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Abstract: The main parameters of wind waves in the World Ocean are connected with global climate
change. Renewable energy technologies, intensive shipping, fishery, marine infrastructure, and many
different human marine activities in the coastal zone and open sea need knowledge about the wind-
wave climate. The main motivation of this research is to share various wind wave parameters with
high spatial resolution in the coastal zone via a modern cartographic web atlas. The developed atlas
contains information on 13 Russian Seas, including the Azov, Black, Baltic, Caspian, White, Barents,
Kara, Laptev, East Siberian, Chukchi, Bering Seas, the Sea of Okhotsk, and the Sea of Japan/East
Sea. The analysis of wave climate was based on the results of wave modeling by WAVEWATCH
III with input NCEP/CFSR wind and ice data. The web atlas was organized using the classic three-
tier architecture, which includes a data storage subsystem (database server), a data analysis and
publishing subsystem (GIS server), and a web application subsystem that provides a user interface for
interacting with data and map services (webserver). The web atlas provides access to the following
parameters: mean and maximum significant wave height, wave length and period, wave energy
flux, wind speed, and wind power. The developed atlas allows changing the map scale (zoom) for
detailed analysis of wave parameters in the coastal zones where the wave model spatial resolution is
300-1000 m.

Keywords: web mapping; web atlas; wind waves; wave modelling; wave energy; wind energy;
Russian seas

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 studying the seasonal and interannual
variability of sea storms is important.

Currently, there is quite a lot of interest in estimating the potential of wind and wave
energy along the coasts. This is due to the shifting of wind turbine installation sites to
the coastal zone, increasing the number of potential consumers of wind and wave energy
(autonomous facilities, offshore platforms, lighthouses, communication towers, etc.). There
is a general trend of switching from traditional energy sources to alternative ones. The
research tasks of developing innovative technologies in the field of wind and wave ocean
energy in Russia are outlined in the Maritime Doctrine of the Russian Federation 2022 [1],
which is a strategic planning document defining the state policy of our country in the field
of maritime activities.

Russia is washed by thirteen seas, and its water border stretches for 40,000 km, so
the total energy resources of wind waves in the country are very large. According to
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preliminary estimates, the wave energy flux in the Barents Sea can reach the value of
29 kW/m of the wave front and 30-35 kW /m for the ice-free waters of the Sea of Okhotsk
and Bering Sea [2,3].

Wind waves are being studied by numerous methods with the use of different sources
and approaches around the world, such as direct measurements [4], altimetry use [5],
and numerical simulations [6-8]. Direct measurements provide data only for scattered
stations for a limited time period. The altimetry data are also spatially limited. Meanwhile,
numerical modeling allows obtaining a wide spatiotemporal coverage of different wind
wave parameters limited only by the quality of input data.

Regular and extreme characteristics of wind and waves for 10 Russian seas (except the
Laptev, East Siberian, and Chukchi Seas) are given in the Wind and Wave Climate Hand-
books of the Russian Maritime Register of Shipping [9-12]. These data are based on the
results of modeling, but they have to be improved and updated by the last high-resolution
atmospheric reanalysis, detailed computational grid, and more modern bathymetry.

There are numerous investigations where the peculiarities of wind waves in the seas
of Russia were considered [13-16]. These are usually regional estimates for a specific sea
or generalizations for a large region. In these works, as a rule, modern wind reanalysis
ERA5 (ECMWF (European Centre for Medium-Range Weather Forecasts) re-analysis v5)
and CFSR (Climate Forecast System Reanalysis) were used.

A number of valuable articles were devoted to the Arctic wave climate based on
satellite data and simulation results [15-19]. Inter-annual variations of the mean and
extreme significant wave height (SWH) in ice-free conditions in the Kara Sea were described
by Duan et al. [20]. Some features of the wave parameters in the Barents Sea were presented
by Aarnes et al. [21].

Many research papers were devoted to wave modeling in the Black Sea [22-25]. Wave
climate of the Caspian Sea based on altimetry and modeling data was presented in [26-30].

WAVEWATCH III (WW3) and Simulating Waves Nearshore (SWAN) models were
adopted to forecast wind wave parameters in the Far Eastern Seas and North Pacific [31].
Lyubitskiy et al. [32] described a marine hazard method of the Far Regional Hydrometeoro-
logical Research Institute. The wave climate of the Sea of Okhotsk was also considered [33].
Wave parameters of the Sea of Japan/East Sea were investigated by Lee et al. [34] and
Sasaki [35]. A high-resolution wave climate hindcast along the Japanese coast was pre-
sented by Shimura and Mori [36].

