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Processes of formation and variability of the Black Sea circulation are investigated using a two-layer
eddy-resolving model. The wind effect only is considered as an exciting force; energy sink takes place
due to horizontal turbulent viscosity, friction between the layers and the bottom friction. The rivers’
flowing to the sea and the water exchange through the straits are not taken into account. Numerical
approximation requires application of the finite-difference scheme based on the box-method with the
grid B (according to the Arakawa terminology), the two-layer scheme of time integrating, the friction
implicit approximation nearby the interface and bottom, and the Coriolis force. Being nonlinear, the
model, alongside with large-scale circulation, permits to describe vortex structures, formation of
which is related to hydrodynamic instability of currents, coastline features, bottom topography and
other factors. Discussed are the results of numerical experiments in which, for better understanding of
mass transfer and vortex formation processes in the sea, the motion excited by stationary cyclonic
winds is considered, whereas bottom topography, friction between the layers, and the β-effect are not
taken into account. Relative role of horizontal viscosity and bottom friction is studied. The most
interesting results are obtained at mall values of the bottom friction when the motions in the lower
layer become significant. It is shown that the model reproduces the major features of the Black Sea
circulation, and the most important particular is that it permits to simulate formation and
transformation of vortices.
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Introduction. The purpose of this article is to study the current and vortex
formation processes in the Black Sea. To achieve it nonlinear eddy-resolving
numerical model (analogous to the one in the Holland – Lin research [1] and
covered synoptic vortex modeling in the ocean) is applied.
A great variety of works deal with research and modeling of vortex circulation
structure in the Black Sea [2 – 7]. Physical and geographic peculiarities of the
synoptic and mesoscale vortices were successfully discovered; possible
mechanisms of their formation were proposed. Eddy-resolving numerical models
are shown to reproduce well the vortex structures having the same parameters as
the natural ones. The case in question is mainly about the observations taken from
artificial Earth satellites of the sea level (altimetry) and surface temperature.
At the same time, the complexity of the observed pattern, as well as the
complexity of the external influence, greatly complicates the interpretation of
results obtained. In particular, it is difficult to separate the processes related to the
internal dynamics caused by nonlinearity, instability of currents, bottom
topography, the configuration of the coasts and the processes directly caused by
external influences, in the present case, the wind and its spatial and temporal
variability.
There appear to be sufficient reasons for return to more simple models to
identify per se the role of individual factors in the formation of vortex structures in
the Black Sea. It is supposed to commence with the experiments, where the number
of defined factors is minimized, and continue to study further, complicating the
model in account of the including new factors.
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Problem statement. We assume wind to be the main factor affecting the
seasonal and interannual variability of currents in the Black Sea. Since the Black
Sea is significantly baroclinic, the velocity changes occur not only horizontally, but
also vertically, which can lead to both barotropic and baroclinic instability of
currents.
Liquid with two layers of different density is the simplest model of the
baroclinic sea. This model adequately reflects the stratification of the waters of the
Black Sea, so it is natural to its use for modeling, as a first approximation, of the
dynamic processes in the sea.
Thus, we consider the motion, stimulating by the wind in a two-layer sea.
Water density in the upper layer is ρ1 = const and in the lower layer – ρ 2 = const,
where ρ 2 > ρ1 . Surface of the division of the layers z = h( x, y, t ) > 0 is the surface
of the current, i. e. the layers are not mixed with each other; x, y, z – coordinate
axes directed to the east, north and vertically down, respectively; t – time.
Thickness of the upper layer h1 = h − ζ , where ζ ( x, y, z ) is the level, measured
down from the undisturbed surface of the sea, thickness of the lower level –
h`2 = H − h , where H ( x, y ) is depth of the sea.
Applying the hydrostatic approximations, the Boussinesq ones, β-plane and
assuming that the current velocities do not change with depth within the layer, the
equations of motion and continuity can be written as follows:
(u1h1 ) t + (u12 h1 ) x + (v1u1h1 ) y + r1 (u1 − u 2 ) − f (v1h1 ) = gh1ζ x + τ x + Al ∆(u1h1 ),
(1)
(v1h1 ) t + (u1v1h1 ) x + (v12 h1 ) y + r1 (v1 − v2 ) + f (u1h1 ) = gh1ζ y + τ y + Al ∆(v1h1 ),

