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Abstract: The main motivation of this research is to assess the trends of storm recurrence for the
time period from 1979 up to 2020 and to analyze the connection between storminess and large-scale
atmospheric circulation indices. This research contains information about the number of storms
that occurred in seven Russian Seas, including the Black, Caspian, Barents, Kara, Bering Seas, the
Sea of Okhotsk and the Sea of Japan/East Sea. The analysis of wave climate and storm activity is
based on the results of wave modeling by WAVEWATCH III with input NCEP/CFSR wind and ice
data. The long-term significant wave height (SWH) maximum is 15.5 m in the Sea of Okhotsk and
16.5 m in the Bering Sea. Significant linear basin-wide positive trends in the number of storms
were found in the Kara, Caspian, Bering, Okhotsk Seas, and in the Sea of Japan. The weak positive
correlation was found only between the number of storms and North Pacific index in the Bering Sea
and between the number of storms and Arctic oscillation index in the Barents Sea. For other seas, it
is no connections between number of storms and large-scale atmospheric indices, therefore, storm
activity in the inner and semi-closed seas is regulated by the local wind and ice conditions, basin
orography and bathymetry.
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1. Introduction

Wind wave modeling for long periods helps to understand climate changes on Earth
that occurred in the past, and to improve their forecast in the future. Coastal and marine
infrastructures are most vulnerable during storms, so it is important to study seasonal and
interannual variability of sea storms.

Wind waves are being studied by numerous methods with the use of different sources
and approaches [Amarouche and Akpınar, 2021, Cavaleri et al., 2007, Divinsky and Kuklev,
2022, Young and Ribal, 2019]. Direct wave measurements is usually sparse and altimetry
data often has rough temporal resolution [Young and Ribal, 2019]. Meanwhile, numerical
modeling allows to obtain long-time and wide-spatial coverage data of different wind wave
parameters.

Mean and extreme characteristics of wind waves for all Russian seas are given in the
Wind and Wave Climate Handbooks [Lopatoukhin et al., 2003, 2006, 2009, 2010]. The data
are based on the results of modeling, but it need to be improved and updated by the latest
atmospheric reanalysis and detailed computational grid.
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Stopa et al. [2016] showed the main features of the wave climate and trends in the
Arctic region for the 1992–2014 period based on altimetry data and wave hindcast results.
The reduction of the sea ice coverage caused a growth of wave heights. However, regional
trends in the Arctic were influenced by large-scale interannual climate oscillations such
as the North Atlantic Oscillation (NAO) and the Pacific Decadal Oscillation (PDO) [Stopa
et al., 2016]. Changes in the ice-free period it the Arctic confirmed by satellite observations
[Smirnov et al., 2021]. Ogorodov et al. [2020] showed that increase in the duration of the ice-
free period combined with wind-wave activity intensification would accelerate the retreat
of the Arctic coastline. The thermoabrasion potential has been significantly increasing
in recent years in the Russian Arctic [Ogorodov et al., 2022]. There is a strong variability
of turbulent heat fluxes in the Russian Arctic [Surkova and Romanenko, 2021] and their
relationship with changes in storm activity for the Barents Sea is considered in [Myslenkov
et al., 2021a]. The sea ice marginal zone has influence for the turbulent heat fluxes in
Arctic [Selivanova et al., 2021]. Liu et al. [2016] uses satellite observations to study wave
climatology in the Arctic Ocean in summer. Wind speeds and wave heights in the Barents
and Kara Seas initially increased from 1996 to 2006 and later decreased until 2015. Wave
heights in the Chukchi, Beaufort and Laptev Seas had been increasing by 0.1 up to 0.3 m
per decade [Liu et al., 2016]. On the contrary, the trends of wave heights in the Greenland
and Barents Seas were weak and not statistically significant. Winds and waves increased
between 1996 and 2006 in the Barents and Kara Seas. Large-scale atmospheric circulation
variations such as the Arctic Oscillation (AO) had an impact on the variation of winds and
waves in the Atlantic sector [Liu et al., 2016]. The total significant wave height (SWH) in
the Nordic Seas are mostly due to swell and to the wave propagation effect [Semedo et al.,
2014]. Inter-annual variations of the mean and extreme SWH in the Kara Sea are described
in [Duan et al., 2019]. Positive trends of the highest SWH and wind speed are shown for
the Laptev and Beaufort Seas in Waseda et al. [2018]. Wang and Swail [2001] identified
significant trends in seasonal extreme SWH for the North Atlantic and for the North Pacific.
The number of storms with SWH ≥ 7 m in winter has a correlation with the AO for the
Barents Sea [Myslenkov et al., 2019]. High recurrence of strong winds and the reducing of
sea ice lead to the increase of number of storms in the Kara Sea [Myslenkov et al., 2021a].

There is also important research work on wave heights in the future climate projections
[Casas-Prat et al., 2018, Dobrynin et al., 2012, Morim et al., 2020]. Arctic Ocean Wave climate
in 21st century presented here [Khon et al., 2014]. In the future climate there is a high
probability of an increase of the wave height in the Norwegian and the Barents Seas [Aarnes
et al., 2017].

As for the Black Sea, Divinsky and Kosyan [2020] reveal the increase of the average
wave power (PW) in the northeastern and, partially, in the central part of the sea. Akpınar
et al. [2019] found a decreasing trend in mean wave energy flux and an increasing trend of
maximum PW at most of the investigated stations of the Black Sea. These results correlate
with various studies regarding the Black Sea [Lin-Ye et al., 2018, Onea and Rusu, 2017, Rusu,
2015]. Aydoğan and Ayat [2018] showed the correlation of annual mean SWH and 95%
percentile SWH with AO and AMO (Atlantic multidecadal oscillation) indices. SWH in
the north and northwestern parts of the Black Sea are negatively correlated with the AO,
while SWH in the eastern parts are positively correlated with the AMO teleconnection
pattern. Kislov et al. [2016] showed that the frequency of storm conditions in the Black and
Caspian seas would increase accordingly to the predicted variations of air temperature,
precipitation, wind speed and other meteorological parameters in the 21st century (RCP8.5
scenario).

Wave climate of the Caspian Sea based on NCEP/NCAR reanalysis presented in
studies of [Lopatoukhin, 2019, Lopatukhin and Yaitskaya, 2018, Yaitskaya, 2017]. The main
features of the wave climate in the Caspian Sea based on altimetry data are displayed in
[Kudryavtseva et al., 2019, Lama et al., 2022]. The wave energy was estimated in [Amini
et al., 2021, Kamranzad et al., 2016]. The maximum SWH was 8.2 m based on wave hindcast
[Pavlova et al., 2022]. Some studies presented the results of wind waves analysis for the
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Caspian Sea [Amirinia et al., 2017, Imrani et al., 2022]. However, the wave climate and
storm activities have not been properly investigated.

The decadal fluctuations and strong El Niño’s had a strong influence on long-term
trends in storm intensity in the North Pacific [Bromirski et al., 2013]. The upward trends
in SWH and PW were found especially in winter. The maximum PW was associated with
an increase in wave activity during the warm phase of the PDO. Importantly, the hindcast
shows a recent decrease in PW in much of the North Pacific, in contrast to the long-term
increase in PW and SWH. This recent decrease was associated with the prevalent PDO
cool phase that developed after the late 1990s [Bromirski et al., 2013]. Mei and Xie [2016]
showed the intensification by 12–15% for typhoons that strike East and Southeast Asia
for the past 37 years. Category 4 and 5 storms have doubled or even tripled [Mei and Xie,
2016]. High correlation between winter averaged wave height and different atmospheric
indices were found in North Atlantic and North Pacific [Shimura et al., 2013].

