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Abstract
Two prognostic experiments taking into account real atmospheric forcing for 2006 and 2011 were carried out based on the eddy-
resolving numerical model with a horizontal resolution of 1.6 km for the Black Sea. The main dynamic features such as the Rim
Current, the Sevastopol, and Batumi anticyclones are reproduced in both experiments. Themodel results are confirmed via observation
data. We accomplished the analysis of simulated circulation and energetics. The results demonstrate that both the vertical viscosity and
vertical diffusion along with the energy inflow from the wind have been the main contributors to the annual and seasonal budgets of
kinetic and potential energies of the Black Sea circulation. It is shown that two regimes of the Black Sea general circulation are
implemented depending on a magnitude of wind contribution to the kinetic energy in winter. Intensive mesoscale eddy formation was
observed along theAnatolian, Caucasian, andCrimean coasts. The analysis of the Black Sea circulation and eddy energetics allowed us
to conclude that the generation and development of the mesoscale coastal eddies is associated with the barotropic instability in case of
intensive coastal currents and is associated with both the barotropic and baroclinic instability in case of weak coastal currents.

Keywords Numerical modeling . The Black Sea . Currents . Mesoscale eddies . Kinetic and potential energy . Barotropic and
baroclinic instability

1 Introduction

Presently, great interest is focused on the study of mesoscale
variability of currents in the seas and oceans. Primarily this hap-
pens due to the importance of eddies for transport of mass, ener-
gy, heat, and salt from the coastal to deep-water parts of the basin
in semi-enclosed seas. Such a problem is especially significant
for the Black Sea, where the central part of the sea and its pe-
riphery are divided by the Rim Current.

During our earlier investigations, we performed a review of
various literature sources devoted to the study of eddies in oceans

and seas. Herewe do not aim to describe all the natural reasons of
the eddy formation in the oceans; however, we would like to
mention four main, in our opinion, generation mechanisms:

1. Eind influence (e.g., Kersalé et al. 2011; Liang et al. 2012)
2. Barotropic instability and/or baroclinic instability of the

currents (e.g., Cushman-Roisin et al. 2007; Chen et al.
2012; Zhang et al. 2013)

3. Fluxes of impulse and mass through lateral boundaries
such as estuaries and straits (e.g., Schaeffer et al. 2011;
Prants et al. 2017)

4. Topographic and orographic effects (e.g., Schaeffer et al.
2011; Ponomarev et al. 2011)

To study the reasons of the eddy formation and evolution,
there is an effective method of calculation and analysis of the
equations of the changes in kinetic (KE) and potential (PE)
energies. The terms of these equations indicate the work of the
main forces. In the original study (Robinson et al. 1977), the
research results of the integral energy characteristics of circu-
lation in the idealized ocean are presented and the estimations
describing contributions due to wind and thermal effects in
eddies energy and mean current energy are given. The role
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of barotropic and baroclinic instability in the formation of the
eddy energy is shown.

The influence of horizontal resolution on the description
accuracy of direct and inverse energy cascades in numerical
models is studied in Kjellsson and Zanna (2017). The au-
thors demonstrate approaches for parameterization of me-
soscale processes which permit to avoid underestimations
in the KE and PE budgets. Numerical estimations of sea-
sonal variability of eddy kinetic energy (EKE) in the Global
Ocean are presented in Rieck et al. (2015). It is obtained
that seasonal increase in thermal fluxes from the atmo-
sphere causes intensification of mesoscale variability in
the velocity field near the ocean surface. Shang et al.
(2013) estimate the spatial distribution of sources and sinks
of eddy energy for actually observed mesoscale structures
based on the analysis of the average EKE distribution cal-
culated according to satellite altimetry.

Assessments of the eddies energy and the mean currents
energy are also performed for the Black Sea by the
simulation results and observations. Oguz et al. (1995)
study the relative contributions of wind influence, the ther-
mohaline surface fluxes, the river discharge, and the inflow/
outflow through the Bosphorus to the formation of the
Black Sea circulation based on of numerical experiments.
It is shown that intensification of mesoscale dynamics in
coastal zones is a consequence of dynamic evolution of the
Rim Current. The results of Rachev and Stanev (1997)
demonstrate that for the Black Sea, the seasonal variability
of the density field has the main effect on the coastal anti-
cyclone generation due to nonlinear dynamics of waters. In
Trukhchev et al. (1999), the velocity fields on the western
Black Sea shelf are reconstructed using a high-resolution
model (1 mile). It is shown that the small-scale eddy struc-
ture of coastal currents agrees qualitatively and quantita-
tively with the observation data. The mean flow kinetic
energy (MKE) and the EKE are calculated in Menna and
Poulain (2014) using the drifter and altimetry data.
Analysis shows that mesoscale eddies near the Anatolian
coast and in the North-East of the Black Sea can signifi-
cantly increase their kinetic energy due to interaction with
each other. It leads to the generation of new quasi-constant
mesoscale eddies. The energy balances of semi-enclosed
seas (including the Black Sea) are calculated in Cessi et
al. (2014) and it is shown that the buoyancy force is one
of the main factors for the formation of mesoscale dynamics
in semi-enclosed seas. The research of geometrical, tempo-
ral, statistical, and energetic characteristics of eddies in the
Black Sea is carried out in Kubryakov and Stanichny
(2015a) based on altimetry satellite observations.

The majority of modern works devoted to the numerical
analysis of the ocean energy cycle the researchers calculate
the KE and PE of currents and eddies based on allocating
the time-mean values of velocity and density and their

deviations from the mean (time-varying fluctuations) (for
example, see Von Storch et al. 2012). Similarly, the rates of
energy conversion and energy sources due to external in-
fluence are estimated. However, it is assumed that the den-
sity anomaly is a deviation from the predefined reference
density and there is not equation for the available potential
energy in the finite-difference shape which obtained as an
exact consequence of discrete formulation of the problem.
A more correct way is to obtain finite-difference analogues
of differential energy equations based on discrete equations
of the circulation model. In this case, the calculated three-
dimensional energy fields will correspond exactly to the
change of hydrological fields. Such equations were obtain-
ed earlier in Demyshev (2004) and will be used in this work
for analysis of the circulation energetics. The eddy energy
will be studied based on the equations of work (Von Storch
et al. 2012).

