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A B S T R A C T

A better understanding of wave homogeneity, i.e. the spatial variations of the wave characteristics, and wave
coherence in coastal areas and fjords is essential for the design and analysis of sea-crossing infrastructures,
such as floating bridge concepts. The wave conditions in fjords that are exposed to the open sea are complex
and often characterized by a mixed swell–wind sea state. This study investigates the spatial coherence and
homogeneity of ocean waves using two years of unique buoy observations from Sulafjorden – a fjord partly
exposed to the open sea. We analyze both long term statistics and four selected cases with different sea
states. The most exposed locations are dominated by long waves (swell), while the energy of the wind sea is
comparable to the swell energy in the more sheltered locations. Despite the study area being relatively small
(ca. 2 km ×1 km), the differences in wave conditions are significant because the complex fjord geometry blocks
the incoming offshore waves, and changes in fetch and wind conditions affects the local wave growth. For
swell waves we measured an along-crest spatial coherence (ca. 0.6) over a 1–2 km distance. The coherence
between consecutive crests for swell was weaker (up to 0.3–0.4) for distances between 0.6 km and 1.3 km
(up to about 5 wavelengths). Wind sea (both along crest and between crests) showed no coherence over these
distances.
1. Introduction

Information on environmental conditions, such as wind, waves, and
currents, is vital for designing marine structures, where it is needed
for response, load and fatigue calculations. The structures may be
floating bridges, submerged tunnels, wind turbines, solar panels, wave
energy converters, and fish farms in nearshore locations. Large floating
structures for coastal infrastructure, aquaculture and renewable energy
applications cover large surface areas, and the inhomogeneity of ocean
waves should therefore be taken into consideration (Aksnes et al.,
2022).

In complex coastal areas, such as the Norwegian coast with its
thousands of islands, islets and narrow fjords, accurate knowledge of
environmental conditions is a crucial part of the structural design. The
wave conditions along the west coast of Norway are characterized by
mixed swell–wind sea conditions. Swell waves are long-crested surface
waves whose phase velocity exceeds the local wind speed or propagates
across the wind direction. The most energetic swell waves along the
coast are observed in the Norwegian Sea due to its direct exposure to

∗ Corresponding author at: Department of Marine Technology, Norwegian University of Science and Technology (NTNU), Trondheim, 7491, Norway.
E-mail address: konstantinos.christakos@ntnu.no (K. Christakos).

the Atlantic Ocean (e.g., Semedo et al., 2014; Christakos et al., 2020b).
Short-crested, irregular, waves under the influence of the local wind
are known as wind sea. Extra-tropical cyclones and coastal orographic
phenomena causes the wind sea to vary significantly more in both time
and space compared to the more regular swell waves.

The fjord axis (line parallel to shore) steers the dominant wave
direction, and the wave conditions inside fjords therefore differ sig-
nificantly from a typical coastal climate. Swell propagation depends
on the exposure to the open sea, while the local wind sea is strongly
affected by the orography and fjord geometry. In fjords exposed to the
open sea, the offshore waves (e.g., swell or old wind sea) dominate
the wave climate. The narrow fjord geometry permits penetration of a
certain swell direction, thus not allowing the coexistence of multiple
swell systems in the fjords. At the same time, the local wind sea can
also be relatively strong depending on the fjord geometry, the exposure
to the open sea and the weather conditions. The local wind dominates
the wave climate in fjords sheltered from the open sea where swell is
nearly absent.
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Fig. 1. Schematic illustration of coherent—homogeneous/inhomogeneous wave conditions between two sea points (𝑥1 and 𝑥2) along 𝑥-axis e.g., the axis of a marine structure.
The red curve represents the wave amplitude. The arrows show the vertical displacement at 𝑥1 and 𝑥2.
Based on the National Transport Plan 2022–2033 (The Norwe-
gian Ministry of Transport, 2020), Norway aims to develop a modern
transport system for faster and safer travel and transport of goods.
One of the important components of this plan is the Coastal Highway
Route E39 project led by the Norwegian Public Roads Administration
(NPRA). The project’s goal is to design and construct bridges and
tunnels that are replacing existing ferry connections along the route
between Kristiansand and Trondheim (Dunham, 2016). In this regard,
met-ocean observations and simulations are essential for load and
response calculations. Penetration of low-frequency waves, i.e. swell in
fjords, can induce large vertical oscillations in such structures (Aalberg,
2017). In addition, the wave field inhomogeneity in a fjord can be
associated with a possible response and fatigue damage of a floating
bridge (Dai et al., 2021b). Recent studies have shown that the wave
conditions in Norwegian fjords can be inhomogeneous (Cheng et al.,
2021; Dai et al., 2021a). Nonetheless, phase-averaged wave simulations
have revealed that the change in wave conditions along a proposed
crossing in Sulafjorden was gradual (Dai et al., 2021a).

