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Abstract

The surface circulation in the Liguro-Provencaliba®lorthwestern Mediterranean)
is studied using satellite-tracked drifters in 2&D0D9. Complex circulation patterns
prevailed in the eastern Ligurian Sea, before thfieds eventually joined the
Northern Current (NC) in the coastal area off GerBetween 5°E and 7°E30’, most
drifters were advected offshore before headinghtodast and eventually closing a
basin-wide cyclonic circulation. This offshore tumg is related to the wind and wind
stress curl during Mistral events. Although the W¥es Corsican Current was well
delineated by the drifters, no signature of thet&asCorsican Current was shown,
indicating limited connectivity between the Tyrrigem and Ligurian seas in summer
2007. Pseudo-Eulerian velocity statistics were wated in the coastal region
extending between Genoa and the Gulf of Lyons. Easents are evident on the
shelf break, especially off Imperia (maximum of &@M/s) where the bathymetric
slope is larger and the NC is closer to shore ardower. In contrast, a stagnation
area inshore of the NC near Fréjus is characterigedittte mean flow and low
velocity fluctuations. Mean currents are also reduoff Menton-Nice where the
variability is maximum. More to the west, the NGadens and slightly reduces in

strength.
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1. Introduction

The Liguro-Provencal basin (LPB) is located in tleethwestern Mediterranean Sea
(41-45°N, 5-10E°; Fig. 1) off the coasts of ItalydaFrance. The LPB is connected to
the east to the Tyrrhenian Sea through the CofGlannel, whereas to the west, it
confines with the Gulf of Lyons. The water circidat in the LPB was studied since
the 1960s using hydrographic data (profiles of terafure and salinity) and consists
of a mean basin-wide cyclonic gyre (Ovchinnikov6&9Crépon et al., 1982) which
extends over the upper 500 m layer and can spretaitbdhe west into the Catalan
Sea. These results were confirmed about 20 yeaex lay direct current
measurements (with moored currentmeters) in thesi€CorChannel (Astraldi et al.,
1990; Astraldi and Gasparini, 1992) and betweersiCarand France (Taupier-Letage
and Millot, 1986; Millot, 1987; Sammari et al., )9 The LPB circulation is
connected to the Tyrrhenian and Balearic circutetidoy two northward flowing
currents, located on the opposite sides of the iGonsland. The first, called by
Pinardi et al. (2006) the Eastern Corsican Cur(&@C), brings Tyrrhenian water
into the LPB. It is driven by the steric sea ledi#lerence between the Tyrrhenian Sea
and the LPB, which is maximum in winter and duéhi larger heat loss sustained by
the LPB during this season (Astraldi and GaspafifiB2; Astraldi et al., 1990), as
well as by the wind stress curl as shown by Pinandi Masetti (2000). These authors
showed that the Corsica transport weakens dranigtiocaabsence of wind forcing
and in particular the transport can reverse instiemer season. West of Corsica, the
other northward current, called Western Corsicamré@ (WCC) in Pinardi et al.
(2006), appears to be more constant over the yigar.WCC is part of the large
cyclonic LPB circulation mainly forced by the gewogthic adjustment to the dense

