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A B S T R A C T

Understanding estuarine hydrodynamics and sediment dynamics is of key importance to provide the foundation
for sound management of these coastal systems. Turbidity maxima, which are zones of elevated suspended
sediment concentration (SSC), are of particular interest as they control biogeochemical cycling and affect the
overall environmental quality of the estuary. These turbidity maxima, however, are complex dynamic features
that respond to changes in forcing conditions. In this study we use a 3D numerical model to investigate the
response of hydrosedimentary dynamics to variations in river inflow and sea level rise in the Gironde estuary,
which is one of the largest estuarine systems in Europe. Yearly simulations and comparisons with satellite data
and measurements of salinity and SSC show that the model reproduces variations in salinity intrusion and the
migration of the turbidity maximum driven by seasonal fluctuations in river inflow. Numerical experiments
indicate that the formation of this dynamic turbidity maximum is mainly driven by tidal asymmetry. Density
gradients play a secondary role by maintaining the stability of the suspended sediment mass. The model also
simulates the presence of a secondary turbidity maximum which is more stable, consistent with observations.
Evaluation of the sediment budget shows that sediment export mainly occurs during spring tides and when river
discharge is high. Simulations including sea level rise suggest that salinity levels in the middle estuary will
increase and rising water levels cause tidal amplification, strengthening of tidal currents and enhanced SSC
levels in the upper estuary. On the other hand, the locations of the salinity front and the turbidity maximum
remain relatively stable under rising water levels. Overall, our simulations suggest that decadal changes in river
inflow can potentially have a larger effect on turbidity maximum dynamics than sea level rise.

1. Introduction

Estuaries are found along many parts of the world's coastline. These
environments form the transition between riverine systems and the sea,
creating highly energetic and dynamic sedimentary environments with
large spatial and temporal gradients in physical properties, such as
salinity and suspended sediment concentration (SSC) (Dyer, 1997). A
characteristic feature in estuarine systems is the formation of a turbidity
maximum. These turbidity maxima are zones of locally-elevated sus-
pended matter concentration and understanding their dynamics and
behaviour is of key importance for estuarine and coastal environmental
issues. Indeed, the estuarine turbidity maximum plays a role in the
long-term infilling of an estuary as well as it plays a notable role in
biogeochemical cycles. Moreover, seaward fluxes are directly condi-
tioned by residence times of suspended matter within the estuarine
zone (Dyer, 1986).

Following the paradigm proposed by Dyer (1988), two main

mechanisms can induce a turbidity maximum in tidal estuaries. Firstly,
the transition between fresh and saline water leads to a density-driven
residual circulation, with a seaward flow at the surface and a landward
flow near the bottom that traps suspended material at the landward
limit of the salinity intrusion (Postma, 1967). Secondly, the asymmetry
of the tidal wave, in which the flood phase is shorter than the ebb
phase, causes upstream tidal pumping (Uncles et al., 1984). The in-
equality between flood and ebb currents drives a net landward trans-
port of suspended matter because of a more intense resuspension during
the flood phase, and a more massive settling during high water slack,
which is longer than low water slack (Allen et al., 1980). This tidal
pumping of particles becomes ineffective once the river flow starts to
dominate. Other processes that contribute to the formation of a tur-
bidity maximum are suppression of turbulence by vertical density
stratification (Simpson et al., 1990; Geyer, 1993) and tidal velocity
asymmetry due to changes in vertical mixing during the tidal phase
(Jay and Musiak, 1994). These mechanisms may apply to many
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estuaries, and their relative importance is dependent on the char-
acteristics of each environment, including shape and bathymetry, river
flow, and particle behaviour. Even if many of these mechanisms can act
together, we here focus on the two mechanisms of Dyer's paradigm,
which is a first order approach on the identification of key factors
(Brenon and Le Hir, 1999).

Here we study one of the largest estuaries in Europe, the Gironde
located in southwest France (Fig. 1) where a well-developed turbidity
maximum appears, and we take advantage of existing field data to
compare to a numerical model. The Gironde estuary is a partially mixed
to well-mixed macrotidal estuary with a relatively strong river dis-
charge. Investigations into sediment dynamics in the Gironde estuary
have highlighted the complexity of the formation of the turbidity
maximum. Early observations pointed out that the high-concentration
zone was always located close to the freshwater-saltwater interface
(Allen, 1972), suggesting that density effects play a major role. How-
ever, Allen et al. (1980) later demonstrated that the origin of the tur-
bidity maximum is tidally-induced. In addition to this tidally-induced
turbidity maximum which shifts along the estuary depending on river
flow, a secondary high turbidity zone in the Gironde exists which re-
mains at a more steady location. Sottolichio and Castaing (1999) de-
scribed both turbidity maxima based on suspended sediment distribu-
tions obtained from water sampling along transects. However, because
of the large spatial scales involved these in-situ measurements can
provide only limited quantitative information on the geometry and
dynamics of these turbidity maxima. Satellite remote sensing can help
to obtain a more complete picture of sediment dynamics in the whole
estuary. Doxaran et al. (2009) used MODIS satellite data covering a 1-
year period (Jan 2005 – December 2005) and they also detected the
existence of two distinct turbidity maxima (Fig. 2). Although this type

of satellite data improves our understanding of spatial distributions and
movements, it remains difficult to use these images to elucidate un-
derlying mechanisms and to make predictions on how sediment dy-
namics might change in the future under changing boundary condi-
tions.

Both exploratory models (e.g. Huijts et al., 2006, 2009; Talke et al.,
2009a; Chernetsky et al., 2010) and simulation models (e.g. Brenon and
Le Hir, 1999; Cancino and Neves, 1999; Le Normant, 2000; Burchard
et al., 2004; Park et al., 2008; Toublanc et al., 2016) (following the
model classification by Murray, 2003) have been successfully applied to
study hydrosedimentary processes in estuarine systems. For the Gir-
onde, Sottolichio et al. (2001) conducted numerical modelling exercises
to assess the mechanism responsible for the turbidity maximum for-
mation. A 2DH model reproduced the right position of the turbidity
maximum under tidal asymmetry effects only, confirming the main role
of the tide. The use of a 3D model suggested that density stratifications
cause a sharper seaward limit of the turbidity maximum. Sottolichio
et al. (2001) pointed out that the conclusions presented in their paper
were preliminary, as the parameterizations of particle behaviour and
sediment processes were simplified and sedimentary patterns were only
partly validated because of the lack of consistent data. Furthermore,
they stressed the need to perform longer term simulations to evaluate
trends in estuarine sediment budget.

