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Abstract: Under global climate change, the characteristics of oceanic dynamics are gradually be-
ginning to change due to melting sea ice. This study focused on inter-annual variation in waves
and mesoscale eddies (radius > 40 km) in the Arctic Ocean from 1993 to 2021. The waves were
simulated by a numerical wave model, WAVEWATCH-III (WW3), which included a parameterization
of ice-wave interaction. The long-term wind data were from the European Centre for Medium-Range
Weather Forecasts (ECMWEF) reanalysis (ERA-5), and current and sea level data from the HYbrid
Coordinate Ocean Model (HYCOM)were used as the forcing fields. The simulated significant wave
heights (SWHs) were validated against the 2012 measurements from the Jason-2 altimeter, yielding
a 0.55 m root mean square error (RMSE) with a 0.95 correlation (COR). The seasonal variation in
WW3-simulated SWH from 2021 to 2022 showed that the SWH was the lowest in summer (July
and August 2021) and highest in winter (November 2021 to April 2022). This result indicates that
parts of the Arctic could become navigable in summer. The mesoscale eddies were identified using
a daily-averaged sea level anomalies (SLA) product with a spatial resolution of a 0.25° grid for
1993—-2021. We found that the activity intensity (EKE) and radius of mesoscale eddies in the spatial
distribution behaved in opposing ways. The analysis of seasonal variation showed that the increase
in eddy activity could lead to wave growth. The amplitude of SWH peaks was reduced when the
Arctic Oscillation Index (AOI) was <—1.0 and increased when the AOI was >0.5, especially in the
case of swells. The amplitude of SWH oscillation was low, and the EKE and radius of eddies were
relatively small. Although the radius and EKE of eddies were almost similar to the AOI, the waves
also influenced the eddies.

Keywords: wave; eddy; WAVEWATCH-III; Arctic ocean

1. Introduction

The sea ice in the Arctic Ocean has been gradually melting since the previous century
due to global warming [1]. With the sea fetch enlarging [2,3] and sea levels rising [4],
marine dynamics is an important field, especially the study of waves [5] and currents [6].
Traditionally, research on atmospheric-marine processes relies on data from field obser-
vations, such as those collected by annual scientific expeditions to the North Pole by the
Chinese ship Xuelong. However, ship-based data cannot be used for long-term analysis.

Because of improvements in computational technology and advances in oceanogra-
phy, numerical modeling for marine prediction is well-developed [7]. Typically, several
models are used for various dynamics, i.e., Simulating Waves Nearshore (SWAN) and
WAVEWATCH-III (WW?3) for waves [8,9], Finite-Volume Community Ocean Model (FV-
COM) and HYbrid Coordinate Ocean Model (HYCOM) for tides and currents [10,11], and
non-hydrostatic numerical models for internal waves [12]. Currently, two numerical wave
models following the basic principles of the third-generation ocean wave model (WAM) [13]
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are commonly used for research on hindcasting waves [14], especially at extreme sea states,
i.e., tropical cyclones [15,16] and in polar oceans [17]. The SWAN, which has a triangular
mesh, was initially developed by the Delft University of Technology [18,19] for wave simu-
lation in complicated coastal waters. The WW3 model uses rectangular grids and is usually
employed for simulating waves over global oceans [20,21]. The newly released versions of
SWAN (41.41) and WW3 (6.07) use alternate meshes, i.e., unstructured, and structured grids.
The parameterization of ice~wave interactions is provided by the WW3 model [22-24],
i.e., the pure viscous layer model [25], elastic plate model [26], viscoelastic model [27], and
thin-elastic-plate scattering model [28]. These parameterizations were developed based
on observations from various seas in the Arctic Ocean. The WW3 model has been used
to study wave propagation through ice cover in the Arctic Ocean [29], even in stormy
conditions [30]. Therefore, the wave climate in the Arctic Ocean could be studied through
the long-term variation in modeled waves.

