direct relation between wave
ray curvature and the vertical vorticity (henceforth vorticity)
ζ = ∂v/∂x− ∂u/∂y (Kenyon, 1971; Dysthe, 2001):

ν =
ζ

cg
, (36)

valid for |U |/cg� 1. Here, positive vorticity will deflect a
wave to the left relative to its wave propagation direction and
to the right for negative vorticity. The ratio with the wave
group velocity also entails that shorter waves will deflect
more compared with longer waves.

An approximate wave deflection angle can be computed
from Eq. (36) by adding a characteristic ζ = ζ0 and length
scale l such that (Gallet and Young, 2014)

θν '
ζ0l

cg
. (37)

We use the idealized horizontally sheared current,

U(X,Y )=

{
0, if X < 2500m,

3α, if X ≥ 2500 m,
(38)

where α increases linearly from α = 0 at y = 0 to α =

1ms−1 at y = Y such that ζ values are constant within the

regions. An assessment of θν for a T = 10 s period deep-
water wave propagated through Eq. (38) is shown in Fig. 5.
Here, the solution in the lower panel also uses Eq. (38) but
with a minus sign in front of α. Relative differences between
the model and analytical solution are 1(θν)∼ 100 %. The
difference is a sum of the numerical errors together with
the approximate equality in Eq. (37). Furthermore, the dif-
ference between the simulation of the negative and positive
vorticity ζ is also due to the advection of the current. Fur-
thermore, the deflection direction for negative and positive
ζ is readily seen in Fig. 5. The full analysis is available in
the verification/wave_deflection.ipynb note-
book in the GitHub repository.

4.3 Numerical convergence

The numerical convergence for decreasing values of the CFL
numberC is tested for the conservation of absolute frequency
ω in Eq. (18). For the idealized case of a deep-water wave
propagating in the x direction from a region with U = 0 to
a region with an opposing current U =−1ms−1, Eq. (18)
requires

ω = σ + kU = const.= ω0, (39)

where subscript 0 denotes the region with U = 0. For deep
water, the phase speed c = σ/k such that Eq. (39) can be
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Figure4.VerifyingtheanalyticalsolutionsofSnell’slawagainstthewaveraytracingsolverforcaseswithidealizedbathymetry(Eq.33)
(a)andashearcurrent(Eq.34)(b).Therelativedifferencesin1θ2(Eq.32)aregivenasinserttextforbothcases.

4.2Wavedeflection

Fordeep-waterwaves,thereisadirectrelationbetweenwave
raycurvatureandtheverticalvorticity(henceforthvorticity)
ζ=∂v/∂x−∂u/∂y(Kenyon,1971;Dysthe,2001):

ν=
ζ

cg
,(36)

validfor|U|/cg�1.Here,positivevorticitywilldeflecta
wavetotheleftrelativetoitswavepropagationdirectionand
totherightfornegativevorticity.Theratiowiththewave
groupvelocityalsoentailsthatshorterwaveswilldeflect
morecomparedwithlongerwaves.

Anapproximatewavedeflectionanglecanbecomputed
fromEq.(36)byaddingacharacteristicζ=ζ0andlength
scalelsuchthat(GalletandYoung,2014)

θν'
ζ0l

cg
.(37)

Weusetheidealizedhorizontallyshearedcurrent,

U(X,Y)=

{
0,ifX<2500m,

3α,ifX≥2500m,
(38)

whereαincreaseslinearlyfromα=0aty=0toα=

1ms−1aty=Ysuchthatζvaluesareconstantwithinthe

regions.AnassessmentofθνforaT=10sperioddeep-
waterwavepropagatedthroughEq.(38)isshowninFig.5.
Here,thesolutioninthelowerpanelalsousesEq.(38)but
withaminussigninfrontofα.Relativedifferencesbetween
themodelandanalyticalsolutionare1(θν)∼100%.The
differenceisasumofthenumericalerrorstogetherwith
theapproximateequalityinEq.(37).Furthermore,thedif-
ferencebetweenthesimulationofthenegativeandpositive
vorticityζisalsoduetotheadvectionofthecurrent.Fur-
thermore,thedeflectiondirectionfornegativeandpositive
ζisreadilyseeninFig.5.Thefullanalysisisavailablein
theverification/wave_deflection.ipynbnote-
bookintheGitHubrepository.

4.3Numericalconvergence

ThenumericalconvergencefordecreasingvaluesoftheCFL
numberCistestedfortheconservationofabsolutefrequency
ωinEq.(18).Fortheidealizedcaseofadeep-waterwave
propagatinginthexdirectionfromaregionwithU=0to
aregionwithanopposingcurrentU=−1ms−1,Eq.(18)
requires

ω=σ+kU=const.=ω0,(39)

wheresubscript0denotestheregionwithU=0.Fordeep
water,thephasespeedc=σ/ksuchthatEq.(39)canbe
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Figure4.VerifyingtheanalyticalsolutionsofSnell’slawagainstthewaveraytracingsolverforcaseswithidealizedbathymetry(Eq.33)
(a)andashearcurrent(Eq.34)(b).Therelativedifferencesin1θ2(Eq.32)aregivenasinserttextforbothcases.
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Figure 4. Verifying the analytical solutions of Snell’s law against the wave ray tracing solver for cases with idealized bathymetry (Eq. 33)
(a) and a shear current (Eq. 34) (b). The relative differences in 1θ2 (Eq. 32) are given as insert text for both cases.

4.2 Wave deflection

For deep-water waves, there is a direct relation between wave
ray curvature and the vertical vorticity (henceforth vorticity)
ζ = ∂v/∂x− ∂u/∂y (Kenyon, 1971; Dysthe, 2001):

ν =
ζ

cg
, (36)

valid for |U |/cg� 1. Here, positive vorticity will deflect a
wave to the left relative to its wave propagation direction and
to the right for negative vorticity. The ratio with the wave
group velocity also entails that shorter waves will deflect
more compared with longer waves.

An approximate wave deflection angle can be computed
from Eq. (36) by adding a characteristic ζ = ζ0 and length
scale l such that (Gallet and Young, 2014)

θν '
ζ0l

cg
. (37)

We use the idealized horizontally sheared current,

U(X,Y )= {0, if X < 2500m,

3α, if X ≥ 2500 m,
(38)

where α increases linearly from α = 0 at y = 0 to α =

1ms
−1 at y = Y such that ζ values are constant within the

regions. An assessment of θν for a T = 10 s period deep-
water wave propagated through Eq. (38) is shown in Fig. 5.
Here, the solution in the lower panel also uses Eq. (38) but
with a minus sign in front of α. Relative differences between
the model and analytical solution are 1(θν)∼ 100 %. The
difference is a sum of the numerical errors together with
the approximate equality in Eq. (37). Furthermore, the dif-
ference between the simulation of the negative and positive
vorticity ζ is also due to the advection of the current. Fur-
thermore, the deflection direction for negative and positive
ζ is readily seen in Fig. 5. The full analysis is available in
the verification/wave_deflection.ipynb note-
book in the GitHub repository.

4.3 Numerical convergence

The numerical convergence for decreasing values of the CFL
numberC is tested for the conservation of absolute frequency
ω in Eq. (18). For the idealized case of a deep-water wave
propagating in the x direction from a region with U = 0 to
a region with an opposing current U =−1ms

−1, Eq. (18)
requires

ω = σ + kU = const.= ω0, (39)

where subscript 0 denotes the region with U = 0. For deep
water, the phase speed c = σ/k such that Eq. (39) can be
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Figure 4. Verifying the analytical solutions of Snell’s law against the wave ray tracing solver for cases with idealized bathymetry (Eq. 33)
(a) and a shear current (Eq. 34) (b). The relative differences in 1θ2 (Eq. 32) are given as insert text for both cases.

4.2 Wave deflection

For deep-water waves, there is a direct relation between wave
ray curvature and the vertical vorticity (henceforth vorticity)
ζ = ∂v/∂x− ∂u/∂y (Kenyon, 1971; Dysthe, 2001):
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, (36)

valid for |U |/cg� 1. Here, positive vorticity will deflect a
wave to the left relative to its wave propagation direction and
to the right for negative vorticity. The ratio with the wave
group velocity also entails that shorter waves will deflect
more compared with longer waves.

An approximate wave deflection angle can be computed
from Eq. (36) by adding a characteristic ζ = ζ0 and length
scale l such that (Gallet and Young, 2014)
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. (37)

We use the idealized horizontally sheared current,

U(X,Y )= {0, if X < 2500m,

3α, if X ≥ 2500 m,
(38)

where α increases linearly from α = 0 at y = 0 to α =

1ms
−1 at y = Y such that ζ values are constant within the

regions. An assessment of θν for a T = 10 s period deep-
water wave propagated through Eq. (38) is shown in Fig. 5.
Here, the solution in the lower panel also uses Eq. (38) but
with a minus sign in front of α. Relative differences between
the model and analytical solution are 1(θν)∼ 100 %. The
difference is a sum of the numerical errors together with
the approximate equality in Eq. (37). Furthermore, the dif-
ference between the simulation of the negative and positive
vorticity ζ is also due to the advection of the current. Fur-
thermore, the deflection direction for negative and positive
ζ is readily seen in Fig. 5. The full analysis is available in
the verification/wave_deflection.ipynb note-
book in the GitHub repository.

4.3 Numerical convergence

The numerical convergence for decreasing values of the CFL
numberC is tested for the conservation of absolute frequency
ω in Eq. (18). For the idealized case of a deep-water wave
propagating in the x direction from a region with U = 0 to
a region with an opposing current U =−1ms

−1, Eq. (18)
requires

ω = σ + kU = const.= ω0, (39)

where subscript 0 denotes the region with U = 0. For deep
water, the phase speed c = σ/k such that Eq. (39) can be
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Figure4.VerifyingtheanalyticalsolutionsofSnell’slawagainstthewaveraytracingsolverforcaseswithidealizedbathymetry(Eq.33)
(a)andashearcurrent(Eq.34)(b).Therelativedifferencesin1θ2(Eq.32)aregivenasinserttextforbothcases.

4.2Wavedeflection

Fordeep-waterwaves,thereisadirectrelationbetweenwave
raycurvatureandtheverticalvorticity(henceforthvorticity)
ζ=∂v/∂x−∂u/∂y(Kenyon,1971;Dysthe,2001):

ν=
ζ

cg
,(36)

validfor|U|/cg�1.Here,positivevorticitywilldeflecta
wavetotheleftrelativetoitswavepropagationdirectionand
totherightfornegativevorticity.Theratiowiththewave
groupvelocityalsoentailsthatshorterwaveswilldeflect
morecomparedwithlongerwaves.

Anapproximatewavedeflectionanglecanbecomputed
fromEq.(36)byaddingacharacteristicζ=ζ0andlength
scalelsuchthat(GalletandYoung,2014)

θν'
ζ0l

cg
.(37)

Weusetheidealizedhorizontallyshearedcurrent,

U(X,Y)={0,ifX<2500m,

3α,ifX≥2500m,
(38)

whereαincreaseslinearlyfromα=0aty=0toα=

1ms
−1aty=Ysuchthatζvaluesareconstantwithinthe

regions.AnassessmentofθνforaT=10sperioddeep-
waterwavepropagatedthroughEq.(38)isshowninFig.5.
Here,thesolutioninthelowerpanelalsousesEq.(38)but
withaminussigninfrontofα.Relativedifferencesbetween
themodelandanalyticalsolutionare1(θν)∼100%.The
differenceisasumofthenumericalerrorstogetherwith
theapproximateequalityinEq.(37).Furthermore,thedif-
ferencebetweenthesimulationofthenegativeandpositive
vorticityζisalsoduetotheadvectionofthecurrent.Fur-
thermore,thedeflectiondirectionfornegativeandpositive
ζisreadilyseeninFig.5.Thefullanalysisisavailablein
theverification/wave_deflection.ipynbnote-
bookintheGitHubrepository.

4.3Numericalconvergence

ThenumericalconvergencefordecreasingvaluesoftheCFL
numberCistestedfortheconservationofabsolutefrequency
ωinEq.(18).Fortheidealizedcaseofadeep-waterwave
propagatinginthexdirectionfromaregionwithU=0to
aregionwithanopposingcurrentU=−1ms

−1,Eq.(18)
requires

ω=σ+kU=const.=ω0,(39)

wheresubscript0denotestheregionwithU=0.Fordeep
water,thephasespeedc=σ/ksuchthatEq.(39)canbe
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Figure4.VerifyingtheanalyticalsolutionsofSnell’slawagainstthewaveraytracingsolverforcaseswithidealizedbathymetry(Eq.33)
(a)andashearcurrent(Eq.34)(b).Therelativedifferencesin1θ2(Eq.32)aregivenasinserttextforbothcases.
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Figure 5. Verifying the approximate solutions of wave deflection (Eq. 37) against the wave ray tracing output for cases with idealized
negative (a) and positive vorticity ζ (b). The associated velocity field U = (U(x,y),0) at X = x1,x2 is given in the left column plots. The
relative differences 1θν [Eq. 32] using l = 2500 m are given for both cases (see insert text). Yellow lines denote the wave rays.

rearranged and

k =
k0c0

U + c
. (40)

In our example, k = 0.046 m−1 for a T = 10 s period
wave propagating into the region U =−1ms−1. The nu-
merical convergence for Eq. (18) is shown in Fig. 6.
Here, the error 1ω decreases with decreasing C due to
the increasing number of time steps N . The error does
not decrease monotonically, however, since k must be
solved sufficiently many times within the region where
∂U/∂x 6= 0 to obtain its correct value. Nevertheless, the
solution converges to the analytical solution with de-
creasing C (see kan in Fig. 6). The test on the numer-
ical convergence is available in the GitHub repository
in the verification/numerical_convergence_
omega.ipynb notebook.

5 Examples of usage

Here we provide some use examples of the wave ray
tracing model, which include simulations under idealized

current and bathymetry fields and ambient conditions
retrieved from an ocean circulation model. The code
for running the tool is similar to the generic example
given in Alg. 1 but with different ambient and initial
conditions. The idealized current fields are part of the
repository as a netCDF4 file and reproducible in the
notebooks/create_idealized_current_and_
bathymetry.ipynb notebook. The examples include
specifying different initial conditions as well as utilizing the
ancillary functions described in Sect. 3.4.1.

5.1 Idealized cases

Cases with depth-induced refraction are shown in Fig. 7.
Here the idealized cases show the expected veering of wave
rays towards shallower regions when the deep-water limit
λ/2� d is no longer applicable. The examples also show
how the initial position rn=0 can be set differently using the
different sides of the domain (i.e., left and bottom in
Fig. 7a, c, d) and from a single point with the initial prop-
agation angle uniformly distributed in a sector (Fig. 7b).
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Figure5.Verifyingtheapproximatesolutionsofwavedeflection(Eq.37)againstthewaveraytracingoutputforcaseswithidealized
negative(a)andpositivevorticityζ(b).TheassociatedvelocityfieldU=(U(x,y),0)atX=x1,x2isgivenintheleftcolumnplots.The
relativedifferences1θν[Eq.32]usingl=2500maregivenforbothcases(seeinserttext).Yellowlinesdenotethewaverays.

rearrangedand

k=
k0c0

U+c
.(40)

Inourexample,k=0.046m−1foraT=10speriod
wavepropagatingintotheregionU=−1ms−1.Thenu-
mericalconvergenceforEq.(18)isshowninFig.6.
Here,theerror1ωdecreaseswithdecreasingCdueto
theincreasingnumberoftimestepsN.Theerrordoes
notdecreasemonotonically,however,sincekmustbe
solvedsufficientlymanytimeswithintheregionwhere
∂U/∂x6=0toobtainitscorrectvalue.Nevertheless,the
solutionconvergestotheanalyticalsolutionwithde-
creasingC(seekaninFig.6).Thetestonthenumer-
icalconvergenceisavailableintheGitHubrepository
intheverification/numerical_convergence_
omega.ipynbnotebook.

5Examplesofusage

Hereweprovidesomeuseexamplesofthewaveray
tracingmodel,whichincludesimulationsunderidealized

currentandbathymetryfieldsandambientconditions
retrievedfromanoceancirculationmodel.Thecode
forrunningthetoolissimilartothegenericexample
giveninAlg.1butwithdifferentambientandinitial
conditions.Theidealizedcurrentfieldsarepartofthe
repositoryasanetCDF4fileandreproducibleinthe
notebooks/create_idealized_current_and_
bathymetry.ipynbnotebook.Theexamplesinclude
specifyingdifferentinitialconditionsaswellasutilizingthe
ancillaryfunctionsdescribedinSect.3.4.1.

5.1Idealizedcases

Caseswithdepth-inducedrefractionareshowninFig.7.
Heretheidealizedcasesshowtheexpectedveeringofwave
raystowardsshallowerregionswhenthedeep-waterlimit
λ/2�disnolongerapplicable.Theexamplesalsoshow
howtheinitialpositionrn=0canbesetdifferentlyusingthe
differentsidesofthedomain(i.e.,leftandbottomin
Fig.7a,c,d)andfromasinglepointwiththeinitialprop-
agationangleuniformlydistributedinasector(Fig.7b).
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Figure 5. Verifying the approximate solutions of wave deflection (Eq. 37) against the wave ray tracing output for cases with idealized
negative (a) and positive vorticity ζ (b). The associated velocity field U = (U(x,y),0) at X = x1,x2 is given in the left column plots. The
relative differences 1θν [Eq. 32] using l = 2500 m are given for both cases (see insert text). Yellow lines denote the wave rays.
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merical convergence for Eq. (18) is shown in Fig. 6.
Here, the error 1ω decreases with decreasing C due to
the increasing number of time steps N . The error does
not decrease monotonically, however, since k must be
solved sufficiently many times within the region where
∂U/∂x 6= 0 to obtain its correct value. Nevertheless, the
solution converges to the analytical solution with de-
creasing C (see kan in Fig. 6). The test on the numer-
ical convergence is available in the GitHub repository
in the verification/numerical_convergence_
omega.ipynb notebook.

5 Examples of usage

Here we provide some use examples of the wave ray
tracing model, which include simulations under idealized

current and bathymetry fields and ambient conditions
retrieved from an ocean circulation model. The code
for running the tool is similar to the generic example
given in Alg. 1 but with different ambient and initial
conditions. The idealized current fields are part of the
repository as a netCDF4 file and reproducible in the
notebooks/create_idealized_current_and_
bathymetry.ipynb notebook. The examples include
specifying different initial conditions as well as utilizing the
ancillary functions described in Sect. 3.4.1.

5.1 Idealized cases

Cases with depth-induced refraction are shown in Fig. 7.
Here the idealized cases show the expected veering of wave
rays towards shallower regions when the deep-water limit
λ/2� d is no longer applicable. The examples also show
how the initial position r

n=0 can be set differently using the
different sides of the domain (i.e., left and bottom in
Fig. 7a, c, d) and from a single point with the initial prop-
agation angle uniformly distributed in a sector (Fig. 7b).
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Figure5.Verifyingtheapproximatesolutionsofwavedeflection(Eq.37)againstthewaveraytracingoutputforcaseswithidealized
negative(a)andpositivevorticityζ(b).TheassociatedvelocityfieldU=(U(x,y),0)atX=x1,x2isgivenintheleftcolumnplots.The
relativedifferences1θν[Eq.32]usingl=2500maregivenforbothcases(seeinserttext).Yellowlinesdenotethewaverays.
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mericalconvergenceforEq.(18)isshowninFig.6.
Here,theerror1ωdecreaseswithdecreasingCdueto
theincreasingnumberoftimestepsN.Theerrordoes
notdecreasemonotonically,however,sincekmustbe
solvedsufficientlymanytimeswithintheregionwhere
∂U/∂x6=0toobtainitscorrectvalue.Nevertheless,the
solutionconvergestotheanalyticalsolutionwithde-
creasingC(seekaninFig.6).Thetestonthenumer-
icalconvergenceisavailableintheGitHubrepository
intheverification/numerical_convergence_
omega.ipynbnotebook.
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retrievedfromanoceancirculationmodel.Thecode
forrunningthetoolissimilartothegenericexample
giveninAlg.1butwithdifferentambientandinitial
conditions.Theidealizedcurrentfieldsarepartofthe
repositoryasanetCDF4fileandreproducibleinthe
notebooks/create_idealized_current_and_
bathymetry.ipynbnotebook.Theexamplesinclude
specifyingdifferentinitialconditionsaswellasutilizingthe
ancillaryfunctionsdescribedinSect.3.4.1.

5.1Idealizedcases

Caseswithdepth-inducedrefractionareshowninFig.7.
Heretheidealizedcasesshowtheexpectedveeringofwave
raystowardsshallowerregionswhenthedeep-waterlimit
λ/2�disnolongerapplicable.Theexamplesalsoshow
howtheinitialpositionr

n=0canbesetdifferentlyusingthe
differentsidesofthedomain(i.e.,leftandbottomin
Fig.7a,c,d)andfromasinglepointwiththeinitialprop-
agationangleuniformlydistributedinasector(Fig.7b).
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Figure5.Verifyingtheapproximatesolutionsofwavedeflection(Eq.37)againstthewaveraytracingoutputforcaseswithidealized
negative(a)andpositivevorticityζ(b).TheassociatedvelocityfieldU=(U(x,y),0)atX=x1,x2isgivenintheleftcolumnplots.The
relativedifferences1θν[Eq.32]usingl=2500maregivenforbothcases(seeinserttext).Yellowlinesdenotethewaverays.
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Heretheidealizedcasesshowtheexpectedveeringofwave
raystowardsshallowerregionswhenthedeep-waterlimit
λ/2�disnolongerapplicable.Theexamplesalsoshow
howtheinitialpositionr

n=0canbesetdifferentlyusingthe
differentsidesofthedomain(i.e.,leftandbottomin
Fig.7a,c,d)andfromasinglepointwiththeinitialprop-
agationangleuniformlydistributedinasector(Fig.7b).
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Figure 6. The numerical convergence tested for conservation of absolute frequency ω in Eq. (18). The convergence is tested for an increasing
number of discrete time indices nwith an accompanied decreasing Courant numberC. Here, a domain with velocity fieldU = 0 forX < 2000
and U =−1 for X = 2000, where1X = 100 m (see dashed vertical lines), was used. The analytical value kan is obtained from Eq. (40). The
relative error 1= (ω0−ω)/ω0 decreases with C. The results here are obtained by using the RK4 scheme, but similar results are obtained
using the FE (not shown).

Cases with current-induced refraction in deep water are
shown in Fig. 8. Examples of wave trains both following
and opposing a horizontally sheared current are provided
(Fig. 8a, b). The ambient current causes areas of converg-
ing and crossing wave rays, which are known as caustics or
focal points. Furthermore, an example of waves propagating
through an idealized oceanic eddy is shown (Figs. 8c, d).

The joint effect of current- and depth-induced refrac-
tion at intermediate depth is shown in Fig. 9. Here, the
ray_density method is used to highlight the different fo-
cal points obtained in deep water and when the waves are
also influenced by the bathymetry.

All the examples listed above are available in the
notebooks/idealized_examples.ipynb note-
book.

5.2 Ocean-model output

Examples of using surface currents and bathymetry extracted
from the operational coastal ocean circulation model at the
Norwegian Meteorological Institute (Albretsen et al., 2011)
as input in wave tracing simulations are shown for differ-
ent regions in Fig. 10. Here, the to_latlon() method
has been used together with to_ds() in order to visual-
ize the output on a georeferenced map. Figure 10b denotes
the refraction due to currents and bathymetry (red rays),
compared with bathymetry only (yellow rays). There are
clear differences between the wave rays with and without
currents. The current field used here spanned four model
output time steps with an hourly temporal resolution. Fig-
ure 10c and d show how the wave kinematics are affected
by a barotropic tidal current under two characteristic cy-
cles. In the lower left panel, the tidal current gives rise
to a focal point and crossing wave rays. Cases similar to
the latter two were investigated in Halsne et al. (2022),

comparing the results with output from a spectral wave
model (Eq. 19). The examples provided here are available
in the notebooks/ocean_model_example.ipynb
notebook.

The famous textbook example of trapped waves in
the Agulhas Current east of South Africa is shown in
Fig. 11. Here, the wave tracing simulations used the
surface current from the ESA’s GlobCurrent project
(https://data.marine.copernicus.eu/product/MULTIOBS_
GLO_PHY_REP_015_004/description, last access:
6 November 2023). The particular point in time for the
simulation is the same as used in Kudryavtsev et al. (2017)
(i.e., 4 January 2016, see their Figs. 14–15) but here with
an apparently coarser horizontal resolution in the current
forcing.

6 Discussion and concluding remarks

We have presented a Python-based, open-source, finite-
difference ray tracing model for arbitrary depths at variable
currents. The Wave_tracing module has been tested and
verified against analytical solutions and tested for numeri-
cal convergence. The solver comes with a set of ancillary
functions aimed at supporting relevant workflows for data
retrieval, transformation, and visualization in the scientific
community as well as being compatible with the standard-
ized Climate and Forecast (CF) metadata conventions. Such
workflows have been documented and are available in the
repository as examples for the end users.

To the best of our knowledge, no such modeling tool is
openly available in a high-level computing language despite
its usefulness for the investigation and quantification of the
impact of ambient currents and bathymetry on the wave field
(e.g., Romero et al., 2017, 2020; Ardhuin et al., 2012; Mas-
son, 1996; Bôas et al., 2020; Halsne et al., 2022; Saetra et al.,

https://doi.org/10.5194/gmd-16-6515-2023 Geosci. Model Dev., 16, 6515–6530, 2023

T.Halsneetal.:Oceanwaveraytracing6525

Figure6.ThenumericalconvergencetestedforconservationofabsolutefrequencyωinEq.(18).Theconvergenceistestedforanincreasing
numberofdiscretetimeindicesnwithanaccompanieddecreasingCourantnumberC.Here,adomainwithvelocityfieldU=0forX<2000
andU=−1forX=2000,where1X=100m(seedashedverticallines),wasused.TheanalyticalvaluekanisobtainedfromEq.(40).The
relativeerror1=(ω0−ω)/ω0decreaseswithC.TheresultshereareobtainedbyusingtheRK4scheme,butsimilarresultsareobtained
usingtheFE(notshown).

Caseswithcurrent-inducedrefractionindeepwaterare
showninFig.8.Examplesofwavetrainsbothfollowing
andopposingahorizontallyshearedcurrentareprovided
(Fig.8a,b).Theambientcurrentcausesareasofconverg-
ingandcrossingwaverays,whichareknownascausticsor
focalpoints.Furthermore,anexampleofwavespropagating
throughanidealizedoceaniceddyisshown(Figs.8c,d).

Thejointeffectofcurrent-anddepth-inducedrefrac-
tionatintermediatedepthisshowninFig.9.Here,the
ray_densitymethodisusedtohighlightthedifferentfo-
calpointsobtainedindeepwaterandwhenthewavesare
alsoinfluencedbythebathymetry.

Alltheexampleslistedaboveareavailableinthe
notebooks/idealized_examples.ipynbnote-
book.

5.2Ocean-modeloutput

Examplesofusingsurfacecurrentsandbathymetryextracted
fromtheoperationalcoastaloceancirculationmodelatthe
NorwegianMeteorologicalInstitute(Albretsenetal.,2011)
asinputinwavetracingsimulationsareshownfordiffer-
entregionsinFig.10.Here,theto_latlon()method
hasbeenusedtogetherwithto_ds()inordertovisual-
izetheoutputonageoreferencedmap.Figure10bdenotes
therefractionduetocurrentsandbathymetry(redrays),
comparedwithbathymetryonly(yellowrays).Thereare
cleardifferencesbetweenthewaverayswithandwithout
currents.Thecurrentfieldusedherespannedfourmodel
outputtimestepswithanhourlytemporalresolution.Fig-
ure10canddshowhowthewavekinematicsareaffected
byabarotropictidalcurrentundertwocharacteristiccy-
cles.Inthelowerleftpanel,thetidalcurrentgivesrise
toafocalpointandcrossingwaverays.Casessimilarto
thelattertwowereinvestigatedinHalsneetal.(2022),

comparingtheresultswithoutputfromaspectralwave
model(Eq.19).Theexamplesprovidedhereareavailable
inthenotebooks/ocean_model_example.ipynb
notebook.

Thefamoustextbookexampleoftrappedwavesin
theAgulhasCurrenteastofSouthAfricaisshownin
Fig.11.Here,thewavetracingsimulationsusedthe
surfacecurrentfromtheESA’sGlobCurrentproject
(https://data.marine.copernicus.eu/product/MULTIOBS_
GLO_PHY_REP_015_004/description,lastaccess:
6November2023).Theparticularpointintimeforthe
simulationisthesameasusedinKudryavtsevetal.(2017)
(i.e.,4January2016,seetheirFigs.14–15)butherewith
anapparentlycoarserhorizontalresolutioninthecurrent
forcing.

6Discussionandconcludingremarks

WehavepresentedaPython-based,open-source,finite-
differenceraytracingmodelforarbitrarydepthsatvariable
currents.TheWave_tracingmodulehasbeentestedand
verifiedagainstanalyticalsolutionsandtestedfornumeri-
calconvergence.Thesolvercomeswithasetofancillary
functionsaimedatsupportingrelevantworkflowsfordata
retrieval,transformation,andvisualizationinthescientific
communityaswellasbeingcompatiblewiththestandard-
izedClimateandForecast(CF)metadataconventions.Such
workflowshavebeendocumentedandareavailableinthe
repositoryasexamplesfortheendusers.

Tothebestofourknowledge,nosuchmodelingtoolis
openlyavailableinahigh-levelcomputinglanguagedespite
itsusefulnessfortheinvestigationandquantificationofthe
impactofambientcurrentsandbathymetryonthewavefield
(e.g.,Romeroetal.,2017,2020;Ardhuinetal.,2012;Mas-
son,1996;Bôasetal.,2020;Halsneetal.,2022;Saetraetal.,
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Figure6.ThenumericalconvergencetestedforconservationofabsolutefrequencyωinEq.(18).Theconvergenceistestedforanincreasing
numberofdiscretetimeindicesnwithanaccompanieddecreasingCourantnumberC.Here,adomainwithvelocityfieldU=0forX<2000
andU=−1forX=2000,where1X=100m(seedashedverticallines),wasused.TheanalyticalvaluekanisobtainedfromEq.(40).The
relativeerror1=(ω0−ω)/ω0decreaseswithC.TheresultshereareobtainedbyusingtheRK4scheme,butsimilarresultsareobtained
usingtheFE(notshown).

Caseswithcurrent-inducedrefractionindeepwaterare
showninFig.8.Examplesofwavetrainsbothfollowing
andopposingahorizontallyshearedcurrentareprovided
(Fig.8a,b).Theambientcurrentcausesareasofconverg-
ingandcrossingwaverays,whichareknownascausticsor
focalpoints.Furthermore,anexampleofwavespropagating
throughanidealizedoceaniceddyisshown(Figs.8c,d).

Thejointeffectofcurrent-anddepth-inducedrefrac-
tionatintermediatedepthisshowninFig.9.Here,the
ray_densitymethodisusedtohighlightthedifferentfo-
calpointsobtainedindeepwaterandwhenthewavesare
alsoinfluencedbythebathymetry.

Alltheexampleslistedaboveareavailableinthe
notebooks/idealized_examples.ipynbnote-
book.
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asinputinwavetracingsimulationsareshownfordiffer-
entregionsinFig.10.Here,theto_latlon()method
hasbeenusedtogetherwithto_ds()inordertovisual-
izetheoutputonageoreferencedmap.Figure10bdenotes
therefractionduetocurrentsandbathymetry(redrays),
comparedwithbathymetryonly(yellowrays).Thereare
cleardifferencesbetweenthewaverayswithandwithout
currents.Thecurrentfieldusedherespannedfourmodel
outputtimestepswithanhourlytemporalresolution.Fig-
ure10canddshowhowthewavekinematicsareaffected
byabarotropictidalcurrentundertwocharacteristiccy-
cles.Inthelowerleftpanel,thetidalcurrentgivesrise
toafocalpointandcrossingwaverays.Casessimilarto
thelattertwowereinvestigatedinHalsneetal.(2022),

comparingtheresultswithoutputfromaspectralwave
model(Eq.19).Theexamplesprovidedhereareavailable
inthenotebooks/ocean_model_example.ipynb
notebook.

Thefamoustextbookexampleoftrappedwavesin
theAgulhasCurrenteastofSouthAfricaisshownin
Fig.11.Here,thewavetracingsimulationsusedthe
surfacecurrentfromtheESA’sGlobCurrentproject
(https://data.marine.copernicus.eu/product/MULTIOBS_
GLO_PHY_REP_015_004/description,lastaccess:
6November2023).Theparticularpointintimeforthe
simulationisthesameasusedinKudryavtsevetal.(2017)
(i.e.,4January2016,seetheirFigs.14–15)butherewith
anapparentlycoarserhorizontalresolutioninthecurrent
forcing.

6Discussionandconcludingremarks

WehavepresentedaPython-based,open-source,finite-
differenceraytracingmodelforarbitrarydepthsatvariable
currents.TheWave_tracingmodulehasbeentestedand
verifiedagainstanalyticalsolutionsandtestedfornumeri-
calconvergence.Thesolvercomeswithasetofancillary
functionsaimedatsupportingrelevantworkflowsfordata
retrieval,transformation,andvisualizationinthescientific
communityaswellasbeingcompatiblewiththestandard-
izedClimateandForecast(CF)metadataconventions.Such
workflowshavebeendocumentedandareavailableinthe
repositoryasexamplesfortheendusers.

Tothebestofourknowledge,nosuchmodelingtoolis
openlyavailableinahigh-levelcomputinglanguagedespite
itsusefulnessfortheinvestigationandquantificationofthe
impactofambientcurrentsandbathymetryonthewavefield
(e.g.,Romeroetal.,2017,2020;Ardhuinetal.,2012;Mas-
son,1996;Bôasetal.,2020;Halsneetal.,2022;Saetraetal.,
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Figure 6. The numerical convergence tested for conservation of absolute frequency ω in Eq. (18). The convergence is tested for an increasing
number of discrete time indices nwith an accompanied decreasing Courant numberC. Here, a domain with velocity fieldU = 0 forX < 2000
and U =−1 for X = 2000, where1X = 100 m (see dashed vertical lines), was used. The analytical value kan is obtained from Eq. (40). The
relative error 1= (ω0−ω)/ω0 decreases with C. The results here are obtained by using the RK4 scheme, but similar results are obtained
using the FE (not shown).

Cases with current-induced refraction in deep water are
shown in Fig. 8. Examples of wave trains both following
and opposing a horizontally sheared current are provided
(Fig. 8a, b). The ambient current causes areas of converg-
ing and crossing wave rays, which are known as caustics or
focal points. Furthermore, an example of waves propagating
through an idealized oceanic eddy is shown (Figs. 8c, d).

The joint effect of current- and depth-induced refrac-
tion at intermediate depth is shown in Fig. 9. Here, the
ray_density method is used to highlight the different fo-
cal points obtained in deep water and when the waves are
also influenced by the bathymetry.

All the examples listed above are available in the
notebooks/idealized_examples.ipynb note-
book.

5.2 Ocean-model output

Examples of using surface currents and bathymetry extracted
from the operational coastal ocean circulation model at the
Norwegian Meteorological Institute (Albretsen et al., 2011)
as input in wave tracing simulations are shown for differ-
ent regions in Fig. 10. Here, the to_latlon() method
has been used together with to_ds() in order to visual-
ize the output on a georeferenced map. Figure 10b denotes
the refraction due to currents and bathymetry (red rays),
compared with bathymetry only (yellow rays). There are
clear differences between the wave rays with and without
currents. The current field used here spanned four model
output time steps with an hourly temporal resolution. Fig-
ure 10c and d show how the wave kinematics are affected
by a barotropic tidal current under two characteristic cy-
cles. In the lower left panel, the tidal current gives rise
to a focal point and crossing wave rays. Cases similar to
the latter two were investigated in Halsne et al. (2022),

comparing the results with output from a spectral wave
model (Eq. 19). The examples provided here are available
in the notebooks/ocean_model_example.ipynb
notebook.

The famous textbook example of trapped waves in
the Agulhas Current east of South Africa is shown in
Fig. 11. Here, the wave tracing simulations used the
surface current from the ESA’s GlobCurrent project
(https://data.marine.copernicus.eu/product/MULTIOBS_
GLO_PHY_REP_015_004/description, last access:
6 November 2023). The particular point in time for the
simulation is the same as used in Kudryavtsev et al. (2017)
(i.e., 4 January 2016, see their Figs. 14–15) but here with
an apparently coarser horizontal resolution in the current
forcing.

6 Discussion and concluding remarks

We have presented a Python-based, open-source, finite-
difference ray tracing model for arbitrary depths at variable
currents. The Wave_tracing module has been tested and
verified against analytical solutions and tested for numeri-
cal convergence. The solver comes with a set of ancillary
functions aimed at supporting relevant workflows for data
retrieval, transformation, and visualization in the scientific
community as well as being compatible with the standard-
ized Climate and Forecast (CF) metadata conventions. Such
workflows have been documented and are available in the
repository as examples for the end users.

To the best of our knowledge, no such modeling tool is
openly available in a high-level computing language despite
its usefulness for the investigation and quantification of the
impact of ambient currents and bathymetry on the wave field
(e.g., Romero et al., 2017, 2020; Ardhuin et al., 2012; Mas-
son, 1996; Bôas et al., 2020; Halsne et al., 2022; Saetra et al.,
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Figure 6. The numerical convergence tested for conservation of absolute frequency ω in Eq. (18). The convergence is tested for an increasing
number of discrete time indices nwith an accompanied decreasing Courant numberC. Here, a domain with velocity fieldU = 0 forX < 2000
and U =−1 for X = 2000, where1X = 100 m (see dashed vertical lines), was used. The analytical value kan is obtained from Eq. (40). The
relative error 1= (ω0−ω)/ω0 decreases with C. The results here are obtained by using the RK4 scheme, but similar results are obtained
using the FE (not shown).

Cases with current-induced refraction in deep water are
shown in Fig. 8. Examples of wave trains both following
and opposing a horizontally sheared current are provided
(Fig. 8a, b). The ambient current causes areas of converg-
ing and crossing wave rays, which are known as caustics or
focal points. Furthermore, an example of waves propagating
through an idealized oceanic eddy is shown (Figs. 8c, d).

The joint effect of current- and depth-induced refrac-
tion at intermediate depth is shown in Fig. 9. Here, the
ray_density method is used to highlight the different fo-
cal points obtained in deep water and when the waves are
also influenced by the bathymetry.

All the examples listed above are available in the
notebooks/idealized_examples.ipynb note-
book.

5.2 Ocean-model output

Examples of using surface currents and bathymetry extracted
from the operational coastal ocean circulation model at the
Norwegian Meteorological Institute (Albretsen et al., 2011)
as input in wave tracing simulations are shown for differ-
ent regions in Fig. 10. Here, the to_latlon() method
has been used together with to_ds() in order to visual-
ize the output on a georeferenced map. Figure 10b denotes
the refraction due to currents and bathymetry (red rays),
compared with bathymetry only (yellow rays). There are
clear differences between the wave rays with and without
currents. The current field used here spanned four model
output time steps with an hourly temporal resolution. Fig-
ure 10c and d show how the wave kinematics are affected
by a barotropic tidal current under two characteristic cy-
cles. In the lower left panel, the tidal current gives rise
to a focal point and crossing wave rays. Cases similar to
the latter two were investigated in Halsne et al. (2022),

comparing the results with output from a spectral wave
model (Eq. 19). The examples provided here are available
in the notebooks/ocean_model_example.ipynb
notebook.

The famous textbook example of trapped waves in
the Agulhas Current east of South Africa is shown in
Fig. 11. Here, the wave tracing simulations used the
surface current from the ESA’s GlobCurrent project
(https://data.marine.copernicus.eu/product/MULTIOBS_
GLO_PHY_REP_015_004/description, last access:
6 November 2023). The particular point in time for the
simulation is the same as used in Kudryavtsev et al. (2017)
(i.e., 4 January 2016, see their Figs. 14–15) but here with
an apparently coarser horizontal resolution in the current
forcing.

6 Discussion and concluding remarks

We have presented a Python-based, open-source, finite-
difference ray tracing model for arbitrary depths at variable
currents. The Wave_tracing module has been tested and
verified against analytical solutions and tested for numeri-
cal convergence. The solver comes with a set of ancillary
functions aimed at supporting relevant workflows for data
retrieval, transformation, and visualization in the scientific
community as well as being compatible with the standard-
ized Climate and Forecast (CF) metadata conventions. Such
workflows have been documented and are available in the
repository as examples for the end users.

To the best of our knowledge, no such modeling tool is
openly available in a high-level computing language despite
its usefulness for the investigation and quantification of the
impact of ambient currents and bathymetry on the wave field
(e.g., Romero et al., 2017, 2020; Ardhuin et al., 2012; Mas-
son, 1996; Bôas et al., 2020; Halsne et al., 2022; Saetra et al.,
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Figure6.ThenumericalconvergencetestedforconservationofabsolutefrequencyωinEq.(18).Theconvergenceistestedforanincreasing
numberofdiscretetimeindicesnwithanaccompanieddecreasingCourantnumberC.Here,adomainwithvelocityfieldU=0forX<2000
andU=−1forX=2000,where1X=100m(seedashedverticallines),wasused.TheanalyticalvaluekanisobtainedfromEq.(40).The
relativeerror1=(ω0−ω)/ω0decreaseswithC.TheresultshereareobtainedbyusingtheRK4scheme,butsimilarresultsareobtained
usingtheFE(notshown).

Caseswithcurrent-inducedrefractionindeepwaterare
showninFig.8.Examplesofwavetrainsbothfollowing
andopposingahorizontallyshearedcurrentareprovided
(Fig.8a,b).Theambientcurrentcausesareasofconverg-
ingandcrossingwaverays,whichareknownascausticsor
focalpoints.Furthermore,anexampleofwavespropagating
throughanidealizedoceaniceddyisshown(Figs.8c,d).

Thejointeffectofcurrent-anddepth-inducedrefrac-
tionatintermediatedepthisshowninFig.9.Here,the
ray_densitymethodisusedtohighlightthedifferentfo-
calpointsobtainedindeepwaterandwhenthewavesare
alsoinfluencedbythebathymetry.

Alltheexampleslistedaboveareavailableinthe
notebooks/idealized_examples.ipynbnote-
book.

5.2Ocean-modeloutput

Examplesofusingsurfacecurrentsandbathymetryextracted
fromtheoperationalcoastaloceancirculationmodelatthe
NorwegianMeteorologicalInstitute(Albretsenetal.,2011)
asinputinwavetracingsimulationsareshownfordiffer-
entregionsinFig.10.Here,theto_latlon()method
hasbeenusedtogetherwithto_ds()inordertovisual-
izetheoutputonageoreferencedmap.Figure10bdenotes
therefractionduetocurrentsandbathymetry(redrays),
comparedwithbathymetryonly(yellowrays).Thereare
cleardifferencesbetweenthewaverayswithandwithout
currents.Thecurrentfieldusedherespannedfourmodel
outputtimestepswithanhourlytemporalresolution.Fig-
ure10canddshowhowthewavekinematicsareaffected
byabarotropictidalcurrentundertwocharacteristiccy-
cles.Inthelowerleftpanel,thetidalcurrentgivesrise
toafocalpointandcrossingwaverays.Casessimilarto
thelattertwowereinvestigatedinHalsneetal.(2022),

comparingtheresultswithoutputfromaspectralwave
model(Eq.19).Theexamplesprovidedhereareavailable
inthenotebooks/ocean_model_example.ipynb
notebook.

Thefamoustextbookexampleoftrappedwavesin
theAgulhasCurrenteastofSouthAfricaisshownin
Fig.11.Here,thewavetracingsimulationsusedthe
surfacecurrentfromtheESA’sGlobCurrentproject
(https://data.marine.copernicus.eu/product/MULTIOBS_
GLO_PHY_REP_015_004/description,lastaccess:
6November2023).Theparticularpointintimeforthe
simulationisthesameasusedinKudryavtsevetal.(2017)
(i.e.,4January2016,seetheirFigs.14–15)butherewith
anapparentlycoarserhorizontalresolutioninthecurrent
forcing.

6Discussionandconcludingremarks

WehavepresentedaPython-based,open-source,finite-
differenceraytracingmodelforarbitrarydepthsatvariable
currents.TheWave_tracingmodulehasbeentestedand
verifiedagainstanalyticalsolutionsandtestedfornumeri-
calconvergence.Thesolvercomeswithasetofancillary
functionsaimedatsupportingrelevantworkflowsfordata
retrieval,transformation,andvisualizationinthescientific
communityaswellasbeingcompatiblewiththestandard-
izedClimateandForecast(CF)metadataconventions.Such
workflowshavebeendocumentedandareavailableinthe
repositoryasexamplesfortheendusers.

Tothebestofourknowledge,nosuchmodelingtoolis
openlyavailableinahigh-levelcomputinglanguagedespite
itsusefulnessfortheinvestigationandquantificationofthe
impactofambientcurrentsandbathymetryonthewavefield
(e.g.,Romeroetal.,2017,2020;Ardhuinetal.,2012;Mas-
son,1996;Bôasetal.,2020;Halsneetal.,2022;Saetraetal.,
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Figure6.ThenumericalconvergencetestedforconservationofabsolutefrequencyωinEq.(18).Theconvergenceistestedforanincreasing
numberofdiscretetimeindicesnwithanaccompanieddecreasingCourantnumberC.Here,adomainwithvelocityfieldU=0forX<2000
andU=−1forX=2000,where1X=100m(seedashedverticallines),wasused.TheanalyticalvaluekanisobtainedfromEq.(40).The
relativeerror1=(ω0−ω)/ω0decreaseswithC.TheresultshereareobtainedbyusingtheRK4scheme,butsimilarresultsareobtained
usingtheFE(notshown).
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communityaswellasbeingcompatiblewiththestandard-
izedClimateandForecast(CF)metadataconventions.Such
workflowshavebeendocumentedandareavailableinthe
repositoryasexamplesfortheendusers.

Tothebestofourknowledge,nosuchmodelingtoolis
openlyavailableinahigh-levelcomputinglanguagedespite
itsusefulnessfortheinvestigationandquantificationofthe
impactofambientcurrentsandbathymetryonthewavefield
(e.g.,Romeroetal.,2017,2020;Ardhuinetal.,2012;Mas-
son,1996;Bôasetal.,2020;Halsneetal.,2022;Saetraetal.,
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Figure6.ThenumericalconvergencetestedforconservationofabsolutefrequencyωinEq.(18).Theconvergenceistestedforanincreasing
numberofdiscretetimeindicesnwithanaccompanieddecreasingCourantnumberC.Here,adomainwithvelocityfieldU=0forX<2000
andU=−1forX=2000,where1X=100m(seedashedverticallines),wasused.TheanalyticalvaluekanisobtainedfromEq.(40).The
relativeerror1=(ω0−ω)/ω0decreaseswithC.TheresultshereareobtainedbyusingtheRK4scheme,butsimilarresultsareobtained
usingtheFE(notshown).

Caseswithcurrent-inducedrefractionindeepwaterare
showninFig.8.Examplesofwavetrainsbothfollowing
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(Fig.8a,b).Theambientcurrentcausesareasofconverg-
ingandcrossingwaverays,whichareknownascausticsor
focalpoints.Furthermore,anexampleofwavespropagating
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Thejointeffectofcurrent-anddepth-inducedrefrac-
tionatintermediatedepthisshowninFig.9.Here,the
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Figure 7. Examples of depth refraction of a long crested 10 s period wave using various initial positions and initial propagation directions
(red arrows), for two different depth profiles in the upper (a, b) and lower panels (c, d). Waves with λ

2 � d (λ= 156 m on deep water, white
contour lines) will not “feel” the bottom and thus not be refracted.

Figure 8. Examples of current-induced refraction under different flow regimes and initial propagation directions (blue lines). Panel (a) de-
notes the evolution of the wave crest (orange lines) as it rides along a current jet (see current profile U(y) in b). In panel (b) the current jet
is opposing the waves, inducing focal points in the middle of the jet. Panel (c) shows how a characteristic current whirl impacts the wave
propagation paths, and (d) denotes the relation between deflection angle and the vorticity, ζ .
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Figure7.Examplesofdepthrefractionofalongcrested10speriodwaveusingvariousinitialpositionsandinitialpropagationdirections
(redarrows),fortwodifferentdepthprofilesintheupper(a,b)andlowerpanels(c,d).Waveswithλ

2�d(λ=156mondeepwater,white
contourlines)willnot“feel”thebottomandthusnotberefracted.

Figure8.Examplesofcurrent-inducedrefractionunderdifferentflowregimesandinitialpropagationdirections(bluelines).Panel(a)de-
notestheevolutionofthewavecrest(orangelines)asitridesalongacurrentjet(seecurrentprofileU(y)inb).Inpanel(b)thecurrentjet
isopposingthewaves,inducingfocalpointsinthemiddleofthejet.Panel(c)showshowacharacteristiccurrentwhirlimpactsthewave
propagationpaths,and(d)denotestherelationbetweendeflectionangleandthevorticity,ζ.
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Figure 9. The impact of depth and current refraction on horizontal wave height variability as seen through wave ray density plots. Panel
(a) shows results using the wave ray density method for a current whirl on deep water (see Fig. 8c). Panel (b) shows the impact on wave ray
density for the same current whirl but on intermediate depths, i.e., adding the bathymetry in Fig. 7c. Panel (c) denotes the difference in the
wave ray paths between the two cases.

Figure 10. The impact of currents and bathymetry on wave propagation paths using current and bathymetry fields from an 800 m resolution
Regional Ocean Modeling System (ROMS) model in Northern Norway (a). (b) Subset in the red rectangle in (a); it shows how time-varying
surface currents (i.e., four model time steps) impact the wave propagation paths for a T = 10 s period wave (red rays) when compared to
refraction due to bathymetry only (yellow rays). (c, d) Subset in the orange rectangle in (a); panels (c) and (d) show the impact of a tidal
current on the wave propagation paths for a T = 10 s period wave (c) and a T = 7 s period wave (d). Here, arrows denote the direction of the
ambient current.
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Figure9.Theimpactofdepthandcurrentrefractiononhorizontalwaveheightvariabilityasseenthroughwaveraydensityplots.Panel
(a)showsresultsusingthewaveraydensitymethodforacurrentwhirlondeepwater(seeFig.8c).Panel(b)showstheimpactonwaveray
densityforthesamecurrentwhirlbutonintermediatedepths,i.e.,addingthebathymetryinFig.7c.Panel(c)denotesthedifferenceinthe
waveraypathsbetweenthetwocases.

Figure10.Theimpactofcurrentsandbathymetryonwavepropagationpathsusingcurrentandbathymetryfieldsfroman800mresolution
RegionalOceanModelingSystem(ROMS)modelinNorthernNorway(a).(b)Subsetintheredrectanglein(a);itshowshowtime-varying
surfacecurrents(i.e.,fourmodeltimesteps)impactthewavepropagationpathsforaT=10speriodwave(redrays)whencomparedto
refractionduetobathymetryonly(yellowrays).(c,d)Subsetintheorangerectanglein(a);panels(c)and(d)showtheimpactofatidal
currentonthewavepropagationpathsforaT=10speriodwave(c)andaT=7speriodwave(d).Here,arrowsdenotethedirectionofthe
ambientcurrent.
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refractionduetobathymetryonly(yellowrays).(c,d)Subsetintheorangerectanglein(a);panels(c)and(d)showtheimpactofatidal
currentonthewavepropagationpathsforaT=10speriodwave(c)andaT=7speriodwave(d).Here,arrowsdenotethedirectionofthe
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Figure 11. Focusing of wave rays by the Agulhas Current. Here, surface current data from the GlobCurrent project are used from 4 Jan-
uary 2016 (a). The data are originally given in spherical latitude and longitude coordinates but are approximated here in the area of interest
to equidistant Cartesian coordinates with 22 and 28 km spatial resolution in the x and y directions, respectively. The famous trapping of
wave rays within the branch of the Agulhas Current is shown in (b) using a T = 10 s period wave. The duration of the run was 62 h, and 18
consecutive model output times (temporal resolution of 3 h) were used.

2021; Sun et al., 2022; Gallet and Young, 2014; Rapizo et al.,
2014; Kudryavtsev et al., 2017; Bôas and Young, 2020).

The solver is applicable to waves in finite depth, which
is in contrast to previously reported models which handle
only current-induced refraction in deep water (e.g., Bôas and
Young, 2020; Bôas et al., 2020; Mathiesen, 1987; Kenyon,
1971; Rapizo et al., 2014; Kudryavtsev et al., 2017). For
intermediate depths, the joint effect of current- and depth-
induced refraction can be very important for the wave height
variability (Fig. 9). Such examples were presented in Hal-
sne et al. (2022) and Romero et al. (2020), where the com-
bined refraction of wave rays due to the ambient current and
bathymetry caused focusing, which led to a significant in-
crease in the local wave height (see Fig. 11 in Halsne et al.,
2022 and Fig. 14 in Romero et al., 2020).

The effect of vertically sheared currents is usually ne-
glected in coupled wave model simulations since it is
a second-order effect. However, in strong baroclinic en-
vironments, such shear may strongly affect the abso-
lute angular frequency (Zippel and Thomson, 2017). In
ocean_wave_tracing, the impact of vertically sheared
currents can be accounted for by computing an effective
depth-integrated current (e.g., Kirby and Chen, 1989). Such
an extension is easy to add as an optional method in the ray
tracing model initialization due to the class structure (see
Sect. 3.3.2), given that the input ambient current field is
three-dimensional. However, and as shown by Calvino et al.
(2022), care should be taken since numerical errors can be
introduced in the computation of an effective current from
horizontally varying 3D sheared currents with coarse verti-
cal resolution. An implementation of the effective current is
planned as a future extension in ocean_wave_tracing.

The ocean_wave_tracing module does not support
wave reflection. Such processes are complex but could be
added later. This means that wave rays can essentially prop-
agate through land and out of the model domain. Such ef-
fects are, however, circumvented by using numpy’s masked
arrays and not-a-number (NaN) values. For instance in the
bathymetry_checker, negative bathymetry values will
be treated as land and set to a numpy NaN. When plotting,
NaN values do not appear. Furthermore, masked values are
often standard in ocean circulation models, and thus wave
rays “stop” when entering land grid points (see Fig. 10).

Solving the ray equation using a high-level language such
as Python gives added execution time and memory us-
age compared to lower-level languages. However, execution
times are normally on the order of 101 s but will obviously
increase with the number of time steps nt. It is possible to
further speed up the code by utilizing other modules and by
making the code base more dense in terms of reducing the
amount of code. However, the objective of the wave ray trac-
ing tool described here is neither to create a substitute to
wave models nor to optimize it for large and/or long sim-
ulations. It is rather to provide a framework that is easy to
understand and simple to run. In addition, a comprehensible
code base makes the tool suitable for further development by
other contributors. Furthermore, best practices like vectoriza-
tion have been used in order to speed up the solver, without
loss of general readability of the code.

Code and data availability. The source code is available at
https://github.com/hevgyrt/ocean_wave_tracing (last access:
6 November 2023) under a GPL v.3 license with DOI
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Figure11.FocusingofwaveraysbytheAgulhasCurrent.Here,surfacecurrentdatafromtheGlobCurrentprojectareusedfrom4Jan-
uary2016(a).Thedataareoriginallygiveninsphericallatitudeandlongitudecoordinatesbutareapproximatedhereintheareaofinterest
toequidistantCartesiancoordinateswith22and28kmspatialresolutioninthexandydirections,respectively.Thefamoustrappingof
waverayswithinthebranchoftheAgulhasCurrentisshownin(b)usingaT=10speriodwave.Thedurationoftherunwas62h,and18
consecutivemodeloutputtimes(temporalresolutionof3h)wereused.

2021;Sunetal.,2022;GalletandYoung,2014;Rapizoetal.,
2014;Kudryavtsevetal.,2017;BôasandYoung,2020).

Thesolverisapplicabletowavesinfinitedepth,which
isincontrasttopreviouslyreportedmodelswhichhandle
onlycurrent-inducedrefractionindeepwater(e.g.,Bôasand
Young,2020;Bôasetal.,2020;Mathiesen,1987;Kenyon,
1971;Rapizoetal.,2014;Kudryavtsevetal.,2017).For
intermediatedepths,thejointeffectofcurrent-anddepth-
inducedrefractioncanbeveryimportantforthewaveheight
variability(Fig.9).SuchexampleswerepresentedinHal-
sneetal.(2022)andRomeroetal.(2020),wherethecom-
binedrefractionofwaveraysduetotheambientcurrentand
bathymetrycausedfocusing,whichledtoasignificantin-
creaseinthelocalwaveheight(seeFig.11inHalsneetal.,
2022andFig.14inRomeroetal.,2020).

Theeffectofverticallyshearedcurrentsisusuallyne-
glectedincoupledwavemodelsimulationssinceitis
asecond-ordereffect.However,instrongbaroclinicen-
vironments,suchshearmaystronglyaffecttheabso-
luteangularfrequency(ZippelandThomson,2017).In
ocean_wave_tracing,theimpactofverticallysheared
currentscanbeaccountedforbycomputinganeffective
depth-integratedcurrent(e.g.,KirbyandChen,1989).Such
anextensioniseasytoaddasanoptionalmethodintheray
tracingmodelinitializationduetotheclassstructure(see
Sect.3.3.2),giventhattheinputambientcurrentfieldis
three-dimensional.However,andasshownbyCalvinoetal.
(2022),careshouldbetakensincenumericalerrorscanbe
introducedinthecomputationofaneffectivecurrentfrom
horizontallyvarying3Dshearedcurrentswithcoarseverti-
calresolution.Animplementationoftheeffectivecurrentis
plannedasafutureextensioninocean_wave_tracing.

Theocean_wave_tracingmoduledoesnotsupport
wavereflection.Suchprocessesarecomplexbutcouldbe
addedlater.Thismeansthatwaverayscanessentiallyprop-
agatethroughlandandoutofthemodeldomain.Suchef-
fectsare,however,circumventedbyusingnumpy’smasked
arraysandnot-a-number(NaN)values.Forinstanceinthe
bathymetry_checker,negativebathymetryvalueswill
betreatedaslandandsettoanumpyNaN.Whenplotting,
NaNvaluesdonotappear.Furthermore,maskedvaluesare
oftenstandardinoceancirculationmodels,andthuswave
rays“stop”whenenteringlandgridpoints(seeFig.10).

Solvingtherayequationusingahigh-levellanguagesuch
asPythongivesaddedexecutiontimeandmemoryus-
agecomparedtolower-levellanguages.However,execution
timesarenormallyontheorderof101sbutwillobviously
increasewiththenumberoftimestepsnt.Itispossibleto
furtherspeedupthecodebyutilizingothermodulesandby
makingthecodebasemoredenseintermsofreducingthe
amountofcode.However,theobjectiveofthewaveraytrac-
ingtooldescribedhereisneithertocreateasubstituteto
wavemodelsnortooptimizeitforlargeand/orlongsim-
ulations.Itisrathertoprovideaframeworkthatiseasyto
understandandsimpletorun.Inaddition,acomprehensible
codebasemakesthetoolsuitableforfurtherdevelopmentby
othercontributors.Furthermore,bestpracticeslikevectoriza-
tionhavebeenusedinordertospeedupthesolver,without
lossofgeneralreadabilityofthecode.

Codeanddataavailability.Thesourcecodeisavailableat
https://github.com/hevgyrt/ocean_wave_tracing(lastaccess:
6November2023)underaGPLv.3licensewithDOI
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Figure 11. Focusing of wave rays by the Agulhas Current. Here, surface current data from the GlobCurrent project are used from 4 Jan-
uary 2016 (a). The data are originally given in spherical latitude and longitude coordinates but are approximated here in the area of interest
to equidistant Cartesian coordinates with 22 and 28 km spatial resolution in the x and y directions, respectively. The famous trapping of
wave rays within the branch of the Agulhas Current is shown in (b) using a T = 10 s period wave. The duration of the run was 62 h, and 18
consecutive model output times (temporal resolution of 3 h) were used.

2021; Sun et al., 2022; Gallet and Young, 2014; Rapizo et al.,
2014; Kudryavtsev et al., 2017; Bôas and Young, 2020).

The solver is applicable to waves in finite depth, which
is in contrast to previously reported models which handle
only current-induced refraction in deep water (e.g., Bôas and
Young, 2020; Bôas et al., 2020; Mathiesen, 1987; Kenyon,
1971; Rapizo et al., 2014; Kudryavtsev et al., 2017). For
intermediate depths, the joint effect of current- and depth-
induced refraction can be very important for the wave height
variability (Fig. 9). Such examples were presented in Hal-
sne et al. (2022) and Romero et al. (2020), where the com-
bined refraction of wave rays due to the ambient current and
bathymetry caused focusing, which led to a significant in-
crease in the local wave height (see Fig. 11 in Halsne et al.,
2022 and Fig. 14 in Romero et al., 2020).

The effect of vertically sheared currents is usually ne-
glected in coupled wave model simulations since it is
a second-order effect. However, in strong baroclinic en-
vironments, such shear may strongly affect the abso-
lute angular frequency (Zippel and Thomson, 2017). In
ocean_wave_tracing, the impact of vertically sheared
currents can be accounted for by computing an effective
depth-integrated current (e.g., Kirby and Chen, 1989). Such
an extension is easy to add as an optional method in the ray
tracing model initialization due to the class structure (see
Sect. 3.3.2), given that the input ambient current field is
three-dimensional. However, and as shown by Calvino et al.
(2022), care should be taken since numerical errors can be
introduced in the computation of an effective current from
horizontally varying 3D sheared currents with coarse verti-
cal resolution. An implementation of the effective current is
planned as a future extension in ocean_wave_tracing.

The ocean_wave_tracing module does not support
wave reflection. Such processes are complex but could be
added later. This means that wave rays can essentially prop-
agate through land and out of the model domain. Such ef-
fects are, however, circumvented by using numpy’s masked
arrays and not-a-number (NaN) values. For instance in the
bathymetry_checker, negative bathymetry values will
be treated as land and set to a numpy NaN. When plotting,
NaN values do not appear. Furthermore, masked values are
often standard in ocean circulation models, and thus wave
rays “stop” when entering land grid points (see Fig. 10).

Solving the ray equation using a high-level language such
as Python gives added execution time and memory us-
age compared to lower-level languages. However, execution
times are normally on the order of 101 s but will obviously
increase with the number of time steps nt. It is possible to
further speed up the code by utilizing other modules and by
making the code base more dense in terms of reducing the
amount of code. However, the objective of the wave ray trac-
ing tool described here is neither to create a substitute to
wave models nor to optimize it for large and/or long sim-
ulations. It is rather to provide a framework that is easy to
understand and simple to run. In addition, a comprehensible
code base makes the tool suitable for further development by
other contributors. Furthermore, best practices like vectoriza-
tion have been used in order to speed up the solver, without
loss of general readability of the code.

