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Abstract 15 

The Gulf of Aigues-Mortes (NW Med. Sea) is an inner shelf zone which scale is an 16 

intermediate between the nearshore and the coastal scales. Its hydrodynamics is for the first 17 

time investigated. ADCP, CTD and thermosalinograph data were collected during three short 18 

cruises (HYGAM; March 6-7, 20-21, April 5-6, 2005).  They were scheduled approximately 19 

every 15 days to sample the gulf circulation under different weather conditions but also to be 20 

included as data of validation of a single numerical modelling. Circulation features displayed 21 

by in situ data are well reproduced by Symphonie, a 3D circulation model based on Boussinesq 22 

and hydrostatic approximations. A downscaling modelling approach is implemented, the 23 

largest scale being obtained by the replay of the MFSTEP regional model of the North Western 24 

Mediterranean Sea.  25 

The analysis, closely coupling in situ  measurements and model results, provides 26 

information that would not have been obtained using data separately. The great variability of 27 

the oceanic circulation at this scale is well evidenced. Winds are the main forcing, locally, but 28 
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also at a larger scale. North winds generate consistent structures interacting with the general 29 

Mediterranean circulation. The explanation of the induced currents is then not straightforward, 30 

some of them being for example northward. South and southeast winds reinforce the slopping 31 

surface, this latter allowing the geostrophic equilibrium with longshore currents. These winds 32 

can also generate swells indirectly influencing the circulation. This study, focused on the end 33 

of winter 2004-2005, also enhances the thermic exchanges from offshore to nearshore, as well 34 

as the initiation of shelf dense waters.  35 

 36 

Subject keywords    current data, modelling, shelf dynamics, wind-induced currents 37 

Regional index terms France, Western Mediterranean Sea, Gulf of Lions, Gulf of 38 

Aigues-Mortes, Languedoc-Roussillon region. 39 

 40 

1. Introduction 41 

The Gulf of Aigues-Mortes (GAM) is located in the Northwestern Mediterranean Sea 42 

(Fig. 1). This zone is the northern part of the Gulf of Lion inner shelf. It is also the shelf zone 43 

the most further off the continental slope, and so off the general Mediterranean circulation, i.e. 44 

the Northern Current (e.g. Millot, 1990). This zone is however largely open to offshore and can 45 

not be studied without taking into account the hydrodynamic and meteorological phenomena at 46 

large scale. Down to the 80 m-isobath, the slope is low, on the order of 0.5%. Beyond, the shelf 47 

is nearly flat, and this, until the shelf break. Except the harbour structures, the coast is sandy, 48 

and globally in erosion (e.g. Certain et al, 2005b and included literature). Urbanisation and 49 

tourism are intensively developed. The Montpellier area (Fig. 2) represents 400 000 habitants. 50 

The Sète harbour (Fig. 2) is the first French Mediterranean fishing port with roughly 15 000 51 

T/yr of fish (tuna, sardine, anchovy, whiting, …). Port-Camargue (Fig. 2) is the first French 52 

Mediterranean yachting harbour with 4800 pier places. Numerous resorts, Palavas-les-Flots 53 

and La Grande Motte (Fig. 2) for example, extended very rapidly in the 60s, with the mass 54 
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tourism development. The stakes are so crucial and scientific studies such as this one are 55 

expected by society and authorities.  56 

 57 

At the GAM scale, the hydrodynamics is mainly induced by winds. Other forcings, like 58 

the Earth revolution (Coriolis effect) or the pressure and density gradients, should also be 59 

considered.  As shown by Denamiel et al (2005), the waves induced currents can not be 60 

neglected. Previous studies do not allow to well understand the GAM hydrodynamics. 61 

On the one hand, previous research studies focussed on the coastal oceanic circulation, 62 

and we should rather say, on the regional circulation. As far as the NW Mediterranean Sea is 63 

concerned, studies were indeed often centred on the whole Gulf of Lion (Fig. 1). For many 64 

years, the French National Program of Coastal Environment (Raimbault and Durrieu de 65 

Madron, 2000) has focussed on studies at regional scales. Experimental studies were carried 66 

out in the 90s in the region, especially on the variation of the Northern Current offshore of 67 

Marseilles (Conan & Millot, 1995), the sediment transport in canyons (Monaco et al, 1990) or 68 

at the shelf break (Durrieu de Madron et al, 1999; Lapouyade & Durrieu de Madron, 2001), the 69 

biogeochemical cycles in the gulf (Raimbault and Durrieu de Madron, 2000), and the Rhone 70 

River plume (Naudin et al, 2001; and included literature). More recently the entire shelf 71 

circulation has been studied (Petrenko et al, 2005) and the interactions with the general 72 

Mediterranean circulation is the main point that will be studied in the next years. Previous 73 

modelling works focussing on Gulf of Lion dynamics have been done with primitive equations 74 

models based on Boussinesq and hydrostatic approximation, using either cartesian coordinates 75 

and rigid lid (Delleville, 1997; Echevin et al, 2003) or sigma coordinates and free surface 76 

(Estournel et al, 2003) formalism. 77 

On the other hand, other studies are very close to the coast, describing the evolution of a 78 

single beach considering swell dynamics only, and more particularly surf effects, ignoring low 79 
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frequency meso-scale patterns.   As far as our location site is concerned, the Sète beach (Fig. 2) 80 

was previously studied thanks to observations (Tessier et al, 2000; Certain et al, 2005a) or 81 

numerical experiments (Meulé et al, 2001). These nearshore scale studies are totally 82 

disconnected from the previous regional scale studies. Both observations and modelling tools 83 

are very different.  84 

At the intermediate scale, hydrodynamics have been very poorly studied. Except a few 85 

studies, such as the Gulf of Fos ones (Ulses et al, 2005), no study looked particularly at the 86 

hydrodynamics of the NW Mediterranean littoral. It is however essential to understand the 87 

hydrodynamics at this intermediate scale if we want to understand the biogeochemical and 88 

sedimentary exchanges between the coast and the high sea. 89 

The GAM hydrodynamics is then still not well known and the aim of this paper is to give 90 

first clues. The main objectives of the paper are to test whether the hydrodynamic features 91 

observed quasi-synoptically throughout the whole GAM can be reproduced by a 3D circulation 92 

model. We will show that the model can be used to better understand the generating processes 93 

of the observed currents in a lot of cases. We will also see that some effects such as those 94 

induced by swells, ignored in this numerical study, are likely to explain some of the model’s 95 

failures.  96 

Both the Methods section (Section 2) and the Results section (Section 3) present first the 97 

data and second the model or its outputs. In the final section, the main results are summarized, 98 

and some perspective work, briefly described. 99 

 100 
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2. Methods 101 

2.1. The HYGAM cruises 102 

Three short cruises (HYGAM: HYdrodynamics in the Gulf of Aigues-Mortes) were done 103 

in March-April 2005 to survey hydrodynamics features across the GAM. They were scheduled 104 

approximately every 15 days to sample the gulf circulation under different weather conditions 105 

but also to be included as data of validation of a single numerical modelling. The cruises took 106 

place during March 6-7, 20-21 and April 5-6, 2005, leaving from and returning to Sète, France 107 