(h1 ) t + (u1h1 ) x + (v1h1 ) y = 0,

(2)

(u 2 h2 ) t + (u 22 h2 ) x + (v2u 2 h2 ) y − r1 (u1 − u 2 ) − f (v2 h2 ) =
= gh2ζ x + g' h2 (h1 ) x − r2u 2 + Al ∆ (u 2 h2 ),
(v2 h2 ) t + (u 2 v2 h2 ) x + (v22 h2 ) y − r1 (v1 − v2 ) + f (u 2 h2 ) =

(3)

= gh2ζ y + g' h2 (h1 ) y − r2 v2 + Al ∆ (v2 h2 ),
(h2 ) t + (u 2 h2 ) x + (v2 h2 ) y = 0,

(4)

where (u1 , v1 ), (u 2 , v2 ) are horizontal components of the current velocity in the
upper and lower layer correspondently; r1 , r2 are the friction coefficients in the
division and at the bottom; f = f 0 + βy is Koriolis parameter, f 0 = 10 −4 1/s,
β = 2 ⋅ 10 −13 1/(cm⋅s); g = 980 cm/s2 is free fall acceleration; g' = g ( ρ 2 − ρ1 ) / ρ 2 ;

τ x ,τ y are wind tangential stress components; Al is coefficient of horizontal
turbulent viscosity.
Following Holland – Lin [1], we apply the integral equation of continuity
(5)
U x + V y = 0,
that allows to enter an integral function of the current ψ :
(6)
U = −ψ y , V = ψ x ,
where U = u1h1 + u 2 h2 , V = v1h1 + v2 h2 are total flux components.
4
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Boundary conditions on the surface of the sea, on surface of the division of the
layers and at the bottom are taken into account in deriving the equations (1) – (4).
At the side boundaries the adhesion conditions are defined, i.e. equality of the two
components of the current velocity:
k = 1; 2.
(7)
u k = vk = 0,
River runoff in the sea and water exchange through the straits is not taken into
account. Initially, the liquid is in quiescent state, the surface of the division and of
the sea are horizontal.
Numerical model. Finite-difference scheme, based on box method with В-grid
(according to Arakawa terminology), two-layer time integration scheme, implicit
friction approximation on the surface of the division and at the bottom and also the
Coriolis force, is used for numerical approximation. Such scheme is usually applied
by the authors in the framework of multi-layer quasiisopycnic [8 – 10] and multilevel [11 – 13] models.
Advective terms in the equations of continuity and motion equations are
approximated in different ways. In the equations of continuity the approximation
by directed differences with the first accuracy order is used; in the equations of
motion for the approximation of the advective terms the Lax–Wendroff scheme of
the second accuracy order is applied. Accounting of the scheme viscosity in the
equations of continuity ensures the stability of the numerical scheme and the
positive definiteness of the layer thickness. Application of the Lax–Wendroff
scheme to calculate the thickness of the layers leads to the stability of the numerical
scheme, with respect to a long term.
In the experiments described, the following sequence of calculations is used.
Let’s assume that the distributions of all fields in the n-moment of time are known.
First, from the equations of continuity there is the thickness of the upper and lower
layers:
hkn +1 hkn
(8)
=
− [(u k hk ) x + (vk hk ) y ]n , k = 1; 2.
∆t
∆t
Then the current velocity components and sea level in (n +1)-moment of time
are calculated. Finite-difference analogue of the equations of motion can be written
in the following way:

(u1h1 ) n +1
− f (v1h1 ) n +1 + r1 (u1 − u 2 ) n +1 = gh1n +1ζ xn +1 + L1n ,
∆t

(v1h1 ) n +1
+ f (u1h1 ) n +1 + r1 (v1 − v2 ) n +1 = gh1n +1ζ yn +1 + M 1n ,
∆t
(9)

