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S n m m a r y . -  The essential features of the s teady circulation of the 
western Mediterranean are reproduced by  means of a vert ical ly integ- 
ra ted  model. In  the framework of barotropic theory, it  is shown how 
the effects of the geometry of the basin, including the islands, of the 
variable bot tom topography and of the forcing of the flow at the Gibral- 
ta r  Strai t  concur in determining the circulation pat tern.  Some observed 
features in part icular  regions, such as the Ligurian Sea, which are not  
reproduced by  the model, indicate where baroclinic and/or wind-driven 
dynamics are l ikely to dominate.  

PACS. 92.60. - Meteorology. 

1 .  - I n t r o d u c t i o n .  

A r e m a r k a b l e  a m o u n t  of i n f o r m a t i o n  r e g a r d i n g  t h e  h y d r o l o g i c a l  p r o p e r t i e s  

of  N [ e d i t e r r a n e a n  w a t e r  is c u r r e n t l y  a v a i l a b l e  (1.3), a n d  some  i n t e r e s t i n g  p h y s i c a l  

(*) Paper  presented at  the 1 o Congresso del Gruppo Nazionale per la Fisiea dell 'At- 
mosfera e dell 'Oceano, June 19-22, 1984, Rome. 
(**) Present  affiliation: Center for Ear th  and Planetary  Physics, Harvard  University,  
Cambridge, MA, U.S.A. 
(1) G. WiJST: J. Geophys. Res., 66, 3261 (1961). 
(2) H. LACOMBE and P. TcIt]~l~NL~: Caract~res hydrolog~ue et circulation des eaux en 
Mediterrande, in The Mediterranean Sea, edited by  R . J .  STANL]~V (1972), p. 25. 
(3) J . P .  B]~THOUX: Oceanol. Aeta, 3, No. 1, 79 (1980). 
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processes, e.g. deep and in te rmedia te  water  format ion  (4.8) have been observed 
and modelled in some detail. However ,  no quan t i t a t ive  theory  of the  general  
ocean circulation in the  Medi terranean basin has been produced up to now. 

The lack of such a t heo ry  is par t icular ly  felt  now th a t  renewed interes t  
seems to  be arising as regards the  meteo-oceanographical  propert ies  of the  
Medi te r ranean  area.  

On the  o the r  hand,  even a superficial glance at  the  problem of formula t ing  
a t heo ry  of general  circulat ion in the  Medi ter ranean Sea reveals t h a t  one, 
p robab ly  not  the  minor,  historical  reason for the  lack of such a t heo ry  must  
be found in the  technical  difficulties i t  proposes. The Medi ter ranean basin 
is bounded by  very  complicated la teral  contours  and it is character ized b y  an 
i rregular  bo t t om topography ;  exchanges of bo th  heat  and  m o m e n t u m  with the  
a tmosphere  are quite s trong and i t  is not  clear whether  thermohal ine  or wind- 
dr iven  circulat ion dominates.  Moreover,  bo th  could be offset by  the  circulation 
forced by  the  influx-outflux at  the  Stra i t  of Gibral tar .  

In  view of such difficulties, i t  is clear t ha t  most  of the  problems of s tudying  
the  general  circulat ion of the  Medi ter ranean Sea shall have to  be dealt  with 
numerical ly.  In  fact ,  i t  is with the  specific purpose of set t ing up an adequate  
numer ica l  model  t h a t  we have  t aken  the  first steps towards  reaching a t heo ry  
of western Medi ter ranean circulation. We t r y  to  make  a quant i ta t ive  assess- 
men t  of the  re la t ive  role and impor tance  of different  modulat ing and forcing 
agents  in de termining s ta t ionary  circulations. Given the  to ta l  lack of know- 
ledge about  the  sys tem in question, we have made  use of ver t ical ly  in tegra ted  
equations.  After  a brief  summary  of available knowledge on the  general  cir- 
culat ion in the  Medi ter ranean Sea (sect. 2), we discuss in sect. 3 the  basic 
equat ions and the i r  response to  the  la te rz l  boundaries  and,  in sect. 4, t he  ef- 
fects induced by  bo t t om topography  and  forcing by  the  mouths.  Finally,  
in sect. 5, we give some t en ta t ive  conclusions, toge the r  with an outline for 
fu tu re  work. 

2. - The general  c irculat ion o f  the  Mediterranean Sea: a sum_mary o f  observa.  
t ional  knowledge .  

The Medi terranean Sea is connected with the  At lant ic  ocean by  the  Gibral tar  
S t ra i t  and with the  Black Sea by  the  Marmara  Sea (see fig. 1). The  St ra i t  of 
Sicily divides the  Medi terranean Sea into two basins, western and levant ine,  
which have different dynamical  propert ies .  

(4) MEDOC GRO~;P: .Nature (London), 227, 5262, 1037 (1970). 
(5) H. STOMMEL, A.D. VOORHIS and D.C. WE~B: Am. Sci., 59, 6, 716 (1971). 
(s) P.D.  KILLWORTH: Prog. Oceanogr., 7, 2, 59 (1976). 
(7) J.C. GASCARD: Oceanol. Acta, l ,  315 (1978). 
(8) M. CREPON, L. WALD and J.M. ~OUGET: J. Geophys. Res., 87, 595 (1982). 
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Fig. 1. - A schematic representation of the Mediterranean basin and the subregion 
denominations. 

