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The paper presents the analysis results of the kinetic and potential energy budget components calculated using eddy-resolving model of Marine Hydrophysical Institute. Numerical experiments were
carried out with 1.6 km spatial resolution allowing for real atmospheric forcing in 2006. Temporalspatial variability of terms in energy budget equations was considered for the annual-averaged and
seasonal-averaged time scales in the certain sea regions. The analysis of the maps of verticallyaveraged energetic components showed that, on average, over 2006 the most intensive energy exchange occurred along the western coast, in the southeast, near the Crimean and Anatolian coasts and
in the RIM Current zone. It is revealed that the most energy-significant budget components are the
buoyancy force in the northern and northeastern parts of the Black Sea, the wind force in its southern
part, and the pressure and friction forces above the continental slope in the RIM Current zone. It was
determined that the structure of currents in the northwestern shelf region in the cold period was determined by wind fields. In the warm period the generation of intensive eddies was observed due to an
increase of available potential energy store. Formation of mesoscale eddies near the Crimean and the
North Caucasus coasts occurred mainly in the spring-summer season as result of baroclinic instability.
The basic factor conditioning mesoscale dynamics along the southern and the southeastern Black Sea
coast in all the seasons and at a weak wind is the influence of the coastal obstacles upon the RIM
Current periphery. The RIM Current region was the energy sink zone due to intensive horizontal dissipative and diffusion processes.
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Introduction. With the development of the contact and remote World Ocean
water probing methods the data on eddy structures with the spatial dimensions of
about several kilometers and temporal variability with the scale from several days
to several weeks became available. With regard to the local baroclinic Rossby radius of deformation Rd these structures are divided into mesoscale quasigeostrophic eddies with the radius greater than Rd (Rossby number Ro is much
smaller than one for them) and sub-mesoscale ageostrophic eddies with the radius
smaller than Rd and Ro ~ 1 [1]. In the Black Sea coastal zone where Rd makes up,
on average 7.5 km, eddies of both types are observed. The necessity of circulation
investigation at the scale which is smaller than 10 km is dictated by several causes.
Firstly, eddy structures of meso- and sub-mesoscale character can perform the exchange of mass, heat and salt between the coastal and deepwater parts and thus
play an important role in the Black Sea hydrodynamics. Secondly, the outcomes of
the works on MyOcean project, where the comparison of circulation numerical calculation results by three models with horizontal resolution from 5 to 8 km [4],
demonstrated that horizontal resolution may have significant effect on the accuracy
of hydrophysical characteristics forecast. Furthermore, such information on marine
environment state is required for solving the problems of coastal ecosystems moniPHYSICAL OCEANOGRAPHY NO.3 (2017)
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toring. A great number of works created by S.F. Dotsenko [5] are devoted to the
study and prediction of the consequences of natural catastrophic phenomena in the
Azov–Black Sea region on the basis of numerical models.
There are several eddy-resolving models of the Black Sea dynamics. In the Institute of Numerical Mathematics of RAS and in P.P. Shirshov Institute of Oceanology of RAS high-resolution models [6, 7] (by which variability in the Black Sea
and the Sea of Azov is studied) were developed. A number of diagnostic and prognostic experiments on the calculation of the Black Sea hydrophysical fields were
carried out using РОМ [8], NEMO [9] and MHI [10] models taking into account
real atmospheric effect and satellite information.
An effective instrument for assessing the role of various physical factors in the
dynamics of currents is the analysis of the energy balance in the modeled system.
In [11] different assessments of kinetic energy balance are used when choosing the
criteria for completion of the adaptive calculations of hydrodynamic characteristics. Numerical analysis of energy transitions which take place during the study of
the mechanisms of hydrophysical parameter anomaly generation in the Arctic
Ocean was performed in [12]. In [13] the World Ocean energy cycle was calculated
with the emphasis on the contribution of mesoscale eddies to the global circulation
energy. Energy balances of semi-enclosed seas (including the Black Sea) are given
in the paper [14], which shows that the buoyancy work is one of the main factors in
the formation of the dynamics mesoscale features in semi-enclosed seas.
Energetics of the Black Sea climatic circulation (calculated at 5 × 5 km grid) is
represented in [15] where five energy-active zones located along the continental slope
in the area of the North-Western Shelf (NWS), near the western part of the Anatolian
coast, in the south-western part of the sea, in the central part of the Caucasian coast and
near the eastern Crimea are determined. In [16], the components of the energy budget
in 2006 are calculated with 1.6 km horizontal resolution on the basis of the finite difference equations of the kinetic (KE) and potential energy (PE) variations, taking into
account the real atmospheric forcing. The analysis of averaged over the year and each
season integral components of KE and PE budget was carried out. It is shown that during 2006 the variation of the Black Sea energy was determined mainly by the balance
between the contributions made by the works of buoyancy, friction and wind forces.
The paper is devoted to the study of the Black Sea energetics and is the continuation of the analysis of numerical experiment [16] results. Spatial-temporal variability of vertically-integrated energy characteristics is considered. The purpose of
this study was to analyze the most energy-significant components of potential and
kinetic energy budget and to determine possible mechanisms of the formation and
evolution of mesoscale eddies.
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Numerical experiment. Assuming that < ϕ > H = ϕdz , energy equations may
0

