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PREFACE

This book aims to compile the studies on the Sea of Marmara in terms of
biodiversity, fisheries, pollution, conservation and governance. Needless to say, it shows
how importance the Marmara Sea is, not only for Turkish people but also for our
neighbors. Besides, simply, the Sea of Marmara is a bedroom for Turks which needs
protection.

The Sea of Marmara, together with the Istanbul Strait (Bosphorus) and
Canakkale Strait (Dardanelles), is called the Turkish Straits System and it forms a
transtion region between the Black Sea and the Aegean Sea. One of the distinguishing
features of the Sea of Marmara is that permanent oxygen deficiency exists below the
halocline. Such peculiarities of the Sea of Marmara are very important in many ways such
as biogeography of the species, fish migration, pollution load and governance etc.

Biodiversity, fisheries, conservation and governance of the Sea of Marmara,
which is a part of the sea series of Turkish Marine Reseaerch Foundation (TUDAYV),
reflects some current topics covered in 70 articles of 5 chapters by 95 authors from 29
various institutions and universities. I’'m so happy to see sincere contribution and
cooperation of all scientists for this volume.

The publication of this book was decided by the editors at the begining of 2016
and the book has been completed in one year. I hereby thank all of the authors and editors
for their full support and valuable contribution to this book as well as Ms. Tugge Giil for
her techincal assistance.

Finally, we beleive that this work is unique in many ways due to its content based
on wide range of information and original outputs of many surveys in the Sea of Marmara.
We are pleased to present this publication to our scientific community, fishermen,
decision makers and all stakeholders who are interested in saving the Sea of Marmara for
future generations in a more sustainable way.

Prof. Bayram OZTURK
The Turkish Marine Research Foundation

December 2016
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INTRODUCTION TO GEOGRAPHICAL, HISTORICAL AND SCIENTIFIC
IMPORTANCE OF THE TURKISH STRAITS SYSTEM

Emin OZSOY

Istanbul Technical University, Eurasia Institute of Earth Sciences, Istanbul, Turkey
Middle East Technical University, Institute of Marine Sciences, Mersin, Turkey
ozsoyem(@itu.edu.tr

1. Geography

We refer to the region extending from the Aegean Sea to the Black Sea as the
“Turkish Straits System” (TSS). The TSS is unique in its geographical features,
connecting two large marine basins and medium sized inter-continental water body of the
Marmara Sea by means of the Dardanelles and Bosphorus Straits, which are among the
few narrowest and longest straits in the European-Mediterranean region (Figure 1).

Figure 1. Narrow straits in Europe. Of the 12 narrowest sea straits in Europe, the
Turkish Straits System (#12) is one of the most unique physical / ecological
characteristics, and a historical role with great socio-economic implications.



The TSS (Figure 2) covers the Sea of Marmara (surface area 11,500 km2), the
Dardanelles Strait (length 75 km, min. width 1.3 km) and the Bosphorus Strait (length 35
km, min. width 0.7 km). The Marmara Sea is a deep basin adjoining continental shelves.
The deeper part has three elongated depressions (max. depth 1350 m) separated by sills
(depth ~600 m).

Figure 2. Geography of the Turkish Straits System

Figure 3. An old geographical map of the TSS issued by the Turkish Republic
after ending the Ottoman rule and before the acceptance of the modern Turkish
scripture. (1927, TBMM Kiitiiphanesi A¢ik Erigsim Koleksiyonu http://acikerisim.
tbmm.gov.tr:8080/xmlui/handle/11543/2012).
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The TSS, a natural wonder and a lively marine habitat of the old world, has seen
many ages of human influence and civilizations since the beginning of history serving as
a main passageway between the continents of Europe and Asia / Africa, and between
Mediterranean and Black Seas and their hinterlands. It has seen development of great
cultures as well as conflicts, and continued to serve as a sea of intense natural, cultural
and economic activity since the last century (Figures 3 and 4), though what is now
threatening the TSS are the risks of unprecedented environmental degradation, navigation
accidents, pollution and earthquakes unless we can protect it from further damage.

Figure 4. An old geographical map of the Bosphorus issued by the Turkish
Republic after ending the Ottoman rule and before the acceptance of the modern
Turkish scripture. (TBMM Kiitliphanesi A¢ik Erisim Koleksiyonu
http://acikerisim. tbmm.gov.tr:8080/xmlui/handle/11543/1200).

The most critical element of the TSS controlling the exchanges between the Black
Sea and the Mediterranean is the Bosphorus, because of the narrow geometry of the Strait
and its topographical features establishing the first order physical constraints. The
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Bosphorus of course is also the most beautiful and naturally exquisite part of the whole
domain attracting the admiration of humanity, subject of the historical attraction of
Venice which modeled itself after Istanbul, a part of the natural and cultural heritage and
one that is also most fragile, increasingly in need of urgent environmental protection that
arise from uncontrolled population growth, industrial and socio-economic pressures. The
TSS also has been the center of historical conflicts in the past, presently secured and
protected from international political pressures by the Montreaux Convention of 1936
that established navigation rules and rights of passage in a peaceful and just way.

The Dardanelles and Bosphorus Straits are shallow waterways having complex
topography. The Dardanelles (Figure 5a) extends from the Aegean Sea to the Marmara
Sea, with two strong right angle turns at the narrows of the Nara Pass (26° 22.5' E). A
deep channel of 75 m depth runs through the Strait and later turns east (26° 45' E) along
the southern part of the widening strait where it joins the western depression of Marmara
Sea.

(a) (b)

Figure 5. 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 Bosphorus (Figure 5b) starts from the Marmara Sea with a deep channel rising
north and past the junction with the Golden Horn estuary (41° 01.5' N) where it meets
with the complex southern sill of 30 m depth flanked by deeper channels of 40 m on its
two sides (41° 02' N). The deep channel then meets the contraction (41° 04.5' N) at the
deepest (110 m) and narrowest section of the Strait, coinciding with right angle turns of
the channel. From here towards north, the channel first has a straight section, then swings
first to the northeast, then to the northwest and once more to the northeast, past a few
shallow banks and headlands before the exit to the Black Sea, where the thalweg depth is



75m. A shallow cut canyon then extends northeast from the Strait, and later swings to the
northwest across the Black Sea shelf. Shortly after exit into the Black Sea, a shallow area
elevated to 60 m depth inside the canyon (41° 16' N) constitutes the northern sill of the
Bosphorus.

The TSS has its own local dynamics, becomes influenced by the adjacent seas, and
also regulates what happens in the adjacent seas, by controlling the currents passing
through it in both directions.

2. Recognition of the TSS in the ‘Old World’

The key geographical role of the TSS at the confluence of the European, Asian,
African continent, has attracted the first civilizations, especially the seafaring ones living
on the coasts of the 'Old World’. Trade along the ancient ‘Silk Road’ and across the sea
linked civilizations of three continents and two seas converging upon the essential
meeting point of the Turkish Straits. The historical venue of Istanbul (Constantinopolis)
served civilizations and east-west transfers of knowledge and cultures throughout history,
and especially during the Eastern Roman (Byzantian) and Ottoman Empires, which in
total lasted for about two millennia, till the beginning of the 20th century. The cultural
tradition, knowledge, resources and material wealth of the east was on high demand of
the west throughout the middle ages, motivating the Crusades in the 11th to 13th centuries
and notably Marco Polo in the 13th century. The conquest of Istanbul in mid 15th century
had a major impact on the west, starting the search for alternative sea routes that would
re-connect with the Silk Road. Instead, Christopher Columbus landed on America, taking
advantage of a good knowledge on winds and currents in his travels within the
Mediterranean. The search for the control of trade routes motivated the development of
naval powers and eventually the scientific discoveries that followed up.

From the 15th century onwards, isolario (island books) became common, reciting
geographical maps, pictures, stories about Mediterranean locations based on travelers’
accounts (Harley and Woodward, 1987). To a great extent based on the much earlier
stories of Anaplous Bosporou of Dionysios of Byzantion (5th century AD), the isolario
of Gilles (1561) gives an account of the Bosphorus.

One of the fine details about Bosphorus currents noted by Polybios (203-120 BC)
and Pliny the elder (23-79 AD) and also re-discovered by Gilles (1561) was the
interception the surface currents by the protrusion of Seraglio Point (Byzantium) which
then diverted the currents towards the Golden Horn (Keras), forming a local recirculation
cell southward of Besiktas filling the Golden Horn, which is well-known today. The
entrapment of bonito schools coming from the Black Sea and very easily fished in this
small estuary for millennia gave support to the strong local seafood economy and exports
of dried salted fish and fish sauce, historically known to be a major source of income for



Istanbul since ancient times (Bekker-Nielsen 2005; Bursa 2010; Tekin 2010; Thompson
2010).

The recirculating currents could lead the fish into the Golden Horn in the past
when there was no obstruction at its mouth. The construction of Galata Bridge in 1875,
resting on pontoons preventing free circulation of the surface waters and heavy pollution
in the 20th century had barred fish from entering the Golden Horn until the recent
environmental recovery programs starting in the late 1980’s that brought additional
flushing of the estuary by pumping water into it and also the final replacement of the old
bridge in 1994. In addition to the recirculating currents south of Besiktas, Gilles (1561)
has noticed other areas of recirculating currents in the many bends and turns of the
Bosphorus, referring to them with their historical names. These recirculating currents are
well known today, and demonstrated by our measurement programs, near Cengelkoy,
Bebek Akintiburnu, Yenikoéy, Cubuklu, Beykoz, Umuryeri and Biiyiikdere. Ships
challenging the mainstream currents are often caught up in these zones of rapid change
in currents at the various bends and narrows, resulting in the many ship accidents that
occur in the strait. In addition to the recirculations and eddies, the transient reversal in
direction of the surface currents known as “Orkoz” during southwesterly winds ("lodos”)
of approaching storms increases pollution and creates havoc in the Bosphorus.

The seasonal spawning migrations of some fish between the Black and the
Mediterranean Seas are adapted to the fast currents and stratified waters of the Bosphorus.
Until the later part of the last century, the fish were so plentiful that ancient methods of
fishing were efficiently used on the shores of the Bosphorus. For instance, simple nets
lowered from the elevated wooden ‘dalyan’ structures, often inhabited by entire fishing
families, described in Anaplous Bosporou of Dionysios, and ‘1grip’ nets encircling fish
schools and hauled by people at the coast were quite sufficient to catch plenty of fish at
any time (Ertan 2010).

Gilles (1561) also noted the reversal of currents with depth in the Bosphorus. The
drift towards the Black Sea of fishing nets submerged in the deeper waters of the
Bosphorus was already well-known by fishermen and recorded much earlier by Procopius
in the 6th century (Gill 1982; Deacon 1982; Korfmann and Neumann 1993), until the 17th
century when significant advances were made by Marsili (1681) in understanding of the
essential physics.

3. First in ocean science: Ferdinando Luigi Marsili (1658-1730)

During 1679-1680 Luigi Ferdinando Marsili (1658-1730), made the first
quantitative measurements of sea-water density en route to Istanbul from Venice,
followed up by other measurements in the Bosphorus during his residence in Istanbul.
These measurements, interpreted with the help of a laboratory ‘fluid dynamics’



experiment he performed later in Rome, proved the existence of a counter-current
transporting Mediterranean water below the surface current of Black Sea water (Marsili,
1681). Marsili’s inquiry identified the hydrostatic pressure difference, proportional to
water densities of the adjacent seas, as the main agent driving the strait exchange flows.
The experimental verification of a theory by Marsili, following the “scientific method”
of Galileo, in fact was the start of ocean science in the waters of the Bosphorus (Defant
1961; Soffientino and Pilson 2005; Pinardi 2009; Pinardi et al. 2016).

4. Early developments in the last century

Further exploration in the region in the late 19th and early 20th centuries (Makarov
1885; Shpindler 1896; Nielsen 1912; Moller 1928) led to further understanding of the
regional seas and the role of Turkish Straits System within the marine environment. The
exchange flow of counter-currents in the upper and lower layers of the Bosphorus Strait
explained for the first time by Marsili have since been verified by instrumental
measurements, first carried out in 1918 and 1921 and reported by Merz, and Méller
(1928), Méller (1928) and interpreted by Defant (1961) in his pivotal book on physical
oceanography.

Local development of marine science that would create first interests on marine
science in Turkey had to wait until the 1930’s till after the founding of the Turkish
Republic in 1923 by the Anatolian Revolution that ended the Ottoman rule. During the
earlier period of 1940-1970 however, there were not enough qualified scientists. Ulyott
and Ilgaz (1944) and Pektas (1953, 1956) carried out few measurements in the Bosphorus,
with the limited means available to them at the time, facing the task to rediscover and
demonstrate what was already known about the exchange flows. However, these
measurements were quite insufficient to create a healthy physical understanding of the
Bosphorus flows.

Because of the lack of evidence that needed to rest on observations, it was vainly
discussed whether there was an underflow in the Bosphorus, and if it existed, whether or
not it reached the Black Sea. In fact, it is surprising that even the earlier measurements of
Merz, and Mdller (1928), Moller (1928) did not seem to improve this understanding and
the controversy about the existence of an undercurrent continued till the later part of the
20th century. The basic facts about the exchange flows of the Bosphorus exchange flows
established by Alfred Merz and three centuries earlier by Marsili (1681) were still
questioned at this time because new observations could not be made with the required
accuracy and detailed coverage.



5. The present state of TSS research

By the 1980’s technically gifted people such as engineers made new studies
approaching the problems of the TSS. However, as experts in hydrodynamics, Cecen et
al. (1981) and Bayazit and Siimer (1982) made new studies including mathematical
formulations that acknowledged but failed to detect the outflow of the Mediterranean
water into the Black Sea, because there was insufficient knowledge of the narrow canyon
and northern sill topography leading into the Black Sea and insufficient sampling to locate
its position. It was therefore argued whether the lower layer flow was continuous or
perhaps intercepted during some time.

Modern oceanographic research unfortunately had yet to wait until the 1980s,
when an active scientific research agenda and research programs including extensive
measurement campaigns in the Turkish seas were created for the first time, both at
national level and through international scientific collaboration. The first studies were
performed by the only group of physical oceanographers at the Institute of Marine
Sciences of the Middle East Technical University, established at the end of the 1970’s.
International scientific research programs such as the Physical Oceanography of the
Eastern Mediterranean (POEM) program, followed later by a similar series of programs
such as CoMSBlack and NATO programs in the Black Sea immensely elevated the level
of scientific understanding of the regional seas.

During this new period, the first studies by Gunnerson and Ozturgut (1974),
Tolmazin (1985), Latif et al. (1991) and Yiice et al. (1996) have revealed further facts
both about the functioning of the Bosphorus and about the exit conditions, to permanently
settle the question of the outflow of the “Mediterranean Effluent” to the Black Sea.

The knowledge base on the Turkish Straits System existing at the time was
extensively reviewed by Unliiata et al. (1990) who also presented results of the first
studies, including an assessment of fluxes through the TSS. Continued surveys with
plenty of observations by oceanographers in the last decades including better and more
accurate measurements and synergetic interpretation of results once again revealed fine
details of the flow and the underlying physics (e.g. Unliiata et al. 1990; Gregg et al. 1999;
Ozsoy et al. 2001; Gregg and Ozsoy 2002; Tutsak 2012).

Short reviews on the TSS and its role in coupling two larger Seas have been
provided by Besiktepe et al. (1993, 1994, 2000) and Schroeder et al. (2012), while other
details such as its influence on the Black Sea and the Mediterranean Sea can be found in
reviews by Ozsoy and Unliiata (1997, 1998) and Jorda et al. (2016). Particular
information based on experimental studies of the Bosphorus Strait and its exit regions can
be found in the works by Unliiata et al. (1990), Latif et al. (1991), Ozsoy et al. (1995,
1996, 1998, 2001), Gregg et al. (1999), Gregg and Ozsoy (1999, 2002), and the more



recent works by Jarosz et al. (2011a,b, 2012, 2013), Book et al. (2014) and Dorrell et al.
(2016). Measurements in the Bosphorus and Dardanelles Straits and their exit regions
have revealed rapid currents and hydraulic controls with high shear and turbulence zones
involving many different time-scales of motion in the TSS, ranging from inertial, semi-
diurnal, diurnal to several day periods influenced by the adjacent basins.

The northern sill outside the Bosphorus standing at 60m depth in the canyon
cutting across the Black Sea shelf, as well as the contraction in the southern Bosphorus
are understood to be the main geometrical constrictions in the path of the flow where
hydraulic controls are expected (Latif et al. 1990, Dorrell et al. 2016) and verified by
model results (Sozer 2013; Sézer and Ozsoy 2016) to be responsible in establishing a
maximal exchange regime as predicted by Farmer and Armi (1986). A single contraction
at the Nara Pass subjects the flow in the Dardanelles Strait to sub-maximal hydraulic
control (Latif et al. 1990; Unliiata et al. 1990).

6. The road forward

As indicated by the above review on the state of matters regarding the TSS, it is
very evident to scientists that great new efforts are needed to fully understand the very
complex nature of the TSS, both from the physical, ecological and socio-economics
points of view. Despite recent scientific developments we are still at the beginning, and
our pace may still be too slow in countering or preventing the environmental damage to
this precious system that is a heritage of all humanity.

Today, the old world centered on the Mediterranean and Black Seas region is the
common heritage of all peoples living around the Seas of the Old World. The shared
civilization and culture of the Mediterranean (e.g. Braudel 1996) are integral parts of
today’s world, as it has been for the ancient world. Therefore, it is necessary to assimilate
all that is brought to us from previous civilizations, preserve the environment and to
extend knowledge across the region whether it originates from the east or the west in
order to peacefully share and protect this unique habitat, while advancing the science that
would hopefully ensure the survival of the heritage. Oceanography, a modern science
often claimed to have developed after the world wars, but now understood to have had
precursors of development since the middle ages, not always given recognition in those
times, but since then have promised to be a pillar of civilization in the modern world.

As we have touched upon some features of the high energy environment of the
Turkish Straits, a unique passage that connects and regulates contrasting ecosystems both
on land and at sea, it is essential that we poise to think to do what science would dictate
on the projected ‘Canal Istanbul’ craze that potentially endangers these precious
ecosystems, in direct contrast with international agreements such as the Montreaux,
Barcelona and Bucharest Conventions. Such drastic intervention would threaten the



environment that supports liveliness of the millions of people living on the already over-
populated coasts and emerging mega-cities in the region. Danger of imminent collapse of
the ecosystems, which already has greatly deteriorated in the last century and already
defying a healthy understanding of their survival in the present age of anthropogenic
climate change, can only be stopped by conscientious efforts based on scientific research
results.
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1. Introduction

We base this review of the hydrography of the Turkish Straits System (TSS) on
the CTD and ADCP data obtained on various cruises performed from 1985 till the present,
combining the data from the research vessels R/V BILIM of the Institute of Marine
Sciences (IMS-METU) and R/V ARAR and lately R’V ALEMDAR 2 of the Institute of
Marine Sciences and Management (IMSM-IU).

2. Data sources

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. The set of TSS measurements carried out before 1990 were
obtained from a national Marine Monitoring Program. The later extensive measurement
campaign carried out for Municipality of Istanbul Water and Sewerage Administration
(ISK1) during the early 1990’s aimed to determine the environmental fate of the marine
waste discharges of the city of Istanbul.

Detailed mapping of the Bosphorus currents and hydrography was later
undertaken by the IMS-METU for the TURBO administration in the years 1998-1999,
when detailed ADCP and CTD measurements were extended to small bays and bends
using a small diving boat Atmaca II as well as the R/V BILIM. Although measurement
campaigns were less frequent during the 2000’s, further measurements have been
acquired from ships and automated coastal meteorology, sea level and ADCP stations
operated under the coastal network established in the MOMA project (Ozsoy et al. 2009).
Additional measurements were obtained during the 2007-2008 campaigns of the
SESAME European project in an unprecedented multi-national collaborative sampling
program covering the Mediterranean and Black Seas in addition to the TSS.

Based on measurements by the R/V ARAR, the IMSM-IU has carried out a

monthly water quality monitoring program for ISKI between 1996-2010, aiming guide
the ISKI Wastewater Master Plan studying the marine environmental effects of the
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wastewater treatment and marine outfall facilities discharging into the TSS. In the
monitoring program, monthly CTD profiles and ADCP transects were obtained at the
north and south exits of the Bosphorus and at a total of 28 stations (Figure 1a). Additional
measurements were obtained at Golden Horn stations (Figure 1b).
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Figure 1. Station locations of the monitoring program (a) Bosphorus and exit
regions (CTD stations are shown by dots and ADCP transects are marked by the
double-sided arrows, while locations of sewage discharges are indicated by
arrows), (b) Golden Horn topography and CTD stations.

3. Hydrographic Variability of the TSS
3.1. Variation across the TSS

Selected transects showing variations of temperature and salinity across the TSS
in Figures 2 and 3 are used to exemplify the evolution of water properties along the main
axis of the system in different seasons. The largest slopes of the interface separating the
upper and lower layers, carrying waters typical of the Black Sea and Mediterranean Sea,
occur in the two straits. On the other hand, the variation of the interface is much less
inside the Marmara Sea and most often it is observed to have relatively constant depth of
about 25m in the Sea of Marmara. Figure 2 illustrates extreme cases of winter cooling
with uniform cold upper layer. The relatively calmer case of temperature and salinity
sections across the TSS in Figures 2a,c,e represents conditions after strong cooling in
March 1990, though indicating a relative steady state situation. The waters in the Black
Sea end of the TSS are exceptionally uniform till the bottom, with temperature of about
6°C and salinity of about 17. While the two-layer exchange through the Bosphorus with
small amount of mixing and a sloping interface, the subsequent mixing and circulation in
the Marmara Sea are responsible for the horizontal variation of properties until values
about 10°C in temperature and 25 in salinity are reached until the Dardanelles Strait. Once
again the interface slopes up in the Dardanelles Strait with a transition to shallow depth
at the Nara Pass, with the upper layer water exiting to the Aegean Sea with warmer and
saltier conditions due to eventual mixing. The lower layer Mediterranean water entering
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from the Dardanelles with temperature of about 13°C and salinity of about 39 evolves
more gradually along the entire basin. It is also observed in this winter case that the cold
and saline waters entering from the Aegean Sea sink towards the lower depths in the
Marmara Sea after passing through the Dardanelles Strait, against an interior background
of 14.5°C temperature and 38.5 salinity in the intermediate depths.

An extreme case in February 1993 is illustrated in Figure 2b,d,f, where very cold
waters of 5°C temperature and 17 salinity entering from the Black Sea have pushed into
the Bosphorus, blocking the lower layer and pushing it till the southern entrance of the
Strait. The upper layer water from the Black Sea floods the Marmara Sea and preserves
its temperature of 5°C until the Nara Pass of the Dardanelles Strait, while the salinity rises
until reaching a value of 30 at the same location by entrainment of lower layer waters.
The undisturbed temperature of the upper layer surviving through the Bosphorus and the
Marmara Sea despite a lot of mixing and entrainment from the lower layer waters
demonstrates the extreme atmospheric cooling during the winter conditions of this case.
The reserve of this cold water partially survives through the spring and summer months
when a residual cold layer remains below the surface waters influenced by warming.

What is even more outstanding in this case is the wild variations in interface depth
in the Marmara Sea, indicating transient dynamical situation of internal sloshing as well
as what must have been a very strong transient circulation in the Marmara Sea. In the
lower layer, a similar situation to the former case is observed, with the cold waters of
about 12°C temperature and 39 salinity entering from the Aegean Sea and passing through
the Dardanelles sink to greater depths in the Marmara Sea observed in contrast to the
interior waters. The outflow of the lower layer waters into the Bosphorus and therefore
to the Black Sea is totally blocked at this instance.
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Figure 2. Stations occupied along the main transect of the TSS in (a) March 1990,
(b) February 1993, (c,e) temperature and salinity sections in March 1990, (d,f)
temperature and salinity sections in February 1993. The transect follows the main
axis of the TSS extending from the Aegean Sea to the Black Sea along the
Dardanelles Strait at 0-130 km, Marmara Sea at 130-330 km and the Bosphorus
Strait at 330-370 km ranges.

The summer and autumn situations are shown in Figure 3. In the first case of

August 1987 in Figures 3a,c,e, the Cold Intermediate Water (CIW) of the Black Sea
defined with core temperatures of less than 8°C, and in this case with a core as cold as
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5°C in temperature invades the Bosphorus and later continues as a submerged tongue
transiting across the Marmara Sea, surviving until the Nara Pass (Figure 3c). As
demonstrated in the former winter sections of Figure 2, it is believed that local cooling in
the Marmara Sea contributes to the cold-water above and at about the pycnocline depth,
largely maintained later in the deeper part of the upper layer by remnants of local winter
cooling while the near surface waters are re-stratified by surface warming. The upper
layer salinity in Figure 3d 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 Dardanelles
due to hydraulic adjustments. In this case, Aegean lower layer water of 17°C temperature
entering from the Dardanelles Strait is warmer than the 15°C water at the same level in
the Marmara Sea interior, but because of its higher salinity it is still denser, so that the
inflow sinks down as a gravity current. The winter events of dense water sinking have
also been shown by earlier observations (Besiktepe et al. 1993, 1994) and modeling
(Hisrevoglu 1999).

In the autumn case of November 1997 in Figures 3b,d.f, there is hardly any
temperature differences between the upper and lower layers of the TSS exchange flows,
and the trace of the CIL in the Black Sea below a mixed layer extending to 50 m depth
does not seem to be able to penetrate into the Bosphorus or the TSS. Any remnants of the
cold-water tongue in summer seem to have been totally mixed. However, the salinity
difference between the upper and lower layers are still sufficiently large to determine a
two-layer exchange. During these calm conditions of summer and autumn the upper layer
salinity in the Marmara Sea is at the level of about 22-24. It is also now observed that the
warm and saline waters entering from the Dardanelles are not sufficiently dense to sink
to greater depth; instead the entering waters disperse as a subsurface tongue of low density
to spread between the upper and lower layers of the interior stratification as shown in
Figures 3d.f.
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Figure 3. Stations occupied along the main transect of the TSS in (a) August 1987,
(b) November 1996, (c,e) temperature and salinity sections in August 1987, (d,f)
temperature and salinity sections in November 1996. The transect follows the main
axis of the TSS extending from the Aegean Sea to the Black Sea along the
Dardanelles Strait at 0-130 km, Marmara Sea at 130-330 km and the Bosphorus
Strait at 330-370 km ranges.
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3.2. 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; Pinardi et al.
2016), 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; 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; Mdller 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 Yiice 1998). Coupled Helmholtz mode
oscillations of the Black Sea and the TSS (e.g. Ducet et al. 1999) with 14.7 d and 1.9 d
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 et al. 1999;
Cetin 1999; IMS-METU 1999; Ozsoy et al. 1998, 2009, 1999; Gregg and Ozsoy 2002;
Yiiksel et al. 2008; Giiler 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 (Yiice 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. 1991) 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. 1991; Unliiata 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).

The northern and southern sills control the lower and upper layer flows causing
maximal exchange and are occasionally impacted by extreme hydrological events (Oguz
et al. 1990). On the other hand, Gregg et al. (1999) claim that the hydraulic control is
quasi-steady. Additionally, Gregg and Ozsoy (2002) have revealed that the exchange is
also partially controlled by friction. In the Bosphorus, it is well known that the strong
northerly winds occasionally cause the lower layer blockage during the high sea levels in
the Black Sea, whereas the strong southerly winds cause the upper layer blockage (so-
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called Orkoz) during the low sea levels in the region (Alpar and Yiice, 1998; Alpar et al.
1999; Latif et al. 1991; Ozsoy et al. 1986).

The surface currents often exceed 1 m/s past the contraction in the southern
Bosphorus (Figure 4a) 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 (Figure 4b).
The flows along along the straits create meandering streams and recirculation zones, for
instance at the S-shaped area of bends in the northern part (Biiyiikdere and Beykoz bays)
and north of the Golden Horn Estuary (Besiktas) in the southern part (Figures 4a,b),
evident in current-meter and ship-mounted ADCP measurements (IMS-METU 1999;
Ozsoy et al. 2002), but also in model simulations. The last one of these recirculation cells
at Besiktas, described by Marsili (1681) and Mboller (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).

Short-term blocking of the flows in either layer is a well-known phenomenon in
the Bosphorus (Unliiata et al. 1990; Latif et al. 1991; Ozsoy et al. 1995, 1996, 1998,
2001; C)zsoy and Unliiata 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 upper
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 Figure 5 (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 (Figure 5, 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; Unliiata et al. 1990; Latif et al. 1991), often causing a
three-layer situation with the Marmara waters backed up into the strait.
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(a) (b)
Figure 4. Surface currents based on (a) ADCP measurements on March 12, 1999
(interpolated to grid) and (b) ADCP current magnitude on March 22, 1999 in the
Dardanelles (IMS-METU 1999).
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Figure 5. ADCP current and CTD measurements along the Bosphorus on March
15 (left) and March 18 (right), 1999, top: details of the channel crossing routes
followed by the ship (blue), the thalweg (green) and stations where ADCP vector
current data are projected and rotated along the thalweg (red), middle: ADCP

current velocity aligned along the thalweg (cm/s), bottom: salinity at CTD stations
projected along the thalweg.
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Time series of the bottom-mounted ADCP currents at Baltalimani, sea level, wind
velocity and barometric pressure at stations in adjacent seas are presented in Figure 6 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 Figure 6a,
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. (2011a,b, 2012, 2013). Interestingly, during the event, 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 (Figure
6b), 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.

(a) (b)
Figure 6. 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.
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Somewhat similar behavior is expected at the Dardanelles Strait. Under typical
conditions represented by 21 May 1987 (Figure 7, 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 (Figure 7, 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 7. 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.

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).
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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 (Hiisrevoglu 1999).

3.3. The Golden Horn (Halic)

The Golden Horn, is the estuary of Kagithane and Alibeykdy Rivers, is influenced
from the hydrodynamic conditions of the Bosphorus. It is 7 km long, and 750 meters wide
at its widest section and has a maximum depth is about 40 meters (Ergin et al. 1990). Its
maximum depth and widest part is placed in downstream, where it flows into the
Bosphorus. The bottom depth is about 5 meters in 1 km inside from the downstream
(Figure 1b).

The total volume fluxes of the Alibeykdy and Kagithane Rivers have been
decreased from its former value of 3x10°m?/d (Kor, 1963) to about 3x10°m?/y (Oztiirk et
al. 1998) in recent years. Today, the amount of the fresh water coming from these rivers
is high when the rainfall is heavy. Since 2012 October the salty water taken from the
Bosphorus upper layer (almost 4 meters depth) have been carrying via Alibeykoy River
to the Golden Horn. The volume flux of this water is not regular. According to flow values
obtained from Istanbul Water and Sewerage Administration (ISKi) of Istanbul
Metropolitan Municipality the average flux is 1.8x10°m’/d for July and August 2013.

Studies related to oceanographic features of the Golden Horn were revealed to be
closely related to characteristics of the Bosphorus. Temperature and salinity across the
estuary given in Figure 8 shows two-layer hydrographic structure in the deeper part of the
estuary. The top layer temperature showed large changes in salinity (18-21 psu) within
the year, depending on atmospheric conditions, the waters of the Bosphorus originating
from the Black Sea, and the influence of rivers and rainfall. The lower layer of
Mediterranean origin has high salinity (~37 psu) and warm temperatures (~15°C) in
which very little change is evidenced during the year and the temperature (Ergin et al.
1990). The transition layer separating the two layers can be of different thickness and
depth due to the impact of mixing by the wind.
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(b)-
Figure 8. Temperature, salinity and current variations in the Golden Horn, August,
2005 (Miiftiioglu 2008).

The vertical structure of the Golden Horn can be characterized as a three-layer
system under the influence of the discharge system of its small rivers, the Bosporus and
atmospheric conditions. These layers consist of the upper layer of Black Sea origin, the
lower layer of Mediterranean origin and the transition layer between them. Waters from
the Alibeykody and Kagithane streams can reach the throat of the freshwater estuary at the
surface. Although these waters of river origin can be detected at the top layer of water on
the surface of the 2-3 m layer the Bosphorus origin water just below does not carry the
same characteristics; the surface water being distinguished by low levels of dissolved
oxygen and high concentrations of suspended matter (Sur et al. 2001). Surface salinity is
lower by about 2 psu from the upper layer salinity. As a result of limited light penetration
below the surface waters with high suspended matter concentration, the surface water is
typically warmer than the water just below (Ozsoy et al. 1988).

4. Trends and Variability
4.1 Temporal Variability in the TSS and neighboring Seas during 1985-2015

We next examine temporal hydrographic variability in the TSS and its neighboring
domains by examining collective oceanographic data merged together from IMS-METU
and IMSM-IU sources. The 30-year data set covers the period 1985-2015, from which we
produce the analyses in Figures 9-11. The CTD station positions in the TSS region are
shown in Figure 9a.
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Figure 9. (a) Locations of oceanographic stations in the TSS and its neighboring
domains, with the selected area of analysis in the eastern Marmara Sea marked by
the rectangular box encircled by the red line, (c) the corresponding T-S diagram
with depth of data points indicated on a color scale, (b) temperature and (d) salinity
time series of depth profiles.

We sample the data within the eastern Marmara Sea box bounded by a red line in
Figure 9a for analysis. The temperature and salinity versus depth time series are shown
in Figures 9b,c, where the data in the first 15 years until 2000 appears more abundant than
the later years. In the temperature time series, seasonal changes are well captured in the
first 15 years. It is evident that the cold intermediate waters of the Marmara Sea that were
shown to be present from late winter until summer are cyclically observed in the first part
of the record, but seem to be reduced in strength after the 2000’s, despite the reduced
number of profiles in this period. It is also seen in the first 15-year period that the average
depth of the core of this cold water in the upper layer has been slightly increased from
about 20 m to about 25 m, possibly indicating slight changes in stratification in the longer
term. The same trend appears in the salinity time series showing a shift in the mean depth
of the halocline within the same range in the first period of 15 years, later leveled off at
25 m depth, with superposed seasonal oscillations.
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Figure 10. (a) Locations of oceanographic stations in the TSS and its neighboring
domains, with the selected area of analysis in the adjoining Black Sea region
marked by the rectangular box encircled by the red line, (c) the corresponding T-
S diagram with depth of data points indicated on a color scale, (b) temperature and
(d) salinity time series of depth profiles.

The conditions in the adjacent seas in the same period are reviewed in Figures 10
and 11. In the Black Sea for stations within the box chosen for analysis in Figure 10a, the
situation is similar to that observed in the Marmara Sea; once again the number of samples
until the 2000’s are greater than the observations available later. However, it is quite
significant that the Cold Intermediate Layer (CIL), defined to consist of waters colder
than 8°C in the Black Sea, appears to be colder in the first period with core temperatures
as low as 5°C, which however is observed to become warmer after the 2000’s despite the
decreased number of available data. Recently, there is increasing evidence that the CIL
water mass formation by winter cooling is on the decrease. The volume of CIL in the
Black Sea has been variable over the last decades as a function of winter mixing, with a
decreasing trend in recent years linked to increasing surface temperature (0.6°C/decade
from 1982 to 2002; Belkin 2009) influenced by climate variability and change (Oguz et
al. 2003; Stanev et al. 2013, 2014; Capet et al. 2016; Miladinova et al. 2016).

The comparable analysis for the Aegean Sea box immediately outside the

Dardanelles Strait as shown in Figure 11 does not seem to indicate consistent patterns of
long term changes. It should be noted however that the analyses should be further
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extended to include basin-wide data to conclude on trends in the adjacent basins. At
present we only compare changes in adjacent areas to the TSS.

Figure 11. (a) Locations of oceanographic stations in the TSS and its neighboring
domains, with the selected area of analysis in the adjoining Aegean Sea region
marked by the rectangular box encircled by the red line, (c) the corresponding T-
S diagram with depth of data points indicated on a color scale, (b) temperature and
(d) salinity time series of depth profiles.

4.2. Temporal Variability in the Bosphorus during 1995-2005

Hydrodynamic conditions in the Bosphorus Strait determine the characteristics of
the water masses, which are also the boundary conditions for these two seas. As both the
Black Sea and the Sea of Marmara, are semi-enclosed basins, they experience restricted
water exchange. A hydraulic controlled maximal exchange flow system defined by
Farmer and Armi (1986) carries two very different water masses in the strait. The long
term changes of temperature and salinity of these water masses and their trends are useful
information about climatic investigation for the Marmara Sea and neighbouring seas. The
monitoring program of the IMSM-IU for istanbul Water and Sewerage Administration
(iSKT) provided high resolution data collected monthly from 28 stations in the strait and
the junctions (Figure 1a). Temperature and salinity variation and volume fluxes through
the Bosphorus were analyzed using the long-term monthly time series of temperature,
salinity and current profiles obtained from this monitoring program (Altiok and
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Kayisoglu 2015). Influence of local meteorology is inferred from air temperature and
barometric pressure measured at Kumkoy and Florya meteorological stations (Figure 12).

The mean values and trends obtained from the CTD and meteorological variables

are provided in Table 1.

Table 1. The means and trends of CTD and meteorological variables

Station / depth temperature, T

salinity, S

density, e

oceanographic mean trend mean trend mean  trend

station O (Cy"h oh oh

B2 at 5m 14.02 0.153 18.48 -0.019 13.27  -0.040

KO0 at 5m 15.10 0.073 17.36 -0.010 12.16  -0.020

B2 at37 m 14.74 0.072 37.07 0.086 27.62  0.052

KO at 67 m 14.36 0.060 35.80 0.037 26.71  0.016
air barometric

temperature, Tair

pressure, Poar

Meteorological mean trend mean trend
station (°0) (°Cy™h (mb) (mb y)
Florya 14.81 0.097 1012.08  -0.048
Kumkoy 1432 0.104 101226 -0.033

The minimum air temperature in both meteorological stations and the upper layer
temperature in the Bosphorus were observed in February 2003. The higher air
temperature and upper layer temperature values were observed for the years 2001, 2002
and 2006. The temperature of the upper layer in the strait fluctuated in the range of 2.3-
27.0 °C at the northern exit of the Bosphorus and 2.7-25.7 °C at the southern exit during

the 14-year period (Figure 13).
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Figure 12. (a) Air temperature and (b) barometric pressure at Kumkoy (blue) and
Florya (green) meteorology stations.

Besides these interannual changes, which are in keeping with the air temperatures,
it was observed that sudden changes in the time series were due to the oceanographic
conditions in the strait and adjoining seas. The upper layer temperature decreased
abruptly at the northern exit of the strait in July 1998 and in June 2003. In July 1998, cold
water patches were found in the vicinity of the strait (Altiok et al. 2012) as the
anticyclonic eddy formations caused an increase in the CIW at the Black Sea exit (Sur et
al. 1997). A similar feature was observed in June 2003. Although variations in the upper
layer temperature at the both ends of the strait were usually parallel to each other, huge
differences were observed during some months, especially in July 2007, July 2008 and
August 2008. The CIW coming from the Black Sea with the upper layer in the strait
causes a decrease in the upper layer temperature at the southern exit of the strait in the
summer months (Altiok et al. 2012). The hydrodynamic conditions in the strait were the
main drivers for the differences in temperature in both these stations. On the other hand,
the higher temperature and salinity values which were observed in the upper layer in
March 2006 were due to the flow blockages and the resultant mixing with the lower layer
waters in the southern part of the strait.

Ginzburg et al. (2004) estimated a value of 0.08°Cy"! for the western Black Sea

region during 1982 and 2000. The monthly time series of the upper layer temperature at
the northern exit of the strait revealed a positive linear trend of about 0.07°Cy"' (Table 1
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and Figure 13). The upper layer temperature increased during the 14-year period by about
0.98 °C in the northern exit of the strait. At the southern exit of the strait, however, the
positive linear trend was two times greater than that of the northern exit of the strait. The
trend was 0.15°Cy’! at the southern exit of the strait, indicating that the temperature
increased in the 14-year period by about 2.1°C (Figure 13). This upward trend might have
been caused by the variability of the CIW along the strait and a mixing between the layers.

The ranges of the monthly upper layer salinity at the both ends of the strait were
14.03-18.62 psu and 15.88-23.67 psu, respectively (Figure 8). The difference between
these value ranges indicates the distinct influences of the dynamics of the Black Sea and
Marmara Sea on the upper layer salinity. Low salinity (<17.5 psu) waters were influenced
by the Danube River (Sur et al. 1994). In the summer months, the salinity values at the
northern exit were usually lower than 17.0 psu. The minimum salinity at the northern exit,
namely 14.03, 14.59 and 15.02 psu were observed during July 2006, July 1999 and May
2002, respectively. In the southern exit of the strait, relatively higher salinity values were
driven by the upper layer flow blockages resulting from the strong southerly winds, which
were observed during the low air pressure conditions during the autumn and winter
months (Figure 9a). Recently, the relationship between the southerly winds and low
atmospheric pressure was examined in the Sea of Marmara by Book et al. (2014). The
highest salinity values at the southern exit were observed in December 1999, January
2000, October 2003, January 2004 and March 2006. The upper layer salinity was always
higher at the southern compared with the northern exit due to the mixing along the strait
(Unliiata et al. 1990; Oguz et al. 1990).
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Figure 13. Time series of (a) temperature, (b) salinity and (c) op density at 5 m
depth at station B2 (blue) near the southern exit and at station KO (green) at the
northern sill outside the northern exit of the Bosphorus Strait. Straight lines
indicate respective linear trends.

The monthly upper layer salinity at the northern exit (Figure 8) features a negative
trend of around 0.01 psu y!, indicating that the upper layer salinity decreased during the
14-year period by about 0.14 psu. The trend in the upper layer salinity at the southern exit
was -0.02 psu y! indicated that a greater degree of freshening occurred at the southern
exit of the strait compared with the northern counterpart.
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4.3. Trends in Bosphorus Lower Layer Temperature and Salinity

The time series of the monthly temperature and salinity of 67 m depth at the
northern exit of the strait and 37 meter depth at the southern exit of the strait reveal minor
variations with sudden peaks and their long-term trends (Figures 10a,b). During the 14
year-period the temperature values in the strait were in the range of 2.9-16.5 °C and 6.2-
16.7 °C, while the monthly salinity range was 17.4-37.7 psu and 17.8-38.5 psu, at the
lower layer of the north and south exits of the strait, respectively. The lower layer,
characterized by warm and saline waters, exhibits slight variations for most part of the
year (Figures 10a,b). However, the temperature and salinity values indicate sudden peaks
during the blockage events.

The temperature values of the lower layer at both ends of the strait were close to
each other with just a few exceptions. During some months due to the presence of the
cold intermediate layer in the northern section of the strait, the lower layer of the northern
exit of the strait values were lower than those of the temperature of the lower layer at the
southern exit of the strait. When the cold layer was absent in the strait, the lower layer
temperature values of the northern exit were slightly higher than those of the southern
exit because of being in direct contact with the overlying warm upper layer (Altiok et al.
2012), as observed in October 2001, 2006, September and October 2007.

The salinity of the lower layer at the southern exit of the strait was greater by
nearly 2 psu at the northern exit of the strait. However, during some months the less saline
lower layer could be observed at the southern exit of the strait. This feature is related to
the upper layer blockage. When the upper layer blockage begins at the southern exit of
the strait it produces the thicker lower layer and increases the vertical mixing between the
layers. The lower layer salinity decreases while the upper layer salinity increases due to
the vertical mixing and intrusion of the upper layer of water into the strait from the
Marmara Sea (Altiok et al. 2014). The lower layer salinity continues to decrease at the
northern exit of the strait during the upper layer blockage. The lower salinity values (<34
psu) indicate intense mixing due to the upper layer blockage in the strait. On the other
hand, during the complete lower layer blockage as seen in March 1998, December 1998
and February 2003, the lower layer salinity at the northern exit showed the same value as
the Black Sea upper layer water salinity, which was less than 18.5 psu.

The monthly time series of the lower layer temperature and salinity at the northern
exit of the strait showed a positive trend of about 0.06 °Cy™! and 0.04 psu y'!, respectively.
In the southern exit of the strait, the lower layer temperature and salinity trends were 0.07
°Cy’!' and 0.09 psu y!. The temperature trends in the lower layer were less than in the
upper layer. On the other hand, unlike the upper layer the salinity trends were positive in
the lower layer (Figure 10).
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Figure 14. Time series of (a) temperature, (b) salinity and (c) o density at 37 m
depth at station B2 (blue) near the southern exit and at 67 depth at station KO
(green) near the northern sill outside the northern exit of the Bosphorus Strait.
Straight lines indicate respective linear trends.

4.4. Time-dependent changes of surface salinity in the Golden Horn

The Golden Horn has been subject to various attempts of reclamation to recover its health.
Vertical mixing of the highly polluted surface waters is limited due to the strong density
stratification of the estuary. The old pontoon bridge of Galata has been removed in 1992
to provide faster recirculation of the surface water near the estuary mouth. After the
completion of dredging work at the entrance of the mouths of the small streams feeding
the estuary in 2000, the fresh water input has been increased. through the river estuary
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shortly after completion in 2000. Starting from October 2012, additional water of about
18psu salinity withdrawn from the Bosphorus is pumped into the upper part of the estuary.

Figure 15. Monthly variation of Golden Horn surface salinity in 1993 (Emin, N.
1994)

In a study conducted on a monthly basis in 1993, at stations GK (Galata Bridge),
UK (Unkapan1 Bridge) and ES (Eyiip Siitliice section) of surface salinity values large
salinity differences have been found between the head and the mouth of Golden Horn
(Figure 1). In the ES station near the head of the estuary, surface salinity in spring and
winter has a minimum of 8 psu, as a result of rainfall. This fresh water effect can also be
observed at the UK and GK stations during the same season, with salinity values dropping
to less than 16 psu.

Since the period of accelerated reclamation in the Golden Horn, when the mud
was being dredged up until 2005, monthly values of surface water salinity measurements
obtained by the IMSM-IU in the Water Quality Monitoring Project are given in Figure
11. Salinity measurements at the same station from 2009 until today by the Water and
Waste Administration of the Municipality of Istanbul (ISK1) are also shown on the same
plot. In addition, values measured by IMSM-IU in summer (July, August and September)
in the scope of this project are shown in the same Figure. An SBE25 Sealogger CTD
device was used from May 2000 until the end of 2005 in the salinity measurements by
the Institute, excluding shallow stations with depth less than 0.5m. Despite noticeable
variations in the surface salinity at shallow stations indicating the influence of freshwater
input, surface salinity during the 2000-2005 period at the GK station had a maximum of
20.6 psu. The effects of the rainy season can be seen in the time dependent observations
since 2009 (Figure 12). The annual average values at the GK station varied from 17.63
psu in 2009 to 18.4 psu in 2012 and 2013

35



Figure 16. monthly surface water salinity changes between 1998-2005 and 2009-
2013
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1. Inroduction

The exchange flow at the Bosphorus is determined by the water budget of the
Black Sea. The conservation of mass for the Black Sea requires that the net water flux
through the Strait is balanced by the rate of mean sea level change and the other water
imports / exports. It is therefore important to establish the annual and seasonal average
water flux to and from the Black Sea through the Bosphorus. A critical review of the
available data and estimates of the fluxes have been given by Unliiata et al. (1990). In the
present report, we review the existing sources of information for an updated
understanding of the exchange.

Long term measurements of volume fluxes are essential for the calculation of the
seasonal export rates of nutrients and organic carbon in the straits. The nutrient fluxes
coming from the Black Sea by upper layer flow in winter is about at least 2-3 times greater
than in the autumn due to changes in both nutrient concentrations and volume fluxes
(Polat and Tugrul 1995; Tugrul et al. 2002).

In reality the inter-basin exchange through the TSS is sensitive to conditions in the
adjacent basins (changes in the net water flux entering the Black Sea, as well as sea-water
density, atmospheric forcing and sea-level difference), and on the average, has to balance
the net annual water budget of the coupled system. Because the ratio of runoff to basin
volume is much larger for the Black Sea compared to the Mediterranean, TSS water
exchange is more sensitive to changes in Black Sea river runoff. With a catchment area
five times as large as the sea surface area, the Black Sea amplifies global climate signals
(Stanev and Peneva 2002).

Measurements to date seem to indicate that the mean values of fluxes through the
TSS are difficult to establish with certainty. This is because the mean values are actually
masked by the great variability observed in currents on daily to inter-annual time scales,
the typical experiment duration possibly being too short to establish statistics.
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2. Flux estimates based on mass balance

By making use of the average salinity measured at the Straits and the water fluxes
of the Black and Marmara Seas, the annual average fluxes are computed from the
Knudsen relations expressing a steady state mass balance of the TSS. Climatological
estimates of the TSS have been given in Unliiata et al. (1990), Besiktepe et al. (1993,
1994), Tugrul et al. (2002), as reviewed in Schroeder et al. (2012) and Jorda et al. (2016),
Mavropoulou et al. (2016) and others. These computations show greater fluxes at the
Dardanelles relative to the Bosphorus, and large entrainment fluxes across the halocline
throughout the TSS (Figure 1).

The annual average upper and lower layer fluxes of the Bosphorus respectively
were estimated as 650 and 325 km3/y (20500 and 10300 m3/s) in the above references,
in agreement with the long-term salt budget of the Black Sea requiring an approximate
ratio of ~2 between the output and input mass fluxes (Ozsoy and Unliiata 1997). The
mean net flux of water exiting the Black Sea is therefore estimated to be about 325 km3/y
(10300 m3/s).
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Figure 1. Volume fluxes of the Turkish Straits System in units of km3/y (1km3/
y = 31.7m3/s), after Besiktepe et al. (1994). Numbers in parentheses are average
salinity values used in the computations.

There are also large transports of water between the layers by turbulent
entrainment processes. In the Bosphorus, about 25% of the Mediterranean water influx is
entrained into the upper layer, and about 7% of the Black Sea water is entrained into the
lower layer flow. The computations show that 45% of the Aegean inflow is entrained into
the upper layer in the Dardanelles; a further 45% of the amount reaching the Marmara
Sea is lost to the upper layer by basin-wide entrainment.

The exchange flows of the TSS, observed at the Bosphorus, are found to increase

in the spring and early summer, and weaken markedly in the autumn (within a margin of
about [140% of the annual mean) in response to the fresh water input to the Black Sea
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(Tugrul et al. 2002). Indirect estimates (Stanev and Peneva 2002) indicate seasonal
anomalies which are hard to validate and compare with estimates by Tugrul et al. (2002)
obtained from realistic seasonal mass budgets on the one hand and fluxes inferred from
indirect methods on the other.

3. ADCP Flux Measurements

Direct measurements of fluxes are performed by taking transects across the strait
with the research vessel recording the current measurements in real-time obtained by a
vessel-mounted ADCP. There are losses of data in the shallow zones adjacent to the coast,
and for about 15% of the total depth near the surface and the bottom. The current profile
data are extended by a constant value upwards to the surface and a linear extrapolation to
zero velocity at the bottom from the nearest reliable data in the profile in each case. The
methodology has been used first by (Ozsoy et al. 1996, 1998) and later by Altiok and
Kayisoglu (2015) to compute fluxes at the Bosphorus Strait.

The first set of fluxes computed from ship mounted ADCP measurements in the
Bosphorus (Ozsoy et al. (1996, 1998) shown in Figure2a revealed measured maxima of
about Q1 = 1600 km3/y (50000 m3/s) and Q2 = 630 km3/y (20000 m3/s) 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, average
values of Q1 =540 km3/y (17000 m3/s) and Q2 = 115 km3/y (3500 m3/s) were computed,
the latter value possibly being underestimated as a result of data loss near the bottom.
Maderich and Konstantinov (2002) have compared these data with their simple model.
Accordingly, blocking of either the upper or lower layer flows were indicated for net flux
exceeding Q =-580 km3/y (18500 m3/s) or Q = 800 km3/y (25000 m3/s) in the respective
directions.

These measurements have shown the same seasonal trends as the mass budget
calculations, although the measurements were clustered at certain times of the year not
sufficiently sampling the seasonal cycle. Yet it is clearly seen in Figure 2b that the winter
and spring fluxes are larger than during the summer and autumn. A number of upper and
lower layer blocking cases are evident in Figures 2a and 2b, where the corresponding
fluxes vanish, not only in winter and spring months but also in summer.
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(2)

(b)
Figure 2. Fluxes computed from ADCP measurements in the Bosphorus during
1991-1994 by the IMS-METU, (a) time variations during the same period and (b)
seasonal variations. Averages for the upper-layer (blue inverted triangles), lower-
layer (green diamonds) and net (red dots) fluxes have been computed such that
positive fluxes are associated with the upper layer.

A 10-year monthly measurements campaign has been carried out by Altiok and
Kayisoglu (2015) to monitor the Bosphorus fluxes at the two ends of the Strait using
vessel-mounted ADCP measurements obtained on sections across the Strait. The time
series of the monthly upper layer volume flux measurements at stations B3 at the southern
end and station KO at the northern end of the strait exhibited a wide range of variability
(Figure 3a). The larger variability occurs in the upper layer fluxes, while the lower layer
is less variable.

During the 1999-2010 campaign, the maximum values of measured upper-layer
volume fluxes were 38560 m3 s-1 at the southern section of the strait and 33313 m3 s-1
at the northern section of the strait. Often the very small values of fluxes (<10 km3 y-1
or 330 m3 s-1 which is negligible) are considered as blocking cases for the upper layer.
In the southern section of the strait, the upper layer flow blockage was observed more
frequently than the upper reaches. In addition to the October 2003 upper layer blocking
case investigated earlier by Altiok et al. (2014), other cases of blockage occurred also in
October 2002 and March 2006. In October 2002 and 2003, the upper and lower layers
and a thick interfacial layer was observed to flow north altogether. In these events the
limited increase of salinity in the northern part of the strait suggested transient blocking
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that did not reach the north. In March 2006, the upper layer blockage was observed to
reach the northern exit of the strait as well, and the corresponding volume flux was the
overall minimum for this section.

(2)

(b)
Figure 3. Fluxes computed from monthly ADCP measurements at stations B3 and
KO respectively at the southern and northern ends of the Bosphorus during 1999-
2010 by the IMSM-IU. Time-series at (a) station B3 and (b) station KO. The upper-
layer (blue), lower-layer (green) and net (red) fluxes have been computed such
that positive fluxes are associated with the upper layer flowing south.

The maxima of the monthly lower layer volume fluxes at both ends of the strait
were 27460 m3s-1 (866 km3y-1) and 20750 m3s-1 (654 km3y-1), respectively. The low
values (<1000 m3s-1) of the lower layer volume fluxes indicate lower layer blockage or
near blockage, while the higher volume fluxes (>13,000 m3s-1) of the lower layer
typically indicate the upper layer blockage. In fact, the maximum values of the volume
fluxes at the two ends of the strait were observed in March 2006 when the upper layer
volume fluxes were very low at the two ends of the strait. During the upper layer
blockage, the volume fluxes of the lower layer were greater than 13,000 m3s-1 (~400
km3y-1) and/or the lower layer salinity values were less than 34 in January 2000,
December 2001 and January 2002, as well as February 2002, April 2003 and March 2006.

The details of a lower layer blockage at the northern exit of the strait in February
2003 has been described by Altiok et al. (2014). Cases of diminished volume flux (<1000
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m3s-1 30 km3y-1) occurred in the March-May periods of 2001, 2002, 2004, 2006, 2007,
as well as in December 2003 and 2005. In all of these dates, the lower layer temperature
and salinity values reflected the Mediterranean water, that is, they showed salinity values
greater than 35 and temperature values ranging between 13.5-15 °C.

The average volume fluxes computed from the long-term campaign of monthly
measurements by Altiok and Kayisoglu (2015) established a relatively better basis for
statistical evaluations, despite the extreme variability observed in the Strait. The means
and trends of volume fluxes calculated for stations B3, KO and also the difference B3-K0
are given in Table 1, and the time series for the layer and net fluxes with calculated trends
are given in Figure 4. The results of the measurements produced mean upper, lower layer
and net fluxes of 12540, 8100, 4440 m3/s at the northern exit (K0O) of the Bosphorus Strait
and 13310, 7900, 5420 m3/s respectively at the southern exit (B3) of the Strait. The
increase of the upper layer flux from the upper layer flux from north to south and the
increase of the lower layer flux from south to north are as expected, the result of
entrainment fluxes for which mass flux estimates were given in the above sections and in
Figure 1. In fact, based on estimates provided in Figure 1, one should expect larger
differences, which may be obliterated by the approximations used in the computations
land the essential data losses. On the other hand, the net flux should be absolutely]
conserved between the two ends of the Strait, in an average sense. This expected behavior

however is only approximately fulfilled by the observations since upper, lower layer and
net flux differences in B3-KO0 are respectively found to be 770, 210 and 980 m3/s, as a
result of instrumental and methodological inaccuracies that are involved in the
measurements.

Table 1. Means and trends of volume fluxes of Bosphorus Strait
(positive values of the means imply southward flow)

Section Upper layer Lower layer Net (total)
Mean Trend Mean Trend Mean Trend
(m’/s) (m’/s/y) (m’/s) (m’/s/y) (m?/s) (m’/sly)
B3 13314 -373 -7896 -110 5417 -484
KO 12543 -306 -8101 -191 4442 -497
B3-K0 771 -67 205 80 976 13

The trends of the monthly volume fluxes are also given in Table 1. Accordingly,
both the upper layer volume flux showed negative linear trends. The upper layer trend
average of the two stations is about ~350 m3s-1y-1 (10 km3y-2), while the lower layer
average is ~150 m3s-1y-1 (5 km3y-2). Over the 10-year period of the measurements, it
appears that the upper layer volume flux decreased by about ~100 km3/y and the lower
layer volume flux increased by about ~50 km3/y. These significant changes could be
related to the climatic changes in precipitation, river runoff and evaporation of the Black
Sea.
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(a)

(b)

(©)

Figure 4. Upper, lower layer and net fluxes and their differences computed from
monthly ADCP measurements at stations B3 and KO respectively at the southern
and northern ends of the Bosphorus during 1999-2010 by the IMSM-IU. Time-
series at (a) station B3 and (b) station K0, and (c) the difference B3-K0. The upper-
layer (blue), lower-layer (green) and net (red) fluxes have been computed such
that positive fluxes are associated with the upper layer flowing south.

The seasonal variations of the fluxes measured through the 10-year program of the
IMSM-IU at the northern (K0) and southern (B3) sections of the Bosphorus are shown in
Figure 5. There are significant seasonal variations in both layer fluxes, influencing the
seasonal variations of the net flux. Although the seasonal signal is very clear in these
measurements, the extremely dynamic behavior of the Bosphorus Strait influenced by its
internal hydraulics as well as the remote atmospheric and oceanic events in the

48



Mediterranean and Black Seas are hidden in the seasonal plots. The upper layer volume
flux is typically very high in the late spring and early summer months (May, June and
July). In addition to the spring and early summer increases in fluxes related to the
increased river discharges in the Black Sea, the other time when extreme fluxes are
observed is the winter months starting with December. In general, the higher upper layer
flux values are observed during the lower layer blockage events of the spring and winter
months (December and February-May). The lower layer appears relatively more steady
and less influenced by the seasonal variations.

Figure 5. Seasonal variations of the upper (blue, inverted triangles), lower (green,
diamonds) layer and net (red, circles) volume fluxes at sections B3 and KO
respectively at the southern and northern exits of the Bosphorus Strait.

The summary of all past flux estimates, based on historical as well as mass balance
calculations and those obtained from vessel-mounted ADCP measurements presented in
the above sections are parametrically replotted in Figure 6, with the net flux in the
abscissa and the upper and lower layer fluxes in the ordinates. The net flux, a measure of
currents integrated across the whole section, is actually the main forcing of the strait,
while the layer fluxes represent the response. There appear clear relationships between
primary flux variables confirmed by different sets of measurements, although a lot of
scatter in the data is also present as a result of the deficiencies in measurement instruments
and flux estimation methodologies. It is also evident from Figure 6 that either the upper
or the lower layer currents are blocked beyond certain limiting values of the net flux.
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Approximate limits for the net current to block the upper and lower layers respectively
are -20000 m3/s (630 km3/y) and 30000 km3/s (950 km3/y) according to the results from
all measurements reported above. These limits are consistent with modelling results of
Sozer and Ozsoy (2016) and Sannino et al. (2016) evaluated in the latter, though not
presented here.

Figure 6. Upper and lower layer fluxes as a function of the net flux in the
Bosphorus Strait. The sign convention in this figure sets both the upper layer and
the lower layer fluxes to have positive values in their respective general flow
directions.

4, Continuous Flux Measurements

More recent volume flux estimates based on continuous current measurements at
the Bosphorus and Dardanelles Straits are documented in a series of papers presented by
Jarosz et al. (2011a,b, 2012, 2013) and Book et al. (2014).

The monitoring of the currents have been based on pairs of moorings containing
acoustic Doppler current profilers (ADCPs) deployed at each end of the Bosphorus Strait
as a part of the United States Naval Research Laboratory’s “Exchange Processes in Ocean
Straits (EPOS)” project, and the deployments facilitated by the joint program TSS-08 of
the NATO Undersea Research Center(NURC) and the Turkish Navy Navigation,
Hydrography and Oceanography Office (NHO). The continuous measurements by
moored instruments at the two ends of the Bosphorus covered about six months, while
the same at the Dardanelles covered more than a year during the 2008-2009 period. We
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evaluate these data with respect to layer and mean fluxes which have been shared by the
experimental group, although the full data set has not been shared to date.

Time series of the measured volume fluxes are shown in Figure 7, with trends
represented by the straight lines. While a great amount of variability is observed in both
straits, the Dardanelles time series shows much greater variability over a longer period of
measurement. A greater winter-time variability is also evident in the Dardanelles time-
series. Comparing the two ends of each strait, the differences are larger in the Dardanelles
as compared to the Bosphorus.

The Bosphorus Strait also displays more regular motions as compared to the
Dardanelles. The upper layer of the Bosphorus responds to various forcing factors both
local and remote, to vary around a mean positive (southward) flux only interrupted during
typical ‘Orkoz’ or upper layer blocking events, which often end up with the currents being
totally reversed to flow north. On the other hand, the lower layer is more steady and when
lower-layer blocking events occur the flow is completely stopped in the lower layer. The
relatively steady pattern in the Bosphorus in fact suggests strong hydraulic control at the
northern sill especially stabilizing the lower layer. During some strong upper layer
blocking events, the lower layer currents towards the Black Sea are considerably
increased to differ strongly from the otherwise steady pattern. One of these strong events
occurred in late November 2008 when an ‘explosive storm’ passed over the region with
a large drop in barometric pressure and strong southerly winds on November 21, as
documented by Book et al. (2014).

Comparing with the Bosphorus, both layers of the Dardanelles Strait are more
variable. However, one is forced to observe some basic differences in behavior. For
instance, the upper layer blocking occurs several times in the winter period, but the
currents do not reverse direction as much, staying positive most of the time. On the
contrary, the lower layer of the Dardanelles Strait fluctuates much dissimilar to the steady
behavior of the Bosphorus lower layer. In the southern Dardanelles, the lower layer
appears to be intermittently blocked for long periods in winter, while the lower layer flux
at the northern (Marmara) side fluctuates in negative and positive directions, continuing
to flow towards the Aegean Sea during blocking events detected in the Aegean side,
showing the inertia of the flow possibly compensated by the large upward entrainment.

Furthermore, comparing the Dardanelles and Bosphorus records on the same time

period, a great degree of similarity exists in the time series, especially for the stronger
events related to the dynamic response pattern of the entire TSS.
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(a)

(b)

(c)

(d)

Figure 7. Upper (blue), lower (green) layer and net (red) flux time-series at the (a)
northern (and (b) southern ends of the Bosphorus Strait, (c) northern and (d)
southern ends of the Dardanelles Strait, based on measurements of the NURC
TSS-08 campaign. Fluxes are positive in the southward direction. Straight lines
indicate trends.
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The mean upper, lower layer and net (total) volume fluxes at the two ends of the
straits obtained from the continuous measurement campaign and their differences
between these two ends of each strait are given in Table 2. Mean values of the upper,
lower layers and the total flux respectively were found to be 11900, 8000, 3900 m3/s in
the northern Bosphorus, and 14100, 10600, 3500 m3/s in the southern Bosphorus (Jarosz
et al. 2011b). Based on similar but year-long data, the upper, lower layer and total (net)
fluxes were 25600, 14500, 11100 m3/s in the eastern (Marmara) section and 36300,
31100, 4200 m3/s in the western (Aegean) section of the Dardanelles Strait (Jarosz et al.
2013). The reason for the relatively low net fluxes compared to other measurements is a
result of the measurement period covering mainly the late summer season when river
inputs to the Black Sea are usually at a minimum level. The mean flux increases towards
the winter, as demonstrated by the analyzed trend in Figure 7a.

Table 2. Mean Layer and Net fluxes at the Bosphorus and Dardanelles Straits
and Flux Differences between two ends of each strait
(positive sign implies southward flow)

Layer Bosphorus Difference Dardanelles Difference
South North ~ South-North ~ South North South-North
(m?/s) (m/s/) (m?/s) (m?/s) (m¥/s/) (m¥/s)
Upper 14071 11875 2217 36329 25560 10844
Lower -10564 -8018 -2559 -32129 -14473 -17673
Net 3508 3857 -342 4200 11087 -6829

These measurements have confirmed the great variability in fluxes, but more
importantly showed noticeable differences of the net fluxes between the two ends of the
Straits. For instance, the net flux respectively at the southern and northern ends of the
Bosphorus are 3500 and 3900 m3/s with south-north difference of -342 m3/s, while the
same for the Dardanelles are 4200 and 11200 m3/s with a difference of -6829 m3/s. The
difference of net fluxes for the Bosphorus may be acceptable in view of the accuracy of
the measurement and computation, though the net flux difference for the Dardanelles is
quite larger, on the same order as the mean fluxes, pointing to the inefficiency of the
experiment design to measure fluxes in the much wider sections of the strait. With
differences of net flux between sections obtained to be on the order of or even larger than
the mean value of the net fluxes, it is very difficult to explain the disparity by
sources/sinks of water between sections, as they are scarce in the region.

On the other hand, the sense of the change in upper and lower layer volume fluxes
between the two ends of the straits seems to be consistent with the estimates given in
Figurel. The difference of the upper layer fluxes is positive in a southward direction and
for the lower layer it is negative in the southward direction, which implies upward
entrainment fluxes. The upward entrainment is reasonable for the Bosphorus, being about
the same in both the upper and lower layers, with an average 2300 m3/s, accounting for
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about 18-24 % of the entering fluxes at the two ends. On the other hand, the upper and
lower layer upward entrainment estimates for the Dardanelles Strait differ much between
10800 m3/s and 17700 m3/s with an unreasonable difference of 6800 m3/s between them.
This would indicate the ratio of the upward entrainment to entering fluxes to be about 42-
55 %.

The measurements essentially confirm in orders of magnitude the results of the
earlier measurements and provide essential and detailed characterization of the multiple
scales of motion in the TSS. However, this independent evaluation of the Jarosz data set
clearly shows that net fluxes computed at four different locations, i.e. the two ends of the
two straits, especially for the wider Dardanelles Strait fail to give comparable results
between themselves, e.g. the average net flux magnitudes of the time series are very
different between different sections, although the average net fluxes should in fact be
strictly identical between different sections, in view of the continuity equation of fluid
dynamics, unless a significant volume of water is added by external sources such as
precipitation minus evaporation.

Time series of the differences in upper, lower layer and net fluxes computed
between pairs of sections respectively are shown in Figure 8-10, where the upper panels
(Figure 8-10a) represent differences between south and north sides of the Dardanelles,
the middle one (Figure 8-10b) corresponds to the same for the Bosphorus, and the lower
one (Figure 8-10c) to the difference between the Marmara sides of the Dardanelles and
Bosphorus Straits. Time series filtered with a time window of 150 hr (~17d) are also
shown. The mean values of time series are indicated by the horizontal lines.

It is clearly shown that large differences exist between the two ends of the
Dardanelles and Marmara segments, while these differences are smaller for the
Bosphorus sections.

The upper layer fluxes compared in Figure 8 indicate differences in all four
sections which explicable both because of the entrainment fluxes between layers and the
surface fluxes by atmospheric or land-based sources. The larger differences are between
the two ends of the Dardanelles and the Marmara Sea segments, and smaller for the
Bosphorus which is shorter. On the other hand, it is significant that the lower layer fluxes
compared in Figure 9 indicate comparable magnitudes between the two ends of the
Bosphorus and Marmara segments, the mean lower layer fluxes between the two ends of
the Dardanelles are larger, the difference being on the same order as the mean inferred
from all sections. The means of the Marmara and Bosphorus lower layers are consistent
because there could not be too great effects of downward entrainment as the upper layer
is faster, and there could not be any external water sources as well. Therefore the
Dardanelles measurements are possibly less internally consistent.
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Figure 8. Time series and means of the upper layer fluxes for segments of the TSS
compared at pairs of southern (green) and northern (red) sections, based on
measurements of the NURC TSS-08 campaign. The superposed darker lines of the
same colour show time series filtered with a time window of 150 hr. Fluxes are
positive in the southward direction. Straight lines indicate mean values of the

original time series.
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(b)

(c)

Figure 9. Time series and means of the lower layer fluxes for segments of the TSS
compared at pairs of southern (green) and northern (red) sections, based on
measurements of the NURC TSS-08 campaign. The superposed darker lines of the
same colour show time series filtered with a time window of 150 hr. Fluxes are
positive in the southward direction. Straight lines indicate mean values of the

original time series.
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Figure 10. Time series and means of the net (total) fluxes for segments of the TSS
compared at pairs of southern (green) and northern (red) sections, based on
measurements of the NURC TSS-08 campaign. The superposed darker lines of the
same colour show time series filtered with a time window of 150 hr. Fluxes are
positive in the southward direction. Straight lines indicate mean values of the

original time series.
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The net fluxes at two ends are compared in Figure 10 for the Dardanelles,
Bosphorus and Marmara segments, all of which are showing positive net fluxes towards
the Aegean Sea. The agreement of the net flux is better for the Bosphorus compared to
the Dardanelles, which once again shows a greater level of difference. In fact the greatest
difference is displayed in the net fluxes between the two ends of the Marmara segment,
which could be explained both by external water fluxes, but not by entrainment from the
lower layer, because the lower layer differences in Figure 9c were not that large. It seems
that the larger error in the Dardanelles measurements are associated with the section at
the exit to the Marmara Sea.

Finally, we make parametric plots of the EPOS/NURC flux time series data in
Figure 11, in a similar manner we have done for the other experimental data in Figure 6.
While the data presented in Figure 6 have random sampling times, these time-series data
are based on continuous sampling obtained from moored instruments at strategic sections
of the TSS. Therefore they represent the dynamic response of the TSS. In Figure 11a we
plot the characteristics of the two ends of the Bosphorus Strait, while in Figure 11b we
do the same for the Dardanelles Strait.

It is in fact not very surprising that the response of the Bosphorus Strait differs in
appearance from the Dardanelles Strait. What is surprising is that the response in the
Bosphorus Strait follows a very clear pattern as compared to the response in the
Dardanelles Strait, considering that the time-series represent a dynamical response of a
system. We would normally expect a parametric dependence fluxes in a statistical sense
by plotting time averaged or randomly sampled characteristics, and that is what was done
in Figure 6. In Figure 11 summarizing the dynamic responses of the two straits, one would
therefore expect a large scatter about some mean values, and this is more apparent in
Figl1b relative to Figure 11a. In fact, if we consider these figures to be similar to phase
diagrams of a nonlinear dynamical system, then the phase trajectory of the Bosphorus
follows a regular pattern, while the phase trajectory of the Dardanelles is more irregular.

We believe the regular behavior observed at the Bosphorus (Figure 11a) is due to
the strict hydraulic controls at the two or more sections of the strait constituting a
“maximal exchange” response, while the relatively less orderly behavior of the
Dardanelles (Figure 11b) indicating greater freedom in its response because of the “sub-
maximal” nature of the control existing only at the Nara Pass. The differences of response
between the two ends of either strait in Figure 11 are due to the difference in upper and
lower layer fluxes between the two ends as remarked earlier, resulting from either
entrainment processes transporting material between layers or external effects of
evaporation, precipitation and runoff. Letting alone the external sources, which should
have limited influence during the rapid transit of upper layer waters through the straits,
the generally greater flux found at the southern sections indicate entrainment to be
directed towards the upper layer.
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(2)

(b)

Figure 11. Correlograms of upper and lower (green) layer fluxes with the net
flux time series for the (a) Bosphorus and (b) Dardanelles Straits. The blue dots
are for the southern end and the green dots are for the northern end sections for

both straits.
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1. Introduction

The Turkish Straits System (TSS) is a unique channel system between the Black
Sea and the Mediterranean Sea, which plays key role in exchanging water and materials
through the Dardanelles (DS) and Bosphorus Straits (Unliiata et al. 1990). The channel
system is vital for both the Black and the Mediterranean Seas, since the TSS is sensitive
to climatic changes and contrasts (Ozsoy 1998). It is also capable of driving
environmental changes in the adjacent basins disproportionate to its relative size (Ozsoy
et al. 2001). Mass balance estimates of the fluxes through the system and dynamical
factors leading from daily to inter-annual variability in the currents have been reviewed
in the past literature (Unliiata et al. 1990; Latif et al. 1991; Ozsoy et al. 1996; Ozsoy et
al. 1998; Gregg et al. 1999; Gregg and Ozsoy 2002).

