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Abstract

A chain of simple linked models is used to simulate the seasonal and interannual variability of the Turkish Straits System. This
chain includes two-layer hydraulic models of the Bosphorus and Dardanelles straits simulating the exchange in terms of level and
density difference along each strait, and a one-dimensional area averaged layered model of the Marmara Sea. The chain of models
is complemented also by the similar layered model of the Black Sea proper and by a one-layer Azov Sea model with the Kerch
Strait. This linked chain of models is used to study the seasonal and interannual variability of the system in the period 1970-2009.
The salinity of the Black Sea water flowing into the Aegean Sea increases by approximately 1.7 times through entrainment from
the lower layer. The flow entering into the lower layer of the Dardanelles Strait from the Aegean Sea is reduced by nearly 80%
when it reaches the Black Sea. In the seasonal scale, a maximal transport in the upper layer and minimal transport in the bottom
layer are during winter/spring for the Bosphorus and in spring for the Dardanelles Strait, whereas minimal transport in upper layer
and maximal undercurrent are during the summer for the Bosphorus Strait and autumn for the Dardanelles Strait. The increase of
freshwater flux into the Black Sea in interannual time scales (41 m’s™ per year) is accompanied by a more than twofold growth of
the Dardanelles outflow to the North Aegean (102 ms™! per year).

Keywords: Turkish Straits System, Black Sea, Aegean Sea, Marmara Sea, water exchange, seasonal and interannual variability.

Introduction

The Turkish Straits System (TSS) is comprised of the
Straits of Bosphorus and Dardanelles, linked by the Mar-
mara Sea (Fig. 1). Two long, shallow and narrow straits
separated by a deep basin connect the Mediterranean Sea
and the Black Sea. The brackish water of the Black Sea
and salty Mediterranean water flowing in upper and bot-
tom layers of TSS influence buoyancy in the North Aegean
Sea and the Black Sea, respectively. The TSS also provides
a bio-geochemical link between ecosystems of the Black
Sea and Mediterranean (Tugrul ez al., 2002). The extreme-
ly important role of TSS in the past and present evolution
of the Black Sea and the North Aegean Sea is well known
(e.g. Oguz et al., 2006; Zervakis et al., 2004; Tzali et al.,
2010; Androulidakis et al., 2012a,b). However, the dy-
namics of exchange of water, heat, dissolved and particu-
lated matter is not well understood, despite the fact that the
Strait of Bosphorus was one of first subjects of physical
oceanography study (Marsigli, 1681). The first systematic
field study of the TSS was performed by Merz (Mdller,
1928). Since the beginning of the 1980s a series of ocea-
nographic surveys have been carried out in the Strait of
Bosphorus, during which the sea level and meteorological
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factors were also monitored (Unliiata ez al., 1990; Alpar &
Yiice, 1998; Ozsoy et al., 1998; Gregg et al., 1999; Gregg
& Ozsoy, 2002; Altiok et al., 2010; Jarosz et al., 2011a, b).
Note that most of these studies were devoted to the short-
term variability of the Bosphorus regime. The field studies
revealed the complicated structure of the currents caused
by the very complex geometry of the strait and synoptic-
scale variations of wind, pressure and sea level at the ends
of the strait. However, the observed volume fluxes in the
Bosphorus Strait demonstrate a regular relationship be-
tween the flow rates in the upper and lower layers (Q/ and

?, respectively) and the net flow rate through the strait
O* (Fig. 2) which shows data from Mbller (1928), Ozsoy
et al. (1998), and includes recent measurement data at the
Black Sea entrance (Jarosz et al., 2011b) after smoothing
by moving average filter with 31 days window length. It
also shows the results of simulations for the Black Sea
entrance discussed in Section 4. The extreme values of
the observed flow rates from Ozsoy et al. (1998) in Fig.
2A are connected with the short time variability of the
level difference along the strait, barometric pressure dif-
ference between the Black and Marmara seas, and local
winds. The observations (Ozsoy et al., 1998; Gregg &

Medit. Mar. Sci., 16/2, 2015, 444-459



i SEVASTOPOL

Black Sea

29° 30
T 42°
Black Sea
24° 28° 32 36° 40° Bosphorus
4 1 .ALEXANDROUPOLIS 4 1
Marmara Sea
Dardanelles . o
. Nara Pass R
40 North 274404 0
egean
Sea
39° 39°
.KHIOS

25° 26°

2r

28° 29° 30°

Fig. 1: Geographical position of the Turkish Straits System and location of the gauge stations.

Ozsoy, 2002; Altiok et al., 2010) suggest that exchange is
hydraulically controlled at the sills in the Strait ends and in
the constriction inside of the Strait where internal Froude
numbers exceed 1. However, hydraulic control is quasi-
steady (Gregg et al., 1999) and exchange is partly con-
trolled by friction (Gregg & Ozsoy, 2002). The observed
thermohaline structure and circulation in the Marmara Sea
as an intermediary basin filled by water from the Bospho-
rus and Dardanelles were considered by Besiktepe (1993),
Besiktepe et al. (1993) and Chiggiato et al. (2011). Deep
layer waters in Marmara Sea are renewed with incoming
Dardanelles lower layer flow (Besiktepe, 1993). Because
the flow of water into the Marmara Sea through the Darda-
nelles lower layer is more than outflow in the upper Bos-
phorus layer, the excess of water returns to the Aegean Sea
(Unliiata et al., 1990) by entrainment into the upper layer
of the Marmara Sea. The exchange processes in the Strait
of Dardanelles are less studied than that of the Bosphorus
Strait (Besiktepe, 2003; Jarosz et al., 2012; 2013). The ob-
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served volumetric flow in Fig. 2B show that relationship
between the flow rates in the upper and lower layers rates
in the Dardanelles Strait (Q”and Q2, respectively) and the
net flow rate through the strait Q” is strongly influenced
by seasonal and interannual variations of baroclinic force
caused by variations of the temperature and salinity differ-
ences along the strait. The recent measurements by Jarosz
et al. (2013) show that the Dardanelles exchange flows can
vary from the intermediate regime between hydraulic con-
trol regime and the viscous-advective-diffusion (VAD) re-
gime (Hogg et al., 2001) to the two-layer hydraulic control
regime at least in the narrow Nara Pass inside of the strait
(Fig. 1) where internal Froude numbers exceed 1.