be written down in the symbolic form in the following way [15]:
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where Et is KE variation rate; ζ is a free surface elevation; Е0 = Е(x, y, 0, t);
Advhor ( P ) =< (uP ) x + (vP) y > H is pressure work; Advhor ( E ) =< (uE ) x + (vE ) y > H
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friction; < Diss ver ( E ) > H =ν V (uu z + vv z ) z is KE variation due to vertical internal
friction; < Disshor ( E ) > H =ν H [(∇ 2u ) 2 + (∇ 2 v) 2 ] is KE variation due to horizontal
friction (it includes internal horizontal friction and lateral friction).
< Π t > H = − Advhor (Π ) − < Π ↔ E > H + < Diff hor (Π ) > H −
κ

sur − bot
add
− < Diff verV (Π ) > H + < Diff ver
(Π ) > H − < Diff ver
(Π ) > H ,

(2)

where Пt is PE variation rate; Advhor (Π ) =< (uΠ ) x + (vΠ ) y > H is PE advection;
< Diff hor (Π ) > H =< − κ H (∇ 4 Π − gzQ H ) > H is PE variation due to inhomogeneity of
κ

horizontal turbulent diffusion; < Diff verV (Π ) > H =< gρ( κ V ) z > H is PE variation due
to inhomogeneity of vertical turbulent diffusion coefficient by the depth;
sur − bot
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is a term that occurs when integrating the state

