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A seasonal model of the Mediterranean Sea general circulation
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Abstract. This paper describes the seasonal characteristics of the Mediterranean Sea
general circulation as simulated by a primitive equation general circulation model. The
forcing is composed of climatological monthly mean atmospheric parameters, which are
used to compute the heat and momentum budgets at the air-sea interface of the model.
This allows heat fluxes to be determined by a realistic alr-sea interaction physics. The
Strait of Gibraltar is open, and the model resolution i 1s -~ X < in the horizontal and 19
levels in the vertical. The results show the large seasonal cycle of the circulation and
its transient characteristics. The heat budget at the surface is characterized by lateral
boundary intensifications occurring in downwelling and upwelling areas of the basin.
The general circulation is composed of subbasin gyres, and cyclonic motion dominates
the northern and anticyclonic motion the southern part of the basin. The Atlantic
stream which enters from Gibraltar and assumes the form of different boundary current
subsystems is a coherent structure at the surface. At depth it appears as current
segments and jets around a vigorous gyre system. The seasonal variability is
manifested not only by a change in amplitude and location of the gyres but also by the
appearance of seasonally recurrent gyres in different parts of the basin. Distinct
westward propagation of these gyres occurs, together with amplitude changes. For the
first time a Mersa-Matruh Gyre is successfully simulated due to the introduction of our

heat fluxes at the air-sea interface. The seasonal thermocline is formed each summer,
and a deep winter mixed layer is produced in the region of Levantine intermediate
water formation. Deep water renewal does not occur, probably due to the

climatological forcing used.

1. Introduction

The newest discoveries in the circulation in the Mediter-
ranean Sea are the subbasin gyres, the intense mesoscale
variability, the strong seasonal signal in the circulation, and
the winter convection processes producing deep and inter-
mediate waters in the basin. Progress in this area has come
both from new observational programs and modeling efforts.
The observational picture of the western basin general
circulation is reviewed by Millot [1991] and its eastern
counterpart by the Physical Oceanography of the Eastern
Mediterranean (POEM) Group [1992]. The results of the
regional numerical models of Heburn [1987], Malanotte-
Rizzoli and Bergamasco [1989, 1991], and Beckers [1991]
showed some agreement between the model simulations and
the known features of the basin general circulation. The
studies on the seasonal cycle for the entire basin were
initiated by Stanev et al. [1989], and further progress was
made by Pinardi and Navarra [1993] after increasing the
horizontal and vertical resolution of the models.

The basin scale steady state surface circulation emerging
from these observational and modeling studies can be shown
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to be composed of four major structures, schematically
represented in Figure 1. The first major structure is the
surface Atlantic stream system, composed initially of the
inflowing Atlantic water jet, entering from the Strait of
Gibraltar. After the Alboran Sea this jet becomes the Alge-
rian current, which departs from the North African coast,
forming a smooth and large-scale anticyclonic meander in
the center of the southern Algerian—-Provencal basin. After
crossing the Strait of Sicily, the Atlantic stream system
occupies the southern part of the Ionian basin and is called
the Ionian-Atlantic stream, following Robinson et al. [1991].
The Ionian stream becomes the mid-Mediterranean jet,
which intensifies between the Rhodes and Mersa-Matruh
Gyres. The second major structure consists of the Lyon and
Rhodes Gyres, which are the northern basin cyclonic gyres
in which deep and intermediate waters form. The third major
structure consists of the other cyclonic gyres of the basin,
such as the Tyrrhenian Gyre, the western Ionian cyclonic
gyre, and the cyclone southwest of Crete. Finally, the fourth
major structure consists of the southern Mediterranean
anticyclonic gyres such as the Alboran Gyre, the Mersa-
Matruh Gyre, the Shikmona Gyre, and the northern Medi-
terranean (north of ~37°N) anticyclones like the Pelops
Gyre. Even more schematically, the basin circulation could
be characterized by cyclonic gyres in the northern regions
while anticyclonic gyres dominate the southern part of the
basin. In our definition the northern regions consist of the
northern Algerian—-Provencal basin and the Tyrrhenian and
the eastern Mediterranean areas north of 34°N. Both the
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Figure 1. Schematic of surface circulation features in the Mediterranean basin.

cyclonic and anticyclonic gyres seem to be persistent
throughout the water column, even though they are surface
intensified. Other features reverse direction with depth, as is
the case of the Atlantic stream at the Sicily Strait, which at
~200-300 m flows westward, carrying eastern Mediterra-
nean (EM) waters into the western Mediterrancan (WM)
basin. Because of data scarcity the seasonal variability of
this current system has not been fully explored. The only
work that tried to assess the seasonal variability from the
observational evidence is offered by Tzipermann and Mal-
anotte-Rizzoli [1991] (hereinafter referred to as TMR). They
find that the seasonal signal is confined to the surface (0-300
m) and that it is stronger in the eastern than western
Mediterranean. In this paper we try to define the character-
istics of the seasonal cycle using model simulations and to
compare the results to TMR. An equivalent attempt was
made by Zavatarelli and Mellor [1995] but with a different
model and forcing.

Part of the seasonal variability of the basin is represented
by the water formation processes occurring in the basin.
This is a midlatitude basin where deep waters form like they
do in the polar regions of the world ocean, presumably
driving the basin circulation in a very important way. The
deep waters of the WM are formed in the Lyon Gyre [Madec
et al., 1991], while for the EM the source is probably
localized entirely in the southern Adriatic region [Roether
and Schlitzer, 1991]. The deep water formation processes
are associated with winter shelf and open ocean convection
chimneys [Jones and Marshall, 1993], which produce the
pool of deep waters in the two basins. The main thermocline
water masses of the Mediterranean, located at ~300-500 m,
are composed of salty waters called Levantine intermediate
waters (LIW), formed during winter in the Levantine basin.
The region of major production of these waters is probably
the Rhodes Gyre, and the process seems to be associated
with nonpenetrative convection in the mixed layer [Ozsoy et
al., 1991; Lascaratos et al., 1993]. Miller [1983] shows that

the climatological depth of the LIW core is 300 m in the EM
and 400-500 m in the WM.

In the present paper we study the seasonal variability of
the Mediterranean basin circulation as simulated by a gen-
eral circulation model (GCM) driven by climatological forc-
ings. The GCM used is the Geophysical Fluid Dynamics
Laboratory modular ocean model (GFDL-MOM) [Pac-
anowski et al., 1990], implemented in the Mediterranean
area with a sophisticated parameterization of the heat budget
at the surface. The heat and wind fluxes are interactively
calculated by the model, which receives as input the ‘‘raw’’
atmospheric fields, such as the National Meteorological
Center (NMC) analyses at 1000 hPa. This is one of the
novelties of this model application: We developed ‘‘realis-
tic’’ air-sea physics for a climatological integration of the
model. We will see in section 3.4 that this implies a climatic
drift of the model, and we will discuss some of the problems.