(u 2 h2 )
∆t

n +1

− f (v2 h2 ) n +1 − r1 (u1 − u 2 ) n +1 + r2u 2n +1 = gh2n +1ζ xn +1 + Ln2 ,

(v2 h2 ) n +1
+ f (u 2 h2 ) n +1 − r1 (v1 − v2 ) n +1 + r2 v2n +1 = gh2n +1ζ yn +1 + M 2n ,
∆t
where L1n , M 1n , Ln2 , M 2n are the expressions known at the moment.
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By means of simple calculations the relations between the components of the
current velocity and the level slopes can be obtained:

ukn+1 = u*k + Θ k ζ xn+1 − Λ k ζ yn+1 ,

vkn +1 = vk* + Λ k ζ xn +1 + Θ k ζ yn +1 ,

(10)

where u k* , vk* are the results of the current velocity calculation at the zero-degree
level slopes and nonzero values of Lnk , M kn ; functions Θ k , Λ k are the results of
calculation at the level slopes ζ x = 1, ζ y = 0 and zero values of Lnk , M kn .
Multiplying relations (10) on hkn +1 and summing them up under k, we obtain
the expression for the total fluxes:

U kn +1 = U k* + ϑk ζ xn +1 − λk ζ yn +1 ,

Vkn +1

= Vk*

+ λk ζ

n +1
x

+ ϑk ζ

(11)

n +1
y ,

where U k* ,Vk* ,ϑk , λk are summed up under k- function of u k* , vk* , Θ k , Λ k .
Solving the relations obtained regarding the level slopes and excluding the
level of cross-differentiation after, taking into account the finite-difference
representation of the derivatives ζ x , ζ y , we obtain a system of linear algebraic
equations for the integral function of the current ψ n +1 in 9-dot pattern. These
equations are solved by over-relaxation with the empirical selection of the optimal
relaxation parameter.
Having calculated ψ n+1 , we find the total flux components, level slopes and
then the velocity components of each layer. Knowing level slopes ζ x = A, ζ y = B,
we can calculate the level itself, applying the Poisson's equation ∆ζ = Ax + B y if
the normal level derivative is known at the border. The Poisson's equation is also
solved by means of over-relaxation. Since the level is determined accurate within a
constant, and the average level of the area should be equal to zero, then the
calculated level should subtract the average value of the area.
Numerical experiments. This formulation of the problem implies that the
factors, affecting the circulation formation in the sea, are the spatial and temporal
variability of the wind stress, basin shape and coastline features, the intensity of the
friction forces, bottom topography, β-effect, and density difference in the upper and
lower layers, initial thickness of the upper layer. In the present and the following
works we will try to review and analyze the impact of these factors on the results of
numerical modeling both individually and in combination with each other.
In a series of experiments, which will be discussed in this article, excluding the
impact of the bottom topography model, β-effect and friction on the surface of the
layer division, the bottom is considered horizontal (H = 2200 m).
For the calculations we applied the rectangular grid with pitches ∆x = 4 km,
∆y = 3.5 km, where time pitch was ∆t = 12 min.
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The aforementioned free fall acceleration ( g' = 3.2 cm/s2) and the initial upper
layer thickness ( h0 = 175 m) were selected in accordance with the observation data
in the Black Sea. In this case the Rossbi deformation radius ( Rd = g' h0 f )
equals to 23.4 km and almost six times exceeds the grid pitch, that is necessary for
satisfactory description of the vortices[14].
The movement was excited by the stationary cyclonic winds, which is
calculated as follows:
τ x = τ Sx + y (τ Nx − τ Sx ) / l y , τ y = τ Wy + x(τ Ey − τ Wy ) / l x ,

(12)

where τ Sx ,τ Nx ,τ Wy ,τ Ey are the values τ x ,τ y in accordance with the cardinal points at
the boundaries of the rectangular area [ l x × l y ], where the Black Sea is inscribed in.
Wind vorticity is constant in such distribution for all points of the basin. In Fig. 1
you can find cyclonic wind field, which was used in this series of experiments and
was obtained by the following formulas (12) when τ Sx = τ Ey = 0.5 cm2/s2,