Earlier in Demyshev (2004), the energy of the Black Sea
climatic circulation was investigated and five energy active
zones were determined: along the dump of depths in the
North-Western shelf area, near the Western part of the
Anatolian coast, in the South-Western part of the sea, near
the central part of the Caucasus coast, and near Eastern
Crimea. The main balances of forces responsible for the for-
mation of large-scale climatic circulation are calculated.
However, it was difficult to clearly distinguish the physical
mechanisms of formation of the seasonal circulation variabil-
ity, because the assimilation terms were included in the model
equations, which added a significant contribution to the force
balance.

In present work, the real atmospheric forcing is taken into
account, horizontal resolution is improved, and the Mellor-
Yamada turbulence closure model 2.5 is used to describe a
vertical mixing (Mellor and Yamada 1982). The results of
the BMyOcean^ project (Demyshev et al. 2010) show that
there is a substantial difference in the currents dynamics for
different years. The main source of the currents KE in the
Black Sea is wind and the strength of the autumn-winter wind
activity determines the structure of the basin circulation
(Zatsepin et al. 2010). QuickSCAT (https://podaac-opendap.
jpl.nasa.gov/opendap/allData/ccmp/L3.0/flk/2006/01/
contents.html) observations show that extremely strong
winds with velocities of more than 20 m/s acted over the
Western part of the sea in January 2006. It enhanced the
surface currents velocities up to more than 1 m/s and storm
waves up to 6 m high emerged in the South-Western part of
the sea (Kortcheva et al. 2009). The analysis of the wind
fields in different time periods allowed us to choose a year
in which winter wind influence was significantly weaker
than in 2006. Therefore, we expected that the circulation
structure will be different. So, the goal of this work was to
evaluate the influence of different physical processes on the
variability of the basin-scale circulation and mesoscale
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eddies in the Black Sea based on the analysis of KE and PE
budgets.

Section 2 describes model configuration and experiment
setting. In Section 3, we demonstrate results of validation
and calibration of the modeling thermohaline fields. In
Section 4, we submit equations for calculating the components
of KE and PE budgets. Section 5 presents the modeling re-
sults. Here we analyzed integral mean currents and eddy en-
ergy balances and the contributions of physical processes
which form it. Mesoscale variability of the Black Sea circula-
tion is considered in Section 5, too. The main conclusions are
discussed in Section 6.

2 Model and the experiment setting

Numerical experiments were carried out based on the eddy-
resolving model of Marine Hydrophysical Institute of RAS
(MHI model) (Demyshev 2012). The complete equations of
ocean thermohydrodynamics were implemented in the MHI
model. The equations were written in Boussinesq, hydrostat-
ics, and seawater incompressibility approximations. The sea
level was calculated assuming the linearized kinematical con-
dition. Density depended nonlinearly on temperature and sa-
linity (Mamaev 1963). Vertical mixing was parameterized by
the Mellor-Yamada turbulence closure model of level 2.5
(Mellor and Yamada 1982).

We set the tangential wind stress, full heat fluxes, pre-
cipitation, and evaporation obtained from the atmospheric
reanalysis data as boundary conditions on the sea surface.
The river discharges of Danube, Dnieper, Dniester, Rioni,
Kizilirmak, Yeshilirmak, and Sakarya and water exchanges
through the Bosphorus and the Kerch Straits were counted
in the model. The rivers volume transport corresponded to
monthly average climate data (Project 1991). The Black
Sea bottom configuration was built by linear interpolation
from the 5-km-resolution topography obtained from the
MHI database (Khaliulin et al. 2016). The MHI model
had a horizontal resolution of 1.6 km on both geographical
coordinates and 27 vertical z-levels were set. Axes X and Y
were directed to the East and to the North, respectively, and
axis Z was directed from surface to the bottom. The
baroclinic Rossby radius of deformation in the Black Sea
coastal zones varied from 7 to 20 km depending on the shelf
depth. Thus, the spatial resolution of the MHI model was
smaller than the Rossby radius of deformation and we could
reconstruct the mesoscale variability. Horizontal viscosity
in momentum equations and horizontal diffusion in heat-
salt transport equations were calculated by the fourth-order
operator with coefficients νH = 108 m4 s−1 and κH = 5·
108 m4 s−1, respectively. The fields of level, temperature,
salinity, and horizontal velocity components were set at the
initial time.

Two numerical experiments were carried out with different
atmospheric forcing. The wind stress was directly taken into
account as a surface boundary condition in the movement
equations and equations of the turbulence closure model.
Therefore, the selection of the forcing was determined by
the intensity of the wind. In our experiments, the components

of wind stress vector were obtained by the ratio τ!¼ ρCd V
!���
���

V
!

(Volcinger and Piaskovski 1968), where ρ is air density, Сd

seawater resistance coefficient, and V
!

absolute wind veloc-
ity on 10 m. We chose 2 years, 2006 and 2011, for which
winter total values of wind stress for the former are twice as
large as for the latter: 130.6 N and 72.3 N, respectively. We
consider hydrological winter to be from January till March.
Histograms of occurrence of wind directions and magni-
tudes for the winter months of 2006 and 2011 are presented
in Fig. 1. Percentage of occurrence of wind directions is
calculated according to wind data at each model grid point
during the winter months; color represents the wind stress
magnitude (10−5 N). It is seen that the North-Eastern winds
prevailed in the winters of 2006 and 2011, but in 2006, the
winds were more intense. The maximumwind stresses were
equal 7.63 · 10−5 N (≈ 28 m/s) on January 24, 2006 and
4.65 · 10−5 N (≈ 17.8 m/s) on February 19, 2011.
Generally, there were more strong winter winds (more than
10−5 N) in 2006 than in 2011. In summer, the total wind
force decreased to 66.4 N in 2006 and 42.1 N in 2011; the
storms were shorter and weaker than in winter. For exam-
ple, compare the storms on July 3, 2006 and on June 27,
2011, when the wind velocities reached 15 m/s.

In experiment 1 (Exp.1), atmospheric fluxes obtained from
the ALADIN reanalysis data with a resolution of 0.25° (Farda
et al. 2010) were set at the sea surface. Since there were no
initial data of a sea level, temperature, salinity, and currents on
January 1, 2006, we used climatic hydrophysical fields
(Demyshev et al. 2009) corresponding to January 1. The pro-
cedure of a quasi-geostrophic adjustment was applied to agree
climatic fields with atmospheric forcing. For this purpose, we
integrated the model equations for 4 days of model time under
constant boundary conditions corresponding to January 1,
2006 according to ALADIN. Then, the obtained fields were
used as a starting point for Exp.1, which was run for the period
of January 1–December 31, 2006.