The main focus of this study is the investigation of the
ocean response to a monthly varying climatological forcing,
called a “‘perpetual year’’ forcing. Even though this forcing
is unrealistic because of the large synoptic and interannual
variability of the atmospheric parameters in the Mediterra-
nean area, we think that this could define the fundamental
characteristics of the seasonal circulation of the basin. The
model has been integrated for a long time (about 70 years) to
obtain the “‘typical’’ seasonal circulation of the basin. The
analysis of the model simulations will concentrate upon the
water transformation processes occurring in different re-
gions of the basin and the changes in the barotropic and
baroclinic structure of the subbasin gyres due to the seasonal
components of the Mediterranean forcing parameters. Com-
parison with TMR observational results will be discussed
throughout the paper.

In section 2 we describe the model design and the atmo-
spheric forcing parameterizations. In section 3 the barotro-
pic and baroclinic components of the seasonal cycle are
discussed, together with the sensitivity experiments to dif-
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ferent atmospheric forcing parameterizations. The last sec-
tion provides the conclusions.

2. Model Design
2.1.

The model geometry and topography for the choice of
vertical and horizontal grid spacing of the model are shown
in Figure 2a. The model levels are shown in Figure 2b. The
horizontal resolution is %0 x ' in latitude and longitude. West
of the Gibraltar Strait there is a box of about 3° X 3° degrees
inside the North Atlantic which will be used to impose the
inflow of Atlantic waters into the Mediterranean; this will be
discussed in section 2.3.

This choice of model geometry allows us to define the
Alboran, Provencal-Algerian, and Tyrrhenian basins (see
Figure 2a) in the western Mediterranean and the Ionian and
Levantine basins in the eastern Mediterranean. The Adriatic
basin is cut in the middle since its very shallow northern area
would not be adequately resolved by the model. Several
islands have been lumped together in the Aegean Sea be-
cause of the horizontal resolution. The straits of Kithira and
Kassos-Karpathos on the western and eastern part of Crete
have been enlarged, the island of Rhodes has been con-
nected to the mainland, and the islands of Kassos and
Karpathos have been submerged.

The model equations, written in spherical coordinates (A,
¢, and 7), are

Model Equations

ouy mn 1
— + $(uy) ——u(k)(uh)+fxuh= ——Vp
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(a) Model geometry and levels. The isolines indicate model levels. (b) Schematic of model level

2
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p=p(T, S, p) (6)

where u = (u, v, w) is the velocity vector and u, its
horizontal component, f = 2w sin ()&, £ is the unit vector in
the z direction, n = sin (¢), m = sec (¢), p and p are the
pressure and density, 7 and § are the temperature and
salinity fields, respectively, and the advection operator £(u)
is defined as

L) = {sec (p)a "[(up), + (vp/sec (9)),]+ (wp) }.
N

Here a is the radius of Earth and the subscripts indicate
partial differentiation. The time step used is 3600 s for the
tracer and momentum equations. The coefficients of turbu-
lent diffusion are A, = 8 % 1018 cm/s, K,=24x 10"
cm?/s, A, = 1.5 em?/s and K, = 1 cm?/s. These values
were chosen after some sensitivity studies were performed.
It turned out that for the cases of Laplacian mixing with
A, =4 x 10% cm%s and K, = 1.2 x 107 cm?/s and our
biharmonic mixing coefficients (see also Cox [1985]), the
volume mean kinetic energy reaches almost the same values
after the periodic solution is obtained. The coefficient of
vertical diffusion was chosen small enough so as not to
create unrealistically strong mixing in the deep layers but
high enough to allow for downward penetration of heat
during the seasonal cycle. In our experiments we varied K,
in the range from 0.1 to 1 cm? s~!, and we chose the latter
because it allowed a reasonable steepness in the seasonal
thermocline at the surface.

Equation (6) is the Unesco equation of state for sea water.
Convection is introduced into the model using the procedure
proposed by Bryan [1969]. In case of static instability the
temperature and salinity of the unstable column are locally
homogenized until neutral stratification is reached.

The « terms in (4) and (5) are the Newtonian restoring
terms which are different from zero only in selected regions
of the model. In particular, at the first model level (5 m)
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Figure 2. (continued)
ag= 0.2 d_l,
ar= 0,

and for all the other levels and only between 9.5°W < A <
6.5°W (the Atlantic box)

ar=ag=02d"

In the region of the Atlantic box and below the surface, the
reference temperature and salinity fields 7* and S§* are the
annual mean Levitus [1982] climatologies.

The specification of salt fluxes at the sea surface is
generally related to the problem of prescribing precipitation-
evaporation (P-E) values. The lack of data for precipitation
in open sea areas makes almost impossible the evaluation of
the real sea surface water fluxes, or in particular their
seasonal variations. We solved this problem by imposing the
salinity structure at the first model level, as indicated by (5).
The S* at this level was obtained from an objective analysis
of National Oceanographic Data Center (NODC, Washing-
ton, D. C.) climatological casts for the Mediterranean area
(kindly made available to us by S. Levitus). A monthly mean
field was then obtained using the same procedure of Levitus
[1982], but with finer horizontal grid spacing and some
differences in the specification of the first guess field in the
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objective analysis method [Roussenov and Brasseur, 1991].
On the basis of this monthly data set, the 5-m salinity field $*
is computed in the model at every time step using linear
interpolation.

The model assumes the following boundary conditions at
z=0:

PoA,, =T 8
pPoCpK, T, = Q )
K,S,=0 (10)
w=0 aan

where 7 is the wind stress and Q is the net surface heat flux.
The form of Q and 7 will be discussed in detail in section 2.2.

At the bottom z = —H(A, ¢) the vertical velocity is
imposed

VH (12)

w=—uy-
where the surface z = H(A, ¢) is the bathymetry and

KT, S§)=0 (13)

The initial boundary value problem of (1)-(6) is solved
starting from the annual mean Levitus [1982] T and S fields
and zero initial velocity fields.

