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Abstract. Mediterranean catchments are regularly affected
by fast and flash floods. Numerous hydrologic models have
been developed, and allow modelling of these floods. How-
ever, these approaches often concern average-size basins of
a few hundred km2. At larger scales (> 1000 km2), coupling
of hydrologic and hydraulic models appears to be an adapted
solution. This study has as its first objective the evaluation
of the performances of a coupling of models for flood hy-
drograph modelling. Secondly, the coupling results are com-
pared with those of other modelling options. The aim of these
comparisons is to clear up the following points. (1) Is a sim-
plified routing model (lag and route) as efficient as a full
hydraulic model for the modelling of hydrographs, in the
intermediary downstream part of the stream? (2) Is adding
lateral inflows necessary for all studied events? (3) What is
the impact of the qualities of upstream hydrologic modelling
feeding the coupling? The coupling combines the SCS–LR
(Soil Conservation Service–lag-and-route) hydrologic model
of the ATHYS platform and the MASCARET 1-D hydraulic
model based on full Saint-Venant equations. It is applied to
the Gardon River basin (2040 km2) in the south of France.
For the seven studied events, the results of the coupling are
satisfactory, the calculated Nash indexes varying between
0.61 and 0.97. The comparisons with the other modelling
options show the important role of the spatial distribution
of rains during events: when rains are centered on the in-
termediary downstream part of the catchment, adding lateral
inflows is necessary; when rains are more important in the
upstream part, the quality of the hydrologic modelling up-
stream of the coupling has a strong impact. Furthermore, the

used coupling of models seems well adapted for water rising
and flooded area forecasting. The future developments of the
tool will concentrate on this point.

1 Introduction

Fast and flash floods in the Mediterranean area are well
known for their importance and violence. They are charac-
terised by intensive reactions by rivers, with specific dis-
charges sometimes reaching more than 20 m3 s−1 km−2, and
water rising very rapidly, generally in a few hours. These
reactions are the consequence of extreme rainfall events;
this cumulated rainfall can reach values exceeding 500 mm
in 24 h, sometimes exceeding 100 mm h−1 intensities. In
France, the southeastern regions are frequently affected. The
last major events were the ones that affected the River Aude
in November 1999 (Gaume et al., 2004), the Gard area in
September 2002 (Delrieu et al., 2005), and the Var area in
June 2010 (Martin, 2010). Each of these events took many
human lives, and generated damages of between 500 million
and more than one billion euros.

The literature informs a set of satisfactory solutions for
the flood modelling of Mediterranean rivers, at the scale of
small- or medium-sized catchments (lower than some hun-
dred km2). Numerous adapted hydrologic models were pro-
posed, but there is not, at the moment, a clear consensus
as to a preferential approach (Hapuarachchi et al., 2011).
TOPMODEL and its derivatives (Saulnier and Le Lay, 2009;
Vincendon et al., 2010), or else the models based on the SCS
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theory (see, for example, Bouvier et al., 2004; Gaume et al.,
2004; Sangati and Borga, 2009), are among some of the best
known.

A priori, these hydrologic models are not well adapted
for the modelling of discharges in the intermediary down-
stream part of large Mediterranean streams draining surfaces
of around 1000 km2 or more. They are based on simplified
routing models (such as lag and route, unit hydrograph, etc.),
which do not take into account effects due to overflowing in
the floodplain, backwater effects at confluences, and impacts
of hydraulic structures such as weirs and bridges (Lian et
al., 2007; Mejia et Reed, 2011). In the upstream parts, these
phenomena and structures often remain limited, and the hy-
drologic model is satisfactory. By contrast, they are frequent
in the intermediary downstream parts, where the floodplain
widens considerably, and where slopes, more moderated, are
favourable to inundation. More sophisticated routing models
are then recommended. They can be hydraulic models based
on the Saint-Venant equations, or on simplifications of these
(kinematic or diffusive waves). In addition to the modelling
of the discharges, the hydraulic models allow us to model
water levels and flooded areas.

This hydraulic model, applied to the intermediary down-
stream part of the river, must be fed. If inflows are ob-
tained by hydrologic modelling, we can call it a hydrologic
and hydraulic model coupling. Some examples of coupling
have already been detailed in the literature (see, for example,
Knebl et al., 2005; Whiteaker et al., 2006; Lian et al., 2007;
Biancamaria et al., 2009; Bonnifait et al., 2009; Montanari et
al., 2009; Mejia and Reed, 2011; Kim et al., 2012; Lerat et
al., 2012). A single application concerns a catchment prone
to fast floods: the study of Bonnifait et al. (2009), which pro-
poses a coupling of the hydrologic n-TOPMODELs model
to the CARIMA hydraulic model. The coupling is used to re-
trace the major event of September 2002, at the scale of the
Gardon River catchment (2040 km2) in the south of France.

This study details the construction and the performances of
a coupling of hydrologic and hydraulic models, also applied
to the Gardon River basin. The proposed coupling is unidi-
rectional. A 1-D hydraulic model based on the full Saint-
Venant equations is used in the intermediary downstream part
of the River Gardon. It is fed by 50 upstream and lateral in-
flows. These inflows are modelled with a distributed, concep-
tual and event-based hydrologic model. The coupling results
are analysed for seven recent events of medium importance,
according to the discharge data recorded by the five hydro-
metric stations of the catchment.

An analysis in two phases is proposed. A first part es-
timates the qualities of the coupling modelling. Then, sec-
ondly, comparisons with the performances of other mod-
elling options are carried out. These comparisons aim to
bring elements of responses to the following questions:

– Is a simplified propagation model as successful as a full
1-D hydraulic model for the modelling of the discharges

of the intermediary downstream part of the Gardon
River?

– Is the use of the coupling justified for all events, or is
a simple hydraulic model, without lateral inflows, suffi-
cient in some cases?

– What is the impact of the qualities of the upstream entry
hydrologic modelling on the hydraulic model?

The different modelling results are estimated at five stations
of the catchment. The analysis concerns only the flood hy-
drographs. Other interesting contributions of the coupling,
such as for example the modelling of the flooded areas, are
not analysed in this study, but offer interesting perspectives.

This article is organised as follows. Section 2 provides a
description of the Gardon catchment, the used hydrologic
data, and the studied events. Section 3 describes the strategy
for implementing the coupling approach, the hydrologic and
hydraulic models, and the parameter adjustment. Section 4
details the coupling results and the results of the compar-
isons with the other modelling options. Finally, the article
ends with a discussion (Sect. 5).

2 Study area and flood events modelled

2.1 The Gardon catchment

The Gardon River is a major tributary of the downstream
part of the Rhône River, located in the southeast of France
(Fig. 1). Its watershed area is 2040 km2 at the confluence.
The source of the Gardon River is in the Cevennes, a low
mountain range with a 1699 m peak, the Pic de Finiels. It
contains two main upstream reaches, the Gardon d’Alès and
the Gardon d’Anduze, and a single downstream reach. The
Gardon d’Alès and the Gardon d’Anduze meet a few kilo-
metres upstream from the village of Ners, in the intermediate
part of the catchment.

The upstream and downstream parts of the Gardon River
basin have very different features. In the upstream part, the
river system has many branches, and a landscape with steeply
sided valleys and steeply sloped hillsides. In some places,
slopes are greater than 50 %. The bed slope of the Gardon
River reaches 4 %. From a geological point of view, this area
is essentially made up of former grounds of primary age,
with a preponderance of schist and granites, and a lower
proportion of sandstone. The vegetation consists of oak and
chestnut trees, with a great number of conifers at high alti-
tude. Downstream from Alès and Anduze, the valleys widen
and create alluvial plains with deposits from the Quaternary,
which in some places extend over several kilometres. The
widest point is in the Gardonnenque plain (around 5 km).
The river system is simplified, because it crosses softer for-
mations of the secondary era (limestone, marls, and sand-
stone). The bed slope is on average 0.15 %. Some elements
of relief remain, which rarely exceed 200 m. The landscape

Nat. Hazards Earth Syst. Sci., 14, 2899–2920, 2014 www.nat-hazards-earth-syst-sci.net/14/2899/2014/



O. Laganier et al.: A coupling of hydrologic and hydraulic models of the Gardon River basin (France) 2901

Figure 1. The Gardon catchment.

is dominated by scrubland and cropland. This zone of plains
ends with the Gardon gorges, which are profoundly dug in
limestone, and in some places rise up to about 100 m. The
Gardon gorges stretch over about 20 km. The River Gardon’s
tributaries have a highly karstic nature in these places. Down-
stream from the gorges, the River Gardon crosses a zone
of alluvial deposits from the River Rhône. The floodplain
widens, although less so than in the Gardonnenque plain.

There are some moderately sized cities (Fig. 1) in this
catchment, which is predominantly rural. Located in the in-
termediate part of the catchment, Alès is the biggest city, with
a current population of slightly more than 40 000 inhabitants.
The total population in the catchment was estimated to be
191 000 inhabitants in 2006 (orig.cg-gard.fr), of which about
25 % live in flood-risk areas.

