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ABSTRACT 

We present here our effort to develop a morphodynamic model of the Gironde estuary, using a process-based approach. In this 
complex and strongly dynamical environment, internal coupling between the flow (Telemac-2d) and sediment transport models 
(Sisyphe) allows the representation of detailed sediment processes and interactions with the bed, using a bed roughness feedback 
method. In this complex and highly heterogeneous environment, the sediment bed composition had to be schematized assuming 3 
classes of bed material. Model results could be further improved by accounting for the cohesive sediment (consolidation processes). 
Thanks to parallelization of the codes, the simulation takes only 18 hrs on 8 processors (linux station) to calculate the 5-year bed 
evolution, at the basin scale (150 km). 

 

INTRODUCTION 

Estuaries are located worldwide at the boundary between the 
marine and terrestrial spheres. They represent the most dynamic 
sedimentary environment, as well as a highly valuable area for the 
diversity of their ecosystems. They evolve in response to tidal 
(marine), wind and wave forcing (atmospheric) and fluvial 
influence. This highly energetic environment is also characterized 
by its high non-homogeneity in sediment types and bed features, 
with mixtures of marine sand input at the mouth of the estuary and 
muddy fine sediment entering from the rivers. The richness of the 
flora and fauna adapts locally to the diversity of the 
morphodynamic features: tidal marshes are a nesting area for 
migrating birds, flood channels bring in marine fish, while ebb 
channels influence nutrients and fresh water species in the system. 

Most estuaries and bays located on the French Atlantic shore 
have endured strong alluvial bed evolutions in the last decades. 
These bed evolutions affect the morphodynamic equilibrium, with 
important consequences for various economic activities and 
environmental issues.  The diversity of the ecosystems can be 
endangered under the pressure of economic development 
(industries, tourism, and navigation). The effect of human 
interference needs to be monitored in order to preserve the 
environmental equilibrium and ensure sustainable development. 
Numerous applications include the impact of dredging activities, 
construction of dikes, etc… on the morphodynamic equilibrium 
and their consequences on the biodiversity.  

Morphodynamic processes in estuaries are driven by complex 
interactions between various hydrodynamic, biological and 
morphological processes. The morphodynamic response acts at a 
wide range of time scales, which may vary from hours to days 
(short term), from months to decades (medium term), hundreds of 
years (long term) or millennia (geological scales). In term of 
spatial scales, bedforms range from micro-scale bed features 

(ripples, megaripples of the order of 10 cm to meters, dunes, sand 
banks; ebb and flood channels can be classified as meso-scale 
(100 m to km), whereas the entire estuary evolves at the macro-
scale (10-100 km). Different approaches can be applied to model 
the morphodynamic response of the estuarine system, depending 
on the scale of application. Geo-morphodynamic models, also 
called behavior-oriented models, are designed for long term 
simulation. They can be applied for example to study the effect of 
global changes (e.g. sea level rise) on the large scale 
morphodynamic features. They are based on empirical rules and 
expert analysis of long term bathymetric data. This approach is 
however limited by the lack of physical insight [e.g. Karunarathna 
et al., 2008]. Process based models are designed to represent the 
detailed physical interaction between the flow and the sediment 
transport processes. The filtering scale is the time step of the 
model (of the order of a few seconds) which allows representation 
with great accuracy of the detailed mean flow variation for a 
particular combination of tidal signal, atmospheric and flooding 
event [e.g. Huybrechts, et al., 2011]. Spatial variations in the 
bathymetry are filtered at the model grid size which varies from 
10-100 m, such that the small scale bed features need to be 
parameterized by bed roughness coefficients.  