Code and data availability. The source code is available at
https://github.com/hevgyrt/ocean_wave_tracing (last access:
6 November 2023) under a GPL v.3 license with DOI
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uary 2016 (a). The data are originally given in spherical latitude and longitude coordinates but are approximated here in the area of interest
to equidistant Cartesian coordinates with 22 and 28 km spatial resolution in the x and y directions, respectively. The famous trapping of
wave rays within the branch of the Agulhas Current is shown in (b) using a T = 10 s period wave. The duration of the run was 62 h, and 18
consecutive model output times (temporal resolution of 3 h) were used.

2021; Sun et al., 2022; Gallet and Young, 2014; Rapizo et al.,
2014; Kudryavtsev et al., 2017; Bôas and Young, 2020).

The solver is applicable to waves in finite depth, which
is in contrast to previously reported models which handle
only current-induced refraction in deep water (e.g., Bôas and
Young, 2020; Bôas et al., 2020; Mathiesen, 1987; Kenyon,
1971; Rapizo et al., 2014; Kudryavtsev et al., 2017). For
intermediate depths, the joint effect of current- and depth-
induced refraction can be very important for the wave height
variability (Fig. 9). Such examples were presented in Hal-
sne et al. (2022) and Romero et al. (2020), where the com-
bined refraction of wave rays due to the ambient current and
bathymetry caused focusing, which led to a significant in-
crease in the local wave height (see Fig. 11 in Halsne et al.,
2022 and Fig. 14 in Romero et al., 2020).

The effect of vertically sheared currents is usually ne-
glected in coupled wave model simulations since it is
a second-order effect. However, in strong baroclinic en-
vironments, such shear may strongly affect the abso-
lute angular frequency (Zippel and Thomson, 2017). In
ocean_wave_tracing, the impact of vertically sheared
currents can be accounted for by computing an effective
depth-integrated current (e.g., Kirby and Chen, 1989). Such
an extension is easy to add as an optional method in the ray
tracing model initialization due to the class structure (see
Sect. 3.3.2), given that the input ambient current field is
three-dimensional. However, and as shown by Calvino et al.
(2022), care should be taken since numerical errors can be
introduced in the computation of an effective current from
horizontally varying 3D sheared currents with coarse verti-
cal resolution. An implementation of the effective current is
planned as a future extension in ocean_wave_tracing.

The ocean_wave_tracing module does not support
wave reflection. Such processes are complex but could be
added later. This means that wave rays can essentially prop-
agate through land and out of the model domain. Such ef-
fects are, however, circumvented by using numpy’s masked
arrays and not-a-number (NaN) values. For instance in the
bathymetry_checker, negative bathymetry values will
be treated as land and set to a numpy NaN. When plotting,
NaN values do not appear. Furthermore, masked values are
often standard in ocean circulation models, and thus wave
rays “stop” when entering land grid points (see Fig. 10).

Solving the ray equation using a high-level language such
as Python gives added execution time and memory us-
age compared to lower-level languages. However, execution
times are normally on the order of 101 s but will obviously
increase with the number of time steps nt. It is possible to
further speed up the code by utilizing other modules and by
making the code base more dense in terms of reducing the
amount of code. However, the objective of the wave ray trac-
ing tool described here is neither to create a substitute to
wave models nor to optimize it for large and/or long sim-
ulations. It is rather to provide a framework that is easy to
understand and simple to run. In addition, a comprehensible
code base makes the tool suitable for further development by
other contributors. Furthermore, best practices like vectoriza-
tion have been used in order to speed up the solver, without
loss of general readability of the code.

Code and data availability. The source code is available at
https://github.com/hevgyrt/ocean_wave_tracing (last access:
6 November 2023) under a GPL v.3 license with DOI
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2014;Kudryavtsevetal.,2017;BôasandYoung,2020).
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isincontrasttopreviouslyreportedmodelswhichhandle
onlycurrent-inducedrefractionindeepwater(e.g.,Bôasand
Young,2020;Bôasetal.,2020;Mathiesen,1987;Kenyon,
1971;Rapizoetal.,2014;Kudryavtsevetal.,2017).For
intermediatedepths,thejointeffectofcurrent-anddepth-
inducedrefractioncanbeveryimportantforthewaveheight
variability(Fig.9).SuchexampleswerepresentedinHal-
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fectsare,however,circumventedbyusingnumpy’smasked
arraysandnot-a-number(NaN)values.Forinstanceinthe
bathymetry_checker,negativebathymetryvalueswill
betreatedaslandandsettoanumpyNaN.Whenplotting,
NaNvaluesdonotappear.Furthermore,maskedvaluesare
oftenstandardinoceancirculationmodels,andthuswave
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https://doi.org/10.5281/zenodo.7602540 (Halsne et al., 2023).
ROMS data from MET Norway is available on under a free an open
data policy at https://thredds.met.no/thredds/fou-hi/norkyst800v2.
html?dataset=norkyst800m_1h_be (Albretsen et al., 2011). This
study has been conducted using E.U. Copernicus Marine Service
Information, specifically using the ESA GlobCurrent dataset;
https://doi.org/10.48670/moi-00050 (GlobCurrent E.U. Copernicus
Marine Service Information, 2022).
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ABSTRACT: Accurate estimates of extreme waves are central for maritime activities, and stochastic wave models are the
best option available for practical applications. However, the way currents influence the statistics of space–time extremes
in spectral wave models has not been properly assessed. Here we demonstrate impacts of the wave modulation caused by
one of the world’s strongest open ocean tidal currents, which reaches speeds of at least 3 m s21. For a bimodal swell and
wind sea state, we find that most intense interactions occur when the wind sea opposes the tidal current, with an increase in
significant wave height and spectral steepness up to 45% and 167%, respectively. The steepness modulation strengthens
the second-order Stokes contribution for the normalized extreme crests, which increases between 5% and 14% during op-
posing wind sea and current. The normalized extreme wave heights have a strong dependence on the narrow-bandedness
parameter, which is sensitive to the variance distribution in the bimodal spectrum, and we find an increase up to 12% with
currents opposing the wind sea. In another case of swell opposing a tidal jet, we find the spectral steepness to exceed the in-
crease predicted by a simplified modulation model. We find support in single-point observations that using tidal currents as
forcing in wave models improves the representation of the expected maximum waves, but that action must be taken to
close the gap of measurements in strong currents.

SIGNIFICANCE STATEMENT: The purpose of this study is to investigate how a very strong tidal current affects the sur-
face wave field, and how it changes the stochastic extreme waves formulated for a space–time domain. Our results suggest that
the expected maximum waves become more realistic when tidal currents are added as forcing in wave models. Here, the ex-
pected extremes exceed traditional model estimates, i.e., without current forcing, by more than 10%. These differences have im-
plications for maritime operations, both in terms of planning of marine structures and for navigational purposes. However, there
is a significant lack of observations in environments with such strong currents, which are needed to further verify our results.

KEYWORDS: Oceanic waves; Spectral analysis/models/distribution; Wave properties; Tides;
In situ oceanic observations; Ocean models

1. Introduction

Strong wave field modulations are caused by periodic tidal
currents and at river inlets (Baschek 2005; Tolman 1990;
Guillou 2017; Zippel and Thomson 2017; Saetra et al. 2021;
Ho et al. 2023; Chawla and Kirby 2002). The interaction be-
tween waves and tidal currents dictates the horizontal wave
height variability and may cause dangerous sea states (Ardhuin
et al. 2012; Masson 1996; Rapizo et al. 2017; Halsne et al. 2022).
Such interactions are also linked to the generation of extreme
waves, which poses a severe threat for maritime activities due
to their random occurrence and abnormal size (e.g., Lavrenov
1998; Toffoli et al. 2011; Onorato et al. 2011). However, the
influence of tidal currents on the extreme wave statistics have
yet to be properly investigated. In this paper we demonstrate
and discuss the impact by a strong tidal current in northern

Norway on the short-term extreme wave statistics, by taking
advantage of the recent implementation of space–time
extremes in spectral wave models (Benetazzo et al. 2021b;
Barbariol et al. 2017) in combination with tidal current
forcing.

Extreme wave estimates for a given sea state have tradi-
tionally been computed using stochastic models defined for a
single point in space over a certain time duration, such that
the wave field can be considered a statistically stationary pro-
cess. It is, however, recognized that the maximum sea surface
elevation within a certain horizontal area is generally higher
than what is measured in a single point (Forristall 2007, 2008;
Krogstad et al. 2008; Fedele et al. 2011). Therefore, recent
works have focused on extending the traditional time extreme
approaches to take into account the three-dimensional space–
time domain (e.g., Boccotti 2000; Fedele 2012; Fedele et al.
2013; Benetazzo et al. 2015). The maximum wave crests h and
crest–to–trough heights H in such domains are referred to as
the space–time extremes (STEs). Recent studies have found
good agreement between observations of extreme waves and ex-
pected STEs based on higher-order Stokes waves (Benetazzo
et al. 2015, 2021a; Fedele et al. 2017; Barbariol et al. 2019;
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ABSTRACT:Accurateestimatesofextremewavesarecentralformaritimeactivities,andstochasticwavemodelsarethe
bestoptionavailableforpracticalapplications.However,thewaycurrentsinfluencethestatisticsofspace–timeextremes
inspectralwavemodelshasnotbeenproperlyassessed.Herewedemonstrateimpactsofthewavemodulationcausedby
oneoftheworld’sstrongestopenoceantidalcurrents,whichreachesspeedsofatleast3ms21.Forabimodalswelland
windseastate,wefindthatmostintenseinteractionsoccurwhenthewindseaopposesthetidalcurrent,withanincreasein
significantwaveheightandspectralsteepnessupto45%and167%,respectively.Thesteepnessmodulationstrengthens
thesecond-orderStokescontributionforthenormalizedextremecrests,whichincreasesbetween5%and14%duringop-
posingwindseaandcurrent.Thenormalizedextremewaveheightshaveastrongdependenceonthenarrow-bandedness
parameter,whichissensitivetothevariancedistributioninthebimodalspectrum,andwefindanincreaseupto12%with
currentsopposingthewindsea.Inanothercaseofswellopposingatidaljet,wefindthespectralsteepnesstoexceedthein-
creasepredictedbyasimplifiedmodulationmodel.Wefindsupportinsingle-pointobservationsthatusingtidalcurrentsas
forcinginwavemodelsimprovestherepresentationoftheexpectedmaximumwaves,butthatactionmustbetakento
closethegapofmeasurementsinstrongcurrents.

SIGNIFICANCESTATEMENT:Thepurposeofthisstudyistoinvestigatehowaverystrongtidalcurrentaffectsthesur-
facewavefield,andhowitchangesthestochasticextremewavesformulatedforaspace–timedomain.Ourresultssuggestthat
theexpectedmaximumwavesbecomemorerealisticwhentidalcurrentsareaddedasforcinginwavemodels.Here,theex-
pectedextremesexceedtraditionalmodelestimates,i.e.,withoutcurrentforcing,bymorethan10%.Thesedifferenceshaveim-
plicationsformaritimeoperations,bothintermsofplanningofmarinestructuresandfornavigationalpurposes.However,there
isasignificantlackofobservationsinenvironmentswithsuchstrongcurrents,whichareneededtofurtherverifyourresults.

KEYWORDS:Oceanicwaves;Spectralanalysis/models/distribution;Waveproperties;Tides;
Insituoceanicobservations;Oceanmodels

1.Introduction

Strongwavefieldmodulationsarecausedbyperiodictidal
currentsandatriverinlets(Baschek2005;Tolman1990;
Guillou2017;ZippelandThomson2017;Saetraetal.2021;
Hoetal.2023;ChawlaandKirby2002).Theinteractionbe-
tweenwavesandtidalcurrentsdictatesthehorizontalwave
heightvariabilityandmaycausedangerousseastates(Ardhuin
etal.2012;Masson1996;Rapizoetal.2017;Halsneetal.2022).
Suchinteractionsarealsolinkedtothegenerationofextreme
waves,whichposesaseverethreatformaritimeactivitiesdue
totheirrandomoccurrenceandabnormalsize(e.g.,Lavrenov
1998;Toffolietal.2011;Onoratoetal.2011).However,the
influenceoftidalcurrentsontheextremewavestatisticshave
yettobeproperlyinvestigated.Inthispaperwedemonstrate
anddiscusstheimpactbyastrongtidalcurrentinnorthern

Norwayontheshort-termextremewavestatistics,bytaking
advantageoftherecentimplementationofspace–time
extremesinspectralwavemodels(Benetazzoetal.2021b;
Barbarioletal.2017)incombinationwithtidalcurrent
forcing.

Extremewaveestimatesforagivenseastatehavetradi-
tionallybeencomputedusingstochasticmodelsdefinedfora
singlepointinspaceoveracertaintimeduration,suchthat
thewavefieldcanbeconsideredastatisticallystationarypro-
cess.Itis,however,recognizedthatthemaximumseasurface
elevationwithinacertainhorizontalareaisgenerallyhigher
thanwhatismeasuredinasinglepoint(Forristall2007,2008;
Krogstadetal.2008;Fedeleetal.2011).Therefore,recent
workshavefocusedonextendingthetraditionaltimeextreme
approachestotakeintoaccountthethree-dimensionalspace–
timedomain(e.g.,Boccotti2000;Fedele2012;Fedeleetal.
2013;Benetazzoetal.2015).Themaximumwavecrestshand
crest–to–troughheightsHinsuchdomainsarereferredtoas
thespace–timeextremes(STEs).Recentstudieshavefound
goodagreementbetweenobservationsofextremewavesandex-
pectedSTEsbasedonhigher-orderStokeswaves(Benetazzo
etal.2015,2021a;Fedeleetal.2017;Barbarioletal.2019;
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ABSTRACT:Accurateestimatesofextremewavesarecentralformaritimeactivities,andstochasticwavemodelsarethe
bestoptionavailableforpracticalapplications.However,thewaycurrentsinfluencethestatisticsofspace–timeextremes
inspectralwavemodelshasnotbeenproperlyassessed.Herewedemonstrateimpactsofthewavemodulationcausedby
oneoftheworld’sstrongestopenoceantidalcurrents,whichreachesspeedsofatleast3ms21.Forabimodalswelland
windseastate,wefindthatmostintenseinteractionsoccurwhenthewindseaopposesthetidalcurrent,withanincreasein
significantwaveheightandspectralsteepnessupto45%and167%,respectively.Thesteepnessmodulationstrengthens
thesecond-orderStokescontributionforthenormalizedextremecrests,whichincreasesbetween5%and14%duringop-
posingwindseaandcurrent.Thenormalizedextremewaveheightshaveastrongdependenceonthenarrow-bandedness
parameter,whichissensitivetothevariancedistributioninthebimodalspectrum,andwefindanincreaseupto12%with
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ABSTRACT: Accurate estimates of extreme waves are central for maritime activities, and stochastic wave models are the
best option available for practical applications. However, the way currents influence the statistics of space–time extremes
in spectral wave models has not been properly assessed. Here we demonstrate impacts of the wave modulation caused by
one of the world’s strongest open ocean tidal currents, which reaches speeds of at least 3 m s

21
. For a bimodal swell and

wind sea state, we find that most intense interactions occur when the wind sea opposes the tidal current, with an increase in
significant wave height and spectral steepness up to 45% and 167%, respectively. The steepness modulation strengthens
the second-order Stokes contribution for the normalized extreme crests, which increases between 5% and 14% during op-
posing wind sea and current. The normalized extreme wave heights have a strong dependence on the narrow-bandedness
parameter, which is sensitive to the variance distribution in the bimodal spectrum, and we find an increase up to 12% with
currents opposing the wind sea. In another case of swell opposing a tidal jet, we find the spectral steepness to exceed the in-
crease predicted by a simplified modulation model. We find support in single-point observations that using tidal currents as
forcing in wave models improves the representation of the expected maximum waves, but that action must be taken to
close the gap of measurements in strong currents.

SIGNIFICANCE STATEMENT: The purpose of this study is to investigate how a very strong tidal current affects the sur-
face wave field, and how it changes the stochastic extreme waves formulated for a space–time domain. Our results suggest that
the expected maximum waves become more realistic when tidal currents are added as forcing in wave models. Here, the ex-
pected extremes exceed traditional model estimates, i.e., without current forcing, by more than 10%. These differences have im-
plications for maritime operations, both in terms of planning of marine structures and for navigational purposes. However, there
is a significant lack of observations in environments with such strong currents, which are needed to further verify our results.

KEYWORDS: Oceanic waves; Spectral analysis/models/distribution; Wave properties; Tides;
In situ oceanic observations; Ocean models

1. Introduction

Strong wave field modulations are caused by periodic tidal
currents and at river inlets (Baschek 2005; Tolman 1990;
Guillou 2017; Zippel and Thomson 2017; Saetra et al. 2021;
Ho et al. 2023; Chawla and Kirby 2002). The interaction be-
tween waves and tidal currents dictates the horizontal wave
height variability and may cause dangerous sea states (Ardhuin
et al. 2012; Masson 1996; Rapizo et al. 2017; Halsne et al. 2022).
Such interactions are also linked to the generation of extreme
waves, which poses a severe threat for maritime activities due
to their random occurrence and abnormal size (e.g., Lavrenov
1998; Toffoli et al. 2011; Onorato et al. 2011). However, the
influence of tidal currents on the extreme wave statistics have
yet to be properly investigated. In this paper we demonstrate
and discuss the impact by a strong tidal current in northern

Norway on the short-term extreme wave statistics, by taking
advantage of the recent implementation of space–time
extremes in spectral wave models (Benetazzo et al. 2021b;
Barbariol et al. 2017) in combination with tidal current
forcing.

Extreme wave estimates for a given sea state have tradi-
tionally been computed using stochastic models defined for a
single point in space over a certain time duration, such that
the wave field can be considered a statistically stationary pro-
cess. It is, however, recognized that the maximum sea surface
elevation within a certain horizontal area is generally higher
than what is measured in a single point (Forristall 2007, 2008;
Krogstad et al. 2008; Fedele et al. 2011). Therefore, recent
works have focused on extending the traditional time extreme
approaches to take into account the three-dimensional space–
time domain (e.g., Boccotti 2000; Fedele 2012; Fedele et al.
2013; Benetazzo et al. 2015). The maximum wave crests h and
crest–to–trough heights H in such domains are referred to as
the space–time extremes (STEs). Recent studies have found
good agreement between observations of extreme waves and ex-
pected STEs based on higher-order Stokes waves (Benetazzo
et al. 2015, 2021a; Fedele et al. 2017; Barbariol et al. 2019;
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ABSTRACT:Accurateestimatesofextremewavesarecentralformaritimeactivities,andstochasticwavemodelsarethe
bestoptionavailableforpracticalapplications.However,thewaycurrentsinfluencethestatisticsofspace–timeextremes
inspectralwavemodelshasnotbeenproperlyassessed.Herewedemonstrateimpactsofthewavemodulationcausedby
oneoftheworld’sstrongestopenoceantidalcurrents,whichreachesspeedsofatleast3ms

21
.Forabimodalswelland

windseastate,wefindthatmostintenseinteractionsoccurwhenthewindseaopposesthetidalcurrent,withanincreasein
significantwaveheightandspectralsteepnessupto45%and167%,respectively.Thesteepnessmodulationstrengthens
thesecond-orderStokescontributionforthenormalizedextremecrests,whichincreasesbetween5%and14%duringop-
posingwindseaandcurrent.Thenormalizedextremewaveheightshaveastrongdependenceonthenarrow-bandedness
parameter,whichissensitivetothevariancedistributioninthebimodalspectrum,andwefindanincreaseupto12%with
currentsopposingthewindsea.Inanothercaseofswellopposingatidaljet,wefindthespectralsteepnesstoexceedthein-
creasepredictedbyasimplifiedmodulationmodel.Wefindsupportinsingle-pointobservationsthatusingtidalcurrentsas
forcinginwavemodelsimprovestherepresentationoftheexpectedmaximumwaves,butthatactionmustbetakento
closethegapofmeasurementsinstrongcurrents.

SIGNIFICANCESTATEMENT:Thepurposeofthisstudyistoinvestigatehowaverystrongtidalcurrentaffectsthesur-
facewavefield,andhowitchangesthestochasticextremewavesformulatedforaspace–timedomain.Ourresultssuggestthat
theexpectedmaximumwavesbecomemorerealisticwhentidalcurrentsareaddedasforcinginwavemodels.Here,theex-
pectedextremesexceedtraditionalmodelestimates,i.e.,withoutcurrentforcing,bymorethan10%.Thesedifferenceshaveim-
plicationsformaritimeoperations,bothintermsofplanningofmarinestructuresandfornavigationalpurposes.However,there
isasignificantlackofobservationsinenvironmentswithsuchstrongcurrents,whichareneededtofurtherverifyourresults.
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1.Introduction

Strongwavefieldmodulationsarecausedbyperiodictidal
currentsandatriverinlets(Baschek2005;Tolman1990;
Guillou2017;ZippelandThomson2017;Saetraetal.2021;
Hoetal.2023;ChawlaandKirby2002).Theinteractionbe-
tweenwavesandtidalcurrentsdictatesthehorizontalwave
heightvariabilityandmaycausedangerousseastates(Ardhuin
etal.2012;Masson1996;Rapizoetal.2017;Halsneetal.2022).
Suchinteractionsarealsolinkedtothegenerationofextreme
waves,whichposesaseverethreatformaritimeactivitiesdue
totheirrandomoccurrenceandabnormalsize(e.g.,Lavrenov
1998;Toffolietal.2011;Onoratoetal.2011).However,the
influenceoftidalcurrentsontheextremewavestatisticshave
yettobeproperlyinvestigated.Inthispaperwedemonstrate
anddiscusstheimpactbyastrongtidalcurrentinnorthern

Norwayontheshort-termextremewavestatistics,bytaking
advantageoftherecentimplementationofspace–time
extremesinspectralwavemodels(Benetazzoetal.2021b;
Barbarioletal.2017)incombinationwithtidalcurrent
forcing.

Extremewaveestimatesforagivenseastatehavetradi-
tionallybeencomputedusingstochasticmodelsdefinedfora
singlepointinspaceoveracertaintimeduration,suchthat
thewavefieldcanbeconsideredastatisticallystationarypro-
cess.Itis,however,recognizedthatthemaximumseasurface
elevationwithinacertainhorizontalareaisgenerallyhigher
thanwhatismeasuredinasinglepoint(Forristall2007,2008;
Krogstadetal.2008;Fedeleetal.2011).Therefore,recent
workshavefocusedonextendingthetraditionaltimeextreme
approachestotakeintoaccountthethree-dimensionalspace–
timedomain(e.g.,Boccotti2000;Fedele2012;Fedeleetal.
2013;Benetazzoetal.2015).Themaximumwavecrestshand
crest–to–troughheightsHinsuchdomainsarereferredtoas
thespace–timeextremes(STEs).Recentstudieshavefound
goodagreementbetweenobservationsofextremewavesandex-
pectedSTEsbasedonhigher-orderStokeswaves(Benetazzo
etal.2015,2021a;Fedeleetal.2017;Barbarioletal.2019;
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etal.2012;Masson1996;Rapizoetal.2017;Halsneetal.2022).
Suchinteractionsarealsolinkedtothegenerationofextreme
waves,whichposesaseverethreatformaritimeactivitiesdue
totheirrandomoccurrenceandabnormalsize(e.g.,Lavrenov
1998;Toffolietal.2011;Onoratoetal.2011).However,the
influenceoftidalcurrentsontheextremewavestatisticshave
yettobeproperlyinvestigated.Inthispaperwedemonstrate
anddiscusstheimpactbyastrongtidalcurrentinnorthern

Norwayontheshort-termextremewavestatistics,bytaking
advantageoftherecentimplementationofspace–time
extremesinspectralwavemodels(Benetazzoetal.2021b;
Barbarioletal.2017)incombinationwithtidalcurrent
forcing.

Extremewaveestimatesforagivenseastatehavetradi-
tionallybeencomputedusingstochasticmodelsdefinedfora
singlepointinspaceoveracertaintimeduration,suchthat
thewavefieldcanbeconsideredastatisticallystationarypro-
cess.Itis,however,recognizedthatthemaximumseasurface
elevationwithinacertainhorizontalareaisgenerallyhigher
thanwhatismeasuredinasinglepoint(Forristall2007,2008;
Krogstadetal.2008;Fedeleetal.2011).Therefore,recent
workshavefocusedonextendingthetraditionaltimeextreme
approachestotakeintoaccountthethree-dimensionalspace–
timedomain(e.g.,Boccotti2000;Fedele2012;Fedeleetal.
2013;Benetazzoetal.2015).Themaximumwavecrestshand
crest–to–troughheightsHinsuchdomainsarereferredtoas
thespace–timeextremes(STEs).Recentstudieshavefound
goodagreementbetweenobservationsofextremewavesandex-
pectedSTEsbasedonhigher-orderStokeswaves(Benetazzo
etal.2015,2021a;Fedeleetal.2017;Barbarioletal.2019;
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ABSTRACT:Accurateestimatesofextremewavesarecentralformaritimeactivities,andstochasticwavemodelsarethe
bestoptionavailableforpracticalapplications.However,thewaycurrentsinfluencethestatisticsofspace–timeextremes
inspectralwavemodelshasnotbeenproperlyassessed.Herewedemonstrateimpactsofthewavemodulationcausedby
oneoftheworld’sstrongestopenoceantidalcurrents,whichreachesspeedsofatleast3ms

21
.Forabimodalswelland

windseastate,wefindthatmostintenseinteractionsoccurwhenthewindseaopposesthetidalcurrent,withanincreasein
significantwaveheightandspectralsteepnessupto45%and167%,respectively.Thesteepnessmodulationstrengthens
thesecond-orderStokescontributionforthenormalizedextremecrests,whichincreasesbetween5%and14%duringop-
posingwindseaandcurrent.Thenormalizedextremewaveheightshaveastrongdependenceonthenarrow-bandedness
parameter,whichissensitivetothevariancedistributioninthebimodalspectrum,andwefindanincreaseupto12%with
currentsopposingthewindsea.Inanothercaseofswellopposingatidaljet,wefindthespectralsteepnesstoexceedthein-
creasepredictedbyasimplifiedmodulationmodel.Wefindsupportinsingle-pointobservationsthatusingtidalcurrentsas
forcinginwavemodelsimprovestherepresentationoftheexpectedmaximumwaves,butthatactionmustbetakento
closethegapofmeasurementsinstrongcurrents.

SIGNIFICANCESTATEMENT:Thepurposeofthisstudyistoinvestigatehowaverystrongtidalcurrentaffectsthesur-
facewavefield,andhowitchangesthestochasticextremewavesformulatedforaspace–timedomain.Ourresultssuggestthat
theexpectedmaximumwavesbecomemorerealisticwhentidalcurrentsareaddedasforcinginwavemodels.Here,theex-
pectedextremesexceedtraditionalmodelestimates,i.e.,withoutcurrentforcing,bymorethan10%.Thesedifferenceshaveim-
plicationsformaritimeoperations,bothintermsofplanningofmarinestructuresandfornavigationalpurposes.However,there
isasignificantlackofobservationsinenvironmentswithsuchstrongcurrents,whichareneededtofurtherverifyourresults.

KEYWORDS:Oceanicwaves;Spectralanalysis/models/distribution;Waveproperties;Tides;
Insituoceanicobservations;Oceanmodels
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Norwayontheshort-termextremewavestatistics,bytaking
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forcing.
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cess.Itis,however,recognizedthatthemaximumseasurface
elevationwithinacertainhorizontalareaisgenerallyhigher
thanwhatismeasuredinasinglepoint(Forristall2007,2008;
Krogstadetal.2008;Fedeleetal.2011).Therefore,recent
workshavefocusedonextendingthetraditionaltimeextreme
approachestotakeintoaccountthethree-dimensionalspace–
timedomain(e.g.,Boccotti2000;Fedele2012;Fedeleetal.
2013;Benetazzoetal.2015).Themaximumwavecrestshand
crest–to–troughheightsHinsuchdomainsarereferredtoas
thespace–timeextremes(STEs).Recentstudieshavefound
goodagreementbetweenobservationsofextremewavesandex-
pectedSTEsbasedonhigher-orderStokeswaves(Benetazzo
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Benetazzo et al. 2017). Although the impact by currents on ex-
treme waves has been studied following deterministic approaches
(e.g., Toffoli et al. 2011; Onorato et al. 2011; Hjelmervik and
Trulsen 2009), currents in stochastic extreme wave models have
been given little attention.

Expected extreme waves in short-term statistics are dic-
tated by sea state parameters computed from the 2D wave
spectrum. Four of these are particularly important in a space–
time domain (Benetazzo et al. 2021a): (i) the significant wave
height (Hs), (ii) the spectral steepness («), which represents a
measure of the nonlinearity of the sea state, (iii) the average
number of waves within the space–time domain (N3D), which
represents the sample size, and (vi) the narrow-bandedness
parameter (f*), which characterizes the width of the fre-
quency spectrum. Barbariol et al. (2015) demonstrated how
the linear (i.e., with steepness « 5 0) stochastic crest heights
in space–time increased on a countercurrent due to the in-
crease in N3D, caused by the frequency shift, and vice versa
on cocurrents. They considered Pierson–Moskowitz and
JONSWAP spectra and an idealized current in one direction.
Consequently, the effect of current-induced refraction on the
extreme crests was not taken into account. Moreover, the re-
cent work by Benetazzo et al. (2015) takes into account
weakly nonlinear random wave fields up to second order in «,
which has not been analyzed in the presence of currents.

To the best of our knowledge, no previous works have ad-
dressed the influence by currents on the stochastic wave

heights in space–time. Ying et al. (2011) investigated the role
of currents on the traditional time extreme wave height distri-
bution proposed by Longuet-Higgins (1957). They proposed
to add a scaling term to the probability distribution due to the
change in statistics caused by focal points due to current-
induced refraction, which were derived based on the results
by White and Fornberg (1998), such that the probability of ex-
treme wave heights increases in caustics. However, since the
stochastic extreme wave formulations considered here are for-
mulated for space–time, we hypothesize that the local changes
in wave statistics caused by currents are implicitly taken into
account by the N3D parameter. Furthermore, and building
upon the quasi-determinism theory by Boccotti (2000), the
maximum STE wave height depend on characteristic shape of
the wave spectrum, also when reduced from the space–time to
a single-point time domain, where the narrow-bandedness
parameter f* is used as a measure.

Our study takes place in the Loften Maelstrom (Fig. 1),
locally referred to as Moskstraumen (“straum” is current in
Norwegian), a very strong open-ocean tidal current which can
at least reach a speed of 3 m s21. Moskstraumen, which the
tidal current will be referred to hereafter, has been infamous
for centuries for its strength and for the occurrence of large
and steep waves (Gjevik et al. 1997; Moe et al. 2002). Saetra
et al. (2021) presented the first simultaneous measurements
of waves and currents in Moskstraumen, which they used to
verify an ocean model representation of the tidal current.

FIG. 1. A cartoon representation of the Moskstraumen tidal current during incoming tide (red colored arrows
denote direction), which is located between the southern tip of the Lofoten Peninsula and the island of Mosken in
northern Norway. The magenta dot shows the location of the ADCP. Red contours denote the land mask from the
wave model. The bimodal sea state during one of our periods of investigation had easterly wind sea and a southwest-
erly swell component. During incoming tide, Moskstraumen takes the form of a broad, uniform current with eddies in
its vicinity. Here the shape of Moskstraumen is exaggerated for illustrative purposes. Moskstraumen has been
renowned for centuries for its strength and ferocity, and here the sea surface manifestation of Moskstraumen by
Johannes Herbinius from 1678 is included.
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Benetazzoetal.2017).Althoughtheimpactbycurrentsonex-
tremewaveshasbeenstudiedfollowingdeterministicapproaches
(e.g.,Toffolietal.2011;Onoratoetal.2011;Hjelmervikand
Trulsen2009),currentsinstochasticextremewavemodelshave
beengivenlittleattention.

Expectedextremewavesinshort-termstatisticsaredic-
tatedbyseastateparameterscomputedfromthe2Dwave
spectrum.Fouroftheseareparticularlyimportantinaspace–
timedomain(Benetazzoetal.2021a):(i)thesignificantwave
height(Hs),(ii)thespectralsteepness(«),whichrepresentsa
measureofthenonlinearityoftheseastate,(iii)theaverage
numberofwaveswithinthespace–timedomain(N3D),which
representsthesamplesize,and(vi)thenarrow-bandedness
parameter(f*),whichcharacterizesthewidthofthefre-
quencyspectrum.Barbarioletal.(2015)demonstratedhow
thelinear(i.e.,withsteepness«50)stochasticcrestheights
inspace–timeincreasedonacountercurrentduetothein-
creaseinN3D,causedbythefrequencyshift,andviceversa
oncocurrents.TheyconsideredPierson–Moskowitzand
JONSWAPspectraandanidealizedcurrentinonedirection.
Consequently,theeffectofcurrent-inducedrefractiononthe
extremecrestswasnottakenintoaccount.Moreover,there-
centworkbyBenetazzoetal.(2015)takesintoaccount
weaklynonlinearrandomwavefieldsuptosecondorderin«,
whichhasnotbeenanalyzedinthepresenceofcurrents.

Tothebestofourknowledge,nopreviousworkshavead-
dressedtheinfluencebycurrentsonthestochasticwave

heightsinspace–time.Yingetal.(2011)investigatedtherole
ofcurrentsonthetraditionaltimeextremewaveheightdistri-
butionproposedbyLonguet-Higgins(1957).Theyproposed
toaddascalingtermtotheprobabilitydistributionduetothe
changeinstatisticscausedbyfocalpointsduetocurrent-
inducedrefraction,whichwerederivedbasedontheresults
byWhiteandFornberg(1998),suchthattheprobabilityofex-
tremewaveheightsincreasesincaustics.However,sincethe
stochasticextremewaveformulationsconsideredherearefor-
mulatedforspace–time,wehypothesizethatthelocalchanges
inwavestatisticscausedbycurrentsareimplicitlytakeninto
accountbytheN3Dparameter.Furthermore,andbuilding
uponthequasi-determinismtheorybyBoccotti(2000),the
maximumSTEwaveheightdependoncharacteristicshapeof
thewavespectrum,alsowhenreducedfromthespace–timeto
asingle-pointtimedomain,wherethenarrow-bandedness
parameterf*isusedasameasure.

OurstudytakesplaceintheLoftenMaelstrom(Fig.1),
locallyreferredtoasMoskstraumen(“straum”iscurrentin
Norwegian),averystrongopen-oceantidalcurrentwhichcan
atleastreachaspeedof3ms21.Moskstraumen,whichthe
tidalcurrentwillbereferredtohereafter,hasbeeninfamous
forcenturiesforitsstrengthandfortheoccurrenceoflarge
andsteepwaves(Gjeviketal.1997;Moeetal.2002).Saetra
etal.(2021)presentedthefirstsimultaneousmeasurements
ofwavesandcurrentsinMoskstraumen,whichtheyusedto
verifyanoceanmodelrepresentationofthetidalcurrent.

FIG.1.AcartoonrepresentationoftheMoskstraumentidalcurrentduringincomingtide(redcoloredarrows
denotedirection),whichislocatedbetweenthesoutherntipoftheLofotenPeninsulaandtheislandofMoskenin
northernNorway.ThemagentadotshowsthelocationoftheADCP.Redcontoursdenotethelandmaskfromthe
wavemodel.Thebimodalseastateduringoneofourperiodsofinvestigationhadeasterlywindseaandasouthwest-
erlyswellcomponent.Duringincomingtide,Moskstraumentakestheformofabroad,uniformcurrentwitheddiesin
itsvicinity.HeretheshapeofMoskstraumenisexaggeratedforillustrativepurposes.Moskstraumenhasbeen
renownedforcenturiesforitsstrengthandferocity,andheretheseasurfacemanifestationofMoskstraumenby
JohannesHerbiniusfrom1678isincluded.
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Benetazzo et al. 2017). Although the impact by currents on ex-
treme waves has been studied following deterministic approaches
(e.g., Toffoli et al. 2011; Onorato et al. 2011; Hjelmervik and
Trulsen 2009), currents in stochastic extreme wave models have
been given little attention.

Expected extreme waves in short-term statistics are dic-
tated by sea state parameters computed from the 2D wave
spectrum. Four of these are particularly important in a space–
time domain (Benetazzo et al. 2021a): (i) the significant wave
height (Hs), (ii) the spectral steepness («), which represents a
measure of the nonlinearity of the sea state, (iii) the average
number of waves within the space–time domain (N3D), which
represents the sample size, and (vi) the narrow-bandedness
parameter (f

*
), which characterizes the width of the fre-

quency spectrum. Barbariol et al. (2015) demonstrated how
the linear (i.e., with steepness « 5 0) stochastic crest heights
in space–time increased on a countercurrent due to the in-
crease in N3D, caused by the frequency shift, and vice versa
on cocurrents. They considered Pierson–Moskowitz and
JONSWAP spectra and an idealized current in one direction.
Consequently, the effect of current-induced refraction on the
extreme crests was not taken into account. Moreover, the re-
cent work by Benetazzo et al. (2015) takes into account
weakly nonlinear random wave fields up to second order in «,
which has not been analyzed in the presence of currents.

To the best of our knowledge, no previous works have ad-
dressed the influence by currents on the stochastic wave

heights in space–time. Ying et al. (2011) investigated the role
of currents on the traditional time extreme wave height distri-
bution proposed by Longuet-Higgins (1957). They proposed
to add a scaling term to the probability distribution due to the
change in statistics caused by focal points due to current-
induced refraction, which were derived based on the results
by White and Fornberg (1998), such that the probability of ex-
treme wave heights increases in caustics. However, since the
stochastic extreme wave formulations considered here are for-
mulated for space–time, we hypothesize that the local changes
in wave statistics caused by currents are implicitly taken into
account by the N3D parameter. Furthermore, and building
upon the quasi-determinism theory by Boccotti (2000), the
maximum STE wave height depend on characteristic shape of
the wave spectrum, also when reduced from the space–time to
a single-point time domain, where the narrow-bandedness
parameter f

*
is used as a measure.

Our study takes place in the Loften Maelstrom (Fig. 1),
locally referred to as Moskstraumen (“straum” is current in
Norwegian), a very strong open-ocean tidal current which can
at least reach a speed of 3 m s

21
. Moskstraumen, which the

tidal current will be referred to hereafter, has been infamous
for centuries for its strength and for the occurrence of large
and steep waves (Gjevik et al. 1997; Moe et al. 2002). Saetra
et al. (2021) presented the first simultaneous measurements
of waves and currents in Moskstraumen, which they used to
verify an ocean model representation of the tidal current.

FIG. 1. A cartoon representation of the Moskstraumen tidal current during incoming tide (red colored arrows
denote direction), which is located between the southern tip of the Lofoten Peninsula and the island of Mosken in
northern Norway. The magenta dot shows the location of the ADCP. Red contours denote the land mask from the
wave model. The bimodal sea state during one of our periods of investigation had easterly wind sea and a southwest-
erly swell component. During incoming tide, Moskstraumen takes the form of a broad, uniform current with eddies in
its vicinity. Here the shape of Moskstraumen is exaggerated for illustrative purposes. Moskstraumen has been
renowned for centuries for its strength and ferocity, and here the sea surface manifestation of Moskstraumen by
Johannes Herbinius from 1678 is included.
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Trulsen 2009), currents in stochastic extreme wave models have
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Expected extreme waves in short-term statistics are dic-
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spectrum. Four of these are particularly important in a space–
time domain (Benetazzo et al. 2021a): (i) the significant wave
height (Hs), (ii) the spectral steepness («), which represents a
measure of the nonlinearity of the sea state, (iii) the average
number of waves within the space–time domain (N3D), which
represents the sample size, and (vi) the narrow-bandedness
parameter (f
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), which characterizes the width of the fre-
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the linear (i.e., with steepness « 5 0) stochastic crest heights
in space–time increased on a countercurrent due to the in-
crease in N3D, caused by the frequency shift, and vice versa
on cocurrents. They considered Pierson–Moskowitz and
JONSWAP spectra and an idealized current in one direction.
Consequently, the effect of current-induced refraction on the
extreme crests was not taken into account. Moreover, the re-
cent work by Benetazzo et al. (2015) takes into account
weakly nonlinear random wave fields up to second order in «,
which has not been analyzed in the presence of currents.
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Norwegian), a very strong open-ocean tidal current which can
at least reach a speed of 3 m s

21
. Moskstraumen, which the

tidal current will be referred to hereafter, has been infamous
for centuries for its strength and for the occurrence of large
and steep waves (Gjevik et al. 1997; Moe et al. 2002). Saetra
et al. (2021) presented the first simultaneous measurements
of waves and currents in Moskstraumen, which they used to
verify an ocean model representation of the tidal current.

FIG. 1. A cartoon representation of the Moskstraumen tidal current during incoming tide (red colored arrows
denote direction), which is located between the southern tip of the Lofoten Peninsula and the island of Mosken in
northern Norway. The magenta dot shows the location of the ADCP. Red contours denote the land mask from the
wave model. The bimodal sea state during one of our periods of investigation had easterly wind sea and a southwest-
erly swell component. During incoming tide, Moskstraumen takes the form of a broad, uniform current with eddies in
its vicinity. Here the shape of Moskstraumen is exaggerated for illustrative purposes. Moskstraumen has been
renowned for centuries for its strength and ferocity, and here the sea surface manifestation of Moskstraumen by
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parameter(f

*
),whichcharacterizesthewidthofthefre-

quencyspectrum.Barbarioletal.(2015)demonstratedhow
thelinear(i.e.,withsteepness«50)stochasticcrestheights
inspace–timeincreasedonacountercurrentduetothein-
creaseinN3D,causedbythefrequencyshift,andviceversa
oncocurrents.TheyconsideredPierson–Moskowitzand
JONSWAPspectraandanidealizedcurrentinonedirection.
Consequently,theeffectofcurrent-inducedrefractiononthe
extremecrestswasnottakenintoaccount.Moreover,there-
centworkbyBenetazzoetal.(2015)takesintoaccount
weaklynonlinearrandomwavefieldsuptosecondorderin«,
whichhasnotbeenanalyzedinthepresenceofcurrents.
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inducedrefraction,whichwerederivedbasedontheresults
byWhiteandFornberg(1998),suchthattheprobabilityofex-
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stochasticextremewaveformulationsconsideredherearefor-
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inwavestatisticscausedbycurrentsareimplicitlytakeninto
accountbytheN3Dparameter.Furthermore,andbuilding
uponthequasi-determinismtheorybyBoccotti(2000),the
maximumSTEwaveheightdependoncharacteristicshapeof
thewavespectrum,alsowhenreducedfromthespace–timeto
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etal.(2021)presentedthefirstsimultaneousmeasurements
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FIG.1.AcartoonrepresentationoftheMoskstraumentidalcurrentduringincomingtide(redcoloredarrows
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Halsne et al. (2022) used the wave observations and found a
better agreement with the wave field predicted by a WAM
spectral wave model forced with model currents than an iden-
tical model without currents. Here we use a similar setup, but
take advantage of a more recent WAM version that includes
the STE computations (Benetazzo et al. 2021b). We consider
two periods with different met-ocean conditions, one where
young wind sea opposes a broad uniform tidal current and
another where swell opposes a tidal jet. Under these charac-
teristic conditions, we assess the impact by wave straining (to
be introduced later) and current-induced refraction, two impor-
tant wave–current interaction (WCI) mechanisms, on the sea
state by, among others, comparing against a quasi-stationary
idealized theoretical solution. We evaluate the influence of
Moskstraumen on the 2D spectrum, the key spectral parameters
listed above, and ultimately on the STEs.

The paper is structured as follows. In the following section 2
we present the theoretical framework for currents effects on
the wave field under quasi-stationary conditions. In section 3,
the stochastic extreme wave formulations in a space–time do-
main is presented together with the homogeneity assumption
for short term statistics. In section 4, we describe the study re-
gion and model specifications. The results for each of the cases
are presented in section 5 and further discussed in section 6.
Then our concluding remarks are presented in section 7.

2. Current-induced wave field transformation

Here we present the wave straining mechanism by first
considering the impact by a horizontally uniform current
on the wave variance density E, and second on wave steep-
ness. We consider an ambient, quasi-stationary, current field
U(t, x) ≃ U(x) 5 [u(x), y(x)], where x is the horizontal posi-
tion vector.

The Doppler shift equation

v 5 s 1 k ?U, (1)

governs the shift in wave frequency. Here, v is the absolute
wave frequency as seen from a fixed point, s is the intrinsic
frequency (following the current), and k 5 (kx, ky) is the
wavenumber vector. Under quasi-stationary conditions, the
number of wave crests is conserved in a fixed control volume
[Phillips 1977, Eq. (2.6.2)]. This requires that the wavenumber
k 5 |k| must change when exposed to a changing ambient cur-
rent through the intrinsic frequency dispersion relation

s 2 5 gktanh(kh), (2)

where g is the gravitational constant and h is the water depth.
We define the effective current

Ueff 5 Uq, (3)

where U 5 |U|, and the degree of opposition between the
waves and the currents, q, is computed by

q 5 cos(uc 2 uw): (4)

Here, uc, uw denote the current direction and the wave direc-
tion, respectively, using the same convention. Thus, values of

1, 0, and 21 indicate following, perpendicular, and opposing,
respectively.

Consider a wave train propagating along the x axis on deep
water from an area with Ueff 5 u0 5 0 to an opposing current
Ueff , 0. In the following, subscript 0 denotes the wave char-
acteristics where Ueff 5 0. In such a case, v 5 s0 5 const. due
to wave crest conservation. To compensate for the loss in the
k ?U term of (1), there must be an accompanied increase in k.
Increasing k implies a shortening in the wavelength l 5 2p/k.
In the presence of currents, E is not a conserved quantity
(Longuet-Higgins and Stewart 1964). However, the wave ac-
tion densityN5 N(x, t)5 E/s is conserved and takes the gen-
eral form (Bretherton and Garrett 1968)

­N
­t

1 = ? (ẋN) 5 0: (5)

Here, x5 cg 1 U is the absolute wave group velocity vector, and
cg 5 (k/k)(­s/­k) the intrinsic group velocity vector. Solving (5)
with respect to E for a constant current according to the above
considerations we obtain [Phillips 1977, Eq. (3.7.11)]

E
E0

5
c20

c2(1 1 2Ueff/c)
: (6)

Here, the impact by the currents is reflected in the denomina-
tor, and E increases toward the singularity Ueff " 2c/2, im-
plying that the waves have been blocked by the current. At
the blocking point, Ueff 5 2c0/4. According to (6), E will in-
crease when the waves are propagating into an opposing cur-
rent, and decrease for a following current. The theory is valid
in the absence of wave breaking and while Ueff . 2c0/4. In
the absence of a clear naming convention, we denote the
effect in (6) “wave straining,” by following Holthuijsen and
Tolman (1991). Wave straining is the combined effect of the
“concertina effect” (Ardhuin et al. 2017; Wang and Sheng
2018), referring to the change in wavenumber, and the accom-
panied “energy bunching” (Baschek 2005). It is similar to
shoaling, which occurs when waves propagate from deep to
intermediate and shallow waters.

If we consider the wave steepness « 5
���
E

√
k, since E is pro-

portional to the square of the wave amplitude a, we can re-
write (6) (Rapizo et al. 2017)

«

«0
5

(1 2 kUeff/v)3���������������
1 1 2Ueff/c

√ : (7)

Here, the kUeff/v term in the nominator expresses the effect
by the current on the wave steepness, which can be recog-
nized by considering (1):

kUeff

v
5

v 2 s

v
5

Dv

v
: (8)

Thus, Dv , 0 implies a growth in (7), and the k dependence
denotes the sensitivity of wave straining to the initial wave-
length. For example, for waves directly opposing a current
Ueff 5 21.0 m s21 from a reference of Ueff 5 0, the increase
in « is 26% and 95% for a T 5 12 s and a T 5 5 s period
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Halsneetal.(2022)usedthewaveobservationsandfounda
betteragreementwiththewavefieldpredictedbyaWAM
spectralwavemodelforcedwithmodelcurrentsthananiden-
ticalmodelwithoutcurrents.Hereweuseasimilarsetup,but
takeadvantageofamorerecentWAMversionthatincludes
theSTEcomputations(Benetazzoetal.2021b).Weconsider
twoperiodswithdifferentmet-oceanconditions,onewhere
youngwindseaopposesabroaduniformtidalcurrentand
anotherwhereswellopposesatidaljet.Underthesecharac-
teristicconditions,weassesstheimpactbywavestraining(to
beintroducedlater)andcurrent-inducedrefraction,twoimpor-
tantwave–currentinteraction(WCI)mechanisms,onthesea
stateby,amongothers,comparingagainstaquasi-stationary
idealizedtheoreticalsolution.Weevaluatetheinfluenceof
Moskstraumenonthe2Dspectrum,thekeyspectralparameters
listedabove,andultimatelyontheSTEs.

Thepaperisstructuredasfollows.Inthefollowingsection2
wepresentthetheoreticalframeworkforcurrentseffectson
thewavefieldunderquasi-stationaryconditions.Insection3,
thestochasticextremewaveformulationsinaspace–timedo-
mainispresentedtogetherwiththehomogeneityassumption
forshorttermstatistics.Insection4,wedescribethestudyre-
gionandmodelspecifications.Theresultsforeachofthecases
arepresentedinsection5andfurtherdiscussedinsection6.
Thenourconcludingremarksarepresentedinsection7.

2.Current-inducedwavefieldtransformation

Herewepresentthewavestrainingmechanismbyfirst
consideringtheimpactbyahorizontallyuniformcurrent
onthewavevariancedensityE,andsecondonwavesteep-
ness.Weconsideranambient,quasi-stationary,currentfield
U(t,x)≃U(x)5[u(x),y(x)],wherexisthehorizontalposi-
tionvector.

TheDopplershiftequation

v5s1k?U,(1)

governstheshiftinwavefrequency.Here,vistheabsolute
wavefrequencyasseenfromafixedpoint,sistheintrinsic
frequency(followingthecurrent),andk5(kx,ky)isthe
wavenumbervector.Underquasi-stationaryconditions,the
numberofwavecrestsisconservedinafixedcontrolvolume
[Phillips1977,Eq.(2.6.2)].Thisrequiresthatthewavenumber
k5|k|mustchangewhenexposedtoachangingambientcur-
rentthroughtheintrinsicfrequencydispersionrelation

s25gktanh(kh),(2)

wheregisthegravitationalconstantandhisthewaterdepth.
Wedefinetheeffectivecurrent

Ueff5Uq,(3)

whereU5|U|,andthedegreeofoppositionbetweenthe
wavesandthecurrents,q,iscomputedby

q5cos(uc2uw):(4)

Here,uc,uwdenotethecurrentdirectionandthewavedirec-
tion,respectively,usingthesameconvention.Thus,valuesof

1,0,and21indicatefollowing,perpendicular,andopposing,
respectively.

Considerawavetrainpropagatingalongthexaxisondeep
waterfromanareawithUeff5u050toanopposingcurrent
Ueff,0.Inthefollowing,subscript0denotesthewavechar-
acteristicswhereUeff50.Insuchacase,v5s05const.due
towavecrestconservation.Tocompensateforthelossinthe
k?Utermof(1),theremustbeanaccompaniedincreaseink.
Increasingkimpliesashorteninginthewavelengthl52p/k.
Inthepresenceofcurrents,Eisnotaconservedquantity
(Longuet-HigginsandStewart1964).However,thewaveac-
tiondensityN5N(x,t)5E/sisconservedandtakesthegen-
eralform(BrethertonandGarrett1968)

­N
­t

1=?(ẋN)50:(5)

Here,x5cg1Uistheabsolutewavegroupvelocityvector,and
cg5(k/k)(­s/­k)theintrinsicgroupvelocityvector.Solving(5)
withrespecttoEforaconstantcurrentaccordingtotheabove
considerationsweobtain[Phillips1977,Eq.(3.7.11)]

E
E0

5
c20

c2(112Ueff/c)
:(6)

Here,theimpactbythecurrentsisreflectedinthedenomina-
tor,andEincreasestowardthesingularityUeff"2c/2,im-
plyingthatthewaveshavebeenblockedbythecurrent.At
theblockingpoint,Ueff52c0/4.Accordingto(6),Ewillin-
creasewhenthewavesarepropagatingintoanopposingcur-
rent,anddecreaseforafollowingcurrent.Thetheoryisvalid
intheabsenceofwavebreakingandwhileUeff.2c0/4.In
theabsenceofaclearnamingconvention,wedenotethe
effectin(6)“wavestraining,”byfollowingHolthuijsenand
Tolman(1991).Wavestrainingisthecombinedeffectofthe
“concertinaeffect”(Ardhuinetal.2017;WangandSheng
2018),referringtothechangeinwavenumber,andtheaccom-
panied“energybunching”(Baschek2005).Itissimilarto
shoaling,whichoccurswhenwavespropagatefromdeepto
intermediateandshallowwaters.

Ifweconsiderthewavesteepness«5
���
E
√

k,sinceEispro-
portionaltothesquareofthewaveamplitudea,wecanre-
write(6)(Rapizoetal.2017)

«

«0
5
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112Ueff/c
√:(7)

Here,thekUeff/vterminthenominatorexpressestheeffect
bythecurrentonthewavesteepness,whichcanberecog-
nizedbyconsidering(1):

kUeff

v
5

v2s

v
5

Dv

v
:(8)

Thus,Dv,0impliesagrowthin(7),andthekdependence
denotesthesensitivityofwavestrainingtotheinitialwave-
length.Forexample,forwavesdirectlyopposingacurrent
Ueff521.0ms21fromareferenceofUeff50,theincrease
in«is26%and95%foraT512sandaT55speriod
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theSTEcomputations(Benetazzoetal.2021b).Weconsider
twoperiodswithdifferentmet-oceanconditions,onewhere
youngwindseaopposesabroaduniformtidalcurrentand
anotherwhereswellopposesatidaljet.Underthesecharac-
teristicconditions,weassesstheimpactbywavestraining(to
beintroducedlater)andcurrent-inducedrefraction,twoimpor-
tantwave–currentinteraction(WCI)mechanisms,onthesea
stateby,amongothers,comparingagainstaquasi-stationary
idealizedtheoreticalsolution.Weevaluatetheinfluenceof
Moskstraumenonthe2Dspectrum,thekeyspectralparameters
listedabove,andultimatelyontheSTEs.

Thepaperisstructuredasfollows.Inthefollowingsection2
wepresentthetheoreticalframeworkforcurrentseffectson
thewavefieldunderquasi-stationaryconditions.Insection3,
thestochasticextremewaveformulationsinaspace–timedo-
mainispresentedtogetherwiththehomogeneityassumption
forshorttermstatistics.Insection4,wedescribethestudyre-
gionandmodelspecifications.Theresultsforeachofthecases
arepresentedinsection5andfurtherdiscussedinsection6.
Thenourconcludingremarksarepresentedinsection7.

2.Current-inducedwavefieldtransformation

Herewepresentthewavestrainingmechanismbyfirst
consideringtheimpactbyahorizontallyuniformcurrent
onthewavevariancedensityE,andsecondonwavesteep-
ness.Weconsideranambient,quasi-stationary,currentfield
U(t,x)≃U(x)5[u(x),y(x)],wherexisthehorizontalposi-
tionvector.

TheDopplershiftequation

v5s1k?U,(1)

governstheshiftinwavefrequency.Here,vistheabsolute
wavefrequencyasseenfromafixedpoint,sistheintrinsic
frequency(followingthecurrent),andk5(kx,ky)isthe
wavenumbervector.Underquasi-stationaryconditions,the
numberofwavecrestsisconservedinafixedcontrolvolume
[Phillips1977,Eq.(2.6.2)].Thisrequiresthatthewavenumber
k5|k|mustchangewhenexposedtoachangingambientcur-
rentthroughtheintrinsicfrequencydispersionrelation

s25gktanh(kh),(2)

wheregisthegravitationalconstantandhisthewaterdepth.
Wedefinetheeffectivecurrent

Ueff5Uq,(3)

whereU5|U|,andthedegreeofoppositionbetweenthe
wavesandthecurrents,q,iscomputedby

q5cos(uc2uw):(4)

Here,uc,uwdenotethecurrentdirectionandthewavedirec-
tion,respectively,usingthesameconvention.Thus,valuesof

1,0,and21indicatefollowing,perpendicular,andopposing,
respectively.

Considerawavetrainpropagatingalongthexaxisondeep
waterfromanareawithUeff5u050toanopposingcurrent
Ueff,0.Inthefollowing,subscript0denotesthewavechar-
acteristicswhereUeff50.Insuchacase,v5s05const.due
towavecrestconservation.Tocompensateforthelossinthe
k?Utermof(1),theremustbeanaccompaniedincreaseink.
Increasingkimpliesashorteninginthewavelengthl52p/k.
Inthepresenceofcurrents,Eisnotaconservedquantity
(Longuet-HigginsandStewart1964).However,thewaveac-
tiondensityN5N(x,t)5E/sisconservedandtakesthegen-
eralform(BrethertonandGarrett1968)

­N
­t

1=?(ẋN)50:(5)

Here,x5cg1Uistheabsolutewavegroupvelocityvector,and
cg5(k/k)(­s/­k)theintrinsicgroupvelocityvector.Solving(5)
withrespecttoEforaconstantcurrentaccordingtotheabove
considerationsweobtain[Phillips1977,Eq.(3.7.11)]

E
E0

5
c20

c2(112Ueff/c)
:(6)

Here,theimpactbythecurrentsisreflectedinthedenomina-
tor,andEincreasestowardthesingularityUeff"2c/2,im-
plyingthatthewaveshavebeenblockedbythecurrent.At
theblockingpoint,Ueff52c0/4.Accordingto(6),Ewillin-
creasewhenthewavesarepropagatingintoanopposingcur-
rent,anddecreaseforafollowingcurrent.Thetheoryisvalid
intheabsenceofwavebreakingandwhileUeff.2c0/4.In
theabsenceofaclearnamingconvention,wedenotethe
effectin(6)“wavestraining,”byfollowingHolthuijsenand
Tolman(1991).Wavestrainingisthecombinedeffectofthe
“concertinaeffect”(Ardhuinetal.2017;WangandSheng
2018),referringtothechangeinwavenumber,andtheaccom-
panied“energybunching”(Baschek2005).Itissimilarto
shoaling,whichoccurswhenwavespropagatefromdeepto
intermediateandshallowwaters.

Ifweconsiderthewavesteepness«5
���
E
√

k,sinceEispro-
portionaltothesquareofthewaveamplitudea,wecanre-
write(6)(Rapizoetal.2017)

«

«0
5

(12kUeff/v)3 ���������������
112Ueff/c
√:(7)

Here,thekUeff/vterminthenominatorexpressestheeffect
bythecurrentonthewavesteepness,whichcanberecog-
nizedbyconsidering(1):

kUeff

v
5

v2s

v
5

Dv

v
:(8)

Thus,Dv,0impliesagrowthin(7),andthekdependence
denotesthesensitivityofwavestrainingtotheinitialwave-
length.Forexample,forwavesdirectlyopposingacurrent
Ueff521.0ms21fromareferenceofUeff50,theincrease
in«is26%and95%foraT512sandaT55speriod
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Halsne et al. (2022) used the wave observations and found a
better agreement with the wave field predicted by a WAM
spectral wave model forced with model currents than an iden-
tical model without currents. Here we use a similar setup, but
take advantage of a more recent WAM version that includes
the STE computations (Benetazzo et al. 2021b). We consider
two periods with different met-ocean conditions, one where
young wind sea opposes a broad uniform tidal current and
another where swell opposes a tidal jet. Under these charac-
teristic conditions, we assess the impact by wave straining (to
be introduced later) and current-induced refraction, two impor-
tant wave–current interaction (WCI) mechanisms, on the sea
state by, among others, comparing against a quasi-stationary
idealized theoretical solution. We evaluate the influence of
Moskstraumen on the 2D spectrum, the key spectral parameters
listed above, and ultimately on the STEs.

The paper is structured as follows. In the following section 2
we present the theoretical framework for currents effects on
the wave field under quasi-stationary conditions. In section 3,
the stochastic extreme wave formulations in a space–time do-
main is presented together with the homogeneity assumption
for short term statistics. In section 4, we describe the study re-
gion and model specifications. The results for each of the cases
are presented in section 5 and further discussed in section 6.
Then our concluding remarks are presented in section 7.

2. Current-induced wave field transformation

Here we present the wave straining mechanism by first
considering the impact by a horizontally uniform current
on the wave variance density E, and second on wave steep-
ness. We consider an ambient, quasi-stationary, current field
U(t, x) ≃ U(x) 5 [u(x), y(x)], where x is the horizontal posi-
tion vector.

The Doppler shift equation

v 5 s 1 k ?U, (1)

governs the shift in wave frequency. Here, v is the absolute
wave frequency as seen from a fixed point, s is the intrinsic
frequency (following the current), and k 5 (kx, ky) is the
wavenumber vector. Under quasi-stationary conditions, the
number of wave crests is conserved in a fixed control volume
[Phillips 1977, Eq. (2.6.2)]. This requires that the wavenumber
k 5 |k| must change when exposed to a changing ambient cur-
rent through the intrinsic frequency dispersion relation

s
2
5 gktanh(kh), (2)

where g is the gravitational constant and h is the water depth.
We define the effective current

Ueff 5 Uq, (3)

where U 5 |U|, and the degree of opposition between the
waves and the currents, q, is computed by

q 5 cos(uc 2 uw): (4)

Here, uc, uw denote the current direction and the wave direc-
tion, respectively, using the same convention. Thus, values of

1, 0, and 21 indicate following, perpendicular, and opposing,
respectively.

