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A 1-year survey of sediment dynamics on the Tét inner-shelf in the south-western part of the Gulf of
Lions was conducted as part of the EUROSTRATAFORM program (European Margin Strata Formation)
from October 2004 to November 2005. Several bottom instruments (ADCP, wave gauge and altimeters)
were deployed at 28 m water depth on the Tét prodelta to measure forcing responsible for sediment
erosion and transport on the inner-shelf.

The survey period was characterized by low inputs from the coastal rivers and the absence of severe
E-SE marine storms, but intense cold dense shelf water formation along the inner-shelf due to strong
and persistent N-NW continental winds. The strong ( >20cm/s) and prolonged (4 months) southwards
alongshore currents during the preconditioning and formation phases of dense shelf water generated
continuous sediment erosion of several centimetres on the Tét prodelta and significant suspended-
sediment transport. Hydrodynamical modelling shows that the core of the flow predominantly affects
the inner-shelf, but occasionally spreads over the mid-shelf mud belt and the outer-shelf, due to the
variable intensity of the NW wind (Tramontane).

The impact of this N-NW wind-driven process in terms of resuspension rates and suspended-
sediment transport clearly differs from that of extreme E-SE storms observed during the previous
winter at the same site [Guillén, ]., Bourrin, F., Palanques, A., Durrieu de Madron, X., Puig, P., Buscail, R.,
2006. Sediment dynamics during wet and dry storm events on the Tét inner shelf (SW Gulf of Lions).
Marine Geology 234 (1-4),129-142.]. Bottom shear stresses and resuspension rates due to strong dense
shelf water flow peaked at 0.7-1 Pa and 0.3-0.4 g/m?/s, respectively, while they reached values of 6-9 Pa
and 1.6-1.8 g/m?/s, respectively, during the strong E-SE storms events. However, due to differing

durations, both led to significant (few centimetres) erosion of the inner-shelf sediment.

1. Introduction

Modern sediment dynamics on continental shelves are
essentially dependent upon sediment inputs by adjacent rivers
and hydrodynamic conditions. The number and strength of
sediment sources, which are essentially active during floods,
control the sedimentation rate on the inner-shelf and on
prodeltas, the submarine part of continental deltas directly off
the river mouths (Milliman and Syvitski, 1992). On the inner part
of micro-tidal shelves, waves are generally considered the main
stirring mechanism causing bottom sediment resuspension. The
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wind-driven circulation then advects the sediment in suspension
and control the bottom-shelf sediment distribution (McCave,
1972; Drake, 1976).

This general scheme applies to the Gulf of Lions (GoL) shelf, in
the north-western Mediterranean Sea. The major sedimentary
units (sandy inner-shelf and mid-shelf muddy belt; Fig. 1a) reflect
the impact of waves on the inner-shelf and the south-westward
dispersal of the sediment inputs from the Rhone River and the
small coastal rivers by the cyclonic shelf circulation (Aloisi, 1986).
Recent observations (Ferré et al.,, 2005; Guillén et al., 2006;
Palanques et al., 2006; Bourrin et al, 2008) and modelling (Ulses et
al., 2008b) emphasized the role of severe E-SE storms. Their
associated large waves (Hs>7 m and T,>12s) and currents create
significant erosion over both the inner- and outer-shelf and
subsequent transport towards the Cap de Creus Canyon at the SW
end of the gulf. The E-SE storms have a marked seasonal impact
with a maximum occurrence during autumn and winter.
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Fig. 1. (a) Sedimentological map of the whole Gulf of Lions (redrawn from Berné et al., 2002). The black circles represent the measurement sites from Puig et al. (this issue),
and the black squares represent the Tét site. (b) Detailed sedimentological map of the south-western part of the Gulf of Lions (redrawn from Aloisi et al., 1973) showing the
Tét site at 28 m water depth and the cross-shelf transect measurement. The triangles represent the measurement sites on the mid-shelf, Lacaze-Duthiers (LDC) and Cap de

Creus Canyon (CCC) heads from Ogston et al. (this issue).

The autumn and winter periods are also characterized by the
progressive disappearance of summer stratification and cooling of
the shelf water by dry and cold N-NW continental winds, which
eventually lead to the formation of coastal water denser than the
offshore water (Dufau-Julliand et al., 2004; Ulses et al., 2008a).
The cold dense coastal water forms a bottom-arrested gravity
plume that propagates across the shelf and, once it reaches the
shelf edge, cascades down the continental slope following
topographic depressions to its horizon of equilibrium density.
E-SE storms and dense shelf water transport can interact and
enhance the off-shelf export, as shown by Palanques et al. (2006)
and Ulses et al. (2008b), though they require opposite conditions
to develop. River floods generally associated with E-SE storms
decrease the salinity of surface waters and thereby limit the
density increase of coastal water. Conversely, the strongest dense
shelf water formations are observed for very dry and windy
winters, which are not favourable to E-SE storms. During the

winter of 2003-2004, large floods (20 years return interval)
associated with extreme storms (Hs>8 m) inhibited the formation
of shelf dense water (Ulses et al., 2008a), whereas during the cold
and windy winter of 2004-2005, the low river discharge and the
persisting N-NW wind induced an unusually large formation and
off-shelf export of dense water (Ulses et al, 2008c).

