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Abstract. A high resolution eddy-resolving primitive equa- kins, 1978). This results in a two-layer flow through the
tion numerical model, based on the Princeton Ocean ModeStrait of Sicily with a fresh Modified Atlantic Water (MAW)
(POM), is used to study the seasonal variability of the gen-eastward flow near the surface and a deeper salty Levantine
eral circulation in the Central Mediterranean Sea. The modeWater outflow. Both flows are characterized by a significant
is run on a seasonal cycle, perpetual year simulation for fiveseasonal and interannual variability. In the past, investiga-
years, with nesting to the coarser resolution Ocean Generalons have relied on hydrographic measurements, sub-surface
Circulation Model (OGCM), covering the whole Mediter- current meter data and lagrangian drifting buoys, with an
ranean Sea. The model results are compared to the curreetnphasis on the Strait area (Manzella, 1994; Grancini and
knowledge on the hydrography and dynamics of the areaMichelato, 1987; Poulain, 1998). Several authors have at-
with a special focus on the annual cycle of the Modified tempted to establish an estimate of the seasonal and inter-
Atlantic Water (MAW), on the circulation in the Sardinia annual variability of the transports across the Strait mainly
Channel, the water exchange across the Strait of Sicily, andn the basis of two-layered models (Bethoux, 1980) or
on the transition and fate of the Levantine Intermediate Wa-geostrophic flow calculations (Manzella et al., 1988; Moretti
ter (LIW). The results show that the adopted coupling tech-et al., 1993; Manzella, 1994; Astraldi et al., 1996). The re-
niques between the two models give a proficient downscalingults are, however, often incompatible and no clear situa-
of the large-scale OGCM flow field into the regional scale tion emerges. The circulation is further influenced by strong
model. The numerical solution is also used to highlight themesoscale signals with periods from 3 to 10 days (Manzella
seasonal characteristics of important dynamical features iret al., 1988). They are triggered mainly by intrinsic dynam-
the area, as well as to shed light on the scarcely known cirics, by the interaction with the bottom topography and by the
culation regimes along the north African shelf and slope.  synoptic scale atmospheric forcing. With a Rossby radius
of about 10 km in the shelf areas, these mesoscale phenom-
ena cannot be detected and followed unless observations are
available with sufficient detail in both time and space. Nu-
merical model simulations offer the solution to these defi-
ciencies and constitute an important tool to study the phe-
1 Introduction nomenology of the hydrodynamics in the area.

Key words. Oceanography: general (numerical modelling);
Oceanography: physical (currents; general circulation)

Modelling studies of the climatological seasonal struc-
ure of the circulation and water masses in the area have,
qwever, addressed the problem only within the wider

The Central Mediterranean area, comprising the Sicilian
Channel, is a large and dynamically active area connectin
the eastern and the western Mediterranean sub-basins acr i A ; )
the shallow sill at the Strait of Sicily (Fig. 1). The region Pasin-scale applications (Malanotte-Rizzoli and Bergam-
is known to be characterized by a number of significant dy-25¢0, 1991; Pinardi and Navarra, 1993; Roussenov et al.,
namical processes covering the full spectrum of temporal and-99°: Zavatarelli and Mellor, 1995, Wu and Haines, 1996;
spatial scales. Although it plays an important role in the wa-0rton et al., 1997a) and consequently, with a coarse spatial
ter mass exchanges between the two basins, especially for tfgSelution. More specific model applications are the now-

budget of the eastern Mediterranean basin, it has not receive%ast/forecast trials restricted to the southern and southeast-
the same attention as the Strait of Gibralta'r. ern Sicilian coast, and based on dedicated cruises conducted

The general flow is mainly driven by the slow (vertical) in_ 1994_’ 1995_ and 1996 (Ro_binson etal., 1999)' Cor_nb_ined
Mediterranean thermohaline basin scale circulation (Hop-W'th an intensive data collection survey, a nonlinear primitive
equation dynamical model in rigid-lid configuration (Ler-

Correspondence tdR. Sorgente (r.sorgente@imc-it.org) musiaux, 1999) has been used to simulate the mesoscale
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Fig. 1. Morphology of the Central Mediterranean Sea. Isolines indicate the 200 m and the 2000 m countours. a), b) and c) indicate the
vertical sections at®E, at the Sicily Strait and along longitude1B.

fields and dominant variability in the Sicilian Channel dur- phisticated nesting techniques that have been developed in
ing September 1996 (Lermusiaux and Robinson, 2001) at dhe atmospheric sciences. Within the modelling effort of
horizontal resolution of 9km and 20 levels in the vertical, the Mediterranean Forecasting System Pilot Project-MFSPP
using a topography-following (double sigma) transformation (Pinardi et al., 1999), a number of regional scale models have
(Lozano et al., 1994; Sloam, 1996). Sorgente and Zavatarellbeen coupled by one-way off-line nesting to the Ocean Gen-
(2002) have applied a numerical simulation of the seasonagéral Circulation Model (OGCM). The OGCM is based on
circulation in the Central Mediterranean area, based on thehe rigid-lid Modular Ocean Model (MOM), implemented in
free surface Princeton Ocean Model (Blumberg and Mellor,the Mediterranean basin at 2A8rizontal resolution, with
1987) and adopting the same approach used by Ezer and MeB1 levels in the vertical (Demirov and Pinardi, 2003). It has
lor (1994) in diagnosing the north Atlantic circulation. been shown to be capable of reproducing the basin scale sea-
In this work we resort to a nested implementation of a sonal variability of the Mediterranean.
three-dimensional primitive equation sigma-coordinate nu- This work refers to the MFSPP regional model covering
merical model, permitting an improved grid resolution both the Sicilian Channel, comprising the area of sea prior to the
horizontally and vertically, and producing an additional con- Strait of Sicily and extending towards the east, up to the lon-
tribution to the present knowledge of the spatial and temporabitude of 15 E. The model is based on the free surface POM
variability of the circulation in the region. and is run on a seasonal cycle (perpetual year) simulation for
Nesting is a finite difference modelling technique used tofive years. A one-way off-line nesting method (Zavatarelli et
simulate a high resolution domain embedded in a lower resal., 2002) based on bilinear interpolation in the horizontal
olution domain. It is a useful method to simulate the small- plane is adopted to downscale the large-scale OGCM flow
scale dynamics in a limited area, while allowing the large field, with about 12.5 km of resolution, into the regional sub-
scales generated on the coarse grid to influence the nestdshsin scale model with a resolution of about 5km. The cou-
grid. A substantial body of literature documenting nest- pling to the OGCM is necessary in order to transfer values
ing methods exists, particularly in numerical weather pre-of variables from the OGCM coarse grid to the finely spaced
diction (Koch and McQueen, 1987). For ocean flows, nest-regional model grid at the location of the lateral boundaries.
ing has, however, only recently been implemented (Oey andr'he utilization of the high resolution model has permitted a
Chen, 1992; Fox and Maskell, 1996; Oey, 1998) and hasmore detailed description of the circulation in the region in-
not yet been used to take full advantage of the more so<luding some mesoscale components that cannot be resolved



R. Sorgente et al.: Seasonal variability in the Central Mediterranean Sea circulation 301

by the coarse model. The model domain extension down tc
31.2° N captures a large part of the Libyan continental shelf
area and a firsthand valuable contribution to the knowledge
of the circulation in this part of the Mediterranean can be
derived within the limits imposed by the lack of data and
consequently, the impoverished quality of the climatological
fields in the area.

