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Abstract. In this work, the waves and currents generated by prognostic wind in
the Sea of Azov are investigated using a three-dimensional nonlinear
sigma-coordinate Princeton Ocean Model. The mathematical model was also
used for studying the transformation of passive admixture in the Sea of Azov,
caused by the spatiotemporal variations in the fields of wind and atmospheric
pressure, obtained from the prediction SKIRON model. Comparison of the
results of numerical calculations and the data of field observations, obtained
during the action of the wind on a number of hydrological stations was carried
out. The growth of storm surges, velocities of currents and the characteristics of
the pollution region at different levels of intensity of prognostic wind and sta-
tionary currents were found. The obtained results are presented in the table of
the sea level changes caused by the onshore and offshore winds and the current
velocities for different characteristics of constant and variable wind. The results
of a comprehensive study allow reliably estimate modern eco-logical condition
of offshore zones, develop predictive models of catastrophic water events and
make science-based solutions to minimize the possible damage.
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1 Introduction

Currently steady growth of interest in the mathematical modeling of wave motions of
various natural stratified environments is observed. This is due to problems of geo-
physics, oceanography, atmospheric physics protection and study of the environment,
the operation of complex hydraulic structures, including offshore oil complexes and
other. Industrial activity in the offshore including those related to mining is important
task wave dynamics, and obtained characteristics are used to assess the environmental
impact on marine technology design and development of effective methods of
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forecasting of extreme hydrological events. Numerical study of hydrodynamic pro-
cesses in the Azov Sea, arising from the different types of atmospheric circulation will
be performed using the three-dimensional nonlinear sigma coordinate model with high
spatial resolution adapted to the peculiarities of this basin. New modules and routines
were included in the model in order to obtain assessment of the response patterns of
surface and bottom currents at strengthening wind stress. Based on the analysis of
results of a series of numerical experiments are performed to identify extreme synoptic
perturbation level and flow velocity of the Azov Sea.

2 The Three Dimensional Primitive Equations. Boundary
and Initial Conditions

2.1 Model Configuration

We investigate the waves and currents generated by prognostic wind [1, 2] in the Sea of
Azov. We used a three-dimensional nonlinear Princeton Ocean (POM) model to do it
[3]. We shall consider a rectangular coordinate system in which the x-axis is directed to
the east, the y-axis is directed to the north, and the z-axis is directed vertically upwards.
The mathematical model is based on the equations of motion and continuity using the
hydrostatic approximation [3, 4].
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We denote that u, v, and w are velocity projections on the axes x, y, and z,
respectively; ¢ is the time; p|, = p(x, y, z, #) and p|; = pam is the standard atmo-
spheric pressure; p is the density; g is the acceleration due to gravity; and f is the
Coriolis parameter. The coefficient of the horizontal viscosity Ay, is calculated using the
Smagorinskii model of subgrid viscosity [5] depending on the horizontal velocity
gradients. The relations for the calculation of the vertical viscosity coefficients K, and
the turbulent diffusion Kj according to the semi-empirical model of Mellor-Yamada
(level 2.5) are written as follows [6]:

Ky = qlSy, Kn = qlSy, (5)

where S;; and Sy in a neutrally stratified flow are equal to 0.30 and 0.49, respectively.
This parameterization is based on the solution of two additional equations in partial
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derivatives to determine the turbulent kinetic energy (¢°/2) and the turbulence mac-
roscale (I).

The boundary conditions at the free surface (z = {(x, y, f)) for the equations of
motion are written as follows:

W\Z:C:%Jr 8C+ BC KM(

or Ox = (TOX:TO,V)' (6)
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We note that (7, Toy) = paCalUw|(Uw, Vi) are projections of the tangential wind
stress [3]; Uy is the wind speed at 10 m above the sea water surface, Uy and Vy, are
two components of the wind speed vector; p, is the density of air at the standard
atmospheric conditions, and C, is an empirical coefficient of the surface friction [7],
which varies depending on the wind velocity:

2,5, [Up| > 22 m-s7!,
s ] 0,4940,065W|, 8< [Uy| < 22 m-s!,
WG=112, 4< Uyl < 8 mest 7
1,1, 1< |[Up|] < 4 m-sh

