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Abstract

Dense water formed in the Nordic Seas flows southward across the Greenland-Scotland
Ridge and sinks to great depths in the North Atlantic to supply the lower limb of the
Atlantic Meridional Overturning Circulation. While the exchange flows across the ridge
have been monitored for several decades, gaps in our knowledge remain regarding where
and how the dense overflow waters are formed and transported to the ridge. Questions
also remain regarding the variability in dense-water formation and its implications for
the dense-water reservoir and overflows from the Nordic Seas, which are critical to un-
derstand the overturning in the Nordic Seas. Based on observational data, this thesis
quantifies the origin and upstream pathways of the overflow waters, as well as how and
why they have changed over the past 70 years. A particular focus was on the variability
in dense-water formation in the Greenland Sea, where a major portion of the overflow
waters originate.

In Paper I, we focused on the interannual and long-term changes in dense-water
formation in the Greenland Sea based on hydrographic observations from 1986 to 2016
and a one-dimensional mixed-layer model. We found that the period prior to the mid-
1990s was particularly fresh and strongly stratified, resulting in predominantly shallow
convection (<300 m), despite strong atmospheric forcing. Increased salinity, linked to
higher salinity in the Atlantic Water inflow into the Nordic Seas, weakened the water-
column stability after the mid-1990s. This transition led to increased convection depths
(500-1500 m) and the formation of a new, less dense class of intermediate water that
has been the main product of convection in the Greenland Sea until present. Although
the volume of the new water mass increased from the 1990s to the 2000s, its vertical
extent has been constrained to the upper half of the Greenland Sea water column, above
the remnants of the denser Greenland Sea deep water that was the main product of
convection prior to the 1980s.

Approximately 60-80% of the heat lost to the atmosphere during winter is related
to intense, short-lived events called cold-air outbreaks (CAOs). In Paper II, we utilized
a unique 10-year (1999-2009) hydrographic record from moored profilers with 1-2 days
temporal resolution to examine, for the first time, the direct impact of CAOs on the
mixed-layer development in the Greenland Sea. This revealed that the mixed-layer re-
sponse depended on when the CAO events occurred and on their intensity. Early in
winter (November—January) the response was primarily a cooling of the mixed layer,
while later in winter (February—April) the mixed layer mainly deepened. Idealized simu-
lations with a one-dimensional mixed-layer model suggest that the temporal distribution
of CAOs impacts the timing of the onset of the deepening phase, while the end-of-winter
mixed-layer depth and hydrographic properties are more sensitive to the integrated heat
loss over the winter, which is determined by the total number and intensity of CAOs.
Considerable variability was observed in the mixed-layer response to CAOs, highlight-
ing the importance of lateral heat and salt fluxes. These were quantified and included in
the mixed-layer model, which suggests that their combined effect is a reduction in the
end-of-winter mixed-layer depth of up to several hundred meters.

In Paper III we developed a regional high-resolution water-mass inversion for the
Nordic Seas to determine the origin and upstream pathways of the two main overflow
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plumes passing the Greenland-Scotland Ridge in Denmark Strait and the Faroe Bank
Channel. The inversion is based on the geographical distribution of hydrographic and
geochemical water properties from observations covering the period 2000-2019 and re-
solves the pathways that connect the overflow plumes to their origins. The Denmark
Strait overflow is mainly composed of water originating in the Greenland Sea (394+2%),
the Iceland Sea (204+3%), and in the Atlantic Domain (19£2%) of the Nordic Seas.
Dense water from the Greenland Sea propagates southward along two distinct pathways:
an outer core of the East Greenland Current and along a previously unknown pathway
that crosses the Jan Mayen Ridge into the Iceland Sea just south of Jan Mayen. Both of
these pathways feed the North Icelandic Jet that consists of 824+2% dense-water formed
in the Greenland Sea. Most of the Faroe Bank Channel overflow originates in the Green-
land Sea (46+8%) and the Arctic Ocean (254+9%) and propagates toward the channel
with the Iceland-Faroe Slope Jet and along the eastern margin of the Jan Mayen Ridge.
The latter pathway turns eastward over to the Norwegian continental slope, which it
then follows southward to the Faroe-Shetland Channel. This pathway can account for
24+3% of the Faroe Bank Channel overflow, while the Iceland-Faroe Slope Jet supplies
58+3%. These results improve our understanding on the origin and upstream pathways
of the overflows, in particular regarding the dense-water pathways from the Greenland
Sea and how the overflow water approaches the Faroe-Shetland Channel.

The focus in Paper IV was long-term variability in the Nordic Seas reservoir and
overflows using a 70-year long (1950-2019) observational record and the regional water-
mass inversion for the two periods 1950-1979 and 2000-2019. The results revealed that
the Nordic Seas reservoir has warmed and become less dense due to changes in the At-
lantic Water inflow and the cessation of bottom-reaching convection in the Greenland
Sea. This has, in turn, impacted the entire density structure in the Nordic Seas. The
transition from bottom to intermediate-depth convection has reduced the density and
supply from the Greenland Sea to the Faroe Bank Channel overflow, while the contri-
bution of the less dense intermediate water to the overflow through Denmark Strait has
increased. Our analyses of the overflow water composition and properties demonstrate
that it is important to take both the spatial and temporal variability in dense-water
formation into account when examining the long-term changes in the overflows. The At-
lantic Water has warmed and become less dense over the past 2-3 decades. If this trend
continues in the future, it is expected to further decrease the density of the overturning
the Nordic Seas.

Collectively, the four papers in this thesis have significantly advanced our knowledge
about the formation and pathways of dense water in the Nordic Seas, their variability,
and the contributions to the overflow waters across the Greenland-Scotland Ridge from
an observational point of view. As such, the thesis provides an important step forward
to understand the overturning in the Nordic Seas and its variability.



Sammendrag

De nordiske hav er viktig for dannelsen av kalde, tette og dype vannmasser som strgm-
mer sgrover pa tvers av Grgnland-Skottland-ryggen og forsyner den dype grenen av
omveltningssirkulasjonen i Atlanterhavet. P& tross av at stgrrelsen pa dypvannstrans-
porten over ryggen er godt kjent, gjenstar det mange apne spgrsmél angéende hvor og
hvordan de dype vannmassene dannes og transporteres til ryggen. Det er ogséa stor
usikkerhet rundt variasjonene i dypvannsdannelse og hvilke implikasjoner dette har for
omveltningssirkulasjonen. I denne oppgaven bruker vi observasjonsdata til & kvantifisere
hvor dype vannmasser dannes, hvordan de strgmmer mot Grgnland-Skottland-ryggen,
og hvordan dette har endret seg de siste 70 arene. Oppgaven retter et spesielt fokus mot
Grgnlandshavet, som er en viktig kilde til dypvannet i de nordiske hav.

I Artikkel I benyttet vi hydrografiske observasjoner fra 1986 til 2016, sammen med
en endimensjonal blandalagsmodell, til & undersgke mellomarlig variabilitet og langtid-
sendringer i dypvannsdannelsen i Grgnlandshavet. Vi fant at perioden for midten av
1990-tallet var spesielt fersk og sterkt stratifisert, noe som resulterte i grunn konveksjon
(<300 m), til tross for sterkt atmosfeerisk padriv. Saltinnholdet i Grgnlandshavet gkte
etter midten av 1990-tallet pa grunn av hgyere saltholdighet i Atlanterhavsvannet som
stremmer nordover inn i de nordiske hav. Dette forte til svekket stratifisering, dypere
konveksjon (500-1500 m), og dannelse av en ny klasse dypvann som har veert hoved-
produktet av konveksjonen i Grgnlandshavet frem til i dag. Denne nye vannmassen er
mindre tett enn dypvannet som ble produsert i Grgnlandshavet for 1980-tallet. Den ver-
tikale utstrekningen av den nye vannmassen er derfor begrenset til den gvre halvdelen
av vannsgylen.

Store mengder varme ekstraheres fra de nordiske hav til atmosfeeren om vinteren.
Omtrent 60-80% av varmen frigjgres under intense, kortvarige kaldluftsutbrudd (heretter
omtalt som utbrudd). I Artikkel IT brukte vi et unikt 10-arig (1999-2009) hydrografisk
datasett fra profilerende instrumenter med 1-2 dagers tidsopplgsning til & kvantifisere,
for aller fgrste gang, den direkte pavirkningen av slike utbrudd péa blandalaget i Grgn-
landshavet. Dette viste at responsen i blandalagsegenskapene var avhengig av styrken
pa utbruddene og nar de inntraff. Kaldluftsutbrudd som inntraff tidlig pa vinteren
(november—januar) fgrte i hovedsak til en nedkjgling av blandalaget, mens utbrudd som
inntraff senere pa vinteren (februar-april) forte til en gkning i blandalagsdyp. Idealis-
erte simuleringer med en endimensjonal blandalagsmodell antyder at tidspunktet nar dyp
konveksjon inntreffer avhenger av fordelingen av utbrudd, mens blandalagsegenskapene
mot slutten av vinteren er mer avhengig av styrken og det totale antallet utbrudd gjen-
nom vinteren. Responsen i blandalagsegenskapene var ogsa avhengig av laterale varme-
og salt flukser. Disse ble kvantifisert og inkludert i blandalagsmodellen. Resultatene
viste at deres kombinerte effekt er en reduksjon i blandalagsdybden pa opptil flere hun-
dre meter.

I Artikkel III utviklet vi en inversjonsmodell med hgy romlig opplgsning for van-
nmassene i de nordiske hav. Denne ble brukt til & identifisere opprinnelsen til de to
storste dypvannsstrgmmene som passerer Gronland-Skottland-ryggen i Danmarkstredet
og Faergybankkanalen. Inversjonsmodellen er basert pa hydrografiske og geokjemiske
vannegenskaper observert i perioden 20002019 og viser hvor dypvann dannes og hvor-
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dan de strgmmer mot ryggen. Dypvannsstrgmmen i Danmarkstredet bestar hovedsakelig
av vannmasser fra Grgnlandshavet (39+2%), Islandshavet (20+£3%) og fra Norskehavet
(1942% ). Dypvann dannet i Grgnlandshavet beveger seg sgrover langs to distinkte
strgmningsveier: en ytre kjerne av @Ostgronlandsstrgmmen og en tidligere ukjent strgmn-
ingsvei som krysser Jan Mayen-ryggen inn mot Islandshavet sgr for Jan Mayen. Begge
disse strgmningsveiene forsyner Nordislandsjeten som bestar av 824+2% dypvann dannet
i Grgnlandshavet. Det meste av dypvannsstrgmmen i Feergbankkanalen har sin opprin-
nelse i Grenlandshavet (46+£8%) og Polhavet (25+£9%). Disse vannmassene strgmmer
sorover mot kanalen med Island—Feergy-jeten og langs den gstlige delen av Jan Mayen-
ryggen. Den sistnevnte strgmningsveien svinger gstover til den norske kontinental-
skraningen, som den deretter fglger sgrover til Feergy-Shetland-kanalen. Denne strgmn-
ingsveien kan bidra med 2443% av dypvannet i Feergybankkanalen, mens Island-Faergy-
jeten forsyner 584+3%. Disse resultatene gker var forstaelse av hvor de dype vannmassene
dannes og hvordan de transporteres til Grgnland-Skottland-ryggen.

Fokuset i Artikkel IV var langtidsendringer i dypvannet i de nordiske hav. Til & un-
dersgke dette ble observasjonsdata over en 70-ars periode (1950-2019) benyttet, sammen
med inversjonsmodellen for periodene 1950-1979 og 2000-2019. Resultatene avslgrte at
dypvannsreservene i de nordiske hav har blitt varmere og mindre tett pa grunn av gkt
temperatur i det innstrommende Atlanterhavsvannet og oppher av konveksjon til bun-
nen av Grgnlandshavet etter 1980-tallet. Dette har pavirket hele tetthetsstrukturen i de
nordiske hav. Den reduserte konveksjonen har fort til en nedgang i tettheten og bidraget
fra Grgnlandshavet til dypvannsstrgmmen gjennom Feergybankkanalen. Derimot har
bidraget til Danmarkstredet fra den nye, mindre tette vannmassen i Grgnlandshavet gkt.
Vare analyser av egenskapene og sammensetningen av dybvannsstrgmmene pa tvers av
Gronland-Skottland-ryggen demonstrerer at det er viktig & ta hensyn til bade romlige
og tidsmessige variasjoner i dypvannsdannelse for & forsta langtidsendringene. Dersom
trenden mot varmere og mindre tette dypvannsreserver fortsetter i fremtiden, forventes
en tetthetsreduksjon i omveltningssirkulasjonen i de nordiske hav.

Til sammen har de fire artiklene i denne oppgaven gkt var kunnskap om dannelsen,
strgmingsveiene, og variabiliteten til dypvannet i de nordiske hav i betydelig grad.
Denne kunnskapen er kritisk for & kunne bedre forsta dypvannstrgmmene pa tvers av
Grgnnland-Skottland-ryggen, deres bidrag til omveltningssirkulasjonen i Atlanterhavet
og hva vi kan forvente av disse i et framtidig varmere klima.
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1 Motivation

Although the Nordic Seas only account for 1% of the the World’s ocean by area, they
impact climate on a global scale. They are a main source of dense water to the lower
limb of the Atlantic Meridional Overturning Circulation (AMOC, Section 2.1, Gebbie and
Huybers, 2011; Lozier et al., 2019; Chafik and Rossby, 2019; Petit et al., 2020; Tsubouchi
et al., 2021; Arthun et al., 2023), critical for the transport of heat, freshwater, and sea
ice between the North Atlantic and Arctic Ocean (Drange et al., 2005; Haine et al.,
2015), and supply a significant amount of the global COz inventory (4-8%, Jeansson
et al., 2011; Davila et al., 2022; Smedsrud et al., 2022). Warm and saline surface water is
transported northward into the Nordic Seas in the upper limb of the AMOC. Within the
Nordic Seas, the water is transformed into colder, fresher, and denser water masses by
severe heat loss to the atmosphere and interactions with cold and fresh water from river
runoff and sea-ice melt. Several distinct processes contribute to the transformation:
gradual cooling along the boundary currents, open-ocean convection during winter in
the interior basins, mixing between the boundary currents and the interior, and shelf
convection in the Arctic Ocean that modifies the dense water masses that flows into the
Nordic Seas (Section 2.3, Swift et al., 1980; Swift and Aagaard, 1981; Aagaard et al.,
1985; Strass et al., 1993; Mauritzen, 1996; Rudels et al., 1999; Eldevik et al., 2009; Spall
et al., 2021; Smedsrud et al., 2022). The resulting dense water returns southward at
depth and supplies the lower limb of the AMOC. The magnitude of the transport of
dense water from the Nordic Seas across the Greenland-Scotland Ridge is reasonably
well known, but gaps in our knowledge remain regarding where and how the dense
overflow waters are formed and transported to the ridge. A better understanding of the
origin and pathways of the overflow waters, and their variability, is imperative for our
understanding of AMOC’s sensitivity to a warming climate.

Both the atmosphere and ocean are warming, which is particularly evident in the
Nordic Seas and Arctic Ocean (e.g., Shu et al., 2022). The increased heat content in
the Nordic Seas since 2000 can to a large extent be explained by increased ocean heat
transport form the North Atlantic (Tsubouchi et al., 2021). The variability and trends
in the Atlantic Water inflow to the Nordic Seas have downstream impacts for both the
heat and salt content in the Nordic Seas (Eldevik et al., 2009; Skagseth and Mork, 2012;
Glessmer et al., 2014; Mork et al., 2014a; Yashayaev and Seidov, 2015; Lauvset et al.,
2018; Asbjornsen et al., 2019; Tsubouchi et al., 2021; Smedsrud et al., 2022). Combined
with a warmer atmosphere, the increased Atlantic Water heat transport has also resulted
in a significant retreat of the sea-ice edge (Onarheim et al., 2018; Selyuzhenok et al.,
2020), which in turn impacts the ocean-to-atmosphere heat loss (Moore et al., 2015,
2022; Smedsrud et al., 2022). The largest heat fluxes typically occur near the sea-ice
edge and are associated with intense, short-lived cold-air outbreaks that advect cold
polar air masses from the sea ice over the relatively warmer open ocean (Papritz and
Spengler, 2017; Spensberger and Spengler, 2021). The larger open-ocean area increases
the air-sea heat loss, while the general declining temperature difference between the ocean
and atmosphere reduces the heat loss. The combined result is a northwestward shift in
the region with most intense heat loss, which can have substantial impacts on where and
how dense water is formed (Moore et al., 2015; Vége et al., 2018; Pérez-Herndndez et al.,
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2019; Athanase et al., 2020; Moore et al., 2022; Strehl et al., submitted).

Open-ocean convection in the Greenland Sea forms dense water that contributes to
the overflows from the Nordic Seas, especially to the densest component (Swift et al.,
1980; Swift and Aagaard, 1981; Fogelquist et al., 2003; Jeansson et al., 2008; Huang
et al., 2020). The Greenland Sea convection depth and dense-water properties have
changed substantially over the past 70 years (Schlosser et al., 1991; Meincke et al., 1992;
Karstensen et al., 2005; Ronski and Budéus, 2005; Latarius and Quadfasel, 2010; Lauvset
et al., 2018; Somavilla, 2019; Strehl et al., submitted). In particular, the bottom-reaching
convection that used to form the cold and dense Greenland Sea Deep Water ceased in
the early 1980s, most likely because of anomalously fresh near-surface conditions that
increased the stratification, combined with reduced atmospheric forcing and brine release
from local sea-ice formation (Meincke et al., 1992; Visbeck et al., 1995; Moore et al., 2015;
Somavilla, 2019; Strehl et al., submitted). Although convection has been constrained to
intermediate depths since then, the less dense Greenland Sea Arctic Intermediate water
formed at present may be more important for the Nordic Seas’ overflows (Huang et al.,
2020). While the air-sea heat fluxes and the intensity of cold-air outbreaks have decreased
over the Greenland Sea gyre the past 50 years (Moore et al., 2015; Somavilla, 2019; Dahlke
et al., 2022; Moore et al., 2022), increased salinity since the mid-1990s, associated with
higher Atlantic Water salinity, has decreased the water-column stability (Lauvset et al.,
2018). The combined effect of air-sea heat fluxes and oceanic lateral advection, and their
relative importance for the variability in dense-water formation in the Greenland Sea,
remain unclear. The direct impact of cold-air outbreaks on convection in the Greenland
Sea is also largely unexplored because of sparse temporal data coverage and the short
duration of these events (Terpstra et al., 2021).

Understanding what drives the variability and trends in dense-water formation and
its implications for the dense-water reservoir and overflows from the Nordic Seas are
essential to understand the overturning in the Nordic Seas, to predict its response to
a future warming climate, and to appreciate its contribution to the lower limb of the
AMOC. In summary, we posed the following overarching research questions that were
addressed in Papers I-1V, respectively (Chapter 5):

I) What determines the interannual and long-term variability in dense-water forma-
tion in the Greenland Sea?

II) How do cold-air outbreaks and lateral fluxes of heat and salt impact dense-water
formation in the Greenland Sea?

IIT) Where do the overflow waters originate and how do they propagate toward the
Greenland-Scotland Ridge?

IV) How have the dense-water reservoir and the overflows from the Nordic Seas changed
over the observational record and why?

To address these questions, we compiled a comprehensive observational database for the
Nordic Seas over the period 1950-2019, developed a regional water-mass inversion that
connects the various overflow plumes to their origins, utilized a unique 10-year (1999-
2009) observational record from moored profiling vehicles in the central Greenland Sea,
and employed a one-dimensional mixed-layer model that was tailored to represent and
explore Greenland Sea conditions (Chapter 3).
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2.1 Importance of overturning in the Nordic Seas

Meridional ocean transport of heat, salt, carbon, and nutrients is important for main-
taining Earth’s climate. A large part of the oceanic poleward heat transport is associated
with the overturning circulation in the Atlantic, particularly in the northern hemisphere
(Trenberth and Fasullo, 2008; Buckley and Marshall, 2016). The Atlantic Meridional
Overturning Circulation (AMOC) transports warm and saline surface water northward,
where heat is released to the atmosphere resulting in increased water density. The cold,
dense water sinks to depth forming the North Atlantic Deep Water that returns south-
ward in the lower limb of the AMOC (Figure 2.1). To close the overturning cell, the dense
water returns to the surface by wind-driven upwelling in the Southern Ocean and by ver-
tical mixing (Kuhlbrodt et al., 2007; Marshall and Speer, 2012). While the upwelling of
dense water is essential to sustain the AMOC, the strength and shape of the AMOC is
also determined by buoyancy fluxes and the formation of dense water (Kuhlbrodt et al.,
2007). The transformation from the upper to the lower limb of the AMOC is also impor-
tant for the vertical transport of anthropogenic heat and carbon (Buckley and Marshall,
2016; Davila et al., 2022).

The AMOC variability and strength are measured at several zonal transects through-
out the Atlantic Ocean ( Frajka- Williams et al., 2019) and the overturning in the subpolar
North Atlantic has been monitored since 2014 at the OSNAP array both east and west
of Greenland (Lozier et al., 2017). Results from this array suggest that the bulk of the
density transformation and its variability takes place east of Greenland and not in the
Labrador Sea which was previously considered one of the key overturning sites (Lozier
et al., 2019). The overturning transport at OSNAP east was estimated to 15.6+0.8
Sv (where 1 Sv = 10% m? s=!, Lozier et al., 2019). Although the region south of the
Greenland-Scotland Ridge (i.e., the Irminger Sea and Iceland Basin, Figure 2.1) can
account, for half of the overturning transport, in terms of volume, the largest heat loss
occurs in the Nordic Seas (Chafik and Rossby, 2019; Petit et al., 2020). This is also where
the deepest and densest component of the North Atlantic Deep Water is formed (Dickson
and Brown, 1994). Dense water from the Nordic Seas spill across the Greenland-Scotland
Ridge as overflow plumes that sink to great depths. As the plumes cascade down the
ridge, they entrain water masses from the Irminger Sea and Iceland Basin, which to-
gether form the headwaters to the lower limb of the AMOC (Dickson and Brown, 1994;
Chafik and Rossby, 2019). While most models predict a weakened AMOC in the future,
the overturning strength in the Nordic Seas and Arctic Ocean is predicted to increase
(at least during the 21st century, Bretones et al., 2022, Arthun et al., 2023). This sug-
gests that the Nordic Seas (and Arctic Ocean) could become even more important for
the lower limb of the AMOC in the future, acting as a stabilizing factor (Arthun et al.,
2023). As such, it is important to understand what drives the variability in the formation
and pathways of dense water in the Nordic Seas, which is the focus of this thesis.
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2.2 Overview of the Nordic Seas
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Figure 2.1: Map of the subpolar North Atlantic and the Nordic Seas including schematic circu-
lation of warm and saline surface waters (red), cold and fresh surface waters (light blue), and
dense deep waters (dark purple).

2.2.1 Geography

In addition to being an important component of the AMOC, the Nordic Seas comprising
the Norwegian, Greenland, and Iceland Seas are the main connection for heat and salt
transport between the North Atlantic and the Arctic Ocean (Figure 2.1, Drange et al.,
2005). The region is separated from the Arctic Ocean by the 2500-m deep Fram Strait
between Svalbard and Greenland (e.g., Langehaug and Falck, 2012) and by the 300-
400 m shallow Barents Sea. The southern boundary, between the Nordic Seas and
North Atlantic, is the Greenland-Scotland Ridge (the red line in Figure 2.2). This
submarine ridge consists of four main gaps separated by Iceland, the Faroe Islands, and
the Faroe Bank. From northwest to southeast these gaps are: Denmark Strait with a
sill depth of 650 m, Iceland-Faroe Ridge which ranges from 300 to 500 m depth, the
840 m deep Faroe Bank Channel, and Wyville-Thompson Ridge which reaches depths of
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approximately 600 m. The Faroe Bank Channel, which is a continuation of the Faroe-
Shetland Channel, is the deepest passage through the Greenland-Scotland Ridge. Below
this depth (840 m) the ridge forms a continuous barrier which constrains exchange of
water between the Nordic Seas and the North Atlantic (Hansen and Osterhus, 2000).

The bathymetry of the Nordic Seas is rather complex, including several interior basins
separated by submarine ridges that have many deep gaps and channels, as well as shal-
low shelf areas and steep slopes along the margins (Figure 2.2). These bathymetric
features guide the oceanic circulation and have major implications for the distribution
and transformation of water masses in the Nordic Seas (Ngst and Isachsen, 2003).
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Figure 2.2: Map of the main topographic features in the Nordic Seas (area outlined in
black in Figure 2.1). The Greenland-Scotland Ridge is marked by red lines. The abbrevia-
tions are: WJMR-West Jan Mayen Ridge, JMR-Jan Mayen Ridge, KBR— Kolbeinsey Ridge,
IFR-Iceland-Faroe Ridge, WTR—-Wyville-Thompson Ridge, and FBC-Faroe Bank Channel. The
topography was obtained from ETOPO1 (Amante and Eakins, 2009).

2.2.2 Large-scale wind and buoyancy forcing

The large-scale sea-level pressure over the Nordic Seas is dominated by the northern
mode of the North Atlantic Oscillation (NAO), namely the low-pressure system situated
southwest of Iceland, as well as a local minimum over the Lofoten Basin (Figure 2.3a,
Furevik and Nilsen, 2005). These minima, and the high-pressure systems situated over
Greenland and Europe, results in a cyclonic wind circulation, with southwesterly winds
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Figure 2.3: Mean winter (November—April) sea-level pressure (a) and ocean-to-atmosphere heat
loss (b) during 2000-2019 based on monthly ERAS5 reanalysis data (Hersbach et al., 2020). The
black arrows (a) indicate 10-m winds, while the gray contours indicate the 500-, 1000-, 1500-,
and 3000-m isobaths. Annual mean 20% sea-ice concentration contours (b) during 1950-1979
(dark blue), 1980-1999 (light blue), and 2000-2019 (white) were obtained from Walsh et al.
(2017).

along Norway and vigorous northerly winds along Greenland. The associated wind stress
creates a divergent Ekman flow in the ocean that contributes to a depression of the sea
surface in the interior Nordic Seas, which sustains a large-scale cyclonic ocean circulation
in the Nordic Seas (Figure 2.1, Ngst and Isachsen, 2003; Furevik and Nilsen, 2005). Here
we focus on the winter season (November—April, Figure 2.3a), but the large-scale wind
forcing is cyclonic in summer too, although substantially weaker (Jénsson, 1991). Thus,
variability in large-scale sea-level pressure impacts the strength of the cyclonic ocean
circulation in the Nordic Seas. A stronger north-south sea-level pressure gradient (e.g.,
a more positive phase of the NAO) leads to strengthened cyclonic wind forcing and
ocean circulation in the Nordic Seas, including increased northward transports along the
continental slope of Norway (Dickson et al., 2000; Furevik and Nilsen, 2005; Bringedal
et al., 2018; Muilwijk et al., 2018; Smedsrud et al., 2022).

The ocean circulation and transformation of water masses in the Nordic Seas are also
driven by a large-scale buoyancy forcing related to oceanic heat loss to the atmosphere
and freshwater input from rivers and melting sea ice (e.g., Serreze et al., 2007; Segtnan
et al., 2011; Lambert et al., 2016; Smedsrud et al., 2022). In the annual mean, the Nordic
Seas loses heat to the atmosphere, which cools the ocean, while a warming occurs in
the tropics. This uneven air-sea heat exchange drives a northward transport of warm
water and a southward transport of cold water. The cooling (negative buoyancy forcing)
densifies the northward flowing water, which results in an overturning circulation and
a southward flow of dense, cold water at depth (purple arrows in Figure 2.1). The
freshwater input from rivers and melting sea ice, on the other hand, results in a positive
buoyancy forcing that supports a horizontal estaurine-like circulation, with a cold, fresh,
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and light southward flow at the surface (light blue arrows in Figure 2.1). The combined
circulation is often referred to as a double estuary circulation (Eldevik and Nilsen, 2013;
Lambert et al., 2016). The overall buoyancy forcing acts as a “pull” mechanism on the
northward flow of Atlantic Water across the Greenland-Scotland Ridge and recent studies
indicate that it could be equally important as the wind-driven circulation, which is often
referred to as a "push" mechanism (Timmermans and Marshall, 2020; Smedsrud et al.,
2022). Their relative importance is not fully understood because it likely varies with time
and the two forcing mechanisms are also connected to each other (e.g., Timmermans and
Marshall, 2020).

There is a pronounced seasonal cycle in the air-sea heat exchange in the Nordic Seas,
with substantial ocean cooling in winter and warming during the summer season, driven
mainly by radiation (Serreze et al., 2007; Smedsrud et al., 2022). Strong winds and large
temperature contrasts between the ocean and atmosphere in winter result in substantial
heat fluxes, exceeding 300 W m~2 on average in the northern part of the Nordic Seas
between November and April (Figure 2.3b). These large winter heat fluxes are crucial for
the formation of dense water masses in the Nordic Seas (e.g., Moore et al., 2015). The
greatest heat fluxes occur near the sea-ice edge where cold air masses over the sea ice first
encounters open water and in the eastern basins of the Nordic Seas where warm Atlantic
Water flows northward, resulting in large ocean-atmosphere temperature differences (e.g.,
Furevik and Nilsen, 2005; Isachsen et al., 2007; Papritz and Spengler, 2017; Moore et al.,
2015; Spensberger and Spengler, 2021; Moore et al., 2022). Most (60-80%) of the ocean
heat loss in winter is associated with strong, short-lived weather events called cold-air
outbreaks (CAOs, Papritz and Spengler, 2017). These events are excursions of cold,
dry polar air advected from the sea ice or cold landmasses over relatively warmer ocean
water, leading to intense heat fluxes, particularly near the sea-ice edge (Papritz and
Spengler, 2017; Terpstra et al., 2021; Spensberger and Spengler, 2021). They typically
last for 2-4 days and are often linked to polar lows (Papritz and Spengler, 2017; Terpstra
et al., 2021).

While much of the variability in ocean heat loss in the Nordic Seas in winter can be
linked to the number and intensity of atmospheric polar lows entering the region, which
is associated with variability in the North Atlantic storm track, significant long-term
changes take place as a result of global warming (e.g., Moore et al., 2015; Smedsrud et al.,
2022; Moore et al., 2022). Both the atmosphere and the ocean is warming, which has
resulted in a general northwestward retreat of the sea-ice edge (Figure 2.3b, Onarheim
et al., 2018; Selyuzhenok et al., 2020). The sea-ice retreat opens new ocean areas to
the atmosphere, which increases the air-sea heat exchange. By contrast, heat fluxes
in regions far away from the sea ice are declining, because the atmosphere is warming
faster than the ocean, which decreases the air-sea temperature difference (Moore et al.,
2015; Smedsrud et al., 2022; Moore et al., 2022). This leads to an overall northwestward
shift in the region with most intense heat loss, which can have great impacts on the
local formation of dense water (Moore et al., 2015; Vige et al., 2018; Pérez-Herndndez
et al., 2019; Pope et al., 2020; Athanase et al., 2020; Moore et al., 2022; Strehl et al.,
submitted).
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Figure 2.4: Map of the Nordic Seas including schematic circulation with the same color coding as
in Figure 2.1. The abbreviations are: FC-Faroe Current, SC-Shetland Current, NIIC-North Ice-
landic Irminger Current, WSC-West Spitsbergen Current, JMC-Jan Mayen Current, EIC-Fast
Icelandic Current, NIJ-North Icelandic Jet, IFSJ-Iceland-Faroe Slope Jet, and FBC-Faroe Bank
Channel.

2.2.3 Ocean circulation and hydrography

Three main branches of warm and saline Atlantic Water (AW) flow northward into
the Nordic Seas (Figure 2.4, Helland-Hansen and Nansen, 1909). The greatest AW
inflow takes place east of Iceland in the Faroe Current across the Iceland-Faroe Ridge
(3.8£0.5 Sv, Hansen et al., 2015; @Osterhus et al., 2019) and in the Shetland Current
across the Faroe-Shetland Ridge (2.74+0.5 Sv, accounting for a recirculating component
of the Faroe Current, Hansen and Osterhus, 2000; Berz et al., 2013; Osterhus et al.,
2019). The smallest and most variable AW inflow occurs west of Iceland in the North
Icelandic Irminger Current (0.9-1.6 Sv, Jénsson and Valdimarsson, 2012; Osterhus et al.,
2019; Casanova-Masjoan et al., 2020; Semper et al., 2022). The two main branches east
of Iceland continue northward within the Norwegian Sea, which is characterized by warm
and saline AW at the surface and typically referred to as the Atlantic Domain of the
Nordic Seas (Figure 2.5, Swift and Aagaard, 1981). The northward flow consists of the
Norwegian Atlantic Slope Current that follows the Norwegian slope along the eastern
margin and the Norwegian Atlantic Front Current that veers west at the Vgring Platau
and follows the Mohn and Knipovich ridges northward (Figure 2.4, Orvik and Niiler,
2002). A small fraction of the frontal branch enters the Iceland Sea just south of Jan
Mayen (Mork et al., 2014b), while another fraction recirculates southward as the western
edge of the Norwegian Basin gyre (Poulain et al., 1996). The relatively fresh water along
the Norwegian coast is associated with the Norwegian Coastal Current that flows parallel
to the Norwegian Atlantic Slope Current from North Sea into the Barents Sea (Figure
2.5b, e.g., Mauritzen, 1996).
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In the northern part of the Atlantic Domain the Norwegian Atlantic Slope Current
bifurcates. One branch flows through the Barents Sea and into the Arctic Ocean, while
the other branch continues northward and merges with the Norwegian Atlantic Front
Current to form the West Spitsbergen Current (Figure 2.4). Some of the AW in the West
Spitsbergen Current continues northward into the Arctic Ocean through Fram Strait on
the eastern side of the strait, while the remainder recirculates and joins the southward-
flowing East Greenland Current on the western side of Fram Strait (Mauritzen, 1996).
The Arctic Ocean and the Polar Domain of the Nordic Seas (Figure 2.5, Swift and
Aagaard, 1981) are covered by fresh, cold, and light Polar Surface Water (PSW) from
river runoff and sea-ice melt. When the Atlantic-origin water masses, which have cooled
and densified going northward (Section 2.3.2), approach the PSW, they flow beneath it
to intermediate depths (e.g., Mauritzen, 1996).
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Figure 2.5: Late-winter (February-April) sea-surface temperature (a) and salinity (b) during
2000-2019. The gray contours indicate the 500-, 1000-, 1500-, and 3000-m isobaths. The lower
panels show the distribution of temperature (c) and salinity (d) along the Greenland-Scotland
Ridge. The location of the ridge is indicated on the inserted map (c). The water masses below
the black solid line indicating oo =27.80 kg m™> are classified as overflow water (Dickson and
Brown, 1994).

The East Greenland Current transports both PSW and dense intermediate water
masses along the east Greenland shelf break from Fram Strait to Denmark Strait (Hdvik
et al., 2017a), and is important also for transporting sea ice from the Arctic Ocean (Haine
et al., 2015). The Atlantic-origin water masses advected by the current are both from
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the recirculating branch in Fram Strait and from the Fram and Barents Sea branches
that have encircled cyclonically around the Arctic Ocean (Rudels et al., 2002). Two
currents branches off the East Greenland Current on its way southward (Figure 2.4).
These are the Jan Mayen Current north of the West Jan Mayen Ridge (Bourke et al.,
1992) and the East Icelandic Current in the Iceland Sea (Macrander et al., 2014; de Jong
et al., 2018), which divert fresh surface water into the interior Greenland and Iceland
Seas (Dodd et al., 2009; Spall et al., 2021; Langehaug et al., 2022). The East Greenland
Current also bifurcates into a shelfbrak and a separated branch, where the separated
branch is located offshore of the Greenland shelf break (Vége et al., 2013; Harden et al.,
2016; Hawik et al., 2017a). Both of these branches continue through Denmark Strait and
close the cyclonic boundary circulation loop of the Nordic Seas.

The interior Iceland and Greenland Seas constitute the Arctic Domain of the Nordic
Seas (Figure 2.5, Swift and Aagaard, 1981). The Arctic Domain is separated from the
Atlantic and Polar domains by pronounced hydrographic fronts (Helland-Hansen and
Nansen, 1909; Swift and Aagaard, 1981). The Arctic Front is located along the Jan
Mayen, Mohn, and Knipovich Ridges and separates the Arctic Domain from the warmer
and more saline Atlantic Domain. The Polar Front, which forms the border to the
colder and fresher Polar Domain, migrates seasonally (Viage et al., 2018; Spall et al.,
2021; Langehaug et al., 2022). During winter, the front is located near the Greenland
shelf due to strong northerly winds and onshore Ekman transport, while weaker winds in
summer results in an offshore migration into the Iceland and Greenland Seas. The Arctic
Domain is characterized by weak stratification and substantial heat loss during winter,
which results in deep convection and the formation of dense Arctic Intermediate Waters
(Section 2.3.3, Swift et al., 1980; Swift and Aagaard, 1981). These Arctic Intermediate
Waters are transported from north of Iceland toward Denmark Strait by the North
Icelandic Jet (Jonsson and Valdimarsson, 2004; Vige et al., 2011; Semper et al., 2019)
and toward the Faroe-Shetland Channel by the Iceland-Faroe Slope Jet (Semper et al.,
2020). More details on the pathways of dense water are given in Section 2.4.1 and 2.4.2.

In total, the outflow across the Greenland-Scotland Ridge consists of 5.8 Sv of dense
overflow water (defined as denser than oy =27.80 kg m~3, Dickson and Brown, 1994),
while approximately 2.0 Sv is fresh PSW (sterhus et al., 2019). The outflow of PSW
occurs primarily on the east Greenland shelf (Hdvik et al., 2017a), while the overflows
are confined to the deep gaps in the ridge (Figures 2.5¢ and d). On average, only 10%
of the total overflow water transport takes place across the Wyville-Thompson Ridge
and the Iceland-Faroe Ridge, combined (Usterhus et al., 2019). The transports are also
intermittent and for the Iceland-Faroe Ridge, not well constrained (@sterhus et al., 2019).
The remaining 90% are accounted for by the Denmark Strait and Faroe Bank Channel
overflows, which will be introduced further in Section 2.4.1 and 2.4.2, respectively.

2.3 Dense-water formation in the Nordic Seas

Several processes transform and modify water masses in the Nordic Seas. In this thesis,
we focus on those mechanisms that impact the formation and properties of dense water
that can contribute to the overflows across the Greenland-Scotland Ridge and the lower
limb of the AMOC. These include gradual transformation of the AW within the boundary
current system (Section 2.3.2), open-ocean convection in the interior basins (Section
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2.3.3), transformation in the Arctic Ocean that leads to southward flow of dense water
through Fram Strait (Section 2.3.4), and exchange and mixing between the boundary
and the interior of the Nordic Seas (Section 2.3.5). A brief overview of the water masses
present within the Nordic Seas is given in Section 2.3.1, before going into details about
the various processes.

