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Abstract :   
 
This numerical modeling study (i) assesses the influence of the sediment erosion process on the sediment 
dynamics and subsequent morphological changes of a mixed-sediment environment, the macrotidal 
Seine estuary, when non-cohesive particles are dominant within bed mixtures (non-cohesive regime), and 
(ii) investigates respective contributions of bedload and suspended load in these dynamics. A three 
dimensional (3D) process-based morphodynamic model was set up and run under realistic forcings 
(including tide, waves, wind, and river discharge) during a 1-year period. Applying erosion homogeneously 
to bed sediment in the non-cohesive regime, i.e., average erosion parameters in the erosion law 
(especially the erodibility parameter, E0), leads to higher resuspension of fine sediment due to the 
presence of coarser fractions within mixtures, compared to the case of an independent treatment of 
erosion for each sediment class. This results in more pronounced horizontal sediment flux (two-fold 
increase for sand, +30% for mud) and erosion/deposition patterns (up to a two-fold increase in erosion 
over shoals, generally associated with some coarsening of bed sediment). Compared to observed 
bathymetric changes, more relevant erosion/deposition patterns are derived from the model when 
independent resuspension fluxes are considered in the non-cohesive regime. These results suggest that 
this kind of approach may be more relevant when local grain-size distributions become heterogeneous 
and multimodal for non-cohesive particles. Bedload transport appears to be a non-dominant but significant 
contributor to the sediment dynamics of the Seine Estuary mouth. The residual bedload flux represents, 
on average, between 17 and 38% of the suspended sand flux, its contribution generally increasing when 
bed sediment becomes coarser (can become dominant at specific locations). The average orientation of 
residual fluxes and erosion/deposition patterns caused by bedload generally follow those resulting from 
suspended sediment dynamics. Sediment mass budgets cumulated over the simulated year reveal a 
relative contribution of bedload to total mass budgets around 25% over large erosion areas of shoals, 
which can even become higher in sedimentation zones. However, bedload-induced dynamics can locally 
differ from the dynamics related to suspended load, resulting in specific residual transport, 
erosion/deposition patterns, and changes in seabed nature. 
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a b s t r a c t

This numerical modeling study (i) assesses the influence of the sediment erosion process on the sedi-
ment dynamics and subsequent morphological changes of a mixed-sediment environment, the macro-
tidal Seine estuary, when non-cohesive particles are dominant within bed mixtures (non-cohesive
regime), and (ii) investigates respective contributions of bedload and suspended load in these dynamics.
A three dimensional (3D) process-based morphodynamic model was set up and run under realistic
forcings (including tide, waves, wind, and river discharge) during a 1-year period. Applying erosion
homogeneously to bed sediment in the non-cohesive regime, i.e., average erosion parameters in the
erosion law (especially the erodibility parameter, E0), leads to higher resuspension of fine sediment due
to the presence of coarser fractions within mixtures, compared to the case of an independent treatment
of erosion for each sediment class. This results in more pronounced horizontal sediment flux (two-fold
increase for sand, þ30% for mud) and erosion/deposition patterns (up to a two-fold increase in erosion
over shoals, generally associated with some coarsening of bed sediment). Compared to observed
bathymetric changes, more relevant erosion/deposition patterns are derived from the model when in-
dependent resuspension fluxes are considered in the non-cohesive regime. These results suggest that
this kind of approach may be more relevant when local grain-size distributions become heterogeneous
and multimodal for non-cohesive particles. Bedload transport appears to be a non-dominant but sig-
nificant contributor to the sediment dynamics of the Seine Estuary mouth. The residual bedload flux
represents, on average, between 17 and 38% of the suspended sand flux, its contribution generally
increasing when bed sediment becomes coarser (can become dominant at specific locations). The
average orientation of residual fluxes and erosion/deposition patterns caused by bedload generally
follow those resulting from suspended sediment dynamics. Sediment mass budgets cumulated over the
simulated year reveal a relative contribution of bedload to total mass budgets around 25% over large
erosion areas of shoals, which can even become higher in sedimentation zones. However, bedload-
induced dynamics can locally differ from the dynamics related to suspended load, resulting in specific
residual transport, erosion/deposition patterns, and changes in seabed nature.
© 2020 Published by Elsevier B.V. on behalf of International Research and Training Centre on Erosion and

Sedimentation/the World Association for Sedimentation and Erosion Research.
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1. Introduction

Once motion starts, the way particles are transported depends
on the size, type, and density of the eroded particles (e.g., Abbott &

Francis, 1977; Bagnold, 1966; van Rijn, 1989). In the case of non-
cohesive sediment (gravel, sand), sediment particles correspond
to individual grains and are likely to experience different transport
modes. The larger particles roll on each other causing the so-called
bedload process, while the smaller ones undergo saltation, or may
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effects (e.g., Winterwerp & van Kesteren, 2004). For cohesive
sediment, large lumps of sediment may result from mass erosion
and lead to the formation of mud pebbles that roll on the bed, but
eroded particles are usually small enough to remain in suspension.
The critical particle size between bedload and suspended load re-
gimes increases with external forcing, generally expressed through
the bed shear stress.

Computing sediment transport requires the distinction between
bedload and suspended load. Bedload is generally tackled through
transport capacity, and is usually evaluated empirically as a func-
tion of sediment properties and hydrodynamic forcing character-
istics (e.g., Meyer-Peter&Müller, 1948; Soulsby& Damgaard, 2005;
van Rijn, 2007; Wu & Lin, 2014). Even if several sediment transport
models account for bedload and suspended load (e.g. Becherer
et al., 2018; Dissanayake et al., 2012), the respective weights of
these transport modes on actual bed morphological changes
remain poorly documented, in particular in environments where
sediment facies consist of non-cohesive/cohesive mixtures. Ac-
cording to the literature, studies on bedload and suspended sedi-
ment transport contributions in coastal and estuarine zones mainly
concern applications restricted to the surf zone, such as bar mor-
phodynamics or grain-size variability and bed elevation along
beach profiles (e.g., Reniers et al., 2013; van der Zanden et al., 2017).
Generally, despite lower flux intensities, bedload is considered as a
key process likely to induce specific sediment transport pathways
that can be essential to represent morphological evolutions of
sandbars or sediment sorting in nearshore environments (Reniers
et al., 2013; Rivier et al., 2017).

Dealing with the resuspension process, the way the different
sediment classes are likely to interact in mixed-sediment beds (i.e.,
mixtures of cohesive and non-cohesive sediment) is a crucial topic
that may have a strong influence on estimates of erosion quantities
and subsequent transport patterns. In many studies dedicated to
hydro-sediment dynamics modeling, the erosion flux, E, is
expressed in a Partheniades form of erosion law (Partheniades,
1965) as shown in Eq. (1). This erosion law involves the bed shear
stress, t, (forcing) and parameters describing erosion characteris-
tics of sediment: the erodibility parameter, E0, (kg/m2/s) likely to
vary over several orders of magnitude depending on sediment type
and granulometry (e.g., Dufois & Le Hir, 2015), the critical shear
stress, tce, (N/m2), and the power n representing the potential non-
linearity of the erosion flux with the dimensionless excess shear
stress.

