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Abstract — A comprehensive set of data collected during 1986-1992 reveal seasonal and
interannual variability in the circulation and hydrography of the Marmara Sea. Waters, which have
contrasting properties and originate from the adjacent basins, supply the two-layer stratified flows in
the Sea of Marmara. Turbulent entrainment into the upper layer in the exit region of the Bosphorus jet,
and wind-stirring in winter, both contribute equally to the basin vertical mixing.

The upper layer circulation of the Marmara Sea is determined from ADCP measurements and from
dynamical calculations based on hydrographic data. The mean upper layer circulation is anti-cyclonic,
mainly driven by the southward flowing Bosphorus jet in the enclosed domain. The Bosphorus inflow
is well defined, except during the periods of low discharge in autumn and winter, when the jet becomes
weaker and tends to become attached to the west coast near the exit.

Mediterranean waters, entering from the Dardanelles, supply the suhalocline layer. The negatively
buoyant plume of well-oxygenated water is the only means of renewal of the deep waters, partially
compensating for the oxygen consumed by the degradation of organic matter sinking from the upper
layer into the lower layer. Yet the subhalocline waters remain permanently deficient in oxygen, as a
result of the internal balances of diffusion, advection and consumption. The depth to which the plume
penetrates is a function of the seasonal characteristics of the inflow density (modified in the Strait) and
the weak interior stratification.
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1. INTRODUCTION

The hydrography of the Marmara Sea has been known in outline since the expedition of
NIELSEN (1912). Since this early work, further studies of the Marmara Sea have been carried out
by MOLLER (1928), PEKTAS (1953) and ARTUZ(1974), which served to define general characteristics
of the water masses and the circulation of the basin. Recent measurements carried out by the
Institute of Marine Sciences (IMS-METU) have either added considerable detail or changed some
of the interpretations of the early results (0zsoy, OGUz, LATIF and UNLUATA, 1986; Ozsoy,
OGuz, LATIF, UNLUATA, SUR and BESIKTEPE, 1988; LATIF, OG6UZ, SUR, BESIKTEPE, OZs0Y and
UNLUATA, 1990; UNLUATA, OGUZ, LATIF and Ozsoy, 1990).

The hydrography of the Marmara Sea is essentially determined by the exchange through the
Straits. A sharp density interface (Ap/p = 10-2), at a depth of ~25m separates the two distinct water
types originating from the adjoining basins, i.e. the low salinity (S= 18ppt) waters of the Black Sea
entering from the Bosphorus and the salty (S = 38ppt) waters of the Mediterranean entering from
the Dardanelles. The strong pycnocline inhibits mixing between the two layers. However
considerable mixing occurs, especially in winter, as a result of wind stirring (ANDERSON and
CARMACK, 1974). Turbulent entrainment processes account for the exchange between the layers
(ONLUATA, OGUZ, LATIF and 0zs0Y, 1990), resulting in a lengthwide variation of salinity in the
upper layer. The most important contribution to entrainment into the upper layer occurs in the
region where the Bosphorus inflow into Marmara takes the form of a jet issuing into the upper layer.
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In this paper we examine the features of the hydrography and circulation of the basin throughout
the measurements carried out by the IMS-METU on a seasonal basis between 1986 and 1992.
Section 2 presents a brief review of the regional characteristics. Section 3 presents a description
of the data set and the methods used. Section 4 discusses the exchanges of water masses with the
adjacent seas. Section 5 presents the hydrography of the upper layer. Section 6 discusses the upper
layer circulation. Section 7 concentrates on the sub-halocline part of the basin with emphasis on
the temporal and spatial variability of the water masses and circulation.

2. REGIONAL CHARACTERISTICS

2.1 Morphometry and bottom topography

The Sea of Marmara is a small basin (size: ~70km x 250km, surface area: 11500km?2, maximum
depth 1390m) located between the continents of Europe and Asia, and connecting with the
Mediterranean Sea and the Black Sea (Fig.1a) respectively through the Dardanelles (length:
~60km, width: ~1.3-7.0km)) and the Bosphorus (length: ~30km, width: ~0.7-3.5km) Straits. The
Straits and the Marmara Sea together constitute the Turkish Straits System.

The three topographic depressions in the northern part of the Marmara Sea are seaward
extensions of the well known North Anatolian Fault Zone spanning the Anatolian peninsula
(Fig.1b). Of these, the eastern basin (maximum depth = 1240m) has been characterized as a pull-
apart basin, while the central and western basins (with respective depths of 1389m and 1097m)
have been characterized as compressional depressions (SENGOR, GORUR and SAROGLU, 1985).
The sills connecting each pair of basins have depths of ~750m; the eastern sill has a length of
~40km, and the western sill has a length of ~20km. The continental shelf bordering the southern
margin of the basin is shallow (~100m) and wide (~30km), whereas the shelf along the north coast
isextremely narrow (<10km), and its only relatively wide region is in the triangular entrance region
of the Bosphorus.

The Dardanelles Strait joins the Marmara Sea through a funnel-shaped extension which
gradually widens eastwards. Within this funnel region is a narrow groove (maximum depth ~70m)
in the bottom topography which extends east from the narrowest section of the Strait, connecting
it to the flat southern shelf region of the Marmara Sea (Fig. 1c). Beyond the end of this channel, the
bottom topography slopes gently towards the western depression until the incline steepens sharply
into a small canyon.

2.2 Meteorology

The moderate wind climate of the Marmara region is strongly influenced by land topography.
The entire region of low-lying topography surrounding the Turkish Straits System is a passageway
for cold wind systems from the north, and for cyclones moving from the Aegean into the Black Sea
(BRODY and NESTOR, 1980). The topographies of the valleys of the Bosphorus and Izmit Bay
locally influence wind direction and speed. Northeasterly winds are prevalent throughout the year,
with an average frequency of 60%, and southwesterly winds are of secondary importance (20%).
The daily average wind speed is 4ms’'. Strong wind events with typical speeds of 8-25ms™! and
durations of about 16 hours occur in winter, especially near the Bosphorus junction (DE FILIPPI,
IOVENITTI and AKYARLI, 1986). Moderate northeasterly and southeasterly winds are common
during summer.
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FIG.1. (left and above) Regional maps showing (a) the location and (b) the bathymetry of the Marmara
Sea (Station positions corresponding to Fig.2 are superimposed); (c) detailed bathymetry of the
Dardanelles-Marmara junction region. Depth contours are labelled in metres.

The air temperature is coldest and precipitation highest during January. Warmest temperatures
coincide with minimum precipitation during July. The sea surface temperature follows the air
temperature with a lag of about one month reaching a minimum in February, and a maximum in
August (BESIKTEPE, 1991).
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3. THE MEASUREMENT PROGRAM

The CTD data were collected during a series of cruises (Table 1) by the R/V Bilim, the research
vessel of the IMS-METU, as part of a long-term observational program (0zsoy, O6UZ, LATIF and
UNLUATA, 1986; Ozsoy, OGuz, LATIF, UNLUATA, SUR and BESIKTEPE, 1988; LATIE, Ozsoy,
06Uz and UNLUATA, 1991). A typical station grid is shown in Fig.2. An additional network of
stations (not shown) was visited more frequently within the Straits and their junctions with the
Marmara Sea.