τ Nx = τ Wy = −0.5 cm2/s2.
Calculations were carried out within a 5 – 25 year period, with different values
of the coefficients of the horizontal eddy viscosity Al and bottom friction r2 . The
calculations were stopped when the decision came out in a stationary or quasistationary mode. Coefficients Al were selected within the range of sufficiently
small values (102 cm2/s), when nonlinear effects, to relatively large ones
(107 cm2/s) appeared, and when the nonlinearity was negligible. Bottom friction
coefficients r2 were selected within the range from 0 to 1 cm/s. Coefficient r2 ,
generally speaking, features the adaptation time to the external effects of the
currents in the lower layer t * ≈ h2 / r2 , i. e. r2 = 1 cm/s corresponds to t * ≈ 2 days,
where h2 = 2 km.

Fig. 1. Tangential wind stress field
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Results of the experiments. The results of the calculations performed were
shown on the available potential and kinetic energy diagrams and also spatial
distributions of fields h1 and currents in the upper and lower layers u1 , u 2 ,
respectively. The most interesting results are available on the website:
http://blacksea-model.ru.
Available potential ( АPE ) and total kinetic (KE ) energies were defined the
following way:

АPE = ρ1 g' (h1 − h0 ) 2 / 2 ,
KE1 = ρ1h1 (u12 + v12 ) / 2 ,

KE = KE1 + KE2 ,

KE2 = ρ 2 h2 (u 22 + v22 ) / 2 ,

where KE1 , KE2 is kinetic energy of the upper and lower layer; E = АPE + KE –
total energy; angle brackets mean area averaging.
Fig. 2 shows diagrams of the dependence of the energy types from time and
the time at a fixed ratio and sufficiently small bottom friction ( r2 = 0.01 cm/s) and
various values of horizontal viscosity coefficient Al .
As you can see in the figure, when Al = 10 7 cm2/s the solution has a stationary
form with a close to zero value of the kinetic energy KE2 , indicating the substantial
absence of the currents in the lower layer in the stationary case. The energies KE1 ,

KE , АPE have the lowest values of the given cases.
Under the following decrease of Al to 5⋅105 cm2/s energy fluctuations in the
equilibrium mode take a stochastic nature, due to the increasing role of nonlinearity of the equations of motion. The kinetic energy of the system increases and
the available potential energy, on the contrary, decreases. The decrease of АPE
has a greater impact on the change in the total energy E, than the increase of KE ,
as a result the total energy slightly reduces compared with the experiment, where

Al = 106 cm2/s.
Energy diagrams where the values of Al are less than 5⋅105 cm2/s, in the
statistically equilibrium mode are characterized by the presence of large amplitude
oscillations that occur within certain limits, and also possess stochastic nature. And
the intervals in which the energy changes, are the same for different Al . As it was
mentioned before, such model behavior at different, relatively small values of
horizontal turbulent viscosity coefficient is most likely due to the effect of scheme
viscosity in calculating the thickness of layers in accordance with pattern used.
8
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Fig. 2. The time variation of the average area energy components: E(a), APE(b), KE(c), KE 1 (d),
KE 2 (e) when r 2 = 0.01 cm/s and various values Al (1 – Al = 107 cm2/s; 2 – Al = 106 cm2/s; 3 –
2
2
2
2
Al = 5⋅105 cm /s; 4 – Al = 105 cm /s; 5 – Al = 10 4 cm /s; 6 – Al = 103 cm /s)
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Fig. 3 shows spatial distributions of the upper layer thickness h1 and
currents u1 , obtained during the numerical experiments when entering the statistical
equilibrium mode in the cases Al = 107 cm2/с and Al = 106 cm2/с.

