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The article highlights the most important studies of oceanographic processes, such as 
horizontal convection, winter cascading on the shelf and continental slope, the processes in 
the bottom of the Black Sea. The results of the study of small-scale structure of the shelf 
upper active layer of the Black Sea in 2014 are discussed. The new information about the 
distribution of the eddy diffusivity with depth in the coastal part of the Heracleian 
peninsula is given. The investigated dependence vertical turbulent diffusion coefficient 
from buoyancy frequency at the active layer is found to be has a quadratic character for 
the entire shelf area and doesn’t depend on the stratification. 
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I. INTRODUCTION 
In the stratified ocean interior there are variety physical mechanisms aimed at the exchange 

of energy, temperature, salinity between water masses of different scales. Each mechanism 
operates under certain hydrophysical conditions. Joint study of the processes taking place on 
different spatial and temporal scales, will set the boundary conditions for the operation of various 
physical mechanisms for simplifying and solving mathematical models of semi-empirical 
equation of turbulent diffusion.  

The ocean interior is conditionally divided on the layers. Layers are divided according to 
the action type of some mechanism. For example, in the ocean there are three main layers on the 
distribution of buoyancy frequency: the upper mixed layer (or a layer of wind mixing), the active 
layer (up to a maximum frequency of buoyancy), the main pycnocline (or a layer of local 
mixing) and the bottom layer of the convective exchange. 

For the active layer an additional cold intermediate layer can be identified. It is involved in 
the formation of seasonal thermocline and is formed in the coastal part of the sea (ocean). 
Coastal waters differ from the open ocean waters by uneven warming of the water surface, which 
depends on the breadth and depth of the water area, the difference of temporal variability, 
geothermal.  

 An important role in maintaining the turbulent exchange plays cascading. It makes 
contribution to the exchange of water between the shelf and the deep ocean. Its effect is 
enhanced in the marginal seas, due to the instability of the main pycnocline, impervious surface 
water on the depth [1]. 
 



II. THE MECHANISM OF FORMATION OF THE COLD INTERMEDATE LAYR FOR THE 
BLACK SEA 

There are all conditions for the formation and stable presence of the cold intermediate layer 
in the Black Sea. The Black Sea separate from the world's oceans and has a circulation mode. 

The northwestern part of the Black Sea is a broad continental shelf, which narrowing 
stretches along the western coast to the Bosporus. The annual river flow is an average of more 
than 310 km3. 80% of this amount goes to the north-western shelf of shallow water, where the 
Danube and Dnieper empty into. Fresh water balance is positive, because the coastal runoff and 
precipitation exceeds evaporation of about 180 km3 [2]. 

Thus, any temperature change in the north-western waters of the Black Sea create the 
preconditions for the formation of convective horizontal and vertical circulation, which is the 
main mechanism for the formation of cold sea water. 

The cooling of water is begun with river runoff. It is considered the original source of the 
dense cold waters. 

With a small difference of hydro-physical characteristics from surrounding waters, the 
river plume is a stable structure. This structure is a little stratified, and there may be a separate 
layer, involving the nearby water in the common stock process, thereby changing the initial 
geometry of the river plume and consequently - the buoyancy gradient [3]. 

Coastal waters are cooled, become denser and heavier. They flow down the slope to their 
isopycnic level and then are distributed as intrusion, thereby displacing the lighter water, 
resulting in convective motion of water nearby. This theory is applied to the shelf zone of the 
sea, when the angle between the sea level and the shelf is relatively small. 

Taking into account the external effects for the formation mechanism of convective 
exchange: Earth's rotation, transfer the Ekman, also contributing to an increase of the 
environmental water in river plume, wind and given runoff direction, the horizontal-vertical 
convective exchange takes the form of alongshore current [4]. 

 
III. USED DATA 

Small-scale characteristics of the upper active layer were obtained by a free-falling probe 
measuring complex Sigma-1, during the expedition in November 2014, on the research vessel 
Nikolaev in the conditions of the winter circulation of the Black Sea. Measurements were carried 
out along the coastal areas of the peninsula from Cape Chersonese to Aya [5,6]. 