(Fig. 2). In order to get a quasi-synoptic view of the circulation, the RV Téthys II covered the 108 

entire gulf as quickly as possible with, as an upper speed limit, the speed above which data 109 

acquisition quality would be altered (8 knots). With these conditions, the entire gulf was 110 

covered quickly performing regular CTD stations. Otherwise, throughout the cruise, 111 

continuous measurements were made with a RD Instruments hull-mounted ADCP, a Seabird 112 

thermosalinograph connected to a pumping system and a Batos meteorological station.  113 

The ADCP is a broadband VMBB 150 kHz. The configuration used during all cruises is 114 

identical: 60 cells, 4 m depth bins, an ensemble average of 1 minute, and bottom tracking when 115 

possible. Precision on the ADCP data is better than 0.02 m s-1. Thermosalinograph and CTD 116 

data were analyzed with the Seasoft software (http://www.seabird.com/software/Seasoft.htm). 117 

Wind was measured every 15 s by the meteorological station Batos, on board the ship. 118 

These data were averaged every 30 mn. Moreover, the coastal weather station data of Sète, La 119 

Grande-Motte and Port-Camargue (see locations on Fig. 2), were gently provided by Météo-120 

France. Both for analysis and modelling, the meteorological conditions need also to be known 121 

before the cruise (not only during the cruise) and throughout the Northwestern Mediterranean 122 

sea (not only on the cruise track). Hence, Aladin, a weather-forecast model, was used to 123 

provide the necessary additional meteorological information. Winds modelled by Aladin are 124 

averaged over a 3-hours period, on a 0.1°-0.1° grid throughout the gulf.  125 
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2.2. The circulation model  126 

In this paper, modelling is carried out with the Symphonie model, which description can 127 

be found in Ulses et al (2005), Pairaud and Auclair et al (2003), Petrenko et al (2005), 128 

Estournel et al (2005), together with recent examples of applications. This model belongs to 129 

the family of models based on Boussinesq and hydrostatics approximations, using a sigma 130 

coordinate formalism and having a free surface elevation, as the well known POM (Blumberg 131 

and Mellor, 1987) and ROMS (Shchepetkin and McWilliams, 2005) models. The three 132 

components of the current, surface elevation, temperature and salinity are computed on a C 133 

grid, using classical finite difference methods. The turbulence closure is achieved through a 134 

prognostic equation for the turbulent kinetic energy and a diagnostic equation for the mixing 135 

and dissipation length scales (Gaspar et al, 1990). A leap frog scheme is used for the time 136 

stepping. Calculus costs are limited thanks to a time splitting technique that permits to compute 137 

the vertical shear of the current and its depth-averaged component separately with appropriate 138 

time steps.  139 

The external forcings are of three types: river discharges, atmospheric fluxes and large 140 

scale inputs at open boundaries. The atmospheric forcings are provided by the 3-hours 141 

averaged outputs of the weather-forecast model Aladin. Open boundary conditions have a 142 

double purpose. They are first of all required to force the inner solution with external fields 143 

under incoming conditions. At the same time, they should allow waves to radiate out or water 144 

masses to leave the modelling domain under outgoing conditions, without any spurious 145 

reflections. Sea surface elevation and barotropic currents are given by the Flather radiative 146 

condition (Flather, 1976) using the numerical scheme recommended by Marsaleix et al (2006). 147 

Baroclinic velocities are given by a zero gradient condition in the direction normal to the 148 

boundary. Temperature and salinity boundary conditions use the same equations as for the 149 

inner solution but with an upstream advection scheme in order to advect external fields into the 150 
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numerical area under inflow conditions. A boundary nudging layer enforces external forcing. 151 

In this layer, a restoring term
),( yxR

F

τ
φφ −

−   is added to the right-hand-side of the model 152 

equations, where φ stands for tracers or velocities variables and subscript F refers to forcing 153 

terms.   The restoring time scale ),( yxRτ  is such that this additional term progressively 154 

vanishes with the distance to the open boundaries. Practically, the nudging layer is roughly 15 155 

grid nodes wide and ),( yxRτ  is of the order of one day on open boundaries. 156 

  157 
The largest domain extends over the whole Northwestern Mediterranean sea (see Fig. 1) 158 

with a 3 km horizontal grid mesh and 41 vertical levels. The simulation over this domain lasts 159 

from January the 1st to April 10th 2005. It was obtained in the framework of the MFSTEP 160 

European project (http://www.bo.ingv.it/mfstep/), an operational oceanographic system 161 

delivering, every week, forecasts and hindcasts of the Mediterranean Sea. MFSTEP is based on 162 

a global Mediterranean Sea model assimilating sea level altimeter data, surface temperature 163 

and XBT temperature profiles. This project also involves several higher resolution embedded 164 

models downscaling the global solution to regional or coastal scales (Zodiatis et al, 2003; 165 

Auclair et al, 2006). Our model is actually directly derived from the MFSTEP regional model 166 

of the Northwestern Mediterranean Sea. This regional model has been specially replayed for 167 

the purpose of our study. We indeed performed a 4 months continuous run forced with 168 

meteorological and MFSTEP global re-analysis. This regional simulation provided high 169 

frequency (3 hours) outputs in order to force our coastal high resolution sub-models.        170 

 171 

Instead of nesting the smallest domain of interest for our GAM study directly in this 172 

biggest domain, an intermediate domain, at the scale of the Gulf of Lion shelf (see Fig.1), is 173 

implemented with a 1 km horizontal grid mesh and 26 vertical levels. This domain permits to 174 
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well represent the interactions between the general circulation (the Northern Current), the shelf 175 

circulation mainly induced by the winds and fresh waters mainly discharged from Rhone river. 176 