In experiment 2 (Exp.2), we used the SKYRON reanalysis
data with a resolution of 0.1° (Kallos et al. 1997) as boundary
conditions on the sea surface. Initial fields were prepared on
the basis of the Black Sea hydrophysical field reanalysis data
(http://marine.copernicus.eu/services-portfolio/access-to-
products/). The quasi-geostrophic adjustment procedure was
also used here. The simulation time in Exp.2 corresponded to
the period of January 1–December 31, 2011.

In both experiments, the sea surface temperature was as-
similated on the upper model horizon each day. For the first
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experiment, it was obtained from the NOAA satellite data
(http://dvs.net.ru/mp/data/200601bs_sst.shtml) and for the
second one the SKIRON data. It is important to note that all
input data had different spatial resolution, so all arrays were
linearly interpolated to the nodes of our model grid (1.6 km
horizontally) before the starting of calculations. The
horizontal viscosity and diffusion coefficients were the same
in both experiments. Three-dimensional fields of temperature,
salinity, current velocities, and fields of the energy budget
components for each day of 2006 and 2011 were obtained as
a result of the experiments.

3 Validation of the results

Calibration and further validation of the MHI model was ac-
complished in the framework of the BMyOcean^ project
(Demyshev et al. 2010). As an example, we present here the
validation of modeling results for 2006. Figure 2a shows the
positions of conductivity, temperature, and depth (CTD) sta-
tions on standard sections at the polygon of the Southern
Branch of the P.P. Shirshov Institute of Oceanology
(Gelendzhik, Russia). We used the data obtained from three
cruises (97, 101, and 103) from May till July 2006. This
makes 52 stations in total. The CTD profiles were obtained
for the coastal and abyssal parts of the sea, so we were able to
estimate the accuracy of modeling for both zones. Note that
the number of profiles was less than the number of stations
because there were interruptions at the stations no. 2453-2455,

no. 2501, and no. 2527-2536 (Fig. 2a). Figure 2b, c illustrates
the profiles of deviation between in situ and modeling tem-
perature and salinity at model z-levels for every third station.
The black line marks the deviation averaged over all profiles.

The model reproduced all qualitative features of the tem-
perature field variability during the warm period of 2006. We
observed the intense heating of the sea surface in spring which
entailed an increase in temperature gradient in the layer from
the surface to the upper boundary of the Cold Intermediate
Layer (CIL). The core of the CIL was detected into all profiles
at the depths of 30–100 m. The analysis of the model data
showed that the upper boundary of the CIL was placed 5 m
deeper than under observations. Therefore, the model temper-
ature exceeded in situ data at the station nos. 2509, 2519,
2538, and 2546 due to vertical displacement of the thermo-
cline depth in the 10–15-m layer (Fig. 2b). Underestimation of
temperature was also observed at coastal station no. 2456-
2460. These errors might be caused by various reasons, in-
cluding the quality of atmospheric forcing, the correctness of
sub-grid processes parameterization, and the accuracy of
finite-difference approximations. Below 200 m deep, the
model temperature differs from the measured one by a few
hundredths of a degree.

A good agreement between the salinity field and the mea-
surement data in the upper 50-m layer was observed. The
greatest deviations (about 1‰) from the in situ measurements
occurred at station nos. 2460, 2506, 2509, 2515, and 2518 in
the layer of 50–150 m (Fig. 2c). These stations were located
over the depths dump (no. 2460, 2506), as well as over the

Fig. 1 Histograms of the directions and wind stress magnitude (10−5 N)
bands, representing the occurrence (in percentage) of winds with the
given direction and magnitude, estimated for the Black Sea area from

January till March: in 2006 (a) and 2011 (b). Data were calculated from
the atmospheric forcing wind velocity and direction at the height of 10 m
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deep-water part (nos. 2509, 2515, 2518) of the sea. Intensive
restructuring of the density field in the up 200-m layer was
observed in spring under the influence of the atmospheric
forcing. Therefore, an underestimation of the formation mech-
anisms of the seasonal halocline led to relatively large errors at
these depths. There is a good quantitative correspondence
between the observed and the model salinity for all stations
below 200 m.

Model velocity fields reconstruct the main features of cir-
culation. General basin-scale cyclonic gyre, so-called the Rim
Current, covers the deep part of the Black Sea. The Rim
Current has a size of about 103 km and the mean midstream
velocity of about 40 cm/s. Trajectory of drifter no. 40414
which worked in the Black Sea from July till November
2006 (Motyzhev et al. 2016) is presented in Fig. 3a. As seen,
the drifter moved alongside depth dump (exclude the eastern

sea part). We estimated a Lagrangian velocity of the drifter
and compared with model data in the same points. Model
current velocities are close to them (see Fig. 3b).

The Sevastopol (SA) and Batumi (BA) anticyclones are
most intensive and biggest mesoscale eddies in the Black
Sea. Existence of these anticyclones is confirmed via drifter
and satellite data (Zhurbas et al. 2004, Menna and Poulain
2014, Kubryakov and Stanichny 2015b, Motyzhev et al.
2016). They can reach sizes of about 150 km and more the
orbital velocities of about 50–60 cm/s and more. Archive of
the Black Sea satellite information from 2004 till present time
is freely available on Marine Portal of MHI (http://dvs.net.ru/
mp/index.shtml). As an example, we demonstrate model
velocity field on December 16, 2006 and the satellite sea
surface temperature on the same date in Fig. 4. The warm
water domains (denoted red line circle) correspond to the SA

Fig. 2 Fragment of the Black Sea
bathymetry map (blue line, m)
and numbers of CTD stations (a),
the deviation profiles of simulated
temperature (b), and salinity (c)
from observations on each third
station. Black line denotes the
deviation profile averaged over all
illustrated stations
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and BA (Fig. 4a) and the anticyclonic eddies are also observed
in the model velocity field (Fig. 4b). The BA is quasi-
stationary eddy in the South-Eastern part of the Black
Sea, usually it is observed from April till November but
sometimes its lifetime exceeds 1 year (Kubryakov and
Stanichny 2015b). Cyclonic eddy can accompany the BA
at the end of year (see in Fig. 4b, blue line circle). The SA
is quasi-periodical eddy. It character feature is a movement
along continental slope toward the South-West. Analysis of
satellite images (Ginzburg et al. 2002) shown that the eddy
are generated toward the West from Sevastopol (Fig. 4b)
and then are propagated along periphery of the Rim
Current. The SA is dissipated near Bulgarian coast after
3–4 months. The model mesoscale variability agrees with
estimations obtained by measurements and simulation data
(Staneva et al. 2001, Korotenko 2015).

