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Filling of the Marmara Sca by the Dardanelles lower layer inflow
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Abstract —The sub-halocline waters of the Marmara Sea are renewed with the incoming Darda-
nelles tower layer flow. As shown by observations, this inflow takes the form of a turbulent plume
which first sinks down and then spreads out into the interior. A “filling box™ modeclis developed to
test the sensitivity of the Dardanclles-Marmara Sca system to the sct of relevant environmental
parameters. The seasonal variability of the Dardanelles inflow is shown to play a crucial rolc in the
sub-halocline water mass characteristics of the Marmara Sca.

INTRODUCTION

Tur Marmara Sca is a small inland basin with a surface area of 1150 k> and a volume of
3378 km® (Fig. 1). The cast-west dimension of the basin is about 200 km and the width in
the north-south dircction is about 70 km. Three depressions occupy the northern half of
the basin, with maximum depths of 1097, 1389 and 1238 m, respectively, from west to east.
The sills between the western. central and eastern basins are about 10 and 30 km wide.
respectively. The southern half of the basin is occupied by the relatively shallow shelf
region with an average depth of 100 m. |

‘The Marmara Sea is connected to the Black Sea through the Bosphorus Strait, and to the
Acgean Sca through the Dardanelles Strait. The Bosphorus is 31 kmlong, 0.7-3.5 km in
width, and has a mcan depth of 35 m. The Dardanelles is nearly 62 kim long, its width varies
between 1.3 and 7 km., and its average depth is 55 m. ‘

The two layer stratification and current system in the straits and in the Sea of Marmara is
driven by the density differences between the adjoining seas. The Black Sea water flows
into the Maimara Sca via Bosphorus and the denser Mediterranean water flows into the
Marmara Sca via Dardanelles. The two different water masses are separated by a strong
pycnocline ata depth of ~25 m. Low salinity (=18 ppt) Black Sca waters occupy the upper
25 mof the basin and the rest of the basin is occupicd by salty (=38.5 ppt) Aegean waters.
The density difference between layers is given by approximately (Ap/p) = 0.01. The upper
and lower layers occupy 230 and 3148 km", respectively, and their mean residence times
are estimated as 4-5 months and 6-7 years, respectively (Untiata ef al.. 1990).

The Mediterranean water flowing in with the Dardanelles lower layer current is the only
source of water that can replenish the subhalocline waters of the Marmara Sea. The
inflowing densc water takes the form of a negatively buoyant plume after entering from the
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Strait. The only exit where the subhalocline waters can flow out of the Marmara Sca is
through the Bosphorus Strait.

The subhalocline waters have fairly uniform properties. However, semonahly in the
characteristics of the Dardanelles inflow results in a three-dimensional pattern of intrusion
in the Marmara Sea, leading to small but significant salinity and temperature variations in
the water column (Fig. 2). A conspicuous feature in the temperature profiles is the
temperature maximum of ~15°C at around depths of 50 m, which is related to the light
fluid intruding from the Dardanclles during autumn. Beneath the temperature maximum
layer is the salinity maximum layer, which is formed by the Mediterranean waters entering
in summer. Below the salinity maximum layer, salinity and oxygen reach minimum values
at about 350 m, suggesting that this part is not directly or frequently influenced by
Dardanclics intrusion. A layer of decep salinity and oxygen maxima is encountered
between 500 and 800 m, formed by the sinking plume during the early winter and spring.
Above the bottom in a 200 m thick layer, temperature decreases slowly while salinity and
oxygen remain constant. This temperature minimum is produced by the Dardanelles
plume reaching its maximum density during the winter.

As expected, the variations in the water mass characteristics are more pronounced in the
western basin. Below a depth of 800 m, the western and central basins are 0.08°C colder
than the eastern basin, while the upper 600 m of the water column in the eastern part is
0.02°C colder than the same depth range of the western part. The bottom water in the
western part is colder and denser than the waters in the eastern part.