Finally, the smallest modelling domain extends on the northern part of the inner shelf of 177 

the gulf of Lion, i.e. the GAM (see Fig. 1) with a 500 m horizontal grid mesh and 10 vertical 178 

levels. The simulation on this domain, lasting from March the 1st to April 10th 2005, permits a 179 

comparison between model results and in situ data during the 3 HYGAM cruises. 180 

 181 

3. Results and discussions 182 

In the following sections, we will discuss both in situ data and the corresponding model 183 

inputs or outputs.  In situ data will be first compared to the model data. The degree of 184 

agreement will indicate to what extent model results can help in understanding observations. 185 

3.1. Winds  186 

The shelf circulation of the Gulf of Lions is dominated by wind. The later is locally 187 

highly variable and its rotational is known to induce specific mesoscale currents (Estournel et 188 

al, 2003) encroaching on GAM area. Three types of data are available: the coastal weather 189 

stations data, the meteorological station Batos (on board the ship) data, and the Aladin 190 

meteorological model data. On Fig. 3 and Fig. 4, the fit between each type of data can be 191 

pointed out; the Aladin model ones can then be used as realistic forcings of the Symphonie 192 

ocean circulation model. 193 

 After a period of relative atmospheric calm at the beginning of March, the period 194 

corresponding to the first HYGAM cruise (March 6-7) is characterized by strong winds which 195 

fluctuate between the north-north-west and north at La Grande Motte. These two directions 196 

correspond to very frequent winds in this region, called respectively Tramontane and Mistral. 197 

The Batos station data confirm the occurrence of these strong winds (between 5 and 15 m s-1). 198 
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The Aladin model results are also in good agreement with the various types of data (for 199 

example, see Fig. 3 and Fig. 4 for the station of La Grande Motte).  200 

In reality, orography plays a key role on wind fields : Tramontane blows between the 201 

Pyrenees and the Massif Central (Fig. 1), Mistral, in the Rhone valley, between the Massif 202 

Central and the Alps (Fig. 1). These two winds are then relatively well channelled, the 203 

Tramontane blowing most often from north-north-west on the west side of Gulf of Lion, and 204 

the Mistral, from the north on the east side of the Gulf of Lion.  This typical situation occurs 205 

during the first HYGAM cruise. The GAM is at the convergence of these two winds. Fig. 5 206 

shows how the east part of the gulf, on March 6, is under a Mistral of intensity above 10 m s-1, 207 

how the west part is under a Tramontane of same intensity, and how the winds are nearly 208 

absent in the central part of the gulf. 209 

 After the first cruise, the winds intensity weakens until March 20 (Fig. 3), beginning of 210 

the second HYGAM cruise for which the sea state was nearly calm (slack sea at the beginning 211 

of the cruise). During this second cruise, the very good agreement between each type of data 212 

can be noticed (Fig. 3 and Fig. 4). It shows a drift from south to east winds and a progressive 213 

increase of the wind intensity up to 10 m s-1 at the end of the cruise (March 21).  214 

 The end of March is characterized by an important variability of the weather conditions, 215 

with alternations of calm periods (March 25), of east winds (March 26), of Tramontane (March 216 

28), and of Mistral (March 31), with relatively strong intensities. At the beginning of April, the 217 

winds are from east and south-east, with strong intensities as high as 14 m s-1 measured and 218 

modelled on April the 2nd. These offshore winds can generate important swells from east to 219 

southeast with significant heights on the order of 2 to 3 m. In the following discussion, we will 220 

see that these swells take certainly an important part in the nearshore oceanic circulation.  On 221 

April 5, at the beginning of the third HYGAM cruise, these south-eastern and eastern winds 222 

weaken and then strengthen at the end of the cruise, on April 6. 223 



 10 

 During the three HYGAM cruises, weather conditions were typical of this region (1. 224 

north and north-west winds, 2. fine weather, 3. offshore winds). The measured data should then 225 

permit to understand the oceanic circulation during such conditions.  226 

3.2. Hydrology 227 

Two types of hydrological data are available: the surface data acquired continuously by 228 

the thermosalinograph and the CTD data. Some representative data will be presented in the 229 

next paragraphs.  230 

The salinity is relatively constant during the whole period and uniform for the studied 231 

region, except for some zones desalinated by the plumes of small coastal rivers. On the 232 

contrary, the temperature fluctuates strongly during the whole studied period, depending on the 233 

location. The CTD samplings (76 done during the three HYGAM cruises) clearly show this 234 

variability. On Fig. 6, temperature profiles measured during the three cruises at two stations, 7 235 

in high seas (43°N15’-4°E02’), and 8 near the coast (43°N30’-4°E02’) (see positions on Fig. 2) 236 

are represented.   237 

Because of a particularly cold winter during 2004-2005, the coastal waters are extremely 238 

cold at the beginning of March (9.7 °C at station 8 on March 6). The water column is vertically 239 

homogeneous, but we can note that the offshore waters are warmer (10.7 °C at station 7 on 240 

March 6). The model is consistent with these data (error <  0.2°C on Fig. 6 for H1), and allows 241 

then to better understand the situation. Fig. 7a displays the surface temperature modelled on 242 

March 6. Coastal waters are extremely cold (9.0°C). These waters are part of the Western 243 

Mediterranean Intermediate Water's (WIW's) formation (Dufau-Julliand et al, 2004). Warmer 244 

waters are brought due to a south flux creating an important thermic gradient (>2°C) between 245 

offshore and coastal waters (Fig. 7a). The data of the thermosalinograph (Fig. 7b) confirm this 246 

strong gradient. 247 
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On March 20, coastal waters have warmed up (11.3 °C at 10 m at station 8). The thermic 248 

gradient between offshore and coastal waters is now less pronounced (12.6 °C at 10 m at 249 

station 7). The fine weather period enhances this warming, and the water column stratification 250 

has begun (10.0 °C at 90 m at station 7). The model follows this warming up tendency. It 251 

displays the appropriate range of values, but does not reproduce the vertical gradient. The 252 

surface values (see Fig. 7c and Fig. 7d) are for example under-estimated, the difference being 253 

at least of 1.0 °C. In reality, the warmed layer is slightly too thick in the model. This might be 254 

caused by an inappropriate parameterisation of the attenuation of surface irradiance with depth 255 

in our model. This parameterisation is based on an exponential decay law, dze / , depending on 256 

a vertical scale parameter, d=22m, which roughly corresponds to the clear water case (case 257 

one) of the Jerlov water type classification (Apel, 1987). Actually one can expect nearshore 258 

waters to be turbid because of biogeochemical activities or suspended matter brought by rivers 259 

or bottom turbulence, and consequently, the vertical scale parameter used in our 260 

parameterisation to be much smaller. An adjusted value of this parameter might lead to a better 261 

representation of the warmed layer thickness. Nevertheless, the data from the 262 

thermosalinograph (Fig. 7d) confirm that warmer waters are again brought by an offshore flux.  263 

