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Abstract Coastal environments are directly influenced by terrigenous inputs coming from rivers
through estuaries. Quantifying the amount of nutrients and contaminants transported by sediments from
continental areas to the sea is crucial for marine resources protection. However, the complexity of estuarine
dynamics makes it difficult to quantify sediment fluxes from field measurements alone and requires
numerical modeling. Thus, using a realistic 3‐D hydrodynamic and sediment transport model, this study
aims at evaluating the influence of model empirical parameters on sediment fluxes and estimating
uncertainties on mud and sand transfers at a macrotidal estuary mouth. A sensitivity analysis, considering
changes in sediment transport parameters, revealed that the system is sensitive not only to settling and
erosion parameterizations but also to the spin‐up period and the sediment sliding process. Both estuarine
circulation and tidal pumping induce a residual up‐estuary transport, which is balanced by seaward export
during spring tides. Although more fine sediments are exported within the surface turbid plume during
high river discharge, the net mud transport is directed up‐estuary due to increased baroclinic circulation.
Besides, model results highlighted a strong seasonal variability in sediment fluxes with a short and high
import during high river flow and a long and weak export during low river flow. Uncertainties associated
with the simulated fluxes were about 93% for mud and 51% for noncohesive classes, based on the best
performing parameter sets for surface suspended sediment concentrations. These results can be reliably
extrapolated to similar macrotidal estuarine systems.

Plain Language Summary Estuaries are transitional zones between terrestrial and marine
environments (freshwater vs. saltwater). Because of their potential to transport nutrients and
contaminants, quantifying the amount of sediment particles (mud and sand) exchanged at this interfacial
area is essential for marine resources protection. Here, we use a realistic numerical model of sediment
transport applied to an estuary and its adjacent continental shelf. Some parameters in the model are not well
known and require calibration. This study aims at evaluating the impact of various model calibrations on
simulated sediment exchanges at the estuary mouth. We found that the simulated sediment behavior is very
sensitive to the selected model parameters. The quantity and direction of simulated exchanges are
influenced by the parameterization of sediment erosion and settling (i.e., the rate at which particles are
suspended and settle out). The dominant physical processes driving these exchanges are strongly influenced
by river flow and tide amplitude. Sediment transfers are very intense and directed upstream during a short
period in winter and compensated by weak export seaward during a long period in summer. Besides,
uncertainties associated with simulated sediment exchanges are about 93% for mud and 51% for sands,
which can reliably be applied to similar estuarine systems.

1. Introduction

Many ecological and physicochemical processes take place in estuaries (Chapman&Wang, 2001; Ridgway&
Shimmield, 2002), which makes them complex; dynamic; and, above all, crucial environments for the
ecology, biology, and other biogeochemical functioning of the coastal ocean. During their transfer from
continental areas to the sea, pollutants, such as heavy metals and radionuclides, can be adsorbed by fine
suspended particles and trapped in sediments in the estuary or exported to the sea. As estuaries are among
the most productive marine ecosystems in the world (Morris et al., 1978; Underwood & Kromkamp, 1999),
investigating estuarine sediment dynamics is of major interest for the protection of coastal and estuarine
resources, as well as for economic stakes (McSweeney et al., 2017).
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Because of the influence of both tide and river regimes in tide‐dominated estuaries, the transport of particles
is governed by complex processes involving hydrodynamics, hydrology, and sediment dynamics (Burchard
& Baumert, 1998). The interaction between river discharge, gravitational circulation, and tidal pumping
induces an accumulation of suspended sediment in an Estuarine Turbidity Maximum (ETM) (Allen
et al., 1977; Burchard et al., 2018; Festa & Hansen, 1978; Geyer, 1993; Scully & Friedrichs, 2007). In these
environments characterized by high turbidity levels and intricate sediment dynamics, particle contamina-
tion by pollutants can have severe implications for ecology and biology (Roberts, 2012).

The residence time of sediments within an estuary and the net sediment fluxes to the open sea, which are
strongly influenced by both the ETM and the river flow dynamics, are key parameters to better understand
the fate of contaminants and to protect coastal resources. Due to the broad range of spatial and time scales
involved, quantifying sediment fluxes between the estuary and the adjacent continental shelf is challenging,
and only few studies have investigated their seasonal and annual variability (Dyer, 1989). Schulz et al. (2018)
summarized the various methods generally used to investigate such quantities. Approaches based on field
data are challenging to implement due to the cost in time and money to collect sufficiently accurate mea-
surements (Sommerfield & Wong, 2011). An alternative method for assessing sedimentary fluxes, as pro-
posed by Doxaran et al. (2009), combines in‐situ measurements with ocean color satellite data. It enables
to overcome the constraints of space, but its applicability is often limited in estuarine environment because
of the limitations of calibration algorithms and the low temporal discretization. Besides, it only provides
information about the surface layer, which is not sufficient to quantify sediment fluxes accurately over
the whole water column. Therefore, as proposed by Schulz et al. (2018), one of the most appropriate ways
to quantify suspended sediment fluxes is to use validated numerical models.

Numerical hydrodynamic and sediment transport models provide a strong scientific basis for improving our
understanding of estuarine and coastal sediment dynamics. Merritt et al. (2003), followed by Aksoy and
Kavvas (2005), reviewed the different types of models used to simulate sediment transport: empirical or sta-
tistical (Wischmeier & Smith, 1978), conceptual (Viney & Sivapalan, 1999), and physics‐based models. The
differences mainly arise from the physical processes considered, the algorithms used to describe the physical
processes, and the conditions for which the model was developed. Physics‐based models, also called
process‐based models, solve the fundamental physical equations of mass and momentum conservation for
flow andmass conservation for sediment. They differ from one another in terms of complexity, ranging from
exploratory (Dijkstra et al., 2019; Huijts et al., 2006) to complex models, which aim is to reproduce real‐life
systems as accurately as possible.

With growing computational ability and facilities, process‐based models are becoming increasingly exhaus-
tive in terms of computed physical processes. About sediment transport models in particular, recent efforts
have focused on developing mixed sediment (mud/sand) transport models taking into account erosion,
deposition and consolidation processes in a two or multilayered sediment compartment (Bi &
Toorman, 2015; Grasso et al., 2015; Le Hir et al., 2011; Sanford, 2008; Sherwood et al., 2018; van Kessel
et al., 2011). However, these realistic complex process‐based models still need to be calibrated by adjusting
several independent empirical parameters (Murray et al., 2016). As argued by van Maren and Cronin (2016),
the higher the complexity of a model, the higher the computational cost of model runs. This implies that the
number of simulations that can be carried out within a reasonable framework is often limited and stochastic
simulations are not possible. Besides, due to the number of parameters involved, the calibration process
requires a lot of in‐situ measurements under different conditions. As French (2010) points out, given the cost
and difficulty of collecting data in the field, their quantity and quality often do not match the broad range of
complex physical processes considered. In addition, the calibration phase is based on comparisons of mod-
eled and observed time series at a few specific locations, not always coinciding with the purpose of the study
in terms of considered area or parameters. In some circumstances, this allows several empirical parameter
values to perform equally well compared to the measured data. Therefore, it is challenging to evaluate the
performance of models for several sets of parameters and to discriminate the “best fit.”

An inaccurate quantification of hydrodynamic and sediment transport key parameters leads to epistemic
uncertainty (Roy & Oberkampf, 2011; van Maren & Cronin, 2016). Van Maren and Cronin (2016) investi-
gated the effect of equifinality on predictive model capacities. Equifinal parameter sets are defined as differ-
ent combinations of parametric values that can reproduce observational data equally well (Beven, 1993) and
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are mainly caused either by a lack of validation data or by redundant model parameters. Using a complex
3‐D process‐based model, van Maren and Cronin (2016) explained that stochastic simulations are inap-
propriate not only because of the required computational cost but also because of the interdependence of
the input parameters. A random distribution of their values would result in physically meaningless para-
meter sets and, therefore, irrelevant model outcomes. Therefore, they proposed a methodology consisting
of studying a limited number of equifinal calibration sets, each with similar performance when compared
to suspended sediment concentration (SSC) field measurements, in order to evaluate the impact of equifin-
ality on suspended sediment dynamics. Given that the only available measurement data for calibration are
often limited to SSCmeasurements, the validation of sediment transport models is frequently based solely on
simulated and measured SSC comparisons. Thus, properly calibrating models and quantifying uncertainties
for the estimation of sediment budgets remains a challenging issue. Therefore, the proposed methodology
hereafter is to investigate the impact of equifinality, identified during the calibration process, on simulated
sediment fluxes.

Based on a realistic 3‐D process‐based numerical model of the Gironde Estuary (France), this study aims at
estimating the influence of sediment transport parameters on sediment fluxes between a macrotidal estuary
and the adjacent continental shelf. Particularly, one of the key objectives is to quantify uncertainties on mud
and sand transfers along the land‐sea continuum (i.e., river catchment to open sea). The Gironde Estuary is
one of the largest estuaries in Europe and is characterized by a well‐developed turbidity maximum, with sur-
face SSC up to a few kg.m−3 (Castaing & Allen, 1981; Doxaran et al., 2009; van Maanen & Sottolichio, 2018).
It is a partially mixed to well‐mixed macrotidal estuary with a strong river discharge influenced by a pro-
nounced seasonal variability. The implemented hydrodynamic model is coupled to a multilayer mud and
sand transport module that takes into account advection, diffusion, and consolidation processes and is
forced by realistic boundary conditions (tide, wind, waves, river flow, and meteorological surges). Most of
the estuarine sediment transport processes and patterns are found in this estuary and are simulated by the
implemented process‐based model implemented.

To reach the objectives of this study, a sensitivity analysis of the sediment fluxes at the mouth of the estuary
is applied considering changes in key sediment parameters. Following the methodology proposed by van
Maren and Cronin (2016), a sensitivity analysis is first carried out to identify which key sediment parameters
contribute the most to output variations and perform the best in terms of SSC dynamics. Due to the compu-
tational cost of running the model (2‐year simulations), a single‐parameter perturbation approach was used,
where parameters were varied in a range of physically meaningful values. Model performances were then
calculated in order to define equifinal parameter sets. Finally, the sensitivity of simulated fluxes through a
section is investigated, and especially the sensitivity to previously defined equifinal parameter sets, in order
to evaluate the corresponding uncertainties on computed sediment fluxes. The study area and numerical
modeling setup are described in section 2 as well as the strategy established for the sensitivity analysis.
Section 3 describes model results in terms of hydrodynamics and hydrology, as well as the sensitivity of
SSC to sediment model key parameters. Finally, the sensitivity of sediment fluxes between the estuary
and the continental shelf to the various sets of parameters is presented in section 4.

2. Methods
2.1. Study Area

The Gironde Estuary has a total surface area of 635 km2 (Jalon‐Rojas et al., 2015). It is located in the Bay of
Biscay in the southwest of France (Figure 1) and drains a watershed of about 71,000 km2 (Allen et al., 1980;
Fuentes‐Cid et al., 2014; Savoye et al., 2012). The estuary has a regular funnel shape extending over about
75 km from the mouth to the junction of the Garonne and Dordogne tidal rivers. The tide propagates in
the river as far as 170 km from the mouth. The yearly‐averaged total river discharge of both the Garonne
and Dordogne rivers is about 700 m3.s−1 (Jalon‐Rojas et al., 2015). The Garonne River is the main tributary,
supplying about 60% of freshwater and 70% of the suspended sediments to the estuary, while the Dordogne
River provides the rest (Parra et al., 1999; Schäfer et al., 2002). A clear riverflow seasonality is observed for the
Garonne and Dordogne regimes combined, a flood period fromNovember toMay (maximummonthly mean
values of 1,500 m3.s−1, usually in January) and a low flow period from June to October (less than 200 m3.s−1

in August). It is one of the two main estuaries of the French Atlantic coast flowing into the Bay of Biscay
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(Jouanneau et al., 1999). The riverine sediment supply from the Gironde Estuary to the continental shelf is
about 1.5 × 106 t.year−1 and is estimated to contribute 60% of fine sediment input into the Bay of Biscay
(Jouanneau et al., 1999).

The Gironde estuarine system is macrotidal, with tides at the mouth ranging on average from 1.5 m during
neap tides to 5.5 m during spring tides (Castaing & Allen, 1981). Following the classification of Le
Floch (1961), the Gironde is considered hypersynchronous (Allen et al., 1980). This means that the tidal
wave amplitude reaches a maximum in the estuary, where a balance occurs between the amplification
due to cross‐section reduction and the attenuation due to bottom friction. Hydrodynamics are strongly influ-
enced by asymmetrical tidal currents as well. Large amounts of mud are resuspended during peak tidal cur-
rents, particularly during flood, and rapid settling occurs during the following high‐water slack, resulting in
upstream sediment tidal pumping (Allen et al., 1980; Castaing & Allen, 1981; Uncles et al., 1985).