E ¼ E0

�
t

tce
� 1
�n

if t � tce

¼ 0 if t< tce

(1)

Non-cohesive/cohesive sediment interactions can be tackled by
discriminating different erosion regimes in which E0, tce, and n are
modulated according to themud content (mass fraction of mud, fm).
The concept of a critical mud fraction (fmcr) is usually applied to
make a distinction between erosion regimes (e.g., Le Hir et al., 2011;
Waeles, 2005): when fm � fmcr (i.e. cohesive regime), it is assumed
that cohesive effects start to influence the mixture erosion by
progressively binding gravel/sand grains, whereas when fm is lower
than fmcr (i.e., non-cohesive regime), it is assumed that the mixtures
behave as pure sand and that the mud content does not influence
the erosion of non-cohesive particles. However, in the non-
cohesive regime, the approach for computing resuspension flux
for the different sediment classes within mixtures is not clearly
established. Some studies assume a common erosion law for sands
and mud (homogeneous erosion of mixtures) and consider average
representative E0 and tce values, weighted by the sediment mass

fractions within the bed mixture (e.g., Le Hir et al., 2011; Mengual
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et al., 2017; Waeles et al., 2007). In this case, strong interactions
between sediment classes are assumed. On the other hand, other
authors have considered no interactions between sediments, with
independent and specific erosion laws for each sediment class, i.e.,
different erosion parameters E0 and tce (e.g., Franz et al., 2017;
Warner et al., 2008). Given the linear dependency of the erosion
flux E to E0 in the erosion law, this choice becomes really important
when bed sediment has a multi-modal distribution with the
coexistence of non-cohesive and cohesive sediment. In the current
study, we focus on the hydro-sediment dynamics and morpho-
logical evolutions of the Seine Estuary where gravel, sand and mud
coexist within the seabed. Sandy facies are the most abundant over
the estuary mouth, which makes the question of erosion modeling
in the non-cohesive regime a crucial topic.

The current study presents the set up and application of a three
dimensional (3D) process-based numerical morphodynamic model
for the Seine Estuary, and aims at assessing:

(i) how the approach for simulating sediment resuspension in
the non-cohesive regime (i.e., homogeneously applied to
sediment mixtures through average erosion parameters or
independent erosion fluxes considered for each sediment
class) can modulate sediment flux and subsequent bed level
changes, and

(ii) the respective contributions of bedload and suspended load
in sediment transport and erosion/deposition patterns

The paper is structured as follows. Section 2 presents the Seine
Estuary including its main geomorphologic, hydro-sedimentary
features, and forcing conditions. Section 3 presents the 3D mor-
phodynamic model used and the numerical modeling experiments.
Results are detailed and discussed in Sections 4 and 5, respectively,
and main conclusions are summed up in Section 6.

2. The Seine Estuary

Themacrotidal Seine Estuary is located in the northwestern part
of France and stretches from the Bay of Seine (open to the English
Channel) to Poses upstream (P in Fig. 1a). The tide is semidiurnal
and the tidal range can be up to 8 m at Le Havre (LH in Fig. 1b). The
Seine River flow ranges from 100 to 2300 m3/s (annual mean:
450m3/s) with sediment inputs comprised between 1 and 900 kg/s
of sediment, and a mean supply of 23 kg/s corresponding to
725� 106 kg/yr (Schulz et al., 2018). During low river flows, erosion
of intertidal flats located in the fluvial part of the Seine Estuary also
plays an important role in the downward transfer of fine-grained
suspended particulate matter (Deloffre et al., 2005). The main di-
rection of the wind is from the southwest with an average speed of
4 m/s and peaks reaching 15 m/s. At the estuary mouth, dominant
waves are fromnorthwest with significant wave heights of 0.5m on
average, reaching up to 3.5 m during energetic conditions.

Using a 3D realistic and validated hydro- and sediment-
dynamics model, Grasso et al. (2018) recently assessed the estua-
rine turbidity maximum (ETM) dynamics in the lower estuary,
which has strong effects on sedimentation patterns in subtidal
areas and intertidal mudflats. They showed that its location is
mainly controlled by the river discharge through the tidal pumping
mechanism and salinity gradients, while its mass (48 � 106 kg on
average, 250� 106 kg for spring tide) is linked to the tidal range and
can be strongly amplified by wave-induced re-suspension, up to a
factor 3 on mean tides. ETM dynamics largely influence sedimen-
tation on mudflats during spring tides (Deloffre et al., 2006).

All these forcings and mechanisms combined with wind-
induced circulation drive sediment flux variability and budgets

(including sand and mud) of this ETM-dominated estuary (Schulz 130

and suspended load contributions to morphological evolution of the
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the Seine estuary a very dynamic and complex system.

Fig. 1. Geographical extent of the 3D model configuration with its curvilinear non-orthogonal grid in (a), and its bathymetry (in m with respect to mean sea level) over the area of
interest in (b). In (b), white contours refer to isobaths (2, 4, 6, 8, 10, 15, and 20 m), dashed line denotes the area (downstream/upstream limits) used to compute the ETM mass (see
Section 4). The dash-dotted line refers to a specific area where sediment fluxes are investigated in Section 4. Abbreviations for town and site locations: C, Caudebec, Ro, Rouen; P,
Poses; LH, Le Havre; CH, channel; CE, channel entrance; A, Amfard; LR, Les Ratelets; R, Ratier; FS, southern channel; MFN/MFS, northern/southern mudflats; DS, OC dumping sites for
dredged sediments (from Rouen navigational channel and from Le Havre harbour and accesses, respectively). The black circle refers to a station of interest mentioned throughout
the manuscript.
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et al., 2018). Several classes of sediment constitute the bed,
including gravel, sand (from coarse to very fine), and mud, given
the different sources of sediment coming from the continent and
from the sea. Thus, the seabed is characterized by a mosaic of
different sediment facies, whose changes are related to forcing
variability, resulting in a stratified seabed (e.g., Lesourd et al., 2001).

Since the XIXth century, many engineering works have been
undertaken in the Seine Estuary including bank protection by dikes,
the associated channelling of the estuary along 120 km, and the
expansion of Le Havre (LH) and Rouen (Ro) harbors, respectively,
near themouth and 120 km upstream (see locations in Fig.1). These
works have induced the development of an ebb delta split into two
shoals separated by a navigation channel, both prograding sea-
wards (e.g., Waeles et al., 2008). In 2005, a new extension of Le
Havre Harbor (“Port 2000”) restricted the total width of the estuary
mouth, while the navigation channel along the estuary, up to
Rouen, was slightly deepened. The maintenance of navigation
channels requires annual dredging up to 6Mt (Lemoine et al., 2017).
In addition, submersible dikes at the mouth, which aimed at
enhancing ebb sediment flux, have induced some concentration of
the turbidity maximum between these dikes, and some expansion

of muddy subtidal areas, while the intertidal mudflats below lateral

Please cite this article as: Mengual, B et al., Numerical modeling of bedload
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wetlands have been considerably reduced (Cuvilliez et al., 2009;
Grasso et al., 2018; Grasso & Le Hir, 2019). All these features make
3. Model set up and numerical experiment

3.1. Hydrodynamic models

Current transport patterns and advection of suspended sedi-
ment in the Seine Estuary were computedwith the 3DMARSmodel
(Lazure & Dumas, 2008). This code solves the primitive equations
under classical Boussinesq and hydrostatic pressure assumptions.
The model discretization of the Seine Estuary consists of a non-
orthogonal curvilinear grid with 10 equidistant sigma-layers
(Fig. 1). Its hydrodynamic setting and the realistic forcing used
regarding tide constituents (CST France database), meteorological
conditions (AROME model; Seity et al., 2011) and river discharge
(flow and sediment supply) are the same as those detailed in Grasso
et al. (2018) (see Acknowledgments). Regarding turbulence, vertical
viscosity and diffusivity for temperature, salinity, and momentum

were obtained using the k� ε turbulence closure of Rodi (1993). 130

and suspended load contributions to morphological evolution of the
://doi.org/10.1016/j.ijsrc.2020.07.003



computational costs.