The main objective of the present study is to obtain long-term surface atmospheric
and ocean data in an attempt to understand and quantify regional climatic variability in
the Turkish Straits System as well as assess the effects of such variability on the
Mediterranean-Black Sea coupling through the Turkish Straits System. We provide some
salient results here, while the full details can be found in Tutsak et al. (2010) and Tutsak
(2012).

2. Materials and Methods
2.1. Datasets

Measurements from 6 coastal stations located in the Turkish Strait System were
obtained between January 2008 and December 2011. The coastal stations are in Gokgeada
(Aegean Sea), Erdek, Marmara Ereglisi and Yalova (Marmara Sea), Sile and Igneada
(Black Sea). These stations were installed within the framework of the Turkish
Meteorology and Oceanography Network of Excellence (MOMA) project in order to
observe sea level and meteorological parameters, namely; atmospheric pressure, air
temperature, air humidity, wind velocity and wind direction. In addition to these
parameters, current profile data were collected at Baltaliman1 (Bosphorus) between 2008
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and 2011 using ADCP instrument deployed at 70m depth connected to the shore with a
cable for data acquisition. The MOMA project has been described by Ozsoy et al. (2009).

3. Results and Discussion
3.1. Sea level

The seasonal variations of monthly mean sea level at all stations, based on a
common datum, are plotted in Figure 1. The seasonal maximum of sea level in the
Mediterranean occurs in the period July-August, while the lowest sea level occurs in the
period March-April, with a difference of 17 cm between the lowest and highest monthly
value in the Mediterranean. A great amount of this variation is attributable to the seasonal
steric affect that is the thermal expansion of sea water. On the other hand, this situation
is not valid for the Turkish Straits System and especially in the Black Sea where the
lowest monthly mean sea level values are found in autumn whereas the highest occurs in
March-April. As for Marmara Sea, the highest monthly sea level is seen in June and the
lowest means are observed in the autumn season.

Figure 1. Monthly mean average sea level at TSS stations between 2008 and 2011.

With respect to inter-annual variability, the annual mean sea level in 2010 is higher
than other years at all stations. In the Mediterranean Sea there is about 4.5 cm difference
between 2010 and other years such that the annual mean of 2009 and 2011 is almost same
in the Mediterranean. In the Marmara Sea, the mean of 2010 is greater, by 10.2 cm from
2009 and by 13.5 cm from 2011, respectively. Lastly, the mean of Black Sea in 2010 is
12.3 cm and 14.8 larger than 2009 and 2011, respectively. The year 2008 is not taken into
account on annual scale due to the low data coverage during this year. On the other hand,
the records indicate abnormal sea level rise in the year 2010, especially in the Black Sea.
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The possible relationship of the increased sea level to the North Atlantic Oscillation
(NAO) is examined in Figure2, indicating mostly negative NAO index during 2010, when
the sea level is at its maximum. The NAO index measures pressure differences of air
masses between Azore high and Iceland low. Positive winter NAO index often results in
the arrival of cold and dry air masses to southern Europe and the Black Sea region by
strong northwesterly winds whereas the negative winter NAO brings milder winters with
warmer air temperatures and more wet atmospheric conditions transported over the Black
Sea from the southwest (Hurrell et al. 2003). Stanev (2002) has shown the coincidence
of maxima in river runoff with the negative extremes in the NAO index, based on several
decades of observations. We infer that the possible reason for the increased sea level in
2010 could be related to increased runoff, since our records do not indicate abnormal
changes in the mean atmospheric pressure and winds.

Figure 2. North Atlantic Oscillation monthly index (upper panel); Sile monthly
sea level from 2008 to 2011 (lower panel).
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3.1.2. Case studies of short term sea level variations

We display only few cases of temporal variations of significant events in this
paper, one of which is displayed in Figure 3 for the Yalova Station in the Marmara Sea.
Persistent northeast winds during 15-18 February 2008 (days 46-49) with wind velocity
reaching about 17 m/s are observed to result in about 50 cm decrease in the sea level.

Figure 3. Time-series at Yalova station during 14-24 February 2008 (days 45-55)
for (a) wind speed (upper part: wind vector stability), (b) wind direction (measured
from east), (¢) wind vector, (d) air temperature, (e) relative humidity,

() barometric pressure and (g) sea level (with and without barometric pressure
adjustment).

At the same time in Figure 3, it is noted that the sustained winds causing a sea

level drop during 15-18 February 2008 are not associated with a passing storm as no
significant drop is detected in the barometric pressure signal. This is an event when
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unidirectional steady winds sustained from the northeast has resulted in the free surface
piling up towards the west in the Marmara Sea and dropping at Yalova in the east.

In comparison to the above description of the effects of steady winds, the events
during 20-30 November 2008 (days 325-355) at Yalova in the Marmara Sea (Figure 4)
show some contrasts in behavior under combined effects of atmospheric pressure and
winds created by passing storms. There is approximately 50 cm increase in the sea level
at the Yalova station during 20-23 November 2008 (day 325-328), when a very intense
storm center passed the region, during which the atmospheric pressure dropped very
rapidly from 1015 mbar to 982 mbar and southwest winds with 8 m/s velocity prevailed.

Figure 4. Time-series at Yalova station during 20-30 November 2008 (days 325-
355) for (a) wind speed (upper part: wind vector stability), (b) wind direction
(measured from east), (c) wind vector, (d) air temperature, (e) relative humidity,
(f) barometric pressure and (g) sea level (with and without barometric pressure
adjustment).
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In this event of 20-23 November 2008 (day 325-327), the southwesterly wind
forcing of the approaching storm and the strong pressure drop at the cyclone center are
responsible for the notable increase in sea-level at Yalova. The event, characterized by an
“explosive” cyclone, has been studied by Book et al. (2014) who conclude that the
response of the TSS has been dominated by a variable pressure distribution across the
straits and the Marmara Sea, which has forced not only a sharp sea-level response, but
also an internal sloshing of the two-layer density stratified volume of the Marmara Sea,
with large fluxes through the Straits. Many examples of wind and barometric pressure
effects on sea-level are also observed for storms of lesser amplitude.

Cross-correlation between sea level with atmospheric pressure and wind
components at Yalova station are given in Figure 5. There is negative correlation between
sea level and barometric pressure for time lags of up to one day, and at no lag due to
inverse barometer effect, which however should differ from what is usually assumed in
the open ocean. The east-west wind component shows strong positive correlation with
sea level, while correlation is not found with the north-south wind component. This
suggests that the piling up of the water towards the east is effective during westerly winds
at Yalova which is at the eastern end of the elongated Marmara Sea.

Figure 5. Cross-correlation between sea level and atmospheric pressure (upper
panel); sea level and east-west wind component (middle panel); sea level and
north-south wind component (lower panel) at Yalova station.

67



3.2. ADCP Data

The measurements of current profiles at Baltalimani on the Boshorus has been
carried out by a fixed ADCP installed at 70 m depth. Although a uniform section of the
Bosphorus exists in this locality and the instrument has been placed close to the deepest
point on the section, the channel is narrow in the deeper section and with the loss of data
near the bottom by the ADCP methodology relying on Doppler shifts of acoustic signals
in currents, there is usually a loss of few meters at the bottom, further increased by
reverberation effects in the v-shaped narrow bottom channel geometry. Therefore, our
current measurements in the lower layer may not be representative of the total lower layer
currents and fluxes computed from them, due to these measurement problems. Instead we
present results for the upper layer, which has been better sampled.

The time series for the upper layer current measurements obtained by the ADCP
moored in the Bosphorus and the sea level difference across the Bosphorus, between the
Black Sea station Sile and the Marmara Sea station Yalova during 2008-2011 are shown
in Figure 6.

Figure 6. Time series of sea level difference Sile-Yalova (upper panel) and the
depth average of the upper layer velocity component in the north-south direction
at Baltalimani in the Bosphorus (lower panel).
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Despite some gaps in the current data due to non-operational states of the remotely
controlled instrument caused by site problems such as electricity cuts and cable repair,
the measurements have been continued over a total period of about four years.
Comparison of the current data with the sea level difference indicates significant relations
between them, with negative currents towards the Marmara Sea increasing at times of
higher sea level difference and decreasing when the sea level difference decreases. When
the sea level difference becomes very small, zero or negative, the upper layer is blocked,
with velocity decreasing to small values or becoming zero.

Summary information on the monthly values of depth averaged upper layer
velocity in the north-south direction (positive to the north) is given in Table 1. In March
and April, the highest means of upper layer current are found, with a range 0.1 to 0.2 m/s
greater than the other monthly means (Table 1). The maximum velocity in upper layer
occurs during winter and early spring. The standard deviations of means indicate high
temporal variability of the upper layer flow. The annual mean of the upper layer current
for the years 2008, 2009 and 2010 are found respectively as -0.515 m/s, -0.507 m/s and
-0.552 m/s. Although one is tempted to exclude the annual mean of 2011 due to low data
coverage during this year, a mean value of 0.483 m/s is still calculated. The mean value
of -0.552 m/s for the year 2010 was in fact distinctively high compared with the other
years.

Table 1. Monthly average values of the depth averaged Bosphorus upper layer
current velocity in the north-south direction (m/s). Positive value is to the north.

Number Mean Standard

of Current Deviation Range
Month samples (m/s) (m/s) (m/s)
January 16987 -0.46 030 -1.75-0.07
February 15738 -0.52 031 -1.75-0.07
March 12954 -0.68 0.23  -1.65- 0.04
April 8938 -0.62 0.32 -1.5-0
May 9232 -0.47 027 -1.1-0.03
June 9598 -0.47 0.20 -1.17-0
July 7411 -0.56 0.17 -1.16-0.11
August 7504 -0.54 0.19 -1.13- 0.05
September 5892 -0.51 0.18 -1.21-0.03
October 15364 -0.48 0.22 -1.23-0.1
November 15945 -0.49 024 -1.25-0.08
December 12886 -0.41 0.30 -1.65-0.11
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3.2.1 Upper layer Volume flux

Quantifying the volume flux from vertical profiles obtained at a single location
from the bottom-mounted ADCP in the Bosphorus is challenging since the measurements
do not provide information on the horizontal distribution of currents. It is assumed that
the upper layer velocity and the upper layer thickness is the same along the cross-section,
and integrated over the vertically variable width of the channel, possibly resulting in
underestimation or overestimation of the upper layer flux. The original 15 min time series
and the 3-day low pass filtered version are shown in Figure 7, in the same way as the
earlier Figure 6 is obtained.

The original time series calculated from 15 min sampled currents in Figure 7
actually shows great variability, the details of which cannot be fully displayed in this
compressed figure. The extreme variability of the upper layer currents on short term is
such that fluctuations in volume transport are often two or three times greater than the
mean values. Both very high negative values (towards the Marmara Sea) outside the limits
of display and zero or positive values (towards the Black Sea), the latter occurring during
“Orkoz” events, are found in the original time series. By applying a low pass filter a lot
of the variability is removed to show the essential features on scales longer than 3 days,
but at the cost of simplifying the original variability showing many extreme but frequent
conditions of both very high fluxes and the occurrences of short term upper layer blocking
events.

Figure 7. Time series of the upper layer volume flux during the study period
(yellow=15 minutes data, black= 3-day low pass filtered data)

A summary of the calculated monthly mean upper layer fluxes is given in Table
2. Based on these results, the largest transport in the upper layer appears to occur in the
spring and early summer, especially in March whereas the lowest transport in the upper
layer takes place in the fall and winter. The annual mean of upper layer volume flux in
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the years 2008, 2009 and 2010, respectively are -9028 m®/s, -8549 m?/s and -10341 m®/s.
We note once again that the upper layer volume flux for 2010 is larger compared with
other years.

Table 2. Monthly average values of the depth averaged Bosphorus upper layer
volume flux in the north-south direction (m?/s). Positive value is to the north.

Mean

Number Volume Standard

of flux Deviation Range
Month samples (m3/s) (m3/s) (m3/s)
January 16987 -7608 5208 -49407 — 3373
February 15738 -8894 5603 -46887 — 1884
March 12954 -11605 4478 -51175-1081
April 8938 -10931 6006 -41491 -0
May 9232 -9306 5626 28457 — 680
June 9598 -9525 4439  -28960-0
July 7411 -10413 3712 -28241-792
August 7504 -9577 3715 -24496 — 1689
September 5892 -8900 3258  -26492 — 849
October 15364 -9641 4979 -29761 —4014
November 15945 -10234 5611 -32640-3076
December 12886 -7570 5527 -41441-2314

3.3. Bosphorus Upper Layer Current versus Sea Level Difference between
Marmara and Black Seas

The sea level difference between the Black Sea and the Marmara Sea with
ancillary data such as atmospheric pressure, atmospheric pressure and wind velocity are
examined using data from coastal stations. The sea level difference between the Black
Sea and The Marmara Sea based on the the measurements at Yalova and Sile coastal
stations over the study period varied from -14 cm to 71 cm with a mean of 26 cm. The
sea level difference between the Black Sea and the Marmara often responds to the winds
over the region. The northerly winds increase the sea level north of Bosphorus, while the
while southerly winds do the reverse by increasing sea level south of the Bosphorus. Since
the wind setup is enhanced in shallower regions, increasing inversely with the water depth,
it is not surprising to observe that the sea level change due to the wind setup in the South
of the Bosphorus, in the shallower Marmara Sea is relatively greater than in the north of
Bosphorus, in the Black Sea. The barometric pressure difference between the two seas at
stations at the two ends of the Bosphorus varies at most by about 3 mbar, which is not
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enough to create the observed total changes in sea level differences. However, the
barometric pressure averaged over the Black and the Mediterranean Seas area should be
great enough to be one of the drivers of the exchange.

The present results for the sea level difference between the Marmara Sea and the
Black Sea are different from previous observations reported by others. The average
annual sea level difference between the ends of Bosphorus was estimated as 35 cm by
Gunnerson and Ozturgut (1974), as 33 cm by Cecen et al. (1981). Biiyiikay (1989) found
the annual average sea level difference to be 28 cm in 1985, 29 cm in 1896, and 13 cm in
1987. These observations suggest that the average mean sea level difference is typically
about 30 cm. The average 26 cm obtained in this study is smaller than these estimates but
coincide better with the Biiyiikay (1989) results.

Time series of Bosphorus averaged upper layer current and sea level differences
(Figure 6) indicate that upper current of Bosphorus responds to the sea level differences.
An increase of the sea level difference results in accelerating the upper layer current. A
linear regression with the least squares approach between sea level difference and upper
layer current results in the plot of Figure 8. Although a linear relationship seems to exist,
large scatter in the data indicates a more complex dynamic response to be in action.

Figure 8. The north-south velocity component of the Bosphorus upper layer
current versus sea level differences between Sile and Yalova stations.

Time series of the bottom-mounted ADCP currents at Baltalimani, sea level, wind
velocity and barometric pressure presented in Figures 9 and 10 for selected monthly
periods illustrate typical response of the Bosphorus as a function of environmental
conditions.
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Figure 9. Time series of 01-30 November 2008 (days 305-335) for (a) wind speed,
(b) wind direction (measured from east), (c) wind vector and (d) barometric
pressure at the Yalova station, (e) inverse barometer corrected sea level at Sile (red)
and Yalova (green) stations (f) their differences Sile-Yalova, (g) the magnitude
and sense of ADCP currents in the north-south direction (north is positive) at

Baltalimani.
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During the initial part of the record in Figure 9, 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 hr) 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. 2010), 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.

Our observations of ADCP currents in Figure 9 indicate complete flow reversal at
the whole depth of the Bosphorus during 20-24 November 2008 (days 325-328), subject
to oscillations. The fact that the whole Bosphorus flowing towards the Black Sea must
have completely altered the outflow of dense water referred to as the “Medierranean
Effluent” in the Black Sea exit region studied by Ozsoy et al. (2001) and others. Book et
al. (2014) point to the greatly increased outflow in the same occasion and Falina et al.
(2016) find the anomalous intrusions of the resultant transport in the intermediate depths
travelling to remote areas of the Black Sea.

According to the ADCP data records, upper layer blockage events lasting for one
or two days are seen starting on 13 September, 5 October, 21 November, 5 December of
2008, 25 January, 5 February, 13 October, 12 November 0of 2009, 01 January, 07 January,
11 January, 17 May, 30 November of 2010 and 7 October, 4 December and 10 December
of 2011. The effect of southerly winds on blockage events of Orkoz are clearly
documented. Sometimes different local wind conditions are observed simultaneously at
both ends of Bosphorus. In such case, the differences between wind setup at each end of
Bosphorus govern the exchange flow. According to this study, the blockage events are
observed when the sea level difference between two ends are almost equalized and the
results demonstrate that the upper layer flow returns to the usual state as soon as blocking
conditions vanish. The water column profile indicates that the depth average upper layer
current speed can vary between 0.2 m/s and 0.5 m/s during Orkoz. In spring and summer
the blockage events aren't observed. This is possibly caused by the weak southerly winds
and the increase of the sea level in Black Sea idue to the river input during that period.

Sustained northerly winds in January 2010 (Figure 10), 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. This is a very strong case of lower layer blocking observed in the ADCP
data and also confirmed by sea level observatins.
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The lower layer blockage is also observed on 29 December of 2008, 22 February
of 2009 and 22 January, 3 February, 8 March, 8 April, 27 April of 2010. In terms of
duration of events, the lower layer blockages typically last longer than the upper layer
blockages, but it can be noted that the lower layer blockages were observed to occur less
frequently than upper layer blockages during this study. In addition, lower layer blockage
events are often accompanied by a sea level difference greater than 60 cm.

Figure 10. Time series of 01 January — 03 February 2010 (days 731-765) for (a)
wind speed, (b) wind direction (measured from east), (¢) wind vector and (d)
barometric pressure at the Yalova station, (e) inverse barometer corrected sea level
at Sile (red) and Yalova (green) stations (f) their differences Sile-Yalova, (g) the
magnitude and sense of ADCP currents in the north-south direction (north is
positive) at Baltalimani.
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4. Conclusions

Time series of meteorological and marine data analyzed in this study allow
characterization of motion time scales. The sea level is highly variable in the Turkish
Strait System. In addition to diurnal and semidiurnal oscillations in sea level, the analyses
reveal oscillations varying from several days to weeks owing to winds and barometric
pressure differences, although there is very limited penetration of tidal oscillations. The
response to atmospheric pressure in either the Black Sea or the TSS cannot be
characterized as an inverted barometer response at all. On the other hand, in the Marmara
Sea, both atmospheric pressure and winds affect sea level. Annual mean sea level
difference between the Black and Marmara Sea is found to be around 26 cm during the
study period. However, during upper layer blockage events often the sea level difference
vanishes, while the sea level differences of up to 1 m can occur during lower layer
blockages. The blockage events are mainly associated with meteorological events such
as wind and atmospheric pressure, as well as the net through-flow which is a function of
the hydrological situation. The lower layer blockages usually occur in spring due to the
increasing of sea level in Black Sea whereas the upper layer blockage events occur in
winter due to the southwesterly winds.
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1. Introduction

A detailed measurement program promoted by the Istanbul Technical University
Foundation, Defense Studies Center (ITUV/SAM) contracted by the Turkish Straits
(TURBO) administration of the Turkish Government in the 1999-2000 period was carried
out by the IMS-METU (1999) to investigate surface currents in the Bosphorus, a key
element of enormous importance for navigation and shipping accident risks in the Turkish
Straits.

A small ship specially fitted with on board ADCP was used to monitor currents in
the Bosphorus, including its many small embayments, shallows and turns in channel
orientation, while the research vessel R/V BILIM collected CTD and ADCP data at
stations and transects across the Strait. The experiments were performed on several days
during 3-6 September 1998, 4-22 March 1999 and 22 July — 3 August 1999. The magnetic
anomalies in compass direction created by the steel hull of the small ship ATMACA 11
hired from a diving company, as well as the GPS positions and consequently ship course
had to be corrected for accurate positioning, by making use of independent measurements
of the GPS and bottom tracking.

Current meter and sea-level measurements at fixed stations shown in Figure 1
provided additional information on the flow characteristics. A current-meter at 4.5 m
depth was placed at Beylerbeyi near the Small Officers Preparatory School (station
CM1/BL: 41°02°36”N 29°02°14”) in the southern Bosphorus and two current-meters at 5
and 11 m depths at the headland of Selvi Burnu in the northern Bosphorus (station
CM2/SB: 41°08’42”N 29°04°12”E), all of which were Aanderaa RCM7 rotor type
recording current-meters. Sea level stations close to these locations were established,
installing Aanderaa Water Level Recorders of the WLR7 type on the coast of the Yusuf
Kalkavan Mariner High School at Besiktas (station SL1/BS: 41°02°19”N 29°01°06”E)
and at the pier of the Rumelikavagi Pilot Station (station SL2/RK: 41°10°33”N
29°04°22”E). The positions of the sea level instruments were levelled, yielding +0.818m
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for SL1/BS and +1.681m for SL2/RK stations. Currents and sea level were measured at
5 min nominal sampling and recording intervals.

41"
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41"

41"

T
29° 00 29° 05 1

Figure 1. Positions of current-metering and sea level stations in the Bosphorus
2.  ADCP measurements of surface currents

The primary aim of the measurements was to determine surface currents and the
associated surface circulation in the Bosphorus, especially to collect elaborate
information showing areas of rapid changes in direction and magnitude of currents,
meandering and re-circulations in the various bends, corners, deep channels, shallow
banks and embayments of the Strait, which are extremely important in general navigation
and shipping in this critical high energy region. In order to collect the ADCP data used to
construct maps of surface currents, the small boat had to enter shallow areas and travel
along the Bosphorus along a route that challenged the very same dangers of navigation
in the congested traffic of the Strait. The measurements actually represent near-surface
currents at about a depth of about 5 m because of the loss of data near the surface.
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Figure 2. Example display of the travel path of the boat ATMACA II along the
Bosphorus, the vectors of surface currents sampled along the route, and the
interpolated amplitude and vectors of surface currents on March 18, 1999.

An example of the ADCP near-surface (10m) currents obtained by the boat along

its path in the Bosphorus and the interpolated fields of current amplitude and vectors are
provided in Figure 2. The series of daily surface current maps are provided in Figure 3.
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Figure 3. Surface currents based on daily measurements horizontally interpolated
to the Bosphorus area.
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Figure 3. continued
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Figure 4. Transects of ADCP currents along the Bosphorus. The upper panel in
each set is the along-strait component of velocity (positive towards the Black Sea)
and the middle panel is the cross-strait component. The boat path, the thalweg line
and crossing points (red) used in interpolation to transects are shown in the lower
panel.
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Figure 4. continued
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Figure 4. continued
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Figure 4. continued
3. ADCP and CTD sections

The ADCP current profiles obtained along the travel path of ATMACA 1I (e.g.
Figure 2) were projected on the mid-Bosphorus transect following the thalweg, by using
the data at the intersections of the boat path with the thalweg. The current vector data
were then rotated to align the along-strait component to the thalweg line, and the other
component perpendicular to it. The along-strait and cross-strait components are shown
on the upper two panels in Figure 4, and the boat path crossing points with the thalweg
are also shown.

A great variety of flow configurations are shown in Figure 4, with high currents of
up to 1.5 m/s and higher are observed especially in the southern Bosphorus. In the lower
layer, currents reaching 1 m/s in amplitude are observed. The measurements during
March 15-18 demonstrate a case of lower layer blocking, with the emmmmntire
Bosphorus swept by southward currents on March 18.
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Figure 5. CTD cross sections along the Bosphorus obtained by R/V BILIM on
several days during which ADCP measurements of Figure 4 were obtained by
ATMACA 1I. In each figure the upper, middle and lower panels respectively
display salinity, temperature and density sections.

88



CTD data at stations were obtained by R/V BILIM during some of the days when
ADCP data from the boat ATMACA II. The temperature, salinity and density sections
are provided in Figure 5 for comparison with the ADCP data in Figure 4. In most of the
cases, two layer flow structure and the change in interface characteristics past the
hydraulic control at the contraction in the southern part appear as well known features,
except the last one on March 18, 1999 when the lower layer is blocked and pushed all the
way to the south, past the southern sill of the Bosphorus.

ADCP measurements were also obtained in the Dardanelles Strait by the R/V BILIM
during its return to the Mediterranean Sea, as shown in Figure 6. A crossing pattern was
followed along the Strait to enable horizontal interpolation of surface currents. The cruise
path of the ship, its intersections with the thalweg line and the projected along-strait and
cross-strait velocity componetns are shown on the left-hand side panels. The original
velocity measurements and the horizontally interpolated surface circulation are shown on
the right-hand side. The sections indicate the highest upper layer currents past the Nara
Pass, while the lower layer currents are significantly lower in magnitude.

Figure 6. Along-strait (positive towards the Black Sea) and cross-strait velocity
components along the Dardanelles Strait (upper two panels) and the path of R/V
BILIM intersecting the thalweg line (red) in the lower panel on the left hand side.
The original velocity vectors sampled along the cruise path and horizontally
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interpolated to show surface current distribution are shown on the two panels on
the right-hand side.

4. Current and sea level measurements

Currents at fixed stations were measured for several monthly current-meter
deployment periods. An example of current measurements at stations CM1 and CM2 is
provided in Figure 7, with current components rotated to align with the main flow axis,
temperature and salinity.

Figure 7. Current-meter measurements starting on 04 March 1999 of current
components aligned along the main strait direction and temperature and salinity
records.

Mean currents of 0.2-0.6 m/s and instantaneous values reaching up to 1m/s are
observed in the records. Spatial and temporal correlations and spectral analyses provide
estimates of spatial and temporal scales of motion. Spectral estimates using fft
periodogram and maximum entropy analyses are given in Figure 8 for the currents
displayed in Figure 7, showing diurnal and semi-diurnal tidal signals as well as 2-5 d
periods corresponding to motions driven by meteorological factors, and small fluctuations
in the high frequency band.

Sea level measurements obtained for about eight months by repeated deployments
of tide gauges at Besiktas (BS) and Rumelikavagi (RK) stations show local and remote
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effects of the regional hydro-meteorology influencing the dynamics of the TSS as well as
the neighboring seas. Spectra for sample records at the two stations are given in Figure 9.

Figure 8. Time series, periodogram and maximum entropy spectra for the along-
strait current components of time-series starting on 04 mar 1999 at the SB and BL
stations.

Figure 9. Time series, periodogram and maximum entropy spectra for the sea
level time-series starting on 20 mar 1999 at the RK and BS stations.

5. Sea level annual time series

Sea level measurements were obtained for almost about a year by repeated
deployments of tide gauges at Besiktas (BS) and Rumelikavagi (RK) stations along the
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Bosphorus. The complete time series obtained by joining the various records are shown
in Figure 10.

Sea level changes at the two ends of the Bosphorus are linked to local and remote
hydro-meteorological driving factors such as the net water fluxes in the Black Sea that
determine the net flux of the Bosphorus in an average sense, but also the dynamic loadings
by winds, barometric pressure and tidal effects in addition to the net water budget. In fact
the correlation and spectral analyses of the time series part of which are represented in
the above section have shown oscillations at sub-inertial and tidal frequencies that are
typical of such motions.

Figure 10. Time series of sea level and surface temperature at stations
Rumelikavagi (RK) and Besiktag (BS) obtained from tide-gauges during March
1999 — February 2000.

What can be observed from these time series is the great oscillatory motions of the

sea level on both the northern and the southern instrument sites in the Bosphorus.
Oscillations of several days in period typically varying from daily to weekly frequencies
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typically resulting from hydro-meteorological events and tides are well known in the
region. There is a long-term, seasonal sea level difference between the two stations
possibly closely following the difference between the Marmara and Black Seas, that
actually governs the transport through the Strait. The sea-level difference on the average
is about 20-30 cm, but goes up to about 60 cm during dynamic changes. During certain
occasions in winter and spring seasons the difference is seen to vanish, corresponding to
upper-layer blocking or “Orkoz” events that are well known in the Bosphorus.

A spectacular event in the record is observed during the August 17, 1999 Richter
scale 7.4Mw earthquake that struck the region and created great damage and loss of lives.
While the measurements were primarily concerned with sea level variations linked to
local and remote meteorological forcing and the water balance of the Black Sea, the
measurements at Rumelikavagi revealed a completely different response that probably
belongs to a process of tectonic origin connected with the 1999 Marmara earthquake.

Figure 11. The sea level records at Rumelikavagi (RK) and Besiktas (BS) on and
expanded time scale, covering the August 17, 1999 earthquake event.

The expanded scale plots of the sea level response at the two stations are shown
in Figure 11. While the sea level at Besiktas (BS) fluctuates as often observed, the sea
level at Rumelikavag: (RK) first starts to rise from a level of 0.40 m on 14% with
increasing rate in the following three days to reach a peak of more than 0.84 m at about
3 am on the morning of the 17, which is the exact time of one of the greatest earthquakes
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of the recent past, that took place in Gélciik, further south of the Bosphorus in the izmit
Bay area of the Marmara Sea. From then on a steady drop of sea level for the next two
days follows, by about ~1 m to reach a minimum of -0.14 m past the midnight of the 19,
after which the sea level once again starts to recover until mid-day on the 20", coming
back to the constant level of 0.40 m, finally with a still further daily increment to reach
about 0.60 m on the 23", This behavior is very different from other times shown in Figure
10, and could only be related to earth movements that are much slower than water
movements.

Figure 12. A summary of the geology of the Bosphorus Strait (Istanbul
Technical University)

Because we could not explain such great variations at the time of the experiments,
we did not publish them. The report on the experiment was given to the TURBO
administration by taking out the set of measurements from the graphical displays of the
results and details were not discussed of the particular period, in order to exclude and not
claim responsibility for any scientific results that did not seem to be explicable. We
believe that the phenomenon could only be evaluated and understood from the point of
view of solid earth science, although no one has yet offered such an explanation. In this
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respect we only remark that, perhaps the overlaid fault line in Figure 12, passing through
exactly the same point as the sea level measurements were made (compare Figure 1), or
the sharp change in the rock structure across this fault could have a role to play, although
the fault is not an active one.

We knew that the particular response that has been observed could not be
associated with hydrodynamics because it was only observed at one of the two sea- level
stations operating at the same time, and further, the great changes in sea level lasting for
more than several days observed at the Rumelikavagi station north of the Bosphorus could
not be explained by tsunamis or some similar process which should have been of higher
frequencies of oscillation. Similarly, the observed record could not be related to some
kind of instrument malfunction, because the pressure sensor of the WLR7 is a mechanical
one and the recording system is an old-fashioned cassette type with stable electronics.
However, our contacts with geologists and geophysicists to seek for a possible
explanation at the time unfortunately did not produce any credible explanation.

It is striking that this different behavior has occurred more than 60km from the
source of the earthquake and not concurrently observed at the Besiktas sea level station
which was actually closer to the earthquake epicenter. Although a scientific explanation
for this recording of anomalous sea level change has not been found to date, the event
now deserves attention because it should be revealed possibly to trigger further
investigations leading to a scientific explanation and possibly additional means to monitor
the effects of earthquakes in the region.
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In this short review, the dye study in the Bosphorus performed as part of the ISKI
wastewater studies in the 1990’s, originally reported by Ozsoy et al. (1994, 1995a) and
Besiktepe et al. (1995), are briefly re-described for the present context.

Starting with the 1960’s till the present time, what to do with the wastes of the
growing megapolis of Istanbul has been a major problem for the millions of people living
in and around the city and on the coasts of the whole Turkish Straits System (TSS) and
adjacent seas. The design and development of a waste collection and disposal system has
been an urgent objective of the city administrations, so far partly achieved through
veritable efforts on the part of the Istanbul Water and Waste Administration (1SKI),
possibly in need of further updating against the uncontrolled growth of population and
industrial pressures. The initial design of the marine waste disposal system, at least for
the greater part of Istanbul has relied on the existing physical mechanisms of the TSS. In
the two-layer current system of the TSS, it has been proposed that the wastes discharged
into the Bosphorus would be carried to the Black Sea by the lower layer flow, with only
a small amount possibly making its way to the surface by mixing, which in any case
would be low because of the strong stratification. It was also hoped that the wastes
remaining in the TSS system would be reprocessed by the marine biogeochemical
processes, although bio-treatment of the wastes would also be needed.

However, the TSS with its very small domain and inertia, as well as the adjoining
Black Sea are almost closed water bodies receiving huge amounts of nutrients via rivers
and the atmosphere as well as wastes from the encircling hinterland. Because the Black
Sea ecosystem is already threatened by eutrophication, concerns have been expressed
whether the export of wastes to the Black Sea would add to the problems there. Similar
concerns existed for the possibility of the pollution of surface waters in the Bosphorus
and the Sea of Marmara. The effective role of the TSS in the transport to and from the
adjacent Black and Mediterranean Seas have been studied by Polat and Tugrul (1995)
from the above viewpoint. At the same period of time the existing studies Unliiata et al.
(1990), Ozsoy et al. (1995a, 1996, 1998, 2001), Gregg et al. (1999), Gregg and Ozsoy
(2002) provided the background information necessary to understand the basic dynamical
setting and transport aspects of the Bosphorus currents. The above concerns have actually
proved to be right by the present state of the environment which has deteriorated ever
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since, especially in the Marmara Sea and the TSS despite the efforts to resist the rising
tide of pollution effects by the waste discharge system at the forefront of its defenses.
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Figure 1. Location map for the ISKI project of the IMS-METU showing the
Bosphorus topography, regular measurement stations and the network of stations
used in the dye dispersion study making use of the two ships, R/V BILIM of
Middle East Technical University and R/V ARAR of Istanbul University.

The measurement campaign was carried out for ISKI during the early 1990’s to
determine the environmental fate of the marine waste discharges of the city of Istanbul.
The location of the study and stations are shown in Figurel. In addition to an in-depth
investigation of the TSS through an intense campaign of in-situ oceanographic
measurements, the IMS-METU had also taken the incentive to perform a large-scale dye
dispersion experiment based on ship-based measurement of dyes introduced to the ISK1
wastewater discharged into the marine environment. The dispersion patterns of the dye
patches were monitored by two ships the R/V BILIM and R/V ARAR using CTD, ADCP
echosounding, water sampling and fluoroemeter concentration measurements, assisted by
a small boat equipped with a separate fluorometer to locate the dye patch in the Bosphorus
Strait and its exit regions in the Marmara and Black Seas.

97



Depth{m)
Depth(m)

Figure 2. Images of the waste plume issuing from the Ahirkap1 diffuser obtained
by the echosounder on board the R/V BILIM during the dye study in the
Bosphorus.

Shortly before the IMS-METU study, with the operation of the waste water
disposal system in 1987, the city of Istanbul had already started discharging a significant
proportion of its waste through diffusers on the seabed of the Bosphorus at Ahirkapi
(Figure 1). At the time of the study, the Baltalimani diffusers and others built later were
not yet operative. The experiments were to describe the behaviour of the discharge both
during the normal two-layer flow of the Bosphorus and also under extreme conditions
when either the upper or the lower layers could become blocked.

98



The ship-based experiments used echo-sounding and acoustic backscattering
measurements to visualize the plume of wastewater (Besiktepe et al. 1995). Examples of
the echosounding records are shown in Figure 2. In all similar images, almost at all times
the buoyant plume of wastewater discharging from the diffusers was seen to be bending
towards the north swept by the strong lower layer currents. In cases of weaker flows the
plume would be rising to the interface levels, but was never observed to penetrate the
strong density gradient at the interface and become incorporated into the upper layer flow.

Absolute acoustic backscatter in the water column was measured and extracted
from the ADCP measurements as the ship moved along paths crossing it, as shown in
Figure 3 and described in detail by Besiktepe et al. (1995). These measurements
additionally ensured us of the position of the buoyant wastewater plume, which was never

observed to reach the surface even under the most adverse conditions.
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Figure 3. Absolute backscatter measured by the on-board ADCP of the R/V
BILIM near the Ahirkapr diffuser on 18 May 1992.

The dye study was performed by mixing dyed water of given fluorescent
Rhodamine dye of given concentration to the wastewater at the ISK1 treatment facility at
Yenikapr and later measuring the concentration in the water discharged into the
Bosphorus through a vigorous tracking and sampling program in real-time along the Strait
and its adjoining exit regions by two oceanographic ships and a small vessel. The
measurements were carried out for instantaneous and continuous releases, repeated under
normal and adverse conditions of flow blocking in the Bosphorus during several
experiments outlined in Table 1.
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Table 1. Dye release experiments

waste  lower calculated measured
dye water layer tank source source
release mass  flux flux  conc. conc. conc.
date method (kg) (m¥s) (m¥s) (ppb) (ppb) (ppb)
Aug. 1992 Instantaneous 180 2 7500 100 54 52
Sep. 1992  Continuous 408 2 12000 1.7 1 4
Mar. 1993 Instantaneous 312 6 5000 130 31 21
Dec. 1993 Instantaneous 312 2 19000 86 36 79

ADCP measurements of currents together with fluorometric measurements of dye
concentration (Figure 4) delineated the dye patches moving with the exchange flows in
the Strait, as shown by the analyses of the measurements and computations presented in
Ozsoy et al. (1994, 1995). During the measurements, the fluxes of both layers changed
over a wide range, including several cases of short-term blocking.

o - o ™

DOepth (ml

Figure 4. An example of a section of ADCP current (dotted line fill) and dye
concentration (solid line fill) profiles at Section B5, 5 March 1993, used in the
computation of dye mass transiting the Strait.

Normal discharge conditions prevailed in the first two dye release experiments,
with upper and lower layer discharges respectively of Qu = 10000— 17000 m3/s, Q¢ =
5000 — 7500 m3/s in August 1992, and Qu = 3000 — 5000 m3/s, Q€ = 11000 — 15000
m3/s in September 1992.

In March 1993, the upper layer flux was increased significantly (Qu = 20000—
27000 m3/s), leading the lower layer discharge to be significantly reduced (Q€ = 1000 —
3000 m3/s), almost to the level of lower layer blocking. The transit time for the dye cloud
in the lower layer was therefore considerably larger than the first experiment in Figure 3.
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In December 1993, the identification of the layers was less straightforward
because the upper layer was actually blocked (Qu = 0). The Black Sea water (Su < 18)
was found only at the north end of the Bosphorus before the dye release started but then
receded to the contraction area during the dye measurements. Elsewhere Marmara surface
water (S = 24 — 26) and the underlying Mediterranean water flowed towards the Black
Sea (total Q€ = 20000 m3/s), and submerged under the low salinity wedge of Black Sea
water.
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Figure 5. Lower layer average Rhodamine-B concentration at different locations
along the Bosphorus, after (a) continuous dye release, September 1992, and (b)
instantaneous release, March 1993. Data points are measurements, and the solid
lines are the predicted concentrations at the 7.5, 15 and 28 km distances from the
source (respectively near stations B5, B8 and B15) obtained from diffusion model
calculations.

In Figures 5 and 6, measurements of the lower layer average dye concentration at
various stations along the Bosphorus are compared with model calculations following
Ozsoy and Unliiata (1988) for the several cases of continuous and instantaneous release
experiments.
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Figure 6. Lower layer average Rhodamine-B concentration at different locations
along the Bosphorus, after (a) instantaneous dye release, August 1992, and (b)
instantaneous release, December 1993. Data points are measurements, and the
solid lines are the predicted concentrations at the 7.5, 15 and 28 km distances from
the source (respectively near stations B5, B8 and B15) obtained from diffusion
model calculations.

Measured fluorescence intensities following the addition of Rhodamine B to the
waste showed the dye, and therefore the waste water, to be dispersed to become almost
uniform in the lower layer at a distance of 6-8km from the discharge. Measurements of
the dispersion showed the mixing times to be about 2.5 days, 9 hours and 5 minutes along,
across and in the vertical direction respectively within the lower layer of the Bosphorus,
suggesting that the lower layer mixed patch would reach the Black Sea without finding
time to be entrained into the upper layer and carried back to the Marmara Sea.
Simultaneous measurements of current velocity and of Rhodamine concentrations across
the Bosphorus confirmed the soundness of the observations and of their analysis, the mass
of dye computed to be passing the cross section of the Bosphorus; being of the same order
of magnitude as that known to have been dissolved in the wastewater initially. When the
Rhodamine was added instantaneously dilution factors of 10—5 to 10—6 were observed.
Continuous release of Rhodamine gave dilution factors of 10—3 to 10—4 and it was evident
that the concentration of water soluble waste became approximately constant throughout
the bottom layer of the Bosphorus and tailed off upwards towards the halocline. The
fluorescence due to the transport of Rhodamine from the bottom to the top layer of the
Bosphorus was little larger than the background fluorescence observed before the release
of the dye. The background level was equivalent to 0.4ppb of Rhodamine in the
Bosphorus. Consequently it was difficult to determine dye concentrations in the upper
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layer accurately. All our observations are consistent with dye - and hence soluble waste
being transported into the upper layer of the Bosphorus in the same manner as salinity. In
an experiment in which Rhodamine was injected continuously into the city waste for 17
hours 12% of the lower layer flux appeared to be transported into the upper layer. The
fluorescent dye concentrations in the upper layer remained at low levels throughout the
Bosphorus and its adjacent areas. Under blocked flow conditions, contamination of the
surface waters was minimal, and flushing of the wastes out of the system was rapid.
Longitudinal dispersion coefficients governing the transport of waste along the
Bosphorus were estimated by the measurements. The turbulent plume of waste is found
to be capped by the pycnocline, and therefore the transport of waste into the top layer of
the Bosphorus is small under all conditions. The results showed limited surfacing of the
wastes discharged from diffusers at the bottom of the Bosphorus. The total quantity of
dye computed by integrating the dye patches in transit through the system confirmed
recovery of the injected amount, checking the consistency of the measurements.

The most significant pathway of entrainment of lower layer material into the upper
layer would in fact be expected in the southern part of the Bosphorus in the dissapative
region south of the central constriction, where the Ahirkap1 diffuser is located. Despite
this expectancy, the levels found in the upper layer were confirmative of the design, which
showed that the estimates based on mass budgets were not exceeded in any way.

The accompanying measured distributions of halocarbons have been reported in
Fogelgvist et al. (1996), and faecal coliforms were counted in addition to the dye study
based on Rhodamine dye added to the waste and dispersion patterns of waste followed
throughout the Bosphorus, as reported by Ozsoy et al. (1994, 1995), Besiktepe et al.
(1995).
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1. Introduction

Wind generated waves propagating on the ocean surface represent a potentially
serious hazard to life and property in various maritime and coastal activities. Hence, it is
necessary to develop the capability to forecast wave conditions over global and regional
ocean domains to minimize loss of life and property (Tolman et al. 2002). The Sea of
Marmara is a very active sea in terms of marine activities. Therefore, a proper
knowledge of the expected wave conditions is important for coastal studies, safe
navigation purposes and offshore activities. Therefore, we developed a SWAN model to
accurately hindcast wave conditions in the Sea of Marmara. The model results were
calibrated with the measurements at one buoy and validated with the observations at
two buoys moored along the northern coast of the Sea of the Marmara. One-year of
observed data in 2013 at Silivri were firstly used for the calibration of the SWAN model
using both wind forcings. Hereafter, short-term data observed in 1990 and 2003 at
Marmara Eregli and Ambarli respectively, were used for validation of the SWAN model
using both wind forcings. The SWAN model performance was evaluated by using the
significant wave height (Hmo) at all buoys. For setting-up a proper SWAN model
implementation, attention was paid to the deep water physical formulations for
whitecapping dissipation, quadruplets, and the shallow water formulations for triads,
bottom friction, and depth-induced wave breaking.

2. Study area

The Sea of Marmara, is an inland and practically closed sea (Figure 1) that is
located between 40° - 41.25° north latitudes and 26° - 30° east longitudes. It connects the
Black Sea in the north via the Bosphorus strait, to the Aegean Sea in the south through
the Dardanelles strait. It has approximately an area of 11,500 km? with a 240 km length
and a 70 km width. Its greatest depth reaches -1,270 meters. The study area and its
bathymetry are illustrated in Figure 1. It also presents the stations of the TPAO
(Anonym Association of Turkish Petroleum) Silivri buoy (wind and wave measurement
station), Marmara Eregli and Ambarli buoys (wave observation stations) used in this
study.
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Figure 1. Study area and wind and wave observation stations
3. Materials and Methods

In this study, the SWAN cycle III version 41.01 model (Booij et al. 1999; Ris et
al. 1999) was used to perform the hindcast study. It was run in third generation and non-
stationary mode with a time step equal to 30 minutes and four iterations per time step.
The model domain covers the entire Sea of Marmara, from 26.6958°E to 29.9958°E of
longitude and from 40.2042°N to 41.0942°N of latitude. The domain was discretized
with a regular grid of 500 x 135 nodes in spherical coordinates with a uniform
resolution of 0.0066° (about 1/15°) in each direction. The directional wave variance
density spectrum function was discretized using 36 directional bins and 35 frequency
bins logarithmically spaced between 0.04 Hz and 1.0 Hz. The numerical scheme was
the slightly dispersive BSBT (first order upwind; Backward in Space, backward in
Time) scheme. For our wave model computations we have used different formulations
for wind growth and whitecapping and calibrated the tunable Cqs parameter. Quadruplet
interactions are estimated using the Discrete Interaction Approximation (DIA) by
Hasselmann et al. (1985) using A=0.25 and Cn4=3x10". The JONSWAP bottom friction
formulation is used with Cgon=0.038 m?s™ according to Zijlema et al. (2012). Depth-
limited wave breaking is modelled according to the bore-model of Battjes and Janssen
(1978) using a=1 and y=0.73. The triad wave-wave interactions using the Lumped Triad
Approximation (LTA) of Eldeberky (1996) in the SWAN were activated.

For the modelling of the wind waves in the Sea of Marmara, the SWAN model
needs a bathymetry and input wind fields. In this study, the ERA Interim winds from
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the ECMWF and the CFSR winds from the NCEP are used as wind inputs. The wind
fields of the ERA Interim data set were provided for an area covering 39.700° - 41.800°
North latitudes and 26.100° - 30.000° East longitudes, with a spatial resolution of 0.100°
x 0.100° and a 6-hour temporal resolution. The data for the CFSR winds was obtained
for an area covering 39.353° - 41.603° North latitudes and 25.568° - 30.272° East
longitudes. The CFSR winds had a spatial resolution of 0.2045° x 0.2045° and a 1-hour
temporal resolution. For both wind sources, u and v wind components at 10 m high
were provided. The bathymetry of the Sea of Marmara was obtained from GEBCO,
General Bathymetric Chart of the Oceans (GEBCO, 2014) with a spatial resolution of
0.008333° in both directions.

For the assessment of the accuracy of the CFSR and ERA Interim wind data sets
and the calibration and validation of the SWAN models using two different winds, we
used the measured data at three buoy stations available in the Sea of Marmara. Wind
and wave measurements at Silivri buoy station (TPAO-MGM ODAS-01TR), which is
owned by TPAO, were used to assess the accuracy of the CFSR and ERA Interim wind
data sets and to calibrate the SWAN model because it has the data with the longest
period in comparison with the other two buoys. This buoy is located on the coordinates
41.043889° N and 28.186944° E which has a depth of 50 m and 3 km from the shore of
Silivri district in Istanbul province. At this station, a total 17,103 half-hourly wave
measurements from 1 February 2013 till 6 May 2013 (4,560 data), 7 May 2013 till 23
January 2014 (12,543 data) were provided by TPAO. Besides, a total of 479,996 wind
measurements at 10-m height from 1 February 2013 till 31 December 2013 are also
provided from TPAO. Wind observations have a 1-minute temporal resolution.

For the validation of the SWAN model the short-term measured Hmo data at
Marmara Eregli and Ambarli were used. At Marmara Eregli, wind and wave
measurements were collected at an LNG terminal site by Akyarli and Oner (1991). It is
located at 40.976369° N and 27.977285° E. The measurement station is about 1 km
from the coast, where the water depth is 17 m. The data were digitized from Ozhan and
Abdalla (1993). At this station, a total of 298 wave measurements were available at
three periods: from 14 to 17 March 1990 (66 data in total), 21 to 31 August 1990 (156
data in total), and 17 to 20 December 1990 (76 data in total), The third buoy station,
known as Ambarly, is situated at a water depth of 17 m and about 500 m distance from
the coast at 40.9631° N and 28.684968° E. At this station, a total of 233 wave
measurements between 30 August 2003 and 26 September 2003 were provided. The
data is summarized in Yiiksel et al. (2004).

The accuracy of both CFSR and ERA Interim winds was evaluated against the
measured winds at the Silivri buoy station, obtained by bi-linear interpolation of the
wind speed components from the four closest surrounding grid points of both wind
fields. The accuracy of both wind fields (CFSR and ERA Interim) was assessed in four
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ways; (1) the data obtained by bi-linear interpolation in wind speed component from the
closest surrounding grid points (as implemented in the SWAN model)-(2) the data of the
nearest (wind) grid point to the buoy station, (3) the data computed with the inverse
squared distance weighted (ISDW) interpolation using data of the four grid points, and
(4) the data computed with inverse area weighted (IAW) interpolation using data of the
four grid points. The details of applying these three different interpolation methods
were given in Cakmak (2015). Distances from the buoy station and coordinates of four
corner points of the area encompassing the observation station for both the wind data
sources and Silivri buoy station are shown on the map in Figure 2, and as a table in
Figure 2.

Station | Latitude | Longitude | Distance *
°N °E (m)

BUOY 41.044 28.187 0
ERA 1 41.00 28.10 8,788
ERA 2 41.00 28.20 4,996
ERA 3 41.10 28.20 6,327
ERA 4 41.10 28.10 9,603
CFSR 1 40.989 28.022 15,120
CFSR 2 | 40.989 28.227 6,967
CFSR 3 41.194 28.227 21,670
CFSR 4 41.194 28.022 17,030

*: from the buoy station

Figure 2. Silivri buoy station (yellow circle) and the nearest grid points of the
CFSR (red circles) and ERA Interim winds (green circles) to the buoy station

In order to test both the accuracy of wind data sets and the performances of the
SWAN wave forecasting models, an analysis of simultaneously measured and simulated
data was performed. This required collocating the measurement and estimated data in
time (wind speed and wave height) in overlapping time intervals to calculate the errors.
The performance of the models was evaluated based on the following statistical error
indicators; mean absolute error (MAE), root mean square error (RMSE), bias, scatter
index (SI), and coefficient of correlation (r). The formulas of these statistical error
variables used in this study are given below:

MAE:ﬁg\Yi—xi\ @
RMSE = @
Bias = (X -Y) ©)
S =%§E (4)
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where X; and Y; are, respectively, observations and hindcasts, N is the number of

data, X and Y are the means of the observations and hindcasts, respectively.
4.  Accuracy of the CFSR and ERA Interim winds

Error statistics of simultaneous analysis for ERA Interim and CFSR winds
compared with the observed wind data of TPAO Silivri buoy station, means of the
measurements and estimated values are given in Table 1. Considering the statistical
error indicators for both CFSR and ERA Interim winds, it is observed in Table 1 that bi-
linear interpolation used in the SWAN model gives the best results, as expressed by the
bold numbers with the lowest MAE, RMSE, bias, and SI values and highest correlation.
This shows that the interpolation technique used by SWAN worked better than the other
methods used here. It is also observed that the error statistics in Table 1 for both winds
are very close to those of the measurement data. Figures. 3 and 4 present, respectively,
time series and scatter diagrams of the CFSR and ERA Interim winds against buoy wind
speed data at Silivri. The colour scheme in Figure 4 represents the logl10 of the number
of entries in a square box of 0.5 m/s normalized with the log10 of the maximum number
of entries in a box. In this way the clustering of data points is highlighted. Each scatter
plot contains 3 lines of which the first two are obtained by a least squares analysis. The
solid blue line is the linear regression line according to the model y = a + bx, the red
line according to the model y = cx and the line of perfect agreement is the dashed line.
The number of samples N is shown in the title. In Figure 3 it can be seen that both wind
products underestimate many peaks but the CFSR winds are better than the ERA
Interim winds.

Table 1. Simultaneous error analysis of the CFSR and ERA Interim winds against the
measurements at Silivri.

CFSR Winds ERA Interim Winds
Inverse
Inverse Inverse
- squared
squared Inverse area Nearest Bi-linear . area Nearest .
. . ! X . distance . R Bi-linear
Index distance weighted grid interpolatio . weighted grid . .
. . . X weighted . . X interpolation
weighted interpolation point n . . interpolati point
. . interpolati
interpolation on
on
MAE 1.61 1.56 1.75 1.52 1.55 1.55 1.56 1.52
RMSE 2.07 2.01 2.23 1.96 2.06 2.06 2.08 1.97
Bias -0.71 -0.62 -0.93 -0.52 0.09 0.07 0.20 0.16
SI 0.47 0.46 0.51 0.44 0.47 0.47 0.47 0.44
r 0.72 0.72 0.72 0.73 0.63 0.63 0.62 0.65
Y mean 5.12 5.03 533 5.01 4.30 4.32 4.19 4.33
Kmean 4.41 441 4.41 4.49 4.39 4.39 4.39 4.49
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Figure 3. Time series of SWAN model outputs (wind speed) using the CFSR
and ERA Interim winds against buoy wind speed data at Silivri for 2013.

5. Calibration of the SWAN Model using the CFSR and ERA Interim winds

The calibration of SWAN model forced with both the ERA Interim and CFSR
winds was carried out using one-year of wave data recorded in Silivri (Figure 1). The
data observed in the other two stations was used in the validation analysis. The
calibrations of the SWAN models using the ERA Interim and CFSR winds were
performed based on minimizing the error (scatter index) only in the simulated Hmo
because the wave period measurements are not reliable due to the active marine
transportation and other effects. The rate of whitecapping dissipation was used as the
tunable parameter for calibration because previous studies (e.g. Moeini and Shahidi,
2007; Appendini et al. 2013) in the literature found that it is the most effective
parameter. The SWAN model had two options (Komen et al. 1994 and Janssen, 1991a;
1991b) for both wind growth and whitecapping. Therefore, we firstly performed the
simulations for four different combinations (Komen & Komen; Komen & Janssen;
Janssen & Janssen; and Janssen & Komen for wind growth & whitecapping,
respectively) with the default setting (Cys=4.5 for the tunable whitecapping parameter of
Janssen and Cas=2.36 x 10 for the tunable whitecapping parameter of Komen). And
then, SWAN simulations were performed by an applying wide range (increasing or
decreasing around the default) of the tunable whitecapping parameter (Cgs). The SWAN
model setting with the lowest error for Hmo was selected as the best model setting at the
end of the calibration process. Based on the calibration results, the rate of whitecapping
dissipation for SWAN model forced with the CFSR winds was found to be 1.0 while it
was determined as 0.5 for the SWAN model using the ERA Interim winds.
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Figure 4. Scatter diagrams of the CFSR (upper two panel) and ERA Interim
(lower two panel) winds against buoy wind speed data at Silivri.

Here, comparison results of the best and the default SWAN models for both
wind sources are given. The SWAN model using the recommended default setting
(SWAN team, 2014) is based on the whitecapping expression by Komen et al. (1994),
in which 8= 1 according to Rogers et al. (2003), the formulation of Komen et al. (1994)
for wind. The best SWAN model setting (Kutupoglu, 2016) determined after the
calibration at Silivri is based on the whitecapping expression by Janssen (1991a;
1991b), in which delta = 1 and Cg=1.0 for the CFSR winds and the whitecapping
expression by Komen et al. (1994), in which C4=0.5 for the ERA Interim winds, the
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formulation of Komen et al. (1994) for wind, triads activated, and the same setting for
other processes. Qualitative comparisons of the time series and scatter diagrams of
modeled Hmo against the measurements are displayed in Figures. 5 and 6.

Figure 5. Time series comparison of the default and best setting SWAN model
hindcasts using the CFSR winds (upper panel), the default and best setting
SWAN model hindcasts using the ERA Interim winds (lower panel).

The summary of the statistical error analysis of wave prediction results is given
in Table 2. As seen from the scatter diagrams, the best SWAN model results forced with
the CFSR is closer to the line of perfect fit in comparison with the others. The other
three SWAN models underestimated Hmo values. According to the statistical error
parameters in Table 2 it can be seen that the best SWAN model forced with the CFSR
winds has the lowest bias (0.03 m) and lowest SI (48%) while the SWAN models using
the CFSR winds have lower MAE and RMSE values (0.12 m and 0.16 m, respectively),
and higher coefficient of correlation (0.77) than the SWAN models forced with the
ERA Interim winds. On the other hand, the best SWAN model (Ymean = 0.30 m) had the
nearest estimation to the observations with regard to means of simulated and measured
(Xinean = 0.33 m) data in comparison with other three SWAN models. In the scatter
indices of the models the best SWAN models for both CFSR and ERA Interim winds
had have about 1% and 9% improvement in the predictions of Hyo in comparison with
the default setting SWAN models using both winds, respectively. Although
improvement in the SWAN model results forced with the CFSR winds are small, the
calibrated SWAN model forced with the CFSR winds has a better performance than the
SWAN model results forced with the ERA Interim winds.
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Figure 6. Scatter diagrams of the best setting SWAN model hindcasts using the
CFSR and ERA Interim winds against Silivri buoy Huyo observations

Table 2. The error statistics of the SWAN simulations (Hpo) at Silivri

Wind Model MAE RMSE Bias SI r Ymean  Xmean
CFSR The Best Model 0.12 0.16 0.03 048 0.76 030 0.33
CFSR The SWAN Default 0.12 0.16 0.08 049 0.77 025 0.33
ERA Interim  The Best Model 0.13 0.17 0.06 0.52 0.73 027 033
ERA Interim The SWAN Default 0.16 0.20 0.14 0.61 074 0.19 0.33

6. Validation of the SWAN Model using the CFSR and ERA Interim winds

The measured Hyo values at Marmara Eregli and Ambarli buoy stations were
used in the model validation. The measurements were available at Marmara Eregli
station in different months in 1990, while at Ambarli buoy station, the measurements
were available in the months of August and September in 2003. The SWAN model
configurations were setup and ran for the best cases determined in the calibration
analysis. The analysis results of the SWAN simulations (Hmo) at Marmara Eregli and
Ambarli are presented in Table 3. Examining the scatter indices for the 1990 data at
Marmara Eregli, it is noted that the calibrated SWAN model forced with the ERA
Interim winds shows 14% improvement in comparison with the default SWAN model
while the improvement is 6% for the calibrated SWAN model forced with the CFSR
winds. Considering the coefficient of correlation, RMSE, and SI values, however, it is
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observed that the best SWAN model using the CFSR winds has better results (r=0.81,
RMSE=0.35 m, and SI=43%). This is also observed in time series comparisons in
Figure 7.

In the error analysis results for 2003 data at Ambarly, it is found in all statistical
parameters that the SWAN model forced with the ERA Interim winds has better results
than the SWAN model forced with the CFSR winds. Calibration of SWAN model using
the ERA Interim winds shows a 13% improvement while there is a 5% improvement
with the calibrated SWAN model using the CFSR winds. However, Saracoglu (2011)
reported that since the wave measurements in Ambarli station only include 3-month of
data conducted between the period of July-September, the wave heights are quite small.
Thus, these results represents a calm period and therefore are not representative for the
wave conditions included in the calibration. Results of earlier studies also show that the
verification of results with the data in 2003 do not match well with the calibrated
results.

Table 3. The error statistics of the SWAN simulations (Hmo) at Marmara Eregli
(data of 1990) and Ambarli (data of 2003)

Wind Model MAE RMSE Bias SI T Y mean Kinean
Marmara Eregli (1990)
CFSR The Best Model 0.31 0.35 0.31 0.43 0.81 0.52 0.83
CFSR The SWAN Default 0.36 0.41 0.36 0.49 0.80 0.46 0.83
ERA Interim The Best Model 0.28 0.37 0.27 0.44 0.65 0.56 0.83
ERA Interim The SWAN Default 0.43 0.48 0.43 0.58 0.65 0.40 0.83
Ambarli (2003)
CFSR The Best Model 0.11 0.13 0.11 0.67 0.55 0.09 0.20
CFSR The SWAN Default 0.12 0.14 0.12 0.72 0.55 0.08 0.20
ERA Interim The Best Model 0.09 0.12 0.08 0.59 0.53 0.12 0.20
ERA Interim The SWAN Default 0.12 0.14 0.12 0.72 0.53 0.08 0.20
Location: Marmara Eregli
25 T T T T T
©  buoy
2 — The best setting (SWAN & CFSR)
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Figure 7. Time series comparison of the best setting SWAN model hindcasts
using the CFSR and ERA Interim winds against Marmara Eregli buoy Humo
observations
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7. Conclusions

In this study, we performed a calibration and validation of the SWAN model in
the Sea of Marmara to predict long-term wave parameters. In order to do so, the quality
of CFSR and ERA Interim wind data fields, which are used as inputs in SWAN model
were examined using TPAO Silivri buoy data. The results show that bi-linear
interpolation used in the SWAN model gives the best results. The calibration of the
SWAN model against the Silivri data showed that when forced with the CFSR winds
the best setting was to the Komen formulation for wind growth and the Janssen
whitecapping formulation with Cg¢=1.0. For the SWAN model driven by the ERA
Interim winds the best setting was the Komen formulation for wind growth and the
Komen whitecapping formulation with C4=0.5. Also, the SWAN model forced with the
CFSR winds has better performance than those using the ERA Interim. The peaks of the
winds were underestimated by both CFSR and ERA Interim winds but the CFSR
estimated also much better the peaks of the winds in comparison with the ERA Interim.
Consequently, although the SWAN model using the CFSR winds has better
performance in the hindcast of the wave height peaks, the SWAN model using both
wind sources underestimated the wave height peaks during the storms.

To improve the SWAN wave model performance in the Sea of Marmara we will
assess the main sources of uncertainty in the predicted winds and waves. This will
include the role of land-sea effects on the nearshore wind field and the spatial and
temporal resolution of the wave model. In addition we will investigate whether high
resolution WRF wind will improve the SWAN model performance. Further, we want to
explore the added values of the recently developed source terms for whitecapping
(Rogers et al. 2012). Hereafter, we will study the long-term wind and wave analysis
using the calibrated SWAN model forced with the CFSR winds in the Sea of Marmara.
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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; (")zsoy 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 et 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 et 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 (Sézer and Ozsoy 2002; Oguz 2005; Sézer 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 Soézer 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, S6zer 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 HY COM.

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) HY COM-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 sand 1 s
respectively.
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Figure 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.

123



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 (WOAO5 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. 375 253 122
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)
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have found average fluxes of 540 km3/yr for the upper layer and 115 km?/yr for the
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 et 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).

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.

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.

127



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).

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.
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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 (¢) 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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1. Introduction

The Turkish Straits System (TSS) provides the only mechanism of communication
between the Black and the Mediterranean Seas, allowing material transport between these
two seas by the two-layer exchange flows. The exchange has great influence on the water
mass characteristics and transport of materials with potential to alter the environmental
states of the TSS and the neighbouring basins of the Mediterranean and the Black Seas.

Figure 1. MODIS aqua image of Emiliana huxleyi bloom on June 23, 2003
(http://disc.sci.gsfc.nasa.gov/oceancolor/additional/science-focus/ocean-
color/marmara.shtml).

The counter flowing waters of the Black Sea and Mediterranean Sea are mixed by
turbulent entrainment processes along their course through the TSS (Ozsoy et al. 2001)
and issue into the adjacent basins (Figure 1) either as surface buoyant jets (at the
Bosphorus exit to the Marmara Sea and Dardanelles exit to the Aegean Sea) or bottom
dense water plumes that generate gravity currents and plumes cascading into the interiors
of these seas (at the Dardanelles exit to the Marmara Sea and Bosphorus exit to the Black
Sea).
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2. The Functioning of the Bosphorus Strait

In order to visualize the unique processes of mixing and transport within the
Bosphorus Strait we provide interpretation of a unique data set that has been collected in
the 1994 study of Gregg et al. (1999) and Gregg and Ozsoy (1999, 2002). A continuous
set of measurements were obtained from a free fall AMP instrument connected to the R/V
BILIM with a signal transmitting optical fiber cable. A total of 178 temperature and
salinity profiles were collected along the complete path of consecutive stations (Figure
2a) extending from the Marmara Sea to the Black Sea, following the Bosphorus channel,
for which the temperature and salinity are respectively displayed in Figures 2b and 2c.
Details of the measurements and their interpretation can be found in Ozsoy et al. (2001).

(b)

Figure 2. (a) Locations of the dense profiling network and the continuous
distribution of (b) temperature 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).

3. The functioning of the Bosphorus Jet

Unique opportunities to visualize the detailed structure of the flows through the
TSS and in the adjacent basins is also offered by space photographs, notably during the
recent International Space Station observations by astronauts. Examples are provided
below.

The two images in Figure 3 show features of the Bosphorus Jet. In the color image
of Figure 3a, the water surface has high reflectance, showing the flow along the
Bosphorus and the jet issuing to the Marmara Sea, with dark lines showing multiple small
fronts and boat wakes. In the thermal image of Figure 3b colder waters are displayed in
darker blue and warmer areas in light blue. The light blue of the Black Sea and Marmara

136



waters excluding the jet area have warmer temperatures, while the dark blue area covered
by the Bosphorus Jet demonstrates the turbulent mixing and entrainment process that
results in the cold waters. The surface waters south of the main contraction of the
Bosphorus and in the core of the Bosphorus Jet exiting to the Marmara Sea derive their
cold temperatures from increased mixing and turbulent entrainment of cold water from
below.

(a) (b)

Figure 3. The Bosphorus Jet as seen on the (a) 7 July 2013 high reflectance image
obtained by astronaut Chris Hadfield aboard the International Space Station
(https://twitter.com/Cmdr_Hadfield/status/350012636345270272/photo) and (b)
16 June 2000 ASTER image (https://asterweb.jpl.nasa.gov/gallery-
detail.asp?name=Istanbul). On land, the green color shows the city area, while the
remaining forested areas are shown in red false color, in this image from the
beginning of the millennium.

In the Marmara Sea, a strong upper layer circulation (Besiktepe et al. 1994) with
a large anti-cyclonic loop with occasional smaller scale eddies is joined by the Bosphorus
Jet. The Bosphorus Jet, as well as the other jets and plumes exiting on different sides of
straits function to enhance vertical and horizontal mixing through turbulent entrainment
processes and by the mesoscale processes of jets, jet fragments and eddies, and thereby
are the main agents of basin-wide mixing processes. Their contribution to total
entrainment exchanges between layers and to the total basin averaged mixing and
entrainment processes have to be quantified. The local response of the jets to changes in
forcing, and the further influence of eddy and jet breakdown processes on mixing are also
important elements of the overall mixing. However, from the above example of the
Bosphorus Jet, it is clear that the jets can play a primary role on basin-wide mixing. These
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fine scale processes in the end determine tracer distributions and their residence times in
the respective basins.

(a) : #(b)

Figure 4. The Bosphorus Jet in the (a) ERS-1 SAR image of the Bosphorus Strait
and the adjoining Marmara and Black Sea regions (after Ozsoy et al. 2001) and
(b) April 16,2004 International Space Station image showing turbid coastal waters
from the Black Sea transported by strong currents and later carried through the
Strait into the Sea of Marmara (https://eol.jsc.nasa.gov/

SearchPhotos/photo.pl?mission=ISS008&roll=E&frame=2175).

In the Synthetic Aperture Radar (SAR) image of Figure 4a, the Bosphorus Jet is
made visible by the surface roughness effects detected by the satellite sensors. The Jet
reaches and strikes the Bozburun Peninsula on the opposite side, where a series of internal
waves have been created at the area of impingement, seen to be spreading towards the
Marmara Sea, in the image.In the ISS colour image of Figure 4b, the surface flow
converges toward the Black Sea mouth of the Bosphorus, superposed on the
predominantly easterly currents along the Black Sea coast, then flows south through the
Bosphorus Strait and exits into the Marmara Sea in the form of a jet. The transported
material is shadowed past the small island on the path of the Jet.

The remarkable picture in Figure 5 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 once more
curves toward the west after striking the cape of Bozburun. In Figure 5, we recognize that
the Bosphorus Jet touching the southern coast effectively isolates the polluted Gulf of
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[zmit area from the rest of the circulation of the Marmara Sea, thereby limiting its flushing
and adversely affecting the environmental status of the Gulf.

(a) (b)
Figure 5. Turkish Straits captured by ISS astronaut Samantha Cristoforetti on June
9, 2015 (a) color image showing transport of coastal materials first eastwards by
currents in the Black Sea, later into the TSS through the Bosphorus and spread
into the Marmara Sea by the Bosphorus Jet, (b) paths of currents and locations of
planned “development” in the region (https://twitter.com/astrosamantha
/status/608197918395400192).

4. Significance of the Bosphorus Jet for the TSS Ecosystem

The nutrient transport across the TSS (Polat and Tugrul 1995) fuels the
interactions between ecosystems of the neighboring seas. In the example of Figure 1,
presented earlier, a typical phytoplankton bloom coccolith Emiliana huxleyi, well known
for its turquoise blue colour illustrates a condition found in the spring season in the
Marmara Sea. The observed event is part of the Marmara local primary production
process and the dark colour of the current flowing in from the Bosporus into the Marmara
Sea is the Black Sea water devoid of the same plankton species because its bloom in the
Black Sea is a little later. Finally, the bloom locally formed in the Sea of Marmara reaches
the Aegean Sea with a jet flow exiting the Dardanelles Strait.

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 and largely determine the cycling of matter and biological
productivity of the confined waters of the Marmara Sea; a fact emphasized earlier by
Unliiata et al. (1990) and Besiktepe et al. (1994).

139



(a)

(©)

10.00  20.00]

Figure 6. Satellite images showing the interaction of the Turkish Straits System
with the neighboring seas: (a) chlorophyll distribution in ten Eastern
Mediterranean and Black Sea with hot areas (red) in the Marmara Sea and Azov
Sea, medium areas downstream of the Danube River along the western Black Sea
shelf and in the northern Aegean downstream of the TSS, (b) chlorophyll
distribution on 20 September 2002, (c¢) 12 May 2015 MODIS Aqua chlorophyll
image showing phytoplankton blooms in Marmara Sea and the Bosphorus Jet
enhancing the production by transporting nutrients to the Marmara Sea from the
Black Sea.

The efficient jet induced local recycling makes this small basin a region of high

productivity often far exceeding the Black Sea (Figure 6a), and incomparable to the “blue
desert” of the eastern Mediterranean Sea. A similar picture of chlorophyll distribution in
Figure 6b emphasizes the gradients and transport of chlorophyll from the Black Sea to
the Aegean Sea in the autumn season. Finally the Bosphorus Jet transporting nutrients to
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the Marmara Sea buffer zone where the isolated and polluted waters of the TSS create
continuous blooms as shown in Figure 6c.

High concentrations of chlorophyll were found in the TSS region in the “Unliiata
Cruises” of the SESAME European project, in continuous sampling of surface waters fed
through a Turner fluorometer (Figure 7). In fact the situation was the same on cruises
repeated in April and September 2008, extending from the Eastern Mediterranean to the
mid-sections of the Black Sea, which showed that the highest chlorophyll concentrations
of up to 3 mg/l were always found in the TSS, while the concentrations were much lower
in the other regions. It seems that the Sea of Marmara is in a state of eutrophication with
continuous blooms saturated with high levels of primary production and detrital material
that is depriving it from being the precious marine heritage of rich marine life that it was
only less than half a century ago.

Figure 7. Chlorophyll concentration on the cruise path of the R/V BILIM during
April 2008.

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, with increasing occurrences of mucus and
harmful algae blooms (Figure 8-12). 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.

141



Figure 8. MODIS ocean colour images on 26-27 April 2013, showing the
Bosphorus Jet (dark colour) surrounded by what looks like coccolith (green) and
toxic plankton (orange) blooms. The upper two panels are the images covering the
entire TSS, while the lowest panel shows enlarged images showing the Bosphorus
Jet for the consecutive days of 26-27 April 2013.
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MODIS Aqua images in Figure 8 show the Bosphorus Jet advancing inside the
Marmara Sea, where the flow features are made visible by the ongoing coccolith bloom
in the TSS. What was not immediately discerned in the satellite images is the yellowish
to orange colored striations lined along circulation features such as eddies and jets,
providing excellent “flow visualization”, which ominously turn out to be Harmful Algae
Blooms (HABs). Such blooms, indicative of the decline in the ecological status of the
Marmara Sea are now increasingly observed since the last ten years. The aerial images in
Figure 9 provide further evidence during exactly the same dates displayed in Figure 8§,
showing the actual toxic blooms that were identified for the first time in this period.