equation due to its nonlinear nature. The rest of the notations are universally accepted.
In contrast to [15], in the given study the calculations were carried out at
1.6 km grid, vertical turbulent processes were parameterized on the basis of Mellor-Yamada's turbulence closure model 2.5 [17], the wind, the heat fluxes, precipitation and evaporation obtained by the data of ALADIN [18] atmospheric model
were taken into account. For specifying the hydrodynamic characteristics in the
river mouths and straits climatic data [19] were used. For convenience of perception, the vertical integration sign < > H is omitted hereinafter in the text.
Analysis of the results. Spatial distribution of certain terms (averaged over
the year) of equations (1), (2) is given in Fig. 1. KE advection at the annual average
scale was characterized by the values which were close to zero. They were small in
comparison with the values of other terms. It is obvious from Fig. 1, a that the
maximum and the minimum values of pressure work are observed between 200–
900 m isobaths in the western part of the sea and near the coast of Turkey. In the
same areas over the continental slope the greatest annual average velocity values
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were revealed in the core of the Rim Current. They lead to the increase of advective derivative value and, accordingly, to the intensification of pressure work.
In the Batumi anticyclone zone mutually compensating areas of Advhor (P) value are
located, therefore, the total average annual contribution of the pressure work to the
KE variation is insignificant in this region. Average annual distribution of buoyancy work is represented in Fig. 1, b. Buoyancy work depends on vertical velocity
and density: Π ↔ E = gwρ . A comparison with vertical velocity maps revealed
that in the abyssal part (except for the southeastern part of the sea) the areas of positive and negative values of П ↔ Е correspond to the zones of water level subsidence and rise, which are determined by vertical velocity sign. Positive values of
П ↔ Е prevail at the NWS (North-Western Shelf), correlation with the spatial distribution of vertical velocity is not indicated at that. Therefore, the buoyancy work
at the NWS was mainly due to the density field which was determined by the heat
fluxes, precipitation and evaporation on the sea surface and by freshwater river inflows. A transition of available potential energy (APE) to the KE in this region
takes, on average over year, and thus the smothering of isopycnic surfaces took
place. Thus, during the period under study the processes of cooling and winter
convection in the NWS region were more energy-significant in comparison with
the spring – summer warming of the waters, and the formation of mesoscale eddies, according to the authors, occurred against the background of barotropization
of currents. However, this conclusion is just an assumption as it is difficult to assess the barotropic and baroclinic components of kinetic energy (as, for example, in
[20]) on the basis of our approach.
On average over year KE increased due to the influx from the wind: the greatest contribution was recorded in the southwestern part of the sea and near the eastern part of the Anatolian coast (Fig. 1, c). Such distribution is due to the field of
wind stress. The analysis of wind field revealed that in 2006 the strongest and the
most repeatable winds had the northeastern direction with the maximum velocity
values near the western coast. Negative values of wind stress work near the western
part of the Anatolian coast (Fig. 1, c) mean that the wind and the currents have the
opposite directions at the surface: the RIM Current is directed to the northeast and
wind stress vector is directed mainly to the southwest. Due to this fact, the processes of shear instability are developing. They are one of the mechanisms of
mesoscale eddy formation [21]. The analysis of maps of instantaneous currents and
wind fields showed that in the given region eddy structures are formed between the
RIM Current and the shore under weak winds as a result of the current running on
the coastal obstacles. At the strong winds eddies were not observed. Thus, near the
western part of the Anatolian coast mean annual wind influence on the circulation
structure turned out to be less energy-significant than the impact of the coastline
orographic features.
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Fig. 1. Summands (erg/cm2) in the equations (1), (2) averaged over the year: а – Advhor (Р); b –
sur
П ↔ Е; c– τ → Е; d – Dissver (E); e – Advhor (П); f – Diff ver
(Π )

Significant KE losses due to vertical friction were recorded in the area of the
southeastern coast of the Crimea and in the western part of the Black Sea with the
maximum values near the coasts of Romania and Bulgaria (Fig. 1, d). This is explained by the intensification of mixing and vertical exchange processes in the
zones where the strongest and the most frequently repeated winds were recorded.
When calculating Dissver (E), wind stress is directly taken into account as boundary
condition not only in motion equations but also when calculating vertical exchange
coefficients using Mellor – Yamada parameterization [17]. Therefore, wind
strengthening leads to the increase of vertical velocity gradient, vertical turbulent
exchange coefficients and, as a consequence, to larger in modulus Dissver (E) values. The most intensive KE sink due to horizontal dissipation occurs in the RIM
Current. As the coefficients of horizontal turbulent viscosity are constant, KE loss
due to the friction depends solely on the value of horizontal velocity gradients,
which have larger values in the RIM Current than in other regions of the sea. The
main contribution to Disshor (E) value was made by the upper model horizons in the
winter period when the RIM Current is the most intensive. In summer, due to the
weakening of the RIM Current and winds, numerous eddies of different scales are
developing and energy losses due to horizontal friction decrease (in comparison
with the cold season).
On average over 2006 the contributions of heat and salt fluxes at the sea surface and PE advection to the PE variation were the greatest. The largest in modulus
values of the advective term in the equation (2) are localized above the continental
slope (Fig. 1, e) where the velocity increase in the RIM Current core leads to an
PHYSICAL OCEANOGRAPHY NO.3 (2017)
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intensification of advective transport. In the abyssal part of the sea, to the west
from 35° E, an alternation of the zones of positive and negative values of Advhor (П)
was observed. The same structure with the opposite sign was observed in the distribution of Advhor (Р) term in Fig. 1, a. These energy balance components are mutually compensating, their behavior is determined by vertical velocity. In [22] the
existence of standing Rossby waves (their structure corresponds to the distribution
of characteristics in Fig. 1, a and Fig. 1, e according to spatial-temporal scales) in
the Black Sea is indicated.
sur
In the spatial distribution of annually-averaged Diff ver
(Π ) term (Fig. 1, f) a
correspondence of total heat flux from the atmosphere to the annual average spatial
distribution is determined: in those places where the heat flux is directed from the
sur
atmosphere to the sea (the water gets warm), Diff ver
(Π ) term has a positive value.
Thus, at the annual average scale the heat flux has the most significant effect on PE
sur
variation in the upper layer. Maximum Diff ver
(Π ) values in the areas of the Danube and the Rioni River mouths are due to spring intensification of river runoff.
With the increase of the difference between the surficial and near-bottom densities
(i.e. with the increase of vertical density gradient value) the deviation of isopycnic
surfaces from the mean “unperturbed” level also increases and, as a consequence,
APE store rises. It is known from the literature that APE is a source of energy for
add
mesoscale eddies [23]. Diff ver
(Π ) term is quite small in comparison with other
components of PE balance, therefore, it is not taken into account further.
Thus, it can be seen from Fig. 1 that in 2006 the most intensive energy exchange occurred in the RIM Current area, near the western coast, in the southwestern part of the sea, near the Crimean and Anatolian coasts. The results of analysis
of KE and PE budget components seasonal variability are represented below.
The values of vertically integrated energy terms in the equations (1) and (2) were
averaged over seasons. For each season the greatest contributions to the energy
balance are assessed. We considered hydrologic seasons, i.e. three-month periods
beginning on January 1, April 1, July 1 and October 1.