Fig. 2. Sediment initialization, expressed in terms of mud fraction (data from Lesourd
et al., 2016). Contours represent the same isobaths as shown in Fig. 1.
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Waves are simulated using the WaveWatchIII model (Roland &
Ardhuin, 2014). Circulation and wave models are run simulta-
neously and exchange information, every 10 min, thanks to the
OASIS-MCT coupler (Craig et al., 2017). The circulation model pro-
vides free surface elevation and surface current velocities to the
wavemodel. In return, the wavemodel provides updated estimates
of wave parameters (e.g., bottom orbital velocity and excursion,
wave period, wave direction), which enable to compute the wave
friction factor, fw (Soulsby et al., 1993), and the wave-induced skin
shear stress on the bed, tw, (N/m2; Jonsson, 1966). The total bottom
shear stress, t (N/m2), was computed according to Soulsby (1997) as
a function of tw and tc, by accounting for the angle between wave
and current directions. The latter corresponds to the current-
induced shear stress and is provided by the circulation model.
Note that tw, tc, and t correspond to skin shear stresses, and are
computed by accounting for a variable skin roughness length, z0. In
the current research, it assumed that z0 ¼ ks/30, where ks is the so-
called Nikuradse roughness parameter taken as 2 � Dgs, and Dgs

corresponds to the representative diameter of non-cohesive sedi-
ment within the mixture. A minimum z0 value of 10�5 m is defined
according to the finest sand class found in the Seine Estuary.
Bathymetric changes due to morphodynamics are taken into ac-
count in the circulation model and in wave computations.

3.2. Sediment model

The multi-layer/multi-class sediment model coupled with the
3D hydrodynamic model is partly based on the model introduced
by of Le Hir et al. (2011). Sediment dynamics are computed with an
advection-diffusion equation for each sediment class, representing
the transport in the water column and sediment exchanges at the
water/sediment interface due to erosion/deposition under both
wave- and current-induced shear stresses. For more details on the
computation of the deposition flux resulting from suspended
sediment dynamics, please refer to Grasso et al. (2018).

A multi-layer bed model accounts for corresponding changes
within the seabed (e.g., sediment layer composition and thickness).
The bedmodel also accounts for consolidation processes, by solving
a Gibson equation for mixed sediment (Grasso et al., 2015). Sedi-
ment dredging and dumping operations are explicitly included in
the numerical computations, following Lemoine et al. (2017) as
follows. When the sediment elevation exceeds the one specified by
port authorities, sediment in excess are removed from the seabed
and instantaneously released in the bottom layer of the water
column at dumping sites (see locations DS and OC in Fig. 1b).

A previous erosion/deposition model for the Seine Estuary had
been calibrated by Grasso et al. (2018) to simulate total transport
(sand and mud), through the resolution of an advection/diffusion
equation. In the current study, this model was upgraded to
explicitly simulate bedload, in order to quantify sediment dynamics
related to this mode of transport, and to be more realistic for coarse
sand and pebble dynamics. In addition, the new model offers
different possibilities to model the resuspension of muddy sand
mixtures showing a non-cohesive erosion behavior. All these de-
velopments are described in the following sections. In the Seine
Estuary case, five representative sediment classes were initially
distributed according to measured sediment distribution (Lesourd
et al., 2016, Fig. 2): gravel (G, 10 mm), coarse sand (CS, 800 mm),
fine sand (FS, 210 mm), very fine sand (VFS, 100 mm), and mud (M).
The sediment bed is discretized with a maximum of 100 layers of
variable thickness ranging from a representative diameter of the
local mixture (dzsmin) to a maximum value of 10 mm (dzsmax). A
fusion of deeper layers is operated when the maximum number of
layers is reached during deposition. Initially, the bed sediment

consists of a 3-m thick compartment homogeneously discretized
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along the vertical (50 layers). The bed discretizationwas chosen as a
compromise between the possibility of reproducing thin alterna-
tions of sand/mud layers and a reasonable number of layers for
3.2.1. Erosion modeling

3.2.1.1. Non-cohesive erosion regime. A non-cohesive erosion
regime is assumed when the mud mass fraction, fm, in the surficial
sediment layer is below a critical mud fraction, fmcr, i.e., when there
is not enough mud content to trap gravel or sand grains. According
to Le Hir et al. (2011), the critical mud fraction value is assumed to
increase with the sand diameter as:

fmcr ¼ a:Dgs (2)

where a ¼ 1000 m�1 and Dgs is the average diameter (m) repre-
sentative of non-cohesive sediment within themixture. The a value
used here corresponds to the lower value proposed by Le Hir et al.
(2011), who derived Eq. (2) from experimental tests with
a2½1000� 3000m�1�.

In this non-cohesive regime, it is assumed that gravel can be
transported as bedload only, sands as both suspended load and
bedload, and mud as suspended load only. The thickness of sedi-
ment where grains are likely to be mobilized, the so-called active
layer, da, is computed from the formulation of Harris and Wiberg
(1997) as a function of the skin bottom shear stress, t, and Dgs. If
the thickness of the surficial sediment layer is lower than da, then it
is successively merged with underlying sediment layers until the
relevant thickness is reached or until a cohesive layer is found (with
fm > fmcr).

Resuspension in the non-cohesive regime can be simulated ac-
cording to two different erosion procedures, hereinafter discussed.
In the first option, erosion of the different sediment classes can be
considered independently (hereinafter referred to as eronc_indep
option) for the different sediment classes, k, with specific fluxes Ek
(in kg/m2/s) computed following Wu and Lin (2014):

Ek ¼ fkE0;k

 
t

tce;k
� 1

!nk

if t � tce;k

¼ 0 if t< tce;k

(3)

where E0,k is the erodibility parameter of sediment class k (in kg/
m2/s), tce;k is the critical shear stress of sediment class k (N/m2), nk
is a power constant varying with sediment class k (¼1.7 for sand
classes), fk is the mass fraction of k within the mixture, and t is the

2
actual bottom skin shear stress (N/m ). According to Wu and Lin 130

and suspended load contributions to morphological evolution of the
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(2014), the critical shear stress tce;k accounts for hindering/expo-
sure processes and is computed as

tce;k ¼ g:qcri:ðrs � rwÞ:dk:
 
pe;k
ph;k

!�m

with ph;k ¼
XN

j¼1
fj:

dj
dk þ dj

and pe;k ¼
XN

j¼1
fj:

dk
dk þ dj

(4)

where g is the gravitational acceleration (m/s2), rs is the sediment
density (2600 kg/m3), rw is the water density (1025 kg/m3), qcri is a
critical mobility parameter (0.03), m is an empirical parameter
(0.6), dk (or j) is the diameter of the sediment class k or j (m), fj is the
mass fraction of sediment class j, ph,k and pe,k are the hidden and
exposed probabilities for sediment class k, respectively, and N is the
total number of gravel/sand classes.

