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Abstract

Mediterranean catchments are regularly affected by fast and flash floods. Numerous
hydrologic models were developed, and allow to reconstruct these floods. However,
these approaches often concern average size basins, of some hundreds km2. At
more important scales (> 1000 km2), a coupling of hydrologic and hydraulic models5

appears to be an adapted solution. This study analyses the performances of a cou-
pling of models and compares them with those of others modelling strategies. The
distributed SCS-LR hydrologic model implemented in the ATHYS modelling platform
(http://www.athys-soft.org), and the MASCARET hydraulic modelling code, based on
full Saint-Venant equations, are employed. The coupling is applied to the Gardon river10

basin (2040 km2), in the southeast of France. The results are satisfactory at the down-
stream stations. Furthermore, the coupling has few parameters, expecting interesting
perspectives for flood forecasting.

1 Introduction

Fast and flash floods in the Mediterranean area are well-known for their importance15

and violence. They are characterized by very brutal reactions by rivers, with specific
discharge rates sometimes greater than 20 m3 s−1 km−2, and flood water rising very
rapidly, generally in a few hours. These reactions are the consequence of extremely
rainy episodes, for which cumulated rainfall can reach values superior to 500 mm in
24 h, with intensities sometimes superior to 100 mmh−1. In the southeast of France,20

the last events of this type are the ones that affected the Aude river 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 damage of more than 1 billion euros.

In the literature, studies indicate a whole range of satisfactory solutions for flash flood25

modelling, although there is not, at the moment, a clear consensus as to a preferential
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approach (Hapuarachchi et al., 2011). This modelling research generally concerns av-
erage size catchments, often smaller than a few hundred km2. Likewise, in the case of
the Gardon river basin in the southeast of France, which was strongly impacted by the
extreme event of September 2002, the literature proposes numerous assessments of
hydrologic models adapted to these small scales. Many of these studies concern the5

Gardon d’Anduze sub-catchment (545 km2), for which discharge data are particularly
complete (see for example: Bouvier et al., 2004, 2006; Ayral et al., 2005; Marchandise,
2007; Moussa et al., 2007; Toukourou et al., 2010; Roux et al., 2011; Thierion et al.,
2011; Tramblay et al., 2011), or smaller sub-catchments (see for example: Estupina-
Borrell and Dartus, 2003; Manus et al., 2009; Anquetin et al., 2010; Braud et al., 2010;10

Tramblay et al., 2010; Artigue et al., 2012).
While the hydrologic modelling of sub-catchments is well informed, the literature is

much less complete in terms of modelling applied to the complete area of large Mediter-
ranean catchments (> 1000 km2). This lack of knowledge is surprising, because the
most extreme events often concern these large areas. For the September 2002 ex-15

treme event in the Gard area, cumulated rainfall exceeded 200 mm in 24 h all over
a 5500 km2 area (Delrieu et al., 2005). However, as far as we know, at the Gardon
river basin scale (2040 km2), only the research of Bonnifait et al. (2009) can be cited.
At this scale, hydrologic models are difficult to apply a priori, because they are based
on conceptualization of routing streamflows that is often simplified. Other approaches20

must be used, such as the combination of hydrologic and hydraulic models (Claudet
and Bouvier, 2004). This is the approach chosen by Bonnifait et al. (2009), and which
is also used in our research.

As Lerat et al. (2012) indicate, couplings of hydrologic and hydraulic models are not
very frequent in the literature. The studies often concern applications of these cou-25

plings to different kinds of cases (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). To our knowledge, few studies propose sensitivity
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analysis based on coupled models, in particular to upstream and lateral inflows. Lerat
et al. (2012) give an example, applied to the Illinois River (USA).

