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Abstract
The Turkish Straits System (TSS) controls the exchange between the Black Sea and the

Mediterranean Sea. A sound understanding of the circulation and transport mechanisms
of this complex system depends on a series of experimental investigations and
modelling development that have been carried out. We focus on the characterization of
the exchange through the TSS, the influence on the adjacent seas and in particular, the
ventilation of the Black Sea by the effluent of Mediterranean water exiting the TSS.
Experimental investigations highlighted the fine-scale details of the exchange and the
intrusions and mixing of water masses between adjacent basins. High resolution

modeling of the TSS is undertaken to assess its transport and mixing properties.

Keywords: Water and material exchange, transport, mixing, ventilation, water masses,

Bosphorus and Dardanelles Straits, Marmara Sea, Black Sea.

Ozet

Tirk Bogazlar Sistemi (TBS) Karadeniz ve Akdeniz arasindaki aligverisi kontrol eder. Bu
karmagik sistemin dolasim ve tasinim mekanizmalarinin anlasiimasi, burada
gerceklestirilen deneysel incelemelere ve model gelisimine baglhdir. Calismamiz, TBS
araciligiyla gerceklesen denizler arasi madde iletisiminin, ¢evre denizlerde gerceklesen
etkilerin ve Karadeniz ventilasyonunun karakterizasyonu Uzerine odaklanmaktadir.
Deneysel arastirmalar komsu havzalar arasi su kitlelerinin aligverigine ve karigimlarina
iliskin ince dlgekli ayrintilari vurgulamaktadir. TBS’nin yiksek ¢6zUnurlUkld bir modelli

tasinim ve karigim 6zelliklerinin degerlendirilmesi icin gerceklestirilmistir.

Anahtar Kelimeler: Su ve madde degisimi, tasinim, karisim, ventilasyon, su kutleleri,

istanbul ve Canakkale Bogazlari, Marmara Denizi, Karadeniz.



1. INTRODUCTION AND LITERATURE REVIEW
1.1 Geography

The Turkish Straits System (TSS, Fig. 1) forms the transition zone between the two

major basins of the Mediterranean and the Black Seas.
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Figure 1: Location and bottom topography maps for the (a) Turkish Straits System (TSS)
including the (b) Dardanelles and (c) Bosphorus Straits. The blue line denotes the

thalweg along the strait channels.



The TSS consists of the Sea of Marmara (surface area 11,500 km?) connecting to the
Aegean and Black Seas respectively through the Dardanelles (length 75 km, min. width
1.3 km) and Bosphorus (length 35 km, min. width 0.7 km) Straits. The Marmara Sea has
three elongated depressions (max. depth ~1350 m) interconnected by sills (depth ~600

m) and adjoining continental shelves.

The TSS is also a meeting point of marine waters and continents where significant con-
trasts occur in climate, therefore being a region that is sensitive to climatic changes (Oz-
soy, 1999; Yavuz et al., 2003; Ginduz and Ozsoy, 2006; Lionello et al., 2006; Hero,
2007). In this complex system the two straits controlling the exchange are the most limit-
ing elements, with the Bosphotus Strait playing a key role dominating the system with

very specific natural control mechanisms.

A short review of role of the TSS in the interactions of the Mediterranean and Black Seas
has been given in Schroeder et al. (2012). Even though the size of the domain is much
smaller than the neighboring seas, the TSS is a theater of the world ocean where
intense nonlinear and turbulent interactions are encountered under conditions of strong
stratification, setting the fundamental behaviour patterns of the system. Processes such
as hydraulic controls and hydraulic jumps, down-slope gravity flows, internal waves,
turbulent entrainment, double diffusive instabilities and convection, non-hydrostatic flow,
basin oscillations, continental shelf and deep-sea interactions, flow separation and re-

circulation, set the stage in this unique high energy environment.

1.2 Past measurement campaigns

Consistent observational data sets covering the TSS have been collected with the R/V
BILIM of the IMS-METU during 1985-2001 and sporadically in many other scientific
cruises since then. Detailed mapping of the Bosphorus currents and hydrography was
undertaken in 1998-1999 for the TURBO administration, when detailed ADCP and CTD
measurements were extended to small bays and bends using a small diving boat,
Atmaca Il. Recent measurements have been acquired from automated coastal
meteorology, sea level and ADCP stations (http://moma.ims.metu.edu.tr) operated under

a coastal network (Ozsoy et al., 2009). Further detailed measurements were obtained



during the recent SESAME European project in a collaborative sampling program of the

Mediterranean and Black Seas.

1.3 TSS Exchange

Changes in properties through the TSS are exemplified in Fig. 2a,b, based on data col-
lected in May 2007. The interface separating the Black Sea and Mediterranean Sea wa-
ters dips down strongly in the two straits, relative to its relatively constant depth of about
25m in the Sea of Marmara. The Cold Intermediate Water (CIW) of the Black Sea with a
core temperature of less than 8°C invades the Bosphorus and continues as a sub-
merged tongue transiting across the TSS, while some of the cold water surfaces south of
the Bosphorus (Fig. 2a). The cold-water above the pycnocline is largely maintained by
local winter cooling re-stratified by surface warming. Aegean water of 14°C temperature
entering from the Dardanelles Strait is colder and denser than the 15°C water at the
same level in the Marmara Sea interior and sinks down as a gravity current, as shown by
earlier observations (Besiktepe et al., 1993, 1994) and modeling (Husrevoglu, 1999).
The upper layer salinity in Fig 2b increases steadily from the Black Sea to the Aegean,
with the highest rate in the southern part of the Bosphorus, and western part of the Dard-
anelles due to hydraulic adjustments (see later). As a result of wind mixing, the upper
layer in the Marmara Sea has rather uniform properties, although becoming re-stratified

in the spring months (Fig. 2a).
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Figure 2. Transects of (a) temperature and (b) salinity across the TSS in May 2007,

along the main axis extending from the Aegean Sea to the Black Sea (covering the



Dardanelles at 0-100 km, Marmara Sea at 100-300 km and the Bosphorus at 300-340

km ranges on the distance scale).

There is a strong contrast in the annual net water budget Q = E — P — R (evaporation —
precipitation — river inflow) across the TSS, resulting from the different water regimes in
the Mediterranean (Q > 0) and the Black Sea (Q < 0). In the Black Sea, the total
freshwater input (P=300 km®yr and R=350 km?yr) is twice as large as the loss term
(E=350 km?®yr). Making use of an assumption of steady state mass balance, and multi-
year averages of salinity measurements at the junctions of the straits, Unliata et al.
(1990) have computed the annual average fluxes through the TSS from a two-layer
idealization of a box model, updated later with an seasonal version provided by Tugrul et
al. (2002) and Besiktepe (2003). An updated description is provided here based on the

review given in Schroeder et al. (2012).
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Figure 3. Steady-state annual mean fluxes (km®/yr) through the TSS and between its

individual compartments (after Tugrul et al. 2002).