Fig. 3. Spatial distribution of the upper layer thickness h1 , м (a) and velocity of currents u1 (b)
where r2 = 0.01 cm/s, Al = 107 cm2/s and upper layer thickness h1 , м (c), velocity of currents in the
upper layer u1 (d) where r2 = 0.01 cm/s, Al = 106 cm2/s (areas with greater values of the thickness
of the upper layer are marked by darker colour)

Where Al = 107 cm2/s (Fig. 3, а, b) there is a stationary two-cycled cyclonic
rotation in the upper layer. Maximum velocities of the currents up to 20 cm/s are
observed near the western border of the Crimean peninsula. But there are
practically no currents in the bottom layer. Field h1 is characterized by two domes
(areas with small layer thickness), which correspond to the centers of cyclonic
rotations in the field of currents. From centers of the cycles towards the coast the
thickness of the upper layer increases. This situation fully conforms the theory of
linear currents in the two-layer liquid, when the circulation is determined by the
wind vorticity and configuration of the basin.
Decreasing Al up to 106 cm2/s, currents intensify and disturbances in the form
of waves appear. They move in the direction of the currents. The pattern of currents
remains the same, as there is a cyclonic circulation containing several cores. The
maximum velocity of currents in the upper layer reach 60 cm/s, and 10 cm/s – in
the lower layer, being also in motion. Fig. 3, c, d shows instantaneous distributions
h1 and u1 , where the transformation of fields compared with the previous
experiments can be seen. Click http://blacksea-model.ru/r0.01l6/hb17 and look at this
process in motion.
In the further decrease of Al up to 5⋅105 cm2/s (Fig. 4) perturbations in the
velocity field become more significant and anticyclonic eddies begin to form, both
10
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in the upper and the lower layers. Formation areas of these vortices are tied to the
the coastline features, and the vortices themselves are clearly visible in the velocity
field (Fig. 4, c, d). As compared with the previous case (Fig. 3), currents in the
upper layer increase slightly, and more significantly – in the lower layer.
Anticyclonic eddies in the field h1 appear in the form of the local maximums of the
layer thickness. It is seen that average year field (Fig. 4, b) is different from the
instantaneous field (Fig. 4, a), although it is not quite significant.

Fig. 4. Spatial distribution of the upper layer thickness h1, m (a), average year thickness h1 , m (b),
velocities of currents in the upper layer u1 (c) and velocities of currents in the lower layer u 2 (d)
where r2 = 0.01 cm/s and Al = 5·105 cm2/s for 05.06.0004 (areas with greater values of the thickness
of the upper layer are marked by darker colour)

Another interesting situation is observed in the experiments with

Al = 105 cm2/s coefficient (Fig. 5). Two large cyclonic rotations are clearly defined
(«Knippovych glasses»), which periphery quite intense anticyclonic eddies are
formed at. Local maximums h1 refer to the anticyclones. The peculiarities of
circulation are clearly visible both in the topography of the upper layer and the
fields of currents in the upper and lower layers. Formation of anticyclonic eddies
associated with the hydrodynamic instability has non-stationary nature. They occur
sporadically, move in the direction of the current along the coast or move away
from the coast with it. In the aforementioned velocity distributions of currents
barotropization manifestation of the process can be seen, namely the formation of
the unidirectional vortices in same places at the top and bottom layers.
Non-stationary nature of the circulation in the statistical equilibrium mode can
be judged by comparing the instantaneous and average year distribution h1 . Thus, in
the average year field h1 the anticyclonic eddies, associated with instability of
currents, are not generally visible. Only major cyclonic rotations appear in the
western and eastern parts of the sea.
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Fig. 5. Spatial distribution of the upper layer thickness h1, m (a), average year thickness h1 , m (b),
velocities of currents in the upper layer u1 (c) and velocities of currents in the lower layer u 2 (d)
where r2 = 0.01 cm/s and Al = 5·105 cm2/s for 05.05.0004 (areas with greater values of the thickness
of the upper layer are marked by darker colour)

Further, to evaluate the bottom friction impact on the solution of the task the
calculations under Al fixed or different values of r2 ≥ 0.01 cm/s had been carried
out.
Application of the small values r2 ≤ 0.001 cm/s in the calculations leads to
appearance of too large velocities of currents in the lower layer, which contradicts
the observations and may cause instability of the pattern during long-term
calculations.
The results of the calculations where Al = 105 см2/с or r2 are different are
shown in Fig. 6. It can be seen that by increasing the bottom friction

АPE increases and KE decreases. The kinetic energy of the upper layer KE1 is
weakly dependent from r2 , as opposed to the kinetic energy of the lower layer

KE2 , which sharply decreases with bottom friction coefficient increase. When

r2 ≥ 1.0 cm/s, KE2 is practically close to zero. Thus, the total kinetic energy of the
system decreases by reducing the kinetic energy of the lower layer.