The normal component of the velocity at the bottom is zero (z = —H(x, y)); the
bottom tangential stresses are related to the velocity by the quadratic equation [3]

<w+u8—H+v8—H> =0, KM<au 8v>
—H 0z’ 0z
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where (11, T1y) = cb|Up|(ut, Vb), up and vy, are the horizontal flow velocities at the grid
point closest to bottom and ¢, is the bottom drag coefficient determined as the maxi-
mum between a value calculated according to the logarithmic law of the wall and a
value equal to 0.0025: ¢, = max{ K(n(H + zp)/z0) % 0,0025}, where z,, is the vertical
step in the bottom layer; and zo = 0.03 mm is the roughness parameter that charac-
terizes the hydrodynamic properties of the underlying bottom surface. The non-slip
conditions are specified at the lateral boundaries. As initial (at # = 0), conditions are
assumed for the absence of fluid motion and the horizontal nature of the free surface
before the onset of atmospheric disturbances.

Let use the equation of transport and diffusion to calculate the spreading of the
admixture with the concentration C(x, y, z, 1) [3]:

dC 0 oC 0 oC 0 oC
E—afc(AHa>+a—y(Aﬂa—y)+a—z<Kﬂa—z)' ©)

Here, Ay = 10 m>/s [3, 5] is the coefficient of horizontal turbulent diffusion and K
is the vertical diffusion; Kz is found from Egs. (5), (1). The conditions of zero
admixture fluxes through the free surface, lateral walls (S), and bottom of the basin are
added to the dynamic boundary conditions at the free surface and bottom layer [3]:

= (T1x,71y), (8)

-H
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The initial pollution region for all the atmospheric perturbations considered below
is located in the surface layer:

=0. (10)

z=—H
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where z; is the thickness of the pollution region, r = ((x — xo0)’ + - yo)z)ll 2 is the
distance from the center of this region (xg, yo) to the point at which the concentration is
calculated and R is its radius. We select the time of the dispelling of the admixture (74)
and the coefficient of the maximum square of its spreading at different levels (K ,.x) as
examples of the parameters characterizing the evolution of the passive admixture.
Then, Knax = Smax/So, Where Sy is the square of the initial region of pollution in the
surface layer, and S, is the maximum square of the pollution at the considered depth
during the transformation of the admixture. The condition of complete pollution dis-
pelling is for a concentration that does not exceed 2.5 x 1072 over the entire basin of
the sea (Cy = 2.5 x 107%).

The transition from the z-coordinate to the sigma-coordinate in Eqgs. (1)—(4), (6),
(8)—(10) is made to perform the numerical realization [3]. In this case, the solution
algorithm is based on the application of two-layer differential schemes. The transport
operators are approximated [8] using a TVD scheme (a linear combination of the
scheme of directed differences and the Lax-Wendroff scheme); the spatial digitization
of the equations is performed using a C grid. Uniform steps over the horizontal
coordinates Ax and Ay and the o-coordinate are used. The resolutions of the model by
latitude and longitude are (1/59)° x (1/84)°, at which the linear sizes of the cell are
Ax = Ay = 1.4 km; the number of the horizontal grid nodes is 276 x 176. The number
of g-sigma levels by the vertical is 11. The equations were integrated with a step of
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Fig. 1. The bottom relief (m) of the Sea of Azov, the position of coastal stations.
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At = 18 s to determine the average two-dimensional velocity components and the sea
level and with a step of A4 = 10A7 = 3 min to calculate the deviations from the found
mean values and vertical velocity component. The choice of the integration steps over
the temporal and spatial coordinates was performed according to the stability criterion
for barotropic waves [9]. The bottom topography is interpolated to the model grid using
the depths given in the navigation charts. The deviations of the Azov Sea level were
analyzed at nine stations located near large towns (see Fig. 1).