Several remote-sensing techniques, i.e., scatterometer [31], altimeter [32], synthetic
aperture radar (SAR) [33], and the Chinese-French Oceanic SATellite (CFOSAT) [34], have
capabilities for global wind and wave monitoring. Altimeters launched since the 1990s,
i.e., Jason-1/2/3, can measure sea level anomalies (SLA) [35]. If we assume that the
geostrophic current is correlated with the geostrophic velocity anomaly field, mesoscale
eddies can be detected using SLA data [36-38]. Recent work has revealed that SLA data
are a valuable resource for research on the evolution of meso-scale eddies at moderate
latitudes. However, eddies at a scale of <~40 km are rarely observed by altimeters due to
the coarse spatial resolution of altimeter-based SLA data with a 0.25° grid. In the literature,
the current speed is directly related to the Coriolis force, which is inversely proportional
to latitude. Therefore, mesoscale eddies are also detectable in polar regions, although the
eddies’ activity intensity (EKE) is relatively weak.

Climate change causes sea fetch enlargement, thus increasing wave forcing by the
strong wind stress in the Arctic Ocean. In addition, mesoscale eddies respond to extreme
events (El Nifio and La Nifia) in the tropical Pacific Ocean [39] due to atmospheric circula-
tion between the equator and the polar regions. The wave climate is usually studied using
wave product altimeter data. However, the wave climate associated with the variation in
mesoscale eddies needs further analysis. In this study, we simulated wave distribution
using the WW3 model, incorporating current-wave interactions [40], ice-wave interac-
tions [2], and sea level rise [41]. The meso-scale eddies were identified using AVISO
SLA data.

The remainder of this paper is structured as follows: Section 2 contains a discussion of
the settings of the WW3 model, the forcing fields for the wave modeling in the Arctic Ocean,
and the method of mesoscale eddy (radius >40 km) identification using SLA data; Section 3
contains information on the variation in WW3-simulated wave distribution and mesoscale
eddies from 1993 to 2021, with specific coverage of climate of wave and mesoscale eddies
in the context of El Nifio and La Nifia events; and the conclusions are summarized in
Section 4.

2. Materials and Methods

Here, we describe the WW3 model and hindcast wave simulation. The datasets for
modeling waves include ERA-5 wind, HYbrid Coordinate Ocean Model (HYCOM) current,
HYCOM sea level, Copernicus Marine Environment Monitoring Service (CMEMS) sea ice
concentration, and CMEMS thickness. We also introduce the altimeter-based data for eddy
identification, i.e., Haiyang-2B (HY-2B) significant wave height (SWH) and AVISO SLA
data from the Centre National d'Etudes Spatiales (CNES).

2.1. Model Settings of WW3

The first numerical model used for hindcasting waves over global oceans was WAM.
The principle of WAM is to solve the balance equation that describes the variation in wave
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energy during wave propagation. Both WW3 and SWAN follow a theoretical foundation
that can be expressed as follows:

JoE

§+v-[(cg+c)xE]=P 1)
where

F= Fin+Fbot+Fnl+Fother (2)

and E is the wave energy density; c, and ¢ represent the group velocity and phase velocity;
V is the Hamiltonian operator; and F is the forces acting on the seawater particle. The
sources of F include wave stress Fj;,, depth-induced friction Fj,, non-linear dissipation
source associated with wave-wave interaction F,;, and other terms Fy,,, i.e., current—
wave interactions, ice-wave interactions, and wave breaking. In this study, the switch
package illustrating the F;;, and Fp,; source terms, ST6, in the technique manual [42], was
used in the modeling. The wave-wave interaction term F,; was represented by the switch
GMD2 package [43]. Switch FLD2 was used to represent wave breaking [44], switch TR1 for
current-wave interactions [40], and switch IC4_M1 for ice-wave interactions [5].

