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Abstract 12 

The presence of Northern Current's intrusions on the continental shelf in the eastern 13 

part of the Gulf of Lion (GoL), at every season, is demonstrated with data from 12 coastal 14 

cruises (2002-2005). The intrusion flux can reach up to 0.37 Sv (10
6 
m

3
/s), representing 30% 15 

of the flux of the Northern Current (NC). A realistic simulation with a 3D circulation model 16 

reveals that intrusions occur about three to four times per month with a mean duration of three 17 

days and a half. Both in situ measurements and numerical modeling show that intrusions 18 

develop either as a separated branch of the main vein of the NC or as a part of the NC itself 19 

encroaching on the shelf. Intrusions occur at different places: at the La Ciotat canyon and 20 

Blauquières bank, between the Planier canyon and the Cassis canyon, and around the Planier 21 

canyon. Three kinds of wind events are likely to generate intrusions: the Mistral cessation, an 22 

inhomogeneous Mistral and East winds. For each case, the respective physical forcing is: 23 

upwelling relaxation, wind stress curl and Ekman drift with a shift of the current’s core 24 

toward the coast. Other factors can also influence the development of intrusions such as the 25 

vertical and horizontal extents of the NC as well as its degree of mesoscale instability. 26 

 27 
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1. Introduction 33 

A good knowledge of coastal circulation is necessary to define and predict the evolution of 34 

shelf ecosystems. In particular, it is of crucial importance to understand interactions between 35 

a large basin scale circulation and a shelf circulation, interactions that influence the 36 

functioning of coastal ecosystems through shelf-offshore exchanges [Lapouyade and Durrieu 37 

de Madron, 2001; Durrieu de Madron et al., 2003; Nencioli et al., 2011]. In the north western 38 

Mediterranean Sea, the Gulf of Lion (GoL, figure 1) with its wide continental shelf of about 39 

11000 km
2
 is a relevant site for such studies of interactions between coastal and offshore 40 

processes. It is bordered by the Mediterranean Northern Current (NC), the northern branch of 41 

the general cyclonic circulation in the western Mediterranean basin [Millot and Taupier-42 

Letage, 2005]. The NC flows southwestward along the GoL continental slope, from the 43 

Ligurian Sea to the Catalan Sea. From a biogeochemical point of view, this oligotrophic 44 

current contrasts with shelf waters, rich in nutrients thanks to the Rhône river inputs. 45 

Since Millot and Wald [1980] noticed via satellite imagery that, at the surface, the NC could 46 

reach Marseille (figure 1), some intrusions have occasionally been observed at different 47 

locations in the GoL in recent years. They occur in three main zones: the western [Petrenko, 48 

2003 ; Petrenko et al., 2008], central [Estournel et al., 2003 ; Petrenko, 2003 ; Petrenko et al., 49 

2005 ; Leredde et al., 2007] and eastern parts [Albérola and Millot, 2003 ; Petrenko, 2003 ; 50 

Petrenko et al., 2005] of the GoL’s continental shelf. Intrusions at the western part occur, 51 

whether in stratified period or not, under homogeneous Tramontane (northwest wind) 52 

conditions [Estournel et al., 2003; Petrenko et al., 2008]. Intrusions at the central part are 53 

generated by a double anticyclonic and cyclonic shelf circulation due to the juxtaposition of 54 

Mistral (north or northwest wind) and Tramontane winds [Estournel et al., 2003; Petrenko et 55 

al., 2005; Leredde et al., 2007]. At the eastern entrance of the GoL, Albérola and Millot [2003] 56 

evidenced with current-meter data that some waters could enter on the shelf at the surface in 57 



summer and throughout the water depth in winter. They showed that these intrusions of 58 

waters influence the circulation of the bay of Cassis (figure 1), without naming them NC's 59 

intrusions. Then, Petrenko [2003] and Petrenko et al. [2005] fortuitously observed, from hull-60 

mounted ADCP data, intrusions throughout the entire shelf’s depth on the eastern part of the 61 

GoL. Up to now, intrusions on the eastern part of the shelf still remain misunderstood despite 62 

some proposed hypotheses on their generation [Auclair et al., 2001; Echevin et al., 2003; 63 

Petrenko, 2003; Petrenko et al., 2005]. Hence, these eastern intrusions occurring at the 64 

entrance of the GoL are the shelf-edge processes that are detailed in this study.  65 

Intrusions of a slope current on an adjacent shelf have also been exhibited elsewhere in the 66 

world ocean, such as the surface intrusions of the Gulf Stream by Oey et al. [1987] and 67 

Gawarkiewicz et al. [1992], and of the Kuroshio by Chen et al. [1996], Tang et al. [1999], Wu 68 

et al. [2005] and Caruso et al. [2006]. However these poleward currents are strongly 69 

influenced by the β-effect, which is not the case of the NC. Other slope currents have been 70 

observed intruding either on the northwestern shelf of the Black Sea [Oguz and Besiktepe, 71 

1999; Korotaev et al., 2003] or on the Papua Gulf in New Guinea [Wolanski et al., 1995]; but 72 

these intrusions have not been studied in details. 73 

The GOLTS (Gulf of Lion Time Series) project (2001-2004) has thus been planned to 74 

improve our knowledge of intrusions of a slope current on a shelf. In the framework of this 75 

project, the present paper focuses on describing and characterizing the NC’s intrusions on the 76 

eastern part of the shelf, and identifying their generating processes, through both in situ 77 

measurements and numerical modeling. In section 2, the GOLTS experiment and the 78 

modeling study are presented before specifying the method of detection and quantification of 79 

the NC’s intrusions. In section 3, both in situ and modeled results are used to qualify and 80 

quantify the intrusions. Finally, different generating processes are discussed. 81 

