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Abstract. The structure of the developed interactive model of wind waves
and currents for the construction area in the Kola Bay, Barents Sea is
considered. The interaction between three modules of the developed model
which based on the SWAN, ARTEMIS and COASTOX models is shown.
The interactive model can be applied to get the statistical characteristics of
waves and currents. The article presents an overview of the results of
applying a chain of numerical models to determine the wave loads on the
structures of the projected Center for the Construction of Large-capacity
Marine Structures in the Kola Bay.

1 Introduction

The paper presents the developed numerical interactive model of currents and wind waves
in the Kola Bay, Barents Sea, which was designed to simulate wave modes, currents and
level changes in various synoptic situations and configurations of projected port structures.

The interactive model uses the 2D model of sea currents - COASTOX, as well as open-
source wave models: spectral models of generation and transformation of wind waves,
SWAN and WaveWatchlll, and the model of waves in the structure area, ARTEMIS. Brief
description of the models SWAN, ARTEMIS, and COASTOX is provided.

The structure of the interactive model of wind waves and currents, information flows
between its three modules based on the SWAN, ARTEMIS and COASTOX models are
described in detail. The developed interactive model was used in the research of the Center
for the Construction of Large-capacity Marine Structures (CCLMS). The determined by
interactive model wave statistical characteristics in the key points of the project area are
presented.

2 Methods

The climatic characteristics of wind waves in the specified points at the approach to the
design area were determined by the spectral models of wind waves, SWAN and
WaveWatchlll [1]. The WaveWatchlll model was used to simulate the formation and
transformation of wind waves in the deep-water zone of the Barents Sea, and then, these
data were transmitted to the SWAN model, suitable for modeling the wave processes in the
coastal zone.
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Model SWAN, Technical University of Delft, distributed in internet, based on the
balance equation of the wave action with sources and sinks [2, 3]. The model describes the
next wave processes: wind wave generation; propagation on the variable depth; shoaling by
depth and current; refraction; diffraction; blocking and reflection of waves by opposite
directional currents; passing through the flooded obstacles. This model is used in the
research because there is its successful application in many engineering projects, as well as
testing (verification) based on the relevant data of field measurements.

COASTOX is a model for simulation the coastal current fields generated by the
combined effect of wind, deep-water gradient currents, tides, and wind waves [4, 5]. The
numerical module solves two-dimensional shallow water equations using the finite volume
method on unstructured grids, including components describing the effects of bottom
friction, wave radiation stresses, and horizontal turbulent mixing. Due to the universal
structure of the equations, they can, in addition to coastal currents, under the appropriate
boundary conditions and the disabled module of wave radiation stresses, describe a variety
of long-wave processes, like the river flows, tidal wave transformation, storm surges,
tsunami waves. The model has been used in various engineering problems to define the
coastal currents. The conducted comparisons showed the acceptable accuracy and stability
of the applied computational algorithm for complex bathymetry and coastal outlines. The
following models of numerical solution of shallow water equations on unstructured grids
participated in comparison with the COASTOX: Mike-11 "DHI" [6], ADCIRC USA [7, 8],
and CMS-Flow Corps of Engineers of the US Army [9].

The disadvantages of these models include the inability to adequately describe the
processes of diffraction in the hydraulic structure areas and in the internal waters of ports.
Therefore, the ARTEMIS model, which considers the processes of diffraction and
reflection of waves from obstacles, was used to simulate the wave regime in the coastal
hydraulic structure’s areas.

The ARTEMIS open access model [10] is based on an extended version of the mild
slope equation (MSE) [11]. In the ARTEMIS code, the mild slope equations are solved
numerically by the finite element method using a parallel computing algorithm. The model
is part of the TELEMAC software package for calculating wave hydrodynamics problems
[12], the open-source version of which is called TELEMACMAS CARET [13].

The choice of ARTEMIS as one of the three components of the interactive model
developed in this project, along with its status as a freely distributed code, is also due to:
successful testing of ARTEMIS for a large number of seaport projects, for example [14-17],
as well as a set of tests, which, in comparison with the measurement data, are presented in
the model documentation; the availability of both a version for regular waves and a spectral
version of the model.

To calculate the wave characteristics on the approach to the Kola Bay from the Barents
Sea and inside the Bay for the 30-year period from 1987 to 2016, a chain of wave spectral
models — WaveWatchllI ver.5.16 and SWAN ver. 41.10 applied. The wind fields for the
initiation of wave models were taken from the data of the NCEP-CFSR wind field
reanalysis [18-20], obtained considering satellite observations.

