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Introduction

Satellite data are an important component of the ocean observing system. Their obvious advantages are to give a synoptic view of the oceanic conditions and to satisfy criteria in terms of sampling frequency and duration of observations. Amongst them, altimetric data have been intensively used over the last decade for observing and analyzing the large-scale circulation variability in many areas of the world ocean (for example: [START_REF] Wang | Annual variability of the subtropical recirculation in the North Atlantic and North Pacific: a TOPEX/Poseidon Study[END_REF][START_REF] Fu | Large-scale ocean circulation[END_REF]Strub and James, 2002a,b). The altimetric sea surface height (SSH) data extends over more than 15 years with a relatively good continuity and consistency between different missions and instruments, and has unique capabilities to provide information about the dynamics of the ocean. However, the usefulness of this type of data for observing the coastal ocean is currently under exploited. Even though past studies have shown their potential [START_REF] Echevin | Variabilité du niveau de la mer mesuré par altimetry dans le Golfe du Lion. Etude de l'influence de diverses observations sur la prévision de la circulation côtière[END_REF][START_REF] Birol | Separation of the semiannual Rossby waves from the southeastern Indian Ocean coast[END_REF][START_REF] Ridgway | The 5500-km-long boundary flow off western and southern Australia[END_REF][START_REF] Deng | Seasonal and interannual variations of the Leeuwin Current off Western Australia from TOPEX/Poseidon Satellite Altimetry[END_REF], the use of satellite altimetric products in the coastal ocean is challenging because of three types of problems. First, and certainly the strongest limitation, the radar echo itself interferes with the surrounding land, which results in unreliable data within ∼5-10 km of the coastlines [START_REF] Deng | Estimation of contamination of ERS-2 and Poseidon satellite radar altimetry close to the coasts of Australia[END_REF]. Second, the standard corrections (e.g. wet tropospheric correction, wave height, high frequency and tide corrections from global models, etc…) applied to the altimeter data are not adapted to the intrinsic characteristics of the coastal dynamics (shorter spatial and temporal wavelengths) and add to the problem of poor quality in altimeter data over shallow waters. As a consequence the precision of the altimeter data decreases dramatically when approaching the coast and the data are usually flagged within 50 km of the land in products distributed by operational centres. Finally, the space-time sampling of the altimetric satellites is generally too low to capture a wide range of coastal ocean processes (coastal tides and high frequency barotropic dynamics, inertial motions, shorter scale eddies and meanders associated with flow instabilities, …).

In the near future, the new generation of altimetric missions will better fulfil the requirements for coastal observations (AltiKa, SWOT, etc…). But in parallel, we need to develop new approaches to address the problems mentioned above, including data processing strategies dedicated to coastal purposes, to understand the physics represented in the signals (i.e. interpret the coastal SSH data in terms of underlying ocean dynamics, define their usefulness and limitations). We also need to analyze how to use altimetry in combination with other types of coastal observing systems (other satellite observations but also insitu measurement networks or airborne observations) and/or ocean models. Such experience gained from existing altimetric data will guide the design of future missions, and is crucial to optimize both the quality and quantity of altimetric data records in the coastal zones.

Substantial efforts have been made by the scientific community to address these questions. Based on different approaches, some solutions have already been proposed to improve the quality, availability and resolution of altimetric data near and above continental shelves [START_REF] Vignudelli | Improved satellite altimetry in coastal systems: case study of the Corsica Channel (Mediterranean Sea)[END_REF][START_REF] Deng | A coastal retracking system for satellite radar altimeter waveforms: application to ERS-2 around Australia[END_REF]Bouffard et al., 2008a;[START_REF] Saraceno | Estimates of sea surface height and nearsurface alongshore coastal currents from combinations of altimeters and tide gauges[END_REF]Roblou et al., in press). As an example, authors have shown [START_REF] Volkov | Improving the quality of satellite altimetry data over continental shelves[END_REF]Bouffard et al., in press)that the use of an accurate tidal model over continental shelves highly improves the quality of the altimeter observations. In this context, an advanced altimetric data processing software named X-TRACK has been developed (Roblou et al., in press), and experimentally implemented at the Centre for Topographic studies of the Ocean and Hydrosphere (CTOH). It has been used on dedicated oceanic regions. The improvement resulting from this processing tool is obvious, both in terms of error reduction and data availability near the shelf [START_REF] Vignudelli | Improved satellite altimetry in coastal systems: case study of the Corsica Channel (Mediterranean Sea)[END_REF]Bouffard et al., 2008b, in press). Even if a lot remains to do, previous studies show that the corresponding reprocessed satellite data are able to capture characteristics of the coastal dynamics, offering the opportunity to document the variability of various dynamical processes at different time scales [START_REF] Vignudelli | Improved satellite altimetry in coastal systems: case study of the Corsica Channel (Mediterranean Sea)[END_REF]Bouffard et al., 2008b;[START_REF] Durand | An algorithm to estimate coastal currents from satellite altimetry: a case study for the East India Coastal Current[END_REF]Bouffard et al., in press).

In this study, we will address the question of what can be observed in the case of the Northwestern Mediterranean Sea boundary circulation. We will examine satellite altimetry-derived fields on a regional basis, and analyze what new insights can be gained using the retrieved information compared to past studies, satellite SST fields and in-situ measurements. This region is interesting for such an exercise because it has been the site of previous intensive in-situ campaigns, providing a relatively good knowledge of the main characteristics of the surface current system (for example [START_REF] Millot | Circulation in the western Mediterranean sea[END_REF][START_REF] Astraldi | Temporal variability of currents in the eastern Ligurian Sea[END_REF][START_REF] Castellón | The Liguro-Provençal-Catalan current (Northwestern Mediterranean) observed by Doppler profiling in the Balearic Sea[END_REF][START_REF] Millot | Circulation in the western Mediterranean sea[END_REF][START_REF] García | Surface circulation and dynamic of the Balearic Sea. Seasonal and interannual variability of the Western Mediterranean Sea[END_REF][START_REF] Sammari | Aspects of the seasonal and mesoscale variabilities of the Northern current in the western Mediterranean Sea inferred from the PROLIG-2 and PROS-6 experiments[END_REF].