The erodibility parameter for sand classes is expressed as

E0;k ¼ CE0 rs
Ws;k:dk

d
(5)

where Ws,k is the settling velocity of the sediment class k (m/s; Eq.
102 in Soulsby, 1997) and d is the reference level, which is the
elevation above the bed where both erosion and deposition fluxes
are expressed, arbitrarily chosen as 0.02 m. In Eq. (5), CE0 refers to a
constant value set at 0.0024, which is slightly lower than the one
prescribed by Wu and Lin (2014). This choice was made in order to
minimize differences with previous work and to achieve validation
from Grasso et al. (2018) regarding sand erosion rates, in particular
for fine sand (FS), which is dominant at the estuary mouth.

For mud, the erosion rate is computed from Eq. (3) with
E0,k ¼ E0,mud ¼ 3 � 10�4 kg/m2/s and nk ¼ nmud ¼ 1, which corre-
spond to calibration parameters used by Grasso et al. (2018). tce;mud
is defined as the average critical shear stress representative of sand
classes in the mixture.

In the second option, the erosion law in the non-cohesive
regime is applied homogeneously to the mixture (hereinafter
referred to as eronc_mix option), by considering representative
average values, weighted by sediment mass fractions, of E0 (¼P

fk:E0;k), tce ð¼
P

fk:tce;kÞ and n in Eq. (1). This option implies that
sand and mud are eroded at the same rate according to their
respective fractions in the mixture. For the eronc_mix option, n is

equal to 1.7 for all sediment classes.

responds to an explicit upwind scheme of bedload transport.

changes and ETM dynamics.
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3.2.1.2. Transitional to cohesive erosion regime. When fm � fmcr, it is
assumed that mud starts to influence non-cohesive sediment
erosion due to cohesive effects, which become more important
when fm increases. In this transitional regime, sediment transport
occurs in suspension only and erosion is applied homogeneously to
sediment mixtures (as in the eronc_mix option) for successive
sediment layers without the preliminary step of active layer mix-
ing. The erosion flux is computed using Eq. (1) by considering
average erosion parameters, E0, tce, and n, representative of bed
mixtures (weighted by the sediment mass fractions). According to
Mengual et al. (2017), an exponential transition of erosion param-
eters is prescribed between non-cohesive and cohesive regimes.
First, average erosion parameters representative of the gravel/sand
matrix (E0;gs; tce;gs; ngs) are computed independently of muddy
sediment. Then, erosion parameters related to any gravel-sand-
mud mixture showing a mud fraction fm � fmcr is computed as

Xtr ¼
�
Xgs � Xmud

�
:eCe:ðfmcr�fmÞ þ Xmud (6)
Please cite this article as: Mengual, B et al., Numerical modeling of bedload
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where Xtr refers to erosion parameters representative of the whole
mixture in the transitional regime (E0;tr ;tce;tr ;ntr), Xgs ¼ ðE0;gs;tce;gs;
ngsÞ, Xmud ¼ ðE0;mud;tce;mud;nmudÞ, and Ce is a coefficient function of
fmcr controlling the rapidity of the transition. Based on experi-
mental results of Le Hir et al. (2011), the Ce coefficient is defined as
Ce ¼ 78:5 fmcr � 2 ð¼ 78:5� 103Dgs � 2Þ. This relation implies that
if the non-cohesive matrix becomes coarser, mud will start to in-
fluence the entire mixture erosion for a higher mass fraction, fm,
and the transition towards a pure mud erosion behavior will be
faster. In this transitional regime, tce,mud is computed as a function
of the relative mud concentration (mud concentration in the space
between non-cohesive grains) according to Grasso et al. (2018). It
should be noted that when fm substantially exceeds fmcr, the first
term in Eq. (6) becomes negligible, and a fully cohesive regime is
3.2.2. Modeling of bedload transport
For gravel and sand classes, bedload flux (qb,k in kg/m/s) is

computed using the formulation of Wu and Lin (2014):

qb;k ¼ 0:0053 rs fk

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
rs
rw

� 1
�
:g:dk

3

s  
t

tce;k
� 1

!2:2

(7)

Note that in Eq. (7), tce;k is computed using Eq. (4) by accounting
for hindering/exposure processes over all gravel/sand classes, as for
resuspension. Following the procedure described by Rivier et al.
(2017), bedload flux has the same direction as the bed shear
stress, t, and thus, is projected along the x and y directions of the
grid (qbx,k and qby,k). D

i;j
b;k;out , the mass of sediment class k leaving a

cell (i, j) during a time step, dt, for bedload is expressed as

Di;j
b;k;out ¼

���qi;jbx;k:dyi;j:dt
���þ ���qi;jby;k:dxi;j:dt

��� (8)

where the j j operator refers to absolute value, and dxi;j/dyi;j to the
cell sizes along x/y directions. Bed slope effects are prescribed
through the approach described by Lesser et al. (2004).

According to the procedure of Rivier et al. (2017), the bedload
mass of sediment class k, Di;j

b;k;in, getting into the cell (i, j) during dt is

Di;j
b;k;in ¼

�
max

n
qi�1;j
bx;k ;0

o
�min

n
qiþ1;j
bx;k ;0

o	
:dyi;j:dt

þ
�
max

n
qi;j�1
by;k ;0

o
�min

n
qi;jþ1
by;k ;0

o	
:dxi;j:dt (9)

Such a treatment of bedload by considering first an extraction of
sediment from the cell equal to the bedload rate multiplied by the
time step and then an input of sediment from adjacent cells cor-
3.3. Model validation

Avalidationwork was done by Grasso et al. (2018) for a previous
version of themodel (applied on a similar configuration) in terms of
water levels, waves, salinity, currents, and suspended particulate
matter dynamics over the zone of interest (from the estuary mouth
to upstream locations). New developments specific to this work
and, in particular, the approach for computing re-suspension and
bedload flux according to the formulations ofWu and Lin (2014) are
likely to modulate the sediment dynamics previously validated by
Grasso et al. (2018). The relevance of the current model results will
be assessed through comparisons in terms of morphological
130
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3.4. Numerical experiments

Three simulations have been done over a 2-year period
(2011e2012). The first year, excluded from all analyses, can be
considered as a spin-up period needed to adjust the seabed nature
and morphology with actual currents and waves on one hand, and
to develop and stabilize hydrological structures (e.g., salinity pat-
terns) on the other hand. All simulations have been analysed over
the second year simulated which was selected based on the
representativeness of its temporal distributions of significant wave
height, wind speed, and river discharge, compared to those ob-
tained over the 2009e2016 period.