water formation processes occurring in winter ia tentral LPB (MEDOC Group,



1970; Crépon and Boukthir, 1987) and the dominamdwstress curl due to the
Mistral wind regime (Pinardi and Navarra, 1993, b#oH et al., 2002). The
confluence of the ECC and WCC north of Corsica ®the Northern Current (NC),
also called the Liguro-Provencal-Catalan Currerhictv flows along the Italian (west
of Genoa), French and Spanish coasts (Millot, 199bIcard et al. (2002) showed
that the WCC and ECC are part of a basin-wide Etmn pattern that is wind driven
and that the confluence of the WCC and ECC prodikesNC as a nonlinear
intensification at the northern boundary of the domThe NC transports about 2 Sv
of sea water between the coast and 33 km offsig#th¢ux et al., 1988; Sammari et
al., 1995). Speeds in the NC can be as large as atrthe surface and about 5 cm/s at
depth (400 m). Its core is narrow and centeredOakr® or less from the shore in
spring-summer, whereas it is broader and more rdiftam the coast in autumn
(Sammari et al., 1995). Béthoux et al. (1988)watbthat the NC seasonal variability
is related to the local river runoffs and to thenter deep water formation processes.
Numerical simulations (Pinardi and Navarra, 1998rkdut et al., 1997; Pinardi and
Masetti, 2000, Mounier et al., 2005) demonstrateat the overall LPB cyclonic
circulation, is actually thermohaline and wind @iv The cyclonic circulation is
reinforced by the wind stress curl acting over hiasin. The influence of the wind
forcing on the NC in the Gulf of Lyons was qualiitaty established by Millot and
Wald (1980) using satellite thermal imagery andlaxged quantitatively by the
modeling results. During Mistral wind events theface flow associated with the NC
veers offshore when reaching the Gulf of Lyonsiioig the western limb of the LPB
cyclonic circulation. Under no or weak wind conalits, and especially during the
stratification period (summer), the surface NC ourgs westward along the coast

towards the Catalan Basin (Millot and Wald, 1980).



Mesoscale variability is ubiquitous and dominantmiost parts of the LPB and in
particular in the NC (Taupier-Letage and Millot,889 Echevin et al., 2003, Sammari
et al.,, 1995). There are marked seasonal variaiiorise mesoscale activity with a
maximum in winter when the NC is deeper, stronget marrower, closer to the coast

and instability processes generate mesoscale stesct

The circulation in the LPB was recently investighigsing satellite altimeter data
(Pujol, 2006; Birol et al., 2010). Objectively inp@lated and along-track sea level
anomalies combined with the mean dynamic topograghiio et al. (2007) show
clearly a depression of the order of 10 cm corredpw to the basin-wide cyclonic
circulation in the LPB. The western and southemrbk of this circulation are usually
located in the Catalan Sea and just north of tHed@ Islands (forming the Balearic
Current), respectively, in good qualitative agreemaeith the historical maps based
on hydrographic data. Monthy-averaged surface ggalsic currents derived from the
altimeter data in the NC reach 10 cm/s in winteil&ated and contemporaneous in-
situ ADCP measurements are comparable with theseltse(Birol et al., 2010),
although being a little more energetic in termarafan current and variability. The
satellite altimeter data reveal substantial inteuah variability of the NC during the

period 1993-2007.

Lagrangian measurements in the LPB date back t@ ¥9&n three surface drifters
where deployed in the WCC during the DYOME expentn€lraupier-Letage and
Millot, 1986). Surface speeds of 15-25 cm/s wereasneed in the WCC. High-
frequency (presumably inertial) and mesoscale metare noticeable in all the drifter
trajectories. After a complex pathway, one drifearentually joined the NC and

moved westward along the French coast. Drifter @gga in the Tyrrhenian Sea



occasionally entered into the LPB through the @arsChannel (see Mediterranean
and  Tyrrhenian  drifter databases at the MedSVP  wekite:

http://poseidon.ogs.trieste.it/sire/medsypin a recent work by Rinaldi et al. (2010),

Tyrrhenian drifters show complex circulation pattem the Corsica Channel.

In this study, we describe the surface circulatiothe LPB (and the Gulf of Lyons)
using the data of Lagrangian drifters purposefdéployed in the LPB to measure the
surface water general circulation and dispersidthogh the drifters were deployed
at a unique site in the central Ligurian Sea ineortb better describe dispersion
properties, during several episodes in 2007 and,20@y covered the whole LPB
and sampled adequately the NC, thus providing aomdpnity to describe for the first
time the LPB surface circulation based on in-siiftet data. After a brief description
of the data and methods (section 2), a qualitatescription of the LPB based on the
drifter trajectories is proposed (section 3). Tiuence of the Mistral wind forcing is
also addressed, and in particular, its role in iotpsthe LPB surface cyclonic
circulation southeast of the Gulf of Lyons. The mabundant drifter data in the NC
allows a description of its surface flow based sayzlo-Eulerian statistics (section 4).

Discussions and conclusions are found in section 5.