The Northwestern Mediterranean Sea appears to be a dynamical entity. The "Northern Current", also known as the Liguro-Provençal-Catalan Current (hereinafter LPC) is the surface part of the thermohaline circulation of the Mediterranean Sea. It is formed by the return branch of the cyclonic circulation of the Western Mediterranean Sea [START_REF] Herbaut | Separation of a coastal current at a strait level: case of the strait of Sicily[END_REF][START_REF] Béranger | The dynamics of the Sicily Strait: a comprehensive study from observations and models[END_REF] and is reinforced by the wind stress curl over the Liguro-Provençal Basin [START_REF] Herbaut | A sensitivity study of the general circulation of the western Mediterranean. Part II: the response to atmospheric forcing[END_REF]. The LPC results from the merging, in the Ligurian Sea, of two currents flowing northward on both sides of Corsica, the Eastern Corsican Current (ECC) and the Western Corsican Current (WCC) (Fig. 1). The LPC then flows cyclonically along the coasts of Italy, France and Spain [START_REF] Millot | Mesoscale and seasonal variabilities of the circulation in the western Mediterranean[END_REF]. This boundary current is a permanent feature in a band ∼30-50 km wide and is associated with a marked shelf/slope density front. In the Channel of Ibiza, the LPC splits in two parts. The first one crosses the strait and flows toward the Algerian Basin; the second one recirculates eastward along the Balearic Islands, forming the Balearic Front before reaching the Corsica Island [START_REF] Castellón | The Liguro-Provençal-Catalan current (Northwestern Mediterranean) observed by Doppler profiling in the Balearic Sea[END_REF], resulting in a cyclonic gyre in the middle of the Northern Basin. Several driving mechanisms and processes are responsible for the circulation patterns and variability in the different sub-basins of the studied area (thermohaline circulation at the basin scale, wind, deep water formation, frontal instabilities, topographic effects). Some characteristics of the flow structure are highlighted from the direct current and hydrographic measurements (PROS-6, DYOME, PRIMO, CANALES, WMCE and MEDOC cruises, …)m a d ea td i f f e r e n t locations and periods of time along the path of the LPC. Past studies generally describe the current as a complex system, with important spatial and temporal variability [START_REF] Millot | Mesoscale and seasonal variabilities of the circulation in the western Mediterranean[END_REF][START_REF] Albérola | On the seasonal and mesoscale variabilities of the Northern Current during the PRIMO-0 experiment in the western Mediterranean Sea[END_REF][START_REF] Pinot | Interannual, seasonal and mesoscale variability of the circulation in the Balearic Channels[END_REF]. Large cruise to cruise variability of the slope circulation has been observed. However, it displays a clear seasonal variability [START_REF] Albérola | On the seasonal and mesoscale variabilities of the Northern Current during the PRIMO-0 experiment in the western Mediterranean Sea[END_REF][START_REF] Millot | PRIMO-0 and related experiments[END_REF][START_REF] André | Modelled variability of the sea surface circulation in the North-western Mediterranean Sea and in the Gulf of Lyons[END_REF], with a maximum flux during winter and spring. In winter, the LPC Current is expected to be deeper, narrower, baroclinically unstable and tends to flow closer to the slope [START_REF] Crépon | Low-frequency waves in the Ligurian Sea during December 1977[END_REF][START_REF] Millot | Mesoscale and seasonal variabilities of the circulation in the western Mediterranean[END_REF]. In this study, we will analyze whether the altimeter fields reprocessed with a coastally oriented strategy can be used to give a synoptic view of the seasonal variability of the rather narrow coastal surface circulation in the Northwestern Mediterranean Sea. Of particular interest is the long time series of these synoptic satellite observations (more than 14 years are used in this study) that provide a relatively good climatological view of the current system, as well as its seasonal/interannual variability.

This article is organized as follows: In Section 2, we present the geostrophic current anomalies computed from altimetric data, as well as the in-situ current meter and SST data and the derived climatologies that are used to validate and interpret the results. In Section 3,t h e satellite derived and in-situ current measurements are compared. A regional analysis of the seasonal evolution of the circulation observed near the shelf break is proposed in Section 4 and a discussion of the results concludes this study in Section 5.

Data

Geostrophic current anomalies derived from altimetry

We use altimeter data from Geophysical Data Records (GDRs) provided by [START_REF] Aviso | AVISO user handbook, Merged TOPEX/Poseïdon products[END_REF] for both TOPEX/Poseidon (T/P hereinafter) and Jason-1 missions. The whole data set has been reprocessed along the tracks with the X-TRACK software (Roblou et al., in press)ata1Hzrate (6-7 km), from cycle 17 (28 February 1993) to cycle 364 (1 August 2002) for T/P, and from cycle 22 (11 August 2002) to cycle 213 (28 October 2007) for Jason-1 data. The objectives of this software are to improve both the quantity and quality of altimeter estimates in coastal regions by reprocessing a posteriori the GDRs delivered by operational centres, In brief, it consists of redefining the data editing strategy to minimize the loss of data during the correction phase, using improved local modelling of tides and short-period ocean response to wind and atmospheric pressure forcing where possible and using an optimal, high resolution, along-track vertical reference surface. For details, the reader is referred to the paper by Roblou et al. (in press) and to the Annex section of [START_REF] Durand | An algorithm to estimate coastal currents from satellite altimetry: a case study for the East India Coastal Current[END_REF]. An evaluation of the resulting data characteristics has demonstrated the efficiency of the X-TRACK strategy in restoring much more near-coastal SSH measurements than classical processing systems [START_REF] Vignudelli | Improved satellite altimetry in coastal systems: case study of the Corsica Channel (Mediterranean Sea)[END_REF]Bouffard et al., 2008b;[START_REF] Durand | An algorithm to estimate coastal currents from satellite altimetry: a case study for the East India Coastal Current[END_REF]Bouffard et al., in press). The two altimeter missions mentioned above have the same 10-day period and use the same reference ground tracks. For the computation of corrected SSH data, the standard geophysical corrections provided by [START_REF] Aviso | AVISO user handbook, Merged TOPEX/Poseïdon products[END_REF] are applied to altimeter ranges, except for the geophysical corrections (tides and high frequency signal aliasing) which have been computed using the regional barotropic Mog2D/TUGO-Medsea model outputs [START_REF] Carrère | Modelling the barotropic response of the global ocean to atmospheric wind and pressure forcingcomparisons with observations[END_REF][START_REF] Mangiarotti | Surface pressure and wind stress effects on sea level change estimations from TOPEX/Poseidon Satellite Altimetry in the Mediterranean Sea[END_REF] instead of state-of-the-art global models. To integrate the data, a relative mean bias between T/P and Jason-1 has been computed over the Jason-1 validation phase and is applied to the Jason-1 altimeter range. As the resolution and accuracy of available geoid models are not adequate at mesoscale wavelengths [START_REF] Legrand | Future gravity missions and quasi-steady ocean circulation[END_REF], conventionally, only sea level anomalies (SLA) are used, i.e. the part of sea surface height due to the ocean variability. The mean ocean component due to steady currents must be retrieved by independent data. In this paper, we use only SLA which have been obtained by subtracting an along-track mean SSH profile, computed by averaging the altimetric SSHs over the entire duration of our time series. Along-track and cross-track geoid slopes have been used as a correction to refer all SLA data to equally sampled reference points along the nominal ground track [START_REF] Legresy | Along track repeat altimetry for ice sheets and continental surface studies[END_REF]. In order to reduce the noise, a low-pass Loess filter [START_REF] Cleveland | Locally weighted regression: an approach to regression analysis by local fitting[END_REF] with a 20-km cut-off wavelength was applied to the alongtrack SLA. This finally forms at each altimetric reference point a long time series of 540 samples with a 10-day time resolution.

The T/P and Jason-1 ground track sections used for this study were chosen because they cross the LPC system at different locations as shown in Fig. 2. The 200-m, 1000-m and 2000-m isobaths computed from the ETOPO2 model (version 2) are superimposed. The tracks are separated by ∼ 245 km. Assuming geostrophic balance, the cross-track anomalous surface geostrophic velocity (ASGV hereinafter) can then be calculated from the along-track gradient of SLA.

Note that only the velocity component perpendicular to the altimeter pass is reliable from along-track altimetric data. The higher the angle between the cross-track direction and the local axis of the current system, the lower is the ability of altimetric data to locally capture the current variability [START_REF] Morrow | Surface eddy momentum flux and velocity variances in the southern ocean from Geosat altimetry[END_REF]. However, since the coastal currents flow on average along the continental shelf edge, from Fig. 2,i ti sc l e a rt h a t some tracks (248, 70, 146, 222 and 161) of the T/P and Jason-1 missions are approximately perpendicular to the boundary currents.