TABLE 1: Data summary

Cruise Date Number of Stations
March 1986 13-19 March 1986 44
April 1986 25 April - 6 May 1986 42
July 1986 7-8 July 1986 21
November 1986 19-27 November 1986 57
February 1987 30 January - 6 February 1987 49
March 1987 31 March - 1 April 1987 14
May 1987 15-21 May 1987 70
August 1987 11-16 August 1987 70
March 1988 19-27 March 1988 83
July 1988 3-11 July 1988 82
September 1988 20-25 September 1988 67
December 1988 13-15 December 1988 40
February 1989 14-18 February 1989 71
March 1989 20-24 March 1989 74
September 1989 19-26 September 1989 80
March 1990 8-12 March 1990 91
May 1990 4-8 May 1990 93
July 1990 27 July - 1 August 1990 82
October 1990 25-30 October 1990 75
Janunary 1991 11-18 January 1991 15
June 1991 19-22 June 1991 87
October 1991 1-7 October 1991 18
March 1992 8-21 March 1992 90
October 1992 15-19 October 1992 90

A Sea Bird Electronics SBE 9 CTD profiler equipped with pressure, temperature, conductivity
and oxygen sensors was used for the measurements. Regular calibrations were not undertaken, but
interseasonal comparisons based on the stable deep water characteristics elsewhere indicated that
seasonal drifts were limited to +0.03°C for temperature and 10.04ppt for salinity (BEIKTEPE,
1991), within the limits of the manufacturer’s specifications,

The density distribution was used in dynamic computations of the upper layer circulation,
although a geostrophic balance was not expected to be particularly well suited for a small inland
sea with extensive shallow regions. However, comparison with simultaneous ADCP data during
the later phases of the observational program indicated reasonable agreement with the dynamic
computations. The lower layer is essentially motionless, and so the upper layer dynamic
computations were insensitive to the choice of the level of no motion, as long as this level was
deeper than the halocline (depth >25m). Based on sensitivity studies confirming this result
(BESIKTEPE, 1991), a reference layer of 100m depth was selected.

The geostrophic computations are least applicable to the region of the Bosphorus inflow, which
is governed by non-linear and dissipative dynamics. Surprisingly, though, even during the peak
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inflow conditions, i.e. the spring and summer months, our dynamic computations seem to produce
realistic looking inflow streamlines for this region.

The current data were collected with an RD Instruments 150 KHz vessel-mounted ADCP with
up to 128 depth bins extending to a maximum depth of about 200m. The data were collected both
at hydrographic stations and while the ship was under way, with an ensemble averaging period of
at least five minutes. Absolute velocity values were calculated either with the bottom tracking
option in those regions where depths were shallower than 350m, or relative to a reference layer of
50-100m in the deeper areas.
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FIG.2. A sample of the station network used during this study. Three main stations mentioned in the
text are labelled. Also shown is the location of the transect along the main axis of the Marmara Sea.

4. EXCHANGES WITH ADJACENT SEAS AND THE WATER BUDGET
4.1 Exchange flows through the Bosphorus and Dardanelles Straits

Flows through the Turkish Straits are driven by the density differences between the Black Sea
and the Aegean, and maintain a net sea level difference between these seas. Based on data for the
1946-56 period, BOGDANOVA (1969) estimated the mean sea level difference between the Black
Seaand the Aegean Sea to be 42cm, with seasonal changes reaching aminimum of 35¢cm in October
and a maximum of 57cm in June, corresponding to the periods of minimum and maximum fluxes
respectively from the Black Sea. Reviewing recent sea-level data, BUYUKAY (1989) found a mean
sea-level difference of about 30cm between the two ends of the Bosphorus, with smaller seasonal
differences (of £10cm). Recent studies (Ozsoy, O6UZ, LATIF and UNLUATA, 1986; UNLUATA,
OGuz, LATIF and OZS0Y, 1990) have shown that there are two hydraulic controls, imposed at the
mid-strait contraction section and at the northern sill. Combined with suitable reservoir conditions,
the flow transitions at these controls make the Bosphorus the foremost example of a strait with
maximal exchange (FARMER and ARMI, 1986; ARMI and FARMER, 1987), implying that the Strait
dynamics determine the exchange between the adjacent basins. Following a hydraulic jump south
of the constriction, a third flow transition of secondary importance occurs at the southern end of
the Bosphorus. Numerical model studies (OGUz, OzsoY, LATIF, SUR and UNLUATA, 1990) have
confirmed these basic results and have established the relationship between the flux components
as functions of forcing, and the internal parameters of the Strait. The particular setting of the
Bosphorus, with the sill located near the smaller density basin, yields nonlinear flow assymmetries
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F1G.3. The salinity distribution in the Bosphorus: (a) ‘normal’ two layer exchange; (b) lower layer flow
blocked at the northern sill; and (¢) upper layer blocked, with resulting three layers (after LATIF,
Ozsoy, 06Uz and UNLUATA, 1991).
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with respect to net through-flow and control section geometry (FARMER and ARMI, 1986), resulting
in substantial variability in flow. A hydraulics model including these effects and time dependent
storage in the Black Sea is able to reproduce seasonal changes in response to the water budget
(Ozsoy, 1990; Ozsoy, LATIF, TUGRUL and UNLUATA (1992a) and SUR, OZsoY and UNLUATA
(1994), noted a correlation between the Danube river inflow and the Black Sea mean sea-level on
interannual time scales.

The Bosphorus operates in the full range of weak to strong barotropic forcing in either direction
(Figs 3a-c). Blocking of the flows in either layer occurs during extreme events, which can last for
afew days. The lower layer blocking typically occurs during the spring and summer months, when
the net freshwater influx into the Black Sea increases (Fig.3b). The upper layer blocking events
(identified locally as Orkoz), occur in the autumn and winter months, when the surface flow
reverses (Fig.3c). These events were detected during the frequent hydrographic surveys (Ozsoy,
OGuz, LATIF and UNLUATA, 1986; LATIF, 0zsoY, OGUZ and UNLUATA, 1991) and were verified
by continuous current-meter and Acoustic Doppler Current Profiler (ADCP) measurements in the
Bosphorus (LATIF, OZSOY, SALIHOGLU, GAINES, BASTURK, YILMAZand TUGRUL, 1992b; Ozsoy,
LATIF, TUGRUL and UNLUATA, 1992a; OzSoY, LATIF, BESIKTEPE, OGUZ, SALIHOGLU, GAINES,
TUGRUL, BASTURK, SAYDAM, YEMENICIOGLU and YILMAZ, 1992b). Although seasonal changes
are evident in the data, it is the short term transients response to meteorological events which are
overwhelmingly dominant as revealed by ADCP-based flux computations (Fig.4).

The flow regime of the Dardanelles Strait differs from that of the Bosphorus. A single hydraulic
control section at the mid-Strait constriction results in submaximal exchange (Ozsoy, OGuz,
LATIF and UNLUATA, 1986; OGUZ and SUR, 1989). Although the exchange can be idealized as
consisting of two-layers, the relatively wider and deeper channel of this strait allows not only
density stratification but also reversals of flow within the lower layer.
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Fig.4. Volume flux computations based on ADCP measurements in the Bosphorus during different
experiments between 1991-1992. The dates of the measurements are placed along the horizontal axis.
Positive indicate northward. The data taken from Ozsoy, LATIE, TUGRUL and UNLUATA (1992).
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4.2 The water budget and the steady-state fluxes

The two-layer flows through the Bosphorus (the exchange flows to and from the Black Sea)
have been estimated in various literature sources. A critical review and improved estimates of
fluxes have been given by UNLUATA, OGUZ, LATIF and OzsoY (1990).

