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Suspended sediment transport in the Gulf of Lions
(NW Mediterranean): Impact of extreme storms and floods
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In situ observations were combined with 3D modeling to gain understanding of and to quantify the suspended sediment transport in
the Gulf of Lions (NW Mediterranean Sea). The outputs of a hydrodynamic—sediment transport coupled model were compared to near-
bottom current and suspended sediment concentration measurements collected at the head of seven submarine canyons and at a shallow
shelf site, over a 6-month period (November 2003—May 2004). The comparisons provide a reasonable validation of the model that
reproduces the observed spatial and time variations. The study period was marked by an unusual occurrence of marine storms and high
river inputs. The major water and sediment discharges were supplied by the Rhone, the largest Mediterranean river, during an
exceptional flood accompanying a severe marine storm in early December 2003. A second major storm, with moderate flooding, occurred
in February 2004. The estimate of river input during the studied period was 5.9 Mt. Our study reveals (i) that most of the particulate
matter delivered by the Rhone was entrapped on the prodelta, and (ii) that marine storms played a crucial role on the sediment dispersal
on the shelf and the off-shelf export. The marine storms occurring in early December 2003 and late February 2004 resuspended a very
large amount of shelf sediment (> 8 Mt). Erosion was controlled by waves on the inner shelf and by energetic currents on the outer shelf.
Sediment deposition took place in the middle part of the shelf, between 50 and 100 m depth. Resuspended sediments and river-borne
particles were transported to the southwestern end of the shelf by a cyclonic circulation induced by these onshore winds and exported
towards the Catalan shelf and into the Cap de Creus Canyon which incises the slope close to the shore. Export taking place mostly during
marine storms was estimated to reach 9.1 Mt during the study period.

Keywords: Sediment transport; Sediment resuspension; Sediment budget; 3D sediment transport modeling; Continental margins; Northwestern
Mediterranean Sea; Gulf of Lions

1. Introduction

Continental margins, which receive large amounts of
particulate matter related to the erosion of continents,
generally represent regions of massive deposition but are
also a sediment source for the deep basins. Sediment
transport, seabed reworking and off-shelf export on
continental margins are considered to be primarily driven
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by episodic, high energy events, among which floods,
storms and associated swell, and strong wind-driven
currents are the most common examples. These extreme
events that control the inputs, resuspension, sediment
transport pathways and depositional sites, are considered
to strongly affect the sediment budget and the formation of
strata (Parsons and Nittrouer, 2007). Besides the formation
and preservation of event beds in sediment deposits, these
events also affect the amount of sediment that escapes the
shelf break (e.g., Sommerfield and Nittrouer, 1999). The
net off-shelf sediment fluxes are usually quantified as a
residual value in sediment budgets, which are generally
based on sediment core dating and river inputs. They



generally represent a ‘“‘mean” export averaged over a
secular time scale (typically 100-year for 2!°Pb-based
accumulation rates). Moored instruments (sediment traps,
currentmeters, turbidimeter) describe the temporal varia-
bility of sediment fluxes escaping the shelf at shorter time
scales (from hours to months) but generally lack the spatial
coverage to estimate the export linked to significant events.
The study of the impact of energetic sediment transport
processes on bed modifications caused by sediment erosion
or deposit and sediment budgets at the shelf scale therefore
requires the coupling of a field study with a modeling study.

Within the framework of the EUROSTRATAFORM
program (Weaver et al., 2006), the impact of episodic, high
energy events on the sediment dynamics and budget was
investigated on two Mediterranean margins—the Adriatic
Sea and the Gulf of Lions. Despite their distinct shelf
morphology, these margins have relatively analogous river
discharges, originating both from one large river and
smaller rivers, and hydrodynamical forcings. Recent
studies in the Gulf of Lions identified the role of waves
and currents driven by onshore and off-shore wind regimes
as dominant mechanisms for the dispersal of river plumes,
resuspension of shelf sediment, and off-shelf sediment
export (e.g., Estournel et al., 1997; Ferré et al., 2005;
Canals et al., 2006; Guillén et al., 2006; Heussner et al.,
2006; Palanques et al., 2006). Secular accumulation rates
and grain-size patterns reveal distinct sedimentary facies on
the shelf, including prodeltaic and mid-shelf depocenters
of fine sediments. A sediment budget suggests that most
(ca. 90%) of the river sediment discharge is trapped on the
shelf (Durrieu de Madron et al., 2000). However, because
of the spatial limitation of measurements, the pathways of
riverine and resuspended sediment, the limits of deposition/
accumulation patterns on the shelf, and the off-shelf export
of sediment during extreme events (flood, storms) are still
poorly understood.

Three-dimensional sediment transport models are useful
tools to study the fate of river-borne and resuspended
sediment of the shelf as well as the transport to the open
sea. We combined a 3D sediment transport model with
extensive field measurements performed in the Gulf of
Lions during a 6-month period (autumn 2003 and winter
2004) characterized by extreme flood and marine storm
events. In the present work, we took advantage of previous
works by Ulses et al. (2008) who validated the hydro-
dynamic model and described the physical mechanisms
controlling the spatial and temporal variability of the
shelf to slope transfer of water, and Palanques et al. (2006)
who measured the suspended particulate matter transport,
during the study period. The present paper aims at
determining (i) the fate of river sediment inputs, (ii) the
relative role of wave and wind-driven flows for
the reworking and transport of sediment on the shelf,
(iii) the amount of sediment escaping the shelf break,
(iv) the role of canyons as effective conduits for the off-
shelf transport, and (v) the contribution of extreme flood
and storms that occurred during the study period.

2. Regional setting

The Gulf of Lions is located in the northwestern
Mediterranean. The crescent-shape continental shelf is
bounded at its northeastern and southwestern ends by
promontories where the shelf almost vanishes. The
continental slope is incised by an intricate network of
submarine canyons (Fig. 1).

The grain size distribution of superficial bottom sedi-
ments is shown in Fig. 1. Sands of the inner shelf broadly
display a seaward-fining texture and merge, in water deeper
than 20-30 m, with mid-shelf muds, except on the Rhone
River submarine delta where a large accumulation of silty
muds is located closer to the coast. Sediment gets
progressively coarser across the outer shelf. Sandy sedi-
ments and even shells are found around the shelf edge and
in canyon heads.

2.1. Rivers

Fresh water and sediment inputs to the Gulf originate
mainly from the Rhone River although about nine small
rivers occasionally may deliver substantial amount of fresh
water and sediment (Fig. 1). The major river discharge
occurs mostly during flooding events, preferentially in
spring and fall, and reveals a strong interannual variability.
Thus, annual river inputs of sediment vary within one
order of magnitude from 2.4 to 25 Mtyr~', with an average
long-term mean of 8.5 Mtyr~—' (1980-1999 period, Ludwig
et al., 2003).
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Fig. 1. Map of the Gulf of Lions, showing the bathymetry (m), the
fraction of mud (clay and silt) in the sediment bed and the position of the
different instruments moored in the canyon heads and on the inner shelf
(stars) and the wave gauges (squares). The inset delineates the domain of
the Gulf of Lions model in the northwestern Mediterranean.



2.2. Wind-wave regimes

Strong winds over the Gulf of Lions are frequent and
produce distinctive wave regimes. The orography controls
the direction of the continental winds, which blow from the
north (Mistral) and northwest (Tramontane). Due to a
reduced fetch, these winds generate small waves (significant
wave height<2m, peak period<6s) on the shelf. Con-
versely, eastern to southeastern winds are episodic and
short-lived, and are associated with long fetch and large
swells (significant wave height up to 10 m, peak period up
to 12s). These marine wind episodes are often accompa-
nied by river floods as the transport of humid marine air
over coastal relief induces abundant precipitation. Sedi-
ment resuspension results primarily from the effect of
southeasterly swells associated with marine winds (Ferré
et al., 2005; Guillén et al., 2006).

2.3. Circulation patterns

The predominant north to northwestern winds induce
distinctive circulation cells on the shelf, favoring intrusions
of slope waters into the eastern and central parts, and
export of shelf water at the southwestern end of the Gulf
(Estournel et al., 2003; Petrenko et al., 2005; Ulses et al.,
2008). Furthermore these cold and dry continental winds
are responsible for the cooling and homogenization of the
shelf water column during winter, which could generate
dense water. Dense water plumes spread over the western
part of the shelf and finally escape at its southwestern end
(Dufau-Julliand et al., 2004; Ulses et al., 2008). Eastern to
southeastern marine winds induce a sea level rise at the
shore and an overall intense cyclonic circulation on the
shelf (Ulses et al., 2008).

A permanent cyclonic current (the Northern Current)
flows along the slope and is part of the general circulation
of the western Mediterranean basin. It forms a density
front that separates the low-salinity shelf water from the
more saline open sea water, limiting the off-shelf dispersal
while enhancing along-slope dispersal (Durrieu de Madron
et al., 1990; Lapouyade and Durrieu de Madron, 2001).
Hence, constrained by the slope current offshore and the
coast inshore, most shelf water is funneled towards the
narrowing southwestern shelf end where it impinges on the
Cap de Creus promontory and is thereby deviated towards
the nearby canyons.

Various experimental studies showed that canyons act as
preferential conduits, with respect to the adjacent open
slope, for the particulate matter exported from the shelf to
the slope (Monaco et al., 1990; Durrieu de Madron et al.,
1990; Monaco et al., 1999). Continuous observations since
1993 of near-bottom particle fluxes at 1000 m depth in the
Lacaze-Duthiers and Planier Canyons (respectively at the
southwestern and northeastern ends of the Gulf) have
emphasized the role of dense water cascading, but have not
been able to estimate the role of marine storms on the space
and time variability of shelf-slope exchanges, because of

the sampling intervals and the distance and depth from the
shelf edge (Heussner et al., 2006).

3. Material and methods
3.1. The numerical model

The modeling is based on a coupling between a 3D
coastal circulation model, a wave model and a sediment
transport model. Simulations with the hydrodynamic
model and the wave model were independently performed,
storing the current and the turbulent diffusion coefficient,
and the wave parameters, respectively. Then the sediment
transport model was run using the circulation and wave
model results as forcing functions. The three sub-models
are described in the following sections.

