Ocean Sci., 3, 789, 2007 g"‘»\ ]
www.ocean-sci.net/3/77/2007/ GG Ocean Science
© Author(s) 2007. This work is licensed _

under a Creative Commons License.

Modeling of the circulation in the Northwestern Mediterranean Sea
with the Princeton Ocean Model

M. A. Ahumadal and A. Cruzado?

Linstituto de Recursos, Universidad del Mar, Puerto Angel, Oaxaéaidd
2Centre d’Estudis Avancats de Blanes, CSIC, Blanes, Catalonia, Spain

Received: 4 April 2006 — Published in Ocean Sci. Discuss.: 9 August 2006
Revised: 14 November 2006 — Accepted: 2 February 2007 — Published: 9 February 2007

Abstract. The Princeton Ocean Model — POM (Blumberg that the development of an upper mixed layer by summer
and Mellor, 1987) has been implemented in the Northwesterrsolar heating and the convective processes caused by win-
Mediterranean nested (in one-way off-line mode) to a gen-ter cooling and strong winds produce seasonal changes in
eral circulation model of the Mediterranean Sea — OGCMthe near-surface circulation whose effects mainly consist of
(Pinardi and Masetti, 2000; Demirov and Pinardi, 2002) modulations in the intensity and smaller scale variability of
in order to investigate if this model configuration is capa- the current systems. More recently, Molcard et al. (2002)
ble of reproducing the major features of the circulation ashave suggested that the main permanent features of the gen-
known from observations and to improve what has beeneral circulation (Gulf of Lions cyclonic gyre, Rhodes cy-
made by previous numerical modeling works. According to clonic gyre, Gulf of Syrte anticyclonic gyre) are induced by
the model results, the large-scale cyclonic circulation in thethe permanent wind stress curl structure. They point out that
northern part of the Northwestern Mediterranean is, at leasthe magnitude and spatial variability of the wind is impor-
in the upper layers, less coherent in winter and spring thartant in determining the appearance or disappearance of some
in summer and autumn. Furthermore, there is evidence thagyres such as the Tyrrhenian anticyclonic gyre and the lonian
the mesoscale structure (eddies and meanders) is, during all/clonic gyre. Concerning the circulation at deeper layers, it
yeatr, a significant dynamic characteristic in this region of theis generally accepted that it follows the topography of the
Mediterranean Sea. Finally, concerning the circulation in thedifferent subbasins (La Violette, 1990), describing basically
lower layers, the model results have confirmed that Levantinea cyclonic path.

Intermediate Water (LIW) and Western Mediterranean Deep | the last years, the Mediterranean Sea has been sub-
Water (WMDW) follow essentially a cyclonic path during all ject to several numerical modeling works focused mainly
year. on the study of the circulation and mechanisms that gener-
ate it at different temporal and spatial scales (Menzin and
Moskalenko, 1982; Heburn, 1987; Malanotte-Rizzoli and
Bergamasco, 1989, 1991; Stanev et al., 1989; Beckers, 1991;
Tziperman and Malanotte-Rizzoli, 1991; Bergamasco et al.,

The Mediterranean Sea is a semi-enclosed sea acting like ap?93; Pinardi and Navarra, 1993; Alvarez et al., 1994;
ocean system in which several temporal and spatial scale§@ines and Wu, 1995; Roussenov et al., 1995; Zavatarelli
(basin, subbasin, and mesoscale) interact to form a highi@nd Mellor, 1995; Herbaut et al., 1996; Wu and Haines,
complex and variable circulation (Fémdez et al., 2005). 1996; Herbaut et al., 1997; Brankart and Brasseur, 1998;
Millot (1991) has mentioned that the major surface currentsCastellari et al., 1998; Drakopoulos and Lascaratos, 1999;
flowing along slope, can be affected by instability processeBergamasco et al., 1999; Pinardi and Masetti, 2000; Beck-
that sometimes lead to the generation of turbulent phenom€'s et al., 2002; Demirov and Pinardi, 2002; Molcard et al.,
ena such as mesoscale eddies, which can induce reIative;%Doz; Zavatarelli et al., 2002; Brenner, 2003; Echevin et al.,
intense currents and great heterogeneity of the hydrologic 003; Korres and Lascaratos, 2003; Sorgente et al., 2003; To-

characteristics. On the other hand, Send et al. (1999) sustaff@ni: 2003; Zavatarelli and Pinardi, 2003; Fandez et al.,
2005; Jord, 2005; and others). Nevertheless, the variety of