The flux computations are based on the Knudsen relations expressing the steady-state mass
budgets. For each compartment of the system displayed in Fig.5, water and salt conservation are
stated as:

Q,+Q=Q,+Q+Q,
Q,+Q,=Q, +Q,
$,Q,,+5,Q,=5,Q,+5,Q,
$,,Q, +5,Q,=5,Q, +5,Q,

The fluxes entering and leaving the upperlayer (Q,, Q, ), those entering and leaving the lower layer
Q,» Q,,), and those entrained in the upper and lower layers (Q, Q,), respectively, can be
determined from the above equations, if the net fresh water inflow (Q, + Qp +Q, - Q, (where Qp,
Q, and Q, are the precipitation, runoff and evaporation fluxes) is specified at the surface, and the
salinities S“, S o7 S2i . Szo, S, S2 are specified at the two ends of each compartment and for each layer.
Note, however, that this system is indeterminate in each separate compartment, because it involves
six unknowns and four equations. We can close the system at the Black Sea, a semi-enclosed sea,
by setting Q,; = 0 and Q, = 0 at this end.

' IQI=QIJ+Q1‘+QP .
J
S
Sto Sii
— -t
Qu
- b |
e
Sai So,
—_— —_ 5
S,

FI1G.5. Compartment flows in a two-layer system.
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For reliable estimates of steady fluxes, long-term average values of salinity were computed at
the strait entrances. Since local definitions were needed for the layers, the salinity values 8% = S_
+0.2(5,-S) and $% =S, - 0.2(S,-S,) were assigned as the salinity limits characterising the upper
and lower layer waters respectively, where S_ is surface salinity (averaged for the first 5m) and S,
the bottom salinity (averaged within 5m from the maximum depth of each cast). The salinity values
S < S* and S > S% were then averaged to compute average upper and lower layer salinities, S, and
S,, respectively.

The salinity and flux computations were updated several times, based on data accumulated
between 1986-1991 (Oszoy, OGUZ, LATIF and UNLUATA, 1986; Ozsoy, OGuz, LATIF, UNLUATA,
SUR and BESIKTEPE, 1988; LATIF, OGUZ, SUR, BESIKTEPE, Ozsoy and UNLUATA, 1990;
BESIKTEPE, 1991), with an earlier version given by UNLUATA, OGUzZ, LATIF and Ozsoy (1990).
The most recent update is given in Fig.6.

In the Black Sea, the contributions of precipitation and river runoff are approximately equal in
magnitude (300 and 350km’y™! respectively), giving a total fresh water input about twice that of
the loss by evaporation (350km’y""). The average fluxes at the Black Sea end of the Bosphorus
(Fig.6)are computed to be Q,,=600km?y"! (outflowing from the Black Sea)and Q,,=300km’y!
(inflowing into the Black Sea) respectively. The budget of the Black Searequires that the ratio Q, ./
Q,, = S,/S,, =35.5/17.9 = 2, where Q,,, S, and Q,,, S, are the upper and lower layer volume
fluxes and salinitics defined at the Black Sea entrance of the Bosphorus. Approximately
650km,y" of Black Sea water enters the Marmara Sea from the Bosphorus, and 550km’y"' of
Mediterranean water enters from the Dardanelles.

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

06 o 7 67 ‘o 300 353
(29 295§ g(24 7)) i i (357) I ) % g/

e 27 1(24, 57 0. 41 - (17.86
08 L 4 % Tieg gl 4 - AR £ 6m 352
(38.86)s E. ¥TII3858) '3 (37300, % v N
918 1 398 | o (35500 852 (1786°%.)

303

| s¢7 251 353
f;::[)ANELLES

SEA OF MARMARA

BOSPHORU S

(22.5 %)
BLACK SEA

FIG.6. Volume fluxes across the compartments of the Turkish Straits System using 4yr (1986-1989)
average salinities. The fluxes are given in units of km®y! (Ikm®y! = 31.7m’"). Numbers in
parentheses are average salinity values used in the computations.
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5. UPPER LAYER HYDROGRAPHIC VARIABILITY AND MIXING CHARACTERISTICS

5.1 Water masses and their seasonal variability

The upper layer waters largely reflect the seasonal characteristics of Black Sea water modified
in transit through the Bosphorus, and by local heating/cooling and mixing in the Sea of Marmara.
The seasonal variability in the upper layer is illustrated in Fig.7, where basin averaged vertical
profiles of potential temperature (8), salinity, density (G,), and dissolved oxygen are displayed.
Seasonal variations are essentially confined to the well aerated upper layer (depth <25m), but
extreme wind mixing events, such as in May 1987, are able to erode the halocline down to a depth
of about 40m.

Spring-time solar heating warms the water in the upper 15m. There is a residual Cold
Intermediate Layer (CIL) at the halocline, analogous to the CIL in the Black Sea, which results
from advection via Bosphorus as well as local winter cooling in Marmara (OzsoY, O6UZ, LATIF
and UNLUATA, 1986). The CIL persists through most of the year with a minimum temperature of
8°C, and has its highest contrast with surface temperatures in the spring and summer.

The upper layer salinity is in the range of 23 + 2ppt, reaching a maximum in winter, as a result
of increased wind mixing in the basin and reduction in the influx from the Black Sea. Erosion of
the halocline during the winter can broaden it, in contrast to its usual sharp interface at other times,
as shown inthe exceptional case of May 1987. The oxygen profiles in the upper layer reflect largely
the effect of temperature on the solubility of oxygen in seawater, with an increase at the Cold
Intermediate Layer. The oxygen saturation ratio in the upper layer is in the range of 0.7-1.5.

5.2 Upper layer mixing in transit through the system

Infrared and visible satellite images of the Marmara Sea (Figs 8a,b) illustrate the main features
of its circulation and the evolution of the characteristics of the upper layer waters in transit. During
typical flow conditions in the spring and summer, the relatively colder Black Sea waters enter the
Marmara Sea in the form of a jet which extends as far as the Bozburun peninsula in the south, before
it turns west and northwest to reach the Thracian coast and then exits towards the Dardanelles.

Surface salinity distribution (at Sm depth) displayed in Figs 9a,b indicate the same features.
Black Sea water entering the Marmara Sea has a salinity of about 19-21ppt which becomes 22-
25ppt by the time it enters the Dardanelles. Low salinities can be followed from the entrance region
of the jet to where they reach Bozburun Peninsula on the opposite coast. Most of this core of low
salinity then turns toward the northwest, but a smaller part occasionally moves towards Izmit Bay.
The salinity increases in the sheltered Bays of Gemlik and Izmit to the east of the Bosphorus jet,
and to the west of the Kapidag peninsula away from the low salinity core exiting the system along
the northern coast.

InFig.10, the upper layer average salinity is plotted versus distance for observations exemplifying
the seasonal changes in mixing. Since the water properties within each layer change along the
system, the limiting and average salinity for the upper layer have been determined locally using
the techniques outlined in Section 4.2.

The maximum surface salinities occur in winter, February and March, when wind-stirring has
its largest influence (Fig.1G). The example of February 1987 shows an extreme event, not repeated
during the total period of the observations. The mean upper layer salinity decreases during summer
when the inflow of fresher water from the Black Sea increases.

A lag in the seasonal response of the system (proportional to an upper layer residence time of
four months) is evident in the salinity distributions, reflecting the effects of waters introduced into
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the system during the earlier seasons. For example, the effects of winter mixing in February 1987
persisted until May 1987 in the western basin (Fig. 10), despite the increase in Bosphorus discharge
during spring. Surface salinity remained high (~27ppt) in the western basin, but decreased sharply
to (~23ppt) in the eastern basin as a result of the influx of low salinity waters from the Bosphorus.
The same effects are evident in Fig.9a. Lower and more uniform salinity values were observed
during the following survey of August 1987 (Fig.10). Even lower salinities (21-22.5ppt) were
observed in the autumn season of the following year (September 1988), see Fig.9b.