Fig. 2. Salinity field (‰) at 45.2° N section: а – 22.05.06, b – 23.12.06
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For the NWS and the western coast in the autumn-winter period the most
significant KE balance components are the contribution of the wind and the losses
due to vertical friction. These values characterize the restructuring of the current
fields caused by storm winds (wind velocities were about 10 m/s and higher) above
the western part of the sea in the cold period. At this time jet currents directed
mainly to the southwest were observed in the velocity field. In the western part of
the sea Advhor (Р) contribution to the KE had the greatest values above the continental slope in all seasons of the year. PE variability in the NWS area is the most
intensive in spring and summer due to river runoff intensification. Salinity field
maps at the section corresponding to the latitude of the Danube mouth for cold and
warm seasons are represented in Fig. 2. It can be seen that in spring the inflow of
river waters results in the curving of isohalines, while in winter they are practically
vertical. Thus, PE rises due to the increase of the difference between surficial and
near-bottom densities. Deviation of isopycnic surfaces from the unperturbed level
increases at that and it leads to the growth of APE store.
Seasonal variability of τ → Е and Dissver (E) terms near the Crimean coast is
determined by the same factor as at the western coast: prescribed fields of wind
stress. This means that in autumn-winter period the contribution from wind and the
loss due to friction are the most significant components of energy balance and the
currents are mainly of jet-like character. In all seasons of the year Advhor (E) and
Advhor (Р) mutually compensating zones are observed near the southeastern coast of
the Crimea. As a result, the buoyancy work (Fig. 3) (the value of which is determined by the vertical velocity sign) becomes the dominant value in the KE balance.
This value is positive most of the time, that is, the potential energy goes into the
kinetic energy. In the absence of strong winds, this process is completed by the
formation of short-lived mesoscale eddies in the velocity field.

Fig. 3. The buoyancy work (erg/cm2) averaged over a season: a – in winter, b – in summer
κ

In a cold season in PE balance prevails Diff verV (Π ) term (its value reaches the
κ