2. Data and methods
2.1 Drifter data
Since the advent of satellite tracking in the H®&0s, the use of drifters has become
an effective methodology to measure marine currants water properties over a
large range of spatial and temporal scales. Degshite sampling benefit, surface
drifters have the drawback that they can slip wétspect to the surface waters due to

the direct effect of winds and waves, and theytheeefore called quasi-Lagrangian



drifters. This slip was reduced and quantified doilew types of drifters such as the
Surface Velocity Program (SVP) and Coastal Oceanabycs Experiment (CODE)
designs (Pazan and Niiler, 2001; Poulain et alQ920CODE drifters have been
commonly used in coastal regions and marginal ssad) as the Gulf of Mexico
(Ohlmann et al., 2001), the Adriatic Sea (Poulda®91; Ursella et al., 2006) and the

Gulf of La Spezia (Molcard et al., 2009; Haza et2010).

CODE drifters were developed by Davis (1985) in ¢aely 1980’s to measure the
currents in the first meter under the sea surfadee CODE drifters used in this study
were manufactured by Technocean (model Argodrift€hey consist of a slender,
vertical, 1-m-long negatively buoyant tube with falrag-producing vanes extending
radially from the tube over its entire length amdirf small spherical surface floats
attached to the upper extremities of the vanesawigle buoyancy (Poulain, 1999).
Direct slip measurements (P.-M. Poulain, Persomain@unication) with acoustic

currentmeters showed that the Technocean CODEewdrifollow the surface currents
within 2 cm/s. In addition to the standard satelitrgos tracking and telemetry, the
drifters were equipped with Global Positioning @yst(GPS) receivers. The Doppler-
based Argos tracking has an accuracy of 300-1008nth positions are typically

available 6-12 times per day. GPS locations hakglaer accuracy (~10 m; Barbanti
et al., 2005) and are sampled more frequently {ekieur). All the drifter data (GPS

positions, sea surface temperature, battery voltagee transmitted to the Argos

satellite system.

The drifters were deployed as part of Marine RapRivironmental Assessment
(MREA) exercises in small scale clusters (~1 kmBdf units at a single location in

the open Ligurian Sea in the vicinity of the ODASol (9°E10.2’, 43°N47.4’; see



Fig. 1). Deployments were carried out in May 200id aune 2007 as part of the
MREA-07 and LASIE-O7 (Ligurian Air-Sea InteractioBxperiment) experiments
(Teixeira, 2007; Fabbroni, 2009). In 2008, the dgpients were repeated three times
during the MREA-08 sea trial. Deployment detaile bsted in Table 1. Some drifters
stranded on the Italian and French coasts and sueeessfully redeployed. Taken into
account that some drifters failed transmitting tigiter deployments and that others
were recovered and redeployed, the 26 CODE drifieesd provided 34 individual

trajectories in total.

Both Argos and GPS data were quality controllednlomed and interpolated at 2-h
uniform intervals using a “kriging” optimal interfaion method based on a structure
function whose characteristics were calculated ftbendata themselves (Hansen and
Poulain, 1996). They were subsequently low-pasdegteid with a hamming filter
with cut-off period at 36 hours, in order to elimia tidal and inertial variability, and
then subsampled every 6 hours. Velocities were thdéulated as finite differences of

the subsampled positions.

The drifters covered a relatively large area of tR8 (Fig. 1), and some units even
escaped into the Tyrrhenian, Catalan and Alger&sins. Spatial coverage is maximal
in the eastern Ligurian Sea north of Corsica, anthe NC between Genoa and the
Gulf of Lyons. Some drifters entered the Gulf ofobhg in 2008, before continuing
towards the Catalan Sea. Because of strandingseadazards, drifters were rather
short-lived (mean half life of 20.5 days) and, a®sult, the temporal distribution of
the data is very intermittent (Fig. 2, top pan&égmporarily, the LPB was sampled by
the drifters during 14 May - 19 October 2007 (MREAOASIEO7) and 1 October

2008 - 23 January 2009 (MREAO08). The maximum datasidy occurred on 23 June



2007 with 12 drifters working simultaneously. If wgamine the monthly distribution
of the data, independently of the year (Fig. 2idutpanel), it appears that no (few)
data are available from February to April (in Jajzuand September), and that
essentially the summer and fall conditions wereach Restricting the dataset to the
NC area between the Gulf of Genoa and the Gulf yanks, the daily distribution

becomes even more intermittent and only the moh#ta/een June and November

have data.