Direct measurements of currents (Gregg & Ozsoy,
2002; Jarosz et al., 2011b; 2013) and estimates of net
water fluxes based on the Knudsen relations expressing
steady state water and salt budgets (Unliiata et al., 1990;
Besiktepe et al., 1994; Tugrul et al., 2002) show that the
entrainment is important in the establishment of the flow
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Fig. 2: A) The observed volumetric flow rates in the upper lay-
er Q7 (open symbols) and bottom layer QZ (inverted triangles,
crossed circles and boxes) of the Bosphorus Strait versus net
flow rate Q. B) The observed volumetric flow rates in the upper
layer QP (triangles) and bottom layer QP (inverted triangles) in
the northern end of the Dardanelles Strait versus net flow rate
QP”. The simulated flows with 5 day interval from 1970 to 2010
for the northern ends of both straits are shown by dots. Positive
numbers in A) and B) correspond to the flow towards the Mar-
mara Sea and Aegean Sea, respectively.

regime in the TSS. In particular, while passing through the
Bosphorus Strait the upper layer flow increases by 18% by
entraining water from the lower layer as shown by Jarosz et
al. (2011b) based on direct measurements of currents. The
direct measurements in the Dardanelles Strait (Jarosz et
al., 2013) show that the annual flow rate in the upper layer
of the southern Dardanelles (the Aegean Sea entrance) is
40% larger than the flow rate at the northern Dardanelles
(the Marmara Sea entrance). Salinity budget estimations
(Tugrul et al., 2002) give annual flow rate in the upper
layer of the southern Dardanelles 45% larger than the flow
rate at the northern Dardanelles. Respectively, only 44%
and 59% of the water entering the southern Dardanelles
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in the lower layer reaches the Marmara Sea, according to
estimates by Jarosz et al. (2013) and Tugrul et al. (2002).
The entrainment in the bottom layer results in freshen-
ing of the water travelling from the Aegean to the Black
Sea; however, it is less important for the TSS dynamics
than entrainment in the upper layer. The salinity of bottom
layer decreases along the Dardanelles and the Bosphorus
at 0.3 and 1.8, respectively, while salinity of upper layer
increases along the Bosphorus and the Dardanelles at 1.7
and 11.3, respectively (Unliiata et al., 1990).

A number of models, ranging from two-layer, semi-
analytical models (Maderich & Efroimson, 1986; Oguz
& Sur, 1989; Unliiata ef al., 1990; Maderich, 1998; 1999;
Maderich & Konstantinov, 2002; Androulidakis et al.,
2012b) to three-dimensional, fully numerical models
(Oguz, 2005; Kanarska & Maderich, 2008; Blain et al.,
2010; Hiisrevoglu et al., 2010), have been developed for
the straits. The Marmara Sea was described by one-dimen-
sional area averaged model (Maderich, 1998; 1999) and
by three-dimensional numerical models (Demyshev &
Dovgaya, 2007; Chiggiato et al., 2011). However, with the
exception of the works of Maderich (1998; 1999), Blain et
al. (2010), and Hiisrevoglu et al. (2010), the Marmara Sea
has not yet been modelled as a component of the TSS. The
high-resolution 3D models based on the ADvanced CIR-
Culation Model (ADCIRC) (Luettich & Westerink, 2004)
and on the Regional Ocean Modeling System (ROMS)
(Shchepetkin & McWilliams, 2005) were implemented for
short-term predictions of TSS by Blain et al. (2010) and
Hiisrevoglu et al. (2010), respectively. The seasonal and
long-term variations of the vertical structure of the Medi-
terranean Sea sub-basins and the Black Sea were simu-
lated by Maderich (1998; 1999) assuming that the volumes
of the seas are constant. Nevertheless, the gauge data and
recent altimetry measurements showed large level changes
in the Black Sea both in the seasonal and decadal scales
(Simonov & Altman, 1991; Stanev et al., 2000; Stanev &
Peneva, 2002; Tsimplis et al., 2004). The seasonal vari-
ations of the exchange processes in the Bosphorus and
Dardanelles were modelled by Maderich & Konstantinov
(2002) and Kanarska & Maderich (2008), respectively. To
our knowledge, the seasonal and interannual variability in
the exchange processes through whole TSS has not been
simulated in a framework of 3D models. The reason is that
fine resolution 3D models of TSS still are too expensive
computationally. Therefore, much simpler two-layer mod-
els based on the hydraulic control principle and corrected
for entrainment processes can be useful tools for the study
of the interannual variability of the TSS.

