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Abstract The export of riverine suspended particulate matter (SPM) in the coastal ocean has major implications for the biogeochemical cycles. In the Mediterranean Sea (France), the Rhone River inputs of SPM
into the Gulf of Lion (GoL) are highly variable in time, which severely impedes the assessment of SPM ﬂuxes.
The objectives of this study are (i) to investigate the prediction of the land-to-ocean ﬂux of SPM using the
complementarity (i.e., synergy) between a hydrodynamic sediment transport model and satellite observations, and (ii) to analyze the spatial distribution of the SPM export. An original approach that combines the
MARS-3D model with satellite ocean color data is proposed. Satellite-derived SPM and light penetration
depth are used to initialize MARS-3D and to validate its predictions. A sensitivity analysis is performed to
quantify the impact of riverine SPM size composition and settling rate on the horizontal export of SPM. The
best agreement between the model and the satellite in terms of SPM spatial distribution and export is
obtained for two conditions: (i) when the relative proportion of ‘‘heavy and fast’’ settling particles signiﬁcantly increases relative to the ‘‘light and slow’’ ones, and (ii) when the settling rate of heavy and light SPM
increases by ﬁvefold. The synergy between MARS-3D and the satellite data improved the SPM ﬂux predictions by 48% near the Rhone River mouth. Our results corroborate the importance of implementing satellite
observations within initialization procedures of ocean models since data assimilation techniques may fail
for river ﬂoods showing strong seasonal variability.

1. Introduction
Continental shelves represent only 8% of the global ocean surface area, but play an important role in the
earth carbon cycle [Borges, 2005]. They sustain one fourth of the global ocean primary production primarily
fueled by oceanic and riverine nutrients [Smith and Hollibauch, 1993]. About 80% of the organic carbon
present in the water column will ultimately be buried and stored in the continental shelves [Hedges and Keil,
1995]. In the coastal ocean, major rivers are a substantial source of terrigenous matter [e.g., Milliman, 2001].
Annually, they bring to the sea 1 Gt Carbon [Hedges et al., 1997]. Part of this particulate organic carbon
(POC) pool is adsorbed onto riverine suspended particulate matter (SPM); the ratio POC/SPM varies within
the range 1–35% [van der Zee and Chou, 2005; Doxaran et al., 2012; Lorthiois et al., 2012]. Less than 5% of
this POC reaches the deep ocean realm [Meade, 1996]. Riverine ﬂuxes of carbon are particularly important
for the biological productivity and carbon cycle of oligotrophic systems.
The discharge of freshwater from the Rhone River, in the North Western Mediterranean Sea, is about 54 km3
yr21 at the river mouth [Ludwig et al., 2009]. This is about two orders of magnitude lower than the discharge
from the world’s largest river, the Amazon [Dai and Trenberth, 2002]. Similarly, the sediment load from the
Rhone is estimated to 21–56 Mt yr21 while it reaches about 1150 Mt yr21 for the Amazon [Dunne et al.,
1998; Ollivier et al., 2010]. However, in the Mediterranean Sea, the Rhone River represents the main source
of riverine freshwater before the Po River (48 km3 yr21) [Dai and Trenberth, 2002] as well as in terms of SPM
load (net ﬂux of 7.3 and 6 Mt yr21 for the Rhone and the Po rivers, respectively) [Cozzi and Giani, 2011;
Ollivier et al., 2010]. Finally, the Rhone River is the main contributor of freshwater and SPM to the Gulf of
Lion (GoL) [Cauwet et al., 1990; Syvitski and Kettner, 2007; Ollivier et al., 2010]. The ambient concentration of
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SPM within the GoL (along the shelf break) is very low, less than a few milligrams per liter. Dufois et al.
[2014] suggested that part of the riverine sediments settle in the Rhone River prodelta and could be resuspended through the action of storms and surface waves and thereafter potentially transported seaward.
Nevertheless, the impact of such events is principally limited to shallow waters (<50 m) farther west than
the river mouth and plume area. River ﬂash ﬂoods constitute the primary source of SPM within the GoL on
a yearly basis [Ollivier et al., 2010]. Over the course of 1 year, more than 80% of the solid discharge occurs in
less than 45 days, with a high seasonal and interannual variability. The very short-term (i.e., a few days) variability of the Rhone River discharge and particulate inputs represent a severe limitation in accurately assessing the ﬂuxes of riverine SPM within the ocean based on in situ data only. Complementary approaches can
be used for reducing uncertainties in the determination of SPM ﬂuxes within the coastal ocean in such
strongly variable environments. They imply hydrodynamic ocean models coupled to sedimentary modules
which are able to describe the distribution of SPM at a wide range of spatial and temporal scales characterizing highly dynamic shelf seas such as the North Sea [El Serafy et al., 2011; Souza et al., 2007]. Satellite data
assimilation is used in this region where tides, winds, and waves represent major constraints on the ﬁne
sediment annual dynamics, particularly in the vast shallow water areas. The North Sea contrasts with the
GoL, which is less subject to ambient sediment inputs. Nevertheless, the assessment of their predictive ability requires observations. SPM concentrations derived from ocean color remote sensing data are of great
interest since they offer a high coverage in space and time.
The objectives of this study are (i) to investigate the prediction of the land-to-ocean ﬂux of SPM using
short-term reinitialization of a hydrodynamic sediment transport model with satellite observations, and (ii)
to analyze the spatial distribution of the export of SPM into the GoL, which is a coastal environment subject
to very synoptic pulses of riverine inputs of freshwater and SPM. For those purposes, an original approach is
proposed based on the synergy of a three-dimensional (3-D) hydrodynamic and sediment transport model
with satellite ocean color data. Typically, series of successive images of SPM satellite-derived products are
used to ﬁrst constrain and then to validate the hydrodynamic model. The paper is organized as follows.
First, the methodology is described. Second, the results are presented. In particular, a sensitivity analysis is
performed to determine the inﬂuence of the size and settling rate of particles on the horizontal export of
SPM. The beneﬁt of our approach relative to a satellite data assimilation technique is discussed as well.