82 



2. Material and methods 83 

The present study aims at first describing and quantifying the intrusions with the exploitation 84 

of in situ observations: the GOLTS data set, and second using the numerical model 85 

SYMPHONIE [Estournel et al., 2009, Marsaleix et al., 2008] to complete the characterization 86 

of the intrusions and analyse their generating processes. These different components are 87 

described hereafter. 88 

2.1. The GOLTS experiment 89 

In 2002-2005, the GOLTS experiment included 12 cruises (table 1) in the eastern area of the 90 

GoL’s continental slope: six 5-day cruises every 6 months starting in June 2002 and six 1- to 91 

2-day cruises of opportunity whenever the RV Tethys II was available. These cruises 92 

provided continuous currents (hull-mounted ADCP) and hydrological (thermosalinometre) 93 

data along specific transects (figure 1), as well as CTD and XBT profiles at chosen stations. 94 

In addition to this spatial coverage of the study area, a bottom-moored ADCP has measured 95 

horizontal currents through the water column, from November 2001 to June 2006, at the edge 96 

of the continental shelf at the SOFI/GOLTS station (station 2 on figure 1 at 5.13°E and 97 

43.07°N). Details on the hull-mounted and moored ADCP configurations are given by Gatti 98 

et al. [2006]. 99 

The GOLTS ship’s transects have been planned as follows. The first transect (station 1 to 100 

station 6) is oriented North-South, perpendicularly to the main direction of the isobaths and 101 

thus of the NC to optimize flux calculations. It is located at the longitude of 5.13°E, longitude 102 

of the SOFI/GOLTS station. The two offshore oblique transects (station 6 to station 7 and 103 

station 4 to station 9) are also orthogonal to the isobaths near the coast to cross the NC as 104 

perpendicularly as possible. The onshore oblique transect (station 2 to station 11) allows to 105 

intercept an eventual intrusion of the NC, once on the shelf. The last transect from station 2 to 106 



station 9 is a straight segment located as closely as possible to the 200 m-deep isobath to 107 

allow a systematic detection of cross-isobath intrusions. 108 

NOAA AVHRR images from Météo-France are used to have a synoptic coverage of SST on 109 

the entire GoL and to track the NC and its intrusions. The images analyzed in this study are 110 

those of the brightness temperature derived from the infrared channel 4 of AVHRR sensor 111 

and not absolute SST since they are used here for a qualitative description of the 112 

hydrodynamic structures. Indeed, Taupier-Letage [2008] has shown that such images, 113 

offering a finer resolution in both space and time, are more adequate than the noisier SST 114 

products (derived from a combination of 2 to 3 infrared channels) to track circulation features. 115 

Wind data are provided by Météo-France at three land stations: Cape Béar, Saintes Maries 116 

and Cape Cépet (figure 1). To have synoptic wind data throughout the GoL, outputs from the 117 

ALADIN model (Météo-France) with a spatial resolution of 0.1°  0.1° and a temporal one of 118 

3 h are exploited. 119 

Despite the good coverage of the zone of interest during the cruises, the measured data are not 120 

sufficient to fully describe the eastern intrusions and to understand their generating processes. 121 

Thus, modeling with the 3D circulation SYMPHONIE model has been chosen to complete the 122 

study of these shelf-edge processes. 123 

2.2. SYMPHONIE modeling 124 

SYMPHONIE is a 3D free surface coastal circulation model, described by Estournel et al. 125 

[2009] and Marsaleix et al. [2008, 2006]. It solves the primitive equations on a staggered C-126 

grid using a classic finite-difference method, and applying the Boussinesq approximation and 127 

hydrostatic equilibrium hypothesis. Further details on SYMPHONIE characteristics can be 128 

found in table 2 and, together with recent applications in the GoL or the northwestern 129 

Mediterranean basin, are given by: Reffray et al., [2004]; Petrenko et al. [2008]; Ulses et al. 130 

[2008a, b]; Herrmann et al. [2008], and Hu et al. [2011]. 131 



The version of SYMPHONIE used in this work is the realistic regional model developed in 132 

the framework of the MFSTEP project (Mediterranean Forecasting System Toward 133 

Environmental Predictions, http://www.bo.ingv.it/mfstep). It covers the NW Mediterranean 134 

Sea (figure 2) with a resolution of 3km×3km on the horizontal and 41 vertical levels. It is 135 

controlled by realistic forcing conditions for the first half of the year 2002. A similar model 136 

version was tested for the year 2001 by Bouffard et al. [2008] who compared the computed 137 

sea surface height variations with satellite altimetry.  138 

This model is initialized and forced at its boundary by the general circulation model 139 

MOM2002 [Pinardi et al., 2003]. Daily river runoffs are taken into account for the major 140 

rivers: grand Rhône, petit Rhône, Hérault, Orb, Aude and Ebre. Meteorological forcings are 141 

provided by the weather-forecast model ALADIN mentioned previously. 142 

For the study of the influence of different meteorological conditions on intrusions’ occurrence, 143 

discussed later, a specific sensitivity test is performed on east winds. Using a decreasing 144 

linear temporal “ramp”, a strong east wind (maximum amplitude of 14 m/s) event has been 145 

progressively ceased in May 2002 directly in the ALADIN forcings. 146 

The assessment of the impact of steep bathymetry requires a high-resolution grid to accurately 147 

define the canyons of the GoL's slope and to better reproduce the small-scale structures. A 148 

high-resolution nested model has been implemented in the area of the GOLTS cruises using a 149 

classic downscaling method [Ulses et al., 2005; Guizien et al., 2006] with one level of grid 150 

nesting. The 3 hour outputs of the large coarse-grid model (3 km × 3 km) are used to initialize 151 

and force the high-resolution model (1 km × 1 km) of the GOLTS region (5°E-6°E and 152 