3.1.1. The coastal circulation ocean model

The coastal circulation ocean model SYMPHONIE is a
3D primitive equation hydrostatic model that has been
described by Marsaleix et al. (2008). The turbulence closure
scheme is based on a prognostic equation for the turbulent
kinetic energy and on a diagnostic equation for the mixing
and dissipation length scales (Bougeault and Lacarrére,
1989). A time-splitting technique (Blumberg and Mellor,
1987) allows the vertical shear of the current and the depth-
averaged horizontal components to be computed sepa-
rately with appropriate time steps. The modeling of the
study period (October 2003-May 2004) was previously
validated and used to investigate the physical mechanisms
(storm events, dense water cascading) controlling the shelf-
slope exchanges (Ulses et al., 2008).

A downscaling method, described by Ulses et al.
(2005) and Guizien et al. (2006), using two levels of grid
nesting was used for the simulations. The first domain (40
sigma-step vertical levels and 3 km horizontal resolution)
extends from the Gulf of Valencia to the Ligurian Sea
(0.34°W-10.95°E x 38.26°N—45.61°N). The model was in-
itialized and forced by daily outputs of the general
circulation model used in the Mediterranecan Forecasting
System project (Tonani et al., 2007), using the variational
inverse method described by Auclair et al. (2006). The
domain of the second model (25 vertical levels and 1.5km
horizontal resolution) covers the Gulf of Lions as indicated
in Fig. 1.

For the atmospheric forcing, the 6-h outputs (radiative
solar and long-wave fluxes, surface pressure, air tempera-
ture, relative humidity and wind velocity) of the
high-resolution meteorological model ALADIN from
Météo-France (French meteorological office) were used.
The wind stress and the heat fluxes were computed with
bulk formulae (Geernaert, 1990) using the air parameters
provided by the model ALADIN and the sea surface
temperature computed by the model SYMPHONIE.

The fresh water inputs from the main rivers of the Gulf
of Lions were taken into account. Daily discharges
supplied by the “Compagniec Nationale du Rhone”, the



“Banque Hydro’ and the “Agencia Catalana de 1’Aigua”
were specified at the river mouths. The temperature in all
rivers was set following measurements in the Rhone River
(Poirel et al., 2001), with a maximum value of 22°C in
October (beginning of the simulation) and a minimum
value of 7°C in January and February.

3.1.2. The wave model

Wind generated waves were computed using the current
operational NOAA (National Oceanic and Atmospheric
Administration) wave model Wavewatch III (Tolman,
1997), modified by Ardhuin et al. (2007a) in order to use
the wind-wave generation and dissipation parameteriza-
tions of Janssen et al. (1994). These parameterizations were
found to give generally better growth at short fetch, with
still important biases in the presence of swells (Ardhuin et
al., 2007a). This parameterization generally provides the
best results in the analysis of Mediterranean storms
(Ardhuin et al., 2007b).

The model covers the whole western Mediterranean
(—5.6°E-16.3°E x 31°N—45°N) with a resolution of 0.1°. It
was forced by the wind outputs of the ALADIN (0.1°) and
ARPEGE (0.25° in the Mediterranean Sea) meteorological
models from Météo-France. No forcing was applied at the
open boundaries. The wave model outputs used in the
sediment transport simulation were 3-h significant height,
mean period and direction.

3.1.3. The sediment transport model

The sediment transport sub-model aims at simulating the
resuspension induced by a wave-current combined flow, the
discharges from rivers and the dispersal of suspended
sediment, by considering a multi-grain size class approach.
We mainly study fine-grained sediments that are likely to
transport adsorbed chemical and biogeochemical elements
over large distances. However, given that (i) the sea floor of
the Gulf of Lions is covered by sediments ranging from
clay to sand and that (ii) a small amount of sand added to a
muddy bed may modify erosion characteristics and vice
versa (Panagiotopoulos et al., 1997; van Ledden et al.,
2004), coarse sediment should be considered. Therefore we
used five sediment size classes of primary (individual)
particles from clay to coarse sand, one class of clay, 2
classes of silt and 2 classes of sand (Table 1), according to
the Wentworth classification (1922).

Flocculation processes were not included in the model.
Nevertheless, given that aggregation plays a major role on

horizontal and vertical fluxes of particulate matter by
enhancing settling velocity (Gardner and Walsh, 1990;
Curran et al., 2007), aggregate classes were incorporated on
the basis of in situ grain size measurements collected during
a previous experiment (Durrieu de Madron et al., 2005),
which indicated the persistent presence of 100-200 um flocs
built from clay and fine silt particles. Comparing these
in situ measurements with size distribution of sonified
samples, we estimated that 73% of clay particles and 23%
of fine silt particles were aggregated during resuspension
into flocs of 130 um diameter, the rest remaining as primary
particles.

The settling velocity was set according to the median
grain size diameter of each size class, using Stokes’ law
(Simons and Sentiirk, 1977) for primary particles whose
diameter is smaller than 100 um and using Zanke’s (1977)
formula for coarser primary particles. We used the
estimates of Agrawal and Pottsmith (2000) to compute
the settling velocity of aggregates. The sediment density for
primary particles was fixed at 2650 kgm—>. The density of
aggregates was set at 1102 kgm ™ using the formulation of
Hill et al. (1998).

The suspended sediment concentration C' for each size
class i was computed using the advection—diffusion
equation:

ac! L ouC' L ovC' N d(w—wy)C' _ dF
ot 0x dy 0z e

()

where u, v, and w are the three components of the current
velocity, F' is the vertical turbulent flux given by —K.0C/dz,
K. is the vertical diffusivity calculated by the hydrody-
namic model, and w,’ is the sediment settling velocity. A
positive definite, upwind advection scheme is used (with a
corresponding diffusion in the direction of the x-component
of the current, u, given by |u|Ax/2). Particulate matter
inputs from the atmosphere (Heussner et al., 2006) and at
the eastern entrance of the Gulf of Lions (Lapouyade and
Durrieu de Madron, 2001; pers. comm. Gatti) are negligible
with respect to resuspension and river inputs during a
period marked by strong storms and floods. Moreover, due
to a lack of information on biological production during
the study period, the pool of phytoplanktonic particles was
not taken into account in the model. Therefore, the
atmospheric deposition, the inputs at the open boundaries
and the biological production were considered as null, and
the resuspension and river inputs constituted the boundary
conditions of Eq. (1).

Table 1

Sediment grain size distribution and properties used in calculations: median diameter (um), settling velocity (ms~"') and density (kgm™>)

Particle classes Clay Fine silt Coarse silt Fine sand Coarse sand Aggregates
0—4 um 4-16 pm 16-63 um 63-250 pm > 250 um

Corresponding Dsg (pm) 2.4 8.4 31.6 119 671 130

Settling velocity (ms™") 44x107° 54x%x107° 7.6x107* 9.2x 1073 8.7 x 1072 59x 107

p (kgm™) 2650 2650 2650 2650 2650 1102




3.1.3.1. Bottom boundary condition. The bottom bound-
ary condition of Eq. (1) is given by the erosion flux at the
bed level. Given that the Gulf of Lions sediments consist of
a mixture of clay, silt and sand in highly variable
proportions, we distinguished between cohesive and non-
cohesive behaviors for the representation of the erosion
process in the different sedimentary environments. Histori-
cally, many investigations addressed the behavior of non-
cohesive sand beds and cohesive mud beds separately.
More recently, as reported by van Ledden et al. (2004),
several experiments have shown that the erosion character-
istics can dramatically change when small amounts of mud
are added to a sand bed and wvice versa. Based on
laboratory and field experiments, several researchers
identified a transition from a non-cohesive to cohesive
behavior at clay contents of 3-14% (Raudkivi, 1990;
Panagiotopoulos et al., 1997; van Ledden et al., 2004). This
criterion was implemented in the model to switch between
cohesive and non-cohesive formulations of erosion flux,
using a constant value of a critical clay fraction: at each
time step, the clay fraction in the superficial sediment of
each cell grid, larger or smaller than the critical one,
determines the formulation used. We fixed the value of the
critical clay fraction at 6%. In the model, the clay fraction
is smaller than 6% near the coast, from 0 to ~40 m depth,
except in prodelta areas. A sensitivity study to this value is
presented in Section 4.5.4. Several studies that aimed at
estimating erosion rates have established formulations for
these two types of bed. For non-cohesive sediments,
erosion essentially varies according to sediment size
characteristics while, for cohesive beds, erodability depends
on the bed properties including biological and chemical
factors—bioturbation, water content, organic matter con-
tent, etc.—and the age of deposit (Berlamont et al., 1993).
The erosion fluxes for non-cohesive sediments were
computed according to Smith and McLean (1977) and
for cohesive sediments using the Partheniades’ law (1962)
(see Appendix A).

The bottom shear stress under combined wave and
current conditions was calculated using the method of
Soulsby et al. (1993) with the parameterization of Fredsee
(1984) (see Appendix B). The bottom roughness z, was
evaluated by distinguishing silty and sandy beds (see
Appendix B). The bed armoring process takes into account
the reduction of available fine-grained sediments for
resuspension due to the protective effect of coarser grains.
Thus this process is of considerable importance in
modeling storm resuspension on the shelf where bed
sediment consists of sand-mud mixtures (Zhang et al.,
1999; Ferré et al., 2005). It was implemented in the module
following Harris and Wiberg (2001) (see Appendix C).

3.1.3.2. River inputs. Suspended sediment concentrations
were specified at the Gulf of Lions river mouths. Sediment
discharges were deduced from water discharges through
empirical relations, using the estimation of Sempéré et al.
(2000) for the Rhone River, of Pethelet-Giraud et al. (2003)

for the Herault River, of Serrat (1999) for the Agly River
and of Serrat et al. (2001) for the Tet River. Due to the lack
of information, sediment discharges of the Aude and Orb
Rivers were determined using the relation established for
the nearby Herault River; likewise, the suspended sediment
concentration set at the Tech River was deduced from the
relationship of the nearby Tet River.