2. Material and Methods
2.1. Study Area
The drainage basin of the Rhone River (Northwestern Mediterranean Sea, France) is one of the largest of
Europe. The river is 812 km long and divides 60 km upstream of its mouth into two branches so-called the
‘‘Grand Rhone’’ and the ‘‘Petit Rhone.’’ The Grand Rhone drains 90% of the annual freshwater discharge and
85% of the solid discharge [Pont, 1992]. The current study will thus principally focus on the Grand Rhone
river plume within the GoL. As the Grand Rhone River supplies 90% of the terrigenous material into the GoL
[Durrieu de Madron et al., 2000, 2003], such a coastal region could be classiﬁed as a case 2 water type [Morel
and Prieur, 1977] for which the radiometric water leaving radiance is mostly ascribed to the combination of
phytoplankton particles, mineral SPM, detrital particulate matter, and dissolved colored organic matter
(CDOM). The horizontal and vertical distribution of SPM is controlled primarily by winds, by the intensity of
the North Mediterranean Current ﬂowing westward along the continental slope, and by ﬂood events [Millot,
1999]. The input of freshwater from the Rhone River induces a salinity stratiﬁcation, where a fresher surface
layer is separated from the deeper saline waters of the Mediterranean Sea. Figure 1 shows the map of the
study area.
2.2. In Situ Measurements and Remotely Sensed Ocean Color Data
To obtain concentrations of SPM from remote sensing observations of ocean color, an empirical regional
relationship between ﬁeld measurements of SPM and above water reﬂectance (Rrs) was used. From spring
to autumn 2010 and 2011, radiometric measurements and SPM concentrations were acquired in the GoL (in
the area of the Grand Rhone River) at 87 stations during ﬁve cruise campaigns [Lorthiois et al., 2012]. The
cruise campaigns occurred at different periods of the year (March, April, and November) to study various
regimes of ﬂood of the Rhone River (i.e., spring ﬂood event, autumn ﬂood event, and intermediate outﬂow).
For each cruise, inshore-offshore transects were carried out with the ship to investigate the variability of the
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Figure 1. Bathymetry of the MARS-3D model grid in the Gulf of Lion (GoL). Red-crossed circles indicate the location of the ‘‘Petit Rhone’’
River (left-hand side) and the ‘‘Grand Rhone’’ River (right-hand side) inputs within the model. The red rectangle delimits the study area
shown in Figures 6–10.

suspended matter in the study area. Concentrations of SPM were obtained by ﬁltering 0.2–2 L of seawater, depending on turbidity, through precombusted (450 C) and preweighed 25 mm glass-ﬁber ﬁlters (Whatman, GF/F 0.7 mm nominal pore size). Note that the precombustion of the ﬁlters was
performed before the cruise to ensure the use of clean ﬁlters during the ﬁeld experiment. The ﬁlters
were then dried for 24 h at 60 C and reweighed under a dry atmosphere to obtain the concentration
of total suspended solids. The same seawater sample was ﬁltered three times for a given station to
get triplicates. The uncertainty in the measurements of the SPM concentration was determined as follows. The average and the standard deviation of the SPM concentration were calculated for each station. Then, the coefﬁcient of variation (in %), which is deﬁned as the ratio between the standard
deviation and the average value, was determined for each station. Finally, the mean value of the coefﬁcient of variation was calculated over all the stations to obtain the uncertainty in the overall measurements of SPM concentration, which was lower than 5% here [Lorthiois, 2012]. The SPM values
varied within the range [1.40–39.0 g m23] over all the campaigns. The remote sensing reﬂectances,
hereafter referred to as Rrs, which are deﬁned as the ratio between the upward radiance and the
downwelling irradiance, were derived from measurements of upwelling radiance, sky radiance, and
downwelling irradiance measured with a RAMSES stand alone and highly integrated hyperspectral
radiance sensor (TriOS Company, Germany). Such a system of optical sensors measures above surface
radiance and irradiance from UV to near infrared wavelengths (320–950 nm). Hyperspectral resolution
of wavebands allows a spectral sampling increment of approximately 3 nm. The system consists of
three optical sensors orientated to measure consecutively upwelling radiance, Lusea, sky radiance, Lusky,
and downwelling irradiance, Ed. The downwelling irradiance sensor was set up at the top of the mast
of the ship to avoid shadowing effects. The upward and downward radiance sensors were oriented at
45 from the nadir and vertical direction, respectively [see Doxaran et al., 2006 for details].
Moderate Resolution Imaging Spectroradiometer (MODIS) satellite data at 500 m resolution were obtained
from Goddard Distributed Active Archive Center (NASA) and processed in house using SeaDAS 6.4 data
processing software. MODIS data were analyzed in consistency with the in situ measurements. The ‘‘MUMM
Case 2 atmospheric correction’’ algorithm [Ruddick et al., 2000] was used to process all MODIS data. The
remotely sensed SPM concentration derived from MODIS observations (SPMMODIS) was obtained using an
empirical relationship adapted to the optically complex waters of the GoL:
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Rrs ð555Þ3Rrs ð645Þ
; RMSE50:62 g SPM m23
Rrs ð469Þ

(1)

where Rrs(555), Rrs(645) and Rrs(469) are the remotely sensed MODIS reﬂectances at 555, 645, and 469 nm,
respectively. The multiband algorithm (equation (1)) generated SPM retrievals within 14% agreement from
in situ concentrations. The coefﬁcient of determination (R2) between measured and remotely sensed SPM
matchups was 0.82 and the Root Mean Square Error (RMSE) was 1.48 g SPM m23 (Figure 2). The highest discrepancy occurred in the range (10–25 g SPM m23), which corresponds to intermediate values when dealing with the Grand Rhone river plume. The main limitation of our empirical algorithm is that its use could
be questionable if the SPM concentration is higher than 40 g m23, which is the upper range of the ﬁeld
SPM data observed over all the cruises. This is because the reﬂectance signal at short wavelengths (469 and
555 nm) could saturate for greater SPM load, thus inducing a lower performance of the retrieval algorithm.
Note, however, that Forget et al. [2001] reported that suspended solids at concentrations higher than 40 g
m23 are very rare off the Rhone River delta.