2.2. Fields for Modeling Waves

The wind was the main force field in the wave simulation. At present, several reanaly-
sis systems provide data for the wind field, i.e., the European Centre for Medium-Range
Weather Forecasts (ECMWF) [45], the Cross Calibrated Multi-Platform (CCMP), and the
Global Forecast System (GFS) by the National Centers for Environmental Prediction (NCEP).
Among these datasets, ECMWF has continuously collected global wind data up to 85°N
since 1979. The newest version is ECMWF reanalysis (ERA-5), with a 0.25° grid at 1 h
intervals. This model is better than the 6-h CCMP and GFS. Therefore, we used the ERA-5
wind field in this study. The simulated region was 40—85° N, 0—360° E. The model was
initialized on 1 January 1993 and terminated on 30 December 2021. Figure 1 depicts the
wind map from ERA-5 at 18:00 UTC on 1 July 2015. The solid boundary and water depth
(with a minimum value of 10 m) were derived from the General Bathymetry Chart of the
Oceans (GEBCO) with a spatial resolution of 1 km.
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Figure 1. Wind map from the European Centre for Medium-Range Weather Forecasts (ECMWF)
reanalysis (ERA-5) of the Arctic Ocean with a 0.25° grid at 18:00 UTC on 1 July 2015.
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As previously determined [10,40], the accuracy of model-simulated waves is improved
when currents and sea level are included, especially in extreme states (i.e., tropical cyclones).
Therefore, global current and sea level data were collected every 3 h from HYCOM at 1/12°.
In addition, daily-averaged sea ice concentrations and thicknesses, with a spatial resolution
of 1/12°, were obtained from the CMEMS. The above data were used as a forcing field. The
spatial resolution of WW3 was a 0.25° grid (~25 km) at intervals of 30 min. Figure 2 show
the HYCOM current and sea level maps at 18:00 UTC on 1 July 2015. The CMEMS sea ice
concentration and thickness maps for July 2015 are shown in Figure 3.
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Figure 2. HYbrid Coordinate Ocean Model (HYCOM) current (a) and (b) sea level map at 18:00 UTC
for 1 July 2015.
5
4
g g
g 3 8
e o
c 2 o =
s < 8 z
£ g
g ‘g
S =
1
0

(@) (b)

Figure 3. Daily-averaged Sea ice concentration (a) and (b) thickness map from Copernicus Marine
Environment Monitoring Service (CMEMS) on 1 July 2015.
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2.3. Altimeter-Based Data

Global wind data measured by scatterometer, and wave data measured by the HY-2B
altimeter are available from October 2018. Other altimeters [46], i.e., TOPEX/Poseidon
and Jason-1/2/3, also provide wave measurements. However, the footprint (~10 km) of
the HY-2B altimeter covers as far as 80° N, whereas the measurements from the Jason-2
altimeter only cover latitudes < 60° N. Therefore, the Geophysical Data Records (GDR)
data from the HY-2B altimeter in 2019 were used to validate the WW3-simulated SWH. The
time difference between the WW3-simulated SWHs and HY-2B values was within 15 min,
and the distance difference was less than 5 km. Figure 4 shows the SWH map derived
from the HY-2B altimeter during 15-18 July 2020. The validation of WW3-simulated SWH
against the available measurements from the HY-2B altimeter in 2020—2021 showed that
the root mean square error (RMSE) was 0.55 m with a 0.95 correlation (COR), as exhibited in
Figure 5. Although there was a tendency of under-estimation that was probably caused by
the ERA-5 wind, the simulation by the WW3 model was suitable for wave climate analysis.
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Figure 4. The significant wave height (SWH) map derived from the Haiyang-2B (HY-2B) altimeter for
15-18 July 2020.

The daily-averaged SLA fusion data from several altimeters, i.e., Cryosat-2, Jason-2,
Sentinel-3A, and Haiyang-2A (HY-2A), were collected on a 0.25° grid for the Arctic Ocean.
This open-access product can be accessed by AVISO from CNES, providing well-calibrated
geophysical data for scientific research. Figure 6 shows an example map of AVISO SLA
data for 8 January 2022, in which data are lacking at 70-80° N, 90° E-90° W, and at high
latitudes > 80° N. Thus, eddies were undetectable in such regions.
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Figure 5. WW3-simulated SWHs versus the measurements from the HY-2B altimeter for 2020—2021.
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Figure 6. Daily-averaged AVISO sea level anomalies (SLA) map for 8 January 2022.
2.4. Meso-Scale Eddy Identification

According to oceanographic theory, the geometric characteristics of the sea surface
current field are generated by two-dimensional SLA data [47]. The relationship between
the current and SLA fields H, follows:

)
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where 1 and v represent the current speed at latitude x and longitude y, respectively; g is
the gravity acceleration constant (=9.8 m?/s); and f is the Coriolis force constant, which
is inversely proportional to latitude. The components of current are used to detect eddies
with the vector geometry algorithm. The EKE is calculated by

EKE :% (ﬂz + 52) ®)

Because of the coarse spatial resolution of AVISO SLA data (0.25° grid), only eddies
with a radius greater than 40 km can be identified. Until now, no data have been available on
eddies in the Arctic Ocean. Although the validation is not presented here, the applicability
of this approach for identifying meso-scale eddies has been confirmed in several studies [48].
Specifically, the eddy center is defined by the point meeting the following terms:

(1) The components of the current speed u and v on both sides of the eddy center have op-
posite signs, and their absolute value increases with movement away from the center.