WW3 and SWAN models were implemented to forecast wind waves parameters in
the Far Eastern Seas and North Pacific [Vrazhkin, 2013]. Lyubitskiy et al. [2021] described
a marine hazard in the Sea of Okhotsk. Lopatoukhin et al. [2009] showed the possible 9.9 m
SWH can occur in the East/Japan Sea (EJS) once for 25 year. In winter, winds are strong
due to the east Asian monsoon, while blowing mild or moderate and variable in summer
[Lee et al., 2010]. In winter, atmospheric low pressure reacting with and passing through
the EJS can sometimes cause abnormal storm waves on the Korean and Japanese coasts
of the EJS. Storm waves and on their generation process and hindcast based on literature
review and numerical modeling presented [Lee et al., 2010]. Iwasaki and Otsuka [2021]
valuated WW3 wave-ice parameterization models using buoy measurements for the sea
of Okhotsk. Sasaki [2012] estimated that the annual mean wave energy around Japan is
6.4 kWm−1, with an increasing trend. Although the increasing trend was only 4.2% relative
to the annual mean, the author found a noticeable increasing trend in the wave energy on
the east coast of Japan, which is related to the growing trend in surface wind speed east
of Japan. Some information about ice, wind and waves trends is presented in [Sharmar
and Markina, 2021]. A high-resolution wave climate hindcast along the Japanese coast is
presented in [Shimura and Mori, 2019].

Number of storms analysis has been implemented for different basins [de León and
Soares, 2015, Morales-Márquez et al., 2020, Rusu et al., 2015]. The interannual variabil-
ity and their connection with global atmospheric circulation are well described for the
Mediterranean Sea [Amarouche et al., 2022].

We considered seven Russian seas in our research: two inland seas (the Black and
Caspian Seas), two Arctic seas (the Barents and Kara seas), and three Far Eastern seas
(the EJS, the Okhotsk and Bering seas), with the focus on the number of storms and their
trends. We used the WW3 model and unstructured mesh. The main goal was to analyze
the interannual variation of the number of storms for 40-year period from 1979 and its
connection to large-scale atmospheric indices.

2. Data and Methods
2.1. Model Description and Configuration

Wind wave characteristics were calculated using the WW3 6.07 wave model [Tolman,
2019]. The WW3 model considers wind speed, ice concentration, physical effects described
below. A numerical solution of the wave action density spectrum equation is based on:

DN
Dt

=
S
σ
,

where N (k,θ) ≡ F(k,θ)/σ ,k – wave number, θ – propagation direction, σ – relative fre-
quency, D/Dt represents the total derivative and S represents the net effect of sources and
sinks for the spectrum F [Tolman, 2019]. S is a source function that describes the energy
transfer from the wind to the waves, nonlinear wave interactions, and energy dissipation
through the collapse of the crests at a great depth and in the coastal zone, friction against
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the bottom and ice, wave scattering by ground relief forms, and reflection from the coast-
line and floating objects. The energy balance equation is integrated using finite-difference
schemes by the geographic grid and the wave parameters spectrum.

The calculations were made using ST6 scheme [Zieger et al., 2015]. A discrete interac-
tion approximation model was used for the possible nonlinear interactions of the waves.
The approach of Battjes and Janssen [1978] was used for the wave height growth with the
depth decrease in shallow water and for the related wave breaking with critical steepness
value. The standard Joint North Sea Wave Observation Project scheme was used for bottom
friction. The model spectral resolution is 36 directions (10◦), the frequency range includes
36 intervals from 0.03 to 0.843 Hz. The time step for the integration of the complete wave
action equation is 15 min. The time increment for the spectral energy transfer is 450 s. The
time step for the integration of the source terms is dynamically adjusted for each separate
grid point and global time step [Tolman, 2019].

The influence of sea ice on the waves is calculated due to the ICE0 scheme. A grid
point is considered as ice-covered when ice concentration is > 0.5. We have carried out
several tests for the Barents Sea previously and found that quality of the wave modeling
in general is independent to the ice scheme choice. Differences were observed only in
a narrow strip ∼ 50 km near the ice edge. This aspect is not fundamental for the purpose
of our study (long-term trends of the number of storms). We use the same model settings
and time step for the all studied seas.

More detailed description of the model configuration, the main results were presented
in [Myslenkov et al., 2021a, Platonov et al., 2022].

2.2. Data

The input data of the wind speed at 10 m and the sea ice concentration were taken
from the NCEP/CFSR for the period from 1979 to 2010. This reanalysis has a spatial
resolution 0.3◦ × 0.3◦ and a time step of 1 hour (https://rda.ucar.edu/datasets/ds093.2).
Since 2011, we have been using NCEP/CFSv2 with spatial resolution ∼ 0.205◦ × 0.204◦

(https://rda.ucar.edu/datasets/ds094.1). The CFSv2 sea ice component includes a sea ice
model and a simple assimilation scheme. We also used the wind data from the reanalysis
ERA5 (https://cds.climate.copernicus.eu) with spatial resolution 0.25◦ × 0.25◦.

There are many articles where we read about comparing of the wind wave quality
based on ERA5 and CFSR/CFSv2 reanalysis. In one region ERA5 reanalysis is better for
other region another [Amarouche and Akpınar, 2021, Sharmar and Markina, 2021, Stefanakos,
2021]. The SWAN model using CFSR winds shows lower bias in the hindcast SWH in
the Black Sea, but in case ERA5 forcing it shows higher correlation coefficient [Çalışır
et al., 2021]. Therefore, we decided to provide an additional SWH calculation based on
CFSR/CFSv2 and ERA5 reanalysis.

Wave simulations have been performed using unstructured grids for all studied seas
(Figure 1). The spatial resolution was 10–20 km in the central open areas of the seas
and 700–1000 m in the coastal zones. The unstructured grid for the Barents and Kara
Seas included the North Atlantic region. North Pacific was included for the Far East Seas
(Figure 1). This unstructured mesh allows to get a high spatial resolution not only in coastal
zones, but in the narrow straits too. Wave energy can freely pass from the Pacific Ocean
through the straits of the Kuril chain and Aleutian Islands when an unstructured mesh
is used. The computational grids were created on the basis of the General Bathymetric
Chart of the Oceans (GEBCO), which has a spatial resolution of ∼ 1.85 km for deep sea.
The bathymetry data used were updated for coastal zones by digitized navigation maps
with spatial resolution 200–300 m.

We used only calm wave conditions on the open boundary. Sensitivity tests show that
the open boundary in the central part of the Atlantic Ocean does not influence the waves
in the Barents Sea at all [Myslenkov et al., 2015]. There is an open boundary in the north for
the Barents and Kara Seas, but there is sea ice there almost at all times [Myslenkov et al.,
2021a]. Wave energy passes weakly through narrow straits, so we expect that the open
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boundary in the Vilkitsky Strait and in the Bering Strait does not have a great influence on
the number of storms.

2.3. Model Quality Assessment

To assess model quality, we used buoy and satellite SWH data. The model quality
validation presented for the Kara Sea [Myslenkov et al., 2021b], the Barents Sea [Myslenkov
et al., 2021a], the Caspian Sea [Myslenkov et al., 2018b] and the Black Sea [Gippius and
Myslenkov, 2020] (Table 1). For the Bering Sea, modeled and measured data were compared
with NOAA station (57◦0′56′′N, 177◦42′11′′W) for years 2018–2019 (totally 4583 samples)
[https://www.ndbc.noaa.gov/station_history.php?station=46035]. This comparison has
not been published before, so we put it in results section (Figure 3).