Calculations of wind waves were carried out by three nested numerical grids. For the
WaveWatchlll model, the first grid was used, which covers the Barents Sea from 66° to 80°
North latitude and from 17° to 55° East longitude, the number of grid nodes is 229x169, the
grid cell size is 10x5min, or approximately 9.15 km. The second and third grids (Fig. 1)
were used for SWAN model. The cell size of each subsequent grid is 5 times smaller than
the size of the previous grid. The second grid includes 106 to 76 nodes. The third grid
covers the water area of the Kola Bay, the size of the third grid is 106 to 144 nodes. The
second and third grids were used to simulate currents and sea level changes in the
COASTOX model. There are shown (Fig.1) the boundaries of the calculation grids: the
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border of the second calculation grid - by red line, and the border of the third calculation
grid - by green line.

To simulate the tides, change the level was set at the sea boundary of the numerical grid.
The tide parameters were taken from the global tidal model TPXO7. 2 [21]. The dynamics
of the level at the boundaries were calculated based on 13 tidal harmonics.

The bathymetry for the numerical grids was interpolated into nodes from the GEBCO
topographic data available on the Internet on a 30-second grid, and for the Kola Bay from
digitized graphical nautical charts. For the water body of the port in the Kola Bay, the data
of the bottom sounding with an echo sounder were used.

The wave parameters in the control points obtained using the SWAN and
WaveWatchlIl models were used to initialize the ARTEMIS refractive-diffraction model,
which was used to calculate the wave elements of different repeatability in the water body
of the object and near the berths.

The bathymetry of the middle knee of the Kola Bay, the design site and the boundary of
the ARTEMIS calculation area are shown in Fig. 2. The black color shows the object's
structures. Fig. 2 also shows the location of 15 control points SW1-5, S1-5, SE1-5, for
which, according to the results of the SWAN model, the elements of waves of various
repeatability were calculated using statistical methods.

In Fig.2 black color shows a configuration of the hydraulic structures of the object; and
yellow color - border of the computational domain of ARTEMIS for waves of eastern (E)
direction; red color - boundary of the computational region for western (W), southwestern
(SW), southern (S), and South-Eastern (SE) directions. The points of presenting the results
of the model SWAN are also shown in Fig.2. The waves in the parameters at points SW5,
S3, and SES are used directly to initialize the ARTEMIS model. For the waves of the W
and SW directions, the parameters from the point SW5 are used, for the S direction - from
the point S3, and for the SE and E directions - from the point SES5.

The computational grid of the ARTEMIS model must be constructed, considering the
limits of the numerical scheme. For a detailed calculated grid, it is necessary that the
wavelength should include at least 7 grid nodes. For a rough computational grid, a less rigid
condition of 4-5 nodes per wavelength is acceptable.

Fig. 1. The numerical grld of the SWAN and COASTOX models. UTM36 prOJectlon EPSG 32636
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Fig. 2. Bathymetry of the Kola Bay in the study area of the CCLMS location, relative to the mean sea
level. UTM36 projection, EPSG: 32636

The locally generated waves are quite short. The periods of these waves lead in the
range of 2.5-4 s in accordance with the wave statistics. Which corresponds to wave lengths
from 10 to 25 m.

Universal grid for waves of all lengths, covering the entire water area of the CCLMS
and suitable for modeling waves of all directions, will be very large with numbers of
elements about 3 000 000, which require large RAM resources and large expenditures of
machine time.

Therefore, a compromise solution was chosen, and three grids were built: the mesh to
the waves of the Eastern direction, the grid for the rest directions waves with a wavelength
of 10 m and the mesh of the waves of the South and Southeast directions with a wavelength
less than 10 m.

The distribution of the wavelength in the region corresponding to a monochromatic
wave with a period of 3 seconds (wavelength = 14 m) was taken as the basis for
constructing the grid for waves of the E direction. Accordingly, the size of the grid cell,
equal to the ratio A/7, varies in the range from 1.0 m in shallow water to 2.0 m at the
maximal depth. The dimensions of the resulting grid are 891716 nodes and 1777789
elements.

To construct a grid for waves of other directions with a wavelength of more than 10 m,
the wavelength distribution corresponding to a wave with a period of 3 seconds was also
taken. However, the orientation of the borders was different, and the area covered by the
CCLMS water area was smaller. The dimensions of the resulting grid are 566944 nodes and
1128690 elements.

For S and SE waves of rare repeatability, the same study region with the same
boundaries was selected and the wavelength distribution corresponding to a monochromatic
wave with a period of 2 seconds (wavelength 6.24 m) was taken. But for the construction of
the grid, the less rigid condition A/5 was taken. Which gives the grid cell size at deep water
around 1.25 m. In shallow water, the size of the cells was limited by 1.0 m. As a result, a
grid of 1395966 nodes and 2784509 elements was constructed.
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The bathymetry of the calculated grids is constructed considering the configuration of
the hydraulic structures of the CCLMS. The final bathymetry assigned to the mean sea level
is shown in Fig. 3. The borders of the grids, wave-generating and reflecting, are also show.
The reflection coefficient along the entire perimeter of the CCLMS (green line in Fig. 3)
was assumed to be equal to 0.9. The yellow color shows the wave-generating boundary of
the calculated area for waves of the E direction, red color - the boundary of the calculated
area for waves of the W, SW, S and SE directions, green color - the reflecting boundary.
The control points for the output of the ARTEMIS model results are also shown.
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Fig. 3. Bathymetry on the calculated grid of the ARTEMIS model, relative to the mean sea level.
UTM36 projection, EPSG: 32636