The main objective of this study is to assess the performance of coupling hydrologic
and hydraulic models applied to the Gardon river basin (2040 km2). Our research is
based on significant already existing hydrologic modelling of the sub-catchments of5

the site studied. The coupling analysed is based on a very simple parameter adjust-
ment strategy, making it possible to foresee future operational use. The following two
questions are analysed in particular:

– What is the performance of the coupled models? The goal is to estimate the
quality of the hydrologic modelling of upstream inflows, lateral inflows, and how10

the coupled model performs in the intermediate-downstream part of the basin.

– How does this kind of performance compare with other modelling or coupling op-
tions? A three-way comparison is made between the results when only the hydro-
logic model is used, which is extended to the downstream part of the catchment,
and when only the hydraulic model is used (without lateral inflows), and when15

there is a coupled model taking account of the inflows observed or modelled up-
stream.

The coupling of models was assessed for various events, with rather different charac-
teristics. Rainfall radar data and discharge data from five stations were used.

This article is organized as follows. Part two provides a description of the Gardon20

catchment, the hydrologic data used, and the events studied. Part three describes the
strategy for implementing the coupling approach, the hydrologic and hydraulic models,
and the parameters adjustment. Finally, the article ends with a discussion and a de-
scription of the results.
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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 con-
fluence. The source of the Gardon River is in the Cevennes, a low mountain range with5

a 1699 m peak, the Pic Cassini. 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 Gardon d’Anduze meet a few kilometres 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 differ-10

ent features. In the upstream part, the river system has many branches, and a land-
scape with steep-sided valleys and steeply-sloped hillsides. In some places, slopes
are greater than 50 %. 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 oaks and chestnut trees,15

with a great number of conifers at high altitude. Downstream from Alès and Anduze, the
valleys widen and create alluvial plains with deposits of the Quaternary, which in some
places extend over several kilometres. The widest point is in the Gardonnenque plain.
The river system is simplified, because it crosses softer formations of the secondary
era (limestone, marls, and sandstone). Some elements of relief remain, which rarely20

exceed 200 m. The landscape 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 twenty
kilometres. The River Gardon tributaries have a highly karstic nature in these places.
Downstream from the gorges, the River Gardon crosses a zone of alluvial deposits25

from the River Rhone. The floodplain widens, although less than in the Gardonnenque
plain.
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There are some moderate size cities (Fig. 1) in this catchment, which is predomi-
nantly rural. Located in the intermediate part of the catchment, Alès is the biggest city
with a current population of slightly more than 40 000 inhabitants. 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.5

Climate in the Gardon watershed is typically Mediterranean. It is characterized by
sometimes very intense and violent 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’s10

mind. Values cited in the literature demonstrate how exceptional it was (Delrieu et al.,
2005). Cumulated rainfall between 600 and 700 mm in 24 h was observed in the tri-
angle linking the cities of Alès, Anduze, and Ners, which is the current record in the
region. Peak specific discharges superior to 20 m3 s−1 km−2 were recorded in certain
sub-catchments (Delrieu et al., 2005). There were 23 victims, and damage was esti-15

mated 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 catchment were used. Figure 1
indicates the locations of these stations. Table 1 provides data on the surface area20

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 images
were corrected beforehand according to the rain gauge network measurements, using
CALAMAR® software (Ayral et al., 2005; Thierion et al., 2011). These discharge and25

rainfall data were supplied by the regional flood warning service SPC-GD (“Service de
Prévision des Crues Grand Delta”), and have a 5 min time step. This fine time step is
used for modelling, as it is well adapted to the fast kinetics of events in this catchment.
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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 hydro-
logical data are the most complete. Table 2 summarises some of their characteristics.
Total rainfall upstream to Russan varied between 135 mm for event no. 6 and 372 mm
for event no. 7. Peak flows in this station were between 700 m3 s−1 (event no. 5) and5

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 events no. 1 and 5, cumulated rainfall is more significant in the intermediary-
downstream part of the catchment. Table 2 shows for these two cases an increase
in the volume at the downstream stations, indicating the proportionally important10

contribution of lateral inflows in these zones.