Dense shelf water formation is present on numerous con-
tinental margins (Ivanov et al, 2004), including northern
Mediterranean margins like the northern Adriatic (Bergamasco
et al, 1999) and the Thermaikos shelf (Estournel et al., 2005) in the
northern Aegean. Though it has been hypothesized, the impact of
dense water flow on shelf sediment dynamics has never been
documented. This is particularly true for the GoL, where despite
some earlier evidences of near-bottom transport of suspended
matter by dense shelf water plume (Durrieu de Madron and
Panouse, 1996; Lapouyade and Durrieu de Madron, 2001) and of
massive down-slope transport through canyons (Heussner et al.,



2006), its effective impact on coastal sediment erosion and
transport has not been explained thoroughly. In the present
study, we assess the impact of the winter 2004-2005 dense
shelf water flow on the coastal sediment dynamics, and compare
it with the effect of large S-SE storms that dominated during
the previous 2003-2004 winter. This paper is complementary
to the study of Canals et al. (2006), Ogston et al. (2008) and Puig
et al. (2008), who addressed the sediment resuspension and
transport during this exceptional episode of dense shelf
water formation further downstream, in and around the nearby
canyons (Fig. 1).

2. Material and methods

A 1-year investigation of waves, currents, suspended-sediment
concentrations (SSC) and fluxes, and bed-level measurements as
well as sediment cores was conducted on the Tét inner-shelf, at the
SW end of the GoL, from October 2004 to November 2005. It was
part of a larger experiment designed to study the sediment dynamics
on the shelf to the shelf edge and within nearby canyons (Fig. 1).

2.1. Experimental site

In the south-western part of the GoL, the sandy inner-shelf
sediment is interspersed with rocky outcrops (Fig. 1b). The mid-
shelf mud belt is centred along the 50m isobath, and sandy
patches appear between 100 and 200 m water depth around the
Cap de Creus and Lacaze-Duthiers canyon heads. The experi-
mental site is localized at 28 m water depth directly front to the
Tét River mouth. The seabed is a flat bed composed of mixed fine
sands and silts (Dso~80 pm). No ripples were observed both in fair
and storm conditions (Guillén et al.,, 2006). The grain-size is
relatively constant throughout the year except after flood/storm
events when ephemeral flood layers are deposited (Bourrin et al.,
2007). Gastropods Turitella communis are common at the surface
of the seabed and in the first centimetres of sediment.

2.2. Wind and river discharge measurements

The meteorological buoy of the “Plateforme d’Observation de
I'’Environnement Méditerranéen—Littoral Languedoc-Roussillon”
(POEM-L2R), installed at 28 m water depth, 1.5 nm off the Tét River
mouth (42°42.210'N, 003°04.012'E), was the base site of the
coastal zone monitoring (Fig. 1b). This buoy has a three-point
helicoidal anchoring tightly linked to mid-water depth flotation to
prevent any sediment resuspension (Fig. 2). This buoy shelters a
seabed area allowing the deployment of benthic instruments and
protecting them from trawling.

A Young Wind Monitor Model 05106 anemometer (RM Young
Company), installed at 4m above the sea surface on the top of
the buoy, measured wind speed and direction every 15 min.
Data from the nearest Météo-France meteorological station in
Torreilles (code 66212001, location 42°45.379'N, 02°58.781'N)
were used to fill the measurements gaps at the buoy site during
maintenance. Hourly river discharge at the Tét River mouth next
to the study site was obtained by adding the discharge of the Tét
River measured at Perpignan (code Y0474030) and its last
tributary, the Basse River (code Y0475610). These data, collected
by “DDE de I'Aude”, are available through the website of the
National Data Bank “HYDRO” (http://www.hydro.eaufrance.fr/
accueil.html). Hourly river discharges of the Rhone River were
measured by the “Compagnie Nationale du Rhone” (CNR) during
the study period at the Beaucaire gauging station (code
V7200010).