The annual two-layer volume fluxes of the TSS are shown in Fig. 3. The exchange
through the TSS increases in the spring-early summer, and weakens markedly in
autumn (within a margin of about [140% of the annual mean) in response to the

freshwater input to the Black Sea (Tugrul et al., 2002).

The input into the Marmara Sea by the upper layer flow of the Bosphorus is estimated as
657 km*/yr and the outflow into the Black Sea in the lower layer is estimated as 318

km®yr (Fig. 3) based on the measurements during the years 1985-1995 (Tugrul et al.



2002), amounting to 263 mm/yr and 127 mm/yr respectively, if divided by the area of the

Mediterranean Sea (2.5 x 10 km?).

The input into the Aegean Sea by the upper layer flow of the Dardanelles was found to
be 1331 km®/yr and the outflow into the Marmara Sea in the lower layer was 1010 km?®/yr
in the same period (Tugrul et al. 2012), amounting to 532 mm/yr and 404 mm/yr
respectively, if divided by the area of the Mediterranean Sea (2.5 x 10° km?), and the net
flux into the Mediterranean Sea therefore amounting to 132 mm/yr, about 10% of the net

annual loss of water from the entire Mediterranean Basin.

Bosphorus fluxes computed from ADCP data (Ozsoy et al., 1996, 1998) show the same
seasonal behaviour as reviewed above, but reveal maxima of about Qupper = 1600
km®yr and Qlower = 630 km?®yr for the upper and lower layers respectively, including
blocked cases, indicating instantaneous fluxes 2-3 times larger than the annual mean.
Despite large scatter in data due to sampling, overall average values of Qupper = 540
km*yr and Qlower = 115 km®yr were computed, the latter value possibly being
underestimated as a result of data loss near the bottom. Oguz et al. (1990) concluded
that the upper or lower layer flow would be blocked when the net flux exceeds -580
km3/yr or 800 km®/yr, in respective directions, the latter estimate being consistent with

the results of a two-layer model.

The input into the Aegean Sea by the upper layer flow of the Dardanelles was 1170
km®/yr and the outflow into the Marmara Sea in the lower layer was 980 km?/yr in the
years 2008-2009 (Jarosz et al. 2012), amounting to 468 mm/yr and 392 mm/yr
respectively, if divided by the area of the Mediterranean Sea (2.5 x 10 km?), and the net

flux therefore amounting to 76 mm/yr.

Indirect estimates of the net transport via Bosphorus based on long-term water fluxes
and sea-level variations in the Black Sea (Stanev and Peneva, 2002) indicate seasonal
anomalies with variations of the order of [175% of the mean, that is considerably larger
than the 140 % estimated by Tugrul et al. (2002) from the seasonal based mass budget.
These differences arise from data uncertainties as well as differences in the averaging
(monthly versus seasonal) applied to the data. However, both methods yield the same

general pattern of seasonal variability.



The measurements of the 2008-2009 campaign with moored instruments indicated much
larger ranges of the layer fluxes, deviating by several times the mean values Jarosz et
al.,, 2012). However statistical values such as standard deviation are not given, just
because of that, i.e. they would be meaningless when there is such great variability. For
the same reason, and because statistical evaluations are not made, it is not possible to

estimate mean and variances of heat and salt fluxes.
1.4 Bosphorus and Dardanelles Straits

The first scientific study of the Bosphorus Strait by Marsili (1681) in the 17" century
established the counter-current of Mediterranean water below the surface flow of Black
Sea water (Defant, 1961; Soffientino and Pilson, 2005; Pinardi, 2009), although this fact
was first revealed to Marsili by local fishermen, also referred to in the sixth century note
of Procopius of Ceasarea (Gill, 1982; Deacon, 1982; and Neumann, 1993) and by Gylii
(1561) based on Anaplous Bosporou by Byzantios (Gungerich, 1958) as early as 5"
century AD, but still until recently debated. Early exploration up to the early 20™ century
(Makarov, 1885; Shpindler, 1896; Nielsen, 1912; Moller; 1928) established further
understanding of the TSS.

Tidal oscillations are exceptionally small, on the order of ~10 cm in the TSS, especially
east of the Nara Pass of Dardanelles. Basin oscillations with periods of 2-5 h have been
observed in sea level records (Alpar and Yice, 1998). Coupled Helmholtz mode
oscillations of the Black Sea and the TSS (e.g. Ducet et al., 2002) with 14.7 d and 1.9d
periods and a two-layer exchange adjustment time scale of 42 d have been estimated
(Ozsoy et al., 1998). Current-meters and both ship-mounted and bottom mounted ADCP
measurements in the Bosphorus (Pektas, 1953; De Filippi et al., 1986; Gregg and
Ozsoy, 1999; Cetin, 1999; IMS-METU, 1999; Ozsoy et al., 1998, 2009, 1999; Gregg and
(")zsoy, 2002; Yuksel et al., 2003; Guler et al, 2006; SHOD, 2009; Jarosz et al., 2011a,b)
and Dardanelles (Jarosz et al., 2012) have revealed many different time-scales of
oscillations in the TSS, ranging from inertial, semi-diurnal, diurnal to several days
periods influenced by the adjacent basins (Yuce, 1993; IMS-METU, 1999).

A sill standing at 60m depth on the canyon cutting across the Black Sea shelf and a
contraction in the southern Bosphorus (Latif et al., 1990) are the expected locations of

two hydraulic controls, establishing the unique maximal exchange regime of Farmer and



Armi (1986), while a single contraction at the Nara pass subjects the Dardanelles Strait
to submaximal hydraulic control (Latif et al., 1990; Unluata et al., 1990). The exchange
flows in both straits have many small-scale features linked to turbulence, interfacial
instabilities, hydraulic transitions and downstream “jumps” revealed by high-resolution

measurements (Ozsoy et al., 2001; Gregg and Ozsoy, 2002).
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Figure 4. Locations of the dense profiling network (a) and the continuous distribution of
temperature (b) and (c) salinity along the Bosphorus, from Marmara Sea to the Black
Sea obtained from 178 profiles. Black dots separate the upper, interfacial and lower

layers estimated from salinity profiles (Ozsoy et al., 2001).