Table 1. Basic statistical parameters of model quality assessments

Sea R Bias (m) RMSE (m) SI N Reference

Kara 0.89 −0.93 (−0.03)–(−0.14) 0.32–0.38 0.24–0.28 ∼ 190,000
ST6 configuration, Cryosat,
Sentinel, Saral [Myslenkov

et al., 2021a,b]

Kara 0.94 0,07 0.32 0.28 400
Buoy data [Myslenkov et al.,

2021a,b]

Barents 0.88 0.04 0.53 0.28 ∼ 266,000
CryoSat [Myslenkov et al.,

2021a,b]

Black 0.85 −0.11 0.36 0.36 ∼ 61,000
Saral [Gippius and Myslenkov,

2020]

Black 0.76 −0.11 0.39 0.65 ∼ 10,000
Buoy data [Gippius and

Myslenkov, 2020]

Caspian 0.91 0.07 0.29 0.29 ∼ 35,000
Saral [Myslenkov et al.,

2018a,b]
Bering 0.97 0.17 0.46 0.12 ∼ 4500 Buoy data

The wind wave output fields were obtained with time step 3 hours from 1979 to 2019
for the Barents, Kara, Bering, Okhotsk, and EJS and from 1979 to 2020 for the Black and
Caspian Seas. We considered SWH (m) as

(
4
√
m0

)
, where m0 is the zero-order moment

of the wave spectrum. SWH is somewhat of the mean value of 1/3 of the highest waves.
The analyzed statistical parameters are the 95% percentile SWH, long-term maximum and
mean SWH. Maximum SWH is the highest SWH for the whole modeled period for each

Figure 1. The computational grids for all researched seas (a), the Kara sea and the Gulf of Ob (b).
Dashed red lines show the boundaries of the Barents and Kara Seas.
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point. If the sea surface was ice covered, the SWH in this node was equal to zero. The mean
long-term characteristics include it in calculations as zero data.

2.4. Number of storms recurrence

The storm activity analysis was conducted according to the peak-over-threshold (POT)
approach, which is widely used [Amarouche et al., 2020, Leo et al., 2020]. The POT method
finds extreme values for some samples that exceed a certain threshold value. Previously
we used this approach for the Black, Caspian, Kara and Bering Seas [Ivanov et al., 2022,
Myslenkov et al., 2018a, 2021b]. The number of storms with different SWH thresholds from
2 to 8 meters was calculated for each month, each year and each sea. For example, if at
least in any one point of the computational grid the SWH exceeded 3 m, then this event
would be identified as a storm case with SWH threshold 3 m (Figure 2) in the investigated
sea. This event would go on until the SWH would be less than the threshold for all grid
points in the basin. Furthermore, when the SWH threshold was exceeded in any one point
again, this event would be considered as a next storm event. A period of 9 hours was the
minimum interval to distinguish two separate storms that go one by one. The inaccuracy
of this method can be caused by storms passing consequently one after another and also
when two storms come from different directions at the same time. However, such cases
are rare. The proposed algorithm works correctly and it was validated by a visual analysis
carried out for several seas. Such spatio-temporal method of storm research allows to take
into account all storm events in the entire water area of a selected sea.

We did not consider the threshold of 2–4 m for the Barents and Bering Seas because
mean SWH is high there. Therefore, we only analyzed higher thresholds, starting from
4 and up to 8 m. As the result, there are more storms with a threshold of 5 m than any less
severe storms with a threshold of 4 m. That means that the SWH did not fall below 4 m for
a long time. As 5 m storms are shorter than lower 4 m storms, the number of 5 m storms
could have been bigger than the number of 4 m storms.

The number of storms was calculated for the whole area of each sea. To define, for
example, sea boundaries for the marginal Barents and Kara Seas, we considered official
boundaries from International Hydrographic Organization. They are highlighted in Fig-
ure 1 by dashed red lines. Sea limits are restricted to natural geographical features for the
other seas, such as narrow straits etc. The boundaries follow the Korean and Tatar Straits
for the EJS.

Figure 2. Visual representation of the POT method for storm analysis.
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The each of storms, which calculated according to POT approach, has its own duration.
We calculated number of stormy days as a sum of each storm duration for the different
thresholds for the month or year. The number of stormy days in common with a number of
storms allow you to effectively analyze storm activity.

We also use calculated the 95% percentile wind speed (P95 wind) for one point in
the center of the each sea. Of course, one point is not responsible for storms in the whole
sea, however, as it turned out, the P95 wind has a very high correlation with the number
of stormy days. This made it possible to identify a possible reasons for changes in storm
activity.

Also we used monthly average Sea ice are data from NOAA (https://www.ncei.noaa.
gov/access/monitoring/regional-sea-ice/).

2.5. Indices of Atmospheric Circulation

We analyzed the interannual variability connection between the storm recurrence and
seven most popular indices of the atmospheric circulation. We used annual and seasonal
January–March (JFM), April–June (AMJ), July–September (JAS) and October–December
(OND) periods for mean index values.

The NAO index is based on the surface sea-level pressure difference between the Sub-
tropical (Azores) High and the Subpolar Low (https://www.cpc.ncep.noaa.gov/products/
precip/CWlink/pna/nao.shtml). The AO is a large scale mode of climate variability, also
referred to as the Northern Hemisphere annular mode (https://www.cpc.ncep.noaa.gov/
products/precip/CWlink/daily_ao_index/ao.shtml). The AO is a climate pattern character-
ized by winds circulating counterclockwise around the Arctic at around 55◦N latitude. The
positive North Atlantic Oscillation (NAO) and Arctic Oscillation (AO) phases are associated
with a poleward shift of cyclone trajectories. It leads to wetter and warmer weather over
Northern Europe and, consequently, can influence the number of storms in the Barents and
Kara Seas. The influence of the NAO index on the wind sea and swell regional climates in
the North and Barents Seas shown in [Bertin et al., 2013, Semedo et al., 2014, Shimura et al.,
2013].

PDO (https://www.ncdc.noaa.gov/teleconnections/pdo/) is a recurring pattern of
ocean-atmosphere climate variability centered over the middle Pacific latitudes. The PDO
is determined by warm or cold surface water in the Pacific Ocean north of 20◦N. During
the “warm” or “positive” phase the western Pacific becomes cooler, while the eastern part –
warmer. During the “cool” or “negative” phase the opposite pattern occurs [Mantua et al.,
1997].

The North Pacific Index (NP) is the area-weighted sea level pressure over the region
30◦N–65◦N, 160◦E–140◦W [Trenberth and Hurrell, 1994]. The NP index is defined to
measure interannual to decadal variations in the atmospheric circulation. The NP may
have greater impact on wave climate variability in the North Pacific [Shimura et al., 2013].

The El Niño/Southern Oscillation (ENSO) (https://psl.noaa.gov/enso/mei/) a natu-
rally occurring anomalous state of tropical Pacific coupled ocean-atmosphere conditions.
The NINO 3.4 (https://psl.noaa.gov/gcos_wgsp/Timeseries/Nino34/) index is one of sev-
eral El Niño indicators based on sea surface temperature. NINO 3.4 is the average sea
surface temperature anomaly in the region bounded by 5◦N to 5◦S, from 170◦W to 120◦W.
The ENSO, and NINO 3.4 could influence the number of storms in the North Pacific
[Bromirski et al., 2013]. El Niño oscillation is mainly considered in the context of water
temperature anomalies [Osipov and Gushchina, 2021], however, this process also affects the
change in global atmospheric circulation. The influence of the ENSO on tropical cyclone
intensity in the western Pacific is described by Camargo and Sobel [2005]. [Maslova et al.,
2020] showed the connection between cyclonic activity in the Black Sea and ENSO index.

North Caspian Index (NCP) is calculated from the normalized 500 hPa pressure
difference between averages of North Sea (0◦E, 55◦N and 10◦E, 55◦N) and North Caspian
(50◦E, 45◦N and 60◦E, 45◦N) centers of action. NCP was taken from [Türkeş and Erlat,
2018]. NCP presumably influences the cyclones in the Caspian and Black Seas.
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We used mean annual and seasonal index values in the correlation analysis with the
number of storms for each sea. For visual comparisons, we choose the indices, which show
the bigger correlation with a number of storms. In the correlation analysis, all indices were
used.