2.3. Hydrodynamical measurements

Currents and waves were monitored on the Tét prodelta at
28 m water depth from October 2004 to November 2005 using a
600 kHz RDI upward looking ADCP equipped with a wave gauge,
deployed on a bottom frame in the sheltered area of the buoy
(Fig. 2). Two maintenance periods were necessary to change the
battery and download the data in March (15-19) and July (6-22)
2005, defining three deployment periods over the whole year.
High-frequency measurements of near-surface wave orbital
velocities, surface track, and pressure were used to compute
directional wave characteristics (RD Instruments, 2001). Waves
were measured during 20min bursts every 3 h. Currents were
measured at 1Hz in 1m depth cells from 2 to 27 mab, between
wave burst measurements and were averaged every 3 h.

2.4. Hydrology, turbidity, and grain-size measurements

Temperature was measured at the head of the ADCP instru-
ment at the coastal site, at 28 m water depth. Conductivity,
temperature, pressure data and turbidity profiles were collected
during cruises on 10 October 2004 (R/V Oceanus) and 22 February
2005 (R/V Endeavor) along a cross-shelf transect between the
coastal site and the shelf edge (Fig. 1b). CTD measurements were
collected between the surface and the bottom, using a SeaBird 25
CTD probe. A Seapoint turbidity meter mounted on the CTD probe
measured the light backscattering by suspended particles. Near-
bottom water samples were collected and filtered up to filter
saturation, on pre-weighed Nuclepore filters of 0.4 um pore size;
their solid residue weights yielded SSC. Light scattering intensity
(V, in Volts) was converted into SSC (in mg/L) using the linear
relation SSC = 1.67 x V+0.82 (* = 0.97).

A LISST type B (Sequoia Scientific) was deployed on the
INSEECT tripod on April 2005 (Curran et al., 2007) and was set to
take measurements every 15 min at 1.5 mab. Grain-size measure-
ments of suspended material were investigated in the range
1.25-250 pm.

Sediment cores were sampled at the Tét buoy site at 28 m
water depth by scuba divers using Perspex tubes (20 cm long and
4 cm of diameter). Sediment cores were sliced at 1 cm intervals.
Grain-size analyses were processed in laboratory using a Malvern
Mastersizer 2000 particle size analyser equipped with a sample
dispersion unit. Porosity was calculated using the measured total
and dry weight after heating and the sediment density assumed to
2.645 g/cm>.

2.5. Estimation of SSC from backscatter intensities

Acoustic backscatter intensities were measured by ADCP along
the four transducers in depth cells of 1 m through the whole water
column. Relative backscatter intensity is directly dependent of the
quantity of suspended material in the water column (RD
Instruments, 1996). The Sediview program (Land and Bray,
2000) was used to derive SSC from the average backscatter signal
of the RDI ADCP using an iterative method to solve a simplified
version of the sonar equation (Urick, 1975):

log;o M; = S[Ks + dB + 2r(otw + s)],

where M, is the mass concentration per unit volume at ranger, S is
the relative backscatter coefficient, K is the site and instrument
dependent factor, dB is the measured relative backscatter
intensity corrected for spherical spreading, o, is the water
attenuation coefficient computed using measured temperature
and salinity near the transducer, and ¢ is the sediment
attenuation coefficient. Information concerning the grain-size of
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Fig. 2. (a) Side and top views of the buoy of the POEM-L2R platform, moored on the Tét prodelta at 28 m water depth; (b) showing the position of the instruments on the

seabed (ADCP and altimeters) on the sheltered area of the buoy.

the suspended particles at the coastal site was provided by
measurements from the LISST instrument. The calibration con-
stants S and Ks were determined by fitting the averaged
backscatter intensities measured by the ADCP with the optically
derived suspended-particle concentration profiles made next to
the mooring site on October 2004 and February 2005. Fitted
coefficient Ks = 35 and S = 25 were used for the calibration of the
data. Ferré et al. (2005) showed that the relative backscatter
coefficient S did not vary through time, but slight variations of K;
can be observed in relation to some changes in the nature of
suspended particles.

SSC profiles were thus computed from 2 to 27 mab. This profile
was extended between the bottom and the first cell of acoustical
measurements (2 mab), using the Rouse equation, defining the
vertical distribution of concentration ¢, in an open channel flow

(Rouse, 1937):

c_ (h-y a z
€ (Th — a) '

where c; is the concentration at a reference level y/h = a above
the bed, h is the total water depth (28 m), and y is the height above
the bed (2 mab); Z= ws/(ku~) is the Rouse number, ws is the
particle settling velocity (ws = 0.2 mm/s for suspended particles
of 226 um) measured at the study site in April 2005 (Curran et al.,
2007), k = 0.4 is the von Karman constant. The shear velocity u- is
estimated from log-law velocity profiles derived from upward
ADCP current measurements using the equation:

= ku(z)
* " log(z/z0)’



where u(z) is the reference velocity at a height z = h (flow depth),
Zzo=0.033k; is the bottom bedform height assumed to
2.6 x 107®m, and kg = 80 um is the grain-size at the seabed. SSCs
above 20 mab were not used because of air bubbles that confuse
the measurements close to the sea surface. Suspended-sediment
fluxes were obtained from simultaneous current measurements
and ADCP-derived turbidity measurements.

