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Purpose. At present the process of formation of haline stratification in the Black Sea is poorly
studied. The current state of the basin is considered to be close to equilibrium. However, having been
analyzed, the long-term observations testify to a tendency towards desalination of the sea surface
layer and salination of the deep waters. The goal of the study is to obtain a complete pattern of
the haline stratification formation in the basin and the characteristic time scales of its long-term
climatic evolution.

Methods and Results. Numerical calculations of the Black Sea circulation which is formed being
influenced by water exchange through the Bosporus, river runoff, precipitation and evaporation, are
compared with the laboratory simulation results obtained previously using the NEMO model. It is
shown that the time period of formation of the upper and lower Bosporus currents is of
a characteristic time scale 20 years. Relatively short period of adaptation of the Bosporus water
exchange to the external conditions testifies that on the climatic scale, the strait should be in a quasi-
equilibrium state. The results of the numerical experiments also show that, against the background of
the initially preset constant salinity of the Black Sea, the vertical haline stratification is formed rather
rapidly due to the fact that the upper forty-meter layer is desalinated by the river runoffs. This leads to
formation of a halocline in the 10-40 m layer. In the deeper layers, salinity increases slowly owing to
the Marmora Sea water inflow. Each of the calculations shows that intense desalination of the surface
layer lasts 70—80 years, whereupon its salinity grows slowly.

Conclusions. As a result, the characteristic adaptation period of the basin stratification to the changes
in the external factors constitutes 70—100 years. After the equilibrium regime is settled, slow quasi-
stationary evolution of the basin fields takes place. Analysis of the obtained results enabled us to
deduce the equations for describing slow evolution of the haline stratification.
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Introduction

The Black Sea is a semi-enclosed basin connected with the Sea of Marmora by
the Bosporus Strait. A number of large rivers flow into the Black Sea; due to this
fact its waters are significantly desalinated, whereas the values of the Marmora Sea
salinity are higher. As a result, a two-layer structure of currents is maintained in
the strait. In the surface layers, more desalinated waters, being influenced by
the seas’ level difference, propagate from the Black Sea to the Marmora Sea.
Denser salt waters are transferred in the opposite direction and concentrated in
the bottom layer of the strait. The salt inflow to the Black Sea is associated with
the lower Bosporus current that brings saline waters of the Marmora Sea to
the basin. At present, the salinity balance of the Black Sea is on average close to
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equilibrium. This means that the salt inflow provided by the lower Bosporus
current is on average completely or almost completely compensated by its removal
through the surface layer of the strait. Since salinity of the Marmora Sea waters is
approximately two times higher than that of the Black Sea surface waters, the water
volume transported by the upper Bosporus current should two times exceed the one
transported by the lower Bosporus current.

River runoff, evaporation prevailing over precipitation and salt inflow through
the Bosporus Strait form vertical haline stratification of the Black Sea waters.
Vertical salinity distribution is characterized by its relatively weak change up to
the depths 7090 m. Below, at the depths 90-300 m, there is rather a sharp
halocline (the layer of a high vertical salinity gradient), and then right up to
the basin bottom salinity again changes insignificantly. The salinity difference
between the upper and lower layers of the sea is about 4.5 %o. Since almost
everywhere in the Black Sea salinity contribution to formation of the sea water
density is higher than that of temperature, the structures of the main pycnocline and
halocline are almost the same.

Currently the process of formation of the haline stratification in the Black Sea
is poorly studied. The present state of the basin is traditionally considered to be
close to equilibrium. However, having been analyzed, the long-term observations
[1, 2] show a tendency to desalination of the sea surface layer and salination of its
deep waters. Rather a short series of observations does not permit to draw
the distinctions between the trend and the phase of long-period oscillations. A more
detailed research of evolution of the Black Sea haline stratification on the climatic
scale should help to advance credible hypotheses on the subject.

The paleographic studies show that the Black Sea has underwent a few cycles
of isolation and reunification with the World Ocean. The Black Sea was
a freshwater lake for the last time was about 7500 years ago. Then due to
the tectonic processes, the oceanic salt waters began to inflow to the Black Sea
basin through the Bosporus Strait. According to the hypothesis in [3],
the earthquake has provoked sudden opening of the Bosporus. By that time, the
Black Sea level was significantly lower than the ocean one, and a waterfall had
formed near the Bosporus Strait mouth that contributed to rapid rise of the sea level
and increase of its water salinity.

