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The origin of the bottom counterflow in Bosphorus Strait during the early Holocene, its temporal
development and the Black Sea filling by the Mediterranean salt water is discussed in this paper. At 10 ka,
the depth of the strait was 10 m, the velocity of accumulation body growth in the southern part of the

Keywords: ) strait was 3 mmy/year, and the velocity of the ocean transgression was 13.5 mmy/year. The freshwater
Ellald( Sea filling by the salt water balance of the Black Sea is accepted as it is now. Based on mathematical modeling the bottom coun-
olocene

terflow breakthrough occurred when the depth of the strait was 16.5 m, at about 9400 years ago. Before
this, salt water penetrated into the Black Sea in the autumn-winter seasons during short periods of time,
when the Bosphorus upper stream was absent. The Navier—Stokes equations were used to describe the
water circulation. Temporal dependencies of the counterflow depth, water discharge in counterflow and
depth of the halocline in the Black Sea was calculated.

The halocline reached the depth of 100 m about 7200 years ago, and a situation close to present one
(the lower Bosphorus flow brought salt into the Black Sea, with the upper stream returning it to the Sea
of Marmara. The water discharge in the low water layer was insignificant during the time interval from

Bosphorus Strait
Mathematical model of two layer flow

9400 to 8400 years ago. Then, it quickly rose to about 700 km?/year.

© 2015 Elsevier Ltd and INQUA. All rights reserved.

1. Introduction

In several papers concerning the study of the Black Sea level
changes (Esin et al., 2010, 2011, 2013; Esin and Esin, 2012, 2014) a
method of physical (mathematical) description of the geological
processes is applied. This method allows connecting geological
events which happened at different times in a continuous time
series, in which each subsequent event is prepared by previous
geological history.

In the present paper we attempt to describe the process of the
Black Sea basin filling by salt Mediterranean Sea water in condition
of a sufficiently deep strait. The question about the minimum depth
of the strait, when arose counterflow there, has been debated
repeatedly in the literature (Lane-Serff et al., 1997). This depth
depends on the freshwater balance of the Black Sea. The larger is
the freshwater balance value, the greater is the strait depth, when
the salt water can penetrate into the Black Sea.

* Corresponding author.
E-mail addresses: ovos_oos@mail.ru (N.V. Esin), esinnik@rambler.ru (N.I. Esin),
valyan@onu.edu.ua (V. Yanko-Hombach).
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Wiater circulation of two-layer flow in the Bosphorus Strait is
described by the equation system of Navier—Stokes. In earlier pa-
pers, the Boussinesq, Bernoulli, and Saint-Venant equations were
used. They are Euler equations for ideal liquid, averaged in vertical
direction. There is no friction mechanism between layers of viscous
fluid. In the case of two-layer flow friction determines the position
of interface between upper and near-bottom currents. Shearing
stresses on the interface have equal values from above and below,
but opposite direction. Such a mechanism forms the process of
capturing a certain value of water from the low stream by the upper
stream and its returning to the Marmara Sea. Gregg and Ozsoy
(2002) used a full hydrodynamical model in the form of Navier—-
Stokes equations, diffusion equations, and equation of fluid state.
However, it is not expedient to use such a model for the description
of geological processes as there are insufficient data about hydro-
dynamic conditions in the Holocene.

2. Mathematical model of two-layer flow
According to theoretical conclusions of previous investigations

(Esin et al., 2010, Esin and Esin, 2014) based on geological and other
studies (Ostrovsky et al., 1977; Serebrinanii, 1982; Lane-Serff et al.,
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1997; Izmailov, 2005), about 10000 years ago the levels of the Black
and Marmara seas converged and a Bosphorus Strait with depth of
about 10 m formed. Thereafter, the oceanic transgression of the
Black Sea began. The Black Sea level repeated the Marmara Sea level
course with an excess of a few tens of centimeters. The depth of the
strait was being increased and counterflow arose. Temporal
discharge in counterflow increased over time. We describe, with
the use of Navier—Stokes equations, two-layer water flow in the
strait with depth increasing. The flow diagram is presented in Fig. 1.