I t s  m a x i m u m  la t i tud ina l  extens ion is app rox ima te ly  10 degrees a round  

40 ~ N and  35 ~ N in t he  wes tern  and  eas te rn  or l evan t ine  basin ,  respect ive ly ;  
i t  ex tends  longi tudinal ly  f rom 5 ~  to  35 ~ E.  The t o t a l  vo lume of wa te r  is 
abou t  3.5-10 s k m  a ('), and  the  m e a n  residence t ime  is a p p r o x i m a t e l y  100 years .  

The  average  dep th  of the  whole bas in  is 100 m and  the  m a x i m u m  dep th  of 
a lmos t  3500 m is reached in the  cent re  of the  T y r r h e n i a n  Sea. 

The western  bas in  can be dis t inguished f rom the  eas te rn  one b y  the  lack 
of marg ina l  seas such as the  Adr ia t ic  and  2~egean which are  p resen t  in the  
eas te rn  p a r t  of the  NIediterranean.  The  only significant wes tern  c o m p a r t m e n t  

is defined b y  the  Sardinian-Corsiean islands which separa te  t he  Alghero- 
Provens  bas in  f rom the  Ty r rhen i an  Sea. We  shall  first concen t ra te  on the 
descr ipt ion of the  hydrological  and  meteorological  condit ions of t he  wes tern  
basin;  a more  comple te  descr ip t ion of the  circulat ion fea tures  in the  whole of 
the  Medi t e r ranean  can  be  found  in BETHOUX (3,10) and  B~rNKE~ (u). 

The basic  fea tu res  of t h e  regional  c l imatology of the  bas in  are warm,  dry  
Summers  and  cold, dry ,  in tense  nor th -wes te r ly  winds dur ing Win te r .  The  evap-  
ora t ion  budge t  exceeds the  rainfal l  and  r ive r  run-off  budge t  so t h a t  t h e  mean  
annua l  deficit of wa te r  is 0.7.1012 m3/year  (see ref. (3)) in the  wes tern  basin.  

The  m a x i m u m  wa te r  deficit is a t t a ined  along the  coasts of Nor th  Africa and  
is somewhat  less in the  Ty r rhen i an  and  Alghero-Provens  basins.  

The t e m p e r a t u r e  and  sal ini ty profile for the  western  BIedi terranean are 

(9) A.R.  MILLER and R . J .  STAINLEY: l~app. P-V Rein. Cons. Int. Ezplor. Mvr, 
18(3), 755 (1965). 
(lo) j . p .  BETHO~X: Oceanol. Acta, 2, No. 2, 218 (1979). 
(11) A.F.  BUNKE~: J. Phys. Oceanogr., 2, 225 (1972). 
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shown in fig. 2 for one s ta t ion  in the  middle  of the  Alghero-Provengal  basin:  
the  lack of wes tern  basin  averaged  da ta  is conspicuous bu t  we re t a in  t h a t  these  
profiles can serve to  describe the  proper t ies  of the  wa te r  masses  of the  basin.  
The  surface wa te r  ex tends  to  a dep th  of (100--200) m;  in t he  wes te rn  basin,  
the  lower l imi t  of t he  surface wa te r  l ayer  is indicated b y  a t e m p e r a t u r e  m i n i m u m  
and  its  sal ini ty character is t ics  are  re la ted  to  the  At lant ic  wa te r  inflowing into 
t he  bas in  t h rough  the  S t ra i t  of Gibra l ta r .  
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Fig. 2. - Salinity and temperature profiles for the western 
SWNDRU, (12)). 
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The second l ayer  of wa te r  is charac te r ized  b y  a m a x i m u m  of sal ini ty and  
i ts  origin can be  t r aced  back  to  the  v e r y  eas te rn  p a r t  of the  Medi te r ranean  
basin.  This in te rmedia te  or levant ine  wa te r  l aye r  ex tends  app rox ima te ly  down 
to  600 m b u t  i ts  lower b o u n d a r y  is not  as well defined as i ts  uppe r  one, since 
the  slope of t he  sal ini ty  and  t e m p e r a t u r e  profiles f rom 600 m to  1500 m is 
a lmos t  cons tant .  

(12) H.U.  SV~R])R~P: in The Oceans (Prentice-Hall, Iqew York, N.Y., 1972). 
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The deep water  is charac te r ized  b y  a sl ight increase in t e m p e r a t u r e  and  has 
ve ry  different physica l  p roper t ies  f rom those of the  eas te rn  basin deep wate r  
since the  shallow sill of the  S t ra i t  of Sicily occludes a n y  exchange  of deep 
waters .  
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:Fig. 3. - a) Summer surface circulation (from LACOMBE and TCm~]~NIA (3)) ; b) Winter. 
surface circulation ( 1 3 ) .  

The circulat ion of the  superficial waters  is shown in fig. 3a) and  b) for  Win te r  
and  S u m m e r ;  the  in te rmedia te  or levant ine  wa te r  circulation p a t t e r n  is re- 
p roduced  in fig. 4 for S u m m e r  condit ions.  