In both cases illustrated in Figs 9a,b, water entering the Bosphorus from the Black Sea had a
salinity of about 17-18ppt, which had increased to about 19-20ppt at the southern exit of the
Bosphorus, where the dissipative hydraulics of the region to the south of the Strait’s constriction
resulted in entrainment of the Mediterranean water from the lower layer. When the Bosphorus jet
enters the Marmara Sea, there is a further increase of salinity (to 21-22ppt) in the junction region
as aresult of jet mixing, i.e. there is lateral entrainment of the ambient Marmara waters along the
jet and vertical entrainment of Mediterranean water from the underlying lower layer.

More generally, the mixing-evolution of the conservative properties of the upper layer in transit
through the Turkish Straits System is determined by two basic processes: (i) mixing laterally along
the jet boundaries within the dissipative flow transition regions of the Straits and jet mixing in the
exitregions, e.g. the southern Bosphorus hydraulic transition and Marmara junction jet entrainment
(similarresults apply for the Dardanelles Strait in the flow transition downstream of its constriction
at Nara, and at its exit region to the Aegean, see 0zS0Y, OGUZ, LATIF and UNLUATA, 1986; OGuz
and SUR, 1989); and (ii) the basin-wide turbulent entrainment of the lower layer waters into the
upper layer. Although the latter kind of entrainment includes a wide range of turbulence time scales
of fluctuating currents and waves acting over the basin domain, its most important component is
wind-stirring. In winter, the upper layer in the entire Marmara becomes well mixed, and its total
depth and salinity are increased by mixing with the underlying Mediterranean waters (BESIKTEPE,
0zsoY and UNLUATA, 1993). In Figs 9 and 10 we observe that both of the above processes are
equally important, with comparable effects on upper layer salinity: the salinity increase at the
entrance region of the Bosphorus at any time is of the same magnitude as the difference between
winter and summer salinities in the Marmara Sea. Based on steady-state mass and salt balances at
the inflow and outflow sections, it is estimated that about 250km®y! of lower layer waters are
entrained annually into the upper layer (Section 4.2). This estimate includes the net effect of
various forms of turbulent entrainment acting throughout the basin, including wind stirring,
integrated contributions of meso-scale time-dependent motions, and the turbulent entrainment by
the Bosphorus jet.

The wind induced entrainment component can be estimated from bulk formulae for given wind
stress values and the characteristic stratification. For example, the entrainment velocity into the
upper layer can be estimated from the following empirical formula for wind driven entrainment
velocity in two layer flows (BO PEDERSEN, 1980):

v 23

(3 =

u 6+Ri; |

*

where we define the bulk Richardson number Ri, = g"h/u,?, the friction velocity u, = ?:/E the wind
stress T, = p,C u,’, where p is the water density, g” = gAp/p the reduced gravity, h the upper layer
depth, C, the drag coefficient, u_ is the wind velocity, and p, the air density.

A rough estimate of the wind induced entrainment can be found from the above. Assuming
average wind velocities of 8ms’! for winter and 4ms™! for the remaining part of the year, taking P,
=1.22kgm3,C,=0.0012and p = 1018kgm3, Ap/p = 0.01, and using A = 11500km? for the surface
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FIG.8. (a) Infrared image of the Marmara Sea taken by NOAA-10 on August 1990. The lighter tones
represent warmer water and the darker tones represent colder water. (b) (overleaf) Visible image of
the Marmara Sea taken by SKYLAB.
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area of the basin, the entrainment flux is calculated tobe Q, = v,A =1 18km3y"!, corresponding to
less than half of the total upward volume flux at the interface. About
86km?’y' of this flux corresponds to winter, and 32km’y' occurs during the rest of the year. The
remaining pa+t of the upward flux should be accounted for by the jet entrainment at the Bosphorus
junction.

5.3 Interannual and long-term changes

Interannual changes are common in the Turkish Straits System, which is situated between two
large basins much affected by climatic fluctuations. Its oceanography is largely determined by the
prevailing conditions in the adjacent basins, whose atmospheric forcing has much in common and
so the Turkish Straits System responds sensitively to such changes.

For example, the fresh water inflow into the Black Sea is subject to large seasonal and
interannual variations; the seasonal discharges of large rivers (e.g. the Danube) vary by a factor of
3 between the minimum and maximum values (SUR, OzsOY, and UNLUATA, 1993). More
significantly, the changes in fresh water influx seem to result in interannual sea-level fluctuation
in the Black Sea (Section 4.1), which are modulated by the flows through the Turkish Straits.

Salinity measurements imply that low salinity waters generated by the discharges of major
rivers in the northwestern Black Sea reach the southwest coast. Minimum salinities are observed
in the March-August period, but are subject to significant differences in the timing and value from
one year to the next (SUR, Ozs0Y, and UNLUATA, 1994).

Long-term variations are evident in records of sea surface temperature at several stations in the
Marmara region, with strong correlations between the minimum and maximum temperatures
observed at the different stations (Fig.11, 0zsoy, O6uz, LATIF and UNLUATA, 1986). Extreme
cold temperatures of 3°C were observed at Florya during the winters of 1944 and 1954. Waters of
~2°C were observed along the Black Sea entrance at Kumkoy during 1954, at the same time that
ice floes reached the Bosphorus from the north (ACARA, 1958).
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The evidence also suggests that the mixing of the upper layer waters depend on the long-term
variations in weather. For example, the upper layer salinity in the Marmara Sea attained a
maximum of 30ppt during February 1987 as compared to the usual 25-27ppt observed during other
winter periods. The near-surface (Sm) salinity at all stations in the Marmara Sea (Fig.12) showed
this exceptionally large increase of salinity relative to the winter months of other years. BASTURK,
SAYDAM, SALIHOGLU and YILMAZ (1990) showed that there was a concomittent increase in upper
layer nutrients during the same year. The winter of 1987 was particularly severe and led to deep
mixing events throughout the entire region, including an exceptional deep water formation event
in the Rhodes Gyre region of the Eastern Mediterranean (GERTMAN, OVCHINNIKOV and POPOV,
1990) and a deepening of the main pycnocline in the Black Sea (H.1. SUR, personal communication).
During the same period between May 1986 and July 1988, there was an extraordinary high
productivity event detected from radioactive dating of fresh bottom sediments at the bottom of the
Black Sea (MOORE and O’NEILL, 1991).
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in the Marmara Sea. Each data point corresponds to a hydrographic station occupied in the basin.
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5.4 Impacts on environmental health

Because the Sea of Marmara forms a transition between two larger seas of opposing character,
it is influenced by environmental conditions in the adjoining waters. Pollution from terrestrial
sources along its heavily populated shores and from its busy navigation lanes has caused a rapid
deterioration of the marine environment. The Sea of Marmara is a migration route for fish species
moving between the adjoining seas, and, in itself, is a region of high productivity. These adverse
effects of recent decades have been seriously damaging.

Signs of eutrophication are becoming increasingly evident, especially in the shallow continental
shelf regions, adjacent to the Bosphorus, and in semi-enclosed bay regions. It is unclear whether
the process is being driven by nutrients coming from the Black Sea or from local sources. However,
the eutrophication so evident in the adjoining Black Sea (MEE, 1992), is being driven by the
increased nutrient supply from major rivers (a ten-fold increase since the 1950s in the case of the
Danube river). These nutrients are in part exported into the Marmara Sea via the Bosphorus,
amounting to 12,000 ton y'! of total phosphorus, 190,000 ton y'! of total nitrogen, and 1,520,000
ton y' of total organic carbon (POLAT and TUGRUL, 1994). In winter, the nutrients which have
remained unutilised in the colder waters of the Black Sea are delayed by several months in their
transit through Marmara, which lead to substantial increases in spring-time productivity.