A number of articles were devoted to the Azov, White, and Baltic Seas wave climate
based on model results and simulation results [6,12-14,37-41].

To date, the results of such investigations were commonly represented in the form of
static maps. For such representation, it is not possible to specify the wave parameters for the
coastal zone in fine resolution. Alternatively, if a database is published, special software is
required for data visualization. A good alternative example is the APPMAR 1.0 application,
which helps to visualize and analyze wind and wave data from databases of the National
Oceanic and Atmospheric Administration (NOAA) [42]. However, the resolution of NOAA
wave reanalysis is coarse, and the user needs to know Python programming language.

Electronic web atlases are more convenient for users since they provide the ability
to select the necessary parameters, area, and map scale. There is an example of such an
atlas for the Australian coast [43] and the Black Sea [44]. Atlas of global wave energy based
on a rough hindcast (1.25° x 1° resolution) was presented in [45]. Ireland’s Marine Atlas
(https:/ /atlas.marine.ie accessed on 30 April 2023) is a regional project with high-resolution
wind and wave data. Several web services provide wind and wave energy distribution data
with rough spatial resolution in the global World Ocean or local regions [46-51]. Atlas of
renewable energy sources for the territory of Russia (http://gisre.ru/ accessed on 30 April
2023) allows the user to evaluate the potential of solar or wind energy [52].

However, it is very difficult to find the necessary information about the parameters of
wind waves for a particular sea. It is even more complicated if the user needs information
in high spatial resolution near the shore. Preliminary results about the content and technical
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parameters of wind waves web atlas of the Russian Seas were published in [53,54]. The
current paper provides a more detailed and extended analysis alongside the presentation
of the final product.

The main goal of the current research was to develop a special web atlas that al-
lows users to get wind wave information in open access (https://carto.geogr.msu.ru/
wavenergy/; http://93.180.9.222 /wavenergy accessed on 30 April 2023) for 13 seas wash-
ing Russia, including the Azov, Black, Baltic, Caspian, White, Barents, Kara, Laptev, East
Siberian, Chukchi, Bering Seas, the Sea of Okhotsk and the Sea of Japan/East Sea. We
used modern, high-quality reanalysis of wind and ice data, the WW3 model, and detailed
bathymetry on a high-resolution unstructured mesh (up to 300 m). Modern web mapping
technologies were applied to deliver cartographic presentations of the modeled parameters.
The following paper chapters describe the methodological and technological foundations
of the atlas in more detail.

2. Data and Methods
2.1. Wave Model Description and Configuration

The main data displayed in the web atlas was obtained based on the WW3 6.07 spectral
wave model [55]. This state-of-the-art model is widely applied for reconstructing wave
fields [7,19]. The WW3 model considers wind speed, ice concentration, and physical effects
described below. A numerical solution of the wave action density spectrum equation is
based on: DN S
where N(k, 0) = F(k, 0) /0, k—wavenumber, 6—propagation direction, c—relative frequency,
D/Dt represents the total derivative (moving with a wave component) and S represents the
net effect of sources and sinks for the surface elevation variance density spectrum F [55]. 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 the bottom and ice, wave scattering by ground relief
forms, and reflection from the coastline and floating objects. The energy balance equation is
integrated using finite-difference schemes by the geographic grid and the wave parameters
spectrum.

In this study, the calculations were made using the ST6 physics package [56,57].
The ST6 physics describes wind—wave exchange, based on experimental and theoretical
research [56]. A discrete interaction approximation model was used for the possible
nonlinear interactions of the waves. The approach of Battjes and Janssen (1978) was
adopted 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 JONSWAP) scheme was applied for bottom friction. The model
spectral resolution is 36 directions (10°), and 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
was set to 15 min. The time increment for the integration of the functions of the wave
energy sources and sinks was 60 s, and the time increment for the spectral energy transfer
was 450 s.

The influence of sea ice on the waves was calculated via the ICO scheme. A grid point
was considered ice-covered when the ice concentration was >0.5. We used the basic IC0
scheme since it gives acceptable results (see Section 2.2). We carried out several tests of
various ice patterns for the Barents Sea previously and found that the quality of the wave
modeling, in general, is independent regardless of the ice scheme choice. Differences were
observed only in a narrow strip of ~50 km near the ice edge.