Correspondence toA. Cruzado models, configurations, parameterizations, resolutions, forc-
(cruzado@ceab.csic.es) ing, etc., found in the literature on numerical modeling of
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sign, formulations, parameterizations, etc. In this work, a
numerical modeling system based on the Princeton Ocear.
Model (Blumberg and Mellor, 1987) has been implemented
in the Northwestern Mediterranean nested (in one-way off-
line mode) to a general circulation model of the Mediter-
ranean Sea — OGCM (Pinardi and Masetti, 2000; Demirov
and Pinardi, 2002) in order to investigate if this model con-
figuration is capable of reproducing the major features of thethat the seawater is incompressible, ii) that the pressure in
circulation as known from observations and to improve whatany point of the ocean is equal to the weight of the column
has been made by previous numerical modeling works.  of water over it (hydrostatic approximation), and iii) that the
This article is organized as follows. A brief description of density can be expressed in terms of a mean value and a small
the principal characteristics of the Princeton Ocean Model{flyctuation (Boussinesq’'s approximation). Consequently, in

along with details of its configuration for the Northwestern g system of orthogonal Cartesian coordinates, the governing
Mediterranean Sea is given in Sect. 2. Atmospheric forcingequations are

and initial conditions used for the climatological integration

Longitude (deg. E)

Fig. 2. Spatial distribution of Net Heat Flux from ECMWF 1979—
1993 reanalysis data: February (upper panel) and August (lower
panel). Units are W/rh

of this model configuration are briefly analyzed in Sect. 3. Ui =0 (1)
The model results and discussions are presented in Sect. i
and conclusions are offered in Sect. 5. . _

d(g}v) + 3[U18(Z,V)] +f(=V,U)=

a(K LV-V))
—1[ap ap ( Mgz 2

2 Numerical model ~Po [5 E] T @)

+ (Fu, Fv)
2.1 Model description

d

P — —pg 3)

The Princeton Ocean Model (POM) is a 3-D primitive equa- 37
tions ocean circulation model, which has been described in
detail by Blumberg and Mellor (1987) and Mellor (2004). 36 |, awio) _ B(KH 3*9)

POM is a free surface, sigma coordinate model that uses &' = o, — 9z Q)
time-splitting technigue to solve depth-integrated and fully TF+ 5

three-dimensional equations with different time steps. The )

surface elevation, velocity, temperature, and salinity fieldsgs 3 (U;S) 0 (Kyg—f)

are prognosticated assuming the fundamental hypotheses: i), + dx; = 9z + Fs ®)
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Table 1. Model Parameters used during the Climatological Experi-

A ment.

—

Parameter Description Value

42 1m2/s2

C Non-dimensional constant used in calculating 0.2
the horizontal viscosity for momentum

tprni Inverse horizontal Prandtl number 0.2

uM Background viscosity 0.00002

Zo Bottom roughness length 0.01

Atext External mode time step 9s

Atint Internal mode time step 720s

40

Latitude (deg. N)

ELLS

The resulting topography is shown in Fig. 1, which displays
the major features of the domain including Sardinia, Corsica,
Minorca, Majorca, and Ibiza Islands. In this model version
(afterwards, NMS model) there are two open lateral bound-
aries; at 38.5N and at 10.5E. The NMS model has been
configured with a horizontal resolution of 1/1ié latitude by
1/16 in longitude, therefore with this resolution, the Rosshy
radius of deformation (10-20 km in the Mediterranean) is re-
solved, and consequently, the NMS model configuration is
adequate to simulate mesoscale structures épelee et al.,
2005). In the vertical, the grid has 27 sigma layers with log-
arithmic distributions at the surface and at the bottom and a
Longitude (deg. E) linear distribution in between. Nine reduced thickness sigma
layers have been laid at the surface while at the bottom there

Fig. 3. Spatial distribution of Wind Stress from ECMWF 1979- are six. Other significant model parameters are given in Ta-
1993 reanalysis data: February (upper panel) and August (lowep)e 1.

panel). Units are #1s2.