The drifter data used in this study were also usgd-abbroni (2009) to validate
numerical simulations of the dispersion of surfa@cers using relocatable nested
models, by Vandenbulcke et al. (2009) to predictase drifter with super-ensemble

techniques and by Schroeder et al. (2010) to steldyive dispersion in the LPB.

2.2 Wind products

Cross-Calibrated, Multi-Platform (CCMP) ocean soefavind velocity products were
downloaded from the NASA Physical Oceanography DACthe period of study
(Atlas et al., 2009). These products were creasatgua variational analysis method to
combine wind measurements derived from severallisatecatterometers and micro-
wave radiometers. Six-hourly gridded analyses &fhkm resolution were used (level

3.0, first-look version 1.1).

These wind products were utilized to assess thectefif the northwesterly Mistral
winds prevailing in most of the northwestern Med#@eean, and in particular in the
Gulf of Lyons, on the surface currents. In orderctmfirm that the LPB cyclonic
surface circulation is short cut with a south-seaitiward current in front of the Gulf

of Lyons, in other words, that the surface watewfhg in the NC is deviated offshore



and closes the basin-wide cyclonic loop during Mistvents, the CCMP surface
winds at one location southeast of the Gulf of Ly¢h1°N52.5" and 5°E52.5’) were
used. These wind data were sorted in the follovaatggories (winds blowing from
the entire northwestern sector with speeds in &xoes m/s, considered in this paper
as Mistral; all winds with speeds less than 5 nmi/blowing from the other sectors).
These wind regimes are used in the next sectiongalith the drifter trajectories, to
qualitatively show the influence of the Mistral whérifters are reaching the vicinity

of the Gulf of Lyons.

The CCMP winds were also used to calculate theafute pseudo wind stress. Both
winds and pseudo wind stresses were averaged eleeted periods to produce maps

with the mean wind field and the zero wind strass$ lines.

2.3 Pseudo-Eulerian statistics

Pseudo-Eulerian statistics of the surface velogiye computed in the area of the NC
extending between the Gulf of Genoa and the Gulfyoins where the data are more
abundant (dashed rectangle in Fig. 1). First, terdinate system was rotated around,
and distances were computed from, a point locat&8dN30’, 7°E30’. The rotation
is 40° anti-clockwise from the zonal direction irrder to align the x-axis
approximately parallel to the coast. Second, the-pass filtered 6-hourly drifter
velocities were averaged in non-overlapping binsSokm (y-axis or cross-shore
direction) by 10 km (x-axis or along-shore diren)ioThis anisotropy was adopted
because cross-shore variations are expected toobe pnonounced than those in the
along-shore direction. The following quantities wecomputed within the bins:
number of 6-hourly observations, mean flow, velpciariance ellipses, kinetic

energies of the mean flow (MKE) and of the flucingtcurrents (EKE). Definitions

10



can be found in Poulain (2001). The statisticsoaulg considered (and plotted) for the

bins with at least 3 observations.

In selected coastal areas, such as the area ofiampéenton-Nice and Fréjus, the
drifter velocities were averaged in 4 km by 30 kestangles oriented in the along-
shore direction (rotated anti-clockwise by 40° wiéispect to the zonal direction and
with 50% overlapping in the cross-shore directitmlstudy the structure of the NC

and its relation to bathymetry.

3. Qualitative description and wind effects
The first group of drifters deployed in May 2007g:F3a) moved coherently to the SE
for about 10 days and then spread apart with samts aventually approaching the
Italian coast and joining the NC. Two drifters wadvected offshore near longitude
7°E, veered to the southeast towards Corsica anedahe WCC. One of these
proceeded northward towards the Gulf of Genoa dosed a basin-wide cyclonic
loop in about 35 days. In contrast, the other omuved eastward north of Corsica and
was trapped by a strong anticyclonic eddy locatedhie Corsica Channel. After
completing a total of five loops, four around thaptaia Island and an extended one
encircling the Elba Island as well, between latg dnd mid August 2007, this drifter
finally escaped to the south in the Tyrrhenian SH#& period of rotation in the

anticyclone is about 3 days.