In order to study the seasonal current variability, we have removed the intense transient events which can be very important within the study area [START_REF] Millot | Mesoscale and seasonal variabilities of the circulation in the western Mediterranean[END_REF][START_REF] Albérola | On the seasonal and mesoscale variabilities of the Northern Current during the PRIMO-0 experiment in the western Mediterranean Sea[END_REF][START_REF] Estournel | Observation and modelling of winter coastal oceanic circulation in the Gulf of Lion under wind conditions influenced by the continental orography (FETCH experiment)[END_REF]. For this, we have filtered the data with a low-pass Loess filter using a 30 day cut-off period. Moreover, the convention we have chosen is that current anomalies are positive to the left of the track (when looking to the north). Therefore, along the northern branch of the cyclonic LPC, positive (negative) values mean an increase (decrease) of the current velocity; along the southern recirculation branch, positive (negative) values mean a decrease (increase) of the current velocity. The number of derived ASGV data over the period of interest was compared with the one derived from the regional AVISO product (http://www.aviso. oceanobs.com/en/data/products/sea-surface-height-products/index. html). In Fig. 3, we can clearly observe that significant information is recovered by using a coastally oriented processing strategy, compared to an open-ocean one. This is particularly true in the Balearic Sea, near the shelf break of the Ligurian Sea and in the northern Tyrrhenian Sea where large data gaps exist in classical altimetric products (also shown by Bouffard et al., 2008b and[START_REF] Vignudelli | Improved satellite altimetry in coastal systems: case study of the Corsica Channel (Mediterranean Sea)[END_REF]. The first stage of validation was to assess the quality of the recovered information. As shown in the next sections, there appears to be a very good consistency between the data located over and off the continental shelf.

Finally, along each altimetric track, a monthly climatology of ASGV was constructed by simply averaging the corresponding monthly values of the long-term time series (1993 to 2007). The resulting information will be discussed in Section 4. However, note that altimetry only allows us to observe the geostrophic current anomalies. As a consequence, only the variability of the circulation will be discussed in this study.

Independent current measurements

In order to quantify the accuracy of the altimetric-derived geostrophic currents in the near-shore region, we have used 1) the measurements from a subsurface current meter moored on the Catalan shelf break (mooring C1 on Fig. 2) in the frame of the Spanish FANS and YOYO projects, and 2) current measurements made in the Ligurian Sea from a ship-mounted acoustic Doppler current profiler (ADCP) (these measurements are made in the framework of the BOUSSOLE and DYFAMED projects, the corresponding mean transect is noted DFM and indicated on Fig. 2). Note that the locations of in-situ measurements and altimeter ground tracks do not coincide with each other. The altimeter computed currents include only the anomaly of the geostrophic component that is perpendicular to the track. In addition, the temporal and spatial scales resolved are also different (see below). Therefore, smoothing in time and/ or space has been applied to the independent data, and comparisons will be made in terms of observed current anomalies.

The current meters offshore the Catalan coast are rotor based Aanderra RCM7 with a 30-minute sampling frequency. A total of 3 current meters were deployed over the period stretching from 10 March 1997 to 12 May 1999 on a mooring located on the coastal edge of the LPC Current. Local water depth was 600 m and current meters were positioned near 100 m, 300 m and 500 m depth [START_REF] Jorda | Towards data assimilation in the Catalan Continental Shelf From data analysis to optimization methods[END_REF]. The distance between C1 location and track 248 is around 55 km. Since altimetry observes the surface current variations, the data we use in this study come from the shallowest instrument at the 100-m depth (below the Ekman layer). Spurious or unavailable data result in large gaps in the time series before 25 March 1998. The velocities have been rotated by 60°s o that the x component represents the along slope direction. The time series of the resulting velocity anomalies are presented in Fig. 4a( g r e y curve), after removing tidal and inertial motions with a 48-hour low-pass filter and the temporal mean velocity (approximately 10 cm s -1 to the west). Short-period fluctuations, consisting of alternating currents with p e r i o d so faf e wd a y si st h ep r i m a r ys o u r c eo fv a r i a b i l i t y( ac o m p l e t e analysis of this short-term variability is beyond the scope of this paper and can be found in [START_REF] Jorda | Towards data assimilation in the Catalan Continental Shelf From data analysis to optimization methods[END_REF]. The temporal sampling of T/P and Jason-1 missions does not allow us to resolve this high frequency variability. For comparison with altimeter data, a low-pass 30-day Loess filter has then been applied (Fig. 4a, black curve), so that the in-situ current information is consistent with the filtered ASGV computed from altimetry.

Additionally, since 2000, a large number of ADCP current measurements have been collected by the French R/V Thetys II during very frequent cruises between the French coast and the DYFAMED and BOUSSOLE sites (located in the central Ligurian Sea). Fig. 2 shows the corresponding ship transect. Processed and validated data were obtained from the INSU-DT data service center (http://saved.dt.insu.cnrs.fr/). A total of 235 vertical sections of horizontal currents in geographical coordinates are provided between 8 m and 240 m depth from January 2000 to October 2007; measurements were made using a pulse and vertical bin length of 4 m. Since the ADCP data are instantaneous velocities and include ageostrophic parts such as tidal current, internal waves and wind-driven surface current, we adopted smoothing processes in time. The data were first gridded with a 2 km horizontal bin size along a chosen coast to DYFAMED site reference transect (named DFM on Fig. 2). The bin size was chosen as smallest as possible with practical considerations for sampling density. Ship tracks located outside the chosen grid boxes as well as incomplete transects were eliminated, leading to a total of 119 selected transects. For each bin, the eastward and northward components of the velocity were averaged between 20-m and 100-m depth and only the current magnitudes are used in this study. For each selected transect, the maximum LPC current magnitude observed was determined from the depth-averaged data. In order to filter out short-term fluctuations, the information collected was then synthesized in a monthly climatology of the LPC Current amplitude. Table 1 lists the temporal distribution of the number of transects included in the calculation as a function of month. Given that the data density is highly heterogeneous, the results will be discussed only in terms of seasonal tendencies. Moreover, for each month, the standard deviation of the maximum current magnitude (20 to 100-m depth) is also provided (Fig. 5).

Sea surface temperature

A sequence of AVHRR (Advanced Very High Resolution Radiometer) sea surface temperature (SST) composite images was obtained from the DLR EOWEB -Earth Observation Information Service (http://eoweb.dlr. de). In this study we use a time series data set that covers the period 

Comparison between altimetric and independent current measurements

Comparison on the Catalan shelf break

For validation purposes, the filtered altimetric current anomalies along track 248 have been first compared to the in-situ current measurements obtained at C1, filtered using a low-pass Loess filter with a 30 day cut-off period (Fig. 4, black curve). To facilitate the comparison, the mean value of the altimetric ASGV over the period of ADCP measurements and the mean velocity measured at C1 were removed. Positive (negative) values indicate a southwestward (northeastward) flow anomaly. The original in-situ data show that the LPC flows southwest during all the measurement period, except in February-March 1999, tending to confirm the continuity of the LPC system most of the time [START_REF] Millot | Circulation in the Western Mediterranean Sea[END_REF][START_REF] Jorda | Towards data assimilation in the Catalan Continental Shelf From data analysis to optimization methods[END_REF], feature usually not reproduced by ocean numerical models [START_REF] Herbaut | A sensitivity study of the general circulation of the western Mediterranean Sea: part I. The response to density forcing through the straits[END_REF][START_REF] Herbaut | A sensitivity study of the general circulation of the western Mediterranean. Part II: the response to atmospheric forcing[END_REF][START_REF] Demirov | The simulation of the Mediterranean Sea circulation from 1979 to 1993. Part I: the interannual variability[END_REF].