The grain size distribution of the Rhone River suspended
sediment matter and its change during the December 2003
flood were measured by Antonelli et al. (2008). They
showed an increase of sand fraction from 2% before the
flood, to 22% around the flood peak, together with a
decrease of silt fraction. The clay fraction was nearly
constant, around 13%. For non-flood periods, constant
fractions corresponding to the values recorded before the
flood were fixed in the model. During floods, we imposed
variable fractions using a sinusoidal relation based on the
observations. As no further information on the granulo-
metry was available, we decided to evenly distribute the
measured silt concentration between the two modeled silt
size classes, while all the observed sand concentration was
attributed to the fine sand class to avoid immediate
sedimentation. At the small river (Herault, Orb, Aude,
Agly, Tet and Tech Rivers) mouths, we applied a constant
value for the suspended sediment concentration of clay,
silts and fine sand, estimated according to measurements in
the Tet River (Garcia-Esteves, 2005). The grain size
distribution was set at 69% silt particles and 24% clay
particles. Aggregates were formed from clay and fine silt
following the rule described above for resuspension. This is
a very crude approximation as flocculation probably
depends on the water (through turbulence) and sediment
discharges. Dedicated measurements would be necessary to
improve this point and possibly to calibrate and validate a
flocculation model.

3.1.3.3. Initial conditions. The initial suspended sediment
concentration was set to zero over the whole domain. The
initial grain size distribution in the sediment (Fig. 1) was
specified by interpolating the sediment grain size inferred
from 787 cores collected over the whole Gulf (pers. comm.
S. Charmasson, V. Roussiez, A. Grémare, N. Frumholtz,
S. Berné). At the initial state, the sea bed was assumed to
be homogeneous on the vertical axis.

3.2. Field observations

3.2.1. Near-bottom current and suspended sediment
concentration records

Time series of near-bottom current and suspended
sediment concentration were recorded by moored instru-
ments at 300 m depth in seven submarine canyon heads in
the Gulf of Lions: the Cap de Creus, Lacaze-Duthiers,
Aude, Herault, Petit-Rhone, Grand-Rhone and Planier
Canyons (Fig. 1). On each of these canyon heads, one
Aanderaa RCMY/11 current meter equipped with tem-
perature, conductivity and optical backscattering sensors



was installed 4 m above bottom (mab) from November 5,
2003 to May 5, 2004. The sampling interval of the current
meters was set to 20min. Temperature and conductivity
sensors were calibrated using CTD measurements per-
formed next to the mooring lines in November 2003,
February and March 2004 (Palanques et al., 2006). PPS3
sequential sediment traps with a sampling interval of 15
days were located on each mooring at 30mab. The
measured total mass fluxes are presented and analyzed in
Bonnin et al. (this issue).

A bottom tripod was also deployed at the Tet prodelta
study site (27m water depth) from November 26 to
December 12, 2003 and from February 4 to March 18,
2004. Water turbidity was measured using three D&A
Instruments Optical Backscatter Sensors (OBS-3) mounted
on a tripod frame at 15, 50 and 90 cmab collecting data
every 3 h in bursts of 20 min at 2 Hz (Guillén et al., 2006).
Current profiles were obtained by a bottom-mounted
ADCP RDI Sentinel 600 kHz model equipped with a wave
pressure sensor. Currents were continuously measured at
1 Hz and averaged every 3 h. All turbidity data recorded in
FTU were converted into suspended sediment concentra-
tions following the empirical relationship derived by
Guillén et al. (2000).

Uncertainties for current speed, AV, and suspended
sediment concentration, AC, are derived from instrument
precision and calibration (e.g., conversion from turbidity to
SSC). The uncertainty in current speed is estimated to be
AV =45x10">ms™" (statistical precision/standard error
from Aanderra RCM9/11 brochure) and the uncertainty in
suspended sediment concentration to be AC = 0.2mgL™"' =
2x 107*kgm™ (minimum guess from standard error on
SSC estimates from filters, the most important source of
uncertainty; the uncertainty associated with the turbidity
sensor accuracy is likely to be much smaller).

3.2.2. Wave data

Wave data were obtained from non-directional wave
buoys located off Séte (central coastal sector: depth = 32 m,
lat = 43°19.7N, lon = 3°39.05'E-data from Service Mari-
time et de Navigation du Languedoc Roussillon), in
Camargue (northeastern coastal sector: lat=43°21'N,
lon = 4°34’E-data from CETMEF), offshore of the Gulf
of Lions (depth = 2300 m, lat = 42.1°N, lon = 4.7°E-data
from Météo-France) and from the ADCP measurements off
the Tet River mouth (southwestern coastal sector:
depth = 27m, lat = 42°42.25'N, lon = 3°04'E).

4. Results and discussion

The next sections describe forcing variables (wind, wave
and rivers) and in situ observations (currents and
suspended sediment concentrations) for comparison with
the model outputs. Then we analyze the impact of the most
intense storm and flood events on (i) the sediment
dynamics of the shelf and on (ii) the export of sediment
to the slope. The uncertainties associated with the choice of

model parameters are then estimated. Finally, we put these
results in perspective by considering the interannual
variability of the off-shelf sediment export in the Gulf of
Lions, and by comparing them with other regions.

4.1. Wind, wave and river climate

Autumn was marked by a strong southeastern onshore
wind episode in early December (Fig. 2a) that generated
large waves (Fig. 2b). Two brief events with enhanced
wave activity occurred on December 4 and December 8,
2003. During the first event, wind speed reached 16ms™"
(Fig. 2a). Significant wave height increased to 6 m in the
eastern sector (Fig. 2b) and 8m in the western sector
(Fig. 3). The meteorological conditions caused the flooding
of all rivers of the Gulf. In particular, the daily water
discharge of the Grand-Rhone River increased to
9346m>s~! (Fig. 2¢) and sediment discharge peaked at
~23,000 kgs™" (Fig. 2d). This flood event had an estimated
recurrence period of ~75 years (Palanques et al., 2006).
During the second storm on December 8, rather high
values of significant wave height (>4m) were observed
along the western coast (Fig. 3).

A second flood of the Rhone River began in mid-
January with a discharge peak of ~4000m’s~" and ended
in late January when the river discharge dropped below
3000m*s~! (Fig. 2¢). During wintertime, intense continen-
tal winds blew over short periods of time (Fig. 2a).
Comparison with meteorological observations (collected
by Météo-France) from winters 1973 to 2001 revealed that
off-shore winds blowing during winter 2004 were low in
frequency, duration and magnitude (Ulses et al., 2008).
This suggests that cooling of shelf water was reduced
during the studied winter.

The late winter and early spring were characterized by
several onshore wind events (late February, mid-March,
late March—early April, and mid-April) (Fig. 2a). They were
accompanied by only moderate increases of the Rhone
River discharge and significant floods of the small rivers
(Fig. 2¢). The February marine wind episode corresponded
to a strong storm during which significant wave height
reached 5.5m in the eastern sector (Fig. 2b) and 7m in the
western sector (Palanques et al., 2006). During this event
and the mid-March event, wind reached speeds of 14ms™".
In order to better differentiate this winter from previous
ones, we determined from meteorological observations over
the 1973-2001 winter periods the number of events during
which eastern to southeastern winds (90° <wind direction <
180°) blew with a speed higher than 14ms~'. During this
29-year period, only seven such events (January 17, 1973;
March 21, 1974; February 24, 1978; February 11, 1979;
January 15, 1982, January 13, 1998; February 7, 2001) were
found, each one appearing a distinct year. Thus, the
frequency of the intense onshore winds that took place
during the studied winter appears to be unusual.

In summary, the deployment period was marked by
rather short bursts of cold continental winds associated
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Fig. 2. Time series of (a) wind (ms~') simulated from the ALADIN meteorological model on the Tet prodelta, (b) significant wave height (m) measured
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with low waves at the coast, and unusually high occurrence
of strong marine winds associated with high waves. The
two major storm events in December 2003 and February
2004 during which significant wave height exceeded 8 and
7m in the western region respectively had an estimated
recurrence interval of about 50 and 10 years (Palanques
et al., 2006). The study period was also characterized by
high riverine inputs. The major sediment and water
discharges were supplied by the Rhone River (80% of the
total river delivery) during the intense December and
moderate January floods. The December and February
storms, as well as the December flood, are considered as
extreme events in the following.

4.2. Near-bottom current and suspended sediment
concentration time series

4.2.1. Observations on the shelf

Near-bottom currents off the Tet River reached max-
imum velocity during the two strong marine storms that
occurred in early December and late February (Fig. 3).
During these events, near-bottom currents were generally

oriented toward the southeast and reached speeds larger
than 40cms™' (peak values from non-filtered time series,
not shown). Increases in suspended sediment concentration
(SSC) 90 cmab on the shelf coincided with intensifications
of currents and waves (Figs. 3 and 4). The SSC peaked at
~500-700mgL~" (peak values from non-filtered time
series, not shown) during the two strong marine storms
(pers. comm. Guillén). With the exception of southeastern
wind episodes, values of the SSC at 90 cmab were generally
lower than 100mgL~".

4.2.2. Observations in the canyon heads

The near-bottom current and SSC time series within the
canyons, described by Palanques et al. (2006), reveal a high
time and spatial variability (Figs. 3 and 4). Fluctuations
were clearly larger and more frequent in the southwestern
part of the Gulf, particularly in the Cap de Creus Canyon.

In autumn, the current speed and SSC were relatively
low and showed high frequency fluctuations. A notable
exception occurred during the severe December marine
storm, when a large and brief increase of the current speed
and SSC was observed in the western and central canyons
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(Cap de Creus, Lacaze-Duthiers, Aude, Herault and Petit-
Rhone). In the Cap de Creus Canyon, the current velocity
and SSC reached values of 80cms™' and 48mgL™"
respectively (peak values from non-filtered time series, see
Palanques et al., 2006). The flow was associated with an
increase of temperature and a decrease of salinity due to
the advection of warmer and less saline shelf water down
the canyons heads (Ulses et al., 2008).