(13) I .M. OVCHINNIKOV: Oceanology, 6, 48 (1966). 
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The western basin surface flow shows the same large-scale cyclonic cir- 
culation both in Winter and Summer but,  in Summer, the circulation seems to 
be less intense. The Atlantic water, entering at Gibraltar, forms a narrow, 
intense, southern boundary current which, on reaching the Strait of Sardinia, 
branches into three directions: one continues towards the Strait  of Sicily and 
the other two turn northward on the western side of the Sardinian and Italian 

5" W O" 5" 10" 15" 20" 25" 30" 35"E 

Fig. 4. - Summer intermediate water circulation ( i ) .  

coasts, forming a large-scale cyclonic gyre in the Alghero-Proven~al basin 
and in the Tyrrhenian Sea. In  the latter,  the flow branches successively in 
a current flowing North, entering the Ligurian-Provencal basin. 

Axound the islands, the circulation pat tern is more complicated and not 
very well defined; around the Baleari islands, the summer circulation appears 
to form a close cyclonic gyre while, in Winter, the flow is broader in the centre 
of the Alghero-Provengal basin. Around Sardinia and Corsica, the circulation 
is also not very well defined, but  it is generally anticyclonic, with large gradients 
along the western part  of the islands. 

The intermediate water circulation is not  well known in the western basin, 
except for the branch which enters the Sicily Strait and flows towards the 
Gibraltar Strait  along the northern coasts of Africa. Moreover, the circulation 
in the Tyrrhenian Sea and Alghero-Proven~al basin basically follows the same 
direction as the surface waters (fig. 4). The bot tom circulation is still unknown 
to our knowledge. 

In  the Gulf of Lion and in the Ligurian Sea, the phenomenon of deep water 
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fo rma t ion  (4.7,~4) occurs dur ing the  winter  season;  as K~,~W0RT~ (15) has  po in ted  
out,  this  process of deep wate r  fo rma t ion  is an  open ocean convect ion mech- 
anism,  l ike the  one occurr ing in the  ~o rweg ian  and  Lab rado r  seas. One of the  
prerequis i tes  for th is  occurrence is the  existence of a cyclonic circulat ion and  

s t rong cooling a t  t he  surface.  

3. - Vertically integrated equation for stationary flow and the role of  the geo- 
metry of  the basin. 

AS we have  seen, the  ver t ica l  s t ra t i f icat ion of !V[editerranean waters  is 
r a t he r  complex.  Values of the  Briint-V~is~l~ f requency  N range  one order  of 

magn i tude  a round  10 -3 s -~. Consequently,  the  slope ]o/N (/o is the  local  value 
of Coriolis pa rame te r )  is of the  order  of 10 -1. The slope of the  b o t t o m  reaches 
1/40 only a t  selected regions:  we do not  expect ,  on the  average ,  topographic  gen- 
era t ion  of nongeost rophic  ver t ica l  velocities.  Since the  overal l  Rossby  n u m b e r  
is ve ry  small,  we are  justified in t r y i ng  to  model  the  general  circulat ion of the  
Medi te r ranean  with  t he  quasi-geostrophic equat ions.  I f  we consider the  average  
dep th  to  be  of the  order  of 1.5 kin, the  value of the  slope gives an  in te rna l  

Rossby  radius  of de fo rmat ion  of the  order  of 15 km.  
W e  s t a r t  f rom hor izonta l  m o m e n t u m  and  con t inu i ty  equat ions  for a 

homogeneous ,  incompress ible  fluid in s t a t i ona ry  flow ~t the  first order  of ex- 

pans ion  in the  Rossby  n u m b e r :  

~u(O) ~u(0) ap(1) 
(3.1) u(~ -~x  ~- v(~ - -  ]v(l~ : 1 ay ~(0) ~x ' 

(3.2) u~~ ~ x  § v(~ ~y +/u(~) = 1 

an(l) ~v(1)  ~w(1) 
(3.3) + az - o ,  

Q(0) ay ' 

where  u, v and  w are the  respec t ive  zonal  l a t i tud ina l  and  ver t ica l  ve loci ty  
component ,  p is the  pressure ,  Qo, a reference dens i ty  and  ], the  Coriolis p a r a m -  
eter .  Consider the  der ived vo r t i c i t y  equa t i on  

~w (" ~u ~v 
(3.4) v (~ V$ )~ ---- - - / V "  v (1~ ---- ] ~z ' where  ~ - -  ~y ~- ~-~. 

(14) R. STOMM~L: Deep winter-time convection in the western Mediterranean Sea, in 
Studies in Physical Oceanography: a Tribute to Georg Wiist on his 80 birthday, Vol. 2, 
edited by A.L.  GORDON (Gordon and Breach, New York, N.Y. ,  1972), p. 207. 
(ls) p .D .  KILLWORTH: Rev. Geophys. Space Phys., 21, 1 (1983). 
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Vert ica l  in tegra t ion  of (3.4) be tween  the  b o t t o m  z ~ H - -  h(x ,  y)  and the  

top  z = ~/(x, y) gives 

(3.5) f v  ~~ V~ (~ dz -~ ][w(~)]]_ h . 

B'--h 

We assume the  top  surface to be a r igid lid 

~(x, y) = 0 ,  w(~)(0) = 0 . 

