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K1Yl GEOMETRISI iLE TABAN TOPOGRAFYASININ
KIYI VE KITA SAHANLIGI AKIMLARININ YAPISI
VE GIRDAP OLUSUMLARINA ETKISI

Ozet ve Raporun Organizasyonu

Bu proje’nin amaci, kiyisal akimlar dinamiginin incelenmesi ve bu alimlarin topografya,
kiyisal geometri, rizgar gerilimi gibi ¢evre kosullarindan nasil etkilendiginin belirlenme-
sidir. Amlan tlirden etkilesimler, kiiresel okyanus’u gevreleyen kiyisal bolgelerin pek
gogunda gegerlidir. Bu bolgelerdeki kiyisal alumlarin dinamigi ¢ogu kez menderesler, gir-
daplar ve putskiiller gibi, agik denizle 151, tuzluluk, besin tuzlan vbg ozelliklerin ahgverigini

etkileyen yapilarca belirlenir.

Bu aragtirma projesinde gegitli yontemler kullanilmigtir: Uydu ve yer dlglimlerine dayanan
onceki gozlemler, bizleri baz digsel veya uygulamali problemler igin analitik veya sayisal
¢ozlimler gelistirmek yolunda tegvik etmuistir. Tiirkiye layilarinda gozlenen 6zel durum-
lar bu yonde onemli bir rol oynamglardir. Temel bir kavrayig igin, kontrolli durumlar-
daki geometrik veya topografik ozelliklerin etkileri incelenmistir. Ancak, incelenebilecek
diigsel durumlarm kapsadigl alanin ¢ok genig olabilecegi gozontine alinarak, basitlegtirilmis
durumlardan olusan bir set problem ele alinmigtir. Bu 6zel problemlere ek olaralk, ta-
ban alimhrimn basit bir modeli, gozlemlerden de yararlamlarak, Istanbul ve Canakkale

Bogazlari'min komsu denizlere ulagan dip akinlarina uygulanmisgtir.

Bu raporda oncelikle barotropik bir luyisal akimin geometrik ve topografik olarak kontrolii
problemini formiile etmekteyiz. Daha sonra, dénen yerkiire lizerinde, taban sturtiinmesi ve
topografya degigimleri tarafindan dengelenen bir layisal akimi incelemekteyiz. Asimp-
totik bir profil ile yaklagan bir akimin basitlegtirilmiy duragan d'namigi oncelikle ele
alinmaktadir. Daha sonra, analitik c¢éziimlerle yapilan karsilagtirma yoluyla modelin

duragan olmayan kosullara uygulanmas: denenmeltedir.
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Kita sahanlifi alomlarimmn ikinei bir uygulamasi olarak, Tirkiye denizleri'nden iyi bili-
nen iki 6rnek segilmektedir: Incelenen kita sahanhg alamlar, Istanbul ve Canakkale
Bogazlari'min komsgu denizlere olan yogun su akimlari’dir. Kcﬁns;u kuta sahanlig
bolgelerindeki akimlar Bogazlar'dali momentum veya yogunluk fark: kaynaklarinca
stirtiliir, ve ortaya gikan yergekimi alantilarinin yapisi bilyiik olgiide taban topografyasi,

taban sturtinmesi ve turbilansl girisim tarafindan belirlenir. -

Yaklagimimiz, herhangi bir yapry:r modeller yardimi ile benzestirmeden 6nce, gozlemlerin
dikkatlice gozden gecirilmesine dayanmaktadir. Deneyimimiz, bu yaklagimn gerekliligini
gdstermistir. Sonuglar, lata sahanlify topografyasimmin kiigiik ayrintilarina fazlaca du-
yarlidir. Bogazlar'dan digar akan sularin kaderi, ve dolayli olarak belirledikleri komgu
Deniz'lerin yenilenme siiregleri, lita sahanlifi tzerindeki akim yoluna ve gergeklegen

karigima duyarli bir sekilde baghdir.

Raporun ilk bélimi kiyisal akimlarin gozden gegirilmesine ve Tirkiye Denizleri'nden
drneklere ayrilmistir. Uyda ve yer gozlemleri ile ilgili yaymlar gergeklegsen durumlar:

ornelemek amac: ile Rapor’a eklenmisgtir.

Tkinci boliimde barotropik kiyisal alimlar belirleyen denklemlerin gelistirilmesi ve 6zel
durumlari, kullamlan modellerin ayrintilar ile birlikte anlatilmaktadir. Segilmig diigsel

durumlardaki analitik ve sayisal ¢oziimler arasinda kargilagtirmalar yapilmalktadir.

Istanbul ve Canalkkale Bogazlar’’ndan komgu denizlere yogun su alkig ile ilgili gézlem ve
modellere dayanan sonuglarin bir 6zeti, yayunlanmak {izere génderilen biri ingilizce digeri
Tiirkee iki makale aracihigiyla Ek 1 de verilmigtir. Ek 2 de ise konuyla ilgili daha 6nceki

yaymnlarimmz biitiinleyici olmalar: i¢in sunulmalktadir.
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THE EFFECTS OF COASTAL GEOMETRY
AND BOTTOM TOPOGRAPHY ON THE STRUCTURE OF
COASTAL / CONTINENTAL SHELF CURRENTS
AND ON THE FORMATION OF EDDIES AND MEANDERS

Summary and Organization of the Report

The present project aims for preliminary investigations of the dynamics of coastal currents
as influenced by interactions with topography, coastal geometry, wind-stress, and ambient
conditions. Such interactions seem to be active in many coastal environments of the global
ocean, where the coastal current dynamics is often associated with meanders, rings, eddies,
filaments, which are able to exchange heat, salinity, nutrients efc. with the open ocean

waters.

In this research project, a combination of tools are used: Previous observations based on
satellite or in-situ measurements have motivated us to seek analytical / numerical solutions
for idealized, as well as application oriented problems. Special cases observed along the
Turkish coastal seas have a special role in this respect. To develop a basic understanding,
simple effects of geometrical and topographical features under specific controls have been
considered. Because this area of research covers a very wide range of possible idealised
cases to be investigated, a cursory examination of a set of simplified cases is investigated.
In addition to simplified problems, a simple model of bottom flows is applied to specific

conditions of the Bosphorus and Dardanelles outflows, guided by observations.

We first formulate the problem of geometrical and topographical controls of a barotropic
coastal flow. We then investigate coastal flows on a rotating earth, balanced by bottom
friction and topographical variations. Simplified steady dynarmics is first investigated for
approaching flows with assymptotic characteristics. Comparison to analytical solutions

are then used to test the model for unsteady development.
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As a second application to shelf flows, we consider the two well known examples from Turk-
ish Seas: The shelf flows investigated are the dense water outflows from the Dardanelles
and Bosphorus Straits. The flows on the adjacent shelf regions are d@'iven by the sources
of momentum and negative buoyancy at the Strait exits, and the structure of the resulting
gravity currents is greatly determined by the shelf topography, bottom friction and the
entrainment into these turbulent flows. We base our approach-on careful consideration of
the observed features, before using a model to simulate these features. Our experience has
verified the need for these considerations. The results are very sensitive to small details of
the shelf topography. Therefore the fate of the outflowing water, which in turn determines
the internal renewal processes of the adjacent Seas, sensitively depends on the flow route

and the mixing achieved on the shelf.

The first chapter of the report is devoted to a review of coastal flows, followed by exam-
ples from Turkish Seas. Papers on the satellite and in-situ observations are appended to

exemplify these features.

The second chapter gives the development of the equations governing barotropic coastal
flows and the theory for limiting cases, together with the detailed descriptions of the models

used. It then displays the solutions and idealised comparisons for selected cases.

The third chapter provides a summary of results obtained from combined observational
and modelling experiments for the dense water outflows from the Bosphorus and the Dar-
danelles Straits. A draft manuscript of a submitted paper on the Bosphorus outflow, and
a summary of results from a student thesis on the Dardanelles outflow are included in this

section. In Appendix 1, copies of previously published papers are given for completeness.
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Chapter 1 .
A REVIEW OF COASTAL FLOWS WITH EXAMPLES FROM THE TURKISH SEAS

Scope and Importance of the Subject

Intensive industrial and other activities along the coasts, including fishing and transporta-
tion, and the need for protection and rational utilization of natural resources, demonstrate
the importance of coastal seas in the world ocean. It is often due to these activities that

there is an immediate need for a better understanding of the coastal ocean.

In addition, the coastal ocean has emerged as a sensitive area within the context of ‘global
change’, 1.e. with respect to its role as a land-ocean-atmosphere interface, as signified by the
LOICZ (Land Ocean Interactions in the Coastal Zone) core project of IGBP (International
Geosphere - Bisphere Program) (IGBP, 1995). The roles of the coastal ocean in the global
system, in terms of supporting high rates of primary production and receiving river inputs
and pollution from land, and the impacts of global change on sea-level and ecosystem
changes adjacent to the coast, motivate high priorities to be assigned to the coastal ocean.
In the present world, where the global contests of superpowers of former decades have been
overwhelmed with the present regional conflicts, increasing military importance is assigned

to coastal regions.

On the other hand, the interdisciplinary problems of the coastal zone, in the context of in-
teractions between the coastal ocean, the land, the atmosphere and the open ocean regions
have not been fully resolved. An important workshop (I0C, 1994, Brink and Robinson,
1998; Robinson and Brink, 1998) recently called for an international emphasis on studies of
the coastal ocean. It is recognised that the coastal zones of the world display considerable
heterogeneity, when compared to the open ocean (IGBP, 1995}, which pose methodolog-
ical problems in addressing the role of coasts in a global perspective. Therefore it seems
necessary that individual cases be understood with confidence, before generalizations can

be made.

It is in this spirit that the coasfal ocean processes bordering the Anatolian peninsula are
investigated. As also evident in other parts of the world, the coastal processes defining the
physical and ecological system behaviour of Turkish coastal seas are extremely complex.
Among these, the effects of coastal geometry and bottom topography constitute the most
easily identified, yet not necessarily easily understood component of system behaviour. The

scope of the problems that could be generated is very wide in terms of possible geometric
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configurations, and parametric space. The basic dynamical problemns are by nature non-
linear and defined by competitive first order contributions of the various physical factors
in a wide range of possible settings. Hence the approach adopted here: the analytical /
numerical investigations of possible flow configurations will be motivated by observed cases
along the Turkish coastal seas, it will then be possible to address simplified versions of these
problems, e.g. barotropic or baroclinic currents as influenced by the particular geometry
and topography, stratification, and wind or buoyancy forcing in the correct parametric

ranges for each individual problem.

A Review of Coastal Currents

In the Turkish coastal seas, it is possible to find many examples of coastal currents inter-

acting with local topography, geometry, buoyancy sources, or wind stress distributions.

The ‘rim current’ of the Black Sea is a good example of an unstable boundary current
in an environment of a prograde coastal front driven by buoyancy sources (the major
rivers such as Danube) further upstream. Typically, the unstable motions are triggered
when the current core attached to the continental slope region approaches the Sakarya
Canyon, a wide, deep depth discontinuity along the Anatolian coast (Sur et al., 1994,
1995), whereupon meanders and eddies develop along the coast, and evolve into a fully
turbulent structure separated from the coast at Cape Kerempe, a sharp corner where slope
changes occur. In winter, the cold water mass formed along the western shelf moves in the
region as a shallow front attached to the coast, and becomes separated at Cape Baba, a

sharp rectangular headland.

An interesting consequence of the boundary current instability, of interest in the Black
Sea, is the rather unexpected patterns of upwelling generated in summer, when a tran-

sient, modulated upwelling structure develops near Cape Kerempe, even in the absence of
favorable winds (Sur et al., 1994, 1995).

In the eastern Black Sea, the Batumi eddy is a large anticyclonic circulation trapped in
the angular corner of the Black Sea where the Caucasian and Anatolian coastlines merge.
On occasions, this eddy escapes the geometric confines and develops into a large meander
motion along the Caucasian coast (Sur et al., 1994, 1995).

Whatever may be the cause leading to the meandering and filamented structures of bound-

ary currents, they are of primary importance in determining the exchange between the shelf




regions and the deep ocean, with many bio-geo-chemical implications. In a basin of rel-
atively small size such as the Black Sea, cross-shelf exchanges are of central importance
because () occasionally the horizontal scales in the bursts of e}cchan;ges are almost of the
same scale as the basin itself, (#) a significant amount of the fresh water, nutrients and
other materials are input from major rivers (e.g. the Danube), and advected along the
coast by the boundary current, finally being injected into the basin interior via turbulent
exchanges (Sur et al., 1994, 1995). Episodes such as the unstable, seprated currents in the
southeastern Black Sea, or the large meander instabilities alomg the Caucasian coast, are
expected to be extremely important for transport of fish eggs and larvae, as well as other

materials.

Along the Eastern Mediterranean (northeastern Levantine Sea) coast of Anatolia, the
meandering Asia Minor current (Ozsoy et al., 1993) is a well defined feature, which interacts
and reorganises itself with incident eddies arriving through the Cilician Channel, or leads to
the semi-permanent Antalya anticyclonic eddy, possibly as a result of current instabilities
(ézsoy et al., 1993; Feliks and Ghil, 1993). The Rhodes Gyre is a permanent feature, and
the Cretan eddy is a semi-permanent coherent eddy, formed along this current (ézaoy et

al., 1993).

It is possible to find many examples of the interactive, and often unstable dynamics of
coastal currents in many coastal areas of the world oceans. In general strong coastal
currents in frontal regions tend to follow the topographic slopes, and become strongly in-
fluenced by relatively small changes in the influential factors, such as topography, coast
geometry, wind-stress forcing, existing stratification, etc.. These factors have been demon-
strated to play leading roles in the separation from the coast of large current systems; and

even in the case of majestic currents such as the Gulf Stream (Haidvogel et al., 1991).

Instabilities often lead to meso-scale variability along the boundary currents. Unstable
waves, meanders, dipoles, or paired eddies with opposite signed vorticity have frequently
been reported along density-driven boundary currents in many parts of the world ocean:
near Vancouver Island (Thomson 1984; Ikeda et al., 1984), in the California Current (Ikeda
and Emery, 1985), off the southern coast of Alaska (Ahlnds et al., 1987), in the Norwegian
Coastal Current {Carstens el al., 1984; Johannessen et al., 1989; Ikeda et al., 1989), in
the Sea of Okhotsk and the Subarctic Polar Frontal Zone (Fedorov and Ginsburg, (1989),
in the Fram Strait Marginal Ice Zone (Johanessen et al., 1987, Ginsburg and Fedorov,
1989), off the Labrador Coast (Ikeda, 1987), in the East China Sea (Qiu et al., 1988), in

the Leeuwin Current along western Australia (Cresswell and Golding, 1980; Legeckis and

3




Cresswell, 1981; Thompson, 1984; Griffiths and Pearce, 1985), along the Ligurian Coastal
Current {Crepon et al., 1982), and along the Algerian Current (Millgt, 1985, 1991).

Baroclinic instability could be one of the most relevant. mechanisms generating time-
dependent motions along frontal regions. Realistic boundary flows with horizontal density
gradients are often found to be unstable to small perfurbations (e.g. Mysak and Schott,
1977; Griffiths and Linden, 1981; Tkeda ef al., 1984, 1989; Qiu et al., 1988; Chao, 1988;
Beckers and Nihoul, 1992), and as a result, the unstable waves in many cases grow into
large amplitude meanders or paired coherent vortices. Laboratory experiments of Condie
(1989) show that the energy of the unstable motions, including coalescent eddies and
dipoles, is extracted from the mean flow at the Rossby deformation radius scales, and later
transferred to larger scales by nonlinear processes. During the nonlinear growth stage of
the instability, Qiu et al., (1988) showed that disturbances starting at the grid-scale were
transformed into finite amplitude meanders with ‘backward breaking’ tendency, enhanc-
ing the cross-shelf exchanges. Laboratory experiments of Carstens et al., 1984) indicated
anomalous current loops separated from the coast. Chao (1990) differentiated between
prograde (fronts rising to the surface in the same direction as the bottom topography,
e.g. Gulf Stream or upwelling fronts) and retrograde (isobaths and isopycnals slanted in
opposite senses, e.g. density driven boundary currents with buoyant water near the coast,
such as in the Black Sea) fronts, arguing that prograde fronts are more amenable to slanted
convection (baroclinic instability) than retrograde fronts. However, it was demonstrated
that enhanced meander and eddy growth could occur due to relaxation processes, e.g.
temporally varying buoyancy forcing, which seemed to be more important in the case of
retrograde fronts and more effective than the other possible forms of external forcing (such

as winds or small topographic variations).

Transient features of unexpected upwelling similar to those in the Black Sea have been
found along boundary current systems by Qiu et al. (1988) and Chao (1990), and near an-
ticyclonic members of coastal eddy pairs along the Algerian Current (Millot, 1991; Beckers
and Nihoul, 1992).

In addition to the basic baroclinically unstable flow situations reviewed above, the inter-
action of a boundary current with the coastline geometry, or with the continental shelf /
slope topography appears to be another possible mechanism that could lead to the unstable

meanders, eddies or filaments along the Black Sea priphery.

The mechanism of generation of the oscillatory motions by the step topography is not

clearly understood. We expect oscillatory motions to be generated by the interaction of a
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topographic barrier with barotropic shelf / slope flows taking the coast (shallower depths)
to the left in the northern hemisphere. Considering that the analogous effects of planetary
vorticity gradient () and topography (i.e. contributions to variations in f/H, where f
is the Coriolis parameter and H the depth of the flow), we can compare flows bounded
on the left hand side with eastward flows in the case with planetary vorticity gradient.
Oscillatory motions are created when an eastward flowing 3-plane barotropic jet crosses
a step topography, while a smooth readjustment occurs for westward flowing jets (Shetye
and Rattray, 1982), confirming well known results of Batchelor (1970). The above results
suggest that the western Anatolian jet flowing across the Sakarya Canyon would not be
subjected to meandering or oscillatory motions if this jet were to be purely barotropic. On
the other hand, Spitz and Nof (1991) indicate that a barotropic boundary current would be
forced to separate from the coast when it encounters a large step with the depth increasing

downstream, regardless of the direction of How relative to the coast.

Sudden changes in topography are expected to lead to oscillatory motions even in the case
of a right hand side coast, when baroclinic modes are included. In fact, barotropic flows
impinging on a step topography can be expected to generate large amplitude baroclinic
motions (e.g. Cushman-Roisin and O’Brien, 1987). Oscillatory motions created by inter-
acting baroclinic and barotropic components of a boundary current near canyon or ridge
topographies are illustrated by Hikkinen (1987).

Interactions with coastline perturbations were found to create standing waves, as well as
baroclinic eddies and filaments in the case of upwelling fronts (Narimousa and Maxworthy,
1987}, and to lead to meanders by pure geometrical adjustment to depth contours (without
imposing baroclinic instability) in the case of ice-edge fronts (Ikeda, 1987). The role of
bottom topographic features was found to augment the baroclinic instability in the case
studied by Ikeda (1989). In the case of upwelling fronts, Narimousa and Maxworthy (1985)
found large stationary meanders and filaments generated by a bottom ridge. Haidvogel et
al. (1991) and Hoffmann et al. (1991) found offshore filaments generated by the interaction
of a boundary current (upwelling front) with topographic variations. During later stages
of development, the evolving filaments were shown to lead to self-advecting dipole eddies

detached from the coastal region.

An important effect of topography we observe in the case of the west Anatolian boundary

current is the separation of the jet from the coast at C. Kerempe, where the low encounters

a widening shelf topography. Leaman and Molinari (1987) studied the effects of a linearly




widening shelf and found that this situation can lead to vertically sheared flows perpen-
dicular to the coast, resulting in flow separation. The change in the angle of the coastline
near C. Kerempe can be a secondary factor leading to flow separation”.‘ Laboratory studies
illustrate eddy shedding and separated flows downstream .of headlands (e.g. Boyer and
Chen, 1987). ‘

Sharp corners in coastline geometry can lead to localized upwelling, even in the case of
buoyant boundary currents with the coast on the right hand side, as shown by Cherni-
awsky and Leblond (1986). Most observations of topographically or geometrically induced
upwelling elsewhere have been obtained either near permanent upwelling fronts (e.g. the
California coast, Ikeda and Emery, 1984; Narimousa and Maxworthy, 1985, 1987; the
southeastern coast of the U.5.A., Janowitz and Pietrafesa, 1982), or under conditions of
favorable winds (e.g. the Gulf of Lions, Hua and Thomasset, 1983).

Eddies and filaments formed in regions of coastal currents elsewhere have been attributed
to frontal dynamics of upwelling systems, or the effects of coastal headlands (Ramp et al.,
1991; Strub et af., 1991; Haidvogel ef al., 1991). In the presence of deep canyons, tripole
eddies are can be generated by the coastal current (Pingree and LeCann, 1992); conversely,
the collision of an eddy with the coast can lead to a modified coastal current (Vidal et al.,
1992).

Dense Water Outflows from Straits

The communication between the Black Sea and the Aegean basin of the Mediterranean Sea
is established through the Turkish Straits System (TSS), consisting of the Bosphorus and
Dardanelles Straits and the Sea of Marmara. The flow through the System is in the form of
a two-layer stratified exchange with the lighter surface waters flowing from the Black Sea
to the Mediterranean, and the denser deep waters flowing in the other direction. The flow
of dense water through the lower layer of both Straits is in the form of a bottom-arrested
gravity current that feeds the deep waters of the adjacent basins and largely determines

the internal deep structure of these seas.

Both dense water outflows at the entrances to the Marmara and Black Seas are strongly
affected by local topography. In both cases the flow is initially confined to a canyon-like

channel that exits from the strait into the sea, and later overflows the channel to flow

along the local slopes of the.continental shelf leading to the continental slope. Whether




the flow reaches the bottom of sea or not depends on the interior stratification, topography,

entrainment and the initial conditions of the plume at the strait exit.

The properties of the Mediterranean water entering the Black Sea are transformed by
turbulent entrainment as the water first follows the bottom conduit extending from the
Strait onto the continental shelf, overflowing a sill, then spreading out on a very mild
slope. At the shelf break the dense water cascades down the steep continental slope and
loses its density contrast as a result of greatly increased entrainment, and reaches depths
where it spreads horizontally into the interior and partially propagates east following the
slope topography. The inflow largely determines the long-term properties of Black Sea

deep water

The dense water inflow from the Dardanelles Strait into the Marmara Sea transports
Mediterranean water into the basin and establishes the deep water stratification of the
Marmara Sea. The lower-layer flow of the Dardanelles Strait is the only source that
replenishes the deep waters of the Marmara Sea. A strong halocline, at a depth of ~ 25m,
separates these waters from the low density surface waters of Black Sea origin, flowing
in the opposite direction, i.e. entering the Marmara Sea from the Black Sea through
the Bosphorus Strait, and leaving into the Aegean Sea through the Dardanelles Strait.
Particular interest lies in the deep water renewals in the Marmara Sea owing to persistent

oxygen deficiency of subhalocline waters.

A Review of the Numerical Modelling of Dense Water Outflows

The numerical modeling of gravity plumes in a rotating frame is initiated by the “stream-
tube” model of Smith (1975; cited in Baringer 1994). This model considers a laterally
integrated streamtube with a variable cross-sectional area and, under the assumption of
stationarity, it produces the path and the laterally averaged properties (density contrast,
velocity) of the tube (plume) on a given, constant slope. The model includes bottom
friction by means of a quadratic drag law and an entrainment rate proportional to the
velocity, with both of these coefficients estimated diagnostically by finding the best fit to

the observations.

This model has a number of convenient features such as being simple and effective in terms
of computing power, however, the plume height is not predicted. The Smith model was
applied to the Denmark Strait and the Mediterranean outflow with bottom friction and

entrainment parameters tuned to fit the observations.
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Modified and extended versions were later applied by Killworth (1977) to Antarctic slope
convection and by Melling and Lewis (1982) to the shelf drainage fow in the Beaufort
Sea. Pedersen (1980; cited in Baringer 1994) made the first atternpt to include variable
entrainment. Experimental data are examined to define a correlation function between
entrainment and bottom slope. Using this new entrairment function reduces the un-
known coeflicients in the model to the bottom drag coefficierit, but it also directly links
entrainment to bottom drag. Baringer and Price (1990) used realistic topography and
temperature and salinity data in their version they applied to the Mediterranean outflow.
They reproduced the observed temperature and salinity structures, as well, but to avoid
the drawback of getting only the cross-sectional area, they prescribed a plume width as if
the plume were bounded by walls, which, in turn, is not realistic. Baringer (1994) applied
a reduced gravity model with an active layer on the bottom to model the Mediterranean
outflow. For the Dardanelles lower-layer inflow, Besiktepe et al. (1993) applied a version of
the streamtube model coupled with the interior heat and salt equations, namely the “flling
box” model, to simulate the renewal mechanism, ignoring horizontal variations within the
interior, and found it suitable for predicting and forecasting the interior vertical structure

in response to variations in the inflow and outflow conditions of the Marmara Sea.

The model used by Jungclaus and Backhaus (1994) emerged from a need to investigate in
more detail the plume dynamics over rugged topography of the continental slope, noting
that laterally integrated model will not suffice, especially when splitting and joining is

concerned.,



Chapter 2
BAROTROPIC FLOW OVER TOPOGRAPHY

Governing Equations for Non-divergent, Frictional Coastal Flows

The shallow water equations for a homogeneous layer of fluid in 4 rotating frame of reference

are

g—":w-vmﬂ%xa:—%varp—}(f's_;b)Jr%v.Hg (1a)
g—z +V -Hii=0 (1b)
The first of these is the horizontal momentum equation and the second one is the continuity
equation. The variables @, 7 and p are the fluid velocity, free surface elevation and pressure
respectively. Of these variables, the velocity and pressure are three dimensional, depending
on the cartesian coordinates 7 = (x,y,z) and time ¢, ie. @ = (u,v,w) = 4(7,t) =
(z,y,2,t), and p = (z,1), while the free surface depends on horizontal coordinates (z,y)
and time ¢ only, i.e. 7 =mn(z,y,?). The density of the fluid p is asumed to be a constant,
i.e. the fluid is homogeneous. In essence, the equations are written on a tangent plane
to the earth, where the vertical z coordinate points away from the center of the earth,
and (x,y) lie in the plane tangent to the earth’s surface at latitude ¢, at a point chosen
to be the center of the coordinates at the area of interest. With these approximations
to the original equations with the cartesian axes fixed on a spherical, rotating earth, the
Coriolis parameter f = 2{lsing represents the local effect of earth’s rotation at latitude
¢ (with earth rotation speed of @ = 27/86400s™ ). The total depth of the fluid at any
point is H = H(z,y,t) = h(z,y) + n(z,y,t) including the bottom depth h measured from
the undisturbed sea surface, and the free surface elevation n (i.e. the deviation of the free
surface from the undisturbed level). The second term on the rhs of (1a) is the surface
forces acting horizontally on the a column of fluid, with 7 representing the wind stress at
the free surface, and 7 representing the frictional stress at the bottom. The last term of
(la) represents the lateral friction where F is the shear stress acting between neighboring

fluid columns.

We further simplify these equations based on approximations typical for problems to which

they are applied. Firstly, since the vertical velocity of motion is assumed to be much smaller




than the horizontal velocities, the vertical momntum is approximated by hydrostatic pres-

sure,

dp .
5, = P9 or p=pg(n—z)

by integration where g is the gravity, since (1b) implies p = p(z,y) and (1b) implies

U = t(x,y) are two dimensional fields only. Secondly, we make the rigid lid assumption

On _

at“o

which amounts to the nondivergent approximation, since setting this term to zero equiv-
alently sets the second term of (1b) to zero. Formally these approximations are justified
through scale analysis. Finally, the lateral friction terms, i.e. the horizontal turbulent

fluxes of momentum can be parameterized by

1

HV-HE_E VLTS

With the above approximations the equations of motion reduce to

Di

=3 _ =b
5o + fhxid=—gVn+ (T_p,,.f._) + V3 (2a)

V. Hi=0 (2b)

We define a transport streamfunction 1 according to

b

Hi=FkxVy

which satisfies continuity equation (2b) by virtue of simple vector identities. We then

define wvorticity

~ ~

(=k - Vxi=k-Vx




Taking curl of equation (2a) yields

a — - — ol — l (.7_-‘-5_7_-’!7) ) 2 —
anuﬂ«VX(u-VuH-fokxu:—Vx—-H—-|—UV‘V><u (3)
p

Now, after using the vector identities

Y x (@ Vi) =V x V(

2| =t

-0)—Vx(IxVxid)=Vxklxa

equation (3) becomes

d; - 1 (78 — 7) P
Noting that the continuity equation can be written as
- . _ 1DH
V u———u-VH——E e

then yields the second term of (4) to be written as

N T — oo o e 1St fDH
Vxl(C+ Nk x @ =7 V(e + - i L 2E

and combining terms, we obtain

De+rfy_ 1, (-7, 1ea,
Dt( i )“_pI-IA V x Vi -|—u-£}~vg (5)

The bottom frictional stress 78 can be parameterized in different ways (Csanady, ). If we

assume the well-stirred case, 4.e. if the flow is turbulent, the bottom stress is related to
the second power of velocity

11




which can be linearized, assuming r = Cy|%|, approximating r to be a constant, to give

—h —
T U
pum— —_ Gb
ETE (66)
Instead if the flow is laminar, than the typical Ekman bottom boundary layer formulation

would result in

-‘b

/—j“ﬁ = sq. (7)

For shallow coastal flows the turbulent formulation is more appropriate. With the lin-

earized turbulent version, (5) is

D (¢+f)_ 1 7
— (> J = =L —
Dt( H) oH VxH T 2 VxH+uHVC (8)

By multiplying (8) with H and expanding the first term we can write equation (8) as

Q-g—}-H V(g;_}j) —l—lﬂavi%—rlfé-Vx + v V2(.(9)

ot

The bottom frictional term can alternatively be expressed as

E-VX—==F- VX[Ax—w] =V, (10)

U
H

or alternatively as

11
V=LV iy

Vo H' H

2
H3 —VH Vi = 12 Vi — 7 VH V. (11)

By malking use of (10) and using the definition of vorticity we can write

¢ (+7f 7 1 2
5+ hx vy v( = )_;L v x E—rv 5 Vb + vV (12a)
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1
VgV =¢ (12b)

to constitute closed form equations for streamfunction ¢ and vorticity ¢. Equations (8),
(8), (9) or (12) are different forms of the same equation, which is appropriately called the

vorticity equation.
The Coriolis term

In general the Coriolis parameter f is a function of latitude, and if we expand about a

central latitude angle ¢,,

F = 2Qsing = 20sin(¢, + Ag)
= 2Q(sing,cosA¢ + sinAdcosg, )
= 20sing,(cosAg + sinAdicote,)

where Ag is the latitude deviation from the center latitude ¢, of the tangent plane. Ori-

enting the y-axis along the logitude circles, and for a limited area of the tangent plane,

y ~ RA¢, f i1s approximated as

J =~ 2Qsingo (1 + Adeotd,) = 20singd, (1 + yeotdo/R) = fo(1 + By)

where R is the radius of the earth, f, = 2Qsing, and § = cotp,/R.