2.3.1 Water masses

The volumetric distributions of temperature, salinity, and oxygen of the water masses
present in the Nordic Seas during winter are shown in Figure 2.6. These properties are
a result of inflow of various water masses into the region and transformation within the
Nordic Seas itself. The water-mass definitions vary in the literature depending on the
temporal and spatial region of interest, the research question, and on the data background
(i.e., whether both hydrographic and geochemical properties were considered, Rudels
et al., 2002, 2005; Tanhua et al., 2005; Jeansson et al., 2008; Eldevik et al., 2009; Vige
et al., 2011; Mastropole et al., 2017; Jeansson et al., 2017). Here we introduce the water-
mass definitions relevant for our study, which is a simplified version of Rudels et al.
(2002, 2005) similar to Vége et al. (2011) and Semper (2020), but including geochemical
parameters to distinguish between water masses originating in the Nordic Seas and Arctic
Ocean following Jeansson et al. (2008, 2017). The goal is to provide a brief introduction
to the water masses and where they originate geographically, but we note that the
regional water-mass inversion used in this thesis (Paper III and Paper IV) is not sensitive
to or dependent on these definitions (Section 3.6). An overview of the hydrographic
water-mass definitions are given in Table 2.1.

The surface water masses in the Nordic Seas can be divided into the warm and
saline AW, the fresh and cold PSW, and a broad range of relatively fresh and warm
water collectively referred to as Surface Water (Figure 2.5, Figure 2.6). The surface

Table 2.1: Overview of the main water masses in the Nordic Seas. Definitions follow Rudels
et al. (2002, 2005) and Vige et al. (2011), but are converted to Conservative Temperature (©)
and Absolute Salinity (Sa) similar to Semper (2020) following the TEOS-10 standard (Section
3.1, I0C et al., 2010)

| Water masses | Hydrographic definition
Surface Water (SW) ©>0°C;S4 < 35.066 gkg~!
Polar Surface Water (PSW) © <0°C;09<27.70kgm—3
Atlantic Water (AW) ©>3°C;S, >35.066 kg™t

Atlantic-origin water (Atow): consists of Re- | 0 < © < 3°C; 0y > 27.70 kg m~3; 0.5 <30.44 kg m—3
turn Atlantic Water and Arctic Atlantic Water
(RAW/AAW)

Arctic-origin water (Arow): consists of Green- | © < 0°C; 0y > 27.70 kg m—2; 0.5 <30.44 kgm—3
land Sea and Iceland Sea Arctic Intermediate
Water (GSAIW/ISAIW)

The definition overlaps with water masses from | © < 0 °C; oy > 27.97 kg m~3; 0.5 <30.44 kgm—3
the Arctic Ocean, such as the upper Polar Deep
Water (uPDW)

Nordic Seas Deep Water (NDW): consists of | 0.5 >30.44 kg m—3
Greenland Sea and Arctic Ocean Deep Water
(GSDW/AODW)
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Figure 2.6: Water-mass properties in the Nordic Seas during winter (February—April) based
on the hydrographic database compiled in Paper III (1950-2019, Section 3.1). (a): volumet-
ric temperature-salinity diagram, including the water-mass definitions given in Table 2.1. (b):
Volumetric oxygen-salinity diagram. The colors indicate the percentage of the total Nordic Seas
volume (note the logarithmic scales). The blue squares (b) indicate mean oxygen-salinity prop-
erties of the various water masses according to Jeansson et al. (2008): Note that the AW was
defined in the inflow west of Iceland, the Atow is representative of the recirculating Atow in

Fram Strait, and Arow is from the Greenland Sea gyre.

Wintermean volume [%]



2.3 Dense-water formation in the Nordic Seas 13

water masses are typically separated from the intermediate water masses by the 6y =
27.70 kg m~ isopycnal (Rudels et al., 2002, 2005). The Atlantic-origin water (Atow)
is AW that has been gradually densified along the boundary currents of the Nordic
Seas and Arctic Ocean (Mauritzen, 1996). It consists of Return Atlantic Water that is
densified AW that recirculates directly in Fram Strait and Arctic-Atlantic Water that
has encircled the entire Arctic Ocean (Rudels et al., 2002, 2005). By contrast, the Arctic-
origin water (Arow) is mainly formed by open-ocean convection in the Arctic Domain
of the Nordic Seas (i.e., within the Iceland and Greenland Seas, Swift et al., 1980; Swift
and Aagaard, 1981). The Arow is also often referred to as Arctic Intermediate Water
(Rudels et al., 2002, 2005; Jeansson et al., 2008, 2017). The distinction between Atow
and Arow is typically defined by the 0°C isotherm (e.g. Vige et al., 2011; Rudels et al.,
2002, 2005). Intermediate water masses colder than 0°C are also transported southward
from the Arctic Ocean with the East Greenland Current below the Atow. While these
water masses overlap with the Arow in terms of hydrography, they generally have lower
oxygen and higher nutrient concentrations as it has been a longer time since they were
ventilated by the atmosphere (such as the upper Polar Deep Water, Figure 2.6b, Table
2.1, Jeansson et al., 2008, 2017). Finally, we have the Nordic Seas Deep Water (NDW),
which fills the deep basins of the entire Nordic Seas and is mainly composed of deep
water formed in the Greenland Sea and Arctic Ocean (Aagaard et al., 1985; Swift and
Koltermann, 1988). The deep waters are typically separated from the intermediate water
masses by the 65 = 30.44 kg m~3 isopycnal (Rudels et al., 2002, 2005; Jeansson et al.,
2008).

2.3.2 Transformation within the boundary current system

The AW is gradually cooled and freshened on its transit with the cyclonic rim current
system around the Nordic Seas and Arctic Ocean (Figure 2.7, Mauritzen, 1996; Eldevik
et al., 2009; Smedsrud et al., 2022). This implies that it is the cooling that ultimately
drives the densification. Most of the cooling takes place in the Atlantic Domain of the
Nordic Seas, which is where Isachsen et al. (2007) found the greatest buoyancy loss.
The overflows are approximately 7°C colder than the AW inflow (Figure 2.7, Smedsrud
et al., 2022). Over 60% of this cooling occurs before the AW leaves the surface and
flows beneath the PSW in Fram Strait. The densified AW, now classified as Atow, is
sufficiently dense to contribute to the overflows across the Greenland-Scotland Ridge.
The majority of the cooling within the Atlantic Domain takes place in the northern
part and in the Lofoten Basin (Bosse et al., 2018). Here the AW layer extends well below
500 m depth due to vertical mixing during winter (Mauritzen, 1996; Bosse et al., 2018).
The Lofoten Basin is also characterized by strong eddy fields (Kdhl, 2007; Raj et al., 2016;
Dugstad et al., 2019), where eddies are shed off the Norwegian Atlantic Slope Current
and propagate into the centre of the Lofoten Basin sustaining a permanent vortex with
a local winter mixed-layer depth exceeding 1000 m (e.g., Kohl, 2007; Bosse et al., 2018;
Bosse and Fer, 2019). Huang et al. (2023) investigated the role of air-sea heat fluxes
and lateral advection on the cooling of the AW in the Atlantic Domain. They found that
oceanic lateral heat transfer dominates the temperature change along the Norwegian
Atlantic Slope Current, while air-sea heat fluxes account for nearly all the cooling of the
Norwegian Atlantic Front Current. The fraction of this western branch that recirculates
southward along the western slope of the Norwegian Basin (Section 2.2.3, Poulain et al.,
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1996) also becomes sufficiently dense to supply the overflow waters (Read and Pollard,
1992; Eldevik et al., 2009).
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Figure 2.7: Evolution of hydrographic properties in the Nordic Seas from the AW inflow (red) to
the overflows (blue), based on observations between 1950 and 2019 (Section 3.1). The figure is
a modified version of Figure 6 in Smedsrud et al. (2022). The geographical regions are indicated
on the map. The colored dots are observed median values of each water mass, while the arrows
indicate linear trends over the period 1950-2019. The shading is based on the overall frequency
of occurrence and outlines approzimately 60% of the observations. The vertical constraints for
the water masses were: AW and RAW - the depth of mazimum temperature below 100 m (+50
m); overflow water (OW) — denser than oo = 27.80 kg m™3 and above the sill depths of Denmark
Strait (650 m) and the Faroe Bank Channel (840 m); AIW — the typical mized-layer depths in
the Iceland Sea (150-850 m) and in the Greenland Sea (500-1500 m).

Substantial air-sea heat fluxes also occur further north in the Barents Sea, where
the AW meets the cold polar air near the sea-ice edge. Some of the water is cooled to
below 0°C before it enters the Arctic Ocean (Section 2.3.4, Schauer et al., 2002). The
integrated heat loss over the Barents Sea has increased in conjunction with the sea-ice
retreat because of the larger open-ocean area (Smedsrud et al., 2022). However, Skagseth
et al. (2020) indicated that the "Barent Sea cooling machine" (warmer AW inflow, less
sea ice, more regional heat loss) has recently reached a state of less efficient cooling due
to reduced heat fluxes over the southern Barents Sea as a result of anomalous southerly
winds. Moore et al. (2022) also showed that the heat fluxes in the southern Barents Sea
have decreased as the sea ice retreated northward. This has resulted in a warmer outflow
from the Barents Sea into the Arctic Ocean (Skagseth et al., 2020). The water that flows
northward through both the Barents Sea and Fram Strait encircle the Arctic Ocean
as intermediate water masses and are further modified along the transit (Section 2.3.4,
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Rudels et al., 1999, 2004). When returning to the Nordic Seas in the East Greenland
Current, the water classified as Atow is typically recognized by maxima in temperature
and salinity below the PSW (between 100 and 500 m depth, Mauritzen, 1996; Rudels
et al., 2002, 2005; Jeansson et al., 2008; Havik et al., 2017a). Some of the water from
the Arctic Ocean has cooled to temperatures below 0°C and are no longer classified as
Atow as described in Section 2.3.4.

Most of the East Greenland Current north of Denmark Strait has until recently been
covered by sea ice in winter, and further modifications of the Atow has primarily taken
place by lateral exchange with water in the Iceland and Greenland Seas (Section 2.3.5).
During the last decade, however, large parts of the current has become ice free during
winter (Vdge et al., 2018; Moore et al., 2022). This has facilitated enhanced transforma-
tion of the Atow by air-sea interaction along the East Greenland Current. Vige et al.
(2018) recently showed evidence of re-ventilation of the Atow in the northwestern Ice-
land Sea and suggest that this could potentially compensate for some of the reduced
heat fluxes observed in regions far away from the sea ice (Moore et al., 2022).

2.3.3 Open-ocean convection in the interior basins

Another important mechanism for dense-water formation in the Nordic Seas is open-
ocean convection, a process which is divided into three distinct phases as illustrated in
Figure 2.8 (Marshall and Schott, 1999). The first phase is preconditioning of the water
column such that it becomes sufficiently weakly stratified, prior to winter, for the atmo-
spheric forcing during winter to initiate deep convection. Weak stratification is typically
found within the cyclonic gyres in the interior basins of the Nordic Seas. Associated with
these gyres is a divergent Ekman transport near the surface that brings dense, weakly-
stratified water masses closer to the surface where they are more readily exposed to
atmospheric forcing. The doming of dense isopycnals reduces stratification and precon-
ditions the water column for wintertime convection (Figure 2.8a, Marshall and Schott,
1999). Even though a region is preconditioned for deep convection, the atmospheric forc-
ing during winter must be sufficiently strong to erode the near-surface stratification to
initiate convective overturning (i.e., the second phase of open-ocean convection, Figure
2.8b). During active convection, vertical mixing takes place in numerous plumes and the
result is a deep mixed patch that can become more than 100 km in diameter (Marshall
and Schott, 1999). Although the degree of horizontal homogeneity within a convective
region can vary due to small scale plumes and vortices (e.g., Marshall and Schott, 1999;
Rudels et al., 1989; Gascard et al., 2002; Wadhams et al., 2002), we focus on the result-
ing mixed patch in the thesis, which accounts for the bulk of the convective region. The
nearly vertically homogeneous layer caused by the convective mixing is defined as the
mixed layer (Figure 2.8c). The final phase of open-ocean convection is restratification
(Figure 2.8d). Lateral exchange between the mixed patch and the ambient water takes
place throughout the year and when the atmospheric forcing ceases in spring it results
in a restratification of the convective region (Straneo, 2006). The well-mixed water mass
spreads out at its neutral density level under the influence of gravity and a thin stratified
layer develops over the mixed patch.

Deep open-ocean convection is not a process that occurs with certainty and regularity.
The timing and strength of the convection depends on a variety of factors. These include
the strength of the atmospheric buoyancy and cyclonic wind forcing, the stability of the
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a) preconditioning b) active convection c) end-of-winter mixed layer d) restratification

Figure 2.8: Schematic illustration of the three phases of open-ocean convection: (a) precondi-
tioning, (b) active convection which results in a deep (c) end-of-winter mized layer, and (d)
restratification. The density stratification of the water column is indicated by blue contours,
while the volume ventilated by convection is shaded dark blue. The red arrows at the surface
illustrate heat loss to the atmosphere. The figure is based on Figure 8 in Marshall and Schott
(1999).

water column, lateral advection, whether convection occurred during the previous winter
(which would impact the water column stability), and sea ice (e.g., Meincke et al., 1992;
Malmberg and Jonsson, 1997, Marshall and Schott, 1999). Sea ice influences the depth
of convection in various ways. The presence of sea ice has an insulating effect that
reduces air-sea interactions, sea-ice formation releases brine that increases the near-
surface salinity and density, while sea-ice melting decreases the near-surface salinity and
density. As a relatively fresh surface layer is needed for ice to form in the first place,
substantial brine release is required to erode the strong near-surface stratification for
convection to occur. Another condition to induce deep convection is advection of the
locally formed sea ice out of the gyre center leaving an open-ocean region with high
surface salinity (Meincke et al., 1992; Marshall and Schott, 1999).

Open-ocean convection in the Lofoten Basin and its interaction with the Norwegian
Atlantic Current is crucial for cooling and densification of the AW as it progresses north-
ward in the Atlantic Domain (Section 2.3.2, Bosse et al., 2018). Below we focus on the
open-ocean convection that takes place within the Arctic Domain of the Nordic Seas.

The Greenland Sea

The deepest and densest open-ocean convection in the Nordic Seas takes place in the
Greenland Sea gyre. Here, convection occasionally extended to the bottom before the
early 1980s and formed the cold and dense Greenland Sea Deep Water (GSDW) that
used to supply most of the deep water in the entire Nordic Seas and Arctic Ocean
(Helland-Hansen and Nansen, 1909; Carmack and Aagaard, 1973; Malmberg, 1983; Aa-
gaard et al., 1985; Schlosser et al., 1991; Bénisch and Schlosser, 1995; Bénisch et al.,
1997; Strehl et al., submitted). In the 1980s, however, formation of GSDW ceased and
convection has only been observed to intermediate depths after that (Schlosser et al.,
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1991; Meincke et al., 1992; Rhein, 1996; Meincke et al., 1997; Karstensen et al., 2005;
Ronski and Budéus, 2005; Latarius and Quadfasel, 2010; Somavilla, 2019; Strehl et al.,
submitted). Various studies have linked the reduced convection to reduced atmospheric
forcing, less sea-ice formation, and increased stratification due to changes in the hy-
drographic conditions (Meincke et al., 1992; Somavilla, 2019; Strehl et al., submitted).
The primary reason for the shut down of deep convection in the 1980s was most likely
increased near-surface stratification due to a temporary freshening (Strehl et al., submit-
ted).

The main product of convection after the GSDW formation ceased has been the
slightly warmer and less dense Greenland Sea Arctic Intermediate Water (GSAIW,
Meincke et al., 1992, 1997; Karstensen et al., 2005; Ronski and Budéus, 2005; Latar-
ius and Quadfasel, 2010; Lauvset et al., 2018, Paper I). As a result, a two-layer structure
has developed in the Greenland Sea, with a pronounced intermediate stratification max-
imum separating the GSAIW from the denser GSDW. The distinction between deep and
intermediate water masses is typically defined by the potential density anomaly referred
to 500 m depth of 30.444 kg m~3 (Figure 2.6, Table 2.1, Rudels et al., 2005; Jeans-
son et al., 2008). In the Greenland Sea the depth of this isopycnal coincides with the
stratification maximum, which has descended from around 600 m in the late 1980s to be-
tween 1500 and 2000 m in the early 2000s (Karstensen et al., 2005; Ronski and Budéus,
2005; Budéus and Ronski, 2009; Latarius and Quadfasel, 2010, Paper I). This is in line
with the steady draining of the GSDW since the early 1980s and the gradual replace-
ment of an increasing volume of GSAIW (Paper I, Somavilla, 2019). The stratification
maximum limits convection to intermediate depths and prevents renewal of GSDW. A
stronger warming trend of the GSAIW has further strengthened the stratification max-
imum (Strehl et al., submitted). The reduced rates of renewal by local convection have
in turn been accompanied by an increased input of saline deep water from the Arctic
Ocean (Meincke et al., 1997; Somawilla et al., 2013) which has been observed to affect
also other deep waters in the Nordic Seas (Dsterhus and Gammelsrod, 1999).

While Strehl et al. (submitted) found that the total ocean to atmosphere heat loss
over the Greenland Sea has increased since 1950 due to sea-ice retreat and a larger
open-ocean area, Moore et al. (2015) found a 20% reduction in the magnitude of the
heat fluxes over the Greenland Sea gyre since the end of the 1970s. The reduced heat
fluxes over the gyre were primarily a result of increased distance to the sea-ice edge
and decreased winter air-sea temperature differences (Section 2.2.2, Moore et al., 2015).
These changes have also resulted in reduced intensity of cold-air outbreaks (i.e., the
strongest heat-flux events, Somavilla, 2019; Dahlke et al., 2022; Strehl et al., submitted).
According to Moore et al. (2015, 2022), the trend toward weaker atmospheric heat fluxes
over the Greenland Sea is expected to continue in a warming climate with continued sea-
ice retreat, which could have substantial ramifications for the water-mass transformation
there. However, the depth of convection also depends on the hydrographic conditions
prior to the convective season, which in turn, depends on the lateral advection from the
surrounding water masses (Latarius and Quadfasel, 2016; Lauvset et al., 2018, Paper
IT). Except for the cold and fresh PSW to the west of the gyre, any lateral exchange
with surrounding water masses will increase the temperature and salinity of the water
column in the Greenland Sea gyre. Lauvset et al. (2018) argued that increased salinity
in the northward-propagating AW has increased the salinity and thereby decreased the
stability of the upper 1500 m of the Greenland Sea water column since the early 2000s,



18 Introduction

which in turn has resulted in a tendency for deeper convection.

In Paper I (Brakstad et al., 2019), we explored the interannual variability in con-
vection and dense-water formation in the Greenland Sea over the period 1986-2016.
We focused particularly on the evolution of GSAIW and used a combination of hydro-
graphic observations and a one-dimensional mixed-layer model to determine its sensitiv-
ity to changes in the atmospheric forcing and hydrographic conditions. This is crucial
to better understand how the convective activity in the Greenland Sea will respond to
changing conditions in the future. A unique hydrographic data set, with high temporal
resolution, from three profiling moorings in the central Greenland Sea between 1999 and
2009 (Section 3.2) was utilized in Paper II (Svingen et al., 2023) in combination with the
one-dimensional mixed-layer model to investigate how the wintertime mixed layer de-
velops through the winter. We focused particularly on the impact of cold-air outbreaks
(their frequency, intensity, and timing), which has not previously been studied in the
Greenland Sea because of sparse data coverage. The mooring data and model were also
used to estimate the effect of lateral heat and salt fluxes from surrounding water masses.
While the overall magnitudes of heat and salt fluxes into the Greenland Sea gyre were
estimated by Moore et al. (2015), Latarius and Quadfasel (2016), and in Paper I based
on budget calculations, uncertainties remain regarding their vertical distributions and
where the heat and salt enter the gyre.

The Iceland Sea

Open-ocean convection in the central Iceland Sea typically extends to 150-250 m depth
and forms slightly less dense Arctic-origin water than the Greenland Sea (Swift and
Aagaard, 1981; Vage et al., 2015, 2022). Based on hydrographic observations, Vige
et al. (2022) quantified the water-mass transformation in the central Iceland Sea and
how it has changed over the four decades from winter 1974-1975, which was originally
investigated by Swift and Aagaard (1981), to 2015-2016. They found that the locally
formed water was warmer and less dense in 2015-2016 and that the entire water column
of the central Iceland Sea has decreased in density. The water masses presently formed
are warmer than 0°C, which implies that the traditional distinction between Arctic-origin
and Atlantic-origin water masses at the 0°C isotherm (Table 2.1, Figure 2.6, Swift and
Aagaard, 1981; Rudels et al., 2005; Vage et al., 2011) is no longer representative (Vige
et al., 2022).

The changes in the central Iceland Sea have occurred in concert with diminished
ocean-to-atmosphere heat fluxes due to the retreating sea-ice edge (Vdge et al., 2022;
Moore et al., 2022). However, the sea-ice retreat has also resulted in an ice free western
Iceland Sea, where convection has been observed to ventilate the Atlantic-origin layer of
the East Greenland Current (Vidge et al., 2018). Vige et al. (2018) found mixed-layer
depths exceeding 400 m in the northwestern part of the Iceland Sea near the sea-ice
edge, which aligns well with the notion that the deepest and densest convection in the
Iceland Sea actually occurs in the northwestern part on the outskirts of the gyre (Vige
et al., 2015). This is different from the Greenland Sea where convection within the gyre
dominates (Paper I).
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2.3.4 Inflow of dense water from the Arctic Ocean

In addition to PSW and Atow, several dense intermediate and deep water masses colder
than 0°C are also transported southward through Fram Strait from the Arctic Ocean
by the East Greenland Current (Rudels et al., 2005; Jeansson et al., 2008, 2017). These
dense water masses are located below the warmer Atow and are composed of AW that
has been cooled substantially by wintertime convection in the Barents Sea, dense plumes
formed on the Arctic shelves, and NDW originally formed in the Greenland Sea that flows
into the Arctic Ocean with the West Spitsbergen Current (Aagaard et al., 1985; Rudels
et al., 1999; Langehaug and Falck, 2012). The dense plumes are formed by convection
on the Arctic shelves (including the Barent Sea, e.g., Tvanov et al., 2004). Here air-sea
heat fluxes cool the water column such that sea ice forms. The sea-ice formation releases
saline brine that sinks and accumulates near the bottom. The cold, brine-enriched water
spills across the shelf break as dense plumes that cascade down the continental slope
toward deeper isobaths (Aagaard et al., 1985; Ivanov et al., 2004). The plumes cascade
as rotating gravity currents until they reach neutral density. On the way, they entrain
ambient water, and can modify intermediate and deep water masses of the Arctic Ocean
(Aagaard et al., 1985; Bauch et al., 1995). This process is often referred to as shelf
or slope convection, and is most efficient in regions where the locally formed sea ice is
constantly removed by winds (i.e., polynyas, Backhaus et al., 1997).

The relative contributions of shelf convection, water formed in the Barents Sea, and
water originally sourced from the Greenland Sea to the water masses that flow southward
across Fram Strait are not well known. Because of their long transit through the Arctic
Ocean before entering the Nordic Seas, their geochemical properties are distinct from
the water occupying the same density range in the Nordic Seas (Jeansson et al., 2008,
2017). One example is the upper Polar Deep Water (uPDW), which has a generally
lower oxygen and higher nutrient concentration that the Arow formed in the Iceland
and Greenland Seas (e.g., Figure 2.6b). The Arctic Ocean Deep Water (AODW) is
also warmer and more saline than the GSDW. After the GSDW formation ceased, the
inflow of AODW to the Nordic Seas has resulted in a general warming of the deep water
masses of the Nordic Seas (Meincke and Rudels, 1996; Osterhus and Gammelsrod, 1999;
Somavilla et al., 2013).

2.3.5 Exchange and mixing between the boundary and the interior

In addition to a few direct currents, such as the Jan Mayen Current and the East
Icelandic Current (Figure 2.4, Bourke et al., 1992; Macrander et al., 2014), exchange
between the boundary and the interior basins of the Nordic Seas takes place through
lateral mixing and eddy fluxes driven by baroclinic instabilities (e.g., Strass et al., 1993;
Spall, 2010; Segtnan et al., 2011; Vige et al., 2013; Havik et al., 2017b; Ypma et al., 2020;
Fer et al., 2020; Spall et al., 2021). The Lofoten Basin is known for being particularly
eddy-rich (Kdhl, 2007; Rayj et al., 2016; Dugstad et al., 2019). At the eastern boundary of
the basin the steep continental slope destabilizes the Norwegian Atlantic Slope Current,
which results in baroclinic instabilities and eddies that shed into the interior (Kdhl, 2007;
Spall, 2010; Fer et al., 2020). Observations and models also indicate that heat and salt
from the Norwegian Atlantic Front Current crosses the Mohn and Knipovich ridges into
the central Greenland Sea (van Aken et al., 1995; Spall, 2010; Segtnan et al., 2011; Bosse
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and Fer, 2019; Ypma et al., 2020). However, Huang et al. (2023) recently showed that
lateral exchange is less important for the cooling of the front current, compared to the
slope current. Nearly all the cooling of the front current can be explained by air-sea heat
exchange (Huang et al., 2023). Farther north, eddies in Fram Strait are responsible for a
major part of the recirculating AW from the West Spitsbergen Current (e.g., Hattermann
et al., 2016).

In the western Nordic Seas, the East Greenland Current mixes with the interior
Greenland and Iceland Seas, which results in a reduced Atow temperature (Hdvik et al.,
2019) and can have important implications for the open-ocean convection in the interior
basins (Lauvset et al., 2018, Paper I, Paper II). Because of similar densities, isopycnal
mixing between the GSAIW and cold water masses originating in the Arctic Ocean, such
as the uPDW, is commonly observed (Strass et al., 1993; Rudels et al., 2002, 2005; Jeans-
son et al., 2008; Hivik et al., 2017a). Farther south in the Iceland Sea at approximately
69°N, a local maximum in eddy activity is thought to contribute to the bifurcation of
the East Greenland Current into the separated and shelf break branches (Vége et al.,
2013; Havik et al., 2017a). The East Greenland Current also transports a substantial
amount of sea ice and fresh PSW that may be diverted into the interior basins across
the Polar Front (Dodd et al., 2009; Spall et al., 2021; Langehaug et al., 2022). While this
can have substantial impacts for the local convection in the Iceland and Greenland Seas,
Glessmer et al. (2014) suggested that freshwater from the East Greenland Current only
accounts for 20% of the variability in the Nordic Seas freshwater storage. More impor-
tant is the salinity variability in the AW inflow (Glessmer et al., 2014; Lauvset et al.,
2018). In the Atlantic Domain the Norwegian Coastal Current partly mixes with the
Norwegian Atlantic Slope Current, which freshens the AW as it propagates northward
(Figure 2.7, Mauritzen, 1996).

2.4 Sources and upstream pathways of dense overflow water

Overflow water is typically referred to as water denser than oo =27.80 kg m™ (Dickson
and Brown, 1994) that spills southward across the Greenland-Scotland Ridge into the
North Atlantic. Approximately 90% of the overflow water emanating from the Nordic
Seas passes through Denmark Strait or the Faroe Bank Channel (@sterhus et al., 2019).
The overflow transport through these passages have been monitored since the mid-1990s
and are estimated to 3.240.5 Sv and 2.04+0.3 Sv on average for the Denmark Strait
and Faroe Bank Channel, respectively (Hansen et al., 2016; Jochumsen et al., 2017;
Osterhus et al., 2019). This implies that over half of the total overflow water transport
from the Nordic Seas passes through Denmark Strait, while the Faroe Bank Channel
overflow accounts for approximately 1/3. While the overflow water transport is well
known, questions remain regarding their upstream sources and pathways as described in
the following sections.

2.4.1 Denmark Strait Overflow Water

The origin of the largest overflow plume, which passes through Denmark Strait on the
western side of Iceland (Jochumsen et al., 2017; Dsterhus et al., 2019), has been debated
in the literature for several decades. Initially, the primary source of Denmark Strait
Overflow Water (DSOW) was thought to be Arow formed by open-ocean convection in
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the Iceland and Greenland Seas (Section 2.3.3, Swift et al., 1980; Swift and Aagaard,
1981; Strass et al., 1993). As no direct current from the interior basins to the Denmark
Strait was known at this time, the transport of dense water from the gyres was assumed
to primarily occur by isopycnal mixing with the boundary currents. Mauritzen (1996)
later argued that this process is too slow to account for the overflow transport through
Denmark Strait and proposed instead that Atow transported with the East Greenland
Current is the main source. In this scenario, the formation occurs through gradual
densification of AW along the boundary current system of the Nordic Seas and the Arctic
Ocean (Section 2.3.2). This scenario was the commonly accepted view for more than
a decade, supported by observations (Eldevik et al., 2009) and numerical simulations
(Kohl, 2007). Although observational water-mass analyses supported this view, they
showed that substantial mixing between the East Greenland Current and the interior
basins also takes place (Rudels et al., 2002; Tanhua et al., 2005; Jeansson et al., 2008).

The scheme proposed by Mauritzen (1996) was modified by the discovery of the
North Icelandic Jet (NLJ) flowing along the slope north of Iceland toward Denmark
Strait (Jonsson, 1999; Jonsson and Valdimarsson, 2004; Vige et al., 2011). This current
provides a pathway for overflow water distinct from the East Greenland Current, and
supplies the densest portion of the DSOW (Vige et al., 2011; Mastropole et al., 2017).
According to Harden et al. (2016) the East Greenland Current supplies approximately
2/3 of the DSOW, while the NIJ supplies the remaining 1/3. Recent work by Semper
et al. (2019) suggests that the NIJ transport could account for nearly half of the DSOW.

Viége et al. (2011) hypothesized that the N1J is the deep branch of a local overturning
loop in the Iceland Sea that involves the inflowing NIIC shedding warm and saline eddies
into the Iceland Sea and water mass transformation within the interior Iceland Sea. They
suggested that densified water sinks near the slope and is advected by the NIJ back to
Denmark Strait. Later studies show, however, that convection in the interior Iceland
Sea may not produce sufficiently dense water (Vige et al., 2015, 2022). The bulk of
the NIJ transport is associated with dense Arow centered around the 0g=28.05 kg m™3
isopycnal (Semper et al., 2019), which is denser than the water presently formed in the
central Iceland Sea (Vige et al., 2015, 2022). In Paper I and II, we show that sufficiently
dense water is regularly produced in the central Greenland Sea (Brakstad et al., 2019;
Svingen et al., 2023), which corroborates the results of Huang et al. (2020) who identified
the Greenland Sea as a main source of the water masses in the NIJ. This is also supported
by Messias et al. (2008), who suggested based on a tracer release experiment that took
place in 1996 that Arow from the Greenland Sea gyre enters the Iceland Sea and may
supply the overflows.

Another current that has recently received increased attention in relation to the
DSOW, is the northward flowing NIIC. A fraction of this current recirculates north of
Denmark Strait (Casanova-Masjoan et al., 2020) and has densified sufficiently to con-
tribute to the lightest components of the overflow (Mastropole et al., 2017; Saberi et al.,
2020; Garcia-Quintana et al., 2021). While Garcia-Quintana et al. (2021) suggested,
based on numerical simulations, that dense-water formation within the NIIC on the
north-west Iceland shelf may contribute significantly to the NLJ, observations show that
formation of such dense waters on the Iceland shelf north of Denmark Strait is rare
(Semper et al., 2022).

Although our understanding about the origin and upstream pathways of the DSOW
has improved substantially over the last few decades, questions still remain regarding the
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export of dense water from the Greenland Sea and the final composition of the DSOW
plume (i.e., the relative contributions of the different dense-water sources). Several water-
mass studies have examined the DSOW composition (e.g., Tanhua et al., 2005; Jeansson
et al., 2008; Eldevik et al., 2009; Mastropole et al., 2017; Lin et al., 2020), but their
results differ depending on the dense-water sources considered, their specified properties,
and whether geochemical data were included or not. The properties are typically defined
based on the available observations used in each study and are sensitive to both temporal
and spatial variability. In Paper 111 (Brakstad et al., 2023), we developed a regional high-
resolution water-mass inversion based on Gebbie and Huybers (2010) and Gebbie (2014),
which is not dependent on a few pre-defined source waters and accounts for spatial
water-mass variability (Section 3.6, Paper III). This facilitated a detailed analysis of the
DSOW origin and composition, including how the various dense-water sources flow and
mix along their pathways toward Denmark Strait. Results from the inversion confirms
the importance of both Atow and Arow for the DSOW, and shows how the NIJ is
supplied by dense Arow from the central Greenland Sea (Paper III). Two inversions, one
for 1950-1979 and one for 2000-2019 were compared in Paper IV to examine the impact
of temporal variability in dense-water formation (particularly the effect of the changes
observed in the central Greenland Sea, Section 2.3.3).

2.4.2 Faroe Bank Channel Overflow Water

The deepest and densest overflow plume passes the Greenland-Scotland Ridge through
the Faroe Bank Channel. The Faroe Bank Channel Overflow Water (FBCOW) consists
of approximately equal parts intermediate and deep water masses (Fogelguist et al.,
2003; McKenna et al., 2016). The intermediate-water component is composed of Arow
formed by open-ocean convection in the Iceland and Greenland Seas, uPDW from the
Arctic Ocean, and a smaller fraction of Atow primarily densified in the Norwegian Basin
(Hansen and Osterhus, 2000; Fogelguist et al., 2003; Olsson et al., 2005; Eldevik et al.,
2009; Jeansson et al., 2017). The deep-water component, on the other hand, is a mixture
of old GSDW that used to form in the central Greenland Sea until the 1980s and deep
water masses flowing southward from the Arctic Ocean (Aagaard et al., 1985; Swift and
Koltermann, 1988; Hansen and Osterhus, 2000). Several studies indicate that these
deep water masses enter the Norwegian Sea through deep gaps in the Mohn Ridge north
of Jan Mayen (Swift and Koltermann, 1988; Osterhus and Gammelsrpd, 1999; Hansen
and Osterhus, 2000; Somavilla, 2019; Shao et al., 2019; Wang et al., 2021). They are
then transported southward along the eastern boundary of the Jan Mayen Ridge along
with Arow from the Greenland Sea (Olsson et al., 2005; Messias et al., 2008; Huang
et al., 2020). Although the Jan Mayen Ridge boundary current is identified in both
observations and models (Voet et al., 2010; Serra et al., 2010; Kohl, 2010; Huang et al.,
2020; Hatun et al., 2021), it is still unclear how much it contributes to the FBCOW.
The pathways transporting overflow water toward the Faroe Bank Channel has only
recently received enhanced attention. Semper et al. (2020) documented the existence of
a current flowing along the slope north of Iceland to the Faroe Islands. The current was
named the Iceland-Faroe Slope Jet (IFSJ) and its transport may account for half of the
FBCOW. The hydrographic properties of the water transported by the IFSJ are similar
to the NIJ, which suggests that they could be supplied from a common source (Semper
et al., 2020). Both currents transport dense Arow and Huang et al. (2020) suggested
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that this Arow primarily originates in the central Greenland Sea. They also found
evidence of several southward pathways along the submarine ridge system surrounding
the central Iceland Sea. Where and how the dense water exits the Greenland Sea and to
what extent these potential pathways feed the NIJ and IFSJ remain unclear. Another
pathway, transporting overflow water from the eastern margin along the Norwegian slope
toward the Faroe-Shetland Channel (upstream of the Faroe Bank Channel, Figure 2.2)
was identified by Chafik et al. (2020). The upstream sources of this water, however,
are not known. The upstream sources and pathways of the FBCOW were examined
in Paper III using the high-resolution regional water-mass inversion (Section 3.6). This
showed that most of the FBCOW originates in the Greenland Sea and Arctic Ocean. It
also revealed unprecedented details on how dense water from these source regions flow
toward the Faroe Bank Channel.
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3 Data and methods

A comprehensive database of hydrographic and geochemcial observations between 1950
and 2019 was prepared in this thesis and utilized to improve our understanding of the
overturning system in the Nordic Seas. This data set, combined with 10 years of moored
hydrographic observations from the central Greenland Sea, provided insight into how
dense-water formation in the Nordic Seas has varied on time scales ranging from sea-
sonal to multidecadal. To better understand the mechanisms governing the observed
variability, we employed several ancillary data sets and methods. These include at-
mospheric reanalyses, sea-ice observations, and a one-dimensional mixed-layer model.
Dense water formed in the Nordic Seas returns southward in the Greenland-Scotland
Ridge overflows. A high-resolution regional water-mass inversion based on observations
was developed to examine the origin and upstream pathways of these overflows. The data
sets and primary methods used in this thesis are introduced in the following sections.

3.1 Historical hydrographic and geochemical observations

Vertical profiles of temperature, salinity, oxygen, nitrate, and phosphate from ship-
board conductivity, temperature, and depth (CTD) instruments and water samples,
autonomous profiling floats, and instrumented seals were collected from a wide range of
archives over the period 1950-2019 (Figure 3.1). The data sources and archives are listed
in Paper I (Section 2a) and Paper III (Table 1), while an overview of the temporal and
spatial data distributions are given in Paper I (Figure 2) and Paper III (Figure 2). The
temporal data coverage was generally lower prior to the 1980’s when most observations
were collected by water samples. After 1980, the use of shipboard CTD instruments
became more common, which led to a considerable increase in the number of profiles col-
lected per year, as well as their vertical resolution. However, difficult weather conditions
and sea ice during winter resulted in a bias toward summer data. The seasonal coverage
was significantly improved after 2001, when the Argo program and deployments of au-
tonomous profiling floats started in the Nordic Seas. The Argo floats typically measure
a vertical profile from 2000 m to the surface every 10 days (Figure 3.1d), and can oper-
ate autonomously also throughout the winter when dense water masses primarily form
(Vdge et al., 2015; Marnela et al., 2016). We note that although there has been a large
technological development in oceanographic measurement techniques, water samples are
still crucial for obtaining geochemical measurements and for calibration purposes.