The b o t t o m  slope enters  (3.5) a t  the  first order  in the  l~ossby n u m b e r  expansion,  
so t h a t  W m = v (o)-Vh at  z = H - -  h(x ,  y ) .  

The explici t  fo rm of (3.5) is now 

(3.6) 
0 

f ~o). V~'(o) dz 
H--g 

= - -  I(r  V h .  

The average  ver t i ca l  value of v (~ obviously differs f rom its b o t t o m  value.  How- 
ever ,  in modell ing average  or ienta t ion,  we can c i rcumvent  this difficulty b y  
noticing t h a t  the  ver t ica l  profiles arc never  ve ry  far  f rom a typ ica l  shape  and  
this allows us to  assume a fixed ra t io  be tween  <v (~ and  (v~~ h. We  assume 
such a ra t io  to  be  order un i ty  and  obta in  

(3.7) ( H - -  h)<v(~ �9 V~ "~~ ~- ] <v(~ �9 Vh = 0 ,  

where H is a represen ta t ive  depth  of the  basin and  < ) represents  the  ver t ica l  
average.  

At  this point ,  b y  in t roducing  the  quasi-geostrophic  s t r eam funct ion ~p---- 

(p(O)_ P.)/(Qofo) (Ps(z) is the  s t anda rd  pressure  a t  the  dep th  z, ]o the  local 
value of the  Coriolis p a r a m e t e r ) ,  we can finally wri te  eq. (3.7) in its well- 
known fo rm 

[ + _ _ 
(3.8) J \ iF ,  H ~ ]  0 .  

Since we wish, in this  section, to  explore the  role of la tera l  boundar ies ,  we 
assume h = const.  B y  in t roduc ing  the  fl-plane a p p r o x i m a t i o n  into (3.8), 
we ob ta in  

(3.9) J (F ,  V2F ~- f l ( Y - -  Yo)) = 0 ,  

where Yo is the  l a t i tude  a round  which the  Coriolis p a r a m e t e r  is expanded  
(in the  case of the  western  Medi te r ranean  Yo = 40~ :N). Eq tmt ion  (3.9) is the  

53 - I l  N u o v o  C i m e n l o  C. 
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classical equat ion for iner t ia l  flow (see FOFO~OFF (~e)). The  usual  bounda ry  
condit ion is v 2 = const  a t  la teral  contours.  This equat ion is known to possess 
an infinite number  of solutions: any  solution of the  equat ion 

(3.10) wv,  + fl(y - yo) = ~v(~), 

where ~(~v) is a generic funct ional  of % will satisfy (3.9). Equa t ion  (3.10) can 
be solved for different l inear  and nonl inear  forms of F(~v). l~onlinear functionals 
have been discussed in some detai l  in the l i terature .  However ,  this aspect of the  
problem is not  our  specific interest  here.  The in t roduct ion  of noniner t ia l  forces 
eliminates the ambigui ty  in the  de terminat ion  of/~(~v) which, for a l imited ex- 
cursion of the  s t ream function,  can be expanded  in powers and l inearized: 

(3.11) w v, + fl(y - y~ = ~v(w) = co + c1 w. 

In  order  to  determine complete ly  the  differential  problem (3.11), we have  to  
specify the  constants  Co and C~. The constant  C1 is easily de termined once 
we represent  the  s t ream funct ion as the  sum of a uniform zonal flow plus a 
pa r t  possessing vor t ie i ty  ~v = Uy .-? ~v'. Subst i tu t ion  into (3.11) gives 

(3.12) v 2 , / + / ~ y -  f lyo= Co+ C, y y +  c ,w' .  

I t  is clear t h a t  the  condi t ion for cancellat ion of the  y-dependent  pa r t  is 
t ha t  C1 ~ fl/U. C1 can, therefore ,  be connected with an overall  zonal flow 
which, however,  is a rb i t r a ry  in our context .  Determining  Co is more problematic.  
I t  is clear f rom (3.10) t h a t  this constant  represents  an overall  uni form vor t ic i ty  
of the  system. We can, therefore ,  calculate it  f rom the  integral  of the  vor t ic i ty  
equat ion.  

When  CI ~-- fl/U is inser ted into (3.12), i t  reduces to  

(3.13) w w ' =  fly. -4- Co -4- ~ ' .  

I f  we define M as the  to ta l  re la t ive vor t ic i ty ,  by  integrat ion of (3.13) over  
the  area S of the  basin, we obta in  

(3.14) M -~ f W w' ds = (flyo § Co) S § -~ f v,' ds . 
B 

I f  the scale V'U/fl is much smaller t han  the  scale of the  basin we have to deal 
with boundary  layers of thickness v/U/fl as clear f rom (3.13). 

(le) N. :P. :FoFoI'cOFF: J. Mar. Res., 13, 254 (1954). 
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Figures 5 and 6 show the s t ream funct ion obta ined by  imposing, respectively,  
the  boundary  layer  a t  the  southern  and nor thern  boundary .  This can be done 
by  choosing appropr ia te  values for Co. These two cases correspond to overall  
re la t ive vortici t ies of opposite signs. 

Fig. 5. - a) Solution of eq. (3.10) with Co = 0 (arbitrary units); b) the same as 
in a), but for the Mediterranean basin geometry (arbitrary units). 

