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Abstract 
Purpose. The paper is purposed at studying the characteristics and evolution of submesoscale cyclonic 
eddies attached to the Batumi anticyclone. 
Methods and Results. The results of numerical simulation based on the NEMO model data for 2008–
2009 and on the algorithm for automatic eddy identification, permitted to obtain the data on evolution 
of the dynamic and thermohaline structure of such eddies, and the reasons for their formation and 
dissipation. When in 2008 the Batumi anticyclone was passing, seven pronounced stable submesoscale 
rounded cyclonic eddies were detected on its periphery. The lifetime of some eddies achieves 20 days, 
vorticity anomalies in them can reach the 200 m depth, and vertical velocities can exceed 10 m/day. 
Conclusions. The submesoscale cyclonic eddies are formed at intensification of the Batumi anticyclone 
and at its displacement to the west towards Cape Fener. Increase of velocity shear arising during 
interaction of the Batumi anticyclone with the cape, results in formation of the cyclonic vorticity area 
which in some cases transforms into a submesoscale cyclonic eddy. Further, such eddies separate from 
the coast and move along the Batumi anticyclone periphery in the anticyclonic direction. The highest 
energy of submesoscale cyclonic eddies is observed at the moment of their formation, and then follows 
their slow dissipation, that is related to the process of their elongation due to the velocity shear at the 
Batumi anticyclone periphery. This process gradually intensifies with weakening of a cyclonic vortex 
and results in its transformation into a vortex filament. 
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1. Introduction
Submesoscale cyclones have a significant local effect on the horizontal and 

vertical exchange, mixing and water stratification [1–3], transport of suspended 
matter in the coastal zone [4–6], nutrient fluxes and biological processes in the 
marine environment [6–8]. Submesoscale processes in the Black Sea are 
characterized by pronounced seasonal and spatial variability [4, 6, 9]. One of the 
generation areas of submesoscale cyclonic eddies (SCE) in the Black Sea is the 
periphery of mesoscale anticyclones [6, 10, 11]. Sharp velocity shear and vorticity 
gradients at the boundary of these eddies, especially in the coastal zone in the 
presence of capes [6], cause the appearance of local zones of rise and divergence of 
water [10, 12, 13]. Such processes, in particular, were noted in the southeastern part 
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of the sea [11], where the Batumi anticyclone (BA) is located, one of the most intense 
eddy formations in the Black Sea [13]. The BA is the most stationary eddy formation 
[14, 15]; it interacts with the coastline for a long time period, which contributes to 
the SCE formation. Examples in Fig. 1 demonstrate the formation of several such 
eddies at the quasi-stationary BA boundary. SCEs significantly affect the 
distribution of coastal turbid waters and are often characterized by a brightness 
maximum in their core, which indicates their ability to transport suspended matter 
(for more detail, see [4]). 

F i g.  1. Submesoscale cyclones (red ovals) at the BA periphery based on the MODIS measurements 
for May 20, 2016 (a); and based on the Sentinel-2 data for April 9, 2019 (b) 

Despite the fact that the process of SCE formation at the periphery of 
anticyclones was studied in detail in idealistic models in a number of recent papers 
[13, 16], studies of the evolution of attached SCEs based on realistic numerical 
simulations have hardly been carried out previously. 

Development of high-resolution numerical models, as well as the appearance of 
automatic eddy identification methods, provide detailed information on 
the evolution of the dynamic and thermohaline characteristics of submesoscale 
cyclones. The present paper is aimed at studying the features of generation, 
development and SCE dissipation at the BA periphery based on the results of realistic 
numerical modeling with high spatial resolution using algorithms for automatic eddy 
identification. 