Figure 9. (a) Possible toxic plankton bloom near Tekirdag; Milliyet, 24 April 2013
(b) from a jet flight over the Marmara Sea on 28 April 2013 (Photo: Dr. Bettina
Fach, IMS-METU).

A similar event in full bloom is observed in Figure 10a, by the beautiful artwork
of a visible satellite image created by the circulation of the Marmara Sea supporting a
Harmful Algal Bloom, which was reported to include toxic dinoflagellates such as
Prorocentrum micans and Noctiluca scintillans, made visible once again by the numerous
lines aligned with the flow demonstrating the existence of numerous eddies and jet
segments created by the surface flow. The image used in Figure 10a has been displayed
at the 14" stanbul Biennial entitled “Salt Water” as a piece of artwork of nature, at the
same time calling attention to the very urgent state of matters regarding the marine
environment of the TSS. In this figure the Bosphorus Jet is made up of various segments
making up the familiar S-curve of meandering currents first advancing south from the
Bosphorus, then turning east and north towards the northern coast, later to turn southwest.
In between this current pattern are dispersed many small fronts and eddies where the
yellowish-orange colored HAB species help to visualize the complex flow pattern. The
aerial picture in Figure 10b during the same dates near the southern exit of the Bosphorus
Strait on the Anatolian side shows the actual blooms in the process.
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Figure 10. (a) Spiral eddies, jets and dinoflagellate blooms (red tide) in the
Marmara Sea, 17 May 2015, based on an image of the NASA Earth Observatory,
(http://earthobservatory.nasa.gov/IOTD/view.php?id=85947&eocn=image&eoci
=related_image), (b) local aerial picture of the coastal area of the Marmara Sea
south of Istanbul, showing the same bloom published in the daily journal Milliyet
on 20 May 2015.
(http://www.milliyet.com.tr/marmara-iste-boyle-oluyor-gundem-2061522/).

Fish migration between the Mediterranean and Black Seas and the local

production in the Marmara Sea traditionally have been positive assets of the TSS that
support intense fishing activity. The excessive and uncontrolled fishing activity together
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with the increased pressures of pollution by the highly populated and industrialized
coastal environment and intense shipping through the TSS have caused the marine life to
be adversely affected. The intense phytoplankton blooms including HABs are only the
symptoms of the decline in the health of the TSS by the eutrophication process that has
an alarming increase in recent years.

5. Marine Transport and the TSS Environment

The TSS, deserving the highest level of environmental protection as a
consequence of its natural reserves of high economical stand, is concurrently located at
the convergence of major oil/natural gas marine transport routes and pipelines from the
hinterlands of Black Sea and Caspian Seas to world markets. This region with rich energy
resources is an important supplier of the world and specifically of the European energy
demand. In order to ensure safe marine transport while still being watchful of
environmental protection, the outcome of the planned project can contribute to
knowledge serving the reduction of accidents and traffic regulation in a congested,
environmentally sensitive zone. A secure route means lower transport prices positively
affecting oil prices, henceforth increasing the competitiveness of European and local
industry. The risks in the TSS have become increasingly evident by frequent cases of
grounding, ramming and collisions leading to fires and spread of pollution in recent years.
The danger of heavy accidents is a nightmare for the tens of millions of people living in
the region.

Linking three continents, the TSS is four times busier than the Panama Canal and
three times busier than Suez Canal, surpassing 150 ships/day, with about 15 ships/day
carrying dangerous cargo. Some of today's vessels are up to 400,000 gross tons in size
and 400 m in length, while the narrowest point the Bosphorus is only 700m wide and its
navigable channels in each direction are only 200 m across. Maneuvering under currents
reaching 2-3 m/s locally in the strait and exit regions can often be hazardous.

The ship traffic passing through the TSS have increased by about 10 times by
numbers and by about 20 times by weight in the last 80 years since the Montreux Treaty
(1936) regulating it under current international policy and law (Plant, 2000). The
congested traffic makes the Turkish Straits extremely predisposed to accidents (Figure
11), mostly resulting from poor visibility, strong currents and winds. Accidents involving
collisions, grounding, fires and explosions often result in oil spills severely threatening
this very delicate environment and the very safety of the maritime transport itself (Tan
and Otay, 1999; Ors and Yilmaz, 2003; Uluscu et al. 2009; Birpmnar et al. 2009). It is
estimated that 175,000 tons of oil spilled into the TSS from major accidents during 1979-
2003. Turkey has unilaterally adopted marine traffic regulations including a sensors based
system of Vessel Traffic Services in 1994, for increased security of shipping in the TSS,
leading to a dramatic reduction of accidents since then.
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Figure 11. The Independenta (1979) tanker fire and explosion near the Marmara
exit of the Bosphorus on the jet exit region, resulting in 43 deaths, with 95,000
tons of oil spilled to the marine environment and spread to the TSS.

6. Modeling Needs

The nonlinear, turbulent, strongly stratified hydrodynamics of the flow through
the narrow straits has made the modeling of the TSS a grand challenge. The coupling of
the adjacent basins of highly contrasting properties, in a region of extreme hydro-climatic
variability can only be achieved if the entire TSS is modeled as a finely resolved integral
system, accounting for steep topography, nonlinear hydraulic controls and turbulent
mixing processes, as well as an active free-surface. The challenge has been taken in a
number of steps, using models of increasing complexity, of the Bosphorus Strait based
on ROMS (Sézer, 2013, Sézer and Ozsoy, 2016), as well as those covering the entire TSS
while fully resolving the narrow Bosphorus: a curvilinear grid MITgem (Sannino et al.
2016) and an unstructured grid FEOM, the results of which are shown in Figure 12
(Giirses et al, 2016; this volume) currently continued to be developed.
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Figure 12. Surface currents generated by uniform northeasterly wind of 14 m/s
in FEOM based TSS model.

The meso-scale dynamics of the two Straits and the Marmara Sea appear
successfully captured by these models. The response to net barotropic volume flux, The
efficient jet induced local recycling makes this small basin a region of high productivity
often far exceeding the Black Sea (Figure 6a), and incomparable to the “blue desert” of
the eastern Mediterranean Sea. A similar picture of chlorophyll distribution in Figure 6b
emphasizes the gradients and transport of chlorophyll from the Black Sea to the Aegean
Sea in the autumn season. Finally the Bosphorus Jet transporting nutrients to the Marmara
Sea buffer zone where the isolated and polluted waters of the TSS create continuous
blooms as shown in Figure 6¢.guided by past field experiments, indicates adjustment to
net flux and atmospheric conditions. The flow under mild to strong net flow evolves from
an anti-cyclonic cell to an S-shaped current with a smaller anticyclone withdrawn closer
to the Bosphorus. In extreme cases the lower and upper layers get blocked at the
Bosphorus. The circulation pattern appears analogous to buoyancy driven flow adjacent
to a river mouth.

An example of the various modeling results only sampled in Figurel2 replicates
the main known features of the surface currents, such as the jets issuing from the
Bosphorus and Dardanelles Straits, and a number of cyclonic / anticyclonic eddies in the
Marmara Sea. The most essential element to capture in the integrated modelling of the
TSS circulation is the Bosphorus Jet, which as an internal forcing of the Marmara Sea
determines the circulation developed by the forcing of the coupled system of adjoining
seas imposed on the whole system by the flows developing out of Bosphorus Strait.

7. The Use of HF-radars

Besides being a fundamental component of ocean monitoring systems, HF radars
have a broad range of applications they can provide valuable inputs by providing data on
ocean surface currents, such as search and rescue operations for people and objects lost
at sea, oil spill accidents, water quality monitoring, marine protected areas, marine
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navigation and ocean energy production. The United States has developed a HF radar
network consisting of 185 coastal radars providing real-time ocean currents data to the
public along its continental coasts (http://cordc.ucsd.edu/projects/mapping/maps/). In
Europe, a working group consisting of Spanish and Portuguese institutions
(http://www.iberoredhf.es/en/home) aims to improve the exploitation and visibility of
data generated by HF radars on the coasts of the Iberian Peninsula coast. Other efforts in
Europe are aiming to make the HF radar data available, as shown in a recent meeting in
Lisbon (http://www.emodnet-physics.eu/hfradar/Home). Besides these, there is an
international effort to build a global HF radar network of over 400 HF radar systems
deployed in the worldwide (http://www.ioo0s.noaa.gov/globalhfr/welcome.html).

Figure 13. Proposed HF-radar deployment to cover Bosphorus outflow (red patch
is where full current vectors can be recovered).

The accurate prediction of the strength orientation and three-dimensional
properties of the Bosphorus Jet is of critical importance for the prediction of the Marmara
Sea circulation, which develops from the jet providing the initial conditions south of the
Bosphorus Strait. It is well known from experiences using integral TSS models (Sozer,
2013; Sozer and Ozsoy, 2016; Sannino et al. 2016; Giirses et al. 2016) that the response
times of the straits are much shorter than the basin response time, encompassing also the
most unstable features of the turbulent Bosphorus Jet turbulent patches and eddies
(Figures 8 and 10). Detailed information obtained by an HF Radar System on the surface
currents of the Bosphorus Jet would serve as the most important element of a coastal
marine observatory to be developed in the most congested traffic route of the region.
Real-time and archived observations are the best assets for model validation and possible
data assimilation for improved predictions. Our efforts proposing to build such an
observatory for the TSS so far have not been appreciated and irresponsibly turned down
by non-scientist functionaries of the establishment, leaving us the option of anticipation
for the future.
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1. Introduction

Constructing a model of the entire TSS uniformly representing the rich diversity
of observed hydrodynamic processes including strong topographic control, non-linear
hydrodynamics, strong stratified turbulence, hydraulic controls, separated flows, multi-
scale interactions, turbulent mixing and entrainment has been a grand challenge in
oceanography that we have approached in small steps. In the past, the problem has only
been addressed by a series of simplified models of the individual elements of the system
(e.g. Oguzet al. 1990; Ilicak et al. 2009; Oguz and Sur; 1989; Staschuk and Hutter, 2001).
In this paper, we review the earlier work (S6zer, 2013; Sannino et al. 2015) carried out
with three-dimensional models of the individual Bosphorus Strait or the coupled
dynamics of the TSS, momentarily skipping some details and updates already submitted
for publication (S6zer and Ozsoy, 2016; Sannino et al. 2016). We will only review some
salient features and partial results that have not been discussed in those journal papers.

2. Model Development
2.1 ROMS Model for the Bosphorus Strait

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). Models with both idealized and realistic geometry
versions have been used to study the Bosphorus Strait (Sézer 2013).

The idealized geometry of the Bosphorus Strait (Figure 1a) 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 strai represented on a 55x512x35 rectilinear grid
of Ax = Ay = 100 m with variable vertical spacing of Az = 1.42 - 2.0 m in generalized s-
coordinates. For simplicity, only salinity effects are included. Constant horizontal and
vertical diffusivity values of 15 m/s?> and 10 m/s? are respectively used for momentum
and tracers. For the realistic geometry model (Figure 1b), high resolution bathymetric
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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. The Generic Length-Scale (GLS) turbulence scheme
with the k-epsilon formulation and radiation boundary conditions were used for flow
variables at the north and south open boundaries. High order advection schemes, volume-
conservation at open boundaries, non-linear equation of stat, and Smagorinsky
formulation of lateral diffusive effects on constant geopotential surfaces have been used.
In both models, 2d velocity has been prescribed at the southern boundary to force the net
flow. No-slip boundary conditions and quadratic bottom friction (RDRG2 = 0.005) and
recursive advection scheme to minimize effects of sharp gradients have been used.

Figure 1. ROMS model configuration for (a) idealized and (b) realistic geometry
models of the Bosphorus.

2.2 MITgem Model for the Turkish Straits System

The Massachusetts Institute of Technology general circulation model (MITgcm)
is used to study the entire TSS, including adjacent areas of the northeast Aegean Sea and
the Black Sea. A non-uniform curvilinear orthogonal grid (1728 x 648), tilted and
stretched at the Bosphorus and Dardanelles Straits covers the domain at variable
resolution of 50 m at Straits to about 1 km in the Marmara Sea, with 100 vertical z-level
steps in the range of 1.2 m - 80 m. (Figure 2).
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Figure 2. (a) Model topography (depth in m, solid line is the thalweg), and step
size of model horizontal discretization (m) in (b) lengthwise and (c) transverse
directions.

The model is initialized with lock exchange initial conditions represented by three
vertical profiles of properties obtained during June-July 2013. No-slip conditions, high
order tracer advection and turbulent closure parametrization scheme of Pacanowski and
Philander [1981], with horizontal diffusivity of 102 m?s™!, and variable horizontal
viscosity following Leith [1968] have been used.

3. Model Results
3.1 Bosphorus Model - Exchange Flows

With the model started from non-uniform, stratified boundary conditions at the
two ends of the strait approximating September 1994 observations of Gregg and Ozsoy
(2002), a steady solution is reached after several cycles of adjustment oscillations, as
shown in Figure 3. The Cold Intermediate Water (CIW) of the Black Sea entering below
the warm mixed layer (Figure 3a) comes in contact with the warmer waters of the
undercurrent at the interface, modifying the turbulence properties of the flow, while the
salinity stratification also contributes to these properties (Figure 3b). The vertical
viscosity computed from the turbulence closure scheme (Figure 3c) indicates turbulent
patches in the upper and lower layers of the flow with greatly reduced values at the
interfacial layer, where the turbulence is suppressed by the density stratification.

The model solutions qualitatively reproduce many features reported in the earlier
observations (e.g. Ozsoy et al. 2001; Gregg and Ozsoy, 2002), such as the wedge shape
of the upper and lower layers of rather uniform properties, the thickness and depth of the
mixing interfacial layer between them, the apparent hydraulic controls at the contraction
and sill, the thin surface layer outflow into the Marmara Sea, the sill overflow and
subsequent adjustment on the Black Sea shelf. Boundary conditions are able to establish
and preserve the intended stratification in the neighboring Seas.
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Figure 3. An example of a lock-exchange solution with stratified initial conditions
at the two end reservoirs of the Bosphorus: (a) temperature, (b) salinity and (c)
turbulent diffusivity along the Strait, following the thalweg.

Figure 4. Horizontal distribution of the mechanical energy dissipation by
turbulence in the (a) upper layer and (b) lower layer.

The horizontal distribution of the upper and lower layer mechanical energy
dissipation rates shown in Figure 4 confirm dissipation at the various bends and along the
bottom by friction, at the surface jet issuing into the Marmara Sea, past the northern sill
and along the bottom plume on the Black Sea shelf. Total dissipation values of ~10.1Mw
and ~7.3Mw were found for the upper and the lower layers respectively, for the entire
model domain.
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3.2 Hydraulic Control

Because the hydraulic control issue deserves extensive discussion expounded
upon in the relevant papers (Sézer and Ozsoy, 2016; Sannino et al. 2016) we only provide
a very brief description of the horizontal distributions of the two-layer composite
densimetric Froude number G? = Fiw? + Faw? where Fiw? = uwi¥/g'h; are the local layer
Froude numbers ford lower layers i=1,2 respectively, where wi is the layer average current
speed and hi the depth, g' = g Ap/p is the reduced gravity with density ratio Ap/p.

Figure 5. Froude number in the (a) lower-layer past the northern sill, (b) upper
layer in the contraction region and (c) upper layer at the Marmara Sea exit of
Bosphorus.

We leave the details of the Froude number discussion to the respective papers
quoted above. We only note that the demonstration of hydraulic controls at the relevant
sections of the straits is a very delicate matter that requires successive levels of
approximations.

3.3 Response to barotropic forcing

Either a velocity based two-layer decomposition assigning upper / lower layer
volume fluxes to oppositely directed components Q1 and Q:z is used, or a three-layer
decomposition assigning the top, interfacial and bottom layers Qr, Q1 and Qs respectively
using salinity to separate layers is preferred, where layer limits are defined by 10%
difference from the top and bottom values.

In Figures 5 and 6 we display the changes that occur continuously in the Boshorus
exchange flow as the net flux is changed. These simulations are performed by successive
initializations of the model starting from the stratified central run with a barotropic flux
of Q= 9.5 x 10° m’/s, and in each case running at least for about 7 days to reach steady
state solutions. The top, interfacial and bottom layer volume fluxes Qr, Qi, and Qs
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respectively calculated at the mid-strait section and identified by local salinity limits are
shown with the heavy arrows in Figure 5 and 6.

Increasing the flow to take on positive values of the net flux (towards the Marmara
Sea) in Figure 5, the upper layer flow becomes increasingly dominant to both the
interfacial and lower layers, finally leading to the case where the lower layer becomes
blocked, as observed in the measurements, e.g. Latif et al. (1991). The zero-velocity line
for low negative fluxes coincide with the center of the interfacial layer and rises above it
in the north, while with increasing positive flux, the isotach becomes deeper and aligned
with the lower demarcation of the interface layer. It is noteworthy, however, that the
switch to the blocking situation occurs very suddenly as the barotropic forcing is
increased, for instance from the unblocked case just before the last one in Figure 6. The
zero velocity isotach is depressed below the salinity interfacial layer for the stronger
levels of barotropic forcing.

We start in Figure 6 with the case in which the upper layer completely blocked by
an extreme negative net flux (towards the Black Sea). In this case, because the upper layer
is blocked in the form of a wedge and pushed all the way up north past the contraction
region, the flow is configured with three-layer stratification in the Strait, where the upper
layer Marmara waters flowing north and forming the thick interface layer are pushed
under the wedge of former upper layer waters originally invading the Strait from the
Black Sea. The zero-velocity isotach for this extreme flux is much separated from the
salinity interface and has lifted closer to the surface in the northern part of the strait. The
three-layer structure in which the interfacial and bottom layers are co-flowing against the
retreating top layer flow in this extreme case is similar to what has been noted in earlier
measurements, e.g. Latif et al. (1991). As the positive flux is gradually decreased first the
blocked wedge of the original Black Sea upper layer retreats until the southern exit when
the interfacial layer of Marmara Sea water becomes thinner and carries less transport, till
after that the upper layer flow starts to build up at the cost of the interfacial layer which
gets thinner and starts to get an equal share of flux with the lower layer when the net flux
approaches zero. In most positive flux experiments excluding the upper layer blocked
cases the zero velocity isotach is above the interfacial layer, meaning that the interfacial
and lower layers act in unison.
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Figure 6. The salinity distribution, the zero velocity isotach, and arrows showing
the relative magnitudes of the top, interfacial and bottom layer fluxes for
increasing positive net flux values of Q= 1900, 5700, 9500, 11400, 13300, 15200,
17000, 23700, 28400, 33200 m?/s (towards the Marmara Sea). The layer fluxes
are compared to a scale arrow of 5000 m®/s at the bottom of each plot.

156



Figure 7. The salinity distribution, the zero velocity isotach, and arrows showing
the relative magnitudes of the top, interfacial and bottom layer fluxes for
decreasing negative net flux values of Q= -28500, -19000, -15200, -7600, -4700,
-1900 m®/s (towards the Black Sea). The layer fluxes are compared to a scale arrow
of 5000 m>/s at the bottom of each plot.

3.4 Bosphorus sea level difference and exchange fluxes

Historical and modern measurements seem to agree on sea-level differences of 30-
60 cm across the entire TSS, and 20-60 cm across the Bosphorus (Marsili 1681; Méller
1928; Smith 1942; Gunnerson and Ozturgut 1986; De Filippi et al. 1986; Biiyiikay 1989;
Alpar and Yiice 1998; Ozsoy et al. 1998; Gregg and Ozsoy, 1999; Yiiksel et al. 2008).
Gregg et al. (1999) found rapid, nonlinear changes of sea level near the contraction of the
Bosphorus in parallel to the changes in the depth of the density interface. Similar behavior
is discovered in our model simulations (Figure 7), with the largest changes in free-surface
height occurring at the Marmara Sea junction and at the contraction region, in
consequence of the hydraulic control at these locations. The final elevation difference
between the two ends of the strait is about 26-40 cm in various runs with stratified
boundary conditions amounting to the smaller density difference between the two seas,
comparable with the values measured by Gregg and Ozsoy (2002) during the moderate
flow conditions of September 1994.
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Figure 8. Sea level changes along the Bosphorus for various runs in Sézer (2013)
(bathymetry in the background).

Figure 9. The variation of the net barotropic flux Q (red, solid line), and two-layer
fluxes in the upper layer, Q1 (green, solid), lower layer, Q2 (blue, solid), three-
layer fluxes in the top layer, Qr (green, dashed), bottom layer, Qs (blue, dashed)
and interfacial layer, Qi (gray, dashed), with sea level difference An. (Qr, Qrand
Qr are positive southward, Q2 and Qs are positive northward, and An is the sea
level difference north-south).

The relationships between the sea level differential An across the Bosphorus and
the net barotropic flux Q, together with the two and three layer fluxes are provided in
Figure 8, based on the model runs summarized in Figure 6. Blocking of the lower layer
occurs for a net flux of Q = 33200 m%/s out of the Black Sea resulting in a sea level
difference of An = 0.49m, and for the upper layer blocked case of Q = -28500 m?/s the
sea level difference is negative, An =-0.04 m, i.e. close to zero. The relationship between
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net flow Q and the sea level difference An is close to a linear one except close to blocking.
The variations of the two-layer fluxes Q1, and Q2, and the three layer fluxes Qr, Q1, and
Qr are sketched in Figure 7, with Q = Q2 - Q1 =Qr+ Q1 - Qs by definition. The bottom
layer flux is not much sensitive to changes in sea level.

Upper layer fluxes estimated from current measurements from a bottom mounted
cabled ADCP at Baltalimani in the Bosphorus and sea level monitored at coastal stations
at Sile on the Black Sea and Yalova on the Marmara Sea coasts during the years 2008-
2012 (Tutsak, 2013) low-pass filtered at 30h are compared in Figure 9. Despite deviations
between measurements and model results, a rough comparison is made between the
ibndependent estimates. It is also interesting to note that monthly average sea level
differences of Tutsak (2013) varied in the range of 15-30 cm for Sile-Yalova stations with
respect to the Bosphorus, and 30-40 cm for Yalova-Gokgeada stations with respect to the
Dardanelles Straits.

Figure 10. The relationship between upper layer flux Q1 and sea level difference
Am based on idealized (blue) and realistic (red) geometry Bosphorus model results
and measurements of ADCP current profiles integrated across the flow area at
Baltaliman1 versus the sea level difference Sile — Yalova (green) during 2008-
2012.
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3.5MITgcm Model of the Turkish Straits System

The non-uniform curvilinear orthogonal grid and the vertical resolution
implemented in the MITgem model have demonstrated to be sufficient to capture the fine
scales within the two Straits and also to well represent mesoscale in the Marmara Sea.
We only review basic results here and leave the rest to Sannino et al. (2016). The response
of the currents and density structure over the water column to different net flow is also
examined through the setup of experiments with varying net barotropic volume flux
values of Q =-9600, 0, 5600, 9600, 18000 and 50000 m?/s respectively (positive values
represent flow from the Black Sea towards the Mediterranean).

For the studied flows driven solely by the net flux, an S-shaped current first
moving south from the Bosphorus, later turning northwest and finally exiting from the
Dardanelles Strait appears to be the basic character of the circulation. With a negative
flux of Q=-9600 m’/s towards the Black Sea, the upper layer flow is still positive, and
sufficient to generate an anticyclonic net circulation in the midst of the Marmara Sea, as
shown in Figure 10. For zero net flux, the same structure is preserved and as the positive
values of the barotropic flux is increased further the size of the central gyre is reduced
and the flow becomes increasingly more attached to the northern coast of the Marmara
Sea. As the flux is increased to 9600 m?/s, the central anticyclonic circulation cell takes
an elongated form. For the extreme flux values of Q=18000 m?/s and Q=50000 m>/s, the
lower layer flow in the Bosphorus becomes blocked, and qualitative changes occur in the
circulation of the Marmara Sea, with a smaller anticyclone near the Bosphorus exit, a jet
attached to the northern coast, and a secondary anticyclone further west, and a cyclonic
circulation emerging in the south. For these cases, the circulation pattern looks more like
the buoyancy driven flow along the coast adjacent to the mouth of a river.

The generation of a basic anticyclonic circulation in the Marmara Sea for lower
net fluxes, evolving towards a more balanced circulation of cyclonic-anticyclonic eddies
appears to be a result of the vorticity balance of the basin. As shown by Spall and Price
(1998), and studied by Morrison (2011), the net basin circulation is sensitively
determined by the potential vorticity (PV) imports and exports of the basin. From this
point of view, the reduction of interface depth (or upper layer thickness) from the Black
Sea to the Marmara Sea implies a decrease in fluid vorticity, or anticyclonic circulation
assuming the input to have zero vorticity.

The behaviour of the buoyant plume entering the Marmara Sea, initially shooting
south and hitting the opposite coast is displayed in all cases in Figure 10, although the
later turning of the flow to the west is typical of buoyant plumes at this scale. Buoyant
flows entering the sea are typically attached to the right hand coast (looking out from the
exit in the northern hemisphere, especially for initial vorticity zero below a critical limit
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(e.g. Nof, 1978, Stern et al. 1982). Often a bulge of the buoyant fluid is formed, as the
flow turns right to follow the coast, as often observed at river mouths (e.g. Huq, 2013).

Figure 11. The free surface variations in the Marmara Sea for varying net
barotropic volume flux values and total days of run for Q = -9600 (day=67), 0 m’/s
(day 66), 5600 m*/s (day 100), 9600 m?/s (day 22), 18000 m?/s (day 65) and 50000
m’/s (day125).

In a two-layer system with variable bottom topography and dynamically active
layers, the circulation may develop differently, with topography influencing the lower
layer flow, and the resultant interface topography influencing the upper layer flow
(Beardsley and Hart, 1978). As the net flux is increased in Figure 10, the changes in the
circulation pattern may be a result of this kind of interactive adjustment of the flow layers
to bottom and interface topography.

The qualitative change in the circulation towards a series of anticyclonic and
cyclonic eddies following the meander of the currents, when the flux is increased to 18000
m?/s and 50000 m?/s is reminiscent of the Alboran Sea, where similar gyres filling the
basin develop under high fluxes (Spall and Price, 1998; Riha and Peliz, 2013).

The sea level differences that develop at the two straits, Bosphorus and
Dardanelles are given in Table 1, in relation to the net barotropic fluxes and the values
obtained from the TSS model are compared with the ROMS model results for the
Bosphorus (Sozer, 2013). While the total range of sea level in the Marmara Sea between
cyclonic and anticyclonic areas varies between 2-12 cm (Figure 10), the net sea level
differences across straits are much larger, varying between 2-85 cm in the Bosphorus and
1-32 cm in the Dardanelles, while the results for the Bosphorus compare well between
the two models. These results would imply sea level differences of about 0-120 cm
between the Black Sea and the Aegean Sea, for the range of net transport tested.
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Table 1. Sea Level Difference at Straits as a Function of Net Flux
Net flux  Bosphorus (TSS) Dardanelles (TSS) Bosphorus (ROMS)

Q Sea level sea level difference sea level difference

(m3/s) difference An (cm) An (cm)
An (cm)

-9600 2 1.5 -

0 8 5 14
5600 10 7 18
9600 14 11 22
18000 22 16 30
50000 85 32 -

The salinity cross-sections throughout the TSS are shown in Figure 11, following
the thalweg line of Figure 2a, for selected net barotropic flux values. The upper layer
thickness remains around 25 m for fluxes up to 9600 m?/s, and increases to 35 m at the
maximum flux value of 50000 m3/s. The upper layer reflects modified Black Sea
characteristics while the lower layer reflects Mediterranean characteristics all along the
transect, while the most rapid changes in salinity occur in the Bosphorus and Dardanelles
straits, by mixing between the two water masses, as also indicated by observational results
(Besiktepe et al. 1993). The interface depth also varies strongly in the two straits, where
fast exchange currents subject to hydraulic controls at transition areas (Gregg et al. 1999;
Gregg and Ozsoy 1999, 2002; Ozsoy et al. 2001; Ilicak et al. 2009; Sozer 2013).

Figure 12. Salinity cross-sections along the thalweg line of Figure 2a in the
Marmara Sea for selected net barotropic volume flux values of Q = -9600 and
50000 m>/s.

Below the sharp pycnocline of the Marmara Sea, properties are rather uniform,
except very near the interface where an injection of more saline water from the
Dardanelles spreads below the halocline. The spread below the halocline is typical for the
summer season of June 2013 for which the model has been initialized. However, the
appearance of denser waters at winter time would change this pattern as the dense water
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sinks to the westernmost depression of the Marmara Sea and spreads along the bottom
(Besiktepe et al. 1993, 1994; Hiisrevoglu 1999).

Figure 13. Salinity cross-sections across the Bosphorus along the thalweg in
Figure 2a, for varying net barotropic volume flux values of Q = -9600, 0, 5600,
9600, 18000 and 50000 m?/s.

The expanded views of salinity cross-sections for the Bosphorus and Dardanelles
are respectively shown in Figures 12 and 13. The cross sections in Figures 12 and 13
confirm the existence of hydraulic transitions at expected hydraulic control sections based
on past observations, also better resolved by higher resolution local models of the straits
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(Gregg et al. 1999; Gregg and Ozsoy, 1999, 2002; Ozsoy et al. 2001; Ilicak et al. 2009;
Sozer 2013).

Figure 14. Salinity cross-sections across the Dardanelles along the thalweg in
Figure 2a, for varying net barotropic volume flux values of Q = -9600, 0, 5600,
9600, 18000 and 50000 m?/s.

Because the TSS has distinct regions of varied geometrical properties with a wide
range of dynamical processes active in these regions, the physical response is different in
each region. The evolution of kinetic energy is shown in Figure 14 for different regions.
It is observed that the approach to a steady state is very fast in the two straits, while the
wider areas of the three adjacent basins respond much slower.
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Figure 15. Evolution of kinetic energy for different regions of the TSS for selected
values of net transport, Q=5600 and 18000 m?/s.

Finally in Figure 15, a comparison is made of the upper-layer (Q:) and lower-layer
(Q2) volume fluxes through the Bosphorus, based on observational data and the results
from the Bosphorus model (ROMS) of Sézer (2013) and the TSS (MITgem) models.
Although the Bosphorus model is more specific to the Strait and has better resolution, the
TSS model results perform even better in comparison with observations.
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Figure 16. Upper-layer (Q:) and lower-layer (Q:) volume fluxes through the
Boshorus as a function of the and net flux (Q=Q;-Qz), based on observational data
and compared with the results from the Bosphorus model (ROMS) of S6zer (2013)
and the TSS (MITgcm) models.
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1. Introduction

The Turkish Strait System (TSS) connects the Black Sea with the Aegean Sea
through the Bosphorus and Dardanelles Straits and the Sea of Marmara (Figure 1). The
outflow of dense water of Mediterranean characteristics from the Bosphorus influences
the long-term evolution of the Black Sea and outflow of low salinity waters from the
Dardanelles Strait alters the North Aegean Sea. The TSS circulation is characterized by a
two-layer exchange flow system associated with a sharp two-layer stratification. The
annual freshwater flux into the Black Sea by rivers and rainfall is greater than the loss by
evaporation and thus accounts for a positive freshwater balance. Unliiata et al. (1990)
estimated net freshwater flux (P+R-E) of 300 km? yr! exiting the Black Sea through the
Bosphorus. The water surplus of the Black Sea drives a net barotropic flow through the
TSS, superposed on top of a baroclinic exchange flow governed by hydrostatic pressure
(density) differences between the two seas.

An extensive review of literature related to the currents and circulation developing
in the TSS, fluxes through the Bosphorus and Dardanelles Straits and past efforts to model
the TSS are presented by Giirses (2016). The modeling of the TSS has been prohibited
by the requirements of fine horizontal grid size to represent straits, the need to adequately
represent the complex domain geometry and the lack of available data sets. These rather
stringent requirements have only permitted the system to be partially investigated. The
applications have been restricted by their very nature, depending on imposed boundary
conditions at their limits which are not independent of the adjoining active regions (Sozer
and Ozsoy, 2016). Therefore, the results are far from being fully representative of the
dynamics of the entire TSS. Quasi-regular meshes have been used in the majority of
earlier studies, despite the fact that mesh regularity dictates refinement in the entire
domain.

The method used in the present study, presented by Giirses (2016), is to employ
an unstructured mesh Finite Element Sea Ice-Ocean Model (FESOM) which already has
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been successfully applied to other similar cases, including the flow through the narrow
straits of the Canadian Arctic Archipelago (Wekerle et al. 2013). The choice of the finite
element discretization permits us to employ local refinement where necessary, so as to
explicitly resolve the TSS at required details to address its complex dynamics in an
integrated way. We extend originally closed boundaries at the external regions in adjacent
seas far enough from the TSS interior to accept reservoir conditions to represent adjacent
basins. In particular, we aim to answer the following questions: How significant are the
improvements obtained by the model when the original relatively isolated configuration
is additionally forced by surface atmospheric fluxes? How successful is the model in
predicting volume transport through the Bosphorus and its variability, under the present
approximations and in comparison with previous modeling efforts or measurements?

2. Study domain and bathymetry

The geometric properties of the Marmara Sea, the Bosphorus and the Dardanelles
Straits with their prominent geometric features are presented in detail by various studies
(Unliiata et al. 1990; Gregg and Ozsoy, 2002, Besiktepe et al. 1994). Taking these studies
into account, the model bottom topography is produced by carefully matching and
combining bathymetric data from different sources, as standard datasets proved to be
unsuitable for our area of interest. Giirses (2016) gives detailed information about the data
sources and how they have been merged, filtered and interpolated onto the high resolution
model grid.

3. Model Setup

FESOM is developed at the Alfred Wegener Institute (Danilov et al. 2004; Wang
et al. 2014). It is a general ocean circulation model which solves the standard set of
hydrostatic primitive equations in the Boussinesq approximation using the finite element
method on an unstructured triangular surface mesh with tetrahedral volume elements.
Piecewise linear basis functions are employed for velocity and tracers (in three
dimensions) and sea surface elevation (in two dimensions), the so called P1-P1 scheme.

Vertical mixing is parameterized with the scheme of Pacanowski and Philander
(1981) (PP), with a background vertical diffusion of 10~ m?%s for momentum and 10
m?/s for tracers and the maximum value set to 0.005 m?/s for either of them. Although
this simple scheme suits the need of the TSS, we conducted a test simulation with the K-
Profile Parameterization (KPP, Large et al. 1994). It is found that the results are very
similar compared with the PP simulation considering the mean circulation and the
stratification in the Marmara Sea. Horizontal eddy viscosity is parameterized by a
biharmonic operator with a coefficient of 2.7 x10'* m%s scaled with the element size
cubed while horizontal eddy diffusivity is parameterized by a Laplacian operator with a
coefficient of 2000 m%/s scaled with the element (Griffies and Hallberg 2000). These
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values are selected based on the convergence study for second order finite difference
Laplacian diffusion by Wallcraft et al. (2005) and set for the reference resolution of 1
degree in the model. A biharmonic operator is preferred since it involves scale selective
filtering, suppressing finer scales. Laplacian is the only available scheme in FESOM for
the eddy diffusion. Typical value for harmonic diffusivity of the Bosphorus, Dardanelles
and Marmara Sea are calculated to be on the order of 40, 150 and 600 cm?/s, respectively.

Figure 1. Location and bathymetry (in m) of a) the Turkish Strait System, b) the
Bosphorus.

The model domain extends from 22.5°E to 33°E in zonal direction and 38.7°N to
43°N in meridional direction. The minimum horizontal mesh resolution in the Bosphorus
and Dardanelles Straits is ~65 m and ~150 m, respectively and the maximum resolution
in the Marmara Sea is set to ~1.6 km. In the adjacent regions of the Aegean and Black
Seas, a resolution of ~5 km is used except for the exit and shelf areas which are better
resolved. The model uses 110 z levels. The strong stratification and steep continental shelf
in our implementation demands high vertical resolution in order to resolve the nonlinear
hydraulic transitions, the stratified turbulent exchange flows between the upper and lower
layers in the straits as well as to prevent excessive pycnocline erosion in the Marmara
Sea. The minimum vertical grid spacing is set to 1 m within the first 50 m. The maximum
layer thickness is not greater than 65 m in the deeper part. The time step has to be adjusted
according to the minimum horizontal mesh resolution and is set to 10 s during the
initialization and increased 30 s as total integration time increases.

As a first step, a lock-exchange experiment was performed (simulation BASIC),
initialized with temperature and salinity data collected during the SESAME Project! in
October 2008 (Table 1). A deep CTD cast is selected from each basin and the vertical
profiles of temperature and salinity are assigned uniformly to the respective domain, are
separated by a sharp discontinuity close to the mid-strait position, thereby producing a so
called a lock-exchange configuration. The locations of the selected CTD stations are

1 Southern European Seas: Assessing and Modeling Ecosystem changes
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indicated by red dots in Figure 1. For the BASIC simulation, surface atmospheric forcing
is not taken into account, setting momentum, water and heat fluxes to zero. The model is
initialized from a state of rest and integrated for three months in order to assess its general
behavior. No-slip boundary conditions are applied and normal velocities are to zero at all
solid boundaries including those replacing the normally open boundaries the extremities
of the model domain in the adjacent Black and Aegean Seas. The adjusted state of the
BASIC experiment at the end of three months is used to set the initial conditions in the
further simulations. In order to further evaluate model performance a one-year long
hindcast simulation was performed for the year 2008 (Experiment BBExc).

Table 1. Summary of the CTD Stations selected for the lock-exchange experiment

Station Latitude Longitude Maximum Total
1D sampling station
depth (m) depth (m)
AS 40°02.996‘N 26°04.831°E 67 72
MS 40°46.919°N 28°59.971°E 1191 1219
BS 41°36.033‘N 29°31.519°E 1203 1271

BBExc is forced by realistic atmospheric data, but ignores net water mass fluxes
from the Black Sea. The atmospheric data which drives the system are obtained from
ECMWF at 6 hourly temporal and 0.125° spatial resolution for the year 2008. Bulk
formulae which formerly extensively tested and utilized by the Mediterranean
Forecasting System are implemented following Pettenuzzo et al. (2010). More details can
be found in Giirses (2016). Atmospheric forcing fields are corrected against
contamination by land points if they are accessed during the spatial interpolation onto the
sea nodal points. The 'creeping algorithm' (also called 'sea over land') procedure is used
to circumvent this problem (Kara et al. 2007).

4.  Results
4.1. The idealized lock-exchange experiment
4.1.1. Temporal evolution of the flow in the straits

In the BASIC simulation case started from lock-exchange initial conditions, the
basic gravity-driven flow through the TSS is studied without the influence of the net
barotropic flow or the influence of atmospheric forcing. Time series of daily averaged
kinetic energy in the Marmara Sea and volume transports respectively passing through
the southern sections of the Bosphorus and Dardanelles Straits (not shown here) are shows
that the net volume transport initially responds very rapidly in both shooting up in a few
days and finally reaching a stable in two weeks, indicating a fast adjustment period. A
slower settling time of about 30 days is observed for kinetic energy in the Marmara Sea,
due to the adjustment of the larger basin.
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When the model starts the barriers between the water masses located at the mid-
strait positions are literally released in lock-exchange style, the density difference across
the front creates a horizontal pressure gradient between basins, which is initially peaked
up at the front and later spreads out as the exchange flow is initiated. Initially stagnant
heavier waters start moving in the direction of the low density basin near the bottom of
the Strait, while the lighter waters at the surface move in the opposite direction in
compensation, as required by mass conservation. The following adjustment process
establishes the sharply stratified two-layer exchange flow regime throughout the system.
In the Bosphorus the along-strait bottom layer flow evolves and passes over the northern
sill within the first day of integration before the Black Sea waters enter the contraction
zone (Figure 2, left panel). The velocity and density fields adjust themselves to the
topography. After 15 days of integration, the upper and lower layer flows are fully
established in a quasi-steady state in the Bosphorus. This period is even quicker in the
much wider Dardanelles Strait as a result of the lower initial density gradient between the
Aegean and the Marmara Sea (Figure 2, right panel).

In close correspondence to the hydraulically controlled regime of straits, the model
results clearly show the roles of strait geometry primarily determining the exchange flows
through the entire TSS, by adjusting to the initial perturbation in a very short time as
compared to the response of the system as a whole. The flow in the Straits adjusts indeed
within less than a day or two, as a result of the suggested main hydraulic controls at the
contraction and sill of the Bosphorus (roughly at 24 and 48 km, Figure 2, left panel) and
the narrows at Nara Passage of the Dardanelles Strait (at about 30 km, Figure 2, right
panel). Once these hydraulic controls are established, the system evolves further by
density adjustments in the larger domain including the basin of the Marmara Sea. Results
obtained by Sannino et al. (2016) from a modelling exercise using different methodology
confirms the same behavior, with the hydraulic controls at the Bosphorus and Dardanelles
primarily establishing the stable response of the TSS, and therefore also setting up the
basic circulation regime in the Marmara Sea.

4.1.2. Marmara Sea circulation

The simulated surface circulation of the Marmara Sea averaged over the third
month of integration shows a well-defined strong jet leaving the Bosphorus with core
velocities of ~1.0 ms™ (not shown here). This jet sets the main flow in motion and
continues to the southern coast, moving parallel to the Bozburun peninsula, turning
towards the northwest over the shelf region, and meandering before funneling into the
Dardanelles Strait. As a result, a basin scale anticyclonic gyre is established with an
average speed of 0.2 ms™! and a series of small eddies (~20 km in diameter) scattered
around the pathway of the main flow and at coastal embayments, with different signs of
vorticity. They are separated from the main flow due to natural obstacles like islands,
coastlines or rapid changes in depth. Some of the resolved eddies are identified and
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reported in earlier studies. These include for example the ones reported in the vicinity of
the Bosphorus-Marmara Junction (BMJ, Unliiata et al. 1990), a cyclonic eddy located in
the southeast coast (Chiggiato et al. 2012) and a coastal cyclonic eddy in the north
(Demyshev and Dovgaya, 2007). Besides, they are consistent with earlier observations
(Besiktepe et al. 1994; Gerin et al. 2013) and concurrent findings of Sannino et al. (2016).
The BASIC simulation reveals that surface eddy activities are concentrated around the
BMJ, namely the region of inflow into the Marmara Sea.

Figure 2: Snapshots of potential density along the Thalweg of the Bosphorus
(from south to north, left panel) and Dardanelles (from south to north, right panel)
at the initial state and after 1 and 7 days (from top to bottom). The x-axis denotes
the distance in km.

The current plot at 20 m depth shows that the interfacial waters are transported
with the Aegean inflow following the main channel, entering into the Marmara Sea (not
shown here). In the entrance region, the flow meanders and forms two quasi-persistent
eddies with a reversing sense of rotation (~15 km in diameter). At 50 m depth, the
circulation pattern changes notably. The Dardanelles effluent entering the Marmara Sea
follows the deep channel on the southern side of the widening section and continues
straight until it hits the Marmara Island. The current at this stage bifurcates, leaving the
northward branch to recirculate back into the Dardanelles along the northern half of the
widening section of the Dardanelles Strait while the weaker southern branch flows around
the Marmara Island before sinking deeper in the westernmost depression. There is a series
of eddies moving slowly with different signs of vorticity extending down to 100 m depth
(not shown here).
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The simulated mid-basin pycnocline is located at 20 m on the average and does
not oscillate much due to the lack of atmospheric or barotropic forcing in the BASIC
experiment. Nevertheless, the 10 m circulation map shows that the flow enters the
Bosphorus at this level. This indicates that the pycnocline is tilted upwards towards the
Bosphorus and the jet leaving it is confined to the upper 10 m.

4.2. Simulations with realistic atmospheric forcing

The main driving forces in the Turkish Strait System are the atmospheric forcing
and the Black Sea freshwater input (Gregg and Ozsoy, 2002). The response of the
Marmara Sea to both of these factors has been previously taken up by Chiggiato et al.
(2012) and Demyshev and Dovgaya (2007), although the influence of strait dynamics has
been completely ignored and only represented as inflow / outflow in their work. In
recognition of the importance of these external factors we take solely the atmospheric
forcing into consideration in this section and leaving the Black Sea freshwater forcing
aside for further studies. Our model open boundaries are closed in the Aegean and the
Black Seas, we take into account the effects of neighboring basins by attempting to
include the atmospheric forcing as described earlier.

The surface circulation and salinity fields simulated by BBExc averaged for the
months of April and October 2008 are shown in Figure 3. The circulation in April is
characterized by eastward flow in the northern part of the Marmara Sea, and a westward
flow in the southern part of the basin, and very little eddy activity. In contrast,
observations show a strong anticyclonic gyre dominating the eastern part of the Marmara
Sea driven by the Bosphorus jet. The difference in the circulation pattern in April between
the simulation and the observations is due to missing Black Sea freshwater forcing. This
clearly demonstrates that substantial changes in the surface circulation of the Marmara
Sea by energizing the Bosphorus jet is expected to be driven by the freshwater excess of
the Black Sea. In other words, the Bosphorus throughflow is indicated to be a significant
driver of the seasonal circulation of the Marmara Sea. In October, BBExc simulation
shows strong westward surface flow associated with cyclonic eastern and anticyclonic
western eddies. As a result, the main flow diverted on to the southern shelf and passes
through the island groups located in the vicinity of the Dardanelles entrance.

Regarding surface salinity fields, the BBExc simulation shows differences in the
studied months of April and October 2008. Waters exiting the Bosphorus fills almost the
entire eastern Marmara basin under the calm wind conditions in April. In October, fresher
Bosphorus originated waters are mostly trapped in the vicinity of the northern coast. This
shows that the circulation reacts faster to the changes in atmospheric conditions
transmitted by the Bosphorus jet, whereas the adjustment of the salinity field depends on
a multiplicity of other factors on the longer term.
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The adjustment in the average position of the simulated o; = 25 surface in the
Marmara Sea (not shown here) reveals the role of winds on interface depth. The
correlation between the BBExc simulation and the measurements reveals that
atmospheric forcing is responsible for high frequency variability in both simulations. In
particular, the storm activities are responsible for the changes of up to 2 m in the interface
depth within a few days. The absence of barotropic forcing results in a shallower interface
position compared with the observations. Additionally, a weaker seasonality of the
pycnocline is observed showing that the position of the interface is probably controlled
by the freshwater balance in the Black Sea.

Figure 3. Simulated surface circulation in ms-1 (upper panel) and salinity in psu
(lower panel) in the Marmara Sea averaged over April 2008 (left) and October
2008 (right) for experiment BBExc.

The observations were obtained during the SESAME Marmara Sea cruise
separated into two legs of 4 days duration each. The first leg was carried out from 11 to
14 April 2008, and the second leg from 1 to 4 October 2008. T-S diagrams of water
masses in the Marmara Sea are presented in Figure 4. The observed salinity and
temperature profiles averaged over all CTD stations in the Marmara Sea are compared
with the model results obtained from the BBExc simulations. The comparison is carried
out for the upper 50 m of the water column, where most seasonal changes occur.
Comparison of water properties below this depth requires longer simulations since the
associated time scales are longer, based upon mean residence time estimates of 6-7 years,
Unliiata et al. (1990). The observations (dashed lines) show that the halocline and
thermocline are positioned deeper in spring than autumn, evidently due to the increased
freshwater input into the Black Sea in spring. The thermocline and halocline estimated
from both simulations are in agreement with their observed structure in the Marmara Sea.
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Figure 4. Vertical profiles of temperature and salinity in the surface layers of the
Marmara Sea averaged over all stations. Model results are interpolated onto the
position of the CTD stations for simulation BBExc. Red dashed lines represent the
observations. Black and red solid lines indicate daily and cruise time averaged
simulations, respectively. Left panel: April 2008, Right panel: October 2008.

Figure 4 compares the observed and the average simulated temperature and
salinity fields in vertical water column. The simulated profiles during the measurement
period are also depicted. The surface temperature discrepancy between simulation and
observation does not exceed 0.5°C. The temperature minimum ~ 4 m above the
thermocline in April 2008 is captured in the simulation. Below the thermocline, on the
average across the Marmara Sea, the model predicts slightly colder water (by ~15°C)
compared to the observations, due to the influences propagated from the horizontally
uniform initial temperature profile imposed in the small external domain in the Aegean
Sea. The salinity in the surface and deeper layers are simulate well comparing to the
measurements. Lack of barotropic forcing due to Black Sea inflow possibly reveal such
kind of uniform surface salinity which in reality may not be too uniform and because the
Black Sea not physically well represented in the present model. This reveals that the
model is capable of ensuring high skill in representing the gradients of temperature and
salinity fields in vertical. However, there is a bias in the positioning of the aforementioned
fields. This is linked to the missing freshwater forcing from the Black Sea which leads
the rise of the interface in the Marmara Sea.

The model performance is further assessed by means of root-mean-square error
(RMSE) comparison of properties between the model and the observations, computing
errors over each CTD profile in the depth range 0 - 50 m (Figure 4). Despite the
initialization with simple profiles, BBExc results are in agreement with the observation
for both measurement periods (Figure 5). The source of the error is the misplacement of
the halocline and thermocline which are too close to the surface. The error field is
independent from the representation of hydrological properties of the Black Sea water
influencing surface layers of the Marmara Sea. Temperature errors for both hindcast
experiments do not differ much for each measurement periods.
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Figure 5. Accumulated root-mean-square errors between simulated and observed
temperature (upper panel) and salinity profiles (lower panel) in the Marmara Sea
for April 2008 (left) and October 2008 (right).

4.2.1. Model assessment with focus on the Bosphorus Strait

In the following we concentrate on the more realistic simulation, BBInc, and
further investigate the ability of the model to simulate flow features and transports in the
Bosphorus Strait. We compare time series of modeled and observed velocities in the
southern Bosphorus, based on observations obtained from Jarosz et al. (2011).
Observations indicate that the along-strait velocity component of the southern Bosphorus
(at the middle of Section B1) varies considerably throughout the year 2008. In the
simulation, the mean depth of the zero-velocity isotach is 8.75 m, shallower than the
observed depth of 13.5 m reported by Jarosz et al. (2011). The maximum simulated along-
strait current speed in the upper layer (1.31 ms™') is considerably lower than the observed
value of 2.3 ms™! (Jarosz et al. 2011).

Measurements of volume transports through the Bosphorus and Dardanelles straits
were conducted from September 2008 to February 2009 during the experiments reported
by (Jarosz et al. 2011). A comparison of these observations with the simulated transport
time series is presented in Figure 7. The correlation coefficients between model and
observations for the upper and lower layer and net daily mean volume transports through
the northern Bosphorus respectively are rupper=0.75, Tiower=0.68 and r,.t=0.74. These
results reveal that the model is consistent with the measurements and able to capture the
variability of the transport.

During the same period, the simulated net mean transport (49.7 km? yr'!) into the

Marmara Sea compares relatively well with the observed net flux (86.3 km? yr!) reported
by Jarosz et al. (2011). However, simulated upper layer and lower layer transports (240.1
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km® yr! and 190.4 km?® yr'!, respectively) are much lower that the observed transports
(359.9 km® yr! and 273.6 km® yr'!, respectively) for the period Sep-Dec 2008. The
amplitude of the fluctuating components of transport in the model results is lower
compared to that in the measurements. This is due to missing Black Sea freshwater
contribution, the relatively coarse resolution of the atmospheric forcing and limited model
domain in the Black and Aegean Seas.

Figure 6. Time series of the simulated along-strait velocity profiles (ms™') in the
middle of the Section B1 (top) and close to the Asian coast on Section B1 (middle)
and cross-strait velocity profiles in the middle of the Section B1 (bottom) for the
year 2008.

42.2. Blocking events

Under normal conditions, a progressive decrease occurs in the thickness of the
upper layer starting from the northern end of the Bosphorus (45 - 50 m over the northern
sill) until the Dardanelles-Aegean Sea Junction (~10m). The upper layer thickness in the
Marmara Sea is typically around 25 m. Strong northerly winds combined with higher sea
level difference between the Aegean and the Black Sea may deepen the interface position
in the northern exit of the Bosphorus, leading to blocking of the lower layer flow which
can last a few days (termed "lower layer flow reversals", LLR). Conversely, strong
southerly wind in combination with a decrease in sea level difference can arrest the
surface layers and even reverse it for several days (termed "upper layer flow reversals",
ULR, Latif et al. (1991); Jarosz et al. (2011)).

An upper layer blocking event occurring on the dates of November 21 and 22,
2008 in the model (Figure 6). The blocking event has created a pulse of northward owing
net currents through the Dardanelles and Bosphorus, evident from surface currents
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displayed on the left hand side panels of Figure 8. For comparison, the simulated monthly
mean surface currents in November 2008 are shown in the right hand side panels of Figure
21, indicating the average situation which is only disturbed during the blocking event.
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Figure 7. Time series of detrended simulated (solid line) and observed (dotted
line) volume transport through section B4 (Northern Bosphorus). Observations are
taken from Jarosz et al. (2011).

In fact, the currents on November 21, 2008 correspond to an explosive cyclone
passing over the region characterized by strong southwesterly winds. The effects of this
storm on the TSS and its dynamic response to the atmospheric forcing has been analyzed
in some detail by Book et al. (2014)), based on the measurements campaign of Jarosz et
al. (2011)). Both the observations and the model results indicate a complete change in the
flow direction as the upper layer is blocked and pushed backwards. In the Bosphorus, the
simulated currents exceed 1 ms™' starting from the southern sill until north of the
contraction. The flow reversal reaches as far as the Bosphorus-Black Sea Junction. A
similar flow reversal is observed in the Dardanelles (Figure 8) with a one-day time lag
after the Bosphorus. The circulation in the Dardanelles displays a channel-wide cyclonic
recirculation cell near its southern exit.

During the year 2008, the ECMWF atmospheric data reveals that there were
several strong storms (lasting 3 - 5 days) passing over the TSS region. Observations
indicate several upper layer blocking events from September to December 2008, Jarosz
et al. (2011)). The upper layer flow reversals observed during the periods 1 - 7 October
2008 and 20 - 22 November 2008 are clearly represented in the simulation (Figure 6). It
should be noted that lower layer blocking has not been observed during the time period
September to December 2008, neither in observations nor in our simulation.
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5. Conclusions

We have set up and tested the multi-resolution ocean model FESOM for the
limited but complex domain of the TSS, using a particularly enhanced resolution in the
Bosphorus and Dardanelles Straits in order to adequately represent the energetic
processes in these regions in the overall dynamics of the coupled system. Based upon an
initial adjustment of the lock-exchange configuration to quasi-steady state in the BASIC
experiment, BBExc simulation dwells upon the impacts of realistic atmospheric forcing
(BBExc) excluding the Black Sea freshwater budget on the dynamics of the TSS.

Figure 8. Simulated surface currents (in ms™') on November 21, 2008 in the
Bosphorus (top left) and on November 20, 2008 in the Dardanelles (bottom left)
and surface currents averaged over November 2008 (right).

Our BASIC simulation produced a general circulation and a stable stratification in
the Marmara Sea consistent with previous measurements. Sensitivity experiments showed
a reasonable compromise between resolution and computational cost, which the selected
model configuration seemed to satisfy. The pycnocline depth in the Marmara Sea in
BBExc showed a rising trend towards the surface in the absence of net volume transport
through the Bosphorus. This trend is probably controlled by the Black Sea freshwater
budget. Comparing the simulated surface circulation in the Marmara Sea in both
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experiments showed the circulation to be dominated by the Bosphorus inflow and
modulated by atmospheric forcing. The results were compared with respect to observed
salinity and temperature CTD profiles in the Marmara Sea and transport measurements
in the Bosphorus. The comparison with transport measurements in the Bosphorus
revealed very strong model skill in representing the variability despite low the upper layer
and lower layer mean transport and standard deviation were lower compared to the
observed values.

To conclude, the novelty in this work is the ability to uniformly represent the
integral behavior of the TSS, which demonstrates the advantage of the multi-resolution
approach. We proved that one key forcing functions is the atmospheric forcing and it is
essential to provide realistic fluctuations of the pycnocline depth in the Marmara Sea.

The model can be improved in several ways. (1) An improved variability and a
stable pycnocline depth with the correct seasonal cycle and net transport through the
Bosphorus is only possible by including the freshwater budget. (2) The comparison of
transports revealed the significance of the atmospheric forcing on the high frequency
variability. In our simulations, we applied a correction to the sea points along the shore
line to hinder the contamination of the land based points in the ECMWF wind field.
Higher resolution atmospheric forcing both in spatial and temporal sense would be more
justifiably needed to accurately represent forcing in this small and complex region on the
passageway of atmospheric cyclones. (3) So far, the choice for the initial and boundary
conditions were idealized. The model setup is now ready to perform multi-year
simulations with realistic initial conditions. (4) The current model setup revealed a
significant correlation between the sea level difference between Black and Aegean Seas
and transport through the southern Bosphorus (r = -0.87), and this should be explored
further. (5) More realistic surface water, heat and salinity boundary conditions and the
incorporation of nonlinear free surface approach recently developed for the FESOM are
all too relevant for the TSS and its inter-basin coupling, and are expected to improve
results in the future. (6) Given the importance of the sea level difference on the TSS
transports, the model domain should be extended to include the entire Black and
Mediterranean Seas. We expect that a more realistic simulation of SSH in the two basins
should improve the simulated transports.
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1. Introduction

Many years after the first development by Kirk Bryan and his colleagues at GFDL
(Geophysical Fluid Dynamic Laboratory) in the late 60s, ocean modelling today is still a
very demanding research area utilizing modern science and technology. Despite great
technological advances in high-performance computing and earth observation systems,
the current understanding of the oceans fails to fully recognize complex multiple scale
interactions characterizing these regions. Computationally demanding state-of-art
modelling systems in use today either represent a limited spectrum appropriate for the
particular geometry and grid, or parameterize corresponding processes. The development
of fully coupled multi-component earth system models (ESMs) is a solid example of the
promising new era in model development aiming to construct more complete, complex
and robust modelling systems able to represent interactions among individual components
of the often inhomogeneous and delicately coupled earth systems. It is clear that the next-
generation ocean modelling systems will require new computational methods and
advanced modelling to account for complex processes and data assimilated from new
observation systems. In addition to the limited capability of current ocean models to
resolve all too important smaller scales, the ocean is still vastly under-sampled to validate
model results and produce better short-term forecasts. Models of basins interconnected
by straits have to resolve small scale processes of hydraulic controls, turbulence and
mixing in deep basins, straits, fjords etc., and have to consider their direct influences on
the neighboring domains of the coupled basins. Likewise, mass budgets of coupled basins
and their nonlinear free surface variations influence strait response, in return. Narrow
straits such as the Bosphorus, Dardanelles, Messina and Gibraltar Straits provide ample
evidence for all the complexity that arises as a result of coupling between straits and the
adjacent ocean domains.

The multi-scale nature of systems of multiple basins interconnected through
straits, coastal systems with a mosaic of fjords, estuaries, continental shelf and canyon
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geometries, regions of fresh-water influence or upwelling systems with inherently
coupled elements make them individually challenging to study and understand, and even
more so when such systems are coupled with each other. The short-term forecasting of
these complex systems being already problematic, their multi-decadal and climate
predictability yet needs greater care to preserve the capability to resolve the all too
important smaller scales. In the end, the demands for accurate representation of physics
quickly become counterweighed by computational demands, only to be partially relieved
by innovation. Amongst such coastal systems, sea straits providing communication
between sea basins have special ranking in complexity. Models of basins interconnected
by straits have to resolve exchange flows influenced by hydraulic controls, turbulence,
interfacial mixing, free surface variations and internal waves and possible tidal effects at
the strait, as well as linked processes in the adjacent seas such as the full nonlinear
variations of the free surface, realistic lateral and surface water and mass fluxes, intrusions
of surface jets and bottom plumes issued from straits, continental shelf and internal
mixing processes, surface and internal sloshing and the response of coupled systems to
extreme weather conditions/events. Narrow straits such as the Bosphorus, Dardanelles,
Messina and Gibraltar Straits provide ample evidence for all the complexity that could be
envisioned, with also a series of closely connected actions in the adjacent seas.

2. Challenges in modelling of interconnected basins

The multi-scale ocean modelling of interconnected basins mainly involves
coupling of hydrostatic, non-hydrostatic, turbulent and sea surface processes, further
influenced by air-sea interaction, wind-wave dissipation and tidal effects (Lermusiaux et
al. 2013). The diverse multi-component nature of the problem makes it challenging to
study nonlinear interactions and feedback mechanisms among system components. The
combined effects of processes at various temporal and spatial scales often presents a
setback to investigate the dynamic response of the entire system as a whole, preventing a
total understanding of the system. To that end, ocean models developed for
interconnected basins must target to resolve the multi-scale dynamics of the ocean
environment, from small scale turbulence in straits or passages to large scale circulation
and gyres/eddies in the adjacent sea/s or semi-closed water bodies. Despite recent
developments in ocean modelling in terms of dynamics, physical parameterizations and
the numerical techniques (spatial discretization techniques, high-order schemes, adaptive
unstructured meshing, nesting, grid generation and data assimilation), the multi-scale
ocean modelling of interconnected basins coupled with straits, fjords and steep
topographic features is still a very active and demanding research area that requires
innovative state-of-art modelling tools to allow the entire system to be simulated,
preferably based upon an easy to use, portable, efficient modelling framework. Modern
developments in numerical ocean modeling and the increasing availability of computing
resources have led to increasingly sophisticated models decreasing the number of
simplifying approximations needed in the past and the need to couple non-hydrostatic and
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hydrostatic models to resolve multi-scale processes demands challenging new and full
interpretations of the Navier-Stokes equations (Blayo and Rousseau, 2015).

One of the techniques to overcome difficulties in resolving details of processes in
complicated ocean domains has been to devise methods allowing variable resolution
where it is most needed inside the model domain. Over the last decade, the surge of
interest in unstructured mesh methods resolving complex domains (i.e. straits, overflows
and the continental break) have led to improved new ocean models such as ADCIRC
(Westering et al. 1992), FVCOM (Chen et al. 2003) and FESOM (Danilov et al, 2004;
Wang et al. 2008) allowing to refine the computational grid in desired sub-regions
(Danilov, 2013). Often, spurious modes maintained in unstructured-mesh models have
made them computationally more demanding compared to structured-mesh models
(Danilov, 2013). Additionally, the multi-resolution functionality provided by the
unstructured meshes are 2 to 4 times more expensive per degree of freedom than the
structured-mesh models (Danilov, 2013). The difficulties in implementation of numerical
methods (i.e. data assimilation systems and open boundary conditions) still prevent or
limit the usage of the unstructured mesh ocean models to represent complex regional
systems. The design of data assimilation systems in adaptive or multi-resolution mesh is
more difficult than building a forward model, while using an adaptive mesh for the adjoint
calculation has its own numerical requirements and difficulties (Weller et al. 2010). The
implementation of conservation of the mass and energy in adaptive type meshes is also
crucial problem because spurious waves can be generated in the adaptation phase of the
mesh that eventually dominate the solution.

On the other hand, the well-known finite-difference methods in ocean modelling
are based on structured meshes. When compared with unstructured mesh models, these
models have poor representation of the coastlines especially for coarse resolution cases
and it is often difficult to enhance the resolution of the underlying grid in a particular
region even when curvilinear coordinates and nesting strategies are employed. These
problems also prevent realistic use of structured grid ocean models in applications
involving interconnected basins, where excessive local refinement of the model grid to
fine-scale components (i.e. straits) is needed. To overcome difficulties in designing
structured grids in complicated domains, the composite or multi grid approach was
developed and applied in the 90s. For example, Eby and Holloway (1994) investigated
the grid transformation approach to couple separate model domains of the Artic region
and the global ocean. In their design, the information along common boundaries were
passed between the two model components in each iteration of the solver. Similarly,
Dietrich et al. (2008) designed a multiple-grid ocean model to study the effects of the
Mediterranean Overflow Water (MOW) in the North Atlantic Ocean, where a seamless
integration between grids of different spatial resolution were achieved by using the
method of upwind boundary fluxes developed by Dietrich et al. (2004). A similar
composite grid approach has been used to study residence time in a partially mixed
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estuary (Warner et al. 2010), making sure that the numerical solution in each grid would
not be different from the solution in a single grid including the entire domain. To simplify
the coupling between multiple grids, the overlap regions are often forced to be coincident
(all grid properties are identical in overlapping grid cells). In this case the domains could
actually be merged into a single grid alleviating the need for composite grids of different
resolution, such as needed in the case of interconnected basins. Coupling of models with
different dynamical cores (e.g. hydrostatic and non-hydrostatic) and physical
parameterizations often required in multi-scale ocean modelling (e.g. interconnected
basins) is not possible in this approach.

In addition to the possible use of a single monolithic grid to represent various
scales, the nesting approach is often used in ocean modeling to bridge across coarse and
fine scales. For time-dependent problems, adaptive mesh refinement (AMR) allows
dynamically adjusted resolution, such as in the AGRIF (Adaptive Grid Refinement in
Fortran; Debreu et al. 2008) package, discretized on a structured grid. Successful
application of the nesting approach by Sannino et al. (2009) demonstrated the influence
of the Strait of Gibraltar on the water column stratification and convection in
Mediterranean Sea, allowing better representation of hydraulic control in the strait for
improved estimates of volume transport and Mediterranean Outflow Water (MOW;
Dietrich et al. 2008). Although the nesting approach is quite common in ocean modeling,
the representation of interconnected basins like the TSS still poses a challenging problem.
Moreover, the two-way data exchange among the nested models is also problematic and
might create mass conservation problems due to the interpolation, numerical errors and
spurious mixing along the boundaries.

In essence, the behavior is reflected in the definition of a “system”- a set of
interacting or interdependent components forming a complex whole. The Turkish Strait
System (TSS) is a perfect example of the complex ocean modelling problem that can be
posed for such systems. It is a unique environment to study exchange flows, hydraulic
controls, turbulence, internal waves, subject to externally imposed net water flux
variability, extreme weather events, storm surges, internal sloshing and tidal effects. The
combined effects of these processes are essential to determine the overall system
response, which actually is a demanding problem of coupled ocean modelling.

3. Challenges in modelling of Turkish Strait System

The oceanographic conditions of the TSS has been extensively well investigated
in the last thirty years. The variability of currents and other physical properties are well
established, although the much needed coastal observatories are lacking. The basic
dynamics creating the two-way exchange flows of the TSS are the density and pressure
differences between the Black and the Aegean Seas, first revealed by Marsili (1681)
studying the Bosphorus three centuries ago (Defant, 1961; Soffientino and Pilson, 2005;
Pinardi, 2009; Pinardi et al. 2016). The TSS is very sensitive to climatic changes, and

188



potentially can induce such changes in the adjacent basins (Ozsoy, 1999). Acting as the
limiting element of the TSS, the Bosphorus Strait controls the exchange of mass and
materials between the Black and the Mediterranean Seas (Unliiata et al. 1990; Ozsoy et
al. 1995; Polat and Tugrul, 1995), thereby influencing the stratification, water and mass
budgets (Ozsoy et al. 1993; Ozsoy and Unliiata, 1997, 1998; Delfanti et al. 2014; Falina
et al. 2016; Jorda et al. 2016). The mass budget dictates the upper layer flux to be about
two times larger than that of the lower layer, yielding a net flux of about 300 km*/yr from
the Black Sea to the Sea of Marmara (Latif et al. 1991; Unliiata et al. 1990). Geometrical
features of the Bosphorus (Oguz et al. 1990; Ozsoy et al. 1998) imply 'maximal
exchange', as proposed by Farmer and Armi (1986) influenced by local topographic
features. The exchange flows respond dynamically to time-dependent hydro-
meteorological forcing in the adjacent basins (Ozsoy et al. 1995a, 1996, 1998; Gregg and
Ozsoy, 1999). Observations suggest increased entrainment past the hydraulic controls at
the southern contraction and the northern sill in the Black Sea (Gregg et al. 1999, 2002;
Ozsoy et al. 2002).

The Sea of Marmara possesses a two-layer stratification and associated flow
system, in which an approximately 25 m layer of relatively less saline (salinity ~25) water
mass of the Black Sea origin is separated from the rest of the water body by a sharp
permanent pycnocline. The two-layer structure is preserved even in the winter season
when abrupt cooling of surface waters increases the density of the upper layer by about
1-2 kg/m®. The corresponding flow system in the sea reveals a stronger circulation in the
upper layer with a preferential direction towards the Aegean Sea. The upper layer
circulation inferred from the existing hydrographic data (Besiktepe et al. 1995) suggests
the presence of a large anti-cyclonic loop of the surface flow upon issuing from the
Bosphorus. As this larger scale flow system is generally controlled by seasonal wind
forcing, evolution of the surface buoyant jet of the Bosphorus surface outflow by
horizontal and vertical entrainment processes near the Bosphorus-Marmara junction
region adds further complexity to the regional circulation. The currents in the lower layer
is much weaker, and the time scale of their transit across the sea towards the Bosphorus
is approximately an order of magnitude longer than that of the surface layer. The
exchange flows respond dynamically to forcing on time scales from several days to years
by wind setup, water budgets and atmospheric pressure differences. Three dimensional
hydrodynamic models have been used to investigate exchange flows under ideal
conditions of the Bosphorus Strait and need to be further developed for application to the
Bosphorus and Dardanelles Straits. The conditions in the Marmara Sea connected to the
outlying seas by the Bosphorus and Dardanelles Straits are also relatively well known,
although its complex nature with a wide shelf and deep basins, and severe winter weather
conditions often create complex currents and meteorology that justifies further careful
consideration of risks concerning navigation and the environment.

The strategy of recent studies aiming to understand the TSS necessarily has been
a divide-and-conquer approach to decompose/isolate individual components and very few
modelling studies have attempted to study the integral behavior of TSS considering
contrasting properties and nonlinear interactions of its sub-components. In this case, the
existing modelling studies have passed through a series of successive developments,
starting from two and three dimensional models with idealized geometry and extending
to realistic three-dimensional ocean models applied to individual elements of the system.
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Idealized two-layer, one-dimensional or two-dimensional models solving horizontally or
vertically integrated hydrodynamic equations have been developed for the Dardanelles
Strait (Oguz and Sur, 1989; Staschuk and Hutter, 2001) as well as the Bosphorus Strait
(Oguz et al. 1990; Ilicak et al. 2009). Three-dimensional models solving full set of
primitive equations have later been developed for the Dardanelles Strait (Kanarska and
Maderich, 2008) and for the Bosphorus Strait (Sézer and Ozsoy, 2002a and 2002b; Oguz,
2005; Sozer, 2013; S6zer and Ozsoy, 2016). In addition to these models developed for
straits, some earlier studies have aimed to treat Marmara Sea as an isolated marine basin,
with the addition of artificial inflow and outflow sources at the Bosphorus and
Dardanelles Straits, thereby decoupling the dynamics of the straits from the basin
(Demyshev and Dovgaya, 2007; Demyshev, 2012 and Chiggiato et al. 2011). The main
problem of all these approaches rest in ignoring the interactions among various
components, by imposing inappropriate boundary and initial conditions to subsystems of
the TSS. Although models representing the individual components of the entire system
are definitely valuable tools for analyzing the hydrodynamic behavior of those
components, recent studies using integrated modelling of the TSS by Giirses et al. (2016)
and Sannino et al. (2016) showed that the TSS hydrodynamics cannot be adequately
understood or even resolved, unless the details of the very substantial dynamics of the
straits are included in full detail in the essentially coupled system. The nonlinear, strongly
stratified hydrodynamics of the flow through the narrow straits has made the modelling
of TSS a grand challenge because of the need to resolve the straits in fine detail, which
typically are not elaborated in modelling applications concerning open oceans and coastal
regions (Sannino et al. 2016).

Specifically, in the case of the Turkish Straits System (TSS), surface water jets
and bottom plumes generated in the Black, Marmara and Aegean Seas and the intrusion
of water masses into the adjacent seas have to be accounted for, essential for driving the
Marmara Sea circulation and with particular effects on the double diffusive instability
regime of the Black Sea. Representing these fine scale features, at the same time insisting
on conservation of mass and energy among the components of interconnected system are
essential for models. There is an obvious need for current state-of-art modelling tools to
be developed using model coupling frameworks/libraries at the required level of
sophistication (in terms of both physics and computational methods) to facilitate the
construction of innovative modelling systems and their applications.