The boundary  condit ion is ~fl ~ 0 along the  coastlines: the  parameters  
used in the numerical  in tegrat ion scheme, together  with the  grid spacing, 
are given in appendix  A. Figures 5 and 6 show the  s t ream funct ion p a t t e rn  
in a square and  in a closed domain with the  shape of the  western )~edi terranean,  
for the  two different  above choices of Co. The jet l lke zonal flow is seen to  
move f rom the  southern  (fig. 5) t o  the  nor the rn  (fig. 6) boundary .  F ro m  a 
physical  point  of view, the  solution considered here simulates the  s ta t ionary  
solution of the  barot ropic  problem with forcing and dissipation, character ized 
by  the  same U and M. I t  is, however ,  impor tan t  to  notice tha t  the  sy m m et ry  
proper t ies  of ~ do not  allow the  representa t ion  of Eas t -West  asymmetr ic  features 
of the  circulat ion like, for  example ,  western boundary  currents.  In  order  to  
represent  such asymmetr ic  features ,  explici t  insert ion of wind and the rmal  
forcing is required.  

An immedia te  improvement  of the  model  circulation pa t t e rn ,  with respect  
to  the real  circulat ion (fig. 3a)), is obta ined  by  introducing the  islands into the 
geomet ry  of the  basin. In  fig. 7a) and b), the  solution of (3.10) is displayed 
for Co --~ 0 and ~ --~ 0 along all the boundary  contours for different values of U. 
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The islands of Sardinia  and  Corsica now force the  s teady  iner t ia l  c i rculat ion 
to  ar t icula te  in a series of sub-bas in  gyres  and  in the  case of U ~ - 5  em s -1 
(fig. 7b)), a smal l  closed circulat ion forms in the  sou thern  p a r t  of the  Tyr-  
rhenian  basin.  I n  the  Alghero-Proven~al  basin,  the  flow, a l though significantly 
d is tor ted  with  respect  to  the  case wi thout  islands,  is still zonal. I n  the  case 

Fig. 6. - a) Solution of eq. (3.10) with Co= --floYo (arbitrary units); b) the same 
as in a), but for the Mediterranean basin geometry (arbitrary units). 

of fig. 7a), a wide, along-shore bas in  circulat ion is present ,  embedd ing  the  smaller  
scale cyclonic circulat ions wi th in  the  subregions of the  domain .  The southern  
bounda ry  cur ren t  is r e m a r k a b l y  realistic.  

The value of ~v a t  the  boundar ies  is a r b i t r a r y  in our problem.  The imposi t ion 
of ~v ~-- 0 a t  the  boundar ies  of the  domain  is a s t rong unphys ica l  constra int ,  
especially because it  implies no ne t  t r a n s p o r t  be tween the  islands and  the  con- 
t i nen ta l  coastline. We  have  thus  in t roduced  a more realist ic d is t r ibut ion 
of the  t r a n s p o r t  be tween  subrcgions of the  domain  and  inflow-outflow con- 
dit ions a t  the  Stra i ts  of Gibra l ta r  and  Sicily. I n  append ix  B, the  exac t  values 
of the  s t r e am funct ion along the  bounda ry  contours  are  g iven for the  valnes  
of the  t r anspor t s  used. The resul t ing circulat ion is shown in fig. 8: the  introduc-  
t ion  of t he  forcing a t  the  S t ra i t  of Gibra l t a r  and  Sicily does not  dras t ical ly  
modi fy  the  character is t ics  of the  flow with  respect  to the  case in fig. 7a). The 
constants  giving rise to  the  definit ion of the  two sets of bounda ry  condit ions 
are der ived f rom the phenomenologica l  eva lua t ions  of fluxes T1, T~ and  /'3 
in one case and  Yl, T~ and  T~ in the  other .  The var ia t ions  caused b y  these  
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Fig. 7. - Solution of eq. (3.10) with Go= 0 and ~ = 0 at  the  boundaries of tho 
islands and coastlines: a) U = 0.5 cm/s (AW = 0.5 m/s); b) U = 5 cm/s (A~v = 5 m/s). 

two  d i f f e r en t  b u t  p h y s i c a l l y  c o n s i s t e n t  se t s  of  b o u n d a r y  c o n d i t i o n s  do  n o t  

m o d i f y  t h e  n a t u r e  of t h e  so lu t i ons .  

I n  t h e  n e x t  section~ we  s h a l l  see t h a t  t h e  i n t r o d u c t i o n  of a d y n a m i c a l  ef- 

f ec t  such  as  b o t t o m  t o p o g r a p h y  is r e s p o n s i b l e  for  a g r e a t  i m p r o v e m e n t  in  t h e  

r e a l i s m  of  t h e  m o d e l .  
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Fig. 8. - Solution of eq. (3.10) with C O = 0, but for the boundary conditions (B.5) and 
U---- 0.5 cm/s (A~v = 1 m/s). 

4. - The effect of  bottom topography and inflow-outflow at the Straits. 