Similar to Sottolichio et al. (2001), modelling efforts usually address
estuarine dynamics over a relatively short time scale. Multiple simu-
lations may then be carried out with different river flows to study the
effect of freshwater discharge on the location of the salinity front and
turbidity maximum (Brenon and Le Hir, 1999; Lin and Kuo, 2003).
Simulations of salinity and turbidity over a complete year or longer,
however, are still scarce, even though they allow for a more detailed

Fig. 1. Location map of the Gironde estuary. The grey area in the insert shows the watershed of Garonne and Dordogne rivers.
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study of seasonal variations and can provide useful insight into large-
scale sedimentary patterns and fluxes (Le Hir et al., 2001; Mitchell and
Uncles, 2013). Apart from seasonal variations in river inflow, potential
implications of changes in downstream boundary conditions linked to
sea level rise require additional attention. Modelling studies have
started to explore sea level rise effects and include an assessment of
enhanced salt intrusion and modifications in the tidal propagation
(Robins et al., 2016). So far, the main focus has been on these types of
hydrodynamic implications (Rice et al., 2012; Chua and Xu, 2014). Sea
level rise might also influence SSC patterns and turbidity maximum
properties (Mitchell and Uncles, 2013) but these effects remain largely
unexplored.

The first goal of our study is to investigate seasonal trends in salinity
and SSC patterns in the Gironde estuary, including the movement of the
salt front and turbidity maximum. We therefore conduct simulations
with a period of 1–1.5 years so that large variations in river inflow are
covered. At this temporal scale, sediment budgets, indicating seaward
fluxes and the overall amount of sediment in suspension or deposited on
the sea floor, become increasingly important. We compare model re-
sults with satellite data and a unique dataset comprising long-term
time-series of measured salinity and turbidity at different locations in
the estuary (Jalón-Rojas et al., 2015). The Gironde estuary is particu-
larly interesting because of the presence of multiple turbidity maxima
and the model is tested on its ability to reproduce these. Simulations are
also used to provide a deeper understanding on the role of tidal
asymmetry and estuarine circulation on turbidity maximum formation.
Our second goal is to explore the effects of sea level rise on estuarine
dynamics. We conduct a simulation with a 1.0m sea level rise and study
potential implications for salt intrusion, tidal propagation as well as SSC
patterns and turbidity maximum location.

2. Study area

2.1. The Gironde estuary

The Gironde estuary is located in the Bay of Biscay on the southwest
macrotidal coast of France. It forms a coastal plain estuary that origi-
nates at the Bec d′Ambès, at the confluence of the Garonne and
Dordogne rivers (Fig. 1). It extends for 75 km up to the mouth, covering

an area of 630 km2. From the point of view of physical processes, it is
more appropriate to consider the whole fluvio-estuarine system, as salt
water penetrates into the tidal rivers and the tidal wave propagates
about 170 km upstream, up to La Réole in the Garonne and up to Pessac
in the Dordogne (Jouanneau and Latouche, 1981). The estuary shows a
regular funnel shape, where width and cross sections increase ex-
ponentially in a seaward direction (Castaing and Allen, 1981). The
maximum width, located near the mouth, is 12 km at high tide. The
main navigation channel spreads along the left bank between Bordeaux
and le Verdon, with a mean depth of 10m and a mean width of 300m.
A secondary channel exists along the right bank, where depths are
much smaller and which is separated from the navigation channel by a
system of elongated bars and islands. The tidal range in the inlet varies
from 1.5m during neaps to 5.5 m during springs (Castaing and Allen,
1981). The mean combined river discharge of the Garonne and the
Dordogne rivers (measured at La Réole and Pessac) is about 900m3 s−1,
with a well-defined flood season from November to May (maximum
daily-averaged values exceeding 3000m3 s−1) and a low flow period
from June to October (daily-averaged values generally below 200m3

s−1) (Coynel et al., 2004).

2.2. Sedimentary features

Abundant investigations were done on sedimentology and sedi-
mentary processes in the Gironde estuary, where main features of the
turbidity maximum have been described through in-situ measurements
and anchor stations (Jouanneau and Latouche, 1981). The channel bed
is dominated by mud and all the fine-grained sediment accumulating in
the estuary is derived from fluvial sources (Castaing and Allen, 1981).
The high turbidity zone is characterised by SSCs of about 1 g l−1 and
more (Allen et al., 1977). During slack water periods, and especially on
neap tides, thick layers of fluid mud appear on the channel bottom, with
concentrations up to 300 g l−1 (Allen, 1972). Jouanneau and Latouche
(1981) reported that 70% of the turbidity maximum particles can be
trapped in the fluid mud during neap tide. Reported estimates of the
total mobile fine sediment mass within the estuary vary between 4.4
± 0.5 (Jouanneau, 1979) and 6 million tons (Allen et al., 1977). This
amount includes both the turbidity maximum and fluid mud sediments.
As the mean yearly input of suspended silt and clay is about

Fig. 2. Seasonal variations in turbidity derived from satellite imagery, showing a static turbidity maximum (TM) and a dynamic turbidity maximum which migrates
in response to riverine input. Turbidity maps were produced from MODIS data recorded during spring conditions (adapted from Doxaran et al., 2009).
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1–2.5million tons (Schäfer et al., 2002), it is estimated that the es-
tuarine water body contains the equivalent suspended mud mass of
several years of fluvial sediment input.

3. Numerical modelling

3.1. Model description

In this study we apply the SiAM 3D hydrosedimentary model. SiAM
3D has been extensively applied to simulate the dynamics of the Seine
estuary (Brenon and Le Hir, 1999; Cugier and Le Hir, 2002; Thouvenin
et al., 2007; Waeles et al., 2007) and it was also used by Sottolichio
et al. (2001) in their study of the Gironde. Detailed model descriptions,
especially regarding hydrodynamics, can be found in Brenon and Le Hir
(1999) and Cugier and Le Hir (2002). In this section we focus on pro-
viding an overview of how sediment dynamics are treated.

The SiAM 3D model solves the Navier Stokes equations with a free
surface boundary condition, applying the hydrostatic assumption and
using the Boussinesq approximation. Barotropic and baroclinic modes
are separated in order to solve the momentum and the continuity
equations (Brenon and Le Hir, 1999). This means that depth-averaged
computations are performed to determine the water surface elevation
and the vertically averaged velocities. The computed water level is
introduced into the set of 3D equations, which are solved to obtain all
the velocity components. In turn, the solution of the 3D equations
provides the bottom friction and vertical dispersion terms as well as the
density gradients to the depth-averaged part of the model. Density of
water is deduced from salinity and suspended particle matter, ne-
glecting the effect of temperature variations. To account for the effect of
density stratification on turbulence damping, the turbulent viscosity
and diffusivity are parameterized by using a local Richardson number
(Cugier and Le Hir, 2002). The turbulence closure is based on the
mixing length theory. SiAM 3D adopts a Cartesian irregular spacing in
the horizontal direction and it uses real depth coordinates on the ver-
tical axis.