3. Results and discussion

The wave fields for the first, second, and third computational grids were calculated by the
SWAN model for the entire period from 1987 to 2016. The calculation results were saved
for the control points inside the bay near the projected port (Fig. 2). The data was analyzed
to select the dates of the largest annual storms. At the analysis stage, it was noticed that
large waves for these points come from various directions — West, Southwest, South,
Southeast, and East. The statistical analysis of the waves for each of the five directions was
therefore carried out.

To construct extreme wave fields of various repeatability, the wave elements (heights,
directions, and periods) in the nodes of the numerical grid were selected, which correspond
to the time points at which the wave height at point S3 is the maximal one for each year.
Next, one used the so-called AMS approach (construction a distribution by annual
maxima). For each point of the grid, it was obtained the Weibull distribution parameters,
which were used to calculate the values of the heights of waves of rare repeatability. As an
example, the fields of significant waves possible 1 time in 100 years for the Eastern
direction of the wave approach for the water area of the Kola Bay are shown in Fig.4.

The wave parameters obtained by the SWAN model in the approach of the site were
used as input data for the ARTEMIS model.

Using the ARTEMIS model, wave fields were modeled for all wave-prone areas of the
planned CCLMS. The distribution of waves in the water area of the CCLMS, for a wave
with a frequency of 1 time in 100 years of 1% repeatability, West direction (azimuth 260°)
for the average long-term sea level is shown in Fig. 5.
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One of the advantages of the interactive model is the ability to change the configuration
of structures, as well as the boundaries, such as the coefficients of reflection of waves from
structures, changes in the reference sea levels, etc.
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Fig. 4. The heights of significant waves possible 1 time in 100 years for the Eastern direction of the
wave approach for the Kola Bay waters

The waves near the base of the gravity base structures (GBS) at the berth of the CCLMS
are shown in Fig. 6. To get them, the calculation areas of the ARTEMIS model were
redesigned, and additional control points were added. The changes made are described in

more detail in [22].
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Fig. 5. Distribution of wave fields in the water area of the CCLMS, for a wave with a frequency of 1
time in 100 years of 1% repeatability, West direction (azimuth 260°) for the average long-term sea
level
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Fig. 6. Wave heights of the SE direction with a repeatability of 1 time in 50 years of 1% repeatability
in the water area of the CCLMS near the GBS, for the reference sea level, minimal, 1% repeatability

Based on the initial data, the interactive model predicts the distribution of sea level and
current velocities in the entire region for the selected period. As well as the sea level and
current velocities obtained at the selected control points in the CCLMS area.

The simulation results are shown in Fig. 7 and 8. Fig. 7 shows the current field for the
CCLMS water area with the old configuration of port facilities during the full tidal phase,
17.08.2015. Fig. 8 shows the current field for the CCLMS water area under the new
configuration of port facilities during the full tidal phase, 17.08.2015.

Flow Velocity, m/s_mag 16 19:00:00

Fig. 7. Current pattent in the CCLMS water area (old configuration) during the full tidal phase,
17.08.2015. UTM36 projection, EPSG: 32636
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Fig. 8. Current pattent in the CCLMS water area (new configuration) during the full tidal phase,
17.08.2015. UTM36 projection, EPSG: 32636

4. Conclusions

The developed interactive model solves the problems of reliable prediction of the wave and
current regime in the design of port facilities in Kola Bay. The model can be used for
calculating the statistical characteristics of waves and currents, as well as for predictive
calculations.

The structure of the developed interactive model of wind waves and currents for the
design site in the Kola Bay is considered, and the interaction between its three calculation
modules based on the SWAN, ARTEMIS and COASTOX models is shown. Interactive
features of the model include the ability to change the input information on wind fields
from the NCEP reanalysis. It is possible to extend the forecast period, for example, by
increasing the number of past years or adding the last years to the estimated time series.
The interactive model allows to change the boundary conditions, the characteristics of tides
at the outer boundary of the computational domain or reanalysis data. One of the
advantages of using an interactive model is the ability to change the configuration of port
facilities. This paper illustrates this possibility to calculate the wave and current fields for
different configurations of CCLMS structures.

The developed interactive model can be used to solve such problems as: determination
the calculated parameters of waves at mooring structures to ensure safe conditions for
ships; determination of the elements of waves at the structures to define the crest heights,
wave loads, etc.; determination of currents to predict sediment transport.

This study was initiated particularly in the framework of the grant of the President of the Russian
Federation (MK -3792.2021.4).
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