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The Gulf of Aigues-Mortes (NW Mediterranean Sea) is a midshelf zone whose scale is an intermediate between the 
nearshore scale (0–10 m depth) and the coastal scale (including the whole continental shelf). Its hydrodynamics is 
investigated for the first time. ADCP, CTD and thermosalinograph data were collected during three short cruises 
(HYGAM; March 6–7, 20–21, April 5–6, 2005). They were scheduled approximately every 15 days to sample the gulf 
circulation under different weather conditions. Moreover, the cruise data were used to validate the Symphonie model, a 3D 
primitive equations circulation model. The circulation features displayed by in situ data were well reproduced by 
Symphonie. A downscaling modelling approach was implemented, the largest scale being obtained by the replay of the 
MFSTEP regional model of the North-Western Mediterranean Sea.
The analysis, closely coupling in situ measurements and model results, provides information that would not have been

obtained using data separately. The great variability of the oceanic circulation at this scale is well evidenced. Winds are the

main forces, not only locally but also at a larger scale. North winds generate coherent structures interacting with the

general Mediterranean circulation. The explanation of the induced currents is then not straightforward, some of them

being, for example, northward. South and southeast winds reinforce the sloping surface, the latter allowing the geostrophic

equilibrium with longshore currents. This study, focused on the end of winter 2004–2005, also enhances the heat fluxes

from offshore to nearshore, as well as the initiation of shelf dense waters.

The knowledge of the midshelf oceanic circulation is then applied to run a numerical experiment which describes both 
the dispersion of a fictive contaminant from a point S (at the centre of the GAM), and evaluates the risk of contamination 
of the beaches along the GAM shores.

Keywords: Current data; Modelling; Shelf dynamics; Wind-induced currents; Sewage dispersion

1. Introduction

The Gulf of Aigues-Mortes (GAM) is located in

the Northwestern Mediterranean Sea (Fig. 1). This

zone is the northern part of the Gulf of Lion (GoL)
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midshelf. It is the shelf zone which is further off the

continental slope, and consequently the most

further off the Mediterranean general circulation,

i.e. the Northern Current (NC) (e.g. Millot, 1990).

Nonetheless, this area is largely open offshore, and

cannot be studied without taking into account the

hydrodynamic and meteorological phenomena at

large scale. Down to the 80m-isobath, the slope is

low, on the order of 0.5%. Offshore the 80m-

isobath, the shelf is nearly flat up to the shelf break.

Except for the harbour structures, the coast is

sandy, and globally in erosion (e.g. Certain et al.,

2005a and included literature). Urbanisation and

tourism are intensively developed. The Montpellier

urban area (Fig. 2) has a population of 400,000

habitants. The Sète harbour (Fig. 2) is the first

French-Mediterranean fishing port with roughly

15,000T/yr of fish. Port Camargue (Fig. 2) is the

first French-Mediterranean yachting harbour with

4800 pier places. Numerous resorts, Palavas-les-

Flots and La Grande Motte (Fig. 2), for example,

extended very rapidly in the 1960s, with the

development of mass tourism. The stakes are thus

crucial and scientific studies such as this one are

expected by society and authorities. The quality of

both GAM waters and shores are continuously

threatened by water pollution and coastal erosion,

which, in the long run, could cause irreversible

alterations. For instance, the water of the gulf

receives the discharges coming from the numerous

urban settlements along and near the GAM. The

sewage of the Montpellier area, after being treated

and collected in a 10 km pipeline, is dumped in front

of Palavas-les-Flots, in water 30m deep (point S in

Fig. 2). This sewage is able to modify the quality of

the swimming water and to have uncontrolled

impact on the marine ecosystem. For these reasons,

the study of the hydrodynamic processes and the

circulation of the GAM, presented here, is able to

provide useful information to improve the water

quality, and for coastal management.

As far as the NW Mediterranean Sea is con-

cerned, the hydrodynamics at the GAM scale has

been very poorly studied. Except a few studies, such

as in the Gulf of Fos (Ulses et al., 2005) or along the

Roussillon coast (Lamy et al., 1981), no study

looked particularly at the hydrodynamics of the

NW Mediterranean midshelf. Studies were indeed

often centred on the whole GoL. For many years,

the French national program of coastal environ-

ment (Raimbault and Durrieu de Madron, 2003)

has focused on studies at regional scales. Experi-

mental studies were carried out in the 1990s in the

region, especially on the variation of the NC

offshore of Marseilles (Conan and Millot, 1995),

the sediment transport in canyons (Monaco et al.,
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1990) or at the shelf break (Durrieu de Madron

et al., 1999; Lapouyade and Durrieu de Madron,

2001), the biogeochemical cycles in the gulf (Raim-

bault and Durrieu de Madron, 2003), and the

Rhone River plume (Naudin et al., 2001; and

included literature). More recently, the entire shelf

circulation has been studied (Petrenko et al., 2005).

Previous modelling works focusing on GoL dy-

namics have been done with primitive equations

models based on Boussinesq and hydrostatic

approximation (Delleville, 1997; Echevin et al.,

2003; Estournel et al., 2003).