4. Towards multi-instance and multi-component ocean models for
interconnected basins

As briefly mentioned in the previous sections, the development of methods for
systematic coupling of multiple marine basins and straits has never been formally
attempted in the past. The intended novel design is based on coupling multiple
realizations of high resolution ocean model components, surpassing the earlier concepts
of trying to fit the entire system in a single model application, destined to fail in the
accurate representation of temporal and spatial characteristics of each sub-system. The
multi-instance ocean modeling (MIOM) system aims to create specialized coupling tools
linking separate components of the system irrespective of size and structure, thus enabling
to study multi-scale processes in the interconnected system. The higher-level modelling
system basically acts to orchestrate simultaneous operation of individual marine
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components by allowing two-way interactions among them and also with the active
atmosphere model. The TSS is a perfect example to test and develop such modeling
system, given its complex internal dynamics coupled with the near-field and remote
effects of two large basins.

The design of such a complex modelling system (MIOM) presents a set of
difficulties in employing independently developed model components for different parts
of the domain. Each model component could have different horizontal and vertical grid
structure and spatial resolution. In this case, specialized tools such as model coupling
libraries and frameworks are used to couple different model components. The Earth
System Modeling Framework (ESMF; Hill et. al., 2004a and 2004b; Collins et. al., 2005),
Model Coupling Toolkit (MCT, Jacob et al. 2005, Larson et. al., 2005), Model Coupling
Environmental Library (MCEL, Bettencourt, 2002), OASIS (Redler et al. 2010, Valcke,
2013) and C-Coupler (Liu et al. 2014) can be given as examples of methods simplifying
the regular tasks in creating a coupled modelling system. To tackle the problem, the
MIOM will use driver based model coupling approach based on the ESMF coupling
framework. The ESMF framework is selected because of its unique online three-
dimensional re-gridding capability, which allows the driver to readily perform
interpolation over the exchanged fields (i.e. temperature, salinity, heat and momentum
fluxes) using the National Unified Operational Prediction Capability (NUOPC) layer. The
NUOPC layer basically simplifies common tasks of model coupling, component
synchronization and run sequence (i.e. implicit, semi-implicit and explicit type of
coupling) by providing an additional wrapper layer between coupled model components
and the ESMF framework (Figure 1).

Figure 1 Design of multi-instance ocean model (MIOM) and coupling with active
atmosphere component for TSS.

In the proposed ocean modelling system of MIOM, individual ocean model
components exchange information (i.e. water fluxes, tracers) along their overlapped
regions that are called buffer zones or dynamic interfaces. In this case, the seamless
integration of model components requires mapping of exchange fields (i.e. temperature,
salt, velocity components) among different instances of the modelling system using
conservative methods of interpolation to prevent addition of artificial heat, momentum

191



and mass fluxes by exchanging fields. A possible disadvantage of this method is that the
model instances do not constrain the interior of the counterpart model instance directly,
and there is nothing to prevent unrealistic drift of the model instances and/or sharp
gradients of fluxes between the model components. A method to solve this problem is to
apply flux balancing algorithm such as a revised version of the smoothed semi-prognostic
(SSP; Greatbatch et al. 2004) method used in two-way nesting of ocean models (Sheng
et al. 2005) to balance fluxes between adjacent model instances.

As it is mentioned before, the developed models of TSS uses relatively low-
resolution offline atmospheric forcing to drive the individual components of the TSS
model and it neglects the two-way interaction and feedback mechanisms in the air-sea
interface that might have a vital importance in the response of the overall system to the
atmospheric conditions especially for the blocking problems in the straits and water mass
exchanges through the straits by modifying evaporation from the Mediterranean and
Black Seas surfaces. Additionally, the previous study of Turungoglu and Sannino (2016)
showed that the coupled atmosphere-ocean model tends to modify the heat fluxes in the
air-sea interface of the Mediterranean Sea by reducing the latent heat loss from the sea
surface and the rate of change of latent heat flux might reach up to %10 especially in
Eastern Mediterranean. The decrease of evaporation over the sea also affects the
precipitation over the sea due to the reduction of moisture content of the lower
atmosphere. It is clear that the nonlinear air-sea interaction should play an important role
in the dynamics of the TSS system and mass transport through the straits. The coupling
of MIOM system with a fully active atmosphere component is expected to reduce biases
by improved representation of the air-sea interface. The coupling of MIOM system with
an active atmospheric component will be the first attempt to design and test a novel
modeling approach to integrate the different earth system model components to represent
the entire TSS.

The earlier studies investigating the hydrodynamic behavior of the TSS have
focused on individual components of the system either coupled with or in the absence of
complicating atmospheric effects. The previous study of Chiggiato et al. (2011) only
included the two Straits as open boundaries (inflow and outflow sections) and used
atmospheric forcing at 7 km spatial resolution to simulate the mainly wind-driven
circulation superposed on the basic flow imposed through the straits. It is clear that the
horizontal resolution used by Chiggiato et al. (2011) is still insufficient to study the
detailed response of the very narrow straits to atmospheric conditions. Due to the multi-
scale nature of the region of interest, the horizontal resolution of required atmospheric
forcing for modelling entire TSS and the bordering seas are not uniform. While the
required horizontal resolution of atmospheric forcing for Marmara Sea is around 5-10 km
(internal Rossby radius of deformation is estimated to be around 17 km by Chiggiato et
al. 2011), higher resolution atmospheric forcing of 1-3 km is required to study water
transport and circulation in very narrow straits. The various horizontal resolution
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requirements of the study lead the usage of nesting strategy to perform atmospheric
simulations. Accompanying the nested domain configuration with desired horizontal
resolution, a non-hydrostatic regional atmosphere model will provide high-resolution
atmospheric forcing for the entire modeling system (MIOM). The use of a non-
hydrostatic model allows to add additional inner-most nests over straits with enhanced
horizontal resolution for better representation of local effects such as complex coastlines
and steep topography.

The methodology developed will provide the much needed tools to examine
seemingly hidden details in a functional prototype and open up new opportunities to
understand the complex feedback mechanisms and interactions which are crucial in the
development of forecasting capabilities. The approach also employs a development
strategy that would allow addition of other components as needed in the future, using the
same methodology: for instance hydrological models of river catchments can be added as
land components supplying riverine and overland flow components, or biochemical
model components representing marine ecosystems.
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1. Introduction

Scientific studies about the acoustical properties of the Sea of Marmara and
connecting straits (TSS, Turkish Straits System) are very limited in scope and all are
related to ambient noise measurements. In general, this inland sea is characterized by
higher underwater ambient noise levels if compared to the other Turkish seas;
Mediterranean, Aegean and Black Sea. The scope of this chapter is to review the
available studies along the TSS, possible sources of the noise, their distributions and to
provide an opportunity to discuss current and future work requirements.

European Union (EU) Marine Strategy Framework Directive (MSFD), came into
force on 15 June 2008, aims to protect the marine environment across Europe more
effectively. In 2010 a set of criteria and also indicators produced for Member States to
easily implement the MSFD. Descriptor 11 is about underwater noise and other forms
of energy. It is clearly declared that “the Marine Directive aims to achieve Good
Environmental Status (GES) of the EU's marine waters by 2020 and to protect the
resource base upon which marine-related economic and social activities depend”.
Commission Decision 2010/477/EU published two indicators for Descriptor 11 of the
MSFD on criteria and methodological standards on good environmental status (GES) of
marine waters. These indicators are: a) Indicator 11.1.1 on low and mid frequency
impulsive sounds, b) Indicator 11.2.1 on continuous low frequency sound (ambient
noise) (Van der Graaf et al. 2012). Indicator 11.1.1 requires to monitor impulsive
sounds at 10 Hz -100 kHz frequency band which are higher than the defined threshold
levels. Indicator 11.2.1 requires to monitor ambient noise which is continuous low
frequency sound at 63 Hz and 125 Hz center frequencies using 1/3 octave band. These
frequencies are compatible with ISO 266:1975. Trends are monitored in this
measurements.
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2. Acoustical properties of the region

Sound propagates at a certain speed that depends on the medium, and other
factors such as salinity, temperature and pressure. For example, it travels faster in
denser media such as more saline waters. In the Sea of Marmara, the surface salinity is
between 21-30 parts per thousand and at the bottom the salinity increases to 38.5 parts
per thousand similar to the Mediterranean (see also physical oceanography division, this
volume). The surface waters are mostly mixing with the Black Sea while the deep water
is coming from the Mediterranean. This behavior of the Sea of Marmara is playing a big
role on acoustic propagation.

The surface temperature of Sea of Marmara is between 6 and 24.5°C and at the
bottom the temperature is approximately 14.5°C (see physical oceanography division,
this volume). The variability of these temperature and salinity profiles have important
roles in the definition of the sound speed profiles. At near-surface depths some
characteristic negative sound gradients are observed in summer against the positive ones
in winter. Depending on the vertical sound profiles, acoustical waves can be trapped and
effectively carried very long distances in the sea.

The temperature and salinity values are almost constant below -40 m in the Sea
of Marmara; about 14.5°C and 38.5 parts per thousand, respectively. So the pressure is
the dominant factor of sound speed change. In other words, sound speed in the Sea of
Marmara increases with pressure below -40 m.

3. Ambient noise measurements in the Sea of Marmara

Ambient noise contains a significant amount of anthropogenic component (Dahl
et al. 2007). Therefore, it is important to describe underwater ambient noise in terms of
its spectrum, or frequency content. Measurements at the Turkish seas have shown that
the Sea of Marmara is 4 dB (decibel) noisier than the Black Sea and Mediterranean Sea
(Mutlu 2005). However, such a suggestion needs more comprehensive acoustical
monitoring at sea.

Turkish Naval Research Center (TNRC) has been conducting Total Radiated
Noise (TRN) and LOFAR (Low Frequency Analysis and Ranging) measurements for
the naval ships at Erdek, SW part of the Sea of Marmara, for more than 15 years.
Ambient noise is the first measurement taken before the ship noise measurements. In
case of historical data needed, those measurements could be a good source to ask from
the Turkish Navy.

There are important observations and acoustic monitoring of odontocetes in the
Istanbul Strait. Between the years of 2009 and 2010 acoustic monitoring was conducted
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using two-band spectrum intensity ratio at 130 and 70 kHz. This ratio Aelped to identify
Phocoenidae out of Delphinidae (Akamatsu et al. 2013). Fixed passive acoustic
monitoring is the method used for two years to identify porpoises and delphinids in the
middle of the Istanbul Strait (Kameyama et al. 2015). Two delphinid species, Tursiops
truncatus and Delphinus delphis, as well as harbor porpoise Phocoena phocoena were
monitored between 2010 and 2012. Delphinids have short inter-click intervals (ICls)
(20-40 ms) at night. This is possible because of their feeding. Delphinids used long
range (100-160 ms) sonar at daytime (Dede ef al. 2014). These ICIs are used to detect
and classify the cetaceans.

One of the most significant acoustical data sets was given by Uliig et al. (2008)
and Uliig (2009). The results represent some ambient noise levels measured along the
Istanbul Strait (stations 1 and 6), its southern outlet (stations 7 and 8) and offshore
Tuzla (station 9) (Figure 1). As a comparison, maxima, minima and averages of the
measurement levels at the stations 3 and 7 were given in Figure 2.

Figure 1. Ambient noise measurement stations along the Istanbul Strait and its
southern outlet (modified from Uliig 2009).

The noise levels along the station 3 at the Istanbul Strait were much variable and
20-30 dB higher at maximum levels if compared to the stations in the Sea of Marmara
(Figure 2). The difference at ambient noise levels increases toward higher frequencies.
The spectrum levels for both stations decrease after 500 Hz which is close to the upper
limit for shipping traffic noise. Istanbul Strait has its own unique noise characteristics as
composed from its high current speeds and turbulence noise due to current reversals at
certain depths. Secondary main effect of the high noise is the high intensity of local
shipping. The cargo and container ships have almost 150-170 dB Source Level (SL). On
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the other hand, Sea of Marmara is much silent than the Istanbul Strait even at the
maximum levels. The effects of the oceanographic conditions in the Istanbul Strait give
rise to spatial and temporal inhomogeneities of the sound speed in the water column.
Along its narrow passages Transmission Loss (TL) is low due to distance.

Figure 2.1/3 octave band ambient noise levels at station 3 and station 7
(modified from Uliig 2009).

Transmission Loss (TL) is 40 dB at 100 m, 60 dB at 1000 m, and 80 dB at
10.000 m using the basic TL=20*log (r) formula, where r is the distance in meters. A
cargo or container ship with almost 170 dB source level passes through the istanbul
Strait for every hour. The noise from such a ship will be heard as a 130 dB noise at a
distance of about 100 meters from the ship, which is a basic explanation for the very
high noise level observed at the station 3 (Figure 1). We should also consider the actual
TL would be less than the result of TL=20*log (r) formula. This fact is also another
reason for high ambient noise.

When we look at a much different location (at station 7) than the narrow strait
which is approximately 15 km far from the southern outlet of the Istanbul Strait, we
expect a higher Transmission Loss and lower Received Level of noise at the
measurement point. For example, for 10.000 m distance from ship there could be a 80
dB TL resulting a very low received level. Using the same example of a 170 dB source
level the received level would drop to 170-80=90 dB which is close to the average
ambient noise level in the Sea of Marmara.
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We understand that the narrow geography of the Strait and close passing of
heavy traffic creates a 20-30 dB higher Noise Level in the Istanbul Strait comparing to
that in the Sea of Marmara. Figure 2 is only representing two points with about one-
hour measurement data. For a better understanding of acoustical properties in this area
there should be much more detailed measurements.

Around 50,000 ships are passing through the Turkish Straits and the Sea of
Marmara every year. Shipping noise is dominant at low frequencies. The main shipping
routes among the coasts are displayed in Figure 3. Coastwise shipping is also an
important noise contribution to the Sea of Marmara.

Figure 3. Main coastwise shipping routes in the Sea of Marmara. Data modified
from the Turkish Ministry of Transportation, Maritime and Communication;
UDHB (2016).

Vessel speed is one of the main factors controlling the shipping noise. This is
also defined as acoustic cavitation noise which can be used in underwater applications
as one of the ships noise signatures. Fast ferries create very high noises disturbing the
habitat. Moreover, shipping noise is also related to the weight of the ship. As the weight
and size of the ships gets bigger the noise also gets higher. Shallow water noise levels
are approximately 5 dB greater than deep water levels at the same frequency and wind
speed (Wenz 1962). This is also coherent with the measurements at the Istanbul Strait
and surroundings.

Measurements of ambient noise waveforms (or spectra) in South Norwegian Sea
indicated that the underwater ambient noise increase of 5 dB in winter reference to
summer ambient noise (Walkinshaw 2005). Unfortunately, no measurement data is
available for the Sea of Marmara to verify this situation. Around the Istanbul Strait, the
highest winds in winter is about 10 m/s while in summer it is about 2 m/s. Wind noise is
one factor at the winter time. Another factor is the sound channels generated due to
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sound speed profile. These sound channels let the sound to travel far distances in winter.
In summer negative gradient sound speed profiles do not let the sound travel so far.

Turbulence is more effective in the southern part of the Istanbul Strait where
there has been a 10 m thickness was observed. On the other hand, at the northern part of
the Istanbul Strait turbulence thickness is about 2 m (Giiler 2006). Rain falling on the
sea makes a loud and distinctive sound and creates ambient noise across a broad range
of frequencies with a peak around 15 kHz. Heavy rain can increase noise levels by up to
35 dB above the background noise level (Ma et al. 2005). Underwater sound attenuation
changes depending on the frequency. Attenuation increases at higher frequencies. At
100 Hz the attenuation of underwater sound is 0.02 dB per km. At 1000 Hz attenuation
of underwater sound is 0.06 dB per km (NRC, 2003). Industrial areas, ports and
shipyards are other important actors of the underwater noise. The highest maritime
traffic is mostly limited to coastal areas at the megacity of Istanbul with a population
more the 14 million. Many ports, marinas and shipyards are scattered through the Gulf
of Izmit. Therefore, these localities are expected to be noisiest areas in the Sea of
Marmara. The northern and central strands of the North Anatolian Fault in the Sea of
Marmara (see geologic oceanography division, this volume) are the main sources of
moderate and destructive earthquakes and minor seismic activities with noise frequency
less than 100 Hz.

Noise maps for different frequencies (100, 1000 and 10000 Hz) have been
produced for the Istanbul Strait which partly cover the south outlet of the Istanbul Strait
(Figures 4a, b, ¢) (Uliig 2009). Third-octave filtering is the preferred method for the
underwater sound analysis in the Istanbul Strait and also for the MSFD. Figure 4a is
representing the low frequency noise map of the Istanbul Strait and surroundings
obtained from 9 stations and using 1/3 octave band at 100 Hz. Colors are from dark blue
to red which is displaying lower noise with dark blue and higher noise with red.
Measured ambient noise in this area is between 93-123 dB on average. The area
between Besiktas and Uskiidar is the most noisy area with over 120 dB noise level.
Figure 4b is representing the medium frequency noise map of the Istanbul Strait and
surroundings using 1/3 octave band at 1000 Hz. The noise level at 1000 Hz is similar to
100 Hz. which is between 95-125 dB. Finally, Figure 4c displays the high frequency
noise map for the same region using 1/3 octave band at 10000 Hz. Noise level is
between 80 and 95 dB at 10000 Hz. Shipping noise is less effective at higher
frequencies and attenuation gets more important at high frequencies.

Combining three ambient noise maps obtained from different frequencies
(Figure 4), the red color areas, which are over 120 dB, are the most important areas to
be taken into consideration. Reducing the shipping speeds or reducing the local shipping
noise with controlling the local passenger ships in this area would reduce the noise.
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New measurements and more detailed noise maps are needed, covering all of the Sea of
Marmara after relevant studies according to MSFD.

Figure 4. a) Low frequency (100 Hz), b) mid frequency (1000 Hz) and, ¢) high
frequency (10000 Hz) noise maps (modified from Uliig 2009).

4. Discussion and conclusion

Very few studies about underwater ambient noise at the Sea of Marmara has
been conducted and published till 2016. Acoustic properties of the Sea of Marmara have
been achieved from various CTD, XBT and XSV measurements providing the sound
speed profile. The Office of Navigation, Hydrography and Oceanography (ONHO) has
the national database for all these measurements.
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Ambient noise contains the noise from surface agitation, precipitation,
biological activities, shipping, seabed saltation and seismic signals in the absence of
transient signals from earthquakes. There are also localized noise sources in the ocean
which are producing noise limited to a frequency band. These are seismic air-guns, low
frequency active sonar and other type of sonars, drilling, shipping, echo sounders,
undersea earthquakes, volcanic eruptions and sound of cetaceans. The cetaceans use the
same frequency band with the anthropogenic noises. The chaotic underwater noise
limits the ability of ceteceans to communicate and adds a stress factor to underwater
environment. Underwater noise pollution is harming cetaceans resulting injuries and
even death.

All sound sources and their noise levels were summarized in a logarithmic plot
of acoustic power-flux density against frequency by Coates (2002). The dB scale show
that acoustic intensity is normalized by comparison with a reference plane wave (Figure
5). Contrary to the localized noise sources, the ambient noise at the bottom of the graph
is range independent as it may emanate from many sources, near or far to the
measurement station.

Figure 5. Spectra of ambient noise (composition of seismic, shipping, heavy
rain, surface waves, fish choruses, snapping shrimp and thermal noise from low
to high frequency) and some of the localized noise sources in the oceans
(modified from Coates 2002). LFAS: Low frequency active sonar.
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Heavy shipping is a major anthropogenic noise source in the Sea of Marmara.
The suspended bridges along the Istanbul Strait are adding noise into sea as well. Two
new bridges were inaugurated in 2016; the Yavuz Sultan Selim Bridge at the northern
sector of the Istanbul Strait and the Osmangazi Bridge across the Gulf of Izmit. Their
noise contributions into the marine environment should be monitored.

Low Frequency Active Sonars, which operate at 100-1000 Hz frequency band
and can travel great distances, are not used in the Sea of Marmara since Turkish Navy
does not use them at present, and no other navies or companies conducted such kind of
sonar tests in the Sea of Marmara. The “Kanal Istanbul” project, an artificial sea-level
waterway between the Black Sea and the Sea of Marmara, will evidently be a major
candidate for future source of noise pollution which will dramatically change the
underwater noise structure of the Sea of Marmara.

The recent acoustical data showed that the noisiest area is located between
Besiktas and Uskiidar in the southern part of the Istanbul Strait, where the noise levels
are about 125 dB at low and mid frequencies. This is due to heavy local shipping,
turbulence and the noise from the nearby suspended bridge. Another key point is that
nearby shipping noise is the main source in the low frequency band. A comparison of
the noise in the Istanbul Strait with those in the ocean or deep water open seas would
not be fair. The Istanbul Strait is a shallow and narrow water passage which could only
be compared with similar geographical places. For example, an 18-month study at the
Haro Strait between the United States and Canada provides a longer-term data at a strait
where the noise levels reach to 130 dB at maximum (Veirs and Veirs 2006). The
ambient noise in the Sea of Marmara is around 95 dB; much lower if compared to the
Istanbul Strait. However, one should never forget that these levels are only supported
with very short period of measurements, and open to variations due to many factors
explained in this chapter.

A recent study using real time shipping data (AIS data), sound propagation
model, environmental data and numerical methods also gives similar results to the
actual measurements close to 100 dB noise in the Sea of Marmara at 40 m depth. This
level increases to 120 dB at the main shipping routes (Skarsoulis et al. 2016). Their
prediction model is also showing a decrease of noise by depth, according to the results
obtained at 100 and 200 m water depths. Therefore, it is important that ambient noise
levels along the Istanbul Strait should be monitored in long-term and, if higher, they
should be reduced under 120 dB level. In that respect, it is important to bear in mind
MSFD is an important guidance for us to start new projects to monitor our seas.
Although few data available till now they are still very precious to give us an insight of
the past and the trends of the noise. We should start monitoring the ambient noise of our
seas as soon as possible.
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1. Introduction

The Sea of Marmara is a 280-km long and 80-km wide intracontinental sea on a
waterway between the Mediterranean and the Black Seas (Figure 1). The surface area,
water volume and the greatest depth of the sea is about 11,470 km?, 3380 km? and 1370
m, respectively. It is connected to the saline Aegean Sea (S=38.5%o) via the Canakkale
Strait and to the less saline Black Sea (S=18%o) via the Istanbul Strait. The present sill
depths of these straits are -65 and -35 m, respectively.

Figure 1. Shaded elevation topography and bathymetric map of the Sea of
Marmara showing the main morphological elements (deep basins, highs, gulfs,
bays, canyons) and fault system modified after Armijo et al. (2005). Tekirdag
Basin (-1190 m, 200 km?), Central Basin (-1280 m, 330 km?), Kumburgaz Basin
(-850 m, 140 km?), Cinarcik Basin (-1370 m, 575 km?); imral1 Basin (-400 m, 590
km?), Western High (-840 m, >50 km?), Central High (-640 m, >145 km?).

The Sea of Marmara consists of shelf areas, three deep basins (>1100 m), ~850 m-
deep Kumburgaz Basin, NE-trending highs separating the deep basins, E-W oriented 100-
200 m deep gulfs or bays, and the ~400 m deep Imrali Basin (Figure 1). It is located on
the North Anatolian Fault (NAF), a continental transform-fault plate boundary between
the Eurasian and Anatolian-Aegean plates (Figure 1). In this chapter, we first discuss the
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geological setting and describe the main morphologic elements and the fault geometry,
and then review briefly the morphotectonic evolution of the Sea of Marmara.

2. Geological setting

The Sea of Marmara is situated on a very complex basement that consists of
various paleotectonic units and their cover rocks and the Palacocene-Miocene rocks of
the Thrace basin (Figure 2; Goriir et al. 1997; Sengor et al. 2005, 2014). The paleotectonic
units are the Istanbul Zone (Palaeozoic), Sakarya Continent (Late Palaeozoic), Karakaya
Complex (Triassic) and Intra-Pontide ophiolitic mélange. The Thrace basin sequence
consists mainly of turbidites, deltaic sandstones and shales, and reefal carbonates. The
basin evolved as a fore-arc basin on the northern margin of the Intra-Pontide Ocean during
the Palacocene-Oligocene and closed by collision of the Sakarya and Rhodope-Pontide
continents during the Oligocene-Miocene (Goriir and Okay 1996).

Figure 2. Schematic map of Le Pichon et al. (2014) showing the geologic setting
of the Sea of Marmara and the basement rocks, older than Miocene, and the
branches of the NAF. Black lines are Middle Miocene to younger right-lateral
strike-slip faults belonging to the north Anatolian shear zone.

The Sea of Marmara is located on the dextral NAF zone, which a 1200 km long
intracontinental plate boundary connecting East Anatolian convergent zone with the
Hellenic subduction zone (Sengor et al. 2014; Le Pichon et al. 2015). The NAF splays
into branches east of the Marmara region, forming a westward widening deformation
zone under the influence of the N-S extensional Aegean regime (McKenzie 1972, Dewey
and Sengor 1979; Taymaz et al. 1991; Sengor et al. 1985, 2005, 2014; Le Pichon et al.
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2015). The most active northern branch of the NAF is the Main Marmara Fault (MMF)
(Le Pichon et al. 2001), entering the sea in the Gulf of Izmit in the east and connecting
with the Ganos-Saros fault in the west. According to recent GPS measurements, the
branch accommodates ~75% of 25 mm/yr total dextral displacement between the
Eurasian and Anatolian-Aegean plates (Flerit et al. 2003; Reilinger et al. 2006).

The Sea of Marmara is considered to have been a gateway between the
Mediterranean Sea and the Black Sea (and its pre-Quaternary ancestor, Parathethys). Its
geological evolution has therefore controlled the paleogeography and paleoceanography
of its neighboring basins by its connection with or isolation from these basins having
contrasting water chemistries (Goriir et al. 1997; Cagatay et al. 2000, 2006).

3. Morphology of the Sea of Marmara
3.1. Shelf areas

The shelf areas occur above a shelf break at -90-100 m, and can be geographically
divided in to the Southern and the Northern shelves. The Southern shelf is relatively broad
and large (up to ~35 km wide; ~4200 km?) compared to the Northern shelf (up to ~20 km
wide and ~1890 km?) (Figure 1; Gazioglu et al. 2002). The southern shelf, 170-km long
between the Sarkdy and Izmit canyons, includes 110 m-deep Gulf of Gemlik and 50-60
m-deep Erdek and Bandirma bays. It receives high amount (annually 2.2x10° tons, EIE
1993) of sediment load carried by Kocagay, Gonen and Biga rivers and trap these
sediments in its half grabens. The shelf is characterized by E-W to ESE-WNW striking
and N-dipping normal faults (Smith et al. 1995); at the northern coast of Kapidag
Peninsula and Tmral1 Island, and between Bandirma and Gemlik.

The northern shelf is relatively narrow, with higher slopes (16-29°). The narrowest
part of the shelf is located offshore the Ganos Mountain, while the maximum widths (~15
km) are off the two main embayments, Silivri and Tekirdag Bays. The Prince Islands are
located at the eastern part of the shelf (Figure 1). The shelf is wide at the outlet of the
Istanbul Strait and around the Prince Islands (~15-20 km) and becomes narrow towards
the Tuzla peninsula (~7 km). The overall shelf dips gently towards the shelf break at about
-90 m (Cagatay et al. 2009). The shelf displays irregular bottom topography with some
tectonic, constructional and erosional features, such as wave-cut notches, channels,
terraces, platforms, escarpments and amphitheater-like landslide scarps forming
submarine canyon heads (Eris et al. 2007). Paleoshorelines were defined in the form
berms, wave-cut notches and terraces at -64, -85, and -93 m below present sea level
(Cagatay et al. 2009). The WNW-ESE trending scarps and steps at the outlet of the
Istanbul Strait and around the Prince Islands shelf area are related with the strike-slip
faults with dip-slip components. The largest one is 6.1 km-long and 12 m-high fault scarp
south of Biiyiikada, representing the uplift of the Paleozoic basement (Cagatay et al.

211



2009). The shelf edge west of the Istanbul Strait is characterized by sediment wedges
consisting of prograding Quaternary units.

3.2. Deep basins and slopes

The deep basins Tekirdag, Central and Cinarcik have rhomboidal or wedge shapes
(Figure 1). The Tekirdag Basin (1190m deep) is a rhomb-shaped depression with an area
of ~200 km?. It is bounded by a 1.1km high prominent bathymetric escarpment (northern
boundary fault) dipping south at 11- 23° (Okay et al. 1999). The southern slope of the
basin is less steep (6-7°) than the northern one. In the southwest, the basin is partly
covered by the Ganos landslide and marked by the Sarkdy Canyon (Figure 1).

The Central Basin is a 1280-m-deep, rhomb-shaped depression with an area of
about ~330 km? (Figure 1). In its central part, there is an 8 km-wide and 40-m-deep,
rhomb-shaped young bassinette. Considering vertical offset of the 16 ka old mega
turbidite-homogenite unit (Beck et al. 2007), the subsidence rate in this small basin is 6
mm/yr. It has a similar structure to that in the Tekirdag Basin, with a transtensional
segment of the MMF and the two boundary faults in the north and south.

The Cinarcik Basin is a wedge-shaped basin with a maximum depth of -1370 m
and an abyssal area of about 575 km? (Figure 1). It is bounded by the WNW-trending
(N120°) Prince Islands fault, that appears eroded and drained by submarine valleys, and
by an oblique strike-slip fault, north of the Armutlu Peninsula. This basin is bordered by
the transpressive Central High in the west and by the Izmit Canyon in the east, forming a
deep furrow extending eastward into the Gulf of Izmit. At the base of slope of the northern
boundary of the Cinarcik Basin there is bench between the cliff and the fault scarp (Grall
et al. 2014). The bench is characterized by transtensional right-lateral deformation,
inferred from the en-échelon N100°-N130° striking fault scarp. The southern flank of the
Cinarcik Basin is marked by WNW-trending discontinuous faults.

The deep basins are filled with up to 6 km of sediments according to PSDM
reflection and OBS refraction data (Laigle et al. 2008; Bécel et al. 2010). Seismic
stratigraphy of the upper part of the basin fill sedimentary successions is interpreted to
consist of onlapping sequences deposited with 100 ka glacial/interglacial cyclicity
(Sorlien et al. 2012; Grall et al. 2012, 2013; Sengor et al. 2014). These sequences dip
towards the active fault in each basin (i.e. northwards towards the Prince Islands fault in
the Cinarcik Basin and to the south in the Tekirdag Basin). Core studies suggest that at
least the uppermost ~30 m of the basinal sedimentary sequence consists of 75% turbidite-
homogenite and 25% hemipelagic sediments (Beck et al. 2007). The sedimentation rate
in the deep basins ranges from 1 to 3.5 mm/year, with the rate during the glacial periods
being 2-3 times that of the interglacials (Cagatay et al. 2000, 2015; Beck et al. 2007).
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The continental slopes connecting the shelf with the deep basins have slope angles
ranging between 6° and 29°, and are incised by a number of submarine canyons with
different morphological and tectonic features and submarine landslides (see Altinok et al.
this volume). Another feature of the slopes are the folds formed by downslope creep of
sediments (Shillington et al. 2012). The major canyons include the izmit Canyon
(Gasperini et al. 2011), the North Imrali Canyon and several canyons located on the
southern slope of Tekirdag Basin including the Sarkdy Canyon (Zitter et al. 2012;
Cagatay et al. 2014). The major landslides are observed south of Tuzla and north of
Yalova in the east of the Cinarcik Basin (Ozeren et al. 2010) and the Ganos landslide
complex in the southwest of the Tekirdag Basin (Figure 1; Zitter et al. 2012).

The northern continental slope extends between Gazikdy and the Istanbul Strait
with a characteristic multi-cuspate shape and then makes a sharp turn to the southeast
(Figure 1). The northern slope ranges in width from 4 to 9 km, including many submarine
canyons and landslides, with different slope angles even greater than 18°. Canyons appear
to be more common on the northern slope of the Cinarcik and Central basins than those
of the Tekirdag Basin (Goriir and Cagatay 2010). The length of these canyons, which
branch at the shelf edge, are slightly shorter at the Western and Central highs. At slopes
with high dips (20-29°), landslides are also common (see Altinok et al. this volume).

The southern slope is less steep with slope angles commonly varying between 6°
and 16°. In particular, the southern slopes of the Tekirdag and Central Basins with low
slope angles have the longest, widest (1-3 km) and deepest (up to 400 m) submarine
canyons (Zitter et al. 2012, Cagatay et al. 2014). The sinuous North Imrali Canyon,
located on the southern slope of the Cinarcik Basin and Sarkdy Canyon on the
southwestern slope of the Tekirdag Basin are the most important canyons on the southern
slope (Cagatay et al. 2014 and references therein). The Sarkdy Canyon is located on a
fault and associated with a submarine landslide (Altinok et al. 2003).

3.3. Highs

The NE-trending Central and Western Highs separate the Cinarcik, Central and
Tekirdag Basins and rise about 600 m above their surroundings (Figure 1). They both
have anticlinal structures. The Central High has a rather rugged relief and rises up to —
440 m. It has transpressive structures such as folds and thrusts, and hosts the Kumburgaz
Basin (Wong et al. 1995; Sengor et al. 2014). The Kumburgaz Basin is a 35 km-long, 11
km-wide and ~850 m-deep, ENE-trending depression (Figure 1). It is connected with the
Biiylikgekmece Canyon at its eastern tip. The basin is characterized by high sedimentation
rate (2-2.5 mm/yr) for Holocene period according to core studies (Beck et al. 2007). The
sedimentation rate in the basin might have been two to three times higher during the
lacustrine stage prior to 12.6 ka BP. The sedimentation rate elsewhere on the Central High
is a low (0.2-0.5 mm/yr) compared to the Kumburgaz Basin. The Kumburgaz Basin is
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bound to the north and south by active faults, the former being a segment of the MMF
(Figure 1).

The Western High between the Central and the Tekirdag basins is ~28 km wide
and has a folded structure trending northeast (Figure 1). Its surface morphology is rather
irregular with NE-trending folds, small basins and soft sediment deformation and mud
diapiric structures. Its thick sediments (at least 6 km; Bayrakg¢1 et al. 2013) have been cut
by the MMF in the south, and boundary faults at other sides. The eastern flank has
accretionary stacks of sedimentary lobes and the western flank sediment collapse
structures along the west-bounding listric fault (Grall et al. submitted).

3.4. imrah Basin

Imral1 basin is a 400 deep roughly oval-shaped depression with a width of 18 km
and length of 50 km (590 km?), located between the Cinarcik Basin and Southern Shelf.
It is a transtentional basin bounded along its northern and southern boundaries by dextral
faults with a normal component. It has accumulated 2-3 km thick sediments since
probably 4 Ma (Sengér et al. 2014). The sedimentation rate during the last 24 ka varies
from 1-1.5 mm/yr in the central part of the basin to 0.15 mm/yr on the edges, based on
core studies (Cagatay et al. 2000; McHugh et al. 2008; unpublished data from the Marsite
cores recovered in 2014).

3.5. Gulfs of izmit and Gemlik

The Gulf of izmit is an elongated 2—10 km wide inlet located on the MMF in the
east. It has three subbasins; Darica, Karamiirsel and Golciik, from west to east (Figure 1b;
Cagatay et al. 2012). The central one constitutes the largest (165 km?) and deepest (210
m) part of the gulf. The Hersek and Golciik openings to the Darica and Golciik basins
have sill depths of -55 and -38 m, respectively (Cagatay et al. 2003; Kurt and Yiicesoy
2009). The Catalburun and Hersek are two delta fan complexes in the gulf (Figure 1).

The Gulf of Gemlik is an E-W elongated inlet located on the NAF’s middle strand
which extends towards Lake iznik in the east (Figure 1). The gulf is 36 km long and 11
km wide and has a maximum depth of -113 m in the central depression, Burgaz Basin. It
covers an area of 350 km? and is connected to the rest of the southern shelf in the west
with -50 m sill (Yaltirak and Alpar 2002; Gasperini et al. 2011; Vardar et al. 2014). The
main freshwater input into the gulf is via the Gengali and Karsak creeks. The main
morphological elements are a WNW-ESE trending, oval shaped depression in the central
part, Gengali delta in the east, the uplift structures offshore Kapakli in the north, Gemlik
rise between Gengali and Kursunlu in the southeast, and numerous transtentional fault
scarps (Figure 3.6; Babayev 2015). On a smaller scale, there are prograding shelf-edge
deltas in the north that are sourced from small creeks in the Armutlu Peninsula. The slopes
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connecting the deep Burgaz Basin with the northern and southern nearshore areas are
steeper compared with the slope towards the sill in the west, where the change is more
gradual. The steep slopes in the north and south of the gulf are characterized by 20-30 m
high cliffs and 70-80 m deep N-S trending deep submarine valleys on both margins.

4. Faults and fault scarps

The NAF’s northern branch follows the boundary between the Sakarya Continent
and the Istanbul Zone in the east and the northern boundary of the Intra-Pontide suture in
the west (Sengor et al. 2005; Le Pichon et al. 2014). It enters the Sea of Marmara in the
Gulf of izmit, extends westward via different segments and connects with the Ganos-
Saros Fault (Le Pichon et al. 2001; Armijo et al. 2002). The fault segments include the
WNW-trending Prince Islands segment, the Central High segment, and the Central Basin
—Western High segment, the Central High-South Tekirdag segment, and the transpressive
Ganos segment (Figures 1 and 2).

The ENE trending Prince Island segment is ~45 km long and connects with the E-
W striking Central High segment. This fault forms the steep northern escarpment of
Cinarcik Basin which are marked by landslides and arcuate faults. At the base of the
escarpment there are en-échelon faults offsetting a 10 m high bench (Figure 3). On the
other hand, the southern slope of this basin has several short, strike-slip faults with a
normal component (Armijo et al. 2002) and a major extensional fault system delimiting
the southern boundary of the Imrali Basin (Figures 1 and 3). This boundary fault extends
parallel to northern shoreline of the Armutlu Peninsula, and connects with the MMF in
the Gulf of Izmit (Armijo et al. 2002). There are also several active normal faults within
the imrali Basin (Sengor et al. 2014).

Figure 3. 3D NE oblique view of Cinarcik Basin showing escarpment of Prince
Island fault sliced by landslides and arcuate faults, and en-échelon faults at its base
(Is: landslide, red arrows indicate fault traces).
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The Central High segment extends westward forming a transtentional bend in the
north of the Kumburgaz Basin and a right step over in the central part (Figure 1). Micro-
bathymetric mapping and seafloor dive observations indicate that the fault scarps of this
segment is covered by sediments and that its seafloor expression is less pronounced than
that of the other segments of the MMF, suggesting lack of recent activity (Armijo et al.
2005; Henry et al. 2008). Some morphological features offset by the Central High
segment indicate its active character in the last few ka (Figure 5). This segment splits into
three branches west of the Central High (Figure 1); the NW-striking northern boundary
fault of the Central Basin and the two faults forming the boundary of the rhomb-shaped
bassinette in the center of the Central Basin. In detail, the two faults bounding the
bassinette consist of small en-échelon faults representing Riedel structures (Demirbag et
al. 2003). Considering vertical offset of the 16 ka old the mega turbidite-homogenite unit
(Beck et al. 2007), the small basin is subsiding at a rate of 6 mm/yr.

NW-SE striking faults mark the outer boundary of the Central Basin at the base of
a 1-km-high escarpment (Figure 1). These boundary faults embrace the flat floor of the
Central Basin where sediments accumulate. They are oblique-extensional faults and
present an arcuate trace in map view. Some distinguishable en-échelon fault scarps
enclose a pull-apart basin in the middle of the Central Basin with a characteristic rhomb-
shape. The inner pull-apart basin between eastern and western strike-slip segments is
bounded by sharp normal fault scarps that offset the flat bottom of the basin (Figure 1).
Between these two segments, the extensional step-over is about 4 km.

The MMF extend westwards cutting through the Western High with a deep furrow
and fresh scarps (Armijo et al. 2005) (Figure 1). This segment on the Western High forms
a right step over with the formation of a 1 km-wide and 5 km-long, E-W elongated pull-
apart basin. The MMF extends westward and forms the southern boundary of the
Tekirdag Basin. It is partly covered by the Ganos landslide and connects with the N-70°
striking Ganos segment which occupies a submarine valley on the western slope of the
Tekirdag Basin (Okay et al. 1999). It forms a 1 km-wide small pull apart basin on the
upper slope, 5 km off the coast at Sarkdy. On land, northeast of the Gelibolu Peninsula
the 45-km-long transpressive Ganos segment has resulted in the prominent topographic
high, the Ganos Mountain (924 m) (Okay et al. 1999) (Figure 4).

In the Tekirdag Basin, the boundary faults are connected at depth forming a
detachment plane below the sole of the Plio-Quaternary sediment infill (Okay et al. 1999)
(Figure 4b). The transtensional, sub-vertical segment of MMF and the northern boundary
fault form a negative flower structure in this basin. The Tekirdag Basin appears as an
oblique half-graben structure filled with sediments tilted southwards towards the active
fault. Progressive tilting of syn-tectonic sediments implies that the MMF is the primary
structure controlling the evolution of the Tekirdag Basin. Even this basin is highly
asymmetric, its remarkably consistent sedimentary sequence suggests a uniform pattern

216



of growth (Seeber et al. 2004). Seismic reflection profile MTA 05 (Parke et al. 2003)
indicates clearly a steep dip in the upper reach of the fault (Figure 4b). Antithetic normal
faults cross the basin floor in the northern side. These faults are 1-3 km long and extend
in a left stepping en-échelon arrangement with their south side down. They create
relatively minor vertical offsets in the syn-kinematic sedimentary deposits.

The southern shelf is characterized by N-dipping normal faults and associated half
grabens (Smith et al. 1995). The most important normal faults extend E-W along the
northern coast of the Kapidag Peninsula, north of the imrali Island and onshore area
(Akbas et al. 2002). Recently, Le Pichon et al. (2014) defined a 10 km-wide, curvilinear,
south concave deformation zone on the southern shelf that extended from the Gulf of
Gemlik to north of the Marmara Island and the Canakkale Strait, and called it the South
Marmara Fault (SMF) (Figure 2). This zone was active during the Lower Pliocene from
4 Ma to 3.5 Ma and was associated with an anticline. Only its eastern branch from the
Gulf of Gemlik to the Imrali Island is still active today. The SMF zone appears to follow
the boundary between the Sakarya Continent and the Intra-Pontide suture (Figure 2).
According to the geodetic measurements, the faults in the NAF’s southern branch
accommodate only 4-5 mm of the total 20-24 mm dextral motion between the European
and Anatolian-Aegean plates (Meade et al. 2002; Le Pichon and Kreemer 2010; Reilinger
et al. 2006).

On the northern shelf around south of the Prince Islands, some minor SE- and
ESE-trending extensional faults have been mapped by Cagatay et al. (2009) and
Akkargan and Alpar (2000). The ESE trend of these faults suggests that they are
reactivated Hercynian structures (Ozeren et al. 2010).
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Figure 4. (a) Perspective view looking southwest of the western end of the
Tekirdag Basin with combined onland topography and multibeam bathymetry; (b)
Seismic-reflection profile MTA 05 (Parke et al. 2003; Ugarkus 2010) reflects
asymmetry of the basin. The fastest subsidence is along the Main Marmara Fault
forming the southern boundary of the Tekirdag Basin (Ugarkus 2010).
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5. Morphotectonic evolution of the Sea of Marmara

As explained in Section 2, the Sea of Marmara evolved on a very complex
basement that consists of various paleotectonic units and their cover rocks and the
Paleocene to Miocene rocks of the Thrace Basin (Gorir et al. 1997; Sengor et al. 2005,
2014; Le Pichon et al. 2015) (Figure 1).

The first phase in the opening of the Sea of Marmara was the development of a
shear zone as the incipient NAF in the Sea of Marmara region during late middle Miocene
(12-11 Ma ago; Sengor et al. 1985, 2005, and 2014). This was also the time when the
Mediterranean waters briefly invaded the future Sea of Marmara along this shear zone
(Gortir et al. 1997; Cagatay et al. 1998; 2006). The Intra-Pontide ophiolitic mélange
within the Marmara trough and Karakaya complex forming Izmir-Ankara suture zone
rocks in the south appear to have been important in localization of the shear zone along
which 100 km-wide NAF zone in the Marmara region subsequently developed, and hence
in the evolution of the Marmara basins (Sengor et al. 2005, 2014). However, the
intensified marine geological-geophysical surveys in the Sea of Marmara after the 1999
Izmit and Diizce earthquakes indicate that the present morphology of the Sea of Marmara
with its 1250 m-deep basins is younger than the Neogene. Considering the rate of
subsidence (up to 6-7 mm/yr; Beck et al. 2007; Grall et al. 2012), sedimentation rate (1-
3.5 mm/yr; Cagatay et al. 2000; Beck et al. 2007; Grall et al. 2014) and the thickness of
sediments in the deep basins (up to 6 km; Laigle et al. 2008; Bécel et al. 2010), the ages
of the deep Marmara basins do not extend beyond the early Pleistocene (i.e. ~2.5 Ma BP).

The interaction of the NAF strike-slip tectonics and the N-S extensional Aegean
regime prevailing in northwest Anatolia played a decisive role in the formation the three
deep strike-slip basins between the splays of the NAF and the intervening bathymetric
highs. Using recent GPS measurements, the total dextral displacement along the NAF
zone in the Marmara region is about 25 mm/yr, with 18-20 mm of this motion being
accommodated along the most active branch of the NAF (i.e., the MMF) (Straub and
Kahle 1997; Flerit et al. 2003). However, the geological slip estimates are smaller ranging
from 10 mm/yr to 20 mm/yr over the last 3 ka to 500 ka; but mostly averaging 18.5 mm/yr
(Hubert-Ferrari et al. 2002; Polonia et al. 2004; Kozaci et al. 2009, Aksoy et al. 2009;
Kurt et al. 2013; Grall et al. 2013). The difference between geodetic and geologic slip
rates is probably due to the possibility that part of the dextral motion is accommodated
by faults in the south.

Considering the overall geological setting, different mechanisms have been
proposed for the basin formation in the Sea of Marmara. Some researchers propose an
evolutionary model consisting of different stages ending a thorough-going fault (Sengér
et al. 2014; Le Pichon et al. 2015). Others suggest pull-apart fault geometries and strain
partitioning for the crustal thinning and basin subsidence (Armijo et al. 1999; 2002) or
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oblique slip on non-vertical through-going master faults for the formation of the Marmara
basins (Okay et al. 2000; Seeber et al. 2004, 2006, 2010; Kurt et al. 2013).

According to Sengor et al. (2014) and Le Pichon et al. (2015) the following stages
are involved in the evolution of the Sea of Marmara, following the development of the
wide shear zone 12-11 Ma ago within the structurally complex basement: (1) initial purely
extensional stage during 4.5 Ma and 3.5 Ma with the entrance of the NAF through the
Gulf of Gemlik extending to the palaco-Ganos Fault and the formation of the SMF and
two left-laterally offset paleo-Central and paleo-Imrali basins in front of the westward
propagating NAF, as supported by the 3D deep seismic mapping of basement and the
sediment fill by Bayrakgi et al. (2013), and (2) formation of the through-going MMF and
the Marmara deep basins 2.5 Ma ago. This evolutionary model is compatible with the
geological observations based on seismic studies, geological and geodetic slip rates and
subsidence rates in the Sea of Marmara, as well as heat-flow modelling (Grall et al. 2012),
as discussed extensively by the above cited authors (in particular, see Le Pichon et al.
2015 for discussion).

The formation of the deep strike-slip basins along the northern Marmara trough
are further elaborated by different authors (Wong et al. 1995; Okay et al. 1999, 2000;
Seeber et al. 2004, 2006; Ugarkus 2010; Sorlien 2012; Kurt et al. 2013). The formation
of the Tekirdag and Cinarcik basins are explained by a model involving extension and
subsidence by oblique slip on the transform fault. Using this model, Seeber et al. (2004)
obtained a maximum age of 1.4 Ma for the Tekirdag Basin and later Kurt et al. (2013)
1.4 Ma for the Cinarcik Basin, with the age increasing from 1 Ma in the easternmost
Cinarcik and 1.4 Ma in the central part. Meanwhile, Ugarkus (2010) proposes a fault
wedge model for the formation of the Cinarcik Basin.

The NE-SW orientation and anticlinal structures of the Western and Central highs
suggest that they are transpressional structures formed penecontemporaneously with the
MMF and the deep basins. However, Sengor et al. (2014) suggests that the highs might
have their origins in the outer arc of the Thrace Basin, and that with the shearing they
attained their present orientation, with shortening into s-structures and elongation in an
ENE orientation, without almost no rotation.
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1. Introduction

Numerous damaging earthquakes, underwater mass failures and moderate
tsunamis took place in the Sea of Marmara region throughout its geological history
(Figure 1). The most important earthquake sources with capability to generate large
magnitude earthquakes in this tectonically active region are the segments of most active
northern branch of the North Anatolian transform fault (the Main Marmara Fault; Le
Pichon ef al. 2001), which has a dextral motion of 23-25 mm/year (Reilinger et al. 2010).
The right-lateral motion along the North Anatolian Fault (NAF), together with N-S
extension, resulted in the formation of the deep transtensional and subsiding Plio-
Pleistocene basins at a lateral rate of 5-10 mm/year (Seeber ef al. 2006). The recurrence
period of earthquakes on the branched segments in the western part of the Sea of Marmara
region (~150-420 yr) is substantially longer than those along the izmit Bay segment (~150
yr) (Rockwell et al. 2009). There are other fault branches of the NAF along the southern
slope at the north of Imrali Island and further south on the southern shelf, which together
accommodate about 5 mm/year of dextral motion today (Figure 1). These branches are
still capable of generating magnitude 7 earthquakes with approximately 500 years repeat
time (Le Pichon et al. 2014). The earthquakes occur on the shallow normal (h<10 km)
and strike-slip (10<h) faults. Therefore, Ms>6 earthquakes may create tsunamis in the
Sea of Marmara. Another tsunami source is the sudden mass failures along the steep
continental slopes, usually triggered by the earthquakes.

As it is seen above the Sea of Marmara region is characterized by moderate to high
seismicity, moderate tsunamis and submarine mass failures. Therefore, the seismic design
of any coastal and offshore infrastructures should aim to eliminate the probability of
occurrence of potential accidents and their devastating consequences. The scope of this
chapter is to review the most notable historical earthquakes and earthquake-related
events, i.e. submarine mass failures and tsunamis, and to present the distribution of
potential geohazard areas in the Sea of Marmara.
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2. Important earthquakes and their impacts

The estimation of earthquake-related geohazards in the Sea of Marmara and their
effects on the shores could be made more reliable with the development of the reliable
historical information and determination of the potential sources in the sea. The latter
requires availability of the detailed multi-beam bathymetric and seismic data. The final
step in the risk assessment is the execution of comprehensive modeling.

Figure 1. Main earthquakes and tectonic elements in the Sea of Marmara region
(fault system after Armijo et al. 2005). Fenced areas indicate high level of
earthquake hazard. The red shorelines stand for the places where tsunamis have
been observed or reported in the historical documents.

About 400 known historical earthquakes have taken place in the Marmara region
from 427 BCE to 1900 (Ambraseys 2009). In the period between 1900 and 1988, 10 large
magnitude earthquakes (Ms>5) occurred, just two of them being disastrous (Ms>7)
(Eyidogan et al. 1991). In 1999, two massive earthquakes (Kocaeli Mw 7.4 and Diizce
Mw 7.2) confirmed once again the migration of fault ruptures along the NAF (Sengor et
al. 2005). Some of these historical and instrumental events are associated with tsunamis
(Figure 1). The most important and well known events are given below.

123, October 10: The earthquake hit the Kapidag Peninsula, Iznik (Nicaea) and
Izmit and tsunami waves were observed at the Orhaneli River and Izmit (Altinok et al.
2011).

181, May 3: A relatively large earthquake occurred on May 3 and caused
destruction in Izmit and Sakarya (Sangarius) (Ambraseys 2009). The year of the event is
between 180 and 192, but dated to 181 according to Malalas, a sixth century writer
(Papazachos and Papazachou 1997). This earthquake is not associated with a tsunami.
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358, August 24: A series of earthquakes at the eastern part of Marmara region (the
biggest Ms 7.4, Ambrasyes 2002a) affected from Macedonia to Trabzon (Downey 1955;
Foss 1991). Tsunami waves were observed in Izmit with the earthquake (Ambraseys and
Finkel 1991; Guidoboni et al. 1994).

417, April 20: On the basis of Ottoman Achieves, many ships sunk along the coast
of Istanbul due to a co-seismic tsunami (BOA YEE 91/19).

447, January 26: Many towns in Bithynia, Phyrygiae and Hellespont were ruined
(Ms 7.2, Ambraseys 2002a). In addition to ordinary houses many public buildings
collapsed in Istanbul (Ambraseys 2009). The event was associated with high sea waves
attacking the shores. The land slipped away in Bithynia, sea waves flooded throwing up
fishes on land, ships grounded and some islands submerged (Bidez and Parmentier 1898;
Guidoboni ef al. 1994; Ambraseys and Finkel 1991; Ambraseys 2002b).

478, September 24: A destructive earthquake (Ms 7.3) at the eastern part of the
Sea of Marmara devastated izmit for the sixth time and caused damage in Istanbul for the
second time (Ambraseys 2002a). Co-seismic sea waves inundated some unknown
shorelines, destroying several houses (Guidoboni et al. 1994; Ambraseys 2009).

542, August 16: A severe earthquake, with questionable tsunami, caused loss of
lives in Istanbul, with considerable damage and a number of free-standing monuments
overturned (Ambraseys and Finkel 1991).

543, September 06: The earthquake caused serious damage in Erdek (Artaki) and
seismic waves were observed (Dindorf 1831; Soysal et al. 1981; Demirkent 2001;
Guidoboni et al. 1994).

545 August: This earthquake occurred in the Black Sea region. The tsunami
waves swept the lowlands of Varna and Balchik, entering almost 6 km inland, and
drowning many people in Odesa and Balchik (Dindorf 1831; Teophanes 1883). The
tsunami entered into the Istanbul Strait too and many people died from drowning (BOA
YEE 91/19).

549 January: Huge waves hit the shores of Istanbul during this strong earthquake.
The fish hunters found a big dead fish, 20 m long, on the shore, believing it was a cursed
one (BOA YEE 91/19).

553/4, August 15/16: This event was most severe in the regions of Istanbul and

[zmit (Soysal et al. 1981). In izmit Bay, the sea waves inundated low-lying coastal areas
about 3 km, especially at the subsided parts (Soysal 1985; Ambraseys 2009).
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557, December 14: After long lasting foreshock series a strong earthquake (Ms
6.9, Ambraseys 2002a) to the north of Sea of Marmara completely destroyed the western
side of the Kiigiikcekmece (Rhegium) region, with damage extending to Istanbul and
inland of Thrace (Ambraseys 1960; Soysal et al. 1981). The porphyry column, which
stood in front of the Sekoundianos place in Bakirkdy (Hebdomon), was lifted into the air
by the shock, rotated and thrust eight feet into the ground (Ambraseys 2009; Ozansoy
1996). The sea invaded the land by around 3 miles in Thrace, (Migne 1866; Soysal 1985),
possible outside the city walls of Constantinople.

740, October 26: The earthquake was most devastating in its scale (Ms 7.1,
Ambraseys 2002a) and was destructive in the eastern part of the Sea of Marmara, ruined
Kocaeli (Bithynia), Karamiirsel and iznik (Mallet 1853; Downey 1955). Many churches,
monasteries, public buildings and private houses in Bithynia were destroyed or ruined,
with a great loss of life. Only one church was left standing in Iznik (Ambraseys 2009).
The sea drew back at some places changing the coastline permanently (Theophanes 1883;
Heck 1947; Ambraseys and Finkel 1991; Kilig 2001; Demirkent 2001). It is not clear
whether this was the result of the uplift of the coast (Ambraseys 2009).

989, October 26: The earthquake (Ms 7.2) caused extensive damage in Istanbul
and Izmit, destroying many churches and even the Saint Sophia (Ambraseys 2002a).
Seismic sea waves flooded the coast in many parts of Istanbul, causing damage. The
waves destroyed the Maiden's Tower (Eutropius) built on a small islet located at the
southern entrance of the Istanbul Strait, killing a monk living there (Demirkent 2001;
Ambraseys 2009).

1063, September 23: A rather large earthquake (Ms=7.4, Ambraseys 2002a) in
the Sea of Marmara caused considerable damage in the regions of Tekirdag, Erdek and
Canakkale (Guidoboni and Comastri 2005). The Handrian temple in Erdek (Cyzcus)
collapsed. A flood of seawater was observed Hasluck (1910).

1265, August 10-12: A strong event (Ms 6.6 Marmara Island earthquake, Altinok
and Alpar 2006; 40.7°N, 27.4°E, h=n, M (6.6), Papazachos and Papazachou 1997),
occurred at midnight causing subaerial landslides near Cinarli, NW part of the Marmara
Island. This landslide created small-scale sea waves (Ambraseys 2002a).

1296, June 1: The earthquake occurred on Adalar fault (Guidoboni and Comastri
2005), and caused considerable damage in Istanbul (Ambraseys 2002a). This earthquake
is not associated with a tsunami.

1332, February 12/16: This event (Ms 6.8; Papazachos and Papacahou 1997;

Soloviev 2000) occurred in a stormy day. Violent thunderstorm and heavy seas caused
damage to the sea walls and buildings in Istanbul (Ozansoy 2001; BOA YEE 91/19).
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1343, October 18: The main shock (Ms 7.0, Ambraseys 2002b) hit the Ganos
region, Bolayir, Gelibolu and Thrace, causing extensive damage on the northern coast.
Many parts of the city walls in Istanbul collapsed. The aftershock was equally damaging
to Marmara Ereglisi (Heraclea) (Ambraseys 2002a). The seawater flooded the coast,
throw the harbored ships forcefully onto the land. In the Veliefendi region, Bakirkdy, the
sea invaded the land by 2 to 2.2 km, dragging many people, farm animals and ships
(Ozansoy 2001). When the sea retreated back, the land was littered with mud and dead
fishes. The sea rose against the sea walls of Istanbul and flooded up as far as the
Beylerbeyi (Stauros) in the Istanbul Strait, damaging boats.

1346, May 19: The eastern part of Hagia Sophia church in Istanbul was collapsed
and its dome suffered partial collapse, closed to pray for 11 years. The epicentral area of
this earthquake, even not associated with a tsunami, may be in the central Marmara
region.

1354, March 1: The earthquake (Ms 7.4) hit Tekirdag (Redestos), Eceabad
(Madytos), Gelibolu, Canakkale and Thrace regions (Ambraseys 2002a). Some villages
sank into the ground. The epicenter is located by the Ganos fault (Altinok and Alpar
2006).

1419, March, 15: A Ms 7.2 (Ambraseys 2002a) earthquake hit the southern part
of the Sea of Marmara (Ambraseys 2009), with small to moderate damage in Istanbul.
Some places were flooded by sea. According to Al-Maqrizi (1364-1442), two earthquakes
occurred on May 25 and December 18; the first one caused tsunami, which caused
casualties in the Izmit Bay (Ozansoy 2001), while the latter hit the regions of Bursa and
Istanbul (Taher 1979).

1489, January, 16: A damaging earthquake affected Istanbul and surroundings.
Many buildings and minarets were destroyed and Sultan Beyazit abandoned the city for
several days (Urekli 1999). Note that an explosion caused by a thunderbolt on 1490, April,
23 was not associated with an earthquake (Ambraseys 2009). No tsunami occurred.

1509, September 10: This earthquake (Mg 7.2) was one of the largest seismic
events in the Sea of Marmara region during the Ottoman period, and even felt from Mt.
Athos (Ambraseys 2002b). In the Izmit region, castles, quay walls and almost all mosques
were demolished (Ambraseys and Finkel 1995), the waves flooded the dockyards and
lower districts (Oztin and Bayiilke 1991; Kuran and Yalginer 1993). In istanbul
(estimated population and houses are 160,000 and 35,000, respectively), more than 1000
houses were ruined, 5000 people were killed and 10,000 injured. Sand liquefaction
occurred particularly along the sea flooded coastal areas. The waves hit the city walls
around the Golden Horn estuary. The tsunami runup height was about 6.0 m, as high as
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the city walls (Heck 1947; Ambraseys 1960; Soysal 1985; Papazachos et al. 1986). The
sea invaded the dried valley of Bayrampasa river in Aksaray and some other low lying
areas (Lycosthenes 1557; Knolles 1603; Orgun 1941; Danismend 1971). The numerically
simulated run-up elevations indicated that the highest tsunami amplitudes near the shore
can exceed 3 m, even reaching the 5.5 m level along the 26 km long Asian coasts of
Istanbul (Yalgner et al. 2002). In addition, increased sea levels due to storms or surges
may cause higher tsunami run-up elevations as much as + 1-1.5 m (Alpar et al. 2003).

1556, May 10: This earthquake occurred in the central part of the Sea of Marmara
and hit its northern coasts (Ambraseys and Finkel 1995). Even it was not one of the
strongest events in the region many free-standing structures and city walls in Istanbul
were heavily damaged. This earthquake is not associated with a tsunami.

1648, June 28/21: The earthquake (M 6.4; Papazachos and Papacahou 1997)
began with a terrible roar after the sunset and most of the large structures damaged in
Istanbul (Heck 1947; Antonopoulos 1978; Soysal et al. 1981; Papadopoulos and Chalkis
1984). The waves attacking onto the land destroyed 136 ships (Cezar 1963; Soysal 1985;
Altmok et al. 2011). No documentation exists stating that the quake was felt in other
places than Istanbul (Ambraseys 2009).

1719, May, 25: A major earthquake (Ms 7.4, Ambraseys 2002a) hit the eastern
part of the Sea of Marmara, destroyed [zmit, Karamiirsel, Yalova, Sapanca and Diizce,
and took about 6000 lives. City walls, towers on the seaside, 40 mosques and 27 towers
have been ruined in Istanbul and partly in Thrace (Ambraseys and Finkel 1995).

1754, September 2: A Ms 6.8 earthquake at the eastern part of the Sea of Marmara
caused great damage in Izmit, partly in Geyve, and took about 2000 lives, 60 in Istanbul
(Ambraseys 2002a). The sea receded from shore, of Istanbul presumably, but not caused
any damage (Ambraseys and Finkel 1995; Ambraseys 2009).

1766, May 22: A Ms 7.1 earthquake occurred to the east of the Sea of Marmara
and was felt thoroughly in the northern Aegean region, from Selanik (Thessaloniki) to
Izmir (Ambraseys 2002a). A large area from Izmit Bay to Tekirdag was damaged, with
over 4,000 deaths (Ambraseys 2002b). All types of public buildings and private houses
collapsed in Istanbul, mostly at the eastern side, with at least 850 deaths and many injured.
Some uninhabited islands sunk half way down into the sea (Ambraseys and Finkel 1995).
To the east buildings were heavily damaged in Izmit and Karamiirsel. The tsunami
devastated the dockyards in the Izmit Bay (Ambraseys 1962; Oztiire 1969), observed at
the Prince Islands (Hakim 1770), in the Istanbul Strait (Cesmizade 1766-1768), at the
submerged quays of Galata (Castilhon 1771) and in Mudanya (Ambraseys and Finkel
1995). The magnitude of tsunami in Istanbul was II (Antonopoulos 1980).
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1766, August 5: Another big earthquake (Ms 7.4, Ambraseys 2002a) in 1766
occurred at the western part of the earthquake of May 22. Western parts of Tekirdag,
Ganos region and Gelibolu were affected with loss of life. Damage extended to the cities
of Bursa, Istanbul, Edirne and Biga. This earthquake is more serious than the earlier shock
of May 22, affecting a much larger area (Ambraseys and Finkel 1995). No tsunamis
reported.

1878, April 19: A damaging earthquake (Ms 5.9, Ambraseys 2002b) hit west side
of Sapanca Lake, Izmit, Istanbul and Bursa (Altinok e al. 2011). In Izmit, stone-masonry
houses were damaged and some collapsed, together with four mosques. The fleet of
British Royal Navy at anchor in the Izmit Bay experienced a series of powerful shocks,
then the sea became agitated. The shock set up a sea wave at the western side of the {zmit
Bay, propagated into the Sea of Marmara (Ambraseys 2009).

1894, July 10: The epicenter of the earthquake (<7.0, Oztin and Bayiilke 1991;
Ms 7.3 Ambraseys 2000; 2002b) was 8 km far from Yesilkdy (Sezer 1997). It was felt
from Bucharest, Greece, Crete and Konya (Oztin 1994), with 474 deaths, 482 injured and
1773 homeless only in Istanbul (Urekli 1999). The sea water was like boiling in many
places (Eginitis 1894). The sea retracted outward by about 50 m from the shore, flowed
back gradually, moved onto the shore by 200 m and returned back to the normal
(Mihailovic 1927). The transportation ship Eser-i Cedid owned by the boat company
Idare-i Mahsusa grounded in the coastal sands near Biiyiikada Island (Oztin and Bayiilke
1991; Calik 2004), possibly due to the withdrawal of the sea. Two small uninhabited
islands close to the Kinaliada (Pronti) Island submerged (Dzagig 14 July 1894). The sea
retracted completely and came back rapidly sinking most of the boats in the Cam inlet of
Heybeliada Island (Rendelmann, 1895). Tsunami was effective between Biiyiikgekmece
and Kartal (Oztin and Bayiilke 1991). The rushing waves threaten people passing through
the Galata Bridge on the Golden Horn estuary (Batur 1994). This old bridge was 1.60 to
2.4 m above the mean sea level depending on the distance from the coasts (Altinok et al.
2011). In Yesilkdy (Ayastefanos), the sea retracted 200 m outward from the shore about
10 minutes before the shock. After the shock, huge sea waves stroke the shore like a rock,
passed over the piers and three apartment blocks by carrying many sea vessels and debris
of the first block together (Oztin 1994; Batur 1999; Calik 2004).

1912, August 09: The earthquake (Ms 7.3, Mw 7.4) ruptured the Ganos restraining
bend to the west of the Sea of Marmara, affected an area of 400 km in radius with 2800
and 7000 loss of lives and injures (Altinok et al. 2003). The earthquake or associated
underwater slumps created tsunami which affected the Canakkale Strait, Sarkdy, Miirefte,
Avdim (Abdimi), Eriklice, Tekirdag and Istanbul (Mihailovic 1927; Ambraseys and
Finkel 1987; Altinok et al. 2003). Sea vessels and barges at the piers of Sarkdy and
Miirefte (Myriophyto) were destroyed. The tsunami damaged the boats in Yesilkoy (St.
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Stefano), runup height of 2.7 m, and also the Mahrussa, a yacht of Hidiv Pasha anchored
in the Pasabahce Bay of the Istanbul Strait (Altinok et al. 2003).

1935, January 04: The Ms 6.4 earthquake (Ambraseys 1988) affected Istanbul,
Tekirdag, Edirne, Izmir and Bursa regions and destroyed severely the city center and
villages of the Marmara and Pagalimani Islands (Ayhan et al. 2000; Altinok and Alpar
2006). Water wells in the Marmara Island, Kapidag Peninsula, Lapseki and Canakkale
Strait dried up before and after the event (Pmar and Lahn 1952). Some local and abnormal
sea waves at the Hayirsiz Island were related with possible submarine failures (Altinok
and Alpar 2006).

1963, September 18: The M 6.1 earthquake hit the Cinarcik and Yalova regions.
The sea waves observed in the Bandirma Bay were 1 m in height and swept some benthic
fauna on the Mudanya shores (Kuran and Yalgier 1993; Ozcicek 1996-1997).

1999, 17 August (Kocaeli): The ecarthquake affected the Marmara region
thoroughly and destroyed the Kocaeli area leaving behind many casualties (18,500
deaths, 25,000 injured and 75,000 damaged buildings). The earthquake mechanism
caused a rapid withdraw of sea water about 150 meters just before the shock (Altinok et
al. 1999). Tsunami arrived to the northern coasts in a few minutes after the shock, but to
the southern coasts in a minute (Yalciner et al. 2000). The average height of tsunami
runup along the Izmit Bay was 2.5 meters (Altinok et al. 2001). The highest runup was
4.37 m in Degirmendere (Rothaus ef al. 2004) where the ropes of the passenger ship
“Atatiirk” tied up to the Degirmendere pier, collapsed with earthquake, snapped. The ship
was thrown 10-15 m upward and then onto the shore. A fishing boat tied into the pier was
thrown against the oak trees at shore. Outside of the izmit Bay; abnormal sea surface
variations were reported at Heybeliada Island and in the Istanbul Strait (Altmok et al.
2003).

3. Submarine slides and related tsunami hazards

Beyond ground shaking, surface faulting and liquefaction, other earthquake-
induced hazards in the region are landslides, subaqueous mass failures and tsunamis.
Landslides, mass flows and creep are the most common mass wasting processes
throughout the basin slopes of the Sea of Marmara (Zitter et al. 2012). The unstable slopes
include the northern slopes of the Cinarcik, Central and Tekirdag basins where the slope
angles are up to 30°. In these areas, the potential submarine landslide areas include the
slopes south the Prince Islands, south of Tuzla peninsula and north of Yalova at the
entrance of the Izmit Gulf (Figure 2). In addition the western slope of the Tekirdag basin
forming the Ganos escarpment and the southwestern slope on the Sarkdy canyon are
potential sliding areas (Altinok et al. 2003). All these areas are mainly fault controlled
and some, such as those south of Tuzla, north of Yalova and Sarkdy Canyon have
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previously failed and/or are still active (Goriir and Cagatay 2010; Ozeren et al. 2010;
Zitter et al. 2012).

Faulting and associated canyon development along the Sea of Marmara slopes
appear to have contributed to occurrence of slope instabilities, large submarine failures
and debris flows. Many submarine canyons, such as izmit and Sarkdy, are developed
along active faults, associated with submarine landslides and act conduits of mass-flow
deposits (Cagatay ef al. 2015). These canyons formed when the main Marmara basins
were uplifted or subsided mainly during the Plio-Quaternary. In early Holocene during
the rivers were carrying their load till the shelf break or mid shelf, the occurrence of
submarine failures and debris flows were more frequent (Zitter et al. 2012).

Figure 2. Major fault segments along the NAF zone, underwater slumps,
submarine canyons, turbidites and possible creeps due to shear deformation.

The important underwater sliding structure associated with the Sarkdy Canyon
cover an area of 80 km? (Altinok ef al. 2003), may have formed by successive small-scale
slumps piled upon each other or a slow downslope sediment sliding. Such dip-slip
motions and other mass failure activities along the main canyons, e.g. those at the
extensions of the Turkish straits where large water masses pass between the seas, may
trigger tsunamis as well. Gassy sediments at the base may also destabilize the slope
sediments (Goriir and Cagatay 2010). The historical documents and numerical modeling
studies, however, show that slump originated tsunamis could only be effective along the
near shore areas, especially if they are close to the coast, e.g. the northern shelf and the
northern part of the Marmara Islands (Altimok and Alpar 2006). Such kind of small
localized events are mostly believed to occur during the big earthquakes. Even though,
major catastrophic landslides may produce local tsunamis which may be devastating in
near-field, the wave amplitudes observed during such kind of local abnormal events were
not extreme in the Sea of Marmara. A reasonable explanation may be the limited fault
segments and the water depth which is not that great (Hébert et al. 2005). Research of
near-field scenario tsunamis with numerical models will be beneficial.
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4. Discussion and conclusion

Numerous cyclic sequences of large-magnitude earthquakes have taken place in
the Sea of Marmara region throughout the geological history (Yaltirak 2009). The
recurrence period of the earthquakes that occurred on the western margin is substantially
longer than those that occurred on the eastern margin (Figure 1).

Turbidites and homogenite units, are usually the most common stratigraphic
evidences of great earthquakes and tsunamis. These units are usually well preserved in
the starved basins of the Sea of Marmara due to rapid subsidence and distal sedimentation,
and have been differentiated on the basis of their textural, micropaleontological,
geochemical and mineralogical signatures (Sart and Cagatay 2006; McHugh ef al. 2006,
2014; Cagatay et al. 2012; Beck et al. 2015). They usually show strong segregation and
a sharp boundary between a coarse lower part and a suspended-load upper part (Beck et
al. 2007; Cagatay et al. 2012). These units might have been deposited during these major
carthquakes that are supposed to induce tsunamis and many types of sedimentary
disturbances. The earthquake disturbances in the deep basins of the Sea of Marmara are
represented by thin and laminated slightly coarser beds (Beck et al. 2007), with sharp
basal contacts and gradational upper contacts (Sar1 and Cagatay 2006) within the upper
marine sequence. Some of these earthquakes are 181 (McHugh ef al. 2006), 553, 740,
989 (instead of 986 as given by Sar1 and Cagatay 2006), 1063, 1343, 1509, 1766, 1894
and 1912 (McHugh et al. 20006).

