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INTRODUCTION 

Study of the current regime and water circulation in the Mediterranean 
Sea has been increasing significantly during the last years. Up to the present 
time, the relatively small amount of direct current observations in the open 
sea does nol permit the Mediterran~an investigators to set up a general 
pattern of circulation. Most of the known patterns of Mediterranean circu
lation have been obtained only through indirect methods and computations: 
by constructing T-S diagrams, and sections of horizontal and vertical distri
butions of some physical and chemical properties of sea water such as 
salinity, temperature, and oxygen (Ni e 1 se n, 1912 ; L a com b e and 
T ch e r ni a, 1958, 1960; Mi 11 e r, 1963; Mo s ka 1 e nk o and O v t ch i n
n i kov, 1965); by the so-called »core method« of W u s t (1960, 1961), by the 
»dynamical method« (O v t ch i nn i kov and F e od o s y e v, 1965; O v t
e hi nn i kov, 1966) ; and by the method of the total water flux (Mo s ka-
1 e nk o, 1968). 

Each of the above approaches has its relative advantages and short
comings. A brief review of some of the methodologies cited above will be 

given. The basis for a model which will apply to the oceanographic conditions 
of the Mediterranean Sea and in particular to the eastern basin is the concern 

of this paper. 
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THE NEED FORA NUMERICAL MODEL 

The various indirect methods applied to obtain a general pattern of water 
circulation in the Mediterranean Sea cannot satisfactorily give a complete 
understanding of the whole complex of the circulation problem. 

The infor,mation obtained from different distributions of the physical 
and chemical properties give only a general picture of the circulation system. 
One, for example, can identify the different water masses, their characteristics 
and movements, etc. Such distributions in the Mediterranean Sea coulcl 
clearly indicate the existence of the two opposite superimposed currents: the 
upper or Atlantic current, moving toward the east and the lower, of 
Mediterranean origin, moving toward the west. It is difficult, however, to 
determine some dynamical characteristics of these two layers including the 
exact line of interface between them and their velocities, based on the 
distribution of hydrographic characteristics. 

The »core method« of W u s t (1960, 1961) permits one to follow the 
spreading and mixing processes of the main water masses, which are charac
terized by intermediate maxima or minima of salinity, temperature and 
oxygen, along curved core layers. Thus the mean, steady deep circulation can 
be delinated in the whole expanse of the sea. Meanwhile, the application of 
the »core method« in the Mediterranean Sea has met some criticism, and 
O v t ch i nn i kov (1965) showed that the information based on the distri
bution of maximum and minimum salinities, the main indicators in the core 
method, were not confirmed by the deep direct current measurements made 
during the 6th Mediterranean Expedition of the Soviet R/V AKADEMIK V A
VILOV. Thus the general pattern of circulation obtained by the core method 
should be taken with more caution. This consequently leads to a preference 
for the dynamical method. 

The dynamical method, on the other hand, has a major limitation in the 
selection of the so-called »level of no motion« . The existence of such a level 
is itself still problematic and questioned. The first dynamic topography charts 
for the whole of the Mediterranean Sea were obtained for the surface and 
the 500 m level relative to the 1000-decibar surface for both summer and winter 
seansons by O v t ch i nn i kov and F e od o s y e v (1965). It is clear, 
however, that on evaluating the Mediterranean circulation according to these 
charts, it is necessary to keep in mind the fact that they reflect only the 
geostrophical currents, while the pure drift currents are not, of course, 
considered. Therefore, the dynamical computations of currents cannot give 
full information about the circulation regime and the water structure in the 
Mediterranean. 

The numerical calculation of the stationary wind currents in the Central 
and Eastern Mediterranean basins was carried out by Mo s k a 1 e nk o (1968) 
thus solving the problem of the total water flux function. This concept was 
originally used by S h to c km a n (1946). However, in studying the wind 
circulation based on the method of total water flux function, the vertical 
component of the current is ignored. This is due to the fact that all of the 
equations are integrated from the surface, where the vertical component of 
velocity is negligibly to the baroclinic depth and where the motion is 
presumably disappearing. In other words, the distribution of the vertical 
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component of current velocity obviously does not effect the total water flux 
function used to estimate ciirculation. 