None of the cited studies are specific on the

GAM. However, those with a larger-scale extension

give insights into the GAM hydrodynamics. The 10

Sarhygol cruises, which took place on the whole

GoL during 2000–2002 (Petrenko et al., 2005), have

an ADCP transect at the south of the GAM

between longitudes 3.91E and 4.31E at latitude

43.11N. These surveys show a large spatial and

temporal variability of the currents.

Some studies clearly point out that the hydro-

dynamics at the GAM scale is mainly induced by

winds. The winds, particularly the Tramontane

blowing most often from north-north-west on the

west side of GoL, and the Mistral, from the north

on the east side of the GoL, have local effects, such

as upwellings or downwellings (e.g. Lamy et al.,

1981). Estournel et al. (2003) also show that these

two winds (Tramontane and Mistral) induce large

and temporary eddies on the GoL shelf. These

coherent structures are able to control the GAM

circulation.

Even if the NC flows most often along the

continental slope 80 km south of the GAM, the

NC can have cross-shore intrusions on the shelf

(Gatti et al., 2005). These intrusions seem to be

linked to the instabilities of the NC. In order to

obtain realistic simulations of the hydrodynamics of

the GoL shelf, including the GAM, the NC and its

instabilities have to be carefully modelled.

In a similar manner, the GAM is far from the

Rhone river outlet. Estournel et al. (1997), however,

show that in the particular southeast winds condi-

tions the river plume can be pushed towards the

GAM. This is, however, not the case in general. The

GAM is excluded by the discharges of the closest

main rivers: the ‘‘petit Rhone’’ river at east (41E24’),

and the ‘‘Hérault’’ at west (31E26’), which are both

outside the GAM.

The GAM is then not affected by relevant

brackish that could increase the buoyancy. It is

also the more northern zone of the GoL. Although

it has never been directly observed, the GAM could

be a good location for dense water formations.

Observed in other locations of the GoL shelf, these

dense water formations generate the Western

Mediterranean Intermediate Water’s (WIW’s) (e.g.
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Dufau-Julliand et al., 2004). The spreading of these

dense waters can transport large amounts of water

and sediment, reshape submarine canyon floors and

affect the deep-sea environment (Canal et al., 2006).

Although marginally describing the GAM, the

past investigations point the importance of this

area, while they leave numerous questions still not

answered. Thus, the aim of this study is to continue

these previous works, with a specific focus on the

GAM.

First, using the CTD data and the velocity

measurements collected during three short HY-

GAM (HYdrodynamics in the Gulf of Aigues-

Mortes) cruises, we describe the hydrographic

characteristics and the circulation of the gulf. In

addition, since the cruises occurred during different

weather conditions, we also illustrate the various

circulation scenarios in response to different wind

forcing, highlighting the dominant role that the

winds have in driving the circulation. Second, using

the dataset collected during the HYGAM cruises,

we are able to validate the 3D Symphonie model

(e.g. Estournel et al., 2003), and we can use the

model to identify the dominant processes that

generate the observed currents. The model output

data are also used to reproduce a numerical

experiment in which we study the dispersion of a

fictive contaminant dumped at point S (Fig. 2).

The paper is organised as follows. In Sections 2

and 3, we describe the methods and the results of

this study. In both sections, we present first what

concerns the in situ observations and second what is

related to the model output. In Section 4, some

applications are discussed and we present a concrete

one about contaminant dispersion.

2. Methods

2.1. The HYGAM cruises

Three short cruises (HYGAM: HYdrodynamics

in the Gulf of Aigues-Mortes) were taken in

March–April 2005 to survey hydrodynamics fea-

tures across the GAM. They were scheduled

approximately every 15 days to sample the gulf

circulation under different weather conditions. In

addition, the measurements collected during the

cruises were used to validate the numerical model

Symphonie. The cruises took place during March

6–7, 20–21 and April 5–6, 2005, leaving from and

returning to Sète, France (Fig. 2). In order to get a

quasi-synoptic view of the circulation, the RV

Tethys II covered the entire gulf as quickly as

possible with a maximum speed of eight knots. Any

vessel velocity higher than the one used would have

compromised the quality of the data. Continuous

measurements were made with a RD Instruments

hull-mounted ADCP, and a Seabird thermosalino-

graph connected to a pumping system and a Batos

meteorological station. CTD measurements were

also regularly performed along the cruise track.

The ADCP is a broadband VMBB of 150 kHz.

The configuration used during all cruises is identical:

60 cells, 4m depth bins, an ensemble average of

1min, and bottom tracking when possible. Precision

on the ADCP data is better than 0.02m s�1.

Thermosalinograph and CTD data were analysed

with the Seasoft software (http://www.seabird.

com/software/Seasoft.htm).

Wind was measured every 15 s by the on board

meteorological station Batos. These data were

averaged every 30min. Moreover, the coastal

weather data at the stations of Sète, La Grande-

Motte and Port Camargue (see locations in Fig. 2)

were kindly provided by Météo-France. For both

the analysis of in situ observations and modelling

outputs, it is necessary to know the meteorological

conditions before and during the cruise throughout

the entire northwestern Mediterranean, and not be

limited to the conditions along the cruise track. The

Aladin weather-forecast model was used to provide

the necessary additional meteorological informa-

tion. Winds modelled by Aladin are averaged over a

3-h period, on a 0.11–0.11 grid throughout the gulf.