4 Energy equations

The equations of the KE and PE change rates and the spec-
ificity of their finite-difference approximation are

presented in detail in Demyshev (2004). Let us remind
them for better understanding of the text below. Denote

KE as E ¼ ρ0
u2þv2

2 . We assume that ρ0 = 1 g cm−3. Here
and hereafter, u, v, and w are zonal, meridional, and verti-
cal velocity components, p is the pressure, ρ is the density,
g is the gravity acceleration, and νH and νV are the hori-
zontal and vertical viscosity coefficients, respectively.
Indexes x, y, z, and t indicate a differentiation with respect
to the corresponding parameter. The KE change rate can be
written as follows:

Et ¼ − Adv pð Þ−Adv Eð Þ þ P↔E þ τ→E

þ Dissver Eð Þ þ Disshor Eð Þ; ð1Þ

where,

Adv(p) = (up)x + (vp)y + (wp)z is the pressure work
Adv(E) = (uE)x + (vE)y + (wE)z is the advection of KE
P↔ E = ρgw is the buoyancy work
τ→ E = u0τ

x + v0τ
y is the wind stress work

Dissver(E) = − νV(uuz + vvz)z

Fig. 3 Trajectory of drifter no.
40414 (a) and velocities along the
drifter track (b). Blue line denotes
Lagrangian velocity of the drifter.
Red line denotes simulated
surface current velocity
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is the work due to vertical
internal friction and bottom
friction

Disshor(E) =
− νH[(Δu)2 + (Δv)2]

is the work due to horizontal
friction which includes
horizontal internal friction
and lateral friction,
Δ – Laplacian

The equation of the PE change rate has a view of (taking
into account that P = − gzρ):

Pt ¼ −Adv Pð Þ−P↔E þ Diff hor Pð Þ þ Fluxesþ Diff inver Pð Þþ
þDiff ρver Pð Þ þ Diff κVver Pð Þ þ Diff addver Pð Þ;

ð2Þ

where,

Adv(P) = (uP)x + (vP)y + (wP)z is the PE advection
Diffhor(P) = − κHgz((∇2ρ)2 −
QH)

is the work due to
horizontal diffusion of
PE

Fluxes = −gzκV(ρ)z|z = 0 is the change of PE due to
heat and salt fluxes from
the atmosphere through the
sea surface

Diff inver Pð Þ ¼ −g κVzρz
� �

z is the term corresponding
to the internal vertical
turbulent diffusion

Diff ρver Pð Þ ¼ −gκV ρð Þz is the term corresponding
to the dependence of the
density on depth

Fig. 4 Remote sensing sea
surface temperature (a) on
December 16, 2006 (available on
http://dvs.net.ru/mp/index.shtml).
SA, the Sevastopol anticyclone;
BA, the Batumi anticyclone.
Simulated fields of the surface
current velocity (b), where red
circles denote the anticyclones
and blue circle denotes the
cyclone
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Diff κVver Pð Þ ¼ −gρ κVð Þz is the term corresponding
to the dependence the
vertical diffusion
coefficient on depth

Diff addver Pð Þ ¼ −gzκVQV is the term which appears
due to a nonlinear form of
the density equation

Here, κH and κV are the horizontal and vertical diffusion
coefficients, respectively; QH and QV are the terms corre-
sponding to the nonlinear form of the density equation.
Below in Section 5, we will consider the densities of KE
and PE change in order to analyze the year-mean and the
season-mean KE and PE budgets. These variables are derived
as volume integrals of the terms of Eqs. (1) and (2):

< ϕ>V ¼ 1
V ∭ϕdzdxdy, where V is a basin volume.

5 Analysis of the modeling results

It is common knowledge (Titov and Savin 2008) that the
Black Sea dynamics is characterized by the Rim Current and
anticyclonic eddies on its periphery. Classification of the vor-
tex structures is accomplished through evaluating the
baroclinic Rossby radius of deformation Rd and the Rossby
number Ro, which characterizes the relationship between the
inertial force and the Coriolis force (Gill 1982):

Rd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gH Δρ=ρð Þp

f
; Ro ¼ U

Rf
; ð3Þ

whereU is the orbital eddy velocity, R is the eddy radius, and f
is the Coriolis parameter. If eddies have Ro smaller than 1 and
size bigger than Rd, then they are called mesoscale.
Calculations and in situ measurements for the Black Sea show
that mesoscale eddies are predominately discovered between
the Rim Current and the shore over the continental slope.
They have an average size of 15–30 km and a lifetime of about
2–3 months (Stanev 1990; Ibraev and Trukhchev 1996). So,
we relate these eddies to mesoscale (Chelton 2001). The anal-
ysis of the temporal-spatial variability of velocity, density, and
energy balance in the vicinity of eddies allowed us to assume
that the mechanisms of mesoscale eddies generation in the
Black Sea are the baroclinic instability due to the vertical shear
of the coastal currents (Dymova 2017).

5.1 Energetics

The volume integrals of the circulation KE and PE compo-
nents are calculated for each day from Eqs. (1) and (2). The
KE change is determined by the pressure work Adv(p), the
advection of KE Adv(E), the buoyancy work P ↔ Е, and the
wind stress work τ→ E. KE is lost due to the horizontal

Disshor(Е) and vertical Dissver(Е) dissipation. PE changes in
time due to the advection of PE Adv (P), the horizontal
Diffhor(P) and vertical Diffver(P) turbulent diffusion, and the
diffusion of PE through the surface due to fluxes of heat and
salt Fluxes. The exchange between KE and PE is character-
ized by the magnitude and sign of the buoyancy work. If the
buoyancy work has positive value, then PE is converted to
KE.