2.2  Wind Stress and Atmospheric Pressure Conditions

Stationary motions in the Sea of Azov are generated by the western wind field, whose
velocity at the sea surface (|U[}'= 5 and [U[} = 10 m/s) does not depend on x and y;
in the first three hours (0 < # < 3 h), it increases with time according to a linear law

<|U|?t2 =0atr = 0) and reaches the maximum value; later (+ < 3 h) it does not

change. The moment when the currents reach the stable regime (¢ = #) is determined
by the fact that no notable deviations of the level and current velocities (the variations
do not exceed 3%) occur between two neighboring time moments (7 > #y and T + Af).
From this we find the time when the fluid motion reaches the stable regime
(t = to1, U}t = to2, |U|3). At the moment ¢ = f5) when the fluid motion stably, a
temporally and spatially inhomogeneous wind field and atmospheric pressure obtained
from the reanalysis data (SKIRON) is added to the stationary wind and the standard
atmospheric pressure. At ¢ > #y, the wind Uitﬁ maintains the stationary motion, and
Uskiron adds a non-stationary component to the motion.

We study the joint influence of the stationary (Uﬁt2 and variable Ugkron) Wind on
the maximum velocities of the currents and the extreme values of the offshore and
onshore transport using a series of numerical experiments. These results are compared
with the data obtained from the calculation of the winds and currents caused only by
constant wind forcing or only by wind determined from the reanalysis.

The investigation of the stationary currents is performed for the constant western
wind, whose velocity is 5 and 10 m/s. The surface wind field from the SKIRON model
[15] in the period from September 8 to 18, 2007, is used as the variable wind in time
and space. Its forcing in the existence of the stationary currents in the Sea of Azov
occurs during 10 days starting from September 8 at 00:00 h.

Table 1 presents the maximum wind velocities and wind directions (Uskron) Over
the Sea of Azov from September 11 to 18, 2007, as functions of time. The wind
velocity changes monotonously between two neighboring times. The deviations of the
wind velocity vector from the x-axis (the x-axis is directed to the east at an angle of 50°
to the latitude) are given in degrees. It is seen from this that, during the studied period
(192 h), the maximum and minimum velocities were 12.7 and 1.6 m/s, respectively.
The dominating directions of the wind are northeastern and northwestern. We note that
the results of the long-term observations of the atmospheric perturbations in the region
of the Sea of Azov [1] in this period (September) agree well with the data of the
SKIRON model given in this table.
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Table 1. The maximum wind velocity (m/s) as a function of time (h) and its direction (deg.)
obtained from the SKIRON model data from September 11, 2007 at O h to 18, 2007 at 24 h

Time | Wind velocity | Wind direction | Time | Wind velocity | Wind direction
2 6.8 107 76 9.4 354
14 2.6 344 92 | 12.7 350
28 5.8 9 104 | 9.6 100
30 3.0 10 106 | 7.5 210
32 52 107 108 5.7 200
44 5.8 344 112 35 110
48 8.1 100 124 | 52 344
50 42 213 130 | 33 354
54 5.8 195 132 1.6 347
56 79 192 140 | 2.1 10
58 9.6 108 152 | 49 106
62 11.6 350 192 5.8 200

3 Analysis of Numerical Experiments

Numerical experiments were realized for two velocities of the stationary western wind
to study the influence of the induced currents on the sea level fluctuations and the
variations in the velocity field of the nonstationary currents caused by the SKIRON
wind. Table 2 gives the maximum sea level deviations caused by the stationary wind
(U},), only by the wind based on the reanalysis data (Uskiron), and by their joint
forcing (U}, + Uskiron) at the coastal stations of the Sea of Azov. The sea level
variations caused by onshore winds are given in the upper part of the table, and the
offshore values are given in the lower part of the table. It follows from the analysis of
these results that the maximum onshore sea level changes generated by the system of
stationary and variable wind were recorded at the following stations: 20.7 cm (U}') and
62.4 cm (UY) in Taganrog, 57.1 cm (Uskiron) and 80.4 cm (UY'+ Uskrron) in
Primosko-Akhtarsk, and 102.2 cm (U;t + Uskiron) in Eisk. It is seen from here that the
maximum sea level change caused by onshore winds in the case of (U;t + Uskiron)
(102.2 cm) is 1.27 times greater than in the case of (Uj'+ Uskiron) (80.4 cm). The
minimum sea level changes caused by onshore winds appear in Mysovoye (7.5 cm for
U}, 13.9 cm for UY) and in Opasnoye (9.4 cm for Uskron, 16.1 cm for Uj +
USKIRON’ and 24.8 cm for (U;t + USKIRON)-