44 -
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42 1m2/s2

40

Latitude (deg. N)

38 et

2.2.1 Open lateral boundary conditions

Vertical mixing coefficientsKy; andK g, are computed ac- . .
cording to the Mellor-Yamada 2.5 turbulence closure schemd*l0ng the two open lateral boundaries, the NMS model is
(Mellor and Yamada, 1982). This scheme requires prognosforced with velocity, salinity and temperature fields obtained
tic calculations of¢2) and 2¢), where the turbulent kinetic oM the 8th year of the Mediterranean Sea OGCM climato-
energy iSq2/2 and the turbulence macro scale #3.(The logical mteg_ratlon (perpetual year run). This Mediterranean
equations that calculatg® andg?¢ are similar to those used S'\jgl\r/ln Oc\il\?rllilshbvi%d o:ﬁther r('jg\',sitlr:d N;f?; Ia;tolcrean Il\/![;)dnel
for temperature and salinity and include production and dis-( ), ch was configure a horizontal resoiutio
sipation source/sink terms. Horizontal diffusion terni ( of 1/8°x1/8> and 31 vertical levels and it was forced by the
Fy, Fy, andFs) are computéd using the Smagorinsky (1963) same atmospheric data set used here. For more details about
forr’nuléltion implemented into POM according to Mellor and the model configuration see Demirov anq Pinardi (20.02)’ Ko-
Blumberg (1986). The last term in Eq. (4), is the solar ra- rres and Lascaratos (2003) and Tonani (2003). Given that
diation flux that r;enetrates the sea su.rfacé The UNESC he NMS model has not the same horizontal resolution than
equation of state, as adapted by Mellor (1991) is used. Th he OGCM, a horizontal bi!inear interpolati_on of the QGCM

in situ density is determined as a function of salinity, poten- lelds W(;i.; nec?s:tsr?ry. B dest|des, as tthe er rtlcaldcfo ordlnalte slys-
tial temperature and pressure; the latter being approximate m 1S difierent, these cala were transiormed from z-1evels

by the hydrostatic relation and constant density. 0 sigma coordm.ates using a linear interpolation. Finally, .to
avoid temporal discontinuities on the open lateral boundaries

2.2 Model configuration of the NMS model, all data are specified at each time step us-
ing a linear interpolation in time between consecutive 10-day

The model domain comprises the northwestern region ofaveraged fields.

the Mediterranean Sea, from 381$ to 44.5% N and from For the internal mode, velocities normal to the open lat-

0.5 W to 10.5 E. The bottom topography is based on the eral boundaries were directly specified from the OGCM out-

U.S. Navy Digital Bathymetric Data Base 5 (1/221/12°) puts, ensuring at each time step a zero net volume trans-

mapped onto the model domain using bilinear interpolation.port on the boundary. To do this, we applied the procedure

Www.ocean-sci.net/3/77/2007/ Ocean Sci., 3,8%-2007
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Fig. 4. Spatial distribution of Evaporation rate (E) from ECMWF Fig. 5. Sea Surface Temperature (SST) from MED6 monthly cli-

1979-1993 reanalysis data minus Precipitation (P) from Legate%atomgy: February (upper panel) and August (lower panel). The
and Willmot (1991) monthly climatology: February (upper panel) cqontour interval is 0.%C.

and August (lower panel). Units are mm/month.