Consider a wave train propagating along the x axis on deep
water from an area with Ueff 5 u0 5 0 to an opposing current
Ueff , 0. In the following, subscript 0 denotes the wave char-
acteristics where Ueff 5 0. In such a case, v 5 s0 5 const. due
to wave crest conservation. To compensate for the loss in the
k ?U term of (1), there must be an accompanied increase in k.
Increasing k implies a shortening in the wavelength l 5 2p/k.
In the presence of currents, E is not a conserved quantity
(Longuet-Higgins and Stewart 1964). However, the wave ac-
tion densityN5 N(x, t)5 E/s is conserved and takes the gen-
eral form (Bretherton and Garrett 1968)

­N
­t

1 = ? (ẋN) 5 0: (5)

Here, x5 cg 1 U is the absolute wave group velocity vector, and
cg 5 (k/k)(­s/­k) the intrinsic group velocity vector. Solving (5)
with respect to E for a constant current according to the above
considerations we obtain [Phillips 1977, Eq. (3.7.11)]

E
E0

5
c2
0

c2(1 1 2Ueff/c)
: (6)

Here, the impact by the currents is reflected in the denomina-
tor, and E increases toward the singularity Ueff " 2c/2, im-
plying that the waves have been blocked by the current. At
the blocking point, Ueff 5 2c0/4. According to (6), E will in-
crease when the waves are propagating into an opposing cur-
rent, and decrease for a following current. The theory is valid
in the absence of wave breaking and while Ueff . 2c0/4. In
the absence of a clear naming convention, we denote the
effect in (6) “wave straining,” by following Holthuijsen and
Tolman (1991). Wave straining is the combined effect of the
“concertina effect” (Ardhuin et al. 2017; Wang and Sheng
2018), referring to the change in wavenumber, and the accom-
panied “energy bunching” (Baschek 2005). It is similar to
shoaling, which occurs when waves propagate from deep to
intermediate and shallow waters.

If we consider the wave steepness « 5 ���E√ k, since E is pro-
portional to the square of the wave amplitude a, we can re-
write (6) (Rapizo et al. 2017)

«

«0
5 (1 2 kUeff/v)

3

���������������1 1 2Ueff/c√ : (7)

Here, the kUeff/v term in the nominator expresses the effect
by the current on the wave steepness, which can be recog-
nized by considering (1):

kUeff

v
5

v 2 s

v
5

Dv

v
: (8)

Thus, Dv , 0 implies a growth in (7), and the k dependence
denotes the sensitivity of wave straining to the initial wave-
length. For example, for waves directly opposing a current
Ueff 5 21.0 m s

21
from a reference of Ueff 5 0, the increase

in « is 26% and 95% for a T 5 12 s and a T 5 5 s period
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spectral wave model forced with model currents than an iden-
tical model without currents. Here we use a similar setup, but
take advantage of a more recent WAM version that includes
the STE computations (Benetazzo et al. 2021b). We consider
two periods with different met-ocean conditions, one where
young wind sea opposes a broad uniform tidal current and
another where swell opposes a tidal jet. Under these charac-
teristic conditions, we assess the impact by wave straining (to
be introduced later) and current-induced refraction, two impor-
tant wave–current interaction (WCI) mechanisms, on the sea
state by, among others, comparing against a quasi-stationary
idealized theoretical solution. We evaluate the influence of
Moskstraumen on the 2D spectrum, the key spectral parameters
listed above, and ultimately on the STEs.

The paper is structured as follows. In the following section 2
we present the theoretical framework for currents effects on
the wave field under quasi-stationary conditions. In section 3,
the stochastic extreme wave formulations in a space–time do-
main is presented together with the homogeneity assumption
for short term statistics. In section 4, we describe the study re-
gion and model specifications. The results for each of the cases
are presented in section 5 and further discussed in section 6.
Then our concluding remarks are presented in section 7.

2. Current-induced wave field transformation

Here we present the wave straining mechanism by first
considering the impact by a horizontally uniform current
on the wave variance density E, and second on wave steep-
ness. We consider an ambient, quasi-stationary, current field
U(t, x) ≃ U(x) 5 [u(x), y(x)], where x is the horizontal posi-
tion vector.

The Doppler shift equation

v 5 s 1 k ?U, (1)

governs the shift in wave frequency. Here, v is the absolute
wave frequency as seen from a fixed point, s is the intrinsic
frequency (following the current), and k 5 (kx, ky) is the
wavenumber vector. Under quasi-stationary conditions, the
number of wave crests is conserved in a fixed control volume
[Phillips 1977, Eq. (2.6.2)]. This requires that the wavenumber
k 5 |k| must change when exposed to a changing ambient cur-
rent through the intrinsic frequency dispersion relation
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5 gktanh(kh), (2)

where g is the gravitational constant and h is the water depth.
We define the effective current

Ueff 5 Uq, (3)

where U 5 |U|, and the degree of opposition between the
waves and the currents, q, is computed by

q 5 cos(uc 2 uw): (4)

Here, uc, uw denote the current direction and the wave direc-
tion, respectively, using the same convention. Thus, values of

1, 0, and 21 indicate following, perpendicular, and opposing,
respectively.

Consider a wave train propagating along the x axis on deep
water from an area with Ueff 5 u0 5 0 to an opposing current
Ueff , 0. In the following, subscript 0 denotes the wave char-
acteristics where Ueff 5 0. In such a case, v 5 s0 5 const. due
to wave crest conservation. To compensate for the loss in the
k ?U term of (1), there must be an accompanied increase in k.
Increasing k implies a shortening in the wavelength l 5 2p/k.
In the presence of currents, E is not a conserved quantity
(Longuet-Higgins and Stewart 1964). However, the wave ac-
tion densityN5 N(x, t)5 E/s is conserved and takes the gen-
eral form (Bretherton and Garrett 1968)

­N
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1 = ? (ẋN) 5 0: (5)

Here, x5 cg 1 U is the absolute wave group velocity vector, and
cg 5 (k/k)(­s/­k) the intrinsic group velocity vector. Solving (5)
with respect to E for a constant current according to the above
considerations we obtain [Phillips 1977, Eq. (3.7.11)]

E
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c2(1 1 2Ueff/c)
: (6)

Here, the impact by the currents is reflected in the denomina-
tor, and E increases toward the singularity Ueff " 2c/2, im-
plying that the waves have been blocked by the current. At
the blocking point, Ueff 5 2c0/4. According to (6), E will in-
crease when the waves are propagating into an opposing cur-
rent, and decrease for a following current. The theory is valid
in the absence of wave breaking and while Ueff . 2c0/4. In
the absence of a clear naming convention, we denote the
effect in (6) “wave straining,” by following Holthuijsen and
Tolman (1991). Wave straining is the combined effect of the
“concertina effect” (Ardhuin et al. 2017; Wang and Sheng
2018), referring to the change in wavenumber, and the accom-
panied “energy bunching” (Baschek 2005). It is similar to
shoaling, which occurs when waves propagate from deep to
intermediate and shallow waters.

If we consider the wave steepness « 5 ���E√ k, since E is pro-
portional to the square of the wave amplitude a, we can re-
write (6) (Rapizo et al. 2017)

«

«0
5 (1 2 kUeff/v)

3

���������������1 1 2Ueff/c√ : (7)

Here, the kUeff/v term in the nominator expresses the effect
by the current on the wave steepness, which can be recog-
nized by considering (1):

kUeff
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v
: (8)

Thus, Dv , 0 implies a growth in (7), and the k dependence
denotes the sensitivity of wave straining to the initial wave-
length. For example, for waves directly opposing a current
Ueff 5 21.0 m s

21
from a reference of Ueff 5 0, the increase

in « is 26% and 95% for a T 5 12 s and a T 5 5 s period
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Halsneetal.(2022)usedthewaveobservationsandfounda
betteragreementwiththewavefieldpredictedbyaWAM
spectralwavemodelforcedwithmodelcurrentsthananiden-
ticalmodelwithoutcurrents.Hereweuseasimilarsetup,but
takeadvantageofamorerecentWAMversionthatincludes
theSTEcomputations(Benetazzoetal.2021b).Weconsider
twoperiodswithdifferentmet-oceanconditions,onewhere
youngwindseaopposesabroaduniformtidalcurrentand
anotherwhereswellopposesatidaljet.Underthesecharac-
teristicconditions,weassesstheimpactbywavestraining(to
beintroducedlater)andcurrent-inducedrefraction,twoimpor-
tantwave–currentinteraction(WCI)mechanisms,onthesea
stateby,amongothers,comparingagainstaquasi-stationary
idealizedtheoreticalsolution.Weevaluatetheinfluenceof
Moskstraumenonthe2Dspectrum,thekeyspectralparameters
listedabove,andultimatelyontheSTEs.

Thepaperisstructuredasfollows.Inthefollowingsection2
wepresentthetheoreticalframeworkforcurrentseffectson
thewavefieldunderquasi-stationaryconditions.Insection3,
thestochasticextremewaveformulationsinaspace–timedo-
mainispresentedtogetherwiththehomogeneityassumption
forshorttermstatistics.Insection4,wedescribethestudyre-
gionandmodelspecifications.Theresultsforeachofthecases
arepresentedinsection5andfurtherdiscussedinsection6.
Thenourconcludingremarksarepresentedinsection7.

2.Current-inducedwavefieldtransformation

Herewepresentthewavestrainingmechanismbyfirst
consideringtheimpactbyahorizontallyuniformcurrent
onthewavevariancedensityE,andsecondonwavesteep-
ness.Weconsideranambient,quasi-stationary,currentfield
U(t,x)≃U(x)5[u(x),y(x)],wherexisthehorizontalposi-
tionvector.

TheDopplershiftequation

v5s1k?U,(1)

governstheshiftinwavefrequency.Here,vistheabsolute
wavefrequencyasseenfromafixedpoint,sistheintrinsic
frequency(followingthecurrent),andk5(kx,ky)isthe
wavenumbervector.Underquasi-stationaryconditions,the
numberofwavecrestsisconservedinafixedcontrolvolume
[Phillips1977,Eq.(2.6.2)].Thisrequiresthatthewavenumber
k5|k|mustchangewhenexposedtoachangingambientcur-
rentthroughtheintrinsicfrequencydispersionrelation

s
2
5gktanh(kh),(2)

wheregisthegravitationalconstantandhisthewaterdepth.
Wedefinetheeffectivecurrent

Ueff5Uq,(3)

whereU5|U|,andthedegreeofoppositionbetweenthe
wavesandthecurrents,q,iscomputedby

q5cos(uc2uw):(4)

Here,uc,uwdenotethecurrentdirectionandthewavedirec-
tion,respectively,usingthesameconvention.Thus,valuesof

1,0,and21indicatefollowing,perpendicular,andopposing,
respectively.

Considerawavetrainpropagatingalongthexaxisondeep
waterfromanareawithUeff5u050toanopposingcurrent
Ueff,0.Inthefollowing,subscript0denotesthewavechar-
acteristicswhereUeff50.Insuchacase,v5s05const.due
towavecrestconservation.Tocompensateforthelossinthe
k?Utermof(1),theremustbeanaccompaniedincreaseink.
Increasingkimpliesashorteninginthewavelengthl52p/k.
Inthepresenceofcurrents,Eisnotaconservedquantity
(Longuet-HigginsandStewart1964).However,thewaveac-
tiondensityN5N(x,t)5E/sisconservedandtakesthegen-
eralform(BrethertonandGarrett1968)

­N
­t

1=?(ẋN)50:(5)

Here,x5cg1Uistheabsolutewavegroupvelocityvector,and
cg5(k/k)(­s/­k)theintrinsicgroupvelocityvector.Solving(5)
withrespecttoEforaconstantcurrentaccordingtotheabove
considerationsweobtain[Phillips1977,Eq.(3.7.11)]

E
E0

5
c2
0

c2(112Ueff/c)
:(6)

Here,theimpactbythecurrentsisreflectedinthedenomina-
tor,andEincreasestowardthesingularityUeff"2c/2,im-
plyingthatthewaveshavebeenblockedbythecurrent.At
theblockingpoint,Ueff52c0/4.Accordingto(6),Ewillin-
creasewhenthewavesarepropagatingintoanopposingcur-
rent,anddecreaseforafollowingcurrent.Thetheoryisvalid
intheabsenceofwavebreakingandwhileUeff.2c0/4.In
theabsenceofaclearnamingconvention,wedenotethe
effectin(6)“wavestraining,”byfollowingHolthuijsenand
Tolman(1991).Wavestrainingisthecombinedeffectofthe
“concertinaeffect”(Ardhuinetal.2017;WangandSheng
2018),referringtothechangeinwavenumber,andtheaccom-
panied“energybunching”(Baschek2005).Itissimilarto
shoaling,whichoccurswhenwavespropagatefromdeepto
intermediateandshallowwaters.

Ifweconsiderthewavesteepness«5���E√k,sinceEispro-
portionaltothesquareofthewaveamplitudea,wecanre-
write(6)(Rapizoetal.2017)

«

«0
5(12kUeff/v)

3

��������������� 112Ueff/c √:(7)

Here,thekUeff/vterminthenominatorexpressestheeffect
bythecurrentonthewavesteepness,whichcanberecog-
nizedbyconsidering(1):

kUeff

v
5

v2s

v
5

Dv

v
:(8)

Thus,Dv,0impliesagrowthin(7),andthekdependence
denotesthesensitivityofwavestrainingtotheinitialwave-
length.Forexample,forwavesdirectlyopposingacurrent
Ueff521.0ms

21
fromareferenceofUeff50,theincrease

in«is26%and95%foraT512sandaT55speriod
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consideringtheimpactbyahorizontallyuniformcurrent
onthewavevariancedensityE,andsecondonwavesteep-
ness.Weconsideranambient,quasi-stationary,currentfield
U(t,x)≃U(x)5[u(x),y(x)],wherexisthehorizontalposi-
tionvector.
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governstheshiftinwavefrequency.Here,vistheabsolute
wavefrequencyasseenfromafixedpoint,sistheintrinsic
frequency(followingthecurrent),andk5(kx,ky)isthe
wavenumbervector.Underquasi-stationaryconditions,the
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wheregisthegravitationalconstantandhisthewaterdepth.
Wedefinetheeffectivecurrent

Ueff5Uq,(3)

whereU5|U|,andthedegreeofoppositionbetweenthe
wavesandthecurrents,q,iscomputedby

q5cos(uc2uw):(4)

Here,uc,uwdenotethecurrentdirectionandthewavedirec-
tion,respectively,usingthesameconvention.Thus,valuesof

1,0,and21indicatefollowing,perpendicular,andopposing,
respectively.

Considerawavetrainpropagatingalongthexaxisondeep
waterfromanareawithUeff5u050toanopposingcurrent
Ueff,0.Inthefollowing,subscript0denotesthewavechar-
acteristicswhereUeff50.Insuchacase,v5s05const.due
towavecrestconservation.Tocompensateforthelossinthe
k?Utermof(1),theremustbeanaccompaniedincreaseink.
Increasingkimpliesashorteninginthewavelengthl52p/k.
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­N
­t
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Here,theimpactbythecurrentsisreflectedinthedenomina-
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plyingthatthewaveshavebeenblockedbythecurrent.At
theblockingpoint,Ueff52c0/4.Accordingto(6),Ewillin-
creasewhenthewavesarepropagatingintoanopposingcur-
rent,anddecreaseforafollowingcurrent.Thetheoryisvalid
intheabsenceofwavebreakingandwhileUeff.2c0/4.In
theabsenceofaclearnamingconvention,wedenotethe
effectin(6)“wavestraining,”byfollowingHolthuijsenand
Tolman(1991).Wavestrainingisthecombinedeffectofthe
“concertinaeffect”(Ardhuinetal.2017;WangandSheng
2018),referringtothechangeinwavenumber,andtheaccom-
panied“energybunching”(Baschek2005).Itissimilarto
shoaling,whichoccurswhenwavespropagatefromdeepto
intermediateandshallowwaters.

Ifweconsiderthewavesteepness«5���E√k,sinceEispro-
portionaltothesquareofthewaveamplitudea,wecanre-
write(6)(Rapizoetal.2017)
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Halsneetal.(2022)usedthewaveobservationsandfounda
betteragreementwiththewavefieldpredictedbyaWAM
spectralwavemodelforcedwithmodelcurrentsthananiden-
ticalmodelwithoutcurrents.Hereweuseasimilarsetup,but
takeadvantageofamorerecentWAMversionthatincludes
theSTEcomputations(Benetazzoetal.2021b).Weconsider
twoperiodswithdifferentmet-oceanconditions,onewhere
youngwindseaopposesabroaduniformtidalcurrentand
anotherwhereswellopposesatidaljet.Underthesecharac-
teristicconditions,weassesstheimpactbywavestraining(to
beintroducedlater)andcurrent-inducedrefraction,twoimpor-
tantwave–currentinteraction(WCI)mechanisms,onthesea
stateby,amongothers,comparingagainstaquasi-stationary
idealizedtheoreticalsolution.Weevaluatetheinfluenceof
Moskstraumenonthe2Dspectrum,thekeyspectralparameters
listedabove,andultimatelyontheSTEs.

Thepaperisstructuredasfollows.Inthefollowingsection2
wepresentthetheoreticalframeworkforcurrentseffectson
thewavefieldunderquasi-stationaryconditions.Insection3,
thestochasticextremewaveformulationsinaspace–timedo-
mainispresentedtogetherwiththehomogeneityassumption
forshorttermstatistics.Insection4,wedescribethestudyre-
gionandmodelspecifications.Theresultsforeachofthecases
arepresentedinsection5andfurtherdiscussedinsection6.
Thenourconcludingremarksarepresentedinsection7.

2.Current-inducedwavefieldtransformation

Herewepresentthewavestrainingmechanismbyfirst
consideringtheimpactbyahorizontallyuniformcurrent
onthewavevariancedensityE,andsecondonwavesteep-
ness.Weconsideranambient,quasi-stationary,currentfield
U(t,x)≃U(x)5[u(x),y(x)],wherexisthehorizontalposi-
tionvector.

TheDopplershiftequation

v5s1k?U,(1)

governstheshiftinwavefrequency.Here,vistheabsolute
wavefrequencyasseenfromafixedpoint,sistheintrinsic
frequency(followingthecurrent),andk5(kx,ky)isthe
wavenumbervector.Underquasi-stationaryconditions,the
numberofwavecrestsisconservedinafixedcontrolvolume
[Phillips1977,Eq.(2.6.2)].Thisrequiresthatthewavenumber
k5|k|mustchangewhenexposedtoachangingambientcur-
rentthroughtheintrinsicfrequencydispersionrelation

s
2
5gktanh(kh),(2)

wheregisthegravitationalconstantandhisthewaterdepth.
Wedefinetheeffectivecurrent

Ueff5Uq,(3)

whereU5|U|,andthedegreeofoppositionbetweenthe
wavesandthecurrents,q,iscomputedby

q5cos(uc2uw):(4)

Here,uc,uwdenotethecurrentdirectionandthewavedirec-
tion,respectively,usingthesameconvention.Thus,valuesof

1,0,and21indicatefollowing,perpendicular,andopposing,
respectively.

Considerawavetrainpropagatingalongthexaxisondeep
waterfromanareawithUeff5u050toanopposingcurrent
Ueff,0.Inthefollowing,subscript0denotesthewavechar-
acteristicswhereUeff50.Insuchacase,v5s05const.due
towavecrestconservation.Tocompensateforthelossinthe
k?Utermof(1),theremustbeanaccompaniedincreaseink.
Increasingkimpliesashorteninginthewavelengthl52p/k.
Inthepresenceofcurrents,Eisnotaconservedquantity
(Longuet-HigginsandStewart1964).However,thewaveac-
tiondensityN5N(x,t)5E/sisconservedandtakesthegen-
eralform(BrethertonandGarrett1968)
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“concertinaeffect”(Ardhuinetal.2017;WangandSheng
2018),referringtothechangeinwavenumber,andtheaccom-
panied“energybunching”(Baschek2005).Itissimilarto
shoaling,whichoccurswhenwavespropagatefromdeepto
intermediateandshallowwaters.

Ifweconsiderthewavesteepness«5���E√k,sinceEispro-
portionaltothesquareofthewaveamplitudea,wecanre-
write(6)(Rapizoetal.2017)

«

«0
5(12kUeff/v)

3

��������������� 112Ueff/c √:(7)

Here,thekUeff/vterminthenominatorexpressestheeffect
bythecurrentonthewavesteepness,whichcanberecog-
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Halsneetal.(2022)usedthewaveobservationsandfounda
betteragreementwiththewavefieldpredictedbyaWAM
spectralwavemodelforcedwithmodelcurrentsthananiden-
ticalmodelwithoutcurrents.Hereweuseasimilarsetup,but
takeadvantageofamorerecentWAMversionthatincludes
theSTEcomputations(Benetazzoetal.2021b).Weconsider
twoperiodswithdifferentmet-oceanconditions,onewhere
youngwindseaopposesabroaduniformtidalcurrentand
anotherwhereswellopposesatidaljet.Underthesecharac-
teristicconditions,weassesstheimpactbywavestraining(to
beintroducedlater)andcurrent-inducedrefraction,twoimpor-
tantwave–currentinteraction(WCI)mechanisms,onthesea
stateby,amongothers,comparingagainstaquasi-stationary
idealizedtheoreticalsolution.Weevaluatetheinfluenceof
Moskstraumenonthe2Dspectrum,thekeyspectralparameters
listedabove,andultimatelyontheSTEs.

Thepaperisstructuredasfollows.Inthefollowingsection2
wepresentthetheoreticalframeworkforcurrentseffectson
thewavefieldunderquasi-stationaryconditions.Insection3,
thestochasticextremewaveformulationsinaspace–timedo-
mainispresentedtogetherwiththehomogeneityassumption
forshorttermstatistics.Insection4,wedescribethestudyre-
gionandmodelspecifications.Theresultsforeachofthecases
arepresentedinsection5andfurtherdiscussedinsection6.
Thenourconcludingremarksarepresentedinsection7.

2.Current-inducedwavefieldtransformation

Herewepresentthewavestrainingmechanismbyfirst
consideringtheimpactbyahorizontallyuniformcurrent
onthewavevariancedensityE,andsecondonwavesteep-
ness.Weconsideranambient,quasi-stationary,currentfield
U(t,x)≃U(x)5[u(x),y(x)],wherexisthehorizontalposi-
tionvector.

TheDopplershiftequation

v5s1k?U,(1)

governstheshiftinwavefrequency.Here,vistheabsolute
wavefrequencyasseenfromafixedpoint,sistheintrinsic
frequency(followingthecurrent),andk5(kx,ky)isthe
wavenumbervector.Underquasi-stationaryconditions,the
numberofwavecrestsisconservedinafixedcontrolvolume
[Phillips1977,Eq.(2.6.2)].Thisrequiresthatthewavenumber
k5|k|mustchangewhenexposedtoachangingambientcur-
rentthroughtheintrinsicfrequencydispersionrelation

s
2
5gktanh(kh),(2)

wheregisthegravitationalconstantandhisthewaterdepth.
Wedefinetheeffectivecurrent

Ueff5Uq,(3)

whereU5|U|,andthedegreeofoppositionbetweenthe
wavesandthecurrents,q,iscomputedby

q5cos(uc2uw):(4)

Here,uc,uwdenotethecurrentdirectionandthewavedirec-
tion,respectively,usingthesameconvention.Thus,valuesof

1,0,and21indicatefollowing,perpendicular,andopposing,
respectively.

Considerawavetrainpropagatingalongthexaxisondeep
waterfromanareawithUeff5u050toanopposingcurrent
Ueff,0.Inthefollowing,subscript0denotesthewavechar-
acteristicswhereUeff50.Insuchacase,v5s05const.due
towavecrestconservation.Tocompensateforthelossinthe
k?Utermof(1),theremustbeanaccompaniedincreaseink.
Increasingkimpliesashorteninginthewavelengthl52p/k.
Inthepresenceofcurrents,Eisnotaconservedquantity
(Longuet-HigginsandStewart1964).However,thewaveac-
tiondensityN5N(x,t)5E/sisconservedandtakesthegen-
eralform(BrethertonandGarrett1968)

­N
­t

1=?(ẋN)50:(5)

Here,x5cg1Uistheabsolutewavegroupvelocityvector,and
cg5(k/k)(­s/­k)theintrinsicgroupvelocityvector.Solving(5)
withrespecttoEforaconstantcurrentaccordingtotheabove
considerationsweobtain[Phillips1977,Eq.(3.7.11)]
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Here,theimpactbythecurrentsisreflectedinthedenomina-
tor,andEincreasestowardthesingularityUeff"2c/2,im-
plyingthatthewaveshavebeenblockedbythecurrent.At
theblockingpoint,Ueff52c0/4.Accordingto(6),Ewillin-
creasewhenthewavesarepropagatingintoanopposingcur-
rent,anddecreaseforafollowingcurrent.Thetheoryisvalid
intheabsenceofwavebreakingandwhileUeff.2c0/4.In
theabsenceofaclearnamingconvention,wedenotethe
effectin(6)“wavestraining,”byfollowingHolthuijsenand
Tolman(1991).Wavestrainingisthecombinedeffectofthe
“concertinaeffect”(Ardhuinetal.2017;WangandSheng
2018),referringtothechangeinwavenumber,andtheaccom-
panied“energybunching”(Baschek2005).Itissimilarto
shoaling,whichoccurswhenwavespropagatefromdeepto
intermediateandshallowwaters.

Ifweconsiderthewavesteepness«5���E√k,sinceEispro-
portionaltothesquareofthewaveamplitudea,wecanre-
write(6)(Rapizoetal.2017)

«

«0
5(12kUeff/v)
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Here,thekUeff/vterminthenominatorexpressestheeffect
bythecurrentonthewavesteepness,whichcanberecog-
nizedbyconsidering(1):
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wave, respectively. A summary for different values of Ueff

and wave periods are given in Table 1. From the above con-
siderations, both k and

���
E

√
are modulated simultaneously by

wave straining, and consequently « is very sensitive to the am-
bient current (Vincent 1979).

3. Statistical models for extreme waves in a space–
time domain

The zero mean sea surface elevation is denoted h(t, x). The
sea state can be characterized byHs 5 4b, where b is the stan-
dard deviation of h(t, x). Building upon the results by Fedele
(2012), Benetazzo et al. (2015), and Boccotti (2000), we con-
sider a 3D space–time domain G 5 XYD, where X and Y are
the size of the sides of a rectangular surface area and D is the
duration of a time interval (see Fig. 1 in Fedele 2012). Here
fundamental properties of the STE models are described,
with particular focus on the sea state parameters that are es-
sential for the STEs.

a. Expected extreme wave crests and heights

Assuming a Gaussian probability distribution of h for every
point within G, then the maximum individual crest height
hMAX can be defined in terms of an exceedance probability by
a threshold z:

PST,MAX 5 Pr{hMAX . z|(x, y, t) 2 G}, (9)

where subscript ST stands for space–time. The STE model for
hMAX is based on the so-called “Euler characteristics” valid
for n dimensions (Adler and Taylor 2007), which was first re-
duced to n 5 3 and verified for ocean waves in a space–time
domain by Fedele (2012), and thereafter further developed by
Benetazzo et al. (2015) to take into account weakly nonlinear
random wave fields up to second order in «. With regards to
the maximum crest-to-trough wave height (HMAX), we con-
sider the linear quasi-determinism theory by Boccotti (2000)
which takes into account the narrow-bandedness of the sea
state. These maxima can be deduced from their expected
value using integrated spectral parameters, provided that the
sea state is temporally stationary and spatially homogeneous
(Adler and Taylor 2007). Such assumptions may be altered in

a rapidly varying tidal current and will be treated in the subse-
quent section.

In essence, the STEs are proportional to Hs, and subse-
quently modified by parameters that constitute the average
number of waves (N3D), wave steepness («), and spectral
bandwidth (f*), which will now be introduced in that order
(Benetazzo et al. 2021a). First, the average number of waves
within G is (Fedele 2012)

N3D 5
XYD

LxLyTm

��������������������������������������������
1 2 a2

xt 2 a2
xy 2 a2

yt 1 2axtaxyayt

√
, (10)

where Lx, Ly, Tm denote length scales associated with the
mean crest length (in the X and Y direction) and the zero-
crossing mean period, respectively. Furthermore, the average
number of waves at the boundaries and at the edges of G

reads

N2D 5
XD
LxTm

����������
1 2 a2

xt

√
1

YD
LyTm

����������
1 2 a2

yt

√
1

XY
LxLy
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1 2 a2

xy

√
,

(11)

N1D 5
X
Lx

1
Y
Ly

1
D
Tm

, (12)

respectively. Studies have shown that the average number of
waves within the interior of the space–time domain, i.e., N3D,
dominate over the others for large-sized space–time domains,
and is therefore considered here (Fedele 2012; Benetazzo
et al. 2021a). The degree of organization in the space–time
wave field is characterized by the expression containing the
square root in (10):

A 5
��������������������������������������������
1 2 a2

xt 2 a2
xy 2 a2

yt 1 2axtaxyayt

√
, (13)

which originates from the determinant of the covariance ma-
trix of h(t, x) [see Eqs. (5)–(7) by Benetazzo et al. (2021a)].
The variables inA are commonly referred to as the “irregularity
parameters” (Baxevani and Rychlik 2006). These parameters
can be computed from spectral moments as

axt 5
m101�������������

m200m002
√ , (14)

ayt 5
m011�������������

m020m002
√ , (15)

axy 5
m110�������������

m200m020
√ , (16)

where

mijl 5

� �
kixk

j
ys

lE(s, u)dsdu: (17)

From (10), it follows that N3D is maximized for A 5 1 and
minimized for A 5 0. More details about the spectral distribu-
tions associated with A are found in Baxevani and Rychlik
(2006).

TABLE 1. Wave parameter modulation due to wave straining
on steady currents according to (7). The left and right sides show
the ratio in wave variables (subscript 0 means zero current) for a
5- and 12-s period wave, respectively. In all cases, a0 5 1 m.
Each row denotes different effective currents Ueff.

T0 5 5 s T0 5 12 s

Ueff (m s21) a/a0 k/k0 «/«0 a/a0 k/k0 «/«0

1.5 0.74 0.74 0.55 0.87 0.87 0.75
1 0.81 0.8 0.65 0.91 0.91 0.82
0.5 0.89 0.89 0.79 0.95 0.95 0.9
20.5 1.16 1.15 1.33 1.06 1.06 1.12
21 1.41 1.39 1.95 1.13 1.12 1.26
21.5 1.95 1.82 3.55 1.21 1.2 1.45
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wave,respectively.AsummaryfordifferentvaluesofUeff

andwaveperiodsaregiveninTable1.Fromtheabovecon-
siderations,bothkand

���
E
√

aremodulatedsimultaneouslyby
wavestraining,andconsequently«isverysensitivetotheam-
bientcurrent(Vincent1979).

3.Statisticalmodelsforextremewavesinaspace–
timedomain

Thezeromeanseasurfaceelevationisdenotedh(t,x).The
seastatecanbecharacterizedbyHs54b,wherebisthestan-
darddeviationofh(t,x).BuildingupontheresultsbyFedele
(2012),Benetazzoetal.(2015),andBoccotti(2000),wecon-
sidera3Dspace–timedomainG5XYD,whereXandYare
thesizeofthesidesofarectangularsurfaceareaandDisthe
durationofatimeinterval(seeFig.1inFedele2012).Here
fundamentalpropertiesoftheSTEmodelsaredescribed,
withparticularfocusontheseastateparametersthatarees-
sentialfortheSTEs.

a.Expectedextremewavecrestsandheights

AssumingaGaussianprobabilitydistributionofhforevery
pointwithinG,thenthemaximumindividualcrestheight
hMAXcanbedefinedintermsofanexceedanceprobabilityby
athresholdz:

PST,MAX5Pr{hMAX.z|(x,y,t)2G},(9)

wheresubscriptSTstandsforspace–time.TheSTEmodelfor
hMAXisbasedontheso-called“Eulercharacteristics”valid
forndimensions(AdlerandTaylor2007),whichwasfirstre-
ducedton53andverifiedforoceanwavesinaspace–time
domainbyFedele(2012),andthereafterfurtherdevelopedby
Benetazzoetal.(2015)totakeintoaccountweaklynonlinear
randomwavefieldsuptosecondorderin«.Withregardsto
themaximumcrest-to-troughwaveheight(HMAX),wecon-
siderthelinearquasi-determinismtheorybyBoccotti(2000)
whichtakesintoaccountthenarrow-bandednessofthesea
state.Thesemaximacanbededucedfromtheirexpected
valueusingintegratedspectralparameters,providedthatthe
seastateistemporallystationaryandspatiallyhomogeneous
(AdlerandTaylor2007).Suchassumptionsmaybealteredin

arapidlyvaryingtidalcurrentandwillbetreatedinthesubse-
quentsection.

Inessence,theSTEsareproportionaltoHs,andsubse-
quentlymodifiedbyparametersthatconstitutetheaverage
numberofwaves(N3D),wavesteepness(«),andspectral
bandwidth(f*),whichwillnowbeintroducedinthatorder
(Benetazzoetal.2021a).First,theaveragenumberofwaves
withinGis(Fedele2012)

N3D5
XYD
LxLyTm
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xy2a2

yt12axtaxyayt

√
,(10)

whereLx,Ly,Tmdenotelengthscalesassociatedwiththe
meancrestlength(intheXandYdirection)andthezero-
crossingmeanperiod,respectively.Furthermore,theaverage
numberofwavesattheboundariesandattheedgesofG

reads
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1
Y
Ly

1
D
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,(12)

respectively.Studieshaveshownthattheaveragenumberof
waveswithintheinteriorofthespace–timedomain,i.e.,N3D,
dominateovertheothersforlarge-sizedspace–timedomains,
andisthereforeconsideredhere(Fedele2012;Benetazzo
etal.2021a).Thedegreeoforganizationinthespace–time
wavefieldischaracterizedbytheexpressioncontainingthe
squarerootin(10):

A5
��������������������������������������������
12a2

xt2a2
xy2a2

yt12axtaxyayt

√
,(13)

whichoriginatesfromthedeterminantofthecovariancema-
trixofh(t,x)[seeEqs.(5)–(7)byBenetazzoetal.(2021a)].
ThevariablesinAarecommonlyreferredtoasthe“irregularity
parameters”(BaxevaniandRychlik2006).Theseparameters
canbecomputedfromspectralmomentsas

axt5
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√,(14)
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m011 �������������
m020m002
√,(15)
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where

mijl5

��
kixk

j
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lE(s,u)dsdu:(17)

From(10),itfollowsthatN3DismaximizedforA51and
minimizedforA50.Moredetailsaboutthespectraldistribu-
tionsassociatedwithAarefoundinBaxevaniandRychlik
(2006).

TABLE1.Waveparametermodulationduetowavestraining
onsteadycurrentsaccordingto(7).Theleftandrightsidesshow
theratioinwavevariables(subscript0meanszerocurrent)fora
5-and12-speriodwave,respectively.Inallcases,a051m.
EachrowdenotesdifferenteffectivecurrentsUeff.

T055sT0512s

Ueff(ms21)a/a0k/k0«/«0a/a0k/k0«/«0

1.50.740.740.550.870.870.75
10.810.80.650.910.910.82
0.50.890.890.790.950.950.9
20.51.161.151.331.061.061.12
211.411.391.951.131.121.26
21.51.951.823.551.211.21.45
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wave,respectively.AsummaryfordifferentvaluesofUeff

andwaveperiodsaregiveninTable1.Fromtheabovecon-
siderations,bothkand
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aremodulatedsimultaneouslyby
wavestraining,andconsequently«isverysensitivetotheam-
bientcurrent(Vincent1979).

3.Statisticalmodelsforextremewavesinaspace–
timedomain

Thezeromeanseasurfaceelevationisdenotedh(t,x).The
seastatecanbecharacterizedbyHs54b,wherebisthestan-
darddeviationofh(t,x).BuildingupontheresultsbyFedele
(2012),Benetazzoetal.(2015),andBoccotti(2000),wecon-
sidera3Dspace–timedomainG5XYD,whereXandYare
thesizeofthesidesofarectangularsurfaceareaandDisthe
durationofatimeinterval(seeFig.1inFedele2012).Here
fundamentalpropertiesoftheSTEmodelsaredescribed,
withparticularfocusontheseastateparametersthatarees-
sentialfortheSTEs.

a.Expectedextremewavecrestsandheights

AssumingaGaussianprobabilitydistributionofhforevery
pointwithinG,thenthemaximumindividualcrestheight
hMAXcanbedefinedintermsofanexceedanceprobabilityby
athresholdz:

PST,MAX5Pr{hMAX.z|(x,y,t)2G},(9)

wheresubscriptSTstandsforspace–time.TheSTEmodelfor
hMAXisbasedontheso-called“Eulercharacteristics”valid
forndimensions(AdlerandTaylor2007),whichwasfirstre-
ducedton53andverifiedforoceanwavesinaspace–time
domainbyFedele(2012),andthereafterfurtherdevelopedby
Benetazzoetal.(2015)totakeintoaccountweaklynonlinear
randomwavefieldsuptosecondorderin«.Withregardsto
themaximumcrest-to-troughwaveheight(HMAX),wecon-
siderthelinearquasi-determinismtheorybyBoccotti(2000)
whichtakesintoaccountthenarrow-bandednessofthesea
state.Thesemaximacanbededucedfromtheirexpected
valueusingintegratedspectralparameters,providedthatthe
seastateistemporallystationaryandspatiallyhomogeneous
(AdlerandTaylor2007).Suchassumptionsmaybealteredin

arapidlyvaryingtidalcurrentandwillbetreatedinthesubse-
quentsection.

Inessence,theSTEsareproportionaltoHs,andsubse-
quentlymodifiedbyparametersthatconstitutetheaverage
numberofwaves(N3D),wavesteepness(«),andspectral
bandwidth(f*),whichwillnowbeintroducedinthatorder
(Benetazzoetal.2021a).First,theaveragenumberofwaves
withinGis(Fedele2012)
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whereLx,Ly,Tmdenotelengthscalesassociatedwiththe
meancrestlength(intheXandYdirection)andthezero-
crossingmeanperiod,respectively.Furthermore,theaverage
numberofwavesattheboundariesandattheedgesofG

reads
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respectively.Studieshaveshownthattheaveragenumberof
waveswithintheinteriorofthespace–timedomain,i.e.,N3D,
dominateovertheothersforlarge-sizedspace–timedomains,
andisthereforeconsideredhere(Fedele2012;Benetazzo
etal.2021a).Thedegreeoforganizationinthespace–time
wavefieldischaracterizedbytheexpressioncontainingthe
squarerootin(10):

A5
��������������������������������������������
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yt12axtaxyayt

√
,(13)

whichoriginatesfromthedeterminantofthecovariancema-
trixofh(t,x)[seeEqs.(5)–(7)byBenetazzoetal.(2021a)].
ThevariablesinAarecommonlyreferredtoasthe“irregularity
parameters”(BaxevaniandRychlik2006).Theseparameters
canbecomputedfromspectralmomentsas
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√,(14)
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where
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From(10),itfollowsthatN3DismaximizedforA51and
minimizedforA50.Moredetailsaboutthespectraldistribu-
tionsassociatedwithAarefoundinBaxevaniandRychlik
(2006).

TABLE1.Waveparametermodulationduetowavestraining
onsteadycurrentsaccordingto(7).Theleftandrightsidesshow
theratioinwavevariables(subscript0meanszerocurrent)fora
5-and12-speriodwave,respectively.Inallcases,a051m.
EachrowdenotesdifferenteffectivecurrentsUeff.

T055sT0512s

Ueff(ms21)a/a0k/k0«/«0a/a0k/k0«/«0

1.50.740.740.550.870.870.75
10.810.80.650.910.910.82
0.50.890.890.790.950.950.9
20.51.161.151.331.061.061.12
211.411.391.951.131.121.26
21.51.951.823.551.211.21.45
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wave, respectively. A summary for different values of Ueff

and wave periods are given in Table 1. From the above con-
siderations, both k and ���E√ are modulated simultaneously by
wave straining, and consequently « is very sensitive to the am-
bient current (Vincent 1979).

3. Statistical models for extreme waves in a space–
time domain

The zero mean sea surface elevation is denoted h(t, x). The
sea state can be characterized byHs 5 4b, where b is the stan-
dard deviation of h(t, x). Building upon the results by Fedele
(2012), Benetazzo et al. (2015), and Boccotti (2000), we con-
sider a 3D space–time domain G 5 XYD, where X and Y are
the size of the sides of a rectangular surface area and D is the
duration of a time interval (see Fig. 1 in Fedele 2012). Here
fundamental properties of the STE models are described,
with particular focus on the sea state parameters that are es-
sential for the STEs.

a. Expected extreme wave crests and heights

Assuming a Gaussian probability distribution of h for every
point within G, then the maximum individual crest height
hMAX can be defined in terms of an exceedance probability by
a threshold z:

PST,MAX 5 Pr{hMAX . z|(x, y, t) 2 G}, (9)

where subscript ST stands for space–time. The STE model for
hMAX is based on the so-called “Euler characteristics” valid
for n dimensions (Adler and Taylor 2007), which was first re-
duced to n 5 3 and verified for ocean waves in a space–time
domain by Fedele (2012), and thereafter further developed by
Benetazzo et al. (2015) to take into account weakly nonlinear
random wave fields up to second order in «. With regards to
the maximum crest-to-trough wave height (HMAX), we con-
sider the linear quasi-determinism theory by Boccotti (2000)
which takes into account the narrow-bandedness of the sea
state. These maxima can be deduced from their expected
value using integrated spectral parameters, provided that the
sea state is temporally stationary and spatially homogeneous
(Adler and Taylor 2007). Such assumptions may be altered in

a rapidly varying tidal current and will be treated in the subse-
quent section.

In essence, the STEs are proportional to Hs, and subse-
quently modified by parameters that constitute the average
number of waves (N3D), wave steepness («), and spectral
bandwidth (f

*
), which will now be introduced in that order

(Benetazzo et al. 2021a). First, the average number of waves
within G is (Fedele 2012)

N3D 5
XYD

LxLyTm

��������������������������������������������1 2 a2
xt 2 a2

xy 2 a2
yt 1 2axtaxyayt√ , (10)

where Lx, Ly, Tm denote length scales associated with the
mean crest length (in the X and Y direction) and the zero-
crossing mean period, respectively. Furthermore, the average
number of waves at the boundaries and at the edges of G

reads

N2D 5
XD
LxTm

����������1 2 a2
xt√ 1

YD
LyTm

����������1 2 a2
yt√ 1

XY
LxLy

�����������1 2 a2
xy√ ,

(11)

N1D 5
X
Lx

1
Y
Ly

1
D
Tm

, (12)

respectively. Studies have shown that the average number of
waves within the interior of the space–time domain, i.e., N3D,
dominate over the others for large-sized space–time domains,
and is therefore considered here (Fedele 2012; Benetazzo
et al. 2021a). The degree of organization in the space–time
wave field is characterized by the expression containing the
square root in (10):

A 5 ��������������������������������������������1 2 a2
xt 2 a2

xy 2 a2
yt 1 2axtaxyayt√ , (13)

which originates from the determinant of the covariance ma-
trix of h(t, x) [see Eqs. (5)–(7) by Benetazzo et al. (2021a)].
The variables inA are commonly referred to as the “irregularity
parameters” (Baxevani and Rychlik 2006). These parameters
can be computed from spectral moments as

axt 5
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�������������m200m002√ , (14)

ayt 5
m011

�������������m020m002√ , (15)

axy 5
m110

�������������m200m020√ , (16)

where

mijl 5 � � k
i
xk

j
ys

l
E(s, u)dsdu: (17)

From (10), it follows that N3D is maximized for A 5 1 and
minimized for A 5 0. More details about the spectral distribu-
tions associated with A are found in Baxevani and Rychlik
(2006).

TABLE 1. Wave parameter modulation due to wave straining
on steady currents according to (7). The left and right sides show
the ratio in wave variables (subscript 0 means zero current) for a
5- and 12-s period wave, respectively. In all cases, a0 5 1 m.
Each row denotes different effective currents Ueff.

T0 5 5 s T0 5 12 s

Ueff (m s
21

) a/a0 k/k0 «/«0 a/a0 k/k0 «/«0

1.5 0.74 0.74 0.55 0.87 0.87 0.75
1 0.81 0.8 0.65 0.91 0.91 0.82
0.5 0.89 0.89 0.79 0.95 0.95 0.9
20.5 1.16 1.15 1.33 1.06 1.06 1.12
21 1.41 1.39 1.95 1.13 1.12 1.26
21.5 1.95 1.82 3.55 1.21 1.2 1.45
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wave, respectively. A summary for different values of Ueff

and wave periods are given in Table 1. From the above con-
siderations, both k and ���E√ are modulated simultaneously by
wave straining, and consequently « is very sensitive to the am-
bient current (Vincent 1979).

3. Statistical models for extreme waves in a space–
time domain

The zero mean sea surface elevation is denoted h(t, x). The
sea state can be characterized byHs 5 4b, where b is the stan-
dard deviation of h(t, x). Building upon the results by Fedele
(2012), Benetazzo et al. (2015), and Boccotti (2000), we con-
sider a 3D space–time domain G 5 XYD, where X and Y are
the size of the sides of a rectangular surface area and D is the
duration of a time interval (see Fig. 1 in Fedele 2012). Here
fundamental properties of the STE models are described,
with particular focus on the sea state parameters that are es-
sential for the STEs.

a. Expected extreme wave crests and heights

Assuming a Gaussian probability distribution of h for every
point within G, then the maximum individual crest height
hMAX can be defined in terms of an exceedance probability by
a threshold z:

PST,MAX 5 Pr{hMAX . z|(x, y, t) 2 G}, (9)

where subscript ST stands for space–time. The STE model for
hMAX is based on the so-called “Euler characteristics” valid
for n dimensions (Adler and Taylor 2007), which was first re-
duced to n 5 3 and verified for ocean waves in a space–time
domain by Fedele (2012), and thereafter further developed by
Benetazzo et al. (2015) to take into account weakly nonlinear
random wave fields up to second order in «. With regards to
the maximum crest-to-trough wave height (HMAX), we con-
sider the linear quasi-determinism theory by Boccotti (2000)
which takes into account the narrow-bandedness of the sea
state. These maxima can be deduced from their expected
value using integrated spectral parameters, provided that the
sea state is temporally stationary and spatially homogeneous
(Adler and Taylor 2007). Such assumptions may be altered in

a rapidly varying tidal current and will be treated in the subse-
quent section.

In essence, the STEs are proportional to Hs, and subse-
quently modified by parameters that constitute the average
number of waves (N3D), wave steepness («), and spectral
bandwidth (f

*
), which will now be introduced in that order

(Benetazzo et al. 2021a). First, the average number of waves
within G is (Fedele 2012)

N3D 5
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LxLyTm
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xy 2 a2
yt 1 2axtaxyayt√ , (10)

where Lx, Ly, Tm denote length scales associated with the
mean crest length (in the X and Y direction) and the zero-
crossing mean period, respectively. Furthermore, the average
number of waves at the boundaries and at the edges of G

reads
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, (12)

respectively. Studies have shown that the average number of
waves within the interior of the space–time domain, i.e., N3D,
dominate over the others for large-sized space–time domains,
and is therefore considered here (Fedele 2012; Benetazzo
et al. 2021a). The degree of organization in the space–time
wave field is characterized by the expression containing the
square root in (10):

A 5 ��������������������������������������������1 2 a2
xt 2 a2

xy 2 a2
yt 1 2axtaxyayt√ , (13)

which originates from the determinant of the covariance ma-
trix of h(t, x) [see Eqs. (5)–(7) by Benetazzo et al. (2021a)].
The variables inA are commonly referred to as the “irregularity
parameters” (Baxevani and Rychlik 2006). These parameters
can be computed from spectral moments as

axt 5
m101

�������������m200m002√ , (14)

ayt 5
m011

�������������m020m002√ , (15)

axy 5
m110

�������������m200m020√ , (16)

where

mijl 5 � � k
i
xk

j
ys

l
E(s, u)dsdu: (17)

From (10), it follows that N3D is maximized for A 5 1 and
minimized for A 5 0. More details about the spectral distribu-
tions associated with A are found in Baxevani and Rychlik
(2006).

TABLE 1. Wave parameter modulation due to wave straining
on steady currents according to (7). The left and right sides show
the ratio in wave variables (subscript 0 means zero current) for a
5- and 12-s period wave, respectively. In all cases, a0 5 1 m.
Each row denotes different effective currents Ueff.

T0 5 5 s T0 5 12 s

Ueff (m s
21

) a/a0 k/k0 «/«0 a/a0 k/k0 «/«0

1.5 0.74 0.74 0.55 0.87 0.87 0.75
1 0.81 0.8 0.65 0.91 0.91 0.82
0.5 0.89 0.89 0.79 0.95 0.95 0.9
20.5 1.16 1.15 1.33 1.06 1.06 1.12
21 1.41 1.39 1.95 1.13 1.12 1.26
21.5 1.95 1.82 3.55 1.21 1.2 1.45
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wave,respectively.AsummaryfordifferentvaluesofUeff

andwaveperiodsaregiveninTable1.Fromtheabovecon-
siderations,bothkand���E√aremodulatedsimultaneouslyby
wavestraining,andconsequently«isverysensitivetotheam-
bientcurrent(Vincent1979).

3.Statisticalmodelsforextremewavesinaspace–
timedomain

Thezeromeanseasurfaceelevationisdenotedh(t,x).The
seastatecanbecharacterizedbyHs54b,wherebisthestan-
darddeviationofh(t,x).BuildingupontheresultsbyFedele
(2012),Benetazzoetal.(2015),andBoccotti(2000),wecon-
sidera3Dspace–timedomainG5XYD,whereXandYare
thesizeofthesidesofarectangularsurfaceareaandDisthe
durationofatimeinterval(seeFig.1inFedele2012).Here
fundamentalpropertiesoftheSTEmodelsaredescribed,
withparticularfocusontheseastateparametersthatarees-
sentialfortheSTEs.

a.Expectedextremewavecrestsandheights

AssumingaGaussianprobabilitydistributionofhforevery
pointwithinG,thenthemaximumindividualcrestheight
hMAXcanbedefinedintermsofanexceedanceprobabilityby
athresholdz:

PST,MAX5Pr{hMAX.z|(x,y,t)2G},(9)

wheresubscriptSTstandsforspace–time.TheSTEmodelfor
hMAXisbasedontheso-called“Eulercharacteristics”valid
forndimensions(AdlerandTaylor2007),whichwasfirstre-
ducedton53andverifiedforoceanwavesinaspace–time
domainbyFedele(2012),andthereafterfurtherdevelopedby
Benetazzoetal.(2015)totakeintoaccountweaklynonlinear
randomwavefieldsuptosecondorderin«.Withregardsto
themaximumcrest-to-troughwaveheight(HMAX),wecon-
siderthelinearquasi-determinismtheorybyBoccotti(2000)
whichtakesintoaccountthenarrow-bandednessofthesea
state.Thesemaximacanbededucedfromtheirexpected
valueusingintegratedspectralparameters,providedthatthe
seastateistemporallystationaryandspatiallyhomogeneous
(AdlerandTaylor2007).Suchassumptionsmaybealteredin

arapidlyvaryingtidalcurrentandwillbetreatedinthesubse-
quentsection.

Inessence,theSTEsareproportionaltoHs,andsubse-
quentlymodifiedbyparametersthatconstitutetheaverage
numberofwaves(N3D),wavesteepness(«),andspectral
bandwidth(f

*
),whichwillnowbeintroducedinthatorder

(Benetazzoetal.2021a).First,theaveragenumberofwaves
withinGis(Fedele2012)

N3D5
XYD

LxLyTm

�������������������������������������������� 12a2
xt2a2

xy2a2
yt12axtaxyayt √,(10)

whereLx,Ly,Tmdenotelengthscalesassociatedwiththe
meancrestlength(intheXandYdirection)andthezero-
crossingmeanperiod,respectively.Furthermore,theaverage
numberofwavesattheboundariesandattheedgesofG

reads
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respectively.Studieshaveshownthattheaveragenumberof
waveswithintheinteriorofthespace–timedomain,i.e.,N3D,
dominateovertheothersforlarge-sizedspace–timedomains,
andisthereforeconsideredhere(Fedele2012;Benetazzo
etal.2021a).Thedegreeoforganizationinthespace–time
wavefieldischaracterizedbytheexpressioncontainingthe
squarerootin(10):

A5�������������������������������������������� 12a2
xt2a2

xy2a2
yt12axtaxyayt √,(13)

whichoriginatesfromthedeterminantofthecovariancema-
trixofh(t,x)[seeEqs.(5)–(7)byBenetazzoetal.(2021a)].
ThevariablesinAarecommonlyreferredtoasthe“irregularity
parameters”(BaxevaniandRychlik2006).Theseparameters
canbecomputedfromspectralmomentsas
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������������� m020m002 √,(15)

axy5
m110
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where

mijl5��k
i
xk

j
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l
E(s,u)dsdu:(17)

From(10),itfollowsthatN3DismaximizedforA51and
minimizedforA50.Moredetailsaboutthespectraldistribu-
tionsassociatedwithAarefoundinBaxevaniandRychlik
(2006).

TABLE1.Waveparametermodulationduetowavestraining
onsteadycurrentsaccordingto(7).Theleftandrightsidesshow
theratioinwavevariables(subscript0meanszerocurrent)fora
5-and12-speriodwave,respectively.Inallcases,a051m.
EachrowdenotesdifferenteffectivecurrentsUeff.

T055sT0512s

Ueff(ms
21

)a/a0k/k0«/«0a/a0k/k0«/«0

1.50.740.740.550.870.870.75
10.810.80.650.910.910.82
0.50.890.890.790.950.950.9
20.51.161.151.331.061.061.12
211.411.391.951.131.121.26
21.51.951.823.551.211.21.45
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wave,respectively.AsummaryfordifferentvaluesofUeff

andwaveperiodsaregiveninTable1.Fromtheabovecon-
siderations,bothkand���E√aremodulatedsimultaneouslyby
wavestraining,andconsequently«isverysensitivetotheam-
bientcurrent(Vincent1979).

3.Statisticalmodelsforextremewavesinaspace–
timedomain

Thezeromeanseasurfaceelevationisdenotedh(t,x).The
seastatecanbecharacterizedbyHs54b,wherebisthestan-
darddeviationofh(t,x).BuildingupontheresultsbyFedele
(2012),Benetazzoetal.(2015),andBoccotti(2000),wecon-
sidera3Dspace–timedomainG5XYD,whereXandYare
thesizeofthesidesofarectangularsurfaceareaandDisthe
durationofatimeinterval(seeFig.1inFedele2012).Here
fundamentalpropertiesoftheSTEmodelsaredescribed,
withparticularfocusontheseastateparametersthatarees-
sentialfortheSTEs.

a.Expectedextremewavecrestsandheights

AssumingaGaussianprobabilitydistributionofhforevery
pointwithinG,thenthemaximumindividualcrestheight
hMAXcanbedefinedintermsofanexceedanceprobabilityby
athresholdz:

PST,MAX5Pr{hMAX.z|(x,y,t)2G},(9)

wheresubscriptSTstandsforspace–time.TheSTEmodelfor
hMAXisbasedontheso-called“Eulercharacteristics”valid
forndimensions(AdlerandTaylor2007),whichwasfirstre-
ducedton53andverifiedforoceanwavesinaspace–time
domainbyFedele(2012),andthereafterfurtherdevelopedby
Benetazzoetal.(2015)totakeintoaccountweaklynonlinear
randomwavefieldsuptosecondorderin«.Withregardsto
themaximumcrest-to-troughwaveheight(HMAX),wecon-
siderthelinearquasi-determinismtheorybyBoccotti(2000)
whichtakesintoaccountthenarrow-bandednessofthesea
state.Thesemaximacanbededucedfromtheirexpected
valueusingintegratedspectralparameters,providedthatthe
seastateistemporallystationaryandspatiallyhomogeneous
(AdlerandTaylor2007).Suchassumptionsmaybealteredin

arapidlyvaryingtidalcurrentandwillbetreatedinthesubse-
quentsection.

Inessence,theSTEsareproportionaltoHs,andsubse-
quentlymodifiedbyparametersthatconstitutetheaverage
numberofwaves(N3D),wavesteepness(«),andspectral
bandwidth(f

*
),whichwillnowbeintroducedinthatorder

(Benetazzoetal.2021a).First,theaveragenumberofwaves
withinGis(Fedele2012)
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whereLx,Ly,Tmdenotelengthscalesassociatedwiththe
meancrestlength(intheXandYdirection)andthezero-
crossingmeanperiod,respectively.Furthermore,theaverage
numberofwavesattheboundariesandattheedgesofG

reads
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respectively.Studieshaveshownthattheaveragenumberof
waveswithintheinteriorofthespace–timedomain,i.e.,N3D,
dominateovertheothersforlarge-sizedspace–timedomains,
andisthereforeconsideredhere(Fedele2012;Benetazzo
etal.2021a).Thedegreeoforganizationinthespace–time
wavefieldischaracterizedbytheexpressioncontainingthe
squarerootin(10):

A5�������������������������������������������� 12a2
xt2a2

xy2a2
yt12axtaxyayt √,(13)

whichoriginatesfromthedeterminantofthecovariancema-
trixofh(t,x)[seeEqs.(5)–(7)byBenetazzoetal.(2021a)].
ThevariablesinAarecommonlyreferredtoasthe“irregularity
parameters”(BaxevaniandRychlik2006).Theseparameters
canbecomputedfromspectralmomentsas
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where
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From(10),itfollowsthatN3DismaximizedforA51and
minimizedforA50.Moredetailsaboutthespectraldistribu-
tionsassociatedwithAarefoundinBaxevaniandRychlik
(2006).

TABLE1.Waveparametermodulationduetowavestraining
onsteadycurrentsaccordingto(7).Theleftandrightsidesshow
theratioinwavevariables(subscript0meanszerocurrent)fora
5-and12-speriodwave,respectively.Inallcases,a051m.
EachrowdenotesdifferenteffectivecurrentsUeff.

T055sT0512s

Ueff(ms
21

)a/a0k/k0«/«0a/a0k/k0«/«0

1.50.740.740.550.870.870.75
10.810.80.650.910.910.82
0.50.890.890.790.950.950.9
20.51.161.151.331.061.061.12
211.411.391.951.131.121.26
21.51.951.823.551.211.21.45
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wave,respectively.AsummaryfordifferentvaluesofUeff

andwaveperiodsaregiveninTable1.Fromtheabovecon-
siderations,bothkand���E√aremodulatedsimultaneouslyby
wavestraining,andconsequently«isverysensitivetotheam-
bientcurrent(Vincent1979).

3.Statisticalmodelsforextremewavesinaspace–
timedomain

Thezeromeanseasurfaceelevationisdenotedh(t,x).The
seastatecanbecharacterizedbyHs54b,wherebisthestan-
darddeviationofh(t,x).BuildingupontheresultsbyFedele
(2012),Benetazzoetal.(2015),andBoccotti(2000),wecon-
sidera3Dspace–timedomainG5XYD,whereXandYare
thesizeofthesidesofarectangularsurfaceareaandDisthe
durationofatimeinterval(seeFig.1inFedele2012).Here
fundamentalpropertiesoftheSTEmodelsaredescribed,
withparticularfocusontheseastateparametersthatarees-
sentialfortheSTEs.

a.Expectedextremewavecrestsandheights

AssumingaGaussianprobabilitydistributionofhforevery
pointwithinG,thenthemaximumindividualcrestheight
hMAXcanbedefinedintermsofanexceedanceprobabilityby
athresholdz:

PST,MAX5Pr{hMAX.z|(x,y,t)2G},(9)

wheresubscriptSTstandsforspace–time.TheSTEmodelfor
hMAXisbasedontheso-called“Eulercharacteristics”valid
forndimensions(AdlerandTaylor2007),whichwasfirstre-
ducedton53andverifiedforoceanwavesinaspace–time
domainbyFedele(2012),andthereafterfurtherdevelopedby
Benetazzoetal.(2015)totakeintoaccountweaklynonlinear
randomwavefieldsuptosecondorderin«.Withregardsto
themaximumcrest-to-troughwaveheight(HMAX),wecon-
siderthelinearquasi-determinismtheorybyBoccotti(2000)
whichtakesintoaccountthenarrow-bandednessofthesea
state.Thesemaximacanbededucedfromtheirexpected
valueusingintegratedspectralparameters,providedthatthe
seastateistemporallystationaryandspatiallyhomogeneous
(AdlerandTaylor2007).Suchassumptionsmaybealteredin

arapidlyvaryingtidalcurrentandwillbetreatedinthesubse-
quentsection.

Inessence,theSTEsareproportionaltoHs,andsubse-
quentlymodifiedbyparametersthatconstitutetheaverage
numberofwaves(N3D),wavesteepness(«),andspectral
bandwidth(f

*
),whichwillnowbeintroducedinthatorder

(Benetazzoetal.2021a).First,theaveragenumberofwaves
withinGis(Fedele2012)
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whereLx,Ly,Tmdenotelengthscalesassociatedwiththe
meancrestlength(intheXandYdirection)andthezero-
crossingmeanperiod,respectively.Furthermore,theaverage
numberofwavesattheboundariesandattheedgesofG
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respectively.Studieshaveshownthattheaveragenumberof
waveswithintheinteriorofthespace–timedomain,i.e.,N3D,
dominateovertheothersforlarge-sizedspace–timedomains,
andisthereforeconsideredhere(Fedele2012;Benetazzo
etal.2021a).Thedegreeoforganizationinthespace–time
wavefieldischaracterizedbytheexpressioncontainingthe
squarerootin(10):
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yt12axtaxyayt √,(13)

whichoriginatesfromthedeterminantofthecovariancema-
trixofh(t,x)[seeEqs.(5)–(7)byBenetazzoetal.(2021a)].
ThevariablesinAarecommonlyreferredtoasthe“irregularity
parameters”(BaxevaniandRychlik2006).Theseparameters
canbecomputedfromspectralmomentsas
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From(10),itfollowsthatN3DismaximizedforA51and
minimizedforA50.Moredetailsaboutthespectraldistribu-
tionsassociatedwithAarefoundinBaxevaniandRychlik
(2006).

TABLE1.Waveparametermodulationduetowavestraining
onsteadycurrentsaccordingto(7).Theleftandrightsidesshow
theratioinwavevariables(subscript0meanszerocurrent)fora
5-and12-speriodwave,respectively.Inallcases,a051m.
EachrowdenotesdifferenteffectivecurrentsUeff.

T055sT0512s

Ueff(ms
21

)a/a0k/k0«/«0a/a0k/k0«/«0

1.50.740.740.550.870.870.75
10.810.80.650.910.910.82
0.50.890.890.790.950.950.9
20.51.161.151.331.061.061.12
211.411.391.951.131.121.26
21.51.951.823.551.211.21.45
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wave,respectively.AsummaryfordifferentvaluesofUeff
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The degree of nonlinearity for a weakly nonlinear sea state
is determined by the spectral steepness «, which is related to
the skewness coefficient of the sea state (i.e., the third-order
moment of its probability density function). A characteristic «
for deep water is (Fedele and Tayfun 2009)

« 5
bs2

1

g
(1 2 n 1 n2), (18)

where s1 5 m001/m000 is the average angular frequency and

n 5
�������������������������
m002m000/m

2
001 2 1

√
, (19)

is a spectral bandwidth parameter proposed by Longuet-
Higgins (1975). For simplicity, the wave steepness is denoted
by « in (7) and (18), even though the first represents a mono-
chromatic wave field and the second is a measure of the spec-
tral steepness with finite bandwidth.