The 3 effect can thus formally be included for ocean margins extending along latitudinal
directions. However, for most coastal applications, the scales are usually much smaller,

and therefore it will suffice to take f = f,.

Non-dimensional Forms

Defining scales

x o~ Lyt Nfa_laHN H‘J"ﬁ' ~u01|7_-‘3| ~ 1,

implies ¥ ~ u,H, Ly and ¢ ~ u, /L,

13




substituting these scales results in the nondimensional equations

a N R
kR » .V (R = M. KA v A 2
Bt+k><V1,b V(R(+1) = Ak VXH pv HQV?,[J—}—E\_/’Q (1la)
1 .
—— = 115
V.=V =¢ | (115)
where
Up v
R= = —
i TR
are respectively the Rossby and Ekman numbers, and
T \ = I
= .foHa’ . PfouaHa

are non-dimensional numbers measuring the relative importance of bottom friction and

wind stress terms.

The values for parameters for typical shelf flows can be taken as u, = 0.lm/s, f, =
1074571, L, = 100km, H, = 100m, r = 107, v = 100m?/s, the order of magnitude

estimates for the nondimensional parameters are R @ 1, E = 10™*, p ~ 0.1 and A = 100.

Solutions for Uniform Shelf

The solutions for a uniform shelf topography, e.g. H = H(z) can be obtained for a steady
(8/8t = 0), linearized flow (R — 0), with vanishing lateral viscosity (v = 0). With these

approximations (12a,b) yield

fo T 1
— 2k Vip - VH =~V . 7V, (12)

and since H = H(x), this is reduced to

o 1 1
g = [(E”"’) ¥ (ﬁ“df)] )




After rearranging, this becomes

(el +ap = Svr (14
where
a(z) = %Hm and ~(z) = %Tﬁ (15a, b)

We can try separation of variables,

Let us consider a channel confined between T = 2. and 2 = z;, and assume that the
flow (e.g. the streamfunction) is specified at y = 0, ¥(2,0) = tho(z). We want to obtain
solutions for all y subject to this initial condition. At the side boundaries, the boundary
conditions are ¥(z.,y) = ¢, and (21, y) = v, where 1, and psi] are constants.

We can try separation of variables,

Pz, y) = F(z)G(y)

so that equation () takes the form

1
~o(@)FGy +1(2)FoG = S (Foe + G,y), (16)
or
1 Fx Fr  1Gy, Gy
Ty p T =5 el 4

Since we have a non-constant coefficient a(z) on the right hand side, separation of variables
can not be achieved in general. However, for a specific form of the depth profile, i.e.
H(z) = He +a(z — 2.), @ = af, /2r becomes a constant and y(z} = a/H(z), so that we

can write

15




1F.x F,

1 1.,
5 )= = o= — = —A" 18
s Tl =g teg =3" (18)
For this specific case, the separated equations are:
Fox — 2v(z)F, + M F =0, (19a)

Gyy +2aGy — NG =0. (195)

The roots of the characteristic equation for the second equation are

mi=—a+vVal+A and m_ = —a-—+/a?+ M.

It is seen that the character of the solution for y > 0 and y < 0 differ greatly. For an initial
value G(0) = w, secified at cross-section y = 0 of the shelf, the decaying (evanescent)
solutions m.. for y > 0 and m_ for y < 0 must be chosen. It is clear that the solution for

y > 0 decays at a much higher rate than the solution for y < 0.

For the more general case of an arbitrary H = H(z), either analytical or numerical solutions

must be sought, since separation of variables can not be applied.

Note that after some distance from the initial conditions at y = 0 either in the positive or
negative y domain, the solution approaches an assymptotic state. In essence this assymp-
totic state represents the adjustment of the flow to the depth contours, and vanishing of

the dependence on y. Under these conditions, the equation is much simplified to yield

(El-:/)) —0. (20)

Integrating the above equation twice yields the general solution

bo) = [ Fw) do by (21)

The velocity along the shelf is calculated as

16




1 1 9
v= Efz,l)m = E((:H")aU = c¢H(z)

and consequently the total flux of volume carried through the shelf is

I T
Q:/ Hvdmzc/ Hg(fﬂ) dr = — e,

which allows the calculation of the constant ¢ to give

c= Q/[: H%(z) da.

The vorticity of the flow can also be calculated:

_ 9 (Lo _ 9 n,
‘= Oz (H 83;) = 5z H (@)

"The solution for the linear depth profile

H;— H,

H(.’L‘)ZHC*{“S(JJ““-TC), where S = ; HI:H(EI)7 HC:H(‘TC)

T — g
15 obtalned as

T

0(@) =t =c | ot S@ =2 do= {He+ Sz -z -

The constant c is evaluated as follows:

(o) = e = b — e = Q = = (H} — HY).
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Nonlinear inviscid solutions

Under steady, inviscid conditions, the nonlinear vorticity equation reduces to

fo 3 C+/fY\
—==k . - 2
72 x ViV i (29)
which is simply the Jacobian
where g is the potential vorticity defined as
vViv

H H

The above equation () has a special solution ¢ = K(1)) which makes the Jacobian vanish,

5. €.

= V%Veﬂ-f:ﬂ K($)
ar

H H
Vi) — 2Ly ot} — HK
P 7 Vs + 7 Yy + fH = H K(9). (31)

The solution to the above equation is not unique and depends on the choice of I(¢) which
has to satisfy the above equation as well as the initial and boundary conditions. The
approaching flow would set an initial condition that could be used to determine K ().
The uniform flow adjusted to the uniform depth variations H = H({z) at a continental
shelf has to satisfy

e — %d)m + fH = H*K(¢). (32)
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Numerical Solution of the Vorticity Equation by PDE2D

The solutions for simple barotropic coastal flows are obtained by direct or iterative numer-
ical solutions of the vorticity equations in a rectangular region enclos;ing the coast. The
approach used in steady solutions of the linearized equations of motion for the coastal cir-
culation is similar to that used in Unliiata et al. (1983). For nonlinear cases, the vorticity
equations are solved directly or iteratively for given boundary conditions, coastline config-
uration, and interior topography. In the numerical solutions, the PDE2D solver handling

general, nonlinear partial differential equations is employed.

The numerical partial dfferential equation solver PDE2D, which is a follower of the
PDE/PROTRAN developed by Sewell () solves n coupled PDE’s of the form

du; 04; 8B; .
C'; 5% = B + 3 —F inR (33)

for 1 = 1,n, where where each of the coefficients A;, B;, Ba, C;), i = 1,n can be functions of
the variables, or their first spatial derivatives. The system of PDE’s should be accompanied

by natural boundary conditions of either the 'fixed’ or ’free’ forms:

u; = FBi(z,y,t) on dR,

(34a,b)
Aing + Biny = GBj(z,y,t,u;) on ORy
and initial conditions:
u; = U0;(z,y) att=1,. (33)
For equations (12a,b) we can have the form
a 94, 0B
Cl—c- = —1 + ——'1- —_ Fl
ot Oz = Ty in R (36a, b)
0, _ 04 0B ’
ot Oz dy 2

where each of the coefficients f; = (41, As,Bq,B.,Cy,Cy, F1,F), i = 1,8 can be

functions of the independent and dependent variables, or their first spatial derivatives,

fi= (may,f,CaﬁmCyﬂl’,%, 77!",1,')
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with fixed’ boundary conditions:

C: F‘Bl(wayat)

on BRl ) (37)
Y = FBy(x,y,t) .

or 'free’ boundary conditions:

Aing + Biny = GBy(z,y,t, ¢, 1)

Agny + Bany = GBa(e,y.t,C.1) on ORs (38a,b)

and initial conditions:
¢ = 20(z,y) and 4 = PO(z,y) at ¢ = £,. (39)

if we let

= % Cy =0, (40a, b)
Ay = —%’;- +26, B = _% + 2, (40¢, d)
Ay = % By = %, (40, f)
F1=~51., vaH—Jrlﬂ v((:;;f), Fy=( (40g, h)

The equations solved by PDE2D by using the above definitons are the following:

19¢ @ Yy v d vy | v 7 (+f
T %("EJ’FC‘”)J“'@(_F%“’“FC”)*_’“ Vx - o Hi V(H)

__5_ e Yo\ _ .
-2 (5) 4 (5) <




Numerical Solutions for an Indented Coast with Linear Topography

The linear depth profile of a coastal region can be specified as

HI_HC

T] — Tg

H(z)=H.+ S(x —z.), where S= , Hy=H(z;), H.=H(z)

defined in the domain (z.,z;), with the corresponding depths (H., H;) and the slope 5.

When normalized such that h = H/H, and & = z/L, this becomes

H(z) = H(z)/H, = H.+s(& — %), where s=—"+

such that the normalized slope is s.

In the first set of runs (yla-flf) the normalized along-shelf distance § = y/L, spanned
(—2.5,2.5), while the cross-shelf region extended between & = z/L, values of (Z,%1),
which was (0.25,1.) for y > 0, and (0.,1.) for y < 0, %.e., a coast which is indented for
y > 0, and the flow was in the negative y direction with normalized cross-shelf integrated
flux ¢ = Q/(U,LoH,) = —1. The inflow boundary conditions with the vorticity and
streamfunction boundary values at § = 2.5 were calculated according to the uniform shelf
assymptotic solutions described above. The boundary conditions at the coast and the
offshore boundary were essentially those for a constant value of the transport streamfunc-
tion (the non-dimensional streamfunction B = /(UyLH,) = $e=0on & = z,/L, and
$h =y = —1on & = x1/L, = 1, together with a vanishing flux of vorticity resulting
from bottom and lateral friction, namely (—% + 2V( ) - 71 at both horizontal boundaries
& = &, and & = £;. At the southern boundary, both the above vorticity flux and the

u-velocity ¥, /H were set equal to zero.

The dimensionless slope s was uniform for the entire domain, with a value of s = 0.8,
although this value corresponded to different dimensional slope values S = sH,/L, for
given values of H, and L,. Similarly, the velocity U, and the dimensional coefficients r

and v were changed to yield changes in the dimensionless parameter space of R, p and E.
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The unsteady runs were started from initial conditions in which both the vorticity and the
streamfunction initial values were zero. Both the inflow and lateral boundary condition
terms were increased with time to the final value, using a taper function 1 — e~ in terms
of dimensionless time f = f,#. In nonlinear runs the nonlinear terms in the equations have
also been multiplied with the same taper function to elimihate possible unstable solutions

from developing.

run Uy He L, v T R E 7 E/u
(m/s) (m) (km) (m/s?) (m/s)

vla 0.2 100. 50. 102 3x1072 0.04 4x1072 3 1.33x 1072
vlb 0.2 10. 50 10 3x1072 0.04 4x107* 30 1.33x107°
yle 0.2 10. & 1072 3x1072 0.4 4x107% 30 1.33x1077

yld 0 100. &0. 1072 3x107™* 0 4x107® 0.03 1.33x107°
yld0 1 100. &0. 1072 3x107* 2 4x107% 0.03 1.33x107°
yle 0.5 100. & 1072 3x1072 1 4x10% 3 1.33x10°¢
y1f 1 100. 50. 107% 3x10™® 2 4x107% 0.003 1.33 x 1075
7>0 §<0——
run H, L, . fzc s T ﬁc 3 Jin q
- T h.: H “"’Hc Ho Ir e H _Hc Ho in
() (m) £ £ S0 B O ST B whm
yle 100. 5. 0.25 04 0.8 0. 02 0.8 +2.5 -1
y2e 100. 5. 0.25 04 0.8 0. 0.1 0.9 +2.5 -1
v3e 100. 5. 0.256 0.4 0.8 0. 04 0.6 +2.5 -1
yde 100. 5. 0.26 04 0.8 0. 1.0 0.0 +2.5 -1
p2e 100. 5. 0.25 0.4 0.8 0. 2 0.8 -2.5 +1
pde 100. 5. 0.25 1.0 0.0 0. 0.2 0.8 -2.5 +1
z2e 100. a. 0.0 0.2 0.8 0.25 04 0.8 -2.5 +1
zde 100. 5. 0.0 1.0 0.0 (.25 0.4 0.8 -2.5 +1

In the second set of runs (yle-y4e, p2e, pde, z2e, zde) both the slope of the channel and

the position of the indented coastal boundary were changed for the domains y > 0 and
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y < 0, as well as reversing the flow direction with inflow bounday conditions specified at

§ = —2.5 rather than specified at § = 2.5,

The runs with different values of parameters are tabulated in the table. and the results of

the runs are given in the Figures.

The results show that the frictional coastal flows along sloping continental shelves respond
to rather smoothly to the changes in coastal geometry and bottom topography. The solu-
tion develops at different distance scales for positive and negative y directions. The lateral
friction along the coastal and offshore boundaries induces oscillations in the solutions re-
sulting from vorticity generation at the side boundaries, which differs from the assymptotic
analytical solutions described above. The flow adjusts to the assymptotic solution in ashort
distance downstream of the inflow boundary. In non-linear flows a further oscillation near
the inflow boundary is induced before the flow adjusts to the frictinal flows long sloping

topography.

The effects of changing the bottom slope at the location of the indentation results in an
adjustment process which also takes place in rather short distances (on the same order as
the shelf width). In the cases of reversal in flow direction, the solutions are assymmetric,

but essentially display similar features.

Overall, no erratic behaviour, such as meandering or oscillations and other unstable flows

have not been developed in these barotropic flows.
CONCLUSIONS

Very few studies exist for coastal flows along the extended coastlines of Turkey. This
tendency for a lack of specific studies for coastal flows is partly true for other parts of
the world ocean, despite the recent interest. Because coastal flows can have a large vari-
ety of specific conditions (coastline geometry, rivers or bays, bottom topography, bottom
roughness, wind stress distribution, stratification etc.) and regimes (frictional, barotropic,
baroclinic, well-mixed, stratified ete.) their behaviour is difficult to predict. As a result,
basic features of coastal flows applied to a specific region are often not well understood.
Cycles of analysis and synthesis, guided by observations and modelling are required to

better understand coastal systems.

Our attempt to study coastal flows from this viewpoint, both through idealized cases and

through specific applications has only scratched the surface in terms of the many possible
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varieties of coastal flows that are observed around the Turkish coasts. Yet, 1t has been
demonstrated that detailed investigations are necessary in each specific case even to under-
stand the simplest forms of idealized flows. The variety of cases worthy of investigations
would increase with increasing numbers of parametric and geometric features, and one can
make these cases as increasingly complex as one wishes. A.pplied problems and their mod-
els are similarly complex. It is often necessary to be guided by observations for identifying

features that otherwise may pass unnoticed.

We cannot help but stress the need for further studies, both on theoretical grounds and
from the point of view of applications. We have only looked at the physical features in this
study, but the biogeochemical implications of the coastal flows are also very significant. It
is also a matter of scales when one talks about coasts. The engineer and earth scientist
often have different scales. This may also be true for biclogists, chemists and geologists,
with different ranges of interests. Of course, the need is for a unified multidisciplinary

approach that requires great concentration of resources.




FIGURES




T = 4.000000E+00

2 .
S vorticity
S -
- KEY
2
=i
0 -301E1
bLLISEROL
=
=]
2 7 4]61E401
3 +37E40
e
2 & 41136401
g i
< -1 : e
; t +1. 20k
o 3 7 +154E402
g :
h : § ]8I0
:3..... . . . tae. . [ R LT
=
q
n;i T ] T T 1
A0.1250 0.1250 13750 0.6250 0.8750 1.1250
T = 4.000000E+00 X
]
ct streamfunction
=g
KEY
=] !
= i :
0 -S00E02
; 1 -LIEN
7
=} ; ; H -
=h : 3 J2.50B-01
3 3G
Fol ; :
4 <L30B01
7 5
o4 i
= i
? i
B 0S0EG
io6l 7{ 810
o 7 .7.30EM
:
= B -6.50E4H
I - )
|
g
rvli T T T T 1
01250 01250 0.3750 0.6250 0.8750 11250

X
Figure 1. Vorticity (a) and streamfunction (b) at nondimensional t=4, run yla
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Abstract

The exchange and mixing across the Bosphorus Strait and on the Black Sea shelf of waters
originating from the adjacent seas are described, based on recent measurements. The properties
of the two counterflowing layers derived from the adjacent Black Sea and the Mediterranean Sea,
evolve rapidly within the Strait through interfacial mixing. The upper layer entrains water from
below mainly in the southern Bosphorus, while the lower layer continuously entrains water from
the upper layer as it flows towards the Black Sea. The Black Sea exit of the Strait joins a wide
continental shell with a mild slope but complex bottem topography. The features of the bottom are
much like thase found in a river delta, and are only adequately described by combining the results of
high resolution surveys using ADCP and SWATH instruments. The properties of the Mediterranean
water entering the Black Sea are further transformed by turbuleni enérainment as the water first
follows the bottom conduit extending from the Strait onto the continental shelf, overflowing a sill,
then spreading out on a very mild slope. At the shelf break the dense water cascades down the
steep continental slope and loses its density contrast as a result of greatly increased entrainment, and
reaches depths where it spreads horizontally into the interior and partially propagates east following
the slope topography. Experimental observations reveal the structure of this flow and the way it
is introduced to the Black Sea. Modelling of the density current using a reduced gravity model
confirms the crucial importance of the fine scale topographical features. Sensitivity of the {low te
environmental parameters is investigated. When the topography is adequately represented in the
model, the low features are found to be less sensitive to changes in the parameters.




Introduction

The communication between the Black Sea and the Aegean basin of the Mediterranean Sea is estab-
lished through the Turkish Straits System {TSS), consisting of the Bosphorus and Dardanelles Straits
and the Sea of Marmara. Among the two Straits, the Bosphorus plays a more important role in regard
to restricting and controlliing the exchange between the adjacent seas (e.g. [36]). The Bosphorus Strait
is located in a region that is sensitive to climatic changes and conftrasts [28], and is able to create large
environmental changes in the adjacent basins, The effects of sea-level change on the exchanges at the
Strait and the recently recovered evidence on the abrupt flooding of the Black Sea about 7,500 years BP
[30] attests to the level of impact of the possible climatic changes.

An overview of the flows through the Bosphorus Strait and its effects on the adjacent regions are
shown in the SAR image of Figure 1. Surface currents are visualised in SAR images through their
influence on sea surface roughness. Shallow bottom topographic features can also be recovered from
SAR data if methodologies are used to quantify the interaction with existing currents [38]. In particular,
the southward flowing surface jet issuing into the Marmara Sea from the Bosphorus is clearly visible in
Pigure 1. The narrow jet carrying Black Sea Water extends impinges on the Bozburun peninsula at the
southern coast of Marmara, where it excites an internal wave patlern. A conspicuous feature observed in
Figure 1 is the curved feature extending north from the Bosphorus into the Black Sea and joining a wider
shadow covering the upper pari of the image. This pattern appears to be the imprint of the submerged
Mediterranean outflow into the Blacl Sea interacting with the Black Sea shell, as it coincide well with
the flow patterns investigated in the present paper.

The Bosphorus posesses remarkable geometric features [19, 36, 27] that are ideally located to create
a 'maximal exchange’ configuration [9] for hydraulically controlled two-layer strait flows. One of these is
the contraction (the narrowest section) at about one third the length of the Strait from the southern end
(Figure 2a), where both layers are expected to pass through a flow transition (i.e. the composite Froude
number G° = 1 for the two-layers). The other control is the sill located about 5 km north of the northern
end of the Strait (Figure 2a), located inside a bottom canyon through which the lower layer flows out
into the Black Sea, where a transition (G* = 1) occurs once again, This feature serves as one of the main
control sections of the Bosphorus, despite the fact that it is located outside the Strait.

The two-layer, hydraulically controlled flows across the Bosphorus Strait have direct influence on the
local environment, as well as on the fate of the Black Sea, through its role in the ventilation of its anoxic
waters [36, 19, 17, 37, 20, 22, 23, 24, 25, 26, 27, 12, 13, 14]. Extensive observations have shown that
the Bosphorus, characterized with rapid along-strait variations in its geometry, a sharp stratification,
nonlinear controls and temporary blocking of the flows in either direction, is driven by the combined
effects of variable atmospheric pressure, wind set-up, sea level and water budgets in the adjacent basins
[27, 8], resulting in time dependence on daily to interannual time scales.

‘The seawater properties in the two counter-flowing layers of the Turkish Straits System are continu-
ously modified by two-way turbulent entrainment. Based on salinity measurements, the largest changes
are known to occur in the Straits themselves, upon exit from the Strait into the adjacent seas, and es-
pecially past the hydraulic controls at the contraction in the southern part of the Bosphorus and the sill
offshore of its northern exit e.g. [36].

In the 17th century, Count Marsigli had made the first scientific observalions in the Bosphorus and
performed insightful new experiments on stratified exchange flows [18]. Marsigli’s observations confirmed
a countercurrent Howing underneath the southerly surface current, a fact which was well known by local
fishermen [4]. Although proven wrong by new observations a few decades later, incomplete chservations
in the mid 19th century cast a shadow on the existence of the countercurrent, resulting in a myth that
surfaced a few times since the first half of the present century [4, 36]. Modern observations revealed
features of a two-layer flow with intermittent blocking of either layer {17, 27], outflow into the Black Sea
shelf [17, 12, 6, 7], and its intrusions into the Black Sea interior [20, 21].

In the following sections, we study the mixing of the waters transported by the counter-flowing currents
along the Bosphorus Strait, and discuss mixing and flow features of the outflow along the continental
shelf and slope regions of the Black Sea. A high resolution topography of the region is then generated
by combining modern data from different sources, to be able to represent bottom features to the best
level of detail required by realistic modelling of the Bosphorus outflow. We study the outflow using a
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reduced gravity model, investigating the effects of bottom friction, entrainment, earth’s rotation and other
environmental factors on the behaviour of the plume. The results are compared with recent observations
and discussed in their light.

The Measurements

Hydrography and currents on the Black Sea continental shelf and slope regions adjacent to the Bospho-
rus exit have been investigated during numerous cruises of the R/V BILIM of the IMS-METU from 1986
to the present {36, 19, 17, 37, 20, 22, 23, 24, 27, 21, 25, 26, 12, 13, 14].

The unique environment of Bosphorus Strait has also motivated collaborative studies of its hydro-
dynamics, turbulent dissipation and microstructure. In September 1994 scientists from the University
of Washington (APL/UW) and IMS-METU carried out studies on board the R/V BILIM, making in-
tensive measurements using the ADCP, CTD, Advanced Microstructure Profiler (AMP), current meters,
sea-level instruments and acoustic backscatter imaging of the physical features [14, 1Z]. The most de-
tailed measurements of temperature and salinity as well as currents and microstructure furbulence in
the Bosphorus till the present time were obtained during the 1894 survey of the R/V BILIM, using the
sensors of the AMP instrument as well as the CTD. Because the AMP drops were closely spaced and
repeated for microstructure studies, they also provided the first oppartunity to investigate the small scale
changes along the Strait. The geographical locations of bursts of AMP stations mainly along the thalweg
and the CTD stations in the region are shown in Figure 2a. The interfacial depths, and the upper and
lower layer average properties along transect TT of Figure 2a, obtained from the 1994 measurements are
presented in Figure 3, with corresponding temperature and salinity transects shown in Figure 4.

In the analyses of the along-strait variations of temperature and salinity, it was more appropriate
to make local definitions of interfaces, rather than relying on artificial definitions based global fixed
values of salinity or density. In the local definition we made use of the sharp two-layer stratification of
the Bosphorus, seperated by an mterfacial layer of ~ 10 m thickness. Since water properties in each
layer change with distance, the characteristic upper and lower layer salinities S, and S, respectively
were calculated from the 5 m depth averages of the water near the surface and bottom. Then, letting
St = 5,+0.2(Sp— 5, ) and 55 = Sa~0.2(Sp— S, ) as the local limiting values for each layer, the transition
between layers was defined in reference to these values. The interface depths and the upper and lower
layer average values of temperature and salinity in Figures 3, 4 and 6 were computed between the limiting
depths of each layer.

The visit of the NATO/SACLANT ship R/V ALLIANCE in 1996 lacilitated the renewed collaborative
studies of the Bosphorus outflow region in the Black Sea 7], with temperature and salinity obtained
from CTD profilers and XBT and XCTD expendable sensors, fixed current meter and ADCP profile
measurements of currents, sea-level measurements at fixed stations, acoustical backscatter imaging, as
well as acoustical scintillography measurements of currents and turbulent dissipation, [7]. In addition, a
high resolution depth survey was made with the SWATH instrument and the combined data from the
1995 and 1996 measurements of the R/V ALLIANCE were combined and processed to construct the
delailed bottom topography shown in Figure 10c.

Mixing in the Bosphorus and the Black Sea Exit

The interfacial depths in the top panel of Figure 3 (also plolted in Figure 4) show the location of the
interfaces separating the three layers identified: the upper and lower layers where the relatively uniform
properties are averaged, and an interfacial layer between them assumed to contain the vertical gradients.

In Figure 3, the interfacial layer is relatively thin between the two control sections, i.e. the contraction
and sill marked in Figure 2a, and also along the flat Black Sea shelf region, at a distance from the sill,
where the lower layer also becomes very thin. There are two areas where the interface thickens: the
southern Bosphorus and the Black Sea exit regions. The interfacial layer thickens and the upper layer
salinity increases in the southernmost 10 km of the Strait, past the contraction {at 11 km in Figure 3)
where one of the two main hydraulic controls takes place. A remarkable increase in salinity from 18
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to 23 hy almost 30 % accompanies the mixed layer thiickening in the southern Bosphorus, showing the
importance of mixing in this region. The interfacial layer also thickens past the northern sill (5 km from
the northern end) in the Black Sea, where the other hydraulic control takes place, and finally becomes
much thinner when the flow emerges onto the flat shelf (20 &m {rom the northern end) [rom the bottom
channel extending out from the exit.

The temperature in the upper layer does not appear to change much in the Bosphorus because of the
high contrast of the warm mixed layer at the surface originating from the Blacl Sea, but a slight decrease
as a result of entrainment is evident south of the contraction. The rapid decrease in temperature towards
the the Black Sea results from the inclusion in the upper layer average of twa different layers with variable
depths: the surface mixed layer and the underlying layer of Cold Intermediate Water (C1W) observed in
Tigure 4.

The lower layer temperature first rises as one proceeds north in the Bosphorus, by entrainment of
warm water from the surface mixed layer in direct contact with it, and later decreases by entrainment of
the overlying CIW in the northern Bosphorus and the Black Sea shelf. The salinity is perhaps a better
indicator of entrainment for the lower layer, because it is a conservative property only affected by the
relatively uniform upper layer source of entrainment. The lower layer salinity decreases continuously from
Marmara to the Black Sea, with significant changes in its horizontal gradient in specific regions: In the
northern Bosphorus where the interface stability is higher, the enlrainment rate appears {o be smaller
than the southern part. In comparison to the Bosphorus, the flow past the northern sill (5km [rom the
northern end) on the Black Sea shelf has greater entrainment, and increases further when the flow exits
the narrow northwestward bending channel topography and spreads on the fiat shell region (20km from
the northern end). Finally with the increased slope at the shelf edge (55km from the northern end), the
bottom layer can only be identified with difliculty, but few data points where il could be detected show
entrainment increased by an order of magnitude in comparison to the flat region. Yet, the Mediterranean
effluent survives with a temperature of 13°C and salinity of 31 belore arriving at the shelf breal, and
completely loses its identity shortly thereafter.