2.6. Bed-level monitoring

NKE Altus sonic altimeters were deployed at 28 m water depth
at the buoy site to measure bed-level variations, during three
consecutive deployments, from 30 September 2004 to 8 Novem-
ber 2005 (Fig. 1b). The Altus altimeter is a 2MHz acoustic
altimeter with a transmitter/receiver transducer (3.6° opening at
—3dB), with a 0.6mm resolution and 2mm accuracy. It is
mounted on light tripod frame, whose legs were tightly screwed
into the sediment, at ~40 cm above the bed, hence preventing any
sediment scouring under the transducer (Jestin et al., 1998;
Bassoullet et al., 2000). Temperature measured by the nearby
ADCP was used to estimate the change of the sound speed and
correct the distance measured by altimeters between the
transducer and the ground. Three altimeters were deployed by
scuba divers next to different buoy anchors (Fig. 2a). Three
deployment periods were necessary to measure the seabed level
during the whole period. One of the altimeters (localized at the
west anchor) failed during the first deployment but was deployed
again during the third deployment period, and another altimeter
(localized at the north anchor) failed during the second deploy-
ment and was not deployed during the third deployment. The
sampling timestep was set to 20 min.

Net erosion fluxes (EF; integrating erosion and deposition)
were calculated from the thickness of eroded sediment Ah
through time and the sediment density p measured from
sediment cores sampled during the 2003-2004 (Guillén et al,,
2006) and 2004-2005 (this study) periods. The sediment density
did not vary more than 10% during the study period, which was
confirmed by in situ measurements from a benthic tripod
deployed during 1 month on the study site (Wheatcroft, personal
communication). Sediment density was thus considered as
constant during the 2004-2005 period. Net EFs were calculated
from

__pAh
EF= At
where At ( =20min) is the sampling interval of the altimetric
measurements. EFs were related to the effective shear stress due
to both waves and currents 7.,s, calculated from the SEDTRANS
model (Li and Amos, 2001).

2.7. Hydrodynamic modelling

The three-dimensional model SYMPHONIE (Marsaleix et al.,
2008) was used to simulate dense shelf water formation and
cascading during the winter 2005. This model was previously
used to study dense water cascading in the GoL (Dufau-Julliand
et al,, 2004; Ulses et al., 2008c) and the effect of marine storms on
the exportation of shelf water during winter 2004 (Ulses et al.,
2008a). The horizontal resolution was set at 1.5km. Vertical
resolution is refined near the surface and the seafloor. This high-
resolution coastal simulation is nested in a 3-km resolution
regional simulation with the same model, itself initialized and
forced at its lateral open boundaries by the OPA (Ocean
PArallélisé) model applied at the Mediterranean scale in the
frame of the MFS (Mediterranean Forecasting System) project

(http://www.bo.ingv.it/mfstep/). At the sea surface, air-sea fluxes
were calculated from the atmospheric parameters calculated by
the limited-area numerical weather prediction model ALADIN
from Météo-France at the 0.1° resolution and from the SST of the
ocean model through bulk formulae. The simulation was initi-
alized in December 2004.

3. Results
3.1. External forcing

From October 2004 to November 2005, 72 windy days were
recorded with mean daily wind speed >10m/s (and 204 days
with mean daily wind speed >5m/s). The wind direction during
these windy days was SE (Marin wind) for 1 day, and NW
(Tramontane) for the 71 other days (Fig. 3a). The NW wind is the
main wind blowing in the south-western part of the GoL, and
induces southwards alongshelf currents (Millot, 1976; Estournel
et al., 2003). It is also responsible for the cooling and mixing of
shelf water during winter, initiated at the coast and generates
dense shelf water that flows downhill to the shelf edge and the
canyons (Dufau-Julliand et al., 2004; Ulses et al., 2008c).

The Tét River is the main input of water and sediment to the
coastal experimental site (28 m water depth). Between October
2004 and November 2005, the daily water discharge varied from
1.5 to 81.2m3/s (Fig. 3b). No significant flood event occurred
during this period (Q = 180 m?>/s for 2 years recurrence interval
floods). The contribution of the Tét River to the coastal zone was
very low compared to the previous year during which several
extreme flood events occurred (Bourrin et al, 2008). No
significant flood of the northern coastal rivers along the GoL
coastline occurred. The Rhone River, the major input to the GoL,
was characterized by low water discharges, except for the early
November 2004 and April 2005 small floods. The average
discharge between December 2004 and March 2005 was
1380m3/s, which was a low value compared with the mean
December-March discharge (1970 m?/s).