2.3. The Hydrodynamic Sediment Transport Model MARS-3D
A three-dimensional (3-D) ocean Model for Application at Regional Scale (so-called MARS-3D) [Lazure and
Dumas, 2008] combined with a sedimentary module [Verney et al., 2013; Dufois et al., 2014] was used to simulate the spatial and temporal distribution of SPM within the study area. The ocean model used the incompressible, hydrostatic, and Boussinesq assumptions. The Navier-Stokes equations under the assumptions of
Boussinesq and hydrostaticity [cf. Lazure and Dumas, 2008] were solved implicitly on an Arakawa type C
grid [Arakawa, 1966] with a single time step of 10 s for both the baroclinic and barotropic mode. The model
was eddy-permitting with a horizontal resolution of 1.2 km. Over the vertical layer, the model was discretized using a constant number of 30 levels (called ‘‘sigma levels’’) with the cell thickness varying according
to the bathymetry. The free surface and bottom layer had a lower cell thickness to better resolve the processes at the interfaces. Bathymetry was derived from high-resolution (100 m) maps using depth measurements provided by the French Navy (‘‘Service Hydrographique et Oceanographique de la Marine (SHOM))’’
at the coast (from the shore line to 150 m depth) and from the U.S. National Geophysical Data Center
(NGDC) 2 min global relief data set (so-called ETOPO2) [NOAA, 2001] for the offshore zone.
The MARS-3D model was constrained by atmospheric, oceanic, and hydrologic forcings. Atmospheric state
(air temperature at 2 m height, surface winds at 10 m height, humidity, and downward long-wave and
short-wave radiation) was taken from the three-hourly data sets of the atmospheric mesoscale model 5
(MM5) results. The MM5 is a regional mesoscale model used for creating weather forecasts and climate projections. The MM5 model is a limited area, nonhydrostatic, terrain-following sigma-coordinate model
designed to simulate or predict
mesoscale atmospheric circulation. It is a community model
which was originally developed
by the U.S. National Center for
Atmospheric Research (NCAR)
and the Pennsylvania State
University (USA) [Dudhia, 1993;
Grell et al., 1994]. Sponge layer
boundary conditions prescribed at open boundaries for
potential temperature, salinity,
ﬂow, and sea-surface elevation
were provided from previous
integrations of a regional conﬁguration of the same model
with a similar resolution
Figure 2. Scatter plot showing the linear relationship between measured SPM (SPMmes, g
(MENOR Conﬁguration, [Andre
m23) and satellite-derived SPM product (SPMsat, g m23). The linear regression (in red) leads
2
et
al., 2009, 2005]). Waves were
to the equation SPMsat50.86[SPMmes]11.41 with a coefﬁcient of determination of R 5 0.82.
simulated using the
The Root Mean Square Error (RMSE) is 1.48 g m23. The 1:1 line is in black.

LE FOUEST ET AL.

C 2015. American Geophysical Union. All Rights Reserved.
V

945

Journal of Geophysical Research: Oceans

10.1002/2014JC010098

Figure 3. Seasonal inputs (from January to December 2010) measured in the Rhone River set as the riverine forcing in the MARS-3D model:
(a) freshwater discharge (m3 s21), (b) total SPM concentration (SPM-L 1 SPM-H) (g m23), and (c) SPM riverine ﬂux (i.e., the freshwater discharge multiplied by SPM concentration; 106 tons SPM d21). The shaded area (bottom) represents the time period analyzed in September
2010.
R model (version 4.06) [Ardhuin et al., 2010; Tolman, 2008] implemented in the area on an
WAVEWATCH IIIV
unstructured mesh [Ardhuin et al., 2009; Roland, 2008]. This allowed the reﬁnement of the mesh size close
to the coast (100 m), where this information is the most relevant. Orbital velocities computed by WAVER at each node of the unstructured grid were interpolated to the Cartesian grid of the hydrodyWATCH IIIV
namic model. As current velocities are weak in the area, no feedbacks are generated from the hydrodynamic
model to the wave model. The wave model is forced at the open boundary by the regional wave model
described in Magne et al. [2010] and forced by ECMWF (http://www.ecmwf.int/) operational wind analyses.
The orbital velocity computed by the wave model from the full wave spectrum is used to calculate a wave
shear stress, which is used to calculate the total wave-current shear stress [Dufois et al., 2014]. We neglect the
effect of the wave/current relative direction by maximizing the total wave/current shear stress (angle 5 0 ),
because the effect of the current is weak relative to the wave effect. A friction coefﬁcient for waves of 0.06
and a bed roughness value of 0.0035 m for current-induced shear stress were used. The ocean model’s
hydrography was forced with fresh water ﬂow measurements (51.3 3 109 m3 yr21) taken within the Rhone
River at the Beaucaire station (43.92 N; 4.67 E) which is located 65 Km upstream from the river mouth (Figure
3a). With regard to the numerical grid, the main branch of the river, the Grand Rhone, is resolved over four
grid cells while the Petit Rhone is resolved by one grid cell. The ability of the MARS-3D model to simulate the
regional circulation and seawater properties within the GoL has been successfully assessed through comparisons with in situ and remotely sensed observations [Andre et al., 2009, 2005].