Most marine structures are relatively short in length compared
to the wavelength of dominant waves. Therefore, information about
the wave conditions at one location is sufficient for designing such
structures. However, novel offshore and coastal structures, like offshore
wind farms, floating bridges, fish farms and solar panels, may cover a
large area (in the order of 1–5 km2), where the wave conditions may
vary spatially.

During the design process of marine structures, it is commonly
assumed that the wave conditions are homogeneous and coherent. A
wave field is considered homogeneous if the average properties at each
location are identical. If the surface elevations for any pair of locations
are coherent, the wave field is considered coherent. Even if the wave
field is coherent, changes in phase and homogeneity between two
points located along the axis of a marine structure can cause different
responses as illustrated in Fig. 1.

The assumptions of homogeneity and coherence seem reasonable
for open sea applications, but they might be invalid in complex coastal
areas like a fjord system. The fjord topography can lead to spatial
variation in both wave density spectra and coherence. The coherence
of ocean waves has not been studied to the same degree as wind coher-
ence, where different models have been established, such as the Mann
uniform shear model (Mann, 1994) and the exponential coherence
model (the Kaimal model, International Eletrotechnical Commision
(2005)).

The interference of coherent waves nearshore can affect wave pro-
cesses and create spatial variations (inhomogeneity) in wave charac-
teristics. According to Salatin et al. (2021), coherent waves can result
in stationary interference in the longshore variability of the nearshore
wave height and mean sea level. Smit et al. (2015) simulated coherent
effects near Scripps Canyon due to refractive focusing of swell waves
that leads to variations in the wave field.

Our overall objectives are to find which wave conditions are associ-
2

ated with different coherence levels and how the coastal geometry and
Fig. 2. Surface elevation of irregular waves and pairs of points located across and along
the propagation direction (white arrow). The coherence measured at different pairs can
be formed in the following ways by measuring: the same wave as it spans in space
(𝑦1&𝑦2; points across the propagation direction), the same wave with a time lag (𝑥1&𝑥2;
points along the propagation direction), or a combination of the two (e.g., 𝑥1&𝑦1).
Simulation of surface elevation was performed using the non-hydrostatic numerical
model SWASH (Zijlema et al., 2011).

the local wind affect the wave homogeneity and coherence. This will be
achieved using a unique data set consisting of wave buoy observations
from devices moored near each other. The data was obtained in the
Sulafjorden, a fjord partly exposed to the Norwegian Sea. To our
knowledge, this is the first study that investigates both homogeneity
and coherence using long-term in situ observations.

The paper is organized as follows: Section 2 describes the data
and methods employed, followed by Section 3, which presents the
overall results and selected case studies. In Section 4, we discuss the
results, and in Section 5, we finish by summarizing and concluding our
findings.

2. Data and methods

2.1. Homogeneity

The word homogeneous comes from the Ancient Greek word
(homogenes). It contains the words (homos, ‘‘same’’)

+ (genos, ‘‘kind’’) and it means ‘‘the same kind’’. In random
processes such as the sea surface elevation, the data is considered
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Fig. 3. Location of Sulafjorden (red) in the west coast of Norway (top). Position of buoys B, B1, C and C1 with the corresponding average distances in km (bottom). The color
bar shows the depth in meters, derived by Sjødivisjon (2015).
homogeneous if its average characteristics do not vary in space, similar
to being stationary in time (Bendat and Piersol, 2010). Therefore, we
consider an ocean wave field to be homogeneous if the power spectral
density (𝑆) for each location (e.g., 𝑥1, 𝑥2) are identical, i.e. for all
frequencies (𝑓 ) and wave directions (𝜃)

𝛥𝑆𝑥1𝑥2 (𝑓, 𝜃) = 𝑆𝑥1 (𝑓, 𝜃) − 𝑆𝑥2 (𝑓, 𝜃) ≈ 0 (for directional data), or (1)