In Figure 4, the temperature and salinity distribution across a Lransect extending through the Bospho-
rus into the Marmara and Black Sea open regions show the full details of the changes in properties,
although discontinuities appear af certain regions, such as in the mixed layer at the northern end of the
Bosphorus, because bursts of data taken over a period of few days are plotted together. In addition to
the lengthwise variations in properties there are strong gradients at the interfacial layer, and as this layer
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waters, masked here in order to extend the range of contouring to the relatively smaller variations of
temperature in deep waters. '
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Figure 6: Salinity measurements averaged over the depth of the bottom layer in (a) September 1994, and
(b} June 1996.

is approached from below and above. The Cold Intermediate Water (CTW) with a minimum temperature
of 6°C stops at the Black Sea entrance of the Bosphorus because it wedges in between the mixed layer
entering the strait from the Black Sea and the interface rising towards the south. Altough the CIW
pinches off at the northern side of the Bosphorus, [12], traces of cold water trapped at the interface
(< 14°C in Figure 4) reappear on the Marmara side, both as a result of a leakage of CIW {rom the Black
Sea and the local production of cold water in the Marmara Sea during the colder time of the year [3].

In addition to the slow changes in properties with distance, there are marked oscillations on shorter
horizontal distances in both layers, displayed in Figure 4. These oscillations have sharter scales, especially
inside the Bosphorus, with wavelength on the order of 1 km, resulting from the turbulent structure of the
flows. The oscillations are evident in the praperties especially near the interfacial layer, whose limiting
deptls also fluctuate inside the Bosphorus. There are features with greater wavelengths in the adjacent
basins, associated with mesc-scale or smaller scale motions in those regions, and essentially of a different
nature than the turbulent mixing between layers inside the Bosphorus.

The properties of the outflow determined during the 1994 and 1996 surveys were similar. The 1996
temperature distribution along transect AA (Figure 2b) in Figure 5a shaws the outflow from the Bospho-
rus to change its thickness and properties almost the same way as that shown in Figures 3 and 4.

The bottom layer average salinity at stations where CTD and XCTD profiles were obtained during the
1994 and 1996 experiments are shown in Figure 6. In both surveys, as well as in those made earlier [17],
the highest salinify was ohserved along the curved hottom groove extending from the Bosphorus to the
shelf edge. The only area where water with large salinity values of up to 31-32 survive till the shelf edge
(depth ~ 100 m) is within the bottom groove, until about a distance of 45 km from the Bosphorus exit
(Figures 3 and 4). There is some indication in the 1994 measurements of moderately high salinity values
decreasing to 28.6 at the shelf break east of the channel in the region gently sloping towards the head of
the deep Bosphorus Canyon at around 20°15°E 41°25°N, which suggests leakage towards the east of saline
waters inside the bottom groove. All measurements at the deeper locations on the slope are considerably
smaller, with anomalous salinity values of about 28 detecied at about 200m depth immediately offshore
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of the bottom groove, and finally no sign of an anomalous distribution remains at depths of 500 m. These
fealures either suggest that the waters cascading at the shelf edge are rapidly diluted or that they are
not so easy to trace by measurements.

The water properties adjacent to the continental slope after the dense water cascades into deeper
water at the shelf break are not well defined, both because of the difficulty of measurernent very near the
bottom, and because of the change in properties resulting from the intense mixing. The characteristic
signature of the injected waters are discrete layers of double diffusive intrusions with anomalous cold
temperature, as well as anomalous particle and nutrient concentrations, appearing intermittently aver
the entire southwestern Black Sea basin east of the Bosphorus outflow {20, 21].

Mixing along the slope is evident from the widening of the pyenocline (increased spacing between
isotherms) in Figure 5a at about the depth of the shelf break. The deeper area between depths of 200-
500 m adjacent to the continental slope in Figure 5a shows intrusions of cold water formed by mixing
of the Mediterranean effluent on the shelf region with the the ambient waters, as decribed by [20] and
[21]. Anomalous waters with intrusive structures in the deeper walers were only observed at stations
offshore of the transect AA during the 1996 experiment, suggesting that the injection of the shelf waters
to the offshore waters took place mainly through this route. The location of this transect on the shelf
was deliberately chosen along the main channel based on earlier experiences. Although the intrusions
would not necessarily be expected offshore of this transect and often extended east along the slope [20],
in this particular survey they extended straight offshore from the channel. A temperature section along
transect BB parallel to the coast and offshore of the continental slope in Figure 5b shows the intrusive
fine scale structure in the lower part of the pycnocline at towards west, in the extension of transect AA.
The isotherms suggest an anticyclonic feature in the middle part of the section and meso-scale eddies,
belonging to the system of rim-current meanders found in the region during the experiment [7].

Turbulence measurements on the Black Sea shell [13] has shown furbulent dissipation rates ¢ of
1075 - 1073 W k¢! (estimated over successive intervals of 0.5 m) within the outflow plume. Similar
measurements using an acoustic scintillation system [6, 7] showed path integrated dissipation rates of up
to 10~* W kg~! within the Mediterranean water at the sill. The turbulent dissipation in the outflow
plume was found to be slightly decreased until the shelf edge, but remained active at a distance of 5km
from the the continental slope and up to a depth of 200 m (until where the measurements extended),
with maximum values of up to 10~% W kg~* [13), while the background turbulent dissipation of the Black
Sea waters below the mixed layer and above the plume was found to correspond fo some of the lowest
diapycnal diffusivities observed in the world ocean, representing a background internal wave field that
appeared to be the only source of turbulence in the absence of wind mixing and tides [11].

In Figures 7 and 8 the 120 Khz high resolution echosounder images along Lransects show a thin layer
of water near the bottom, separated {rom the overlying waters by a sharp interface made visible by
acoustic scatterers. Confirming the other measurements, these images help visualise the overflow of the
dense Mediterranean waters over the sill and along the bottom channel. The details of the generally
mildly sloping bottom show a terraced structure and submerged channels of the delta-like topography.
The waler trapped in the depressions of this topography are realtively thicker than the other regions but
there is a lealiage of dense waters away from these depressions to the surrounding areas, especially in the
west o east sloping region east of the channel] before the shell break. In general the bottom flow in the
flat shelf region is only a few meters in thickness, but covers a large area adjacent to the Bosphorus.

Topographical Features of the Continental Shelf

The bottom topography for the Black Sea shelf adjacent to the Bosphorus has been penerated from a
combination of data obtained from different sources: (i) digitized depth contours of UNESCO topographic
maps for the Black Sea, (ii) digitized data from local hydrographic maps, (#) ADCP depth measurements
from R/V BILIM cruise path in September 1994, with the combined data points shown in Figure 10a,
(fv} the high resolution topography assembled from the measurements of the SWATH echosounder on
board the R/V ALLIANCE in 1995 [6] and 1996 [7] shown in Figure 10c.

There were dillerences in the generated topography using different sources of data. The bottom
topography generated when only (i — i) depth data points of Figure 10a were used is shown in Figure
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Figure 8: (a) High resolution echo sounding images along the west-east oriented transects, together with
overlaid temperature profiles from expendable sensors. Range is calculated from the west end of each
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Figure 9: High resolution echo sounding images along the west-east oriented transects, together with
overlaid temperature profiles from expendable sensors, continued From Figure 8
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Figure 10: (a) The geographic locations of depth points obtained from hydrographic maps and the 1994
ADCP depth measurements interpolated onto a model grid, (b} the resulting bottom topography. (c) The
high resolution bottom topography obtained from the combined data of the R/V ALLIANCE SWATH
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Tigure 11: Bottom topography of the Bosphorus exit region, displaying features the northern sill and
canyon when the topography is constructed from {(a) hydrographic maps and adcp depth soundings, and
{b) when these data are combined with SWATH data.

10b. The high resolution topography (iv) obtained in the region surveyed with the SWATH system [7]
is shown in Figure 10c, and the topography reconstructed by combining all the data from (i — iv) is
shown in Figure 10d. It is immediately clear that the inclusion of the SWATH dala (iv) has higher total
weight and therefore makes a big diflerence in the topography, producing an abnormally deep area near
the shelf edge in the same area as the SWATH coverage, not conforming to the general topography of
the region obtained from the other sources. This is demonstrated by correlating the depth data obtained
from ADCP and SWATH measurements where both types of measurements coincided, as shown in Figure
10e. The eomparison in Figure 10e shows that the SWATH measurements had a positive bias yielding
greater depths at the deeper areas, and did not agree with the other sources of data which had better
internal consistency. This difference was important in the modelling because the artificially high slopes
near the shelf edge imposed by the uncorrected topography had a tendency to channel dense water on
the shelf towards the deep region in a way that contrasied eith the observations. By combining the the
data from sources (i — iv), with the SWATH data corrected according %o the regression line in Figure
10e, a more consistent and highly resolved boltom topography was obtained as shown in Figure 10f.

The inclusion of the SWATH data makes a big diflerence especially near the exit canyon, making it
much wider and deeper compared to the case when they are not included, as shown in Figures 1la,b.
The other area with large differences is near the joining of the shelf region with the deeper Bosphorus
canyon across the continental slope.

The long groove on the Black Sea shell bottom leading from the Bosphorus exit to the shelf edge
is a newly revealed feature, which comes out of the ligh resolution combined ADCP and SWATH data
assembled together. The curved channel, its overflow ducts where the channel joins the wide shelf, and
and a birdfoot delta struclure separating into three channels upon approach to the shelf edge reminds us
of the course of a river flowing into the Black Sea. A river of salty Mediterranean waler exists now and
may have existed in not so distant geological history. However it is not clear whether this river was ever
a fresh waler stream. Leaving the interpretation of its features and history to geologists who may be
equally puzzled, we may speculate that the present 'river channel” was probably formed during the recent
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past, when the flow cut through the holocene sediments it helped to accumulate on top of the bedrocl.

In recent studies it has been speculated that 'the stream once running along the Bosphorus did
not reach the shelf edge’, based on the disappearence of the Bosphorus channel at mid-shelf and later
coalescence into a wider channel further north {3]. These incomplete observations Itave incorrectly led to
the speculations that 'no conmection existed between the shelf edge channels (attributed to the erosive
actions of debris flows and turbidity corrents) and the Bosphorus channel’. Other studies have incorrectly
attributed the alongshore undulations in sediment cover to transport along the coast by currents forming
sand bars and waves perpendicular to the coast [1], and in their maps of bottom features connected the
Bosphorus channel directly to the abyssal Bosphorus Canyon. In contrast to the above speculations, our
detailed topography (Figure 10f) based on a synthesis of available data and repeated measurements of
bottom salinity (Figure 6 and other published data, [17]), as well as madel results shortly to be described,
clearly indicate a continuous curved channel extending from the exit of the Strait to the shelf edge, while
the Bosphorus outflow is found mainly to follow this groove.

The relationship of the 'river channel’ o the abrupt flooding of the Black Sea by Mediterranean waters,
linked to the rise of sea-level about 7,600 years BP [30, 31], is not so clear. A regional unconformity of
strong acoustic reflection at a depth of ~ 105 m, presumably the paleashoreline before the 'lood’ has
been found at continental shelves both north and south of the Black Sea at about the present outline of
the shelf break, but underlies the draped recent sediments that the Bosphorus ’river channel’ cuts through
[5, 1]. While [31] also link this erosion surface to abrupt flooding, the interpretation of [5] suggest that
the breakthrough occurred tectonically. Indeed, the cross sections in Figures 7-9 as well as thase given
in [6] indicate previously undocumented terraces separated by sharp drops in depth, which could be part
of the small scale compressional faulting found in the Bosphorus region [10]. Although the existence of
a river prior to flooding is often suggested [30, 5], whether the Bosphorus oulflow channel in its present
form is in any way linked to this "hidden river’ seems doubtful, despite the fact that its delta at the shelf
edge roughly coincides with the position and depth of the proposed ancient coastline.

Modelling of the Shelf Mixing and Spreading of Dense Water

We use the [16] model to study the Mediterranean plume in the Black Sea, incorporating the effects
of the complex topography in the Bosphorus exit region. The model, described in Appendix A, is a re-
duced gravity single layer approximation to the primitive equations [15], including horizontal and bottom
friction as well as entrainment from ambient waters. Either the Kochergin or the Pedersen entrainment
parameterizations [16] can be specified, taking into account the ambient property distributions, repre-
sented by realistic vertical profiles of temperature and salinity in the Black Sea. In the present runs of
the model, the ambient stratification was specified to be the observed profiles of temperature and salinity
at station 7 of the 1988 R/V KNORR Leg 4 measurements [20]. The horizontal resolution of the model
is 200m. The combined and corrected bathymetry of Figures 10f or 11b was used in the model.

A central run of the model with indicated set of parameters and initial conditions is shown in Figure
12, for day 10 after start up, when the plume had covered the shelf and the flow had reached a steady
state. The bottom drag coefficient r was found to be in the range of 0.003 to 0.015 from acoustical
measurements of flow and dissipation over the sill carried out in both 1995 and 1996 [6, 7]. We have
tested the model lower and upper bounds of this range in Figures 12 and 13d,e to investigate its effects
on the flow. Most literature references quote a value close to r=0.003 for shallow seas [16, 32]. Increasing
the bottom friction coefficient from r=0.003 in Figure 12 to r=0.015 results in smaller velocities in Figure
13d,e but does not greatly change the thickness or the salinity and temperature distribution (not shown).
Decreasing the friction coefficient much further to »=0.001 while increasing the initial velocity to u, = 1.0
m/s at the same time in Figure 14a,b results in increased velocities on the shelf as well as near the shelf
edge, leading to the leakage of the dense water to the abyss at the continental slope. In the cases with
higher [riction values (Figures 12 and 13d,e), the flow on the continental slope region has been trapped
to depths shallower than 500 m, in agreement with observations [20].

Entrainment is increased greatly at steep continental slope, and results in an order of magnitude
increase in plume thickness, while the density contrast vanishes at the edges of the plume, malking the
reduced gravity approximation, and hence the model lose validity near the front. Furthermore, the model
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Figure 12: (a) flow velocity, (b) layer thickness, {¢) temperature and (d} salinity 10 days after the
imitialization of the model with continuous cutfow from the Bosphorus. Run parameters are: 4y =
150m?/s, + = 0.003 for the harizontal eddy coefficient and bottom friction respectively, and u, = 0.7
(direction 45%) m/s, S, = 37, T, = 14.56°C, H, = 40m for the initial conditions specified at the Black
Sea exit of the Bosphorus. The velocily vectors are plotted at every 10 poinis in the grid, to simplify the
graphics. The thiclness in the dark area along the continental slope is outside the scale range.
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Figure 13: Model results {or (a} flow velocity and (b) layer thickness 10 days after initialization, for the
case when the effects of earth’s rotation has been inactivated by setting the Coriolis parameter ta f=0,
while the other run parameters are the same as in Figure 12, (c) flow velocity and (d) layer thickness 10
days after start up, for run parameters the same as in F igure 12, except for the bottom friction » = 0.015.

also loses validity here because the water mass that loses its density contrast and momentum at the final
level of the plume front would tend to either move along the bathymetric contours, in this case towards
the east because of earth’s rotation, or into the interior by isopycnal spreading, which however is not
treated by the present model. In our results the waters at the plume front start to move east along
bathymetric contours after reaching to a level of static equilibrium against the ambient stratification.

The other adjustable model parameter was the horizontal eddy coefficient, though changing it had
little impact on the results. Similarly the use of linear versus nonlinear model equations were of very little
consequence for the simulated flow on the shelf. We also made runs setting the Coriolis parameter f =0
to test the effects of earth’s rotation on the flow. The plume properties do not change much between the
central run and the non-rotational case in Figure 13a,b, except that the plume in the nen-rotating case
was more spread out and thinner, while in the rotational case the flow was more confined and steered
towards the east. The waters at the plume front moved in both directions along bathymetric contours in
the non-rotational case, while the motion along the bathymetric contours of the slope reglon was always
to the east in the case with rotation.

Different formulations of entrainment, e.g. Kochergin versus Pedersen formulations in Appendix A
had little effect on the resulis except for slight differences along the continental slope (not shown), not
affecting the penetration depth of the plumnie. In the extreme case when entrainment was totally eliminated
in Figures 14d.e, a very thin layer of dense water conserving its initial properties flowed down the slope
with great velocity, immediately reaching the abyssal depths.

The effects of ambient stratification were tested. However changing the ambient stratification within
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Figure 13: Model results for (a) flow velocity and (b) layer thickness 10 days after initialization, for the
case when the effects of earth’s rotation has been inactivated by setfing the Coriolis parameter to =0,
while the other run parameters are the same as in Figure 12, (c) flow velocity and (d) layer thickness 10
days after start up, for run parameters the same as in Figure 12, except for the bottom friction » = (.015.

also loses validity here because the water mass that loses its density conirast and momentum at the final
level of the plume front would tend to either move along the bathymetric conlours, in this case towards
the east because of earth’s rotation, or into the interior by isopycnal spreading, which however is not
treated by the present model. In our results the waters at the plume front start to move east along
bathymetric contours after reaching to a level of static equilibrium against the ambient stratification.

The other adjustable model parameter was the horizontal eddy coefficient, though changing it had
little impact on the resulls. Similarly the use of linear versus nonlinear model equations were of very little
consequence for the simulated Jow on the shelf. We also made runs sefting the Coriolis parameter f = 0
to test the effects of earth’s rotation on the low. The plume properties do not change much between the
central run and the non-rotational case in Figure 13a,b, except that the plume in the non-rotating case
was more spread ouf and thinner, while in the rotational case the flow was more confined and steered
towards the east. The waters at the plume front moved in both directions along bathymetric contours in
the non-rotational case, while the motion along the bathymetric conlours of the slope region was always
to the east in the case with rotation.

Different formulations of entrainment, e.g. Kochergin versus Pedersen formulations in Appendix A
had little effect on the results except for slight differences along the continental slope (not shown), not
aflecting the penetration depth of the plumie. In the extreme case when entrainment was totally eliminated
in Figures 14d,e, a very thin layer of dense water conserving its initial properties flowed down the slope
with great velocity, immediately reaching the abyssal depths.

The effects of ambient stratification were tested. However changing the ambient stratification within
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Figure 14: Model results for (a) flow velocity and (b) layer thickness 10 days after start up. with run
parameters the same as Figure 12, except for reduced bottom friction » = 0.001 and increased initial
velocity u, = 1.0m/s (direction 45°) specified at the Black Sea exit of the Bosphorus, (c) flow velocity
and (d} layer thickness 10 days after start up, with run parameters the same as Figure 12, but without
entratnment.

reasonable limits, e.g. lowering the ambient profile by 30m to simulate changes that would occur during
a dynamically motivated change in the position of the pycnocline was found to have only very little effect
on the dilution and velocity distribution of the plume.

‘The model results were highly sensitive to topographic details, bottom friction and entrainment,
and less to variations of the other parameters. The plume reached a quasi-steady state on the shelf
area after about 10 days from start-up. The flow along the continental slope is either in the form of
a geostrophically adjusted motion along the bathymetric contours after it reaching a depth where it
is arrested, or the precipitous flow down hill to abyssal depths, which continues to develop with time
thereafter. The behaviour on the continental slope is rather erratic because the solutions reach limits of
validity of the model itself: the rapid entrainment al the steep slope produces a very thick, diluted layer
with vanishingly small densily conirast at the edges of the plume. On the other hand, the assumptions
with regard fo entrainment are expected to break down in this steep region in relation to additional
processes, such as due to double diffusive convection [20, 21], and inieraction with the numerous small-
scale canyon features probably not adequately resolved in the present topography.

Seemingly small differences in bathymetry had relatively large impact on the spreading, mixing and
therefore penetration of the Mediterranean eflluent into the Black Sea. To mention briefly, the model
results based on the topography of Figure 10b or 11a lacking the resolution to define fine scale features
resulted in flows which were not appropriately channeled. With the inclusion of the uncorrected SWATH
data in Figure 10c, the falsified slopes in Figure 10d near the shelf edge transferred the thin layer of dense
walber on the adjacent shell to the deeper Bosphorus Canyon region with less dilution, and hence greater
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depth penetration. Consistent results were only obtained when the corrected high resolution topography
of Figure 10f or 11b was utilized.

Discussion

Because the exchange and mixing at the Bosphorus have strong implications for the adjacent seas, and
in particular for the Black Sea, it is important to obtain a sound understanding of these processes through
observations and modelling. Continuing studies addressing the Bosphorus exchange and the ventilation of
the Black Sea are important in their own right, for clarifying the local effects of hydrometeorological and
climatic changes, but also have bearing on many applied problems, including the fate and conservation of
the Black Sea and the Marmara Sea which are areas of intense human activity, including the regulation
and safety of navigation through the Strait, subjected to increasing ship traffic threatening the well-being
of the system.

We have offered a glimpse of these processes in this brief account. However, the time dependent
regimes of exchange flows, mixing and entrainment in the Bosphorus and its Black Sea exit are possibly
far more complex than described here. For example, the effects of ambient currents, e.g. the rim-current
of the Black Sea, on forced drainage of the plume {32] and isopycnal or double diffusive spreading of the
arrested plume front on the continental slope are more difficult to handle, and are not taken into account
in the present model. On the other hand, analyses of the wealth of information obtained in the Bosphorus
and the neigboring seas in recent years will certainly enhance the present understanding.

Some features of the topography of the shelf adjacent to the Bosphorus is much like a river delta,
providing a conduit for the Mediterranean water to reach the shelf without extensive mixing, but at
the same time the details of this topography are important in determining the plume momentum and
other physical properties at the shelf edge, before the Mediterranean water cascading down the slope
loses much of its identity by rapid dilution through entrainment. Although the model starts to lose its
validity on approaching this frontal region, the behaviour of the plume is only stable when the details of
the bottom topography are well resolved, and the model predicts maximum penetration of the plume to
a depth of up to 500m under the present ambient stratification, inflow conditions and a reasonable range
of parameters.

Appendix A: Madel Description

The flow of the bottom layer of dense water is simulated by a hydrostatic, reduced gravity, two-
dimensional primitive equation numerical model developed by [18]. The vertically integrated model
predicts the spatial and temporal evolution of the flow field and the water mass changes within the
gravity plume that descends on arbitrary topography. The turbulent lower layer flow has height H
within a total fluid height of [} overtopped by the ambient upper layer of thickness ¢ = [0 — H assumed
to be at rest. Hydrostatic, vertically infegrated primitive equations (between z = —¢ and z = —D) for
the bottom layer are used together with the kinematic and dynamical boundary conditions at the limiting
surfaces. The integrated transport of the dense water is U = (U, V) = f_“}g 1 dz where G = (u,v) = U/H
is the average velocity vector. The continuity and momentum equations for the dense water layer are

a¢ .

v = 1

Bt -l_v U ij ( )
U o Vo(d T)+fixT = g ive -y, v Hvi- 2 (2)
ot 2pq Po

where the second term in 2 represents a dyadic operation, w, is an ‘entrainment velocity’, f is the
Coriolis parameter, and g’ = (p — pa)g/po is the reduced gravity (in which p, denotes the ambient and
po the reference density), Ap, is the horizontal mixing coefficient for momentum, and the bottom stress
7h has a quadratic drag representation 7, = por |1i| 4.

The integrated conservation equations for heat and salt are in the following form
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or T-T, _ A
I VItu—=" = ZV.(HVT) ) (3)

for temperature, and an equivalent form for salinity, coupled through the equation of state for seawater
density p = p(T, S, z) based on UNESCO (1981).

Entrainment occurs from the upper into the lower layer, with vertical speed w, pointed downwards,
and creates variations of plume scalar properties. Since the upper layer is assumed to be at rest, en-
trainment terms do not appear in the flux form of the momentum equation, but entrainment terms
representing interfacial friction would emerge if the equation of motion were to be written in terms of
velocity rather than transport. Turner [34] parameterized the entrainment velocity as a function of the
turbulent Bow velocity, w, = E|il, through a dimensionless entrainment coefficient £.

Substantial work exists on turbulent entrainment [34, 29], either in the case of a single turbulent layer
entraining a non-turbulent fluid [2, 15] or the case when both entraining layers are turbulent {19], alt of
which suggest that the entrainment velocity, is a strong function of Richardson number
N? g dp

"
5 where N- = —-=2.

Ri= .
- po 0z

The Richardson Number Ri measures the relative importance of the instahility caused by shear
with respect to the stabilizing influence of density stratification [34]. The Brunt-Vaisild (stratification)
frequency N is a measure of static stability [34]. When the stratification consists of two layers, with one
of the layers in motion, we redefine

mlm
[N

g_.ﬁ: and N?= _g_Ap ()
|} po

where H is the plume height, and Ap is the density difference between the layer and the ambience.
Kullenberg {1977; cited in [15]} equated the turbulent buoyancy flux to the flux arising due to entrainment
at the interface,

Ri=

k op = w.Ap (6)

L

dz

where ky, represents the turbulent vertical exchange coefficient for density. Replacing the equivalent
formulations for a single layer with uniform properties therefore yields

= Bld]= - =d ] 1 ==, (7)

after using the formulation of Kochergin (1987, cited in [15]) which gives the entrainment coefficient
E as a function of Ri on the rhs of the above equation. Here cy, is a constant of proportionality and Sp
is the Schmidt number (the ratio of the momentum mixing coeflicient &; to the density mixing coeflicient

k)
ki Ri
ki  0.725 (Ri+ 0.186 ~ /Ri — 0.316 R + 0.0346)

Based on laboratory and field measurements, Pedersen [29] alternatively found the dimensionless
entrainment parameter £ to fit a theoretical function

Sm =

(8)

B =0.072 (7’%—2) (9)

for values of 7/ Ri < 107?, where r is a dimensionless friction coefficient, typically having a value of
r = 0.003.

The model utilizes both the Kochergin and Pedersen entrainment parameterizations as alternatives.
Although Kochergin has derived ¢z, = 0.05, it is argued [16] convincingly that the F versus /i curves
for Kochergin and Pedersen entrainment parameterizations coincide for r/Ri < 107% when the choices
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for constants are made as ¢z = (.0275 and r = 0.003, but for higher Richardson numbers the curve for
Kochergin parameterization flattens, which in fact prevents unrealistically high entrainment rates at the
shallow edges of the flow to be numerically calculated, We use ¢z = 0.0275 in our calculations but change
r between 0.001 and 0.015.

The Numerical Scheme

The model discretization is made on the Arakawa staggered C grid, i.e. velocity is calculated at
points displaced from the points where interface level ((), temperature and salinity are calculated. The
points where the plume is absent are considered ‘dry’ (i.e.( equals total depth D). The horizontal extent
of the plume movable boundary is determined by the application of a Boolean logic sequence to test
‘dry’ or ‘wet’ points: Defining the plume elevations Hg and Hyy at two neighboring pressure points (e.g.
respectively east and west of a velocity point), the point is set inactive if (1) both Hg and Hyy points
are dry, (é) Hw point is dry and (g > (w, and (i) Hg point is dry and Cw > Cg. In all other cases,
the equation of motion is solved at the ‘active’ velocity point at each time step Al. For integration in
time, the model uses An explicit scheme with two-time levels is used for time integration, yielding plume
height at £ + At and its extrapolation to ¢ +2 At so that negative plume heights are avoide at the edges
of the flow, by introducing enhanced friction for the particular grid point to eliminate a consequence of
numerical inaccuracies. Advection of momentum, as well as scalar properties (temperature and salinity)
is done by using a conserving flux form of the equations, approximated hy a selective (but numerically
diffusive) vector upstream algorithm. The linear stability of the model is governed by

A Ap
X 970 (10)

Reflections at the open boundaries of the model grid are handled via a numerical “sponge” zone,
where the horizontal diffusion terms and grid spacing perpendicular to the open boundary are gradually
increased.
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Ozet

Marmara Denizi ve Istanbul ve Canakkale BoJazlarindan
olusan Tirk Bofazlar Sistemi (TBS), birbirinden g¢ok farkla
ozellikli bluylik su ve kara kiitielerl arasinda ver alan
kitglik fakat dinamik bir sistemdir. Gerek eylemsizligdinin
kiiglik olmasi gerekse Bogazlar aracilidiyla gevresinden
kolay etkilenmesi, bu sistemin iklimsel duyarlilidini
artirmaktadir. Ote yandan biyik yo§unluk farkialiklarinin
bulundudu hizli defisim ortaminda gergeklegen madde akilara
nedeniyle, TBS komsu denizlerde de dnemli etkiler
yvaratabilmekte ve o denizlerin iklimsel duyariilifini da
biiyiik oranda etkilevebilmektedir.

Giris

Hizla ¢evresel hozulmaya ufrayan gdrece kiigilk boyvutlardaki birx su
kiitlesi olan Marmara Denizi, diinyadaki yari-kapali &zellikler tasiyan
benzer denizler arasinda &zel bir Sneme sahiptir ve sorunlarina acil
¢odziim beklemektedir. Hem Karadeniz'in bugiink{i olumsuz kosullarindan
etkilenmesi, hem de gevresindeki yodun sanayi ve yerlesim alanlarinin
etkileri sonucunda Marmara Denizi’nde kirlilik hizla artmakta ve bu
denizimizi tehdit etmektedir. Bunun yanisira, BoJazlardan gegen gemi
trafigi de, gOsterdidi artis edilimi, yaratti§i kirlilik ve kaza
riskleri ile, Onemli bir tehdit olusturmaktad:r.

