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1. Introduction

The exchange of water between the Black Sea and the Aegean Sea occurs
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
the system, as well as the water, heat and salt fluxes and mixing in the adjacent basins
(Yiice 1993; Ozsoy 1993; Ozsoy et al. 1995, 1996, 1998; Jarosz et al. 2011a, 2011b,
2012).

Fast counter-flowing currents as a function of depth develop especially in the
narrow Bosphorus and Dardanelles Straits and their exit regions. The exchanges in the
two straits are stratified turbulent flows creating entrainment and mixing between the
oppositely directed currents (Gregg and Ozsoy 1999, 2002; Ozsoy et al. 1996, 1998,
2001). Surface buoyant jets and bottom gravity currents develop in the exit regions of
straits joining the adjacent basins (Oguz 1990; Latif et al. 1991; Besiktepe et al. 1993;
1994; Ozsoy et al. 2001). All these studies show that the greatest modifications in
seawater properties occur inside the straits and in their exit regions, as a result of
turbulence, buoyant spreading and mixing processes.

Since dynamical processes and mixing at the two straits influence the interior
circulation and material transports in the coupled basins of the Aegean, Marmara and
Black Seas (e.g. Besiktepe et al. 1993, 1994; Ozsoy et al. 1993; Ozsoy and Unliiata
1997, 1998; Rank et al. 1998; Ozsoy et al. 2002; Androulidakis et al. 2012a; Delfanti et
al. 2013), they also imply how open boundary conditions should be applied in
individual models of the Mediterranean and Black Seas. The understanding and accurate
estimation of the volume and properties of the water transport through the Bosphorus
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
critical applications can be in relation to influences on the Mediterranean, such as in the
case of the Eastern Mediterranean Transient (EMT) (Roether ez al. 1996). One of the
possible mechanisms leading to the EMT has been claimed to be the decrease in the
amount of the BSW entering the Aegean Sea during the EMT period (Zervakis et al.
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2000; Androulidakis ez al. 2012b). Understanding the variability of the BSW outflow to
the North Aegean Sea is therefore essential for understanding of the regional hydro-
climatic processes.

The inflow-outflow at the two Straits are shown to be the primary drivers of the
quasi-permanent surface circulation in the Marmara Sea, based upon a model simulation
integrated for 18 years (Demyshev et al. 2012). Because the surface circulation is
confined within the upper layer of 25 m depth throughout the year, the response to
wind-stress forcing tends to be rapid, resulting in smaller scale eddies with short-term
variations, as shown by the observations (Besiktepe 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
interface often observed at the halocline of the TSS.

The Black Sea Water (BSW) entering from the Black Sea to the Bosphorus Strait
at the surface has salinity of 16-18, while the Mediterranean Water (MW) entering from
the Aegean Sea at the Dardanelles Strait in the lower layer flow has salinity of about 38-
39, reaching the Bosphorus lower layer flow with a salinity of about 38.5. Mass
conservation at the Bosphorus implies a ratio of about 2 between the upper and lower
layer volume fluxes, reflecting the excess of fresh water inputs (runoff and
precipitation) into the Black Sea as compared to evaporation losses (Unliiata et al.
1990). Similar to Bosphorous Strait, the properties of the water entering to the
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
the two Straits, where buoyancy and pressure forces are dominant. In addition to the
simplified models individually applied to the Bosphorus (Oguz et al. 1990; Ilicak et al.
2009) and Dardanelles Straits (Oguz and Sur 1989; Staschuk and Hutter 2001), modern
three-dimensional primitive equation models have recently been developed for the
Straits of Bosphorus (S6zer and Ozsoy 2002; Oguz 2005; Sozer 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 fine details as influenced by the steep topography; until the recent work of
Sozer (2013), who used a high resolution 3-D model (The Regional Ocean Modelling
System (ROMS)) for the Bosphorus, including a free surface and turbulent mixing
parameterization. Observations of mixing along the Bosphorus Strait and reduced
gravity modeling of the Mediterranean water outflow into the Black Sea by Ozsoy et al.
(2001) showed the importance of the hydraulic controls in the Strait and the narrow
canyon (the 'pre-Bosphorus channel’) leading up from the Black Sea entrance.
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During exceptional conditions especially in winter time, the upper layer flow
may be blocked (locally known as “Orkoz”) (Latif et al. 1991). Although there is
modeling effort to create the blocking conditions by Sozer 2013, there is no clear
understanding of the required forcing to generate the blocking events and mechanism
behind the blocking conditions.