In Paper I, we utilized hydrographic observations from the Greenland Sea between
19862016 to examine what determined the inter-annual variability in the end-of-winter
mixed layer and dense-water product. In this paper, we also used the CTD data collected
by the instrumented seals during 2007-2008 (Isachsen et al., 2014) to obtain better data
coverage along the Greenland shelf, where data from other sources are sparse. These
profiles were acquired over a relatively small geographical area at much higher temporal
resolution than the other observations. Hence, they were not included in the combined
1950-2019 hydrographic and geochemical data product compiled in Paper III as they
would dominate the late-winter climatologies created and employed in Paper III and IV
to investigate dense-water formation in the Nordic Seas on longer time scales. For the
same reason, we excluded observations collected by moored installations and underwater
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gliders. One way to remove the resolution bias would be to include average profiles from
these measurement techniques, which should be considered in future work.
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Figure 3.1: Photos of a shipboard CTD rosette (a) with Niskin bottles used to collect water
samples (b), a seal instrumented with a CTD sensor (c), and a schematic illustration of the
profiling cycle of an autonomous Argo float (d). The photos were taken by Sindre Skrede,
NRK - the Norwegian Broadcasting Corporation (a), Mirjam Glessmer, University of Bergen
(b, left), Chris Barrell, University of Fast Anglia (b, right), and Lars Boehme, University
of St. Andrews (c). The schematic illustration (d) was obtained from the Argo Program
(https://www. argo.ucsd. edu,).

All observations collected in Paper I and in Paper III were combined into single
data sets and quality controlled according to Skagseth and Mork (2012) and Vige et al.
(2013, 2015). The procedure involved removing duplicates between various archives,
erroneous profiles, density inversions, and outliers. Details are provided in the respective
papers. For the historical 1950-2019 data product we separated the observations into
three periods (1950-1979, 1980-1999, and 2000-2019) and inspected them for outliers
separately. These three periods were also used to investigate long-term variability in the
dense-water reservoir in the Nordic Seas in Paper IV.

Throughout the thesis we follow the Thermodynamic Equation Of Seawater - 2010
standard (TEOS-10, I0C et al., 2010) and use Conservative Temperature and Absolute
Salinity instead of potential temperature and practical salinity (EOS-80, Equation of
State of Seawater - 1980, ICES et al., 1981). One exception is Paper I, where the EOS-
80 standard was used.
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3.2 Moored hydrographic measurements

In Paper II, we used 10 years (1999-
2009) of hydrographic observations from
three moored profiling vehicles in the cen-
tral Greenland Sea, where the deepest
and densest convection occurs (Paper I).
These vehicles measured vertical profiles
of temperature, salinity, and pressure from
approximately 100 m depth to the sea
floor at 3700 m (Figure 3.2). The verti-
cal motion of the profilers was mechani-
cally driven, by adding and removing lead
weights to change the vehicles’ buoyancy.
Lead weights were added from a basket at
the top of the moorings and released into
a net near the bottom. The vehicles them-
selves were buoyant, while the lead weight
added at the top caused them to sink. Fur-
ther technical details about the moorings
are provided in Paper II and in Budéus
et al. (2005).

The three moored profilers were de-
ployed and recovered annually over the 10-
year period. Vertical profiles from each ve-
hicle were acquired every second day on
average, except for periods with technical
issues (Paper II). Another exception was
the final year of the deployment period
(2008-2009), when daily profiles were col-
lected (Budéus, 2009). In this final year,
another supplementary mooring that cov-
ered the upper 130 m of the water col-
umn was deployed to obtain complete sur-
face to bottom profiles (Budéus, 2009).
An overview of the mooring locations and
temporal data coverage after post process-
ing is provided in Paper II (Figure 2).
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Figure 3.2: Illustration of the moored hydro-
graphic profilers from Budéus et al. (2005). The
left part shows a complete mooring, including a
buoyancy sphere at approzimately 70 m depth
(1), a control unit with a basket of lead weights
(2), the profiling vehicle (in the middle), a net
collecting the dropped lead weights (3), and a
ground anchor at the bottom (4). Details of the
profiling vehicle with CTD sensor are shown to
the right.

The high temporal resolution and long duration of these data facilitated a detailed
analysis of the development of the wintertime mixed layer in the Greenland Sea (Paper
IT). In particular, we quantified the direct impact of cold-air outbreaks and how the
mixed layer responded to different timing and intensity of such events, using a statistical
approach. This has not previously been possible due to sparse data coverage and the
short duration of these events (Section 2.2.2, Terpstra et al., 2021).
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3.3 Atmospheric reanalyses, sea ice, and satellite altimeter data

Atmospheric reanalyses from the European Centre for Medium-Range Weather Forecast
were used in Papers I, I, and IV to assess the impact of atmospheric forcing on dense-
water formation in the Nordic Seas on various temporal and spatial scales. In Paper
I, we employed 6-hourly air-sea fluxes of heat, freshwater, and momentum, as well as
sea-ice concentration from the ERA-Interim product (Dee et al., 2011). These were
averaged over the area of the Greenland Sea gyre and used to examine the atmospheric
impact on winter mixed-layer variability on inter-annual time scales. We used the new
high-resolution product ERA5 in Papers IT and IV (Hersbach et al., 2020). This product
was not available when the analysis in Paper I was conducted. In Paper 11, we employed
hourly air-sea fluxes of heat, freshwater, and momentum, as well as potential temperature
at 900 hPa, surface skin temperature, surface pressure, and sea-ice concentration. These
were used to assess the impact of cold-air outbreaks and heat fluxes on scales from days
to multi-year. The parameters were averaged over a small geographical area enclosing
the locations of the moored profiling vehicles in the central Greenland Sea (Section 3.2,
Figure 2 in Paper II). In Paper IV, we focused on the Nordic Seas dense-water reservoir
and overflows on multi-decadal and longer time scales. Hence, we employed monthly
mean fields of air-sea heat and momentum fluxes from the ERA-5 product. In addition,
we utilized sea-ice observations from the National Snow and Ice data Center in Papers
IIT and IV. These observations have been interpolated onto a regular 0.25° grid with
monthly resolution (Walsh et al., 2015, 2017).

To set up the regional water-mass inversion (Section 3.6, Papers III and IV) we
used surface geostrophic velocity fields from satellite altimeter data from the Copernicus
Marine Environmental Monitoring Service (http://marine.copernicus.eu). These fields
have a regular spatial resolution of 0.25° and cover the period 1993 to present. They were
combined with relative geostrophic velocities estimated from hydrographic observations
to obtain absolute geostrophic velocities for the entire Nordic Seas (Paper III and IV).

3.4 Mixed-layer estimation

Throughout the thesis we investigated changes in mixed-layer depths and hydrographic
properties, which are measures of the extent of convection and its dense-water prod-
uct (e.g., Figure 2.8). To determine the vertical extent of the mixed layer, we applied
a robust procedure that is built on two independent automated routines and a manual
routine involving visual inspection of each hydrographic profile ( Vige et al., 2015). The
automated routines identify the base of the mixed layer from a density-difference crite-
rion with respect to the measured surface temperature and salinity (de Boyer Montégut
et al., 2004; Nilsen and Falck, 2006) and as the shallowest extremum in the curvature of
the temperature profile (Lorbacher et al., 2006). If neither of the automated routines ac-
curately identified the mixed-layer depth, which was subjectively verified by the visual
inspection, it was determined manually following the routine of Pickart et al. (2002).
A detailed description of the three routines is provided in Paper I (Appendix A). The
manual routine was used for 39% of the historical hydrographic profiles in the Greenland
Sea between 1986 and 2016 (Paper I) and for approximately half of the mixed layers
detected by the moored profilers in the central Greenland Sea between 1999 and 2009
(Paper II). Because of shallow summer mixed layers, most of the mixed layers detected
by the moored profilers took place during winter when the automated routines were
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less accurate because of the weak water-column stratification (Vdge et al., 2015, Paper
I, Paper II). The manual routine was also used for multiple stacked mixed layers and
mixed layers isolated from the surface, which is often observed during periods of active
convection ( Vdge et al., 2009, 2015; Pickart et al., 2002, Paper I).

In papers III and IV, we focused on late-winter (February—April) mixed layers in the
entire Nordic Seas over the period 1950-2019. For the Iceland and Greenland Seas we
updated existing mixed-layer databases (Vége et al., 2015; Strehl et al., submitted, Paper
I) to cover the entire 1950-2019 period in a consistent manner. For the rest of the Nordic
Seas, where the density gradient below the base of the mixed layer was more pronounced
than in the Iceland and Greenland Seas, the automated routines generally perform well
(e.g., de Boyer Montégut et al., 2004; Nilsen and Falck, 2006). Hence, we employed
the automated density-difference criterion to identify the late-winter mixed-layer depths
in the remaining areas of the Nordic Seas from 2000 to 2019 (Paper III) and from
1950 to 1999 (Paper IV). The corresponding mixed-layer hydrographic and geochemical
properties were estimated as the mean values over the extent of each identified mixed
layer.

3.5 One-dimensional mixed-layer model

To better understand the observed mixed-layer variability in the Greenland Sea and its
sensitivity to various hydrographic and atmospheric forcing conditions (Papers I and II),
we employed a one-dimensional mixed-layer model called Price-Weller-Pinkel (PWP)
after Price et al. (1986). We used the version modified by Moore et al. (2015), and
improved it further as described below, to better represent winter conditions within the
Greenland Sea gyre. A schematic illustration of the model is shown in Figure 3.3. The
model was initialized with fall (October-November) hydrographic profiles and integrated
through winter (November—April) with atmospheric forcing, oceanic lateral advection of
heat and salt, sea-ice formation, and vertical mixing. The output from the model was
the simulated development of the mixed-layer depth and hydrographic properties of the
water column.

The atmospheric forcing in the model included air-sea fluxes of heat, freshwater, and
momentum (Section 3.3), which were imposed at the surface at each model time step
(Price et al., 1986). To balance the annual-mean heat budget for the Greenland Sea gyre,
a substantial amount of oceanic heat advection is required (Moore et al., 2015; Latarius
and Quadfasel, 2016). Moore et al. (2015) used this information to parameterize lateral
advection of heat in the model. The vertical distribution was based on the temperature
differences across the gyre boundary and is illustrated by the AT profile in Figure 3.3.
The same principle was used to parameterize lateral advection of salt in Paper I to obtain
a balanced salt budget. As in Moore et al. (2015), we assumed constant rates of advection
throughout the year to determine the added heat and salt in each time step of the model
(Appendix B, Paper I). The parameterized heat and salt advection was updated in
Paper II based on observations from the moored profilers. Here, we estimated changes
in temperature and salinity below the surface mixed layer and assumed that these were
primarily caused by oceanic advection of heat and salt. The rates of temperature and
salinity changes were similar in magnitude to those estimated from the annual-mean heat
and salt budgets, but provided more details regarding the vertical distributions (Section
6, Paper II). To realistically simulate the mixed-layer evolution in the Greenland Sea
gyre, it was essential to include lateral advection of both heat and salt (Moore et al.,
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2015, Paper I. Paper II).
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Figure 3.3: Schematic illustration of the one-dimensional mized-layer model.

We also added salt fluxes representing brine release from sea-ice formation (Paper I),
since this has been considered one important driver for deep convection in the Greenland
Sea (e.g., Visbeck et al., 1995; Marshall and Schott, 1999). When the simulated sea-
surface temperature reached the freezing point, we assumed that further heat loss was
used to form sea ice following Pickart et al. (2016). The resulting salt flux (Cavalieri
and Martin, 1994) was added to the uppermost grid cell in the model. The effect of
increasing ice thickness and sea-ice melt were not included. We also note that sea ice
was only present within the gyre in a few of the winters considered in Papers I and II,
and was not a main driver for the mixed-layer development in this time period.

All of the processes mentioned above impact the stability of the water column, and
vertical mixing and deepening of the mixed layer occurs in the model until three stability
criteria are satisfied (Figure 3.3, Price et al., 1986). The first and most important is
static stability (0p/dz > 0, where p and z are the water density and depth, respectively),
which simulates convection driven by buoyancy loss. When static stability is achieved,
the mixed layer is further adjusted by constraining the bulk and gradient Richardson
numbers (R, >0.6 and R, >0.25, Figure 3.3). These represent mixed-layer stability by
entrainment and shear-flow stability through stirring (Price et al., 1986). On the spatial
and temporal scales considered here, these had only minor effects on the mixed-layer
development.

The focus in Paper I was to determine the governing mechanisms behind the inter-
annual mixed-layer variability in the Greenland Sea, while in Paper II we focused more
on shorter time scales and the impact of cold-air outbreaks, in particular, how the timing
of such events impacted the mixed-layer development through the winter. To isolate the
effect of the temporal distribution of cold-air outbreaks, we used idealized atmospheric
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forcing with the equal integrated heat loss over the winter in all simulations. Three
different cases were considered: one with all events concentrated early in winter, one with
all events concentrated late in winter, and one with events evenly distributed throughout
the winter (Section 2e and 7, Paper II).

3.6 Regional water-mass inversion

In Paper III, we developed a regional, high-resolution version of the global, inverse
water-mass decomposition method called Total Matrix Intercomparison (TMI, Gebbie
and Huybers, 2010; Gebbie, 2014) to examine the origin, pathways, and final composition
of the overflows from the Nordic Seas. To understand how the TMI method works, we
start by describing how a water mass can be decomposed into its constituents based on
conservation of water properties and mass. Let us consider the hydrographic properties
of the water masses in the Nordic Seas (Figure 2.6a), which all fall within the triangle
created by the following end members: warm and saline AW, cold and dense deep water
(DW), and cold and fresh PSW. The temperature (T') and salinity (.5) of any water mass
1 within this mixing triangle, can be expressed as a linear combination of the end-member
properties, assuming they are conserved. That is:

T; = Tawmaw + Tpwmpw + Tpswmpsw, (3.1)
Si = Sawmaw + Spwmpw + Spswmpsw, (3.2)
1 =maw + mpw + mpsw, (8.3)

where myw, mpw, and mpgy are the mass fractions from each of the three end mem-
bers, which add up to 1 to conserve mass. If all temperatures and salinities are known,
we can solve for the fractional contribution of each of the three end members. Several
studies (e.g., Eldevik et al., 2009; Mastropole et al., 2017; Lin et al., 2020) have used
this method to determine the origin and upstream sources of the overflows. However,
since these studies only consider hydrography properties, they could only solve for three
upstream sources, which is not sufficient to describe the composition of the overflows
(Section 2.3.1). Additional end members can be accounted for by including geochemi-
cal parameters such as oxygen and nutrients (e.g., Tanhua et al., 2005; Jeansson et al.,
2008, 2017). This is particularly important for water masses originating in the Arctic
Ocean, which have similar hydrographic properties to water formed in the Nordic Seas,
but different geochemical properties (Figure 2.6a, Section 2.3.1). An inverse modelling
technique called Optimum Multiparameter analysis (OMP, Tomczak and Large, 1989;
Karstensen and Tomczak, 1998; Poole and Tomczak, 1999), is commonly used to solve
the system of linear conservation equations (e.g., Tanhua et al., 2005; Jeansson et al.,
2008, 2017). To solve for the end-member mass fractions, the OMP method minimizes, in
a least-squares sense, the misfits to observations of each water-mass property. Reminer-
alization of nutrients and the resulting change in oxygen, which are related to each other
through stoichiometric ratios (Redfield et al., 1963; Anderson and Sarmiento, 1994), are
accounted for by including an interior source term in the corresponding conservation
equations (Karstensen and Tomczak, 1998).

A major weakness of these traditional water-mass decomposition methods is their
sensitivity to the number of end-members included in the analysis and their specified
properties, which can vary substantially both in time and space. The inverse method used
in this thesis is also based on water-mass decomposition and conservation of hydrographic
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and geochemical parameters, but the method is not dependent on a few pre-defined end
members (Gebbie and Huybers, 2010; Gebbie, 2014). Instead, it is based on the three-
dimensional distribution of water-mass properties and solves the conservation equations
for each grid cell and its neighbors simultaneously. This geometrically connects all water
masses and the resulting distribution of mass fractions m can be used to trace water
masses (i.e., the overflows) back to their surface origin. Hence, all surface locations are
considered potential end-members or sources of the overflows. The global TMI versions
available have a regular horizontal resolution of 4° (Gebbie and Huybers, 2010; Gebbie,
2014) and 2° (Gebbie and Huybers, 2012), which are not sufficient to resolve the overflow
water pathways in the Nordic Seas. Hence, we developed a regional version covering the
domain 58.5-84°N and 45°W—45°E that has the resolution 1/3° longitude, 1/8° latitude,
and 46 vertical levels (Paper III). This resolution resulted in 851422 oceanic grid cells,
where 49489 of them are considered sources at the surface and lateral boundaries. The
inclusion of lateral-boundary sources in the regional TMI version required substantial
modifications to the original global TMI code.

The TMI inversion is based on observations of temperature, salinity, oxygen, nitrate,
and phosphate (Section 3.1) and the conservation equations for each parameter are com-
bined into a matrix equation following Gebbie and Huybers (2010) and Gebbie (2014):

Ac=d, (3.4)

where the vector ¢ contains information about the three-dimensional distribution of each
water-mass property and vector d contains the interior source term and the surface and
lateral boundary properties. The matrix A quantifies the mass fractions m between each
grid cell and its neighbors, which represents the net effect of advection and diffusion on
the distribution of water masses (Gebbie and Huybers, 2010). The overall goal is to
find the solution of A and d that minimizes the difference between the water-mass
distributions ¢ and the observations, weighted by the observational uncertainty. The
optimized matrix A can be used to diagnose water-mass composition and pathways
(Gebbie and Huybers, 2010, 2011, Paper III), where the pathways represent the steady-
state circulation that best fits the observations. In Paper III, we created a late-winter
climatology for the period 2000-2019 to constrain the inversion, while two inversions
(one for 20002019 and one for 1950-1979) was performed in Paper IV to investigate
long-term changes in the origin and composition of the overflows. Details are provided
in Papers III and IV, respectively. The corresponding observational uncertainty, which
represent temporal variability within each period, was estimated based on the number
of observations included in each grid cell and their variance (Paper III).

A schematic illustration of the TMI workflow is shown in Figure 3.4. Initial surface
and lateral boundary properties were obtained from the late-winter climatology of each
period. The interior source term was assumed to be negligible (1072 pumol kg=! every-
where, Gebbie, 2014) as a first guess. It was enforced to be positive and constrained
such that larger values only occur if the observations demanded it. The first guess of the
mass fractions (A) was constructed based on the assumption that water mainly flows
and mixes along geostrophic streamlines and isopycnals (Ngst and Isachsen, 2003, Paper
IIT), which is more realistic than the isotropic first guess used in previous TMI versions
(Gebbie and Huybers, 2010; Gebbie, 2014). Potential density and absolute geostrophic
velocity fields were derived from the observational climatologies combined with surface
geostrophic velocity fields from satellite (Section 3.3). To determine the first guess of the
mass fractions in the pathway matrix A, we estimated and combined gradients in density
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Water-mass inversion: workflow
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Figure 3.4: Schematic illustration of the workflow in the regional water-mass inversion.

and in the geostrophic stream function. In general, larger gradients lead to smaller mass
fractions, implying reduced exchange of water between neighboring grid cells (Appendix
D, Paper III).

Based on the initial conditions, the first guess of the interior source term, and the
first guess of A, the inversion estimates the three-dimensional distribution of each water-
mass property ¢ (Equation 3.4, Figure 3.4). The optimized solution of A and d are then
found by minimizing, in a least-squares sense, the inversion-to-observational misfits in
iterations using the method of Lagrange multipliers (Schlitzer, 2007; Gebbie, 2014). The
Lagrangian cost function to be minimized must satisfy the conservation equations and
contains, in addition to the misfits, other non-observational constraints such as a stably
stratified water column, temperatures above freezing, and non-negative values for salinity
and the geochemical parameters (Gebbie, 2014). The optimization stops when the cost
function has converged at a minimum value, but there is no guarantee that the solution
arrives at the overall minimum of the cost function (K6hl and Willebrand, 2002). One
way to quantify how well the steady-state pathways fit the observations is to compare
the TMI and observed property distributions. By construction, the field should compare
well, and in all our runs we find that approximately 80% of the inversion-to-observational
misfits are within the observational uncertainty, which indicates a slight overfit (Paper
ITI, Paper IV). A detailed discussion about the strengths and weaknesses of the TMI
method, in particular the steady-state assumption, is provided in Section 6.3.
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Paper I. Water mass transformation in the Greenland Sea during the period
1986—2016

Brakstad, A., K. Vége, L. Havik, and G.W.K. Moore (2019), Journal of Physical
Oceanography, 49(1)

In Paper I, we examined the spatial and temporal variability in open-ocean convection
in the Greenland Sea based on hydrographic measurements from shipboard CTDs, Argo
floats, and instrumented seals over the period 1986-2016. We found that the deepest and
densest convection took place late in winter between February and April, and that it was
located within the Greenland Sea gyre. Although the late-winter mixed layer was con-
fined to intermediate depths (<1600 m) throughout the record, substantial interannual
variability was observed in both the depth and properties of the mixed layer. Particularly
evident was a transition from predominantly shallow (<300 m) convection during 1988
1993 to relatively deep convection (500-1000 m) in winters 1994-1996. This transition
resulted in the formation of a new class of GSAIW, which has been the main dense-water
product in the Greenland Sea since the mid-1990s and is sufficiently dense to contribute
to the overflow water transported by the NIJ and IFSJ. A one-dimensional mixed-layer
model, updated with lateral advection and sea-ice formation to better represent the con-
ditions in the central Greenland Sea, was used to examine the driving mechanisms for
the observed mixed-layer variability. Results from the model suggest that convection
was inhibited in 1988-1993 by anomalously fresh near-surface conditions that increased
the stability of the upper part of the water column as the atmospheric forcing was rel-
atively strong during these winters. The deeper convection after 1993 was associated
with increased near-surface salinity and reduced water column stability that precondi-
tioned the gyre for deeper convection. The weaker stratification along with sufficiently
strong atmospheric forcing resulted in mixed-layer depths exceeding 500 m and the pro-
duction of the new class of GSAIW. Brine release from local sea-ice formation was not
an important driver of convection in the Greenland Sea during the 1986-2016 period.
Our analysis further shows that there has been a tendency toward deeper convection af-
ter 2000, which has led to an increased GSAIW volume. Based on changes in GSAIW
volume from fall to spring, we estimated an annual mean production rate of 0.64+0.5 Sv
from 1994 to 2014. This rate is likely an underestimate as wintertime export of GSATW
was not accounted for. Neither was formation of dense water in the areas surrounding
the Greenland Sea gyre. The average summertime export of GSAIW was estimated to
0.940.7 Sv, although rates in excess of 1.5 Sv occurred in summers following winters
with deep convection.

Note on author contribution: The basis for Paper I was developed as part of
my MSc thesis (Brakstad, 2016). During the PhD period, I refined and extended the
analysis, and wrote the paper. In particular, all analyses and developments related to
the one-dimensional mixed-layer model were performed during the PhD period.
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Paper II: The impact of cold-air outbreaks and oceanic lateral fluxes on dense-
water formation in the Greenland Sea from a ten-year moored record (1999—
2009)

Svingen, K., A. Brakstad, K. Vige, W. J. von Appen, and L. Papritz (2023), Journal
of Physical Oceanography, 53(6)

A 10-year (1999-2009) hydrographic record from moored profilers was utilized in Paper
IT to examine the variability in wintertime convection in the Greenland Sea gyre, with
a particular focus on the impact of CAOs and lateral fluxes of heat and salt. Corrob-
orating previous studies, we found that approximately 60-80% of the heat lost to the
atmosphere during winter occurred during CAOs. Winters with a high CAO frequency
were associated with the largest turbulent heat fluxes and deepest convection. One ex-
ception was winter 2006-2007, which had particularly strong intermediate stratification.
The high (1-2 days) temporal resolution and long duration of this unique data record
facilitated for the first time a statistical quantification of the direct impact of CAOs on
the mixed layer in the Greenland Sea. The mixed-layer development can be divided
into two phases: a cooling phase that typically occurred between November and Jan-
uary and a deepening phase between February and April. The mixed-layer response to
CAOs depended on which phase the events occurred in and their intensity. During the
cooling phase, CAOs cooled the mixed layer by up to 0.08 K per day, while the mixed-
layer depth remained nearly constant. During the deepening phase, CAOs deepened the
mixed layer by up to 38 m per day, with only minor changes in mixed-layer temperature.
Idealized simulations with a one-dimensional mixed-layer model suggest that the tem-
poral distribution of CAOs are important for the timing of the onset of the deepening
phase (i.e., more CAOs early in winter results in an earlier start of the deepening phase),
while the end-of-winter mixed-layer depth and hydrographic properties are more sensi-
tive to the integrated heat loss over the winter. Considerable variability was observed
in the mixed-layer response to CAOs, indicating that lateral fluxes of heat and salt were
also important. The magnitude and vertical distributions of these fluxes were quantified
based on temporal changes in temperature and salinity below the mixed layer. These
were then included in the one-dimensional mixed-layer model, which suggests that their
combined effect is a reduction in the mixed-layer depth at the end of winter of up to sev-
eral hundred meters. We compared the hydrographic properties within the gyre to its
surroundings using shipboard CTD and Argo float profiles. This indicated that lateral
exchange with the East Greenland Current may be particularly important for the input
of heat and salt into the gyre, but further investigations are needed to confirm this.

Note on author contribution: Paper II is partly based on the MSc thesis of Kristin
Svingen (Svingen, 2019), who I co-supervised. During the PhD period, I extended the
analysis using the one-dimensional mixed-layer model. I was also responsible for the
analysis related to lateral advection of heat and salt. Kristin and I contributed equally
to the paper and should be considered joint first authors.
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Paper III: Formation and pathways of dense water in the Nordic Seas based
on a regional inversion

Brakstad, A., G. Gebbie, K. Vige, E. Jeansson, and S. R. Olafsdottir (2023), Progress
in Oceanography, 212

A regional high-resolution water-mass inversion for the Nordic Seas during the period
2000-2019 was developed in Paper III to determine the origin, pathways, and final com-
position of the overflow water in Denmark Strait and the Faroe Bank Channel. The
inversion is based on both hydrographic and geochemical observations, as well as their
geographical distributions, which is a major advantage compared to traditional water-
mass decomposition methods as it resolves also the pathways connecting the overflow
plumes to their origins. All surface and lateral boundary locations are considered poten-
tial overflow water sources. As such, the inversion is not dependent on a few pre-defined
end-members. The DSOW is mainly composed of water originating in the Greenland Sea
(39£2%), the Iceland Sea (20+3%), and in the Atlantic Domain (194+2%) of the Nordic
Seas. Consistent with previous studies, we found that dense water from these source re-
gions approaches Denmark Strait in the East Greenland Current and the North Icelandic
Jet. The East Greenland Current transports warm and saline Atow from Fram Strait
to Denmark Strait, but substantial mixing occurs with the interior Greenland and Ice-
land Seas along the path. The dense water supplied by the North Icelandic Jet primarily
originates in the Greenland Sea (82+£2%) and flows southward to the Iceland Sea along
two distinct pathways: an outer core of the East Greenland Current and a previously
unknown pathway crossing the Jan Mayen Ridge into the Iceland Sea. The latter path-
way follows the cyclonic gyre within the Iceland Sea, which leads to a southward flow
along Kolbeinsey Ridge to the slope north of Iceland. Although the upstream sources of
the DSOW are in broad agreement with previous studies, we find a substantially lower
contribution from the Arctic Ocean than indicated by previous studies including both
hydrographic and geochemical properties. The discrepancy is likely a result of temporal
variability in the observations as neither studies properly account for this. The FBCOW
is primarily fed by dense water originating in the Greenland Sea (464+8%) and the Arctic
Ocean (25+9%). These regions also supply the densest part of the overflow, while the less
dense components stem from the Iceland Sea (10£1%), the Atlantic Domain (114+1%),
and the North Atlantic (9£0%). Dense water formed in the Greenland Sea and Arctic
Ocean approaches the Faroe-Shetland Channel in the Iceland-Faroe Slope Jet and along
the eastern boundary of the Jan Mayen Ridge. The pathway along the Jan Mayen Ridge
turns east and crosses over to the Norwegian continental slope, where it follows the east-
ern margin southwards to the channel. In total, this pathway accounts for 24+3% of the
FBCOW, while the IFSJ supplies 58+3%. The remaining portion is AW that is densified
in the Faroe Current and recirculates around the Faroe Islands (184+1%). The inversion
reveals unprecedented details on the upstream sources and pathways of the overflows,
which have not previously been obtained using observations.
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Paper IV: Observed long-term changes in the overturning in the Nordic Seas

Brakstad, A., K. Vige, M. Arthun, G. Gebbie, and E. Jeansson (manuscript in prepa-
ration)

In Paper IV we utilized the 70-year long (1950-2019) observational record to quantify
the long-term variability in heat, salt, and dense-water inventory in the Nordic Seas.
This revealed that the Nordic Seas reservoir has warmed and become less dense, pri-
marily because of changes in the northward-flowing Atlantic Water and the cessation
of GSDW formation in the Greenland Sea. In particular, the volume classified as deep
water (DW) has decreased by 20% from 1950-1979 to 2000-2019, while the less dense in-
termediate water (IW) component has increased in volume. This has, in turn, impacted
the overall density structure in the Nordic Seas. Long-term hydrographic timeseries,
combined with the regional water-mass inversion were used to examine the impact on
the dense overflow waters passing the Greenland-Scotland Ridge in Denmark Strait and
the Faroe Bank Channel. We performed and compared two inversions: one constrained
by observations from 1950-1979 and one from 2000-2019. These two periods capture
the pronounced transition from GSDW to GSAIW formation in the Greenland Sea. Re-
sults from the inversions show that the density and supply from the Greenland Sea to
the FBCOW has decreased, which led to a 19% reduction in the FBCOW volume clas-
sified as DW. However, because of a concurrent reduction in the lightest components
of the FBCOW, primarily caused by reduced contributions from the Atlantic Domain
of the Nordic Seas, the median overflow density has only had a small negative density
trend over the 70-year record. This implies that the FBCOW plume has become more
homogeneous. At present, 12% of the FBCOW is still classified as DW. This fraction is
expected to diminish as the draining of the DW reservoir continues and the upper level of
the DW deepens. By contrast, the Denmark Strait Overflow is mainly fed by less dense
IW, which has increased in volume over the 70-year record. The increased IW formation
in the Greenland Sea has resulted in increased contributions from the Greenland Sea to
the DSOW, from 20% in 1950-1979 to 35% in 2000-2019. Associated with this increase
was a reduced supply from nearly all other dense-water sources, except from the Iceland
Sea, where the DSOW contribution has remained constant in terms of volume fraction.
Our analyses of the overflow water composition and properties demonstrate that it is im-
portant to take both the spatial and temporal variability in dense-water formation into
account when examining the long-term changes in the overflows. This is particularly im-
portant as new regions become ice free and can potentially contribute to production of
overflow water. The convection in the Greenland Sea as well as the volume and compo-
sition of the Nordic Seas dense-water reservoir are tightly linked to the Atlantic Water
inflow, which has warmed and become less dense since 2000. If this trend continues in
the future as expected, the overturning in the Nordic Seas will become less dense.
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ABSTRACT

Hydrographic measurements from ships, autonomous profiling floats, and instrumented seals over the
period 1986-2016 are used to examine the temporal variability in open-ocean convection in the Greenland
Sea during winter. This process replenishes the deep ocean with oxygen and is central to maintaining its
thermohaline properties. The deepest and densest mixed layers in the Greenland Sea were located within its
cyclonic gyre and exhibited large interannual variability. Beginning in winter 1994, a transition to deeper
(>500 m) mixed layers took place. This resulted in the formation of a new, less dense class of intermediate
water that has since become the main product of convection in the Greenland Sea. In the preceding winters,
convection was limited to <300-m depth, despite strong atmospheric forcing. Sensitivity studies, performed
with a one-dimensional mixed layer model, suggest that the deeper convection was primarily the result of
reduced water-column stability. While anomalously fresh conditions that increased the stability of the upper
part of the water column had previously inhibited convection, the transition to deeper mixed layers was
associated with increased near-surface salinities. Our analysis further suggests that the volume of the new
class of intermediate water has expanded in line with generally increased depths of convection over the past
10-15 years. The mean export of this water mass from the Greenland Sea gyre from 1994 to present was
estimated to be 0.9 + 0.7Sv (1Sv = 10°m>s™"), although rates in excess of 1.5Sv occurred in summers
following winters with deep convection.

1. Introduction The origin of the largest overflow plume, which passes
through the Denmark Strait on the western side of
Iceland (e.g., Jochumsen et al. 2017), has been debated
for several decades. While the primary source of the
Denmark Strait Overflow Water (DSOW) was initially
thought to be dense water formed by open-ocean con-
vection in the Iceland and Greenland Sea gyres (Swift
et al. 1980; Swift and Aagaard 1981; Strass et al. 1993),
later studies argued that modified AW transported
by the East Greenland Current (EGC) is the main
source (Mauritzen 1996; Eldevik et al. 2009). In the
latter scenario, the warm AW gradually cools and den-
sifies as it follows the cyclonic circulation around the rim
of the Nordic seas, and the two interior gyres contribute
only to a limited extent. The Iceland Sea regained focus
as a possible source of DSOW with the discovery of a

The Nordic seas (Fig. 1) are a key region for dense
water formation that impacts climate on a global scale
(e.g., Gebbie and Huybers 2010). Warm Atlantic water
(AW) flows northward into the Nordic seas, releases
heat to the atmosphere, and transforms into cold and
dense waters that spill across gaps in the Greenland—
Scotland Ridge as overflow plumes that feed the lower
limb of the Atlantic meridional overturning circulation
(AMOC). To better understand the overturning in the
Nordic seas and the sensitivity of the AMOC to climate
change, we need to understand where these dense water
masses are formed and how they are delivered to the
various overflow regions.
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FIG. 1. Bathymetry and schematic circulation of the Nordic seas. Red arrows represent warm Atlantic water while dark green arrows
indicate cold and dense waters. Fresh polar water is shown in light blue. The acronyms are the North Icelandic Irminger Current
(NIIC), the North Icelandic Jet (N1J), the East Icelandic Current (EIC), the Jan Mayen Current (JMC), and the Faeroe Bank Channel
(FBC) overflow. The crest of the Greenland-Scotland Ridge is indicated by the black line. The orange box outlines the region

of interest in this study.

current flowing along the continental slope north of
Iceland toward the Denmark Strait, called the North
Icelandic Jet (NIJ; Jénsson and Valdimarsson 2004).
Recent estimates suggest that the NIJ supplies almost
one-third of the DSOW and nearly all of the densest
portion (with a potential density anomaly, referred to
as potential density, larger than 28.03kgm™>; Vige
et al. 2011), while the EGC accounts for the remaining
part (Harden et al. 2016). Vage et al. (2011) hypothe-
sized that the N1J is the deep branch of a local over-
turning loop in the Iceland Sea that involves the
boundary current system north of Iceland and water
mass transformation in the interior Iceland Sea. How-
ever, Vége et al. (2015) and Pickart et al. (2017) later
found that local convection in the Iceland Sea gyre may
not be sufficient to provide all of the densest portion
transported by the NIJ. They suggest instead that
this dense water originates from the northwestern part
of the Iceland Sea, where the deepest and densest
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convection occurs, as well as from farther north in the
Greenland Sea. A possible source in the Greenland Sea
is supported by results from a tracer release experiment
that demonstrate rapid communication of dense water
from the Greenland Sea into the central Iceland Sea
(Messias et al. 2008).

The largest overflow on the eastern side of Iceland,
which passes through the Faeroe Bank Channel (FBC),
accounts for approximately one-third of the total
overflow water across the Greenland-Scotland Ridge
(Dsterhus et al. 2008; Hansen et al. 2016). According to
Eldevik et al. (2009), more than 60% of the FBC
overflow water originates from the Greenland and
Iceland Seas. Fogelqvist et al. (2003) examined the
composition of the FBC overflow using geochemical
tracers. They concluded that the overflow water in the
FBC is a mixture of about equal parts intermediate
and deep water masses from the Norwegian Sea, and
that the intermediate portion [Norwegian Sea Arctic
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Intermediate Water (NSAIW)] is largely a product of
wintertime convection in the Greenland Sea. By ex-
amining the evolution of the NSAIW, Jeansson et al.
(2017) confirmed the importance of the Greenland and
Iceland Seas, but they also revealed that a contribution
from another, older water mass (upper Polar Deep
Water formed in the Arctic Ocean) was required in
order to explain the NSAIW properties. Although they
argued that this water mass may be the largest source of
the NSAIW, they also found that the proportion of
intermediate waters formed in the Greenland Sea is
increasing. The results of Jeansson et al. (2017)
indicate a total supply from the Greenland Sea to the
NSAIW of approximately 20%, but the contribution
from the Greenland Sea at potential densities greater
than 28.04 kgm > was estimated to 50%. Thus, there is
evidence that convection in the Greenland Sea may be
important for the overflows both east and west of Ice-
land, in particular for waters denser than 28.03kgm >,
although the preferred pathways of the dense water are
not fully known.

The convective activity in the Greenland Sea has
changed extensively over the past decades. Early studies
suggested that wintertime convection extended almost
to the bottom, forming very cold and dense Greenland
Sea Deep Water (GSDW; Helland-Hansen and Nansen
1909; Carmack and Aagaard 1973; Malmberg 1983;
Aagaard et al. 1985). In winter 1971, Malmberg (1983)
observed an oxygen-rich, nearly homogeneous layer
extending from the surface to 3500 m in the center of
the Greenland Sea, indicating convection nearly to the
bottom. Since the late 1970s, however, convection has
only been observed to intermediate (<2000m) depths,
forming the slightly warmer and less dense Greenland
Sea Arctic Intermediate Water (GSAIW; Meincke et al.
1992, 1997; Karstensen et al. 2005; Ronski and Budéus
2005; Latarius and Quadfasel 2010; Jeansson et al. 2017).
Meincke et al. (1992) attributed the cessation of very
deep convection to a combination of decreased cyclonic
wind stress curl and reduced sea ice formation resulting
in less brine release. The decreased wind forcing led to a
weaker gyre circulation and increased intermediate
stratification that isolated the cold GSDW dome from
the surface. Recently, Moore et al. (2015) found that the
magnitude of the atmospheric heat fluxes over the
Greenland Sea have decreased by 20% since the end of
the 1970s. They further suggested that if this trend
continues, the mixed layer depth could be limited in the
future such that only shallow convection occurs, which
in turn could impact the production of dense water.
However, the depth of convection also depends on the
hydrographic conditions prior to the convective season.
Lauvset et al. (2018) argued that increased salinity in the
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northward-propagating AW has increased the salinity
and thereby decreased the stability of the upper 1500 m
of the Greenland Sea water column since the early
2000s, which in turn has resulted in a tendency for
deeper convection.

It is crucial to determine how various factors influence
the depth of convection to fully understand the observed
changes in the convective activity in the Greenland Sea
and, furthermore, to shed light on its sensitivity to differ-
ent conditions in the future. The main focus of the present
study is to examine the interannual variability of convec-
tion and dense water formation in the Greenland Sea.
Using a combination of hydrographic observations and a
one-dimensional mixed layer model, we document the
evolution of the convective product for the period 1986—
2016 and explore its sensitivity to changes in hydrographic
and atmospheric forcing conditions. In particular, we find
that a new class of intermediate water started forming in
the Greenland Sea gyre during the mid-1990s. We follow
the evolution of this water mass and identify the main
factors responsible for its development.