The less radical hypothesis suggests that water exchange with the ocean was
restored gradually and change in the haline regime of the Black Sea basin was of
evolutional character. One way or another, when the basin averaged salinity
became noticeable, formation of the vertical haline stratification should begin. One
of the first papers aimed at studying the process of formation of the vertical haline
stratification was, apparently, [4] where climatic changes of the Black Sea were
investigated on the scales of several thousand years. In the present work, the Black
Sea haline stratification was numerically modeled at various stages of its evolution
from a freshwater lake to its current state. The calculation domain included real
geometry of the Black and Azov seas, the Bosporus Strait and the eastern part of
the Marmora Sea. The water circulation and its vertical stratification were formed
only due to the river runoff and the inflow of highly saline Marmora Sea waters to
the Black Sea basin. In a few performed numerical experiments, constant salinity in
the Black Sea was prescribed as the initial conditions. These simulations showed
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that for all the initial conditions, water exchange between the Black Sea and
the Marmora Sea was settled first of all. Then vertical stratification with
a pronounced halocline is formed, later on it evolves slowly. Thus, it results from
the performed numerical experiments that the adaptation period is followed by
quasi-stationary change in the Black Sea stratification. The notion of quasi-
stationarity made it possible to construct an analytical description of long-term
evolution of density stratification in a rotating cylindrical basin being affected by
the buoyancy flows through the lateral boundaries; it implied the prospect of
application to the Black Sea [5, 6].

Based on the additional numerical experiments, the present paper represents
a complete idea of formation and long-term evolution of haline stratification in
the Black Sea basin.

Vertical motions in the Black Sea and their influence on formation of the main
halocline are discussed in the first section; the time period of settling of the upper
and lower Bosporus currents and the ratio of their discharges are described in
the second section; quasi-equilibrium mode of the haline stratification evolution
and the concept of a halocline as an internal boundary layer are discussed in
the third section; using the resulted from the numerical experiments power law of
the salt diffusion flow through the halocline upon the salinity difference in
the layers above and below the pycnocline, constructed is the analytical model of
long-term evolution of the haline stratification in the Black Sea, and its features are
described in the fourth section; in conclusion, the obtained results are summarized
and their importance is discussed.

1. Vertical motions in the Black Sea and origine of the Black Sea halocline

The balance estimates based on the assumption of the basin equilibrium
(on average) state show that water upwelling is observed in the Black Sea center
[7-9]. The numerical free run simulations which, on the whole, quite well
reproduce the Black Sea pycnocline structure also confirm existence of water
upwelling in the deep-sea part of the basin. Thus, the pycnocline in the Black Sea
is of the same origin as that in the mid latitudes of the World Ocean. The origin of
the Black Sea halocline was studied in details in a series of papers [8, 10, 11].
These studies took into account such geographical features of the Black Sea basin
as its relatively small size and simple configuration of its boundaries. Certain
symmetry of circulation and stratification was also taken into consideration:
presence of the Rim Current (RC) encircling the sea along its boundary, and
the dome-like structure of the density field with the halocline rising to the surface
in the sea center and its lowering near the boundaries. Such features of the Black
Sea basin permitted to represent the observed processes as a scheme and to
consider the problem on formation of water circulation and stratification in
a rotating cylindrical basin being affected by the salt and fresh water flows at its
boundaries. Laboratory studies of formation of water stratification and circulation
being influenced by the buoyancy fluxes at the lateral boundaries were performed
in [10, 11]. These experiments showed that inflow of fresh and salt water through
the boundaries of a rotating cylindrical basin led to formation of a sharp pycnocline
and a cyclonic circulation at the basin surface. Thus, in a simple axisymmetric
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configuration, reproduced are the basic large-scale features of circulation and
stratification in the Black Sea basin.