– For events no. 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
observed (Météo-France, 1996), because the Cevennes mountains amplify the
rainfall. The volume increased between the upstream stations and the station of15

Ners, in a way, however, rather different according to the event. Lateral inflows
were the most important for events no. 6 and 7. Volumes diminished between
Ners and Russan for events no. 2, 3, and 4. This decrease can be understood
in terms of karstic losses in the river bed, and also corresponds to insignificant
contributions of lateral inflows between both stations.20

Some remarks concerning the hydrological data of these events must be made. Hydro-
graphs at the Alès station are not available for events no. 1 and 2, because the station
rating curve is not valid for these periods. The rating curve at Remoulins is very uncer-
tain, 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 completed25

by rain gauge measurements using inverse distance interpolation techniques.
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3 Modelling strategies

3.1 Coupling used

An external and unidirectional coupling of models was used for this study, as defined
by Lian et al. (2007), and Mejia and Reed (2011). In this type of coupling, both models
function independently. In the first phase, upstream and lateral inflows to the hydraulic5

model are evaluated using hydrologic modelling. Then, hydraulic modelling integrat-
ing these inflows is conducted. In this way, the hydraulic model does not interact with
the hydrologic model, which involves some simplifications of what really exists: for ex-
ample, backwater effects on tributaries are neglected. It is the most common coupled
approach generally chosen, because it is simple to implement and flexible, the use10

of other models which can be so easily envisaged (Whiteaker et al., 2006). This last
criterion is particularly well adapted to our study, because the literature does not indi-
cate a clear consensus on the preferential approach for hydrologic modelling of flash
flood catchments (Hapuarachchi et al., 2011). An example of this type of coupling ap-
plied to the Gardon river basin in the case of the September 2002 extreme event was15

proposed by Bonnifait et al. (2009). Other studies concern catchments in various hydro-
meteorological contexts (Knebl et al., 2005; Whiteaker et al., 2006; Lian et al., 2007;
Biancamaria et al., 2009; Mejia and Reed, 2011).

Figure 3 shows how the coupled model was implemented in the catchment area
studied. The hydraulic model is applied from the Anduze and Alès stations up to the20

Remoulins station. This reach was chosen because the floodplain widen consider-
ably downstream from both upstream stations, leading to important overflowing dur-
ing strong floods. It includes the gorges zone, which is very influential during extreme
events.

The hydraulic model consists of three reaches. Both upstream reaches correspond25

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 confluence with the Remoulins
station, and is 55.2 km long. The total extent of the hydraulic model is 82.2 km. There
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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-catchments no. 2, 20, 26, 28, and 39 have
an area greater than 50 km2, the maximum being 203 km2 for inflow no. 39. All in all,5

the selected lateral sub-catchments cover 92 % of the area between both upstream
stations and the Remoulins station.

The coupling uses the SCS-LR hydrologic model implemented in the ATHYS mod-
elling platform (http://www.athys-soft.org), and the MASCARET one-dimensional hy-
draulic modelling code. The ATHYS platform is developed by the IRD (“Institute of Re-10

search for Development”), and the MASCARET code by EDF (“Electricité De France”
– French Electric Company), and the CETMEF (“Centre d’Etudes Techniques Mar-
itimes et Fluviales”). Both tools, which will be described in the following section, are
open-source.

3.2 The models coupled15

3.2.1 SCS-LR hydrologic model

The SCS-LR model combines a runoff model adapted from the Soil Conservation Ser-
vice (SCS) and a Lag and Route model (LR). It is an events-based, distributed model
with reservoirs, based on a grid of regular square cells. It has been used in many stud-
ies on Mediterranean watersheds of limited area, in particular concerning the Gardon20

d’Anduze river basin (Bouvier et al., 2004, 2006; Marchandise, 2007; Tramblay et al.,
2011). It proves to be successful for modelling typical floods on Mediterranean water-
sheds, particularly compared with other models (Bouvier et al., 2006; Marchandise,
2007; Coustau, 2011).