An almost equal amount of nutrients are entrained from below into the upper layer. The exit
region of the Bosphorus is especially productive because the nutrients originating from the Black
Sea combined with those entrained into the jet from below, give rise to a high recycling of nutrients
(ONLUATA and OzsovY, 1986; BASTURK, SAYDAM, SALIHOGLU and YILMAZ, 1986, 1988, 1990).

6. UPPER LAYER CIRCULATION

6.1 Seasonal circulation

Two typical cases of summer circulation in the Marmara Sea, corresponding to the salinity
distributions of Figs 9a,b are shown in Figs 13a,b. In May 1987 (Fig.13a) the coherent jet flow
issuing from the Bosphorus initially flows to the south; upon reaching the coast of the Bozburun
Peninsula, it is deflected west and then northwest, circulating around a closed anticyclonic
circulation attached to the Thracian coast. Once the flow reaches the Thracian coast, it follows the
coastline, bending once again southwestward off Tekirdag, thence proceeding towards the
Dardanelles Strait. This pattern of a meandering jet flow with wavelength matched to the length
of the basin is the typical quasi-permanent pattern of the Marmara Sea circulation in the summer,
as can be verified in Figs 5a,b. The size and shape of the S-shaped jet flow and the anticyclonic and
cyclonic regions bordering it may be modified under particular circumstances. The dynamical
balances leading to this pattern of circulation are unclear. However, in Figs 9a and 10, we note that
the pool of low salinity waater in the eastern basin west of the jet, introduced there by the spring
flooding of the Black Sea waters, could be partially responsible for driving the anticyclonic
circulation and the bending of the jet, through horizontal pressure (density) gradients. Clearly, the
basin geometry and the dynamics of the initial jet flow also determine the specific summer
circulation pattern of the Marmara Sea under relatively weak wind forcing.

We note that the circulation pattern of Fig.13a matches very well with the upper layer salinity
distribution shown in Fig.9a. This result was expected because it is the contribution of salinity
rather than temperature which dominates the density distribution; the qualitative correspondence
of salinity with streamfunction would be required, provided that the assumptions of geostrophy,
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in addition to the horizontally uniform halocline depth, the vertically uniform upper layer salinity
and a motionless lower layer, would hold. Evidently, these assumptions were reasonably accurate
in the case of May 1987. This classical pattern of circulation was observed in a number of other
cases during summer months.

The upper layer jet flow exiting from the Bosphorus is less clearly defined in the example of
September 1988 (Fig.13b), when the anticyclonic circulation occupying a greater part of the
Marmara Basin was stronger than in May 1987. We conclude that the clockwise circulation
continued to develop in summer, in response to the increased and uninterrupted flow of Black Sea
waters through the system. Although the Bosphorus inflow tends to decrease significantly during
autumn, the circulation which has developed persists until it is destroyed by predominantly wind-
driven motions in the late autumn and winter. In both the examples shown in Figs 8a and b, the
region was under the influence of mild winds (as shown by the insets showing the variations in wind
velocity at Florya).

The prevailing inflow conditions of the Bosphorus jet are illustrated by the distribution of current
velocities measured by ADCP in the near surface (10m) of the Bosphorus-Marmara junction region,
during the periods of maximum and minimum Black Sea annual discharge during June and October
respectively (Figs 14a,b). In June 1991, the jet is coherent and directed towards the south (Fig. 14a).
Recirculations appear on both sides of the jet in the near field. In October 1990 (Fig.14b) the ADCP
velocity measurements at 17m coincide with the circulation inferred from salinity distribution,
showing a cyclonic eddy in the eastern Marmara region. Because the Bosphorus discharge has
evidently decreased during this season there is no sign of a jet. The cyclonic circulation appears to
have been generated by buoyancy introduced from the Bosphorus inflow.

Another case of autumn circulation which differs significantly from the typical summer
circulation is shown in Fig.15. In fact, the sense of the circulation is reversed in many areas of the
Marmara Sea. There is acyclonic circulation in the eastern basin, an anticyclonic circulation in the
central basin, and northeasterly flows along the northern region. Even the flow through the
Dardanelles has reversed, with the upper layer waters flowing into the Marmara Sea from the
Aegean. This situation is likely to be a result of an almost purely wind-driven circulation under the
conditions of decreased throughflow. Nor is there any indication of the Bosphorus jet, as during
October 1990 (see above). Although we do not have continuous wind data for this case, the winds
recorded on board ship were from the southwest with speeds of 10-15ms’'. The reversal of the
normal upper layer currents in alignment with the winds suggests a very rapid response to wind
forcing. Because the upper layer thickness of the Sea of Marmara is only 25m and the basin is
relatively small, one would expect adjustment to wind within a short inertial period (days).

Finally, a circulation pattern for the early spring is shown in Fig.16, with the ADCP velocity
measurements superimposed together with the dynamic height anomaly. In March 1992, although
the Bosphorus jet with high velocities was clearly identified, and similar rapid flows were observed
near the Dardanelles on the western side, the circulation exhibits much the same small scale eddies
and the breakdown of the jet flow that were observed earlier during the summer. The wind velocity
(inset) indicates variable forcing during March 1992, with strong northeasterlies during the cruise
period. The typical wind speeds of Sms’' indicated by the measurements at the land station were
actually about half those measured on board. The northerly winds would be expected to have a
reinforcing effect on the net flow of Black Sea waters through the system. Indeed, the Bosphorus
upper layer flux during the same period was on the order of 20000m?s! (LATIF, Ozsoy,
BESIKTEPE, OGUZ and SUR, 1992a), and this increased net flow is evident from the large currents
observed near the junctions with the Straits. However, despite the increased net throughflow, a
coherent jet-like flow similar to that observed in the summer does not seem to be maintained, and
the circulation tends to disintegrate as a result of the wind forcing.
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The small scale circulations generated in the autumn-spring period are consistent with the
Rossby internal radius of deformation (PEDLOSKY, 1987), Ly = g’H/f, where g’ is the reduced
gravity, H is the depth of the upper layer, and f is the Coriolis parameter. Using typical values of
f=10%,g =0.1m% !, and D =25m, L, is found to be about 17km, comparable with the scales of
the eddies formed.

6.2 The Bosphorus Jet

The surface outflow issuing from the Bosphorus into the Marmara is illustrated in Fig.16 for
March 1992. We provide some details of its distribution in terms of density (6,) and velocity
sections across the axis of the Bosphorus in Figs 18 and 19 for stations shown in Fig.17. The
velocities in Figs 18 and 19 were mapped while the ship was moving between stations. The upper
layer properties are variable as a result of the presence of the buoyant jet, which at the time extended
from Station S5 to M17. The jet is identified by the outcropping of density isolines at Stations S5
and M 17 inFigs 18a and 19a. The Bosphorus outflow velocities were southerly near the exit region
(at S5) but were south-easterly at offshore section (Fig.19). The horizontal gradient of density
across the jet with increasing currents near the surface is consistent with geostrophy (the thermal
wind relation). The trapping of light fluid in the anticyclonic region west of the jet, and its
consistency with the jet bending have been touched upon earlier with regard to the summer
circulation. Atstations S5and M 17 the core of the Bosphorus outflow jet with the highest velocities
was not exactly alligned, indicating there was some meandering, and possibly transience,
associated with the turbulent jet structure.