 
IV. ANALYSIS AND METHODOLOGY 

Based on the measurement data of the three vector velocity pulsation components, the 
estimation of dependence of the vertical turbulent diffusion coefficient on the stratification was 
obtained. 

The applied values in the computation were averaged over the depth in increments of 0.1m, 
0.3m and 0.5m. The turbulent energy dissipation rate was calculated using the following formula 
(1): 
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where u′  and υ′  - the horizontal speed pulsations on X and Y axes, respectively, ν - molecular 
viscosity water coefficient. Buoyancy frequency was calculated as follows (2): 
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where g is the acceleration of free fall, ρ  is the density, 0ρ the density in the layer. Turbulent 
diffusion coefficient was calculated in accordance with the well-known Osborn [7] relation (3): 

22,0
N

K ε
=                                                                                                                        (3) 

The calculation example of the eddy diffusivity for a straight line along the stations is 
listed below. 
 
station№6:     

                96,17102 −−⋅= NK    
station №7:    

3-20 м.:   7,18103 −−⋅= NK  

20-50 м.: 0,29104 −−⋅= NK  

50-80 м.: 9,19106 −−⋅= NK  
 
station №8:    

4-30 м.:   98,17102 −−⋅= NK  

30-59 м.: 64,1610 −−= NK  

62-83 м.: 99,1710 −−= NK  
station №9:    

3-13 м.:   9,29102 −−⋅= NK  

15-50 м.: 15,28109 −−⋅= NK  
station №10:    

3-21 м.:   15,28109 −−⋅= NK  

21-28 м.: 85,17102 −−⋅= NK  

28-47 м.: 74,17106 −−⋅= NK  
 
For each station, the total layer is divided into sub-layers, depending on the buoyancy 

gradient sign. For example, three sub-layer were selected for the station №7: in the first one the 
decrease in the buoyancy frequency with depth was observed, in the second - the growth, in the 
third – the decrease. This division was carried out to check for strict stratification and its 
influence on the mixing of the sea upper layers.  

The presented equalities of the eddy diffusivity have the same index at buoyancy 
frequency, 2NK ∝ , and does not depend from on the selected layer (independent from the 
division into sub-layers and stratification). This ratio remains everywhere up to bottom 
convective mixing layer.  

If the sea shelf zone is characterized by intrusive stratification in the presence of horizontal 
exchange, after the cascading transition to the continental slope being the vertical exchange 
process intensification process consequence, the intrusions do not exist for a long time and the 
break up, keeping the temperature of the main cold intermediate layer constant. 



Unlike the water circulation mechanism on the shelf, there are other mechanisms forming 
the vertical exchange on the continental slope. In the deep sea the convective exchange weakens 
and the main source of vertical mixing becomes instability and overturning internal waves, 
taking into account topographic features on the sloping bottom [8]. 

This fact is confirmed by the fact that the shelf temperature is changed in the horizontal 
direction, i.e. stratification adapts to external conditions, after crossing the shelf - continental 
slope boundary the temperature vertically changes (the external conditions are adjusted under 
stratification). 

The change of one mechanism to another can be seen in the change of the exponent under 
N in the expression K(N). For example, data distribution analysis of the turbulent energy 
dissipation rate and buoyancy frequency, depending on the depth of the coastal part of the 
Southern Coast of Crimea from the article [9], showed the following expression for the stratified 

layer of the main pycnocline: 1,1−∝ NK . 
In the given turbulent diffusion coefficient distribution with depth the studied value 

minimum was traced at 100 m depth and increased to its maximum at 400 m depth. The result 
obtained for the studied dependence under the in situ data from [9] showed good agreement with 
the previously obtained model of dependence of the turbulent diffusion coefficient on buoyancy 
frequency for the Black Sea.  

Thus, due to the action of different mechanisms should be applied a different approach to 
the determination of the exchange ratios for the upper mixed layer on the shelf and in the deep 
sea. Cascading plays the main role in the redistribution of water masses on the shelf; it creates 
preconditions for involving of cold water into the deep sea, due to the formation of intrusions. 
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