The combination of gravitational circulation, tidal asymmetry mixing, and tidal pumping generates one of
the most developed and concentrated ETM in Europe, with more than 1 kg.m−3 SSC in surface waters
(Castaing & Allen, 1981; Doxaran et al., 2009) and an estimated ETM mass of 4 to 6 Mt during spring tides
(Allen et al., 1977; Jouanneau, 1979; van Maanen & Sottolichio, 2018). The seasonal variability in suspended
sediment concentration is particularly high with bottom values ranging from less than 0.1 up to a few kg.m−3

(Sottolichio & Castaing, 1999). The longitudinal location of the ETM in the estuary depends on the seasonal
dynamics of the river flow and changes in salinity intrusion (Allen et al., 1980; Jalon‐Rojas et al., 2015;
Sottolichio et al., 2000). During high river flow, the density gradient is well developed, and the ETM is
located at the density node (Allen et al., 1980). During periods of low river flow, the ETM stretches upstream
over up to 40 km to reach Portets on the Garonne River and Libourne on the Dordogne River (Figure 1b).
The deepest and broadest parts of the channel, where the ETM occurs, are likely to trap large quantities
of fine particles. This particulate matter forms highly concentrated benthic suspensions, resulting in thick
layers of fluid mud, with concentrations up to 300 kg.m−3 (Allen, 1971). A secondary stable turbidity max-
imumwas observed in the middle of the estuary (near Pauillac; Figure 1b) and is induced by a very dynamic
zone often referred to as the “erosion maximum zone” (Allen et al., 1980; Doxaran et al., 2009; Sottolichio &
Castaing, 1999). The enhanced deposition occurring at this site has been linked to the presence of a narrow
deep pit in the axis of the channel. This feature acts as a permanent source of easily erodible mud, which
maintains the secondary peak of turbidity (Sottolichio & Castaing, 1999).

Figure 1. The Gironde fluvial‐estuarine system: (a) location map. The gray area indicates the watershed of the Garonne
and Dordogne rivers; (b) the estuary and its main tributaries. Red circles indicate the MAGEST stations (see section 3);
blue squares indicate the hydrometric stations. (c) Location map of muddy patches (Gironde shelf mud fields in
black) on the continental shelf of the Bay of Biscay, France. The gray area represents an extended muddy sand patch.
Figures were modified from Lesueur et al. (2002) and Jalon‐Rojas et al. (2015).
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The surficial sediment map also shows the presence of two mud fields off the Gironde Estuary mouth, on the
continental shelf (Figure 1c; Lesueur et al., 1996). The largest (420 km2) is called the “West‐Gironde Mud
Patch” (WGMP) and is located about 30 km west of the mouth. The second (50 km2) is observed south of
the WGMP and is referred to as the “South‐Gironde Mud Patch” (SGMP). Both are located in front of the
two channels of the Gironde mouth, at intermediate depths between 30 and 75 m deep. Most of the particles
contributing to these muddy patches originate from the Gironde watershed (Lesueur et al., 2002), indicating
that fine particles can accumulate in these areas when flowing out of the estuary.

2.2. Numerical Model Setup
2.2.1. Hydrodynamic Model
For studying sediment transport in the Gironde Estuary and on the continental shelf, a 3‐D numerical model
was developed, based on the MARS3D model (Lazure & Dumas, 2008). It solves the momentum equations
using a finite difference scheme under the Boussinesq and hydrostatic hypotheses.

The model grid covers the Gironde Estuary and its tributaries, from the upper limit of tidal influence
(La Réole in the Garonne River and Pessac in the Dordogne River) out to about the 100‐m isobath offshore,
and from the Arcachon basin in the south to Les Sables‐d'Olonne in the north (Figure 2). An orthogonal cur-
vilinear grid was implemented to better account for the complex shape of the estuarine mouth, the river
meanders, and theMarennes‐Oléron system. The smallest computational cells are located upstream in rivers
and are approximately 40 × 350 m, while offshore cells measure up to 2 km × 2 km. The grid contains over
400 × 220 cells along the west‐east and south‐north directions, respectively. The vertical grid was discretized
in 10 equidistant sigma layers across the water column.

The circulation was forced at the open boundaries (west and south) using the main tidal components. The
model was also forced using wind stresses and pressure gradients provided by the high‐resolution meteoro-
logical AROME model (Meteo‐France). Surges at the open boundaries were provided by a configuration of
the MARS2D numerical model applied to a larger domain. The realistic Garonne, Dordogne, and Charente
river flows were prescribed at La Réole, Pessac, and Rochefort, respectively (Figure 1b). Waves were simu-
lated using the WAVEWATCH III® (WW3) numerical model on the same computational grid as the circula-
tion model (Roland & Ardhuin, 2014). The wave model was forced using the free surface elevation and
current velocity provided by the hydrodynamic model MARS3D, as well as local winds and, at the shelf
boundary, the swell data extracted from a larger Atlantic Ocean model. The total bed skin shear stress
was expressed as a combination of the current and wave‐induced bed shear stresses (Soulsby, 1997) as
described in detail by Grasso et al. (2018) and Appendix A.
2.2.2. Sediment Transport Model
The hydrodynamic model was coupled with the process‐based multiclass, multilayer sediment transport
module MUSTANG (MUd and Sand TrANsport modeling) described by Le Hir et al. (2011), Grasso
et al. (2015), and Mengual et al. (2017). The sediment transport module computes the spatial and temporal
variations of sand and mud mixtures under the effect of hydrodynamic forcing, including the combined
action of current and waves. In the water column, it solves the advection‐diffusion equations for different
particle classes (in a 3‐D framework for mud, depth‐averaged for sands) as well as sediment exchanges at
the bed interface through erosion and deposition processes. It also simulates the bed sedimentation and
consolidation processes.

In this study, five representative sediment classes were chosen based on the granulometry data available for
the Gironde Estuary and the adjacent continental shelf: gravel (diameter d = 3 mm), three sizes of sands
(medium sand d = 400 μm, fine sand d = 250 μm, and very fine sand d = 100 μm), and mud (d = 30 μm).
For each class, the grain density was 2,600 kg.m−3. The initial distribution of sediment classes over the
domain was considered uniform with 10% of gravel, 20% of each sand class and 30% of mud. The initial
sediment bed had a uniform thickness of 3.67 m, which followed a model adjustment based on the initial
sediment concentration, the sediment class fractions, and a bed porosity of 0.61.

The river sediment supplies were pure mud and are forced upstream at the same location as river flows.
Concentrations were dependent on the water discharge, following Coynel (2005) for the Garonne and
Dordogne rivers, and were imposed at a constant value of 0.05 kg.m−3 for the Charente River.
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2.2.2.1. Settling
Non‐cohesive classes (gravel and sands) had fixed settling velocities depending on their diameters
(Soulsby, 1997). Their advection, computed as depth averaged, is corrected using a logarithmic vertical
profile of current and a “Rouse” vertical profile of concentration (Waeles et al., 2007). The mud class was
defined as a three‐dimensional variable with a settling velocity ws,mud varying in time and space following
van Leussen (1994):

ws;mud0 ¼ min ws;max ;max ws;min; c1C
c2
mud

1þ aG

1þ bG2

� �� �
; (1)

with Cmud the mud concentration, G the turbulent shear rate, and a, b, c1, and c2 the calibration parameters.
ws,mud0was limited by minimum andmaximum values (ws,min and ws,max). Such a formulation makes it pos-
sible to account for flocculation processes, thus increasing the mud settling velocity when the mud concen-
tration in the water column increases (see Appendix C, Figure C1a). The equation also considers the
turbulence effects on flocs: small turbulence increases the flocculation process, whereas larger turbulence
tends to disaggregate flocs and reduce the settling velocity (Figure C1b).

To account for the influence of salinity on flocculation, a dependency between the mud settling velocity and
salinity (S) was computed (Migniot, 1968; Mikes et al., 2004; Thill et al., 2001). This effect was previously
accounted for by Lajaunie‐Salla et al. (2017) in the Gironde estuarine system and largely contributed to
simulate high SSC levels and maintain the ETM in the tidal rivers. A critical salinity Scr of 5 psu was chosen,
below which settling velocity decreases with salinity, as follows:

ws;mud ¼
ws;mud0; if S ≥ Scr

max ws;min;
S*ws;mud0

Scr

� �
; if S < Scr

8<
: : (2)

The deposition flux Di for each sediment class iwas calculated using a critical shear stress for deposition τd,i.
The general formulation follows the law of Krone (1962) as described in Le Hir et al. (2011), Mengual
et al. (2017), and Grasso et al. (2018). In Krone's law, the deposition flux is modulated by a factor that takes
into account the ratio between the local bed shear stress and τd,i. This factor can be considered as a mean of
representing a “deposition efficiency,” as proposed byWinterwerp et al. (2018). In the present study, in order
to reduce computational cost, the concentration of the muddy fresh deposit was set at 100 kg.m−3, and τd,i

Figure 2. (a) Geographic extent of the 3‐D model configuration with its bathymetry (mean sea level chart datum). The
black lines represent the mesh grid (every fifth cell). The red line illustrates the cross section where the sediment
fluxes were calculated. (b) A zoom on the estuary and its bathymetry. The white circles indicate the points where water
level, salinity, and SSCs were measured (only water level measurements are available at Le Verdon), and the white
diamond represents the ADCP location.
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was considered an intermediate value (i.e., for mud: 5 Pa), thus preventing deposition when the bottom
shear stress exceeds this threshold.
2.2.2.2. Erosion
The erosion flux was based on the Partheniades‐Ariathurai equation (Partheniades, 1965), which calculates
an erosion flux only when the bottom shear stress exceeds the critical erosion stress:

τ > τce ⇒ E ¼ E0
τ
τce

−1

� �n

τ < τce ⇒ E ¼ 0

8<
: ; (3)

with E the erosion flux, E0 an erodibility parameter (expressed in kg.m−2.s−1), τce the critical shear stress for
erosion (N.m−2), and n a calibration parameter. In the case of mixed sediments, a distinction between cohe-
sive and noncohesive sediment behaviors was made depending on the mud fraction (Le Hir et al., 2011;
Sherwood et al., 2018; Waeles et al., 2007). Therefore, the erosion‐related parameters (i.e., E0, τce, and n) were
set at different values depending on the mass fraction of mud in the surficial layer (fm). Further details
regarding the parameterization of the erosion law for both cohesive and noncohesive behaviors, as well as
details on the transition between them, can be found in Appendix B.
2.2.2.3. Miscellaneous
Consolidation was simulated using solving Gibson's equation for mixed sediments (Grasso et al., 2015) allow-
ing a dependency between the critical bed shear stress and the state of consolidation (equation B2 in
Appendix B). Note that a similar model setup (i.e., MARS3D, WW3, and MUSTANG) was implemented for
the macrotidal Seine Estuary (France) and provided reliable simulations of suspended sediment dynamics
at time scales ranging from the duration of a tidal cycle to several years (Grasso et al., 2018; Schulz et al., 2018).
Moreover, a morphostatic approach was considered (i.e., no feedback between the evolution of bathymetry
and hydrodynamics), which proved reliable for short time scales of a few years (Grasso & Le Hir, 2019).

The calculation of sediment fluxes between continental and marine areas was performed for every time step
during the simulation to ensure the conservation of sediment mass (Schulz et al., 2018). It should be noted
that the present study does not account for dredging activities. Because more than 90% of the dredged mate-
rial is dumped in the estuary, it was assumed that it does not significantly influence residual sediment fluxes
at the mouth.

2.3. Strategy to Assess the Model Sensitivity to Independent Key Parameters

Due to the lack of field measurements, many of the calibration parameters in a sediment transport model are
based either on estimated values from previous studies or a best fit evaluation of simulated SSCs compared to
field data for a range of “physically valid” values. A total of 29 model experiments (noted T1 to T29) were
carried out to assess the influence of sediment transport parameterization on suspended sediment dynamics
and fluxes. The main sediment transport model parameters were individually varied in a range of acceptable
values. The following sections provide an overview of the values tested for the main calibration parameters
(mud settling velocity, erosion law, and additional parameters). The parameters were first adjusted one by
one, except for some tests specified in section 2.3.3.4 and Table 1. The model performances were then esti-
mated for each simulation based on comparisons between simulated and observed SSC data within the estu-
ary. Standard statistical metrics were used to provide a classification of model runs as follows: “bad
performers,” “good performers,” and “very good performers.” Each category can be considered as “equif-
inal” parameter sets as they perform almost equally well compared to measurements. The sensitivity of
simulated sediment fluxes for each category was studied in order to quantify uncertainties based on themod-
el's ability to reproduce SSC levels. Hereafter are briefly described the values of the parameters tested in the
29 model experiments (summarized in Table 1 and detailed in Appendices C to E).
2.3.1. Mud Settling Velocity
Mud settling velocity is one of the essential calibration parameters for muddy sediments (Brenon & Le
Hir, 1999; French, 2010; vanMaanen& Sottolichio, 2018). A baseline parameterization for mud settling velo-
city (WS1) was calculated following the Van Leussen's formulation (equation 1) with calibrated parameters
fromGrasso et al. (2018) (see Table C1 in Appendix C). The “baseline parameterization” does not correspond
to the best set of parameters after calibration but is the one used in all the tests from which the parameters
were modified to study the model sensitivity. Besides, the dependence of the mud settling velocity on salinity
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(see section 2.2.2) was applied to all tests, but its contribution to simulated sediment concentrations and
fluxes was not studied in this paper.