SPM concentrations measured inland near the city of Arles (France) at the Station Observatoire du Rhone a
Arles (SORA) station were used as sediment inputs distributed at the river points (Figure 3b). The total riverine SPM input in the model (Figure 3c) was subdivided into ‘‘light and slow’’ settling ﬁne sediments (hereafter referred to as SPM-L) and ‘‘heavy and fast’’ settling ﬁne sediments (hereafter referred to as SPM-H). The
scalars SPM-H and SPM-L are simulated explicitly in the model. Two fractions of particles (light and heavy
particles) are tested because they are more realistic to represent the particulate river inputs to the ocean.
The light particles (SPM-L) represent potentially large but very organic ﬂocs which are found within the
plume [Dufois, 2008], while the heavy particles (SPM-H) mimic dense ﬂocs and/or very ﬁne sands. This is a
schematic view of sediment transport in the GoL to elaborate the values of settling velocities. Note that the
settling velocities of SPM-L used in the model are consistent with those expected for the GoL (5 3 102528
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3 1024 m s21) [Ulses et al.,
2008] (102521024 m s21)
[Dufois, 2008]. On this basis, a
sensitivity analysis on the settling velocity model parameter
is performed; such an analysis
is detailed in next subsection
2.4.2. The range of settling
velocities distinguishes
between SPM-L [1.0 3 1024 m
s2125.0 3 1024 m s21] and
Figure 4. Schematic diagram depicting the initialization of the MARS-3D model using
SPM-H [2.0 3 1024 m s2121.0
satellite-derived SPM data (see text for details).
3 1023 m s21]. The settling
velocity is computed in the
model as a function of seawater turbulence and SPM concentration for SPM-L [Dufois et al., 2014], and as a
function of SPM concentration only for SPM-H [Verney et al., 2013]. SPM settled throughout the water column to be ultimately stored into thin layers within the sediment compartment. The bed sediment can be
eroded through the action of turbulence (both from currents and waves) and advection so that SPM can be
transferred back to the water column using the Partheniades erosion law [Verney et al., 2013]. Bed sediment
dynamics were intentionally downgraded, neglecting the sand fraction as the present work focuses on riverine slow settling ﬁne sediment transfer in the vicinity of the Rhone river mouth and the associated turbid
plume.
2.4. Synergy Approach Between MARS-3D and Satellite Observations
2.4.1. Initialization of MARS-3D Using Satellite Data
The MARS-3D model was initialized with near-equilibrium physical quantities (water level, 3-D horizontal
velocities, salinity, and temperature) on 31 December 2009, but with no sediments in suspension. The
model has a given spin-up period to initialize the physical circulation processes and the SPM conditions
within the model. Here, the model was ﬁrst run to simulate both the hydrodynamics and the SPM conditions during one full year, namely from 1 January 2010 to 31 December 2010. A 1 month spin-up period is
used for suspended sediment (i.e., January 2010). Restart ﬁelds (both for hydrodynamics and sediments) are
saved regularly and reused to focus on the key period studied in the present paper (e.g., a long time
enough after initialization). The initialization procedure (Figure 4) follows two steps. First, for the date of
interest (i.e., 5 September 2010), the SPM concentrations provided by the model were replaced by the satellite SPM measurements interpolated over the MARS-3D model grid. This approach that consists in using
daily satellite observations of SPM to initialize the model is robust since the ambient SPM concentration is
weak relative to the riverine ﬂux at the GoL scale. Second, we used the light penetration depth (1/Kd(490),
in m) based on the satellite-derived diffuse attenuation coefﬁcient in the visible part of the light spectrum
(Kd(490), in m21) to set the depth over which the remotely sensed SPM concentrations were assigned
within MARS-3D. Kd(490) was provided routinely by the MODIS data level 2 products. Note, however, that
caution should be addressed to the use Kd(490) since the wavelength of maximum solar penetration may
be quite far removed from 490 nm for such optically complex waters. This approach prevents any arbitrary
horizontal and vertical distribution of SPM within the model during the initialization phase. It is original in
as much as it limits any possible vertical overestimation or underestimation of SPM within the turbid river
plume and the ancillary clearer oceanic waters. The optical depth over which satellite SPM concentrations
are used as inputs into the model is 0–10 m within the plume. It is consistent with the upper mixed layer
(UML) depth simulated by the model (<10 m, RMS 5 6.1 m) and that reported in previous studies (1–8 m in
average) [Broche et al., 1998; Estournel et al., 2001]. This implies that, in this study, there is no need for
extrapolating the SPM satellite data to the sea bed since the ocean layer that could be observed by the satellite sensor (i.e., the light penetration depth) is consistent with the plume UML containing the most signiﬁcant part of SPM. Because an extrapolation could be even more questionable when dealing with optically
complex waters such as those found in the vicinity of river mouth, the use of the ‘‘standard run’’ of the
MARS-3D model, which is deﬁned later in section 2.4.2 as a run of reference with regard to the relative proportion of SPM-H versus SPM-L, was thus preferred to provide a value of SPM for the layers below. In other

LE FOUEST ET AL.

C 2015. American Geophysical Union. All Rights Reserved.
V

947

Journal of Geophysical Research: Oceans

10.1002/2014JC010098

Figure 5. SPM ﬂux (Mt SPM d21) measured in the Rhone River and set as the riverine forcing in the MARS-3D model in September 2010.
The x axis represents the days of September 2010. The shaded areas represent the days for which MODIS estimates of SPM were available.

words, the model grid cells below the light penetration depth were assigned a value of SPM concentration
derived from the MARS-3D standard reference run. This value was computed as an average SPM concentration for the vertical domain from the light penetration depth to the near-bottom depth of the model grid.
Finally, the model predictions of SPM distribution will be later compared with satellite observations
acquired several days after the initialization date (e.g., 10 September 2010) to assess the model
performance.
In this study, an important ﬂood event that occurred on 8 September 2010 was examined for three reasons.
First, this ﬂood event corresponded to a peak of freshwater ﬂow (see Figure 3a). Second, it coincided with
the third highest annual maximum of riverine SPM concentration and ﬂux into the GoL (Figures 3b and 3c).
Third, the simulated wave height was around 1 m and thus SPM resuspension contribution to the surface
SPM in the prodelta region will be far lower than the riverine SPM contribution associated to the ﬂood
event. The pulsed nature of this event made it very relevant for assessing the fate of SPM exported into the
GoL. Furthermore, clear satellite observations were available over the time period 5–12 September 2010
(Figure 5). The MARS-3D model was ﬁrst initialized from ‘‘spun up’’ ocean conditions but with SPM derived
from MODIS data 3 days before the ﬂood event on 5 September (see Figure 5). MARS-3D model predictions
of the distribution of SPM over the entire study area were then compared to satellite-derived SPM concentrations on 5, 10, and 12 September. The absolute values of SPM concentration and the absolute differences
between the model and the satellite data were studied for 5, 10, and 12 September. In addition, the norm
of the horizontal gradient of SPM concentration was examined as an informative metric on the predictive
ability of the MARS-3D model.
2.4.2. Sensitivity Analysis Within MARS-3D
A sensitivity analysis was performed using MARS-3D to gain a better understanding of the physical processes driving the export and fate of riverine SPM. Our goal was also to improve the predictive ability of the
MARS-3D model for simulating SPM concentrations and horizontal export ﬂuxes. In a ﬁrst step, the relative
proportion of SPM-H versus SPM-L was modiﬁed within the Rhone River input. The so-called ‘‘standard run’’
was deﬁned as a case for which SPM-L concentration contributes to 90% of the total mass of SPM relatively
to SPM-H (10%) [e.g., Bourrin et al., 2008; Pont, 1992]. Such a case applies in the model to both low ﬂow
regime and high-ﬂow periods. Goineau et al. [2012] estimated the proportion of heavy SPM (i.e., SPM-H) to
52% of the total mineral particles in December 2008 after a ﬂood event (1450 m3 s21). Based on this latter
study, the model sensitivity was tested using an equal fraction of SPM-H and SPM-L (i.e., 50% each fraction).
Table 1. Summary of the Characteristics of the Runs Performed With MARS-3D Ocean Modela

SPM initialization with satellite data
Initialization dates
SPM size fraction
Settling rate (m s21)