Advancing of these studies in [12] promoted obtaining (within the framework of
the linearized model) the analytical solution of the problem on the flows in a rotating
cylindrical basin caused by the buoyancy flows at its boundaries. The analytical
solution, having been compared to the results of laboratory modeling, demonstrated
an amazing correspondence between theory and experiment.

A more complete study of fluid stratification and circulation in a rotating
cylindrical basin affected by the buoyancy flows was carried out in [11] in which
the results of laboratory studies and numerical calculations were also compared.
It was shown that the nonlinear terms in the equations of motion are quite small,
and the main nonlinear effects occurring during formation of the basin circulation
and stratification are manifested in the equation of heat or salt diffusion that is
typical of the oceanic thermocline theory. In the laboratory experiments, water
density sharply changes vertically in course of transition from heating to cooling of
a lateral boundary. Outside this rather a thin layer, the density vertical gradient is
negligible. Thus, two layers of almost homogeneous liquid separated by a sharp
pycnocline, are formed in the basin. Within its limits, the scale of the water density
vertical changes is significantly smaller than the cylinder height; it permits to
characterize the pycnocline as an internal boundary layer.

The numerical calculations represented in [11] show that in the basin, two
circulation cells are formed above and below the pycnocline. In the basin upper
part, water rotates counterclockwise, and in the lower part — clockwise. Analysis of
distributions of the density and current velocity and in the radial section shows that
two boundary layers are formed in the basin. One of them is located by the wall;
the water density in it changes insignificantly, and the radial velocity module is
reduced to zero. Another one is internal; large vertical gradients of the seawater
density are associated with it.

Thus, the laboratory experiments and the numerical calculations show that
the pycnocline formed being affected by the buoyancy flows at the basin lateral
boundaries, posses the features of an internal boundary layer. Existence of this
layer is maintained by two oppositely directed circulation cells in a vertical plane.

Considering motions in a rotating cylindrical basin as an analogue of the Black
Sea circulation, one can assume that the Black Sea halocline, just as the oceanic
thermocline, is a boundary layer. At that, an important role in formation of
the Black Sea halocline is played, as in the ocean, by upwelling of deep-sea waters
in the basin center.

2. Water exchange through the Bosporus,
characteristic time of its formation
It was noted above that at present salinity of the Black Sea surface waters is
about 18 %o, and that of the waters inflowing with the lower Bosporus current —
about 36 %o. Thus, if the basin current state is assumed to represent a balance of
the salt inflow and outflow, the ratio of the water volume transport of the upper
Bosporus current to that of the lower Bosporus one should equal two. At the same
time, it is a priori not evident what is of primary importance: either the ratio of
the volume transports of the upper and lower Bosporus currents or those of
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the currents in the strait adjust to salinity 18 %o in the Black Sea upper layer.
To study this problem, a number of numerical experiments simulating exchange of
the Black and Marmora seas’ waters through the Bosporus, were carried out in [4].
A configuration including the interdisciplinary model Nucleus for European
Modeling of the Ocean (NEMO) [13] was constructed for performing simulations.
It implements the most common types of the state equations from which
the UNESCO formula was chosen [14]. On the sea surface, a kinematic condition
on the basis of which the level is calculated is prescribed. At that, the time-splitting
scheme into fast (barotropic) and slow (baroclinic) modes is used [15].
Discretization of the equations’ system was performed on the Arakawa’s “C” grid
[16]. The TVD-scheme is used for the nonlinear summands in the transport—
diffusion equations [17]. Vertical turbulent mixing in the model is calculated using
the closure hypothesis k-¢ [18]. The regular geographic grid covering the basins of
the Black, Azov and Marmora seas is preset in it; its horizontal step is about 20 km.
The model resolution for the Azov, Black and Marmora seas was sufficiently rough
in order to have a possibility to carry out calculations for a long period.
Topography of the Black Sea bottom was built using the digital array data in [19].
Vertical discretization was done on 34 non-regular z-horizons with the resolution
increasing near the surface. The time step was 10 minutes.