Ote yandan, Tlrkiye'ye zit bir ig deniz olarak, buradaki kaynaklarin
kullanimi, gevrenin korunmasi ve ekonomik, sosyal faktérler dikkate
alinirsa, Marmara Denizi Tirkiye igin 6zel ve tartisilamaz bir Sneme
sahiptir. 1999 yilinda gergeklesen depremler ve bunlarin sonuglari da
gbstermistir ki, Marmara Denizi, tilkemiz igin sahip oldudu Gmemle
crantili kollektif bir scorumluludu da gerektirmektedir.

Marmara Denizi, Akdeniz ve Karadeniz arasinda ver alan oldukga kiigik
(vaklasik 70 km x 250 km boyutlarinda, 11,500 m’ yiizey alanina ve 1390m
maksimum derinlide sahip) bir basendir. Avrupa ve Asya kitalar:
arasinda ver almasi sonucunda sahip oldudu ekonomik wve sosyal tnemine
ek olarak, Akdeniz ve Karadeniz arasinda safladigi deniz iletisimi ve
baglantisi da holgenin ogincgrafik yapisi ve degiskenliginde énemli rol
oynamaktadir, ve Canakkale ve Istanbul Bogazlar:i ile Marmara Denizi'nin
birlikte olusturduklari gistem, 'Tlrk Bodazlar Sistemi' (TBS) olarak
adlandirilmaktadir. TBS'nin osinografisi, gegmis yillarda ycdun bigimde
arastirmalara konu olmustur, ve 8zellikle fiziksel yapisi ve
degiskenligdi konusunda basta ODTU Deniz Bilimleri Enstitiisti‘nde olmak
{izere, elde oldukga genis bir bulgu bazi bulunmmaktadir (Ozsoy et al.,
1586, 1988; finluata et al., 1990; Besiktepe, et al., 1993, 19%4).




Batimetri

Marmara Denizi'nin taban topodrafyasinda, giiney kiyisi boyunca uzanan
100m derinligindeki genis kita sahanligi bélgesi ile, bunun kuzeyinde
dogu - bati yénlnde uzanan (bati’dan doguya dofru sirasiyla 1100m,
1390m, ve 1240m) derin ii¢ depresyon dikkat gekicidir (Sekil la). Bu
derin depresyonlari, yaklasik 750m derinligi bulunan ve batidaki 2C km,
dofudaki ise 40 km uzunlugunda olan iki esik vyapisi birbirinden
ayirmaktadir.

Istanbul Bodazi 30 km boyunda, Arnavutkdy civarinda en dar yeri 700 m
genisliginde, en derin yveri ise 100 m olan ve kivraimli bir kanaldir
{Sekil 1b). Istanbul Bogazinin glneyinde oldukca dar bir kita sahanlaidi
bulunmakta ve dodu Marmara derin gukurundan keskin bir efim ile
ayrilmaktadir. Yine bu bdlgeden Sarayburnu 8nlerins kadar ilerleyen 60-
70 m derinligindeki dar bir kanal Haliq'in giineyinde son bulmakta ve
Besiktas yakinlarinda her iki tarafindan 40-50 m derinlikte kanallar
gecen 35 m derinli&inde bir tiimsek bulunmaktadir. Uskiidar Snierinde
Anadolu tarafindaki derin kanal kuzeye dogru izlendiginde

Bodaz’in kaivraimlarina uyar ve Arnavutkdy civarindaki en dar kesitte
100m derinlige ulasir.
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Sekil la. TlUrk Bodazlar Sistemi batimetri haritas:

Canakkale Pofazi, uzunlugu 60 km, geniglifi ise en dar yeri olan Nara
Purnu‘nda 1300m olan bir kanal seklindedir {(Sekil lc¢). Bodaz dodu
véniinde genigleyerek Marmara Denizi'nin si§ giiney kita sahanligi’na
acilmaktadir, ancak Sekil lb'de godriilebilecedi gibi Bogaz'in gliney
kesimindeki 70 m derinliginde belirgin yapida bir kanal bulunmakta ve
bu kanal dofu ucunda taban efimi ile birleserek Marmara Adasi batisinda
bati Marmara derin gukuruna ulasan bir kanvon seklini almaktadir.
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Sekil 1b Istanbul Bodazi batimetri haritasi

istanbul Bofazi’nin Karadeniz‘e baglandigi Karadeniz kita sahanliga
bélgesinde batimetri oldukca ince ayrintilara sahip ve karmagiktir.
Oysa buradaki ayrintinin iyi bilinmesi, ilerideki b&liimlerde
gbsterilecedi gibi Akdeniz suyunun Karadeniz'deki kaderinin
helirlenmesi gibi ®nemli sorularin ve buna bagl: difer sorunlarin
aydinlatilmas: igin biiyiik Sneme sahiptir.

istanbul Bogazi’nin kuzey ucunda 70-80 m derinlikte bir kanal dnce
kuzeydodu yéniinde uzanir ve kanalin iginde yer alan 60 m derinlikteki
bir esigi gegtiginde kuzeydoduya dénerek 75 m derinlige ulagincaya
kadar ilerler. Bundan sonra edimi azalan kita sahanligi bélgesinde
derinlik farki 2-3 m olan bir kanal seklinde kuzeye ilerler ve lig kollu
bir deita yapisi 1le kita edimine ulasair.

tstanbul Bodazi’na komsu Karadeniz kita sahanligi’nda, normal seyir
haritalari’ndan elde edilebilen batimetri verileri oldukga yetersiz
oldufundan asafidaki veriler kullanilarak bu bélgenin batimetrisi
yeniden olusturulmustur (Ozsoy et al., 2000): (i) UNESCO Karadeniz
batimetri haritalarinin sayisallastirilmis derinlik konturlara, (ii)
hidregrafik seyir haritalarindan sayisallastirilmis veriler, {iii)
Eyliil 1994 tarihli R/V BILIM seyirlerindeki ADCP cihazi ile elde edilen
ve her istasyonda ses hizina gdre dilzeltilmis derinlik verileri (Gregg
ve Ozsoy, 1999), (iv) 1995 ve 1996 tarihlerinde R/V ALLIANCE gemisi ile
‘SWATH echosounder’ kullanilarak elde edilen yiiksek ayirimli veriler
{Di Iorio et al., 1998, 109359).




Biitlin verilerin herhangi bir kontrol yap:ilmadan ve ayni anda
kullanilmasi, veri setleri arasindaki uyumsuzluklar nedeniyle olanalkli
olmamigtir. Ornedin Sekil 2a’'da konumlary gbsterilen, sadece {i-iii)
veri setleri kulianildiginda Sekil 2b'deki batimetri, sadece (iv) veri
setl kullanildidinda ise Sekil 2c‘deki batimetri, biitiin veri setleri
(i-iwv) kullanildiginda ise Sekil 2d’'deki batimetri elde edilmektedir.

B6° DO’

7' 0D 27" 3

TTTYT T

U T
26" 00’ 25715

T T T T TR T
26" au 25" 45

Sekil lc Qanakkale Bodaz: batimetri haritas:

Bu gekillerin karsilastirilmasindan, yiiksek ayirzmli (iv) SWATH
verilerinin en biiylik afirliga sahip oldugu ve baska veri bulunmayan
blgelerde sonucu en gok etkiledigi gérilmektedir. Ornegin kita
sahanlidi’nin derinlestigi ve SWATH'tan baska veri bulunmayan
bblgelerde bu verilerin kullanilmasi, derinlig§i anormal olarak artan ve
difer veri kaynaklarinin egilimine uymayan bir alan yvaratmaktadair
($ekil 2d). Veri kaynaklari arasindaki bu farklalik, alindiklari verler
agisindan ¢akisan ADCP ve SWATH derinlik &lciimleri arasinda yapilan
regresyon (Sekil 2e) ile ortaya gikmaktadir. Bu hesaplamalara gére
SWATH verileri yiliksek yatay ayirima sahip olmakla birlikte, derinlikle
artan bir hata ile, herhangi bir noktanin derinligini oldugundan fazla
gbstermektedir. Dijer veri setleri ise kendi icinde tutarlidir. SWATH
verilerinin yukaridaki regresvon modeline gre diizeltilmesinden sonra
tim verilerin birlestirildigi durumda ise (Sekil 2f) vyiiksek ayirimli ve
mutlak derinligi daha dodru olan bir taban topografyasi elde
edilmektedir. SWATH verilerinin kullanilmasz dzellikle Istanbul
Bogazi’nin kuzey ucundaki esik {60m) geometrisini etkilemekte ve
Bogaz’1 Karadeniz kita sahanlidina baglayan kanal batimetrisinin
Duyarli gekilde saptanabilmesini saglamaktadir. Bu da ileride verilen
model sonuglarinin dodrulugu yéniinden biiviik dnem taszmakiadir.
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Sekil 2. {(a} Hidrogrrafik haritalar ve 1994 ADCP Slgimierinden elde edilen derinlik
@letm noktalari, (b} bu 8lgimlere dayanan taban topografyasi. (o)} R/V ALLIANCE gemisinin
1695 ve 1996 seferlerinde SWATH cihazi Slgimleri ile ile elde edilen taban topografyasi

ve (d) bu 8lcimler digerieriyle birlestirildiginde elde edilen taban topografyasi. (e)
verleri cakisan ADCP ve SWATH derinlik Olgtmleri arasindaki regresyon, ve () SWATH
derinlik verileri regresyon modeline gdre dizeltildikten sonra elde edilen birlesik taban
topodrafyas:.
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Sekil 3. Istanbul Bo@azl Karadeniz gikisinda (a) hidrografik haritalar ve ADCF verilerine
dayanan, veya (b} bu verilerle birlikte SWATH verilerine dayanilarak hazirlanan yitksek
ayirimli takan teopgrafyasi.
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Sekil 2 ve 3 te ortaya g¢ikan gasirtici ayrintilar, verilerin
birlestirilmesiyle ilk defa ortaya c¢akmaktadir. Bodaz cikisinda kanal
icerisinde ilerleyen Akdeniz suyunun zaman zaman yanlara dofru
tasabileced§i alcgak kanallar bulummaktadir (Sekil 3). Ote yandan, kata
sahaniigy iizerinde kivrilarak ilerleyen kanal:in varlidil oteden beri
bilinmesine kargin ilk kez bu kadar ayrintili bir sekilde ortaya
konulmaktadir. Sekil 2f’'de gorildiigii gibi kanal BoJaz c¢ikisindan i00m
derinlikteki kita sahanlidi sinirina kadar siirekli bir yapiya sahiptir
ve kita sahanliga sinirina yakin bir nehir deltasini andiran iig ayakli
bir delta yapisi olusturmaktadir. Gercekten de su anda tuzlu bir
‘nehir’ olan Akdeniz suyu bu kanaldan akmakta ve kita yamacina
ulasmaktadir (Latif et al. 1991). Ancak, bu nehrin, bundan yaklasik
7500 yil &Snce Karadeniz’de su seviyesi simdikinden 105m daha
asajidayken (Ryvan et al., 1898) deltasi o zamanki kiy:i gizgisinde olan
bir nehir yatadi olup olmadidi acik defildir. Bazi yayinlarda Bogaz'da
eskiden bulundudu varsayilan nehrin kita sahanlidi sinirina ulasmadiga
ileri siiritimiisse de (Demirba§ et al., 19%9) gerek burada elde edilen
ayrintili topografya gerekse Akdeniz suyunun takip ettigi yol bunun
aksini savunmaktadire.

Bogazlardaki ahsveris akimlan ve karigim

Karadeniz ile Akdeniz’in Ege Baseni arasinda iletisim TBS araciligiyla
gerceklegir. Bu sistemin su ve madde iletigimini en sinirlayici elemani
istanbul Bofazi'dir, clinkii buradaki iki tabakali iki y&nlii akimlar dzel
bir hidrodinamik rejime uymaktadirlar. Ayrica iklimsel degisimlerin ve
kontrastlarin en dnemli oldugu bir bdlgede yer almasl nedeniyle de
(Ozsoy, 199%) TBS komsu oldufu denizlerde biiyilk cevresel defgisimleri
kolaylikla yvaratabilecek bir vapiya sahiptir. Bunun en garpici &rnedi,
yakin zamanlarda ortaya konuldudu gibi (Ryan et al., 1998) son buzul
cagini izleyen iklim defisimleri sonucunda Karadeniz’in su seviyesinin
simdikinden 100m daha alcak oldudu M.$. 5500 siralarinda, kapali oldugu
varsayilan Istanbul Bogazi’nin agilmasi ile o zamanlarda bir gl olan




Raradeniz’in Akdeniz sularinca birdenbire istila edilmesidir. Modern
zamanlarda ise, Istanbul Bogazi’nain sahip oldugu &zel akim rejimi ile
Karadeniz - Akdeniz arasi su seviyesl farklarainin Bogazlar’dan gegen
akilarda asimetrik dedisimler yarattigi bilinmektedar ({Jzsoy et al.,
1986, 1998).

e

Sekil 4. Marmara Denizi’nin dodusu ve Istanbul Bodazi'nin ERS-I uydusundan alinan
Synthetic Aperture Radar (SAR) resmi, 25 Ekim 1985 8:49 GMT

istanbul Bogaz: akimlari ve gevre denizlerdeki girisimleri Sekil 4 teki
SAR uydu resminde agikga gdsterilmektedir. SAR (Synthetic Aperture
Radar} verilerinde akintilar genellikle yiizey piiriizleri (kisa ylizey
dalgalari) ilzerindeki etkilerinin algilanmasi ile gﬁrﬁntﬁlenebilirler,
ve ayrica akintilarin sid taban yapilari ile etkilegimleri de .
kullaniiirsa bu verilerden taban topografyasinin elde edilmesi olanadgi
da vardir (Wensink and Campbell, 1987). Karadeniz’den kaynaklana§ ve
Istanbul Bofazi boyunca glneye akan yilizey akintisi Marmara Denizli'ne
bir yiizey ceti gseklinde girdigi bélgede belirgin bir sekilde
gdzlenebilmekitedir. Bu cet akimi Marmara’nin Bozburun yarimadasina
carparak si§ giiney kita sahanlifi bélgesinde, yiizeye yansiyan yapisi
SAR resminde izlenebilen ig¢ dalgalar olusturmaktadir. Istanbul
Bogazi’nin kuzey gikisinda ise Belirgin bir sekilde taban
topofrafyasina kargilik gelen, Szellikle Bogaz’dan Karadeniz’e uzanan
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ve Akdeniz suyunu Karadeniz'e taslyan kanal ve ilgili dlger yapilar
gdzlemlenmektedir {({zsoy, et al., 2000).
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Figure 5. Istanbul Bogozt 'nda tuzluluk dagshim: (@) ‘normal’ durundaki ik tabakal ahgveriy, (B) alt tabakann kuzey esigi nde
tkandigs durum, (c) fist tabakamn bloke oldugu fi¢ tabakalt alam durumu, Kuzey egiginde (K-2 istasponu) ve giineydeki daralma
bilgesinde (B-7 istasyonu) hidrolik kontrol bulunmaktadrr.

Istanbul Bogazi Sekil 1b de gdsterilen bazi &nemli geometrik
bzellikleri sonucunda ‘hidrolik kontrecl’a sahip iki tabakali bodaz
akimlar: igin 6zel bir durum olan ‘maksimum alisveris’ (Farmer ve Armi,
1986} rejimine sahip gOriunmektedir ({Unltiata et al., 1990, Ozsoy et al.,
1998, Gregg ve Ozsoy, 1999). Bu durum igin gereken, iki tabakanin
birden kontrol edildidi en dar kesit Bodaz’in giiney yarisinda, ve
sadece alt tabakanin kontrol edildidi egik ise Bogaz’ain Karadeniz
cikisinin 5 km kuzeyinde kanalin ig¢inde, her ikisi de yodunluk fark:
agisindan dodru yerlerde olmak {izere yer almaktadir (Sekil 1la).
Hidrolik kontrol’un bulundugu her iki kesitte de, iki tabakali birlesik
Froude sayisinin G° = 1 oldudu ve akinti hizinin yerel i¢ dalga hizaina
oranla arttigi, akim rejiminde hizli defisiklikler beklenir.

tstanbul Bogazi’ndan gegen akimlar, yerel cevreyi oldudu gibi
Karadeniz’in anoksik dip sularinin havalandirilmasi yoluyla, bu sularin
uzun dénemdeki karigimini ve fiziksel ve kimyasal yapisinl dodrudan
etkilerler {(Latif et al., 1991; Ozsoy et al., 1993, 1995a, 1996, 1998,
2000; Ozsoy ve Unlilata 1997, 1998, Gregg et al., 1999, Gregg ve Ozsoy,
1999) . Uzun ddnemli gdzlemler, keskin bir yofunluk tabakalasmaszi,
boyuna dofrultuda hizli defisimler, dofrusal olmayan hidrolik kontrol
gibi etkenler ve her iki yondeki akimlarin zaman zaman bloke olmasi
gibi Snemli fiziksel 6zellikleri bulunan Istanbul Bodazi’nin giinliik,
mevsimsel ve yillararasi zaman Olceklerinde hidrodinamik olarak




Karadeniz-Akdeniz arasi su seviyesi farklari, Karadeniz ve Marmara'daki
rlizgar gerilimi dagilimi, barometrik basing farklari wve bu denizlerdeki
su biitgesi gibi fakidrlerden etkilendiklerini géstermistir (Ozsoy 1996,
1998; Ducet et al., 1999). Istanbul Bogazi akimlarinin iki tabakal: ve
tek boyutiu modelleri ({(Ofuz et al., 1990} duragan kosullardaki akimlar
ve hidrolik kontrol kosullarini anlamada yararla olmus ve Blciimlerden
glde edilen kavramsal modeli dogrulamistair.

Ortalama akilar duradan kiitle dengesini saglamalidir; ancak her hangi
bir andaki degisim akimlari, komsu basenlerdeki zamana bagimli
meteorolojik wve hidrolojik zorlamalar sonucunda, bu ortalama
dederlerden biiyiltk sapmalar gdsterir, Istanbul Bofazi tasiniminin farkla
zaman Olgeklerindeki dediskenligi tekrarli dlclmlerle saptanmistir
(Ozsoy et al., 1986, 1988, 1994, 1995, 1996; Latif et al., 1990, 1991,
1992; Ofuz et al., 1990; Unlilata et al., 1990).

Istanbul Bodazi her iki ydnde de etki eden ve zayiftan kuvvetliye kadar
genig bir araliktaki barotropik zorlamalar araliginda calisir. Oladan
disi kosullarda, her iki tabakadaki akimlar bloke olur ve bu durum her
defasinda bir kag gilin siirebilir (Sekil 5). Alt tabakanzn bloke oldugu
durumlar, genellikle Karadeniz’e tatli su girdisinin arttiga ilkbahar
ve yaz aylarinda gercgeklesir. ‘Orkoz’ yerel adaiyla anilan #ist tabakanin
bloke olmas:i durumu ise dazha gok yiizey akimini ters yone donebildigi
veya yavasladigi sonbahar ve kig aylarainda colusur (Jzsoy et al., 1986,
1988, 19%4, 1996; Latif et al., 1989, 1991). Istanbul Bofazi’'nin
segilen enine kesitlerindeki kinti-dlger verileri ve Doppler akinti
profilleyicisi (ADCP) &lglUmleri daha kesin bilgiler elde edilmesini
saflamis ve bazen ayni gin igserisinde bile énemli farklilik yaratan
bityiik gecici dedisimler yaratabilmektedir (Ozsoy et al., 1994).

Bir daralma ve bir esik kesitindeki iki kritik-otesi gegis bdlimi
dolayisi ile Istanbul Bogazi ‘maksimum alisveris’ {(Farmer ve Armi,
1986) rejimine sahip bogazlara en iyi érnektir ({zsoy et al., 1986,
1996; Unlilata et al., 1980}, ve bu durum sayisal modellerle de
dogdrulanmistir {(0Ofuz et al., 1990). Istanbul Bogazi dzel durumunda
basenler arasi al:sverisi 6nemli iki 6zellik belirler: (i) komsu
basenlerdeki uygun rezervuar kosullari ve iki kesitteki hidrolik
kontrcl maksimum alisveris sonucunu dedurur, ve (ii) esigin daha diigiik
yofunluga sahip olan basene diferinden daha yakin olmasi durumunda,
akim sistemi geometrik &zelliklere duyarli olan asimetrik bir davranag
gbsterir (Farmer and Armi, 1986; Armi and Farmer, 1987).

Istanbul Bogazi’nin kontreolli akimlari bir kag¢ giinden bir kag yila
kadar defisik zaman Olgeklerindeki zorlamalara farkli ve uzun
dénemlerde oldukga degisken sekilde yanit verir. Karadeniz ve Marmara
Denizi su seviyesi ve Bofaz akimlari su biitgesi ve barometrik basing
cinsinden zorlamalarla iliskilidir (Ozsoy et al., 1990, 1996).

Canakkale Bogazi’nda ise hidrolik kontrol’un bulundudu tek yer Nara
Burnu’dur, ve dolayisi ile buradaki su alisverisi ‘sub-maksimal’ olarak
nitelenebilir (Farmer and Armi, 1986). Canakkale Bogazi’nda tek
hidrolik konteol bulundugu &l¢iim sonuglarindan bilindidi gibi sayisal
modellerle de &ngériilmiistir (Ofuz wve Sur, 1983).

17. yizyilda Istanbul Bogazi’nda ilk dlgiimleri ve konu ile ilgili
pilimsel deneyleri yapan Italyan Marsigli {Sekil 6a,b) ylizeyde
Karadeniz’den Marmara’ya akan ylizey akintisinin altinda yer alan, ve
verel balikgilarain ¢ok iyl bildigi ters yéndeki akintinin hizini Slcmils
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Sekil 6b. Marigli‘nin &lciimlerine goére Istanbul Bodazi yizey akintilari

ve kuramsal olarak yofunluk farklarindan kaynaklandigini agiklamistir
{(Marsigli, 1681). Bunu izleyen yillarda yapilmis eksik gdzlemlere
dayanan bazi yanlis yorumlar sonucunda alt akintinin her zaman olup
olmadigi tartisilmis ve hatta bu ylzyilin basinda tekrarlanan eksik
gézlemler sonucunda ayni konu zaman zaman yeniden ortaya cikmigsa da,

(0




yeterli zaman dilimini ve dedisken kosullari kapsayan meodern §lglimler
sayesinde, her iki tabakada da akimin zaman zaman kisa siireli olarak
bloke oldudu &Gzel kosullar disindaki uzun siirelerde iki tabakali akim
kogullarinin genelliklle gegerli oldugu (Oinliiata et al., 19%0; Qzsoy et
al., 1998; Gregg et al., 1992}, ve bunun sonucunda Karadeniz'e gikan
sularin kita sahanlifindaki akama (Latif et al., '1991; Gregg ve Ozsoy,
1999; Ozsoy et al., 2000) ile kita sahanlifi sonrasinda ve Raradeniz ig
sularindaki girisimleri ({zsoy et al., 1993; Ozsoy ve Besiktepe, 1596)
ortaya konmustur.
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Sekil 7. 13-18 Eylal 1994 tarihlerinde Fstanbul Bodazi‘nds 179 istasyonda AMP cihazi ile
glgiilen profillerden elde edilen (a) iist ve alt tabaka sinmirlari, (b), (c) ist tabak#
ortalama sicaklik ve tuzluludu, (d), {e) alt tabaka ortalama sicaklik ve tuzlulugu. Alt
ve dst tabaka sinirlari taban ve yizeydeki tuzluluk dederleri arasindaki farklar temel
alinarak belirlenmistir.




Yizey akilari ve her iki yénde de etkili olan tiirbiilansli girisim
(‘entrainment’) nedeniyle TBS'den gegen su kiitlelerinin katetikleri yol
boyunca stirekli olarak defisime ufradiklar: bilinmektedir. Degisimin en
h1zli oldudu yerler ise 6zellikle Bogazlar®in hidreolik kontrol sonrasi
bélgeleri (Istanbul Bofazi giineyi ve Karadeniz ezigi kuzeyi, Canakkale
Bofazi’'nda Nara Burnu batisi) ile komsu denizlere baglandiklary gikis
bdlgeleridir {Unliiata et al., 1891). ;
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Sekil 9. 13-12 Eylol 1994 tarihlerinde Istanbul Bogazifnda 179 istasyonda AMF cihazi ile
&lgitlen profillerden elde edilen tugluluk kesiti. Ust ve alt tabaka sinirlari aoktalarla
gosterilmistir. (fzsoy et al., 2000}.

Tuzluluk / sicaklik ve akintilar gibi parametrelere ek olarak tiirblilans
parametreleri bakimindan Istanbul Boazi’'nda bugiine kadar en detayli
dlciimler 1994°teki bir ortak calismada R/V BILIM gemisi’nde elde
edilmisierdir (Gregg et al., 1999, Gregg ve Ozsoy, 1993, 2000} . Bu
calismada tiirbiilans 8lglimleri igin serbest diisme halinde kullanilan AMP
(Advanced Microstructure Profiler) cihazi ile gok sik araliklarla
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fiziksel dzelliklerin profilleri de elde edilmistir. Istanbul Bodazi
boyunca 179 profil kullanilarzak elde edilen sicaklaik ve tuzluluk
degigimleri Sekil 7 ve 8 de gbsterilmistir (Ozsoy et al., 2000).
Ayrica, bir ara tabaka tarafindan birbirinden ayrilan alt ve {ist tabaka
sinirlari da her istasyonda igaretlenmis olan bu Sekillerde tiirbiilansla
girisim sonucunda her iki tabakanin ortam Bzelliklerinin Bogaz boyunca
ve birbirine ters yénde hizli bir sekilde dedistigi ve Karadeniz kita
sahanligdi’nda incelerek yayilan alt tabakanin dzelliklerinin burada
ayni yolla degismeye devam ettifi izlenebilmektedir. Korunmali bir
fiziksel dzellik olan tuzlulugun iist tabakada en hizli dedistigi yer
ise hidrolik kontrol’un bulundu§u Botiaz’in en dar kesitinin giineyindeki
karisim (hidrolik sigrama ve Marmara cgikisindaki cet) b&lgesinde
bulunmaktadir.
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Sekil 9. 11 Mart 1999 te Istanbul Bodazinda yapilan ayraintili ARCP akinti dlgimlerine

dayanilarak gride interpole edilmis akintilar.
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1398 wve 1998 yallarinda yapilan bazi dlciimlerde ise Istanbul Bofaza
igindekil geometrik ve batimetrik dedisimlerin, &rnedin kiicilk dlcekli
kdrfezler ve burunlar gibi kiyisal yapilarain akintilara etkileri
incelenmigtir (Sekil 9). Bu gibi etkilerin Istanbul Bogazifndan gecen
gemilerin navigasyonunu olumsuz etkileyerek siklikla kazalara neden
verdigi bilinmektedir. Kiyisal bolgelerde akintinin fazlasiyla
hizlandigi veya ters ydne dondiigii yerlerde, &nceden tahmin edilemeyen
bu ani defigikiikler, gerek yilzen cismin eylemsizligi, gerekse
kumandadaki gecikmeler sonucunda gemilerin manevrasini zorlastirmakta
ve gemi kazalarina yol agmaktadir. Sekil 9 da ézeliikie Besiktas,
Cengelkdy, Bebek, Yenikdy, Pasabahge-Beykoz, Umuryeri ve Biiyiikdere gibi
koylarinda gevrimler ve ters akintilar olusmakta, ayrica Bofaz'in
kesitindeki genisleme ve daralmalar nedeniyle akinti hizlar:i yerel
olarak ve cevresel zorlamalarla zamana gdre dedismektedir. Cesitli
zamanlarda elde edilen iic boyutlu akintilar Merz {M&ller, 1927}
tarafindan Birinci Diinya Savasli 8ncesinde gtzlenen akinti cevrimleri
ile benzerlik arzetmektelerse de c¢ok daha ayraintili bilgiler
igermektedir, Yine bu gevrimlerden olan Begiktas 6nlerindeki belirgin
ters akinti bundan vaklasik 400 sene Snce Kont Marsigli (1681)
tarafindan da gbsterilmistir.

Bir kag yil boyunca aylik zaman élgeklerinde Istanbul Bogazi’nda yatay
kesitler ilizerinde tekrarlanan ADCP &lgiimleri entegre edilerek alt ve
iist tabaka akilar:i ayri ayri hesaplanmistir. Bu dlciimler Karadeniz'’'den
gelen iist tabaka akiminin ve dolayisi ile toplam akimin ilkbahar-yaz
aylaranda artma ve sonbahar-kis aylarinda azalmasi geklinde genel bir
mevsimsellidin disinda belirgin bir zamana bagli dedisim
tanimlamamaktadir, clinkii diger Olgiimlerin de ortaya koydudu gibi, kisa
slireli defisimler BeJaz akimlarinin en belirgin ézelligidir (8zsoy et
al., 1996, 1998}.