The bandwidth parameter f* draws upon the quasi-determinism
theory of Boccotti (2000) and characterizes the narrow-bandedness
of the sea state. Formally, it stems from the autocovariance func-
tion for h(t),

f(t) 5 hh(t)h(t 1 t)i: (20)

Here, t and angle brackets h?i denote time lag and temporal
mean, respectively. The narrow-bandedness is defined as

f* ;
f(t*)
f(0) , (21)

where

f(t) 5
�
E(s)cos(st)ds, (22)

and t* is the time lag of the first minimum of f(t). Typical values
for f* are21 for an infinitely narrow frequency spectrum and in
the range [20.75,20.65] for wind-sea conditions (Boccotti 2000).

The expected maximum wave crest within a space–time do-
main G can be derived from the exceedance probability (9).
Corrected to second order in «, it is defined as (Benetazzo
et al. 2021a)

hMAX,ST 5 b h1 1
«

2
h21

( )
1 bg

[
(1 1 «h1)

3 h1 2
2N3Dh1 1 N2D

N3Dh
2
1 1 N2Dh1 1 N1D

( )21]
, (23)

where subscript ST stands for space–time and expected values
are denoted by the overbar operator ( ? ). Here, h1 is the nor-
malized mode of the probability density function of the linear
STE (see appendix A in Benetazzo et al. 2017), and the
Euler–Mascheroni constant g ≃ 0.5772 is obtained by follow-
ing the asymptotic extreme distribution by Gumbel (1958).
For a single point in space, i.e., X5 Y5 0, (23) reduces to the
time-extreme model proposed by Tayfun (1980), which in turn
reduces to the model proposed by Longuet-Higgins (1957) for

« 5 0. The expected maximum linear crest-to-trough wave
heights within G can be computed from the linear hMAX,ST, i.e.,
with « 5 0, (Boccotti 2000),

HMAX,ST 5 b h1 1 g h1 2
2N3Dh1 1 N2D

N3Dh
2
1 1 N2Dh1 1 N1D

( )21⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

3

�������������
2(1 2 f*)

√
: (24)

Here, the expected extreme height increases with decreasing
f*. Thus, HMAX is maximized for an infinitely narrow sea
state where f* 521 (Boccotti 2000).

In general, hMAX,ST in (23) increases with increasing
b 5 Hs/4, N3D, and «, and vice versa (Benetazzo et al.
2021a). Similar modulations are found for HMAX,ST in (24)
through the parameters b, N3D, and |f*| (|?| denotes the ab-
solute value). Thus, (23) and (24) can be written in a simpli-
fied form as (Benetazzo et al. 2021a)

hMAX,ST

Hs
5 Fh(«, N3D), (25)

HMAX,ST

Hs
5 FH(|f*|, N3D), (26)

where Fh and FH denote the functional dependence with re-
spect to the maximum h andH, respectively.

b. Sea state homogeneity under ambient currents

The wave spectrum E(s, u), and associated integrated vari-
ables, from a wave record at a single point xi, yi can be com-
puted if the sea surface elevation h(t, xi, yi) can be considered
a stationary Gaussian process. Such an assumption generally
holds for wave records with maximum duration D 5 15–30 min
(Holthuijsen 2007, p. 56). Similarly, homogeneous means that
variables are statistically invariant in space so that E(s, u), com-
puted over a duration interval D, does not change within the
area. Such an assumption generally holds for square areas with
sides of about 10 wavelengths in the open ocean (Boccotti 2000,
p. 251). In wave modeling, the homogeneity condition in space
and time is satisfied by keeping X and Y within O(102)m, and
smaller than the model grid size (Benetazzo et al. 2021b).

With regards to ambient currents, we consider mean flows
with spatiotemporal variability much less than the characteris-
tic length scales for ocean waves. This can be formalized by
requiring (Peregrine 1976)

max
∣∣∣∣ 1U­U

­t

∣∣∣∣ ,, s, max
∣∣∣∣ 1U=hU

∣∣∣∣ ,, k, (27)

where =h denotes the horizontal gradient operator.

4. Model specifications, study region, and observations

a. Spectral wave model and oceanic current forcing

To assess the impact by Moskstraumen on the wave field,
we used the WAM third-generation spectral wave model
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Thedegreeofnonlinearityforaweaklynonlinearseastate
isdeterminedbythespectralsteepness«,whichisrelatedto
theskewnesscoefficientoftheseastate(i.e.,thethird-order
momentofitsprobabilitydensityfunction).Acharacteristic«
fordeepwateris(FedeleandTayfun2009)
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isaspectralbandwidthparameterproposedbyLonguet-
Higgins(1975).Forsimplicity,thewavesteepnessisdenoted
by«in(7)and(18),eventhoughthefirstrepresentsamono-
chromaticwavefieldandthesecondisameasureofthespec-
tralsteepnesswithfinitebandwidth.

Thebandwidthparameterf*drawsuponthequasi-determinism
theoryofBoccotti(2000)andcharacterizesthenarrow-bandedness
oftheseastate.Formally,itstemsfromtheautocovariancefunc-
tionforh(t),

f(t)5hh(t)h(t1t)i:(20)

Here,tandanglebracketsh?idenotetimelagandtemporal
mean,respectively.Thenarrow-bandednessisdefinedas

f*;
f(t*)
f(0),(21)

where

f(t)5
�

E(s)cos(st)ds,(22)

andt*isthetimelagofthefirstminimumoff(t).Typicalvalues
forf*are21foraninfinitelynarrowfrequencyspectrumandin
therange[20.75,20.65]forwind-seaconditions(Boccotti2000).

Theexpectedmaximumwavecrestwithinaspace–timedo-
mainGcanbederivedfromtheexceedanceprobability(9).
Correctedtosecondorderin«,itisdefinedas(Benetazzo
etal.2021a)

hMAX,ST5bh11
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2
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2
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()21]
,(23)

wheresubscriptSTstandsforspace–timeandexpectedvalues
aredenotedbytheoverbaroperator(?).Here,h1isthenor-
malizedmodeoftheprobabilitydensityfunctionofthelinear
STE(seeappendixAinBenetazzoetal.2017),andthe
Euler–Mascheroniconstantg≃0.5772isobtainedbyfollow-
ingtheasymptoticextremedistributionbyGumbel(1958).
Forasinglepointinspace,i.e.,X5Y50,(23)reducestothe
time-extrememodelproposedbyTayfun(1980),whichinturn
reducestothemodelproposedbyLonguet-Higgins(1957)for

«50.Theexpectedmaximumlinearcrest-to-troughwave
heightswithinGcanbecomputedfromthelinearhMAX,ST,i.e.,
with«50,(Boccotti2000),

HMAX,ST5bh11gh12
2N3Dh11N2D

N3Dh
2
11N2Dh11N1D
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⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
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Here,theexpectedextremeheightincreaseswithdecreasing
f*.Thus,HMAXismaximizedforaninfinitelynarrowsea
statewheref*521(Boccotti2000).

Ingeneral,hMAX,STin(23)increaseswithincreasing
b5Hs/4,N3D,and«,andviceversa(Benetazzoetal.
2021a).SimilarmodulationsarefoundforHMAX,STin(24)
throughtheparametersb,N3D,and|f*|(|?|denotestheab-
solutevalue).Thus,(23)and(24)canbewritteninasimpli-
fiedformas(Benetazzoetal.2021a)

hMAX,ST

Hs
5Fh(«,N3D),(25)

HMAX,ST

Hs
5FH(|f*|,N3D),(26)

whereFhandFHdenotethefunctionaldependencewithre-
specttothemaximumhandH,respectively.

b.Seastatehomogeneityunderambientcurrents

ThewavespectrumE(s,u),andassociatedintegratedvari-
ables,fromawaverecordatasinglepointxi,yicanbecom-
putediftheseasurfaceelevationh(t,xi,yi)canbeconsidered
astationaryGaussianprocess.Suchanassumptiongenerally
holdsforwaverecordswithmaximumdurationD515–30min
(Holthuijsen2007,p.56).Similarly,homogeneousmeansthat
variablesarestatisticallyinvariantinspacesothatE(s,u),com-
putedoveradurationintervalD,doesnotchangewithinthe
area.Suchanassumptiongenerallyholdsforsquareareaswith
sidesofabout10wavelengthsintheopenocean(Boccotti2000,
p.251).Inwavemodeling,thehomogeneityconditioninspace
andtimeissatisfiedbykeepingXandYwithinO(102)m,and
smallerthanthemodelgridsize(Benetazzoetal.2021b).

Withregardstoambientcurrents,weconsidermeanflows
withspatiotemporalvariabilitymuchlessthanthecharacteris-
ticlengthscalesforoceanwaves.Thiscanbeformalizedby
requiring(Peregrine1976)

max
∣∣∣∣1U­U

­t

∣∣∣∣,,s,max
∣∣∣∣1U=hU

∣∣∣∣,,k,(27)

where=hdenotesthehorizontalgradientoperator.

4.Modelspecifications,studyregion,andobservations

a.Spectralwavemodelandoceaniccurrentforcing

ToassesstheimpactbyMoskstraumenonthewavefield,
weusedtheWAMthird-generationspectralwavemodel
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The degree of nonlinearity for a weakly nonlinear sea state
is determined by the spectral steepness «, which is related to
the skewness coefficient of the sea state (i.e., the third-order
moment of its probability density function). A characteristic «
for deep water is (Fedele and Tayfun 2009)
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is a spectral bandwidth parameter proposed by Longuet-
Higgins (1975). For simplicity, the wave steepness is denoted
by « in (7) and (18), even though the first represents a mono-
chromatic wave field and the second is a measure of the spec-
tral steepness with finite bandwidth.

The bandwidth parameter f
*
draws upon the quasi-determinism

theory of Boccotti (2000) and characterizes the narrow-bandedness
of the sea state. Formally, it stems from the autocovariance func-
tion for h(t),

f(t) 5 hh(t)h(t 1 t)i: (20)

Here, t and angle brackets h?i denote time lag and temporal
mean, respectively. The narrow-bandedness is defined as

f
*
;

f(t*)
f(0)

, (21)

where

f(t) 5 � E(s)cos(st)ds, (22)

and t* is the time lag of the first minimum of f(t). Typical values
for f

*
are21 for an infinitely narrow frequency spectrum and in

the range [20.75,20.65] for wind-sea conditions (Boccotti 2000).
The expected maximum wave crest within a space–time do-

main G can be derived from the exceedance probability (9).
Corrected to second order in «, it is defined as (Benetazzo
et al. 2021a)

hMAX,ST 5 b h1 1
«

2
h2
1( ) 1 bg[(1 1 «h1)

3 h1 2
2N3Dh1 1 N2D

N3Dh2
1 1 N2Dh1 1 N1D

( )21], (23)

where subscript ST stands for space–time and expected values
are denoted by the overbar operator ( ? ). Here, h1 is the nor-
malized mode of the probability density function of the linear
STE (see appendix A in Benetazzo et al. 2017), and the
Euler–Mascheroni constant g ≃ 0.5772 is obtained by follow-
ing the asymptotic extreme distribution by Gumbel (1958).
For a single point in space, i.e., X5 Y5 0, (23) reduces to the
time-extreme model proposed by Tayfun (1980), which in turn
reduces to the model proposed by Longuet-Higgins (1957) for

« 5 0. The expected maximum linear crest-to-trough wave
heights within G can be computed from the linear hMAX,ST, i.e.,
with « 5 0, (Boccotti 2000),

HMAX,ST 5 b h1 1 g h1 2
2N3Dh1 1 N2D

N3Dh2
1 1 N2Dh1 1 N1D
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*
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Here, the expected extreme height increases with decreasing
f
*
. Thus, HMAX is maximized for an infinitely narrow sea

state where f
*
521 (Boccotti 2000).

In general, hMAX,ST in (23) increases with increasing
b 5 Hs/4, N3D, and «, and vice versa (Benetazzo et al.
2021a). Similar modulations are found for HMAX,ST in (24)
through the parameters b, N3D, and |f

*
| (|?| denotes the ab-

solute value). Thus, (23) and (24) can be written in a simpli-
fied form as (Benetazzo et al. 2021a)

hMAX,ST

Hs
5 Fh(«, N3D), (25)

HMAX,ST

Hs
5 FH(|f

*
|, N3D), (26)

where Fh and FH denote the functional dependence with re-
spect to the maximum h andH, respectively.

b. Sea state homogeneity under ambient currents

The wave spectrum E(s, u), and associated integrated vari-
ables, from a wave record at a single point xi, yi can be com-
puted if the sea surface elevation h(t, xi, yi) can be considered
a stationary Gaussian process. Such an assumption generally
holds for wave records with maximum duration D 5 15–30 min
(Holthuijsen 2007, p. 56). Similarly, homogeneous means that
variables are statistically invariant in space so that E(s, u), com-
puted over a duration interval D, does not change within the
area. Such an assumption generally holds for square areas with
sides of about 10 wavelengths in the open ocean (Boccotti 2000,
p. 251). In wave modeling, the homogeneity condition in space
and time is satisfied by keeping X and Y within O(10

2
)m, and

smaller than the model grid size (Benetazzo et al. 2021b).
With regards to ambient currents, we consider mean flows

with spatiotemporal variability much less than the characteris-
tic length scales for ocean waves. This can be formalized by
requiring (Peregrine 1976)

max∣∣∣∣ 1
U
­U
­t

∣∣∣∣ ,, s, max∣∣∣∣ 1
U
=hU∣∣∣∣ ,, k, (27)

where =h denotes the horizontal gradient operator.

4. Model specifications, study region, and observations

a. Spectral wave model and oceanic current forcing

To assess the impact by Moskstraumen on the wave field,
we used the WAM third-generation spectral wave model
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The degree of nonlinearity for a weakly nonlinear sea state
is determined by the spectral steepness «, which is related to
the skewness coefficient of the sea state (i.e., the third-order
moment of its probability density function). A characteristic «
for deep water is (Fedele and Tayfun 2009)
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The wave spectrum E(s, u), and associated integrated vari-
ables, from a wave record at a single point xi, yi can be com-
puted if the sea surface elevation h(t, xi, yi) can be considered
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holds for wave records with maximum duration D 5 15–30 min
(Holthuijsen 2007, p. 56). Similarly, homogeneous means that
variables are statistically invariant in space so that E(s, u), com-
puted over a duration interval D, does not change within the
area. Such an assumption generally holds for square areas with
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p. 251). In wave modeling, the homogeneity condition in space
and time is satisfied by keeping X and Y within O(10
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)m, and
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With regards to ambient currents, we consider mean flows
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Thedegreeofnonlinearityforaweaklynonlinearseastate
isdeterminedbythespectralsteepness«,whichisrelatedto
theskewnesscoefficientoftheseastate(i.e.,thethird-order
momentofitsprobabilitydensityfunction).Acharacteristic«
fordeepwateris(FedeleandTayfun2009)

«5
bs2

1

g(12n1n2),(18)

wheres15m001/m000istheaverageangularfrequencyand

n5������������������������� m002m000/m2
00121 √,(19)

isaspectralbandwidthparameterproposedbyLonguet-
Higgins(1975).Forsimplicity,thewavesteepnessisdenoted
by«in(7)and(18),eventhoughthefirstrepresentsamono-
chromaticwavefieldandthesecondisameasureofthespec-
tralsteepnesswithfinitebandwidth.

Thebandwidthparameterf
*
drawsuponthequasi-determinism

theoryofBoccotti(2000)andcharacterizesthenarrow-bandedness
oftheseastate.Formally,itstemsfromtheautocovariancefunc-
tionforh(t),

f(t)5hh(t)h(t1t)i:(20)

Here,tandanglebracketsh?idenotetimelagandtemporal
mean,respectively.Thenarrow-bandednessisdefinedas

f
*
;

f(t*)
f(0)

,(21)

where

f(t)5�E(s)cos(st)ds,(22)

andt*isthetimelagofthefirstminimumoff(t).Typicalvalues
forf

*
are21foraninfinitelynarrowfrequencyspectrumandin

therange[20.75,20.65]forwind-seaconditions(Boccotti2000).
Theexpectedmaximumwavecrestwithinaspace–timedo-

mainGcanbederivedfromtheexceedanceprobability(9).
Correctedtosecondorderin«,itisdefinedas(Benetazzo
etal.2021a)

hMAX,ST5bh11
«

2
h2
1 ()1bg[(11«h1)

3h12
2N3Dh11N2D

N3Dh2
11N2Dh11N1D

()21],(23)

wheresubscriptSTstandsforspace–timeandexpectedvalues
aredenotedbytheoverbaroperator(?).Here,h1isthenor-
malizedmodeoftheprobabilitydensityfunctionofthelinear
STE(seeappendixAinBenetazzoetal.2017),andthe
Euler–Mascheroniconstantg≃0.5772isobtainedbyfollow-
ingtheasymptoticextremedistributionbyGumbel(1958).
Forasinglepointinspace,i.e.,X5Y50,(23)reducestothe
time-extrememodelproposedbyTayfun(1980),whichinturn
reducestothemodelproposedbyLonguet-Higgins(1957)for

«50.Theexpectedmaximumlinearcrest-to-troughwave
heightswithinGcanbecomputedfromthelinearhMAX,ST,i.e.,
with«50,(Boccotti2000),

HMAX,ST5bh11gh12
2N3Dh11N2D

N3Dh2
11N2Dh11N1D

()21 ⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢
⎢⎢⎣
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3������������� 2(12f
*
) √:(24)

Here,theexpectedextremeheightincreaseswithdecreasing
f
*
.Thus,HMAXismaximizedforaninfinitelynarrowsea

statewheref
*
521(Boccotti2000).

Ingeneral,hMAX,STin(23)increaseswithincreasing
b5Hs/4,N3D,and«,andviceversa(Benetazzoetal.
2021a).SimilarmodulationsarefoundforHMAX,STin(24)
throughtheparametersb,N3D,and|f

*
|(|?|denotestheab-

solutevalue).Thus,(23)and(24)canbewritteninasimpli-
fiedformas(Benetazzoetal.2021a)

hMAX,ST

Hs
5Fh(«,N3D),(25)

HMAX,ST

Hs
5FH(|f

*
|,N3D),(26)

whereFhandFHdenotethefunctionaldependencewithre-
specttothemaximumhandH,respectively.

b.Seastatehomogeneityunderambientcurrents

ThewavespectrumE(s,u),andassociatedintegratedvari-
ables,fromawaverecordatasinglepointxi,yicanbecom-
putediftheseasurfaceelevationh(t,xi,yi)canbeconsidered
astationaryGaussianprocess.Suchanassumptiongenerally
holdsforwaverecordswithmaximumdurationD515–30min
(Holthuijsen2007,p.56).Similarly,homogeneousmeansthat
variablesarestatisticallyinvariantinspacesothatE(s,u),com-
putedoveradurationintervalD,doesnotchangewithinthe
area.Suchanassumptiongenerallyholdsforsquareareaswith
sidesofabout10wavelengthsintheopenocean(Boccotti2000,
p.251).Inwavemodeling,thehomogeneityconditioninspace
andtimeissatisfiedbykeepingXandYwithinO(10

2
)m,and

smallerthanthemodelgridsize(Benetazzoetal.2021b).
Withregardstoambientcurrents,weconsidermeanflows

withspatiotemporalvariabilitymuchlessthanthecharacteris-
ticlengthscalesforoceanwaves.Thiscanbeformalizedby
requiring(Peregrine1976)

max∣∣∣∣1
U
­U
­t

∣∣∣∣,,s,max∣∣∣∣1
U
=hU∣∣∣∣,,k,(27)

where=hdenotesthehorizontalgradientoperator.

4.Modelspecifications,studyregion,andobservations

a.Spectralwavemodelandoceaniccurrentforcing

ToassesstheimpactbyMoskstraumenonthewavefield,
weusedtheWAMthird-generationspectralwavemodel
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(Komen et al. 1994). In WAM, the sea state is modeled by
solving the wave action evolution equation, i.e., a spectral rep-
resentation of N 5 N(s, u; x, t) with a nonzero right hand side
of (5), which in deep water takes the form (Komen et al.
1994)

­N
­t

1 =h(ẋN) 1 =k(k̇N) 5 Sin 1 Snl 1 Sds
s

: (28)

Here, =k is the wavenumber gradient operator and the wave
kinematics on the left hand side are

ẋ 5
dx
dt

5 cg 1 U(t, x), (29)

k̇ 5
dk
dt

52k ? =hU(t, x): (30)

Here, (29) is the advection of wave action density and (30)
models refraction and the change in wavenumber components
as the wave propagation direction is normal to the wavenum-
ber vector. The wind input Sin and the wave breaking Sds to-
gether with the nonlinear quadruple wave–wave interaction
Snl make up the source terms in (28).

Two 800-m resolution WAM simulations were carried out.
The first included only wind forcing and lateral spectral
boundary conditions from a coarser (4 km) outer wave model.
Wind forcing was taken from the operational 2.5-km resolu-
tion Arome Arctic NWP model operated by the Norwegian
Meteorological Institute, with further specifications given in
Müller et al. (2017). The second run also included surface cur-
rent forcing fromMET Norway’s operational ROMS (Regional
Ocean Modeling System; Shchepetkin and McWilliams 2005)
model, also at an 800-m horizontal resolution. The ocean sur-
face current was included in the wave kinematics, (29) and (30).
The two model simulations are hereafter referred to as W and
W1C, which stand for wind and wind 1 currents, respectively.
These simulations are based on the same model setup as reported
by Halsne et al. (2022), which provide more details about the forc-
ing fields and wave model specifications. However, the WAM
simulations were further extended by including the computation

of STEs (Benetazzo et al. 2021b). Here, the dimensions of the
space–time domain G 5 XYD wereX5 Y5 200 m, and the du-
ration was D 5 1200 s, after the general recommendations in
Benetazzo et al. (2021b).

b. Moskstraumen and characteristic met-ocean conditions

The Lofoten region is located within the belt of westerlies
and thus characterized by westerly waves coming from the open
ocean, which include local wind sea and the near constant pres-
ence of remotely generated swell. On the east side of the strait,
we find the Vestfjorden basin, which is about 100 km wide in
the east–west direction (Fig. 1). The Lofoten area is therefore
not exposed to swell from the east, but will become subject to
local easterly wind sea under certain synoptic situations.

There is an asymmetry in the flow field when Moskstrau-
men is flowing west and east (Børve et al. 2021). When flow-
ing west, Moskstraumen takes the form of a narrow jet with
eddies occurring in the vicinity regions with strong shear.
Flowing east, Moskstraumen is much broader in extent, and
thus characterized with a more uniform flow field. This flow
field is exemplified in Fig. 1 but also seen in the 800-m ocean
model (Fig. 2a). Even though the ocean model is able to pro-
vide a qualitatively good representation of Moskstraumen, it
is incapable of resolving all the complex subgrid processes.
For example, when the current turns from flowing eastward
to westward at slack tide, the northern part turns first and
then gradually further south, which results in an area of strong
horizontal shear (Halsne et al. 2022). The gradual turning is
resolved in the ocean model, but the timing and magnitude of
the gradients are not always correct. The phases whenMoskstrau-
men is flowing west and east are hereafter referred to as outgoing
tide and incoming tide, respectively. An example of Moskstrau-
men during maximum speed at incoming tide, together with its
impact on the wave field inWAM, is shown in Fig. 2.

c. ADCP observations

Three months during winter 2019, concurrent wave and cur-
rent measurements from a bottom-mounted Nortek Signature
500-kHz acoustic Doppler velocity profiler (ADCP) were

2019-01-25T11
a b c d

FIG. 2. Snapshots of Moskstraumen during maximum speed and its impact on the wave field. Panels denote (a) the current speed and
direction, (b) Hs from W1C, (c) Hs from W, and (d) their relative difference according to (31). Black arrows in (b) and (c) denote the
peak wave direction.
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(Komenetal.1994).InWAM,theseastateismodeledby
solvingthewaveactionevolutionequation,i.e.,aspectralrep-
resentationofN5N(s,u;x,t)withanonzerorighthandside
of(5),whichindeepwatertakestheform(Komenetal.
1994)

­N
­t

1=h(ẋN)1=k(k̇N)5Sin1Snl1Sds
s

:(28)

Here,=kisthewavenumbergradientoperatorandthewave
kinematicsonthelefthandsideare

ẋ5
dx
dt

5cg1U(t,x),(29)

k̇5
dk
dt

52k?=hU(t,x):(30)

Here,(29)istheadvectionofwaveactiondensityand(30)
modelsrefractionandthechangeinwavenumbercomponents
asthewavepropagationdirectionisnormaltothewavenum-
bervector.ThewindinputSinandthewavebreakingSdsto-
getherwiththenonlinearquadruplewave–waveinteraction
Snlmakeupthesourcetermsin(28).

Two800-mresolutionWAMsimulationswerecarriedout.
Thefirstincludedonlywindforcingandlateralspectral
boundaryconditionsfromacoarser(4km)outerwavemodel.
Windforcingwastakenfromtheoperational2.5-kmresolu-
tionAromeArcticNWPmodeloperatedbytheNorwegian
MeteorologicalInstitute,withfurtherspecificationsgivenin
Mülleretal.(2017).Thesecondrunalsoincludedsurfacecur-
rentforcingfromMETNorway’soperationalROMS(Regional
OceanModelingSystem;ShchepetkinandMcWilliams2005)
model,alsoatan800-mhorizontalresolution.Theoceansur-
facecurrentwasincludedinthewavekinematics,(29)and(30).
ThetwomodelsimulationsarehereafterreferredtoasWand
W1C,whichstandforwindandwind1currents,respectively.
Thesesimulationsarebasedonthesamemodelsetupasreported
byHalsneetal.(2022),whichprovidemoredetailsabouttheforc-
ingfieldsandwavemodelspecifications.However,theWAM
simulationswerefurtherextendedbyincludingthecomputation

ofSTEs(Benetazzoetal.2021b).Here,thedimensionsofthe
space–timedomainG5XYDwereX5Y5200m,andthedu-
rationwasD51200s,afterthegeneralrecommendationsin
Benetazzoetal.(2021b).

b.Moskstraumenandcharacteristicmet-oceanconditions

TheLofotenregionislocatedwithinthebeltofwesterlies
andthuscharacterizedbywesterlywavescomingfromtheopen
ocean,whichincludelocalwindseaandthenearconstantpres-
enceofremotelygeneratedswell.Ontheeastsideofthestrait,
wefindtheVestfjordenbasin,whichisabout100kmwidein
theeast–westdirection(Fig.1).TheLofotenareaistherefore
notexposedtoswellfromtheeast,butwillbecomesubjectto
localeasterlywindseaundercertainsynopticsituations.

ThereisanasymmetryintheflowfieldwhenMoskstrau-
menisflowingwestandeast(Børveetal.2021).Whenflow-
ingwest,Moskstraumentakestheformofanarrowjetwith
eddiesoccurringinthevicinityregionswithstrongshear.
Flowingeast,Moskstraumenismuchbroaderinextent,and
thuscharacterizedwithamoreuniformflowfield.Thisflow
fieldisexemplifiedinFig.1butalsoseeninthe800-mocean
model(Fig.2a).Eventhoughtheoceanmodelisabletopro-
videaqualitativelygoodrepresentationofMoskstraumen,it
isincapableofresolvingallthecomplexsubgridprocesses.
Forexample,whenthecurrentturnsfromflowingeastward
towestwardatslacktide,thenorthernpartturnsfirstand
thengraduallyfurthersouth,whichresultsinanareaofstrong
horizontalshear(Halsneetal.2022).Thegradualturningis
resolvedintheoceanmodel,butthetimingandmagnitudeof
thegradientsarenotalwayscorrect.ThephaseswhenMoskstrau-
menisflowingwestandeastarehereafterreferredtoasoutgoing
tideandincomingtide,respectively.AnexampleofMoskstrau-
menduringmaximumspeedatincomingtide,togetherwithits
impactonthewavefieldinWAM,isshowninFig.2.

c.ADCPobservations

Threemonthsduringwinter2019,concurrentwaveandcur-
rentmeasurementsfromabottom-mountedNortekSignature
500-kHzacousticDopplervelocityprofiler(ADCP)were

2019-01-25T11
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FIG.2.SnapshotsofMoskstraumenduringmaximumspeedanditsimpactonthewavefield.Panelsdenote(a)thecurrentspeedand
direction,(b)HsfromW1C,(c)HsfromW,and(d)theirrelativedifferenceaccordingto(31).Blackarrowsin(b)and(c)denotethe
peakwavedirection.
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(Komenetal.1994).InWAM,theseastateismodeledby
solvingthewaveactionevolutionequation,i.e.,aspectralrep-
resentationofN5N(s,u;x,t)withanonzerorighthandside
of(5),whichindeepwatertakestheform(Komenetal.
1994)

­N
­t

1=h(ẋN)1=k(k̇N)5Sin1Snl1Sds
s

:(28)

Here,=kisthewavenumbergradientoperatorandthewave
kinematicsonthelefthandsideare

ẋ5
dx
dt

5cg1U(t,x),(29)

k̇5
dk
dt

52k?=hU(t,x):(30)

Here,(29)istheadvectionofwaveactiondensityand(30)
modelsrefractionandthechangeinwavenumbercomponents
asthewavepropagationdirectionisnormaltothewavenum-
bervector.ThewindinputSinandthewavebreakingSdsto-
getherwiththenonlinearquadruplewave–waveinteraction
Snlmakeupthesourcetermsin(28).

Two800-mresolutionWAMsimulationswerecarriedout.
Thefirstincludedonlywindforcingandlateralspectral
boundaryconditionsfromacoarser(4km)outerwavemodel.
Windforcingwastakenfromtheoperational2.5-kmresolu-
tionAromeArcticNWPmodeloperatedbytheNorwegian
MeteorologicalInstitute,withfurtherspecificationsgivenin
Mülleretal.(2017).Thesecondrunalsoincludedsurfacecur-
rentforcingfromMETNorway’soperationalROMS(Regional
OceanModelingSystem;ShchepetkinandMcWilliams2005)
model,alsoatan800-mhorizontalresolution.Theoceansur-
facecurrentwasincludedinthewavekinematics,(29)and(30).
ThetwomodelsimulationsarehereafterreferredtoasWand
W1C,whichstandforwindandwind1currents,respectively.
Thesesimulationsarebasedonthesamemodelsetupasreported
byHalsneetal.(2022),whichprovidemoredetailsabouttheforc-
ingfieldsandwavemodelspecifications.However,theWAM
simulationswerefurtherextendedbyincludingthecomputation

ofSTEs(Benetazzoetal.2021b).Here,thedimensionsofthe
space–timedomainG5XYDwereX5Y5200m,andthedu-
rationwasD51200s,afterthegeneralrecommendationsin
Benetazzoetal.(2021b).

b.Moskstraumenandcharacteristicmet-oceanconditions

TheLofotenregionislocatedwithinthebeltofwesterlies
andthuscharacterizedbywesterlywavescomingfromtheopen
ocean,whichincludelocalwindseaandthenearconstantpres-
enceofremotelygeneratedswell.Ontheeastsideofthestrait,
wefindtheVestfjordenbasin,whichisabout100kmwidein
theeast–westdirection(Fig.1).TheLofotenareaistherefore
notexposedtoswellfromtheeast,butwillbecomesubjectto
localeasterlywindseaundercertainsynopticsituations.

ThereisanasymmetryintheflowfieldwhenMoskstrau-
menisflowingwestandeast(Børveetal.2021).Whenflow-
ingwest,Moskstraumentakestheformofanarrowjetwith
eddiesoccurringinthevicinityregionswithstrongshear.
Flowingeast,Moskstraumenismuchbroaderinextent,and
thuscharacterizedwithamoreuniformflowfield.Thisflow
fieldisexemplifiedinFig.1butalsoseeninthe800-mocean
model(Fig.2a).Eventhoughtheoceanmodelisabletopro-
videaqualitativelygoodrepresentationofMoskstraumen,it
isincapableofresolvingallthecomplexsubgridprocesses.
Forexample,whenthecurrentturnsfromflowingeastward
towestwardatslacktide,thenorthernpartturnsfirstand
thengraduallyfurthersouth,whichresultsinanareaofstrong
horizontalshear(Halsneetal.2022).Thegradualturningis
resolvedintheoceanmodel,butthetimingandmagnitudeof
thegradientsarenotalwayscorrect.ThephaseswhenMoskstrau-
menisflowingwestandeastarehereafterreferredtoasoutgoing
tideandincomingtide,respectively.AnexampleofMoskstrau-
menduringmaximumspeedatincomingtide,togetherwithits
impactonthewavefieldinWAM,isshowninFig.2.

c.ADCPobservations

Threemonthsduringwinter2019,concurrentwaveandcur-
rentmeasurementsfromabottom-mountedNortekSignature
500-kHzacousticDopplervelocityprofiler(ADCP)were
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FIG.2.SnapshotsofMoskstraumenduringmaximumspeedanditsimpactonthewavefield.Panelsdenote(a)thecurrentspeedand
direction,(b)HsfromW1C,(c)HsfromW,and(d)theirrelativedifferenceaccordingto(31).Blackarrowsin(b)and(c)denotethe
peakwavedirection.
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(Komen et al. 1994). In WAM, the sea state is modeled by
solving the wave action evolution equation, i.e., a spectral rep-
resentation of N 5 N(s, u; x, t) with a nonzero right hand side
of (5), which in deep water takes the form (Komen et al.
1994)

­N
­t

1 =h(ẋN) 1 =k(k̇N) 5
Sin 1 Snl 1 Sds

s
: (28)

Here, =k is the wavenumber gradient operator and the wave
kinematics on the left hand side are

ẋ 5
dx
dt

5 cg 1 U(t, x), (29)

k̇ 5
dk
dt

52k ? =hU(t, x): (30)

Here, (29) is the advection of wave action density and (30)
models refraction and the change in wavenumber components
as the wave propagation direction is normal to the wavenum-
ber vector. The wind input Sin and the wave breaking Sds to-
gether with the nonlinear quadruple wave–wave interaction
Snl make up the source terms in (28).

Two 800-m resolution WAM simulations were carried out.
The first included only wind forcing and lateral spectral
boundary conditions from a coarser (4 km) outer wave model.
Wind forcing was taken from the operational 2.5-km resolu-
tion Arome Arctic NWP model operated by the Norwegian
Meteorological Institute, with further specifications given in
Müller et al. (2017). The second run also included surface cur-
rent forcing fromMET Norway’s operational ROMS (Regional
Ocean Modeling System; Shchepetkin and McWilliams 2005)
model, also at an 800-m horizontal resolution. The ocean sur-
face current was included in the wave kinematics, (29) and (30).
The two model simulations are hereafter referred to as W and
W1C, which stand for wind and wind 1 currents, respectively.
These simulations are based on the same model setup as reported
by Halsne et al. (2022), which provide more details about the forc-
ing fields and wave model specifications. However, the WAM
simulations were further extended by including the computation

of STEs (Benetazzo et al. 2021b). Here, the dimensions of the
space–time domain G 5 XYD wereX5 Y5 200 m, and the du-
ration was D 5 1200 s, after the general recommendations in
Benetazzo et al. (2021b).

b. Moskstraumen and characteristic met-ocean conditions

The Lofoten region is located within the belt of westerlies
and thus characterized by westerly waves coming from the open
ocean, which include local wind sea and the near constant pres-
ence of remotely generated swell. On the east side of the strait,
we find the Vestfjorden basin, which is about 100 km wide in
the east–west direction (Fig. 1). The Lofoten area is therefore
not exposed to swell from the east, but will become subject to
local easterly wind sea under certain synoptic situations.

There is an asymmetry in the flow field when Moskstrau-
men is flowing west and east (Børve et al. 2021). When flow-
ing west, Moskstraumen takes the form of a narrow jet with
eddies occurring in the vicinity regions with strong shear.
Flowing east, Moskstraumen is much broader in extent, and
thus characterized with a more uniform flow field. This flow
field is exemplified in Fig. 1 but also seen in the 800-m ocean
model (Fig. 2a). Even though the ocean model is able to pro-
vide a qualitatively good representation of Moskstraumen, it
is incapable of resolving all the complex subgrid processes.
For example, when the current turns from flowing eastward
to westward at slack tide, the northern part turns first and
then gradually further south, which results in an area of strong
horizontal shear (Halsne et al. 2022). The gradual turning is
resolved in the ocean model, but the timing and magnitude of
the gradients are not always correct. The phases whenMoskstrau-
men is flowing west and east are hereafter referred to as outgoing
tide and incoming tide, respectively. An example of Moskstrau-
men during maximum speed at incoming tide, together with its
impact on the wave field inWAM, is shown in Fig. 2.

c. ADCP observations

Three months during winter 2019, concurrent wave and cur-
rent measurements from a bottom-mounted Nortek Signature
500-kHz acoustic Doppler velocity profiler (ADCP) were
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FIG. 2. Snapshots of Moskstraumen during maximum speed and its impact on the wave field. Panels denote (a) the current speed and
direction, (b) Hs from W1C, (c) Hs from W, and (d) their relative difference according to (31). Black arrows in (b) and (c) denote the
peak wave direction.
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(Komen et al. 1994). In WAM, the sea state is modeled by
solving the wave action evolution equation, i.e., a spectral rep-
resentation of N 5 N(s, u; x, t) with a nonzero right hand side
of (5), which in deep water takes the form (Komen et al.
1994)
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1 =h(ẋN) 1 =k(k̇N) 5
Sin 1 Snl 1 Sds

s
: (28)

Here, =k is the wavenumber gradient operator and the wave
kinematics on the left hand side are

ẋ 5
dx
dt

5 cg 1 U(t, x), (29)

k̇ 5
dk
dt

52k ? =hU(t, x): (30)

Here, (29) is the advection of wave action density and (30)
models refraction and the change in wavenumber components
as the wave propagation direction is normal to the wavenum-
ber vector. The wind input Sin and the wave breaking Sds to-
gether with the nonlinear quadruple wave–wave interaction
Snl make up the source terms in (28).

Two 800-m resolution WAM simulations were carried out.
The first included only wind forcing and lateral spectral
boundary conditions from a coarser (4 km) outer wave model.
Wind forcing was taken from the operational 2.5-km resolu-
tion Arome Arctic NWP model operated by the Norwegian
Meteorological Institute, with further specifications given in
Müller et al. (2017). The second run also included surface cur-
rent forcing fromMET Norway’s operational ROMS (Regional
Ocean Modeling System; Shchepetkin and McWilliams 2005)
model, also at an 800-m horizontal resolution. The ocean sur-
face current was included in the wave kinematics, (29) and (30).
The two model simulations are hereafter referred to as W and
W1C, which stand for wind and wind 1 currents, respectively.
These simulations are based on the same model setup as reported
by Halsne et al. (2022), which provide more details about the forc-
ing fields and wave model specifications. However, the WAM
simulations were further extended by including the computation

of STEs (Benetazzo et al. 2021b). Here, the dimensions of the
space–time domain G 5 XYD wereX5 Y5 200 m, and the du-
ration was D 5 1200 s, after the general recommendations in
Benetazzo et al. (2021b).

b. Moskstraumen and characteristic met-ocean conditions

The Lofoten region is located within the belt of westerlies
and thus characterized by westerly waves coming from the open
ocean, which include local wind sea and the near constant pres-
ence of remotely generated swell. On the east side of the strait,
we find the Vestfjorden basin, which is about 100 km wide in
the east–west direction (Fig. 1). The Lofoten area is therefore
not exposed to swell from the east, but will become subject to
local easterly wind sea under certain synoptic situations.

There is an asymmetry in the flow field when Moskstrau-
men is flowing west and east (Børve et al. 2021). When flow-
ing west, Moskstraumen takes the form of a narrow jet with
eddies occurring in the vicinity regions with strong shear.
Flowing east, Moskstraumen is much broader in extent, and
thus characterized with a more uniform flow field. This flow
field is exemplified in Fig. 1 but also seen in the 800-m ocean
model (Fig. 2a). Even though the ocean model is able to pro-
vide a qualitatively good representation of Moskstraumen, it
is incapable of resolving all the complex subgrid processes.
For example, when the current turns from flowing eastward
to westward at slack tide, the northern part turns first and
then gradually further south, which results in an area of strong
horizontal shear (Halsne et al. 2022). The gradual turning is
resolved in the ocean model, but the timing and magnitude of
the gradients are not always correct. The phases whenMoskstrau-
men is flowing west and east are hereafter referred to as outgoing
tide and incoming tide, respectively. An example of Moskstrau-
men during maximum speed at incoming tide, together with its
impact on the wave field inWAM, is shown in Fig. 2.

c. ADCP observations

Three months during winter 2019, concurrent wave and cur-
rent measurements from a bottom-mounted Nortek Signature
500-kHz acoustic Doppler velocity profiler (ADCP) were
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FIG. 2. Snapshots of Moskstraumen during maximum speed and its impact on the wave field. Panels denote (a) the current speed and
direction, (b) Hs from W1C, (c) Hs from W, and (d) their relative difference according to (31). Black arrows in (b) and (c) denote the
peak wave direction.
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(Komenetal.1994).InWAM,theseastateismodeledby
solvingthewaveactionevolutionequation,i.e.,aspectralrep-
resentationofN5N(s,u;x,t)withanonzerorighthandside
of(5),whichindeepwatertakestheform(Komenetal.
1994)

­N
­t

1=h(ẋN)1=k(k̇N)5
Sin1Snl1Sds

s
:(28)

Here,=kisthewavenumbergradientoperatorandthewave
kinematicsonthelefthandsideare

ẋ5
dx
dt

5cg1U(t,x),(29)

k̇5
dk
dt

52k?=hU(t,x):(30)

Here,(29)istheadvectionofwaveactiondensityand(30)
modelsrefractionandthechangeinwavenumbercomponents
asthewavepropagationdirectionisnormaltothewavenum-
bervector.ThewindinputSinandthewavebreakingSdsto-
getherwiththenonlinearquadruplewave–waveinteraction
Snlmakeupthesourcetermsin(28).

Two800-mresolutionWAMsimulationswerecarriedout.
Thefirstincludedonlywindforcingandlateralspectral
boundaryconditionsfromacoarser(4km)outerwavemodel.
Windforcingwastakenfromtheoperational2.5-kmresolu-
tionAromeArcticNWPmodeloperatedbytheNorwegian
MeteorologicalInstitute,withfurtherspecificationsgivenin
Mülleretal.(2017).Thesecondrunalsoincludedsurfacecur-
rentforcingfromMETNorway’soperationalROMS(Regional
OceanModelingSystem;ShchepetkinandMcWilliams2005)
model,alsoatan800-mhorizontalresolution.Theoceansur-
facecurrentwasincludedinthewavekinematics,(29)and(30).
ThetwomodelsimulationsarehereafterreferredtoasWand
W1C,whichstandforwindandwind1currents,respectively.
Thesesimulationsarebasedonthesamemodelsetupasreported
byHalsneetal.(2022),whichprovidemoredetailsabouttheforc-
ingfieldsandwavemodelspecifications.However,theWAM
simulationswerefurtherextendedbyincludingthecomputation

ofSTEs(Benetazzoetal.2021b).Here,thedimensionsofthe
space–timedomainG5XYDwereX5Y5200m,andthedu-
rationwasD51200s,afterthegeneralrecommendationsin
Benetazzoetal.(2021b).

b.Moskstraumenandcharacteristicmet-oceanconditions

TheLofotenregionislocatedwithinthebeltofwesterlies
andthuscharacterizedbywesterlywavescomingfromtheopen
ocean,whichincludelocalwindseaandthenearconstantpres-
enceofremotelygeneratedswell.Ontheeastsideofthestrait,
wefindtheVestfjordenbasin,whichisabout100kmwidein
theeast–westdirection(Fig.1).TheLofotenareaistherefore
notexposedtoswellfromtheeast,butwillbecomesubjectto
localeasterlywindseaundercertainsynopticsituations.

ThereisanasymmetryintheflowfieldwhenMoskstrau-
menisflowingwestandeast(Børveetal.2021).Whenflow-
ingwest,Moskstraumentakestheformofanarrowjetwith
eddiesoccurringinthevicinityregionswithstrongshear.
Flowingeast,Moskstraumenismuchbroaderinextent,and
thuscharacterizedwithamoreuniformflowfield.Thisflow
fieldisexemplifiedinFig.1butalsoseeninthe800-mocean
model(Fig.2a).Eventhoughtheoceanmodelisabletopro-
videaqualitativelygoodrepresentationofMoskstraumen,it
isincapableofresolvingallthecomplexsubgridprocesses.
Forexample,whenthecurrentturnsfromflowingeastward
towestwardatslacktide,thenorthernpartturnsfirstand
thengraduallyfurthersouth,whichresultsinanareaofstrong
horizontalshear(Halsneetal.2022).Thegradualturningis
resolvedintheoceanmodel,butthetimingandmagnitudeof
thegradientsarenotalwayscorrect.ThephaseswhenMoskstrau-
menisflowingwestandeastarehereafterreferredtoasoutgoing
tideandincomingtide,respectively.AnexampleofMoskstrau-
menduringmaximumspeedatincomingtide,togetherwithits
impactonthewavefieldinWAM,isshowninFig.2.

c.ADCPobservations

Threemonthsduringwinter2019,concurrentwaveandcur-
rentmeasurementsfromabottom-mountedNortekSignature
500-kHzacousticDopplervelocityprofiler(ADCP)were
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FIG.2.SnapshotsofMoskstraumenduringmaximumspeedanditsimpactonthewavefield.Panelsdenote(a)thecurrentspeedand
direction,(b)HsfromW1C,(c)HsfromW,and(d)theirrelativedifferenceaccordingto(31).Blackarrowsin(b)and(c)denotethe
peakwavedirection.
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(Komenetal.1994).InWAM,theseastateismodeledby
solvingthewaveactionevolutionequation,i.e.,aspectralrep-
resentationofN5N(s,u;x,t)withanonzerorighthandside
of(5),whichindeepwatertakestheform(Komenetal.
1994)
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1=h(ẋN)1=k(k̇N)5
Sin1Snl1Sds
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:(28)

Here,=kisthewavenumbergradientoperatorandthewave
kinematicsonthelefthandsideare

ẋ5
dx
dt

5cg1U(t,x),(29)

k̇5
dk
dt

52k?=hU(t,x):(30)

Here,(29)istheadvectionofwaveactiondensityand(30)
modelsrefractionandthechangeinwavenumbercomponents
asthewavepropagationdirectionisnormaltothewavenum-
bervector.ThewindinputSinandthewavebreakingSdsto-
getherwiththenonlinearquadruplewave–waveinteraction
Snlmakeupthesourcetermsin(28).

Two800-mresolutionWAMsimulationswerecarriedout.
Thefirstincludedonlywindforcingandlateralspectral
boundaryconditionsfromacoarser(4km)outerwavemodel.
Windforcingwastakenfromtheoperational2.5-kmresolu-
tionAromeArcticNWPmodeloperatedbytheNorwegian
MeteorologicalInstitute,withfurtherspecificationsgivenin
Mülleretal.(2017).Thesecondrunalsoincludedsurfacecur-
rentforcingfromMETNorway’soperationalROMS(Regional
OceanModelingSystem;ShchepetkinandMcWilliams2005)
model,alsoatan800-mhorizontalresolution.Theoceansur-
facecurrentwasincludedinthewavekinematics,(29)and(30).
ThetwomodelsimulationsarehereafterreferredtoasWand
W1C,whichstandforwindandwind1currents,respectively.
Thesesimulationsarebasedonthesamemodelsetupasreported
byHalsneetal.(2022),whichprovidemoredetailsabouttheforc-
ingfieldsandwavemodelspecifications.However,theWAM
simulationswerefurtherextendedbyincludingthecomputation

ofSTEs(Benetazzoetal.2021b).Here,thedimensionsofthe
space–timedomainG5XYDwereX5Y5200m,andthedu-
rationwasD51200s,afterthegeneralrecommendationsin
Benetazzoetal.(2021b).

b.Moskstraumenandcharacteristicmet-oceanconditions

TheLofotenregionislocatedwithinthebeltofwesterlies
andthuscharacterizedbywesterlywavescomingfromtheopen
ocean,whichincludelocalwindseaandthenearconstantpres-
enceofremotelygeneratedswell.Ontheeastsideofthestrait,
wefindtheVestfjordenbasin,whichisabout100kmwidein
theeast–westdirection(Fig.1).TheLofotenareaistherefore
notexposedtoswellfromtheeast,butwillbecomesubjectto
localeasterlywindseaundercertainsynopticsituations.

ThereisanasymmetryintheflowfieldwhenMoskstrau-
menisflowingwestandeast(Børveetal.2021).Whenflow-
ingwest,Moskstraumentakestheformofanarrowjetwith
eddiesoccurringinthevicinityregionswithstrongshear.
Flowingeast,Moskstraumenismuchbroaderinextent,and
thuscharacterizedwithamoreuniformflowfield.Thisflow
fieldisexemplifiedinFig.1butalsoseeninthe800-mocean
model(Fig.2a).Eventhoughtheoceanmodelisabletopro-
videaqualitativelygoodrepresentationofMoskstraumen,it
isincapableofresolvingallthecomplexsubgridprocesses.
Forexample,whenthecurrentturnsfromflowingeastward
towestwardatslacktide,thenorthernpartturnsfirstand
thengraduallyfurthersouth,whichresultsinanareaofstrong
horizontalshear(Halsneetal.2022).Thegradualturningis
resolvedintheoceanmodel,butthetimingandmagnitudeof
thegradientsarenotalwayscorrect.ThephaseswhenMoskstrau-
menisflowingwestandeastarehereafterreferredtoasoutgoing
tideandincomingtide,respectively.AnexampleofMoskstrau-
menduringmaximumspeedatincomingtide,togetherwithits
impactonthewavefieldinWAM,isshowninFig.2.

c.ADCPobservations

Threemonthsduringwinter2019,concurrentwaveandcur-
rentmeasurementsfromabottom-mountedNortekSignature
500-kHzacousticDopplervelocityprofiler(ADCP)were

2019-01-25T11
abcd

FIG.2.SnapshotsofMoskstraumenduringmaximumspeedanditsimpactonthewavefield.Panelsdenote(a)thecurrentspeedand
direction,(b)HsfromW1C,(c)HsfromW,and(d)theirrelativedifferenceaccordingto(31).Blackarrowsin(b)and(c)denotethe
peakwavedirection.
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(Komenetal.1994).InWAM,theseastateismodeledby
solvingthewaveactionevolutionequation,i.e.,aspectralrep-
resentationofN5N(s,u;x,t)withanonzerorighthandside
of(5),whichindeepwatertakestheform(Komenetal.
1994)
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1=h(ẋN)1=k(k̇N)5
Sin1Snl1Sds
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Here,=kisthewavenumbergradientoperatorandthewave
kinematicsonthelefthandsideare

ẋ5
dx
dt

5cg1U(t,x),(29)

k̇5
dk
dt
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Here,(29)istheadvectionofwaveactiondensityand(30)
modelsrefractionandthechangeinwavenumbercomponents
asthewavepropagationdirectionisnormaltothewavenum-
bervector.ThewindinputSinandthewavebreakingSdsto-
getherwiththenonlinearquadruplewave–waveinteraction
Snlmakeupthesourcetermsin(28).

Two800-mresolutionWAMsimulationswerecarriedout.
Thefirstincludedonlywindforcingandlateralspectral
boundaryconditionsfromacoarser(4km)outerwavemodel.
Windforcingwastakenfromtheoperational2.5-kmresolu-
tionAromeArcticNWPmodeloperatedbytheNorwegian
MeteorologicalInstitute,withfurtherspecificationsgivenin
Mülleretal.(2017).Thesecondrunalsoincludedsurfacecur-
rentforcingfromMETNorway’soperationalROMS(Regional
OceanModelingSystem;ShchepetkinandMcWilliams2005)
model,alsoatan800-mhorizontalresolution.Theoceansur-
facecurrentwasincludedinthewavekinematics,(29)and(30).
ThetwomodelsimulationsarehereafterreferredtoasWand
W1C,whichstandforwindandwind1currents,respectively.
Thesesimulationsarebasedonthesamemodelsetupasreported
byHalsneetal.(2022),whichprovidemoredetailsabouttheforc-
ingfieldsandwavemodelspecifications.However,theWAM
simulationswerefurtherextendedbyincludingthecomputation

ofSTEs(Benetazzoetal.2021b).Here,thedimensionsofthe
space–timedomainG5XYDwereX5Y5200m,andthedu-
rationwasD51200s,afterthegeneralrecommendationsin
Benetazzoetal.(2021b).

b.Moskstraumenandcharacteristicmet-oceanconditions

TheLofotenregionislocatedwithinthebeltofwesterlies
andthuscharacterizedbywesterlywavescomingfromtheopen
ocean,whichincludelocalwindseaandthenearconstantpres-
enceofremotelygeneratedswell.Ontheeastsideofthestrait,
wefindtheVestfjordenbasin,whichisabout100kmwidein
theeast–westdirection(Fig.1).TheLofotenareaistherefore
notexposedtoswellfromtheeast,butwillbecomesubjectto
localeasterlywindseaundercertainsynopticsituations.

ThereisanasymmetryintheflowfieldwhenMoskstrau-
menisflowingwestandeast(Børveetal.2021).Whenflow-
ingwest,Moskstraumentakestheformofanarrowjetwith
eddiesoccurringinthevicinityregionswithstrongshear.
Flowingeast,Moskstraumenismuchbroaderinextent,and
thuscharacterizedwithamoreuniformflowfield.Thisflow
fieldisexemplifiedinFig.1butalsoseeninthe800-mocean
model(Fig.2a).Eventhoughtheoceanmodelisabletopro-
videaqualitativelygoodrepresentationofMoskstraumen,it
isincapableofresolvingallthecomplexsubgridprocesses.
Forexample,whenthecurrentturnsfromflowingeastward
towestwardatslacktide,thenorthernpartturnsfirstand
thengraduallyfurthersouth,whichresultsinanareaofstrong
horizontalshear(Halsneetal.2022).Thegradualturningis
resolvedintheoceanmodel,butthetimingandmagnitudeof
thegradientsarenotalwayscorrect.ThephaseswhenMoskstrau-
menisflowingwestandeastarehereafterreferredtoasoutgoing
tideandincomingtide,respectively.AnexampleofMoskstrau-
menduringmaximumspeedatincomingtide,togetherwithits
impactonthewavefieldinWAM,isshowninFig.2.

c.ADCPobservations

Threemonthsduringwinter2019,concurrentwaveandcur-
rentmeasurementsfromabottom-mountedNortekSignature
500-kHzacousticDopplervelocityprofiler(ADCP)were
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FIG.2.SnapshotsofMoskstraumenduringmaximumspeedanditsimpactonthewavefield.Panelsdenote(a)thecurrentspeedand
direction,(b)HsfromW1C,(c)HsfromW,and(d)theirrelativedifferenceaccordingto(31).Blackarrowsin(b)and(c)denotethe
peakwavedirection.
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(Komenetal.1994).InWAM,theseastateismodeledby
solvingthewaveactionevolutionequation,i.e.,aspectralrep-
resentationofN5N(s,u;x,t)withanonzerorighthandside
of(5),whichindeepwatertakestheform(Komenetal.
1994)
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Here,(29)istheadvectionofwaveactiondensityand(30)
modelsrefractionandthechangeinwavenumbercomponents
asthewavepropagationdirectionisnormaltothewavenum-
bervector.ThewindinputSinandthewavebreakingSdsto-
getherwiththenonlinearquadruplewave–waveinteraction
Snlmakeupthesourcetermsin(28).
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boundaryconditionsfromacoarser(4km)outerwavemodel.
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ocean,whichincludelocalwindseaandthenearconstantpres-
enceofremotelygeneratedswell.Ontheeastsideofthestrait,
wefindtheVestfjordenbasin,whichisabout100kmwidein
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notexposedtoswellfromtheeast,butwillbecomesubjectto
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menisflowingwestandeast(Børveetal.2021).Whenflow-
ingwest,Moskstraumentakestheformofanarrowjetwith
eddiesoccurringinthevicinityregionswithstrongshear.
Flowingeast,Moskstraumenismuchbroaderinextent,and
thuscharacterizedwithamoreuniformflowfield.Thisflow
fieldisexemplifiedinFig.1butalsoseeninthe800-mocean
model(Fig.2a).Eventhoughtheoceanmodelisabletopro-
videaqualitativelygoodrepresentationofMoskstraumen,it
isincapableofresolvingallthecomplexsubgridprocesses.
Forexample,whenthecurrentturnsfromflowingeastward
towestwardatslacktide,thenorthernpartturnsfirstand
thengraduallyfurthersouth,whichresultsinanareaofstrong
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tideandincomingtide,respectively.AnexampleofMoskstrau-
menduringmaximumspeedatincomingtide,togetherwithits
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available on the east side of Lofoten (see magenta dot in
Fig. 1). Here, wave measurements at 2 Hz from a five-beam con-
figuration (one vertical and four slanted) in burst mode were ac-
quired every 30 min, and each burst lasted 17 min. Vertical
current profiles were also acquired simultaneously at 2 Hz with
vertical resolution of 2 m, together with average mode measure-
ments made up by 60 samples every 10 min with similar vertical
resolution. These measurements were presented by Saetra et al.
(2021) and Halsne et al. (2022).

In addition to the subgrid processes, the complex environment
with its irregular coastline and strong currents makes it challeng-
ing to obtain an accurate spatiotemporal collocation of the model
data and the observations. Another source causing spatial shift in
model grid point values is the interpolation of the ROMS current
field onto the WAM model grid projection. Furthermore, the
coastline in the two models are slightly different (not shown). In
our analysis, we found better agreement in both phase and mag-
nitude for wave parameters at model grid points in the vicinity of
the ADCP location rather than in the exact location (not shown).
We have selected the nearest grid point with 2D wave spectral
output, about 2 km southwest of the ADCP location.

5. Results

In the following we first consider a period at the end of
January 2019, where a local easterly wind sea from Vestfjorden
was opposing the broad and uniform eastward current (Fig. 2).
The situation lasted for about 5 days and was due to a high pres-
sure ridge of about 1022 hPa located over Lofoten which set up
wind speedsU10 of 3–12 m s21 from east-southeast (not shown).
Here, the sea state was bimodal with a local wind sea compo-
nent together with a gentle southwesterly swell with 1, Hs, 3 m
(Figs. 1 and 2). This period was the only time during the
3-month ADCP deployment when easterly wind conditions
lasted more than 2 days. This particular period was also inves-
tigated by Halsne et al. (2022). We then consider a period in
early January with prevailing northwesterly swell opposing
Moskstraumen, now shaped as a narrow jet on the offshore
side at outgoing tide. Most emphasis is put on the first period,

since there the observations are in the region of strong wave–
current interaction.

The spectral parameters used for the extreme wave analy-
sis should be computed from the intrinsic spectrum E(fi, u)
(fi 5 s/2p). Thus, a transformation had to be applied on the
wave model output since it is given in absolute frequencies,
fa 5 v/2p. The transformation from an absolute to an intrin-
sic reference frame is presented in the appendix.

The relative difference for a variable X between the two
wave models is defined as

RD(X) 5 XW1C 2XW

XW
: (31)

a. Sea state modulation in Moskstraumen

1) SEA STATE HOMOGENEITY

The horizontal homogeneity condition in (27) is treated in
Fig. 3, by using a representative wind sea peak period of 6 s.
The ratios |(1/U)(­U/­xi)|k21 ,, 1, where i 5 1, 2 denote the x
and y direction, respectively. The horizontal homogeneity
condition was also satisfied during other stages in the tidal cy-
cle, and during swell and tidal jet conditions (not shown).

For the stationarity condition in (27), time derivatives from
the observed current using representative intrinsic frequen-
cies for the swell and wind sea components are presented in
Fig. 4. Also here, the criterion of a current field varying much
slower than a characteristic wave scale, |(1/U)(­U/­t)|s21 ,, 1,
was fulfilled. To further support the stationarity condition,
wave observations were analyzed by computing the variance
b2, and its potential drift during the 17-min burst period for
different stages in the tidal cycle. Here, no significant devia-
tions were found during each burst period (not shown).

2) TIDAL MODULATION OF THE WAVE FIELD AND THE

UNI- AND DIRECTIONAL SPECTRUM

When the easterly wind sea opposed the broad uniform
current, the wave model with current (W1C) showed a region

FIG. 3. Computing the criteria for the horizontal homogeneity according to (27) under maximum current speed for
a T 5 6 s period wave. Panels show the horizontal current gradient in the (left) y (xi 5 x2) and (right) x direction
(xi 5 x1) on a logarithmic scale.
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availableontheeastsideofLofoten(seemagentadotin
Fig.1).Here,wavemeasurementsat2Hzfromafive-beamcon-
figuration(oneverticalandfourslanted)inburstmodewereac-
quiredevery30min,andeachburstlasted17min.Vertical
currentprofileswerealsoacquiredsimultaneouslyat2Hzwith
verticalresolutionof2m,togetherwithaveragemodemeasure-
mentsmadeupby60samplesevery10minwithsimilarvertical
resolution.ThesemeasurementswerepresentedbySaetraetal.
(2021)andHalsneetal.(2022).

Inadditiontothesubgridprocesses,thecomplexenvironment
withitsirregularcoastlineandstrongcurrentsmakesitchalleng-
ingtoobtainanaccuratespatiotemporalcollocationofthemodel
dataandtheobservations.Anothersourcecausingspatialshiftin
modelgridpointvaluesistheinterpolationoftheROMScurrent
fieldontotheWAMmodelgridprojection.Furthermore,the
coastlineinthetwomodelsareslightlydifferent(notshown).In
ouranalysis,wefoundbetteragreementinbothphaseandmag-
nitudeforwaveparametersatmodelgridpointsinthevicinityof
theADCPlocationratherthanintheexactlocation(notshown).
Wehaveselectedthenearestgridpointwith2Dwavespectral
output,about2kmsouthwestoftheADCPlocation.

