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Abstract. The spatial and temporal variability of eddy and The classical kinetic energy decomposition (eddy and
mean kinetic energy of the Central Mediterranean region hasnean) allowed to depict and to quantify the permanent and
been investigated, from January 2008 to December 2010fluctuating parts of the circulation in the region, and to dif-
by mean of a numerical simulation mainly to quantify the ferentiate the four sub-regions as function of relative and ab-
mesoscale dynamics and their relationships with physicakolute strength of the mesoscale activity. Furthermore the
forcing. In order to understand the energy redistribution pro-Baroclinic Energy Conversion term shows that in the Sar-
cesses, the baroclinic energy conversion has been analysedinia Channel the mesoscale activity, due to baroclinic insta-
suggesting hypotheses about the drivers of the mesoscalklities, is significantly larger than in the other sub-regions,
activity in this area. The ocean model used is based omwhile a negative sign of the energy conversion, meaning a
the Princeton Ocean Model implemented at $/Barizon-  transfer of energy from the Eddy Kinetic Energy to the Eddy
tal resolution. Surface momentum and buoyancy fluxes arévailable Potential Energy, has been recorded only for the
interactively computed by mean of standard bulk formu- surface layers of the Sicily Channel during summer.

lae using predicted model Sea Surface Temperature and at-
mospheric variables provided by the European Centre for

Medium Range Weather Forecast operational analyses. At

its lateral boundaries the model is one-way nested within thel  Introduction

Mediterranean Forecasting System operational products.

The model domain has been subdivided in four sub-The Central Mediterranean region (CMED, hereafter), as
regions: Sardinia channel and southern Tyrrhenian Seapreviously defined by several authors (e.g. Astraldi et al.,
Sicily channel, eastern Tunisian shelf and Libyan Sea. Tem1999; Ciappa, 2009), is a large area connecting the eastern
poral evolution of eddy and mean kinetic energy has beerfind the western Mediterranean sub-basins. It is delimited by
analysed, on each of the four sub-regions, showing differenthe eastern Sardinia Channel, the southern Tyrrhenian Sea
behaviours. On annual scales and within the first 5m depthand, mainly, the shallow~400 m) Sicily Channel (Figl),
the eddy kinetic energy represents approximately the 60 % ofth intermediate basin with an average depth of 500m. It
the total kinetic energy over the whole domain, confirming plays a crucial role in modulating the passage of the sur-
the strong mesoscale nature of the surface current flows iface and intermediate water masses between the two Mediter-
this area. The analyses show that the model well reproducei@nean sub-basins.
the path and the temporal behaviour of the main known sub- The highly irregular bottom topography of the Sicily
basin circulation features. New mesoscale structures hav€hannel, in the form of a submarine ridge characterised
been also identified, from numerical results and direct obserby shallow banks along the Tunisian (Galite and Skerki
vations, for the first time as the Pantelleria Vortex and thebanks) and Sicilian (Adventure Bank and Malta Channel
Medina Gyre. area) coasts, further limits the water flow particularly at
deeper levels. Flat-bottomed deep trenches are situated in
the central part of the Sicily Channel, west of Malta, reach-

Correspondence taR. Sorgente ing depths of 1100-1200 m off Pantelleria, 1300 m off Linosa
BY (roberto.sorgente@cnr.it) and 1650 m in the Malta Graben. The Tunisian and Libyan
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Gasparini et al., 2005), Lagrangian drifters (Poulain and
Zambianchi, 2007) and high resolution numerical simula-
tions (Onken et al., 2003; Sorgente et al., 2008rager et

al., 2005). However, available observations are often char-
acterized by poor spatial and temporal coverages, and are
usually confined to the Italian seas while there is lack of ob-
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tion models, below 5 km, were uncommonly used in the past
mainly due to computational constraints. The computational
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issue poses the need to nest a hierarchy of successively em-

S § > R servations over the Tunisian and Libyan continental shelves.
T~e- ! Rs}rte‘n_ugr;a: e ’ '%g"(\" Only few datasets have adequate temporal and spatial resolu-
o 4 o g SN tion to capture the mesoscale in local areas (Lermusiaux and
40 U HOE8 o O X Robinson, 2001).

% : TSy Thus, numerical model simulations constitute an impor-
0 ' : s tant tool to fill the observational gaps and to study the spa-
> [7/‘*’"’“" """ tial and temporal ocean circulation variability. High resolu-
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& ' 7 ! bedded model domains, to downscale the large scale features
Qv\e o \ { ' 'zéb‘l‘;? —\ to the coastal areas (Pinardi et al., 2003; Sorgente et al., 2003;
|2 c . LIBYA N o Oddo et al., 2005). This methodology is found to be compu-
AFRICA t-l D N tationally efficient and sufficiently accurate to transmit infor-
S \y'r\ mation across the connecting lateral open boundaries without

excessive distortion (Oddo and Pinardi, 2008).
Fig. 1. The Central Mediterranean model bathymetry from Us  The aim of this study is to investigate the mesoscale and
Navy DBDB1 (1/60). The boxes define the sub-domains where the sub-basin scale dynamics in the CMED region, by mean
diagnostics are calculated: Sardinia Channel and southern Tyrrhedf decomposition of the simulated flow fields into mean and
nian Sea (box A), Sicily Channel (box B), Tunisian shelf area (box eddy components, then giving an overall assessment of the
C) and Libyan area (box D). spatial and temporal mesoscale variability in relation with at-

mospheric forcing and energy redistribution processes. The

interest on mesoscale dynamic derives from the fact that
continental shelves are very wide and cover more than oneeddies can potentially interact with the mean current and
third of the spatial extent of the Sicily Channel. In the Gulf the bottom topography producing long term responses in
of Gabes, the bathymetry is shallower than 30m for largethe ocean circulation (Fernandez et al., 2005). The work
stretches away from the coast. has been done in the framework of the European COastal

The circulation in the CMED is characterized by a number sea OPerational observing and forecasting system integrated
of significant dynamical processes covering the full spectrumproject (ECOOP) funded by the European Commision’s
of temporal and spatial scales (Millot, 1999; Pinardi et al., Sixth Framework Programme, which main aim was the con-
1997). The surface and subsurface flows are mainly driverstruction of an European network of sea-forecasting systems,
by the large scale Mediterranean thermohaline circulationthrough the improvement (resolution, physics, data assimila-
and clearly by the momentum and buoyancy fluxes at the airtion, distribution, etc.) of existing operational models.
sea interface. In addition there are wind-driven currents on In order to improve the investigation of the dynamics in
the shelf due to remote storms; upwelling events off Sicily; the area, the model domain has been subdivided in four sub-
sub-basin scale cyclonic and anticyclonic permanent gyresegions, each one supposedly characterized by an homoge-
and small energetic mesoscale eddies with time scale short@reous dynamics, as visible in Fify.the Sardinia-Tyrrhenian
than 10 days (Manzella et al., 1988). The mesoscale strucarea (area A); the Sicily Channel (area B); the wide and shal-
tures under the influence of wind stress, topography and intow shelf area off Tunisia and Libya (area C); the wide slope
ternal dynamical processes generate boundary currents artea in front of Libya (area D).
jets which can bifurcate, meander and grow then forming This paper is structured as follows: in the Sect. 2 the main
ring vortices and filament patterns interacting with the largespatial and temporal scale variability of the surface circula-
scale flow fields (Lermusiaux, 1999; Lermusiaux and Robin-tion is briefly reviewed. Section 3 describes the character-
son, 2001). istics of the model used, including the nesting method and
The high variability of the water masses properties and cir-the atmospheric coupling. In Sect. 4 the mean and eddy near

culation characteristics has been largely investigated in thesurface kinetic energies, their seasonal cycle and structures
past years through hydrographical observations (Manzellare discussed, conclusions are presented in Sect. 5.
and La Violette, 1990; Sammari et al., 1999), sub-surface
currentmeters data (Astraldi et al., 1999; Vetrano et al., 2004;
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2 The physical regimes

Three main spatial and temporal scales characterize the
CMED: the large Mediterranean basin scale, including |
the thermohaline circulation; the sub-basin scale and the
mesoscale. Each interacts with the others giving complex i ; : : :
circulation patterns which arise from the multiple driving % B T
forces, strong topographic and coastal influences, and from ’ '
internal dynamical processes (Robinson et al., 2001).