Istanbul Bogazi’nin alt sularina verilen Istanbul Sehrifnin
atiksularinin iist sulara ne Slglide karistifi, viizey sularina ulasip
ulasmadiga, fist tabaka akimlariyla hangi oranda Marmara Denizi’ne
déndiigli, gibi sorular zaman zaman tartisilan konular olmustur. Bu
konudakl en glivenilir tahminler, ortalama tuz ve su dengesine dayanan
hesaplamalardar (Unlilata et al., 1990) ve atiksu sisteminin tasariminda
da en temel kriter olarak kullanilmislardir. Buna ragmen, dncelikle
Ahirkapi’da hizmete girmis bulunan difiizdr sistemleri ile ortama
verilen ve deniz ortamina gdre farkli yodunluk ve kaynak dzellikleri
ile tanimlanan atiksularin bu tahminlerde elde edilenden farkli bir
davranis gbsterebilecedi kaygisi kamuda ve ilgili kesimlerde
duyulmustur ({(Orhon et al., 1884). Bu nedenle yapilan genel izleme
calismalaraina ek olarak atiksularin izlek maddeler (boya) ve akustik
vintemlerle dofrudan 6lg¢lilmesini amaglayan galismalar da yapilmistir.
Ait ve {ist akimlarin bloke oldufu ‘olaganiistii’ kosullaray da kapsayan
dofrudan 6lgiimlerle, Ahirkapi desarji‘ndan verilen atiksularin alt
akimda 6ngdriilen oranlarda seyrelerek Karadeniz’e ulastifi ve oldukcga
zorlayici kogullarda bile atiksu girdisinin yiizeye ulasan miktarlarainan
az miktarlarda oldugu gésterilmistir (Ozsoy et al., 19%95; Besiktepe et
al., 1595).
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Tiirk Bogazlar Sistemi ile Komgu Denizler arasi Yogun Su Alhigverisi ve
Yayihimi

Model ve Yontem

Karadeniz’de Akdeniz kaynakli sularin yayilimini incelemek igin
kullanilan model Jungclaus ve Backhaus (1994) tarafindan gelistirilmis
ve Istanbul Bo§aza Karadeniz gikisz’ndaki karmasik taban
topografyasinin etkilerini de icerecek sekilde kullanialmistir.
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Sekil 10. fstanbul Boazi Karadeniz kita sahaniidinda, mode] senucglarina gire,
baglangigtan 10 gitn sonra tabanda yayilan Akdeniz sularinin (a) akim hizi (cm/s), (b}
tabaka kalinlifar (m), (c} sicaklik (°C) ve (d) tuzluluju. Bu merkezi denemeds yatay ve

taban siirtinme katsayilari Ay=150 m'/s ve r=0.003, Bogaz gikigsaindaki hiz, tu=zluluk,
srcaklik ve tabaka derinligi baglangig Kosullar: sirasiyla u.=0.7 m/s (yédn kuzeyden 45°),
5,=37, Te=14.5°C, $H~40m alinmigtir. Modelin vatay ayirim: 200m dir. Hig vektdrleri her 10
noktada bir pizilmigtir. Kita edimi bdlgesindeki siyah bdlge tanimlanan kontur
sinirlarinin diginda kalmaktadir.

Detaylari anilan kaynaklarda bulunabilecek ve Hiisrevo§lu (1999)
tarafindan da tarif edilen ‘reduced gravity’ dinami§ine uyan modelde,
‘primitive’ denklemler temel olmakla birlikte, yogunluk fazlaszi
nedeniyle tabanda yayilan sular tek bir tabaka ile temsil edilir wve
taban slirtinmesi ve yatay slrtiinme kuvvetleri ile, cevresel sulardan
tabaka icerisine ttfirbilansli girisim de dikkate alinir.
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Sekil 11. (a) Strtinme katsayisi r=0.001 igin, (b) tirbilansl: girigim ihmal edildigi
durumda, baslangictan 10 gin sonra tabanda yayilan Akdeniz sularinin tabaka kalinliga
(i) . Diger parametreler Sekil 12 ile aynidir.

Akdeniz Sulan’'nin Karadeniz Kita Sahanhgi’'nda Yayilim

Karadeniz’de Akdeniz kaynakli sularin yayilamini incelemek icin,
yukarida ayrintilari verilen Istanbul Bodazi Karadeniz gikisi’ndaki
karmastk taban topografyasi dikkate alinmistir ve 200m yatay ayirimla
modelde kullanilmistir. Ayrica, Karadeniz cevresel tuzluluk ve sicaklik
tabakalasmasi 1988 kosullarini temsilen R/V KNORR Leg 4 dlgimleri
(bzsoy et al., 1993) temel alinarak belirlemmigtir.

Modelin tahmin edilen parametrelerle merkezi bir denemesinden elde
edilen sonuclar Sekil 11 de verilmektedir. Baslangiq¢ kosullarinda
sadece Istanbul Bofazi cikisinda verilen ilk hiz, derinlik ve tuzluluk
deferleri modelin caligmasi sfiresince sabit tutulmus ve 10uncu ginde
akimin hemen hemen duraan hale ulastidi durumdaki sonuglar
verilmistir. 1995 ve 1996 tarihlerinde Karadeniz cikis esiginde yapilan
lciimlerde boyutsuz taban slrtinme katsayisinin deferleri r=0.003-0.015
araliginda bulunmustur (DiTlorio et al., 1996, 1997). Modelde de taban
stirtiinme katsayisi bu biyitklikte alimmistir ve dzellikle kita
sahanliginda yayilan Akdeniz suyu dzelliklerinde bariz bir fark
varatmamigtir ve sonuclar 8lgiimlerle (Latif et al., 1991; Gregg and
Ozsoy, 199%) uyumludur. Normal deJerlere sahip parametreler igin
Bkdeniz suyu piiskildi kita sahanligi sinirina kadar seyrelerek geldigi
igin ve burada aniden degisen edim ile hizlanip cevreden daha cok su
girigine neden oldudu igin 500m derinlikten daha derine inememektedir.

Siirtiinme katsayisin r=0.001 deferine diisiiriildiigii, buna kargalak
baslangic hizinin u,=1.0 m/s dederine artirildigi durumda akinti hizl
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artmakta ve sonugta yodun Akdeniz suyu kita sahanligindan derine dodru
sizarak Karadeniz’in tabanina kadar inebilmektedir (Sekil Ila). Benzer
sekilde eger tiirbiilansl: girisim akisini tamamen ihmal etseydik sonug
Sekil 11b deki gibi olurdn ve seyrelme olmadif:z igin yodun su
KRaradeniz’in tabanina kadar ulasabilirdi. Ancak bu durumun istisna
olacadil ve gercek duruma karsilik gelmedifi hem burada verilen model
sonugiarindan {Ozsoy et al., 2000) hem de Slciimlerden. (0zsoy et al.,
1993, Ozsoy and Unliiata, 1997, 1998) bellidir.

Akdeniz Sularinin Marmara Denizi'nde Yayilimi

Canakkale Bogazi’ndan giren Akdeniz tuzlu sularil, giren sularia Marmara
alt sulari arasindaki yofunluk farkina ve Marmara alt sularinin
tabakalasmasina bagimli olarak topcgrafya boyunca dengeye uliastiklara
derinlige kadar batarlar (Besiktepe et al., 1994). Denge derinligini,
tabakalasma kadar bir yofdunluk akintaisi seklindeki taban piiskiiliiniin
tirbiilansly girisim hizi ile gevreden ithal ettidi sicaklik ve tuzluluk
da belirler (Besiktepe et al., 1993). Yofunluk farkinin fazla oldugu
durumliarda giren sular tabana kadar batabilir, aksi halde ise orta
derinliklerde dengeye ulasabilir. Bu durumun sonucu olarak Marmara
Denizi alt sularinda biri 200-300m derinliklerde, diferi ise tabana
yakin ve batidan dofjuya dofru dil seklinde uzanan iki derinlikte
tuzluluk anomalileri gériilmektedir.

Ege Denizi’nden Canakkale Bodazi’nin alt tabaka zkimi ile Marmara
Denizi’'ne giren, ve buradaki deniz suyuna oranla gdreceli olarak daha
yvogun olan Akdeniz Suyu’nun Canakkale Bogazi igerisindeki davranigi
oldukca karmasiktir. Oncelikle Canakkale Bofazi’nin alisveris akimlarz
dinamigi ve taban topofrafyas:, Istanbul Bofazi’nda oldufu gibi buradea
da alt su 6zelliklerinin degisiminde etkindir. Canakkale Bogazi’nain
bati kesiminde iki tabakali ve etkilesimli bir akim ver alirken, doduda
Bogaz’in bir koni seklinde genislemesi ve taban topodgrafyasinin bu
genis kanal icerisinde dar bir taban kanyonu olusturmasi (Sekil la ve
1c) nedeniyle Ege Denizi kaynakli yodun sular iist tabakadan ayrilir ve
burada ii¢ tabakali bir yapi olusur {Unltata ve fOzsoy, 1988, Ozsoy et
al., 1986, 19588).

Tabandaki yogun su, derin bdlgeye dodru hareketinde, &nce Marmara ile
Canakkale Bogazi'nin birlestigi koni seklindeki b&lgenin giiney kiyisa
boyunca uzanan ve giderek derinlesen {en derin yeri ~60m) kanyocn
seklindeki taban topografyasini izler., Giiney kiyidaki bu kanyon ile,
Marmara Denizi’nin derin ii¢ cukuru’ndan en batidaki derin cukur
(derinlik >1000m) arasindaki badlanti kuzeydodu ydninde yavas bir
efimle saflanir. Ancak yaklasik 80m derinlikten sonra, efimin hizla
arttigi derin bir kanyon yapisi ile kita sahanligi efimi kuzeydogu
yoéniinde derin cukura badlanir (Sekil lc). Derin gukurlarin, en batidaki
de dahil olmak {izere kita sahanlifina baflanan derin yamaglari gok
diktir. Ug¢ derin gukurdan birbirine oldukg¢a yakin olan en batidaki
ikisi arasindaki baglanti 700m derinlikteki bir esikle saglanir. Oysa
orta basenle dogu basen arasindaki baglantiyi yaklasik 50km uzunlukta
ve en 51§ yerinde 600m derinligi olan bir esik sadlar (Sekil 1la).

Canakkale Bogazi'ndan giren yodun sularin &zellikleri, mevsimsel ve

yillararasi degiskenlik gdstermektedir (Ozsoy et al., 1986, 1988,
Begiktepe et al., 1994, Hisrevoglu, 1898). Bu sularin Marmara Denizi
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alt sularini yenilemesl, derine batan pliskiil (plume} ve ic sularin
sadece diisey yondeki dedigikliklerinin incelendigi bir ‘filling baox’
modeli ile incelenmis ve tuzluluk, sicaklik ve oksijenin Marmara Denizi
alt sularindaki dedisimleri gergefe yakin bir sekilde hesaplanmistiz

Sek1l 12. Marmara Denizi alt sularina Canakkale Bodazi’ndan giren Akdeniz kaynakli
sularin yogunluk akintisi olusturarak basen tabanina gékmesinin ‘reduced gravity’ model
simulasyonlarinda, baglangigtan sonraki 90 giin igindeki geligimi. (anakkale Bogazi alt
tabakadan giren sularan ilk haz:r 0.3 m/s, ara ylzey derinligi 26.5m, sicaklig: T=14.92,
tuzluludu S=38.86, Marmara i¢ sularinin sicaklig: T=14.5, tuzlulugu §=38.5 alinmistir.

Boyutsuz taban sirtiinmesi katsayis: r=0.003, yatay karigim katsayisi Ay=50m°/s alinmistir.
Dojrusal olmayan terimlerin, siirtiinme ve Coriolis etkilerinin dahil edildigi modelin bu
uygulamadaki yatay ayirimil 750m ve integrasyon zaman araligi 60s dir (Hisrevoglu, 1339).

{(Besiktepe, 1993). Bu modelden farkli olarak, Canakkale Bogzzi'ndan
giren yodun sularin taban topegrafyasi, baslangi¢ kogullar: ve
tabakalasmaya bagaimli olarak tabanda yayilmasi ve baseni doldurmassz,
daha ayrintili dinamiksel kosullari igeren bir ‘reduced gravity’ modeli
ile inceienmigtir (HUsrevoglu, 1999).

Sekil 12 de merkezi parametrelerin segimi durumunda taban piliskiiliniin
kalinliginin 90 giinlilk bir sliredeki gelismesi g@sterilmigstir. Homojen
bir su kiitlesinin bulundudu farzedilen Marmara Denizi ig¢ sularina gire
daha yofjun olan Canakkale alt sulari, yercekimi ve diinyanin dénmesinin
etkisiyle tnce kita sahanligzinda genis koni bdlimiiniin giineyindeki derin
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Sekil 13. {anakkale Bogazi’ndan giren Akdeniz kaynakli sularin Marmara Denizifndeki
yayillmasinin Sekil 14 te verilen simulasyonunda baglangigtan 180 giln sonra yodgun dip
tabskasinin (2) kalinliga (m), (b) tuzluludu ve (c) akintilari (m/s) (Hisrevoglu, i8939).
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Sekil 14, Marmara Denizi alt sularina Capakkale Hogazi’ndan giren Akdeniz kaynakli
sularin yogunluk farklarinin az oldugu durumda giney kita sahanli§l boyunca yayilimi
sonucundaki tuzluluk dagailimi (Hisrevodlu, 1939).
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kanyon boyunca ilerlemekte, baslangigtan yaklagik 20 giin sonra bu
kanyonun sona erdigi b&lgeye ulasmakta ve yaklasik 30 giin sonra da
derin bati gukuruna dogru akmaya baslamaktadir. Bundan sonraki bir ay
igcerisinde bati cukurunu dolduran yodun sular baslangigtan iki ay sonra
700m derinlifindeki esifi asarak ikinci gukura dogru hareket
etmektedir. Coriolis etkisi nedeniyle akim ydniiniin safina dofru sapma
gésteren yodun su damari Oncelikle Marmara Adasi kuzeyindeki batz
cukuru ve esik geometrisini giiney kita sahanlifina badlayan dik kata
yamacl boyunca ilerlemektedir ve baglangigtan B0 giin sonra orta gukuru
deldurmaya baslamaktadir. Modelin toplam ¢alisma siiresi olan 180 glinde
orta gukur gliney yamagtan beslenmeye devam etmekte fakat bu slirede
tiimiyle deolmamaktadsir (Sekil 12). Sekil 12 ve 13 te derin gukura akan
sular disinda, Marmara Adasi ve Kapidad Yarimadasi arasindan giiney kita
sahanligi boyunca sizan yiiksekligi en fazla 20m olan ince bir su
damarinin tabanda batiya dofru ilerledidi gdriillmektedir. Bu damar,
yogdun sularain Coriolis ve taban topografyasinin etkisiyle si§ kita
sahanligi boyunca doduya dogru sizmasiyla clusmaktadir.

Sekil 14 te ise ilk yofunluk farkinin az oldugu yva da karisarak
azaldigi, taban piiskiiliiniin Coriolis etkisi ile si14 gliney Marmara kita
sahanligl boyunca ilerleyerek derin basene batmadidz baska bir
durumdaki tuzluluk dadilimi gériiimektedir. Bu durumda tuzliu sular alt
tabakada Gemlik Korfezine kadar ilerleyebilmektedir.
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Sekil 15. Marmara Denizi‘nde radyoizotop dlgim istasyonlar: ve elde edilen oksijen-18,
deuterium ve tritium profilleri (Rank et al., 1998).
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I1zlek Madde Ydntemi ile Su Kiitleleri Analizi

Marmara Denizi alt sularinin Canakkale Bogazi’ndan giren sularca
yenilenmesinin yodun sularin bazi durumlarda tabana kadar batmasi,
diger durumlarda da giineydeki kita sahanligini izleyerek orta
derinliklerde oldufu hem yukaridaki model sonuclari ile, hem de
glciimlerle (Besiktepe et al., 1923, 1994) gosterilmistir.

Marmarz Denizi sularinin yenilenme siireglerinin aragtirilmasi igin,
oksijen-18 ve deutervum dengeli izotoplari ve niikleer silah kaynakl:
tritiam izleyiciler kullamilmistir {Rank et al., 1988). Bu
arastirmalarda Marmara sularinin dengeli (dogal) izotoplar yoniinden
Akdeniz ve Karadeniz sularinan siirekli bir karisimi oldugu, tritium
stokiari acisindan ise alt sularin yeterli yenilenmevye sahip Akdeniz
sularini yansittidal izlenmistir (Sekil 1%5). Difer iz maddelerinden elde
edilen scnuclar dogrultusunda {Begiktepe et al., 1893, 19584) orta
derinlikte ve tabanda yiiksek Trityum bulunmasi Marmara Denizi’ne bu
derinliklerde girdi oldugunu dogrulamaktadzir.
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ABSTRACT

Along the southern Turkish continental shelf, the intensity of the observed mean flow has a considerable
degree of variability. The relatively strong currents along the straight portion of the coast is reduced signif-
icantly in the nearshore region upon encountering irregularitics in the form of bays and headlands. As a
possible explanation of such blockage by coastal irregularities, a linear, homogeneous, wind-stress free model
is presented incorporating the constraints of topographic steering and linear bottom friction. Solutions are
given for an idealized case of an abrupt indentation on a straight coast adjoining a linearly deepening shelf.
The directional preference of blocking and the applicability of boundary layer approximations are discussed.
Numerical solutions are abtained for the realistic bathymetry and coastal configuration along the southern
Turkish continental shelf. The concepts developed are applied to the observed blocking features.

1. Introduction

A cyclonic circulation- in the eastern Mediterra-
niean has been proposed as a dominant mean current
system (Wiist, 1961; Lacombe and Tchernia, 1972).
Accordingly, the steady surface current follows the
coasts of Israel, Lebanon and Syria and turns west
to flow along the southern Turkish coast. Using the
observed density and wind fields, Ovchinnikov (1966),
Engel (1967), Moskalenko (1974) and Gerges (1576)
have confirmed computationally this picture of mean
motion. Collins and Banner (1979) have utilized the
computed geostrophic fields together with ERTS im-
agery and secchi depth measurements to provide the
details of the flow in the northeastern corner of the
Levantine basin. The patterns of the subsurface flow
essentially follow that of the surface motion (Gerges,
1976). B .

Recent observations (Unliiata et al., 1978, Unliiata
et al., 1980) confirm the existence of a mean westerly
motion along the southern Turkish coast. These ob-
servations were rhade at station E2 off Erdemli (Fig.
1a). Additional long term current data obtained {un-
published) at the same station during 1980 provides
further confirmation of the existence of the steady
flow with velocities of the order of 10 cm 577,

While the westerly mean flow is detectable off the
relatively smooth coastline extending from Mersin to
Giksu river (Fig. 1a), its magnitude is found to be
significantly reduced in the nearshore areas west of
the Goksu river delta. In particular, during 197778
nearly a year-long, and in 1980 a four-month current
measurement program was carried out at station A2
{Figs. 1a, b). The maximum observed mean flow was

© 1983 American Meteorological Society

less than 4 cm s™! in magnitude during all measure-
ment perieds, and there was no predominant direc-
tion. In 1980, the data collection at A2 was simul-
taneously carried out with that of E2. During this
period the four-month average of the currents mea-
sured at E2 was near 15 cm s~! while that at A2 was
nearly zero.

A summary of current measurements in stations
A2 and E2 with observed mean values are given in
Table 1. The coordinates to which mean currents are
referred are shown in Figs. 1a, b (the current com-
ponents in station E2 have been aligned with the
coastline). The overall mean values {statistical aver-
age weighted by data length) show that mean currenis
in station A2 are virtually non-existent, while in sta-
tion E2 a south-westerly mean current of 7.5 cm s™!
is aligned with the isobaths. Puring the period 26
August 1978-31 January 1979, current-meters de-
ployed continuously show reversals in the direction
of mean current at E2 due to (Unliiata, 1982) very
low frequency oscillations (some periods larger than
individual record lengths), but they too have a
southwesterly mean of 4.3 cm s™'. The better set of
observations that can be used to compare station E2
with station A2 is the 1980 measurements, indicating
mean southwesterly currents at 13.7 cm s™' in station
E2 and mean currents of less than 4 cm s™! in sta-
tion AZ2. g .

A distinguishing feature of the coastline between
the Goksu River delta and Anamur is its ruggedness,
reflecting the presence of a series of bays and head-
lands. The reduction in the intensity of mean motion -
along this segment of the coast evidently implies a
significant amount of blockage of the flow by the well-
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pronounced coastal features. In particular, station A2
is located within a bay and to the west of a headland
(Figs. 1a, b). )

The biockage of the mean flow as far as the location
of A2 is concerned may come about for various rea-
sons. An earlier offshore deflection of the flow by the
coastal perturbations on the east of A2 could {ead to
an effective blockage. On the other hand, the head-
land on the east may induce flow separation, leading
to the formation of an eddy in the bay and a dead
water area around A2.

Here we examine another possibility emerging
from the fact that the steady flows free of wind stress
tend to follow isobaths. Consider the simplest situa-
tion involving a single bay located on a coast with
rapidly increasing water depth so that the coastline
essentially acts as a vertical wall of height Hy except
in the bay area {Fig. 2). Within the bay, the water
depth decreases from Hy. Now, in the absence of ex-
ternal and frictional forces, the water column moving
along the coastline must preserve its height status.
Consequently, upon arriving at the bay it would fol-
low the isobath of value Hy, the flow penetrating only
partially into the bay area. The vertical fluid column
along the Hj isobath thus acts as if it were a rigid

barrier and the water mass in the dotted area in Fig.
2 stays stationary.

The form of blockage that is envisioned here con-
stitutes just another result of the Taylor-Proudman
theorem (Greenspan, 1968). We also note that if the
other coastal perturbations are ignored, the situation
depicted in Fig. 2 is sufficiently well approximated
by the bay shown in Fig. 1b, where the water depth
very rapidly attains a value of the order of 50 m off
the headlands on the east and the west,

The lateral and the bottom frictional effects will
undoubtedly influence the blockage arising as a result
of the steering along isobaths. Especially, the com-
petition between the lateral friction and the adverse
pressure gradients is expected to lead to the separation
of the approach flow. It is felt, however, that for suf-
ficiently low intensity motions, the topographic effect
will dominate the tendency of the flow to separate.

We study the blockage induced through topo-
graphic constraints by neglecting the horizontal dif-
fusion of momentum but retaining the bottom fric-
tion (Section 2 and 3). An idealized case involving
an abrupt semi-infinite intendation on an otherwise
straight coastline (Fig. 3} is utilized to demonstrate
the flow blockage in terms of analytical solutions
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TABLE 1. Mean currents.
Mean current
Measurement Pata {cm 571
period length Depth
{month/day/year) {h} {m) i P
Station A2 (Akkuyu)
B/23/77-9/11/77 490 5 0.4 -0.1
8/23/77-10/14/77 1231 15 -0.2 0.2
10/2/717-10/23/77 513 5 I.1 1.0
10/24/77-12/12f17 1153 15 —0.5 0.2
2/13/78-3/14/78 746 5 i3 2.1
2/13/78-3/14/78 746 15 0.3 1.9
4/9/78-5/13/78 856 5 0.3 —4.1
4/9/78-5/13/78 826 5 -0.6 -1.0
5/18/78-6/19/78 806 5 =27 -0.9
5/18/78-6/19/18 860 15 -1.3 -0.8
6/19/80-9/4/80 1878 20 -0.7 2.2
6/19/80-9/20/80 2269 20 -20 is
Overall mean: -0.5 0.9
Station E2 (Erdemli}
3/22/78-4/6/78 363 5 —8.3 ] 0.3
3/22/78-4/6/78 363 10 —4.6 0.2
8/26/78-9/29/78 822 10 -9.4" —=1.27
10/4/78-10/30/78 628 15 0.9 1.2
11/7/78-1271/78 590 15 4.4 (—4.3)y 1.7 (0.5)
12/9/78-12/29/78 504 15 —12.7 ‘ 0.6
12/31/78-1/31}79 768 15 —4.4 0.6
6/6/8%0-8/19/80 1777 20 ~-13.7 0.i

Overall mean:  —7.5 0.3

(Section 3c). Numerical solutions relevant to the re-
gional setting will then be provided in Section 4.

2. Formulation

We consider linear, barotropic motions taking -

place over variable topography on an f-plane. Forcing

by wind and the effect of lateral friction will be ne- .

glected. The bottom friction is assumed to be linearly
proportional to the velocity. The depth integrated
equations of motion are then of the form

fk Xu=—gVn—ru/H
V- (Hu) = 0

where u is the averaged horizontal velocity, f the
Coriolis parameter, k the unit vector along the ver-

} . (2.1a,b)

COAST

s £rt Hg

FiG. 2. Topographically induced blockage. Flow approaches
from right. Solid lines imply the isobaths.
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FiG. 3. A semi-infinite indentation on a coastline,

tical, g the gravitational constant, 7 the free surface
displacement, r the frictional constant, A the depth
and V is the horizontal gradient operator.
Eq. (2.1b) allows the introduction of a stream func-
tion such that
Hu=-kXV¥ (2.2)

and a single scalar equation for ¥ can then be ob-
tained from (2.1.a), i.e.,

fYH kX V¥ = p(V?¥ - 2V¥.VH/H). (2.3)

This is the vorticity equation of motion, expressing
simply the static balance between the vorticity in-
duced because of the changes in the height of a fluid
column and the frictional torques exerted by the
bottom.

If the bottom friction were negligible, the right-
hand side of (2.3) would vanish, implying that VH-
u = 0, i.e., the motion is then directed along isobaths
and the height of each water column is therefore pre-
served. If this were the case, the water mass in the
dotted area in Fig. 2 would be completely stationary.
The presence of bottom friction will augment a com-
plete blockage in accordance with (2.3). -

The extent in which the bottom friction will influ-
ence a complete blockage can be demonstrated by
studying the relatively simple situation depicted in
Fig. 3. This will be done after some general features
of the solutions of (2.3) as applied to the flows in a
channel are considered.

3. Analytical solutions

a. General features

In this section we first consider some general fea-
tures of wind-stress free motions occurring in a chan-
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nel of width /. The water depth is assumed to vary
only in the transverse direction x (Fig. 4). The steady
vorticity equation (2.3} can then be cast into the fol-
lowing dimensionless form

—a¥, + y¥, = V27, (3.1)

where

a=H.J(fHy2r), v=HJ/H. (3.2a,b)
In obtaining (3.1) the variables {(x, 1), H, ¥] have
been scaled by {/, Hp, VoH,l} with ¥, being the scale
of the velocity field u, and H, being an appropriately
chosen depth. '

It is an easy task to show that, the solution of (3.1)
that 1s independent of the longshore coordinate y, is
of the form

v, = cfx Hdx.
13

The constant of proportionality C can be found in
terms of the discharge O, and in dimensionless vari-
ables ¥_, reads

¥, = Q(J: Hde)/(fD' Hldx) . @3

In particular, the values of ¥, on x = 0 and x

= ] are zero and (@, respectively. The solution ex-

pressed by {3.3) is valid for arbitrary H(x) and implies
a basic asymptotic staie in which the motion occurs
only in the y-direction, the transverse component u
being zero. The corresponding longitudinal compo-
nent is proportional to depth, implying intensifica-
tion in the deeper sections of the channel,

Consider now the general problem in which inter-
est hes with the motions occurring in the semi-infinite
region ¥ < 0 when an arbitrary along-shore velocity
vg(x} s prescribed on ¥ = 0 and § < x < ! in terms
of ¥ as

Wo(x) = W(x, 0) = fu T pMHXAY.  (3.4)

It is worth noting that ¥,(0) = 0, while Trg(1)
= (, and these values agree with those for V.
Clearly, the flow prescribed on y = 0 will be per-
.turbed, unless ¥ = ¥_ on y = 0 in which case the
only solution of (3.1) satisfying (3.4) and the bound-
ary conditions on x = 0, | is given everywhere by
¥ ... In the general case when ¥ differs from ¥

= m3

Ldr )

F1G. 4. Definition sketch for channet flows.
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the asymptotic state reached by ¥ as ¥ — —~oo is
. We must set

T =w,_+ ¥, (3.5)

with the function ¥ describing the perturbations from
the basic state and satisfying

—a\—ifj,-i- 'y‘If, =
¥=0 on x= 0,1,

V=9,—¥_ =Fx) on y=0,

v

v—0 as y— —oo. {3.6a-d)

If the problem were posed for the domain y > 0,
then (3.5) and (3.6} still apply but now ¥ must vanish
as y — + ao.