SPM-L
SPM-H

Min
Max
Min
Max

Standard Run

Run #2

Run #3

Run #4

No

Yes
5 Sep 2010
90% SPM-L
10% SPM-H
1 1024
5 1024
2 1024
1 1023

Yes
5 Sep 2010
50% SPM-L
50% SPM-H
1 1024
5 1024
2 1024
1 1023

Yes
5 Sep 2010
50% SPM-L
50% SPM-H
5 1024
10 1024
10 1024
5 1023

90% SPM-L
10% SPM-H
1 1024
5 1024
2 1024
1 1023

a
SPM notation stands for Suspended Particulate Matter, SPM-L stands for ‘‘light’’ suspended particulate matter and SPM-H stands for
‘‘heavy’’ suspended particulate matter.
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Figure 6. For the standard run of 5–10-12 September 2010: (a) satellite SPM concentration (g m23) (left plots), simulated surface SPM concentration (g m23), and surface currents (black
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

2 @SPM2
1 @y ; g
arrows) (middle plots), and absolute difference (SPMmodel-SPMsatellite, g m23) (right plots); (b) norm of the horizontal gradient of surface SPM concentration (r5 @SPM
@x
m23 km21, see equation (2)) derived from the satellite data (left plots), rmod , g m23 Km21) simulated by the model with surface currents (black arrows) (middle plots), and absolute difference (rmod 2rsat , g m23 km21) (right plots). In the top middle plot, the transects (bold black lines) used for the calculation of horizontal SPM ﬂuxes (see Table 3) are shown. In Figure
6b, the average value of ! (g SPM m23 km21) over the entire surface area is mentioned at the top of each ﬁgure.
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In a second step, because the range of variation of the SPM settling rates in coastal environments could be
very wide (typically up to a ﬁvefold factor) [see Thill et al., 2001], the minimum settling rate of both SPM-L
(5.0 3 1024 m s21) and SPM-H (1.0 3 1023 m s21) was increased by a ﬁvefold factor. All the run cases that
were studied in the sensitivity analysis are described in detail in Table 1.
2.4.3. Horizontal Fluxes of Riverine SPM
Based on the simulated surface currents, the predicted and remotely sensed surface concentrations of SPM,
horizontal ﬂuxes of SPM were computed from the coast to the open ocean throughout transects 20 km
long located within the river plume at 3.6, 32, and 64 km off the Grand Rhone River mouth (see Figure 6a).
At each grid cell, the simulated or remotely sensed SPM concentration was multiplied by the north-south
component of the currents simulated by the model to get ﬂuxes. The ﬂux was then integrated over the
depth corresponding to the MODIS estimate of light penetration depth (1/Kd) over the transect length. This
approach allows estimates of SPM ﬂuxes based on the satellite data and their comparison with the MARS3D model.

3. Results
Remote-sensing data show surface SPM concentrations on 5 September (before the ﬂow peak) up to 1.5 g
m23 in waters less than 100 m deep and lower than 1 g m23 in open and deeper waters (Figure 6a). Two
days after the riverine peak of SPM (10 September), the river plume formed by the Grand Rhone outﬂow follows the 80 m isobaths (see Figure 1) and is oriented southwest. Its SPM signature extends offshore to
depths greater than 500 m. SPM concentration values are up to 50 g m23 in the vicinity of the river mouth
and maintain high levels (10–50 g m23) in shallow waters (<70 m deep) up to 10 km off the coast. On 12
September, the plume is oriented mostly west-southwest and SPM concentrations decrease sharply. Concentrations of 8 g m23 are observed near the river mouth and concentrations within the range (3–6 g
m23) are found up to 16 km offshore.
On 5 September, SPM concentrations are particularly overestimated along the coast (by up to 5 g m23) but
show little differences with satellite data elsewhere (RMS 5 0.86 g m23). Five days later on 10 September,
i.e., 2 days after the peak of SPM ﬂux, both the model and the satellite data agree on the river plume southwest orientation. However, the model markedly overestimates SPM concentrations within the plume, especially for concentrations within the range 4–50 g m23. Waters showing SPM concentrations greater than
10 g m23 (red tones in Figure 6) extend up to 33 km offshore, which is more than 20 km further than concentrations observed in the satellite data (11 km). The RMS error is the highest with a value of 3.64 g m23.
A similar pattern is observed on 12 September with waters characterized by concentrations within the
range 3–6 g m23 spreading as a ﬁlament to 50 km off the coast, but with a lower RMS value (0.96 g m23)
than the previous date.
To illustrate the dynamical coupling between the ocean currents and the SPM distribution in surface waters,
the norm of the horizontal gradient of SPM (noted r was computed between two grid cells in the model,
or two pixels in satellite data, as follows:
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
s
 