The drifters deployed in June 2007 (two clustepassted by 5 days, see Table 1),
remained in a tight group and moved northward leefe@aching the Italian coastal
areas and joining the NC (Fig. 3b,c). As a resllt,L0 units sampled the NC. One

drifter travelled in a first cyclonic loop locatbetween 7° and 9°E (size of about 100

11



km and rotation period of 16 days) and then cortihwith the NC towards the Gulf
of Lyons (Fig. 3b). There it was driven offshoreasy moved to the south, and then
to the east to reach the southwestern Corsicarn andgoined the WCC. It continued
with northward heading towards Genoa and entered\i@@ for the third time. This
external loop in the LPB took about 2 months. A oset drifter travelled
approximately along the same path but stranded theaisouthern tip of Corsica.
Another drifter re-circulated cyclonically from tidC to WCC but moved eastward
north of Corsica (Fig. 3b). The drifters deployadtidg the second episode (on 22
June 2007), except for some units stranding orrtBech coast, stayed together as far
as the Gulf of Lyons where they were driven offéh(ig. 3c). One unit eventually
came back with the WCC, was caught by a coastay eddh of Corsica, and then

reached the Corsica Channel in the Capraia antiocganentioned above.

No basin-wide closed circulation was shown by théteds released in 2008.
Following the first two deployments (Fig. 3d,e)ettirifters essentially moved to the
northeast, turning anticyclonically into a south@vaurrent which extended into the
Corsica Channel (Fig. 3d) and then almost reached\iC. Those which arrived in
the vicinity of the Gulf of Lyons continued theirestward motion, with some
meandering and looping into the Gulf, towards thata@n Sea. One unit was
advected again offshore in front of the Gulf (nkengitude 5°E, Fig. 3d) but made a
U-turn near 6°E30’, 41°N15’, showing northwestwatdrents in late December 2008
and early January 2009 where all the other driffdeployed in 2007) have shown
southeastward flow. The last drifters deployeddte |October 2008 moved to the

northwest and one of them sampled the NC as fareaSulf of Lyons (Fig. 3f).

12



The surface speeds measured by the drifters aresesgied along the tracks in Fig. 4.
Fast currents with speeds in excess of 50 cm/sareentrated in the NC and in the
the anticyclone located in the Corsica Channel. magimum sub-inertial speed of 90
cm/s occurred in the NC off the Italian coast. &jfseare also substantial in the WCC
and its extension into the NC, and in the Gulf gbhs. Slow drifter motions are

dominant in the eastern part of the LPB north & @orsica Channel and in some

very coastal areas off France and Corsica.

The surface drifter motions sorted into Mistral amoh-Mistral wind regimes are
depicted in Fig. 5. It can be seen that the redtation or short-cutting of the basin-
wide cyclonic circulation essentially appears betm€orsica and France, and in front
of the Gulf of Lyons, only if the Mistral winds aldowing. In contrast, the intrusion
of two drifters onto the Gulf of Lyons shelf andthorthwestward motion of one unit
off the Gulf of Lyons (see black arrows in Fig.dgcurred in 2008 under non-Mistral
wind conditions. The surface currents in the eastegurian Sea and in the NC

appear less directly influenced by the winds.

All the Mistral events concomitant with drifterspapaching the Gulf of Lyons were
studied in detail. In total, three such events wetend for the following periods: 2-6
July 2007, 28-31 July 2007 and 12-25 November 2608 6). In all cases, the mean
Mistral wind exceeds 10 m/s and the mean wind stcesl changes sign along a line
approximately oriented in the northwest-southwésation and crossing the Gulf of
Lyons in its central area, with positive (negativ@)rl to the east (west) of it.
Contemporarily, the drifters move offshore to tloeith and southeast in the vicinity

of the Gulf of Lyons (or more to the east in thgunan Sea), hence short-cutting the

13



LPB basin-wide cyclonic circulation. For two ever{&8-31 July 2007 and 12-25
November 2008; Fig. 6b,c) the offshore turningppraximately collocated with the
zero wind stress curl curve. Whereas during 2-¢ 4007, the turning appears to the

east of this curve in an area characterized bytipesvind stress curl (Fig. 6a).