3.2. Coastal measurements

3.2.1. Hydrology and temperature

The water temperature at 28 m water depth at the coastal
site showed two contrasted situations during the study period
(Fig. 4a). The summer situation showed high water temperature
(up to 22°C) during October 2004 and from May to the end of
October 2005, interrupted by periods of variable temperature
during episodes of strong continental winds. The autumn and
winter 2004-2005 period showed a progressive cooling of the
coastal water down to 9 °C, which produced a significant increase
of the water density. Hydrological observations indicated that the
coastal water started to get denser than the offshore shelf water
(~28.8 kg/m>) when coastal water temperature decreased below
about 12.5 °C. Thus, the preconditioning phase (mixing and initial
cooling of the shelf water) lasted from October to late December
2004, and the formation of dense shelf water lasted from January
to early April 2005.

CTD and turbidity data collected in October 2004 and February
2005 (Figs. 5 and 6) characterized the most significant seasonal
change of the hydrological conditions prevailing on the shelf,
shifting from stratified conditions during summer and autumn to
unstratified conditions during winter and early spring. Compar-
ison of measured turbidity profiles and ADCP-derived turbidity
profiles are shown in Figs. 5¢ and 6c. While ADCP-derived
estimations fitted well with optical measurements from the
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labels. Storm events are indicated with grey boxes.

surface to the last 5mab, the comparison is not so good in the
bottom layer. Extrapolation of ADCP-derived turbidity profiles in
the last 2 mab overestimated the measurements by about two-
orders of magnitude. SSC and fluxes are overestimated in the last
2mab by the extrapolation made, and we choose to use the
suspended-sediment fluxes estimated from the first ADCP cell

measurements (2 mab). On the October 2004 CTD transect, the
pycnocline bowed down and impinged the seafloor around
50-60 m depth, and formed a frontal zone between the warmer,
fresher and lighter inner-shelf water, and colder, saltier and
denser outer-shelf water (Fig. 5a). Turbidity measurements
revealed the presence of a benthic nepheloid layer of several
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measured at the Tét site at 28 m water depth by the three altimeters positioned und
line, west: red line, and south: green line). Storm events are indicated with boxes.

metres above the bottom all across the shelf, but a maximum
turbidity area was observed just above the pycnocline between 25
and 55m water depth (Fig. 5b). On February 2005 CTD transect
(Fig. 6a), the water column was unstratified, with lower

er the buoy and mean signal (see Fig. 2b for their localization; north of the buoy: blue

temperature of about 9.5-10°C from the coast down to a water
depth of about 70m, and warmer water about 11-12 °C further
offshore. The turbidity distribution across the shelf was rather
homogeneous (Fig. 6b).
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3.2.2. Waves and currents

Waves are the main stirring mechanism causing bottom
sediment resuspension in the Mediterranean Sea. Four storm
events with significant wave height (Hs)>3 m and period (T;)~9s
were recorded during the study period (November 2004, February
2005, April 2005, and October 2005; Fig. 3c). These moderate
storm events are common in the GoL (Hs=5.5m for 2 years
recurrence return interval storm).

Near-bottom currents (2 mab) measured at the coastal site
(Fig. 3d) showed that the alongshore-current component pre-
dominated over the cross-shore component. Near-bottom cur-
rents were oriented mainly towards the south with a mean
magnitude of 10 and 4cm/s in winter and summer, respectively.
Bursts of southwardly near-bottom currents up to 40 cm/s were
observed during winter. From January to mid-April 2005, bottom
currents were regularly larger than 20 cm/s.

The shear stress due to currents (7.) exceeded the shear stress
due to waves (t,) for most of the monitoring period, except
during the rare and brief E-SE storm events (Fig. 3e). 7. exceeded
the calculated critical value for sediment resuspension (corre-
sponding to a current of 10cm/s for Dsg = 80 um from Sedtrans
model) for more than 10% of the time during winter.

3.2.3. Suspended-sediment concentration and cumulative fluxes,
seabed level monitoring and sediment variability

ADCP-derived near-bed SSC (0.1 mab) at the Tét site varied
from a few mg/L to about 1.5g/L during high wave and current
speed events (Fig. 4c). SSC rapidly decreased with increasing
distance from the seabed. Maximum SSC at 1 and 10 mab reached
0.21 and 0.08 g/L, respectively, during the most energetic events.
Suspended-sediment fluxes deduced at 2 mab (Fig. 4d) showed
that the across-shelf component was negligible, whilst the
cumulated alongshelf southward component continuously in-

creases through the winter period 2004-2005. Suspended-
sediment fluxes were negligible in summer and the increasing
southward trend started again in October 2005 at the end of the
monitoring period.