al., 2002, 2003). Finally, tangential velocities were set to
described in detail by Zavatarelli et al. (2002), Korres andzero and a zero-gradient condition for the free-surface eleva-
Lascaratos (2003), and Zavatarelli and Pinardi (2003). Orfion was used.
the other hand, after several sensitivity tests to different for- .
mulations for the open lateral boundary conditions, the NMS2-2-2 Surface boundary conditions

model solution did not show overly sensitive to the veIocity_A” atmospheric forcing (wind stress, heat flux and freshwa-
component tangential to the open lateral boundaries. Forth|§er flux components) are mapped onto the NMS model grid

Salinty and temperatue, whonever the normal velogty i U3 binear inerpolation. Additionally, during the mode

’ . . integration, the atmospheric forcing is specified at each ex-
rected outwards from the NMS model_s dqmam (o_utﬂowg), ternal or internal time step, using linear interpolation in time
the values are extrapolated from the interior solution using, .+ veen successive fields. So. the surface boundary condi-
an upstream advection scheme. Otherwise, in cases of "Tion for momentum is preséribeiﬂ according to
flow through the boundary, salinity and temperature are pre-

scribed from the OGCM outputs. K_M(a (u, ”)) = —p5 (120 7y) @)

For the external mode, it is imposed D do

o where 7, and 7, represent the surface wind stress com-
(U, V)= ) B ©) ponents obtained from the European Center for Medium-
[H/(H+m](Uocem. Vocem) Range Weather Forecasts (ECMWF) 1979-1993, 6-h reanal-

_ _ ysis data on a regular by 1° grid (for more details about
where Uand V are the vertically integrated velocities on these data, see Korres and Lascaratos, 2003)ogrisl the
the NMS model's open lateral boundarig$,is the bottom  density of reference taken as 1025 kghtMellor, 2004).

depth, is the free-surface elevation, abidccm andVocem For temperature the following formulation is used
are the vertically integrated velocities from the OGCM out- Ku (26 or
D ‘9’ T

puts. The ratioH/(H + n) is employed to ensure the vol- 00Cp ®)
ume continuity (Korres and Lascaratos, 2003; Zavatarelli et+poc—ép(SST -7

Ocean Sci., 3, 7189, 2007 Www.ocean-sci.net/3/77/2007/
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where Qr represents the total heat flux aft the spe-  gig 7. |nitial Conditions for velocity and salinity: at 5-m depth
cific heat of seawater, 3986 Jky (Mellor, 2004). The (upper panel) and at 100-m depth (lower panel), from December of
second term in Eq. (8) is the heat flux correction term,the 8th year of the Mediterranean Sea OGCM climatological inte-
whereSST is the sea surface temperature obtained from thegration (source data: Mediterranean Forecasting System, 2002).
MED®6 monthly climatology is the temperature at the first

layer of the NMS model, and’; is a coefficient taken as

15Wm2°C~1. In this way the heat flux is forced to produce Finally, where the Rhone and the Ebro rivers discharge their

a sea surface temperature consistent with the MED6 monthlyvaters an additional term is included in the surface bound-

climatology (Sorgente et al., 2003). ary condition for salinity so that the first term on the right
For salinity the surface boundary condition is given ac- Side of Eq. (9) is considered &8 — P — R;)/po, where R
cording to represents the river runoffs in ms
Finally, for the turbulence kinetic energy and the turbu-
Kp 95 E—-P lence master length scale, the surface boundary condition is
—(—) = Co(SSS—-S . . !
D (80) ( 0 > +C2( ) © prescribed according to Mellor (2004).

whereE corresponds to the monthly evaporation rate calcu-2 2.3 Bottom boundary conditions

lated according t@:QE/LV(Zavatarelli and Mellor, 1995;

Korres and Lascaratos, 2003; Sorgente et al., 2003is The bottom boundary conditions for momentum, salinity,
the monthly precipitation obtained from Legates and Willmot temperature, turbulence kinetic energy and the turbulence
(1991). The second term in Eq. (9) is the freshwater flux cor-master length scale, are set according to Mellor (2004).
rection term, where§SS is the sea surface salinity obtained

from the MED6 monthly climatologys is the salinity at the

first layer of the NMS model, and’ is a coefficient taken

as 0.7 m/day. The correction term accounts for the imperfect

knowledge ofE — P, especially ofP (Sorgente et al., 2003).