42.2°N-43.45°N; figure 2) at its open boundaries (one-way nesting). This fine-mesh 153 

simulation was used during June 2002 (period corresponding to an intrusion in the GOLTS 154 

data) to make sensitivity tests on specific bathymetric features. 155 

2.3. Intrusion detection and quantification  156 



An intrusion is defined as any vein of current flowing onshore across the 200 m-deep isobath. 157 

The GOLTS transect 2-9 (figure 1), was done during each cruise since December 2003, in 158 

order to detect intrusions, since it is parallel to the 200 m-deep isobath. The intrusions can 159 

also be detected on transects 1-2, 2-11 or 2-0 as any westward or northward current located 160 

north of the 200 m-deep isobath.  161 

Surface hydrology cannot be used to detect intrusions of the NC. Despite the NC being well 162 

known as a warm and salty current [Millot and Taupier-Letage, 2005], it is hardly tracked by 163 

its variable hydrology at the entrance of the GoL. Figure 3 exhibits that the NC (which core is 164 

located between longitudes 5.4°E and 5.7°E on figure 3.a, and 5.55°E and 5.75°E on figure 165 

3.b) can be associated either with a positive gradient in surface temperature or a negative 166 

gradient. Moreover, caution has to be taken while interpreting AVHRR images. On figure 4, 167 

warm waters are present on the shelf but are not the signature of an NC's intrusion since an 168 

eastward current is present on the entire shelf’s width, from the coast to the shelf break. Alone, 169 

such hydrological data (CTD, XBT, thermosalinometre data or AVHRR images) are not 170 

sufficient to correctly detect intrusions. Hence, in this paper, current data are preferred to 171 

detect (with high reliability) the occurrence of an intrusion. 172 

The quantification of the flux of the intrusions is performed with the hull-mounted ADCP 173 

data along the four transects described previously. Details on the flux calculation from ADCP 174 

are given by Petrenko [2003]. Based on all the flux obtained during GOLTS (table1), a 175 

threshold of 0.04 Sv (1 Sv = 10
6 
m

3
/s) is determined to define a real intrusion of the NC. It is 176 

also used as the lower limit to detect intrusions in the model outputs. The flux calculation in 177 

the model is done across the 200 m-deep isobath between stations 2 and 9 and a section 178 

extended to the coast from station 9 in order to have a complete estimation of intrusion flux 179 

(figure 2). The convention sign is: a positive flux means the current is entering onto the GoL. 180 

Any current which cross-isobathic flux is superior to 0.04 Sv is thus interpreted as a modeled 181 



intrusion. A maximum error of +/- 25% on intrusions flux has been estimated from the hull-182 

mounted ADCP data. These maximum values are encountered in presence of inertial 183 

oscillations. 184 

185 



3. Description of intrusions 186 

The GOLTS data set has been supplemented and jointly analyzed with SYMPHONIE 187 

numerical outputs to provide evidence of the existence of the NC intrusions on the eastern 188 

side of the GoL’s continental shelf and to characterize them. 189 

3.1. Qualitative description 190 

Let us first describe these intrusions beginning with how the NC intrudes on the shelf. Both in 191 

situ measurements and numerical outputs highlight two kinds of intrusions. Intrusions develop 192 

either as a separated branch of the main vein of the NC (class 1) or as a part of the NC itself 193 

encroaching on the shelf (class 2). 194 

The first class of intrusions can be subdivided into two sub-classes: intrusions separated from 195 

the NC core by a barotropic eastward current (class 1.a, figure 5) and those separated by a 196 

minimum of velocity (class 1.b, figure 6). The origin of barotropic eastward currents on the 197 

GoL’s shelf can be various as discussed in the paper of Gatti et al. [2006]. Here, with our data, 198 

we determined two kinds of origin. The first origin is the generation of a barotropic eastward 199 

current after an East wind storm on the GoL [Gatti et al., 2006]. The second is based on the 200 

NC mesoscale activity. The eastward current can be the northern part of an anticyclonic eddy 201 

detaching from the NC core as we can see on figure 5. From south to north, we detect the 202 

NC’s core from 42.5°N to 42.9°N, the eastward current from 42.9°N to 43°N and an intrusion 203 

of the NC north of 43°N. The eastward current is present throughout all the ADCP-detected 204 

range (figure 5.b). An anticyclonic eddy with a diameter of 20 km on the inner edge of the NC 205 

can thus be inferred from these hull-mounted ADCP data. No satellite images simultaneous to 206 

this GOLTS cruise are cloudless enough to confirm the presence of this eddy, but Flexas et al. 207 

[2002] have previously shown with satellite images of March and April 1997 that such an 208 

eddy can develop on the inner edge of the NC. Moreover, other studies evidenced the 209 

presence of such eddies with observations from HF radars, an ADCP moorings network and 210 