12
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Fig. 6. Time variations of the average area energy components: E(a), APE(b), KE(c), KE1(d), KE2(e)
where Al = 105 cm2/s and different values r2 (1 – r2 = 0.01 cm/s; 2 – r2 = 0.02 cm/s; 3 –

r2 = 0.1 cm/s; 4 – r2 = 1.0 cm/s; 5 – r2 = 10.0 cm/s)

Fig. 7 and 8 show distributions of the upper layer thickness and velocities of
currents for the experiments ranging from r2 = 0.1 cm/s and r2 = 1.0 cm/s.
Coefficient increase leads to a significant change in the pattern of circulation. The
cyclonic circulation in the upper layer is now one large rotation with two centers in
the western and eastern parts of the basin. If the intensity of currents in the upper
layer is not very sensitive to the bottom friction decrease, the currents in the lower
PHYSICAL OCEANOGRAPHY NO. 5 (2015)
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layer substantially change. Thus, when r2 = 0.1 cm/s, the velocities of currents
reach 10 cm/s, and when r2 = 1.0 cm/s – 2 cm/s. Also, with the increase in the
bottom friction coefficient the intensity of the formation of anti-cyclonic eddies
decreases, and they are located to the east of Sinop and to the west of the Crimea.
In the instantaneous and averaged upper layer thickness fields h1 and h1 largescale cyclonic rotation with two cores is well marked by way of the layer thickness.
Increasing the bottom friction, differences between the instantaneous and averaged
fields decrease that indicates the more stable circulation.
Spatial distribution of the features when r2 > 1.0 cm/s practically doesn’t differ
from the one shown on the Fig. 8, excluding the velocities in the lower layer which
are found close to zero.
Hereby, the performed numerical experiments showed that the examined
model permits to obtain the solution within the wide range of horizontal turbulent
viscosity coefficients and bottom friction, clearly describes the main features of
circulation in the Black Sea, including the formation and transformation of vortices
connected with hydrodynamic instability.

Fig. 7. Spatial distribution of the upper layer thickness h1, m (a), average year thickness h1 , m (b),
velocities of currents in the upper layer u1 (c) and velocities of currents in the lower layer u 2 (d)
where r2 = 0.1 cm/s, Al = 105 см2/с for 10.03.0008 (areas with greater values of the thickness of the
upper layer are marked by darker colour)

To close the books on the choice of coefficients, let's check the energy balance
in the model. The point is that as opposed to the Holland – Lin pattern [1] the
numerical model, strictly speaking, is not energy-balanced, i. e. the integral energy
balance is not guaranteed by the appropriate approximation of advective terms
(under Arakawa method) in equations of motion.
14
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Fig. 8. Spatial distribution of the upper layer thickness h1, m (a), average year thickness h1 , m (b),
velocities of currents in the upper layer u1 (c) and velocities of currents in the lower layer u 2 (d)
where r2 = 1.0 cm/s, Al = 105 см2/с for 05.10.0004 (areas with greater values of the thickness of the
upper layer are marked by darker colour)

In the given example, time change of total energy of the system Et is
determined by the joined work W of the tangential wind stress Wτ , horizontal
turbulent viscosity coefficients W AL and bottom friction WR 2 :

Et = W = Wτ + W AL + WR 2 ,

Wτ = ρ1 (u1τ x + v1τ y ) ,
(13)

W AL = ρ k Al (u k ∆u k hk + vk ∆vk hk ) ,

k = 1; 2, WR 2 = ρ

2
2 r2 (u 2

+ v22 )

.