The comparison of altimetric measurements at each anchor of
the buoy, show the spatial variability of the seabed level at the
measurement site (Fig. 4e). Differences between signals measured
by the three altimeters are observed during the whole period of
measurement and particularly during storm events, but the trend
of each seabed level measurement show the same pattern.
The mean of the three measurements is then used to describe
the change of the seabed level at the Tét site. This signal showed
a net sediment erosion of about 4-5cm between October 2004
and November 2005 (Fig. 4e). After a low-sediment accretion
period in October 2004, sediment erosion of about 2cm was
observed from November 2004 to February 2005. The spring—
summer period (March-August 2005) was characterized by a
relative stability of the bed level. A second period of sediment
erosion of about 2cm was then observed at the end of the
monitoring period (September-November 2005). The largest
variations occurred during the mild storms (with higher wave
energy) in November 2004, February and October 2005. Net
sediment erosion of about 1 cm was measured after these events
except in February 2005 when no significant change was
observed.

Surface sediment median grain-size varied between 72 and
82 um from 30 September 2004 to 30 November 2005 (Fig. 7a).
Small variations were observed in the top 5 cm during that period
and reflected the spatial variability of the sediment properties in
this area. The porosity of the surface sediment varied between
0.62 and 0.72 during the same period (Fig. 7b). No significant
change was observed during the study period. Abrupt changes
were observed at 10-15cm in the sediment cores of 20 May and
30 November 2005 due to bioturbation.
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3.3. Modelling of dense water flow on the shelf

3.3.1. February-March average flow

The near-bottom temperature and flow averaged during the
main dense shelf water formation (February-March 2005) provide
a general view of the distribution of the dense shelf water core
(Fig. 8). During the February-March period, the coldest (<10°C)
and densest near-bottom water was contained on the inner and
mid-shelf (Fig. 8a). The averaged near-bottom current (Fig. 8b)
was cyclonic and oriented along isobaths over most of the mid-
shelf, and the western inner-shelf (below 43°N). An acceleration of
the along-shelf flow was observed in the southwestern part of the
gulf, due to the narrowing of the shelf. The Cap de Creus area
appears as the main outlet for this alongshore transport.

The average current intensity through the cross-shelf transect
joining the Tét prodelta to the Lacaze-Duthiers Canyon head is

a

Near-bottom
43°30" | Temperature (deg. C
43°
42°30°

3° 3°30° 4°
b
. Near-bottom
43°30" | current (m/s)
43°
42°30°

3° 3°30° 4°

about 8-10cm/s, but reached maximum daily average speed of
25 cm/s (data not shown).

3.3.2. Dense water plume extent

The sequence of temperature and currents shown in Fig. 9
illustrates the changes of the cross-shelf extent of the dense shelf
water core during a 2-week period (15 February-1 March 2005)
encompassing the hydrological observations (22 February) de-
picted in Fig. 6.

The cold and dry NW wind (Tramontane) became strong from
13 February. The newly formed dense water (T<10°C) formed a
southward flowing core that remained stuck at the coast and
extended down to 40 m isobath on 19 February. The northwards
wind-driven counter-current that took place on the outer-shelf
originated from the intrusion of slope waters near the Lacaze-
Duthiers Canyon. The wind weakened durably from 22 February
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Fig. 8. Modelled average near-bottom (10 mab) temperature (a) and current (b) for the February-March 2005 period over the Gulf of Lions’ shelf and slope (Symphonie
model). The coloured pattern superimposed to the arrows indicates the speed of the average currents.
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to 26 February, and starting on 23 February, a bottom plume of
dense water spread cross-shelf to reach a depth of 70m on 26
February. The wind strengthened again on 27 February. The dense
water formed in shallow water remained again confined at the coast,
while the plume that previously reached the mid-shelf continued to
flow downhill and eventually formed a distinct filament on the flat
outer-shelf around 80 m deep. The velocity of the cross-shore flow of
the dense shelf water core was about 4 cm/s.

These results show that while the inner-shelf of the south-
western gulf is continuously affected by the dense shelf water
flow, the mid- and outer-shelves are affected only intermittently.

4. Discussion

4.1. Seasonal and interannual variability of shelf sediment erosion

Seabed level variations monitored on the Tét prodelta show a
strong seasonality. Seabed erosion only occurred during autumn
and winter. Comparison with the hydrodynamical forcing (Fig. 4)
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reveals two different regimes associated to waves and currents
(E-SE storms), or to currents alone (wind-induced coastal
currents and dense shelf water flow). Net erosion can only occur
if there is flux divergence. Modelling results for E-SE storms
(Ulses et al., 2008b) and for wind-induced coastal current/dense
shelf water flow (this study, Fig. 8) shows that flow divergence
takes place at the Tét site because of the downstream flow
acceleration due to the narrowing of the southern end of the
shelf.