The sediment transport model solves an advection-dispersion
equation for the mass conservation of suspended sediment:
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where C is the SSC, ws is the settling velocity and kx, ky, and kz are
dispersion coefficients. When multiple sediment classes are used then
Eq. (1) is computed for each class. Sediment exchanges with the bottom
are accounted for through deposition (D) and erosion (E). The deposi-
tion term is calculated from the Krone (1962) formulation:
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where τ is the bottom shear stress and τcd is the critical shear stress for
deposition (no deposition when τ > τcd). In the initial study by
Sottolichio et al. (2001) the settling velocity was kept constant. Here we
determine settling velocity for each class as a function of the total SSC.
We follow the formulation as proposed by Le Hir et al. (2001), which
adopts a minimum ws,min and maximum settling velocity ws,max for each
sediment class and accounts for both flocculation and hindered settling.
The erosion term is given by the Partheniades (1965) formulation,
which depends on the excess shear stress:
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where E0 is the erosion constant and τce is the critical shear stress for
erosion (no erosion when τ < τce). This critical shear stress depends on
the surficial sediment dry density following a power law: τce = a·Cs

b

where a and b are empirical constants with a value of 0.0015 and 1.0
respectively (Brenon and Le Hir, 1999). Sediment dry density is in turn
influenced by consolidation processes. We here use a one-dimensional
vertical multi-layer sedimentation model that is coupled to the sedi-
ment transport model. This consolidation model solves the sediment
mass conservation equation (see also Le Hir and Karlikow, 1992):
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where Cs is thus the dry density and Vs is the sedimentation velocity
which is calculated according to the soil porosity by using a power law:
Vs = k·Psm where k and m are empirical constants with a value of
0.0001 and 50 respectively (Brenon and Le Hir, 1999). The consolida-
tion model computes mud density profiles. The number of layers, the
upper layer thickness and the total bed thickness vary according to
deposition, erosion and consolidation (Brenon and Le Hir, 1999). Fi-
nally, it should be stressed that the bathymetry is assumed constant and
bed level changes do not feed back into the characteristics of the tide.
This is consistent with other hydrosedimentary modelling studies (e.g.
Brenon and Le Hir, 1999; van Maren et al., 2015; Toublanc et al., 2016).

3.2. Model setup, initial conditions, boundary conditions and parameters

The computational grid covers an area of approximately
232× 326 km and includes the Gironde estuary as well as a large part
of the continental shelf of the Bay of Biscay. Fig. 3 shows a section of
this computational grid, focusing on the estuarine area. An irregular
rectilinear grid was adopted with mesh sizes varying from
300×200–18,500× 20,000m to obtain a fine resolution in the es-
tuary (especially in regions where bathymetric gradients are im-
portant), while retaining a reasonable number of computational points.

Fig. 3. Part of the computational grid, focusing on the estuarine area. The
entire grid extends further offshore and includes a large part of the continental
shelf of the Bay of Biscay. The paths of the Garonne and Dordogne rivers have
been adapted to reduce the extent of the domain and limit computational cost
without negative effects on model performance (similar to Brenon and Le Hir
(1999) and Sottolichio et al. (2001)). The dashed black line indicates the lo-
cation of the transect used for subsequent figures.
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Upstream of the confluence of the Garonne and Dordogne, grid cell
width varies in order to respect the local mean width of the rivers. The
water column was vertically split into horizontal layers that are 2m
thick in the estuary and thicker in the deeper zones. Along the seaward
boundary, a real tide was imposed which was calculated as the sum of
21 harmonic components derived from long-term records at the shelf
(Le Cann, 1990). The river inflows of the Garonne and Dordogne were
introduced to the model every day at the upstream limits of the estuary.

Two classes of cohesive sediment are considered for the simulations
presented here. For the reference simulation (as discussed in Section
4.1), ws,min =1×10−4 and ws,max =1×10−3 m/s for the finer mud
fraction. For the coarser mud fraction, ws,min =5×10−4 and ws,max

=2×10−3 m/s. Sensitivity of simulated sediment dynamics to the
settling velocity will be discussed in Section 4.2.1. The erosion constant
is set to 2×10−3 kg/m2/s. The critical bottom stress for deposition is
set to 10 N/m2. Such a large value was also used by Brenon and Le Hir
(1999) and Le Hir et al. (2001) and implies that deposition is always
possible. This conceptualisation of deposition processes is in agreement
with Winterwerp (2007) and is justified as consolidation is modelled
and the erosion of unconsolidated deposits can instantaneously occur
when turbulence is high enough (Le Hir et al., 2001). The simulations
start with a total sediment budget of 3.84 million tons and this sediment
is distributed over a number of grid cells in the navigation channel. This
initial sediment mass fully consists of the coarser mud fraction. Input of

sediment by the rivers is included by specifying a constant sediment
concentration.

The model is calibrated to accurately reproduce the characteristics
of tidal wave propagation by adjusting the roughness length distribu-
tion. Bottom friction is mainly varied in the longitudinal direction with
z0 values ranging between 10−4 and 10−2 m (lowest values are in the
estuary itself and values progressively increase at the mouth and in the
tidal rivers). The calibrated model is then applied to conduct long-term
simulations of, as mentioned before, 1–1.5 years. The starting date of
the simulations is set to 1 June 2005 given the availability of in-situ
measurements for that period. An automatic continuous monitoring
network (MAGEST) was implemented in the Gironde estuary in 2005
(Sottolichio et al., 2011). The network consists of four stations and each
station continuously records salinity, temperature, dissolved oxygen,
and SSC. Although some data is missing as a result of the network being
out of service, this long-term dataset can be used for data-model com-
parisons and to further reveal variations in estuarine physical behaviour
over seasonal cycling.

In the following section we will describe the results of model si-
mulations. Model performance has been quantified by using the skill
score introduced by Wilmott (1981) and commonly used in estuarine
studies (e.g. Li et al., 2005; Warner et al., 2005; Hong and Shen, 2012;
van Maren et al., 2015; Toublanc et al., 2016):

Fig. 4. Simulated salinity and turbidity fields during (a and d) low river discharge in July 2005, (b and e) intermediate river discharge in December 2005, and (c and
f) high river discharge in March 2006. Salinity and turbidity fields are shown at low tide during spring conditions. Location of salt front is indicated. The black and
grey ellipses indicate the dynamic and static turbidity maxima, respectively. The dotted ellipse indicates high turbidity levels in the Garonne river during low river
flow conditions. Estuarine sediment mass predominantly consists of the coarser mud fraction.
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where Xmod and Xobs are the modelled and observed variable and Xobs is
the observed mean. Perfect agreement will yield a skill of 1 and com-
plete disagreement will yield a skill of 0.