In this paper, we study the temporal evolution of the interior water mass properties asa
function of the sinking of the turbulent plume originating from the Dardanelles. The
database used in this study is the one used by BegikTErE ef al. (submitted), obtained during
a 5-year program of the IMS-METU in the Sea of Marmara, with cruises repeated on a
scasonal basis. '

CHARACTERISTICS OF DARDANELLES INFLOW

Walter propertics at Sta. D-1 (Fig. 3) located at the Marmara cnd of Dardanelles can be
used to characterize the inflowing water at its origin (sce Fig. 1 for station positions). The
Dardanclles lower layer has a thickness of 40-45 m. The salinity range Observed in the
lower layer of Sta. D-1 during the measurement period is 38.5-39 ppt and the temperature
range is 13-17°C (Fig. 3a,b). The lower layer density (o,) is always greater than 28.5 and
reaches its maximum value of about 29.0 during the winter. The depth of the halocline is
influcnced by scasonal variations. deepening in winter due to wind mixing (Fig. 3b). Both
the upper and lower layers are well aerated, with high oxygen concentrations of 4-7 mi !

observed throughout the year (Fig. 3d).

The temperature and salinity of the dense bottom current upon exiting {rom the
Dardanelles Strait have well defined temporal variations. The data are averaged for all
depths below the halocline to yield lower layer properties. Four years of lower layer
averaged data and the sinusoidal function fitted to these variations are given by,

T() = 14.85 + 1.85sin(27(t—3)/T), (1a)
S(1) = 38.8 + 0.11sin(2(t + 2)/T), (1b)
O(1) = 5. + 1.0sin(22(1—3)/T). (1¢)
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Fig. 2. Dcep water cnlarged scale. (a) Potential tempcerature, (b) salinity. (c) ar. (d) oxygen
profiles in the three deep basin of the Marmara Sea for September 1988, Loc
shown in Fig. 1.
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Fig. 3. Timc scctions of the (a) potential temperature, (b) salinity, (¢) 0;. (d) oxygen for
November 1985-July 1990 at Sta. D-1.

for temperature, salinity and dissolved oxygen respectively, where t is the time and T'is the
period of the cycle, set cqual to 12 months.

The lower temperature values are observed in the late-winter and early-spring months.
Both salinity and temperature reach their highest values in August or September. These
synchronized variations lead to opposite contributions to the density by temperature and
salinity.
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Fig. 3. Cont.

TEMPORAL VARIATIONS IN THE INTERIOR

Anomalies due to the Dardanelles intrusion into the Marmara Sea are characterized by
small differences of +£0.1, +£0.05 and +0.08 from average interior temperature, salinity,
and oxygen. respectively. When comparing long term measurements of water properties
in the Sea of Marmara, care must be taken to recognize instrumental effects. Drifts of
about 0.05 ppt are common in salinity measurements between cruises (Ozsov et al., 1991)
and are within the limits of instrument specifications. The time evolution of interior
salinity, superposed on the instrumental drift can be quite misleading in the interpre-
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Fig. 4. Time sections of the (a) potential temperature. (b) oxygen from May 1986 1o May 1990 in
the Marmara Sca.

tations, and thercfore sali/nity data are not included in the following discussion. Smaller
drifts occur in temperature and oxygen, so that they can be used for a better evaluation of
temporal changes in the deep waters of the Marmara Sea (BESIKTEPE, 1991).

To identify the overall characteristics of the Marmara Sea, cruise'averaged profiles of
temperature and oxygen are constructed by averaging data available in the region
horizontally over all stations. The averages include the contribution of approximately 20
deep (>400 m) stations for a particular cruise. Temporal variations of the average
potential temperature and oxygen within the Marmara Sea for the 5-year duration of this
study are shown in Fig. da-b.

The largest seasonal variations occur between the surface and a depth of 40 m. The
scasonal warming-cooling cycle in the upper layer and its effect to a'depth of 50 m via
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diffusion is reflected on the upper 50 m temperature. The mixing between the upper and
lower layers occur through an interface, the stability of which varics seasonally and
spatially (Uriyor and Prkias, 1952: ANDERSON and CARMACK, 1974). When the density
difference between the upper and lower layers become smaller in winter. the mixing is
expected to be higher.

Between 50 and 300 m only small variations in the isotherm depths are observed. The
oxygen has a minimum of about 0.8 ml1~" at depths of 250-300 m, below which it gradually
increases with depth to maximum values near the bottom. The potential temperature
profile has a maximum valuc below the thermocline of about 15°C, and by a depthof 180 m
potential temperature decrcases to 14.5°C.