In the upper layer of Bosphorus Strait, the Black Sea water flows
to the Marmara Sea, as the result of the Black sea level being higher
than the Marmara sea level. Water flows due to pressure gradient,
which is created by the free water surface inclination in the strait. In
this case the bottom of the upper stream is the interface between
flow and counterflow. On the bottom water motion velocity is equal
to zero and on the free surface shearing stress is equal to zero.

Within the bottom water flows under the influence of two fac-
tors - pressure gradient, created by the inclination of the free water
surface and due to the fact that the Marmara Sea water is denser
than that of the surrounding Black Sea water by ~0.03 g/cm?>.
Therefore heavy water flows along the bottom.

For the description of the upper stream X, axis must be
directed towards the Marmara Sea and Z, axis is directed upwards
(Fig. 1). In the case of quasi-stationary sum, when the process of a
slow change of a mean value of the Black Sea freshwater balance
(during several millenniums), members of Navier—Stokes equa-
tions describing viscosity are of 107>~10"% m/s? order and mem-
bers describing acceleration — 10~1° m/sec. We may neglect inertia
and describe the upper stream in the Bosphorus Strait by
Navier—Stokes equations as:

2
71 OPyp Va gupzo; 1)
P axUp BZ,_,p
OPyp _ .
azup - _pgv (2)
Hup
/ Uupdzup = Qup/1. (3)

where p — water density within the upper stream, P, — pressure, v
— kinematic viscosity coefficient, Q,, — water discharge, 1 - width of
the Strait.

Solution of (1)—(3) equations can be written as:

Pyp = Pg(Hup - Zup); (4)
g dH, )
up =5 dX:fzuP (2Hup — zup); (5)
12»Qy
Hi, = H§ + ol (L~ xup). (6)
or:

120Qup (L — Xup)

4 4

. (7)

Here H,, — water surface in the strait, Hp — depth of the upper
stream near the entrance to the Marmara Sea, AH — difference
between the levels of neighboring seas, L — length of the strait from
the southern sill to the Black Sea (L = 20000 m).

In the low layer, water is denser (roughly 0.03 g/cm?) than the
Black Sea water. This water flows downstream along the bottom
under the influence of gravity. Another factor influencing the
nearbottom water is a pressure gradient, originated by the incli-
nation of the upper stream water surface to the sea-line. This
gradient is directed against the current within the nearbottom
layer. When water surface in the strait is approximated as a straight
line, then a pressure gradient does not depend on X and is equal to
pg-tgp, where tgy — the average slope of water surface which is of
the order from 10~ to 10~>. Now, Navier—Stokes equations can be
written as:

2
gﬂsinrxf gtgqo+va gd" =0; (8)
pS azdn
P 1 dp
—COSa— — =0; 9
& s Ps dzdn ®)

Qup
Marmara

Fig. 1. The scheme of the water circulation in the Bosporus Strait.
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Hdn
/ Ugndzan — % (10)
0
Here a — angle of the bottom slope in the point of minimum depth
(¢ = 1,2-1073), Ap = ps — p, where p; — density of the Marmara Sea
water, p — density of the Black Sea water, Uy, — current velocity, Zg,
axis is directed upwards.

Taking into consideration that the density gradient is directed

against the bottom counterflow, the solution of the equation sys-
tem can be written as:

P = Apg(Hg, — Z4,)COS «; (11)
Ap .
Ugn = 2§ (—p sin « — tgq;) (Hdnzdn — zﬁn> ; (12)
v\ Ps
—glL‘%” ﬂsin —t (13)
an - 121/ ps a g(ﬂ .

The depth of the lower flow does not depend on the depth of the
strait. The second condition is that the shear stresses are equal in
magnitude and opposite in direction at the boundary line of the
upper flow and lower counter-flow. In this condition, the depth of
the strait is one of the main factors.

Present-day research in the strait (Jarosz et al., 2011) showed
that the coefficient » varies from 10~ to 1072 m?/s and larger
values, depending on the wind and the flow velocity. The water
discharge Qup and Qqn also vary from zero to a maximum value
during the year. Therefore, within quasi-stationary sum, the pa-
rameters v and sin« are chosen in such a way that in the strait the
average annual water discharge in the upper and lower flows
conform to their present values. Thus we have » = 1.6-1072 m?/s
and sina = 1.2-1073. From (13) it is obtained Qy, = 570 km?/year
(18075 m3/s). Hgn = 12 m, that is close to the calculated values
obtained by Oguz et al. (1990) for the water discharge in the upper
flow.