On April 5, the warming goes on, and, for the first time, the coastal waters have the same 264 

temperature than the offshore waters (13.5-14.1 °C at the surface on Fig. 6). The model still 265 

slightly under-estimates this warming, especially near the coasts, but shows a horizontal 266 

homogenisation trend (Fig. 7e). The data from the thermosalinograph (Fig. 7f) again confirm 267 

the warming of the coastal waters and display relatively cold offshore waters, near 13.0 °C 268 

(principally south-west of the studied region). The CT7 H3 profile (Fig. 6) shows that the water 269 

column is relatively less stratified than 16 days before (0.9°C instead of 2.6°C between surface 270 

and bottom), the weather conditions having favoured vertical mixings. The model, which tends 271 

to be more vertically homogeneous, is then closer to reality. 272 
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3.3. Circulation 273 

3.3.1. HYGAM 1 274 

The ADCP data measured at 16 m depth along the first track of the HYGAM 1 cruise 275 

(between 8h00 on March 6 and 6h00 on March 7) are represented on Fig. 8. Results for data 276 

available every 4 m depth (figures not included) exhibit an important vertical homogeneity of 277 

the circulation. This vertical homogeneity is confirmed by representing vertically the data 278 

measured along transect 7-8 (south-north, longitude 4°02’E) on Fig. 9a and Fig. 9c. One can 279 

however note that the ADCP data are valid when located between 12 m above the bottom and 280 

16 m under the sea surface. This implies that the ADCP gives generally valid data offshore of 281 

the 30 m bathymetry line. We then understand the utility of completing this data with model 282 

results.  283 

The corresponding model results (shown on Fig. 10 at 12h00 on March 6 at 16 m depth) 284 

are very close to the in situ data. These model results are represented on Fig. 9b and Fig. 9d 285 

along the same transect than the data one and at 12 h on March 6. These figures confirm that 286 

the velocity fields are nearly homogeneous on the whole water column, and not only at the 287 

measured depths. The data measured at 16 m depth (Fig. 8) are then representative of the 288 

surface currents. This vertical homogeneity corresponds effectively to the temperature vertical 289 

homogeneity (see §3.2.), characteristic of the winter period. In a general case, and particularly 290 

in summer, we will have to be very cautious when interpreting the currents measured at 16 m 291 

depth as representative of the surface currents.  292 

Near the bottom, under 40 to 50 m depth, the model shows however that the currents tend 293 

to decrease, and even reverse. One can for example remark the reverse under 60 m depth 294 

(Fig. 9c and Fig. 9d) on the southern part of the transect 7-8 (latitude 43.25°N). This particular 295 

case is however well detected in the measurements (Fig. 9 a). 296 
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The near-perfect consistency between observed and simulated data allows then a detailed 297 

analysis. On Fig. 8, the data of the three western transects show currents toward the west and 298 

the southwest-west after the 40 m-isobath. The model reproduces well this flux due to the 299 

Ekman drift created by the northwest wind (Tramontane, see Fig. 5) present on the western part 300 

of the GAM. Data prove that these currents can locally reach 0.20 m s-1 whereas the model, 301 

which has a tendency to smooth extreme values, simulates a current near 0.12 m s-1. Closer to 302 

the coast (before the 40 m-isobath), sparse data exhibit currents in the opposite direction with 303 

very weak intensity. The model gives also very low values of velocities nearshore (before the 304 

40 m-isobath), where we get closer to the atmospheric calm zone (see Fig. 5).  305 

As the Tramontane controls the circulation in the west part of the GAM, the Mistral 306 

(north wind on Fig. 5) controls the circulation of the east part of the GAM. The data of the 307 

three eastern transects show currents toward the east and the southeast-east between the 20 m- 308 

and 60 m-isobaths. The data show these currents can locally reach 0.30 m s-1. The model 309 

reproduces well this waters export of GAM toward the east with a mean flow on the order of 310 

0.20 m s-1 focused between the 20 m- and 60 m-isobaths.  311 

In the central part of the GAM, the circulation understanding becomes less direct. Indeed, 312 

whereas the atmospheric flux is mainly southward, the oceanic flux seems northward. More 313 

precisely, the more-offshore transect data show currents globally westward, and even locally 314 

northward (longitude 4°05’ E, with an intensity up to 0.30 m s-1). The eastern transect exhibits 315 

a break at 60 m-isobath between the nearshore waters going eastward and the offshore ones 316 

going westward. The transect 7-8 (Fig. 9) also displays a change in direction. The southern 317 

data of this transect (up to 43.30°N) show a northward current at 0.16 m s-1. Fig. 9a and Fig. 9c 318 

show between 43.30°N and 43.35°N a north-westward current that can reach 0.28 m s-1. 319 

Weaker currents are measured between 43.35°N and 43.40°N. Nearshore, north of the latitude 320 

43.40°N, the current is reversed, going eastward at 0.20 m s-1. The model gives results close to 321 
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the observations with a north-westward current south of the latitude 43.40°N, and an eastward 322 

current north of this latitude (Fig. 9 b and Fig. 9d).  323 

 With this typical meteorological situation of Tramontane (north-northwest wind) and 324 

Mistral (north wind), respectively channelled west and east of the GAM, an important oceanic 325 

circulation occurs northward and north-westward in the centre part of the GAM. This 326 

circulation splits, turning toward west and southwest-west in the western part of the GAM and 327 

turning eastward in the eastern part of the GAM. 328 

 During the Sarhygol 3 cruise (June 13-15 2000), concerning the whole Gulf of Lion’s 329 

shelf, with the same meteorological conditions (channelled Tramontane and Mistral),  Petrenko 330 

et al (2005) observed the same northward flux between longitudes 3.9°E and 4.3°E at latitude 331 

43.1°N. They interpreted this flux to be an intrusion of the Northern Current, MAW (Modified 332 

Atlantic Water) general circulation current located on the continental slope (near latitude 333 