2.2. The Heat and Momentum Budget at the Surface

The energy budget at the sea surface was implemented
following closely the formulation of Rosati and Miyakoda
[1988] with the clear sky assumption. The net heat flux at the
ocean surface Q was written as

0=0,-0Qu

where Q, is the downward flux of solar radiation and Q,, is
the net upward flux of radiation emitted by the sea surface
via radiative and evaporative-conductive processes.

The downward flux can be expressed as

= Q{1

where C is the fractional cloud cover which in the present
study is chosen to be zero; B(¢, d) is the solar noon altitude
in degrees which is a function of the Julian day 4 and the
latitude ¢; and « is the sea surface albedo chosen to be
constant and equal to 0.3. The total radiation reaching the
surface under clear skies

(149

—0.62C + 0.00198)(1 — a) (15)

Qr=Joa ? cos (§)Dp(p, M+ + (1 - 4,)12 (16)
depends on the atmospheric attenuation and scattering,
controlled by the transmission coefficient = = 0.7, the zenith
angle £, the water vapor and ozone absorption A, = 0.09,
the solar constant Jo = 1.35 x 103 J m~2 57!, and the
fraction of daylight D . The net upward flux of energy from
the surface is composed of the net flux of longwave radiation
lost by the sea surface Qg and sensible H, and latent LE,
heat fluxes

Qu=QB+Ha+LEa (17)
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where L is the latent heat of vaporization (2.501 x 10° J
kg™"). We used the following bulk parameterization formu-
las:

Qp=e0TH0.39 — 0.05re)A(T)] + 40T (T, - T,)

(18)
H,= pacpchlwl(Ts - Ta) (19)
E,= pace|w|[esat(Ts) — re(7,)1(0.622/p,) (20)

where T; and T, are the sea surface temperature and the
atmospheric temperature at 1000 hPa, respectively, ¢ is the
emissivity of the sea (¢ = 0.97), o is the Stefan-Boltzmann
constant, r is the relative humidity, e, (T) is the polynomial
approximation of the saturation water pressure, as given by
Lowe [1977], pis the density of the air, p, is the surface air
pressure (1013 hPa), |W| is the surface winds amplitude, c,
is the specific heat capacity (1.005 x 10*> J kg™! K™"), and
C h, and C, are the turbulent exchange coefficients (1.1 X
10°).

The momentum flux is given by the wind stress compo-
nents

(1%, %) = p,Cp|W[(W,, W) ¢3))
where W,, W, are the wind components. The polynomial
approximation, given by Hellerman and Rosenstein [1983],
is used to calculate the drag coefficient Cp as a function of
the wind speed W and (T, — T,). Both momentum and heat
fluxes are calculated interactively: the model calendar is set
to correspond to the real time of the atmospheric data set;
the atmospheric data are interpolated at every time step; and
the model time is used to calculate the solar radiation at
every grid point.

The value of Q, is averaged over a day for each grid point
and is kept constant each day, and the value of 7, in all
parameterization expressions for the wind stress and heat
flux is set to be equal to the current model sea surface
temperature.

The required atmospheric quantities to calculate (15)—(21)
are the wind field W, the atmospheric temperature 7,, and
the relative humidity r. They were derived from the 12-hour
NMC 1000-hPa operational analyses for the period January
1980 through December 1988. From this data set we calcu-
lated a climatology or perpetual year of atmospheric param-
eters by computing the monthly average of the time series.

In Figure 3a we show the wind stress calculated by the
model, imposing the average W and T, and using the
parameterizations written in (21). We recognize the Mistral
area in the northwestern Mediterranean basin and a zonal
stress over the whole eastern basin during winter. The
spring-to-summer conditions are characterized by the well-
known change in wind stress direction in the eastern Medi-
terranean area, giving rise to a northwesterly stress over the
Aegean and Levantine basin (Etesian winds). Overall, this
climatological wind stress pattern is similar to the traditional
climatological wind stress of Hellerman and Rosenstein
[1983] (hereinafter referred to as HR), but with significant
differences, especially in the magnitude of the wind stress.
The amplitude of the Mistral is greatly reduced with respect
to HR [see Pinardi and Navarra, 1993], but the summer
Etesian wind stresses are larger in amplitude. Furthermore,

13,519

the NMC wind stresses are more zonal than HR and gener-
ally weaker during winter. This is probably due to the short
length of the time series used to compute the climatological
forcing parameters (only 9 years) as compared to HR.
Heburn [1994] discusses at length the differences between
HR and European Centre for Medium-Range Weather Fore-
casts (ECMWF) data averaged over an analogous period of
time (1981-1989). He finds that interannual variability is so
large that the average of the wind stress over this period of
time gives a different magnitude of 7 but the patterns
generally agree. The NMC data also show a very large
interannual variability, as shown by S. Castellari et al. (A
heat budget study for the Mediterranean Sea, submitted to
Oceanologica Acta, 1995; hereinafter referred to as Castel-
lari et al., submitted manuscript, 1995).

In Figure 3b we show the wind stress curl for the stresses
of Figure 3a. The summer-to-winter changes are noticeable
over large portions of the basin, such as the Algerian-
Provencal and the Ionian areas. During the winter and
autumn seasons the wind stress curl shows a zero crossing
line along the central latitude of the two basins, dividing the
negative southern from the positive northern wind stress curl
areas of the Mediterranean basin. This is due to the zonality
and jetlike structure of the wind stress during winter and
autumn, which produces a dipolar structure in the wind
stress curl across the north-south extension of the basin.
Taking a Sverdrup balance for the barotropic part of the flow
field, we expect the northern areas to be forced with cyclonic
vorticity while the south is driven with anticyclonic vortic-
ity. In the WM the seasonal changes consist of a weakening
of the amplitude of the wind stress curl over large areas of
the basin with a weak summer reversal in the northern
Provencal-Algerian basin. In the EM the seasonal changes
are very large over the Ionian basin, where the wind stress
curl changes from a dipolar structure during November and
February to a negative wind stress curl over the whole basin
in August. The northern Levantine basin is instead forced all
year long with a cyclonic vorticity input. The southern
Levantine wind stress curl is quite variable but generally
consistent with a negative (anticyclonic) vorticity input. The
dipolar structure of the wind stress curl is a common feature
of the basin winds, as can be seen from the previous work of
Heburn [1987] and Pinardi and Navarra [1993]. The major
differences in curl between Figure 3b and HR [see Pinardi
and Navarra, 1993] are in the southern part of the basin,
where small-scale structures are evident in HR and not in
NMC. Furthermore, the double-center structure of HR in
the Mistral area is weaker, if not absent, in NMC and much
more seasonal.