Applying the results of the numerical experiments performed the values of the
left and right parts of energy equation were calculated. Fig. 9 shows time diagrams
Et and W = Wτ + W AL + WR 2 where r2 = 0.01 cm/s and various values of Al . It is
obvious that in all the cases there is δ-residual – the difference between calculated
Et and W. This residual is always negative and connected with the peculiarities of
the numerical scheme applied.
The best results from our viewpoint are obtained when the coefficients Al and
r2 within a relatively narrow range are used: Al is within 105 – 1.5⋅105 cm2/с, r2 is
within 0.005 – 0.01 cm/s. Besides the residual is the least and value closest to W AL
and WR 2 . When r2 is less than 0.005 cm/s, the velocities in the lower layer
significantly increase, and when the Al value are greater, the baroclinic instability
effects manifest worse.
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Fig. 9. Diagrams of the time derivative of the total energy Et , joint work W of tangential wind stress
forces, horizontal turbulent viscosity, bottom friction and δ-residual when r2 = 0.01 cm/s and
different values of Al (а – Al = 103 cm2/s; b – Al = 105 cm2/s; c – Al = 5⋅105 cm2/s; d –

Al = 106 cm2/s)
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Fig. 10. Time variations of the components of energy E, KE, APE (а, c) work of tangential wind
stress forces Wτ , bottom friction WR 2 , horizontal turbulent viscosity WAL (b, d) where the values of
tangential wind stress: а, b – τ Sx = τ Ey = 1.0 cm2/s2, τ Nx = τ Wy = −1.0 cm2/s2; в, г – τ Sx = τ Ey = 0.5 cm2/s2,
2 2
2
τ Nx = τ Wy = −0.5 cm /s ( r2 = 0.007 cm/s, Al = 1.4 ⋅10 5 cm /s)

The fields residual h1 , u1 , u 2 , obtained in the experiments with Al and r2 from
the ranges given, are similar to the fields shown in the Fig. 5. There are stable
large-scale rotations in the sea. They have sporadically created synoptic vortices
formed on their periphery. In large-scale subbasin vortices the vorticity of currents
coincides with the vorticity of wind that corresponds to generally-accepted notion
PHYSICAL OCEANOGRAPHY NO. 5 (2015)
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about the currents in the Black Sea [2, 15]. Note that the calculated velocities of
currents in the lower layer are higher than actually observed. According to
observations in the Black Sea abyssal the velocity of current does not exceed
10 cm/s, and in numerical experiments they can reach 20 – 40 cm/s, of course, in
heavy wind and small bottom friction.
The experiments showed that the intensity of the considered cyclonic wind
didn’t affect the qualitative circulation pattern in the basin, but only led to the
proportional changes of the model energy features. Fig. 10 shows temporary
diagrams of energy and work (13) according to the results of two calculations with
different tangential wind stress value (12): where τ Sx = τ Ey = 1.0 cm2/s2,

τ Nx = τ Wy = −1.0 cm2/s2 и τ Sx = τ Ey = 0.5 cm2/s2, τ Nx = τ Wy = −0.5 cm2/s2.
It is seen that the behavior of the diagrams is the same, except that during the
strong wind the values of energy and working force components are greater than
when the intensity of the wind is less. The oscillation amplitudes of the features are
also greater.
The presence of these oscillations is obviously due to the hydrodynamic
instability of currents, which leads to meandering of jet streams and the formation
of vortices. This process possesses non-stationary nature and is well marked on the
diagrams of horizontal viscosity and tangential wind stress work forces (Fig. 10, b,
d). These diagrams change in the opposition to the wind work force slight lag.
Process of vortex formation has the least impact on the bottom friction force.
It is noteworthy that there are significant changes in the work force of the
tangential wind stress during the stationary wind. This is the result of a mismatch
of wind fields and currents in the upper layer due to the formation of synoptic and
mesoscale eddies opposite to wind vorticity. Thus, as a result of the cross-impact of
the wind work force and the vortex formation processes the mechanism of selfoscillation occurs, whereby increasing the energy flow from the wind causes an
increase in the vortex formation intensity, resulting in the deformation of current
field. Mismatch of wind and current fields leads to a decrease in the energy flow
from the wind. Later the synoptic eddies decay by virtue of friction, the field of
currents adjusts to the wind, the work force of the wind starts to grow, etc.
Because of the strong non-linearity of the self-oscillation amplitude their
period may vary. This variability depends on the strength of the wind. Thus, during
stronger wind (Fig. 10, а, b) as a result of the comparatively small oscillations
sharp falls of the feature values (“gaps”) sporadically occurred.
The fields h1 for several consequent moments of time (Fig. 11) are given for
one of the aforementioned “gaps” taken place in the experiment with the stronger
wind. Click http://blacksea-model.ru/experiment_a1.html for details.
There are two domes corresponding to the western and eastern rotations in the
field h1 at the beginning of the examined period (Fig. 11, а). Minimum thickness
h1 in the centers of the cyclones is 90 and 115 m appropriately. The anticyclonic
eddies are observed on the periphery of the cyclone near the coast. At this time the
available kinetic and potential energy of the system is sufficiently great. During the
next 5 months the pattern does not change significantly, the amplitude of the
energy oscillations is small.
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Fig. 11. Upper layer thickness h1 , м for various moments of time in the experiment with the stationary
wind r2 = 0.007 cm/s, Al = 1.4 ⋅10 5 cm2/s (areas with greater values of the thickness of the layer are
marked by darker colour)