During wintertime, when the water column was weakly
stratified, strong current periods were longer and asso-
ciated with temperature drops reflecting the down-slope
advection of cold dense water formed on the shelf during
intense continental winds (Palanques et al., 2006; Ulses
et al., 2008). During the late February strong marine storm,
the current speed and SSC peaked at 80cms™' and
>68mgL~! in the Cap de Creus Canyon (Palanques
et al., 2006). In the other canyons, SSCs were relatively
low, especially in the easternmost canyons (Grand-Rhone
and Planier). The following moderate storm events (mid-

March, late March—early April, mid-April) also produced
an intensification of the down-canyon currents. However,
the SSC increase was weak in the western canyons and
absent in the eastern canyons.

Hence, large increases of the current speed and SSC on
the shelf and slope were clearly correlated with extreme
marine storms that occurred in early December 2003 and
late February 2004. It is noteworthy that currents and SSC
anomalies at the canyon heads were always associated with
advection of shelf water (Palanques et al., 2006; Ulses et al.,
2008).

4.3. Evaluation of model skill

Wave, hydrodynamic and sediment transport model
outputs were compared with in situ data. A comprehensive
assessment of the hydrodynamic model skill for the study
period was performed by Ulses et al. (2008) with respect to
hydrological and current measurements. In the present
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paper, we focus on the simulated and observed significant
wave height, near-bottom current and suspended sediment
concentration comparisons. Three different statistical
quantities were computed to compare the model results
and the observations: the Root Mean Square (hereafter
RMS) error (Eq. (2)) and the bias (Eq. (3)), that give the
amplitude of the differences between the model and the
observations, and the correlation coefficient (Eq. (4)) that
informs about the coherency between modeled and
observed structures:

1/2
1 & 2
RMS error = NZ (f:lnodel _fgbservation) > (2)
n=1

where fiodel and fopservation are the modeled and observed
fields respectively and N the number of time measurements.

, 1 :
Bias = Nz(f:lnodel _f:l)bservation)’ (3)
n=1

. 1
Correlation =
N — 1 6observationTmodel
N —_— —_—
x Z(f:lnodel _fmodel)(fgbservalion _fobservation)a (4)

n=1

where f is the mean value over the N time measurements
and Gopservation and omodel are the respective standard
deviation of the recorded and simulated fields:

Oobservation, model =
12

1 & .,
N Z (fgbservation, model _fobservation, model) (5)
n=1

4.3.1. Waves

Wave height and period were compared to observations
located at four different points in the Gulf of Lions. Figs. 3
and 4 present the comparison between simulated and
observed wave heights off the Tet River and off Séte,



Table 2

RMS error of the difference, correlation coefficient and bias between
observed and modeled fields, mean observed and modeled fields computed
for the significant wave height (m) at the Tet, Sete, Camargue and Gulf of
Lions stations

Table 3

RMS error of the difference, correlation coefficient and bias between
observed and modeled fields, mean observed and modeled fields computed
for current speed (cm s~ ') and suspended sediment concentration (mg L™")
at the Tet station (Shelf) and at the canyon heads

Stations RMS  Correlation  Bias Mean

H‘Vobscr\'alioxls Hsmodel
Tet 0.49 0.82 —-0.11 092 1.03
Sete 0.35 0.89 0.02  0.79 0.77
Camargue 0.39 0.85 —-0.09 0.85 0.94
Gulf of Lion  0.54 0.92 0.2 1.94 1.74

respectively. The time series show that the model is able to
reproduce the time and spatial variability observed at the
buoys. The different southeastern storm events with higher
values along the western coast are reproduced by the
model. Table 2 presents the RMS, correlation coefficient,
bias and mean value of the observed and modeled
significant wave heights. The largest RMS error is found
offshore of the Gulf of Lions where values of wave heights
were usually maximum. We note an excellent correlation
(0.92) for this point. Close to the coast, the correlation is
also good (between 0.82 and 0.89). The significant wave
height is globally overestimated by the model at the Tet
and Camargue stations but we note an underestimation
during storm events at the Tet station by a factor of about
1.2 (Fig. 3).

4.3.2. Near-bottom current and suspended sediment
concentration

On the shelf, bursts of current are reasonably well
reproduced during marine storm events although modeled
current speeds underestimate the peak intensities by a
factor of ~2 (Fig. 3). Lentz et al. (in revision) showed using
observations that wave forcing could be important well
seaward of the surf zone, over the inner shelf, for similar
values of H,/h, where H, is significant wave height and / is
water depth. This discrepancy could then relate to the fact
that interactions between wave-induced currents and the
coastal circulation were not taken into account (Denamiel,
2006). It could also be caused by an underestimation of the
wind intensity during the storm. The instrument measuring
the wind speed at the Tet station broke down during the
December storm. Therefore, this hypothesis cannot be
confirmed or refuted through comparison of the meteor-
ological model outputs with data at this location. In
addition, the underestimation of the near-bottom current
could also be linked to an overestimation of the bottom
friction. Currents were computed independently from the
sediment transport model. Thus, variations of the bed
roughness were not taken into account in the current
computation. The bed roughness was fixed to a constant
value of lcm for the hydrodynamic simulation. In a
sensitivity test, where it was fixed at 0.05cm, the near-
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Stations RMS Correlation Bias Mean

_/‘;)bscrvulions _/1lnodcl
Current speed
Shelf 5.64 0.50 1.70 8.75 7.05
Cap Creus C. 8.58 0.73 2.09 10.86 8.77
Lacaze-Duthiers C. 745 0.72 347 9.71 6.24
Aude C. 329 044 0.78 4.72 3.94
Herault C. 399 0.52 -0.99 4.80 5.80
Petit-Rhone C. 4.09 048 2.05 6.20 4.14
Grand-Rhone C. 595 0.58 3.26 7.40 4.13
Planier C. 333 0.62 0.36 4.26 3.89
Suspended sediment concentration
Shelf 93.7 0.65 37.09 54.28 17.23
Cap Creus C. 242  0.80 —0.76 1. 1.75
Lacaze-Duthiers C. 2.17  0.65 —0.60 0.38 0.98
Aude C. 0.30 0.23 0.05 0.34 0.30
Herault C. 0.53  0.20 0.09 0.43 0.34
Petit-Rhone C. 0.33  0.50 0.08 0.34 0.25
Grand-Rhone C. 0.17 0.11 0.05 0.18 0.13
Planier C. 0.15 0.24 0.11 0.17 0.06

bottom current speed was increased by more than 10cm s~

during the December storm.

The model also reproduces the temporal variation of the
near-bottom SSC off the Tet River mouth marked by
significant increases during storm events (Fig. 4). Never-
theless, the modeled SSC peak produced by the late
February storm is clearly weaker (by a factor of 6) than
the one observed. Bourrin et al. (2007) observed, after the
December 2003 flood, a 2-cm fluffy layer, corresponding to
a mixture of mud and organic material at the top of cores
that was still present before the February 2004 storm. A
pelitic fraction of ~60% was measured in this superficial
sediment. In the model, it is notably smaller (~10%). Thus,
the underestimation of the modeled fraction of fine
particles in the sediment could explain this discrepancy.
In general, the agreement between model and observations
is better in autumn than in winter. The RMS error for the
current velocity and the SSC is found to be 5.64cms™! and
93.7mg L™, respectively (Table 3). The correlation coeffi-
cient is 0.5 for the current velocity and 0.65 for the SSC.

The modeled spatial and time variations of the near-
bottom current speed and SSC at the canyon heads are
consistent with observations. The model represents the
increase of current speed observed during storm events in
the western canyons (Cap de Creus, Lacaze-Duthiers,
Aude, Herault) (Fig. 3). In the eastern Planier Canyon, the
modeled intensifications of current between late February
and early April agree reasonably well with the measure-
ments. More generally in the various canyons, the biases
between simulated and observed current intensity show
that the model globally underestimated the observations



(Table 3). This underestimation is partly caused by the
poor resolution of the model (1.5km) relative to the
canyon width (2-3 km), which did not allow representation
of the complexity of circulation in the canyon. By
increasing the horizontal resolution from 1500 to 500 m
with a nested model restricted to the western region of the
Gulf of Lions (Ulses et al., 2008), the simulated current
peaks during marine storms were increased by about
Scms™! and the bias was reduced from 2.1 to 0.3cms ™' in
the Cap de Creus Canyon.

The order of magnitude of the modeled SSC in the various
canyons agrees generally well with observations (Fig. 4,
Table 3). However, the model globally overestimates the data
in the western canyons (Cap de Creus and Lacaze-Duthiers)
(see biases in Table 3). These canyons show strong across-
and along-slope variabilities that make difficult the compar-
ison with data. We note a slower decrease of SSC after the
storms for these canyons in the model. This discrepancy
could be partly explained by the vertical resolution near the
bottom that does not allow the model to represent precisely
the sedimentation in the bottom boundary layer of the
canyon. Moreover, large aggregates of 50-1000 um were
observed in the Cap de Creus Canyon (pers. comm.
Thomsen). In the model, aggregate processes were roughly
represented and only one size class of aggregates was taken
into account. Therefore, this discrepancy could be also
attributed to a too small settling velocity of the modeled
particles. In the Cap de Creus Canyon, modeled SSC is
overestimated during the December storm and underesti-
mated during the February storm. SSC in February reached
the upper limit of the OBS sensor in this canyon. Thus, we
have to keep in mind that the observed SSC reached even
higher values than 68 mg L™". The modeled peaks of SSC are
overestimated in the Lacaze-Duthiers Canyon. SSC peaks
are correctly simulated during storm events in the eastern
and central canyons.