In Figure 3¢ we show the climatological Q computed by
the model. The winter and autumn heat loss almost balances
the net heat gain during spring and summer. If we compute
a basin (east of Gibraltar) and yearlong average of Q, we
obtain —0.4 W/m?2, which balances the positive net heat
transport at Gibraltar. This heat transport is clearly under-
estimated at Gibraltar since it should be close to 7 W/m?.
This is probably due to the model’s systematic warming of
the thermocline waters, which reduces the temperature
contrast at Gibraltar and thus the net heat transport. The
striking feature of the pattern of Q in Figure 3c is its
boundary structure during all the seasons, except perhaps
winter. The summer local maxima along the eastern coast-
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lines of the basin (eastern Tyrrhenian, Adriatic, and Aegean
Seas) and south of Sicily are due to intense upwelling
processes occurring there. The summer minima along the
Algerian coasts and the southeastern Mediterranean coast-
lines could be due to downwelling motion generally occur-
ring there. It is interesting to note that a local maximum of
heat gain, which should correspond to upwelling areas, is
evident along the western part of the Gulf of Syrte, the
Tunisian coast, which is a known area of regional upwelling.

(c) Total heat flux Q at the model surface in watts per square meter.

The downwelling and upwelling motion along the different
parts of the coastlines is inferred by inspecting the upper
water column horizontal velocity divergence (not shown
here) and assuming conservation of mass. During winter
these downwelling areas correspond to maximum values of
heat loss. The southern part of the basin is an important heat
release region during winter as well, as some of the eastern
sides of the basin correspond to heat gain regions during
summer. This boundary-intensified response to atmospheric
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heat forcing seems to be consistent with the observations
(Castellari et al., submitted manuscript, 1995), at least during
winter and in the summer upwelling regions.

2.3. The Strait of Gibraltar

Another model development is concerned with the addi-
tion of the Strait of Gibraltar inflow-outflow system. A
problem is that the resolution in the Straits should be
substantially increased compared to the open ocean regions
in order to resolve the specific dynamics of the area.
However, our model resolution is clearly too coarse to
effectively resolve Gibraltar (~20 km at the narrowest
point), so we had to increase the actual extension of the

(continued)

Strait in order to fit two «, v grid points and be able to
compute the balances in the Strait.

West of the Strait of Gibraltar the model area was ex-
tended up to 9.5°W. In this relatively small area the a
restoring terms of (4) and (5) are different from zero at all the
levels. This maintains the baroclinic flow field near the
climatological mean in the area of the Atlantic west of
Gibraltar, thus forcing the inflow of Atlantic waters into the
Mediterranean. This method has been widely used in other
model simulations of the Pacific [Philander et al., 1987] and
the North Atlantic [Bryan and Holland, 1989] to control
areas of the model which are not well resolved. This is the
first time that this procedure was applied near a strait in a
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large-scale model to try to fix the inflow conditions. On the
outflow the constraint of the relaxation eliminates the need
for strong damping of the variability emerging from the
model predictions.

3. Simulation Experiments

In this section we present the analysis of the simulation
experiments shown in Table 1. The central simulation is
represented by experiment PY2 where all the forcings are
considered together and the integration period was 67 years
long. We will start by describing PY2 characteristics and
comparing them with TMR observational evidence. In the
last subsection we will compare PY2 with different forcing

(continued)

experiments to show the robustness and sensitivity of the
results to the model design.

In Figure 4 we show the volume-averaged kinetic energy
for PY2. The model has reached a stable fully repeating
cycle after about 50 years of integration. After a steep
adjustment in the first 4-5 years of integration (not shown),
a gradual change in the kinetic energy of the basin occurred,
which took almost 50 years to stabilize. This is due to the
adjustment of the model initial condition to the imposed
atmospheric forcing and to the slow vertical diffusive adjust-
ment of the first ~600 m of the water column. In Figure 4 the
seasonal cycle is shown by two peaks: The largest is during
the winter (March), and a smaller one is present for the
summer (August). Superimposed on this seasonal cycle is a
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Table 1. Simulation Experiments
Duration of
Gibraltar Experiment,
Experiment Heat and Salt Flux Wind Stress Strait years
HR relaxation to annual monthly mean HR open 7
mean temperature
and salinity
NMC relaxation to annual monthly mean NMC open 7
mean temperature
and salinity
GC interactive heat flux and monthly mean NMC closed 13
relaxation to monthly
salinity
PY1 interactive heat flux and monthly mean NMC open 13
relaxation to monthly
salinity
PY2 interactive heat flux and monthly mean NMC open 67

relaxation to monthly
salinity

HR, Hellerman and Rosenstein [1983] winds; NMC, National Meteorological Center winds; GC,
Gibraltar Strait closed; and PY, perpetual year experiments.

3-year-period interannual fluctuation. Later results, done
with larger Atlantic boxes, have shown that the 3-year
oscillation disappears, while the large seasonal cycle re-
mains unaltered.

The absolute value of the mass transport at the Strait of
Gibraltar is shown in Figure 5. The positive sign stands for
inflow conditions at the Strait. The outflow is equal in
amplitude but opposite in sign to the inflow because of the
rigid lid assumption and the imposition of ¢ = 0 along the
continental coastlines. The seasonal variations of the mass
transport of Figure 5 are weak, and they show a late winter
and late summer peak, with an absolute minimum in Janu-
ary. This behavior is in very good agreement with the
transport measurements of Ovchinnikov [1974]. The average
value of 0.66 Sv is close to the measurement of 0.76 Sv
reported recently by Bryden et al. [1988]. We believe our
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Figure 4. Volume integrated kinetic energy versus time for
the last 10 years of experiment PY2.

results underestimate the measured transport but are not
outside the possible values. The seasonal variations in
transport are small (+0.03 Sv). In the following section we
will describe the barotropic and baroclinic components of
the general circulation resulting from the PY2 experiment.

3.1. Barotropic Transport Components

The model solves the equations of motion by separating
vertically integrated and baroclinic velocity components
[Bryan, 1969]. The vertically integrated or barotropic veloc-
ity components (i, 7) are horizontally divergenceless; for
example, a horizontal mass transport stream function  can
be defined, and then @ = £ x Vi, where £ is the unit vector
in the vertical direction.

In Figure 6 we show the transport stream function fields
for one of the repeating cycles of Figure 4. The flow field
variability is different in the western and eastern basins since
the response is composed by subbasin scale gyres. In the
following we will describe the two regions separately.

