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Purpose. The study is aimed at evaluating effectiveness of the procedure of the observational data
assimilation using the Kalman filter algorithm as compared to sequential analysis of
the hydrophysical fields based on the optimal interpolation method, and at analyzing the mesoscale
features of coastal circulation near the western Crimea coast and in the Sevastopol region.

Methods and Results. Based on the hydrodynamic model adapted to the Black Sea coastal zone
conditions including the open boundary and on the temperature and salinity data from
the hydrological survey in 2007, the dynamic and energy characteristics of the Black Sea coastal
circulation were calculated with high spatial resolution (horizontal grid is ~ 1.6 x 1.6 km and
30 vertical horizons). The hydrophysical fields were reconstructed using two algorithms of data
assimilation: the sequential optimal interpolation and the modified Kalman filter. The kinetic energy
changed mainly due to the wind action, vertical friction and the work of pressure forces; the potential
energy — due to the potential energy advection and the horizontal turbulent diffusion. The following
circulation features were reconstructed: the anticyclonic eddy with the radius about 15 km in
the Kalamita Bay in the water upper layer, the anticyclonic eddy with the radius about 15 km between
32.2 and 32.6° E in the whole water layer, the intense current near Sevastopol and along the Crimea
western coast directed to the north and northwest, and the submesoscale eddies of different signs of
rotation in the upper layer.

Conclusions. It is shown that having been taken into account, heterogeneity and non-isotropy of
the error estimates of the temperature and salinity fields relative to the correlation function lead to
qualitative and quantitative differences in the hydrodynamic fields (amplification of currents, change
of the currents’ direction and eddy formations were better pronounced). At the same time, the mean
square errors of the thermohaline fields’ estimates decreased. Formation of the anticyclonic eddy with
the radius about 15 km in the Kalamita Bay could be related to the current shear instability.
Submesoscale eddies with the diameters less than 5 km were formed when the current flowed around
the coastline and the bottom topography inhomogeneities.
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Introduction

In order to ensure the safety of navigation and the intensive port operation in
Sevastopol, which is the naval base of Russia, it is necessary to analyze and
forecast the hydrophysical fields in its coastal zone. Reconstruction of the Black
Sea circulation spatial-temporal structure, close to the observed one, provides
the determination of the areas meso- and submesoscale eddies generation, frontal
zones and jet currents, which is important when solving the problems related to
navigation, construction of coastal structures, mining, forecasting the impact of
pollutant emergency emissions on marine environment. The synthesis of
anumerical model of high spatial resolution and hydrological data makes it
possible to effectively solve these problems.

Calculations of hydrophysical fields based on the assimilation of observational
data in numerical models were carried out earlier. In works [1, 2], the dynamic-
stochastic models of ocean processes based on the adaptive Kalman filtering
algorithm are presented. In [3], an algorithm for four-dimensional analysis of
density fields and currents and the results of its implementation based on data from
the POLYMODE test site are presented. On the basis of studies [3-5] in [6], a four-
dimensional analysis with the assimilation of observational data on temperature
and salinity for the summer season of 1984 was carried out, and synoptic features
of the Black Sea circulation were studied. In [7], the problem of the integrated use
of temperature, salinity and current velocity measurements at the POLYMODE test
sites is considered when these data are assimilated into a model based on Kalman
filter. In [8], the optimal interpolation method was applied to assimilate
the observational data of level anomalies in the Atlantic Ocean into the HYCOM
hydrodynamic ocean model. It is revealed that the obtained level fields were
characterized by pronounced mesoscale variability. It is demonstrated in [9] that
the method of observational data assimilation based on the application of
the Fokker — Planck equation and extended Kalman filter method give more
accurate results than the optimal interpolation method. The problem of the data
variational assimilation on the sea surface temperature in the model of the Black
Sea dynamics aimed at reconstructing the surface fluxes was formulated in [10].
In [11], a method for modeling the dynamic processes on the Earth's surface, based
on the acquisition and assimilation of data by the model during the development of
the process, is proposed. Data assimilation is provided by using a recurrent neural
network and Kalman filtering. In [12], a new version of the oceanographic data
assimilation system developed at the Hydrometeorological Center of Russia is
presented. Assimilation is carried out within the framework of a sequential cyclic
analysis — forecast — analysis scheme, the main components of which are
the procedures for preparing the observational data obtained on-line, the variational
data analysis scheme and the ocean general circulation model. In [13], an algorithm
for studying the optimal solution sensitivity to errors of observational data in
the problem of assimilating sea surface temperature in order to reconstruct the heat
fluxes on the surface, and an example of solving the optimal problem of the World
Ocean hydrodynamics, taking into account the assimilation of climatic
observations of temperature and salinity, is given. In [14], the results of the Black
Sea dynamics analysis for 1993-2012, obtained on the basis of humerical modeling
by the circulation model with the assimilation of satellite measurements of free
surface elevation and sea surface temperature, are presented. In [15], a parallel
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implementation of the ensemble interpolation method for assimilating
observational data in a eddy-resolving model of ocean dynamics is proposed, and
the results of numerical experiments in the North Atlantic when assimilating
the AVISO satellite altimetry data from the Jason-1 satellite are analyzed. In [16],
the algorithms for variational assimilation of temperature and level data at
the liquid boundary are formulated, and the results of numerical experiments on
the use of algorithms in the Baltic Sea circulation model are presented.
The procedure of four-
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Numerical model parameters and conditions
for carrying out numerical experiments