This work addresses the simulation of the seasonal and
interannual variability of the TSS. A modified two-layer
hydraulic model (Maderich & Konstantinov, 2002) for the
Bosphorus and Dardanelles is coupled with the Marmara
Sea model. The simple models of the Black Sea and the
Azov Sea are linked with the TSS model. The paper is or-
ganized as follows: A simple parameterization of the en-
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trainment in the straits is proposed and validated in Section
2. The chain of models and modelling setup are described
in the Section 3. Section 4 discusses results of simulation
of seasonal and interannual variations of the system in the
period 1970-2009. Section 5 summarizes the findings. The
model equations are given in Appendix A.

Parameterization of the entrainment in the straits

To avoid complicating the detailed description of
entrainment in the two-layer hydraulic model, a simple
two-layer “entrainment box” model is hereby introduced
that is applied to the Marmara entrance of the Bosphorus
Strait and to the Aegean entrance of Dardanelles (see lo-
cations in Fig. 1) in order to emulate effects of interfacial
entrainment of water from the bottom layer into the up-
per layer. To a first approximation, we do not consider
less important effects of mixing between layers, thus es-
sentially simplifying the problem and enabling the solu-
tion in a closed form. The “entrainment box” volume
balance equations for the upper and bottom layers of en-
trainment box are

0+0=0;
0,40 = 0; 0

where O and Q, are net volume flow rates in the upper
and lower layers of the straits computed by the model
without entrainment; positive values of flow rates corre-
spond to flows directed from the Black Sea to the Aegean
Sea;Q,> 0 is flux from the bottom to the upper layer due
to the turbulent entrainment, Q" and Q; are the upper-
layer and bottom-layer flow, respectively, at the Aegean
side/Marmara side of the Dardanelles/Bosphorus entrain-
ment box. The net flow through the strait is 9= 0 + 0, =
O+ Q,". The salinity and temperature budget equations
can be combined in a single budget equation for density
using the linearised equation of state

(p,=p) Q= (p;=p) Q,=0, 2
where p, p, are densities in the upper and lower layer
of the strait, respectively, p| is the density in the upper
layer of entrainment box. Assuming that the ratio of the
density difference between layers at the ends of strait is
constant, yields

Py P=C (0 p)s 3)
where ¢ < 1 is an empirical constant that depends on the
geometry in the strait. Combining equations (1) - (3)
leads to simple formulae for the entrainment flow Q and
outflow in the upper layer 0" and inflow in the bottom
layer O of the strait:

. 1-¢
0;=—2-0, )
/=30, 0020, )

Using the equations of salinity and temperature
budget and equations (4)-(5) with prescribed c, yields
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values of salinity and temperature in the upper layer of
entrainment box as
ri=0-¢)T,+cT, (6)
Si=(-c)S,+cS,

Measurements of flow rates in both ends of Bospho-
rus (Jarosz et al., 2011b) and Dardanelles (Jarosz et al.,
2013) Straits and 3D simulation of seasonal variations in
the Strait of Dardanelles (Kanarska & Maderich, 2008)
were used to estimate the value of parameter ¢ by least
squares method. The data from (Jarosz et al., 2011b) were
smoothed by moving-average filter with 31 days window
length. The data from (Jarosz et al., 2013) and (Kanarska
& Maderich, 2008) are month averaged. The estimated
values of c,are 0.85 and 0.6 for the Bosphorus and Darda-
nelles Straits, respectively. As seen in Fig. 3, the equations
(5) approximate flow rates at these values of ¢ and confirm
assumption (3). The corresponding coefficients of correla-
tion R and RMSE are R=0.97 and 0.98, RMSE=1205 and
5030 m’s!, respectively. However, in modelling the Strait
of Bosphorus a higher value ¢ =0.90is used to take into
account the deviation of the lower layer in this shallow
strait from being homogeneous (Jarosz et al., 2011a) and
to obtain better agreement with observed temperature and
salinity in the upper layer of Marmara exit of the Bos-
phorus (Unliiata et al., 1990). Besides, observations by
Jarosz et al. (2011b) for period September 2009 - Janu-
ary 2010 do not represent full annual cycle. Note that
estimates based on steady state conservation of mass and
salt (Unliiata et al., 1990) yield ¢ =0.96 and ¢ =0.69 for the
Bosphorus Strait and the Dardanelles Strait, respectively.

Model chain and modelling setup
Strait model

To describe exchange flows through the Bosphorus
and Dardanelles a quasi-stationary hydraulic two-layer
model of long straits is utilised, with bottom and inter-
facial friction (Maderich & Konstantinov, 2002). The
model is based on the so-called “hydraulic control” prin-
ciple, which requires that the internal composite Froude
number G?equals 1 at some critical section of the strait.
The condition G*=1 separates regions with sub-critical
flows (G*<I1) and super-critical flows (G*>1). Maxi-
mal exchange occurs when a region of sub-critical flow
links two locations of control (Farmer & Armi, 1986).
In a general case, these locations (control points) depend
on the geometry, net flow and friction (Armi & Farmer,
1987). The model predicts flow rates in the upper (Q))
and lower layer (Q,)respectively, in terms of level and
density differences along the strait computed by the sea
models. The equations (5)-(6) are used to emulate effects
of interfacial entrainment on flow rates and temperature
and salinity at the Marmara entrance of the Bosphorus
Strait and at the Aegean entrance of Dardanelles. The
equations of strait model are given in Appendix Al.
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Fig. 3: Calculated from (5) flow rates QO and - Q,"in the upper
and bottom layers vs. A) observed flow rates in the Bosphorus
Strait (Jarosz et al., 2011b); B) observed flow rates (Jarosz et
al.,2013) and simulated by 3D model in the Dardanelles Strait
(Kanarska & Maderich, 2008). The data from (Jarosz et al.,
2011b) were smoothed by moving-average filter with 31 days
window length. The values with three day interval are shown.
The data from (Jarosz et al.,2013) and (Kanarska & Maderich,
2008) are month averaged.