The first simulation (hereinafter referred to as Run 1) does not
account for bedload transport and considers that re-suspension
flux in the non-cohesive regime (when fm < fmcr) is applied ho-
mogeneously to the mixture (eronc_mix option; see Section
3.2.1.1). The second simulation (Run 2) again does not include
bedload transport but considers independent erosion of the
different sediment classes in the non-cohesive regime (eronc_in-
dep option). Lastly, the third simulation (Run 3) accounts for
bedload transport and the eronc_indep option in the non-cohesive
erosion regime.

4. Results

The three simulations described in Section 3.4 are compared in
terms of suspended sediment dynamics andmorphologic evolution
in order to assess the sensitivity of model results to the approach
for simulating sediment resuspension in the non-cohesive regime
on one hand, and the contribution of bedload to morphodynamics
on the other hand.

4.1. Suspended sediment dynamics: sensitivity to erosion in the
non-cohesive regime

4.1.1. Sediment fluxes
Model results (hourly outputs) from Runs 1 and 2 are first

compared in terms of depth-averaged suspended sediment flux, by
focusing on the residual dynamics through the application of a

B. Mengual et al. / International Jour6
numerical filter (Demerliac, 1974) extending over ±36 h that

Fig. 3. Maps of the 50th-percentile of residual sediment flux (kg/m/s) over the whole simul
sands) and mud (Fsusp,mud) for the eronc_mix option in (a, d, respectively) and the eronc_indep
Contours represent the same isobaths as in Fig. 1.
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enables tidal oscillations to be removed. Run 1 corresponds to
homogeneous erosion (eronc_mix option) while Run 2 considers
independent (eronc_indep option) erosion fluxes of sediment clas-
ses in the non-cohesive regime. Fig. 3 illustrates a comparison of
the 50th-percentile of residual sediment fluxes derived from these
two runs over the year 2012, hereinafter referred to as “average”
fluxes. Substantial increases in sand and mud fluxes are derived
when erosion is applied homogeneously to the mixture, in com-
parison to fluxes obtained by considering independent erosion of
the different classes (Fig. 3). These differences are especially
noticeable over Shoals LR, R, and A. Over the area including shoals
and most of the estuary mouth, correlation diagrams of sediment
flux magnitudes show that average sand and mud fluxes derived
from the run considering homogeneous erosion are 2 times and
30% larger, respectively (Fig. 4). These contrasts can be related to
the sensitivity of erosion flux in the non-cohesive regime to erosion
parameters prescribed in the erosion law, especially the erosion
parameter E0 (Eq. (5)) which varies by several orders of magnitude
as a function of sediment granulometry or type. Thus, considering a
representative average E0 value in the eronc_mix case can result in
more erosion of fine sediment classes, especially VFS and M, due to
the presence of coarser sediment within the mixture likely to in-
crease erosion rates, and thus, sediment fluxes. For instance, Fig. 4d
highlights that the increase of mud flux due to homogeneous
erosion is more pronounced when the bed median diameter be-
comes larger. Note that d50 refers to the 50th-percentile (i.e., the
median) diameter of the surficial sediment computed over the 2012
year, and extracted over the same zone as for the average sediment
flux (i.e., dash-dotted line on Fig. 1b). This result also is clearly
visible in Fig. 5 which illustrates temporal changes of resuspension
flux for all sand classes andmud in Runs 1 and 2 at a station located
over Shoal A (black dot on Fig. 1b) during a 4-month period. When
the fraction of CS increases in the surficial sediment, resuspension
fluxes of FS, VFS, and M are substantially higher in Run 1 that
considers homogeneous erosion. Note that these larger resus-
pension fluxes result in more pronounced erosion of the sediment
bed, increased by 10 cm during the 4-month period and by 20 cm
over the whole year, which represents a two-fold increase (Fig. 5g).
Since erosion occurs in the non-cohesive regimemost of the time in

of Sediment Research xxx (xxxx) xxx
all simulations, such increases of re-suspended dynamics of fine

ated year (2012): depth-averaged sediment flux in suspension for all sand classes (Fsusp,
option in (b, e, respectively) in the non-cohesive regime; bedload flux (Run 3) in (c).
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Fig. 4. Correlation diagrams between: bedload flux (Fbedload) and depth-averaged suspended sand flux (Fsusp, sands) derived from Run 2 (eronc_indep) and Run 1 (eronc_mix) in (a) and
(b), respectively; (c) suspended sand flux from Runs 1 and 2; (d) suspended mud flux (Fsusp,mud) from Runs 1 and 2. Correlations are done on the magnitude of the 50th percentile of
residual sediment flux over the year 2012. On each subplot, grey dots are the flux value associated with each model cell contained in the area delimited by the dash-dotted line in
Fig. 1b. The different regression lines are computed for different ranges of d50, which corresponds to the 50th-percentile of the surficial sediment diameter (1 mm integration)
computed over the same year and extracted over the same zone as the sediment flux.
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sediment due to the presence of coarser sediment within bed
mixtures may have important implications in the resulting seabed
nature changes and morphological evolution (Section 4.2).

Fig. 3 also provides a comparison between residual average
suspended sand flux (Fsusp, sands) and the residual average bedload
flux (Fbedload). Gradients in sediment flux are consistent between
suspended load and bedload dynamics, with larger fluxes occurring
over ebb delta shoals (LR and A) and in the main channel, i.e., in
areas influenced by waves and tidal currents. However, suspended
sand fluxes (Fig. 3a and b) dominate those caused by bedload
(Fig. 3c), whatever the way of modeling resuspension in the non-
cohesive regime. The relative contribution of bedload, Fbedload/
Fsusp, sands, is weaker when suspended sediment flux results from
homogeneous erosion in the non-cohesive regime, Fsusp, sands

associated with the eronc_mix option being higher than in case of
the eronc_indep option. This is consistent with the more pro-
nounced erosion dynamics highlighted with the eronc_mix option.
From the correlation diagrams, it appears that Fbedload represents
17% of Fsusp, sands in the case of the eronc_mix option (Fig. 4b), while
it represents 38% in the eronc_indep case (Fig. 4a). It can be noticed
that the bedload contribution increases when bed sediment be-
comes coarser, as expected. For instance, over areas characterized
by a d50 ranging from 0.5 to 0.8 mm, Fbedload increases and becomes
1.5 times larger than the Fsusp, sands derived with the eronc_indep
option.

Interestingly, the average orientation of residual bedload flux
differs from the orientation related to suspended sediment flux
over some areas. For instance, Fbedload exhibits a more pronounced
southward component over the Shoal LR. At the western boundary
of Shoal LR, a convergent sediment transport due to bedload can be
noticed (eastward offshore fluxes, southwestward fluxes on the
shoal), not visible in suspended sediment flux patterns.