Www.ocean-sci.net/3/77/2007/ Ocean Sci., 3,8%-2007
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Fig. 8. Initial Conditions for velocity and salinity: at 400-m depth Fig. 9. Initial Conditions for potential temperature: at 5-m depth
(upper panel) and at 1000-m depth (lower panel), from Decembefupper panel) and at 100-m depth (lower panel), from December of
of the 8th year of the Mediterranean Sea OGCM climatological in- the 8th year of the Mediterranean Sea OGCM climatological inte-
tegration (source data: Mediterranean Forecasting System, 2002).gration (source data: Mediterranean Forecasting System, 2002).

3 Model forcing and initial conditions 3.1.2 Wind stress

3.1 Model forcing The climatological wind stress fields for February and Au-
gust are shown on Fig. 3. The most prominent feature during
these months is the incidence of winds blowing from north-
west, mostly over the central region of the NMS model’s do-
main and over the Catalan Sea. These winds are clearly more
The spatial distribution of the net heat flux in the NMS intense in a perpendicular line to the Gulf of Lions, weak-
model’'s domain for a typical winter (February) and summer ening toward the Catalan Sea. In contrast, on the Ligurian
(August) month is shown in Fig. 2. During February heat is Sea the winds are comparatively less strong, following a path
lost throughout the domain, especially over the Gulf of Li- nearly anticyclonic in August, while in February they prac-
ons, the Ligurian Sea and along the west coast of Sardiniatically blow from north. It is also evident that the mountain
In contrast, during August heat is gained everywhere, partictranges in the Balearic Islands, Sardinia, and Corsica play an
ularly in the Gulf of Lion cyclonic gyre, over the southern important role in the final trajectory of these winds, which
part of the Ligurian Sea and along the southern boundary oShows a very clear curvature on the south side of the Balearic
the NMS model's domain. In general, there is a meridionallslands and on the east side of Sardinia and Corsica. In Au-
(south-north) gradient, more evident in February but less ingust, the winds describe an almost cyclonic trajectory in the
August. Balearic Islands region, which disappears in February. On

3.1.1 Heat fluxes

Ocean Sci., 3, 7189, 2007 Www.ocean-sci.net/3/77/2007/



M. A. Ahumada and A. Cruzado: Modeling circulation in Northwestern Mediterranean 83

Depth = -400 m Depth = -30 m
T T T
441
43F
z z
o o 4ol
ﬁ 3 42
© [
el
E Ep
k! 8
401
39+
Longitude (deg. E)
14 145 15 155 36 36.5 37 375 38 38.5 39
Potential Temperature (°C) Salinity (psu)
Depth = -1000 m Depth =-160 m

Latitude (deg. N)
Latitude (deg. N)

4 5 6
Longitude (deg. E)

I I I I
12 125 13 135 14 145 15 155 375
Potential Temperature (°C) Salinity (psu)

Fig. 10. Initial Conditions for potential temperature: at 400-m depth Fig. 11. Velocity field and horizontal distribution of salinity: at

(upper panel) and at 1000-m depth (lower panel), from Decembero-m depth (upper panel) and at 160-m depth (lower panel) during
of the 8th year of the Mediterranean Sea OGCM climatological in- august from the climatological experiment.

tegration (source data: Mediterranean Forecasting System, 2002).