Marmara Sea model

The relatively small and deep Marmara Sea is de-
scribed by a simple model in which the conservation of
mass, heat and salt are considered only in the vertical di-
rection whereas inflow and outflows through straits act as
forcing terms for the vertical circulation and feedback for
the system. The model includes the mass balance equation
to determine sea elevation and multi-layer one-dimension-
al equations for temperature and salinity evolution. The
volume balance equation for the Marmara Sea is
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UMCSTM =-0"+ 0"+ 0%, (7)
where o, is area of the Marmara sea, ¢,,is the Marmara
sea level, O"is the flux of the fresh water to the upper
layer of the Marmara Sea as a sum of the river run-off,
precipitation and evaporation,

The vertical density structure of the Marmara Sea is
approximated by a set of homogeneous layers (Maderich
& Konstantinov, 2002). It is supposed that the horizontally
averaged temperature 7 and salinity S are constant in the
layers. The number of layers and their thickness are var-
ied in time and depend on the history of the process. The
horizontal area of each layer is a function of depth. The sys-
tem of layers includes a surface mixed layer (SML) that
is under direct influence of the atmosphere, internal and
bottom layers. The SML is under direct influence of the
atmosphere heat flux, and wind and salinity flux resulted
from freshwater budget of the sea. Two regimes of SML are
modelled: “entrainment regime”, when SML grows due to
the turbulent entrainment and “detrainment” regime, when
turbulence in SML decays and new SML is formed (Turner
&Kraus, 1967). The internal layers appear in the detrain-
ment regime, whereas SML absorbs these layers in the en-
trainment regime. The internal layers can move in the verti-
cal direction, according to the volume balance. The number
of these layers varies in seasonal cycle from a few to 30-40
allowing smooth approximation of the stratification. The
one dimensional model of the Marmara Sea is linked with
the strait models: the upper layer water from the Bosphorus
Strait inflows into the SML and lower layer water from the
Dardanelles Strait inflows into the bottom layer. The equa-
tions of the model are given in Appendix A2.

Black Sea model

In this study, the TSS model is linked with a model
of the Black Sea to analyze the evolution of the system
in the 1970-2009 periods. The Black Sea model includes
sub-models of the Black and Azov seas and the Kerch
Strait. The volume balance equation for the Black Sea is
o0, =01+ 0 01, ®)
where 6,, 6, are areas of the Azov and Black seas, ¢, is
the Black Sea level, O%"and Q7 are the fluxes of the fresh
water to the upper layer of the Black Sea and in the Azov
Sea as a sum of the river run-off, precipitation and evapo-
ration. The total freshwater flux in the Black Sea basin
is Q%= 0% + 07 . The evolution of the vertical struc-
ture of the Black Sea is described using the same one
dimensional model as for the Marmara Sea. The model is
linked with the Bosphorus Strait model: the SML water
outflows through the Bosphorus Strait upper layer and
lower layer water from the Bosphorus Strait inflows into
the bottom layer of the Black Sea. The shallow Azov Sea
was modelled solving one layer area averaged equations
for temperature and salinity. The sea level in the Azov
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Sea was assumed equal to the Black Sea level at seasonal
time scale. The horizontally two-way water exchange in
the shallow Kerch Strait was parameterized using em-
pirical formulae (Simonov & Altman, 1991) relating ex-
change with the river run-off in the Azov Sea.

Modelling setup

The surface area of the Azov, Black and Marmara
seas are 6,=3.9-10"m? c,=4.2:10"m* and c,~1.1-10"
m?, respectively. The areas of layers in the sea models
were interpolated from bathymetric data for the Marmara
and Black Seas (Goncharov et al., 1965). In the present
calculations the complicated topography of the Bos-
phorus and Dardanelles Straits was replaced by simpli-
fied, idealized topography with strait of constant width
and depth when control sections are placed at the ends
of strait. The parameters of straits were chosen to emu-
late both straits between the southern entrances and the
Narrows inside the straits. This configuration of straits
essentially simplifies solution of the equations of hydrau-
lic model (A1)-(A6). The Strait of Bosphorus between
the Marmara Sea and the narrow has a length 2=12 km,
constant width A=750 m and depth =32 m. The Strait
of Dardanelles between the Aegean Sea and the Nara
Pass (see Fig. 1) has length L K=25 km, constant width
A=1000 m and depth H=55 m. The dynamical parameters
of the strait model are: ¢,=0.004, ¢=0.0001.