The chosen grid step is unacceptably large for describing water exchange
through the Bosporus Strait. In this connection, the artificial method of a “partially
closed cells” was used to calculate the flows in the strait [13]. Due to this method,
the grid cell size in the Bosporus was reduced to 2 km. Five numerical experiments
were performed in this configuration; they permitted to reveal influence
of the initial conditions on water exchange through the Bosporus Strait.
Uniform initial salinity — 8, 12, 16, 18 and 22 %o, — prescribed as the initial
conditions in the experiments. Temperature at the initial moment is everywhere
uniform and amounts 6 °C. The initial level surface in all the seas is set the same.
In the Marmora Sea, the temperature and salinity initial values corresponded to its
present state. For the basin boundaries in the mouths of 11 major rivers of
the Black and Azov seas, the present climatic runoff and the temperature values
with a seasonal cycle and also the zero salinity values were used. For the Marmora
Sea, the open boundary with the preset temperature and salinity profiles and
the free flow condition were applied. On the sea surface, the basin averaged
difference between precipitation and evaporation was specified.

Analysis of time variability of the flow rates of the upper and lower Bosporus
currents showed that in each of the experiments, water exchange through
the Bosporus reached a steady-state regime after about the 20" calculation year.
The calculations also demonstrated that different initial salinity rather weakly
affected the ratio of the flow rates of the upper and lower Bosporus currents in
a steady state. When the Black Sea initial salinity is within the range 8-22 %o, it
turns out to be close to two. Thus, one can conclude that salinity of the Black Sea
upper layer (in its present state) is conditioned by the ratio of the flow rates through
the Bosporus Strait.

In [20], dependence of the ratio of the flow rates of the upper and lower
Bosporus currents upon the magnitude of the river fresh water inflow was also
analyzed. The calculations showed that increase of the rivers’ runoff was
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accompanied by growth of this ratio. Consequently, the ratio, close to two, between
the flow rates of the upper and lower Bosporus currents is conditioned by
the magnitude of the climatic rivers’ runoff characteristic of the 20® century.

3. Notion of a quasistationary character of the stratification
long-term evolution

Five numerical simulations described in the previous section were proceeded
for the period up to 70—100 years in order to assess the characteristics of circulation
and haline stratification depending on the preset initial salinity. The calculation
results showed that in each of the experiments, first of all a relatively rapid
formation of vertical haline stratification occurred. Being affected by the rivers’
runoff, significant desalination of the upper 40-meter layer takes place.
In the deeper layers, gradual salinity increase due to the inflow of highly salt
Marmora Sea waters is observed. Desalination of the surface seawater and its
salination at the depths > 40 m leads to formation of a halocline in a layer 10—40 m.
It was noted in [21] that such location of the halocline was conditioned by
the depth at which the inflow of highly saline Marmora Sea waters had got to
the Black Sea.

In each of the calculations, the surface layer desalination lasts 70-80 years,
whereupon its salinity starts to grow slowly. By this time below halocline,
the salinity vertical gradient goes down almost to zero. Then, salinity, just as at
the surface, slowly increases with time remaining almost constant over depth down
to the sea bottom. Thus, the numerical experiments showed that, when calculations
were performed with different initial conditions, the adaptation stage was first
observed; it lasted approximately 70—80 years. In course of this time period,
a halocline is being formed near the sea surface. Then slow salination of the basin
at all the depths takes place. Typical vertical profiles of the Black Sea average
salinity are shown in Fig. 1.
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Fig. 1. Basin averaged salinity profile for the last year of calculation at initial salinity 8 %o — a and
22 %o —b

Difference between the surface and bottom salinities increases with growth of
the initial one. Salt water inflow is at the insignificant depth; as a result
the halocline extends almost to the sea surface. Nevertheless, the above
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calculations are quite comparable with the results in [9]. This provides the grounds
to claim that the reproduced halocline possesses the boundary layer features not
only in the final stationary state, but also in course of a quasistationary evolution of
the seawater salinity and density fields. Both the water exchange through
the Bosporus and the river runoff form a large-scale water circulation in the Black
Sea. Its character varies significantly depending on the basin-average salinity.
At low salinity at the sea surface, the pronounced transport of the transformed river
waters (inflow is in the northwestern part of the sea) along the western coast up to
the mouth of the Bosporus is reproduced. In the rest of the basin, the circulation of
water is rather chaotic, though its motion from the Kerch Strait mouth towards
the Bosporus can be observed (Fig. 2, a). Increase of the basin averaged salinity in
the surface layer is accompanied by prevailing of (the water mass) cyclonic motion
of the water mass (Fig. 2, b, C).