The narrow Bosphorus and Dardanelles Straits are frictionally dominated shallow
regions with complex topography, where sills and constrictions lead to hydraulically
controlled flow. Mixing and entrainment processes in the Bosphorus Strait modify
Mediterranean and Black Sea waters during their short but intense encounter in the
Strait as shown by the high-resolution temperature and salinity sections through the
Bosphorus in Fig. 4 (Ozsoy et al., 2001). Hydraulic controls at a sill near the Black Sea
exit and a contraction inside the Bosphorus Strait constitute a unique example of the
maximal exchange regime, as foreseen by the cardinal work of Farmer and Armi (1986).
In contrast, sub-maximal exchange, with hydraulic control at a contraction occurs at the
Dardanelles Strait. Short-term, transient responses to meteorological events are
frequent, leading to blocked flows in the Bosphorus. The fine scale channel topography
plays a major role in the dynamics and determines to which extent the water masses are

modified in transit through the system.
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Figure 5. Surface currents based on (a) ADCP measurements on March 12, 1999
(interpolated to grid) and (b) obtained from the ROMS model (section 4.1) in the
Bosphorus and (c) ADCP current magnitude on March 22, 1999 in the Dardanelles
(IMS-METU, 1999).

The meandering surface currents often exceed 1 m/s past the contraction in the
southern Bosphorus (Fig 5a,b) and reach 2-3 m/s at the southern exit. Similarly, surface
currents of about 1 m/s occur past the narrows (Nara Pass) of the Dardanelles Strait
(Fig. 5c). Such features are evident in current-meter and ship-mounted ADCP
measurements (Fig 5a, IMS-METU, 1999; Ozsoy et al., 2002), but also in model
simulations (Fig. 5b). The last one of these recirculation cells at Besiktas, described by
Marsili (1681) and Moller (1928), was recognized earlier in Anaplous Bosporou of
Byzantios (5" century AD) and recorded by Gyllii (1561), who attributed it to the
interception of the flow by the protruding Sarayburnu (Byzantion Pt.). The eddy diverted
schools of Pelamydes (palamut, bonito) into the Keras (Golden Horn) estuary, caught to

benefit the fish trade from ancient until recent times (Bursa, 2010; Tekin, 2010).
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Figure 6. ADCP current and CTD measurements along the Bosphorus on March 15 (left)
and March 18 (right), 1999, top: ship route (blue), the thalweg (green) and ADCP
stations mapped (red), middle: ADCP current velocity aligned along the thalweg (cm/s),
bottom: salinity at CTD stations projected along the thalweg.

Short-term blocking of the flows in either layer is a well-known phenomenon in the
Bosphorus (Unlliata et al., 1990; Latif et al., 1991; Ozsoy et al., 1995, 1996, 1998, 2001;
(")zsoy and Unliata, 1997, 1998; Jarosz et al., 2011a,b) in response to transient events
in the adjacent basins. Oguz et al. (1990) contended that a sea-level difference of more
than 50 cm and less than 10 cm would be needed, respectively for the upper or the
lower layers to be blocked, although barometric pressure, winds and net water fluxes of
adjacent basins are indicated as dynamical forces creating blocking conditions (Ozsoy et
al, 1998, Gregg and Ozsoy, 1999).



The lower layer is occasionally blocked in spring and summer, with increased Black Sea
influx, mostly under the effect of northerly winds. Chosen as examples from the many
similar sets of measurements, the March 15, 1999 the ADCP current and salinity vertical
sections in Fig. 6 (left) indicate exchange flows across the Bosphorus, with currents of
about 0.5 m/s in either layer, the upper layer currents increasing to about 1.5 m/s past
the contraction region, where the halocline also becomes thicker. The lower layer was
completely blocked on March 18 (Fig. 6, right) after northerly winds, creating southerly
currents of 1 m/s almost completely flushing out the Mediterranean water, replaced by
Black Sea water. Upper layer blocking events (‘Orkoz’) coincide with the reversal of the
net flow in response to southerly winds (‘Lodos’) in the fall and winter (Gunnerson and
Ozturgut, 1974; Unltata et al., 1990; Latif et al., 1991), often causing a three-layer

situation with the Marmara waters backed up into the strait.

Time series of the bottom-mounted ADCP currents at Baltalimani, sea level, wind
velocity and barometric pressure at stations in adjacent seas (see Fig. 1b) are presented
in Fig. 7 for selected monthly periods, to illustrate typical variations in the Bosphorus
currents as a function of environmental conditions. During the initial part of the record in
Fig. 5a, rather steady currents of 0.5-1.0 m/s are observed in the upper 30m under calm
weather conditions. The sudden drop of barometric pressure (30 mb in about 30 h) of an
atmospheric disturbance creates temporary reversals in flow direction and subsequent
oscillations. The oscillatory and mixing effects created by this particular storm have been
likened to a ‘meteorological bomb’ (Book et al., 2014), based on an extensive set of
measurements by Jarosz et al. (2011). Interestingly, the sea level rises in the Marmara
Sea and falls in the Black Sea in response to the southwesterly winds of the storm,
resulting in a negative sea-level difference of about 40 cm with the Marmara Sea being
higher than the Black Sea, as opposed to the positive difference of about 10-50 cm
earlier. Sustained northerly winds in January 2010 (Fig. 7b), following an initial period of
reversals in the first days, result in the sea level difference building up to about 1m, with
currents of up to 2 m/s covering the entire depth, leading to blocking of the lower layer

currents.
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Figure 7. Monthly time series of wind, pressure, sea-level and ADCP currents in (a)
November 2008 and (b) January 2010. In each panel, the wind speed and direction
(measured from east), wind vector and barometric pressure at the Yalova station,
inverse barometer corrected sea level at Sile (red) and Yalova (green) stations and their
differences, the magnitude and sense of ADCP currents in the north-south direction

(north is positive) at Baltalimani are shown from top to bottom (Tutsak, 2013).

Somewhat similar behavior is expected at the Dardanelles Strait. Under typical
conditions represented by 21 May 1987 (Fig. 8, left), the halocline is located at 25 m
depth east of the Nara Pass and remains about the same in the rest of the Marmara
Sea, but rises sharply at the narrows so that it remains at a depth of about 5-10 m upon
exit to the Aegean Sea. The cold intermediate water (Marmara CIW) of about 8°C

sneaks in from the east, but terminates past Nara Pass where it encounters intensive

mixing.



During the exceptional cold winter of 17 February 1993 (Fig. 8, right), temperatures of
less than 4°C are observed, when the upper layer depth increased to 40 m in the
eastern part the Marmara Sea in response to wind stirring, decreasing to about 20 m
after the Nara Pass where the temperature is increased to about 8°C by mixing with the
warmer waters below. The lower layer water entering from the Aegean entrance with a
temperature of 12°C terminates at the plunge point at the exit of the strait where it sinks
to the depths of the Marmara Sea. While the lower layer salinity is about 38.5 in both
dates illustrated above, the upper layer salinity is about 24 near the surface on 21 May
1987, while it increases up to 28 at entry to the Dardanelles and to about 32 at exit into

the Aegean Sea on 17 February 1993, as a result of mixing processes.
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Figure 8. Salinity (top) and temperature (bottom) on the dates 21 May 1987 (left) and 17
February 1993 (right) in the Dardanelles Strait based on CTD measurements.