(2) The minimum velocity point within the selected range is defined as the indeterminacy
eddy center.

(38) The directions of the two adjacent velocity vectors around the eddy center have to be
close to each other and located in the same or adjacent quadrants to ensure the same
direction of rotation.

After the eddy center is defined, the eddy edge is determined as the contour of the
outermost closed flow function around the eddy center. Finally, the radius of the eddy is
defined as the average distance from the center to each point on the edge of the eddy.

A flowchart describing mesoscale eddy identification from daily-averaged SLA data is
illustrated in Figure 7.

AVISO SLA data
l< Formula of

geostrophic flow

Calculation of two-dimensional
sea surface current field

Vector geometry
algorithm
Geometric characteristics of
velocity field on sea surface current field

v

Eddy center position

v

Eddy edge and eddy radius

Figure 7. Flowchart of meso-scale eddy detection from daily-averaged SLA data.
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3. Results and Discussions

The WW3-simulated SWHs are validated against the HY-2B altimeter measurements
in this section. The wave distribution in the Arctic Ocean is analyzed, and the long-term
variation in meso-scale eddies is discussed.

3.1. Wave Distribution

The variation in monthly averaged SWH simulated using the WW3 model is shown in
Figure 8 according to the period (i.e., May and June 2021; July and August 2021; September
and October 2021, and November 2021 to April 2022). We found that the SWHSs were highest
in winter, reaching up to 5 m. The wave intensity was lowest in summer (SWH < 2 m),
probably caused by the weak winds during this season. This seasonal variation in SWH
indicates that parts of the Arctic Ocean were more suitable for navigation in summer than
in other seasons due to the reduction in sea ice and waves.
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Figure 8. Seasonal variation in monthly averaged SWH simulated using the WW3 model: (a) May
and June 2021; (b) July and August 2021; (c) September and October 2021; and (d) November 2021 to
April 2022.
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The long-term variation in ECMWF wind speed, HYCOM sea level, WW3-simulated
SWH, CMEMS sea ice concentration, and sea ice thickness is presented in Figure 9. It is
not surprising that the waves and wind have a similar oscillation trend over time because
wave distribution is mainly determined by wind stress [5]. It can be observed that the sea
ice thickness and concentration decreased overall, whereas the sea level increased overall.
The synchronous changes in sea ice thickness and concentration were opposite the annual
variations in winds, waves, and sea level (highlighted by blue bands in Figure 9). This was
due to the increase in fetch associated with the reduction in sea ice. However, the sea level
will likely vary negatively with wind and waves in certain years (highlighted by the pink
bands in Figure 9). The correlation between waves and sea level is 0.32, and between waves
and wind is 0.9. This indicates that the sea level weakly influences waves [10], although not
as much as the wind. In the context of climate change, sea level rises gradually [49], and sea
level anomalies are correlated with the distribution of meso-scale eddies [50]. Therefore,
the climate of waves and meso-scale eddies needs further study.
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Figure 9. Long-term variation in ECMWEF wind speed, HYCOM sea level, WW3-simulated SWH, and
CMEMS sea ice concentration and thickness for 1993—2021. Note that the synchronous changes in
sea ice thickness and concentration were opposite to the annual variations in winds, waves, and sea
level (highlighted by blue bands). The sea level will likely vary negatively with wind and waves in
certain years (highlighted by the pink bands). The colored lines represent the trend of the long-term
variations of parameters.

