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Abstract--The wind-driven general circulation of the Mediterranean Sea is studied using a 
primitive equat ion model. The model  uses a 0.25 ° horizontal resolution and eight or 16 levels in the 
vertical. The  model  uses the Mediterranean basin geometry,  and the Strait of Gibraltar is closed. 
The  vertical density structure is initialized with annual  average data, and the temperature  and 
salinity values are fixed at the surface to simulate perpetual annual mean  conditions. The wind 
forcing consists of monthly  mean  climatological stresses. 

The  results show that the general circulation of the Medi terranean Sea has a multiple time-scale 
character  (seasonal excursions and steady state amplitudes are comparable)  and it is composed by 
sub-basin scale gyres corresponding to the scale of the wind stress curl centers. The  steady state 
circulation (annual  mean  average) is determined by a Sverdrup balance modified by viscous effects. 

The  unsteady vertically integrated transport  circulation consists of sub-basin scale gyres similar 
to the steady state transport  components ,  which amplify seasonally and the partial or total reversal 
of the currents in many subport ions of the basin. The gyres can be stationary in position or 
propagating. This seasonal ocean response is partly constituted by Rossby modes  due to the wind 
stress curl annual  harmonic.  The  baroclinic circulation shows the seasonal shift of the North 
African Current  from a position along the African coasts during winter to the center of the Balearic 
and Ionian basin during summer .  

1. I N T R O D U C T I O N  

THE Mediterranean Sea is one of the most extensively studied basins in the world. From 
the beginning of the century to very recent times, observations and studies have continued 
to accumulate, often without much coordination. Recently two international programs, 
P OEM (Physical Oceanography of the Eastern Mediterranean, MALANOTTE-RIzzoLI and 
ROBINSON, 1989) and WMCE (Western Mediterranean Circulation Experiment,  LA 
V~OLE~E, 1988) have started to collect new and reliable data sets to establish the mean 
circulation and its variability. Whereas a picture of the circulation starts to emerge from 
these data, the understanding of the general circulation and its physical and dynamical 
account is at its very beginning. 

The Mediterranean basin is essentially formed by two large sub-basins, the Western 
(WM) and Eastern (EM) Mediterranean, separated by the shallow sill of the Strait of Sicily 
( - 3 0 0  m deep) [Fig. l(a)]. The WM can be subdivided into three regions, the Alboran 
Sea, the Balearic basin west and the Tyrrenhian Sea east of the Corsica-Sardinia islands. 
The EM contains two major sub-regional basins, the Adriatic and Aegean Sea, and it can 
be split into a western part,  the Ionian Sea, and an eastern part, the Levantine basin, 
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4000 m deep valley, the Hellenic basin, on its eastern side. The Levantine basin presents 
prominent  seamounts and the 4000 m deep valley of the Rhodes basin, east of the island of 
Rhodes. The two sub-regional basins are shallower than 500 m in their northern part and in 
the south they reach a depth of -1000  m. The continental rise is steep along part of the 
Maltese escarpment (east of the sill of Sicily), along the Egyptian coasts and all along the 
Hellenic arc. 

The general circulation of the overall basin is driven by three main forcings: the inflow- 
outflow system at Gibraltar, the thermal and evaporative fluxes at the air-sea interface 
and the wind stress. The inflow-outflow at Gibraltar is the controlling mechanism for the 
salt and mass budget of the overall Mediterranean basin on the timescale of several 
decades (the water residence time in the Western Mediterranean is estimated to be of the 
order  of 100 years). Low-salinity Atlantic water enters from Gibraltar at the surface and is 
transformed by intense air-sea interactions into deeper  and saltier waters that finally exit 
into the Atlantic ocean. This complex water transformation process occurs seasonally in 
both the WM and EM basins. It is accomplished by large-scale thermal and evaporative 
fluxes, vertical turbulent mixing and regional deep water formation processes. The 
thermohalineforcing at the air-sea interface is important on the time-scale of seasons and 
the source-sink forcing due to deep water formation processes could play an important 
dynamical role on decadal time scales. The wind stress forces the circulation at seasonal 
time scales and at the spatial scale of major sub-portions of the Mediterranean basin. Thus 
it is possible that the thermal and wind forcing could be acting on the same time scales, the 
first inducing water transformation processes and the latter causing the transport and 
dispersal of such waters. 

The classical observational picture of the baroclinic general circulation of the basin was 
first described by OVCHIYN~KOV and FEDORSEYEV (1965) and LACOMBE (1975). Recently, 
extensive data campaigns in the framework of POEM and WMCE have revealed that the 
picture of the circulation is considerably richer. These studies have shown that the 
circulation of the Mediterranean is the result of a delicate interplay between mesoscale and 
seasonal variability (MILLOT, 1991 ; ROBINSON et al. ,  1991). 