1.5 Marmara Sea deep basins and tracers

While the exchange at the Bosphorus Strait drives the surface circulation of the Marmara
Sea, the exchange at the Dardanelles Strait determines the fate of its lower layer waters
lying below a shallow upper layer of only about 25 m depth. The dense water of Aegean
origin flows through a deep channel of about 75m depth along the Dardanelles Strait.
The dense water flows along the wide southern shelf in summer and when its density is
higher in winter it sinks as a gravity flow to the westernmost deep basin and fills the

lower layer of the Marmara Sea (Besiktepe et al., 1993, 1994; Husrevoglu, 1999;



Staschuk and Hutter, 2001). The inflow of Mediterranean water efficiently ventilated in
the Aegean Sea is the only source of oxygen for the lower layer waters of the Marmara
Sea because the surface supply of oxygen is intercepted by a very sharp halocline

separating the upper layer from the lower (Besiktepe et al., 1993, 1994).

In the Marmara Sea, the property variations in the lower layer are indeed very small, with
typical mean values of about 14.2-14.5 and 38.5 in temperature and salinity respectively,
despite some small changes due to long-term instrument and climate drifts. A
temperature maximum of 14.5-15°C is often observed at depths of 50-70m, surviving
after the summer-autumn influx of the Dardanelles inflow below the halocline. Further
below, the temperature monotonically decreases to 14.2-14.3°C at mid-depth. The
salinity on the other hand reaches a minimum at about 200m and is either uniform or

increases slightly till the bottom (Besiktepe et al., 1994).

The relatively small but significant changes in the lower layer of the Marmara Sea reflect
deep-water renewal processes in the Marmara Sea (Besiktepe et al., 1993, 1994, 2000).
The dense water entering via Dardanelles entrains water and sinks to the depth of
equilibrium with the interior. Depending on the initial density contrast Dardanelles and
the weak interior density stratification of the interior, the renewal process has inter-
annual dependence. A reduced gravity model has shown the influx to reach the bottom
of the western basin in winter, later to overflow into the central basin in a time frame of
few months. In summer, with a smaller density contrast, the flow is found to first proceed
preferentially along the shallow depths of the southern shelf, eventually overflowing into

the interior (Hlsrevoglu, 1999).

CFC-11 below the halocline in Marmara Sea shows two maxima, one up to 300m and
the other below 700m depth, confirming the seasonal divergence of the Dardanelles
inflow either penetrating deep or staying at intermediate depth in the Marmara Sea
(Besiktepe, 1994). Isotope tracers Oxygen-18, deuterium and tritium (Rank et al., 1998;
Ozsoy et al., 2002) and Cs-137 (Delfanti et al., 2013) demonstrate interactions between

the adjacent basins, making coupled system models (e.g. Maderich, 1998) relevant.

A comprehensive set of data collected during 1990-2001 enables estimation of the
nutrient fluxes in Turkish Straits System, based on the annual water fluxes of Unliata et

al. (1990), later revised on a seasonal basis by Tugrul et al. (2002). Nutrient exchange



fluxes in the straits vary markedly with season, due to changes in both the
concentrations and volume fluxes (Polat, 1995; Polat and Tugrul, 1995; Polat et al.,
1998). During its transit through the Marmara Sea, the dissolved oxygen content of the
Mediterranean water decreases to suboxic levels of 30-50 uyM, with concomitant
increases in nitrate and reactive phosphate by aerobic oxidation of POM snowing down
from the productive upper layer. On the other hand, oxygen supply to the suboxic lower
layer of the Marmara Sea is limited by the strong density stratification and depends
solely on the inputs from the Dardanelles Strait, just sufficient to prevent anoxia from

developing in the deep basins as a result of the oxygen consumption.

The mean residence times based on annual volume fluxes have been estimated to be a
few months for the upper layer and about 6-7 yr for the lower layer of the Marmara Sea
(Besiktepe et al., 1994), which according to CFC tracer measurements (Lee et al., 2002)
has much higher range of 12-32 yr for the 100-450m depth range of their measurements
in the eastern basin, estimated from a box model. Based on the same model, oxygen
utilization rates of 6-18 umol kg™ yr' have been calculated at the particular time of the
measurements only in the Straits exits and the eastern deep basin waters adjourning
longer (Lee et al., 2002). A simple calculation using an oxygen concentration of 250 uM
for the Dardanelles inflow with discharge of 560 km?®yr, 30-50 uM for the average
Marmara lower layer volume of about 3.5 x 10° km?, the apparent oxygen utilization rate
is found to be about 35 pmol kg™' yr', which is greater than the above estimate.
However, both estimates are subject to a lot of variation accounting for model

assumptions, accuracy and seasonal variations of fluxes (e.g. Tugrul et al., 2002).

Increased winter activity is evident in the upper layer flux of nutrients through the
Dardanelles Strait, although the seasonal concentration values are about 20% smaller
than the Bosphorus due to consumption in the Marmara Sea, although the net transport
is of equal size due to larger water fluxes in the Dardanelles. The salty Mediterranean
water enters from the Aegean Sea with very low nitrate and phosphate concentration for
most of the year. The lower layer water is then enriched by about 15 to 40-fold (nitrate:
8-12 uM; phosphate: 0.7-1.2 yM) during its residence in the Marmara Sea, finally
reaching the Black Sea at similar levels. Because the contribution of particulate nutrients
to TN and TP pool in the Marmara lower layer is very small (Polat, 1995, Polat and
Tugrul, 1995; Polat et al., 1998), dissolved inorganic nutrients are dominant in the total

N, P export to the Black Sea by the Bosphorus underflow.



Long-term nutrient data obtained in the Bosphorus Strait during 1987-2001, as well as
other unpublished data in the 2000-2010 period indicate increased lower layer pools of
nitrate and phosphate in the TSS, while the decreased N/P ratio at the same time frame
suggests increased denitrification in suboxic waters of the lower layer. Since nitrate and
phosphate are excessively utilized by eutrophication in the Marmara upper layer, nutrient
discharges to the Aegean Sea occur mostly in dissolved and particulate organic forms
(Polat et al., 1998).