The maximum sea level changes become greater under the joint influence of
variable and constant offshore winds than in the stable regime and in the case of zero
stationary currents. Among all the types of winds, the maximum sea level changes
under offshore winds occur in Genichesk: 12.2 cm (UY), 51.7 cm (Ugkiron), 76.5 cm
(U}' 4+ Uskiron), and 87.0 cm (U5 + Uskiron). The minimum sea level changes under
offshore winds occur in Opasnoye (3.3 cm (U}), 11.1 cm (U}) and in Temryuk
(87 cm (USKIRON)7 152 cm ([Jbll + USKIRON)v and 23.0 cm ([JEl + USKIRON)-

Let us compare the modeling results and the data of the field measurements pre-
sented in the tables of the hourly sea level values of the State Meteorological Service of
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Table 2. Maximum sea level displacements caused by onshore and offshore winds (cm) at
coastal stations of the Sea of Azov under a stationary regime and caused by a prognostic wind in
the presence of stationary currents

Coastal stations | U' | US| Uskiron | U} + Uskiron | US' + Uskiron
Genichesk - - 25,4 32,2 62,3
Berdyansk - - 9,6 16,9 443
Mariupol 9,8 [37,3/29,3 46,4 80,4
Taganrog 20,7 162,4|50,6 63,1 89,5
Eisk 13,8 152,238,1 76,0 102,2
P. Akhnarsk 8,1 43,2571 80,4 91,1
Temryuk 10,2 26,9 | 24,5 29,7 49,9
Opasnoye - - 9,4 16,1 24.8
Mysovoye 75 |13,9|12,1 19,6 34,2
Genichesk 12,2151,7 [ 42,5 76,5 87,0
Berdyansk 4,0 (17,6173 30,9 62,1
Mariupol - - 18,2 26,0 39,7
Taganrog - - 29,0 42.4 72,9
Eisk - - 18,9 41,1 453
P. Akhnarsk - - 14,1 23,8 35,5
Temryuk - - 8,7 15,2 23,0
Opasnoye 3,3 |11,1]10,6 20,5 34,2
Mysovoye - - 22,3 39,4 63,9

Ukraine in the period from September 8 to 18, 2007. Let us estimate numerically the
obtained extreme values of the sea level changes under onshore winds caused by the
Wskiron Wind with the hourly data from these tables. The simulated maximum of the
onshore sea level change in Genichesk is 25.4 cm, which is 4.7 cm (16%) smaller than
from the data of the observations. It follows from this that the amplitudes of the sea
level fluctuations obtained from the field data and from the numerical calculations
agree quite well. The indicated differences are likely to be caused by the errors of the
measurements and mathematical modeling.

Variations in the profile of the sea surface caused by wind forcing are shown in
Fig. 2. It is seen from the figure that, in the stable regime (Fig. 2a), the sea level
decreases along the western coast and increases near the eastern coast. The node line
(dashed line) crosses the central part of the sea normal to the wind velocity. The regions
in which the maximum and minimum sea level deviations appear three change during
the wind forcing (Fig. 2b—d).

The objective of the following numerical experiments is to estimate the influence of
the wind fields and generated currents on the spreading of the passive admixture
(9) transported to the central region of the sea. The initial position of the center of the
region where the admixture was released is located at a point with the coordinates
xo = 180 km, yy = 120 km; the depth of the sea at this point is 12 m. The region where
the admixture was released is a cylinder with radius R = 9 km and depth 2, (0 > z > hy),
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Fig. 2. Sea level fields of the Sea of Azov at different time moments stationary regime ¢ = 48 h
(a), nonstationary regime: ¢ = 68 h (b); t =90 h (¢); t = 140 h (d).

where /; (1 m) is the vertical step in the surface layer (11). The initial concentration is
constant in this region and equal to unity (Cy(x, y, z, 0) = 1).