𝛥𝑆 (𝑓 ) = 𝑆 (𝑓 ) − 𝑆 (𝑓 ) ≈ 0 (for omnidirectional data), (2)
3

𝑥1𝑥2 𝑥1 𝑥2
where 𝑆𝑥1 (𝑓, 𝜃) and 𝑆𝑥2 (𝑓, 𝜃) are the directional power spectral density
at 𝑥1 and 𝑥2 locations, respectively. The corresponding omnidirectional
frequency power spectral density functions are 𝑆𝑥1 (𝑓 ) = ∫ 2𝜋

0 𝑆𝑥1 (𝑓, 𝜃) 𝑑𝜃
and 𝑆𝑥2 (𝑓 ) = ∫ 2𝜋

0 𝑆𝑥2 (𝑓, 𝜃) 𝑑𝜃. These conditions result in the same sea
state parameters, such as significant wave height (𝐻𝑠) and peak wave
period (𝑇𝑝). Conversely, an inhomogeneous wave field is mathemati-
cally described with |𝛥𝑆𝑥1𝑥2 (𝑓, 𝜃)| ≫ 0 (directional) or |𝛥𝑆𝑥1𝑥2 (𝑓 )| ≫ 0
(omnidirectional), keeping in mind that measured wave spectra have
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Fig. 4. Power spectral density as a function of time and frequency for the period February 1, 2019 to March 31, 2021. The case studies (Section 3.3) are indicated with the gray
dashed lines.
random sampling variability (Donelan and Pierson, 1983; Forristall
et al., 1996).

2.2. Coherence

The word coherence comes from the Latin cohaerere consisting of
co- (‘‘together’’) and haerere (‘‘to stick, adhere’’). In physics, coherent
waves are pairs of waves having the same frequency and waveform
with a constant phase difference. For surface ocean waves (numerous
frequencies), the coherence indicates how well the surface elevation 𝜂(𝑡)
between two points are related to each other at different frequencies.
If the two wave signals are coherent, they can be related by a linear
transfer function, 𝐻(𝑓 ), in frequency space (𝑆𝑥1 (𝑓 ) = |𝐻(𝑓 )|2 ⋅𝑆𝑥2 (𝑓 )).
To quantify the coherence, we use the magnitude squared coherence
function 𝐶𝑥1𝑥2 between the surface elevation at locations 𝑥1 and 𝑥2 as
given by (e.g., Mandel and Wolf, 1995; Stoica and Moses, 2005):

𝐶𝑥1𝑥2 (𝑓 ) =
|𝑆𝑥1𝑥2 (𝑓 )|

2

𝑆𝑥1 (𝑓 )𝑆𝑥2 (𝑓 )
, (3)

where 𝑆𝑥1𝑥2 is the cross power spectral density of the two signals. The
coherence varies from 0 to 1. If 𝐶𝑥1𝑥2 is one, the two signals are entirely
related, while 𝐶𝑥1𝑥2 ≈ 0 indicates nearly no relation, i.e., having a
random or varying phase relationship. In practice, 𝐶𝑥1𝑥2 greater than
roughly 0.5 show considerable coherence (𝐶1∕2

𝑥1𝑥2 ≈ 0.7).
Coherence varies with the distance between the two positions. In

the present study, relative changes in buoys’ distances are insignificant
(due to distances ≥ 600 m and anchoring). Coherence is also related to
the wave propagation direction relative to the buoy positioning (along
or perpendicular to wave direction). This relationship is discussed in
more detail in the following sections.
4

In practice, the coherence measured between two sea points can be
formed in different ways, as illustrated in Fig. 2, by measuring (i) the
same wave as it spans in space (pairs located across the propagation
direction), (ii) the same wave with a time lag (pairs located along the
propagation direction), or (iii) a combination of the two. Therefore, the
coherence can be considered both as a measure of crest wavelength and
an indication of how well a wave preserves its phase information as it
propagates.

Figs. A.12, A.13 and A.14 in Appendix illustrate artificial sur-
face elevations, the corresponding spectral densities and coherence
for incoherent-homogeneous, coherent-inhomogeneous and coherent-
homogeneous waves conditions.