4. Pseudo-Eulerian statistics in the NC
The geographical area of the NC between the GuG@&ioa and the Gulf of Lyons
was sampled by several drifters in June-Octobei7 20@ October-November 2008
(see Fig. 2). If the drifter data are consideretlims of 10 km (along-shore direction)
by 5 km (across-shore direction), the data denséy;, the number of drifter 6-hourly
observations, can be as large as 20-30 in locatabareas such as near Menton-Nice
and Fréjus (Fig. 7). In contrast, the density remdow in areas where the currents
are swift and the drifters move fast in and outh# bins. As a practical rule, we
consider only the bins with at least 3 drifter aolvaéons to compute the velocity
statistics. Note that the number of independeritedrobservations might be less than
the values depicted in Fig. 7 since observatioparsg¢ed by small temporal (e.g., 6 h)

and spatial distances can be correlated.

The averaging in bins allows to separate the kiratiergy of the surface currents into
two components, the energy of the mean flow (MKHEH ahe energy of the

fluctuations (EKE). The MKE (Fig. 8) is large inet NC west of about x = 100 km,

all the way to the Gulf of Lyons. It is maximum @aD cnf/s’) close to the coast near
Imperia. Off France, the large MKE appears aelitthore offshore, more or less
centered on the continental slope. Small valueddKE occur in the eastern area (near
Genoa, x > 100 km) and in the coastal areas offtMeNice and Fréjus, all these

areas being characterized by more abundant dajaqFiThe EKE (Fig. 9) is large in

14



the area off Menton-Nice with values approaching0@-cn/s?). It is also significant

east of Menton in a narrow coastal (~10 km wids)dbextending almost to Genoa.

In the eastern region of the domain where the N@irates, mean currents (Fig. 10)
are towards the coast and then westward, and hapétade varying in 7-21 cm/s.
Following the flow towards the west, the NC is séerstrengthen in a coastal strip
(< 10-20 km from shore) in water depth less tha@ @0 The bin-averaged speed is
maximal (~60 cm/s) in front of Imperia, that isthe same area where the maximum
6-hourly speed was found (Fig. 4). Upon reachirgnEe off Menton-Nice, the NC
decelerates and widens, in correspondence withgmeeral broadening of the
continental shelf and slope. Further downstreare, iiiean currents of the two
branches, one entering the Gulf of Lyons and thergproceeding offshore can be as
large as 50 cm/s. Reduced or practically no meam ¢haracterize the local coastal

waters near Menton-Nice and Fréjus, inshore of\iGe

Velocity variance ellipses (Fig. 11) confirms thendnance of the variability near the
Italian coast (more or less inshore of the 200 obash) and the more extended
maximum off Menton and Nice. The large eccentriotyhe ellipses indicate that the
fluctuating currents are essentially polarized andnted parallel to the coast. There
is a slight trace of cross-shore variability off Men-Nice where the ellipses are less

elongated.

If the along-shore velocities are considered aretayed in elongated bins parallel to
the coast (size of 4 km by 30 km and overlappindp0%) in selected areas such as
30 km-wide regions off Imperia, Menton-Nice and j&se(Fig. 12), the following

results are obtained: 1) The NC off Imperia (Figa)lis limited within 20-30 km

15



from shore above the continental slope. Its coréh vmaximal (individual near 90

cm/s and averaged near 50 cm/s) and highly varsjieds is located between the
coast and about 10 km offshore, in water depths tlegn 200 m; 2) Further to the
west (Fig. 12b,c), the continental slope is lessiptband the NC widens, weakens
(average speeds less than 50 cm/s) and moves &fbkoween 15 and 35 km from
the coast. In front of Menton-Nice (Fig. 12b) therents are higly variable between
10 and 20 km from the coast, whereas off Fréjug.(ERc) the currents are weak

(averaged speed less than 10 cm/s) from the amasiout 10 km offshore.

