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1. Introduction

through the Turkish Straits System (TSS) (Figure 1). The properties and volume of the 
transported water crucially depend on the circulation and mixing processes throughout 
(Yüce 1993; Özsoy 1993; Özsoy et al. 1995, 1996, 1998; Jarosz et al.
2012). 

Fast counter-flowing currents as a function of depth develop especially in the 

oppositely directed currents (Gregg and Özsoy 1999, 2002; Özsoy et al. 1996, 1998, 
1990; Latif et al. 1991; et al. 1993;

1994; Özsoy et al.
seawater properties occur inside the straits and in their exit regions, as a result of 

Since dynamical processes and mixing at the two straits influence the interior 
et al. 1993, 1994; Özsoy et al. 1993; Özsoy and Ünlüata

1997, 1998; Rank et al. 1998; Özsoy et al. et al. 2012a; Delfanti et 
al.
estimation of the volume and properties of th
and Dardanelles Straits are therefore essential for proper modeling of the adjacent seas, 
and the same is even more true for the particular case of the Marmara Sea. Further 

influences on the Mediterranean, such as in the 
case of the Eastern Mediterranean Transient (EMT) (Roether et al. 1996). One of the 

during the EMT period (Zervakis et al.



119 

et al.
-

climatic processes.
The inflow-

quasi-
integrated for 18 years (Demyshev et al.
confined within the upper layer of 25 m depth throughout the year, the response to 
wind- -term 

et al. 1994) and modeling 
(Chiggiato et al. 2011). The latter authors implemented a three-dimensional ocean 
model (ROMS), which indicated excessive diapycnal mixing as compared to the sharp 

at the surface has salinity of 16-
-

layer volume fluxes, reflecting the excess of fresh water inputs (runoff and 
ses (Ünlüata et al.

Dardanelles Strait experience strong physical modification during its course. The Nara 
passage is the only hydrolic control on the water in this Strait. The upper and lower 
layer waters are mixed strongly in this narrow passage. 

The circulation of the Marmara Sea is strongly coupled to the flow dynamics at 
simplified model et al. et al.
2009) and Dardanelles Straits ( and Sur 1989; Staschuk and Hutter 2001), modern 
three-
Straits of soy 2002; 2013) and Dardanelles 
(Kanarska and Maderich 2008). Only a few of the model studies performed so far have 
attempted to realistically resolve either the complicated physics of the flow in the 
Straits, or its

-D model (The Regional Ocean Modelling 
parameterization.

et al.
(2001) showed the importance of the hydraulic controls in the Strait and the narrow 
canyon (the 'pre-
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During exceptional conditions especially in winter time, the upper layer flow 
et al.

2013, there is no clear 

Modeling the TSS and its influence on the adjacent seas is a grand challenge for 
modelers (Chiggiato et al. 2013, 

complicated
hydro-meteorological drivers acting on the system. The modeling efforts concerning the 
immens
of present ocean models. These studies consistently show the dynamical complexity of 
the exchange flows of the TSS.

tire TSS as a coupled 
while keeping account of all the fine details of the narrow channels and topographic 
features at full resolution, the hydraulic controls, shallow shelf regions versus deep 

the sharply stratified density interface against excessive diapycnal mixing that would 
environment. 

the model of choice, utilizing its simplified near-isopycnal dynamics and powerful 
vertical coordinate system most easily adapted to the existing conditions of the TSS. 
high-resolution ocean model is configured for the entire TSS including the two Straits 

2. Model Features and Set-up
2.1. Numerical Model

2002) is a three dimensional, isopycnal ocean model 
solving five prognostic equations: two for the horizontal velocity components, a mass 
continuity or layer thickness tendency equation and two conservation equations for a 
pair of thermody
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-following 
-

coordinate (terrain-following) model in shallow regions, like a z-level (fixed-depth) 
coordinate model in the mixed layer or other unstratified regions, and like an isopycnic-
coordinate model in 2006). The model uses the layer 
continuity equations to make a dynamically smooth transition to z-levels in the 
unstratified surface mixed layer and sigma levels in shallow water (Kara et al. 2010). 
generator. The thickness of the model layers is adjusted according to target densities and 
the type of vertical coordinate. Figure 2 shows an example for the adaptation of the 
model layers. The model layer thickness changes in every model time step, as in the two 
cases shown in the figu

-levels following the topography near the coast, and in the deeper regions 
they approach isopycnal layers. The preservation of the stratification is evident in this 

of salinity in a station in the Marmara Sea (not shown) prove that 
the stratification conserved during the model integration. 

ies using HYCOM, we can cite 
Chassignet et al.

et al. (2005), who set up a regional 
Gündüz and Özsoy (2014) studied the 

2.2 Application of HYCOM to the Marmara Sea

et al. data sets of 
found in Özsoy et al.

ction and 
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Figure 1. Geographical settings of TSS with (a) HYCOM-Marmara model 

o horizontal resolution, which nominally corresponds to 
four of which are at z-levels (mostly at the surface), while the rest are isopyncal layers. 
The model uses spatially varying isopycnal target densities
the Marmara Sea. The minimum thickness of the z-levels was set to 1.5 m, and the 

- -
Dynam et al.