1. The western Mediterranean basin shows the well-
known cyclonic Lyon Gyre in the northern Provencal-
Algerian basin. The seasonal variability of this gyre is
represented by its weakening during summer, reaching min-
imum amplitude in September. The region south of the
Atlantic stream is composed of small-scale gyres of anticy-
clonic nature. One of them is very intense and reaches
maximum strength in late summer. The Tyrrhenian basin is
composed of a large-scale cyclonic gyre during the winter,
which is reduced in size and shifted westward during sum-
mer due to the westward propagation and strengthening of
an anticyclonic gyre from the eastern side of the basin. This
is the first example of a seasonally ‘‘recurrent gyre’’ for the
Mediterranean basin, a feature which we think is very
peculiar and fundamental to the basin barotropic general
circulation. The results for the WM are in very good quali-
tative agreement with Zavatarelli and Mellor [1995], in both
size and number of gyres found. These results are also
similar to those of Pinardi and Navarra [1993] (hereinafter
referred to as PN), except for the Algerian basin gyres. PN
showed that during the summer an Algerian basin anticy-
clone was excited, while here the flow field shows only a
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very weak flow pattern during July—-September. The disap-
pearance of the large-scale anticyclone can be attributed to
the Strait of Gibraltar control and to the different wind
forcing used in this study with respect to PN. However, it is
clear that the southern Provencal-Algerian basin is a region
of anticyclonic motion for the barotropic components of the
general circulation.

2. The eastern Mediterranean shows an overall cyclonic
circulation in the basin connecting the Ionian and Levantine
basins during winter, while during summer the circulation is
composed of disconnected gyres of different sign. A major
jetlike current, the barotropic component of the Atlantic-
Ionian stream, is present from January until July, and its
Levantine basin expression via the mid-Mediterranean jet is
always recognizable. The northeastern Ionian basin reverses
its circulation seasonally, giving rise to a recurrent anticy-
clonic gyre in the northern part of the Ionian. This definition
of recurrent gyre is strictly seasonal, but we think that it
could be related to the ‘“‘interannual’’ recurrence that is
described by Robinson et al. [1991]. In the central western
part of the Ionian a cyclonic circulation persists throughout
the year. PN showed a much more dramatic reversal of the
Ionian circulation. Because of the westward propagating
characteristics of the gyres, we think that the basic mecha-
nism of Rossby mode propagation excited by wind stress
changes is present also here. However, the response is
different in shape and period, probably modified by the
different representation of the wind stress curl and the
bottom relief in this model. South of the Ionian-Atlantic
stream the circulation is composed of different anticyclonic
gyres, one of them clearly connected to the barotropic

component of the Mersa-Matruh Gyre. To our knowledge it
is the first time that this gyre is simulated successfully, even
though we are looking only at the barotropic response. It is
interesting to observe the temporal behavior of the gyre: It is
weak during the January—-May period, and it reaches maxi-
mum strength in November (or the end of summer), splitting
into two centers, one of them decaying in amplitude. The
other novel and interesting result is the formation of an
anticyclonic gyre under Cyprus, which clearly propagates
westward and decays at the end of the summer. This is
another example of a seasonally recurrent gyre. The Rhodes
Gyre is another important feature of the basin circulation,
which is positioned during January—March below the eastern
corner of Crete. The barotropic expression of the Asia Minor
current going around Cyprus and forming the northern
border of the Rhodes Gyre is strorg in the winter and spring
seasons but weak in the others.

3.2. Baroclinic Flow Components

We describe now the baroclinic components of the general
circulation from PY2. In Figure 7 we present the sea surface
temperature (SST) predicted from the model. It is interesting
to note the boundary-intensified signal of the SST, which in
turn determines the boundary-intensified heat exchange with
the atmosphere discussed before. The temperature range is
from 15°C during winter and along the northern Mediterra-
nean borders to 32°C in summer and along the southern
Ionian basin. During winter (February) the most noticeable
feature is the frontal structure in the EM, precisely along the
Atlantic-Ionian stream path, which separates the warm
waters of the African borders from the interior and northern
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Figure 7. Sea surface temperature fields for one of the repeating cycles of Figure 4 (experiment PY2).
Units are degrees Celsius and the month is written in the left margin of each profile.

cooler waters. The striking feature is the uniformity of the
SST in the interior parts of the basin. The spring and summer
months show the appearance of upwelling areas on the
southern borders of the islands (Sicily and Crete) and along
the eastern sides of the Adriatic and the Aegean.

In Figure 8 we show the temperature at different subsur-
face levels for the winter and summer months. The 50-m
level was chosen because it marks the middle of the Atlantic
water layer, and the 340-m level is well inside the LIW core
for the EM. The structure at 50 m is practically identical to
the SST of Figure 7, but at 340 m we start to see that the
signature of the gyres and fronts differs from the sea surface
temperature structures. In February the WM is dominated

by a southwest to northeast frontal structure in the middle of
the Provencal-Algerian basin and by a meridional gradient at
the southern border of the Tyrrhenian basin. The seasonal
variability of the temperature fronts is clear in the Lyon
Gyre area and in the Tyrrhenian basin.

In the EM and at 340 m there are three relevant structures:
(1) the strong frontal structure south of the Otranto Strait,
which separates the Adriatic Sea cold waters from the Ionian
basin; (2) the Rhodes Gyre which shows seasonal fluctua-
tions in shape and amplitude; and (3) the tonguelike structure
emanating from the northeastern Ionian basin and changing
the strength of the zonal temperature gradient in the Ionian
between February and August. The southern Ionian basin
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Figure 8. Snapshots of temperature in degrees Celsius for February and August at 50 and 340 m for one

of the repeating cycles of Figure 4.

shows the shift of the 17.5°C isotherm a few degrees north-
ward between February and August, decreasing the temper-
ature frontal structure associated with the Ionian-Atlantic
stream.

The salinity structure at the same depths is shown in
Figure 9. The structures are similar to the temperature
gradients described for Figure 8. At 50 m and in the EM it is
interesting to note the signature of a salinity front under the
surface position of the mid-Mediterranean jet which sepa-
rates the saltier northern Levantine waters from the south.
In the WM the LIW intrusion into the Tyrrhenian seems to

be stronger during August, where a tonguelike structure
forms along the eastern border of the Tyrrhenian.

Finally, we have calculated the anomaly dynamic height at
100, 400, and 700 m, referred to as a 1700-m reference level
(Figure 10). The anomaly is calculated with respect to a time
and space average value of the dynamic height in the WM
and EM separately. These profiles can be directly compared
with the classical information on the general circulation of
the basin as calculated from hydrographic data (see, for
example, Robinson et al. [1991]). We will now describe the
variability at the different levels.
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Figure 9. Snapshots of salinity for February and August at 50 and 340 m for one of the repeating cycles

of Figure 4. Units are practical salinity units.