A more detailed description of the model configuration and the main results of the
experiments with different meshes and computational schemes were presented in [58-60].

Wave model input data of the wind speed at 10 m above the ground and the sea ice
concentration were taken from the Climate Forecast System Reanalysis of the National
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Centers for Environmental Prediction (NCEP/CFSR) from 1979 to 2010. This reanalysis has
a spatial resolution of 0.3° x 0.3° and a time step of 1 h [61]. Starting from 2011, we used
NCEP/CFSv2 [62], which is the extension of the previous reanalysis version. It has a more
detailed spatial resolution of ~0.205° x 0.204° and the same time step of one hour. The
NCEP/CFSv2 sea ice component includes a dynamic/thermodynamic sea ice model and a
simple assimilation scheme, which Saha et al. described in detail [61]. The wind speed at
the 1000 hPa (~ 110 m) and 975 hPa (~300 m) with spatial resolution 0.5° and time step 6 h
were taken from NCEP/CEFSR to calculate wind power density.

Wave simulations were performed using several unstructured grids for all studied
seas (Figure 1). The spatial resolution was 10—20 km in the central open areas of the seas
and 300—1000 m in the coastal zones. We used seven computational domains, which are
characterized in Table 1. The unstructured grid for the Barents and Kara Seas included
the North Atlantic region and the North Pacific for the Far East Seas (Figure 1). This
unstructured mesh allowed a high spatial resolution not only in coastal zones but also
in the narrow straits. Wave energy can freely pass from the Pacific Ocean through the
straits of the Kuril chain and the Aleutian Islands when an unstructured mesh is used. The
computational grids were created on the basis of the General Bathymetric Chart of the
Oceans 2019 (GEBCO, https:/ /www.gebco.net/ accessed on 30 April 2023). The bathymetry
data were updated for coastal zones by digitized navigation maps with a spatial resolution
of 200-300 m. The study of wind waves using an unstructured computational grid is widely
used by scientists: the main features of modeling and quality assessments were given in
the several works [6,63-65].

White Sea
%Black Sea
54 Azov Sea
K

Figure 1. The computational unstructured grids for all researched seas.
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Table 1. Basic information about computational domains.

. Spatial Spatial
Computat_lonal Included Seas Total _Num.b er of Resolution in Resolution in Features
Domain Grid Points
Coastal Zone Open Sea
1. West Russian Kara, North Atlantic
Arctic Barents 87,729 ~700m 10-20 km included
. Lapteyv, Arctic ocean up to
2 Eaztri‘;cssm East Siberian, 36,176 ~800 m 10-15 km N87 and Beaufort
Chukchi sea included
3. Far—Ejastern Bering, Okhotsk, 69,333 1000 m 15-25 km Ngrth Pacific
Russian Japan included
4. Black, 59,690 ~300 m 5-10 km
Azov
5. Caspian 17,529 ~800 m 10 km
6 Baltic 34,985 ~400 m 10 km
7. White 26,587 ~400 m 10 km Barents Sea
included
We used only calm wave conditions on the open boundary. Sensitivity tests showed
that the open boundary in the central part of the Atlantic Ocean does not influence the
waves in the Barents Sea [66]. There is an open boundary in the north for the Barents and
Kara Seas, but the sea ice is there almost all the time [59]. The open boundary between the
Vilkitsky Strait and the Bering Strait does not greatly influence on the wave statistics.
2.2. Model Quality Assessment
To assess model quality, we used buoy and satellite SWH data. Our previous investiga-
tions have shown the high-quality validation for the Kara Sea [59], the Barents Sea [58,67],
the Caspian Sea [68] and the Black Sea [69] (Table 2). Generalized statistics were provided
for the Laptev, East Siberian, and Chukchi Seas [70], and for the Bering Sea, modeled and
measured data were compared using NOAA station (57°0'56” N, 177°42/11"” W) for the
2018 to 2019 period [60].
Table 2. Basic model quality statistics.
. SI (Scatter N (Total
Sea R Bias (m) RMSE (m) Index) Number) Reference
Cryosat, Sentinel,
Kara 0.89-0.93 —0.03-0.14 0.32-0.38 0.24-0.28 ~190,000
Saral [59]
Kara 0.94 0.07 0.32 0.28 400 Buoy data [59]
Barents 0.88 0.04 0.53 0.28 ~266,000 CryoSat [67]
Black 0.85 —-0.11 0.36 0.36 ~61,000 Saral [69]
Black 0.76 —-0.11 0.39 0.65 ~10,000 Buoy data [69]
Caspian 0.91 0.07 0.29 0.29 ~35,000 Saral [68]
Bering 0.97 0.17 0.46 0.12 ~4500 Buoy data [60]
Laptev, East
Siberian, Chukchi 0.89 —0.05 0.32 0.25 ~79,000 CFOSAT [70]