The applied numerical model of the Black Sea dynamics, developed at Marine
Hydrophysical Institute (MHI) and based on the complete equations of ocean
thermohydrodynamics in the Boussinesq approximation, hydrostatics and
incompressibility of the sea water in the Gromeka — Lamb form, boundary
conditions on the surface, at the bottom and on solid side walls in detail are
described in [17].

1 Evstigneeva, N. and Demyshev, S. Analysis of Circulation near the Coast of the Western
Crimea and the Region of Sevastopol with Assimilation of Temperature and Salinity Observations.
I0OP Conference Series: Earth and Environmental Sciences, 386(conference 1), 012047. Available at:
https://iopscience.iop.org/article/10.1088/1755-1315/386/1/012047 [Accessed: 11 January 2021].
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The computational domain was located between 28.7° and 33.8° E meridians and
44.4° and 47° N parallels (the refined bottom topography of ~ 1.6 km resolution was
taken into account). The calculations were carried out on ~ 1.6 x 1.6 km horizontal
grid (302 x 196 points). The time step of 30 s was selected. Turbulent viscosity and
horizontal diffusion were selected in the form of a harmonic operator, the values of
the coefficients were equal. The integration period of the model equations is
10 days (from September 14 to September 24, 2007). Vertical horizontal
components of the current velocity, temperature and salinity were calculated for
30 horizons: 1; 3; 5; 7; 10; 13; 16; 20; 25; 30; 36; 42; 48; 55; 65; 80; 95; 120; 150;
200; 300; ...; 1200 m. The vertical component of velocity was calculated for
intermediate horizons. The coefficients of turbulent momentum exchange and
vertical diffusion were calculated in accordance with the Philander — Pakanowski
approximation [18] with the following selected parameter values:R,=1,
v, =10 cm?/s, v, =5cm?/s, «, =1cm?/s.

In order to set the initial conditions of the problem and boundary conditions at
the open boundary of the region, the fields of currents, temperatures, salinity
obtained by the model for the entire sea on 5 x 5 km horizontal grid were
used [19]. On the open southern boundary (corresponding to 44.4° N parallel),
the following conditions were set: for the sections of the boundary where the water
inflows (v>0), the velocity components, temperature, salinity were set (Dirichlet
conditions); where water flows out (v <0), the conditions du/on=0, ov/on=0 for

u, v were set; to determine T and S at the open boundary, the radiation conditions
were set. The calculations took into account the runoffs of Danube, Dnieper,
Dniester and Southern Bug. On the sea surface, the fields of wind stress, heat
fluxes, short-wave radiation, precipitation and evaporation, obtained from the data
of Aladin regional atmospheric model [20], were set every day. The flux of short-
wave radiation in the model was taken into account explicitly (a term was added to
the heat transport equation, which ensures its consideration), and all other
components of the heat flux, including the long-wave radiation flux, were included

in the term QT , for which the condition «'T, = QT — R, where R is the short-

wave radiation on the surface, was set on the surface.