The climate in the Gardon watershed is typically Mediter-
ranean. It is characterised by sometimes very intense and vio-
lent rainy events, which generally occur in the autumn. These
events cause fast floods (flash floods in the upstream parts),
which sometimes have tragic consequences. The catastrophic
event in September 2002, which affected the River Gardon
and the nearby Cèze and Vidourle river basins, is still in
everyone’s memory. Values cited in the literature demon-
strate how exceptional it was (Delrieu et al., 2005). Cumu-
lated rainfall of between 600 and 700 mm in 24 h was ob-
served in the triangle linking the cities of Alès, Anduze, and
Ners, which is the current record in the region. Peak specific

discharges higher than 20 m3 s−1 km−2 were recorded in cer-
tain sub-catchments (Delrieu et al., 2005). There were 23 vic-
tims, and damage was estimated to be 1.2 billion euros for the
whole area (Sauvagnargues-Lesage and Simonet, 2004; Ruin
et al., 2008).

2.2 Hydrological data and events studied

Discharge data from five hydrometric stations in the catch-
ment were used. Figure 1 indicates the locations of these sta-
tions. Table 1 provides data on the surface area drained and
the catchment outlet distances for each station. Rainfall radar
images at 1 km resolution were also analysed. They come
from two Météo-France radars, located near the catchment,
in the cities of Bollène and Manduel (Fig. 1). The radar im-
ages were corrected beforehand according to the rain gauge
network measurements, using CALAMAR® software (Ayral
et al., 2005; Thierion et al., 2011). These discharge and rain-
fall data were supplied by the SPC-GD (Service de Prévision
des Crues Grand Delta) regional flood warning service, and
have a 5 min time step. This fine time step is used for mod-
elling, as it is well adapted to the fast kinetics of events in
this catchment.

For this study, seven events were analysed which occurred
between 2005 and 2011. These events were among the most
important ones during the period for which hydrological data
are the most complete. Table 2 summarises some of their
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Figure 2. Cumulated rainfall (mm) for each event.

Table 1.Drained areas and outlet distances for the five stations.

Stations Drained Outlet
areas distances

(km2) (km)

Anduze 545 83.7
Alès 315 81.7
Ners 1100 64.3
Russan 1530 45.3
Remoulins 1900 13.9

characteristics. Total rainfall upstream to Russan varied be-
tween 130 mm for event no. 6 and 370 mm for event no. 7.
Peak flows at this station were between 700 m3 s−1 (event
no. 5) and 1420 m3 s−1 (event no. 4). Figure 2 provides data
for the cumulated rainfall distribution in the catchment for
each event. Two general trends can be seen:

– For event nos. 1 and 5, cumulated rainfall is more signif-
icant in the intermediary downstream part of the catch-
ment. Table 2 shows for these two cases an increase in
the volume at the downstream stations, indicating the
proportionally important contribution of lateral inflows
in these zones.

– For event nos. 2, 3, 4, 6, and 7, cumulated rainfall was
more important in the upstream part of the catchment.
This distribution of rain is the one most frequently ob-
served (Jacq, 1994), because the Cevennes mountains
amplify the rainfall. The volume increased between the
upstream stations and the station of Ners, in a way,

however, rather different according to the event. Lateral
inflows were the most important for event nos. 6 and 7.
Volumes diminished between Ners and Russan for event
nos. 2, 3, and 4. This decrease can be understood in
terms of karstic losses on the river bed, and/or rating
curve inaccuracies. It also corresponds to insignificant
contributions of lateral inflows between both stations.

Some remarks concerning the hydrological data of these
events must be made. Hydrographs at the Alès station are
not available for event nos. 1 and 2, because the station rat-
ing curve is not valid for these periods. The rating curve at
Remoulins is very uncertain, and its discharge data were not
used in this study. Finally, in the case of event no. 6, rainfall
radar data are missing at the beginning of the event. They
were completed by rain gauge measurements using inverse
distance interpolation techniques.

3 The coupling of models: choices and definitions

In this part, we present the chosen coupling approach, and
the models we used. Then, the application of the coupling to
the Gardon River catchment is detailed.

3.1 The choice of the type of coupling

Two major strategies of hydrologic and hydraulic model cou-
pling are proposed in the literature (Lian et al., 2007; Lerat,
2009; Mejia and Reed, 2011): unidirectional (also called
external) coupling and bidirectional coupling (internal cou-
pling). In the first case, the information is exchanged in one
direction only, from the hydrologic model to the hydraulic
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Table 2.Some key event characteristics. AN, N, and RU stand for the Anduze, Ners, and Russan stations. UP groups together both upstream
sub-catchments (Anduze and Alès). The rating curve at the Alès station having been achieved after event nos. 1 and 2, volumes were not
calculated in these two cases.

Event Period Mean rainfall (mm) Runoff volume (M m3) Peak discharge (m3 s−1)

UP N RU UP N RU AN N RU

1 5–12 Sep 2005 280 300 320 – 63 99 150 460 850
2 18–22 Oct 2006 210 170 140 – 91 85 1300 1340 1290
3 21–24 Oct 2008 190 180 160 46 52 50 1070 1390 1340
4 1–4 Nov 2008 250 230 190 98 118 113 1040 1290 1420
5 6–9 Sep 2010 90 120 140 2 15 21 20 560 700
6 21–28 Dec 2010 160 150 130 97 126 133 360 730 880
7 2–09 Nov 2011 460 430 370 195 222 229 1070 1120 1300

model. Hydrographs obtained with the hydrologic model
feed the hydraulic model, which is used at a second stage. It
is the simplest strategy of coupling, and the most frequently
used (Lerat, 2009). For the bidirectional coupling, the hy-
draulic model interacts with the hydrologic model, allowing
more realistic modelling at confluences (backwater effects
are taken into account). At each time step of the modelling,
both models are made consistent, according to a complex
procedure. An example of this approach to coupling is de-
tailed by Kim et al. (2012).

In this study, an external coupling of models was chosen.
Several criteria motivate this choice. Firstly, this type of cou-
pling is more flexible: the models can be easily changed, if
it is needed (Whiteaker et al., 2006). This fact is important,
because there is still no clear consensus on a preferred ap-
proach to hydrologic modelling of flash floods, as stated by
Hapuarachchi et al. (2011). Thus, if a more relevant hydro-
logic model is developed in the coming years, it can be easily
integrated into the coupling, simply by replacing the former
model. Furthermore, the implementation of a bidirectional
coupling on the scale of a catchment like the Gardon River
appears to be complicated, and not well adapted to the oper-
ational use expected of the tool. According to Lerat (2009),
the applications of bidirectional coupling are limited to wa-
tersheds of restricted areas of a few to dozens of km2, be-
cause of the numerical complexity of the approach. The dura-
tions of modelling, and numerical instabilities, are more im-
portant for a bidirectional coupling than for a unidirectional
coupling.

3.2 The choice of the models

The external coupling combines a hydrologic model and a
hydraulic model. In this section, the choice of both models is
detailed.

As indicated in the introduction, the coupling must be able
to estimate discharges, water levels, and flooded areas at ev-
ery point of the stream. This spatially distributed information
would be of a particular interest for flood forecasting. Thus,
the used coupling has to contain a hydraulic model based

on the Saint-Venant equations, or on simplified approxima-
tions of these equations. Propagation models, such as the
Muskingum (McCarthy, 1938) or lag and route (Linsley et
al., 1949) models, are dismissed, because they do not al-
low the estimation of the flooded areas. However, discre-
tised versions of these two approaches, as for example the
Muskingum–Cunge model (Miller and Cunge, 1975), would
be, a priori, a satisfying approach for the modelling of dis-
charges at each point of the reach.

This first choice made, the question of the dimension and
the simplification level of the equations of the hydraulic
model is asked. The hydraulic models can be in one, two,
or three dimensions. The 3-D models are rather infrequent
in the literature, and their field of application is restricted to
very short reaches, lower than one kilometre. At the complete
scale of a stream, 1-D or 2-D models are used. The 1-D mod-
els constitute the oldest approach, but are still in wide use and
development (Horritt and Bates, 2002; Cook and Merwade,
2009). They can be completed by storage areas for a finer
representation of overflow. The 2-D models are more real-
istic, being released from the constraint of axial flow. They
present, as main weak points, a heavy implementation requir-
ing a large number of data (fine topography, local roughness,
etc.), as well as extended calculation times, which limit even
at present their interest for operational use. Thus, we favour
a 1-D hydraulic model.

It can be based on the full Saint-Venant equations, or on
simplifications of these ones: the kinematic wave and the dif-
fusive wave. According to Kampf and Burges (2007), the use
of the kinematic wave is valid for streams with steep slopes
(higher than 0.2 %), and when lateral inflows stay moderate.
The River Gardon, with bed slopes around 0.1 % in its down-
stream part, and with lateral inflows which can be impor-
tant, seems poorly adapted to this option. The hypothesis of
the diffusive wave, less restrictive, is a priori more satisfac-
tory. Moussa and Bocquillon (2009) apply a model based on
this approximation to the Lez River catchment, neighbouring
the Gardon River basin, and obtain good results. A hydraulic
model based on the full Saint-Venant equations requires fine
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topographic data, and its calculation times are more impor-
tant. These calculation times remain interesting for an op-
erational purpose (of a few minutes). Thus, a 1-D hydraulic
model based on the full Saint-Venant equations, or on the
simplification of the diffusive wave, seems to be adapted to
the context of the study. We choose a 1-D hydraulic model
based on the Saint-Venant equations.