Lagrangian drifters [André et al., 2009; Allou et al., 2010; Schaeffer et al., 2011] and with 211 

numerical outputs [Rubio et al., 2009; Schaeffer et al., 2011]. Intrusions from the class 1.b are 212 

not separated from the NC’s core by a specific feature but by a region of no current. The 213 

horizontal currents measured by the hull-mounted ADCP along a North-South transect during 214 

the GOLTS cruise of October 2002 (figure 6.a) clearly show that the intrusion is separated 215 

from the NC’s core by a minimum of current around 43°N. This minimum is detected 216 

throughout all the ADCP-detected range (figure 6.b). 217 

As regards to class 2 intrusions, a part of the NC itself can encroach on the shelf, bringing 218 

offshore waters on it. A remarkable cross-isobath intrusion was thus observed due to an 219 

extremely steep meander of the NC crossing the 200 m-deep isobath between the Planier and 220 

Cassis canyons (figure 7). This meander is well identified thanks to the superposition of an 221 

AVHRR image on the current data. Class 2 intrusions are related to the mesoscale activity of 222 

the NC and/or to the position of the NC with respect to the coast, which will be discussed in 223 

section 4. 224 

The intrusions of both classes can spread on the entire continental shelf (figures 5 to 7), or can 225 

be very close to the coast and well isolated from the NC’s core (figure 8.a). They can extend 226 

on the vertical from the surface to the bottom of the shelf (figure 6.b) with an intensity 227 

decreasing more or less quickly depending on the local stratification. These two types of 228 

intrusions can evolve from one type to the other, both in time and in space. Indeed, the 229 

intrusions observed on December 2004 changed during the five-day GOLTS cruise (figure 8). 230 

NC's meanders can generate an intrusion as a separated vein when they pass on the shelf 231 

upstream of the GoL near the Cape Sicié (figure 8.a). Then, propagating westward they can 232 

again encroach on the shelf near the Planier canyon (figure 8.b).  233 

Shelf-slope exports have already been evidenced through the numerous canyons of the GoL 234 

slope [Durrieu de Madron et al., 1999; Dufau-Julliand et al., 2004; Ulses et al., 2008b; 235 



Langlais et al., 2009]. We study whether NC intrusions, in the same way, occur preferentially 236 

through canyons. 237 

The NC intrudes on the eastern part of the GoL’s shelf at different places. Class 1 intrusions 238 

usually penetrate upstream of the GoL through the La Ciotat canyon and the Blauquières bank 239 

(figure 1). A part of the NC vein can indeed detach itself from the NC near those topographic 240 

irregularities when the NC is close to the coast or when it meanders. Some of the class 1 241 

intrusions have also been observed through the Planier canyon. 242 

As regards to class 2 intrusions, they can occur anywhere from the La Ciotat canyon to the 243 

Planier canyon since the NC can encroach on any part of this eastern GoL’s shelf. 244 

Besides, modeling sensitivity tests with a high resolution nested simulation (1 km x 1 km) 245 

highlight that intrusions do not occur through the Cassis canyon and confirm that the 246 

promontory formed by the Blauquières bank and the La Ciotat canyon favors the separation of 247 

an intrusive branch of the NC (data not shown). 248 

3.2. Quantitative description 249 

We are first going to determine how often these intrusions occur. Such features are frequent. 250 

During the 12 GOLTS cruises, intrusions have been observed most of the time (during 10 of 251 

the 12 cruises), except on 9 December 2003 (figure 4) and on 4 September 2004. Otherwise, 252 

they are observed to occur at every season (especially class 1 intrusions), whether the water 253 

column is stratified or not. Class 2 intrusions are more frequent in winter, when the mesoscale 254 

activity is particularly high [Albérola et al., 1995; Sammari et al., 1995]. Results from the 255 

bottom-moored ADCP cannot be used to study intrusions’ frequency since the SOFI/GOLTS 256 

station is located most of the time downstream of the zones of intrusions.  257 

Instead, the flux calculation with the outputs of the realistic simulation helps to detect 258 

systematically the occurrence of intrusions over the first six months of 2002 (figure 9). It 259 

reveals that, from January to June, intrusions occurred 49% of the time, about 3 or 4 times a 260 



month. They have a mean duration of 3 days and a half, ranging from one day to two weeks. 261 

The intrusion lifetime of two weeks should be considered carefully since it might be slightly 262 

overestimated due to a modeled NC closer to the coast than the measured NC.  263 

We are now going to quantify the intrusions, estimating their flux. The measured intrusions’ 264 

flux can reach up to 0.37 Sv (table 1), representing around 30% of the flux of the 265 

corresponding NC. The strongest intrusions are detected in late autumn – beginning of winter. 266 

They correspond to class 2 intrusions, encroaching of the NC on the shelf. Indeed, the 267 

maximum intensity encountered for class 1 intrusion is 0.46 m/s (on October 2002) whereas 268 

class 2 intrusions can reach up to 0.7 m/s (on December 2004). The weakest intrusions occur 269 

in summer, excepted the one in March 2004 which seems to be, from the moored ADCP data, 270 

a vanishing intrusion rather than a low flux one. The model results do not cover all the 271 

seasons, so we cannot find the same temporal variability as the measured intrusions. However, 272 

in the realistic simulation, the maximum fluxes are all obtained with class 2 intrusions as in 273 

the ADCP data. 36% of the modeled intrusions have a flux lower than 0.1 Sv and are all class 274 

1 intrusions. 275 

276 



4. Generating processes: discussion 277 

As evidenced previously, intrusions at the eastern part of the GoL are frequent but not 278 

permanent. This leads us to wonder which processes can break the topographic steering and 279 

induce intrusions of the NC. From the depth-averaged current vorticity equation below 280 