. : . .Figs. 5 and 6. The sea surface thermal structure over the
the other hand, the winds over the eastern region of SardlnlilMS model’s domain in February is moderately homoge-

and Corsica blow eastward during both months. In general : )
. . . : . heous, particularly in the northern area that extends from the
the climatological winds are more intense during February i A . ;
than during August Balearic Islands to the Ligurian Sea. In this region, the tem-
' perature does not exceed 135 The coldest waters (18)
are found on the Ligurian Sea, Gulf of Lions and the north
part of the Catalan Sea. In contrast, the warmer watefs-(14

The spatial distribution of evaporation rate minus precipi- 14.5°C) are found over the whole southern part of the do-
tation (E-P) for February and August is shown in Fig. 4. Main. During August, this thermal structure clearly changes
This figure illustrates the freshwater losses affecting the enf€aching temperatures betweer?@Q(particularly over the
tire NMS model’'s domain, especially intense in the Gulf of Gulf of Lions) and 28C (on the south side of the NMS
Lions and between Minorca and Sardinia. During Februarym0del’s domain). In this month, the Ligurian Sea shows tem-
there is a clear southwest-northeast gradient, while during’@ratures from 22to 24°C, while on the east side of Sardinia

3.1.3 Evaporation rate minus precipitation

August this gradient is not so well defined. and Corsica temperatures betweefi 2dd 25C are found.
Also, in this month, a meridional gradient is evident with
3.1.4 Sea surface temperature and salinity temperatures decreasing northward. Concerning the sea sur-

face salinity, during February and August, the NMS model’s
The sea surface temperature and salinity from the MED6domain presents the following characteristics: 1) a merid-
monthly climatology for February and August are shown in ional gradient with salinity values increasing northward, 2)

Www.ocean-sci.net/3/77/2007/ Ocean Sci., 3,8%-2007
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August from the climatological experiment. 30-m depth (upper pqnel) and.at 160—m.depth (lower panel) during
November from the climatological experiment.

salinity values between 37.2 and 37.8 over the southern re- ]

gion (between~38.5 and 4% N), and 3) salinity values of @ monthly average maximum of 689s1* (January) and a
38 on the region north of 4N. In the latter, the exceptions Minimum of 128 mis~* (August).

are the Gulf of Lions shelf and the west part of the Ligurian N -

Sea where salinities of 37.8 are observed. From a seasondt? Initial conditions

point of view, the sea surface salinity on the NMS model’s ) i

domain does not show significant variations from one month/*ccording to the 8th year of the Mediterranean Sea OGCM
to another. However, it is evident that waters with salinities PETPetual year run, the large-scale circulation in the north-
between 37.6 and 37.8 invade the northern region mainly inVestern Mediterranean is dominated by a large cyclonic gyre,

August. which is more evident below the sea surface (Figs. 7 and
8). The Eastern Corsican Current and the Northern Current
3.1.5 River runoffs appear reasonably well defined while the Western Corsican

Current is reproduced relatively far from the west coast of
According to the Compagnie Nationale dudrie (Younes et  Corsica and the North Balearic Current is only represented
al., 2003), the Rhone River runoffs, from 1996 to 2000, var-to the north of lbiza. On the other hand, the mesoscale
ied from a monthly average maximum of 2523sn! (De- structure is represented by some eddies reproduced inside
cember) to a minimum 943%s~1 (August) with an annual the large cyclonic gyre and mainly on the southern region
mean value of 1745 fs~1. During the same period, the Ebro (between 38N and ~40° N) of the NMS model’s domain.
River annual mean runoffs; obtained from the Confedéraci Concerning the horizontal distribution of salinity illustrated
Hidrografica del Ebro (Jom 2005), was 315 fs~1, with also in Figs. 7 and 8, the initial conditions show a gradient

Ocean Sci., 3, 7189, 2007 Www.ocean-sci.net/3/77/2007/
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November from the climatological experiment.

imatelv latitudinal with hih linit | t th sults correspond to the climatological integration of the NMS
approximately fatitudina; wi \gher salinity values at the model, which was run for 12 years with forcing and initial

northern areas, especially inside the Iarge'cyclonlc gyre. In onditions described in Sect. 3 and model parameters sum-
contrast, the western part of the Tyrrhenian Sea does no arized in Table 1

show this latitudinal gradient but its salinity values are com- i his cli logical . duri