Despite their complexity, process based models still rely on 
some empirical parameterization of the complex flow/sediment 
transport interactions. They are mainly designed to study the short 
term morphodynamic response of the system to human 
interference [Chini and Villaret, 2007].The objective of this paper 
is to discuss the state of the art and the limits of process models to 
study the medium to long term bed evolutions in complex 
estuarine systems. Morphodynamic factors have been extensively 
applied in order to reduce the computational cost [van der Wegen 
and Roelvink, 2008]. Model predictions could be extended over 
geological time scales, leading to realistic as well as stable model 
results [van der Wegen, 2010]. However, this simplifying method 
introduces an additional source of uncertainty and becomes 
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questionable in the presence of mixed sediment, where 
consolidation and biological processes interact at their own time 
scales. Thanks to the optimization of numerical schemes, 
parallelism, as well as tremendous progress in the performance of 
computers, bed evolution can be calculated on basin scale (10-100 
km) and for the medium term (years to decades), without the use 
of hydrodynamic filtering methods. 

Our framework is the open source finite element Telemac 
system (http//www.opentelemac.com) which has been developed 
over 20 years at EDF R&D. Our case study is the Gironde macro-
tidal estuary located South West of France, which is the largest 
estuary in Western Europe. The tide propagates approximately 
170 km inland from the Bay of Biscay. Its importance to the 
economy is related to the presence of several ports, including the 
harbor of Bordeaux as well as various industries, fisheries and 
tourism activities. Despite the large density of population and its 
important economic development, the Gironde estuary remains 
one of the most natural estuaries [Natura, 2000]. 

We start in Part II with a brief review of existing 
morphodynamic process-based models and present in more detail 
the open source Telemac system. In Part III, we discuss some of 
the local/short term and global issues which can be addressed by a 
two-dimensional process morphodynamic model. In Part IV, we 
present the large scale (2D depth-averaged) morphodynamic 
model of the Gironde estuary. 

MORPHODYNAMIC MODELS 

After a short review of existing process-based morphodynamic 
models, we present here the finite element Telemac system 
(focusing on 2D modules) which is used in the large scale 
morphodynamic application. 

Review of morphodynamic models 
Numerous morphodynamic models have been developed and 

applied in the past 30 years in order to predict the sediment 
transport rates and resulting bed evolution in complex 
environments. Comprehensive morphodynamic modeling systems 
like ECOMSed [Hydroqual, 2002], Mike21 [Warren and Bach, 
1992],  Delft3D [Lesser et al., 2004] and ROMS [Warner et al., 
2008] generally include different flow options (from 1D to 3D), a 
wave propagation model and a sand transport model including 
bed-load and suspended load (for a review, see for example 
Papanicolaou et al. [2008]).  

Most existing morphodynamic modeling systems rely on finite 
difference methods and are therefore constrained by the use of 
boundary fitted (orthogonal curvilinear horizontal coordinate 
systems, sigma stretched vertical coordinates) which are only 
suitable for simplified geometry.   

The Telemac system 
Like other comprehensive models, the Telemac system 

comprises various modules to calculate the flow (Telemac-2d or -
3d), the waves (Tomawac) and the sediment transport (Sisyphe), 
which can be chained or internally coupled [cf. Villaret et al., 
2011]. In comparison with other comprehensive modeling 
systems, the main originality lies in the efficiency and flexibility 
of the finite elements. All modules of the Telemac system are 
based on unstructured grids and finite-element or finite volume 
algorithms. The sources and user manuals can be downloaded 

from the Telemac website: http://www.telemacsystem.com. One 
important feature is parallelism with domain decomposition.   

Different numerical methods are available, as described by 
Hervouet [2007]. The method of characteristics, kinetic schemes 
and others can be applied to calculate the convective terms in the 
momentum equation. The wave equation as well as providing a 
method of smoothing free surface instabilities is particularly well 
suited for large scale applications. The use of implicit schemes 
enables relaxation of the CFL limitation on time steps (typically, 
values of Courant numbers up to 10 or 50 are acceptable). 

For the treatment of tidal flats, a new algorithm based on 
segments ensures positive water depths and mass conservation 
without extra limitation of the time step [Hervouet et al., 2010]. 