ﬃ
@SPM 2
@SPM 2
r5
1
;
(2)
@x
@y
where x and y are the grid axes in the east-west and north-south direction, respectively. At each grid cell,
the centered derivatives were computed using a neighborhood of four locations adjacent to each cell
(Rooks case contiguity) [see Haining, 2003]. This provides a measure of the horizontal gradient of surface
SPM (horizontal dynamics) with respect to their settling rate from the shallow coastal waters to the deeper
open waters (vertical dynamics). For instance, when r has a value of 1 g SPM m23 km21, this means that
the SPM concentration decreases or increases by 1 g m23 over 1 km. Figure 6b points out that the model
satisﬁes fairly well the horizontal gradients depicted by the ocean color data. The differences between the
model and the satellite data are greatest near the coast and within the plume but they are attenuated offshore. The average of r over the study area was calculated (Figure 6b) to provide an insight into horizontal
export of SPM. As r increases, more SPM is exported horizontally toward the open ocean. Therefore, if
more SPM are exported horizontally, this means that their vertical export with depth, given a location, is
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necessarily reduced. Changes
in r could thus reﬂect indirectly changes in the vertical
transport of SPM. The simulated horizontal ﬂux, computed
as the product of the norm of
the velocity components and
of the SPM concentration, was
derived from the standard run
of the model for 10 September
(Figure 7). Figure 7 shows that
Figure 7. Simulated horizontal ﬂux of surface SPM (g m22 s21) computed from the standard
the horizontal ﬂux is oriented
run of the model for 10 September 2010.
southward in the West direction with values decreasing
from the coast to the open waters. It is interesting to highlight that the spatial patterns of the ﬂux compare
well with those of the gradient (Figure 6b, middle, 10 September 2010). In particular, it is observed that the
norm of the gradient increases as the horizontal ﬂux increases hence indicating that changes in the gradient reﬂect changes in the horizontal ﬂux. The metric of the gradient deﬁned in this study could thus be relevant to quantify somehow the horizontal export of the suspended matter. On 10 September, the areaaveraged r is 2.8-fold greater in the model (0.32 g SPM m23 km21) than in satellite data (0.12 g SPM m23
km21), suggesting that the simulated vertical export is likely underestimated. The high differences between
the model and the satellite data in SPM concentration (Figure 6a) and in r (Figure 6b) within the plume
area are likely explained by the relative composition of the SPM pool (i.e., light versus heavy particles) in the
Rhone River and/or by their settling velocity. To test these hypotheses, a sensitivity analysis dealing with
these two parameters of the model (composition and settling rate of particles) was performed. The satellitederived horizontal ﬁelds of Kd and SPM concentration were used for the initialization of MARS-3D (run 2, 3,
and 4) (cf. section 2.4). The performance of the model runs relative to the satellite observations of SPM is
evaluated using the area-averaged r as a metric of comparison.
With regard to run 2 (i.e., SPM-L 5 90% and SPM-H 5 10%, initialization from satellite data), the simulated r
matches, as expected, with the standard run (r 5 0.07 g SPM m23 km21, Table 2) for the day when the
model is initialized with satellite-derived SPM (5 September). On 10 September, the SPM concentration
markedly decreases along the western coastline and farther offshore (Figure 8). The value of r decreases
by 37% (0.32–0.20 g SPM m23 km21) with respect to the standard run hence reducing the bias with the satellite data (from 1166 to 166%). Two days later, r is 7% lower in run 2 (r 5 0.13 g SPM m23 km21) than
in the standard run (r 5 0.14 g SPM m23 km21). However, the simulated r remains 30% higher than that
obtained directly from satellite observations. In terms of SPM concentration, the RMS error in run 2 is
reduced by 64, 41, and 21% in 5, 10, and 12 September, respectively, relative to the satellite-derived data.
The model overestimation of SPM concentrations is signiﬁcantly reduced in run 3 in which the contribution
of SPM-L and SPM-H within the model grid are in equal proportion (i.e., 50%). On 10 September, 2 days after
the peak of riverine SPM ﬂux, the extent of surface waters with SPM concentrations within the range 10–
50 g m23 decreases to be in better agreement with the satellite data (Figure 9). The mean horizontal gradient (r 5 0.13 g SPM m23 km21, Table 2) is one-third lower than in run 2. Similarly, the RMS error decreased
by 39% (2.13–1.3 g m23) relative to run 2.
Changes in SPM concentrations in the Petit Rhone discharge area are limited. Two days later, the surface
area covered by waters having SPM in the range 3–6 g m23 substantially decreases compared to run 2 and

Table 2. Surface Horizontal Gradient of SPM (in g m23 km21) Averaged Over the Entire Study Area for the September Time Perioda
September 2010
5th
10th
12th
a

LE FOUEST ET AL.

Satellite Data

Standard Run

Run 2

Run 3

Run 4

0.07
0.12
0.10

0.06 (214%)
0.32 (1166%)
0.14 (140%)

0.07
0.20 (166%)
0.13 (130%)

0.07
0.13 (18%)
0.07 (230%)

0.07
0.12
0.08 (220%)

The percentage mentioned in brackets is the relative difference (in %) between the model runs and the satellite data.
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Figure 8. For run 2, satellite SPM concentration (g m23) (left plots), simulated surface SPM concentration (g m23) and surface currents (middle plots), and absolute difference (SPMmodelSPMsatellite, g m23) (right plots) for 5-10-12 September 2010.

is limited to a few kilometers from the Grand Rhone mouth. Their extent is lower than that observed in satellite data. The mean horizontal gradient (r 5 0.07 g SPM m23 km21, difference with satellite data of
230%) is better retrieved than in the standard run (r 5 0.14 g SPM m23 Km21, difference with satellite
data of 140%), but the absolute difference with satellite data is comparable with that obtained from run 2.
In terms of SPM concentration, the RMS error in 12 September is also lower in run 2 (0.63 g m23) than in
the standard run (0.96 g m23).
The increase by ﬁvefold of the settling rate of both SPM size classes (run 4) leads on 10 September to a
decrease of the east-west extent of the Grand Rhone plume with SPM concentration varying in the range
10–50 g m23. The best match with satellite data is then observed (Figure 10). Nevertheless, waters with concentrations varying in the range 3–8 g SPM m23 still extend too far offshore. The mean horizontal gradient
(r 5 0.12 g SPM m23 km21, Table 2) is 8% lower than in run 3 and the same as the gradient derived from
the satellite data (r 5 0.12 g SPM m23 km21). The RMS error decreased by 4% relative to run 3. On 12 September, the RMS is same as in run 2, but the mean horizontal gradient (r 5 0.08 g SPM m23 km21) and difference with satellite data (220%) are the lowest of the four runs and show the best agreement with the
satellite data.
In all runs, the agreement in the horizontal SPM ﬂux between the model and the satellite data increases
from the open waters to the coast (Table 3), suggesting that the processes which control the SPM removal
from the surface to the deeper waters may be inappropriate in offshore waters for this case study. The SPM
ﬂuxes simulated in run 4 (i.e., initialization with satellite, SPM-L 5 50% and SPM-H 5 50%, ﬁvefold increase
of the settling rate of SPM-L and SPM-H) best compare with those estimated from the satellite data. At 3 km
off the river mouth (transect 1), the relative difference between the model (0.069 Mt SPM d21 in run 4; see
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Figure 9. For run 3, satellite SPM concentration (g m23) (left plots), simulated surface SPM concentration (g m23) and surface currents (middle plots), and absolute difference (SPMmodelSPMsatellite, g m23) (right plots) for 5-10-12 September 2010.

Table 3) and the satellite ﬂux estimates (0.035 Mt SPM d21) is the lowest (197%) compared to the other 3
runs (1123 to 1280%).