2.2. The circulation model

In this paper, modelling is carried out with the

Symphonie model, the description of which can be

found in Estournel et al. (2005), Petrenko et al.

(2005), Ulses et al. (2005), together with recent

examples of applications. This model belongs to the

family of models based on Boussinesq and hydro-

statics approximations, using a sigma coordinate

formalism and having a free-surface elevation, as

the well-known POM (Blumberg and Mellor, 1987)

and ROMS (Shchepetkin and McWilliams, 2005)

models. The three components of the current,

surface elevation, temperature and salinity are

computed on a C grid, using classical finite

difference methods. The turbulence closure is

achieved through a prognostic equation for the

turbulent kinetic energy and a diagnostic equation

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

stepping. Calculus costs are limited thanks to a time

splitting technique that permits one to compute the

vertical shear of the current and its depth-averaged

component separately with appropriate time steps.

The external forcing is of three types: river

discharges, atmospheric fluxes and open boundary

conditions. The atmospheric forcing is provided by

the 3 h averaged outputs of the weather-forecast

model Aladin. Open boundary conditions have a

double purpose. They are, first of all, required to

force the inner solution with external fields under

incoming conditions. Secondly, they should allow

waves to radiate out or water masses to leave the

modelling domain under outgoing conditions, with-

out any spurious reflections. Sea surface elevation

and barotropic currents are given by the Flather

radiative condition (Flather, 1976) using the numer-

ical scheme recommended by Marsaleix et al.

(2006). Baroclinic velocities are given by a zero

gradient condition in the direction normal to the

boundary. Temperature and salinity boundary

conditions use the same equations as for the inner

solution, but with an upstream advection scheme in

order to advect external fields into the numerical

area under inflow conditions. A boundary-nudging

layer enforces external forcing. In this layer, a

restoring term �((fF�f)/tR(x,y)) is added to the

right-hand side of the model equations, where f

stands for tracers or velocities variables and sub-

script F refers to forcing terms. The restoring time

scale tR(x,y) is such that this additional term

progressively vanishes with the distance to the open

boundaries.

In this paper, the model is applied to nested

domains. The largest domain extends over the

whole Northwestern Mediterranean sea (see Fig. 1)

with a 3 km horizontal grid mesh and 41 vertical

levels. This largest domain indeed allows the

simulation of the general circulation, mainly the

NC and its instabilities, and so its intrusions (see

‘‘Introduction’’). The simulation over this domain

lasts from 1 January to 10 April 2005. It was

obtained in the framework of the MFSTEP

European project (http://www.bo.ingv.it/mfstep/),

an operational oceanographic system delivering,

every week, forecasts and hindcasts of the Medi-

terranean Sea. MFSTEP is based on a global

Mediterranean Sea model assimilating sea level

altimeter data, surface temperature and XBT

temperature profiles. This project also involves

several higher-resolution embedded models down-

scaling the global solution to regional or coastal

scales (Zodiatis et al., 2003; Auclair et al., 2006).

Our model is actually directly derived from the

MFSTEP regional model of the Northwestern

Mediterranean Sea. This regional model has been

specially replayed for the purpose of our study. We

indeed performed a 4month continuous run forced

with meteorological and MFSTEP global re-analy-

sis. This regional simulation provided high-fre-

quency (3 h) outputs in order to force our coastal

high-resolution sub-models.

Instead of nesting the smallest domain of interest

for our GAM study directly in this biggest domain,

an intermediate domain, at the scale of the GoL

shelf (see Fig. 1), is implemented with a 1 km

horizontal grid mesh and 26 vertical levels. This

domain permits one to represent well the interac-

tions between the general circulation (the NC), the

shelf circulation mainly induced by the winds, and

fresh waters mainly discharged from the Rhone

river.

Finally, the smallest modelling domain extends

on the northern part of the inner shelf of the GoL,

i.e. the GAM (see Fig. 1) with a 500m horizontal

grid mesh and 10 vertical levels. The simulation on

this domain, lasting from 1 March to 10 April 2005,

permits a comparison between model results and in

situ data during the three HYGAM cruises.

3. Results and discussions

In the following subsections, we will discuss both

in situ data and the corresponding model inputs or

outputs, in situ data will be compared with the

model data. The degree of agreement will indicate to

what extent model results can help in understanding

the observations.