5.Results

Inthefollowingwefirstconsideraperiodattheendof
January2019,wherealocaleasterlywindseafromVestfjorden
wasopposingthebroadanduniformeastwardcurrent(Fig.2).
Thesituationlastedforabout5daysandwasduetoahighpres-
sureridgeofabout1022hPalocatedoverLofotenwhichsetup
windspeedsU10of3–12ms21fromeast-southeast(notshown).
Here,theseastatewasbimodalwithalocalwindseacompo-
nenttogetherwithagentlesouthwesterlyswellwith1,Hs,3m
(Figs.1and2).Thisperiodwastheonlytimeduringthe
3-monthADCPdeploymentwheneasterlywindconditions
lastedmorethan2days.Thisparticularperiodwasalsoinves-
tigatedbyHalsneetal.(2022).Wethenconsideraperiodin
earlyJanuarywithprevailingnorthwesterlyswellopposing
Moskstraumen,nowshapedasanarrowjetontheoffshore
sideatoutgoingtide.Mostemphasisisputonthefirstperiod,

sincetheretheobservationsareintheregionofstrongwave–
currentinteraction.

Thespectralparametersusedfortheextremewaveanaly-
sisshouldbecomputedfromtheintrinsicspectrumE(fi,u)
(fi5s/2p).Thus,atransformationhadtobeappliedonthe
wavemodeloutputsinceitisgiveninabsolutefrequencies,
fa5v/2p.Thetransformationfromanabsolutetoanintrin-
sicreferenceframeispresentedintheappendix.

TherelativedifferenceforavariableXbetweenthetwo
wavemodelsisdefinedas

RD(X)5XW1C2XW

XW
:(31)

a.SeastatemodulationinMoskstraumen

1)SEASTATEHOMOGENEITY

Thehorizontalhomogeneityconditionin(27)istreatedin
Fig.3,byusingarepresentativewindseapeakperiodof6s.
Theratios|(1/U)(­U/­xi)|k21,,1,wherei51,2denotethex
andydirection,respectively.Thehorizontalhomogeneity
conditionwasalsosatisfiedduringotherstagesinthetidalcy-
cle,andduringswellandtidaljetconditions(notshown).

Forthestationarityconditionin(27),timederivativesfrom
theobservedcurrentusingrepresentativeintrinsicfrequen-
ciesfortheswellandwindseacomponentsarepresentedin
Fig.4.Alsohere,thecriterionofacurrentfieldvaryingmuch
slowerthanacharacteristicwavescale,|(1/U)(­U/­t)|s21,,1,
wasfulfilled.Tofurthersupportthestationaritycondition,
waveobservationswereanalyzedbycomputingthevariance
b2,anditspotentialdriftduringthe17-minburstperiodfor
differentstagesinthetidalcycle.Here,nosignificantdevia-
tionswerefoundduringeachburstperiod(notshown).

2)TIDALMODULATIONOFTHEWAVEFIELDANDTHE

UNI-ANDDIRECTIONALSPECTRUM

Whentheeasterlywindseaopposedthebroaduniform
current,thewavemodelwithcurrent(W1C)showedaregion

FIG.3.Computingthecriteriaforthehorizontalhomogeneityaccordingto(27)undermaximumcurrentspeedfor
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availableontheeastsideofLofoten(seemagentadotin
Fig.1).Here,wavemeasurementsat2Hzfromafive-beamcon-
figuration(oneverticalandfourslanted)inburstmodewereac-
quiredevery30min,andeachburstlasted17min.Vertical
currentprofileswerealsoacquiredsimultaneouslyat2Hzwith
verticalresolutionof2m,togetherwithaveragemodemeasure-
mentsmadeupby60samplesevery10minwithsimilarvertical
resolution.ThesemeasurementswerepresentedbySaetraetal.
(2021)andHalsneetal.(2022).

Inadditiontothesubgridprocesses,thecomplexenvironment
withitsirregularcoastlineandstrongcurrentsmakesitchalleng-
ingtoobtainanaccuratespatiotemporalcollocationofthemodel
dataandtheobservations.Anothersourcecausingspatialshiftin
modelgridpointvaluesistheinterpolationoftheROMScurrent
fieldontotheWAMmodelgridprojection.Furthermore,the
coastlineinthetwomodelsareslightlydifferent(notshown).In
ouranalysis,wefoundbetteragreementinbothphaseandmag-
nitudeforwaveparametersatmodelgridpointsinthevicinityof
theADCPlocationratherthanintheexactlocation(notshown).
Wehaveselectedthenearestgridpointwith2Dwavespectral
output,about2kmsouthwestoftheADCPlocation.

5.Results

Inthefollowingwefirstconsideraperiodattheendof
January2019,wherealocaleasterlywindseafromVestfjorden
wasopposingthebroadanduniformeastwardcurrent(Fig.2).
Thesituationlastedforabout5daysandwasduetoahighpres-
sureridgeofabout1022hPalocatedoverLofotenwhichsetup
windspeedsU10of3–12ms21fromeast-southeast(notshown).
Here,theseastatewasbimodalwithalocalwindseacompo-
nenttogetherwithagentlesouthwesterlyswellwith1,Hs,3m
(Figs.1and2).Thisperiodwastheonlytimeduringthe
3-monthADCPdeploymentwheneasterlywindconditions
lastedmorethan2days.Thisparticularperiodwasalsoinves-
tigatedbyHalsneetal.(2022).Wethenconsideraperiodin
earlyJanuarywithprevailingnorthwesterlyswellopposing
Moskstraumen,nowshapedasanarrowjetontheoffshore
sideatoutgoingtide.Mostemphasisisputonthefirstperiod,

sincetheretheobservationsareintheregionofstrongwave–
currentinteraction.

Thespectralparametersusedfortheextremewaveanaly-
sisshouldbecomputedfromtheintrinsicspectrumE(fi,u)
(fi5s/2p).Thus,atransformationhadtobeappliedonthe
wavemodeloutputsinceitisgiveninabsolutefrequencies,
fa5v/2p.Thetransformationfromanabsolutetoanintrin-
sicreferenceframeispresentedintheappendix.

TherelativedifferenceforavariableXbetweenthetwo
wavemodelsisdefinedas

RD(X)5XW1C2XW

XW
:(31)
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andydirection,respectively.Thehorizontalhomogeneity
conditionwasalsosatisfiedduringotherstagesinthetidalcy-
cle,andduringswellandtidaljetconditions(notshown).

Forthestationarityconditionin(27),timederivativesfrom
theobservedcurrentusingrepresentativeintrinsicfrequen-
ciesfortheswellandwindseacomponentsarepresentedin
Fig.4.Alsohere,thecriterionofacurrentfieldvaryingmuch
slowerthanacharacteristicwavescale,|(1/U)(­U/­t)|s21,,1,
wasfulfilled.Tofurthersupportthestationaritycondition,
waveobservationswereanalyzedbycomputingthevariance
b2,anditspotentialdriftduringthe17-minburstperiodfor
differentstagesinthetidalcycle.Here,nosignificantdevia-
tionswerefoundduringeachburstperiod(notshown).
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current,thewavemodelwithcurrent(W1C)showedaregion
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(xi5x1)onalogarithmicscale.
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available on the east side of Lofoten (see magenta dot in
Fig. 1). Here, wave measurements at 2 Hz from a five-beam con-
figuration (one vertical and four slanted) in burst mode were ac-
quired every 30 min, and each burst lasted 17 min. Vertical
current profiles were also acquired simultaneously at 2 Hz with
vertical resolution of 2 m, together with average mode measure-
ments made up by 60 samples every 10 min with similar vertical
resolution. These measurements were presented by Saetra et al.
(2021) and Halsne et al. (2022).

In addition to the subgrid processes, the complex environment
with its irregular coastline and strong currents makes it challeng-
ing to obtain an accurate spatiotemporal collocation of the model
data and the observations. Another source causing spatial shift in
model grid point values is the interpolation of the ROMS current
field onto the WAM model grid projection. Furthermore, the
coastline in the two models are slightly different (not shown). In
our analysis, we found better agreement in both phase and mag-
nitude for wave parameters at model grid points in the vicinity of
the ADCP location rather than in the exact location (not shown).
We have selected the nearest grid point with 2D wave spectral
output, about 2 km southwest of the ADCP location.

5. Results

In the following we first consider a period at the end of
January 2019, where a local easterly wind sea from Vestfjorden
was opposing the broad and uniform eastward current (Fig. 2).
The situation lasted for about 5 days and was due to a high pres-
sure ridge of about 1022 hPa located over Lofoten which set up
wind speedsU10 of 3–12 m s

21
from east-southeast (not shown).

Here, the sea state was bimodal with a local wind sea compo-
nent together with a gentle southwesterly swell with 1, Hs, 3 m
(Figs. 1 and 2). This period was the only time during the
3-month ADCP deployment when easterly wind conditions
lasted more than 2 days. This particular period was also inves-
tigated by Halsne et al. (2022). We then consider a period in
early January with prevailing northwesterly swell opposing
Moskstraumen, now shaped as a narrow jet on the offshore
side at outgoing tide. Most emphasis is put on the first period,

since there the observations are in the region of strong wave–
current interaction.

The spectral parameters used for the extreme wave analy-
sis should be computed from the intrinsic spectrum E(fi, u)
(fi 5 s/2p). Thus, a transformation had to be applied on the
wave model output since it is given in absolute frequencies,
fa 5 v/2p. The transformation from an absolute to an intrin-
sic reference frame is presented in the appendix.

The relative difference for a variable X between the two
wave models is defined as

RD(X) 5
XW1C 2XW

XW
: (31)

a. Sea state modulation in Moskstraumen

1) SEA STATE HOMOGENEITY

The horizontal homogeneity condition in (27) is treated in
Fig. 3, by using a representative wind sea peak period of 6 s.
The ratios |(1/U)(­U/­xi)|k

21 ,, 1, where i 5 1, 2 denote the x
and y direction, respectively. The horizontal homogeneity
condition was also satisfied during other stages in the tidal cy-
cle, and during swell and tidal jet conditions (not shown).

For the stationarity condition in (27), time derivatives from
the observed current using representative intrinsic frequen-
cies for the swell and wind sea components are presented in
Fig. 4. Also here, the criterion of a current field varying much
slower than a characteristic wave scale, |(1/U)(­U/­t)|s

21 ,, 1,
was fulfilled. To further support the stationarity condition,
wave observations were analyzed by computing the variance
b
2
, and its potential drift during the 17-min burst period for

different stages in the tidal cycle. Here, no significant devia-
tions were found during each burst period (not shown).

2) TIDAL MODULATION OF THE WAVE FIELD AND THE

UNI- AND DIRECTIONAL SPECTRUM

When the easterly wind sea opposed the broad uniform
current, the wave model with current (W1C) showed a region

FIG. 3. Computing the criteria for the horizontal homogeneity according to (27) under maximum current speed for
a T 5 6 s period wave. Panels show the horizontal current gradient in the (left) y (xi 5 x2) and (right) x direction
(xi 5 x1) on a logarithmic scale.
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available on the east side of Lofoten (see magenta dot in
Fig. 1). Here, wave measurements at 2 Hz from a five-beam con-
figuration (one vertical and four slanted) in burst mode were ac-
quired every 30 min, and each burst lasted 17 min. Vertical
current profiles were also acquired simultaneously at 2 Hz with
vertical resolution of 2 m, together with average mode measure-
ments made up by 60 samples every 10 min with similar vertical
resolution. These measurements were presented by Saetra et al.
(2021) and Halsne et al. (2022).

In addition to the subgrid processes, the complex environment
with its irregular coastline and strong currents makes it challeng-
ing to obtain an accurate spatiotemporal collocation of the model
data and the observations. Another source causing spatial shift in
model grid point values is the interpolation of the ROMS current
field onto the WAM model grid projection. Furthermore, the
coastline in the two models are slightly different (not shown). In
our analysis, we found better agreement in both phase and mag-
nitude for wave parameters at model grid points in the vicinity of
the ADCP location rather than in the exact location (not shown).
We have selected the nearest grid point with 2D wave spectral
output, about 2 km southwest of the ADCP location.

5. Results

In the following we first consider a period at the end of
January 2019, where a local easterly wind sea from Vestfjorden
was opposing the broad and uniform eastward current (Fig. 2).
The situation lasted for about 5 days and was due to a high pres-
sure ridge of about 1022 hPa located over Lofoten which set up
wind speedsU10 of 3–12 m s

21
from east-southeast (not shown).

Here, the sea state was bimodal with a local wind sea compo-
nent together with a gentle southwesterly swell with 1, Hs, 3 m
(Figs. 1 and 2). This period was the only time during the
3-month ADCP deployment when easterly wind conditions
lasted more than 2 days. This particular period was also inves-
tigated by Halsne et al. (2022). We then consider a period in
early January with prevailing northwesterly swell opposing
Moskstraumen, now shaped as a narrow jet on the offshore
side at outgoing tide. Most emphasis is put on the first period,

since there the observations are in the region of strong wave–
current interaction.

The spectral parameters used for the extreme wave analy-
sis should be computed from the intrinsic spectrum E(fi, u)
(fi 5 s/2p). Thus, a transformation had to be applied on the
wave model output since it is given in absolute frequencies,
fa 5 v/2p. The transformation from an absolute to an intrin-
sic reference frame is presented in the appendix.

The relative difference for a variable X between the two
wave models is defined as

RD(X) 5
XW1C 2XW

XW
: (31)

a. Sea state modulation in Moskstraumen

1) SEA STATE HOMOGENEITY

The horizontal homogeneity condition in (27) is treated in
Fig. 3, by using a representative wind sea peak period of 6 s.
The ratios |(1/U)(­U/­xi)|k

21 ,, 1, where i 5 1, 2 denote the x
and y direction, respectively. The horizontal homogeneity
condition was also satisfied during other stages in the tidal cy-
cle, and during swell and tidal jet conditions (not shown).

For the stationarity condition in (27), time derivatives from
the observed current using representative intrinsic frequen-
cies for the swell and wind sea components are presented in
Fig. 4. Also here, the criterion of a current field varying much
slower than a characteristic wave scale, |(1/U)(­U/­t)|s

21 ,, 1,
was fulfilled. To further support the stationarity condition,
wave observations were analyzed by computing the variance
b
2
, and its potential drift during the 17-min burst period for

different stages in the tidal cycle. Here, no significant devia-
tions were found during each burst period (not shown).

2) TIDAL MODULATION OF THE WAVE FIELD AND THE

UNI- AND DIRECTIONAL SPECTRUM

When the easterly wind sea opposed the broad uniform
current, the wave model with current (W1C) showed a region

FIG. 3. Computing the criteria for the horizontal homogeneity according to (27) under maximum current speed for
a T 5 6 s period wave. Panels show the horizontal current gradient in the (left) y (xi 5 x2) and (right) x direction
(xi 5 x1) on a logarithmic scale.
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availableontheeastsideofLofoten(seemagentadotin
Fig.1).Here,wavemeasurementsat2Hzfromafive-beamcon-
figuration(oneverticalandfourslanted)inburstmodewereac-
quiredevery30min,andeachburstlasted17min.Vertical
currentprofileswerealsoacquiredsimultaneouslyat2Hzwith
verticalresolutionof2m,togetherwithaveragemodemeasure-
mentsmadeupby60samplesevery10minwithsimilarvertical
resolution.ThesemeasurementswerepresentedbySaetraetal.
(2021)andHalsneetal.(2022).

Inadditiontothesubgridprocesses,thecomplexenvironment
withitsirregularcoastlineandstrongcurrentsmakesitchalleng-
ingtoobtainanaccuratespatiotemporalcollocationofthemodel
dataandtheobservations.Anothersourcecausingspatialshiftin
modelgridpointvaluesistheinterpolationoftheROMScurrent
fieldontotheWAMmodelgridprojection.Furthermore,the
coastlineinthetwomodelsareslightlydifferent(notshown).In
ouranalysis,wefoundbetteragreementinbothphaseandmag-
nitudeforwaveparametersatmodelgridpointsinthevicinityof
theADCPlocationratherthanintheexactlocation(notshown).
Wehaveselectedthenearestgridpointwith2Dwavespectral
output,about2kmsouthwestoftheADCPlocation.

5.Results

Inthefollowingwefirstconsideraperiodattheendof
January2019,wherealocaleasterlywindseafromVestfjorden
wasopposingthebroadanduniformeastwardcurrent(Fig.2).
Thesituationlastedforabout5daysandwasduetoahighpres-
sureridgeofabout1022hPalocatedoverLofotenwhichsetup
windspeedsU10of3–12ms

21
fromeast-southeast(notshown).

Here,theseastatewasbimodalwithalocalwindseacompo-
nenttogetherwithagentlesouthwesterlyswellwith1,Hs,3m
(Figs.1and2).Thisperiodwastheonlytimeduringthe
3-monthADCPdeploymentwheneasterlywindconditions
lastedmorethan2days.Thisparticularperiodwasalsoinves-
tigatedbyHalsneetal.(2022).Wethenconsideraperiodin
earlyJanuarywithprevailingnorthwesterlyswellopposing
Moskstraumen,nowshapedasanarrowjetontheoffshore
sideatoutgoingtide.Mostemphasisisputonthefirstperiod,

sincetheretheobservationsareintheregionofstrongwave–
currentinteraction.

Thespectralparametersusedfortheextremewaveanaly-
sisshouldbecomputedfromtheintrinsicspectrumE(fi,u)
(fi5s/2p).Thus,atransformationhadtobeappliedonthe
wavemodeloutputsinceitisgiveninabsolutefrequencies,
fa5v/2p.Thetransformationfromanabsolutetoanintrin-
sicreferenceframeispresentedintheappendix.

TherelativedifferenceforavariableXbetweenthetwo
wavemodelsisdefinedas

RD(X)5
XW1C2XW

XW
:(31)

a.SeastatemodulationinMoskstraumen

1)SEASTATEHOMOGENEITY

Thehorizontalhomogeneityconditionin(27)istreatedin
Fig.3,byusingarepresentativewindseapeakperiodof6s.
Theratios|(1/U)(­U/­xi)|k

21,,1,wherei51,2denotethex
andydirection,respectively.Thehorizontalhomogeneity
conditionwasalsosatisfiedduringotherstagesinthetidalcy-
cle,andduringswellandtidaljetconditions(notshown).

Forthestationarityconditionin(27),timederivativesfrom
theobservedcurrentusingrepresentativeintrinsicfrequen-
ciesfortheswellandwindseacomponentsarepresentedin
Fig.4.Alsohere,thecriterionofacurrentfieldvaryingmuch
slowerthanacharacteristicwavescale,|(1/U)(­U/­t)|s

21,,1,
wasfulfilled.Tofurthersupportthestationaritycondition,
waveobservationswereanalyzedbycomputingthevariance
b
2
,anditspotentialdriftduringthe17-minburstperiodfor

differentstagesinthetidalcycle.Here,nosignificantdevia-
tionswerefoundduringeachburstperiod(notshown).

2)TIDALMODULATIONOFTHEWAVEFIELDANDTHE

UNI-ANDDIRECTIONALSPECTRUM

Whentheeasterlywindseaopposedthebroaduniform
current,thewavemodelwithcurrent(W1C)showedaregion

FIG.3.Computingthecriteriaforthehorizontalhomogeneityaccordingto(27)undermaximumcurrentspeedfor
aT56speriodwave.Panelsshowthehorizontalcurrentgradientinthe(left)y(xi5x2)and(right)xdirection
(xi5x1)onalogarithmicscale.
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availableontheeastsideofLofoten(seemagentadotin
Fig.1).Here,wavemeasurementsat2Hzfromafive-beamcon-
figuration(oneverticalandfourslanted)inburstmodewereac-
quiredevery30min,andeachburstlasted17min.Vertical
currentprofileswerealsoacquiredsimultaneouslyat2Hzwith
verticalresolutionof2m,togetherwithaveragemodemeasure-
mentsmadeupby60samplesevery10minwithsimilarvertical
resolution.ThesemeasurementswerepresentedbySaetraetal.
(2021)andHalsneetal.(2022).

Inadditiontothesubgridprocesses,thecomplexenvironment
withitsirregularcoastlineandstrongcurrentsmakesitchalleng-
ingtoobtainanaccuratespatiotemporalcollocationofthemodel
dataandtheobservations.Anothersourcecausingspatialshiftin
modelgridpointvaluesistheinterpolationoftheROMScurrent
fieldontotheWAMmodelgridprojection.Furthermore,the
coastlineinthetwomodelsareslightlydifferent(notshown).In
ouranalysis,wefoundbetteragreementinbothphaseandmag-
nitudeforwaveparametersatmodelgridpointsinthevicinityof
theADCPlocationratherthanintheexactlocation(notshown).
Wehaveselectedthenearestgridpointwith2Dwavespectral
output,about2kmsouthwestoftheADCPlocation.

5.Results

Inthefollowingwefirstconsideraperiodattheendof
January2019,wherealocaleasterlywindseafromVestfjorden
wasopposingthebroadanduniformeastwardcurrent(Fig.2).
Thesituationlastedforabout5daysandwasduetoahighpres-
sureridgeofabout1022hPalocatedoverLofotenwhichsetup
windspeedsU10of3–12ms

21
fromeast-southeast(notshown).

Here,theseastatewasbimodalwithalocalwindseacompo-
nenttogetherwithagentlesouthwesterlyswellwith1,Hs,3m
(Figs.1and2).Thisperiodwastheonlytimeduringthe
3-monthADCPdeploymentwheneasterlywindconditions
lastedmorethan2days.Thisparticularperiodwasalsoinves-
tigatedbyHalsneetal.(2022).Wethenconsideraperiodin
earlyJanuarywithprevailingnorthwesterlyswellopposing
Moskstraumen,nowshapedasanarrowjetontheoffshore
sideatoutgoingtide.Mostemphasisisputonthefirstperiod,

sincetheretheobservationsareintheregionofstrongwave–
currentinteraction.

Thespectralparametersusedfortheextremewaveanaly-
sisshouldbecomputedfromtheintrinsicspectrumE(fi,u)
(fi5s/2p).Thus,atransformationhadtobeappliedonthe
wavemodeloutputsinceitisgiveninabsolutefrequencies,
fa5v/2p.Thetransformationfromanabsolutetoanintrin-
sicreferenceframeispresentedintheappendix.

TherelativedifferenceforavariableXbetweenthetwo
wavemodelsisdefinedas

RD(X)5
XW1C2XW
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1)SEASTATEHOMOGENEITY

Thehorizontalhomogeneityconditionin(27)istreatedin
Fig.3,byusingarepresentativewindseapeakperiodof6s.
Theratios|(1/U)(­U/­xi)|k

21,,1,wherei51,2denotethex
andydirection,respectively.Thehorizontalhomogeneity
conditionwasalsosatisfiedduringotherstagesinthetidalcy-
cle,andduringswellandtidaljetconditions(notshown).

Forthestationarityconditionin(27),timederivativesfrom
theobservedcurrentusingrepresentativeintrinsicfrequen-
ciesfortheswellandwindseacomponentsarepresentedin
Fig.4.Alsohere,thecriterionofacurrentfieldvaryingmuch
slowerthanacharacteristicwavescale,|(1/U)(­U/­t)|s
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wasfulfilled.Tofurthersupportthestationaritycondition,
waveobservationswereanalyzedbycomputingthevariance
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availableontheeastsideofLofoten(seemagentadotin
Fig.1).Here,wavemeasurementsat2Hzfromafive-beamcon-
figuration(oneverticalandfourslanted)inburstmodewereac-
quiredevery30min,andeachburstlasted17min.Vertical
currentprofileswerealsoacquiredsimultaneouslyat2Hzwith
verticalresolutionof2m,togetherwithaveragemodemeasure-
mentsmadeupby60samplesevery10minwithsimilarvertical
resolution.ThesemeasurementswerepresentedbySaetraetal.
(2021)andHalsneetal.(2022).

Inadditiontothesubgridprocesses,thecomplexenvironment
withitsirregularcoastlineandstrongcurrentsmakesitchalleng-
ingtoobtainanaccuratespatiotemporalcollocationofthemodel
dataandtheobservations.Anothersourcecausingspatialshiftin
modelgridpointvaluesistheinterpolationoftheROMScurrent
fieldontotheWAMmodelgridprojection.Furthermore,the
coastlineinthetwomodelsareslightlydifferent(notshown).In
ouranalysis,wefoundbetteragreementinbothphaseandmag-
nitudeforwaveparametersatmodelgridpointsinthevicinityof
theADCPlocationratherthanintheexactlocation(notshown).
Wehaveselectedthenearestgridpointwith2Dwavespectral
output,about2kmsouthwestoftheADCPlocation.

5.Results

Inthefollowingwefirstconsideraperiodattheendof
January2019,wherealocaleasterlywindseafromVestfjorden
wasopposingthebroadanduniformeastwardcurrent(Fig.2).
Thesituationlastedforabout5daysandwasduetoahighpres-
sureridgeofabout1022hPalocatedoverLofotenwhichsetup
windspeedsU10of3–12ms

21
fromeast-southeast(notshown).

Here,theseastatewasbimodalwithalocalwindseacompo-
nenttogetherwithagentlesouthwesterlyswellwith1,Hs,3m
(Figs.1and2).Thisperiodwastheonlytimeduringthe
3-monthADCPdeploymentwheneasterlywindconditions
lastedmorethan2days.Thisparticularperiodwasalsoinves-
tigatedbyHalsneetal.(2022).Wethenconsideraperiodin
earlyJanuarywithprevailingnorthwesterlyswellopposing
Moskstraumen,nowshapedasanarrowjetontheoffshore
sideatoutgoingtide.Mostemphasisisputonthefirstperiod,

sincetheretheobservationsareintheregionofstrongwave–
currentinteraction.

Thespectralparametersusedfortheextremewaveanaly-
sisshouldbecomputedfromtheintrinsicspectrumE(fi,u)
(fi5s/2p).Thus,atransformationhadtobeappliedonthe
wavemodeloutputsinceitisgiveninabsolutefrequencies,
fa5v/2p.Thetransformationfromanabsolutetoanintrin-
sicreferenceframeispresentedintheappendix.

TherelativedifferenceforavariableXbetweenthetwo
wavemodelsisdefinedas

RD(X)5
XW1C2XW
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availableontheeastsideofLofoten(seemagentadotin
Fig.1).Here,wavemeasurementsat2Hzfromafive-beamcon-
figuration(oneverticalandfourslanted)inburstmodewereac-
quiredevery30min,andeachburstlasted17min.Vertical
currentprofileswerealsoacquiredsimultaneouslyat2Hzwith
verticalresolutionof2m,togetherwithaveragemodemeasure-
mentsmadeupby60samplesevery10minwithsimilarvertical
resolution.ThesemeasurementswerepresentedbySaetraetal.
(2021)andHalsneetal.(2022).

Inadditiontothesubgridprocesses,thecomplexenvironment
withitsirregularcoastlineandstrongcurrentsmakesitchalleng-
ingtoobtainanaccuratespatiotemporalcollocationofthemodel
dataandtheobservations.Anothersourcecausingspatialshiftin
modelgridpointvaluesistheinterpolationoftheROMScurrent
fieldontotheWAMmodelgridprojection.Furthermore,the
coastlineinthetwomodelsareslightlydifferent(notshown).In
ouranalysis,wefoundbetteragreementinbothphaseandmag-
nitudeforwaveparametersatmodelgridpointsinthevicinityof
theADCPlocationratherthanintheexactlocation(notshown).
Wehaveselectedthenearestgridpointwith2Dwavespectral
output,about2kmsouthwestoftheADCPlocation.

5.Results

Inthefollowingwefirstconsideraperiodattheendof
January2019,wherealocaleasterlywindseafromVestfjorden
wasopposingthebroadanduniformeastwardcurrent(Fig.2).
Thesituationlastedforabout5daysandwasduetoahighpres-
sureridgeofabout1022hPalocatedoverLofotenwhichsetup
windspeedsU10of3–12ms

21
fromeast-southeast(notshown).

Here,theseastatewasbimodalwithalocalwindseacompo-
nenttogetherwithagentlesouthwesterlyswellwith1,Hs,3m
(Figs.1and2).Thisperiodwastheonlytimeduringthe
3-monthADCPdeploymentwheneasterlywindconditions
lastedmorethan2days.Thisparticularperiodwasalsoinves-
tigatedbyHalsneetal.(2022).Wethenconsideraperiodin
earlyJanuarywithprevailingnorthwesterlyswellopposing
Moskstraumen,nowshapedasanarrowjetontheoffshore
sideatoutgoingtide.Mostemphasisisputonthefirstperiod,

sincetheretheobservationsareintheregionofstrongwave–
currentinteraction.

Thespectralparametersusedfortheextremewaveanaly-
sisshouldbecomputedfromtheintrinsicspectrumE(fi,u)
(fi5s/2p).Thus,atransformationhadtobeappliedonthe
wavemodeloutputsinceitisgiveninabsolutefrequencies,
fa5v/2p.Thetransformationfromanabsolutetoanintrin-
sicreferenceframeispresentedintheappendix.

TherelativedifferenceforavariableXbetweenthetwo
wavemodelsisdefinedas

RD(X)5
XW1C2XW

XW
:(31)

a.SeastatemodulationinMoskstraumen

1)SEASTATEHOMOGENEITY

Thehorizontalhomogeneityconditionin(27)istreatedin
Fig.3,byusingarepresentativewindseapeakperiodof6s.
Theratios|(1/U)(­U/­xi)|k

21,,1,wherei51,2denotethex
andydirection,respectively.Thehorizontalhomogeneity
conditionwasalsosatisfiedduringotherstagesinthetidalcy-
cle,andduringswellandtidaljetconditions(notshown).

Forthestationarityconditionin(27),timederivativesfrom
theobservedcurrentusingrepresentativeintrinsicfrequen-
ciesfortheswellandwindseacomponentsarepresentedin
Fig.4.Alsohere,thecriterionofacurrentfieldvaryingmuch
slowerthanacharacteristicwavescale,|(1/U)(­U/­t)|s

21,,1,
wasfulfilled.Tofurthersupportthestationaritycondition,
waveobservationswereanalyzedbycomputingthevariance
b
2
,anditspotentialdriftduringthe17-minburstperiodfor

differentstagesinthetidalcycle.Here,nosignificantdevia-
tionswerefoundduringeachburstperiod(notshown).

2)TIDALMODULATIONOFTHEWAVEFIELDANDTHE

UNI-ANDDIRECTIONALSPECTRUM

Whentheeasterlywindseaopposedthebroaduniform
current,thewavemodelwithcurrent(W1C)showedaregion

FIG.3.Computingthecriteriaforthehorizontalhomogeneityaccordingto(27)undermaximumcurrentspeedfor
aT56speriodwave.Panelsshowthehorizontalcurrentgradientinthe(left)y(xi5x2)and(right)xdirection
(xi5x1)onalogarithmicscale.
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of increased Hs with a shape similar to the tidal current
(Fig. 2b). The met-ocean conditions suggests that wave strain-
ing is the dominating mechanism for three reasons: that is,
(i) its sensitivity to higher frequencies in (1), (ii) the horizon-
tal current gradients are strongest at the edges of the broad
current and more uniform in the center (not shown) and con-
sequently less exposed to caustics compared with a narrow jet
(Kenyon 1971; Dysthe 2001), and (iii) both the active wind
forcing and the short-crested nature of the wind sea are work-
ing against the veering of the rays, and consequently the im-
pact of refraction is more diffuse compared with a narrow
swell spectrum (Rapizo et al. 2016; Holthuijsen and Tolman
1991). However, and even if the wave straining mechanism
dominate in the model when the wind sea opposes Moskstrau-
men, it does not imply that wave straining was the dominating
mechanism in the observations since there are processes like
wave breaking and strong shear going on below scales of 800 m.

The observed and W1C unidirectional spectra had a simi-
lar relative variance distribution on the wind sea and swell
components in the bimodal spectrum (Figs. 5e,f). The semidi-
urnal M2 modulation of the wind sea was well predicted by
W1C, but the magnitude, and thus Hs, was at times off by
about 1 m. There may be several reasons for such deviations,
but the one around 1200 UTC 23 January (see red arrows in
Fig. 5g) was due to the grid point resolution in the ROMS
model. Here, Moskstraumen turned 1808 prior to the ob-
served current and opposed the swell, resulting in an increase
in Hs. Furthermore, the wave energy was at times located on
lower frequencies in the model compared with the observations,

as seen from about 1200 UTC 26 January and throughout the
period in the lower panel in Figs. 5e and 5f. Here, the U10 de-
creased to about 3 m s21 in the atmospheric model (not shown).
Another limitation with the measured 2D spectra was the cutoff
in directional measurements at 0.2 Hz (Fig. 5c), related to the
500-kHz carrier frequency of the ADCP.

Snapshots of the temporal evolution of the modeled wave
spectrum are shown in Fig. 6. Here, the wind sea broadened
in direction and increased in frequency up to 0.3 Hz due to
the opposing current (middle row). The spectra from the W
simulation were stationary during incoming tide (top row).
Clearly, the energy on the swell components reduced when
propagating in the current direction (bottom row). Consider-
ing the unidirectional spectrum, both the energy and mean
frequency level increased in W1C (rightmost column). The
current speed reached 2 m s21, which exceeds the blocking ve-
locity for the 5-s wave present in W, which according to (6) is
21.95 m s21.

3) INTEGRATED SPECTRAL PARAMETERS

Time evolution in the key sea state parameters from (25)
and (26) are shown in Fig. 7, and the intermodel differences
are listed in Table 2. An increase in Hs and « occurred when
the wind sea was opposing the current, except for Hs during
the first tidal cycle around 1200 UTC 23 January as mentioned
in the previous section (Fig. 5g). The phase of the modulation
in « was in general accordance with the observations with a
correlation coefficient between « from W1C and the observa-
tions of 0.80. Note that the observed sea state parameters are

FIG. 4. Computing the criteria for the slowly varying current assumption in time (27). (top) The time series of the measured current
speed U and (middle) the time derivative for 7 tidal cycles. (bottom) The scaled time derivative of U on a T 5 13 s period wave (orange)
and a T5 6 s period wave (blue).
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ofincreasedHswithashapesimilartothetidalcurrent
(Fig.2b).Themet-oceanconditionssuggeststhatwavestrain-
ingisthedominatingmechanismforthreereasons:thatis,
(i)itssensitivitytohigherfrequenciesin(1),(ii)thehorizon-
talcurrentgradientsarestrongestattheedgesofthebroad
currentandmoreuniforminthecenter(notshown)andcon-
sequentlylessexposedtocausticscomparedwithanarrowjet
(Kenyon1971;Dysthe2001),and(iii)boththeactivewind
forcingandtheshort-crestednatureofthewindseaarework-
ingagainsttheveeringoftherays,andconsequentlytheim-
pactofrefractionismorediffusecomparedwithanarrow
swellspectrum(Rapizoetal.2016;HolthuijsenandTolman
1991).However,andevenifthewavestrainingmechanism
dominateinthemodelwhenthewindseaopposesMoskstrau-
men,itdoesnotimplythatwavestrainingwasthedominating
mechanismintheobservationssincethereareprocesseslike
wavebreakingandstrongsheargoingonbelowscalesof800m.

TheobservedandW1Cunidirectionalspectrahadasimi-
larrelativevariancedistributiononthewindseaandswell
componentsinthebimodalspectrum(Figs.5e,f).Thesemidi-
urnalM2modulationofthewindseawaswellpredictedby
W1C,butthemagnitude,andthusHs,wasattimesoffby
about1m.Theremaybeseveralreasonsforsuchdeviations,
buttheonearound1200UTC23January(seeredarrowsin
Fig.5g)wasduetothegridpointresolutionintheROMS
model.Here,Moskstraumenturned1808priortotheob-
servedcurrentandopposedtheswell,resultinginanincrease
inHs.Furthermore,thewaveenergywasattimeslocatedon
lowerfrequenciesinthemodelcomparedwiththeobservations,

asseenfromabout1200UTC26Januaryandthroughoutthe
periodinthelowerpanelinFigs.5eand5f.Here,theU10de-
creasedtoabout3ms21intheatmosphericmodel(notshown).
Anotherlimitationwiththemeasured2Dspectrawasthecutoff
indirectionalmeasurementsat0.2Hz(Fig.5c),relatedtothe
500-kHzcarrierfrequencyoftheADCP.

Snapshotsofthetemporalevolutionofthemodeledwave
spectrumareshowninFig.6.Here,thewindseabroadened
indirectionandincreasedinfrequencyupto0.3Hzdueto
theopposingcurrent(middlerow).ThespectrafromtheW
simulationwerestationaryduringincomingtide(toprow).
Clearly,theenergyontheswellcomponentsreducedwhen
propagatinginthecurrentdirection(bottomrow).Consider-
ingtheunidirectionalspectrum,boththeenergyandmean
frequencylevelincreasedinW1C(rightmostcolumn).The
currentspeedreached2ms21,whichexceedstheblockingve-
locityforthe5-swavepresentinW,whichaccordingto(6)is
21.95ms21.

3)INTEGRATEDSPECTRALPARAMETERS

Timeevolutioninthekeyseastateparametersfrom(25)
and(26)areshowninFig.7,andtheintermodeldifferences
arelistedinTable2.AnincreaseinHsand«occurredwhen
thewindseawasopposingthecurrent,exceptforHsduring
thefirsttidalcyclearound1200UTC23Januaryasmentioned
intheprevioussection(Fig.5g).Thephaseofthemodulation
in«wasingeneralaccordancewiththeobservationswitha
correlationcoefficientbetween«fromW1Candtheobserva-
tionsof0.80.Notethattheobservedseastateparametersare

FIG.4.Computingthecriteriafortheslowlyvaryingcurrentassumptionintime(27).(top)Thetimeseriesofthemeasuredcurrent
speedUand(middle)thetimederivativefor7tidalcycles.(bottom)ThescaledtimederivativeofUonaT513speriodwave(orange)
andaT56speriodwave(blue).
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ofincreasedHswithashapesimilartothetidalcurrent
(Fig.2b).Themet-oceanconditionssuggeststhatwavestrain-
ingisthedominatingmechanismforthreereasons:thatis,
(i)itssensitivitytohigherfrequenciesin(1),(ii)thehorizon-
talcurrentgradientsarestrongestattheedgesofthebroad
currentandmoreuniforminthecenter(notshown)andcon-
sequentlylessexposedtocausticscomparedwithanarrowjet
(Kenyon1971;Dysthe2001),and(iii)boththeactivewind
forcingandtheshort-crestednatureofthewindseaarework-
ingagainsttheveeringoftherays,andconsequentlytheim-
pactofrefractionismorediffusecomparedwithanarrow
swellspectrum(Rapizoetal.2016;HolthuijsenandTolman
1991).However,andevenifthewavestrainingmechanism
dominateinthemodelwhenthewindseaopposesMoskstrau-
men,itdoesnotimplythatwavestrainingwasthedominating
mechanismintheobservationssincethereareprocesseslike
wavebreakingandstrongsheargoingonbelowscalesof800m.

TheobservedandW1Cunidirectionalspectrahadasimi-
larrelativevariancedistributiononthewindseaandswell
componentsinthebimodalspectrum(Figs.5e,f).Thesemidi-
urnalM2modulationofthewindseawaswellpredictedby
W1C,butthemagnitude,andthusHs,wasattimesoffby
about1m.Theremaybeseveralreasonsforsuchdeviations,
buttheonearound1200UTC23January(seeredarrowsin
Fig.5g)wasduetothegridpointresolutionintheROMS
model.Here,Moskstraumenturned1808priortotheob-
servedcurrentandopposedtheswell,resultinginanincrease
inHs.Furthermore,thewaveenergywasattimeslocatedon
lowerfrequenciesinthemodelcomparedwiththeobservations,

asseenfromabout1200UTC26Januaryandthroughoutthe
periodinthelowerpanelinFigs.5eand5f.Here,theU10de-
creasedtoabout3ms21intheatmosphericmodel(notshown).
Anotherlimitationwiththemeasured2Dspectrawasthecutoff
indirectionalmeasurementsat0.2Hz(Fig.5c),relatedtothe
500-kHzcarrierfrequencyoftheADCP.

Snapshotsofthetemporalevolutionofthemodeledwave
spectrumareshowninFig.6.Here,thewindseabroadened
indirectionandincreasedinfrequencyupto0.3Hzdueto
theopposingcurrent(middlerow).ThespectrafromtheW
simulationwerestationaryduringincomingtide(toprow).
Clearly,theenergyontheswellcomponentsreducedwhen
propagatinginthecurrentdirection(bottomrow).Consider-
ingtheunidirectionalspectrum,boththeenergyandmean
frequencylevelincreasedinW1C(rightmostcolumn).The
currentspeedreached2ms21,whichexceedstheblockingve-
locityforthe5-swavepresentinW,whichaccordingto(6)is
21.95ms21.

3)INTEGRATEDSPECTRALPARAMETERS

Timeevolutioninthekeyseastateparametersfrom(25)
and(26)areshowninFig.7,andtheintermodeldifferences
arelistedinTable2.AnincreaseinHsand«occurredwhen
thewindseawasopposingthecurrent,exceptforHsduring
thefirsttidalcyclearound1200UTC23Januaryasmentioned
intheprevioussection(Fig.5g).Thephaseofthemodulation
in«wasingeneralaccordancewiththeobservationswitha
correlationcoefficientbetween«fromW1Candtheobserva-
tionsof0.80.Notethattheobservedseastateparametersare

FIG.4.Computingthecriteriafortheslowlyvaryingcurrentassumptionintime(27).(top)Thetimeseriesofthemeasuredcurrent
speedUand(middle)thetimederivativefor7tidalcycles.(bottom)ThescaledtimederivativeofUonaT513speriodwave(orange)
andaT56speriodwave(blue).
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of increased Hs with a shape similar to the tidal current
(Fig. 2b). The met-ocean conditions suggests that wave strain-
ing is the dominating mechanism for three reasons: that is,
(i) its sensitivity to higher frequencies in (1), (ii) the horizon-
tal current gradients are strongest at the edges of the broad
current and more uniform in the center (not shown) and con-
sequently less exposed to caustics compared with a narrow jet
(Kenyon 1971; Dysthe 2001), and (iii) both the active wind
forcing and the short-crested nature of the wind sea are work-
ing against the veering of the rays, and consequently the im-
pact of refraction is more diffuse compared with a narrow
swell spectrum (Rapizo et al. 2016; Holthuijsen and Tolman
1991). However, and even if the wave straining mechanism
dominate in the model when the wind sea opposes Moskstrau-
men, it does not imply that wave straining was the dominating
mechanism in the observations since there are processes like
wave breaking and strong shear going on below scales of 800 m.

The observed and W1C unidirectional spectra had a simi-
lar relative variance distribution on the wind sea and swell
components in the bimodal spectrum (Figs. 5e,f). The semidi-
urnal M2 modulation of the wind sea was well predicted by
W1C, but the magnitude, and thus Hs, was at times off by
about 1 m. There may be several reasons for such deviations,
but the one around 1200 UTC 23 January (see red arrows in
Fig. 5g) was due to the grid point resolution in the ROMS
model. Here, Moskstraumen turned 1808 prior to the ob-
served current and opposed the swell, resulting in an increase
in Hs. Furthermore, the wave energy was at times located on
lower frequencies in the model compared with the observations,

as seen from about 1200 UTC 26 January and throughout the
period in the lower panel in Figs. 5e and 5f. Here, the U10 de-
creased to about 3 m s

21
in the atmospheric model (not shown).

Another limitation with the measured 2D spectra was the cutoff
in directional measurements at 0.2 Hz (Fig. 5c), related to the
500-kHz carrier frequency of the ADCP.

Snapshots of the temporal evolution of the modeled wave
spectrum are shown in Fig. 6. Here, the wind sea broadened
in direction and increased in frequency up to 0.3 Hz due to
the opposing current (middle row). The spectra from the W
simulation were stationary during incoming tide (top row).
Clearly, the energy on the swell components reduced when
propagating in the current direction (bottom row). Consider-
ing the unidirectional spectrum, both the energy and mean
frequency level increased in W1C (rightmost column). The
current speed reached 2 m s

21
, which exceeds the blocking ve-

locity for the 5-s wave present in W, which according to (6) is
21.95 m s

21
.

3) INTEGRATED SPECTRAL PARAMETERS

Time evolution in the key sea state parameters from (25)
and (26) are shown in Fig. 7, and the intermodel differences
are listed in Table 2. An increase in Hs and « occurred when
the wind sea was opposing the current, except for Hs during
the first tidal cycle around 1200 UTC 23 January as mentioned
in the previous section (Fig. 5g). The phase of the modulation
in « was in general accordance with the observations with a
correlation coefficient between « from W1C and the observa-
tions of 0.80. Note that the observed sea state parameters are

FIG. 4. Computing the criteria for the slowly varying current assumption in time (27). (top) The time series of the measured current
speed U and (middle) the time derivative for 7 tidal cycles. (bottom) The scaled time derivative of U on a T 5 13 s period wave (orange)
and a T5 6 s period wave (blue).
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of increased Hs with a shape similar to the tidal current
(Fig. 2b). The met-ocean conditions suggests that wave strain-
ing is the dominating mechanism for three reasons: that is,
(i) its sensitivity to higher frequencies in (1), (ii) the horizon-
tal current gradients are strongest at the edges of the broad
current and more uniform in the center (not shown) and con-
sequently less exposed to caustics compared with a narrow jet
(Kenyon 1971; Dysthe 2001), and (iii) both the active wind
forcing and the short-crested nature of the wind sea are work-
ing against the veering of the rays, and consequently the im-
pact of refraction is more diffuse compared with a narrow
swell spectrum (Rapizo et al. 2016; Holthuijsen and Tolman
1991). However, and even if the wave straining mechanism
dominate in the model when the wind sea opposes Moskstrau-
men, it does not imply that wave straining was the dominating
mechanism in the observations since there are processes like
wave breaking and strong shear going on below scales of 800 m.

The observed and W1C unidirectional spectra had a simi-
lar relative variance distribution on the wind sea and swell
components in the bimodal spectrum (Figs. 5e,f). The semidi-
urnal M2 modulation of the wind sea was well predicted by
W1C, but the magnitude, and thus Hs, was at times off by
about 1 m. There may be several reasons for such deviations,
but the one around 1200 UTC 23 January (see red arrows in
Fig. 5g) was due to the grid point resolution in the ROMS
model. Here, Moskstraumen turned 1808 prior to the ob-
served current and opposed the swell, resulting in an increase
in Hs. Furthermore, the wave energy was at times located on
lower frequencies in the model compared with the observations,

as seen from about 1200 UTC 26 January and throughout the
period in the lower panel in Figs. 5e and 5f. Here, the U10 de-
creased to about 3 m s

21
in the atmospheric model (not shown).

Another limitation with the measured 2D spectra was the cutoff
in directional measurements at 0.2 Hz (Fig. 5c), related to the
500-kHz carrier frequency of the ADCP.

Snapshots of the temporal evolution of the modeled wave
spectrum are shown in Fig. 6. Here, the wind sea broadened
in direction and increased in frequency up to 0.3 Hz due to
the opposing current (middle row). The spectra from the W
simulation were stationary during incoming tide (top row).
Clearly, the energy on the swell components reduced when
propagating in the current direction (bottom row). Consider-
ing the unidirectional spectrum, both the energy and mean
frequency level increased in W1C (rightmost column). The
current speed reached 2 m s

21
, which exceeds the blocking ve-

locity for the 5-s wave present in W, which according to (6) is
21.95 m s

21
.

3) INTEGRATED SPECTRAL PARAMETERS

Time evolution in the key sea state parameters from (25)
and (26) are shown in Fig. 7, and the intermodel differences
are listed in Table 2. An increase in Hs and « occurred when
the wind sea was opposing the current, except for Hs during
the first tidal cycle around 1200 UTC 23 January as mentioned
in the previous section (Fig. 5g). The phase of the modulation
in « was in general accordance with the observations with a
correlation coefficient between « from W1C and the observa-
tions of 0.80. Note that the observed sea state parameters are

FIG. 4. Computing the criteria for the slowly varying current assumption in time (27). (top) The time series of the measured current
speed U and (middle) the time derivative for 7 tidal cycles. (bottom) The scaled time derivative of U on a T 5 13 s period wave (orange)
and a T5 6 s period wave (blue).
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ofincreasedHswithashapesimilartothetidalcurrent
(Fig.2b).Themet-oceanconditionssuggeststhatwavestrain-
ingisthedominatingmechanismforthreereasons:thatis,
(i)itssensitivitytohigherfrequenciesin(1),(ii)thehorizon-
talcurrentgradientsarestrongestattheedgesofthebroad
currentandmoreuniforminthecenter(notshown)andcon-
sequentlylessexposedtocausticscomparedwithanarrowjet
(Kenyon1971;Dysthe2001),and(iii)boththeactivewind
forcingandtheshort-crestednatureofthewindseaarework-
ingagainsttheveeringoftherays,andconsequentlytheim-
pactofrefractionismorediffusecomparedwithanarrow
swellspectrum(Rapizoetal.2016;HolthuijsenandTolman
1991).However,andevenifthewavestrainingmechanism
dominateinthemodelwhenthewindseaopposesMoskstrau-
men,itdoesnotimplythatwavestrainingwasthedominating
mechanismintheobservationssincethereareprocesseslike
wavebreakingandstrongsheargoingonbelowscalesof800m.

TheobservedandW1Cunidirectionalspectrahadasimi-
larrelativevariancedistributiononthewindseaandswell
componentsinthebimodalspectrum(Figs.5e,f).Thesemidi-
urnalM2modulationofthewindseawaswellpredictedby
W1C,butthemagnitude,andthusHs,wasattimesoffby
about1m.Theremaybeseveralreasonsforsuchdeviations,
buttheonearound1200UTC23January(seeredarrowsin
Fig.5g)wasduetothegridpointresolutionintheROMS
model.Here,Moskstraumenturned1808priortotheob-
servedcurrentandopposedtheswell,resultinginanincrease
inHs.Furthermore,thewaveenergywasattimeslocatedon
lowerfrequenciesinthemodelcomparedwiththeobservations,

asseenfromabout1200UTC26Januaryandthroughoutthe
periodinthelowerpanelinFigs.5eand5f.Here,theU10de-
creasedtoabout3ms

21
intheatmosphericmodel(notshown).

Anotherlimitationwiththemeasured2Dspectrawasthecutoff
indirectionalmeasurementsat0.2Hz(Fig.5c),relatedtothe
500-kHzcarrierfrequencyoftheADCP.

Snapshotsofthetemporalevolutionofthemodeledwave
spectrumareshowninFig.6.Here,thewindseabroadened
indirectionandincreasedinfrequencyupto0.3Hzdueto
theopposingcurrent(middlerow).ThespectrafromtheW
simulationwerestationaryduringincomingtide(toprow).
Clearly,theenergyontheswellcomponentsreducedwhen
propagatinginthecurrentdirection(bottomrow).Consider-
ingtheunidirectionalspectrum,boththeenergyandmean
frequencylevelincreasedinW1C(rightmostcolumn).The
currentspeedreached2ms

21
,whichexceedstheblockingve-

locityforthe5-swavepresentinW,whichaccordingto(6)is
21.95ms

21
.

3)INTEGRATEDSPECTRALPARAMETERS

Timeevolutioninthekeyseastateparametersfrom(25)
and(26)areshowninFig.7,andtheintermodeldifferences
arelistedinTable2.AnincreaseinHsand«occurredwhen
thewindseawasopposingthecurrent,exceptforHsduring
thefirsttidalcyclearound1200UTC23Januaryasmentioned
intheprevioussection(Fig.5g).Thephaseofthemodulation
in«wasingeneralaccordancewiththeobservationswitha
correlationcoefficientbetween«fromW1Candtheobserva-
tionsof0.80.Notethattheobservedseastateparametersare

FIG.4.Computingthecriteriafortheslowlyvaryingcurrentassumptionintime(27).(top)Thetimeseriesofthemeasuredcurrent
speedUand(middle)thetimederivativefor7tidalcycles.(bottom)ThescaledtimederivativeofUonaT513speriodwave(orange)
andaT56speriodwave(blue).
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ofincreasedHswithashapesimilartothetidalcurrent
(Fig.2b).Themet-oceanconditionssuggeststhatwavestrain-
ingisthedominatingmechanismforthreereasons:thatis,
(i)itssensitivitytohigherfrequenciesin(1),(ii)thehorizon-
talcurrentgradientsarestrongestattheedgesofthebroad
currentandmoreuniforminthecenter(notshown)andcon-
sequentlylessexposedtocausticscomparedwithanarrowjet
(Kenyon1971;Dysthe2001),and(iii)boththeactivewind
forcingandtheshort-crestednatureofthewindseaarework-
ingagainsttheveeringoftherays,andconsequentlytheim-
pactofrefractionismorediffusecomparedwithanarrow
swellspectrum(Rapizoetal.2016;HolthuijsenandTolman
1991).However,andevenifthewavestrainingmechanism
dominateinthemodelwhenthewindseaopposesMoskstrau-
men,itdoesnotimplythatwavestrainingwasthedominating
mechanismintheobservationssincethereareprocesseslike
wavebreakingandstrongsheargoingonbelowscalesof800m.

TheobservedandW1Cunidirectionalspectrahadasimi-
larrelativevariancedistributiononthewindseaandswell
componentsinthebimodalspectrum(Figs.5e,f).Thesemidi-
urnalM2modulationofthewindseawaswellpredictedby
W1C,butthemagnitude,andthusHs,wasattimesoffby
about1m.Theremaybeseveralreasonsforsuchdeviations,
buttheonearound1200UTC23January(seeredarrowsin
Fig.5g)wasduetothegridpointresolutionintheROMS
model.Here,Moskstraumenturned1808priortotheob-
servedcurrentandopposedtheswell,resultinginanincrease
inHs.Furthermore,thewaveenergywasattimeslocatedon
lowerfrequenciesinthemodelcomparedwiththeobservations,

asseenfromabout1200UTC26Januaryandthroughoutthe
periodinthelowerpanelinFigs.5eand5f.Here,theU10de-
creasedtoabout3ms

21
intheatmosphericmodel(notshown).

Anotherlimitationwiththemeasured2Dspectrawasthecutoff
indirectionalmeasurementsat0.2Hz(Fig.5c),relatedtothe
500-kHzcarrierfrequencyoftheADCP.

Snapshotsofthetemporalevolutionofthemodeledwave
spectrumareshowninFig.6.Here,thewindseabroadened
indirectionandincreasedinfrequencyupto0.3Hzdueto
theopposingcurrent(middlerow).ThespectrafromtheW
simulationwerestationaryduringincomingtide(toprow).
Clearly,theenergyontheswellcomponentsreducedwhen
propagatinginthecurrentdirection(bottomrow).Consider-
ingtheunidirectionalspectrum,boththeenergyandmean
frequencylevelincreasedinW1C(rightmostcolumn).The
currentspeedreached2ms

21
,whichexceedstheblockingve-

locityforthe5-swavepresentinW,whichaccordingto(6)is
21.95ms

21
.

3)INTEGRATEDSPECTRALPARAMETERS

Timeevolutioninthekeyseastateparametersfrom(25)
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ofincreasedHswithashapesimilartothetidalcurrent
(Fig.2b).Themet-oceanconditionssuggeststhatwavestrain-
ingisthedominatingmechanismforthreereasons:thatis,
(i)itssensitivitytohigherfrequenciesin(1),(ii)thehorizon-
talcurrentgradientsarestrongestattheedgesofthebroad
currentandmoreuniforminthecenter(notshown)andcon-
sequentlylessexposedtocausticscomparedwithanarrowjet
(Kenyon1971;Dysthe2001),and(iii)boththeactivewind
forcingandtheshort-crestednatureofthewindseaarework-
ingagainsttheveeringoftherays,andconsequentlytheim-
pactofrefractionismorediffusecomparedwithanarrow
swellspectrum(Rapizoetal.2016;HolthuijsenandTolman
1991).However,andevenifthewavestrainingmechanism
dominateinthemodelwhenthewindseaopposesMoskstrau-
men,itdoesnotimplythatwavestrainingwasthedominating
mechanismintheobservationssincethereareprocesseslike
wavebreakingandstrongsheargoingonbelowscalesof800m.

TheobservedandW1Cunidirectionalspectrahadasimi-
larrelativevariancedistributiononthewindseaandswell
componentsinthebimodalspectrum(Figs.5e,f).Thesemidi-
urnalM2modulationofthewindseawaswellpredictedby
W1C,butthemagnitude,andthusHs,wasattimesoffby
about1m.Theremaybeseveralreasonsforsuchdeviations,
buttheonearound1200UTC23January(seeredarrowsin
Fig.5g)wasduetothegridpointresolutionintheROMS
model.Here,Moskstraumenturned1808priortotheob-
servedcurrentandopposedtheswell,resultinginanincrease
inHs.Furthermore,thewaveenergywasattimeslocatedon
lowerfrequenciesinthemodelcomparedwiththeobservations,

asseenfromabout1200UTC26Januaryandthroughoutthe
periodinthelowerpanelinFigs.5eand5f.Here,theU10de-
creasedtoabout3ms

21
intheatmosphericmodel(notshown).

Anotherlimitationwiththemeasured2Dspectrawasthecutoff
indirectionalmeasurementsat0.2Hz(Fig.5c),relatedtothe
500-kHzcarrierfrequencyoftheADCP.

Snapshotsofthetemporalevolutionofthemodeledwave
spectrumareshowninFig.6.Here,thewindseabroadened
indirectionandincreasedinfrequencyupto0.3Hzdueto
theopposingcurrent(middlerow).ThespectrafromtheW
simulationwerestationaryduringincomingtide(toprow).
Clearly,theenergyontheswellcomponentsreducedwhen
propagatinginthecurrentdirection(bottomrow).Consider-
ingtheunidirectionalspectrum,boththeenergyandmean
frequencylevelincreasedinW1C(rightmostcolumn).The
currentspeedreached2ms

21
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computed from the intrinsic unidirectional spectrum. The Hs

in W1C exceeded the W simulation by up to 44%, and « by
167% (Table 2).

The average number of waves N3D from (10) also increased
with currents opposing the wind sea due to the shift in fre-
quency to shorter waves (Fig. 7c). Consequently, Lx, Ly, Tm all
decreased (not shown). The impact by the degree of organiza-
tion in the space–time wave field A on N3D was less systematic
during the tidal phases, which made the influence by the tidal
current difficult to interpret (not shown). Less systematic differ-
ences were also found for the absolute narrow-bandedness |f*|
(Fig. 7d). We recall that |f*|" 0 implies a more broad-banded
sea state, and that typical values for a wind-sea spectrum are in
the range (0.65, 0.75). The lower |f*| in W1C than in W during
the first tidal cycle was a result of the swell and wind sea having
a similar energy level due to Moskstraumen opposing the latter,
which thus caused a broadening the 1D spectrum (Fig. 7d). For

the last two tidal cycles, when U10 ≃ 3 m s21, the energy on the
swell and remaining wind sea was equally partitioned during
outgoing tide, leading to the decrease in |f*| in W1C. By con-
trast, for some of the intermediate opposing cycles, the strong
shift in variance density to the wind sea components caused a
more narrow-banded sea state (Figs. 5e,f). Furthermore, the ob-
servations and W1C model predictions show some similar fluc-
tuations, but often have quite different values, which is to be
expected since the energy distributions in the spectra were at
times quite different (Figs. 5e–g).

4) STEEPNESS MODULATION AND SIMPLIFIED

QUASI-STATIONARY MODEL

The deep water spectral steepness in (18) can be rewritten

« 5
bs2

1

g
(1 2 n 1 n2) 5 ���

E
√

k1c, (32)

FIG. 5. Comparing (left) snapshots of modeled and observed 2D spectrum, together with (right) the temporal evolu-
tion in the 1D spectra and Hs. Snapshots of 2D spectra are taken from 1100 UTC 25 January (see vertical dashed
line). Output from the wave model forced with (a),(d) wind (W), (b),(e) wind and current (W1C), and (c),(f) the
ADCP observations (Obs.). At 50-m depth, the ADCP cannot measure wave directions for frequencies above 0.2 Hz
[see (c)]. A more complete frequency coverage is provided by the observed 1D spectrum [see (f)]. (g) The spectral sig-
nificant wave heightHs is shown for the observations (green line), W1C (blue line), and W (orange line). Red arrows
around 1200 UTC 23 January denote the shift in the wave energy caused by the observed current turning before the
model current, and the red arrows around 0000 UTC 27 January denote the different spectral wave energy distribu-
tion in the model vs the observations. Note that the color scale for the 2D spectra represents a scaled version of the
1D spectra, as the units are scaled by degrees.
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computedfromtheintrinsicunidirectionalspectrum.TheHs

inW1CexceededtheWsimulationbyupto44%,and«by
167%(Table2).

TheaveragenumberofwavesN3Dfrom(10)alsoincreased
withcurrentsopposingthewindseaduetotheshiftinfre-
quencytoshorterwaves(Fig.7c).Consequently,Lx,Ly,Tmall
decreased(notshown).Theimpactbythedegreeoforganiza-
tioninthespace–timewavefieldAonN3Dwaslesssystematic
duringthetidalphases,whichmadetheinfluencebythetidal
currentdifficulttointerpret(notshown).Lesssystematicdiffer-
enceswerealsofoundfortheabsolutenarrow-bandedness|f*|
(Fig.7d).Werecallthat|f*|"0impliesamorebroad-banded
seastate,andthattypicalvaluesforawind-seaspectrumarein
therange(0.65,0.75).Thelower|f*|inW1CthaninWduring
thefirsttidalcyclewasaresultoftheswellandwindseahaving
asimilarenergylevelduetoMoskstraumenopposingthelatter,
whichthuscausedabroadeningthe1Dspectrum(Fig.7d).For

thelasttwotidalcycles,whenU10≃3ms21,theenergyonthe
swellandremainingwindseawasequallypartitionedduring
outgoingtide,leadingtothedecreasein|f*|inW1C.Bycon-
trast,forsomeoftheintermediateopposingcycles,thestrong
shiftinvariancedensitytothewindseacomponentscauseda
morenarrow-bandedseastate(Figs.5e,f).Furthermore,theob-
servationsandW1Cmodelpredictionsshowsomesimilarfluc-
tuations,butoftenhavequitedifferentvalues,whichistobe
expectedsincetheenergydistributionsinthespectrawereat
timesquitedifferent(Figs.5e–g).