maximum in the Karkinit Bay). The mechanism of Diff verV (Π ) variation is the following: with the depth increase the value of κ V vertical turbulent diffusion coefficient
decreases. As it is calculated using Mellor – Yamada parameterization [17], where the
wind stress is taken into account as a boundary condition at the surface, at strong and
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prolonged winds in cold seasons vertical diffusive flux increases due to ( κ V ) z vertical
gradient increase. In spring PE increase is determined by high positive values of total
diffusive flux near the coasts of the Crimea and the Caucasus. Its strengthening corresponds to the specified heat flux on the sea surface.
During the year the Anatolian coast is characterized by spatial-temporal inhomogeneity of KE budget components and relatively homogeneous distribution of
PE budget components (except for Advhor (П)). For reasons of presentation, the
Turkish coast to the west from 34° E will be called the western part and the one to
the east from 34° E – the eastern part. The feature of the western part is steep continental slope and of the eastern part – rather wide continental slope and indented
coastline. In winter and autumn the pressure work decreases KE in the eastern part
and increases it in the western one. In cold period of the year, when the water
cools, its density and, consequently, the pressure increase. Pressure rise and intensification of currents above the narrow continental slope in the western part result
in significant Advhor (Р) value increase. In all seasons the regions of the most intensive KE dissipation are recorded near the Turkish coast. The strengthening of dissipative processes is due to the RIM Current intensification above the narrow continental slope. When analyzing the distribution of τ → Е term (seasonallyaveraged) the following feature was found: in the western part of the Anatolian
coast the wind stress work is negative and in the eastern one it is positive. The
comparison of current maps at the upper computational horizon with the spatial
distribution of the term (which characterizes the instantaneous work of wind force)
revealed that under weak winds the zones of mesoscale eddy localization correspond to the areas of τ → Е negative values. In Fig. 4 the fields of currents and
τ → Е for 19.03.06 are given as an example. It should be pointed out that the value
of wind stress above the region under investigation vary within 0.2–0.5 dyn/cm2 for
the mentioned date. This corresponds to the near-water wind velocities within 1.5–
2 m/s range. Wind velocity was calculated according to the following formula:

τ = ρCd Vwind [24]. It can be seen from Fig. 4 that τ → Е term increases the kinetic
energy of the RIM Current (red zones) and near the shore the zones of KE sink are
formed (blue zones). The location of KE sink areas (Fig. 4, b) clearly coincides
with the localization of mesoscale eddies in the velocity field (Fig. 4, b). τ → Е
term is on the right side of expression (1) and is determined by the multiplication
of vectors components of current velocity and wind stress (u0 τ x + v0 τ y ) . If the
value under investigation is negative, then the stream deceleration takes place and
in the shelf zones behind-obstacle anticyclonic eddies [25] are formed. In the eastern part of the Anatolian coast shelf depth makes up, on average, 100 m. Consequently, under weak wind shore orography has a significant influence on the currents and mesoscale eddies occur in relatively shallow areas behind the capes.
When the wind gets stronger, the RIM Current gets closer to the shore, the area of
KE sink zones decreases and in the coastal zone mesoscale eddies do not develop.
Thus, the weakening of wind effect combined with the coastline orography effect
may be the main prerequisites for the generation of mesoscale circulation features
in the southern part of the Black Sea. On the basis of the foregoing we assume that
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in the areas where τ → Е term is negative KE of currents transforms into the eddy
energy. However, this hypothesis requires further study.

Fig. 4. The fields of velocity (cm/s) (а) and τ → Е (erg/s2) (b) for 19.03.06

Despite the absence of significant annual average contributions to the energy
variation in the regions of the Batumi and Sevastopol anticyclones, in these areas
adequate transport was carried out at the seasonal scale. Thus, from the spring mutually compensative Advhor (E) and Advhor (Р) areas, corresponding to the location of
anticyclones (Fig. 5 a, b), begin to form. In those areas where the anicyclones contact with the main cyclonic gyre the highest velocities of currents are observed.
Correspondingly, horizontal velocity gradients increase. This results in the increase
of contribution of advective terms. In the Batumi anticyclone region Advhor (П)
makes the main contribution to the PE variation (Fig. 5, c), which is due to high
velocity gradients and great PE value in the abyssal part of the sea. In summer the
RIM Current weakens and Sevastopol and Batumi anticyclones intensify. This (in
energy-related aspects) leads to the area expansion of the zones in which the advective transport plays the main role in the energy exchange. In the warm period of the
year П ↔ Е value increase (Fig. 5, d) is observed along the periphery of the Batumi
anticyclone. Numerous small isoline features in the eastern part of the sea are manifested as a result of time-averaging. A comparison of instantaneous velocity fields
and the buoyancy work fields revealed the correspondence of П ↔ Е intensive variability zones (which is due to the density variation) to the zones of mesoscale eddy
localization. This testifies to the increase of baroclinic instability processes. In the
bot −sur
southeast, in the spring-summer period the contribution of Diff ver
(Π ) term to
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the PE variation increases due to river water inflow. APE store rises due to the increase of isopycnic surface deviation from the “unperturbed” level at that. The
RIM Current intensification is characteristic of the autumn period (the velocity increase and stream width decrease). Sevastopol and Batumi anticyclones weaken,
therefore the area of the zones corresponding to the greater values of advective
terms in the expression (1) decreases. The cooling of waters and the increase of the
upper quasi-homogeneous layer thickness result in PE rise but APE store decreases
at that.