This hydraulic model is fed by hydrologic modelling of
lateral and upstream inflows. To satisfy the operational issue,
a hydrologic model containing a few parameters, with short
calculation times, is favoured. Also, it must be adapted to the
context of floods of Mediterranean catchments. Particularly,
studies of Mediterranean basins showed clear improvements
in modelling when spatially distributed rainfall data are used
at the entrance of the hydrologic model (Saulnier and Le
Lay, 2009; Sangati and Borga, 2009; Sangati et al., 2009;
Anquetin et al., 2010; Zoccatelli et al., 2010; Tramblay et al.,
2011). Thus, we choose a conceptual and distributed model
based on a simplified but physically based description of the
catchment.

The coupling uses the SCS–LR hydrologic model im-
plemented in the ATHYS modelling platform (http://www.
athys-soft.org), and the MASCARET 1-D hydraulic mod-
elling code, based on full Saint-Venant equations. The
ATHYS platform is developed by the IRD (Institute of Re-
search for Development), and the MASCARET code by EDF
(Electricité De France – French electric company) and the
CETMEF (Centre d’Etudes Techniques Maritimes et Flu-
viales). Both tools, which will be described in the following
section, are open source.

3.3 Description of the models

3.3.1 SCS–LR hydrologic model

The SCS–LR model combines a runoff model adapted from
the Soil Conservation Service (SCS) and a lag-and-route
(LR) model based on a cascade of linear reservoirs. It is an
event-based, distributed, conceptual model with reservoirs,
based on a discretisation of the catchment in regular square
cells. It has been used in many studies of Mediterranean
watersheds of a limited area, in particular concerning the
Gardon d’Anduze River basin (Bouvier et al., 2004, 2006;
Marchandise, 2007; Marchandise and Viel, 2009; Coustau,
2011; Tramblay et al., 2011). It proves to be successful for
modelling typical floods in Mediterranean watersheds, par-
ticularly compared with other models (Bouvier et al., 2006;
Marchandise, 2007; Coustau, 2011).

The SCS runoff model associates a time variable runoff
coefficientC(t) with every grid cell, which depends on the
cumulated rainfallP(t), and on anS parameter characteris-
ing the initial water deficit in the catchment area:

C(t) =

(
P(t) − 0.2S

P (t) + 0.8S

)(
2−

P(t) − 0.2S

P (t) + 0.8S

)
, (1)

with P(t) andS in mm,C(t) in %.
This runoff coefficient increases with the cumulated rain-

fall. To represent its decrease during periods without rains, a
reduction ofP(t) is added:

dP(t)

dt
= Pb(t) − dsP (t), (2)

wherePb(t) is the instantaneous precipitation in mm h−1,
and ds a draining coefficient (h−1).

Finally, the runoffR(t) of the cell (mm h−1) is expressed
as

R(t) = C(t)Pb(t). (3)

The LR routing model is based on the definition of a prop-
agation timeTm and a diffusion timeKm for each cellm,
estimated from the cell-to-outlet distanceslm:

Tm =
lm

V0
, (4)

Km = K0Tm, (5)

whereV0 is the speed of propagation (m s−1), andK0 a co-
efficient without dimension. The elementary dischargeq(t)

at the outlet, corresponding to the propagation of the runoff
R(t0) generated at the cellm at timet0, is

q(t) = 0 if t < t0 + Tm,

q(t) =
r(1t)

Km

exp

(
−

t − (t0 + Tm)

Km

)
B if t > t0 + Tm, (6)

wherer(1t) is the runoff modelled at the cellm between
timest0 andt0 + 1t (mm), with1t the time step of the mod-
elling (min) andB the cell surface.

Finally, the complete flood hydrograph is obtained by
adding all the contributions of the cells, at each time. A five-
minute time step is used for modelling.

This model is a simplified version of the complete SCS–
LR model of the ATHYS platform, and is identical to the one
used by Tramblay et al. (2011). In this version, the contribu-
tion of soil drainage to delayed flows is ignored. Tramblay
et al. (2011) showed that it gives satisfactory results for
16 events at the Anduze station. In addition to this last ob-
servation, this version was chosen because it has a low num-
ber of adjustment parameters, which is an important criterion
for flood forecasting. The model contains four parameters for
which values must be defined:S, ds, V0 andK0. The adjust-
ment is detailed in Sect. 3.6.

3.3.2 The MASCARET hydraulic model

MASCARET is the 1-D hydraulic modelling code used for
developing the hydraulic model. It can be used to calculate
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Figure 3. Coupling of models applied to the Gardon River basin.

steady and unsteady flows in fluvial and transcritical systems.
It is based on full Saint-Venant equations, composed of the
continuity equation

∂Q

∂x
+

∂A

∂t
= ql (7)

and the dynamic equation

∂Q

∂t
+

∂

∂x

(
β

Q2

A

)
+ gA

(
∂y

∂x

)
+ gA(Sf − S0) = 0, (8)

whereQ is the discharge (m3 s−1), x the longitudinal dis-
tance (m),A the wetted area (m2), ql the lateral inflows by
metre (m2 s−1), β the Boussinesq coefficient, without dimen-
sion, characterising the variations of speed in the cross sec-
tion, g the gravity (m s2), y the water depth (m),Sf the fric-
tion slope (m m−1), andS0 the bed slope (m m−1). Using the
Manning–Strickler expression,Sf can be written as

Sf =
Q2

K2
sA2R

4/3
h

, (9)

with Ks the Strickler coefficient (m1/3 s−1) which charac-
terises flow resistance, andRh the hydraulic mean radius (m)
such asRh = A/P , with P the wetted perimeter (m).

The 1-D Saint-Venant models are subjected to several
hypotheses:

– the flow follows a privileged direction;

– the density of water is supposed constant;

– the pressure is distributed in a hydrostatic way;

– the slope of the stream is moderated (lower than 10 %).

The 1-D Saint-Venant equations are based on a discretisation
of topography in cross sections (Samuels, 1990). In the face
of hydraulic structures (weirs, dams, etc.), they are replaced
locally by adapted hydraulic equations. Some examples are
given in EDF-CETMEF (2011). Numerical techniques are
used to solve the equations. Two schemes, explicit and im-
plicit, are implemented in the MASCARET code, and are at
the user’s choice.

The model has several adjustment parameters: theKs
Strickler coefficient (m1/3 s−1), the values of friction losses,
and the coefficients of the hydraulic structure equations.

3.4 Application of the coupling to the Gardon River
basin

Figure 3 shows how the coupling of models was imple-
mented in the studied catchment. The MASCARET hy-
draulic model is applied from the Anduze and Alès stations
up to the Remoulins station. Floodplains widen considerably
downstream from both stations, leading to important over-
flowing during strong floods, which justify the employment
of a hydraulic model. The studied reach includes the gorges
zone, which is very influential during extreme events, in par-
ticular during the one of September 2002 (see Fig. 1).

The hydraulic model consists of three reaches. Both up-
stream reaches correspond to the downstream parts of the
Gardon d’Anduze and Gardon d’Alès, which are 14.5 and
12.5 km long. The downstream reach connects the conflu-
ence with the Remoulins station, and is 55.2 km long. The
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total extent of the hydraulic model is 82.2 km. There are
about 50 inflows, with two major upstream inflows (the Alès
and Anduze sub-catchments) and 48 lateral inflows (Fig. 3).
Lateral inflows were defined on the basis of a minimum
threshold area of 1 km2. The average area of lateral sub-
catchments is 20 km2, for a median value of 5 km2. Sub-
catchment nos. 2, 20, 26, 28, and 39 have areas greater than
50 km2, the maximum being 203 km2 for inflow no. 39. All in
all, the selected lateral sub-catchments cover 92 % of the area
between both upstream stations and the Remoulins station.

3.5 Model characteristics

The 50 lateral inflows are modelled with the SCS–LR model,
in a simplified version (see Sect. 3.3.1). The cell grid of the
model is built from a digital elevation model (DEM) of the
IGN’s BD ALTI ® (Institut national de l’information géo-
graphique et forestière). The cell size is 100× 100 m. This
resolution is particularly well adapted to the smallest lateral
sub-catchments. The flow paths between each cell, allow-
ing the cell to outlet distances (lm) to be evaluated, were
forced according to the river polylines of the IGN’s BD
CARTHAGE®.

The rainfall data at the entrance of the model are the
CALAMAR ® data at 1 km resolution, evoked in Sect. 2.2.
For a given cell of the model, the rainfall data in input is the
one of the CALAMAR® pixel which overlaps the cell.

As indicated above, the hydraulic model contains three
main reaches (Fig. 3) connected by a zone of conflu-
ence. The topographic data at the entrance of the hydraulic
model are cross sections. They are identical to those of the
study of Bonnifait et al. (2009). They had been collected
with the SPC–GD and with the SMAGE (Syndicat Mixte
d’Aménagement des Gardons). Missing in the gorges sec-
tor, the authors had to complete them by means of 1 : 25 000
maps. All in all, the hydraulic model used contains 161 cross
sections. To limit miscalculations, additional sections were
interpolated. The spacing of cross sections varies from 10 to
50 m, depending on zones.

Bridges and weirs of the Gardon River were taken into
account in the model. The geometries of the bridges which
were recovered, were integrated into cross sections. Coeffi-
cients of friction losses were associated to them. Weirs are
modelled by means of specific hydraulic equations (see EDF-
CETMEF, 2011), containing two parameters: the weirs crest
elevation, and a discharge coefficient. All in all, the model
contains 15 bridges and 18 weirs.