In the WM, the circulation is composed of a cyclonic gyre in the Northern Balearic basin 
(also called the Liguro-Proven~al gyre, CREPON et al. ,  1989), a cyclonic gyre in the 
Tyrrhenian Sea, and a North African WM Current. The latter originates at the Strait of 
Gibraltar and it meanders up to the Strait of Sicily. An anticyclonic gyre in the southern 
Balearic basin (hereafter called the Algerian gyre) also can be present. 

In the EM, the Ionian circulation is poorly known. However  it is believed to consist of 
several anticyclonic and cyclonic gyres. There is also evidence that during the summer and 
in the southern Ionian an anticyclonic circulation is present. Its northern border  is 
intensified by the EM North African Current entering from the Strait of Sicily. The 
Levantine basin offers a more complicated picture, with smaller gyres of opposite signs 
and a cyclonic gyre centered on the Rhodes basin (also called the Rhodes gyre, MILLIFF 
and ROBINSON, 1991). The southern part of the Levantine seems to be occupied by 
anticyclonic gyres called the Mersa-Matruh (ROBINSON et al. ,  1991) and Shikmona gyres 
(Ozsov et al. ,  1989). 

In the recent past, the modelling efforts have concentrated on large sub-portions of the 
whole Mediterranean basin, generally the western and eastern basins. The effects of wind 
driving and realistic geometry- topography on the general circulation have been investi- 
gated. It should be mentioned that the first modelling results that showed an intense 
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seasonal cycle in the EM were given by MENZlN and MOSKALENKO (1982). HEBUrN (1987) 
studied with a reduced gravity model the wind-induced circulation in the WM. 
MALANOTTE-RIzzOLI and BER~AmAsco (1989, 1991) showed the general circulation in the 
EM with a linearized momentum primitive equation model by the wind, buoyancy and 
straits forcings. Results from these studies showed that the response to a t ime-dependent 
wind forcing is seasonally amplified. The only previous work that at tempted a global 
Mediterranean wind driven study is by STANEV et al. (1989) but with very low horizontal 
resolution. 

In this paper we present an idealized study of the wind adjustment processes in the 
Mediterranean basin geometry to try to clarify the dynamical nature of the response to 
winds. The models used in this study are based on the primitive equation model by BRYAN 
(1969) and Cox (1984), with a vertical discretization chosen to describe accurately the low- 
order  structure of the mean stratification (HECnT et al., 1988). In practice results will be 
shown for eight and 16 vertical levels. These resolutions are probably still insufficient to 
fully resolve the bottom topography, but a full investigation of the bottom topography 
effects is beyond the scope of this paper that is centered on the ocean response to the winds 
in a Mediterranean-like situation. 

2. THE MODEL AND THE DESIGN OF THE NUMERICAL EXPERIMENTS 

We use the world ocean primitive equation general circulation model developed by 
BRYA~ (1969) and Cox (1984), adapted to the Mediterranean basin geometry. Here we 
synthetically write the equations and the parameterizations used while the numerical 
details can be found in the reference papers. The model equations are 

Offh + ff . V y  h + f X ffh -- 1 ~p  + Ah•2ffh +Avffhzz (1) 
Ot po 

pz  = - p g  (2) 

V. ff = 0 (3) 

OT + f t .  VT  = KhVZT + QCA (4) 
Ot 

OS + f t .  VS = KhVzS + QCA (5) 
Ot 

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

where the spherical coordinates (2,0,z) are considered, ff = (u,v,w) is the velocity vector, 
Uh Its horizontal components,  f = 2f~sln0k, p and p the pressure and density. T,S the 
temperature  and salinity. The Boussinesq, hydrostatic approximations are made. The 
equation of state (6) is taken to be a nine-term, third-order polynomial approximation to 
the Knudsen formula for the density of seawater. A h and Kh are constant turbulent 
diffusion coefficients and QCA and QCA represent the sources of heat and salinity due to 
the convective adjustment mixing parameterization in the model. The convective adjust- 
ment is introduced into the model assuming that at each grid point T,S properties are 
mixed between adjacent levels when gravitational instability (or Pz > 0) is established. 

The boundary conditions considered are: at z = 0 

A vffhz = r (7) 
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T = T* (8) 

S = S* (9) 

w = 0 ( 1 0 )  

where T* and S* are the climatological annual mean temperature and salinity fields of 
LEVITUS (1982). At Z = -H(x ,y) ,  where H is the topographic height, we impose: 

w = -~ 'h"  VH (11) 

(Tz,Sz) = 0 (12) 

(uz,v~) = 0. (13) 

The boundary condition (7) is applied interpolating linearly between the HELLERMAN et al. 
(1983) monthly mean wind stresses, g. 