The Telemac-2D flow module solves the shallow water 
equations (momentum and continuity), with several options for the 
horizontal diffusion terms (depth-averaged k-, Elder model 
(1959) or constant eddy viscosity models) and source terms 
(atmospheric pressure gradients, Coriolis force …).  
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Where h is the water depth, and U, V the horizontal mean velocity 
components. The first term on the right hand side of the equations 
of motion is the pressure gradient (Zs is the free surface elevation), 
the second is the bottom friction, and the third, the horizontal 
diffusion. The mean bottom shear stress xy enters the 
momentum equation (Eq. 2).  

The bed (total) shear stress represents both the combined effect 
of skin friction and additional drag (pressure) forces acting on the 
bed in the presence of bedforms. In 2D models, it is related to the 

mean (depth-averaged) flow velocity 22 VUU   by a 

quadratic friction coefficient denoted CD:  

2
0 2
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   (3) 

Different options are available for the choice of friction 
coefficient. Assuming a logarithmic velocity profile up to the free 
surface, the friction coefficient can be related to the representative 
equivalent bed roughness, denoted ks: 
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where is the von Karman constant and e=exp(1). 
The equivalent bed roughness coefficient ks is represented in 

terms of the characteristic bedform dimensions averaged over the 
grid scale. This single scale represents therefore a wide spectrum 
of bedforms including the effect of grain skin friction, micro-scale 
ripples (typically of the order of 10cm) and mega ripples and 
dunes that scale with the water depth. The macro-scale features 
(typically of the order of 100 m) are typically smaller than the grid 
size in large scale models, and their effect needs to be 
parameterized also. 



Villaret, Huybrechts and Davies

 

 

Jubilee Conference Proceedings, NCK-Days 2012 71

 

 

The bed roughness is generally determined based on a trial and 
error procedure in order to reproduce the available hydrodynamic 
data. 

The morphodynamic model Sisyphe calculates the sediment 
transport rates, decomposed into bed-load and suspended load, and 
the resulting bed evolution. The model is applicable to non-
cohesive sediment, composed of either uniform grains or multi-
grains, characterized by their mean size and density, as well as 
cohesive sediments and mixtures. Detailed information on the 
sediment transport processes can be found in the Sisyphe user 
manual [Villaret, 2010] and in Villaret et al. [2011].  

A choice between 10 classical transport formulae is available to 
predict the bed load Qb as a function of the hydrodynamic bed 
shear stress, corrected for skin friction.  For the suspended load, 
we solve an additional transport equation for the depth-averaged 
suspended sediment concentration transport equation, where the 
source term represents the net erosion (E) minus deposition (D) 
flux. 

For non-cohesive sediments, the erosion flux (E) is expressed in 
terms of an ‘equilibrium’ reference concentration [e.g. Van Rijn, 
1984] which is defined at a reference elevation whereas, for 
cohesive sediments, the Krone-Partheniades relation relates the 
erosion rate to the excess bed shear stress minus the resistance of 
the bed to erosion, which varies as a function of mud composition 
and consolidation state. The deposition flux (D) is calculated as 
the product of settling velocity Ws and the near bed concentration.  

The variation of bed elevation can be derived from a simple 
mass balance, as expressed by the Exner equation: 
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where p is the bed porosity (p~0.4 for non-cohesive sediment), Zf  
the bottom elevation, Qb the solid volume transport rate (bed-load) 
per unit width, and the last term represents the net erosion (E) 
minus deposition (D) flux.  

Sediment transport rates are calculated as a function of the local 
skin friction, which is calculated from the hydrodynamic friction 
0 by use of a skin friction correction parameter (<1). The skin 
friction correction parameter  is the ratio of skin and total friction 

(
d

d

C

C '
 ) where 'dC is the quadratic friction coefficient 

corresponding to the skin roughness, which, for flatbed conditions, 
is proportional to the mean grain size ( 503' dks  ). 