The initial condition of the hydraulic model is a water line,
characterising the base flow. In this study, it is identical for
all the events, and corresponds to a constant discharge of
5 m3 s−1 injected into both upstream stations.

The time step of SCS–LR modelling is 5 min. In the case
of the hydraulic model, the explicit resolution scheme chosen
requires a very fine time step for modelling, 0.1 s in this case.
The model outputs are then sampled at a 5 min time step.

3.6 Model parameter adjustments

The SCS–LR hydrologic model, as indicated previously, con-
tains four parameters to be adjusted. An identical strategy to
that adopted by Tramblay et al. (2011) is chosen: theS and
V0 parameters are adjusted for each event, and the ds and
K0 parameters are fixed to a constant value. The model is
particularly sensitive to theS values. TheV0 parameter influ-
ences essentially the value and the time of arrival of the peak.
Modelling of about twenty events at Anduze, carried out in
parallel to this study, were sometimes improved very clearly
after calibration of this parameter. It is also calibrated, after
this observation. Concerning the ds andK0 parameters, the
values used by Tramblay et al. (2011) are used, i.e.: ds = 0.4
andK0 = 1.5.

The S andV0 parameters are calibrated according to ob-
served hydrographs at the Anduze station. For this purpose,
the simplex iterative algorithm (Nelder and Mead, 1965), im-
plemented in the ATHYS platform, is used. The algorithm is
based on the maximisation of a quality criterion of the mod-
elling. In this particular case, the Nash criterion (Nash and
Sutcliffe, 1970) is used:

Nash= 1−

T∑
i=1

(
QOBS,i − QMOD,i

)2

T∑
i=1

(
QOBS,i − QOBS

)2
, (10)

whereT is the event duration,QOBS,i andQMOD,i (m3 s−1)
are the observed and modelled discharges at time stepi, and
QOBS is the mean of the observed discharges (m3 s−1).

The calibration domain only includes discharges higher
than 50 m3 s−1, to limit the influence of low values. How-
ever, in the case of event no. 5, for which peak flow does
not reach this threshold at Anduze (Table 2), the calibration
procedure was applied to discharges higher than 10 m3 s−1.

The S and V0 values obtained after calibration are then
used for the modelling of the 49 other inflows (the Alès sub-
catchment and the 48 lateral inflows). The ds andK0 fixed
values are employed equally.

Table 3 indicates the parameter values calibrated at An-
duze for the 7 events studied. TheS parameter values fol-
low a coherent trend. For events arising just after the sum-
mer season, theS parameter is high, characterising an impor-
tant water deficit. On the contrary, for events in November–
December, the values are lower, since rainy events at the be-
ginning of autumn have contributed in a more or less signifi-
cant way to refilling the catchment. TheV0 values are rather
variable, but coherent with the classically observed speeds.
The performance of the hydrologic modelling is described in
Sect. 4.1.1.

The parameters of the hydraulic model are the Strickler
coefficientsKs, the friction loss coefficients, and the co-
efficients of the hydraulic equations associated with weirs.
The friction losses were defined according to the values of
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Table 3.S andV0 parameters calibrated at the Anduze station, for
the seven events studied.

Event S V0

1 391 1.6
2 238 3.6
3 408 3.1
4 203 3.0
5 367 1.4
6 108 1.6
7 227 2.7

the literature (EDF-CETMEF, 2011). Both parameters of the
weirs equation, i.e. the weir crest elevation and the discharge
coefficient, respectively, are derived respectively from the
IGN’s BD TOPO® and from the literature (EDF-CETMEF,
2011).

TheKs Strickler coefficients of the hydraulic model were
empirically adjusted. The procedure consisted in reducing as
much as possible the time differences between the observed
and simulated peaks, and between the observed and simu-
lated beginning of flood rises, at the three stations in Ners,
Russan, and Remoulins. The beginning of the flood rise is
identified as the first discharge value exceeding 50 m3 s−1.
All in all, 11 sets of Strickler coefficients are assessed. The
tested values vary from 15 to 30 on the river bed, and from 10
to 15 in the floodplain. These values of Strickler coefficients
seem adapted to the Gardon River: Bonnifait et al. (2009)
obtain, after calibration,Ks values of 15 and of 20 in the
same stream. The adjustment procedure was applied to event
no. 3. The hydrographs observed at Anduze and Alès and the
lateral inflows modelled are the boundary conditions of the
hydraulic model. This event was chosen because the lateral
inflow contributions were weak (Table 2) and had little influ-
ence in terms of shifting the peak times.

The performances of these sets of coefficients are esti-
mated according to the average time differences at the three
stations, of the peak and of the beginning of flood rises. The
best set considered a Strickler coefficient of 25 in the river
bed, except in the gorges, where it was 30, and 10 in the
floodplain. This parameterisation is very satisfactory in terms
of peak flow timing. The peak modelled for event no. 3 was
5 min late at Ners, 5 min early at Russan, and on time at Re-
moulins. The peak propagation times from one station to an-
other seem to be entirely satisfactory. Performance was a bit
less satisfactory concerning the beginning of flood rise times,
with an average delay of 1 h at the three stations. Concern-
ing this last point, the sets considering Strickler coefficients
equal to 30 in the river bed are more satisfactory. They are
however less adapted for the modelling of peaks: the time
difference is between approximately 30 min and more than
1 h. The set of parameters considering a coefficient of 25 in
the river bed, of 30 in the gorges areas, and of 10 in flood-
plain, is thus used for all the other events in the study.

In this way, only two parameters of the coupling (S andV0)
were adjusted for each event, at the Anduze station. Other pa-
rameters and initial conditions remained identical. This par-
simonious criterion makes the coupling very interesting from
an operational point of view.

3.7 Performance assessment

The performance of the coupling of models was evaluated by
analysing discharge data from five stations in the catchment
area, as shown in Fig. 1. The quality of the hydrologic mod-
elling was estimated on the basis of hydrographs recorded
at Anduze and Alès, and for lateral inflows, according to the
differences in volume observed between two consecutive sta-
tions. The performance of the coupling was evaluated at three
stations in the downstream part of the catchment (Ners, Rus-
san, and Remoulins).

Three quality indicators were assessed. First, the Nash co-
efficient, which was already mentioned in the last section.
It provides information on the overall quality of the hydro-
graphs modelled. The other two indexes are specific to peak
flow. These coefficients are the relative error for peak flow
REQm (%), and the temporal difference between the ob-
served and simulated peaks1TQm (min):

REQm =
QmMOD − QmOBS

QmOBS
× 100 (11)

1TQm = T mMOD − T mOBS (12)

with QmMOD and QmOBS as the modelled and observed
peak flows (m3 s−1), andT mMOD and T mOBS as the cor-
responding times. A positive REQm value indicates an over-
estimation in the peak modelled, and conversely. The1TQm

index is positive when the peak modelled is late, and negative
if it is early. At the Remoulins station, only the1TQm index
was estimated, because the rating curve was too uncertain as
indicated above.

4 Results and discussion

This part presents and discusses the obtained results. At
first, the coupling of model results are detailed (Sect. 4.1).
Then, comparisons with other modelling options are anal-
ysed (Sect. 4.2).

4.1 Coupling results

4.1.1 Hydrologic modelling of upstream inflows and
lateral inflows

The SCS–LR hydrologic modelling results were evaluated at
both the Anduze and Alès stations, and for lateral inflows
according to the differences in volume observed between the
downstream stations.

Table 4 presents the modelling results at Anduze (the
calibration station) and Alès. Event nos. 1 and 2 were not
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Figure 4. Hydrographs modelled with SCS–LR for event nos. 3, 4, and 7 at the Anduze and Alès stations.

Table 4.Hydrologic modelling results. Performance indexes at the
Anduze and Alès stations, in terms of Nash, REQm (characterising
the error of the modelled peak, in %; see Eq. 11), and1TQm in-
dexes (defining the delay or the early arrival of the modelled peak,
in minutes; see Eq. 12). The values of the indexes were not cal-
culated at Alès for event nos. 1 and 2, the rating curve not being
defined when these episodes arose.

Event Anduze Alès

Nash REQm 1TQm Nash REQm 1TQm

1 0.72 −11 −15 – – –
2 0.87 −10 10 – – –
3 0.91 −25 5 0.89 2 25
4 0.90 −20 −5 0.57 −3 25
5 0.53 −6 −5 −4.57 17 30
6 0.68 15 705 −0.50 24 45
7 0.80 −15 1415 −0.25 69 1180

provided for the second station, because the rating curve was
not valid during these periods (see Sect. 2.2). Performance
was generally satisfactory at Anduze, with Nash values vary-
ing from 0.53 to 0.91. A similar range of values was ob-
served by Tramblay et al. (2011), with the same version of
the model for a 16-event set at Anduze. At the Alès station,

Nash values were very different from one event to another,
indicating qualities varying from very bad to very good. The
Nash index decreased for all events compared with the An-
duze values. Nash values are sometimes negative, reflecting a
very bad adaptation of parameters calibrated at Anduze. The
peak evaluation indexes were, however, rather satisfactory at
both stations. Peak error was between 0 and±25 %, and the
1TQm index between 0 and±30 min, for five events. Only
event nos. 6 and 7 present major errors. These two cases con-
tain several peaks, and a secondary peak was identified as the
main peak by the model. Some hydrographs modelled at An-
duze and Alès are represented in Fig. 4. Flood fall is in gen-
eral rather poorly represented, particularly for winter or end-
of-autumn events. This observation is directly attributable to
the choice of a simplified version of the SCS–LR model. In
the case of event no. 7, the overestimation of the second peak
could be due to an overestimation of the CALAMAR® rain-
fall radar data during this period of the event. Tramblay et
al. (2011), being interested in several events happening in the
Gardon d’Anduze basin, showed that this radar rainfall was
overestimated by 23 % on average with regard to the data of
rain gauges.