Analytical solutions of the boundary value prob-
lem defined by Eq. (3.6) can be obtained by assuming
the water depth to vary linearly with x. For such
changes in depth, (3.6) is separable and the solutions
can be found without invoking the boundary layer
approximation that ¥, » ¥,. This will enable us
to demonstrate explicitly a fundamental directional
asymmetry, namely that unless the shallower depth
is to the right of the flow, the boundary layer ap-
proximation cannot be utilized. Actually, this fact is
implicitly imbedded in the character of the governing
equalion. When the righi-hand side of (3.6a)
is replaced by ¥, the equation becomes parabolic.
The problem is then 1l posed in the domain y < 0
if @« < 0, and in the domain ¥y > 0 if @ > 0. In an
investipation of arrested topographic waves Csanady
(1978) has encountered a similar situation, for his
assumptions essentially amount to the boundary layer
approximation. In a model of the flow of an estuary
onto a continental shelf, Beardsley and Hart (1978)
have in particular examined the motions generated
by a source located on a straight coast discharging
into a semi-infinite ocean. It is shown that the bound-
ary layer approximation leads to a source solution
that is (for the Northern Hemusphere) valid in the
region lying to the right of the source (looking out
onto the shell) and the flow spreads by taking the
shallower depth to its right. When the full equation
is used, the solution valid for the entire half-space is
obtained and it reveals that there exists a degree of
asymmetry in the spread of the source depending on
the parameter (fHy/r). For small values of this pa-
rameter the source spreads symmetrically into the two
quadrants of the half-space. Typically, however,
fHor™' » 1 and the flow favors spreading towards
right. It is worth pointing out that we can infer this
type of source behaviour directly from the governing
Eq. (3.1). The equation is similar to the convective—
diffusion equation with —« and v standing for the
“velocities™ in the y and x directions, respectively. In
this analogy then boundary layers will develop only
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for sufficiently large values of —a viz., proportional
to fHy/r.

We now proceed to discuss the aforementioned
type of asymmetry as it is related to the present prob-
lem. The salient aspects of this-asymmetry will then
be utilized in studying the blockage problem in an
idealized situation.

" b. The channel flow

Consider the boundary value problem (3.6) when
the dimensionless water depth varies as H = x. Then
a = fHo/2r and v = x™*, with H, standing for the
water depth along the coast on x = 1. The water depth
on x = 0 could be taken non-zero but this does not
influence the features to be demonstrated.

The solution to equation (3.6) is easily found to-

be of the form

¥ = El A X)5(¥)s (3.7)
where the functions
¥, = sin ApX — A, X COSA,X (3.7b)
form an orthogonal set in the sense that
0 , RmFmM
(3.7¢)

1
J; Xt = 1 YaAgsin®h,, n=m

with the eigenvalues )\, being determined by the roots
of

tanA = . (3.7d)

In (3.7a) the functions ¢, are evanescent in y and are
given by

< =exp{y[—a + (& + A1}, y<0, (3.7¢)
while the coefficients 4, are found by utilizing (3.7c).

1
2 [ xurcodx
A, =—2

(3.71)

A2 sin?A;

If the problem is posed for the domain y > 0, then
the solution is still given by (3.5) but the function

< appearing in (3.7a) must be replaced by

s =exp{—ya+ (2 + )V}, p>00 (3.8)

Consider first now the solution that is valid in y
< 0. It is seen that the decay of the nth mode of the
perturbation stream function ¥ is measured by the

_normalized distance
P = [(a? + AP — a7 (3.92)

The parameter « = fHp/2r is typically much greater
than unity. Assuming the predominance of the first
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few modes of ¥, A, = O(1) and it therefore follows
from (3.9a) that i

¥ == 2afA,. (3.9p)

Consequently, the development of the flow to ¥,
occurs within distances much greater than the chan-
nel width. Moreover, it is a simple task to show that
v = —H W, =0(1) while u = H'¥, = O(l/a)
< v, Therefore, the boundary layer approximation for
the problem in ¥ < 0 would have been appropriate.

Considering next the problem posed for y > 0, we
infer from (3.8) that the decay of ¥ would occur, for
a » 1 and A, = O(1), within a distance

P e Yoo,

(3.10)

This implies a decay distance of the order of one
percent of the channel width, i.e., the rapid variations
occur in the direction of the flow. When the problem
is posed for v > 0 the boundary layer approximation
hence fails. Moreover, consistent with this failure we
can show that 1 = O(a) and v = O(1).

The fact that the motion very rapidly decays to the
basic state for the region y > 0 has important rami-
fications with regard to the blockage problem to be
studied next.

¢. Blockage problem

Consider the following idealized problem involving
the interaction of a wind-stress free flow with an
abrupt semi-infinite indentation on an otherwise
straight coast bounding the offshore extent of the
water mass at a distance / (x = 1 in dimensionless
units) which is qualitatively identified as a shelf width.
The flow approaches the coastal transition from the
+y direction. In the region of y > 0 the shelf termi-
nates at a coastal wall, while in the region y < 0 the
depth vanishes at the coast. We assume that the ap-
proach flow is in the basic state, i.e., it is given, as
y — +ow, by

0 f " HYx)dx

L P —
f H2dx

O being the discharge.

The exact solution of the problem just posed is
obtainable by first considering the regions y > 0 and
y < 0 separately and matching the solutions later on
the common boundary y = 0 (by requiring the con-
tinuity of pressure and the velocity components v).
This procedure leads to an integral equation which
is solvable by variational or numerical technigues.
Instead of doing this we utilize the results of the earlier
problem as follows.

In y < O the solution is given by (3.5) and (3.7)
with F(x) left yet unspecified and ¥, being deter-
mined through (3.3).

(3.11)
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In the region y > 0, the solution is given by the
superposition of (3.11) and (3.7a) with the under-
standing that ¢; are to be replaced by ¢7;. However,
the functions of ¢ rapidly decay so that in effect the
value of the stream function ¥ on y = 0, i.e., ¥,
is given by (3.11}in e < x < | while ¥, = 0 in 0
<X <E&

Consequently, from Eg. (3.6¢),

'_‘I’uu(x) ’

Tr(x) — Pofx), e<x<l

D<x<e

Flx) = [ (3.12)

with ¥, and ¥, being given by (3.3) and (3.11),
respectively. Eq. (3.12) specifies F{x) and therefore
the streamfunction ¥ through (3.7a~f). For & = x,
the complete solution (3.5) is found to be

6 YulX)ale)dn ()

-4 Msindh,

wherein we have set 0 = 1.

It is important to note that (3.13) implies vanishing
longshare velocity v = —¥,/H on x = 0. Conse-
quently, it is expected that the horizontal diffusion
of vorticity plays a minor role. We further note from
(3.13) that in the absence of bottom friction complete
blockage would occur in the region x < e. The role
of bottom friction on the amount of blockage of the
mean flow is deduced from (3.13) by varying the
value of nondimensional parameter «. The results for
different o« values and for the case of ¢ = 0.25 are
depicted in Fig. 5. The streamline pattern correspond-
ing to « = 100 shows a significant amount of
blockage along the coastline at x = 0 for the region
¥ < 0. The increase in the bottom friction of almost
one order of magnitude (i.e., « = 10) still shows a
considerable amount of blockape along the coastline
without affecting the interior geostrophic flow pat-
tern. Finally, the parameter ¢ reflects the amount of
blockage in the sense that larger e characterizes the
region where more blockage might occur for the flow

¥ =x3 (3.13)

05

FIG. 5. The streamline pattern for a semi-infinite indentation on
a coastline with ¢ = 0.25. Continuous line corresponds to o = 104,
broken line to o = {0.
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FiG. 6. As in Fig. 5, but for e = 0.5 and & = 100.

approaching to the region. This is evident by com-
paring Figs. 5 and 6, the latter corresponding to the
case of e = 0.5.

4. Numerical solutions

This section deals with the topographically con-
trolled blockage of the mean flow along the southern
Turkish coastal waters between the Goksu River delta
and Anamur. The region has a complex coastal ge-

" ometry associated with a series of bays and headlands

and is further characterized by the presence of a steep
and narrow shelf with rapid deepening to 1000 m in
~10-15 km offshore (Fig. la).

Considering that the cross-shelf depth variations
are sufficiently rapid along the coast under study, to-
pographic effects on the flow dominate and lateral
diffusion effects become relatively unimportant. The
wind-stress free mean circulation driven by the large-
scale steady currents of the northeastern Levantine
Sea is then described by numerical solution of
Eq. (2.3).

The model incorporates realistic bathymetry of the

.shelf region. A false constant bottom is however, as-

sumed for places deeper than 300 m, in a region 36
km wide in the offshore direction. The offshore extent
of the region being madelled is terminated by a ver-
tical wall across which the normal flow is set to zero
as being consistent with the assumption of geo-
strophic balance.

Ea. (2.3} is discretized in a rectangular mesh of grid
spacing Ay = Ax = 3.0 km in the longshore and
transverse directions, respectively. The value r
= 0.003 m s~! is assumed for the linear bottom fric-
tion coefficient. Coriolis parameter takes the value f
= 1.0 X 10 s7! and gravitational acceleration g
= 9.81 m 52 The vorticity equation (2.3) is solved
for the boundary condition prescribed at the eastern
open-boundary according to Eq. (3.4). The solution
procedure is the Gauss-Seidel iterative method de-
scribed by Ramming and Kowalik (1980).

The mean circulation in the shelf region driven by
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F1G. 7. The depth-averaged steady circulation in the southern Turkish continental shelf.

the large scale current system of Levantine Sea is

shown on Fig. 7. The flow, which is almost in a geo-
" strophic balance and tends to follow isobaths along
the continental shelf, penetrates only partially into
the bay areas due to topographic steering and leads
to the aforementioned blockage. The situation is
clearly shown within Tasucu Bay where the flow fol-
lowing the 100 m isobath is deflected partially into
the bay to set up a weak clockwise circulation. Further
experiments have confirmed that the bottom friction
as well as rotation and latera! friction have a minimal
influence on the circulation developed.

5. Summary and conclusions

A linear, barotropic model of wind-stress free
steady motions on a shelf has been used in an attempt
to explain the observed blocking of mean flow near
coastal irregularities on the southern Turkish conti-
nental shelf. In geostrophic flow, regions with closed
depth contours near the coast (such as bays of Fig.
2) should be completely blocked off from the main-
stream flow on the shelf, but such solutions are in-
determinate. To remove geostrophic indeterminacy,
linear bottom friction has been introduced in the
present linear model, although it may be noted that
nonlinear advection terms have been kept in other
applications {for example: Charney and De Vore,
1979). Nonlinear processes such as advection, flow
separation at coastal boundaries and nonlinear bot-
tom friction have not been taken into account on the
basis of sufficiently weak mean currents.

In this model, vorticity changes induced by mo-
tions across depth contours are exactly balanced by
torques applied by the bottom shear stress. Analytical
solutions require that the currents on the shelf evolve
into asymprotic states [Eqg. (3.3)] and that this evo-
lution has fundamental asymmetry. Consequently,
boundary layer approximation may only be invoked
if the shallower depth is to the right of the approach-
ing flow.

The behavior of the flow can be directly explained
utilizing Eq. {3.1) which is analogous to the convec-
tive diffusion equation with —« and v standing for
the convective velocities in the y and x directions,
respectively. In this analogy, for H, < 0, there exists
the competitive effects of diffusion (which will tend
to smear an initial profile in x, ¥) and convection in
—y and x directions. For sufficiently large values of
e, boundary layers will develop in the region y < 0.
Consider, for example, an approaching channel flow
with zero initial vorticity specified at y = 0. Since the
bottom stress (last term in 2.1a) is larger for shallower
depths a negative bottom torque will be applied on
the fluid, which will therefore deflect towards deeper
waterto balance this effect. Two boundary layers will
develop along x = 0 and x = | in y < 0, and the flow
will be pumped from one to the other boundary layer
until the basic state (3.3) is reached within distances
much greater than the channel width. In 3 > 0, the
boundary layer approximation cannot be used due
to directional asymmetry, and the flow reaches its
eventual basic state only within a few percent of the
width scale of the channel. Advantage is taken of this
fact in Section 3 so that the basic state has been spec-
ified for yy > O in solving the coastal indentation prob-
lem.

The solutions show how bottom friction augments
the geostrophic blockage near coastal and topo-
graphic irregularities, though the effects of friction do
not avoid blockage in a complete sense. While these
conclusions are only valid in the absence of lateral
diffusion of momentum and nonlinear effects, nu-
merical experiments performed in investigating the
flow structure of the southern Turkish continental
shelf have verified that these effects are indeed nep-
ligible so far as blocking is influenced to any extent.
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Boundary current instabilities, upwelling, shelf mixing and
eutrophication processes in the Black Sea
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Abstract — Satellite and in siti data are utilized to investigate the mesoscale dynamics of the
Black Sea boundary current system with special emphasis on aspects of transport and productivity.
The sateliite data are especialty helpful in capturing rapid sub-mesoscale motions insufficiently
resolved by the in situ measurements.

Various forms of isolated features, including dipole eddies and river plumes, are identified in the
satellite images. Unstable flow structures at these sites appear to transport materials and momentum
across the continental shelf. Species differentiation and competition are evident along the boundary
current system and at the frontal regions during the development of early summer productivity.

A time series of Coastal Zone Colour Scanner (CZCS) images indicate dynamical modulation of
the springtime surface productivity in the southern Black Sea. Unstable meandering motions
generated at Sakarya Canyon propagite east with speeds of ~10-15km d**. Within weeks, a turbulent
jet is created which separates from the coast, covering the entire southwestern sector, The nutrients
driving the phytoplankton production (mainly Emiliana hoxleyi) of the current system evidently
originate from fluvial discharge entering from the northwestern region including the Danube river.
The productivity pattern develops in early summer when the Danube inflow isat its peak, and through
meandering motions spreads into an area several times wider than the continental shelf.

In 1980, the CZCS data, and in 1991 and 1592, the Advanced Very High Resolution Radiometer
{AVHRR) data indicate patches of upwelling along the west Anatolian coastline between Sakarya
Canyon and Cape Ince (Ince Burun) in summer. The upweiling phenomenon is outstanding because
it occurs on a coast where normally the surface convergence near the coast implies downwelling, and
under conditions of unfavourable winds.

In 1992, the hydrographic data indicated the upwelling to be the result of a surface divergence of
the boundary curtent, and sequences of satellite data indicate the role of transient dynamics. The in
situ data showed the upwelling centres to be devoid of phytoplankton as well as fish eggs and larvae.

The AVHRR and in situ hydrographic data in winter 1990 indicate cold water is formed over the
entire western Black Sea continentai shelf. The band of cold water decreases in width asit moves south
and impinges on the headland at Baba Burnu, where itundergoes a sudden expansion, The maximum
winter phytoplankton bloom sampled during the same period indicates explosive populations of
diatoms following the band of cold water.
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1. INTRODUCTION

Exquisite observational detail of surface features is furnished by satellite remote sensing, an
essential tool for studying dynamical processes often leftunresolved by insinsmeasurements. This
is especially true in the energetic environment of the Black Sea: whereas the insitu mMeasurements
yield ‘hard’ information, they necessarily lack sufficient resolution both in space and time to
describe the rapidly changing mesoscale and sub-mesoscale fields. On the other hand, although
satellite data may yield high resolution and time dependentinformation, this information is often
qualitative and the results only describe surface features. It scems thatthe ultimate aim of reaching
a sufficientunderstanding of the productivity and transport mechanisms operating in the Black Sea
could only be accomplished by a synthesis of satellite and in sim data.

The high spatial frequency of sampling of the ocean surface with imaging sensors on board
satellites has motivated detailed observations of complex oceanic processes. Although the ocean
skin temperature measured by infra-red sensors (e.g. the Advanced Very High Resolution
Radiometer- AVHRR)is frequently used to identify surface flow features in the ocean, diurnal solar
heating can temporarily mask the ocean surface temperature, destroying any correlations with  { {
underlying dynamical features (e.g. DESCHAMPS and FROUIN, 1984). In addition, the heat stored i
by the surface mixed layer can be uniform in relatively large areas ofthe ocean, and therfore, many
flow features may have a colour signature even when they donot appear on infra-red imagery (e.g.
AHLNAS, ROYER and GEORGE (1987).

In contrast, the CZCS collects datareflected from a depthrange comparable with the attenuation
distance of visible lightin the ocean, and may thus give a better indication of the surface circulation
(Appendix A). The CZCS was also a modemn tool for assessing productivity in large areas of the
ocean, though itmust be recognized that phytoplankton pigments arenot conservative tracers and
often contain ‘nutrient enrichment’ effects in areas of the ocean where vertical mixing, density
discontinuities, or upwelling of nutrients to within the photic zone lead to plankton growth
(YENTSCH, 1984). In this way, they separate regions of increased fertility, which are typically the
boundaries of major ocean currents or eddies. The transport patterns of plankton and suspended
matter can serveto detect visually important features of the ocean current system, and are especially
useful for studying interactions between the shelf and the deep ocean regions, becauss they allow
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tracing of the pigment or suspended matter concentrations originating from coastal sources. Many
collective programs recognize this potential of the analyses of the ocean colour as atool of modern
multi-purpose oceanographic assessments, €.g. the OCEAN Project aiming to develop a European
colour data base and network (BARALE and Fusco, 1992). The SeaWiFS ocean colour sensor
expected to be operational in the coming decade is extremely promising for developing this
technology further. In the Black Sea, comparative studies based on satellite and in situ data can
reveal in full detail the ecological collapse stemming from eutrophication.

We use satellite and in situ data to identify a number of important dynamical processes in the
Black Sea, and emphasize their impact on the biology and chemistry of the basin. As part of our
discussion on the cross-shelfexchanges, we show filaments of river waters expanding from the shelf
towards the deep basin region, among which are the ordered structures of dipole vortices. Similar
oceanic dipole eddies have been illustrated by satellite observations elsewhere; for a review, the
reader is referred to FEDOROV and GINSBURG {1989).

Wealso use satellite datain observing the features of the meandering boundary currents follow-
ing the Black Sea basin periphery. Satellites have specifically been proved useful in similar
environments where the rapid development and turbulent features can not be sufficiently resolved
by in situ data, Unstable waves, meanders, dipoles, or paired eddies with opposite signed vorticity
have frequently been reported along density-driven boundary currents in many parts of the world
ocean: near Vancouver Island (THOMSON, 1984; IKEDA, MYSAK and EMERY, 1984), in the
California Current (IKEDA and EMERY, 1985), off the southern coast of Alaska (AHLNAS ef al,
1987), in the Norwegian Coastal Current {CARSTENS, MCCLIMANS and NILSEN 1984; JOHANNESSEN,
SVENDSEN, JOHANNESSEN and LYGRE, 1989; IKEDA, JOHANNESSEN, LYGRE and SANDVEN,
1989), in the Sea of Okhotsk and the Subarctic Polar Frontal Zone (FEDOROV and GINSBURG,
1989), in the Fram Strait Marginal Ice Zone (JOHANNESSEN, JOHANNESSEN, SVENDSEN,
SCHUCHMAN, CAMPBELL and JOSBERGER, 1987; GINSBURG and FEDCOROV, 1989), off the
Labrador Coast (IKEDA, 1987), in the East China Sea (QIU, IMASATO and AWAII, 1988), in the
Leeuwin Current along western Australia (CRESSWELL and GOLDING, 1980; LEGECKIS and
CRESSWELL, 1981; THOMPSON, 1984; GRIFFITHS and PEARCE, 1985), along the Ligurian Coastal
Current (CREPON, WALD and MONGET, 1982), and along the Algerian Current (MILLOT,
1985, 1991).

An interesting consequence of the boundary current instability, of interest in the Black Sea, is

_ the rather unexpected patterns of upwelling generated in surnmer. Similar transient features of

unexpected upwelling has been found along boundary current systems by QU et af (1988) and
CHAO (1990}, and near anticyclonic members of coastal eddy pairs along the Algerian Current
(MILLOT, 1991; BECKERS and NIHOUL, 1992).

In addition to the basic baroclinically unstable flow situations reviewed above, the interaction
of a boundary current with the coastline geometry, or with the continental shelf/slope topography
appears to be another possible mechanism that could lead to the unstable meanders, eddies or
filaments along the Black Sea periphery. A review of similar situations is given in the sequel,
together with the interpretation of our observations.

Whatever may be the cause leading to the meandering and filamented structures of boundary
currents, they are of primary importance in determining the exchange between the sheifregionsand
the deep ocean, with many biogeochemical implications. In a basin of relatively small size such as
the Black Sea, cross-shelf exchanges are of central importance because (1) occasionally the
horizontal scales in the bursts of exchanges are almost of the same scale as the basin itself, (2) a
significant amount of the fresh water nutrients and other materials are inputed from major rivers
(e.g.the Danube), and advected along the coastby the boundary current, finally being injected into
the basin interior via turbulent exchanges.
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The methods of observation and image analysis are discussed in Section 2. A description of the
general features of the Black Sea circulation, river inputs, and productivity are given in Section 3.
Theresults of ouranalyses are described in Section 4. In Section 4.1 we illustrate the effects of river
plumes and describe cross-shelf transport caused by mushroom eddies. Then, in Section 4.2 we
discuss the rapid development, separation and disintegration of a meandering jet flow along the
Anatolian coast. Local upwelling along the same coast is discussed in Section 4.3. Winter mixing
on the continental shelf, and the interactions with coastline geometry are described in Section4.4.
From the observations, we extract information concerning the impacts on productivity and
eutrophication processes. Conclusions and discussion can be found in Section 5.

2. THE SATELLITE IMAGERY AND METHODS

Nimbus-7 CZCS and NOAA AVHRR images are used to infer the flow characteristics of the
Black Sea boundary current. Imagery produced by visible and thermal sensors of these satellites
are used to investigate regional flow dynamics by comparative studies of the optical and thermal
properties. The processing details and the basis for the interpretations of these satellite data are
given in Appendix A.

All of the image processing was done on the SEAPAK interactive processing system at the
Institute of Marine Sciences, Middle East Technical University, excluding theimages presentedin
Figs 19d,e which were processed by the KNMI (Royal Netherland Meteorological Institute).
Approximately 100 relatively cloud free images of the Nimbus-7 CZCS andNOAA AVHRR were
examined and geometrically transformed to Mercator projection.

The NOAA-10 thermal infra-red images could not be corrected foratmospheric effectsbecause
of the inapplicability of the method for this particular satellite; in these cases the images havebeen
used with contrast enhancement of relative sea surface temperatures, resulting in east-west
temperature gradients depending on solar and satellite altitude. Onlya few NOAA-11 images were
available (Figs 19d,e). The Nimbus-7 CZCS served as a secondary source of infra-red data,
interpreted onlyin terms of relative temperatures since the radiometric performance of this sensor
hasbeen questionable (ROBINSON, 1991). A third source of data wastheNOAA APT transmissions.

3. A BRIEF REVIEW OF THE CIRCULATION AND PRIMARY PRODUCTIVITY

3.1 Bottom topography

The bottom topography of the Black Sea basin is shown in Fig.1. The abyssal plain (depth
>2000m) is separated from the margins by steep continental slopes, excluding the gentler slopes
near the Danube and Kerch Fans. The wide northwestern continental shelf (mean depth ~50m)
occupies theregion between the Crimean peninsula and the west coast. "This wide continental shelf
extends along the western and southwestern coasts of the Black Sea with depth <100m at the shelf
break. [n fact the entire western Black Sea shelf extending from Crimea to the Sakarya River on
the Anatolian coast is a continuous region of flat topography decreasing in width towards its
southern terminus. The shelf becomes abruptly terminated at Sakarya Canyon, an abrupt feature
where the depth suddenly increases from 100m to about 1500m along the Anatolian coast east of
the Bosphorus. The canyon is delimited by Baba Burnu (Cape Baba) on its east, where the coast
makesa sharp turn. Smaller continental shelfareas are found along the coastbetween thetwo Capes
of Kerempe Burnu and Bafra Burnu, along the coast of Kerch, and at narrow stretches separated
by canyons along the eastern coasts.
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Along the coast from Sakarya Canyon to Cape Kerempe, a stecp continental slope topography
is located adjacent to the coast. The cross- hore depth profile changes from a flat, step shaped
continental shelf topography west of the Sakarya Canyon to a steep linearly deepening profile
following the coastline between Sakarya Canyon and Cape Kerempe, and back to the step-likeshelf
profile west of Cape Kerempe. These transitions in bottom topography induce significant control
on the dynamics of the boundary currents, as will be shown in Section 4.2.

The bottom topography becomes complicated near the Arhangelsky Ridge, a prominent deep
feature (shallowest contour at 400m) east of the central Anatolian (Sinop) shelf; then along the
remaining eastern Black Sea coast, the continental slope topography undulates between shallow
and deepregions. The continental sloperegionisintersected by numerous canyons throughout the
Black Sea.

3.2 The general circulation

Abasin scale cyclonicboundary currentis the main feature of the Black Sea general circulation.
KNIPOVICH (1933) and NEUMANN((1 942) were the firsttonotea division of the circulation pattern
into two large cyclonic gyres in the eastern and western halves of the basin, with smaller scale
circulations between the two gyres and in the easternmost corner of the basin. BLATOV, KOSEREV
and TUZHILKIN (1980) confirmed this circulation and indicated that the centre of the eastern gyre
was displaced to the west in summer. Accordingto LATUN(1990), the winter circulation is stronger
and better organised than in the summer, when increased mesoscale eddy activity breaks ormasks
the continuity of the basin circulation. STANEV's (1990) results also support this intensified winter
circulation. :

Itis not clear what physical factors drive the Black Sea circulation. Classically, cyclonic winds
(positive curl of wind stress) have been recognized as the main reason for the cyclonic surface
circulation (e.g. NEUMANN, 1942; MOSKALENKO, 1976). On the other hand, the results of
numerical studies by MARCHUK, KORDZADZE and SKIBA (1975) and STANEV (1990) indicate a
seasonal thermohaline circulation driven by nominiform surface fluxes, complementary to the wind
driven circulation, and generating surface currents of comparable magnitude.

Relatively little is known on the role of freshwater runoff from major rivers in establishinga
density driven component ofthecirculation. Although theireffectsare suspected tobe of secondary
importance, both the river inflowsand the Bosphorus fluxesare expected to modify the circulation
through local effects superimposed on the horizontal and vertical ambient stratification.

Thenorthwesternshelfand the Bosphorus vicinity are the two major arcas wherelateral sources
and convection modify the Black Sea circulation (STANEV, 1990). The competing effects of
freshwaterinflow and winter coolingrespectively create and destroy vorticity in the firstarea, while
intermediate depth intrusions driven by shelf mixing of the dense Mediterranean inflow (Ozsov,
{INLUATA and TOP, 1993) create disturbances including vertical motionsinthesecondarea. Inboth
regions, the eddy kinetic energy increases at the expense of mean kinetic energy (STANEV, 1590).

While GAMSAKHURDIYA and SARKISYAN (1976) found the joint effect of baroclinicity and
bottom relief (the ‘jebar’ effect) to be the most important factorin the dynamics of the Black Sea
general circulation, the results of STANEV (1990) didnotindicate asignificant contribution, which
accordingtothe author was aresult of the strong vertical stratification inthe Black Sea. We suggest
that these conflicting interpretations could result from insufficient resolution of either the
topography or the density structure in the models, because abservations often suggest that the core
of the boundary current with the largest horizontal density gradients coincides with the narrow
continental slope topography. Slope currents are quite common elsewhere, anda fairunderstanding
of their dynamics exists; see HUTHNANCE (1992) for a review.
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Mesoscale eddies are known to exist in the Black Sea, and are subject to large excursions and
mutual interactions. Central basin features formed by merging of anticyclonic eddies shed from the
coherent flows along the northern and southern coasts have been demonstrated by LATUN (1990}
and GOLUBEV and TUZHILKIN (1990). Mesoscale eddies of stationary and travelling forms are also
indicated by OGUZ, LAVIOLETTE and UNLUATA (1992). In fact the eddies are an integral part of
the boundary currents, and lead to the meandering of this current, as noticed earlier by BLATOV
et al (1984).

The upper ocean circulation derived fromrecent hydrographic measurements (OGuUZ, LATUN,
LATIF, VLADIMIROV, SUR, MARKOV, OZS0Y, KOTOVSHCHIKOV, EREMEEV and UNLUATA 1993)
is described by a well defined cyclonic boundary current approximately following the narrow
continental slope region and a series of semi-permanent anticyclonic eddies on the periphery
between the boundary current and the undulations of the coast (Fig.2). Of these the Batumi
anticyclonic circulation is the most prominent closed circulation, existing in the eastern corner of
the Black Sea for most of the time, and this is the only region where the cyclonic boundary current
ceases to follow the basin slope boundary. This interpretation attempts to generalize the steady
general circulation, assigning quasi-permanent anticyclonic cells to the periphery, which in our
opinion is associated with the meandering structure of the boundary current, leading to standing
structures as well as transient features.

FiG.2. Schematized general circulation of the Black Sea (after OGUZ et al, 1993).
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3.3 The effects of riverine discharges in the western Black Sea

Major rivers (the Danube, Dnepr and Dnestr) discharge into the northwest shelf of the Black
Sea (the region between Crimea and Romania). The Danube River is the greatest contributor of
river run offinto the Black Sea, accounting for about one half of the total riverine influx. The total
discharge of the Dnestr and Dneprrivers is about a third that of the Danube, and the total discharge
of the remaining rivers accounts for a small fraction (<1/5) of the total river runoff.