The paper is organized to give a short description of the
characteristics of the general circulation in the area in Sect. 2g 36
and an overview of the model characteristics, including the®
treatment of the boundary conditions and the nesting pro-< ss
cedures in Sect. 3. An analysis of the main model results=
is made in the subsequent section with an emphasis on th
seasonal variability. This includes a rigid-lid/free surface
model-model assessment and an analysis of the simulate
volume, heat and salt transport at the Strait of Sicily during 32
the 5-year model integration. A summary and concluding
remarks are made in the final section.
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2 Bathymetry, hydrology and general circulation East Longitude

The geometry of the Sicilian Channel has a great influence orfrig. 2. The model bathymetry of the Central Mediterranean Sea
the dynamics in the area. The fan-shaped configuration of théased on the U.S. Navy bathymetric DBDB1 data set at a resolution
land boundaries has its narrowest constriction on the westof (1/60y. Depth is in meters and the contour interval is 100 m.

ern extremity where the channel between Cape Bon (Tunisia)

and Cape Lilibeo (Sicily) is only 143 km wide. The highly

irregular bottom topography in the form of a submarine ridgetaken during a cruise in November 1994, Robinson et al.

further limits the flow (Fig. 2). This ridge is characterized by (1996) have identified seven water masses in the northern

shallow banks along the Tunisian and Sicilian coast, and €2 of the Sicily Channel and the northwest lonian Sea, in-

central narrow passageway cutting along the NW-SE axis officating the complexity of the processes in action. But to a
the strait, forming part of an intermediate basin with an av_ﬁrst approximation the three main water masses in the strait

erage depth of 500 m. The African continental shelf is veryare the upper layer Modified Atlantic Water, which enters

wide and covers more than one-third of the aerial extent ofNt© the Sicily Channel as an extension of the North African

the Strait. In the Gulf of Gabes, the bathymetry is shaIIowerAIgerian coastal Current,_ 'Fhe deeper Levantine Intermediate
than 30 m for large stretches away from the coast. On the/vater (LIW), and a transitional layer between these two wa-
southern coast of Sicily, the shelf is bounded by two wide €r masses.
(approx. 100 km) and shallow (100 m on average) banks o .-
the western (Adventure Bank) and eastern extremities (Maltrab'1 The superficial water
Channel area), while it narrows down considerably along itSthe Atlantic water enters the Mediterranean through the
middle part. Along the eastern coast of Sicily and extendingsait of Gibraltar, becoming warmer and saltier along the
southward, there is the narrow lonian shelf break which isafrican coast and constituting the origin of the MAW pro-
very steep to the east of Malta (known as the Malta Escarp'ceeding towards east (Warn-Varnas et al., 1999). In the
ment). The shelf break fans out to the south_and subsequentl¢ s dinia Channel the MAW is partially deviated northward
broadens to a gentle slope to the north of Libya. by the shallow Tunisian Skerki Bank (Manzella, 1990) and
The two-sill system at the Strait of Sicily constitutes the then divides into three main branches under the effect of the
main exchange passageway for the Levantine Intermediatgathymetry. One branch enters the Tyrrhenian Sea, flowing
Water (LIW) between the eastern and western Mediterraneag|Ong the northern Sicilian coast: the other two MAW veins
sub-basins. The first sill has a minimum depth of 365 m andfioy to the eastern Mediterranean basin crossing the Sicil-
oriented toward north-northwest; the second is deeper, reachan channel (Astraldi et al., 1999). The main flow in the
ing 430 m and oriented toward north (Frassetto, 1980). Thestrait is along the Tunisian coast, while the smaller flux on
major flux occurs through the narrower and deeper easterfhe southern Sicilian shelf gives rise to the northern mean-

passage close to the Sicilian shelf (Bethoux, 1980). The engering AlS-Atlantic lonian Stream (Robinson et al., 1999).
trance of the LIW from the east occurs mainly at the Medina

sill to the southeast of Malta.
The hydrological data portray a complex structure of the
water masses in the region. From CTD and XCTD profiles
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The seasonal variability of the two flows is significantly dif- et al., 1988; Astraldi et al., 1996). Its core depth varies sea-
ferent. The southern flow along the African coast reachessonally with the LIW being deeper in winter, below 200 m,
its maximum in late fall (Astraldi et al., 1996). The MAW and closer to the surface in summer and autumn (Astraldi
vein close to the southern Sicilian coast is most conspicu-et al., 1999; Sparnocchia et al., 1999). In the Tyrrhenian Sea
ous during summer and autumn, proceeding eastward alonthe LIW flows along the Italian coast, partially exiting north-
the swift topographically controlled AIS. During winter, the ward from the Corsica Channel, especially during winter, and
MAW fills the whole extent of the Strait up to the western- partially southwestward along the eastern Sardinian coast at
most tip of the southern Sicilian shelf. Starting from spring, a depth between 700-1000 m, then overlying the WMDW-
this MAW then starts to progressively detach from the sur-Western Mediterranean Deep Water in the Sardinia Channel
face, taking the form of a subsurface core at a depth of aboufHopkins, 1978).

60 m in autumn.

2.2 The intermediate water 3 Model setup

The LIW is formed mainly in the northeastern Levantine 3.1 General

basin during winter as a result of cooling and evaporation

processes (Nittis and Lascaratos, 1998). After formation,The model used in this study is based on the Princeton Ocean
the LIW spreads westward at an intermediate depth, peneModel (POM), a three-dimensional primitive equation, fi-
trating over the Central Mediterranean ridge and eventuallynite difference hydrodynamic model. The POM is a free
entering the western basin after crossing the Strait of Sicilysurface, baroclinic, sigma-coordinate model that uses a time
The LIW enters the Sicily Channel through the Medina sill splitting technique to solve depth integrated and fully three-
with a salinity of about 38.74-38.75 psu and a temperaturelimensional equations with different time steps. It solves the
of about 14.0-142C in autumn-winter (Warn-Varnas et al., equation of continuity (1), motion (2, 3 and 4), conservation
1999). It crosses the Strait of Sicily with its core at about of temperature (5), salinity (6) and assumes hydrostaticity
250m and 270 m at each of the two sills. Then the wholeand the Boussinesq approximation. The equation of state (7)
LIW moves into the Tyrrhenian Sea, constrained by the topo-s an adaptation of the UNESCO equation of state revised by
graphic features and the Coriolis effect, and partially mixesMellor (1991).