e 38N
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2.1 The large scale circulation
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The main engine of the surface and subsurface large scale
circulation is the remote forcing induced by the basin scale ...
Mediterranean dynamics. The basin-scale thermohaline cir-
culation in the Mediterranean Sea has been extensively stud-
ied in the past years by several authors through observationa
programs and numerical modelling studies (Zavatarelli and
Mellor, 1995; Pinardi et al., 1997; Pinardi and Masetti, 2000; =
Béranger et al., 2005). The thermohaline circulation is anti- :
estuarine (lagoonal) and it is driven mainly by the balance : : —
between the relatively fresh waters entering at the Gibraltar
Strait and the negative fresh-water budgets over the wholesig. 2. Schematic surface circulation with cyclonic/anti-cyclonic
Mediterranean basin. This is usually described as a zonakatures (modified from Lermusiaux and Robinson, 20@raBger
cell which involves the exchanges of water masses betweeat al., 2004 and Hamad et al., 2005) togheter with new features
the eastern and the western Mediterranean sub-basins wifilgund in the present work. Acronyms are listed in Table 1. Perma-
the transformation of the surface Atlantic Water (AW) in the ment features/paths are in black while seasonal are in red (summer)
Levantine Intermediate Water. Thus, the vertical structurea”d in blue .(winter). Continuous lines are for features from bibli-
consists of a two-layer flow with the surface AW moving °9"aPhy while dotted are for new ones.
eastward from the Gibraltar Strait and spreading from the
Sicily Channel throughout the eastern Mediterranean sub-
basin as modified AW (Astraldi et al., 2002), and a salty Lermusiaux and Robinson (2001)éEanger et al. (2004) and
Levantine outflow moving westward at intermediate depth.Hamad et al. (2005). In the CMED the sub-basin scale fea-
The zonal cell is connected with the “meridional” cells that tures (jets, gyres and meanders) are part of the basin-wide
are driven by the dense water mass formation processes o€irculation. The upper layer is occupied by the AW mov-
curring in the Gulf of Lions and Adriatic Sea (Schlitzer et ing eastward as Algerian Current (AC), a coastal boundary
al., 1991). In the Sicily Channel, the sill depth strongly mod- current whose instability generates meanders few kilometres
ulates the exchange of these deep and intermediate watel@ng and coastal eddies (Robinson et al., 2001). The cyclonic
between the two Mediterranean sub-basins. eddies are relatively superficial and short-lived, while the an-
In the western Mediterranean sub-basin the amplitude oficyclones last for weeks or months (Sammari et al., 1999;
the seasonal variability is large and involves intense currenté\straldi et al., 2002). These mesoscale phenomena are dis-
and mesoscale variability while, in the eastern sub-basin, théurbed by the South Eastern Sardinia Gyre (SESG, hereafter),
inter-annual and seasonal variabilities have the same ordet Sub-basin scale wind curl driven cyclonic gyre centred ap-
of magnitude involving the characteristics of the deep andProximately at 10E-38.5 N (Artale et al., 1994) whose di-
intermediate water masses and high mesoscale activity (Ko@Mmeter varies between 200 and 300 km.
rres et al.,, 2000). Then, the CMED is a key area to mon- Part of AC, after having crossed the Sardinia Channel,
itor the thermohaline circulation and the corresponding hy-west of Sicily splits in two branches as a consequence of
drological trends (Astraldi et al., 1999, 2002) of the entire a topographic effect (Herbaut et al., 1998; Pierini and Ru-
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Mediterranean Sea. bino, 2001; Onken and Sellschopp, 2001; Onken et al., 2003;
Béranger et al., 2004). The first branch directly flows into
2.2 The sub-basin scale the Tyrrhenian Sea along the northern coast of Sicily (As-

traldi et al., 1996), as Bifurcation Tyrrhenian Current (BTC),
A schematic description of the seasonal variability of the sub-while the second turns southward into the Sicily Channel as
basin scale surface circulation, including the new features dea strong and narrow jet. Here it flows eastward in a two-
scribed in this paper, is represented in Rigas derived from  jet structure covering the upper 100 m with an associated
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Table 1. Acronyms and abbreviations.

south of Lampedusa or confined into the central part of the
Sicily Channel (Manzella et al., 1988, 1990). The AIS con-
stitutes a free jet energetic current mainly flowing eastward,

ABV Adventure Bank Vortex . .
AC Algerian Current alor!g the sou_thern coast of Sicily, as a typical Wavefo_rm
AlS Atlantic lonian Stream forcing upwelling on the Adventure Bank (western Sicil-
ALC Atlantic Lybian Current ian shelf), especially during the summer when the current
ATC Atlantic Tunisian Current is strong. An important spatial variability exists and in-
AW Atlantic Water cludes: shape, position and strength of permanent or quasi-
BATC Bifurcation Atlantic Tunisian Current permanent sub-basin gyres and their unstable lobes, mean-
BEC Baroclinic Energy Conversion ders patterns, bifurcation structures and strength of perma-
BTC Bifurcation Tyrrhenian Current nent jets, transient eddies and filaments (Robinson et al.,
CMED  Central M_editerraneaq 1999).
EAPE Eddy Available Potential Energy The sub-basin scale structures have seasonal amplitudes
ECOOP European COastal sea OPerational . . . S . .
observing and forecasting system associated with the large wind stress variability (Pinardi gnd
EKE Eddie Kinetic Energy Navgrra, 1993; Molcard et al., 2002). Recently, numerical
ISV lonian Shelf break Vortex studies (Onken et al., 2003; Sorgente et al., 20@8aBger
LSBV Libyan Shelf Break Vortex et al.,, 2004) and direct observations (Astraldi et al., 1996;
MCC Maltese Channel Crest 1999; Sammari et al., 1999; Poulain and Zambianchi, 2007)
MG Medina Gyre have been devoted to assess the seasonal characteristics of
MKE Mean Kinetic Energy the surface circulation. Superimposed to such seasonal (sub-
MODIS  MODerate resolution Imaging basin) variability there is also a signal of interannual vari-
Spectroradiometer ability mainly due to the mesoscale and, in some measures,
MRV Messina Rise Vortex to lower frequency signals related to climate change (Olita et
POM Prlncetop Ocean Model al., 2007).
PV Pantelleria Vortex ’
SCRM Sicily Channel Regional Model
SESG Sou>t/h Eastern Sa?dinia Gyre 2.3 The mesoscale
?EE %gﬂ(ci?erﬁc Energy Mesoscale variability can be defined as the ensemble of flow
WNSC  Westward Northern Sicilian Current fluctuations whose periods range from a few days to a few
Wsw Wind Stress Work tenths of days. Many events are included in this broad def-

inition, among which we are mostly interested in mesoscale
variability associated to small vortices (i.e. mesoscale ed-
dies). Its forcing mechanisms are mainly instabilities of