4. Modelling results

4.1. Salinity and SSC under seasonal variations in river inflow

4.1.1. Spatial distributions
The simulated period covers estuarine hydrosedimentary dynamics

under both low and high flow conditions. That is, the daily averaged
total river discharge ranges from about 160 to 5000m3/s so that the
balance between riverine and tidal forcing varies considerably. It has
been previously shown that the model accurately reproduces tidal
forcing including characteristics such as tidal asymmetry and phase,
and that it provides realistic flow fields (Sottolichio et al., 2001;
Lajaunie-Salla et al., 2017). In this study, we focus on salinity and SSC
patterns. To point out the importance of seasonal changes, we extracted
the simulated salinity and SSC distributions at the water surface during
different river flow conditions (Fig. 4). These simulated distributions
are all shown at low tide and during spring conditions to allow for a fair
comparison. With respect to salinity, seasonal variations can be clearly
observed and the salt water intrusion is strongly dependent on river
flow discharge. During low river flow (averaged monthly discharge:
~400m3/s), the salt front (defined here by the 0.5 psu isohaline) pe-
netrates into the riverine systems of both the Garonne and Dordogne
(Fig. 4a). On the other hand, the salt front is located in the lower part of
the estuary in between Pauillac and le Verdon (Fig. 4c) during high
river flow (averaged monthly discharge: ~1750m3/s). These seasonal
fluctuations are also noticeable in the mouth of the estuary. Close to le
Verdon, the salinity decreases from approximately 30 psu in July 2005
to less than 10 psu in March 2006, corresponding to the seaward
transport of relatively low saline water by the increasing river dis-
charge.

The simulated turbidity fields indicate that the model is capable of
reproducing the formation of well-developed turbidity maxima (Fig. 4d,
e, and f). The model reproduces the existence of a turbidity maximum
which proves to be rather stable in position (indicated by the grey el-
lipses in Fig. 4). In addition, a dynamic turbidity maximum can be
observed that shifts along the estuary over seasonal timescales (in-
dicated by the black ellipses in Fig. 4). During summer, the low river
flow facilitates the upstream movement of this dynamic turbidity
maximum and in July 2005 it is located near Pauillac (Fig. 4d). In
addition, high SSCs occur in the riverine areas, especially in the Gar-
onne river (dotted ellipse in Fig. 4d). Turbidity levels in the rivers de-
cline once fresh water inputs increase, accompanied by the downstream
movement of the dynamic turbidity maximum (Fig. 4e). As a result of
the ongoing increase in river discharge (which peaks in March 2006),
the turbidity maximum continues to migrate towards the mouth of the
estuary (Fig. 4f). A comparison between SSC maps from the model
(Fig. 4) and satellite data (Fig. 2) shows similar turbidity patterns
controlled by variations in river inflow. To further analyze differences
and similarities we considered a set of MODIS images taken between
2004 and 2014 and applied Doxaran et al.’s (2009) algorithms to
convert these to SSC. We then selected images that were taken close to
the moment of high tide in Pauillac and subsequently extracted the
averaged surface SSC along the channel for both low (Fig. 5a) and high
(Fig. 5b) river discharge conditions. A comparison shows that the model
reproduces SSC levels and spatial trends for contrasting river flows.

4.1.2. Time-series
In this section we use the long-term time-series from the MAGEST

monitoring network to further test the model and to provide additional

evidence of seasonal variation in estuarine physical behaviour. We
concentrate on salinity and turbidity measured at two locations:
Pauillac and Bordeaux (the other two measuring stations are located
further upstream). Fig. 6b shows the simulated and measured salinity at
Pauillac, together with the combined river discharge of the Dordogne
and Garonne. The seasonal variation is probably the most remarkable.
Salinity increases from June 2005 until September 2005, reaching
maximum values that exceed 15 psu. The subsequent decrease in sali-
nity is the result of enhanced river flow which tends to flush the saline
water from the estuary so that salinity even becomes nil for a short
period of time in Pauillac and further upstream (see also Fig. 4c). Si-
mulated salinity corresponds with the measurements which show the
same seasonal trend. At the same time, it can be seen that the model
generally overpredicts the salinity in July, August and September when
river discharge is low and gives an underprediction in February, March
and April when river discharge is high. In addition to seasonal fluc-
tuations, both model results and measurements reveal the influence of
the spring-neap tidal cycle (shown in Fig. 6a) which modulates salinity
patterns. Not surprisingly, variations in salinity throughout a tidal cycle
are the largest during spring tides when the tidal range is at its max-
imum.

Fig. 6c and d show time-series of measured and modelled SSC, also
at Pauillac. Although difficult to depict from these figures, intratidal
variations are present whereby concentrations of suspended particle
matter increase during moments of maximum ebb and flood tidal cur-
rents. On the other hand, SSC is low during slack tides, especially
during high water slack which lasts longer than low water slack so that
more sediment particles can settle. As with salinity, the influence of the
spring-neap tidal cycle is clearly portrayed (Fig. 6d). Both measure-
ments and the model show that SSCs are higher during spring tides; this
is when tidal currents are stronger and erosion of bottom sediments is
enhanced. During neap tide, observed and simulated concentrations
may drop below 0.5 g/l (Fig. 6d).

Having considered these intratidal and spring-neap variations, it can
be noted that turbidity patterns at Pauillac are rather regular without
any seasonal variations caused by river inflow fluctuations. Modelled
turbidity values during spring tides reach a maximum value of around
0.5 g/l throughout the entire year. This lack of a seasonal signal at
Pauillac is in contrast to turbidity patterns at Bordeaux (detailed below)
and is in agreement with measured time-series of SSC (Fig. 6c) and
multi-year observations by Sottolichio and Castaing (1999). They dis-
cuss SSC measurements from 1984 to 1991 and although their sampling
frequency was rather coarse (water samples were taken only three times
per year), measurements did cover different flow regimes, suggesting
that SSC in the middle estuary has a low sensitivity to river inflow.
Further upstream, Sottolichio and Castaing (1999) noticed large var-
iations in turbidity over seasonal scales and river inflow was suggested
to be the main factor to control these changes. To assess the importance
of a varying river inflow on turbidity in the upper estuary we extracted
simulated SSCs at Bordeaux and compared this to measured data
(Fig. 7). Indeed, both measurements and the model highlight the re-
sponse of suspended sediment particles to changes in river inflow. As
shown in Fig. 7, the increase in river discharge is followed by a sig-
nificant decrease in suspended particle matter at Bordeaux. Turbidity is
low for several months with SSCs falling below 0.1 g/l until the high
discharge period ceases and the normal turbidity regime from before
the flood event is restored.

