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Purpose. The study is aimed at investigating seasonal variability and vertical distribution of the sub-
mesoscale currents energy (scales L = 1 ... 10 km, T = 1 ... 10 days) in the deep and shelf zones 
of the Black Sea.
Methods and Results. The study is based on the spectral analysis of the results obtained from 
the NEMO model numerical calculations performed with high spatial resolution 1 km. The analysis 
shows that the seasonal variability of the submesoscale energy is significantly different in deep 
and shelf zones of the basin. At the same time, in both regions, seasonal variation of energy of the 
sub-mesoscale currents with scales L < 10 rm (Esp) is in good agreement with that of the 
density fluctuations on the same scales. In the central part of the sea, the high values of Esp are 
concentrated in the upper mixed layer throughout the whole year. The Esp peak is observed in winter 
at the depths 0–40 m, which indicates the important role of baroclinic instability induced by the 
inhomogeneous distribution of the mixed layer depth (MLD) in the generation of sub-
mesoscale processes. At the same time, in February in the central part of the northwestern shelf, 
an absolute minimum of (Esp) is observed. This minimum is caused by the complete mixing and 
barotropization of the water column. The Esp maximum values are observed in the shelf in 
September – October. This is related to the intensification of the brackish water transport from 
the river mouths by mesoscale eddies. In the autumn period high values of Esp in the shelf and 
deep part of the basin are observed in the deeper layer, compare to summer months .Variability 
of the Esp vertical distribution coincides to the time variation of MLD. Variability of the 
submesoscale energy is of a pulsating character with the short-term intensifications and 
weakenings. Such variability is significantly related to the passing of the mesoscale fronts and the 
cross-shelf water transport caused by the eddies and upwellings, which lead to the increase of the 
baroclinic instability.
Conclusions. Analysis of the seasonal and vertical variability of the submesoscale currents 
in the Black Sea deep and shelf zones evidences about the decisive role of the baroclinic 
instability triggered mainly by the heterogeneity of MLD on their dynamics. 
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1. Introduction
Submesoscale currents at L = 1…10 km, T = 1…10 day 1 scales are 

an intermediate link between the mesoscale and small-scale currents and play a crucial 
1 Kamenkovich, V.М., Koshlyakov, М.N. and Monin, А.S., 1986. Sinoptic Eddies in the Ocean. 
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role in the cascade and dissipation of the ocean energy. Submesoscale dynamics 
has a significant effect the vertical exchange and ocean stratification [2–5]. 
In the coastal zone the submesoscale dynamics also significantly impact on 
the horizontal exchange, contributing to the cross-shelf transport of organic and 
inorganic suspended matter [6–9], mixing of waters, for example, at the fronts of 
river plumes or at the boundary of upwellings [10–11].  

The main information on the Black Sea submesoscale eddies was obtained 
from the satellite optical and radar data. The works [12–14] describe the geometric 
characteristics of such eddies, the statistics of their observations in some areas of 
the sea, and their relationship with the topography features. In [15], on the basis of 
in-situ measurements, it was shown that the velocities in submesoscale eddies with 
a radius of 3–5 km can reach 0.25–0.5 m/s values, which indicates high Rossby 
numbers in these formations. A description of the mechanisms of submesoscale 
eddies generation and their analysis using satellite data and laboratory modeling in 
the Black Sea are given in [16]. The authors of this work demonstrate that 
an important mechanism for the eddy formation is the barotropic instability caused 
by a velocity shear at the fronts of mesoscale anticyclones when interacting with 
topographic features and the intense wind effect. 

The development of numerical modeling methods provides the detailed study 
of the generation mechanisms of submesoscale currents and the features of their 
spatial-temporal variability in different ocean regions [17, 18]. The model data in 
[10–19] allow one to obtain information on the seasonal variability of 
submesoscale currents based on spectral analysis. In particular, such studies have 
shown that the seasonal maximum of the submesoscale current energy in 
the Atlantic Ocean deep-water part is observed in winter [19]. The formation of 
submesoscale eddies at this time is observed at the lower boundary of the upper 
mixed layer (ML) and is associated with horizontal density gradients arising from 
the inhomogeneity of its depth [3, 17, 20–21]. 