The simulations were carried out for the period 1960-
2009. The initial temperature and salinity distributions at
1 January 1960 in the Black and Marmara Seas was two-
layer. Ten years of spin-up (1960-1969) resulted in for-
mation of seasonally varying stratification, elevation and
exchange flows in TSS. The calculation of the freshwa-
ter budget using reanalysis data or regional atmospheric
circulation model and runoff model for the Black Sea is
a complicated task (Tsimplis et al., 2004; Elguindi et al.,
2011). Here we use monthly freshwater influx time series
in the Black and Azov seas (Simonov & Altman, 1991)
taken from database of Marine Branch of Ukrainian Hy-
drometeorological Institute (MBUHMI). The database
was established using river runoff data from measure-
ments on stations; the precipitation data originate from
coastal and ship observations for the period 1923-1985.
It was updated for the period 1986-2009 according to the
methodology described by Ilyin et al. (2010) for the pe-
riods with lack of measurements. The gaps in time series
for these periods were filled using regression between
datasets; e.g. runoff in the Black Sea was estimated from
regression between total runoff and sum of the Danube
and Dnieper rivers runoff. The monthly mean time series
of the river runoff (R), precipitation (P), evaporation and
total freshwater flux into the Black Sea Q7=R+P—E for
the period 1970-2009 are shown in Figure 4. The mean
values of freshwater budget components for this period are
R =10360m3s-'~325 km’year'!, P=10360 m’s'~325 km?
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year'!, £ =10749 m’s'~339 km® year' whereas the total
value is Q_fZ 8048 m’s-'~254 km’year”'. The Q% is lower
than the value 300 km’year! estimated by Unliiata et al.
(1990) using 4 years data on runoff, precipitation and
evaporation 352, 300 and 353 km’year!, respectively.
The trends of runoff, precipitation and evaporation for
the period 1970-2009 are statistically significant at level
75%. They are 25+10, 27+14 and -39+17 m’s™' per year,
respectively, resulting in a trend for freshwater flux of
41£10 m’s™! per year. The significant increase in precipi-
tation and, especially, reduction of evaporation in the pe-
riod 1970-2009 determine the growth of total freshwater
flux even for negative climate trend of runoff.

The air temperature and friction velocity over the
seas are necessary for calculation of temperature flux
and entrainment rate into the SML (see Appendix A2).
They are computed using NCEP and NCEP2 reanalysis
data (Kistler et al., 2001). The free surface elevation of
the North Aegean Sea was prescribed using mean month
data of gauge station of Alexandroupolis from Permanent
Service for Mean Sea Level (PSMSL) database (Wood-
worth and Player, 2003). The observation period (1969-
2013) for this station is the same as for Khios, but it is
closer to Dardanelles. Data for 1960-1968 were substi-
tuted by seasonal values calculated from data 1969-1999.
The value of time averaged free surface elevation in the
North Aegean Sea entrance to the Dardanelles was taken
as zero. The salinity and temperature of the flow from the
North Aegean Sea were prescribed using MEDATLAS
climatological data (MEDAR Group, 2002). Freshwa-
ter flux into the Marmara Sea was set to Q’y =-100 m’s!
(Unliiata et al., 1990).

Results

Seasonal variations of exchange

The simulated vertical temperature and salinity profiles
in the Black and the Marmara seas for typical winter and
summer are shown for the period 1970-2009 in Figure 5.
They are compared with area-averaged climatic profiles of
the temperature and salinity from MEDAR database (ME-
DAR Group, 2002). The layered model simulates formation
of seasonal thermocline and halocline (see Appendix). It is
able to describe the vertical structure of temperature and sa-
linity in both seas including the cold intermediate layer (CIL),
which plays the crucial role in maintaining the observed verti-
cal profile of temperature in these seas. However, this layered
model represents permanent halocline in the Black Sea as
two layers with weak internal mixing between them, whereas
smooth permanent halocline in this sea is formed due to bal-
ance between vertical diffusion and upwelling of deep water.

The calculated seasonal and annual net flows in up-
per and lower layers at the northern and southern en-
trances of the Bosphorus and Dardanelles Straits for
the period 1970-2009 are given in Table 1. The net flow
through TSS (8024 m’s'~250 km?® year') is greater than
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early estimates (205 km® year! (Moller, 1928) and 208
km? year! (Simonov & Altman, 1991)) but less than es-
timates (Unliiata ef al., 1990; Tugrul et al., 2002) based
on greater fresh water fluxes (300-321 km? year'). The
annual outflow from the Bosphorus Strait to the Marmara
Sea (15128m’s'~477 km’year!') also is greater than the
value 398 km® year!' from early observations (Moller,
1928) but less than more recent estimates of 603-629
km’year (Unliiata ef al., 1990; Tugrul et al., 2002). The
estimates of flow rates in the upper and lower layers for
the northern and southern entrances of the Dardanelles
agree with results of one-year (2008-2009) direct meas-
urements by Jarosz et al. (2013) where the flow rates in
the upper and lower layers were 36680 and -31670 m’s™!
at the southern entrance and 25660 and -14020 m’s™ at
the northern entrance respectively. The simulated annual
outflow into the Aegean Sea from the Strait of Darda-
nelles (39096 m?s'~1232 km? year!) is comparable with
the estimate of 1331 km? year! (Tugrul et al., 2002).
Kanarska & Maderich (2008) estimated flow rates in
the upper and lower layers of 38820 and -30000 m?s™! at
the southern entrance and 21000 and -12417 m’s! at the
northern entrance, respectively. On seasonal time scales,
the maximum transport in the upper layer is observed
in winter/spring for the Bosphorus Strait and in spring
for the Dardanelles Strait whereas the minimum was ob-
served in summer for the Bosphorus Strait and in autumn
for the Dardanelles Strait. The lower layer flows in the
Bosphorus and Dardanelles are maximal in summer and
autumn, and minimal in winter and spring, respectively.
This behaviour of exchange flows in the Strait of Dar-
danelles was confirmed qualitatively by observations
(Jarosz et al., 2013) in 2008-2009 and quantitatively by
numerical simulations (Fig. 6 in Kanarska & Maderich,
2008). The seasonal variations in the upper layer of the
Dardanelles are relatively weaker than in the Bosphorus
because of enhancement of the baroclinic component of
the flow (caused by the freshening of the upper Marmara
Sea layer in summer) that compensates for the summer
decrease of the barotropic component. As seen in Table
1 the annual flow rate in the upper layer of Bosphorus
between northern and southern entrance increases by
11% whereas the flow rate in the lower layer between
the southern and northern entrances decreases by 21% at
the cost of entrainment. These results do not contradict
estimates based on direct measurements (Jarosz et al.,
2010b) for the upper and lower layers (18% and 24%, re-
spectively). The influx of water into the Marmara Sea by
the lower layer of the Dardanelles Strait exceeds by more
than two times the outflow through the lower layer of the
Bosphorus Strait. It results in an annual upward flow in
the Marmara Sea of 8428 m’s! (265 km?® year!), which
is consistent with Tugrul et al. (2002) estimate of 261
km? year!. This flow is entrained in the upper layer of
the Marmara Sea and then this water is transported in the
upper layer of the Dardanelles Strait. Note that in a sim-
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Fig. 4: River run-off A), precipitation B), evaporation C) and total
freshwater flux in the Black Sea D). The thick solid line shows
interannual variations. The trends are shown by dashed lines.