2. Data and methods
2.1. Numerical modeling 

To study the evolution of eddy structures, the present work uses the results of 
calculations based on the NEMO complex for numerical modeling of the circulation 
for 2008–2009 [17]. The hydrodynamic block is based on a system of primitive 
hydrodynamic equations. For nonlinear terms in the equations of heat and salt 
transfer – diffusion, the TVD scheme is used. Discretization in time is carried out by 
means of a modified "leapfrog" scheme. Vertically, a z-coordinate with a fractional 
step is used. The UNESCO formula is used as the state equation. The vertical 
turbulent mixing parametrization is carried out using the k – ε model. To describe 
the lateral exchange, a standard biharmonic operator with negative viscosity and 
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diffusion coefficients, modulo equal to 4⋅107 m4/s and 8⋅106 m4/s, respectively, is 
used. 

The computational domain covers the Black, Azov and Marmara seas and is 
presented as a quasi-regular grid with a spatial resolution of 1/96° in latitude and 
1/69° in longitude. This corresponds to a step of ∼ 1.157 km along the meridian, the 
zonal step changes uniformly from 1100 m in the north to 1230 m in the south. 
Temperature and salinity fields taken from the product base of the Black Sea Marine 
Forecast Center were used as initial conditions for the Black Sea 1. Bottom 
topography was built on the basis of EMODnet project data with a resolution of 7.5″ 
× 7.5″, which is about 200 m in the meridional direction. 

To initialize the model based on the results of model calculations of the FSBSI 
FRC MHI Marine Forecast Center system, the temperature and salinity fields were 
prepared for August 15, 2007. 

For boundary conditions on the surface, downstream longwave and shortwave 
radiation fluxes, precipitation in liquid and solid phases, the horizontal component 
of wind speed at a height of 10 m and air temperature and humidity fields at a height 
of 2 m are used. This data was obtained from the global atmospheric reanalysis of 
the European Center for Medium-Range Weather Forecasts (ECMWF) of the latest 
ERA5 generation. Spatial resolution of the product fields is 0.25°, and the time 
discretization is 1 hour. The noted meteorological parameters with the initial time 
discreteness were used to calculate the total heat fluxes, mass and wind friction stress 
using the bulk formulas of the CORE protocol (Coordinated Ocean-ice Reference 
Experiments). 

The model parameters and configuration features are presented in more detail 
in [18, 19]. Model fields with a time resolution of 1 day were used for the analysis. 
The southeastern part of the Black Sea with coordinates 38°–42°E and 41°–43°N 
was chosen for the study. 

2.2. Automatic identification of eddies 
The automatic identification of eddies in this work is based on the determination 

of the Okubo – Weiss (OW) parameter [20, 21]. The following algorithm was used: 
Step 1. Value of the vertical component of the relative vorticity of the current 

(hereinafter referred to as vorticity) is calculated from the data on the velocity of 
currents at a horizon of 20 m: 

ζ = ∂𝑣𝑣
∂𝑥𝑥
− ∂𝑢𝑢

∂𝑦𝑦
 , 

where v is y-axis velocity; u is x-axis velocity. 
Step 2. For each cell, the OW parameter is calculated [20] by the following 

formula 

𝑊𝑊 = 𝑆𝑆𝑛𝑛2 + 𝑆𝑆𝑠𝑠2 − ζ2, 

1 MyOcean. MyOcean Service. 2018. [online] Available at: http://bsmfc.net [Accessed: 
25 November 2022]. 
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where 𝑆𝑆𝑛𝑛2= ∂u
∂x
− ∂v

∂y
is the normal stress component; 𝑆𝑆𝑠𝑠2 = ∂v

∂x
+ ∂u

∂y
 is the is the shear 

stress component. 
Step 3. A negative value of the OW parameter indicates that the relative rotation 

of the particles dominates in the fluid, and vice versa, when it is positive, shear and 
normal stress dominate. In this case, the OW parameter is negative for both cyclones 
and anticyclones [21]. Therefore, to identify eddies, regions with the OW parameter 
value that is less than a certain limit are selected. In this paper, this limit was taken 
empirically equal to Wkr = −2⋅10−10 1/s2. A set of grid nodes with common boundaries 
that satisfies this condition is the eddy core. In the calculation, only eddies 
containing more than six cells, i.e., eddies with a core radius exceeding 2 km, were 
identified. 