The annual mean discharge of the Danube, monitored for more than a century (Fig.3a) indicates
large natural fluctuations within the range of 4000-9000m3s-!. In addition to this interannual
variability, seasonal changes of about £30% of the annual mean occur in the discharge (SERPOIANU,
1973; OZTURGUT, 1966; TOLMAZIN, 1985; BONDAR, 1989; SERPOIANU, NAE and MALCIU, 1992},
Therefore one can expect variations of up to~3-fold between the minimum and maximum seasonal
discharges. The annual Danube influxis well correlated with the basin sea-level (Fig.3b) onseasonal
and interannual time-scales (BONDAR, 1989). Ozsoy (1990) and 0Ozsoy, LATiF, TUGRUL and
{INLUATA (1992) suggest that the nonlinear mechanism of hydraulic cenirels imposed by the ( 1€
Bosphorus results in the long-term response of the mean sea level to net freshwater inflow. In ‘
addition, SERPOIANU et al (1992) show that the salinity decrease measured at Constanza
(downstream of the Danube) is also closely correlated with the Danube discharge on seasonal and
interanmual time scales (Figs 3¢,d). The Danube water usually flows cyclonically (to the south)
around the basin, except during storms when strong southwesterlies push its waters back into the
northwest shelf (TOLMAZIN, 1985).

Salinity data fromnear the Anatolian coast suggest that the freshwater from the northwest shelf
reaches the southwest coast, Daily measurements in the Bosphorus (Figs 4a,c) indicate minimum
salinity at different periods of each year, from spring to late summer (ACARA, 1958; ARTUZ and

. OGUz, 1976). Although salinity minima can be observed as early as March-April, the more
prominentsalinity minima are observed during summer, from June till September. Themean travel
time between the Danube and the Bosphorus (~500km) is calculated to be on the order of 1-
months assumning a mean current speed of 10-20cm s'L. The irregularities and lags in the timing of
minimum salinity waters observed along the Anatolian coast could result from mixing and
dispersion effects of the circulation transporting the northwest shelf waters south.

To show the river effects, we computed the mean salinity of the surface waters within theupper
10m (Fig.5a) in the southwestern Black Sea (between 28° and 32°E, and 41° and 42°N) from the
detailed coverage of the R/V Bilim, the research vessel of the Institute of Marine Sciences, Middle
East Technical University, during 1985-1992, including offshore and inshore stations, as well as ( €
stations in the Bosphorus, where more frequent measurements were obtained. The weight of the
data indicates a mean salinity of about 18 in the southwest sector of the Black Sea. The salinity
decreases to 16-17 during theexceptional conditions when the Danubian influenceisfeltin the area.
The minimum salinity periods in Fig.5a occur at different times varying from March to August each
year, which are superposed in the seasonal plot of Fig.5b.

3.4 Primary production and eutrophication processes

Anumber of complex factors control the spatial/temporal distribution, variability andrecycling
of the primary production in the Black Sea, including the peculiar redox processes and their
bacterial mediation at the oxic-anoxic interface, the vertical and horizontal transport of nutrients
originating from theriverine, atmospheric and land sources, and theirexchangesbetween the shelf
and deep waters,
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Fed by arich supply of nutrients, the Black Sea is known to be a region of moderate to high
productivity (KOBLENTZ-MISHKE, VOLKOVINSKY and KABANOVA 1970), compared with other
parts of the world ocean. In the past (before the last decade), the peaks in primary productivity of
the Black Sea were known to occur twice a year, with a major bloom mainly of diatoms (several
species of Chaetoceros) in early spring, followed by a secondary bloommainly of coccolithophorids
in auturmnn (SOROKIN, 1983). Occasional blooms of coceoliths and dinoflagellates occurred mainly
in coastal areas. Recently, additional summer blooms with predominance of dinoflagellates and
coccoliths (Emiliana huxleyi) have increased in occurrence to become common in the region
(BOLOGA, 1986; BENLI, 1987; HAY and HONIO, 1989; HAY, HONJO, KEMPE, ITEKKOT, DEGENS,
KONUK and IZDAR, 1990; HAY, ARTHUR, DEAN and NEFF (1991). In addition, SOROKIN (1983)
firstreported the spring and summer development ofred tides in the eutrophic waters of the western
shelf, Massive red tides have been created along the Romanian and Bulgarian coasts by
dinoflagellates (mainly Exuviaella cordata, as well as Prorocentrum micans, SUKHANOVA, FLING,
HiBAUM, KARAMFILOV, KOPYLOV, MATVEEVA, RAT’KOVA and SAZHIN, 1988, and references
cited therein} and by ciliate infusoria (Mesodinium rubrum, TUMANTSEVA, 1985).

Not much is known about the winter productivity, which should be expected to follow
convection events bringing nutrients up from the halocline into the upper layers. SOROKIN (1983)
indicates a late winter - early spring (February-March) bloom comprised of sub-arctic species with
a biomass even larger than the spring-autumn blooms, but he notes that the existing sampling,
mainly carried out during the good weather season may have missed the peak winter primary
production. On the other hand, most winter measurements were obtained in the offshore waters;
the available observations within the northwest shelf zone either do not indicate winter blooms or
seem to havemissed the winter peak of production {M.E. VINOGRADOV, personal communication).
Ourlimited winter observations during February 1990 (UYSAL, 1993)indicate amassiveexplosion
of plankton, mainly Chaetoceros sp. along the west Anatolian coast (see Section 4.4).

The maximuin spring-autumn primary productivity (60% of the Black Sea production) is found
in the northwest shelf where 87% of the total fresh water input reaches the Black Sea from major
tivers contributing large amounts of nutrients and detritus onto the shallow shelf region, reducing
the surface salinity and transparency (<60% of the total incident radiation reaching below 1m
depth). The maximum daily assimilated carbon in this area is estimated to be on the order of 1-2gC
m2d"!. Open sea primary productivity at the centres of the western and eastern gyres of the Black

* Seaaretypicallylow (0.05-0.2gCm2d"!). Nextto the high productivity areas in the northwest shelf

and the northeastregions, the highest primary productivity (0.2-0.5gC m-2d"!) is reported to occur
along the Anatolian (southwestern) and Romanian (western) coasts, and extends into the central
region separating the eastern and western gyres (BOLOGA, 1986).

The primary productivity measurements during the Atlantis II Cruise in March-April 1969
indicated maximum values of 2.3gC m2d"! near the Sakarya Canyon. High values of 0.4-2.0gC
mr?d! werealso observed when following the western shelf, along the Anatolian coast, in the central
region between the eastern and western basins, and in northeastern region. Morerecent data in the
western Black Sea in May 1982 indicates a high surface primary productivity values of 1-3.9gC
m™d"' near the Bosphorus, and 14-153gCmd " in the Danube region, verifying the eutrophication
levels (BoLoaa, 1986).

Although there are limited observations, some of the above measurements suggest the western
partofthe Anatolian coastis aregion of relatively high productivity. The algal production rate was
estimated to be in the range of 0.3-0.44gC mr2d"! from chlorophyl] @ measurements (<1.0pg 1)
of the R/V Bilim in September 1988 and January and April 1989 along the Anatolian coast (OGUZ,
BINGEL and TUGRUL, 1990). On the otherhand, May 1986 measurements near the Sakarya Canyon
seemed to indicate a spring bloom with high values of chlorophyll a (~1.6pg I''; GOCMEN, 1988).




262 Hi.Sureral

The increased influxes of highly mineralized nutrients from major rivers (such as the Danube)
draining large areas of the continenthave initiated eutrophication processes inrecent decades; the
environmental deterioration, now on the scale of a catastrophy, is being acknowledged with an .
increasing sense of urgency (BOLOGA, 198 6; CHIREA and GOMOTU, 1986; MEE, 1992). Atpresent i
the Danube introduces 60,000t y! of total phospherus and about 340,000t y'! of total inorganic
nitrogen to the Black Sea, representing large increases in the last two decades (MEE, 1992). In
comparison, major Turkish rivers are estimated to contribute 1700t y! of 0-PO, and 25,000t y!
of total inorganic nitrogen, and the nutrient export versus import through the Bosphorus roughly
balance each other (OZs0Y et al, 1992).

The eutrophication started in the northwestern shelf area influenced by the Danube and Dniestr
rivermouths (TOLMAZIN, 1985), and progressed south, along the western shelf (MUSAYEVA, 1985;
BOLOGA, 1986). Itisnow evident that the eutrophication is reaching the southwestern sector, and
isin fact, creating some of the adverse changes observedin the neighboring Marmara Sea. [tseems
that the eutrophication increased sharply in the last decade: for example a time series of more than 1
1100 historical Secchi disc readings in the central parts of the Black Sea illustrate that the white ¢ Ji{
disc visibility has decreased from 20m in the 1920s to about 15m until the mid-1980s; recent
measurements indicate that it has decreased to 5-6m in the early 1990s {EREMEEV, VLADIMIROV 1
and KRASHENINNIKOV, 1992). In the shelfregions, eutrophication has led to hypoxia of thebottom
sediments within the oxic zone (TOLMAZIN, 1985; ZAITSEV, 1991). Significant decreases have
occurred in the total stocks and species of fish, many organisms have disappeared from theregion,
and partof the food web has beeninvaded by opportunistic species imported from outside theregion |
(ZAITSEV, 1991). In the meantime, the high productivity of the region, prized by bordering g
countries which were not properly alert to the impending adverse changes, resulted in a massive fl
exploitation of the fisheries.

It has been shown that the adverse changes have not been restricted to the shelf regions alone: :
thenutrient distribution has changed drastically throughout the entire basin (TUGRUL, BASTURK, §l
SAYDAM and YILMAZ, 1992; SAYDAM, TUGRUL, BASTURK and OGUZ, 1992), in spite of the :
stability with time of the anoxic interface relative to density surfaces. The results indicate that :
ammonia and silicate have been depleted in the near surface waters by increased utilization in the
last few decades. -

The recycling mechanisms of nutrients within the basin are not clearly identified. The major
source of nutrients entering the euphotic zone is often assumed to be the reserve of nutrients in the
oxicand anoxic waters below the photic zone (DEUSER, 1971; FONSELIUS, 1974; SOROKIN, 1983). L
On the other hand, no new nitrogen seems to reach the euphotic zone from the deep water (J.W. ﬂﬁ
MURRAY, personal communication); this may be one of the peculiarities of the Black Sea, leaving
the atmospheric and riverine supply as the only sources of new production.

4, RESULTS

4.1 River plumes, dipole eddies and planiton biooms

Riverinsinfluenceiseasily recognised inthe CZCS images such as those showing the Anatolian
coast on September 19, 1980 (Figs 6a,b). The feature near 32°E is the plume of the Filyos River.
We also see a separated filament of river water (possibly originating from the small Bartin and
Devrekani Streams near 33°E) near Cape Kerempe. The eastward bending plumes from these

perennial runoff sources extend up to 50km offshore, with a coloursignature indicating terrigenous
sediment and organic inputs. HAY and HONIO (1989) attributed part of the deposition in offshore
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sediment traps to sediments supplied by these rivers. The properties of the wide patch with wavy
edgesbetween 29°E and 31°E contrasts with those of the river dominated features described above.
Firstly, the feature is essentially confined to the shelf region west of the Sakarya Canyon (Fig.1),
and does not appear to be river driven. If the material yielding the visible signal were to originate
from the Sakarya River (located downstream at 30°40° E) the plume would be expected east of the
mouth in response to the eastward flowing boundary currents, as for the other rivers observed in
the same picture. Secondly, this patch of water displays a more uniform distribution of reflectance
than theriver plumes. Thirdly, itsreflectance is large both with respect to particulates (Fig.6a) and
pigmentconcentration (Fig.6b), indicating that this feature is likely to be a coccolithephore bloom.
Wealsonote other patches of the same nature along the Thracian and Bulgarian coasts, which may
indicate that such blooms are characteristic of the western shelf.

In Figs 7a,b (October 7, 1980) plumes originating from the Kizilirmak and Yesilirmak rivers,
and from other small streams along the central Anatolian coast are observed to bend eastwards as
aresult of the boundary current system, and to form small eddies in the adjoining bays (east of Cape
Ince, Cape Bafra and Cape Calti). As with Figs 6a,b we note a clear predominance of inorganic
particulates. The pigment calculations in Fig.7b depend on information from different bands of
visible light, including some contribution of channel 3 reflectance. Yet the pigment signal of the
plumes, partly associated with river-borne organics (e.g. plant debris and yellow substance) is
typically smaller than the particulate signal.

In Fig.8a (October 13, 1980) the plume at the mouth of Filyos River has become weaker as a
result of decreased runoff during autumn. Note that the plume from the Sakarya River, arelatively
large river compared to Filyos, has very narrow coastal influence during the autumn period
reviewed. Thisisbecauseitdrainsthedry interiorregion, whereas the Filyos receivesits water from
the north Anatolian mountains, which continue to receive rainfall throughout the summer and
autumn. :

A mushroomeddy is visiblein Fig.8a, offshore of the mouth ofthe Kizihrmak riverat Cape Baftra.
In the enlarged image of the Anatolian coast (Fig.8b) specific features can be observed. The
antisymmetric spiral pattern of the tracer field trapped in the doublet, and the pattern of streamers
surrounding the eddies areremarkably similar to the patterns generated in laboratory simulations.

Similar coherent structures of dipole eddies have been reproduced in laboratory experiments
with rotating/stratified (FEDOROV, GINSBURG and KOSTIANOY, 1989} or stratified flows (VAN

* HEDsTand FLOR, 1989; VOROPAYEV, 1989). Nonlinear advective dynamics and two-dimensional

dipole eddies from the collapse of impulsively generated three-dimensional flows. For example,
FEDOROV and GINSBURG (1989) and FEDOROV, GINSBURG and KOSTIANOY, (1989) view dipole
structures to be the universal reaction of arotating fluid to an impulse applied to it. Themomentum
impulse could result from local dynamical instabilities, local winds, or river discharges. During
initial development, the dipales are often assymmetric or immature, but when a surface tracer is
present (for example, sea surface temperature, biota, sediments, sea-ice), the basic surface
signature of a dipole eddy is a mushroom-like pattern. Numerical studies by MIED, MCWILLIAMS
and LINDEMANN (1991) confirm generation by a localized pulse; advection by the dipole velocity
field then leads to a mushroom pattern in tracer fields. Dipole eddies are also the most common
structures resulting from the instability of boundary currents (cf Section 4.2). For example, some
laboratory experiments (GRIFFITHS and LINDEN, 1981) indicate that when long waves generated
by the instability of a boundary current break, they form cyclonic/anticyclonic vortex pairs or
dipoles.

The tracer pattern in Fig.8b appears mainly related to river sediments, as well as some pigments
(weaker, not shown) carried by river water. Themushroom feature consists of equa! sized cyclonic
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Fici.6. Coastal Zone Colour Scanner {CZCS) satellite images on September 19, 1980 showing the

plumesof the Filyos and the other small rivers, and a bleom of coccalithophores on the southwestern

shelf. The images represent the atmospherically corrected (a) channel 3 (350nm). (b) the calculated

pigment concentration. Abbreviations used: CBb:Cape Baba, CK:Cape Kerempe, Cl:Cape Ince,
CB:Cape Baira, CC:Cape Calti.
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FIG.7. Coastal Zone Colour Scanner (CZCS) satellite images on October 7, 1980. The images
represent the atmospherically corrected (a) channel 3 (550nm) and (b) the pigment concentration

L == A

showing development of flow and associated sediment alang the southwestern coast of the Black Sea,
and a distinct offshore plume of Dnepr, Bug. and Dnestr Rivers.
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Fic.8. (a) Coastal Zone Colour Scanner (CZCS) satellite image on October 13, IQKBO. Lsi?oew:ln% t(h:;
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its enlarged form showing a dipole eddy near the mouth of the Kizilirmak river, Both unag
atmospherically corrected channel 3 (550nm) of the CZC5.
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and anticyclonic eddies, extending 60km offshore, and connected to the coast by.a filament (the
river plume) that seems to follow the depth contours of the local canyon topography adjacent to
the Arhangelsky Ridge (Figs 1 and 8b). This topographic control is surprising since we suspect
the flow to be confined in the surface layers. The dipole vortex could be an unstable feature
generated by a pulse of momentum imparted by local winds, the river plume itself, or instabilities
of the boundary current. Support for the instability hypothesis is given by similar features
observed not far from the dipole: a number of filaments extending offshore from the coast near
Cape Kerempe suggest an instability of the boundary current flowing along this coast.

Inaddition to the effects of Anatolianrivers displayed in Figs 7 and 8, amassive plankton bloom
originating from the northwestern shelfcan beidentified. The bloom appears in both the particulate
(Fig.7a) and calculated pigment (Fig.7b) fields. The high pigment concentration could well
correspond to an Emiliania huxleyibloom, since high spectral reflectance is obtained in all visible
CZCS channels, which is characteristic of these organisms (HOLLIGAN, VIOLLIER, HARBOUR,
CaMUs and CHAMPAGNE-PHILIPPE, 1983). Note that the bloom extends south from the shelf,
reaching the middle of the basin, in spite of the minimum river discharges (Fig.3) expected during
this season. Thismay suggesteithertheinfluence ofnortherly winds or thebloom to be independent
ofthe size of theriver plume. Investigatingmore closely, we see that the pigment distribution covers
the entire northwest sector of the basin (Fig. 7b), butthe particulate signal (Fig.7a)ismore confined
to the region northwest of Crimea. This spectral pattern may indicate species differentiation between
the shelfand open ocean planktonblooms. Only 6 days later, on October 13, 1980 (Fig.8a), theplankton
bloom in the northeastern sector has become larger in size, and more complicated in texture.

Earlier during the same year, a summer plankton bloom was in progress, identified in Figs 9-
13. The summerbloom originated over the northern shelfand then extended into partofthe interior
and across the entire western shelf region. We only discuss the northwestern sector in this section;
the Danubian influence and transport in the southwest region are discussed in Section 4.2.

-InFig.10a-d different bands of the CZCS are shown for June 12, 1980, about 4 months before
the data of Fig.6 were collected. The visible channel 1 data show a dark band covering the entire
western shelf (Fig.1), indicating absorbance of sunlight by chlorophyll a, i.e. a massive bloom
limited to the shelf. We note that the darkest region occurs in thenorthwest shelfnear the Danube,
where the production, under-direct influence of the riverine nutrient supply, is largest. Channel 3
ofthe CZCS in Fig. 10b indicates particulate material in the same area, and the pigmentdistribution

* inFig.10c combined with the information given by Figs 10a and b, indicate that the particulates

| are mainly phytoplankton. Finally, the thermal infra-red image in Fig.10d shows a2 band of shelf

§ % water thatis warmer than the interior, outlining the convergenceregion where warm surface water
accumulates at the coast in agreement with the cyclonic basin circulation,

Thevisibledata of Fig.10 can be used for theidentification ofmultiple species of plankton. Light
absorption (darkertones) in Channel 1 is maximumin the northwestern shelfregionnearthe mouth
ofthe Danube, with decreasing values observed along the entire western sheif: (Fig.10a). In principle
this maximum of absorption could result from chlorophyll a supported by the uniform pigment
distribution in Fig.10c. In contrast to this region of absorbance, a region of Channel 1 reflectance
(lightertone) isidentified at the front separating the shelf water from the interior, The frontal region
ismost likely populated with E. Auxleyias confirmed by highreflectance in the other visible bands
(Figs 10a-c). As aresult of the above discussion, we distinguish two populations of plankton, one
occupying the western shelfregion and the other populating the outer edge of the first group in the
offshore frontal region. Thenitrogen to phosphorus ratio of the Danube discharge determines the
strength of summer phytoplankton blooms (D. AUBREY, personal communication). Particularly in
June 1980, favourable N:P ratios were found in the immediate neighbourhood of the discharge,
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F16.9. A sequence of CZCS channel 3 (550nm) images showing the development of themotions along
the Turkish coast for the period 9 June through 26 June 1980. Abbreviations used: BC:Bosphorus
Canyon, SC:Sakarya Canyon, CBb: Cape Baba, CK: Cape Kerempe, CI:Cape Ince, CB:Cape Bafra.

decreasing rapidly along the coast as a result of phytoplankton consumption.

Three days later (Figs 11a,b) we observe that the frontal region occupied by E. hiuxleyi has
become unstable, and is ejecting a large filament (size ~150km) from the northwest shelf region
into the interior. Note that the core of this filament contains chlorophyll 2 (Channel 1 absorption),
encapsulated by high spectral reflectance species on the periphery of the filament. InFigs 11a,band
12a,b, observed 10 and 13 days respectively after the initial image of Figs 9a-d, the filament has
retained its identity, buta dipole eddy (with abetter defined cyclonic member) has developed near
its cap. We also note that the filament on these last two images does not seem to contain a core
of visible lightabsorption at Channel 1; rather the entire filament becomes a region of high spectral
reflectance. Also note that the area of Channel 1 absorption which initially covered the entire
northwest shelf and extended south partially to cover the western shelf, has become smaller and
more confined to the Danube mouth in the later images.

The above observations seem to suggest there is competition between the shelf species and the
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coccolithophore bloom on its periphery. Initially the high reflectance species-at the shelf edge
forms a contrast with the other species distributed in the shelfregion. In the sequence of following
images, the shelf species are observed to become more confined, and the high reflectance species
dominates the entire region excluding the vicinity of river mouths. The observed features suggest
segregation behaviour (e.g. OKUBO; 1980) typically encountered between similar but competing
species. .

4.2 A time series study of meandering flow and primary production along the Anatolian
coast :

In addition to the other aspects discussed above, outstanding dynamical processes of shelf-open
ocean interaction, with important impact on productivity are investigated in Figs 9-13. The open
ocean production activity of a filament originating from the northwestern region has beenrevealed
above. Similarly, a unique pattern of meandering currents along the Anatolian coast with efficient
dispersion result in a massive plankton bloom in that region.

The fields derived from the CZCS serve as tracer fields visualizing the motions transporting
them. The motion along the Anatolian coastbasically consists of a pattern of eastward propagating
waves with an embedded train of mesoscale eddies. The series of images in Fig.9 are used to
calculate (by following points with fixed phase) an eastward propagation speed of 10-15cm gt
(210-15kmd ') forthemeandering motion. Based on areview of several images used in their study,
OGUZ et al, (1992) claimed that they had not been able to detect any translation of features along
the boundaries, and suggested that the translation speeds could be too small to be detectable. In
the present case, we find noticeably fast propagation of wave motions superimposed on mean
boundary currents.

There is close correlation of the flow features with the continental slope topography. The
eastward propagating oscillatory motions are generated at the abrupt termination of the western
continental shelf at Sakarya Canyon. As the whole pattern moves east in Fig.9 and in Figs 10-13,
the eastern terminus of the shelfregion appears as the generation region for the wave motion. The
uniform distribution of tracers observed along the western shelf, e.g. in Figs 10b,c, verifies uniform
flow of the cyclonic boundary current. This uniform flow in the west is replaced by undulating

_ features east of Sakarya Canyon.

R |

During early development (Fig.10) the wave pattern is regular, though filaments with offshore
extensions are visible near Cape Kerempe. Ten days later (Figs 9 and 12), the meander has
developed into a train of cyclonic and anticyclonic regions with a complex pattern of filaments
extending offshore. In fact, the overall appearance of the motion in Fig.12 is reminiscent of a
turbulent jet flow, with a core containing numerous meanders and filaments. This jet follows the
30° (from east) oriented western Anatolian coast from Sakarya Canyon to Cape Kerempe, where
it begins to separate from the coast, and becomes more complex to the east. Note that this is also
theregion where the steep bottom topography adjacent to the coastisreplaced by a wide continental
shelf extending from Cape Kerempe to Cape Baffa.

InFig.13,only 3 daysafterthe imagein Fig. 12, we observethat the jetflow thatdeveloped earlier
has widened and become totally separated from the coast east of Cape Kerempe. The wide jet
terminates with a dipole-like cap extending to the mid-basin region east of Cape Ince. In this fully
developed state, we observe numerous cyclonic and anticyclonic eddies within the turbulent jet.
(Note that this particular image has also been used by MURRAY and IZDAR, 1989, and on the cover
of MURRAY, 1991).

Alsonote therapidity of the development observed in Figs 9-13: in merely two weeks, anentire
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F1G.10. Coastal Zone Colour Scanner (CZCS) satellite images on June 12, 1980. The images

represent the atmospherically corrected (a) channel 1 {443nm), (b} channel 3 (550nm), (c) the

calculated pigment concentration and (d) thermal infra-red channel, showing development of ﬂoyv

and associated primary productivity along the west and southwestern coast of the Black Sea. (In this

and the following thermal images, the darker tones represent warmer and the lighter tones represent
colder water.)
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Fic.1 1. Coastal Zone Colour Scanner {CZCS) satellite images on June 15, 1980. The images
represent the atmospherically corrected (a} channel | (4430m), (b) channel 3 (550um) showing
development of flow and associated primary productivity along the west and southwestern coast
of the Black Sea.
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F1G.12. Coastal Zone Colour Scanner (CZCS) satellite images on June 22, 1980. The images
o represent the atmospherically corrected (a) channel | {(443nm}, (b) channel 3 (550nm) showing
I~ development of flow and associated primary producti vity along the west and southwestern coast of
st the Black Sea.
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7one Colour Scanner (CZCS) satellite images on Jjune 25, 1980. The images
{b) channel 3 (350nm) showing

the west and southwestern coast

FiG.13. Coastal
represent the atmospherically corrected (a) channel 1 (443nm),

development of flow and associated primary productivity along
of the Black Sea.
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current system has become modified in character, and unstable eddies and filaments have
developed within time scales of a few days. This is in marked contrast with the circulation
dynamics in the nelghbounng regions, for example in the Levantine Basin of the Eastern
Mediterranean Sea (e.g. Ozsoy, HECHT, UNLUATA, BRENNER, OGUZ, BISHOP, LATIF and
ROZENTRAUB, 1991), where long-term persistence is a basic property of coherent structures. This
comparison reveals the roles of strong ambient stratification and of lateral sources of buoyancy
in supporting unstable motions in the Black Sea environment.

Baroclinic instability is the mechanism most frequently used (numerous examples given in
Section 1) to explain unstable motions in buoyant coastal flows. Although we oberve that the
meandering motion of the west Anatolian boundary current is triggered by a discontinuity in shelf
topography, baroclinic instability appears to contribute to its subsequent growth. Instability of
fronts leading to large meanders, bores or breaking waves was examined by STERN (1980). Ttis
these motions that lead to exchanges across the front, as indicated by the large excursions in Figs
9-13. Itis noticeable from the increasing sizes of the eddies that significant entrainment is taking
place.

Baroclinicinstability could be one of themostrelevant mechanisms generating time-dependent
motionsalong frontal regions. Realistic boundary flows with horizontal density gradients are often
found to be unstable to small perturbations (e.g. MYSAK and SCHOTT, 1977; GRIFFITHS and
LINDEN, 1981; IKEDA et al, 1984, 1989; QIU, 1988; CHAOQ, 1990; BECKERS and NIHOUL, 1992),
and as a result the unstable waves in many cases grow into large amplitude meanders or paired
coherent vortices. Laboratory experiments of CONDIE (1989) show that the energy of the unstable
motions, including coalescent eddies and dipoles, is extracted from the mean flow at the Rossby
deformation radius scales, and later transferred to larger scales by nonlinear processes. During the
nonlinear growth stage of the instability, QIU et a/ (1988) showed that disturbances starting at the
grid-scale were transformed into finite amplitude meanders with ‘backward breaking’ tendency,
enhancing the cross-shelfexchanges. Laboratory experiments of CARSTENS et al (1984) indicated
anomalous current loops separated from the coast. CHAO {(1990) differentiated between prograde
(fronts rising to the surface in the same direction as the bottom topography, e.g. Gulf Stream or
upwelling fronts) and retrograde (isobaths and isopycnals slanted in opposite senses, .g. density
driven boundary currents with buoyant water near the coast, such as in the Black Sea) fronts,
arguing that prograde fronts are more amenable to slanted convection (baroclinic instability) than

" retrograde fronts. However, it was demonstrated that enhanced meander and eddy growth could

occur as aresult of relaxation processes, €.g. temporally varying buoyancy forcing, which seemed
to be more important in the case of retrograde fronts and more effective than the other possible
forms of external forcing (such as winds or small topographic variations).

Theobservationsalsoillustrate how the dynamics of the meandering jet flow along the Anatolian
coast of the Black Sea is influenced by strong interactions with topography and by changes in the
coastline orientation. The flow along the western shelfis most probably in a state of geostrophy,
following the bathymetric contours of the shelf/slope region. Once triggered by the sudden depth
change at Sakarya Canyon, the ensuing motions are unstable and, therefore, not able to readjust
toasteady uniform flow along the remaining part of the coast. The jet flow becomes wider and more
turbulent with distance from the step, and with time.

The mechanism of generation of the oscillatory motions by the step topography is not clearly
understood. We expect oscillatory motions to be generated by the interaction of a topographic
barrier with barotropic shelf/slope flows taking the coast (shallower depths) to the left in the
northern hemisphere. Considering that the analogous effects of planetary vorticity gradient () and
topography (i.e. contributions to variations in f/H, where fis the Coriolis parameter and H the depth
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of the flow), we can compare flows bounded on the left hand side with eastward flows in the case
with planetary vorticity gradient. Oscillatory motions are created when an eastward flowing B-
plane barotropic jet crosses a step topography, while a smaoth readjustment accurs for westward
flowing jets (SHETYE and RATTRAY, 1982), confirming well known results of BATCHELOR
(1970). The above results suggest that the western Anatolian jet flowing across the Sakarya
Canyon would not be subjected to meandering or oscillatory motions if this jet were to be purely
barotropic. On the other hand, SPITZ and NOF (1991) indicate that a barotropic boundary current
would be forced to separate from the coast when itencounters alarge step with thedepth increasing
downstream, regardiess of the direction of flow relative to the coast.