The time of the release of the admixture in different experiments is not the same and
depends on the characteristics of the wind. In the case of a nonstationary wind, the
moments of the admixture release (z = 75, U}; 1 = tn,, UY) and the stabilization of the
fluid motion (7 = t1,, U} ¢ = 115, U3) coincide: 791 = t;; = 38 and o = t1, = 43 h. If
only the wind Ugkron forms the forcing, the time moment of release is September 11,
2007, at 00:00 (o3 = 72 h). If we consider the joint forcing of the stationary and
non-stationary wind, the time of release is determined as follows: fy, = fo; + fo3
(Ui'+ Uskiron) and fos = top + 13 (U3 + Uskiron). For the convenience of the
analysis of the results, we assume that, in all the cases, the time of the release of the
admixture is zero (¢, = 0).

Table 3 presents the coefficients of the maximum spreading of the passive
admixture (Kp.x), the time when it occurred (f,.x, h), and the time of the complete
dispelling of the admixture (74, h) at three depths for constant wind (Uj',) and three

variables (Uskiron and Uﬁ‘,2 + Uskiron)- One can see from the data analysis that the
maximum square of the pollution at each depth depends on the wind velocity that leads
to the stable motion.

In the case of greater velocity of the constant wind (U3 > UY}), the velocities of
the currents increase, the square of the admixture region spreading increases (Kax),
and time of its complete dispelling also increases (z4). The joint forcing of the stationary
and Ugkron Wind causes an increase in the pollution region.

In this case, the maximum pollution square occurs if the velocity of the forcing
wind is maximal (U;‘t + Uskiron)- In this case, K.« at the free surface is 1.32 40 h
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Table 3. Parameters (K ax; fmax»> D; 24, h) of the spreading evolution of the admixture at different
depths of the Sea of Azov

Depth, m | Kinax, tmaxs fa | UY' | US| Uskiron | U} + Uskiron | U3 + Uskiron
=2 Ko 114 118125 | 130 132
i 57 149 |31 40 40
tq 17,3118,2(57,1 84,5 86,5
2= —HP2 | Ky 116 118 127 | 133 135
frax 14314734 4 42
tq 36,7 |37,6 | 104 106 110
2= —Hethy | Koo 116 1,19133 137 1,38
Fmax 26,9 125,5|55 58 59
tq 53,4155,2| 108 110 115

after the release of the admixture, and the time of its complete dispelling (U}") is 86.5 h.
The maximum square of the pollution region at the depth z = —H/2 is gained 42 h after
the release of the admixture (K,,x = 1.35), and the complete dispelling of the pollution
occurs in 110 h. In the bottom layer (z = H + hy,), the coefficient of the maximum
spreading of the admixture is 1.38 (¢,.x = 59 h). We note that, in the case considered
here (U;‘ + Uskiron), the concentration of the admixture in the entire basin 115 h after
its release does not exceed 2.5% of its initial value (Cy4 = 2.5 x 1072).

4 Conclusion

In this work, we present the results of investigations of the phenomena caused by
onshore—offshore winds and the evolution of a passive admixture by the current system
generated by the constant and variable winds in the Sea of Azov. The reliability of
these results is confirmed by the comparison of the simulated values of the extreme sea
level changes caused by onshore and offshore winds with the field data obtained during
wind forcing by the surface wind obtained from the SKIRON model at coastal
hydrometeorological stations. The obtained results are presented in the table of the sea
level changes caused by the onshore and offshore winds and the current velocities for
different characteristics of constant and variable wind. We also performed the analysis
of the influence of the wind velocity and the generated currents on the characteristics of
the transformation of the passive admixture.

The analysis of the modeling results and the dynamic processes in the Sea of Azov
allowed us to reach the following conclusions:

(1) It is found from the analysis of the stationary motions that, under constant wind
forcing with a two-fold increase in the velocity (5 and 10 m), the maximum
deviations of the sea level increase by a factor of 3.45 (0.2 and 0.69 cm), the
minimum deviations increase by a factor of 3.9 (0.1 and 0.39 cm), and the max-
imum velocities of the stable currents increase by 12 times (0.16 and 1.17 m/s);
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(2) An increase in the maximum wind velocity leads to an increase in the volume of
the pollution region; the minimum pollution square appears in the absence of
wind.

(3) The time needed for the pollution region to reach the maximum volume decreases
when the wind velocity increases
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