The data from a hydrological survey carried out at R/V Eksperiment in September
2007 on the vertical and spatial distribution of temperature and salinity, taken from
MHI data bank [21], is used in the work. The maximum depth to which the probings
were carried out varied from 5 to 300 m, the number of stations was 44,
The measurements were carried out using SHIK-1 CTD probe (shelf measuring
complex).

In order to implement the procedure for assimilating the data from field
observations, we used a four-dimensional analysis procedure [3, 4], based on
amodified Kalman filter. Two numerical experiments were carried out.
In experiment 1, the variance of the errors in the temperature and salinity estimates
was assumed to be constant and equal to unity (the fields of errors in the estimates
of the fields were assumed to be homogeneous and isotropic with regards to
the covariance function). In experiment 2, the inhomogeneity and anisotropy of
the errors in the estimates of the temperature and salinity fields were taken into
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account (the variances of the errors in the estimates were calculated from
the corresponding equations).

From the analysis of the statistical structure of the fields (calculation of
the spatial correlation functions of temperature and salinity fields), the correlation
radius was determined to be ~ 20 km. The covariance functions of thermohaline
fields were approximated by a function of exponential type

exp(—x [(x—x’)2 +(y- y’)z] ) [4], where ) is the dimensional parameter (equal

t00.016-(Ax)™*), selected at 0.1 level of the correlation function value [4].

Hydrological survey data were grouped by date (six groups in total),
and assimilation was carried out once a day: September 16 — 3 stations, September
17 -7, September 18 — 8, September 19 — 7, September 20 — September 4 and 22 —
15 stations.

The procedure for observational data assimilation taking into account
heterogeneity and the anisotropy of the estimates of the temperature and
salinity fields based on modified Kalman filter

A detailed procedure for assimilating observational data, taking into account
the inhomogeneity and anisotropy of errors in the estimates of temperature and
salinity fields, is given in [3, 4], following which we describe the assimilation
scheme used in this work. The modified Kalman filter is understood as the Kalman
filter technique, which is based on solving equations for the variance of errors in
the estimates of temperature and salinity fields.

Suppose that at discrete moments of time in M different points in
space X, X, , ..., Xy (X:(x, y,z))the measurement data T, S are available. By

the time of (tn) data acquisition, thermohaline fields are already calculated using

the equations of MHI model [17]. Then T, S are corrected by the formulas
[5, p. 121]

Tt =Tt )+ ALt ) (e t)-Tot )l @

s(x,t7)=s(x.t; )+ iAsm(x,t;)[S(xm,tn)—S(Xm,t;)]. )

The first terms in square brackets in expressions (1) and (2) are the data of T, S
measurements at t, moment of time. The second ones are the temperature and
salinity fields calculated by the numerical model at the same moment in time.
The minus sign of t, means that the corresponding fields were obtained without
taking into account the measurement data at the time of the data acquisition. Plus
means that the calculation of the desired characteristics was carried out taking into
account t data of field observations available at the time. M is the number of
measurements, determined by the correlation radius, by which the weighting
factors were calculated. The weighting factors were determined from the relations
[5, p. 123]
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M

8 (85 )= 2 Pre (%5 )P (ot )+ R Gt ] 5 )

1=1

Asm(x,t;)ziPss(x,xm,t;)[Pss(xm,x,,t;)+ Rs(xm,x,,tn‘)r, m=1...,M, (4
1=1

where R;,Rg are covariance functions of temperature and salinity measurement

errors, respectively; P; Pg are covariance functions of errors in estimates of

temperature and salinity fields, which are approximated by the following
expressions [3, 4]:

Prr (%, x,t) = Dr (X, )Dr (X', )Py (x = X', y — '), (®)

Pss (X, X',t) = Dg (X,t)Ds (X', t)Ps (X — X', y — y'), (6)

where Dy, Dy are the fields of normalized root-mean-square errors of estimates of

T and S fields; P;,Ps are the covariance functions of the temperature and salinity

fields.
The equations for calculating the error variance in the estimates of
the temperature and salinity fields are as follows:

oD? /ot + o(D2u )/ox + o(D2v)/y + o(D2w)/oz = k., AD? + o(k¥ &D? /éz) ez,  (7)
oDZ /ot + 8(D2u)/ox + 8(D2v)/oy + 6(D2w)/6z = k,, AD? + o(k¥ 6D? 6z )/6z , (8)

where ki, kY are the coefficients of turbulent diffusion. Advective terms
D;,Dgof transport — diffusion equations were approximated by TVD-schemes
[22].