Although the model captures the seasonal trend in sediment dy-
namics at Bordeaux and reproduces the lack of a seasonal signature at
Pauillac, there are some aspects which are less well reproduced. In the
model simulation, for example, turbidity at Bordeaux seems to respond
slower to increasing river discharge than the observations reveal. It also
takes more time before simulated turbidity levels are reaching again
their normal levels after the high discharge event. Thus, both model and
observations show the response of turbidity to river inflow in the upper
estuary, but there is a discrepancy in terms of the timing at which this
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response occurs. In addition, both at Pauillac and Bordeaux there is a
mismatch between the absolute values of modelled and observed tur-
bidity with SSCs generally being underpredicted. The settling velocities
could obviously be reduced to obtain a better agreement but, as we will
show in Section 4.2.1, this has negative effects on the performance of
the model on the long term and on overall sediment budgets. Other
potential reasons for data-model inconsistencies will be highlighted in
the Discussion (Section 5).

4.1.3. Sediment budgets
The estuarine sediment budget also illustrates variations in sedi-

ment dynamics over various timescales. Fig. 8 shows the simulated
balance between the total suspended and deposited sediment load
(black lines in Fig. 8d and e), both evaluated over the part of the
computational grid that is shown in Fig. 3 (the entire grid extends
further offshore as explained in Section 3.2). Overall, the concentration
of suspended sediment in the estuarine system is much lower during
neap tides than during spring tides. This is conform the turbidity pat-
terns at Pauillac (Fig. 6c and d) and Bordeaux (Fig. 7) and further in-
dicates the importance of relative tidal amplitude and the magnitude of
tidal currents on sediment resuspension. Nevertheless, even during
neaps a significant proportion of sediment particles remains in sus-
pension which is in contrast to other estuaries, such as the Seine, where
most sediment is deposited at neap tide (Le Hir et al., 2001). At the end
of the simulation year (June 2006), the amount of suspended sediment
is approximately 1.7·109 kg while the deposited load amounts to 3.4·109

kg, representing a total sediment mass that slightly exceeds 5 million
tons. This falls within the estimated range of total sediment mass as
described by Allen et al. (1977) and is more than twice the annual input
of riverine sediment (Fig. 8c).

Transport of sediment out of the estuarine area and to the offshore
(i.e. crossing the grey dashed line in Fig. 3) is only substantial under
specific conditions. That is, seaward fluxes mainly occur at spring tides
during a period of high river discharge (e.g. at the beginning of the
months March, April, May 2006; see Fig. 8f). This suggest that a large
river inflow is necessary to force the turbidity maximum to move
downstream and this, in combination with spring tides that cause en-
hanced sediment resuspension, allows for the escape of estuarine se-
diments to the offshore. This loss of estuarine sediment is accompanied

Fig. 5. Comparison between simulated surface SSC and surface SSC retrieved from satellite data along the axis of the channel. a) low river inflow between 200 and
300m3/s and b) high river inflow between 1500 and 2000m3/s. Satellite images selected for this comparison were taken close to the moment of high tide in Pauillac.
Bold blue line indicates average and blue bars indicate minima and maxima of each set of images.

Fig. 6. Time-series of hydro- and sediment dynamics at Pauillac. (a) Simulated
water surface elevation. (b) Simulated and measured salinity. The black line
represents the combined river discharge of the Dordogne and Garonne. (c)
Simulated and measured turbidity from June 2005 until June 2006 and (d) for
three spring-neap tidal cycles to provide additional detail.

Fig. 7. Simulated and measured turbidity at Bordeaux from September 2005
until September 2006. The black line represents the river discharge of the
Garonne.
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with a decrease in the overall suspended load (Fig. 8d) and an increase
in deposited load (Fig. 8e). Analysis of deposited sediments indicates
that this sediment deposition mainly takes place just seaward of Le
Verdon in the area near the mouth of the estuary.

4.2. Sensitivity to model settings and parameterizations

In this section we report the results of extra simulations that we
performed to investigate model behaviour and performance, and to
elucidate the physical processes that govern the formation of the tur-
bidity maximum in the Gironde estuary.

4.2.1. Sensitivity to settling velocity
Sediment settling velocity is one of the principal calibration para-

meters (French, 2010). As such, in order to reduce the apparent un-
derprediction of SSC by the reference simulation as described in Section
4.1.2, we conducted an additional model run with lower settling velo-
cities (factor 5 reduction in the minimum and maximum settling velo-
city for the coarse fraction and factor 10 reduction for the fine fraction).
As expected, this initially improves model performance by enhancing

turbidity levels. At Pauillac, for example, a closer agreement between
simulated and measured turbidity is achieved, at least for the first
couple of months (Fig. 9). After this initial period, however, model
performance drops because of an ongoing decrease in simulated sus-
pended sediment levels. This has been quantified by using the skill
score (Eq. (5)) which was computed for four consecutive 3-months
periods, as shown in Table 1. For the first quarter of the simulation the
skill score amounts to 0.61. This is comparable to the performance of
models used in other recent studies on estuarine suspended sediment
dynamics (van Maren et al., 2015; Toublanc et al., 2016). The skill
score then reduces to a value between 0.3 and 0.4 for subsequent
periods. The sediment budget for this simulation indicates that simu-
lated turbidity levels decrease not only at Pauillac, but that the overall
amount of suspended matter that is present in the entire estuarine area
progressively reduces (green line in Fig. 8d). The loss of suspended
particles in the estuary is caused by extensive sediment fluxes to the
offshore (Fig. 8f). This in turn is the result of sediment particles staying
in suspension more easily such that their transport out of the estuary is
being facilitated. Clearly, reducing the settling velocities improves the
simulation results on the short term, but at the same time it has nega-
tive effects on the longer term performance as it causes an un-
realistically high escape of sediment to the offshore.

4.2.2. Sensitivity to density gradients
To explore in more detail the mechanisms that govern the formation

and dynamics of the turbidity maximum we performed simulations that
did not include the effects of suspended sediment (Fig. 10b) and salinity
(Fig. 10c) on density and compared these to the reference simulation
(Fig. 10a). Both suspended particle matter and salinity contribute to the
density of water and, as such, they play a role in enhancing stratifica-
tion which in turn induces turbulence damping and residual circulation.
Ignoring the effect of suspended sediment mainly changes the vertical
distribution of turbidity levels (compare Fig. 10a and b). Suspended
particles can penetrate further up in the water column as turbulence
damping is not as significant. Especially at the water surface there is a

Fig. 8. Modelled sediment balance. (a) Simulated water surface elevation at
Pauillac from June 2005 until June 2006. (b) Combined river discharge of the
Dordogne and Garonne. (c) Total imports of sediment from the Dordogne and
Garonne. (d) Total amount of sediment suspended and (e) total amount of se-
diment deposited, both evaluated over the part of the computational grid that is
shown in Fig. 3. (f) Simulated total amount of sediment leaving the estuarine
area (i.e. crossing the grey dashed line in Fig. 3) and escaping to the offshore
area. The green lines in (d), (e) and (f) represent the sediment budget for a
simulation with lower settling velocity (discussed in Section 4.2.1). Red lines in
these subplots represent the sediment budget for a simulation without the ef-
fects of salinity on density (discussed in Section 4.2.2). (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.).