42.7°N, longitude 4.0°E). Estournel et al (2003) explained by modelling that such intrusions in 334 

the middle of the shelf are due to the water pumping created by a cyclonic circulation on the 335 

western side of the gulf of Lion and an anticyclonic circulation on the eastern side. Estournel et 336 

al (2003) found that these rotating circulations are wind-driven, the former by the Tramontane, 337 

and the latter by the Mistral. The two rotating circulations join in the middle of the gulf of 338 

Lion, it means in the GAM. 339 

HYGAM 1 observations and the corresponding modelling confirm these previous studies. 340 

We also show the consequences at the GAM scale. The origins of the south flux are better 341 

understood, and the consequence is an important thermic gradient (>2°C) between offshore and 342 

coastal waters (see §3.2. and Fig. 7 and Fig. 8). These warmer waters come actually from the 343 

Northern Current, warmer in winter than the surrounding waters, and particularly, than the 344 

nearshore waters.  345 



 15 

After the HYGAM 1 cruise, the model shows a persistence of the south flux laterally 346 

evacuated. The lateral drift toward southeast to east in the eastern part of the GAM is the only 347 

one to persist after March 9. Then, until March 20, the currents intensity is weak, 348 

corresponding to the weak winds intensity (see §3.1.). This period between the first two cruises 349 

favours also the first spring warmings (see §3.2.).  350 

 351 

3.3.2. HYGAM 2 352 

For this second cruise, the model results are less coherent with the data.  353 

Nearshore until 70 m-isobath, currents are globally longshore (they follow the isobaths) 354 

westward (Fig. 11). The model reproduces quite well this longshore flux (Fig. 12). This might 355 

be explained by the sum of two effects. The first is due to the south winds with weak intensity 356 

(≤ 4 m s-1). These winds pile water on the shoreline and induce a raise of the sea surface 357 

elevation, estimated by the model to be 3 to 4 cm between the 70 m- isobath and the shoreline. 358 

Such a surface elevation slope is sufficient to create a geostrophic current on the order of 0.15 359 

to 0.20 m s-1. The model proves that these longshore currents, in quasi geostrophic equilibrium 360 

with the surface pressure gradient, can be accelerated by southeast winds which strengthen 361 

during the cruise. These simulated currents can reach 0.30 m s-1 (see Fig. 12, latitude 43.3°N, 362 

longitude 4.1°E). 363 

Offshore, after 70 m-isobath, the model is less coherent with the measurements. In order 364 

to complete the observation of the south flux measured on March 21, 0 h, on the southern 365 

southwest transect (see Fig. 11), we decided to modify our plan by continuing southward, until 366 

latitude 43°10’N, the north-south transect 8-7 (longitude 4°02’E). The southward transect 367 

ended 6 h after the first path at the station 7 and does not confirm this south flux. By analysing 368 

Fig. 13, we can however note the consistency between the model results and the measurements 369 

along this longer transect 8-7. South of the station 7 (latitude < 43.25°N), the observed currents 370 
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(westward) are quite different from the model ones (eastward), but the current intensities are in 371 

fact quite low (< 0.05 m s-1). North of the station 7, between the latitudes 43.27°N and 372 

43.34°N, a north-eastward current (~ 0.35 m s-1) is observed, whereas the model shows the 373 

same current slightly more south (between the latitudes 43.24°N and 43.30°N). On Fig. 12, it is 374 

clear that this current takes part to the recirculation of nearshore waters, westward advected 375 

north of latitude 43.34°N.  This longshore advection is particularly important (~ 0.30 m s-1) 376 

westward between latitudes 43.34°N (70 m-isobath) and 43.40°N (40 m-isobath). 377 

Contrary to HYGAM 1 cruise, the meteorological situation is less pronounced and 378 

fluctuates, leading to a more difficult analysis of the measured currents. Moreover, the model is 379 

less constrained by this type of inputs, and thus the model results can be less realistic.  One can 380 

remark that the model failed in reproducing the south-eastward current measured at the 381 

southeast of our observed domain.  382 

Whereas the meteorological conditions are very different from the first cruise ones, one 383 

can note the south flux which similarly advects the warmer waters in the GAM (see §3.2). 384 

At the end of the cruise and until March 28, the model exhibits the development of a 385 

strong westward nearshore drift (between 0 and 30 m isobaths). This drift can reach 0.60 m s-1 386 

and is also modelled during the HYGAM 2 cruise with an intensity of 0.30 m s-1 (see Fig. 13c 387 

at latitude 43.5°N). It is maintained by south to east atmospheric fluxes. This state changes 388 

completely in few hours on March 28. North winds at the end of March create a circulation 389 

similar to the one described for HYGAM 1 cruise. At the beginning of April, the south-390 

southeastern winds again generate this strong westward nearshore drift. Before the HYGAM 3 391 

cruise, the winds weaken, as well as the currents.   392 

 393 

 394 

 395 
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 3.3.3. HYGAM 3 396 

 On April 5, the meteorological conditions are calm and the measured currents, weak (< 397 

0.20 m s-1 on Fig. 14). The simulated currents at 16 m (Fig. 15) are coherent with the measured 398 

ones. As for HYGAM 2 cruise, the south-southeastern strong winds, preceding the cruise, piled 399 

the waters inside the gulf, creating a raise of the sea surface elevation on the order of 5 cm 400 

between the shoreline and the 90 m-isobath (see Fig. 15). The westward currents parallel to the 401 

isobaths, measured and simulated, can then be issued, as a first approximation, from the 402 

geostrophic equilibrium imposed by this slope. The analysis of the currents at 16 m-depth (Fig. 403 

14 and Fig. 15) does not allow to go further than the correlation between data and model 404 

results. 405 

A vertical section (Fig. 16) gives more information. Because of a sediment sampling plan 406 

and of the numerous fishing nets on the zone, this section was obtained on the north-south 407 

profile, longitude 4°07’E, instead of  4°02’E, as for HYGAM 1 and 2 (Fig. 9 and Fig. 13). The 408 

data exhibit currents at 0.10 to 0.15 m s-1 toward north-west-west, quite homogeneous between 409 

the 16 m-depth and the deeper ADCP cell (at least 12 m above the seafloor). The model tends 410 

to concentrate this motion quantity toward north-west-west between the 10 to 25 first meters 411 

depth. Under this surface moving layer, water is quite static, and even oriented in the opposite 412 

direction near the bottom. 413 

In fact, these discrepancies might be caused by an important swell before and during the 414 

cruise. To go further than the first seasick impression onboard, we decided to study the waves 415 

data. The measured waves data are either inexistent (the Sète Datawell station was down) or 416 

very offshore (Météo-France station at latitude 42.0°N). This latter permits however Météo-417 