3.1. Winds

The shelf circulation of the GoL is dominated by

the effects of the wind. It is locally highly variable

and its curl is known to induce specific mesoscale

currents (Estournel et al., 2003) encroaching on the

GAM area. Three types of data are available: the

coastal weather stations data, the onboard meteor-

ological Batos station data, and the Aladin meteor-

ological model data. The comparison of the wind

measurements obtained by these three data types

are shown in Fig. 3. The three ensembles of

measurements present an overall good agreement

that justify the use of the Aladin model to

5
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realistically force the ocean circulation model

Symphonie. After a period of relative atmospheric

calm at the beginning of March, the period

corresponding to the first HYGAM cruise (March

6–7) is characterized by strong winds which

fluctuate between the north–north-west and north

at La Grande Motte. These two directions corres-

pond to very frequent winds in this region, called

Tramontane and Mistral, respectively. The Batos

station data confirm the occurrence of these strong

winds (between 5 and 15m s�1). The Aladin model

results are also in good agreement with the various

types of data (for example, see Fig. 3 for the station

of La Grande Motte).

The local orography plays a key role on wind

fields: Tramontane blows between the Pyrenees and

the Massif Central (Fig. 1); Mistral blows in the

Rhone valley between the Massif Central and the

Alps (Fig. 1). These two winds are then relatively

well channelled, the Tramontane blowing most

often from north–north-west on the west side of

the GoL, and the Mistral, from the north on the

east side of the GoL. This typical situation occurs

during the first HYGAM cruise. The GAM is at the

convergence of these two winds. Fig. 4 shows how

the east part of the gulf, on March 6, is under a

Mistral of intensity above 10m s�1, how the west

part is under a Tramontane of the same intensity,

and how the winds are nearly absent in the central

part of the gulf.

After the first cruise, the winds’ intensity weakens

until March 20 (Fig. 3), the beginning of the second
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HYGAM cruise for which the sea state was nearly

calm (slack sea at the beginning of the cruise).

During this second cruise, the good agreement

between each type of data can be noticed (Fig. 3). It

shows a drift from south to east winds, and a

progressive increase in the wind intensity up to

10m s�1 at the end of the cruise (March 21).

The end of March is characterized by an

important variation in weather conditions, with

alternations of calm periods (March 25), of east

winds (March 26), of Tramontane (March 28), and

of Mistral (March 31), with relatively strong

intensities. At the beginning of April, the winds

are from east and south-east, with strong intensities

as high as 14m s�1 measured and modelled on 2

April. On 5 April, at the beginning of the third

HYGAM cruise, these southeasterly and easterly

winds weaken and then strengthen at the end of the

cruise, on 6 April.

The weather conditions that occurred during the

three HYGAM cruises were typical of this region:

(1) north and north-west winds; (2) fine weather; (3)

south and south-east winds. The measured data

should then permit one to understand the oceanic

circulation during such conditions.

3.2. Hydrology

Two types of hydrological data are available: the

surface data acquired continuously by the thermo-

salinograph and the CTD data. Some representative

data will be presented in the next paragraphs.

The salinity is nearly constant during the whole

period and spatially uniform in the studied region,

except for some small brackish zones of small

coastal rivers plumes. On the contrary, the tem-

perature fluctuates strongly during the whole

studied period, depending on the time and the

location. The CTD samplings (76 done during the

three HYGAM cruises) clearly show this variability.

Various temperature profiles measured at two

particular stations during the three HYGAM

cruises are shown in Fig. 5. The first ones are from

the outer shelf station 7 at 431N150–41E020. The

second ones are from the station 8 near the coast at

431N300–41E020 (see positions on Fig. 2).

Because of a particularly cold winter during

2004–2005, the coastal waters are extremely cold

at the beginning of March (9.7 1C at station 8 on 6

March). The water column is vertically homoge-

neous. Differently, the offshore water is one degree

Fig. 4. Wind (arrows and colours; m s�1) modelled by Aladin at 12:00 h on 6 March.
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warmer, 10.7 1C at station 7 on 6 March. The

comparison between the observations and the

model output (Figs. 5 and 6) highlights the good

agreement between the two data sets. Vertically, the

discrepancy between the observed and modelled

temperature profile H1 is less than 0.2 1C (Fig. 5).

Horizontally, we remark that the model is able to

reproduce the cold coastal water event observed on

6 March (Fig. 6). At the surface, warmer waters are

brought up due to a northward flux creating an

important temperature gradient (42 1C) between

offshore and coastal waters (Fig. 6a). The data of

the thermosalinograph (Fig. 6b) confirm this strong

gradient. The presence of cold water masses is

undoubtedly related to the formation of the western

Mediterranean intermediate water’s (WIW’s) dis-

cussed in Dufau-Julliand et al. (2004). The results of

Fig. 6 point out the positive correlation between the
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Fig. 6. Surface temperature (1C): (a) modelled by Symphonie at 12:00 h on 6 March, (b) measured by the Tethys’ thermosalinograph on

6 March (same colour scale than (a)),
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cold northerly winds and the presence of dense

water. This also suggests that the GAM, being away

from big rivers plume and, therefore, not affected by

the relevant brackishness that could increase the

buoyancy, could be a well-disposed location for the

dense-water formation. However, this topic goes

beyond the main goal of this paper, hence we

reserve a detailed discussion to a future dedicated

project.