the large-scale circulation, interactions between currents and

salinity minimum: the Atlantic Tunisian Current (ATC) mov- pathymetry and the direct surface forcing. The interest in
ing over the Tunisian continental slope, and the Atlantic I0- the CMED mesoscale dynamics comes from the hypothesis
nian Stream (AIS) along the southern coast of Sicily (As- that fronts, jets, meanders and eddies can play an important
traldi et a.l., 1996, LermUSIaUX, 1999, Robinson et al., 1999,r0|e in the ocean as response to buoyancy forcing' winds and
Lermusiaux and Robinson, 2001). Itis worth to mention thatiopographic gradients.
the described bifurcation pattern is Gasparini et al. (2004) The horizontal scale of mesoscale eddies is related to the
and by Gerin et al. (2009) from in situ data. They lightly dif- first baroclinic Rossby radius of deformation which, in the
ferent from what estimated by Astraldi et al. (1999, 2002), sicily Channel, varies seasonally ranging from a minimum
found that AW directly splits in three veins at the entrance of ahout 8 km in January, to about 11 km during the period
of the Sicily Channel following separate tracks with the of stratification (Borzelli and Ligi, 1998). The radius almost
minimum of salinity along Tunisia. Vice versa, during the yanjshes in winter, over the Tunisian and Libyan shelf shal-
1994-1996 AIS investigation by Robinson et al. (1999), thejgy area, due to a complete mixing of the water column.
ATC/AIS bifurcation has not been observed but only the AIS |, the CMED the mesoscale variability has been only
was present with southerly branches in the Sicily Channely,arginally investigated. This is due to very high horizon-
and lonian Sea in a complicated meandering path. Thesgy resolution required by numerical ocean models (com-
changes in currents and water mass properties confirm thg,,ter resources) and/or a huge amount of in-situ data needed.
strong temporal variability of the area, where the mesoscaléxn ghservational study was recently carried out by Poulain
activity can be considered as an important source of interans 4 zambianchi (2007) analyzing more than 150 surface-
nual variability (Fernandez et al., 2005). drifters in the period 1990-1999 to assess the spatial and sea-
The main stream associated to the ATC flows eastwardsonal variability of eddies and the mean surface kinetic en-
along the Tunisian and Libyan continental shelf break justergy. Previously, a similar study was realized by Lermusiaux
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(1999) and Lermusiaux and Robinson (2001) using a four-s largely used in meteorological activities as drastically re-
dimensional numerical primitive equation model and inten-duces the amplitude of the numerical transient processes,
sive in-situ data during August—September 1996, but lim-generally following the initialization phases for several days
ited to northern Sicily Channel. All of them found that the after the initialization. This method has been proven to dras-
main features of dominant mesoscale variability are assotically reduce the spin up time of the SCRM slave 5-days
ciated with five features: Adventure Bank Vortex, Maltese forecasts by Gabezk et al. (2007) to some few hours. On
Channel Crest, lonian Shelf break Vortex, Messina Rise Vor-the light of such a result it has been used in the present exper-
tex and temperature and salinity fronts of the lonian slopeimental setup, permitting to diminish the spin up time prob-
with their meanders and topographic wave patterns. lem.
Surface momentum and buoyancy fluxes are interactively
computed by mean of dedicated bulk formulae developed and

3 Methods tested for the Mediterranean Sea in previous numerical exer-
_ cises (Castellari et al., 1998; Tonani et al., 2008; Pinardi et
3.1 Model design al., 2003; Oddo et al., 2009). Fluxes computation takes into

account model predicted sea surface temperature and the 6-h
In order to reach an adequate resolution to model the00:00, 06:00, 12:00, 18:00 UTC) atmospheric parameters
mesoscale dynamics in the CMED, a nesting approach hagom European Centre for Medium range Weather Forecast
been adopted. The Sicily Channel sub-Regional Modelpperational analysis. The parameters are wind at 10m a.s.l.,
(SCRM, hereafter) has been embedded into the coarse basijr temperature at 2m a.s.l., cloud cover, dew-point temper-
model of the Mediterranean Forecasting System (MFS1671ature and atmospheric pressure. These data have a horizon-
hereafter; Tonani et al., 2008). This permits to produce ata| resolution of 0.25and, successively, are mapped on the

more detailed description of the circulation in the region, SCRM grid through bilinear interpolation and linearly inter-
including some mesoscale components that cannot be rgyolated in time at each model time step.

solved by the coarse model. SCRM is a free surface three- The surface boundary condition for momentum is:
dimensional primitive equation finite difference hydrody-

namic model based on the Princeton Ocean Model (BIum-KMa_" _r @
berg and Mellor, 1987). It solves the equations of continuity, 02 | ;= 00

motion, conservation of temperature, salinity and assumes ] ] . ) .

that the fluid is hydrostatic and the Boussinesq approximaVherez is the wind stress vectoKy is the vertical kine-
tion is valid. The density is calculated by an adaptation of theMatic viscosity,oo = 1025 kg'rrr3 is a reference density and
UNESCO equation of state revised by Mellor (1991). The’ IS the free surf_a(?e elevation. The wind stress_ components
vertical mixing coefficients for momentum and tracers areUS€ @ drag coefficiertq = Cy(Ta, T, W) as function of the
calculated using the Mellor and Yamada (1982) turbulenceVind amplitude §), the air temperaturglg) and the sea sur-
closure scheme, while the horizontal viscosity terms are proface temperature predicted by the modg) following the
vided by the Smagorinsky parameterization (SmagorinskyPolynomial approximation given by Hellerman and Rosen-

1993). stein (1983). The surface boundary conditions for potential
SCRM is implemented betweer? B and 17.10E and emperature take the classic form:
from 31.50 N to 39.50 N with a horizontal resolution of 9T oT
1/32 (~3.5km). In the vertical it uses 30 sigma levels, with Kn——| =, (2)
2 lz=p poCp

more coverage near the surface following a logarithmic dis-

tribution. The external time step is set to 4 s, with an in'whereQT is the net heat fluxCp (4186 Jkgl K~1) is the

ternal every 120's. The model bathymetry has been obtainedye ific heat capacity of pure water at constant pressure and
from the US Navy Digital Bathymetric Data Base-DBDB1 at Ky is the vertical heat diffusivity. The net heat flux (Eq. 2)

1/6C by bilinear interpolation into the model grid. The min- ;. /J1ves the balance between surface solar radiatiog) {
imum depth is set to 5m. Additional smoothing is applied t0 (o et long-wave radiationQg), the latent Og) and sen-
reduce the sigma coordir_late pressure gradient error (M8|_|0§ible (On) heat fluxes. The heat flux components are cal-
et al,, 1994). The resulting model bathymetry is Shown in ¢, jateq using the formula by Reed (1977) for the short wave
Fig. 1. ) ) ) . radiation flux and that by Bignami et al. (1995) for long wave
The numerical system was run in free mode (i.e. without,agjation. The turbulent components (latent and sensible heat
any data assimilation scheme) from January 2008 to Decemﬂuxes) are computed by mean of the bulk aerodynamic for-

ber 2010. S mulae proposed by Kondo (1975).
The model has been initialized at 00:00 on 1 January 2008 Eqr the salinity flux we consider the water balance:

using dynamically balanced analyses fields from MFS1671
through an innovative tool based on the Variational Initializa- s

= _— _— . * JR—
tion and Forcing Platform (Auclair et al., 2000). This method H2 =(E=P=R)-5+C2(57=9), ®)

=n
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Co=Ac(1) H and vertical components of the total velocity respectively (as
o defined in Eq. 4).

whereE = Qg/Lg is the evaporation rate interactively calcu-  1he Total Kinetic Energy (TKE) per unit mass can be ex-
lated, Le the latent heat of evaporatio®, the monthly pre- ~ Pressed as:
cipitation rate obtained from Legates and Willmott (1999),
is the river runoff ands is the surface model salinity at the TKE= ‘(“ +0?),
first level. In our simulations the runoR is set to 0 because b he ab he d f th
of the absence of rivers with significant discharge. The Iastf’u Istm:tmg in tde? o(\j/e e(?]ualgoni € ecct))mposmon of the
term of Eq. (3) is the salinity flux correction and accounts for otal velocity as defined in the Eq. (4), we obtain:
the imperfect knowledge of-P (P especially). §* is the
monthly mean sea climatology surface salinity from Med6
dataset, that is based on the MEDATLAS dataset using th§yhere the first term on the right hand side is the kinetic en-
MODB (Mediterranean Oceanic Data Base) analyses techergy of mean flow per unit mass (MKE):
niques (Brasseur et al., 19960 (1) H is the thickness of
the surface layey is the relaxation time andl the bottom ke = —(U2+V2), @)
depth. ValueC, is equal to 0.7 m day’. 2