Let us consider the integral components which were aver-
aged over the year. Note that some results of intra-annual
energetics analysis were published earlier in Demyshev and
Dymova (2016) for 2006 and Demyshev and Dymova (2017))
for 2011. But here we compare these data to estimate the
influence of interannual variability on the energetics and the
circulation regime of the Black Sea. Diagrams of the energy
balance for 2006 and 2011 are presented in Fig. 5. The left
side of the diagram describes the balance of KE, while the
right side describes the balance of PE, and all values are given
as density of energy flux (10−7 W m−3). KE and PE are de-
creased in 2006 (Fig. 5a). The inflow in KE as a result of the
wind stress work and the buoyancy work is less than the con-
tribution due to horizontal and vertical dissipation. The main
balance is observed between the energy inflow from the wind
and the vertical turbulent mixing. The contributions of the
advective components in the KE budget are small, but they
are not zero due to nonzeromomentum flows through the river
mouths and straits. PE averaged over 2006 is decreased due to
the difference between the buoyancy work and term of
Diffver(P). The vertical turbulent diffusion consists of four
components:

Diff ver Pð Þ ¼ Diff inver Pð Þ þ Diff ρver Pð Þ þ Diff κVver Pð Þ
þ Diff addver Pð Þ: ð4Þ

The first and the fourth terms in Eq. (4) are three orders
smaller than the second and the third terms, so further on, we

neglect Diff inver Pð Þ and Diff addver Pð Þ. The analysis of the tempo-
ral variability of the second and the third terms of Eq. (4)
shows that they compensate each other and their difference
determines the rate of PE change for both years. In 2006, the
total contribution of the second and the third terms of Eq. (4)
was small. In 2011, Diffver(P) has grown mainly due to an
increase in Diff ρver Pð Þ.

The directions of energy fluxes remained unchanged in
2011, but we observe a quantitative difference in contrast to
2006. The main effect is an increment of the year-mean rate of
KE and PE change (Fig. 5b). It means the accumulation of
circulation energy. The general contribution to the KE change
gives the difference between the wind stress work and the
vertical turbulent mixing, same as in 2006. The values of
Dissver(E) and the buoyancy work decreased by 1.65 and 2
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times, respectively, compared to 2006. It leads to the growth
of the year-mean KE in 2011. The growth of PE in 2011 is due
to the following processes. The year-mean value of Diffver(P)
is more than four times higher in contrast to 2006 and the main
contribution here belongs to Diff ρver Pð Þ. The buoyancy work
is more than twice lower in comparison with 2006. As a result
of the horizontal diffusion influence and the release of heat
into the atmosphere, the energy decreased but the termDiff ρver
Pð Þ led to the growth of PE in 2011.
To estimate the seasonal variability of the KE and PE bud-

get components, we consider the terms of Eqs. (1) and (2),
which were averaged over each season. We allocate hydrolog-
ical seasons as 3-month periods beginning on January 1, April
1, July 1, and October 1. The most significant contributions to
the energy budget on a seasonal scale give the wind stress
work, the buoyancy work, the vertical dissipation, and the
vertical diffusion for 2006 and 2011 years. The values and
signs of these components of energy balance for 2006 and
2011 are presented in Table 1. The sign Bminus^ means that
this term decreases the energy. Comparison of modeling data
for 2006 and 2011 shows that there is only one difference in
the signs. Diffver(P) is positive in winter 2006, while it is
negative in winter 2011. The possible reason is an increase
in Diff ρver Pð Þ contribution, which led to an enhanced total
vertical diffusion flux in the winter of 2006. Most likely, this
effect is associated with the choice of boundary conditions: an
impact of storm winds in the winter of 2006 induced more
intensive vertical mixing, cooling of the upper mixed layer
and increase in its density.

In winter and autumn of both 2006 and 2011, the energy
inflow from the wind is mainly compensated by the work due
to vertical friction. In spring, the integral flows are not so
significant and KE is formed by the balance between the
buoyancy work, work due to the vertical dissipation, and the
energy inflow from the wind. In summer of 2011, the energy
inflow from the wind decreased: 3 · 10−7 W m−3 in contrast to
8.3 · 10−7 Wm−3 for 2006. The KE outflow due to the vertical
dissipation decreased too. Table 1 shows that the contribution
of the wind stress work exceeds outflow of KE due to the
vertical dissipation in all seasons of 2011. However, in spring
and summer of 2006, the KE reduction due to vertical friction

Fig. 5 Diagrams of the
magnitudes (10−7 W m−3) and
directions of the KE and PE
budget components: a 2006 and b
2011

Table 1 Integral components of KE and PE budgets (10−7 W m−3)
averaged over all seasons of 2006 and 2011

τ→Е P↔Е Dissver(E) Diffver(P) Fluxes

2006

Winter 26.4 2.02 − 25.9 0.32 − 1.96
Spring 1.7 4.8 − 4.5 4.5 1.3

Summer 8.3 2.3 − 10.2 3.3 1.8

Autumn 14.4 2.04 − 13.9 − 2.3 − 1.2
2011

Winter 18.9 0.3 − 14.5 − 2.3 − 1.9
Spring 6 1.8 − 3.7 13.8 1

Summer 3 2.6 − 2.5 15.6 1.4

Autumn 17.6 0.7 − 12.1 − 0.2 − 2.1

Terms correspond to Eqs. (1) and (2)
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is greater than its increase from the wind. Maybe a relaxation
of the system after storm winds in winter of 2006 took place,
since the number and intensity of storms in winter of 2011
were lower according to the SKIRON data.

The biggest difference in the PE energy budget formation is
observed in the magnitude of work due to the vertical turbu-
lent diffusion in the warm season. In spring of 2011, the value
Diffver(P) reaches 13.8 · 10

−7 W m−3, and in summer of 2011,
it increases to 15.6 · 10−7 Wm−3. On average, over the spring-
summer period of 2011, the absolute value of Diff ρver Pð Þ in-
creased by 1.44 times and the value of Diff κVver Pð Þ is increased
by 1.23 times, both compared to 2006. In May, July, and
September of 2011, intensive fluctuations of mean values of
Diff κVver Pð Þ and Diff ρver Pð Þ are observed. Apparently, such var-
iability was caused by the inhomogeneity of the density field
due to the development of mesoscale eddies in the central part
of the sea (as will be shown below in Fig. 8e). The analysis
showed that the ratio of relative contributions of Diff ρver Pð Þ
and Diff κVver Pð Þ into the magnitude of full vertical diffusion
work is changed in 2011, if compared to 2006: 55.49 and

44.51% (Fig. 6b) against 51.68 and 48.32% (Fig. 6a), respec-
tively. As you see in Fig. 6, the term Diff ρver Pð Þ is more
energy-significant for both experiments; however, the relative
decrease in the term Diff κV

ver Pð Þ contribution leads to an in-
crease in the contribution to the PE change due to vertical
diffusion.

Since the contribution of Diffver(P) to the year-mean value
of Pt is the largest, it is highly important to have the heat and
salt fluxes from the atmosphere with minimal errors and to
take them into account accurately in the boundary conditions.
The second condition for reduction of the forecasting error is
correct parameterization of sub-grid processes. In our experi-
ments, we used the Mellor-Yamada turbulence closure model,
but the question remains open: which of the existing turbu-
lence closure models (Pacanowski and Philander 1981;
Mellor and Yamada 1982; Rodi 1987; Large et al. 1994) is
more preferable?