Moreover, it is quite obvious that any attempt to solve the circulation 
problem analytically would naturally face some serious mathematical diffi
culties. This is because of the non-linearities involved in the system and the 
necessity for taking into consideration all the forces generating or dissipating 
the water movements, and the ·effect of horiz-ontal and vertical exchange 
pr-ocesses. In some areas, the effect of bottom topography must be considered 
as well. The theoreticians usually find themselves obliged to approximate 
the problem or to ignore the role of some fact.ors in order to simplify analy
tical solutions. Hence their conclusions are idealized and far _from natura!. 

It is obvious, therefore, that a numerical model, avoiding the shortcomings 
of other methods, is needed to treat. the problem of the general Mediterranean 
circulation. Such a model should take into consideration all the physical and 
boundary conditions so that the results obtained through applying this model 
would more or less represent the natural situation confirmed by obser
vations. It is now possible to construct such a model using modem electronic 
computers and computation technology. 

THE SUGGESTED MODEL 

The numerical treatment of _ B r y a n and C o x (1967) and the method 
used by S arki s i a n (1966, 1967) to obtain the general circulation using the 
observed density and wind (or atmospheric pressure) fields With an account 
for the so-called ))joint effect of baroclinicity and bottom relief« of S arki
s i a n and Iv a nov (1971) serve as the main basis of the approach taken 
here in treating this problem. The advantages of such an approach are: 

1) The real bottom relief of the sea is t.aken as the lower boundary of 
the fluid. Thus the uncertainty in the choice of the level of no motion 
of the dynamical method is excluded. 

2) The effect of coasts, islands and bottom relief is considered. 
3) The method enables, when needed, calculation of not only the hori

zontal components of velocity, but also the vertical eomponent. 

THE PHYSICAL $TATEMENT OF THE MODEL 

The physical nature of the model is the following. Consider an oceanic 
basin of arbitr-ary form and arbitrary bottom relief. If part of the wall of 
the basin is an open boundary, assume that the normal mass flux is given 
there in the basin the density field is also given as an arbitrary function 
of the coordinates. At the surface of the basin the wind stress is given. It is 
required to calculate the current velocity and other hydrodynamical chara
cteristics. The sphericity of the Earth is taken into account by the /3 - effect. 

For solving this problem, the following system of equations is used: 
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Equations of motion: 
62 u I Bp ou ou 

v - + fv =- - + u - + v - -
8 z2 Po ox ox By 

62 v I Bp Bv /S v 
v - - lu = -- + u - + v - -

B z2 Po By Bx By 

Equation of continuity: 
ou Bv Bw - + - + - O, 
Bx By Bz 

Hydrostatic equation: 

P = Pa g ~ + g 0 / P dz 

where 

V = 
Ae 

u, v, w 

p 
p 

Po 
f 

(V 

ep 

coefficient of vertical turbulent viscosity, 
coefficient of horizonta! turbulent viscosity, 
current velocity components in the x, y, z directions 
toward the east, the north and vertically downward, 
the pressure field, 
the density field, 
average density value, 
2 w Sin ep is the Coriolis parameter 
the angular velocity of the Earth's ro tation and 
is the geographical latitude. 

The boundary conditions at the free sea surface are the following : 

Z = - , (x,y), P = Pa (atmospheric pressure). 

Bu ov 
Po v Bz = - TX ; Po v Bz = - TY ' 

w=O 

taken 

where -rx and -ry are the tangential components of wind stress. The boundar:v 
conditions at the bottom are: Z = H (x, y); H is the depth to bottom, the non
slippery condition is taken as 

u=v=w = o 

For open boundaries the quasigeostrophic method to estimate the water 
flux is used, speciftcatl1y the function: 

1 
f (OJ = - - SH P dz 

Po 
0 

Evaluation of the order of magnitude of the different terms invol"~-~ 
in such a system showed that far large scale oceanic circulation, the non
linear terms and eifect of the lateral exchange could be neglected for fi.rst 
approximation without much change in the results . Then, solving the above 
system of equations with the given boundary conditions, the following 
expression far the horizonta! components of the current velocity (u, v) waF 
obtained: 



u + iv (
. op op) -rx + i ty - cc z(l+i) 
1 - - - + - --~ e 

Bx oy C( Po V (!+i) 

(
i o PI-I _ o PH) e ct (z-H) (I + i) 

/lx . By 

where a= \I w Sin ep Iv and Prr = the pressure at the bottom. 