Sudden changes in topography are expected to lead to oscillatory motions even in the case of
a right hand side coast, when baroclinic modes are included. In fact, barotropic flows impinging
on a step topography can be expected to generate large amplitude baroclinic motions (e.g.
CUSHMAN-ROISIN and O’BRIEN, 1987). Oscillatory motions created by interacting baroclinicand
barotropic components of a boundary currentnear canyon or ridge topographies are illustrated by
HAKKINEN (1987).

Interactions with coastline perturbations were found to create standing waves, as well as
baroclinic eddies and filaments in the case of upwelling fronts (NARIMOUSA and MAXWORTHY,
1987), and to lead to meanders by pure geometrical adjustment to depth contours (without
imposing baroclinic instability) in the case of ice-edge fronts (IKEDA, 1987). The role of bottom
topographic features was found to augment the baroclinic instability in the case studied by IKEDA
(1989). In the case of upwelling fronts, NARIMOUSA and MAXWORTHY (1985) found large
stationary meanders and filaments generated by 2 bottom ridge. HAIDVOGEL, BECKMANN and
HEDSTROM (1991) and HOFFMANN, HEDSTROM, MOISAN, HAIDVOGEL and MACKAS (1991)
found offshore filaments generated by the interaction of aboundary current (upwelling front) with
topographic variations. During later stages of development, the evolving filaments were shownto
lead to self-advecting dipole eddies detached from the coastal region.

An important effect of topography we observe in the case of the west Anatolian boundary
current is the separation of the jet from the coast at Cape Kerempe, where the flow encounters a
widening shelf topography. LEAMAN and MOLINARI (1987) studied the effects of a linearly
widening shelf and found that this situation can lead to vertically sheared flows perpendicular to
the coast, resulting in flow separation. The changein the angle of the coastlinenear Cape Kerempe

can be a secondary factor leading to flow separation. Laboratory studies illustrate eddy shedding
and separated flows downstream of headlands (e.g. BOYER and CHEN, 1987).

Although the flow is made visible by productivity and particulate material on the western
continental shelf, these tracers areneither conservative norhaveuniform sources. For example, we
observechanges of reflectanceboth along the western shelfand at the Sakarya Canyon in Figs 10a-
d. In particular, sharper changes of concentration occur across the Canyon. Vertical mixing and
resuspension of bottom sediments created by three dimensional motions at the edge of the Canyon
(Ozsoy et al, 1993), and local increases in productivity (GOCMEN, 1988) can contribute to these
changes. '

The cycloniccirculation of the Black Seais outlined by the bio-optical properties modifiedalong
the western shelf. Much of the interior and the eastern basin have considerably smaller pigment and
particulate concentrations. Nate also that the satellite data in Figs 9-13 correspond to the period

when the Danube discharge is maximum. Furthermore, the data of SERPOIANU etal (1992) {Section
3.3) suggest that 1980 was characterized by relatively high nunoff and lower salinities near the
Romanian coast.

Hay and HONIO (1989) examined the vertical particle flux at two sites inthe southwestern Black
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Sea using sediment traps during the 1982-1987 period. They observed that the dominant fraction
of the annual flux was deposited during short plankton bloom periods lasting less than a month at
a site 80km offshore from the Sakarya Canyon. Atthe other site 40km offshore from Amasra (west
of Cape Kerempe), the short term fluxes were less dominant. The nearshore traps indicated £.
huxleyiblooms in the summer, autumn and early winter, in contrast to the offshore traps where more
than half of the annual particle flux was deposited during short (~one month) periods of spring/
summer blooms. Some spring blooms of E. hux/eyi were accompanied by the diatom Rhizosolenia.

Tt appears that the images in Figs 9-13 were obtained in the short period (<1 month) of an early
summer bloom, during which rapid changes in the spatial distribution of species were observed,
with E. huxleyi dominating the western basin towards the end of the observation period, excluding
the near field of the Danube delta.

About20 days later than the fully developed bloom in Fig.13, we observe absorption at channel
1 in the Azov Sea, the northwestern shelf and along the Anatolian coast (Fig. 14a). The regions of
strong absorption in channel 1 in thenorthwest shelfand the Azov Sea appear to delineate regional
blooms of phytoplankton chlorophyll other than E. suxleyi (possibly dinoflagellates), characterized
withhighreflectancein channel 3 accompanying channel 1 absorption. The same period marks the
termination of the E. suxleyi bloom along the Thracian and Anatolian coasts, because no colour
signature of either particulates (Fig.14b) or pigments (not shown) are present in these regions. The
channel 1 absorption without any channel 3 reflectance in the patches along the Anatolian coast
could be aresult of flavins released into the water during bacterial production, since these dissolved
chemicals can lead to absorption at 450nm (COBLE, GAGOSIAN, CODISPOTI, FRIEDERICH and
CHRISTENSEN, 1991). Although the depth distribution of flavins has amaximum below the euphotic
zone in the Black Sea (COBLE et al, 1991), eddy-induced upwelling along the central part of the
Anatolian coast, as indicated by the infra-red data (Fig.14c) may have increased their surface
concentrations. The upwelling structures observed in Fig.14c are typical of the summer months,
a fact we investigate further in Section 4.3.

Note that the spreading pattern of production displayed in Figs 9-13, and confirmed by in sifu
measurements, implies that the eutrophication must have started near the Danube, proceeded south
along the shelf, and finally reached theinterior via cross-frontal turbulent exchanges during the early
partof the last decade, when the CZCS data were obtained. Itis suspected that this pattern hasbeen
significantly altered in recent years, leading to a recent decrease in the optical transparency o the

- surface waters even at the central regions of the Black Sea (EREMEEV et al, 1992), implying basin-

wide intense phytoplankton blooms, confirmed by some of our recent data (not presented).

Figures 9-13 emphasize the production on the western shelf and the importance of horizontal
spreading by the interactions between the shelf and deep sea regions. D. AUBREY (personal
communication) has reviewed monthly averaged CZCS pigment data from 1979, 1980 and 1981
and has found the same region of influence for phytoplankton blooms with similar cross-shelf
influences. In fact, he indicates a higher production in 1981 as compared to 1980 represented by
our data, This higher production in 1981 seems to be a result of a Danube discharge with a high
ratio of inorganic nitrogen to phosphorus (N:P), preceding the summer productivity maximum
observed during that year.

Finally in this section, we note that the summer productivity in the western Black Sea shelf
appears to influence the productivity in the eastern half of the Sea of Marmara. Earlier results
(ONLUATA and OzsoY , 1986; BASTURK, SAYDAM, SALIHOGLU and YILMAZ, 1986) suggest that
the upper layer transport from the Black Sea and the entrainment/recycling of nutrients from the
underlying Mediterranean water into the jet flow issuing from the Bosphorus are themain processes
leading to production in the Sea of Marmara. In fact, the highest productivity in the Sea of Marmara
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(b)

FiG. 14. Coastal Zone Colour Scanner {CZ.CS) satellite images on July 13, 1980. The imagesrepresent

the atmospherically corrected (a) channel | (443nm}, (b) channel 3 (550nm) and (c) thermal infra-

red channel, showing the phytoplankton blooms in the northwestern shelf and the Sea of Azov,

simultaneously with the development of an upwelling event and post-bloom dissolved materials along
the Anatolian coast.
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()

oceurs in winter, when wind mixing enhances nutrient inputs into the upper layer, but secondary
particle and chlorophy!l maximaare found in summer, following peak discharges of the Bosphorus.
A plankton bloom in the Sea of Marmara is shown in Figs 10-13 at the same time as the bloom
along the shelf region in the western Black Sea. Figures 4 and 15 confimm that the intensity of
the Marmara productivity subsides together with the productivity in the Black Sea. These results
indicate a direct influence in summer of Black Sea surface waters transported through the
Bosphorus.

4.3 Summer upwelling along the dnatolian coast

Based on a set of individual images from different years, the Anatolian coast from Cape Baba
to Cape Ince can be identified as a region of upwelling starting in early summer and lasting until
early fall. .

Upwelling along the Anatolian coast is indicated in the CZCS thermal infra-red image of Jaly
15, 1980 (Fig. 14¢). The successive images in Figs 14¢ and 15a-3 indicate a persistent upwelling
event during the two month period of July-September 1980. It is remarkable that the upwelling
event starts about one month after the period of Figs 9-13, when a cyclonic {downwelling) basin
circulation with warm coastal waters (e.x. Fig.9d) was observed in the same TeLIon,

The cold water patches initially occur in the form of regular eddies in Fig. 14c. Only two days

later, in Fig.15a, we observe that the initial forms have been stretched in the offshore direction,
JPQ 33:4.8
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(b)

Fii. 15, Coastal Zone Colour Scanner (CZC$) satellite images on (a) July 17, (b) July 22 (c) August
20, (d) Aupust 31, and (o) September 9 1980, representing the atmospherically corrected thermal
infra-red channet.
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taking the form of filaments. In the remaining images of Figs 150-¢ we observe rapidly growing
and dissipating filaments, extending ~1 50kmoffshore. InFig.15¢ weobserveperiodic wavemotion
along the coast from Cape Baba to Cape Kerempe, growing rapidly into filaments during the next
two days until Fig.15d.

The fact that upwelling takes place along a coast ordinarily associated with a downwelling
circulation of the cyclonic boundary currentismost remarkable. Theupwelling cannotbe attributed
to local winds, because they are not particularly strong or favourable in summer (e.g. the summer
winds at Sinop, largely sea-breezes, are mainly from the northwest).

Although the wind distribution and circulation do not appear to support continuous upwelling
along the Anatolian coast, transient dynamics could ressultin the short-termupwelling. For density
driven boundary flows, QIU ef al (1988) found up welling related reversals of surface salinitynear
the coast. Similarly, CHAO (1990) indicated upwelling near the coast, even inthe caseof retrograde
fronts. In numerical experiments simulating the Al gerian Current (BECKERS and NIHOUL, 1992},
a possibility of upwelling was found within anticyclonic eddies as well as within cyclonic ones.
Despite the fact that the Algerian Current normally pools low density Atlantic water against the
coast, upwelled water occasionally occurs along the coast and within filaments wrapped around
coastally attached anticyclonic eddies (MILLOT, 1991). 'Q

We note that the upwelling motions start past Capa Baba, and the coldest waters and filaments !
with greatest of fshore extension occurnear Cape Kerempe. Despite the lack of insifu data showing
the flow structure at the time of these observations, we may speculate that the local dynamics, e.g.
headland geometry and widening topography, rather than wind forcing, are largely responsible for
creating the Anatolian coastal upwelling, Werecognise the effects of the widening topographynear
Cape Kerempe leading to the flow separation observed two months earlier in Figs 9 and 13.
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Sharp corners in coastline geometry can lead to localized upwelling, even in the case of buoyant
boundary currents with the coast on the righthand side, as shown by CHERNIAWSKY and LEBLOND
(1986). Mostobservations of topographically or geometrically induced upwelling elsewherehave
been obtained either near permanent upwelling fronts (e.g. the California coast, IKEDA and
EMERY, 1985; NARIMOUSA and MAXWORTHY, 1985, 1987; the southeastern coast of the USA,
JANOWITZ and PIETRAFESA, 1982), orunder conditions of favorable winds (e.g. the Gulf of Lions,
Hua and THOMASSET, 1983).

Similar upwelling is observed in the available AVHRR images of the summers of 1990, 1991
and 1992 (Figs 16-20). In situ data during some of these periods are used to verify the upwelling
features.

On June 20, 1990 and the following August 22 1990 images (Figs 16a,b) cold water patches
can be seen along the Anatolian coast. The August 29, 1990 image (Fig.16c) shows the
development ofa wave-like feature (wavelength ~100km) with regularly spaced offshore filaments
(10-20km wide and ~70km long) of cold water in the region between Sakarya Canyon and Cape
Ince. We also note the similarity of the wave-like features occurring in the same area, in the two
images of August 29, 1980 (Fig.15c) and August 29, 1990 (Fig.16c) taken at the same time of the
year. We have in sifu data observed later, in September 1990, which indicate anticyclonic
recirculation in the region of Cape Kerempe to Cape Bafra (OGUZ et al, 1993), but there wasno
indication of cold surface water in the area, perhaps because the upwelling had ceased to exist in
the autumn.

Imagery from summer 1991 (Figs 17a,b) similarly indicate upwelling to the east of Cape
Kerempe (Figs 20a,b). Injustone day, between September 14 and 15, 1991, a large change oceurs
in the area covered by the upwelled water. Wave-like features with scales of about 100km are
evidentin Fig.17b. Within the nextten days until thenext image on September 24, 1991 (Fig. 17c),
the upwelling disappeared along the Anatolian coast. This is in agreement with the hydrographic
data taken during the later part of September 1991 (Figs 18a,b). Figure 18a shows warm water
along the coast in the recirculating area west of Cape Ince, except between Cape Baba and Cape
Kerempe where the boundary current is discontinuous as shown by the streamlines in Fig. 18b. This
region of discontinuous currents could either indicate a coastal attachment of the current not
sufficiently resolved by the geostrophic analyses, or they could indicate residual downwelling/
upwelling along the coastline, although the transient events were observed somewhat earlier.

A remarkable feature in Figs 17a-c is the pair of warm water filaments extending from the
northeastern (Caucasian) shores towards the interior of the eastern basin, each with a length of
~250km, a width of several tens of ki, and horizontal spacing of ~150km. These features are
associated with the dynamics of the boundary currentin the eastern basin, downstreamn of the large
anticyclone trapped in the southeast corner (a permanent feature found almost every time, including
the 1991 and 1992 surveys, Figs 18band 20b). These features indicate that the interaction between
the boundary current and the basin interior is not confined to the western basin, but similar
interactions, though with different types of instability, also occur in the eastern basin.

Returningback to the Anatolian upwelling, a persistent summer svent of long duration is evident
ininfra-red images of August-September 1992 (Figs 19a-c). Data obtained by the R/V Bilim (Figs
20a-c) indicate that the upwelling occurred earlier during July 1992. Both the survey data and the
APT image obtained in early August indicated the upwelling region to be small. The in sifu data
located its centre west of Cape Ince, and infrared image located it near Cape Kerempe. In the
AVHRR images later in August, theupwelling region had grown in size, covering the entireregion
from Cape Baba to Cape Ince. Periodicity in the upwelling features is evident in the last image.

The surface temperature distribution (Fig.20a) indicates a cold water patch between Cape
Kerempe and Cape Ince with a temperature of 10°Catits center (compared to surface temperatures
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Fic.16. Advanced Very High Resolution Radiometer (AVHRR) satellite images on (a} June 20, (b)
August 22, and {c) August 30, 1990 representing the atmospherically uncorrected (NOAA-10)
channel 4.
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Fii.1 7. Advanced Very High Resolution Radiometer {AVHRR ) satellite images on (i) September 14,
(b)September 13 and (¢) September 24, 1991, representing the stmospherically uncorrected (NOAA-
10} channe! 4.
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FiG.18. (a) Surface temperature and (b) surface dynamic topography (cm), referenced to 300m during
the September 1991 cruise of the R/V Bifim.
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of 21-24°C elsewhere). The dynamic topography in Fig.20b displays boundary currents with
alongshore variations similarto those indicatedin Fig.18b. The current either becomes discontinuous
or attached to the coast between Cape Baba and Cape Kerempe, but becomes separated
downstream of Cape Kerempe. The cold water patch in Fig.20a occurs at the same location where
the streamlines indicate a surface divergence in Fig.20b. )

In Fig.20c, the cross-shore transects across the cold water patch show a localized structure with
upwelling at its centre. Note that there are three layers of density: at the base of the shallow mixed
layer density gradients are dominated by the contribution of the vertical gradient of temperature;
below this, the permanent core of the Cold Intermediate Water (0ZSoY ef al, 1993 s OGUZ et al,
1992) has minimum temperatures of <7°C at a depth of about 50m. The permanent pycnocline
below thislayer of cold wateris dominated by the contribution of salinity gradients and, in general,
slopes down towards the periphery of the basin in accord with the cyclonic basin circulation. Note,
however, that the main pycnocline dips down towards the coast at the offshore part of the section
in Fig.20c; then a reversal in its slope occurs near the coast, as a result of the upwelling activity,
Near the surface, the vertical motions appear at some distance from the coast, leading to the
penetration of the thin mixed layer zone by the underlying Cold Intermediate Water, Thisis perhaps
the most favourable condition for upwelling: the shallow (10-20m) mixed layer can expose the
underlying cold water when a surface divergence is created by the dynamics of the unstable
boundary currents.

Notice that the width of the boundary current increases as it separates from the coastnear Cape
Kerempe(Fig.20b). Thisisreminiscentofa shock, or a critical transition, which may beassociated

_withthe effects of the Cape. CHERNIAWSKY and LEBLOND (1986) suggested that travelling shocks
~or-bores could be formed near a cape although they predicted that stationary shocks were not

possible. NOF (1984) showed that propagating shock waves can be generated along buoyant
boundary currents by a sudden increase in the upstream transport.

During the observations 0f 1990-1991, the upwellingregionis variable in character, with rapid
changes in total area of the cold water patterns under the influence of local dynamics. Based on
a sequence of images for an upwelling filament between Cape Kerempe and Cape Ince, OGUZ et
al (1992) concluded that the upwelling features do not translate along the coast. Although our
observations show rapid changes, the rapi dity of creation and dissipation of filaments could mask
organized motions. In any case, itis difficultto recognize any phase propagation during upwelling
(e.g. Figs 14c and 15a-3). This apparently static nature of the patterns would be consistent with
recirculation shoreward of the separated boundary currenteastof Cape Kerempe (Fig.13), and with
therelatively smaller current velocities to the west ofit (Figs 18band 20b). We also speculate that
theupwelling is usually observed in summer, when the relaxation in the strength of the circulation
(e.g. STANEV, 1990) could create conditions favourable for upwelling.

Measurements during the detailed survey of July 1992 (NIERMANN, BINGEL, (GORBAN,
GORDINA, GUCU, KIDEYS, KONSULOV, RADU, SUBBOTINand ZAIKA (1993)indicate that only very
few eggs and larvae of Anchovy were found in the cold water patch of Fig.20a, although they were
abundant elsewhere. At the same location both phyto- and zoo-plankton were present in the near
surface layers; in fact some yet unidentified species of phytoplankton and some copepods
(especially the cold water species Pseudocalanus elongatus) were more abundantin the cold water
patch, as compared to the surroundings. The decreased abundance of ichtyoplankton, despite a
presence of phyto- and zoo-plankton, in the cold water patch seems to suggest that either the
spawning of anchovy was suppressed, or the eggs and larvae could not survive the temperature
shock created by the cold, upwelled waters.

Itis worth noting that the same situation also occurred durin gasurveyinJuly 1957 (EINARSSON
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(a)
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(c)

FiG.19. (a) Automatic Picture Transmission ( APT) infra-red image on August 4, 1992 (NOAA-10)

without atmospheric and geometric carrections, (b) and (¢} AVHRR (NOAA-11) infra-red images

on August 30and September 3, 19492, respectively. Lighter shades correspond to colder temperatures

in satellite imageries. The AVHRR imageries were supplied by Paul Gerdeers from the Royal
Netherlands Meteorological Institute (KNMI).
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F1G.20 (2) Surface temperature {°C), (b) dynamic topography (cm) referenced to 300m, and (c) the ~
distribution of properties on a cross-shore transect passing through the upwelling region marked in
(), during the July 1992 cruise of the R/V Bilim.
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and GURTTIRK; 1960, NIERMANN ef o/, 1993). In this case, the upwelling region extended from
Cape Baba to Cape Ince region, with temperatures as low as 1 1.6°C (at 10m depth) occurring in
the same location as the 1992 upwelling. The distribution of anchovy egps showed a total lack
of egys in the upwelling region (NI:RMANN, er af, 1993).

4.4 Winter convection and productivity on the western shelf

Our limited winter data yield unique observations of shelf and slope processes. An infra-red
(AVHRR) image on February 27, 1990 (Fig.2 1) indicates cold water with uniform temperatures
along the entire western continental shelf. This well-mixed water has a uniform temperature of
~6.5°C and salinity <18 in the upper 30-40m along the southern coast { Figs 22a,b}, and water with
similar properties is expected to occupy the shallower part of the northwestern and western shelf
regions as witnessed in Fig.21. The width of this band of cold water decreases towards the south,
parallel to the decreasing width of the shelf, In fact, it can be verified that the boundary of the cold 4
water follows a constant depth contour between 50 and 100m along the entire western shelf. ‘f\” ge

®

Fui.2 L. Advanced Very High Resolution Radiometer {AVHRR } satellite image on February 27 1990,
The satellite images represent atmospherically uncorrected (NOAA-10) channel 4.
JPD 33:
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The band of cold water flowing along the western shelf in TFig.21 becomes so thin that it is
hardly detectable along the southeastern shelf. Because it is so thin, the cold water hugs the coast
and is transported along the shallow inner part (<100m) of the Sakarya Canyon without setting
up any disturbance there (compare with Fig.10). When the boundary current transporting the cold
water reaches the concave coastline to the east of the Canyon it flowsnorth, and becomes separated
from the coast near Cape Baba, where the shallow region suddenly ends. The temperature
structure displayed in Figs 21 and 22a near the Cape is most striking; the shape of the front
delineating the flow is very similar to a shock; the narrow band of cold water suddenly expands
and continues to flow along the coast with a sudden increase in width.

Our review in Section 4.3 of the effects of Sakarya Canyon indicates that the abrupt changes
in depth can excite oscillatory motions supplied by baroclinic energy conversions. On the other
hand, the possibility of flow separation has been predicted by SPITZ and NorF (1991), for a
barotropic flow meeting a sudden depth increase (such as the well-mixed shelf-bound flow of cold
water proceeding offshore near Cape Baba in Fig.21). This result is obtained for a coastal jet,
keeping all nonlinear terms in the equations of motion. The hydraulics of nonlinear rotating flows
seem to have directional preference. ARMI (1989) found an analogy of zonal flows with the
hydraulic control theory, with two possible states for the width of an eastward flowing barotropic
B-plane jet for a given flux; no controls were found for westward flowing jets (results confirmed
by other analyses, e.g. HUGHES, 1985). If the planetary p-effect is exchanged with the effects of
topographic slope, we would not expect such hydraulic transitions for a steady jet flowing in the
Kelvin wave propagation direction, i.e. with the coast on the right. A transition from subcritical
to supercritical flow was found in the case of the two-layer coastal jet studied by GILL and
SCHUMANN (1979), with combined effects of shelftopography and coastal curvature. However,
when their results are translated to the northern hemisphere, they can only be applied for coastal
jets bounded by a left hand side coast, in line with the above results for barotropic flows.
CHERNIAWSKY and LEBLOND (1986) suggested that for a buoyant boundary current along a
coastline, flow separation could occur near sharp re-entrant cormers.

For the above reasons, we suspect the sudden expansion at Cape Baba is the result of the flow
separation asitcrosses into the deep waterregion and turns around the corner made by the coastline,
rather than a steady state hydraulic transition.

It is also important to recognise the relation of the cold shelf water relative to the boundary
current system in Fig.21. Note that a band of warm water is present along the northern and eastern
boundariesin this winter image of the Black Sea. Along the western and southern coasts, the warm
water occurs along the continental slope offshore of the shelf waters and gradually disappears
through frontal mixing with the cold shelf water. This gradual blending of cold and warm waters
proceeds along the coast from west of Crimea tonear Cape Baba on the Anatolian coast where the
expanded ribon of cold water mixes efficiently with the warm slope waters. Asaresult, thetongue
of cold water diminishing towards the east and its separation from the coast after Cape Ince is
evidentin Fig.22a. _

Phytoplankton counting along the Turkish coast during February 1990 indicated an intense
bloom along the coast, first following the ribbon of cold water to Cape Baba, and then in the
separated flow region up to Cape Kerempe, in the same area as the cold water is seen in the satellite
jmage. Throughout the survey area, the diatom Chaetoceros sp. was dominant, having abundances
amounting to >91% of the total phytoplankton population of size >55um. This percentage
increased further in the coastal area adjacent to Cape Baba. The total number of individuals
increased logarithmically to (>10° cells I') near the coast at Cape Baba, but then decreased
gradually towards the east. In the same region, there wasa parallel increase of the observed number
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of species near the coast (54 coastal species versus ~10 offshare species; species richness index
increasing from a value of 1.2 in the offshore region to about 3.8 near the coast), but the
corresponding measures of diversity decreased abruptly within the coastal band of cold water
(Shannon-Weaver index <0.1, evenness index ~0.02) as compared to the offshore regions
(Shanmon-Weaver index >1.0, evenness index >0.5) (UYSAL, 1993). It is not clear whether this
highabundance of dominant phytoplankton species was linked with the transport of plankton from
thenorthwest shelf, local production resulting from nutrients either supplied via the ribbon of cold

water, or entrained from the deep water. It is also not clear whether such a winter bloom supports
higher trophic levels or collapses rapidly by sedimentation.

5. SUMMARY AND CONCLUSIONS

Relative to remotely-sensed thermal images which yield datarestricted to a thin layer of surface
water influenced by short-term surface heat fluxes, the CZCS data for the Black Sea have greatly
enhanced value in producing depth-integrated signature of the available colour tracers, faithfully
reproducing the transport patterns of the underlying flow dynamics. We have used phytoplankton
pigment and particulate fields of CZCS together with or separately from infra-red images to study
the current structures, the distribution of competing species of phytoplankton productivity and the
progression of eutrophication in the Black Sea.

It is evident that materials originating from lateral sources are transported by the boundary
current flowing along the continental slopetopography, and are later dispersed along the coastand
across frontal region by turbulent, meandering motions. These unstable motions, translating
castward along the Anatolian coast, are initiated by interactions with the sharp topographic
variations in the along-shore direction. Flow separation caused by widening shelf topography or
headlands is also evident, and influences the transport and vertical motions along the coast.

Upwellingisrevealed, with rapidly varying distribition alonga particular stretch of the Turkish
coast, and persisting for extended periods in summer. However, the basic mechanism leadin gto
upwelling remains largely unexplained. We suggest that interactions of the current system with the
coastline geometry and bathymetry induces upwelling without any need for wind forcing to be
present,

Theadvection of materials along the periphery of the basin and the cross-shelf transports created

* along the boundary current are important for the spreading of productivity and the subsequent

basin-scale eutrophication processes, and sets the time and space scalesof a succession of plankton
blooms and theirtransformation into highertrophic levels. Itisalso recognised that these circulation
features are important for the mi gration/spawning behaviour of the main] y pelagic fish stocks of
the Black Sea, although they are now under an increasing threat of extinction. Only a better
understanding of the system and a massive effort by collaborating European and Asian states to
control their harmful effluxes can save Pontos Enxeinos (i.e. the hospitable sea, named after the
early Greek civilisations and trading colonies who inhabited its coasts).
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8. APPENDIX A

PROCESSING AND INTERPRETATION OF CZCS AND AVHRR SATELLITE IMAGES

The Nimbus-7 CZCS is a six channel, multispectral scanning sensor with visible channels (1-
5) at 44310, 520+10, 55010, 670+10, 700-800nm and one infra-red channel of 10.5-12.5um
(RoOBINSON, 1991). The satellite acquired data at about 11:00 (local solar time) each day near the
Black Sea. -

The bio-optical properties derived from CZCS are assumed to be integrated over one
attenuation depth of visible light (ARNONE and LAVIOLETTE, 1986), typically on the order of 25m
for open ocean waters and Sm for coastal waters (probably smaller in the case of the Black Sea).

The CZCS visiblebands yield information on chlorophyll a,amostabundant constituentof live
phytoplankton, with strong absorbance in the blue (443nm) and secondarily in the red (670nm)
bands of the light spectrum. Accessory pigments have absorption maxima inthe green (520nm)and
yellow (550nm) bands. The measured reflectance in these bands also depends on the visible light
scattering properties of the particulates, especially in the case of diatoms and coccolithophores
(HOLLIGAN ef al 1983). In coastal waters, suspended particulates backscatter in a wide band
(channels 1-3 of CZCS) of the visible spectrum (SIMPSON and BROWN, 1987). In low salinity (<30)
waters, reflectance can result from dissolved organic matter (DOM) or yellow substance of
terrestrial or marine origin (HOLLIGAN, AARUP anid GROOM, 1989).

- Theatmospheric correction algorithm for CZCS images involves the subtraction ofa weighted
measure of atmospheric aerosol concentration (channel 4, 670nm), and a signal proportion to the
Rayleigh (molecular) scattering. The corrected upwelling radiance from the ocean surface is then
computed for the first three channels (GORDON, BROWN, EVANS, BROWN, SMITH, BAKER and
CLARK, 1988). .

The AVHRR data obtained from the thermal infra-red sensors of NOAA-9 and NOAA-11
satellites are calibrated and atmospherically corrected utilizing the AVHRR channels 4 (10.3-
11.3nm) and 5 (11.5-12.5nm), and the split-window multichannel technique developed by
MCCLAIN, PICHEL, WALTON, AHMAD and SUTTON (1982).
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