On the whole, long-term calculations of the haline circulation in the Black Sea
for different initial salinity show that the characteristic time of adaptation of
the basin stratification to the changes in the external conditions constitutes 70—100
years. After the equilibrium regime is achieved, slow quasi-stationary evolution of
the basin fields takes place.
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4. Equations for describing slow evolution of the haline stratification

Based on the results in [4, 20] and proceeding from the dimensional analysis,
a simple parameterization of “density fluxes” through the pycnocline in a rotating
cylindrical basin was proposed in [5]. Similar parameterization is also deduced for
a rotating basin of an arbitrary configuration (see the appendix). Analysis of
the results of the numerical experiments carried out in [6] showed that the average
salinity gradient in a halocline was proportional to difference of salinities on
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the basin surface and bottom with the (index) power 1.27. It is close to the power
4/3, which follows from the dimensional analysis for a rotating cylindrical basin.
Increase of the salinity gradient in the halocline turns out to be not proportional to
the salinity difference between the surface and bottom layers. This is related to
the fact that increase of the salinity difference between the surface and bottom
layers is accompanied by the halocline intensification.

Presence of a connection between the salinity diffusion flux through
the halocline and the salinity difference between the surface and deep waters
permits to construct the equation for salinity evolution in the layers above and
below the halocline. At that, one should take into account the following:
a boundary-layer character of the halocline, its small thickness and the fact that
salinity above and below the halocline weakly varies vertically. Having integrated
the equation of salt diffusion over the volumes above and below the halocline, we
obtain the following two approximate equations:

ds_

V_T=—QQS_—Fh+Q;S+, (1)
dS+ + +
V+T:Qbsb+rh—QbS+, )

where Si, S_ are the salinities in the layers below and above the halocline,
respectively; V+ and V_ are the volumes of the near-surface and deep layers;
Qy and Qp are the flow rates of the upper and lower Bosporus currents; Sp s

the Marmora Sea water salinity; £ is the integral diffusion salt flow through
the halocline. Proportionality between the salt diffusion flow through the halocline
and the difference between the lower and upper layers’ salinities is revealed:

ds 48,
Iy = _Kah’] 4, z_KH_hAh’ (3)

h

that makes the system of equations closed. Note that the found in [6] dependence
also permits to determine the proportionality coefficient in formula (3):

1,27

r,~ —0,532%(& -5

h

In addition to the salinity diffusion flux, equation (2) takes into account its
advective transport through the halocline associated with preservation of the lower
layer volume and also compensating the inflow of the Marmora Sea waters.

Let us first analyze the final stationary state, which is achieved in the process
of evolution of the Black Sea haline stratification. Equating the right-hand parts of
equations (1) and (2) to zero, we obtain the following algebraic equations:
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QS —I',+QyS, =0, 4
QS, + 1, —0/S. =0. ®)

Summing up the left-hand parts of these equations, we obtain the ratio of
the external salt balance

Qy S, =Q;S_.. (6)

If the volume transport of the upper Bosporus current is assumed to be two
times greater than that of the lower Bosporus one, and having preset the Marmora
Sea salinity equal to 36%o, we find that S_ = 18%o. Combining equations (4) and
(5), we can derive the following equation for the salinity difference between
the upper and lower layers:

KA1 127 _
sb—z(s+—s_)—1,06H 3 (s,-S.)"" =0. 7)

+
h<b

According to the results of the numerical experiments, the halocline depth is
preset to be 25 m and its thickness — 30 m, then for the present configuration of
the Black Sea we find V+ = 525000 km?, V_ = 10000 km’, A, = 390000 km?,
Hn =30 m. Let us also preset the vertical turbulent diffusion coefficient as it was
used in the numerical calculations: k¥ = 0.03 ¢cm?/s. Then, having solved equation
(7), we find S+ — S_ = 4.27 %o. This value of the salinity difference is close to that
observed in the Black Sea.