Lateral open boundary conditions are defined through awhile the second term is the kinetic energy per unit mass of
simple off-line one way nesting technique that representshe fluctuating flow, also called Eddy Kinetic Energy (EKE):
an efficient way to downscale the model solutions from the
basin-scale {7 km, the coarse model) to the sub-regional EKE = = (u’? + v'?). (8)
scale (~3.5km). It has been largely used in numerical 2
weather predictions and recently in numerical oceanogra- The lasttermin the r.h.s of Eq. (6) is the first-order corre-
phy to simulate the hydrodynamics of limited coastal ar-lation term (Orlansky and Katzfey, 1991). The time average
eas (Drago et al., 2003; Sorgente et al., 2003; ZavatarellPf TKE (Eq. 6) will contain only the first two terms (Egs. 7
and Pinardi, 2003; Oddo and Pinardi, 2008). The SCRmand 8), since the time mean of the third term vanishes. The
is nested at the lateral open boundaries with MFS1671 covlogarithm of the ratio between the EKE (Eq. 8) and MKE
ering the whole Mediterranean Sea with a horizontal res-(EQ. 7) defines the following parameter:
olution of 1/16 (Tonani et al., 2008; Oddo et al., 2009). EKE
The daily mean values of temperature, salinity, total velocity ® =109 =) 9)
and elevation were transferred from the coarse spaced grid

which provides information on the energy distribution be-

of MFS1671 to the finely spaced grid of the SCRM opent ih tant and fluctuati s in the stud
boundaries through an off-line, one-way asynchronous nest- ween the mean constant and fluctuating currents in the study

area. In general, i < 0 then MKE prevails on EKE, if

Eag;s.e'l('jhgndgg?ét;c;]r:eo;hj.rzggtgz;.open boundary conditions i Isd> =0 then EKE and MKE are of the same order, otherwise
if ® >0 then EKE is larger than MKE. This last condition

3.2 Energy analysis suggests that the energy of currents is dominated by the ve-
locity fluctuating component.

By taking in account previous experiences and in order to In order to evaluate part of the sources of energy for the

quantify the energy levels involved in the simulated circula- mesoscale in the study area, the Baroclinic Energy Conver-

tion, in our work the flow field is divided into mean and eddy sion (BEC) has been evaluated. BEC (Orlansky and Katzfey,

components. Generally, any velocity field,w) can be di- ~ 1991) is defined as:

vided into a time independent componedt ¥,W) and an oy

eddy fluctuating part (time dependent,v’, w’): BEC=—p'gw (10)

1 1
TKE=S(U2+ V) + S +0%) + (Uu'+ Vo), (6)

where g is the gravitational acceleration,’ is the verti-

cal component of the fluctuating velocity obtained applying
Eq. (4), whilep’ arises from the decomposition of the in-
stantaneous densip(x, y, z,t) into a motionless part, a time
independent component and a spatial and temporal varying
component following the below equation:

1 1 1 —
U=—) uj, V==—> v, W=—)> wj. (B)  plx,y.z.0)=pE)+p(x,y.2)+0 (x,y.2,0).

BEC is the buoyancy work, which defines the conversion

The m term indicates the temporal scale (annual orbetween the two form of eddy energies: Eddy Available Po-

monthly, as defined into the Sect. 4.1 and 4,2%h is the  tential Energy (EAPE) and EKE (Lorenz, 1955; Pedlosky,
daily mean field and;, v andw are the zonal, meridional 1987).

u=U+u v=V+1 w=W+u' (4)

where the time independent part is obtained averaging tem
porally the full field over a given intervalz. For the three
velocity components:

Ocean Sci., 7, 50$49, 2011 www.ocean-sci.net/7/503/2011/
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We use the wind stress work to evaluate the relationship

between TKE and the wind forcing. It is defined as: s

I8N =

Wsw=u-t (11)

37N

whereu is the surface current vector andthe wind stress ™
vector (Pedlosky, 1996; Zhai et al., 2007). The wind stress *
work (Wsw hereafter) represents the work done by the wind
on the sea surface.

MKE and EKE have been vertically integrated and hor-

izontally averaged over the four sub-regions previously de-
fined and visible in Figl as follows:

1 h2 py2 px2
v =+ / / f ¥ (x,y,z,1)dxdydz. (12)
h y X

Vi Jyr Jaa

The integration limits are the coordinates delimiting the
horizontal sub-domainv(andy) and the vertical layers],
while the temporal scale)is defined into the Sect. 4.1 and
4.2. Moreover the grid point, whose depth of the first sigma ]
layer exceeds 1 m, has been excluded (the deepest part of thg, |
Tyrrhenian Sea and of the east lonian escarpment).

31N

3.3 Data

Fig. 3. Maps of mean flow (paneh, [ms~1]), MKE (panel B,
In order to support results obtained by analyzing modelledlcm?s~2]), EKE (panelC, [cm?s~2]) and the logarithmic ratio
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fields, different sets of satellite measurements have beefKE over MKE (paneD) averaged on the period 2008-2010 and

used.

Sea Level Anomaly data, used to support the observa-
tions of relatively large and offshore mesoscale eddies, ar
AVISO SSALTO/DUACS mapped and gridded weekly prod-
ucts with a spatial resolution of 178(http://www.aviso.
oceanobs.coj/

vertically integrated from surface to 5m depth. In pa¢&) the
minimum velocity current represented is 5cnts In panels(B)
and (C) areas with MKE and EKE larger than 1008872 are
@haded while the contour interval is 50%872. In panel(D) the
contour interval is 1.

Ocean-Color 1km data are Level-2 (single swaths)that we consider representative for the surface layer. Our re-
acquired from MODerate resolution Imaging Spectro- gyts have been qualitatively compared with EKE estimates
radiometer (MODIS) sensor on board of the AQUA mis- derived from the drifters-based work of Poulain and Zam-
sion and downloaded from the oceancolor web poftb(  pianchi (2007), which is the only observational reference

lloceancolor.gsfc.nasa.gpvifhe Level-2 MODIS data have syailable for the area.

been post-processed and re-projected through SEADAS™
software.

4 Results and discussion

4.1 Mean circulation

The annual mean field of the simulated surface circulation

is obtained by averaging the daily mean velocity fields of
The spatial variability of MKE, EKE and the ratio of EKE SCRM as described in Eq. (5) where m denotes the number
over MKE (@) simulated by SCRM on the period 2008— of days over the simulated period (2008-2010). The model
2010 are described on annual (Sect. 4.1) and monthly scalgesults are shown in Fig3, drawing the main characteris-
(Sect. 4.2), also comparing the simulated circulation with lit- tics of the basin and sub-basin mean surface circulation and
erature. In Sect. 4.3, the temporal variability of BEC has confirming the results obtained from observations and pre-
been analyzed, giving information about the source of energyious studies (e.g. Zavatarelli and Mellor, 1995; Robinson

for mesoscale induced by baroclinic instabilities.

et al., 2001; Astraldi et al., 2001, 2002; Onken et al., 2003;

The MKE field has been computed as defined in theBéranger etal., 2004).
Eq. (7), while EKE was obtained according to Eqg. (8). Suc- The analysis of the mean circulation (F&ga) shows the

cessively, MKE and EKE have been vertically integrated AC flowing eastward along the northern Tunisian shelf with
over the first 5m depth and horizontally averaged over theMKE over 400 cmd s~2 (Fig. 3b) on the northern Tunisian

whole area and in the four sub-regions as previously defineghelf break and the Skerki Bank. AC splits in the AIS and
(Eq. 12). We integrated our results over the upper 5 m depththe ATC while BTC doesn't clearly appear in the mean flow.