3.2. Variation in Meso-Scale Eddies

Figure 10a illustrates the detection of mesoscale eddies (radius r > 40 km) from SLA
products for 7 September 2021 using the approach described in Section 2.4. The blue and
red circles represent the cyclonic and anticyclonic eddies, respectively. The mesoscale
eddies were grouped by radius and EKE into 1 x 1° bins identified using SLA data from
1993 to 2021 (Figure 10b,c). The GEBCO water depth is presented in Figure 10d. In general,
the maximum radius and EKE are smaller in the Arctic Ocean (<120 km and <0.06 m?/s?)
than in the Pacific Ocean (160 km and 0.5 m?/s?) [48]. This is because the number of meso-
scale eddies decreases with increasing water depth, whereas the EKE increases. This trend
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has been observed in the Greenland, Norwegian, and Barents Seas. Therefore, the spatial
distribution between the radius and the EKE of meso-scale eddies is likely the opposite.

AVISO Sea level anomaly (m)
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Figure 10. (a) Detection of mesoscale eddies (radius r > 40 km) for 7 September 2021, in which the
blue and red circles represent the cyclonic and anticyclonic eddies, respectively. (b) The distribution
of meso-scale eddies by radius. (c) The distribution of meso-scale eddies by activity intensity (EKE).
(d) The water depth from the General Bathymetry Chart of the Oceans (GEBCO). Note that the data
are grouped into 1 x 1° cells for 1993—2021.

A long-term statistical analysis of mesoscale eddies is shown in Figure 11a, in which cy-
clonic and anticyclonic eddies are represented by blue and red lines, respectively. Cyclonic
eddies are greater in number than anticyclonic eddies, except in 1996 and 2020. Moreover,
the temporal change in the numbers of cyclonic eddies is approximately consistent with
that of anticyclonic eddies. Figure 11b shows the annual variation in life-cycle, radius, and
EKE of meso-scale eddies for 1993—2021. Although the radius and EKE are nearly similar, they
trend in opposite directions, as highlighted by pink rectangles. The average life-cycle length
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of the eddies was 1.4 weeks, with no significant variation observed. We believe the annual
variation in meso-scale eddies should be further studied in the context of climate change.
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Figure 11. (a) Number of cyclonic and anticyclonic eddies in 1993—2021. (b) Long-term variation
(i.e., life-cycle, radius and EKE) of meso-scale eddies in 1993—2021.

3.3. Discussions

The seasonal variation in SWH, radius, and EKE is shown in Figure 12. The SWH
decreases with increasing latitude. The SWH is larger in winter than summer, while the
wave influences a greater area in summer (Figure 12a,b). This is due to the disappearance
of sea ice in the summer. The mean spatial distributions of eddy radius and EKE in
summer and winter are shown in Figure 12c—f. The EKE and radius of eddies are both
greater in winter than in summer, i.e., in the Norwegian Sea and Greenland Sea. The
wind stress in winter is high, resulting in strong waves. In particular, convection in winter
makes homogenization of the upper mixed layer of the ocean much more efficient than
the eddies. On the opposite, the mesoscale eddies are mostly baroclinic, which requires
strong stratification. Therefore, we think the high radius and EKE in winter are related to
wave-induced effects. Figure 13 shows the regression result between eddy parameters and
SWH. It is observed that the eddy parameters are positively associated with SWH, and
the correlation (R? = 0.056) is higher in winter than in summer (R? = 0.022). Figure 14a,b
shows the interannual variations in eddy and wave in summer and winter, respectively.
The eddy parameters and SWH have strong seasonal variability. However, the variations
in eddy and wave in winter have a higher correlation than that in summer. The high EKE
and radius may lead to the growth of waves in winter.
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Figure 12. The SWH simulated by WW3 in (a) summer and (b) winter. The radius of eddies in
(c) summer and (d) winter. The EKE of eddies in (e) summer and (f) winter.