4)STEEPNESSMODULATIONANDSIMPLIFIED

QUASI-STATIONARYMODEL

Thedeepwaterspectralsteepnessin(18)canberewritten

«5
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FIG.5.Comparing(left)snapshotsofmodeledandobserved2Dspectrum,togetherwith(right)thetemporalevolu-
tioninthe1DspectraandHs.Snapshotsof2Dspectraaretakenfrom1100UTC25January(seeverticaldashed
line).Outputfromthewavemodelforcedwith(a),(d)wind(W),(b),(e)windandcurrent(W1C),and(c),(f)the
ADCPobservations(Obs.).At50-mdepth,theADCPcannotmeasurewavedirectionsforfrequenciesabove0.2Hz
[see(c)].Amorecompletefrequencycoverageisprovidedbytheobserved1Dspectrum[see(f)].(g)Thespectralsig-
nificantwaveheightHsisshownfortheobservations(greenline),W1C(blueline),andW(orangeline).Redarrows
around1200UTC23Januarydenotetheshiftinthewaveenergycausedbytheobservedcurrentturningbeforethe
modelcurrent,andtheredarrowsaround0000UTC27Januarydenotethedifferentspectralwaveenergydistribu-
tioninthemodelvstheobservations.Notethatthecolorscaleforthe2Dspectrarepresentsascaledversionofthe
1Dspectra,astheunitsarescaledbydegrees.
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computedfromtheintrinsicunidirectionalspectrum.TheHs

inW1CexceededtheWsimulationbyupto44%,and«by
167%(Table2).
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withcurrentsopposingthewindseaduetotheshiftinfre-
quencytoshorterwaves(Fig.7c).Consequently,Lx,Ly,Tmall
decreased(notshown).Theimpactbythedegreeoforganiza-
tioninthespace–timewavefieldAonN3Dwaslesssystematic
duringthetidalphases,whichmadetheinfluencebythetidal
currentdifficulttointerpret(notshown).Lesssystematicdiffer-
enceswerealsofoundfortheabsolutenarrow-bandedness|f*|
(Fig.7d).Werecallthat|f*|"0impliesamorebroad-banded
seastate,andthattypicalvaluesforawind-seaspectrumarein
therange(0.65,0.75).Thelower|f*|inW1CthaninWduring
thefirsttidalcyclewasaresultoftheswellandwindseahaving
asimilarenergylevelduetoMoskstraumenopposingthelatter,
whichthuscausedabroadeningthe1Dspectrum(Fig.7d).For

thelasttwotidalcycles,whenU10≃3ms21,theenergyonthe
swellandremainingwindseawasequallypartitionedduring
outgoingtide,leadingtothedecreasein|f*|inW1C.Bycon-
trast,forsomeoftheintermediateopposingcycles,thestrong
shiftinvariancedensitytothewindseacomponentscauseda
morenarrow-bandedseastate(Figs.5e,f).Furthermore,theob-
servationsandW1Cmodelpredictionsshowsomesimilarfluc-
tuations,butoftenhavequitedifferentvalues,whichistobe
expectedsincetheenergydistributionsinthespectrawereat
timesquitedifferent(Figs.5e–g).
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FIG.5.Comparing(left)snapshotsofmodeledandobserved2Dspectrum,togetherwith(right)thetemporalevolu-
tioninthe1DspectraandHs.Snapshotsof2Dspectraaretakenfrom1100UTC25January(seeverticaldashed
line).Outputfromthewavemodelforcedwith(a),(d)wind(W),(b),(e)windandcurrent(W1C),and(c),(f)the
ADCPobservations(Obs.).At50-mdepth,theADCPcannotmeasurewavedirectionsforfrequenciesabove0.2Hz
[see(c)].Amorecompletefrequencycoverageisprovidedbytheobserved1Dspectrum[see(f)].(g)Thespectralsig-
nificantwaveheightHsisshownfortheobservations(greenline),W1C(blueline),andW(orangeline).Redarrows
around1200UTC23Januarydenotetheshiftinthewaveenergycausedbytheobservedcurrentturningbeforethe
modelcurrent,andtheredarrowsaround0000UTC27Januarydenotethedifferentspectralwaveenergydistribu-
tioninthemodelvstheobservations.Notethatthecolorscaleforthe2Dspectrarepresentsascaledversionofthe
1Dspectra,astheunitsarescaledbydegrees.

HALSNEETAL.139 JANUARY2024

Brought to you by Meteorologisk institutt | Unauthenticated | Downloaded 02/14/24 11:45 AM UTC

computed from the intrinsic unidirectional spectrum. The Hs

in W1C exceeded the W simulation by up to 44%, and « by
167% (Table 2).

The average number of waves N3D from (10) also increased
with currents opposing the wind sea due to the shift in fre-
quency to shorter waves (Fig. 7c). Consequently, Lx, Ly, Tm all
decreased (not shown). The impact by the degree of organiza-
tion in the space–time wave field A on N3D was less systematic
during the tidal phases, which made the influence by the tidal
current difficult to interpret (not shown). Less systematic differ-
ences were also found for the absolute narrow-bandedness |f

*
|

(Fig. 7d). We recall that |f
*
|" 0 implies a more broad-banded

sea state, and that typical values for a wind-sea spectrum are in
the range (0.65, 0.75). The lower |f

*
| in W1C than in W during

the first tidal cycle was a result of the swell and wind sea having
a similar energy level due to Moskstraumen opposing the latter,
which thus caused a broadening the 1D spectrum (Fig. 7d). For

the last two tidal cycles, when U10 ≃ 3 m s
21
, the energy on the

swell and remaining wind sea was equally partitioned during
outgoing tide, leading to the decrease in |f

*
| in W1C. By con-

trast, for some of the intermediate opposing cycles, the strong
shift in variance density to the wind sea components caused a
more narrow-banded sea state (Figs. 5e,f). Furthermore, the ob-
servations and W1C model predictions show some similar fluc-
tuations, but often have quite different values, which is to be
expected since the energy distributions in the spectra were at
times quite different (Figs. 5e–g).

4) STEEPNESS MODULATION AND SIMPLIFIED

QUASI-STATIONARY MODEL

The deep water spectral steepness in (18) can be rewritten
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FIG. 5. Comparing (left) snapshots of modeled and observed 2D spectrum, together with (right) the temporal evolu-
tion in the 1D spectra and Hs. Snapshots of 2D spectra are taken from 1100 UTC 25 January (see vertical dashed
line). Output from the wave model forced with (a),(d) wind (W), (b),(e) wind and current (W1C), and (c),(f) the
ADCP observations (Obs.). At 50-m depth, the ADCP cannot measure wave directions for frequencies above 0.2 Hz
[see (c)]. A more complete frequency coverage is provided by the observed 1D spectrum [see (f)]. (g) The spectral sig-
nificant wave heightHs is shown for the observations (green line), W1C (blue line), and W (orange line). Red arrows
around 1200 UTC 23 January denote the shift in the wave energy caused by the observed current turning before the
model current, and the red arrows around 0000 UTC 27 January denote the different spectral wave energy distribu-
tion in the model vs the observations. Note that the color scale for the 2D spectra represents a scaled version of the
1D spectra, as the units are scaled by degrees.
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computed from the intrinsic unidirectional spectrum. The Hs
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sea state, and that typical values for a wind-sea spectrum are in
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| in W1C than in W during

the first tidal cycle was a result of the swell and wind sea having
a similar energy level due to Moskstraumen opposing the latter,
which thus caused a broadening the 1D spectrum (Fig. 7d). For

the last two tidal cycles, when U10 ≃ 3 m s
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, the energy on the

swell and remaining wind sea was equally partitioned during
outgoing tide, leading to the decrease in |f
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| in W1C. By con-

trast, for some of the intermediate opposing cycles, the strong
shift in variance density to the wind sea components caused a
more narrow-banded sea state (Figs. 5e,f). Furthermore, the ob-
servations and W1C model predictions show some similar fluc-
tuations, but often have quite different values, which is to be
expected since the energy distributions in the spectra were at
times quite different (Figs. 5e–g).

4) STEEPNESS MODULATION AND SIMPLIFIED

QUASI-STATIONARY MODEL

The deep water spectral steepness in (18) can be rewritten
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FIG. 5. Comparing (left) snapshots of modeled and observed 2D spectrum, together with (right) the temporal evolu-
tion in the 1D spectra and Hs. Snapshots of 2D spectra are taken from 1100 UTC 25 January (see vertical dashed
line). Output from the wave model forced with (a),(d) wind (W), (b),(e) wind and current (W1C), and (c),(f) the
ADCP observations (Obs.). At 50-m depth, the ADCP cannot measure wave directions for frequencies above 0.2 Hz
[see (c)]. A more complete frequency coverage is provided by the observed 1D spectrum [see (f)]. (g) The spectral sig-
nificant wave heightHs is shown for the observations (green line), W1C (blue line), and W (orange line). Red arrows
around 1200 UTC 23 January denote the shift in the wave energy caused by the observed current turning before the
model current, and the red arrows around 0000 UTC 27 January denote the different spectral wave energy distribu-
tion in the model vs the observations. Note that the color scale for the 2D spectra represents a scaled version of the
1D spectra, as the units are scaled by degrees.
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computedfromtheintrinsicunidirectionalspectrum.TheHs

inW1CexceededtheWsimulationbyupto44%,and«by
167%(Table2).

TheaveragenumberofwavesN3Dfrom(10)alsoincreased
withcurrentsopposingthewindseaduetotheshiftinfre-
quencytoshorterwaves(Fig.7c).Consequently,Lx,Ly,Tmall
decreased(notshown).Theimpactbythedegreeoforganiza-
tioninthespace–timewavefieldAonN3Dwaslesssystematic
duringthetidalphases,whichmadetheinfluencebythetidal
currentdifficulttointerpret(notshown).Lesssystematicdiffer-
enceswerealsofoundfortheabsolutenarrow-bandedness|f

*
|

(Fig.7d).Werecallthat|f
*
|"0impliesamorebroad-banded

seastate,andthattypicalvaluesforawind-seaspectrumarein
therange(0.65,0.75).Thelower|f

*
|inW1CthaninWduring

thefirsttidalcyclewasaresultoftheswellandwindseahaving
asimilarenergylevelduetoMoskstraumenopposingthelatter,
whichthuscausedabroadeningthe1Dspectrum(Fig.7d).For

thelasttwotidalcycles,whenU10≃3ms
21
,theenergyonthe

swellandremainingwindseawasequallypartitionedduring
outgoingtide,leadingtothedecreasein|f

*
|inW1C.Bycon-

trast,forsomeoftheintermediateopposingcycles,thestrong
shiftinvariancedensitytothewindseacomponentscauseda
morenarrow-bandedseastate(Figs.5e,f).Furthermore,theob-
servationsandW1Cmodelpredictionsshowsomesimilarfluc-
tuations,butoftenhavequitedifferentvalues,whichistobe
expectedsincetheenergydistributionsinthespectrawereat
timesquitedifferent(Figs.5e–g).

4)STEEPNESSMODULATIONANDSIMPLIFIED

QUASI-STATIONARYMODEL

Thedeepwaterspectralsteepnessin(18)canberewritten
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FIG.5.Comparing(left)snapshotsofmodeledandobserved2Dspectrum,togetherwith(right)thetemporalevolu-
tioninthe1DspectraandHs.Snapshotsof2Dspectraaretakenfrom1100UTC25January(seeverticaldashed
line).Outputfromthewavemodelforcedwith(a),(d)wind(W),(b),(e)windandcurrent(W1C),and(c),(f)the
ADCPobservations(Obs.).At50-mdepth,theADCPcannotmeasurewavedirectionsforfrequenciesabove0.2Hz
[see(c)].Amorecompletefrequencycoverageisprovidedbytheobserved1Dspectrum[see(f)].(g)Thespectralsig-
nificantwaveheightHsisshownfortheobservations(greenline),W1C(blueline),andW(orangeline).Redarrows
around1200UTC23Januarydenotetheshiftinthewaveenergycausedbytheobservedcurrentturningbeforethe
modelcurrent,andtheredarrowsaround0000UTC27Januarydenotethedifferentspectralwaveenergydistribu-
tioninthemodelvstheobservations.Notethatthecolorscaleforthe2Dspectrarepresentsascaledversionofthe
1Dspectra,astheunitsarescaledbydegrees.
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global minimum for the parabolic function c is obtained for
n 5 0.5, and similar values were obtained in W1C and W
such that cW1C/cW ≃ 1 (not shown). Thus, (32) can be further
simplified, and we obtain the intermodel ratio
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which can be evaluated against the quasi-stationary model for
steepness modulation (7).

The comparison is shown in Fig. 8 by using k1 from Tm01 in
W. Here, (7) gave similar results as the intermodel ratio. The
spiky overshoots from (7) can be attributed to the lack of
wave dissipation in the simplified model. Also, when compar-
ing (7) against «W1C/«W from the partitioned wind sea part of
the spectrum (using the spectral partitioning algorithm from
https://github.com/metocean/wavespectra – accessed 17 August
2022), the “troughs” were also realistically captured, which
were due to the lengthening of waves on following currents

(see green lines). The troughs were not present for the full
bimodal spectrum, since then the swell part opposed the current
and consequently increased in energy. The similarity between
(33) and (7) also suggests that wave straining was the dominat-
ing WCI mechanism.

b. Extreme wave modulation

1) TIDAL MODULATION OF EXTREMES

The ratio hMAX,ST/Hs increased when waves and currents
were opposing and largely followed the curve of « with a cor-
relation coefficient of 0.92 in W1C (Figs. 7b and 9a). Maxi-
mum values mostly coincided with the maximum of «, and the
W1C predictions exceeded W up to 14% (Table 2). The in-
termodel difference between the linear predictions in W1C
and W, i.e., considering Fh(« 5 0, N3D) in (25), demonstrate
the contribution by N3D (see dashed lines Fig. 9a). The fluctu-
ations, however small, in the linear hMAX,ST/Hs correspond to
the N3D, and the increase on counter currents is due to the
wave lengths becoming shorter by the frequency shift, which
is in line with the results by Barbariol et al. (2015). The offset

FIG. 6. Snapshots of the currents impact on the intrinsic wave spectrum during incoming tide (see Figs. 1 and 2). Rows show the normal-
ized wave spectrum from the wave model forced with (top) wind (W), (middle) wind and currents (W1C), and (bottom) their difference.
Columns on the left denote subsequent time steps, where the center column indicates the maximum current speed. The red arrows show
the current direction, and the current speed (m s21) is denoted with red text. The rightmost column denotes the nonnormalized 1D
spectrum.
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whichcanbeevaluatedagainstthequasi-stationarymodelfor
steepnessmodulation(7).

ThecomparisonisshowninFig.8byusingk1fromTm01in
W.Here,(7)gavesimilarresultsastheintermodelratio.The
spikyovershootsfrom(7)canbeattributedtothelackof
wavedissipationinthesimplifiedmodel.Also,whencompar-
ing(7)against«W1C/«Wfromthepartitionedwindseapartof
thespectrum(usingthespectralpartitioningalgorithmfrom
https://github.com/metocean/wavespectra–accessed17August
2022),the“troughs”werealsorealisticallycaptured,which
wereduetothelengtheningofwavesonfollowingcurrents

(seegreenlines).Thetroughswerenotpresentforthefull
bimodalspectrum,sincethentheswellpartopposedthecurrent
andconsequentlyincreasedinenergy.Thesimilaritybetween
(33)and(7)alsosuggeststhatwavestrainingwasthedominat-
ingWCImechanism.

b.Extremewavemodulation

1)TIDALMODULATIONOFEXTREMES

TheratiohMAX,ST/Hsincreasedwhenwavesandcurrents
wereopposingandlargelyfollowedthecurveof«withacor-
relationcoefficientof0.92inW1C(Figs.7band9a).Maxi-
mumvaluesmostlycoincidedwiththemaximumof«,andthe
W1CpredictionsexceededWupto14%(Table2).Thein-
termodeldifferencebetweenthelinearpredictionsinW1C
andW,i.e.,consideringFh(«50,N3D)in(25),demonstrate
thecontributionbyN3D(seedashedlinesFig.9a).Thefluctu-
ations,howeversmall,inthelinearhMAX,ST/Hscorrespondto
theN3D,andtheincreaseoncountercurrentsisduetothe
wavelengthsbecomingshorterbythefrequencyshift,which
isinlinewiththeresultsbyBarbarioletal.(2015).Theoffset

FIG.6.Snapshotsofthecurrentsimpactontheintrinsicwavespectrumduringincomingtide(seeFigs.1and2).Rowsshowthenormal-
izedwavespectrumfromthewavemodelforcedwith(top)wind(W),(middle)windandcurrents(W1C),and(bottom)theirdifference.
Columnsontheleftdenotesubsequenttimesteps,wherethecentercolumnindicatesthemaximumcurrentspeed.Theredarrowsshow
thecurrentdirection,andthecurrentspeed(ms21)isdenotedwithredtext.Therightmostcolumndenotesthenonnormalized1D
spectrum.
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where k1 5 s2
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global minimum for the parabolic function c is obtained for
n 5 0.5, and similar values were obtained in W1C and W
such that cW1C/cW ≃ 1 (not shown). Thus, (32) can be further
simplified, and we obtain the intermodel ratio
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which can be evaluated against the quasi-stationary model for
steepness modulation (7).

The comparison is shown in Fig. 8 by using k1 from Tm01 in
W. Here, (7) gave similar results as the intermodel ratio. The
spiky overshoots from (7) can be attributed to the lack of
wave dissipation in the simplified model. Also, when compar-
ing (7) against «W1C/«W from the partitioned wind sea part of
the spectrum (using the spectral partitioning algorithm from
https://github.com/metocean/wavespectra – accessed 17 August
2022), the “troughs” were also realistically captured, which
were due to the lengthening of waves on following currents

(see green lines). The troughs were not present for the full
bimodal spectrum, since then the swell part opposed the current
and consequently increased in energy. The similarity between
(33) and (7) also suggests that wave straining was the dominat-
ing WCI mechanism.

b. Extreme wave modulation

1) TIDAL MODULATION OF EXTREMES

The ratio hMAX,ST/Hs increased when waves and currents
were opposing and largely followed the curve of « with a cor-
relation coefficient of 0.92 in W1C (Figs. 7b and 9a). Maxi-
mum values mostly coincided with the maximum of «, and the
W1C predictions exceeded W up to 14% (Table 2). The in-
termodel difference between the linear predictions in W1C
and W, i.e., considering Fh(« 5 0, N3D) in (25), demonstrate
the contribution by N3D (see dashed lines Fig. 9a). The fluctu-
ations, however small, in the linear hMAX,ST/Hs correspond to
the N3D, and the increase on counter currents is due to the
wave lengths becoming shorter by the frequency shift, which
is in line with the results by Barbariol et al. (2015). The offset

FIG. 6. Snapshots of the currents impact on the intrinsic wave spectrum during incoming tide (see Figs. 1 and 2). Rows show the normal-
ized wave spectrum from the wave model forced with (top) wind (W), (middle) wind and currents (W1C), and (bottom) their difference.
Columns on the left denote subsequent time steps, where the center column indicates the maximum current speed. The red arrows show
the current direction, and the current speed (m s

21
) is denoted with red text. The rightmost column denotes the nonnormalized 1D

spectrum.
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simplified,andweobtaintheintermodelratio

«

«0
≃

���E√k1 ()W1C
���E√k1 ()W,(33)

whichcanbeevaluatedagainstthequasi-stationarymodelfor
steepnessmodulation(7).

ThecomparisonisshowninFig.8byusingk1fromTm01in
W.Here,(7)gavesimilarresultsastheintermodelratio.The
spikyovershootsfrom(7)canbeattributedtothelackof
wavedissipationinthesimplifiedmodel.Also,whencompar-
ing(7)against«W1C/«Wfromthepartitionedwindseapartof
thespectrum(usingthespectralpartitioningalgorithmfrom
https://github.com/metocean/wavespectra–accessed17August
2022),the“troughs”werealsorealisticallycaptured,which
wereduetothelengtheningofwavesonfollowingcurrents

(seegreenlines).Thetroughswerenotpresentforthefull
bimodalspectrum,sincethentheswellpartopposedthecurrent
andconsequentlyincreasedinenergy.Thesimilaritybetween
(33)and(7)alsosuggeststhatwavestrainingwasthedominat-
ingWCImechanism.
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between the linear and nonlinear hMAX,ST/Hs (i.e., solid and
dashed lines) imply that for an on-average high N3D, hMAX,ST
is more sensitive to the nonlinear « contribution than further
increasing the number of waves due to currents.

Expected extremes over a domain of variable size were also
analyzed to further elucidate their sensitivity to « and |f*|.
Following Benetazzo et al. (2021a), we define such a domain
by forcing X 5 Lx, Y 5 Ly, and D 5 100Tm. Then, only one
wave, on average, is included in the horizontal space domain,
and consequently N3D ’ 100A. Such a choice also allows to
assess the impact by A, «, and |f*| in different sea states. As
mentioned, there was an unsystematic modulation in A during
the tidal cycles, and the values were also often similar in W
and W1C. Consequently, the tidal modulation was governed
by the modulation in « and |f*|. The resulting hMAX,VS/Hs,
with subscript VS for variable size, is given in Fig. 9b. Here
the linear hMAX,VS/Hs [i.e., Fh(« 5 0, N3D) from (25)] were
similar for W1C and W (see dashed blue and orange lines).
Thus, the intermodel differences in the second order
hMAX,VS/Hs were governed by «, now with a correlation of
0.98 in W1C, and consequently the most extreme conditions
occurred when the wind sea opposed Moskstraumen.

The HMAX,ST/Hs had less of a systematic tidal modulation
during the tidal cycles (Fig. 9c). That is, the extremes from
W1C were sometimes lower during opposing wind sea and

Outgoing tide Incoming tide

a

b

c

d

FIG. 7. Temporal evolution in the key integrated spectral parameters (a) Hs, (b) «, (c) N3D, and (d) |f* | from W1C (blue line), W
(orange line), and observations (Obs., green line). Observed sea state parameters are computed from the unidirectional spectrum and
averaged over an hour. Black and magenta horizontal lines on top denote the phase of Moskstraumen, and the arrows its approximate
east (right) and west (left) direction. Gray vertical bins denote when the current and wind waves were opposing with q , 20.5 [see (4)].

TABLE 2. Intermodel relative differences in integrated spectral
variables and normalized expected extreme waves according
to (31). The mean, maximum (max) and standard deviation
(std) are given columnwise. The relative differences are given
in percentage units (%). Values reflect the time periods in
Figs. 7 and 9.

Mean Max Std

Integrated variables
Hs 7.9 44.5 10.0
E 34.5 167.4 36.0
N3D 33.3 141.3 103.0
|f*| 1.5 79.2 21.0

Extreme estimates
hMAX,ST/Hs 3.1 13.9 3.0
HMAX,ST/Hs 0.3 11.7 3.0
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betweenthelinearandnonlinearhMAX,ST/Hs(i.e.,solidand
dashedlines)implythatforanon-averagehighN3D,hMAX,ST
ismoresensitivetothenonlinear«contributionthanfurther
increasingthenumberofwavesduetocurrents.

Expectedextremesoveradomainofvariablesizewerealso
analyzedtofurtherelucidatetheirsensitivityto«and|f*|.
FollowingBenetazzoetal.(2021a),wedefinesuchadomain
byforcingX5Lx,Y5Ly,andD5100Tm.Then,onlyone
wave,onaverage,isincludedinthehorizontalspacedomain,
andconsequentlyN3D’100A.Suchachoicealsoallowsto
assesstheimpactbyA,«,and|f*|indifferentseastates.As
mentioned,therewasanunsystematicmodulationinAduring
thetidalcycles,andthevalueswerealsooftensimilarinW
andW1C.Consequently,thetidalmodulationwasgoverned
bythemodulationin«and|f*|.TheresultinghMAX,VS/Hs,
withsubscriptVSforvariablesize,isgiveninFig.9b.Here
thelinearhMAX,VS/Hs[i.e.,Fh(«50,N3D)from(25)]were
similarforW1CandW(seedashedblueandorangelines).
Thus,theintermodeldifferencesinthesecondorder
hMAX,VS/Hsweregovernedby«,nowwithacorrelationof
0.98inW1C,andconsequentlythemostextremeconditions
occurredwhenthewindseaopposedMoskstraumen.

TheHMAX,ST/Hshadlessofasystematictidalmodulation
duringthetidalcycles(Fig.9c).Thatis,theextremesfrom
W1Cweresometimeslowerduringopposingwindseaand
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FIG.7.Temporalevolutioninthekeyintegratedspectralparameters(a)Hs,(b)«,(c)N3D,and(d)|f*|fromW1C(blueline),W
(orangeline),andobservations(Obs.,greenline).Observedseastateparametersarecomputedfromtheunidirectionalspectrumand
averagedoveranhour.BlackandmagentahorizontallinesontopdenotethephaseofMoskstraumen,andthearrowsitsapproximate
east(right)andwest(left)direction.Grayverticalbinsdenotewhenthecurrentandwindwaveswereopposingwithq,20.5[see(4)].

TABLE2.Intermodelrelativedifferencesinintegratedspectral
variablesandnormalizedexpectedextremewavesaccording
to(31).Themean,maximum(max)andstandarddeviation
(std)aregivencolumnwise.Therelativedifferencesaregiven
inpercentageunits(%).Valuesreflectthetimeperiodsin
Figs.7and9.

MeanMaxStd

Integratedvariables
Hs7.944.510.0
E34.5167.436.0
N3D33.3141.3103.0
|f*|1.579.221.0

Extremeestimates
hMAX,ST/Hs3.113.93.0
HMAX,ST/Hs0.311.73.0
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between the linear and nonlinear hMAX,ST/Hs (i.e., solid and
dashed lines) imply that for an on-average high N3D, hMAX,ST
is more sensitive to the nonlinear « contribution than further
increasing the number of waves due to currents.

Expected extremes over a domain of variable size were also
analyzed to further elucidate their sensitivity to « and |f

*
|.

Following Benetazzo et al. (2021a), we define such a domain
by forcing X 5 Lx, Y 5 Ly, and D 5 100Tm. Then, only one
wave, on average, is included in the horizontal space domain,
and consequently N3D ’ 100A. Such a choice also allows to
assess the impact by A, «, and |f

*
| in different sea states. As

mentioned, there was an unsystematic modulation in A during
the tidal cycles, and the values were also often similar in W
and W1C. Consequently, the tidal modulation was governed
by the modulation in « and |f

*
|. The resulting hMAX,VS/Hs,

with subscript VS for variable size, is given in Fig. 9b. Here
the linear hMAX,VS/Hs [i.e., Fh(« 5 0, N3D) from (25)] were
similar for W1C and W (see dashed blue and orange lines).
Thus, the intermodel differences in the second order
hMAX,VS/Hs were governed by «, now with a correlation of
0.98 in W1C, and consequently the most extreme conditions
occurred when the wind sea opposed Moskstraumen.

The HMAX,ST/Hs had less of a systematic tidal modulation
during the tidal cycles (Fig. 9c). That is, the extremes from
W1C were sometimes lower during opposing wind sea and
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FIG. 7. Temporal evolution in the key integrated spectral parameters (a) Hs, (b) «, (c) N3D, and (d) |f
*
| from W1C (blue line), W

(orange line), and observations (Obs., green line). Observed sea state parameters are computed from the unidirectional spectrum and
averaged over an hour. Black and magenta horizontal lines on top denote the phase of Moskstraumen, and the arrows its approximate
east (right) and west (left) direction. Gray vertical bins denote when the current and wind waves were opposing with q , 20.5 [see (4)].

TABLE 2. Intermodel relative differences in integrated spectral
variables and normalized expected extreme waves according
to (31). The mean, maximum (max) and standard deviation
(std) are given columnwise. The relative differences are given
in percentage units (%). Values reflect the time periods in
Figs. 7 and 9.
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Integrated variables
Hs 7.9 44.5 10.0
E 34.5 167.4 36.0
N3D 33.3 141.3 103.0
|f

*
| 1.5 79.2 21.0

Extreme estimates
hMAX,ST/Hs 3.1 13.9 3.0
HMAX,ST/Hs 0.3 11.7 3.0
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betweenthelinearandnonlinearhMAX,ST/Hs(i.e.,solidand
dashedlines)implythatforanon-averagehighN3D,hMAX,ST
ismoresensitivetothenonlinear«contributionthanfurther
increasingthenumberofwavesduetocurrents.

Expectedextremesoveradomainofvariablesizewerealso
analyzedtofurtherelucidatetheirsensitivityto«and|f

*
|.

FollowingBenetazzoetal.(2021a),wedefinesuchadomain
byforcingX5Lx,Y5Ly,andD5100Tm.Then,onlyone
wave,onaverage,isincludedinthehorizontalspacedomain,
andconsequentlyN3D’100A.Suchachoicealsoallowsto
assesstheimpactbyA,«,and|f

*
|indifferentseastates.As

mentioned,therewasanunsystematicmodulationinAduring
thetidalcycles,andthevalueswerealsooftensimilarinW
andW1C.Consequently,thetidalmodulationwasgoverned
bythemodulationin«and|f

*
|.TheresultinghMAX,VS/Hs,

withsubscriptVSforvariablesize,isgiveninFig.9b.Here
thelinearhMAX,VS/Hs[i.e.,Fh(«50,N3D)from(25)]were
similarforW1CandW(seedashedblueandorangelines).
Thus,theintermodeldifferencesinthesecondorder
hMAX,VS/Hsweregovernedby«,nowwithacorrelationof
0.98inW1C,andconsequentlythemostextremeconditions
occurredwhenthewindseaopposedMoskstraumen.

TheHMAX,ST/Hshadlessofasystematictidalmodulation
duringthetidalcycles(Fig.9c).Thatis,theextremesfrom
W1Cweresometimeslowerduringopposingwindseaand

Outgoing tideIncoming tide

a

b

c

d

FIG.7.Temporalevolutioninthekeyintegratedspectralparameters(a)Hs,(b)«,(c)N3D,and(d)|f
*
|fromW1C(blueline),W

(orangeline),andobservations(Obs.,greenline).Observedseastateparametersarecomputedfromtheunidirectionalspectrumand
averagedoveranhour.BlackandmagentahorizontallinesontopdenotethephaseofMoskstraumen,andthearrowsitsapproximate
east(right)andwest(left)direction.Grayverticalbinsdenotewhenthecurrentandwindwaveswereopposingwithq,20.5[see(4)].
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variablesandnormalizedexpectedextremewavesaccording
to(31).Themean,maximum(max)andstandarddeviation
(std)aregivencolumnwise.Therelativedifferencesaregiven
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Figs.7and9.
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betweenthelinearandnonlinearhMAX,ST/Hs(i.e.,solidand
dashedlines)implythatforanon-averagehighN3D,hMAX,ST
ismoresensitivetothenonlinear«contributionthanfurther
increasingthenumberofwavesduetocurrents.

Expectedextremesoveradomainofvariablesizewerealso
analyzedtofurtherelucidatetheirsensitivityto«and|f

*
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FollowingBenetazzoetal.(2021a),wedefinesuchadomain
byforcingX5Lx,Y5Ly,andD5100Tm.Then,onlyone
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andconsequentlyN3D’100A.Suchachoicealsoallowsto
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*
|indifferentseastates.As
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*
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withsubscriptVSforvariablesize,isgiveninFig.9b.Here
thelinearhMAX,VS/Hs[i.e.,Fh(«50,N3D)from(25)]were
similarforW1CandW(seedashedblueandorangelines).
Thus,theintermodeldifferencesinthesecondorder
hMAX,VS/Hsweregovernedby«,nowwithacorrelationof
0.98inW1C,andconsequentlythemostextremeconditions
occurredwhenthewindseaopposedMoskstraumen.

TheHMAX,ST/Hshadlessofasystematictidalmodulation
duringthetidalcycles(Fig.9c).Thatis,theextremesfrom
W1Cweresometimeslowerduringopposingwindseaand
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east(right)andwest(left)direction.Grayverticalbinsdenotewhenthecurrentandwindwaveswereopposingwithq,20.5[see(4)].
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currents, and sometimes higher. We find a correlation coeffi-
cient with |f*| of 0.74 in W1C, and consequently the modula-
tion in HMAX,ST/Hs during the first and two last tidal cycles
was due to the similar energy levels on the bimodal compo-
nents (see Fig. 5). The predictions from the variable size do-
main, HMAX,VS/Hs, are shown in Fig. 9d, with values that to a
large extent followed the fluctuations in |f*|, now with a cor-
relation coefficient of 0.97 for W1C (Fig. 7d).

2) HORIZONTAL VARIABILITY IN EXPECTED EXTREMES

When wind sea opposed Moskstraumen, hMAX,ST/Hs became
most severe at the edges of the broad current (Figs. 10a,b).
Here the intermodel ratio reveal a 10%–15% increase in
hMAX,ST/Hs (Fig. 10b). Similar horizontal variability was also
found for the other tidal cycles (not shown).

The HMAX,ST/Hs became most severe within the region of
increased Hs (Figs. 10c,d), with a uniform horizontal distribu-
tion. We find an increase in HMAX,ST/Hs of about 5%–10%
when adding currents as forcing (Fig. 10d). During the two
last tidal cycles in the period of interest, the time series analy-
sis showed a decrease in HMAX,ST/Hs during maximum oppos-
ing wind sea and current (Fig. 9c). In the field view, however,
the decrease was confined to the northern part of the current,
while further south a similar modulation and shape was ob-
tained (not shown). At the southern part, the remaining wind
sea was more dominating compared with farther north, as
well as being more sheltered to the swell (not shown).

3) TIME EXTREMES FROM OBSERVATIONS

The single point observations presented here provide limited
statistics due to the seldom occurrence of easterly wind situa-
tions. Moreover, the observations also include the signal of
complex small-scale variability unresolved in the ocean and

wave model (Fig. 5). Nevertheless, and despite such limitations,
they can be used to consider the trends in the expected ex-
tremes during co- and counterflow situations. However, only
the temporal extremes, i.e., withX5 Y5 0, can be compared.

Stochastic time extremes from the ADCP observations
were computed following the procedure outlined by Barbariol
et al. (2019). That is, each 17-min burst, acquired twice per
hour, was split into three equal subsegments, i.e., each with a
duration of approximately 5.5 min. In each subsegment, the
hMAX and HMAX were computed from a zero crossing analy-
sis, and the hMAX,T and HMAX,T by taking the mean of the
three realizations. This is a block maxima approach to assess-
ing the expected maxima. These maxima will be independent
and identically distributed under the assumption that the time
series is statistically stationary (Coles 2001). Furthermore, val-
ues from the two bursts every hour were resampled to an
hourly mean value. The expected extremes from W1C and W
were computed over the same time interval. Since observations
and model predictions were at times out of phase (e.g., Fig. 7),
we applied the quantitative dynamic time warping method.
Here, a distance metric ddtw is computed from a point-to-point
matching of indices in a monotonically increasing sequence.
Peaks that are out of phase will be matched if they are within a
certain window size. Typical applications of the dynamic time
warping method is found in automatic speech recognition,
where sequences with different speeds can be matched. Lower
values of ddtw indicate shorter distances and a better fit.

A comparison between the model and observations is given
in Fig. 11. Here, distinct local peaks in skewness occur for at
least five out of the eight tidal cycles when the wind sea and
current were opposing. The hMAX,T from W1C mimic the in-
crease from the observations at the M2 frequency when the
wind sea opposed Moskstraumen (Fig. 11b), however often
underestimating the magnitude. Note that here hMAX,T ~Hs,

No dissipation

FIG. 8. Comparing «/«0 from (33) using W1C andW and the simplified wave straining model in (7). (top) The inter-
model ratio, i.e., «W1C/«W (black line), and the output from (7) (orange line) using k1 computed from Tm01 in W.
(bottom) Ueff from (3). Since the wave spectrum was bimodal (Fig. 6), we also added «W1C/«W from the wind sea par-
tition of the spectrum (green line).
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currents,andsometimeshigher.Wefindacorrelationcoeffi-
cientwith|f*|of0.74inW1C,andconsequentlythemodula-
tioninHMAX,ST/Hsduringthefirstandtwolasttidalcycles
wasduetothesimilarenergylevelsonthebimodalcompo-
nents(seeFig.5).Thepredictionsfromthevariablesizedo-
main,HMAX,VS/Hs,areshowninFig.9d,withvaluesthattoa
largeextentfollowedthefluctuationsin|f*|,nowwithacor-
relationcoefficientof0.97forW1C(Fig.7d).

2)HORIZONTALVARIABILITYINEXPECTEDEXTREMES

WhenwindseaopposedMoskstraumen,hMAX,ST/Hsbecame
mostsevereattheedgesofthebroadcurrent(Figs.10a,b).
Heretheintermodelratioreveala10%–15%increasein
hMAX,ST/Hs(Fig.10b).Similarhorizontalvariabilitywasalso
foundfortheothertidalcycles(notshown).

TheHMAX,ST/Hsbecamemostseverewithintheregionof
increasedHs(Figs.10c,d),withauniformhorizontaldistribu-
tion.WefindanincreaseinHMAX,ST/Hsofabout5%–10%
whenaddingcurrentsasforcing(Fig.10d).Duringthetwo
lasttidalcyclesintheperiodofinterest,thetimeseriesanaly-
sisshowedadecreaseinHMAX,ST/Hsduringmaximumoppos-
ingwindseaandcurrent(Fig.9c).Inthefieldview,however,
thedecreasewasconfinedtothenorthernpartofthecurrent,
whilefurthersouthasimilarmodulationandshapewasob-
tained(notshown).Atthesouthernpart,theremainingwind
seawasmoredominatingcomparedwithfarthernorth,as
wellasbeingmoreshelteredtotheswell(notshown).

3)TIMEEXTREMESFROMOBSERVATIONS

Thesinglepointobservationspresentedhereprovidelimited
statisticsduetotheseldomoccurrenceofeasterlywindsitua-
tions.Moreover,theobservationsalsoincludethesignalof
complexsmall-scalevariabilityunresolvedintheoceanand

wavemodel(Fig.5).Nevertheless,anddespitesuchlimitations,
theycanbeusedtoconsiderthetrendsintheexpectedex-
tremesduringco-andcounterflowsituations.However,only
thetemporalextremes,i.e.,withX5Y50,canbecompared.

StochastictimeextremesfromtheADCPobservations
werecomputedfollowingtheprocedureoutlinedbyBarbariol
etal.(2019).Thatis,each17-minburst,acquiredtwiceper
hour,wassplitintothreeequalsubsegments,i.e.,eachwitha
durationofapproximately5.5min.Ineachsubsegment,the
hMAXandHMAXwerecomputedfromazerocrossinganaly-
sis,andthehMAX,TandHMAX,Tbytakingthemeanofthe
threerealizations.Thisisablockmaximaapproachtoassess-
ingtheexpectedmaxima.Thesemaximawillbeindependent
andidenticallydistributedundertheassumptionthatthetime
seriesisstatisticallystationary(Coles2001).Furthermore,val-
uesfromthetwoburstseveryhourwereresampledtoan
hourlymeanvalue.TheexpectedextremesfromW1CandW
werecomputedoverthesametimeinterval.Sinceobservations
andmodelpredictionswereattimesoutofphase(e.g.,Fig.7),
weappliedthequantitativedynamictimewarpingmethod.
Here,adistancemetricddtwiscomputedfromapoint-to-point
matchingofindicesinamonotonicallyincreasingsequence.
Peaksthatareoutofphasewillbematchediftheyarewithina
certainwindowsize.Typicalapplicationsofthedynamictime
warpingmethodisfoundinautomaticspeechrecognition,
wheresequenceswithdifferentspeedscanbematched.Lower
valuesofddtwindicateshorterdistancesandabetterfit.

Acomparisonbetweenthemodelandobservationsisgiven
inFig.11.Here,distinctlocalpeaksinskewnessoccurforat
leastfiveoutoftheeighttidalcycleswhenthewindseaand
currentwereopposing.ThehMAX,TfromW1Cmimicthein-
creasefromtheobservationsattheM2frequencywhenthe
windseaopposedMoskstraumen(Fig.11b),howeveroften
underestimatingthemagnitude.NotethatherehMAX,T~Hs,

No dissipation

FIG.8.Comparing«/«0from(33)usingW1CandWandthesimplifiedwavestrainingmodelin(7).(top)Theinter-
modelratio,i.e.,«W1C/«W(blackline),andtheoutputfrom(7)(orangeline)usingk1computedfromTm01inW.
(bottom)Uefffrom(3).Sincethewavespectrumwasbimodal(Fig.6),wealsoadded«W1C/«Wfromthewindseapar-
titionofthespectrum(greenline).
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currents,andsometimeshigher.Wefindacorrelationcoeffi-
cientwith|f*|of0.74inW1C,andconsequentlythemodula-
tioninHMAX,ST/Hsduringthefirstandtwolasttidalcycles
wasduetothesimilarenergylevelsonthebimodalcompo-
nents(seeFig.5).Thepredictionsfromthevariablesizedo-
main,HMAX,VS/Hs,areshowninFig.9d,withvaluesthattoa
largeextentfollowedthefluctuationsin|f*|,nowwithacor-
relationcoefficientof0.97forW1C(Fig.7d).
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mostsevereattheedgesofthebroadcurrent(Figs.10a,b).
Heretheintermodelratioreveala10%–15%increasein
hMAX,ST/Hs(Fig.10b).Similarhorizontalvariabilitywasalso
foundfortheothertidalcycles(notshown).

TheHMAX,ST/Hsbecamemostseverewithintheregionof
increasedHs(Figs.10c,d),withauniformhorizontaldistribu-
tion.WefindanincreaseinHMAX,ST/Hsofabout5%–10%
whenaddingcurrentsasforcing(Fig.10d).Duringthetwo
lasttidalcyclesintheperiodofinterest,thetimeseriesanaly-
sisshowedadecreaseinHMAX,ST/Hsduringmaximumoppos-
ingwindseaandcurrent(Fig.9c).Inthefieldview,however,
thedecreasewasconfinedtothenorthernpartofthecurrent,
whilefurthersouthasimilarmodulationandshapewasob-
tained(notshown).Atthesouthernpart,theremainingwind
seawasmoredominatingcomparedwithfarthernorth,as
wellasbeingmoreshelteredtotheswell(notshown).

3)TIMEEXTREMESFROMOBSERVATIONS

Thesinglepointobservationspresentedhereprovidelimited
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tions.Moreover,theobservationsalsoincludethesignalof
complexsmall-scalevariabilityunresolvedintheoceanand

wavemodel(Fig.5).Nevertheless,anddespitesuchlimitations,
theycanbeusedtoconsiderthetrendsintheexpectedex-
tremesduringco-andcounterflowsituations.However,only
thetemporalextremes,i.e.,withX5Y50,canbecompared.

StochastictimeextremesfromtheADCPobservations
werecomputedfollowingtheprocedureoutlinedbyBarbariol
etal.(2019).Thatis,each17-minburst,acquiredtwiceper
hour,wassplitintothreeequalsubsegments,i.e.,eachwitha
durationofapproximately5.5min.Ineachsubsegment,the
hMAXandHMAXwerecomputedfromazerocrossinganaly-
sis,andthehMAX,TandHMAX,Tbytakingthemeanofthe
threerealizations.Thisisablockmaximaapproachtoassess-
ingtheexpectedmaxima.Thesemaximawillbeindependent
andidenticallydistributedundertheassumptionthatthetime
seriesisstatisticallystationary(Coles2001).Furthermore,val-
uesfromthetwoburstseveryhourwereresampledtoan
hourlymeanvalue.TheexpectedextremesfromW1CandW
werecomputedoverthesametimeinterval.Sinceobservations
andmodelpredictionswereattimesoutofphase(e.g.,Fig.7),
weappliedthequantitativedynamictimewarpingmethod.
Here,adistancemetricddtwiscomputedfromapoint-to-point
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certainwindowsize.Typicalapplicationsofthedynamictime
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FIG.8.Comparing«/«0from(33)usingW1CandWandthesimplifiedwavestrainingmodelin(7).(top)Theinter-
modelratio,i.e.,«W1C/«W(blackline),andtheoutputfrom(7)(orangeline)usingk1computedfromTm01inW.
(bottom)Uefffrom(3).Sincethewavespectrumwasbimodal(Fig.6),wealsoadded«W1C/«Wfromthewindseapar-
titionofthespectrum(greenline).
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currents, and sometimes higher. We find a correlation coeffi-
cient with |f

*
| of 0.74 in W1C, and consequently the modula-

tion in HMAX,ST/Hs during the first and two last tidal cycles
was due to the similar energy levels on the bimodal compo-
nents (see Fig. 5). The predictions from the variable size do-
main, HMAX,VS/Hs, are shown in Fig. 9d, with values that to a
large extent followed the fluctuations in |f

*
|, now with a cor-

relation coefficient of 0.97 for W1C (Fig. 7d).

2) HORIZONTAL VARIABILITY IN EXPECTED EXTREMES

When wind sea opposed Moskstraumen, hMAX,ST/Hs became
most severe at the edges of the broad current (Figs. 10a,b).
Here the intermodel ratio reveal a 10%–15% increase in
hMAX,ST/Hs (Fig. 10b). Similar horizontal variability was also
found for the other tidal cycles (not shown).

The HMAX,ST/Hs became most severe within the region of
increased Hs (Figs. 10c,d), with a uniform horizontal distribu-
tion. We find an increase in HMAX,ST/Hs of about 5%–10%
when adding currents as forcing (Fig. 10d). During the two
last tidal cycles in the period of interest, the time series analy-
sis showed a decrease in HMAX,ST/Hs during maximum oppos-
ing wind sea and current (Fig. 9c). In the field view, however,
the decrease was confined to the northern part of the current,
while further south a similar modulation and shape was ob-
tained (not shown). At the southern part, the remaining wind
sea was more dominating compared with farther north, as
well as being more sheltered to the swell (not shown).

3) TIME EXTREMES FROM OBSERVATIONS

The single point observations presented here provide limited
statistics due to the seldom occurrence of easterly wind situa-
tions. Moreover, the observations also include the signal of
complex small-scale variability unresolved in the ocean and

wave model (Fig. 5). Nevertheless, and despite such limitations,
they can be used to consider the trends in the expected ex-
tremes during co- and counterflow situations. However, only
the temporal extremes, i.e., withX5 Y5 0, can be compared.

Stochastic time extremes from the ADCP observations
were computed following the procedure outlined by Barbariol
et al. (2019). That is, each 17-min burst, acquired twice per
hour, was split into three equal subsegments, i.e., each with a
duration of approximately 5.5 min. In each subsegment, the
hMAX and HMAX were computed from a zero crossing analy-
sis, and the hMAX,T and HMAX,T by taking the mean of the
three realizations. This is a block maxima approach to assess-
ing the expected maxima. These maxima will be independent
and identically distributed under the assumption that the time
series is statistically stationary (Coles 2001). Furthermore, val-
ues from the two bursts every hour were resampled to an
hourly mean value. The expected extremes from W1C and W
were computed over the same time interval. Since observations
and model predictions were at times out of phase (e.g., Fig. 7),
we applied the quantitative dynamic time warping method.
Here, a distance metric ddtw is computed from a point-to-point
matching of indices in a monotonically increasing sequence.
Peaks that are out of phase will be matched if they are within a
certain window size. Typical applications of the dynamic time
warping method is found in automatic speech recognition,
where sequences with different speeds can be matched. Lower
values of ddtw indicate shorter distances and a better fit.

A comparison between the model and observations is given
in Fig. 11. Here, distinct local peaks in skewness occur for at
least five out of the eight tidal cycles when the wind sea and
current were opposing. The hMAX,T from W1C mimic the in-
crease from the observations at the M2 frequency when the
wind sea opposed Moskstraumen (Fig. 11b), however often
underestimating the magnitude. Note that here hMAX,T ~Hs,

No dissipation

FIG. 8. Comparing «/«0 from (33) using W1C andW and the simplified wave straining model in (7). (top) The inter-
model ratio, i.e., «W1C/«W (black line), and the output from (7) (orange line) using k1 computed from Tm01 in W.
(bottom) Ueff from (3). Since the wave spectrum was bimodal (Fig. 6), we also added «W1C/«W from the wind sea par-
tition of the spectrum (green line).
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currents, and sometimes higher. We find a correlation coeffi-
cient with |f

*
| of 0.74 in W1C, and consequently the modula-

tion in HMAX,ST/Hs during the first and two last tidal cycles
was due to the similar energy levels on the bimodal compo-
nents (see Fig. 5). The predictions from the variable size do-
main, HMAX,VS/Hs, are shown in Fig. 9d, with values that to a
large extent followed the fluctuations in |f

*
|, now with a cor-

relation coefficient of 0.97 for W1C (Fig. 7d).

2) HORIZONTAL VARIABILITY IN EXPECTED EXTREMES

When wind sea opposed Moskstraumen, hMAX,ST/Hs became
most severe at the edges of the broad current (Figs. 10a,b).
Here the intermodel ratio reveal a 10%–15% increase in
hMAX,ST/Hs (Fig. 10b). Similar horizontal variability was also
found for the other tidal cycles (not shown).

The HMAX,ST/Hs became most severe within the region of
increased Hs (Figs. 10c,d), with a uniform horizontal distribu-
tion. We find an increase in HMAX,ST/Hs of about 5%–10%
when adding currents as forcing (Fig. 10d). During the two
last tidal cycles in the period of interest, the time series analy-
sis showed a decrease in HMAX,ST/Hs during maximum oppos-
ing wind sea and current (Fig. 9c). In the field view, however,
the decrease was confined to the northern part of the current,
while further south a similar modulation and shape was ob-
tained (not shown). At the southern part, the remaining wind
sea was more dominating compared with farther north, as
well as being more sheltered to the swell (not shown).
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The single point observations presented here provide limited
statistics due to the seldom occurrence of easterly wind situa-
tions. Moreover, the observations also include the signal of
complex small-scale variability unresolved in the ocean and

wave model (Fig. 5). Nevertheless, and despite such limitations,
they can be used to consider the trends in the expected ex-
tremes during co- and counterflow situations. However, only
the temporal extremes, i.e., withX5 Y5 0, can be compared.
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duration of approximately 5.5 min. In each subsegment, the
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three realizations. This is a block maxima approach to assess-
ing the expected maxima. These maxima will be independent
and identically distributed under the assumption that the time
series is statistically stationary (Coles 2001). Furthermore, val-
ues from the two bursts every hour were resampled to an
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FIG. 8. Comparing «/«0 from (33) using W1C andW and the simplified wave straining model in (7). (top) The inter-
model ratio, i.e., «W1C/«W (black line), and the output from (7) (orange line) using k1 computed from Tm01 in W.
(bottom) Ueff from (3). Since the wave spectrum was bimodal (Fig. 6), we also added «W1C/«W from the wind sea par-
tition of the spectrum (green line).
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cientwith|f
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|of0.74inW1C,andconsequentlythemodula-

tioninHMAX,ST/Hsduringthefirstandtwolasttidalcycles
wasduetothesimilarenergylevelsonthebimodalcompo-
nents(seeFig.5).Thepredictionsfromthevariablesizedo-
main,HMAX,VS/Hs,areshowninFig.9d,withvaluesthattoa
largeextentfollowedthefluctuationsin|f

*
|,nowwithacor-

relationcoefficientof0.97forW1C(Fig.7d).

2)HORIZONTALVARIABILITYINEXPECTEDEXTREMES

WhenwindseaopposedMoskstraumen,hMAX,ST/Hsbecame
mostsevereattheedgesofthebroadcurrent(Figs.10a,b).
Heretheintermodelratioreveala10%–15%increasein
hMAX,ST/Hs(Fig.10b).Similarhorizontalvariabilitywasalso
foundfortheothertidalcycles(notshown).

TheHMAX,ST/Hsbecamemostseverewithintheregionof
increasedHs(Figs.10c,d),withauniformhorizontaldistribu-
tion.WefindanincreaseinHMAX,ST/Hsofabout5%–10%
whenaddingcurrentsasforcing(Fig.10d).Duringthetwo
lasttidalcyclesintheperiodofinterest,thetimeseriesanaly-
sisshowedadecreaseinHMAX,ST/Hsduringmaximumoppos-
ingwindseaandcurrent(Fig.9c).Inthefieldview,however,
thedecreasewasconfinedtothenorthernpartofthecurrent,
whilefurthersouthasimilarmodulationandshapewasob-
tained(notshown).Atthesouthernpart,theremainingwind
seawasmoredominatingcomparedwithfarthernorth,as
wellasbeingmoreshelteredtotheswell(notshown).

3)TIMEEXTREMESFROMOBSERVATIONS

Thesinglepointobservationspresentedhereprovidelimited
statisticsduetotheseldomoccurrenceofeasterlywindsitua-
tions.Moreover,theobservationsalsoincludethesignalof
complexsmall-scalevariabilityunresolvedintheoceanand

wavemodel(Fig.5).Nevertheless,anddespitesuchlimitations,
theycanbeusedtoconsiderthetrendsintheexpectedex-
tremesduringco-andcounterflowsituations.However,only
thetemporalextremes,i.e.,withX5Y50,canbecompared.

StochastictimeextremesfromtheADCPobservations
werecomputedfollowingtheprocedureoutlinedbyBarbariol
etal.(2019).Thatis,each17-minburst,acquiredtwiceper
hour,wassplitintothreeequalsubsegments,i.e.,eachwitha
durationofapproximately5.5min.Ineachsubsegment,the
hMAXandHMAXwerecomputedfromazerocrossinganaly-
sis,andthehMAX,TandHMAX,Tbytakingthemeanofthe
threerealizations.Thisisablockmaximaapproachtoassess-
ingtheexpectedmaxima.Thesemaximawillbeindependent
andidenticallydistributedundertheassumptionthatthetime
seriesisstatisticallystationary(Coles2001).Furthermore,val-
uesfromthetwoburstseveryhourwereresampledtoan
hourlymeanvalue.TheexpectedextremesfromW1CandW
werecomputedoverthesametimeinterval.Sinceobservations
andmodelpredictionswereattimesoutofphase(e.g.,Fig.7),
weappliedthequantitativedynamictimewarpingmethod.
Here,adistancemetricddtwiscomputedfromapoint-to-point
matchingofindicesinamonotonicallyincreasingsequence.
Peaksthatareoutofphasewillbematchediftheyarewithina
certainwindowsize.Typicalapplicationsofthedynamictime
warpingmethodisfoundinautomaticspeechrecognition,
wheresequenceswithdifferentspeedscanbematched.Lower
valuesofddtwindicateshorterdistancesandabetterfit.

Acomparisonbetweenthemodelandobservationsisgiven
inFig.11.Here,distinctlocalpeaksinskewnessoccurforat
leastfiveoutoftheeighttidalcycleswhenthewindseaand
currentwereopposing.ThehMAX,TfromW1Cmimicthein-
creasefromtheobservationsattheM2frequencywhenthe
windseaopposedMoskstraumen(Fig.11b),howeveroften
underestimatingthemagnitude.NotethatherehMAX,T~Hs,

No dissipation

FIG.8.Comparing«/«0from(33)usingW1CandWandthesimplifiedwavestrainingmodelin(7).(top)Theinter-
modelratio,i.e.,«W1C/«W(blackline),andtheoutputfrom(7)(orangeline)usingk1computedfromTm01inW.
(bottom)Uefffrom(3).Sincethewavespectrumwasbimodal(Fig.6),wealsoadded«W1C/«Wfromthewindseapar-
titionofthespectrum(greenline).
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andidenticallydistributedundertheassumptionthatthetime
seriesisstatisticallystationary(Coles2001).Furthermore,val-
uesfromthetwoburstseveryhourwereresampledtoan
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werecomputedoverthesametimeinterval.Sinceobservations
andmodelpredictionswereattimesoutofphase(e.g.,Fig.7),
weappliedthequantitativedynamictimewarpingmethod.
Here,adistancemetricddtwiscomputedfromapoint-to-point
matchingofindicesinamonotonicallyincreasingsequence.
Peaksthatareoutofphasewillbematchediftheyarewithina
certainwindowsize.Typicalapplicationsofthedynamictime
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wheresequenceswithdifferentspeedscanbematched.Lower
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FIG.8.Comparing«/«0from(33)usingW1CandWandthesimplifiedwavestrainingmodelin(7).(top)Theinter-
modelratio,i.e.,«W1C/«W(blackline),andtheoutputfrom(7)(orangeline)usingk1computedfromTm01inW.
(bottom)Uefffrom(3).Sincethewavespectrumwasbimodal(Fig.6),wealsoadded«W1C/«Wfromthewindseapar-
titionofthespectrum(greenline).
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FIG.8.Comparing«/«0from(33)usingW1CandWandthesimplifiedwavestrainingmodelin(7).(top)Theinter-
modelratio,i.e.,«W1C/«W(blackline),andtheoutputfrom(7)(orangeline)usingk1computedfromTm01inW.
(bottom)Uefffrom(3).Sincethewavespectrumwasbimodal(Fig.6),wealsoadded«W1C/«Wfromthewindseapar-
titionofthespectrum(greenline).
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FIG.8.Comparing«/«0from(33)usingW1CandWandthesimplifiedwavestrainingmodelin(7).(top)Theinter-
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with a correlation of 0.95 and 0.99 for the observations and
W1C, respectively. Even though the Hs from W1C and the
observations were quite similar (Fig. 5g), the underestimation
may be linked to energy being larger on the wind sea compo-
nents in the observed spectra than the W1C (see the two first
tidal cycles in Figs. 5e,f). From the normalized hMAX,T /Hs,
there is also an underestimation in the ratio (not shown).
Nevertheless, the trend is that the expected maximum wave crests
increase when the wind sea opposesMoskstraumen. The observed
extremes, according to the common definition of h/Hs . 1.25
(Dysthe et al. 2008), also occurred for the wind sea on counter
currents (see red dots). For hMAX,T : ddtw,W1C 5 2.96 and
ddtw,W 5 3.19.

For HMAX,T , we find a similar tendency in M2 modulation be-
tweenW1C and the observations (Fig. 11c). The ddtw,W1C5 3.93
and ddtw,W 5 4.52, implying a better fit for the former. How-
ever, the observed extremes, according to the definition of
H/Hs . 2, occurred when the swell partition opposed Mosk-
straumen during outgoing tide (see red dots in Fig. 11c). More-
over, the peaks were also here underestimated by the model,
and there was no clear M2 modulation in the normalized
HMAX,T /Hs (not shown).

c. Opposing swell and tidal jet during outgoing tide

The other interesting case of characteristic wave and tidal
current occurs when Moskstraumen is flowing westward.
The Moskstraumen now takes the form of a narrow jet
(Fig. 12a). Since swell conditions often prevail on the off-
shore side, the spectrum is often unimodal. A summary of
the swell (wave age cp/U10 ≃ 18/7.5 . 1, where cp is phase
speed) and tidal current conditions during a period in early
January 2019 is given in Fig. 12. Unfortunately, no observa-
tions were available on the offshore side of the Lofoten
archipelago.

The tidal jet clearly modulated the spectrum at the M2 fre-
quency, which led to a more energetic wave field compared
with no current forcing (Figs. 12c,d). Solving the wave ray
equations (29) and (30) numerically using the method by
Halsne et al. (2023) and the tidal current field and bathymetry
as input, the convergence of wave rays suggests that
current-induced refraction was the dominating WCI mecha-
nism (Fig. 12b). Moreover, the wave straining mechanism
becomes less dominant the longer the waves are (Table 1),
and here the peak period was at times 13 s. The wave field
became much more energetic during these episodes with

Outgoing tide Incoming tide

a

Variable size domain VS
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d

FIG. 9. Temporal evolution in expected extremes computed from the 2D spectra. Panels show (a) hMAX,ST/Hs from (23),
(b) hMAX,VS/Hs using a domain of variable size (subscript VS), i.e., X 5 Lx, Y 5 Ly and D 5 100Tm, (c) HMAX,ST/Hs from (24), and
(d) HMAX,VS/Hs. Dashed lines in (a) and (b) denote the linear versions, i.e., hMAX,ST/Hs 5 Fh(« 5 0, N3D). Labels and layout are similar
to that in Fig. 7.

H A L S N E E T AL . 143JANUARY 2024

Brought to you by Meteorologisk institutt | Unauthenticated | Downloaded 02/14/24 11:45 AM UTC

withacorrelationof0.95and0.99fortheobservationsand
W1C,respectively.EventhoughtheHsfromW1Candthe
observationswerequitesimilar(Fig.5g),theunderestimation
maybelinkedtoenergybeinglargeronthewindseacompo-
nentsintheobservedspectrathantheW1C(seethetwofirst
tidalcyclesinFigs.5e,f).FromthenormalizedhMAX,T/Hs,
thereisalsoanunderestimationintheratio(notshown).
Nevertheless,thetrendisthattheexpectedmaximumwavecrests
increasewhenthewindseaopposesMoskstraumen.Theobserved
extremes,accordingtothecommondefinitionofh/Hs.1.25
(Dystheetal.2008),alsooccurredforthewindseaoncounter
currents(seereddots).ForhMAX,T:ddtw,W1C52.96and
ddtw,W53.19.

ForHMAX,T,wefindasimilartendencyinM2modulationbe-
tweenW1Candtheobservations(Fig.11c).Theddtw,W1C53.93
andddtw,W54.52,implyingabetterfitfortheformer.How-
ever,theobservedextremes,accordingtothedefinitionof
H/Hs.2,occurredwhentheswellpartitionopposedMosk-
straumenduringoutgoingtide(seereddotsinFig.11c).More-
over,thepeakswerealsohereunderestimatedbythemodel,
andtherewasnoclearM2modulationinthenormalized
HMAX,T/Hs(notshown).

c.Opposingswellandtidaljetduringoutgoingtide

Theotherinterestingcaseofcharacteristicwaveandtidal
currentoccurswhenMoskstraumenisflowingwestward.
TheMoskstraumennowtakestheformofanarrowjet
(Fig.12a).Sinceswellconditionsoftenprevailontheoff-
shoreside,thespectrumisoftenunimodal.Asummaryof
theswell(waveagecp/U10≃18/7.5.1,wherecpisphase
speed)andtidalcurrentconditionsduringaperiodinearly
January2019isgiveninFig.12.Unfortunately,noobserva-
tionswereavailableontheoffshoresideoftheLofoten
archipelago.

ThetidaljetclearlymodulatedthespectrumattheM2fre-
quency,whichledtoamoreenergeticwavefieldcompared
withnocurrentforcing(Figs.12c,d).Solvingthewaveray
equations(29)and(30)numericallyusingthemethodby
Halsneetal.(2023)andthetidalcurrentfieldandbathymetry
asinput,theconvergenceofwaverayssuggeststhat
current-inducedrefractionwasthedominatingWCImecha-
nism(Fig.12b).Moreover,thewavestrainingmechanism
becomeslessdominantthelongerthewavesare(Table1),
andherethepeakperiodwasattimes13s.Thewavefield
becamemuchmoreenergeticduringtheseepisodeswith
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c

d

FIG.9.Temporalevolutioninexpectedextremescomputedfromthe2Dspectra.Panelsshow(a)hMAX,ST/Hsfrom(23),
(b)hMAX,VS/Hsusingadomainofvariablesize(subscriptVS),i.e.,X5Lx,Y5LyandD5100Tm,(c)HMAX,ST/Hsfrom(24),and
(d)HMAX,VS/Hs.Dashedlinesin(a)and(b)denotethelinearversions,i.e.,hMAX,ST/Hs5Fh(«50,N3D).Labelsandlayoutaresimilar
tothatinFig.7.
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withacorrelationof0.95and0.99fortheobservationsand
W1C,respectively.EventhoughtheHsfromW1Candthe
observationswerequitesimilar(Fig.5g),theunderestimation
maybelinkedtoenergybeinglargeronthewindseacompo-
nentsintheobservedspectrathantheW1C(seethetwofirst
tidalcyclesinFigs.5e,f).FromthenormalizedhMAX,T/Hs,
thereisalsoanunderestimationintheratio(notshown).
Nevertheless,thetrendisthattheexpectedmaximumwavecrests
increasewhenthewindseaopposesMoskstraumen.Theobserved
extremes,accordingtothecommondefinitionofh/Hs.1.25
(Dystheetal.2008),alsooccurredforthewindseaoncounter
currents(seereddots).ForhMAX,T:ddtw,W1C52.96and
ddtw,W53.19.