4. Discussion
The predictive ability of the regional hydrodynamic sediment transport model MARS-3D model is substantially improved when it is initialized using remotely sensed satellite estimates of SPM concentration and of
the light penetration depth (1/Kd). In addition to using remotely sensed satellite SPM data to constrain the
3-D hydrodynamic sediment transport model, the main advantage of considering satellite observations of
light penetration depth is to make more realistic the parameterization of the vertical distribution of SPM
concentrations within the transport model. Another asset of using optical Kd data relies on the possibility to
discriminate the river plume from the ancillary clearer waters. As an example, the recent study of El Serafy
et al. [2011] does not take into account such optical property of the water column since it assumes that
only the ﬁrst vertical sigma layer of the 3-D hydrodynamic sediment transport model is equivalent to the
light penetration depth observed. As underlined by these authors, such an assumption could have led to
inconsistencies between the assimilated ocean color data and the model. Furthermore, close to the shoreline (<5 km), where the SPM concentrations were the highest, the ﬁrst sigma level in our model is as low as
a few centimeters. The model cell thickness was much lower than the MODIS-derived light penetration
depth, which was around a few meters. El Serafy et al. [2011] pointed out that the use of remotely sensed
light penetration depths could decrease the mismatch between the remotely sensed and simulated concentrations of SPM, which is consistent with our results. The successful synergy performed in this study
between the model and the satellite data promotes the exploitation of 2-D synoptic products derived from
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Figure 10. For run 4, satellite SPM concentration (g m23) (left plots), simulated surface SPM concentration (g m23) and surface currents (middle plots), and absolute difference (SPMmo23
) (right plots) for 5–10-12 September 2010.
del-SPMsatellite, g m

ocean color data along with a 3-D hydrodynamic sediment transport model to better predict and analyze
the horizontal (from the coast to the open ocean) and vertical (from the surface to the bottom) export of riverine SPM within the GoL.
The deterministic approach with remotely sensed data initialization was preferred here to data assimilation
techniques to force the model and ultimately to compute ﬂuxes of riverine SPM from the coast to the open
ocean. This choice was principally motivated by the pulsed behavior of the Rhone River ﬂoods associated to
the highly variable meteorological conditions along the drainage basin, which strongly constrain the riverine
SPM inputs into the sea. The Northwestern Mediterranean Sea is a relatively cloud-free environment. In 2010,
MODIS estimates of SPM concentration covered 50 days of 365 (13.7%). Nevertheless, only ﬁve satellite images
were acquired within 62 days of a peak in river discharge (two in April, one in June, one in September, and
one in December) limiting, as a result, the efﬁciency of a data assimilation procedure. As a comparison, in their
effort to improve the skills of a hydrodynamic sediment transport model for simulating SPM within the

Table 3. Southward Fluxes of SPM Across the Grand Rhone River Plume (Mt d21) on September 10 (Transect 1, 2, and 3 Are Located
3.6, 32, and 64 km From the Coast, Respectively)a

Transect 1
Transect 2
Transect 3

Satellite Data

Standard Run

Run 2

Run 3

Run 4

0.035
0.017
0.011

0.133 (1280%)
0.117 (1588%)
0.053 (1382%)

0.128 (1266%)
0.109 (1541%)
0.054 (1391%)

0.078 (1123%)
0.067 (1294%)
0.032 (1191%)

0.069 (197%)
0.067 (1294%)
0.032 (1191%)

a
Fluxes were computed over the light penetration depth (1/Kd) derived from the MODIS data. The percentage mentioned in brackets
is the difference between the model runs and the satellite data.
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Southern North Sea, El Serafy et al. [2011] assimilated at least 30 MERIS images of SPM concentration to reduce
the overall bias of the model by 10–14%. It is therefore not fully appropriate to use a data assimilation method
in the GoL area due to the fact that strong seasonal variability of the freshwater Rhone River discharge events
may not be overpassed by a sufﬁcient number of satellite images for applying such methodology.
The beneﬁt of using satellite data for the MARS-3D initialization step to improve the prediction of SPM
ﬂuxes near the river mouth (transect 1) could be easily quantiﬁed by calculating the relative difference
between the case for which MARS-3D model is initialized using satellite data (‘‘run 4’’ in Table 3) and the
case for which MARS-3D is not initialized using satellite data (‘‘standard run’’ in Table 3). Such a comparison
points out a decrease of the ﬂux estimates by 248% when satellite data are introduced into MARS-3D. In
other words, this means that the synergy between satellite data and the MARS-3D model improves the prediction of SPM ﬂuxes at the river mouth by 48%. Sensitivity analyses are hence required to determine the
impact of riverine SPM size composition and settling rate on the SPM ﬂuxes.
The annual input of SPM from the river set in the model (10.4 Mt) is in the midrange of the previously
reported estimates (2–26.5 Mt) [Ollivier et al., 2010; Pont et al., 2002]. Those estimates being limited to the deltaic portion of the river, this study allows computing, for the ﬁrst time to our knowledge, ﬂuxes of surface
SPM from the coast to the open ocean. Our sensitivity analysis showed that ﬂoods with a higher freshwater
discharge are likely to be associated with a higher fraction of SPM-H entering the model (run 3) (see Figures 6
and 9). This result ﬁnds support in the study of Antonelli and Provansal [2002] that linked the amount of sand
transported by the Grand Rhone with the ﬂood type. For instance, more sand is exported during ﬂoods characterized by Mediterranean (i.e., rainfalls) and alpine (i.e., melting glaciers) SPM supplies. To that respect, the
use of time invariant relative fractions of SPM-H and SPM-L to constrain the SPM inputs at the river points of
the model appears inappropriate to compute land-to-ocean ﬂuxes of SPM over the course of the year, which
includes both low and high ﬂood time periods. Further attention should be paid in the future to constrain the
nature of the riverine SPM in hydrodynamic sediment transport models in a more accurate way for taking
into account the signiﬁcant seasonal variability of the fraction of suspended matter river inputs into the GoL.
As a perspective of the study, note that the export of SPM by rivers is tightly linked to the carbon cycle in
the coastal ocean. The quantity of terrigenous POC drained to the coastal ocean and potentially buried in
bottom sediments could be derived by predictive transport models based on SPM concentrations and on
the ratio of POC over SPM (which could vary within the range 1–35%) [van der Zee and Chou, 2005; Doxaran
et al., 2012; Lorthiois et al., 2012]. As the SPM concentration is more routinely monitored than POC in large
rivers, accurate predictions of SPM concentrations and ﬂuxes using regional hydrodynamic sediment transport models are a prerequisite to assess the fate of riverine POC into the coastal ocean. Furthermore, riverine SPM and POC are also optically active components that play a central role in the distribution of the
underwater light ﬁeld. However, their contribution to the transparency of river plume waters is poorly constrained in regional physical-biogeochemical models dedicated to the GoL study area [e.g., Auger et al.,
2011]. As plumes often drain readily available nutrients for phytoplankton and bacterial growth, their effect
on light attenuation in the water column should be accounted for to improve models predictions of biological production in coastal waters.