The ocean energy cycle is formed by four energy reser-
voirs, which describe the kinetic energy Em and the available
potential energy Pm of the time-mean circulation, as well as

Fig. 8 Modeling sea level (cm) fields: a May 15, 2006; b September 15, 2006; c November 15, 2006; d May 15, 2011; e September 15, 2011; and f
November 15, 2011
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the kinetic energy Ee and the available potential energy Pe of
the time-varying circulation (Von Storch et al. 2012) associat-
ed with the mesoscale variability. Here and hereafter, the in-
dices m and e indicate mean current energy and eddy energy,
respectively. We should remind that the results for the energy
of the Black Sea circulation presented above are derived from
solving Eqs. (1) and (2), which correspond exactly to the
equations of the hydrodynamics model. However, since we
calculate the energy equations at the same time steps as the
model equations, we are not able to immediately derive eddy
energy components as deviations from the mean value.
Therefore, the output model data obtained for each day of
2006 (Exp.1) and for each day of 2011 (Exp.2) were averaged
over the years. For the estimation of eddy fluxes, we used the
fluctuations of the velocity components and the density from
their time-mean values:

x
0 ¼ x−x:

The overbar denotes time-averaged values, and the prime
denotes the deviation from the respective time-mean. The de-
viation square was calculated as:

x0⋅y0 ¼ x⋅y−x⋅y:

To calculate the integral values of the energy reservoirs and
the rates of energy conversion between them, we used the
relations (1)–(4) and (14)–(17) from Von Storch et al.
(2012). The integration was carried out over the upper 200-
m layer, because below the changes of velocities and density
are insignificant. We also calculated integral contributions
characterizing the sources of the eddy energy and the mean
current energy. The time-varying wind stress τe and the time-
varying heat and salt fluxes from atmosphere Fluxese are the
sources Еe and Pe, respectively.

Let us consider the year-mean energy cycles of the Black
Sea in 2006 and 2011. Figure 7 presents diagrams of the year-

mean integrals of energy reservoirs and rates of energy con-
version for two experiments. C(X,Y) denotes the rate of con-
version between X and Y: if C(X,Y) > 0, then X converts to Y
and vice versa. The values are given in the following units:
EJ = 1018 J, PJ = 1015 J, and GW= 109 W. As can be seen
from Fig. 5, the contributions of Еm and Ee to the total KE
of the Black Sea circulation are differed for Exp.1 and Exp.2:
the contribution of Еm prevailed in 2006, but the contribution
of Ee prevailed in 2011. The contribution of Еe to the total KE
is 38% in Exp.1 and 62% in Exp.2. The KE change was
provided by the wind stress work. At the same time, energy
generation due to τm and τе had similar magnitudes in 2006,
but in 2011, τе increased by more than three times and τm
weakened. Ee was also replenished by the flux C(Em,Ee),
which was associated with the barotropic instability of the
mean current. It was the most energetically relevant flux ex-
ceeding the year-mean value of τe several times for both ex-
periments. Thus, the eddies were developed mainly due to
barotropic instability of the mean current in 2006 and 2011.
Emwas nourished by the contributions of the wind stress work
and by the conversion Рm→ Еm, which was described by the
buoyancy work. These fluxes were comparable in both exper-
iments. The exchange between the Ее and Ре was an order of
magnitude smaller than the similar flux for the mean current.
The year-mean energy transferred from Ее to Ре in both ex-
periments. Ре was nourished due to the heterogeneity of the
atmosphere flux, while year-mean Рm decreased due to the
transfer of energy into the atmosphere in both experiments.
Analysis of the spatial distribution of the eddy energy sources
(maps are not presented here) showed that in 2006 the greatest
contributions were observed near the Western coast, near the
Kerch Peninsula, and the Anatolian coast; in 2011, only near
the Western coast. The areas of greatest contributions Fluxese

Fig. 7 The Black Sea energy cycles in 2006 (a) and 2011 (b). Energy
reservoirs are in exajoules (EJ, 1018) and petajoules (PJ, 1015) and rates of
generation and conversion are in gigawatts (GW, 109)

Fig. 6 Diagrams of main components of the vertical diffusion PE
(10−7 W m−3): a 2006, b 2011
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were located in the Northern part of the sea, near the Eastern
coast of Crimea, and in the North-Western Shelf for both
experiments.

It is important to note that we do not demonstrate the rate of
dissipation of eddy energy and mean current energy in Fig. 7.
According to the analogy of Von Storch et al. (2012), these
components are calculated algebraically from the equations of
energy budget. However, Fig. 5 shows that the year-mean
budget can be negative or positive. Therefore, to avoid under-
estimation or overestimation of the energy dissipation rate, it
is necessary to introduce eddy analogues for dissipative and
diffusive components of the right parts of Eqs. (1) and (2) and
calculate them directly. We plan to carry out this work in the
future.

5.2 Circulation

Analysis of the modeling results allowed us to identify two
regimes of variability of the Black Sea circulation. We dem-
onstrate these on the example of 2006 and 2011. In 2006, the
basin was covered by a large-scale cyclonic gyre (Fig. 8a–c).
In this circulation model, the mesoscale eddies with the sizes
of the order of 10 km were formed and intensively developed
between the Rim Current and the shore (Fig. 8c). They hardly
penetrated into the abyssal part of the sea, since the Rim
Current prevented their movement. The mesoscale eddies
were sometimes generated in the central part of the sea, when
the circulation had a complex irregular structure (Fig. 8b). In
2011, the Black Sea circulation looked like a set of several
mesoscale eddies (Fig. 8d, e), which merged into a single
cyclonic gyre only at the end of the year (Fig. 8f). Energy
analysis showed that the contribution of the wind stress work
during the cold season of 2011 decreased by 35% on average
compared to 2006. This led to a decrease in inflow to the KE
of circulation and weakening of the Rim Current. As a result,
the extensive cyclonic gyre broke down into three mesoscale
eddies (Fig. 8d). Therefore, the mesoscale eddies were ob-
served not only in the coastal zones but also formed along
the periphery of large cyclonic gyres during 2011 (Fig. 8d,
e). In contrast to 2006, the coastal eddies could be moving
to the central part of the sea transferring mass, heat, and ener-
gy. Thus, the sub-basin and mesoscale variability of the Black
Sea circulation can be significantly different from year to year.