On 20 March, coastal waters have warmed up

(11.3 1C at 10m at station 8). The temperature

gradient between offshore and coastal waters is now

less pronounced (12.6 1C at 10m at station 7). The

fine weather period enhances this warming, and the

water column stratification has begun (10.0 1C at

90m at station 7). The model follows this warming-

up tendency. It displays the appropriate range of

values, but does not reproduce the vertical gradient.

The warmed layer is slightly too thick in the model.

This might be caused by an inappropriate parame-

trisation of the attenuation of surface irradiance

with depth in our model. This parametrisation is

based on an exponential decay law, ez/d, depending

on a vertical scale parameter, d ¼ 22m, which

roughly corresponds to the clear water case (case

one) of the Jerlov water type classification (Apel,

1987). Actually one can expect nearshore waters to

be turbid because of biogeochemical activities or

suspended matter brought by rivers or bottom

turbulence, and consequently, the vertical-scale

parameter used in our parametrisation will be much

smaller. An adjusted value of this parameter might

lead to a better representation of the warmed-layer

thickness.

The warming continues until 5th April, when, for

the first time, the coastal waters have the same

temperature than the offshore waters (13.5–14.1 1C

at the surface on Fig. 5). The model still slightly

underestimates this warming, especially near the

coasts, but shows a horizontal homogenisation

trend (data not shown). The data from the

thermosalinograph (not shown) confirm the warm-

ing of the coastal waters and display relatively cold

offshore waters, near 13.0 1C (principally south-west

of the studied region). The CT7H3 profile (Fig. 5)

shows that the water column is relatively less

stratified than 16 days before (0.9 1C instead of

2.6 1C between surface and bottom). This reduced

stratification is a consequence of the vertical mixing

favoured by the weather conditions. The model,

which tends to be more vertically homogeneous, is

then closer to reality.

3.3. Circulation

The ADCP data measured at 16m depth along

the first track of the HYGAM 1 cruise (between

8:00 h on March 6 and 6:00h on March 7) are

represented in Fig. 7a. Results for data available at

every 4m depth (figures not included) exhibit an

important vertical homogeneity of the circulation.

This vertical homogeneity is confirmed by repre-

senting vertically the data measured along transect

7–8 (south–north, longitude 41020E) in Figs. 8a and c.

It is worth noting that the ADCP data are valid when

located between 12m above the bottom (due to

acoustical reflexion and interferences) and 16m

under the sea surface (due to the hull and acoustical

blanking). Thus, the ADCP gives generally valid data

offshore of the 30m bathymetry line, while at a depth

shallower than that it is necessary to complete the

ADCP data with model output.

The corresponding model results (shown in

Fig. 7b at 12:00 h on March 6 at 16m depth) are

very close to the in situ data. The model results

are represented in Figs. 8b and d along the same

transect than the data at 12:00 h on 6 March. These

figures confirm that the velocity fields are nearly

homogeneous on the whole water column, and not

only at the measured depths. The data measured at

16m depth (Fig. 7a) are then representative of the

surface currents. This vertical homogeneity in

velocity corresponds to the temperature vertical

homogeneity (see y3.2.), characteristic of the winter

period. In a general case, and particularly in

summer, we will have to be very cautious when

interpreting the currents measured at 16m depth as

representative of the surface currents.

Near the bottom, below 40–50m depth, the

model however shows that the currents tend to

decrease, and even reverse. Even if there is no in situ

data to confirm this bottom drift towards deep sea,

the bottom seaward flux is consistent with the

transport offshore of the cold and denser waters

participating to the export of the WIW outside the

shelf.

Except near the interfaces where real observations

are missing, the near-perfect consistency between

the observed and the simulated data allows a

detailed analysis. In Fig. 7a, the data of the three

western transects show currents toward the west and

the south-west–west offshore of the 40m-isobath.

These currents can locally reach 0.20m s�1. The

model reproduces well this flux present on the

western part of the GAM with weaker intensity
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(0.12m s�1). Closer to the coast (onshore of

the 40m-isobath), sparse data exhibit currents in

the opposite direction with very weak intensity. The

model also gives very low values of velocities

nearshore (onshore of the 40m-isobath), where we

get closer to the atmospheric calm zone (see Fig. 4).

’

0.3 ms-1

0.3 ms-1

0.3 ms-1

a b

c
d

e f

Fig. 7. (a) Currents measured at 16m depth along the cruise track between 08:00 h on 6 March and 06:00 h on 7 March. (b) Currents

(colours and arrows, m s�1) modelled by Symphonie at 12:00 h on 6 March at 16m depth. (c) Currents measured at 12m depth along the

cruise track between 17:00 h on 20 March and 15:00 h on 21 March. (d) Currents (colours and arrows, m s-1) modelled by Symphonie at

06:00 h on 21 March at 12m depth. (e) Currents measured at 16m depth along the cruise track between 06:00 h on 5 April and 05:00 h on 6

April. (f) Currents (colours and arrows, m s�1) modelled by Symphonie at 12:00 h on 5 April at 16m depth.

11



As the Tramontane seems to control the circula-

tion in the western part of the GAM, the Mistral

seems to control the circulation of the eastern part

of the GAM. The data of the three eastern transects

show currents toward the east and the south-

east–east between the 20 and 60m isobaths. The

data show these currents can locally reach

0.30m s�1. The model reproduces well this waters

export of GAM toward the east with a mean flow

on the order of 0.20m s�1 focused between the 20-

and 60m isobaths.