The Arctic Oscillation Index (AOI) refers to the index of oscillation changes between
two high-pressure and two low-pressure belts in the atmospheric circulation system in
the Arctic region [51]. Long-term variations in monthly-average wind waves and swell
were also analyzed in regions with meso-scale eddies. Although the wind waves and
swell oscillated periodically from 1993 to 2021, the amplitude of the oscillation was high
during annual abnormal AOlI events, i.e., AOI < —1.0 (highlighted by the purple bands) and
AOI > 0.5 (highlighted by the green bands in Figure 15). The amplitude of the SWH peaks is
reduced at AOI < —1.0, whereas the amplitude increases at AOI > 0.5, especially for swells.
This is because swells are mainly determined by wind stress. The variation in meso-scale
eddies is similar to that of the AOI. However, there is a difference between the AOI and
eddies. As mentioned in [41], the wave-induced current, called Stokes drift, is an essential
component in circulation, influencing the current in the Arctic Ocean. As highlighted by
the yellow bands, the amplitude of SWH oscillations is low, while the EKE and radius of
eddies are relatively small. Moreover, the oscillation in radius and EKE are similar to that
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in SWH. Eddies can be identified using the sea surface temperature (SST). Under these
circumstances, the interaction between meso-scale eddies and waves in the Arctic Ocean
needs further analysis and particular distribution of SLA- and SST-based eddies.
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Figure 13. The regression between eddy parameters and SWH from the WW3 model: (a) radius and
(b) EKE.
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Figure 14. The interannual variations in eddy and wave: (a) summer and (b) winter.
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Figure 15. The interannual variation in Arctic Oscillation Index (AOI), EKE of the cyclonic and
anticyclonic eddies, the radius of cyclonic and anticyclonic eddies, wind wave SWH, and swell SWH.
Note that the strong AOI events from the variation are identified as index > 0.5 (highlighted by green
bands) and index < —1.5 (highlighted by purple bands).

4. Conclusions

Sea ice coverage has gradually declined over the last century, inevitably changing the
hydrodynamic characteristics of the Arctic Ocean. This reduction in sea ice increases the
importance of studying wave distribution. For the polar science community, understanding
the wave and eddy climate helps study the oceanic response to climate change. Numerical
models have the advantage of long-term wave distribution. The ice-wave interaction is
an indispensable consideration in hindcasting waves in the Arctic Ocean. In addition,
the variation in meso-scale eddies is an interesting topic due to the enlargement of sea
fetch associated with rising sea levels in the context of global climate change. This study
analyzed the relationship between waves and meso-scale eddies from 1993 to 2021.

The long-term wave distribution was modeled using WW3, which can simulate SWH
while incorporating ice-wave interactions. The forcing fields included ERA-5 wind, HY-
COM current, HYCOM sea level, CMEMS sea ice concentration, and CMEMS sea ice
thickness. The simulated results were validated against 2020—2021 measurements from
the HY-2B altimeter, yielding a 0.55 m RMSE with a 0.95 COR. The validation showed
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that the modeled waves were suitable for studying the wave climate in the Arctic Ocean.
Furthermore, the seasonal variation in SWH showed that the sea state was the lowest in
summer (SWH < 2 m), whereas it could reach 5 m in winter, which is consistent with the
conclusions of a previous study [5]. We also studied the inter-annual variations from 1993 to
2021 of waves and other dynamic parameters, i.e., wind, sea level, sea ice concentration,
and sea ice thickness. When sea ice concentration and sea ice thickness decrease, it is logical
that wind speed and wave height increase due to the rise in fetch.

Meso-scale eddies (radius > 40 km) were identified using 0.25° gridded AVISO SLA
data from 1993 to 2021. The spatial distribution of 30-year-averaged meso-scale eddies, the
radius and EKE decreased with increasing water depth. Cyclonic eddies dominated in the
Arctic Ocean, as shown by the annual variation in meso-scale eddies. Through the seasonal
variation in the SWH, radius, and EKE, the increase in eddy activity can lead to the growth
of waves in winter compared to summer. The long-term variation in radius and EKE was
nearly consistent with the AOIL Moreover, we observed that the amplitude of SWH peaks
was reduced when the AOI was <—1.0. In contrast, the amplitude increased when the AQOI
was >0.5, especially for swells, indicating that the mesoscale eddies were remotely affected
by temperature change in the Arctic Ocean. Interestingly, the EKE and radius of eddies
were relatively small when the amplitude of SWH oscillation was low. This behavior is
probably caused by the wave-induced Stokes drift, closely related to the geometric current
used for eddy identification.

In the near future, mesoscale eddies in the Arctic Ocean will be simultaneously identi-
fied by SLA and SST data, and the distributions of SLA-based and SST-based eddies will be
the topics of long-term studies.
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