The coefficients of diffusion are chosen to be Ah = 4.106 cm 2 s 1, A v = 1.5 cm 2 s 1, Kh = 
1.2107 cm 2 s -1, respectively. This choice gives an almost perfectly repeating cycle in the 
integrated kinetic energy of the basin. 

The model has been set up at the horizontal resolution of 0.25 ° of latitude and longitude 
and with eight and 16 vertical levels. In Fig. 2 the model grid is shown for both resolutions. 
The coastline geometry is fairly well reproduced,  but the northern Adriatic has been 
eliminated leaving only the middle and southern regions. The Strait of Gibraltar is 
considered to be closed so that no inflow--outflow processes are considered. The islands of 
Corsica-Sardinia and Minorca-Majorca have been connected as in the case of Sicily and 
the southern tip of the Italian peninsula. We left five isolated islands, Ibiza, Minorca-  
Majorca, Corsica-Sardinia, Crete and Cyprus; the island of Rhodes has been connected to 
the Turkish coast because of the low resolution of the model. The eight model levels are 
located at 30, 80,120, 160,230,330,490 and 110 m of depth and at 5, 15, 30, 50, 80,120, 
160,200,240,  280,340,420,500,  1100, 2000, 3000 for the 16 levels case. 

In Fig, 3 we show the wind stresses for four different months. The WM shows the Mistral 
wind stresses over the northern Balearic basin which persist throughout the seasons. The 
southern WM shows instead a reversal in the direction of the stresses between December -  
March and June-September  conditions. In the EM the Summer stresses are meridional 
over the Ionian and Levantine basins and they become almost zonal in December.  The 
annual mean curl of wind stress is composed by separate maxima and minima centers in 
each sub-basin; in the northern Balaeric basin we have a well known double gyre 
configuration [regions I -W and I I -W in Fig. 3(e)] and a secondary center is present in the 
western Tyrrhenian (III-W).  These curl centers will determine the annual mean circu- 
lation gyre systems if the response is linear. The time dependent  response is going to be 
important where the annual variance is greater, e.g. in the southern Balearic (region IV-  
W) and in the Tyrrhenian (region V-W).  In the EM we can see several curl centers all 
located south of the Hellenic arc (regions from I -E  to IV-E)  and almost zero average curl 
in the central Ionian basin. The Ionian is, in fact, a place of high annual curl variance as 
shown by the double maxima centers located in its Northern (V-E)  and southern (VI-E)  
parts [Fig. 3(0 [ . Finally, the Aegean Sea and northern Levantine basin display of absolute 
maxima in the curl variance as shown by region VII -E .  In conclusion, the mean wind stress 
curl contains the vorticity centers which could sustain a mean multiple gyre circulation and 
its variance reaches relative maxima in separate sub-regions of the basin. 
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Fig. 2. (a) Model 0.25 ° discretized topography for the eight levels configuration. (b) Model 
discretized topography for the high resolution experiment with 16 levels. 

To capture the principal components of the time dependent  part of the wind stress curl 
and its spatial pattern,  we did an harmonic analysis of the 12 months wind stress curl by 
writing 

6 

~:" V x ~ = ~ ,  ak(x,y) cos (~o~t + 6~(x,y) (14) 
k=l  

where k • Vx is the vertical component  of the curl operator  (hereafter referred to as curl 
only), ~o~ = 2~k/12 is the frequency of the kth harmonic component ,  ak its horizontal 
amplitude and 6~ the phase. The annual and semi-annual components are shown in Fig. 4. 
The annual harmonic amplitude captures all of the annual variance centers of Fig. 3(f) 
except in the region VI -E ,  which is shown to be important in the semi-annual harmonic 
amplitude. The annual harmonic amplitude is comparable to the annual average ampli- 
tude [Fig. 3(e)], the semi-annual component  is the second largest while all the other 
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Table 1. Description of the experiments 

Experiment 
name Levels Dynamical Configuration Comments 

C1 8 Monthly mean winds 
C2 8 Annual mean wind, (~)  
C3 8 Wind anomalies ~ = ~ - (~)  
C4 8 Monthly mean winds but fl = 0 
C5 8 Monthly mean winds but homogeneous 

stratification 
SI 8 T' i j=Oforj•[1 ,38 ] 
$2 8 Fij = 0 for i 6 [1,107] 

$3 8 Vii = 0 for i • [107,167] 
H1 16 Monthly mean winds 

Central experiment 
Circulation induced by mean winds 
Circulation induced by wind anomalies 
Beta experiment 
Homogeneous experiment 

Remote response of southern Balearic basin 
Response of the Ionian to remote wind 
forcing 
Response of the Ionian to local wind forcing 
Central experiment high resolutions 

components (not shown) are at smaller amplitude. The phase of the annual harmonic is 
generally small everywhere except at the Sicilian Strait, south of Crete and Cyprus. This 
means that the annual harmonic curl forcing is a perfectly repeating sinusoidal function at 
high amplitude but zero annual mean in the regions IV-W, V-W, V-E and VII-E, e.g. 
where the annual mean curl variance field had relative maxima centers. In conclusion, we 
expect that the time-dependent ocean circulation induced by climatological winds will be 
at seasonal time scales in the southern Balaeric, Tyrrhenian, Ionian and Aegean-northern 
Levantine basin. 