The SCS runoff model associates a time variable runoff coefficient C(t) with every25

grid cell, which depends on the cumulated rainfall P(t), and on an S parameter, char-
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acterising 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) and S in mm, C(t) in %.
This runoff coefficient increase with the cumulated rainfall. To represent its decrease

during period without rains, a reduction of P(t) is added:5

dP(t)
dt

= Pb (t)−dsP(t) (2)

where Pb(t) is the instantaneous precipitation in mm h−1, and ds a coefficient [t−1].
Finally, the runoff R(t) of the cell (mmh−1) is expressed as:

R (t) = C (t) ·Pb(t) (3)

The LR routing model is based on the definition of a propagation time Tm and of10

a diffusion time Km for each cell m, estimated from the cell to outlet distances lm:

Tm =
lm
V0

(4)

Km = K0Tm (5)

where V0 is the speed of propagation (ms−1), and K0 a coefficient without dimension.15

The elementary discharge q(t) at outlet, corresponding to the propagation of the runoff
R(t0) generated at the cell m at time t0, is:

q (t) = 0

if t < t0 +Tm

q (t) = R(t0)
Km

exp
(
− t−(t0+Tm)

Km

)
B

if t > t0 +Tm

(6)
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where B is 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). The simplification5

concerns the SCS runoff model, for which the contribution of delayed flows was ig-
nored. This version gave good results at the Anduze station, for 16 events (Tramblay
et al., 2011). Besides this last observation, it was chosen because it has a low number
of adjustment parameters (see Sect. 3.3).

The cell grid was defined with the help of a Digital Elevation Model (DEM) on10

the basis of the IGN’s BD ALTI® (“Institut national de l’information géographique et
forestière”). The cell size is of 100m×100m. This resolution is particularly well adapted
to the smallest lateral sub-catchments. The flow paths between each cell, allowing the
propagation and diffusion times to be evaluated, were forced according to the river
polylines of the catchment, on the basis of the IGN’s BD CARTHAGE®. This process-15

ing seemed necessary in the intermediate-downstream part of the Gardon catchment,
where low slopes falsify flow paths, and the areas really drained.

The rainfall radar data at 1 km resolution were interpolated in each cell according to
the Thiessen method. This choice of spatially distributed rainfall information is justified
by the literature, the performances of various models are clearly improved in Mediter-20

ranean catchments (Saulnier and Le Lay, 2009; Sangati et al., 2009; Anquetin et al.,
2010; Zoccatelli et al., 2010; Tramblay et al., 2011).

3.2.2 The MASCARET hydraulic model

MASCARET is the one-dimensional hydraulic modelling code used for developing the
hydraulic model. It can be used to calculate steady and unsteady flows in fluvial and25

transcritical systems. It is based on full Saint-Venant equations, composed of the con-
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tinuity equation:

∂Q
∂x

+
∂A
∂t

= ql (7)

and of the dynamic equation:

∂Q
∂t

+
∂
∂x

(
β (x ,A) .

Q2

A

)
+gA

(
∂Z
∂x

+ J
)
= 0 (8)

where Q is the discharge (m3 s−1), x the longitudinal distance (m), A the wetted area5

(m2), ql the lateral inflows by meter (m2 s−1), β the Boussinesq coefficient, without
dimension, characterizing the variations of speed in the cross-section, g the gravity,
Z the elevation of surface (m), and J the linear friction losses. Using the Manning–
Strickler expression, J can be written:

J =
Q2

K 2
s A2R4/3

h

(9)10

with Ks the Strickler coefficient (m1/3 s−1) which characterizes roughness, and Rh the
hydraulic mean radius (m) such as Rh = A/P, with P the wetted perimeter (m).

The Saint-Venant equations are valid for streams of weak slopes (lower than 10 %),
and when the flow follows a privileged direction. Furthermore, they imply hypotheses of
hydrostatic pressure and of constant density of water. In the face of hydraulic structures15

(weirs, dams. . . ), they are replaced locally by the corresponding hydraulic equations
(EDF-CETMEF, 2011). Numerical techniques are used to the resolution. Two schemes,
explicit and implicit in time, are implemented in the MASCARET code, and are at the
user choice.