In the Black Sea, a very limited number of works have been devoted to studies 
of sub-mesoscale dynamics based on numerical modeling data. In [22–24], 
the model capabilities to reconstruct submesoscale eddies in different parts of 
the basin are demonstrated. Analysis of the energetics of mesoscale and 
submesoscale eddies in [22] showed the important role of buoyancy forces in 
the formation of these dynamic structures. 

In this work, based on the spectral analysis of the velocity modulus according 
to the calculations of high-resolution NEMO model (1 km), for the first time, 
the seasonal variability and vertical distribution of energy of submesoscale currents 
(Esp) in the Black Sea are studied. In addition, a comparative analysis of these 
characteristics in the open and shelf parts of the sea is carried out. This makes it 
possible to reveal significant differences in the mechanisms of the sub-mesoscale 
water dynamics formation in the considered areas of the basin. 

2. Data and methods
Regional configuration of NEMO model [25] with high spatial resolution, 

which provides a reconstruction of meso- and submesoscale variability of 
hydrophysical fields in the Black Sea basin [26], is applied in the work. 
The computational domain is a quasi-regular grid covering a cascade of basins of 
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the Marmara, Black and Azov Seas with 1/96° step in latitude and 1/69° in longitude. 
This corresponds to approximately 1.157 km in the meridian direction. Along 
the parallel, the step changes uniformly from 1100 m in the north to 1230 m in 
the south. The bottom topography was constructed using the bathymetric data from 
EMODnet portal (URL: http://www.emodnet-bathymetry.eu). In order to obtain 
adequate values of discharge through the Bosphorus, the “half-enclosed cell” 
technique was used [25] to achieve a transverse dimension in the strait of 1000 m. 
The calculation was carried out for 2008–2009 period. 

The hydrodynamic block of the model is based on a system of primitive 
equations [25]. The TVD scheme [27] is used for the nonlinear terms in 
the transport – diffusion equations of heat and salt. Time discretization is carried 
out using a modified “leapfrog” scheme [27]. The z-coordinate is used vertically 
with a fractional step. 

The parameterization of vertical turbulent mixing was performed using k – ε
model [28]. Horizontal exchange is described by a biharmonic operator 
with the coefficients of viscosity (– 4 · 107 m4/s) and heat and salt diffusion 
(– 8 · 106 m4/s). UNESCO formula is used as the equation of state. In order to 
calculate the sea level, the time splitting scheme is used. This means that at each 
step of the so-called slow mode (1 min), the vertically-averaged equations of 
motion are numerically integrated with a step of the “fast” mode (4 s). 

In the numerical integration of the system of equations on rigid lateral 
boundaries for the tangential velocity component in the equations of motion, slip 
conditions and the equality of the normal velocity component to zero are set. 
At the bottom, nonlinear friction for the horizontal velocity components is set, and 
the vertical velocity component is set to be equal to zero. In the equations of 
transport – diffusion of heat (salt) at the lateral boundaries and the bottom, 
the condition of the absence of fluxes is set. 

For the boundary conditions on the surface, in this work we use the fields of 
temperature and air humidity at 2 m level, the wind velocity horizontal component 
at 10 m level, the fluxes of descending long-wave and short-wave radiation, 
precipitation in the liquid and solid phases from the global atmospheric reanalysis 
of the latest generation ERA5 2. This product has 1/4° spatial resolution. 
The temporal resolution is 1 hour. 

The temperature and salinity fields provided by the Black Sea Marine Forecast 
Center (http://mis.bsmfc.net:8080/thredds/catalog.html) were used as the initial 
conditions for the Black Sea. Initial conditions for the Sea of Azov were prepared 
using an objective analysis of field observations provided by CMEMS and 
SeaDataNet oceanographic project database (https://www.seadatanet.org/). For the 
Sea of Marmara, the initial conditions are taken from the global reanalysis of 
CMEMS service. A more detailed description of the experiment is presented 
in [26]. 