France to run the VAGMED model. We acquired their results for March-April 2005 period. 418 

Fig. 17 shows results close to the Station 7 at 43.25°N, 4.00°E. For March, except for short 419 

events of south to east waves, the GAM is nearly not under the influence of waves. For the first 420 
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two HYGAM cruises, the waves are very weak. On the contrary, at the beginning of April, the 421 

south-southeastern winds generate higher (> 1 m) and longer (~8 s) waves. These swells 422 

continue during the whole HYGAM 3 cruise, and even strengthen at the end.  423 

A fundamental issue is to know what are the consequences of such swells on the oceanic 424 

circulation. The results of the third cruise show the limitations of the followed methodology 425 

and raised some questions which will be discussed in section 4. 426 

 427 

In one way, the measured data need to be completed by data near the surface and the 428 

bottom, and closer to the coast. Indeed, the swell will certainly have the greatest influence on 429 

these zones. In the other way, the numerical model used here does not take into account the 430 

swell effects on the circulation. We will see in the next section what is planned to improve 431 

these two aspects. 432 

 433 

4. Conclusions and Perspectives 434 

This observation and modelling work at an intermediate scale between nearshore (e.g. 435 

Meulé et al, 2001) and coastal (e.g. Petrenko et al, 2005) studies is one of the first experiments 436 

for this region. It permits to obtain a quite realistic description of the oceanic circulation during 437 

the 39 days of simulation, including the 6 days of observations. We can note: 438 

- the important variability of the oceanic circulation at this scale, 439 

- the importance of the winds and of their horizontal gradients, inducing coherent 440 

structures, both at GAM and continental shelf scales, 441 

-  the interactions with the general oceanic circulation (intrusions of the Northern 442 

Current), 443 
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-  longshore currents achieving the geostrophic equilibrium with the surface slope, 444 

itself created by offshore winds, 445 

- important heat exchanges, offshore toward the coast by offshore south fluxes, 446 

- the formation of cold waters near the shoreline, certainly supplying the WIW, 447 

- the relative discrepancies between the model and the data when swell is present.  448 

In order to better understand the GAM hydrodynamics, many improvements are to be 449 

achieved, in modelling as well as in observation. 450 

4.1. Modelling improvements 451 

 This paper shows that models of costal oceanic circulation, as Symphonie, are able to 452 

well reproduce the circulations inferred by winds at different scales, included shelf circulations 453 

interacting with general circulation. Nesting modelling is an undeniable progress realised 454 

during the last years. The differences of thermohalines and sea surface elevation also permit to 455 

generate important circulations at this scale.  456 

Beyond the progress already obtained and awaited in numerical aspects (numerical 457 

schemes, nesting methods …) and beyond the realism of forcings (atmospheric and large scale 458 

circulations), important progresses are still to achieve in order to take into account the physical 459 

phenomena. 460 

For example, taking into account the astronomical and atmospheric tides is quite 461 

important. Whereas these tides generate only weak velocities (a few cm s-1), the setups are 462 

rather important (on the order of 50 cm, Lyard, pers com), when the coefficients tides are high, 463 

and especially when atmospheric depression occurs. These setups have a real impact on the 464 

littoral in terms of flooding (storm surges). For future studies we plan to take into account high 465 

frequency barotropic processes, induced by tides and/or atmospheric pressure, in order to focus 466 

on storms and their potential consequences on littoral. 467 

 468 
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In the same idea, we are convinced that it is important to take into account the swell in a 469 

zone like the GAM. Among the major known wave effects on the ocean circulation, one can 470 

note: 471 

- the increase of the surface roughness in the presence of surface waves (Donelan et al, 472 

1993), 473 

- the modification of the bottom stress by the wave-current interactions in shallow waters 474 

(e.g. Christofferson and Jonsson, 1985), 475 

- the interactions between wave- and wind/buoyancy- driven currents via the radiation 476 

stresses (Longuet-Higgins and Stewart, 1962a) or the vortex force (Garrett, 1976 ; Huang, 477 

1979), 478 

- the Coriolis effect on the surface wave-induced currents (Jenkins, 1987) and the Stokes 479 

drift caused by the balance between Coriolis forces -which result from the mean and wave 480 

induce motions-, and the surface wind stress (modified Ekman equations) (Huang, 1971), 481 

- the modification of the bottom and surface boundaries conditions for the turbulent 482 

kinetic energy (Terray et al, 1995; Mellor and Blumberg, 2004).  483 

In order to study 3D hydrodynamics of inner shelf zones such as the GAM, a three 484 

dimensional model taking into account these wave effects at intermediate scale should be 485 

implemented. Following the physics described by Mellor (2003), the three dimensional effects 486 

of the waves are introduced in the coastal circulation model. With this approach, new forcing 487 

terms appear in the primitive equations. These forcing terms are mainly the gradient of the 3D 488 

radiation stresses, corresponding to those given by Longuet-Higgings and Stewart (1961a, 489 

1962b) and Phillips (1966) in a 2D integrated model. Moreover, the surface and bottom 490 

stresses and the turbulent kinetic energy transport equation should be modified.  491 

This perspective work is going to be achieved using the wave propagation model 492 

REF/DIF (Kirby and Dalrymple, 1983) to compute the wave characteristics used to force the 493 
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coastal circulation model Symphonie. Preliminary tests on academic cases are already done 494 