Fig. 5. Averaged over the spring advective fluxes (erg/cm2): a – Advhor (Е), b – Advhor (Р), c –
Advhor (П); d – П ↔ Е

The RIM Current is the zone where an intensive energy transformation takes
place. The RIM Current core is localized above the continental slope. First of all,
the RIM Current is the main area of energy sink due to horizontal dissipative and
diffusive processes. In autumn-winter period (when the RIM Current is the most
intensive) KE losses due to horizontal friction are commensurable with the value of
advective contributions. The maximum KE sink was observed to the west from the
Crimean Peninsula tip and near the western part of the Anatolian coast. The analysis of Disshor (E) value variation with the depth revealed the fact that in winter the
main part of the energy got lost in the upper 75-meter layer. In spring and summer
the friction work decreased by an order of magnitude. The coefficient of horizontal
turbulent viscosity is constant, so the value of KE losses due to the friction is determined by the current velocity gradient only. PE decrease due to the horizontal
diffusion is also the largest in the RIM Current zone, but Diffhor (П) value on the
inter-seasonal scale varies slightly.
Conclusions. As a result of the numerical experiment, the components of the
Black Sea kinetic and potential energy budget in 2006 were calculated. Temporalspatial variability of the main forces determining the features of circulation on annual-average and seasonal scales for different sea regions was considered. The analysis
of the maps of energy budget vertically-averaged components showed that, on average over 2006 the most intensive energy exchange took place near the western coast
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and in the southeastern part of the Black Sea, near the Crimean and Anatolian coasts
and in the RIM Current region.
In the cold period near the western coast and on the NWS stormy northeastern
winds mainly determined the jet regime of currents, and KE variation was determined by the balance between wind contribution and a loss due to the vertical friction. In spring and summer, as a result of river runoff intensification the variations
of isopycnic surfaces from the “unperturbed” level increased. This has resulted in
APE store increase. The analysis of the buoyancy work in the NWS region revealed that in the absence of strong winds APE transferred from potential energy to
the kinetic one and in this consequence mesoscale eddies were formed.
During the year near the Crimean coast the buoyancy work was the dominant
component of energy balance. The value of this force was determined by vertical
velocity sign at that. It is shown that the buoyancy work near the Crimean coast
was mainly positive, i.e. the potential energy transferred to the kinetic one.
In autumn and winter near the Anatolian coast the pressure work made the
main contribution to the KE variation. Great value of this force was determined by
the advective transport intensification due to current velocities increase in the RIM
Current core. The analysis of spatial distribution of wind stress work showed that
in all seasons the zones of KE sink occurred by effects of coastline orography under condition of weak winds. Apparently, KE transformed into the energy of
mesoscale eddies at that. When comparing the maps of wind stress work with the
simulated velocity fields in the southern part of the Black Sea in 2006, spatial coincidence of the regions of mesoscale eddy localization with the KE sink zones was
revealed.
The greatest contributions to the energy balance in the areas of Sevastopol and
Batumi anticyclones were made by KE and PE advections. Spatial-temporal variability of these energy fluxes is due to the value of horizontal velocity gradients.
They increased when current velocities rose in the areas where the anticyclones
came into contact with the RIM Current. The RIM Current area was KE and PE
sink zone due to intensive horizontal dissipative and diffusive processes, in winter
the main part of KE got lost in the upper 75-meter layer.
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