The relatively homogencous water mass propertics below 300 m illustrate the effects of
the sinking water anomalics through variations they cause in the stratification. Bottom
anomalics duc to sinking of the intruding waters occur in the same season, although
efficiency varies from onc year to another. The first cold water intrusion was observed in
February 1987 with a smooth decrease of its cffect continuing up to the beginning of 1988.
The layer of cold water with potential temperatures less than 14.2°C appeared in February
1987 from a depth of 800 m to the bottom. Traces of this bottom water continued untii the
end of August 1988 and decrcased between January 1988 and August 1988. This bottom*
intrusion ventilated the bottom water to increase the oxygen values to 1.5 ml 1", The
14.2°C temperature appearcd once again during the winter of 1989 and continued until
September 1989 with corresponding increase of oxygen to 1.6 ml 1~

In spite of the continuous oxygen supply from the Aegcan through the Dardanelles, the
subhalocline waters of the Sea of Marmara are deficient in oxygen. This is due to the
consumption of oxygen by organic matter sinking from the upper layer to the subhalocline
part of the basin (UNL.UATA and Ozsov, 1986). The deep water renewals through the
Dardanelles cause a pronounced increase of oxygen in the western basin of uptot.8§mill-!
ncar the bottom, which is partly felt in the central basin, but insignificant in the eastern
basin (BESIKTEPE et al., submitted).

An analysis of the temporal variations at Stas 63-Y, 58 and 45-C corresponding 1o the
three decp basins from west to cast (cf. Fig. 1) shows that the effects of the deep water
intrusions occur with phase and magnitude differences in the three basins (Figs 5-7). The
cold deep water cannot be observed at 45-C but it appears at Sta. 63-Y with a potential
temperature of 14.2°C in February 1987, its effect arriving at Sta. 58 in September 1987
with a value of 14.25°C. Only a small decrease of potential temperature to 14.3°C occurs in
45-Cin August 1988.

The bottom oxygen decreases from west to cast. Typical deep oxygen values observed at
Stas 63-Y, 58 and 45-Care 1.7, 1.5and 1 ml |- ' respectively. Oxygen variations of the first
two basins are synchronized with changes in temperature. Oxygen values increase below
500 m at Stas 63-Y and 58, while no remarkable oxygen increase is observed at 45-C (Figs
5-7).

A MODEL FOR SUBHALOCLINE WATER MASS PROPERTIES

The Filling Box Model

The Filling Box Model describes the vertical distribution of water properties within a
recipient box in response to the seasonally varying properties of an incoming turbulent
plume (KiLwortn and CarmAck, 1979). The interior is assumed to be horizontally
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Fig. 5. Asin Fig. 4. but for Sta. 63-Y from May 1986 to July 1990.

homogeneous, with only vertical dependence of its variables. During the renewal process,
the inflowing water descends into the basin in the form of a plume, the characteristics of
which depend on the internal stratification, entrainment, initial momentum and density of
the plume and bottom slope and friction (GADE and Epwarps, 1980). Although the
subdivisions of the Marmara Sea into three depressions physically affects the deep water
circulation and transport between these depressions, these effects are neglected in the
present model. These effects are limited to depths >700 m, and should have limited
significance in the overall properties averaged between the three sub-basins.

The sinking of turbulent plumes have been investigated by KiLi.worti and CARMACK
(1979), and many others, using the streamtube formulation of Smith (1975). Although the
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Fig. 6. Asin Fig. 4, but for Sta. 58 [rom May 1986 to July 1990.

plume models provide valuable information on the T, S variations of the plume and
ambient waters, some restrictions exist in the formulation as discussed by AAGARD et al.

(1985) and STIGEBRANDT (1987).

Description of the model

The model is similar to the one proposed by KitL.woRrTH and CarMack (1979), who
studied temperature variations in ariver-lake system. We consider a model of the deep-sea
basin and a plume descending vertically into it. We assume the interior is a horizontally
homogeneous Boussinesq fluid. For the plume we make the following assumptions:
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Fig. 7. Asin Fig. 4. but for Sta. 45-C from May 1986 to July 1990,

(1) The distributions of vertical velocity and scalar quantities are self-similar within the
plume.

(2) The lateral turbulent diffusion within the plume is much greater than the longitudinal
diffusion, so that the latter is neglected.

(3) The time for a particle to descend in the plume is much shorter than the time scale of
change in the surroundings, i.e. the plume vertical velocity w is much larger than the
compensating vertical velocity W in the interior, w > W,

(4) Nceighboring fluid particles are entrained into the plume by a turbulent entrainment
mechanism. The entrainment velocity v is a small fraction of the downward plume velocity
w, v = ew, where ¢ is an entrainment coefficient.
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(5) We ignore frictional or pressure forces acting on the plume, bascd on the assumption
that buoyancy forces are greater than these terms.