Variability at 100 m. The winter (March) dynamic height
shows at this level a well-defined Atlantic stream system
which winds along the southern part of the basin. The
Algerian current is present in the jets around anticyclonic
features on the right of the eastward flowing current. The
Algerian current deviates from the coasts during the sum-
mer, and small anticyclonic gyres develop at the entrance of
the current in the Algerian basin. The surface Lyon and
Tyrrhenian cyclonic gyres are well positioned and repro-
duced by the model. The Ionian basin is divided longitudi-
nally into two parts: The western part shows a persistent

cyclonic gyre and the eastern an anticyclonic area, near the
Pelops Gyre of Figure 1. The Rhodes Gyre is strong,
together with a clear signal of an Asia Minor current which
hugs the Turkish coastline. The seasonal variability at this
level is shown by a weakening of all the basin cyclonic gyres
and the strengthening of the Mersa-Matruh Gyre during
summer.

Variability at 400 m. It is at this level that maximum
seasonal variability is achieved. The Algerian current is
flowing westward, below the surface eastward flow, making
a large anticyclonic meander in the Algerian basin. It seems
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that this current, bringing LIW from the eastern basin,
branches south of Sardinia, and part of it goes directly
toward the Alboran Sea while the rest joins the Lyon Gyre to
the north. The Lyon Gyre is a well-defined feature at this
depth throughout the year. The Tyrrhenian Gyre shows a
partial reversal during summer. The eastern part of the basin
is flowing anticyclonically during the summer, and a small
but intense cyclonic gyre is left at the western side of the
basin. In the EM the Ionian-Atlantic stream is present in
segments around the intense subsurface gyre system. During
summer the eastern Ionian area develops a well-defined
anticyclonic gyre, similar to the Pelops Gyre of Robinson et
al. [1991]. The summer-to-winter variability in the Levantine
basin is large, with an amplification of the anticyclonic
motion south of Cyprus. The Rhodes Gyre is formed by two
cyclonic centers during winter and only one during summer,
shifted westward with respect to the Rhodes deep basin. At
this depth we see a well-defined Mersa-Matruh Gyre, which
attains maximum amplitude during summer.

Variability at 700 m. During the winter and at the loca-
tion of the surface Algerian current, a system of cyclonic and
anticyclonic gyres of somewhat small scale is present. The
seasonal variability of the gyres is large, showing a reversal
of the Algerian anticyclonic gyre from summer to winter.
The Lyon Gyre is always strong, while the Tyrrhenian Gyre
partially reverses during summer. In the northern Ionian the
western cyclonic gyre and an anticyclonic gyre are present in
both summer and winter. The Rhodes Gyre center is broken
down into two different cyclonic centers in winter, while in
summer it is strong and displaced southward. The Mersa-
Matruh Gyre is weak during February. As we could have
expected, the deep circulation consists of a series of discon-
nected gyres, and the signature of the major current systems
at the surface is present in the segments and jets around the
intense gyre system.

In Figure 1la we show the PY2 velocity field for a
climatological winter month (February) at 30 m, at the LIW
level (300 m), and deeper (700 m). All the gyres present in the
barotropic and baroclinic pictures shown above now merge
in this winter velocity picture. In the WM the surface flow is
dominated by the Algerian current meandering between
Gibraltar and 4°E. Then the current splits into two branches,
one flowing north and joining the Lyon Gyre, the other
continuing along the Algerian coasts and entering the Sicily
Strait. The Lyon and Tyrrhenian Gyres are well formed, but
the Gulf of Lyon Gyre seems a little underestimated, prob-
ably due to the missing effect of deep water formation which
should strengthen the cyclonic flow field in the upper water
column. At the LIW depth the Algerian current is reversed,
and the LIW flow entering from Sicily splits into three
branches: one going into the Tyrrhenian, the second going
along the western side of Sardinia, and the third continuing
along the Algerian-Moroccan coastlines to outflow at
Gibraltar. This is in agreement with the classical description
by Miller [1983]. At 700 m the currents are more inhomoge-
neous, and they are consistent with the current directions at
the surface, except along the Algerian coast. There is
evidence of a small anticyclonic gyre west of Sardinia and
along the Algerian coast which was present in the barotropic
¢ field, and it emerges in the deep total velocity field here.

In Figure 11a and in the EM, we show a surface-intensified
Ionian-Atlantic Stream and a western Ionian cyclonic gyre, a
meandering mid-Mediterranean jet, and a well-developed

ROUSSENOV ET AL.: THE MEDITERRANEAN SEA GENERAL CIRCULATION

Asia Minor current throughout the water column. The Le-
vantine basin shows a large-scale Rhodes Gyre at the surface
and a rather well-developed Mersa-Matruh Gyre at 300 m.
The deeper flow field is at a smaller scale, and it reverses in
several subregions with respect to the 300-m level.

If we compare the 30-m and 700-m velocity fields with
TMR winter analysis, we see that agreement in WM is very
good, except perhaps in the Tyrrhenian, where, in our case,
the western Tyrrhenian jet is closer to the coasts. In EM and
in the Ionian, the general direction of currents is the same
but the lonian western gyre is smaller than TMR. The
Ionian-Atlantic stream and mid-Mediterranean jet meander-
ing pattern is well reproduced and consistent with TMR. In
the Levantine, results generally agree but the noise in the
data does not make possible a comparison, as also explained
by TMR.

In Figure 11b we show the same velocity fields but for a
summer month (August). In the WM and at the surface (30
m) the Algerian current is a well-developed current, as in
winter. The Gulf of Lyon Gyre is still well defined but
weaker than during winter. Large seasonal variations have
occurred in the Tyrrhenian where the cyclonic gyre is now
smaller, and the western Tyrrhenian current is now flowing
in the middle of the basin. At 300 m the flow direction in the
southern Algerian-Provencal basin is westward, and the flow
entering from Sicily branches now only after Sardinia,
probably taking first a whole turn around the Tyrrhenian
basin. At 700 m the most noticeable difference with the
300-m flow field is the anticyclonic motion in the western
Tyrrhenian Sea and the southward flow along the western
side of Sardinia.