parable to those inside the cyclonic gyre. On the other hand, Acchor mghto this ¢ |nf1ar:o ?\Ig'\'/lca exgelr,lnlient, 'u'rmghAu-
the horizontal distribution of potential temperature (Figs. qu_Stt & northem paryo the S model's omain Is charac-
and 10) shows the lower values (between3-14C) over terized by a well-defined Igrge-scale cyplomc circulation at
the northern part of the Catalan Sea, the Gulf of Lions, theleasht_ up to 4??0}?1 de_pthI(Flg. 1% and F'?' ;2' upl?erf pgnel).
Ligurian Sea and particularly, inside the large cyclonic gyre.In t |s_m0nt , there Is clear evl ence of the Gulf of Lions
In contrast, the higher temperatures (betweei.5-17C) cyclonic gyre centered at 4X-5° E and the Northern Cur-

are observed on the southern part of the NMS model domainr,ent (NC) fed by the eastern Corsican Current (ECC) and

including the southwestern area of the Tyrrhenian Sea. the western Corsican (_Zurrent (WC.:C) coming from the east-
ern and the western side of Corsica, respectively. The NC

flows along the continental slope of the Liguria, Provence,
4 Model results and discussions Languedoc, Catalonia, and as far as the Gulf of Valencia,
where it veers eastwards following the continental slope of
In the following paragraphs the NMS model results for a typ- the Balearic Islands. In this area, the so-called North Balearic
ical summer (August), autumn (November), winter (Febru- Current (in this simulation especially intense probably as a
ary) and spring (May) month will be analyzed. These re-result of the strong difference between the salinity to the
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Fig. 16. Velocity field and horizontal distribution of salinity: at 400- Fig. 17. Velocity field and horizontal distribution of salinity: at 30-
m depth (upper panel) and at 1000-m depth (lower panel) duringm depth (upper panel) and at 160-m depth (lower panel) during May
February from the climatological experiment. from the climatological experiment.

south and to the north of the Balearic Islands), appears abasically the same as in August but, in this case, a stretching
a continuous northeastwards flow closing the cyclonic circu-around 42 N-4°45 E is displayed (Fig. 13). This stretching,
lation that is delimited southward by an oceanic front. In observed as a large meander invading the northern part, ap-
contrast, the southern region of the NMS model’s domainpears to be associated with the Gulf of Lions cyclonic gyre,
is dominated principally by mesoscale eddies with differentwhich is relatively well-defined. Other significant features
sign and dimension. These eddies, as it can be seen from the this month are the presence of several mesoscale eddies
distribution of salinity, appear to play an important role in the along the western side of the Corsica and the occurrence of a
advection of water of Atlantic origin towards the north. Con- cyclonic gyre on the western Tyrrhenian Sea, specifically to
cerning the circulation over the part of the Tyrrhenian Seathe north of the Strait of Bonifacio. Over the southern region
considered in this study, there is indication that, in the upperof the NMS model’s domain, mesoscale eddies are as in Au-
layers (see Fig. 11, upper panel) the flow is mainly north-gust the most important dynamic characteristic. In general,
wards while it is southwards in the lower layers (see Fig. 11,also during November, the LIW (Fig. 14, upper panel) and
lower panel and Fig. 12) along the Corsican and SardinialWMDW (Fig. 14, lower panel) follow a cyclonic path.
coasts. In general, it is evident that Levantine Intermediate In February, several differences in the |arge scale circu-
Water (LIW) (Fig. 12, upper panel) and Western Mediter- |ation and mesoscale structure are evident. At 30-m depth
ranean Deep Water (WMDW) (Fig. 12, lower panel), possi- (Fig. 15; upper panel) the large-scale cyclonic circulation
bly constrained by the bottom topography, follow essentially appears relatively less coherent than in the previous months
a cyclonic path. but, at 160-m depth (Fig. 15; lower panel), it is fairly simi-
During November the large-scale cyclonic circulation is lar. During this month, the NC is comparatively less intense
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Depth =-400 m the southern region of the NMS model’s domain, the number
T of mesoscale eddies have diminished and the cyclonic gyre
on the western side of the Tyrrhenian Sea has disappeared.
At 160-m depth (Fig. 17, lower panel), the large-scale cy-
clonic circulation is basically as in the previous months but,
mesoscale eddies have almost disappeared from the southern
region of the NMS model’'s domain. Below this depth, the
circulation of both LIW (Fig. 18, upper panel) and WMDW
(Fig. 18, lower panel) is also cyclonic.