The latest (Ms>7) events in the Sea of Marmara region are the 1912 Ganos and
1999 Kocaeli earthquakes. The seismic gap between the seafloor rupture terminations of
these events, where tectonic structure prevents rupture propagation of respective faults,
will define the seismic risk remained under the Sea of Marmara. It is therefore critical to
understand the historical earthquakes and tsunamis occurred in the region and to provide
as much geological information as possible.

Even though tsunami events in the past are often difficult to validate, more than
30 tsunamis were documented in the Sea of Marmara between 123 and 1999 AD. Most
of the tsunami hazards have been reported in the Izmit and Gemlik bays, and along the
shores of Kapidag Peninsula, Istanbul and Gelibolu (Figure 1). In general they have been
triggered by tectonic processes occurring during major earthquakes and especially along
the steep western and eastern slopes which lay alongside of the fault segments as deep as
1100 m (Altinok et al. 2011). The earthquakes nucleated in the western Marmara region,
for example, produce tsunamis occasionally, causing local and small damages along the
Canakkale, Marmara Island, Kapidag and Tekirdag Bay shores (e.g. those in 543, 1063
and 1912). Tsunami waves may also be observed along the shores of the istanbul Strait.
The earthquakes in the central Marmara region may trigger moderate tsunamis in the
[zmit Bay, Istanbul Strait, Gemlik Bay, Mudanya Bay and Marmara Islands (e.g. 542 and

236



1343). The potential of tsunami generation at the eastern Marmara region is higher, as the
earthquakes triggered at this part (e.g. 478, 553, 557, 740, 989, 1332, 1509, 1648, 1766
May and 1894) have usually higher magnitudes with a triggering potential of underwater
mass failures. Tsunami waves may exceed 4-5 meters at some localities along the Istanbul
shores. The earthquakes occurring on the negative flower structure opening the Izmit
Bay’s sub-basins usually produce characteristic water movements inside this gulf only
(e.g. 358,447, 1754, 1878 and 1999). As it is seen, the regions of Izmit and Gemlik bays,
shores of Kapidag Peninsula, Istanbul and Gelibolu are the most vulnerable coastal areas
where probable tsunami waves can grow by being focused and steered by underwater
topography, although the places and magnitudes of future earthquakes are debatable.

Tsunamis are destructive at shallow waters (<20 m) and low-lying coastal areas;
not only from their high runup heights but also due to the generation of very strong
currents. Therefore scenario tsunami modelling to understand their attributes will be
beneficial. In the Sea of Marmara, a tsunami wave could reach to the nearest shores in a
short time like 5 to 10 minutes (Tappin et al. 2002; Yalgier et al. 2002). Since its effect
could be seen as strong currents, a serious damage to life, property and ports may be
expected if the tsunami run up height exceeds 2m, especially under the extreme wave
conditions or high water due to wind set up. Therefore, the potential threats of the Sea of
Marmara, which is a densely constructed inland sea and used by large level of population,
tsunamis should always be considered for the proper mitigation against marine hazards,
which may result from co-seismic seafloor motion, as well as occasional underwater
landslides and submarine slumps.

Mitigation measures against the earthquakes and earthquake-related geohazards
need to be adapted for different parts of the world, especially for coastal zones. There is
a constant worldwide trend to occupy and exploit the coastal zones and their resources.
Extreme hazardous events as tsunamis and coastal landslides directly affect these rich
zones which are getting more and more important in the modern world from the economic
and social points of view.

The most important mitigation measures in the Sea of Marmara region are good
construction management and planning of escape routes and safe places. Other protection
measures can broadly be classified as specific tasks for efficient early warning systems,
land use planning for undeveloped regions, community master plans for preparedness and
awareness.
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1. Introduction

The Sea of Marmara is an inland sea of Turkey as well as being intercontinental
sea between Eurasia and Anatolia. It connects the Black Sea and Mediterranean Sea
through the Istanbul (Bosphorus) and Canakkale (Dardanelles) straits.

Insufficient gravity and magnetic studies have been carried out in the Sea of
Marmara and immediate surroundings. The reason for this is the high costs of marine
studies and lack of geophysical survey equipment. Another reason for the lack of studies
are that both gravity and magnetic maps are considered as "confidential information".
Most of the studies were intended to reveal the tectonic structure of the region, and in
particular to determine the nature of the North Anatolian Fault Zone (NAFZ) in the Sea
of Marmara and to reveal its relationship with existing faults in the region. In this paper
we summarize the results of previous gravity and magnetic studies, with a view to
promote future studies in the Sea of Marmara and its surroundings.

2. Previous studies
Kavlakoglu and Ozakgay (1973) identified the magneto-tectonic trends and the

gravity tectonic lines in Manyas-Karacabey region from the aeromagnetic maps (Figure
1). They also evaluated the results of the 1964 Manyas-Karacabey Earthquake.

Figure 1. Map showing the magneto-tectonic lines in the Sea of Marmara. (G, L,
H indicate tension lines; A, D, I, J indicate possibl; fault zones and B, C, E, F, K
show structural ascending axis) (Kavlakoglu and Ozakgay 1973).
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They emphasized that the similarity of magneto-tectonic lines in the Sea of
Marmara and with those in the Manyas-Karacabey region. This result suggests that both
regions are under the influence of the same tectonic forces. The results also reveal that
the system forming the magneto-tectonic trends in the Sea of Marmara and its immediate
surroundings is significantly different from North Anatolian Fault system which has a
predominantly strike-slip character; and that the faults in the Manyas-Karacabey region
are generally showing vertical displacement character.

Dedehayir (1976) made comments about the tectonics of the Marmara region
using the magnetic vertical component map (1/100.000). As an overall evaluation, it was
indicated that the southern parts of the Sea of Marmara are active concerning the
distribution of magnetic parameters.

It was also emphasized that the magnetic trends for all the region were
approximately east-west directional and the region has a uniform magnetic structure. Zero
contour, situated at the south of Sakarya, is considered as a continuation of NAFZ in this
region. The areas where magnetic intrusions penetrated under the graben structures were
interpreted as extensional areas.

Hokelekli (1981) stated that magnetic anomalies of the Sea of Marmara are east-
west directional at north but they are mostly situated above massifs in the south. Also, in
accordance with the anomaly map, the author considered the northern boundary of the
massif masses at southern area were suddenly cut off by the western extension of NAFZ.

It was indicated that among the anomalies which appear in the southern part of the
Sea of Marmara, the ones situated on the Imrali Island are derived from batholiths in the
area; whereas in Kapidag Peninsula they are derived from dykes. Hokelekli (1981)
determined southward dipping slopes for the magnetic structures with mass depths of 2.5
to 2.68 km.

Kolgak (1982) determined the Moho discontinuity map for Marmara region
utilizing Bouguer gravity anomaly maps. In this map it was stated that the crustal
thickness decreases towards the sea and increases towards the land areas. In addition, the
gravity information was compared with earthquake activity and it is stated that active
areas are more coherent in regions where there is sudden change of crustal thickness than
in regions where crust is considered weak (thinner).

Canitez and Karaman (1986) observed changes on vertical gradient of gravity field
in the Marmara region and came to conclusion about region's isostatic equilibrium. They
mapped the differences between the calculated gravity-height relationship by least
squares method and the observed values (Figure 2). The map clearly indicated the graben
structure of the Sea of Marmara.
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Figure 2. The distribution of the differences of observed average Bouguer gravity
values and the expected values of gravity in the Sea of Marmara and surrounding
area (Canitez and Karaman, 1986).

Akgiin and Ergiin (1987) applied inversion method to Bouguer gravity anomalies
and to magnetic anomalies and evaluated the obtained data. According to the results
achieved from magnetic anomalies, the Sea of Marmara was seen as an extension of the
Thrace Basin located at its north.

The results obtained from Bouguer anomalies show that the stripe-shaped
submerged basins were formed in northern part of the Sea of Marmara are in the NAFZ's
continuation towards west and that also Gulf of Izmit was considered as a tectonic basin
in this zone.

Oral and Canitez (1987) examined surface and deep structures by using Bouguer
gravity data in western Anatolia. They concluded that there was a close relationship
between the Bouguer gravity data and the surface geology and especially neotectonics.
They explained low gravity anomalies of Western Anatolia with regional warming by
evaluating in a very large area. The authors applied Hilbert Transform to characterize the
effects of gravity of lateral discontinuities. Surface depth of the anomaly forming masses
were tried to be estimated with spectral analysis method. Also inversion techniques were
applied to examine the changes in the thickness of the crust.

Adatepe (1988, 1991) applied one and two-dimensional Fourier analysis and
power spectrum to gravity and magnetic maps and then determined the average depths of
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the masses causing the anomaly with structure models. Also, considering the depth values
acquired from gravity and magnetic data and coordinate information, three-dimensional
structure models of the anomalous near surface masses were obtained.

Ergiin and Ozel (1995) and Ergiin et al. (1995) interpreted the structural
relationship between the Sea of Marmara and the NAFZ with the help of gravity and
magnetic data. As a result of gravity data analysis, it was propounded that positive gravity
anomalies correspond to uplifted blocks and negative anomalies correspond to basinal
areas and crustal thinning (Figure 3).

Figure 3. Bouguer gravity and magnetic anomaly profiles and their interpretations
(Ergiin et al. 1995).

In addition, it was indicated from magnetic data that the east-west trending
anomalies were offset by segments belonging to the northern branch of NAFZ. It was
asserted that; short-wavelength anomalies that were determined in the southern shelf of
the Sea of Marmara could be granitic and volcanic rock originated and on these anomalies
there might be an impact of the ophiolite units of Intra-Pontide suture zone.

Geng et al. (1996) made various analyses in the context of project "Examination

of Aegean Sea and its Surrounding Using Gravity and Magnetic Methods". The results
showed relatively high anomaly values in the Sea of Marmara and in the surrounding land
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areas (around Thrace region). The crust in this area was interpreted to be thinner or to
have a higher density. The higher magnetic anomaly values on the Basins of the Sea of
Marmara were explained by the presence of magma intrusions at these points. Also, the
existence of these anomalies strengthened the possibility that here the strata are parallel.
In addition, the researchers prepared a Moho depth map from the gravity data (Figure 4).

Figure 4. Moho depth map calculated from gravity data (contour interval: 0.25
km) (Geng et al. 1996)

Klingele and Medici (1997) determined the mean Moho depth of 30 km, for the
Sea of Marmara and surrounding area.

Aygiil and Geng (1998a, 1998b) tried to merge the gravity data that were collected
in different periods at sea and on land by reducing artificial noise. In addition, they
determined the depths of interfaces by analyzing gravity data and reached an average
crustal thickness value of 30+£3 km for the region.

Adatepe and Demirel (1999) applied one dimensional Fourier analysis and
Talwani modeling along the profiles determined from the gravity map. They showed the
possible fault lines of the region (Figure 5) using the results. The study therefore made an
important contribution to the tectonic model of the region.
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Figure 5. Fault map of the southern part of the Sea of Marmara proposed by
Adatepe and Demirel (1999).

Hisarli et al. (2000) eliminated isostatic sourced components to get a better view
of the impact of anomalies. They also interpreted the model structures obtained by taking
gravity and magnetic profiles from sea area and by evaluating them together. These
studies determined that the Sea of Marmara was not uniform in terms of gravity and
magnetic anomalies.

Adatepe et al. (2000) analyzed gravity and magnetic data in the Canakkale Strait.
Considering structure models obtained from drilling data and average depths obtained
from all the profiles, they obtained a map showing the boundaries of magnetic structure.
It was stated that these boundaries might correspond to Intra-Pontide suture zone.

Adatepe et al. (2002) carried out spectrum analysis and modeling studies by taking
sections from Bouguer gravity map of the Sea of Marmara, and detected an average depth
of 3.5 - 2.2 km from spectrum analysis for the Sea of Marmara. Using the results of the
modeling studies and considering seismic data, they suggested a comprehensive tectonic
model for the southern Marmara region. (Figure 6)
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Figure 6. Map showing the proposed tectonic setting based on the structural
gravity models given by Adatepe et al. (2002).

Ates et al. (2003) extended North Anatolian Fault and its branches, which were
well defined on land, into the Sea of Marmara using acromagnetic anomalies, seismic and
gravity profiles. Employing spectral analysis, the authors determined a Shallow Curie
isotherm in the region which indicates a thinner crust in the northern Marmara trough area
when compared with the land areas.

Sincer et al. (2005) aimed to enlighten the part of the NAFZ that extends under
the Sea of Marmara by using seismic, gravity and magnetic data. Distribution of the
relatively deep units were identified with tertiary base mapping. They had also designated
the Curie Isotherm by the help of spectral method and determined the Curie Isotherm
level to be 6-8 km shallower when compared to the land area.

It was then concluded that the crust in the northern part of the Sea of Marmara is
thinner compared to the land areas. According to the power spectrum analysis, presence
of magmatic rocks with depths of up to 6.5 km were identified and explained by the
presence of east-west directional magnetic rocks under the Cenozoic cover units. With
the common interpretation of the geophysical data collected in the Sea of Marmara, it is
suggested that; there is an existence of an isostatic equilibrium formation in consequence
of the subsidence in this basin. Fault distribution map obtained in the study using seismic,
gravity, magnetic and observation data is given in Figure 7.

249



Figure 7. Fault distribution map obtained from seismic, gravity, magnetic and
observational data (Sincer et al. 2005).

Ates et al. (2008) constructed simple two-dimensional magnetic and gravity
models. Presence of a horst in the region was determined in gravity models. Magnetic
structures were suggested to be associated with the faults in the region. From the magnetic
anomalies, big anticlockwise block rotations were seen in the eastern boundary of the Sea
of Marmara, but on the other hand in Cinarcik and Tekirdag basins, small anticlockwise
rotations were observed.

According to the geophysical data and results of the models, it was suggested that
the origin and evolution of the Sea of Marmara had started probably during the Paleozoic
or even earlier with horst-like structures such as the Central High, and was followed by
block rotations, magnetic material intrusion to upper crust, sedimentation and faulting.

Ates et al. (2009) utilized the spatial correlation between the aeromagnetic
anomalies and the faults of the Marmara region, using advanced processing methods of
the reduction to the pole transformation (RTP) and second vertical derivative (SVD). In
particular, SVD map shows alignments which can be correlated with the faults having
high-potentials for strong earthquake generation in these areas.

Hisarl et al. (2012) generated band-pass filtered anomalies using power spectra
and reduced to pole (RTP) to examine the subsurface regional thermal structure of the
area. Aeromagnetic data in Northwestern Turkey was analyzed with the same objective.
There are few anomalies in the aeromagnetic values in the southwestern and northeastern
part of the study area but apart from that, throughout the region the values are relatively
uniform. According to the aeromagnetic data interpretation, it was propounded that the
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thickness of the magnetized crust (Curie Point Depth, CPD) lies between 9.7 and 20.3 km
in the area.

Kafadar et al. (2013) used Gabor filter to define the discontinuity boundaries of
the source bodies that cause magnetic anomalies in the Sea of Marmara. The effect of the
Gabor filter on the magnetic data was tested by using theoretical total magnetic anomaly
of three prism bodies with various depths and different orientations. The authors also
applied Gabor filter on the reduced to pole acromagnetic field data of the study area.
Afterwards, they compared the obtained results with the fault distribution map of the
region prepared in previous studies, which were found to be very conformable. These
results also showed that Gabor Filter was a suitable method for mapping subsurface
lineaments using magnetic data and that the technique reduces the noise in magnetic
anomalies when revealing the boundaries of geological masses (Figure 8).

Albora (2014) applied Markov Random Field (MRF) approach to separate
regional and residual anomalies and to determine structure boundaries. The author used
gravity anomaly map of Marmara region for the field study and tried to detect the tectonic
lines of the region with the obtained map by using MRF method. While forming the
tectonic lines of Marmara region, a comparison was made with the previous topographic,
bathymetric and seismic data.

Figure 8. a) Response of Gabor filter for 6 =0°; b) total horizontal derivative of
reduced to pole (RTP) magnetic field anomaly; c) first order vertical derivative of
total horizontal derivative of RTP magnetic field anomaly; d) tilt map of RTP
magnetic field anomaly. White lines show the linearity in field of study while the
dotted lines show the presumed faults according to aeromagnetic, seismic results
and surface observations (Kafadar et al. 2013).

251



Ekinci and Yigitbas (2015) delineated the shallow subsurface geology and some
of the structural features of Biga and Gelibolu peninsulas and surroundings by analyzing
Bouguer gravity anomalies in a detailed manner. Advanced data processing methods were
applied to gravity anomalies to understand the subtle details about surface geology of this
tectonically important area. Residual data-set was produced by using a finite element
method to reflect short-wavelength anomalies that arise from shallow geological
structures.

After that, some derivative-based algorithms were performed to analyze the
residual data. The acquired general anomaly patterns of the region in this study were
compared with well-known surface geology map and were seen corresponding. As a
result of derivative-based anomaly maps, presence of an old caldera structure in Western
Biga Peninsula was detected.

As it can be seen from the studies presented above, both the quality of the maps and
the analysis techniques that have been used in recent years, showed progress. This
situation has allowed us to reach some important conclusions about the deep and shallow
structures of the Sea of Marmara. However, it is obvious that the applications of the
studies using gravity and magnetic methods should be developed further with better
resolution.

3. Summary and conclusions

Evaluating all the studies presented above, the following conclusions can be reached
(Adatepe 2000):

1. Itis clearly known that the northern branch of the NAFZ continues into the Sea
of Marmara through the tectonic units in the Gulf of izmit. The most important
characteristics of the magnetic maps is the east — west trending anomalies. In the
analytical studies done, the inclusions of magnetic anomalies being uniform in
northern part of the Sea of Marmara, indicate a high possibility of formation of
a parallel layered structure. This important inclusion which continues westwards
covering three deep basins in the Sea of Marmara and extending southwards to
the middle of the sea. The similarities between the anomalies in the Sea of
Marmara and the anomalies in Thrace Basin deserves further assessment.

The magnetic anomalies in the southern part of the Sea of Marmara are
determined to be short-wavelength and more complex. It is interpreted that the
magnetic anomaly diffusion and inclusions in this region are caused by volcanic
rocks. In addition, the high magnetic density seen in some parts of Marmara
Island and the Canakkale Strait is interpreted to be due to the possible presence
of the Intra-Pontide suture zone.

2. Between above mentioned two zones in north and south that are having different
features, there is another zone with uniform characteristics. It is possible to say
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that this zone is shaped by the northern branch of the NAFZ. However, in some
studies it is determined that this correlation finds different aspects and
interpretations, which are mainly due to changes in the character of faults
between pure the strike-slip faulting and normal faulting disrupting the
uniformity magnetic anomalies. Hence, the magnetic anomalies, also show
offsets along NAFZ in the Sea of Marmara, which includes various systems.
There are similarities among the gravity maps of the Sea of Marmara. From the
relation between the Bouguer gravity values and the average heights, it is
understood that the isostatic equilibrium of the region is highly achieved.
Bouguer gravity values decrease when going deeper into the land from the
marine environment. Those are the areas where the crust is thickened. According
to results of various studies, the Moho depth calculated for the region is
approximately 30+£3 km. As a general feature, the area is observed to have the
characteristic of a basin. Sedimentary loading resulted in subsidence and then
thinning of the underlying crust in the Sea of Marmara. According to the gravity
data; the existence of a ridge in the south of Istanbul can be discussed and
magnetic data supports that this ridge is thinning due to intrusions of magmatic
origin.

The results of the gravity and magnetic studies show that the Marmara basin is
a deformation zone where horizontal and vertical movements merge. The results
further strongly suggest that the formation, shape and size of structure
lineaments are primarily controlled by faults and the region is continuing its
evolution under a shearing regime.

The results of the various studies conducted to determine the average depths of
near-surface masses causing gravity and magnetic anomalies are compatible
with each other and the value is determined on average 3 — 3.5 km.

Gravity and magnetic studies carried out in the Sea of Marmara and its
surroundings in recent years are verified with seismic data that in general
contributed to a better understanding of the region’s geological characteristics
(e.g., Le Pichon et al. 2001). On the other hand; the low data quality of the
gravity and magnetic maps generated until today, restricted the possibility of
local and higher resolution studies to be conducted.

There is a need for high-resolution gravity and magnetic maps which will be
regenerated using the modern advanced technology. It is important that they are
regenerated by merging the measurements made at both sea and land. This
insufficiency affects the precision of the studies. Regeneration of purposive new
gravity and magnetic maps and their interpretation together with the deep
seismic data acquired especially done after 1999 earthquake will undoubtedly
make it possible to obtain more precise results (Carton et al. 2007; Laigle et al.
2008)
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1. Introduction

Late Quaternary sedimentary evolution of the Sea of Marmara has been
determined primarily by its geomorphology, sediment transport, global glacial-
interglacial cycles and water exchange between the Black Sea and the Mediterranean Sea
(e.g., Aksu et al. 1999). The water exchange through this inland sea was controlled by
global sea-level changes and presumably changing sill depths of the connecting straits.
When the Sea of Marmara was disconnected from the Mediterranean Sea it became
lacustrine (e.g., Stanley and Blanpied 1980). It was a fresh to brackish water lake from
early MIS-4 to early MIS-1, and experienced a serious regression during MIS 2 (Cagatay
et al. 2009, 2015). After the marine disconnection during MIS-4, the bottom waters of the
Marmara Lake became slowly brackish by fresh water input from the Black Sea via the
Istanbul Strait (Cagatay et al. 2009; Aloisi et al. 2015). This lacustrine phase ended with
the influx of Mediterranean Sea waters via the Canakkale Strait sometime between 14.7
cal ka BP (Vidal et al. 2010) and 12.5540.35 cal ka BP (Cagatay et al. 2015). Such a
hydrologic modification lasted for 1000-2000 years, and represented by colonization of
the shelf areas by euryhaline Mediterranean organisms which can be observed in sediment
cores and high resolution reflection records (Cagatay et al. 2000, 2003, 2009; Aksu et al.
2002; McHugh et al. 2008; Vidal et al. 2010; Eris et al. 2011; Vardar et al. 2014; Kopriili
et al. 2016). Thereafter, the present two-layer water exchange and stratification was
established during MIS-1 in the Istanbul and Canakkale straits and the Sea of Marmara,
collectively known as the Turkish Straits System. This exchange is driven by the density
and sea-level differences between the Black Sea and the Mediterranean Sea.

In this chapter, a state-of-the-art review of the late Quaternary paleoceanographic
and paleoclimatic evolution of the Sea of Marmara will be presented, based upon the
critical analyses of the published seismic stratigraphic, sedimentological, geochemical
and faunal-floral data from the late Quaternary successions of the basin.
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2.  Seismic stratigraphic characterization of the Sea of Marmara

Numerous data sets of reflection seismic profiles, from conventional to very-high
resolution, were acquired from many parts of the Sea of Marmara in order to explore the
sea-level history and Late Quaternary evolution of the region. The most relevant seismic
stratigraphic studies from different geographic zones (Figure 1) are reviewed below.

Figure 1. Main seismic units identified in the straits, shelves, slopes and the deep
basins of the Sea of Marmara. Multibeam bathymetry data from Rangin et al.
(2001).

2.1. Zone 1 (Canakkale Strait)

The topographical restrictions along the Turkish Straits played important roles in
controlling water exchange during the Late Quaternary sea level changes. The most
important topographical restriction at present is the Canakkale sill at Naraburnu with a
depth of -65 m, although its location and depth was different in the past due to sediment
deposition, erosion and tectonic movements (Yaltirak et al. 2000; Gokasan et al. 2005,
2008, 2010; Cagatay et al. 2015). Therefore, timings, water passage modes and extents
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of the marine connections in the past have always been an ongoing controversy (e.g.
Stanley and Blanpied, 1980; Ryan et al. 1997; Cagatay et al. 2000, 2015; Goriir et al.
2001; Hiscott and Aksu 2002; Hiscott et al. 2002, 2007a,b, 2008; Kaminski et al. 2002;
Mudie et al. 2004). Yaltirak et al. (2000) described three basic seismic units separated by
unconformities above the Miocene basement with the unconformities corresponding to
three major lowstands (-130/-150 m) during the last 600 ka and implying at least two
disconnections between the neighbouring seas (Figure 1). Later Gokasan et al. (2008)
distinguished three main seismic units and several subunits (Figure 1). The channel fill
deposits of their Unit 2 were eroded or non-deposited during the sea-level lowstands of
135-150 ka BP and 17-18 ka BP. Considering an erosional event associated with the
latest Mediterranean intrusion, Gokasan et al. (2010) revised their earlier model and
suggested the development of a regionally widespread ravinement surface during MIS-2.
The late-lowstand subunits 2a and 2b and highstand systems tracts (Units 2c¢ and Unit 1)
overlie the ravinement surface.

2.2. Zone 2 (Northern shelf)

The shelves in the Sea of Marmara extend up to -100m water depth. The northern
shelf is relatively narrow, varying between 2 and 13 km in width (see also Cagatay et al.
this volume). First characterization of the depositional environments along the shelves
was initiated by Smith et al. (1995). The prograding clinoforms (Unit B) were defined as
lowstand shelf edge deltas accumulated under lacustrine conditions during 25-13 ka BP
(Figure 1). Observing 1-2 m high bioherm mounds, N-S trending ridges, and paleo-
channels below the topmost marine unit, Cagatay et al. (2009) proposed that the Sea of
Marmara evolved into a lake during the marine isotope stages MIS-2, 3, 4 and 6, whilst
it was marine during MIS-1, 5 and 7, except for two brief lacustrine episodes during MIS-
5. The sapropelic layers formed shortly after the Mediterranean marine transgressions.
Salinification of the Sea of Marmara and blossoming of bioherms evolved rapidly after
the latest connection with the Mediterranean. Karakilgik et al. (2014) identified that pre-
Holocene deposits were observed only in deep waters (>100 m), due to sub-aerial
erosional processes during the Late Glacial Maximum (LGM).

2.3. Zone 3 (istanbul Strait)

The latest Quaternary succession at the southern outlet offers a complex geological
setting due to rapidly changing hydrodynamic conditions, high rate of sediment input,
and the depth of the sill in the Istanbul Strait (Figure 1). Hiscott et al. (2002) defined five
seismic units above the prominent reflection Q1 truncating the underlying units (older
than 160 ka, MIS 6) sharply. They depicted two lobate deltas (their Units 2 and 5)
accumulated by vigorous outflow from the Black Sea; the younger one 10 and 9 ka BP.
The seismic units of Kerey et al. (2004) correspond to the Holocene and Late Pleistocene
sediments above the Palacozoic basement rocks in the strait. In the Istanbul Strait,
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between Beykoz and Tarabya, the oldest radiocarbon age of marine sediments, overlying
well-sorted sands with bivalve fauna (~26 ka BP), was ~6 ka BP (Cagatay et al. (2000);
Algan et al. (2001). Gokasan et al. (2005) claimed that the parasequence sets at the
southern outlet were sourced from the Kurbagalidere stream during the early Holocene.
Hiscott et al. (2002, 2008) assigned this delta to a persistent Black Sea outflow during the
early Holocene (~11.1-10.2 cal ka). Erig et al. (2007, 2008) identified seven seismic units,
overlaying Q1 lowstand erosional surface, accumulated since the latest connection with
the Mediterranean (12.6 ka BP; Cagatay et al. 2015). They concluded that the radial delta
lobe (Unit 2 of Hiscott et al. 2002) was of a middle-Holocene (6.65-3.75 cal ka) age,
originating from the Kurbagalidere stream. These conclusions were challenged by Hiscott
et al. (2007), Kopriilii et al. (2016) and Aksu et al. (2016).

2.4. Zone 4 (Gulf of izmit)

The Gulf of izmit is a tectonically active depositional environment. Using sparker
data, Alpar and Giineysu (1999) and Alpar and Yaltirak (2002) identified shore facies of
late Pleistocene deposits, middle Pleistocene marine sediments, partially eroded in the
gulf during sea-level lowstand, and fluvial and alluvial fans at the bottom (Figure 1).
Kusgu et al. (2002) interpreted that the flat-lying upper unit over the folded and faulted
chaotic reflections was deposited under low-energy conditions. Cagatay et al. (2003)
indicated that the Gulf of Izmit was a lacustrine environment as part of the Sea of
Marmara “lake” during the late glaciation and early deglaciation until it was inundated
by the Mediterranean waters (12.6 ka BP; Cagatay et al. 2015). Therefore, the latest
marine flooding of the Gulf was controlled by the bedrock sill depth of the Canakkale
Strait, which was -85 m below the present sea level. A -65 m paleoshoreline at the Darica
and Karamiirsel basins was probably formed during the Younger Dryas sea-level
stillstand. Due to a local shallow sill at -35 m, the eastern (Golciik) basin was probably
not invaded by marine waters until 9 ka BP. Dolu et al. (2007) correlated the oldest unit
(SU4) with the fine grained early-middle Pleistocene sediments (Figure 1).

2.5. Zone 5 (Southern shelf)

Aksu et al. (1999) identified several stacked delta successions in the SW part of
the Sea of Marmara, separated from one another by major shelf-crossing unconformities
(Figure 1). These deltaic successions, from the modern delta of Kocasu River (delta 1) to
the oldest (240 ka BP, delta 10), were developed due to the subsidence of the southern
Marmara shelf (at a rate of 20 cm/ka) together with the Quaternary glacio-isostatic sea-
level variations. Assuming a stable sedimentation rate and sediment input for each glacial
cycle and the marine/lacustrine transitions being in conformity with the global sea level,
Sorlien et al. (2012) claimed that they were lowstand deltas and their deposition were
inferred to have been controlled by 100 ka glacial/interglacial cyclicity over the last 450—
540 ka. Yaltirak and Alpar (2002) proposed a paleogeographic evolution model for the

259



southern Marmara shelf and Gulf of Gemlik, using the age of deltas given by Aksu et al.
(1999), and depth of the sill at the gulf’s outlet. Hiscott and Aksu (2002) defined three
basin-wide allostratigraphic units (A, B and C) within the late Quaternary successions.
Allounit A extends from the seafloor downward to a 12-11 ka sequence boundary, which
is a major shelf-crossing unconformity in water depths less than -100 m. On the shelf,
subunit A2 (upper part of A) consists of back-stepping delta lobes and early-transgressive
barrier islands and sand sheets, whilst subunit A2 (lower part of A) is a laminated sapropel
in the deep basins. Allounit B accumulated along the present-day shelf edge and therefore
can only be observed in the cores collected at water depths greater than 90 m. It represents
basinal or prodeltaic deposits of late Pleistocene (23-12 ka) lowstand. Allounit C is a
laminated sapropel in basinal cores (M2). However, the presence of such a sapropel 30-
23 ka BP was strongly disputed by Cagatay et al. (2015). Kuscu et al. (2009) investigated
the prominent morphological structures in the Gulf of Gemlik, and their relations with the
seismic units using the ages given by Yaltirak and Alpar (2002). Vardar et al. (2014)
proposed that the seismic unit C2 with parallel/subparallel and occasionally
sigmoid/oblique reflections was deposited under lacustrine conditions from 30 ka BP to
11-11.3 ka BP when the sea level was below the southern Marmara sill.

2.6. Zone 6 (Deep basins)

Using air-gun profiles Wong et al. (1995) defined four seismic sequences in the
deep basins (Figure 1). The basement (sequence 1) is mainly observed on the shallow
parts and highs between the basins. The folded and steeply dipping reflectors beyond the
boundary faults (sequence 2) is the sedimentary succession deposited before the NAF
became active in the Late Miocene. The sequence 3 has three different facies depending
on their depositional environment, relative position to the main strike-slip faults and mass
wasting activities. These Plio-Pleistocene basins subside along the steeply dipping
transtensional faults at rates of 5-10 mm/year (Seeber et al. 2006). The sequence 4 is a
thin sediment blanket throughout most of the strike-slip zone. Hiscott and Aksu (2002)
claimed to have cored up to MIS-3 with a ~2.5 m long basinal core and recovered a 30-
23 ka old sapropel (M2 sapropel; Allounit C) that was accumulated during a period of
increased brackish-water input mainly from the Black Sea. Its upward transition to
Allounit B is characterized by increment in marine microfauna and macroflora. However,
it is likely that the M2 sapropel of Aksu et al. (2002) is the Holocene sapropel rather than
belonging to an earlier period (Cagatay et al. 2015, see Section 3). The marine sediments
in the Cinarcik Basin (younger than 12.3 cal ka BP) are represented by moderately
continuous internal parallel reflectors, while underlying lacustrine sediments contain
transparent lenticular homogenite layers, which are thicker and more frequent during sea-
level lowstands (Eris et al. 2012). In fact, the sedimentation rate in the deep basins
dropped suddenly from >20 mm during the lacustrine periods to <5 mm during the marine
periods (Seeber et al. 2006).
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3. Chronostratigraphy and Lithostratigraphy

In recent decades, detailed sedimentological, geochemical and faunal-floral
investigations were carried out in sediment cores in the Sea of Marmara. Radiometric and
tephochronologic data from the Marmara cores allow us to constitute a chrono-
lithostratigraphic framework for the paleoceanographic and paleoclimatic records. The
records from the Sea of Marmara based on continuous stratigraphy extends dates back to
about 70 ka (MIS-1 to MIS-4) (Cagatay et al. 2015) and discontinuous records from
staggered coring on the shelf and shelf edge back to MIS-7 (Cagatay et al. 2009).

The Late Glacial-Holocene sediments of the Sea of Marmara were subdivided into
two main units representing the marine and lacustrine conditions (Cagatay et al. 2000).
The boundary between the units is dated at about 12 ka (uncalib.) BP. A mixed layer
sediment unit containing both marine and freshwater fauna occurs between Unit 1 and
Unit 2 on the outer shelf. The marine unit includes two sapropel layers deposited between
4.75 and 3.2 ka BP and 10.6-6.4 ka BP (Cagatay et al. 1999; 2000; Tolun et al. 2002).
The upper mid-Holocene sapropel is found in shallow basins (e.g., Gulf of Gemlik) and
shelf areas. The main Holocene sapropel (MSAP-1 of Cagatay et al. 2009) was studied
later also by other workers (Aksu et al. 2002; Sperling et al. 2003; Kirci-Elmas et al.
2008; Vidal et al. 2010). This sapropel is commonly recorded in the deep basin sediments
of the Sea of Marmara and hence allows a correlation in basin-wide scale (Figure 2). Aksu
et al. (2002) identified an older sapropel layer (M2: Allounit C) deposited between 29.5
and 23.5 ka BP. However, studying a 29 m long (~67 ka BP) RV Marion Dufresne core
from the Central High, Cagatay et al. (2015) showed that the Sea of Marmara was
lacustrine prior to 12.6 ka BP and that the sequence contained no other sapropel than the
MSAP-1 and overlying mid-Holocene sapropel (Figure 2). The researchers stated that the
M2 sapropel of Aksu et al. (2002) most likely represented the Holocene sapropel, and
that the old radiocarbon dates from their core were likely due to partly reworked
foraminifera shells picked in the sand levels.

Cagatay et al. (2009) reported two more sapropel units (MSAP-2 and MSAP-3)
from the cores MD04-2745 and PIC-40 on the northern Marmara shelf (Figure 2). These
units were deposited during the MIS-5a (81-86 ka BP) and MIS-5¢ (95-103 ka BP), and
are so far the oldest sapropels reported from the Sea of Marmara. They were deposited
shortly after every marine reconnection of the Sea of Marmara that resulted in water
column stratification and increased organic productivity (Cagatay et al. 2009).
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Figure 2. Correlation of sapropel and tephra layers in the cores from the Sea of
Marmara. The radiocarbon dates are uncalibrated for comparison with previously
published uncalib. ages, except for the MT-0 and MT-2 tephra, which are
calibrated to calendar years.

Other important chronostratigraphic time markers in cores located in deep basins
and highs are tephra layers, which include the Avellino cryptotephra from Sea of
Marmarama-Vesuvius (MT-0, 3.945+0.010 ka BP, Cagatay et al. 2015, and references
therein), Cape Riva (Y-2) tephra from Thera/Santorini (MT-1; 22+0.9 ka BP; Cagatay
2000; Wulf et al. 2002), and the Campanian Ignimbrite (MT-2, 39.28+0.11 ka BP)
(Figure 2; Cagatay et al. 2015). These tephra layers are described in some detail below.

4. Geochemistry
4.1. Total organic carbon content and inorganic geochemistry

Detailed geochemical studies of cores from the Central High and Gulf of Gemlik
were provided by Cagatay et al. (2015). The 28.88 m long core MD01-2430 from the
Western High contains two units extending back to 67 ka BP. The top 3.80 m thick marine
unit includes a 1.38 m thick dark olive green sapropel (MSAP-1 of Cagatay et al. 2009)
in the lower part, which contain TOC contents of up to 2.8 wt%. The sapropel MSAP-1,
together with the MIS-5a and MIS-5c¢ sapropels (i.e., MSAP-2 and MSAP-3), occur also
up to shallow depths of -70 m on the shelf. On the northern shelf and shelf edge, the MIS-
5 sapropels MSAP-2 and MSAP-3 contain up to 3.3% and 5.2% organic carbon,
respectively (Cagatay et al. 2009). The lacustrine/marine transition is marked by very
high carbonate (Ca) contents of aragonitic composition, which is due to authigenic
carbonate deposition (Reichel and Halbach 2007; Cagatay et al. 2015).
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The lacustrine unit below the marine unit contains dark grey to black iron
monosulphide spots and bands that are marked by high Fe and S contents. Core MDO1-
2430 includes three tephra layers, as already stated in the previous section (Figure 2). The
topmost tephra MT-0 is a cryptotephra characterized by high contents of K, Zr, and Nb
in the sediments. It belongs to the 3.9 ka BP Avellino eruption of Somma-Vesuvius.
Tephra MT-1 occurs as a 7 cm thick layer, and was formed by the Cape Riva eruption of
Thera Volcano in Santorini Island 22 ka BP (18 uncalib ka BP; Pichler and Friedrich,
1976; Eriksen et al. 1990; Druitt et al. 1999). The 14 cm thick oldest tephra MT-2 is
equivalent of Campanian Ignimbrite eruption from the Campi Flegrei caldera west of
Naples 39.3 ka BP (De Vivo et al. 2001).

The Ca-concentrations of core MD01-2430 display a high variability throughout
the entire lacustrine unit (Cagatay et al. 2015). The Ca profile shows a close similarity
with the 8'%0 record of the NGRIP Greenland ice core, the Ca-record of the south-eastern
Black Sea (Kwiecien et al. 2008; Nowaczyk et al. 2012), and the pollen record of Tenaghi
Philippon (Greece; Miiller et al. 2011). The positive Ca excursions in the Sea of Marmara
core correlates with Greenland interstadials GI-1 to GI-18, except for Gls 3, 4 and 7 of
late MIS-3 which are less distinct in the Sea of Marmara proxy records. The high Ca and
organic carbon values during the GIs are accompanied by low concentrations of lithophile
elements such as K, Ti, and Al. Throughout the lacustrine succession the U and Mo (redox
sensitive elements) concentrations are low, being close to crustal values, but increases
sharply within the sapropel and marine unit in general.

The cores from Gulf of Gemlik (MNTKS-34 and ML-01) comprise only part of
the upper marine unit, which includes upper sapropel and part of MSAP-1. The TOC
contents of the sapropels range from 1.5 to 2.5 wt%. The tephra MT-0 in these cores is a
6-8 mm thick cryptotephra within the upper sapropel, characterized by high pu-XRF
elemental counts of K and Zr (Cagatay et al. 2015). The cores also include some reddish
mass flow mud units, rich in T1 and Fe.

4.2. Stable isotope geochemistry
4.2.1. Bivalves

Oxygen and carbon isotope analysis of bivalves were carried out in different units
intercepted in staggered cores from the northern shelf (Cagatay et al. 2009). The
sedimentary sequence in core C-1 from Biiyiikcekmece shelf represents a Holocene
bioherm structure containing eurhaline bivalve fauna. In this sequence, isotope ratios
were measured mostly in Corbula gibba. §'%0 values rise from the base of the core by
almost 2% in the span of a thousand years and then more gradually to attain the modern
value of 2.5%o at the core top. In the same marine unit in Core C-17, near the Cekmece
shelf edge positive values between 2.2 and 3.2%o are observed. The §'*C measurements
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in core C-1 show a similar initial rapid increase to positive values, but display two
negative excursions at 8 and 4 ka BP.

In core Tsu02-1 from the Prince Island shelf the 5'®0 measurements made on C.
gibba in the uppermost marine vary from —2.2% at its base to 2.9%o at the top unit
(Cagatay et al. 2009). In the lacustrine unit 3 (MIS-4), the §'%0 values of Dresisena
rostriformis shells show a gradual upward increase from —3.5%o its base to —2.8%o at its
top. The strongly negative 3'30 values of D. rostriformis shells in the underlying unit L5
(MIS-6) show an upward lightening trend. In this lacustrine deposit the 3'*C drift to more
positive values is the opposite to that of the §'%0 trend. The §'30 values are less positive
in Unit L6 (MIS-7) then those in Unit L1 (the latest marine unit) (Cagatay et al. 2009).
Marine units (L1, L7) typically display parallel trends of §'®0 and §'3C, whereas the
lacustrine units (L3, L5) species show upwards convergent and divergent trends,
respectively.

4.2.2. Foraminifera

The first stable isotope analysis of foraminiferal tests in the Sea of Marmara were
made by Yanko et al. (1999) in a short core recovered from the Cinarcik Basin. This core
yielded the sedimentary records of the last 3 ka. The oxygen and carbon (5'%0 and §'°C)
isotopic compositions of planktic foraminifera Globigerina quinqueloba Natland
(=Turborotalita quinqueloba) and benthic foraminifera Brizalina spathulata (Reuss)
clearly indicated a strong vertical water mass stratification during the last 3 ka. The
measurements in older sedimentary records were also conducted on Turborotalita
quinqueloba (Natland), due to low planktic foraminiferal diversity and lack of sufficient
quantity in available species (Aksu et al. 2002; Sperling et al. 2003; Kirci-Elmas et al.
2008; Vidal et al. 2010). Depleted 8'%0 of T. quinqueloba and Mediterranean-based
planktic foraminiferal transfer function were shown to be reflecting significantly reduced
sea surface temperature (SST) and salinity (SSS) during the sapropel MSAP-1 deposition
(Aksu et al. 2002). Sperling et al. (2003) used the alkenone abundances (Uk’37 values)
and foraminiferal oxygen isotope ratios to estimate past SST and SSS. Although the same
planktic foraminiferal species used in the two studies, the latter authors found the
completely opposite trend of 380 and SSS within the sapropel MSAP-1 interval. Later
stable isotope measurements on planktic foraminifera Turborotalita quinqueloba
(Hemleben et al. 1989) by Kirci-Elmas et al. (2008) and Vidal et al. (2010) support the
results of Sperling et al. (2003).

5. Micropaleontology
5.1. Foraminifera

Benthic foraminifers found in two short cores sequences from the basins
represented the present two-layered oceanographic conditions (Alavi 1988). The faunal
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composition from several cores at the northern continental shelf areas and Istanbul Strait
were used as indicators of changing environmental conditions in the coastal area (Meri¢
and Saking 1990; Merig et al. 1995; Meri¢ and Algan 2007; Saking 2008). Foraminiferal
fauna of the sapropelic sediments were first introduced by Cagatay et al. (1999, 2000),
reflecting reduced oxygen conditions and high organic flux to the sea floor. Later
Kaminski et al. (2002) denote that the bottom conditions must have been close to anoxia
during the Holocene sapropel (MSAP-1) deposition, due to the paucity of benthic
foraminifers. Kirci-Elmas et al. (2008) suggested that the same sapropel started
depositing under near anoxic bottom water conditions and continued with dysoxic-
suboxic conditions. Occurrence of similar benthic foraminiferal assemblages in cores
recovered from the northern and southern shelves was reported by McHugh et al. (2008).
Only a limited number of studies were carried out on the planktic foraminifera of Late
Quaternary sediments, which reported low faunal diversity (Aksu et al. 2002; Sperling et
al. 2003; Kirci-Elmas et al. 2008).

5.1.1. Benthic foraminiferal fauna

Benthic foraminifers in the Sea of Marmara display high diversity compared to
planktic fauna. The cores collected from the shallow shelf area are mainly represented by
genera Ammonia, Elphidium, Aubignyna, Porosononion, Haynesina, Nonionella,
Bulimina, Brizalina and Cassidulina (Kaminski et al. 2002; Mc Hugh 2008). The number
of species displays increasing trend towards the modern sediments (Kaminski et al. 2002).

The most common benthic foraminiferal species in basinal sediments are
Sigmoilinita tenuis (Czjzek), Brizalina alata (Seguenza), Brizalina dilatata (Reuss),
Bulimina costata d’Orbigny, Bulimina marginata d’Orbigny, Hyalinea balthica
(Schroéter) and Chilostomella ovoidea Reuss (Kirci-Elmas et al. 2008). The distribution
of the benthic foraminiferal assemblages shows distinct patterns within, above and below
the Holocene (M1) sapropel deposited during 10.3 and 6.2 uncalib. ka BP (Figure 2) Pre-
sapropel sediments deposited during ~11-10.3 uncalib. ka BP are either totally barren of
benthic foraminifera (“lake stage”) or include several specimens such as, Bulimina
aculeata d’Orbigny, Bulimina elongata d’Orbigny, Bulimina marginata d’Orbigny and
Turborotalita quinqueloba (Natland). These assemblages denote the starting of marine
conditions with the saline Mediterranean Sea water inflowing through the Canakkale
Strait, just before the sapropel deposition. The lower parts of the sapropel M1 contain
only few benthic species, indicating that the first stage of the sapropel deposition started
under “anoxic-near anoxic” bottom water conditions. Upper parts of the sapropel are
mainly dominated by infaunal life-style-taxa such as Brizalina alata, Brizalina dilatata,
Bulimina marginata, Bulimina costata, Hyalinea balthica and Chilostomella ovoidea.
These assemblages show that the change from “anoxic-near anoxic” bottom water
conditions in the initial stage of the sapropel deposition to “dysoxic-suboxic” conditions.
Near the top of the sapropel layer, the maximum abundance of suboxic Gyroidinoides
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spp. is observed. The transition from the sapropel to the post-sapropel sediments is
characterized by a sharp decrease in the total benthic foraminifera (TBF). The common
species found in the sapropel MSAP-1 also occur within the post-sapropel sediments.
However, the post-sapropel sediments are marked by high occurrences of Sigmoilinita
tenuis and Bulimina costata. The species diversity increases towards the upper parts of
the post-sapropel sediments, and is represented mostly by Sigmoilinita tenuis, Brizalina
alata, Brizalina dilatata, Bulimina costata, Uvigerina mediterranea Hofker and to a
lesser extent Bigenerina nodosaria d’Orbigny, Siphotextularia sp., Pseudoclavulina
crostata Cushman, Spiroloculina excavata d’Orbigny, Quinqueloculina spp., Miliolinella
subrotunda (Montagu), Sigmoilina distorta Phleger & Parker, Sigmoilopsis
schlumbergeri  (Silvestri), Articulina tubulosa (Seguenza), Lenticulina spp.,
Neolenticulina peregrina (Schwager), Amphicoryna scalaris (Batsch), Bulimina
marginata, Hyalinea balthica, Melonis spp. and Chilostomella ovoidea. These
assemblages show the continuing suboxic conditions from the last stage of the MSAP-1
deposition to present.

Sapropel MSAP-3 has no benthic foraminifera and MSAP-2 only a sparse
assemblage (Cagatay et al. 2009). In MSAP-2 benthic foraminifera consist predominantly
of B. spathulata, B. marginata and H. balthica with a few brackish water species of
Ammonia infilata and E. crispum.

5.1.2. Planktic foraminiferal fauna

Planktic foraminifers observed in the cores display low diversity in spite of high
abundance, consisting of Neogloboquadrina pachyderma (Ehrenberg) (dextral and
sinistral), Globigerinita glutinata (Egger), Beella digitata (Brady), Beella praedigitata
(Parker), Globigerina bulloides d’Orbigny, Globigerinella calida (Parker),
Globigerinoides ruber (d’Orbigny), Globoturborotalita rubescens (Hofker),
Globoturborotalita tenella (Parker), Turborotalita quinqueloba (Natland) and Orcadia
riedeli (Rogl and Bolli). The number of Neogloboquadrina pachyderma, Globigerina
bulloides, Globigerinoides ruber and Turborotalita quinqueloba show significant
abundances, whereas the other species are represented by sporadic occurrences
throughout the cores (Aksu et al. 2002; Sperling et al. 2003; Kirci-Elmas et al. 2008).
Planktic foraminifers are totally absent within the pre-sapropel M1 sediments (Kirci-
Elmas et al. 2008). The first appearance of the planktic foraminifers begins at the base of
sapropel MSAP-1, which are characterized by cold-water assemblages, including
abundance of shallow dwellers Turborotalita quinqueloba, Globigerina bulloides and to
a lesser extent Neogloboquadrina pachyderma. Turborotalita quinqueloba
overwhelmingly dominates through the fossiliferous parts of the cores, except for levels
of the MSAP-1 where Globigerina bulloides displays maximal abundance. The highest
abundance of Globigerina bulloides and Neogloboquadrina pachyderma is observed in
MSAP-1, whereas Globigerinoides ruber indicating warm water is restricted to the post-
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sapropel sediments (Sperling et al. 2003; Kirci-Elmas et al. 2008). The distribution of
Globigerina bulloides in the cores displays several maxima within the MSAP-1. As
previously shown (Rohling et al. 1997; Sperling et al. 2003), the mere occurrence of
Globigerina bulloides in the sapropel interval can be considered as the sign of enhanced
productivity in the surface water of the Sea of Marmara during sapropel deposition. Its
absence and/or presence of low specimen numbers in sediments above the sapropel
section indicate that the primary production has never reached to that level after the
termination of MSAP-1.

5.2. Palynology

The palynological records in the Sea of Marmara covers the period from MIS-2 to
MIS-1. Previous palynological investigations prior to 1990s in this marine basin were
locally carried out in sediments from the Golden Horn estuary (Ediger 1990; Kutluk 1994;
Caner 1994) and Izmit Bay (Akgiin 1995). New studies carried out after the 1999 Izmit
earthquake showed slightly different pollen assemblages in the eastern and western part
of the Sea of Marmara (Caner and Algan 2002; Mudie et al. 2002; Valsecchi et al. 2012).
Pollen records of the last 31 ka from the Lake Iznik (Miebach et al. 2016) and Holocene
pollen records from Lake Manyas (Leroy et al. 2002) are also available for paleoclimate
reconstructions. Pollen records from the Cinarcik Basin include sagebrush Artemisia and
the moisture-demanding mountain tree, Picea, which are absent from the western
Marmara pollen records. Moreover, pollen records from the eastern Sea of Marmara have
a greater diversity in typical Mediterranean temperate AP plants (e.g., Fraxinus, Taxus,
Similax, Juglans and Ostrya) compared to those from western part.

5.2.1. Late Pleniglacial- Last Glacial Maximum (LGM) interval

The end of the middle Pleniglacial and the start of the late Pleniglacial intervals
from the Sea of Marmara show that the tree pollen (Arboreal Pollen) assemblage are
represented by Pinus and deciduous Quercus species. Both species decline towards the
Last Glacial Maximum (LGM), while Pistacia and evergreen Quercus increase. Picea
orientalis is a drought tolerant spruce tree suggesting the start of much colder and drier
conditions in the two millennia prior to the LGM from 22 to 18 ka BP (Mudie et al. 2007).
Similar to these findings, Miebach et al. (2016) identified a very harsh cold and dry
climate between ca. 28.4 and 18.4 ka cal BP (MIS 2) in the high resolution pollen records
of Lake Iznik. The late Pleniglacial interval is also marked by the arrival of Picea pollen,
when Artemisia pollen influx decreases and Tubuliflorae grains dominate the herb pollen
(NAP). Abies pollen are dominated only during the mid-Pleniglacial interval while other
deciduous forest tree pollen (mostly Ulmus, Tilia, Acer) are present with the Quercus spp.
Abies pollen is notably present throughout most of this pre-LGM-Pleniglacial section,
and Ephedra which indicated dry step is rare or absent (Caner and Algan, 2002; Mudie et
al. 2002). As reported by Caner and Algan (2002) and Filipova-Marinova and Angelova
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(2006), Picea orientalis at the western part of the Sea of Marmara indicated cold and dry
condition similar to that in the LGM that occurred around 18 ka BP.

5.2.2. Late Glacial-Holocene interval

Deciduous Quercus and Fagus appear in the younger parts of the Marmara cores
than 13 ka BP (Mudie et al. 2002, 2007; Caner and Algan, 2002). Besides, Artemisia
shows peak during the Younger Dryas (~12.7-11.5 ka BP). Evidence of cold and/or dry
climatic conditions during the Younger Dry is observed also in the pollen record of Lake
Iznik with a setback in the spread of forests (Miebach et al. 2016).

5.2.3. Holocene interval

Presence of temperate climate forest trees such as Tilia, Castanea and Ulmus
indicates warm and moist climate conditions during the Early Holocene in the peri-
Marmara basin (Mudie et al. 2007). Similar results were reported by Valsecchi et al.
(2012) in the high-resolution pollen record of core MD01-2430 from the Western High;
these authors found an increase in moisture and temperature starting ~11 cal ka BP.
During the mid-Holocene, after 7 ka BP, however, an increase in Carpinus and Ostrya
indicates relatively warm and dry climate conditions (Caner and Algan 2002, Mudie et
al. 2007). From 4 to 1.5 ka BP, anthropogenic impacts can be seen on the vegetation.
According to pollen records from the lakes Manyas and iznik, vegetation changes
characteristic of the Beysehir Occupation Phase are evident during 4- 1.5 ka BP (Leroy
et al. 2002; Miebach et al. 2016). This period is a cultural interval seen in palynological
records of sites in southern Turkey from about 4.5 to 1.2 ka BP, and marked by rich
arboriculture, including olives (Olea), manna ash (Fraxinus cornus), sweet chestnut
(Castanea), and vines (Vitis) in addition to cereals (Cerealia) and pasture herbs, including
Tubuliflorae (Leroy et al. 2002, Mudie et al. 2007).

6. Discussion
6.1. Paleoceanographic evolution

The multi-disciplinary data from core MDO01-2430 from the Western High, as well
as several other cores from various parts of the Sea of Marmara allow us to reconstruct
the paleoceanographic evolution of the basin for the last ~150 ka BP. Moreover, a
chronostratigraphic framework can be established for seismic stratigraphic units, and
lake/sea level changes can be discussed based on paleoshorelines and onlap and other
seismic-stratigraphic relations.
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6.1.1 Water level changes, depositional conditions and origin of sapropels

Direct stratigraphic evidence from core MD-01-2430 indicates that the Sea of
Marmara was lacustrine from beginning of MIS-4 to the early MIS-1 (Cagatay et al.
2015). During these periods, water level of Sea of Marmara “lake” was controlled by the
Canakkale Strait’s sill depth as well as the climate oscillations. Definitive paleoshoreline
features observed in the seismic lines, such as berms, wave-cut notches, wave-abraded
platforms, in some cases with onlapping sediments, provide evidence of lake/sea level
changes. Such features are observed at ~ -64 m, -85 m, -93 m, -105 m on the erosional
unconformity delimiting the base of the marine unit reported from the northern and
southern shelves as well as the Gulf of izmit. These features were respectively attributed
to the Younger Dryas, the lake level just before the latest marine transgression at 12.6 ka
BP, a brief lake level stillstand during 14-12 ka BP, and the LGM, respectively (Aksu et
al. 1999; Cagatay et al. 2003, 2009; Polonia et al. 2004; Cormier et al. 2006; McHugh et
al. 2008; Eris et al. 2011). In some parts of the shelf, bioherms are also observed in
seismic profiles as 1-2 m high mounds and shoreward extending ridges below the
Holocene marine mud drape (Aksu et al. 1999; Cagatay et al. 2003, 2009; Kopriili et al.
2016).

In addition to the palaecoshorelines, geometry of the seismic units on the shelf and
shelf edge provides important information on the lake/sea level changes (e.g., see Aksu
et al. 1999; Cagatay et al. 2009; Vardar et al. 2014). The seismic units on the shelf are
delimited by conformable flooding surfaces at their bases and erosion surfaces at their
tops. The shelf sequences therefore include unconformities and breaks in sedimentation.
The lacustrine sediments are best preserved near and below the shelf break while the
marine sediments are thickest on the shelf because of accommodation space created
during the transgressions. The reflector below the topmost marine unit reaches to depths
below —105 m (McHugh et al. 2008; Cagatay et al. 2009; Eris et al. 2009). This
unconformity was also in the Gulf of Izmit (Cagatay et al. 2003) and the southern entrance
of the Istanbul Strait (Eris et al. 2007), and has been attributed to the LGM lowstand.

On the northern shelf, various seismic units have been cored and analyzed. The
upward-coarsening facies of Unit L2 observed near the shelf edge in Core MD04-2745
(Figure 2) corresponds to the LGM lowstand and can be interpreted as a forced-regression
deposit (Cagatay et al. 2009). Unit L3 containing Dreissena continues to depths shallower
than -70 m, and is assigned to MIS-4 indicating either the Sea of Marmara lake expanded
to a mid-shelf shoreline above the -70 m. MIS-5 on the northern shelf is represented by
transparent unit above flooding surface (Figure 9 of Cagatay et al. 2009). The upper part
of this unit is intercepted in cores MD04-2745 and PIC-40 (Figure 2). This this unit is
almost entirely marine except for short interval of lacustrine facies. A shelf crossing
unconformity below the flooding surface truncates the units deposited during MIS-7 and
earlier, and is attributed to subaerial emergence of the shelf during the MIS-6 regression.
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The unit L-5 is observed in Core C-17 on the Cekmece shelf as a 4.0 m-thick dark grey
lacustrine mud. It seems that during the glacial periods, the Sea of Marmara was most
probably lacustrine, disconnected from the Mediterranean, and most of its shelf areas
were subaerially exposed with the development lowstand shelf edge deltas (Aksu et al.
1999; Sorlien et al. 2012).

Core MDO01-2430 provides continuous records of changing palaeoceanographic
conditions during the past 67 ka BP (since early MIS-4) (Figure 2). These records clearly
show that the Sea of Marmara was a fresh to brackish lake disconnected from the
Mediterranean Sea during late MIS-4 until early MIS-1. The robust age model of core
MDO01-2430, based on AMS radiocarbon datings, tephrochronology and tie points
determined from correlation with the NGRIP §'30 data, allows for accurate dating of the
sequence of paleoceanographic events. According to the chronostratigraphic of the core,
the latest lacustrine / marine transition occurred at ca. 12.55 = 0.35 cal ka BP. This age is
in good agreement with a former uncalibrated '*C age of 12.0 ka BP obtained on bulk
sedimentary organic matter (Cagatay et al. 2000, 2003; Aksu et al. 2002; McHugh et al.
2008), but younger than the 14.7 ka BP determined by Vidal et al. (2010) in core MDO1-
2430. The considerably older age of these authors is partly due to the ~1 ka reservoir age
of the Sea of Marmara “lake” and the Black Sea “lake” just before the connection (e.g.,
Ryan, 2007; Soulet et al. 2011; Cagatay et al. 2015).

The Holocene lower and upper sapropel units were previously radiocarbon dated
at 10.6-6.4 '*C ka BP (ca. 11.1-6.9 cal ka BP) and 4.75-3.2 '“C ka BP (ca. 5.0-3.1 cal
ka BP), respectively (Cagatay et al. 1999, 2000; Tolun et al. 2002). According to the
chronostratigraphy of core MD01-2430, the sapropel MSAP-1 was deposited between
~12.3 and ~5.7 cal ka BP, and the upper Holocene sapropel between ca. 5.4 and 2.7 cal
ka BP (Cagatay et al. 2015).

There is a very close correlation of the Ca (carbonate)-record of the lacustrine unit
(dated from MIS-4 to MIS-2) in core MDO01-2430 with the NGRIP oxygen isotope and
the Black Sea Ca data (Nowaczyk et al. 2012; Cagatay et al. 2015). The high carbonate
observed during the warm and humid Greenland Interstadials are due to authigenic
carbonate deposition triggered by high organic production (Bahr et al. 2005; Cagatay et
al. 2015). There is also a Ca peak observed at the lacustrine/marine transition, which
represents the authigenic carbonate deposition, resulting from mixing of lacustrine
Marmara and saline Mediterranean waters during the latest marine transgression (Reichel
and Halbach 2007; Cagatay et al. 2015).

Low detrital input during the interstadial periods of early MIS-3 is indicated by
the low carbonate-free concentrations of lithophile elements (e.g., K). This was most
likely the result of low erosion rates, which might have been caused by increased density
of vegetation and high lake levels during the Gls. The highest detrital (and illite-clay)
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input occurred during the LGM and late glacial (from 22 tol5 ka BP), suggesting high
erosion rates and low lake levels in the catchment under cold and dry conditions, a
conclusion supported by as low as -105 m shoreline terraces and wave-cut erosional
features discussed above.

The low concentrations of the redox-sensitive elements (e.g., U and Mo) in the
lacustrine unit suggests oxic bottom water conditions in the Marmara “Lake” during MIS-
4 to MIS-2 (Cagatay et al. 2015). Concentrations of these elements increase sharply after
the marine connection, and peak during the sapropel MSAP-1 deposition, suggesting high
organic carbon burial and low redox bottom-water conditions (Cagatay et al. 2000, 2015;
Aksu et al. 2002; Tolun et al. 2002). This conclusion is corroborated by the benthic
foraminifer data (Kirci-Elmas et al. 2008). Palaeo-salinity reconstructions of Sperling et
al. (2003), as well as the planktic foraminiferal 'O values within and above the sapropel
MSAP-1 (Kirci-Elmas et al. 2008), show that there was a relative sea surface salinity
increase, rather than a fresh water input from the Black Sea during the sapropel
deposition.

The deposition of the sapropel MSAP-1 as well as the sapropels MSAP-2 and
MSAP-3 of MIS-5, took place soon after the periods of each marine flooding. The inflow
of dense Mediterranean water resulted in water stratification and raised nutrient-rich deep
lake waters to the surface, thereby triggering high organic productivity for the sapropel
formation. Deposition of MSAP-1 took place under suboxic to anoxic conditions
(Cagatay et al. 2000; Sperling et al. 2003; Kircit Elmas et al. 2008). Sapropels MSAP-2
and MSAP-3 were deposited under suboxic to dysoxic and anoxic conditions,
respectively (Cagatay et al. 2009). We therefore suggest a mechanism for the formation
of the Marmara sapropels similar to the one leading to the formation of the younger
Holocene Black Sea sapropel, whose deposition between ~7.5 and 2.7 cal ka BP was
triggered by the inflow of Mediterranean waters at ~9.3 cal ka BP (Calvert 1990; Jones
and Gagnon 1994; Cagatay 1999; Arthur and Dean 1999; Ryan 2007; Soulet et al. 2011).

The upper Holocene sapropel was deposited under suboxic bottom water
conditions only in the shallow parts during ~5.4-2.7 cal ka BP (Cagatay et al. 2015). Its
organic matter consists mainly of marine algal origin (Tolun et al. 2002). These data
suggest that the upper sapropel is most likely the result of increased organic productivity
caused by elevated, local delivery of nutrient-rich fresh water during the Holocene
climatic optimum.

6.1.3. Mediterranean and Black Sea connections and salinity evolution
As already explained in the previous sections, the core evidence indicates that in

the Sea of Marmara, the environmental conditions alternated between marine and
lacustrine during the period from MIS-1 to MIS-7. The sea was marine and in connection
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with the Mediterranean during the early MIS-1, MIS-5 and MIS-7, and it was
disconnected (i.e., lacustrine) during MIS-2, MIS-3, MIS-4 and MIS-6. The marine
sediments are characterized by the occurrence of euryhaline molluscs and foraminifera as
well as by positive 8'30 values. The brackish to freshwater lacustrine units are defined by
the presence of D. rostriformis, absence of foraminifera and negative 5'%0 values.

The trends of $'30 in marine and lacustrine units are opposite of each other and
indicate that the salinity in the basin evolved over time with connections and
disconnections. The increasing trend of 3'30 in the marine unit (L1) in the northern shelf
cores suggests a transition from earlier fresh/brackish to significantly more saline
conditions within about thousand years (see Figure 8 of Cagatay et al. 2009). Moreover,
in the marine units the trends of 3'80 and 3'°*C converge with both parameters increasing
upward. Within the lacustrine unit L5 (MIS-6) the upward diverging trends of §'%0 and
813C, with 8'%0 decreasing and §'3C increasing upward. This upward decreasing 630 and
the diverging trend indicate freshening of the waters with time (Cagatay et al. 2009). The
slowly freshening trend of §'30 during MIS-6 show the progressive dilution of salt waters
that entered the Sea of Marmara during MIS-7. The §'0 data shows that salinification
during the marine connection is much faster (~1-2 ka) than freshening (some 10s of ka)
after marine disconnection. In the case of salinification, denser Mediterranean water
would enter the Sea of Marmara and descend into the deep basins by gravity, displacing
the less dense lake waters upwards, which would then be quickly expelled to the Aegean
Sea. In contrast, freshening is energetically less favourable because it requires the
removal of dense salty waters in the deep basins, which involves diffusion and eddy
mixing. Consequently, we observe from the stable isotope signals a rapid (ca. 1 ka)
salinification in the base of the uppermost marine unit (L1) and a much more gradual
freshening in lacustrine unit LS (MIS-6).

Modelling studies by Aloisi et al. (2015) using pore water isotope and salinity
data, confirms the conclusions of Cagatay et al. (2009) based on the stable isotope results.
Results of Aloisi et al. (2015) shows that the bottom waters of the Marmara Lake were
brackish (S ~4%o) prior to the postglacial reconnection with the Mediterranean Sea and
that the freshening of the Sea of Marmara by the Black Sea spill-out started at least 50 cal
ka BP and continued until the latest reconnection (~12.6 ka BP; Cagatay et al. 2015).

Strong freshwater discharges from the Black Sea occurred during GIs of MIS-3,
as indicated by very low §'%0 values (-9 %o) of bulk carbonates (Cagatay, unpublished
data) and the presence of bivalve fauna of Neouxine Black Sea affinity in the shelf
sediments (Cagatay et al. 2009). The Black Sea itself received large amounts of melt
waters via the eastern European rivers (i.e., Dniester and Dnepr) and from the Caspian
Sea via the Manych-Kerch spillway during at least 30 ka BP and 15-14 ka BP (Chepalyga
1995, 2007; Bahr et al. 2007; Cagatay et al. 2015). Hence, high water levels up to the
Canakkale outlet might have prevailed in the Sea of Marmara “lake” during the GIs.
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The fact that the Sea of Marmara was disconnected from the Mediterranean during
MIS-3 constitutes a discrepancy considering the global sea level and the Canakkale sill
depth. According to newly calibrated Red Sea level record, the sea level during MIS-3
varied between ~-60 and ~-80 m (Grant et al. 2012). The Sea of Marmara being lacustrine
during the MIS-3 lead Cagatay et al. (2015) to suggest a sill depth shallower than -60 m
for the Canakkale Strait during this period. The alternative hypothesis is that strong fresh
water discharges from the Black Sea during especially the MIS-3 interstadials might have
prevented a significant Mediterranean inflow in the Sea of Marmara via the Canakkale
Strait (Cagatay et al. 2009).

6.2. Paleoclimatic evolution

Both low and high resolution pollen data from the Sea of Marmara reveal the
existence of palynological zones related to the Last Glacial/Interglacial paleoclimatic
changes (Mudie et al. 2002, 2007; Caner and Algan 2002; Valsecchi et al. 2012; Miebach
et al. 2016). These studies show that cold and dry conditions prevailed during the LGM
from 22 to 18 ka BP and the late glacial, until the Bolling-Allered interstadial (14.7 to
12.7 ka BP). The presence of deciduous Quercus and Fagus and Artemisia peak in the
Sea of Marmara during the Younger Dryas (12.7-11.5 ka BP) suggest cold and arid/semi-
arid conditions. Warm and moist climate conditions prevailed in the early and middle
Holocene. Anthropogenic effects appear in the pollen records during 4 ka BP to 1.5 ka
BP, which is characteristic of the Beysehir Occupation Phase.

The multi-proxy data from core MD01-2430 also provides important paleoclimate
information for northwest Anatolia and Eastern Europe during the last ~70 ka. As
explained in section 4.1, the multi-proxy records including Ca (TIC), oxygen and carbon
isotopes, K (and other lithophile elements) of the Marmara core show a very good
correlation with the north Greenland ice core (NGRIP), Tenaghi Philippon and Black Sea
records, indicating strong teleconnections with the North Atlantic. The positive Ca and
negative oxygen isotope excursions of up to -2 per mil (in excess of the temperature
effect; M.N. Cagatay, unpublished data) especially during Gls 5, 8, 10, 11, 12 and 15
within the period strongly suggest warm and humid conditions in the peri-Marmara
regions, as well as input of melt waters from north European ice sheets via the Black Sea.
During the Gls there was relatively high vegetation density in the Sea of Marmara and
the Black Sea drainage basins, as suggested by low detrital input. GIs 3, 4 and 7 are less
distinct in the Sea of Marmara proxy records, suggesting progressively evolving cold and
dry conditions towards the LGM, probably associated with the strengthening of the
Siberian high pressure system in the region.
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7. Conclusions

The sedimentary records from staggered cores the shelf and uppermost slope of
the Sea of Marmara extend back to MIS-7 (190 ka BP). The paleontological and stable
isotope data show that the Sea of Marmara was marine during MIS-1, MIS-5 and MIS-7,
and lacustrine during MIS-2, MIS-3, MIS-4, MIS-6, and possibly during sub-stages MIS-
5b and MIS-5d. However, these records observed on the shelf are discontinuous and
includes breaks in sedimentation during the lowstands of the Marmara Lake. In contrast,
core MDO01-2430 provides a continuous stratigraphy for the last 67 ka and show lacustrine
conditions in the Sea of Marmara during 67-12.6 ka BP (early MIS-4 to late MIS-2).

Lacustrine conditions occurred with drop of the global sea level below the
Canakkale sill depth that might have varied through time because of sediment deposition,
erosion and tectonic movements. The elevation of the sill is not well known prior to latest
marine reconnection of the Sea of Marmara at ~12.6 ka BP. Various lines of evidence
suggest that the sill depth was higher in the past to explain the lacustrine conditions during
MIS-3, MIS-5b and MIS-5d.

5'80 and 3'3C data show that the salinification process after the marine connection
is rapid reaching completion within the first 1 to 2 thousand years. On the other hand, the
freshening process after the disconnections from the global ocean is more gradual, and
taking place over some tens of thousands of years. The freshening might have been aided
by the high input of meltwaters from the Black Sea during the GIs.

Sapropels formed after every marine reconnection of the Sea of Marmara. The rich
organic carbon content in the sapropel mud results from enhanced organic productivity
and preservation under low bottom-water oxygen conditions. These conditions suitable
for sapropel formation are established as the consequence of the inflowing dense saltwater
filling the deep basins and displacing the prior lake water with its nutrients up to the
surface where it is utilized in organic production before being expelled through the
Canakkale outlet. Another important feature of post-glacial marine reconnection is the
development of 1-2 m high bioherm mounds and ridges on the shelf areas.

Changing sea/lake levels in the Sea of Marmara are evidenced by paleoshoreline
features that are observed as berms, wave-cut notches, wave-abraded platforms at ~-64
m, =85 m, =93 m, -105 m on the shelf and shelf edge; these features correspond to
Younger Dryas, the lake level just before the latest marine transgression at 12.6 ka BP, a
brief lake level stillstand sometime between 14 and 12 ka BP, and the LGM, respectively.

Erosional unconformities developed across the entire shelf in connection with

regressions culminating with a lacustrine lowstand during MIS-2 and MIS-6. Flooding
surfaces formed after each marine invasion and during the subsequent transgressions. The
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transgressions were relatively fast, because they coincide with the glacial terminations.
The oscillation between sea and lake, modulated by global eustatic sea level, has resulted
in thick (but incomplete) deposits of the marine sediments in seaward thickening wedges
on the shelf and very minor accumulations of lacustrine sediments in forced-regressive
clinoforms at the shelf edge. The vast bulk of the lacustrine sediments have accumulated
at and beyond the shelf edge and resided today in seaward-dipping strata on the upper
continental slope.