(Denamiel et al, 2005). Fig. 17 shows that the swell events are quite rare on March-April 2005 495 

period. However, during swell events as the one encountered for the HYGAM 3 cruise, the 496 

oceanic circulation at the GAM scale is undoubtedly to be modelled with the swell effects. In 497 

real, as for the tides, the swell effects are the most important during the south to southeast 498 

storms. The next step of this work should be the implementation of “Symphonie modified by 499 

wave effects” for such realistic extreme events. 500 

4.2. Observation improvements 501 

For the observations, the boat surveys, similar to the ones of the HYGAM cruises, are 502 

insufficient, even if they deliver precious information. They do not provide data for the few 503 

meters near the surface nor near the bottom.  The lack of data between the shore and the 20 m-504 

isobath complicates the comprehension of the continuity between the inner shelf and the 505 

littoral. The observations are also problematic because of the highly transitory character of the 506 

circulation at this scale. The HYGAM cruises experiment however shows that the structures 507 

are coherent and persistent enough to be measured by such surveys. 508 

To complete these surveys, fixed observation stations are needed. On the continental 509 

shelf, it is difficult to maintain a bottom ADCP station because of intensive trawling. After 510 

negotiations with fishing comities and authorities, an ADCP (RDI 300 kHz with a wave 511 

module protected in a bottom mount) will be deployed in 2007 at 3°52’E, 43°15’N (station 5 512 

on Fig. 2). This ADCP will allow to realize time series of vertical profiles of currents and swell 513 

characteristics every hour during a few months. A Seabird pressure sensor will also be installed 514 

on an artificial reef at 3°52’E, 43°26’N (station 6 on Fig. 2). It will measure time series of 515 

setup and non directional characteristics of swells, also every hour during a few months. For 516 

the littoral scale, a pressure sensors net, two Nortek ADVs and two ADCPs (RDI 600 kHz with 517 

wave modules), will be deployed on various beaches of the GAM. This effort made for the 518 
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observations will permit to better describe the hydrodynamics of the GAM and to validate the 519 

numerical models, especially during the storms events.  520 

4.3. Future applications 521 

The improvement of observation and modelling tools at this scale is an important 522 

challenge for the next years. Applications are numerous. The Montpellier sewages are dumped 523 

since 2005 by a pipeline 10 km south of Palavas-Les-Flots, under 30 m of bathymetry (in the 524 

middle of the GAM). Their dispersion is a problem which needs a precise knowledge of the 525 

hydrodynamics. The small costal rivers, Mosson and Lez at Palavas-les-Flots, and Vidourle 526 

near La Grande-Motte (see locations on Fig. 2), also drain waters in urban and agricultural 527 

watersheds subject to contamination hazards. In case of important floods, the rivers plumes are 528 

subject to the GAM hydrodynamics. The knowledge of the GAM hydrodynamics is then useful 529 

for computing the contamination hazards.  530 

This hydrodynamics also plays an important role for the computation of the submersion 531 

and erosion hazards. The submersion events are known to occur in the region during the south 532 

to southeast storms. During these events, the setups induced by the winds, by the tides and by 533 

the swells cumulate. The offshore atmospheric fluxes also lead to important precipitations. The 534 

GAM littoral is more often formed by beach ridges and low and lagoonar zones. These two 535 

factors aggravate the littoral submersion risks. For the submersion hazards computation, one 536 

understands the necessity to integrate tides and swells in the models and to measure the setups. 537 

Except for the Espiguette cape, near Port-Camargue (see Fig. 2), the GAM littoral is also 538 

subject to an intense erosion. The sand sedimentary transport study is usually done at the 539 

littoral scale (e.g. Tessier et al, 2000 ; Meulé et al, 2001 ; Certain et al, 2005a, 2005b). These 540 

studies consider the littoral zone as a cell more or less isolated from offshore, with mainly 541 

longshore fluxes. It however seems important to evaluate cross-shore fluxes toward the 542 

offshore zone. Such fluxes certainly occur during south to east storms and might lead to sand 543 
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lost beyond the coastal zone. This sand will then not contribute anymore to the coastal 544 

morphodynamics. To evaluate this flux, one will have to pursue studies such as the one 545 

presented in this paper, and more especially during storms.   546 

 In a region where tourism and littoral urbanisation impacts are fundamental, the society 547 

expects tools to evaluate the hazards (contamination, erosion, or submersion). The scientific 548 

knowledge is then expected and studies such as this one go in this way.  549 
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Figure captions 723 

 724 

Fig. 1: Geographical situation of this study. Frames of the three nested modeling grids. 725 

Bathymetry of the largest modeling grid (isolines every  500 m). 726 

 727 

Fig. 2: Geographical situation of this study with the cities. Bathymetry (isolines, 20 m to 728 

80 m). HYGAM cruises main stations (squares 1 to 8) and tracks (straight lines). 729 

 730 

Fig. 3:  Wind speed measured at La Grande Motte (solid line), modeled by Aladin at the 731 

same location (dotted line) and measured on the RV during the cruises (+). 732 

 733 

Fig. 4:  Wind direction measured at La Grande Motte (solid line), modeled by Aladin at 734 

the same location (dotted line) and measured on the RV during the cruises (+). 735 

 736 

Fig. 5: Wind (arrows and colors ; m s-1) modeled by Aladin at 12h00 on March 6.  737 

  738 

Fig. 6: Temperature profiles : 739 

- measured at station 8 during HYGAM 1, at 18h10 on March 6 (CTD8 H1), 740 

during HYGAM 2, at 6h33 on March 20 (CTD8 H2), during HYGAM3, at 20h11 on 741 

April 5  (CTD8 H3), 742 

- simulated at the same place and times (MOD8 H1, MOD8 H2, MOD8 H3) , 743 

- measured at station 7 during HYGAM 1, at 11h04 on March 6 (CTD7 H1), 744 

during HYGAM 2, at  0h16 on March 21 (CTD7 H2), during HYGAM3, at 8h50 on 745 

April 5 (CTD7 H3), 746 

- simulated at the same place and times (MOD7 H1, MOD7 H2, MOD7 H3) . 747 

 748 

Fig. 7: Surface temperature (°C) :  749 

(a) modeled by Symphonie at 12h00 on March 6,  750 

(b) measured by the Téthys’ thermosalinograph on March 6 (same color scale than (a)),  751 

(c) modeled by Symphonie at 12h00 on March 20,  752 

(d) measured by the Téthys’ thermosalinograph on March 20 (same color scale than (c)),  753 

(e) modeled by Symphonie at 21h00 on April 5,  754 

(f) measured by the Téthys’ thermosalinograph on April 5 (same color scale than  (e)). 755 



 31 

 756 

 Fig. 8: Currents measured at 16 m depth along the cruise track between 8h00 on March 757 

6 and 6h00 on March 7. 758 

 759 

Fig. 9: Vertical sections (depth vs. latitude) of the currents (colors, m s-1) on March 6 760 

along transect 8-7 (longitude 4°02’E): (a) observed eastward component, (b) simulated 761 

eastward component, (c) observed northward component, (d) simulated northward component 762 

 763 

Fig. 10: Currents (colors, m s-1) modeled by Symphonie at 12h00 on March 6 at 16 m 764 

depth.  765 

 766 

Fig. 11: Currents measured at 12 m depth along the cruise track between 17h00 on 767 