2.3. In situ observations

The fjord studied is Sulafjord, located on the west coast of Norway
within the Møre and Romsdal county, is an area with complex coastal
wind conditions (Christakos et al., 2013, 2014). The location of the
fjord is shown in Fig. 3. The fjord is about 10 km long and has an
average width of about 5 km. Four Wavescan buoys (FUGRO, 2012) B,
C, C1 and B1 are deployed in the center of Sulafjorden (area: ca 2 km
𝑥 1 km). C & C1 buoys are located at 0.6 km, B & C at 2.2 km, B & B1
at 1.3 km, and B1 & C1 at 1 km apart. The observations used in this
study cover two years from February 1, 2019, to March 31, 2021, where
all four buoys were operating (Note: no available raw wave data from
February 2020 at location C during the study). In our analysis, only
cases with total 𝐻 greater than 0.2 m are considered for all locations.
𝑠
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Fig. 5. Absolute difference of frequency spectrum |𝛥𝑆(𝑓 )| over time between different pairs for the period February 1, 2019 to March 31, 2021. The case studies (Section 3.3)
are indicated with the gray dashed lines.
2.3.1. Directional spectrum
The heave, compass, pitch and roll buoy data (in 17 min samples)

is available via the Thredds Service at the Norwegian Meteorological
Institute (Furevik et al., 2020). The computation of the frequency
spectrum, 𝑆(𝑓 ), is based on the Welch method (Welch, 1967). The
directional spreading, 𝐷(𝑓, 𝜃), is estimated based on the Maximum
Entropy Method (Radoski et al., 1975) using the first four Fourier
coefficients, which are derived from the auto- and cross-spectrum of
heave, North–South and West–East slopes (e.g., Longuet-Higgins, 1963;
Ananth et al., 1993; Brissette and Tsanis, 1994; Steele et al., 1998;
Lygre and Krogstad, 1986). Finally, the directional power spectral
density at a location 𝑥 is defined as:

𝑆𝑥(𝑓, 𝜃) = 𝑆𝑥(𝑓 )𝐷𝑥(𝑓, 𝜃) (4)

The source code for the computation of the directional spectrum is
available at Christakos (2021).

2.4. Identification of swell and wind sea

The identification of swell and wind sea is based on the formulation
by Komen et al. (1984):

𝐴 = 𝛽
𝑈10 cos(𝜃 − 𝜃𝑤)

𝑐𝑝ℎ
(5)

where 𝛽(=1.3) is a calibration factor (≤ 1.3 is recommended for identi-
fication of pure wind sea conditions according to e.g., Hasselmann et al.
(1996)), 𝑈10 is the wind speed at height 10 m, 𝑐𝑝ℎ is phase speed, 𝜃 is
the wave direction, and 𝜃𝑤 is the wind direction. The condition 𝐴 > 1
represent swell components while 𝐴 ≤ 1 indicates wind-sea.
5

We apply the logarithmic wind profile to adjust the observed wind
speed from 4.1 m (𝑈𝑤) to 10 m (𝑈10) using a roughness length of
0.0002 m (e.g., Christakos et al., 2020a).

3. Results

3.1. Homogeneity: Long-term statistics

The wave climate in Sulafjorden is mainly dominated by waves
coming from the open ocean (offshore waves). Within the study area,
the locations most exposed to the open sea (B & B1) are dominated by
long waves (<0.15 Hz), as presented in Fig. 4. In the most sheltered
locations to offshore waves (C & C1), we observe that shorter waves,
associated with wind sea, have a power density comparable to longer
waves (i.e. lower frequency waves such as swell).

The absolute difference of frequency spectrum |𝛥𝑆(𝑓 )| over time
between the pairs B & B1, C & C1, B & C, and B1 & C1, illustrated
in Fig. 5, provides an indication of homogeneity over time. Pairs in the
closest distance (C & C1), show nearly homogeneous conditions (low
|𝛥𝑆(𝑓 )|) for most of the time. On the other hand, the pair B & C, located
across the fjord axis, shows inhomogeneous conditions (high |𝛥𝑆(𝑓 )|)
for most of the time in low frequencies (<0.15 Hz).

Fig. 6 shows the degree of inhomogeneity of the wave field be-
tween two locations, as measured by the difference in the direc-
tional wave spectra |𝛥𝑆(𝑓, 𝜃)|. The strongest inhomogeneity (high
|𝛥𝑆(𝑓, 𝜃)|) is observed at northwest directions representing a penetra-
tion of long waves. In contrast, lower |𝛥𝑆(𝑓, 𝜃)| values are detected in
south/southeast directions associated with shorter waves (locally gen-
erated wind sea). The magnitude of |𝛥𝑆(𝑓, 𝜃)| for the wind sea part of
the spectrum is similar between the locations. However, the magnitude
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Fig. 6. Average difference of directional spectrum (|𝛥𝑆(𝑓, 𝜃)|) between two locations for the period February 1, 2019 to March 31, 2021.
of incoming long waves shows significant differences, especially in pair
B & C.