2. Data and methods
a. Hydrographic data

The hydrographic dataset used in this study includes
measurements collected by shipboard conductivity,
temperature, and pressure (CTD) instruments, autono-
mous profiling floats, and instrumented seals within the
area outlined in orange in Fig. 1 over the time period
1986-2016. The shipboard CTD data were obtained
from the archives of the Marine and Freshwater Re-
search Institute of Iceland, the International Council for
the Exploration of the Sea (ICES), the World Ocean
Database, and the Norwegian Iceland Seas Experiment
(NISE) database (Nilsen et al. 2008). Measurements
from the autonomous profiling floats, which were first
deployed in the Greenland Sea in 2001, were obtained
from the archives of the international Argo program.
We used delayed mode profiles that have been corrected
for drift in salinity (by calibrating the float measure-
ments against historical hydrography; Wong et al. 2003).
The accuracy of the corrected float salinities are gener-
ally better than 0.01 (we use practical salinity through-
out this study, which is nondimensional), while the
temperature and pressure errors are less than 0.005°C
and 2.4 dbar, respectively. The CTD profiles measured
by instrumented hooded seals were postcalibrated
against nearby Argo data [see Isachsen et al. (2014) for
details on the data and calibration procedures]. The
calibrated salinities have errors within the range 0.02—
0.1, while the temperature measurements have an un-
certainty of 0.03°C.
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FIG. 2. (a) Total number of profiles per 1° longitude X 1/3° latitude bin, and number of hydrographic profiles
per year, color coded by season, (b) for the entire domain and (c) inside the Greenland Sea gyre. The white
contours in (a) indicate dynamic topography of the sea surface relative to 500-m depth (dynamic cm), and the
thick white contour outlines the Greenland Sea gyre. The 500-, 1000-, 1500-, 2000-, 3000-, and 4000-m isobaths

are marked in black.

Data from the various sources were combined into a
single historical hydrographic dataset and quality con-
trolled according to Skagseth and Mork (2012) and Vage
et al. (2013, 2015). The procedure discards duplicates,
erroneous profiles, and outliers. Measurements with
temperature and salinity values outside the expected
range in the Nordic seas of [—2° 20°C] and [20, 36],
respectively, were not included. Neither were profiles
with density inversions exceeding 0.05kgm > except
when the inversion was a single data spike, in which
case the spike was removed. Outliers were identified by
comparing each profile to all other profiles within an
effective radius of 110km (Davis 1998; Vage et al.
2013). The effective radius was increased along iso-
baths, resulting in an anisotropic area of comparison
where the magnitude of the elongation was set by the
difference in bottom depth across the topography. This
procedure was used because currents in the Nordic seas
tend to follow the topography, resulting in smaller
variations in hydrography along than across topo-
graphic gradients (e.g., Ngst and Isachsen 2003). All
profiles within the effective radius were interpolated
onto a common vertical coordinate at 5-m intervals and
the profile in question was considered an outlier if it
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contained data points that differed from the mean
temperature and salinity, at any depth, by more than six
standard deviations.

The spatial and temporal distributions of the data are
shown in Fig. 2. The thick white contour in Fig. 2a out-
lines the cyclonic gyre in the Greenland Sea defined
according to Moore et al. (2015) by the dynamic to-
pography of the sea surface relative to 500-m depth. The
center of the cyclonic gyre was identified by the mini-
mum in dynamic topography. A closed contour around
this minimum was then chosen as the gyre boundary
such that a sufficiently large number of homogeneous
profiles were included. While the geographical data
coverage is quite good, apart from the Greenland shelf,
there are temporal biases (Figs. 2b,c). Wintertime ob-
servations are generally scarce because of harsh weather
conditions and the presence of sea ice. The deepest
convection occurs at the end of winter (February—April;
Vige et al. 2015; Marnela et al. 2016). However, less
than 20% of the profiles were obtained at this time of
the year. We also note that most of the data from the
Greenland Sea gyre were obtained by Argo floats,
which results in a denser coverage after 2001. The ma-
jority of the CTD data collected by the instrumented
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seals are located along the Greenland shelf, where data
from other sources are sparse. All of these profiles were
obtained during 2007-2008. The vertical resolution of
the hydrographic profiles differs for each data source,
measurement method, and with time, but is generally
within the range 1-50 m.

b. Mixed layer depths

The depths and hydrographic properties of the mixed
layer were determined following a robust procedure
used by Vége et al. (2015) for the Iceland Sea that
involves visual inspection of each hydrographic profile.
Two independent automated routines, one based on a
density-difference criterion (Nilsen and Falck 2006)
and one based on the curvature of the temperature
profile (Lorbacher et al. 2006), were used to estimate the
vertical extent of the mixed layer (see appendix A for
further details). By visual inspection, we found that at
least one of the two automated routines accurately de-
termined the mixed layer depth for 61% of the profiles.
A manual routine developed by Pickart et al. (2002) was
employed for the remaining profiles (appendix A).

The automated routines were less accurate for profiles
with small density gradients between the mixed layer
and the deeper part of the water column, which is typical
for wintertime profiles in the Greenland Sea. Several
profiles also had a mixed layer that was separated from
the surface, because of early stages of restratification in
the surface layer or in the form of multiple stacked
mixed layers, that the automated routines were not able
to identify. Such isolated mixed layers have also been
observed during periods of active convection in the
Irminger, Iceland, and Labrador Seas (Vage et al. 2009,
2015; Pickart et al. 2002).

¢. Gridding of the hydrographic data

To investigate the lateral distribution of a given
property, the data were interpolated onto a regular 0.5°
longitude X 0.2° latitude grid. The value of each grid
point was found from the average (weighted by the in-
verse distance) of all measurements within an effective
radius » = 50 km, which was increased along isobaths to
account for the greater correlation length scales along
topography (Skagseth and Mork 2012; Vége et al. 2013).
To study the temporal evolution of the water column in
the central Greenland Sea, we interpolated profiles
within the gyre onto a regular time versus depth grid of
14 days by 50 m. All data points within the gyre were first
assigned to their nearest grid point and, if several data
points were allocated to the same grid point, an average
value was estimated. Interpolation was then performed
by fitting a Laplacian-spline surface to this new partly
gridded dataset (Pickart and Smethie 1998). The resulting
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gridded product was finally smoothed by convolution
with a Gaussian window of 42 days by 150-m depth.

d. Atmospheric forcing

Atmospheric fluxes were obtained from ERA-Interim
(ERA-I herein), which covers the period from 1979 to the
present (Dee et al. 2011). The parameters included in this
study are the 6-hourly air-sea fluxes of heat, freshwater,
and momentum, as well as the sea ice concentration. The
ERA-Ilongwave radiative heat flux from the ocean to the
atmosphere is known to be underestimated at high lati-
tudes by approximately 20-30 W m ™2 because of biases in
the cloud parameterization (Walsh et al. 2009; Chaudhuri
et al. 2014). To account for this underestimation, we
followed Moore et al. (2015) and added a constant offset
of 25Wm™? to the longwave heat flux. The atmospheric
fluxes were averaged over the area of the Greenland
Sea gyre outlined in Fig. 2a. When sea ice was present in
the gyre, we estimated the ocean—atmosphere turbulent
heat flux Q™" (latent and sensible heat fluxes) according
to Moore et al. (2015) as

chf B AQ;?E ~ th[
1-A°

ocean _

thf 1 —A

M

where Qyy is the total turbulent heat flux obtained from
ERA-I and A is the mean sea ice concentration over
the gyre. It is assumed that the total turbulent heat flux
over the ice-covered region Q¢, which is typically an
order of magnitude lower than over open water, can be
neglected.

e. One-dimensional mixed layer model

The so-called Price-Weller-Pinkel (PWP) one-
dimensional mixed layer model (Price et al. 1986) was
employed in order to investigate the sensitivity of the
mixed layer development in the Greenland Sea to var-
ious hydrographic and atmospheric forcing conditions
(see appendix B for details). As atmospheric forcing, we
applied the ERA-I heat, freshwater, and momentum
fluxes averaged over the area of the Greenland Sea gyre,
and as initial conditions, we used mean fall (October—
November) hydrographic profiles. The model was set up
with a vertical resolution of 2m and with 6-hourly
time steps.

Moore et al. (2015) recently modified the PWP model
for the Greenland Sea gyre to include lateral advection of
heat, which is necessary in order to balance the annual heat
budget. We further parameterized lateral advection of salt
in the present model version to obtain balanced freshwater
budgets. A detailed description of the parameterization is
given in appendix Bb. Production of sea ice was also in-
cluded in the present model version because brine release
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FIG. 3. Mean late-winter (February—April) (a) mixed layer depth and (b) potential density from 1986 to 2016 and
the (c),(d) corresponding maps for winters with mean convection depth exceeding the 70th percentile. The loca-
tions of data points are indicated by gray crosses. The 200-, 400-, 600-, 800-, 1000-, 1400-, 2000-, 3000-, and 4000-m
isobaths are shown as thin black lines. The white contour outlines the Greenland Sea gyre and the magenta curve
denotes the mean 50% sea ice concentration contour during November—April.

by sea ice formation has been considered one of the main
drivers for deep convection in the Greenland Sea (e.g.,
Visbeck et al. 1995; Marshall and Schott 1999). Estimation
of sea ice production and the resulting salt flux are de-
scribed in appendix Bc. We note, however, that there was
hardly sea ice within the gyre during the time period cov-
ered here [except the winters between 1986 and 1990 and
in 1997-98; see Fig. 2b in Moore et al. (2015)].

3. Greenland Sea mean late-winter mixed layer
properties

Mean late-winter (February—April) mixed layer
depth and potential density from 1986 to 2016 are
shown in Figs. 3a and 3b. The deepest and densest
mixed layers were located near the center of the
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Greenland Sea gyre where the cyclonic circulation
weakens the stratification, preconditioning the gyre
for deep convection compared to the more stratified
surrounding waters (Marshall and Schott 1999). A
region of relatively deep convection is visible also in
the Boreas Basin near 78°N where another, smaller
cyclonic gyre has been observed (Quadfasel and
Meincke 1987). However, as the majority of the mea-
surements in this area were obtained in winter 1993/94,
it is difficult to say whether this local maximum is a
recurring feature.

Regions with high mixed layer density (above
28.01kgm®) were observed both in the central
Greenland Basin and in the Boreas Basin as well as
farther south in the Iceland Sea. Vage et al. (2015) found
that the deepest and densest mixed layers in the
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Iceland Sea are located in the northwest corner, on the
outskirts of the gyre, even though the center of the
gyre is more preconditioned for convection. They ar-
gue that this is due to the stronger atmospheric fluxes
near the ice edge. While stronger heat fluxes also occur
close to the ice edge in the Greenland Sea (Papritz and
Spengler 2017), the deepest mixed layers there are
largely confined to the area of the cyclonic gyre. This
difference could be a result of the weaker stratification
or the generally higher heat fluxes in the Greenland
Sea gyre compared to the Iceland Sea gyre (Marshall
and Schott 1999; Moore et al. 2015). According to
Moore et al. (2015) the winter-mean turbulent heat
flux within the Iceland Sea gyre ranged from 50 to
100 Wm ™2, while the heat flux in the central Green-
land Sea has been within the range 100-150 Wm >
over the time period 1986-2015 (Fig. 4d).

The mean depth of the late winter mixed layer in the
Greenland Sea gyre is approximately 500 m (Fig. 3a).
However, the interannual variability of both the mixed
layer depth and properties is substantial. By including
only winters of deep convection (in which the mixed
layer depth within the gyre exceeded the 70th-
percentile value; Figs. 3c,d), we found that the mean
mixed layer in the center of the gyre exceeded 800 m.
During these winters, mixed layer densities greater
than oy = 28.03kgm™> were observed over a con-
siderably larger area.

4. Temporal variability of the mixed layer in the
central Greenland Sea

The temporal variability of the mixed layer was ex-
amined in detail within the Greenland Sea gyre (here-
after referred to as the Greenland Sea), where the deepest
and densest convection occurs. The evolution of mean
late-winter mixed layer depth and density from 1986 to
2016 are shown in Fig. 4 (only the 50% deepest mixed
layers were included in order to exclude restratified pro-
files and profiles that were obtained before the onset of
deep convection). Apart from one winter prior to 1993
(1988/89), the average mixed layer did not extend
deeper than 200-300 m. In this period, the coldest, least
saline, and least dense mixed layers were observed
(mixed layer temperature and salinity are not shown).
After 1993, mixed layer depths have in general exceeded
500 m with few exceptions, while sufficiently dense water
(09 > 28.03kgm™) to supply the densest portion of
the N1J, and hence also of the DSOW (Vage et al. 2011;
Mastropole et al. 2017) has regularly been produced in
the center of the Greenland Sea. Such dense waters are
probably not formed in large amounts in the Iceland Sea
(Vage et al. 2015).
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FIG. 4. Mean late-winter (February—April) (a) mixed layer
depth and (b) potential density in the Greenland Sea from 1986
to 2016 (colored bars). The black error bars indicate one stan-
dard deviation. Average values were excluded for winters with
fewer than five profiles (2010 and 2015). The deepest mixed
layer observed each winter (light gray bars) is also shown in
(a). (c) The total number of profiles each winter (gray) and the
number of profiles included in each average (orange). (d) The
winter-mean (November—April) surface heat loss (sum of tur-
bulent and longwave heat fluxes). Positive values denote heat
loss to the atmosphere.

The temporal evolution of the hydrographic prop-
erties of the upper 2000m of the Greenland Sea are
shown in Fig. 5. The upper 500 m of the water column
are largely dominated by the seasonal cycle. Several
salinity minima are, in addition, visible close to the
surface. The two prominent minima that took place in
the time periods 1986-93 and 1996-98 coincide with the
Great Salinity Anomalies reported by Belkin et al. (1998)
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and Belkin (2004), respectively. Another less pro-
nounced freshwater anomaly occurred between
2003 and 2005.

The hydrographic variability below 500 m is character-
ized by interannual changes in wintertime convection
and by long-term trends. A substantial warming and
salinification of the upper 1500 m of the water column
has taken place over the past three decades (Figs. 5a,b).
The salinity increase has been particularly strong over
the last 15 years. This corroborates the results of
Lauvset et al. (2018), who further argue that the in-
creasing salinity has decreased the stratification of
the upper 2000m and thereby preconditioned the
Greenland Sea for deeper convection compared to the
1990s. In the early 1990s, at around 400-600-m depth, we
can see the development of the intermediate tempera-
ture and stratification maxima documented by, for
example, Karstensen et al. (2005) and Latarius and
Quadfasel (2010). Both maxima gradually descended
until 2004 (following the isopycnal o = 32.80kgm™>; see
Figs. 5a,d). Thereafter, the temperature maximum van-
ished, while another intermediate stability maximum [also
noted by Marnela et al. (2016)] occurred between 2004
and 2008. The deepening of the stability maxima is asso-
ciated with periods of strong wintertime convection,
which results in an increased volume of weakly stratified
water (Fig. 5d). In the following sections, we investigate
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the evolution of these weakly stratified waters in order to
better understand the water mass transformation that
takes place in the central Greenland Sea.

5. A new class of GSAIW

The evolution of the water masses formed within the
central Greenland Sea was examined using a volumetric
approach (e.g., Yashayaev et al. 2007). Annual mean
density profiles were first calculated for each year in order
to remove the seasonal cycle and focus on interannual
and longer-term changes. For each profile, we then esti-
mated the thickness of different potential density layers
(Ao; = 0.01kgm ™) overlapping by 0.002kgm™>. We
used the potential density anomaly referenced to 1000 m
(i.e, o) since it better resolves the density changes where
the intermediate water masses that are the main product
of convection are located. The distance between the
various o isopycnals closely follows the development of
the weakly stratified layers as shown by the black con-
tours in Fig. 5d (increases in layer thickness correspond to
periods of enhanced dense water production).

The resulting distribution of layer thickness (Fig. 6a)
illustrates the evolution of the various classes of water
formed in the Greenland Sea. The maximum in layer
thickness present before 1990 at a potential density
of approximately 32.81kgm ™ indicates the cold and
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mean late-winter (February-April) mixed layer depth.

relatively fresh GSDW that occupied most of the
water column below 500 m. The volume of GSDW then
gradually decreased until 2002 because of limited ven-
tilation before it vanished from the upper 2000m of
the water column. In 1994/95, another less pronounced
maximum appeared, corresponding to the development
of a new, less dense class of intermediate water. These
years were also the first, since the beginning of this
record, with mean late-winter mixed layer depths
exceeding 500m (Fig. 4a). Although the new class of
intermediate water (GSAIW) started forming while
remnants of the GSDW were still present in the upper
2000m of the water column, they were separated by
the intermediate temperature and stability maxima
(Figs. 5a,d). The amount of GSAIW formed after 1994
varied significantly from year to year depending on the
depth and intensity of convection. Substantial formation
took place in years with relatively deep convection, such
as 2002, 2008, and 2011. Periods of limited renewal co-
incided with the shallow convective years of 1996-98
and 2003-05. The overall proportion of the water col-
umn occupied by the homogeneous GSAIW has in-
creased since 1994. It is presently the dominant water
mass of the upper 2000m of the Greenland Sea. The
red and orange lines in Fig. 6a follow the maximum
layer thicknesses associated with the GSAIW and GSDW,
respectively. The corresponding temperature and salinity
time series shown in 6—S space in Fig. 6b demonstrate that
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the temperature and salinity of both water masses have
increased through the record. In terms of density, how-
ever, the overall effect is small, as the temperature and
salinity changes largely compensate.

We have shown that the volume of GSAIW has in-
creased substantially since the new class first started
forming in winter 1994. To examine the rate of pro-
duction and export each year, we estimated seasonal
changes in the volume of the GSAIW layer following the
method of Yashayaev and Loder (2016). The mean vol-
ume of GSAIW was first estimated each fall (September—
November) and spring (March-May). Then we calculated
the volume change through each winter and summer and
divided by 6 months (assuming constant rate of change
through each period). The average rates of volume change
(including one standard deviation) from 1994 to 2014 are
shown in Fig. 7. Positive values mean that the volume of
the GSAIW increased. The definition of the GSAIW layer
(illustrated in Fig. 5d) was based on the center o; value
(£0.01kgm ) of the density layer with maximum layer
thickness at the end of each winter (April-May).
The development of this layer captures the evolution of
the main water mass produced inside and exported out of
the Greenland Sea gyre each year. More than 87% of the
profiles that indicate ventilation of the GSAIW layer
were located within the Greenland Sea gyre. We note,
however, that this definition does not include all waters
ventilated in the Greenland Sea that are sufficiently dense
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(09 > 27.8kgm ) to potentially contribute to the overflow
waters. In particular, it excludes the least dense waters in this
range that are also formed in areas surrounding the gyre
(see Figs. 3b,d).

The average rate of volume change of the GSAIW
layer through winter, over the 6-month period from fall to
spring (purple bars in Fig. 7), is larger during winters of
deep convection as more GSAIW is produced. These
GSAIW production estimates are biased low because of
the unaccounted export that also takes place throughout
winter. For some of the shallow convective winters, the
rate of change is negative. This simply means that the
export of GSAIW exceeds the production. The minimum
rate of wintertime production required to explain the
observed volume changes (which would be zero for the
shallow convective winters with negative rates) is 1.2 =
0.9Sv (1Sv = 10°m>s™!) averaged over the time period
1994-2014. This equals an annual production of 0.6 =
0.5Sv if we assume zero formation in summer.

The rates of volume change through summer (over the
6 months from spring to fall, shown by the yellow bars in
Fig. 7) may be interpreted as the net export (sum of total
import and export) out of the Greenland Sea gyre during
summer. Since the net export includes possible import
into the gyre, it must be less than the total export of
GSAIW. The positive rate in 2014 is most likely an arti-
fact of spatial differences within the gyre. That year there
were relatively few observations, and all March-May
profiles were clustered in the southwest corner of the
gyre, while almost every September—November profile
was located in the northern part of the gyre. The average
summer net export, excluding 2014, is 0.9 = 0.7 Sv. This is
within the transport range (0.2-0.9Sv) presented by
Karstensen et al. (2003) for the 1990s. Our estimate is
lower than the value found by Messias et al. (2008), who
inferred an export rate of 1-1.85 Sv from a tracer study. A
reason for this discrepancy may be that their estimate was
based on data surrounding the central Greenland Sea in
the time period 1998-2002, during which we have only a
limited amount of data from within the gyre. The rates of
export and production are also highly variable. The
largest summertime exports generally follow winters with
deep convection. Because of this large variability, we
have not made an attempt at estimating wintertime and
annual export rates.

6. Mechanisms controlling the interannual
variability of the Greenland Sea water mass
transformation

To investigate the variability of the water mass
transformation in the Greenland Sea and to explore
why the new class of intermediate water started
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TABLE 1. Mean atmospheric forcing (November—April) from
1986 to 2015 used in the PWP model simulations. The turbulent
heat flux (latent and sensible heat fluxes) used in the various model
simulations span the range 30-880 W m ™2, while the overall winter-
mean turbulent heat flux was 125 W m™2. Positive fluxes are di-
rected out of the ocean.

Term Value
Atmospheric freshwater flux 2.7 %10 "ms™!
Surface solar radiation —27Wm™?
Surface thermal radiation 112Wm™2
Latent heat flux 59Wm™?
Sensible heat flux 66 Wm 2
Wind stress 7, 0.01Nm 2
Wind stress 7, 0.08N'm 2

forming in 1994/95, we employed the PWP mixed
layer model described in section 2e (details are given
in appendix B). Idealized model runs were conducted
for a range of initial and atmospheric forcing condi-
tions to shed light on the most important factors
regulating the observed mixed layer variability in the
Greenland Sea. Lateral advection of heat and salt are
also important for setting the properties of the mixed
layer. They were parameterized as described in ap-
pendix B (section b) and assumed constant in all
model runs.

The influence of the various atmospheric forcing
components on the mixed layer development was ex-
plored by sensitivity studies using the PWP model. As
expected from previous work (e.g., Vage et al. 2008;
Moore et al. 2015), we found that the most important
component was the turbulent heat flux (not shown).
The remaining air-sea fluxes were therefore kept
constant in all model runs equal to the overall winter-
mean values from 1986 to 2015 (Table 1). We applied
constant forcing through winter from November to
April in each simulation, and the span of winter-mean
turbulent heat fluxes explored was based on the range
of observed values over the 1986-2015 period. We ran
the model for winter-mean turbulent heat fluxes equal
to every Sth percentile of all winter values. To generate
idealized initial conditions, we estimated the convec-
tion resistance (CR) of every hydrographic profile in
fall (October-November). CR is an integral measure of
the density stratification and was computed following
Frajka-Williams et al. (2014) as

CR(h) = [:"1 (S,0,2)dz — ho((S,0,h), ()

where S, 0, z, and o are the salinity, potential temper-
ature, depth, and the potential density anomaly refer-
enced to 1000 m, respectively. We chose & = 1000-m
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depth since this is where the core of the GSAIW is lo-
cated. The fall profiles were then sorted according to CR
and initial conditions were determined as the mean over
every 5Sth percentile.

The resulting end-of-winter mixed layer depths as a
function of convection resistance and surface heat loss
(sum of turbulent and longwave heat fluxes) are shown
by the background color in Fig. 8a. The colored dots
indicate the observed mean late-winter mixed layer
depths each winter. Although the model underestimates
the mixed layer depth slightly, the observations are
generally in good agreement with the model results, with
deeper mixed layers occurring when heat loss is high and
stratification is weak. The contribution of brine release
by sea ice formation to the mixed layer deepening is il-
lustrated in Fig. 8b. Conditions required to form sea ice
(strong stratification and high surface heat loss) were
absent during most of the time period covered by our
study. Sea ice formation contributed to a deepening of
the mixed layer in 1988, 1989, 1992, and 1993, but the
effect was not sufficiently large to result in convection
exceeding 400 m.

From 1993 to 1994, a remarkable decrease in stratifi-
cation took place. The concurrent decrease in heat loss
suggests that the change in stability was the primary
factor leading to the deeper mixed layers and the for-
mation of the new class of intermediate water in winter
1993/94. A further decrease in stratification resulted in
continued ventilation of the new GSAIW until 1996 (the
evolution is marked by the black dashed line in Fig. 8a).

To determine the cause of the remarkable decrease in
stratification from 1993 to 1996, we examined the evo-
lution of the hydrographic properties in the upper 50 m
of the water column. Interannual variability in mixed
layer density and, in turn, depth were generally domi-
nated by changes in mixed layer salinity. Shallow con-
vection was associated with cold and fresh mixed layers,
while deep convection coincided with warmer and more
saline mixed layers (not shown). Earlier studies have
also noted the connection between the near-surface sa-
linity and the depth of the mixed layer (e.g., Ronski and
Budéus 2005; Latarius and Quadfasel 2010). Examining
the 1986-2016 period, we find that when the near-
surface salinity in summer was lower than the mean
value of 34.71, and the late winter mixed layer depths
generally did not exceed 300 m (negative anomalies in
Fig. 9). Thus, it appears that there is a threshold beneath
which the fresh surface layer will inhibit convection,
regardless of the magnitude of the surface heat loss
(shown in colors). A similar example from the Labrador
Sea is the shallow convection (100-200m) observed
during the Great Salinity Anomaly between 1969
and 1971 (Lazier 1980). In this case, the shutdown of

Brought to you by UNIVERSITETSBIBLIOTEKET I | Unauthenticated | Downloaded 06/19/23 05:59 AM UTC

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 49

=

-295
& 20140
£ 300 2012
2 2006! o 1600
§ el 1987! 02003 ’11995 1500
J 1986
_% -310 2naso®g7 , 1400
I3
23151 dl‘ig“ 1300
=3 ~
S N
= -320 s 1200
§ 19890 19880 Sy
€ -325 O 1100
S D —
o 19930 1000 E
-330 T T T t <
100 150 200 250 300 9200 &
©
(b) Surface heat loss [W/m?] 800 §
-295 8
N_g 700 E
;S 300 600 2
© -305 1 500
g
o] 1 400
7 -310
@
@ 315 300
S 200
2 320
<} 100
< -3251
S
38 0
-330
100 150 200 250 300

Surface heat loss [W/m2]

FIG. 8. (a) Simulated end-of-winter mixed layer depth (back-
ground color) as a function of winter-mean surface heat loss (tur-
bulent and longwave heat fluxes) and convection resistance.
Convection resistance is a measure of the mean fall (October—
November) stratification. More-negative values indicate stronger
stratification. The colored circles show observed mean late-winter
(February—-April) mixed layer depths and the black dashed line
indicates the change in stratification over the time period 1993-96
prior to and during the formation of the new class of GSAIW.
(b) The contribution from sea ice formation to the deepening of the
mixed layer, that is, the difference between simulated mixed layer
depths using the full model and simulations excluding brine release
by sea ice formation.

deep convection resulted from a combination of low
near-surface salinity and weak atmospheric forcing
(Gelderloos et al. 2012). The shallow convective winters
1988-93 in the Greenland Sea were, however, among the
most severe winters in terms of atmospheric heat loss
(see Figs. 8, 9). The winter-mean buoyancy flux between
1988 and 1993 (estimated following Gelderloos et al.
2012) was also 1.15 times larger than the winter-mean
buoyancy flux in 1994-96 when the new class of in-
termediate water started forming. This suggests that the
low-salinity layer stratifying the upper part of the water
column was the main reason for the shallow convection
prior to 1993. The effect of sea ice formation was too
weak to compensate for the strong stratification gener-
ated by the fresh surface layer.

The decrease in water-column stability from 1993 to
1996 resulted from a substantial increase in salinity
(black dashed line in Fig. 9). The weaker stratification
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FIG. 9. Mean late-winter (February—April) mixed layer depths vs mean summer (June—
October) near-surface (0-50 m) salinity anomalies from 1985 to 2015. The mean near-surface
salinity over the entire time period was approximately 34.71 (indicated by the vertical black
line). Winter-mean surface heat loss (turbulent and longwave heat fluxes) is shown in color.
The black dashed line marks the evolution from 1993 to 1996 when the new class of GSAIW

started forming.

along with sufficiently strong atmospheric forcing set
the stage for the formation of the new class of intermediate
water. The near-surface salinity anomaly has remained
positive after 1994 (except for the 1997-98 period), which
is required for the continued ventilation of the in-
termediate water mass. The winters with deepest convec-
tion were characterized by both high near-surface salinities
in fall and strong atmospheric heat loss through winter.

7. Concluding remarks

We utilized hydrographic data from several ar-
chives including measurements from ships, autonomous
profiling floats, and instrumented seals to examine the
convective activity in the Greenland Sea over the pe-
riod 1986-2016. By estimating the mixed layer depth
for each hydrographic profile, using a robust procedure
involving visual inspection, we found that the deepest
and densest mixed layers in the Greenland Sea took
place in late winter (February—April) and were located
within the cyclonic gyre. Although convection was
confined to intermediate depths (<2000 m) during the
entire period, the late winter mixed layer depth and
the resulting dense water product exhibited large
interannual variability. Particularly interesting was
the transition from predominantly shallow convec-
tion (<300m) in 1988-93 to the relatively deep con-
vection (500-1000m) observed in winters 1994-96.
This transition marked the beginning of the formation
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of a new, less dense class of intermediate water, which
since 1994 has been the main product of convection in
the Greenland Sea.

The relative importance for this transition of various
factors such as sea ice formation, atmospheric heat loss,
and stability of the water column were explored using a
one-dimensional mixed layer model within a parameter
space representative for the Greenland Sea. Sea ice for-
mation contributed to a slight deepening of the mixed layer
in four winters in the late 1980s and early 1990s, but was
not a main forcing mechanism for the convective activity in
the Greenland Sea during the time period covered by our
study (1986-2016). The shallow convection in 1988-93
resulted from a near-surface freshening that increased
the stability of the upper part of the water column. These
winters were also accompanied by strong atmospheric
forcing, which suggests that the main factor limiting con-
vection was the increased near-surface freshwater content.

Possible sources of freshwater to the Greenland Sea
are precipitation and inflow of ice and low-salinity water
from the EGC. Aagaard and Carmack (1989) estimated
the excess precipitation to account for only 9% of the
annual freshwater addition to the Greenland Sea, and
Latarius and Quadfasel (2016) found, from budget cal-
culations, that the atmospheric freshwater flux is around
two orders of magnitude lower than the lateral input.
This implies that freshwater input from the EGC is the
dominant source of freshwater to the Greenland Sea.
The amount of freshwater transported southward from
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FIG. Al. Examples of two hydrographic profiles from the Greenland Sea gyre, (a) one from February 2012 and
(b) one from April 2008. The red and magenta lines indicate the mixed layer depths identified by the density-
difference routine and the curvature routine, respectively.

Fram Strait by the EGC was anomalously high during
the Great Salinity Anomalies in the late 1980s and late
1990s (Belkin et al. 1998; Belkin 2004), which could be a
reason for the low salinities and shallow mixed layers
observed in the Greenland Sea during those time pe-
riods. The diversion of freshwater into the Greenland
Sea is also regulated by the strength of the cyclonic wind
stress curl (Malmberg and Jénsson 1997). That is,
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shallow convection could also be a result of decreased
cyclonic wind forcing that would reduce the cyclonic
gyre circulation and, in turn, weaken the polar front
between the Greenland Sea and the EGC.

After 1993, a multiyear increase in near-surface salinity
lowered the water-column stability in the Greenland
Sea. Weaker stratification along with sufficiently strong
atmospheric forcing resulted in convection exceeding
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FIG. A2. Illustration of the manual procedure developed by Pickart et al. (2002) for the same hydrographic profile shown in Fig. Alb.
The extent of the mixed layer is illustrated in light green, while the vertical red lines indicate plus and minus one standard deviation of the

mixed layer properties.

500m and formation of the new class of GSAIW. Our
analysis further suggests that there has been a tendency
toward deeper mixed layers during the past 10-15 years.
Deeper convection is evident also in the increased volume
of GSAIW over the same time period. Hence, there is
no indication of predominantly more shallow convec-
tion predicted by Moore et al. (2015) if the decreasing
trend in atmospheric forcing continues, at least not thus
far. The primary reason for this, as suggested by
Lauvset et al. (2018), is the weaker stratification within
the gyre caused by increased salinities in the upper
1500 m of the water column. Based on a strong cross
correlation (0.8, with a 3-yr time lag), they argue that
this increase in salinity stems from higher salinities in
the Atlantic water that enters the Nordic seas.

The annual mean production of GSAIW from 1994 to
2014 was estimated to 0.6 = 0.5Sv and is sufficient to
account for roughly 20% of both the NIJ (1.0 = 0.2 Sv;
Harden et al. 2016) and the FBC-overflow (2.2Sv;
Hansen et al. 2016). The contribution may be particu-
larly important for the densest component of the over-
flow waters (>28.03kgm™>; Vage et al. 2015; Pickart
et al. 2017; Jeansson et al. 2017). We emphasize that
the production rate is a minimal estimate as wintertime
export of GSAIW was not accounted for. Potential
overflow waters formed in areas surrounding the
Greenland Sea gyre were also not included in this

Brought to you by UNIVERSITETSBIBLIOTEKET I | Unauthenticated | Downloaded 06/19/23 05:59 AM UTC

estimate. The average summertime export of GSAIW was
estimated to 0.9 = 0.7 Sv. Although tracer release exper-
iments (e.g., Messias et al. 2008) clearly demonstrate ex-
port of intermediate water from the Greenland Sea gyre
to the surrounding basins in the Nordic seas, further in-
vestigations are required in order to determine how and
where this export takes place. One possible mechanism
that has been suggested is isopycnal mixing with boundary
currents such as the EGC (Strass et al. 1993), but whether
this mechanism is sufficient to account for the entire ex-
port is not clear. If future convection is reduced, either as a
result of decreased heat fluxes (e.g., Moore et al. 2015) or
because of enhanced near-surface freshwater content
(e.g., from increased ice melt), it could impact the over-
flows both east and west of Iceland and limit the supply of
the densest water to the lower limb of the AMOC.
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APPENDIX A

Mixed Layer Depths

The vertical extent of the mixed layer was estimated
for each hydrographic profile by two independent
automated routines. The first routine (used by Nilsen
and Falck 2006) was based on a density-difference
criterion. The base of the mixed layer was identified
as the depth where the increase in potential density
reached Ap = p(Ty — AT, Sy) — p(Ty, Sp) where T and
So are the measured surface temperature and salinity,
respectively, and A7 =0.2°C. As Nilsen and Falck
(2006), we used a varying Ap to better account for sea-
sonal changes in the vertical density structure. While
Nilsen and Falck (2006) used a temperature difference
of AT = 0.8°C in the Norwegian Sea, Vige et al. (2015)
found that AT = 0.2°C gave better results for the Iceland
Sea due to the weaker stratification there. This applies
also to the Greenland Sea; hence, we adopt the same
temperature-difference criterion. The second routine
[developed by Lorbacher et al. (2006)] identified the
base of the mixed layer as the shallowest extremum in
the curvature of the temperature profile.

The mixed layer depths estimated by the two auto-
mated routines were quality controlled (subjectively) by
performing a visual inspection of each hydrographic
profile. Examples of two wintertime profiles from
the Greenland Sea gyre are shown in Fig. Al. The first
example (from February 2012; Fig. Ala) shows a typical
profile where both routines successfully estimated the
depth of the mixed layer. The profile has a well-defined
surface mixed layer down to 210m that is separated
from the deeper part of the water column by a strong
density gradient. A typical profile where neither of the
two automated routines successfully identified the base
of the mixed layer is shown in the second example (from
April 2008; Fig. Alb). The weak density gradient be-
tween the mixed layer and the deeper part of the
water column led to an overestimation by the density-
difference routine, while the separation of the mixed
layer from the surface caused the curvature routine to
underestimate the mixed layer depth. In cases like this,
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FIG. Bl. Annual-mean (a) heat and (b) freshwater budgets for
the upper 1500 m of the Greenland Sea gyre. The numbers above
each box are the atmospheric fluxes, while the interior changes are
shown within each box. The lateral fluxes needed to balance the
budgets are indicated by arrows on the sides. The depth distribu-
tions of lateral advection of heat and salt, as parameterized in the
PWP model, are illustrated by an example of the (c) temperature
AT and (d) salinity AS added for a time step in the model where the
mixed layer depth was 500 m. The black dashed lines mark the
depth of the mixed layer divided by 2.

we employed a manual procedure developed by Pickart
et al. (2002) as illustrated in Fig. A2. The extent of the
mixed layer was first estimated visually. Then enve-
lopes of two standard deviations width of the mixed
layer temperature, salinity, and density calculated over
that depth range were overlaid on the original profiles
(vertical red lines in Fig. A2). The vertical limits of the
mixed layer were determined as the locations where
any one of the profiles last entered the envelope (upper
bound) and first exited the envelope (lower bound).
The resulting mixed layer extent is marked in light
green in the figure.

APPENDIX B

One-Dimensional Mixed Layer Model
a. Vertical mixing

Atmospheric heat, freshwater, and momentum fluxes
are imposed at the surface at each time step in the model
(Price et al. 1986). Vertical mixing and deepening of the
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FIG. B2. Seasonal evolution of the mixed layer for (a) a shallow (2002/03) and (b) a deep (2007/08) convective
winter. The black dots indicate observed mixed layer depths, while the colored lines show the depth of the mixed
layer simulated by the PWP model for four different lateral advection scenarios (see legends).

mixed layer then occur until three different stability
criteria are satisfied. The first and most important is the
static stability constraint that simulates convection
driven by buoyancy loss:

(B1)

where p and z are the water density and depth, re-
spectively. When static stability is achieved, the mixed
layer is further adjusted by constraining the bulk R, and
gradient R, Richardson numbers. Mixed layer stability
is attained by entrainment when

__80ph

= 0.6, B2

" py(AVY 2
where /4 is the mixed layer depth, Vis the velocity (which
is driven entirely by wind stress induced momentum), p,
is the reference density, and g is the acceleration due to
gravity. In the case of shear flow stability, stirring and
deepening take place until

(B3)
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This mixing process is likely to occur across sharp gra-
dients typically found at the base of the mixed layer.
Results from sensitivity studies suggest that convection
driven by buoyancy loss dominates the mixed layer
evolution in the Greenland Sea (not shown).

b. Lateral advection

Annual-mean heat and freshwater budgets for the
upper 1500m of the Greenland Sea gyre from 1986 to
2015 were used to estimate the heat and salt advections
(see Figs. Bla,b). To balance the budgets, a lateral heat
input to the gyre of 61 W m ™2, which is close to the value
used by Moore et al. (2015), and a freshwater removal
from the gyre of 45mm month™! were required. We
assumed constant rates of advection throughout the
year. The depth distributions of the heat and salt ad-
vections were then determined such that they reflected
the temperature and salinity differences across the gyre
boundary. For temperature, we used a similar distribu-
tion as Moore et al. (2015) as shown in Fig. Blc for a
mixed layer depth of 500 m. The distribution of salt is
illustrated in Fig. B1d. Salt was removed in the upper
half of the mixed layer to account for the input of fresh
polar surface water and added below as the surround-
ings are more saline than the gyre itself. The vertical
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distribution of salt advection agrees with the freshwater
budgets presented in Latarius and Quadfasel (2016).