In  order to s tudy  the effect of bot tom topography,  we have to go back 
to (3.8) which, as we have seen in the  preceding section, can be equivalently 
wri t ten  as 

W ~ -I- lo + ~(Y - -  Yo) = 2'(~,).  
(4.1) 1 -  h/H 

In  fig. 9, the  topography used in eq. (4.1) is shown: the  max imum depth 
reached in the western Mediterranean basin (South Tyrrenian) is 3477 m. 
Choosing an average bo t tom depth H ~-- 1750 m, the  excursion of h is not  small. 
Therefore, we do not  expand the  denominator  of (4.1) in powers of bin as is 
usually done. The quasi-gcostrophic approximation used to obtain eq. (4.1) 
remains, however, consistent since the vert ical  velocity forced by  the  gradient 
of the  topography is still considerably smaller t han  the  horizontal velocity. 

Assuming a linear function ~(~v), with Co = 0, we obtain the following 
equation: 

(4.2) V~ ~v-  + ( 1 _  ~)~v _ ~ - / ~ ( y -  y 0 ) / o h  
H "  

This equation has been numerical ly integrated,  for different values of U, with 
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Fig. 9. - Bottom topography of the basin. Contour interval 300 fathoms. 

the  boundary  condit ions along the  lateral  contours  of the  basin discussed in 
the  previous section and the  bo t t om topography  shown in fig. 9. The results 
are shown in fig. 10a) and b): t h e y  should be compared  with fig. 7a) and b) 
which correspond to  the same choice of boundary  condit ions and U values. 

The in t roduct ion  of the  topography  has the  impor t an t  effect of inducing 
closed circulat ion in the  major  sub-basins; fu r thermore ,  the  cur rent  sys tem 
along the  coasts becomes stronger and assumes the  connota t ion  of a s trong 
f i lamenting flow, branching at  various locations in a ve ry  similar way to the  
pa t t e rn  in fig. 3a). /klso not iceable are the  format ion  of the  cyclonic gyre  in 
the  Tyrrenian ,  the  ant icyclonic gyre  in the  Alborean Sea and the  weU-defined 
nor thward  flow along the  western side of the  islands of Sardinia and  Corsica. 
Moreover,  t he  anticyclonic circulat ion in the  Gulf of Lion is not  seen in real i ty  
and the  circulat ion around the  Baleari  islands seems to  be in the  opposite direc- 
t ion to  the  one in fig. 3a). The lack of wind and thermohal ine  forcing could be 
responsible for the  misrepresentat ion of these features.  

In  order  to  s tudy  the  combined effects of infinx/outflnx at  the  mouths  of 
the  western Medi terranean basin and topography,  we can make  use of the  simple 
scheme used previously which is described in appendix B. 

The circulat ion obta ined  by  integrat ing (4.2), using boundary  condit ion (B.3) 
is shown in fig. 11. The comparison with fig. 10a) shows t h a t  the  forcing at  
the Strai ts  of Gibral tar  and Sicily induces a realistic basin-wide circulation 
wi thout  modifying the  characterist ics of the  circulation captured  with the  intro- 
duct ion  of the  topography .  
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Fig. 10. - Solutions of eq. (4.2) with ~ = 0 along all the boundary contours: a) 
U =  0.5cm/s (h~,= 10m/s); b) U =  5cm/s (A~,= 50m/s). 

The t opog raphy ,  t oge the r  wi th  influx/outflux a t  the  s t ra i t s ,  induces a 

highly real is t ic  sou thern  bounda ry  cur ren t  which b ranches  a t  the  Sard in ian  
S t ra i t  towards  the  Nor th  along the  contours  of cons tan t  amb ien t  po ten t i a l  
vor t ic i ty .  The gyre  in the  Ty r rhen i an  Sea seems to  be  p r imar i ly  due to  the  
topographic  effects since the  inclusion of t o p o g r a p h y  in the  model  leads to  a 
realist ic gyre.  Moreover,  the  topographica l ly  induced circulat ion enhances  a 
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Fig.  11. - Solut ion of eq. (4.2) wi th  boundary  condi t ions  (B.3) w i th  U = 0.5 cm/s  
(A~ = lO m/s).  

Fig.  12. - Solut ion of eq. (4.2) wi th  boundary  condit ions (B.5) and U---- 0.5 cm/s  
(AV~ = 10 m/s). 
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circulation around the Baleari which is not observed in the maps of fig. 3a) 
and b). We have ~lready pointed out that ,  in this region, the dynamical balance 
described by the model is probably inadequate. 

In fig. 12, other boundary conditions (see (B.5)) have been imposed which 
are the same as those in fig. 8. The comparison between fig. 12 and 8 shows 
that  the addition of the topography actually improves the realism of the cir- 
culation. 

A qualitative comparison of our results with the observed circulations leaves 
us with the impression that  the essential features are captured. A significant 
inadequacy is the absence of cyclonic vortices in the Ligurian-Provencal area. 
A possible explanation is that  such features are essentially baroclinic (see 
K~LWORT~ (e)). However, it is a fascinating, although at this stage, purely 
speculative hypothesis, that  the failure to represent correctly the average 
circulation in the Ligurian-Provencal region may be due to the lack of western 
boundary intensification effects in the inertial theory. I f  this is the case, forcing 
due to North-westerly winds modifies the inertial current, producing the ob- 
served countercurrents. The testing of this hypothesis is one of the primary 
objectives of future research. 

5 .  - C o n c l u s i o n s .  