In the moments of observational data acquisition, D;,Dg were corrected by

the following relations
M

D(x,; )= D?(x,t; )~ > AT (%, JPr (% =X, Y = ¥, )
D2(x,t; )= Dsz(x,tn’)—iATm(X,tn’)Ps (Xn =X, Yo = ¥)- (10)

Thus, before the moment of the observational data acquisition, the fields T, S
were forecasted using the equations of the hydrodynamic model. At the moment of
assimilation, according to relations (1)—(10), the fields T, S were corrected taking
into account the correlation radius.

As a first approximation in the problem, it was assumed that the conditions

oD Jan=0, aDSZ/an =0were set on all boundaries.

At the initial moment of time, the covariance functions were taken to be equal
to the covariance functions of the field itself (that is, the variance of errors in
the estimates of the temperature and salinity fields was equal to unity). The value
of the horizontal turbulent diffusion coefficient of the variance of ki errors in
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formulas (7), (8) was chosen to be equal to 10° cm?/s. The vertical diffusion
coefficients of error variance were calculated in accordance with the Philander —
Pakanowski approximation [18].

In order to illustrate the calculation of root-mean-square error fields of
the temperature field estimates, Fig. 2 is given. It shows the fields for September
17 and 20, 2007 in the area where hydrological data were assimilated.

°N

20.09.2007

17.09.2007 |

46.5

46+

455+

45 Sy L N
31 315 2 325 3B 335 °F 31 315 32 325 33 335 °E

F i g. 2. Fields of the mean square errors of the temperature fields’ estimates at the 3 m depth: a —
17.09.2007; b — 20.09.2007 (1 — value of the mean square error of the temperature field estimate)

Results of numerical experiments for 2007

For reconstructing the fields of currents, temperature and salinity in the Black
Sea coastal region based on MHI hydrodynamic model with the assimilation of
data from hydrological survey, two numerical experiments were carried out. In
the first experiment, the correlation functions of the errors in the estimates of
thermohaline fields were assumed to be homogeneous and isotropic (that is,
the variance of the errors in the estimates of the fields was equal to unity); in
the second experiment the covariance functions of the errors in the estimates of
temperature and salinity fields were calculated by formulas (7)—(10).

When integrating the model equations for each moment of assimilation for all
horizons k for which the measurement data were available, the following values
were calculated in the experiments:

_52]2}%’

o :{Nl_li[ —6?]2}%, o ={N1_1;[

where N is the total number of stations at k model horizon; T, and S, are

n f—
mod data

n n
mod Tdata

the values calculated by the model for n™ day; T, and Sg,., are the observation

data referred to one point in time;; 87, 8g are average errors of estimates of T, S
fields.

In Table 1 and 2 o; and o4 calculated values averaged for 1-10, 10-20, 20—
30 and 30-100 m layers are given.
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Table 1

Values of 67 (°C) and 65 (%) calculated in experiment 1 (DT2 =1,D¢& :1)

Date Layer (m) Layer (m)

1-10 | 10-20 | 20-30 | 30-100 | 1-10 | 10-20 | 20-30 | 30-100

16.09.2007 | 3.68 5.45 3.42 0.06 3.15 0.56 0.34 0.07
17.09.2007 | 3.39 5.29 3.80 0.43 2.95 0.28 0.28 0.13
18.09.2007 | 3.42 5.08 3.70 0.42 1.80 0.68 0.39 0.14
19.09.2007 | 3.07 4.13 3.22 0.41 1.74 0.68 0.38 0.15
20.09.2007 | 2.61 3.16 2.47 0.41 3.28 0.46 0.24 0.17
22.09.2007 | 1.78 1.72 2.10 0.29 3.17 0.35 0.18 0.12