For swell, as seen in Fig. 7 (top), the lowest wave height ratio ( 𝑦
𝑥 ) is

observed between buoys located across (perpendicular to) the fjord axis
(0.45 and 0.58 at C & B and C1 & B1, respectively). We also observe
the lowest correlation coefficient (𝑟2), 0.40 and 0.54 at C & B and C1 &
B1, respectively. Pair of locations along to the fjord axis show a much
higher 𝐻𝑚0 ratio, 0.8 at B1 & B and 1.04 at C1 & C, while the correlation
coefficients at these pairs are 0.78 and 0.92.

Compared to swell, wind sea conditions (Fig. 7, bottom) show
higher correlation coefficients and more similar magnitudes of 𝐻𝑚0
between neighboring buoy location. For locations across the fjord axis,
B & C and B1 & C1, the ratio of 𝐻𝑚0 is about 0.7 and the correlation
coefficient 0.48 and 0.70, respectively. Pair of locations along the fjord
axis shows a ratio close to 0.9–1, while the correlation coefficients at
these pairs are about 0.9.

3.2. Coherence: Long-term statistics

For long waves the buoy pairs located across the fjord axis (B1 &
C1 and C & B) measure coherence along crest, while the pairs along
the fjord axis (B & B1 and C & C1) measure coherence between crests.
The mean and 95th percentile (sorted over time at each frequency
bin) of power spectral density and coherence is illustrated in Fig. 8.
The highest coherence for the mean (0.25) and 95th percentile (0.6) is
observed for locations across the fjord axis (B & C and B1 & C1). The
maximum coherence at the 95th percentile has a wave frequency of
6

about 0.08 Hz (wavelength ≈ 244 m) and a wave height of ca. 0.2 m.
For very low frequencies (<0.05 Hz; wavelength > 625 m), the wave
energy is close to zero. For high frequencies (>0.15 Hz; wavelength <
70 m), the coherence rapidly decreases to nearly zero. The frequency
of the dominant waves is 0.1 Hz (wavelength ≈ 160 m), slightly higher
than the frequency of the highest coherence. The coherence of these
waves is about 0.4 for the 95th percentile and below 0.2 for the mean.

For the pairs along the fjord axis (B & B1 and C & C1), the coherence
is low, below 0.12 for the mean and 0.35 for the 95th percentile.

Fig. 9 illustrates the wave coherence as a function of time and
frequency for the period February 1, 2019 to March 31, 2021. For pairs
located along to the fjord axis (B & B1) the coherence is high only for
very low frequencies. In May 2020, we observed some events with high
coherence (𝐶 > 0.7). These episodic events are associated with very low
frequencies and low wave heights (illustrated by Fig. A.15). For C & C1,
due to their proximity (ca. 600 m), we also observe elevated coherence
values in high frequencies (≥0.2 Hz). A strong wave coherence in low
frequencies (<0.1 Hz; wavelength>160 m) is detected for locations
across the fjord axis (B & C and B1 & C1). In these cases, the pairs
of buoys experience the same wave as it spans in space (e.g., located
along the same crest/trough). This means that length of the crest should
be about the buoys’ distance (1–2 km), i.e., for wavelengths ≥ 160 m,
the length of the crest should be ≥1 km.

3.3. Case studies

In this section we present four selected cases (Table 1) with different
sea states to investigate the wave homogeneity and coherence in the
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Fig. 7. Scatter plots of significant wave height (𝐻𝑚0) for swell (top) and wind sea (bottom) between two neighbor locations, with the corresponding 𝑦 = 𝑦
𝑥
𝑥 (red line), 𝑦 = 𝑥

(black line) and correlation coefficient (𝑟2), for period February 1, 2019 to March 31, 2021. The color indicates the number of data points.
Fig. 8. Mean and 95th percentile of coherence and density spectrum for the buoy locations B, B1, C and C1 for the period February 1, 2019 to March 31, 2021.
fjord. Case I represents an energetic swell propagation within the
fjord, case II represents a strong wind sea, while cases III–IV represent
different mixed sea states. Fig. 10 shows the directional spectra of the
four buoys together with integrated wave parameters, wind and current
speed during the different cases. Fig. 11 presents the frequency spectra
and the coherence between different pairs of buoys.

3.3.1. Case I : Swell
Case I illustrates high coherence for pairs located both along and

across the fjord axis during swell conditions. On January 19, 2020,
7

Table 1
Case studies.