The CANALES experiment (based on repeated hydrographic casts, mooring time series and satellite sea surface temperature measurements) and other studies carried out duringthesametimeperiod (1996)(1997)(1998) have shown the presence of a number of mesoscale eddies often stalled for several weeks or months in the southern and northern part of the Balearic Sea, which produce a highly fluctuating circulation, resulting in retroflections or in lateral shifts of the main currents axis [START_REF] Tintoré | Eddies and thermohaline intrusions of the shelf/slope front off the north-east Spanish coast[END_REF][START_REF] Pinot | Interannual, seasonal and mesoscale variability of the circulation in the Balearic Channels[END_REF][START_REF] Echevin | Interaction of a coastal current with a shelf topography, application to the Gulf of Lions shelf[END_REF][START_REF] Rubio | A field study of the behaviour of an anticyclonic eddy on the Catalan continental shelf (NW Mediterranean)[END_REF]. Visual inspection of Fig. 4bs h o w st h a ts i g n i ficant differences can be observed along track 248 between the northern and southern edges of the Catalan shelf break (defined hereinafter as the section of the track located between the 200-m and the 1000-m isobaths), especially in 1998. It is clear that lateral shifts of the axes of the coastal current or mesoscale structures will largely influence the flow variations recorded at C1 or along track 248, thus complicating this comparison exercise.

Important variations appear at seasonal scales in both the altimetric and in-situ current fields. In 1997, the flow variations reflect quite well the average picture of the LPC Current [START_REF] Béthoux | Le courant Ligure au large de Nice[END_REF][START_REF] Font | Permanent features of the circulation in the Catalan Sea[END_REF][START_REF] Pinot | Interannual, seasonal and mesoscale variability of the circulation in the Balearic Channels[END_REF]. In both time series, the intensity of the coastal current decreases at the end of the spring period to reach a minimum in August, and then increases again in fall. The maximum of the acceleration is observed in December in the altimetric-derived current field. This intensification in winter has also been reported during the CANALES experiment [START_REF] Pinot | Interannual, seasonal and mesoscale variability of the circulation in the Balearic Channels[END_REF]. Along track 248, the seasonal variability is maximum over the shelf break.

In Fig. 4b, at the beginning of 1998, the southwestward flow located over the shelf break rapidly decreases and, during the rest of the year, a series of weak transient events rather than a seasonal signal is observed over the continental slope. Unfortunately, the current meter record suffers from a large data gap from December 1997 to April 1998, which does not allow any data comparison during this period. The rapid spring deceleration of the coastal current observed in the current meter data after May is located south of the 1000-m isobaths in the altimetric current field, which also exhibits a clear minimum in August at the same place. This indicates a southward migration of the LPC current during the year 1998. In spring 1998, an anticyclonic eddy was reported by [START_REF] Pinot | Interannual, seasonal and mesoscale variability of the circulation in the Balearic Channels[END_REF] to be trapped at the western flank of the LPC Current, just south of track 248. The presence of this mesoscale structure could explain the offshore deflection of the main current axis. In November/December 1998, both data sets exhibit important discrepancies. If a short southward winter acceleration of the flow was monitored by the current meter data, the current field derived from altimetry remains very low. This is explained by the presence of an intense anticyclonic eddy at the center of the Balearic Sea from September 1998 to March 1999 [START_REF] Pascual | A case of an intense anticyclonic eddy in the Balearic Sea (western Mediterranean)[END_REF]. The presence of this structure has been shown to produce significant changes in the general circulation of the basin, diverting the shelf break current and even reversing the usual cyclonic circulation. Indeed, anomalous northeastward velocities are observed in the current meter record in February-March 1999, a reversal of the southwestward coastal current during the rest of the time series. This event is also clearly observed in the altimetric data in Fig. 4b, with a strong minimum located over the shelf break, moving offshore in April.

The rms values of, respectively, the filtered ADCP velocity at 100-m depth and the surface altimetric ASGV are 6.8 cm s -1 and 8.4 cm s -1 . The origin of this rms difference may be linked to a significant vertical shear between the surface geostrophic velocities (derived from the altimeter) and deeper velocities (ADCP data). The correlation values between the filtered velocities measured at C1 and the ASGV time series located above the continental shelf break vary between 0.55 and 0.62. They are significant at the 99% level for 26 degrees of freedom (given the low-pass filter applied to the ∼ 24 months record). Keeping in mind the along-track resolution of the altimetric currents (∼20 km), the fact that they only include the anomalous geostrophic component perpendicular to the track, that the measurements are not made at the same place and that the current meter is located at 100-m depth, this comparison of the altimetry-derived cross-track current anomalies with in-situ observations shows reasonably good qualitative agreement in the seasonality of the shelf edge current. Marked interannual differences are observed in both current meter and altimetric-derived current records during the period analyzed. They can be, at least partly, related to a strong year to year modulation in the eddy activity in the area [START_REF] Pinot | Interannual, seasonal and mesoscale variability of the circulation in the Balearic Channels[END_REF]. A smoother pattern obtained from a climatological analysis of altimetric-derived current variations will be discussed in Section 4.

Comparison in the Ligurian Sea

In this section, the monthly climatology of the LPC amplitude derived from ship ADCP observations collected during DFM transects (see location in Fig. 2) is compared with the climatology computed from altimetric data along track 222. A mean synthetic geostrophic current profile has been added to the altimetric ASGV, derived from the regional Rio Mean Dynamic Topography along track 222 [START_REF] Rio | A mean dynamic topography of the Mediterranean Sea computed from altimetric data, in-situ measurements and a general circulation model[END_REF]. North of ∼ 42.9°N, the mean geostrophic currents exhibit positive values increasing to 10 cm/s at the northern tip, consistent with the presence of the westward-flowing LPC current (not shown). According to previous work, this value may be underestimated, due to a too coarse resolution of the MDT product (1/8°) compared to the spatial scale of the circulation features of interest. However, this simple data analysis gives some confidence to use the retrieved mean current information. Since the vein of the current meanders and given that we have observations which differ in space and time, we have chosen to detect the maximum positive anomaly for each DFM transect and each altimeter cycle. Concerning along-track data, the selection was restricted to a distance spanning 80 km to the coast and only data from January 2000 to October 2007 were used. The information collected is then synthesized in a monthly climatology of the altimetric-derived LPC amplitude anomaly. Only variations around the respective mean annual value will be discussed. Due to the narrowness of the shelf and the steepness of the slope in this area, the number of altimetric data along track 222 collapses at the base of the continental slope, where we expect to observe the main flow of the LPC current (see also Fig. 7b). Moreover, we have to keep in mind that the altimetric-derived currents have an along-track resolution of ∼ 20 km, which is lower than the first internal Rossby radius (7 to 11 km over the area of interest; [START_REF] Grilli | The computation of Rossby radii dynamical processes of deformation for the Mediterranean Sea[END_REF] and only include the geostrophic velocity component normal to the track. Therefore, we expect the altimetric current variations to be underestimated. This is a limitation of this comparison exercise with a section of in-situ observations which, by contrast, has a resolution of 2 km and reaches the 200-m isobath, thus providing information on the velocity field over the continental slope.

According to previous studies, off Nice, the LPC is expected to be faster, narrower and closer to the coast in winter and autumn, and to slow down, become wider and move offshore in summer [START_REF] Millot | Mesoscale and seasonal variabilities of the circulation in the western Mediterranean[END_REF][START_REF] André | Modelled variability of the sea surface circulation in the North-western Mediterranean Sea and in the Gulf of Lyons[END_REF]. It is also subject to mesoscale activity, especially during winter, with the formation of meanders on its edge [START_REF] Millot | Mesoscale and seasonal variabilities of the circulation in the western Mediterranean[END_REF][START_REF] Flexas | Numerical simulation of barotropic jets over a sloping bottom: Comparison to a laboratory model of the Northern Current[END_REF]. Given the heterogeneous temporal distribution of selected DFM transects, the climatology of the LPC amplitude measured with ADCP might then be affected by the presence of mesoscale features.