7. HYDROGRAPHIC VARIABILITY OF THE SUBHALOCLINE WATER MASSES

7.1 Water masses

The 08-S diagrams of two stations from the western and eastern parts of the Marmara Sea from
one cruise are shown in Fig.20 to illustrate lower layer (sub-halocline) water mass structure. Station
K50J34, located at the deepest part of the western basin, is directly influenced by the Dardanelles
inflow. The other station, K46L.00, is in the eastern basin and away from direct influence of the
Dardanelles inflow. The upper part of the halocline, which includes Black Sea waters, is not shown,
and expanded scales are used in order to emphasize sub-halocline water characteristics and
variability. The 0-S diagrams show a negative trend for temperature and salinity below a depth of
100m (excluding the salinity maximum occurring at intermediate depths). Four different water
masses can be identified at K50J34: a layer with maximum values of temperature and salinity is
located below the halocline and is limited to the upper 150m; an intermediate salinity minimum
occurs at depths of about 300m; below which is a cold layer with a maximum salinity between
depths of 650-800m, and finally there is bottom water with a minimum temperature and low
salinity. Although the first three of these water masses occur in the eastern part, the bottom water
layer with minimum temperature and salinity is absent in the eastern basin. As a result of the sili
separating the basins, the bottom density of the eastern basin is lower than that in the western basin.

7.2 Renewals of the subhalocline waters
The subhalocline waters of the Marmara Sea are supplied by the inflow of Mediterranean water

through the lower layer of the Dardannelles Strait. The seasonal rnewal of the bottom waters was
recognized after measurements of relatively high oxygen concentrations near the bottom especially
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F1G.16. ADCP measured currents at 10m superimposed on the DHA during March 1992. Hourly wind
velocities, where north is up, measured at Florya is in the upper side of the figure.
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FIG.17. Oceanographic stations visited in the vicinity of the Bosphorus strait.
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FIG.20. The 6-S diagrams from two selected stations in the eastern and western parts of the Marmara
Sea in March 1990.

in the western basin. The spreading into the interior of the influence of the waters intruding from
the Aegean Sea and the resulting renewal mechanisms are complex processes which have been
identified recently by 0zsoy, 06Uz, LATIF and UNLUATA, (1986), UNLUATA and OzsoY (1986)
and BESIKTEPE (1991). A simplified ‘filling box’ model of the renewal mechanism ignoring
horizontal variations within the interior has been constructed by BESIKTEPE, OzSOY and UNLUATA
(1993).

The Sea of Marmara is comprised of three deep basins separated by sills, so the spreading of
the deep waters is determined essentially by bottom topography. The most striking direct evidence
for renewal is provided by the temperature distributions. There is a clear difference in the
temperature profile of the eastern basin and the other two, which was first recognised by NIELSEN
(1912) based on just three casts in the Sea of Marmara. The same difference was reported
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independently by Ozsoy, OGUz, LATIF and UNLUATA, (1986), without knowledge of Nielsen’s
earlier results. In the western and central deep basins (Fig.21), the temperature profiles despite
some fine structure evidently resulting from the mixing of the Dardanelles intrusion, are
approximately isothermal below 300m, indicating efficient vertical mixing, and consequently the
potential temperature decreases monotonously with depth. In contrast, the deep waters of the
eastern basin are approximately isentropic, with a uniform distribution of potential temperature,
and a monotonous increase of temperature with depth resulting from adiabatic compression. The
nearly isentropic conditions below a depth of 200m in the eastern basin indicate that both vertical
mixing and exchanges with the western basin are negligible. This difference in the temperature
between adjacent basins results from the geometry of the sills separating them. The sill connecting
the western and central basins is relatively shorter and deeper than the long narrow sill separating
the central and western basins. Consequently, the effects of the deep water renewals occurring in
the western and central basins do not penetrate into the eastern basin.

7.2.1. Seasonal variability. The properties of the sub-halocline waters displayed earlier in
Fig.20 are relatively constant, with potential temperature of 14.5°C, salinity of 38.5, o, of 28.6,
and oxygen concentration of 2ml 1!, In the subhalocline waters, the oxygen saturation ratio is 0.2,
as a result of the balance between consumption and influx. However, relatively small changes
occur in the properties in response to the intrusions from the Dardanelles.

In order to specify the temporal and spatial variability of the subhalocline waters, we have
analyzed the temperature and salinity transects along the main axis of the Marmara Sea for four
different months, each representing different seasons (Figs 22-25). The inflowing dense water sinks
toits equilibrium depth after entering from the strait (BESIKTEPE, Ozs0Y and UNLUATA, 1993). The
sinking of the plume shows well defined seasonal variations as a result of the seasonal variations
in the incoming water. During the winter months the Dardanelles plume is a cold dense water which
sinks to the bottom. This dense water mass flows into the westernmost basin, where it accumulates
and displaces the ‘old” water upwards. The ‘old’ interior water upwells to balance the sinking
plume, with an upward velocity which has to balance the input of the plume, to maintain continuity.
This upward velocity results in an upward tilting of the isopycnals which was observed every late-
spring, and a flow of bottom water from west to east (BESIKTEPE, OzSOY and UNLUATA, 1993).

In summer, during July 1988 (Fig.22), the incoming Dardanelles flow was seen as a thin layer
of warm and saline water near the bottom (~100m) over the shelf which, however, did not produce
asignificant density anomaly. Therefore, at that time the maximum depth to which the Dardanelles
inflow influenced the interior of the basin was 100-200m and it was flowing eastwards through the
upper part of the lower layer, where it was feeding the salinity maximum located around 100m. The
relatively smooth distribution of temperature and salinity at depths >400m still showed residual
signs of an earlier deep water intrusion, in the region of higher salinity below 400m (Fig.22b). The
core of this intrusion was still relatively colder (T=14.2°C) than its surroundings, as was
characteristic of intrusions earlier than July 1988. This water mass filled the first basin completely
and lifted the western water column. However, the sill between the western and central depression
restricted the flow.

In autumn, during September 1988 (Fig.23), the inflowing water over the shelf region was
warmer and more saline than the interior water and of similar density. So the inflowing intrusion
was neutrally buoyant and flowed across the Marmara Sea immediately below the halocline. In the
deeper parts of the Western Basin, a water mass was tilted up towards the east enough for it to flow
over the sill between the western and central basins. As this water mass diffused eastward it formed
persistent deep fronts. At this time, the central basin had not yet been filled with the new intrusion,
and the bottom water was still less salty than that found between 400-800m.
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The shallowness of the intrusion of the Dardanelles inflow during the summer - autumn of 1988
(Figs 22-23) is typical for these seasons and indicates that the inflowing water does not always sink
to the bottom of the basin. When the inflowing water has insufficient negative buoyancy, it
traverses the Marmara Sea through the upper part of the subhalocline region, which may explain
the presence of temperature and salinity maxima (of 15°C and 38.6ppt) below the interface. So the
layer including these maxima could be formed by an average influence (in the climatological
sense) of the shallow summer/autumn intrusions of Dardanelles water.

In December 1988 (Fig.24), the waters intruding into the shelf region were continuing to exhibit
warm and saline anomalies which were only slightly denser than the waters in the interior at the
same depth. The maximum depth of penetration was, therefore, about 300m, marked by the lower
boundary to a series of salinity and temperature anomalies. Because there is entrainment from both
above and below, the incoming water enters as a stratified plume, and since, in such stratified
plumes the less dense upper part will reach its equilibrium depth before the lower more dense parts
(AAGARD, SWIFT and CARMACK, 1985), the plume interleaved at different depths. In December
1988, beyond the shelf break of the Dardanelles, thermohaline fronts marked two intruding
anomalies at depths of 75-125m and 225-250m. The horizontal extent of these interleaving layers
was about 20km. The flow of the bottom waters over the sill from west to east continued to fill the
central depression with high salinity water. The deep thermohaline fronts previously seen in
September 1988 had disappeared and the salinity minimum was less clearly defined. The flow was
insufficient to surmount the sill between the central and eastern basins.