2.6. Trend and Correlation Analysis

The trend quality assessment (linear regression model) was determined by two ap-
proaches: by checking the regression coefficients for significance and the adequacy of the
regression model. Checking the regression coefficients for significance was carried out
on the basis of testing hypotheses that regression coefficients are insignificant (H0) and
significant (H1):

H0 : a = 0;H0 : b = 0,

H1 : a , 0;H0 : b , 0,

where a is the dependent regression coefficient and b is the independent regression coeffi-
cient. Student t-test (t∗) was calculated for verification using the standard procedure in the
Matlab package;

t∗a =
|a|
σ a

, t∗b =
|b|
σ b

,

σa =
σy ·

(
1−R2

)
σx ·
√
N − 1

, σb =
σy ·
√

1−R2

√
N − 1

.

σa and σb are standard random calculation errors of the coefficients a and b, R is the
correlation coefficient, σx and σyare standard deviations of the insignificant and significant
variables accordingly. The critical value tcr (α, ν) was determined by the significance level
(taken as 10%) and the number of degrees of freedom ν = N − 1, where N is the length
of the series. In our case, the length of the series for all seas was 41, except for the Black
and Caspian Seas – for them the length of the series was 42. If t∗ > tcr H0 was rejected, the
corresponding regression coefficient was significant. If t∗ < tcr, then there was no reason to
reject H0, so the corresponding regression coefficient was insignificant.

The adequacy of the regression model was assessed by the F-test (based on the Stu-
dent’s t-test). We put forward H0 for the equality of the variances

H0 : σy = σe : H1 : σ2
y , σ

2
e ,

(the variance of the model is σ2
y and the variance of the residuals is σ2

e ). For verification,
Fisher’s criterion (F∗) was used;

F∗ =
σ2
y

σ2
e ,

It was compared with Fcr with a given significance level (α = 0.10 ) and the number of
degrees of freedom n1 = N1−1 and n2 = N2−1. If F∗ > Fcr, then was rejected, which means
the adequacy of the regression model in this case.

3. Results and Discussion
3.1. Quality Assessment of the Wind Wave Model

A comparison of the modeled and measured SWH for the buoy station in the Bering
Sea is shown in Figure 3. We used the wind data from ERA5 and CFSv2 reanalysis for the
wave model run. Both model versions provide the wave height and phase of the individual
storm event quite well, but there is some errors for the SWH ≥ 7 m.

Statistical results based on wave measurements from 1 January 2018 to 31 December
2019. The correlation coefficient R is 0.969, the Bias is 0.17 m, and the RMSE is 0.46 m
for this series based on CFSv2 wind. For the model version based on ERA5 wind, the R is
0.973, the Bias is −0.25 m, and the RMSE is 0.52 m. Obviously, both versions of the model
give almost the same result, but we chose CFSv2 because the RMSE is slightly less.
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Figure 3. Time series comparison (left panel) for the period from 28 January 2018 to 28 March 2018
and scatter diagram (right panel) of the measured and simulated SWH for buoy station No 46035 in
the Bering Sea for the period from 1 January 2018 to 31 December 2019 (4583 samples).

Such simulation of quality corresponds to the world class of modern wave model
realizations [Stopa et al., 2016, Van Vledder and Akpınar, 2015]. It allows to estimate
the regular and extreme characteristics of the wave climate, as well as the interannual
variability of storm activity. The main goal of the study was to evaluate long-term trends
and find correlations of storms with atmospheric indices. If we use different datasets that
will give us a slightly different RMSE error in SWH: 0.3 or 0.5 m. But it does not affect the
trends and interannual storms variability.

Some statistical data are presented in Table 1 for the studied seas. According to this
table, the highest R was obtained for the Bering and Caspian Seas. The lowest R was
obtained for the Black Sea. There is a 0.12 Scatter index (SI) in the Bering Sea and 0.36–
0.65 SI in the Black Sea. It shows that the model gives adequate results for the considered
seas.

3.2. The Mean and Extreme Wave Conditions
The Barents Sea

The considered sea boundaries for the Barents Sea are marked by dashed green lines
(Figure 4). The mean long-term SWH is 0.5–1 m in the northern and northeastern parts
of the sea (Figure 4) due to the presence of ice. The mean SWH is about 1.5–2 m in the
central Barents and neighboring it the western part of the Norwegian Sea. The highest
mean SWH is approximately 2.3 m. It was found near the border with the Norwegian Sea.
The 95% percentile SWH is about 3–5 m in the central and western parts of the Barents

Figure 4. The modeled long-term mean, 95% percentile, and maximum SWH in the Barents Sea
(1979–2019). Dashed green lines marked sea boundaries.
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Sea. The maximum SWH was more than 13 m in the west part of the sea. The maximum
SWH for the 41-year time period reaches 7–8 m on the north boundary of the Barents Sea.
It is remarkable that there is an area of maximum SWH with values of 10–11 m, right on
the border with the Kara Sea in the north-east.

The Kara Sea

The mean long-term (from 1979 to 2019) SWH is about ≤ 0.5 m in the Kara Sea
(Figure 5). The highest mean SWH is about 0.6 m and is found in the area of the Kara Strait.
The 95% percentile SWH is about 1–2 m in the Kara Sea. The wave conditions of the Kara
Sea are under the influence of the Barents Sea wind wave in the west and ice fields in the
northern part. The long-term maximum SWH for the most part of the sea is about 5–7.5 m.
The highest maximum SWH is about 10.6 m and is found north of Novaya Zemlya islands,
at the border with the Barents Sea.

Figure 5. The modeled long-term mean, 95% percentile, and maximum SWH (m) in the Kara Sea
(1979–2019). Dashed green lines marked sea boundaries.

The Sea of Japan

The modeled long-term mean SWH in the EJS is 1–1.5 m (Figure 6) in the open part
and less than 1 m along the Korean, Russian coasts. The ice fields in the EJS is generally
seen only in the Strait of Tatary. The 95% percentile SWH is 3 m in the central part and
1–2 m along the Russian and Korean coast. The maximum SWH varies from 5 to 13 m. The
highest wave area is in the eastern part of the sea, near the west coast of the Honshu Island,
between 38–42◦N. This area is in the way of a typhoon spreading from the south-west [Mei
and Xie, 2016].

The Sea of Okhotsk

The modeled mean SWH for the Sea of Okhotsk ranges from 1 to 2 m for the most area
of the sea (Figure 7). Mean SWH is less than 1 m around the Sakhalin Island. That is also
true for the whole Russian coast from 53◦N to the Kamchatka Peninsula. Mean SWH varies
from 1 to 2 m at the east Kamchatka coast. Its maximum is about 2 m, it is the same for
the area near the Kuril Islands. The wave energy comes from the North Pacific. The 95%
percentile SWH is lower than 2 m in the Sakhalin Gulf. Northward 95% percentile SWH
varies from 1 to 2 m along the coast toward the Shelikhov Gulf. On the west Kamchatka
coast, it ranges from 2 to 3 m. In the central part 95% percentile SWH varies from 3 to 5 m,
Near 48◦N it exceeds 5 m. The maximum SWH space distribution has four local rises: two
main in the central part of the Okhotsk Sea with a maximum of 14 m. Others two local
zones with 12–13 m maximum is located near Shantar Islands near 140◦E. The long-term
SWH maximum is 16.5 m.
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Figure 6. The modeled long-term mean, 95% percentile, and maximum SWH in the EJS (1979–2019).

Figure 7. The modeled long-term mean, 95% percentile, and maximum SWH in the Sea of Okhotsk
(1979–2019).

The Bering Sea

The long-term mean SWH for 41-year period in the Bering Sea changes from 0.5 to 2.9 m
(Figure 8). Waves pass with maximum SWH 14–15 m through the Aleutian Ridge. The
long-term SWH maximum is 16.5 m. The 95% percentile SWH here exceeds 6 m. The 95%
percentile is from 6 to 5 m in the central part. Its value decreases on its way towards the
Bering Strait. According to the obtained hindcast, the maximum SWH on the Russian coast
is about 12–13 m. It decreases to 5–8 m in the Gulf of Anadyr. Wind waves are weaker
near the Alaska coast compared with the west part of the Bering Sea, because the Alaska
Peninsula does not let absolute propagation of the wind waves from the North Pacific.
Calculated SWH values are minimal on the east Bering Sea coast.