In the EM the Ionian-Atlantic stream branches into two
segments in the Sicilian plateau, and the western cyclonic
Ionian gyre is weak. At 700 m the central Ionian is occupied
by an anticyclonic gyre, but the flow field along the western
side of the basin is still directed southward. All of the
southern part of the EM basin (south of 33°N) is occupied by
anticyclonic gyres (Mersa-Matruh, Shikmona, and Syrte
Gyres) which are much more intense than during winter. The
Asia Minor current is now reversed at 700 m with respect to
surface, and the Rhodes Gyre is a strong subbasin gyre
feature.

If we compare 30- and 700-m velocities with the summer
flow field of TMR, we see that again in the WM there is good
agreement at the surface, except perhaps for the Tyrrhenian
basin where we have a partial reversal of currents at 700 m.
However, TMR also point out that in the Tyrrhenian there
are large seasonal variations composed of a westward shift
of the central Tyrrhenian jet. Our results are confirmed by
the data analysis and modeling results of Arzale et al. [1994].
In the EM and during summer, we find the largest differences
with TMR analysis, the most evident being the anticyclonic
gyre in the central Ionian basin. This could be due to model
inadequacy in resolving topography, and further studies are
needed to clarify the variability in this basin.

3.3. Water Mass Formation Processes

In this section we will describe a few cross sections of
salinity and temperature in different regions of the basin in
order to show the seasonal thermocline formation cycle in
experiment PY2. The first section is across the whole
longitudinal extension of the Mediterranean basin and is
shown in Figure 12a. Starting with the temperature and from
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Figure 12a.

East-west temperature and salinity sections across the whole extension of the basin (the

exact position of the section is indicated above the salinity profiles, in the small rectangle) for February

and August (experiment PY?2).

the westernmost end of the section, we can recognize the
sharp temperature front at Gibraltar which separates the
Atlantic 15°C waters from the Mediterranean 16.25°C waters
at 250 m of depth. During the winter the Atlantic water (AW)
is found at the surface almost everywhere along the section
in the western basin, with salinities ranging from 36.5 to 37.5
at the Strait of Sicily. Throughout the year the Strait of Sicily
is the site of strong subsurface frontal structures both in
temperature and salinity. During summer a steep seasonal
thermocline is formed, and we can see the surface salinities
increasing eastward. However, a subsurface minimum in
salinity is found at ~28°E on the eastern flank of the Rhodes
Gyre. This indicates that in some positions the model tries to
produce the summer AW subsurface minimum. On the other
hand, this process seems relatively easy to produce, as it has
already been simulated by the more idealized models of

Pinardi and Navarra [1993]. Thus we conclude that this
subsurface salinity minimum is mainly due to advective and
mixing processes. This section of Figure 12a cuts through
the Rhodes Gyre, which is evident during both winter and
summer by the upward sloping of the isotherms at about 400
m of depth and about 27°E. During summer a ‘“‘patch’ of
LIW occupies the western flank of Rhodes Gyre, defined by
the subsurface salinity maximum shown in Figure 12a at
~25°E. The mixed layer depth at the top of the Rhodes Gyre
is the deepest part of the basin, reaching 250 m. Thus LIW is
formed in the model each winter, although at shallower
depths than actually occur, owing to the warmer tempera-
tures. The subsurface Rhodes Gyre signature seems to be
too deep, probably as a result of the ‘‘climate drift’” of the
model which slowly erodes the main thermocline. We can in
fact expect that in T = 70 years (the length of the integra-
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Figure 12a.

tion), heat would be mixed down from the surface to about
500 m because H = (K,,T)”2 =~ 450 m, where K, is the
vertical diffusivity in the model. The thermocline gradients
at 200-300 m would be decreased and carried over to deeper
regions. The air-sea fluxes which we impose at the interface
have a bias which would produce a yearly heat gain in the
ocean. As a result of this, the ocean tries to warm up and to
correct for this trend; we should use higher-frequency atmo-
spheric forcing, clouds, and ‘‘tuned’ air-sea interaction
(correct albedo and stability dependent coefficients for latent
and sensible heat fluxes). This is discussed by Castellari et
al. (submitted manuscript, 1995) and is found to correct for a
large amount of the climate drift of the model.

16 20 24 28 32 36

(continued)

A section across the Lyon Gyre is shown in Figure 12b.
The sharp upward slope of the isotherms during both sum-
mer and winter shows the subsurface structure of the gyre.
The seasonal cycle shows capping of the dome during
summer by a sharp temperature gradient and during the
winter the formation of a mixed layer 250-350 m deep. The
salinity mixed layer is deeper than the respective tempera-
ture layer. This convective mixed layer is not deep enough to
renew the deep waters of the basin. Thus we conclude that
we do not produce deep waters, probably due to the rather
low heat loss at the sea surface during the winter season (see
Figure 3c). The sea surface temperatures are in fact too
warm to produce deep waters. It is well known by now that
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Figure 12b. North-south section of temperature and salinity across the Lyon Gyre (the exact position of
the section is indicated in the small rectangle) for February and August.

it is possible to produce deep waters by imposing a priori the
correct temperature and salinity at the surface, as shown by
Stanev et al. [1989]. Our inability to produce this is due to
the fact that given the air-sea interaction physics of (14)~(20),
the model produces high sea surface temperatures to allow
for a small negative Q, and thus a minimum of Q during
winter. In this region, Zavatrarelli and Mellor [1995] are also
unable to form deep waters. The particular combination of
heat fluxes and water column stratification produces a bias in
the model. We believe that the open ocean deep water
formation processes in this area are the complicated result of
heat forcing at the surface, the distribution of temperature
and salinity at preconditioning time, and the physical mixing
parameterizations represented in the model. At present none
of these parameters are adequately reproduced by the GCMs
in the area.

In Figure 12c we show a north-south section across the
southern Adriatic and the Ionian basin. The sill of Otranto is
defined by the bottom rise to about 700 m at ~41°N. The
center of the Ionian during the winter is occupied by a pool
of LIW at about 250 m of depth, partially compensated in
density by the corresponding temperature maximum. During
the summer this LIW pool shifts to the north and deepens to
about 100 m. At the same time, the temperature field forms
a subsurface uniform layer in the position of the winter
subsurface maximum. The presence of this isothermal sub-
surface layer was found in the Ionian during one of the
POEM cruises [POEM Group, 1992]. It is reproduced here
to some degree as a combined effect of the thermal and wind
forcing in the basin. We do not produce new deep waters
from the Adriatic since the deep isotherms and isohalines at
the location of the Otranto sill are unchanged in the course of
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Figure 12¢. Same as Figure 12b but for a section across the southern Adriatic and the Ionian basin.

the integration. On the other hand, Zavatarelli and Mellor
[1995] seem to show deep water renewal from the southern
Adriatic. Again, we argue that this is due not to any intrinsic
inability of the model to convect water in depth but to the
warm bias of the model, which produces higher tempera-
tures than the one present below 1000 m. In PY?2 in fact, the
southern Adriatic is very well mixed during winter, showing
the effects of deep convective mixing, but the temperatures
are 3° higher than required for the waters to slide down to the
bottom of the Ionian.