1.6 Transport effects on Ecosystems and Climate

Material transport between the Mediterranean and the Black Sea takes place in both
directions within both the lower and upper layer flows of the TSS and greatly affects the

Marmara Sea and the neighboring basins of the Mediterranean and the Black Seas.

A unique opportunity to visualize the detailed straucture of the surface flows through the
TSS and in the adjacent basins is offered by space photographs, notably during the
recent International Space Station observations by astronauts. Examples are provided in
Fig.s 9-11. In Fig. 9 the Bosphorus surface flows are shown, with the southward flow
issuing into the Marmara Sea in the form of a jet. This jet flow then spreads into the
Marmara Sea as shown in Fig. 10. The remarkable picture in Figure 11 shows flows of
material originating from the Black Sea coast (near the planned new site of the 3™ airport
of Istanbul) entering the Bosphorus and reaching the Marmara Sea in the form of a

surface jet, which then curls towards the cape of inceburun.
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Figure 9. The Bosphorus and the surface flow of Black Sea water as seen by astronaut
Chris Hadfield aboard the International Space Station, 7 July 2013.
https://twitter.com/Cmdr_Hadfield/status/350012636345270272/photo/



Figure 10. Marmara Sea as seen by astronaut Chris Hadfield aboard the International
Space Station, 30 April 2013.
https://twitter.com/Cmdr_Hadfield/status/329139344411619328/photo/1

Figure 11. The Bosphorus and the eastern part of the TSS as seen by astronaut
Samantha Cristoforetti aboard the International Space Station, 9 June 2015.
https://twitter.com/astrosamantha/status/608197918395400192
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Figure 12. Satellite images showing the interaction of the Turkish Straits System with the

neighboring seas: (a) chlorophyll distribution on September 20, 2002, (b) MODIS aqua



image showing an ongoing Emiliana huxleyi bloom on June 23, 2003
(http://disc.sci.gsfc.nasa.gov/oceancolor/additional/science-focus/ocean-

color/marmara.shtml).

Significant mixing occurs inside the Straits and further by surface buoyant jets upon exit
to the wider sea regions from the two Straits. The surface plumes carrying relatively
fresh water and chemical / biological signatures from their sources affect material cycling
in the target basins not only through transport, but also as a result of efficient turbulent
mixing and entrainment in the exit regions. Interfacial mixing at the straits and jet mixing
near their exit regions yield the highest horizontal rates of change in properties within the
TSS (Fig. 12) and largely determine the cycling of matter and biological productivity of
the confined waters of the Marmara Sea; a fact emphasized earlier by Unliata et al.
(1990) and Besiktepe et al. (1994),

The nutrient transport across the TSS (Polat and Tugrul, 1995; Tugrul et al., 2003; Tugrul
and Besiktepe, 2007) fuels the interactions between ecosystems of the neighboring
seas. Surface chlorophyll variations across the TSS are exemplified in Fig. 12a, where
the transport and local variations from the Black Sea to the Aegean, via jets created at
the exits of the Bosporus and Dardanelles are indicated. In Fig. 12b, a phytoplankton
bloom in the Marmara Sea (Coccolith Emiliana huxleyi, well known for its turquoise blue
colour) follows after a similar bloom occuring earlier in May. The observed event is part
of the Marmara local primary production process and the dark color of the current
flowing in from the Bosporus exit is the Black Sea water. Finally the bloom formed in the

Sea of Marmara reaches the Aegean Sea with a jet flow exiting the Dardanelles Strait.

Significant changes have occurred in our lifetime in the ecological status of the TSS, and
mainly after the 1960’s industrialization and population expansion. The eutrophic
Marmara Sea waters fed by Black Sea nutrients (Polat and Tugrul, 2005), as well as the
efficient jet induced local recycling makes this small basin a region of high productivity
often far exceeding the Black Sea (Fig.13), with increasing occurrences of mucus and
harmful algae blooms (Fig. 14, 15). The plans for what is often inappropriately called as
‘development’ pose increasing risks of ecosystem crises and failures in the TSS, with
implied effects on adjacent basins, as many signs of deterioration are already easily

discernible.
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Figure 13. Chlorophyll concentration on the course of R/V BILIM during April 2008.

Migration of live fish between the two seas and local production invites intense fishing
activity, and the pressures of the highly populated and industrialiized coastal

environment implies that the marine life is adversely affected by excessive pollution,
especially in the breeding period of fish.



Figure 14. Harmful algal blooms observed (a) near Tekirdag; Milliyet, 24 April 2013 (b)
from a flight over the Marmara Sea on 28 April 2013 (Photo: Dr. Bettina Fach, IMS-



METU), (c) MODIS ocean colour image on 25 April 2013, (all in the same period as
observed by Chris Hadfield in Fig. 10) showing the Bosphorus jet (black) surrounded by

coccolith (green) and harmful plankton (orange) blooms.



Figure 15. (a) Image from NASA Earth Observatory, Spiral eddies, jets and dinoflagel-



late blooms (red tide) in the Marmara Sea, 17/05/2015
http://fearthobservatory.nasa.gov/IOTD/view.php?
id=85947&eocn=image&eoci=related_image, accessed June 2015), (b) local aerial pic-
ture of the coastal area of the Marmara Sea south of istanbul, showing the same bloom
published in the daily journal Milliyet on 20/05/2015 (http.//www.milliyet.com.tr/marmara-
iste-boyle-oluyor-gundem-2061522/).

The hydrological regime, circulation, ecosystem and tectonics, all display extremes in
the region. The great transformations of the system between fresh water lake and sea
basin are well known (Yanko-Hombach et al., 2006), with projected impacts on human
societies (Ryan et al, 1997; Runnels and Ozdogan, 2001; Turney and Brown, 2007).
Climatic changes with rather short cycles of about 150-300 year periods are recorded in
the bottom sediments of the Black Sea (Hay and Honjo, 1989). Large-scale climate
patterns such as the NAO, NCP and Indian Monsoons have great regional importance
(Gundiiz and Ozsoy, 2004; Lionello et al., 2006), with impacts on ecosystems (Oguz,
2003). Yet it is not known what kind of risks are posed on the region by the present trend
of global warming, combined with extreme weather, floods, earthquakes, especially as
istanbul, already a monster of a city, heads for further expansion, determined to destroy

its remaining vital resources.