Www.ocean-sci.net/7/503/2011/
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The AIS flows between Pantelleria and the southern Sicil-tures also appear along the Libyan coast betweérklghd

ian coast, then north of Malta and intrudes into the deepl4® E. Most of them have been confirmed by the above men-
lonian Sea after the overshooting along the eastern Siciliationed drifter observations, even if the model underestimates
coast, as described by Lermusiaux (1999) and Sorgente ¢he energy content of these structures. This underestimate
al. (2003). High values of MKE (FigBb) above 500 crhs 2 for MKE and EKE could be due to the different sampling
are found over the Adventure Bank, along the southern Sicil-periods, 1990-1999 for the drifter-based study and 2008—
ian coast and along the lonian shelf break. Apart the MKE2010 for the model, or to the unevenly sampling accom-
patches over the Adventure Bank that could be overestimateglished through the drifters. Obviously, this disagreement
because of an relatively smooth bathymetry, the simulatedn term of values could also be due to the other factors like
MKE distribution is generally in agreement with the paths the low resolution atmospheric forcing, an inadequate mod-
detected by Poulain and Zambianchi (2007). elled viscosity-diffusivity or an insufficient vertical resolu-

In the central part of the Sicily Channel the MKE appearstion of the model. In any case our model results indicate that
rather weak. The ATC flows southward along the Tunisianthe mean EKE, averaged over the whole domain, is about
coast as a relatively strong current decreasing progressivel90 cn? s—2, three times MKE.
its velocity south-eastward. It flows approximately following  The energy ratio between the mean constant and fluctuat-
the 200 m isobaths until Libya with MKE below 50 érsr 2 ing currents is represented by the paramé&é€Eq. 9) which
between 12E and 14 E. This limited feature is also vis- compares the levels of MKE and EKE (Figd). The values
ible in Fig. 3a and in full agreement with drifter observa- with ® < 0 identify the main stream currents where the mean
tions. We call this narrow current as Atlantic Libyan Current flow kinetic energy is larger than EKE, as for AC and AIS.
(ALC, hereafter) which can be considered as the eastward he areas where MKE and EKE are roughly simikir=£ 0)
extension of ATC along the Libyan coast (Gasparini et al.,are identified by the paths of ATC with its bifurcations, ALC
2008; Poulain and Zambianchi, 2007). A further dominantand the Sidra Gyre. Vice versa the EKE can be up about
feature is the Sidra Gyre, previously mentioned by severathree times larger in logarithmic term than MK& & 1) into
authors (Korres et al., 2000; Sorgente et al., 2003; Fernanthe deepest part of the Sardinia Channel and Tyrrhenian Sea,
dez et al., 2005; Tonani et al., 2008), a sub-basin permanerdver the major part of the Tunisian shelf as isolated features
anti-cyclonic structure centred at about 33band 16 E in the Sicily Channel, between ATC and AlS, and between
and detected also by drifter trajectories (Poulain and Zam-Malta and Libya westward of the Sidra Gyre where the mean
bianchi, 2007). Its diameter is about 150—-200 km. It stronglyflow is really weak.
interacts with the ALC, pushing the modified AW toward the
Libyan coast in a narrow stream. The Sidra Gyre appears a§.2 Seasonal variability of kinetic energy and surface
the main dynamical mechanism that influences the outflow circulation
of AW outside the Sicily Channel, having a seasonal and
interannual variability, as stated by Gerin et al. (2009) andIn order to analyze the MKE and EKE components of the ki-
Ciappa (2009). It also controls the inflow of warm and salty netic energy budgets, the simulated daily mean velocity fields
lonian Surface Water from the eastern side of the Libyanof SCRM have been averaged on monthly basis over the pe-
shelf through its southern arm. This feature is represented byiod 2008—-2010 computed as in Eq. (4) where m denotes the
a westward flow characterized by values of MKE of about number of days for each month. The monthly averaged time
100 cn? s~2 (Fig. 3b). series of TKE, MKE, EKE and the Wsw are shown in Fg.

The EKE map (Fig.3c), which includes the variability The TKE (Fig.4a), sum of MKE and EKE, has a seasonal
due to small scale eddies, to sporadic wind-driven currentcycle with values larger than 150 ém 2 between Novem-
events and also to the seasonal modulation of the surface ciber and March. The EKE, always larger than MKE (Hb),
culation with internal energy redistribution processes, showslominates such a TKE seasonality following a similar cy-
almost the same spatial patterns observed for MKE, sugele. Finally the MKE shows a smaller seasonal variability
gesting a strong variability associated to the intensity ofwith an opposition phase period (EKE decreases while MKE
the currents with larger values of TKE. Values of EKE less increases) between May and July (relative maximum). The
than 50 crd s 2 are found at the deepest part of the Sicily winter peaks of MKE and EKE appear to be related to the
Channel, below Malta. Vice-versa, large fluctuations overWsw (Fig. 4c), which has values over about 0.3 N#s~1
100 cn?s~2 are found in regions with strong currents, such from November to March. From April to October the Wsw
as along the northern Tunisian shelf break (the AC), with theis weak and remains approximately constant, not exceeding
highest values%350 cnf s2) over the Skerki Bank, west- 0.1NnT1s™1. On the contrary, the summer peak (in July)
ward and along the northern Sicilian coast. This successiomf MKE is not directly related to the Wsw but it is proba-
identifies the path of BTC, which does not clearly appear inbly related to the internal dynamics associated with the pres-
the mean flow. Downstream the Sicily Channel, high valuesence and action of intense summer current systems as AlS
are found between Malta and Sicily and at significant topo-and the Westward Northern Sicilian Current, introduced in
graphic gradients of the lonian escarpment. Isolated strucSect. 4.2.1.
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- ‘ ‘ ‘ ‘ @& ‘ ‘ ‘ ‘ larger than MKE or, in other words, when mesoscale activity
) . is stronger than the mean flow then neglecting the absolute
% 15°w value of EKE.
5 w0 ) The horizontal distribution ofd in November (Fig.6a)
so——— ———— shows MKE prevailing on EKE® < 0) in correspondence of

AC and BTC paths. The mean flow of such features appear
as coastal boundary currents flowing, respectively, along the
northern Tunisian coast (AC) and along the northern Sicilian
shelf break (BTC), in agreement with the literature (Astraldi
et al.,, 1996; Molcard et al., 2002). Such a spatial feature
is mainly due to the MKE field (not shown) reaching val-
ues over 800 cAs 2 along the AC path that are compatible
with speed currents of about 40 cm'shen decreasing east-
ward. Lower values <4200 cnfs—2) occur along the BTC
path. The EKE is largely higher than MKE(> 1), espe-
O R Tiéme(mm;;) 8 o 10 1 1 cially in deep areas of the Sardinia Channel where the en-
ergy of the currents is dominated by the fluctuating compo-
Fig. 4. Time series of: monthly mean TKE (pan&| [cm?s~2]): nent, whose monthly mean reaches its maximum in February
MKE - solid line — and EKE — dashed line — (pail[cm? s~2]); (Fig. 5b). The EKE field, with the current mean flow over-
Wsw (panelC, [Nm~Ls~1)). All time series has been averaged lapped, is represented in Fifb. Values over 300 cfs 2
overall the model domain, vertically integrated from surface to 5mare found along AC and BTC paths, increasing to the same
depth and on the period 2008-2010. order than MKE (not shown). Isolated patches of EKE show
very high values $400 cnfs~2) on the northern Tunisian
shelf and along the northern Sicilian coast. EKE maxima are
The same analyses has been applied in each of the fouilways associated with high energetic flows like the AC and
sub-regions in which the whole domain has been dividedBTC. BTC strength appears mainly related to the eastward
(Fig. 1) in order to quantify possible differences in the spatial flow at the Sardinia-Tunisia section (Fig).and, secondly, to

energy distribution and ratio (MKE, EKE anb)). the atmospheric forcing (Fige). Vice-versa, the EKE pre-
vails where there is not a clear mean flow, suggesting that the

4.2.1 The Sardinia-Tyrrhenian sub-region EKE signal would be due to instabilities generated along the
currents boundaries.

The Sardinia-Tyrrhenian sub-region (A in Fifj) appears Toward the summer months AC and BTC progressively

as the most energetic (Fig). EKE is always larger decrease, in agreement with Astraldi et al. (2002) and Sor-
than MKE apart in November and December. On an-gente et al. (2003), but the temporal evolution of MKE
nual mean the contribution of EKE to TKE is about 57 % (Fig. 5c) shows a small increase on July. Here the model re-
on annual basis. The EKE shows a seasonal cycle withsults show the mean surface circulation dominated by the me-
a maximum value in February~60cnfs=2) and mini-  andering of a weaker AC, some split currents, cyclonic and
mum in September~80 cn? s~2), while MKE shows val-  anti-cyclonic eddies, the SESG and a westward coastal cur-
ues over 100 cfs2 from November to January then pro- rent flowing along the northern Sicilian coast (F8y. SESG
gressively decreasing towards its minimum values in April replaces part of the BTC path in summer and appears partic-
and September~60cn?s—2) and a relative maximum in  ularly active in term of MKE from June to September (not
July (~80cn?s~2). The Wsw is characterized by two forc-  shown). This coastal current seems to be part of a large anti-
ing regimes: from November to March it is always over cyclonic gyre located on the southern side of the Tyrrhenian
0.5N st reaching its absolute maximum in December Sea. Actually there are no bibliographic indications on the
(0.8Nns™1), while from April to October it doesn’t ex-  existence of this feature which would deserve a more detailed
ceed 0.25Nm*s™. Then the small MKE summer peak in study. We refer to this as Westward Northern Sicilian Current
July appears not directly related to the wind stress work. ThgWNSC, hereafter). It appears more stable and stronger than

comparison between EKE and MKE, represented by the paAC justifying the July increase of MKE described above.
rameterd (see Eqg. 9), shows a positive signdl £ 0) apart

in November and December. This means that the surfac@.2.2 The Sicily sub-region

dynamics is usually dominated by the velocity fluctuating

component with its maximum in Aprild& ~ 0.8), while in The Sicily sub-region (B in Figl) appears less energetic
November the mean flow on the velocity fluctuating compo- than the previous one, with a contribution of EKE to TKE of
nent prevails ¢ < 0). We would underline the significance about 55 % on annual basis (F&). The monthly time series
of such aratio: th& parameter informs when/where EKE is of MKE and EKE have almost comparable values, except in