Table 2

The values of 6; (°C) u 65 (%o), calculated in the experiment 2 (DT2 #1,DZ = 1)

Date
Layer (m) Layer (m)

1-10 [10-20 | 20-30 [30-100 | 1-10 | 10-20 |20-30 | 30-100

16.09.2007 | 3.68 5.45 3.42 0.06 3.15 0.56 0.34 0.07
17.09.2007 | 3.28 5.14 3.42 0.43 2.95 0.27 0.26 0.12
18.09.2007 | 3.26 4.82 3.42 0.42 1.60 0.52 0.32 0.13
19.09.2007 | 3.26 3.93 2.95 0.41 1.66 0.51 0.34 0.15
20.09.2007 | 3.26 2.98 2.16 0.41 2.83 0.37 0.23 0.17
22.09.2007 | 1.60 1.54 1.86 0.29 2.75 0.28 0.16 0.12

Analyzing the data obtained in two experiments and presented in Table. 1 and
2, we note that the largest values of oy errors were observed in 10-20 m water
layer, o errors — in the upper layer (by the end of the considered period of time,
the values of error moduli were decreasing at all horizons).

Comparing o values obtained in experiments 1 and 2, we note that the errors
in the temperature field in the upper water layer on September 18 decreased by
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5%, and on September 20 and 22 - by 11 %, in 10-20 m water layer on
September 22 — by 10 %, in 20-30 m water layer on September 18, decreased by
13 %, on September 20 and 22 — by 12 %. Accordingly, the errors in the salinity
field in the upper water layer in the field on September 18 decreased by 11 %, on
September 20 and 22 — by 13 %, in 10-20 m water layer on September 22 — by
20 %, in 20-30 m water layer on 22 September — by 12 %. In the layer below 30 m
horizon the differences in the experimental results are insignificant.

In addition to quantitative differences in the experimental results, qualitative
differences in hydrophysical fields were also obtained. In particular, when
comparing the current fields calculated in two numerical experiments,
the following circulation features were noted: strengthening of currents, change of
current direction, more pronounced eddy formations (eg, Fig. 3). A correspondence
between the results of experiment 2 and satellite observations in September 2007 of
NOAA-15 and NOAA-18 with 1 km resolution was obtained.
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F ig. 3. Fields of currents (cm/s) at the 3 m depth on September 20, 2007 for experiment 1 (a) and
experiment 2 (b). Every fifth arrow is shown

Energetics analysis
In [23, 24], finite-difference analogs of the equations for changing the kinetic
and potential energy density were written. On their basis the energy characteristics
in this work were calculated. Further in the text, the term “energy” means
the energy density, that is, the energy of a unit volume. The symbolic notation of
the kinetic energy budget equation (KE) has the form

E, + Adv(P + E) =11 &> E + Fg;, (E) — Diss,,, (E) — Diss,,, (E) + Dgi. (E),
where Adv(P) is the work of pressure force; Adv(E) is a kinetic energy advection;
[1I—E is a work of buoyancy force; Fg, (E)is a KE variation due to vertical and
horizontal internal friction; Diss,,, (E) and Diss,, (E) are an energy dissipation

due to vertical and horizontal internal friction; Dg.(E) is a Kkinetic energy
redistribution in the basin and its loss due to the friction against the side walls.
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Potential energy (PE) variation is described by the following equation:
I1, + Adv(IT) = —IT <> E + Diff,,, (IT) + Diff,!** (IT) + Diff,}¥ (IT) +
+ Diff 295U (IT) + Diff 2% (IT)
where Adv(IT) is an advection of potential energy; Diffuor(IT) is PE variation due to
horizontal turbulent diffusion; Diff7"**(IT) is PE variation caused by buoyancy
fluxes and vertical internal diffusion; Diff.2% > (IT) is PE variation caused by

the difference between the bottom and surface density; Diff,,y (IT) is PE variation
due to inhomogeneity of vertical turbulent diffusion coefficient by depth;
Diff\f;‘fd(H) is an additional term due to non-linear density dependence on
temperature and salinity.
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i —

0.5
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F i g. 4. Temporal change of the integrated components of the kinetic energy budget equation
normalized to the domain volume

We are to analyze the temporal change of the integral components of KE
budget equation for the considered period of time, calculated according to
experiment 2 data (Fig. 4). The angle brackets denote the integration operation.
Note that the advective terms do not vanish during integration due to the river
inflow.