In the article of Oguz et al. (1990), as well as Ozsoy et al. (1998),
the main features of water circulation in the strait are described.
The authors showed that the depth of counterflow depends on the
water discharge in the upper flow: the more Qy, the shallower
counterflow. Counterflow disappears when the value of Q is
sufficiently large. With increasing Qy from 4380 m?>/s to 21765 m/
s the depth of the counterflow decreases roughly from 14 to 8 m. If
there is no upper stream, the flow develops in the direction of the
Black Sea. A mechanism of a single-layer flow had been set also on
the field observation data (Jarosz et al., 2011). One more feature of
the water circulation in the strait is a self-regulating mechanism
which supports a certain water discharge in the upper stream,
depending on the depth of the strait. According to Oguz et al.
(1990), lower flow disappears when Q,p > 26000 m>/s (based on
calculations) and Q,p > 46000 m>/s based on the results of field
measurements. In conditions of quasi-stationary sum, we assume
that the water discharge in the upper flow is equal to the water
discharge in the lower flow plus the freshwater balance of the Black
Sea: Qup = Qun + Qfresn. Taking into account the previously obtained
formulas, we have:

[H, — (Hup — AH) gl gi3 /4

_ _ dn (BP .

Qresh = 12vL 12v (ps st tg(p). (14)
Equation (14) makes it possible to calculate the depth of the

strait where the counterflow could be formed, if the freshwater

balance of the Black Sea was about the same as it is now, i.e. it was

about 240 km?>/year (7610 m>/s), and the average level difference of
the neighboring seas was 0.3 m.
If Hiyp = 0 in (14), we obtain an algebraic equation:

[Hi — (Hup — 0,3)"] gl
eresh = 121/L :

It follows from this that the salt water debacle occurred when
the strait depth was 16.5 m. According to Lane-Serff et al. (1997),
the debacle of the Mediterranean salt water to the Black Sea
occurred at the strait depth being 11 m, when the freshwater bal-
ance of the Black Sea was equal to 10000 m?/s, and the strait width
was 500 m.

Equation (15) shows that the minimum depth in the strait, when
counterflow can arise, depends on v which varies depending on
hydrometeorological situation.

When the upper flow is absent, the salt Marmara water broke
through the strait and then into the Black Sea at any depth of the
strait. According to the present data, the freshwater balance of the
Black Sea for a short time (1—2 months) becomes negative in
autumn and winter months (Zhiljaev and Esin, 1990). At this time,
salt Mediterranean water flows into the Black Sea throughout the
depth of the strait. Such a short salt water influx probably may take
place a few hundred years earlier than 9500 years ago, i.e. the time
when it was recorded by geological methods.

(15)

3. Model of the Bosphorus Strait depth changing during the
Holocene

The question of the Bosporus Strait formation is debatable. In
this paper we discuss an idea of the strait evolution based on the
physical knowledge of the processes taking place in it. In accor-
dance with the mathematical model presented in the article (Esin
and Esin, 2014) and adapted by the geological curve of Izmailov
(2005), the levels of the Black and Marmara seas became much
closer at about 10000 years ago, and the oceanic transgression of
two seas began with velocity of about 13.5 mm/y (Rohde, 2007). At
the same time the sedimentation and accumulated body formation
were occurred in the southern part of the strait. Assume that the
velocity of the accumulation body raise was 3 mmy/year for the last
10 thousand years, and the relative velocity of the level uplifting
was 13.5 — 3 =10.5 mmy/year or 10.5 m per 1000 years. The depth of
the strait was 10 m at the beginning of the oceanic transgression.
During the next 600 years, i.e. about 9400 years ago, the depth of
the strait increased to 16.5 m, and the counterflow was formed.
Previously, salt water entered the Black Sea when the outflow from
the Black Sea disappeared during the short autumn and winter
periods (Zhiljaev and Esin, 1990). Let's calculate the volume of salt
water flowing into the Black Sea since 9400 years ago, taking into
account that the level of the Black Sea could not be above the level
of the Marmara Sea more than 0.4 m. During the first 500 years
after the counterflow formation the process was being developed
in a regime when its depth was less than the critical depth at which
the upper flow blocked the increasing of the lower flow depth. But
after about 500 years the water circulation happened in conditions
of self-regulation of the lower flow when the difference of sea
levels was 0.4 m.