The sensitivity of the model to the weight of the suspended mud concentration Cmud in the ws,mud equation
(equation 1) was first investigated by alternatively reducing and increasing its contribution. The minimum
and maximum settling velocities were also varied, and the turbulence effect on flocculation was in turn
taken into account or not. All tests on mud settling velocity are described in Appendix C.
2.3.2. Erosion Law
2.3.2.1. Erosion of Noncohesive Sediment
Knowledge of sand erosion fluxes is rather poor compared to the numerous studies on the initiation of
motion (critical shear stress). The Erodimetre formulation, proposed by Le Hir et al. (2008), hereafter noted
“Es,ero” and described in Appendix B (equation B1), was used as baseline parameterization. In order to
study the influence of the erodibility coefficient E0,sand, the formulation from van Rijn (1984)
(equation D1), denoted as “Es,VR84,” was tested (Test T16, Table 1). A third test was carried out using
the Erodimetre formulation multiplied by a factor 10, hereafter noted “Es,ero10” (Test T17, Table 1).
2.3.2.2. Erosion of Cohesive Sediment
Pure mud erosion parameters are mostly empirical and are among the key calibration parameters. For the
present study, several values of both E0,mud and the mud critical shear stress for erosion were tested within
a range of “acceptable” values seen in literature (see details in Appendix D).
2.3.2.3. Transitional Behavior
Two types of formulations were tested to describe the transition from noncohesive to cohesive behaviors,
which depend on mud content: (i) a linear equation (baseline parameterization) and (ii) an exponential

Table 1
Sediment Model Parameters and Performances for the 29 Simulations

Test
Mud setting
velocity E0,mud E0,sand Transition Sliding effect (%)

z0,sed
(m) Other param.

B* RMSE* RMSE

Pau. Pau. Pau.

T1 WS1 Em1 Es,ero Linear 0 1 × 10−5 / −0.35 −0.77 0.85
T2 WS1max,1 Em3 Es,ero Linear 0 1 × 10−5 / −0.29 −0.77 0.82
T3 WS1max,2 Em6 Es,ero Linear 0 1 × 10−5 / −0.71 −0.76 1.04
T4 WS1min Em3 Es,ero Linear 0 1 × 10−5 / −1.02 −0.76 1.27
T5 WS2 Em6 Es,ero Linear 0 1 × 10−5 / −0.66 −0.76 1.00
T6 WS3 Em6 Es,ero Linear 0 1 × 10−5 / −0.62 −0.77 0.99
T7 WS4 Em6 Es,ero Linear 0 1 × 10−5 / −0.64 −0.76 0.99
T8 WS5 Em6 Es,ero Linear 0 1 × 10−5 / −0.33 −0.77 0.83
T9 WS6 Em6 Es,ero Linear 0 1 × 10−5 / −0.70 −0.77 1.04
T10 WS1 Em2 Es,ero Linear 0 1 × 10−5 / −0.25 −0.77 0.81
T11 WS1 Em3 Es,ero Linear 0 1 × 10−5 / −0.41 −0.78 0.88
T12 WS1 Em4 Es,ero Linear 0 1 × 10−5 / −0.69 −0.76 1.03
T13 WS1 Em5 Es,ero Linear 0 1 × 10−5 / −0.79 −0.77 1.10
T14 WS1 Em6 Es,ero Linear 0 1 × 10−5 / −0.64 −0.76 0.99
T15 WS1 Em7 Es,ero Linear 0 1 × 10−5 / −0.76 −0.77 1.08
T16 WS1 Em1 Es,VR84 Linear 0 1 × 10−5 / −1.11 −0.77 1.35
T17 WS1 Em1 Es,ero10 Linear 0 1 × 10−5 / 0.33 −0.93 0.98
T18 WS1 Em1 Es,ero Exp40 0 1 × 10−5 / −0.82 −0.75 1.12
T19 WS1 Em1 Es,ero Lin. + fmcr1 max 20% 0 1 × 10−5 / −0.35 −0.77 0.84
T20 WS1 Em1 Es,ero Exp40 + fmcr1 max 20% 0 1 × 10−5 / −0.86 −0.76 1.15
T21 WS1 Em1 Es,ero10 Exp40 0 1 × 10−5 / −0.38 −0.79 0.88
T22 WS1 Em1 Es,ero Linear 15 1 × 10−5 / −0.19 −0.78 0.81
T23 WS1 Em1 Es,ero Linear 30 1 × 10−5 / −0.15 −0.79 0.80
T24 WS1 Em1 Es,ero Linear 50 1 × 10−5 / −0.15 −0.81 0.82
T25 WS1 Em1 Es,ero Linear 100 1 × 10−5 / −0.19 −0.82 0.84
T26 WS1 Em1 Es,ero Linear 0 5 × 10–5 / −0.52 −0.76 0.92
T27 WS1 Em1 Es,ero Linear 0 Spat. / −0.74 −0.76 1.06
T28 WS1 Em1 Es,ero Linear 0 1 × 10−5 Initial deposited

fluid mud
−0.34 −0.77 0.84

T29 WS1 Em1 Es,ero Linear 0 1 × 10−5 20 vertical layers −0.24 −0.78 0.82

Note. Terms in bold are those that differ from the baseline paremeterization.
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one (Test T18) based on Mengual et al. (2017). The onset of the transitional behavior was also investigated
(i.e., the value of the mud content below which pure sand erosion is prescribed) and is described in
Appendix D.
2.3.3. Additional Sediment Transport Parameters
2.3.3.1. Sliding Process
As the bed slope is likely to increase with erosion and deposition processes (e.g., between depositing banks
and an eroding channel), sliding of sediments along the slope may occur. This process is not taken into
account in the baseline parameterization, but several tests (T22 to T25) were performed that consider various
intensities of this process (see details in Appendix E).
2.3.3.2. Skin Roughness in the Bed Shear Stress Computation
In the baseline parameterization, the skin bottom roughness z0,sed (considered in the bed shear stress com-
putation) was set at a uniform and constant value of 1 × 10−4 m. Two other simulations were tested: a lower
constant value of 5 × 10−5 m and a spatially and time‐varying formulation (see details in Appendix E).
2.3.3.3. Sediment Bed Initialization, Vertical Discretization, and Spin‐Up Period
The sediment initial distribution was uniform, and a spin‐up year was computed before the analysis period
to let the simulated waves and currents redistribute the sediment over the domain and ensure the model
relevance (Grasso et al., 2018; Schulz et al., 2018) (see Appendix G for details on the required time of
spin‐up). The sensitivity of SSCs and sediment fluxes to the spin‐up period is discussed based on the baseline
run. Moreover, another test was carried out to assess the influence of the sediment initial distribution: an
initial deposited layer of fluid mud of 4 Mt, which was equivalent to the expected ETM mass and location
(upstream, in the tidal rivers), was added to the baseline uniform sediment bed (test T28). Lastly, in order
to save computational time, a total of 10 vertical layers in the water column was chosen. However, the influ-
ence on fluxes of varying the number of vertical layers was tested by running a simulation with 20 layers
(Test T29).
2.3.3.4. Cross‐Sensitivity Tests
For the purpose of this study and to better calibrate the sediment transport model, tests were performed
where several parameters were adjusted simultaneously. Following recommendations by Mengual
et al. (2017) and van Maren and Cronin (2016), both the exponential transitional trend and the maximum
value of fmcr1 were modified together, as well as the sand erosion flux and the transitional trend together.

3. Hydrodynamics and Sediment Dynamics

The following numerical model results were obtained by running simulations over the year 2015, for which
tidal gauge measurements, wave heights, currents, salinity, and SSC were available simultaneously in the
estuary. Velocity measurements were obtained from an ADCP deployed in the lower estuary from June to
November 2015 (Ross et al., 2017). Salinity and SSC measurements were collected at two locations as part
of the MAGEST (MArel Gironde ESTuary) monitoring network (Jalon‐Rojas et al., 2015;
Schmidt et al., 2014).

3.1. Validation of the Hydrodynamic Model
3.1.1. Water Levels
To properly reproduce the sediment transport in this type of environment, it is crucial to reproduce the tidal
pumping induced by the tidal asymmetry along the estuary. The validation of water levels was carried out
using tide gauge records from nine stations located along the Gironde Estuary and the Garonne River
(Appendix F, Figure F1). Three of them are presented in Figure 3 (see Figure 2b for exact locations).

Water levels appear well reproduced along the estuary and over the entire simulated period with a
root‐mean‐square error (erms) of 21 cm at the estuarine mouth (Le Verdon station), 18 cm at Pauillac, and
28 cm at Bordeaux (Figure 3). Water level comparisons with all available tide gauge stations are shown in
Appendix F, Figure F2. A maximum root‐mean‐square error (erms) of 33 cm occurred at Ambes station
(Appendix F, Figures F1 and F2). It is interesting to note that this error estimate includes differences both
in tidal amplitude and tidal phase, therefore providing a more accurate error quantification than the tidal
range alone. The squared correlation coefficients r2 also confirmed the correct simulation of water levels
along the estuary (Figure 3) and that the main hydrodynamic processes are well captured.
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3.1.2. Current Velocity and Direction
The validation of simulated currents was carried out using a 6‐month dataset provided by an ADCPmooring
located on the right bank of the lower estuary (ADCP in Figure 2b). The comparison between simulated and
measured depth‐averaged current intensities and directions revealed a good agreement between the model
and observations (Figure 4). The model was able to simulate currents accurately (erms ≤ 0.15 m.s−1 and bias
b ≤ 0.08 cm.s−1 for the entire sampling period) but tended to overestimate ebb current peaks during spring
tides. The current vertical structure (i.e., surface and bottom velocities) was also compared and showed skills
similar to the depth‐averaged current (Appendix F, Figure F3).
3.1.3. Salinity
Density effects induced by salinity gradients have an important impact on the ETM development by limiting
sediment export (Sottolichio et al., 2000). Data from the MAGEST monitoring network were the only
available continuous measurements and were used as reference data for the validation of simulated
salinities (Figure 5b).

At both Pauillac and Bordeaux stations, seasonal variations of salinity were large but well reproduced by the
model (Figures 5b and 5d). At Pauillac station in the central estuary, during periods of high river flow, sali-
nity decreases down to 0 psu, as the saline water intrusion limit is flushed toward the mouth. From May to
August, when the river flow is weaker, saline waters reenter the estuary and salinity rises up to 15 psu
(Figure 5b). Salinity dynamics appeared clearly influenced by the spring‐neap cycle as well, which is repre-
sented by the tidal range in Figure 5a. Comparing the model output to field measurements at Pauillac station
revealed a good fit (erms = 1.5 psu, r2 = 0.87, and b = 0.6 psu), meaning that the model reproduces well the
overall salinity dynamics in the central part of the estuary.

In the upper estuary at Bordeaux station, during periods of low river flow, the model had a tendency to over-
estimate the salinity (Figure 5d). In‐situ data revealed an increase in salinity in late June, which was well
captured by the model. However, while the measured salinity increased only as much as 1.5 psu, the model
maximum salinity reached 4.5 psu, thus highlighting the lower skills of the model in this part of the estuary
(r2 = 0.6, erms = 0.9 psu). These prediction skills are sufficient for the purpose of the current study, which
aims at quantifying fluxes at the mouth. The Bordeaux station is located far upstream, and the salinity var-
iations occurring there have a negligible effect on the dynamics at the mouth.

Figure 3. Water level h at (a and b) Le Verdon, (c and d) Pauillac, and (e and f) Bordeaux (see locations in Figure 2b). (Left panels) Time series of measurements
(blue) and simulations (red) from 1 to 15 September 2015. (Right panels) Simulated elevations against in‐situ data during flood (black dots) and ebb (pink dots)
from January to December 2015, with the corresponding correlation coefficient r2, the root‐mean‐square error erms, and the bias b. kp is the kilometric
point associated with every station along the Gironde Estuary, with kp = 0 in Bordeaux.
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3.2. Suspended Sediment Dynamics

Field data usually available to validate sediment transport models are often limited to SSCmeasurements, as
other field data are too expensive and difficult to collect. Remote sensing data are often not appropriate to
compare with model outputs, as they are isolated in time and cannot be used to assess high‐frequency
dynamics in estuarine environments. In the present study, the long‐term and high‐frequency SSC observa-
tions available at Pauillac (central estuary) and Bordeaux (upper estuary) stations were used as
SSC references.

To ensure the relevance of model analysis, the numerical modeling results presented were obtained after
1‐year spin‐up. This means that the final state of the first year, in terms of sediment bed composition, is used
as initial bed coverage for the reference year. This allows the model to reach a (quasi)‐equilibrium state by
redistributing the initially uniform sediment coverage during the first year of simulation. As a consequence,

Figure 4. Comparison of observed and computed velocities at the ADCP mooring location. (a) Water level h simulated at
the ADCP mooring location (Figure 2b). (b and c) Depth‐averaged current intensity and (d and e) direction. (b and d)
Time series of measurements (blue) and model outputs (red) from 27 July to 4 August 2015. (c and e) Simulated current
against in‐situ data during flood (black dots) and ebb (pink dots) from June to November 2015, with the squared
correlation coefficient r2, the root‐mean‐square error erms, and the bias b.

Figure 5. (a) Tidal range (TR) at the estuarine mouth (blue, Le Verdon station) and cumulated Garonne and Dordogne
river flows (Q, gray) measured at La Réole and Pessac (see Figure 1 for exact locations). (b and c) Surface salinity at
Pauillac and (d and e) at Bordeaux. (b and d) Time series of measurements (blue) and model outputs (red) for the year
2015. (c and e) Simulated salinity against in‐situ data with the squared correlation coefficient r2, the root‐mean‐square
error erms, and the bias b.
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the simulation reference year starts with a bed composition that is spatially consistent with the simulated
local bed shear stress. Running the model for a third realistic year after 2 years of spin‐up confirmed that
the equilibrium is reached after 1 year (see details in Appendix G). The model outputs of the first simulated
year (the spin‐up year) are shown only for comparison with the reference year for the baseline run but are
generally not considered for the other simulations and are not taken into account in the final results. As well
as for the hydrodynamic model, both the spin‐up year and the reference year corresponded to the realistic
year 2015. Model outputs were saved every hour.