-
parameterization
respectively.
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Figure 2. Zonal cross-section of salinity at 40.8° N (Northern Marmara Sea) for 
(a) – 
Marmara model were also shown.
The model was initialized with the in-

et al.
applied uniformly in each of these seas. Figure 3 shows the temperature and salinity 

lder 
stratification.
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Figure 3. Temperature, salinity (used to initialize the model) and density (sigma- 
-2008 field experiment (   

Th et al. 2005, Locarnini et al.
2005) gridded climatology data set (78 depth levels and 0.25o horizontal resolution) was 

-folding time varying from 3 days to 30 days in the different runs. 
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uded in the model, and treated as a precipitation 

model domain, half of the real climatological discharge was used. The climatological 
et al. 1998).

-
-Interim, Dee et al. 2011) product, which has 1.125o horizontal 

resolution at 3 hours time interval. The HYCOM only needs wind stress, precipitation, 
net heat flux and short-w -
fluxes according to the methods explained in Kara et al. (2005).

2008 until end of January 2009 which coincides with the av
z et al. (2011).

Table 1. Calculated mean water transport (km3
Özsoy (1998) 

and Jarosz et al.
Upper Layer Lower layer Net

Ünlüata, 1990 612 312 300
et al. 1994 603 303 300

Tugrul et al. 2002 639 318 321
Özsoy 1998 (six month) 540 115 425
Jarosz et al. 2011a (Sept. 
to Jan.) 375 253 122

3. Results

transport in response to time-dependent hydro-
et al. (1990 et al. (1994) and Tugrul et al. (2002) performed calculations of 

3
for 3

values of transports. For example, ship- et al. 1998) 
have found average fluxes of 540 km3 3
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et al. (2011) found an 
average upper layer flux of 375 km3 3

and the surface, which influences the accuracy of the flux estimates. 
In general, the model generated volume fluxes are smaller than the average 

of all, the model integration periods coincide with the summer and autumn periods 
et al. 1994), while the 

which underestimates the transport as a result of the artificially confined nature of the 
constrain of the model is that the model is non free 

surface which could influence the water transport significantly.

in short-
et al. (1991) and Özsoy et al. (1998). 

Figure 4. (a) Upper- -layer (c) net daily water transport (km3 )
et al. 2011a) is 

shown as dotted line.
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a
-layer flow 

g a 

Figure 5.

-series of 

(negative) currents with increased depth for the next couple of days. Comparison of the 
et al.
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2011) seems to indicate similarities in terms of the time dependence of events. For 
example, two case g events as shown in Figure 5a were also 

et al. (2011). 

Figure 6. ) at the station located at the southern exit of 
r layer 

-23

-E (precipitation plus river inflow minus 
sea level differen

et al. (2014). The do
southwesterly. Since the HYCOM does not incorporate the effects of the atmospheric 
pressure, we conjecture that the strong winds reflect these effects. It is less 

-E 
negatively correlated with the water transport (Figure 7 d). 

addition to the control 
comparison to the control run, relaxing the mass conservation option of HYCOM in 

-up surface water fluxes are not required to conserve mass in the model 
anymore. This option allows the model lose or gain volume during the model 

nts and 
changes in forcing fields.
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Figure 7.
minus evaporation ( 2s × ) (c) mean sea level 
pressure ( 1000) (d) sea level difference (cm 
transport (km3 ) (red line, right axis) from the control experiment.
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Figure 8. Time series of daily water transport (km3

et al. (2011a). 

The experiments investigated sensitivity with respect to forcing, displaying the 

since the requirement of mass conservation essentially results in weak or zero net 
conservation is relaxed in the model, the upper layer transport is increased due to 
increased net flux, while the highest increase occurs when river inflow is d

d not work to 
-

of days) to the 
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changing forcing fields, the relatively short model integration is enough to see the 
effects of the relaxation on the water transport.    

In summary, a numerical simulation of the Marmara Sea was conducted with a 
new set-up of the HYCOM. 
experiments reveal the importance of the wind stress and rivers on the transport and 
circulation in the TSS. Upper 
inflow results in increased transport only when mass conservation is relaxed in the 

inflow or the wind stress results increased fluctuated 
response in water transport.

produces encouraging results for investigating the exchange flow and circulation 
dynamics of the TSS. The relatively coarse resolution 1.125o of atmospheric forcing 
However, due to the optimal vertical coordinate choice of the model, it is a rather 

rved against excessive 
diffusive effects during the model integration.
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