5. Discussion and conclusions

Satellite-tracked drifters were used to study tlefage circulation in the LPB
between May 2007 and January 2009. The driftersaled a complex circulation in
the eastern Ligurian Sea north of Corsica and g weiak signature of the ECC (Fig.
4). Instead, the transport through the CorsicanBébappears to be limited due to the
prevalence of an anticyclonic eddy in summer 2d®i& reduced connection between
the Tyrrhenian and Ligurian seas in summer is ire@gent with the results of
Astraldi and Gasparini (1992), Astraldi et al. (09@&nd the simulations of Pinardi
and Masetti (2000). In contrast, the WCC is wellirsgated by the drifters with
northward surface currents reaching 50 cm/s (BigMst of the drifters deployed in
the Ligurian Sea eventually ended up in the NC{rang southwestward coastal
current forming in the Gulf of Genoa and extendasgfar west as the Gulf of Lyons.
Surface speeds in the NC can be as large as 90 espéscially off Imperia where the
NC core is narrow and located less than 10 km ftleencoast (Figs. 4, 10 and 12).
Further to the west, in front of Menton-Nice, th€ I slightly weaker (speeds <= 50

cm/s) and broader (extending between 15 and 35rkm the coast; Fig. 12). The
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currents inshore of the NC are highly variable. Seheesults are compatible with
those of Béthoux et al. (1988) and Sammari et1&95). Off Fréjus, the NC is still
mainly located between 15 and 35 km from shore, th& inshore area is
characterized by sluggish currents (resulting stagnation area where some drifters

ultimately stranded or were picked up).

Upon reaching the Gulf of Lyons, some drifters ginaleployed in 2007, see Fig.
3a,b,c) moved offshore to the south-southeast aocepded towards Corsica. They
joined the WCC and closed a basin-wide cycloniedgrthe LPB. It was shown that
the recirculation or the offshore currents at tbeel of the Gulf of Lyons mainly

occur during Mistral events (Figs. 5 and 6). Intcast, if the Mistral is not prevailing,

the drifters continued moving towards the southwastthe continental slope and
eventually entered the Gulf of Lyons before prooegdh the direction of the Catalan

Sea (see the drifters deployed in 2008 in Fig.,8d,e

We therefore conclude that the Mistral winds aréntgaesponsible for the closing of
the LPB cyclonic gyre between longitudes 5-6°E famdhe formation of smaller sub-
gyres such as the Ligurian-wide gyre of Fig. 3bisTiacirculation was already noted
by Ovchinnikov (1966) using hydrographic data, Rihand Navarra (1993) and
Molcard et al. (2002) in wind driven numerical siations of the Mediterranean Sea.
The existence of a large-scale cyclonic circulaBonompassing all the LPB, the area
off the Gulf of Lyons and the Catalan Sea as shimwthe historical (Crépon and al.,
1982) and satellite altimeter (Pujol, 2006) mapsherefore not verified by the
drifters. It is noticeable that the Mistral windests curl has its zero crossing line
around 5-8 E (Molcard et al., 2002; Fig. 7b,c) and this migittuce the early closing

of the LPB wide circulation into a smaller gyre, mapped in Figs. 3b and 6a. The
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position of the offshore turning of the sub-gyrealso about at the location of the
Rhone Fan, a very important bathymetric structueeetbped from the centre of the
Gulf of Lyons shelf to deep ocean (Madec et al91)9 This bottom structure helps
to form a stable cyclonic circulation eastward loé fan and that could produce the
offshore turning of the drifters. This coincidensleould be better explored in the

future process models of the LPB basin scale atimii.

Pseudo-Eulerian statistics (Figs. 7 to 11) focusethe area coastal area between the
Gulf of Genoa and Gulf of Lyons, quantified sometlué characteristics of the NC
mentioned above. In particular, fast currents amstimal MKE (~1800 cifis?) occur

off Imperia, whereas small mean currents prevdilMénton-Nice and Fréjus. The
latter areas are also characterized by a high @endi observations, and high
probability of stranding and pick up near Fréjusjicating that drifters deployed
offshore do enter them. The EKE and velocity var@ellipses are large along the
coast between Imperia and Nice (maximum ~706/s4n The ellipses are mainly
oriented along the coast. They correspond to vanstat temporal scales ranging

between a few days to a few months and exclud®sabkgariability.
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Figure captions