Www.ocean-sci.net/7/503/2011/ Ocean Sci., 7, 31%-2011
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Fig. 5. Time series of: TKEA), EKE (B), MKE (C), ® (D), Wsw (E); all time series have been averaged for the Sardinia-Tyrrhenian

sub-region (continous-line, empty circle), Sicily sub-region (continuos-line, empty square), Tunisian sub-region (dashed-line, full square),

Lybian sub-region (dashed-line, full triangle), vertically integrated from surface to 5m depth and on the period 2008-2010.
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Fig. 6. Monthly mean map of Sardinia — Tyrrhenian sub-region for
@ in November (paneh) and of the mean flow overlapped to EKE
(panelB, [ms~1] and [cn? s~2] respectively) in February. Areas

with EKE higher than 100 cAs 2 are shaded
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Fig. 7. Monthly mean time series of the eastward flow [Sv] at the
section Sardinia-Tunisia computed averaging the daily data from
January 2008 to December 2010

October, and do not show a clear seasonal cycle. EKE levels
are always larger than MKE apart in June, July and Decem-
ber, ranging approximately between 50 and 88 sm?. The
MKE series show a temporal evolution characterized by a
relative maximum in June and Jukr60 cn? s~2) and an ab-
solute maximum in December(70 cn? s~2). The Wsw is
characterized by lower values than in the Sardinia — Tyrrhe-
nian sub-region but with a similar temporal evolution. The
comparison between EKE and MKE given yshows the
former prevailing ¢ > 0) especially in October, slightly neg-
ative in June and July, while in August, November and De-
cember the two kinetic components are almost eqbal Q).

The horizontal distribution ob in December (Fig9a) shows
MKE prevailing on EKE (@ < 0) in correspondence of ATC
and AlS. On the contrary the EKE exceeds the MKIEX 0)

up to three times (in logarithmic term) into the deepest part of
the channel between the two currents systems ATC and AlS.
The horizontal distribution of EKE, with the mean current

www.ocean-sci.net/7/503/2011/
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Fig. 8. Monthly mean map for the Sardinia-Tyrrhenian sub-region
of MKE [cm2s~2] in July averaged on the period 2008-2010 and
vertically integrated from surface to 5m depth. It puts in evidence
the presence of the WNSC flowing along the northern Sicilian coast.

Fig. 10. Panel(A): MODIS level-2 K490 image at 11 May 2009
where the Pantelleria Vortex is clearly defined south west of the
Pantelleria island; pangB): simulated surface velocity field for

the same day where the depression corresponding to the vortex is
clearly shown in the same position of the observation; pé&agl

Sea Level Anomaly [m] map at 30 January 2009 where the Med-
ina Gyre is evident as a wide depression (cyclonic) south of Malta;
panel(D): the Medina Gyre at 1 February 2009 well identified in
the simulated surface elevation [m].

7. & 3TN

ria (Fig. 9d) that constrains the core of the AW towards the

?
’ Tunisian slope increasing its velocity. This mesoscale feature
' ( & appears to be connected to ATC path and is located approx-
N o S imately at 11.75E-36.6 N. We named this feature Pantel-
35. °g Y 355N

leria Vortex (PV, hereafter). If particularly energetic, PV can
induce a recirculation of AW into the Sicily Channel (not
e e PR o e o e o e e oS shown). Actually there are no bibliographic references on the
existence of this feature from oceanographic surveys but PV

0E 1iE 3 3 TiE 15 i

Fig. 9. December monthly map in the Sicily Channel sub-region . . o .
for @ (panelA), mean flow [m ] overlapped to EKE (pane, is clearly identified by Ocean Color images (MODIS AQUA

[cm?s-2]) and MKE (panelC, [cm?s~2]) and streamlines of the level 2 data). Figsl0a and b show respectively MO!DIS_

mean flow D, [ms~1]). Areas with MKE and EKE higher than K490 level 2 (reflectance at 490 nm wavelength, which is

100 cn?s—2 are shaded. used in this case as passive tracer for dynamical features)
and the simulated free surface elevation field at 11 May 2010
in the PV area. The PV is well identified and defined both in

flow superimposed, is presented in (Fi#p). This figure the simulated and observational satellite fields.

shows the ATC as an offshore boundary current rather vari- The monthly mean flow prevails on the velocity fluctuat-
able (EKE> 150 cnf s—2) and intense, which progressively ing component in July (Figsc) due to an increase of MKE,
decreases southeastward along Tunisia. Itis visible from Ocwith a slight decrease of EKE (Figb), mainly induced by
tober to May and reaches its maximum intensity in Decembethe AIS. Here the surface circulation (not shown) is repre-
(not shown). Here the AIS is represented as a coastal currensented by an intense AIS which appears rather variable (EKE
less variable (EKE< 100 cnf s~2) than ATC, flowing east- ~100cnfs2). It reaches the largest values in the west-
ward confined along the southern Sicilian coast in agreemengrn side of the Adventure Bank Vortex (MKES00 cn? s~2)

with literature e.g. Ciappa (2009). In Figc high values of  progressively decreasing south-eastward. Along its path the
MKE (>800cn? s 2) are isolated patches on the Adventure mean flow prevails on the fluctuating componeht< 0) up
Bank, in correspondence of the Maltese Channel Crest antlvice, while the south-western side of the domain shows
along the ATC path downstream Cape Bon. A contributionlarge portions of the area dominated by the fluctuating com-
to the increase of the MKE along the ATC path is given by ponent (not shown). The ATC appears weak or not present at
a small cyclonic vortex downstream the island of Pantelle-all, in agreement with observations (Manzella et al., 1988,

Www.ocean-sci.net/7/503/2011/ Ocean Sci., 7, 31%-2011
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Fig. 11. Monthly mean map for the Tunisian sub-region in May of

@ (panelA) and EKE (paneB, [cm? s~2], with mean flow [ms1] o

superimposed) averaged on the period 2008-2010 and vertically

integrated from surface to 5m depth. Area with EKE larger than Fig. 12. Monthly mean map for the Libyan sub-region in October

60 cnf s~2 are shaded. of & (panelA) and EKE (paneB, [cm? s~2]) superimposed on the
mean flow [m 5] averaged on the period 2008—2010 and vertically
integrated from surface to 5m depth. Area with EKE larger than

1990) and numerical simulations (Sorgente et al., 2003:100cn?s 2 are shaded.
Béranger et al., 2004).