We then obtain the plume and interior equations by horizontally averaging the original
turbulent plume equations for the plume region (MortoN et al., 1956) and the interior
Boussinesq equations separately. Under the above assumptions, the plume descends into
the basin duc to its initial buoyancy difference with the surrounding interior water. The
conservation of mass, momentum, heat, salt and oxygen for the sinking plume are
(modified from KiLiworti and CARMACK, 1979) given as follows:

(aw), = Ea'/zw, (2a)
(aw?), = —gala(0 — T) - p(o - )], (2b)
(aw0), = Ea'?wT, (2¢)
(aws), = Fa'"?wS, (2d)
(awo), = Ea'"*w0, - (Ze)

where zis the vertical coordinate, pointing downward and w, 0, s, 0 are the cross-sectional
averages over the plume area a of the velocity, temperature, salinity and oxygen within the
‘plume region, respectively. E is a bulk entrainment coefficient obtained by horizontally
integrating the original equations, hence it is proportional to e; g is the gravitational
acceleration; a and f arc heat and salt expansion coefficients, respectively. T, S and O are
the horizontally averaged temperature, salinity and oxygen of the ambient water sur-
rounding the plume. Sinking of the plume causes compensating upward motion of the
interior waters. Atany given level, the conservation of mass requires that the total vertical
component of thc mass flux must vanish,

aw + AW = 0, (3)

where A and W represent the cross-sectional area and the upward velocity of the interior.
Horizontally integrated equations for the conservations of heat, salt and oxygen in the
interior imply

aT 9 a a a !

—A = Z(anw0) + = (AWT) - Z(xn L), 4
or = a7 (MO + Z (AWD) az(K a:) (42)
25 a d d EN

—AZ=Z + — (AWS) — = (kA 22, 4
at 9z (awo) az ( ) li¥4 (K az) (4b)
30 3 3, .. 3 30

e A e = e + —(AWO0) - Z (kA X - 4

A TR (awo) = (AWO) = (KA az) J(2), (4¢)

where « refers to a vertical eddy mixing coefficient assumed to be the same for all scalar
quantitics, and includes the cffects of all mixing processes in the basin interior. Becatse
oxygen is a hon-conservative scalar property, J(z), a decay term representing the rate of
oxygen utilization in the interior, appears in the last equation.

By using (2a), (2c—¢). equations (4a—c) are simplified to

ﬂﬂvi’_T:ii(xAﬂ). (5a)
ar iz Aoz 0z
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0. J

ot az A az az
ﬂ9_+w39=l7(/1§)—/() (50)
ar 0z Adz az

where Wis calculated from (3).

Because of the vertical variations in its buoyancy, the plume can reach a level where it
may becomc stable and spread into the interior. At the level where the plume velocity
vanishes, the plume is assumed to spread out uniformly in the form of a layer with
thickness Az, where Azis the grid-spacing used in the finite difference formulation and has
avaluc of 10 min the present computations. The conservation of heat for this layer is given
as (KiLLwortH and CARMACK, 1979):

Adz i =awl + AWT + diffusion, (6a)

ol

and by using (3). this cquation is written as,

AT _aw(0-T) li(m ﬂ) (6b)

a AAz Adz (274

Analogous expressions hold for S and O. Consequently, the interior is allowed to upwell
only above the plume spreading region, and only diffusive mixing is allowed below the
basc of plume (i.c. plume spreading level).

Boundary conditions. Initial conditions required for the plume arc the specification of
the variablesa.w, 0, pand o at z = 0. Boundary conditions required for the interior are the
specification of the heat, salt, and oxygen fluxes at the top and bottom boundaries. The
model applics to the lower layer of the Marmara Sea, below the halocline; we assume that
the property distributions in the upper layer are known from observations, hence
specified. The boundary condition at the top level of the interior is the sum of the property
fluxes including diffusive and advective fluxes across the halocline, and the advective
fluxes due to the Bosphorus lower layer transport. The Bosphorus outflow has been
lumped into the top boundary conditions, because of its shallow sill depth. The advective
components are automatically satisfied by the continuing cquation (3). The remaining part
of the top boundary conditions are specificd by setting the interior diffusive fluxes equal to
specified functions,

A KT‘. = Q7(t).
T AKS, = Q(1), @)

A0 = Q(1),
where A is the total area of the interface, « is the effective diffusion coefficient, Q 4, Ogand
Qo are functions representing the net fluxes of heat, sait and oxygen.
The boundary condition at the bottom specifics that, no exchange should occur across
the bottom boundary, i.c.