The Black Sea

According to Arkhipkin et al. [2014], the average SWH of the Black Sea did not exceed
0.7 m. Akpınar et al. [2016], Gippius and Myslenkov [2020] have calculated that SWH did
not exceed 1.1 m in the southwestern part of the Black Sea. The long-term mean SWH for
42-year period in the most part of Black Sea is less than 1 m (Figure 9). The 95% percentile
SWH is 2.5 m in the western part. The maximum calculated SWH for the whole period
was 9 meters and it did not coincide with the 95% percentile SWH distribution. This zone
located in the east part of the Black Sea, near 44◦N and the city of Sochi. The highest waves
of 8 m were also observed near the south-western Crimea coast.
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Figure 8. The modeled long-term mean, 95% percentile, and maximum SWH in the Bering Sea
(1979–2019).

Figure 9. The modeled mean SWH, 95% percentile SWH, and maximum SWH in the Black Sea
(1979–2020).

The Caspian Sea

The mean SWH is about 0.5–1 m in the Caspian Sea (Figure 10). The highest mean
SWH is about 1 m in the central part of the sea. In the north, due to the shallow depths and
ice fields in winter, the mean SWH did not exceed 0.5 m. The 95% percentile SWH is about
2–2.5 m. The maximum SWH is about 5–8 m in the Caspian Sea. The highest maximum
SWH is about 8.2 m. It was found in the central part of the sea.
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Figure 10. The modeled mean SWH, 95% percentile SWH, and maximum SWH in the Caspian Sea
(1979–2020).

3.3. Linear trends of the number of storms and the relations with atmospheric indices

The main statistical parameters for the wave height and the number of storms are
shown in Table 2 for all studied seas. The highest mean and maximum SWH are observed
in the Bering, Barents Seas and the Sea of Okhotsk. The data highlight the differences of
the wave climate and storm activity in studied seas.

Table 2. General statistics of SWH, number of storms and trends for seven Russian Seas

Sea Mean SWH P95 SWH Max SWH

Average
number of

storms SWH
> 6 m per

year

Average
number of

storms SWH
> 7 m per

year

Barents 1–2 3–4 14 24.6 13.7
Kara 0.5 1.5–2 7.2 1.6 0.5
Black 0.5–1 2–2.5 9.5 1.7 0.4

Caspian 0.5–1 2–2.5 8.3 1.1 0.1
Japan 1–1.5 2–3.5 13.9 16.9 9

Okhotsk 1–2 3–4 15.5 33.4 22.4
Bering 2–2.5 3–5 16.5 48 38

The number of stormy days for the different SWH thresholds are shown in Table 3 for
all seven studied seas. The maximum number of stormy days are observed in the Bering
Sea. Consequently, in the Bering Sea, the SWH is more than 3 m most of the year. In the
Barents Sea and the Sea of Okhotsk the number of stormy days with SWH > 3 m is more
200.

We performed a trend-significant analysis in the number of storms with different
thresholds, based on the F-test and t-test (method described in the subsection 2.6). In
Table 4, trends analysis presented. Generally, both criteria gave the same result except one
case for the Barents Sea.

We found two positive trends for SWH ≥ 3 and 6 m for the EJS. A positive significant
trend was calculated for the highest storms with SWH ≥ 8 m in the Sea of Okhotsk and
Bering Sea. For the Caspian Sea, two positive trends for SWH ≥ 3 and 4 m were revealed.
Positive trends were found for all thresholds except the SWH ≥ 6 m in the Kara Sea. The
most intense increase in the number of storms was observed in the Kara Sea: the number of
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Table 3. Number of stormy days per year for the different SWH for seven Russian Seas

Sea
SWH
> 2 m

SWH
> 3 m

SWH
> 4 m

SWH
> 5 m

SWH
> 6 m

SWH
> 7 m

SWH
> 8 m

Barents − 215 118 57 26 11 5
Kara 119 39 12 3 1 − −
Black 123 42 13 3 1 − −

Caspian 114 36 9 2 − − −
Japan − 147 68 30 13 6 2

Okhotsk − 218 127 73 39 21 10
Bering − 283 209 140 89 51 27

storms over 3 m was more than doubled over a 40-year time period. A negative trend in the
Bering Sea was identified for storms with SWH ≥ 5 , but we think that it is a consequence
of the POT method calculations (in number of stormy days we found the positive trend).
Only in the Black Sea negative significant trend was found for storms with SWH ≥ 2 m. As
a result, we can say that in the all studied seas (except the Black Sea), storm activity from
the 1979 to 2019 is either increasing or neutral, which is confirmed by the global trends of
world ocean wind and waves [Young and Ribal, 2019].

Table 4. Trend analysis for the number of storms. Green cell – significant and positive trend, blue –
significant and negative, «–» means that trend analysis was not conducted

Sea /
SWH
threshold

2 m 3 m 4 m 5 m 6 m 7 m 8 m

F-
test

t*
F-

test
t*

F-
test

t*
F-

test
F-

test
t*

F-
test

t*
F-

test
t*

Japan – – Sign Sign Insign Insign Insign Insign Sign Sign Insign Insign Insign Insign

Okhotsk – – – – – – Insign Insign Insign Insign Insign Insign Sign Sign

Bering – – – – – – Sign Sign Insign Insign Insign Insign Sign Sign

Black Sign Sign Insign Insign Insign Insign Insign Insign – – – – – –

Caspian Insign Insign Sign Sign Sign Sign Insign Insign – – – – – –

Kara Sign Sign Sign Sign Sign Sign Sign Sign Insign Insign Sign Sign – –

Barents – – – – – – Insign Insign Insign Insign Insign Insign Insign Insign

Correlation analysis of all atmospheric indices and number of storms was done for
all thresholds for each sea to study its connection with the global atmospheric circulation.
The results of a correlation analysis for annual averages are shown in Table 5. The relation
between the interannual variability of the number of storms and indices is rather weak.
The positive R was 0.58 between SWH ≥ 8 m in the Bering Sea with the NP index and the
negative R −0.44 with the PDO index. In the Black Sea for SWH ≥ 4 m, weak negative
R with the NAO index was registered. In the Barents Sea, for SWH ≥ 7–8 m the R 0.51–
0.56 with the AO index and with the NCP index is positive. The obtained result can be
explained by the fact that most of the analyzed seas are inner or semi-closed, except the
Barents and the Bering seas. In semi-enclosed seas, storms are formed due to the local
synoptic processes, ice conditions, basin orography, bathymetry and are weakly dependent
on a global atmospheric indices. On the other hand, the Barents Sea is completely open to
the wave energy from the North Atlantic, and in the Bering Sea there are very wide straits
that also allow propagating of the wave energy from the Pacific Ocean.
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Table 5. Interannual correlation analysis of number of storms and atmospheric indices for average
annual data. R values < −0.4 marked as blue and values > 0.4 marked as red