The overall estuarine SSC dynamics is first discussed to ensure the reliability of model results. Test T25
(Table 1), in which the sediment sliding process was accounted for, is used in this section to illustrate the
spatial and temporal SSC dynamics (Figures 6, 7, and 8). It will be seen in following results that taking this
process into account allows the ETM to migrate further upstream by resuspending sediment otherwise
trapped on the banks.
3.2.1. Spatial SSC Distribution
The near‐bottom spatial SSC distribution was investigated during contrasted high and low river flow periods
(Figure 6). A 3‐day numerical filter was applied to model outputs to account for the residual suspended
dynamics related to river discharge and neap‐spring cycles but filtered out from semidiurnal tidal dynamics
(Demerliac, 1974). SSC distributions are shown during neap conditions in order to avoid local resuspension
due to strong currents during spring tides and to better illustrate the ETM location. The simulated turbidity
maximum zone (TMZ) moves upstream and downstream with river flow. As previously noted by van
Maanen and Sottolichio (2018), a stable ETM can be seen near the estuarine islands (latitude 45°10′N),
and the dynamic ETM position translates upstream and downstream of this area. During low river flow, it
extends upstream to Bordeaux in the Garonne River (Figure 6b). As soon as the freshwater discharge
increases, the river's SSC levels decrease, and the TMZ moves downstream toward the estuarine mouth.
3.2.2. Estuarine Suspended Sediment Mass Dynamics
The total (depth‐integrated) suspended sediment mass within the estuary, from the mouth (represented by
the red line in Figure 2a) to the upstream limit of tidal influence (a few cells downstream of the domain
boundary), is strongly influenced by spring‐neap variations. It increases during spring tides, thus illustrating
the influence of tidal currents on sediment erosion (Figure 7). During the spin‐up year, a large amount of
sediment is suspended and partly exported or laterally trapped (blue line, Figure 7b). This process is empha-
sized by larger tidal ranges occurring in February–March and September–October, during which tidal cur-
rents are stronger and promote resuspension. The second simulated year (i.e., reference year) shows more
stable mass values with less than 1.5 Mt suspended mass difference between high and low river flows

Figure 6. Near‐bottom (1 m above the bed) SSC outputs for run T25 during (a) high river discharge in April 2015 and
(b) low river discharge in late August 2015. A Demerliac filter was applied to model outputs and turbidity fields are
shown during neap tides.
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during spring tide compared to an overall decrease of 4 Mt during the first simulated year. For both years, a
decrease in suspended mass occurs in June and July, when a decrease in the tidal range also occurs
(Figure 7a). This estuarine suspended sediment mass is mostly composed of the matter transported within
the ETM and fluctuates between 4 and 8 Mt according to neap and spring tides during the reference year.
This is in agreement with previous studies, which estimated ETM mass variation between 4 to 6 Mt
(Allen et al., 1977; Jouanneau, 1979; van Maanen & Sottolichio, 2018).

Figure 8. Tide‐averaged near‐surface (1 m below the surface) SSC dynamics over the year 2015 shown on logarithmic
scale. (a) Tidal range at the estuarine mouth (blue, Le Verdon station) and cumulated Garonne and Dordogne river
flow Q measured at La Réole and Pessac, respectively (see Figure 1 for exact locations). (b and c) Measured (blue points)
and simulated (red line) SSC at (b) Pauillac and (c) Bordeaux (see locations in Figures 1 and 2).

Figure 7. (a) Time series of tidal range at the estuarine mouth (blue line and left axis, Le Verdon station) and cumulated
Garonne and Dordogne river flows Q (black line and right axis). (b) Time series of total suspended sediment mass in the
estuary expressed in thousands of tons, for 2 years of simulation (blue line: first simulated year, referred to as the
“spin‐up year”; red line: second simulated year, after 1 year of spin‐up, referred to as the “reference year”).
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3.2.3. Temporal SSC Dynamics
In this section, the validation of the model is mainly focused on the seasonal and annual dynamics.
Tide‐averaged (1‐hr data averaged between two consecutive peaks of high tides) and near‐surface (1m below
the surface) SSCs were measured and simulated throughout the year 2015 at both Pauillac (Figure 8b) and
Bordeaux (Figure 8c) stations. The period considered included both high and low river discharge conditions
as well as contrasted tidal ranges inducing substantial variations in forcing contributions to sediment
dynamics. The SSCs measured at both stations show high sensitivity to the neap‐spring cycle, which is well
reproduced by the model, with increased resuspension during spring tides due to stronger currents.

The SSC measured at Pauillac tends to increase during high river flow, as the ETMmoves downstream, and
conversely to decrease in summer when the ETM migrates upstream (Figure 8b). SSC dynamics is reason-
ably well simulated at this station in terms of the order of magnitude, fortnightly (neap/spring) and seasonal
phasing. However, the range of variation of the simulated turbidity is lower compared to measured data and
does not show any noticeable seasonal dynamics associated with river flow. Hence, the SSC is overestimated
in summer and slightly underestimated at the end of the year. However, these results corroborate previous
studies (Jalon‐Rojas et al., 2015; van Maanen & Sottolichio, 2018).

The SSC measured at Bordeaux is more significantly modulated by seasonal riverine dynamics than was the
case downstream, at Pauillac station. The SSC increases when river flow is low and the ETM upstream (from
June to December). Conversely, it decreases when freshwater discharge increases (Figure 8c). The model
tends to underestimate the order of magnitude of the SSC during low river flow, when the ETM is located
upstream. This can be explained by local resuspensions, which are likely to increase turbidity levels at the
measurement station and may not be fully captured by due to the coarse grid cells in this area. However,
an increase in simulated concentrations is noticeable from June to December, indicating that the model is
able to reproduce the ETM formation and its seasonal migration.

A detailed analysis of SSC at an intratidal time scale is beyond the scope of this study and is already thor-
oughly described in the literature (Allen et al., 1980; Castaing & Allen, 1981; Sottolichio et al., 2011; van
Maanen & Sottolichio, 2018). However, because intratidal dynamics is essential in controlling sediment
fluxes, the sensitivity of model results at tidal scale is illustrated in Figure 9, together with the parameteriza-
tion sensitivity of simulated SSC. Results from test 25 (Figures 9i and 9l) are considered here. At Pauillac
station, despite an underestimation of simulated concentrations compared to measurements, the dynamics
is well reproduced. Observations reveal an absence of settling at low water slack and large settling at high
water slack followed by strong resuspension during peak ebb. At Bordeaux station, however, the measured
trend is polluted by the saturation value of the measuring instrument. Besides, the only values “below” the
saturation are measured during flood and could have been miscalibrated given the “bell form” of the turbid-
ity sensor calibration law. One hypothesis could be that these measurements actually exceeded the
saturation value of the sensor and matched with the wrong domain of the calibration curve. It is thus diffi-
cult to conclude about the real dynamics at this location. Therefore, the Pauillac station alone is considered
for following comparisons of model outputs and in‐situ measurements and for assessing model skills.

The measurements described in this section revealed a strong spatial variability in sediment dynamics, par-
ticularly on seasonal time scales (mainly associated with the river flow and the induced ETM location), thus
characterizing different environmental conditions along the estuary. This implies that sediment transport
empirical parameters can sometimes perform very well locally, while being inadequate and ineffective at
other location within the domain. For the purpose of this study, which is to investigate the sediment
dynamics behavior associated with equifinal sediment transport parameters, it is assumed that the seasonal
sediment dynamic measured at Pauillac is representative of the spatial variability associated with the seaso-
nal ETM migration along the estuary. Sets of sediment transport parameters performing equally well when
compared to the reference SSC measurements are first selected to analyze their influence on simulated
fluxes between the estuary and the adjacent continental shelf.

3.3. Sensitivity to Sediment Transport Key Parameters

The sensitivity of simulated SSCs to key sediment parameters at the intratidal time scale and as a function of
river discharge (averaged by river flow classes) is illustrated in Figure 9. The simulated sediment dynamics
are represented for a limited number of model runs, selected to represent the range of simulated SSC
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behaviors among the tested parameters described in section 2.3 and Appendices C to E. In general, the SSC
order of magnitude is well captured by the model at Pauillac station, but the model tends to smooth the
seasonal dynamics observed in the measurements (as noticed in Figure 8b). In particular, it is difficult for
the model to simulate decreasing SSCs at intermediate and low river flows. At Bordeaux station, however,

Figure 9. Observed (black) and simulated (colors) comparisons of near‐surface SSC at both the intratidal and seasonal time scales associated with changes
in (a–d) the mud settling velocity (in m.s−1), (e–h) the erosion law, and (i–l) additional parameters described in section 2.3.3. (a, d, e, h, i, and l)
Comparisons of SSC time series during one spring tidal cycle and low river flow at (a, e, and i) Pauillac and (d, h, and l) Bordeaux. The gray area represents
flood periods (positive tidal current). (i an d l) Gray lines illustrate the local water level in meters (plain lines) and bottom current in dm.s−1 (dashed line).
(b, c, f, g, j, and k) SSC versus the cumulated Garonne and Dordogne river flow at (b, f, and j) Pauillac and (c, g, and k) Bordeaux. Lines and symbols represent
data average associated with river flow ranges (0.1 of log10(Q)), without distinction of tidal conditions. Vertical bars stand for data instantaneous standard
deviation (i.e., with no tide‐averaging) within the river flow class. Results are plotted on a logarithmic scale. Parameter sets associated with each simulation are
listed in Table 1.
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the seasonal dynamics are well reproduced, but the model significantly underestimates SSCs for low river
flows (e.g., Figure 8c, where the coarse grid cells are unable to capture the local resuspensions measured
in‐situ).
3.3.1. Sensitivity to Mud Settling Velocity
Changing the contribution of both concentration and turbulence in the computation of mud settling velocity
does not significantly impact SSCs at the two stations. Changing the mud settling velocity minimum and
maximum limits, however, offers a larger variation range (Figure 9, upper panels). In particular, SSC levels
are more sensitive to the minimum settling velocity value (WS1min, Test T4) than to the maximum value
(WS1max,1, Test T2).

At Pauillac station (Figure 9b) for low river flow, SSCs reach 0.3 kg.m−3 for a highminimum settling velocity
value (0.5 mm.s−1, WS1min) and 1 kg.m−3 for a lower minimum value (0.1 mm.s−1, WS1), thus allowing the
mud to remain in suspension longer. For higher river flows, the difference is weaker. At a tidal time scale,
increasing the minimum value of ws,mud clearly decreases suspended concentrations (Figure 9a). Besides,
during high slack tide, mud settling increases with a surface concentration decreasing to zero, while both
measurements and other settling velocity calculations indicate concentrations decreasing to 0.5 kg.m−3.
On the other hand, decreasing the maximum settling velocity value (param. WS1max,1) tends to increase
SSC levels, particularly during peak flood and ebb, when the suspended concentration increases and the
mud settling velocity is likely to reach its maximum value.

At Bordeaux station (Figure 9c), limiting the minimum mud settling velocity to 0.5 mm.s−1 instead of
0.1 mm.s−1 decreases SSC levels and completely inhibits the ETM migration upstream during period of
low river discharge. At first, this appears to contradict the expected upstream migration of the ETM when
increasing the mud settling velocity (Brenon & Le Hir, 1999). However, this paradoxical behavior is likely
to be induced by an accelerated deposition of fines, which tends to reduce SSC levels in surface waters while
modifying the distribution of available sediment and influencing the ETM migration. Similarly to the
Pauillac station, it also tends to enhance mud settling during high slack tides. On the other hand, a decrease
in themaximum limit (param.WS1max,1) tends to increase SSC levels upstream, particularly during low river
flow, thus revealing that it contributes to the ETM upstream migration.

At both stations, a similar trend is observed in the contribution of concentration to the computation of ws,

mud: An increase in ws,mud decreases SSC levels while a decrease tends to increase turbidity (not shown).
The tendency is particularly enhanced during low river flow upstream and low to medium river flow at
Pauillac, which corresponds to the period at which the ETM is present in these areas. As for the contribution
of turbulence, SSC levels are nearly insensitive to its effect on flocculation (not shown).
3.3.2. Sensitivity to Erosion Law
The suspended sediment surface dynamics is compared for different erosion laws, with Test T1 considered as
a baseline run (Figure 9 middle panels). In general at Pauillac, SSC dynamics are very sensitive to the erosion
behavior, but, as illustrated in Figure 8b, it was difficult for the model to reproduce the ETMmigration in the
central estuary, where it tends tomaintain a somewhat constant and high turbidity independently of the ero-
sion law. At Bordeaux station, on the other hand, changing the erosion dynamics had an effect on the simu-
lated seasonal trend by allowing the ETM to migrate further upstream or by retaining suspended
sediment downstream.