5. Conclusions
A 3-D hydrodynamic sediment transport model, namely MARS-3D, was initialized using MODIS satellite
ocean color observations above the Gulf of Lion (Northwestern Mediterranean Sea, France). Horizontal 2-D
ﬁelds of SPM satellite concentrations and light penetration depths (1/Kd) were obtained from a regional
empirical remote sensing algorithm and from MODIS diffuse attenuation coefﬁcients (Kd) data respectively.
The originality of the approach which combines these two satellite-derived products of ocean color with an
ocean model relies on the fact that vertical over- or underestimation of SPM within the turbid river plume
and the ancillary clearer oceanic waters, respectively, is reduced through the use of satellite observations.
In line with effort promoted by the modeling scientiﬁc community [Doney et al., 2009; Stow et al., 2009], a
quantitative metric was used to evaluate the MARS-3D model skills. This metric, namely the norm of the
horizontal gradient of SPM, was calculated between two grid cells in the model or two pixels in satellite
data to illustrate the dynamical coupling between the ocean currents and the SPM distribution in surface
waters. The norm of the horizontal gradient of SPM is informative as well on the dispersion of surface SPM
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with respect to their settling rate between the shallow coastal waters to the deeper open waters. Its use
was particularly relevant in the study area which is characterized by a pronounced signature of the Grand
Rhone River plume that contrasted with the clearer ancillary waters. Changes in the metric were hence
tightly associated to changes in the SPM load within the plume.
The Rhone River input of SPM into the Gulf of Lion is characterized by pulsed export events. The consequence
is a highly variable particulate size composition and settling rate depending on the river regime (low or high
ﬂood period). A sensitivity analysis was performed based on the initialization of MARS-3D with ocean color
satellite data to evaluate the impact of riverine SPM size composition and settling rate on land-ocean ﬂuxes
of SPM predicted by the model. Results showed that the increase of the proportion of SPM-H relatively to
SPM-L (from 10% SPM-H–90% SPM-L to 50% each) and the increase by ﬁvefold of the settling rate of both
size classes led to simulated distribution of SPM and exports in best agreement with the satellite SPM data
(see Table 2). Therefore, particulate size and settling rate are key parameters during pulsed exports to gain
understanding on the distribution of SPM. Our results also showed that the synergy between the MARS-3D
model and the satellite ocean color data improved the land-ocean SPM ﬂuxes model predictions by 48% in
coastal waters near the river mouth. Such an improvement of MARS-3D prediction skills corroborates the
need for implementing satellite observations within the initialization procedure of hydrodynamic ocean models that include a sedimentary module within the coastal ocean. Note that it was discussed as well that data
assimilation techniques may not be fully appropriate in the study area due to the pulsed exports of the Rhone
River over the course of the year. Future work could consist in investigating more intensively the seasonal variability of the SPM ﬂuxes over the course of 1 year to better quantify the export of SPM into the coastal ocean
and the biogeochemical implications in terms of carbon cycle. In this perspective, further work is required for
a better characterization of the size composition of the riverine particulate inputs at the annual scale in the
perspective of improving the performances of coastal ocean models predictions.
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Pont, D., J. P. Simonnet, and V. Walter (2002), Medium-term changes in suspended delivery to the ocean: Consequences of catchment heterogeneity and river management (Rhone River, France), Estuarine Coastal Shelf Sci., 54, 1–18.
Roland, A. (2008), Development of WWMII: Spectral wave modelling on unstructured meshes, PhD thesis, Technische Universitat Darmstadt, Institute of Hydraulics and Water Resources Engineering, Darmstadt, Germany.
Ruddick, K. G., F. Ovidio, and M. Rijkeboer (2000), Atmospheric correction of SeaWiFS imagery for turbid coastal and inland waters, Appl.
Opt., 39, 897–912.
Smith, S. V., and J. T. Hollibauch (1993), Coastal metabolism and the oceanic organiccarbon balance, Rev. Geophys., 31, 75–89.
Souza, A. J., J. T. Holt, and R. Proctor (2007), Modelling SPM on the northwest European shelf seas, in Coastal and Shelf Sediment Transport,
edited by P. Balson and M. Colins, Geol. Soc. London, Spec. Publ. vol. 274, pp. 147–158, doi:10.1144/GSL.SP.2007.274.01.14.
Stow, C. A., J. Jolliff, D. J. McGillicuddy Jr., S. C. Doney, J. I. Allen, M. A. M. Friedrichs, K. A. Rose, and P. Wallhead (2009), Skill assessment for
coupled biological/physical models of marine systems, J. Mar. Syst., 76, 4–15, doi:10.1016/j.jmarsys.2008.03.011.
Syvitski, J. P. M., and A. J. Kettner (2007), On the ﬂux of water and sediment into the Northern Adriatic Sea, Cont. Shelf Res., 27, 296–308,
doi:10.1016/j.csr.2005.08.029.
Thill, A., S. Moustier, J.-M. Garnier, C. Estournel, J.-J. Naudin, and J.-Y. Bottero (2001), Evolution of particle size and concentration in the
Rhone river mixing zone: Inﬂuence of salt ﬂocculation, Cont. Shelf Res., 21, 2127–2140.
Tolman, H. L. (2008), A mosaic approach to wind wave modeling, Ocean Modell., 25, 35–47.
Ulses, C., C. Estournel, X. Durrieu de Madron, and A. Palanques (2008), Suspended sediment transport in the Gulf of Lions (NW Mediterranean): Impact of extreme storms and ﬂoods, Cont. Shelf Res., 28, 2048–2070, doi:10.1016/j.csr.2008.01.015.
van der Zee, P., and L. Chou (2005), Seasonal cycling of phosphorus in the Southern Bight of the North Sea, Biogeosciences, 2, 27–42, doi:
1726-4189/bg/2005-2-27.
Verney, R., C. Jany, B. Thouvenin, I. Pairaud, M. Vousdoukas, C. Pinazo, F. Ardhuin, and P. Cann (2013), Sediment transport in the bay of
Marseille: Role of extreme events, Proceedings of Coastal Dynamics 2013, in 7th International Conference on Coastal Dynamics, 24–28
June 2013, pp. 1811–1822, Arcachon, France. [Available at http://archimer.ifremer.fr/doc/00204/31515/.]

LE FOUEST ET AL.

C 2015. American Geophysical Union. All Rights Reserved.
V

957