The pure drift current could be obtained from the expression: 

ud = P: f V~ ( 
6

6
:a Sin a z -

0
;~a Cos rt z) e - n z 

v .:_ _ I_ 11 {?__ ( 6Pa Cos a z - o l'a Sin ,c z)e - ct z 
d - Po f / V /lx oy 
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where v' is the coefficient of vertical turbulent viscosity of the air. Other 
expressions could • be obtained for the vertical component of current velocity 
w and for the sea level function C. But since w and ( are not to be discussed 
in the present paper, their expressions are not given here. 

In the computations, a network of points in the Eastern Mediterranean 
basin, from the eastern boundary of the Mediterranean Sea to the 20°E 
meridian was considered. These points were taken at distances of half a degree 
of latitude and longitude (about 40 km apart). At each of these points, the 
pure drift current and the gradient (density) current were computed at 1.2 
standard levels, O, 10, 20, 50, 75, 100, 150, 200, 250, 300, 400, 500 m. The water 
structure in the Mediterranean Sea shows a strong stratification in salinity 
and temperature from the surface to a depth of about 500 m (G erge s. 
1972). In almost all of the Mediterranean basins, the density varies very little 
below 500 m and hence the vertical density gradients are insignificant and 
could be considered equal to zero. Thus water above the 500 m level is 
considered baroclinic while that below it are homogeneous. The 500 m depth 
is taken here as the baroclinic depth, i.e., the lower limit of the baroclinic 
layer o.r water in the Mediterranean. The computations for the model extended 
only to the baroclinic depth. The coefficients v and v, were given the values 
102 and 104 cm2/sec respectively. 

MATERIAL 

The computations for the model are of the winter season. Oceanographic 
data used were those from several Mediterranean expeditions, including R/V 
AKADEMIK VAVILOV (1960-61) , R/V ATLANTIS (1961-62) , R/V AKADE
JVIIK KOV ALEVSKY (1970), R/V CHELEKEN (1971) and R/V MUSSON (1971) . 
The bottom relief data were taken from Mi k h a e 1 o v (1965) and E me r y , 
H e e z e n and A 11 a n (1966). Information about the atmospheric pressure 
field was obtained from the Russian Atlas of Physical-Geographical Data of 
the Mediterranean Sea (1957) and the Dutch Atlas »Middellandse Zee« (1957). 

The criteria for the selection of the data to be used in constructing the 
model included: 
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1) Coverage of entire Eastern Mediterranean basin suitable for density 
field interpolation. 

2) Synoptic to semisynoptic observations so that the inhomogenity due to 
the time difference is minimized. Although almost all of the data used 
were collected in different years, they were collected during the main 
winter months of January and February. 

3) Reliable data to minimize doubt o.f the accuracy of the observations. 
Any single observation showing remarkable anomalities was excluded 
to avoid anomalous effects in the density and hence in the obtained 
velocity fields. 

RESULTS AND DISCUSSION 

The complete surface circulation pattern was obtained by computing 
separately the pure drift current, i.e., the current component driven only by 
wind, then the gradient component of currents followed by summation to 
obtain the total surface current. Figures 1, 2 and 3 represent the dri.ft, 
gradient and total currents at the surface. 