In terms of critical shear stress for mud erosion, at Pauillac station, considering a Power 2 dependence on the
relative mud concentration increases SSC levels compared to a linear relationship (Formulations Em2 and
Em3, respectively). This can be explained by the lower critical shear stress for erosion for nonconsolidated
sediment bed in the polynomial equation compared to the linear one (Crelmud < 300 kg.m3, Figure D1b),
the tendency being reversed for consolidated bed. This result reveals that, at Pauillac station, sediment is
rapidly eroded and does not significantly consolidate. At Bordeaux stations, however, the difference between
the two formulations is not significant, and the simulated turbidity levels are similar. Besides, at both sta-
tions, the simulated SSC for a test with a higher critical shear stress for mud erosion (Test T13, not shown)
is significantly lower, as a stronger bed shear stress is required to initiate erosion. Unsurprisingly, increasing
the mud erosion parameter tends to increase SSC levels at both stations (Test T10), particularly during the
period of the ETM presence at both stations. Indeed, during that period, the mud fraction is more likely to
be dominant and the prescribed pure mud erosion law to be more often considered.
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Multiplying the sand erosion parameter by a factor 10 (Formulation Es,ero10, Test T17; Figure 9 middle
panels) increases SSC levels by 65% at Pauillac and by 40% at Bordeaux during low river flow. This result
demonstrates that SSC is positively correlated to the sand erosion parameter. When the sediment is nonco-
hesive, the eroded mass is higher for a higher erosion rate parameter. Similarly, the test using the sand
erosion formulation of van Rijn (1984) (Es,VR84, Test T16), which reduces E0,sand (see Figure D1a), results
in significantly lower SSCs. However, the magnitude is strongly dependant on the location (e.g., the SSC is
reduced by up to 75% at Pauillac and by 25% at Bordeaux during low river flow). Figure 9g shows that simu-
lated SSC at Bordeaux station is sensitive to the prescribed pure sand erosion law both during low and high
river flow periods. However, this tendency is reversed during high river flow: considering a lower E0,sand
parameter (Es,VR84, Test T16) tends to increase SSCs.

On the other hand, taking into account an exponential trend between cohesive and noncohesive behaviors
(Exp40, Test T18) considerably accelerates the transition from pure sand to pure mud erosion parameters.
Therefore, it contributes to decrease both the erosion parameter (Figure D1c) and the exponent n in the
Partheniades‐Ariathurai formulation (equation 3), while increasing the critical shear stress for erosion for
sand/mud mixtures. Figure 9 (middle panels) shows that this test results in up to 47% lower SSC levels at
Pauillac and significantly influences simulated seasonal dynamics at Bordeaux. Concentrations are reduced
bymore than 10% during low river flow, while they increase by up to 55% during intermediate and high river
flows. This can be explained by the redistribution of the available stock of sediment, which differs spatially
compared to the linear transition trend. Besides, SSC levels are not significantly sensitive to the first critical
mud fraction fmcr1, below which a pure sand erosion law is prescribed, particularly with a linear transition
(not shown). When an exponential trend is prescribed, the transition is sharper, and reducing the critical
mud fraction slightly decreases SSC levels.
3.3.3. Sensitivity to Additional Sediment Transport Parameters
Figures 9j and 9k demonstrate the need for a spin‐up period as the seasonal dynamics is not yet in agreement
with the measured trends at the two stations. At Bordeaux station in particular, the spin‐up simulation does
not capture the decreasing SSC for intermediate river flow (~500m3.s−1). However, despite themodel under-
estimation of turbidity levels for low river flows, sediment dynamics is in better agreement during the second
simulated year than during the first one.

The impact of sediment sliding has also been investigated (Test T25). The simulated seasonal dynamics
reveals a better agreement with the measured trends when the sliding process is included, particularly in
the upper estuary at Bordeaux station. It increases SSC levels for low river flows by up to 80% by limiting
the deposition and therefore the trapping of sediment in the upper lateral banks. At Pauillac station, the
SSC sensitivity to this effect is less significant, and concentrations are increased by only 15%.

Finally, the influence of the skin bottom roughness was investigated (Tests T26 and T27). Spatializing the skin
bottom roughness value with the Nikuradse criteria at each time step tends to significantly decrease its value
compared to the baseline test (z0,sed = 1 × 10−4 m). On an annual time scale, it strongly decreases the surface
SSC at Pauillac station (Figures 9i and 9j). At Bordeaux, however (Figures 9k and 9l), it tends to decrease SSC
levels only for low river flows (Q < 500 m3.s−1), thus retaining the ETM downstream during that period.

As mentioned in section 2.3.3, the influence of the number of vertical sigma layers in the water column on
sediment dynamics was investigated (not shown). It revealed that increasing the number of layers by a factor
of 2 (from 10 to 20 layers) slightly increases SSC levels at the two stations (e.g., by up to 18% for intermediate
river flows) but does not change the seasonal trend. Although not shown in this study, an initial fluid mud
deposit (1 m thick, 100 kg.m−3 concentrated) on the river bed with a mass equal to the expected ETM mass
(~4 Mt) was also tested. Interestingly, this had almost no impact on the suspended sediment dynamics after
1 year of spin‐up, compared to the baseline run (same initial conditions without the initial fluid mud
deposit). This corroborates previous studies, which argued that suspended sediment mass is more related
to the estuarine system capacity for stirring sediments rather than to volume of the sediment supply, as long
as sufficient sediment is available within the system (Grasso & Le Hir, 2019).

3.4. Skill Assessment

Many statistical techniques are commonly used to assess numerical model performance and particularly
sediment transport models (Achete, 2016; Bever & MacWilliams, 2013; Dufois et al., 2018; van Maanen &
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Sottolichio, 2018; van Maren & Cronin, 2016). Here, model skills are evaluated following the target diagram
methodology described by Jolliff et al. (2009), which is based on commonly usedmetrics: the model bias nor-
malized by the “reference” standard deviation B* and the unbiased root‐mean‐square error normalized by
the “reference” standard deviation RMSE*:

B* ¼ M − D
σD

; (4)

RMSE* ¼ sign σM − σDð Þ
σD

×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑N

n¼1 Mn−M
� �

− Dn−D
� �	 
2

N

s
; (5)

withM andD the modeled andmeasured data, respectively,M andD the time‐averaged variables and σM and
σD the standard deviation for each field.

As mentioned previously, the Bordeaux station is not taken into account for model skill assessment. In the
present study, the “reference” field is thus the MAGEST near‐surface SSC measurements at Pauillac station.
Therefore, simulated data are considered 1 m below the surface at the corresponding model grid cell. To
summarize the statistical information, a target diagram is constructed based on a simple Cartesian coordi-
nate system where RMSE* is used as the X axis and B* as the Y axis. RMSE* was multiplied by the sign of
the standard deviation difference: Thus, areas of the diagram where X < 0 represent a simulated variability
lower than the measured one. Besides, according to the following formulae, the distance between the origin
and the statistical points in the diagram is equal to the normalized total standard deviation RMSE:

RMSE2 ¼ B*2 þ RMSE*2: (6)

Therefore, the best performing simulation (i.e., with the smallest total RMSE) is the one located closest to the
origin. These statistical metrics are evaluated by considering both the instantaneous and tide‐averaged data.
For completeness and for further diagnosis, the B*, RMSE*, and total RMSE values based on instantaneous
data are recorded in Table 1 for each simulation and used in the following section to classify model runs by
performance. They were normalized by the reference standard deviation (0.88 at Pauillac and 1.59
at Bordeaux).

The large scatter in target diagrams reveals the sensitivity of the model outputs to the parameterization of
sediment transport (Figure 10). The 29 tests performed are represented in Figure 10 (top panels). An
unbiased normalized RMSE* of 1 indicates that the difference between the model and the measurements
is as large as the standard deviation of the observations. Therefore, a model with a RMSE* > 1 does not pro-
vide any improvement over the time series average and is considered a poor performer. Moreover, a total
normalized RMSE < 1 indicates that modeled and observed data are positively correlated (see Jolliff
et al., 2009, for details). Therefore, a value of 1 provides a good performance marker (gray circles,
Figure 10). A normalized total RMSE of 0.85 was selected to represent very good performers (black circles,
Figure 10). Target diagrams provide a synthetic picture of model performance while facilitating the compar-
ison of model runs with each other and with observations. The bias B* refers to the annual mean similarity
between model and observations while the RMSE* indicates a phase and amplitude agreement in the
unbiased time series variability. The diagrams were built for the entire simulation period (i.e., 1 year), so that
the analyses are focused on annual dynamics. The next step could be to distinguish between seasonal,
neap/spring, and tidal time scale metrics to assess model performances at shorter time scales.

Spin‐up simulations are more sensitive to sediment parameterization than the second simulated year (red
symbols in Figures 10a and 10b). Moreover, the blue symbols (representing the reference year) are generally
closer to the origin than the red ones (representing the spin‐up year), further supporting the value of analyz-
ing numerical results after a 1‐year spin‐up. For reference years (blue symbols, Figures 10a and 10b), the
scatter distribution is larger for B* than for RMSE* (i.e., RMSE* is less affected than B* by the various model
parameterizations). This means that the simulated SSCs are less underestimated at Pauillac station when the
sediment transport model is calibrated.

As mentioned in section 1, the residual sediment transport at the mouth is strongly dependent on the intra-
tidal dynamics (e.g., tidal asymmetry). Therefore, the following analyses and classification of model runs
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focused exclusively on their performance relative to instantaneously simulated (reference year) and
observed SSCs. A large number of model runs have a total RMSE < 1 (18 of the 29 tests, Figure 10c),
which can be considered a reasonable score according to Jolliff et al. (2009) and Los and Blaas (2010).
Eleven of the 29 tests can be considered as very good performers as their normalized total RMSE is lower
than 0.85. Most RMSE* and B* values are negative, indicating that the model standard deviation is lower
than the observed standard deviation and that simulated SSC is smaller than the measurements.
However, the T17 test, included in the good performer group with a total RMSE of 0.98 (not visible in
Figure 10c), has a positive bias indicating an overestimation of the annual mean SSC. In this test, the
computed erosion flux in this test has been largely emphasized due to a tenfold increase in the E0,sand (Es,
ero10). Very good performers are shown in Figure 10c. The T1 test, which corresponds to the baseline

Figure 10. Normalized target diagrams at Pauillac station for (a) tide‐averaged (circles) and (b) instantaneous
(downward triangles) suspended sediment concentrations for all sensitivity tests described in Table 1, with red
markers for the spin‐up year and blue markers for the reference year. The thick black and gray lines delineate normalized
total RMSE of 0.85 and 1, respectively. (c) A focus on the “very good” performers, with a total normalized RMSE <0.85.
Square markers represent tests on mud settling velocity, diamonds represent tests on the erosion law, and leftward
triangles illustrate tests on additional parameters. The blue star indicates the baseline run skills. (Bottom) Similar
normalized target diagrams for the tests illustrated in Figure 9, showing sensitivity to (d) mud settling velocity limits,
(e) erosion law, and (f) additional parameters. Legends are located above each diagram. Circles and triangles represent
tide‐averaged and instantaneous statistic metrics, respectively.
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run, belongs to the very good performers, with the highest total RMSE of the group. Taking into account an
initially deposited layer of fluid mud (T28) and maximizing fmcr1 (T19) have almost no influence on model
performances. For the mud settling velocity parameterization, both T2 and T8 tests belong to the very good
performers, indicating an improvement of model performances compared to the baseline parameterization.
The T10 test, which has a larger E0,mud than the baseline run (Em2 formulation, see Table D1), also has a
normalized total RMSE < 0.85. All the tests that took into account the sediment sliding process are also
found among the very good performers (Tests T22, T23, T24, and T25, with various percentages). Finally,
increasing the number of vertical layers for the simulation appears to improve model performances (e.g.,
T29 vs. T1).

The gap between instantaneous and tide‐averaged metrics for Test T4 dealing with the minimum mud
settling velocity is relatively large (Figure 10d). This underlines that changing the minimum mud settling
velocity has a significant impact on SSC dynamics at tidal time scales (e.g., by allowing more sediment to
settle during slacks for instance). Besides, considering a higher minimum limit (WS1min, T4) consider-
ably deteriorates model skills by increasing bias. On the other hand, lowering the maximum limit of
mud settling velocity (WS1max,1, T2) decreases normalized bias, as the simulated SSCs are less underes-
timated by maintaining sediment in suspension for longer. It should be noted that, for the following ana-
lyzes, tests on the mud settling velocity are divided in two groups according to their different erosion
laws (tests on the mud settling velocity bounds and tests on the Van Leussen's parameterization; see
Table 1). Given these erosion laws, it appears that changing the calibration parameters of mud settling
velocity (i.e., c1 and c2 param. in equation 1) does not significantly impact model skills (squares on
Figure 10c): The largest variability is found in the minimum and maximum values (Figure 10d).
Moreover, among all the tested parameterization of mud settling velocity (squares on Figure 10c),
WS1max,1 appears to be the best performer (T2, Figures 10c and 10d). For this test, the settling velocity
is similar to the baseline run except for SSC values > 0.25 kg.m−3 where ws,mud is lower and equal to
1 mm.s−1 (Figure C1a).

Changing the erosion law impacts mostly the normalized bias (Figure 10e). Tests using the van Rijn's (1984)
formulation (T16) and an exponential transition for sand and mud mixtures (T18) are found to perform
poorly (total RMSE > 1), because they both considered considerably lower erosion flux, which emphasized
the simulated underestimation. For the mud erosion critical shear stress (tide‐averaged and instantaneous
metrics), choosing a linear or a polynomial formulation within the same range of values does not signifi-
cantly impact model skills (Em2 vs. Em3 formulations and T10 vs. T11, respectively). As already inferred
from Figure 9 (middle panels), this can be explained by the predominance of nonconsolidated sediment,
for which both formulations induce similar critical shear stress for erosion. Besides, decreasing the erosion
constant for mud (E0,mud) from 0.002 to 0.0003 reduces model skills (Em2 vs. Em1 and T10 vs. T1, respec-
tively). Overall, Figures 10c and 10e show that T10 is the test with the best model skills. Its critical shear
stress for mud erosion is similar to the baseline run while E0,mud is increased (from 3 × 10−4 in the baseline
test to 2 × 10−3 in T10).