Fig. 5 shows the seasonal variability of the LPC amplitude (bold line) as calculated from the ADCP data DFM line (top) and from satellite track 222 (bottom). The standard deviations around the monthly mean values are also indicated (thin line). Both LPC amplitude climatologies exhibit a similar seasonal cycle, with maximum values in winter and minimum values in summer. This result agrees well with previous studies mentioned above, i.e. a strengthening of the LPC current in winter and a weakening in summer. As expected, due to the difference of spatial sampling between the two data sources, the peak to peak amplitude variation is much smaller (by a factor of 2) in Fig. 5b(∼12 cm/s) than in Fig. 5a(∼25 cm/s). The standard deviations around each average value indicate a greater variability during the winter months and a minimum variability in summer but it remains significant throughout the year, showing important year-to-year modulations of the seasonal cycle. This increase in variability is better observed in the ADCP data, but it could be partly due to the number of samples used to compute the LPC amplitude climatology which is much lower and heterogeneously distributed in time. The estimates of the ADCP current anomalies are positive from October to April, with a maximum in February and reach their lower values during summer months. From altimetry, the coastal current appears to strengthen from September to February, with a maximum in December and to be at its slowest during summer months. The most significant differences between the ADCP and altimetry-derived values are then observed during the first months of the year. Given that the LPC Current is expected to be narrower and closer to the coast in winter and that along track 222, altimetric data become unreliable just off the shelf break (while ADCP measurements reach the coastal edge of the continental slope), this could indicate the failure of altimetry to capture asignificant part of the LPC Current during this period.

In conclusion, despite the relatively low spatial sampling of altimetry compared to the width of the LPC current and its intrinsic difficulties in this narrow-shelf area, the seasonal variations in amplitude noticed in ADCP data and already reported in the literature are clearly observed: a faster (slower) LPC current in winter (summer). The ADCP LPC amplitude values show a more energetic seasonal signal than the altimetry-derived currents, which can largely be explained by the difference in spatial/ temporal resolution.

At this stage, we have seen that, on seasonal time scales, the geostrophic current variations derived from altimetry are consistent with those observed in independent current observations. This leads us to the conclusion that the satellite ASGV data can be used to analyze the seasonal evolution of the LPC system on a regional basis. Note that these comparisons would be impossible with standard altimetric products given the small number of available observations in the shelf break region for tracks 222 and 248 (Fig. 3).

In the remainder of this study, we use the surface current anomaly climatology to examine the seasonal variability of the highly fluctuating coastal circulation estimated from satellite altimetry in the region of interest (Figs. 6 and7). SST imagery is used to further analyze the major features highlighted by the ASGV climatology as well as to provide supplementary information on the LPC coastal current system (Figs. 8 and9). 4. Regional analysis of the seasonal evolution of the circulation near the shelf break

General characteristics of the seasonal variability from altimeter data

To analyze the seasonal variations of the circulation in the area of interest, we have extracted temporal and intensity characteristics from the ASGV climatology. This has been done by computing, for each altimetric data point, the months during which the maximum and minimum values are observed in the climatological ASGV time series, as well as the absolute difference, A, between the extrema. The results are shown in Fig. 6. The 200-m, 1000-m and 2000-m isobaths are superimposed. Note first the very good internal consistency of the results, which can also be considered as validation of the altimetricderived currents. In Fig. 6a, larger values of absolute amplitude, A,(10-15 cm/s) are systematically observed on the shelf break, associated with abrupt cross-shore gradients. It coincides with the expected location of the LPC current system which behaves as a coastal boundary jet [START_REF] Echevin | Interaction of a coastal current with a shelf topography, application to the Gulf of Lions shelf[END_REF]. The maximum values of A are obtained in the northern Tyrrhenian basin and in the southern Ligurian Sea (N16 cm/s), and will be discussed in Section 4.3. The combination of the amplitude and temporal characteristics of the seasonal variations observed gives a nearly in phase velocity anomaly along the shelf slope of the Northwestern Mediterranean Sea, from the Northern Tyrrhenian Sea to the Balearic Sea. The maximum amplitude of the coastal current anomaly (Fig. 6b) is reached in December for the Tyrrhenian, Ligurian and Provençal basins, and moreover, in January along the Catalan shelf (note that the monthly resolution of the climatology does not allow us to detect if this shift corresponds to propagation). The corresponding minimum (Fig. 6c) generally appears around August but also displays larger dispersion over the region (ranging from May to October) than the phase of the maximum. We can observe this more clearly in Fig. 7, representing a more detailed time-space diagram of the ASGV climatology for selected tracks (tracks 161 (a), 222 (b), 146 (c) and 248). For each of these tracks, near the shelf break (200-m isobath), we can see that in late autumn the current amplitude suddenly increases and then rapidly decreases at the end of the winter season: the transition to winter condition is very abrupt. The period of maximum is thus very short and well marked in the ASGV climatology. However, the negative phase spreads over a much larger period with a less clearly defined minimum. The same thing is observed for all tracks along the shelf (not shown).

Fig. 6 suggests that a strong link exists between the seasonal oscillation of the LPC Current and the seasonal change of the flow along the western coast of Italy. On the other side of Sardinia and Corsica islands (along the west coast), the seasonal variability observed near the continental shelf appears much less pronounced (6-8cm/s on track 222) than in the northern Tyrrhenian basin (see also the southern part of Fig. 7b). If we assume a northward coastal current along the north western Sardinia [START_REF] Astraldi | The seasonal characteristics of the circulation in the North Mediterranean basin and their relationship with the atmospheric climatic conditions[END_REF]Astraldi et al., 1994), the lowest velocity anomalies are observed in October-November and the maximum current amplitude is reached between January and March (according to the convention we have chosen, i.e. current anomalies positive to the left of the track). Therefore, a 1-2 month time lag is observed with respect to the maximum of the LPC Current. In agreement with previous work [START_REF] Astraldi | Temporal variability of currents in the eastern Ligurian Sea[END_REF](Astraldi et al., , 1994)), it seems to indicate that the sudden winter increase of the LPC Current cannot be related to an intensification of the WCC (flowing along the West Sardinian and Corsican coasts). Nevertheless, one must keep in mind that the WCC is being poorly sampled by T/P and Jason-1 altimeter data. It is therefore difficult to draw any definitive conclusions on the WCC variability in the absence of additional information.

Significant seasonal variations of geostrophic velocities are also observed in the centre of the Ligurian-Provençal Basin (10-12 cm/s) on tracks 222 and 146 with a maximum (same convention as the coastal current) around January and a minimum in September (see also ). The seasonality of these currents seems to be shifted by about one month compared to the coastal current. Up to now, these circulation features have not been documented. A more specific analysis of the data could help to understand whether they could correspond to a continuous branch of current and/or if these anomalies progressively shift southward as suggested by Fig. 7b andc.

The multi-year ASGV records indicate that the seasonal variability reported here is a robust feature everywhere near the shelf break. A spectral analysis has also shown that the seasonal cycle dominates the variability at all locations along the LPC system (not shown), which confirms previous studies. Moreover there are important year to year modulations of the annual variability, in both amplitude and phase. The timing of the current increase or decrease can vary by about 2 months from one year to another. It results in a smoothing of the seasonal variability observed from the ASGV climatology which is computed from ∼14 years of data.