o ) . 4.2.4 The Libyan sub-region

4.2.3 The Tunisian — Libyan sub-region

The Libyan sub-region (D in Figl) has an important role
The Tunisian—Libyan sub-region (C in Fit). is a very shal-  in the thermohaline circulation of the Mediterranean Sea, as
low area with maximum depths of about 250 m at its east-underlined by Gasparini et al. (2008). In this sub-region the
ernmost limit. Here the MKE is quite low while the monthly contribution of EKE to TKE is about 65% on annual ba-
EKE values are up to four times higher than MKE (b, ¢)  sis. The MKE and EKE signals are in phase without a clear
in logarithmic scale. The EKE contribution to TKE is there- seasonal cycle (Fidp). Their kinetic energies are found high
fore dominant, reaching about 83 % on annual basis. Thighrough the whole year and particularly in June. Itis difficult,
means that this area is almost completely controlled by thesven visually, to find any relation with the Wsw (Fige),
fluctuating currents. The wind stress (Fi) is very weak  which seems uncoupled from EKE. The Wsw is more intense
and does not seem to be the primary source of energy in thighan in the Tunisia — Libya sub-region and weaker than in the
region. The EKE-MKE ratio (Fig5d) shows an absolute = Sicily Channel and in the Sardinia — Tyrrhenian sub-region.
maximum in May and a relative maximum in October while The logarithm of EKE-MKE ratio (Fig5d) is always posi-
the absolute minimum is in July. tive (® > 0) with maximum values from August to October

The horizontal distribution o® for May (Fig.11a) shows  and minimum from March to Jun&(~0.5).

the whole sub-domain roughly dominated by the fluctuating The horizontal distribution ofb in October (Fig.12a)
component, with the highest rati@ (> 3) between Libya shows EKE prevailing on MKE® > 0) over bathymetries
and the 100 m isobath. This signal propagates northwestshallower than 200 m depth. Here EKE reaches and over-
ward, gradually decreasing. EKE and MKE are almost of passes 200 cfrs 2 (Fig. 12b). This obviously indicates a
the same orderd ~ 0) along the Libyan shelf break where highly variable zone with current reversals induced by the
the mean flow is represented by a weak current bounded byemporal variability of the atmospheric forcing and the ALC,
a cyclonic vortex approximately located at 1288-33.4 N whose existence is supported by CTD observations (Gas-
(Fig. 11b) that we call Libyan Shelf Break Vortex (LSBV in parini et al., 2008) and drifting measurements (Poulain and
Fig. 2). LSBV appears as a permanent feature of the surfac&ambianchi, 2007). Its width and flow advection along the
circulation from May to October whose position and strengthLibyan shelf seems to be connected to the strength of the
contribute to frequent reversals of the coastal currents alon@\TC and to the position and horizontal extension of the Sidra
the Libyan coast, together with the atmospheric forcing. ThisGyre. Our results indicate the existence of ALC especially
is shown by the high EKE values-@00 cnfs~2) between  from November to April (not shown). EKE and MKE are al-
the southern side of the cyclonic vortex and the Libyan coastmost of the same order (see Figq, ® = 0.0) offshore Libya
Another interesting feature is represented by the western cumwhere the mean flow is represented by the western side of the
rent coming from the center of the Sicily Channel towards Sidra Gyre, approximately centered at about 1&:933.5 N
the Gulf of Gabes. It appears weak (MKELO cnf s~2) and (see in Fig.12b). This feature, observed also by satellite
particularly evident in the model results from April to July image (Ciappa, 2009), appears as a permanent structure of
under the forcing of easterly winds (not shown). This featurethe surface circulation and its temporal and spatial variability
has been also observed by Poulain and Zambianchi (2007).would deserve a deeper study. Its main impact on the surface
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Fig. 14. Monthly time series of BEC for the Sardinia — Tyrrhenian
. L ) . (solid line and circle), Sicily Channel (solid line and empty square),
circulation is the advection of warm and salty lonian sur- Tynjsian (dashed-dotted line and full squares) and Libyan (dashed
face water, coming from the eastern side of the Libyan shelfjine and triangles) sub-regions, as reported in Eigaveraged on

through a wide and weaker (MKE120cnfs2) surface  the period 2008—2010 and vertically integrated from the surface to
current flowing northwestward offshore Libya (not shown). 5m depth (paneh) and from 5 to 80 m depth (panB). Unit are
The presence of this dense vein along the Libyan continends tm=3. The multiplication factor is 1f
tal margin has been also detected by Gasparini et al. (2008)
during a cruise in 2006. The contrast between the lonian sur-
face water and the modified AW, advected by the ALC, can  The monthly time series of the BEC for the four sub-
iqduce the formation of strong density gradi.ents along theregions, vertically integrated from surface to 5m depth,
Libyan shelf break, as shown in the next section. (Fig. 14a) show a marked seasonal variability characterized
In this Sub-region model results also show some unfamil-by an energy transfer from EAPE to EKE, main|y occurring
iar features like the splitting of ATC, approximately a3  from autumn to spring. Only in the Sicily Channel sub-
and 14 E, that bifurcates in an eastward and a SOUthwardregion an inversion of the energy conversion, from EKE to
component (Fig13). The eastward current mainly flows EAPE, is well evident and occurs from June to August. A
into the lonian Sea supported by the anti-cyclonic circula-weak signal is observed also into the Sardinia — Tyrrhenian
tion (the Sidra Gyre). We named this branch as the Bifur-syb-region but with really small values. The Tunisian and
cation Atlantic Tunisian Current (BATC) represented by a |ibyan sub-regions show the BEC always positive. This
wide, weak (MKE< 150 cnf s~2) and stable surface current means that the energy conversion is in the direction from
(EKE~50cn?s™?) particularly evident from November to  EAPE to EKE throughout the year. Highest levels of BEC
April (not shown). Unfortunately the knowledge of the circu- (~0.5e5Js1m3) in the Tunisian sub-region are found
lation in this area is rather poor due to a lack of observationafrom October to March while from December to February
data, as also recently underlined by Gasparini et al. (2008)maxima are located in the Libyan sub-region (lower than
Future investigations will be addressed to evaluate the favore 5 &5 Js 1 m=3). Furthermore in the Tunisian-Libyan sub-
able conditions for the Spllttlng of the ATC and on what in- region the tempora| evolution of BEC is in phase with the

fluences on its spatial and temporal variability. corresponding EKE and with the wind forcing (see Fb.
and e). The other sub-region shows a more complicated re-
4.3 Baroclinic Energy Conversion lationship probably due to the fact that the core of AW along

its circulation paths is characterized by a seasonal variability,
The variability of the EKE of the circulation in the CMED especially with respect to its depth and thickness (Sorgente
has been depicted in the previous sections. In order to evalet al., 2003). For this reason it is interesting to investigate the
uate and identify the part of the mesoscale activity due totemporal trend of the BEC integrated below the superficial
baroclinic instabilities, the spatial and temporal variability of layers (5 to 80 m depth). The monthly time series of the BEC,
the BEC (Eg. 10) has been analyzed in the model domain anihtegrated below the superficial layer for each sub-region, is
in each sub-region. The maps of BEC permit to represent thashown in Fig.14b. Their signals are characterized by large
spatial distribution of the baroclinic instabilities at monthly positive values from November to March, with higher values
scale. than those obtained for the surface layer.
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Contributes to the domain averaged BEC in the Tunisian
and Libyan sub-regions are always positive. This means that
the energy conversion from EAPE to EKE occurs throughout
the year at this layer. Highest levels of contribution to the
baroclinic instability in the Tunisian sub-region mainly oc-
cur from October to February (see Figlb, dashed line and
squares), well related to the EKE (see Fh). Differently
the Libyan sub-region is the only sub-region where the en-
ergy conversion reaches its maximum value in late summer
N LN (see Fig.14b, dashed line and triangle), well related to the