1.7 Influence of the TSS exchange on the Black Sea

The influence of the dense water outflows from the Bosphorus Strait onto the Black Sea
continental shelf have been examined by Latif et al. (1991), Di lorio, and the Yice
(1999), Gregg et al. (1999) and Ozsoy et al. (2001). The main features of this flow past
the northern sill of the Bosphorus and through the canyon cutting through the continental
shelf have been well reproduced (Figure 16) in the reduced gravity flow model of Ozsoy
et al. (2001) and also have been compared with measurements. The flow loses much of
its energy through a hydraulic jump immediately past the sill at 60 m depth. The warm
saline Mediterranean water is rapidly diluted by intense mixing in the exit region and
spreads as a thin layer on the the continental shelf where it is cooled and diluted by be-
ing inluenced by the Cold Intermediate Water (CIW) of the Black Sea, finally reaching

the shelf edge partially overflowing the various capillary channels. The flow is acceler-



ated by the sudden deepening at the shelf edge, introducing rapid entrainment of Black

Sea water into the gravity flow sinking along the continental slope.
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Figure 16. Features of the dense water outflow at the northern exit of the Bosphorus and
the Black Sea continental shelf obtained from a model of the gravity flow by Ozsoy et al.,

2001: (a) discharge rate, (b) layer thickness (c) temperature, (d) salinity.



The introduction of the ‘Mediterranean effluent’ into the Black Sea in the form of a dense
water outflow first spreading on the continental shelf and then intruding into the deeper
layers along the continental slope has important inluences on the circulation and mixing
of the Black Sea. In addition to physical influences, this process has important environ-
mental consequences since the introduction of large volumes of an external water mass
into this closed sea carries with it material properties and the sediment and contaminant
signatures it has acquired though its history past the TSS and along the shelf. The dense
water cascading from the continental shelf sinks to intermediate depths below the pycno-
cline into the anoxic layer of the Black Sea and is moved eastward by the cyclonic circu-
lation of the Black Sea, its intrusions and horizontal spreading at depth creating convec-
tion and intrusive mingling of the different water masses. The physical and hydrochem-
ical impacts of the intruding waters can be traced throughout the southwestern Black
Sea up to a depth of 500m (Ozsoy et al., 1993, 2001; Ozsoy and Besiktepe, 1995).

The gravity flow of dense water with newly acquired temperature and salinity
characteristcs contrasts with the ambient waters, forming a lateral sources of heat and
salt along the continental slope, at depths of 100-200m in particular. This brings the
Black Sea waters under the influence of double diffusive convective instabiliies that
partially serve for the maintenance of the Black Sea stratification (Figure 17a, b) and the
thermohaline circulation (Ozsoy et al., 1993, 1994, 1996; Ozsoy and Besiktepe, 1995;
Ozsoy and Unllatg, 1997, 1998). The sinking of anomalous dense waters modified on
the continental shelf to intermediate depths below the halocline influences the Black Sea
waters up to depths of 500 m, carrying with them the oxygen, sediment, contaminants
and radioactive elements originating from the upper ocean (Buesseler et al., 1991,
(")zsoy et al., 1993). Based on the latest measurements in 2007-2008, Delfanti et al.
(2013) found rapid deepening of *’Cs isotopes (Figure 17c) used as a tracer of the
Chernobyl event, leading to significant transport across the Black Sea halocline by
entrainment into the cascading effluent along the adjacent Black Sea shelf and
continental slope (Ozsoy et al., 2001, Stanev et al., 2001). This mechanism implies a
‘strait pump’ that carries material (carbon, nutrients, tracers and dissolved oxygen)
across the halocline from the surface to deep waters in the Black Sea, thus modifying its

internal structure as suggested by Ozsoy et al. (1993), Ozsoy and Unliiata (1997, 1998)



and Tugrul et al. (2013). Oxygen, deuterium and tritium isotope measurements have
shown that trace substances including those of of atmospheric origin could not penetrate
to depths greater than 500m despite being introduced below the halocline by the
Bosphorus intrusions. The same measurements have alo been used to determine fluxes
through the TSS (Rank et al., 1998; Ozsoy et al., 2002).
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Figure 17. The effects of Bosphorus dense water outflow to the Black Sea. (a) intrusions
along the continental slope created by the double-diffusive convective motions (b) the
thermohaline circulation induced by the intrusions penetrating into the Black Sea (Ozsoy
et al., 1993), (c) the changes in the Black Sea *'Cs profiles observed between 1991 and
2007 (Delfanti et al., 2011).

In experiments conducted during the relatively quiescent summer conditions, Gregg and
Ozsoy (1999) found very low levels of turbulence, which implied that internal mixing by
internal wave breaking or tidal mixing mechanisms were not sufficiently energetic in the
Black Sea, as a consequence of a very low tidal amplitude. The intrusive effects of the
waters originating from the Bosphorus, in addition to whatever influence that the surface
winds impart on the upper layers of the basin waters therefore turns out to be the most

effective two mechanisms creating mixing in the Black Sea.

The Black Sea has an active surface circulation (Sur et al, 1994, Ozsoy and Unliiata
1997, 1998). This circulation transports the relatively brackish water originated from the
large rivers Danube, Dnieper, Dniester in the north attached to the coast along the shal-
low western continental shelf, while interacting with the rim-current (Fig. 18). The mixing
of nutrients originating from the rivers, and oxygen, chlorophyll, pollutants, sediment, and
other materials transported by the currents and their mixing and entrainment into the
Bosphorus induced density currents by further dispersion determine Black Sea chemical

structure, mixing and biological production mechanisms.



Figure 18. Examples of Black Sea property distributions in relation to its circulation,
based on data from NOAA satellites: (a) February 28, 1980 surface temperature (Ozsoy
and Unluata, 1998), (b) changes in surface temperature in response to evolving coastal
currents during a period of about 15 days (Sur et al., 1994).

Review of historical data from the western Black Sea (Sorokin, 2002) and the river
Danube (Cociasu et al., 2008) indicates increased nitrate and phosphate (DIP) inputs to
the NW Black Sea after the 1970’s. The riverine inputs to the Black Sea (with high N/P
ratios) reached maximum levels in the late 1980’s, followed by a gradual decrease since
the mid 1990’s (Ludwig et al., 2009). These changes similarly influenced contributions to
the upper layer TN, TP pools of the western Black Sea and the exports by the
Bosphorus (Polat and Tugrul, 1995; Sorokin, 2002); thereby enhancing the
eutrophication in the Marmara Sea (Polat et al., 1998), increasing the nutrient stocks and

creating suboxic conditions in the lower layer much different from the “pristine” state of



the sea, consequently leading to the enhanced nutrient and reduced oxygen contents

exported by the Bosporus underflow back to the Black Sea.