Comparison with sea surface temperature

Since the LPC Current is known to be associated with a shelf slope density front (Astraldi et al., 1994;[START_REF] Rubio | A field study of the behaviour of an anticyclonic eddy on the Catalan continental shelf (NW Mediterranean)[END_REF], the seasonal variations of its flow are expected to have a thermal signature in SST data. To improve the visibility of the boundary circulation from the dominant basin-wide seasonal heating cycle, SST anomalies were constructed by removing the domain-average monthly SST value from the monthly SST climatology. Latitude-time diagrams of monthly SST anomalies are extracted along the same selected altimeter tracks as in Fig. 7, and presented in Fig. 8. During spring and summer, the SST anomalies appear relatively homogeneous for all the diagrams: no clear thermal separation is observed between shelf and open-sea waters across the continental shelf. In late autumn, the spatial pattern of SST anomalies clearly changes and the temperature structure of the shelf edge region starts to stand out from the surrounding waters. In November-December, a significant meridional SST gradient rapidly develops along the shelf edge. The surface waters over the shelf break are warmer than the surrounding waters along tracks 161, 222 and 146 (from the Tyrrhenian Sea to the Gulf of Lyon) and slightly colder along track 248 (in the Balearic Sea), where the gradient of SST remain very weak (Fig. 8d). This thermal front then rapidly disappears in February. In Fig. 8, the contrast between waters carried by the coastal circulation and shelf or open-sea waters is then only clearly visible during winter (see also Fig. 9). It confirms that [START_REF] André | Modelled variability of the sea surface circulation in the North-western Mediterranean Sea and in the Gulf of Lyons[END_REF] the coastal circulation is readily apparent in satellite SST maps during winter, in the presence of a homogeneous upper layer (the density front associated with the boundary flow then reaches the surface water). Whereas in summer, it seems to be masked by the large-scale seasonal thermocline. Note that this is not always true when looking at individual SST maps: the SST climatology only reflects an average situation.

However, the most striking aspect of Fig. 8 is that, along the different tracks, the winter transformation of the spatial pattern of SST anomaly close to the shelf edge remarkably corresponds to the winter intensification of the boundary flow observed in Fig. 7. This is also obvious in other representations of the SST and ASGV climatologies. Fig. 9 shows the horizontal field of the monthly SST climatology for August (Fig. 9a) and December (Fig. 9b), overlain by the cross-track velocity anomalies (from the ASGV climatology) for the corresponding month. These two months correspond to the times during which the maximum and minimum current amplitude have been observed in altimeter data along the continental slope. From the Tyrrhenian Sea to the Gulf of Lyon, the winter SST pattern in Fig. 9b shows a steep thermal front over the shelf break that separates the relatively warm waters of the coastal flow from the colder open-sea waters. As already observed in Fig. 8, the surface thermal field of the Balearic Sea is relatively uniform and the boundary flow cannot be clearly identified in this region. By contrast, in summer, the cross-shelf SST gradient is much weaker and even disappears in the Gulf of Lyon. The latter feature could indicate that, at that time, due to strong wind conditions and the weakening of the LPC Current, the latter is maintained in subsurface in this area, while colder upwelled surface waters spread southward from the Gulf of Lyon. The southward motion of surface drifter trajectories in this area during summer time has also been reported in [START_REF] Poulain | Integration of Lagrangian observations into a Mediterranean marine observatory[END_REF].

When comparing the spatial structure of the cross-track velocity anomalies and the spatial structure in the SST fields, a very comprehensive picture of the seasonal evolution of the current system appears: intensification (decrease) of the boundary flow in winter (summer). The transformation from the summer to the winter flow regimes is clearly observed on Fig. 9. This comparison also provides supplementary information on the circulation system. For example, the Balearic Front, identified by an important thermal front from the Balearic Sea to the Ligurian Sea, is obvious in the SST patterns: it corresponds to the eastward return branch of the LPC Current. Offshore from the Gulf of Lyon, this front is located at approximately 41°N. The Balearic Front, whose position undergoes significant changes from winter to summer is not easily detected in velocity anomaly fields alone (see Fig. 7b andc). By contrast, the December (August) picture of SST and altimeter velocities shown in Fig. 9b depicts a winter intensification (southward shift) of this branch of the circulation.

This analysis highlights the strength of the altimetric data in observing the coastal circulation in all seasons (except when the current moves to less than ∼ 20 km from the coast). Altimetry continues to monitor the geostrophic current even in summer, while the SST observations then measure the surface mixed layer properties. However, in winter, the surface coastal circulation of the Northwestern Mediterranean Sea can be observed by both altimetry and SST imagery. In the following, we examine some local characteristics of the surface current variability in two sub-basins, the Tyrrhenian Sea and the Balearic Sea.

The Tyrrhenian Sea

As mentioned above, the highest intensity of the seasonal cycle appears in the eastern part of the domain, i.e. in the northern Tyrrhenian Sea (track 161) and in the southern Ligurian Sea (tracks 44 and 85), with values greater than 16 cm/s. Important seasonal variations of the circulation have already been reported in this area [START_REF] Astraldi | Temporal variability of currents in the eastern Ligurian Sea[END_REF]Astraldi and Gasparini, 1994). Surprisingly, in the Corsica channel (between Corsica and Capraia), where important variability of the flow is also expected [START_REF] Astraldi | The seasonal characteristics of the circulation in the North Mediterranean basin and their relationship with the atmospheric climatic conditions[END_REF][START_REF] Vignudelli | Improved satellite altimetry in coastal systems: case study of the Corsica Channel (Mediterranean Sea)[END_REF], the observed variability appears to be relatively low (see Fig. 6). This is largely explained by the poor quality of altimetric data in this particular area; indeed, most of them have been eliminated during the processing. On the Italian shelf (between the 200 m isobaths and the coast), along track 85, the seasonal maxima are observed in January, and the minima appear in September (Fig. 6), slightly later than those generally observed along the continental slope of the Northwestern Mediterranean Sea. However, from the analysis of the results along tracks 44 and 85 (Figs. 6 and9), a clear picture of the surface circulation variability emerges in this area: intensification (decrease) of the northward current in winter (summer).

In the northern Tyrrhenian Sea, along tracks 161 and 44, the amplitude of the seasonal cycle is particularly pronounced (Figs. 6 and7). Between the coast and the 1000 m isobath, the maximum (minimum) of the northward current anomaly is observed in December (August). This is consistent with the LPC system. In the northern Tyrrhenian Sea, the circulation is characterised by an important seasonal modulation which has been documented in previous studies (for example: [START_REF] Artale | Seasonal variability of gyrescale circulation in the Northern Tyrrhenian Sea[END_REF]Astraldi and Gasparini, 1994;[START_REF] Marullo | The surface characteristics of the Tyrrhenian Sea: historical satellite data analysis[END_REF]. Most of these investigations are based on hydrographic and current meter measurements. The circulation north of 40°N is influenced by the presence of the semi-permanent Bonifacio Gyre, produced by the wind jet blowing from the Strait of Bonifacio (Astraldi and Gasparini, 1994). This cyclonic gyre, previously observed by open-ocean altimetric observations [START_REF] Pujol | Mediterranean sea eddy kinetic energy variability from 11 years of altimetric data[END_REF] and SST imagery, extends from one coast to the other in summer and spans the western part of the basin in winter [START_REF] Artale | Seasonal variability of gyrescale circulation in the Northern Tyrrhenian Sea[END_REF]. During the winter-spring period, the circulation has been observed to be much more energetic, with a northward coastal current flowing along the Italian coast (the Tyrrhenian Current), from the Sardinian Channel to the Corsican Channel, then linking the Tyrrhenian Sea to the rest of the Ligurian-Provençal Basin via the Corsica Channel. In summer and autumn, this link vanishes: the northward coastal current d e c r e a s e so rd i s a p p e a r s [START_REF] Marullo | The surface characteristics of the Tyrrhenian Sea: historical satellite data analysis[END_REF]. The circulation then appears more complex and fragmentary, mainly characterised by smallscale eddies and gyres in the centre of the basin.