Figure 10f represents the skills of additional parameters. For the baseline run, despite a lower bias, simulated
SSCs after 1‐year spin‐up are in better agreement with measurements than the first simulated year. Besides,
taking into account the sediment sliding process significantly increases model performance (T1 vs. T25). For
instantaneous SSCs, the 30% sliding factor performs best (T23, Figure 10c). Finally, the reduction of the bed
shear stress obtained by decreasing the bottom roughness strongly reduces the SSC levels and, by reinforcing
the underestimation of suspended concentrations, deteriorates model performances as well (at least if the
mud shear strength is not modified) (T27 vs. T1, Figure 10f).

As shown on Figures 9 and 10, the results of the SSC simulations are considered satisfactory considering the
complexity of the configuration: realistic forcing, multiclass, and multilayer sediment model after 2 years of
simulation. Compared to the baseline run, taking into account a higher erosion parameter for mud and the
sediment sliding process along a slope limits the underestimation of simulated concentrations. As for the
mud settling velocity, the WS4 formulation slightly increases model performance as well. Keeping in mind
that the range of parameters tested is not exhaustive and that results could have been different for different
parameterizations, simulated SSCs seem more sensitive to the limits of the mud settling velocity than to the
parameterization of Van Leussen's law.

10.1029/2019JC015643Journal of Geophysical Research: Oceans

DIAZ ET AL. 20 of 37



4. Sediment Flux Sensitivity to Sediment Parameterization

Numerical modeling of mud and sand transport under realistic conditions and complex environments
involves uncertainties associated with the sediment model calibration, which need to be quantified in order
to assess model confidence level. In the previous section, the sensitivity of the SSC levels to various sediment
transport parameters was presented. The impact of changing these parameters on simulated sediment fluxes
at the mouth is discussed below. Fluxes are calculated through the cross section illustrated in Figure 2a
(red line), which can be considered as the outer boundary of the estuary. The results are illustrated by time
series of cumulative fluxes for total sediment (i.e., the sum of the five classes), as well as for mud and sand
classes separately. Positive sediment fluxes are flood directed (i.e., import of sediment into the estuary) and
negative values represent export fluxes.

4.1. Mass Flux Dynamics at the Mouth

Both the river seasonal dynamics and neap/spring cycles significantly modulate sediment transport between
the estuary and the adjacent continental shelf (Figure 11). By changing the sediment model parameteriza-
tion, the relative contribution of these forcings to sediment fluxes is more or less pronounced, thus altering
the direction and magnitude of the residual sediment mass flux.

In the baseline run (T1, Figure 11 middle vertical panels: green line), residual total sediment fluxes over
1 year are directed up‐estuary. Total sediment fluxes are flood directed during the high river flow season
due to both estuarine circulation and tidal pumping. This up‐estuary mass flux is partly compensated during
low river flow by down‐estuary fluxes, as sediment is flushed out of the estuary.

Themud and sand dynamics at themouth are relatively different. However, unlike sands, the residual flux of
mud over 1 year is negative, indicating a net export. As described by Castaing and Allen (1981) and revealed
by the simulated residual flow (Figure 12a), during high river discharge, the stratification is enhanced, and
the baroclinic‐induced circulation becomes themain trappingmechanism: The sediment accumulates in the
lower estuary where the ETM, and the head of the salt intrusion is located. However, during spring tides,
large amounts of sediments are injected in the upper part of the water column and are likely to be exported
to the shelf by the surface seaward density‐induced surface outflow (Figure 12c). This phenomenon is illu-
strated on the cumulated fluxes in Figure 11b by decreasing steps, particularly at the end of March during
periods of high river flow and strong spring tides combined. Such a behavior is particularly evident for
mud fluxes, as mud is more likely to reach the upper part of the water column than sands. It is easily readable
for T17 (pink line, Figures 11b and 11e) because the erosion flux is multiplied by 10. In contrast, during neap
tides, the reinforced stratification strengthens the up‐estuary baroclinic circulation, driving strong import of
sediment into the estuary (Figure 12d).

On the other hand, during low river flow, Castaing and Allen (1981) measured a net sediment flux directed
seaward during spring tides. Such seaward fluxes are limited to the upper part of the water column during
mean and neap tides, with near‐bed residual fluxes directed landward. In Figure 12b, the simulated residual
currents also reveal that the stratification is weaker during the dry season, leading to a reduced density cir-
culation. Vertical profiles of velocity and SSCs tend to be more homogeneous, and, as sediments reach the
near‐surface area during spring tides, they are more likely to be exported seaward (Figure 11 middle vertical
panels). Again, this is readable from the baseline run and emphasized for T17 (pink line, Figure 11 middle
vertical panels). During mean and neap tides, however, sediments, and particularly sands and gravels, are
transported up‐estuary with near‐bottom currents. This leads to a residual import of sand and gravel into
the estuary over the year and a substantially accretive lower estuary.

4.2. Sensitivity to Sediment Transport Key Parameters

The sensitivity of the simulated sediment flux to the model parameterization is illustrated in Figure 11 for a
selection of tests representing the flux variability observed across all tests. This sensitivity is also illustrated in
Figure 13 (upper panels), where the mean annual residual fluxes at the mouth are illustrated, regardless of
the model run performance previously described. In addition, annual absolute fluxes are computed as the
cumulative sum of the absolute value of instantaneous fluxes (Figure 13, lower panels). It mostly provides
knowledge about the intensity of the sediment mass dynamics at the mouth, regardless of the direction,
and reveals that small residual transport values can result from strong absolute dynamics. Subsequent
“compensated” (i.e., residual) fluxes associated with tidal, neap/spring, and seasonal time scales may be
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highly energetic and drive large mass exchanges between the estuary and the continental shelf. For instance,
the annual residual flux for mud is lower than the one for very fine sand (see Figure 13b); however, its
annual absolute value is drastically larger (see Figure 13e), illustrating the contrasted sediment exchanges
at the estuary mouth. Figure 13 also highlights that finer particles fluxes are the most dynamic and are
responsible for most of the total sediment fluxes.
4.2.1. Mud Settling Velocity
Similarly to Figure 9 (top panels) for SSC, the simulated sediment fluxes are more sensitive to changes in ws,

min thanws,max. Increasingws,min leads to an increase in mud import into the estuary because the mud settles
more quickly and is more likely to be transported near the bottom where the residual current velocities are
directed up‐estuary (Figure 12). It also limits the variations associated with river flow and the net export of
sediment during low river flow. In contrast, a lower maximum mud settling velocity (Test T2) also reduces
the net export of particles during low river flow, ending up in a flood‐directed residual mud mass flux after
1 year, given the other assigned parameters.

Figure 11. Time series of cumulative fluxes of (a–c) total sediment, (d–f) mud, (g–i) very fine sand (d = 100 μm) and
(j–l) medium sand (d = 400 μm) associated with different parameterization including (a, d, g, and j) mud settling velocity,
(b, e, h, and k) erosion law, and (c, f, i, and l) other sediment transport parameters. Fluxes are calculated at the
estuarine mouth across the red‐line section illustrated in Figure 2a: Positive fluxes indicate sediment import into the
estuary, and negative fluxes indicate sediment export toward the continental shelf. Very good performers are identified in
the legend by ×. (j–l: right axis) Time series of the Garonne and Dordogne river flow (black line, ×103 m3.s−1)
and tidal range at the mouth (gray line).
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The sensitivity of the simulated sediment flux to the mud settling velocity is illustrated in Figure 13 (left
panels), where they are divided by tests on ws,mud limits and on Van Leussen's law parameterization (dark
and light gray, respectively). Changing the mud settling velocity mostly impacts the simulated mud fluxes
but does not significantly impact the dynamics of noncohesive classes (see brackets in Figure 13a, ±5.0 Mt
for mud and ±0.8 Mt for very fine sand). Considering that the prescribed erosion laws are different between
the two groups, no further conclusion can be drawn from the mean values of the annual residual fluxes,
which are significantly different. However, the standard deviations, illustrated by brackets in Figure 13,
show that the simulated residual fluxes are more sensitive to the minimum and maximum settling velocity
value than to the parameterization of Van Leussen's equation.
4.2.2. Erosion Law
Increasing the mud erosion parameter (T10) tends to enhance the total sediment up‐estuary residual flux, as
more sediments are resuspended and transported with the baroclinic up‐estuary circulation. This reveals
that modifying the mud erosion law strongly affects total sediment fluxes by modifying both mud and sand
fluxes at the mouth (Figures 11e, 11h, and 11k). This is similar with the pure sand erosion law: decreasing
the pure sand erosion flux, by changing the transitional trend or the sand erosion parameter (T16 and
T18), or increasing it (T17) significantly impacts both mud and sand mass fluxes. Besides, decreasing the
erosion flux also limits the influence of seasonal and neap/spring signals on sediment flux dynamics while
reducing the erosion flux.

Although the tendencies could have been different with other baseline parameters (e.g., a different settling
velocity parameterization) or tested values, the residual mud fluxes are directed up‐estuary in tests with lim-
ited erosion fluxes and offshore in the other tests (Figure 11e). Lower erosion flux is likely to change the spa-
tial redistribution of the available sediments. Both situations could lead to fewer particles reaching the upper
part of the water column and, then, to a reduction of the seaward surface flux when the density circulation is
well developed. There is a residual import of very fine sand for all tests on erosion law (Figure 11h).
Increasing the sand erosion flux drastically increases the import of very fine sand up‐estuary during periods
of high river flow, resulting from the reinforced up‐estuary baroclinic circulation. For the coarser sand
dynamics, the residual mass flux for a stronger sand erosion flux is directed seaward. This is mostly driven
by strong export during spring tides (Figure 11k), and particularly during low river flow, as already inferred
from measurements by Castaing and Allen (1981). The different behaviors between the very fine and

Figure 12. Residual velocities at the estuarine mouth through the red‐line cross section illustrated in Figure 2a (positive
up‐estuary, vertical reference: mean sea level). Average over a neap/spring cycle during periods of (a) high river flow
and (b) low river flow. Average during high river flow during (c) spring tide and (d) neap tide periods of 7 days.
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medium sands, resulting in opposite residual flux directions for a larger sand erosion flux, highlight the
complex interactions between tidal current asymmetries and critical shear stress for erosion, which differs
for each sediment class. Besides, the Figure 12 shows strong horizontal velocity gradients, which could
play a significant role in sediment mass fluxes, as the suspended sediment nature is possibly different
between the left and the right bank due to the presence of both the Saintonge (near the right bank) and
the main navigation channels. However, it is beyond the scope of this study to further describe the lateral
behavior of the sediment fluxes (McSweeney et al., 2016; Ross et al., 2017; Ross et al., 2019).

Changing the erosion law mostly impacts residual mud and very fine sand fluxes (±4.8 and ±3.9 Mt, respec-
tively; Figure 13b), which fluxes are the most dynamic. It has a small impact on the simulated coarser sands
fluxes (±1.5 Mt for fine sand and ±1.2 Mt for medium sand). Both residual and absolute mud fluxes are very
sensitive to the prescribed erosion law, thus revealing the sensitivity of mud dynamics to the mud class para-
meterization as well as the sand dynamics. It also highlights that, given the variability in the simulated fluxes
at the mouth, it is crucial to calibrate the erosion law thoroughly.
4.2.3. Additional Sediment Transport Parameters
Sediment fluxes are significantly larger in the first year of simulation, as the model redistributes the sedi-
ment classes over the domain (Figure 11 right panels, T1 and T1‐1st year). The Gironde Estuary mouth is
a highly energetic area (tidal current velocities >1.5 m.s−1) where particles are eroded and, during high river
flows, transported into the estuary where they are trapped on intertidal banks. The simulated dynamics is
similar for total sediment and noncohesive classes during the two simulated years, but sediment fluxes
are weaker after 1 year of spin‐up. Mud fluxes are flood directed during high river flow and ebb directed dur-
ing the dry season. However, after 1 year of spin‐up, the residual net transport is reversed compared to the
first year. There is a residual export of mud at the end of the reference year, while mud was significantly
imported into the estuary during the spin‐up year. This is explained by the adjustment of the model to a
mud‐dominated environment in the estuary and a sand‐dominated environment on the continental shelf.

Adding the sediment sliding process (T1 vs. T25) reverses the up‐estuary transport of mud during high river
flow. Sediments trapped on the lateral banks slide into the channel where they are resuspended and trans-
ported out of the estuary with the net seaward estuarine surface circulation.

Figure 13. (Top) Annual residual fluxes and (bottom) annual absolute fluxes of total sediment (Tot.), mud, very fine sand
(VFS), fine sand (FS), medium sand (MS), and gravel (Grav.) through the mouth for (a and d) tests on mud settling
velocity limits (dark gray) and Van Leussen's law parameterization (light gray), (b and e) tests on erosion law, and
(c and f) tests on additional parameters. Bars indicate mean values for the corresponding sediment class and test category,
and brackets represent the associated standard deviations.
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The net mud transport at the mouth behaves differently compared to the baseline run for a spatialized skin
roughness length varying between 3 × 10−6 and 5 × 10−5 mm, while it was set at 1 × 10−4 for other simula-
tions (T1 vs. T27). As expected and already inferred from Figures 9j and 9k, reducing the skin roughness
length strongly decreases SSC values and considerably impacts the fluxes at the mouth. The mud flux is
directed offshore throughout the year. Similarly, fluxes of very fine sand are significantly different from
the baseline run with residual fluxes directed offshore. A lower z0,sed results in lower bed shear stresses
and erosion flux and weaker suspended sediment dynamics. Thus, both tidal pumping, induced by asymme-
trical currents along the estuary, and the gravitational‐induced transport are reduced.