Evidence suggests that in the period of 14 to 12 ka BP and just prior to the most
recent invasion of the Mediterranean Sea, the level of the Sea of Marmara lake fell below
its outlet to produce the observed shoreline terrace at—93m as first documented by Aksu
et al. (1999). In this case, the Mediterranean connection triggered a rapid refilling back
to the sill level, followed by a more gradual transgression as the newly transformed
Marmara Sea rose in tandem with the external ocean. In the course of this transgression
Mytilus colonies took hold on the newly drowned hard substrate and flourished as
bioherms. The molluscs took advantage of the nutrients pumped back to the surface
waters by the growing volume of saline deep water. As the shoreline receded landward
and more substrate submerged, the colonies grew into long rows (ridges) in the shoreward
direction or became left behind as discrete mounds.

Pollen records from and around the Sea of Marmara sediments suggests
teleconnections with the North Atlantic. This conclusion is supported with multi-proxy
geochemical and isotope records from the Sea of Marmara sediments, which show
excellent correlation of with the north Greenland ice core (NGRIP) isotope. The GIs in
the Sea of Marmara are well expressed by high Ca (carbonate) concentrations, low detrital
input and negative oxygen isotope excursions, strongly suggesting high organic
productivity, high vegetation density in the peri-Marmara regions, and high input of melt
waters from north European ice sheets via the Black Sea. Lesser intensity of GIs 3, 4 and
7 in the Sea of Marmara proxy records suggests possible teleconnections with the Siberian
high pressure system during these periods.
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1. Introduction

Cold seeps are found in different oceanic and marine settings (Kennicutt et al.
1985; Moore et al. 1990; Campbell 2006; Tyler et al. 2003) including the Sea of Marmara
(Geli et al. 2008; Zitter et al. 2008; Tryon et al. 2010; Dupre et al. 2015). Typically, they
release fluids rich in methane and other hydrocarbons that are produced by microbial
degradation of organic matter or thermogenic processes. Discharge of these fluids on the
seafloor are usually associated with carbonate crusts and a rich chemosynthetic
community of organisms.

The Sea of Marmara consists of three sub-basins (Tekirdag, Central and Cinarcik)
with up to 1270 m depth, NE-SW trending Central and Western Highs separating the sub-
basins, and shelf areas with less than 100 m-depth (Figure 1). The Sea is cut by the
northern and middle splays of the North Anatolian Fault (NAF) system. Cold seeps and
associated carbonate crusts and chimneys occur along active faults (Cremiere et al. 2012,
2013). Seafloor observations and collection of gas, sediment and carbonate crust samples
were made during Marnaut and Marsite cruises using Nautile manned submersible and
Victor 6000 ROV dives in 2007 and 2014 (Henry et al. 2007; Ruffine et al. 2015).

In this paper we briefly discuss the environmental conditions and mechanisms of
formation of the authigenic carbonate crusts and carbonate chimneys and black sulphidic
sediments along the active faults in the Sea of Marmara, based on the results of
mineralogical, textural and stable oxygen and carbon isotopic analyses of the authigenic
carbonates (Figure 1). The analyses were carried out using binocular and thin-section
microscopy, X-ray diffraction and mass spectrometry.
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Figure 1. Morphotectonic map of Sea of Marmara showing locations of studied
authigenic carbonate samples (bathymetric data from Le Pichon et al. 2001). Blue
lines indicate faults (Ugarkus et al. 2011).

2. Main Results and discussion
2.1. Field occurrence:

Cold seeps widely occur along the submerged North Anatolian Fault system in the
Sea of Marmara, as observed during the acoustic surveys (Geli et al. 2008; Zitter et al.
2008; Dupre et al. 2015). The temperature of these seeps are close to the bottom water
temperature of the Sea of Marmara (i.e., 14°C). The seeps commonly emit hydrocarbon
gases (mainly methane) and other fluids, such as brackish water and oil (Bourry et al.
2009). At the base of the slope off the Ganos Mountain, mantle helium spills out through
a tension gash (Burnard et al. 2012). Oil seepage and gas hydrates were observed from a
mud volcano cut by the Main Marmara Fault on the Western High (Tryon et al. 2010).

The authigenic carbonate crusts occur as pavements and chimneys in the Sea of
Marmara (Cagatay 2010; Crémiére et al. 2012). The pavements range up to 10 c¢cm in
thickness and the chimneys and mounds up to 2 m high (Figure 2). The authigenic
carbonates are commonly associated with patches of black sulfidic sediments that overlay
or are surrounded by carbonate pavements (Figures 2B, 3A, B). The black colour is due
to the presence fine-grained Fe-monosulphides. The black sulphidic sediments occur
usually with bacterial mats that accommodate a rich chemosynthetic community of
bivalves, sea urchins and marine annelid worms (Polychaeta) (Figure 3A, B). The
bivalves show similarities to A, which is a mytilid species found in the Eastern
Mediterranean (Ritt et al. 2012). The normal seafloor sediments of the Sea of Marmara
are beige coloured and include widespread bioturbation (1-2 cm diameter boring holes)
caused by the pink shrimp Parapenaeus longirostris (Lucas, 1846) (Artiiz 2006; Oztiirk
2009) (Figure 3B).
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Figure 2. (A) A 2 m-high carbonate mound with its base fractured by faulting,
Central Basin. (B) A fault scarp east of the Central Basin. Black sulphidic
sediments in flat area at the base of the fault scarp and beige oxic sediments on the
fault scarp bored by pink shrimp Parapenaeus longirostris.

Figure 3. (A) Carbonate pavement fractured by faulting and fractures filled with
black sulfidic sediments and colonized by scores bivalve Idas modiolaeformis.
Central Basin, east. (B) A patch of black sulfidic sediment colonized with tube
annelid worms Polychaeta and white filamentous bacterial mat. Western High.

2.2. Mineralogy, textures and structures

The authigenic carbonates consist mainly of aragonite with trace amounts of high
Mg-calcite. A few samples contain subequal amounts of aragonite and calcite. Carbonate
crusts commonly have sinter-like porous, botryoidal and sugary textures with a rich fauna
of bivalves and serpulid tubes cemented by carbonates (Figures 4, 5). Some samples are
coated by and contain veinlets of Fe-oxyhydroxides (Figure 4B). Binocular microscopic
observations indicate carbonate veinlets and 300-200 pm in diameter ornamented tube
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worms. Acicular aragonite crystals occur inside the bivalve shells. Some samples contain
up to 200 pm in diameter pyrite crystals. In some samples rare 0.5 mm-wide Fe-
oxyhydroxide fracture filling veinlets are present.

Figure 4. Carbonate crust samples with a colony of bivalves (A), and botryoidal
structure and Fe-oxide covered surface (B)

Figure 5. Binocular microscope pictures of carbonate crusts with serpulid worm
tubes (A), and sugary texture (B).

2.3. Stable isotope composition

Carbon isotope values of 20 authigenic carbonate samples from the Sea of
Marmara range from -47.62 to -13.65 %0 V-PDB (Table 1). The relatively heavy carbon
isotope values (-13.65 to -24.90 %o V-PDB) are observed on the Western and Central
pressure highs. Oxygen isotope values vary between 1.32 and 3.8 %o V-PDB. These
values are compatible with deposition of the carbonates from the Mediterranean water
forming the deep water mass in the Sea of Marmara.
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Table 1. Stable carbon isotope (8'*C) and oxygen isotope (5'%0) values of
carbonate samples. Samples with relatively heavy §!*C values within grey-shaded
area are from pressure highs.

Samples 613C %o 6180%o0
1661 R1 -47,62 3,07
1661 R2-A1 -42,5 3,0
1661 R2-U2 -46,3 2,9
1661 R3 -29,8 1,8
1661 R4-1 -44,2 2,2
1661 R4-2 -40,6 1,8
1661 R5 -37,5 2,2
1661 R6 -43,9 3,8
1661 R7 -36,56 1,99
1662 R1 -13,65 3,27
1662 R4 -23,16 3,37
1662 R5 -24,90 3,12
1664 R1 -18,10 2,82
1664 R2 -20,15 2,88
DVO02 CC02 -35,35 3,21
DVO02 CC03 -14,83 3,22
DV04 CCO1 -42,10 1,32
DV04 CC04 -36,31 1,63
DVO05 CCO1 -43,79 3,07
DVO5 CRL2 -4,58 1,22

2.4. Formation of authigenic carbonate and black sulphidic sediments

In the active methane emission zones in the Sea of Marmara, the sulphate/methane
boundary occurs at or close to the seafloor, whereas elsewhere in the sea, the same
boundary is located at 2-5 m below the seafloor (Cagatay et al. 2004). This, together with
commonly very light stable carbon isotope values (13C=-29.8 to — 47.6, indicates that the
anaerobic oxidation of high methane flux emitted from the active faults is the major
process (Boetius et al. 2000; Valentine and Reeburg 2000; Orphan et al. 2001; Niemann
et al. 2006) that provides the necessary HS- and HCOj ions for the formation of Fe-
sulphides in the black reduced sediments and the carbonates in the authigenic crusts,
chimneys and mounds at or close to the seafloor. Furthermore, the anaerobic methane
oxidation reaction provides food and energy for the rich chemosynthetic life.

The origin of methane is either biogenic or thermogenic in the Sea of Marmara.
The hydrocarbon gases sampled on the pressure highs are of thermogenic origin and have
similar carbon isotopic composition with those of the Thrace basin (Bourry et al. 2009;
Giirgey et al. 2005). Heavy 8'3C values (-13.65 to -24.90 %o V-PDB) observed in the
authigenic carbonates on the pressure high indicate the derivation of carbon from the
oxidation of organic matter or degradation of oil.
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3. Conclusions

Widespread fluid emissions occur along the North Anatolian Fault system in the
Sea of Marmara. These emissions are associated with carbonate pavements, carbonate
chimneys and black sulphidic sediments that are colonized with bacterial mats and a rich
chemosynthetic fauna of bivalves, sea urchins and annelid worms (polychaeta). The
isotope evidence, together with the close association of the carbonate and sulphidic
deposits indicates that they are formed by the anaerobic oxidation of biogenic or
thermogenic methane at or near the seafloor.
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1. Coastal Geomorphology of Sea of Marmara

Sea of Marmara, which comprises the Turkish Strait System together with
Istanbul and Canakkale Straits (Dardanelles and Bosphorus), is an inland sea with a
total surface area of 11.500 km?. The system controls the water exchanges between the
Mediterranean Sea and the Black Sea. The Sea of Marmara extends for about 240 km in
east-west and about 70 km in north-south directions. The total lenght of its coastline is
927 km (Figure 1).

Various natural agents should be considered to shed light on the development of
coastal landforms. Almost none of relief forms such as those peculiar to fluvial,
volcanic, karstic and semi-arid environments hing enigmatically upon such different
agents and processes acting in coastal areas. Because, coastal landform development is
in one sense the combination of these distinctive morphonamic processes, coastal
topography and coastal forms involve a great variety of morphological forms and
coastal types as the result of internal and external factors.

In consideration of the aforementioned issues, factors having importance for
development of Sea of Marmara coasts as such in the world coasts (Ering, 2001) are as
follows; 1- Lithology

2- Internal factors

3- External factors

4- Time

5- Geomorphological characteristics of the coastal area

To dwell briefly on these agents, it can be stated that Sea of Marmara and its
environs, along with some local differences, forms an area typical of discordantly
covered reliefs. Massif rock units are covered by surficial deposits. The southern and
northern parts of the Sea of Marmara have been primarily controlled by the North
Anatolian fault for the last 15 Ma. Sea of Marmara coasts are at present shaped by
waves and currents as the main external agents of coastal landform development. The
effects of organisms, excluding reefs, pond scums and mangroves typical of tropical
coasts, cannot be neglected when anthropogenic involment by constructing coastal
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structures (i.e. pier, harbor, fishing port, filling facility, sewage plant, fill areas etc.) are
considered.

Figure 1. Geomorphological map of Sea of Sea of Marmara and Turkish Straits
System coasts (from Ering et al. 1984).

Time is of utmost importance in geomorphology. This is due to its importance in
designating factors and processes that resulting landforms faced. Such as in world
coasts, the coasts of the Sea of Marmara are also at youth stage due to inundation
following the last glacial period. Morphological features of the coastal region is of
particular importance in the east-west oriented longitidunal Sea of Marmara coasts
coasts. Thus, islands in its northern and southwestern parts are raising mountain
summits and hills formed by old massive rocks on the shelf areas. Typical examples are
Mt. Kayisdag, Dragos Hill and Biiyliada (Great Island). These are monadnocks
(erosional residues) composed of quartz sandstone emerged as result of peneplenation.
On the other hand, the environs of Istanbul Islands became like islands as result of sea-
level rise; as such in the Southern Marmara Arcipelago.

In general view, Apline section of the E-W aligned mountain range in the
northern part of Turkey formed as consequence of tectonic movements. Thus, as is the
case with the Black Sea coasts, mountains extending parallel to the sea resulted in the
formation of longitidunal coasts throughout the Sea of Marmara. These coasts are
considered to have been controlled by tectonic lines running parallel to the coastline.
Thus, the environs of the Sea of Marmara are diversified in respect to geological
structure and relief forms. By virtue of the North Anatolian Fauls in the middle of the
Sea of Marmara, coastal landforms vary as well.

291



The coastal forms which offer local differences that are not very similar to each
other draw the attention along the northern and southern Marmara shores. The shelf area
extends to 2-30 km from the shore. However, it is variable. For example; it extends up
to 30 kms in Karadag offshore of northern Bandirma while it is only 2 km wide in
Cinarcik. From the shelf area, a steep continental slope (chamfer) descends to the deep
sea floor which extends to 1250 m. There are three basins lined in the east- west
direction (Tekirdag, Central and Cinarcik basins) and two ridges with intertwined crests
between the basins (Ardel-Kurter 1973, Cagatay et al. this volume). The deepest point
of Sea of Marmara is in Cinarcik Pit in the east and the depth is 1270 m.

Structure and relief have played an important role in determining coastal
patterns. The northern part of the Marmara trough extending between the Bosphorus
and the Dardanelles is the cover units leaning towards the Paleozoic massif of Istranca
and Istanbul or the edges of the low plateau formed by these massifs. In the west,
however, the masses of Ganos and Korudag bring a mountainous edge rising above the
Sea of Marmara. with the maximum height is 945 m (inandik 1958). In the Samanl
Mountains, altitude is 1115 m behind Yalova; and in the south of Gélciik, it goes up to
1314 m. The highest point in the Marmara Region is the Uludag Peak, 2543 m in the
south-east.

Coastal area between Gelibolu and Marmara Eregli: These shores are
represented by high and steep cliffs as they are mostly in the group of faulted shores.
However, lowland shores and beaches are encountered in the riverside outfalls and
erodible dead cliff shores.

Coastal area between Marmara Ereglisi and the Bosphorus: The Marmara
Ereglisi forms a protrusion towards the Sea of Marmara to the south. In fact, the place
where it is located is a tombolo, which is later tied to the land. Apart from this, there is
not much elevation in the area as it is formed from low plateau area in general; it is
represented by low cliffs and the cliffs are transformed into dead cliffs, where there are
erodible rocks. This part constitutes the Catalca Plateau shores. As one heads west
towards the Bosphorus from Silivri, shore takes the form of “harbour shore”. Shore-set
lakes (lagoons) are formed by the closure of the fronts of the old coves with a set. K.
Cekmece Lake is another shore-set lake as well as B. Cekmece Lake. In their forming,
the waves and currents and submarine topography as the external factors, especially
marine factors, played the important role. Glirpinar environs and Beylikdiizii shores are
the examples of landslide shores. These shores usually present a mature topography
since they are usually formed of Silivri clay and sand and Bakirkdy limestones. In
general, the plateau surfaces of about 50-100 meters behind the shore end with cliffs of
10-20 meters. Yesilkdy, Bakirkdy, Zeytinburnu and Yenikap1 shores of existing cliffs
lost their naturalness due to coastal use and remained in urban texture. Especially due to
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the coastal road between Yesilkdy and Emindnii and the presence of anthropogenic
fillings and recreation areas, these shores have been artificially modified (i.e., generally
manmade).

The Bosphorus coasts: This strait that ties the Black Sea and the Sea of Marmara
extends between Rumeli Lighthouse- Anadolu Lighthouse and Haydarpasa Port-
Ahirkapt Lighthouse (Sarayburnu). It is more indented than the Canakkale Strait. The
length of the Bosphorus; between Rumeli Lighthouse-Ahirkapt Lighthouse
(Sarayburnu) on the shore of Rumeli is 55 kms. and between Anadolu Lighthouse-
Haydarpasa Port in the Anatolian side is 35 kms. The Bosphorus stretches in the form of
an S in the northeast-southwest direction; its length in plan-view is 30 km. The
Bosphorus, which is wide in its the northern and southern outlets, narrows in the middle
parts. While the width is 3.6 km between the Rumeli Lighthouse and the Anatolian
Lighthouse in the north, it is 2.5 km from Ahirkapi Lighthouse-Haydarpasa Port in the
south. The narrowest point is 700 m between Anatolian and Rumelian fortresses.

The Bosphorus was excavated in the Paleozoic Graptolitic schists (570-225
million years ago) and occasionally served as a valley and occasionally a waterway in
the glacial and half-glacial periods in the Quaternary (2.5 million years). Finally, it was
completely inundated with sea water about 7500 years ago (7.400 = 1.300 years)
(Goksu et al. 1990; see also Cagatay et al. this volume) and it got its appearance of
today. As the archaeological researches suggest that the civilization in Fikirtepe
(Kadikdy) dates back to 5000 BC and Yarimburgaz (K.Cekmece) to 4800 BC; it has
been determined that environmental changes around the entrance of the Bosphorus and
the Golden Horn almost paralleled the human occupation about 7000 years ago (Merig
1990). The Bosphorus is the waterway form of the river valley buried in the Catalca-
Kocaeli Plateau by sea flooding. Looking carefully, it is understood that the steep rising
behind Uskiidar-Haydarpasa is a meander steep that developed on the slope of a river
valley and formed as a result of side erosion and formed a concave input. It offers
compatibility because the opposite shores of the Bosphorus are an old river valley.
However, the folding of the strait shores does not sometimes resemble each other. This
is the evidence of a continuation of a developed landslide under the Bosporus in the
local area. Since, this compatibility deteriorates and improves in the opposite direction
of compatibility. The most typical of these is "Beykoz Landscape" opposite Biiyiikdere
Bay.

The Golden Horn, an inlet of the Bosphorus, is a river valley created by the
merging of the streams of Alibey and Kagithane, formed like itself by sea-flooding. In
other words, the Golden Horn is a typical example of ria shore, just like the Istanbul and
Dardanelles Straits.
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Submarine Geomorphology of Istanbul (Bosphorus) Strait: The -50 m deep
contour (isobath) follows the entire strait gutter in the form of a channel parallel to the
shore. In general, the 50 m deep channel has elliptical depressions of up to 70 m and up
to 110 m in front of Rumeli fortress. The 50 m depth contour following the Istanbul
Bosphorus does not reach the Sea of Marmara in the south and closes. This is caused by
a heel rising to a depth of 40 metres between Sarayburnu-Harem. A submarine valley
extending 14 km on the shelf in the Sea of Marmara is the continuation of the strait
gutter towards the Sea of Marmara. The strait continues in the north with a submarine
valley over the Black Sea continental shelf. The sediment thickness in the middle
reaches 100 m (Gokasan 1998). In the section of in front of Biiylikdere where it
corresponds to a buttress of at least 65 m., the current Istanbul Bosphorus waterway is
formed as a consequence of the flooding of the sea on the valley where there are rivers
flowing in two different directions to the north and south after the melting of the
glaciers in the last post- glacial period. At the same time, the area where the rivers settle
here is actually the result of the faults passing through the NAF (North Anatolian Fault).
For this reason, the Bosphorus is an old fault valley where there are inactive faults
which can be active at any time (Gokasan 1997 ve 1998). The alluvium here is rather
new and the fact that the baby ashes in the cube grave of Yenikapi excavations
(Kocabasg 2008) are 8500 years old or the marine sediments in the southern outfall of the
Bosphorus are 7500 years old indicate that the Istanbul Bosphorus waterway is very
young.

Coastal area between the Bosphorus and Tuzla: It is seen that rocks such as
shale, limestone, quartzite, arkose belonging to the Paleozoic massive from Uskiidar
shores are exposed in cliffs. With the erosion of the old Neogene deposits that have
been stripped off the surface behind the cliff, the Istanbul Peneplain, a fossil
topography, emerges. Here, the K. ve B. Camlica hills, Aydos Mountain, Kayisdag and
Alemdag are the monadnocks, that is, mountainous masses that have remained from the
erosion. However, since these shores between Kadikdy and Tuzla are filled by humans,
with the anthropogenic effect, the sea has no ties with the land. Active cliffs have also
taken the form of anthropogenic (manmade) cliff. These shores offer a mature
topography, since they are usually formed by the shale. In general, the plateau surface
behind the shore ends with cliffs of 10-20 m. Haydarpasa, Kalamis and Pendik coves
lost their naturalness due to the coastal use and remained in urban texture. Due to the
coast road and fillings made between Kadikdy-Pendik (Photo 1) as well as the
establishment of Haydarpasa Port; Haydarpasa, Kadikdy, Moda, Bostanci, Pendik,
Kartal, Tuzla ferry ports; Fenerbah¢e Yacht Harbor and Pendik and Tuzla shipyards;
these shores naturally lost their ties with the land and they are usually manmade
arrangement. The slope of the common cliff slopes on these shores is in the range of 5-
10° as it is in the Moda cliffs.
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Tuzla coasts: The islands present here have emerged in the present coastal form,
either by natural means or, by manmade connections. The most important role in this
area is the stopping of coastal development by the partial filling of the Tuzla (Kamil
Abdus) Lake (lagoon) and by its partial joining into the channel. The presence of marine
terraces, marine elements and shells in the 20-40 m in Tuzla is a proof that the shore
rose in the Pleistocene. Taking into account the similar uplift in the west between
Sarkoy and Miirefte at +140 m; and between Yalova and Karamiirsel in the east at 18-
20 m., we can talk clearly about the effectiveness of the NAF in the field. However, the
terrestrial effect and coastal uplift differ (Ertek 2006).

Photo 1. Maltepe fillings along the Sea of Marmara shores in Anatolian part of
Istanbul (http://www.milliyet.com.tr/gundem/dev-park-havadan-goruntulendi-
1911144/son-dakikagundem/SonDakikaGaleri/13.07.2014/1911144/default.
htm?PAGE=2).

Northern coasts of izmit Gulf: They are the shores of a plateau area split by the
short rivers descending from the Kocaeli peninsula. However, based on the
effectiveness of the NAF, they are still young shores. For that reason, with the exception
of river outfalls, they are often cliff-top and high-shore. By the development of a pond
fan in the outfalls of the rivers which are energized by the influence of the NAF and
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eventually the fostering fans formed a mountain rug on the northern shores of the Izmit
Gulf (Cuvas 2002). Due to the settlements of the industry developing towards Izmir, the
coastal form is man-made arrangement. The eastern part of the Gulf is low and it is a
field of marsh and reeds with the alluvion carried by the Yuvacik brook from the south
and Cuhahane brook from the south. This is a place where the NAF comes from the east
and submerges into the Sea of Marmara, as will be remembered from the surface
rupture of the 1999 Marmara Earthquake.

Southern coasts of Izmit Gulf: Particularly because the active North Anatolian
Fault passes through the southern shore of the bay, the freshness of the morphological
forms and the occasional change of the shoreline can be seen even during the historical
periods. The southern shore of the Izmit Gulf is coastal with a generally straight line
extending east-west. However, in the Laledere and Hersek deltas on the outfall of
Laledere and Yalakdere, there are deltaic plains in the form of protrusions to the north.
The coastal shape changes around here. Apart from this, beyond the shore extending
between Yalova and Karamiirsel, there are marine terraces consisting of old abrasion
platforms extending in two different levels at 12 and 20 m (Ering 1956).

Southern coasts of the Sea of Marmara: Shoreline in comparison with the
northern shores of the Sea of Marmara is more indented due to the existence of various
coastal formations such as deltas (Hersek, Laledere, Kocasu, Gonen, and Biga deltas),
peninsula (Kapidag, Bozburun peninsulas) and gulfs (Izmit, Gemlik, Bandirma and
Erdek gulfs). These shores, which extend between Lapseki and Izmit, offer considerable
diversity in terms of structure and relief. In particular, rocks are older, stiff and massive.
The massive Samanli Mountains form a protrusion in the east-west direction towards
the Sea of Marmara in the south of the NAF. Imrali Island in Bozburun extension is the
continuation of this. From the south of the Gemlik Gulf, the second, that is, southern
branch of the NAF in east-west direction passes. Along this active branch, the coastal
form also offers diversity.

Coastal area between Gemlik and Bandirma: Here, the structure and relief are
again in the foreground. Except for the low shore formed bu Kocasu Delta, generally
high and cliffy hills are dominant until Bandirma (Y1ldirim 2001).

Kapidag Peninsula and its coasts: Kapidag, an old island, is a tombolo tied to
Anatolia by a double coastal arrow. The reason for the inverted triangle is that the
shores are formed of faults and high cliffs (Giineysu 1999; Gazioglu et al. 2014).

Biga coasts: 20 km west of the Gonen Delta, there is a beach area formed by low
shorelines. This area called Denizkent or Tahirova is a developed coastal plain in front
of the Sinekg¢i Fault. From the western part of this beach, another shoreline formed by
the alluviums of Biga brook is passed. From Karabiga to west, up to Umurbey, the
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shores with the massive character are steep and formed of cliffs. However, because of
the loosely cemented claystone, sandstone and conglomerates of Miocene between
Umurbey and Lapseki, the area again gets a low plateau appearance and the cliffs
usually turn into coastal plains with landslides (Bekler 2011) or marine terraces and
sloping cliffs. According to various researchers, coastal terraces at various ages were
identified in 164 localities and 97 different levels with elevation, age, fossil and marine
material characteristics. Young tectonic movements are also effective in the Marmara
Region. In addition to the 110 m harmonization of the coastal terraces on the northern
and southern shores of the Sea of Marmara, such as Hogkdy, in the north (Lokalite 11)
and Hamamli (Localities 106) in the south in the Kapidag peninsula; due to the fossils
(Yaltirak et al. 2000) not conforming with each other show the effectiveness of the local
tectonics. For this reason, the Cavda level at Canakkale Sartyarlar (Lokalityl132),
located between 180-190 m and 520.000-550.000 years old, is located at 1-2 m levels.
The original Cavda level, however, is 95-110 meters. Thus, while a rise of 80 cm is
relevant the first, a fall of 93-94 m should have occurred in the second. With the many
new coastal zone locations and levels to be uncovered around the Sea of Marmara from
now on, we think that the amplitude of the active tectonics in the field will be revealed
in more details based on radiometric age determinations of all of them and that the
geomorphological development of the field will take place in a healthier way (Ertek et
al. 2001).

Coasts of Canakkale Strait: This strait, extending between Gelibolu-Cardak and
Kumkale-Seddiilbahir ties the Sea of Marmara to the Aegean Sea. It is less indented
than the Istanbul Bosphorus. The length of the Dardanelles Strait is 78 km between the
Ilyas Burnu (Seddiilbahir) and the Cankaya Burnu (Gelibolu) on the Rumeli shore and
the distance between Kum Burnu (Kumkale) and the Cardak Lighthouse (Cardak) is 94
km. The Bosphorus stretches in the northeast-southwest direction and the air distance is
60 km. The north-eastern outfall between Gelibolu and Cardak Lighthouse is 3.2 km
and the south-western outfall is 3.6 km wide. The narrowest part is between Kilitbahir
and Canakkale with 1.2 km. Stratigraphy of the Dardanelles is composed of lithologies
such as Sarcassian-Pliocene limestone, marls and pebbles, sand and clay (MTA 2002).
The streams reaching the Canakkale Strait created small size coastal plains. Although
the strait has the characteristics of a river valley buried entirely on a Pliocene age
abrasion surface, it conveys sharp traces of tectonics by drawing sharp elbows, as seen
in the Dardanelles-Eceabat region. The shores of Canakkale Strait are influenced by
surface currents coming from Marmara and reaching the Aegean. A shoreline arrow is
located in the north of Lapseki, parallel to this stream direction (Glineysu 2000). The
shores of the Canakkale Strait show slightly concave shoreline features from the
Marmara entrance to the Canakkale-Eceabat elbow, with traces of terrestrial erosion.
The southwest of Gelibolu is an example to this in the west of the strait. To the east of
the strait the delta formed by Uludere preserves its properties despite the presence of
surface currents. Following the Canakkale-Eceabat elbow, the eastern shores of the
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strait first to the south and then to the south-west show low coastal features with deltas
formed by the Koca Cay and Kabalak brooks. In the southwestward direction of the
Kabalak Delta, the shoreline provides a concave view that can be called meander,
bearing the trace of terrestrial erosion. In this area, developed cliffs as the result of
waves are detected (according to Ering et al. 1984in Giineysu 2000). In contrast, the
western shores of the strait show a straight stretch. The eastern coasts of the Canakkale
strait end with a low coastal feature with the delta formed by the Kiigiik Menderes
Stream at the exit of the strait to the Aegean Sea (Giineysu 2000).

Submarine Geomorphology of Canakkale Strait: In the middle of Canakkale
strait there is a groove extending from north to south with a depth of 50 metres. There
are oval-shaped deep pits from place to place in this groove. The depth is 102 m in Nara
Burnu, 109 m between Canakkale and Kilitbahir. With the impact of strong strait
currents bottom deposits are partially seen. The Canakkale Strait is an old river valley
which is directed to the north and south, but the Gelibolu Peninsula is formed of three
different islands. The Gelibolu section is partially filled with fillings as a result of sea
flooding and the strait is turned into a waterway. The walla of the strait are faulted, and
their primary position is a faulted valley, like the Istanbul Bosphorus. In the middle part
of the strait the sediment thickness is around 40 m (Gokasan et al. 2008).

2. Coastal Geomorphology of Sea of Marmara Islands

Geographically, compared to the island countries like Greece or the Philippines,
there are not many islands, islets and rocks in the Turkish seas in general. However, in
Sea of Marmara, there are more islands. Based on tectonic, eustatic, climatic and
structural reasons, the Sea of Marmara is an inner sea with more islands, islets and rocks
than the other Turkish seas. The islands in the Sea of Marmara are gathered in the
archipelago in the south of Istanbul and in the South Marmara. Apart from a few that
are individual, there are islands and rocks nearby.

It is possible to combine the Sea of Marmara islands in two major groups and the
others in a dispersed third group. (1) Istanbul Islands, (2) Southern Marmara
Archipelago, (3) Other Sea of Marmara Islands (Ertek 2011).

2.1. istanbul Islands

Other names are Red Islands or Prince Islands. In the southeast of Istanbul, there
are a total of 9 islands 5 of which are big with an average of 1 km from the shore and
with inhabitants. These are;

Biiyiik Island (Prinkipo), 5 km?
Heybeli Island (Halki), 2.46 km?
Burgaz Island (Antigoni), 1.46 km?
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Kinali Island (Proti), 1.32 km?

Sedef Island (Androvita), 0.34 km?

Kasik Island (Pita), 0.06 km?

Tavsan Island (Neandros) 0.11 km?

Yassi Island (Plati), 0.12 km?

Sivri Island (Ohia), 0.10 km? (Source: Mediterranean Islands, 2003).

It is seen that rocks such as shale, limestone, quartzite, arkose of Paleozoic age
seen from Uskiidar shores are exposed in cliffs. With the erosion of the old Neogene
depots that have been stripped off the surface behind the cliff, the Istanbul Peneplain, a
fossil topography, emerges. Here, the K. ve B. Camlica hills, Aydos Mountain,
Kayigdag and Alemdag are the monadnocks, that is, mountainous masses that have
remained from the erosion. Besides these, the Istanbul Islands, which have been flooded
and splatterd in front of the mentioned shore offer the same features. They rise from the
sea just like Kayisdag and Aydos Mountain. They are the oldest rocks of Istanbul at the
same time as they rise from the sea level due to the presence of quartzitic rocks (MTA,
1964 ve 2002). In the coastal area between Kadikdy and Tuzla to the 3.5-6.5 km south
of the Marmara coasts are the Istanbul islands. Except for the Yassi Island and Sivri
Island, the others are almost parallel to the shore. The first two are further offshore at
about 6 km southwest of Burgaz Island. The total area of the Istanbul Islands is
approximately 11 km? (10,772 km?) and the total length of the coasts is 46 km. There
are permanent settlements in five of the islands (Biiyiik Island, Heybeli Island, Burgaz
Island, Kinali Island and Sedef Island). The majority of houses are used as summer
houses. In summer there is an intense domestic tourism activity in the islands.

Istanbul islands are the remaining monadnock hills from the abrasion caused by
hard rocks like the Lower Ordovician quartzite (quartz arenite) on the Kocaeli Peneplain
located in the coastal area between Kadikdy and Tuzla. Istanbul islands are formed as a
result of tilting of Kocaeli peneplain in Pliocene and the sea flooding of southern part's
25000 years ago (Ertek 2008).

Biiyiik Island, with an area of 5.4 km? and a coastal length of 13.1 km, is the
largest and located in the furthest south-eastern part. The length in the north-south
direction is 4.6 km while the width in the east-west direction is 1-2 km. The central and
southern parts of Biiyiik Island are formed of the Lower Ordovician quartzites (Aydos
Formation). On these hard rocks from north to south, there are three hills named Belen
Tepe (201 m), Yiice Tepe (200 m) and Avct Tepe (171 m) which are separated by long
and narrow ridges. There are unseparated detrital nodular limestones of Denizli Village
Formation which are Middle-Upper Devonian-Lower Carboniferous age old and
patched with quartzites by a thrust west of the quartzites. The fossil surface of 2 km
long, consisting of Lower Ordovician age-old arkosic sandstones (Kurtkdy Formation)
extending 60 m northward from the quartzitic Belen Hill to the northernmost, is in the
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shape of a long tall ridge. However, the arkosic sandstones are surrounded by the
Baltalimant member shales of the Denizli Village Formation and of Middle-Upper
Devonian-Lower Carboniferous age, which is softer on the shore. There are several dry
valleys in this section containing the actual settlement. On the western bank of the
island, Dil Burnu is located with 100 m in width and 500 m in length. To the south of
this foreland is Yoriikali Bay, Nizam Bay to the east of the island and Karacabey Bay to
the southeast. Yoriikali, Nizam, Degirmen beaches are the low shores of the island.
These are the shores consisting of steep slopes extending from the Birlik Meydani on
the fossil surface to the shore. For example, the slopes of Nizam Neighborhood in the
east are inclined to the southeast and 17°. Biiyiik Island shores are usually drowned,
young and high shores (Ertek 2008).

Heybeliada is located between Burgazada and Biiyiikada and has an area of 2.3
km? and coastal length of 8.8 km. Its length in the north-south direction is 1, 85 km
while the width in the east-west direction is 1-2.5 km. In the central part of Heybeliada
there are two abrasion hills at the height of 140 m in the north and 127 m in the south
bound with a narrow high which is formed of the Lower Ordovician age quartzites
(Aydos Formation). There are arkosic sandstones of the Kurtkdy Formation in the area,
which surrounds the quartzites from the south and especially from the west and also
forms an 82 m hill to the north of the island. The narrow surface area, which emerges as
a fossil surface at 60 m on the western side of the 140 m hill, is forked in the south-west
of the island and ends at 10 m in the forms of two different types of cliffs. To the north
of the 140 m hill, it is tied to an 82 m arkosic sandstone hill with a narrow high. In the
central part of the island towards the north, there are partly softer Middle-Upper
Devonian-Lower Carboniferous age Baltalimani shale member of the Denizli Village
Formation. In this section where the original settlement is located, there are two dry
valleys developed towards the east and west direction. On the western coast of the
island, there is the Degirmen Burnu which is 100 m wide and 300 m long and is formed
by the turbiditic sandstone-shale succession of Trakya Formation. To the south of the
island is the Cam Limani (Cove), whose outfall is open to the south and is C-shaped.
The slope between the 140 m peak and Yoriikali Beach located in 500 km south-
western is 16°. Degirmenburnu south and Cam Limani are in the low-shore group and
are pebbly-sandy beaches. The Heybeliada coasts are usually drowned, young and high
coasts (Ertek 2008).

Burgazada has an area of 1.5 km? and a shore length of 5.6 km. and it is located
between Kinali Island and Heybeli Island of the Istanbul Islands. Its length in the north-
south direction is 1 km while the width in the east-west direction varies between 1 and
1.5 km. Almost all of Burgaz Island is formed of the Lower Ordovician quartzites
(Aydos Formation). The highest point is the 167 m hill. To the north of the quartzites,
there is a fossil surface that has been formed from arkosic sandstones (Kurtkdy
Formation) extending in narrow areas with 50 m. This surface forms the Mezarlik
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Burnu on the shore. There is also another quartzitic nose called Kalpazankaya Burnu in
the southwest of the island. To the east of the island where the original settlement is
located there are partly softer Middle-Upper Devonian-Lower Carboniferous age old
Baltalimani shale member of the Denizli Village Formation. Here it is represented by a
dry valley. The Sadun Boro Bay to the south of the Mezarlik Burnu enters the low-shore
group and has a pebbly-sandy beach. In general, the Burgazada coasts are usually
drowned, young and high coasts (Ertek 2008).

Kinaliada is the most northwestern of the Istanbul Islands with a 1.3 km? area
and a coastal length of 5 km. Its length in the north-south direction is 1300 m and the
width in the east-west direction varies between 850-1300 m. Nearly all of Kinaliada is
formed of the Lower Ordovician quartzites (Aydos Formation). The highest points are
105 m on the west, 114 m on the east and 92 m on the south. These are tied to each
other with narrow highs. To the north of the quartzites is an arkosic area with a narrow
area in the main settlement in Kinali's north and east, there are partly softer Middle-
Upper Devonian-Lower Carboniferous age old Baltalimani shale member of the Denizli
Village Formation. Ugpinar Cove, west of the island, also has a pebbly beach with a low
coastline. In addition, the Kaya Burnu in the north-west of the island, the Ocak Burnu in
the southwest and the Liman Burnu in the east are significant protrusions. Besides,
Kinaliada coasts are usually drowned, young and high coasts (Ertek 2008).

Sedef Island is located to the east of Biiyiikada with an area of 0,157 km? and a
coastal length of 3 km. Its length in the north-south direction is 1 km and the width in
east-west direction is between 100-500 m. The island was completely formed by shale-
sandstone-clayey limestones of Upper Silurian-Lower Devonian age of Pelitli
Formation. There is a 56 m peak in the central part. From here, a ridge stretching to the
north and south of the island stretches and ends at the shore. In the north and south it
has noses in the shape of bulges. Sedef Island coasts are usually drowned, young and
high coasts. However, it has a sandy-pebbly beach on the low coast of the south-western
coast (Ertek 2008).

Tavsanadasi is located to the south of Biiyiilkada with an area of 0,010 km? and a
coastal length of 3,5 km. Kagikadas1 is the smallest of the Istanbul Islands with an area
of 0,008 km? and a coastal length of 1,5 km and is located between Heybeliada and
Burgazada. It is 500 m long in the north-south direction and 30-225 m wide in the east-
west direction. The highest point is the 23 m hill in the north of the island.

Yassiada has an area of 0,052 km? and a coastal length of 2,5 km. It is located
5,5 km further south east from Heybeliada. Sivriada (Nooz Island) has an area of 0,045
km? and a coastal length of 3 km. It is located 6,5 km further south west of Heybeli
Island.
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2.2. Southern Marmara Archipelago

When we look at the geological structure of the Southern Marmara Islands; we
can see that they are formed of massive and metamorphosed rocks. Their cliffs rise from
and extend over the southern Marmara shelf. After the last glacial period, they were
converted to islands by marine flooding. Kapidag is one of the southern islands, that
was later tied to the land with a double clamping set forming the Belkis tombolo. South
Marmara Archipelago, rising on the southern Marmara shelf in the south-western part of
the Sea of Marmara, consists of 23 islands and islets and numerous rocks (Ertek 2011).
The islands, which have a total area of about 165 km?, constitute a continuation of the
Kapidag Peninsula in morphological and structural aspects. These islands are the
monadnocks rising from the southern Marmara shelf. Especially Marmara Island (117
km?) which gives its name to "Sea of Marmara" and from which marble is extracted, is
the main one. Others are Pasalimam Island (21 km?), Avsa Island (20 km?), Ekinlik
Island (2.47 km?) and Sheep Island (1.71 km?) (Ertek 2011). There are settlement in the
first four islands. Other islands and islets are deserted. From these, a formation of
beachrock 200 m long, 2 meters below the sea to the west of the Koyun Island, and in
the same place, tsunami deposits extending to +2 m above the low-rise limestone were
unearthed. It has been demonstrated that the level of the Sea of Marmara varies with
both eustatic and tectonic and climatic processes (Ertek et al. 2015).

2.3. Other Sea of Marmara Islands

These are the other scattered islands and islets in the Sea of Marmara. These are
Imrali Island, Tuzla islets, islets in the north-east of Kapidag Peninsula and the Biga
Islands. The massive Samanli Mountains form a protrusion in the east-west direction
towards the Sea of Marmara in the south of the NAF. Imrali Island in Bozburun
extension is the continuation of this protrusion. Neogene formations cover the Upper
Cretaceous volcanites. The total area of these islands is 10 km?.

3. Conclusions

As of September 2016; 26 of our 81 provincal cities have coasts to the sea. 15
city centres have been established on our 8333 km long coastline. Three of 7 regions of
Turkey take their names from the position of Anatolia and 4 from the sea where the
coast is located. The Sea of Marmara and therefore the "Marmara Region" are one of
them. Four city centers, Istanbul, Tekirdag, Canakkale and Yalova are located on the
Sea of Marmara coasts and on the Straits.

Sea of Marmara coasts like the Black Sea and the Mediterranean Sea coasts are

high, rocky, cliffy, mostly steep and young coasts. Quaternary tectonic movements and
transgressions and regressions due to climate changes (sea pressure and sea ebbs),
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resulted in the Sea of Marmara coasts with formation of estuaries and rias. Today, their
advanced forms are visible. In general, the rias corresponding to the stream outlets were
partially filled with alluvial deposits and small coastal plains were formed at their
locations, the estuaries with a limited number were closed with the coastal spits, and
harbor coasts appeared as in the Buyuk¢ekmece and Kiigiikgekmece lagoons (inandik,
1958). There are many traces of this development (delta lobes) on this shelf area
covering more than half of the basin, as well as old coastal remains are seen high in the
form of marine terraces along the shores. There are some tsunami deposits preserved in
some localities of the South Marmara Archipleago, some of which are formed by
earthquakes (Ertek et al. 2015).

In brief, the coasts of the Sea of Marmara and the Islands offer a morphological
character that is still in the youth phase, and marine processes continue to function.
However, anthropogenic factors should not be ignored because the naturalness of the
Sea of Marmara is slowly being removed by humans. For this reason, as is the case
elsewhere in the world, there is a rapidly increasing tendency towards "Anthropogenic
Geomorphology" in our country (Ertek 2016 a and b).
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1. Introduction

The Sea of Marmara located between Turkey’s Asian and European regions, and
connecting Black Sea and Mediterranean Sea via Istanbul Strait and Canakkale Strait,
respectively. It is under the pressure of various anthropological factors such as
urbanization and industrialization. Additionally, the Sea of Marmara receives pollution
from Black Sea inflow (Tugrul and Polat 1995; Topcuoglu et al. 2000). Furthermore, as
an important water route between the Mediterranean and the Black Sea, the Sea of
Marmara is under pressure of marine transportation (Tasdemir 2002). The bacteria that
come from ships’ ballast water is another factor on the composition and abundance of
bacteria in the Sea of Marmara (Altug et al. 2012).

The majority of bacteria present in domestic wastewater is composed of
saprophyte bacteria of fecal or terrestrial origin and pathogenic bacteria such as
Salmonella,  Shigella,  Brucella, = Mycobacterium,  Escherichia,  Leptospira,
Campylobacter, Vibrio, and Yersinia (Westwood 1994; Black 1996). Microbial
contamination in coastal waters may change seasonally due to temperature, rainfall and
other influences (Janelidze ef al. 2011). The pathogenic bacterial inputs are undesirable
situations with respect to public health, ecology and the environment.

Although the Sea of Marmara is an important basin between the Mediterranean
and the Black Sea, data concerning bacterial composition for an understanding of
ecological roles of the most abundant bacterial species are still scant in the area (Altug
et al. 2009a; Altug 2012). Due to its peculiar hydrodynamic characteristics and the
various pollution factors mentioned above, the Sea of Marmara offers unique
opportunities for researching bacterial composition under different, poorly described
conditions. This chapter summarizes bacteriological studies conducted in the Sea of
Marmara in recent 30 years.
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2. Fecal Pollution

Fecal pollution is a worldwide public and ecosystem health problem that affects
many coastal and marine waters. Therefore, it is necessary to monitor microbiological
water quality to reduce public health risk and to protect water quality (WHO 2003). The
Sea of Marmara is an inland sea which is surrounded by 7 cities and under pressure of
urbanization and industrialization. It is used for marine transportation, fisheries,
aquaculture, tourism and recreation activities and receiving fecal contamination from
both point and non-point sources. Only from Istanbul 25 and in total more than 40
marine outfalls discharging municipal and industrial wastewater into the Sea of
Marmara (TUBITAK-MAM 2010; ISKI 2015).

There are many studies focusing on indicator bacteria concentrations, bacterial
pathogens and source tracking of fecal pollution from water, sediment and biota in the
Sea of Marmara. Altug et al. (2008a) were investigated indicator and some pathogen
bacteria in two bivalve species (Chamelea gallina and Donax trunculus) which was
collected from the northern coast (Tekirdag) of the Sea of Marmara between November
2005 and December 2006. It was indicated that the maximum concentrations of FIB (E.
coli, total coliform and fecal coliform) were recorded in August and few samples from
summer session were positive for Salmonella spp. in both species. Another study was
done by Altug ef al. (2012) investigated the occurrence of pathogenic bacteria in the
ships’ ballast water coming from different regions of the world to the Sea of Marmara
between 2009 and 2010. According to study 27 pathogenic bacteria belonging to 17
familia were detected and this was indicating that the ships carry a potential risk for the
Sea of Marmara. Sivri et al. (2014a) were assessed total coliform bacteria (TCB)
concentrations and genetic heterogeneity of E. coli using PCR/DGGE for two years
(January 2009- December 2010) in south-western coastal area of Istanbul. It was
reported that mean TCB concentrations ranged from 10' to 10* MPN per 100 ml.
Additionally there was temporal and spatial genetic homogeneity in E. coli marine
populations. Similarly another study which was investigated E. coli at surface and deep
waters of Kapidag Penunsula from 2010-2011 reported genetic homogeneity of studied
E.coli populations (Sivri et al. 2013).

Golden Horn Estuary is one of the remarkable research area, which is located at
southwest of the Strait of Istanbul. It had historically been polluted by urban pollution
and has gone through a series of rehabilitation efforts. Aslan-Yilmaz et al. (2004) were
monitoring indicator bacteria levels for five years from 1998 to 2002. Authors indicated
that surface fecal coliform was above 10° CFU/100 ml at the inner part in 1998 and both
fecal coliform and enterococci counts gradually decreased below 103 CFU/100 ml in the
summer of 2002. Another study was done by Zeki (2012) assessed microbial water
quality of the estuarine surface waters over a one-year period (February 2011 - January
2012) using membrane filtration and quantitative PCR (qPCR) methods to test for
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traditional (fecal coliform, enterococci, E. coli) and alternative indicators (Bacteroides
thetaiotaomicron) of fecal pollution. It was reported that fecal coliform and E. coli
mean concentrations were 1.84x103 CFU/100ml and 2.98x10* cell equivalent (CE) per
100ml respectively. Enterococci mean concentrations in the estuary were 1.24x10%
CFU/100ml by membrane filtration and 4.62x10* CE/100ml by gPCR. Bacteroides
thetaiotaomicron concentrations ranged from below the detection limit to 2.42x10*
CE/100ml by qPCR. Studies indicated that despite of the rehabilitation studies and
controlling all point sources, there is still sewage intrusion to the Golden Estuary and
FIB concentrations significantly increase after rainfall events. Alibey and Kagithane
creeks feeding the estuary were the main sources of sewage pollution (Zeki ef al. 2013).

Currently, microbial water quality criteria are regulated under Surface Water
Quality Directive (2015), Bathing Water Quality Directive (2006) and Water Pollution
Control Directive (2004) in Turkey. Regulations require monitoring of fecal indicator
bacteria (total coliforms, fecal coliforms, enterococci and E. coli), Salmonella and
enterovirus in coastal, marine and freshwaters. Researchers reported that fecal indicator
bacteria concentrations were mostly above national criteria in the studied sampling sites
and various pathogenic bacteria were isolated from recreational areas of the Sea of
Marmara between 1991 and 2012 (Cotuk and Kimiran 1998; Aslan-Yilmaz et al. 2004;
Ciftci and Altug 2010a; Altug ef al. 2010c; Sivri and Seker 2010; Zeki 2012; Sivri et al.
2012a; Altug et al. 2013; Balkis ef al. 2013; Gurun and Kimiran-Erdem 2013; Sivri et
al. 2013, Sivri et al. 2014a).

3. Bacterial Diversity

Researches on marine bacterial diversity are important in order to understand the
community structure and distribution patterns in marine ecosystems. Although culture-
independent studies have served as common applications in detecting bacterial
diversity, there are also a number of studies in which it has been shown that cultured
strains of marine bacteria can represent significant fractions of the bacterial biomass in
sea water (Rehnstam et al. 1993; Pinhassi et al. 1997). Based on DNA-DNA
hybridization of the genomic DNAs of isolates obtained with the traditional medium
against community DNA, it has been suggested that readily culturable bacteria are
abundant in the marine water column (Gonzélez and Moran 1997). There are several
studies focusing on bacterial diversity of the Sea of Marmara using both culture and
molecular methods.

Kimiran-Erdem et al. (2007) were isolated hundred Enterococcus strains from
seawater samples collected from coastal areas of Istanbul and indicated that
Enterococcus faecalis (96%) was the most abundant species. Altug et al. (2011b)
reported 22 aerobic heterotrophic culturable bacteria species from the southern part of
the Sea of Marmara between 2006 and 2007. Authors indicated that the species
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belonging to the Enferobacteriacea family were the most prevalent. Highest bacteria
species were belong to the Gammaproteobacteria class followed by Actinobacteria and
Bacilli classes respectively. In another study, Cardak and Altug (2014) reported 17
species belong to Enterobacteriaceae at three stations located north of Sea of Marmara
between February 2006 and March 2007. It was indicated that the most common species
was E. coli (27.28%) whereas the least common species were Enterobacter gergoviae
and Enterobacter aerogenes (1.59%) among the total of 126 isolates. Pseudomonas
aeruginosa was isolated by Sivri et al. (2014b) using rapid method from Istanbul
coastal area. Gammaproteobacteria which includes pathogenic species have been
reported to be the most abundant group in the Sea of Marmara water column (Altug et
al. 2011b; Quaiser ef al. 2011; Altug et al. 2012; Altug et al. 2013). Bacterial diversity
of the Sea of Marmara which was prepared according to reviewed studies is given at
Table 1.

Table 1. List of bacterial species from water and sediment of the Sea of
Marmara (Kimiran-Erdem et al. 2007; Cetecioglu ef al. 2009; Altug et al. 2011bj;
Altug et al. 2013; Sutcuoglu and Korun 2011; Cardak and Altug 2014; Sivri et
al. 2014b)

Species
Propionibacteriaceae

Propionibacterium acnes (sic) (Gilchrist 1900) Douglas and Gunter 1946
Propionibacterium sp.

Dermacoccaceae

Dermacoccus nishinomiyaensis (Oda, 1935) Stackebrandt et al. 1995
Micrococcaceae

Micrococcus luteus Lehmann and Neumann 1896

Flavobacteriaceae

Chryseobacterium indologenes (Yabuuchi et al. 1983) Vandamme ef al. 1994
Dehalococcoidaceae

Dehalococcoides mccartyi Loffler et al. 2013

Alicyclobacillaceae

Alicyclobacillus acidoterrestris (Deinhard et al. 1988) Wisotzkey et al. 1992
Bacillaceae

Bacillus cereus Frankland and Frankland 1887

Bacillus mycoides Fligge 1886

Bacillus pumilus Meyer and Gottheil 1901

Bacillus thuringiensis Berliner 1915

Bacillus vallismortis Roberts et al. 1996
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Virgibacillus pantothenticus (Proom and Knight 1950) Heyndrickx ef al. 1998
Staphylococcaceae

Staphylococcus epidermidis (Winslow and Winslow 1908) Evans 1916
Staphylococcus hominis Kloos and Schleifer 1975 emend. Kloos ef al. 1998
Staphylococcus intermedius Hajek 1976

Staphylococcus lentus (Kloos et al. 1976) Schleifer et al. 1983
Carnobacteriaceae

Trichococcus pasteurii (Schink 1985) Liu et al. 2002

Enterococcaceae

Enterococcus faecalis (Andrewes and Horder 1906) Schleifer and Kilpper-Balz 1984
Enterococcus gallinarum (Bridge and Sneath 1982) Collins et al. 1984
Enterococcus solitarius Collins et al. 1989

Lactobacillaceae

Pediococcus pentosaceus Mees, 1934

Streptococcaceae

Lactococcus lactis ssp. lactis (Lister, 1873) Schleifer et al. 1986
Streptococcus pneumoniae (Klein 1884) Chester 1901

Clostridiaceae

Clostridium glycolicum Gaston and Stadtman 1963

Caulobacteraceae

Brevundimonas vesicularis (Bising et al. 1953) Segers et al. 1994
Brucellaceae

Brucella melitensis (Hughes 1893), Meyer and Shaw 1920
Sphingomonadaceae

Sphingomonas paucimobilis (Holmes et al. 1977) Yabuuchi ef al. 1990
Alcaligenaceae

Alcaligenes faecalis ssp. faecalis (Castellani and Chalmers 1919) Austin ef al. 1981
Desulfuromonadaceae

Pelobacter propionicus Schink 1984

Geobacteraceae

Geobacter metallireducens Lovley et al. 1995

Geobacter uraniireducens Shelobolina ef al. 2008

Enterobacteriaceae

Citrobacter braakii Brenner et al. 1993

Citrobacter freundii Werkman and Gillen 1932

Enterobacter aerogenes Hormaeche and Edwards 1960

Enterobacter cloacae (Jordan 1890) Hormaeche and Edwards 1960
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Enterobacter gergoviae Brenner et al. 1980

Enterobacter sakazaki (Farmer et. al. 1980)

Escherichia coli (T. Escherich, 1885)

Klebsiella ornithinolytica Sakazaki et al. 1989

Klebsiella oxytoca (Fliigge 1886) Lautrop 1956

Klebsiella pneumoniae (Schroeter 1886) Trevisan 1887

Klebsiella pneumoniae ssp. pneumoniae (Schroeter 1886) Orskov 1984
Pantoea agglomerans (Ewing and Fife 1972) Gavini et al. 1989
Proteus mirabilis Hauser 1885

Proteus vulgaris Hauser 1885

Salmonella enterica (ex Kauffmann and Edwards 1952) Le Minor and Popoft 1987
Salmonella enterica ssp. arizonae (Borman 1957) Le Minor and Popoff 1987
Salmonella typhi (Schroeter 1886) Warren and Scott 1930

Serratia fonticola (Gavini et al. 1979)

Serratia ligefaciens (Grimes and Hennerty 1931) Bascomb et al. 1971
Serratia marcescens Bizio, 1823

Serratia odorifera Grimont et al. 1978

Serratia plymuthica (Lehmann and Neumann 1896) Breed ef al. 1948
Vibrionaceae

Vibrio fluvialis Lee et al. 1981

Vibrio vulnificus (Reichelt et al. 1979) Farmer 1980

Vibrio alginolyticus (Miyamoto et al. 1961) Sakazaki 1968
Aeromonadaceae

Aeromonas hydrophila (Chester, 1901) Stanier, 1943

Aeromonas caviae (ex Eddy 1962) Popoff 1984

Shewanellaceae

Shewanella algae Simidu et al. 1990

Shewanella putrefaciens (Lee et al. 1981) MacDonell and Colwell 1986
Ectothiorhodospiraceae

Alkalilimnicola ehrlichii Hoeft et al. 2007

Lysobacteraceae

Stenotrophomonas maltophilia (Hugh 1981) Palleroni and Bradbury 1993
Pseudomonadaceae

Pseudomonas aeruginosa (Schroeter 1872) Migula 1900

Pseudomonas luteola Kodoma et al. 1985

Pseudomonas oryzihabitans Kodama et al. 1985

Pseudomonas putida (Trevisan 1889) Migula 1895
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Few studies have assessed bacterial diversity of water column and sediment of
the Sea of Marmara using molecular techniques. Cetecioglu et al. (2009) detected 48
bacterial species in anoxic marine sediments. It was observed that bacterial
communities were very similar among sampling sites at time of study. Kolukirik ez al.
(2011) and Ince et al. (2010) were detected 234 bacterial OTUs from 10 different most
polluted locations of Sea of Marmara sediment. The bacterial communities were
dominated by Proteobacteria (32-48%) as well as Marmara Bacterial Clusters (13-23%)
which was unique to Sea of Marmara. Similarly, the study conducted by Quaiser et al.
(2011) indicated that Gamma- and Alpha-proteobacteria, followed by Bacteroidetes,
were dominated the bacterial communities in Marmara deep-sea water column (from
500m to 1250m), whereas Planctomycetes, Delta- and Gamma-proteobacteria were the
most abundant groups in sediment.

4. Bacterial Heterotrophic Activity

The classification of bacteria is carried out according to common feeding types.
Therefore, bacteria are divided into heterotrophic bacteria provides energy by using
organic materials and autotrophic bacteria that oxidized inorganic substances and
provides energy. “Heterotrophic bacteria” term covers all the bacteria that use organic
nutrients for growth. These bacteria are found all kind of water supply, food, soil, air,
and plants. This broad description contains a primary or secondary disease-causing
bacteria and the coliforms that indicative for bacteriological contamination factor in the
environments (Allen et al. 2004). Heterotrophic bacteria play an important role in the
biological breakdown of organic material in the marine environment (bio-degradation)
(Deming and Baross 1993). The structure of microbial communities is sensitive to
changes in ambient environmental conditions and trophic levels (Danovaro et al. 2000)
and it depends on nutrient inputs which is especially entering the environment from
anthropogenic activities (Jensen et al 1990; Hansen and Blackburn 1992).
Determination of levels of heterotrophic bacteria in marine environments is important
for characterized the bacteriological quality of seawater.

There are many studies on determining the bacterial abundance (Sorokin ef al.
1995) and their activity in the Sea of Marmara (Aslan Yilmaz and Okus 2002; Altug
and Bayrak 2003a, 2003b; Altug and Icoz 2004a, b; Altug et al. 2007a; Altug 2008b;
Altug et al. 2009a, b, c; Altug et al. 2010a, b; Altug et al. 2011a, b; Sivri et al. 2011,
2013; Altug et al. 2012; Altug et al. 2013; Cardak et al. 2015). Aslan-Yilmaz (2008)
reported that the minimum cultivable heterotrophic bacteria (HPC) value as 0.38x10%
cell It and the maximum HPC level as 16.5x108 cell 1t at the inner part of Izmit Bay.
In another study the lowest HPC value was recorded as 0.4x103 CFU/100ml (2002,
around Prince’s Islands) and the highest value was reported as 18x10% CFU/100 ml
(2010, Istanbul coastal area sampling station) (Altug and Bayrak 2003a; Altug et al.
2010c). In another study, total aerobic mesophilic heterotrophic bacteria level were
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tested in the mucilage and surrounding water during mucilage occurrences in the Sea of
Marmara. While the highest HPC level reported as 2.7x10'° CFU/100 ml in mucilage
samples, the lowest HPC levels reported as 1x10° CFU/ml in reference station samples
(Altug et al. 2010d). Cardak et al. (2015) reported that the highest HPC was found to be
85+0.2x10% CFU/100 ml in the seawater samples which were taken from the depth of 20
m the Istanbul Strait in the summer season and the lowest value was recorded as
57+0.2x10 CFU/100 ml with in the samples of Canakkale Strait in the autumn. These
results showed that the aerobic mesophilic heterotrophic bacteria levels at Canakkale
Strait were lower than the Istanbul Strait.

Identifying the metabolically active bacteria in the marine environment is
important to determine the number of bacteria participated in the ecosystem cycles. It is
known that increasing the metabolic active bacteria levels depend on the input nutrients
into marine environments (Plante and Shriwer 1998; Stoderegger and Herndl 2001).
The lowest metabolically active bacteria levels were recorded as 10.2+1.1% at the
Prince’s Islands seawater samples taken from 20 m depths (Altug and Bayrak 2003a), as
10.4% Istanbul Strait sample taken from 20 m depths, as 9% Papazburnu sample taken
from 50 m depths (Altug et al. 2007a; Altug et al. 2011b) and as 10% the Canakkale
Strait sample taken from 50 m depths in the winter season (Cardak et al. 2015). The
highest metabolically active bacteria levels were recorded as 24.4% in the surface water
in Kiigliikgekmece samples (Altug and Bayrak 2003a), as 36 % the samples which taken
from Canakkale Strait (Altug et al. 2007a; Altug et al. 2011b) and 47% in the surface
waters which were taken from 0-30 cm below of the Istanbul Strait in the summer
season (Cardak et al. 2015).

5. Heavy Metal and Antibiotic Resistant Bacteria

Sources of metals in aquatic environments are natural or anthropogenic.
However industrial activities such as ship dismantling and agriculture are incising heavy
metals concentrations in seawater and sediment. Presence of these heavy metals in the
marine environment may pose a serious threat to the environment because of their
ability to persist for several decades (Kamala-Kannan and Lee 2008; Altug and Balkis
2009).

Although microorganisms are sensitive to various concentrations of heavy
metals, they have mechanisms which enable them to proliferate in the environment by
rapidly adapting to that environment and to convert heavy metals into harmless forms
through biosorption or enzymatic transformation. Microorganisms develop various
mechanisms in order to tolerate the metals. These mechanisms include converting into
volatile form, extracellular precipitation, adsorbing cell surface, and intercellular
accumulation. Also, bacteria perform chemical transformations of these metals. Heavy
metal resistant microorganisms may be used in genetic transfer studies of the heavy
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metal resistance mechanism (De Rore et al. 1994; Cardak and Altug 2014). Thus,
individual bacterial strains will develop their capacity to survive under toxicological
stress and will be of importance in future bioremediation strategies. However,
correlation is frequently observed in antibiotic resistance besides metal resistance
because resistance genes in chromosome or plasmid are close to each other. Increases in
antibiotic resistance lead to problems in the treatment of infectious diseases worldwide.
Therefore, it is needed to be careful when pesticides, antimicrobials containing metals
and antibiotics entering the environment are used (Kamala-Kannan and Lee 2008; Li
and Ramakrishna 2011; Kacar ef al. 2013).

Large amounts of antibiotics and metabolites are potentially released into the
environment and this phenomenon is considered the most important factor for the
evolution and selection of antibiotic resistance in bacterial pathogens (Allen et al.
1977). Spread of antimicrobial resistance is not necessarily restricted by phylogenetic,
geographic, or ecological borders. Thus, use of antimicrobial agents in one ecological
niche, such as in aquaculture, may impact the occurrence of antimicrobial resistance in
other ecological niches, including the human environment. Previous studies confirmed
that antibiotic resistance can be induced and spread rapidly among bacterial species
(Wangand and Schaffner 2013). Therefore, water constitutes a way of dissemination of
not only antibiotic resistant bacteria, but also the resistance genes, which genetically
change in natural bacterial ecosystems (Baquero et al. 2008; Rosenblatt-Farrell 2009).
The occurrence of antibiotic resistant bacteria (ARB) has been documented in various
aquatic environments (Kiimmerer 2004; Kim and Aga 2007; Schluter et al 2007,
Watkinson et al. 2007; Caplin et al. 2008; Vanneste et al. 2008). The studies showed
that aquatic environment is potential reservoirs of ARB (Nonaka et al. 2000, 2007; Kim
et al. 2003, 2004; Hoa et al. 2008). The prevalence and persistence of antibiotic
resistance in bacterial pathogens are a threat to public health and a source of
considerable concern (Andersson and Hughes 2010).

In a study by Kimiran-Erdem et al. (2007), a hundred Enterococcus strains were
isolated from seawater samples collected from coastal areas of Istanbul. The species
distribution was as follows Enterococcus faecalis (96%), Enterococcus gallinarum
(3%) and Enterococcus solitaries (1%). The resistance of bacteria to both heavy metals
(zinc [Zn], iron [Fe], cadmium [Cd], chrome [Cr], cobalt [Co]) and antibiotics
(ampicillin 10 pg [AP], penicillin G 10 Units [PG], gentamycin 10 pug [GM],
streptomycin 10 pg [S], chloramphenicol 10 pug [C], erythromycin 15 pg [E], kanamycin
30 pg [K], amikacin 30 pg [AK], nalidixic acid 30 pg [NA], and vancomycin 30 ug
[VA]) was evaluated. None of the strains was resistant to VA. It was found that among
the100 isolates, those that exhibit resistance to antibiotics, particularly NA, S and K,
were also resistant all the heavy metals tested. To our knowledge this is the first report
focusing on determination of resistance of environmental enterococci found in Istanbul
against heavy metals and antibiotics.
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Another study by Altug ef al. (2007b) was investigated the frequency of some
beta-lactam antibiotics and heavy metal resistance of Enterobacteriaceae members
isolated from surface water of the Istanbul Strait, Golden Horn Estuary and Sea of
Marmara. In all selected isolates, the highest resistance was found to Ceftazidim as 48
%. 55 % of the strains resistant to antibiotics were also resistant to heavy metal salts. In
all selected isolates, the highest resistance was found against Zn amounting to 35 %. It
was hypothesized that bacteria resistant to high concentrations of heavy metal salts
would have potential capacities to tolerate or possibly degrade a variety of toxic
materials and thus, would be important in environmental pollution bioremediation. Also
indirect influences of bacterial pollution and negative environmental conditionals
maybe assumed to be related to antibiotic-resistant strains. The fact that 55% of the
bacteria resistant to antibiotics are also resistant to heavy metals suggests that transfer of
resistance takes place via plasmids.

Cardak and Gencer (2010) were assessed bacteriological pollution indicators and
their resistance to beta-lactam antibiotics in Canakkale Strait surface waters between
May and September 2010. It was reported that the highest level of indicator
microorganisms found in center of Canakkale, Kepez and Dardanos stations. Isolates
showed elevated resistance to kanamycin, vancomycin and ampicillin. It was indicated
that antibiotic resistance level which determined highly in coastal areas was showed that
area was affected by land based pollution.

Sivri and Akbulut (2016) were reported the highest resistance rates to ampicillin
(74.4%) and amoxicillin (47.4%) from 194 isolated strains of E.coli which were
sampled from Istanbul’s shoreline between January 2009 and December 2011. 84.4% of
the isolates were found to be resistant to at least one or more antibiotic, 63.4% were
resistance to 2 or more antibiotics and 24.7% were resistant to 5 or more antibiotics. In
addition, no resistance was reported to the antibiotic imipenem.

Cardak et al. (2016) investigated the frequency of antibiotic resistance of
Enterobacteriaceae and the presence of vancomycin-resistance genes in water samples
taken from the Sea of Marmara, Istanbul and Canakkale Straits. Various colony-forming
bacteria were isolated and tested against amoxicillin, ampicillin, aztreonam,
ceftazidime, cefotaxime, cefuroxime, ofloxacin, vancomycin, tetracycline, kanamycin
and gentamycin. Additionally the presences of Vancomycinresistance genes (vanA and
vanB) were investigated. It was reported that the level of Enterobacteriaceae species
was higher in the Sea of Marmara than the Istanbul Strait and the Canakkale Strait.
Isolates showing resistance to the greatest number of antibiotics were identified from F.
coli isolates. The resistances of the selected bacterial isolates were as follows:
kanamycin (82%), vancomycin (78%) and ampicillin (60%). Some intermediately
vancomycin-resistant Enterobacteriaceae isolates had the vanA gene. The study
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provided evidence of widespread bacterial resistance to clinically relevant antibiotics in
marine environments.

Figure 1 Antibiotic and heavy metal resistance samples taken from the Sea of
Marmara, Istanbul and Canakkale Straits, Turkey.

Another study was focused on fecal indicator bacteria concentrations and
antibiotic resistance of isolated Gram negative bacilli from Kucukcekmece Lagoon
surface waters between 2006 and 2008 (Sivri ef al. 2012b). It was reported that a total
of 232 Gram negative bacilli were isolated and screened for antibiotic resistance against
9 antibiotics. Isolated bacteria were most resistant against ampicillin (76.29%) and most
sensitive against amikacin (93.56%). 8.6% (20 out of 232) of coliform isolates were
found to contain class 1 and/or class 2 integrons. Integrons harbored various gene
cassettes, including dfrd12, dfrAlS5, dfrA17, aadAl, aadA2, aadAS5, blaoxs-30 and sat2.
As a result it was indicted that there is a heavy fecal contamination in Kucukcekmece
Lagoon which might probably be due to intensive anthropogenic activities. There is
public health risk if that resistance genes are transferred from environmental bacterial
isolates to human microbiota bacteria (Altug et al. 2007b, Sivri et al. 2010, Sivri et al.
2011).

6. Microbial Degradation of Petroleum Hydrocarbon Contaminants

The fate of spilled oil in the marine environments depends on a number of
factors such as evaporation, dissolution, microbial degradation and photooxidation.
Understanding the degradation capability of bacteria and selecting of the most suitable
oil degrading bacteria are important for bioremediation process (Reisfeld et al. 1972).
It’s important that determining the best candidate strains which were isolated from
potentially hydrocarbon polluted marine areas for furthers bioremediation studies. The
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studies to investigate the petroleum hydrocarbon degradation ability of the bacteria
isolated from the Sea of Marmara are summarized below.

Altug et al. (2007¢c) investigated the bacteria which were isolated potentially
hydrocarbon polluted areas from the Sea of Marmara and tested with respect to their oil
degradation effect against different kind of crude oil samples (Lebanon, Iranian,
Russian and Turkey). Serratia marcescens PCOS5, Escherichia coli PCO1, Eikenella
corrodens PCO02, Vibrio fluvialis PC04, Enterobacter cloace PC06 strains were reported
as haydrocarbon degarading strains.

The mixed cultures of V. fluvialis, S. marcescens and Klebsiella pneumoniae
isolated from the Sea of Marmara have been reported as effecive against Batman crude
oil (Cardak et al. 2007). However, the Enterobacter sakazakii isolated from the Sea of
Marmara reported as a candidate species that can be used in bioremediation of oil
pollution and it followed by E. feacalis and Eikenella corrodens, respectively (Altug et
al. 2009¢). Ciftci and Altug (2010b) reported that E. sakazakii-112 was recorded as the
best candidate species between bacteria isolated from the Sea of Marmara for
bioremediation studies.

Total 103 wild bacterial strains isolated from different locations in Turkey were
investigated to better understand the oil degradation capacity. Escherichia coli MDKO04,
Bacillus subtilis BRO2, Vibrio fluvialis MDO3, Staphylococcus haemolyticus GAO1,
Pseudomonas aeruginosa BRO3 strains and their mixed cultures determined and
reported as candidate strains (Altug ef al. 2011b). These studies outlined above will be
an advantage in future oil pollution bioremediation studies in the Sea of Marmara.
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1. Introduction

The first studies on plankton were systematic research; however ecologic
research conducted to reveal the relationship between productivity and planktonic
organisms stand forefront today. Initial studies on phytoplankton in the Sea of Marmara
and the straits were carried out in 1974 (Artuz 1974). Phytoplankton studies increased
especially after 2000s (Table 1), not only detection of species but also their abundance
and relationship with environmental variables started to be analyzed in detail. Most of
the studies are regional studies including bays and gulfs; and generally involve data of
seasonal sampling periods.

Table 1. Distribution of phytoplankton research in the Turkish Straits System.

Period Reserach  Literatures
Number
1970-1980 1 Artuz (1974)
1981-1990 2 Bingel et al. (1986); Aubert et al. (1990)
1991-2000 3 Uysal (1996); Uysal and Unsal (1996); Balkis (2000).
2001-2010 21 Aktan and Aykulu (2003; 2005); Aktan et al. (2003,

2005); Balkis (2003, 2004); Balkis et al. (2004); Tas and
Okus (2003, 2004); Deniz et al. (2006); Okus and Tas
(2007); Tas et al. (2006, 2009); Turkoglu (2008); Deniz
and Tas (2009); Turkoglu (2010a, b); Turkoglu and
Erdogan (2010); Turkoglu and Oner (2010); Albayrak et
al. (2010); Tiifekci et al. (2010).