The model quality assessments was based on the standard statistical parameters:

Bias = ZN l(Pi - Oi),

1 1 @)
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where, N is the total number of data, P; is the model value, O; is the observed value, P is
the mean model value, O is the mean observed value.

The results of quality assessments based on the satellite data and buoy measurements,
presented in Table 2, show good model quality which is similar to assessments conducted by
other scientists [16,17,19]. Hence, the results allow us to use our web Atlas for fundamental
and applied studies.

The wind wave fields, as a model output, were obtained every three hours from 1979
to 2019 (41 years in total) for the Barents, Kara, Bering, Okhotsk, and Japan/East Sea and
from 1979 to 2020 (42 years in total) for the Black and Caspian Seas. In this study, only
modeled SWH results are discussed. We considered SWH (m) as (4,/my), where mj 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 were the 95% percentile SWH,
long-term maximum, and mean SWH. Maximum SWH is the highest SWH for the whole
modeled period for each 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.

2.3. Spatial Data Models and Processing

Wave and wind modeling results should be represented via spatial data models, which
can be processed by Geographic Information System (GIS) software and visualized using
web mapping libraries. This transformation requires the selection of optimal data models
and programming of the technological transition between the source and the spatial data.
The main requirement of such a transition is to minimize the error of representation—i.e.,
GIS representation should reflect the modeling data as accurately as possible. The second
requirement is the ability to visualize the resulting data in a cartographic form: isolines
for wave parameters and a choropleth map for wind parameters. The third and the final
requirement is the ability to perform spatial queries of wave and wind parameters, i.e., the
user should be able to fetch the value at any specified point.

2.3.1. Wave Parameters

The WW3 model used to calculate the wave parameters operates on the irregular
triangulation grid. This spatial layout corresponds naturally to the Triangulated Irregular
Network (TIN) spatial data model [71], handled by spatial database management systems
(DMBSs) and desktop GIS software. However, visualization of TIN is not supported by
modern Open Geospatial Consortium (OGC) web service standards (WMS, WES), as well
as data visualization software libraries (such as OpenLayers and Leaflet). Therefore, this
data cannot be directly used in web atlas and must be transformed into another spatial
data model, such as a raster or vector model.

The most straightforward alternative to TIN is a raster spatial data model. Both are
coverage models [72] used for the representation of continuous fields, but the raster is
constrained by regular sampling along axes. Therefore, if the raster model is utilized,
the main question is to decide on the optimal resolution. Data loss can be avoided if the
sampling frequency is twice larger than the spatial frequency—the Nyquist frequency [73].
By interpreting this statement in the context of the raster model we can say that the
resolution of the raster should be at least two times higher than the minimum distance
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to the nearest neighbor in the analyzed set of wave modeling points. The calculations
show that a resolution of 300 m is sufficient for the computational grid over the Black Sea.
This resolution would result in a raster that has 6000 x 3600 size, or 21.6 million nodes.
However, according to Table 1, the Black and Azov Seas model contains only ~59,690 nodes.
Hence, the raster data structure is exceedingly ineffective for GIS representation of the
results.

Since the required cartographic representation of wave parameters is isolinear, we
ended with a compromised solution based on a combination of two spatial data models:
TIN and vector. First, the triangulated surface was reconstructed from the coordinates of
the modeling grid. This results in a TIN data structure identical to the one used by the
WW3 model. Second, three vector outputs were generated from the TIN: isolines, isobands,
and the Voronoy diagram.

Isolines and isobands (polygons between isolines) were used for the cartographic
representation of the wave parameters, where isobands are colored and isolines are labeled.
Isolines were extracted with value step specific for each wave parameter and using linear
interpolation on the TIN faces. When linear interpolation is used, the surface within each
triangle is represented as a piece of the plane that passes through its points. This leads
to contours that are straight linear segments inside each triangle and can be extracted
very quickly.