(corresponding to equation A.6 in appendix A which explains this formulation): 281 
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 as sources of relative vorticity, the GJEBAR (General Joint Effect of Baroclinicity and relief) 283 

effect (first two terms on the right hand side of the equation 1) and the wind stress curl (part 284 

of the last term of the equation 1) may play an important role in the breaking of potential 285 

vorticity conservation. Besides, it was noticed that some NC’s eastern intrusions occurred 286 

during Northeast winds [Petrenko, 2003], others after strong Mistral [Millot and Wald, 1980; 287 

Petrenko et al., 2005], or after Southeast winds [Auclair et al., 2001]. So, the present paper 288 

focuses on the role of the wind in the generation of intrusions before studying the NC’s 289 

variability as another possible cause. 290 

4.1. Wind effect 291 

Three wind regimes are predominant in the Gulf of Lion. Wind roses (figure 10) from almost 292 

five years data at the three Météo-France land stations mentioned previously (figure 1) 293 

confirm what Millot [1990] and Triplet and Roche [1986] stated: the western part of the GoL 294 

(Cape Bear) is dominated by Northwest winds (Tramontane), the central part (Saintes Maries) 295 

by North-Northwest winds (Mistral) and the eastern part (Cape Cépet) by Northwest winds 296 

(Mistral influenced by the orography) and East winds. 297 

The GOLTS data show that around 50% of the observed intrusions occur in a Mistral context 298 

(succeeding the Mistral event or, in one case, during it) and less than 50% during an East 299 

wind event. Intrusions with the higher fluxes (on December 2003 and 2004) are encountered 300 



during the latter case. At the entrance of the GoL, the evolution of the modeled currents’ flux 301 

with the wind (figure 11) confirms the conclusions issued from observations. Indeed, statistics 302 

from the 6 months simulation evidenced the occurrence of intrusions (cases of total flux 303 

superior to 0.04 Sv on figure 11) after and during moderate to strong Mistral and the 304 

development of the higher flux intrusions during East winds.  305 

The Mistral is an upwelling favorable wind [Millot, 1979]. Concerning intrusions occurring 306 

after the cessation of Mistral, they thus can be interpreted as a consequence of the Cassis 307 

upwelling relaxation. 308 

Some intrusions occurring during Mistral, and even a strong Mistral event (intensity > 10 m/s, 309 

black dots on figure 11 for wind direction > 270°), can be explained by one process: the 310 

inhomogeneity of the wind event. The Mistral should have induced export of water according 311 

to Ekman theory instead of intrusions. Analyzing in detail the modeling outputs, it appears 312 

that a Mistral favors the entrance of water at the eastern part of the GoL when it is spatially 313 

inhomogeneous. Intrusions induced by the wind stress curl effect have already been 314 

evidenced by Estournel et al. [2003] in the central part of the gulf. Wind stress curl is also 315 

thought to be responsible for some Kuroshio’s intrusions through the Luzon strait [Wu et al., 316 

2005; Caruso et al., 2006]. This effect may contribute as a source of vorticity for the depth-317 

averaged flow (equation 1) and may generate eastern intrusions of the NC on the shelf during 318 

inhomogeneous Mistral. Indeed, during the Mistral event of March 2002, a branch of current, 319 

detached from the NC’s vein, penetrates on the shelf (figure 12.a) as a consequence of the 320 

positive wind stress curl present on the eastern part of the GoL (figure 12.b). 321 

The East wind situations inducing intrusions could be due to the action of wind through the 322 

Ekman drift and the shift of the current’s core toward the coast. The wind effect on water 323 

mass transport through the Ekman drift could explain, in the case of east winds, intrusion of 324 

surface waters down to few tens of meters depth as proposed by Oey et al. [1987] for the Gulf 325 



Stream’s intrusions. Observed intrusions can spread over the entire depth of the GoL’s shelf. 326 

In addition, a sensitivity test on east winds has been performed with SYMPHONIE and 327 

exhibits not only that there is no intrusion when the East wind event is suppressed but also 328 

that the East wind influences the NC down to 200 m depth. The NC extends until the shelf 329 

break over 200m during an East wind event (figure 13.a), whereas it does not reach the shelf 330 

break when this East wind event has been suppressed (figure 13.b). So, both the Ekman 331 

transport and the shift of the NC’s core induced by the wind have to be taken into account in 332 

the generation of intrusions under East winds. 333 

Three kinds of wind events are likely to generate intrusions: the Mistral cessation, a spatially 334 

inhomogeneous Mistral and East winds. Otherwise, intrusions cannot develop during 335 

homogeneous Mistral. Nonetheless, figure 11 illustrates that intrusions can also be detected 336 

during calm meteorological conditions (wind intensity < 5m/s), thus, other processes than 337 

wind regimes have to be analyzed. 338 

4.2. NC’s variability 339 

The NC presents two types of variability: a seasonal variability of its intensity [Castellόn et 340 

al., 1990; Albérola et al., 1995; Conan and Millot, 1995; Petrenko, 2003] and a variability of 341 

its spatial structure through its mesoscale activity [Albérola et al., 1995; Font et al., 1995; 342 

Sammari et al., 1995]. 343 

From observations, the intrusions’ flux has the same seasonal variability as the NC’s flux. It is 344 

maximum in late autumn – beginning of winter and minimum in summer (table 1). However, 345 

in both in situ measurements and modeled results, high flux intrusions can develop when the 346 