2011- 8 Altug et al. (2011); Balkis et al. (2011); Tas et al. (2011);
Aktan et al. (2014); Balkis and Toklu-Alicli (2014); Tas
(2015); Tas and Yilmaz (2015); Tas and Lundholm
(2016).

In accordance with the current literature, phytoplankton samples were collected
via plankton nets with different mesh sizes or water samplers with 1-5 litre capacity,
and protected by means of acidic lugol or neutralized formaldehyde solution. Most
researchers have referred to fundamental resources such as Lebour (1930), Cupp (1943),
Tregouboff and Rose (1957), Hendey (1964), Sournia (1968, 1986), Steidinger and
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Williams (1970), Drebes (1974), Taylor (1976), Rampi and Bernhard (1978, 1980),
Dodge (1982), Ricard (1987), Balech (1988), Delgado and Fortuno (1991), Hasle and
Syvertsen (1997), Steidinger and Tangen (1997), Throndsen (1997) for the
identification of species. In the present study, MarBEF data system
(http://www.marbef.org/data/erms.php) and WoRMS World Register of Marine Species
(http://www.marinespecies.org/) were used for the systematics and current naming of
the detected species.

The first check-list study was conducted in 2004 in the region (Balkis 2004), a
total of 168 phytoplankton species were reported. Having increased in the Sea of
Marmara including the straits after the year 2004, phytoplankton studies have reported
333 phytoplankton species, 40 of which are in genus level, until today (Table 2).
Species list was designed in accordance with the published articles conducted in the
region; however three studies which were conducted in 1974 and 1990 and consisted of
project report and master's thesis (Artuz 1974; Bingel et al. 1986; Aubert et al. 1990)
were included in the list since they were the first phytoplankton studies conducted in the
Sea of Marmara. In addition, the species list gave place to studies conducted on benthic
microalgae living in sediment that can pass into water column through the mixture of
water (Aktan and Aykulu 2003, 2005; Aktan ef al. 2014). Changes especially in genus
level during current naming of species are presented in the table along with new naming
of the species reported in the region. The dinoflagellate genus Tripos Bory is here
given as a new nomenclature name which replaces Neoceratium, marine species of
Ceratium.

The highest number of species was found in Bacillariophyceae with 162 species
(49%) followed by Dinophyceae with 124 species (37%) (Table 2 and 3). The
contribution of other groups (Cyanophyceae, Cryptophyceae, Raphidophyceae,
Chrysophyceae, Dictyochophyceae, Prymnesiophyceae, Euglenophyceae,
Prasinophyceae and Chlorophyceae) to the number of species in the region is 14% (47
species). The highest number of species was found in genus Protoperidinium (35
species) of Dinophyceae and genus Chaefoceros (29 species) of Bacillariophyceae.
Protoperidinium genus, which is dominant in terms of the number of species within
dinoflagellates, was represented with one species in the Bosporus. Similarly, the
number of representatives of this genus in the Dardanelles was very few (8 species). Of
this genus, 16 species and 30 species were reported from the Golden Horn Estuary and
the Sea of Marmara, respectively. Dinophysis and Tripos, which are dominant genus of
dinoflagellates; and Chaetoceros, which is the dominant genus of diatoms, have very
limited number of representatives in the Bosporus. The reasons of regional differences
in genus in terms of their number of species can be ranged as follows; general
hydrographical conditions such as salinity, flow regime etc. and adaptation to the
environment.
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Table 2. Phytoplankton species reported from the Turkish Straits System. B:

Bosphorus (=istanbul Strait); SM: Sea of Marmara; D: Dardanelles (=Canakkale

Strait); GHE: Golden Horn Estuary

Species GHE | SM | D
Cyanophyceae

Anabaena sp. +
Aphanocapsa sp. +
Aphanoteche sp.

Lyngbya sp. +
Merismopedia glauca (Ehrenberg) Kiitzing +
Merismopedia tenuissima Lemmermann +
Microcystis cf. aeruginosa (Kiitzing) Kiitzing +
Oscillatoria limosa C.Agardh ex Gomont +
Oscillatoria tenuis C.Agardh ex Gomont +
Oscillatoria sp. + +
Phormidium chalybeum (Mertens ex Gomont) Anagnostidis & +
Komarek [=Oscillatoria chalybea Mertens ex Gomont]

Phormidium sp.

Planktothrix sp. +
Pseudoanabaena sp. +
Schizothrix sp. +
Spirulina sp. +
Synechococcus sp.

Bacillariophyceae

Achnanthes brevipes Agardh +
Achnanthes sp.

Actinocyclus sp. +
Amphipleura sp.

Amphora delicatissima Krasske +
Amphora ovalis (Kiitzing) Kiitzing +
Aneumastus tuscula (Ehrenberg) D.G.Mann & A.J.Stickle (= +
Navicula tuscula Ehrenberg)

Anorthoneis excentrica (Donkin) Grunow +
Asterionella bleakeleyii W. Smith +
Asterionellopsis glacialis (Castracane) Round + +
Asterolampra grevillei (Wallich) Greville +
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Bacillaria paxillifera (O. F. Miiller) Hendey

Bacteriastrum delicatulum Cleve

Bacteriastrum hyalinum Lauder

Caloneis sp.

Cerataulina pelagica (Cleve) Hendey (=Cerataulina bergonii
(H.Peragallo) Schiitt

| ]+ +

Ceratoneis closterium Ehrenberg (=Cylindrotheca closterium
(Ehrenberg) Reimann and Lewin = Nitzschia closterium
(Ehrenberg) W.Smith

+

Chaetoceros affinis Lauder

Chaetoceros brevis Schiitt

Chaetoceros compressus Lauder

Chaetoceros constrictus Gran

Chaetoceros costatus Pavillard

|+ ]+ +

Chaetoceros criophilus Castracane

Chaetoceros curvisetus Cleve

Chaetoceros danicus Cleve

Chaetoceros debilis Cleve

Chaetoceros decipiens Cleve

Chaetoceros densus (Cleve) Cleve

Chaetoceros diadema (Ehrenberg) Gran

Chaetoceros didymus Ehrenberg

Chaetoceros diversus Cleve

Chaetoceros fragilis Meunier

Chaetoceros holsaticus Schiitt

Chaetoceros laciniosus Schiitt

Chaetoceros lauderi Ralfs in Lauder

Chaetoceros lorenzianus Grunow

o e o o e B B B e o A B

Chaetoceros messanense Castracane

Chaetoceros peruvianus Brightwell

+

Chaetoceros rostratus Lauder

Chaetoceros similis Cleve

Chaetoceros simplex Ostenfeld

Chaetoceros socialis Lauder

Chaetoceros subsecundus (Grunow ex Van Heurck) Hustedt

Chaetoceros tortissimus Gran

Chaetoceros wighamii Brightwell

Chaetoceros willei Gran [=Chaetoceros affinis var. willei
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(Gran) Hustedt]

Climacosphenia sp. + +
Cocconeis scutellum Ehrenberg +
Coscinodiscus centralis Ehrenberg +
Coscinodiscus concinnus W.Smith +
Coscinodiscus granii Gough +
Coscinodiscus lineatus Ehrenberg +
Coscinodiscus oculus-iridis (Ehrenberg) Ehrenberg

Coscinodiscus perforatus Ehrenberg +
Coscinodiscus radiatus Ehrenberg +
Cyclotella sp.

Cymbella sp. +
Dactyliosolen fragilissimus (Bergon) Hasle + +
(=Rhizosolenia fragilissima Bergon)

Detonula confervacea (Cleve) Gran +
Detonula pumila (Castracane) Gran [=Schroederella delicatula + +
(H.Peragallo) Pavillard]

Diploneis bombus (Ehrenberg) Cleve +
Diploneis sp.

Ditylum brightwellii (T. West) Grunow in Van Heurck +
Entomoneis alata (Ehrenberg) Ehrenberg (=Amphiprora alata +
(Ehrenberg) Kiitzing)

Fragilaria sp.

Fragilariopsis cylindrus (Grunow) Krieger

Fragilariopsis oceanica (Cleve) Hasle (=Fragilaria oceanica +
Cleve)

Grammatophora angulosa Ehrenberg +
Grammatophora marina (Lyngbye) Kiitzing + +
Guinardia cylindrus (Cleve) Hasle +
Guinardia delicatula (Cleve) Hasle +
(=Rhizosolenia delicatula Cleve)

Guinardia flaccida (Castracane) Peragallo +
Guinardia striata (Stolterfoth) Hasle +
(=Rhizosolenia stolterfothii H. Peragallo)

Gyrosigma fasciola (Ehrenberg) Cleve +
Halamphora coffeaeformis (C.Agardh) Levkov [=Amphora +
coffeaeformis (C.Agardh) Kiitzing]

Halamphora costata (W.Smith) Levkov (=Amphora costata +

W.Smith)
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Halamphora exigua (Gregory) Levkov (=Amphora exigua
Gregory)

Hantzschia amphioxys (Ehrenberg) Grunow

Helicotheca tamesis (Shrubsole) Ricard

+

Hemiaulus hauckii Grunow in Van Heurck

+

Hemiaulus membranaceus Cleve

Hemiaulus sinensis Greville

Lauderia annulata Cleve (= L. borealis Gran)

Leptocylindrus danicus Cleve

Leptocylindrus mediterraneus (H.Peragallo) Hasle
[=Dactyliosolen mediterraneus (Peragallo) Peragallo]

4| +] +

Leptocylindrus minimus Gran

Licmophora abbreviata C.Agardh

Licmophora flabellata (Greville) C.Agardh

Licmophora paradoxa (Lyngbye) C.Agardh

Lyrella lyra (Ehrenberg) Karajeva (=Navicula lyra Ehrenberg)

Melosira moniliformis (Miiller) C.Agardh

Melosira nummuloides C.Agardh

Navicula cryptocephala Kiitzing

Navicula directa (W.Smith) Ralfs

Navicula menisculus Schumann

Navicula palpebralis Brébisson ex W.Smith

Navicula radiosa var. tenella (Brébisson ex Kiitzing) Van
Heurck

e o o o e e B B o N S

Navicula ramosissima (C.Agardh) Cleve (=N. ramosissima
var. mucosa (Aleem) Hendey

Navicula tripunctata (O.F Miiller) Bory de Saint-Vincent

Navicula viridula var. rostellata (Kiitzing) Cleve (= Navicula
rostellata Kiitz.)

Neocalyptrella robusta (G.Norman ex Ralfs) Hernandez-
Becerril & Meave del Castillo (=Rhizosolenia robusta
G.Norman ex Ralfs)

Nitzschia frustulum (Kiitzing) Grunow

Nitzschia longissima (Brébisson) Ralfs

Nitzschia lorenziana Grunow

Nitzschia palea (Kiitzing) W.Smith

Nitzschia rectilonga Takano

Nitzschia sigma (Kiitzing) W.Smith

o I I S A S
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Nitzschia sigmoidea (Nitzsch) W.Smith

Odontella sinensis (Greville) Grunow

Paralia sulcata (Ehrenberg) Cleve

Petrodictyon gemma (Ehrenberg) D.G.Mann (=Surirella
gemma Ehrenberg)

Petroneis humerosa (Brébisson ex W.Smith) A.J.Stickle &
D.G.Mann

Pinnularia sp.

Placoneis placentula (Ehrenberg) Mereschkowsky [=Navicula
placentula (Ehrenberg) Kiitzing]

Pleurosigma angulatum (Queckett) W.Smith

Pleurosigma normanii Ralfs in Pritchard

Pleurosigma reversum Gregory

Pleurosigma salinarum (Grunow) Grunow

4]+ +

Pleurosigma sp.

Proboscia alata (Brigtwell) Sundstrom
(=Rhizosolenia alata Brightwell)

Psammodictyon panduriforme (W .Gregory) D.G.Mann

Pseudo-nitzschia calliantha Lundholm, Moestrup & Hasle

Pseudo-nitzschia delicatissima (Cleve) Heiden in Heiden and
Kolbe

Pseudo-nitzschia fraudulenta (Cleve) Hasle

Pseudo-nitzschia pseudodelicatissima (Hasle) Hasle

Pseudo-nitzschia pungens (Grunow ex P.T.Cleve) Hasle

Pseudo-nitzschia seriata (Cleve) H. Peragallo

Pseudosolenia calcar-avis (Schultze) Sundstrom
(=Rhizosolenia calcar-avis Schultze)

|+ ]+ +

Rhaphoneis sp.

Rhizosolenia faeroensis Ostenfeld

Rhizosolenia hebetata Bailey

Rhizosolenia imbricata Brightwell

Rhizosolenia setigera Brightwell

Rhizosolenia styliformis Brightwell

4] ]+

Rhizosolenia temperei H.Peragallo

4| ]+ ]+

Sellaphora pupula (Kiitzing) Mereschkovsky (=Navicula
pupula Kiitzing)

Skeletonema costatum (Greville) Cleve

Skeletonema cf. marinoi Sarno & Zingone

Stellarima stellaris (Roper) G.R.Hasle & P.A.Sims
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Stephanopyxis turris (Greville) Ralfs +
Striatella unipunctata (Lyngbye) Agardh + +
Surirella sp.

Synedra parva Kiitzing +
Synedra sp. +
Tabularia fasciculata (C.Agardh) D.M.Williams & Round +
[=Synedra tabulata (C.Agardh) Kiitzing)

Thalassionema frauenfeldii (Grunow) Tempére & Peragallo + +
[=Thalassiothrix frauenfeldii (Grunow) Grunow]|

Thalassionema nitzschioides (Grunow) Mereschkowsky + +
Thalassiosira allenii Takano +
Thalassiosira angulata (Gregory) Hasle [=Thalassiosira +
decipiens (Grunow) E.G.Jergensen]

Thalassiosira anguste-lineata (A.Schmidt) G.Fryxell and +
Hasle

Thalassiosira antarctica Comber +
Thalassiosira eccentrica (Ehrenberg) Cleve +
(=Coscinodiscus exentricus Ehrenberg)

Thalassiosira fragilis G.Fryxell +
Thalassiosira gravida Cleve +
Thalassiosira hyalina (Grunow) Gran

Thalassiosira nordenskioeldii Cleve +
Thalassiosira rotula Meunier +
Thalassiothrix longissima Cleve & Grunow + +
Toxonidea insignis Donkin +
Triceratium sp.

Trigonium alternans (Bailey) A.Mann [=Biddulphia alternans

(Bailey) Van Heurck]

Tryblionella  apiculata  Gregory [=Nitzschia apiculata +
(Gregory) Grunow]

Dinophyceae

Akashiwo sanguinea (K.Hirasaka) G.Hansen & .Moestrup +
(=Gymnodinium sanguineum Hirasaka)

Alexandrium minutum Halim +
Amphidinium sphenoides Wilff +
Amphisolenia sp. +

Amylax  triacantha  (Jorgensen) Sournia (=Gonyaulax
triacantha Jorgensen)
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Archaeperidinium minutum (Kofoid) Jorgensen
(=Protoperidinium minutum (Kofoid) Loeblich III)

Ceratocorys armata (Schiitt) Kofoid

Cladopyxis caryophyllum (Kofoid) Pavillard

Dinophysis acuminata Claparéde and Lachmann

Dinophysis acuta Ehrenberg

Dinophysis caudata Saville-Kent

Dinophysis fortii Pavillard

Dinophysis hastata Stein

4] ]+ +

Dinophysis odiosa (Pavillard) Tai and Skogsberg

Dinophysis ovata Claparéde and Lachmann

Dinophysis ovum Schiitt

Dinophysis punctata Jorgensen

e o e e e e B B e I

Dinophysis rudgei Murray & Whitting

Dinophysis sacculus Stein

Dinophysis schroederi Pavillard

Dinophysis sphaerica Stein

Dinophysis tripos Gourret

Diplopsalis lenticula Bergh

Dissodinium pseudocalani (Gonnert) Drebes ex Elbrachter &
Drebes

Dissodium sp.

Gonyaulax diegensis Kofoid

Gonyaulax fragilis (Schiitt) Kofoid

Gonyaulax kofoidii Pavillard

Gonyaulax monacantha Pavillard

Gotoius abei Matsuoka

+

Gymnodinium biconicum J.Schiller

Gymnodinium catenatum H.W.Graham

Gymnodinium simplex (Lohmann) Kofoid and Swezy

Gyrodinium fusiforme Kofoid & Swezy

Gyrodinium spirale (Bergh) Kofoid and Swezy

Heterocapsa triquetra (Ehrenberg) Stein

Kofoidinium velleloides Pavillard

Lingulodinium polyedrum (Stein) Dodge

Mesoporos perforatus (Gran) Lillick
[=Porella perforata (Gran) Schiller]

o o R S A A

Noctiluca scintillans (Macartney) Kofoid and Swezy
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Ornithocercus quadratus Schiitt

Oxyphysis oxytoxoides Kofoid

Oxytoxum scolopax Stein

Palaeophalacroma sp.

|+ +] +

Phalacroma doryphorum Stein, 1883

Phalacroma rotundatum (Claparéde and Lachmann) Kofoid
and Michener

Podolampas elegans Schiitt

Podolampas palmipes Stein

Polykrikos kofoidii Chatton

Polykrikos schwartzii Biitschli

Prorocentrum arcuatum Issel

Prorocentrum compressum (Bailey) Abé

Prorocentrum cordatum (Ostenfeld) Dodge [=Prorocentrum
minimum (Pavillard) J.Schiller]

4|+ +

Prorocentrum dentatum Stein

Prorocentrum gracile Schiitt

Prorocentrum lima (Ehrenberg) F.Stein

Prorocentrum micans Ehrenberg

Prorocentrum scutellum Schroder

Prorocentrum triestinum Schiller

Protoceratium reticulatum (Claparéde & Lachmann) Biitschli
(=Gonyaulax grindleyi Reinecke)

e I S S A A A

4] ] ]+

Protoperidinium bipes (Paulsen) Balech

+

Protoperidinium brevipes (Paulsen) Balech

+

Protoperidinium brochii (Kofoid and Swezy) Balech

+

Protoperidinium cerasus (Paulsen) Balech

Protoperidinium claudicans (Paulsen) Balech

Protoperidinium conicum (Gran) Balech

Protoperidinium crassipes (Kofoid) Balech

Protoperidinium curtipes (Jorgensen) Balech

Protoperidinium curvipes (Ostenfeld) Balech

Protoperidinium depressum (Bailey) Balech

Protoperidinium diabolus (Cleve) Balech

Protoperidinium divergens (Ehrenberg) Balech

Protoperidinium globulum (Stein) Balech

Protoperidinium grande (Kofoid) Balech

Protoperidinium granii (Ostenfeld in Paulsen) Balech

e o o e T s I A A )

335



Protoperidinium leonis (Pavillard) Balech

Protoperidinium longipes Balech

Protoperidinium mediterraneum (Kofoid) Balech

Protoperidinium mite (Pavillard) Balech

Protoperidinium oblongum (Aurivillius) Parke & Dodge

Protoperidinium oceanicum (Vanhoffen) Balech

Protoperidinium ovatum Pouchet

o I R S A A A

Protoperidinium ovum (Schiller) Balech

Protoperidinium paulsenii Pavillard

Protoperidinium pallidum (Ostenfeld) Balech

Protoperidinium pellucidum Bergh

Protoperidinium pentagonum (Gran) Balech

Protoperidinium punctulatum (Paulsen) Balech

Protoperidinium pyriforme (Paulsen) Balech

|+ ] ]+

o I I S R S

Protoperidinium quarnerense (B.Schréder) Balech

Protoperidinium quinquecorne (Abé) Balech (=Peridinium
quinquecorne Abé)

Protoperidinium simulum (Paulsen) Balech

Protoperidinium steinii (Jérgensen) Balech

+

Protoperidinium subinerme (Paulsen) Loeblich I11

+

Protoperidinium cf. thorianum (Paulsen) Balech

Pyrophacus horologium Stein

Pyrophacus steinii (Schiller) Wall & Dale

Pyrocystis hamulus Cleve

Pyrodinium sp.

Scaphodinium mirabile Margalef

Scrippsiella trochoidea (Stein) Loeblich IIT

o I I S A S

Spiraulax jolliffei (Murray et Whitting) Kofoid (=Spiraulax
kofoidii Graham)

Torodinium sp.

+

Triadinium polyedricum (Pouchet) Dodge [=Goniodoma
polyedricum (Pouchet) Jorgensen]

+

Tripos arietinus (Cleve) F.Gomez

Tripos candelabrus (Ehrenberg) F.Gomez

Tripos carriensis (Gourret) F.Gomez

Tripos contortus var. karstenii (Pavillard) F.Gémez

Tripos cf. dens (Ostenfeld & Johannes Schmidt) F.Gomez

Tripos furca (Ehrenberg) F.Gomez

o I e B A S
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Tripos fusus (Ehrenberg) F.Gomez

Tripos gibberus (Gourret) F.Gomez

Tripos horridus (Cleve) F.Gomez

Tripos inflatus (Kofoid) F.Gomez

Tripos kofoidii (Jorgensen) F.Gomez

Tripos lineatus (Ehrenberg) F.Gomez

Tripos longipes (J.W .Bailey) F.Gémez

Tripos longirostrus (Gourret) F.Gomez

Tripos macroceros (Ehrenberg) F.Gomez

Tripos minutus (Jorgensen) F.Gémez

Tripos muelleri Bory (=Ceratium tripos (O. F. Miiller) Nitzsch

Tripos pentagonus (Gourret) F.Gémez

Tripos pulchellus (Schroder) F.Gémez

Tripos trichoceros (Ehrenberg) F.Goémez

e o o o o e T B B B o A S

Cryptophyceae

Plagioselmis prolonga Butcher ex G.Novarino, I.A.N.Lucas &
S.Morrall

Raphidophyceae

Fibrocapsa sp.

Heterosigma akashiwo (Y.Hada) Y.Hada ex Y.Hara &
M.Chihara

Chrysophyceae

Bicosoeca mediterranea Pavillard

Dinobryon balticum (Schiitt) Lemmermann

Ochromonas sp.

+

Dictyochophyceae

Dictyocha antarctica Lohmann

Dictyocha crux Ehrenberg

Dictyocha fibula Ehrenberg

Dictyocha speculum Ehrenberg

Octactis octonaria (Ehrenberg) Hovasse

] |+ +

Prymnesiophyceae=Haptophyceae

Anacanthoica acanthos (Schiller) Deflandre

337



Calciosolenia sp. +
Calyptrosphaera sp. +

Coccolithus pelagicus (Wallich) Schiller + +
Emiliania huxleyi (Lohmann) Hay and Mohler + + +
Rhabdosphaera sp. +

Syracosphaera pulchra Lohmann + +
Syracosphaera sp. +

Euglenophyceae

Euglena viridis Ehrenberg + +
Eutreptiella marina da Cunha +

Eutreptiella sp. + +
Prasinophyceae

Halosphaera viridis Schmitz + +
Pyramimonas grossii Parke + +
Tetraselmis sp. +
Chlorophyceae

Monoraphidium sp. +
Pediastrum boryanum (Turpin) Meneghini +
Pediastrum simplex (Meyen) Lemm. +
Scenedesmus quadricauda (Turpin) Brébisson +
Sphaerocystis planctonica (Korshikov) Bourrelly +

Total species number 70 | 135 273 | 64

The highest number of species was obtained from the Sea of Marmara where the
studies were most intensely conducted (273 species, 82%), followed by the Golden
Horn Estuary with 135 species (41%), the Bosphorus (Istanbul Strait) with 70 species
(21%) and the Dardanelles (Canakkale Strait) with 64 species (19%), respectively.
Advancement of technology increased plankton studies conducted especially after the
year 2000 and the reports on the species in the region increased as well. Since the Sea of
Marmara along with the Straits involves surface waters in low salinity and deep waters
in high salinity, the number of species reported in the region differs due to the presence

of species that can adapt to various salinity values.
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Table 3. Class, genus, taxa numbers and percentage (%) distributions of
phytoplankton from the Turkish Strait System.

Class Genus Taxa %
Cyanophyceae 13 17 taxa (seven of them at genus level) 5.1
Bacillariophyceae 70 162 taxa (15 of them at genus level) 48.6
Dinophyceae 39 124 taxa (five of them at genus level) 37.2
Cryptophyceae 1 1 taxa 0.3
Raphidophyceae 2 2 taxa (one of them at genus level) 0.6
Chrysophyceae 3 3 taxa (one of them at genus level) 0.9
Dictyochophyceae 2 5 taxa 1.5
Prymnesiophyceae 7 8 taxa (four of them at genus level) 2.5
Euglenophyceae 2 3 taxa (one of them at genus level) 0.9
Prasinophyceae 3 3 taxa (one of them at genus level) 0.9
Chlorophyceae 4 5 taxa (one of them at genus level) 1.5
146 333 taxa (36 of them at genus level)

The finding, which revealed that diatoms were dominant in the region in terms of
number of species, is in parallel with the studies conducted in northwest coasts
(Velasquez and Cruzado 1995; 51% diatoms, 36% dinoflagellates) and northeast coasts
(Polat and Piner 2002; diatoms represented 57.4% and dinoflagellates 37.2%) of the
Mediterranean. In addition, in the Aegean Sea, diatoms and dinoflagellate species were
reported with the rates of 45.8% and 41.2%, respectively (Koray 1994). In a study
conducted around Bozcaada Island in the Aegean Sea reported that dinoflagellates
(50%) were more dominant than diatoms (47%) in terms of the number of species
(Balkis 2009). In a study conducted in Villefranche Bay, northwest coasts of the
Mediterranean (Gomez and Gorsky 2003; 52% dinoflagellates, 43% diatoms), in the
Gulf of Genoa (Bernhard and Rampi 1967; 48% dinoflagellates, 31% diatoms) and the
Sea of Marmara (Balkis 2003; 52% dinoflagellates, 40% diatoms) reported that
dinoflagellates have more number of species than diatoms. Regional climate changes,
increased temperature, industrialization and anthropogenic pressures may cause regional
differences in species diversity (Gomez and Claustre 2003). Involving comprehensive
studies conducted in the region, the present study tries to reveal a current phytoplankton
species composition.
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1. Introduction

The first paper in which macroalgae from the Sea of Marmara (Turkey) was
made by Buxbaum (1728), who recorded marine macroalgal species under pre-Linnean
name Fucus from Istanbul and Princes Islands. Plate 8, Figure 3 in Buxbaum (“Fucus
humilis”) from Kinaliada, which was part of the protologue in Gmelin’s account of
Fucus serra, was designated the lectotype of Fucus serra S.G. Gmelin, and a collection
made by J. Feldmann in MICH was proposed to serve as the epitype of Gelidium serra
(S.G.Gmel.) E. Taskin and M.J. Wynne by Tagkin and Wynne (2013) (Figure 1).

Forsskal (1775) collected some marine algae from Istanbul, Dardanelles, and
Tekirdag, and he reported 16 species of seaweeds totally from Turkey (Taskin and
Pedersen 2008). Lamouroux (1822) identified 43 algal taxa (species and infrapecies)
from different localities on the coasts of the Mediterranean Sea and the Black Sea of
Turkey, Italy, Greece and the Ukraine. 22 seaweeds were reported from Istanbul, Izmit
(Sea of Marmara, Turkey), and these species were collected by Dumont d’Urville in
1820. A re-examination of the specimens of Turkish marine algae reported by
Lamouroux (1822) has been made, and observations on their present taxonomic and
nomenclatural status were offered by Taskin (2014a). Rigler (1852) given 34 marine
algal taxa from Istanbul. Fritsch (1899) reported 63 macroalgal taxa from Bosphorus,
Biiyiikada, Hali¢ etc. in Istanbul (Sea of Marmara). Sauvageau (1912) named
Cystoseira bosphorica (type locality: Bosphorus, Turkey) on the basis the plant was
collected by Thuret from Turkey in 1840.
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Figure 1. Reproduction of pl. VIII, Figure 3. “Fucus humilis” (Buxbaum 1728)
from Kinaliada (fstanbul). The lectotype of Fucus serra S.G. Gmelin.

The marine algae of the Sea of Marmara (Turkey) have been also investigated
by Ozt13 (1957, 1962), Giiven and Ozt1g (1971), Zeybek and Giiner (1973), Aysel et al.
(1991, 1993, 2000, 2006), Giiven et al. (1991), Ko¢ and Aydin (2001), Erdugan et al.
(2002), Turna and Ertan (2005), Taskin (2008, 2012, 2013a,b, 2014b), Taskin et al.
(2003, 2006, 2012), Taskin and Oztiirk (2007), Taskin and Pedersen (2012), Taskin and
Wynne (2013), Tagkin and Sukatar (2013). Distribution of rhodoliths and maerls (red
algae) in southern shelf of the Sea of Marmara was studied by Atabey (1998).

In total, 600 marine benthic macroalgae have been reported from Turkey,
including 150 Phacophyceae (brown algae) (25%), 330 Rhodophyta (red algae) (55%)
and 120 Chlorophyta (green algae) (20%), and 34 of which are alien taxa (5,66%)
(Taski et al. 2008, 2011; Taskin 2015; Taskin and Oztiirk 2013; Crocetta et al. 2015)
(Table 1). Turkey has 53,71% of the Mediterranean macrobenthic algal flora (Taskin
2015).
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Table 1. Biodiversity of Turkish macrobenthic algal flora and its percentage (%).

Macroalgal groups No. taxa % taxa No. alien taxa % alien taxa
Phaeophyceae (Brown algae) 150 25 14 9,33
Rhodophyta (Red algae) 330 55 14 4,24
Chlorophyta (Green algae) 120 20 6 5
Total taxa 600 100 34 5,66

The Sea of Marmara located in the northwest side of Turkey, and it is an inland
sea, that connects the Black Sea to the Aegan Sea, and it separates Asia and Eurapean
continets. Numbers of marine macroalgal taxa in the some areas from the Sea of
Marmara (Turkey) are given in Table 2, and the arcas are showing in Figure 2. The
highest taxa were found in three stations, 382 taxa in Dardanelles, 224 taxa in Sarkdy
and 182 taxa in Gelibolu, respectively.

TURKEY

Figure 2. Documented marine algal studies in the some areas from the Sea of
Marmara, Turkey [l-Dardanelles (Canakkale); 2-Gelibolu; 3-Sarkdy; 4-
Tekirdag; 5- Bosphorus (Istanbul); 6- Istanbul; 7- Princes Islands; 8-Kocaeli; 9-
Yalova; 10-Mudanya; 11-Bandirma; 12-Erdek; 13-Pasalimani-Marmara Adast;
14-Karabiga; 15-Lapseki].
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Table 2. Numbers of marine algal and marine phanerogams taxa from the some
areas in the Sea of Marmara. [Ph: Phaeophceae; Rh: Rhodophyta; Ch:
Chlorophyta; Sp: Spermatophyta].

Area/Station Reference Macroalgal groups Total taxa
Ph. Rh. Ch. Sp.
Dardanelles- Aysel et al. (2000),
95 214 73 4 386
Canakkale Tagkin et al. (2003)
. Aysel et al. (1991, 1993),
libol 2 4 1
Gelibolu Tagkin et al. (2016) 60 %0 3 86
. Aysel et al. (1991, 1993),
Sarkoy Taskm et al. (2016) 62 126 36 3 227
C Aysel et al. (1991, 1993),
Tekirdag Taskin et al. (2016) 30 70 22 3 125
Aysel et al. (1991, 1993),
Bosphorus (Istanbul) Turna and Ertan (2005), 25 65 35 2 127
Taskin et al. (2016)
. Aysel et al. (1991, 1993),
Ist 1 22 2 134
stanbu Tagkin et al. (2016) 80 30 3
. Aysel et al. (1991, 1993),
Princes Islands Taskin et al. (2016) 30 60 28 - 118
. Aysel et al. (1991, 1993),
Kocaeli Taskin et al. (2016) 8 35 25 - 68
Aysel et al. (1991, 1993),
Yalova Taskin et al. (2016) 17 45 22 1 85
Aysel et al. (1991, 1993),
Mudanya (Bursa) Taskin et al. (2016) 25 55 26 2 108
Aysel et al. (1991, 1993),
B 22 4 2
andirma Taskin et al. (2016) 6 B 3 %
Aysel et al. (1991, 1993),
Erdek Taskm et al. (2016) 40 58 20 4 122
Marmara Adasi-
Pasaliman Adast Tagkin et al. (2016) 60 80 35 4 179
Karabiga Taskin ez al. (2016) 24 40 15 82
Lapseki Taskin ez al. (2016) 55 60 25 144

2. Current status of marine macroalgal flora in the Sea of Marmara

(Turkey)

The Sea of Marmara has been indicated as very high levels of pollution by

several industrial complexes, municipal wastewater, agricultural chemicals and oil
pollution (Aydinol et al. 2012), and the origin of pollutants were mainly reported from
anthropogenic disturbance (e.g. Istanbul City), Izmit Bay, and Gulf of Gemlik., and
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where opportunistic marine macroalgal species are dominant (e.g. Ulva spp.,
Cladophora spp., Gracilaria gracilis, etc.).

Taskin and Oztiirk (2013) reported 400 taxa at specific and infraspecific level
of the marine benthic macroalgae in the Sea of Marmara, 105 of which brown algae
(Phaecophyceae) (26,25%), 225 of which red algae (Rhodophyta) (56,25%), and 70 of
which green algae (Chlorophyta) (17,50%) (Table 3, Figure 3).

Brown algae are common in Dardanelles, Gelibolu, Sarkdy, Lapseki,
Pagalimani Island, Kapidag, and Erdek. Twelve Cysfoseira taxa are distributed in the
Sea of Marmara, and this genus species are indicated for pristine states. Cystoseira
barbata, Cystoseira crinita, Cystoseira foeniculacea are common in Gelibolu, Sarkdy,
Pasalimani Island, and Lapseki (Figs. 4-8). The members of order Ectocarpales (eg.
Asperococcus spp., Ectocarpus spp., Colpomenia sinuosa, Scytosiphon lomentaria,
Cladosiphon spp., Petalonia fascia, etc.) are shown in spring in the midlittoral zone and
the infralittoral zone and these species are known in degraded states. Deep brown alga
Laminaria rodriguezii was reported from Princes Islands (Istanbul), its conservation
status “endangered”.

In the Sea of Marmara, red algae are common in Istanbul, Gelibolu, Lapseki,
Pasaliman1 Island, Yalova, Kocaeli, Bandirma, Dardanelles. The members of order
Ceramiales are common in all sites in the midlittoral zone and the infralittoral zone
(Figure 9), Laurencia spp., Palisada spp., Ceramium spp., Polysiphonia spp.,
Boergeseniella fruticulosa are common in coasts of the Sea of Marmara. Calcareous red
algal order Corallinales members are known from Gelibolu, Sarkdy, Dardanelles,
Tekirdag, Uskiidar, Bandirma, Erdek, Lapseki, Pagalimani and Marmara Islands.
Corallina officinalis, Ellisolandia elongata, Haliptilon attenuatum are found as epilithic
or epiphytic on Cystoseira (Figs. 5,8), Phymatolithon lenormandii is found as epilithic,
and Hydrolithon farinosum is found as epiphytic on leaf of Cymodocea nodosa. Other
red algal species Gracilaria bursa-pastoris, Nitophyllum punctatum, Pyropia
leucosticta are found abundantly in the coasts of the Sea of Marmara in Spring (Figure
10). Chylocladia verticillata is common as epiphytic on the brown alga Cystoseira in
Pasalimani Island (Figure 7). Opportunistic red alga Gracilaria gracilis is common in
Izmit Bay, where is known a degraded site (Figure 11).

Oppotunistic green algal genera Ulva, Cladophora, Codium are known from
degraded coasts. Ulva species (U. compressa, U. intestinalis, U. linza, U. rigida, etc.)
are common in the midlittoral zone and the infralittoral zone in the Sea of Marmara
(Figs. 12-13). Cladophora species are bloomed in Spring in Edincik, Kapidag (Erdek)
(Figs. 14-15). Invasive marine alga Codium fragile is distributed as abundant in all coast
of the Sea of Marmara. Other green algal genera Bryopsis (B. corymbosa, B. hypnoides,
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B. plumosa) and Chaeotomorpha (C. aerea, C. linum) speceis are also common in the
midlittoral zone and the infralittoral zone.

Some marine algal taxa were reported in the Sea of Marmara that they are
known as rare species: brown algae Botrytella micromora Bory, Compsonema minutum
(C. Agardh) Kuckuck, Compsonema saxicola (Kuckuck) Kuckuck, Hecatonema
terminale (Kiitz.) Kylin, Kuckuckia spinosa (Kiitz.) Kornmann, Microcoryne ocellata
Stromfelt, Microspongium gelatinosum Reinke, Pseudolithoderma adriaticum (Hauck)
Verlaque, Streblonema parasiticum (Sauvageau) Levring, Ulonema rhizophorum
Foslie, red algae Lomentaria ercegovicii Verlaque et al. Osmundea pelagiensis
G.Furnari, and green alga Ulva multiramosa E.Taskin.

Table 3. Biodiversity of Turkish and the Sea of Marmara macrobenthic algal
flora and its percentage (%).

Macroalgal Sea of No. taxa of % taxa of Sea of
groups Marmara Turkey Marmara /Turkey
Phaeophyceae 105 150 70
Rhodophyta 225 330 68,18
Chlorophyta 70 120 58,33

Total taxa 400 600 66,66

® Chlorophyta

17,5 Phaeophyceae

26,25

Rhodophyta
56,25

Figure 3. Percentage (%) of macrobenthic algal flora in the Sea of Marmara.

349



Figure 4. Macroalgal vegetation in the Sea of Marmara, May 2015 (0,5 m,
Sarkoy, Tekirdag, Turkey) (a: Cystoseira barbata, b: Ulva intestinalis, c:
Scytosiphon lomentaria). (Photo: E.Tagkin).
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Figure 5. Macroalgal vegetation in the Sea of Marmara, May 2013 (0,5 m,
Sarkoy, Tekirdag, Turkey) (a: Cystoseira barbata, b: Corallina officinalis, c:
Ulva linza). (Photo: E.Tagkin).
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Figure 6. Brown alga Cystoseira species in the Sea of Marmara, May 2015 (1 m,
Pasalimani Island, Balikesir, Turkey). (Photo: E.Taskin).

Figure 7. Epiphytic red alga Chylocladia verticillata (arrowheads) on the brown
alga Cystoseira in the Sea of Marmara, May 2015 (1 m, Pasaliman Island,
Balikesir, Turkey). (Photo: E.Tagkin).
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Figure 8. Macroalgal vegetation in the Sea of Marmara, November 2015 (1 m,
Sarkdy, Tekirdag, Turkey) (a: Cystoseira barbata, b: Corallina officinalis, c:
Ulva rigida). (Photo: E.Taskm).

Figure 9. Macroalgal vegetation in the Sea of Marmara, May 2015 (1 m, Hereke,
Kocaeli, Turkey) (a: Ulva rigida, b: Ceramium virgatum). (Photo: E.Tagkin).
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Figure 10. Red alga Porphyra (arrowheads) in the Sea of Marmara, May 2015
(1 m, Uskiidar, Istanbul, Turkey). (Photo: E.Tagkin).

Figure 11. Opportunistic red alga Gracilaria gracilis blooms in the Sea
of Marmara, November 2015 (Izmit, Kocaeli, Turkey). (Photo: E.Taskn).
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Figure 12. Opportunistic green alga Ulva in the Sea of Marmara, May 2015
(1 m, Yalova, Turkey). (Photo: E.Tagkin).

Figure 13. Opportunistic green alga Ulva rigida in the Sea of Marmara,
May 2015 (1 m, Sarkdy, Tekirdag, Turkey). (Photo: E.Taskin).
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Figure 14. Opportunistic green alga Cladophora sp. in the Sea of Marmara,
May 2015 (1 m, Erdek, Balikesir, Turkey). (Photo: E.Taskin).

Figure 15. Opportunistic green alga Cladophora sp. (arrowheads) with
Cymodocea nodosa (arrow) in the Sea of Marmara, May 2015 (1 m, Kapidag,
Balikesir, Turkey). (Photo: E.Tagkin).
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3. Current status of marine phanerogams in the Sea of Marmara (Turkey)

Marine phanerogams (seagrasses, marine flowering plants, marine angiosperms)
beds and meadows are found in bays, coves, brackish waters and they are a haven for
mollusk, crabs, fish, and other organisms. Six marine phanerogams known in Turkey
(Taskin et al. 2008; Akgali and Cirik 2015), four of which marine phanerogams known
in the Sea of Marmara are; Cymodocea nodosa (Ucria) Ascherson, Posidonia oceanica
(L.) Delile, Zostera marina L. and Zostera noltei Homermann (Tagkin et al. 2008).
There are several studies that examine marine fanerogams meadows spreading out along
the coast of the Sea of Marmara (Yiiksek and Okus 2004; Meinesz et al. 2009; Cirik et
al. 2010; Cirik and Akg¢al1 2013; Taskin et al. 2016).

Cymodocea nodosa is common in the Sea of Marmara, while Posidonia
oceanica is distributed only in small area (Dardanelles, Kapidag and Pasalimani Island)
in the Sea of Marmara (Figure 16-18). Zostera marina and Zostera noltii are found
together with C. nodosa beds (Figure 19).

I

GREECE

Black sea
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Marmara sea '
. wf/\
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Aegean sea T TURKEY
<L 2-
I
N &,
Canakkale Erdekbay

===+ Surveyed coast
== Continuous Posidonia oceanica beds
==== Discontinuous Posidonia oceanica beds

Figure 16. Distribution of Posidonia oceanica in the Dardanelles and in the Sea
of Marmara (Meinesz et al. 2009).
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Figure 17. Posidonia oceanica and Cymodocea nodosa (with brown algal
epiphytes) in the Sea of Marmara, November 2011 (1 m, Dardanelles,
Canakkale, Turkey). (Photo: E.Taskin).

Figure 18. Cymodocea nodosa (benthic and floating) in the Sea of Marmara,
June 2016 (1 m, Erdek, Balikesir, Turkey). (Photo: E.Taskin).
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Figure 19. Cymodocea nodosa and Zostera noltii beds in the Sea of Marmara,
May 2015 (1 m, Kapidag, Balikesir, Turkey). (Photo: E.Taskin).

4. Alien marine algae in the Sea of Marmara (Turkey)

Alien and invasive marine macrophytes introduced into the Mediterranean Sea
by aquaculture, by shipping, via Suez Canal, by fouling, by ballast water and by
accidental escape from aquarium. Verlaque et al. (2015) reported 110 exotic marine
macrophytes species in the Mediterranean Sea. A list of accepted introduced marine
macroalgae occuring on the coasts of Turkey was consist of 14 Rhodophyta (red algae),
14 Phaeophyceae (brown algae), and 6 Chlorophyta (green algae) for a total of 34 taxa
at specific and infraspecific level, 20 of which were reported from the Sea of Marmara,
Turkey (Taskin et al. 2011) (Table 4). Of them, the Chlorophyta Codium fragile (Figs
20-22) and the red alga Polysiphonia morrowii are common in all sites of the Sea of
Marmara, and this species shows an invasive behaviour. Brown alga Colpomenia
peregrina is abundant in Spring at Dardanelles. Newly, an alien red alga Antithamnion
hubbsii was reported from Dardanelles, Sea of Marmara for the first time (Figure 23).
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Figure 20. Invasive green alga Codium firagile from Karabiga
in the Sea of Marmara, Turkey (8 m). (Photo: E.Taskin).

Figure 21. Invasive green alga Codium fragile from Yandros Island
in the Sea of Marmara, Turkey, November 2015 (5 m). (Photo: E.Tasgkin).
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Figure 22. Invasive green alga Codium fragile (a), native red alga Polysiphonia

elongata (b), and native green alga Ulva rigida (c) from Yandros Island in the

Sea of Marmara, Turkey, November 2015 (20 m). (Photo: E.Taskin).

Figure 23. Alien red alga Antithamnion hubbsii, Canakkale, Sea of Marmara,
Turkey.

360



Table 4. Alien and invasive marine macroalgae in the Sea of Marmara (Turkey).
[A=Atlantic; IP=Indo-Pacific; AL=Alien; E=Established]

Taxa Vector of Origin Status  World
introduction distribution
Rhodophyta (red algae)
Antithamnion By ship A, 1P AL Atlantic ocean,
hubbsii E.Y Dawson Pacific ocean and
Indian ocean
Chondria collinsiana M. Howe By Suez 1P AL Atlantic ocean,
Canal Pacific ocean and
Indian ocean
Colaconema codicola (Bergesen) By ship 1P E Atlantic ocean,
Stegenga, J.J.Bolton, and Pacific ocean and
R.J.Anderson Indian ocean
Falkenbergia rufolanosa By fouling 1P E Atlantic ocean,
(Harvey) Schmitz Pacific ocean and
(Tetrasporophyteof Asparagopsis Indian ocean
armata Harvey)
Griffithsia corallinoides (L.) By Gibraltar A, 1P E Atlantic ocean,
Trevisan Pacific ocean and
Indian ocean
Polysiphonia morrowii Harvey By 1P E Atlantic ocean
aquaculture and Pacific ocean
Rhodophysema georgii Batters By A, IP AL Atlantic ocean
aquaculture and Pacific ocean
Trailliella intricata Batters By fouling 1P E Atlantic ocean
(Tetrasporophyte of and Pacific ocean
Bonnemasoinia hamifera Hariot)
Phaeophyceae (brown algae)
Botrytella parva (Takamatsu) H.- By ship 1P E Pacific ocean
S.Kim
Chorda filum (L.) Stackhouse By A, IP E Atlantic ocean
aquaculture and Pacific ocean
Cladosiphon zosterae (J.Agardh) By fouling A E Atlantic ocean
Kylin and Pacific ocean
Colpomenia peregrina Sauvageau By Gibraltar 1P E Atlantic ocean,
Pacific ocean and
Indian ocean
Ectocarpus siliculosus var. By ship A AL Atlantic ocean
hiemalis (Crouan Frat ex
Kjellman) T.Gallardo
Halothrix lumbricalis (Kiitzing) By fouling A, 1P AL Atlantic ocean
Reinke and Pacific ocean
Litosiphon laminariae (Lyngbye) By A E Atlantic ocean
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Harvey aquaculture

Microspongium globosum Reinke By foulingor A AL Atlantic ocean
balast water

Punctaria tenuissima (C. Agardh) By fouling A E Atlantic ocean

Greville and Pacific ocean

Pylaiella littoralis (L.) Kjellman By A, 1P E Atlantic ocean,
aquaculture Pacific ocean and

Indian ocean

Scytosiphon dotyi M.J. Wynne By A, 1P E Atlantic ocean
aquaculture and Pacific ocean

Chlorophyta (green algae)

Codium fragile subsp. fragile By 1P E Atlantic ocean

(Suringar) Hariot aquaculture and Pacific ocean
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1. Introduction

Tintinnids included in Ciliophora group are the most important members of
planktonic ciliates in sea environment and they are the most important consumers of
ultra- and nanoplanktons along with small diatoms on trophic level in pelagic ecosystem
(Cosper 1972). Tintinnids have significant role in biochemical cycle of carbon and
energy flow because of their high metabolic rates, abilities to consume food source and
breed rapidly (Dolan 1997; Godhantaraman 2001; Bachy et al. 2012). In addition, they
are also food sources for heterotrophic organisms in a proper size to digest them (Gold
1970; Dolan et al. 1999; Dolan and Gallegos 2001). These basic-structured organisms,
which have a cosmopolite distribution in seas and oceans, can be found only as cyst
under non-suitable conditions since movement organelles function solely in marine
environment.

Some researchers have investigated cellular organization of tintinnid species
over world seas (Campbell 1926, 1927; Hofker 1931; Biernacka 1952). However, most
of these research are on taxonomy and systematics of them. There are two fundamental
reasons of it: The challenge of conducting experimental studies on them under
laboratory conditions and constriction of organism during fixation of plankton samples
including tintinnids or abandonment of organism from lorica (Gold 1968, 1969).
Therefore, classification is mostly based on lorica morphology. Vase, bowl or tube
formed lorica surrounding protoplasts is very important for the identification of species
(Laval-Peuto 1981, 1983; Wasik and Mikolajczyk 1994). Structure and shape of lorica
may differ by three important factors. The first of them is quality and quantity of lorica
material; the second is environmental factors such as biotic and abiotic factors during
development and the last one is cell cycle (Agatha et al. 2013). In last decade,
phylogenetic studies have started to be conducted and it has been emphasized that
classification of this species may differ; it has been asserted that various species defined
as different species by lorica appearance could be different forms of the same species
(Agatha and Striider-Kypke 2007, 2012; Sacca et al. 2008; Agatha 2010; Bachy et al.
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2012). It should be kept in mind that loricas of tintinnid species can show
polymorphism in high level (Laval-Peuto and Brownlee 1986).

According to the literature, tintinnids were collected from the Sea of Marmara
using plankton nets or water samplers and preserved in Lugol’s solution or neutralized
formaldehyde. Most researchers referred to Trégouboff and Rose (1957), Balech (1959),
Marshall (1969), Koray and Ozel (1983), Chihara and Murano (1997), Alder (1999),
Thompson et al. (1999), Polat et al. (2001), Balkis (2004), Urrutxurtu (2004) and
Abboud-Abi Saab (2008) for identifying tintinnid morphospecies. MarBEF data system
(http://www.marbef.org/data/erms.php) was also used as a source for current species
names.

This study aims to determine tintinnid species having a significant place in food
web and included in few studies in the Sea of Marmara and to reveal the species
abundance and the periods which it increases. Studies conducted on tintinnid species in
Turkish coastal waters are mostly systematic researches and there are limited studies on
ecologies of the species (Koray and Ozel 1983; Koray et al. 1992; Balkis and Wasik
2005; Balkis 2004; Balkis and Toklu-Alicli 2009; Durmus and Balkis 2014). A study
conducted in 2014 reported 109 tintinnid species in Turkish coastal waters and listed
these species with detected seas (Balkis and Koray 2014). In a literature review study
conducted by Balkis and Koray (2014), 15 species were reported in the Sea of Marmara.
This species number is 14% of the total number of species and less than the number of
known species in the Black Sea (21%). Afterwards, Durmus and Balkis (2014)
conducted a study at Gulf of Gemlik and brought contribution to tintinnid species in
Turkey with 3 new recorded species and with 18 recorded species from the Sea of
Marmara. In this way, number of tintinnid species in the Sea of Marmara was detected
as 33 (30%) (Figure 1; Table 1), this species number was recorded as 112 for Turkish
coastal waters.

Figure 1. Sampling areas in the Sea of Marmara (1-the Biiylikgekmece Bay;
2-the Prince Islands (Kasik Island); 3-the Gulf of Gemlik).
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Table 1. Tintinnid species reported from the Sea of Marmara and ecologic
tolerances in studies conducted on various seas of Turkey (Koray and Ozel 1983;
Koray et al. 1992; Balkis and Wasik 2005; Balkis 2004; Balkis and Toklu-Alicli

2009; Durmus and Balkis 2014).

Tintinnid species

References in the Sea
of Marmara

Temperature
(min-max °C)

Salinity

(min-max %)

1 Amphorellopsis tetragona (Jergensen)  Toklu-Alicli et al. 8.7-22.9 15.5-36

Kofoid and Campbell, 1929 2010; Durmus and
Balkis 2014

2 Amphorides amphora (Claparéede and ~ Balkis 2004 13.2-26.5 21.1-37.8
Lachmann) Strand, 1926

3 Amphorides quadrilineata (Claparéde ~ Durmus and Balkis 8.7-26.5 17.8-40.6
and Lachmann) Strand, 1926 2014

4 Codonellopsis morchella (Cleve) Durmus and Balkis 9.2-19.4 15.9-30.3
Jorgensen, 1924 2014

5 Codonellopsis orthoceras (Haeckel) Balkis 2004 12-19.2 19.9-38.7
Jorgensen, 1924

6 Codonellopsis schabi (Brandt) Kofoid  Balkis 2004; Durmus 13-24.5 17.8-38.2
and Campbell, 1929 and Balkis 2014

7 Dictyocysta sp. Durmus and Balkis 9.6 20.3

2014

8 Eutintinnus apertus Kofoid and Balkis 2004; Durmus 13.2-27 16.4-40.6
Campbell, 1929 and Balkis 2014

9 Eutintinnus fraknoi (Daday) Kofoid Balkis 2004 13.2-25.7 19.7-40.6
and Campbell, 1939

10 Eutintinnus lususundae (Entz) Kofoid  Balkis 2004; Durmus 11-29.3 15-40.6
and Campbell, 1939 and Balkis 2014

11 Eutintinnus medius (Kofoid & Durmus and Balkis 25.9-28 16.4-17
Campbell) Kofoid & Campbell, 1939 2014

12 Eutintinnus tubulosus (Ostenfeld) Durmus and Balkis 11-29.1 16.1-37.4
Kofoid and Campbell, 1939 2014

13 Favella campanula (Schmidt) Balkis 2004 16.5-24.5 19.7-38.7
Jorgensen, 1924

14 Favella ehrenbergii (Claparede and Balkis 2004; Durmus 7.3-29.3 15.9-38.7
Lachmann) Jérgensen, 1924 and Balkis 2014

15  Helicostomella subulata (Ehrenberg) Balkis 2004; Durmus 8.7-28.3 15-40.6
Jorgensen, 1924 and Balkis 2014

16 Metacylis jorgensenii (Cleve) Kofoid ~ Balkis 2004; Durmus 8.6-28.3 16.1-40.6
and Campbell, 1929 and Balkis 2014

17 Metacylis mediterranea Durmus and Balkis 22.9-28.3 16.4-18.1
(Mereschkowsky) Jorgensen, 1924 2014

18 Metacylis mereschkowskii Kofoid and ~ Durmus and Balkis 16.5-28.3 16.4-21.9
Campbell, 1929 2014

19 Rhizodomus tagatzi Strelkow and Durmus et al. 2011 18-28.3 16-38.7
Wirketis, 1950 (=Tintinnopsis
corniger Hada, 1964)

20  Salpingella acuminata (Claparéde and ~ Durmus and Balkis 13-18.5 18.7-37.6
Lachmann) Jorgensen, 1924 2014

21 Salpingella decurtata Jorgensen, Durmus and Balkis 12.2-29.1 16.1-37.4
1924 2014

22 Schmidingerella serrata (Mobius) Balkis 2004 14.7-26.5 20.2-38.7
Agatha & Striidder-Kypke, 2012
[=Favella serrata (Mdbius) Jorgensen,
1924]

23 Steenstrupiella steenstrupii Balkis 2004 13-24.5 22.3-38.3

(Claparéde and Lachmann) Kofoid
and Campbell, 1929
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24 Stenosemella nivalis (Meunier) Durmus and Balkis 8.3-21 17.7-35.2
Kofoid and Campbell, 1929 2014
25  Stenosemella ventricosa (Claperede Durmus and Balkis 8.2-21 15.9-38.7
and Lachmann) Jérgensen, 1924 2014
26  Tintinnopsis acuminata Daday, 1887 Durmus and Balkis 12.2-26.8 15-36
2014
27  Tintinnopsis beroidea Stein, 1867 Durmus and Balkis 16-25.5 16.8-38.7
2014
28  Tintinnopsis buetschlii Daday, 1887 Durmus and Balkis 9.3-18 19-38.7
2014
29  Tintinnopsis campanula (Ehrenberg) Durmus and Balkis 8.4-29.1 15-38.7
Daday, 1887 2014
30  Tintinnopsis compressa Daday, 1887 Durmus and Balkis 9.2-26 19.6-38.7
2014
31 Tintinnopsis radix (Imhof) Brandt, Balkis 2004 9.2-27.5 16-40.6
1907
32 Tintinnopsis urnula Meunier, 1910 Durmus and Balkis 17.7-18.5 17.1-19.5
2014
33 Xystonella treforti (Daday) Durmus and Balkis 13.8-17.2 18.7-37.5

Laackmann, 1909 2014

The first study conducted on tintinnid species in the Sea of Marmara evaluated
materials collected from Biiylikcekmece Bay in the years of 1998-1999; and presence of
14 species was detected (Balkis 2004). In this study, it was reported that Favella and
Eutintinnus genera are dominant in terms of species and individual number and the most
abundantly found species is E. fraknoi. In addition, it was emphasized that tintinnid
species decrease in winter and early spring periods when phytoplankton increases; F.
serrata (=Schmidingerella serrata) is more affected by temperature changes while FE.
lususundae is more affected by salinity changes. In this study conducted at
Biiyiikkgekmece Bay, tintinnid species reached the highest abundance in November
(autumn) (1.2x10° ind. L"). In another study conducted around Kasik Island in the Sea
of Marmara in 2008, Amphorellopsis tetragona (Jorgensen) Kofoid and Campbell, 1929
which is a cosmopolit species, was reported as a new recorded for Turkish coastal
waters (Toklu-Alicli et al. 2010). In upcoming years, in a study conducted at Gulf of
Gemlik in 2010, a new registry species [Rhizodomus tagatzi Strelkow and Wirketis,
1950 (=Tintinnopsis corniger Hada 1964] was contributed to species diversity (Durmus
et al. 2011). 13 species of Tintinnopsis genus are known in Turkish coastal waters while
it has been reported only 2 species of this genus live in the Sea of Marmara
(Rhizodomus tagatzi reported as T. corniger and T. radix). This situation indicates
limited number of studies conducted on this subject. In order to fulfill this lack, a
comprehensive study was conducted at Gulf of Gemlik (Durmus and Balkis 2014) and it
was reported that 28 tintinnid species live in the Sea of Marmara along with new
registry species notifications for both this particular sea and Turkish coastal waters. In
this study, it was found that Tintinnopsis genus is dominant in terms of species (8) and
individual number. The highest number of tintinnid species was found in October (14
species) and the lowest number was found in May (3 species). Maximum abundance of
sampling tintinnid species in 2010 was found in October (1.7x10° ind. L!) and in this
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period, 7. corniger and A. tetragona were detected as the most abundant species (640
ind. L.

Abundance of tintinnids were examined in near seas and F. campanula and H.
subulata were reported in eutrophied inner zones of Gulf of Izmir during excessive
increase period of Ceratoneis closterium reported as N. closterium (Koray et al. 1992).
At the same gulf, Favella, Tintinnopsis, Helicostomella and Salpingella were the most
commonly found genera, Dadayiella ganymedes reached 48.5x10° ind. L™! in spring and
started to increase and had grazing effect particularly in period when diatoms started to
increase (Colak-Sabanct and Koray 2001). In another study, it was found that an abiotic
factor, temperature had significant effect on qualitative distribution of tintinnid species
(Polat et al. 2001).

Ciliates are an important component of the prey field available to zooplankton,
fish larvae, and benthic invertebrates, particularly when phytoplankton biomass is low
or dominated by small size cells (Stoecker 2013). Experimental data on predation on
tintinnids are rare. Stoecker (2013) listed predators of tintinnids. Therefore, predators of
tintinnid species detected in the Sea of Marmara according to the list of Stoecker (2013)
and also biogeographical distributions are presented in Table 2. Most of the known
species are cosmopolit and neritic. Only Xystonella genus is warm-water. It can be seen
that majority of the species could adapt to low temperature and salinity values and they
have great tolerances (Table 1).

Some of the predator species in Table 2 were reported in the Sea of Marmara.
Acartia clausi in spring (Toklu-Alicli ef al. 2014), autumn (Isinibilir ef al. 2008, 2014);
Noctiluca scintillans in spring (Balkis 2004, Yilmaz et al. 2005), summer (Isinibilir-
Okyar et al. 2015); Aurelia aurita in summer period (Mavili 2008); Mnemiopsis leidyi
in autumn (Shiganova et al. 1995), summer (Mavili 2008); Centropages typicus in
summer (Toklu-Alicli et al. 2014), Evadne nordmanni in spring (Isinibilir-Okyar et al.
2015) and Penilia sp. in autumn (Isinibilir et al. 2008, Isinibilir-Okyar et al. 2015),
summer (Isinibilir 2010, Toklu-Alicli ef al. 2014) reached to high abundance. However,
it is not possible to reveal clearly the role of predator-prey interactions between
zooplankton and tintinnids in the food-web of the Sea of Marmara, because there is no
study which carried on tintinnids and their predators in the Turkish coastal waters.
There are some spatial and temporal differences about the predators diversity and
abundance in the recent studies. Although, the fish species (Syngnathus sp., Sprattus
sprattus and Labrus bergylta) which are predators on tintinnids at the larval stage were
recorded in the Sea of Marmara, there is no any scientific data about their abundance.
The comprehensive studies will be needed on tintinnids which have important role in
the marine food-web and their predator-prey interactions with other plankton groups.
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Table 2. Biogeographic distributions patterns and predators of tintinnids
(Pierce and Turner 1993; Stoecker 2013)

PP . Biogeographic
Tintinnid species Predators Distribution
1 Amphorellopsis tetragona Cosmopolitan
2 Amp hor{des amp h(frlaz Cosmopolitan
3 Amphorides quadrilineata
4 Codonellopsis morchella Ammodytes personatus, Lamprometra palmata
and some crinoids
5 Codonellopsis orthoceras Cosmopolitan
6 Codonellopsis schabi
. Acartia sp., Leiostomus xanthurus, Myrophis sp.,
Codonellopsis sp. Noctiluca scintillans
7 Dictyocysta sp. Leiostomus xanthurus Cosmopolitan
8 Eutintinnus apertus
9 Eutintinnus fraknoi
10 Eutintinnus lususundae Cosmopolitan
11 Eutintinnus medius
12 Eutintinnus tubulosus Levanderina fissa
Eutintinnus sp. Acartia hongi, Acartia tonsa, Acartia sp., Salps
13 Favella campanula
14 Favella ehrenbergii Aratus pisonii, Aurelia aurita, Syngnathus sp.
Acartia tonsa, Ammotretis rostratus, Aurelia Neritic
Favella sp. aurita, Brevoortia patronus, Mnemiopsis leidyi,
Rhombosolea tapirina
15 Helicostomella subulata Calanu;_ﬁnmarchicus, Centropages typicus,
Phoronis sp. ..
Meganyctiphanes norvegica, Parasagitta Neritic
Helicostomella sp. ’
elegans
16 Metacylis jorgensenii
17 Metacylis mediterranea Neritic
18 Metacylis mereschkowskii
Metacylis sp. Acartia (Acartiura) clausi
19 Rhizodomus tagatzi Neritic
20 Salpingella acuminata
21 Salpingella decurtata Cosmopolitan
Salpingella sp. Subeucalanus pileatus
22 Schmidingerella serrata Neritic
23 Steenstrupiella steenstrupii Cosmopolitan
24 Stenosemella nivalis Ammodytes personatus, Noctiluca scintillans
Calanus finmarchicus, Clupea harengus,
25 Stenosemella ventricosa Melanogrammus aeglefinus, Phrynorhombus
norvegicus, Solea ovata, Sprattus sprattus Neritic
Atherinopsis californiensis, Genyonemus
Stenosemelia sp. lineqtus, l',eiostomuf xanthurus, Leuresthes
tenuis, Micropogonias undulatus, Paralabrax
sp., Paralichthys californicus, Seriphus politus.
26 Tintinnopsis acuminata Favella sp.
27 Tintinnopsis beroidea Acartt:a 'tonsa, Labrus bergylta, Phoronis sp.,
Schmidingerella serrata
28 Tintinnopsis buetschlii
29 Tintinnopsis campanula
30 Tintinnopsis compressa
31 Tintinnopsis radix
32 Tintinnopsis urnula Neritic
Acartia tonsa, Ammotretis rostratus, Aurelia
aurita, Bivalve and gastropod veligers, Clupea
harengus, Cyphonautes (bryozoan larvae),
Tintinnopsis sp. Doliolids, Evadne nor'dmanm', Le[os‘mmt'ts o
xanthurus, Mallotus villosus, Mnemiopsis leidyi,
Mpytilus edulis, Noctiluca scintillans, Oikopleura
vanhoeffeni, Penilia sp., Rhombosolea tapirina,
Salps, Synchaeta vorax
33 Xystonella treforti Warm water

Xystonella sp.
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1. Introduction

Zooplankton, together with phytoplankton, constitutes the base of aquatic food
webs and plays a crucial role in global biogeochemical cycles. Copepods, as the
prominent component of zooplankton, are accepted as the most abundant multicellular
organism on Earth, even surpassing insect population by a couple of orders of
magnitude (Schminke 2007). As the most important grazers in the marine food webs,
zooplankton provides the flow of trophic energy to higher levels and also drives the
biological pump by supplying organic matter to the deeper parts of the ocean through
fast sinking fecal pellets, regeneration of nitrogen and their carcasses; and thus feeding
the microbial loop and detrital feeders of the benthos (Ruhl and Smith 2004). The
functioning of biological pump is off greater importance in the era of climate change,
since the storage of atmospheric carbon converted to biomass by phytoplankton relies
zooplankton to speed up the sinking of organic matter via both vertical migration and
fecal pellets.

The poikilothermic physiology and short life span of zooplankton makes the
group a prompt indicator of changing environmental conditions, particularly of climate
change (Hays et al. 2005) and monitoring shifts in zooplankton abundance patterns,
species assemblages and community structure could be used to assess the health of an
aquatic ecosystem. The vulnerability of the upper layer zooplankton dynamics to
climate change is more pronounced in stratified systems by enhancing stratification
even stronger, such as the Sea of Marmara (Richardson 2008; Coma et al. 2009).

The physicochemical and biological processes in the Sea of Marmara are
discussed in detail within the current book or in earlier work (e.g. Besiktepe et al. 1994,
Polat and Tugrul 1995). The most important feature of the basin is the permanently
thermo-haline stratified water column, shaping the biological communities it harbors.
This physical barrier also limits evolution of zooplankton communities, by strictly
limiting vertical migration (Mutlu 2005). This chapter presents a brief evaluation of
zooplankton studies in the basin, with notes on the abrupt changes due to anthropogenic
forcing and invasive species.
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2. Historical Data

Twenty studies were evaluated to explain the last four decades of zooplankton
studies in the Sea of Marmara (Table 1). According to the distribution of sampling
regions, sub regions of the basin were designated to present over all change in the basin
(Figure 1).
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Figure 1. Map and regions of the Sea of Marmara.

Evaluation of zooplankton studies in chronological order showed the scaricity of
zooplankton data before the end of 1990s and also lack of abudance data. Majority of
earlier studies either provided information as species list or relative abundance, without
information on the abundance. The most important outcomes were derived from time-
series data collected from 1997 to 2007. The interruption in this data set due to funders
after 2008 limits us to better understand the current dynamics, and there is an urgent
need to resume continuing the timeseries oceanographic data collection in the basin in at
least monthly intervals.

3. Species composition

The Sea of Marmara with its saline, oxygen deficient lower layer and highly
productive brackish upper layer provides habitat for a wide range of zooplankton
species and also acts as a corridor for the “Mediterranization of the Black Sea”
(Kovalev et al. 1999). A total of 129 Copepoda and 6 Cladocera species were registered
in the Sea of Marmara, with earliest records starting from Demir’s work in 1950s (Table
2). Among available literature, Unal et al. (2000) provided the most detailed list with
111 copepod species, 12 being at genus level. A detailed list of all Copepoda species of
Turkish seas, including benthic and parasitic forms, has been presented in Bakir et al.
(2014). Although results imply a significant diversity of copepods, the high numbers are
due to high diversity at the Mediterranean originated lower layer, while upper layer is
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dominated by relatively few species, but in much higher biomass when compared to the
lower layer (Unal et al. 2000). The most abundant upper layer copepod species are
Acartia clausi, Paracalanus parvus, Pseudocalanus elongatus, Centropages kréyeri, C.
typicus and Oithiona similis; while lower layer is populated by Calanus euxinus,
Calocalanus sp., Clausocalanus sp. and Ctenocalanus sp.. Besides copepods,
cladocerans also played a significant role in the Sea of Marmara and are represented by
6 species; Penilia avirostris and Pleopis polyphemoides being the most important ones.
Although registered previously, Anomalocera petersoni, Copilia quadrata, Corycaeus
furcifer, Corycella rostrata, FEucalanus attenuatus, Labidocera brunescens,
Parapontella brevicornis, Pontella lobiancoi, Pontella mediterranea and Pontellopsis
villosa were not encountered in samples for the last two decades (Isinibilir 2010b).

Table 1. Year, sampling frequency and coverage of datasets reviewed. For
regions please refer to Figure 1.

Sampling Sampling Data Coverage Region Reference
Year Frequency
1977 Summer Species list/ abundance W Cebeci and Tarkan 1990
1978 Spring Species list/ abundance =~ Marmara Cebeci and Tarkan 1990
1979 Spring Species list/ abundance ~ SW Cebeci and Tarkan 1990
1986-1990 Spring-winter Species list Marmara Benli et al. 2001
1997-1998 Biweekly Abundance NE Yuksek et al. 2002
1998 Spring Species list/ abundance = NW-N-NE  Unal et al. 2000
1999 Autumn Abundance/Acoustic NE Mutlu 2005
1999-2000 Seasonal Species list/ abundance ~ NE Tarkan et al. 2005
2000 Summer Abundance North/ Tarkan et al. 2000
Canakkale
2001-2002 Monthly Species list/ abundance  Izmit Isinibilir ez al. 2008
2001-2002 Monthly Abundance NE Yilmaz et al. 2005
2004-2007 Monthly Abundance NE Yilmaz 2015
2005 Autumn Physiology NE Hubareva et al. 2008
2005 Autumn Species list/ abundance/ NE Svetlichny et al. 2006
physiology
2005-2006 Monthly Abundance NE Isinibilir 2009
2005-2006 Seasonal Species list/ abundance =~ Marmara Yilmaz et al. 2012
2005-2008 Seasonal Species list/ abundance/ NE Isinibilir et al. 2011
physiology
2005-2009 Seasonal Abundance NE Isinibilir ez al. 2014
2006-2007 Biweekly Abundance Canakkale  Buyukates and Inanmaz
2009
2006-2007 Seasonal Abundance SW-S Isinibilir 2010a
2006-2008 Seasonally Species list/ abundance ~ SW Toklu-Alicli et al. 2014
2008 Monthly Species list/ abundance ~ NE Isinibilir-Okyar et al.
April-December 2015

A. clausi is among the most abundant species throughout the year. Although the
species’ abundance was lower in 1970's, its contribution to copepod biomass increased
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significantly in 1980's and 1990's, probably due to eutrophication and tolerance of the
species to pollution (Zagorodnyaya et al. 1999). The intrusion of A.tonsa in 1990's
resulted in denser presence of the genus in warmer periods of the year (Gubanova
1999). Longterm datasets from the Northern Black Sea also supported the change
mechanism where due to anthropogenic eutrophication biomass of A. clausi increased
from 17% (1964) to 85% (1994) in 30 years (Kideys et al. 2000). The warming trend in
the Sea of Marmara upper layer (Altiok and Kayisoglu 2015) caused a decrease pattern
in A. clausi abundance and accompanied with an increase in thermophilic Paracalanus
parvus as derived from 10-year monthly observations in the basin (Yilmaz, unpulished
data). A similar trend was observed for the Adriatic Sea in a time scale of 20 years
(Camatti et al. 2008).

In the vicinity of Istanbul Metropolis, the upper layer zooplankton in cooler
periods of the year was dominated by copepods Acartia clausi and Oithona similis and
cladoceran Pleopis polyphemoides. Seasonal contribution of meroplankton, particularly
bivalve larvae and cirriped nauplius larvae, were also evident in winter period, during or
before the annual phytoplankton increase in the region observed in winter. Cladoceran
Penilia avirostris was the most important species during summer, responsible from the
annual peak abundance levels of total zooplankton. Copepods Acartia tonsa,
Paracalanus parvus, appendicularian Oikopleura dioica and chaetognath Sagitta setosa
are other important warm-water species for the region.

Table 2. Registered pelagic Copepoda and Cladocera species of the Sea of
Marmara (Demir 1955; Demir 1958; Demir 1959; Tarkan and Erguven 1988;
Unal et al. 2000; Benli ez al. 2001; Svetlichny et al. 2006; Isinibilir et al. 2008;
Yilmaz 2008; Isinibilir et al. 2011; Dogan and Isinibilir 2016).