The central numerical experiments (C1 and H1) consist of the monthly varying wind 
stresses, the temperature and salinity fields from annual mean climatological data and the 
two topographies mentioned above (Table 1). We change the wind forcing in experiments 
C2 and C3 to show the influence of the annual mean wind stress and of the wind anomalies, 
defined as the deviations from that mean. In experiment C4 we impose fictiously the 
Coriolis parameter as a constant, thus eliminating the effect of Rossby wave propagation, 
and experiment C5 has homogeneous stratification conditions. The rest of the experiments 
are sensitivity experiments to determine the local vs remote response of major subportions 
of the Mediterranean basin in the low vertical resolution case. 

In Fig. 5 we show the basin integrated kinetic energy cycle for experiment C1 (the time 
series for H1 is very similar and is not shown here). We obtained an annually repeating 
cycle with two relative peaks, one during summer (September) and the largest during the 
winter season (March). The winter onset is the fastest growth of energy in the basin, the 
spring decay is slow, and the summer peak is approximately four times smaller than the 
winter one. The adjustment to a repeating cycle takes about 6 months due to the viscous 
adjustment of the baroclinic velocity field. 

3. T H E  V E R T I C A L L Y  I N T E G R A T E D  C I R C U L A T I O N  

(a) The mean circulation 

Here we describe the annual mean fields of transport streamfunction shown in Fig. 6 for 
the low vertical resolution experiments. We define as "barotropic" the vertically inte- 
grated momentum field and as "baroclinic" the departure from the vertical mean. 
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Fig. 5. 
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YEARS 

Basin averaged kinetic energy for experiment CI as a function of time. 

The western basin mean circulation consists of the Liguro-Provenqal cyclonic gyre and a 
cyclonic Tyrrhenian gyre, corresponding to the wind stress curl centers I I -W and II I -W of 
Fig. 3. On the eastern flank of the Minorca-Majorca island a weak anticyclonic circulation 
is also present, corresponding to the wind stress curl center I-W. The eastern basin shows 
four gyre centers: a cyclonic Rhodes gyre (corresponding to the curl center I-E),  a Cretean 
dipole formed by an anticyclone south-east and a cyclone south-west of Crete (correspond- 
ing to the curl centers I I -E and III-E),  and a zonally elongated Ionian basin anticyclonic 
circulation. These gyres are consistently shifted westward with respect to their correspond- 
ing curl centers. The transport is weaker in the eastern basin gyres ( - 1  Sv in the Rhodes 
gyre) than in their western counterpart ( - 2  Sv in the Liguro-Provenqal gyre). 

The results (Fig. 6) can be understood by analyzing the vertically integrated vorticity 
equation of the model. In our formulation the vertically integrated transport streamfunc- 
tion, ~p, is defined by 

k × _ 1(0 , m 
H aH\  Ou 

where ffis the vertically averaged velocity field, e.g. 
° 

fi'dz (15) 

and the total velocity field is ff = ~+ti~where ~" u ~s the depth dependent or baroclinic part of 
the velocity field. Furthermore,/~ is the unit vector pointing in the vertical direction, a is 
the earth's radius and m = sec O. The equation for the vertically integrated vorticity field, 
~, defined as 
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Fig. 6. Annual  mean  transport s t reamfunct ion for the experiments  listed in Table 1 with low 
vertical resolution. The experiment  name  appears on the left hand side of the pictures. Units  are in 
Sverdrup (106 m 3 s -1) and the contour  interval is 0.25 Sv. The  dark lines cutting through thc 
pictures indicate the location of the wind forcing terms set equal to zero (either north,  cast or west 

of the cut as explained in Table 1). 
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mI(m l ] 
=~ [\H 02/,~ + \mH aOJo ] 

is written 

o,~ + Y.  v ~  - (~ + ¢) ~ + ~ - k . v x + AhV2~ + B T  + O (16) 
aH 02 

where f = 2f~ sin O, fl = 1/a Of/O0 2f~ cos O/a. BT  are the baroclinic terms forcing the total 
transport equation, the o(VZH/H) terms are neglected and all the other symbols have 
been described previously. All factors H can be considered constant for the low vertical 
resolution case we are discussing. The BT terms are written 