5.3 Mesoscale variability

As shown in Section 3, well-knownmesoscale SA and BA are
reproduced in the simulated velocity fields. The analysis of the
spatial distribution of the buoyancy work showed that its ab-
solute values were the highest in the eddy location zones.
Figure 9a presents the fragments of the velocity field for the
period of the formation and evolution of the SA from July till
October 2006. We also calculated the time variations of

volume integrals of Eе (Fig. 10a), С(Ее,Еm), and C(Pe,Ee)
(Fig. 10b) in the Sevastopol domain for this period. The do-
main is bounded by meridians of 31° E and 34° E, parallels of
43.5° N and 45° N, vertically from the surface to the depth of
200 m. We should remind that the energy conversion from Еm
to Ее happens due to the barotropic instability and the energy
conversion between Pe and Ee is associated with the baroclinic
instability.

Let us consider the process of the SA development. The
eddy arose quasi-periodically with an interval of about
3 months. In the beginning, the eddy with the size of about
60 km detached itself from the edge of the Crimean Peninsula
(Fig. 9а, June 22). For about of a month, the kinetic energy of
the Rim Current was gradually increasing the velocity in the
anticyclone. The eddy captured denser water from the abyssal
sea part and transported it to the coastal part due to orbital
velocities. The water downwelling in the eddy center and up-
welling along the eddy periphery are intensified (Fig. 9b). As
a result, the energy inflow to the available Pe was provided. It
is clear in Fig. 10b: the negative value of C(Pe,Ee) prevails on
August 12–28 and the value С(Ее,Еm) periodically changes a
sign. Increases in C(Pe,Ee) and |С(Еe,Еm)| (modulus of
С(Ее,Еm)) were both observed after August 26, that points
out the enhancement of the barotropic and the baroclinic in-
stability processes. The eddy had already reached the size of
170 km along the long axis and the mean velocity had in-
creased to 40 cm/s (Fig. 9a, August 26). Later, theЕе increased
significantly (Fig. 10a) and the eddy was intensified (Fig. 9a,
September 21). When the Ее reached maximum values of
7.18 · 1013 J, then the |С(Еe,Еm)| exceeded C(Pe,Ee) more than
five times. The SA began to move toward the South-West
along the periphery of the Rim Current due to the formation
of a meander. The Ее decreased (Fig. 10a), the flux of
С(Ее,Еm) weakened, and the flux of C(Pe,Ee) increased
(Fig. 10b) as the anticyclone was leaving the selected domain.
Note that the τе does not have a clear effect on the temporal
variability of Ee. A new eddy was formed toward the West
from Crimea by the end of the time interval. The newly
formed eddy was getting stronger for the next several days
and finally a new Sevastopol anticyclone was generated.
Then, the process repeated. Thus, the generation of the SA
in summer 2006 was conditioned by both barotropic and
baroclinic instabilities but later the evolution of the SA and
its Ее were associated with barotropic instability during the
most intensive development phase.

The BA was formed in end of spring from a weak anticy-
clonic eddy with center located in point 41° E, 41.5° N
(Fig. 8a), and the mechanism of its formation was associated
with the influence of mesoscale anticyclones coming from the
Anatolian coast (Staneva et al. 2001). It was observed
throughout the year, enhancing and weakening from time to
time (Fig. 8b). Enhancing of the BA happened because of the
formation of smaller eddies, their transfer along the Anatolian
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coast, and finally merging with the anticyclone. In autumn,
two eddies of cyclonic and anticyclonic vorticity were located
in the South-Eastern corner of the basin (Fig. 8c). In
December, a quite strong anticyclone was formed again.

There was more complex dynamics in 2011. The SA was
also formed quasi-periodically but it was weaker. The SA
could have moved to the central part of the sea in 2011
(Fig. 8d, e), since the basin-scale dynamics consisted of three

Fig. 9 Fragments of the current velocity (cm/s) fields (a) and conditional density on the zonal transect (30.5–33° E, 44.3 °N) on August 26, 2006 (b) in
the Sevastopol anticyclone area
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large-scale eddies. The behavior of the SA became similar to
its evolution in 2006 after the cyclonic eddies had merged into
a general gyre (Fig. 8f). The BA existed during all the 2011. In
spring, it shifted to the west probably due to the structure of
the main circulation (Fig. 8d). The generation of mesoscale
eddies along the Anatolian coast was more intensive in con-
trast to 2006. These mesoscale eddies moved along the pe-
riphery of the Rim Current and merged with the BA, thereby
determining its evolution (Fig. 8f).

The intensive coastal mesoscale eddy formation was ob-
served near the Anatolian, Caucasian, and Crimean coasts
between the Rim Current and shore over the continental slope.
The Rim Current flowed around the irregularities in the shore-
line in these areas which led to the formation of coastal me-
soscale eddies due to the vertical velocity shift (Dymova
2017) for both experiments. We provide the development of
eddies near the Anatolian coast as an example of this process
(Fig. 11a, c). They were formed quasi-periodically; their life-
time was about 20 days on average. The eddies had the size of
about 15–20 km and were about 100-m deep. In accordance
with the ratio (3), the Rossby number was varied from 0.2 to
0.6 in these circulation zones, so we classified the mentioned
eddies as mesoscale. Spatial distribution maps of the buoyan-
cy work (Fig. 11b, d) pointed out the process of development
of the Rim Current instability in the zones where the coastal
eddies were located. The mesoscale eddies transported denser
waters from the coastal zone and gradients in the density field
between their center and periphery increased. The largest
magnitudes of the buoyancy work modulus were observed
here, which indicated intensive conversion between KE
and PE.

A similar situation was observed during the formation of
eddies near the Crimean and Caucasian coasts (Fig. 12a, c).
Here, their size reached about 10 km and the eddies were 30–
60 m deep. Magnitudes of parameters (3) for the considered
zones allowed us to prove that the eddies, which had been
registered between 44° N and 46° N in the Black Sea, had
mesoscale characteristics. As seen in Fig. 12b, d, the genera-
tion of these mesoscale eddies was accompanied by the inten-
sive exchange between KE and PE which was described by
the buoyancy work.