4.1.2. Estuarine turbidity maximum (ETM)
The total ETM mass is compared between Runs 1 and 2 and the

mean value computed by Grasso and Le Hir (2019), see Fig. 6. This
integrated parameter is a good proxy to investigate mud dynamics
Please cite this article as: Mengual, B et al., Numerical modeling of bedload
Seine Estuary (France), International Journal of Sediment Research, https
at the estuary scale. In the current case, it corresponds to the
integration of suspended sediment mass of mud over a zone that
includes most of the estuary mouth (downstream/upstream limits
corresponding to the dashed line on Fig. 1), where the ETM is
known to be present. Within the same limits, Grasso and Le Hir
(2019) computed (over a 1-year period) a mean ETM mass of
75 � 106 kg with peaks of 300 (±50) � 106 kg occurring during
spring tides or stormy conditions. The ETMmass over the simulated
year is shown in Fig. 6 for Runs 1 and 2. Both simulations highlight
ETM dynamics influenced by neap/spring tide alternations and
subject to storm-induced peaks, and an average ETM mass
consistent with the one described by Grasso and Le Hir (2019).
However, the average ETM mass value obtained from Run 2 (in-
dependent erosion in the non-cohesive regime), 72 � 106 kg, ap-
pears closer to the “reference value” from Grasso and Le Hir (2019)
than the mean ETM mass derived from Run 1 (homogeneous
erosion), 90 � 106 kg. Note that the higher ETM mass in Run 1
appears to be consistent with more pronounced sediment fluxes
highlighted in Section 4.1.1.

4.2. Erosion/deposition patterns

Bed level changes (i.e., erosion/sedimentation patterns) derived
from the different runs over the simulated year are shown in Fig. 7.
Bathymetric changes measured between late 2010 and late 2012
are included in Fig. 7d to provide an idea of actual average
morphological trends at the estuary mouth. The observed
morphological changes are expressed in m/y to make the com-
parison with simulated trends easier.

4.2.1. Effect of the erosion mode for non-cohesive sediment
Significant differences in erosion/deposition patterns (Fig. 7)

can be underlined between Run 1 (eronc_mix) and Run 2 (eron-
c_indep). Run 1 exhibits more pronounced erosion on shoals
located on both sides of the channel, especially over the southern
part of Shoal A and the external contour of Shoal LR. In addition,
more sedimentation occurs over all accretion areas in Run 1, for
and suspended load contributions to morphological evolution of the
://doi.org/10.1016/j.ijsrc.2020.07.003



Fig. 5. Temporal series of bottom shear stress (a), erosion flux (in kg/m2) for coarse sand (CS) (b), fine sand (FS) (c), very fine sand (VFS) (d), mud (M) (e), and changes in bed
thickness (in m) (g) for Run 1 (eronc_mix option, solid line) and Run 2 (eronc_indep option, dashed line). Surficial sediment fractions (1 mm integration) shown in (f) refer to Run 1.
The station is located over the Shoal A (latitude ¼ 49.449 N; longitude ¼ 0.071 W; see black dot in Fig. 1b).
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instance over the northern part of Shoal A, over Shoal R, or in the
northern channel (to the north of dikes delimiting the main
navigational channel). More pronounced bed level changes
highlighted in Run 1 (homogeneous treatment of resuspension in
the non-cohesive regime) are consistent with higher sediment
flux and ETMmass described in Section 4.1. In addition, simulated
erosion occurs in the non-cohesive regime most of the time over
the estuary mouth, which amplifies differences between
morphological evolutions of Runs 1 and 2. These differences of
erosion/deposition patterns lead to differences in average surficial
seabed nature (not illustrated here): when the erosion of non-
Fig. 6. ETMmass (zone considered for integration: dashed line on Fig. 1) derived from Run 1
dash-dotted, and solid horizontal bars refer to average ETMmasses derived from Runs 1 and
a 1-year simulation, respectively.

104
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cohesive sediment mixtures is homogeneous (Run 1), bed sedi-
ment over areas subject to erosion is generally coarser whereas it
tends to be finer over deposition zones.

4.2.2. Bedload contribution
The influence of bedload processes for non-cohesive sediment

(G, CS, FS, and VFS) does not substantially change the erosion/
deposition patterns (difference between Run 2 [without bedload]
and Run 3 [with bedload] in Fig. 7): erosion is slightly enhanced on
Shoals LR/A, and more deposition occurs in some locations, for
instance to the north of Shoal A.
(eronc_mix option) and Run 2 (eronc_indep option) over the simulated year. The dashed,
2 over the year 2012, and obtained by Grasso and Le Hir (2019) over the same zone from
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In addition to bed level changes, the bedload contribution can
be quantified on sediment mass exchanges. Mass budgets (in kg/
m2) relative to sand erosion/deposition, mud erosion/deposition,
and divergences resulting from bedload (Budsusp, sands, Budsusp,mud,
Budbedload, respectively) have been computed in each (i, j) cell (with
area Si;j) as follows:

Budbedload ¼
ð
t

0
BBBBBBBBB@

X
k

¼ G;CS;
FS;VFS

h
Di;j
b;k;in � Di;j

b;k;out

i.
Si;j

1
CCCCCCCCCA

(10)

and

Budsusp;k ¼
ð
t

�
Di;j
k � Ei;jk

	
:dt (11)

Budsusp;sands ¼
X

ðk¼CS;FS;VFSÞ
Budsusp;k (12)

Budsusp;mud ¼
X

ðk¼MÞ
Budsusp;k (13)

where Dk is the deposition flux (Krone, 1962) and Ek is the erosion
flux of the sediment class k. These mass budgets represent either
vertical fluxes or divergences of bedload-induced fluxes, all of them
cumulated over the yearly period (Fig. 8). Suspended transport of
sand (especially FS and VFS) is responsible for most of sediment
mass variations over the 1-year period (Budsusp, sands in Fig. 8a),
especially in comparison with budgets related to muddy sediment
(Budsusp,mud in Fig. 8b). This feature can be explained by the abun-
dance of sand classes in sediment facies at the estuary mouth.

Although not being dominant, the mass budget due to bedload

Fig. 7. Bed level changes (in m/y; erosion if < 0, sedimentation if > 0) over the 2012 year fo
bedload), (c) Run 3 (eronc_indep option with bedload), and over the 2010e2012 period for
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appears to be significant (Fig. 8c). Remarkably, bedload-induced
mass variations follow those due to suspended sediment trans-
port over most of the estuary mouth (red areas in Fig. 8d). Relative
contributions of bedload to total mass budgets are around 25% over
large erosion areas such as Shoals LR and A, and can even become
higher in sedimentation zones like between R and FS, or at the
north of A. However, mass variation trends caused by bedload can
locally differ from those linked to suspended sediment dynamics
(blue areas in Fig. 8d). For instance, mass budgets reveal that
bedload promotes sediment accretion on the south-southwest part
of Shoal LR, whereas suspended sediment dynamics lead to residual
erosion. A slight change in the average bed granulometry due to
bedload (50th percentile of d50) also can be noticed: areas where
bedload promotes accretion (e.g., positive mass budget area
appearing in yellow in Fig. 8c, like Shoal LR) are associated to a
noticeable coarsening of surficial sediment, which results from the
residual transport of medium to coarse sand towards the south-
southwest occurring on the northern/mid parts of Shoal LR (Fig. 3c).

5. Discussion

5.1. Erosion mode in the non-cohesive regime

Many coastal environments, like the Seine Estuary, are charac-
terized by seabeds containing different sediment types and classes
that are likely to interact and influence erosion processes and
subsequent transport patterns. These interactions can occur in
different manners like hindering/exposure or bed armoring pro-
cesses, and become complex between non-cohesive (gravel, sand)
and cohesive (mud) sediments through the development of cohe-
sive effects. The current study assessed the influence of sediment
interactions on the resuspension process when the seabed mud
content fm is not enough to influence the erosion of non-cohesive
particles (non-cohesive regime).