Step 4. For eddy tracking, all of them are identified on two maps of the OW 
parameters (at the given time step and the previous one): their centers and 
the number of cells that they consist of are marked. Further, with each eddy from the 
set of the previous time step, the following procedures are cyclically carried out: 

− for the selected eddy (B1) on the first map, the coordinates of its center are 
determined. Depending on the maximum possible eddy speed in the given region 
and the time step, the maximum search area radius between the same eddy 
manifestations on two consecutive maps is selected. In the present paper, the value 
of 0.3 m/s with a time step of 24 h was chosen as the maximum moving velocity, 
which corresponds to a search radius of 29 km;  

− further, from the eddies in the selected search area, the B2 eddy closest to 
B1 with the same vorticity sign is selected;  

− B1 is excluded from the set of eddies of the previous time step, and B2 is 
excluded from the next time step map. If at any of the steps there is no subsequent 
eddy satisfying the conditions, then it is considered that B1 is the last reflection of 
the eddy trajectory – the eddy has dissipated.  

3. Results
3.1. Statistics of identified eddies 

Based on the algorithm described above, in the study area (38°–42°E and 41°–
43°N) for 2008–2009 a total of 1975 cyclones with an average lifetime of 7 days and 
a maximum of 73 days and 1454 anticyclones with an average lifetime of 7 days and 
a maximum of 229 days were identified. 

Fig. 2, a shows the statistical distribution of the radii of all vortex structures 
identified in 2008–2009. In agreement with previous works [16], many more small 
eddies (with a radius of less than 5 km) than the large ones are observed. Let us note 
that the Okubo–Weiss method used in this work permits to identify only the core of 
eddies. The real size of the eddy-influenced area can be 1.5–2 times larger. 
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F i g.  2. Histograms of distribution of the core radius (а) and the Rossby number (Ro = ζmax/f) (b) of 
the identified eddies in the southeastern part of the Black Sea 

From a dynamic view point, eddies that are in quasi-geostrophic balance can be 
considered mesoscale (Ro << 1, where Ro is the Rossby number equal to ζ/f; ζ is 
the relative vorticity, and f is the planetary vorticity). In submesoscale dynamics, 
the Rossby number is on the order of unity, and the contribution of nonlinear terms 
in the equation of motion, which correspond to centrifugal acceleration (V2/R), is 
comparable to the contribution of the Coriolis force (V2/R > fV).  

In this work, formations with Ro > 0.5 are classified as submesoscale eddies. 
The analysis showed that anticyclonic eddies (AE) were, on average, characterized 
by higher values of vorticity and Ro in their cores (Fig. 2, b). During the period under 
consideration, about 37% of the identified AEs and 17% of cyclonic eddies (CEs) 
had values of Ro > 0.5, i.e., they belonged to submesoscale ones. At the same time, 
about 5% of AE and 2% of CE had Ro > 1. Some eddies (~ 0.4% AE and 0.01% CE) 
reached high Ro values (greater than 2.5). 

It should be noted that most SCEs are located near large anticyclones and along 
the coastal zone. Fig. 3 shows the vorticity field distribution as of September 30, 
2008. This example shows the accumulation of eddies on the outer and inner 
periphery of the BA, as well as the smaller Anatolian anticyclone located to the west 
of the BA. A large number of eddies is also observed near the eastern coast of the 
study area, in the coastal zone of high vorticity gradients. 
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F i g.  3. Distribution of the vorticity field (a) and the selected areas in the vorticity field (b) based on 
the critical values of the ОW parameter (W > Wkr) for 30.09.2008. Crosses mark the centers of the eddies 
whose radius is less than 10 km; red oval is Cape Fener 

3.2. Formation of cyclonic eddies on the Batumi anticyclone periphery 
During the study period, the longest-lived BA in the coastal zone of the study 

area was observed from the end of March 2008 to the middle of March 2009 (from 
29.03.2008 to 16.03.2009). The BA was formed from the smaller Anatolian 
anticyclone, which at the beginning of April 2008 entered the study area from 
the west. By the end of April, its position had stabilized in the coastal zone at about 
40°E east of the Turkish Cape Fener, marked in Fig. 3, a by a red oval. 
In the subsequent period, until the end of December 2008, the BA was located to the 
east of this cape, and after that time it began to move along the coast in the Black 
Sea Rim Current direction. 