Let us consider briefly the regularity of temporal evolution of the Black Sea
haline stratification. First of all, note that the volume of the layer above
the halocline is substantially smaller than that of the lower layer. Therefore, in
the mode of slow evolution, the role of the nonstationary (summand) term in
equation (1) is negligible and equation (4) can be used instead. Let us use
the salinity difference instead of the upper layer salinity from equation (4) and
transform equation (2) accordingly. As a result, we obtain the equation describing
temporal evolution of the salinity difference through the halocline:

d(S,-S.)_ S,-2(S,-8S.)
dr 2+1,27a(S, -S.)

037 ®)

YA, N

where “:—H + and Tzv_b- In this equation, the right-hand side, at constant
h~b

.
flow rates through the Bosporus (and, hence, river runoff and
the precipitation/evaporation difference), is the positive and monotonically
decreasing function of salinity difference. Therefore, salinity difference will
monotonously increase in time from the initial value to the equilibrium one
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obtained above in full accordance with the resulted derived from the numerical
experiments with different initial conditions. If the flow rates through the strait
depend on time, equation (8) should be integrated numerically, that ultimately
provides a possible to make the salinity profiles in Fig. 1 and 2, and the current
velocity maps conform to a specific time. Note that for the present configuration of
the Black Sea basin and the flow rates through the strait, the characteristic time of
slow evolution of the haline stratification constitutes 1750 years.

Conclusion

Analysis of the performed numerical experiments yielded new notions on
the conditions of formation and long-term evolution of the haline stratification in
the Black Sea. First, it is shown that the characteristic time scale of the formation
period for the upper and lower Bosporus currents is 20 years. Rather a short period
of adaptation of the water exchange through the Bosporus to the external
conditions means that on a climatic scale, it should be in a quasi-equilibrium state.
Moreover, regardless of salinity of the Black Sea upper layers, the ratio of
the water volumes transported by these currents is ~2. This ratio exactly conditions
the fact that the surface salinity in a steady state tends to 18 %.. Besides,
the numerical experiments show that the ratio of intensities of the upper and lower
currents through the Bosporus Strait can vary depending on the magnitude of
a river runoff, precipitation and evaporation. Note also that the model of currents in
the Bosporus Strait applied in calculations is rough enough. That is why
the represented conclusions are of a qualitative character.

The numerical experiments have also demonstrated that a quasistationary
evolution of the basin haline stratification takes place on the large time scales.
The calculations made it possible to evaluate the characteristic time of its
adaptation to a quasistationary state as 80—100 years. In course of this period,
within the vertical distribution of seawater salinity, a halocline is being formed.
Having been compared to the results of the laboratory experiments, the calculations
permit to characterize the developing halocline as an internal boundary layer
existing at all the stages of evolution of the haline stratification in the Black Sea.

The idea of a quasistationary character of long-term evolution of the Black Sea
haline stratification, and of the halocline as an internal boundary layer has provided
the grounds for studying the relationship between the difference of salinities in
the layers above and below the halocline, and the salt diffusion flow through it.
The dimensional analysis is followed by the simple power law between these
values with the exponent 4/3. Processing the results of numerical experiments
confirmed existence of a power dependence with the exponent 1.27 that is in good
agreement with the theoretical forecast.

Revealing of functional dependence of the salt diffusion flow through
the halocline with the difference of salinities in the layers above and below it, made
it possible to propose a simple analytical model of climatic evolution of the Black
Sea haline stratification. Based on the salt balance equations, the model forecasts
monotonic tendency of the basin haline stratification to the equilibrium state close
to that observed today. Along with general increase of the salt stock, the evolution
process should be accompanied by increase of difference of salinity in the layers
located above and below the halocline. Besides, since the pycnocline thickness is
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proportional to the salinity difference to the power of 1/3, it will decrease with
time. It is interesting to note that the results of processing the observations from
[1, 2] show that both of these tendencies were observed during past 100 years.
Thereupon, it seems advisable to consider the following issue: is the present state
of the Black Sea basin in equilibrium.