The RMS error for current velocity and SSC are
maximum in the Cap de Creus Canyon where the mean
signals were the largest. For both signals, we note a rather
good correlation (0.73 for current speed, 0.80 for SSC). In
the central and eastern canyons (Aude, Herault, Petit-
Rhone, Grand-Rhone, Planier) the simulated and observed
fields show a bad correlation (smaller than 0.5) for SSC.
The small values and variations recorded in these canyons
probably make the diagnostic for SSC insignificant
considering the uncertainties on measurements and the
relative simplicity of the model parameterizations.

To conclude our comparison between model outputs and
data, the analysis of the correlation coefficients shows that
the major events are correctly simulated in the western area
(Cap de Creus and Lacaze-Duthiers Canyons) where their
signature in current speed and SSC is the most intense
(Palanques et al., 2006). This gives us confidence in the
capacity of the model to capture the main features of the
sediment transport and in estimating the export fluxes,
despite the discrepancies noted in the other canyons where
the SSC are clearly lower.
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4.4. Extreme meteorological events

The observations indicate a major impact of the
December 2003 and late February 2004 marine storms on
current velocity and SSC both on the shelf and slope. The
first marine storm event took place in autumn when the
water column was still stratified. The density contrast
between shelf and slope waters might then restrict the
sediment transfer towards the open sea. In contrast, during
the winter event, dense shelf water cascading might
strengthen the sediment export.

The limited spatial coverage of measurements is not
adapted to document sediment transport pathways on the
shelf, the export to the slope, and the potential differences
between marine storms and dense water cascading pro-
cesses in terms of sediment resuspension and transport. In
the following, an analysis of these processes based on the
modeling results is presented.

4.4.1. Autumnal storm and flood

The December 3-4, 2003 storm was characterized by
(i) an intense and brief (duration shorter than 9h)
southeastern wind burst, (ii) a large increase of the wave
height, especially along the western coast (Fig. 5a), and
(iii) strong rainfall that caused flooding of all rivers. The
river plumes, pressed against the coast by the wind, formed
a turbid band flowing toward the southwest. An intense
cyclonic circulation was generated on the shelf during this
event (Fig. 5b). Strong near-bottom currents (>25cms ")
appeared on the outer shelf and on the whole southwestern
shelf, where the flow was accelerated due to the narrowing
of the platform.

Wave- and current-induced bottom stresses resuspended
sediments on the inner shelf down to 60-m water depth
(maximal bottom shear stress >1Nm~2) and, a few hours
later, energetic currents also caused erosion on the outer
shelf (Fig. 6a). Two areas were less affected by resuspen-
sion: the eastern part of the Gulf and a zone located in the
center of the shelf between 50 and 100m depth. These
zones were characterized by relatively low wave and near-
bottom currents (Fig. 5). Though the suspended sediment
flux was predominately along-shelf, there was a conver-
gence of cross-shelf suspended sediment flux at these
depths. Sediment eroded upstream on the inner shelf by
energetic wave and current shear stresses was transported
towards deeper depth where turbulence was unable to
maintain the delivery load in suspension. The near-bottom
SSC was maximum near the coast where it varied between
2gL~" and 50mg L™ near the bottom. On the outer shelf,
the increase of SSC simulated in a ~20-m thick bottom
layer was smaller (10-50mgL~" near the bottom). The
large thickness of this nepheloid layer is due to the high
turbulence linked to strong near-bottom currents.

The shelf cyclonic circulation produced a massive
convergence of water and suspended sediments at the
southwestern end of the Gulf, and the region of the Cap de
Creus appeared as the preferential outlet for the shelf
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Fig. 5. (a) Significant wave height (m) and (b) near-bottom current
(cms™") fields simulated for the December 4, 2003 at 0:00.

sediment export (Figs. 5b and 6a). The excess of water that
could not escape the Gulf of Lions shelf alongshore was
downwelled into the nearby canyons. However, the
stratification of the water column with lighter (warmer
and less saline) shelf water restricted the intrusion of shelf
water to ~300-400m deep on the slope. The suspended
particulate matter was first entrained along the bottom
down-canyon during the downwelling (Fig. 7a). As down-
welling relaxed, the suspended sediment plume detached
from the canyon floor and moved along isopycnals forming
an intermediate nepheloid layer filling the canyon head
(Fig. 7b). This turbid layer was finally diluted and
dispersed along the shelf edge by the general circulation.
In the immediate aftermath of the storm, shelf turbid
water was still transported along the shelf towards the
southwestern region. Afterwards, northern winds again
became dominant. The turbid Rhone plume was then
pushed away from the coast and propagated southwest-
wards. It reached the shelf edge where it was entrained
along slope by the Northern Current. Four weeks after the
storm, although turbid plumes were still present along the
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simulated for (a) December 4, 2003 at 6:00 and (b) February 22, 2004 at
0:00. Isobaths at 50 and 150m are superimposed as dashed lines. The
black line indicates the section represented in Fig. 7.

coast and on the western outer shelf, the SSC had notably
decreased.

Fig. 8a depicts bed changes caused by the combination
of these autumn storm and flood events. It indicates a
deposit of river-borne sediment in front of the Rhone River
mouth down to 100 m depth toward the southwest and the
east. The deposit reached 20 cm in front of the river mouth
and progressively decreased. This is in agreement with the
estimate of the accumulation rate during this flood by
Maillet et al. (2006) using bathymetric data. This massive
deposit can be partly explained by the weaker current
and wave intensity on the eastern shelf during the storm
(Fig. 5). With the exception of deposits in front of river
mouths, the seabed down to 20 m water depth was strongly
eroded. Erosion also took place on the outer shelf, in
particular in the southwestern end of the Gulf. Accumula-
tion areas were located on the mid-shelf region, between 20
and 85m depth, resulting from a progressive deposition
during the storm relaxation period. Deposits were also
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at 0:00 (during the winter storm). See Fig. 6a for section location.

detectable in the canyon heads. This is consistent with the
downward particle fluxes collected by sediment trap in the
Lacaze-Duthiers Canyon head that showed strong fluxes
associated with the December storm (Bonnin et al., this
issue). Deposits in the mid-shelf region, on the outer shelf
and in canyons were essentially made up of fine particles
(clay and silt).

The autumnal marine storm and the associated flood
thus had a significant impact on sediment transport in the
whole Gulf. They caused important modifications of
the sediment level and a transfer of shelf sediments towards
the open sea. However, during these stratified conditions,
buoyancy effects restricted the export to the upper slope.

4.4.2. Winter storm

The second strong storm occurred in late February 2004,
after several brief events of strong and cold continental
wind (Fig. 2a) that produced a cooling of shelf water and
consequently the formation of dense water along the coast
and on the mid-shelf region (Ulses et al., 2008). Dense shelf
waters propagated then towards the southwestern slope,
mostly under the effect of gravity and continental wind-
induced circulations. A part of them finally cascaded in the
western canyons (Cap de Creus, Lacaze-Duthiers, Aude
and Herault Canyons).

During the February storm, significant wave height
exceeded 4 m in the Gulf, except in the protected northern
bays (not shown). The cyclonic circulation generated by the
southeastern wind strongly accelerated the flushing of
dense waters present on the middle of the shelf to the
western slope (Ulses et al., 2008). Moreover, dense water
cascading amplified the marine storm-induced downwelling
in the canyons.

As in the December event, resuspension during the
February event took place on the inner and outer shelves
(Fig. 6b) and resuspended shelf sediments were transported
to the southwestern end of the Gulf. During this winter
storm, sediments were additionally resuspended on the
western flank of the Cap de Creus and Lacaze-Duthiers
Canyons where high shear stresses (>1Nm™2) were
produced by the combination of dense water cascading
and downwelling. Sediment in suspension within the dense
water plume was transferred towards deeper reaches of
these two canyons, down to the plume equilibrium level
(about 700 m depth) (Fig. 7c). Afterwards, the near-bottom
turbid layer that extended between 150 and 700 m depth
spread southwards along isobaths (Fig. 6b).

Fig. 8b displays the modeled impact on the seabed
elevation over the extreme winter storm and moderate river
floods that took place after the storm. Inputs of sediment
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from the Rhone River deposited in front off the river
mouth, mostly in areas deeper than 50 m. Net deposits were
also located in the northern bays protected from energetic
waves, between 20 and 30m and between 50 and 80m in
the western and central parts of the shelf. As in the
December storm, net erosion was located along a narrow
band next to the shore, along a mid-shelf band between 40
and 70 m and on most of the outer shelf. Contrary to the
December storm, sediment was not accumulated at the
head and on the western flank of the western canyons (Cap
de Creus and Lacaze-Duthiers), which were eroded under
the effect of combined dense water cascading and storm-
induced downwelling. These results are in agreement with
the downward particle fluxes collected by sediment trap in
the Lacaze-Duthiers Canyon head. In contrast to the
observed horizontal particulate fluxes, the mass flux for
the February storm was much lower than that for the
December storm (Palanques et al., 2006; Bonnin et al., this
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issue), indicating that little deposition took place in the
canyon heads and that the particulate load was carried
toward deeper reaches of the canyon.

In summary, the winter storm presented some differences
in sediment transport features compared to the autumnal
storm due to the hydrological conditions (water column
stratification, river discharge intensity). The dense water
cascading process produced an intensification of the storm-
induced downwelling and led to a transfer of shelf
sediments towards a deeper region. These results and
associated modeling studies conducted in the Gulf of Lions
(Ferré et al., this issue; Dufois et al., this issue) suggest that
specific sedimentation patterns (prodelta accumulation,
mid-shelf depocenter, relative paucity of modern sediment
on the outer shelf and in southwestern canyon heads) are
related to the actual sediment dynamics linked mostly to
episodes of floods, inshore wind-induced storms or/and
off-shore wind-induced dense water cascading. Such
processes have a widespread influence on northern
Mediterranean margins, like the Adriatic shelf (Sherwood
et al., 2004; Vilibi¢ and Supi¢, 2005) or the Thermaikos
shelf in the North Aegean (Estournel et al., 2005).