2 ECMWF. Copernicus Climate Change Service Climate Data Store. ERA5: Fifth Generation of 
ECMWF Atmospheric Reanalyses of the Global Climate. 2017. [on-line] Available 
at: https://cds.climate.copernicus.eu/cdsapp#!/home [Accessed: 25 January 2021]. 

PHYSICAL OCEANOGRAPHY   VOL. 28   ISS. 1   (2021) 39 



An example of vorticity and current velocity maps calculated by the model is 
shown in Fig. 1. These maps clearly show dynamic structures of various scales: 
numerous submesoscale eddies in the center of the sea, a large number of small 
eddies on the northwestern shelf (NWS) of the basin, as well as larger anticyclones 
to the right of the Rim Current (RC) in the continental slope region of basin. 
For the analysis in this work, we selected areas in the deep-water part (42.5–44º N, 
31–38.8º E) and in the center of the NWS (44.75–45.8º N, 31–32.5º E). The areas 
were selected in such a way that the bottom depth was practically uniform. 

а 

b 

F i g.  1. Example of the field of the currents velocity (а) and vorticity (b) module on the surface on 
March 15, 2008. The rectangles show the areas under study: large rectangle – the sea central part; 
small one – the shelf area 

We use spectral analysis to calculate the two-dimensional spatial spectra of the 
current energy E(kx, ky), where kx and ky are the wave numbers. The calculated 
characteristics were used to determine the isotropic one-dimensional spectrum 

E(k), where 22 k+ yxk=k . 
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3. Results
3.1. Spectral characteristics of current velocity in the Black Sea 
The spatial spectra of the current velocity and density in the selected areas 

are represented in Fig. 2. The energy of oscillations in the sea central part is on 
average higher than in the shelf one. An exception is the limited region of small 
scales (3–5 km), where a rather pronounced peak in the energy of currents is 
observed, which suggests an increase in submesoscale processes in the shelf. 
The density spectrum (Fig. 2, b) has a similar form – with a pronounced peak on 
3–5 km scales – which indicates the baroclinic nature of the observed velocity 
fluctuations. The values of the energy of density fluctuations in the central and 
shelf regions on large scales are comparable, in contrast to the values of the energy 
of fluctuations in the current velocity in these regions. 

a                                                                    b 
F i g.  2. Mean spatial spectrum of: а – velocity, b – density at the 6.5 m depth in the central (red line) 
and shelf (blue line) parts of the Black Sea 

a                                                                b 
F i g.  3. Spatial spectra of the current velocities at 6.5 m depth in the central (а) and shelf (b) parts of 
the Black Sea for different seasons 

An analysis of spatial spectra in different seasons showed that the shape of 
velocity spectra in the central part is almost the same throughout the year, except 
for the winter months (Fig. 3, a). In winter, the energy on small spatial scales 
(L < 20 km) increases significantly, by 2–3 times compared to other seasons. For 
the shelf part, seasonal differences are more pronounced (Fig. 3, b). At the same 
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time, here, in contrast to the central part, in the winter period a decrease in energy 
at all scales takes place, and its maximum is observed in the late summer and 
autumn periods. At this time, the energy of the currents exceeds the winter energy 
by more than an order of magnitude. Note that in the summer period (green line) 
the energy is the maximum at large scales, which may be associated with 
the intensification of mesoscale eddy dynamics in summer in the Black Sea 
[29, 30]. At the same time, on smaller scales (L < 15 km), the energy is maximum 
in the autumn period. 