Given the very preliminary nature of our study and the drastic simpli- 
fications to which we have subjected the dynamic equations in order to make 
the mathematics legible, even in the complicated geometry of the Mediter- 
ranean area, our conclusions are necessarily tentative.  

The impression that  we receive from comparison among the different pat- 
terns of stationary circulation obtained and with observed circulations, is 
tha t  lateral contour, bot tom topography and inflow/outflow at the mouths 
all play an equally important  role in the circulation of the western Mediter- 
ranean Sea. However, we can distinguish the effects of the contemplated steady 
forcing mechanisms in producing the obtained circulation pattern. 

The choice of an integrated relative vorticity in the case of pure inertial 
circulation provokes the formation of an intense southern boundary current. 

The introduction of the topography modifies the former picture introducing 
limited-area closed circulations. The steady forcing at the mouths induces a 
basin-wide circulation, improving the degree of realism of the results. 

2~n interesting feature captured by the model is the Alborean Sea anti- 
cyclonic gyre, mainly induced by the topography. Furthermore,  it should 
be stressed that  the intense current at the southern boundary of the western 
basin can be simply explained as a component of the steady inertial circulation 
as discussed in sect. 3. 

The introduction of a <~ steady forcing ~>, such as bot tom topography of 
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the  basin ,  enhances the  real ism of the  model :  we bel ieve this  is an  i m p o r t a n t  
dynamica l  cons t ra in t  to  the  flow which should be  included in fu ture  work  
which will possibly consider uns t eady  circulations. 

Of course, we know f rom observa t ions  t h a t  the  ver t ica l  s t ruc ture  of the  
different fields is ve ry  complex  and  the  dynamica l  effects of b o u n d a r y  con- 
dit ions cannot  be  comple te ly  cap tu red  b y  means  of a ver t ical ly  in tegra ted  
model .  However ,  the  pa r t i a l  success of the  baro t rop ic  model  is not  a mere  
coincidence and  it  is no t  surpr is ing to  those who have  experience in s imulat ion 
b y  burot ropic  models :  the  equi l ibr ium m e a n  flow in baroclinie ocean models  
is ve ry  similar  to  the  baro t rop ic  one which is a solution of eq. (3.10) (see 
SALMON (17)). I t  is also in te res t ing  to  not ice t h a t  the  cons tants  of the  l inear  

func t iona l  of (3.10) can be in te rp re ted  in the  contex t  of s ta t is t ical  theory  of 
geostrophic turbulence  as Lagrange  mult ipl iers  of energy  and  po ten t i a l  en- 
s t r ophy  (1'). 

However ,  as a l ready  men t ioned  in the  t ex t ,  severe l imita t ions  s t em f rom 
the  inabi l i ty  of the  iner t ia l  model  to reproduce a symmet r i e s  resul t ing f rom 
inhomogeneous ex te rna l  forcing. The inabi l i ty  to  reproduce gyres  observed 

in the  c i rculat ion in the  Ligur ian-Provenca l  sea could be a mani fes ta t ion  of 
such a l imita t ion.  Therefore,  i t  is our  feeling t ha t  inser t ion of forcing and  dis- 
s ipat ion is the  mos t  promis ing  direct ion in which to  or ien ta te  fu ture  work. 

A P P E N D I X  A 

Equa t ions  (3.10) and  (4.2) were numer ica l ly  in tegra ted  in a regular ly  spaced 
grid:  the  me thod  of over- re laxat ion  was used, wi th  an over- re laxat ion  coef- 
ficient of 1.87. This grid spacing was chosen to be 15' in bo th  directions, 
corresponding to an  average  grid spacing of 25 kin. 

The  Coriolis p a r a m e t e r  has been expanded  in series a round the  l a t i tude  
of 44 ~ 3 0 ' N  and rio ---- 1.63.10 -s k m  -1 s -1 results.  The wave- length  of the  iner- 

t ia l  mot ion  is t ~- 2~v/~I/rio and,  if we take  as a typ ica l  length  scale L =- %/U/rio, 
the  Rossby  n u m b e r  is 2.8-103 for U =  0.5 cm/s. 

APPENDIX B 

Here ,  we consider the  p rob lem of specifying ~v along the  contours  of the  
basin as schemat ica l ly  drawn in fig. ]3.  2'1, T2, T~, and  T4 are considered as 
known t ranspor t s  across the  meridional  sections m a r k e d  in fig. 13: the i r  values 
are l is ted below in (B.6). T3 and  T~ were es t imated  to be T3 ~--0.5T2 and 

(17) R. SAZ~O~: J. Phys. Oceanogr., 12, 1458 (1982). 
(is) R. SALMON: Geostrophie turbulence, in Proe. S.I..F., Course XXX (1982), p. 30. 
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l~ig. 13. 

T4 ~ (5/8)T1. The  zonal  t r a n s p o r t  across a ve r t i ca l  cross-sect ion Az is de- 
f ined to  be 

( B .  1 )  M ,  = - -  f91, dz 
zlz 

and ,  since 9 is a c o n s t a n t  in z, it is possible  to  wr i te  

M =  - -  (9(Y,) - -  9(Y,)) Az = - -  A g A z  

(yl and  Y2 are  t h e  m a x i m u m  a n d  m i n i m u m  la t i tudes  across which  t he  sect ion 
of d e p t h  Az extends) .  I n  t he  n o m e n c l a t u r e  of fig. 13, A 9 = 9 ~ -  ~v3 be tween  
the  Balear i  I s l ands  a n d  t he  coas ts  of Spain,  A 9 = ~ )1 -  92 a t  t he  Gibra l t a r  
a n d  Sici ly Stra i ts ,  A~o = 9 1 -  94 be tween  t he  L i g u r i a n  coasts  and  Corsica,  and  
A9  = W 4 -  93 a t  t he  Sard in ia  St ra i t .  