The Voronoy diagram was used for spatial queries. A Voronoy diagram of a finite
set of points S in the plane represents a partition of the plane in which each region of that
partition forms a set of points closer to one of the elements of the set S than to any other
element of the set. Representation of the Voronoy diagram as a set of spatial polygons
provided a vector coverage of the modeling area from which the value can be sampled at
any point.

Thus, all three requirements of GIS representation of wave parameters were satisfied.
TIN data model allowed lossless representation of the source data. Isolines/isobands were
used for cartographic representation. And the Voronoy diagram feeds spatial queries.
These data were organized as layers in a spatial database—one for each wave parameter.

2.3.2. Wind Power Density Parameters

Data on wind energy in the coastal region are a sparse set of regularly arranged points
with a step of 0.5°, distributed in the form of a narrow strip along the coastline. In this case,
interpolation of the surface by methods that ensure the continuity of the distribution is
impractical due to the limited number of modeling points and the elongated configuration.
At the same time, it is desirable to create a continuous coverage of coastal areas to ensure
effective cartographic representation.

The nearest neighbor (NN) interpolation method was considered a compromise option.
Each point within the interpolation area receives the value from the point of the source
data closest to it. As a result, a stepped surface is obtained, covering the interpolation area
in a continuous manner. Technologically this approach was implemented by constructing
a Voronoy diagram for a set of source data points. Since the points were arranged in a
lan/lot grid, the resulting Voronoy diagram is represented by a set of quadrangles. Each
quadrangle can be visualized using the choropleth approach, i.e., by applying the fill color
that corresponds to the value.

To limit the area of the Voronoi diagram construction, the centerline of the set of points
was manually constructed. Then the centerline is buffered so that the resulting buffer zone
covers the original set of points with a margin equal to the average distance between the
points. The calculations performed for the initial set of points give a buffer radius of 50 km.

Furthermore, we also satisfied the three initial requirements in the case of wind power
density parameters. Voronoy polygons have a one-to-one relationship with the source
data; hence the transformation between data models is lossless. Second and third, Voronoy
polygons were used for cartographic representation and spatial queries.
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2.3.3. Data Integration

Since the modeling was performed independently for each sea, the problem of data
integration arose for all neighboring seas. To obtain a seamless GIS data coverage for each
wave and wind parameter, an intermediate step was introduced into processing. First,
the modeling points for all seas were merged into one TIN. Then this TIN was edited to
remove possible edge effects in areas where modeling domains coincide. In the case of wind
parametes, the editing was performed in automatic mode by averaging the overlapping
values. Finally, the resulting surface was used to construct the isolines/isobands and the
Voronoy diagram.

2.4. Technological Architecture of the Atlas

The source data grid is presented in the geographical coordinate system WGS 84
(EPSG code is 4326). For the cartographic visualization and interpolation of data, it was
projected into a flat rectangular coordinate system—Web Mercator /Pseudo Mercator (EPSG
code is 3857) commonly used in web services. The parameters of wave and wind energy
were shown by isolines and isobands (layered coloring). The color scales of unipolar and
bipolar indicators were developed based on the Color Brewer color palette system.

The overall architecture of the web atlas was based on a three-tier model, which
includes a data storage subsystem (database server), a data analysis and publication
subsystem (GIS server), and a web application subsystem that provides a user interface
for interacting with data and mapping services (web server). The architecture of the web
atlas is shown in Figure 2. The choice of the subsystem distribution scheme for computing
units (physical servers) depends on the potential load on the system and the involvement
of subsystems in solving other tasks. The current assessment of the potential user load (no
more than a few dozen people at any given time) and the relative simplicity of the database
and mapping services made it possible to implement the placement of all three subsystems
on one physical server. The data is transferred from server to client using a Web feature
service (WFS) OGC protocol.

HTML WEB-SERVER | DATA BASE

JS Thematic data
JAPACHE n\llde = « reference grid of data points

o « multi-time simulation data
— Postgre S %
9 OpenlLayers web-app and data base B map layers data

connection Base map dafa

J L, P%GB + coastline
I 3 « cities
o J\ )

GeoServer

GIS-server

| CLIENT | \ SERVER

Figure 2. Web atlas architecture and technologies.