ple one-dimensional sea model the water flowing from
the lower layers of the Bosphorus and Dardanelles Straits
instantaneously mixes with the lowest layer of the Black
and Marmara Seas, respectively. Therefore the evolution
of a dense plume (Ozsoy et al., 1993; Besiktepe et al.,
1993; 1994) is not considered. The annual flow rate in the
upper layer of the Strait of Dardanelles between northern
and southern entrances increases by 67%, while the flow
rate in the lower layer between the southern and the north-
ern entrance decreases by 50% at the cost of entrainment.
Those estimates fall in the range of Tugrul et al. (2002)
estimates (44% and 40%, respectively) and Kanarska &
Maderich (2008) estimates (84% and 58%, respectively).
In total, the flow entering into the lower layer of the Dar-
danelles Strait in the Aegean end is reduced by nearly
80% when it reaches the Black Sea. Even if we neglect
entrainment in the Dardanelles, the corresponding reduc-
tion approaches 64%. The salinity of the Black Sea water
flowing into the Aegean Sea increases by approximately
1.7 times through the entrainment from the lower layer.
The model predicts an average level difference be-
tween the Black and Aegean seas and Black and Mar-
mara seas of 0.56 m and 0.31 m, respectively, for the
period 1970-2009. Based on tide gauge measurements,
the sea level difference at the Bosphorus ends is nearly
0.3 m (Unliiata et al., 1990). Figure 6 shows the average
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Table 1. Simulated for period 1970-2009 the seasonal and annual flow rates in upper and lower layers (m’s™) at the northern and

southern ends of the Bosphorus and Dardanelles Straits.

Northern end

Southern end

Season Upper layer Lower layer Upper layer Lower layer
Strait of Bosphorus
Winter 16482 -4013 18314 -5845.
Spring 16672 -3923 18525 -5776
Summer 10276 -7454 11418 -8596
Autumn 11130 -6923 12367 -8160
Annual 13616 -5592 15128 -7104
Strait of Dardanelles
Winter 23911 -11505 39852 -27446
Spring 25930 -13375 43218 -30662
Summer 23027 -20288 38378 -35640
Autumn 21004 -16850 35007 -30853
Annual 23456 -15532 39096 -31172

seasonal variability for the period 1970-2009 of the fresh
water flux in the Black Sea, the simulated net transport
through the Bosphorus Strait O and the elevations in the
Black Sea ¢, and the Marmara Sea ¢, as well as observed
elevations in the North Aegean Sea ¢, at gauge stations
Alexandroupolis and Khios (see Fig.1). As seen in Fig.
6A, the strong seasonal variability of the freshwater in-
flux in the Black Sea and Aegean sea-level variations re-
sults in large variability of the net transport through the
Bosphorus Strait Q% and the levels of the Black and Mar-
mara seas. The Black Sea level variations follow mainly
the freshwater influx with a delay of approximately two
months whereas delay of the Q® is around one month.
The simulated Q? in Fig. 6A agrees with the net trans-
port through the Bosphorus estimated by Peneva et al.
(2001) using mean sea level anomaly (MSLA) data from
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TOPEX/POSEDON altimetry and fresh water budget
from MBUHMI database for the period 1993-1997.
Simulation results agree well with Sevastopol gauge data
and mean sea level variations (Simonov & Altman, 1991)
except in the autumn (Fig. 6B). The Marmara sea level
is under the influence of both the Black Sea and Aegean
Sea level variations. The simulation results in Fig. 6C
also agree with monthly averaged Erdek gauge station
data (Marmara Sea) from PSMSL database and with
measurements in the North Marmara Sea (Alpar & Yuce,
1998). The observed seasonal variations of sea level in
the North Aegean Sea at three close to the Dardanelles
gauge stations (Alexandroupolis and Chios from PSMSL
database, and Bozcaada (Alpar et al., 2000)) are similar
(Fig. 6D) that justifies using long Alexandroupolis series
of level in computations as North Aegean Sea. We es-
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timated sensitivity of results to the sea level variations
in the North Aegean comparing results of simulations
with use of the level data from gauge stations Alexan-
droupolis and Chios for period 1970-2009. The mean dif-
ferences between these runs for elevations in the Black
and Marmara Seas are less of 1%. The mean differences
for flow rates in the TSS are less of 0.1%. The standard
deviations for upper layer flow rates in the Bosphorus
and Dardanelles straits are 12% and 6%, respectively,
due to differences in elevations between the two stations
Alexandroupolis and Chios, mainly on intra-annual time
scales. The dependence of averaged over period 1970-
2009 seasonal variations of flow rates in the upper and
bottom layers on the level difference along the Bospho-
rus and Dardanelles is given in Fig. 7. The level differ-
ence in the Bosphorus Strait almost completely governs
the flows: the maximums and minimums of upper layer
flow rates coincide with maximums and minimums of the
level difference (Fig. 7A). As seen in Fig. 2A similar de-
pendence exists between net flow rate and flow rates in
layers. The mean year density difference between water
entering in the upper and bottom layer for the Bosphorus
Strait ( ApP=15.6 kg m?) is greater than difference for the
Dardanelles Strait ( Ap?=8.4 kg m™), whereas amplitude
of seasonal variations of density difference in the Dar-
danelles ( ApP=3.3 kg m™), is almost three times greater
than in the Bosphorus ( Ap”=1.3 kg m™). Therefore, in
contrast to the Bosphorus the seasonal variations of flow
rates in the Dardanelles Strait essentially depend also on
the seasonally varied density difference Ap” due to vari-
ations of temperature and salinity. It results in a hyster-
esis caused by baroclinicity for dependence of flow rates
on the level difference along the Dardanelles Strait, as in
Fig. 7B. This explains the fact that flow rates in the Bos-
phorus Strait are more sensitive than in the Dardanelles
Strait to the level variations in the North Aegean.
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The buoyancy flux through the Dardanelles is an
important factor in the buoyancy budget of the North
Aegean Sea (Tragou et al., 2003; Zervakis et al., 2004).