During the period of the BA presence in the coastal southeastern Black Sea, 
seven pronounced stable rounded SCEs were recorded on its periphery, which were 
formed at intervals of one week to two months: 04.08.2008, 19.09.2008, 16.11.2008, 
02.12.2008, 11.12.2008, 10.02.2009. At the same time, in addition to stable SCEs, 
the formation of short-lived areas of high cyclonic vorticity, which have an elongated 
shape in the form of stripes, was much more often observed near the BA. 

The analysis showed that most of the SCE is formed in the area of interaction 
between the BA waters and Cape Fener, located in its southwestern part (square in 
Fig. 4, a). A detailed process of generating one of these SCEs is shown in Fig. 4 
(marked with red rectangles). It is clearly seen that when western currents go around 
the cape, a band of high cyclonic vorticity values formed at the BA periphery behind 
Cape Fener (Fig. 4, a). After a certain time, a pronounced cyclonic eddy with a radius 
of about 7 km is formed from this area (Fig. 4, b – c). 

Thus, an important reason for the SCE generation was the interaction of BA 
waters, having high orbital velocities, with a topographic obstacle, the cape. Behind 
this cape, SCEs formed, then it separate from the shore, involved in the BA orbital 
motion and moved along its periphery to the north. Similar processes of SCE 
formation behind capes on the periphery of anticyclones near the coast of Crimea 
were observed in [4, 6] according to satellite data and drone measurements. 
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The formation of such SCEs occurred with some periodicity. To study the causes 
of SCE generation, the variability of the meridional velocity v and its shear ∂v

∂x
 on 

the zonal section passing from Cape Fener to the east was analyzed. The spatio-temporal 
diagram of this variability is shown in Fig. 5, a, b, and black lines in Fig. 5 show the 
moments of SCE formation at the cape. The SCE generation occurred after a period of 
an increase in the BA orbital velocity v and its approach directly to the cape (Fig. 5, c). 
The velocity increase in the coastal part causes an increase in shear directly near the coast 
in the coastal cells of the model (Fig. 5, d). 

F i g.  4. Distributions of the current velocity vorticity on September, 20 (a); September, 21 (b); 
September, 22 (c); September, 29 (d); October, 4 (e) and October, 7 (f), 2008. The eddy is denoted by 
a red rectangle, the section location – by a cross 

Following the pressing of the jet to the shore, the diagram (Fig. 5) shows 
a region of negative velocities v, i.e., a countercurrent directed to the south. Fig. 5, b 
demonstrates that at this moment a cyclonic vorticity zone ∂v

∂x
 < 0 is formed near the 

cape. In this case, the cyclonic shear value reaches (5–10)⋅10−5 1/s, i.e. 0.5–1f. Such 
a shear leads to a sharp rise in isopycnal surfaces and an increase in the available 
potential energy of waters. The generation of attached cyclones was observed at the 
initial moment of the velocity shear increase. An exception to this regularity is the 
peak on October 1, 2008, when no eddy formation was observed. 
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F i g.  5. Spatial-temporal diagram of meridional velocity v (а) and gradient ∂v
∂x

 (b) at the zonal section 
across Cape Fener at the 20 m depth for 01.09.2008–01.11.2008; variability of mean values v (с) and 
∂v
∂x (d) at three points of the section which are the closest to the cape (at a distance 1–3 km). Black lines 
show the moments of forming the submesoscale eddies identified by visual analysis 