We compared the observed and simulated mixed layer
depths and properties for each winter. Two winters, one
with shallow and one with deep convection, are shown
in Fig. B2. Four different simulations are displayed for
each winter to illustrate the effect of lateral advection in
the model. The exchange of both heat and salt across the
gyre boundary must be included in the model in order to
realistically simulate the wintertime evolution of the
mixed layer. Without advection of heat (blue and yellow
curves), the mixed layer depth was greatly over-
estimated, while the exchange of salt modified the
stratification of the water column resulting in moder-
ately deeper mixed layers (cf. the red and gray curves in
Fig. B2b). The simulated mixed layers in our fully pa-
rameterized model version (gray) were generally in
good agreement with the observations.

c¢. Sea ice formation

When the simulated sea surface temperature reached
the freezing point, we assumed that the net surface heat
loss Qyet (turbulent and longwave heat fluxes) was used
to form sea ice at a rate P following Pickart et al. (2016):

P= Qnet

Pice™n

(B4)

where the latent heat of fusion L, and sea ice density
Pie Were set to 300kJ kg™ ! and 920kgm >, respectively.
This is an upper estimate of P since the effect of in-
creasing ice thickness is neglected. That is, the model
simulates polynya-like conditions where newly formed
sea ice is exported out of the region directly after for-
mation. Wind-driven export of locally formed sea ice
was, according to Visbeck et al. (1995), a key process for
the evolution of the mixed layer in the Greenland Sea in
the late 1980s. The resulting salt flux F; from brine re-
lease was estimated as

F,=p

s iceP(Sw - Sice) ’ (BS)
where S, is the sea surface salinity and Sj.. = 0.31S,, is
the salinity of the newly formed sea ice (Cavalieri and
Martin 1994). This salt input was added to the upper grid
cell at each time step and mixed down in the water
column until the stability criteria [Eqs. (B1)-(B3)] were

satisfied.
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ABSTRACT: The Greenland Sea produces a significant portion of the dense water from the Nordic seas that supplies the
lower limb of the Atlantic meridional overturning circulation. Here, we use a continuous 10-yr hydrographic record from
moored profilers to examine dense-water formation in the central Greenland Sea between 1999 and 2009. Of primary im-
portance for dense-water formation is air-sea heat exchange, and 60%-80% of the heat lost to the atmosphere during win-
ter occurs during intense, short-lived events called cold-air outbreaks (CAOs). The long duration and high temporal
resolution of the moored record has for the first time facilitated a statistical quantification of the direct impact of CAOs on
the wintertime mixed layer in the Greenland Sea. The mixed layer development can be divided into two phases: a cooling
phase and a deepening phase. During the cooling phase (typically between November and January), CAOs cooled the
mixed layer by up to 0.08 K day ™', depending on the intensity of the events, while the mixed layer depth remained nearly
constant. Later in winter (February-April), heat fluxes during CAOs primarily led to mixed layer deepening of up to
38 m day'. Considerable variability was observed in the mixed layer response, indicating that lateral fluxes of heat and
salt were also important. The magnitude and vertical distributions of these fluxes were quantified, and idealized mixed
layer simulations suggest that their combined effect is a reduction in the mixed layer depth at the end of winter of up to
several hundred meters.

KEYWORDS: Arctic; In situ oceanic observations; Deep convection; Oceanic mixed layer; Air-sea interaction; Cold air surges

1. Introduction column for wintertime convection (e.g., Marshall and Schott
1999). The Greenland Sea Gyre also experiences severe heat
loss to the atmosphere during winter (Moore et al. 2015). The
cooling and densification of the surface layer initiates convec-
tive overturning and the production of dense water. Approxi-
mately 60%-80% of the total heat lost to the atmosphere in
this region during winter occurs during intense, short-lived
cold-air outbreaks (CAOs; Papritz and Spengler 2017). Marine
CAOs occur when cold polar air masses over land and ice are
advected over relatively warm water, leading to large ocean to
atmosphere heat fluxes near the sea-ice edge. Over the past
50 years the sea-ice edge has retreated toward Greenland,
which has led to a reduced intensity of CAOs and an over-
all decline in winter heat loss over the gyre (Moore et al.
2015; Somavilla 2019; Dahlke et al. 2022; Moore et al.
2022). This has, and is projected to continue having, sub-
stantial ramifications for water-mass transformation in the
central Greenland Sea.

Prior to 1980, deep-reaching convection in the central
Greenland Sea produced cold and dense Greenland Sea Deep
Water (GSDW), which was considered the main source of
deep water in the Nordic seas (Helland-Hansen and Nansen
1909; Malmberg 1983; Aagaard et al. 1985). There is no evi-
dence of significant renewal of GSDW after the early 1980s,
and the main product of convection since then has been the
warmer, saltier, and less dense Greenland Sea Arctic Interme-
diate Water (GSAIW; Meincke et al. 1990, 1997; Karstensen
et al. 2005; Ronski and Budéus 2005; Latarius and Quadfasel
Corresponding author: Ailin Brakstad, ailin.brakstad@uib.no 2010; Brakstad et al. 2019). Convection has been limited to

The Atlantic meridional overturning circulation plays a cru-
cial role in global climate. Warm and saline Atlantic Water
(AW) is transported from the equator toward higher latitudes
by the upper branch of the circulation. On its way poleward,
heat is lost to the atmosphere. This transforms the water into colder
and denser water masses that return equatorward at depth. The
majority of the overturning takes place east of Greenland (Lozier
et al. 2019; Petit et al. 2020). The densest component is formed
in the Nordic seas (comprising the Greenland, Iceland, and
Norwegian Seas, Fig. 1) and spills across the Greenland-Scotland
Ridge into the deep North Atlantic. While descending, the over-
flow plumes entrain surrounding water masses, which together
supply the lower branch of the overturning circulation (Chafik
and Rossby 2019).

One important mechanism of dense-water formation in the
Nordic seas is open-ocean convection. This takes place within
the cyclonic Greenland Sea Gyre, where doming of dense iso-
pycnals reduces stratification and preconditions the water
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FIG. 1. Schematic circulation in the Nordic seas. The red arrows indicate inflow of warm
Atlantic Water, the dark purple arrows mark the flow of dense water, and the light blue arrows
show the flow of Polar Surface Water. The location of the moorings is indicated by the white
star. The acronyms are the North Icelandic Irminger Current (NIIC), the North Icelandic Jet
(N1J), the Iceland-Faroe Slope Jet (IFSJ), the East Icelandic Current (EIC), and the Jan Mayen

Current (JMC).

less than 2000-m depth, and an intermediate stratification
maximum (that has further isolated the GSDW from the
surface) has developed. The formation of GSDW ceased as
a result of reduced atmospheric forcing, combined with
temporary freshening that enhanced the stability of the
gyre and less local sea-ice formation (Meincke et al. 1992;
Visbeck et al. 1995; Somavilla 2019). According to Moore
et al. (2015, 2022), the trend toward weaker atmospheric heat
fluxes over the Greenland Sea is expected to continue in a
warming climate with continued sea-ice retreat. This has not
yet limited GSAIW formation, primarily due to increased salt
advection into the Greenland Sea since the mid-1990s, resulting
in higher densities and a tendency for deeper convection (Lauv-
set et al. 2018; Brakstad et al. 2019). The overall magnitudes of
heat (57 W m?) and freshwater (—21 mm month ') fluxes
into the central Greenland Sea were estimated by Latarius and
Quadfasel (2016) based on budget calculations. However, un-
certainties remain regarding their vertical distributions and
where the heat and salt enter the gyre.

While wintertime convection in the Greenland Sea pres-
ently produces only intermediate water, this water mass can
more directly contribute to the dense overflow waters spilling
across the Greenland-Scotland Ridge from the Nordic seas
into the deep North Atlantic. Roughly 90% of the dense wa-
ter emanating from the Nordic seas passes the ridge through
either Denmark Strait or the Faroe Bank Channel (FBC;
@sterhus et al. 2019). Two main currents supply the Denmark
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Strait overflow: the East Greenland Current (EGC) and the
North Icelandic Jet (NIJ; Harden et al. 2016; Vage et al.
2011). The overflow water transported with the EGC is
mainly Atlantic-origin water that has been gradually cooled
and densified along its path around the rim of the Nordic seas
and Arctic Ocean (Mauritzen 1996; Eldevik et al. 2009; Vage
et al. 2018; Havik et al. 2019), but also a nonnegligible portion
of water formed in the Greenland Sea (Strass et al. 1993;
Jeansson et al. 2008). The NIJ, on the other hand, transports
water formed primarily in the Greenland Sea (Semper et al.
2019; Huang et al. 2020; Vage et al. 2022; Brakstad et al.
2023). The total contribution from the Greenland Sea to
the Denmark Strait overflow is 39% * 2% (Brakstad et al.
2023). The Greenland Sea is also an important source of the
Iceland-Faroe Slope Jet that, together with dense water flow-
ing southward along the Jan Mayen Ridge, supply overflow
water to the FBC (Semper et al. 2020; Huang et al. 2020;
Chafik et al. 2020; Brakstad et al. 2023). In total, 46% = 8%
of the FBC overflow originates in the Greenland Sea, while
the other main source is the Arctic Ocean (Brakstad et al.
2023). This is in line with Jeansson et al. (2017), who focused
on the origin of the intermediate water in the Norwegian Sea
upstream of the FBC. The Greenland Sea is thus an important
source of overflow water both east and west of Iceland.

Even though water-mass transformation in the Greenland
Sea has been an active topic of investigation for several deca-
des (e.g., Meincke et al. 1990, 1992; Ronski and Budéus 2005;
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FIG. 2. (a) The locations of moorings A, B, and C. The colors show mean late-winter (February—April) mixed layer depth from the win-
ters with the 30% deepest convection depths between 1986 and 2016 (based on Fig. 3¢ in Brakstad et al. 2019). The black contours show
the 250-, 500-, 1000-, 2000-, and 3000-m isobaths. The outline of the Greenland Sea Gyre as defined by Moore et al. (2015) using dynamic
topography of the sea surface relative to 500-m depth is indicated by the white contour. The black dashed line outlines the area over which
ERAS data were averaged. (b) The number of hydrographic profiles each year sorted by mooring and season.

Latarius and Quadfasel 2010; Brakstad et al. 2019; Somavilla
2019), most studies have focused on interannual and long-
term variability. Here we use a set of three profiling moorings
that were deployed within the Greenland Sea Gyre from 1999
to 2009 to investigate the wintertime evolution of the mixed
layer. The profilers measured temperature, salinity, and pres-
sure nearly from the surface to the bottom on average every
second day (daily between 2008 and 2009). Due to the long
duration and high temporal resolution of the data, we could
quantify the direct impact of CAOs on the wintertime mixed
layer using a statistical approach, and, in particular, how the
response depended on the timing and intensity of the events.
This has not previously been possible due to sparse data cov-
erage and the short duration of CAOs (Terpstra et al. 2021).
In addition to the impact of atmospheric forcing, previous
studies have highlighted the importance of lateral heat and
salt fluxes (e.g., Latarius and Quadfasel 2016; Lauvset et al.
2018; Brakstad et al. 2019). We determined the vertical distri-
bution of the lateral heat and salt fluxes into the central
Greenland Sea, and used that information in idealized numer-
ical simulations to investigate their impact on the wintertime
development of the mixed layer.

2. Data and methods
a. Hydrographic data

Our analysis is primarily based on 10 years (1999-2009) of
hydrographic measurements from three moored profilers in
the central Greenland Sea. The moorings, hereafter referred
to as moorings A (74°50'N, 2°30'W), B (75°05'N, 3°27'W),
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and C (74°55'N, 4°37"W), were all located within the cyclonic
Greenland Sea Gyre (Fig. 2a), where Brakstad et al. (2019)
found the deepest and densest wintertime mixed layers.

Each moored profiler was recovered and redeployed every
summer. They were equipped with Sea-Bird Electronics
SBE19 Seacats that measured conductivity, temperature, and
pressure from approximately 100 m below the sea surface to a
few meters above the sea floor at ~3700 m every second day.
It requires a large amount of power to operate a profiling ve-
hicle over a year. To overcome challenges related to energy
consumption, the vertical motion of the profiler was driven by
changes in buoyancy by adding and removing lead weights
from the vehicle. The lead weights were kept in a basket
mounted at the top of the mooring. The profiler itself was
buoyant, and for each cycle the profiler was ballasted by a
lead weight from the basket. The additional weight decreased
the buoyancy of the vehicle and caused it to sink to the sea
floor. At the bottom of the mooring, the lead weight was un-
loaded and the vehicle returned to the surface driven by its
own positive buoyancy. Measurements were only taken dur-
ing the dive, when the profiler reached a downward velocity
of 0.8-1.0 m s~ ! (Budéus et al. 2005). Temperature and con-
ductivity were measured at a frequency of 1 Hz, which corre-
sponds to a vertical resolution of approximately 1 m, while
pressure was recorded every 120 s. The initial accuracy of the
instrument was 0.005°C for temperature and 0.0005 S m™! for
conductivity. For the temperatures in the Greenland Sea, this
corresponds to a salinity accuracy better than 0.01 gkg ™', Ad-
ditional technical details regarding the mooring configuration
and performance can be found in Budéus et al. (2005).
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The postprocessing included calibration of the mooring
data against shipboard CTD measurements collected from
the annual mooring turnaround cruises, smoothing of the pro-
files with a 10-m median filter, and interpolation of the data to
integer pressure values. Values outside the expected range of
temperature and salinity in the Nordic seas of [—2, 20]°C and
[20, 36] g kg™ !, respectively (e.g., Vége et al. 2013) were ex-
cluded. The total coverage of quality-controlled data from
each mooring is shown in Fig. 2b. Vertical profiles were gener-
ally obtained every second day, except during 2008-09 when
daily profiles were collected. However, due to technical issues
the profilers were at times parked at a constant depth. This
was caused either by problems with the loading/unloading of
the lead weights that on 11 occasions lasted for the entire de-
ployment, or shorter periods when profiling was prevented by
strong currents (Budéus et al. 2005; Budéus 2009). Measure-
ments taken during these periods were not considered.

Data from all three moorings were combined in order to
obtain one complete time series from 1999 to 2009 with the
minimal number of gaps due to missing data. Before combining
the data, mixed layer depths and hydrographic properties, as
well as hydrographic properties at depth (2000 m), were com-
pared between moorings that had collected data simultaneously
(not shown). Both the end-of-winter mixed layer depths and the
monthly mean mixed layer properties agreed well between the
different mooring locations. The largest differences in monthly
mean mixed layer depth occurred in late winter (March and
April), mainly caused by variations in the onset of restratifica-
tion at the different mooring locations. The differences between
monthly mean hydrographic properties at 2000-m depth were
negligible. The mooring locations are hereafter used inter-
changeably to represent the general conditions within the
Greenland Sea Gyre. Data from mooring B were used as the ba-
sis for the combined time series. Data gaps were filled using
data from the other two moorings.

The delicate construction of the buoyant profiler inhibited
measurements close to the surface (Budéus et al. 2005; Budéus
2009). The shallowest depths of the profiles varied between de-
ployments, from 95 to 185 m. In the final year of the deploy-
ment period (2008-09) a supplementary mooring was deployed
to cover the upper part of the water column, from the surface
to 130 m. This mooring was located 1.8 km away from mooring C.
To overcome the influence of surface waves, this profiler had
much greater positive buoyancy than the deep profilers. The sur-
face profiler was equipped with a Sea-Bird Electronics SBE41,
which has an initial accuracy of 0.002°C and 0.002 g kg~ for
temperature and salinity, respectively. Measurements from
moorings B and C were combined with surface measurements
from the supplementary mooring to form surface to bottom pro-
files. The transition between the upper and lower datasets was
not smoothed and the profiles from 2008 to 2009 have a distinct
joint at 130 m. Further details about the 2008-09 deployment
can be found in a technical report (Budéus 2009).

In addition to the mooring data, we used hydrographic pro-
files from 1999 to 2012 from a database collected by Brakstad
et al. (2023). This database consists of profiles from various
archives over the period 1950-2019 covering the domain
50°-90°N and 45°W-65°E. The majority of the data collected
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in the Greenland Sea during this period was obtained from
the Unified Database for Arctic and Subarctic Hydrography
(UDASH; Behrendt et al. 2018) and consists of shipboard hy-
drographic measurements and Argo float profiles.

Following the new standard of the International Thermody-
namic Equation Of Seawater-2010 (TEOS-10; IOC et al. 2010)
Conservative Temperature and Absolute Salinity (hereafter re-
ferred to as temperature and salinity, respectively) were calculated
from all hydrographic data and used throughout the analysis.

b. Mixed layer depths

Apart from the 2008-09 deployment, the moored profilers
did not measure the upper 100 m of the water column. Hence,
only mixed layers extending well below this depth could be
identified. In total, mixed layers were identified in 49% of the
profiles. The remaining profiles were mainly from summer
when the mixed layer was too shallow to be detected.

Depth and properties of the mixed layer were determined
using a robust procedure previously applied by Vage et al.
(2015) and Brakstad et al. (2019). The mixed layer depth was
first estimated by two automated routines, one based on the
curvature of the temperature profile (Lorbacher et al. 2006)
and the other based on a density difference criterion (Nilsen
and Falck 2006). Each profile and the corresponding mixed
layer depth estimates were then visually inspected. One or
both of the automated routines accurately determined the
mixed layer depth for approximately half of the profiles where
the mixed layer was sufficiently deep to reach the moorings.
For the remaining profiles, a manual procedure developed by
Pickart et al. (2002) was applied. The extent of the mixed
layer was first estimated visually, and the means and standard
deviations of the mixed layer temperature, salinity, and den-
sity were calculated over this depth range. Finally, the top and
bottom of the mixed layer were determined as the depths
where either the temperature, salinity, or density profile per-
manently exceeded two standard deviations from the mean.

The manual procedure was also used for the majority of the
combined profiles from 2008 to 2009 because of the distinct
joint at 130 m. The small shift in hydrographic properties
between the deep and the shallow profilers was due to their
lateral displacement. When the mixed layer extended beneath
the shallow moored profiler, the manual procedure was used to
set the upper limit of the mixed layer below the joint, even
though the mixed layer extended to the surface. This ensured
that mixed layer properties were estimated based on data only
from the deep profiler. When the mixed layer was shallower
than 130 m and fully in the range of the shallow profiler, the
automated routines generally performed well.

c. Atmospheric data

Hourly atmospheric fields were obtained from the ERAS
reanalysis, which is the fifth-generation reanalysis produced
by the European Centre for Medium-Range Weather Fore-
casts (Hersbach et al. 2020). The reanalysis data have first
been interpolated to a 0.25° latitude-longitude grid and then
averaged over a box enclosing all three moorings (74.75°-
75.25°N and 2.25°-4.75°W; Fig. 2a). We used analyzed fields
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of potential temperature at 900 hPa, surface skin temperature,
surface pressure, and sea-ice concentration, as well as short-range
forecasts of wind stress, surface sensible and latent turbulent
heat fluxes, evaporation, precipitation, and long- and shortwave
radiation.

d. Cold-air outbreaks

To identify CAO events, we followed previous works (e.g.,
Bracegirdle and Gray 2008; Kolstad 2011; Papritz et al. 2015;
Fletcher et al. 2016; Papritz and Spengler 2017; Terpstra et al.
2021) by using a CAO index defined as the difference between
potential skin water temperature (6skt) and potential air tem-
perature at 900 hPa (6yoonpa), i-€., Oskt — Boponpa- Papritz and
Spengler (2017) found that CAOs with a CAO index in excess
of 4 K are closely associated with enhanced upward turbulent
heat fluxes and are, therefore, most relevant for dense-water
formation in the western Nordic seas. Consequently, time
steps with a CAO index below 4 K were not considered. From
the CAO index time series, the cold-air outbreaks each winter
were identified on an event by event basis as follows: The
peak of the first event was defined as the maximum CAO in-
dex. Every neighboring data point with a CAO index higher
than 4 K was then assigned to that event. The start and end of
the event were set to the first and last data points where the
CAO index was higher than 4 K. Further events were then
identified iteratively following the same procedure by consid-
ering only data points that were not yet attributed to another
event. In the end all events with peak values exceeding 4 K
were identified, and all data points with a CAO index higher
than 4 K were assigned to a particular event. Following Papritz
and Spengler (2017), each event was classified as either moder-
ate (4 K < 6skr — 6ogonpa = 8 K), strong (8 K < 6sgr —
Oooonpa = 12 K), or very strong (12 K < Oskr — 6ooonpa) ac-
cording to the peak value of the CAO index. The temporal
distribution of turbulent heat fluxes during the events (cen-
tered at the peak CAO index) is shown in Fig. 3 for each in-
tensity class. Both the length of the event and the peak
turbulent heat flux increase with CAO intensity.

Terpstra et al. (2021) found that the median duration of a
CAO in this region is 2.5 days, with lower and upper quartiles
of 1.8 and 4.1 days. To quantify the direct impact of CAOs on
the wintertime mixed layer we therefore investigated profile-
to-profile changes in mixed layer depth and temperature
between all profiles obtained 4 days or less apart. Profiles
where the mixed layer was not detected by the moorings were
excluded from the analysis. The changes were calculated sepa-
rately at each of the three mooring locations and divided by
the time span between the profiles to estimate a daily rate of
change. Each of these differences in mixed layer properties
were grouped according to the CAO intensity classification
above by the median value of the CAO index between the
profiles.

e. Idealized mixed layer model

To investigate how the timing of CAOs and oceanic lateral ad-
vection impact the mixed layer development, we employed a
one-dimensional mixed layer model known as the Price-Weller—
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FIG. 3. Temporal distribution of turbulent heat fluxes during
(a) moderate, (b) strong, and (c) very strong CAOs. All CAOs
were centered at the peak CAO index. The color indicates the
percentage of CAO events exceeding the turbulent heat flux
value on the y axis. The black horizontal lines mark the winter
mean background turbulent heat flux when no CAO was pre-
sent (57 W m™2). The blue curves are idealized CAOs with a
Gaussian distribution (section 2e).

Pinkel (PWP) model after Price et al. (1986). A modified version
of this model, including lateral fluxes of heat and salt, was devel-
oped by Moore et al. (2015) and Brakstad et al. (2019) to better
represent the conditions in the central Greenland Sea. Lateral
advection of heat was parameterized by Moore et al. (2015)
based on the annual-mean heat budget for the Greenland Sea
Gyre and reflects the vertical profile of the temperature differ-
ence across the gyre boundary. The same principle was used to
parameterize lateral advection of salt by Brakstad et al. (2019),
who also included salt fluxes from formation of sea ice. In this
study, we updated the PWP model setup for the Greenland Sea
with our improved estimates of lateral heat and salt fluxes
(section 6). The importance of lateral advection was examined
by comparing two sets of PWP runs for each winter (one with
and one without lateral advection) to the observed mixed layer
evolution. The initial hydrographic conditions were based on the
first November profile where the mixed layer was detected by
the moorings. The model was then integrated to the end of April
with realistic atmospheric forcing based on hourly heat,
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equals the 19992009 mean for all three time series, while the background heat flux without CAOs is 57 W m

freshwater, and momentum fluxes from ERAS5 (section 2c).
We note that sea surface temperatures below the freezing point
were nearly absent during the time period considered here. Hence,
the effect of salt fluxes from sea-ice formation was negligible. The
model has a vertical resolution of 2 m and a time step of 1 h.

The same setup, but with idealized atmospheric forcing, was
used to examine how the timing of CAOs impacts the mixed
layer development. To isolate the effect of the temporal CAO
distribution, we required that the integrated turbulent heat
loss from November to April was equal to the 1999-2009
mean in all simulations. Three different cases were then con-
sidered: one with all CAOs concentrated early in winter, one
with all CAOs concentrated late in winter, and one with
CAOs evenly distributed throughout the winter. The corre-
sponding time series of turbulent heat fluxes (Fig. 4) were con-
structed based on idealized heat-flux distributions of single
CAOs (blue curves in Fig. 3). The idealized CAOs have
Gaussian distributions with peak turbulent heat fluxes (181,
318, and 515 W m™?) and durations (0.7, 2.7, and 5.0 days)
equal to the means of the moderate, strong, and very strong
events, respectively (section 2d). The background turbulent
heat flux when the CAO index was below 4 K was 57 W m™2
on average (black horizontal lines in Fig. 3), this was used as
the background also in the simulations. Idealized CAOs were
then added to the background turbulent heat flux until the in-
tegrated November—April heat loss reached the 1999-2009
mean. As several strong and very strong CAO events typically
occur every winter, too many moderate events were required
to obtain the required integrated heat loss. Hence, the three
idealized time series were only constructed based on strong
and very strong events: either 18 very strong events early in
winter, 18 very strong events late in winter, or 67 strong events
distributed evenly throughout the winter (Fig. 4). The remain-
ing atmospheric forcing components were constant, equal to
the November—April mean between 1999 and 2009.
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3. Evolution of hydrographic properties in the
Greenland Sea Gyre

By combining data from all three moorings (section 2a), we
obtained near-surface to bottom hydrographic time series in
the Greenland Sea Gyre covering the entire 1999-2009 period
with only three major data gaps (Fig. 5). Throughout the de-
ployment, the entire water column became warmer and more
saline (Figs. 5a,b). This development is consistent with Lauvset
et al. (2018) and Brakstad et al. (2019), who documented
warming and salinification in the upper 2000 m between 1986
and 2016. Lauvset et al. (2018) attributed this change in prop-
erties to the increased temperature and salinity of the AW en-
tering the Nordic seas during the same period (e.g., Holliday
et al. 2008; Tsubouchi et al. 2021). AW is advected into the
Nordic seas by the Norwegian Atlantic Current, which flows
northward to the east of the Greenland Sea Gyre, and densi-
fied Atlantic-origin water is returned to the south by the
EGC on the western side of the gyre (Fig. 1). The Atlantic-
origin water is warmer and more saline than the ambient
water in the Greenland Sea, and heat and salt continuously
penetrate the gyre between 50- and 1500-m depth (Latarius
and Quadfasel 2016).

Lauvset et al. (2018) and Brakstad et al. (2019) only consid-
ered data above 2000-m depth, which corresponds to the
depth range where the evolution of the Greenland Sea prop-
erties can be explained by eddy fluxes from surrounding water
masses (Latarius and Quadfasel 2016). Below 2000 m, the wa-
ter column consists of GSDW that has not been ventilated
since deep-reaching convection ceased in the early 1980s (e.g.,
Meincke et al. 1992; Karstensen et al. 2005; Brakstad et al.
2019). After the GSDW was isolated from the surface, it has
only been modified by mixing with deep water masses from
the Arctic Ocean through Fram Strait (Somavilla et al. 2013)
and from the Norwegian Sea through the Jan Mayen Channel
(Dsterhus and Gammelsrgd 1999). These deep waters are
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FIG. 5. (a) Temperature, (b) salinity, and (c) buoyancy frequency in the Greenland Sea Gyre between 1999 and 2009. The black lines
show potential density contours. Mixed layer depths are marked by white dots. The colors at the bottom of each figure indicate which
mooring the data originate from (purple for mooring A, orange for mooring B, and green for mooring C). The x axes indicate the start of

each year, while the black bars at the top of the figure mark when profiles were obtained. Note the nonlinear color bars.

warmer and more saline than the GSDW, hence a warming
and salinification are observed also at depth (@sterhus and
Gammelsrgd 1999; Somavilla et al. 2013).

While long-term warming and salinification took place at
all depths, the hydrographic properties in the upper half
(above 2000 m) of the water column were primarily modified
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by local convection in winter. The oy = 28.05 kg m ™ isopyc-
nal was ventilated every winter, while the oy = 28.06 kg m >
isopycnal outcropped during the last two winters (2007/08 and
2008/09, Fig. 5). Thus, convection in the Greenland Sea pro-
duced water masses that can supply the densest portion of the
overflow water each winter throughout the entire 1999-2009
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period (e.g., Huang et al. 2020). However, the interannual vari-
ability in the stratification as indicated by the buoyancy fre-
quency in Fig. 5¢ was pronounced. This variability primarily
stems from changes in convection depth (indicated by the white
dots). Winters of deep convection (such as 2001/02 and 2007/08)
were followed by summers of reduced stratification at interme-
diate depths. The intimate link between convection depth and
intermediate stratification was in particular evident in the step-
wise increase of convection depth and concurrent decrease in
stratification between 2006 and 2009. Ronski and Budéus
(2005) used, among other criteria, the change in water column
stratification to estimate the depth of wintertime convection by
comparing profiles from the Greenland Sea from two subse-
quent summers. Although we have no measurements from win-
ter 1999/2000, convection to about 1300 m can be inferred from
the weakly stratified intermediate layer that appeared in sum-
mer 2000. This decrease in stratification from fall 1999 to sum-
mer 2000 was caused by convection in winter 1999/2000.

The pronounced stability maximum between 1500- and
2000-m depth separates the GSAIW from the deeper GSDW
(Fig. 5¢). This maximum developed following an intermediate
temperature maximum around 500 m in the early 1990s (e.g.,
Budéus et al. 1998; Karstensen et al. 2005). Since then, the
maxima have gradually descended as the overlying GSAIW
was ventilated by convection and increased in volume while
the GSDW remained isolated from the surface. Even though
the temperature maximum disappeared after 2002, the stabil-
ity maximum persisted around 1500-m depth. Another pro-
nounced intermediate layer of high stratification was evident
between 2004 and 2008 (also noted by Brakstad et al. 2019).
This maximum arose around 1000-m depth in 2004 as a result
of relatively shallow convection combined with continuous re-
stratification from lateral advection across the gyre boundary.
Increased convection depths the following winters gradually
eroded this stratification maximum until 2008, when it
reached 1500-m depth and disappeared.

4. Wintertime mixed layer evolution

Since hydrographic profiles were obtained every second
day, it was possible to examine the mixed layer evolution
through winter and its response to atmospheric forcing on
short time scales. Throughout the record, brief near-surface
temperature increases occurred. These events must stem from
warmer water masses advected past the moorings as the total
heat flux during winter was always directed from the ocean to
the atmosphere, hence cooling the ocean. To focus our analy-
sis on the direct impact of the atmospheric forcing on the
mixed layer, all profiles with warm near-surface anomalies
were excluded from the analysis.

Substantial interannual variability was observed in the end-
of-winter mixed layer depths (Fig. 6a). More than 1000 m sepa-
rated the shallowest (2005/06) and deepest (2001/02) convection
depths. Nevertheless, the mixed layer evolution each winter
had a similar pattern both in depth and in temperature
(Figs. 6a,b), which can be divided into two distinct phases. In
the first phase (approximately November—January), the shallow
mixed layer cooled substantially, even when the heat loss was
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only modest, while the change in mixed layer depth was mi-
nor (Fig. 6¢c). When the mixed layer became sufficiently
dense to erode the near-surface stratification that had accu-
mulated through summer, the second phase commenced
and the mixed layer deepened rapidly. In the second phase
(approximately February—April), the heat loss was distrib-
uted over an increasingly deep mixed layer, which led to re-
duced cooling (i.e., less reduction in temperature); this,
however, was not necessarily related to reduced heat fluxes.
A similar pattern was noted by Pawlowicz (1995), who in-
vestigated the seasonal cycle of temperature and salinity in
the upper waters of the Greenland Sea Gyre prior to the
1990s. Hereafter, we refer to the first phase as the cooling
phase and the second phase as the deepening phase.

For each winter the transition between the two phases was
identified by the inflection point of the 30-day running mean
mixed layer depth. The deepening phase commenced when the
second derivative had a minimum after mid-December, i.e.,
when the slope of the mixed layer depth increased the most
(marked with diamonds in Fig. 6a). The transition from the
cooling to the deepening phase generally occurred between late
December and early February. The winter of 2000/01, when
the deepening phase was delayed until mid-March, was an
exception. Unlike the other winters, the moorings were cov-
ered by sea ice throughout most of January and February.
The sea-ice cover insulated the sea surface from the atmo-
sphere, which kept the mixed layer shallow. When the ice
edge retreated in March, the water column was exposed to the
atmosphere and the deepening phase began shortly thereafter.
While the moorings were covered by sea ice, the mixed layer
was mostly too shallow to be detected (note the few mixed
layers detected between January and February in Fig. 6a).
These under-ice profiles that were not directly exposed to the
atmosphere are not included in the analysis.

5. The impact of cold-air outbreaks on the mixed layer

The CAO frequency in winter ranges between 20% and
50% (Fig. 7). Winters with a high CAO frequency generally
have a higher winter mean turbulent heat flux from the ocean
to the atmosphere. Corroborating the results of Papritz and
Spengler (2017), CAOs accounted for 60%—-80% of the total
turbulent heat loss each winter. Winter 2001/02 was an excep-
tion, then the CAO contribution exceeded 80%, thereby
strongly exceeding the range of CAO frequencies (20%-50%,
Fig. 7). Even during winter 2005/06, when the CAO frequency
was only 22%, the events were responsible for 60% of the to-
tal heat loss. Consistent with the few CAOs this winter, the
mean turbulent heat flux was particularly low (107 W m™?),
and convection did not exceed 1000 m. There is a clear con-
nection between the winter mean turbulent heat flux and the
maximum convection depth each winter, with the deepest
mixed layer depths occurring in winters with the strongest at-
mospheric forcing, hence the incidence of CAOs is important
for dense-water formation in the Greenland Sea. Winter 2006/07
breaks the general pattern in Fig. 7. This winter was character-
ized by strong intermediate stratification in fall (Fig. 5c), which
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constrained the mixed layer to shallower depths than other win-
ters with comparable total heat loss.

Because of sparse temporal data coverage, the direct impact
of CAOs on wintertime convection in the Greenland Sea has
previously not been quantifiable. Such an analysis is further
complicated by the fact that the evolution of the mixed layer
through winter is also affected by other factors, such as lateral
advection. A recent study from the Iceland Sea investigating
the oceanic impact of a single well-observed CAO event, found
that the mixed layer response varied spatially depending on the
importance of lateral advection (Renfrew et al. 2023). Lateral
advection of heat and salt may also vary with time. This implies
that the impact of single CAOs on the mixed layer develop-
ment in the central Greenland Sea may not be representative.
However, from our 10-yr moored record with relatively high
temporal resolution, a statistical approach yields significant re-
sults. The profile-to-profile changes in mixed layer depth and
temperature were grouped according to the median value of
the CAO index between the profiles (section 2d) and according
to the phase they occurred in (Fig. 8). Within each phase and
CAO intensity class, outliers that were more than three stan-
dard deviations away from the mean were removed.

The impact of a CAO on the mixed layer properties de-
pended on when the event occurred. In the cooling phase, the
increase in mixed layer depth was small, even during the stron-
gest CAO events. Regardless of the strength of the CAO, the
average deepening rate did not exceed 6 m day ™. In the deep-
ening phase, the rate of increase in mixed layer depth was sub-
stantially higher. The deepening also increased with intensifying
CAO:s, apart from very strong events. Since only three profile-
to-profile changes were assigned to very strong CAOs during
the deepening phase, this result is not considered statistically
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significant. The same analysis was performed using instead the
maximum CAO index in the time period between the profiles
(not shown). Although the number of data points increased, the
mixed layer response was similar to that of strong events. On av-
erage, the CAO index exceeded 12 K only 2% of the deepening
phase (typically between February and April). The average
deepening during strong CAQO events was 38 m day ™.

In periods when no CAOs were registered, the mixed layer
shoaled. In addition to being cooled by the atmosphere, the
water column in the Greenland Sea Gyre is continuously af-
fected by substantial lateral fluxes of heat and salt from sur-
rounding water masses (e.g., Latarius and Quadfasel 2016).
The shoaling of the mixed layer indicates that to deepen or
maintain the mixed layer, substantial atmospheric forcing is
required. During periods characterized by weak atmospheric
heat fluxes, lateral fluxes dominate and cause temporary re-
stratification and shoaling mixed layers.

While the greatest changes in mixed layer depth occurred in
the deepening phase, the mixed layer temperature cooled com-
paratively little (Fig. 8b). The average change in mixed layer
temperature was —0.02 K day ™! during strong events. During
the cooling phase, on the other hand, changes in the mixed
layer temperature were substantial. For strong and very strong
CAOs, the mixed layer cooled by 0.07-0.08 K day ' on average
(due to large standard errors, these two classes were not signifi-
cantly different).

To summarize, the strong and very strong CAOs that oc-
curred early in winter primarily cooled the mixed layer until
the near-surface stratification was eroded and the second
phase of convection commenced. In the second phase, the
strong atmospheric cooling during CAOs primarily led to a
deepening of the mixed layer, while the temperature remained
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relatively constant. This distinction, in mixed layer response
between the two phases, is statistically robust over ten winters.

6. Lateral heat and salt fluxes into the Greenland
Sea Gyre

For all CAO-intensity classes, we observed substantial vari-
ability in the mixed layer depth and temperature responses as
indicated by the large standard errors in Fig. 8. In some cases,
the mixed layer shoaled and warmed, even when subject to
persistent cooling by the atmosphere. This indicates that
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lateral fluxes of heat and salt are also important for the devel-
opment of the mixed layer. Previous studies have quantified
an overall flux of warm and saline water into the Greenland
Sea Gyre (Moore et al. 2015; Latarius and Quadfasel 2016;
Brakstad et al. 2019), but uncertainties remain regarding the
vertical distribution of these fluxes and their origin.

To quantify the lateral heat and salt advection we estimated
profile-to-profile differences in temperature and salinity based
on the gridded fields shown in Fig. 5. The means over the en-
tire 1999-2009 period were then estimated at each depth level
and converted to annual mean rates of change as shown by
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130-m depth. The changes above this depth were estimated based on the shallow profiler only (2008/09) and represent changes ob-
served between May and October since the mixed layer exceeded 130-m depth during winter (November—April). The thick red lines
are 30-m running means, and constant from 130 m to the surface (equal to the 70-130-m median values). Note the changing inter-

vals on the x axes.

the black profiles in Fig. 9. All measurements taken within the
surface mixed layer were removed to exclude impacts of atmo-
spheric forcing. That is, we assume that any changes in tem-
perature and salinity below the surface mixed layer are caused
by lateral advection of heat and salt. The changes above 130 m
were estimated based on data from the single deployment of
the shallow profiler. These changes are mainly based on sum-
mer data (May-October), as the mixed layer depth exceeded
130 m most of the winter.