As indicated above, the hydraulic model contains three main reaches (Fig. 3), con-20

nected by a zone of confluence. The topographic data provided concern river cross
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sections. They are identical to those in the study by Bonnifait et al. (2009). These data
were collected with the SPC-GD and the SMAGE (“Syndicat Mixte d’Aménagement des
Gardons”). Missing in the gorges sector, the authors had to complete them by means
of 1 : 25 000 maps. All in all, the hydraulic model used contains 161 cross sections, with
an average spacing of 530 m.5

The initial condition of the hydraulic model is a water line, characterizing the base
flow. In this study, it is identical for all the events, and corresponds to a constant dis-
charge of 5 m3 s−1 injected into both upstream stations. The parameters adjusted in the
model are Strickler coefficients, which differ in the river bed and in the floodplain.

The explicit scheme is used for the resolution, requiring a very fine time step, of 0.1 s10

in this studied case. The model results are then sampled at 5 min for the analysis.

3.3 Model parameter adjustments

A very simplified approach for hydrologic model parameter estimation was chosen.
Only the S parameter of the runoff model defined previously, and V0, speed of prop-
agation associated with the LR routing model, are calibrated for each event. This low15

number of parameters limits equifinality problems linked to the calibration procedure,
and is in theory better adapted to a transposition to ungauged catchments (lateral in-
flows). Other model parameters were set for all the events, and the values determined
by Tramblay et al. (2011) on the Gardon d’Anduze river basin were used (i.e., ds = 0.4
and K0 = 1.5).20

Both parameters, S and V0, were calibrated at Anduze, for each event. They were
then used for the modelling of the second upstream catchment (Alès), and for those of
the 48 lateral inflows. The data from the Alès station were only considered as an indi-
cator of the validity of transposing parameters. The hydrologic model parameters were
calibrated at Anduze with the simplex iterative algorithm (Nelder and Mead, 1965), im-25

plemented in the ATHYS platform. The well-known Nash criterion (Nash and Sutcliffe,
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1970) was employed for the calibration procedure:

Nash = 1−

T∑
i=1

(QOBS,i −QMOD,i )
2

T∑
i=1

(QOBS,i −QOBS)2

(10)

where T is the event duration, and QOBS,i and QMOD,i (m3 s−1) are the observed and
modeled dicharges at time step i .

The calibration domain includes only discharges superior to 50 m3 s−1, to limit the5

influence of low values. However, 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 superior to 10 m3 s−1.

Table 3 indicates the parameter values calibrated at Anduze for the 7 events stud-
ied. The S parameter value follows a coherent trend. For events arising just after the10

summer season, the S parameter is high, characterising an important water deficit.
On the contrary, for events in November–December, the values are lower, since rainy
events at the beginning of autumn have contributed in a more or less significant way
to refilling the catchment. The performance of the hydrologic modelling is described in
Sect. 4.1.1.15

The Ks 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 simulated 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. Several sets of20

the Strickler coefficient were estimated, for which values vary from 15 to 30 in the river
bed, and from 10 to 15 in floodplain. The adjustment procedure was applied to event
no. 3. The hydrographs observed at Anduze and Alès, and the lateral inflows modelled
are the boundaries conditions of the hydraulic model. This event was chosen because
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the lateral inflow contributions were weak (Tab. 2), and had little influence in terms of
shifting the peak times.

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 satis-
factory in terms of peak flow timing. The peak modelled for event no. 3 was 5 min late5

at Ners, 5 min early at Russan, and on time at Remoulins. The peak propagation times
from one station to another seem to be entirely satisfactory. Performance was a bit less
satisfactory concerning the beginning of flood rise times, with an average delay of one
hour at the three stations. This parameter set was used for all the other events in the
study.10

In this way, only two parameters in the coupled models were adjusted for each event,
at the Anduze station. Other parameters and initial conditions remained identical. This
parsimonious criterion makes the coupling very interesting from an operational point of
view.