In the central part of the GAM, the strong

correlation between wind and currents is less

evident. Whereas the atmospheric flux is mainly

southward, the oceanic flux seems northward. More

precisely, the more-offshore transect data show

currents globally westward, and even locally north-

ward (longitude 41050 E, with an intensity up to

0.30m s�1). The eastern transect exhibits a break at

60m-isobath between the nearshore waters going

eastward and the offshore ones going westward.

The transect 7–8 (Fig. 8) also displays a change in

direction. The southern data of this transect (up to

43.301N) show a northward current at 0.16m s�1.

Figs. 8a and c show between 43.301N and 43.351N a

north–westward current that can reach 0.28m s�1.

Weaker currents are measured between 43.351N and

43.401N. Nearshore, north of the latitude 43.401N,

the current is reversed, going eastward at 0.20m s�1.

The model gives results close to the observations

with a north–westward current south of latitude

43.401N, and an eastward current north of this

latitude (Figs. 8b and d).

With this typical meteorological situation of

Tramontane (north–northwest wind) and Mistral

(north wind), channelled west and east of the GAM,

respectively, an important oceanic circulation oc-

curs northward and north-westward in the central

part of the GAM. This circulation splits, turning

toward west and southwest-west in the western part

of the GAM and turning eastward in the eastern

part of the GAM.

Fig. 8. Vertical sections (depth vs. latitude) of the currents (colours, m s�1) on 6 March along transect 8–7 (longitude 41020E): (a) observed

eastward component, (b) simulated eastward component, (c) observed northward component, (d) simulated northward component
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During the Sarhygol 3 cruise (13–15 June, 2000),

concerning the whole GoL’s shelf, with the same

meteorological conditions (channelled Tramontane

and Mistral), Petrenko et al. (2005) observed the

same northward flux between longitudes 3.91E and

4.31E at latitude 43.11N. They interpreted this flux

to be an intrusion of the NC. Estournel et al. (2003),

using modelling output, suggested that such intru-

sions in the middle of the shelf are due to the water

pumping created by a cyclonic circulation on

the western side of the GoL and an anticyclonic

circulation on the eastern side. They also found

that these rotating circulations are wind-driven, the

former by the Tramontane, and the latter by

the Mistral. The two rotating circulations join in

the middle of the GoL, namely in the GAM.

HYGAM 1 observations and the corresponding

modelling confirm these previous studies. We also

show the consequences at the GAM scale. The

origins of the south flux are better understood, and

the consequence is an important temperature

gradient (42 1C) between offshore and coastal

waters (see Section 3.2. and Figs. 5 and 6). These

warmer waters actually come from the NC, warmer

in winter than the surrounding waters, and particu-

larly, warmer than the nearshore waters.

After the HYGAM 1 cruise, the model shows a

persistence of the northward flux which splits into

longshore drifts. The lateral drift toward southeast

to east in the eastern part of the GAM is the only

one to persist after 9 March. Then, until 20 March,

the currents intensity is weak, corresponding to the

weak winds intensity (see Section 3.1.). This period

between the first two cruises favours also the first

spring warmings (see Section 3.2.).

For the second cruise, the model results are less

coherent with the data. Onshore the 70m-isobath,

currents are globally longshore (they follow the

isobaths) and westward (Fig. 7c). The model

reproduces quite well this longshore flux (Fig. 7d).

This flux might be explained by the sum of two

effects. The first is due to the south winds with weak

intensity (p4m s�1). These winds pile water on the

shoreline and induce a raise of the sea surface

elevation, estimated by the model to be 3–4 cm

between the 70m- isobath and the shoreline. Such a

surface elevation slope is sufficient to create a

geostrophic current on the order of 0.15–0.20m s�1.

The model proves that these longshore currents, in

quasi-geostrophic equilibrium with the surface

pressure gradient, can be accelerated by southeast

winds which strengthen during the cruise. These

simulated currents can reach 0.30m s�1 (see Fig. 7d,

latitude 43.31N, longitude 4.11E). Offshore of the

70m-isobath, the model is less coherent with the

measurements.

Contrary to the HYGAM 1 cruise, in HYGAM

2, the meteorological situation is less pronounced

and fluctuates, leading to a more difficult analysis of

the measured currents. Moreover, the model is less

constrained by this type of inputs, and thus the

model results can be less realistic. Although the

meteorological conditions are very different from

the first cruise, the south flux, which advects the

warm waters in the GAM, is still observed, as

shown during the first cruise (see Section 3.2).

During and after the HYGAM 2 cruise and until

28 March, the model exhibits the development of a

strong westward nearshore drift (between 0 and

30m isobaths). This drift can reach 0.60m s�1 and is

modelled during the HYGAM 2 cruise with an

intensity of 0.30m s�1. It is maintained by south to

east atmospheric fluxes. This state changes comple-

tely in few hours on 28 March. North winds at the

end of March create a circulation similar to the one

described for the HYGAM 1 cruise. At the

beginning of April, the south-southeastern winds

again generate this strong westward nearshore drift.