It was calculated as
Feg B g
8, o 9

where A,IDD is the density difference between upper and
lower layers in the Dardanelles and Q" is the net trans-
port in the upper layer of the Dardanelles. The simula-
tion results for seasonal variations F, averaged over the
period 1970-2009 are given in Fig. 8A. The buoyancy
flux is negative, i.e. it results in a buoyancy inflow into
the North Aegean and the establishment and maintenance
of a buoyant plume of water in the North Aegean with
stable stratification. In winter the buoyancy flux from
the Dardanelles to the North Aegean is minimized from
December to February. These findings agree well with
calculations based on results of 3D modelling (Kanarska
& Maderich, 2008).

Interannual variations of exchange

The measurements in the TSS cover relatively short
time intervals during the period 1970-2009. The com-
parison of modelling with the available measurements
in this period is given in Fig. 9 and 10. In Fig. 9A the
modelled inter-annual MSLA variations with removed
annual cycle are compared with basin average in the
Black Sea of the mass-induced sea level variations from
filtered steric-corrected altimetry (Fenoglio-Marc et al.,
2012) for the period 2002-2008. The MSLA behaviour
is similar for calculations and observations but the in-
terannual variability of sea level obtained from altimetry
is higher. Simulated net flow deviations AQ® from the
mean value Q” agree with net flow deviations through the
Bosphorus inferred by Peneva et al. (2001) from Topex/
Poseidon altimetry and freshwater budget for the period
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1993-1997 (Fig. 9B). In Fig. 10A and 10B the simulated
flows in the Bosphorus Strait are compared with obser-
vations (Jarosz et al., 2011b) for the period September
2008-January 2009. The series of measurements were
smoothed by moving-average filter with 31 days win-
dow length. The curves are similar, but measured varia-
tions are greater. The calculated flows in the Dardanelles
Strait are compared with measurements (Jarosz et al.,
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2013) carried out for the period September 2008-August
2009 in Fig. 10C and D. The simulated mean values of
transport for this period are 39427 and -26908 m’s' at
the southern entrance and 23656 and -16145 m’s™ at the
northern entrance, respectively. They agree with the ob-
served by Jarosz et al. (2013) values 36680 and -31670
m?s! at southern entrance, and 25660 and -14020 m’s™! at
northern entrance, respectively. The strait model qualita-
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tively and quantitatively predicted exchange rates in TSS
despite the idealised geometry, simplified assumptions
on the hydraulic control positions and semi-empirical pa-
rameterization of the entrainment.

The variations of the elevations in the Black, Mar-
mara and North Aegean seas for the period 1970-2009
are shown in Fig. 11. The interannual variability of the
freshwater influx in the Black Sea (Fig. 4D) and Aegean
sea-level variations (Fig. 11C) result in large interannual
variability of the Black and Marmara sea levels as seen
in Fig. 11A and B. The interannual variations are of the
order of 20 ¢cm, the same order as seasonal and are much
higher than the interannual level variations in the Medi-
terranean (Tsimplis et al., 2004). Simulation results agree
with monthly averaged Sevastopol (Black Sea) and Er-
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dek (Marmara Sea) gauge data except for two periods
which correspond to the large decrease (1972-1976) and
increase (2002-2006) of fresh water flux in Fig. 4D. The
coefficients of correlation between observed and simu-
lated elevations are 0.78 and 0.76 for the Black Sea and
Marmara Sea, respectively. The RMSE is 7 and 6 cm,
respectively, that corresponds to approximately 12%
of the elevation range. The interannual variations of the
Black sea elevation follow mainly the freshwater influx
(Fig. 4D). The observed sea-level trends in the Black Sea
(Sevastopol gauge station) for the period 1970-2009 and in
the Northern Aegean (Alexandroupolis gauge station) for
the same period are 1.9 mm year', and 1.6 mm year!, re-
spectively. The sea-level trend in the Marmara Sea (Erdek
gauge station) for the period 1984-2009 is 7.8 mm year.
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The simulated trends are statistically significant at 95%
level for the period 1970-2009 and for 1984-2009 trends
for elevations in the Black and Marmara seas. They are
3.8+0.9 mm year"' for the Black Sea and 4.6+1 mm year
for Marmara Sea. The differences in the trend values may
be due to inaccuracies in the assessment of the freshwater
balance and due to the different lengths of the time series
used in trend computations.