Sea ≥ (m)
Annual Index

AO NAO NP ENSO PDO NINO 3.4 NCP

Jap
an

3 0.01 0.02 0.23 −0.22 −0.22 −0.18 −0.02

4 −0.08 0.03 0.12 0.11 −0.05 0.11 −0.10

5 −0.12 0.07 0.09 0.03 −0.12 0.13 −0.27

6 −0.08 0.02 0.04 0.05 −0.10 0.22 −0.17

7 −0.18 −0.07 0.03 0.16 0.08 0.32 −0.10

8 −0.23 −0.11 0.01 0.22 0.13 0.35 −0.15

O
khotsk

4 −0.16 0.04 −0.18 0.28 0.36 0.14 0.14

5 −0.22 −0.04 0.10 0.25 0.14 0.31 −0.12

6 −0.30 −0.29 0.03 0.18 0.07 0.28 −0.25

7 −0.20 −0.10 0.19 −0.01 −0.18 0.15 −0.32

8 −0.10 −0.11 0.21 −0.29 −0.24 −0.14 −0.20

B
ering

4 0.12 0.18 −0.03 0.26 0.17 0.17 0.15

5 −0.03 0.22 −0.14 0.27 0.32 0.14 0.04

6 0.07 0.20 0.22 −0.06 −0.09 −0.08 0.05

7 −0.04 0.05 0.32 −0.15 −0.32 −0.11 −0.26

8 0.27 0.16 0.58 −0.18 −0.44 −0.06 0.06

B
lack

2 −0.18 −0.20 −0.24 0.13 0.17 0.04 −0.08

3 −0.30 −0.25 −0.21 −0.01 0.12 0.01 −0.27

4 −0.35 −0.44 −0.37 −0.07 0.14 −0.07 −0.05

5 −0.18 −0.21 −0.16 −0.10 0.08 −0.05 −0.28

6 −0.02 0.04 0.00 −0.23 −0.09 −0.16 −0.25

C
aspian

2 −0.06 0.04 0.07 0.14 0.00 0.17 −0.08

3 0.29 0.24 0.13 0.07 0.05 0.14 0.04

4 −0.02 −0.10 −0.15 0.26 0.24 0.31 −0.05

5 −0.25 −0.18 −0.20 0.12 0.11 0.19 −0.17

6 −0.32 −0.29 −0.27 0.08 0.15 0.10 −0.33

K
ara

2 0.17 −0.01 −0.01 −0.12 0.11 −0.09 0.19

3 0.13 0.08 0.17 −0.16 −0.11 0.00 −0.03

4 0.06 0.03 0.26 −0.11 −0.13 0.04 −0.21

5 0.11 0.12 0.31 −0.02 −0.19 0.10 −0.20

6 0.02 0.01 0.24 −0.14 −0.18 −0.11 −0.38

7 0.03 0.06 0.17 −0.09 −0.12 −0.03 −0.24

B
arents

4 0.10 0.06 0.11 0.04 −0.10 0.12 −0.10

5 0.39 0.31 0.07 −0.05 −0.21 −0.05 0.20

6 0.40 0.37 0.04 0.00 −0.10 −0.03 0.37

7 0.46 0.32 0.27 0.08 −0.03 0.04 0.44

8 0.51 0.27 0.10 0.28 0.10 0.26 0.56

The same correlation analysis was done for the atmospheric indices and number of
stormy days, because the storm duration variability is differ from number of storms. We
found only the weak R ∼ 0.55 for the Bering and Barents Seas (Table 6), which confirms the
conclusions made above.
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Table 6. Interannual correlation analysis of number of stormy days and atmospheric indices for
average annual data. R values < −0.4 marked as blue and values > 0.4 marked as red

Sea ≥ (m)
Annual Index

AO NAO NP ENSO PDO NINO 3.4 NCP

Jap
an

3 −0.09 0.00 0.09 0.07 −0.13 0.18 −0.11
4 −0.08 −0.02 0.03 0.07 −0.10 0.22 −0.22
5 −0.18 −0.04 0.05 0.03 −0.11 0.22 −0.32
6 −0.22 −0.05 0.04 0.12 0.03 0.32 −0.26
7 −0.19 −0.02 0.01 0.20 0.14 0.36 −0.23
8 −0.13 0.03 0.02 0.27 0.14 0.40 −0.21

O
khotsk

4 0.01 −0.13 0.22 −0.29 −0.35 −0.14 −0.22
5 −0.06 −0.19 0.21 −0.22 −0.33 −0.03 −0.27
6 −0.07 −0.12 0.14 −0.14 −0.20 0.07 −0.26
7 −0.04 −0.02 0.19 −0.22 −0.29 −0.03 −0.20
8 −0.05 −0.04 0.15 −0.17 −0.16 0.01 −0.23

B
ering

4 −0.18 −0.30 0.13 −0.02 −0.13 0.03 −0.21
5 −0.04 −0.01 0.41 −0.19 −0.37 −0.10 −0.23
6 0.07 −0.01 0.52 −0.18 −0.51 −0.08 −0.16
7 0.17 0.12 0.55 −0.20 −0.44 −0.12 0.02
8 0.27 0.16 0.46 −0.08 −0.31 0.01 0.05

B
lack

2 −0.34 −0.27 −0.42 0.23 0.27 0.16 −0.20
3 −0.40 −0.41 −0.36 0.04 0.20 −0.01 −0.34
4 −0.27 −0.29 −0.25 −0.04 0.11 −0.05 −0.26
5 −0.15 −0.18 −0.16 −0.21 −0.05 −0.21 −0.28
6 −0.08 0.08 −0.01 −0.20 −0.18 −0.14 −0.30

C
aspian

2 0.02 0.01 0.17 −0.03 −0.01 0.02 −0.16
3 0.09 0.03 0.11 0.01 0.04 0.08 −0.19
4 −0.27 −0.28 −0.02 0.14 0.12 0.23 −0.37
5 −0.36 −0.33 −0.16 0.09 0.06 0.18 −0.40
6 −0.16 −0.12 −0.21 0.17 0.19 0.18 −0.21

K
ara

2 0.11 −0.01 0.22 −0.11 −0.18 0.08 0.00
3 0.05 −0.08 0.31 −0.12 −0.18 0.07 −0.18
4 0.03 −0.03 0.33 −0.07 −0.16 0.04 −0.23
5 0.11 0.03 0.27 −0.07 −0.19 0.01 −0.29
6 0.20 0.13 0.23 −0.08 −0.10 −0.05 −0.21
7 0.03 0.08 0.21 −0.10 −0.04 −0.09 −0.15

B
arents

4 0.29 0.23 −0.09 0.09 0.10 0.09 0.23
5 0.55 0.37 0.19 0.11 −0.12 0.11 0.43
6 0.48 0.27 0.17 0.18 0.00 0.16 0.40
7 0.46 0.18 0.20 0.21 0.08 0.22 0.43
8 0.38 0.14 0.02 0.33 0.22 0.34 0.45

Storm activity had different intensification during a year, so we conducted an inter-
annual correlation analysis for JFM, AMJ, JAS and OND periods. Such standard approach
for season choice was used for all seas. We understand that for each region, time period
shift, associated with seasons could lead to the R changes. We have conducted several
tests for the Barents Sea, where correlation analysis was held with a month shifting. The
difference was insignificant and the general patterns did not change. Correlation analysis
of all atmospheric indices, number of storms and number of stormy days was done for
the different seasons. The main results of analysis for the number of storms are shown
in Tables A.1–A.2 (https://doi.org/10.13140/RG.2.2.15401.67688). The weak positive
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R between number of storms and its duration SWH ≥ 8 m in the Sea of Okhotsk with NP
index was found for the JFM period. A weak negative R with the ENSO and NINO index
for the JFM period was revealed in the Sea of Okhotsk. The same situation applies to the
Bering Sea, however, positive R of 0.6 between NP index and SWH ≥ 8 m attests to strong
connection for the JFM period. The same situation, but with the opposite sign of R was
found for SWH ≥ 4 m in the Bering Sea, but it was determined by the POT method. In the
Barents Sea for SWH ≥ 5–8 m positive R with AO index and with NCP index registered for
different seasons, but a stronger R of 0.54 was in the JAS period. In the Caspian Sea for
SWH ≥ 2–3 m, a weak positive R with the NCP index is registered in the JFM and OND
periods. In the Kara Sea there were no correlation connections detected for all seasons
at all.