NC flux is low. Intrusions exhibit a more complex variability at finer time scales than the 347 

seasonal one. That is why we believe the intrusions are rather linked to the NC’s mesoscale 348 

activity than to the NC intensity. As we have seen previously, the position of the NC with 349 

respect to the coast plays a role in the process of generation of intrusions. Apart from the wind, 350 



another factor linked to the NC’s core position is the NC mesoscale activity. The mesoscale 351 

activity of the NC, expressed as the development of meanders [Crépon et al., 1982; Flexas et 352 

al., 2002; Petrenko, 2003], favors shelf-offshore exchanges, and hence intrusions through the 353 

drift of the NC close to the coast. This concerns particularly class 2 intrusions (encroachings 354 

of the NC) which are a major component of the intrusions since they have the maximum 355 

fluxes. Besides, a meander of the NC can also be interpreted as a perturbation which may 356 

generate a cross-shelf transport through a propagating shelf-wave when it interacts with the 357 

shelf entrance as studied by Echevin et al. [2003]. A correlation of -0.91 is obtained between 358 

the modeled fluxes at the eastern part of the GoL and at the western one for extreme situations 359 

(fluxes greater than 0.12 Sv on figure 9). Moreover, considering the whole modeled dataset, a 360 

cross-correlation reveals that the fluxes entering at the eastern part of the GoL precede by 361 

around fifteen hours the fluxes exiting at the western part of the GoL. Therefore, this supports 362 

the hypothesis that an intrusion can be considered as a wave propagating from east to west on 363 

the GoL’s continental shelf after interaction of a NC’s meander with the shelf edge [Echevin 364 

et al., 2003]. It would be necessary to track the NC‘s intrusions with a Lagrangian tool to 365 

further investigate their nature and determine which kind of shelf-wave they are likely to be. 366 

Mesoscale activity thus has a key role to play in the generation of intrusions but other 367 

processes remain to be examined since intrusions also occur at period of low mesoscale 368 

instability and of calm wind. 369 

370 



5. Conclusions 371 

The analysis of in situ measurements and satellite images during the 12 GOLTS cruises 372 

(2002-2005) evidences the occurrence, at every season, of intrusions of the NC on the eastern 373 

part of the GoL’s continental shelf. Hydrological data cannot be used alone to detect 374 

systematically intrusions since the NC does not have a significant permanent hydrologic 375 

signature and often lacks contrast with shelf waters. A coupling of hydrological and current 376 

data is thus advised. Both numerical modeling and in situ measurements show that intrusions 377 

can develop either as a separated branch of the main vein of the NC or as a part of the NC 378 

itself encroaching on the shelf. Intrusions occur at different places: at the La Ciotat canyon 379 

and Blauquières bank, between the Planier canyon and the Cassis canyon, and around the 380 

Planier canyon. Sensitivity studies help to conclude that the Cassis canyon is not a possible 381 

way for intrusions to penetrate onto the shelf.  382 

The observed intrusion fluxes vary with a maximum of 0.37 Sv. They can represent up to 383 

30% of the flux of the NC. Maximum fluxes are reached in late autumn – beginning of winter 384 

due to the NC encroaching over the shelf. A realistic simulation with the SYMPHONIE 385 

model reveals that intrusions occur about three to four times per month with a mean duration 386 

of three days and a half. To improve our knowledge of their frequency, a long-time series of 387 

current from bottom to surface is necessary. Hence, we have proposed a new site for a 388 

bottom-moored ADCP: the JULIO (Judicious Location for Intrusions Observations) site (star 389 

on figure1), which has been recognized as a national observation site in the framework of the 390 

MOOSE (Mediterranean Ocean Observation multi-Sites on Environment) program. Situated 391 

on the 100 m-deep isobath, this site will allow the detection of intrusions occurring upstream 392 

the GoL through the Blauquières bank and the La Ciotat canyon as well as intrusions between 393 

the Cassis and Planier canyons. In the climate change context, Somot et al. [2006] have 394 

demonstrated that there would be, in the 21th century, both a decrease of the Rhone discharge 395 



and an increase of the temperature and salinity of the Mediterranean Sea. These changes could 396 

decrease dense water formation. The NC, usually considered to be directly dependent on the 397 

deep water formation, could also decrease in intensity and in mesoscale activity. Hence, a 398 

long-time series at the JULIO site will allow to follow the evolution of the NC intrusions on 399 

the shelf and to determine whether the variability of their frequency evolves. 400 

Statistics on modeling outputs and in situ measurements show that three wind situations can 401 

generate intrusions of the NC on the eastern part of the shelf: the cessation of Mistral, an 402 

inhomogeneous Mistral and East winds. The Mistral can thus act on the intrusions through 403 

either the Cassis upwelling relaxation or the wind stress curl. The East winds favor eastern 404 

intrusions through the Ekman transport and NC’s core drift to the coast. Other factors can also 405 

influence the development of intrusions such as the vertical and horizontal extents of the NC 406 

as well as its degree of mesoscale instability.  407 

Other processes, likely to generate a transport across the isobaths, should be analyzed such as 408 

the Joint Effect of Baroclonicity and Relief (JEBAR, Sarkisyan and Ivanov, 1971; Huthnance, 409 

1984; Mertz and Wrigth, 1992], as developed in this paper. In a numerical analysis, Echevin 410 

et al. [2003] have shown that the stratification of the shelf and the deepness of the NC are 411 

factors modifying the ability of the NC to penetrate on the shelf. The interaction between the 412 

density and the bathymetry should thus be analyzed in detail through a dedicated study of the 413 

JEBAR-term with numerical modeling. Finally, it appears that intrusions could propagate 414 

from east to west on the GoL’s continental shelf. It would be interesting to track with a 415 