March 20 and 15h00 on March 21. 768 

 769 

Fig. 12: Currents (colors, m s-1) modeled by Symphonie at 06h00 on March 21 at 16 m 770 

depth. 771 

 772 

Fig. 13 : Vertical sections (depth vs. latitude) of the currents (colors, m s-1) on March 21 773 

along transect 8-7 (longitude 4°02’E): (a) observed eastward component, (b) simulated 774 

eastward component, (c) observed northward component, (d) simulated northward 775 

component. 776 

 777 

Fig. 14: Currents measured at 16 m depth along the cruise track beetween 6h00 on April 778 

5 and 5h00 on April 6. 779 

 780 

Fig. 15: Currents (colors and arrows, m s-1) and surface elevation (black isolines, cm) 781 

modeled by Symphonie at 12h00 on April 5 at 16 m depth. 782 

 783 

Fig. 16 : Vertical sections (depth vs. latitude) of the currents (colors, m s-1) on April 5 784 

along transect 8-7 (longitude 4°02’E): (a) observed eastward component, (b) simulated 785 

eastward component, (c) observed northward component, (d) simulated northward component 786 

 787 

Fig. 17 : Total wave characteristics simulated by Vagmed Météo-France model at 788 

43.25°N, 4.00°E 789 



 
 

Fig. 1: Geographical situation of this study. Frames of the three nested modeling grids. 
Bathymetry of the largest modeling grid (isolines every  500 m). 
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Fig. 2: Geographical situation of this study with the cities. Bathymetry (isolines, 20 m to 80 
m). HYGAM cruises main stations (squares 1 to 8) and tracks (straight lines). 
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 Fig. 3:  Wind speed measured at La Grande Motte (solid line),  modeled by Aladin at the 
same location (dotted line) and measured on the RV during the cruises (+).



 
 

5 10 15 20 25 30 35 40
0

90

180

270

360

days in march-april 2005

W
in

d 
di

re
ct

io
n

 
 
 
 

Fig. 4:  Wind direction measured at La Grande Motte (solid line),  modeled by Aladin at the 
same location (dotted line) and measured on the RV during the cruises (+).
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Fig. 5: Wind (arrows and colors ; m s-1) modeled by Aladin at 12h00 on March 6.  
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Fig. 6: Temperature profiles : 
- measured at station 8 during HYGAM 1, at 18h10 on March 6 (CTD8 H1), during 

HYGAM 2, at 6h33 on March 20 (CTD8 H2), during HYGAM3, at 20h11 on April 5  
(CTD8 H3), 

- simulated at the same place and times (MOD8 H1, MOD8 H2, MOD8 H3) , 
- measured at station 7 during HYGAM 1, at 11h04 on March 6 (CTD7 H1), during 

HYGAM 2, at  0h16 on March 21 (CTD7 H2), during HYGAM3, at 8h50 on April 5 
(CTD7 H3), 

- simulated at the same place and times (MOD7 H1, MOD7 H2, MOD7 H3) . 
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Fig. 7a: Surface temperature (°C) modeled by Symphonie at 12h00 on March 6. 
 



 
Fig. 7b: Surface temperature (°C) measured by the Téthys’ thermosalinograph on March 6 

(same color scale than Fig. 7a) 



10  

10.5

11  

11.5

12  

12.5

13  

13.5

3.5 3.6 3.7 3.8 3.9 4 4.1 4.2

43.2

43.25

43.3

43.35

43.4

43.45

43.5

43.55

Longitude

La
tit

ud
e

 
 

Fig. 7c: Surface temperature (°C) modeled by Symphonie at 12h00 on March 20. 
 



 
Fig. 7d: Surface temperature (°C) measured by the Téthys’ thermosalinograph on March 20 

(same color scale than Fig. 7c) 
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Fig. 7e: Surface temperature (°C) modeled by Symphonie at 21h00 on April 5. 



 
 

Fig. 7f: Surface temperature (°C) measured by the Téthys’ thermosalinograph on April 5 
(same color scale than Fig. 7e) 
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 Fig. 8: Currents measured at 16 m depth along the cruise track between 8h00 on March 6 and 
6h00 on March 7. 
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Fig. 9: Vertical sections (depth vs. latitude) of the currents (colors, m s-1) on March 6 along 
transect 8-7 (longitude 4°02’E): (a) observed eastward component, (b) simulated eastward 

component, (c) observed nothward component, (d) simulated northward component 
 

 
 
 
 
 
 
 
 
 
 
 
 



 

 
Fig. 10: Currents (colors, m s-1) modeled by Symphonie at 12h00 on March 6 at 16 m depth 
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Fig. 11: Currents measured at 12 m depth along the cruise track beetween 17h00 on March 20 

and 15h00 on March 21 
 



. 
Fig. 12: Currents (colors, m s-1) modeled by Symphonie at 06h00 on March 21 at 16 m depth. 
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Fig. 13 : Vertical sections (depth vs. latitude) of the currents (colors, m s-1) on March 21 along 
transect 8-7 (longitude 4°02’E): (a) observed eastward component, (b) simulated eastward 

component, (c) observed nothward component, (d) simulated northward component 



20

20

20

20

40

40

40

40

60

60

60

80

80

80

 30'  40'  50'    4oE  10' 

 15' 

 20' 

  43oN 
 25.00' 

 30' 

 35' 
30cm/s

 
 

Fig. 14: Currents measured at 16 m depth along the cruise track beetween 6h00 on April 5 and 
5h00 on April 6 

 



 
 
 

Fig. 15: Currents (colors and arrows, m s-1) and surface elevation (black isolines, cm) 
modeled by Symphonie at 12h00 on April 5 at 16 m depth 

 



-80

-60

-40

-20

0
D

ep
th

 (m
)

43.25 43.3 43.35 43.4 43.45
-80

-60

-40

-20

0

D
ep

th
 (m

)

Latitude

-0

-0

-0

-0

0 

0.

0.

0.

0.

43.25 43.3 43.35 43.4 43.45 43.5
Latitude

 
 
 

Fig. 16 : Vertical sections (depth vs. latitude) of the currents (colors, m s-1) on April 5 along 
transect 8-7 (longitude 4°02’E): (a) observed eastward component, (b) simulated eastward 

component, (c) observed nothward component, (d) simulated northward component 
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Fig. 17 :  Total wave characteristics simulated by Vagmed Météo-France model at 43.25°N, 
4.00°E 

  
 

 