B T = V . 1  0 - -  m 0 1 aO~( ~li) - V . a - ~ (  ~uu) + J(15(-H),H) (17) 

w h e r e / 0 ( - H )  = f°_ugpdz and J(~, . )  = m/a 2 [aq~/c32 0/00 - OqS/O0 0/02]. The third term in 
the right hand side of (17), called Jebar term (HOLLAND, 1973; HUTriNANCE, 1984), is 
important  only when both density and topography are present. In our case this term is 
clearly unimportant in most of the domain. The first and second terms in the right hand 
side of Eqn. (17) are also negligible in our case since the mean transport streamfunctions of 
experiment C1 and C5 (not shown here) are comparable. Therefore  we neglect the overall 
BT term in the transport equation. 

We divide now the streamfunction ~p(x,y,t) in an annual mean or steady state part 
~p(x~-) t and an unsteady component  ~p'(x,y,t). The equation for the steady state vertically 
integrated vorticity, assuming the B T and the topographic terms to be unimportant in Eqn. 
(16), is 

- - - t  t _=t m - t  ~ ,  1 2 - t  
u . V ~ t + f l ~ f l a +  . V ~ ' - = _ k × V Y  +AhV ~.  (18) 

H 

In this equation all the terms are self explicit. We will call the first term on the left hand side 
the mean flow self-advection term and the third term on the left hand side the transient 
eddy non-linear term. 

First of all, comparing experiments C2 and C1 in Fig. 6 it is evident that the annual 
mean barotropic circulation is given by a linear response to winds. This means that the 
transient eddy non-linear term in the time mean vorticity equation (18) is negligible 
everywhere.  This is also confirmed by the low amplitude field of experiment C3 shown in 
Fig. 6. 

The activity centers identified in the curl distribution and discussed previously are 
indicated again in Fig. 6. If a Sverdrup balance holds in the basin [a balance between the fi 
term and the curl in equation (18)] the induced circulation in ~p would have the opposite 
sign of the curl centers. We remove the sign uncertainty in the Sverdrup balance by 
considering the flow to be parallel to the wind stress direction, which corresponds to a 
friction boundary layer that balances the wind source of vorticity (STOMMEL, 1965). Thus 
we can consider our gyres as Sverdrup balance gyres that are, however, generally shifted to 
the west with respect to the curl centers. This effect can be due to the viscous effects and 
the term of self-advection of vorticity in equation (18). Thus the fundamental balance in 
the basin is given by 
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t 
_~t m - ,  = 1  k × V ~  + AhV2-~ ' (19) 

The importance of the fl term in equation (19) is shown by experiment C4 (fconstant) in 
Fig. 6. The dipolar structure present now in the Liguro-Provenqal region has a much 
stronger anticyclone than in C1. In this region the fl effect rotates the zonally oriented 
dipolar vorticity centers in the curl of Fig. 3(e) (centers I-W and II-W) in a meridionally 
oriented dipole with the anticyclone to the south (as it is always the case in the northern 
hemisphere). The anticyclone circulation is, however, almost totally dissipated in the 
viscous boundary layer associated with the continental borders and the Majorca-Minorca 
islands. In the Tyrrhenian basin the balance also seems to be dominated by equation (19), 
and this time viscosity and self-advection shift the circulation of Fig. 6 to the east of the curl 
center III-W. It is clear by comparing C1 and C4 experiments (Fig. 6) thatfl induces also a 
small western boundary intensification in the Tyrrhenian. 

The EM annual mean response shows the importance of the fl terms in weakening the 
strength of the anticyclones (IV-E and II-E in Fig. 6) and cyclones (northwest of IV-E). It 
is important to notice that experiment C4 needed higher dissipation than all the other 
experiments to level off the integrated kinetic energy of the basin. Even so the steady state 
circulation is stronger than in the C1 case, probably because of energy dissipation via a 
short wavelength Rossby wave radiation field. 

The effect of the mean flow self-advection term in equation (18) can be investigated 
further by performing experiments with the wind forcing set to zero in different portions of 
the basin. This term is responsible for the self generation of the mean flow given a remote 
wind input of vorticity. The remote forcing response of a basin is thus connected to the 
following balance in equation (18). 

- - t  - - t  4 - - t  
J(~p ,~ + f )  = A h V  ~p . (20) 

In experiment S1 the wind forcing has been eliminated south of the latitude corresponding 
to the northern side of the Majorca island. This corresponds to force the southern Balearic 
basin with a net anticyclonic vorticity input from the Northern regions. As a result of this, 
the anticyclonic gyre in experiment $1 is stronger than the corresponding gyre of 
experiment C1 due to the non-linear balance of equation (20). Thus the local southern 
Balearic wind forcing contributes to weaken the Majorca anticyclone, which is essentially 
due to the curl center I-W in the northern Balearic basin. 