F i g.  6. Maps of the currents’ velocity (а, b) and vorticity (с, d) at the 10 m horizon for July 8, 
2008 (a, c) and July 17, 2008 (b, d) demonstrating an increase in cyclonic vorticity at the BA western 
periphery when it is pressed to the coast (a, c) and its decrease when the BA moves off the coast (c, d). 
Black line indicates the section position (see Fig. 5) 
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One of the reasons for the increase/decrease in the velocity of currents near 
the cape is the BA movement. In the course of its evolution, the BA moved along 
a cyclonic trajectory, periodically pressing against the coast or moving away from it 
(Fig. 6). Thus, on 08.07.2008 (Fig. 6, a), the BA center was located to the west of 
40°E and the highest BA velocities were observed at a distance of less than 10 km 
from the cape. At the same time (Fig. 6, c), a band of cyclonic vorticity was observed 
to the BA southwest, which could subsequently transform into SCE (see Fig. 4). A 
few days later, on 17.07.2008 (Fig. 6, b), the BA shifted to the east, its center was 
located to the west of 40°N, and the distance from the cape to the maximum orbital 
velocity was 20–30 km. At the same time, the cyclonic vorticity areas (Fig. 6, d) 
were located relatively evenly around the BA, their values were much lower, and the 
attached SCEs were not formed. 

It should be noted that the BA orbital velocity inhomogeneity can also be 
the cause of the velocity pulsation near the shore. In Fig. 6, a, it is noticeable that the 
BA orbital velocity in its western part was much higher than in the eastern one. 

3.3. Development of attached submesoscale cyclones on the example of an 
eddy in September – October, 2008 

Let us consider the SCE evolution on the example of an eddy formed in 
September, 2008 (hereinafter referred to as C1). Here, the eddy tracking was carried 
out using the developed algorithm. The considered eddy trajectory is plotted on the 
vorticity field of the currents at the time of the last fixation of the C1 eddy (Fig. 7). 
As can be seen, the C1 eddy moved along the eddy periphery along an anticyclonic 
trajectory. The eddy existed for 20 days and covered a distance of about 220 km 
during this period. 

F i g.  7. Trajectory of one of the attached SCEs. Circle indicates the place of its first identification 
(19.09.2008), and cross – position at the last moment of its identification (9.10.2008). Color scale shows 
distribution of the current velocity field vorticity at the 20 m depth on 09.10.2008 
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The detailed evolution of this eddy in the vorticity field is shown in Fig. 4. 
The C1 eddy was formed on September 19 after the passage of a part of the BA with 
a maximum orbital velocity in the coastal zone of Cape Fener. At the moment shown 
in Fig. 7, the eddy does not have a clear local structure. It is located in a narrow 
(about 10 km wide) band of high vorticity values extended along the coast for a 
distance of approximately 90–100 km (see Fig. 4, a). 

Having formed behind the cape, the eddy starts moving north. Then, on 
September 23, a strip with high vorticity values broke away from the coast and 
a round cyclone with a radius of 15 km was formed from it (see Fig. 4, b, c). Further, 
from September 23 to September 30, the C1 eddy, entrained by the BA waters with 
an orbital speed of ~ 0.5 m/s, moves anticyclonically to the northern part of the BA 
with an average speed of 0.05 m/s. On the 10th day of its existence (29.09.2008), the 
C1 eddy is well defined and looks like a round spot of increased vorticity about 20 
km in diameter (see Fig. 4, d). The orbital velocity of C1 is 0.2 m/s. 

F i g.  8. Vorticity meridional sections through the eddy center for September, 20 (a), September, 29 
(b), October, 4 (c) and October, 7 (d), 2008 (see Fig. 4) 

A vertical section through the C1 eddy center at its formation time (20.09.2008), 
presented in Fig. 8, a, shows that the formed eddy occupies a large water column 
and causes a significant increase in vorticity in the 0–200 m layer. In the upper 0–20 
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m layer, its diameter is about 25 km, below the horizon 20 m – ∼ 10–15 km. The 
vorticity in the attached SCE reaches high values (up to 1.2⋅10−4 1/s), which are 
comparable to the vorticity values in the BA center in the 0–50 m layer (Fig. 8, b). 
At greater depths, the C1 eddy vorticity exceeds the BA vorticity by several times. 
In the same 0–200 m layer, a sharp increase in the vertical velocity value is observed 
(Fig. 9, c, d). Thus, the attached SCEs (Fig. 8) cause significant changes in the 
dynamic structure of waters in deep layers. These changes are much more significant 
than in the parent BA. The values of vertical velocities (Fig. 9, c) exceed 10−4 m/s, 
i.e., they are more than 10 m/day, which is an order of magnitude greater than in the
BA. 