Internal coupling and method of feedback  
The sediment transport model (Sisyphe) relies on a complete 

description of the flow field, through internal coupling with the 
flow module; at each time step, the hydrodynamic model 
(Telemac-2D or -3D) calculates the flow field and sends to 
Sisyphe the spatial distribution of the main hydrodynamic 
variables: water depth h, horizontal depth-averaged flow velocity 
components U and V, and the quadratic friction coefficient Cd. 
The bed roughness parameter has been identified as the key 
parameter regarding sediment transport rate predictions. 

In order to avoid possible inconsistency between the 
morphodynamic model and hydrodynamic model, a method of 
feedback for the bed roughness, decomposed into skin friction and 
drag friction, has been developed [cf. Villaret et al., 2011]. 
According to van Rijn [2007], the total bed roughness can be 

decomposed into a grain roughness '
sk , a small-scale ripple 

roughness kr , a mega-ripple component kmr, and a dune roughness 
kd:  

222'
dmrrss kkkkk 

   
 (6) 

Both small scale ripples kr and grain roughness '
sk  have an 

influence on the sediment transport laws, while the mega-ripples 
and dune roughness only contribute to the hydrodynamic model 
(total friction). In the bed roughness feed-back method, the total 
bed roughness calculated by Sisyphe is sent to Telemac-2d and 
converted into quadratic friction coefficient. The total bed 
roughness is sent to the 2D- hydrodynamic model and converted 
into a friction parameter for sediment transport rate predictions, 
before calculating the bedload transport Qb and erosion rates (E). 

Assuming local equilibrium conditions between the flow and 
bed morphology, the value of the roughness for each bedform 
component depends on a mobility parameter (U²/gd50, where U 
is the flow velocity and the excess of relative density) and the 
median diameter of the bed material d50, with different expression 
for silt, sand or gravel. In summary the roughness can be 
expressed as a function of the following parameters (Eq. 2). 
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where dsilt=0.02 mm, dsand =0.062 mm and dgravel=2 mm. Further, 
the formulation of van Rijn [2007] for ks is sensitive not only to 
the sediment grain size but also, where dunes and mega-ripples are 
concerned, to the water depth. 

This method has been selected as the most accurate for the 
lower alluvial regime (ripples and dunes) as typically met in 
estuarine conditions [Huybrechts et al., 2010b]. For waves and 
combined waves and currents, ripple dimensions can be calculated 
as a function of the wave parameters. Here such estimations have 
been implemented only in the case of the Dee estuary [see Villaret 
et al., 2011] again based on the methodology of van Rijn [2007] 
which, for combined waves and currents, utilizes a wave-current 
mobility number (U²+Uw

2)/gd50 wherein Uw is the near-bed wave 
velocity amplitude. 

The procedure above for the prediction of the bed roughness 
accounts only for the turbulent form drag exerted by the physical 
bed roughness, i.e. the roughness associated with the physical 
dimensions, shapes and asymmetries of sub-grid-scale bed 
features, of which dunes are normally of greatest importance.  In 
addition, however, wave-current interaction in the seabed 
boundary layer should, in principle, be included as a further factor 
enhancing the total drag felt by the (tidal) flow.  Wave stirring in 
the near-bed layer can greatly enhance the turbulence intensity and 
this should be reflected, in turn, in the bed roughness ks. Van Rijn 
[2007] proposed a formulation that typically enhances the 
‘physical roughness’ ks by a factor of between 2 and 5 times due 
to wave-current interaction. One conceptual uncertainty here, 
however, is whether the ks enhancement should be applied to 
some or all of the four component parts of ks involved in Eq.(6) ; 
there is presently insufficient experimental evidence here, 
particularly regarding kd and kmr.  