Lagrangian model the path of NC’s waters once entered onto the shelf and study their impact 416 

on the coastal ecosystems. 417 

418 



APPENDIX A 419 

From the Boussinesq and hydrostatic assumptions, and neglecting the advective terms 420 

(Rossby number ~ 10
-1

 within the NC), the momentum equations are given by:  421 
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where ),( vuu 


 is the horizontal vector velocity, 


is the horizontal gradient operator, the 424 

Coriolis parameter is defined as : f = 2ΩsinΦ (Ω is the angular velocity vector of earth, Φ is 425 

the latitude), k


is the ascendant vertical unity vector,  and 0 are respectively the density and 426 

a reference density, p is the pressure, and ),( yx  


 is the frictional stress. 427 

 428 

Integrating equation (A.2) from a depth z to the free surface elevation  gives the following 429 

expression of hydrostatic pressure:  430 
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where Ps is the ocean surface pressure. 432 
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Averaging in the vertical, equation (A.1) becomes: 434 
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where h is the depth of the ocean, H represents the total depth (H=h+), and 
)(s


 et 
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 are 436 

respectively the surface and bottom frictional stresses. 437 

 438 

Now, using the hydrostatic pressure definition (A.3) and applying the Leibniz formula, then 439 

integrating by parts, we obtain for the vertical integration of the horizontal pressure gradient: 440 
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 442 

Cross-differentiating the equation (A.4) with the operator ( .k ) and using expression (A.5), 443 

the equation of the rate of change of the vorticity of the depth averaged flow can be written: 444 
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 represents the vorticity of the depth averaged flow as referenced by Mertz and Wright 446 

[1992], it has the form  :    u
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and the potential energy anomaly as : 
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The vertical component of the rotational operator ( .k ) is annotated rotz below. 451 

 452 

In a stationary flow, the vorticity equation of the depth averaged flow reduces to: 453 
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    I      II      III          IV         V 455 

 456 

The terms I and II come from the Coriolis term. 457 



The balance between terms I and V corresponds to the Sverdrup theory which explains a large 458 

set of the characteristics of the global circulation at basins scale, particularly the forcing of the 459 

barotropic meridian circulation by the wind stress curl. Here, we neglect at first 460 

approximation the  term (f-plane approximation) due to the typical size of term I (10
-12

) 461 

compared to term II (10
-9

). 462 

The term II of equation (A.6), neglecting the horizontal gradient of  (at maximum few cm by 463 

100 km, i.e. ~10
-7

) compared to the horizontal gradient of h (at minimum few tens of m by 10 464 

km, i.e. ~10
-3

), becomes: hu
H

f



.  and allow to express the behavior of a fluid with respect 465 

to isobaths as a function of sources of vorticity on the right hand side of (A.6). Without the 466 

sources terms of the right hand side of (A.6), we find that the flow is orthogonal to the 467 

gradient of h, which means it follows the isobaths. 468 

The terms III and IV originate from the transformation of the pressure gradient term. 469 

The term III is the classic JEBAR (Joint Effect of Baroclinicity and Relief) term used in ocean 470 

circulation at basins’ scale under rigid lid approximation (e.g., Sarkisyan and Ivanov, 1971 ; 471 

Huthnance, 1984 ; Mertz and Wrigth, 1992). It is expressed as the Jacobian of the potential 472 

energy anomaly and depth. It establishes that the combination of baroclinicity and sloping 473 

bottom topography can give rise to a driving force for the depth-averaged flow. 474 

In the same way, the term IV is another contribution of the depth-integrated density field to 475 

the source of vorticity for the depth-averaged flow. This term exists only because we took into 476 

account the variations of the free surface elevation in this calculus. 477 

Terms III and IV could thus be joined under the following general designation: GJEBAR 478 

which stands for "General Joint Effect of Baroclinicity and Relief". Dippner [1998] also 479 

obtained these two terms. 480 

Finally, the term V represents the contribution of the wind stress curl and of the bottom torque 481 

to the source of vorticity. 482 
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FIGURES 756 

 757 

 758 

 759 

Figure 1: Gulf of Lion’s bathymetry with from east to west : the La Ciotat canyon (LCC), the 760 

Blauquières bank (BB), the Cassis canyon (CC), the Planier canyon (PC), the Lacaze-761 

Duthiers canyon (LDC) and the Cape Creus canyon (CCC), with the branch of the NC (white 762 

arrow) flowing westward along the shelf break, the position of the JULIO mooring (star) and 763 

in the bottom right corner a zoom on the eastern part of the Gulf of Lion with the GOLTS 764 

cruise transects. Isobaths at 100, 200, 500, 1000, 1500, 2000, 2500 m are drawn. 765 
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 767 

 768 

Figure 2: 3 km  3 km modeling domain in the north-western Mediterranean (big rectangle) 769 

and 1 km  1 km nested domain (small square). The bold lines are parts of the 200 m-deep 770 

isobath through which the current fluxes are calculated. Isobaths at 200, 1500, 2000, 2500 m 771 

are drawn in the modeling area. 772 

773 



 774 

 775 

Figure 3: (from top to bottom) surface temperature, surface salinity, and vertical sections of 776 

current intensity (m/s) and current direction (°) along the transect 6-7 (figure1) during two 777 

different GOLTS cruises: a/ on December 2002, b/ on June 2003. Isotach at 0.20 m/s is drawn 778 

in white on the current intensity plot to localize the NC core. 779 
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 782 