From these results, it is evident that the circulation in the
Northwestern Mediterranean Sea is more complicated than

Latitude (deg. N)

6 7 8 9

e+ =z 3 Lﬁngidi(deg. 5 that published by early works (among other, Nielsen, 1912;
] ] Allain, 1960, Furnestin, 1960; Wét, 1961; Ovchinnikov,

salny oy : 1966). In this context, recent studies (WMCE Group, 1994;

EUROMODEL Group, 1995) have pointed out that because

Depth =-1000m of scarcity and spacing of ocean stations, early studies of

the area have presented a simple pattern of the circulation,
which is more complex and driven by a combination of fac-
tors and time scales. Several observational studies carried
out in the nineties (Send et al., 1999) and during the last
years have showed evidence of important mesoscale activity
(fronts, meanders, eddies, filaments, etc.) affecting the cir-
culation at local, sub-basin and basin scale. More recently,
in order to investigate if the intrinsic ocean variability could
be a source of interannual variability, Farez et al. (2005)
implemented an eddy permitting rigid lid ocean model (the
4 5 6 7 8 9 10 DieCAST model) in the whole Mediterranean Sea. The
Longitude (deg. B) model results showed the seasonality of some currents, an
important eddy field and numerous fronts distributed all over
the Mediterranean Sea. In the present study, an eddy per-
_ o _ o . mitting free surface ocean model (the POM model) forced at
Fig. 18. Velocity field and horizontal distribution of salinity: at 400-_ the surface with climatological heat fluxes and wind stress,
m depth (Upper. panel) ".md at 10.00_m depth (lower panel) durlngand on the open lateral boundaries with temperature, salinity
May from the climatological experiment. o . .

and velocity fields obtained from a Mediterranean Sea gen-
eral circulation model, has confirmed that: 1) the large-scale

) o cyclonic circulation in the Northwestern Mediterranean Sea
and three large gyres are displayed on the Ligurian Sea anghanges from one season to another; 2) the mesoscale struc-

offshore the Gulf of Lions where a large anticyclonic gyre e js, during all year, a significant characteristic in this re-
closes to the Gulf of L|_ons cyclonic gyre is present. Further—giOn of the Mediterranean Sea, and 3) the circulation of Lev-
more, mesoscale eddies detected up to 160-m depth prevaghiine Intermediate Water (LIW) and Western Mediterranean

over the entire southern region, with evident effect, at IeastDeep Water (WMDW) is basically cyclonic during all year.
in the upper layer, on the southern part of the large-scale cy-

clonic circulation. Also, in this season, the cyclonic gyre on

the western side of the Tyrrhenian Sea is present. Below thig  conclusions

depth, the LIW (Fig. 16, upper panel) and WMDW (Fig. 16,

lower panel) follow, as in August and November, essentiallyt js concluded that the large-scale cyclonic circulation in the

a cyclonic path. northern part of the Northwestern Mediterranean is, at least
Finally, during May, at 30-m depth (Fig. 17, upper panel), in the upper layers, less coherent in winter and spring than in

the NC becomes relatively more intense than in February busummer and autumn. It is also concluded that the mesoscale

even less strong than during August and November. In thisstructure (eddies and meanders) is, during all year, a signif-

month, although the large gyres in the Ligurian Sea and inicant dynamic characteristic in this region of the Mediter-

the Gulf of Lions open sea are less evident, the large scaleanean Sea. Concerning the circulation in the lower layers, it

cyclonic circulation is not completely reestablished. In ad-is concluded that Levantine Intermediate Water and Western

dition, over the southern part of the Catalan Sea, meanderslediterranean Deep Water follow essentially a cyclonic path

and mesoscale eddies have been developed. Furthermore, daring all year.

Latitude (deg. N)

I
375 38
Salinity (psu)
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