4.5. Sediment budgets

4.5.1. Particulate matter budget

Annual net off-shelf sediment fluxes are usually calcu-
lated as a residual value in a sediment budget based on
sediment core dating and river inputs (e.g., Durricu de
Madron et al., 2000 for the Gulf of Lions; Frignani et al.,
2005 in the Adriatic; Sommerfield and Nittrouer, 1999 for
the Eel shelf). They generally represent a ‘““mean’ export
averaged over a secular time scale (typically 100-year for
219pp based accumulation rates). However, the present
study documents the influence that a few geologically
significant events (floods, eastern to southeastern storms,
dense water cascading) can have on the transport and off-
shelf export of sediment. A budget of particulate matter for
the Gulf of Lions was computed from the model outputs in
order to infer the respective contribution of river inputs
and of resuspension to the suspended matter stock in the
shelf water and to the export off the shelf (Fig. 9a).

We estimated that 5.9 Mt of particulate matter were
supplied by rivers during the 6-month study period. The
major input (~4 Mt) corresponded to the December flood,
of which 92% originated from the Rhone River. The
moderate Rhone flood occurring in mid-January delivered
0.7 Mt to the shelf. We performed this estimation using a
log-log relationship between water discharge and sus-
pended particulate matter concentration (Sempéré et al.,
2000). This kind of relationship generally underestimates
the suspended particulate matter fluxes (Ollivier, 2006).
Ollivier (2006) showed, using SSC measurements, that a
large scatter in suspended particulate matter concentration
can be observed at high flow during floods. The sediment
discharge in the Rhone River during the December flood
was also estimated, using measurements of SSC 50 km
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Fig. 9. (a) Modeled budget of particulate matter (Mt) on the shelf: time evolution of cumulative particulate matter discharged by rivers (dotted lines),
stock of suspended matter on the shelf (dashed lines), net budget (deposit-erosion) in the sediment bed (dashed dotted lines) and cumulative export off the
Gulf of Lions shelf (thick lines). Shaded areas indicate the periods where high export linked to the extreme events was modeled. (b) Modeled cumulative
mass (Mt) of particulate matter exported through the Cap de Creus Canyon (thick lines) and the Cap de Creus shelf (dashed lines). The inset map shows

the sections considered for the export computations.

upstream from the Rhone mouth, to be between 3.8 Mt
(Ollivier, 2006) and 5.4+ 0.3 Mt (Antonelli et al., 2008). Our
estimation of the Rhone sediment discharge during the
December flood (~3.7 Mt) is then probably underestimated.
The total river input during the 6-month period could reach
7.9 Mt by taking into account this underestimation.

Most of the variation of the amount of sediment
suspended in the shelf water took place during and after
the marine storm episodes. The December 2003 increase,
which reached ~11Mt, was mostly caused by the storm-
induced sediment resuspension (~8 Mt). Likewise the
February 2004 increase, which reached ~12 Mt, was almost
entirely associated with the storm-induced resuspension.
Thus the contribution of river supply to the suspended
sediment stock in the shelf water was small. Furthermore
resuspension induced by dense water flow on the shelf was
insignificant with respect to resuspension induced by waves
and currents. According to the comparison with the near-

bottom SSC observed at the Tet station, the amount of
suspended sediment could be underestimated by the model,
especially during the February 2004 storm.

After the major storms, the suspended sediment stock
decreased exponentially; half the stock disappeared in ~1
day, but concentrations did not return to pre-storm
conditions (few mgL~"') before 4 weeks. This dynamic
resulted both from the deposition rate, linked to the particle
settling and the turbulence, and to the off-shelf export rate.
During the first days, particles with the highest settling
velocities (sand, coarser silt and aggregates) were deposited.
Deposition was favored on the outer shelf, where the density
stratification confined resuspended particles near the bottom,
but was slowed down in shallow waters of the inner shelf
where wind and heat loss enhanced vertical mixing. The long
residence time of fine river-borne particle inputs in the
surface layer during the December flood contributed to the
persistence of the suspended sediment stock.
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The off-shelf export of particulate matter during the
early December storm and flood events and the following
4-week long relaxation period reached ~3.8 Mt. This
amount represents 35% of the maximum amount of
suspended particulate matter resulting from both resuspen-
sion of the seabed and river input during the 12-h storm.
Export was concentrated in the surface layers (first 300 m)
because of the stratification of the water column (Fig. 7b).
The export during the late February event (3 days)
amounted to ~2.4 Mt, and was concentrated in the near-
bottom layers with the dense water flow (Fig. 7c). This is
consistent with the near-bottom observations at the canyon
heads (Palanques et al., 2006) showing a significantly
higher suspended sediment export during the February
event. Export was relatively low during strong continental
wind episodes (e.g., 0.5Mt in early January and early
March) and moderate marine wind episodes (0.3 Mt in
mid-March, 0.15Mt in early April and 0.2Mt in mid-
April). It was negligible the rest of the time. At the end of
the study period, the cumulative sediment export from the
Gulf’s shelf amounted to 9.1 Mt. Exported particulate
matter was mostly composed of fine particles (36.8% of
clay particles, 37.9% of fine silt, 12.6% of coarser silt and
12.6% of aggregates). Comparison between model results
and observations (Section 4.3) suggests that export could
be underestimated by the model, especially during the
winter storm in the Cap de Creus Canyon.

The November 2003—May 2004 sediment budget on the
shelf indicates a deficit of ~3.7 Mt, implying a net erosion
of the seabed. Fig. 10 shows that erosion was not
homogeneously distributed, and was primarily localized
on the inner and outer shelves. These results are consistent
with the grain size distribution of shelf sediments (Fig. 1)
and could explain the observed relative paucity of modern
sediment on the outer shelf. As previously mentioned, the
inner shelf is mainly covered by sandy sediments, and the
outer shelf is made up of a mixture of clay particles and
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Fig. 10. Change of seabed level (mm) for the entire simulation period
(November 1, 2003-May 5, 2004). Positive values represent a net deposit,
whilst negative values represent net erosion. 70 and 150 m isobaths are
superimposed as dashed lines.
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relict sands, thus reflecting energetic conditions. Conver-
sely, the large deposit area between 30 and 80 m depth on
the western half of the shelf partly overlaps the mid-shelf
mud belt, reflecting calmer hydrodynamic conditions.
Finally, the Rhone prodelta and the deepest part (water
depth >50m) of the eastern shelf, characterized by low
waves and current intensities, appear clearly as an area of
net deposition. The deposit on the Rhone prodelta (25cm
in front of the river mouth) is in agreement with
accumulation rates determined by Radakovitch et al.
(1999) using radiogenic isotope methods, although the
comparison with these measurements is difficult because of
the different time scales. In the model, the deposit on the
mid- and outer shelf (depth > 50 m) is essentially composed
of silt and clay. Deposits of sand are visible on the Rhone
prodelta and on the inner shelf (30-40m). This latter
corresponds to sand resuspended during energetic condi-
tions and redeposited a few km seaward.

4.5.2. Influence of river inputs

In order to assess the influence of rivers on the sediment
budget and distribution, we performed a simulation by
omitting the sediment river inputs. The freshwater dis-
charge was still prescribed. Firstly, the comparison with the
reference simulation revealed that the river inputs con-
tributed about 7% (~0.6 Mt) to the total export. This
contribution took place mostly during the relaxation
period of the December storm associated with large river
floods, when the Rhone turbid plume was transported first
alongshore to the Catalan shelf and then along the shelf
break due to northern winds. Secondly, as expected, the
most visible difference in the sedimentation patterns was
located on the Rhone prodelta, where the deposit without
river discharges decreased by ~25cm in front of the river.
The deposits also decreased by more than 1cm in front of
the Orb, Herault and Aude Rivers. Over the rest of the
shelf, the sediment level decreased globally between 0.01
and 1 mm. Therefore, this test indicates that a large part of
river inputs was stored on the shelf (~90%), mostly on the
Rhone prodelta, in agreement with bathymetric data
(Maillet et al., 2006).

4.5.3. Spatial distribution of sediment export

The shelf edge (~200 m deep) was divided into segments
corresponding to the various canyons in order to evaluate
the role of submarine canyons in the export of sediment
from the shelf to the slope. An additional 4-km segment
was defined at the southwestern end of the Gulf of Lions
shelf, between the Cap de Creus and the western wall of the
canyon. The segments are indicated on the inset of Fig. 9.

During the 6-month simulation, 43% of the export took
place through the southwestern end of the shelf and 42% in
the canyons with a net predominance of the Cap de Creus
Canyon (41% of the total export). The rest of the export
(15%) is distributed along the open slope between canyons
(0.4 Mt in the western region and 0.8 Mt in the central and
eastern regions). Thus canyons, with the exception of the



Table 4

Observed and simulated cumulative cross-isobath fluxes (kgm~2) at the canyon mooring sites.

Cap de Creus Lacaze-Duthiers Aude Herault Petit-Rhone Grand-Rhone Planier

Canyon Canyon Canyon Canyon Canyon Canyon Canyon
Observations 3960 232 114 23 48 156 67
Model 3020 610 50 -30 —40 10 11
Table 5

RMS error of the difference and bias between observed and modeled near-bottom SSC (mgL~"), SSC peak value (mg L") during the December and
February storms, at the Tet station (Shelf) and in the Cap de Creus Canyon, shelf sediment budget (deposition-erosion) (Mt) and export (Mt) for the

reference and test simulations

Reference and test RMS Bias SSC peak in December ~ SSC peak in February Sediment Export
simulations and data 2003 2004 budget (Mt)
(M)

CCC Shelf  CCC Shelf CcCcC Shelf CcCC Shelf
Reference simulation 2.45 93.7 —0.76  37.09 27.4 411 35 116 -3.7 9.1
Tei=0.1Nm™> 5.53 91.57 —2.83 34.15 32.5 409 56 125 -10.9 16.1
T = 0.61 Nm™> 3.16 94.27 0.48 37.80 3.0 420 7.0 104 1.9 3.7
Ey=2x10"kgm2s~"  36.57 88.09 —12.68 29.57 230 411 305 143 —41.5 45.7
Ey=6x10"°kgm?s™"  2.69 95.04 0.21 3832 7 422 13 98 1.0 4.5
yo=1x1073 2.72 78.98 —1.10 16.37 27.8 1016 37 252 —6.1 11.3
P=1x107" 2.33 107.36  —0.50 46.19 27 60 32 35 -1.3 7.0
Critical clay 2.42 90.03 —0.79 35.16 27.4 415 36 124 -3.5 9.0
content = 3%
Critical clay 2.68 92.78 —1.05 35.37 27.7 408 37.75 115 —49 10.3
content = 14%
Data 32.5 470 68 733

Cap de Creus Canyon, did not appear in the model as
preferential pathways for the off-shelf export compared to
the interfluves. This result has to be carefully considered
due to the underestimation by the model of current speed
and SSC in central and eastern canyons. We computed the
cumulative horizontal sediment flux at the mooring sites
using observed and simulated current and SSC (Table 4).
These results indicate that even if errors of the model were
strong in the central canyons (Herault, Petit-Rhone and
Grand-Rhone Canyons), their contribution to the global
sediment budget remained low.