The main feature of the spectral energy vertical distribution for both selected 
regions is its decrease with depth (Fig. 4). In the region of wavenumbers k > 0.1 or 
L < 10 km, which corresponds to the definition of submesoscale in this work, 
the energy is maximum in the upper active layer (0–50 m) in the center of the sea 
(Fig. 4, a). Below the active layer at 50–200m depth, the energy drops by more 
than an order of magnitude and by more than two orders of magnitude in 
the underlying layers. For the shelf area, an increase in the upper layer (0–25 m) 
and a gradual decrease in the bottom layers (Fig. 4, b) are also noticeable. 

a        b 

F i g.  4. Vertical diagram of velocity spectral energy E, m2/s2, averaged for the whole calculation 
period in the central (а) and shelf (b) parts of the Black Sea  

For illustrating seasonal changes in the distribution of the energy spectra 
over depth, Fig. 4 shows diagrams of the logarithm of energy anomaly, calculated 
as R = < log(E) – log (< E >)>, where < E > is the spectral energy averaged over 
the entire calculation period. In January, in the Black Sea central part at 
submesoscales (k > 0.1 1/km), positive R values are noted in 0–60 m upper layer 
and in deep layers below 200 m level/horizon. The maximum increase in energy is 
noted in 0–60 m layer, which corresponds to the ML lower boundary, as well as in 
the surface layer. At the same time, in 80–200 m R values are negative for 
the smallest scales (L ≤ 5 km), i.e. a weakening of submesoscale dynamics takes 
place. In June (Fig. 5, b), the picture is opposite: in 0–40 m layer, the energy of 
submesoscale processes weakens, and at 50–250 m depths it increases. 
On the mesoscales the energy also increases up to 300–400 m depths. In October 
(Fig. 5, c), a narrow region of positive R values and energy increase are noted in 
the lower part of the seasonal thermocline at 20–30 m depths. At the same time, 
below the thermocline, energy decreases. During this period, in the deeper layers 
the energy is more than in winter but less than in summer. 
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a b 

c d 

e f 
F i g.  5. Anomaly of the  logarithm of spectral energy R against its average distribution for January 
(а), June (c) and October (e) in the Black Sea central part; for January (b), June (d) and October (f) 
in the sea shelf part  

In the shelf area, the distribution R significantly differs. In winter, a significant 
energy decrease is observed in the upper layer both at large and at the smallest 
scales (Fig. 5, b). At the same time, the energy of currents increases in the lower 
bottom layer (30–40 m). In summer, the opposite situation is observed – 
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the oscillation energy increases in the upper quasi-uniform layer and the transition 
layer (0–15 m), decreases in the bottom part for the range L < 10 km and 
L > 20 km, and on the Rossby radius scales (10–20 km) remains constant or 
increases slightly (Fig. 5, d). In autumn period, the energy maximum deepens along 
with the MLD to 10–25 m depths (Fig. 5, e). A significant increase in energy is 
noted in the entire seasonal thermocline (0–25 m layer). In the underlying layers in 
the autumn season, as in summer, the energy is much lower than in January. 

3.2. Seasonal and vertical variability of the energy of submesoscale currents in 
the Black Sea 

The presented diagrams indicate significant seasonal and vertical variability 
of the intensity of submesoscale currents in the Black Sea. In order to study 
this variability, the obtained spectra were averaged for the wavelength range 
L = 1 ... 10 km: ( )km 10sp <LE=E .

Note that for the sea central part, the value L = 10 km is less than the Rossby 
deformation radius Rd, equal to 25 km [31]. At the same time, in the shallow shelf 
areas, the Rossby baroclinic radius may be slightly lower than the selected limiting 
10 km value. However, as can be seen from Fig. 5, the patterns of seasonal 
variability of spectral energy within L = 2...10 km range are similar, which 
indicates the acceptability of the selection of this criterion for the analysis of 
submesoscale variability on the shelf. 