The main contribution to the KE was made by the pressure force work
<Adv(P) > v, and in the period from September 15 to 17 — also the wind force work
<1— E >4, the velocity of which reached its maximum value of 11 m/s on

September 17. The loss of energy occurred due to vertical internal friction, changes
in KE - due to friction against the bottom < Dissgs (E)>gand

theterm<t — E >,. The contribution of buoyancy force work, advection of
kinetic energy and energy dissipation due to horizontal internal friction was
insignificant.
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F i g. 5. Temporal change of the integrated components of the potential energy budget equation
normalized to the domain volume (a), the volume-normalized total integrated vertical diffusion and
the terms involved in its calculation (b)

The variation in potential energy was mainly due to the advection of potential
energy and horizontal turbulent diffusion (Fig. 5, a).

When calculating the total vertical diffusion in the PE budget equation
(Fig. 5, b), the main contribution was made by the term characterizing the density
difference on the surface and at the bottom of the sea (its maximum value was
6.2:103 erg/(s-cm?). It was compensated by a term depending on the change in

the diffusion coefficient with depth (its maximum value was 6.1-107% erg/(s-cm?®).

The potential energy variation due to < lef\fe‘:d (IT) >, term was relatively small.

Further, for each day of the integration period the three-dimensional fields of
the circulation energy characteristics, obtained in a numerical experiment on
the calculation of hydrophysical fields with the data assimilation of hydrological
measurements carried out in September 2007, taking into account
the inhomogeneity and anisotropy of errors in the estimates of the temperature and
salinity fields for the region located between 32.2° E and 33.8° E meridians and
44.4° N and 45.4° N parallels, are analyzed.

According to the results obtained in the calculation in this study and in [25],
the following circulation features were revealed: an anticyclonic eddy with a radius
of about 15 km in the upper water layer in the Kalamita Bay, an anticyclonic eddy
with a radius of about 15 km in the entire water layer between 32.2° E and 32.4° E
related to the Rim Current meandering. On September 22 and 23, in the upper
36-meter layer the current, directed to the north and northwest, increased near
Sevastopol and along the western coast of Crimea. During the entire calculation,
small-scale anticyclonic and cyclonic eddies could be generated in the upper layer
along the coast.

The local baroclinic deformation radius (Rq) for the selected coastal region of
the Black Sea is ~ 10 km. We will refer to mesoscale eddies as eddies whose radius
is greater than the local baroclinic Rossby deformation radius, and the Rossby
number is much less than unity (R > Rq, R, <1). The eddies whose radius is less
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than Rq one and the Rossby number is of the order of unity (R < Rq, R, = 1) will be
classified as submesoscale eddies.

Now we are to analyze the changes in the fields of instantaneous values of
the terms from the kinetic and potential energy budget equations. As an illustration,
we present the current fields and energy fields at 5 m horizon from September 17
and 22, 2007 (Fig. 6), on which the listed circulation features were more
pronounced (Fig. 6, a and f).

The fields Adv(P) were characterized by significant variability and alternation

of areas with positive and negative values (Fig. 6, b and g). The maximum modulus
value on September 17 was 8-10= erg/(s-cm3), on September 22 it increased to
2-107 erg/(s-cm®). The predominance of the pressure force work contribution
(Fig. 4) in the kinetic energy increase can be explained as follows. For given
latitudes, the dynamic level in the first approximation can be written down as

H H
¢ :—ijpdz, then the pressure anomaly can be represented as P =—g -J.de.
z

Po %
Consequently, the pressure force work largely depends on the difference in
the bottom topography. Between 31° E and 33.5° E meridians a drop of depths
takes place. The depth there varies from 100 to 1300 m. The greatest values of
the pressure force work were observed in this area.

The advection contribution to the Kinetic energy variation rate was
insignificant; on September 17, Adv(E) field was characterized by
a maximum modulus value of 5-10~*erg/(s-cm®), and on September 22 it
increased to 3-103erg/(s-cm?®), which is due to the strengthening of currents
in this region (Fig. 6, c and h).