Finally, the vertical stratification is better reproduced and the induced gravitational circulation more pro-
nounced when the number of vertical layers is increased. Consequently, the residual export of mud to the
shelf and the import of noncohesive classes into the estuary are enhanced (Figure 11 right panels).

4.3. Quantification of Sediment Flux Uncertainties

A thorough quantification of model uncertainties associated with simulated fluxes is difficult to achieve as
no observations are available for comparisons. In the previous section, the sensitivity of simulated sediment
fluxes to various sediment transport parameters was discussed. The finest particle classes, and especially the
mud class, are the most sensitive to changes in sediment transport parameters (up to ±130 Mt standard
deviation for absolute fluxes considering changes in the erosion law, Figure 13e). The large discrepancies
identified in this study, therefore, highlight the need for quantifying model prediction uncertainties.

Based on the SSCmodel performances (instantaneous values) described in section 3.3.4, model runs are clas-
sified as “very good performers” (normalized RMSE ≤ 0.85) or “good performers” (normalized RMSE ≤ 1).
Tests identified as “poor performers” (i.e., with a normalized RMSE> 1; 11 of the 29 tests) were set apart and
not discussed further. It is important to note that the group of “good performers” (18 tests) also includes the
“very good performers” (11 tests identified in Figure 10c). The resulting uncertainties associated with model
performance are illustrated in Figure 14 using time series of cumulative mean fluxes and their associated
standard deviations. Results for total sediment, mud, and “sand and gravel” fluxes, the latter including
the four noncohesive classes (three sands and one gravel), are represented separately.

The computed uncertainty related to sediment transport model parameterization can be evaluated using the
standard deviation associated with equifinal parameter sets. Uncertainties for very well and well‐performing
simulations are shown in Figure 14 and summarized below:

Total sediment flux ¼ 0:4 ± 4:4 Mt for RMSE ≤ 0:85 and 3:4 ± 6:8 Mt for RMSE ≤ 1

Mud flux ¼ −7:0 ± 3:3 Mt for RMSE ≤ 0:85 and − 4:0 ± 4:9 Mt for RMSE ≤ 1

Sand and gravel flux ¼ 7:3 ± 1:9 Mt for RMSE ≤ 0:85 and 7:4 ± 2:4 Mt for RMSE ≤ 1

8><
>: :

The mean total sediment residual fluxes for both groups of tests are significantly different (0.4 and 3.4 Mt for
very good performers and good performers, respectively), as well as the associated standard deviations
(4.4 and 6.8 Mt, respectively; Figure 14a), with a larger dispersion of residual fluxes for good performers.
The same behavior is observed for mud residual fluxes (4.9 Mt for “good performers” vs. 3.3 Mt for the

Figure 14. Cumulative mean fluxes of (a) total sediment, (b) mud, and (c) sand and gravel classes and their associated standard deviations for the “very good
performers” (red) and for the “good performers” (black), characterized by a normalized RMSE ≤0.6 and ≤1, respectively. The total vertical shaded area
represents the computed standard deviations, centered on the mean value.
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very good ones; Figure 14b), as well as for “sand and gravel” fluxes (2.4 Mt vs. 1.9 Mt, respectively;
Figure 14c). This means that smaller SSC simulation errors also decrease the dispersion of residual sediment
fluxes.

Mud export at the mouth (−7 ± 3.3 Mt) is large compared to the fluvial mud import within the estuary
(around −1.5 Mt), meaning that there is no direct balance between estuarine mud export and fluvial mud
import. Therefore, some parts of the estuary act as sediment sources.

4.4. Discussion

Calibration is a necessary step when using complex numerical modeling, in order to ensure confidence in
model results. In particular, model predictive skills and ability to reproduce real system behavior needs to
be assessed in order to ensure the model's ability to provide additional understanding of system behavior.
Numerous parameterization tests are usually necessary to achieve this process and to select the best para-
meter set. Based on these performed runs, this study goes beyond the classical calibration and validation
phase and provides additional information on system and model behavior.

Model results revealed the importance of running a spin‐up period before the analysis. Because the sediment
initial distribution is set as uniform, the model needs a period of adjustment in order to reach a (quasi‐)equi-
librium state through the redistribution of the sediment coverage. The duration of the spin‐up period
depends on the system under study and the model parameterization. In this study, a spin‐up period of 1 year
was considered for the sediment transport model, as the available computational facilities allowed it (about
24 hr computation is needed for 1‐year simulation). Moreover, the comparison of sediment fluxes after 1‐
and 2‐year spin‐up demonstrated that 1 year of spin‐up is sufficient to reach a near dynamic equilibrium
state (see Figure G1 and details in Appendix G).

While the calibration process is a necessary step and helps to identify the most performant parameter sets,
the sensitivity analysis revealed that a better reproduction of surface SSCs contributes to reduce uncertain-
ties on simulated fluxes at the mouth and to lower uncertainties on the prediction of both mud and “sand
and gravel” fluxes. Interestingly, reducing the error on SSC simulations tends to emphasize the difference
between mean residual mud and “sand and gravel” fluxes (−7.0 and 7.3 Mt, respectively for very good per-
formers vs.−4.0 and 7.4 Mt for good performers; Figure 14), while the mean residual fluxes of the “sand and
gravel” class is stable for good and very good performers (7.4 vs. 7.3 Mt, respectively). However, quantifying
the uncertainty associated with very good performers revealed a dispersion around the mean value of about
93% for mud and 51% for sand and gravel classes together. This suggests that the calibration/validation
approach is incomplete: Using surface SSCmeasurements to calibrate a numerical sediment transport model
mostly focuses on improving the simulated mud dynamics, as noncohesive classes have a higher settling
velocity and are unlikely to reach the upper part of the water column. The first step toward improvement
could be to use bottom SSCs or sand transport rate measurements to evaluate the model's performances
in order to catch bottom suspended dynamics and vertical gradients. Besides, the equifinal parameter sets
characterized in this study are mainly due to a lack of validation data, which are not representative of the
complexity of the simulated physical processes. Equifinality could be mitigating during calibration by using
laboratory measurements of mud settling velocity or critical shear stress.

Analyzing the sediment dynamics at the mouth, as revealed by the simulated fluxes, highlights a residual
export of mud toward the shelf and an import of sand into the estuary, which identified the lower estuary
as an accretion area. Similar dynamics have been assessed in the past (Mallet et al., 2000). Residual currents
were in agreement with the simulated behavior, with a flood‐dominated lower part of the water column and
an ebb‐dominated upper part. Besides, the presence of shell fragments in the sedimentary facies of the lower
estuary, upstream of the outer estuarine boundary, also corroborates a substantial import of marine sand
into the estuary in this area (Kapsimalis et al., 2004). Only a qualitative validation of the sediment budget
is possible due to the large uncertainties associated with estimating in‐situ fluxes. Castaing and
Jouanneau (1987) estimated mud fluxes at the shelf around about 1.5 Mt.year−1, which is lower than the
mean residual fluxes simulated with the best model runs in the present study (7.0 ± 3.3 Mt.year−1).
However, this estimation is questionable and must be considered with care, because it was obtained by spa-
tially and temporally extrapolating a fixed measurement over one tidal cycle. A similar model tendency to
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overestimate the exported mud mass between the Gironde Estuary and the shelf has already been experi-
enced in previous studies (van Maanen & Sottolichio, 2018).

A further detailed analysis of the model sensitivity to depositional setting may prove meaningful, as it
appears from this study that deposition rates may be too large compared to horizontal transport. Lower
deposition fluxes may result in higher SSC levels for higher settling velocities as horizontal transport may
become dominant. Besides, residence times are not discussed further in this work, because it is beyond
the scope of this sensitivity analysis and uncertainty quantification. Yet they would be crucial to understand
better the fate of contaminants in a fluvial‐estuarine‐shelf system. For instance, residence times could be
investigated by tracing sediment particles within the sediment model and analyzing their dynamics.

Model results also revealed a strong seasonal variability of the sediment fluxes at the mouth. For mean
residual fluxes of very good performers (Figure 14a), about 10 Mt of sediments are imported into the estuary
over the 3 months of high river flow, while a total of 6 months of low river flow are necessary to flush this
sediment out of the estuary. Another interesting feature highlighted in this study is the larger up‐estuary
transport through the mouth during high river flow. It seems to contradict the expected effect of high river
flow (shifting the ETM seaward and flushing more sediments offshore), although the same behavior was
simulated by Schulz et al. (2018) for the Seine Estuary. While more fine sediment is exported at the surface
in the turbid plume, the up‐estuary transport dominates due to a stronger stratification during high river
flow, which has the effect of strengthening the estuarine baroclinic circulation. Little was known of this
behavior in the system under study so far, and it would be interesting to investigate it in more detail using
field measurements.

5. Conclusions

Based on a three‐dimensional realistic process‐based hydrodynamic and sediment dynamic model of the
Gironde Estuary (France), the influence of sediment transport key parameters on sediment transfers
between a macrotidal estuary and the adjacent continental shelf were investigated. Sensitivity tests were car-
ried out to quantify model uncertainties on mud and sand fluxes along the land‐sea continuum.

Comparing model outputs with observations revealed that the model accurately reproduces water levels,
currents, and salinity fields on semidiurnal to annual time scales. High‐frequency SSC measurements in
the estuary were compared with sediment transport model outputs and used to study mud and sand sus-
pended dynamics on seasonal to annual time scales. It was found that the model reproduced the observed
sediment dynamics reasonably well, despite an underestimation of suspended concentrations during low
river flow in the ETM area.

To investigate the influence of model parameterization on simulated sediment dynamics, a sensitivity
analysis was conducted taking into account changes in key sediment parameters such as mud settling
velocity, erosion law, and skin roughness length. For this purpose, a total of 29 simulations of 2 years each
were performed. Based on model skills to reproduce SSCs and following an equifinality approach, these
numerical tests were classified into two groups of very good and good performers to further study their
influence on simulated sediment fluxes at the estuary mouth.

Both estuarine circulation and tidal pumping induce residual up‐estuary fluxes of sediment at the mouth,
compensated by significant seaward fluxes during spring tides and low river flow, in agreement with pre-
vious studies. However, the relative contribution of neap/spring and river flow forcing to sediment transfers
is more or less emphasized depending on the sediment model parameterization. First, it was found that per-
forming a 1‐year spin‐up simulation before the analysis is of major importance to ensure the relevance of the
sediment model results in terms of both suspended dynamics and fluxes at the mouth. As expected with a
sediment transport model accounting for mud and sand mixtures, the mud class is the most dynamic in
terms of exchanges with the open ocean, further assessing the importance of quantifying these fluxes as well
as residence times, in case of contamination by pollutants.

Considering the parameter sets of the very good performer group, the quantification of the uncertainties
associated with annual residual fluxes revealed a dispersion of about 93% for mud and 51% for sand and
gravel classes together. A first step to improve the simulation of sediment fluxes is to use bottom measure-
ments to compare with modeled SSCs. In doing so, the model's ability to reproduce suspended sand
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concentrations, as well as SSC vertical gradients and changes in bed composition, would be included in the
validation process. Moreover, using data measured at the exact same location as the cross section used in this
study would be ideal for assessing model performances. A further key point is the thorough quantification of
sediment fluxes along the estuary cross sections. Such field measurements are difficult to collect but would
be very useful to further constraint the model parameterization and assess its ability to reproduce realistic
sediment exchanges in estuaries.

These uncertainties are depending on the tested parameter sets and their range of variation. The “real”
uncertainties are likely to be larger, as some processes characterizing sediment models were not investigated
(e.g., the deposition flux formulations). However, as most of the estuarine sediment transport processes and
patterns occur in the study area and were implemented in the model, the results of the present work, includ-
ing sediment dynamic responses and uncertainties associated with the key sediment transport parameters,
can be reliably extrapolated to other estuarine systems with similar characteristics.

Appendix A: Hydrodynamic Model Description
The computed bottom orbital wave velocity Uw is used to calculate the wave‐induced bed shear stress as

τw ¼ 1
2 ρf wU

2
w (Jonsson, 1967) with ρ = 1,025 kg.m−3 the water density and fw = 0.015 the wave friction

parameter. The current‐induced bed shear stress is expressed as τc ¼ ρu2* where u* is determined from
the turbulent boundary layer theory:

u z1ð Þ ¼ u*
κ
ln

z1
z0;sed

� �
;

with u(z1) the current velocity at mid‐elevation of the bottom cell and z0,sed the skin bottom roughness
length.

The total bed skin shear stress is expressed as a combination of the current‐ and wave‐induced bed shear
stresses (Soulsby, 1997) as follows:

τ ¼ τcw þ τw cos Φj jð Þ2 þ τw sin Φð Þ2	 
1
2;

with Φ the angle between the current and the orbital wave velocities and τcw the current‐induced bed shear
stress influenced by waves expressed as

τcw ¼ τc 1þ 1:2
τw

τc þ τw

� �3:2
" #

:

Appendix B: Erosion Law Parameterization
The sediment behaves as noncohesive sediment below a first critical mud fraction (fmcr1), and the prescribed
erosion regime follows the formulation of pure sand erosion. The critical shear stress for pure sand erosion
τce,sand is determined following the Shields criteria formulated by Soulsby (1997). The sand erosion rate for-
mulation E0,sand was derived from erodibility measurements (Le Hir et al., 2008) and reads

E0;sand ¼ τnsandce;sandmin 0:27; 103 d50;sand
� �

− 0:01
� �

; (B1)

with d50,sand the weighted mean diameter of sand classes in the surficial layer and nsand = 1.6. This formula-
tion is later referred as “Erodimetre formulation” or “Es,ero.”