Seasonal variability of Esp at the upper horizon of the model z = 1.2 m and at 
40 m depth is shown in Fig. 6, a. We note the pronounced differences in 
the seasonal variation of submesoscale processes on the shelf and in the center of 
the basin. Submesoscale currents intensify in winter in the center of the sea and in 
late summer – autumn at the shelf. At the same time, on the surface, Esp values in 
winter are significantly higher (four times) in the center of the sea than on the shelf. 
They are comparable to the values of Esp on the shelf. At the same time, at 40 m 
depth Esp values in the center of the sea are an order of magnitude higher (Fig. 6, b) 
than in the bottom layers of the shelf, which is apparently associated with 
the velocity decay due to the bottom friction. 

a                                                                  b 
F i g.  6. Seasonal variability of the submesoscale currents spectral energy (L < 10 km) in the central 
(red line) and shelf (blue line) parts of the Black Sea at  z = 1 m (a) and at  z = 43 m (b) 

The maximum Esp in the center of the sea is observed in winter, in 
January – March. As shown in the vertical diagram in Fig. 7, a, at this time 
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the highest intensity of submesoscale processes is observed throughout the ML. 
This distribution suggests that the instability of currents arising from the variability 
of MLD is an important reason for the formation of submesoscale eddies in 
the Black Sea, which is consistent with the data from the Atlantic Ocean [32, 33]. 

Esp in all seasons is maximum in the ML, the depth of which varies from 
5–10 m in summer to 50 m in winter [34, 35]. This relationship is also observed on 
an interannual scales. So, in cold 2008, when the UML was deeper, Esp penetrated 
to greater depths (50–60 m) (Fig. 9, a) than in the warmer 2009. The graph also 
indicates that Esp variability is characterized by significant short-period 
fluctuations. Occasionally, a sharp increase in energy occurs in the entire mixed 
layer. A possible reason for such rise is an abrupt change in the MLD related to 
a sharp cooling or storm impact. Our more detailed analysis revealed that in 
summer in the center of the sea, the enhancement of submesoscale dynamics is also 
associated with the development of the Anatolian upwelling and baroclinic 
instability at its front, as well as the penetration of mesoscale eddies into the central 
part of the sea. A more detailed study of the short-period variability of Esp and its 
causes is planned in our future works. 

The minimum Esp in the center of the sea is observed in summer – autumn in 
the surface layers and in the autumn period (August – September) at 40 m depth. 
At this time, the peak of development of larger mesoscale eddies is observed in 
the Black Sea [36]. Despite the fact that at the periphery of these eddies, especially 
anticyclones, small submesoscale cyclones are often formed [30], in winter period 
we observed significantly more submesoscale eddies, related to the ML 
instabilities. Thus, in the central part of the Black Sea, the energy of submesoscale 
and mesoscale currents is in antiphase: submesoscale eddies intensify in winter, 
and mesoscale eddies in summer. 

  a 

     b 
F i g.  7. Seasonal variability of the submesoscale currents spectral energy (L < 10 km) in the central 
(а) and shelf (b) parts of the Black Sea 
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The assumption about the importance of baroclinic instability is confirmed by 
the calculated spectral density variability on submesoscales for the studied regions 
of the Black Sea (Fig. 8). The diagrams of the seasonal variation of the vertical 
distribution of submesoscale variability of density and velocity are similar (Fig. 7). 
In winter, the maximum density fluctuations deepen to 50 m in the center of 
the sea, in summer – to 30 m, which corresponds to the position of the seasonal 
thermocline. An increase in the submesoscale energy of the current velocity at 
the seasonal thermocline lower boundary (20–30 m) is also observed in summer 
according to the data presented in Fig. 7, a. However, these values are much lower 
than in winter. Intensification of large-scale circulation, wind impact, and intense 
buoyancy fluxes in winter are probably an important cause for the increase in 
submesoscale energy of currents and density fluctuations in winter compared to 
summer. 
 

       a 

          b 
F i g.  8. Seasonal variability of the submesoscale density fluctuations (L < 10 km) in the central (а) 
and shelf (b) parts of the Black Sea 

 
On the contrary, in the shelf zone a sharp minimum of Esp is observed in 

February. At this time, on the shelf, the water column is completely mixed. Due to 
the absence of density gradients, baroclinic currents on the shelf are absent, which 
leads to Esp minimum in the entire water column. Such variability evidences about 
the important role of baroclinic motions and relatively low energy of barotropic 
currents on small spatial scales.This conclusion is also confirmed by a diagram of 
density fluctuations given in Fig. 8, b.  