ForHMAX,T,wefindasimilartendencyinM2modulationbe-
tweenW1Candtheobservations(Fig.11c).Theddtw,W1C53.93
andddtw,W54.52,implyingabetterfitfortheformer.How-
ever,theobservedextremes,accordingtothedefinitionof
H/Hs.2,occurredwhentheswellpartitionopposedMosk-
straumenduringoutgoingtide(seereddotsinFig.11c).More-
over,thepeakswerealsohereunderestimatedbythemodel,
andtherewasnoclearM2modulationinthenormalized
HMAX,T/Hs(notshown).

c.Opposingswellandtidaljetduringoutgoingtide

Theotherinterestingcaseofcharacteristicwaveandtidal
currentoccurswhenMoskstraumenisflowingwestward.
TheMoskstraumennowtakestheformofanarrowjet
(Fig.12a).Sinceswellconditionsoftenprevailontheoff-
shoreside,thespectrumisoftenunimodal.Asummaryof
theswell(waveagecp/U10≃18/7.5.1,wherecpisphase
speed)andtidalcurrentconditionsduringaperiodinearly
January2019isgiveninFig.12.Unfortunately,noobserva-
tionswereavailableontheoffshoresideoftheLofoten
archipelago.

ThetidaljetclearlymodulatedthespectrumattheM2fre-
quency,whichledtoamoreenergeticwavefieldcompared
withnocurrentforcing(Figs.12c,d).Solvingthewaveray
equations(29)and(30)numericallyusingthemethodby
Halsneetal.(2023)andthetidalcurrentfieldandbathymetry
asinput,theconvergenceofwaverayssuggeststhat
current-inducedrefractionwasthedominatingWCImecha-
nism(Fig.12b).Moreover,thewavestrainingmechanism
becomeslessdominantthelongerthewavesare(Table1),
andherethepeakperiodwasattimes13s.Thewavefield
becamemuchmoreenergeticduringtheseepisodeswith
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FIG.9.Temporalevolutioninexpectedextremescomputedfromthe2Dspectra.Panelsshow(a)hMAX,ST/Hsfrom(23),
(b)hMAX,VS/Hsusingadomainofvariablesize(subscriptVS),i.e.,X5Lx,Y5LyandD5100Tm,(c)HMAX,ST/Hsfrom(24),and
(d)HMAX,VS/Hs.Dashedlinesin(a)and(b)denotethelinearversions,i.e.,hMAX,ST/Hs5Fh(«50,N3D).Labelsandlayoutaresimilar
tothatinFig.7.
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with a correlation of 0.95 and 0.99 for the observations and
W1C, respectively. Even though the Hs from W1C and the
observations were quite similar (Fig. 5g), the underestimation
may be linked to energy being larger on the wind sea compo-
nents in the observed spectra than the W1C (see the two first
tidal cycles in Figs. 5e,f). From the normalized hMAX,T /Hs,
there is also an underestimation in the ratio (not shown).
Nevertheless, the trend is that the expected maximum wave crests
increase when the wind sea opposesMoskstraumen. The observed
extremes, according to the common definition of h/Hs . 1.25
(Dysthe et al. 2008), also occurred for the wind sea on counter
currents (see red dots). For hMAX,T : ddtw,W1C 5 2.96 and
ddtw,W 5 3.19.

For HMAX,T , we find a similar tendency in M2 modulation be-
tweenW1C and the observations (Fig. 11c). The ddtw,W1C5 3.93
and ddtw,W 5 4.52, implying a better fit for the former. How-
ever, the observed extremes, according to the definition of
H/Hs . 2, occurred when the swell partition opposed Mosk-
straumen during outgoing tide (see red dots in Fig. 11c). More-
over, the peaks were also here underestimated by the model,
and there was no clear M2 modulation in the normalized
HMAX,T /Hs (not shown).

c. Opposing swell and tidal jet during outgoing tide

The other interesting case of characteristic wave and tidal
current occurs when Moskstraumen is flowing westward.
The Moskstraumen now takes the form of a narrow jet
(Fig. 12a). Since swell conditions often prevail on the off-
shore side, the spectrum is often unimodal. A summary of
the swell (wave age cp/U10 ≃ 18/7.5 . 1, where cp is phase
speed) and tidal current conditions during a period in early
January 2019 is given in Fig. 12. Unfortunately, no observa-
tions were available on the offshore side of the Lofoten
archipelago.

The tidal jet clearly modulated the spectrum at the M2 fre-
quency, which led to a more energetic wave field compared
with no current forcing (Figs. 12c,d). Solving the wave ray
equations (29) and (30) numerically using the method by
Halsne et al. (2023) and the tidal current field and bathymetry
as input, the convergence of wave rays suggests that
current-induced refraction was the dominating WCI mecha-
nism (Fig. 12b). Moreover, the wave straining mechanism
becomes less dominant the longer the waves are (Table 1),
and here the peak period was at times 13 s. The wave field
became much more energetic during these episodes with
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FIG. 9. Temporal evolution in expected extremes computed from the 2D spectra. Panels show (a) hMAX,ST/Hs from (23),
(b) hMAX,VS/Hs using a domain of variable size (subscript VS), i.e., X 5 Lx, Y 5 Ly and D 5 100Tm, (c) HMAX,ST/Hs from (24), and
(d) HMAX,VS/Hs. Dashed lines in (a) and (b) denote the linear versions, i.e., hMAX,ST/Hs 5 Fh(« 5 0, N3D). Labels and layout are similar
to that in Fig. 7.
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with a correlation of 0.95 and 0.99 for the observations and
W1C, respectively. Even though the Hs from W1C and the
observations were quite similar (Fig. 5g), the underestimation
may be linked to energy being larger on the wind sea compo-
nents in the observed spectra than the W1C (see the two first
tidal cycles in Figs. 5e,f). From the normalized hMAX,T /Hs,
there is also an underestimation in the ratio (not shown).
Nevertheless, the trend is that the expected maximum wave crests
increase when the wind sea opposesMoskstraumen. The observed
extremes, according to the common definition of h/Hs . 1.25
(Dysthe et al. 2008), also occurred for the wind sea on counter
currents (see red dots). For hMAX,T : ddtw,W1C 5 2.96 and
ddtw,W 5 3.19.

For HMAX,T , we find a similar tendency in M2 modulation be-
tweenW1C and the observations (Fig. 11c). The ddtw,W1C5 3.93
and ddtw,W 5 4.52, implying a better fit for the former. How-
ever, the observed extremes, according to the definition of
H/Hs . 2, occurred when the swell partition opposed Mosk-
straumen during outgoing tide (see red dots in Fig. 11c). More-
over, the peaks were also here underestimated by the model,
and there was no clear M2 modulation in the normalized
HMAX,T /Hs (not shown).

c. Opposing swell and tidal jet during outgoing tide

The other interesting case of characteristic wave and tidal
current occurs when Moskstraumen is flowing westward.
The Moskstraumen now takes the form of a narrow jet
(Fig. 12a). Since swell conditions often prevail on the off-
shore side, the spectrum is often unimodal. A summary of
the swell (wave age cp/U10 ≃ 18/7.5 . 1, where cp is phase
speed) and tidal current conditions during a period in early
January 2019 is given in Fig. 12. Unfortunately, no observa-
tions were available on the offshore side of the Lofoten
archipelago.

The tidal jet clearly modulated the spectrum at the M2 fre-
quency, which led to a more energetic wave field compared
with no current forcing (Figs. 12c,d). Solving the wave ray
equations (29) and (30) numerically using the method by
Halsne et al. (2023) and the tidal current field and bathymetry
as input, the convergence of wave rays suggests that
current-induced refraction was the dominating WCI mecha-
nism (Fig. 12b). Moreover, the wave straining mechanism
becomes less dominant the longer the waves are (Table 1),
and here the peak period was at times 13 s. The wave field
became much more energetic during these episodes with
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FIG. 9. Temporal evolution in expected extremes computed from the 2D spectra. Panels show (a) hMAX,ST/Hs from (23),
(b) hMAX,VS/Hs using a domain of variable size (subscript VS), i.e., X 5 Lx, Y 5 Ly and D 5 100Tm, (c) HMAX,ST/Hs from (24), and
(d) HMAX,VS/Hs. Dashed lines in (a) and (b) denote the linear versions, i.e., hMAX,ST/Hs 5 Fh(« 5 0, N3D). Labels and layout are similar
to that in Fig. 7.
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withacorrelationof0.95and0.99fortheobservationsand
W1C,respectively.EventhoughtheHsfromW1Candthe
observationswerequitesimilar(Fig.5g),theunderestimation
maybelinkedtoenergybeinglargeronthewindseacompo-
nentsintheobservedspectrathantheW1C(seethetwofirst
tidalcyclesinFigs.5e,f).FromthenormalizedhMAX,T/Hs,
thereisalsoanunderestimationintheratio(notshown).
Nevertheless,thetrendisthattheexpectedmaximumwavecrests
increasewhenthewindseaopposesMoskstraumen.Theobserved
extremes,accordingtothecommondefinitionofh/Hs.1.25
(Dystheetal.2008),alsooccurredforthewindseaoncounter
currents(seereddots).ForhMAX,T:ddtw,W1C52.96and
ddtw,W53.19.

ForHMAX,T,wefindasimilartendencyinM2modulationbe-
tweenW1Candtheobservations(Fig.11c).Theddtw,W1C53.93
andddtw,W54.52,implyingabetterfitfortheformer.How-
ever,theobservedextremes,accordingtothedefinitionof
H/Hs.2,occurredwhentheswellpartitionopposedMosk-
straumenduringoutgoingtide(seereddotsinFig.11c).More-
over,thepeakswerealsohereunderestimatedbythemodel,
andtherewasnoclearM2modulationinthenormalized
HMAX,T/Hs(notshown).

c.Opposingswellandtidaljetduringoutgoingtide

Theotherinterestingcaseofcharacteristicwaveandtidal
currentoccurswhenMoskstraumenisflowingwestward.
TheMoskstraumennowtakestheformofanarrowjet
(Fig.12a).Sinceswellconditionsoftenprevailontheoff-
shoreside,thespectrumisoftenunimodal.Asummaryof
theswell(waveagecp/U10≃18/7.5.1,wherecpisphase
speed)andtidalcurrentconditionsduringaperiodinearly
January2019isgiveninFig.12.Unfortunately,noobserva-
tionswereavailableontheoffshoresideoftheLofoten
archipelago.

ThetidaljetclearlymodulatedthespectrumattheM2fre-
quency,whichledtoamoreenergeticwavefieldcompared
withnocurrentforcing(Figs.12c,d).Solvingthewaveray
equations(29)and(30)numericallyusingthemethodby
Halsneetal.(2023)andthetidalcurrentfieldandbathymetry
asinput,theconvergenceofwaverayssuggeststhat
current-inducedrefractionwasthedominatingWCImecha-
nism(Fig.12b).Moreover,thewavestrainingmechanism
becomeslessdominantthelongerthewavesare(Table1),
andherethepeakperiodwasattimes13s.Thewavefield
becamemuchmoreenergeticduringtheseepisodeswith
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FIG.9.Temporalevolutioninexpectedextremescomputedfromthe2Dspectra.Panelsshow(a)hMAX,ST/Hsfrom(23),
(b)hMAX,VS/Hsusingadomainofvariablesize(subscriptVS),i.e.,X5Lx,Y5LyandD5100Tm,(c)HMAX,ST/Hsfrom(24),and
(d)HMAX,VS/Hs.Dashedlinesin(a)and(b)denotethelinearversions,i.e.,hMAX,ST/Hs5Fh(«50,N3D).Labelsandlayoutaresimilar
tothatinFig.7.
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withacorrelationof0.95and0.99fortheobservationsand
W1C,respectively.EventhoughtheHsfromW1Candthe
observationswerequitesimilar(Fig.5g),theunderestimation
maybelinkedtoenergybeinglargeronthewindseacompo-
nentsintheobservedspectrathantheW1C(seethetwofirst
tidalcyclesinFigs.5e,f).FromthenormalizedhMAX,T/Hs,
thereisalsoanunderestimationintheratio(notshown).
Nevertheless,thetrendisthattheexpectedmaximumwavecrests
increasewhenthewindseaopposesMoskstraumen.Theobserved
extremes,accordingtothecommondefinitionofh/Hs.1.25
(Dystheetal.2008),alsooccurredforthewindseaoncounter
currents(seereddots).ForhMAX,T:ddtw,W1C52.96and
ddtw,W53.19.

ForHMAX,T,wefindasimilartendencyinM2modulationbe-
tweenW1Candtheobservations(Fig.11c).Theddtw,W1C53.93
andddtw,W54.52,implyingabetterfitfortheformer.How-
ever,theobservedextremes,accordingtothedefinitionof
H/Hs.2,occurredwhentheswellpartitionopposedMosk-
straumenduringoutgoingtide(seereddotsinFig.11c).More-
over,thepeakswerealsohereunderestimatedbythemodel,
andtherewasnoclearM2modulationinthenormalized
HMAX,T/Hs(notshown).

c.Opposingswellandtidaljetduringoutgoingtide

Theotherinterestingcaseofcharacteristicwaveandtidal
currentoccurswhenMoskstraumenisflowingwestward.
TheMoskstraumennowtakestheformofanarrowjet
(Fig.12a).Sinceswellconditionsoftenprevailontheoff-
shoreside,thespectrumisoftenunimodal.Asummaryof
theswell(waveagecp/U10≃18/7.5.1,wherecpisphase
speed)andtidalcurrentconditionsduringaperiodinearly
January2019isgiveninFig.12.Unfortunately,noobserva-
tionswereavailableontheoffshoresideoftheLofoten
archipelago.

ThetidaljetclearlymodulatedthespectrumattheM2fre-
quency,whichledtoamoreenergeticwavefieldcompared
withnocurrentforcing(Figs.12c,d).Solvingthewaveray
equations(29)and(30)numericallyusingthemethodby
Halsneetal.(2023)andthetidalcurrentfieldandbathymetry
asinput,theconvergenceofwaverayssuggeststhat
current-inducedrefractionwasthedominatingWCImecha-
nism(Fig.12b).Moreover,thewavestrainingmechanism
becomeslessdominantthelongerthewavesare(Table1),
andherethepeakperiodwasattimes13s.Thewavefield
becamemuchmoreenergeticduringtheseepisodeswith
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FIG.9.Temporalevolutioninexpectedextremescomputedfromthe2Dspectra.Panelsshow(a)hMAX,ST/Hsfrom(23),
(b)hMAX,VS/Hsusingadomainofvariablesize(subscriptVS),i.e.,X5Lx,Y5LyandD5100Tm,(c)HMAX,ST/Hsfrom(24),and
(d)HMAX,VS/Hs.Dashedlinesin(a)and(b)denotethelinearversions,i.e.,hMAX,ST/Hs5Fh(«50,N3D).Labelsandlayoutaresimilar
tothatinFig.7.
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withacorrelationof0.95and0.99fortheobservationsand
W1C,respectively.EventhoughtheHsfromW1Candthe
observationswerequitesimilar(Fig.5g),theunderestimation
maybelinkedtoenergybeinglargeronthewindseacompo-
nentsintheobservedspectrathantheW1C(seethetwofirst
tidalcyclesinFigs.5e,f).FromthenormalizedhMAX,T/Hs,
thereisalsoanunderestimationintheratio(notshown).
Nevertheless,thetrendisthattheexpectedmaximumwavecrests
increasewhenthewindseaopposesMoskstraumen.Theobserved
extremes,accordingtothecommondefinitionofh/Hs.1.25
(Dystheetal.2008),alsooccurredforthewindseaoncounter
currents(seereddots).ForhMAX,T:ddtw,W1C52.96and
ddtw,W53.19.

ForHMAX,T,wefindasimilartendencyinM2modulationbe-
tweenW1Candtheobservations(Fig.11c).Theddtw,W1C53.93
andddtw,W54.52,implyingabetterfitfortheformer.How-
ever,theobservedextremes,accordingtothedefinitionof
H/Hs.2,occurredwhentheswellpartitionopposedMosk-
straumenduringoutgoingtide(seereddotsinFig.11c).More-
over,thepeakswerealsohereunderestimatedbythemodel,
andtherewasnoclearM2modulationinthenormalized
HMAX,T/Hs(notshown).

c.Opposingswellandtidaljetduringoutgoingtide

Theotherinterestingcaseofcharacteristicwaveandtidal
currentoccurswhenMoskstraumenisflowingwestward.
TheMoskstraumennowtakestheformofanarrowjet
(Fig.12a).Sinceswellconditionsoftenprevailontheoff-
shoreside,thespectrumisoftenunimodal.Asummaryof
theswell(waveagecp/U10≃18/7.5.1,wherecpisphase
speed)andtidalcurrentconditionsduringaperiodinearly
January2019isgiveninFig.12.Unfortunately,noobserva-
tionswereavailableontheoffshoresideoftheLofoten
archipelago.

ThetidaljetclearlymodulatedthespectrumattheM2fre-
quency,whichledtoamoreenergeticwavefieldcompared
withnocurrentforcing(Figs.12c,d).Solvingthewaveray
equations(29)and(30)numericallyusingthemethodby
Halsneetal.(2023)andthetidalcurrentfieldandbathymetry
asinput,theconvergenceofwaverayssuggeststhat
current-inducedrefractionwasthedominatingWCImecha-
nism(Fig.12b).Moreover,thewavestrainingmechanism
becomeslessdominantthelongerthewavesare(Table1),
andherethepeakperiodwasattimes13s.Thewavefield
becamemuchmoreenergeticduringtheseepisodeswith
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FIG.9.Temporalevolutioninexpectedextremescomputedfromthe2Dspectra.Panelsshow(a)hMAX,ST/Hsfrom(23),
(b)hMAX,VS/Hsusingadomainofvariablesize(subscriptVS),i.e.,X5Lx,Y5LyandD5100Tm,(c)HMAX,ST/Hsfrom(24),and
(d)HMAX,VS/Hs.Dashedlinesin(a)and(b)denotethelinearversions,i.e.,hMAX,ST/Hs5Fh(«50,N3D).Labelsandlayoutaresimilar
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withacorrelationof0.95and0.99fortheobservationsand
W1C,respectively.EventhoughtheHsfromW1Candthe
observationswerequitesimilar(Fig.5g),theunderestimation
maybelinkedtoenergybeinglargeronthewindseacompo-
nentsintheobservedspectrathantheW1C(seethetwofirst
tidalcyclesinFigs.5e,f).FromthenormalizedhMAX,T/Hs,
thereisalsoanunderestimationintheratio(notshown).
Nevertheless,thetrendisthattheexpectedmaximumwavecrests
increasewhenthewindseaopposesMoskstraumen.Theobserved
extremes,accordingtothecommondefinitionofh/Hs.1.25
(Dystheetal.2008),alsooccurredforthewindseaoncounter
currents(seereddots).ForhMAX,T:ddtw,W1C52.96and
ddtw,W53.19.

ForHMAX,T,wefindasimilartendencyinM2modulationbe-
tweenW1Candtheobservations(Fig.11c).Theddtw,W1C53.93
andddtw,W54.52,implyingabetterfitfortheformer.How-
ever,theobservedextremes,accordingtothedefinitionof
H/Hs.2,occurredwhentheswellpartitionopposedMosk-
straumenduringoutgoingtide(seereddotsinFig.11c).More-
over,thepeakswerealsohereunderestimatedbythemodel,
andtherewasnoclearM2modulationinthenormalized
HMAX,T/Hs(notshown).

c.Opposingswellandtidaljetduringoutgoingtide

Theotherinterestingcaseofcharacteristicwaveandtidal
currentoccurswhenMoskstraumenisflowingwestward.
TheMoskstraumennowtakestheformofanarrowjet
(Fig.12a).Sinceswellconditionsoftenprevailontheoff-
shoreside,thespectrumisoftenunimodal.Asummaryof
theswell(waveagecp/U10≃18/7.5.1,wherecpisphase
speed)andtidalcurrentconditionsduringaperiodinearly
January2019isgiveninFig.12.Unfortunately,noobserva-
tionswereavailableontheoffshoresideoftheLofoten
archipelago.

ThetidaljetclearlymodulatedthespectrumattheM2fre-
quency,whichledtoamoreenergeticwavefieldcompared
withnocurrentforcing(Figs.12c,d).Solvingthewaveray
equations(29)and(30)numericallyusingthemethodby
Halsneetal.(2023)andthetidalcurrentfieldandbathymetry
asinput,theconvergenceofwaverayssuggeststhat
current-inducedrefractionwasthedominatingWCImecha-
nism(Fig.12b).Moreover,thewavestrainingmechanism
becomeslessdominantthelongerthewavesare(Table1),
andherethepeakperiodwasattimes13s.Thewavefield
becamemuchmoreenergeticduringtheseepisodeswith
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swell opposing the tidal jet, with an increase in Hs up to
90% (Fig. 13a). In addition to the increase in energy, the 2D
spectrum also underwent significant directional broadening
(not shown).

The maximum increase in « by the tidal jet exceeded the
wind-only simulation (W) by a factor 2 (not shown). We
observe that the analytical wave straining model (7) is
mostly incapable of capturing the modulation in ratio
«W1C/«W, as seen from the excess in yellow color shading
in Fig. 13b. The excess can be understood if we consider «
as in (32) to be the product of wave amplitude and wave-
number only (i.e., skipping the finite bandwidth measure
c). Then, the convergence of wave energy due to caustics
leads to an increase in the wave amplitude part, while the
wavenumber is less modulated. These results suggest that
different WCI mechanisms may modulate the extreme
wave crest statistics differently, due to the aforementioned
sensitivity in «. The ratio hMAX,VS/Hs (note variable size
VS) changed due to Moskstraumen, particularly under
opposing swell and current situations, and the relative dif-
ference between W1C and W exceeded 10% (Fig. 13c).
Similar changes were found in hMAX,ST/Hs, but we do
not consider the N3D parameter since « dominates the

variability. The correlation between hMAX,VS/Hs and « in
W1C was 0.99. Following the reasoning about the impact
by refraction on «, the increase in Hs also constrain the ra-
tio hMAX,VS/Hs.

For the HMAX,VS/Hs, the expected extremes followed the
curve of |f*|, with a correlation coefficient of 0.98 in W1C
(Figs. 13d,e). During counterflow situations when refraction
seemed to dominate, one may expect that the sea state would
become broader in frequency due to the crossing sea state and
nonlinear redistribution of energy across scales (Tamura et al.
2008; Rapizo et al. 2016). This appeared to be the case during
certain tidal cycles (see around 5 January 2019 in Fig. 13d),
but certainly not for all. However, when the sea state became
broader, there was an accompanying decrease inHMAX,VS/Hs.

Maximum hMAX,ST/Hs were located at the edges of the tidal
jet during maximum current speed at outgoing tide, and not
within the current jet itself (left column Fig. 14). In the vicin-
ity of the jet, we find a 5%–15% increase in hMAX,ST/Hs com-
pared with W (Fig. 14b). The HMAX,VS/Hs was generally
higher outside the current jet (Fig. 14c), and decreased
around 5% within the area of strong currents (Fig. 14d). Simi-
lar horizontal variability was also found for the other tidal
cycles (not shown).

FIG. 10. Horizontal variability in normalized extreme wave crests (a),(b) hMAX,ST/Hs and (c),(d) HMAX,ST/Hs
during maximum incoming tide. The expected extremes from (top) W1C and (bottom) its ratio with W. Green dots
denote the location of the ADCP. Contour lines indicate current speed (m s21).
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swellopposingthetidaljet,withanincreaseinHsupto
90%(Fig.13a).Inadditiontotheincreaseinenergy,the2D
spectrumalsounderwentsignificantdirectionalbroadening
(notshown).

Themaximumincreasein«bythetidaljetexceededthe
wind-onlysimulation(W)byafactor2(notshown).We
observethattheanalyticalwavestrainingmodel(7)is
mostlyincapableofcapturingthemodulationinratio
«W1C/«W,asseenfromtheexcessinyellowcolorshading
inFig.13b.Theexcesscanbeunderstoodifweconsider«
asin(32)tobetheproductofwaveamplitudeandwave-
numberonly(i.e.,skippingthefinitebandwidthmeasure
c).Then,theconvergenceofwaveenergyduetocaustics
leadstoanincreaseinthewaveamplitudepart,whilethe
wavenumberislessmodulated.Theseresultssuggestthat
differentWCImechanismsmaymodulatetheextreme
wavecreststatisticsdifferently,duetotheaforementioned
sensitivityin«.TheratiohMAX,VS/Hs(notevariablesize
VS)changedduetoMoskstraumen,particularlyunder
opposingswellandcurrentsituations,andtherelativedif-
ferencebetweenW1CandWexceeded10%(Fig.13c).
SimilarchangeswerefoundinhMAX,ST/Hs,butwedo
notconsidertheN3Dparametersince«dominatesthe

variability.ThecorrelationbetweenhMAX,VS/Hsand«in
W1Cwas0.99.Followingthereasoningabouttheimpact
byrefractionon«,theincreaseinHsalsoconstrainthera-
tiohMAX,VS/Hs.

FortheHMAX,VS/Hs,theexpectedextremesfollowedthe
curveof|f*|,withacorrelationcoefficientof0.98inW1C
(Figs.13d,e).Duringcounterflowsituationswhenrefraction
seemedtodominate,onemayexpectthattheseastatewould
becomebroaderinfrequencyduetothecrossingseastateand
nonlinearredistributionofenergyacrossscales(Tamuraetal.
2008;Rapizoetal.2016).Thisappearedtobethecaseduring
certaintidalcycles(seearound5January2019inFig.13d),
butcertainlynotforall.However,whentheseastatebecame
broader,therewasanaccompanyingdecreaseinHMAX,VS/Hs.

MaximumhMAX,ST/Hswerelocatedattheedgesofthetidal
jetduringmaximumcurrentspeedatoutgoingtide,andnot
withinthecurrentjetitself(leftcolumnFig.14).Inthevicin-
ityofthejet,wefinda5%–15%increaseinhMAX,ST/Hscom-
paredwithW(Fig.14b).TheHMAX,VS/Hswasgenerally
higheroutsidethecurrentjet(Fig.14c),anddecreased
around5%withintheareaofstrongcurrents(Fig.14d).Simi-
larhorizontalvariabilitywasalsofoundfortheothertidal
cycles(notshown).

FIG.10.Horizontalvariabilityinnormalizedextremewavecrests(a),(b)hMAX,ST/Hsand(c),(d)HMAX,ST/Hs
duringmaximumincomingtide.Theexpectedextremesfrom(top)W1Cand(bottom)itsratiowithW.Greendots
denotethelocationoftheADCP.Contourlinesindicatecurrentspeed(ms21).
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swellopposingthetidaljet,withanincreaseinHsupto
90%(Fig.13a).Inadditiontotheincreaseinenergy,the2D
spectrumalsounderwentsignificantdirectionalbroadening
(notshown).

Themaximumincreasein«bythetidaljetexceededthe
wind-onlysimulation(W)byafactor2(notshown).We
observethattheanalyticalwavestrainingmodel(7)is
mostlyincapableofcapturingthemodulationinratio
«W1C/«W,asseenfromtheexcessinyellowcolorshading
inFig.13b.Theexcesscanbeunderstoodifweconsider«
asin(32)tobetheproductofwaveamplitudeandwave-
numberonly(i.e.,skippingthefinitebandwidthmeasure
c).Then,theconvergenceofwaveenergyduetocaustics
leadstoanincreaseinthewaveamplitudepart,whilethe
wavenumberislessmodulated.Theseresultssuggestthat
differentWCImechanismsmaymodulatetheextreme
wavecreststatisticsdifferently,duetotheaforementioned
sensitivityin«.TheratiohMAX,VS/Hs(notevariablesize
VS)changedduetoMoskstraumen,particularlyunder
opposingswellandcurrentsituations,andtherelativedif-
ferencebetweenW1CandWexceeded10%(Fig.13c).
SimilarchangeswerefoundinhMAX,ST/Hs,butwedo
notconsidertheN3Dparametersince«dominatesthe

variability.ThecorrelationbetweenhMAX,VS/Hsand«in
W1Cwas0.99.Followingthereasoningabouttheimpact
byrefractionon«,theincreaseinHsalsoconstrainthera-
tiohMAX,VS/Hs.

FortheHMAX,VS/Hs,theexpectedextremesfollowedthe
curveof|f*|,withacorrelationcoefficientof0.98inW1C
(Figs.13d,e).Duringcounterflowsituationswhenrefraction
seemedtodominate,onemayexpectthattheseastatewould
becomebroaderinfrequencyduetothecrossingseastateand
nonlinearredistributionofenergyacrossscales(Tamuraetal.
2008;Rapizoetal.2016).Thisappearedtobethecaseduring
certaintidalcycles(seearound5January2019inFig.13d),
butcertainlynotforall.However,whentheseastatebecame
broader,therewasanaccompanyingdecreaseinHMAX,VS/Hs.

MaximumhMAX,ST/Hswerelocatedattheedgesofthetidal
jetduringmaximumcurrentspeedatoutgoingtide,andnot
withinthecurrentjetitself(leftcolumnFig.14).Inthevicin-
ityofthejet,wefinda5%–15%increaseinhMAX,ST/Hscom-
paredwithW(Fig.14b).TheHMAX,VS/Hswasgenerally
higheroutsidethecurrentjet(Fig.14c),anddecreased
around5%withintheareaofstrongcurrents(Fig.14d).Simi-
larhorizontalvariabilitywasalsofoundfortheothertidal
cycles(notshown).

FIG.10.Horizontalvariabilityinnormalizedextremewavecrests(a),(b)hMAX,ST/Hsand(c),(d)HMAX,ST/Hs
duringmaximumincomingtide.Theexpectedextremesfrom(top)W1Cand(bottom)itsratiowithW.Greendots
denotethelocationoftheADCP.Contourlinesindicatecurrentspeed(ms21).
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swell opposing the tidal jet, with an increase in Hs up to
90% (Fig. 13a). In addition to the increase in energy, the 2D
spectrum also underwent significant directional broadening
(not shown).

The maximum increase in « by the tidal jet exceeded the
wind-only simulation (W) by a factor 2 (not shown). We
observe that the analytical wave straining model (7) is
mostly incapable of capturing the modulation in ratio
«W1C/«W, as seen from the excess in yellow color shading
in Fig. 13b. The excess can be understood if we consider «
as in (32) to be the product of wave amplitude and wave-
number only (i.e., skipping the finite bandwidth measure
c). Then, the convergence of wave energy due to caustics
leads to an increase in the wave amplitude part, while the
wavenumber is less modulated. These results suggest that
different WCI mechanisms may modulate the extreme
wave crest statistics differently, due to the aforementioned
sensitivity in «. The ratio hMAX,VS/Hs (note variable size
VS) changed due to Moskstraumen, particularly under
opposing swell and current situations, and the relative dif-
ference between W1C and W exceeded 10% (Fig. 13c).
Similar changes were found in hMAX,ST/Hs, but we do
not consider the N3D parameter since « dominates the

variability. The correlation between hMAX,VS/Hs and « in
W1C was 0.99. Following the reasoning about the impact
by refraction on «, the increase in Hs also constrain the ra-
tio hMAX,VS/Hs.

For the HMAX,VS/Hs, the expected extremes followed the
curve of |f

*
|, with a correlation coefficient of 0.98 in W1C

(Figs. 13d,e). During counterflow situations when refraction
seemed to dominate, one may expect that the sea state would
become broader in frequency due to the crossing sea state and
nonlinear redistribution of energy across scales (Tamura et al.
2008; Rapizo et al. 2016). This appeared to be the case during
certain tidal cycles (see around 5 January 2019 in Fig. 13d),
but certainly not for all. However, when the sea state became
broader, there was an accompanying decrease inHMAX,VS/Hs.

Maximum hMAX,ST/Hs were located at the edges of the tidal
jet during maximum current speed at outgoing tide, and not
within the current jet itself (left column Fig. 14). In the vicin-
ity of the jet, we find a 5%–15% increase in hMAX,ST/Hs com-
pared with W (Fig. 14b). The HMAX,VS/Hs was generally
higher outside the current jet (Fig. 14c), and decreased
around 5% within the area of strong currents (Fig. 14d). Simi-
lar horizontal variability was also found for the other tidal
cycles (not shown).

FIG. 10. Horizontal variability in normalized extreme wave crests (a),(b) hMAX,ST/Hs and (c),(d) HMAX,ST/Hs
during maximum incoming tide. The expected extremes from (top) W1C and (bottom) its ratio with W. Green dots
denote the location of the ADCP. Contour lines indicate current speed (m s
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swell opposing the tidal jet, with an increase in Hs up to
90% (Fig. 13a). In addition to the increase in energy, the 2D
spectrum also underwent significant directional broadening
(not shown).

The maximum increase in « by the tidal jet exceeded the
wind-only simulation (W) by a factor 2 (not shown). We
observe that the analytical wave straining model (7) is
mostly incapable of capturing the modulation in ratio
«W1C/«W, as seen from the excess in yellow color shading
in Fig. 13b. The excess can be understood if we consider «
as in (32) to be the product of wave amplitude and wave-
number only (i.e., skipping the finite bandwidth measure
c). Then, the convergence of wave energy due to caustics
leads to an increase in the wave amplitude part, while the
wavenumber is less modulated. These results suggest that
different WCI mechanisms may modulate the extreme
wave crest statistics differently, due to the aforementioned
sensitivity in «. The ratio hMAX,VS/Hs (note variable size
VS) changed due to Moskstraumen, particularly under
opposing swell and current situations, and the relative dif-
ference between W1C and W exceeded 10% (Fig. 13c).
Similar changes were found in hMAX,ST/Hs, but we do
not consider the N3D parameter since « dominates the

variability. The correlation between hMAX,VS/Hs and « in
W1C was 0.99. Following the reasoning about the impact
by refraction on «, the increase in Hs also constrain the ra-
tio hMAX,VS/Hs.

For the HMAX,VS/Hs, the expected extremes followed the
curve of |f

*
|, with a correlation coefficient of 0.98 in W1C

(Figs. 13d,e). During counterflow situations when refraction
seemed to dominate, one may expect that the sea state would
become broader in frequency due to the crossing sea state and
nonlinear redistribution of energy across scales (Tamura et al.
2008; Rapizo et al. 2016). This appeared to be the case during
certain tidal cycles (see around 5 January 2019 in Fig. 13d),
but certainly not for all. However, when the sea state became
broader, there was an accompanying decrease inHMAX,VS/Hs.

Maximum hMAX,ST/Hs were located at the edges of the tidal
jet during maximum current speed at outgoing tide, and not
within the current jet itself (left column Fig. 14). In the vicin-
ity of the jet, we find a 5%–15% increase in hMAX,ST/Hs com-
pared with W (Fig. 14b). The HMAX,VS/Hs was generally
higher outside the current jet (Fig. 14c), and decreased
around 5% within the area of strong currents (Fig. 14d). Simi-
lar horizontal variability was also found for the other tidal
cycles (not shown).

FIG. 10. Horizontal variability in normalized extreme wave crests (a),(b) hMAX,ST/Hs and (c),(d) HMAX,ST/Hs
during maximum incoming tide. The expected extremes from (top) W1C and (bottom) its ratio with W. Green dots
denote the location of the ADCP. Contour lines indicate current speed (m s
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swellopposingthetidaljet,withanincreaseinHsupto
90%(Fig.13a).Inadditiontotheincreaseinenergy,the2D
spectrumalsounderwentsignificantdirectionalbroadening
(notshown).

Themaximumincreasein«bythetidaljetexceededthe
wind-onlysimulation(W)byafactor2(notshown).We
observethattheanalyticalwavestrainingmodel(7)is
mostlyincapableofcapturingthemodulationinratio
«W1C/«W,asseenfromtheexcessinyellowcolorshading
inFig.13b.Theexcesscanbeunderstoodifweconsider«
asin(32)tobetheproductofwaveamplitudeandwave-
numberonly(i.e.,skippingthefinitebandwidthmeasure
c).Then,theconvergenceofwaveenergyduetocaustics
leadstoanincreaseinthewaveamplitudepart,whilethe
wavenumberislessmodulated.Theseresultssuggestthat
differentWCImechanismsmaymodulatetheextreme
wavecreststatisticsdifferently,duetotheaforementioned
sensitivityin«.TheratiohMAX,VS/Hs(notevariablesize
VS)changedduetoMoskstraumen,particularlyunder
opposingswellandcurrentsituations,andtherelativedif-
ferencebetweenW1CandWexceeded10%(Fig.13c).
SimilarchangeswerefoundinhMAX,ST/Hs,butwedo
notconsidertheN3Dparametersince«dominatesthe

variability.ThecorrelationbetweenhMAX,VS/Hsand«in
W1Cwas0.99.Followingthereasoningabouttheimpact
byrefractionon«,theincreaseinHsalsoconstrainthera-
tiohMAX,VS/Hs.

FortheHMAX,VS/Hs,theexpectedextremesfollowedthe
curveof|f

*
|,withacorrelationcoefficientof0.98inW1C

(Figs.13d,e).Duringcounterflowsituationswhenrefraction
seemedtodominate,onemayexpectthattheseastatewould
becomebroaderinfrequencyduetothecrossingseastateand
nonlinearredistributionofenergyacrossscales(Tamuraetal.
2008;Rapizoetal.2016).Thisappearedtobethecaseduring
certaintidalcycles(seearound5January2019inFig.13d),
butcertainlynotforall.However,whentheseastatebecame
broader,therewasanaccompanyingdecreaseinHMAX,VS/Hs.

MaximumhMAX,ST/Hswerelocatedattheedgesofthetidal
jetduringmaximumcurrentspeedatoutgoingtide,andnot
withinthecurrentjetitself(leftcolumnFig.14).Inthevicin-
ityofthejet,wefinda5%–15%increaseinhMAX,ST/Hscom-
paredwithW(Fig.14b).TheHMAX,VS/Hswasgenerally
higheroutsidethecurrentjet(Fig.14c),anddecreased
around5%withintheareaofstrongcurrents(Fig.14d).Simi-
larhorizontalvariabilitywasalsofoundfortheothertidal
cycles(notshown).

FIG.10.Horizontalvariabilityinnormalizedextremewavecrests(a),(b)hMAX,ST/Hsand(c),(d)HMAX,ST/Hs
duringmaximumincomingtide.Theexpectedextremesfrom(top)W1Cand(bottom)itsratiowithW.Greendots
denotethelocationoftheADCP.Contourlinesindicatecurrentspeed(ms
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swellopposingthetidaljet,withanincreaseinHsupto
90%(Fig.13a).Inadditiontotheincreaseinenergy,the2D
spectrumalsounderwentsignificantdirectionalbroadening
(notshown).

Themaximumincreasein«bythetidaljetexceededthe
wind-onlysimulation(W)byafactor2(notshown).We
observethattheanalyticalwavestrainingmodel(7)is
mostlyincapableofcapturingthemodulationinratio
«W1C/«W,asseenfromtheexcessinyellowcolorshading
inFig.13b.Theexcesscanbeunderstoodifweconsider«
asin(32)tobetheproductofwaveamplitudeandwave-
numberonly(i.e.,skippingthefinitebandwidthmeasure
c).Then,theconvergenceofwaveenergyduetocaustics
leadstoanincreaseinthewaveamplitudepart,whilethe
wavenumberislessmodulated.Theseresultssuggestthat
differentWCImechanismsmaymodulatetheextreme
wavecreststatisticsdifferently,duetotheaforementioned
sensitivityin«.TheratiohMAX,VS/Hs(notevariablesize
VS)changedduetoMoskstraumen,particularlyunder
opposingswellandcurrentsituations,andtherelativedif-
ferencebetweenW1CandWexceeded10%(Fig.13c).
SimilarchangeswerefoundinhMAX,ST/Hs,butwedo
notconsidertheN3Dparametersince«dominatesthe

variability.ThecorrelationbetweenhMAX,VS/Hsand«in
W1Cwas0.99.Followingthereasoningabouttheimpact
byrefractionon«,theincreaseinHsalsoconstrainthera-
tiohMAX,VS/Hs.

FortheHMAX,VS/Hs,theexpectedextremesfollowedthe
curveof|f

*
|,withacorrelationcoefficientof0.98inW1C

(Figs.13d,e).Duringcounterflowsituationswhenrefraction
seemedtodominate,onemayexpectthattheseastatewould
becomebroaderinfrequencyduetothecrossingseastateand
nonlinearredistributionofenergyacrossscales(Tamuraetal.
2008;Rapizoetal.2016).Thisappearedtobethecaseduring
certaintidalcycles(seearound5January2019inFig.13d),
butcertainlynotforall.However,whentheseastatebecame
broader,therewasanaccompanyingdecreaseinHMAX,VS/Hs.

MaximumhMAX,ST/Hswerelocatedattheedgesofthetidal
jetduringmaximumcurrentspeedatoutgoingtide,andnot
withinthecurrentjetitself(leftcolumnFig.14).Inthevicin-
ityofthejet,wefinda5%–15%increaseinhMAX,ST/Hscom-
paredwithW(Fig.14b).TheHMAX,VS/Hswasgenerally
higheroutsidethecurrentjet(Fig.14c),anddecreased
around5%withintheareaofstrongcurrents(Fig.14d).Simi-
larhorizontalvariabilitywasalsofoundfortheothertidal
cycles(notshown).

FIG.10.Horizontalvariabilityinnormalizedextremewavecrests(a),(b)hMAX,ST/Hsand(c),(d)HMAX,ST/Hs
duringmaximumincomingtide.Theexpectedextremesfrom(top)W1Cand(bottom)itsratiowithW.Greendots
denotethelocationoftheADCP.Contourlinesindicatecurrentspeed(ms
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swellopposingthetidaljet,withanincreaseinHsupto
90%(Fig.13a).Inadditiontotheincreaseinenergy,the2D
spectrumalsounderwentsignificantdirectionalbroadening
(notshown).

Themaximumincreasein«bythetidaljetexceededthe
wind-onlysimulation(W)byafactor2(notshown).We
observethattheanalyticalwavestrainingmodel(7)is
mostlyincapableofcapturingthemodulationinratio
«W1C/«W,asseenfromtheexcessinyellowcolorshading
inFig.13b.Theexcesscanbeunderstoodifweconsider«
asin(32)tobetheproductofwaveamplitudeandwave-
numberonly(i.e.,skippingthefinitebandwidthmeasure
c).Then,theconvergenceofwaveenergyduetocaustics
leadstoanincreaseinthewaveamplitudepart,whilethe
wavenumberislessmodulated.Theseresultssuggestthat
differentWCImechanismsmaymodulatetheextreme
wavecreststatisticsdifferently,duetotheaforementioned
sensitivityin«.TheratiohMAX,VS/Hs(notevariablesize
VS)changedduetoMoskstraumen,particularlyunder
opposingswellandcurrentsituations,andtherelativedif-
ferencebetweenW1CandWexceeded10%(Fig.13c).
SimilarchangeswerefoundinhMAX,ST/Hs,butwedo
notconsidertheN3Dparametersince«dominatesthe

variability.ThecorrelationbetweenhMAX,VS/Hsand«in
W1Cwas0.99.Followingthereasoningabouttheimpact
byrefractionon«,theincreaseinHsalsoconstrainthera-
tiohMAX,VS/Hs.

FortheHMAX,VS/Hs,theexpectedextremesfollowedthe
curveof|f

*
|,withacorrelationcoefficientof0.98inW1C

(Figs.13d,e).Duringcounterflowsituationswhenrefraction
seemedtodominate,onemayexpectthattheseastatewould
becomebroaderinfrequencyduetothecrossingseastateand
nonlinearredistributionofenergyacrossscales(Tamuraetal.
2008;Rapizoetal.2016).Thisappearedtobethecaseduring
certaintidalcycles(seearound5January2019inFig.13d),
butcertainlynotforall.However,whentheseastatebecame
broader,therewasanaccompanyingdecreaseinHMAX,VS/Hs.

MaximumhMAX,ST/Hswerelocatedattheedgesofthetidal
jetduringmaximumcurrentspeedatoutgoingtide,andnot
withinthecurrentjetitself(leftcolumnFig.14).Inthevicin-
ityofthejet,wefinda5%–15%increaseinhMAX,ST/Hscom-
paredwithW(Fig.14b).TheHMAX,VS/Hswasgenerally
higheroutsidethecurrentjet(Fig.14c),anddecreased
around5%withintheareaofstrongcurrents(Fig.14d).Simi-
larhorizontalvariabilitywasalsofoundfortheothertidal
cycles(notshown).

FIG.10.Horizontalvariabilityinnormalizedextremewavecrests(a),(b)hMAX,ST/Hsand(c),(d)HMAX,ST/Hs
duringmaximumincomingtide.Theexpectedextremesfrom(top)W1Cand(bottom)itsratiowithW.Greendots
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swellopposingthetidaljet,withanincreaseinHsupto
90%(Fig.13a).Inadditiontotheincreaseinenergy,the2D
spectrumalsounderwentsignificantdirectionalbroadening
(notshown).

Themaximumincreasein«bythetidaljetexceededthe
wind-onlysimulation(W)byafactor2(notshown).We
observethattheanalyticalwavestrainingmodel(7)is
mostlyincapableofcapturingthemodulationinratio
«W1C/«W,asseenfromtheexcessinyellowcolorshading
inFig.13b.Theexcesscanbeunderstoodifweconsider«
asin(32)tobetheproductofwaveamplitudeandwave-
numberonly(i.e.,skippingthefinitebandwidthmeasure
c).Then,theconvergenceofwaveenergyduetocaustics
leadstoanincreaseinthewaveamplitudepart,whilethe
wavenumberislessmodulated.Theseresultssuggestthat
differentWCImechanismsmaymodulatetheextreme
wavecreststatisticsdifferently,duetotheaforementioned
sensitivityin«.TheratiohMAX,VS/Hs(notevariablesize
VS)changedduetoMoskstraumen,particularlyunder
opposingswellandcurrentsituations,andtherelativedif-
ferencebetweenW1CandWexceeded10%(Fig.13c).
SimilarchangeswerefoundinhMAX,ST/Hs,butwedo
notconsidertheN3Dparametersince«dominatesthe

variability.ThecorrelationbetweenhMAX,VS/Hsand«in
W1Cwas0.99.Followingthereasoningabouttheimpact
byrefractionon«,theincreaseinHsalsoconstrainthera-
tiohMAX,VS/Hs.

FortheHMAX,VS/Hs,theexpectedextremesfollowedthe
curveof|f
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|,withacorrelationcoefficientof0.98inW1C

(Figs.13d,e).Duringcounterflowsituationswhenrefraction
seemedtodominate,onemayexpectthattheseastatewould
becomebroaderinfrequencyduetothecrossingseastateand
nonlinearredistributionofenergyacrossscales(Tamuraetal.
2008;Rapizoetal.2016).Thisappearedtobethecaseduring
certaintidalcycles(seearound5January2019inFig.13d),
butcertainlynotforall.However,whentheseastatebecame
broader,therewasanaccompanyingdecreaseinHMAX,VS/Hs.

MaximumhMAX,ST/Hswerelocatedattheedgesofthetidal
jetduringmaximumcurrentspeedatoutgoingtide,andnot
withinthecurrentjetitself(leftcolumnFig.14).Inthevicin-
ityofthejet,wefinda5%–15%increaseinhMAX,ST/Hscom-
paredwithW(Fig.14b).TheHMAX,VS/Hswasgenerally
higheroutsidethecurrentjet(Fig.14c),anddecreased
around5%withintheareaofstrongcurrents(Fig.14d).Simi-
larhorizontalvariabilitywasalsofoundfortheothertidal
cycles(notshown).

FIG.10.Horizontalvariabilityinnormalizedextremewavecrests(a),(b)hMAX,ST/Hsand(c),(d)HMAX,ST/Hs
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6. Discussion

a. Steepness modulation and the impact of Moskstraumen
on hMAX

We find hMAX,ST to be more sensitive to the current-
induced modulations in « than those in N3D (Figs. 9a,b and
13c). In both the cases considered, the expected extreme
crests increased most when the waves were opposing Mosk-
straumen. Consequently, our results suggest that the simulta-
neous increase in the components of « due to wave straining
is an important factor in modulating hMAX,ST in young, short-
crested sea states on horizontally homogeneous tidal currents.
Under conditions where refraction is likely to dominate, how-
ever, the ratio «W1C/«W suggests that convergence of wave
energy due to caustics provide an additional contribution to
the steepness modulation (Fig. 13b), which indicates that the
current-induced extreme wave modulations are sensitive to
the underlying WCI mechanisms.

Interestingly, hMAX,VS/Hs reached 1.31 during opposing
wind sea and broad current (Fig. 9b) and 1.32 during the op-
posing swell and tidal jet (Fig. 13c). It seems plausible that the
significant increase in Hs in the latter case constrained the ra-
tio hMAX,VS/Hs. For the space–time extremes, the contribu-
tion from N3D increased hMAX,VS/Hs to 1.61 for the former
(Fig. 9a) and 1.56 for the latter (not shown). The higher values
for the former was due to the on-average shorter wind waves,

such that more waves fitted into the space–time domain com-
pared with the latter swell case. Therefore, our findings indi-
cate that under conditions similar to the former, when wave
straining is a prominent mechanism, a sea state exposed to
more severe extremes can be reached.

The horizontal variability of hMAX,ST/Hs corroborate the
findings by Hjelmervik and Trulsen (2009), suggesting that ex-
treme waves become more severe at the edges of the current
where the horizontal current gradients are strongest and Hs has
not reached its maximum value (left panels of Figs. 10 and 14).

In the case where our observations coincided with the region
of strong wave–current interaction, we also found a similar
trend in the tidal modulation of hMAX,T from the wave model
with current forcing and the observations, contrary to the wave
model without current forcing (Fig. 11). Long-term single point
observations in extreme environments are very rare in them-
selves due to the harsh conditions, and the ADCP measure-
ments used here are the first of its kind in Moskstraumen
(Saetra et al. 2021). Consequently, observations spanning both
space and time under similar conditions are even more rare.
Obtaining such measurements requires development and inno-
vation in instrument deployment setups and operating methods.

Summarized, our results show that STE crests are very
sensitive to the current-induced modulation in «, and also
suggests that including tidal current forcing in spectral wave
models provides more realistic modulation of the expected

a

b

c

FIG. 11. Comparing time series of expected time extremes from wave model against observations. (a) The skewness computed from the
17-min burst observations (green dots) and the hourly mean (solid black line); the expected maximum wave (b) crests and (c) heights in
time (i.e., single point) in its dimensional form from the observations (solid black line), W1C (blue line), and W (orange line). Here, red
dots show the cases where extreme events occurred according to the definition.
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6.Discussion

a.SteepnessmodulationandtheimpactofMoskstraumen
onhMAX

WefindhMAX,STtobemoresensitivetothecurrent-
inducedmodulationsin«thanthoseinN3D(Figs.9a,band
13c).Inboththecasesconsidered,theexpectedextreme
crestsincreasedmostwhenthewaveswereopposingMosk-
straumen.Consequently,ourresultssuggestthatthesimulta-
neousincreaseinthecomponentsof«duetowavestraining
isanimportantfactorinmodulatinghMAX,STinyoung,short-
crestedseastatesonhorizontallyhomogeneoustidalcurrents.
Underconditionswhererefractionislikelytodominate,how-
ever,theratio«W1C/«Wsuggeststhatconvergenceofwave
energyduetocausticsprovideanadditionalcontributionto
thesteepnessmodulation(Fig.13b),whichindicatesthatthe
current-inducedextremewavemodulationsaresensitiveto
theunderlyingWCImechanisms.

Interestingly,hMAX,VS/Hsreached1.31duringopposing
windseaandbroadcurrent(Fig.9b)and1.32duringtheop-
posingswellandtidaljet(Fig.13c).Itseemsplausiblethatthe
significantincreaseinHsinthelattercaseconstrainedthera-
tiohMAX,VS/Hs.Forthespace–timeextremes,thecontribu-
tionfromN3DincreasedhMAX,VS/Hsto1.61fortheformer
(Fig.9a)and1.56forthelatter(notshown).Thehighervalues
fortheformerwasduetotheon-averageshorterwindwaves,

suchthatmorewavesfittedintothespace–timedomaincom-
paredwiththelatterswellcase.Therefore,ourfindingsindi-
catethatunderconditionssimilartotheformer,whenwave
strainingisaprominentmechanism,aseastateexposedto
moresevereextremescanbereached.

ThehorizontalvariabilityofhMAX,ST/Hscorroboratethe
findingsbyHjelmervikandTrulsen(2009),suggestingthatex-
tremewavesbecomemoresevereattheedgesofthecurrent
wherethehorizontalcurrentgradientsarestrongestandHshas
notreacheditsmaximumvalue(leftpanelsofFigs.10and14).

Inthecasewhereourobservationscoincidedwiththeregion
ofstrongwave–currentinteraction,wealsofoundasimilar
trendinthetidalmodulationofhMAX,Tfromthewavemodel
withcurrentforcingandtheobservations,contrarytothewave
modelwithoutcurrentforcing(Fig.11).Long-termsinglepoint
observationsinextremeenvironmentsareveryrareinthem-
selvesduetotheharshconditions,andtheADCPmeasure-
mentsusedherearethefirstofitskindinMoskstraumen
(Saetraetal.2021).Consequently,observationsspanningboth
spaceandtimeundersimilarconditionsareevenmorerare.
Obtainingsuchmeasurementsrequiresdevelopmentandinno-
vationininstrumentdeploymentsetupsandoperatingmethods.

Summarized,ourresultsshowthatSTEcrestsarevery
sensitivetothecurrent-inducedmodulationin«,andalso
suggeststhatincludingtidalcurrentforcinginspectralwave
modelsprovidesmorerealisticmodulationoftheexpected

a

b

c

FIG.11.Comparingtimeseriesofexpectedtimeextremesfromwavemodelagainstobservations.(a)Theskewnesscomputedfromthe
17-minburstobservations(greendots)andthehourlymean(solidblackline);theexpectedmaximumwave(b)crestsand(c)heightsin
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modelwithoutcurrentforcing(Fig.11).Long-termsinglepoint
observationsinextremeenvironmentsareveryrareinthem-
selvesduetotheharshconditions,andtheADCPmeasure-
mentsusedherearethefirstofitskindinMoskstraumen
(Saetraetal.2021).Consequently,observationsspanningboth
spaceandtimeundersimilarconditionsareevenmorerare.
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6. Discussion

a. Steepness modulation and the impact of Moskstraumen
on hMAX

We find hMAX,ST to be more sensitive to the current-
induced modulations in « than those in N3D (Figs. 9a,b and
13c). In both the cases considered, the expected extreme
crests increased most when the waves were opposing Mosk-
straumen. Consequently, our results suggest that the simulta-
neous increase in the components of « due to wave straining
is an important factor in modulating hMAX,ST in young, short-
crested sea states on horizontally homogeneous tidal currents.
Under conditions where refraction is likely to dominate, how-
ever, the ratio «W1C/«W suggests that convergence of wave
energy due to caustics provide an additional contribution to
the steepness modulation (Fig. 13b), which indicates that the
current-induced extreme wave modulations are sensitive to
the underlying WCI mechanisms.

Interestingly, hMAX,VS/Hs reached 1.31 during opposing
wind sea and broad current (Fig. 9b) and 1.32 during the op-
posing swell and tidal jet (Fig. 13c). It seems plausible that the
significant increase in Hs in the latter case constrained the ra-
tio hMAX,VS/Hs. For the space–time extremes, the contribu-
tion from N3D increased hMAX,VS/Hs to 1.61 for the former
(Fig. 9a) and 1.56 for the latter (not shown). The higher values
for the former was due to the on-average shorter wind waves,

such that more waves fitted into the space–time domain com-
pared with the latter swell case. Therefore, our findings indi-
cate that under conditions similar to the former, when wave
straining is a prominent mechanism, a sea state exposed to
more severe extremes can be reached.

The horizontal variability of hMAX,ST/Hs corroborate the
findings by Hjelmervik and Trulsen (2009), suggesting that ex-
treme waves become more severe at the edges of the current
where the horizontal current gradients are strongest and Hs has
not reached its maximum value (left panels of Figs. 10 and 14).

In the case where our observations coincided with the region
of strong wave–current interaction, we also found a similar
trend in the tidal modulation of hMAX,T from the wave model
with current forcing and the observations, contrary to the wave
model without current forcing (Fig. 11). Long-term single point
observations in extreme environments are very rare in them-
selves due to the harsh conditions, and the ADCP measure-
ments used here are the first of its kind in Moskstraumen
(Saetra et al. 2021). Consequently, observations spanning both
space and time under similar conditions are even more rare.
Obtaining such measurements requires development and inno-
vation in instrument deployment setups and operating methods.

Summarized, our results show that STE crests are very
sensitive to the current-induced modulation in «, and also
suggests that including tidal current forcing in spectral wave
models provides more realistic modulation of the expected

a
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FIG. 11. Comparing time series of expected time extremes from wave model against observations. (a) The skewness computed from the
17-min burst observations (green dots) and the hourly mean (solid black line); the expected maximum wave (b) crests and (c) heights in
time (i.e., single point) in its dimensional form from the observations (solid black line), W1C (blue line), and W (orange line). Here, red
dots show the cases where extreme events occurred according to the definition.
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WefindhMAX,STtobemoresensitivetothecurrent-
inducedmodulationsin«thanthoseinN3D(Figs.9a,band
13c).Inboththecasesconsidered,theexpectedextreme
crestsincreasedmostwhenthewaveswereopposingMosk-
straumen.Consequently,ourresultssuggestthatthesimulta-
neousincreaseinthecomponentsof«duetowavestraining
isanimportantfactorinmodulatinghMAX,STinyoung,short-
crestedseastatesonhorizontallyhomogeneoustidalcurrents.
Underconditionswhererefractionislikelytodominate,how-
ever,theratio«W1C/«Wsuggeststhatconvergenceofwave
energyduetocausticsprovideanadditionalcontributionto
thesteepnessmodulation(Fig.13b),whichindicatesthatthe
current-inducedextremewavemodulationsaresensitiveto
theunderlyingWCImechanisms.

Interestingly,hMAX,VS/Hsreached1.31duringopposing
windseaandbroadcurrent(Fig.9b)and1.32duringtheop-
posingswellandtidaljet(Fig.13c).Itseemsplausiblethatthe
significantincreaseinHsinthelattercaseconstrainedthera-
tiohMAX,VS/Hs.Forthespace–timeextremes,thecontribu-
tionfromN3DincreasedhMAX,VS/Hsto1.61fortheformer
(Fig.9a)and1.56forthelatter(notshown).Thehighervalues
fortheformerwasduetotheon-averageshorterwindwaves,

suchthatmorewavesfittedintothespace–timedomaincom-
paredwiththelatterswellcase.Therefore,ourfindingsindi-
catethatunderconditionssimilartotheformer,whenwave
strainingisaprominentmechanism,aseastateexposedto
moresevereextremescanbereached.

ThehorizontalvariabilityofhMAX,ST/Hscorroboratethe
findingsbyHjelmervikandTrulsen(2009),suggestingthatex-
tremewavesbecomemoresevereattheedgesofthecurrent
wherethehorizontalcurrentgradientsarestrongestandHshas
notreacheditsmaximumvalue(leftpanelsofFigs.10and14).

Inthecasewhereourobservationscoincidedwiththeregion
ofstrongwave–currentinteraction,wealsofoundasimilar
trendinthetidalmodulationofhMAX,Tfromthewavemodel
withcurrentforcingandtheobservations,contrarytothewave
modelwithoutcurrentforcing(Fig.11).Long-termsinglepoint
observationsinextremeenvironmentsareveryrareinthem-
selvesduetotheharshconditions,andtheADCPmeasure-
mentsusedherearethefirstofitskindinMoskstraumen
(Saetraetal.2021).Consequently,observationsspanningboth
spaceandtimeundersimilarconditionsareevenmorerare.
Obtainingsuchmeasurementsrequiresdevelopmentandinno-
vationininstrumentdeploymentsetupsandoperatingmethods.