OE 10E 11E 12E 13E 14E 15E 1BE 9F 1DE 11E 12E 13E 14E 15E 16E EKE tlme SerIeS (See F|§b) Thus the |nterna| energy redls_
tribution processes reach their maximum in September when

depth in February (panel) and July (paneB), averaged on the the work due to atmospheric forcing is almost at its lowest

period 2008-2010. Positive values indicate energy transfer frommtens'_ty_ (see Fig5e). Th,'s is associated with the inverse
Eddy Available Potential Energy to EKE. Units are 3sn~3. The baroclinic energy conversion processes, where the EKE field

multiplication factor is 16. motion restores the vertical and horizontal shears. In fact this
region can accumulate EAPE during the winter then released
to EKE during summer, when the BEC maxima are found
In the Sardinia — Tyrrhenian sub-region the BEC (Bip, above all in the Sicily Channel, along the southern Sicilian
solid line and circles) is almost two-three times larger than incoast, due to the strong density gradient between the AlS
the other sub-regions. Its temporal behaviour shows a largand surrounding waters (Fif5b).
energy transfer from EAPE to EKE from November to March
(>2e7°Jstm=3), located over the fast flowing currents AC 5 onclusions
and BTC (Fig.15a). This would be reasonably due to the
density gradient generated between the inflow of modifiedThe circulation in the CMED has been simulated from Jan-
AW through the Sardinia Channel (see Fiy.and resident uary 2008 to December 2010 using a high resolution primi-
water masses. From April to June the BEC is slightly positivetive equations numerical model. The aim was to assess the
while the inverse energy transfer mainly occurs in summerspatial and temporal mesoscale variability and evaluate its
reaching its maximum in October. The BEC appears relatedelationships with the atmospheric forcing (winds) and the
to the correspondent EKE time series (Fity) and the in-  energy redistribution processes. So the simulated flow field
flow of modified AW through the Sardinia Channel (Fig.  has been decomposed into a mean and eddy (fluctuating)
Then, in this area part of the mesoscale dynamics seems t@omponent that have been used to compute, respectively, the
be due to the energy conversion from EAPE to EKE, typical MKE (the kinetic energy of the mean flow) and the EKE (the
of baroclinic instability processes connected to the inflow ofkinetic energy of the fluctuating component); the latter as-
modified AW. sumed as a good indicator for mesoscale activity. Moreover,
The Sicily Channel sub-region shows a slightly different the spatial and temporal variability of the BEC has been anal-
trend in terms of energy conversion processes. The BEC sigysed in order to identify part of mesoscale activity due to
nal (see Figl4b, solid line and empty square) is character- baroclinic instabilities.
ized by smaller values than those observed in the Sardinia On the base of known oceanographic characteristics the
Channel and by a positive seasonal cycle nearly throughmodel domain has been divided into 4 different sub-regions
out the year. The maximum energy transfer from EAPE to(Fig. 1): Sardinia-Tyrrhenian; Sicilian; Tunisian shelf;
EKE occurs in February while we observe the inverse pro-Libyan area.
cess in June. The BEC does not appear directly related to The Sardinia-Tyrrhenian appears as the most energetic
the EKE behaviour (see Figb). This is clearly evident if  sub-region. It is dominated by the seasonal modulation of
we consider the summer period when the EKE reaches itshe AC, seasonal reversal of the BTC, the presence and action
minimum in July and October. This weaker or null relation of the quasi-permanent SESG and by a significant mesoscale
between the BEC and EKE suggests that, in the Sicily Chanactivity in the form of mesoscale eddies{00 km) in agree-
nel sub-region, the BEC is not the only source/loss of energyment with Sammari et al. (1999). These eddies are mainly in-
(Fig. 15b). In this area an important role would be played by duced by baroclinic instabilities of the AC. Our results show
the advective flows associated to the AIS, ATC and BATC, that this process is seasonal, more evident in fall-winter than
as well by the atmospheric forcing and the topographic con4in summer and related to the wind stress forcing and to the
strain. eastward flow at the Sardinian-Tunisian section, This is con-
firmed by the energy transfer from EAPE to EKE occurring
from September to February while a weak inverse energy
transfer is clear from April to June.

- N eos
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Fig. 15. Monthly mean maps of BEC integrated from 5 to 80 m
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The Sicily sub-region appears less energetic than the Saeently identified by Gerin (2009) and Ciappa (2009). This
dinia — Tyrrhenian. MKE and EKE have almost comparable current is particularly evident from November to April and
values without a clear seasonal cycle. The surface circulaeonstitutes the main mechanism for the advection of AW
tion is dominated by the seasonal modulation between ATCoutside the Sicily Channel. The ALC follows along the
(maximum in winter and fall) and AIS (in summer), by in- Libyan coast, south of the Sidra Gyre, from November to
termittent eddy features, meanders and fronts which defin@pril, rather energetic and highly variable. Its existence is
the horizontal distribution of the surface waters. The foot- supported by Gasparini et al. (2008) and Poulain and Zam-
prints of the ATC in the MKE and the EKE fields indicate the bianchi (2007). Ciappa (2009) as well, by means of satellite
ATC as a coastal boundary current, rather variable, flowingchlorophyll images, observed the ALC, although he stated
along the eastern Tunisian slope mainly from November tothat this current cannot be considered a branch of the ATC.
June in agreement with Sorgente et al. (2003) aachBger  The presence, strength and horizontal extension of the ALC
et al. (2004). The ATC is often accompanied by the PV, and BATC are influenced by a complex system of cyclonic
a small and intermittent mesoscale feature, induced by th@nd anti-cyclonic mesoscale eddies. The largest is the Sidra
potential vorticity stretching which can be involved on the Gyre that blocks or reduces the advection of AW along Libya
recirculation of the AW into the Sicily Channel toward the deviating it offshore towards the open lonian Sea.

Tunisian — Sicily section. During the summer months the In conclusion, the decomposition and analysis of the ki-
ATC tends to vanish and it is replaced by a counter-currentnetic energies proved its utility in identifying areas and pe-
close to Cape Bon that is accompanied by a complex systemods where mesoscale phenomena are more evident and to
of small cyclonic and anti-cyclonic eddies induced by baro-weigh their relevance to the mean flow. The model results in-
clinic instabilities. In the same months the MKE is sustaineddicate that the mesoscale circulation (described through the
by the AIS which moves eastward with the typical waveform EKE) represents an important component of the flow over
around permanent mesoscale features such as the Adventuitee entire study area but having important differences be-
Bank Vortex, the Maltese Channel Crest and the lonian Sheltween the various sub-regions. The BEC analysis allowed
break Vortex (Robinson et al., 1999; Lermusiaux, 2001). Into partially understand the mechanisms driving the presence-
winter the AIS appears as a less intense coastal boundary cuabsence of a mesoscale activity, underlying further differ-
rent confined along the southern Sicilian coast, in agreemengnces between the four sub-regions. The baroclinic insta-
with satellite observations (Ciappa, 2009). bilities that can contribute to the EKE signal are mainly lo-

The Tunisian shelf sub-region appears characterized bgated on the boundaries of the large-scale current systems,
strong mesoscale variability with an EKE two-three times still retaining a seasonal signal. High values of EKE can
larger than in other areas. Here, the contribution of the fluc-be connected to the baroclinic instabilities especially on AC
tuating component of the velocity to the total kinetic en- and BTC in winter and on AC and ATC in fall. The model
ergy reaches about 90 % on annual basis. Although this iglso reveals its ability in reproducing the surface and sub-
a shallow water area, the wind stress does not seem to bsurface circulation features known by literature as well in the
the primary source of energy at monthly scale. On the con-identification of some new structures and streams, often veri-
trary, high EKE values seem mainly due to the baroclinic fied through satellite data, and contributing to further explain
instabilities of the seasonal currents flowing eastward overirculation mechanisms in the region. A direct verification
the Tunisian shelf. The analysis of BEC indicates that thiswould be needed for the Westward Northern Sicilian Current,
sub-region is characterized by a permanent energy convel westward current identified on model results (not shown)
sion from EAPE to EKE. This can be explained taking in as a stream flowing along the northern Sicilian coast particu-
mind that in this area sudden current reversals take placdarly strong in summer. Finally the results of this work will
The effect of such reversals, in terms of enhancement of thée helpful to improve the sampling design (space and time
variability, is increased by a flat and shallow bathymetry andfrequency of casts) in oceanographic cruises addressed to
by the unsettled advection of ATC over the wide shelf. the study of the mesoscale dynamics in the Central Mediter-

The Libyan sub-region is fairly unknown in terms of dy- ranean region.
namics and water masses due to a strong lack of observa-
tional data, although recent observations are beginning to fill
this gap (Gasparini et al., 2008; Ciappa, 2009). The surface
circulation appears complex and characterized by the sea-
sonal modulation of the ALC and by the presence of gyres,
eddies and current bifurcations. The EKE, that appears un-
cupled with Wsw, is about two times higher than the MKE
with a weak seasonal signal. The model shows some unfa-
miliar features like the BATC and ALC (the eastward exten-
sion of the ATC). The former appears as a weak and stable
current flowing toward the open lonian Sea and has been re-
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