— =0, onz=—h. (8)
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Application of the Filling Box Model at the Marmara Sea

The model has been applied to the Marmara Sea, considering the subhalocline water
mass located between 40 and 1000 m. The domain is discretized into 96 levels (Az=10 m)
and the time step for intcgration is chosen to be Ar = 2 h by considering the stability criteria
(BLUMBERG, 1977). The plume equations are integrated down to plume termination depth
starting from initial conditions at the top level. Interior equations are solved by forward
differencing in time, and centered differencing in the vertical. The horizontal area of the
Sea of Marmara decreases with depth almost linearly in the range of 0-80 m and between
80 m and the bottom. Based on the geometry of the basin, the horizontal area at any depth
z is approximated as

_f1.x 10" - 0.5 x 10* x 2/80 km?, 40m <z <80m:;

B {().5 x 10" = 0.45 x 10" x (2 = 80)/1000 km?, 80 m < 2 < 1000 m. ©)

The subhalocline volume of the Marmara Sca'is calculated as 3119 km* by integrating (9)
vertically.

The side boundary conditions are specified by the scasonal variations in the incoming

. turbulent plume from the Dardanelles and the outflow via Bosphorus from the lower layer

of the Marmara Sea.

The boundary conditions for the plumec are applied at the Dardanelles exit as follows:

(i) The mass influx from the Dardanelles into the Marmara was taken as 550 km* y~!
(=18000 m* s™") in some of the initial runs based steady state water budget calculations
(UnLOATA et al., 1990). However, more realistic simulations of the observed features were
obtained by taking 12000 m*s~! mass influx and furthermore required the specification of
seasonal variations. The lack of data for estimating the seasonal variations of the influx
leaves room for uncertainty in the specification of this boundary condition. However, we
synthesized the seasonal influx by assuming reasonably low influx during the winter and a
higher influx during the autumn. The following functional form was assumed based on
simulations which best produced the observed time variations in the interior:

(aw) = 12000 — 5000 sin (2-;-’) (m*s™"), (10)

where 1 is the time in months starting from January and T=12 months. Accordingly, the
maximum and minimum values of the Dardanelles influx are 17000 and 7000 m* s,
respectively.

(ii) The cross-sectional area of the incoming water mass is difficult to estimate and
requircs adjustment together with the mass influx values to get a reasonable velocity and
area of the sinking plume consistent with observations. The following time variation of the

plume area at the Dardanelles exit is assumed:

a = 12000 + 3000 sin (Z;r_-_l) (m?). (1)

There is no physical basis for the assumed form; however, selection of this function
resulted in more reasonable seasonal variations of the plume depth of penetration.
(iii) The inflow temperature, salinity and oxygen are determined from averages of the
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lower layer properties at Sta. D-1 located at the Marmara end of  the Dardanelles,
approximated by equation (1). ,

(iv) Temperature, salinity and oxygen fluxes leaving the system were the least known
boundary conditions and can only be estimated. Based on several sensitivity runs, the
diffusive mean heat flux through the halocline was found to be zero; the cooling and
heating from the upper layer appeared to be balanced. Well suited values were found to be
Qr=00Cxm*s™, Qs=-1.0x 10 ppt x m*s™" Qp=1.5x 107" ml1™"' x m?*s™',
appearing in (7).

The modecl requires the specification of the initial temperature, salinity and oxygen
profiles in the interior, and can be started from uniform property distributions of the
interior, but the arbitrary selection of these values increase the integration time to reach
steady state. Test runs showed that the initial conditions have little effect on the final state
of the model with periodic forcing. The average vertical profiles of the properties obtained
during the March 1986 cruise were used as temperature, salinity and oxygen initial data for
the interior. '

The value of the bulk entrainment cocfficient for the plume was assumed to be E =
0.255, based on laboratory experiments (TURNER, 1973). Thermal expansion (a) and
salinity contraction () coefficients in the tempcrature and salinity range of interest were
chosen as 2 x 107%(°C™") and 7.6 x 10~ ppt~!, respectively.