Figure 4 : AVHRR image of brightness sea surface temperature (°C) on 9 December 2003 783 

(2h43 AM), clouds are in white. ADCP currents measured at 24 m from 4h35 AM on 9 784 

December 2003 off Marseille are shown in black sticks. Isobaths at 200 m (black line) is 785 

drawn. 786 
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 789 

Figure 5 : a/ ADCP currents measured at 48 m on March 2003. Isobaths at 100, 200, 500, 790 

1000, 1500 and 2000 m are drawn, b/ vertical sections of the ADCP currents intensity (m/s) 791 

and direction (°) measured along the transect 1 to 6 (figure 1). 792 
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 794 

 795 

Figure 6 : a/ ADCP currents measured at 24 m on October 2002. Isobaths at 100, 200 (bold), 796 

500, 1000, 1500 and 2000 m are drawn. b/ vertical sections of the ADCP currents intensity 797 

(m/s) and direction (°) measured along the transect 1 to 6. 798 
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 801 

Figure 7: AVHRR image of brightness sea surface temperature (°C) on 12 December 2003 802 

(2h09 AM), clouds are in white. ADCP currents measured at 24 m are shown in black sticks. 803 

The white square indicates the research vessel position when the AVHRR image was 804 

measured. Isobaths at 200 m (black line) is drawn.  805 
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 809 

Figure 8: ADCP currents measured a/ at 24 m on 11 December 2004; b/ at 16m on 12 810 

December 2004. Isobaths at 100, 200 (bold), 500, 1000, 1500 and 2000 m are drawn. 811 
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 814 

Figure 9 : Time variation over the first 6 simulated months of 2002 of west (gray) and east 815 

(black) fluxes calculated through the 200 m-deep isobath (figure 2); intrusions on the GoL are 816 

positive fluxes. Dashed lines at +/- 0.12 Sv are plotted for the analysis of extreme events. 817 

818 
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 820 

Figure 10 : Rose representation of the wind data measured at three Météo-France stations 821 

along the GoL’s coastline (from January 2000 to June 2005) : a/ Cape Béar (west gulf), b/ 822 

Saintes-Maries-de-la-mer (center gulf), c/ Cape Cépet (east gulf). Angles are separated in 16 823 

classes of 22.5°. 824 
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 827 

Figure 11 : Modeled wind direction at the GOLTS mooring (5.13°E ; 43.07°N) over the first 6 828 

months of 2002, as a function of the modeled total currents’ flux on the eastern part of the 829 

GoL. The dashed line is the limit of detection of intrusions (fluxes > 0.04 Sv). The three color 830 

categories are function of wind intensity. 831 
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 833 

 834 

Figure 12 : a/ currents (arrows and color) simulated at 48 m on 24 March 2002, b/ wind stress 835 

curl (in color, N/m
3
 ) and wind stress (in arrows, N/m

2
) throughout the GoL. Isobath 200 m is 836 

the black bold line. GOLTS transects are in white. 837 
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 840 

Figure 13: Vertical sections of the simulated currents’ intensity (m/s) at longitude 5.85°E off 841 

the Cape Sicié on 8 May 2002 a/ in the 3 km simulation and b/ in the 3 km simulation without 842 

east wind. Isotachs at 0.20 m/s and 0.10 m/s are respectively drawn in white and in black. 843 
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TABLES 846 

Table 1: Current fluxes
1
 calculated through the 12 GOLTS cruises. The symbol Ø indicates 847 

no intrusion was detected. 848 

 849 

GOLTS cruises NC’s flux (Sv)
2 

Intrusions’ flux (Sv) 

2002 

June 0.70 - 1.15 - 1.02 - 1.26 0.07 - 0.09 - 0.11 - 0.05 

October 0.77* 0.15 - 0.22 

December 1.01 - 2.25 0.32 - 0.16 - 0.15 

2003 

March 1.32 0.13 

June 1.13 0.04 

December 1.15* - 1.47* 0.17* - Ø - 0.12 - 0.37* 

2004 

March 1.09* 0.05 

April 0.82 - 0.73 0.08 

June Not possible
3 

Not possible
3 

September 0.89* - 0.73* Ø 

December 1* - 1.21* 

0.32 - 0.34 - 0.36* - 0.14 - 0.08 - 0.20 - 

0.08* - 0.13 

2005 April 1.29 - 0.59* 0.10 - 0.14 - 0.11 

 850 

* underestimated fluxes due to a loss of range of the hull-mounted ADCP, 851 

1 
NC’s flux and intrusion flux are not calculated on the same transects hence there is not 852 

strictly temporal correspondence between the two columns. Nonetheless, all cruises take place 853 

in 1 to 5 days, 854 

2
 NC’s flux: only flux calculated through transects 6 to 7 (figure 1), 855 

3
 ADCP depth range was not good enough to calculate fluxes. 856 



 857 

Table 2: main modeling characteristics 858 

 859 

SYMPHONIE model References 

Conservation equation for T, S Marsaleix et al., 2008 

Advective scheme Beckers, 1995 

Turbulent scheme Gaspar et al., 1990 

Time splitting mode Blumberg and Mellor, 1987 

Hybrid vertical coordinate Ulses et al., 2008a 

Temporal discretisation  leapfrog scheme + Asselin [1972] filter 

OBC Marsaleix et al., 2006 

Air-sea fluxes : bulk formulae Geernaert, 1990; Estournel et al., 2009 

Meteorological forcing ALADIN, Météo-France 

River runoff Estournel et al., 2001, 2009 
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 861 