Despite that it is generally admitted that in the non-cohesive
regime sediment particles behave like sand (e.g., Waeles, 2005),

the approach for computing resuspension flux for the different

r (a) Run 1 (eronc_mix option without bedload), (b) Run 2 (eronc_indep option without
measurements in (d). Contours represent the same isobaths as in Fig. 1.
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sediment classes within mixtures is not clearly established. This is a
crucial topic and the question remains open. Some studies have
assumed a common erosion law for sand and mud (homogeneous
erosion of mixtures) in the non-cohesive regime (e.g., Le Hir et al.,
2011; Mengual et al., 2017; Waeles et al., 2007). In this case, the
erosion parameters involved in resuspension flux computations are
likely to depend on the sand distribution and on the mud content.
Based on observations from Mitchener and Torfs (1996), Waeles
(2005) proposed a linear increase of tce with the increasing mud
content in the non-cohesive regime (relation used in other studies,
e.g., Bi & Toorman, 2015; Carniello et al., 2012). Other studies
differentiate sand and mud resuspension fluxes with specific laws
(Carniello et al., 2012; Dufois et al., 2014; van Ledden, 2003; van
Ledden et al., 2004), often by considering interactions between
sediment classes. For instance, van Ledden (2003) computes mud
erosion flux as a function of bedload transport rate and the saltation
length of sand particles. Lastly, some studies have considered in-
dependent and specific erosion laws (different erosion parameters)
for each sediment class (e.g., Franz et al., 2017; Warner et al., 2008).

The current study focused on the sediment dynamics of the
Seine Estuary and revealed erosion/deposition patterns closer to
observed ones when independent resuspension fluxes are consid-
ered in the non-cohesive regime. Considering a unique erosion law
for all sediment classes in the non-cohesive regime (pure sand
erosion behavior) requires a rule for formulating erosion parame-
ters. When the mixture erosion parameters are deduced from the
individual erosion parameters of each class, averaged by consid-
ering their sum weighted by the respective mass fractions, model
results exhibit higher sediment fluxes and morphological changes,
which generally are overestimated compared to observations. This
overestimation is directly related to the high variability (several
orders of magnitude) of E0 values depending on sediment types and
diameters, which vary from for O(10�2) kg/m2/s1 (coarse sand) to
O(10�4) kg/m2/s1 (very fine sand and mud). Therefore, the use of an

average E0 in the erosion law leads to higher resuspension fluxes for

Fig. 8. Annual mass budgets (Run 3; in kg/m2) due to residual suspended sediment transpo
Budbedload (c). The bedload contribution in (d) corresponds to ratio (c)/(aþb) expressed in p

Please cite this article as: Mengual, B et al., Numerical modeling of bedload
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the finest sediment due to the presence of coarser sediment par-
ticles in the mixture. Our results suggest that when sediment grain-
size distributions become heterogeneous and multimodal
regarding non-cohesive particles, an independent treatment of
resuspension fluxes for each sediment class is more appropriate.

In the current study, sediment interactions in the non-cohesive
erosion regime occur through the critical shear stress. For sand,
hindering/exposure processes due to grain size heterogeneity are
taken into account in tce estimates (Eq. (4)). In agreement with
Rivier et al. (2017), hindering/exposure processes have significant
effects on the vertical and horizontal sorting of bed sediment. In the
current case, hindering/exposure processes limit and smooth
spatial gradients in bed granulometry. For mud, it is assumed that
its consolidation state does not control the initiation of motion if
sand classes are dominant in the mixture. Fine muddy particles are
assumed to be mobilized as soon as sandy or gravel particles begin
to move: then tce for mud corresponds to a weighted average of
sand critical shear stresses. Interestingly, Franz et al. (2017)
considered that the critical shear stress of mud in the non-
cohesive regime is equal to the minimum critical shear stress of
sand particles. The underlying concept is the same: when sandy
particles start to move, mud trapped in the non-cohesive matrix is
resuspended. However, when the fraction of the finest sand in bed
material is low with most of muddy particles trapped between
coarser sands, applying the critical shear stress of this finest sand to
muddy particles is likely to enhance the mud resuspension. For
instance, in the current case, this hypothesis amplifies erosion
trends over key regions, such as shoals, which result in over-
estimated bathymetric changes compared to observations. Dealing
with mud dynamics, another interesting alternative would be to
assume a variation of the mud erodibility parameter (E0) as a
function of the characteristics of sand classes in the mixture, as
proposed by van Ledden (2003). More generally, the erosion
behavior of muddy particles in the non-cohesive regime is a key

point that deserves further research.

rt (Budsusp, sands (a) and Budsusp,mud (b) for all sands and mud, respectively) and bedload,
ercent. Contours represent the same isobaths as in Fig. 1.
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5.2. Bedload contribution to sediment dynamics

In the current application, bedload transport appears as a non-
dominant, but significant contributor to the sediment dynamics
of the Seine Estuary, as it influences horizontal fluxes, erosion/
deposition patterns, and seabed nature changes. Furthermore, in-
creases in the sediment mass budgets of 25e30% over shoals sug-
gest that bedload may have more important implications on bed
morphology over longer periods. For instance, bedload contribu-
tions are likely to increase at locations where sediment gran-
ulometry exhibits coarsening trends over time. Indeed, accounting
for bedload becomes more important when the proportion of
coarse particles in the seabed increases. Jacobsen and Fredsoe
(2014) highlighted that the ratio between maximum suspended
load and bedload transport decreases by one order of magnitude
with an increase in the grain diameter by a factor 2 (from 0.2 to
0.4 mm).

In the current case, bedload contributions to sediment dynamics
is dependent on the approach for modeling resuspension in the
non-cohesive regime (sediment classes eroded homogeneously or
independently). A substantial decrease of the bedload contribution
is noted when erosion is applied homogeneously to the mixture.
Changes in bed morphology caused by bedload (erosion/deposition
trends) are generally consistent with those resulting from sus-
pended sediment transport over the estuary mouth. However,
some specific patterns resulting from bedload appear in the current
simulations regarding erosion/deposition patterns and changes in
bed composition. For instance, bedload induces a slight increase of
the average bed granulometry along the southern border of the
Shoal LR, associated with a positive sand mass budget (i.e., residual
deposition) which almost counterbalances the residual erosion
caused by resuspension. This result is consistent with several
studies dedicated to nearshore sandbar morphodynamics (Franz
et al., 2017; Reniers et al., 2013; Rivier et al., 2017; van der
Zanden et al., 2017), which highlighted that bedload and sus-
pended load can be responsible for contrasted preferential sedi-
ment transport pathways leading to different but complementary
changes in morphology (e.g., bedload-induced onshore bar
migration) and seabed nature (e.g., cross-shore sediment sorting
over surf zones).