with the upper and lower waters, becoming saltier (Sparnoc- The basic equations of the ocean model are written in or-
chia etal., 1999). The flux of LIW is not constant but subject thogonal cartesian coordinates, withincreasing eastward,

to a seasonal variability and calculated to be 2—3 times highep increasing northward angdincreasing vertically upward,

in winter (3.2 Sv) with respect to summer (1.5 Sv) (Manzella and synthetically described by the following equations:

du Jdv oJw
T e, 1
0x + dy + 0z (1)
u N [ Ou N ou N ou 7 1 3p 0 K ou N 0 24, ou 0 A ou N v @
—+|lu—+v—+w— |- fv=—"+— — — —+ —
aor | ox ay 9z 0 0x 8 Max dx ax By M ay  ox
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pg == (4)
Z
90 [ 96 20 90 ] d 26 0 a0 0 90
o v LT = L (kD) + 2 (4 Z )+ 2 (4 E 5
ar Mo Ty TV az< H32>+8x< H8x>+8y< H8y> ®)
aS n BEN + aS n aS d K aS n d A aS L d A aS ©)
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where (u, v, w) are the velocity vector componentg, is scheme, while the horizontal diffusion tern¥,g) are calcu-
the density,g is the gravity constantp is the pressure and lated using the Smagorinsky formula (Smagorinsky, 1993),
f = 2Qsing is the Coriolis parameter. The variables

andsS are the potential temperature and salinity, respectively. 5 ( n 3”>2 5

The vertical mixing coefficientsK; and Ky, are calcu- Av — CAxA du n ax " 3y + v ®)
lated using the Mellor and Yamada (1982) turbulence closure M Y 2 ay /)’
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whereC is the coefficient of Smagorinsky diffusivity. This model uses a-level discretisation model, while the high res-
parameter is nondimensional and is known as the Horcon paselution model uses a sigma-coordinate system. The main ad-

rameter (Mellor, 1998). In this applicatian= 0.1. vantage with the latter vertical discretisation is that a smooth

The derivation of the sigma coordinate equations, fromrepresentation of the bottom topography can be obtained. In

(x,y,z,t)to (x*,y*,0,t*) coordinates where: a recent study, Bell (1997) has shown that, especially with
Z—1 finer grids, the step structure ofzalevel model can lead to

Har =t, 9) vorticity errors and consequently, to errors in the barotropic
n component of the flow, leading to rather large temperature er-

can be found in Blumberg and Mellor (1987). In Eq. (9), rors. In the sigma-coordinate system, the top humerical level

H(x,y) is the bottom topography angx, y, t) is the free  (k = 1) follows the free sea surface, while the lowest numer-

surface elevation. The main advantage ofd¢tsystemisthat ical level ¢ = kb) follows the bottom depth; for k k < kb

a smooth representation of bottom topography is obtainedthe distance between the levels is fixed in proportion to each

and the use of the sigma coordinate system is a useful at®ther, independent of elevation or depth.

tribute in domains with significant variability in the topogra- At the open boundaries, the normal and tangential total

* *
X=Xy =)y,0=

phy, such as in the Central Mediterranean. velocity components are fully specified by a bilinear interpo-

_ lation of the 10-day averaged coarse resolution model fields
3.2 The model domain (MOM) onto the high resolution model grid (POM), then
It extends from 9.0E to 17.F E and from 31.2Nt039.5 N Upom = Umom (10)

(Fig. 2). Th? grid resolution is chosen to bEf‘ 1_"/20 a better with the exception of the eastern open boundary, where the
representation of the mesoscale eddy activity and of the exfollowing radiation condition is used:

changes through the Strait of Sicily. This resolution is below

the first internal Rossby radius of deformation, about 10 km 9Upom +e dUpom _ 0 c, — F (11)

long (Send et al., 1999). The number of grid points used 9t cTox T Ve

are 163 g-direction), 168 ¢-direction) and 22 sigma levels ~ Since the coarse resolution model is a rigid-lid model, the
in the vertical. The sigma levels are bottom following, with parotropic normal velocities need to be adjusted to ensure

logarithmic distribution near the surface. The external timecgonservation of volume. They are specified at each external
step is set to 8 s with an internal integration every 240s. time step by the following equation:

3.3 Bathymetry and initial condition ﬁp om = ﬁmomi (12)

H—i—n’

The model bathymetry is based on the U.S. Navy bathymet- hereT is th dcally int ted velocity in the high
ric database DBDB1 with bilinear interpolation of depth data WN€T€ U pom 1S the vertically integrated velocily in the hig
(mapped at 1/60. Additional light smoothing is applied to 'resolutlor? model{/ mom is the vertical mtegral of the veloc-
reduce the sigma coordinate pressure gradient error (Mellofy Prescribed from the coarse model, apds the free sur-

et al., 1994). The resulting topography is shown in Fig. o face elevation. The matching of the fields at the common
The r,naximum depth is about 4000 m. The model was initia|_boundaries between the two models must also ascertain that

ized with the temperature and salinity fields from the eight- (€ Mass transport at each respective open boundary is con-

year long OGCM perpetual year simulation (Demirov and strained to remain equal to that prescribed from the coarse
Pinardi, 2003). It starts from the first of January with zero Model. This means that the total velocity component on the
boundary of the high resolution grid needs to be adjusted so

initial velocity. .
as to preserve the net transport across the boundary as speci-
3.4 Lateral open boundary conditions fied on the coarse grid. Then,
Lo rn I rn
The model has three open boundaries located in the southf / Ué%tndzdl = / / Ul dzdi. (13)
ern Tyrrhenian Sea (along 39K), in the Sardinia Chan- /i1 JHeoarse I J Hhign

nel (along 9 E) and in the open lonian Sea (along TE).  The free surface elevation is not nested (zero gradient bound-
At the lateral open boundaries the regional model receivegry condition). However, the free surface coarse resolution
information of temperature, salinity and velocity fields by fie|d enters indirectly through the specification of the bound-
one-way off-line nesting to the coarse resolution basin scal%ry condition for the normal barotropic velocity component
model in which it is embedded. The grid-nesting ratio be- (gq 12).

tween the two models is 2.5. The one-way nesting enables an ypstream advection scheme is used for temperature and
the transmission of information at the interconnecting bound-gyjinjty:

aries from the coarse resolution grid to the fine resolution

(nested) grid at each external time step, using a linear interd (¢ 5) + UB ©.5) =0 (14)
polation in time of 10-day averaged coarse model fields. On  9¢ ox

the vertical plane, the coarse and fine resolution models havin the case of outflow through the open boundaries, temper-
different vertical coordinate systems. The coarse resolutiorature and salinity are prescribed from the coarse resolution




304 R. Sorgente et al.: Seasonal variability in the Central Mediterranean Sea circulation

(a) model. The open boundary data are applied to the high reso-
‘ lution model by linearly interpolating 10-day averaged con-
secutive fields.

39

3.5 Surface and bottom boundary conditions
38

At the free surface, the climatological atmospheric forcing
fields are the same as those used for the coarse model. This
NN N NN NN atmospheric forcing data set consists of heat and water flux
SOOI NN RN NN fields, and wind stress components, on a monthly basis, de-
IUNNNANNNNNNANINNNADNNN rived from the European Center for Medium Weather range

37

S 36 NN ‘ NN . .