Table 5 compares the differences in volumes observed be-
tween the downstream stations with the volumes generated
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Table 5.Comparison of the differences in volumes (Mm3) observed
between stations (VOBS), and lateral inflow volumes estimated with
SCS–LR (VSCS-LR), in both sections: Anduze/Alès (UP)–Ners and
Ners–Russan. TheVOBS index could not be calculated at Ners for
event nos. 1 and 2, because of the lack of a rating curve during these
events.

Event UP–Ners Ners–Russan

VOBS VSCS-LR VOBS VSCS-LR

1 – 15.0 35.7 39.9
2 – 0.2 0 0.2
3 5.6 2.4 0 0
4 19.4 5.1 0 1.2
5 12.9 9.2 5.7 11.1
6 28.9 7.5 6.4 6.3
7 27.7 18.2 7.1 19.4

by lateral inflows included between these stations, estimated
with SCS–LR. The differences in volumes at Ners cannot
be estimated for event nos. 1 and 2, and the hydrographs
at Alès were missing, as indicated above. There appears to
be a tendency to underestimate the volumes modelled for
lateral inflows along the Alès/Anduze–Ners reaches, and on
the contrary, a tendency to overestimate them for those along
the Ners–Russan reach. There is volume compensation at the
Russan station, where the total volume modelled for lateral
inflows after Alès and Anduze is closer to the differences in
volumes observed than at the Ners station. It is difficult to
propose a physical interpretation of these inflow differences
between both sections. The rather marked karstic functioning
of the downstream sub-catchments, for which the hydrologic
model is not in theory well adapted, the uncertainties linked
to the rating curves, and a bad adaptation of parameters cali-
brated at Anduze, are possible explanations.

4.1.2 Coupling performance at the downstream stations

The results of the coupled models at the Ners, Russan, and
Remoulins stations are presented in Table 6. Coefficients are
generally good for the selected range of events. The Nash
index is between 0.61 and 0.92 at Ners, and between 0.72
and 0.97 at Russan. Event no. 3 has the highest values at
both stations, whereas event no. 2 has the lowest. The REQm

index has satisfactory values between 0 and±15 % for most
events. However, peaks for event nos. 1, 5, and 7 at the Ners
station present more important errors, with the highest peak
overestimation of 39 % for event no. 7. The1TQm index
was equal to or less than 30 min for five events at Ners, and
for four at Russan and Remoulins, which characterises good
peak flow timing and confirms the hydraulic model parame-
terisation described in Sect. 3.6. However, this coefficient is
very high at three stations for event no. 7: the delay for the
peak modelled is more than 20 h.

The results presented in Table 6 also bring to light an
improvement in the Nash values at Russan, compared with
those at Ners, for all events. The average increase was 13 %
between both stations. There is a twofold explanation for this
observation. First, the improvement in the modelling of event
nos. 2, 3, and 4 (varying from+0.05 to+0.11), for which
lateral inflows at the Ners–Russan section are insignificant
or of little importance (Table 5), indicates that the hydraulic
model is better adapted at Russan, and/or is a more valid rat-
ing curve at this station. It is necessary to specify that the
Ners station is located only 4 km downstream from the con-
fluence, which complicates the hydraulic model. It is also
possible that the topographic data of the hydraulic model are
more precise near Russan. The second explanation concerns
the other events, and particularly those for which lateral in-
flows are proportionally important (event nos. 1 and 5). It was
previously noted that the total volume of lateral inflows from
Alès and Anduze is more satisfactory at Russan than at Ners,
as there is a compensation at the most downstream station.
This more correct estimation also seems to be responsible
for the improved results of the coupled models at Russan.
The Nash values increased for event nos. 1 and 5 by+0.09
and+0.20. If this trend toward improvement is clear for the
Nash coefficient, it is barely obvious for the indexes concern-
ing peak flow.

4.2 Comparison with other modelling options

The coupling of model results at the Ners, Russan and Re-
moulins stations is now compared with that of other mod-
elling options. These comparisons will allow us to bring ele-
ments of responses to the following questions:

– Is a simplified propagation model as successful as a hy-
draulic model based on full Saint-Venant equations, for
the estimation of the discharges at the Ners, Russan and
Remoulins stations?

– Is the consideration of lateral inflows justified for all
the events? In other words, is the choice of a coupling
appropriate, or could a simple hydraulic model without
lateral inflows suit?

– What is the impact of the quality of modelling in-
jected at Anduze and Alès on the coupling results in the
downstream?

For greater clarity, the COUPLMOD abbreviation identifies
the coupling previously detailed. The following comparisons
are analysed.

At first (Sect. 4.2.1), we try to estimate the influence of
a simplified conceptualisation for flood wave propagations.
For this purpose, the COUPLMOD results are compared with
those obtained with the lag-and-route routing scheme of the
SCS–LR model. This option is denoted as LR. Upstream and
lateral inflows are identical in both cases. The only differ-
ences between both options concern
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Table 6. Coupling results. Performance indexes at the Ners, Russan and Remoulins stations. At Remoulins, only the1TQm index was
calculted, the rating curve being very uncertain.

Event Ners Russan Remoulins

Nash REQm 1TQm Nash REQm 1TQm 1TQm

1 0.77 −23 −30 0.86 1 −260 −210
2 0.61 4 25 0.72 −4 5 20
3 0.92 3 15 0.97 −3 10 10
4 0.80 1 −20 0.86 −11 −35 −25
5 0.68 −30 −15 0.88 −12 −20 −10
6 0.64 0 90 0.73 −11 55 70
7 0.75 39 1270 0.79 15 1275 1300

Table 7. LR option results. Performance indexes at the Ners, Russan and Remoulins stations. The symbols on the right of the indexes
characterise the gaps compared with the COUPLMOD option.↓↓: deterioration of more than 50 %;↓: deterioration of between 5 and 50 %;
↑: improvement of between 5 and 50 %;↑↑: improvement of more than 50 %;=: close values, within±5 %. Symbol also attributed to
REQm, if the absolute difference is lower in±10 %, and for1TQm, if the absolute difference is lower in±15 min.

Event Ners Russan Remoulins

Nash REQm 1TQm Nash REQm 1TQm 1TQm

1 0.74= −25= −50↓↓ 0.87= −7= −265= 45↑↑

2 0.62= −18↓↓ −5↑↑ 0.61↓ −32↓↓ −85↓↓ −30=

3 0.93= −15↓↓ −30= 0.80↓ −36↓↓ −70↓↓ 5=

4 0.77= −13↓↓ −10= 0.73↓ −32↓↓ −70↓↓ −20=

5 0.78↑ −26= −45↓↓ 0.79↓ −28↓↓ −50↓↓ 25=

6 0.62= −4= 15↑↑ 0.70= −18= −40= 5↑↑

7 0.77= 22↑ 1280= 0.74↓ −4↑↑ 1245= 1340=

– the resolute equations: full Saint-Venant equations in
the case of COUPLMOD, and physically based but sim-
plified equations in the case of the LR option (see
Sect. 3.3);

– the representation of the river bed: it is very detailed in
the case of COUPLMOD (cross sections), and simplified
in the case of LR (square cells).

Secondly, we assess the interest of adding lateral inflows
(Sect. 4.2.2). The COUPLMOD results are compared with the
simple hydraulic model results, without lateral inflows. This
option is noted SVMOD. Upstream entries are identical for
both options: they are hydrologic modelling.

Then, in the third section (Sect. 4.2.3), we try to estimate
the impact of upstream entries on the hydraulic model re-
sults. For that purpose, the COUPLMOD results are compared
with those of the coupling, integrating the observed upstream
entrances. This option is denoted COUPLOBS. The lateral in-
flows are identical for both approaches: they are SCS–LR
modelling.

Finally, in the fourth part (Sect. 4.2.4), we directly estimate
the importance of taking into account lateral inflows, with re-
gard to the importance of the quality modelling for upstream
inflows. The COUPLMOD results are compared with those

of the SVOBS option. This SVOBS option corresponds to the
hydraulic model without lateral inflows, upstream fed by the
observed hydrographs.

4.2.1 COUPLMOD vs. LR: influence of a simplified
routing conceptualisation

The parameters of the LR routing model,V0 and K0 (see
Sect. 3.3.1), are calibrated for each of seven events, on
the three Alès/Anduze–Ners, Ners–Russan, and Russan–
Remoulins reaches, according to the hydrographs observed
at downstream stations. Upstream entries and lateral inflows
are identical to those of the COUPLMOD modelling. The re-
sults of the LR option are presented in Table 7.