The cddy diffusion coefficient appearing in the horizontally averaged interior equation
(4) represents a parameterization of the vertical turbulent mixing processes depending on
the local stratification. Observational evidence from stratified lakes, fjords and oceans
suggests that the eddy diffusivity (k) can be described accurately as a decreasing function
of the buoyancy frequency N = —[(g/p)(ap/az)]'? (GArGETT, 1984). The relationship
between « and N is given by

k=cN™", (12)

where c is an empirical coefficient estimated asc = 1 x 107 cm? s 2 by GarGerr (1984).
Figure 8 shows the depth profiles of « and N for the subhalocline waters of the Sea of
Marmara obtained from equation (12) using September 1989 data. The N values were
calculated from horizontally averaged profiles for each cruise and the functional depen-
dence of x was determined by curve fitting to the observed data. In general, the eddy
diffusivity is estimated to be between 1.0 and 3 cm? s™! in the Sea of Marmara, which is
reasonable in comparison to other parts of the world ocean. The synthetic eddy diffusion
coefficient was constructed by applying a logarithmic fit to the average N? data, which
yielded,

k(z) = 0.7 log(z) — 2.09. (13)

The oxygen utilization in the water column occurs mainly due to the sinking of the
particulate organic carbon generated by biological production at the surface. The oxygen
utilization rate is generally higher in the upper parts of the ocean and decreases with depth.
Suess (1980) has suggested the following empirical formula for open ocean regions.

1
= y 4 | F AN - =1 =l 14
J(2) = Cproa X 6.66 X 10 ( 03382 + 0'212) ml 1™ day (14a)

where z denotes depth in meters, and C,;oq4 is the primary production rate at the surface
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Fig. 8. Computed cddy diffusivity and Brunt-Vaisala frequency profiles for September 1989.

(total production) in units of gC m™2 day ™', Its value is about 100 gC m~ 2y~ for the
Marmara Sca (Pot.At, 1989). The vertical distribution of the oxygen utilization rate in the
Sea of Marmara derived from the above formula is shown in Fig. 9. Since the model given
in (14a) has been tested for open ocean conditions, its validity for the Marmara Sea is
questionable. In our model runs, better results (in terms of consistency with observations)
were obtained with a linearly decreasing oxygen utilization rate profile shown in Fig. 9. We
therefore adopted this second formula, given by

z

J(2) = 1 ——1, 4

@=0,(1-52) (14b)

where O, has a value of 0.2 ml 1! in our calculations. Consequently, it should be noted

that, both (14a) and (14b) give the same average oxygen consumption rate of 1.5 ml ™!
-1

y

Results

Time variation of property distributions are compared for runs with different model
parameters presented in Table 1. For most of the runs, it was found that about 2 or 3 years
of model run-time was sufficient for the interior to settle to an annually repeating cycle.
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Thercfore, the model has been run for 10 years starting from the initial conditions of
March 1986 for cach of the cascs presented below. Since we use synthetic forcing
functions, the success of the simulations in producing vertical distributions and their
seasonal variations will be evaluated with respect to their similarity to the observations
given in Figs 4-7. However, we only simulate seasonal variations and do not attempt to
produce the interannual part of the variations observed in Figs 4-7.

Scasitivity experiments (RUN-1 to RUN-5) showed that the realistic features could only
be produced when seasonal variations were accounted for in the flux and area initial

Table 1. Summary of model runs

aw* X 107 ms~! a* x 10?0 m?

Run No. E K m b m b Qr Os Qo J2) Cooa O,
I 0.255 2.0 12 0 12 0 0.0 00 0.0 (14a) 100.0

2 0.255 2.0 12 0 12 0 0.0 -0t 1.5 [{EH)) 10610

a 0.255 2.0 12 -5 12 3 00 -0.1 1.5 (14a) 100.0

4 0.51 2.0 12 -5 12 3 0.0 -0 1.5 (142) 1000

S 0.255 0.2 12 -5 12 3 0.0 -0.1 L5 (143) 100.0

6 0.255 Fig. 8 12 -5 12 3 0.0 -0.1 L5 (143) 100.0

7 0.255 Fig. 8 12 -5 12 3 0.0 ~0.1 15 (14a) 200.0

8 0.255 Fig.8 12 -5 12 3 0.0 -0.1 15 (14b) 0.2
9 0.255 Fig. 8 12 -5 12 3 0.0 -0.1 1.5 (14b) 0.4
10 0.255 Fig. 8 8 -3 12 3 0.0 ~0.1 1.5 (14b) 0.2

“(aw.a) = m + bsin (220/T). m = mcan and b=scasonal amplitude.
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conditions of the plume at the Dardanelles exit. Figure 10 shows the temporal variations of
temperature, salinity and oxygen for RUN-3, in which a seasonally variable Dardanelles
influx is assumed. The temperature maximum is found around 50 m, and the salinity
maximum is found around 350 m. Further below, a salinity minimum is predicted between
450 and 650 m, in agreement with the observations. The maximum temperature and
salinity values observed at 50 and 350 m. respectively, decreased when the entrainment
coefficient was increased (RUN-4), and vice versa (RUN-5).