Atmospheric forcing ignored, the lateral heat flux into the
Greenland Sea Gyre (Fig. 9a) would lead to an annual tem-
perature increase of 6 K near the surface, which decreases ex-
ponentially toward 0 K at approximately 1000-m depth. Only
4% of the heat added by lateral advection takes place below
this depth. In addition to the exponential decrease of the lat-
eral heat fluxes, an intermediate maximum is centered near
300 m. At the same depth level we also observe a maximum
in the salt advection (Fig. 9b). The annual change in salinity is
generally positive below 130-m depth, while the most promi-
nent signal is the freshening due to inflow of Polar Surface
Water in the upper 70 m of the water column.

Relatively warm and saline water is present both east and
west of the Greenland Sea Gyre (Fig. 10). The upper part of
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the water column in the Norwegian Atlantic Front Current
(NAFC) that flows northward along the Mohn Ridge on the
eastern side of the gyre contains warm and saline AW. Den-
sified Atlantic-origin water is returned to the south by the
EGC on the western side of the gyre and is associated with
subsurface maxima in temperature and salinity. Apart from
the fresh Polar Surface Water in the west, any lateral ex-
change between the gyre and its surroundings will lead to an
influx of heat and salt into the gyre. Both observations and
models indicate that part of the heat and salt in the NAFC
crosses the Mohn Ridge into the central Greenland Sea
(Spall 2010; Segtnan et al. 2011; Bosse and Fer 2019; Ypma
et al. 2020). This could account for the large near-surface heat
flux into the gyre, but we do not observe the same surface in-
tensification in salinity (Fig. 9). Instead, the upper part of the
gyre is freshened by inflow of Polar Surface Water from the
west. The depth of the EGC’s subsurface temperature and sa-
linity maxima coincides with the 300-m peaks in annual mean
temperature and salinity change within the gyre, suggesting
that exchange across the western gyre boundary is the primary
source of at least these intermediate maxima. In Fig. 10b, we
also see a tongue of saline water reaching the mooring locations
from the west.
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white dashed lines.

The average temperature and salinity profiles east and west
of the Greenland Sea Gyre, as well as the mean hydrography
within the gyre, are shown in Fig. 11. The typical density
range in the central Greenland Sea between 70- and 500-m
depth, where most of the heat and salt are added, is 27.97-
28.05 kg m >, In this density range, when comparing the
eastern and western profiles along isopycnals, the tempera-
ture and salinity are in fact higher to the west in the EGC.
If we assume that exchange of heat and salt primarily
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occur along isopycnals, we also see that the gyre is warmer
and more saline than the eastern profile in the range
28.02-28.05 kg m >, Another indication that the exchange
across the western gyre boundary dominates is the steepness
of the isopycnals, which determines the stability of the fron-
tal boundaries (Spall 2010). The isopycnal steepness is
higher on the western side (Fig. 10), which implies that the
front is more unstable, and the potential for exchange of
heat and salt may be greater.
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7. The impact of lateral advection and the distribution
of cold-air outbreaks on the wintertime mixed
layer evolution

To determine the impact of lateral advection on the winter-
time evolution of the mixed layer, we used the one-dimensional
PWP mixed layer model described in section 2e with lateral heat
and salt fluxes parameterized. The annual mean rates of tem-
perature and salinity changes (Fig. 9) were converted into
rates of changes per model time step of 1 h. These were then
added to the simulated temperature and salinity profiles at
each time step to represent constant fluxes of heat and salt. No
deep convection took place in the simulations with lateral ad-
vection parameterized based on the black profiles in Fig. 9 due
to the high heat and freshwater fluxes near the surface. The
upper 130 m primarily contain summer data, where substantial
seasonal variability in lateral advection is expected due to an
east-west migration of the Polar Front (Vage et al. 2018; Spall
et al. 2021). During fall and winter, the fresh Polar Surface Water
is pushed toward the Greenland shelf by westerly Ekman trans-
port induced by strong northerly winds. Hence, we expect a re-
duced freshwater flux into the central Greenland Sea in
winter. To account for this, constant values for rate of change
in temperature and salinity (equal to the 70~130-m median val-
ues, below the strong freshening signal) were used throughout
the upper 130 m as indicated by the red profiles in Fig. 9. The
resulting rate of change in depth-integrated heat content cor-
responds to an influx of 72 W per horizontal square meter,
which is approximately 10 W m™2 larger than previous gyre-
mean estimates (Moore et al. 2015; Latarius and Quadfasel
2016).

For each winter we ran two sets of simulations: one including
parameterized lateral heat and salt fluxes and one without lat-
eral advection. Both sets of simulations were initialized using
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November hydrographic conditions and forced by ERAS fluxes
from the corresponding winter (section 2¢). The simulated de-
velopment of the mixed layer depth in each run was then com-
pared to observations (i.e., the 30-day running means shown in
Fig. 6a). For consistency, we also estimated the 30-day running
mean mixed layer depth in each simulation. The mean differ-
ence in mixed layer depth between the two sets of simulations
and the observations are shown in Fig. 12. The simulations with
no lateral advection (the blue dashed line in Fig. 12) always
overestimated the mixed layer depth. The seasonal cycle in
model error, approaching 800 m in the beginning of March, was
due to the timing of the transition between the cooling and
deepening phases, which occurred earlier in the model than in
the observations. The resulting end-of-winter mixed layer depth
was overestimated by 300 m on average when lateral advection
was not accounted for. The simulations including advection of
heat and salt (the red dashed line in Fig. 12) also overestimated
the mixed layer depth, but to a much lesser extent. The deeper
mixed layers were mainly caused by an earlier onset of deep
convection in the model, which could be explained by the lack
of seasonality in the parameterized lateral fluxes. In the mean,
the simulated end-of-winter mixed layer depth was underesti-
mated by slightly less than 100 m. Comparing the two sets of
simulations, we see that lateral fluxes (of heat, in particular) act
to reduce the mixed layer depth in the central Greenland Sea
by approximately 400 m on average. That is, the idealized simu-
lations indicate that lateral fluxes are important for the develop-
ment of the mixed layer in the central Greenland Sea.

The PWP model was also used to investigate the impact of
the distribution of CAOs. Three idealized time series of turbu-
lent heat fluxes were created as described in section 2e (Fig. 4),
while the remaining atmospheric forcing was kept constant,
equal to the winter mean values over the entire 1999-2009
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period. The turbulent heat flux was either constructed from
1) very strong CAOs concentrated early in the winter, 2) very
strong CAOs concentrated late in winter, or 3) strong CAOs
evenly distributed over the winter. The integrated turbulent
heat losses over the entire winter (November—April) were
equal in all three cases, to isolate the effect of the temporal
distribution. Simulations were then performed for each winter
and set of idealized atmospheric forcing time series, with and
without lateral advection.

The simulations suggest that changes in the temporal distri-
bution of CAOs only slightly modify the maximum mixed layer
depth and hydrographic properties (Figs. 13a—). Focusing on
the maximum mixed layer depth, we see that very strong CAOs
late in winter tend to result in deeper convection than when the
events occurred early in winter. However, the difference is only
on the order of 100 m. More important are the integrated heat
loss over the winter and oceanic lateral advection. The initial
hydrographic conditions are also important as indicated by the
relatively large winter-to-winter variability (Fig. 13a). The onset
of the deepening phase, on the other hand, is greatly influenced
by the CAO distribution (Fig. 13d). As expected, more heat
loss early in winter leads to an earlier onset of the deepening
phase, while the inclusion of lateral advection tends to delay the
onset of deep convection.

8. Summary and conclusions

We used a 10-yr (1999-2009) hydrographic record from
moored profilers to examine dense-water formation in the
Greenland Sea Gyre, with particular focus on the impact of
CAOs and lateral fluxes of heat and salt. Although the
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moorings were located in the western part of the gyre, the
long-term evolution of the mixed layer depth and hydro-
graphic properties were representative for the entire gyre.
Consistent with Lauvset et al. (2018) and Brakstad et al.
(2019), we observed a general warming and salinification of
the entire water column. Intermediate (500-1500 m) convec-
tion was observed regularly, and water sufficiently dense (oy
= 28.05 kg m ™) to supply the densest component of the over-
flow waters was produced every winter (Huang et al. 2020).

In agreement with Papritz and Spengler (2017), we found that
between 60% and 80% of the heat lost to the atmosphere dur-
ing winter occurs during CAOs. Winters with a high frequency
of CAOs had the largest winter mean turbulent heat flux and
the deepest end-of-winter mixed layer, apart from winter 2006/07
when the intermediate stratification was particularly strong.
Our results suggest that the mixed layer development during
winter can be divided into two phases: a cooling phase and a
deepening phase. The oceanic response to CAOs is highly de-
pendent on which phase the events occur in. Early in winter,
the CAOs primarily cooled the mixed layer, while the mixed
layer depth remained nearly constant. The magnitude of the
cooling depended on the intensity of the events, with the larg-
est cooling (0.07-0.08 K day ') taking place during strong and
very strong CAOs. Later in winter, typically between February
and April, CAOs mainly deepened the mixed layer. The great-
est rate of deepening (up to 38 m day ') occurred during
strong CAOs. Very strong CAOs (with CAO indices above
12 K) rarely occurred in the deepening phase during the
1999-2009 period. It was therefore not possible to obtain statisti-
cally meaningful numbers for these events during the deepening
phase. The end-of-winter mixed layer depth and hydrographic
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properties are dependent on the integrated heat loss over the
winter, but idealized numerical simulations suggest that they are
not sensitive to changes in the temporal distribution. The onset
of the deepening phase, on the other hand, largely follows the
temporal distribution of CAOs: more CAOs early in winter
results in an earlier onset of the deepening phase.

A shortcoming of the moored measurements, when consid-
ering the atmospheric impact on the mixed layer, is that the
profilers did not reach the surface (only to around 100 m
depth). The final year of the deployment (2008-09) was an ex-
ception. Then a separate moored profiler to sample the upper
130 m of the water column was deployed in addition to the
deep profilers. For the remaining years we have only consid-
ered the months when the mixed layer exceeded 100-m depth
(typically between November and April). When the upper
part of the moorings measured a homogeneous layer, we as-
sumed that it was in direct contact with the atmosphere. How-
ever, we observed shorter periods of increased temperature
near the top of the moorings, even though the atmospheric re-
analysis product indicated ocean-to-atmosphere heat loss.
Profiles containing such warm-water intrusions were excluded
from the statistical analyses, but undetected intrusions above
100-m depth likely occurred. This could account for some of
the observed variability in the mixed layer response to CAOs.
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The considerable variability in the mixed layer response to
CAO:s is also in part due to the influx of heat and salt from
surrounding water masses. We considered temporal changes
in temperature and salinity below the mixed layer to quantify
the magnitude and vertical distributions of these fluxes. Our
estimated annual mean depth-integrated lateral heat flux of
72 W m? is comparable to, but approximately 10 W m™>
higher than, previous estimates (Moore et al. 2015; Latarius
and Quadfasel 2016). This could stem from a lack of winter-
time data in our estimate since we excluded measurements
taken within the mixed layer, or because we only have one
year of near-surface measurements. Unlike Moore et al.
(2015) and Latarius and Quadfasel (2016), we included depths
below 1500 m in our estimate. However, this is not a main rea-
son for the discrepancy, as less than 4% of the heat added by
lateral advection occurs below this depth.

While the largest lateral heat fluxes occur near the surface, we
also identified a subsurface maximum near 300-m depth. This
maximum corresponds to the depth of the Atlantic-origin water
in the East Greenland Current (Hévik et al. 2017), suggesting
that it primarily originates from exchange across the western
boundary of the gyre. The density structure across the Greenland
Sea, based on shipboard hydrographic measurements and Argo
float data, also indicate that the western front is more unstable
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than the front associated with the Norwegian Atlantic Front Cur-
rent over the Mohn Ridge. However, the magnitudes of the rela-
tive contributions from the regions surrounding the Greenland
Sea Gyre remain unknown. Dedicated velocity and turbulence
measurements are needed to investigate this further.

The magnitude and vertical distribution of lateral heat and
salt fluxes were used in an idealized mixed layer model to deter-
mine the impact of lateral advection on the wintertime mixed
layer development. The two fluxes have competing effects on
the density and depth of the mixed layer. While the lateral heat
flux restratifies the water column (leading to a shallower mixed
layer), the salt flux preconditions the water column for deeper
convection. The combined effect is a reduction in the end-of-
winter mixed layer depth by approximately 400 m in the mean
relative to simulations without lateral fluxes. Apart from the in-
flow of fresh Polar Surface Water, the salt flux is positive over
the rest of the water column. Lauvset et al. (2018) and Brakstad
et al. (2019) found that increased salt advection since the mid-
1990s has led to increased mixed layer depths and sustained the
formation of GSAIW, even though the atmospheric heat fluxes
declined (Moore et al. 2015). The trend in AW salinity has
recently reversed (Mork et al. 2019), and convection in the
Greenland Sea could become increasingly vulnerable to changes
in the atmospheric forcing.

The hydrographic measurements from the moored profilers
provide a unique dataset, both in terms of high temporal reso-
lution and the long duration, which are both necessary to
quantify the direct impact of CAOs on the wintertime mixed
layer. This study provides a first demonstration that winter-to-
winter variability in CAO frequency has a profound impact on
the ocean mixed layer and on dense-water formation in the
Greenland Sea. Through a well-established link between vari-
ability in seasonal CAO frequency and the frequency of extra-
tropical cyclones (Fletcher et al. 2016; Papritz and Grams
2018), our results provide an avenue for understanding how
seasonal variability in the configuration of the North Atlantic
storm track feeds back on dense-water formation in the central
Greenland Sea. Our analysis also highlights the importance of
the interplay between atmospheric forcing and oceanic lateral
advection for the Greenland Sea mixed layer development.
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ARTICLE INFO ABSTRACT

Dataset link: https://doi.org/10.21335/NMDC- Dense waters formed in the Nordic Seas spill across gaps in the Greenland-Scotland Ridge into the abyss of
1271328906, http://marine.copernicus.eu the North Atlantic to feed the lower limb of the Atlantic Meridional Overturning Circulation. The overflow
Keywords: water transport is well known, but open questions remain regarding where and how the dense overflow
Nordic Seas waters are formed and transported to the ridge. Here we develop a regional high-resolution version of an
Overturning inverse method called Total Matrix Intercomparison, which combines hydrographic and geochemical tracer
Dense-water formation observations between 2000 and 2019 to resolve the pathways that connect the overflows to their origins.
Water masses Consistent with previous studies we find two main pathways feeding the Denmark Strait Overflow Water
Observations (DSOW): the East Greenland Current and the North Icelandic Jet. Most of the water supplied by the North

Icelandic Jet originates in the Greenland Sea (82 + 2%) and flows southward along an outer core of the East
Greenland Current, as well as along a previously unknown pathway crossing the Jan Mayen Ridge into the
Iceland Sea. In total, 39 + 2% of the DSOW originates in the Greenland Sea, while the Iceland Sea and the
Atlantic Domain of the Nordic Seas account for 20 + 3% and 19 + 2%, respectively. The majority of the Faroe
Bank Channel Overflow Water originates in the Greenland Sea (46 + 8%) and the Arctic Ocean (25 + 9%).
These dense waters approach the sill in the Iceland-Faroe Slope Jet and along the eastern side of the Jan Mayen
Ridge. The inversion reveals unprecedented details on the upstream sources and pathways of the overflows,
which have not previously been obtained using observations.

1. Introduction water masses feeding these two overflows are not as well known as
the transports across the ridge, although both are of key importance
The overflows from the Nordic Seas are a main source of dense for better understanding the sensitivity of the AMOC to a warming
water to the lower limb of the Atlantic Meridional Overturning Circu- climate.
lation (AMOG, Lozier et al., 2019; Chafik and Rossby, 2019; Tsubouchi Dense waters are formed in the Nordic Seas by several mechanisms.
et al.,, 2021). Warm and saline Atlantic Water flows northwards into One is the gradual cooling of the Atlantic Water (AW) along the bound-
the Nordic Seas (Fig. 1), where intense heat loss in winter transforms ary current system around the Nordic Seas and Arctic Ocean (Mau-
the water into colder and denser water masses that return south- ritzen, 1996; Eldevik et al., 2009). Most of the cooling takes place

wards through gaps in the Greenland-Scotland Ridge (GSR) as overflow
plumes. The largest overflow plume passes through Denmark Strait
between Greenland and Iceland (3.2 Sv, 1 Sv = 10° m? s~1), while most
of the overflow east of Iceland (2.0 Sv) flows southwards through the
Faroe Bank Channel (@sterhus et al., 2019). The overflow through these
two passages combine to approximately 90% of the total overflow wa-
ter, generally defined as water denser than ¢ = 27.8 kg m~3 (Dickson
and Brown, 1994). The sources and upstream pathways of the dense

in the Norwegian Sea (Fig. 1, Isachsen et al., 2007), known as the
Atlantic Domain of the Nordic Seas because it is characterized by warm
and saline AW at the surface (Swift and Aagaard, 1981). The AW
branches that flow northwards through the Barents Sea and Fram Strait
encircle the Arctic Ocean, and are further cooled and modified during
transit (Rudels et al., 1999, 2005). In Fram Strait the branches trans-
porting densified AW, now referred to as Atlantic-origin water (Vige
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Fig. 1. Schematic circulation in the Nordic Seas. The inflow of warm Atlantic Water is indicated by red arrows, pathways of dense waters are illustrated by dark purple arrows,
and southward transport of fresh Polar Surface Water with the East Greenland Current is shown in light blue arrows. The acronyms are: NIIC=North Icelandic Irminger Current;
NIJ=North Icelandic Jet; IFSJ=Iceland-Faroe Slope Jet; EIC=East Icelandic Current; JMC=Jan Mayen Current; WSC=West Spitsbergen Current; FBC=Faroe Bank Channel. The

background color is the bathymetry from ETOPO1 (Amante and Eakins, 2009).

et al.,, 2011) merge and return southwards with the East Greenland
Current as an intermediate water mass with overflow-water density
and a temperature between 0 and 3 °C (Rudels et al., 2005; Havik
et al.,, 2019). Above the Atlantic-origin water is the cold and fresh
Polar Surface Water (PSW), which dominates the entire Greenland shelf
along the western Nordic Seas (referred to as the Polar Domain, Swift
and Aagaard, 1981). The PSW is too light to contribute directly to the
overflows, but gradual mixing with the underlying Atlantic-origin water
modifies the upper part of the Denmark Strait overflow plume (e.g.,
Tanhua et al., 2005; Jeansson et al., 2008; Mastropole et al., 2017).

Another mechanism of dense-water formation is open-ocean con-
vection in the interior Iceland and Greenland Seas (Fig. 1, Swift et al.,
1980; Swift and Aagaard, 1981; Marshall and Schott, 1999). These
interior seas constitute the Arctic Domain of the Nordic Seas and are
separated from the Atlantic and Polar domains by pronounced hydro-
graphic fronts (Helland-Hansen and Nansen, 1909; Swift and Aagaard,
1981). The surface waters in the Arctic Domain are colder and fresher
than the AW to the east, but warmer and more saline than the PSW
to the west. The region is characterized by weak stratification and
substantial heat loss during winter, which results in deep convection
and the formation of dense Arctic Intermediate Waters (Swift et al.,
1980; Swift and Aagaard, 1981). While these Arctic-origin waters are
typically defined as water colder than 0 °C (e.g., Rudels et al., 2005;
Jeansson et al., 2008; Vage et al., 2011; Mastropole et al., 2017),
intermediate water masses warmer than 0 °C currently form in the
central Iceland Sea (Vage et al., 2022).

The densest Arctic-origin water is formed in the Greenland Sea,
where wintertime convection at present reaches depths of approxi-
mately 500-1500 m (Latarius and Quadfasel, 2010; Lauvset et al.,
2018; Brakstad et al., 2019). However, both the depth of convection
and the resulting water-mass product have changed substantially over
the last 50 years (e.g., Schlosser et al., 1991; Meincke et al., 1992;

Karstensen et al., 2005; Brakstad et al., 2019). Prior to the late 1970s
convection occasionally extended to the bottom and produced very cold
and dense Greenland Sea Deep Water (GSDW), which was considered
the main source of deep water to the entire Nordic Seas (along with
deep water from the Arctic Ocean, Helland-Hansen and Nansen, 1909;
Malmberg, 1983; Aagaard et al., 1985; Schlosser et al., 1991). There
is no evidence of significant renewal of GSDW after 1980, and the
main product of convection since the mid-1990s has been the lighter
Greenland Sea Arctic Intermediate Water (Karstensen et al., 2005;
Ronski and Budéus, 2005; Latarius and Quadfasel, 2010; Brakstad et al.,
2019). As a result, a two-layer structure has developed in the Greenland
Sea, with a pronounced stratification maximum preventing renewal of
GSDW. The distinction between deep and intermediate water masses
is typically defined by the potential density anomaly referred to 500 m
depth of o) 5 = 30.444 kg m~3 (e.g., Rudels et al., 2005; Jeansson et al.,
2008). In the Greenland Sea the depth of this isopycnal coincides with
the stratification maximum, which has been located between 1500 and
2000 m depth since the early 2000s (Brakstad et al., 2019).

Dense intermediate and deep waters colder than 0 °C are also
supplied to the Nordic Seas from the Arctic Ocean via the East Green-
land Current (Rudels et al., 2005; Jeansson et al., 2008, 2017). These
water masses are located below the warmer Atlantic-origin water and
are mainly a product of AW that has been substantially modified by
wintertime convection in the Barents Sea, dense plumes formed on the
Arctic shelves, and dense water originally formed in the Nordic Seas
that entered the Arctic Ocean in the West Spitsbergen Current (Aagaard
et al., 1985; Rudels et al., 1999; Langehaug and Falck, 2012). The frac-
tion of water originally sourced from the Nordic Seas is not well known,
but by the time these Arctic Ocean water masses flow southwards
through Fram Strait their geochemical properties are distinct from the
water occupying the same density range in the Nordic Seas (Jeansson
et al., 2008, 2017). The Arctic Ocean deep waters are also warmer and
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Table 1
List of data sources, time periods, and parameters included in our analysis, including references. T = temperature, S = salinity, O = oxygen, N = nitrate, and P
= phosphate.

Data source Year(s) Parameters Reference

Unified Database for Arctic and 1980-2015 T and S Behrendt et al. (2018), https://doi.
Subarctic Hydrography (UDASH) pangaea.de/10.1594/PANGAEA.872931
International Council for the Exploration 1950-2019 T, S, O, N, and P http://ocean.ices.dk/HydChem/

of the Seas (ICES) HydChem.aspx

Marine Freshwater and Research 1950-2018 T, S, O, N, and P https://sjora.hafro.is

Institute of Iceland

World Ocean Database (WOD) 1966-2018 T, S, O, N, and P WWW.noaa.gov/cgi-

bin/OS5/SELECT/builder.pl

Global Ocean Data Analysis Project 1972-2017 T, S, O, N, and P Olsen et al. (2016, 2019),

version 2 (GLODAPv2) - 2019 https://doi.org/10.25921/xnme-wr20
Argo program 2001-2019 T and S https://doi.org/10.17882/42182
Norwegian Iceland Seas Experiment 1950-2009 T and S Nilsen et al. (2008)

database (NISE)

Institute of Marine Research 1967-2018 T, S, O, N, and P https://www.hi.no/en/hi/forskning/
(Norwegian Marine Data Centre) research-data-1

Shipboard measurements along the 2004-2018 T and S Semper et al. (2019), https://doi.
continental slope north of Iceland pangaea.de/10.1594/PANGAEA.903535
Iceland-Greenland Seas Project 2018 T, S, O, N, and P Renfrew et al. (2019)

more saline than the GSDW. After the GSDW formation ceased, the
inflow of Arctic Ocean deep waters to the Nordic Seas has thus resulted
in a general warming at depth (Meincke and Rudels, 1996; @sterhus
and Gammelsrgd, 1999; Somavilla et al., 2013).

The deep water in the Nordic Seas is located well below the Den-
mark Strait sill depth (650 m), while intermediate water masses can
contribute more directly to the overflow plume. About 2/3 of the Den-
mark Strait Overflow Water (DSOW) is supplied by the East Greenland
Current (Harden et al., 2016). This current mainly transports overflow
water of Atlantic origin (Hévik et al., 2019), but also a substantial
portion of dense water from the interior basins (Strass et al., 1993;
Rudels et al., 2002; Jeansson et al., 2008). The remaining 1/3 of the
DSOW, or perhaps closer to 1/2 according to recent work by Semper
et al. (2019), is supplied by the North Icelandic Jet (N1J) that flows
along the slope north of Iceland. The NIJ supplies the densest portion
of the DSOW (Vége et al., 2011; Mastropole et al., 2017). While (Vage
et al., 2011) hypothesized that the NIJ is part of a local overturning
loop in the Iceland Sea, later studies suggest that convection in the
interior Iceland Sea may not produce sufficiently dense water (Vage
et al., 2015, 2022). Based on several shipboard surveys, Semper et al.
(2019) found that the bulk of the NIJ transport is associated with a
narrow potential density range centered around oo = 28.05 kg m~3
(referred to as the NIJ transport mode). Such dense water is presently
not formed in the central Iceland Sea, but it is regularly produced
farther north in the Greenland Sea (Brakstad et al., 2019; Huang et al.,
2020).

The Faroe Bank Channel Overflow Water (FBCOW) is supplied by in-
termediate and deep water masses from the Norwegian Sea (Fogelqvist
et al., 2003; McKenna et al., 2016). However, most of these water
masses are not locally formed. The Norwegian Sea Intermediate Water
is composed of Arctic-origin water formed in the Iceland and Greenland
Seas, Atlantic-origin water, and intermediate waters from the Arctic
Ocean (Eldevik et al., 2009; Jeansson et al., 2017). The Norwegian
Sea Deep Water is a mixture of deep water from the Greenland Sea
and the Arctic Ocean that enters the Norwegian Basin through deep
gaps in the Mohn Ridge north of Jan Mayen (Swift and Koltermann,
1988; Hansen and @sterhus, 2000; Somavilla, 2019; Shao et al., 2019;
Wang et al., 2021). Olsson et al. (2005) suggested that intermediate
Arctic-origin water from the Greenland Sea also enters the Norwegian
Basin north of Jan Mayen, and then follows the eastern side of the Jan
Mayen Ridge southwards. This southward-flowing current is supported
by other observational and numerical studies (e.g., Voet et al., 2010;
Serra et al., 2010; Kohl, 2010; Huang et al., 2020; Hatan et al., 2021),

but questions remain regarding the contribution from the current to the
FBCOW. The existence of another current flowing from north of Iceland
to the Faroe Islands was recently documented by Semper et al. (2020).
This current, named the Iceland-Faroe Slope Jet (IFSJ), may account
for approximately half of the FBCOW. The water masses transported
by the IFSJ have similar hydrographic properties as the NIJ transport
mode, which suggests that they have a common source (Semper et al.,
2020). Huang et al. (2020) argued that the primary source region for
both the NIJ and the IFSJ is the central Greenland Sea. They also
found evidence of several southward pathways along the submarine
ridge system surrounding the central Iceland Sea. Where and how the
dense water exits the Greenland Sea and to what extent these potential
pathways feed the NIJ and IFSJ remain unclear. Chafik et al. (2020)
suggested that some overflow water may approach the Faroe-Shetland
Channel (upstream of the Faroe Bank Channel, Fig. 1) from the eastern
margin along the Norwegian slope, but the upstream sources of this
water mass are not known.

The relative contributions of the water masses constituting the
Denmark Strait and Faroe Bank Channel overflow plumes are also un-
certain. The main reason is that traditional decomposition methods are
very sensitive to the number of end-members included in the analysis
and their specified properties, which can vary substantially in time and
space. Here a regional version of the inverse water-mass decomposition
method called Total Matrix Intercomparison (TMI, Gebbie and Huybers,
2010; Gebbie, 2014) was developed to investigate the upstream sources
of the Nordic Seas dense water. Our focus is particularly on the origin,
pathways, and final composition of the overflow water that passes over
the GSR in Denmark Strait and the Faroe Bank Channel. The TMI
method is not dependent on a few pre-defined source water masses.
Instead, every surface location is considered a potential source of
overflow water. By combining hydrographic and geochemical tracer
observations between 2000 and 2019, the TMI method geometrically
connects the water masses constituting the overflow plumes to their
origins, which is a major advantage compared to traditional decompo-
sition methods. With the regional high-resolution inversion we could
identify the upstream pathways of the overflows and how water from
various source regions contributed and mixed along the pathways.

2. Hydrographic and geochemical observations
2.1. Data sources and quality control
Vertical profiles of temperature (T), salinity (S), oxygen (O), nitrate

(N), and phosphate (P) were collected from a range of archives (listed in
Table 1) over the period 1950-2019 within the domain 58.5-84°N and
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Fig. 2. Distribution of temperature/salinity profiles (a and c) and oxygen/nutrient profiles (b and d). The upper panels show the total number of profiles per 2/3° longitude x
1/4° latitude bin since 1950. The bin size is twice the size of the TMI grid cells. The lower panels indicate the number of profiles per year, color coded by season. Note the
different color schemes (a and b) and vertical axes (c and d) for the hydrographic and geochemical data distributions.

45°W-45°E. All observations were combined into a single data set and
quality controlled. The quality control involves removing duplicates,
erroneous profiles, density inversions, and outliers (details are provided
in Appendix A). We followed the TEOS-10 standard (IOC et al., 2010)
and used Conservative Temperature and Absolute Salinity, hereafter
referred to as temperature and salinity, throughout the analysis. The
spatial and temporal data distributions of the final quality-controlled
data set are shown in Fig. 2. While the spatial variability in water-mass
properties is accounted for in the TMI, it is based on the assump-
tion that the observations represent a steady ocean state. Hence, we
restricted our analysis to the period 2000-2019. This time period is
considered sufficiently stable in terms of dense-water formation and
water column structure (i.e. Brakstad et al., 2019; Somavilla, 2019)
and is characterized by a generally warmer and more saline water
column than the 1980s and 1990s (Skagseth and Mork, 2012; Mork
et al., 2014b; Lauvset et al., 2018). The period also contains a sufficient
number of observations to adequately constrain the inversion (Fig. 2).

2.2. 2000-2019 climatology of late-winter conditions

To account for seasonal variability in the observations we modified
all profiles to represent late-winter (February—April) conditions, when
the surface mixed layer is deepest and densest. Late-winter mixed-layer
depths determined by Vége et al. (2015) and Brakstad et al. (2019)
were used for the Iceland and Greenland Seas, respectively, while a
density-difference criterion was employed to estimate the base of the
mixed layer for the rest of the domain (Appendix B). The mean 2000-
2019 mixed-layer distribution, with a 1/3° longitude x 1/8° latitude
resolution, is shown in Fig. B.1. The corresponding distributions of
late-winter hydrographic and geochemical mixed-layer properties were
then used to homogenize each profile from the mean local winter
mixed-layer depth to the surface.

The final data set was interpolated onto a three-dimensional grid
with a regular horizontal resolution of 1/3° longitude (which ranges
from 19 km at 58.5°N to 4 km at 84°N, Fig. 2) and 1/8° latitude
(approximately 14 km), and 46 vertical levels with intervals ranging
from 10 m near the surface to 250 m at depth (Fig. C.1f). This equals the
TMI resolution, which was chosen to resolve the complex bathymetry
of the Nordic Seas and the overflow plumes through the deep gaps
of the GSR (e.g., Figs. 5 and 13). The resolution is also sufficient to
capture the upsloping isopycnals and water-mass properties associated
with the narrow NIJ and IFSJ upstream of the sills (Semper et al.,
2019, 2020). Since the inversion is observationally constrained and
quantifies the net effect of advection and diffusion on the distribution
of water masses, it is less prone to errors associated with the resolution
compared to numerical simulations that need to parameterize subgrid-
scale processes (Gebbie and Huybers, 2010). Details of the gridding
procedure are provided in Appendix C. Grid cells without any mea-
surements were kept empty, which implies that they were not used to
constrain the inversion. The final gridded product represents the late-
winter climatological conditions for the 2000-2019 period. Temporal
variability in the observations was accounted for by allowing the TMI
inversion to deviate from the climatology within the uncertainty limits
of the observations. The uncertainty was estimated based on the num-
ber of observations included in each grid cell and their variance, which
typically decreases with depth (Appendix C, Fig. C.1). Uncertainties
related to the precision of the measurements are small compared to
the temporal variability and were not included in our estimates.

3. Total Matrix Intercomparison
3.1. Description of the method

A regional version of the TMI method was developed for the domain
58.5-84°N and 45°W-45°E with the resolution 1/3° longitude, 1/8°
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latitude, and 46 vertical levels (Section 2.2, Fig. 2). Apart from the
higher resolution, the main difference between this and earlier global
versions (Gebbie and Huybers, 2010; Gebbie, 2014) is that it considers
both the surface and lateral boundary locations potential sources for the
interior water masses in the Nordic Seas. For temperature and salinity
we assume that all interior values can be described as some combi-
nation of the surface and lateral boundary properties, while oxygen,
nitrate, and phosphate are in addition affected by remineralization. The
value of any water-mass property ¢; at location i in the ocean interior
can, in general, be expressed as a linear combination of the properties
in the neighboring grid cells plus any local sources or sinks (Gebbie and
Huybers, 2010). That is:

N
¢ = Zm,jcj+rq,», (€8]
j=1

where N = 6 is the number of neighboring grid cells, m;; is the fraction
of water that originates from cell j with property c;, and ZjN:l my; =1
to assure conservation of mass. Local sources and sinks for oxygen,
nitrate, and phosphate are expressed as a product between the interior
source term ¢; and the stoichiometric ratio r (4P : 15.54N : —17040,
Anderson and Sarmiento, 1994; Gebbie and Huybers, 2010).

Following Gebbie and Huybers (2010) and Gebbie (2014), the con-
servation equation (Eq. (1)) is used to formulate an explicit model for
each parameter ¢ as:

Ac =d, (2)

where ¢ is a vector made from the three-dimensional property field in
the Nordic Seas and d is a vector filled with the surface and lateral
boundary properties, as well as rg; for the interior sources and sinks.
The matrix A quantifies the strengths of the connections between each
location i and its neighbors (the mass fractions m,;). If the pathway
matrix A, the boundary properties, and the interior source term g
were known, it would be possible to predict the distribution of each
parameter ¢ by calculating the inverse of Eq. (2). The goal is to find
the solution of A, g, and boundary properties that minimizes the
difference between the predicted and observed distributions c¢. The
initial boundary properties and the first guess of A and g are defined
in Section 3.2, while Section 3.3 outlines how to solve the inverse
problem. The resulting matrix A can be used to diagnose water-mass
composition and pathways (Section 3.4), where the pathways represent
the steady-state circulation that best fits the observations (i.e., the
late-winter hydrographic and geochemical properties in the period
2000-2019). An evaluation of the inversion-to-observational misfits is
given in Section 3.5.

3.2. Initial boundary conditions and first guess of pathway matrix A

The initial properties along the surface and lateral boundaries were
obtained from the winter-mean gridded climatology described in Sec-
tion 2.2. Potential modifications to these properties were constrained
by the corresponding uncertainty estimated from the observational
temporal variability. Measurements of the interior source term g and
water-mass pathways A are not available. The interior source term
is assumed and enforced to be positive (as a first guess g equals
1073 umol kg~! everywhere, Gebbie, 2014). The magnitude of q rel-
ative to the first guess is also constrained such that larger values only
occur if the observations demand it.

The first guess of the pathway matrix A used in previous global TMI
inversions (e.g., Gebbie and Huybers, 2010; Gebbie, 2014) represents
an isotropic exchange between all grid cells. This means that m;; = 1/6
for all grid cells with 6 neighbors. In our regional inversion this first
guess resulted in a circulation characterized by excessive diffusivity.
Instead we constructed a first guess of A based on the assumption
that water tends to flow and mix along geostrophic streamlines and
isopycnals (Ngst and Isachsen, 2003). Potential density and geostrophic
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velocity fields relative to the surface were derived from the late-
winter gridded climatology. Absolute geostrophic velocities were then
estimated using annual-mean (2000-2019) surface geostrophic velocity
from satellite as reference (gridded altimeter data were obtained from
Copernicus Marine Environmental Monitoring Service, http://marine.
copernicus.eu). Half of the fraction of water from neighboring grid
cells were determined by gradients in density, while the remaining
half was determined by gradients in the geostrophic stream function
(see Appendix D for details). This first guess substantially improved the
solution, in particular the representation of the East Greenland Current.

The sensitivity of the solution to the first guess of A was investigated
by altering the weights of the contributions (by +10 %) determined
by gradients in density versus gradients in the geostrophic stream
function. We consider the resulting changes in water-mass composition
and pathways, which were relatively minor, an approximate estimate
of uncertainty (e.g., Figs. 4, 6, and 14). That is, the error bars of our
estimates only represent the uncertainties related to the first guess
of A. Uncertainties related to temporal variability in the observations
were included as constraints in the inversion to obtain the optimal
2000-2019 winter mean solution.

3.3. Solving the inverse problem

The unknowns that we seek a solution for are the property distri-
butions ¢ (temperature, salinity, oxygen, nitrate, and phosphate), the
mass fractions m (which form the pathway matrix A), and the interior
source term gq. The solution is required to follow the conservation
equation (Eq. (1)) for each predicted parameter ¢ and to conserve mass.
The solution is then obtained by minimizing the sum of the squared
inversion-to-observational misfits, using the method of Lagrange multi-
pliers (Schlitzer, 2007; Gebbie, 2014). The Lagrange multiplier method
is specifically designed to handle complex, nonlinear problems such
as this, although there is no guarantee that the solution arrives at the
overall minimum of the cost function (Kohl and Willebrand, 2002).

The Lagrangian cost function to be minimized is constrained by the
conservation equations, the inversion-to-observational misfits weighted
by the observational uncertainty, as well as other non-observational
constraints on the predicted distributions ¢, such as a stably stratified
water column, temperatures above freezing, and non-negative values
for salinity and the geochemical parameters (see supplementary ma-
terial in Gebbie, 2014, for details). The minimum of the Lagrangian
function is found by setting the partial derivatives with respect to c,
m, and q equal to zero. This results in a set of adjoint equations that
yield information about how the Lagrangian function will change given
a change in the pathway matrix A, the initial boundary conditions, and
the interior source term q. This information is then used to iteratively
improve the Lagrangian function by a quasi-Newton gradient descent
method (Nocedal, 1980; Gilbert and Lemaréchal, 1989; Gebbie, 2014).