Choos ing  z = 150 m ( the ave rage  d e p t h  of t he  sur face  l aye r  of A t l a n t i c  
wa te r  a t  Gibra l tar ) ,  t h e  s y s t e m  to  be solved becomes  

( B . ~ )  

9 1 - 9 8  = T./Az = 1 . 2 . : t o  - 3 k m 3 / s ,  

9 1  - -  9 ~  = - -  T I / A z  = - -  0 .8 .10 -3 k raa l s ,  

9 1  - -  94  = T 3 [ A z  = 0 . 6 "  1 0  -3  k m 2 / s  . 
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The choice of ~1 = 1 .2 .10  -2 gives t he  fo l lowing  va lues  for ~ a t  t he  b o u n d a r i e s :  

(B.3) ~ = 2 . 1 0  -2 km2/s ,  ~v3 = 0.0 km~/ s ,  ~4 = 0.6"10 -~ km2/s �9 

F o r  t hese  va lues  of ~v, t he  so lu t ions  of cq. (4.2) are d i sp l a ye d  in  fig. 11. 
I f ,  i n s t ead ,  we use t h e  s y s t e m  

~vl - -  ~.P2 = - -  0-8"10-2 km2/s , 

(B.4) Y~I - -  ~v3 : 1.2 "10 -2 km2/s , 

~ 4  - -  ~v2  = - -  T 4 / A z  = - -  o .5 .10  -2 k m 2 / s ,  

wi th  t he  choice of y~l ~ T~/2Az = 0.6 .10  -2, t he  b o u n d a r y  cond i t i ons  become  

(B.5) v/2 = 1 .4 .10-2  km2/s ,  ~3 = - -  0 .6 .10-z  km~/s,  ~v4 = 0 .9 .10-2  km~/s. 

W i t h  these  cond i t ions ,  t h e  so lu t ions  of eqs. (3.10) a n d  (4.2) are d i sp l ayed  
in  fig. 8 a n d  12: 

I T~ ~ 1 . 2 . 1 0 '  m ~ / s  ( 2 ) ,  T~  = 1 . 8  - 1 0  ~ m 3 / s  ( 2 ) ,  
(B.6) 

I ~a = 0 .9 .10  e m~/s ,  T4 = 0 .75 .10  e ma / s .  

�9 R I A S S U N T 0  

Le principali caratteristiche della cireolazione stazionaria del Mediterraneo occiden~ale 
sono riprodotte tramite un modello integrate verticalmente. Si mostra come, nell 'am- 
bite della teoria barotropiea, gli effetti delia geometria del bacino, inclusa quella delle 
isole, di una topografia di rondo variabfle e della forzatura del flusso allo stretto di 
Gibilterra coneorrono a determinare i vari aspetti della circolazione. Alcuni aspetti 
loeali della circolazione che non sono riprodotti dal modello in particolari regioni, 
come fl l~ar Ligure, sono indicativi di dove la dinamica baroelina e/o la forzatura deI 
vento sono da considerarsi dominanti.  

I/InepHHa~bHaH nnpKy:tmm~ s 3 a n a ~ o f i  qac'rn C p e ~ 3 e M H o r o  MOpll. 

Pe3mMe (*). - -  CyILIecTBettm, le oco6em/ocTrI yCTO~mBO~ tmprynnttrm B 3ana~no~ qacrn 
C p e ~ 3 e M H o r o  MopJ/ MOFyT 6blTb BOClIpOH3BeJIeHI, I C IIOMOIIIJalO BepTm~aJ1bHO npOHH- 

TerpapoBarmo~ Mo~erm. B paMxax 6apoTpormo~ Teopm~ noKa3~maeTc~, tax  aqbqbeKT~I, 
cBg3ari t~ie  c reoMeTpHe~t 6acce~Ha, BlCJlIoqas[ o c r p o B a ,  ~ ~I3MerLqeMo~ Tonorpaqbne~ ~Ha 

FI cm-IOB TeqrlH~ B FH6pa-rITapCKOM npoa~tae, BJHLII]OT Ha o n p e ~ e n e r m e  r apTn~ml  Unpram~H. 
HeKoTopJ, le Ha6mo~aeM~m oco6ermocTr~ B OTllen~m, Lx oSnacT~tX, Tard~ Kar 2-[rtrypr~cKoe 
MOpe, KOTOpbIe He MOFyT 6blTb BOCllpOH3BCJIeHI~I C HOMOIII, blO 3TO~ Mo~eJIH, yKa3~IBaIOT 
Ha TO, r i t e ,  rlO-BH21"I~OMy, ~IMBqtttpyeT 6apoKJ.MMfftlall lt/l~.rlH BeTp2TlaJt ~ a ~ , t I ~ a .  

(*) llepese3eno peOam;ue~. 