A significant increase in Esp on the shelf is noted in August on the surface, and 
by September – October Esp reaches a peak and its maximum values are traced to 
the greatest depths (Fig. 6, b; 7, b). An analysis of the numerical results revealed 
that the probable cause of such an increase is the advection of brackish riverine 

PHYSICAL OCEANOGRAPHY   VOL. 28   ISS. 1   (2021) 46 



 

waters into the center of the shelf by the mesoscale eddies intensifying in summer 
[8]. An increase in the potential energy of waters, as well as a horizontal 
inhomogeneity of the salinity distribution, causes an intensive generation of 
baroclinic submesoscale eddies. An additional effect is provided by the barotropic 
instability caused by the velocity sheart at the periphery of mesoscale anticyclones 
[15, 16]. The baroclinic instability at the lower boundary of the increasing ML can 
also make a contribution to Esp in autumn. However, in December – January, when 
convection reach the bottom, water  barotropization lead to the decrease of Esp. 
The graph of interannual variability shows that in winter of 2008 and 2009 Esp 
decreased to minimum values in the entire water column. As well as in the center 
of the basin, Esp is characterized by significant short-period fluctuations, 
the presence of sharp peaks and weakenings, especially noticeable in the autumn 
period. These events depend primarily on the penetration of river plume waters into 
this region, as well as on the passage of fronts associated with larger mesoscale 
eddies. 

 
a 

     b 
 
F i g.  9. Interannual variability of the submesoscale currents energy (L < 10 km) in the central (а) and 
shelf (b) parts of the Black Sea 

 

PHYSICAL OCEANOGRAPHY   VOL. 28   ISS. 1   (2021) 47 



Conclusion 
In this work, based on the results of numerical modeling of NEMO model with 

a high spatial resolution of 1 km, the study of the seasonal and vertical variability 
of submesoscale currents in the central and shelf parts of the Black Sea is carried 
out for the first time. 

The highest values of spectral energy of submesoscale currents Esp in 
the central part of the sea are concentrated in the ML. In winter, with an increase of 
the MLD, a seasonal Esp peak is observed in the 0–40 m layer; in summer, 
relatively high values are observed in the upper (0–20 m) ML and seasonal 
thermocline. Such seasonal variability evidences about decisive role of baroclinic 
instability, arising from the heterogeneity of the ML [8], in the generation of 
submesoscale processes in the Black Sea central part. This is also supported by 
a significant similarity in the variability of the spectral energy of density and 
velocity fluctuations in the studied regions. 

At the same time, in deep 50–250 m layers high Esp values are observed in 
April – May (Fig. 5), which is possibly due to the generation of intense 
anticyclones during this period, the shear instability at the periphery of which leads 
to the formation of submesoscale eddies [18 , 32] under the main pycnocline. 

The submesoscale energy in the shelf zone central part is lower than in 
the center of the sea and has a completely different seasonal variability. 
The maximum Esp values are observed in August – October with a peak in October. 
The main cause for this autumn maximum is the advection of brackish riverine 
waters into the center of the NWS under the effect of mesoscale eddies intensifying 
during this period. The resulting salinity gradients, as well as barotropic shear 
instability, lead to the generation of intense baroclinic submesoscale eddies. 
The vertical extent of the region of high Esp values increases from August to 
January, which coincides with the dynamics of the MLD. In February, a minimum 
of Esp is noted along with the entire depth, associated with the water column 
barotropization due to  complete winter convective mixing. 

The variability of submesoscale dynamics energy is of a pulsating nature with 
short-term intensifications and weakenings. They are associated with the passage 
of mesoscale fronts and cross-shelf water transport caused by eddies and 
upwellings, and the effect of intense storms and cooling. 
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