Fig. 9. Data-model comparison for turbidity at Pauillac. Simulation with re-
duced settling velocities (blue) initially provides a better agreement than re-
ference simulation (grey) but model performance reduces over time. (For in-
terpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.).

Table 1
Skill scores calculated for simulated turbidity at Pauillac with reduced
settling velocities (see Fig. 9).

Skill score

June 2005 – August 2005 0.61
September 2005 – November 2005 0.35
December 2005 – February 2006 0.37
March 2006 – May 2006 0.32
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clear increase in SSC with values reaching up to 1 g/l. When the effect
of salinity on density is not included, it can be seen that the downstream
limit of the turbidity maximum is less sharp (compare Fig. 10a and c).
This highlights the influence of density-driven residual circulation on
the stability of the estuarine turbidity maximum and on the seaward
dispersion of suspended sediment. The latter is also exemplified by the
sediment budget, which shows a larger escape of sediment to the off-
shore when density gradients from salinity are not included (red line in
Fig. 8f). These findings confirm the main role of tidal asymmetry on
turbidity maximum formation as hypothesized by Sottolichio et al.
(2001). Density gradients play a secondary role by maintaining a stable
mass of suspended sediment within the estuary.

4.3. Sensitivity to sea level rise

In addition to seasonal fluctuations controlled by variation in river
inflow, changes in downstream boundary conditions associated with
sea level rise are also expected to have a large impact on estuarine
dynamics (Mitchell and Uncles, 2013). A key consequence of a rising
sea level is the possibility of enhanced salinity intrusion (FitzGerald
et al., 2008). An additional model run was conducted with a sea level
rise of 1.0m, such that potential implications for hydro- and sediment
dynamics in the Gironde estuary could be explored. A 1.0m rise is
within the range of scenarios that has been used by other recent studies
looking at salt intrusion (Rice et al., 2012; Chua and Xu, 2014; Prandle
and Lane, 2015; Yang et al., 2015). Fig. 11 shows the simulated salinity
distributions for both the reference simulation and the simulation that

includes sea level rise. The upstream movement of the isohalines is
most profound in the middle estuary. The 4 psu isohaline, for example,
migrates about 10 km at the bottom and 6 km at the surface. In this part
of the estuary the isohalines are however widely spaced such that the
absolute increase in salinity does not exceed far above 1 psu (Fig. 11c).
Further downstream, the isohalines move less in response to sea level
rise. This is exemplified by the 10 and 25 psu isohalines which have
somewhat retained their original location. Interestingly, salinity at the
surface actually decreases for a small section in the lower part of the
estuary (negative change for surface salinity at around 22 km in
Fig. 11c). At the bottom, salinity consistently increases such that stra-
tification at this location is enhanced and the difference between
bottom and surface salinity increases from 2 to 4 psu (Fig. 11d). This
enhanced stratification suggests that the gravitational circulation is
strengthened by the rise in sea level.

Sea level rise effects on turbidity maximum properties are less ob-
vious. Along-estuary SSC profiles indicate that the geometry and in-
tensity of the turbidity maximum remain essentially unaltered (com-
pare Fig. 10a and d) and spatial SSC distributions before and after sea
level rise are also comparable (Fig. 12). However, sea level rise can
locally influence resuspension of bottom sediment in response to
changes in the characteristics of the tide (Fig. 13). Effects are most
strongly manifested in the upper estuary where the tidal range increases
about 10–30% (e.g. Fig. 13c). Here the tidal current is strengthened and
it is mainly the peak flood current that increases in magnitude
(Fig. 13f). This causes enhanced levels of suspended particle matter,
especially during the flood phase (Fig. 13i). In the middle and lower
estuary, changes in the tidal range are smaller (Fig. 13b) or almost null
(Fig. 13a) and current velocities remain similar (Fig. 13d and e). A clear
signature of sea level rise on simulated turbidity levels is therefore less

Fig. 10. Turbidity distributions along the estuary modelled for low river dis-
charge at low tide during spring conditions. See Fig. 3 for location of transect.
Distance is measured from Le Verdon. (a) Scenario including effects of SSC and
salinity on fluid density. Alternative distributions simulated without the effects
of (b) SSC or (c) salinity on density. (d) Simulated turbidity distribution in-
cluding a 1.0 m sea level rise. Black contour lines in (a) and (c) represent si-
mulated isohalines.

Fig. 11. Sea level rise effects on salinity patterns. (a) Simulated salinity dis-
tribution during low river discharge. Salinity distribution is shown at low tide
during spring conditions. (b) Corresponding salinity distribution for a 1.0 m sea
level rise. (c) Sea level rise driven increase in salinity (i.e. sea level rise value
minus baseline value), both at bottom and surface. (d) Effect of sea level rise on
stratification (computed as salinity difference between bottom and surface).
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obvious (Fig. 13g and h).
To further analyze sea level rise effects on tidal characteristics we

conducted a harmonic analysis for different locations within the es-
tuary. Close to Le Verdon (represented by the pink dot in Fig. 14a), sea
level rise neither influences the amplitude of the M2 nor M4 tidal
component. However, when moving upstream to the middle estuary, an
increase in the M2 tidal amplitude due to sea level rise can readily be

observed (e.g. at Pauillac; blue dot in Fig. 14a). The largest change
occurs in the upper estuary where the amplitude of the M2 component
increases with approximately 0.45m. This is in the region where the
tidal wave is generally being damped due to the shallow bathymetry.
The M4 tidal amplitude also increases but less substantially and only in
the upper estuary. M2 and M4 velocity amplitude also increases in the
upstream region (Fig. 14b), consistent with strengthening of the tidal
current as mentioned above (Fig. 13f). Regardless of the changes in the
amplitude of both the water level and the velocity, sea level rise gen-
erally does not have an effect on the tidal distortion factor defined by
M4amplitude / M2amplitude (black lines in Fig. 14a and b). Sea level rise
neither influences the tidal dominance factor which takes into account
the phasing of the tidal components (Fig. 14c and d). The tidal dom-
inance factor indicates whether flood-dominant or ebb-dominant con-
ditions prevail. For the Gironde estuary, the middle and upper regions
are clearly flood-dominant, both before and after sea level rise.