Being a closed basin receiving large amounts of freshwater from major rivers, the Black
Sea exhibits a strong density stratification and has quite unique hydrological and bio-
chemical properties. Anoxic deep waters underlie a relatively small upper layer where
oxic conditons exist. Below 100 m depth, hydrogen sulfide replaces oxygen and a sub-
oxic transition region separates the two regions. Vertical distributions of nutrients, oxy-
gen and redox-sensitive metal concentrations extending from the surface to slightly be-
low the transition region have shown significant changes since the rapid industrialization
period, especially after the 1970s (Tugrul et al., 2011). Although the starting depth of the
sulfated waters have not changed since the 1970s, the suboxic zone has greatly expan-
ded near the center of the basin, the depths of the nitrate maximum and phosphate min-
imum, the starting depth of Mn (II) and the depth of the particle Mn maximum have de-
creased. A major cause underlying these changes is percieved to be the changes in nu-
trient contents of the major rivers such as the Danube. As a result, the nitrate inventory
of the Black Sea has increased by 2-4 times as compared to the pre-1970 concentra-
tions, while the silicate inventory in the upper waters has decreased significantly and the
phosphate inventory has remained almost the same. As a result, the N / P ratio which
used to have a very low value in the surface waters has, while the Si/ N ratio formerly

with higher values has decreased.
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Figure 18. Chemical profiles in the southern, middle and northern Black Sea regions
(Tugrul et al., 2011).
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Figure 19. Chemical profiles in the southwestern Black Sea near Istanbul Strait (Tugrul
et al., 2011).



Spatial variations have occurred in characteristics of nutrients and the suboxic zone in
response to these changes (Fig. 19). Especially in the southwest region of the Black Sea
coast, the distribution of materials is greatly affected by the sinking of water entering
form the Bosphorus Strait (Fig. 20). In this region, the oxygenated water penetrating be-
low the halocline into the anoxic zone is immediately reduced, but the sulphide layer is
pushed deeper, often indicated by a secondary oxygen peak, and also evident in Mn (l1),
nitrate and ammonia profiles, inducing short-term variations. Similar effects in other trace

materials have been demonstrated by Ozsoy et al. (1993).

1.8 Modeling of the TSS exchange

Constructing a model of the entire TSS uniformly representing the rich diversity of
observed hydrodynamic processes in this small domain of complex geometry has been
a most demanding undertaking. This is why only simplified models have been attempted
in the past. The strong topographic control, non-linear hydrodynamics, strong stratified
turbulence, hydraulic controls, separated flows, multi-scale interactions, turbulent mixing
and entrainment processes make modeling of the TSS, a grand challenge in
oceanography and a formidable problem far beyond reach of most of the present day

ocean models.

The immense computational power requirements for addressing the coupling between
the straits and the three adjacent basins in the past has only been addressed by a series
of simplified models of the individual elements of the system. Two-layer, one-
dimensional or two-dimensional models solving either horizontally or vertically integrated
hydrodynamic equations have been developed for the Bosphorus (Oduz et al., 1990;
Ihcak et al., 2009) and Dardanelles (Oguz and Sur; 1989; Staschuk and Hutter, 2001)
Straits. Three-dimensional models solving the full set of primitive equations have also
been developed for the Bosphorus Strait (Sézer and Ozsoy, 2002; Oguz, 2005) and
Dardanelles (Kanarska and Maderich, 2008) Straits. Some observed features, including
the blocking and hydraulic transitions of the flow (Latif et al., 1991), sharp changes of the
free surface at the contraction (Gregg and Ozsoy, 1999, 2002), and the separation of the
zero-velocity line with the pycnocline (Tolmazin, 1985; Gregg and Ozsoy) (1999) have



been demonstrated by some of the above models, which however are far from being

fully representative of the coupled dynamics of the TSS in an integrated way.

2. METHODOLOGY
2.1 TSS and Black Sea Shelf Experiment

In the experimental part of the project a detailed oceanographic survey of the Turkish
Straits System (TSS) and the Black Sea continental shelf / slope has been designed and
executed. The experiment has been designed to sample along the whole TSS region
including the deepest locations along the main thalweg and at various cross-sections in
the Sea of Marmara, in the Bosphorus and Dardanelles Straits, and also along and
across the various canyons and offshore of them on the Black Sea continental shelf /
slope. The objective for the TSS experiment was to capture the post-spring re-stratified
conditions in the system, while the objective for the Black Sea experiment was to
capture the existing conditions on the shelf and slope regions while following the fate of
the Mediterranean effluent as it flows through the shelf and canyons to reach the basin

with an eye on the transport characteristics.

Observation data on physical and chemical variables in the region have been collected
on board the R/V BILIM during 18 June — 06 July 2013. The stations occupied by R/V
BILIM and the bathymetry are shown in Fig.s 20-22.

The equipment used on board the R/V BILIM included the following:

SBE 911 Plus and SBE 16 CTD systems
(standard CTD sensors, DO, fluorometer, transmissometer)

Rosette sampler with 12 bottles

51t Nansen sampler bottles

301t Nansen sampler bottles

Ocean Surveyor ADCP

Turner Designs fluorometer and pumps

Simrad scientific echosounder

Autoanalyzer set

Winkler titration system

Ph-meter

Vacuum pumps and filtering systems

Hydrographic winches

Computers and printers



Temperature, salinity profiling at stations has been carried out with the SBE 911 Plus
CTD system, while continuous velocity profiling has been carried out with the vessel
mounted RD Instruments Ocean Surveyor 150Khz ADCP system. Continuous
chlorophyll sampling was done with the Turner fluorometer sampling temperature and
chlorophyll from a pumped water system. Water samples obtained with a Hydro
Products rosette sampler were then used for laboratory analysis of chemical parameters:
nutrients, DO, H2S, suspended matter. Chemical measurements in the point designated
in this station network by applying international standard methods (Grasshoff et al.,
1983). Furthermore, seawater samples were obtained from intermediate depths and
analysed for particulates whereever fine particulate matter of slow deposition rates was
observed.
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Figure 20. Oceanographic stations occupied by R/ V BILIM during the 18 June - 6 July
2013 Turkish Straits System (TSS) and the Black Sea continental shelf / slope experi-
ment. Bathymetry is shown only for the shelf areas (0-120m depth range).
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Fig 21. R/V BILIM stations in the Black Sea continental shelf / slope region visted during
the 28 June - 6 July 2013.
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The research vessel R/V BILIM finished work in the Dardanelles Strait during 18-19 June
2013 and moved to collect data in the Marmara Sea during 19-23 June, with data
obtained in the Bosphorus Strait on 23 June, having obtained data in a total of 73

stations within the TSS during this part of the cruise.

The cruise in the southwestern Black Sea was started on 28 June, after a break due to
stormy weather. However a further break was enforced by bad weather on 29 June, and
the study was continued after 2 July, ending up on 6 July, when data were collected at a
total of 164 stations covering the Black Sea continental shelf and continental slope
region adjacent to the Bosphorus, including the sill region at the exit of the Bosphorus

and the various canyons on the shelf / slope region.