The dashed line at the beginning of the tempecrature section of Fig. 10 indicates the
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sinking depth of the plume for the first two cycles. The sinking depth of the plume shows
well defined seasonal variations as a result of the seasonal variations in the incoming water
mass properties. Figure I1a-c shows calculated plume properties in winter, summer and
autumn, respectively, after 4 years of integration for RUN-3. During winter (Fig. 11a), the
plume is capable to sink down to bottom of the basin with high velocities. In the summer
(Fig. 11b). plume can also sink to the deeper levels, but not to the bottom as observed in
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winter. Plume velocities are small as compared to winter and the plume area increases
greatly at termination level. During autumn (Fig. 11c), the plume velocity decreases
rapidly with depth, and the plume terminates at shallower depths. The total change in the
plume properties is proportional to the net cntrainment along its length, and therefore
becomes larger in the winter and summer months. Consequently, the initial plume
temperature and salinity values approach to the interior values.at plume termination level
in winter and summer. But, the spreading water properties are considerably different than
interior water properties in the autumn,

In RUN-6 (Fig. 12), a depth dependent eddy diffusivity model (Fig. 8) was used, which
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was of the same order of magnitude as the constant value used in RUN-3 (Fig. 10). It is
noted that, the salinity maximum layer becomes more pronounced and confined around
200 m. Although the temperature and salinity variations are in agreement with the
observations and do not differ between runs, the oxygen variations differ between the two
runs, with increased levels in the upper water column in the latter case. However, the
monotonous increase of both runs, based on the Suess model, differed considerably from
3 the observed structure (Figs 4-7) of high oxygen values below the halocline and near the
: bottom, and an oxygen minimum near a depth of 300 m.

RUN-7, RUN-8 and RUN-9 (Fig. 13a—c, respectively) investigated the effects of the
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oxygen consumption model. In RUN-7, incrcased surface production of the Suess model
[equation (14a)] resulted in a dramatic decrease in the oxygen values as compared to
RUN-6. In RUN-8, the oxygen consumption was modelled by (14b), with the cumulative
oxygen consumption rate remaining identical with (14a), yielding a realistic oxygen
minimum at a depth of 200 m. This indicates that the oxygen is also consumed in the deeper
parts of the basin and can be possible by sinking large organic particles. Increasing the total
interior oxygen consumption rate and retaining equation (14b) in RUN-9 resulted in an
upward shift of the depth of minimum oxygen.

In the RUN-10 (Fig. 14), the influx from the Dardanclles is decreased, resulting in
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decreased seasonal oscillations in the interior, vanishing of the salinity minimum and
maximum, and an unchanged oxygen minimum at 300 m.

CONCLUSION

The success of the model in obtaining comparable results with eddy coefficient values of
1.0-2.0 cm? s~ ! indicate the existence of moderafe mixing in the interior which seems to
smooth rapid variations, though it allows the formation of salinity and oxygen minimum
layers between 500 and 700 m. At the same time, the formation of the oxygen minimum
zone in the interior seems to be a strong function of the particular functional form of the
variation of the oxygen consumption rate with depth. The température maximum at 50 m
and the salinity maximum at 150 m seem to be related to the inflow conditions from the
Dardanclles and become more pronounced when mixing in the interior is smaller.

It appears that the model is capable of reproducing some of the interior property
variations quite well. This is, of course, essentially a matter of calibration of the boundary
conditions and does not express the predictive capabilities of the model. Better approxi-
mations to the conditions can improve the predictive capabilities of the model, which can
be of considerable use for obtaining quantitative information on the poorly known long
term behavior of the Marmara Sea. J‘

The model could be developed [urther to include the effects of horizontal variations, to
simulate chemical and biological processes. Furthermore, it could be extended to include
the dynamics of the straits and the neighboring seas, to contribute to the understanding of
the important environmental problems in the region.
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