By early winter (Fig.24) the depth of penetration had increased as a result of the increased
density of the inflowing water, and a further increase in density by the end of winter allowed the
plume to sink to the bottom of the western basin (Fig.25). Cold, dense waters entered with the lower
layer flow through the Dardanelles and consequently anomalous waters were seen on the western
slope of the western basin. It is often difficult to follow such anomalous water along the entire
length of the plume-like flow, because of the difficulty of sampling close to the steep slopes. Also
adetailed inspection of the available data shows that the trajectory of the descending waters follows
a three-dimensional path along the southern slopes of the western basin before finally arriving at
the bottom. However, the sinking of the plume did not produce significant temperature and salinity
anomalies in the deeper parts of the basin, perhaps because the inflow from the Dardanelles was
reduced. Bottom water penetrating the eastern part of the Marmara Sea from the west had salinities
>38.55ppt.

7.2.2. Interannual variability. The examples given above show that both the depth of
penetration and the degree of modification of the interior water by the sinking plume depend
strongly not only on the ambient stratification in the interior of the Sea of Marmara, but also on the
seasonally changing temperature and salinity (density) characteristics of the adjacent waters of the
Aegean Sea, which, in turn, are a function of the meteorological conditions and the circulation
characterizing the neighbouring sea.

Although the general characteristics of the sinking plume and the subsequent renewal of the
interior have well defined seasonality, interannual variabilities also occur. These interannual
variabilities, the modification observed in the sub-halocline water mass, are illustrated by the
variations of the temperature (upper panel) and salinity (lower panel) profiles at Station K50J34,
a deep station close to the Dardanelles inflow in Fig.26. At the beginning of summer, the
temperature and salinity of the water mass between 300-600m are higher than those of the
surrounding water. This layer is modified by internal mixing duing the autumn, to become similar
in character to the surrounding waters.
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The temperature and salinity maxima in the upper part of the profiles persist throughout the
year, but are intensified during autumn. The dense waters penetrating into the deeper part of the
basin were either warmer and more saline (e.g. March 1986) or cooler and less saline (e.g. May
1987) compared to the interior, depending on the seasonal properties in the Aegean. As a result of
intrusions of varying densities, interleaving is observed at various depths in the profiles throughout
the year. An increase in the salinities between 500-800m is seen in July 1988. Subsequently, the
anomaly disappears as a result of internal mixing and a series of fine structures were observed in
summer 1989. The anomalies reappeared in July 1990, as a result of new intrusions.

The coldest Dardanelles inflow was observed in the winter of 1987, and although we did not
collect data in the Marmara Sea during that winter, during the subsequent cruises in May 1987 we
observed the most thorough deep water renewal of our observations.

7.2.3. Ventilation. Below the halocline the water is permanently deficient of oxygen despite the
supply of oxygen-rich water through the Dardanelles Strait (Fig.27). The saturation ratio of the sub-
halocline waters is of the order of 0.1-0.3. This is primarily a result of natural processes, and, like
the anoxic conditions in the neighbouring Black Sea (STANLEY and BLANPIED, 1980), appears to
have existed for historical periods (UNLUATA and Ozs0Y, 1986). The continuous supply of oxygen
prevents the development of anoxic conditions, but can not totally compensate for the oxygen
demand created by the vertical flux of particulate organic matter (POM) originating from the upper
layer.
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FiG.27. Oxygen transect from the Aegean Sea to the Black Sea along the main axis of the Marmara
Sea, September 1988.
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The sub-halocline distribution of dissolved oxygen in September 1988 (Fig.27) is consistent
with the salinity distribution (Fig.23b). High oxygen values around 1 50m coincide with the salinity
maximum, the lowest oxygen values in the east coincide with the salinity minimum. The oxygen
minimum zone at 150-500m appears to be isolated from the rest of the basin an unaffected by the
intrusions of the Dardanelies lower layer. On the western side, the basin had been ventilated by
intrusions to a depth of 300m forming a wedge extending eastwards. The stable layer with the
minimum oxygen lay between wedges of relatively more oxygenated water. EBBESMEYER,
BARNES and LANGLEY (1975) observed a similar structure in the Puget Sound, where there was
a relatively static body of water opposite the mouth of the sound which remained depleted in
oxygen for long periods of time, whereas in the rest of the sound the circulation was rapid. The deep
oxygen maximum coincided with the temperature and salinity anomalies which resulted from deep
renewals, and contained decreasing oxygen concentrations in the three deep depressions from west
to east.

It is instructive to compare the behaviour of the water masses with the results of different
measurements. The results of oxygen isotope measurements at a station in the east of the Marmara
Sea which were carried out by SWART (1991) during the Knorr cruise to the Black Sea are
illustrated in Fig.28. The Mediterranean water is characterized by 6,,0 = 1.8ppt. The upper part
of the sub-halocline waters corresponding to the temperature maximum, and those below a depth
of 350m have 8 4O values higher than the water between 150-300m. This implies that the renewal
time of the waters at 150-300m depth of the Marmara Sea is higher than for the other parts of the
water column.

CFC-11 measurements taken in the easternmost deep basin of the Marmara Sea, in June 1988
(BULLISTER, private communication) and in December 1993 (TANHUA and FOGELQVIST, private
communication) are shown in Fig.29. Both profiles show saturation concentrations at the surface,
with rapid decreases at the pycnocline and small variations further down. The two profiles are
similar and the small differences between them could have resulted from there being about 5 years
between measurements.

In the eastern deep basin of the Marmara Sea, CFC-11 measurements also show saturation at
the surface, a decrease to 2pmol kg'' below the pycnocline, and further decreases to a minimum
value of 1pmol kg! at 200m. Below 200m, the CFC-11 values remain approximately constant
down to 700m, but further down the concentrations increase to a maxima at 800m and 1000m, with
a value of 1.8pmol kg™'. The age of the water masses between the pycnocline and 700m is about
20 years and renewals with smaller age of waters occur only deeper than 800m. An immediate
decrease from saturated surface values (4.4pmol kg'') to 2pmol kg™! below the pycnocline shows
a lack of mixing between the upper and lower layers of the Marmara Sea, and the big difference
between their mean residence times.

At the western part of the basin, the CFC-11 profile exhibits a different shape (TANHUA and
FOGELQVIST, unpublished data). The CFC-11 concentrations fall to a minimum value of 1.4pmol
kg'! at 300m but then increase to a value of 3pmol kg'! at 600m, below which the concentration
remains refatively constant. The water below 600m in the western part of the basin has recently
been ventilated, whereas the water at about 400m has remained stagnant for some time.

When comparing the western and eastern parts of the basin, it is evident that in the west water
below 600m has been renewed relatively recently, but in the eastern part, only below 800m has
there been renewal by deep water flows from the west. While the apparent age of the renewed water
is about 2 years in the western part, the apparent age of the youngest water mass in the eastern part
is 10 years.
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7.3 Interior mixing

Intrusion of the Mediterranean water into the Marmara Sea occurs as a negatively buoyant
plume which introduces temperature and salinity differences while maintaining the stability of the
water column. Fine structure temperature and salinity anomalies are limited to the western part of
the basin. There are indications that double diffusive instabilities could play important roles in
vertical mixing, subsequent to the intrusions.

The mixing between water masses having different temperatures and salinities s characterized
by the Turner angle related to the density ratio Rp (RUDDICK, 1983),

2 2
Tu = N Ne

2 2
N.*+ N
where N ?=god T,N=gB S, where ot is thermal expansion coefficient,  is salinity contraction,
T is the tempeature, S is the salinity, g is the gravitational acceleration and z is the vertical
coordinate.

Turner angle (Tu) variations in the water column define the following classification of the
stability of the layers.

-90° < Tu < -45° diffusively unstable,
Tu < 45° stable,

45°<Tu<90° finger sense unstable,
Tu > 90° gravitationally unstable.