Another limitation arises in the use of Eq.(6) when time-varying 
flows such as tidal flows are involved.  While spatial variations in 
ks are potentially important in determining the strength of the 
mean flow locally in a computational domain, large temporal 
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variations are typically predicted to occur also through the use of 
Eq.(6) instantaneously as the computation proceeds. These 
temporal variations in ks through a tidal cycle may, in practice, be 
unrealistically large, particularly for dunes, due to the present lack 
of any bed form history effects in our simulations. From 
observations made in time-varying river flows Paarlberg et al. 
[2010] have pointed out that observed dune heights do vary 
significantly in time, exhibiting a hysteresis lag with regard to the 
flow strength, and Coleman et al. [2010] have proposed a 
predictive scheme for ks in such circumstances. However, intra-
tidal variation in ks may actually be relatively small due to the 
time scales required for dunes to evolve.  At the present stage of 
this research we do not yet have sufficient field evidence to 
propose a suitable formulation for the history effect in ks and this 
represents a clear priority for future study.  

THE GIRONDE ESTUARY  

The Gironde macro-tidal estuary extends from the confluence of 
the Garonne and Dordogne Rivers to the mouth on the Atlantic 
coastline. Its width ranges from 3.2 to 11.3 km wide downstream 
for a length of 170 km. The central part is characterized by a 
complex geometry, with the presence of different channels 
separated by elongated sand banks and characterized by a high 
turbidity level due to cohesive sediments coming from both rivers. 

The estuary can be classified as macro-tidal, hyper-synchronous 
and with an asymmetric tide (4 h for the flood 8 h 25 for the ebb). 
The tidal amplitude near the mouth of the estuary ranges from 2.2 
m to 5.4 m during the spring-neap cycle, higher than 4m further 
upstream. The river discharge ranges from 50 up to 2000 m3.s-1. 
During flood events, the river flow rate becomes occasionally 
greater than 5000 m3.s-1. 

Sediment bed composition 
The bed composition is highly variable in space: gravel and 

sand can be found at the mouth of the estuary as well as upstream 
of the tributaries. Contrarily, the channel bed is dominated by the 
mud except for some sand banks from the mouth to the tributaries 
[Allen, 1972]. Information concerning the bed material is 
generally provided qualitatively: areas of sand, mud or gravel are 
reported on maps. A measurement campaign was performed in 
2009 which provides detailed quantitative information on the 
spatial variation of the sediment granulometry and composition in 
the central part: 39 samples were collected for a study area about 
10 km length in the vicinity of the velocity measurements.  The 
median diameter sizes from 0.01 mm to 0.35 mm and the space-
averaged value of the median diameter for the 39 samples is 0.03 
mm. At the estuary mouth, the median diameter of the bed 
material ranges within 0.25 and 0.38 mm [Port Autonome de 
Bordeaux, 2002]. The bed material of the Gironde is thus 
composed of a mixture of mud and of highly graded sand. Some 
bed forms are locally observed near sand bank or at the mouth 
even if the mud seems to dominate the bed material in the central 
part. For instance, Allen [1972] reports the presence of dunes 
about 1 m height and 10 m long a little bit upstream the location 
of the velocity measurements (Fig. 1). More recently, such large 
scale bed forms are reported in the same area in the main channel 
on the right side. Typical dimensions of those small scale dunes 
are about 5.5 m in length with a height of approximately 70 cm.  

Bathymetric evolutions 
In the central part of the estuary, morphodynamic features 

evolved drastically from 1994 to 2005 as monitored through 
regular bathymetric surveys (Fig. 2). Those bed evolutions are 
either due to anthropogenic or natural origins and may also 
notably be attributed to large amounts of dredging volumes. 