% \ : : :: i:; éét:“&ti\\\\\\ Forgcast 6-hourly Re-Analysis (ERA)' data set covering the
2 OO period 1979-1993 for the whole Mediterranean Sea (Korres
235 AR R RO O NS and Lascaratos, 2003). These fields are interpolated into the
z ARRRARRARRE DRSS model grid using a bi-linear interpolation scheme.

NONN NN\ SN ;. .
N NN \:tééiétttéi\\\ The surface boundary conditions include the momentum,

A R R R RNy heat and net volume fluxes. The momentum surface bound-
S SOOI ary condition adopted is:

R ™S SOOI
ity N NN YO N N NN ou T

S RMNRNNN Ky—li=p=— (15)
0z 00

34
33

32 wherer is the wind stress monthly mean climatology and

is the air density. Figure 3 shows the wind stress fields ob-
9 10 11 12 13 14 15 16 17 tained from the ERA data set in February and August. The
East Longitude structure of the wind stress over the basin is mainly westerly
(b) during winter, with a weakening in summer. The annual cy-
cle of the mean east-west and north-south ERA wind stress
amplitudes (Fig. 4), used for the perpetual year simulation,
does not contain stochastic components such as from vari-
abilities associated with low pressure systems. This is a con-
sequence of the use of a climatological forcing obtained by
using a time series with a length of 14 years.
The adopted heat flux boundary condition is:

39

38

37
oT Osol — Qup C1 *

1<1L,8—|Z=,7 = ( e ) + c (T)g— T-=y) (16)
236 Z roC p proC p
£ _ 90 —20p--1
E \\\\\ C]_ = 8_T =5Wm C (17)
€35 . _
3 where Qs is the solar radiation monthly mean from ERA,

Qupis the upward heat flux computed from the coarse model

rrrrrrrrrrrr

V1 T e e L perpetual year simulation ar@, is the specific heat capac-
,,,,,,,,,,,, ity at constant pressure. The annual cycle of these compo-
,,,,,,,,, nents is shown in Fig. 5. The second term in Eq. (16) is
il 2 09090202 NESRgaa the flux correction term, wherE"_ is the monthly averaged

climatological sea surface temperature from the Med6 data

set andT;—, is the model first level temperature. Sensitiv-

ity studies performed on the model indicate an optimal value

for C1 equal to 5Wm~=2 °C~1. In this way the heat flux is

9 10 11 1‘2 13 14 15 16 17 forced to produce a sea surface temperature consistent with
East Longitude the Med6 monthly climatology. The Med6 monthly mean sea

surface temperature and salinity are based on the MEDAT-

_ _ ] _ LAS data set using the MODB analysis technique (Brasseur
Fig. 3. The monthly averaged wind stress fieldgah February and etal., 1996)
(b) August derived from the ECMWF Re-Analysis (ERA) data set ’ )

covering the period from Jan. 1979 — Dec. 1993. One vector every St!mll?rly fqr the jat“mty flux ?r(])utnt(:]ar)f/ Cor?d't'?n’ lei cor-
four grid points is plotted. Units are NAn rection term is used to ensure that the fresh water flux pro-

duces a sea surface salinity field consistent with the ERA
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Wind Stress Amplitude

Fig. 4. The perpetual annual cycle
of the east-west (solid line) and north-
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south (dashdot line) mean ERA wind
stress components. Units are dyne?cm
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Fig. 5. Annual cycle of the total heat
flux (solid line), solar radiation from

ERA (dash-dot line) and the upward
heat flux (dashed line). Units are Wim

Fig. 6. Annual cycle of the total fresh-
water flux (E-P) (solid line), evapora-
tion (dash-dot line) and precipitation

N
£
3 0
-100
-200
Time (month)
Monthly surface water flux from ERA
100 T T T T T T T T T T
80 v T
~ ~
N~ -
N ~ - -
60 ~ ~ .
£ \ RS R
€ S I - ~ .
40 - . ~ S RN . N N N P - o N —
20| Tis - i
-~ -
T~ - _
0 | | | | [ T | | |
1 2 3 4 5 6 7 8 9 10 11 12
Time (month)

monthly climatology, thus:
aS
KHa_z lz=n= S(E — P) 4+ C2(S* = 9) (18)
H
Cr = Ac(1)— (19)
o

wheres is the model salinity at the first level; is the evap-

(dashed line) from the ERA data set.
Units are mm/month.

the salinity flux correction, wher§’_ is the monthly mean
sea climatological surface salinity from Med8g (1) H is

the thickness of the surface layer an the relaxation time.

In this study, the valu&, has been chosen to be equal to
0.7m/day. The correction term accounts for the imperfect
knowledge ofE — P, especially ofP. All the monthly forc-

ing fields ¢, T*, S*, Qs.1, E andP) are linearly interpolated

oration rate, and is the precipitation. The monthly evapo- between adjacent monthg,, is linearly interpolated be-
ration values are computed by Korres and Lascaratos (2003veen adjacent 10-day averaged fields. At the ocean bottom

according to:

_ 9
Lg
where Q. is the latent heat flux and ¢ is the latent heat

E (20)

the boundary condition is based on a quadratic drag formu-
lation.

In Sect. 4 the general circulation in the Central Mediter-

of vaporisation. The monthly precipitation data are obtainedranean and its seasonal variability are discussed from model
from Legates and Wilmott (1990). The annual cycle of theseoutput during the last year of integration of the 5-year per-
components is shown in Fig. 6. The last term in Eq. (18) ispetual simulation.

305
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4 Results averaged values. The simulated horizontal fields at 5m and

280 m depth, and vertical sections along the meridiaris, 9

Starting from 1 January, the model is integrated for five suc-13 E and between 11°E — 36.85N and 12.3E — 38 N
cessive years with surface and lateral boundary conditionsg""cross_the Sicily Strait), take_n from the fifth year of model
as described in Sect. 3. The model output is first described"t€gration, are used to describe the phenomenology and the
in terms of the time evolution of key parameters, namely theS€asonal variability of the 3-D circulation in the model do-
basin mean of temperature and salinity, and the mean supepja'n', The monthly mean fields of temperature, salinity and
ficial heat and water fluxes, which are plotted from 10_dayvelocny for February and August are used as the representa-
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Fig. 9. Comparison between the fine resolution inner model (solid line) and the coarse resolution outer model (dashed line) by 10-day
averaged time series of mean volutagtemperature(b) salinity and(c) total kinetic energy, calculated over the inner model domain during
the last year of integration. Units a*€, psu and r&/s?, respectively.

tive months for winter and summer, respectively. They depict The annual cycle of the total superficial heat flux ranges
the general characteristics of the circulation in the region,between a minimum of-150 W/n? (December) to a maxi-
with the prevalent occurrence of sub-basin scale gyres andhum of +130 W/m (June), summing to an annual heat bud-
intense coastal boundary currents, exhibiting a high tempoget of about—0.8 W/n? during the last year of integration.
ral and spatial variability. The heat gain occurs from April to September, while heat
losses are maximal in the period November-January. Sim-
ilarly the extremes of the basin mean salinity (Fig. 8a) are
38.5psu in June and 38.52 psu in December, occurring with
a delay of two months with respect to the corresponding ex-
fremes of the water flux (Fig. 8b).