The remaining experiments of Fig. 6 show the relative contribution of local and remote 
facing to the mean circulation in the Ionian basin. In experiment $2 the winds have been 
artificially set equal to zero west of the western tip of the Peloponnesus. In Fig. 6, the 
experiment $2 results show that the anticyclonic streamfunction center in the Ionian is 
remotely forced by the wind stress in the eastern part of the EM basin. Thus the non-linear 
balance in equation (20) is important in the Ionian basin. The mean response to local 
changes in the wind stress curl is cyclonic (experiment $3 in Fig. 6). Thus the steady state 
Ionian circulation is made up of two opposite contribution remotely and the other locally 
forced, which sum up to give the weak anticyclonic mean circulation of experiment CI in 
Fig. 6. 

In the high resolution experiment (H1) the mean circulation looks very similar to the C1 
experiment result shown in Fig. 6. However, the Ionian anticyclonic mean circulation is 
further reduced in amplitude, showing that for the kind of climatological forcing con- 
sidered, much of the remote response of the Ionian is eliminated with a more detailed 
description of the topographic effects. 
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(b) The seasonal circulation 

In Fig. 7 we show the transport streamfunction every two months for one of the 
repeating cycles of the C1 case of Fig. 5. We examine now the seasonal variations in the 
WM and EM separately. 

(i) The W M  seasonal cycle. The WM seasonal transport variations are large with respect 
to the mean circulation (Fig. 6), particularly in the southern Balearic Basin and eastern 
Tyrrhenian Sea. A reversal of the Winter circulation occurs in the southern Balearic basin. 
During the autumn-winter months (November and January) the circulation is cyclonic in 
the whole Balearic basin. During the Spring the southern cyclonic circulation weakens and 
is replaced by an anticyclonic gyre, which reaches its peak amplitude during July and then 
it weakens again. 

The Tyrrhenian has a prevalent cyclonic circulation except for the summer and autumn 
months when the circulation weakens considerably. The July conditions of Fig. 7 show 
evidence for the development of an anticyclonic circulation in the Eastern part of the 
Tyrrhenian basin, which expands and propagates in the middle of the basin until 
September. These results substantially confirm the one-layer reduced gravity general 
circulation model of HEBURN (1987) relative to the WM basin. 

(ii) The E M  seasonal cycle. In the EM the only quasi-permanent feature is the cyclonic 
circulation in the northern Levantine basin, which, however, weakens considerably and 
shifts of position during Summer. The magnitude of the seasonal transports is generally 
larger than the mean transports of Fig. 6 both in the Ionian and Levantine basins. In the 
Levantine basin the Winter circulation is formed by a cyclonic gyre which is intensified 
along the northern Turkish-Greek coastlines. This gyre is quasi-permanent and its 
position shifts around the position of the mean gyre I-E (Fig. 6), During the spring an 
anticyclonic circulation develops southeast of the cyclonic gyre and it amplifies while it 
propagates northwestward reaching a maximum amplitude in May. The location of this 
anticyclone is mostly on the southeast side of Crete, as shown by the steady state gyre II-E 
of Fig. 6. 

The Ionian circulation is completely reversed between January and July conditions. The 
gyres are western boundary intensified. There is evidence of westward propagation of 
modes in the Northern Ionian basin, where the variance of the wind stress curl has a 
maximum [region V-E in Fig. 3(f)]. This propagation is very fast (about 2 months between 
January and March and September-November) and it is confined to the Northern Ionian 
area. PIERINI (1990) has shown that for wind forcing timescales greater than 1 month, the 
Mediterranean response is likely to be composed by travelling Rossby modes. Our results 
suggest that the wind curl annual and semi-annual harmonic components (Fig. 4) can 
produce this signal. 

We also examined the seasonal response of experiments $2 and $3 and compared it with 
the control experiment, C1. The results (not shown) demonstrate that about 70% of the 
amplitude of the Ionian circulation is controlled by local wind changes ($3) and 30% by 
remote forcing from the Levantine basin ($2). The remote response signal ($2) is 
particularly important in the Southern Ionian basin. 

The presence of westward propagation in the Levantine basin (Fig. 8), shows a time- 
longitude cross section in the EM basin (Hovmoller diagram). The cross section for the 
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wind stress curl [Fig. 8(b)] indicates clearly the presence of a 1-year period change in the 
wind curl along each longitude point of the section except for the area southwest of Crete. 
However ,  neither propagation nor simple structure is evident in this wind stress curl 
section while some propagation is noticeable in the Hovmoller  diagram of the transport 
streamfunction [Fig. 8(c)]. Again, W~LLEBRAND et al. (1980) have shown that when the 
forcing has an horizontal scale greater than - 100 km and the period is larger than 1 month, 
Rossby wave propagation response can be excited. 