The variations observed in the monthly cross-track ASGV climatology computed from tracks 161 and 44 (Figs. 7a and9) are consistent with the circulation changes mentioned above. Along track 161, the strongest variations in the current field are observed on the continental slope, near the 200-m isobath (around 41.8°N), with peak to peak amplitudes higher than 16 cm/s (Fig. 7a). As already mentioned, the northward surface current anomaly is maximum in December and minimum in August. The current strengthens very quickly and over a short time period (2-3 months). From both Figs. 6 and 7a, the positive anomaly shifts offshore over time, reaching a maximum in February around 41.6°N. This could correspond either to a southward migration of the coastal current axis, or to a broadening of the current jet. Offshore, the surface current variability remains very high. The lowest current anomalies (∼8 cm/s to the southeast) are observed in October near 41.1°N and the highest anomalies (∼6 cm/s to the northwest) are found around 41.4°N in March/April (Fig. 7a). Since we are dealing with anomalies, this apparent reversal of the currents from one season to another could also represent a weakening of the offshore cyclonic circulation at the end of summer. From Fig. 9, this change of the surface circulation in the centre of the Tyrrhenian basin seems to be strongly related to the seasonal change of the Bonifacio Gyre characteristics.

The Balearic Sea

A particular region of interest is the Balearic Sea because the continuity between the Liguro-Provençal Current and the Catalan Current is one of the questions still in debate in the scientific community. For example, [START_REF] Font | Permanent features of the circulation in the Catalan Sea[END_REF] and [START_REF] Millot | Mesoscale and seasonal variabilities of the circulation in the western Mediterranean[END_REF] observed a year-round continuity, when [START_REF] Herbaut | A sensitivity study of the general circulation of the western Mediterranean. Part II: the response to atmospheric forcing[END_REF] suggested that this relationship only exists in summer. Moreover, most of the studies in the Balearic Basin have been carried out during the spring-summer period [START_REF] Castellón | The Liguro-Provençal-Catalan current (Northwestern Mediterranean) observed by Doppler profiling in the Balearic Sea[END_REF][START_REF] García | Surface circulation and dynamic of the Balearic Sea. Seasonal and interannual variability of the Western Mediterranean Sea[END_REF][START_REF] Pinot | Multivariate analysis of the surface circulation in the Balearic Sea[END_REF]. As a result, they do not reveal the different aspects of the seasonal variability of the circulation.

The surface circulation in the Balearic Sea is dominated by two well defined density driven currents. In the northern part, a frontal jet flows southwestward along the slope [START_REF] Castellón | The Liguro-Provençal-Catalan current (Northwestern Mediterranean) observed by Doppler profiling in the Balearic Sea[END_REF]. In the south, off the Gulf of Valencia, part of the flow continues its path southward along the Spanish coast. Another branch bifurcates and recirculates cyclonically to feed the return Balearic Current along the northern Balearic Islands shelf. The latter is also fed by a northward flow coming from the south through the Balearic Channels [START_REF] Pinot | Interannual, seasonal and mesoscale variability of the circulation in the Balearic Channels[END_REF]. Fig. 7d shows the time-space diagram of the monthly cross-track ASGV climatology computed along track 248 that crosses the southern part of the Balearic Sea. Once again, the strongest seasonal modulations of the surface flow are observed on both the southern and northern continental slopes. In the northern area, the maximum is found around 39.8°N, with peak to peak amplitudes of ∼14 cm/s. In the southern area, the second maximum has the same amplitude and is located around 39.25°N, just north of the 200-m isobath. This result provides evidence of the two energetic coastal streams mentioned above: the south westward Catalan Current to the north and the north eastward (opposite in direction) Balearic Current to the south. Both are associated with important seasonal variations which appear in phase: both flows increase during winter and decrease during summer (note that positive anomalies are westward, whereas the Balearic Current flows to the northeast). However, some differences also appear. If the Catalan Current shows seasonal characteristics nearly in phase and very close to those already observed along the LPC Current path (i.e. a sudden increase in autumn, followed by a short period of high strength in December/January, a rapid decrease in early spring and then a large period of lower intensity), the southern flow exhibits discrepancies from this behaviour. The winter regime lasts much longer (from October to May) and the maximum in intensity is observed in April. This suggests significant differences between the dynamic conditions that affect the alongslope circulation in the north and the south of the Balearic Sea, mostly during the spring. The Balearic channels are known to play an important role in the regional circulation of this area. According to [START_REF] Pinot | Interannual, seasonal and mesoscale variability of the circulation in the Balearic Channels[END_REF], during the spring, when the intensity of the Catalan Current decreases, southern waters, previously blocked by the dominant southwestern current, flow northward through the channels. This advection may reinforce the Balearic Current and explain the maximum observed around April.

Finally note that, as illustrated in Fig. 4b, the seasonal variations of the coastal circulation system displayed in Fig. 7d can be significantly perturbed in individual years. The shorter period variability observed in Fig. 4b, and mainly associated to the movement of jet meanders and eddies, is filtered out by the time averaging process. It also emphasizes the seasonal cycle of the LPC Current, showing that it is a persistent component of the regional ocean circulation throughout the altimeter data record.

Discussion and conclusion

To our knowledge, this is the first time that the variability of the LPC boundary current system, which is narrow in width (20-30 km), is analyzed on a regional basis using along track altimeter data. This kind of exercise has been performed for other narrow boundary currents, such as the Leeuwin Current [START_REF] Deng | Seasonal and interannual variations of the Leeuwin Current off Western Australia from TOPEX/Poseidon Satellite Altimetry[END_REF], but is strongly limited by the error level and the reduced availability of classical altimeter data near coastlines. In our case, the use of a coastal dedicated data processing provides much more reliable estimates of sea level anomalies (SLA) 25-30 km from the coast, and also significantly more near-shore information. The signature of the boundary current system clearly appears in the resulting along track data. The comparisons with in-situ current and satellite SST fields have shown that cross-track altimeter-derived current data, despite their coarse spatial resolution (∼20 km in the along-track direction) are able to reasonably well capture the seasonal evolution of the LPC coastal current at different locations along its path. This indicates that satellite altimetry can be combined with other observations in order to depict the LPC Current characteristics.

The 14-year time series of ASGV data derived from TOPEX/Poseidon and Jason-1 satellites have been used to compute a monthly climatology of the surface current variations. Due to this long time series of observations, it is possible to separate the seasonal component of the variability from the mesoscale and interannual ones. The synoptic character of satellite data allows us to treat the boundary current of the Northwestern Mediterranean Sea as a coherent structure and hence document the seasonal evolution of the shelf edge circulation over the whole system. This basin-scale monitoring is not possible with in-situ observations nor SST data which cannot adequately observe the coastal currents in summer.