Fig. 1. Composite diagram with all the drifter &etories (back: MREA-07 and
LASIE-O7 and gray : MREA-08) in the LPB between Nlay 2007 and 23 January
2009. Star and open circle symbols indicate théogepent and last positions for each
drifter, respectively. The area of the NC extegdietween the Gulf of Genoa and

the Gulf of Lyons is depicted with a dashed recang

Fig. 2. Temporal distribution of the drifter datathe LPB: number of drifter-days per
day (top panel) and per month (independently of year; bottom panel). The
embedded gray bars correspond to the area of thexi#gnding between the Gulf of

Genoa and the Gulf of Lyons (see dashed rectandtagi 1).

Fig. 3. Trajectories of the drifters sorted by agphent episodes/clusters listed in
Table 1. Star and open circle symbols indicatedigygoyment and last positions for

each drifter, respectively.

Fig. 4. Segments of drifter trajectories sorted diifter speed in the LPB. The
maximum sub-inertial speed of 90 cm/s occurredhia NC off the Italian coast

(marked by a white dot).

Fig. 5. Segments of drifter trajectories sortedvagd regimes. Wind regimes are
defined considering the CCMP winds at 41°N52.5" abtE52.5’ and sorting them
into two categories (Mistral: winds blowing frometlentire northwestern sector with

speeds in excess of 5 m/s; Non-Mistral: winds vggieeds less than 5 m/s and
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blowing from the other sectors. Black arrows intBcaorthwestward drifter motion

into and towards the Gulf of Lyons when Mistrah® blowing.

Fig. 6. CCMP winds averaged over the periods ofgleag Mistral winds: (a) 2-6

July 2007, (b) 28-31 July 2007 and (c) 12-25 Noven2008. The zero wind stress
curl lines are also depicted, as well as segmdrdsfter trajectories corresponding to
the time periods (star and open circle symbolscetei the first and last positions for

each drifter, respectively).

Fig. 7. Drifter data density in the NC area extegdbetween the Gulf of Genoa and
the Gulf of Lyons: number of 6-hourly observatidnshins of 10 x 5 krh (gray
tones). The 200 m and 2200 m isobaths are shownthith black and gray curves,

respectively. Coordinates are in km.

Fig. 8. Same as in Fig. 7 but for the kinetic eyeofj the mean flow (MKE) and

considering only bins with at least 3 observations.

Fig. 9. Same as in Fig. 8 but for the kinetic egarfjthe fluctuating velocities (EKE).

Fig. 10. Mean circulation in the NC area extendiegiveen the Gulf of Genoa and the
Gulf of Lyons (vectors) along with the drifter teagories (light gray). Drifter
velocities were averaged in bins of 10 x 5°%kontaining at least 3 observations. The
200 m and 2200 m isobaths are drawn with thin bl gray curves, respectively.
Coordinates are in km. The location of the maxinmgpeed is indicated by a black dot

near Imperia.
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Fig. 11. Same as in Fig. 10 but for the velocitsiarace ellipses.

Fig. 12. Along-shore velocities off Imperia (a), Men-Nice (b) and Fréjus (c) as a
function of distance from the coast. Individualo@ties in a 30 km-wide band are
shown by dots, whereas the bin-averaged (in 30k km) are depicted with a solid

curve. Bathymetry is shown with gray shading.
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Date Ship Experiment Number off Number of
drifters kriged tracks

14-May-2007 ITN Galatea MREA-07 5 8
17-Jun-2007 R/V Urania LASIE-O7 S 7
22-Jun-2007 R/V Urania LASIE-O07 5 8
1-Oct-2008 ITN Magnaghi MREA-08 5 4
10-Oct-2008 | ITN Magnaghi MREA-08 3 3
21-Oct-2008 | ITN Magnaghi MREA-08 3 4
Total 26 34

Table 1. Details on the drifter deployments condddh the open Ligurian Sea from

the Italian Navy ships Galatea and Magnaghi andtéiian Consiglio delle Ricerche

(CNR) ship Urania during the MREA-07, LASIE-07 aWdREA-08 experiments.
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Fig. 10.
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