3. Results and Discussion

In the first part of this chapter, we present the main functions of web atlas with
interface examples. In the second part, the main advantages of web atlas are discussed.
In the third part, the comparison of our wave calculations with the other models and the
effect of using the unstructured grid in wave modeling is presented.

3.1. Web-Atlas Main Functions

The web atlas is located at https:/ /carto.geogr.msu.ru/wavenergy/ (or the develop-
ment version at http://93.180.9.222 /wavenergy accessed on 30 April 2023). The starting
page presents the distribution of the maximum significant wave height in the seas under
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LAYERS SELECT SEA
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ty on 100 m above the ground, W/m?

ground, mfs

ground, m/s

study (Figure 3). In the upper left corner, there is a Layers button for switching layers. By
switching layers, the user has the opportunity to choose one of the following parameters:

maximum significant wave height, m;

maximum wave height (1% probability of exceedance), m;
mean significant wave height, m;

maximum wave energy flux, kW/m;

mean wave energy flux, kW/m;

mean wave length, m;

mean wave period T01, s;

probability of wave energy > 1 kW /m, %;

mean wind power density 50 m above the ground, W/m?;
mean wind power density 100 m above the ground, W/m?;
mean wind speed 50 m above the ground, m/s;

mean wind speed 100 m above the ground, m/s.

MEAN SIGNIFICANT WAVE HEIGHT, M
[N INFO
0 02 04 06 08 1 12 14 16 15 2 22 24 26 28 3 32

Barents Sea

— e s o~ .

= -
2

Figure 3. Web atlas overview with “mean significant wave height” parameter selected. The yellow
dot shows the selected point for analysis.

The user can use the mouse, touch bar, or screen to pan and zoom the map. There
is a button for selecting a specific sea, which makes it easier to find the water area. If the
user chooses the specific sea, the map zooms to its extent, and changing the parameter
is followed by changing the represented map. An example of the maximum significant
wave height in the Laptev, East Siberian, Chukchi, Bering, Okhotsk, and East/Japan Seas is
represented in Figure 4.

When left-clicking on any point located within the explored seas, the user receives a
table of values, presented in the lower right corner (Figure 3). For the selected point, the
coordinates and all the main wave and wind parameters are displayed.
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LAYERS
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Figure 4. Maximum significant wave height in the Laptev, East Siberian, Chukchi, Bering, Okhotsk
and East/Japan Seas displayed in the web atlas.

3.2. The Main Advantages of the Web Atlas

The most important advantage of the developed atlas is the ability to analyze the
parameters of waves and wind in 13 seas simultaneously and in high spatial detail. There
is no need to search for different data sources. It is possible to analyze wind wave climate,
and available energy sources, to reveal the potential places of coastal destruction and other
processes that are influenced by wind and waves. The atlas has the ability to dynamically
update maps while zooming according to the level of detail. This function allows for the
study of sea energy characteristics in different scales. The color fill, isolines, and labels are
dynamically rerendered while zooming.

The web atlas was built on modeling data with a high resolution in the coastal zone.
This is an outstanding feature since ERA5 databases are presented on a regular grid (e.g.,
0.5°), which does not allow the estimation of the distribution of wave parameters near the
shore. Usually, modeling data with high resolution are either not published in the public
domain or downloaded as large arrays of source data. Our atlas provides access to such
data, and we can see its effect on the distribution of maximum significant wave height
in the Korean strait, where Tsushima and other islands are correctly represented in the
calculated grid (Figure 5). It is seen that the islands influence the propagation of wave
energy significantly, which proves that calculations using unstructured computational grids
are capable of handling the local effects with high accuracy.
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Figure 5. Maximum significant wave height in the Korean strait displayed in the Web atlas. The
yellow dot shows the selected point for analysis.

3.3. Comparison of WW3 Unstructured Data with Other Sources

An example of comparing our wave reanalysis which is used for the web atlas, with
several popular wave reanalyses in the Bering Sea is shown in Figure 6. We compared
the WW3 NOAA dataset (https://polar.ncep.noaa.gov/waves accessed on 30 April 2023),
which is distributed by Asia-Pacific Data-Research Center (http://apdrc.soest.hawaii.edu/
accessed on 30 April 2023) (Figure 6a), with the popular wave reanalysis ERA5 [74] (https:
/ /www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5 accessed on 30 April 2023)
(Figure 6b). Both reanalyses have a spatial resolution of 0.5°. WW3 NOAA was forced by
NCEP wind, ERA5 used its own ERA5 wind, and our calculations used NCEP wind and
an unstructured grid.