Despite its limited spatial resolution, the results for the seasonal picture of the coastal circulation system that emerges from altimetry agree fairly well with the somewhat piecemeal one deduced from historical observations (hydrography and in-situ currents) in the northwestern Mediterranean Sea [START_REF] Astraldi | Temporal variability of currents in the eastern Ligurian Sea[END_REF][START_REF] Millot | Mesoscale and seasonal variabilities of the circulation in the western Mediterranean[END_REF][START_REF] Albérola | On the seasonal and mesoscale variabilities of the Northern Current during the PRIMO-0 experiment in the western Mediterranean Sea[END_REF][START_REF] Pinot | Interannual, seasonal and mesoscale variability of the circulation in the Balearic Channels[END_REF]. The main coastal features observed in the different sub-basins all show a strong seasonal signal with weaker (stronger) intensity in summer (winter). The timing of the seasonal signal appears very similar in the different sub-basins, especially during winter time. Over the studied period, on average, the shelf circulation increases during autumn to reach the strongest intensities in December/January. This period of maximum corresponds to that reported by [START_REF] Albérola | On the seasonal and mesoscale variabilities of the Northern Current during the PRIMO-0 experiment in the western Mediterranean Sea[END_REF] and [START_REF] Béthoux | The water circulation in the North-Western MediterraneanSea, its relations with wind and atmospheric pressure[END_REF] from hydrological surveys. The intensification is quite sudden everywhere. This spatial homogeneity, as well as the spatial structure in the SST fields, suggests the existence of a unique stream along the entire northwestern Mediterranean shelf break during winter time. The relationship with the Balearic Current which is observed to be the strongest in spring appears somewhat more complex and suggests that its evolution is controlled by another inflow contribution, at least in spring. The evolution of coastal current velocities observed during the weaker summer regime (lasting longer, from March to October, except for the Balearic Current) appears much smoother. The minimum values are generally observed in August but significant dispersion is observed from place to place, suggesting a more complex circulation than during winter time. This difference between the characteristics of the summer and winter flow regimes leads to the following question: the smooth seasonal pattern described above is the average pattern of the shelf circulation, but is this pattern more highly fluctuating in spring/summer than in autumn/winter, due to higher year-to-year modulation and/or local hydrodynamic influence? In order to analyze this hypothesis, we have computed for different tracks (161, 146 and 248) the averaged seasonal climatology of the ASGV data over the continental slope and the monthly standard deviations (Fig. 10). The standard deviations are lower for track 146 (along the shelf break of the Gulf of Lyon; Fig. 10b) than for track 248 (in the northern Balearic Sea; Fig. 10c) and 161 (in the eastern Tyrrhenian Sea; Fig. 10a), but the amplitude of the corresponding seasonal variations is also lower. For each track, the standard deviations marginally vary but we do not systematically observe higher values during a particular season. Along the LPC current, the associated mesoscale variability is known to be particularly intense in spring and might account for the slight increase of the standard deviation values during this season.

In spite of the seasonal cycle discussed in this paper dominating the spectrum of the coastal circulation variability in the area of interest (not shown), it can be modulated over time. As illustrated in Fig. 10,thedata reveal that important year to year differences exist in the seasonal cycle (in both phase and amplitude). The length of the altimetric time series is sufficient to begin studying low frequency current variations. Of particular interest would be the documentation of the spatial structure of the interannual variability. How does it vary along the path of this shelf edge current system? Is it, like the seasonal component, regionally coherent? The analysis of the interannual component of the coastal circulation variability will form the subject of a future study. The Northwestern Mediterranean Sea is an area that is highly sensitive to atmospheric c i r c u l a t i o ni nt h eN o r t hA t l a n t i c [START_REF] Send | Recent advances in observing the physical oceanography of the western Mediterranean Sea[END_REF]. In particular, according to previous studies [START_REF] Vignudelli | A possible influence of the North Atlantic Oscillation on the circulation of the Western mediterranean Sea[END_REF][START_REF] Rixen | The Western Mediterranean deep water: a proxy for climate change[END_REF], the North Atlantic Oscillation subsequently affects the Mediterranean circulation. The potential response of the LPC system in the different sub-basins will be further investigated.

In this paper, we have not analyzed all of the aspects of the seasonal variability of the circulation. In particular, the resolution of the whole shelf edge current system is strongly limited by the large inter-track spacing of the T/P and Jason-1 missions. For example, the Western Corsica Current is poorly resolved. Further work is planned to extend this study using higher along-track sampling rate altimeter measurements (10/20 Hz rather, i.e. 0.3/0.7 km spatial resolution, rather than usual 1 Hz) as well as multisatellite data to increase the amount of available observations. Secondly, we do not have an accurate mean current component along the shelf edge, so we have only discussed the current anomalies. It is clearly evident that only the combination of different observing systems (in-situ data collection, HF radars, surface drifters, satellite remote sensing of surface properties) could resolve the full range of time and spatial scales of the evolution of the boundary flow. But this study demonstrates that geostrophic currents computed from altimeter data have the potential to detect a large part of the variability of the slope circulation in the Northwestern Mediterranean Sea. Therefore, we believe that satellite altimetry, even with its intrinsic limitations, is an important component of coastal observing systems. Beyond the case study presented here, the nearly global availability of altimetry data holds considerable promise for advancing our knowledge of the variability of coastal ocean circulation, typically in those numerous regions where the surface boundary circulation is supposed to be of great interest, but is difficult to observe with direct in-situ measurements.

The altimeter data set used in this study as well as other alongtrack SLA products reprocessed on a regional basis with the X-TRACK software are available through http://ctoh.legos.obs-mip.fr/products/ coastal-products/coastal-products. anonymous reviewers and Dr. Rosemary Morrow for their reviews, which helped to improve the quality of our manuscript.
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 1 Fig. 1. Schematic view of the major ocean circulation features in the Northwestern Mediterranean Sea.

Fig. 2 .

 2 Fig. 2. Distribution of selected T/P and Jason-1 tracks over the Northwestern Mediterranean Sea. The 200-m, 1000-m and 2000-m isobaths are shown. The locations of available independent current measurements are also indicated (a solid triangle for the C1 mooring and a bold line for the DFM ADCP transect). Bathymetry is from ETOPO2v2 Global Gridded 2-minute Database.
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 3 Fig. 3. Map of the number of available anomalous geostrophic current data derived from altimetry from a total of 540 cycles. Case of a) the data set reprocessed with the X-Track software and b) a classical product. The 200-m, 1000-m and 2000-m isobaths are highlighted.
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 4 Fig. 4. a) Alongslope component of the currents derived from C1 current meter at 100 m depth, before (grey curve) and after (black curve) the low-pass 30-day filter has been applied. b) Time-space diagram of cross-track surface current anomaly derived from track 248. The plain and dashed lines represent, respectively, the position of the 1000-m and 200-m isobaths.

Fig. 5 .

 5 Fig. 5. a) Seasonal variations of the maximum current amplitude (bold line) measured by ADCP data along the DFM transect. b) Seasonal variations of the maximum cross-track current anomalies derived from track 222 close to the northern end of the track. Monthly standard deviations are also shown for both data sets (thin line).
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 6 Fig. 6. a) Maximum amplitude (in cm/s) observed in the seasonal cycle of the surface current field deduced from altimetry. This value is the difference between the maximum and minimum values observed. Time, given in month number, during which the maximum (b) and minimum (c) values are observed.

Fig. 7 .

 7 Fig. 7. Time-space diagrams of monthly averaged along-track anomalous velocity (in cm/s) for tracks 161 (a), 222 (b), 146 (c) and 248 (d). Positive (negative) velocities have been chosen to be left (right) of the track, when looking from south to north. The plain and dashed lines represent, respectively, the position of the 1000-m and 200-m isobaths. The contour interval is 2 cm/s. Black arrows indicate the location of the continental shelf break.

Fig. 8 .

 8 Fig. 8. Time-space diagrams of monthly averaged SST anomaly (in °C) observed along tracks 161 (a), 222 (b), 146 (c) and 248 (d). The anomaly field has been constructed by removing the average monthly SST mean over the domain. The plain and dashed lines represent, respectively, the position of the 1000-m and 200-m isobaths. The contour interval is 0.25 °C. Black arrows indicate the location of the continental shelf break.
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 9 Fig. 9. Monthly climatology maps of cross-track geostrophic current anomalies (derived from altimeter data) and of SST for August (a) and December (b).

Fig. 10 .

 10 Fig. 10. Seasonal variations of cross-track current anomalies observed above the shelf break (northern end of the tracks), from three tracks: 161 (a), 146 (b) and 248 (c). All the data located between the 200-m and the 1000-m isobaths have been used. Monthly standard deviations are superimposed (dashed lines).

Table 1

 1 Mean number of transects per month.

	Jan	Feb	Mar	Apr	May	Jun	Jul	Aug	Sep	Oct	Nov	Dec
	61 3	1 12 3	1 3892	8	1 2	9	5
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