F i g.  9. Distribution of vertical velocities at the 20 m depth (a, b) and their sections through the eddy 
center C1 (c, d) during its intensification (September 21, 2008) (а, c) and weakening (October 04, 2008) 
(b, d) 

Such large vertical velocities significantly affect the thermohaline structure of 
waters. Fig. 10 shows maps of temperature and salinity at a depth of 20 m 
for September 29. The C1 eddy is clearly distinguished as a round cold spot 
(Fig. 10, a) at the warm BA periphery. The temperature at a depth of 20 m is about 
12°C, which is ~ 10 °C lower than in the BA (24°C). The vertical temperature section 
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shows that the seasonal thermocline is elevated in the SCE region (Fig. 10, c). As a 
result of intense mixing in the upper layer of 0–20 m, the temperature in the C1 eddy 
is 4 °C lower than in the surrounding waters. 

The salinity map clearly shows a sharp positive anomaly in the CE core, 
surrounded by fresher waters detached from the BA (Fig. 10, b). The salinity in 
the CE center is 18.2, which is 0.2 higher than in the surrounding waters and 0.4 
higher than in the downwelling area in the BA. The positive anomaly of salinity in 
Fig. 10, d is noticeable in the upper 25 m layer. At the same time, the increased 
salinity area is wider than the low temperature one, which is probably due to the more 
conservative character of salinity changes. The analysis shows that the cold and salt 
anomalies were formed in the initial period of eddy generation, after which they 
gradually weaken. 

F i g.  10. Distribution of temperature (a) and salinity (b) at the 20 m depth for September 29, 2008; the 
temperature (c) and salinity (d) sections through the eddy center C1 in the salinity field for 29.09.2008 
and 7.10.2008 

3.4. Dissipation of attached submesoscale cyclones on the C1 eddy example 
in September – October 2008 

On September 30 (see Fig. 4, e), the C1 eddy begins to stretch along the BA 
perimeter. The stretching implies a rapid increase in the positive vorticity area along 
the BA perimeter. The map for October 4, 2008 clearly shows that the size of this 
region along the BA periphery grows to ~ 120 km, while the transverse dimensions 
decrease to 10 km. 

During the eddy evolution, the radius of its core (the radius of the region of high 
OW parameter values) decreases from the maximum values of 12 km during its 
development to 3–7 km at the end of its existence (Fig. 11, a). At the same time, its 
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eccentricity grows from 0.4 to 0.9, i.e., the ratio of the major and minor semiaxes 
changes from 0.7 to 0.3 (Fig. 11, b). Thus, the initially rounded and rather large eddy 
is elongated, its core decreases in size and takes a strongly elliptical shape. 

At this moment, the C1 eddy movement speed along the BA also increases 
significantly – six times (from 0.05 to 0.3 m/s) (Fig. 11, c). At the same time, 
the leading edge of the zone of high vorticity values as a result of stretching moves 
at a speed of 0.7 m/s, and the rear one – at a speed of 0.3 m/s, which corresponds to 
the speed of background currents at the BA periphery, ranging from 0.3 to 0 .7 m/s 
(see Fig. 6, a, b). With the beginning of the eddy stretching process, on September 
30, the vertical velocity structure (see Fig. 9, c, d) takes a dipole form: positive 
vertical velocities dominate at the leading edge of the cyclone, and negative ones – 
at the trailing edge. 

F i g.  11. Characteristics of the cyclone C1 in the process of its evolution in September 19 – October 
9, 2008: а – the eddy equivalent radius; b – the eddy eccentricity; c – the movement velocity; d – 
the eddy average vorticity in the 0–100 m layer 

The reason for the eddy stretching is probably a sharp horizontal velocity shear 
between the BA periphery and the surrounding waters. The velocity field analysis 
shows that the beginning of this process is observed in the BA velocity 
intensification zone. The velocity shear of the background currents leads to the fact 
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that the density anomalies on its southern periphery move east with a greater speed, 
and on the northern periphery – to the south. 