The main results of analysis for the number of stormy days are shown in Tables A.3–
A.4 (https://doi.org/10.13140/RG.2.2.15401.67688). In general obtained results differ
little from the correlation analysis for the number of storms. The positive R 0.52 between
number of stormy days for the SWH ≥ 7 m in the Bering Sea and NP index and negative
R −0.56 was found for the JFM period. We found the negative R −0.59 between number
of stormy days for the SWH ≥ 2 m in the Black Sea and AO index for the JFM period. In
the Barents Sea strong connection of storm duration for the SWH ≥ 4 and AO index was
found for the JFM and OND periods. The weak negative R between stormy days in the Sea
of Okhotsk with ENSO and NINO indices was found for the JFM period. The weak positive
R between stormy days in the Japan Sea with ENSO and NINO indices was found for the
JAS period.

In general, correlation analysis for the different seasons confirmed that stable connec-
tions between atmospheric indices observed only for the Barents and Bering Seas. The only
difference seasonal analysis from the annual it is a connection between number of stormy
days and AO index in the Black Sea for the JFM period.

3.4. The number of storms interannual variability

After trend and correlation analyses, annual changes of atmospheric indices, annual
changes of the number of storms and its duration for different thresholds and their linear
trends were analyzed for each sea separately for a more detailed analysis. We used yearly
variation of the Sea ice area, P95 wind (for one point in the center of the sea) to visualize
the reasons of changes in storm activity. The choice of indices is due to the best connection
which was presented in correlation analysis in subsection 3.3.

Figure 11. The number of storms for the different thresholds in the Barents Sea.

The Barents Sea

For 41 years, the number of storms with SWH ≥ 5 m was approximately 43 per year,
(Figure 11). Wind wave conditions were quite more severe in the Barents Sea, comparing
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Figure 12. The Sea ice area, AO index, P95 wind, number of stormy days and number of storms in
the Barents Sea.

to other considered Russian seas. The storms with SWH ≥ 5 m had local increases in 1991,
2005 and 2011. For the SWH ≥ 6–7 m the local increases were observed in 1990–1993 and
in 2011–2013. There was a positive insignificant trend in the Barents Sea for SWH ≥ 5 m
and negative insignificant trend for SWH ≥ 6–7 m. However, we can distinguish two rise
periods in 1990–1993 and in 2011–2013.

Changes in storm activity are associated with wind variability as shown in Figure 12.
Visually, there is a high correlation between the number of stormy days with SWH ≥ 5 m
and P95 wind, but the R is about 0.5. The main period of high storm activity in 1990–1993
it fits well to wind speed, but small yearly variability often in the opposite phase since
2004 (Figure 12).

The connection of the number and duration of storms with the AO index (R 0.55 in
Table 6) is visually confirmed. Local storm maxima are observed during years with positive
values of the AO index (1990, 2011, and 2015). The positive AO phases are associated with
a poleward shift of cyclone trajectories, leading the cyclones move from the North Atlantic
to the Barents Sea, which can explain increase in storm activity.

A reduction in the ice area does not affect storm activity in any way, since storms come
from the west and fetch from this side is not limited by ice (Figure 12).

The Kara Sea

We found five significant positive trends for the number of storms in the Kara Sea,
with SWH from ≥ 2 m to SWH ≥ 7 m for all levels except storms with SWH ≥ 6 m (they
were statistically insignificant). The number of storms with SWH ≥ 2 m was approximately
46 per year and with SWH ≥ 3 m ∼32 events (Figure 13). The wave heights in the Kara
Sea influenced by sea ice variability. The Novaya Zemlya islands limit the wave energy
coming from the Barents Sea. The maximum of storms with SWH ≥ 2 m was observed in
1995 (Figure 13). Storms with SWH ≥ 3 m were recorded 30–60 times per year with local
increases in 2016 and 2018. For SWH ≥ 4 m, there is a local maximum in 1995 and 2016.
For SWH ≥ 5 m, the maximum was recorded in 2018. For SWH ≥ 2–4 m, there is a local
minimum of storms in 1998 and 2002. During the entire period, there were positive trends
in the Kara Sea for all considered thresholds. The number of storms with SWH ≥ 2 m were
increasing by 3 storms in 10 years, with SWH ≥ 3 m by 7 storms in 10 years, with SWH
≥ 4 m by 3 storms in 10 years, with SWH ≥ 5 m by 1 storm in 10 years.
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Figure 13. The number of storms for different thresholds in the Kara Sea.

The R between P95 wind and the number of storms SWH ≥ 4 m is 0.65. The R between
P95 wind and the number of stormy days SWH ≥ 3 m is 0.7 (Figure 14). But the wind
speed increase insignificantly from 11.8 to 12.3 m/s. Most likely the storm activity in the
Kara Sea strongly connected with sea ice area which has halved in recent 41 years. The R
between sea ice area and the number of storms SWH ≥ 4 m is −0.76 and for the number of
stormy days SWH ≥ 3 m is −0.89 (Figure 14).

Visual and correlation analysis shows an absence of connection between any atmo-
spheric indices with the number of storms or storms duration. In contrast to the Barents
Sea, storms in the Kara Sea do not arise due to Atlantic cyclones and depends on local ice
and wind conditions.

The East/Japan Sea

The positive trends for the number of storms with SWH ≥ 3 m and SWH ≥ 6 m
were statistically significant in the EJS. The number of storms with SWH ≥ 3 m was
approximately 86 per year, with SWH ≥ 5 m 32 storms (Figure 15). The storms exceeding
8 m were observed on average 4–5 times per year. The local minimum of storms with
SWH ≥ 4–7 m was registered in 2001 and 2008. The local maximum of storms with SWH

Figure 14. The Sea ice area, AO index, P95 wind, number of stormy days and number of storms in
the Kara Sea.
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Figure 15. The number of storms for different thresholds in the EJS.

≥ 6–8 m was registered in 1993, 2004–2005 and 2009–2017. After the period of 2009–2017,
a positive trend of the number of storms was found. Over the entire period, there was
a positive trend in the EJS for all storm thresholds.

The correlation between P95 wind and the number of storms SWH ≥ 6 m is 0.68. The
R between P95 wind and the number of stormy days SWH ≥ 5 m is 0.7 (Figure 16). Sea ice
has often a very small area in the EJS Sea and it has no any influence to the storm activity.

A weak positive R between indices NINO and ENSO and the number of stormy days
was found only for JAS period (Table A.4 (https://doi.org/10.13140/RG.2.2.15401.67688))
and we didn’t see this connections for the yearly data (Figure 16). Thus, the storm activity
in the EJS Sea depends only on a local wind conditions.

The Sea of Okhotsk

The number of storms with SWH ≥ 4 m was 56 per year in the Okhotsk Sea, with
33 storms exceeding the 6 m criteria (Figure 17). The storms > 8 m were observed on
average 12–16 times per year. The local maximum of storms with SWH ≥ 6–7 m was clearly
seen in 1987 and 2009. In 2013, the local maximum of storms with SWH ≥ 7–8 m was

Figure 16. The Sea ice area, NINO index, P95 wind, number of stormy days and number of storms in
the EJS Sea.
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Figure 17. The number of storms for different thresholds in the Sea of Okhotsk.

detected. Over the entire period, there was a positive trend in the Sea of Okhotsk for all
storm thresholds and trend for SWH ≥ 8 m was significant.

Visual analysis shows a very weak connections between wind speed and storm activity.
The R between P95 wind and the number of storms SWH ≥ 8 m is 0.46. The R between
P95 wind and the number of stormy days SWH ≥ 7 m is 0.49 (Figure 18). The R between
sea ice area and the number of storms SWH ≥ 6 m is −0.31 and for the number of stormy
days SWH ≥ 6 m is −0.47 (Figure 17).

A very weak connections between indices NP, NINO and ENSO and the number
of storms and its duration was found only for a January–March period (Tables A.1, A.3
(https://doi.org/10.13140/RG.2.2.15401.67688)).

Taking into account the positive trend in the wind speed and the negative trend
in the ice area, we can explain positive significant trend for the number of storms with
SWH ≥ 8 m.

Figure 18. The Sea ice area, ENSO index, P95 wind, number of stormy days and number of storms in
the Okhotsk Sea.
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Figure 19. The number of storms for different thresholds in the Bering Sea.