Before the HYGAM 3 cruise, the winds weaken, as

well as the currents.

On 5 April, at the beginning of the HYGAM 3

cruise, the meteorological conditions are calm and

the measured currents are weak (o0.20m s�1 in

Fig. 7e). The simulated currents at 16m (Fig. 7f) are

coherent with the measured ones. As for HYGAM 2

cruise, the south-southeastern strong winds, preced-

ing the cruise, piled the waters inside the gulf,

creating a raise of the sea surface elevation on the

order of 5 cm between the shoreline and the 90m

isobath. Thus, the westward currents parallel to the

isobaths, which are both measured and reproduced

by the model, might be part of the geostrophic

equilibrium imposed by this slope.

3.4. Concluding remarks on the hydrodynamics of

the GAM

This observation and modelling work at an

intermediate scale between nearshore (e.g. Meulé

et al., 2001) and coastal (e.g. Petrenko et al., 2005)

studies is one of the first experiments for this region.

It allows one to obtain a quite realistic description

of the oceanic circulation during the 39 days of
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simulation, including the 6 days of observations.

We note:

the important variability of the oceanic circula-

tion at this scale,

the importance of the winds and of their

horizontal gradients, inducing coherent struc-

tures, both at GAM and GoL scales,

the interactions with the general oceanic circula-

tion (intrusions of the NC),

longshore currents achieving the geostrophic

equilibrium with the surface slope, itself created

by offshore winds,

important heat exchanges,

the formation of cold waters near the shoreline,

certainly supplying the WIW,

advection of offshore warmer waters by north-

ward surface flows,

potential (simulated but not measured) advection

of nearshore colder waters by southward bottom

flows.

4. Applications

In order to better understand the GAM hydro-

dynamics, many improvements need to be achieved,

in modelling as well as in observation. However,

this kind of realistic, qualified and validated

simulation is useful to answer concrete questions

asked by society. In the following, a concrete

application is detailed (Section 4.1) and other future

applications are considered (Section 4.2).

4.1. Application to contaminant dispersion

As mentioned in Section 1, the Montpellier

sewage is dumped since 2005 by a pipeline located

10 km south of Palavas-Les-Flots, at a depth of

30m (in the middle of the GAM, point S on Fig. 2).

Its dispersion is a problem which needs a precise

knowledge of the hydrodynamics.

Since it could be very complex to integrate

biogeochemical reactions and no concentration data

are available at the moment (because of a very

recent implementation), we performed a very simple

simulation based on the 39 days realistic simulation

of hydrodynamics.

A simple advection–diffusion model (the same as

those used for salinity or temperature) is used to

simulate the 3D transport of a generic dissolved

contaminant, whose concentration is noted C(X, t).

The contaminant used is not real, as a chemical

specie (nitrate for example).

The unit of C(X, t) is expressed in M/V, a generic

unit consistent with density in kgm�3. A constant

tendency TC0 ¼ 10�2 (M/V) s�1 is imposed at point

S (on the whole water column and for a 500� 500m

grid mesh) during the 39-day simulation. As the

advection–diffusion equation of C(X, t) is linear

relative to the C(X, t), all the results obtained for

this generic contaminant can be extended by a

simple proportionality rule. If TN0 is the real

tendency of a real contaminant of concentration

N(X, t), all the following results concerning C(X, t)

can be extrapolated computing NðX; tÞ ¼ ðTN0=
TC0ÞCðX; tÞ.

Three arbitrary snapshots of surface concentra-

tions are presented in Figs. 9a,c,e. The dates of these

snapshots correspond to the dates of the HYGAM

cruises and so, to the circulation sketches presented

in Fig. 7. On 6 March (Fig. 9a), the dispersion is

induced by the northward flux which splits into

longshore drifts. On 21 March (Fig. 9c), there is a

remaining plume to the North and a westward local

advection on point S. On 5 April (Fig. 9e), the

dispersion is toward southwest due to longshore

currents. Looking at these snapshots as well as the

analysis of the whole simulated results (not shown

in the figures), the main remark is that there is a

great variability of the dispersion sketches as there is

a great variability of the currents at the GAM scale.

From this an arising question is to know if the

coastal resorts are able to be contaminated. In order

to address this issue, several time series of C(X, t)

are shown on point S (Fig. 10a), at Sète (Fig. 10b),

at Palavas-Les-Flots (Fig. 10c) and at La Grande

Motte (Fig. 10d) (see locations in Fig. 2). The

maximum value encountered on the shoreline is

about 1.8M/V on 3 April at Sète. This value is to be

compared with the values obtained on the reject

point S (Fig. 10a) which can reach 60M/V

(averaged on a 500*500m grid mesh) for the mid-

March period, when the winds (and currents) are

weak (Fig. 3a) and the sewage is not very dispersed.

As shown in Section 3.2, the great variability of the

currents induced a great variability in these time

series. It is possible to notice that a sampling

frequency of at least 2 days is necessary to follow

this variable.