The Nash indexes vary according to events, between 0.62
and 0.93 at Ners, and between 0.61 and 0.87 at Russan. The
REQm coefficient is rather unsatisfactory at Ners, and espe-
cially at Russan: at Ners, only three events present values
of the index between 0 and±15 %, whereas at Russan, the
peak is clearly underestimated for five events (of more than
15 %, and until 36 % for event no. 3). In the same way, the
1TQm indexes are often important, in particular at the station
of Russan, where the peak is clearly early for six events.

At the Ners station, the performances in terms of Nash
are equivalent between both options, even slightly to the
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Figure 5. Hydrographs modelled for event nos. 1, 3, 5 and 7 according to the COUPLMOD and LR modelling options, at the Russan station.

advantage of the LR option. At Russan, this option is less
successful: five events present clear degradations of the Nash
indexes. Concerning the REQm index, consequent gaps are
observed for event nos. 2, 3 and 4, at both stations. Some
peaks are however reproduced in a equivalent way by both
options. It is difficult to identify a global trend concerning the
1TQm index. There are as many improvements as degrada-
tions of this index at Ners; at Russan, the COUPLMOD option
is more successful; at Remoulins, the results are equivalent
for five events, but benefit the LR option for event nos. 1
and 6.

Some hydrographs at the Russan station are detailed in
Fig. 5. The performances of both options are close in the
cases of event nos. 1 and 7. Concerning this last event,
the Nash index is slightly degraded with the LR option
(0.79 with COUPLMOD; 0.74 with LR). The recessions be-
tween peaks, as well as the first peak, are modelled bet-
ter with COUPLMOD. Concerning the remaining two events,
peaks modelled with LR are rather clearly underestimated,
and early. The COUPLMOD modelling seems more satisfac-
tory in these cases.

Thus, it is difficult to draw conclusions about the impact
of a simplified routing conceptualisation on the downstream
results. The performances of both options, COUPLMOD and
LR, are globally equivalent at Ners; the1TQm indexes calcu-
lated at Remoulins are also often rather close. At Russan, it
appears for four cases to be a clear degradation of modelling
with the LR option (event nos. 2, 3, 4 and 5). It is maybe the
location of the Russan station, just above the Gardon gorges,
which explains this finding. In this sector, the river bed nar-
rows brutally: this configuration is finely reproduced in the
hydraulic model, while the LR option does not take this into
account.

4.2.2 COUPLMOD vs. SVMOD : influence of adding
lateral inflows

The SVMOD option corresponds to the simple hydraulic
model, without lateral inflows, fed upstream by hydrographs
modelled with SCS–LR. A comparison with COUPLMOD in-
forms the interest in adding lateral inflows for the modelling.
The results of the SVMOD option are indicated in Table 8.

The performances with this option are very variable ac-
cording to the events. The Nash indexes are rather good for
event nos. 3, 4 and 7, moderate for nos. 2 and 6, and very
bad for nos. 1 and 5. In the same way, the REQm and1TQm

indexes are very bad for event nos. 1 and 5, but also for event
no. 7 (except for the REQm index at Russan), and, to a lesser
extent however, for event no. 6. They are rather satisfactory
for the remaining three events.

The comparison with the COUPLMOD modelling informs
significant differences according to the events. It seems these
differences between both options depend on the cumulated
rainfall spatial distribution (Fig. 2). The indexes obtained for
event nos. 2, 3 and 4 are rather little different from those
achieved with COUPLMOD. A slight improvement in Nash
at Ners is noted in the case of event no. 4, when the lateral
inflows are added (0.75 vs. 0.80). These three events present
more significant rainfall in the upstream part of the catch-
ment, and rather few important contributions of lateral in-
flows (see Table 5). This fact explains the absence of notable
gaps between both options.

By contrast, for event nos. 1 and 5, and to a lesser ex-
tent for event no. 6, important differences are observed:
the COUPLMOD results are more satisfactory than those of
SVMOD, for all indexes. For example, Nash of event no. 5
evolves from−1.05 at Ners and−0.73 at Russan with the
SVMOD option, to respectively 0.68 and 0.88 when lateral
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Table 8. SVMOD option results. Performance indexes at the Ners, Russan and Remoulins stations. The symbols on the right of the indexes
characterise the gaps compared with the COUPLMOD option.↓↓: deterioration of more than 50 %;↓: deterioration of between 5 and 50 %;
↑: improvement of between 5 and 50 %;↑↑: improvement of more than 50 %;=: close values, within±5 %. Symbol also attributed to
REQm, if the absolute difference is lower in±10 %, and for1TQm, if the absolute difference is lower in±15 min.

Event Ners Russan Remoulins

Nash REQm 1TQm Nash REQm 1TQm 1TQm

1 0.14↓↓ −41↓↓ 140↓↓ −0.10↓↓ −69↓↓ −2510↓↓ −2330↓↓

2 0.61= 3= 25= 0.72= −5= 5= 20=

3 0.92= −5= 25= 0.96= −11= −15= 20=

4 0.75↓ −2= −15= 0.83= −14= −25= −10=

5 −1.05↓↓ −91↓↓ 255↓↓ −0.73↓↓ −93↓↓ 420↓↓ −1380↓↓

6 0.52↓ −8= 135↓ 0.51↓ −25↓↓ 135↓↓ 175↓↓

7 0.81↑ 27↑ 1315= 0.88↑ 3↑↑ 1310= 1320=

Figure 6. Hydrographs modelled for event nos. 1, 3, 6 and 7 according to the COUPLMOD and SVMOD modelling options, at the Russan
station.

inflows are taken into account. Thus, adding these seems nec-
essary for good modelling of these three events. Again, this
finding can be explained by the rainfall spatial distribution
during these events: for nos. 1 and 5, the strongest rains were
measured in the intermediary downstream part of the catch-
ment, causing very important lateral inflow responses pro-
portional to the flows at Anduze and Alès (Tables 2 and 5);
in the case of event no. 6, the highest cumulated rainfall is
observed in the upstream part of the catchment, but inflows
of the intermediary downstream part react in a consequent
way.

Finally, in the case of event no. 7, modelling degrades
when lateral inflows are added. The Nash indexes with the
SVMOD option are over+0.06 at Ners, and+0.09 at Rus-
san. This lesser quality of the COUPLMOD results is under-
standable by the errors in the hydrologic model at Alès and

Anduze: the second peak of this event is rather widely over-
estimated at both stations (see Fig. 4). Adding lateral inflows
amplifies this error in the downstream, and as a consequence,
modelling is of a less good quality. This case of degradation
is the only one observed when lateral inflows are added. The
1TQm indexes remain rather close according to both options,
being very bad: this is also the consequence of upstream
errors.

Figure 6 details observed and modelled hydrographs with
COUPLMOD and SVMOD at Russan, for event nos. 1, 3, 6
and 7. The differences between both options are little visible
in the case of event no. 3: Nash indexes are very close. How-
ever, the COUPLMOD modelling estimates the peak more
finely. Conversely, differences are very important for event
no. 1. The SVMOD option underestimates the event rather
widely. Flood rises are much delayed, and the second peak
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Table 9. COUPLOBS option results. Performance indexes at the Ners, Russan and Remoulins stations. The symbols on the right of the
indexes characterise the gaps compared with the COUPLMOD option.↓↓: deterioration of more than 50 %;↓: deterioration of between 5 and
50 %;↑: improvement of between 5 and 50 %;↑↑: improvement of more than 50 %;=: close values, within±5 %. Symbol also attributed
to REQm, if the absolute difference is lower in±10 %, and for1TQm, if the absolute difference is lower in±15 min.

Event Ners Russan Remoulins

Nash REQm 1TQm Nash REQm 1TQm 1TQm

1 0.77= −25= 65↓↓ 0.89= −9= −90= −195=

2 0.78↑ 5= 20= 0.85↑ −6= −5= 15=

3 0.96= 9= 5= 0.99= −2= −5= 0=

4 0.94↑ 5= 30= 0.97↑ −8= 5↑↑ 10=

5 0.63↓ −31= −10= 0.88= −14= −20= −5=

6 0.95↑ −13↓↓ 5↑↑ 0.95↑ −12= −85↓↓ −70=

7 0.98↑ 12↑↑ 15↑↑ 0.95↑ 3↑↑ 5↑↑ −50↑↑

is widely underestimated. A less significant underestimation
is also observed for event no. 6. Finally, in the case of event
no. 7, the SVMOD option is the most satisfactory. Adding lat-
eral inflows, overestimated on the Ners–Russan reach (see
Table 5), explains the too premature increases preceding the
last two peaks, and the too important values of these, in the
case of the COUPLMOD modelling.

To summarise, we can say that the interest in adding lat-
eral inflows depends essentially on the rainfall spatial distri-
bution of the event. However, adding lateral inflows can also
contribute to the degradation of modelling, by worsening the
errors in upstream entries (case of event no. 7).

4.2.3 COUPLMOD vs. COUPLOBS: influence of the
upstream injected hydrographs

The COUPLOBS option is identical to the COUPLMOD op-
tion, except concerning upstream entries to the hydraulic
model, which are in this case the observed hydrographs.
Thus, the COUPLOBS/COUPLMOD comparison allows us to
estimate the impact of the qualities of modelling injected at
Anduze and Alès on the coupling results at the downstream.
In the cases of event nos. 1 and 2, for which the rating curve
at Alès is not adapted, hydrographs modelled at this station
are taken into account. The results of the COUPLOBS option
are indicated in Table 9.