3.4. Diagnosing water-mass composition and pathways

The optimized pathway matrix A was used to diagnose the com-
position and upstream pathways of the overflow water at the GSR.
Information about the fraction of water (g) sourced from a particular
surface or lateral boundary location (b;) can be obtained by releasing
a passive dye at that boundary location. The three-dimensional distri-
bution of dye concentrations equals g and is found directly from the
inverse of Eq. (2) (g = A~'b, Gebbie and Huybers, 2010), where b
equals one at location i and zero elsewhere. The volume of overflow
water originating from location i (V) can then be estimated as the sum
of the volume in each overflow water grid cell v multiplied by the
fraction g:

v =u" g 3)

Our ultimate goal is to determine the amount of overflow water
originating from each boundary location, but it would be very ineffi-
cient to compute the distribution of g for every single boundary point.
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Fig. 3. Distribution of TMI temperature (T), salinity (S), and oxygen (O) at 250 m depth (left panels). The corresponding Z-score distribution for each parameter is shown in the
panels to the right. The Z-score is defined as the difference between the inversion and observations divided by the observational uncertainty (¢). Positive values indicate that the
TMI property is larger than the observed, while values between +1 indicate that the difference is smaller than the uncertainty. The 500-, 1000-, 1500-, and 3000-m isobaths are

shown as thin gray contours.

Instead we combine Egs. (2) and (3) following Gebbie and Huybers
(2011) such that:

= =ATyp, @

which can be solved in one operation by calculating the inverse trans-
pose of A. The partial derivative on the left side of Eq. (4) is a

vector that describes the sensitivity of ¥ to changes in the boundary
conditions b. At the surface and lateral boundaries the sensitivity vector
equals the volume of overflow water originating from each boundary
location, while the interior values of 0V /db give information about the
pathways (i.e., the amount of overflow water that has passed through
each interior location).
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Fig. 4. Depths of the 6, = 27.8 kg m™® (a) and 0,5 = 30.444 kg m~3 (b) isopycnals. The lower panels show the fraction of contribution from the surface to the intermediate
(c) and deep (d) water inventories in the Nordic Seas (defined as the region within the black contour marked in a and b). Note that the color scale is logarithmic, with dark red
colors indicating substantial contributions. The blue numbers are the total contribution (in percent) from each surface region outlined in black and the lateral boundaries, and the
uncertainty represents the sensitivity to the first guess of A (Section 3.2). The 500-, 1000-, 1500-, and 3000-m isobaths are shown as thin gray contours.

Note that the terms origin and source refer to the surface locations
where the water masses constituting the overflow plumes were last in
contact with the atmosphere (or the lateral boundaries if the water-
masses originate outside of the domain), which is not necessarily where
the largest buoyancy loss occurs (Isachsen et al., 2007).

3.5. Evaluation of the Nordic Seas TMI solution

One way to quantify how well the steady-state pathways fit the
observations is to compare the TMI and observed property distribu-
tions. By construction the fields should compare well, which is evident
from the vertical distribution of the average misfit for each parameter
(Fig. C.1). The magnitudes of the misfits are generally similar to (or
below) the observational uncertainty. The misfits also have the same
vertical shape, with the largest values in the upper 500 m.

The horizontal distributions of TMI temperature, salinity, and oxy-
gen at 250 m depth are shown in Fig. 3 along with the corresponding
misfits divided by the observational uncertainty (called Z-score, e.g.,
Glover et al., 2011). As expected, the differences between the inversion
and observations are low. The Norwegian Sea is dominated by warm
and saline AW with relatively low oxygen concentration, while the
Iceland and Greenland Seas are cold, oxygen-rich, with intermediate
salinity. Also visible are the temperature and salinity local maxima of
the Atlantic-origin water in the East Greenland Current flowing south-
wards along the Greenland shelf break. The TMI fields are generally
smoother than the observations, which results in a patchy structure of
the Z-scores. Apart from these small-scale discrepancies, the majority

of the misfits are within the observational uncertainty (i.e., 82% of all
Z-scores are between +1, which indicates a slight overfit relative to the
expected 67%).

4. Dense-water formation in the Nordic Seas

Before we investigate the origin and pathways of the overflow water
at the GSR, we identified all areas that supply dense water to the Nordic
Seas and their relative contributions. This was done by backtracking all
intermediate and deep water masses within the Nordic Seas (thick black
contour, Figs. 4a and b) to the surface and lateral boundaries (Sec-
tion 3.4). Intermediate waters (IW) have potential densities between
6o = 27.8 kg m~3 and o, 5 = 30.444 kg m~3, while deep water (DW) is
denser than o, 5 = 30.444 kg m~3 (Rudels et al., 2005; Jeansson et al.,
2008).

The upper 1500 m of the Nordic Seas water column are dominated
by IW (Figs. 4a and b), in particular the western and northern areas
where the IW extends to the surface during winter. These areas also
supply most of the Nordic Seas IW inventory (Fig. 4c). The colors
in Fig. 4c show the fraction of IW volume originating from each
surface grid point. All volume fractions (including those from the lateral
boundaries, not shown) add up to 1. The blue numbers on the figures
indicate the total contribution (in percent) from the different source
regions outlined in black and the lateral boundaries. These regions were
defined based on bathymetry and surface hydrography as described
below, and are used throughout the paper for easier interpretation and
comparison with earlier studies.
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Approximately 6 + 1% and 62 + 5% of the IW volume originate
in the Iceland and Greenland Seas, respectively. These surface source
regions are separated from the Polar Domain by the Polar Front (de-
fined by the 34.66 g kg~! surface isohaline, which corresponds to the
practical salinity contour 34.50 used by Swift and Aagaard, 1981) and
from the Atlantic Domain by the Arctic Front (here defined by the
2 °C surface isotherm, which closely follows the Jan Mayen, Mohn, and
Knipovich Ridges, Fig. 4a). The West Jan Mayen Ridge separates the
Greenland and Iceland Seas. The North Atlantic is the source region
south of the GSR, including the southern lateral boundary, while the
Barents Sea is the region south of Svalbard and east of 19°E (which
is the approximate longitude of the Barents Sea Opening transect,
O’Dwyer et al., 2001). Because water modified in the Barents Sea
largely continues into the Arctic Ocean before returning southwards
through Fram Strait, water that was last at the surface in this area
is accounted for in the inversion as a contribution from the northern
lateral boundary along with other water masses flowing southwards
from the Arctic Ocean. Combined, all water masses present at the
northern lateral boundary, hereafter referred to as the Arctic Ocean,
supply 13 + 4% of the IW in the Nordic Seas. The remaining main
contributor is the Atlantic Domain which accounts for approximately
18 + 1%.

The majority of the Nordic Seas DW stems from the Arctic Ocean
(79 + 8%, Fig. 4d). As the only source region where observations show
densities greater than o5 = 30.444 kg m~3 in the 2000-2019 period
this was an expected result. However, the inversion also backtracks a
substantial portion (20 + 7%) of the DW to the Greenland Sea. The
Nordic Seas DW is a mixture of DW formed in the Greenland Sea and
the Arctic Ocean (Swift and Koltermann, 1988), but GSDW was not
formed during the 2000-2019 period (e.g., Brakstad et al., 2019). To
resolve the properties of the remaining GSDW at depth the inversion
requires a surface contribution from the Greenland Sea. The impact of
this modification on the DSOW (Section 5) is small, as only 6 + 2%
of the DSOW is supplied by DW (4 + 1% from the Greenland Sea and
2 + 1% from the Arctic Ocean). Approximately 28 + 17% of the FBCOW
is supplied by DW from the Greenland Sea (3 + 8%) and Arctic Ocean
(25 + 9%). These contributions will be discussed further in Section 6.

5. Origin and pathways of Denmark Strait Overflow Water

The hydrographic and geochemical properties in the inversion, and
the corresponding Z-scores, across Denmark Strait are shown in Fig. 5.
The overall distributions are well reproduced by the inversion, with
the warm and saline North Icelandic Irminger Current on the Icelandic
side of the strait and the cold and fresh PSW in the East Greenland
Current on the Greenland side. The location as well as the properties
of the DSOW plume (defined as water denser than oo = 27.8 kg m~3)
are in good agreement with observations, with the exceptions of small
negative biases in salinity and oxygen (Figs. 5d and f). At the interface
between the overflow plume and the North Icelandic Irminger Current
there is also a negative bias in both oxygen and nitrate (Fig. 5f and
h, respectively), which suggests that the stoichiometric ratio may not
be locally correct. This ratio is, however, known to vary spatially (An-
derson and Sarmiento, 1994; Frigstad et al., 2014; Jeansson et al.,
2015). We also note that large variability in DSOW volume transport
and hydrographic properties are observed on short time scales (e.g.,
Jochumsen et al., 2017; Mastropole et al., 2017).

The origin of the DSOW plume was determined by backtracking
all of the overflow water at Denmark Strait to the surface and lat-
eral boundaries (Section 3.4). This reveals that most of the DSOW is
produced in the Nordic Seas, with the largest contributions from the
Greenland Sea (39 + 2%), the Iceland Sea (20 + 3%), and the Atlantic
Domain (19 + 2%, Fig. 6). The contribution from the Atlantic Domain
stems almost entirely from the northern part near Fram Strait, in the
West Spitsbergen Current. This is where the Atlantic-origin water has
cooled sufficiently to leave the surface and flows beneath the fresh
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PSW (Mauritzen, 1996). Most of the water from the Greenland Sea
originates in the central basin, within the cyclonic gyre where the deep-
est convection is found (Fig. B.1, Brakstad et al., 2019). The deepest
and densest convection in the Iceland Sea occurs in the north-western
part, outside of the gyre (Vége et al., 2015), which also corresponds
well with the elevated contributions to the DSOW (Fig. 6). The Polar
Domain, mainly the region near the Polar Front, supplies 7 + 0%, while
only 2 + 1% originates in the Arctic Ocean. We also find a 12 + 1%
contribution from the North Atlantic, mainly from the region just south
of Denmark Strait, which corroborates the numerical results of Saberi
et al. (2020), although their simulated contribution was slightly higher
(16%).

The hydrographic and geochemical properties at the boundary
locations with significant DSOW contributions (fractions greater than
10~*5, Fig. 6) vary substantially, even within each source region
(Fig. 7). Hence, direct comparisons with results from earlier end-
member analyses, which are sensitive to the predefined end-members,
are not straightforward. One example is the temperature limit (0 °C)
used to separate Atlantic- from Arctic-origin waters (e.g., Rudels et al.,
2005; Jeansson et al., 2008; Vage et al., 2011; Mastropole et al., 2017).
Arctic-origin water masses, interpreted as IW originating in the Iceland
and Greenland Seas, are typically defined as water colder than 0 °C.
From Fig. 7a we see that IW warmer than O °C in the Iceland and
Greenland Seas contribute to the DSOW, at least based on the 2000-
2019 late-winter conditions. Distinguishing Arctic- and Atlantic-origin
waters by the 0 °C limit would thus lead to an overestimate of water
originating from the Atlantic Domain and an underestimate of water
from the Iceland (in particular) and Greenland Seas.

In accordance with Vage et al. (2022), we find that most of the
water formed in the Iceland Sea in the 2000-2019 period was warmer
than 0 °C. We note that the warmest source water from the Iceland
Sea (>3 °C, Fig. 7a) stems from the North Icelandic Irminger Current on
the shelf northwest of Iceland. Garcia-Quintana et al. (2021) suggested,
based on numerical simulations, that dense-water formation on the
north-west Iceland shelf can supply up to 21% of the overflow water
transported by the NIJ to Denmark Strait. This is incongruent with
observations, which indicate that formation of overflow water on the
shelf north of Iceland is rare (Semper et al.,, 2022). Our inversion
confirms that result, we find that the total contribution from the north
Iceland shelf to the DSOW is less than 1%. Larger contributions are
found from the Iceland shelf south of Denmark Strait (within the North
Atlantic domain, Fig. 6), but this water recirculates in and just north
of Denmark Strait and does not supply the NIJ (Saberi et al., 2020;
Garcia-Quintana et al., 2021).

Another instance where comparisons between end-member analyses
may be challenging is that water originating in the Greenland Sea and
the Arctic Ocean can have the same hydrographic properties, while
their geochemical properties differ (Fig. 7). Dense waters formed in
the Greenland Sea typically have higher oxygen and lower nitrate
and phosphate concentrations, because they were ventilated more re-
cently. Hence, only studies that include geochemical parameters can
distinguish water masses originating in the Arctic Ocean and in the
Greenland Sea. As a result, DSOW end-member analyses solely based
on hydrographic properties typically have a higher contribution from
the Iceland and Greenland Seas (e.g., Mastropole et al., 2017; Lin et al.,
2020), while studies also including geochemical properties often have
substantial contributions from the Arctic Ocean (e.g., Tanhua et al.,
2005; Jeansson et al., 2008). The TMI solution is based on hydrographic
as well as geochemical observations, yet our estimated contribution
from the Arctic Ocean to the DSOW is much lower than suggested
by Tanhua et al. (2005) and Jeansson et al. (2008). Our contribution
from the Arctic Ocean is mainly classified as deep water, while Tanhua
et al. (2005) and Jeansson et al. (2008) also found a large intermediate-
water contribution. The TMI source properties available at the northern
lateral boundary (i.e., the Arctic Ocean, Fig. 7) are slightly more saline
compared to the source properties used by Jeansson et al. (2008).
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Fig. 5. TMI temperature (T), salinity (S), oxygen (O), nitrate (N), and phosphate (P) across Denmark Strait (left panels, the location of the section is indicated in red on the map
inserted in panel i). The black contours show the potential density (o) field and the thick black line marks the 6, = 27.8 kg m~® isopycnal, which is the lower density limit
of the overflow water. The corresponding observed overflow water limit is marked in the right panels along with the Z-score (Fig. 3) for each parameter. The TMI resolution is
indicated by black circles. The x-axes show the distance along the section starting from Greenland.
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The Atlantic-origin water (>0 °C) that has encircled the Arctic Ocean
also has lower nitrate concentrations (compare the purple contour and
yellow diamonds in Fig. 7). This could be due to temporal variability
in the water masses, which is not properly accounted for in Tanhua
et al. (2005) and Jeansson et al. (2008), as their estimates are based
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on observations from single cruises, nor in the TMI solution, which is
based on the 2000-2019 winter-mean conditions.

Although the DSOW source properties vary substantially, they form
separate clusters with nearly distinct hydrographic and geochemical
properties when grouped geographically (Fig. 7). Each source region
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also contributes to distinct parts of the DSOW plume. To investigate
this further, we traced water from each boundary source region to
Denmark Strait using the inverse of Eq. (2) as described in Section 3.4.
The densest portion of the DSOW filling most of the deep trough is
dominated by water formed in the Greenland Sea (Fig. 8a), while the
Iceland Sea and the Atlantic Domain contribute to the slightly less
dense components near and on the Greenland shelf break (Figs. 8c
and d, respectively). This distribution is in good agreement with pre-
vious studies (Mastropole et al., 2017; Lin et al., 2020). The small
contribution from the Arctic Ocean (Fig. 8b) is primarily to the densest
component of the DSOW, coinciding with elevated values of nitrate and
phosphate (Fig. 5¢ and i). As Mastropole et al. (2017) and Lin et al.
(2020), we find that the Polar Domain and the North Atlantic (via the
North Icelandic Irminger Current) contribute to the lightest components
of the DSOW plume (Figs. 8e and f). Some of the warm water from the
North Atlantic recirculates north of Denmark Strait (Casanova-Masjoan
et al., 2020), but most of this water is too light to supply the overflow
plume (Fig. 8f).

A major advantage of the TMI method is the possibility to identify
interior pathways (Section 3.4). By backtracking overflow water from
the Denmark Strait sill, we can estimate the fraction of DSOW that
passed through each interior grid cell upstream of the sill (Fig. 9).
The most prominent pathway is the East Greenland Current along the
Greenland shelf break, which can be traced back to Fram Strait where
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most of the Atlantic-origin water transported by the current was last
in contact with the atmosphere (Fig. 6). Another pathway, parallel to
the East Greenland Current, traces DSOW back to the central Greenland
Sea. The core of the pathway is centered at 550 m depth and located
roughly 70 to 120 km offshore of the Greenland shelf break. The depth
and location of this pathway coincide with the deep part of the outer
East Greenland Current branch that Havik et al. (2017) observed north
of the West Jan Mayen Ridge near 71°N. As Havik et al. (2017),
we cannot identify a distinct outer branch south of this ridge, where
the branch appears to have merged with the shelf break branch of
the East Greenland Current. The NIJ flowing along the slope north
of Iceland (e.g., Semper et al., 2019), is visible only to the west of
Kolbeinsey Ridge in Fig. 9. From this figure the origin of the NIJ is
unclear, this will be investigated further in the following sections.

The NIJ was further examined at the Hornbanki transect upstream
of Denmark Strait, corresponding to the location of one of the regu-
lar hydrographic monitoring transects north of Iceland (Jénsson and
Valdimarsson, 2012; Semper et al., 2019), where the overflow water in
the NIJ can be readily separated from the overflow water transported
by the East Greenland Current. The section (indicated in blue in Fig. 9)
was extended northward across Blosseville Basin, for complete coverage
between the Iceland and Greenland shelves. The temperature and frac-
tion of DSOW volume that has passed through the extended Hornbanki
section are shown in Figs. 10a and b, respectively. From the fraction
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of DSOW volume (Fig. 10b), we identified three major local maxima
that correspond to the N1J and the separated and shelf break branches
of the East Greenland Current (Vage et al., 2013; Harden et al., 2016;
Semper et al., 2019). The NIJ is located between the 550 and 850 m
isobaths, and is associated with a tongue of cold, dense water sloping
up towards Iceland (Semper et al., 2019).

The origin and upstream pathways of the DSOW in the NIJ (black
circles, Fig. 10b) are shown in Fig. 11. In accordance with Huang et al.
(2020), we find that most of the overflow water in the N1J originates in
the Greenland Sea (82 + 2%), while the remaining portion is supplied
by the Arctic Ocean (8 + 2%), the Iceland Sea (5 + 1%), and the
Atlantic Domain (5 + 1%). The water originating in the Greenland
Sea follows two main pathways towards Denmark Strait. One is the
outer core of the East Greenland Current (Havik et al., 2017), which
is supported by RAFOS float tracks (de Jong et al., 2018) and an SF4
tracer release experiment (Messias et al., 2008), but not among the
pathways suggested by Huang et al. (2020). Based on hydrographic
observations and surface geostrophic velocities from satellite, Huang
et al. (2020) found two branches of dense water flowing southward
along the submarine ridges surrounding the central Iceland Sea: one
current east of the Kolbeinsey Ridge and another east of the Jan Mayen
Ridge. Our inversion suggests that the southward flow along the Jan
Mayen Ridge primarily supplies overflow water to the Faroe Bank
Channel (Section 6), while the southward flow along the eastern side of
the Kolbeinsey Ridge could be represented by our other main pathway
from the Greenland Sea (Fig. 11). Following this pathway, dense water
formed in the Greenland Sea flows through the Jan Mayen Channel
in the Mohn Ridge, then enters the Iceland Sea across the sloping Jan
Mayen Ridge just south of Jan Mayen. Across the ridge, the pathway
is centered between the 400 and 600 m isobaths and associated with
upsloping isopycnals similar to the NIJ along the slope north of Iceland
(not shown). Observations on the Jan Mayen Ridge are sparse, but two
years (2007-2009) of moored measurements from the 800 m isobath
indicate a consistent westward flow across the ridge below 300 m
depth (Mork et al., 2014a). The average westward velocity (increasing
with depth to about 1.2 cm s~! near the bottom) was relatively weak,
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but the location of the mooring was on the outskirts of the pathway
identified by the inversion, where the slope along the crest of the ridge
is substantially reduced. Within the Iceland Sea the water follows the
cyclonic gyre circulation, which leads to a southward flow east of the
Kolbeinsey Ridge. The majority of the water crosses the Kolbeinsey
Ridge near the Spar Fracture Zone at depths of 400-800 m and feeds the
NIJ as it progresses westward along the Iceland slope from northeast of
Iceland to Denmark Strait.

The origin of the shelf break and separated branches of the East
Greenland Current (dark and light blue circles, Fig. 10b) were also
determined similar to the NIJ. Combined, 20 + 1% of the overflow
water from the EGC system at Hornbanki stems from the Atlantic
Domain, while the Greenland and Iceland Seas account for 50 + 2%
and 26 + 6%, respectively (not shown). This indicates that substantial
mixing occurs between the East Greenland Current and the interior
basins (Strass et al., 1993; Rudels et al., 2002; Jeansson et al., 2008;
Havik et al., 2019) or that the current is directly ventilated along the
pathway (Vage et al.,, 2018; Moore et al., 2022; Vége et al., 2022).
To investigate where the mixing takes place we applied a dye to the
northern part of the Atlantic Domain and quantified how the dye was
diluted from Fram Strait to Denmark Strait (Fig. 12). At each latitude,
we identified the core of the Atlantic-origin water in the East Greenland
Current by Atlantic Domain contributions >25%. Grid cells satisfying
this criterion coincided with the subsurface temperature and salinity
maxima in the current as illustrated at the extended Hornbanki section
(Fig. 10a). The mean contribution from the Atlantic Domain to this
core volume, as well as the contributions from the Greenland and
Iceland Seas were then estimated for each latitude (Fig. 12b). In Fram
Strait, outside the Atlantic Domain, we find that approximately 60%
of the East Greenland Current core volume is Atlantic-origin water.
As the water progresses southwards, it is increasingly influenced by
water from the interior Iceland and Greenland Seas. There are two
latitude bands where substantial mixing with the interior basins and
dilution of the Atlantic-origin water occur. This is in the Greenland Sea
between 76°N and 75°N, and in the Iceland Sea between 69.5°N and
68.5°N, which corroborates the results of Strass et al. (1993) and Havik
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et al. (2019). Associated with these regions of enhanced mixing is a
decline in Atlantic-origin water temperature (approaching —0.5 °C, not
shown). Havik et al. (2019) also found a strong decline in temperature
around 69°N and attributed this to a local maximum in eddy activity
and the bifurcation of the East Greenland Current into the separated
and shelf break branches.

6. Origin and pathways of Faroe Bank Channel Overflow Water

A similar analysis was performed to determine the origin and path-
ways of the overflow water in the Faroe-Shetland Channel, upstream of
the Faroe Bank Channel (Fig. 1). The Faroe-Shetland Channel section
was chosen because the overflow water across the section is better
represented with the TMI resolution due to the larger channel width.
As the overflow water in the Faroe-Shetland Channel continues down-
stream into the Faroe Bank Channel, we will refer to it as Faroe
Bank Channel Overflow Water (FBCOW). We note that there could be
a slight dense bias in the FBCOW since the Faroe-Shetland Channel
is nearly 200 m deeper than the Faroe Bank sill. The hydrographic
and geochemical properties across the Faroe-Shetland Channel and the
corresponding Z-scores are shown in Fig. 13. Warm, saline, low-oxygen
AW dominates the upper part of the water column, while the deeper
parts are occupied by cold and dense (oo >27.8 kg m=3) overflow
water. Even though there is a positive salinity bias near the oy =
27.8 kg m~3 isopycnal (Fig. 13d), the depth of the isopycnal is well
captured. There are substantial biases within the overflow water, at
least relative to the uncertainty associated with temporal variability in
the observations. The plume is slightly warmer than observed and the
oxygen, nitrate, and phosphate concentrations are too large (Fig. 13b, f,
h, j, respectively). It is important to note that the uncertainty related to
temporal variability is low within the overflow plume, and the average
TMI-to-observational differences are only 0.11 °C, 7.38 pmol kg1,
0.42 pmol kg1, and 0.06 pmol kg~! for temperature, oxygen, nitrate,
and phosphate, respectively. The positive bias in both oxygen and
nitrate/phosphate suggests that the stoichiometric ratio would need
adjustment locally. As this is a local signal, using another stoichiometric
ratio (AP : 16AN : —13840, Redfield et al., 1963) did not improve the
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TMI solution. The results were similar both in terms of FBCOW biases
and overflow water source contributions (not shown).

The origins of the FBCOW were determined by backtracking the
overflow water in Faroe-Shetland Channel (Fig. 13) to the source re-
gions. The contributions from the surface and lateral boundaries reveal
that the two most important source regions of the FBCOW are the
Greenland Sea (46 + 8%) and the Arctic Ocean (25 + 9%, Fig. 14).
The FBCOW is denser than the DSOW (Figs. 7 and 15), hence a greater
portion of the FBCOW originates in the Greenland Sea and Arctic
Ocean, where the densest boundary conditions are located. Another
difference between the origin of the FBCOW and the DSOW is the
contribution from the Polar Domain. The majority of the fresh PSW is
advected southwards by the East Greenland Current through Denmark
Strait (Fig. 8e). Some of the PSW mixes with denser water and is
entrained into the DSOW. Some PSW is also diverted into the interior
basins of the Nordic Seas (Langehaug et al., 2022), but the amount
is small and does not reach the Faroe-Shetland Channel. The Atlantic
Domain accounts for 11 + 1% of the FBCOW (Fig. 14), mainly from the
southwestern part of the Norwegian Basin as suggested by Eldevik et al.
(2009), while the Iceland Sea and the North Atlantic supply 10 + 1%
and 9 + 0%, respectively.

Based on the properties at the boundary locations with significant
FBCOW contributions (fractions greater than 10~*3, Fig. 14), we find
that the overflow is composed of 28 + 1% DW, 55 + 1% IW, while the
remaining 17 + 1% was originally less dense than ¢y = 27.8 kg m~3
(Fig. 15). Of the DW, 3 + 8% originates in the Greenland Sea (i.e,
between 0 and 11%, as the contributions are always >0) and 25 + 9%
in the Arctic Ocean, while the IW contribution from the Greenland Sea
and Arctic Ocean is 43 + 0% and 0 + 0%, respectively. Fogelqvist
et al. (2003) and McKenna et al. (2016) decomposed the FBCOW
into Norwegian Sea IW and DW, and found that roughly 50% of
the overflow is Norwegian Sea DW (which, in turn, stems from the
Greenland Sea and the Arctic Ocean, Swift and Koltermann, 1988).
According to Turrell et al. (1999) and Fogelqvist et al. (2003) the DW
supply has decreased due to the cessation of very deep convection in
the Greenland Sea. This could be one explanation for our overall lower
DW and higher IW contributions in 2000-2019, which would imply
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that the entire FBCOW has become less dense. As for the DSOW, the
contribution from the Arctic Ocean to the FBCOW is mainly classified
as DW. This is incongruent with Jeansson et al. (2017), who determined
a substantial intermediate-water contribution from the Arctic Ocean to
the Norwegian Sea upstream of the Faroe-Shetland Channel.
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The contribution from each geographical source region to the tran-
sect across the Faroe-Shetland Channel is shown in Fig. 16. The densest
component of the overflow water is dominated by water formed in
the Greenland Sea (above 40%) and the Arctic Ocean (approaching
60% in the deepest part of the trough), while the Iceland Sea and
Atlantic Domain contribute to the less dense components (Fig. 16a, b,
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¢, and d, respectively). This is in agreement with Jeansson et al. (2017),
who found that the primary sources of the lightest IW upstream in
the Norwegian Sea were Atlantic-origin water and Arctic-origin water
from the Iceland Sea, while the densest component mainly originated
in the Greenland Sea and Arctic Ocean. The North Atlantic (Fig. 16f)
dominates the supply of the AW in the upper part of the water column,
and a small portion of this water is entrained into the overflow water.

The upstream pathways of the water masses constituting the FBCOW
are visualized in Fig. 17. In accordance with Chafik et al. (2020)
and Hatin et al. (2021), two main pathways of overflow water ap-
proach the Faroe-Shetland Channel, where they merge and continue to-
ward the sill. One pathway approaches the channel from the northwest
and the other from the northeast following the Norwegian continental
slope. The FBCOW transported with the latter pathway also stems
from the northwest farther upstream, as noted by Chafik et al. (2020).
From Fig. 17 it is difficult to separate the individual pathways farther
upstream. However, we can identify elevated FBCOW fractions along
the GSR from northeast of Iceland toward the Faroe-Shetland Channel.
This pathway corresponds to the recently documented IFSJ (Semper
et al., 2020). Another major upstream pathway is visible all along the
eastern side of the Jan Mayen Ridge. This is not a surprising result as
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previous studies, both observational and numerical, show evidence of
this southward-flowing current (e.g., Olsson et al., 2005; Voet et al.,
2010; Serra et al., 2010; Kohl, 2010; Huang et al., 2020; Hattn et al.,
2021). However, the contribution from this current to the FBCOW
and how it connects water from the source regions to the Faroe Bank
Channel are not well known.

To investigate the connection between the FBCOW, the various
pathways, and the source regions, we constructed a section upstream
of the Faroe-Shetland Channel (marked in blue in Fig. 17) where the
two main pathways approaching the channel could easily be identified
and distinguished. The fraction of FBCOW that has passed through this
section is shown in Figs. 18a and b for the western and eastern legs of
the section, respectively. In the western part of the section (Fig. 18a),
there is a local maximum along the Faroe slope that we divided into the
Faroe Current and the IFSJ by the ¢, = 27.8 kg m~2 isopycnal (Semper
et al., 2020). The Faroe Current primarily consists of warm and saline
AW from the North Atlantic (39 + 2%) and the Atlantic Domain of the
Nordic Seas (50 + 1%), that recirculates around the Faroe Islands (Berx
et al., 2013; Rossby et al., 2018). By the time this recirculating current
reaches the Faroe-Shetland Channel, part of it is sufficiently dense to
contribute to the lightest component of the FBCOW (Fig. 16d).
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The IFSJ was identified as water denser than ¢y = 27.8 kg m™3
(Fig. 18a). The maximum associated with this FBCOW core extends
down to a density of 6 = 28.04 kg m~3, which is lighter than the max-
imum density found by Semper et al. (2020) of 6o = 28.06 kg m~3. De-
spite the light density bias, the upstream pathway of the core (Fig. 18¢)
closely resembles the IFSJ. Almost half of the IFSJ volume stems from
the Greenland Sea (48 + 3%), while 11 + 6% originates in the Arctic
Ocean. Water from both of these source regions exits the Greenland
Sea through gaps in the Mohn Ridge (e.g., Shao et al., 2019; Wang
et al., 2021). Then the majority of the water follows a similar route as
that which supplies the N1J (i.e., across the sloping Jan Mayen Ridge
between the 400 and 600 m isobaths just south of Jan Mayen, then
anticlockwise around the Iceland Sea, Fig. 11). Some of the water that
exits the Greenland Sea deeper in the water column continues farther
south along the Jan Mayen Ridge below 1000 m depth before entering
the Iceland Sea through a deep gap in the ridge (Fig. 18c). The two
pathways merge along the northeast Iceland slope approximately where
the NIJ emerges (Semper et al., 2019). According to Semper et al.
(2022), this is a region of enhanced eddy kinetic energy, which could be
linked to the emergence of the N1J as suggested by Vige et al. (2011),
as well as the separation of the NIJ and IFSJ. Downstream from the
region northeast of Iceland we observe several branches exiting the
Iceland Sea. Semper et al. (2020) identified two cores of the IFSJ on the
slope along the GSR, but the inversion suggests that several branches
also exist farther offshore in line with Argo-float trajectories (Hatdn
et al., 2021). Mixing with ambient water along the pathways results in
a 16 + 3% and 18 + 1% contribution from the Iceland Sea and Atlantic
Domain, respectively, while the North Atlantic contributes 7 + 1% to
the IFSJ core.

Another pronounced FBCOW core was identified on the eastern side
of the section upstream of the Faroe-Shetland Channel (Fig. 18b). This
core is situated deep in the water column, between 1000 and 1300 m
depth, and supplies the densest component of the FBCOW (corrobo-
rating the results of Chafik et al., 2020). Nearly all of the overflow
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water following this pathway originates in the Arctic Ocean (62 + 23%)
and Greenland Sea (36 + 23%). Dense water from the Arctic Ocean
flows southward through Fram Strait and into the central Greenland
Sea, where it continues southward across the Mohn Ridge along with
water formed locally in the Greenland Sea (Fig. 18d). After exiting the
Greenland Sea, the water follows the eastern side of the Jan Mayen
Ridge towards the Faroe Islands, before turning eastwards with the
cyclonic circulation in the Norwegian Basin (e.g., Hattn et al., 2021).
When approaching the Norwegian slope and the Vgring Plateau, the
overflow water is deflected south towards the Faroe-Shetland Channel.
The total contribution from this deep pathway to the FBCOW was
estimated to 24 + 3%, while the IFSJ and Faroe Current account for
58 + 3% and 18 + 1%, respectively.

We note that several of these deep pathways appear very straight,
with sharp edges (Fig. 18c). The TMI pathways are solely based on
hydrographic and geochemical water-mass properties, and thus, they
are not directly dynamically constrained. Weak or no gradients in
water-mass properties, as typically observed at depth, may therefore
result in non-physical straight pathways that sometimes cross isobaths
to minimize distance. The contributions from the Greenland Sea and
Arctic Ocean to the deep FBCOW pathway also have relatively high
uncertainties (Fig. 18c). This is probably due to some GSDW, which
was formed before the 2000-2019 period considered here, remaining
at depth. As the inversion is not guided by strong data constraints to
resolve this portion, the solution is more sensitive to the first guess of
the pathway matrix A (Section 3.2).

7. Summary and conclusions

In this study we developed a regional version of the TMI inverse
method to determine the origin, pathways, and final composition of
the overflow water in Denmark Strait and the Faroe Bank Channel,
the two main passages of dense water from the Nordic Seas to the



A. Brakstad et al.

Progress in Oceanography 212 (2023) 102981

o
o
o

Depth [m]
8
o

1500

2000

Fraction of FBCOW volume

100 150 200
Distance [km]

300 350 400 450

Distance [km]

PO R I I I - 2
IO R S K I SR SR R RN

Fraction of IFSJ core volume

N 2 ; g ; 2
A M S S S S S R R N

Fraction of FBCOW deep core volume

Fig. 18. Fraction of FBCOW volume that has passed through the section upstream of the Faroe-Shetland Channel (a and b). The location of the section is shown in Fig. 17. The
black contours show potential density (oo, kg m=3). The colored circles in a) mark grid cells identified as the Faroe Current (light blue) and IFSJ (dark blue), while the dark blue
circles in b) identify a deep FBCOW core. The upstream pathways of the identified IFSJ (c) and deep core (d) are shown as the fraction of volume that has passed through each
horizontal location integrated over the entire water column. Note that the scale is logarithmic. The blue numbers in ¢) and d) indicate the total contribution (in percent) from
each surface region outlined in black and the lateral boundaries, and the uncertainty represents the sensitivity to the first guess of A (Section 3.2).

deep North Atlantic (@sterhus et al., 2019). The TMI method in-
cludes both hydrographic and geochemical observations, as well as
their geographical distributions, which is a major advantage compared
to traditional decomposition methods (e.g., Mastropole et al., 2017;
Tanhua et al., 2005; Jeansson et al., 2008) as it resolves also the
pathways connecting the overflow plumes to their origins. The resulting
overflow water compositions are not dependent on a few pre-defined
end-members, but consider all surface and lateral boundary locations
as potential sources. This is crucial to determine the importance of
different source regions, as water-mass properties vary spatially, also
within each source region (Figs. 7 and 15). Compared to earlier global
TMI versions (Gebbie and Huybers, 2010; Gebbie, 2014), the regional
high-resolution inversion was able to resolve the narrow overflow water
pathways and complex bathymetry of the Nordic Seas, which gave
a more realistic representation of the dense-water circulation. The
pathways were also improved by implementing a more realistic first
guess based on density and absolute geostrophic velocity estimated
from hydrographic observations and satellite altimetry.

The majority of the DSOW originates in the Greenland Sea (39 + 2%),
the Iceland Sea (20 + 3%), and the Atlantic Domain (19 + 2%) of
the Nordic Seas. Consistent with previous studies, we find that dense
water from these source regions approaches Denmark Strait in the
East Greenland Current and the North Icelandic Jet (Mauritzen, 1996;
Vage et al.,, 2011; Harden et al., 2016). The East Greenland Current
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transports warm and saline Atlantic-origin water from Fram Strait to
Denmark Strait, but substantial mixing with the interior basins occurs
along its path (Fig. 12, Strass et al., 1993; Rudels et al., 2002; Jeansson
et al., 2008; Havik et al., 2019). The mixing takes place primarily
in the Greenland Sea between 75 and 76°N and in the Iceland Sea
between 68.5 and 69.5°N, where the East Greenland Current bifurcates
into the separated and shelf break branches (Vage et al., 2013; Havik
et al., 2019). At Hornbanki, 300 km upstream of Denmark Strait, only
20 + 1% of the separated and shelf break East Greenland Current
branches stem from the Atlantic Domain, while the Greenland and
Iceland Seas account for 50 + 2% and 26 + 6%, respectively. In
agreement with Havik et al. (2017), we also find an outer core of
the East Greenland Current north of the West Jan Mayen Ridge. This
outer core provides an important pathway for dense water formed
in the central Greenland Sea towards Denmark Strait. The overflow
water supplied by the NIJ originates primarily in the Greenland Sea
(82 + 2%), corroborating the results of Huang et al. (2020). This water
follows two distinct pathways from the Greenland Sea to the slope north
of Iceland: the outer core of the East Greenland Current and another,
previously unknown, pathway across the Jan Mayen Ridge into the
Iceland Sea. Within the Iceland Sea the water follows the cyclonic gyre,
which leads to a southward flow along Kolbeinsey Ridge to the slope
north of Iceland.

Although the upstream sources of the DSOW are in broad agreement
with previous studies, we find a substantially lower contribution from
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the Arctic Ocean than indicated by Tanhua et al. (2005) and Jeansson
et al. (2008), who also included both hydrographic and geochemical
observations. In addition to uncertainty in their contributions related to
the spatial variability of water masses, the discrepancy is likely a result
of temporal variability. Neither Tanhua et al. (2005) and Jeansson
et al. (2008) nor the TMI solution properly account for temporal
variability in water-mass properties. Substantial short-term variability
is observed in both volume transport and hydrographic properties of
the DSOW (e.g., Jochumsen et al., 2017; Mastropole et al., 2017; Lin
et al., 2020) and the production and hydrographic properties of the
source water masses vary inter-annually (Vage et al., 2015; Lauvset
et al., 2018; Jeansson et al., 2017; Brakstad et al., 2019; Mork et al.,
2019). Both Tanhua et al. (2005) and Jeansson et al. (2008) performed
sensitivity simulations, where the end-member properties were allowed
to vary within the variance of each parameter, to validate the ef-
fect of temporal variability in their source water compositions. This
indicated relative mean errors of 30%-40%, and higher for some of
the Arctic Ocean end-members (Jeansson et al., 2008). Similar sensi-
tivity simulations with the TMI inversion would be computationally
demanding, which is the reason our uncertainty estimates represent
only the uncertainty related to the first guess of the pathway matrix
and not temporal variability (Section 3.2). It is important to note
that uncertainties related to temporal variability in hydrographic and
geochemical properties were included as constraints in the inversion
when optimizing the 2000-2019 winter-mean solution.