In addition to the R/V BILIM, through the collaboration and coordination developed be-
fore the cruise, a second ship R/V PELAGIA collected seawater oceanographic data as
well as echosounding and sampling data on bottom features of the various canyons and
bottom features in the exit region of the Bosphorus outflow. The cooperation for the joint
expedition of the two ships R/V BILIM and R/V PELAGIA was developed between Uni-
versity of Leeds and the IMS-METU. Communication that has been continued with Prof.
Jeff Peakall ve Prof. Dan Parsons and a visit to England by Prof. Emin Ozsoy culmin-
ated in a joint cruise plan using both ships during the planned period. In addition, the
University of Leeds scientists have visited the IMS_METU during 30 to 31 January 2014

for the first archiving and joint evaluation of the data.

2.2 Model Development
2.2.1 Data sources used for modeling

Consistent observational data sets covering the TSS have been collected with the R/V
BILIM of the IMS-METU during 1985-2001 and sporadically in many other scientific
cruises since then. Detailed mapping of the Bosphorus currents and hydrography was
undertaken in 1998-1999 for the TURBO administration, when detailed ADCP and CTD
measurements were extended to small bays and bends using a small diving boat,
Atmaca Il. Recent measurements have been acquired from automated coastal

meteorology, sea level and ADCP stations (http://moma.ims.metu.edu.tr) operated under



a coastal network (Ozsoy et al., 2009). Further detailed measurements were obtained
during the recent SESAME European project in an unprecedented collaborative
sampling of the Mediterranean and Black Seas. The data obtained during the present
Project in June — July 2013 has been used to initialize fine resolution models used in the
Project.

The high-resolution (20 m gridded) bathymetric data used for Bosphorus and
Dardanelles hydrodynamics models have been kindly made available by our late
colleague Erkan Gokasan (Gokasan 2005, 2007) with the permission of the Turkish
Navy, Navigation, Hydrography and Oceanography Office.

2.2.2 ROMS Model for the Bosphorus Strait

Model development for the Bosphorus Strait has initially been started outside the
Project, as a PhD thesis by Adil Sézer, who has continued his work towards completion

during the Project.

The modeling of the Bosphorus Strait hydrodynamics is based on the ROMS, a well-
documented and tested community model (Hedstrom, 1997; Haidvogel et al., 2000;
Shchepetkin and McWilliams, 2005) allowing selectable options of higher-order
advection and turbulence closure schemes, with compatible boundary conditions. There
are two different versions of the model used for the Bosphorus: (i) an idealized geometry
version only used for the analysis of model sensitivity, (ii) a realistic geometry version
with full topography to study the response of the Bosphorus Strait. Extensive work
accomplished on the sensitivity tests and dynamical behavior of the model is described
in the PhD thesis (Sozer, 2013).

The idealized geometry of the Bosphorus Strait (Fig. 23) is a straight channel ~34 km in
length, 70m in depth and 1300 m in width, with a contraction of 700 m width located at
one-third of its length and a sill of 500 m length and 57 m depth at the crest located near
the lower density end of the strait. The model domain is a 55x512x35 rectilinear grid of
Ax = Ay = 100 m with variable vertical spacing of Az = 1.42 - 2.0 m in generalized s-

coordinates. The model is integrated with a baroclinic time-step of Ati= 3.5 s, while the

external or barotropic time-step At. is usually set to a value 20 times smaller. For



reduced computational cost and simplicity, only salinity effects on density are considered
in the idealized geometry case, and the model is initialized with a lock-exchange
configuration of uniform salinity values 38 and 19 respectively in the southern and
northern halves of the strait. Constant horizontal and vertical diffusivity values of Kh = 15
m/s? and Ky = 10* m/s? are respectively used for momentum and tracers. The no-slip
boundary conditions at the sidewalls and quadratic bottom friction (RDRG2 = 0.005) are
employed. The recursive MPDATA advection scheme is used to minimize over/under
shooting often resulting in the presence of sharp gradients. Radiation boundary
conditions are specified for 3d variables at the open boundaries, while the north-south
barotropic velocity and the gradient boundary conditions for the other 2d variables are

specified at the two ends of the strait.

Figure 23. ROMS model configuration: (a) Layout of the domain for the idealized
Bosphorus model, (b) topography of the realistic Bosphorus model domain and the

layout of the model grid-points in the contraction zone.



For the model configured with the realistic geometry of the Bosphorus (Fig. 23b), high

resolution bathymetric data of Gokasan (2005) have been first resampled and
interpolated to a variable resolution rectilinear grid of 163x716 nodes with Ax = 50 - 200

m, Ay = 50 - 325 m and 35 s-levels with vertical spacing of 0.7 - 2.85 m, then subjected
to scale-selective smoothing, setting also the minimum depth to 25 m. The model
domain includes rectangular boxes at the two ends of the strait representing the
topographic features in the neighboring seas, joined through gentle slopes at the
junctions. The Generic Length-Scale (GLS) turbulence scheme with the k-epsilon
formulation was used, yielding realistic features with interfacial layer thickness
comparable with observations. Radiation conditions were used for the 2d and 3d flow
variables at the north and south open boundaries, while the 2d velocity prescribed at the
southern boundary imposed the net volume flux through the strait. The MPDATA
advection scheme to handle sharp gradients of tracers, the third-order upstream
horizontal advection of 3D momentum and the fourth-order centered vertical advection of
momentum were found to be the essential ROMS options to be used to advantage. The
volume-conservation switch VOLCONS is activated at the open boundaries. The use of
the non-linear equation of state was also essential because of the wide range of
properties of the water masses being mixed. Lateral diffusivity and viscosity are
parameterized by the Smagorinsky formulation on constant geopotential surfaces. No-
slip boundary conditions are assumed at the side-walls and a quadratic bottom friction
coefficient (RDRG2=0.005) is implemented at the bottom, while all surface fluxes are set

to zero.

The model domain chosen extends over the entire TSS, including also part of the
northeast Aegean Sea at south, and the Black Sea at north of the domain. A non-uniform
curvilinear orthogonal grid, tilted and stretched at the Bosphorus and Dardanelles Straits
to better follow the main axis of the real straits, covers the domain at variable resolution:
from less than 50 m in the two Straits up to about 1 Km in the Marmara Sea. To
adequately resolve the complex hydraulic dynamics of the TSS, the model grid is made
by 100 inhomogeneous distributed vertical z-levels. The thickness exponentially ranges
from 1.2 m at the surface to 80 m at the bottom with most of the levels concentrated in

the first 100 m. The very high horizontal resolution adopted in MITgcm, together with the