Whereas storm events induced brief (~1d) and large (~1cm)
changes of the seabed level, the strong and prolonged
(~2 months: January-February 2005) alongshore wind-induced
coastal current enhanced a slow but continuous erosion (~2 cm)
of the seabed. The relative stability observed in summer suggests
that there is no significant erosional trend—because of the
absence of storm events and the weakness of the near-bottom
currents—and therefore no significant deposition, deriving from
river input or settling of marine biological material. During the
2004-2005 autumn and winter periods, the wind-induced coastal
current appears thus as the predominant erosion mechanism on



the inner-shelf, and we supposed that the dense shelf water flow
promoted the transport of eroded material toward the shelf edge.
Dense shelf water-flow speed can be estimated from the Nof
speed formulation (Nof, 1983; Shapiro and Hill, 1997):

g's

il

where the Nof speed is the speed with which the dense water
plume would have propagated along the contours of constant
depth if there had been no friction (Nof, 1983); g’ is the reduced
gravity acceleration and s the shelf slope (s=tan@). The
estimation of the dense shelf water flow from measurements
made in February 2005 gives a value of ~10 cm/s which is two to
four times lower than measured currents during that period. Thus,
the wind-induced coastal current is the main mechanism causing
sediment resuspension in the Tét inner-shelf but associated dense
shelf water flow enhanced the advection of suspended material
towards the exit of the Gulf of Lion during the winter 2004-2005.

Interestingly, during the previous 2003-2004 autumn and
winter periods, at the same coastal site, Guillén et al. (2006)
showed that the sediment erosion by storms largely exceeded the
sediment erosion by currents alone. Large storms caused sediment
erosion of up to 5 cm, generally followed by a deposition of similar
amplitude (Fig. 10). The net erosion of the seabed during both
years varied between ~1cm in 2003-2004 and 4cm in
2004-2005 (Fig. 10).

It is worthy to note that the 2003-2004 and 2004-2005
periods are distinguished by unusually energetic hydro-climatic
conditions. The 2003-2004 autumn and winter periods were
characterized by two large (Hs>7m) and three moderate
(Hs>3m) storms as well as several extreme floods of the Rhone
and of the smaller rivers. Mild dense shelf water formation took
place during that period (Ulses et al., 2008a). The 2004-2005
autumn and winter periods were characterized by very intense
dense shelf water formation and only two moderate storms. The

VNof =

typical return period of extreme dense shelf water formation
(Béthoux et al., 2002; Canals et al., 2006) and of extreme storm
(Hs>7m) events in the GoL is between 5 and 10 years. Extreme
flood events such as the December 2003 Rhone flood event has an
interval return period of about 100 years. Thus, the 2003-2004
and 2004-2005 experiments allowed us to assess the impact of
extreme events on the seabed level. The centimetric annual
erosion induced by these extreme events is likely to be the main
factor that restrict the secular sedimentation rate, estimated in
the Tét inner-shelf to ~0.1 cm/year (Bourrin et al., 2007), despite
the local and upstream rivers inputs. This fact also suggests that
accretion should dominate during less energetic periods to
balance the erosion observed during these two consecutive years.

4.2. Net erosion fluxes, suspended-sediment concentration
and transport

Altimetric measurements allowed us to estimate the EF for the
mixed sediment at the coastal station (Dsgo= 70-80um and
porosity = 60-70% in the 0-2cm layer) for a large range of
bottom shear stress (0-9Pa). The effective bottom shear stress
(total bottom shear stress due to both currents and waves) range
was much higher in 2003-2004 (0-9Pa) than in 2004-2005
(0-1Pa). Considering the whole dataset (Fig. 11a), one observes a
rapid increase of EF up to 1.2 g/m?/s with increasing Tews Up to
2 Pa. Beyond that limit, the increase of EF with bottom shear stress
is lower and reached 1.8 g/m?/s for Tcws = 9Pa. Bed armouring,
which limits the amount of fine-grained sediment available for
resuspension, could be one reason to explain the lower increase of
EF at high shear stress (Wiberg et al., 1994). Ferré et al. (2005)
inferred from observations and numerical simulations on a
shallower and sandier site close to the present study site, the
influence of the bed armouring that limits, during a storm event,
the resuspension of fine-grained sediment after the winnowing of
the superficial sediment layer.
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Fig. 10. (a) Significant wave height, (b) near-bottom currents, and (c) seabed level measured at the Tét site during monitoring periods 2003-2004 and 2004-2005.
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Net EFs for the 2003-2004 period are three to four times
higher than the 2004-2005 period at low-bottom shear stress
(Tews<0.5Pa, Fig. 11b), but are comparable for higher shear
stress (up to 1Pa, Fig. 11a). This different behaviour at low shear
stress could result from the change in the surface sediment
porosity, which significantly varied during the 2003-2004 period
as a result of floods and storms (Bourrin et al., 2007) but were
rather constant during the 2004-2005 period (Fig. 7b). Fine-
grained sediment deposits following flood events and reworking
of the sediment by storms temporarily increase the surface layer
porosity (Bourrin et al, 2007) and thus enhance the subsequent
resuspension at low shear stress. This difference vanishes at
higher shear stress as the thickness of the eroded layer increases
and reaches level where sediment porosity is more constant
(Fig. 7b).