We assume that the velocity of the strait depth increase was
10.5 mmy/year. If the depth of the strait was 10 m near the entrance
to the Marmara Sea 10000 years ago, then the increase was:
H = Hyp + Hgn = 10m + 10-(5 mm/yr)-t, where H — is the depth of
the strait at the entrance to the Marmara Sea.

We can also assume that the process of the Black Sea basin filling
by salt water occurred with the difference of neighboring seas
depths being 0.4 m. We can obtain an algebraic equation for Hgn(t).
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gH3, (Ap l
o0 (75“104 tg§0>+eresh £

-[(16,5+O,0105t—Hd,1) —(16,1+0,0105t—Hdn)4]

(16)

The calculated curve Hyy(t) is presented in Fig. 2. Calculations
showed that the increasing of the counterflow depth was consid-
erably slower than a total deepening of the strait as a result of the
ocean-level rise. The velocity of the strait depth increasing was
10.5 mm/year, and the velocity of the lower flow depth increasing
was only 4.7 mmy/year. Thus, the increment of the total strait depth
is distributed between the upper and lower flows. Calculations
were performed for two possible variants: AH = 0.4 m and
AH = 0.3 m. Fig. 2 also shows that, when AH = 0.3 m counterflow
appeared earlier than if AH = 0.3 m. When the value is even less, a
counterflow appears earlier. Thus, before the regular counterflow
appearing, when AH = 0.3 m, currents of salt water of short
duration were formed in the nearbottom layer. Salinization of the
Black Sea water began not 9500 years ago but greatly before. This
cannot be revealed by geological methods since water discharge
was small.

Curve Hgy(t) allows calculation of the volume of salt water,
accumulating in the Black Sea:

Zan—

Curves summarizing the volume of salt water that came into the
Black Sea, as a result of counterflow development, are shown in
Fig. 3. The figure shows that a very small amount of salt water
entered in the sea for the first 500 years. It is very likely that this
water was dispersed in the sea by currents. In this case, the average
concentration of the salt in the sea could increase very slightly.
1000 years later, the process of the Black Sea salinization quickly
escalates. Fig. 2 shows also that the lower AH and correspondingly
flow intensity in the upper water layer the earlier counterflow arise
(in condition of the sea level transgression). Performed calculation
has shown that filling of the Black Sea by bottom counterflow
occurred very quickly. An evident filling began about 8400 years

t=3000

> H3 At

t=0

g4pl sin «

ST (17)

ago. The difference between the curves a and b is not more than
200 years.

In the Black Sea basin, there is 537-10% km® of water. The upper
100 m thick layer contains 36.7-10> = 37-10% km>. Consequently,
5-10° km® of water are present from the bottom up to the depth of
100 m. When the boundary of salt water (or more precisely, the
halocline surface) rose to the present depth of 100 m, a situation
close to the present-day took place. It is characterized by lifting of
water with salinity of 16—18%9/, to the sea surface and flow into the
Marmara Sea. Thus, 5-10° km? of the Mediterranean water accu-
mulated in the Black Sea by the time of 7200—7000 years ago, and
salt removal from the sea started by the upper flow.

Roughly 7000 years ago, the velocity of the ocean level rising
sharply dropped to an average value of 0.5 mm/year (Rohde, 2007).
The strait became shallower due to accumulation and its depth had
been reduced to 36 m by the present time.

When the depth of counterflow Hg, = 16 m (the maximum value
of Hgp, was 7200—7000 years ago), 22405 m>/s (or 707 km?/year) of
salt water have been flowed into the Black Sea, i.e. approximately 2
times more than at present. The average depth of counterflow
decreased to 12 m. As a result, water discharge decreased. This has
happened owing to the lessening the difference between salt and
fresh water density.