This numerical application shows that the hydro-

dynamics at the GAM scale is an important control

of the contamination hazards. This numerical

application is, however, limited as there is no
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biogeochemical reactions included. It could be very

complex to introduce degradation concepts and

particular contaminants should be distinguished. At

this stage, we choose to remain in a general case

using the concept of the ‘‘age of a water parcel’’

defined by Delhez and Deleersnijder (2002) as ‘‘the

Fig. 9. (a) Surface concentration (colours, M/V) modelled at 12:00 h on 6 March. (b) Surface mean age (colours, days) modelled at 12:00 h

on 6 March. (c) Surface concentration (colours, M/V) modelled at 06:00 h on 21 March. (d) Surface mean age (colours, days) modelled at

06:00 h on 21 March. (e) Surface concentration (colours, M/V) modelled at 12:00 h on 5 April. (f) Surface mean age (colours, days)

modelled at 12:00 h on 5 April.
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time elapsed since the parcel under consideration

left the region in which its age is prescribed to zero’’.

In our case, the age is prescribed to zero at the reject

point S. Delhez et al. (1999) show how to compute

the mean age noted a(X,t) which in our case is the

mean time elapsed since the contaminant was

dumped at point S. a(X,t) gives an insight of the

available time for degradation. The computing of

a(X,t) is done via the so-called age concentration

a(X,t) ¼ a(X,t) C(X, t). Delhez et al. (1999) show

that a(X,t) follows the same advection–diffusion

than C(X, t) with an extra production term which is

C(X, t) itself. This simple equation can be computed

and a(X,t), deduced.

The results of mean age simulation are presented

as snapshots on Fig. 9 and as time series in Fig. 10.

Fig. 10 shows that the mean age is always under 2

days at the reject point S and can reach, without

being over, 17 days on the shoreline. A contamina-

tion is potentially important not only when the

concentration is strong, but also when the mean age,

corresponding to an available time of degradation,

is weak. For example, for the strongest concentra-

tion encountered on the shoreline (1.8M/V on 3

Fig. 10. Time series of surface concentration (solid lines and left axis) and mean age (dashed lines and right axis) at point S (a), at Sète (b),

at Palavas-Les-Flots (c) and at La Grande Motte (d).
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April at Sète), the mean age is already 8 days. On

the contrary, at the very beginning of the simula-

tion, the concentration at Sète is only 1M/V but the

mean age is only 2 days.

Qualitatively, Palavas-Les-Flots and La Grande

Motte are not touched by strong concentrations and

for the maxima of concentration, the mean age

remains rather high. For example, on 21 April, even

if the plume is directed to the North (Fig. 9c), the

mean age remains higher than 9 days on the

shoreline (Fig. 9d). Sète is more directly touched,

for example, on 5 April (Figs. 9e, 9f).

Quantitatively, this kind of simulation can be

useful to compute contamination hazards for a

particular contaminant, whose range of acceptable

concentrations and kinematics of degradation are

known.

4.2. Future applications

Other applications are numerous. The small

coastal rivers, Mosson and Lez at Palavas-les-Flots,

and Vidourle near La Grande-Motte (see locations

in Fig. 2), also drain waters in urban and

agricultural watersheds subject to contamination

hazards. In the case of important floods, the rivers

plumes are subject to the GAM hydrodynamics. As

in the case of the sewage dispersion, the knowledge

of the GAM hydrodynamics is then useful for

computing the contamination hazards.

This hydrodynamics also plays an important role

in the computation of the submersion and erosion

hazards. The submersion events are known to occur

in the region during the south to south-east storms.

During these events, the setups induced by the

winds, by the tides and by the swells cumulate. The

offshore atmospheric fluxes also lead to important

precipitations. The GAM coast is more often

formed by beach ridges and low and lagoonar

zones. These two factors aggravate the coastal

submersion risks. For the submersion hazards

computation, the numerical models have to inte-

grate tide and swell effects.

Except for the Espiguette cape, near Port

Camargue (see Fig. 2), the GAM coast is also

subject to an intense erosion. The sand sedimentary

transport study is usually done at the nearshore

scale (e.g. Tessier et al., 2000; Meulé et al., 2001;

Certain et al., 2005a, b). These studies consider the

nearshore zone as a cell more or less isolated from

offshore, with mainly longshore fluxes. It, however,

seems important to evaluate cross-shore fluxes

toward the offshore zone. Such fluxes certainly

occur during south to east storms and might lead to

sand lost beyond the coastal zone. This sand will

then not contribute anymore to the coastal mor-

phodynamics. To evaluate this flux, one will have to

pursue studies such as the one presented in this

paper, and more especially during storms.

In a region where tourism and coastal urbanisa-

tion impacts are fundamental, society expects tools

to evaluate the hazards (contamination, erosion, or

submersion). Scientific knowledge is then expected

and this study is a first step.

Acknowledgements

The cruises and study were financed by the

French National program PATOM. We are grateful

to the crews of the Tethys II. We also thank Jean-

Luc Fuda and the Centre d’Océanologie de Mar-
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