The Bering Sea

The SWH often exceeded 3–4 m (Figure 8) in the Bering Sea, so we considered only
the number of storms with SWH ≥ 5–8 m for the analysis. The average number of storms
with SWH ≥ 6 m is 48 times per year, with 27 exceeding the 8 m criteria (Figure 19). This
is the highest number of 8 m storms between all researched seas. The local maximum of
storms with SWH ≥ 7 m is shared by both years 2000 and 2019. The local minimum of
storms with SWH ≥ 7–8 m was detected in 1995, 2002 and 2015. A positive significant
trend for storms SWH ≥ 8 m found: in the 1979 it was 25 storms per year and more than 30
in 2019. For the entire period in the Bering Sea, there were identified increasing number of
storms trends on the Figure 19 for all thresholds, except SWH ≥ 5 m. The decreasing trend
for the 5 m storms was significant, but it was caused by the POT method and increasing in
the duration of storms. We think that the increase in number of storms and the decrease of
the lower height events are the evidence of overall intensification of the storminess in the
Bering Sea.

The R between P95 wind and the number of storms SWH ≥ 8 m is 0.74. The R between
P95 wind and the number of stormy days SWH ≥ 7 m is 0.81. Visually, this is well traced
and indicates that the wind is the main factor in the variability of storm activity (Figure 20).
The R between sea ice area and the number of storms SWH ≥ 6 m is −0.2 and it is no any
connections between the ice and storm activity.

The positive R was found between yearly number of storms and its duration in the
Bering Sea with the NP index (Table 5–6). The positive R of 0.6 found for the JFM period
(Table A.1 (https://doi.org/10.13140/RG.2.2.15401.67688)). Visual analysis confirmed
this connections (Figure 20).

The Black Sea

Storms with SWH ≥ 2 m were observed ∼75 times per year in the Black Sea. Storms
with SWH ≥ 4 m were observed there 17–18 times per year (Figure 21). As for the 6 m
threshold, such events occurred there 1–2 times per year on average. The local maximum
of storms with SWH ≥ 2 m were clearly visible in 1998. A marked decrease in the number
of storms with SWH ≥ 3–4 m occurred between 2017 and 2020 (Figure 21). A negative
trend for number of storms SWH ≥ 2 m is clearly visible. Trends for other SWH criteria
and in storm duration are neutral.

The correlation between P95 wind and the number of storms SWH ≥ 4 m is 0.65. The
R between P95 wind and the number of stormy days SWH ≥ 3 m is 0.76 (Figure 22). Since
sea ice in the Black Sea appears extremely rarely, it is natural that the main factor for the
variability of storm activity is wind.

In the Black Sea for SWH ≥ 4 m, weak negative R with the NAO index was registered
and confirmed by visual analysis (Figure 22). This connection may be caused by a change
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Figure 20. The Sea ice area, NP index, P95 wind, number of stormy days and number of storms in
the Bering Sea.

Figure 21. The number of storms for different thresholds in the Black Sea.

in the trajectories of Atlantic cyclones. A negative trend for number of storms SWH ≥ 2 m
is not confirmed by wind speed but we see a weak negative trend in the NAO index.

The Caspian Sea

The number of storms with SWH ≥ 2 m was about 90 storms per year in the Caspian
Sea (Figure 23). It is greater than in the Black Sea, where only 75 storms per year occurred.
The maximum of number storms with SWH ≥ 2 m was observed in 1985. Storms with
SWH ≥ 3 m were recorded 30–60 times per year with local increases in 2013–2016. For
SWH ≥ 4 m, there was a local maximum of storms in 1998 and 2014. For SWH ≥ 5 m,
the maximum was identified in 1979–1983 and 2013. During the entire period, there was
a positive trend in the Caspian Sea for storms with SWH ≥ 3 m and SWH ≥ 4 m. The
number of storms with SWH ≥ 4 m increased by 2 storms in 10 years, and with SWH ≥ 5 m
by 1 storm in 10 years.

The correlation between P95 wind and the number of storms SWH ≥ 4 m is 0.68.
The R between P95 wind and the number of stormy days SWH ≥ 3 m is 0.83 (Figure 24).
Since sea ice in the Caspian Sea appears only in the shallow north part of the sea, it has no
influence to storm activity of whole sea.
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Figure 22. The Sea ice area, NAO index, P95 wind, number of stormy days and number of storms in
the Black Sea.

Figure 23. The number of storms for different thresholds in the Caspian Sea.

A very weak positive R 0.42–0.45 between number of storms and the NCP index is
registered only for the JFM and OND periods (Tables A.1–A.2 (https://doi.org/10.131
40/RG.2.2.15401.67688)). Visual analysis shows an absence of correlation for the yearly
number of storms.

Figure 24. The Sea ice area, NCP index, P95 wind, number of stormy days and number of storms in
the Caspian Sea.
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4. Conclusions

This article presents brand new information about wave climate and storm recurrence
in the seven Russian Seas based on the results of wave modeling. The long-term mean
SWH, the 95% percentile, and maximum SWH fields were obtained for the time period
from 1979 to 2019–2020. The maximum SWH is 15.5 m were in the Sea of Okhotsk and
16.5 m were in the Bering Sea.

A positive significant trend was found for SWH ≥ 3 and 6 m for the EJS. Positive
significant trends were also registered for SWH ≥ 8 m for the Bering Sea and the Sea of
Okhotsk. For the Black Sea, a negative significant trend was found for SWH ≥ 2 m. Positive
significant trends for SWH ≥ 3 m and 4 m were registered for the Caspian Sea. In the Kara
Sea, positive significant trends for all thresholds except the SWH ≥ 6 m were found.

In the all studied seas (except the Black Sea), storm activity from the 1979 to 2019 is
either increasing or neutral.

The connection between the interannual variability of number of storms and the
indices was very weak. The positive R 0.58 was found between SWH ≥ 8 m with the NP
index and the negative R equal to −0.44 with the PDO index in the Bering Sea. In the Black
Sea for SWH ≥ 4 m, the very weak negative R with the NAO index was registered. In the
Barents Sea, for SWH ≥ 7–8 m a positive R with the AO index. It is worth mentioning that
no connection was found between storm activity and atmospheric indices for other seas
whatsoever.

The seasonal analysis showed strong positive R 0.6 between NP index and SWH ≥ 8 m
in the Bering Sea for the JFM period. In the Barents Sea for SWH ≥ 5–8 m positive
correlation with AO index registered for different seasons, but a stronger R 0.54 was in
the JAS period. In the Caspian Sea for SWH ≥ 2–3 m, a weak positive R with the NCP
index is registered in the JFM and OND periods. The results of analysis for the number of
stormy days in general differ little from the correlation analysis for the number of storms.
The positive R 0.52 between number of stormy days for the SWH ≥ 7 m in the Bering Sea
and NP index and negative R −0.56 with PDO index was found for the JFM period. The
negative R −0.59 between stormy days for the SWH ≥ 2 m in the Black Sea and AO index
for the JFM period found. The weak negative R between stormy days in the Sea of Okhotsk
with ENSO and NINO indices was found for the JFM period. The weak positive R between
stormy days in the Japan Sea with ENSO and NINO indices was found for the JAS period.

In general, correlation analysis for the different seasons confirmed that stable con-
nections between atmospheric indices observed only for the Barents and Bering Seas. The
only one difference seasonal analysis from the annual it is a connection between number of
stormy days and AO index in the Black Sea for the JFM period.

It was found that the variability of the number storms are weakly related to the global
atmospheric indices except the Barents and Bering Seas, which are “open” for the wave
energy distribution from the ocean. Storm activity in the inner and semi-closed seas is
regulated by the local winds, basin orography and bathymetry (and ice fields in case of
Okhotsk and Kara seas) and is very weakly related to global atmospheric indices. These
results are fundamental for the wave climate studies.
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