In general, wave height fields based on the different datasets look similar (Figure 6). In
this case, the waves come from the Pacific Ocean to the north and pass through the straits
of the Aleutian Islands. The width of some straits is less than the resolution of 0.5°, so
in the case of a high-resolution unstructured grid, more wave energy passes through the
straits to the Bering Sea (Figure 6¢).

More detailed wave fields in the Aleutian Islands area are shown in Figure 7. We
see that depending on the grid resolution and size of the islands, the wave fields have
different features.

The general quality estimates of our implementation (Section 2.2) are comparable to
the quality of other reanalyses [19,75,76]. Next, we decided to assess the quality of our wave
model implementation based on an unstructured grid using direct wave measurements.
Unfortunately, good wave data series are quite rare, especially near straits and islands.
We used NOAA wave buoy Ne46072 (https://www.ndbc.noaa.gov/station_page.php?
station=46072 accessed on 30 April 2023), which was located to the south of the Aleutian
Islands (Figure 8). When using an unstructured grid, even through narrow straits, wave
energy passes freely, which cannot be achieved when using a regular 0.5° resolution grid
(Figure 8b).
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Figure 6. Significant wave height in the Bering Sea at 25.11.2018 based on WW3 NOAA (a), ERA5 (b)
and our wave reanalysis (c). Black box used for zoomed in region shown in Figure 7.
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Figure 7. Significant wave height in the selected square of the Aleutian Islands 25 November 2018
based ERAS (a) and our wave reanalysis (b).
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Figure 8. Unstructured grid in the Bering Sea (a), ERA5 and WW3 Unstructured grid in selected
square (black box on Figure 8a) of the Aleutian Islands (b).



Water 2023, 15, 2036

14 0f 18

SWH, m

1 November 2018

Wave direction, °

1 November 2018

SWH Buoy
——SWH ERAS
—— SWH WW3 Unstructured

A comparison of the modeled and measured SWH from 1 November to 1 December
2018 for wave buoy Ne46072 is shown in Figure 9. Both variants of model calculations
(ERA5 and WW3 Unstructured) represent the absolute wave height and the phase of the
individual storm event quite well. However, in some cases, there is a difference of about
0.5-1 m between the models. It is important to note that different forcing was used in the
wave models, and it is not quite correct to make a direct comparison. We found several
cases (highlighted in red circles in Figure 9) when the wave height according to the ERA5
model is lower than the buoy and the WW3 unstructured model. These situations were
observed in the direction of waves 250-320° (Figure 9b); hence the waves come from the
islands (Figure 8b). The number of nodes in the 250-320° sector in the ERA5 model is
insufficient for the correct propagation of wave energy from this direction (Figure 8b). We
believe this is to the cause of the underestimation of the height of the waves in the ERA5
model.

Significant wave height

6 November 2018 11 November 2018 16 November 2018 21 November 2018 26 November 2018 1 December 2018

Wave direction

hmmw

6 November 2018 11 November 2018 16 November 2018 21 November 2018 26 November 2018 1 December 2018

Figure 9. Significant wave height based on buoy measurements, ERA5 and our wave hindcast (a) and
mean wave direction based on buoy measurements (b). The red circles show the possible influence of
the computational grid.

4. Conclusions

This paper presented the wind waves web atlas of the Russian Seas. The source data,
processing, as well as the functionality and characteristics of the atlas were described. The
atlas contains the following parameters: mean and maximum values of the significant wave
height, wave length and period, wave energy flux, wind speed, and wind power. Spatial
distributions of these parameters were obtained through long-term modeling using the
WW3 model on an unstructured grid. Technically, the atlas is based on the classic three-
tier architecture, which includes a data storage subsystem, data analysis, and publishing
subsystems.
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The main advantage of the developed atlas is open access—it can be used via a web
interface without any special programs and skills. The second important advantage is the
ability to change the map scale (zoom) and a detailed analysis of wave parameters in the
coastal zones where the wave model spatial resolution is 300-1000 m. Moreover, the use of
an unstructured high-resolution grid improved the quality of wave modeling in conditions
of a complex coastline and the presence of islands.

This web atlas can be very useful for assessing extreme wave conditions near the coast
and the available potential of wave and wind energy in the Russian Seas.
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