,i 
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Fig. 1 - Drift current at the surface 

As the drift current component weakens with depth, the total current was 
directly summed and given for the rest of the levels below the surface layer. 
Included here are only four levels, namely the 50, 100, 300 and 500 m levels 
and the circulation patterns are shown in Figures 4 through 7. The levels 
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Fi g. 2 - Gradient current at the surface 
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Fig. 3 --: Total surface current. 
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Fig. 4 - Total current at 50 m. 
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Fig. 5 - Current pattern at 100 m. 
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Fig. 6 - Curi·ent pattern at 300 m. 
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selected for representation here are assumed to represent the surface, the 
intermediate and the deep circulation patterns in the Eastern Mediterranean. 

It is interesting to note that under given conditions, the gradient current 
is dominating the surface circulation and nat the drift current, as might be 
expected. This leads to the conclusion that even at the surface, the water 
circulation in the Eastern Mediterranean is not mainly controlled by wind 
as previously thought. The computed velocity values of the total surface 
current range from 15 to 30 cm/sec, sometimes reaching 25 cm/sec near the 
coasts. The surface circulation has a general cyclonic direction. Three separate 
cyclonic gyres were obtained and clearly indicated: one to the southwest 
of Crete; the second in the central part of the basin covering the area between 
Crete and Cyprus to the south off the Turkish coast; and the third is located 
in the southeastern part of the basin. The existence of a unique anticyclonic 
gyre is also indicated and is found in the southern region of the central part 
close to the African coast. 

One of the striking features is the intensification of current near the 
coasts and around the islands, where the current velocity always exceeds 
20 cm/sec. 

Below the surface level, the above mentioned features of circulation 
remain almost the same to the 100 m level. The velocity values, however, 
decrease noticeably with depth. This is to be expected due to the remarkable 
decrease of the pure drift component of current with depth. 

Below the 100 m level, the distinci gyres generally weaken and some 
completely disappear including the anticyclonic gyre as shown in Figures ,3 

and 7. At the baroclinic depth (500 m) the circulation pattern becomes one 
big gyre, covering the whole basin and having a general cyclonic trend. The 
current velocities are much weaker, ranging from 2 to 5 cm/sec. This is clearly 
due to the very small density gradients observed at that level. This proves 
1.hat in the eastern Mediterranean basin, the general circulation from the 
surface to the baroclinic depth has the same general cyc1onic direction. 
Below the baroclinic depth, there are no pronounced density gradients and; 
hence, no remarkable change in the circulation pattern. Therefore, the circu
lation at that depth is assumed to be representative of the deep circulation 
in the Eastern basin. This leads to an additional conclusion that there is no 
reversed current in the deeper layers and that the general circulati,on in the 
Eastern Meditterranean from surface to bottom is unidirectional and has a 
general cyclonic character. Furter investigaiions of this type, using different 
conditions are planned for the future. 
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SUMMARY 

A thermohaline circulation model in a baroclinic ocean is used to deter
mine circulation at the surface, 50 m, 100 m, 300 m and 500 m. These levels 
are intended to represent the surface, intermediate and deep circulation pat
terns in the Eastern Mediterranean Sea. It .is concluded that the general circu
lation from the surface to the baroclinic depth has the same cyclonic direction, 
is one-directional and that there is no reversed current in the deeper layers. 
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KRATAK SADR2AJ 

Za istočni Mediteran je postavljen numerički model cirkulacije uz uvaža~ 
vanje poznatog polja gustoće, stupnja baroklinosti morske vode, trenja vjetra 
i P-efekta. 

Dobivena je sezonska cirkulacija za zimu na 12 nivoa od površine do 
500 m. Preliminarna analiza pokazuje da je površinska cirkulacija pod većim 
utjecajem gradijentskih struja nego stru.ja vjetra. Strujanje je općenito ciklo
nalno. Prisutno je nekoliko odijeljenih vrtloga na raznim nivoima. Na povr
šini su svi ciklonalni, a na nekim dubinama se u sredini bazena formira anti
ciklonalni vrtlog. On slabi s većom dubinom i konačno nestaje na 500 m, gdje 
je ponovno prisutno ciklonalno strujanje. Brzine struja su ispod 200 m dubine 
općenito slabije (rijetko preko 5 cm/sek) u usporedbi s gornjim slojevima gdje 
katkada dostignu 30-35 cm/sek. 