Turner angle profiles computed for two stations from the eastern and western part of the basin
in March 1990 are given in Fig.30. Except in the upper 200m there are differences in stability and
mixing characteristics between the eastern and western parts. A ‘finger-sense’ unstable region was
observed at a depth of 150-200m which coincides with the interface between cold-less salty water
beneath warm-salty water (cf Fig.20). The western basin appears to have various layers with
double diffusive instabilities.

7.4 Circulation characteristics of the subhalocline waters

The pattern of the deep circulation of the sub-halocline water mass can be inferred from charts
of the parameters on constant sigma-t surfaces, since, in the absence of mixing, a geostrophically
balanced flow should be parallel to these surfaces.

Circulatory features of the sub-halocline waters are presented using the 6, = 28.82 surface in
September 1988 (Fig.31). The isolines show the eastward moving meandering current. Comparing
this figure with the bottom topography of the Marmara Sea (cf Fig.1b), it is seen that perturbations
in the flow, in the form of a trapped anticyclonic vortex, are strongly related to the sill between the
western and central basins. A transect of sigma-t along the main axis of the Marmara Sea (Fig.32)
shows that this feature extends to great depths, so the circulation of the deep waters of the Marmara
Sea is constrained to follow isobaths and is therefore accentuated over the steeper parts of the
topography.
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As theoretically predicted by HUPPERT (1975} and later applied by LAGERLOEF (1983), the flow
isinfluenced by topography when Rossby numbers are small and stratification is weak. For the deep
waters of the Sea of Marmara, one expects the flow velocities to be low enough to keep the Rossby
number small. Stratification in the water column is given by the stratification parameter (S) as:

ND
S = —,
fL

where N is the Brunt-Vaisala frequency, D is the total fluid depth over the depression or bank, L
is the length of the depression or bank and f is the Coriolis parameter.
The Brunt-Vaisala frequencies can be calculated using

N =

© |
R

where g is gravitational acceleration (9.87ms'), p is density, and z is depth.

Typical values for the bank between the western and central depressions are D = 750m, L =20
x 10°m, and f = 10"*. Using the measured values given in Table 2, the stratification parameter is
found to be between 0.3 and 1.0 for the sub-halocline part of the basin. These values confirm that
S<O(1) and therefore that the water column stratification was sufficiently weak for the topographic
influence on the flow to be important.
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TABLE 2. 0, values and corresponding parameters required for Brunt-Vasila frequency calculation at
Station K50K00 in September 1988

Oy Depth Az N?
(kgm'?) (m) (m) (s?)
28.75 53
31 0.0039
28.80 84
12 0.0028
28.81 96
16 0.0024
28.82 112
18 0.0023
28.83 130
29 0.0018
28.84 159
33 0.0017
28.85 192
73 0.0011
28.86 265
165 0.0007
28.87 430
135 0.0008
28.88 565
242 0.0006
28.89 807

7.5 Outflow of the sub-halocline waters

The Bosphorus strait which has a minimum depth of 40m at its southern end, is the only exit
for the outflow of sub-halocline waters so there is no vbarrier to the outflow of water from the Sea
of Marmara down to 40m depth.

The behaviour of the water in the Bosphorus-Marmara Junction is illustrated by the cross
sections along the axis of this submarine canyon in two different months (Fig.33a,b). In September
1989 (Fig.33a) the upward tilting of the isolines in the upper 125m near the Bosphorus indicates
that the water from the interior was being sucked into the Bosphorus. However, when the
Bosphorus upper layer was thinner, as in February 1989, the isopycnals were oriented towards the
eastern wall of the basin instead of uplifting (Fig.33b).

These observations exemplify a well-known problem in fluid mechanics, the selective withdrawal
mechanism. STOMMEL, BRYDEN and MANGELSDORF (1973) and recently KINDER and BRYDEN
(1990) propsosed that such a mechanism occurs at the Straits of Gibraltar where lower layer flow
towards the Atlantic is capable of sucking up deep Mediterranean water. In general, the
requirements for such a mechanism are mild stratification in the interior and strong flow at the strait
(KINDER and BRYDEN, 1990).

The Sea of Marmara also appears to meet these requirements in September whereas in the other
seasons when the lower layer flow is expected to be weaker, either the water was being sucked from
shallower levels than in September, or selective withdrawal was not occurring.

This removal of the water from the interior through the selective withdrawal mechanism is an
environmentally important phenomenon, since the near-surface waters removed are recently
intruded and possess higher oxygen concentration than waters in other parts of the interior.
However, once the withdrawal effect reaches depths >125m, it begins to draw on the waters of
minimum salinity and minimum oxygen content, which are the most stagnant in the Marmara Sea
with the longest renewal time. So when the selective withdrawal mechanism is operating, it can
be some of the oldest water which is being removed.
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8. SUMMARY AND CONCLUSIONS

The observations we have presented describe the seasonality of the circulation and hydrography
of the Marmara Sea.

During winter and spring the surface salinity is characterized by relatively high values over the
whole Sea, as a consequence of wind-induced mixing and reductions in Black Sea discharge.
During summer-autumn periods, surface salinities become relatively low as a result of lack of
mixing between the upper and lower layers. Mixing of the sub-halocline waters into the upper layer
occurs through two mechanisms: (a) the entrainment into the Bosphorus outflow and (b) wind
mixing, which introduce equal amounts of water into the upper layer, but wind mixing is more
effective in the southern part of the basin where the total depth is less than 200m.

The mean upper layer circulation in the Marmara Sea is a basin scale anti-cyclonic gyre which
is driven mainly by the sea level differences between the Black Sea and the Aegean. This anti-
cyclonic gyre is modified by the Bosphorus jet during the high outflow conditions (spring and early
summer) and by the wind stress during the winter. These features of the upper layer circulation are
illustrated schematically in Fig.34a.

Denser Mediterranean waters enter the Marmara Sea through the Dardanelles Strait in the form
of a turbulent buoyant plume and form the subhalocline waters of the basin. The effects of basin
topography and the seasonal variability of the inflow from the Dardanelles lead to the subhalocline
waters of the Marmara Sea having a heterogeneous structure. The effects of the inflow are observed
first and most clearly in the western basin. The sinking and spreading of the Dardanelles plume is
strongly seasonal. During the winter it sinks to the bottom of the western basin where it creates
temperature and salinity anomalies in the deep waters. The eastward movement of the intrusions



Circulation and hydrography of the Marmara Sea 33)

41N
2
2
—_
40N !
27E 29E
Longitude
4N | ”\J\AY\
=
E
.{é
1
— 50-!00 meters
— 100-500 meters
40N L A ] | 1 1
27E 29E

Longitude
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is restricted by the deep sills between the basins. In autumn the intrusions are seasonal and
characterized by high temperature and high salinity anomalies immediately below the halocline.
In some seasons the plume sinks to intermediate depths of 150-500m. In the eastern basin the water
remains relatively stagnant over long periods of time, compared to the frequent renewal of the
western basin. As a result, the minimum salinity and oxygen zone are more pronounced in the
eastern basin. The circulation in the sub-halocline of the Marmara Sea is very slow, the net motion
being a slow drift from west to east following the bathymetry. This circulation is shown
schematically in Fig.34b.

Internal mixing processes occurring in the sub-halocline part involve the interaction between
recently introduced waters with the interior water mass, and ‘finger-sense’ instability of the water
column. While water mass mixing was seen to be quite active in the western part, in the eastern
part the water remained quite stagnant. Existence of the warm-saline water above cold-less saline
water was favouring the condition for ‘finger-sense’ unstability, resulting in the slow downward
diffusion of the warm-saline waters observed.
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