Globally with this option, the indexes are rather satis-
factory for all the events. The Nash coefficients vary be-
tween 0.63 and 0.98 at Ners, and are higher than 0.85 at Rus-
san. The REQm index is sometimes very good. Some gaps
higher than 20 % are however noted at Ners. Peaks are gen-
erally well synchronised. Rather important gaps are raised
for some cases: event no. 1, event no. 6 at Russan and Re-
moulins, and event no. 7 at Remoulins. They appear to be due
to hydrologic modelling errors on lateral inflows, rather than
to the hydraulic model. The presented case of event no. 3, is
the case which was used to the adjustment of theKs param-
eters of the hydraulic model (see Sect. 3.6).

As in the previous section, gaps in performance according
to both modelling options are very different from one event to
another. There are very few differences between the results of
COUPLMOD and COUPLOBS for event nos. 1, 3 and 5. Only
the Nash indexes at Ners in the case of event no. 5, and the
1TQm coefficients at Ners for event no. 1, present reasonable
gaps. Again, the rainfall spatial distribution is an explanation
of this observation. The lateral inflows were consequent dur-
ing event nos. 1 and 5, minimising the importance of hydro-
graphs injected upstream to the hydraulic model. Thus, the
modelling accuracy of lateral inflows is not fundamental for
these two cases. Concerning event no. 3, it is the good mod-
elling of hydrographs at Alès and Anduze (respective Nash
indexes of 0.91 and 0.89, see Table 4) which explains the low
gap between both options at the Ners, Russan and Remoulins
stations. The lateral inflows play a secondary role during this
event (see Table 5).

Three other events, no. 2, 4 and 6, present clear increases
of the Nash indexes, and limited differences for the REQm

and1TQm indexes when hydrographs observed upstream are
injected (COUPLOBS option). The strongest Nash increase is
observed in the case of event no. 6 at Ners (Nash of 0.64 with
COUPLMOD vs. 0.95 with COUPLOBS, an improvement of
almost 50 %). This increase is explained by a better repre-
sentation of flood rises and falls. For these three events, the
quality of modelling at Alès and Anduze is important for the
improvement in the Nash values at the downstream: this can
be attributed to the strong contributions of upstream inflows,
considering the flowed out volumes at the downstream sta-
tions (see Table 2). However, the two others indexes do not
present clear improvements.

Finally, event no. 7 constitutes, as already observed in the
previous section, a special case. All the indexes are improved
with the COUPLOBS option. Previously observed errors of
1TQm are widely corrected: the main peak is well identified
this time.

Some modelling according to both options, at the Ners sta-
tion, is presented in Fig. 7. In the case of event no. 5, the
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Figure 7. Hydrographs modelled for event nos. 4, 5, 6 and 7 according to the COUPLMOD and COUPLOBS modelling options, at the Ners
station.

results do not differ much: the quality of the modelling of
upstream inflows has not got much impact. The differences
are clearer concerning the other three events. In the case of
event nos. 4 and 6, the flood rises and falls are better re-
produced with the COUPLOBS option: modelling at Anduze
and Alès underestimates them (see Fig. 4 for event no. 4).
However, the peak is better reproduced with COUPLMOD for
event no. 6: it is the combined result of overestimations of
peaks at Anduze and Alès (see the REQm index, Table 4)
and an underestimate of the lateral inflows upstream of Ners
(see Table 5), which compensates for these errors upstream.
In the case of event no. 7, the improvements in the indexes
are understandable by a better estimation of peaks and flood
fall with the COUPLOBS option. It is interesting to note the
important role of both upstream catchments in flood falls,
which are, except for event no. 5, far better modelled when
upstream entries are the observed data.

To summarise, the results show again the important role of
the rainfall spatial distribution. Events with rains essentially
located in the upstream part present the most important im-
provements when the observed data are taken into account.
However, these improvements are more debatable concern-
ing the reconstruction of peaks: rather often, the REQm and
1TQm indexes are not very different according to both op-
tions. Only event no. 7 represents an improvement in all the
indexes with COUPLOBS.

4.2.4 COUPLMOD vs. SVOBS: direct comparison of the
impact of the quality of upstream injected
hydrographs vs. the importance of the lateral
inflows

In this section, the interest in adding lateral inflows is di-
rectly confronted by the impact of modelling at the upstream
entries. For that purpose, the results of the hydraulic model
without lateral inflows, fed by the observed data at Anduze
and Alès, are compared with the COUPLMOD results at the
three downstream stations. This modelling option is denoted
SVOBS, and its results are presented in Table 10.

Again, the index values, and the gaps with regard to the
COUPLMOD modelling, are very variable according to the
events. As previously mentioned, complete coupling is nec-
essary for event nos. 1 and 5. Important gaps between both
options are noted, the results of the SVOBS option being un-
satisfactory. There are few differences in the case of event
no. 3, for which lateral inflows are not very consistent, and
SCS–LR modelling is very good at Alès and Anduze. In the
case of event nos. 2, 4, 6 and 7, improvements in the Nash
indexes are noticed. Concerning the other two indexes, they
are equivalent for event nos. 2 and 4, clearly degraded with
SVOBS for event no. 6, and improved with this same option
for event no. 7. These trends appear for the modelled hydro-
graphs presented, for some events, in Fig. 8.

For event no. 1, gaps are consequent. The SVOBS option
clearly underestimates the hydrograph. Peaks are also under-
estimated with the coupling. In the case of event no. 2, gaps
are more reduced. The peak is reproduced in a very satis-
factory way with both options. The gaps in terms of Nash
(0.78 for SVOBS vs. 0.61 for COUPLMOD) are hard to see:
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we can barely say that the flood rise and fall are slightly bet-
ter reproduced with the SVOBS option. In the case of event
no. 6, this last option is also more satisfactory on flood rise
and fall, but less interesting for the reproduction of the peak:
the addition of lateral inflows is necessary for its good esti-
mation. Finally, in the case of event no. 7, the SVOBS option
is the most satisfactory, except for the evaluation of the last
peak.

Thus, the SVOBS/COUPLMOD comparison ends in con-
trasted findings according to the events. Nash is improved
or equivalent for five events with SVOBS, which indicates, in
these cases, the importance of the quality of modelling up-
stream to the hydraulic model. The indexes relative to peaks
are however often equivalent for both options. Adding lateral
inflows appears to be necessary for event nos. 1 and 5, and
for the good modelling of the peak of event no. 6.

5 Future investigation

The presented results show that the coupling of models is an
interesting tool for the modelling of the hydrographs of the
Gardon River at the downstream stations. In this part, some
prospection is detailed. This concerns two points in partic-
ular: the hydrologic modelling of the ungauged lateral sub-
catchments, and the use of the coupling in an operating con-
text of water levels and flooded area forecasting.

5.1 Concerning the SCS–LR hydrologic model
parameters of the ungauged inflows

In this study, the SCS–LR hydrologic model parameters cal-
ibrated at Anduze are used for the modelling of the other
sub-catchments feeding the hydraulic model, gauged (Alès),
or not (the 48 lateral inflows). With this simplified approach,
the performances of the coupling are satisfactory at the Ners,
Russan and Remoulins stations. However, they could be im-
proved using better adapted parameters.

Naturally, the parameters cannot be calibrated in ungauged
catchments. For the lateral inflow modelling, regionalisation
approaches of the parameters seem adapted (see examples
in Merz and Blöschl, 2004; McIntyre et al., 2005; Parajka
et al., 2005; Oudin et al., 2008, 2010; Masih et al., 2010;
Garambois, 2012). These methods are based on calibrated
parameters at gauged catchments. The literature details three
regionalisation approaches:

– The regressive approaches. Regressions between the pa-
rameters calibrated on gauged catchments and physical
and climatic descriptors are established. The set of pa-
rameters of the ungauged catchment is known accord-
ing to the value of the descriptor of the basin. These
methods require a large number of gauged catchments,
to cover a wide range of descriptors values.

– The approaches based on spatial proximity. The param-
eters calibrated on the closest catchments are averaged,
then directly used for the targeted ungauged catchment.
This approach is based on the hypothesis that nearby
catchments have similar hydrological reactions, because
they have relative homogeneity of physical and climatic
characteristics. It approximates the strategy used in this
study.

– The approaches by physical similarity. The sets cal-
ibrated on the closest gauged catchments, but in the
sense of the physical and climatic characteristics, are
averaged then used for the ungauged basin. The simi-
larity between catchments is quantified by means of an
index.

According to Oudin et al. (2008), there is still no clear con-
sensus for a preferential regionalisation method. According
to Garambois (2012), the regionalisation methods by simi-
larity, defined from soils characteristics, are particularly rel-
evant for catchments of the Cévennes area.

Methods of correction of modelling for ungauged catch-
ments were also developed. Artigue (2012) provides an ex-
ample, applied to ungauged sub-catchments of the Gardon
River basin. The author proposes a correction of his neural
network model results by means of a law based on the un-
gauged basin areas and the estimated maximal specific dis-
charges. This correction strategy allows us to obtain realistic
modelling.

These solutions constitute an appropriate way to improve
the hydrologic modelling of sub-catchments, and thus the
coupling of model results.

5.2 Use of the coupling for water level and flooded areas
forecasting

As previously evoked, the elaborate coupling of models is a
priori adapted for fast flood forecasting. In this section, we
indicate the existing approaches to define both parameters
of the coupling before the beginning of the event. Then, we
detail the modelling of the inundated areas.