4.1 Time series

The annual cycle of the basin mean potential temperatur
(Fig. 7a) has a minimum of 13.8Z in March and a max-
imum of 14.30C in September. The model replicates well  The annual cycle of the mean basin salinity over the five
the Med6 climatology, although the range is slightly less andyears of perpetual integration shows a slight positive trend
a small phase shift is introduced. The temperature extremefwo orders of magnitude smaller than the salinity value)
occur at about three months after the corresponding extremes$at is probably caused by the low initial salinity field de-
of the total superficial heat flux (Fig. 7b). This delay gives rived from the coarse model with respect to the climatologi-
an indication of the time scales for vertical exchanges in thecal mean. However, the trend tends to attenuate towards the
water column. last year of integration as the model approaches closely the
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Fig. 10. Comparison of the simulated coarse outer moga), (), (e)) and the fine inner modellf), (d), (f)) using 10-day averaged

North Latitude

w
(<2}

North Latitude
w
Ul

R. Sorgente et al.: Seasonal variability in the Central Mediterranean Sea circulation

39

38

37

w
(o]

w
al

North Latitude

34

33

32

12 13 14 15 16 17 9
East Longitude

10

11

39

38

37

w
(o]

w
[§)]

North Latitude

34

33

32

12 13 14 15 16 17 9
East Longitude

11

12 13 14
East Longitude

(d)

15

10

11

12 13 14
East Longitude

15

16

temperature (a, b), salinity (c, d) and total velocity (e, f) horizontal fields at 30 m depth in August (Fig. 10 continues).




R. Sorgente et al.: Seasonal variability in the Central Mediterranean Sea circulation 309

)

38}

L 36 4}

B 5 36

5 8

e =

£ 35 £ 35

2 2
34 34
33 33
32 32

9 10 11 12 13 14 15 16 17 9 10 11 12 13 14 15 16 17
East Longitude East Longitude

Fig. 10. ... continued.

climatological values. The water flux is always positive, re- made by the comparison plots of the horizontal fields of tem-
sulting in an annual budget of about +20.8 mm/yr. It fluctu- perature (Fig. 10a, b), salinity (Fig. 10c, d) and total velocity
ates between a minimum of +5mm in May and a maximum (Fig. 10e, f) at 30 m depth. The example is taken from values
of about +40 mm in November. Thus, the seasonal cycle isaveraged over the first 10 days of August. Such a comparison
characterized by values below the mean in winter, spring ands useful to verify the ability of the inner fine model to repli-

summer, and by higher values during autumn. cate in space the principal hydrodynamical features of the
outer coarse model. Moreover, they show the merit of the fine
4.2 Model-model comparison grid model in improving the resolution of the mesoscale de-

tail, amplifying or attenuating particular structures that char-
The performance of the coupling between the POM fine resozcterize the simulated flow details in the area. Although the
lution model and the OGCM-MOM coarse model can be ob-|eve| of compatibility between the two model solutions varies
tained by comparing the inner model output with the bench-in time, it is evident that the high resolution model is able to
mark basin scale OGCM model simulation calculated overreproduce well the AIS flow and variability, including the as-
the inner domain. Figure 9 is a comparative plot betweensociated characteristic structures such as the Adventure Bank
the two models showing a time series of 10-day averaged/ortex, the Maltese Channel Crest, the lonian Bank Vortex
values of key parameters, namely the mean volume tempernd the overshooting into the northern lonian Sea. More-
ature, salinity and total kinetic energy. There is a very highover, the sigma-coordinate vertical discretisation used in the
correlation in the mean volume temperature (Fig. 9a). Thefine resolution model results in an improved simulation of
minima and maxima are very close, except for a slight phasghe upwelling phenomena along the southern coast of Sicily,
shift. The variation of the mean volume salinity in time is gnd gives a generally improved description of the water dy-
close to that of the coarse resolution model, except for a shifhamics in the shallow areas. In the POM inner model the
of 0.01 psu (Fig. 9b). For the total kinetic energy, the cor- number of vertical sigma levels is independent of the depth;
relation is lower especially in the period April to November, this means that in shallow water, such as, for example, at
when the AIS flow magnitude in the inner model implemen- gepths of less than 35 m, the vertical column of water in the
tation is somewhat higher. This assessment quantifies the rezparse resolution model is simulated by only three levels, at
bustness of the nested-grid technique used in the numerica, 15 and 30 m, whereas in the fine resolution model the same
experiment. maximum number of vertical levels is utilized at all depths.

A visual match between the two models can be further
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plotted. Units are m/s.

The difference in the performance is evident in Fig. 10 whereshift in the mean temperature of abolt® between Febru-
it is noted that in the coarse resolution model the zone ofary and August, mainly as a consequence of surface heating.
upwelled waters appears rather displaced from the SiciliarDuring winter, the thermal structure is fairly homogeneous,
coast and limited to a rather narrow coastal band. Anotheespecially beyond 3N (in the Sardinia Channel, the south
important improvement is the capacity of the fine resolution Tyrrhenian Sea and the north side of the Sicily Channel). In
model to reduce the occurrence of high velocities producedhese regions the temperature does not excee@ 1\®/armer
by the coarse model, such as on the Adventure Bank and theaters are found on the African side. In summer the sim-
Malta shelf area. ulated potential temperature is characterized mainly by up-
In the following sections, the skill of the model is further welling events along the southern coast of Sicily, bringing
evidenced by the high level of agreement of the simulatedcooler water to the surface. This is in contrast to the overall
flow field with the known circulation patterns described in increase in temperature over the region. Warm waters, with
Sect. 2. This is a main achievement of this work when com-a mean temperature of over 26, are found on the south-
pared to other previous modelling experiences covering thigastern side of the domain. The simulated 10-day averaged
part of the Mediterranean. On this basis the model results cagalinity and total velocity fields at 5m depth (Figs. 12 and
be very confidently utilized to furnish a first detailed descrip- 13, respectively) show the seasonal signature of the MAW
tion of the circulation pertaining to this region, with insight flow which can be followed as an extension of the Algerian

on its variability in both space and time. coastal current into the Sicilian Channel and beyond as an un-
stable flux of relative fresh water. It is identified by a salinity
4.3 Surface circulation in the range from 37.2 to 37.7 psu, and its horizontal vari-

ation shows the gradual modification of its properties as it
The upper ocean flow is dominated by the eastward boundPenetrates from west to east across the domain.
MAW moving under the influence of the density gradient be-
tween the eastern and western basins, and modified by thé.3.1 The Sardinia Channel region
influence of the wind forcing and the bottom geometry. The
simulated seasonal potential temperature fields at 5m depth the Sardinia Channel region, the MAW flow enters across
are presented by comparison of the winter and summer situthe section at 9 as a broad, homogeneous layer whose
ations (Fig. 11), using 10-day averaged fields. This shows aharacteristics change with time, especially with respect to
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Fig. 14. The simulated 10-day averaged vertical section of salinity along longituBiérd(a) February angb) August. The contour interval
is 0.05 psu in the range 37.0 to 38.5 psu, 0.01 in the range between 38.0 to 38.5 and 0.02 in the range 38.5 to 38.6 psu.