The variations of flow rates in upper and bottom layers
of the Bosphorus Strait at Black Sea entrance and of the
Dardanelles Strait at the Aegean entrance for the period
1970-2009 are given in Figure 12. They reveal a strong
seasonal and interannual variability. The corresponding
interannual variability is shown by thick curves in Fig. 12,
where the seasonal variability has been removed through
moving-average filtering with 13 months window length.
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The figure shows that variations of the interannual flow
rates in upper and bottom layers of the straits follow main-
ly the freshwater flux in the Black Sea (Fig. 4D). The lin-
ear trend of the flow rate in upper layer of the Bosphorus
Strait is statistically significant at 90% level. It is 36+30
m’s™ per year whereas trend of inflow in the Black sea
from the Bosphorus strait is statistically insignificant. The
trend of outflow from the upper layer of the Dardanelles
Strait is statistically significant at 95% level. It is 102452
m?s’! per year, whereas the flow rate trend in the lower lay-
er is -39+18 m’s! per year. It means that growth of fresh-
water flux in the Black Sea leads to a more than twofold
increase of the Dardanelles outflow in the North Aegean
and an increase of flow from the Aegean to the Marmara
Sea. Note that the average net transport through the Strait
of Bosphorus (8024 m?s™) is smaller by 24 m’s! than the
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average freshwater flux into the Black Sea. This difference
corresponds to the simulated average rise of the Black Sea
volume of 0.75 kmPyear" in 1970-200An important conse-
quence predicted by the model is a decrease in the salinity
and the thickness of the upper layer of the Black Sea since
1970. The growing stability suppresses vertical turbulent
mixing and ventilation of deep anoxic waters in the sea.
The simulated variability of the buoyancy flux through the
Dardanelles in 1970-2009 is given in Fig. 8B. The general
trend of buoyancy flux is decreasing in 1970-2010 at rate
of -15+£5 m* s per year that can contribute to increase of
stratification in the North Aegean.

Conclusions

The Turkish Straits System is a very complicated
subject of oceanographic studies. The information on
seasonal and interannual variability of the TSS still is not
complete. Therefore one purpose of this paper was to de-
velop a chain of relatively simple linked models in order
to analyse the seasonal and interannual variability of the
Turkish Straits System. This chain includes two-layer hy-
draulic models of the Bosphorus and Dardanelles straits
that simulate the exchange in terms of level and density
differences along each strait and the one-dimensional
layered model of the Marmara Sea. The chain of models
for TSS is complemented by similar layered model of the
Black Sea proper and by models of the Azov Sea, and
Kerch Strait. Several simplified assumptions and semi-
empirical parameterizations were used to construct a set
of models describing complicated dynamics of TSS. They
are justified not only by physical arguments but also by
the comparison of results with observational data. This
linked chain of models was used to study the variability
of the system in the period 1970-2009. To our knowledge
the obtained results present the dynamics of the TSS as
a whole at seasonal and interannual scales for the first
time. The important role of water entrainment into the
upper layer of system is revealed: this process has been
shown to increase the annual flow rate in the upper layer
of the Strait of Bosphorus, Marmara Sea, and the Strait
of Dardanelles between northern and southern entrances
by 11%, 56%, and 67%, respectively. The salinity of the
Black Sea water flowing into the Aegean Sea increases
by approximately 1.7 times through the entrainment
from the lower layer. In total, the flow entering into the
lower layer of the Dardanelles Strait in the Aegean end
is reduced by around 80% when it reaches the Black
Sea. On a seasonal time scale, the maximum transport
in the upper layer was observed in winter/spring for the
Bosphorus Strait and in spring for the Dardanelles Strait,
whereas the minimum was observed in summer for the
Bosphorus Strait and in the autumn for the Dardanelles
Strait. The level difference at the ends of the Bosphorus
Strait almost completely governs the flows. It allows us-
ing empirical relationships for diagnostics of transport
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through the Bosphorus Strait. However, the seasonal var-
iations of flow rates in the Dardanelles Strait essentially
depend also on the seasonally variable temperature and
salinity differences along the strait, and therefore the re-
lation with the level difference along the strait exhibits a
hysteresis caused by baroclinicity. The variability of flow
rates in the upper and bottom layers of the Bosphorus
Strait and of the Dardanelles Strait shows strong seasonal
and interannual variability for the period 1970-2009. The
interannual variability of flow rate in the upper and bot-
tom layers of the straits follows mainly the freshwater
flux in the Black Sea. The increase of freshwater flux
in the Black Sea at interannual time scales is accompa-
nied by a more than twofold increase of the Dardanelles
outflow in the North Aegean and by a corresponding in-
crease of flow from the Aegean to the Marmara Sea. Sim-
plifications in the derivation of the model equations do
not allow the description of the synoptic-scale variability
of currents in the TSS; however, the presented chain of
simple models of the Turkish Straits System shows quite
good agreement with available data and demonstrates the
ability to describe complicated transport processes in the
one of key points of the Mediterranean Sea system and
therefore can be used in climate modelling for param-
eterization of exchange processes.
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