Modeling the TSS and its influence on the adjacent seas is a grand challenge for
modelers (Chiggiato et al. 2013, Sozer 2013) because of the ultimate need to better
resolve the coupled dynamics of the two large marine basins, the smaller Marmara Sea
and narrow straits between them, subject to highly contrasting hydrological properties,
complicated physics, extremes of climatic variability and the influences of the major
hydro-meteorological drivers acting on the system. The modeling efforts concerning the
TSS have so far only been able to surmount some of the initial aims of this potentially
immense undertaking, through process oriented studies trying the limits of applicability
of present ocean models. These studies consistently show the dynamical complexity of
the exchange flows of the TSS.

Yet, there has been few attempts if any, to model the entire TSS as a coupled
system with open boundary conditions specified at the adjacent Aegean and Black Seas,
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
basins, at the same time adequately representing the turbulent mixing in the entire
system. One of the difficulties inevitably to arise in the model is the ability to control of
the sharply stratified density interface against excessive diapycnal mixing that would
result from the possible inadequate representation of turbulence in the highly stratified
environment.

In the present study we use the HYbrid Coordinate Ocean Model (HYCOM) as
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.
Making use of the unique features applicable to the highly stratified Marmara Sea, the
high-resolution ocean model is configured for the entire TSS including the two Straits
and its adjacent domains. By conducting model experiments, water transport and upper
layer blocking dynamics at the Bosphorous Strait will be investigated.

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

The HYCOM (Bleck 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 thermodynamic variables, such as salt and potential temperature or salt and
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potential density. The HYCOM uses a generalized (hybrid isopycnal/terrain-following
(sigma/z-level) coordinate system, so that it behaves like a conventional sigma
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 stratified regions (e.g., Bleck 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).
The optimal coordinate is chosen at every time step, using a hybrid coordinate
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 figure for October 15 and November 10. The top four layers are
based on z-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
figure. A time series of salinity in a station in the Marmara Sea (not shown) prove that
the stratification conserved during the model integration.

The HYCOM model has been used in a wide range of applications varying from
global oceans to regional seas. Among the recent studies using HYCOM, we can cite
Chassignet et al. (2009) implementing a global system; Mehra and Rivin (2010), setting
up a model of the North Atlantic Ocean; and Kara et al. (2005), who set up a regional
version of HYCOM in the Black Sea. Giindiiz and Ozsoy (2014) studied the
climatological Caspian Sea circulations by using HYCOM.

2.2 Application of HYCOM to the Marmara Sea

The model domain in Figure 1 a includes the TSS (Marmara Sea, Bosphorus
Strait, Dardanelles Strait) accompanied by the western Black Sea and North Aegean Sea
domains partially included to represent the influences of the neighboring seas. The
model bathymetry is the combination of various sources, in which the GEBCO
topography (Becker et al. 2009) has been blended with the available local data sets of
high resolution. Detailed explanation for the processing of the bathymetric data can be
found in Ozsoy et al. (2001). Figure 1 b shows the detailed bathymetry of the
Bosphorus Strait, where a good representation has been obtained of the contraction and
sills of the Bosphorus Strait. It should be noted that the model bathymetry was
smoothed by averaging the four neighboring points around the selected grid.
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Figure 1. Geographical settings of TSS with (a) HYCOM-Marmara model
domain and bathymetry (m), the green dots show the location of the river mouths
used in the model and the red star at the Marmara Sea exit of the Bosphorus
Strait is the station to generate the Figure 6. (b) detailed bathymetry of the
Bosphorus Strait.

The model has 1/225° horizontal resolution, which nominally corresponds to
about 400 m at the latitude of interest. The HYCOM TSS model has 10 vertical layers;
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, set between 11 to 28.6 in
the Marmara Sea. The minimum thickness of the z-levels was set to 1.5 m, and the
maximum was set to 15 m. Vertical mixing is parameterized by the Price-Weller-Pinkel
Dynamical Instability Model (Price et al. 1986), with the critical Richardson number set
to a value of 0.25. This parameterization performed better (not shown) than the other
available parameterizations available in HYCOM (such as the K-Profile
parameterization mixed layer model (KPP) and the NASA Goddard Institute for Space
Studies (GISS) model). The baroclinic and barotropic time steps were set to 30 s and 1 s
respectively.
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F iguré. 2. Zonal cross-section of salinity at 40.8° N (Northern Marmara Sea) for
(a) 15 October 2008 (b) 10 November 2008. The layer numbers of the HY COM—
Marmara model were also shown.

The model was initialized with the in-situ CTD observations obtained during the
September 2008 cruise (in the framework of the NATO TSS project, “Exchange Process
in Ocean Straits”, Book et al. 2014). The distinct properties of the adjacent basins of the
Aegean, Marmara and Black Seas were represented by three profiles selected and
applied uniformly in each of these seas. Figure 3 shows the temperature and salinity
(T/S) profiles used to initialize the model. The salinity profiles indicate a strong
pycnocline at a depth of ~20 m in the Marmara Sea (top), and a weaker one in the Black
Sea (middle), while the Aegean Sea (bottom) has high salinity water with milder
stratification.
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Figure 3. Temperature, salinity (used to initialize the model) and density (sigma-
t) profiles. Upper: Marmara Sea, middle: Black Sea, lower: Aegean Sea. The
profiles were selected from TSS September-2008 field experiment (NATO TSS
project, “Exchange Process in Ocean Straits”).