layer width and core depth. The vertical sections of the sim-situated at 800 dbar, indicating flow characteristics typical of
ulated salinity (Fig. 14a) show the inflow of the MAW close an alongshore frontal current. Toward the summer months
to the Tunisian coast, as a superficial layer characterized byFig. 14b), the MAW flow is progressively eroded from the

a minimum salinity of about 37.2 psu and speeds reaching ugurface, with a decrease in speeds, becoming a subsurface
to 45 cm/s during the period November to March. In Novem- core from July to October, and with a minimum of salinity
ber 1993, Bouzinac et al. (1999) have calculated a maximunat a depth between 50-80 m. According to the model, the
eastward velocity of over 30cm/s at the salinity minimum eastern volume transport along the sectiorfd geaches its
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Fig. 15. The simulated 10-day averaged vertical section of salinity along longituti& 18 (a) February andb) August. The contour
interval is 0.1 psu in the range 37.4 to 38.7 psu, and 0.02 psu in the range from 38.7 to 38.8 psu.

lowest value of about 2.5 Sv between July/August, while it highly unstable, and results in the generation of rather ener-
increases again in the winter months, with a maximum ofgetic eddies. These have length scales of about 50-100 km
over 2.0 Sv from November to May (not shown). Prior to and periods of a few months. They are believed to play an
the Strait of Sicily, the lateral variation in density between important role in the transfer of MAW into the Tyrrhenian
the MAW and the surrounding waters, together with strongSea. Krivosheya (1983), Astraldi and Gasparini (1994) de-
differences in the velocity shear, renders the MAW streamscribe a permanent cyclonic gyre rotating over the southeast-
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ern coast of Sardinia. The model replicates the presence dhe Tyrrhenian Sea, while the second, less salty, transits the
such a gyre centered at about Eland 38.5-39N, excit- Strait of Sicily towards the eastern Mediterranean basin (As-
ing an intense recirculation of the MAW, particularly in sum- traldi et al., 1999; Manzella, 1990; Bethoux, 1980). Recently,
mer (Fig. 13). The branching of the MAW flow into two the MAW salinity split at 12 E has also been confirmed by
main streams is also well evidenced by the model resultsOnken and Sellschopp (2001), using data collected during a
The first follows the northern Sicilian shelf and spreads intosurvey in the second half of October 1996.
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The inflow of MAW into the Tyrrhenian Sea has a high pacity into the Sicilian Channel. The presence of these two
seasonal variability, especially in the mean and total veloc-MAW veins is well evidenced by the meridian section along
ities associated with the MAW stream, while the salinity is 13° E (Fig. 15), from 38N to 37.% N, in the form of sepa-
more stable. The vertical sections of the simulated salinity atrate subsurface cores with a salinity of 37.5 psu, situated at a
13’ E (from 38 N to 39.53 N, in the south Tyrrhenian Sea) in depth of 50 m. The southern branch, larger and less salty than
Fig. 15 show the eastward extension of the MAW flow to the the northern, has its maximum in autumn, while the northern
north of Sicily as a large vein characterized by a minimum of branch is more evident in summer.
salinity of around 37.5 psu. Speeds reach values over 20 cm/s
from December to May, while maximum velocities of up to 4.3.3 The African shelf region
30cm/s occur in December. The isohalines are inclined to-
ward the north Sicilian coast and the minimum salinity is The southern branch spreads over the north African shelf
located at the surface close to Sicily (Fig. 15). From May to with a seasonal variability characterized by a decrease in the
August the MAW is progressively eroded from the surface, minimum of salinity from winter to summer, as a result of
developing into a subsurface minimum of salinity at aboutthe lower degree of mixing of the MAW with the surround-
50 m depth, and with a decrease in speed. The isohalinetig waters. The monthly distribution of the simulated salin-
tend to become horizontal, with an increase in the temperaity field increases from Cape Bon to the southeastern side of
ture and salinity values toward the surface, due to a positivédhe domain, with a gradual modification of surface proper-
heat exchange and negative water vapour exchange with thiges of the MAW. Strong anomalies of the temperature and

atmosphere. salinity are found in the Gulf of Gabes, where steep horizon-
tal temperature gradients practically persist throughout the
4.3.2 The Sicily Channel region year, and positive salinity gradients towards the coast occur

mainly during the autumn/winter period. The extreme salin-

The examination of the vertical sections of the simulatedity values in the gulf increase in winter, passing from 37.6 psu
salinity and the total velocity fields, between Cape Bonin August (Fig. 12b) to 38.4 psu in December—January (not
(on the Tunisian perimeter) and the western coast of Sicilyshown). Such anomalies compare well with reality, as can
(Fig. 16), show that the presence of the MAW is character-be evidenced from AVHRR surface temperature maps (Le
ized by a high seasonal variability in both its temperature andvourch et al., 1992). During winter, a cold superficial coastal
velocity. From November to May, the isohalines appear in-layer is established in the area, reaching a mean temperature
clined towards the African side. The MAW flows eastward, of about 10.5C (Fig. 17a). This low winter temperature is
predominantly along the Tunisian side with speeds reachcaused by the combined action of the strong negative sur-
ing up to 30 cm/s, in agreement with calculations by Hortonface heat fluxes and the shallow bathymetry. In summer the
et al. (1997b). The maximum simulated velocity is reachedtemperature reaches values ovef@QFig. 17c), due to the
in November with speeds up to 50cm/s. Onken and Sell+eversal of the surface heat fluxes with respect to winter.
schopp (2001) computed speeds of up to 60 cm/s in October The circulation in the rest of the northern African shelf
1996 east of Cape Bon. The minimum of salinity is quite is characterized mainly by a strong and relatively cooler
stable, ranging from 37.2 to 37.3 psu, and is located at thecastward flow, which can be called the African MAW cur-
surface toward the African side, while the salinity increasesrent, following closely the African shelf edge and making its
from 37.3 psu to 37.5 psu toward the Sicilian side (Fig. 16a).way from the Sicily strait, past Lampedusa Island and sub-
During the summer months, the isohalines tend to progressequently steering southwards, coming close to the Libyan
sively become closer to horizontal above 100 m, with two coast from 13E onwards. This flow is particularly evident
sub-surface cores characterized by a minimum of salinity ofin the period May to December (Fig. 17d), developing into
about 37.3 psu. Both are located at about 40 m depth: then intense stream during autumn, with flows reaching values
firstis adjacent to the Tunisian side, while the second is moreof 20 cm/s. It is attenuated during winter when the circula-
towards the center of the section (Fig. 16b). In spite of the retion patterns are more complex. The dynamics of the area
duced summer MAW volume transport, the monthly analysesis also characterized by a permanent barotropic gyre located
of the salinity horizontal distribution in the Sicily Channel southeast of Cape Bon and by a pair of small-scale counter
shows a higher lateral spreading during summer. This apparotating gyres during summer, residing in the deeper waters
ent contradiction appears to be related to the reduced impagiff the Libyan coast between 1& to 16 E. This circula-
of the wind stress on the MAW/LIW mixing with respect to tion results from the interaction of the African MAW with
winter (Manzella, 1994). the warmer western perimeter of the Sidra gyre, and gives