According to Fig. 4, the inflow of energy from the wind was compensated by
vertical friction, the maximum in modulus Diss,, (E) values were reached on
September 17. On this day, the central region was characterized by an intense
work of vertical dissipation, the maximum Diss,,, (E)value by modulus was
1.8:1072 erg/(s-cm?), along the coast the values decreased (Fig. 6, d). During
September 22, the variability of Diss,, (E) field was insignificant (Fig. 6, i),
the modulus values did not exceed 2-1072 erg/(s-cm®) (decreased by an order of
magnitude compared to the values from September 17).

The advection fields of the potential energy Adv(IT) had a complex and time-
variable spatial structure: both areas with positive values and areas with negative
values were observed (Fig. 6, e and j). The maximum Adv(IT) value on September
17 was 1-107% erg/(s-cm®) in the eastern part of the region; on September 22 it
increased to 4-10-2 erg/(s-cm?) (due to the intensification of currents in this region).
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We also analyzed the spatial distributions of ©— E =u,t”* +v,t’ term (which

is obtained by integrating the KE budget equation along the vertical and has
erg/(s-cm?) dimensionality) that determines the wind contribution to the kinetic
energy. In Fig. 7, a and b the field of currents on the upper horizon and © — E field
on September 18 are presented. The influx of energy from the wind prevailed in
almost the entire region, except for the Kalamita Bay. In the zone where the wind
force work was negative, a horizontal shear took place in the velocity field: on
the shelf, the current was directed to the northeast, and in the deep-water part of
the sea — to the southwest. Thus, shear instability of the current could be a possible
mechanism for the formation of an anticyclonic eddy in the Kalamita Bay.
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Fig. 7. Data fields obtained at the upper horizon on September 18, 2007: a — currents, cm/s; b —
the values of t— E =uyt™ +v,t”, erg/(s-cm?), — and on September 21, 2007: ¢ - currents, cm/s; d
— the values of 1 — E =uyt* +V,t”, erg/(s-cm?). The dashed areas in Fig. 7, d correspond to
the minimum values of 1> E

In the period under consideration, submesoscale eddies with less than 5 km
diameters were obtained in the upper layer. A possible formation mechanism is
the current that flows around the coastline and bottom topography inhomogeneities
under the action of weak winds. In Fig. 7, ¢ and d the field of currents and
the spatial distribution of ©— E=u,t* +v,t’term that determines the wind
contribution to the kinetic energy for September 21. Note that the eddies were
formed in the zones corresponding to t — E minimum values.
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Conclusion

On the basis of the hydrodynamic model and the observation data of temperature
and salinity obtained during the hydrological survey on R/V Eksperiment in 2007, the
dynamic and energy characteristics of the Black Sea coastal circulation (off the coast of
western Crimea and in the Sevastopol region) were calculated with a high spatial
resolution (~ 1.6 km horizontally and 30 horizons vertically).

Based on a comparison of the results of two numerical experiments on
the calculation of hydrophysical fields with the assimilation of hydrological
measurement data, taking into account the heterogeneity and anisotropy of errors in the
estimates of temperature and salinity fields and without taking them into account, it is
shown that taking into account the heterogeneity and anisotropy leads to qualitative and
quantitative differences in hydrodynamic fields (strengthening of currents, change of
their direction, more pronounced eddy formations). In this case, the root-mean-square
errors of thermohaline field estimates decreased.

The Kinetic energy variation is mainly due to wind action, vertical friction and
pressure work; potential energy variation — by potential energy advection and
horizontal turbulent diffusion.

The following circulation features have been reconstructed: an anticyclonic eddy
with a radius of about 15 km in the Kalamita Bay in the upper water layer,
an anticyclonic eddy with a radius of about 15 km between 32.2° E and 32.6° E in the
entire water layer, an intense current near Sevastopol and along the western coast of the
Crimea, directed to the north and north-west, eddies with a radius of less than 10 km of
different rotation signs in the upper layer along the coast.

Possible mechanisms for the generation of coastal mesoscale and submesoscale
eddies in the considered coastal zone could be a horizontal velocity shear (resulting
from the negative work of the wind force) and flowing around the coastline and bottom
topography inhomogeneities by the current.
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