Case Conditions Period

I Swell 2020-01-19T05:00-06:00
II Wind Sea 2020-01-11T01:00-02:00
III Swell and Wind Sea (aligned) 2020-04-12T17:30-18:30
IV Swell and Wind Sea (opposing) 2020-01-02T09:00-10:00
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Fig. 9. Coherence as a function of time and frequency between different pairs for the period February 1, 2019 to March 31, 2021. The case studies (Section 3.3) are indicated
with the gray dashed lines.
swell waves (𝑇𝑝 of 11–12 s) penetrated Sulafjorden from the open sea
(northwest) with winds ≤ 7.5 m/s and surface currents ≤ 0.4 m/s
(Fig. 10). The pair C & C1 shows significantly lower values (80%–
95% decrease) in the spectral density peak compared to pair B & B1
(Fig. 11). We observe a high wave coherence for B & C (0.5) and B1
& C1 (0.6) at low frequencies (<0.1 Hz). For pairs along the fjord axis
(B & B1 and C & C1), the spectral density peak is reduced by about
40%–45% (from B to B1 and from C1 to C). The highest coherence is
detected at low frequencies (ca. 0.05 Hz or wavelength ≈ 0.6 km) close
to 0.3 for B & B1 (distance: 1.1 km) and 0.5 for C & C1 (distance: 0.6
km).

3.3.2. Case II: Wind sea
Case II describes nearly homogeneous but incoherent conditions

during a strong wind sea event in the fjord. On January 11, 2020,
strong winds (up to 17 m/s) from the south generated local wind sea
(𝑇𝑝 at 3 s) in Sulafjorden with a surface current of 0.5–0.6 m/s from
the same direction (Fig. 10). A relative weak swell (with ca. 10 times
lower energy than the wind sea at B1) from the open ocean is also
present. During these wind sea dominated conditions, the significant
wave height and the peak frequency are ca. 0.8–1.0 m and 0.28–
0.34 Hz at all locations (Fig. 11). We observe about 13% and 40% lower
peak values of the density spectra (𝑆𝑚𝑎𝑥) from locations B to C and from
B1 to C1, respectively. On the other hand, for pairs of buoys located
along the fjord axis (B & B1 and C & C1), the spectral shape is nearly
identical with minor differences at 𝑆𝑚𝑎𝑥. We observe coherence below
0.2 for frequencies greater than 0.1 Hz (wavelength <150 m) at all
different pairs (along and across to the fjord axis) for this short-crested
sea.
8

3.3.3. Case III: Swell and wind sea in the same direction (aligned)
Case III presents strong coherent conditions for low frequencies

during aligned swell-wind sea conditions. On April 12, 2020, strong
winds (up to 15 m/s) from the northwest generated local wind sea in
Sulafjorden, building on energetic swell waves from the same direction
(Fig. 10). A surface current of 0.4–0.6 m/s from the northwest is
also observed. During these swell-dominated conditions, the B and B1
locations have a peak frequency of about 0.1 Hz, while the wind sea
is dominant in the C and C1 areas, where the peak frequencies are
about 0.35 Hz. The significant wave height varies between 0.9 m (C,C1)
and 1.4–1.5 m (B,B1). We observed a reduction in the peak of density
spectra (𝑆𝑚𝑎𝑥) along the fjord of 29% (B to B1) and 14% (C to C1).
The coherence is greater than 0.5 at low-frequency waves in locations
across the fjord axis and below 0.2 for frequencies greater than 0.1 Hz
(for all different pairs).

3.3.4. Case IV: Swell and wind sea in opposing directions
Case IV illustrates incoherent conditions during opposing swell–

wind sea conditions. On January 02, 2020, winds (up to 14 m/s)
from south generated local wind sea (𝑇𝑝 of 3 s at C and C1), while
swell propagates from almost opposite directions (Fig. 10). The surface
current is nearly absent (0.1 m/s). The more exposed north-easterly
buoys (B and B1) measured a swell dominated wave field (𝑓𝑝 ≈ 0.1 Hz),
while the wind sea (𝑓𝑝 ≈ 0.4 Hz) dominated at the more sheltered south-
westerly pair (C & C1), as illustrated in Fig. 11. The significant wave
height varies between 0.6 m (C & C1) and 0.8–1.0 m (B & B1). We
observe a reduction of 20% and 13% in the peak of density spectra
(𝑆𝑚𝑎𝑥) from locations B to B1 and C to C1, respectively (Fig. 11). The
highest coherence is ca. 0.3 at 0.1 Hz in pair B1 & C1 and below 0.2 for
frequencies greater than 0.1 Hz for all different pairs. The wind sea at
locations B & B1 and C & C1 show minor difference in spectral shape.
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Fig. 10. Directional spectral density 𝑆(𝑓, 𝜃) at locations B, B1, C and C1 for the Cases I–IV (Table 1). The parameters 𝐻𝑚0, 𝑇𝑝, 𝜃𝑝, 𝑈𝑤, 𝜃𝑤, 𝑈𝑐 and 𝜃𝑐 measured on the buoys
indicate significant wave height (from spectrum), peak wave period, peak wave direction (meteorological convection), wind speed, wind direction (meteorological convection),
surface current speed and surface current direction (oceanographic convection), respectively.
4. Discussion