The time evolution of the export through the Cap de
Creus Canyon and the narrow adjacent shelf is displayed in
Fig. 9b. During the early December event, the transport
along the shelf was larger than the transport into the
canyon. As noted above, this is explained by the large
density contrast between shelf and slope waters that limited
down-slope transfer during the storm-induced downwel-
ling. Conversely, during the late February storm, the
export via the canyon exceeded the alongshore transport
because of the cascading of denser shelf water. In early
spring, as the water column restratified, the along-shelf
transport again became dominant.

4.5.4. Sensitivity studies
Due to a lack of information we fixed certain parameters
after calibration tests. In this section, we provide an

estimate of the error bar on the results associated with the
choice of the parameters. We performed a sensitivity
analysis by imposing the extreme values of the range found
in literature. The impact on comparisons with SSC
observations (RMS error, bias and peak values during
storms at the shelf site and in the Cap de Creus Canyon), as
well as on sediment budget terms (export, sediment
budget), is presented in Table 5.

Imposing a minimum value of 0.1 Nm™ for the critical
shear stress for cohesive bed resulted in a general over-
estimation of the observed SSC in the canyon even if peak
values during storms are in good agreement with data. The
increased erosion obtained for this simulation led to an
increase of export and sediment deficit on the shelf by a
factor of 2 and 3, respectively. When a value of 0.61 Nm >
was imposed, erosion was strongly reduced. The model
represented less than 10% of the peak values in the Cap de
Creus Canyon and at the shelf station during storms,
indicating that this simulation was not realistic.
If the maximum value of the range found in the literature
(2x10°kgm>s™") was imposed for the erosion
parameter E in the Partheniades (1962) formulation, SSC
peaks during storms were highly overestimated, and the
RMS error and bias in the canyon were notably higher than
in the reference simulation. We also considered that the
results of this simulation were not relevant. By imposing the
minimum value of the range (6.25x 10 °kgm™—2s™"), we
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obtained in the Cap de Creus Canyon peaks smaller by a
factor of 4 than in the data. Export was reduced by a factor
of 2 and the budget deposition—erosion was positive.
Model results were less sensitive to the erosion parameter
70 of Smith and McLean (1977) formulation and to the
parameter that determines the use of the cohesive or non-
cohesive formulation for the computation of the resuspen-
sion fluxes. Indeed the non-cohesive formulation was
applied in a small area close to the coast. By imposing
the extreme values of yq, export varied between 7.0 and
11.3Mt and sediment budget between —6.1 and —1.3 Mt.
A variation of the critical clay fraction between 3% and
14% produced an export ranging from 9.0 to 10.3 Mt and a
sediment budget from —3.5 to —4.9 Mt.

In summary, this analysis demonstrates the high sensitivity
of the model to the erosion parameter of the Partheniades
(1962) formulation and to the critical shear stress for
cohesive bed. We obtained a variation range for export of
10.3+5.8 Mt and for sediment budget of —4.95+5.95Mt, if
we did not take into account the results of simulations that
show strong differences with observations.

Finally, we performed a simulation where only the non-
cohesive sediment formulation was applied for erosion flux
calculations. In this simulation, SSC was higher than in the
reference simulation by a factor of 2.2 in the Cap de Creus
Canyon and by a factor of 1.1 at the Tet station where the
fraction of fine particles is small in the model. Export
reached value of 15Mt and the deficit in the global
sediment budget was 9.8 Mt. The critical shear stress in the
non-cohesive sediment formulation is smaller than in the
cohesive one for fine particles. This explains why resuspen-
sion in areas where the fine-grained sediment fraction
dominates is more important in this test than in the
reference simulation, producing also an increased export.
This simulation shows that the budget estimates are
sensitive to the erosion flux formulation.

4.5.5. Interannual variability of export

Export of suspended sediment from the Gulf of Lions
shelf is believed to have a strong interannual variability,
related to the intensity of dense shelf water cascading and
to the frequency of onshore storms. Sediment trap
measurements in the Lacaze-Duthiers Canyon revealed
that near-bottom downward particulate fluxes at 1000 m
depth peaked in 1999 (Heussner et al., 2006) and in 2005
(Canals et al., 2006), when very dense shelf water was
formed and flushed off the shelf. However these observa-
tions only considered the fraction of suspended sediment
transported towards intermediate and deep levels of the
slope, and are not representative of the export taking place
in the surface layer.

Ferré et al. (this issue) estimated, using a similar
modeling approach, a sediment budget for the Gulf of
Lions for the April 1998—April 1999 period. This period
was quite different from the 2003-2004 winter period
addressed in the present study, as it was characterized by
low river discharges and low eastern to southeastern storm
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activity, but a massive shelf water export due to very
intense dense shelf water formation and cascading. The
amount of sediment supplied through rivers and natural
resuspension and exported during a comparable time
period, from November to March, reveals that exported
sediment reached about 6.7 Mt during the 1998-1999
period, and about 10.3+5.8 Mt during the 2003-2004
period. In both cases, the export of sediment tended to
exceed the input by rivers (3.0Mt in 1998-1999 and
6.9+ 1Mt in 2003-2004). However error bars on export
and river inputs estimated for 2003-2004 are quite
important. These results suggest a low accumulation or a
deficit of the sedimentary budget on the shelf during
energetic winter periods. This is not expected to be a long-
term phenomenon, since the intense events observed during
the 1998-1999 and 2003-2004 winters had moderate to
long recurrence periods (from about 5-10 years for intense
dense water cascading, 10-50 years for strong marine
storms, to 75 years for the Rhone River flood). It is rather
believed to represent the upper range of the sediment
export off the shelf. Sediment export is indeed believed to
be much smaller during calmer years. Lapouyade and
Durrieu de Madron (2001) estimated from a box model
budgeting approach based on direct measurements per-
formed during two seasonal surveys, an annual export
of suspended particulate matter of about 1.9 Mt. This
export, which is smaller than the contemporaneous river
inputs (about 10.9 and 13.8Mt in 1995 and 1996
respectively, Bourrin et al., 2000), suggests that shelf can
be replenished with sediments during hydrodynamically
calm years.

4.5.6. Comparison to other regions

In the present paper, we estimate the sediment budget of
the Gulf of Lions over a short period of time (6 months)
affected by energetic wave and current conditions. Com-
parison of this budget to that of other shelves is difficult
because, to our knowledge, previous quantitative studies
estimating off-shelf fluxes and deposition—erosion rates on
a shelf were performed using sediment core data and
estimates of river inputs over secular time scales (Sommer-
field and Nittrouer, 1999; Frignani et al., 2005). However,
general features of sediment dynamics can be compared for
different sites.

First, we found that a large quantity of flood input was
stored on the Rhone prodelta, as measured by Maillet et al.
(2006). This characteristic was also observed on the
Po prodelta (Frignani et al.,, 2005), using core data.
This contrasts with shelves submitted to regular, energetic
events (significant tides and wave regime). On the Eel shelf,
for example, estimated sediment budgets indicate that a
maximum of ~20% of river fine-grained particles was
trapped on the shelf (Sommerfield and Nittrouer, 1999).

Palanques et al. (2002) compared the near-bottom
sediment fluxes on the microtidal and low-energy Medi-
terranean Ebro shelf with that of western USA continental
shelves (northern California and Washington shelves)



submitted to energetic conditions. They reported that on
the western USA shelves, sediment resuspension by waves
and currents is frequent and reaches the outer shelf, and
that the across-shelf and along-shelf fluxes were of the same
order of magnitude. On the Ebro shelf, resuspension is
mainly produced by waves on the inner shelf during rare
storm events. Sediment fluxes on mid- and outer-shelf are
one order of magnitude smaller than in the western USA
shelves and the along-shelf sediment flux clearly dominates
the across-shelf one. Therefore off-shelf transport is
expected to be low. The importance of along-shelf
transport was also evident on the Adriatic shelf (Frignani
et al., 2005). The wave and current conditions encountered
on the Gulf of Lions shelf are quite similar to that of the
Ebro and Adriatic shelves. Significant amounts of sediment
are resuspended on the shelf only during energetic winters.
However, in the Adriatic Sea and in the Gulf of
Lions, significant across-shelf transport was observed in
canyons. The Bari Canyon plays an important role in the
off-shelf export of dense water and associated particulate
matter in the Adriatic (Turchetto et al., 2007). Despite
similar hydrodynamic regimes, the Gulf of Lions is
probably a privileged area in the Mediterranean Sea for
across-shelf export due to the narrowing of the shelf at its
southwestern extremity and to the presence of the Cap de
Creus Canyon extending very close to the coast. These
characteristics together with the wind-induced cyclonic
circulation promote off-shelf export during strong wind
events and dense water cascading (Canals et al., 2006).
Across-shelf transport (towards the Cap de Creus Canyon)
and along-shelf transport (to the adjacent Catalan shelf)
were estimated in Section 4.5.3 to be on the same order of
magnitude at the southwestern extremity during marine
storms.