In the current study, bedload has been prescribed according to
Wu and Lin (2014), based on the previous relation proposed by
Wu et al. (2000) under a current forcing only. This formulation has
demonstrated its relevance through an extensive validation efforts
done over a large number of experimental datasets from the
literature. Blanpain (2009) showed that the formulation of Wu
et al. (2000) was the best to reproduce observed motion of
different sediment classes at the seabed interface in the Normand-
Breton Gulf. Durafour et al. (2015) compared several formulations
of bedload transport to flux observations over heterogeneous
gravel/sand beds, and found that the one from Wu et al. (2000)
was the most accurate. In addition, Gu�erin et al. (2016) demon-
strated the ability of the formulation of Wu and Lin (2014) to
capture complex morphological changes of sandbanks in variable
nearshore environments (tide or wave dominated). However,
many other popular formulations exist and could be compared in
future research (e.g., Meyer-Peter & Müller, 1948; Soulsby &
Damgaard, 2005; van Rijn, 2007). Bedload transport occurring at
the water/sediment interface may be substantially modified by
bed slope, both in terms of magnitude and direction (Bagnold,
1966). In the current application, based on the formulation from
Lesser et al. (2004), it appears that bed slope has small effects on
Please cite this article as: Mengual, B et al., Numerical modeling of bedload
Seine Estuary (France), International Journal of Sediment Research, https
bedload flux and resulting erosion/deposition patterns, at least at
the time scale investigated.

5.3. Relevance of simulated morphological evolutions

Even though measured bed level changes shown in Fig. 7d do
not cover the same period as the simulations, they provide insight
on average morphological changes during two years (including the
simulated year). In addition, other observed bathymetric changes
obtained throughout different and larger periods (2008e2012,
2008e2018) have shown that morphodynamic trends highlighted
between 2010 and 2012 are very representative of general condi-
tions in the Seine Estuary.

Considering homogeneous resuspension in the non-cohesive
regime (Run 1; eronc_mix option; Fig. 7a) leads to overestimated
morphological evolutions compared to observations, both in terms
of erosion and deposition patterns. Remarkably, simulated mor-
phodynamic trends derived from Run 3 considering the eronc_in-
dep option (independent erosion of sediment classes; Fig. 7c) are,
on average, in fair agreement with observations in terms of
magnitude and spatial distribution, in particular over shoals (e.g., A
and R), mud flats and channels (main and FS channels).

The dumping site DS, where dredged sediment from the Rouen
Navigation Channel are dumped, appears very distinctly on both
simulated and observed maps of bed level changes (area of high
sedimentation). Based on the procedure from Lemoine et al. (2017)
and Grasso et al. (2018), the current model reproduces well the
amounts of sediment dredged by Ro/LH (see Fig. 1) harbor author-
ities, i.e., ~6 Mt/y according to Lemoine et al. (2017).

5.4. Model limitations

The coupling between hydrodynamic andwavemodels from the
OASIS-MCT coupler enables to account for the changes of water
depth and currents in the wave computations. This appears to be
very important to accurately compute the bottom shear stress, that
controls the sediment erosion. However, waves also induce specific
3D circulations over near-shore shallow areas (e.g., Gu�erin et al.,
2018; Zheng et al., 2017). Waves are likely to substantially influ-
ence the orientation and shear linked to currents, the resulting
sediment transport, and consequently, morphological evolutions
(van Rijn et al., 2013). This should require further investigations in
future research.

6. Conclusions

The aim of the current study was twofold:

- to evaluate the respective contributions of bedload and sus-
pended load in sediment dynamics and subsequent morpho-
logical changes in a mixed-sediment environment (the Seine
Estuary),

- to assess how these dynamics are influenced by the approach for
simulating sediment resuspension when non-cohesive particles
are dominant within mixtures (non-cohesive regime).

A 3D process-based morphodynamic model was implemented
and numerical simulations were done under realistic forcing
(including tide, waves, wind, and river discharge) and different
scenarios for a time period of one year.

At the estuary mouth, the overall sediment dynamics are sub-
stantially modified and generally enhanced (especially over shoals)
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when resuspension in the non-cohesive regime is applied homo-
geneously to bed mixtures by averaging erosion parameters of the
different particle classes, in comparison with the case considering
independent erosion of these different classes. Considering a
representative average erodibility parameter in the erosion law
(weighted by mass fractions) in the homogeneous erosion case
results in more erosion of fine sediment classes (fine sand, mud)
due to the presence of coarser sediment particles within the
mixture. Furthermore, this homogeneous treatment of sediment
resuspension in the non-cohesive regime leads to more
pronounced:

- residual horizontal fluxes of sand and mud, respectively 2 times
and 30% larger than in the case of independent erosion of the
sediment classes,

- ETMmasses, on average 25% higher than in case of independent
erosion over the simulated year,

- erosion/deposition patterns, especially over shoals (e.g., up to a
two-fold erosion increase at the Amfard shoal), associated to
specific seabed nature changes with bed sediment over areas
subject to erosion generally coarser (or finer over areas subject
to deposition) than in case of independent erosion.

The current study dedicated to the sediment dynamics of the
Seine Estuary revealed more relevant erosion/deposition patterns
(mainly resulting from fine to very fine sand dynamics) and a better
representation of the average ETM mass when independent
resuspension fluxes are considered in the non-cohesive regime
(based on comparisons with observations). Therefore, results sug-
gest that when sediment grain-size distributions become hetero-
geneous and multimodal regarding non-cohesive particles, an
independent treatment of resuspension fluxes for each sediment
class is more appropriate.

Bedload transport appears as a non-dominant but significant
contributor to the sediment dynamics of the Seine Estuary (hori-
zontal fluxes, erosion/deposition patterns, and seabed nature
changes). Gradients of sediment flux (larger fluxes occurring over
ebb delta shoals and in the main channel) and the resulting
erosion/deposition patterns look generally similar between sus-
pended load and bedload dynamics. Suspended sand fluxes
generally dominate those caused by bedload, whatever the
approach for modeling resuspension in the non-cohesive regime.
On average, the residual bedload flux represents between 17 and
38% of the suspended sand flux, the lower contribution being
obtained when suspended sediment fluxes result from homoge-
neous erosion in the non-cohesive regime. The bedload contri-
bution to the total sediment transport increases when bed
sediment becomes coarser (even dominant at specific locations),
coarse sediment particles being hardly transported in suspension.
Even though fluxes and bed level changes caused by bedload are,
in general, spatially consistent with those associated with sus-
pended load transport (especially of sand), the average orientation
of the residual bedload fluxes can differ from the orientation
related to suspended sediment fluxes over some areas like shoals,
which results in particular erosion/deposition patterns. These
specific erosion/deposition patterns linked to bedload are gener-
ally associated with a signature regarding the seabed nature.
Sediment mass budgets cumulated over the simulated year reveal
a relative contribution of bedload to total mass budgets around
25% over large erosion areas of shoals, which can even become
higher in sedimentation zones.

Further research is required to assess more thoroughly the
erosion flux formulation of muddy sediment in the non-cohesive
regime. From the hydrodynamic point of view, accounting for
specific 3D circulations induced by waves would constitute a
Please cite this article as: Mengual, B et al., Numerical modeling of bedload
Seine Estuary (France), International Journal of Sediment Research, https
substantial improvement, which is likely to modulate morpholog-
ical evolutions over near-shore shallow regions like shoals.
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