To estimate the contributions of baroclinic and barotropic
instabilities into the mesoscale eddy generation, we calculated
the volume integrals of Ее, С(Ее,Еm), and C(Pe,Ee) during all
year near the Anatolian, Crimean, and Caucasian coasts for
both experiments. In the northern sea part, the domain is
bounded by meridians of 33° E and 40° E, parallels of 44.3°
N and 45.3° N, and in the southern sea part, the domain is
bounded bymeridians of 34° E and 39° E, parallels of 40.8° N
and 42.5° N. Integration was carried out from surface to the
horizon of 100 m for both domains. The next results are ob-
tained for Crimean and Caucasian coasts. In the first half of
2006, the contribution of |С(Еe,Еm)| exceeds in two times val-
ue ofC(Pe,Ee) and the Ее is also more in two times than the Ее
in the second half of 2006. In the second half of 2006, contri-
bution into the Ее due to C(Pe,Ee) is increased in 6.5 times and
correspondence between biggest values of Ее and C(Pe,Ee) is
observed. The processes of baroclinic instability prevail until
the end of 2006. The growth of Ее is revealed in the cold
seasons of 2011 due to increase both |С(Еe,Еm)| and
C(Pe,Ee). In spring and summer, the maximum value of
C(Pe,Ee) exceeds the |С(Еe,Еm)| more than in seven times.

Fig. 10 Volume integrals of Ee
(a), the rates of conversion
C(Ee,Em) and C(Pe,Ee), and τе (b)
in the Sevastopol anticyclone area
during the evolution period of the
Sevastopol anticyclone
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Analysis of energy fluxes near the Anatolian coast is shown
that Ее in winter and autumn of 2006 is bigger in four times
than in spring and summer. Herewith the contributions of
barotropic and baroclinic instabilities into the eddy generation
in winter and autumn are approximately identical. In summer
of 2006, the C(Pe,Ee) exceeds the |С(Еe,Еm)| in 1.5–2 times.
The fluxes of С(Еe,Еm) and C(Pe,Ee) give almost equal con-
tributions into the Ее from January till September 2011.
Starting from October 2011 the value of C(Pe,Ee) is increased
in 3.5 times. The growth of C(Pe,Ee) led to increase of the Ее
in three times compared to period from January till September.

Let us consider year-mean volume integrals of the C(Pe,Ee)
and the С(Еe,Еm) calculated in aforecited domains for the
Anatolian, Crimean, and Caucasian coasts. The magnitudes
and directions of these energy fluxes are presented in
Fig. 13. As seen, the year-mean values of C(Pe,Ee) and the
С(Еe,Еm) near the Crimean and Caucasian coasts (Fig. 13a)
are comparable to each other for both experiments. The

conversion rates C(Pe,Ee) are less than С(Еe,Еm) near the
Anatolian coast in 2006 and 2011 (Fig. 13b). Note that Еe in
both domains are increased due to the barotropic and
baroclinic instabilities in 2011 and only due to the barotropic
instability in 2006. As was shown in Section 5.2, the Rim
Current was more intensive in 2006 compared to 2011.

6 Conclusion

The hydrological and energetic features of the Black Sea in
2006 and 2011 were reconstructed using the numerical model.
The annual and seasonal fields of the current velocity, density,
and components of the kinetic and potential energy of circu-
lation were calculated to estimate the scales, the reasons, and
mechanisms of the spatial-temporal variability of the Black
Sea circulation. The eddy energy was studied in order to in-
vestigate the mesoscale variability.

Fig. 11 Fragments of the sea
level (cm) fields and the buoyan-
cy work (10−7 W m−3) fields at
the depth of 20 m: a, c November
19, 2006 and b, d October 26,
2011
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Comparative energy analysis showed that the main compo-
nents of the annual and seasonal budgets of kinetic and poten-
tial energies of circulation were the works due to wind action,
turbulent mixing, and vertical diffusion. It means that accurate
parameterization of sub-grid processes is essential to reduce
modeling errors. We performed estimates of the time-mean
and time-varying circulation energies, which were associated
with the mean current energy and eddy energy, respectively.
The year-mean cycle of energy conversion between the mean
current and the eddies in 2006 and 2011 was described. The

sources of eddy KE were the flux of KE from the currents to
eddies and the time-varying wind. The eddy PE increased due
to the time-varying component of the heat and salt flux from
the atmosphere. It was discovered that an increase in the time-
varying wind stress work with the weakening of the time-
mean wind stress in 2011 led to an increase in eddy KE. The
analysis of the energy conversion rates showed that the most
energy-efficient flux was the transport of KE from the mean
current to the eddies, which was associated with the barotropic
instability. The value of the flux describing the rate of conver-
sion between the KE and PE of the mean current was an order
of magnitude less. The year-mean transport of the eddy avail-
able PE by pathway Ee → Pe → Pm was minimal in both
experiments. Note that the direction of the eddy available PE
year-mean flux integrated over basin is different from analog-
ical fluxes integrated over some coastal zones. So the
transported from the eddy available PE to the eddy KE which
is associated with baroclinic instability was observed near the
Anatolian, Crimean, and Caucasian coasts in 2011.

The modeling results reproduced the complex mesoscale
variability of the Black Sea circulation. It was shown that the
character of variability essentially depends on the mode of
general circulation, which is determined by the integral action
of wind in winter. The experimental data for 2006 demonstrat-
ed the well-known structure of currents in the Black Sea but
the basin-scale circulation in 2011 led to a qualitatively differ-
ent dynamics of mesoscale eddies. The main difference was

Fig. 12 Fragments of the sea level (cm) fields (top panel) and the buoyancywork (10−7Wm−3) fields at the depth of 20m (bottom panel): a, cAugust 13,
2006 and b, d May 1, 2011

Fig. 13 Year-mean volume integrals of C(Ee,Em) and C(Pe,Ee) for the
Crimean and Caucasian coast (a) and the Anatolian coast (b) in 2006
and 2011. The conversion rates are in megawatts (MW, 106)
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the ability of eddies to move freely into the abyssal part of the
basin. They provided the exchange of mass, heat, and salt
between the coastal zones, where seawater is fresher and
warmer, and the abyssal part.

The mechanism of development and intensification of the
coastal mesoscale eddies was implemented as follows. The
meanders in the Rim Current structure were generated due to
flowing around the shoreline irregularities. They supplied the
coastal low-powered eddies with the KE. The orbital veloci-
ties of eddies increased and, as a result, denser waters were
involved into the coastal zone and less dense water—into the
deep part of the sea. Thus, the horizontal density gradient
increased and the available PE of eddy grew as well.
Analysis of the energy fluxes between the mean current KE
and the eddy KE and between the eddy available PE and the
eddy KE in coastal zones showed that variability of the eddy
KE in the Black Sea mainly depends on common basin-scale
circulation structure. If the coastal currents are intensive, so
the mesoscale coastal eddy generation is associated with
barotropic instability. When the coastal currents are weak,
then the mesoscale coastal eddy generation is due to both
barotropic and baroclinic instabilities.
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