The two main contributors to the FBCOW is dense water formed
in the Greenland Sea (46 + 8%) and the Arctic Ocean (25 + 9%).
These source regions also supply the densest part of the overflow, while
the less dense components stem from the Iceland Sea (10 + 1%), the
Atlantic Domain (11 + 1%), and the North Atlantic (9 + 0%). Dense
water formed in the Greenland Sea and Arctic Ocean flows southward
from the Greenland Sea along two distinct pathways. One corresponds
to the recently documented IFSJ (Semper et al., 2020) and one follows
the eastern side of the Jan Mayen Ridge (in accordance with e.g.,
Olsson et al., 2005; Voet et al., 2010; Serra et al., 2010; Huang et al.,
2020; Hattn et al., 2021). Half (48 + 3%) of the FBCOW transported
with the IFSJ originates in the Greenland Sea, while 11 + 6% stems
from the Arctic Ocean. The majority of these dense waters flow across
the sloping Jan Mayen Ridge and cyclonically around the Iceland Sea,
similar to the dense water that supplies the NIJ. Some mixing occurs
along the IFSJ path, which results in a 16 + 3% contribution from the
Iceland Sea, 18 + 1% from the Atlantic Domain, and 7 + 1% from
the North Atlantic. The pathway along the Jan Mayen Ridge turns
east and crosses over to the Norwegian continental slope, where it
follows the eastern margin southwards to the Faroe-Shetland Channel.
In agreement with Chafik et al. (2020), we find that this pathway is
situated deep (>1000 m) in the water column and supplies the densest
component of the FBCOW. In total, this pathway accounts for 24 + 3%
of the FBCOW, while the IFSJ supplies 58 + 3%. The remaining portion
is AW that is densified in the Faroe Current and recirculates around the
Faroe Islands (18 + 1%).

The fractional contributions from the Greenland Sea and Arctic
Ocean to the overflow water transported by the IFSJ may be underesti-
mated due to the light density bias in the IFSJ core. Semper et al. (2020)
used one survey of high-resolution (2.5-10 km) hydrographic transects
following the IFSJ to document its structure and properties. Based on
30 years of repeat hydrographic transects north of the Faroe Islands,
they found that only 38 of the 120 surveys captured the upsloping
dense water associated with the current due to the lower horizontal
resolution (20 km). Hence, the densest water in the IFSJ is not well
captured north of the Faroe Islands in the observations, which in turn
impacts the TMI solution. Nevertheless, the TMI solution can help
identify key locations where high-resolution observations are needed
to properly resolve the currents feeding the overflows, such as north of
the Faroe Islands and along the Jan Mayen Ridge.
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The overflow water pathways resolved by the inversion represent
the steady-state circulation that best fits the late-winter hydrographic
and geochemical properties in the Nordic Seas between 2000 and 2019.
Although water-mass properties vary within this period, it is considered
sufficiently stable in terms of dense-water formation and water column
structure (i.e., Brakstad et al., 2019; Somavilla, 2019). Considering
the last 50 years, substantial changes have been observed in water-
mass production and properties in the Nordic Seas (e.g., Eldevik et al.,
2009; Vage et al., 2015; Lauvset et al., 2018; Brakstad et al., 2019;
Smedsrud et al., 2022; Vége et al., 2022). Multiple inversions covering
different decades or the inclusion of an age tracer similar to Schlitzer
(2007) or Gebbie and Huybers (2012) are needed to determine how
the time-evolving source regions and flow structure have influenced the
overflows. The inclusion of an age tracer would also make it possible to
estimate the residence times and the rate of exchange between water
masses, which could be used to diagnose the propagation of heat or
anthropogenic carbon into the deep ocean as demonstrated by Davila
et al. (2022) with a global version of the TMI method. As opposed to
numerical simulations, the TMI method observationally constrains and
quantifies the net effect of advection and diffusion on the distribution
of water masses (Gebbie and Huybers, 2010). Our results provide a
step toward understanding how the dense overflow waters are supplied
at present. This is crucial to better understand the impact of climate-
driven changes, such as global warming and sea-ice retreat, which are
projected to reduce dense-water formation in the interior of the Nordic
Seas in the future (Moore et al., 2015, 2022; Bretones et al., 2022).
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Appendix A. Observational quality control

All hydrographic profiles were required to include both temperature
and salinity measurements within the range —2-30 °C and 0-36 g kg™,
respectively. Profiles with density inversions exceeding 0.05 kg m~3
were excluded unless the inversion was associated with a single data
spike, in which case the spike was removed. We also required positive
concentrations for the geochemical parameters and that all profiles had
a minimum length of 3 data points. The same data are often stored in
multiple archives. In many cases, however, the profiles are not exact
duplicates. They can be interpolated to different vertical resolutions,
truncated to different depths, or be ship-board CTD measurements and
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bottle data recorded at the same cast (e.g., Behrendt et al., 2018).
The position, time, and data can also vary slightly if they are rounded
to different decimals. To detect these duplicates we compared each
profile (position, time, and hydrography) to all other profiles within
1° longitude/latitude and +5 days. Each profile pair that was com-
pared was truncated to the depth range shared by both profiles and
interpolated to the same vertical resolution. Profiles were considered
duplicates if they were acquired less than 0.5 days and 1 km apart or if
the temperature and salinity profiles matched to the second and third
decimal, respectively. Several of the duplicates were visually inspected.
This was necessary to detect, for example, truncated duplicates (or
bottle data) that had been linearly interpolated to higher resolution.
In general, we kept the profile with most information and excluded
truncated and hydrographic bottle data. If a profile pair had similar
resolution we retained the profile from the most original source. We
also prioritized data from UDASH (Behrendt et al., 2018), which have
already gone through a thorough quality control.

After erroneous and duplicate data were removed, we divided the
dataset into three different periods (1950-1979, 1980-1999, and 2000-
2019) that were inspected for outliers separately. Each hydrographic
profile was compared to all other profiles from the same period within
a radius of 110 km (approximately 1° of latitude, Vage et al., 2013). In
the Nordic Seas water-mass properties tend to vary more across than
along topographic gradients because of the close alignment between
currents and bathymetry (Ngst and Isachsen, 2003). This was accounted
for by adjusting the distance to the other profiles (r) according to Davis
(1998), Skagseth and Mork (2012), and Vage et al. (2013) as:

H,-H,
H,+H,

2= |xg—x,,|2+'3/1 , (A1)

where x,(x,) is the geographical position of the profile in question
(all other profiles) and H,(H,) is the corresponding depth based on
ETOPO1 (Amante and Eakins, 2009). The topographic parameter 1 =
100 km (Lavender et al., 2005; Voet et al., 2010; Skagseth and Mork,
2012; Vége et al., 2013). The difference in bottom depth determines
the magnitude of the adjustment, and the result is an effective radius
that is increased along isobaths. All profiles within an effective radius
of 110 km were then interpolated onto a common vertical coordinate
with 5-m resolution. Profiles that differed from the mean, at any depth,
by more than six standard deviations were considered outliers and
removed.

A slightly different procedure was used for the geochemical data
due to the generally lower vertical and horizontal resolution. All geo-
chemical profiles were interpolated onto 46 depth levels with intervals
ranging from 10 m near the surface to 250 m at depth (same as the TMI
resolution, Fig. C.1f), before the mean and standard deviation in each
time period were calculated. Profiles were then identified as outliers
and removed if they differed from the mean by more than six standard
deviations.

Appendix B. Mixed-layer depths

For the Iceland and Greenland Seas we used late-winter (February—
April) mixed-layer depths from Vage et al. (2015) and Brakstad et al.
(2019), respectively. These were determined by a procedure involving
two independent automated routines: one based on a density-difference
criterion (Nilsen and Falck, 2006) and one based on the curvature
of the temperature profile (Lorbacher et al., 2006). If neither of the
automated routines accurately identified the base of the mixed layer,
which was verified by visual inspection of each hydrographic profile,
it was determined by a manual procedure developed by Pickart et al.
(2002). This manual procedure was used for 44% (Vage et al., 2015)
and 39% (Brakstad et al., 2019) of the profiles in the Iceland and
Greenland Seas, respectively. The automated routines performed well
for profiles having a pronounced density gradient below the base of the
mixed layer, but this is often not the case during winter in the Iceland
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and Greenland Seas where the entire water column is weakly stratified.
The same semi-automatic procedure was employed here to update the
Iceland and Greenland Seas mixed-layer databases such that the entire
2000-2019 period was covered.

For the rest of the domain, where the density stratification is
stronger, late-winter mixed-layer depths were estimated based on the
density-difference criterion (Nilsen and Falck, 2006). That is, the base
of the mixed layer was identified as the depth where the increase in
potential density from the surface reached 4p = p(Ty—AT, Sy)—p(Ty, Sy)-
The density difference 4p varies with measured surface temperature
(Ty) and salinity (S,), which provides more accurate results than us-
ing a constant value (de Boyer Montégut et al.,, 2004; Nilsen and
Falck, 2006). As de Boyer Montégut et al. (2004), Vége et al. (2015),
and Brakstad et al. (2019) we used AT = 0.2 °C.

The late-winter mixed-layer properties were interpolated onto a
regular 1/3° longitude by 1/8° latitude grid as described in Appendix C
(Eq. (C.1)). Only the 75% deepest mixed layers were included in each
grid cell to remove re-stratified profiles and profiles taken prior to the
onset of convection. Changing this limit by +10% had an impact almost
exclusively on the Greenland Sea gyre and the average difference
within the gyre was +50 m, which is small compared to the total mean
mixed-layer depth (555 m, within the white contour in Fig. B.1). For
polar, ice-covered regions where winter data are scarce, we used the
available data to estimate mean mixed-layer properties. These were
then applied to the entire sea-ice-covered area (north of the annual-
mean 50% sea-ice concentration contour marked in blue in Fig. B.1).
The sea-ice concentration data were obtained from the National Snow
and Ice Data Center (Walsh et al., 2015, 2017). The final gridded
mixed-layer product shown in Fig. B.1 was smoothed by convolution
with a Gaussian window of size 9 x (1/3° longitude and 1/8° latitude).

Appendix C. Gridding and uncertainty estimates

All 2000-2019 observations of temperature, salinity, oxygen, ni-
trate, and phosphate were modified to represent late-winter conditions
(Section 2.2) and used to construct the three-dimensional fields in-
cluded in the TMI inversion. The value in each grid cell was computed
from all measurements within an effective radius of 50 km. As in Ap-
pendix A (Eq. (A.1)), the effective radius was increased along isobaths
to account for the greater correlation length scales along topography.
The effective radius and the topographic parameter A were modified to
120 km and 300 km, respectively, in the sea-ice covered area (north of
the annual mean 50% sea-ice concentration contour, Fig. B.1). This was
done to improve the representation of the East Greenland Current in the
inversion, which was generally not well constrained due to the sparse
data coverage in this region (Fig. 2). The result of both increased radius
and A was that more observations were included in each grid cell, but
only from along the bathymetry.

The average value X; in each grid cell i was weighted by the inverse
distance as:

N, .

_ Z,:’] @i Xy N ,

=== Zw”x,,, (C.1)
Z;=1 @iy =1

where x; is measurement number 7 and N; is the total number of
observations contributing to the weighted average. w;, is the inverse
distance to each observation and o/, = w,,/ E,N:'1 ;.

The uncertainty of the final gridded product representing the cli-
matological winter conditions between 2000 and 2019 depends on the
amount of observations included in the estimate and their variance. In
general, the uncertainty decreases with depth due to the lower variance
at depth and with increased number of observations. For each grid cell

we estimated the variance 6, as:
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Fig. B.1. Late-winter (February—April) mixed-layer depth between 2000 and 2019. The blue line marks the annual-mean (2000-2013) 50% sea-ice concentration contour from Walsh
et al. (2015), while the white contour outlines the Greenland Sea gyre (Moore et al., 2015). The 500-, 1000-, 1500-, and 3000-m isobaths are shown as thin gray contours.

where N is the total number of observations and m is the total num-
ber of ocean grid cells at the corresponding depth level. That is, all
observations across the entire domain at each depth level were used to
estimate the expected variance for each grid cell at the same level. The
uncertainty ¢; was then defined as:

€3

which decreases with number of observations (weighted according to
distance to the grid cell in question). The resulting uncertainty profiles
(overall means and standard deviations) are shown in Fig. C.1.

Appendix D. First guess of the pathway matrix A

The first guess of the mass fractions m that form the pathway matrix
A was constructed based on gradients in potential density and the
geostrophic stream function. To obtain absolute geostrophic velocities
we used surface geostrophic velocity from satellite altimeter data as
reference (Section 3.2, Fig. D.1). The surface geostrophic velocity is
very patchy in sea-ice covered areas due to large uncertainty. The hy-
drographic data coverage is also very sparse in the same region (Fig. 2).
As a consequence, we decided to keep the isotropic first guess (Gebbie
and Huybers, 2010; Gebbie, 2014) in areas with annual-mean sea-ice
concentration exceeding 80% (north of the blue line in Fig. D.1). In
the open ocean we assumed that large gradients in potential density
and the geostrophic stream function lead to weak exchange between
neighboring grid cells (i.e. small mass fractions).

Half of the mass fractions were determined by gradients in potential
density (), while the remaining half was determined by gradients in
the geostrophic stream function (y). For each interior grid cell i, the

22

sum of the mass fractions m;; from the neighboring grid cells j can be
expressed as:

N Lo Ly
=1 dog 1 Ay _
m;; = 2 Zmu + 2 Zm,j =1, (D.1)
j=1 j=1 j=1
where mf;,ge and mi‘y" are the mass fractions determined by gradients

in 6y and y, respectively. Below the mixed layer, mf;.'f@ was calculated

based on gradients in 64 as:
-4
oo N|A0'@ij.maxl |AO’9ij| +10 ’ 0.2)
S 1146, mas| — 140,51 + 10-4)

where 4oy,; is the density difference between the grid cell in question
(1) and its neighbor j. 4cg;; ,,, is the density difference to the neighbor
with the largest difference. That is, a larger gradient leads to a smaller
mass fraction and weaker exchange. The constant 10~ is added for reg-
ularization. Vertical mixing dominates within the mixed layer, where
the density is homogeneous. Hence, we prescribed mf}”é’ to represent
exchange with the neighbor located vertically above the grid cell in
question.

The mass fractions mf/‘" based on the geostrophic stream function
only include horizontal contributions in the direction of the geostrophic
flow. That is, if the geostrophic flow was from the north-east, the only
non-zero mass fractions mf"’ would be the mass fractions from the
northern and eastern neighbors. The magnitude of the non-zero mass
fractions was calculated as:

e = M (D.3)

Y (Al
where 4y, and 4y, are the longitudinal and latitudinal differences in
the geostrophic stream function, respectively. This means that if Ay, >
0 (southward geostrophic flow component), the neighbor to the north
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Fig. C.1. Mean observational uncertainty (black) and mean misfit (red) between the TMI and observed temperature (a), salinity (b), oxygen (c), nitrate (d), and phosphate (e) in
the upper 3000 m of the water column. The shading indicates +1 standard deviation. The TMI vertical resolution is shown by the gray bars in f).
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Fig. D.1. Annual-mean surface geostrophic velocity between 2000 and 2019 from the gridded satellite altimeter product. The blue line indicates the mean (2000-2013) 80%
sea-ice concentration contour from Walsh et al. (2015). The 500-, 1000-, 1500-, and 3000-m isobaths are shown as thin gray contours.
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contributes with a non-zero mass fraction with the magnitude m,Aj"'*. The

first guess of the pathway matrix A based on m‘Aj"(” and mf'/."’ resulted in
more advective pathways and a better (less diffuse) representation of
the ocean state. The running time of the inversion was also significantly
reduced.
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6 Concluding discussion

Overturning in the Nordic Seas is an integral part of the large-scale circulation and cli-
mate system in the North Atlantic. Based on a multitude of observational data covering
the period 1950-2019, a one dimensional mixed-layer model, and a regional water-mass
inversion, this thesis provides novel insights into the formation and pathways of dense
water within the Nordic Seas and their variability, which are critical for our understand-
ing of the overturning in the Nordic Seas and the supply of dense water to the lower limb
of the AMOC. In Chapter 1, we posed the following research questions:

I) What determines the interannual and long-term variability in dense-water forma-
tion in the Greenland Sea?

II) How do cold-air outbreaks and lateral fluxes of heat and salt impact dense-water
formation in the Greenland Sea?

IIT) Where do the overflow waters originate and how do they propagate toward the
Greenland-Scotland Ridge?

IV) How have the dense-water reservoir and the overflows from the Nordic Seas changed
over the observational record and why?

These questions were addressed in Papers I-IV, respectively, which constitute this thesis
(Chapter 5). While the results presented here provide a step forward in our understand-
ing of the Nordic Seas overturning at present, they also raise several new questions that
will be discussed in the following sections.

6.1 Surface origin of the overflows and density transformation

In Paper III, we found that the FBCOW primarily consists of dense water originat-
ing in the Greenland Sea (46+8%) and the Arctic Ocean (25+9%), while the DSOW
is composed of dense water originating in the Greenland Sea (39+£2%), the Iceland Sea
(20£3%), and in the Atlantic Domain (194+2%) of the Nordic Seas. These fractional
contributions reflect where the different components of the overflow plumes were last in
contact with the atmosphere. That is, where they were last modified by the atmosphere
and finally left the surface layer. Assuming that the water-mass properties are conser-
vative, further modifications will only take place by interior mixing, which is quantified
in the TMI inversion. As such, the surface origin of the dense-water mixture that sup-
plies the overflow plumes is crucial for determining their final water properties. The
surface origins do not necessarily coincide with the locations of greatest density transfor-
mation (or buoyancy loss, Isachsen et al., 2007). Consider, for instance, the contribution
from the Atlantic Domain to the DSOW, which stems almost entirely from the northern
part near Fram Strait (Paper III). This is where the Atow leaves the surface and flows
beneath the fresh PSW from the Arctic Ocean (e.g., Mauritzen, 1996), but substan-
tial densification took place farther south in the Lofoten and Norwegian basins (Section
2.3.2, Isachsen et al., 2007; Bosse et al., 2018). The densification of the AW as it propa-
gates northward with the Norwegian Atlantic Current also impacts the preconditioning
of the Greenland Sea gyre (Lauvset et al., 2018, Paper I, Paper I, Paper IV). According



to Isachsen et al. (2007) and Arthun (submitted), the largest densification in the Nordic
Seas takes place in the eastern basins. Thus, the eastern basins of the Nordic Seas are
considered most important in terms of the total density transformation. Regions where
the dense water leaves the surface layer are important for the final transformation and
properties that are transported into the deep ocean, including the uptake of anthro-
pogenic heat and carbon. They also impact the final density and the vertical extent of
the overturning. Hence, it is important to understand the variability in the surface ori-
gin regions of the overflows, as well as in the upstream preconditioning/densification, in
order to determine the variability in the overturning and overflows from the Nordic Seas.

6.2 Overflow-water pathways

Although our knowledge about the upstream pathways of the Nordic Seas’ overflows
have increased substantially over the past 2-3 decades (Sections 2.4.1 and 2.4.2), some
major gaps remained, particularly regarding the upstream pathways of the FBCOW
and how dense water formed in the Greenland Sea propagates toward the overflows
and supplies the NIJ and IFSJ (e.g., Huang et al., 2020; Semper et al., 2020; Chafik
et al., 2020). Results from the regional water-mass inversion revealed that dense wa-
ter from the Greenland Sea feeds the NIJ through two distinct pathways: an outer core
of the East Greenland Current and along a previously unknown pathway that crosses
the sloping Jan Mayen Ridge just south of Jan Mayen (Paper III). The latter path-
way also supplies dense water from the Greenland Sea to the IFSJ. Furthermore, the
inversion showed that dense water originating in the Greenland Sea and Arctic Ocean
propagate southward along the eastern boundary of the Jan Mayen Ridge and feed the
Faroe-Shetland Channel Jet identified by Chafik et al. (2020) that follows the continen-
tal slope of Norway southward through the Faroe-Shetland Channel. This pathway can
account for 244+3% of the FBCOW, while the IFSJ supplies 58+3% (Paper III), which
agrees well with transport estimates of the IFSJ (Semper et al., 2020). The pathways
identified by the water-mass inversion are remarkably consistent with previous litera-
ture and the additional information provided regarding the dense-water pathways from
the Greenland Sea and how the FBCOW approaches the Faroe-Shetland Channel have
significantly advanced our understanding on the upstream pathways of the overflows.
We note, however, that since the inversion is constrained by observations, the identified
pathways may be more uncertain in areas of sparse data coverage, such as the area sur-
rounding Jan Mayen. Hence, further studies are needed to examine the transport and
structure of the Jan Mayen Ridge boundary current and the branch crossing the ridge
south of Jan Mayen to confirm their contribution to the overflows. The representation
of the narrow NIJ and IFSJ in the water-mass inversion were also impacted by the data
coverage and resolution. In particular, only a small portion of the NIJ were traced back
along the slope of Iceland east of the Kolbeinsey Ridge and the IFSJ had a light den-
sity bias (Paper 111, Semper et al., 2019, 2020). While part of this could be due to the
resolution of the inversion itself, which was around 14 km for both longitude and lati-
tude north of Iceland, it is also impacted by the resolution of the observations. Semper
et al. (2019) and Semper et al. (2020) used a few high-resolution (2.5-10 km) transects
to quantify the transport and structure of the NIJ and IFSJ, repsectively. The standard
repeat hydrographic transects around Iceland and the Faroe Islands, however, have lower
resolution (approximately 20 km) and Semper et al. (2020) found that only 32% of the
surveys performed north of the Faroe Islands over 30 years, captured the the upsloping



dense water associated with the IFSJ. Hence, the densest water in the IFSJ is not well
captured north of the Faroe Islands in the climatological mean, which, in turn, impacts
the representation of the current in the inversion. The new insights from the regional
water-mass inversion provide a guide as to where we should focus future observational
sampling, as well as where high-resolution observations are needed, to further improve
our understanding of the upstream pathways of the two main overflows from the Nordic
Seas.

6.3 Strengths and weaknesses of the regional water-mass inversion

Compared to traditional water-mass decomposition methods (e.g., Eldevik et al., 2009;
Mastropole et al., 2017, Tanhua et al., 2005; Jeansson et al., 2008, 2017), the TMI water-
mass inversion has two major advantages. First, it takes the spatial distribution of water
masses into account, which makes it possible to resolve the pathways that connect the
overflow plumes to their origins. Second, it is not dependent on a few pre-defined end-
members, but considers all surface and lateral boundary locations potential overflow
water sources. In Paper 111, we showed that this is crucial to determine the importance
of different source regions, as the water-mass properties vary spatially, also within each
source region. Compared to earlier global TMI versions with lower resolution (Gebbie
and Hugybers, 2010; Gebbie, 2014), the regional water-mass inversion better resolved
the complex bathymetry of the Nordic Seas and the main features of the water-mass
distribution, which gave a more realistic representation of the pathways feeding the
overflows and how the water mixed along the pathways. We also implemented a more
realistic first guess of the pathways based on density and absolute geostrophic velocity,
which led to further improvements of the advective pathways. Compared to numerical
simulations that need to parameterize subgrid-scale processes, the TMI inversion takes
the combined effect of advection and diffusion into account when solving for the pathways
that best fit the observed water-mass distribution (Gebbie and Huybers, 2010, Paper I1I).
As such, the inversion is less prone to errors associated with insufficient resolution.
While the spatial variability in water-mass properties is accounted for in the TMI, it
assumes that the observations constraining the solution represent a steady ocean state.
Although we divided the observational dataset into different periods that align with the
observed long-term variability in the inflowing AW (e.g., Holliday et al., 2008; Glessmer
et al., 2014, Paper IV), changes in Greenland Sea convection (Paper I, Somavilla, 2019;
Strehl et al., submitted), and changes in the Nordic Seas dense-water reservoir (Paper
IV), there is still considerable variability in both the overflow water properties and dense-
water formation on interannual and shorted time scales (Eldevik et al., 2009; Mastropole
et al., 2017, Paper I, Paper I, Paper IV). The steady-state assumption is, thus, the main
weakness of the TMI water-mass inversion. Temporal variability was partly accounted
for by focusing on late-winter properties and allowing the TMI inversion to deviate from
the climatological mean conditions within the uncertainty limits of the observations
(which represent the temporal variability of the observed properties within each period).
However, the final optimized solutions still represent climatological mean conditions for
the different periods 1950-1979 and 2000-2019 (Paper III and IV) and the contribution
from each source region to the overflows are expected to vary within each period.
Another related aspect that was not included in our regional water-mass inversion,
is the rate of exchange between water masses (i.e., the inversion does not contain di-
rect velocity information). This means that our estimated overflow water compositions



in Denmark Strait and the Faroe-Shetland Channel represent the volume occupied by
each water-mass component, which may not be proportional to the transport across the
ridge because of non-uniform velocity distributions (e.g., Lin et al., 2020; Chafik et al.,
2020). While it is difficult to estimate how different the contributions from the vari-
ous source regions to the overflow-water transports would be, it is likely that the water
masses transported within the boundary currents with higher velocity (such as the Atow)
would have a higher weight. We would like to emphasize, though, that the distribution
of water-mass properties includes the effect of both advection and diffusion, and simi-
lar properties along the pathways of ocean currents results in larger exchange of mass
between neighboring grid cells in the inversion. The advective pathways, in particular
the East Greenland Current, were further improved in the regional inversion by using
gradients in density and absolute geostrophic velocity to estimate the first guess of the
water-mass pathways, instead of assuming an isotropic first guess as in previous global
TMI versions (Gebbie and Huybers, 2010; Gebbie, 2014, Paper III).

The rate of exchange between water masses could be estimated by including an age
tracer in the inversion similar to Schlitzer (2007) or Gebbie and Huybers (2012). A
regional water-mass inversion for the Nordic Seas based on the work performed in this
thesis that includes age tracers is currently under development (Davila et al., in prep.).
The resulting transport matrix from this inversion will make it possible to estimate
residence times and to determine how the flow structure and time-evolving source regions
have influenced the overflow water compositions and transports. The transport matrix
can also be used to diagnose the propagation of heat or anthropogenic carbon into the
deep ocean as demonstrated by Davila et al. (2022) with a global version of the TMI
method. While the results from this transient inversion is expected to shed light on
several of the concerns raised above, the transport matrix itself will not be time evolving.
One way to solve this challenge could be to include time as a fourth dimension in the
inversion.

6.4 Contribution from the Greenland Sea to the overflows

Based on the 20002019 water-mass inversion developed in Paper III, we found that
dense water formed the Greenland Sea is important for the overflows both east and west
of Iceland. In terms of volume contribution it accounts for 39+2% and 46+8% of the
Denmark Strait and Faroe Bank Channel overflows, respectively. Out of these fractions,
441% and 3+£8% were classified as deep water, which was formed in the Greenland Sea
prior to the 1980s. If we focus on the remaining intermediate water fraction and use
the mean overflow water transports from Osterhus et al. (2019) of 3.2 Sv in Denmark
Strait and 2.0 Sv in the Faroe Bank Channel, then the production of GSAIW should
account for 1.124+0.10 Sv and 0.81+0.27 Sv of the overflow transports, respectively. In
total, this amounts to 1.934+0.37 Sv, which is significantly larger than the estimated
mean (1994-2014) GSAIW export rate of 0.94£0.7 Sv (Paper I). This export estimate
was based on the GSAIW volume change within the gyre over the summer and on the
assumption that the export is constant throughout the year, which is probably not the
case. It also only accounts for the export from the gyre to its surroundings, and not the
total export from the entire Greenland Sea. Water sufficiently dense to contribute to
the overflows are also formed in the vicinity of the gyre and contributes to the overflows
(Paper I, Paper I1I). The results in Paper 111 indicate that the areas surrounding the gyre
as defined in Paper I can account for more than half of the overflow water supply from



the Greenland Sea. Messias et al. (2008) also inferred a higher export rate of 1-1.85 Sv
based on the amount of SFg tracer leaving the Greenland Sea over the period 1998-2002.
The tracer was released at the 0y—28.05 kg m~2 isopycnal in the Greenland Sea gyre,
which corresponds to GSAIW. Hence, our GSAIW export estimate in Paper I is probably
biased low and does not properly represent the contribution from the Greenland Sea to
the overflows. We also note that the rates of GSAIW export and production within the
gyre are highly variable and the largest summertime exports generally follow winters
with deep convection (Paper I).

Another source of uncertainty in these estimates is the non-uniform distribution of
velocity /transport across the overflow plumes (Lin et al., 2020; Chafik et al., 2020), which
in Denmark Strait also vary substantially on short time scales (Mastropole et al., 2017),
and the fact that the contribution from the Greenland Sea is most important for the
densest components of the overflows (Huang et al., 2020, Paper I, Paper III). The results
from including age tracers in the water-mass inversion is expected to shed more light on
some of these aspects (Dawila et al., in prep.). Furthermore, our analyses of the long-
term variability in overflow water composition and properties revealed that the regime
shift in the Greenland Sea (from the formation of GSDW to formation of GSAIW), has
led to reduced contributions to the FBCOW, while the contribution to the DSOW has
increased (Paper IV).

6.5 Mechanisms governing the variability in Greenland Sea convec-
tion

Both Paper I and II highlight the importance of the interplay between air-sea heat fluxes
and oceanic lateral advection for the Greenland Sea mixed-layer development. Lateral
advection generally leads to an input of heat into the gyre that acts to increase the gyre
stratification and an input of salt that decreases the stratification. The combined effect is
a reduction in the end-of-winter mixed-layer depth, which implies that the temperature
effect dominates (Paper II). By contrast, the lateral input of salt seems to dominate
in terms of interannual variability in stratification and, in turn, the mixed-layer depth
(Paper I). Years with anomalously fresh near-surface conditions in fall typically have
shallow convection the following winter. While there has been several shorter periods of
fresh conditions and relatively shallow convection in the Greenland Sea (Paper I), only
the fresh period that lasted from the 80s into the early 90s was sufficiently severe to cause
the regime shift from GSDW formation to GSAIW formation (Strehl et al., submitted).
While the East Greenland Current transports a substantial amount of freshwater and
sea ice that potentially can be diverted into the interior Greenland Sea and impact the
salinity variability (e.g., Dodd et al., 2009; Spall et al., 2021; Langehaug et al., 2022),
Glessmer et al. (2014) and Lauwvset et al. (2018) argue that variability in the AW inflow
is more important. Our results in Paper IV focusing on multidecadal and long-term
variability corroborates these results, but further studies are needed to better understand
where and how the lateral advection takes place (Paper IT). Recent evidence also indicate
that the AW salinity decline in the past decade (Mork et al., 2019, , Paper IV) has
resulted in reduced Greenland Sea convection since 2014 (Abot et al., 2023; Almeida
et al., submitted). If this freshening will be sufficiently severe to result in a new regime
shift in the Greenland Sea remains to be determined. The anomalously fresh period
in the 1980s (starting in the mid-1970s for the AW) was related to a Great Salinity
Anomaly event that propagated around the North Atlantic (Dickson et al., 1988; Belkin



et al., 1998). A new such event could occur if the substantial amounts of freshwater
stored in the Beaufort Gyre in the Arctic Ocean are released.

During years with more saline conditions in the Greenland Sea, the integrated at-
mospheric heat loss during the winter determines the end-of winter mixed-layer depth
(Paper I). The integrated heat loss in winter is closely related to the frequency and in-
tensity of CAOs, and their temporal distribution determines when the active convection
phase (i.e., the deepening phase) starts (Paper II). Sea-ice formation rarely occurred
within the Greenland Sea gyre during the period considered here, and was therefor not a
main driver for the convective variability in the Greenland Sea over the period 19862016
(Paper I). However, the sea-ice retreat has important implications for the winter atmo-
spheric heat loss. While Strehl et al. (submitted) found that the total air-sea heat loss
over the Greenland Sea has increased since 1950 due to a larger open-ocean area, Moore
et al. (2015) found a 20% decline in the magnitude of the heat fluxes over the Green-
land Sea gyre since the end of the 1970s. The reduced heat fluxes over the gyre were
primarily a result of increased distance to the sea-ice edge and decreased winter air-sea
temperature differences (Section 2.2.2, Moore et al., 2015). These changes have also
resulted in reduced intensity of cold-air outbreaks (i.e., the strongest heat-flux events,
Somavilla, 2019; Dahlke et al., 2022; Strehl et al., submitted). According to Moore et al.
(2015, 2022), the trend toward weaker atmospheric heat fluxes is expected to continue
in a warming climate with continued sea-ice retreat, which could have substantial rami-
fications for the water-mass transformation in the Greenland Sea gyre.

6.6 Future perspectives and the impacts of climate change

The temperature of the AW has increased over the last 25 years, and since 2000 this
has resulted in a decreased AW density (Paper IV). This trend of warmer and less
dense AW inflow is expected to continue in the future (e.g., Arthun et al., 2019; Shu
et al., 2022; Arthun et al., 2023; Asbjornsen and Arthun, submitted). As convection
in the Greenland Sea and the size of the Nordic Seas dense-water reservoir are closely
connected to changes in the AW inflow (Papers I, II, and IV), we expect that also the
trend toward a warmer and less dense Nordic Seas reservoir will continue in the future.
This implies a less dense overturning in the Nordic Seas, which will ultimately impact the
properties of the overflows and the lower limb of the AMOC. However, as the ocean and
atmosphere are warming, reduced sea-ice extent will lead to regions previously insulated
by the sea ice becoming ice free and in direct contact with the atmosphere (Moore et al.,
2015; Vdge et al., 2018; Moore et al., 2022). Recent studies suggest that formation of
dense water masses can take place in these newly ice-free areas and may compensate
for some of the predicted decline in the interior basins of the Nordic Seas (Vige et al.,
2018; Pérez-Herndndez et al., 2019; Athanase et al., 2020; Lique et al., 2018; Bretones
et al., 2022; Moore et al., 2022). To which extent these new dense-water formation areas
can compensate for the decline in density in the Nordic Seas remains uncertain and
needs to be investigated more thoroughly to understand how it will impact the lower
limb of the AMOC. Shu et al. (2022) suggested that although the larger open-ocean
area will increase the integrated heat loss, particularly in the Arctic Ocean, it may not
be sufficient to overcome the effect of increased northward AW heat transport, which
implies a sustained warming and density decrease.

While the hydrographic properties and composition of the overflows have changed
over the observational record (Paper IV), the overflow water transport has remained



remarkably stable (Hansen et al., 2016; Jochumsen et al., 2017; Osterhus et al., 2019).
Two recent studies even indicate that the maximum overturning strength in the Nordic
Seas and Arctic Ocean may increase in the 21st century (Bretones et al., 2022; Arthun
et al., 2023). While Bretones et al. (2022) pointed to the northwestward shift in sea
ice and dense-water formation as the main reason for this strengthening, Arthun et al.
(2023) found that changes in AW density and surface buoyancy forcing will increase the
zonal density gradient in the Nordic Seas, resulting in enhanced horizontal circulation
and overturning. Arthun et al. (2023) further showed that changes in the Nordic Seas
overturning impact the lower limb of the overturning circulation in the subpolar North
Atlantic and could provide a stabilizing factor in the future AMOC, which is predicted
to weaken in most models ( Weijer et al., 2020; Bretones et al., 2022; Arthun et al., 2023).
The predicted increased importance of the overturning in the Nordic Seas (and Arctic
Ocean), suggests that increased efforts should be made to understand their overturning
variability and downstream implications.

Although Bretones et al. (2022) and Arthun et al. (2023) predict a strengthening of
the maximum overturning in the Nordic Seas and Arctic Ocean, both studies indicate
that the overturning will become less dense, which is supported by our results in Paper
IV given that the AW warming trend continues. While it is unclear to which extent
this will impact the lower limb of the AMOC, one could speculate that it may reduce
the depth of the lower limb (i.e. reduce the vertical extent of overturning). If this is
the case, it would result in reduced ventilation of the deepest layers similar to what
we already have observed in the central Greenland Sea and the Nordic Seas (Papers I,
II, and IV). This could potentially have major ramifications for the ocean uptake and
storage of anthropogenic carbon.

6.7 Summary

The four papers that constitute this thesis have significantly advanced our understand-
ing of the formation and pathways of dense water in the Nordic Seas, their variability,
and the contributions to the overflow waters across the Greenland-Scotland Ridge. In
particular, the development of the observation-based, regional water-mass inversion re-
vealed unprecedented details about the origin and upstream pathways of the overflows
that have not previously been quantified using observations (Papers III and IV). For
Denmark Strait, we found that most of the overflow water originates within the Nordic
Seas. Dense water from the Greenland Sea, which supplied the largest fraction, prop-
agates southward along two distinct pathways: an outer core of the East Greenland
Current and along a previously unknown pathway across the Jan Mayen Ridge. Both of
these pathways supply the NIJ (Paper III). Most of the Faroe Bank Channel overflow
originates in the Greenland Sea and Arctic Ocean. Dense water from these regions ap-
proaches the channel in the IFSJ and along the eastern boundary of the Jan Mayen Ridge
(Paper III). The convection and production of dense water in the Greenland Sea have
changed substantially over the observational record (Papers I, II, and IV). In particu-
lar, there was a transition from bottom-reaching convection forming GSDW prior to the
1980s, via predominantly shallow convection between the mid-1980s and mid-1990s, to
intermediate-depth convection forming the GSAIW after the mid-1990s. This long-term
variability was largely controlled by the hydrographic conditions and changes in the in-
flowing AW to the Nordic Seas (Papers I and IV). Combined, the AW changes and the
ceased GSDW formation have resulted in a warmer and less dense Nordic Seas reservoir



(Paper 1IV). The transition from formation of GSDW to GSAIW has also reduced the
density and supply from the Greenland Sea to the FBCOW, while the contribution of
the less dense intermediate water to the DSOW has increased (Paper IV). Essential for
the interannual variability in Greenland Sea convection was variability in air-sea heat
exchange, which is dominated by the frequency, intensity, and distribution of cold-air
outbreaks (Papers I and II). Using a unique 10-year hydrographic record from moored
profilers, the direct impact of these events on the wintertime mixed layer in the Green-
land Sea was quantified for the first time (Paper IT). This has not previously been possible
because of sparse temporal data coverage and the short duration of these events. Both
Paper I and Paper II highlight the importance of the combined effect of air-sea heat
fluxes and oceanic lateral fluxes of heat and salt for the Greenland Sea mixed-layer de-
velopment. Collectively, this thesis provide a step forward in our understanding of the
overturning in the Nordic Seas and its variability, from an observational point of view.
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