However, it should be noted, that the results represented in this paper should
be treated as a preliminary concept. The halocline formed in the numerical
experiments, having been compared to that formed in the actual conditions, turns
out to be too shallow. This is due to significant influence of wind mixing and heat
exchange with the atmosphere upon the vertical structure of the sea upper layer
fields. Wind mixing and seasonal variation of the heat flows on the sea surface
result in formation of the upper mixed and the cold intermediate layers, which
presumably, push off the described in this paper halocline deeper. The additional
effect that is to be taken into consideration is related to subduction of cold waters
from the Black Sea northwestern shelf [22] and from the upper parts of cyclonic
gyres [23]. The wind effect, along with the upper layer mixing, leads to formation
of the Rim Current and to the associated with it surface salinity change through its
front. Due to this fact, salinity in the central and coastal parts of the sea is different;
and when modeling the long-term evolution of the Black Sea stratification, one
should necessarily take into account both the transfrontal salt transport by
the mesoscale eddies [24, 26-28] and the seasonally varying Ekman transport
[25-28].

Note that the regularities revealed in this article show that the vertical cells
maintaining the halocline existence respond slowly to the changes in the external
conditions. A sharp change in the external conditions should affect the structure
a circulation vertical cell maintaining existence of a halocline in course of a period
of several hundred years. Being applied to the problem of response of a thermal
conveyor to the changes in climatic conditions, the results represented above mean
that the heat transfer inertia in the temperate latitudes is to a great extent
conditioned by the temperature drop between the surface and deep-sea layers of
the ocean. Even significant variations of the conditions in the regions of deep water
formation will change intensity of water upwelling at the lower boundary of
the oceanic thermocline only after the temperature difference between the surface
and deep-sea layers alters. The time of a thermohaline circulation cell
transformation with water rising at the equator and lowering at high latitudes will
depend on the rate at which the features of the deep-sea water masses change.

Appendix
If the Black Sea halocline is assumed to possess the features of a boundary
layer, it is described by the following system of equations:

dp
-f =———+ AAU,
! dx (14)
__dp
f,= —d—y+ AAV, (2A)
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iz o (34)

d_U+d_V+M:()

dx dy dz ’ (4A)
2

udpydp ydo_ dp (5A)

where U, V, W are the components of current velocity; p is the pressure normalized
to the average density; p denotes here simga-t density also normalized to
the average density; ¢ is the gravity acceleration; f is the Coriolis parameter; A is
the horizontal turbulent viscosity; k is the vertical turbulent diffusivity. Equations
(1A) — (5A) should be solved in an infinite domain with z varying from — oo
tooo, and horizontally — over the Black Sea basin area. Above and below
the pycnocline, density tends to the constant values of p_ and p;.

Cross-differentiating equations (1A) and (2A) and applying the horizontal
divergence operation, we obtain two new equations:

—fo=-Ap, (6A)
fD= AVQ, (7A)

v
_dv du 5= du , dv

=, = 4+ — . .
where dx  dy ° dx | dy In equation (6A) the geostrophic character
of the main horizontal motions is taken into account. Now let us introduce the scale

of the pycnocline H and that of the density difference between the upper and lower

layers3p=p. +p_ . Then the pressure scale is equal to gdpH, the geostrophic

gopH
velocity scale — to PO where L is the basin characteristic size (for example,

gopH

the square root of its area). The vorticity scale is equal to Q= flz and that of

_ » 9%pH
the horizontal divergence — D=A F20 Finally, by virtue of (4A) and (5A),
SpH? _ «
the vertical velocity scale equals W = A J fF;L“ = "R The latter expression yields
the pycnocline vertical scale:
1
214 \3
H=( <L) (8A)
93pA
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Note that expression (8A) includes an unknown density difference Jp.
It remains undefined according to the concept of the pycnocline existence as
a boundary layer at the stage of slow evolution of the basin stratification. Let us
also calculate the scale of the diffusion “density flux” through the pycnocline:

r=x (gop)’ (%] o)

Thus, we find that the diffusion “density flux” through the pycnocline is
proportional to the density difference below and above the pycnocline to the power
of 4/3 at the whole stage of slow evolution of the basin stratification.
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