5. Discussion

5.1. Advantages of yearly simulations and model limitations

The modelling results presented here show some of the benefits of
simulations over seasonal timescales, in contrast to shorter term si-
mulations in the order of individual tidal cycles to weeks which are
more commonly conducted (see also Mitchell and Uncles, 2013). Yearly
simulations allow for a more comprehensive assessment of seasonal
processes such as the movement of the turbidity maximum in response

Fig. 12. Simulated turbidity fields before (a) and after (b) a 1.0 m sea level rise.

Fig. 13. Sea level rise effects on tidal propagation and SSC patterns for the lower, middle and upper estuary. Simulated temporal evolution of (a, b, c) water surface
elevation (d, e, f) flow velocity and (g, h, i) SSC before (solid lines) and after (dotted lines) a rise in mean water level of 1.0 m. The coloured dots in Fig. 3 indicate the
locations for which the time-series have been extracted. Subplots (g), (h) and (i) include information on time-averaged SSC indicating an increase in turbidity levels
in the upper estuary. Turbidity levels in the middle estuary are decreasing but this is mainly because SSC is extracted at the water surface; sea level rise causes a larger
water depth such that the number of sediment particles reaching the surface is reduced.
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to changing river inflow. The drop in turbidity levels caused by a river
flood, for example, and the subsequent increase in turbidity after the
high discharge event has passed are important dynamics that can only
be assessed in detail when simulations over seasonal timescales are
conducted. This includes the associated timing of these events and
potential hysteresis effects in SSC patterns as observed for the upper
reaches of the Gironde estuary (Fig. 7).

For the Gironde estuary we show here that tidal asymmetry is the
primary forcing driving the formation of a turbidity maximum. Still,
model simulations of only a few tidal cycles could have shown that a
turbidity maximum forms without the consideration of density gra-
dients. Yearly simulations, however, provide additional insights by
showing that density effects play an important role in maintaining the
stability of the turbidity maximum and without these effects a large
proportion of the fine sediment escapes to the offshore. Toublanc et al.
(2016) recently described a similar finding for the Charente estuary
which is also a macrotidal system located just north of the Gironde
estuary but with a significantly smaller riverine input. Based on model
runs they concluded as well that density gradients play an important
role in ensuring a sharper downstream limit of the suspended sedi-
mentary mass, preventing the massive export of sediments. This is in
turn consistent with some earlier modelling efforts carried out by
Brenon and Le Hir (1999) who also pointed out the dominant role of
tidal pumping for the Seine estuary (north-west coast of France). Thus,

tidal asymmetry as the main driver with a secondary role for density
effects seems to be a consistent feature, at least for the macrotidal es-
tuaries along the French Atlantic coast.

Finally, the yearly simulations presented here further highlight the
need to evaluate model behaviour over different timescales. One of the
parameters that is commonly tuned to improve model results is the
settling velocity of sediment particles and adjusting this velocity indeed
also enhanced model performance in our study (Fig. 9). At least for the
first couple of months, as discussed, but after that the excessive and
ongoing escape of sediment to the offshore leads to incorrect model
behaviour as the turbidity in the estuary becomes unrealistically low.
This hinders the process of defining optimum values for the settling
velocity. It also implies that sediment fluxes at the mouth should be one
of the criteria for model calibration. Calibrating models of estuarine
sediment dynamics is further complicated by the parametric complexity
involved in estuarine sediment modelling (French, 2010; Payo et al.,
2016). The process of particle settling in particular is difficult to re-
present as the parameterization is dependent on a range of complex
cohesive processes (Amoudry and Souza, 2011; Wang et al., 2012). In
addition to hindered settling and flocculation, factors like turbulence
and salinity gradients are all expected to play a role (Priya et al., 2015).
As such, large spatial variations in settling velocities are to be expected
and adopting more accurate representations will inherently enhance
model performance. However, the data to constrain these

Fig. 14. Sea level rise effects on tidal characteristics. (a) M2 water level amplitude, M4 water level amplitude, and tidal distortion factor M4amplitude / M2amplitude. Solid
lines indicate present situation and dotted lines indicate 1.0 m sea level rise scenario. (b) M2 velocity amplitude, M4 velocity amplitude, and tidal distortion factor
M4amplitude / M2amplitude. Tidal dominance factor 2M2phase-M4phase for (c) water level and (d) velocity. The coloured dots on the x-axes and in Fig. 3 indicate the
locations for which the tidal harmonic analysis was conducted.
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parameterizations for the Gironde estuary are unavailable and difficult
to obtain and this remains a key area of future research.

Although simulations in the order of 1 year or more provide ad-
vantages, these types of models are computationally intensive and it
requires certain compromises in terms of model set-up to keep the
running time manageable. We here used an irregular grid to keep the
number of computational points to a minimum while obtaining a fine
resolution in the areas of interest. Still, the width of the rivers in the
upper reaches of the estuary is only resolved by 1–3 grid cells and a
higher resolution will most likely improve model results in these spe-
cific areas. Measurements of SSC at Bordeaux, for example, were ob-
tained in the proximity of existing mudflats. Although limited in size,
these mudflats might influence local sedimentary processes that are not
resolved due to the used model grid. The grid resolution, however, was
mainly adjusted to match the focus of this study, which is on enhancing
our understanding of the larger scale hydro- and sediment dynamics,
specifically the spatial patterns in SSC and the geometries of turbidity
maxima, seasonal patterns driven by river inflow, sediment budgets,
and potential trends in salinity and turbidity caused by sea level rise.
Another way forward to overcome the drawback of high computational
cost is to combine numerical models with the use of idealized models to
benefit from the strengths of both types (Schuttelaars et al., 2013).

5.2. Future changes in river discharge and sea level rise

Historical records show that the annual discharge of the Garonne
and Dordogne rivers has been decreasing, flood events are increasingly
scarce and drought periods are becoming more durable (Jalón-Rojas
et al., 2015). How river inflow will change in the future is still un-
certain, but based on climate change scenarios and streamflow simu-
lations it is the expectation that average discharges will continue to
decrease (Boé et al., 2009; Alfieri et al., 2015). Although the current
study does not address multi-decadal changes in river inflow, the si-
mulations presented here do highlight that estuarine hydro- and sedi-
ment dynamics are highly sensitive to changes in fluvial discharge.
Fig. 15 summarizes this dominating role of river inflow by showing the
dependency of salinity intrusion and turbidity maximum location on
river discharge. Seasonal variations in river conditions drive a dis-
placement of the salinity front (0.5 psu isohaline) that exceeds 40 km
(Fig. 15a) and the along-estuary shift of the turbidity maximum is in the
same order of magnitude (Fig. 15b). As an indication of decadal
changes in estuarine dynamics, we included in Fig. 15 the mean annual

discharge of the periods 1960s-1980s (1000m3/s) and 2005–2014
(680m3/s) (Jalón-Rojas et al., 2015), together with a rough estimate of
future discharge. According to projections, it is plausible that the mean
annual discharge will drop further to 500m3/s or lower within this
century (Boé et al., 2009), which would force a further upstream
movement of the salinity front and turbidity maximum (Fig. 15).
Clearly, these types of insights obtained from seasonal variations in
hydrosedimentary dynamics can be valuable for anticipating impacts of
future changes in river inflow.