The World Ocean Atlas 2005 (WOAO05 Antonov et al. 2005, Locarnini et al.
2005) gridded climatology data set (78 depth levels and 0.25° horizontal resolution) was
used to specify temperature and salinity at the open boundaries in the Black and Aegean
Seas, where the model variables were relaxed over the twenty rows of grid points along
the boundaries with e-folding time varying from 3 days to 30 days in the different runs.
Since there is no available data for sea surface elevation, zonal and meridional velocities
to force the model at the open boundaries, the model relax only temperature and salinity
at the OBs.
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The Danube River was included in the model, and treated as a precipitation
source on the western Black Sea coast. The river discharge has been divided among the
three branches of its delta and the river mouths have been extended up to 10 grid points
for each branch. Considering the fact that the Danube river mouth is located out of
model domain, half of the real climatological discharge was used. The climatological
discharge rates were obtained from the RivDAS data (Vorosmarty et al. 1998).

The atmospheric forcing was specified based on the ECMWF Interim Re-
Analysis (ERA-Interim, Dee et al. 2011) product, which has 1.125° horizontal
resolution at 3 hours time interval. The HYCOM only needs wind stress, precipitation,
net heat flux and short-wave radiation to be specified for the calculation of air-sea bulk
fluxes according to the methods explained in Kara et al. (2005).

Each model experiments integrated for five months starting from September
2008 until end of January 2009 which coincides with the available observations made
by Jarosz et al. (2011).

Table 1. Calculated mean water transport (km?*/yr) in the Bosphorus Strait based
on mass budget and long term salinity measurements estimation. Ozsoy (1998)
and Jarosz et al. (2011a) used ADCP observations to calculated the transport.
Observation periods are shown in parenthesis.

Upper Layer Lower layer Net
Unliiata, 1990 612 312 300
Besiktepe et al. 1994 603 303 300
Tugrul et al. 2002 639 318 321
Ozsoy 1998 (six month) 540 115 425
Jarosz et al. 2011a (Sept. 375 )53 122
to Jan.)
3. Results

Past studies using different techniques have shown significant variations in
transport in response to time-dependent hydro-meteorological events. Based on water
balances of the Black and Marmara Seas and long term salinity measurements Unliiata
et al. (1990); Besiktepe et al. (1994) and Tugrul et al. (2002) performed calculations of
average water fluxes at exit sections of the straits. The fluxes at the Bosphorus Strait
based on these studies are summarized in Table 1, indicating roughly about 600 km?*/yr
for the upper layer flux, and about 300 km*/yr for the lower layer flux. However,
calculations based on various current measurements and modeling results show smaller
values of transports. For example, ship-borne ADCP measurements (Ozsoy et al. 1998)
have found average fluxes of 540 km3/yr for the upper layer and 115 km?/yr for the
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lower layer. Based on six months of ADCP measurements, Jarosz et al. (2011) found an
average upper layer flux of 375 km’/yr and lower layer flux 253 km?/yr. We note
however, that ADCP measurements usually suffer from a loss of data near the bottom
and the surface, which influences the accuracy of the flux estimates.

In general, the model generated volume fluxes are smaller than the average
values obtained from measurements. There may be couple of explanations for this. First
of all, the model integration periods coincide with the summer and autumn periods
when the Black Sea outflow flux is at its lowest level (Besiktepe e al. 1994), while the
other values reported in Table 1 are based on annual averages. It should also be noted
that the offset between the model and the observations may be related to the model,
which underestimates the transport as a result of the artificially confined nature of the
adjacent basins. Another important constrain of the model is that the model is non free
surface which could influence the water transport significantly.

Figure 4 showing the model daily time series of Bosphorus fluxes display high
levels of variability (negative values indicate flows in the direction from the Black Sea
to the Marmara Sea). Time dependence of the flows in the Bosphorus may often result
in short-term blocking events, resulting in the flow being stopped in either the upper or
the lower layers, as shown by Latif et al. (1991) and Ozsoy et al. (1998).
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Figure 4. (a) Upper-layer (b) lower-layer (c) net daily water transport (km>/yr )
in the southern Bosphorus Strait from September 2008 to January 2009. The
mean water fluxes calculated from the ADCP observation (Jarosz et al. 2011a) is
shown as dotted line.
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The salinity transect along the main axis of the Bosphorus Strait in Figure 5 a
corresponds to the case of upper layer blocking in response to a storm with leading
southwesterly winds. In Figure 5 b an example is given for the normal, two-layer flow
regime in which both layers are active. Figure 5 ¢ shows the salinity transect during a

lower layer blocking period.
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Figure 5. Salinity transect along the main axis of the Bosphorus Strait (a) Upper
layer blocked (b) Normal conditions (c) Lower layer blocked. Left side is the
Marmara Sea and the right side is the Black Sea.