Beyond the Strait of Sicily, the simulated circulation re- rise to the establishment of divergence zones and upwelling
produces the branching of the MAW into two main streamsevents in the proximity of the Libyan coast (Fig. 17d). Over
(Fig. 13). The southern branch follows the Tunisian shelfthe Libyan slope area in the southeastern part of the domain,
edge and eventually spreads over the wide shallow Libyarthe influence of the northward Sidra circulation bounded be-
continental platform. The northern branch flows along thetween longitudes 14E to 16 E is replaced in the period De-
Sicilian shelf. Both have a strong seasonal variability, par-cember to April by an opposite general meandering consis-
ticularly in their volume transport and in their intrusion ca- tent flow of MAW from the north (Fig. 17b). This flow car-
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Fig. 17. Ten-day averaged temperateg and(c) and total velocity(b) and(d) horizontal fields at 5m depth in February (a) and (b) and
August (c) and (d). The temperature contour intervall iSS@50ne vector every two grid points is plotted for velocity. Units are m/s.

ries with it an appreciable mesoscale component with eddyshelf break to the east of Malta, and tending to deflect north-
formations of opposite sign alongside to the flow. Unfortu- ward with an intense looping meander, forming the charac-
nately, no comparisons are possible with the bibliography orteristic lonian Shelf Break Vortex (Fig. 18b). The upshooting
the climatology due to a lack of data in this area, as under-of the AIS follows closely the lonian shelf break and sub-

lined by Barnkart and Brasseur (1998). sequently extends as a relatively strong velocity front into
_ _ the northwestern lonian, where the circulation is predom-
4.3.4 The AIS circulation inantly anticyclonic at this time of the year, in agreement

) with Malanotte-Rizzoli et al. (1997). The contrast in tem-
The northern branch of the MAW flow constitutes the en- heratyre of the MAW exiting the Sicilian Channel with the
ergetic and meandering AIS moving eastward adjacent tQyarmer |onian water produces a sharp temperature gradient
the southern coast of Sicily where there is also a strong UP{Fig. 11b) which is often evidenced over the Malta escarp-
welling activity. Its simulated progression follows that pro- \,ant by conspicuous thermal features on the sea surface tem-
posed by Robinson et al. (1999), starting its path as a Measerature AVHRR maps (Champagne-Philippe and Harang,
der to the south of _the Adventure Bank, proceeding south-1982; Champagne-Philippe and Guevel, 1982). The model
eastwards and looping back to the north around Malta, formyegyts also show the presence of mesoscale extensions and
ing the Malta Channel Crest. In particular, during SUMMEr gy namic patterns associated with the instability of the AIS.

and autumn, the flow takes the consistency of a jet streamrhg fiow has a quasi-barotropic nature in the top layer, but is
gaining abruptly positive vorticity as it reaches the sharp
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Fig. 18. Ten-day average¢h) temperature an¢b) total velocity fields at 30 m depth during September. The temperature contour interval is
0.5°C. One vector every two grid points is plotted for velocity. Units are m/s.

accompanied by strong velocity shears in the bottom boundtivity (Garcia Lafuente et al., 2002). The inclination of the

ary layer and along its lateral boundaries as it extends horiisotherms (not shown) indicates that upwelling persists from
zontally down to a latitude of 3624, and vertically beyond  May to December, being most evident in the summer months
and early fall when the water column becomes well stratified

The upwe”ing zone runs a|0ng the whole southern coast oﬁ.nd the thermocline is able to surface close to the southern
Sicily and extends for a considerable distance (about 100 km$icilian coast (Fig. 18a).
offshore, especially over the Adventure Bank and on the During winter, the AlS is less intense and the MAW flow
Malta platform. This upwelling produces a large influence tends to be more spread along the interior of the Sicilian
on the upper layer dynamics in the region and has importanChannel. There is a decrease in the amplitude of the in-
implications on the biological productivity and fisheries ac- tense looping meander in the upper lonian Sea, and the exit

the Sicilian shelf break.
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Fig. 19. The simulated 10-day averaged total velocity field at 280 m dep(d) iRebruary andgb) August. One vector every four grid points
is plotted. Units are m/s.

of the MAW is shifted further south where the shelf break Fig. 15 shows the presence of the LIW in the Sicilian Chan-
slope is more tenuous, with the consequence that the fatael with a typical salinity of more than 38.7 psu (in agree-
of the MAW is more probable to branch southward and ment with Grancini and Michelato (1987); Warn-Varnas et al.
southeastward (Warn-Varnas et al., 1999), feeding the mid{1999); Sparnocchia et al. (1999)) at about 400 m depth. In
Mediterranean jet. Poulain (1998) reports that in winter,the Channel the LIW stream is strongly controlled by the to-
Langrangian drifters deployed upstream in the Sicilian Chanpography. It enters the area at about 15-Hgclose to the
nel tended to avoid the Malta Channel route and proceeded/ledina sill where the sea bottom rises from a depth of over
south-southeastward to eventually reach the lonian. In agree2000 m to a mean of around 400 m. The morphology obliges
ment with Horton et al. (1997a) and Robinson et al. (1999),the LIW to pass along the southern proximity of Malta and
the model results show that the northward veering of theto subsequently spread again as it reaches the flanks of Ad-
MAW over the Malta Escarpment is also observed in springventure Bank. Before reaching the Strait of Sicily, the LIW
and fall. This is in contradiction with earlier studies, such follows a path through the Channel of Pantelleria, and sub-
as Tziperman and Malanotte-Rizzoli (1991) and by Ovchin-sequently proceeds through the wider Tunisian sill, reach-
nikov (1966), who conclude that, on exiting the Channel, theing up to the bottom at 450 m depth. The isohalines below
MAW proceeds predominantly to the north during summer,200 m are generally unchanged, with an inclination toward
and to the south and southeastward during the remainder ahe Tunisian coast throughout the year, as visible in Fig. 16.
the year. In this figure the LIW is visible below 300 m with a salinity
maximum of 38.7 psu and well comparable with the observa-