In the Ionian basin the major transport signal is located north of the section shown in 
Fig. 8. In Fig. 9 an Hovmoller  diagram compares the wind stress curl and the results of C1, 
C4 experiments along a section in the central Northern Ionian basin. In Fig 9(b) it is 
evident again the annual cycle in the wind stress curl. Figure 9(c) shows the local and non 
propagating response of the Ionian basin to this forcing. Figure 9(d) shows the westward 
propagation and intensification of the circulation pattern induced by the annual com- 
ponent of the wind stress curl. To gain confidence in these results we performed 
experiment HI ,  which has higher vertical resolution. The new vertical levels were chosen 
to further improve the numerical resolution of the upper thermocline level, and we also 
obtained some improvement of the description of the topography. This case was designed 
as another kind of sensitivity experiment to determine the reliability of the previous 
results. 

The seasonal cycle for experiment H1 is shown in Fig. 10. In the WM the gyres are 
similar in shape to the C1 case, but some of them are substantially reduced in amplitude, 
presumably because of topographic effects. This reduction is consistent with similar results 
obtained for the North Atlantic basin by HOLLAND (1973), who showed that a substantial 
reduction in the transport is observed if a more detailed description of the topography is 
included in the model. It is interesting to note that the seasonal variability of the gyres is 
still present and it seems to have the same dynamical characteristics revealed in the lower 
vertical resolution case. 

A similar weakening of the transport compared to the C1 case is present in the EM. 
Overall, similar features as in the low resolution case appear. The number of gyres, their 
seasonal variability and propagation are consistent with the low resolution case, with the 
exception of the cyclonic feature south of Crete which is better defined in the H1 
experiment. Substantial differences appear in the Ionian basin. The bottom topography 
modulates the shape of the gyre so that its geographical distribution is different from C1. 
However ,  the seasonal cycle can still be detected with much the same characteristics as in 
C1. The speed of transition from the winter to summer circulation pattern is somewhat 
different, but the amplitude extrema of the Ionian gyres is researched in the same months. 

Fig. 8. Hovmoller diagram for transport streamfunction and wind stress curl in the EM. The time on the 
ordinate axis goes from one January to the next included and with a time interval of 1 month (13 ticks). The ticks 
on the abscissa indicate the grid points of the cross section from west to east. (a) Longitudinal cross section 
location at 34°N. (b) Wind stress curl time-longitude contour plot. The annual mean wind-stress curl has been 
subtracted. Units are in 10 -a° dyne cm -3 and the contour interval is 30 units. (c) Transport streamfunction 

time-longitude contour plot. Units are in 0.4 Sv. 
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Fig. 9. 
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4. T H E  B A R O C L I N I C  C I R C U L A T I O N  

We now consider the baroclinic part of the seasonal response in experiment C1. Firstly, 
we show in Fig. 11 the dynamic height fields calculated from the temperature and salinity 
vertical profiles. The reference level is chosen to be at 1000 m. 

The summer surface dynamic height (30 m) in the WM shows an Algerian Gyre with the 
North African Current  displaced along its Northern border. The Liguro-Provenqal 
cyclonic gyre is quite small and its center is probably displaced too far north. A cyclonic 
circulation dominates the Tyrrhenian basin. At 490 m the summer and winter circulation is 
too weak probably due to the low vertical and horizontal resolution of the model. The 
missing effect of Gibraltar inflow-outflow system could be partly responsible for this 
result. At this depth, the North African Current is westward during summer and almost 
absent during winter. The flow is generally northward in the central Balearic basin during 
summer and the Liguro-Proven~al gyre and Tyrrhenian gyres are intensified during 
winter. 

In the EM and at the surface, the Levantine basin circulation is composed by a single 
gyre center,  that might correspond to the Rhodes gyre, which weakens in strength and 
reduces in size during summer. In the southern part of the Levantine basin and during the 
summer,  the circulation shows a weak anticyclonic gyre located at the southern border  of 
the Rhodes gyre which disappears during winter, replaced by a strong EM North African 
Current. In the Ionian basin the model shows the shift between summer and winter of the 
EM North African Current system. This current moves from a position hugging the Lybian 
coasts in winter to the central part of the Ionian basin in summer. Thus the purely wind 
induced baroclinic motion contains a general shift of the EM North African Current in the 
Ionian basin and the reversal of the circulation between summer and winter in the southern 
part of the Ionian basin. The high resolution central experiment results are very similar to 
Fig. 11, confirming that the vertical resolution in this case is not crucial given the other 
model choices of parameters.  