Summarized,ourresultsshowthatSTEcrestsarevery
sensitivetothecurrent-inducedmodulationin«,andalso
suggeststhatincludingtidalcurrentforcinginspectralwave
modelsprovidesmorerealisticmodulationoftheexpected
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FIG.11.Comparingtimeseriesofexpectedtimeextremesfromwavemodelagainstobservations.(a)Theskewnesscomputedfromthe
17-minburstobservations(greendots)andthehourlymean(solidblackline);theexpectedmaximumwave(b)crestsand(c)heightsin
time(i.e.,singlepoint)initsdimensionalformfromtheobservations(solidblackline),W1C(blueline),andW(orangeline).Here,red
dotsshowthecaseswhereextremeeventsoccurredaccordingtothedefinition.
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FIG.11.Comparingtimeseriesofexpectedtimeextremesfromwavemodelagainstobservations.(a)Theskewnesscomputedfromthe
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maximum wave crests. Consequently, the expected maximum
space–time wave crest parameters now available in spectral
wave models can be useful in nearshore wave forecasting and
in engineering applications like wave load analysis of tidal
power facilities and other marine structures.

b. Narrow-bandedness and HMAX

The modulation in |f*| from the bimodal spectra, and its
impact on HMAX,ST was at times difficult to interpret. Here,

|f*| was sensitive to the relative variance distribution on the
swell and wind sea components in the spectrum, while becom-
ing easier to interpret when the wind sea dominated, i.e., during
the intermediate tidal cycles in the period (Figs. 5, 7, and 9). In
their deterministic approach, Hjelmervik and Trulsen (2009)
found that the amount of freak waves increased on uniform
countercurrents for both narrow- and broad-banded sea states.
Such an increase is difficult to conclude from our results since
the bimodal partitions were at times propagating against each

FIG. 12. (a) Summary of the predominant north westerly swell and tidal current conditions on the west side of Lofo-
ten 2–8 Jan 2019. During outgoing tide, Moskstraumen takes the form as a narrow tidal jet, and (b) a snapshot of the
swell and tidal jet interaction fromW1C is, where blue arrows indicate peak wave direction. Wave rays are computed
for a T 5 13 s period wave. (c),(d) Time series of the unidirectional spectra from W and W1C [taken from the ma-
genta/black dot in (b)] are shown.
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maximumwavecrests.Consequently,theexpectedmaximum
space–timewavecrestparametersnowavailableinspectral
wavemodelscanbeusefulinnearshorewaveforecastingand
inengineeringapplicationslikewaveloadanalysisoftidal
powerfacilitiesandothermarinestructures.

b.Narrow-bandednessandHMAX

Themodulationin|f*|fromthebimodalspectra,andits
impactonHMAX,STwasattimesdifficulttointerpret.Here,

|f*|wassensitivetotherelativevariancedistributiononthe
swellandwindseacomponentsinthespectrum,whilebecom-
ingeasiertointerpretwhenthewindseadominated,i.e.,during
theintermediatetidalcyclesintheperiod(Figs.5,7,and9).In
theirdeterministicapproach,HjelmervikandTrulsen(2009)
foundthattheamountoffreakwavesincreasedonuniform
countercurrentsforbothnarrow-andbroad-bandedseastates.
Suchanincreaseisdifficulttoconcludefromourresultssince
thebimodalpartitionswereattimespropagatingagainsteach

FIG.12.(a)SummaryofthepredominantnorthwesterlyswellandtidalcurrentconditionsonthewestsideofLofo-
ten2–8Jan2019.Duringoutgoingtide,Moskstraumentakestheformasanarrowtidaljet,and(b)asnapshotofthe
swellandtidaljetinteractionfromW1Cis,wherebluearrowsindicatepeakwavedirection.Waveraysarecomputed
foraT513speriodwave.(c),(d)TimeseriesoftheunidirectionalspectrafromWandW1C[takenfromthema-
genta/blackdotin(b)]areshown.
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maximum wave crests. Consequently, the expected maximum
space–time wave crest parameters now available in spectral
wave models can be useful in nearshore wave forecasting and
in engineering applications like wave load analysis of tidal
power facilities and other marine structures.

b. Narrow-bandedness and HMAX

The modulation in |f
*
| from the bimodal spectra, and its

impact on HMAX,ST was at times difficult to interpret. Here,

|f
*
| was sensitive to the relative variance distribution on the

swell and wind sea components in the spectrum, while becom-
ing easier to interpret when the wind sea dominated, i.e., during
the intermediate tidal cycles in the period (Figs. 5, 7, and 9). In
their deterministic approach, Hjelmervik and Trulsen (2009)
found that the amount of freak waves increased on uniform
countercurrents for both narrow- and broad-banded sea states.
Such an increase is difficult to conclude from our results since
the bimodal partitions were at times propagating against each

FIG. 12. (a) Summary of the predominant north westerly swell and tidal current conditions on the west side of Lofo-
ten 2–8 Jan 2019. During outgoing tide, Moskstraumen takes the form as a narrow tidal jet, and (b) a snapshot of the
swell and tidal jet interaction fromW1C is, where blue arrows indicate peak wave direction. Wave rays are computed
for a T 5 13 s period wave. (c),(d) Time series of the unidirectional spectra from W and W1C [taken from the ma-
genta/black dot in (b)] are shown.
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other (Fig. 6). However, when the wind sea dominated, we
found an increase inHMAX,ST/Hs when it opposed the tidal cur-
rent (Figs. 9c,d, and 10c,d).

The decrease in HMAX,VS/Hs during the opposing swell
and tidal jet is contrary to the results of Ying et al. (2011)
(Fig. 13e), which suggested that caustics caused by refraction
increased the probability of extremes. Our results corroborate
the findings by Hjelmervik and Trulsen (2009), which found it
less likely to encounter extreme wave heights in the center of
an opposing narrow tidal jet compared with its edges due to
the reduction in the kurtosis, even though the wave heights
were higher in the center (Figs. 14c,d). However, proper
measurements are needed to further evaluate the impact by
tidal jets and broad uniform currents on HMAX,ST/Hs. More-
over, such studies should also include areas subject to met-
ocean conditions that are not present in the Lofoten area, like
swell on collinear tidal jets.

7. Conclusions

We have investigated the wave, and extreme wave, modula-
tion by one of the strongest open ocean tidal currents in the
world, namely, the Moskstraumen in northern Norway. The

study has considered the influence by Mosktraumen under
two characteristic met-ocean conditions where (i) a bimodal
sea state encountered a broad, uniform countercurrent, and
(ii) a swell system encountered an opposing tidal jet. Methods
and data include output from a spectral wave model with and
without current forcing, accompanied by a simplified quasi-
stationary model for wave steepness modulation, and in situ
observations. The largest wave modulations occurred when
the waves were opposing Moskstraumen, in both cases, where
key parameters like the significant wave height Hs and spec-
tral steepness « increased.

The second-order non-Gaussian contribution through «

in the expected maximum space–time wave crests hMAX,ST
increased when the wind sea in (i), and the swell in (ii),
were opposing Moskstraumen. Consequently, the ratio
hMAX,ST/Hs also increased, which was more sensitive to «

than the average number of waves within the space–time
domain N3D from Eq. (26). We found a similar trend in
tidal modulation when comparing time extremes from
model and observations, although the model underesti-
mated the magnitude of the expected extremes. Neverthe-
less, our results suggest that extreme wave crests in a
time and space–time domain become more likely in the

FIG. 13. Time series of key sea state parameters and associated expected extremes over a variable size domain during swell and tidal jet
interactions. Panels show (a) Hs, (b) «/«0 as in Fig. 8 (yellow shading shows the excess of the inter model ratio), (c) hMAX,VS/Hs, (d) |f* |,
and (e)HMAX,VS/Hs .
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other(Fig.6).However,whenthewindseadominated,we
foundanincreaseinHMAX,ST/Hswhenitopposedthetidalcur-
rent(Figs.9c,d,and10c,d).

ThedecreaseinHMAX,VS/Hsduringtheopposingswell
andtidaljetiscontrarytotheresultsofYingetal.(2011)
(Fig.13e),whichsuggestedthatcausticscausedbyrefraction
increasedtheprobabilityofextremes.Ourresultscorroborate
thefindingsbyHjelmervikandTrulsen(2009),whichfoundit
lesslikelytoencounterextremewaveheightsinthecenterof
anopposingnarrowtidaljetcomparedwithitsedgesdueto
thereductioninthekurtosis,eventhoughthewaveheights
werehigherinthecenter(Figs.14c,d).However,proper
measurementsareneededtofurtherevaluatetheimpactby
tidaljetsandbroaduniformcurrentsonHMAX,ST/Hs.More-
over,suchstudiesshouldalsoincludeareassubjecttomet-
oceanconditionsthatarenotpresentintheLofotenarea,like
swelloncollineartidaljets.

7.Conclusions

Wehaveinvestigatedthewave,andextremewave,modula-
tionbyoneofthestrongestopenoceantidalcurrentsinthe
world,namely,theMoskstraumeninnorthernNorway.The

studyhasconsideredtheinfluencebyMosktraumenunder
twocharacteristicmet-oceanconditionswhere(i)abimodal
seastateencounteredabroad,uniformcountercurrent,and
(ii)aswellsystemencounteredanopposingtidaljet.Methods
anddataincludeoutputfromaspectralwavemodelwithand
withoutcurrentforcing,accompaniedbyasimplifiedquasi-
stationarymodelforwavesteepnessmodulation,andinsitu
observations.Thelargestwavemodulationsoccurredwhen
thewaveswereopposingMoskstraumen,inbothcases,where
keyparameterslikethesignificantwaveheightHsandspec-
tralsteepness«increased.

Thesecond-ordernon-Gaussiancontributionthrough«

intheexpectedmaximumspace–timewavecrestshMAX,ST
increasedwhenthewindseain(i),andtheswellin(ii),
wereopposingMoskstraumen.Consequently,theratio
hMAX,ST/Hsalsoincreased,whichwasmoresensitiveto«

thantheaveragenumberofwaveswithinthespace–time
domainN3DfromEq.(26).Wefoundasimilartrendin
tidalmodulationwhencomparingtimeextremesfrom
modelandobservations,althoughthemodelunderesti-
matedthemagnitudeoftheexpectedextremes.Neverthe-
less,ourresultssuggestthatextremewavecrestsina
timeandspace–timedomainbecomemorelikelyinthe

FIG.13.Timeseriesofkeyseastateparametersandassociatedexpectedextremesoveravariablesizedomainduringswellandtidaljet
interactions.Panelsshow(a)Hs,(b)«/«0asinFig.8(yellowshadingshowstheexcessoftheintermodelratio),(c)hMAX,VS/Hs,(d)|f*|,
and(e)HMAX,VS/Hs.
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other (Fig. 6). However, when the wind sea dominated, we
found an increase inHMAX,ST/Hs when it opposed the tidal cur-
rent (Figs. 9c,d, and 10c,d).

The decrease in HMAX,VS/Hs during the opposing swell
and tidal jet is contrary to the results of Ying et al. (2011)
(Fig. 13e), which suggested that caustics caused by refraction
increased the probability of extremes. Our results corroborate
the findings by Hjelmervik and Trulsen (2009), which found it
less likely to encounter extreme wave heights in the center of
an opposing narrow tidal jet compared with its edges due to
the reduction in the kurtosis, even though the wave heights
were higher in the center (Figs. 14c,d). However, proper
measurements are needed to further evaluate the impact by
tidal jets and broad uniform currents on HMAX,ST/Hs. More-
over, such studies should also include areas subject to met-
ocean conditions that are not present in the Lofoten area, like
swell on collinear tidal jets.

7. Conclusions

We have investigated the wave, and extreme wave, modula-
tion by one of the strongest open ocean tidal currents in the
world, namely, the Moskstraumen in northern Norway. The

study has considered the influence by Mosktraumen under
two characteristic met-ocean conditions where (i) a bimodal
sea state encountered a broad, uniform countercurrent, and
(ii) a swell system encountered an opposing tidal jet. Methods
and data include output from a spectral wave model with and
without current forcing, accompanied by a simplified quasi-
stationary model for wave steepness modulation, and in situ
observations. The largest wave modulations occurred when
the waves were opposing Moskstraumen, in both cases, where
key parameters like the significant wave height Hs and spec-
tral steepness « increased.

The second-order non-Gaussian contribution through «

in the expected maximum space–time wave crests hMAX,ST
increased when the wind sea in (i), and the swell in (ii),
were opposing Moskstraumen. Consequently, the ratio
hMAX,ST/Hs also increased, which was more sensitive to «

than the average number of waves within the space–time
domain N3D from Eq. (26). We found a similar trend in
tidal modulation when comparing time extremes from
model and observations, although the model underesti-
mated the magnitude of the expected extremes. Neverthe-
less, our results suggest that extreme wave crests in a
time and space–time domain become more likely in the

FIG. 13. Time series of key sea state parameters and associated expected extremes over a variable size domain during swell and tidal jet
interactions. Panels show (a) Hs, (b) «/«0 as in Fig. 8 (yellow shading shows the excess of the inter model ratio), (c) hMAX,VS/Hs, (d) |f

*
|,

and (e)HMAX,VS/Hs .
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other (Fig. 6). However, when the wind sea dominated, we
found an increase inHMAX,ST/Hs when it opposed the tidal cur-
rent (Figs. 9c,d, and 10c,d).
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and tidal jet is contrary to the results of Ying et al. (2011)
(Fig. 13e), which suggested that caustics caused by refraction
increased the probability of extremes. Our results corroborate
the findings by Hjelmervik and Trulsen (2009), which found it
less likely to encounter extreme wave heights in the center of
an opposing narrow tidal jet compared with its edges due to
the reduction in the kurtosis, even though the wave heights
were higher in the center (Figs. 14c,d). However, proper
measurements are needed to further evaluate the impact by
tidal jets and broad uniform currents on HMAX,ST/Hs. More-
over, such studies should also include areas subject to met-
ocean conditions that are not present in the Lofoten area, like
swell on collinear tidal jets.
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tion by one of the strongest open ocean tidal currents in the
world, namely, the Moskstraumen in northern Norway. The
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two characteristic met-ocean conditions where (i) a bimodal
sea state encountered a broad, uniform countercurrent, and
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and data include output from a spectral wave model with and
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observations. The largest wave modulations occurred when
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key parameters like the significant wave height Hs and spec-
tral steepness « increased.
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other(Fig.6).However,whenthewindseadominated,we
foundanincreaseinHMAX,ST/Hswhenitopposedthetidalcur-
rent(Figs.9c,d,and10c,d).

ThedecreaseinHMAX,VS/Hsduringtheopposingswell
andtidaljetiscontrarytotheresultsofYingetal.(2011)
(Fig.13e),whichsuggestedthatcausticscausedbyrefraction
increasedtheprobabilityofextremes.Ourresultscorroborate
thefindingsbyHjelmervikandTrulsen(2009),whichfoundit
lesslikelytoencounterextremewaveheightsinthecenterof
anopposingnarrowtidaljetcomparedwithitsedgesdueto
thereductioninthekurtosis,eventhoughthewaveheights
werehigherinthecenter(Figs.14c,d).However,proper
measurementsareneededtofurtherevaluatetheimpactby
tidaljetsandbroaduniformcurrentsonHMAX,ST/Hs.More-
over,suchstudiesshouldalsoincludeareassubjecttomet-
oceanconditionsthatarenotpresentintheLofotenarea,like
swelloncollineartidaljets.

7.Conclusions
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tionbyoneofthestrongestopenoceantidalcurrentsinthe
world,namely,theMoskstraumeninnorthernNorway.The
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twocharacteristicmet-oceanconditionswhere(i)abimodal
seastateencounteredabroad,uniformcountercurrent,and
(ii)aswellsystemencounteredanopposingtidaljet.Methods
anddataincludeoutputfromaspectralwavemodelwithand
withoutcurrentforcing,accompaniedbyasimplifiedquasi-
stationarymodelforwavesteepnessmodulation,andinsitu
observations.Thelargestwavemodulationsoccurredwhen
thewaveswereopposingMoskstraumen,inbothcases,where
keyparameterslikethesignificantwaveheightHsandspec-
tralsteepness«increased.

Thesecond-ordernon-Gaussiancontributionthrough«

intheexpectedmaximumspace–timewavecrestshMAX,ST
increasedwhenthewindseain(i),andtheswellin(ii),
wereopposingMoskstraumen.Consequently,theratio
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FIG.13.Timeseriesofkeyseastateparametersandassociatedexpectedextremesoveravariablesizedomainduringswellandtidaljet
interactions.Panelsshow(a)Hs,(b)«/«0asinFig.8(yellowshadingshowstheexcessoftheintermodelratio),(c)hMAX,VS/Hs,(d)|f

*
|,

and(e)HMAX,VS/Hs.

HALSNEETAL.147 JANUARY2024

Brought to you by Meteorologisk institutt | Unauthenticated | Downloaded 02/14/24 11:45 AM UTC

other(Fig.6).However,whenthewindseadominated,we
foundanincreaseinHMAX,ST/Hswhenitopposedthetidalcur-
rent(Figs.9c,d,and10c,d).

ThedecreaseinHMAX,VS/Hsduringtheopposingswell
andtidaljetiscontrarytotheresultsofYingetal.(2011)
(Fig.13e),whichsuggestedthatcausticscausedbyrefraction
increasedtheprobabilityofextremes.Ourresultscorroborate
thefindingsbyHjelmervikandTrulsen(2009),whichfoundit
lesslikelytoencounterextremewaveheightsinthecenterof
anopposingnarrowtidaljetcomparedwithitsedgesdueto
thereductioninthekurtosis,eventhoughthewaveheights
werehigherinthecenter(Figs.14c,d).However,proper
measurementsareneededtofurtherevaluatetheimpactby
tidaljetsandbroaduniformcurrentsonHMAX,ST/Hs.More-
over,suchstudiesshouldalsoincludeareassubjecttomet-
oceanconditionsthatarenotpresentintheLofotenarea,like
swelloncollineartidaljets.

7.Conclusions

Wehaveinvestigatedthewave,andextremewave,modula-
tionbyoneofthestrongestopenoceantidalcurrentsinthe
world,namely,theMoskstraumeninnorthernNorway.The

studyhasconsideredtheinfluencebyMosktraumenunder
twocharacteristicmet-oceanconditionswhere(i)abimodal
seastateencounteredabroad,uniformcountercurrent,and
(ii)aswellsystemencounteredanopposingtidaljet.Methods
anddataincludeoutputfromaspectralwavemodelwithand
withoutcurrentforcing,accompaniedbyasimplifiedquasi-
stationarymodelforwavesteepnessmodulation,andinsitu
observations.Thelargestwavemodulationsoccurredwhen
thewaveswereopposingMoskstraumen,inbothcases,where
keyparameterslikethesignificantwaveheightHsandspec-
tralsteepness«increased.

Thesecond-ordernon-Gaussiancontributionthrough«

intheexpectedmaximumspace–timewavecrestshMAX,ST
increasedwhenthewindseain(i),andtheswellin(ii),
wereopposingMoskstraumen.Consequently,theratio
hMAX,ST/Hsalsoincreased,whichwasmoresensitiveto«

thantheaveragenumberofwaveswithinthespace–time
domainN3DfromEq.(26).Wefoundasimilartrendin
tidalmodulationwhencomparingtimeextremesfrom
modelandobservations,althoughthemodelunderesti-
matedthemagnitudeoftheexpectedextremes.Neverthe-
less,ourresultssuggestthatextremewavecrestsina
timeandspace–timedomainbecomemorelikelyinthe

FIG.13.Timeseriesofkeyseastateparametersandassociatedexpectedextremesoveravariablesizedomainduringswellandtidaljet
interactions.Panelsshow(a)Hs,(b)«/«0asinFig.8(yellowshadingshowstheexcessoftheintermodelratio),(c)hMAX,VS/Hs,(d)|f

*
|,

and(e)HMAX,VS/Hs.

HALSNEETAL.147 JANUARY2024

Brought to you by Meteorologisk institutt | Unauthenticated | Downloaded 02/14/24 11:45 AM UTC

other(Fig.6).However,whenthewindseadominated,we
foundanincreaseinHMAX,ST/Hswhenitopposedthetidalcur-
rent(Figs.9c,d,and10c,d).

ThedecreaseinHMAX,VS/Hsduringtheopposingswell
andtidaljetiscontrarytotheresultsofYingetal.(2011)
(Fig.13e),whichsuggestedthatcausticscausedbyrefraction
increasedtheprobabilityofextremes.Ourresultscorroborate
thefindingsbyHjelmervikandTrulsen(2009),whichfoundit
lesslikelytoencounterextremewaveheightsinthecenterof
anopposingnarrowtidaljetcomparedwithitsedgesdueto
thereductioninthekurtosis,eventhoughthewaveheights
werehigherinthecenter(Figs.14c,d).However,proper
measurementsareneededtofurtherevaluatetheimpactby
tidaljetsandbroaduniformcurrentsonHMAX,ST/Hs.More-
over,suchstudiesshouldalsoincludeareassubjecttomet-
oceanconditionsthatarenotpresentintheLofotenarea,like
swelloncollineartidaljets.

7.Conclusions

Wehaveinvestigatedthewave,andextremewave,modula-
tionbyoneofthestrongestopenoceantidalcurrentsinthe
world,namely,theMoskstraumeninnorthernNorway.The

studyhasconsideredtheinfluencebyMosktraumenunder
twocharacteristicmet-oceanconditionswhere(i)abimodal
seastateencounteredabroad,uniformcountercurrent,and
(ii)aswellsystemencounteredanopposingtidaljet.Methods
anddataincludeoutputfromaspectralwavemodelwithand
withoutcurrentforcing,accompaniedbyasimplifiedquasi-
stationarymodelforwavesteepnessmodulation,andinsitu
observations.Thelargestwavemodulationsoccurredwhen
thewaveswereopposingMoskstraumen,inbothcases,where
keyparameterslikethesignificantwaveheightHsandspec-
tralsteepness«increased.

Thesecond-ordernon-Gaussiancontributionthrough«

intheexpectedmaximumspace–timewavecrestshMAX,ST
increasedwhenthewindseain(i),andtheswellin(ii),
wereopposingMoskstraumen.Consequently,theratio
hMAX,ST/Hsalsoincreased,whichwasmoresensitiveto«

thantheaveragenumberofwaveswithinthespace–time
domainN3DfromEq.(26).Wefoundasimilartrendin
tidalmodulationwhencomparingtimeextremesfrom
modelandobservations,althoughthemodelunderesti-
matedthemagnitudeoftheexpectedextremes.Neverthe-
less,ourresultssuggestthatextremewavecrestsina
timeandspace–timedomainbecomemorelikelyinthe

FIG.13.Timeseriesofkeyseastateparametersandassociatedexpectedextremesoveravariablesizedomainduringswellandtidaljet
interactions.Panelsshow(a)Hs,(b)«/«0asinFig.8(yellowshadingshowstheexcessoftheintermodelratio),(c)hMAX,VS/Hs,(d)|f

*
|,

and(e)HMAX,VS/Hs.

HALSNEETAL.147 JANUARY2024

Brought to you by Meteorologisk institutt | Unauthenticated | Downloaded 02/14/24 11:45 AM UTC

other(Fig.6).However,whenthewindseadominated,we
foundanincreaseinHMAX,ST/Hswhenitopposedthetidalcur-
rent(Figs.9c,d,and10c,d).

ThedecreaseinHMAX,VS/Hsduringtheopposingswell
andtidaljetiscontrarytotheresultsofYingetal.(2011)
(Fig.13e),whichsuggestedthatcausticscausedbyrefraction
increasedtheprobabilityofextremes.Ourresultscorroborate
thefindingsbyHjelmervikandTrulsen(2009),whichfoundit
lesslikelytoencounterextremewaveheightsinthecenterof
anopposingnarrowtidaljetcomparedwithitsedgesdueto
thereductioninthekurtosis,eventhoughthewaveheights
werehigherinthecenter(Figs.14c,d).However,proper
measurementsareneededtofurtherevaluatetheimpactby
tidaljetsandbroaduniformcurrentsonHMAX,ST/Hs.More-
over,suchstudiesshouldalsoincludeareassubjecttomet-
oceanconditionsthatarenotpresentintheLofotenarea,like
swelloncollineartidaljets.

7.Conclusions

Wehaveinvestigatedthewave,andextremewave,modula-
tionbyoneofthestrongestopenoceantidalcurrentsinthe
world,namely,theMoskstraumeninnorthernNorway.The

studyhasconsideredtheinfluencebyMosktraumenunder
twocharacteristicmet-oceanconditionswhere(i)abimodal
seastateencounteredabroad,uniformcountercurrent,and
(ii)aswellsystemencounteredanopposingtidaljet.Methods
anddataincludeoutputfromaspectralwavemodelwithand
withoutcurrentforcing,accompaniedbyasimplifiedquasi-
stationarymodelforwavesteepnessmodulation,andinsitu
observations.Thelargestwavemodulationsoccurredwhen
thewaveswereopposingMoskstraumen,inbothcases,where
keyparameterslikethesignificantwaveheightHsandspec-
tralsteepness«increased.

Thesecond-ordernon-Gaussiancontributionthrough«

intheexpectedmaximumspace–timewavecrestshMAX,ST
increasedwhenthewindseain(i),andtheswellin(ii),
wereopposingMoskstraumen.Consequently,theratio
hMAX,ST/Hsalsoincreased,whichwasmoresensitiveto«

thantheaveragenumberofwaveswithinthespace–time
domainN3DfromEq.(26).Wefoundasimilartrendin
tidalmodulationwhencomparingtimeextremesfrom
modelandobservations,althoughthemodelunderesti-
matedthemagnitudeoftheexpectedextremes.Neverthe-
less,ourresultssuggestthatextremewavecrestsina
timeandspace–timedomainbecomemorelikelyinthe

FIG.13.Timeseriesofkeyseastateparametersandassociatedexpectedextremesoveravariablesizedomainduringswellandtidaljet
interactions.Panelsshow(a)Hs,(b)«/«0asinFig.8(yellowshadingshowstheexcessoftheintermodelratio),(c)hMAX,VS/Hs,(d)|f

*
|,

and(e)HMAX,VS/Hs.

HALSNEETAL.147 JANUARY2024

Brought to you by Meteorologisk institutt | Unauthenticated | Downloaded 02/14/24 11:45 AM UTC



presence of a strong opposing tidal current, and that us-
ing tidal current forcing in wave models improves their
estimates.

Current-induced modulations in the expected space–time
wave heights HMAX,ST corresponded strongly to the value of
the narrow-bandedness parameter |f*| during both (i) and
(ii). The intermodel differences were very sensitive to the rel-
ative distribution of the variance density on the wind sea and
swell components during (i). When the wind sea dominated,
HMAX,ST/Hs increased when the waves opposed the tidal cur-
rent, but vice versa when the wind sea and swell components
had similar variance density. During (ii),HMAX,ST/Hs often de-
creased when the swell encountered the opposing tidal jet.
Thus, our results suggest that the impact of strong tidal cur-
rents on the spectral shape is key for the accompanied modu-
lation inHMAX,ST/Hs.

Our findings indicate that current-induced modulations in
expected extremes are sensitive to the underlying WCI mech-
anism. For instance, wave straining will increase « and N3D

for short waves encountering a broad countercurrent, i.e.,
similar to the conditions in (i), and a strong increase in « and
Hs are found during (ii), where refraction seemingly domi-
nates. For the latter, however, the increase in Hs constrains

the ratios hMAX/Hs and HMAX/Hs, and our results suggests
that more severe extremes can be expected when wave strain-
ing dominate. However, more work is required to further un-
derstand the role of tidal currents on extreme waves. Such
work should in particular involve more extensive measure-
ment campaigns with simultaneous spatial sampling over lon-
ger time periods, and should also include areas where other
combinations of characteristic tidal current flow fields and
wave conditions occur.
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FIG. 14. Horizontal variability in normalized extreme wave crests (a),(b) hMAX,ST/Hs and (c),(d) HMAX,ST/Hs dur-
ing maximum outgoing tide at 0100 UTC 6 January 2019. The expected extremes from (top) W1C and (bottom) its
ratio with W. Green dots denote the location of the time series data at the offshore location. Innermost contour lines
indicate current speed at 2 m s21.
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presenceofastrongopposingtidalcurrent,andthatus-
ingtidalcurrentforcinginwavemodelsimprovestheir
estimates.

Current-inducedmodulationsintheexpectedspace–time
waveheightsHMAX,STcorrespondedstronglytothevalueof
thenarrow-bandednessparameter|f*|duringboth(i)and
(ii).Theintermodeldifferenceswereverysensitivetotherel-
ativedistributionofthevariancedensityonthewindseaand
swellcomponentsduring(i).Whenthewindseadominated,
HMAX,ST/Hsincreasedwhenthewavesopposedthetidalcur-
rent,butviceversawhenthewindseaandswellcomponents
hadsimilarvariancedensity.During(ii),HMAX,ST/Hsoftende-
creasedwhentheswellencounteredtheopposingtidaljet.
Thus,ourresultssuggestthattheimpactofstrongtidalcur-
rentsonthespectralshapeiskeyfortheaccompaniedmodu-
lationinHMAX,ST/Hs.

Ourfindingsindicatethatcurrent-inducedmodulationsin
expectedextremesaresensitivetotheunderlyingWCImech-
anism.Forinstance,wavestrainingwillincrease«andN3D

forshortwavesencounteringabroadcountercurrent,i.e.,
similartotheconditionsin(i),andastrongincreasein«and
Hsarefoundduring(ii),whererefractionseeminglydomi-
nates.Forthelatter,however,theincreaseinHsconstrains

theratioshMAX/HsandHMAX/Hs,andourresultssuggests
thatmoresevereextremescanbeexpectedwhenwavestrain-
ingdominate.However,moreworkisrequiredtofurtherun-
derstandtheroleoftidalcurrentsonextremewaves.Such
workshouldinparticularinvolvemoreextensivemeasure-
mentcampaignswithsimultaneousspatialsamplingoverlon-
gertimeperiods,andshouldalsoincludeareaswhereother
combinationsofcharacteristictidalcurrentflowfieldsand
waveconditionsoccur.
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FIG.14.Horizontalvariabilityinnormalizedextremewavecrests(a),(b)hMAX,ST/Hsand(c),(d)HMAX,ST/Hsdur-
ingmaximumoutgoingtideat0100UTC6January2019.Theexpectedextremesfrom(top)W1Cand(bottom)its
ratiowithW.Greendotsdenotethelocationofthetimeseriesdataattheoffshorelocation.Innermostcontourlines
indicatecurrentspeedat2ms21.
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presence of a strong opposing tidal current, and that us-
ing tidal current forcing in wave models improves their
estimates.

Current-induced modulations in the expected space–time
wave heights HMAX,ST corresponded strongly to the value of
the narrow-bandedness parameter |f

*
| during both (i) and

(ii). The intermodel differences were very sensitive to the rel-
ative distribution of the variance density on the wind sea and
swell components during (i). When the wind sea dominated,
HMAX,ST/Hs increased when the waves opposed the tidal cur-
rent, but vice versa when the wind sea and swell components
had similar variance density. During (ii),HMAX,ST/Hs often de-
creased when the swell encountered the opposing tidal jet.
Thus, our results suggest that the impact of strong tidal cur-
rents on the spectral shape is key for the accompanied modu-
lation inHMAX,ST/Hs.

Our findings indicate that current-induced modulations in
expected extremes are sensitive to the underlying WCI mech-
anism. For instance, wave straining will increase « and N3D

for short waves encountering a broad countercurrent, i.e.,
similar to the conditions in (i), and a strong increase in « and
Hs are found during (ii), where refraction seemingly domi-
nates. For the latter, however, the increase in Hs constrains

the ratios hMAX/Hs and HMAX/Hs, and our results suggests
that more severe extremes can be expected when wave strain-
ing dominate. However, more work is required to further un-
derstand the role of tidal currents on extreme waves. Such
work should in particular involve more extensive measure-
ment campaigns with simultaneous spatial sampling over lon-
ger time periods, and should also include areas where other
combinations of characteristic tidal current flow fields and
wave conditions occur.
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the ratios hMAX/Hs and HMAX/Hs, and our results suggests
that more severe extremes can be expected when wave strain-
ing dominate. However, more work is required to further un-
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presenceofastrongopposingtidalcurrent,andthatus-
ingtidalcurrentforcinginwavemodelsimprovestheir
estimates.

Current-inducedmodulationsintheexpectedspace–time
waveheightsHMAX,STcorrespondedstronglytothevalueof
thenarrow-bandednessparameter|f

*
|duringboth(i)and

(ii).Theintermodeldifferenceswereverysensitivetotherel-
ativedistributionofthevariancedensityonthewindseaand
swellcomponentsduring(i).Whenthewindseadominated,
HMAX,ST/Hsincreasedwhenthewavesopposedthetidalcur-
rent,butviceversawhenthewindseaandswellcomponents
hadsimilarvariancedensity.During(ii),HMAX,ST/Hsoftende-
creasedwhentheswellencounteredtheopposingtidaljet.
Thus,ourresultssuggestthattheimpactofstrongtidalcur-
rentsonthespectralshapeiskeyfortheaccompaniedmodu-
lationinHMAX,ST/Hs.

Ourfindingsindicatethatcurrent-inducedmodulationsin
expectedextremesaresensitivetotheunderlyingWCImech-
anism.Forinstance,wavestrainingwillincrease«andN3D

forshortwavesencounteringabroadcountercurrent,i.e.,
similartotheconditionsin(i),andastrongincreasein«and
Hsarefoundduring(ii),whererefractionseeminglydomi-
nates.Forthelatter,however,theincreaseinHsconstrains

theratioshMAX/HsandHMAX/Hs,andourresultssuggests
thatmoresevereextremescanbeexpectedwhenwavestrain-
ingdominate.However,moreworkisrequiredtofurtherun-
derstandtheroleoftidalcurrentsonextremewaves.Such
workshouldinparticularinvolvemoreextensivemeasure-
mentcampaignswithsimultaneousspatialsamplingoverlon-
gertimeperiods,andshouldalsoincludeareaswhereother
combinationsofcharacteristictidalcurrentflowfieldsand
waveconditionsoccur.
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APPENDIX

Transformation from Absolute to Intrinsic Frequencies

Since the wave variance density is conserved, the trans-
formation from an absolute to an intrinsic wave spectrum
involves solving the Jacobian. For a 2D wave spectrum, the
wavenumber vector k 5 (kx, ky) and the velocity vector
U 5 (u, y) must be considered. The wavenumber k 5 |k|,
and the angle between kx and ky is uw. The Jacobian ­v/­s
becomes

­s 1 k ?U

­s
5 1 1 u

­kx
­s

1 y
­ky
­s

: (A1)

Inserting for the wavenumber components, we get

1 1 u
­k cos(uw)

­s
1 y

­k sin(uw)
­s

5 1 1
u cos(uw)

cg
1

y sin(uw)
cg

:

(A2)

Using trigonometry, [cos(uw), sin(uw)]5 k/k (i.e., the adja-
cent and opposite divided by the hypotenuse, respectively),
we write

­v

­s
5 1 1

1
cg

[u cos(uw) 1 y sin(uw)] 5 1 1
k ?U

kcg
: (A3)

The result is the same as that obtained in the WW3 user
manual [see p. 14 in version 7.00 of The WAVEWATCH
III Development Group (2019)], which also applies for the
Jacobian ­fa/­fi since

Ei( fi, uw) 5 2pEi(s, uw) 5 2p 1 1
k ?U

kcg

( )
Ea(v, uw)

5 1 1
k ?U

kcg

( )
Ea( fa, uw): (A4)

To compute the Jacobian using the spectra from WAM, k,
u, k, and cg must be computed for every direction uw,j in
the discrete spectrum. The group velocity is defined

cg 5
­v

­k
5 n

s

k
, (A5)

where n5 0:51 [kd/sinh(2kd)]. Furthermore, the direction-
ality for all discrete k vectors must be considered such that
kj 5 kj (uw). Once the Jacobian is computed, the variance
density for each frequency for each must be remapped
from the absolute to intrinsic frequencies from the Doppler
shift equation (1). The remapping was performed by using
linear interpolation.
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APPENDIX

TransformationfromAbsolutetoIntrinsicFrequencies

Sincethewavevariancedensityisconserved,thetrans-
formationfromanabsolutetoanintrinsicwavespectrum
involvessolvingtheJacobian.Fora2Dwavespectrum,the
wavenumbervectork5(kx,ky)andthevelocityvector
U5(u,y)mustbeconsidered.Thewavenumberk5|k|,
andtheanglebetweenkxandkyisuw.TheJacobian­v/­s
becomes

­s1k?U

­s
511u

­kx
­s

1y
­ky
­s

:(A1)

Insertingforthewavenumbercomponents,weget

11u
­kcos(uw)
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1y

­ksin(uw)
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511
ucos(uw)

cg
1
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Usingtrigonometry,[cos(uw),sin(uw)]5k/k(i.e.,theadja-
centandoppositedividedbythehypotenuse,respectively),
wewrite

­v

­s
511

1
cg

[ucos(uw)1ysin(uw)]511
k?U

kcg
:(A3)

TheresultisthesameasthatobtainedintheWW3user
manual[seep.14inversion7.00ofTheWAVEWATCH
IIIDevelopmentGroup(2019)],whichalsoappliesforthe
Jacobian­fa/­fisince

Ei(fi,uw)52pEi(s,uw)52p11
k?U

kcg

()
Ea(v,uw)

511
k?U

kcg

()
Ea(fa,uw):(A4)

TocomputetheJacobianusingthespectrafromWAM,k,
u,k,andcgmustbecomputedforeverydirectionuw,jin
thediscretespectrum.Thegroupvelocityisdefined

cg5
­v

­k
5n

s

k
,(A5)

wheren50:51[kd/sinh(2kd)].Furthermore,thedirection-
alityforalldiscretekvectorsmustbeconsideredsuchthat
kj5kj(uw).OncetheJacobianiscomputed,thevariance
densityforeachfrequencyforeachmustberemapped
fromtheabsolutetointrinsicfrequenciesfromtheDoppler
shiftequation(1).Theremappingwasperformedbyusing
linearinterpolation.
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APPENDIX

Transformation from Absolute to Intrinsic Frequencies

Since the wave variance density is conserved, the trans-
formation from an absolute to an intrinsic wave spectrum
involves solving the Jacobian. For a 2D wave spectrum, the
wavenumber vector k 5 (kx, ky) and the velocity vector
U 5 (u, y) must be considered. The wavenumber k 5 |k|,
and the angle between kx and ky is uw. The Jacobian ­v/­s
becomes
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1 y
­ky
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: (A1)

Inserting for the wavenumber components, we get
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Using trigonometry, [cos(uw), sin(uw)]5 k/k (i.e., the adja-
cent and opposite divided by the hypotenuse, respectively),
we write

­v

­s
5 1 1

1
cg [u cos(uw) 1 y sin(uw)] 5 1 1

k ?U

kcg
: (A3)

The result is the same as that obtained in the WW3 user
manual [see p. 14 in version 7.00 of The WAVEWATCH
III Development Group (2019)], which also applies for the
Jacobian ­fa/­fi since

Ei( fi, uw) 5 2pEi(s, uw) 5 2p 1 1
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To compute the Jacobian using the spectra from WAM, k,
u, k, and cg must be computed for every direction uw,j in
the discrete spectrum. The group velocity is defined

cg 5
­v

­k
5 n

s

k
, (A5)

where n5 0:51 [kd/sinh(2kd)]. Furthermore, the direction-
ality for all discrete k vectors must be considered such that
kj 5 kj (uw). Once the Jacobian is computed, the variance
density for each frequency for each must be remapped
from the absolute to intrinsic frequencies from the Doppler
shift equation (1). The remapping was performed by using
linear interpolation.
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APPENDIX

TransformationfromAbsolutetoIntrinsicFrequencies

Sincethewavevariancedensityisconserved,thetrans-
formationfromanabsolutetoanintrinsicwavespectrum
involvessolvingtheJacobian.Fora2Dwavespectrum,the
wavenumbervectork5(kx,ky)andthevelocityvector
U5(u,y)mustbeconsidered.Thewavenumberk5|k|,
andtheanglebetweenkxandkyisuw.TheJacobian­v/­s
becomes
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1y
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:(A1)

Insertingforthewavenumbercomponents,weget
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Usingtrigonometry,[cos(uw),sin(uw)]5k/k(i.e.,theadja-
centandoppositedividedbythehypotenuse,respectively),
wewrite

­v
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511

1
cg[ucos(uw)1ysin(uw)]511
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kcg
:(A3)

TheresultisthesameasthatobtainedintheWW3user
manual[seep.14inversion7.00ofTheWAVEWATCH
IIIDevelopmentGroup(2019)],whichalsoappliesforthe
Jacobian­fa/­fisince
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TocomputetheJacobianusingthespectrafromWAM,k,
u,k,andcgmustbecomputedforeverydirectionuw,jin
thediscretespectrum.Thegroupvelocityisdefined

cg5
­v

­k
5n

s

k
,(A5)

wheren50:51[kd/sinh(2kd)].Furthermore,thedirection-
alityforalldiscretekvectorsmustbeconsideredsuchthat
kj5kj(uw).OncetheJacobianiscomputed,thevariance
densityforeachfrequencyforeachmustberemapped
fromtheabsolutetointrinsicfrequenciesfromtheDoppler
shiftequation(1).Theremappingwasperformedbyusing
linearinterpolation.
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APPENDIX

TransformationfromAbsolutetoIntrinsicFrequencies

Sincethewavevariancedensityisconserved,thetrans-
formationfromanabsolutetoanintrinsicwavespectrum
involvessolvingtheJacobian.Fora2Dwavespectrum,the
wavenumbervectork5(kx,ky)andthevelocityvector
U5(u,y)mustbeconsidered.Thewavenumberk5|k|,
andtheanglebetweenkxandkyisuw.TheJacobian­v/­s
becomes
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TheresultisthesameasthatobtainedintheWW3user
manual[seep.14inversion7.00ofTheWAVEWATCH
IIIDevelopmentGroup(2019)],whichalsoappliesforthe
Jacobian­fa/­fisince
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TocomputetheJacobianusingthespectrafromWAM,k,
u,k,andcgmustbecomputedforeverydirectionuw,jin
thediscretespectrum.Thegroupvelocityisdefined
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wheren50:51[kd/sinh(2kd)].Furthermore,thedirection-
alityforalldiscretekvectorsmustbeconsideredsuchthat
kj5kj(uw).OncetheJacobianiscomputed,thevariance
densityforeachfrequencyforeachmustberemapped
fromtheabsolutetointrinsicfrequenciesfromtheDoppler
shiftequation(1).Theremappingwasperformedbyusing
linearinterpolation.
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A Wave models with current forcing: Parametrizations
and numerics

In this thesis, ambient currents have only been considered as forcing fields of wave
kinematics in the spectral wave models. Two remaining aspects, namely the numerics
and physical parametrizations, will be presented briefly here, starting with the former.

A.1 Numerical constraints

In order to resolve currents in wave modeling, sufficient internal resolution is needed
to properly propagate and distribute the variance within the model domain. At scales
below 30 km, Marechal and Ardhuin (2021) found that the number of directional bins
should be at least 48 in order to properly resolve current-induced refraction. Rapizo et al.
(2018) present an interesting discussion on the horizontal resolution in current forcing
fields, and how representative such fields are in terms of submesoscale scatterers. They
conclude that typical resolutions of global reanalysis products are too coarse, and as a
consequence cannot realistically refract waves. In contrast, they claim that in model
simulations including coarse resolution current forcing (i.e., above 0.5 degree resolution),
effects like the relative wind (to be introduced below) are more appropriately represented.

A.2 Model parametrizations in the presence of currents

In the action balance equation (2.17), the wave kinematics appear from the governing
equations while the dynamics, in the form of source terms, represent physical processes
that are parameterized. The understanding, and thus parameter description, of these
processes has evolved rapidly during the last decades—particularly the Sin and Sds (e.g.,
Ardhuin et al., 2010; Babanin et al., 2010; Rogers et al., 2012). Due to the focus of this
thesis, I only give a brief summary of the influence by currents on the source terms on
the right-hand-side of (2.17).

A.2.1 Wave generation by wind

Wind–waves are fed by the momentum transfer from the surface wind U10. Although
many parametrizations exists, recent models usually consider Sin ∝ U2

10 (Holthuijsen ,
2007, ch. 6.4.3). However, the ambient current affects the wind stress such that the
relative wind can be written

U10,r = U10 + αU, (A.1)

where α ∈ [0, 1]. Hersbach and Bidlot (2008) suggested it be most realistic to choose
α < 1, since α = 1 it will not take into account the adjustment of the atmosphere to
the ocean currents. A simplified analysis on the impact by the relative wind on Hs can
be done by considering Hs ∝ U2

10/g and γ = |U|/|U10| ≪ 1 (Gemmrich and Garrett ,
2012). Then, by considering ∆Hs = Hs −Hs,r we obtain

∆Hs

Hs

=
2αU

U10

+ O(γ2). (A.2)
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If we only consider one direction with U10 = 12 m s-1 and u = 0.7 m s-1, (A.2) contributes
12% and 6% for α = 1 and 0.5, respectively. Rapizo et al. (2018) recently reported the
relative wind effect to reduce the positive wave height bias in the Southern Ocean. On
shorter scales, Guimarães et al. (2022) found that it was difficult to validate the effect on
short wind wave growth because of errors within the wind forcing fields. Furthermore,
Romero et al. (2020) demonstrated that the horizontal variability due to the relative wind
was much lower compared with the contribution from the wave kinematics. Moreover,
Ardhuin et al. (2012) used α = 1 and found the relative wind to give a 25 % increase
in Hs—which (according to the authors) is an overestimation of the true effect. In
summary: The relative wind matters, but its impact is expected to be less than those
of wave kinematics. Moreover, it is difficult to properly quantify the magnitude of the
effect.

A.2.2 Nonlinear wave-wave interaction

The nonlinear wave–wave interaction is a conservative term; it is responsible for reshuf-
fling wave energy within the wave spectrum. Currents are therefore not represented
directly within the Snl term. Nevertheless, the redistribution of energy within the spec-
trum becomes increasingly active when currents are included; this was recently reported
in the idealized numerical studies by Tamura et al. (2008) and in the laboratory exper-
iments by Rapizo et al. (2016). That is, currents may not cause large changes in lower
order spectral moments locally. However, they may cause substantial “internal” shifts
within the spectrum. Therefore, there is a push in the community to replace the tradi-
tional discrete interaction approximation (Hasselmann and Hasselmann , 1985)—which
heavily reduces the computational time compared with the exact Snl solution—with more
accurate approximations. It is expected that such an effort will provide more realistic
spectra in the presence of currents.

A.2.3 Wave dissipation: Wave breaking

Waves breaking is the most important dissipative process in the wave action balance
equation. The bottom friction process is also affected by tidal currents (e.g., Guillou
et al., 2016). However, since it is a less dominant dissipative process than white capping,
it is not considered in more detail here.

Wave breaking is a nonlinear process related to the wave steepness (e.g., Zippel and
Thomson, 2015). Recent wave dissipation parametrizations are therefore functions of
wave steepness, which can be computed from the directional spectrum. However, the
steepness formulations vary between the parametrizations. In relation to currents, this
was discussed in detail by Ardhuin et al. (2012). In essence, since shorter waves steepen
more than longer waves according to (2.18), the choice of parametrization, including the
steepness formulation, affect the wave breaking statistics. Moreover, in the perspective
of the spectrum, it is not intuitive what is a representative wave steepness for multi-
modal sea states (Støle-Hentschel et al., 2020). Therefore, Davison et al. (2022) recently
proposed a new bulk steepness formulation in crossing sea states.

Ambient currents influence the wave breaking intensity. Conceptually, the work by
Phillips (1984) argues that the current-induced steepness modulation is more local than
that of Hs, since the high frequency part of the spectrum saturates first for a given
current speed. In the so-called Λ-distribution, first proposed by Phillips (1985), the
white cap coverage is the 2nd order moment of the probability density function, and
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B Steady waves and currents: An order of magnitude
analysis

Inspired by Ardhuin (2020), I provide an order of magnitude analysis on the effect by
steady currents on deep water waves. However, instead of considering the change in
σ, this treatment is more in line with the work by Phillips (1977). Consider waves
propagating parallel to the x–axis. For a steady current in deep water, the kinematic
condition (i.e., conservation of number of wave crests, see Eq. 2.6.2 in Phillips , 1977)
allows us to write the Doppler shift equation (2.12)

ω = σ + κu = const. = ω0. (B.1)

I use the same notation as in Section 2.3.1, with subscript 0 belonging to the area with
u = 0 and no subscript belongs to the area where u = u(x) ̸= 0. From the dispersion
relation ω0 =

√g κ0, if u = 0. We rearrange (B.1) by using c = σ/κ such that

κ(u+ c) = κ0c0. (B.2)

Since c =
√

g/κ and c0 =
√

g/κ0, we can insert and rearrange Eq. (B.2);
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This can be rewritten as a second-order equation in c;

c2 − cc0 − c0u = 0, (B.4)

with solutions
c =

c0
2

(
1±

√
1 + 4u/c0

)
. (B.5)

The positive solution is the correct one, since c = c0 for u = 0. Now, I rewrite (B.5)
using the relative current–wave ratio (now normalized by the phase speed) δr,c = u/c0 as

c =
c0
2

(
1 +

√
1 + 4δr,c

)
. (B.6)

Wave blocking occurs if δr,c ≤ −0.25; then u exceeds −c0/4 and

u

c
= u
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= (−c0

4
)
2

c0
= −1

2
. (B.7)

Thus, the current velocity is equal and opposite to the group velocity (u = −c/2 = −cg).
More detailed considerations about this problem is given by Peregrine (1976), where he
shows that wave reflection may also occur.

In order to obtain an order of magnitude estimate, I assume |δr,c| ≪ 1. Then (B.6) is
simplified by applying a Taylor series expansion on the square root expression g(δr,c) =√

1 + 4δr,c:
T |g(δr,c)|r,c=0 = 1 + 2δr,c − 2δ2r,c + O(δ3r,c). (B.8)

Corrected to second-order in δr,c, and by using c = g/σ

c = c0(1 + δr,c), σ = 2ω0. (B.9)

BSteadywavesandcurrents:Anorderofmagnitude
analysis

InspiredbyArdhuin(2020),Iprovideanorderofmagnitudeanalysisontheeffectby
steadycurrentsondeepwaterwaves.However,insteadofconsideringthechangein
σ,thistreatmentismoreinlinewiththeworkbyPhillips(1977).Considerwaves
propagatingparalleltothex–axis.Forasteadycurrentindeepwater,thekinematic
condition(i.e.,conservationofnumberofwavecrests,seeEq.2.6.2inPhillips,1977)
allowsustowritetheDopplershiftequation(2.12)

ω=σ+κu=const.=ω0.(B.1)

IusethesamenotationasinSection2.3.1,withsubscript0belongingtotheareawith
u=0andnosubscriptbelongstotheareawhereu=u(x)̸=0.Fromthedispersion
relationω0=

√gκ0,ifu=0.Werearrange(B.1)byusingc=σ/κsuchthat

κ(u+c)=κ0c0.(B.2)

Sincec=
√

g/κandc0=
√

g/κ0,wecaninsertandrearrangeEq.(B.2);

c2

c20
=

κ0

κ
=

c

c0
+

u

c0
.(B.3)

Thiscanberewrittenasasecond-orderequationinc;

c2−cc0−c0u=0,(B.4)

withsolutions
c=

c0
2

(
1±

√
1+4u/c0

)
.(B.5)

Thepositivesolutionisthecorrectone,sincec=c0foru=0.Now,Irewrite(B.5)
usingtherelativecurrent–waveratio(nownormalizedbythephasespeed)δr,c=u/c0as

c=
c0
2

(
1+

√
1+4δr,c

)
.(B.6)

Waveblockingoccursifδr,c≤−0.25;thenuexceeds−c0/4and

u

c
=u

2

c0
=(−c0

4
)

2

c0
=−1

2
.(B.7)

Thus,thecurrentvelocityisequalandoppositetothegroupvelocity(u=−c/2=−cg).
MoredetailedconsiderationsaboutthisproblemisgivenbyPeregrine(1976),wherehe
showsthatwavereflectionmayalsooccur.

Inordertoobtainanorderofmagnitudeestimate,Iassume|δr,c|≪1.Then(B.6)is
simplifiedbyapplyingaTaylorseriesexpansiononthesquarerootexpressiong(δr,c)= √

1+4δr,c:
T|g(δr,c)|r,c=0=1+2δr,c−2δ2r,c+O(δ3r,c).(B.8)

Correctedtosecond-orderinδr,c,andbyusingc=g/σ

c=c0(1+δr,c),σ=2ω0.(B.9)

BSteadywavesandcurrents:Anorderofmagnitude
analysis

InspiredbyArdhuin(2020),Iprovideanorderofmagnitudeanalysisontheeffectby
steadycurrentsondeepwaterwaves.However,insteadofconsideringthechangein
σ,thistreatmentismoreinlinewiththeworkbyPhillips(1977).Considerwaves
propagatingparalleltothex–axis.Forasteadycurrentindeepwater,thekinematic
condition(i.e.,conservationofnumberofwavecrests,seeEq.2.6.2inPhillips,1977)
allowsustowritetheDopplershiftequation(2.12)

ω=σ+κu=const.=ω0.(B.1)

IusethesamenotationasinSection2.3.1,withsubscript0belongingtotheareawith
u=0andnosubscriptbelongstotheareawhereu=u(x)̸=0.Fromthedispersion
relationω0=

√gκ0,ifu=0.Werearrange(B.1)byusingc=σ/κsuchthat

κ(u+c)=κ0c0.(B.2)

Sincec=
√

g/κandc0=
√

g/κ0,wecaninsertandrearrangeEq.(B.2);

c2

c20
=

κ0

κ
=

c

c0
+

u

c0
.(B.3)

Thiscanberewrittenasasecond-orderequationinc;

c2−cc0−c0u=0,(B.4)

withsolutions
c=

c0
2

(
1±

√
1+4u/c0

)
.(B.5)

Thepositivesolutionisthecorrectone,sincec=c0foru=0.Now,Irewrite(B.5)
usingtherelativecurrent–waveratio(nownormalizedbythephasespeed)δr,c=u/c0as

c=
c0
2

(
1+

√
1+4δr,c

)
.(B.6)

Waveblockingoccursifδr,c≤−0.25;thenuexceeds−c0/4and

u

c
=u

2

c0
=(−c0

4
)

2

c0
=−1

2
.(B.7)

Thus,thecurrentvelocityisequalandoppositetothegroupvelocity(u=−c/2=−cg).
MoredetailedconsiderationsaboutthisproblemisgivenbyPeregrine(1976),wherehe
showsthatwavereflectionmayalsooccur.

Inordertoobtainanorderofmagnitudeestimate,Iassume|δr,c|≪1.Then(B.6)is
simplifiedbyapplyingaTaylorseriesexpansiononthesquarerootexpressiong(δr,c)= √

1+4δr,c:
T|g(δr,c)|r,c=0=1+2δr,c−2δ2r,c+O(δ3r,c).(B.8)

Correctedtosecond-orderinδr,c,andbyusingc=g/σ

c=c0(1+δr,c),σ=2ω0.(B.9)

B Steady waves and currents: An order of magnitude
analysis

Inspired by Ardhuin (2020), I provide an order of magnitude analysis on the effect by
steady currents on deep water waves. However, instead of considering the change in
σ, this treatment is more in line with the work by Phillips (1977). Consider waves
propagating parallel to the x–axis. For a steady current in deep water, the kinematic
condition (i.e., conservation of number of wave crests, see Eq. 2.6.2 in Phillips , 1977)
allows us to write the Doppler shift equation (2.12)

ω = σ + κu = const. = ω0. (B.1)

I use the same notation as in Section 2.3.1, with subscript 0 belonging to the area with
u = 0 and no subscript belongs to the area where u = u(x) ̸= 0. From the dispersion
relation ω0 = √g κ0, if u = 0. We rearrange (B.1) by using c = σ/κ such that
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Thus, the current velocity is equal and opposite to the group velocity (u = −c/2 = −cg).
More detailed considerations about this problem is given by Peregrine (1976), where he
shows that wave reflection may also occur.

In order to obtain an order of magnitude estimate, I assume |δr,c| ≪ 1. Then (B.6) is
simplified by applying a Taylor series expansion on the square root expression g(δr,c) =√1 + 4δr,c:
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For a steady wave train, the conservation of wave action reduces to (2.18) (note u0 = 0)
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If considering the wave energy density proportional to the square of the wave amplitude,
we obtain the same result as in Phillips (1977) (see Eq. [2.7.11] therein). Inserting (B.9),
the right hand side becomes

1

(1 + δr,c)2(1 + 2δr,c)
. (B.11)

Then, corrected to O(δ2r,c), (B.10) becomes

E

E0

=
1

(1 + 4δr,c)
. (B.12)

Finally, I rewrite in terms of δr = u/cg,0, and obtain

E

E0

=
1

(1 + 2δr)
. (B.13)

Forasteadywavetrain,theconservationofwaveactionreducesto(2.18)(noteu0=0)

E

E0

=
c20

c2(1+2δr,c)
.(B.10)

Ifconsideringthewaveenergydensityproportionaltothesquareofthewaveamplitude,
weobtainthesameresultasinPhillips(1977)(seeEq.[2.7.11]therein).Inserting(B.9),
therighthandsidebecomes

1

(1+δr,c)2(1+2δr,c)
.(B.11)

Then,correctedtoO(δ2r,c),(B.10)becomes

E

E0

=
1

(1+4δr,c)
.(B.12)

Finally,Irewriteintermsofδr=u/cg,0,andobtain

E

E0

=
1

(1+2δr)
.(B.13)

Forasteadywavetrain,theconservationofwaveactionreducesto(2.18)(noteu0=0)

E

E0

=
c20

c2(1+2δr,c)
.(B.10)

Ifconsideringthewaveenergydensityproportionaltothesquareofthewaveamplitude,
weobtainthesameresultasinPhillips(1977)(seeEq.[2.7.11]therein).Inserting(B.9),
therighthandsidebecomes

1

(1+δr,c)2(1+2δr,c)
.(B.11)

Then,correctedtoO(δ2r,c),(B.10)becomes

E

E0

=
1

(1+4δr,c)
.(B.12)

Finally,Irewriteintermsofδr=u/cg,0,andobtain

E

E0

=
1

(1+2δr)
.(B.13)

For a steady wave train, the conservation of wave action reduces to (2.18) (note u0 = 0)

E

E0

=
c
2
0

c2(1 + 2δr,c)
. (B.10)

If considering the wave energy density proportional to the square of the wave amplitude,
we obtain the same result as in Phillips (1977) (see Eq. [2.7.11] therein). Inserting (B.9),
the right hand side becomes

1

(1 + δr,c)2(1 + 2δr,c)
. (B.11)

Then, corrected to O(δ
2
r,c), (B.10) becomes

E

E0

=
1

(1 + 4δr,c)
. (B.12)

Finally, I rewrite in terms of δr = u/cg,0, and obtain

E

E0

=
1

(1 + 2δr)
. (B.13)

For a steady wave train, the conservation of wave action reduces to (2.18) (note u0 = 0)

E

E0

=
c
2
0

c2(1 + 2δr,c)
. (B.10)

If considering the wave energy density proportional to the square of the wave amplitude,
we obtain the same result as in Phillips (1977) (see Eq. [2.7.11] therein). Inserting (B.9),
the right hand side becomes

1

(1 + δr,c)2(1 + 2δr,c)
. (B.11)

Then, corrected to O(δ
2
r,c), (B.10) becomes

E

E0

=
1

(1 + 4δr,c)
. (B.12)

Finally, I rewrite in terms of δr = u/cg,0, and obtain

E

E0

=
1

(1 + 2δr)
. (B.13)

Forasteadywavetrain,theconservationofwaveactionreducesto(2.18)(noteu0=0)

E

E0

=
c
2
0

c2(1+2δr,c)
.(B.10)

Ifconsideringthewaveenergydensityproportionaltothesquareofthewaveamplitude,
weobtainthesameresultasinPhillips(1977)(seeEq.[2.7.11]therein).Inserting(B.9),
therighthandsidebecomes

1

(1+δr,c)2(1+2δr,c)
.(B.11)

Then,correctedtoO(δ
2
r,c),(B.10)becomes

E

E0

=
1

(1+4δr,c)
.(B.12)

Finally,Irewriteintermsofδr=u/cg,0,andobtain

E

E0

=
1

(1+2δr)
.(B.13)

Forasteadywavetrain,theconservationofwaveactionreducesto(2.18)(noteu0=0)

E

E0

=
c
2
0

c2(1+2δr,c)
.(B.10)

Ifconsideringthewaveenergydensityproportionaltothesquareofthewaveamplitude,
weobtainthesameresultasinPhillips(1977)(seeEq.[2.7.11]therein).Inserting(B.9),
therighthandsidebecomes

1

(1+δr,c)2(1+2δr,c)
.(B.11)

Then,correctedtoO(δ
2
r,c),(B.10)becomes

E

E0

=
1

(1+4δr,c)
.(B.12)

Finally,Irewriteintermsofδr=u/cg,0,andobtain

E

E0

=
1

(1+2δr)
.(B.13)

Forasteadywavetrain,theconservationofwaveactionreducesto(2.18)(noteu0=0)

E

E0

=
c
2
0

c2(1+2δr,c)
.(B.10)

Ifconsideringthewaveenergydensityproportionaltothesquareofthewaveamplitude,
weobtainthesameresultasinPhillips(1977)(seeEq.[2.7.11]therein).Inserting(B.9),
therighthandsidebecomes

1

(1+δr,c)2(1+2δr,c)
.(B.11)

Then,correctedtoO(δ
2
r,c),(B.10)becomes

E

E0

=
1

(1+4δr,c)
.(B.12)

Finally,Irewriteintermsofδr=u/cg,0,andobtain

E

E0

=
1

(1+2δr)
.(B.13)

Forasteadywavetrain,theconservationofwaveactionreducesto(2.18)(noteu0=0)

E

E0

=
c
2
0

c2(1+2δr,c)
.(B.10)

Ifconsideringthewaveenergydensityproportionaltothesquareofthewaveamplitude,
weobtainthesameresultasinPhillips(1977)(seeEq.[2.7.11]therein).Inserting(B.9),
therighthandsidebecomes

1

(1+δr,c)2(1+2δr,c)
.(B.11)

Then,correctedtoO(δ
2
r,c),(B.10)becomes

E

E0

=
1

(1+4δr,c)
.(B.12)

Finally,Irewriteintermsofδr=u/cg,0,andobtain

E

E0

=
1

(1+2δr)
.(B.13)



C Mapping spatio-temporal variability

As highlighted in Section 3.2.1, the ocean dynamics outside Northern Norway change on
various temporal scales; the shortest are the semidiurnal tides and the longest belongs
to the NwAC and NCC. To map the associated variability in the wave field in space
and time, a new diagnostic method was proposed in Paper II. The method involves
a spectral analysis of the difference in any field variable between two slightly different
models, for the grid points of interest within in the domain. Formally, two energy modes
Mk (k = 1, 2) are computed by integrating a spectrum (note: Not the wave variance
spectrum) at different frequency bands in the range f ∈ [flow,k, fhigh,k] as

Mk,(i,j) =

∫ fhigh,k

flow,k

P (∆X)(i,j) df, (C.1)

where P is the power spectral density at grid point (i, j) of the difference ∆ in the field
variable X. The two modes M1,M2 are therefore associated with different temporal
scales. Their spatio-temporal variability can be visualized by an RGB-composite, where
the red (R) and blue (B) bands are composed by M1, and the green band (G) by M2.
As a consequence, M1 ≫ M2 appear as purple, M1 ≪ M2 as green, M1 ∼ M2 ≫ 0 as
white, and M1 ∼ M2 ≃ 0 as black. Note that the two modes might be disproportional in
magnitude, such that a scaling might be necessary in order to obtain a meaningful plot.

In Paper II, I expected current-induced wave height modulations (i.e., ∆X = ∆Hs)
associated with submesoscale eddies and tides. Therefore, flow,1 corresponded to periods
longer than sub-daily, and fhigh,1 ∼ daily, and [flow,2, fhigh,2] was concentrated around the
M2 tidal constituent.

CMappingspatio-temporalvariability

AshighlightedinSection3.2.1,theoceandynamicsoutsideNorthernNorwaychangeon
varioustemporalscales;theshortestarethesemidiurnaltidesandthelongestbelongs
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