The coupling of the models contains two parameters which
must be adjusted for each event:S andV0. In this study, these
two parameters were calibrated, which is obviously impossi-
ble in a forecasting context: the values of both parameters
must be defined beforehand. For that purpose, the literature
describes several possible options. A first approach consists
in using one or several state indicators of the catchment, as
for example the soil moisture, the base flow, etc. Regres-
sions are established between the parameters calibrated for a
range of events and the corresponding indicator values. The
parameters for an upcoming event are then known, accord-
ing to the indicator value of the day. This option was anal-
ysed for theS parameter of the SCS–LR model, at the scale
of the Gardon d’Anduze catchment (Marchandise and Viel,
2009; Tramblay et al., 2011). These authors show that the
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Table 10.SVOBS option results. Performance indexes at the Ners, Russan and Remoulins stations. The symbols on the right of the indexes
characterise the gaps compared with the COUPLMOD option.↓↓: deterioration of more than 50 %;↓: deterioration of between 5 and 50 %;
↑: improvement of between 5 and 50 %;↑↑: improvement of more than 50 %;=: close values, within±5 %. Symbol also attributed to
REQm, if the absolute difference is lower in±10 %, and for1TQm, if the absolute difference is lower in±15 min.

Event Ners Russan Remoulins

Nash REQm 1TQm Nash REQm 1TQm 1TQm

1 0.13↓↓ −38↓↓ 160↓↓ −0.10↓↓ −67↓↓ −2500↓↓ −2315↓↓

2 0.78↑ 3= 20= 0.85↑ −7= −10= 15=

3 0.96= 0= 15= 0.97= −10= −15= 10=

4 0.89↑ 3= 35= 0.94↑ −10= 5↑↑ 15=

5 −1.14↓↓ −94↓↓ 220↓↓ −0.75↓↓ −96↓↓ 480↓↓ 430↓↓

6 0.86↑ −26↓↓ −590↓↓ 0.77↑ −39↓↓ −590↓↓ −530↓↓

7 0.91↑ 8↑↑ −5↑↑ 0.87↑ −9= −45↑↑ −55↑↑

Figure 8.Hydrographs modelled for event nos. 1, 2, 6 and 7 according to the COUPLMOD and SVOBSmodelling options, at the Ners station.

Hu2 index calculated every day by the SIM model of Météo-
France (Habets et al., 2008), and estimating the soil moisture
of the root layer (between 10 and 190 cm), is particularly in-
teresting for estimating theS parameter.

The data assimilation approach was also developed. An
example is described by Coustau (2011) and Coustau et
al. (2013). These authors propose assimilation techniques of
discharges for the estimation of theS andV0 parameters of
the SCS–LR model. They show that an assimilation in the
first few hours of the flood allows one to obtain parameters
that give good results, according to their tests in the Lez River
catchment (neighbour of the Gardon River basin). This op-
tion is also interesting.

Thus, it would be advisable for use of the coupling in an
objective of flood forecasting to predetermine the parameters
according to one of these two approaches. These parameters

must then be regionalised in the ungauged catchments, as we
mentioned earlier.

The coupling is a priori relevant for the modelling of the
flooded areas. However, the 1-D hydraulic model in its cur-
rent form, is little adapted. Indeed, in the floodplain, the
flows are strongly multidirectional, and do not satisfy the hy-
pothesis of 1-D flow. For a fine modelling of overflowing, it
would be advisable to use a 2-D model, or to complete the
1-D model with storage areas. The choice of a 1-D model
rather than a 2-D approach had previously been justified (see
Sect. 3.2). The 2-D model requires very fine data, and its cal-
culation times are greater, which is a limiting constraint for
a use in operational forecast. Furthermore, studies compar-
ing 1-D and 2-D models, indicate close results with both op-
tions, for the modelling of inundated areas (Horritt and Bates,
2002; Aureli et al., 2006; Besnard and Goutal, 2011). How-
ever, in the case of the study of Aureli et al. (2006), the 2-D
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model allows a more realistic representation of overflowing
during the first hours of the event. Besnard and Goutal (2011)
propose a MASCARET model with storage areas, applied to
the Garonne river, in the southwest of France. The authors
indicate the importance of the links between storages areas,
which must be defined in a fine way for the good modelling
of overflowing.

Thus, adding storage areas to the hydraulic model appears
to be a necessary step for the coupling of models relevant to
major events, such as the one of September 2002.

6 Summary and conclusions

This study presents the results of a coupling of hydrologic
and hydraulic models, used to model the flood hydrographs
of the Gardon River. The results were analysed at five hydro-
metric stations of the catchment, and were compared with
those of other modelling options. The used tool is a priori
adapted to the modelling of water levels and flooded areas,
because of the employment of a 1-D hydraulic model based
on the Saint-Venant equations. This capacity of the coupling
to model the flooded areas and water levels was not analysed
in this study; it was mentioned in Sect. 5.2, and will be the
object of future developments.

The results of the coupling in terms of modelling of flood
hydrographs are rather satisfactory. At the downstream sta-
tions of the catchment, the Nash values are included be-
tween 0.61 and 0.97, reflecting qualities rated as rather good
to excellent. The coefficients specific to peak flows are also
satisfactory. For most of the studied events, the relative error
for peak flow (REQm) is included between±15 %, and the
temporal difference (1TQm) is lower than or near 30 min.

The comparison with other modelling strategies allowed
us to provide responses to the questions in the introduction
and in Sect. 4.2.

The first question focuses on the contribution of a full hy-
draulic model to the discharge estimation, compared with a
simplified lag-and-route routing model. Close results were
observed for both options. The coupling is slightly more suc-
cessful at the Russan station, and even rather clearly for four
events. At Ners and Remoulins, both options seem rather
equivalent. Thus, a simplified lag-and-route model is suitable
for discharge routing in the intermediary downstream part
of the Gardon River. However, in contrast to the hydraulic
model, it does not allow the estimation of flooded areas.

The second question concerns the interest in adding lateral
inflows. For this purpose, the coupling results are compared
with those of the SVMOD option (hydraulic model without
lateral inflows). The gaps between both options differ rather
clearly according to events. The rainfall spatial distribution
during the event is a key element. When cumulated rainfalls
are more important in the intermediary downstream part of
the catchment (the case for event nos. 1 and 5, and to a lesser
extent for event no. 6), adding lateral inflows is necessary:

the coupling is clearly more successful than the SVMOD op-
tion. On the other hand, when rains are rather centered on
sub-catchments upstream of the hydraulic model, the gaps
between both options are rather low (the case for event nos. 2,
3 and 4). Then, the lateral inflows are not necessary. The case
of event no. 7 constitutes an interesting feature: it is the only
event for which the SVMOD option is the most successful.
This fact is understandable by an amplification of the errors
of both models at upstream entries to the hydraulic model,
when lateral inflows are added.

The third question concerns the impact of the qualities of
modelling at upstream entries on the hydraulic model. For
that purpose, the coupling results are compared with those
of the COUPLOBS option (identical coupling, but with the
recorded hydrographs injected at Alès and Anduze). Even
there, the rainfall spatial distribution during the event is very
influential. The results of both options are very close in the
case of event nos. 1 and 5, for which rains were scarce in the
upstream, but also for event no. 3. Concerning this last case,
the absence of significant improvements is understandable by
the very good quality of the hydrologic modelling at Anduze
and Alès. The COUPLOBS modelling is more satisfactory, in
terms of Nash, for four other events. These events with heavy
rains upstream require good hydrologic modelling upstream.
In the cases of event nos. 2, 3 and 4, the differences are how-
ever of little significance concerning the REQm and1TQm

indexes.
The comparison with the results of the SVOBS option

(hydraulic model without lateral inflows, with observed up-
stream entries), presented in Sect. 4.2.4, also provides some
answers as to the interest in adding lateral inflows, and as to
the impact of the qualities of the upstream hydrologic mod-
elling. In the case of event nos. 1 and 5, the coupling is clearly
more successful than the SVOBS option. The SVOBS option
is more successful, in terms of Nash, for event nos. 2, 4, 6
and 7. The improvements especially concern flood rises and
falls. Concerning these four events, the modelling of peaks
differs according to both options: the differences are not very
notable for event nos. 2 and 4; for event no. 6, the peak is bet-
ter modelled with the coupling, whereas in the case of event
no. 7, the SVOBS option is more satisfactory.

The coupling results could be improved thanks to better
hydrologic modelling of lateral inflows. For this purpose,
methods of correction of modelling (Artigue, 2012) or of
parameter regionalisation (Garambois, 2012) were estimated
for Mediterranean basins, and seem relevant for this studied
case.

Finally, this coupling of models turns out to be very inter-
esting for water level and flooded area forecasting. However,
the question of the estimation of the coupling parameters be-
fore the event is asked. For this purpose, approaches to the
assimilation of data (Coustau, 2011; Coustau et al., 2013) or
the estimation of the parameters according to state indicators
of the catchment (Marchandise and Viel, 2009; Tramblay et
al., 2010, 2011) are relevant. Furthermore, the 1-D hydraulic
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model, completed by storage areas, should be very interest-
ing for inundated area modelling during major events, as for
the one of September 2002. The continuation of works will
address these two aspects.
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