In early June a situation happens (Fig. 11, b) when two large-scale cyclones
begin to move toward each other and then get interconnected in the central part of
the sea (Fig. 11, c). In the area of Sinop and to the west of the Crimea at this time
there are anticyclonic eddies, which are then amplified and moved deeper into the
basin. As shown in Fig. 11, d, e, anticyclonic eddies occupy previous position of
the cyclone centers. The area of cyclonic circulation at the same time is divided
into three parts, the most intense cyclone is observed in the center of the basin. The
PHYSICAL OCEANOGRAPHY NO. 5 (2015)
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energy diagrams (Fig. 10, a, b) at this time show a sharp fall of the values, which is
due to a decrease in the work force of the wind.
The field h1 becomes more even in the next months (Fig. 11, f, g, h),
anticyclonic eddies on the centers of the western and eastern parts of the sea abate,
the energy inflow from the wind increases, and gradual restructuring of the field h1
to the form with two large anticyclones on the periphery starts.
Conclusion. The performed experiments showed that the nonlinear two-layer
model reproduces the main features of the large-scale circulation of the Black Sea [3,
4, 15], particularly the jet Main Black Sera Current and also the formation and
transformation of the vortex structures: large scale cyclonic eddies («Knippovych
glasses») and mesoscale eddies caused by meandering of the Main Black Sea
Current and hydrodynamic instability processes.
Vortex formations observed in the Black Sea, can be generated by internal
nonlinear dynamics even under stationary wind excluding its small-scale features.
The self-oscillation mechanism was identified and described. It connects the energy
inflow from the wind to the intensity of vortex formation in the sea.
The range of possible values of the horizontal eddy viscosity coefficient and
bottom friction, under which the model reproduced the effect of hydrodynamic
current instability, had been determined.
The results obtained show two layers to be involved into the vortex formation
process. The most intense and relevant observational data vortex formation is
obtained when the currents in the lower layer are sufficiently developed. However,
this contradicts the observations of the Black Sea currents in the deep-water, which
are relatively weak (they do not exceed the speed of 10 cm/s). This may be due to
various causes, for example, stationary wind, bottom topography absence or
presence of only two layers.
Numerical scheme applied in this model version, has one significant
advantage – it allows performing calculations within a wide range of the set
parameters and obtaining sustainable solutions. The disadvantage of the scheme is
that it does not provide implementation of the energy balance.
The further work is planned to cover the performance of the experiments
devoted to the β-effect study, basin shape, coastline features, bottom topography,
the seasonal variability of the wind, etc., both within the framework of the given
model and applying the energy balanced model under the Arakawa scheme.
The objective of the research planned is to analyze the results of the simulation
of vortex structures in the oceans obtained by using various numerical schemes. It
is expected that it will provide answers to questions about the adequacy
reproducible in the numerical experiments, formation circulation mechanisms and
temporal evolution of the vortex structures obtained.
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