4.4 The intermediate circulation tions by Sparnocchia et al. (1999) in the same area.

Beyond the Strait of Sicily, the entire LIW turns eastward
The simulated circulation at 280 m (Fig. 19) replicates well due to the presence of the Skerki Bank and enters the Tyrrhe-
the westward LIW flow. The variability of the LIW is limited nian Sea where the simulated speeds reach their highest val-
mainly to the intensity of the flow rather than to its spatial ues in winter. The same path for the LIW was observed by
location, in agreement with the diagnostic studies by Sor-Sparnocchia et al. (1999) from CTD data gathered in Novem-
gente and Zavatarelli (2002). The vertical section &tH.& ber 1993. From the southern Tyrrhenian Sea one branch
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Fig. 20. The time series of mass, heat and salt transports at the Strait of Sicily for the 5-year model integration. Positive values indicate an
eastward transport. ParglTotal and baroclinic (dashed line) volume transports. Units are Sverdrfim¢i€). Paneb: Net heat transport.
Units are Watts< 1013, Panek: Net salt transport. Units are psuf/s x 10°.

appears to continue toward the Sardinia Channel followingabout 8 cm/s. This is not in agreement with Bouzinac et al.
the Sardinian slope. This is well evidenced by the salinity (1999), who found a maximum in excess of 38.68 psu at
sections across®® in February and August (Fig. 14), and 300-500 m in the middle of the Channel in November 1993,
agrees with what is reported by Hopkins (1988), who assertsvhile Murru (personal communication) found a maximum at
that 1/2 of the LIW enters the Tyrrhenian Sea recirculating38.67 psu at 500-600 m along Sardinia@E3luring a cruise
out to the south, 1/4 crosses the Corsica Channel in the northin the Sardinia Channel in May 2000.

and 1/4 is lost in mixing with the surrounding waters.
4.5 Transports at the Strait of Sicily
In the Sardinia Channel, af &, a layer with a maximum

of salinity is visible at the intermediate depth. Its width and A specific model result of direct interest is the volume trans-
position varies seasonally. In February (Fig. 14a), there argoort across the Strait of Sicily into the Eastern Mediterranean
two maxima of salinity at the intermediate depth in the Chan-basin. Time series of 10-day averaged simulated values of
nel; the first is saltier and situated in the North, centered athe total volume transport and of its baroclinic component
about 700 m; the second resides along the Tunisian coast &Fig. 20a) are used to make a quantitative study of the water
over 600 m with values of 38.57 psu, and with a simulatedexchange through the Strait. Such an analysis allows the de-
total velocity of about 5cm/s. In August (Fig. 14b), there is tailed identification of the magnitude and seasonal variabil-
only a deeper salinity maximum of 38.58 psu along Tunisiaity of the transports. The annual mean of the total volume
at about 700 m depth, and with a simulated total velocity oftranport computed during the last year of integration is about
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1.9 Sv; this is slightly higher than the 1.6 Sv computed from scale model is shown to correctly reproduce the seasonal cli-
the coarse resolution model (Demirov and Pinardi, 2003).matological cycle of the circulation in the area, as evidenced
The transport estimates are higher in the period from Novemby the comparison of the model results with the circula-
ber to May, with an average maximum of 2.2 Sv, while the tion patterns inferred from the bibliography and from remote
minimum occurs during summer from July to August, reach-sensed thermal AVHRR data. The five-year “perpetual” sim-
ing below 1.6 Sv. The interannual variability during the “per- ulation experiment with climatological forcing contributes to
petual” simulation experiment shows a peak value of 2.4 Svgive an improved description of the circulation, especially
in December and a minimum of 1.4 Sv in July. The annualin its 3-D phenomenology, as well as to give a firsthand in-
mean of the baroclinic component is 1.4 Sv and carries thalication of important dynamical features pertaining to the
greater share of the seasonal variability. The short-term variTunisian and Libyan near-shelf areas, where oceanographic
ability of the transport values is also significant, with fluctua- knowledge is generally scarce due to lack of data.

tions of the order of 0.3-0.4 Sv being very common through- The numerically efficient one-way off-line nesting tech-
out the year. The seasonality is in good agreement with obsnique used in this work is that adopted by the Mediterranean
servations (Manzella, 1990; Grancini and Michelato, 1987;Forecasting System Pilot Project. It is shown to be adequate,
Astraldi et al., 1996) and with the OGCM model study of in- even in the case of a complicated model domain character-
terannual variability (Pinardi et al., 1997); it is, however, in ized by strong exchange flows. The POM-MOM correlations
contrast with Moretti et al. (1993). From hydrographic mea- show that the nested domain is able to generate high resolu-
surements, Moretti et al. (1993) report a mean volume trantion information that is coherent with the nesting large scale.
port under 1.0 Sv with an opposite seasonal pattern, that is a The simulations have evidenced the presence of a strong,
mean winter transport smaller than in summer. This apparsuperficial mesoscale activity in the Sardinia Channel, par-
ent discrepancy has been explained by Pinardi et al. (1997jcularly from November to March. Such activity is driven
by observing that Moretti et al. (1993) considered only the mainly by the inflow of MAW from the Algerian basin, cal-
baroclinic contribution to the transport across the Strait, andculated to be twice in winter than in summer. The eddies
that this contribution was only 1/3 of the total transport while are generated by baroclinic instabilities from the meandering
the rest is due to the barotropic component. In our applica-of the MAW stream and the variations in density with the
tion the baroclinic component is found, however, to carry asurrounding superficial waters. The simulations show that
higher proportion (about the 74%) of the total volume trans-these eddies are important in the transfer of the MAW into
port. the Tyrrhenian Sea.

The time series of the net heat transport (Fig. 20b) is fairly In the Sicilan Channel the model has underlined the pres-
steady during the model integration, although a strong seaence of two main superficial MAW streams with a different
sonal variability is also evident. The maximum of heat ex- seasonality in the mass transport. The southern flux moving
change is reached in September-Octoberx2@3Watts),  along the north African coast is stronger in autumn, while
that is with a phase lag of four months with respect tothe northern flow along the Atlantic lonian Stream (AIS)
the maximum in the total superficial heat flux over the increases in summer, meandering along the Sicilian shelf
model domain (Fig. 7b); the minimum is in March—April. break, close to Malta. The model puts in evidence the sea-
The annual mean of 14103 Watts, directed towards the sonality of the northward veering of the AIS as it reaches
eastern Mediterranean, is in agreement with Pinardi et althe lonian Sea. The pre-conditioning and pathways of the
(1997), who calculated 1:210'3 Watts, and the coarse reso- MAW towards the eastern Mediterranean are well described,
lution model results from Demirov and Pinardi (2003). The together with the associated evolution of the mesoscale sig-
net salt transport (Fig. 20c) has an annual mean of abounals in the form of eddies, meanders and small-scale gyres.
1.2x10P psu n¥/s toward the western basin, showing, also in The simulated LIW flow can be followed in its progress along
this case, a strong seasonal variability, with a maximum inthe Sicilian Channel, and shows seasonal differences in the
December-January and a minimum in July-August. mass transport, being greater in winter compared to summer.

The model is also used to quantify the volume transport
across the Strait of Sicily. The flow is found to be predomi-
5 Summary and Conclusions nantly baroclinic in nature (74%), with a mean total transport
of 1.9Sv and a strong seasonal signal having a maximum
The Central Mediterranean region is characterized by a numspread over the winter months and a sharper minimum close
ber of significant hydrodynamical processes and phenomento July.
with strong variability at seasonal and shorter time scales. _ _
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