The baroclinic velocity fields at 30 m for 3 different months (Fig. 12) show quantitatively 
the current seasonal changes in magnitude and direction. The summer weakening of the 
EM North African Current is evident as much as its shift to the center of the Ionian basin. 
Furthermore,  during winter a northern boundary intensified jet forms along the Turkish 
coasts. This jet, the Asia Minor Current (RomNsoN et al. ,  1991) undergoes a seasonal 
weakening during spring and summer. 

Finally we show the temperature  and salinity vertical structure in the model. The levels 
below the surface are left free to evolve by the models equations (4) and (5), and it is 
interesting to look to the effect of wind induced advection on the changes in temperature 
and salinity. In Fig. 13(a) we show the temperature and salinity sections for the initial time, 
e.g. the interpolated LzviTus (1983) data to the model grid points. Figure 13(b) and (c) 
show that the model makes a sharper thermocline at about 100 m as seen in hydrological 

Fig. 9. Hovmoller diagram for transport streamfunction in the Ionian basin. The time on the ordinate axis goes 
from one January to the next included and with a time interval of 1 month (13 ticks). The ticks on the abscissa 
indicate the grid points of the cross section from west to east. (a) Longitudinal cross section location at 36.5°N. (b) 
Wind stress curl along the section. Units are in 10 10 dyne cm -3 and the contour interval is 10 units. (c) Transport 
streamfunction for C4 in units of Sverdrup. The contour interval is 1 unit. (d) Transport streamfunction for C1 in 

units of Sverdrups. The contour interval is 0.3 units. 
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Fig. !2. Total model velocities at the model level I (30 m) for January, May and September. The 
maximum velocities of about 5 cm s ; arc reached during January. 
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data for the EM (HECHT e t  al., 1989). Furthermore Levantine Intermediate Water (LIW) 
main body (indicated by the sub-surface salinity maximum) starts to be displaced more in 
the southern part of the Ionian basin than in the initial condition. In addition the core of 
LIW in the model simulations is limited between 200 and 600 m only. It is also evident that 
the slope of the isotherms is changing from anticyclonic to cyclonic between September 
and January respectively. This is the temperature signature of the velocity field reversal in 
the Ionian due to local winds and the induced Rossby wave motion. 
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Another important feature of Mediterranean water masses is the subsurface Atlantic 
water salinity minimum (HEcHT et al., 1989). In the initial condition [Fig. 14(a)] salinity 
structure in an east-west cross-section at 35.75°N of the basin, no subsurface minimum in 
salinity is evident, only a gradual increase of salinity toward the east is present. In the 
model simulation the subsurface minimum is formed [Fig. 14(b)-(d)] and it extends 
further to the east during the summer months (Fig. 14d). Here also we see the tendency by 
the model to form a well-defined body of LIW extending from the easternmost coast of the 
model to the longitude of about 25°E. 

5. S U M M A R Y  A N D  C O N C L U S I O N S  

The barotropic transport in the overall Mediterranean basin is defined by sub-basin 
scale gyres that are either persistent (like the Liguro-Proven~al gyre) or totally seasonal 
(like in the Ionian basin). The annual average circulations is given by a Sverdrup balance 
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modified by viscosity. The seasonal circulation shows generally weaker currents in summer 
than in winter and the reversal of currents in major subportions of the basin. 

The annual period harmonic component  of the wind stress field is responsible for the 
largest wind stress curl changes, which in turn excite a sudden oceanic response composed 
by Rossby modes and westward intensification. The fl-effect is shown to be important for 
the realistic positioning of the Liguro-Provenqal Gyre and for shaping the response to 
seasonal changes in winds. As PIERINI (1990) has shown in a study of an idealized 
Mediterranean basin, at these forcing frequencies Rossby waves are likely to be excited by 
the action of the wind stress curl changes. 

The model results show that the wind-induced motion can contribute substantially to the 
shift of the North African Current from its winter position along the North African coasts 
to the center of the Balearic and Ionian basin in summer. 

The advection of temperature and salinity by the wind induced motion and the related 
convective adjustment mixing is able to form a well defined LIW subsurface pool and a 
sub-surface salinity minimum usually associated with water masses of Atlantic origins. 

The present model is a first approximation to the wind driven general circulation 
problem of the Mediterranean basin. The realistic topography and time-dependent heat 
and salt fluxes at the air-sea interface are necessary additions to the present model 
formulation. Realistic parameterizations of the vertical mixing processes, of the surface 
energy balance and of the Gibraltar inflow-outflow are important components that need 
to be included in the model. However,  we have shown that new and interesting 
phenomena are involved in the wind adjustment processes in a limited extension basin like 
the Mediterranean Sea. Thus, even a simple model like the one presented here exhibit a 
rich and complex spectrum of physical phenomena that can lead to the description of some 
dynamical mechanism that can be relevant to the wind driven Mediterranean Sea general 
circulation. 
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