The process of the eddy energy reducing during its elongation was considered in 
detail in [22]. It follows from the vorticity conservation law that the eddy volume and 
the product of its semiaxes must be kept constant. This process leads to the eddy 
stretching – a consistent increase in the area of the density anomaly zone and a decrease 
in the eddy thickness. This causes a decrease in the eddy speed and energy, which is 
proportional to the vertical density anomaly integral of the eddy. As a result, unlike 
September 29, on the 16th day of existence (04.10.2008), the region of high vorticity 
values (ζ > 5⋅10−5) occupies not 200 m, but only the upper 40 m (see Fig. 8, c). On the 
19th day of its existence, C1 reaches the BA northeastern periphery. It stretches even 
more along the BA periphery (see Fig. 4, f), turning into an eddy filament [22]. Fig. 8, d 
shows that C1 loses its slender structure, its axis tilts in the direction of motion, the 
vorticity significantly decreases and is observed only in the upper 20 m layer. This 
structure persists until the complete dissipation of the eddy, which occurs on October 10, 
2008. 

The author of [22] showed that stretching increases as the eddy weakens relative 
to the background current velocity. The graph of the mean vorticity in the 0–100 m 
layer (Fig. 11, d) shows that C1 has the highest vorticity (∼ 6⋅10−6 1/s) at the moment 
of its generation. In the evolution process, its vorticity constantly decreases, 
decreasing by half in 10 days after the eddy formation. Thus, at the beginning of its 
formation, the eddy has the greatest nonlinearity, which decreases as it moves. This 
indicates that the potential energy of the eddy is primarily associated with the 
external force acting at the moment of its formation, when a sharp area of water rises 
behind the cape. After the eddy formation, the energy begins to slowly dissipate, the 
eddy weakens. It results in the decrease of its resistance to tension [22]. The 
stretching speed of the elongated eddy increases, which leads to its complete 
dissipation and transformation into the eddy filament. 

 
Conclusions 

In the present paper, based on high-resolution numerical model calculations, 
a detailed study of the development, evolution and dissipation of submesoscale 
cyclones at the BA periphery is carried out. The results show the following: 

1. SCEs are formed during the Batumi anticyclone intensification and its 
displacement to the west towards Cape Fener. As a result of an increase in velocity 
shear during the interaction of the Batumi anticyclone waters with the cape, 
a positive vorticity area is formed, which in some cases transforms into SCE. This 
SCE than separates from the coast and moves along the BA periphery in 
the anticyclonic direction. At the moment of its formation, the eddy is characterized 
by the highest vorticity, energy, salinity and temperature anomalies. Some SCEs are 
able to exist for more than 20 days and move over a distance of more than 100 km, 
reaching the northeastern BA periphery, which is also confirmed by satellite 
measurements. 

2. The analysis of the SCE vertical structure shows that they occupy a large 
water column, reaching a depth of 200 m. At the same time, the vorticity values in 
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them can be up to 1 f, and the vertical velocity in the entire 0–200 m layer can be 
more than 10 m/day. Thus, SCEs have a significant local effect on the vertical 
structure and dynamic characteristics of the waters of the entire upper 200 m layer. 
Their influence is well manifested in the fields of temperature and salinity, since 
these eddies cause the rise of cold salty waters. 

3. The SCE dissipation is related to their stretching along the direction of 
motion. Stretching is initiated by a significant velocity shift at the parent anticyclone 
periphery. The stretching process begins in the middle of the eddy lifetime after its 
weakening. The shear leads to an expansion of the area of the increased density 
anomaly and the decrease of its thickness, which causes further SCE weakening. The 
subsequent eddy stretching leads to its complete dissipation and transformation into 
an elongated zone of positive vorticity – a vortex line. 
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