Impacts of sea level rise have been more explicitly assessed. As
pointed out, elevated salinity levels in the middle estuary is one of the
key consequences, and the simulated effects are in the same order as
those of some other large estuarine systems. Hong and Shen (2012), for
example, conducted model runs to explore sea level rise effects for the
Chesapeake Bay. They simulated a salinity increase of around 1–2 ppt
along the main axes of the Bay for a sea level rise of 1.0m and a typical
dry year. This is comparable to salinity increases reported here
(Fig. 11c). For the Chesapeake Bay salinity changes include an up-
stream movement of the salinity front (0.5 psu isohaline) of more than
10 km (Hong and Shen, 2012). This, however, is in contrast with our
findings for the Gironde where the effects of sea level rise on the lo-
cation of the salinity front (indicated by asterisks in Fig. 15a) are almost
negligible and overshadowed by river discharge effects. Other hydro-
dynamic sea level rise impacts reported by Hong and Shen (2012) in-
clude enhanced stratification, increase in the tidal amplitude, and an
earlier arrival of low and high water, all consistent with our findings for
the Gironde estuary.

Modelling studies assessing the implications of sea level rise on the
dynamics of turbidity maxima are less abundant. The general consensus
is that sea level rise pushes the turbidity maximum further upstream
(Robins et al., 2016). For the Gironde we observe that sea level rise
effects are of minor importance in comparison to variations caused by
changes in river inflow (Fig. 15b). In addition to the location of the
turbidity maximum, it was observed that its geometry and intensity
were neither affected by a rising sea level (Fig. 10a and d). A potential
explanation may be found in the tidal characteristics of the estuarine
area where the turbidity maximum predominantly occurs. Model si-
mulations indicate that the depth of the lower and middle estuary is
sufficiently large such that tidal wave damping is limited. As a con-
sequence, sea level rise does not influence tidal propagation or velocity
patterns in a large proportion of the estuary. As the location of the
salinity front remains relatively stable too this suggests that turbidity

Fig. 15. Effects of river discharge and sea level
rise on location of (a) salinity front (0.5 psu
isohaline) and (b) turbidity maximum.
Distance is measured from Le Verdon. As an
indication of decadal changes, the mean an-
nual discharge of the periods 1960s-1980s
(1000m3/s) and 2005–2014 (680m3/s)
(Jalón-Rojas et al., 2015) are shown, together
with a rough estimate of future discharge
(500m3/s) within the 21st century.
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maximum characteristics are relatively insensitive to a rising sea level.
Finally, our sea level rise simulations also compare to systems which

have been subject to channel deepening as a result of dredging. The Ems
estuary is such a system that has been deepened during the past decades
and studies have shown how this has led to tidal amplification with
tides penetrating deeper into the estuary and significant increases in
turbidity levels in the upstream tidal river (Chernetsky et al., 2010;
Winterwerp and Wang, 2013; de Jonge et al., 2014; van Maren et al.,
2015). These effects are comparable with those of the Gironde estuary
under a rising sea level as the simulations presented here suggest an
increase in the tidal range, stronger tidal currents and rising SSC levels
in the upper estuary. For the Ems estuary this has resulted in hyper-
turbid conditions with negative implications for light penetration,
oxygen levels and primary productivity (Talke et al., 2009b; de Jonge
et al., 2014). The navigation channels of the Gironde estuary are reg-
ularly dredged as well, but possible effects on turbidity levels are yet to
be fully explored. As sea level rise could potentially exacerbate the
effects of dredging this clearly highlights the need to study the risk of a
regime shift to hyper-turbidity in the upper reaches of the Gironde es-
tuary. The development of hyper-turbid conditions, however, is a
highly complex process governed by multiple operating feedbacks and,
as such, this remains a key area of future research, especially con-
sidering the large environmental impacts involved.

6. Conclusions

A numerical model was used to identify the response of hydro-
sedimentary dynamics in the Gironde estuary to variations in river in-
flow and sea level rise. Comparisons with satellite imagery and time-
series of measured salinity and SSC show that the model reproduces
observed seasonal trends. In addition, numerical experiments were
undertaken to improve understanding of the governing mechanisms
responsible for the formation of the turbidity maximum. The main
conclusions can be summarised as follows:

– Salt water intrusion is strongly dependent on river discharge and the
migration of the salinity front in response to seasonal variations in
river inflow is in the order of 40 km.

– The model is capable of reproducing the formation of a well-de-
veloped turbidity maximum which shifts along the estuary over
seasonal timescales and a secondary turbidity maximum which is
more stable.

– SSC patterns at Bordeaux (upper estuary) are controlled by seasonal
fluctuations while turbidity levels at Pauillac (middle estuary) prove
to be insensitive to river flow variations.

– Sediment export mainly occurs during periods of high river dis-
charge which forces the turbidity maximum to move downstream in
combination with spring tides which enhance sediment resuspen-
sion.

– Tidal asymmetry is the main driver of turbidity maximum forma-
tion. Density gradients play a secondary role by maintaining a stable
mass of suspended sediment within the estuary and limiting seaward
dispersion.

– Simply adjusting settling velocities to reduce the underprediction of
SSC improves model skill on the short term, but leads to un-
realistically high escape of sediment to the offshore and depletion of
the estuarine sediment mass.

– Sea level rise increases salinity levels in the middle estuary by ap-
proximately 1 psu. The location of the salinity front remains rela-
tively stable. In the upper estuary, sea level rise causes tidal am-
plification, strengthening of tidal currents and enhanced SSC levels.

– The location, geometry and intensity of the turbidity maximum re-
main essentially unaltered under sea level rise. Decadal changes in
river inflow are suggested to have a larger effect on location than
rising water levels.

A key aspect of future research involves exploring the risk of a re-
gime shift to hyper-turbid conditions in the upper reaches of the
Gironde estuary. Sea level rise could exacerbate the effects of ongoing
dredging by amplifying the tide and driving a further increase in tur-
bidity levels. This potentially has large consequences for the environ-
mental quality of the estuary.
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