A curve of the depth temporal changes of hydrogen sulfide
pollution in the Black Sea obtained by geological methods is known
(Sorokin, 2002) Fig. 5. Hydrogen sulfide pollution took place after
the salinization of water, and it depends on the consumption of
oxygen by hydrobionts and on the oxidation of hydrogen sulfide.
Theoretically, the curve of temporal change of hydrogen sulfide
pollution and salt water surface must be close to each other.
However, the curves shown in Figs. 4 and 5 are substantively
different. The hydrogen sulfide pollution curve does not take into
account the fact that the Black Sea filling by salt water happened
with increasing velocity, initiated by the increasing of counterflow
depth.

The content of our work is close to Lane-Serff et al. (1997), in
which the process of the Black Sea basin filling by salt Mediterra-
nean water is discussed. However, investigation methods are sub-
stantively different. Lane-Serff et al. did calculations for two fixed
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Fig. 2. The depth of the counterflow Hy, changing in time. The calculations were performed with a — being AH = 0.4 m, b — with AH = 0.3 m.
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Fig. 4. The graph of the Black Sea basin filling by the Mediterranean salt water. Curve H(t) indicates the rise of the halocline level.

situations of current in the nearbottom layer: the strait depth is
40 m (water discharge is 10000 m>/s) and 60 m (water discharge is
20000 m>/s). Under real conditions, thickness of water layer of
bottom counterflow grows from zero to a certain fixed value. In our
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Fig. 5. Process of hydrogen sulfide pollution in the Black Sea during the last 7300
years, according to geological studies (Sorokin, 2002).

calculation it is about 18 m, Lane-Serff et al. calculated 20 m. About
7000 years ago the rate of the ocean level rise decreased to 0.5 mm/
y. From this moment the strait depth decreased due to bottom
accumulation. Our calculation using differential equations takes
into consideration the growth of the strait depth, and later of the
strait shallowing.

According to our calculation, the volume of fresh water in the
Black Sea was exhausted about 7000 years ago. After this the bot-
tom counterflow began to carry out from the Black Sea surface
water to the Marmara Sea. Under such salinity, the water exchange
between surface and bottom layers was restored in the Marmara
Sea and the process of sapropel formation on the bottom stopped.
According to Lane-Serff et al., this occurred 6400 years ago, close to
our calculated value (7000 years ago).

Lane-Serff et al. assume that another mechanism of sapropel
formation exists in the periods of low sea level. However, we think
that there is only one mechanism of stagnant water accumulation
on the bottom, namely filling with fresh water.

Earlier, we showed that during glacial epoch the Black Sea was a
flowing lake with water discharge being 100—130 km?/yr (Esin
et al,, 2010, Esin and Esin, 2014). When the ocean level was low
fresh water also flowed out from the Black Sea and spread over the
surface of the Marmara Sea under definite hydrometeorological
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conditions (for example, during the period of damp climate). It was
a barrier for vertical movements of water.

4. Conclusion

The mathematical model of two-layer water flow in the
Bosporus Strait proposed in article and described by the Navier—
Stokes equations reveals the main features of the process of New-
Euxinian freshwater lake-sea extrusion by the salty and denser
Mediterranean water. Calculations showed that the water inrush of
the Mediterranean salt water to the Black Sea occurred about 9400
years ago, when the total Bosphorus depth was 16.5 m and the
freshwater balance of the Black Sea was about the same as it is now.
In the course of deepening of the strait the counterflow depth
increased to 16 m, and the water discharge to 707 km?>/year. The
largest volume of salt penetrated into the Black Sea from 8000 to
7000 years ago. Then, the water discharge in the downstream
decreased to the present values. An insignificant volume of the
Mediterranean water entered into the Black Sea for the first thou-
sand years. Then, the process of the Black Sea basin filling increased
sharply. During the next 1400 years salt water rose to the present-
day depth, 100 m, and the process of salt removing from Black Sea
in the upper flow began, about 7200 years ago. Slow salting of the
Black Sea water began earlier than 9500 years ago.

The curve showing the upward movement of salt and fresh
waters interface in the Black Sea has been calculated. The diffusion
at the interface was not taken into account. Curves of the halocline
and hydrogen sulfide pollution rise significantly differ. The two-
layer flow model of the Black Sea basin filling by the Mediterra-
nean salt water on the whole confirms the results of geological
investigations.
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