Our overall results illustrate that the wave field is inhomogeneous
across the fjord but nearly homogeneous along the fjord axis. Therefore,
potential marine structures designed along the fjord axis, such as fish
farms, floating solar panels and wave converters, will experience nearly
homogeneous conditions. On the other hand, fjord-crossing infrastruc-
tures such as floating bridges will encounter inhomogeneous conditions
that should be considered in the design.

In addition, we observe changes in wind sea energy between all
locations. Even if the locations are relatively close to each other, there
are differences in fetch geometry, which influences the wave growth.
For example, when the wind blows from the south (cases II and IV),
we observe differences in the wind sea part of the spectrum between
locations B & C and B1 & C1 that affect the homogeneity. Nevertheless,
these differences are relatively weak compared to the inhomogeneities
during swell conditions due to sheltering effects induced by the fjord
geometry.
9

The effect of surface currents on the wave field in Sulafjorden is
weak (Christakos et al., 2021a). However, there are areas along the
Norwegian coast, e.g. in Northern Norway where strong wave height
modulations due to tidal currents have been found (Halsne et al., 2022).
In such areas, we expect that surface currents may induce strong wave
inhomogeneities.

The four measurement locations used in this study provide im-
portant information on the overall wave homogeneity and coherence
in the fjord. Nevertheless, more measurements at a closer distance
are needed to extract more concrete conclusions, e.g., by deploying
additional wave buoys. For a floating bridge concept, the minimum
distance between platoons can be 100–200 m. Thus, observations of
wave characteristics at such distances need to be performed. However,
the deployment distance between two buoys in deep water cannot be
less than some hundreds of meters due to the long moorings and poten-
tial conflict with each other, which limits their applicability. Therefore,
instruments that can measure spatio-temporal wave characteristics over
a large ocean surface such as marine (X-band) radars (e.g., Dankert and
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Fig. 11. Spectral densities (top) at B, B1, C and C1 buoys and coherence (bottom) between pairs during Cases I–IV (Table 1).
Fig. A.12. Example of surface elevation (𝜂), spectral density (S) and coherence (C) for locations 𝑥1 and 𝑥2 during incoherent-homogeneous conditions (𝐶𝑥1𝑥2 ≪ 1, 𝑆𝑥1 − 𝑆𝑥2 ≈ 0).
Rosenthal, 2004; Huang et al., 2017; Nieto Borge et al., 2006, 2008;
Young et al., 1985) and stereo-wave cameras (e.g., Benetazzo et al.,
2012; Bergamasco et al., 2017; Fedele et al., 2013; Guimarães et al.,
2020; Vieira et al., 2020) are more suitable for studying wave homo-
geneity and coherence at these scales. Smit et al. (2016) used a com-
bination of X-band radar observations and the coupled-mode spectral
analysis to identify coherent interference contributions in nearshore
wave statistics. These advanced wave measurements can also be ap-
plied to establish a wave coherence model continuous in space. Then,
the model can be used to generate random wave fields in numerical
simulations, which are required to properly estimate the wave loads
on large floating structures.
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Numerical simulations can recreate the fjord wave conditions and
provide a much denser spatial data grid than point observations. Phase-
average models, such as SWAN (Booij et al., 1999) and STWAVE
(Massey et al., 2011), are based on the radiative transfer equation
(RTE), which describes the evolution of the variance density spec-
trum. Spectral models have successfully simulated coastal and fjord
waves (e.g., Stefanakos et al., 2020; Christakos et al., 2020a, 2021a,b;
Nygaard and Eik, 2004), but are not applicable for investigating wave
coherence, since they simulate wave conditions stochastically via the
spectrum. Phase-resolving models, again, simulate the actual surface
elevation, and can be used to investigate wave homogeneity and coher-
ence in coastal areas. Examples of such models are the fully nonlinear
potential flow model, REEF3D::FNPF (Bihs et al., 2020; Wang et al.,
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Fig. A.13. Example of surface elevation (𝜂), spectral density (S) and coherence (C) for locations 𝑥1 and 𝑥2 during coherent-inhomogeneous conditions (𝐶𝑥1𝑥2 = 1, |𝑆𝑥1 − 𝑆𝑥2 | ≫ 0).
Fig. A.14. Example of surface elevation (𝜂), spectral density (S) and coherence (C) for locations 𝑥1 and 𝑥2 during coherent-homogeneous conditions (𝐶𝑥1𝑥2 ≈ 1, 𝑆𝑥1 − 𝑆𝑥2 ≈ 0).
a
o
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022), and the non-hydrostatic shallow water model, SWASH, (Zijlema
t al., 2011). For idealized cases with an arbitrary constant depth, a
igh order spectral model, such as the HOS-ocean model (Ducrozet
t al., 2016), could also be applied to investigate wave homogeneity
11