Above a second critical mud fraction fmcr2 (typically 0.7; Le Hir et al., 2011), a cohesive erosion behavior is
defined. In this case, the typical nmud exponent is set to 1, thus prescribing a linear erosion flux formulation
(Grasso et al., 2018; Le Hir et al., 2011; Mengual et al., 2017; Schulz et al., 2018; van Maanen &
Sottolichio, 2018), and the mud erosion rate E0,mud is set at a constant value (see section 2.3.2.2 and
Appendix D for details on prescribed value). The critical shear stress for pure mud is considered varying with
the consolidation state of the sand‐mud mixture that is assumed to be represented by the relative mud con-
centration Crelmud (Le Hir et al., 2011; Waeles et al., 2008). A classical power law is adopted:
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τce;mud ¼ x1C
x2
relmud; (B2)

where x1 and x2 are calibration parameters.

For a transitional content of mud (fmcr1 > fm > fmcr2), an interpolation method is prescribed between nonco-
hesive and cohesive behaviors. Based on literature and experimental works (Le Hir et al., 2008;
Panagiotopoulos et al., 1997; van Ledden et al., 2004), the erosion‐related parameters are interpolated from
the two previously described erosion laws (i.e., pure sand or pure mud) following a transition trend that has
to be specified (see section 2.3.2.3 and Appendix D).

Appendix C: Mud Settling Velocity Sensitivity Tests
Minimum andmaximum baseline values (test T1) are set atws,min= 1 × 10−4 m.s−1,ws,max= 2 × 10−3 m.s−1,
and the effect of salinity is considered for all tests (not considered by Grasso et al., 2018).

The sensitivity to the weight of the suspended mud concentration Cmud in the ws,mud calculation is first stu-
died by changing c1 and c2 parameters in equation 1 (Figure C1a and Table C1). Its contribution is alterna-
tively reduced (e.g., formulation WS3 where the c2 exponent is set to 1 instead of 0.79 in WS1 parameter set)
and increased (e.g., the WS2 formulation, where c1 is two times WS1) compared to the baseline parameters.
By drastically reducing c1while increasing both c2 and themaximumws,mud value, the resultingmud settling
velocity is significantly lowered with the WS5 parameterization (derived from Thorn & Parsons, 1980, cali-
bration parameters, without accounting for the hindered settling regime), compared to the
baseline parameterization.

Theminimum andmaximum bounds ofws are also varied (Table C1 and Figure C1a, green plain and dashed
lines): Compared to WS1, the minimum value is multiplied by 5 (Test WS1min), which contributes to speed
up themud settling, and themaximum value is either divided by 2 (Test WS1max,1) or multiplied by 1.3 based
on the Thorn and Parsons (1980) observed maximum value (test WS1max,2).

Moreover, the effect of turbulence to the mud settling velocity calculation is studied. The a and b parameters
(equation 1) associated with shear rate G contribution are either set at 0.3 and 0.18, respectively, based on
calibration values of Grasso et al. (2018), or set to 0 in order to neglect turbulence effect on flocculation
(Tests WS5 and WS6; Figure C1b and Table C1).

Figure C1. (a) Mud settling velocity as a function of the mud concentration: Plain lines represent variations of c1 and c2
parameters in equation 1, and dashed green lines illustrate variations of minimum and maximum values (ws,min and ws,

max, respectively). (b) Corrective factor applied to the mud settling velocity associated with the shear rate.
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Appendix D: Erosion Law Sensitivity Tests

D.1. Noncohesive Sediment Behavior

Regarding the sand erosion flux parameter, the formulation from van Rijn (1984) denoted as “Es,VR84,” also
based on flume experiments, is tested (Figure D1a). It reads

E0;sand ¼ 0:000005 ρs
s−1ð Þ0:6g0:6d50;sand0:8

ν0:2

 !
; (D1)

s = ρs/ρ the relative density, ρs the sediment density (kg.m−3), g the gravity acceleration (m.s−2), and ν the
fluid kinematic viscosity (m2.s−1). The coefficient in equation D1 is different from the one originally pre-
scribed by van Rijn (1984) as the reference height considered for the erosion, and deposition flux computa-
tion in our model is different from the one he used. It should also be noted that the flume experiments
conducted by van Rijn (1984) where performed with low flow conditions in the range 0.5–1.5 m.s−1. A mod-
ified sediment pickup function has recently been formulated by van Rijn et al. (2019) to extend the validity
scope of the formulation to higher velocities (1.5 to 6m.s−1) and to a wider range of sand diameters, but it has
not yet been implemented and tested in this study.

Table C1
Tested Parameters of Equation 1 Associated With the Mud Settling Velocity

c1 c2 a b ws,min (m s−1) ws,max (m s−1)

WS1 Grasso et al. (2018) 0.003 0.79 0.3 0.18 1 × 10–4 2 × 10–3

WS1min 0.003 0.79 0.3 0.18 5 × 10–4 2 × 10–3

WS1max,1 0.003 0.79 0.3 0.18 1 × 10−4 1 × 10−3

WS1max,2 0.003 0.79 0.3 0.18 1 × 10−4 2.6 × 10−3

WS2 0.006 0.79 0.3 0.18 1 × 10−4 2 × 10−3

WS3 0.003 1 0.3 0.18 1 × 10−4 2 × 10−3

WS4 0.006 1 0.3 0.18 1 × 10−4 2 × 10−3

Ws5 Thorn and Parsons (1980) 0.000513 1.29 0 0 1 × 10−4 2.6 × 10−3

WS6 0.003 0.79 0 0 1 × 10−4 2.6 × 10−3

Note. Terms in bold are those that differ from the baseline paremeterization.

Figure D1. (a) Different formulations of the erodibility coefficient for noncohesive behavior E0,sand as a function of the
sand diameters. (b) Critical shear stress for cohesive sediment erosion as a function of the relative mud concentration:
variations of x1 and x2 values. (c) Variations of the erodibility parameter E0 as a function of the surficial mud
content for different transition trends for a given sand size of 400 μm.
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D.2. Cohesive Sediment Behavior

The critical shear stress for mud erosion (τce,mud) is strongly related to the
sediment consolidation state (equation B2). Variations in τce,mud modify
both the initiation of motion threshold and the quantity of suspensions.
Therefore, it is likely that the induced effect on SSC and on sediment
fluxes is not proportional to the changes in the τce,mud value. The baseline
parameterization for pure mud erosion law is based on the calibration by
Grasso et al. (2018) for the Seine Estuary (Em1, Table D1). Depending on
the x2 parameter (equation B2), a linear formulation was tested, asso-
ciated with several values of x1 parameter, as illustrated in Figure D1b
and readable in Table D1.

D.3. Transitional Behavior

For a transitional content of mud (fmcr1 > fm > fmcr2), two types of transition were tested: (i) a linear transi-
tion where the erosion‐related parameters are linearly interpolated from the sand and mud erosion para-
meters (used as the baseline parameterization) and (ii) an exponential transition (Mengual et al., 2017).
Both transition trends were applied to the three erosion‐related parameters (i.e., τce, E0 and n) as a function
of mud content (Figure D1c). A coefficient Cexp has to be defined to adjust the sharpness of the exponential
transition and, as proposed by Mengual et al. (2017), a value of 40 was chosen in this study (referred to as
Exp40, Test T18, Table 1).

The beginning of transitional behavior was also tested. Le Hir et al. (2011) observed that this critical mud
fraction (fmcr1) linearly increases with the mean sand diameter and suggested, followed by Mengual
et al. (2017), to express it as

f mcr1 ¼ α0d50;sand:

The parameter α0 was set to 1,000 m−1 for the baseline parameterization
leading to fmcr1 varying in the range 0.1–0.4 considering the sand classes
prescribed in this work (see section 2.2.2). In order to study the impact
of this critical parameter on sediment fluxes, a simulation was performed
with fmcr1 maximized at 0.2 (denoted as “fmcr1 max 20%”) (Figure D1c and
Test T19 in Table 1). The second critical mud fraction fmcr2 (above which a
pure cohesive behavior is considered) is fixed at 0.7 based on Le Hir
et al. (2011), and its influence on sediment fluxes has not been
investigated. It should still be noted that for an exponential transition
formulation, the fmcr2 parameter does not really act as a critical threshold
anymore, given the abrupt transition (Figure D1c).

Appendix E: Sensitivity Tests for
Additional Parameters

E.1. Sediment Sliding Process

In MARS3D, the sediment sliding process can be simulated by assigning a
part of the deposition flux from one cell to the neighboring one based on
the slope between the two cells. The amount of fresh deposit transported
to a deeper adjacent cell depends on a prescribed percentage of the slope.
The steeper the slope, the bigger the part of the deposition flux affected to
the lower cell. In order to emphasize (or reduce) the contribution of this
process, the prescribed percentage can be enhanced (or respectively low-
ered). This process enables to reintroduce suspended sediment in the dee-
pest areas of the system (e.g., channels) when trapped on shallow areas
(e.g., tidal flats). The baseline parameterization does not account for this

Table D1
Tested Parameters of Equation B2 and the Associated E0,mud for Cohesive
Sediment Erosion

x1 x2 E0,mud (kg·m−2·s−1)

Em1 Grasso et al. (2018) 0.00001 2 0.0003
Em2 0.00001 2 0.002
Em3 0.003 1 0.002
Em4 0.006 1 0.002
Em5 0.009 1 0.002
Em6 0.003 1 0.0002
Em7 0.006 1 0.0002

Note. Terms in bold are those that differ from the baseline paremeterization.

Figure F1. A zoom on the estuary and its bathymetry (mean sea level chart
datum). The white circles locate the measurement points for water level,
and the white diamond represents the ADCP location.
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process. However, for the purpose of following sensitivity analysis, several values of sliding parameter have
been tested: 15%, 30%, 50%, and 100% (Table 1).

E.2. Skin Roughness in the Bed Shear Stress Computation
Following Nikuradse formulation z0;sed ¼ ks

30 with ks = 3d50 , the Nikuradse roughness coefficient, a skin

bottom roughness constant value of 1 × 10−4 m corresponds to a mean grain size of 1 mm. Two other

Figure F2. Water level at every station illustrated by white circles in Figure F1 from top to bottom, respectively, from downstream to upstream. (left) Time series
of measurements (blue) and simulations (red) from 1 to 15 September 2015. (right) Simulated elevations against in‐situ data during flood (black dots) and ebb
(pink dots) with the corresponding correlation coefficient r2, the root‐mean‐square error erms and the bias b. kp is the kilometric point associated with every
station along the Gironde Estuary, with kp = 0 in Bordeaux.
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simulations were tested: a constant value of z0,sed = 5 × 10−5 m, characterizing a mean grain size of 500 μm
(test T26) and a spatially and time varying z0,sed, based on the Nikuradse formulation and on the local mean
grain size at each time step and in each cells (Test T27).

E.3. Cross‐Sensitivity Tests

As illustrated in Figure D1c, both the exponential transitional trend and the maximum value of fmcr1 were
varied simultaneously in the T20 experiment, following recommendation from Mengual et al. (2017).
Moreover, similarly to the approach proposed by van Maren and Cronin (2016) consisting in combining sev-
eral parameter variations likely to have partly compensating effects, another test was performed
(T21, Table 1) where both the sand erosion constant was increased (“Es,ero10”) and the transitional beha-
vior was sharpened (“Exp40”). As illustrated in Figure D1c, considering an exponential transition trend
leads to a strongly reduced erosion flux. Applying a large E0,sand (multiplied by 10) may compensate this
effect on the suspended sediment dynamics and generate an equifinal parameter set.

Appendix F: Additional Validation of the Hydrodynamic Model
The simulated water levels were calibrated by adjusting the form roughness length parameter used in the
bottom friction calculation (different from the above‐mentioned skin bottom roughness length considered
for sediment erosion). It is controlled by the bedform characteristics deduced from the local grain size, which
is determined by the maximum current velocity. The computed form roughness was reduced in the upper or
central estuary depending on the river flow to represent the reduction of friction by ETM induced fluid mud.
The simulated water levels were also better reproduced by taking into account the meteorological surges at

Figure F3. (a) Water level h simulated at the ADCP mooring location (see Figure F1). (b and c) Current intensity and
(d and e) direction 1.5 m under the surface. (f and g) Current intensity and (h and i) direction 2 m above the bed.
(b, d, f, and h) Time series of measurements (blue) and model outputs (red) from 27 July to 4 August 2015.
(c, e, g, and i) Simulated against in‐situ data during flood (black dots) and ebb (pink dots) with the squared correlation
coefficient r2, the root‐mean‐square error erms, and the bias b.
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the sea boundary. Thus, following this methodology, the model revealed a good accuracy in reproducing
water levels along the estuary with a minimum root‐mean‐square error (erms) of 17 cm at Lamena station
(Figure F2; see Figure F1 for location).

The current vertical structure (i.e., surface and bottom velocities) has also been compared and presented
similar skills as the depth‐averaged current: erms ≤ 0.15 m.s−1 and bias b ≤ 0.08 cm.s−1 (Figure F3).

Appendix G: Sediment Fluxes Sensitivity to Spin‐up Years
A third realistic year 2015 was performed in order to ensure that considering a 1‐year spin‐up prior to the
year of analysis is sufficient (Figure G1). Unlike the first and the second simulated fluxes at the estuarine
mouth, which are very different, the second and third year fluxes are very similar. This confirms that the
model is near dynamic equilibrium after a 1 year spin‐up.
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Figure G1. Time series of cumulative fluxes of (a) mud, (b) very fine sand (d = 100 μm), and (c) total sediment for three
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