Copepoda Calocalanus pavo Dana 1849
Acartia clausi Giesbrecht 1881 Calocalanus pavoninus Farran 1936

Acartia longiremis Lilljeborg 1853
Acartia negligens Dana 1849

Acartia tonsa Dana 1849

Acrocalanus gibber Giesbrecht 1888
Acrocalanus longicornis Giesbrecht 1888
Acrocalanus monachus Giesbrecht 1888
Aetideus armatus Boeck 1872

Aetideus giesbrechti Cleve 1904
Anomalocera petersoni Templeton 1837
Calanoides carinatus Crouer 1848
Calanopia elliptica Dana 1884
Calanopia metu Uysal & Shmeleva 2000
Calanus euxinus Hulsemann 1991
Calanus helgolandicus(Claus 1963)
Calocalanus adriaticus Shmeleva 1965
Calocalanus contractus Farran 1926
Calocalanus minor Shmeleva 1980

Calocalanus plumatus Shmeleva 1965
Calocalanus styliremi Giesbrecht 1888
Calocalanus tenuis Farrran 1926

Candacia giesbrechti Grice & Lawson 1977
Candacia longimana Claus 1863

Candacia parasimplex Brodsky 1962
Candacia tenuimana (Giesbrecht 1889)
Centropages furcatus (Dana 1849)
Centropages kroyeri Giesbrecht 1892
Centropages ponticus Karavaev 1894
Centropages typicus Kroyer 1849

Chiridius poppei Giesbrecht 1892
Clausocalanus arcuicornis (Dana 1849)
Clausocalanus furcatus (Brady 1883)
Clausocalanus jobei Frost & Fleminger 1968
Clausocalanus mastigophorus (Claus 1863)
Clausocalanus minor Sewell 1929
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Clausocalanus parapergens Frost &
Fleminger 1968

Clausocalanus paululus Farran 1926
Clausocalanus pergens Farran 1926
Clytemnestra rostrata (Brady 1883)
Copilia quadrata Dana 1849
Corycaeus clausi F. Dahl 1894
Corycaeus furcifer Claus 1863
Corycaeus limbatus Bradyi 1883
Corycaeus typicus (Krouer 1849)
Corycella rostrata (Claus 1863)
Ctenocalanus citer Bowman & Heron 1971
Ctenocalanus vanus Giesbrecht 1888
Diaixis pygmaea (Scott T. 1899)
Euaetideus giesbrechti Cleve 1910
Euaugaptilus sp.

Eucalanus attenuatus (Dana 1849)
Eucalanus subcrassus Giesbrecht 1888
Euchaeta acuta Giesbrecht 1892
Euchaeta hebes Giesbrecht 1888
Euchaeta marina (Prestandrea 1833)
Euchirella sp.

Euterpina acutifrons (Dana 1847)
Gaetanus sp.

Haloptilus spiniceps (Giesbrecht 1892)
Heterorhabdus papilliger Claus 1863
Labidocera brunescens (Czerniavski 1868)
Longipedia sp.

Lubbockia squillimana Claus 1863
Lucicutia clausi (Giesbrecht 1889)
Lucicutia flavicornis (Claus 1863)
Lucicutia gemina Farran 1926
Lucicutia longicornis (Giesbrecht 1889)
Lucicutia paraclausi Park 1970
Macrosetella gracilis (Dana 1848)
Mecynocera clausi Thompson 1888
Mesocalanus tenuicornis (Dana 1849)
Metridia lucens Boeck 1865
Microcalanus pygmaeus (Sars 1900)
Microcalanus pusillus Sars 1903
Microsetella norvegica (Boeck 1864)
Microsetella rosea (Dana 1848)
Monstrilla sp.

Mormonilla minor Giesbrecht 1891
Nannocalanus minor (Claus 1863)
Neocalanus gracilis (Dana 1849)
Neocalanus tenuicornis (Dana 1849)
Oithona davisae Ferrari & Orsi 1984
Oithona decipiens Farran 1913
Oithona nana Giesbrecht 1893
Oithona plumifera Baird 1843
Oithona setigera (Dana 1849)

Oithona similis Claus 1866

Oithona tenuis Rosendorn 1917

Oncaea bathyalis Shmeleva 1968
Oncaea conifera Giesbrecht 1891
Oncaea ivlevi Shmeleva 1966

Oncaea media Giesbrecht 1891

Oncaea mediterranea (Claus 1863)
Oncaea minuta Giesbrecht 1892
Oncaea ornata Giesbrecht 1891
Oncaea subtilils Giesbrecht 1892
Oncaea tregoubovi Shmeleva 1968
Oncaea venella Farran 1929

Oncaea venusta Philippi 1843

Oncaea zernovi Shmeleva 1966
Paracalanus aculeatus Giesbrecht 1888
Paracalanus denudatus Sewell 1929
Paracalanus nanus Sars G.O., 1925
Paracalanus parvus (Claus 1863)
Paracalanus pygmaeus Claus 1863
Paracalanus sp.

Paracartia latisetosa (Krichagin 1873)
Paradisco sp.

Parapontella brevicornis (Lubbock 1857)
Paroithona parvula Farran 1908
Parvocalanus crassirostris (Dahl 1894)
Parvocalanus elegans Andronov 1972
Parvocalanus latus Andronov, 1972
Pleuromamma abdominalis (Lubbock 1856)
Pleuromamma gracilis (Claus 1863)
Pontella lobiancoi Canu 1863

Pontella mediterranea Claus 1863
Pontellopsis villosa Brady 1883
Pseudocalanus elongatus (Boeck 1865)
Scolecithricella abyssalis (Giesbrecht 1888)
Scolecithricella emarginate Farran 1905
Scolecithricella vittata (Giesbrecht 1892)
Spinocalanus caudatus Sars 1920
Spinocalanus magnus Wolfenden 1904
Temora stylifera Dana 1849

Triconia similis (Sars 1918)

Undinula vulgaris (Dana 1849)
Cladocera

Evadne nordmanni Loven 1836

Evadne spinifera Miiller P. E. 1867
Penilia avirostris Dana 1849

Pleopis polyphemoides (Leuckart 1859)
Pseudoevadne tergestina (Claus 1877)
Podon intermedius Lilljeborg 1853
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Although upper layer community structure has a clear seasonality, lower layer
presented a different structure with overall dominance of copepods. Discrete multi-layer
net samplings and acoustic surveys revealed that diurnal vertical migration is limited
due to high stratification and the main zooplankton biomass is confined to upper layer
(Mutlu 2005). Basin wide seasonal samplings in 2005-2006 confirmed the evolution of
different communities in both layers and also lack of any seasonal spatio-temporal
pattern in the lower layer (Yilmaz et al. 2012).

The salinity gradients between upper layer and lower layer of the Sea of
Marmara increased natural mortality rates in copepods. Although Black Sea originated
copepod species dominated the upper layer (<70%), more than half of these taxa
appeared to be dead at the lower layer, below the salinity gradient (Svetlichny et al.
2006). Non-consumptive mortality of copepods in the vicinity of the Strait of Isanbul
were detected very high due to mass mortality of the Mediterranean species Oncaea
minuta (40%) and the Black Sea species Acartia clausi (80%) (Isinibilir ef al. 2011).
The experiments on decomposition time of carcasses revealed that zooplankton
carcasses reach successfully to lower layers and contributes to bacterial processes based
on the body densities and sinking speed (Isinibilir et al. 2011).

4. Group composition

World oceans are dominated by a high biomass of copepods with seasonal peaks
of Cladocera abundance in temperate seas. However the Sea of Marmara possesses a
different structure when compared to the world oceans and the neighboring Black Sea,
with dominance of Cladocera for extended periods, with an annual contribution of 40-
47 % of Cladocera (Figure 3). Limited historical data from late 1970s demonstrated a
less pronounced abundance of cladocerans 40 years ago, with a cumulative abundance
varying between 1.2 — 1.5% in August 1977, March 1978 and May 1979 (Cebeci and
Tarkan 1990). Currently these months are dominated by Pleopis (March), Evadne
(May) and Penilia (August). This change in dominance patterns may indicate a change
in the size of available prey, since Penilia, as a very effective filter feeder, can feed on
very small prey, including bacterioplankton (Turner ef al. 1988).
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Figure 3. Change in cumulative Cladocera and Copepoda abundance in the
Black Sea entrance of the Strait of Istanbul (K0) and North-eastern Sea of
Marmara (MY2) in 2004-2006.

Although the gross growth efficiency of Penilia is reported similar to marine
copepods under normal food conditions and to be slightly higher under low food
conditions (Atienza et al. 2007), the extended presence and abundance levels in the Sea
of Marmara points to different mechanisms. The parthenogenesis and continuous
somatic growth of the species is known to cause outbursts in the population (Egloff et
al. 1997). High productivity of the upper layer should have also strengthened the
succession of the cladocerans, particularly the thermophilic filter feeder Penilia
avirostris and eurythermal Pleopis polyphemoides. The stratified upper layer of the Sea
of Marmara may enhance feeding rates of Penilia through concentrating the prey in a
relatively thin layer and keeping the neonates in the prey-rich upper strata. Isinibilir et
al. (2011) reported that body densities of cladocerans are highly similiar to the Marmara
upper layer, therefore although the cladocerans are distributed in the whole aerobic zone
in the Black Sea, they cannot descent to the denser deeper strata of the Sea of Marmara,
but concentrate at the upper layer. Studies conducted at stations along a transect from
the Black Sea to the Sea of Marmara showed that number of copepods in plankton
decreased while cladocerans increased from Black Sea to the Sea of Marmara along the
Strait of Istanbul (Svetlichny et al. 2006). As discussed further below, decline in
Cladocera in 2006-2007 is due to the predation by Liriope tetraphylla.

Appendicularians and chaetognaths are other important components of
zooplankton in warmer periods of the year. Although being rare, historical data reveals
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a maximum of 34.2% contribution of Oikopleura dioica to total zooplankton, whereas
maximum cumulative abundance of Sagitta setosa was 9.6%. Around the coastal areas
seasonal peaks of meroplankton, particularly bivalve veligers (maximum 33.6%) and
Cirripedia nauplius larva (maximum 42.7%), could also constitute a significant fraction
of total zooplankton (Yilmaz 2002, 2015).

5. Spatial variability and abundance patterns

The basin-wide seasonal studies in the Sea of Marmara showed distinct spatial
patterns in community structure. One of the most important factors regulating the
dispersal of communities are the eddies formed by the Strait of Istanbul’s jet flow. The
major circulation patterns are well known at the Sea of Marmara (Besiktepe et al.
1994). The results of the hierarchical agglomerative cluster analyses of seasonal
zooplankton sampling network of 2005-2006 cruises provided information on increased
abundance of pollution/eutrophication tolerant species at highly populated and/or
industrialized arcas of the basin as well as east/west differentiation of open sea
zooplankton communities flow (Yilmaz et al. 2012). The most prominent differentiation
has been observed in September and December. In both samplings the western
community was separated from the eastern ones either by absence or very low
abundance of pollution tolerant species, namely Acartia clausi, Oithona similis, Pleopis
polyphemoides, and Cirripedia nauplius and cypris larva. The results demonstrated that
in addition to water masses, anthropogenic impact is also a major driver in mesoscale
differentiation.

The abundance patterns in the Sea of Marmara is highly region specific.
Comparative studies pointed to very high zooplankton abundance in industrialized
regions and around port areas such as Izmit, Bandirma and Gemlik bays as well as in
the vicinity of Istanbul Metropolitan area. However zooplankton abundance
significantly declines towards west and open regions. One of the best studied region is
the NE sector due to its proximity to Istanbul (Figure 1). One of the earliest data from
the region implies an average total abundance of 566 ind. m~ in March 1978 (Cebeci
and Tarkan 1990). In the following years publications were generally related to species
lists or cumulative group abundances, lacking information on total zooplankton (Table
1). Following the onset of routine monitoring studies in the area in 1997, the gathered
high resolution timeserise data provided a better understanding of the zooplankton
patterns. In all years from 1997 to 2007, cladocerans were the main drivers of high
zooplankton abundance. The abundance peaks were usually observed in July-September
and the highest abundance was 26,746 ind.m™ in July 2005. Despite of the collapse of
zooplankton stocks in 2006-2007, a slight increase trend is noteworthy within the data
(Yuksek et al. 2002; Yilmaz et al. 2005; Yilmaz 2015). For other areas of the Sea of
Marmara very few information exists. In Izmit Bay, as the most polluted region of the
Sea of Marmara, zooplankton densities were much higher than reported for the NE
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sector. During a yearlong monthly monitoring effort, highest zooplankton abundance
was detected as 79,332 ind.m™ in October 2001, once again due to high contribution of
Penilia (Isinibilir et al. 2008).

6. Trophic cascades in plankton and invasive species

Invasion of the Black Sea by the comb jelly Mnemiopsis leidyi constitutes one of
the best examples of trophic cascades in the pelagic realm (Kideys 2002). Although the
successful establishment of the species is linked to many factors including pollution,
eutrophication, decreased light attenuation and change in the size distribution of
phytoplankton, over fishing appeared to be the triggering factor of cascading effects in
plankton (Daskalov 2002; Aksnes 2007; Daskalov et al. 2007). The niche of small
pelagic fish, highly overfished and whose feeding capability is visually constrained due
to low light attenuation has been replaced by the invasive M. leidyi. The rapid decline in
zooplankton stocks due to very high ctenophore biomass further limited recruitment of
small pelagic fishes by reduction in fodder zooplankton for the larvae (Shiganova 1998;
Mutlu 1999). As an extension of the Black Sea, upper layer of the Sea of Marmara also
affected by the M. leidyi invasion, significantly depleting zooplankton and eventually
collapsing anchovy stocks that constitute the second important fishery ground of the
nation after the Black Sea (Shiganova ef al. 1995), however lack of routine plankton
surveys during these changes limited our understanding of invasion dynamics and fate
of zooplankton.

Approximately 15 years later a small holoplanktonic hydromedusa, Liriope
tetraphylla, underwent a sudden population development and triggered cascading
effects in the planktonic foodweb of the Sea of Marmara. Although the species is a
common member of the Mediterranean plankton (Buecher et al. 1997), it was first
registered in the Sea of Marmara in 2005 (Isinibilir et al. 2010). L. tetraphylla
abundance reached bloom levels in 2006 and 2007 with a maximum abundance of 2978
indm? (Yilmaz 2015). In the meanwhile, Mediterranean Sea time series datasets
covering a 30-year period depicted a maximum abundance of 65 ind. m (Yilmaz 2015
and references therein). The exponential growth of this new gelatinous predator caused
a temporal regime shift from a Copepoda/Cladocera controlled system to a jellyfish
controlled one; as marked by a drastic decline in Cladocera abundance and shift in
overall zooplankton community structure. The elimination of one of the most important
filter feeder, Penilia avirostris, from the system and decline in total zooplankton
abundance is proposed to cause a shift in phytoplankton size structure and abundance,
thus eventually leading to a massive basin-wide mucilage event affecting benthos and
small pelagic fisheries (Yilmaz 2015). Phytoplankton studies during and after the
mucilage period showed higher abundance of well-known mucilage producing species
(Balkis et al. 2011; Polat Beken et al. 2011).
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In addition to episodic events stated above, the heterotrophic dinoflagellate
Noctiluca scintillans is among the most important competitors of zooplankton, limiting
stocks through both bottom-up and top-down forcing (Yilmaz et al. 2005). The lowest
periods of zooplankton abundance are witnesses during the annual spring and
November blooms of N. scintillans. The resident Aurelia aurita population also possess
a predation pressure on Marmara zooplankton.

7. Conclusion

The Sea of Marmara zooplankton community has strong spatial and temporal
differences both in terms of species assemblages and abundance, even from the
neighboring Black and Aegean seas. Stratification and higher chlorophyll a levels of the
basin revealed in a higher contribution of cladocerans to zooplankton abundance. The
highly thermo-haline stratified water column caused evolution of two distinct
communities; Black Sea originated upper layer with clear spatio-temporal patterns and a
distinct dominance of cladocera and Mediterranean Sea originated lower layer, lacking
spatial patterns and harboring a diverse copepod community. As demonstrated in 2006-
2007, modification of zooplankton communities through invasive species or
anthropogenic perturbations may yield to cascading effects in the pelagic food web,
eventually affecting fish stocks and fisheries.
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1. Introduction

Jellyfish may excessively affect pelagic food web by exerting a top-down control
on their ecosystems (Mountford 1980). This has been well documented in estuaries and
enclosed seas (Kremer and Nixon 1976; Mutlu 1999; 2001; Mutlu and Bingel 1999).
Many studies indicates that the environmental changes caused by intensive human
activity (e.g., eutrophication, overfishing, translocations, habitat modification, etc.) and
climate change are all contributors to jellyfish blooms (Arai 2001, Purcell et al. 2007,
Richardson et al. 2009). In recent years, the warning signs of ecological deterioration
such as algal blooms, fishery collapse, massive mucilage events and jellyfish blooms
have increased significantly in the Sea of Marmara (Zengin and Mutlu 2000; Isinibilir
2011; 2012; Turkoglu 2013; Isinibilir-Okyar et al. 2015; Yilmaz 2015).

The Sea of Marmara, connected to the Black and Aegean seas by the Strait of
Istanbul and Dardanelles straits, is an inland sea forming a transition zone between the
Black Sea and the Mediterranean Sea. Furthermore, the Sea of Marmara has permanent
two-layered water system and plays significant role on biodiversity of the Black Sea and
the Aegean Sea. In recent years, the Sea has been undergoing profound changes, in
terms of jellyfish bloom and mucilage formation. The ctenophore Mnemiopsis leidyi
was introduced into the Sea of Marmara in early 1990s and effected all ecosystem
(Isinibilir ef al. 2004; Isinibilir 2012). Beroe ovata, Chrysaora hysoscella and Liriope
tetraphylla are other important invasive species for the region (Isinibilir et al. 2010;
Isinibilir 2012). Latest studies showed that quantities of jellyfish have been increasing
in the Sea of Marmara in the last decade (Isinibilir et al. 2010; 2015).

This chapter aims to describe distribution of important jellyfish species in the
Sea of Marmara, with likely drivers of increasing jellyfish populations.

2. Historical Data

Table 1 provides 62 Hydrozoa, 6 Scyphozoa, 1 Staurozoa, and 4 Ctenophora,
species registered in the Sea of Marmara. Earliest studies on jellyfish started from
Demir’s work in 1952. Later, several other researchers provided data on abundance,
distribution and biodiversity of jellyfish species in the Sea of Marmara (Unsal 1995;
Kideys and Niermann 1994; Shiganova et al. 1995; Tarkan et al. 2000, Albayrak and
Balkis 2000; Isinibilir and Tarkan 2001; Inanmaz et al. 2002; Mavili 2008; Isinibilir et
al. 2010, 2015; Isinibilir 2011, 2012, 2014a,b; Y1lmaz 2015; Yilmaz et al. 2016).

390



Table 1. Polip (P) and medusa (M) stages of registered Cnidaria and Ctenophora
species in the Sea of Marmara. Demir 1952 (1), Unsal 1995 (2), Albayrak and
Balkis 2000 (3), Marques et al. 2000 (4), Inanmaz et al. 2002 (5), Isinibilir 2004
(6), Isinibilir ef al. 2010 (7), Cinar et al. 2014 (8), Isinibilir 2012 (9), Isinibilir et
al. 2015 (10). syn: Synonym.

SPECIES Stages Referances
CNIDARIA

Hydrozoa

Acryptolaria conferta (Allman, 1877) P 2
Aglaophenia dichotoma Kirchenpauer, 1872 P 8
Aglaophenia elongata Meneghini, 1845 P 8
Aglaophenia octodonta Heller, 1868 P 8
Aglaophenia pluma (Linnaeus, 1758) P 1
Aglaura hemistoma Péron & Lesueur, 1810 M 7
Antennella secundaria (Gmelin, 1791) P 8
Anthohebella parasitica (Ciamician, 1880) P 8
Bougainvillia muscus (syn: B. fruticosa, B. ramosa) (Allman, P 1
1863)

Campanulina repens (syn: Phialella quadrata) Allman, 1864 P 1
Cladonema radiatum Dujardin, 1843 P 8
Clytia gracilis (Sars, 1850) P 8
Clytia hemisphaerica (Linnaeus, 1767) P 1
Coryne (syn: Syncoryne) eximia Allman, 1859 P 1
Dicoryne conferta (Alder, 1856) P 2
Ectopleura (syn: Tubularia) larynx (Ellis & Solander, 1786) P 1
Eudendrium armstongi Stechow, 1909 P 8
Eudendrium capillare Alder, 1856 P 1
Eudendrium merulum Watson, 1985 P 4
Eudendrium rameum (Pallas, 1766) P 1
Eudendrium ramosum (Linneaus, 1758) P 2
Filellum serpens (Hassall, 1848) P 2
Filellum serratum (Clarke, 1879) P 2
Gastroblasta raffaelei Lang, 1886 M 10
Gonothyraea gracilis Allman, 1864 P 1
Gonothyraea loveni (syn: G. hyalina) (Allman, 1859) P 1
Halecium beanii (Johnston, 1838) P 1
Halecium halecinum (Linnaeus, 1758) P 2
Halecium labrosum Alder, 1859 P 3
Hartlaubella (syn: Obelia) gelatinosa (Pallas, 1766) P 1
Hydractinia carnea (syn: Podycoryne cornea) (M. Sars, 1846) P 1
Hydractinia echinata (Fleming, 1828) P 2
Kirchenpaueria (syn: Plumularia andVentromma) halecioides P 1
(Alder, 1859)

Koellikerina fasciculata (Péron and Lesueur, 1810) M 10
Lafoea dumosa (syn: L. gracillima) (Fleming, 1820) P 1
Laomedea angulata (syn: Campanularia angulata) Hincks, P 1
1861

Laomedea exigua Sars, 1857 P 2
Laomedea flexuosa Alder, 1857 P 2
Leuckartiara octona (syn: Perigonimus repens) (Fleming, P 1
1823)

Liriope tetraphylla Chamisso & Eysenhardt, 1821 M 7
Lytocarpia (syn: Thecocarpus) myriophyllum (Linnaeus, P 2
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1758)

Modeeria rotunda (syn: Stegopoma fastigiatum)
(Quoy&Gaimard, 1827)

Muggiaea kochii (Will, 1844)

Nemertesia antennina (Linnaeus, 1758)

Nemertesia ramosa (Lamarck, 1816)

Nemertesia tetrasticha Meneghini, 1845

Neoturris pileata (Forskal, 1775)

Obelia bidentata (syn: O. bicuspidata) Clarke, 1875
Obelia dichotoma (Linnaeus, 1758)

Obelia longissima (syn: O. flabellata) (Pallas, 1766)
Orthopyxis caliculata (syn: O. integra) (MacGillivray, 1842)
Plumularia syriaca Billard, 1931

Podocoryna carnea M. Sars, 1846

Podocorynoides minima (Trinci, 1903)

Rhizoragium arenosum (syn: Atracylis arenosa) (Alder, 1862)
Sarsia tubulosa (syn: Syncoryne sarsii) (M.Sars, 1835)
Sertularella crassicaulis (Heller, 1868)

Sertularella ellisii (Deshayes & Milne Edwards, 1836)
Sertularella polyzonias (Linnaeus, 1758)

Solmundella bitentaculata Quoy & Gaimard, 1833
Tubularia indivisa (syn: Tubularia simplex)Linnaeus, 1758
Lensia sp.

Staurozoa

Lucernariopsis campanulata (Lamouroux, 1815)
Scyphozoa

Aurelia aurita (Linné, 1758)

Chrysaora hysoscella (Linné, 1766)

Discomedusa lobata Claus, 1877

Paraphyllina ransoni Russell, 1956

Periphylla periphylla (Peron & Lesueur, 1810)
Rhizostoma pulmo (Macri, 1778)

CTENOPHORA

Beroe ovata Chamisso &Eysenhardt, 1821
Mnemiopsis leidyi (Agassiz, 1865)

Pleurobrachia pileus (Miiller, 1776)

Pleurobrachia rhodopis Chun, 1879
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3. Native jellyfish species

The Sea of Marmara has two native schyphozoa species (Aurelia aurita and
Rhizostoma pulmo) and one ctenophore species (Pleurobrachia pileus). Another species
of Pleurobrachia (P. rhodopis) has been recorded in the Sea of Marmara by Demir
(1952), however this species was never reported again. In 1992, P. pileus biomass in the
Sea of Marmara reached a maximum value of 6.9 g.m™ (Shiganova et al. 1995). P.
pileus was absent in the summer and autumn of 2001 and autumn of 2002 in the Izmit
Bay, northeastern Sea of Marmara (Isinibilir 2012). The maximum abundance (54.52
ind.m*) and biomass (32.46 g.m?) in the Izmit Bay were the highest in the spring 2002
(Isinibilir 2012). In the southern part of the Sea of Marmara, P. pileus was found all
seasons, except autumn (Isinibilir 2011). It was distributed all coastal area from
Bandirma Bay to the Dardanelles. The maximum abundance of P. pileus was in summer
2007 (9.6 ind.m™) in the southern Sea of Marmara (Isinibilir 2011). During the 2007-
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2008 mucilage periods in the [zmit Bay, latest increase of its abundance in the Sea of
Marmara have been registered in May 2008, with a maximum abundance of 10,61
ind.m (Isinibilir 2014b). Isinibilir-Okyar (2015) informed that P. pileus is found both
layer of the Sea of Marmara. Maximum length of P. pileus in the Sea of Marmara was
21 mm (Isinibilir 2011).

Aurelia aurita is the most important jellyfish species for the basin with yearlong
occurrence and prolonged blooms with high biomass. The Aurelia dynamics in the Sea
of Marmara is highly dependent on the Black Sea inflow and new production in the
Strait of Istanbul (Yilmaz et al. 2016) as can be followed from very high biomass levels
encountered in the Strait of Istanbul (e.g. 13177.9 gm™ in March 2016). The
distribution of Aurelia is higher at coastal areas and bays and surface patches are also
subject to wind advection. During 2001-2002, maximum biomass of the species in Izmit
Bay was 160.5 g.m™ (Isinibilir 2012). In southern regions of the Sea of Marmara
maximum abundance was encountered in Erdek Bay (11 ind.m-) (Isinibilir 2011). The
abundance significantly declined during the 2007-2008 mucilage events and highest
abundance was detected as 0.4 ind.m (Isinibilir ef al. 2015). The biweekly samplings
in the Strait of Istanbul in June 2014 — May 2016 showed that the species has the
population peaks in January-May period and lowest densities were observed in summer
(Yilmaz et al. 2016). SCUBA dives performed in the Strait of Istanbul and Prince
Islands showed that larger individuals were usually distributed at the intermediate and
lower layers, while the upper layer was populated by smaller individuals (Yilmaz et al.
2016).

Rhizostoma pulmo (Macri, 1778) is one of the most important scyphozoan
jellyfish species blooming along the Marmara coasts, as well as, Aurelia aurita. This
species were observed in the Sea of Marmara, with increases from August till December
in Izmit Bay (Isinibilir 2004). R. pulmo outbursts were seen in the Erdek Bay in both
July 2006 and June 2007 (Isinibilir 2011). Mavili (2008) reported that R. pulmo are
widely distributed in the the Sea of Marmara.

4. Alien Jellyfish Species

M. leidyi, a voracious zooplanktivorous ctenophore, was accidentally
introducedto the Black Sea in early 1980’s, almost certainly with ballast water from the
northwestern Atlantic coasts of USA (Vinogradov et al. 1989). In the following years,
Mnemiopsis invaded the Sea of Marmara via surface currents flowing from the Black
Sea through the Strait of Istanbul. The first appearance of Mnemiopsis in the Sea of
Marmara was 1992 (Shiganova et al. 1995), when the levels of M. leidyi were already
lower in the Black Sea than in 1988 and 1989. Later, several other researchers provided
data on abundance and distribution of this ctenophore in the Sea of Marmara (Kideys
and Niermann 1994; Shiganova et al. 1995; Isinibilir and Tarkan 2001; Isinibilir 2011;
2012; 2014a, b). In early October 1992, the average numbers of M. leidyi were 27 ind.
m™ (Shiganova et al. 1995), while in July 1993 abundances were observed as low as 0.1
ind. m? (Kideys and Niermann 1994). But in August 2000, higher values of M. leidyi
were reported again from the Sea of Marmara, (12.9 ind. m™) (Isinibilir and Tarkan
2001) and dropped again to 1.62 ind. m™ in August 2001 (Isinibilir et al. 2004). In
2001-2002, M. leidyi population was already declined due to B. ovata and highest
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biomass in Izmit Bay was 34.8 g.m™ (Isinibilir ef al. 2012). In 2006, average M. leidyi
abundance at Erdek Bay was 1.3 ind.m (Isinibilir 2011). Latest increase of M. leidyi
abundance in the Sea of Marmara have been registered in August 2008 during the 2007-
2008 mucilage event, with a maximum abundance of 58 ind.m™ and biomass of 353
g.m? in Izmit Bay (Isinibilir 2014a). Maximum length of M. leidyi in the Sea of
Marmara was 170 mm (Isinibilir 2012).

Approximately same time with Mnemiopsis, its predator, Beroe ovata, was also
recorded for the first time in the Sea of Marmara in 1992 (Shiganova et al. 1995). In
1999, two individuals of B. ovata were found near the Strait of Istanbul (Tarkan et al.
2000). Although B. ovata was not detected in 2000 (Isinibilir and Tarkan 2001), eight
mostly large individuals were sampled in August 2001, with an average abundance of
0.3 ind.m? (Isinibilir ef al. 2004). B. ovata was absent in the winter and spring of 2002
in the eutrophic Izmit Bay (Isinibilir 2012). While the highest maximum abundance
(772.5 ind.m?) in the Izmit Bay was recorded in autumn 2001, the maximum biomass
(422.7 gm3) was the highest in the summer 2001 (Isinibilir 2012). The species
disappeared from Izmit Bay in 2008 and was only observed in September, with a low
abundance just prior to the mucilage event (Isinibilir 2014a). In the southern part of the
Sea of Marmara, B. ovata was found only in autumn (Isinibilir 2011). B. ovata was
mainly distributed in the waters of Erdek and Bandirma Bay (Mean abundance: 1.02
ind.m?, maximum abundance: 4.3 ind.m?) (Isinibilir 2011). Maximum length of B.
ovata in the Sea of Marmara was 160 mm (Isinibilir 2012).

Although Chrysaora hysoscella (Linnaeus, 1767) is commonly distributed in the
Aegean Sea and the Mediterranean Sea, the first occurrence of the species in the Sea of
Marmara was in 2000 in the southwest region (Inanmaz et al. 2002). The magnitude of
blooms increased in coastal areas in the 2000s, which have caused ecological and
economic losses in the basin. The blooms of Chrysaora had impacted tourism at
beaches due to stings (Isinibilir 2015). Therefore, some tourism operators and local
municipalities have installed jellyfish nets against C. Aysoscella. The mean abundance
of C. hysoscella increased from 2001 to 2009, but then it was sharply decreased in 2010
and since then it observed sporadically. Isinibilir (2015) reported high numbers in the
coastal areas of the basin, particularly in the Izmit Bay and its maximum diameter was
35 cm in June 2009.

By far the most notorious jellyfish species in the Mediterranean is the mauve
stinger, Pelagia noctiluca. Since this scyphozoan species lacks a polyp phase and
therefore is holoplanktonic, the distribution is not restricted to the coastal waters.
However wind or water masses advected blooms of this jellyfish frequently occur near
shorelines, inflicting painful but non-fatal stings to up to tens of thousands of seabathers
each year (Purcell ef al. 2007, Brotz and Pauly 2012). Alpaslan (2001) informed that
Pelagia noctiluca was found rarely during winter and generally during spring in the
Canakkale Harbor, located on the Strait of Canakkale. This observation implies that a
fraction of the population enters the Strait via lower layer flows and there is a potential
risk for a future invasion of the Sea of Marmara by this stinging jellyfish species.

Liriope tetraphylla is a small, epipelagic Trachymedusae species that shows
direct development, without a fixed hydroid stage (Russell 1953). The species is known
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to feed on herbivorous and carnivorous zooplankton, as well as on fish eggs and larva
(Larson 1987). Although the species is described as an oceanic form (Russell 1953); it
is more frequently observed in coastal areas in greater numbers than in offshore regions
(Buecher et al. 1997). L. tetraphylla is a common and abundant hydromedusan species
in the Mediterranean and also recorded in the Black Sea (Bouillon et al. 2004). The
species first occurrence in the Sea of Marmara was September 2005 (Isinibilir et al.
2010) and caused coherent blooms in 2006 and 2007. When the magnitude of these
were compared to historical Mediterranean Sea datasets, an extreme population increase
of L. tetraphylla was noticed in the Sea of Marmara (Yilmaz 2015). Even during the
settlement period (2005), Liriope abundance was significantly higher than the maximum
abundance observed between 1966 and 1997 (65 ind.m™) in the Western Mediterranean
and Adriatic seas (Buecher et al. 1997, Yilmaz 2015). The peak abundance levels
reached in 2006 (2978 ind.m>) and 2007 (2822 ind.m>) are far greater than those
recorded in available data on L. tetraphylla abundances (Y1ilmaz 2015).

Aglaura hemistoma was first recorded in the upper layer of Izmit Bay in July
2001 (Isinibilir ef al. 2010). The species generally had higher densities in autumn and
winter. A remarkable increase in the abundance of A. hemistoma was in the end of
August 2001, with a maximum of 604 ind.m. The species was also observed in the
lower layer near Prince Islands in 2008 (Isinibilir Okyar ef al. 2015). Dogan (2016)
reported the distribution of species in the Biiyiikcekmece Bay in July- November 2014.

New introductions of jellyfish continue to be documented in the Sea of Marmara
in recent years. In 2008, the first sighting of the deep sea scyphomedusan Paraphyllina
ransoni was reported from the lower layer of Izmit Bay (Isinibilir ez a/. 2010). In March
2011, Discomedusa lobata was sampled from the lower layer (25-90 m) in Izmit
Bayand established a population (Isinibilir ez al. 2015). In addition smaller species;
Solmundella bitentaculata, Neoturris pileata, Podocorynoides minima, Koellikerina
fasciculata and Gastroblasta raffaelei were also recorded for the first time in the Sea of
Marmara (Isinibilir ez al. 2010; 2015).

5. The triggering mechanism of jellyfish blooms in the Sea of Marmara

The introductions of jellyfish into the Sea of Marmara probably occur through
either the lower layer flow of the Dardanelles from the Aegean Sea or upper layer flow
of the Strait of Istanbul, since majority of reported jellyfish species except Mnemiopsis
and Beroe were already present in the Mediterranean and the Black Sea. On the other
hand, ballast water may have also acted as an important vector for introduction of some
of these species. In addition to introduced species, it is known than anthropogenic
impacts on marine environment cause increases in jellyfish populations (Purcell et al.
2007, Richardson et al. 2009). These include eutrophication, global warming,
overfishing and coastal development.

Warmer temperature due to global warming could be benefited by some jellyfish
species in the Sea of Marmara through accelerating medusa growth and ephyrae
production and altering phenology. Jellyfish belonging to the genus Aurelia have also
been shown to benefit from warmer temperatures through increased growth (Widmer
2005) and enhanced asexual reproduction (Purcell et al. 2009, Han and Uye 2010),
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which could be involved in the increase in Aurelia aurita population of the Sea of
Marmara. Isinibilir-Okyar (2015) informed that average temperature of the Sea of
Marmara increased almost 2 °C above the previous years. In last years, an increase in
the 4. aurita abundance was observed in the Sea of Marmara (Isinibilir, unpublished
data). A recent study on metagenic development strategies of the species in the Strait of
Istanbul showed that the life cycle of the species benefits various salinity and
temperature conditions (Yilmaz, unpublished data).

Excessive nutrient additions from human sources may create favorable
conditions for jellyfish proliferations through increased food availability, decreased
water clarity, and decreased dissolved oxygen (DO) concentrations (Arai 2001). Some
jellyfish species have been shown to benefit from eutrophication in other systems (e.g.
Kideys 1994; Stoner et al. 2011) and therefore similar mechanisms may be at work in
the Sea of Marmara. Morkog et al. (1997) and Tiifekei et al. (2010) classified the Sea of
Marmara as a eutrophic sea due to deviated Redfield ratios and high nutrient
concentrations.

Overfishing is recognized as a major factor increasing jellyfish blooms through
removing jellyfish predators and competitors (Daskalov et al. 2007). The Sea of
Marmara is the second most important fisheries ground for Turkey and the fishing
industry has been significantly affected by jellyfish increases in the last decades
(Isinibilir and Y1lmaz, in press).

In the Sea of Marmara, artificial substrates including docks, marinas, reclaimed
areas from the sea and artificial reefs provide new surfaces to be habited by polyps.
Many studies reports importance of artificial substrates in jellyfish blooms (e.g. Di
Camillo et al. 2010) and majority of reported jellyfish blooms have occurred in heavily
populated areas surrounding semi-enclosed water bodies (Purcell ez al. 2007).

Invasive jellyfish species of the Sea of Marmara are often associated with some
of the jellyfish blooms and may be a continuous problem due to intense shipping
activities and deteriorated marine ecosystems, as demonstrated by the Mnemiopsis
(Isinibilir 2012) and Liriope (Isinibilir et al. 2010; Yilmaz 2015) invasions. The heavy
maritime traffic in the Sea of Marmara and high number of important port areas may
increase the risk of invasive species introduction.

Izmit Bay constitutes the best example of the correlation between jellyfish
proliferations and anthropogenic impacts in the Sea of Marmara. Izmit Bay, located on
the NE Sea of Marmara, is an elongated semi enclosed bay with a length of 50 km and
width varying between 2 and 10 km. Izmit Bay, as one of the most important industrial
areas in the Sea of Marmara and has been subjected to severe pollution problems
(Morkoc et al. 2001). The August 1999 earthquake (magnitude 7.4 on the Richter
scale), caused the destruction of waste-water discharge systems and spill of refined
petroleum and crude oil to the bay following a refinery fire (Scawthorn and Johnson
2000; Balkis 2003). After the earthquake, the increasing organic and inorganic loads
into the bay have stimulated dense phytoplankton blooms (Tas and Okus 2004) which
locally caused saturated dissolved oxygen concentrations in the eastern basin in the
autumn of 1999 (Balkis 2003). Today the bay receives effluents from more than 300
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industrial facilities, together with the untreated domestic waste waters from populated
areas (Isinibilir et al. 2008). This degraded ecosystem had high population of A. aurita
and R. pulmo (Isinibilir et al. 2012). In the beginning of 2000s, two new invasive
ctenophorans (M. leidyi and B. ovata) were recorded in the bay and began forming large
blooms (Isinibilir et al. 2012). These large blooms constituted a major problem for the
local fishery industry and decomposition of the jellyfish biomass increased nutrient
regeneration. Furthermore, mucilage event of 2007-2008 showed the fragility of
Marmara ecosystems and impacts of cascading effects due to changes in predator
densities. The predation of Liriope tetraphylla in 2006 and 2007 is proposed to causes
cascading effects in planktonic food web eventually leading to the collapse of
crustacean zooplankton and occurrence of a massive basin wide mucilage phenomenon
(Yilmaz 2015).

As a major shipping route and a biological corridor between two contrasting
seas, Sea of Marmara is subject to sudden changes in the ecosystem due to
anthropogenic perturbations and settlement of invasive species. Periodic monitoring of
jellyfish distribution in the basin is crucial for assessing future impacts of jellyfish
proliferations on ecosystem, fisheries and tourism.
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1. Introduction

Foraminifera are single-celled protozoa having a life style as benthic on/within
the sea floor and planktic in the water column of open seas. Their test size typically
ranges between 50 and 500 pm although some benthic foraminifers may be a much
larger size (about 15-20 cm). The majority of foraminiferal species are benthic which
has longer fossil records (Cambrian-Modern). Foraminifera have a wide environmental
range (e.g., marine and marginal marine environments, such as lagoons, estuaries,
deltas, coastal marshes and mangroves) and exhibit variable density and diversity
depending on environmental parameters. Physical, chemical and biological parameters,
such as temperature, salinity, substrate type, turbidity, light, nutrients, oxygen, tidal
energy and interspecific competition affect the distribution of foraminifera (Murray
1991a, b; 2006). These are interrelated, but some parameters like temperature and
salinity limit foraminiferal distributions.

As a waterway between the saline Mediterranean Sea and brackish Black Sea,
the Sea of Marmara is a marginal marine environment influenced by the physical,
chemical and biological characteristics of the both seas. In a basic manner, the
foraminiferal composition, diversity and density of a marginal marine environment
differ from those of normal marine environments (Hayward et al. 1999; Sen Gupta
1999; Debenay et al. 2005; Melis and Violanti 2006; Koukousioura et al. 2011).

In the Sea of Marmara, recent foraminifers were investigated in surface
sediments collected from the different water depths (Avsar 2002 and Merig et al. 2009:
Canakkale Strait; Chendes et al. 2004 and Phipps et al. 2010: southwestern shelf; Merig
et al. 2001: Istanbul Strait; Meric et al. 2005: Gulf of Gemlik; Avsar et al. 2006: Gulf of
Erdek; Saking 2008: northern and southern shelves; Avsar 2010: northern shelf; Kirci-
Elmas 2013: various environmental settings of the Sea of Marmara (Figure 1). The aim
of this chapter is to present an aspect of benthic foraminiferal fauna of the Sea of
Marmara using the major findings of the previous investigations.

2. Foraminiferal Distribution
Foraminiferal data in the Sea of Marmara is mainly based on total faunas

including all stain and non-stained foraminifera (undifferentiated living + dead), except
for Phipps et al. (2010). Therefore, we do not have any possibility for comparison the
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dead and living assemblages, since they analysed together in the samples. Phipps et al.
(2010) studied the calcareous benthic foraminifera along a 350 m depth transect on the
southwestern part of the Sea of Marmara and presented the data for dead assemblage,
due to the rare occurrence of Rose Bengal stained individuals. They found relatively
high percentage of living tests only at 70 m, representing 8% of the total assemblage.

The faunal analysis was carried out in different size limits in the Sea of Marmara
(e.g., >250 pm; >125 pm; >63 pm). A comparison of foraminiferal densities and
compositions between >63—>250 um and >63—>125 pm displayed that the use of a 250
pm lower sieve limit caused a 95% reduction in the total number of specimens and the
loss of abundant species as compared to the >63um fraction (Kirci-Elmas 2013). At the
125 pwm threshold, the foraminiferal loss was highly variable (<75%) and the dominance
of some small species was erased completely. Therefore, variations in faunal
distribution should be considered, due to the different quantitative approaches.

Zone 3

Zone 2

Zone 6 Zone 4

Zone 5

1

Zone 1 - Canakkale Strait (CS): Avsar, 2002; Meri¢ et al., 2009; Kirci-Elmas, 2013

Zone 2 - Northern Shelf (NS): Saking, 2008; Avsar, 2010; Kirci-Elmas, 2013

Zone 3 - Golden Horn and istanbul Strait (GH, IS): Merig and Saking, 1990; Merig et al., 2001
Zone 4 - Gulf of izmit (Gl): Merig et al., 1995; Kirci-Elmas, 2013

Zone 5 - Southern Shelf (SS): Chendes et al., 2004; Merig et al., 2005; Avsar et al., 2006;
Saking, 2008; Phipps et al., 2010, Kirci-Elmas, 2013

Zone 6 - Deep Basin (DB): Alavi, 1988; Kirci-Elmas, et al., 2008

Figure 1. Locations of benthic foraminiferal studies from the different
environmental settings of the Sea of Marmara (Multibeam bathymetry image
from Rangin et al. 2001).

2.1. Canakkale Strait
Avsar (2002) studied the benthic foraminiferal content of 10 sediment samples

from the entrance of Aegean Sea-Canakkale Strait and indicated the dominance of
Brizalina spathulata, Asterigerinata mamilla, Valvulineria bradyana and Porosononion
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subgranosum. A total of 26 samples collected across the Canakkale Strait were
investigated by Merig et al. (2009). The assemblages are represented by 73 genera and
118 species. When considering the total occurrences of foraminifera from all stations,
the common species were Ammonia compacta, Quinqueloculina seminula, Lobatula
lobatula, Bulimina elongata, Brizalina alata, Ammonia tepida, Elphidium crispum,
Valvulineria bradyana, Discorbinella bertheloti, Planorbulina mediterranensis,
Cassidulina carinata, Sigmoilopsis schlumbergeri and Adelosina cliarensis. Kirci-
Elmas (2013) stated that foraminiferal density in the Canakkale Strait ranged between
2776 and 6864 individuals/10 g of dry sediment. The species richness was recorded as
high, with average 85 species. Cassidulina carinata (max. 15.5%), Brizalina spathulata
(max. 14.2%), Valvulineria bradyana (max. 10.5%), Asterigerinata mamilla (max.
10.5%), Globocassidulina subglobosa (max. 8.0%), Bulimina aculeata (max. 7.0%)
were the most abundant species in the strait.

Sedimentation in the Canakkale Strait is controlled by the current system,
bathymetry and morphological structure of the strait. High current velocities (Ozsoy et
al. 1986) and high silt/clay ratio in the Dardanelles indicate that sediment accumulation
on the channel is greatly controlled by current-induced hydro-sedimentary processes
(Ergin and Bodur 1999). The thickness of the recent sediment is thin and usually sandy
units with shell fragments and muddy sediments are observed (Meri¢ et al. 2009).
Therefore, foraminiferal composition in the channel is also greatly affected by hydro-
sedimentary processes.

2.2. Northern shelf

A rich benthic foraminiferal fauna was identified on the Northern Marmara shelf
(Saking 2008; Avsar 2010; Kirci-Elmas 2013). The assemblages are represented mainly
by Brizalina spathulata, Cassidulina carinata, Asterigerinata mamilla and Elphidium
crispum, together with subordinate numbers of Globocassidulina subglobosa, Bulimina
aculeata, B. marginata, Neoconorbina terquemi, Rosalina bradyi, Discorbinella
bertheloti, Lobatula lobatula, Ammonia compacta, A. parkinsoniana, A. tepida and
Cribroelphidium poeyanum (Avsar 2010).

2.3. Golden Horn and Istanbul Strait

In the Golden Horn, several borehole samples were studied by Meri¢ and Saking
(1990). Top of the boreholes includes Eggerelloides scabrus, Bulimina elongata, B.
marginata, Neoconorbina terquemi, Ammonia tepida and Elphidium crispum.

A total of 86 species belonging to 44 genera were identified in the 26 surface
samples from the Istanbul Strait (Meri¢ et al. 2001). Number of species decreased to
north (entrance of Black Sea-istanbul Strait: 7 genus and 8 species) from south
(entrance of the Sea of Marmara-Istanbul Strait: 43 genus and 70 species). Although
diversity is high, scarcity of number of individuals was associated with the current
regime of the strait.

) Kirci-Elmas (2013) reported that the dominant taxa near the entrance to the
Istanbul Strait (28 m water depth) are Bulimina aculeata (32.2%), Bolivina variabilis
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(29.1%), Ammonia tepida, (14.2%) and Bulimina elongata (11.2%). At 65 m, the fauna
is represented by Cassidulina carinata (31.5%), Brizalina spathulata (21.3%), Bolivina
variabilis (11.8%), Bulimina aculeata (8.6%) and Brizalina dilatata (7.1%).

2.4. Gulf of izmit

Foraminiferal investigation of eight boreholes drilled between Hersek Burnu and
Kaba Burun showed that the assemblage of the top parts is dominated by Ammonia
compacta and A. parkinsoniana along with subordinate species Elphidium
complanatum, E. crispum, E. macellum, Asterigerinata mamilla, Cibicides floridanus,
Lobatula lobatula, Rosalina bradyi and Spiroplectinella sagittula (Merig et al. 1995).
High dominance of genus Ammonia (80%) was also indicated in a surface sediment
collected from 34 m water depth (Kirci-Elmas 2013).

2.5. Southern shelf

Benthic foraminifers in the Gulf of Erdek were investigated in 15 surface
sediment samples and a total of 74 species were identified (Avsar et al. 2006). The
fauna had low density, but quite stable diversity indices consisting mainly of Ammonia
compacta, Cassidulina carinata, Discorbinella bertheloti, Cribroelphidium poeyanum
and Elphidium crispum. Shallow-water foraminiferal assemblages were systematically
reported from 63 stations in the Gulf of Gemlik (Meri¢ et al. 2005). A total of 30
samples collected along a depth transect from the southwestern part of the Marmara Sea
were studied by Chendes et al. (2004) and Phipps et al. (2010), associated with the
water mass characteristics measured at each station. Chendes et al. (2004) identified
two diverse assemblages related to the brackish Black Sea and saline Mediterranean Sea
water masses. Later, Phipps et al. (2010) recorded 200 calcareous benthic foraminiferal
species and identified three assemblages including: Ammonia spp. and Elphidium spp at
15-50 m; Cassidulina carinata, Brizalina spathulata and Gyroidina umbonata at 55—
130 m and Brizalina spathulata and Bulimina costata at 140-350 m. Lower
foraminiferal density and species richness were found at the Susurluk, Génen, and Biga
river mouths (Kirci-Elmas 2013). The fauna was dominated by genera Ammonia and
Elphidium.

2.6. Deep basins

Benthic foraminiferal content of the deep basin sediments were recorded from
the core-top samples recovered from the Central and Cinarcik basins of the Sea of
Marmara. Alavi (1988) showed that Chilostomella mediterranensis, Brizalina alata, B.
dilatata, B. spathulata, Melonis pompilioides, Cassidulina minuta, Nonionellla opima,
Bulimina costata and Sigmoilinita tenuis are the most dominant species in the Cinarcik
Basin, whereas Uvigerina mediterranea, Bulimina costata, B. marginata, Brizalina
alata, Sigmoilinita tenuis, Melonis barleanum, M. pompilioides, Sigmoilopsis
schlumbergeri and Spiroloculina excavata were abundantly identified in the Central
Basin (Kirci-Elmas et al. 2008).
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3. Alien foraminiferal species

Cornuspiroides striolatus, Ishamella apertura, Cushmanina striatopunctata and
Faujasina carinata recorded by Saking (2008) and Siphonina tubulosa recorded by
Kirci-Elmas (2013) are alien species for the Sea of Marmara. Cornuspiroides striolatus,
Cushmanina striatopunctata and Siphonina tubulosa were also found in Ildir-NW
Karaburun Peninsula (Merig, E., unpublished data), Canakkale Strait (Merig et al. 2009)
and Samandag-Hatay costline (Merig et al. 2016), respectively. Ishamella apertura and
Faujasina carinata were never described in the Mediterranean and Aegean Sea in the
previous studies. These species were probably transported with ballast waters to the Sea
of Marmara.

4. Faunal characterization

The general faunal character of the Sea of Marmara is greatly controlled by the
salinity gradient related to the two-layer water stratification (see Physical Oceanography
Section). Brackish shallow shelf area and normal marine salinity area dominated by
diverse benthic foraminiferal assemblages (Figure 2). Distribution of shallow
assemblage is associated with the Black Sea surface inflow, riverine discharges
(additional freshwater and organic matter inputs) and salinity fluctuations due to
seasonal vertical mixing. Deeper assemblage reflects more stable environmental
conditions (e.g., salinity and temperature) established below ~40—50 m water depth.

SHALLOW ASSEMBLAGE

Number of specimens
(n/10 g) A tepida Ammonia spp. Elphidium spp. B. aculeata B. variabilis N. turgida
0 10000200000 20406080 0 20406080 ©0 20 40 0 20 40 O 20 40 0 20 40

1 J Lt Lt L L L L

o B e

Water depth (m)

DEEPER ASSEMBLAGE

C.carinata  B.spathulata  B.dilatata V. bradyana sal
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803 o

Figure 2. Relationship between foraminiferal distribution and salinity in the Sea
of Marmara (modified from Kirci-Elmas 2013).
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Selected species from the different environmental settings of the Sea of Marmara
are illustrated in Figures 3, 4 and 5. Figures 4 and 5 show the representative species
(relative abundances >5%) for the benthic foraminiferal fauna of the Sea of Marmara.

Figure 3. Benthic foraminiferal species of the Sea of Marmara. All samples are
from the Gulf of Gemlik. 1 Rhabdammina abyssorum, x15. 2 Spiroplectinella
sagittula, x55. 3 Eggerelloides scabrus, x85. 4 Textularia bocki, x80. 5
Textularia truncata, x70. 6 Spiroloculina tenuiseptata, x60. 7 Siphonaperta
aspera, x75. 8 Cycloforina contorta, x70. 9 Cycloforina villafranca, 9a: x40 and
9b: x45. 10 Lachlanella undulata, 10a: x70 and 10b: x80. 11 Quinqueloculina
seminula, x60. 12 Miliolinella subrotunda, x95. 13 Pyrgo anomala, x75 (from
Merig et al. 2005).

406



Figure 4. Benthic foraminiferal species of the Sea of Marmara. Scale bars = 50
um unless noted otherwise. 1 Bolivina variabilis, NS. 2 Brizalina dilatata, SS. 3
Brizalina spathulata, NS, scale bar = 100 um. 4 Cassidulina carinata, NS. 5
Globocassidulina subglobosa, NS. 6 Rectuvigerina phlegeri, NS. 7 Bulimina
aculeata, NS. 8 Bulimina costata, NS. 9 Bulimina elongata, NS, scale bar = 100
pum. 10 Bulimina marginata, SS. 11 Discorbinella bertheloti, NS. 12
Asterigerinata adriatica, NS: 12a, spiral side; 12b, umbilical side. 13
Asterigerinata mamilla, SS, scale bar = 100 um. 14 Valvulineria bradyana, DB,
spiral side, scale bar = 100 um (From Kirci-Elmas 2013).
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Figure 5. Benthic foraminiferal species of the Sea of Marmara. Scale bars = 100
um unless noted otherwise. 1 Valvulineria bradyana, DB, umbilical side. 2
Nonionella turgida, SS, scale bar = 50 um. 3 Melonis barleanum, CS: 3a,
sideview; 3b, apertural view. 4 Gyroidina umbonata, SS: 4a, spiral side; 4b,
umbilical side. 5 Aubignyna perlucida, SS, scale bar = 50 um: 5a, spiral side; 5b,
umbilical side. 6 Ammonia compacta, NS: 6a, spiral side; 6b, umbilical side. 7
Ammonia tepida, GI: 7a, spiral side; 7b, umbilical side. 8 Cribroelphidium
poeyanum, SS. 9 Elphidium macellum, NS. 10 Porosononion subgranosum, SS
(From Kirci-Elmas 2013).
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All benthic foraminiferal records (309 species) from the Sea of Marmara are
listed in alphabetical order in Table 1. The highest species richness was observed at the
southern shelf (247) in the Sea of Marmara. The Istanbul Strait and entrance of the
Istanbul Strait-Sea of Marmara have relatively poor species richness (less than 90

species), due to proximity to fresh water source.

Table 1. Benthic foraminiferal distribution and species list in the Sea of Marmara (CS:
Canakkale Strait, NS: Northern Shelf, DB: Deep Basin, SS: Southern Shelf, Gi: Gulf of Izmit,

GH: Golden Horn, iS: istanbul Strait).

FORAMINIFERAL SPECIES

LOCATIONS

[

NS

DB

SS

Gl

GH

is

Adelosina carinatastriata (Wiesner)

*

*

Adelosina cliarensis (Heron-Allen & Earland)

*

*

*

*

Adelosina dubia (d’Orbigny)

*

*

Adelosina duthiersi Schlumberger

Adelosina elegans (Williamson)

Adelosina intricata (Terquem)

Adelosina longirostra (d’Orbigny)

Adelosina mediterranensis (Le Calvez J. & Y.)

Adelosina partschi (d’Orbigny)

Adelosina pulchella (d’Orbigny)

S k| k| k| ¥| *

S k| k| k| ¥| *

*[ k| ¥ o

Adercotryma glomerata (Brady)

Ammodiscus planorbis Hoglund

Ammoglobigerina globigeriniformis (Parker & Jones)

Ammonia compacta (Hofker)

Ammonia parasovica Stshedrina & Mayer

Ammonia parkinsoniana (d’Orbigny)

Ammonia tepida (Cushman)

k| k| o

Ammoscalaria pseudospiralis (Williamson)

Ammoscalaria runiana (Heron-Allen & Earland)

k| ¥ o+

Amphicoryna hispida (d’Orbigny)

Ampbhicoryna intercellularis (Brady)

Amphicoryna proxima (Silvestri)

Amphicoryna scalaris (Batsch)

Amphistegina lobifera Larsen

Angulogerina angulosa (Williamson)

S| k| K| k| X[ k| K[ k| ¥ *

Articulina tubulosa (Seguenza)

Astacolus crepidulus (Fichtel & Moll)

Asterigerinata adriatica Haake

Asterigerinata mamilla (Williamson)

Astrononion stelligerum (d’Orbigny)

¥k *| *

Aubignyna perlucida (Heron-Allen & Earland)

Bigenerina nodosaria d’Orbigny

*

Biloculinella depressa (Wiesner)

Biloculinella elongata (Wiesner)

Biloculinella globula (Bornemann)

Biloculinella inflata (Wright)

Biloculinella labiata (Schlumberger)

S k| k| k| k| R K| K| k| k| X| k| *

S| k| k| k| K| k| K[ k| ¥ k| X

Biloculinella cylindirica Todd

Biloculinella wiesneri (Le CalvezJ. & Y.)

*

*

Bolivina aenariensis (Costa)
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Bolivina albatrossi Cushman

Bolivina pseudoplicata Heron-Allen & Earland

Bolivina pseudopuncata Hoglund

Bolivina subsipnescens Cushman

Bolivina variabilis (Williamson)

*

Brizalina alata (Seguenza)

Brizalina catanensis (Seguenza)

Brizalina dilatata (Reuss)

¥ ook %[ | *| o*

Brizalina earlandi (Parr)

Brizalina spathulata (Williamson)

Brizalina striatula (Cushman)

Buccella granulata (Di Napoli Alliata)

Bulimina aculeata d’Orbigny

S k| k| k| ¥| k| *

Bulimina costata d’Orbigny

Bulimina denudata Cushman & Parker

Bulimina elongata d’Orbigny

*

Bulimina marginata d’Orbigny

Bulimina pagoda Cushman

Cassidulina carinata Silvestri

Cassidulina crassa d’Orbigny

S| k| k| k| K| k| K| k| X[ k| ¥

Cassidulina minuta Cushman

Cassidulina obtusa Williamson

*

Challengerella bradyi Billman, Hottinger & Oesterle

*

Chilostomella mediterranensis Cushman & Todd

Chilostomella ovoidea Reuss

Cibicidella variabilis (d’Orbigny)

Cibicides advenum (d’Orbigny)

Cibicides dutemplei (d’Orbigny)

Cibicides floridanus (Cushman)

Cibicides refulgens Montfort

Cibicides ungerianus (d’Orbigny)

Cibicidoides pachyderma (Rzehak)

Connemarella rudis (Wright)

Conorbella erecta (Sidebottom)

Conorbella imperatoria (d’Orbigny)

Cornuspira foliacea (Philippi)

Cornuspira involvens (Reuss)

$| k| k| *

Cornuspiroides striolatus (Brady)

Cribroelphidium poeyanum (d’Orbigny)

*

¥ k| ¥| k| ¥

Cushmanina striatopunctata (Parker & Jones)

*

Cycloforina colomi (Le Calvez J. & Y.)

Cycloforina contorta (d’Orbigny)

Cycloforina juleana (d’Orbigny)

Cycloforina rugosa (d’Orbigny)

¥ k| *| *

Cycloforina tenuicollis (Wiesner)

Cycloforina villafranca (Le Calvez J. & Y.)

SOk k| k| *

Dentalina albatrossi (Cushman)

Dentalina flintii (Cushman)

Dentalina guttifera d’Orbigny

*| o+

Dentalina inornata d’Orbigny

Dentalina leguminiformis (Batsch)

S| k| k| R k| K| k| K| *| *
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Dentalina mucronata Neugeboren

Discammina compressa (Goés)

*

Discorbinella bertheloti (d’Orbigny)

*

Eggerelloides advenus (Cushman)

Eggerelloides scabrus (Williamson)

Elphidium aculeatum (d’Orbigny)

Elphidium advenum (Cushman)

X[ ook %[ k| ¥ o

Elphidium articulatum (d’Orbigny)

Elphidium complanatum (d’Orbigny)

Elphidium crispum (Linne)

Elphidium depressulum Cushman

Elphidium excavatum (Terquem)

Elphidium gerthi Van Voorthuysen

Elphidium granosum (d’Orbigny)

Elphidium incertum (Williamson)

S| k| k| k| K| k| K[ k| ¥ k| ¥

Elphidium jenseni (Cushman)

Elphidium macellum (Fichtel & Moll)

*

Elphidium magellanicum Heron-Allen & Earland

Elphidium margaritaceum Cushman

Elphidium pauciloculum (Cushman)

S k| ¥ o+

Elphidium ponticum (Dolgopolskaya & Pauli)

Elphidium pulvereum Todd

Elphidium punctatum (Terquem)

| k| ¥| *

Elphidium reginum (d’Orbigny)

Epistominella vitrea Parker

| k| k| *

Eponides concameratus (Montagu)

*

Faujasina carinata d’Orbigny

Favulina hexagona (Montagu)

Favulina scascalariformis (Montagu) autore bak

Fissurina castanea Flint

Fissurina eburnea (Buchner)

Fissurina faba (Balkwill & Millett)

Fissurina lucida (Williamson)

Fissurina neptunii (Buchner)

Fissurina orbignyana Seguenza

Fissurina sidebottomi Buchner

Fursenkoina acuta (d’Orbigny)

Fursenkoina complanata (Egger)

Gavelinopsis praegeri (Heron-Allen & Earland)

¥ k| *

Glandulina laevigata (d’Orbigny)

Globobulimina affinis (d’Orbigny)

Globobulimina pseudospinescens (Emiliani)

Globobulimina turgida (Bailey)

Globocassidulina oblonga (Reuss)

Sl k| k[ k| K[ k| K| k| K[ k| K[ k| X[ *

Globocassidulina subglobosa (Brady)

Globulina myristiformis (Williamson)

Guttulina lactea (Walker & Jacob)

Guttulina pulchella d’Orbigny

Gyroidina umbonata (Silvestri)

Gyroidinoides lamarckiana (d’Orbigny)

Haplophragmoides canariensis (d’Orbigny)
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Haynesina depressula (Walker & Jacob)

Hopkinsinella glabra (Millett)

Hyalinea balthica (Schréter)

Hyalinonetrion gracillima (Seguenza)

Ishamella apertura Buzas & Severin

*
S k| | *| *
*

Labrospira kosterensis Hoglund

Lachlanella bicornis (Walker & Jacob)

*
*

Lachlanella undulata (d’Orbigny)

¥ ook *[ k| *| o*

*

Laevidentalina ariena (Patterson & Pettis)

Laevidentalina communis (d’Orbigny)

Laevidentalina inflexa (Reuss)

Lagena doveyensis Haynes

Lagena laevis (Montagu)

Lagena nebulosa (Cushman)

Lagena semistriata Williamson

¥ k| %[ k| *| o+

Lagena striata (d’Orbigny)

Lagena substriata Williamson

X[ k| K[ k| X[ k| ¥ *

Lagena strumosa Reuss

*

Lagenammina difflugiformis (Brady)

Lagenammina fusiformis (Williamson)

Lenticulina calcar (Linné)

Lenticulina cultrata (Montfort)

Lenticulina gibba (d’Orbigny)

Lenticulina orbicularis (d’Orbigny)

S k| k| k| *

S k| k| k| *
*

Lenticulina thalmanni (Hessland)

Lobatula lobatula (Walker & Jacob)

*

Marginulina costata (Batsch)

Marginulina gummi Saidova

Massilina gualtieriana (d’Orbigny)

Massilina secans (d’Orbigny)

Melonis barleanum (Williamson)

Melonis pompilioides (Fichtel & Moll)

Miliolinella dilatata (d’Orbigny)

Miliolinella elongata Kruit

Miliolinella grata (Terquem)

Miliolinella labiosa (d’Orbigny)

SOk k| k[ k| | k| k| | F| ¥

Miliolinella semicostata (Wiesner)

Miliolinella subrotunda (Montagu)

Miliolinella webbiana (d’Orbigny)

Neoconorbina terquemi (Rzehak)

Neoeponides bradyi (Le Calvez)

Neolenticulina peregrina (Schwager)

| k| %] ¥ *

¥k K| x| *| k| *

¥ k| & *| *
%
%

Nodosaria raphanus (Linné)

Nonion subturgidum (Cushman)

Nonionella opima Cushman

Nonionella Stella Cushman & Moyer

Nonionella turgida (Williamson)

Nouria polymorphinoides Heron-Allen & Earland

Nubecularia lucifuga Defrance

Nummoloculina contraria (d’Orbigny)

Oolina acuticostata (Reuss)

S k| k| k[ k| ¥ k| ¥

412




Oolina melo d’Orbigny

Ophthalmidium acutimalgo (Brady)

Palliolatella orbignyana (Seguenza)

Parafissurina staphyllearia (Schwager)

Parrellina verriculata (Brady)

Patellina corrugata Williamson

Peneroplis pertusus (Forskal)

Peneroplis planatus (Fichtel & Moll)

X[ ook K[ k| k[ k| ¥ *

Planoglabratella opercularis (d’Orbigny)

Planorbulina mediterranensis d’Orbigny

Polymorphina fistulosa Williamson

Polymorphina fistulosa Williamson

Porosononion subgranosum (Egger)

Protoglobobulimina pupoides (d’Orbigny)

Pseudoclavulina crustata Cushman

N k| k| k| X[ k| X[ ¥ *

Pseudoeponides falsobeccarii Rouvillois

Pseudotriloculina laevigata (d’Orbigny)

Pseudotriloculina oblonga (Montagu)

*

Pseudotriloculina rotunda (d’Orbigny)

k| *| o+

Pseudotriloculina sidebottomi (Martinotti)

Pullenia quinqueloba (Reuss)

*

Pyrgo anomala (Schlumberger)

Pyrgo comata (Brady)

Pyrgo elongata (d’Orbigny)

Pyrgo inornata (d’Orbigny)

*

Pyrgoella sphaera (d’Orbigny)

Quingueloculina annectens (Schlumberger)

Quingueloculina berthelotiana d’Orbigny

Quinqueloculina bidentata d’Orbigny

*

Quinqueloculina bosciana d’Orbigny

*

[ k| *| o+

Quingueloculina disparilis d’Orbigny

S|k k| X[ ok

Quinqueloculina eburnea (d’Orbigny)

Quingueloculina jugosa Cushman

Quinqueloculina laevigata d’Orbigny

*

Quinqueloculina lamarckiana d’Orbigny

Quinqueloculina limbata d’Orbigny

Quingueloculina padana Perconig

k| k| k| ¥| *

Quingueloculina parvula Schlumberger

Quingueloculina poeyana d’Orbigny

¥ ok ¥[ k| *| k| *

Quinqueloculina pygmaea Reuss

Quingueloculina seminula (Linne)

*

Quinqgueloculina stalkeri Loeblich & Tappan

*

¥k K| k| ¥| k| *

Quingueloculina stelligera Schlumberger

Quingueloculina undosa Karrer

Quingueloculina viennensis Le Calvez J. & Y.

*

Ramulina globulifera Brady

Rectuvigerina phlegeri Le Calvez

*| %

Reophax nanus Rhumbler

| k| ¥ o+

Reophax scorpiurus Montfort

Reophax scottii Chaster

Reussella spinulosa (Reuss)
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Rhabdammina abyssorum Sars

Robertina translucens Cushman & Parker

Rosalina bradyi (Cushman)

Rosalina floridensis (Cushman)

Rosalina globularis d’Orbigny

S k| | *| *

Rosalina macropora (Hofker)

$| k| ¥ o

Rosalina obtusa d’Orbigny

*

Saidovina karreriana (Brady)

Sigmoilina distorta Phleger & Parker

Sigmoilina sigmoidea (Brady)

Sigmoilinita costata (Schlumberger)

Sigmoilinita edwardsi (Schlumberger)

Sigmoilinita tenuis (Czjzek)

$| k| k| k| *

Sigmoilopsis schlumbergeri (Silvestri)

Sigmomorphina williamsoni (Terquem)

Sipholagena benevestita (Buchner)

Siphonaperta aspera (d’Orbigny)

X[ k| K[ k| X[ k| ¥ *

Siphonaperta irregularis (d’Orbigny)

Siphonina bradyana Cushman

Siphonina reticulata (Czjzek)

Siphonina tubulosa Cushman

Siphotextularia concava (Karrer)

Sorites orbiculus (Forskal)

Sphaerogypsina globula (Reuss)

Sphaeroidina bulloides d’Orbigny

X ook ¥[ k| ¥

Spirillina vivipara Ehrenberg

Spiroloculina angulata Cushman

Ok k| K| *

Spiroloculina angulosa Terquem

*

Spiroloculina antillarum d’Orbigny

*

Spiroloculina communis Cushman & Todd

Spiroloculina cymbium d’Orbigny

Spiroloculina depressa d’Orbigny

Spiroloculina dilatata d’Orbigny

Spiroloculina excavata d’Orbigny

¥ ook ¥ o

[ k| *| o+

Spiroloculina ornata d’Orbigny

Spiroloculina tenuiseptata Brady

Spiroplectinella sagittula (Defrance)

F| k| k| o*

Spiroplectinella wrightii (Silvestri)

Stainforthia concava (Hoglund)

Stomatorbina concentrica (Parker & Jones)

Textularia agglutinans d’Orbigny

Textularia bocki Hoglund

Textularia calva Lalicker

Textularia conica (d’Orbigny)

¥ k| *| k| *

N k| k[ k| H| k| X[ k| ¥

Sl k| k| k| K[ k| K[ k| K| k| K| k| K| k| ¥ *

Textularia cushmani Said

Textularia goesii Cushman

Textularia porrecta Brady

Textularia truncata Hoglund

Trifarina angulosa (Williamson)

Trifarina fornasini (Selli)

Triloculina adriatica Le Calvez J. & Y.

| k| k| *
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Triloculina gibba d’Orbigny

Triloculina marioni Schlumberger

Triloculina plicata Terquem

Triloculina schreiberiana d’Orbigny

| k| *| *

Triloculina schreiberiana d’Orbigny

Triloculina tricarinata d’Orbigny

*

Triloculina planciana d’Orbigny

Triloculina trigonula (Lamarck)

Uvigerina mediterranea Hofker

Uvigerina peregrina Cushman

Valvulineria bradyana (Fornasini)

Valvulineria complanata (d’Orbigny)

X[ k| *| *

Vertebralina striata d’Orbigny

Wellmanellinella striata (Sidebottom)

Species numbers 159 | 197 | 65 | 247 | 78 6

86

Total species number 309
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1. Introduction

The Sea of Marmara is a part of the Turkish Straits System together with the
Istanbul and Canakkale Straits. The sea is a small basin with 11,500 km? surface area
and a maximum depth 1390 m. This basin is known as important biological corridor and
an acclimatization zone for the biota of the Black Sea and Mediterranean Sea (Oztiirk
and Oztiirk 1996; Oztiirk 2002).

According to Topaloglu et al. (2016) the earliest study on sponge species along
the Turkish coasts was carried out by Colombo (1885) and five sponge species were
listed from the Canakkale Strait. Later 138 species in total have been recorded from the
Turkish coasts (Topaloglu et al. 2016). The total number of the Turkish sponge fauna
became 140 with the addition by Gozcelioglu (2015). Five new species have been added
to Sponge fauna of Turkey by Evcen and Cinar (2015). The latest study performed by
Evcen et al. (2016) and the authors of this paper added two more species to Turkish
sponge fauna. Therefore, the current number of the sponge biota of Turkey recorded as
147 in total. Besides, 681 species are known from the Mediterranean Sea (Coll et al.
2010).

According to Topaloglu et al. (2016) sponge studies in the Sea of Marmara are
limited when compared to the other parts of the Mediterranean Sea. The earliest study
on the sponges in the Sea of Marmara was reported by Demir (1952—-1954) who found
10 sponge species around the Prince Islands and the Istanbul Strait. Three sponge
species were reported by Caspers (1968); two species by Bayhan et al. (1989), one
species by Okus (1986), and 19 species by Topaloglu (2001). Besides, the studies on the
sponge culture and its economic importance were made by Dalkili¢c (1982) and Gokalp
(1974). Devedjian (1926) included the information about sponges harvested
commercially in the Sea of Marmara. The latest study in the Sea of Marmara was
performed by Topaloglu et al. (2016) and reported 75 species from the Sea of Marmara
in total.
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This study reviews the existing literature on the sponge species of the Sea of
Marmara with one additional new record for the marine fauna of Turkey. The aims of
the study were to elucidate the sponge diversity in the Sea of Marmara and to give a
checklist of sponge species that have been reported from the sea.

2. Material and Method

The sponge samples were collected from three stations in the Sea of Marmara
(Yassiada and Balike1 Island) (Figure 1) between August -November 2015. The depth
of sampling is between 21 and 40 m and they were sampled by SCUBA diving. The
samples were fixed by 4% formaldehyde solution. All samples were washed by tap
water and preserved in 70% ethanol in the laboratory. Small portions were cut includi