b

nd coherence due to nonlinear effects. However, to define the state
f wave homogeneity and coherence based on numerical simulations,
ccurate wave spectrum and phase information are essential at the
oundaries, e.g., using time series of observed surface elevation. In
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Fig. A.15. Surface elevation (𝜂), spectral density (S) and coherence (C) for locations B and B1 at 2020-05-09T21:30.
w
d

V

addition, modeling of short-crested waves, e.g., local wind sea, in fjords
is challenging for phase-resolving models due to the absence of a
wind generation mechanism and the high spatial resolution grid that
is required.

Based on ideas developed originally in optics, Smit and Janssen
(2013) derived a generalization of the RTE for ocean waves based on
a quasi-coherent (QC) approximation. The transported variable is a
coupled-mode spectrum instead of the variance density spectrum. The
coupled mode spectrum includes the effects of coherent interference
via the evolution of cross-phase information. Smit et al. (2015) showed
that the QC model simulates accurately nearshore crossing wave pat-
terns which were neglected by the traditional phase-average models.
Therefore, this stochastic model might prove useful for investigating
coherent wave interference patterns also in fjords.

The results of this study can be applied to similar nearshore areas
with fjords exposed to swell waves, e.g., in the Faroe Islands, Iceland,
Greenland, Alaska, Chile, and New Zealand. Furthermore, our results
can be valuable for numerical studies, providing insight into models’
accuracy in reproducing the observed homogeneity and coherence
levels.

5. Summary and conclusions

Offshore waves mostly dominate the wave climate in the Sulafjor-
den, a fjord partly exposed to the open ocean. The most exposed
locations to the open sea (B & B1) are dominated by swell waves.
However, in the most sheltered locations (C & C1), shorter waves
(wind-sea) have often a spectral density comparable to swell.

Our results show that the wave field is inhomogeneous across the
fjord axis but nearly homogeneous along the fjord. For locations across
the fjord axis (B & C and B1 & C1), the wave conditions are inho-
mogeneous since their spectral density shows significant differences
due to sheltering effects induced by the fjord geometry. However, for
locations along the fjord axis (B & B1 and C & C1), the spectral density
shows minor differences due to direct exposure to the same wave
energy trajectory coming from the open ocean (e.g., swell), resulting
12
in homogeneous conditions. These locations experience the same swell
wave with a time lag, often exhibiting a low coherence (randomly
distributed phases).

On the other hand, for locations across the fjord axis (B & C and B1
& C1), the penetration of swell in the fjord is linked to high coherence.
Due to the long crests of swell-type waves, the pairs across the fjord
axis frequently experience the motion of the same individual wave.
Therefore, these locations often encounter a constant phase difference
(or a lower degree of randomness in phase difference), revealing high
coherence values.

The wind sea has low coherence along and across the fjord axis
and in all wind and wave conditions. The wind sea in the fjord system
has crest lengths typically much smaller than buoy distances (0.6–2
km), leading to a high degree of phase-randomness and low coherence.
Furthermore, during wind sea conditions, the wave elevations at two lo-
cations are the summation of short-crested wave components generated
from different directions/fetches, resulting in low coherence.

As expected, there is no direct link between wave coherence and
homogeneity. Based on our observations, the highest coherence values
between the different pairs are associated with frequencies close to
the spectral peak, where the highest difference in spectral density
(inhomogeneity) is observed.
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