The upper layer blocking events are evident in the model time-series of
meridional velocity near the southern exit of the Bosphorus in Figure 6, when the upper
layer currents are reversed (positive) and later followed by increased southward
(negative) currents with increased depth for the next couple of days. Comparison of the
model generated water transport with ADCP observations (Figure 2 in Jarosz et al.
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2011) seems to indicate similarities in terms of the time dependence of events. For
example, two cases of upper layer blocking events as shown in Figure 5a were also
observed by Jarosz et al. (2011).

SEP

OCT NOV DEC JAN
2008 2008 2008 2008 2009

Figure 6. Along strait velocity (m/s) at the station located at the southern exit of
the Bosphorus Strait. The black line is zero contours. The two upper layer
blocking events happened; one in beginning of October and the other at 19-23
November 2008.

The atmospheric influence on the blocking events is further evaluated by
analyzing the time series of the P+R-E (precipitation plus river inflow minus
evaporation), wind speed, mean sea level pressure averaged over the Black Sea, and the
sea level difference between the two ends of the Bosphorus Strait shown in Figure 7
a,b,c,d. During the blocking events (shaded), the drops in the barometric pressure
indicate passing storms, the latter one in November being extensively studied by Book
et al. (2014). The dominant wind directions (not shown) during the blocking events are
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
straightforward to establish direct correspondence of upper layer blocking with P+R-E
(Figure 7 a). The sea level difference between the two ends of the Strait appears
negatively correlated with the water transport (Figure 7 d).

Model experiments (EXP1 to EXP4) have been run in addition to the control
experiment, doubling the river inflow in EXP1, doubling the wind stress in EXP2 in
comparison to the control run, relaxing the mass conservation option of HYCOM in
EXP3. In this set-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
integration period at the open boundaries. In EXP4, the river inflow was doubled
relative to EXP3. By doubling the wind stress over whole model surface grid points and
river discharge in the Black Sea, it is expected that the Strait will response to the
changes in forcing fields.

128



—

7142128 5 121926 2 9 162330 7 142128 4 111825
September October November December January
2008 2008 2008 2008 2009

Figure 7. Time series of daily averaged over the Black Sea (a) precipitation
minus evaporation (kg/m?s x1000 ) (b) wind speed (m/s ) (c) mean sea level
pressure (hPa — 1000) (d) sea level difference (cm ) (black line, left axis)
between the southern and nothern ends of the Bosphorus Strait and the net water

transport (km*/yr ) (red line, right axis) from the control experiment.
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Figure 8. Time series of daily water transport (km?/yr) at the Bosphorus Strait.
Red line is control run, blue line is EXP1, black line is EXP2, green line is EXP3
and the dotted line is EXP4. (a) Upper layer (b) Lower layer (c) Net Flux. The
bold dot line shows the averaged transport calculated by Jarosz et al. (2011a).
EXP4 could not be integrated until the end of the experiment time due to the
instability of the model.

The experiments investigated sensitivity with respect to forcing, displaying the
time series of water transport in Figure 8. With doubled river influx (EXP1, blue line),
or wind stress (EXP2, black line) the results are very similar to the control experiment,
since the requirement of mass conservation essentially results in weak or zero net
barotropic flux across the TSS in all three experiments. In EXP3 when the mass
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 doubled in
combination with the relaxed mass conservation (EXP4). EXP4 could not be integrated
until end of the integration period due to the instability of the model generating strong
currents along the OBs. Increasing the sponge layer or nudging factor did not work to
stabilize the model at the open boundaries. In a further study, the model boundaries
would be forced by the real-time temperature, salinity and SSH fields to better represent
the open boundaries. Since the model responds quickly (in a couple 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. The water transport through the Bosphorus Strait predicted
by the model is in agreement with the available observations. The numerical model
experiments reveal the importance of the wind stress and rivers on the transport and
circulation in the TSS. Upper layer blocking occurs during southwesterly winds of
approaching storms indicated by depressions in barometric pressure. Increase in river
inflow results in increased transport only when mass conservation is relaxed in the
model, while doubling of the river inflow or the wind stress results increased fluctuated
response in water transport.

The current model, although of a moderate horizontal resolution of about 400 m,
produces encouraging results for investigating the exchange flow and circulation
dynamics of the TSS. The relatively coarse resolution 1.125° of atmospheric forcing
utilized does not allow surface fluxes to be represented at sufficient resolution.
However, due to the optimal vertical coordinate choice of the model, it is a rather
important quality of the model that the pycnocline could be preserved against excessive
diffusive effects during the model integration.
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