5. Conclusions

A 3D sediment transport model was validated against
data collected on the shelf and slope of the Gulf of Lions
during the November 2003-May 2004 EUROSTRATA-
FORM experiment. This period was characterized by an
unusual high occurrence of severe marine storms and
floods, and mild dense water cascading activity. The
satisfactory agreement between modeling and observations
allowed us to investigate the fate of river-borne suspended
sediment, the sediment dynamics and transport pathways
on the shelf and the export to the slope. Results
demonstrate that extreme events (marine storms and
floods) controlled most of the sediment transport and
budget during the study period.

River inputs, which were mainly supplied by the Rhone
River during the December 2003 flood, were predomi-
nantly trapped on the prodelta area. About one tenth of
the 5.9 Mt supplied by rivers during the 6-month study
period was exported off the shelf. Net resuspension of
sediment, which occurred mostly during marine storms and
reached more than 20Mt during the study period,

contributed to the rest of the particulate matter export.
Sediment export was mostly caused by the two major
events: the autumnal (December) flooding of rivers and
marine storm contributed ~41% (4-week period) to the
total export, while the winter (February) marine storm
associated with dense shelf water cascading contributed
~26% (3-day period) to the total export.

During the December and February storms, erosion was
controlled by waves on the inner shelf and by energetic
wind-induced bottom currents on the outer shelf. A large
portion of resuspended material and river inputs was
transported towards the southwestern end of the Gulf by
the wind-driven cyclonic circulation. Particulate matter
was mostly exported through the narrow Cap de Creus
shelf, and also through the nearby canyon due to the
storm-induced downwelling process. However, the transi-
tion from autumn stratified conditions to winter non-
stratified conditions had significant consequences on the
sediment transport through canyons. During fall, due to
the lower density of shelf water, the downwelling was
limited to the upper slope and produced significant
deposition of shelf sediments in the canyon heads.
Conversely, during wintertime, the downwelling interacted
with dense water cascading that enhanced the near-bottom
transport of sediment, transporting resuspended sediments
towards deeper reaches of the westernmost canyons (Cap
de Creus and Lacaze-Duthiers).
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Appendix A. Erosion fluxes

For cohesive sediments, we used the law of Partheniades
(1962) to calculate the erosion fluxes:

(A.1)

Ter

F[ Zf:EO (M - 1) if Tmax,s = Ters
where £’ is the fraction of the size class 7 in the sediment
bed. Tmaxs is the maximal bottom skin friction (see
Appendix B). Ey and 7., are the erodability of the bed
and the critical shear stress, respectively. They are both
site-specific parameters. Shaaff et al. (2002) determined the
value of 7, to be 0.02Nm~2 for removable surficial layer
covering muddy bottoms of several sites in the Gulf of
Lions. This value is not representative of the more or less
consolidated underlying sediment for which literature
values vary between 0.1 and 0.61 Nm~2 (Amos et al.,
1997; Harris and Wiberg, 1997; Maa et al., 1998; Zhang
et al., 1999; Howing, 1999; Palanques et al., 2002). In the
model, 7., was assumed to be 0.2 N'm ™2, which is a typical
value for most coastal and estuary areas (Dyer, 1986). E
values are found in the interval 6.25x 107°-2x
103 kgm~2s~! (Amos et al., 1992b, 1997; Shiinemann
and Kiahl, 1993; Widdows et al., 1998). As we have
no information on this parameter, we fixed it at
3x 10 kgm s~ to fit observations.

The flux of non-cohesive sediments was based on an
assumption of equilibrium between the settling of the
grains and the diffusion due to turbulent water motion in
the bottom layer (Soulsby, 1993). By integrating Eq. (1)
over the water column, using an upstream scheme for
sedimentation and neglecting advection, one obtains for
each grain size:

0
/ aC(Zk) dz = —vV_yC(Zl) + Fhottom, (Az)

, Ot
where z; is the first grid level above the bed.

Using an assumption of equilibrium, Eq. (A.2) provides
our boundary condition:

(A.3)

Using the hypothesis Fi,o1om = —K0C/0Oz and assuming a
parabolic form for the eddy diffusivity near the bottom, the
concentration profile is given by the Rouse profile from
which C,qui(z1) can be computed knowing the concentra-
tion at a reference level:

Zl —bmax
Cequi(zl) =C, <_) 5

Za

Frottom = _Wscequi(zl)~

(A4)

where b = Wy/Klsmax, Usmax 1S the maximal shear
velocity and k = 0.4 is the von Karman’s constant.

The reference concentration C, at the near-bed elevation
z, fixed at 2Ds is given by the formulation of Smith and
McLean (1977):

Yot (A.5)

C,=C s
¢ b1+7’0f/
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where Cj, is the concentration of sediment on the bed, fixed
at 0.27 due to the lack of information, multiplied by the
fraction of the considered grain size, 7" = (Tmax.s—Ter.ne)/Ter.ne
is the excess shear stress, 7..nc being the critical shear stress
depending of the grain size. y, is the resuspension coefficient.
Cited values for y, vary between 107> and 107> in the
literature (Drake and Cacchione, 1989). A constant value of
2 x 107* was used in this implementation.

Eq. (A.4) is valid for z, <z, <z, where z,, = tspax T/27 is
the thickness of the wave boundary and T the wave period.
When z,>z,,, Cequi(z1) is calculated by first applying the
Rouse profile Eq. (A.4) to calculate the sediment concen-
tration at the level z,, and then applying the Rouse profile
between z,, and z;:

Z] 7bl’ﬂ
C) =€) (7) :

w

(A.6)

with b, = wy/Ku+y,, where us,, is the mean shear velocity.

This method is designed for flat-bed conditions
(Tmax.s > 0.8g(ps—p)Dsy), so that T, and 1, are calculated
using the grain-related roughness height (zo = Dso/12). For
a rippled bed, the total roughness height (Appendix B) is
used for the calculation of the shear stresses in Egs. (A.4)
and (A.6), whereas the grain-related roughness height still
be used in Eq. (A.5) providing with the reference
concentration. The critical shear stress ., ,. was computed
following Soulsby and Whitehouse (1997) using the median
grain size diameter of each size class.

Sensitivity analysis to the choice of the resuspension
parameter values is presented in Section 4.5.4.

Appendix B. Bottom shear stress and bed roughness

The bottom shear stress was deduced from the shear
stresses for current-alone conditions 7. and for wave-alone
conditions 7,, using Soulsby et al. (1993) with the para-
meterization of Fredsee (1984). The bottom shear stress for
current-alone conditions is 1. = pCpV,”> where V is the
current velocity at the first grid level z;, Cp = [k/log(z1/z0)]*
the drag coefficient. The bottom shear stress for wave-alone
conditions is 1,, = pwaf,rb where Uy, = nHs/Tsinh(kh) is
the orbital velocity, Hs the significant wave height, / the
bathymetry, k& the wave number and f,, the wave friction
factor given by Swart formula (1974):

£, = 0.00251 exp[5.21(A /k,) "] for A/k,>1.57,

f»=03 for A/k,<1.57
A is the orbital excursion length and k, the physical
roughness.

The total roughness was considered to be the sum of the
grain, bedload and bedform roughness heights (Grant and
Madsen, 1982). The grain-related roughness is set to k, = 2.5
Dso. The bedload roughness dominating during energetic
conditions over sandy beds was computed following:
kn = 522D50(ecws_0cr)075 where Ocyws = Puicws/(m — p)9Dso
is the Shields parameter related to the grain roughness, txcys



the combined wave and current shear velocity estimated with
the grain-related roughness and 6. the critical shields
parameter. For sandy beds, the bedform dimensions (ripple
height #,5, and spacing A.;,) were computed following Wiberg
and Harris (1994). For silty beds, the roughness is dominated
by biological activity. In absence of data reporting the
biogenic roughness dimensions in the Gulf of Lions, the
spacing was considered to be equal to those measured on a
silty site in the northeastern California mid-shelf
(Apio = 0.1 m) (Weathcroft, 1994). The height 1y, was
deduced from the steepness following Harris and
Wiberg (1997): #pio/2bio = €Xp(—1.67In T+,,—4.11) where
T., = pul, /(p — p)gDso.

Finally, for mixed sand-mud sediments, the bedform
roughness scales (height #.,;x and spacing A,;) were
estimated weighting the silt-bed and sand-bed roughness
dimensions associated with the corresponding fractions in
the sediment bed (fr; corresponding to the sand fraction):

Nmix :ﬁfsnrip + (1 = fr)npios
omix :frxj-rip + (1 _frs))”bio-

The physical roughness was then computed using Grant
and Madsen (1982): k,, = 27.7nfip/}~rip. The hydraulic rough-
ness height was deduced from Nikuradse (1933): zy = k,,/30.

Given the small-scale variations generally present at the sea
floor, we specified a minimum value of zy = 5 x 10> m.

Appendix C. Bed armoring

The bed armoring process was implemented in the model
following Harris and Wiberg (2001). At each grid point, the
sediment bed is divided into an uppermost layer called active
layer, the only one available for the erosion, and several
underlying layers. The thickness of the active layer is defined
for sandy and silty beds using different formulations.

For sandy bed, it is related to the depth of the bed that is
mixed by migrating ripples (Wiberg et al., 1994):

o, T

6D
2Cb/‘Lrip + 50

5rip =

where
. 253 :

Oy = Zﬁ’l m(fmax,s = Thp)”

The term 6 D5, represents the irregularities of the bed
surface.

For muddy beds, the depth of the active layer dg, is
calculated following Harris and Wiberg (1997):

Osilt = 0~006(Tmax,s - Tcr(SO)) + 6Ds.

For mixed sand-mud sediment beds, the thickness of the
active layer dnix is considered to be the sum of the sandy
and silty active layer depths weighted by the corresponding
fractions:

Omix :frsérip +( _fr.Y)ésilla

where fr is the sand fraction.
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The grain size distribution and thickness of the layers
were updated at each time step according to erosion and
deposition.
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