The two major resuspension regimes (moderate storms or
currents alone) observed during the 2004-2005 experiment have
a different response in terms of SSC in the water column. While
significant increases of SSC are observed within the last 10 mab
during storm-induced resuspension, no significant increases of
SSC are observed during the prolonged erosion phase induced by
dense shelf water flow (Fig. 4c). However, the impact of the latter
mechanism is well evidenced on the sediment transport (Fig. 4d
and e). Net erosion and alongshore sediment transports during the
winter 2004-2005 show similar trends during the whole
measurement period. Storm-induced resuspension and subse-
quent SSC increase do not affect significantly the seasonal trend of
the alongshore transport. During that winter, resuspension and
transport associated with wind-induced coastal current and dense
shelf water flow dominates the sediment dynamics on the Tét
inner-shelf. Nevertheless, in view of the comparable sediment
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thickness (few cm) eroded by both type of events, it is likely that
the discrepancy between storm-induced and dense shelf water-
induced sediment transport results from the area affected by
these events upstream of the Tét shelf. Storms impact on the
entire inner-shelf of the GoL (Ulses et al., 2008b), and the cyclonic
alongshore current—which incorporates the resuspended sedi-
ment all along its pathway—yields a large transport on the Tét
shelf. Conversely, the wind-induced coastal current and dense
shelf water flow on the inner-shelf impacts a smaller region
upstream of the Tét shelf, and thus limits the downstream
increase of suspended-sediment transport.

Measurements of temperature, current, and sediment trans-
port made at the Tét site are well correlated to measurements
made in the head of the south-western Lacaze-Duthiers and Cap
de Creus Canyons (Ogston et al, 2008; Puig et al, 2008),
confirming the potential of wind-induced coastal current and
associated dense shelf water flow to resuspend and carry
sediment. Ogston et al. (2008) show that dense shelf water flows
were more episodic and weaker in the Lacaze-Duthiers Canyon
than in the Cap de Creus Canyon, emphasizing the preferential
pathway of dense shelf water flow toward the southern end of the
GoL, and Puig et al. (2008) show the impact of dense shelf
water flows on the seabed erosion deeper in the Cap de Creus
Canyon.

5. Conclusions

This paper investigated the impact of winter wind-driven
circulation and cold dense shelf water flows on the sediment
dynamics on the Tét prodelta in the south-western GoL'’s shelf.



The most important findings of this work are the following:

e Sediment erosion of several centimetres occurred on the Tét
prodelta during the winter period 2004-2005 due to the strong
wind-driven current flowing southwards along the coast.
During the unusual cold and dry winter 2004-2005 that only
occurred three times in the last decades, this current was
transformed in a gravity flow due to the large cooling and
subsequent increase of its density. Conversely, sediment
erosion measured at the same site during the previous winter
2003-2004, an unusual winter with extreme storms and
floods, was nearly balanced by river inputs. During these two
consecutive winters, the Tét prodelta underwent a net erosion
of ~4 cm that is much higher and opposite to the local secular
apparent sedimentation rate (~0.1 cm/year).

o Net EFs were measured in situ at high and very high effective
shear stresses compared to those measured in laboratory. Net
EFs for the lower shear stresses (0-2Pa) clearly appear to
depend on the sediment history, whereas they are more
constant at higher shear stresses. The largest net EFs, which
are linked to the extreme storm events, are possibly limited by
bed armouring.

o Wind-induced coastal current and severe dense shelf water
flow are important winter mechanisms for sediment erosion
and southwards alongshore transport. The extent of the region
impacted by dense shelf water flows is variable, depending on
the wind-driven circulation on the shelf. The wind-induced
coastal current and associated dense shelf water flow con-
tinuously eroded the inner-shelf but impacted more episodi-
cally the mid- and outer-shelf. Dense shelf water-flow
measurements on the shelf are well correlated to contempor-
ary measurements made in the south-westernmost canyons of
the Gulf.
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