The bed evolutions are measured through bathymetry surveys 
made every 5 years, since it takes about 4 years to cover the whole 
estuary from Bordeaux to Verdon station. A better accuracy is 
expected in the central part of the estuary and model validation 
will be focused on this part. A rather coarse grid is applied in both 
maritime and fluvial parts, where the bathymetry has not be 
updated. In the central part of the estuary, morphodynamic 
features evolved drastically from 1994 to 2005 and more detailed 
bathymetric data sets are available for years 2000 and 2005. The 
1995 bathymetry is used as an initial condition of the 
morphodynamic model whereas the 2000 data is used to compare 
the measured bed evolutions with model predictions. The 2005 
bathymetry is used in the hydrodynamic model validation. The 
1995-2000 differential bathymetry is used for morphodynamics 
model validation.    

Hydrodynamic data  
The tide propagation can be analyzed through water levels, 

which are measured every 5 min at nine hydrometric stations 
along the estuary from the Verdon station at the mouth to the 
harbour of Bordeaux, located 10 km upstream of the confluence 
between the Dordogne and Garonne rivers (Fig. 3). Measurements 
of flow rates are available every hour at the upstream boundary.  
Velocity measurements are sparser in comparison to the water 
level data. For instance, ADCP velocity profiles were measured by 
EDF R&D in August 2006 at 3 points located along the same 
cross section, approximately 5 km downstream Pauillac station 
(Fig. 3) and at 5 points along the estuary from  September to 
October 2009 (7 points were measured, as shown on Fig. 1, but 
only 5 of them were successful). Both events are used to calibrate 
and validate the hydrodynamic model [Huybrechts et al., 2012]. 

Turbidity measurements 
The suspended load and related water quality parameters have 

been measured at four stations along the estuary [www.magest.u-
bordeaux1.fr] since 2005. This monitoring gives information on 
the turbidity variation along the estuary as a response of seasonal 
variation in the river flow rates.  Three stations are located in the 
tributaries whereas one station is located in the estuary itself at 
Pauillac station (Fig. 3).  The turbidity data can be converted into 
massive sediment concentration using a conversion factor of 
0.0023 [Commarieu, 2007]. However during the two velocity field 
surveys (August 2006; September-October 2009) used to calibrate 
the hydrodynamics, the turbidity data are not available at Pauillac 
station.  Therefore, two events of sediment transport data collected 
in August 2007 are selected: from 1st to 5th (spring tide) and from 
7th to 11th (neap tide).  It is assumed that the hydrodynamic 
conditions in August 2007 are similar as the hydrodynamic 
conditions in August 2006 during the velocity survey and thus that 
the hydrodynamic calibration of the model still remains valid. 
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CONCLUSIONS 

A 2D morphodynamic process-based model has been applied to 
predict the bed evolution in a complex estuarine system: the 
Gironde estuary. Thanks to recent progress in the numerical 
methods and extensive use of parallelization, medium term 
predictions (order of decades) can be achieved at the basin scale 
(150 km) without the use of hydrodynamic filtering methods nor 
morphodynamic factors. With a time step of 100 s, 5 years of bed 
evolution requires approximately 18 hrs of computational time 
using 8 processors (Intel Xeon-3.33 GHz). 

The model (Telemac-2d/Sisyphe) presented here takes into 
account complex interacting processes between the flow and 
sediment transport. In particular, a method of feedback for the bed 
roughness which avoids inconsistencies between the flow and 
sediment transport model, has been proved to give physically 
realistic as well as stable numerical results. For validation, model 
results could be further improved by slightly adjusting the 
predicted time-averaged mean friction coefficients in order to get 
a set of best fit coefficients (constant). The bed friction predictor 
can therefore be viewed as a way to guide a time-consuming trial 
and error procedure, on physically sound basis.  

Sediment transport processes include the coupling between 
bedload and suspended load, as well as sand grading effects. Here 
only 3 sand classes were considered which is a very crude 
schematization of the high heterogeneity in the sediment bed 
composition. We only account for the non-cohesive processes. 
The effect of cohesion and mixed sediment processes needs to be 
accounted for using the consolidation model [cf. Van et al., 2011]. 
The effect of waves is discussed in Villaret et al. [2011]. 
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