3.4. Sensitivity to External Forcings

In Table 1 we present four sensitivity experiments done
with different atmospheric forcing fields and Gibraltar open

or closed. In particular, we contrasted the results obtained
with HR winds and restoring temperature and salinity
boundary conditions to NMC forcing with or without com-
plete heat fluxes.

The NMC and HR experiments of Table 1 are similar
among themselves but very different from PY1. The most
important difference is the absence of the Mersa-Matruh
Gyre in HR and NMC. Thus we conclude that the Mersa-
Matruh is due to the seasonal variability in our surface heat
fluxes. Zavatarelli and Mellor [1995] and Malanotte-Rizzoli
and Bergamasco [1991] relate their inability to produce such
a gyre to the use of May [1982] heat fluxes, which are not
adequate. We seem to have overcome this problem probably
because of the particular forcing data set which we used.
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Figure 13. Comparison of baroclinic velocity vector at 30 m for GC and PY1 experiments (see Table 1)
and (top) March and (bottom) September conditions. The reference arrow is also indicated.

Another difference between HR and NMC experiments is in
the intensity of the Lyon Gyre, which is larger in the HR
experiment due to the stronger mistral wind stresses.

The most interesting results are shown, however, by
comparing the GC and PY1 experiments. In Figure 13 we
show a comparison between the baroclinic velocity field in
the GC experiment and PY1 for March and September. The
comparison shows that the Algerian current system is very
different. In fact, we note that the increased meandering of
the Algerian current during summer is totally absent in the
GC experiment.

Relevant differences are present in the Ionian and Rhodes
Gyre regions where the intensity of the jets and local gyres is
very different in the two cases. The split of the Ionian
Atlantic stream in the Ionian basin is marked only in the PY1
experiment. In the same experiment the Rhodes Gyre area is
more concentrated in the western part of the Levantine
basin. It is interesting to note that in the Ligurian Sea
(between the northern tip of Corsica and the Italian-French
coastlines), there is a well-defined current in summer in PY1
but not in GC. This is an important current system of the
WM which has been speculated in the past [Astraldi et al.,
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1990] to be connected to the overall basin vorticity balance.
Here we show that it is definitely connected to the presence
of the Gibraltar inflow-outflow system, in agreement with
previous results of Pinardi et al. [1985].

4. Conclusions

We conclude by summarizing the seasonal characteristics
of the Mediterranean general circulation evidenced by the
PY2 experiment. We summarize first the WM and EM
circulation separately.

Western Mediterranean. The general circulation is com-
posed of two major cyclonic gyres in the northern Provencal-
Algerian and Tyrrhenian basins and a surface Algerian
current. The Lyon Gyre is a persistent feature of the
circulation, and it is coherent with depth. The surface
Tyrrhenian Gyre shrinks and propagates westward during
summer, and in the eastern part of the basin an anticyclonic
gyre forms. This summer anticyclonic gyre in the Tyrrhenian
is an example of a seasonally recurrent gyre. We find
evidence for this reversal also in the work by Zavatarelli and
Mellor [1995] and good agreement with the TMR summer
flow field. Also, Heburn [1987] shows the same features and
seasonal variabilities. The LIW path from the Strait of Sicily
branches into three parts, one going into the Tyrrhenian, the
second along the Sardinia western coastline, and the third
along the Algerian-Moroccan coastlines. The seasonal vari-
ability of this current system is large, especially at 300 m.
The deep waters are not renewed in the WM even though a
deep winter mixed layer is produced in the Lyon Gyre and
only intermediate waters are formed during winter.

Eastern Mediterranean. Two major cyclonic centers are
found to be persistent throughout the year. The first is a
western Ionian cyclonic gyre, and the second the well-
known Rhodes Gyre. The Ionian stream and the mid-
Mediterranean jet are produced by the model simulation at
the approximate location given by the observational evi-
dence. For the first time a Mersa-Matruh Gyre is produced
by a seasonal integration of a GCM. This feature is shown to
have a large seasonal cycle in strength, reaching maximum
amplitude during summer. Furthermore, we show that the
Mersa-Matruh Gyre is essentially due to our representation
of the heat flux forcing at the air-sea interface. The barotro-
pic and baroclinic circulation shows seasonally recurrent
gyres in the northern Ionian and the southern Levantine
basin. Generally, the southern Levantine anticyclonic mo-
tion reaches maximum amplitude during the summer.

Overall we produce a realistic summer warming of the
surface layers and subsequent winter mixing of the first
100-150 m of the water column. In fact, the LIW formation
process occurs at relatively shallow depths; for example, the
LIW formed is too light and it is not convected deeper than
250 m. The deep waters are not formed because of the
climatological weak cooling generated by the model surface
fluxes. Minimum values of approximately —150 W/m? are
achieved during winter, while the measurements indicate in
the same area approximately —500 W/m? of heat loss
[Leaman and Schott, 1991].

It is our understanding that some of the simulated struc-
tures of the general circulation of the Mediterrancan basin
agree with the observational evidence of the seasonal cycle
of the basin, except perhaps below the main thermocline,
where we seem to produce more variability than in TMR. It
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is true, however, that the observations are poor below
400-500 m and that the measurements are more representa-
tive of summer than winter conditions, due to data scarcity
in the latter season. Our experiments have offered the
opportunity of discussing a possible structure of the seasonal
variability of the Mediterranean general circulation. The
problem of the realistic representation of the seasonal struc-
ture of the general circulation of the basin is still largely
unresolved from both the observational and the numerical
modeling point of view. The considerable differences be-
tween the climatological forcing data sets and the sensitivity
of the ocean response to these different forcings suggest the
need for using higher temporal resolution atmospheric data
sets which take into account the synoptic and interannual
fluctuations.

At this stage we can perhaps start to unravel some of the
discrepancies between the different observational pictures of
the basin general circulation (compare, for example, La-
combe and Tchernia [1975] and Ovchinnikov and Fedoseyev
[1965] with Robinson et al. [1991]). The seasonal variability
of the basin and perhaps the interannual components of the
flow field make the definition of the basin general circulation,
on the basis of sparse data sets, extremely difficult and
controversial.
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