3.4 Performance assessment15

The performance of the coupled models was evaluated by analysing discharge data
from five stations in the catchment area, as indicated in Sect. 2.2. The quality of the hy-
drologic modelling 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 stations. The performance of the coupling was evaluated at three sta-20

tions in the downstream part of the catchment (Ners, Russan, and Remoulins).
Three quality indicators were assessed. First, the Nash coefficient, which was al-

ready mentioned in the last section. It provides information on the overall quality of
the hydrographs modelled. The other two indices are specific to peak flow. These co-
efficients are the relative error for peak flow REQm (%), and the temporal difference25

4649

http://www.nat-hazards-earth-syst-sci-discuss.net
http://www.nat-hazards-earth-syst-sci-discuss.net/1/4635/2013/nhessd-1-4635-2013-print.pdf
http://www.nat-hazards-earth-syst-sci-discuss.net/1/4635/2013/nhessd-1-4635-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


NHESSD
1, 4635–4680, 2013

A coupling of models
appropriate for the
Gardon river basin

O. Laganier et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

between the observed and simulated peaks ∆TQm (min):

REQm =
QmMOD −QmOBS

QmOBS
×100 (11)

∆TQm = TMOD −TmOBS (12)

with QmMOD and QmOBS as the modelled and observed peak flows (m3 s−1), and5

TmMOD and T mOBS as the corresponding times. A positive REQm value indicates an
overestimation in the peak modelled, and conversely. The ∆TQm index is positive when
the peak modelled is late, and negative if it is early. At the Remoulins station, only the
∆TQm index was estimated, because the rating curve was too uncertain as indicated
above.10

4 Results

4.1 Coupled model 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 volumes observed be-15

tween the downstream stations.
Table 4 presents the modelling results at Anduze (the calibration station) and Alès.

Events no. 1 and no. 2 were not 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 varying from 0.53 to 0.91. A similar range of20

values was observed 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
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index decreased for all events compared with the Anduze values. The peak evaluation
indices were, however, rather satisfactory at both stations. Peak error was between 0
and ±25 %, and the ∆TQm index between 0 and ±30 min, for 5 events. Only events
no. 6 and no. 7 present major errors. These two cases contain several peaks, and
a secondary peak was identified as the main peak by the model. Some hydrographs5

modelled at Anduze and Alès are represented in Fig. 4. Flood fall is in general rather
poorly represented, particularly for winter or end of autumn events. This observation is
directly attributable to the choice of a simplified version of SCS-LR model.

Table 5 compares the differences in volumes observed between the downstream sta-
tions, with the volumes generated by lateral inflows included between these stations,10

estimated with SCS-LR. The differences in volumes at Ners cannot be estimated for
events no. 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 over-
estimate them for those along the Ners–Russan reach. There is volume compensation15

at the Russan station, where the total volume modelled for lateral inflows since 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, and the uncertainties linked20

to the rating curves, 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 at25

Russan. Event no. 3 presents 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 events no. 1, 5, and 7 at the Ners station, present more
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important errors, with the highest peak overestimation of 39 % for event no. 7. The
∆TQm 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 parameterisation described in Sect. 3.3. However, this coefficient is
very high at three stations for event no. 7: the delay for the peak modelled is more than5

twenty hours.
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 events no. 2, 3, and 4 (varying from +0.05 to10

+0.11) for which lateral inflows at the section Ners–Russan are insignificant or of little
importance (Table 5), indicate that the hydraulic model is better adapted at Russan,
and/or a more valid rating curve at this station. It is necessary to specify that the Ners
station is located only 4 km downstream from the confluence, which complicates the
hydraulic model. It is also possible that the topographic data of the hydraulic model are15

more precise near Russan. The second explanation concerns the others events, and
particularly those for which lateral inflows are proportionally important (events no. 1
and no. 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 responsible20

for the improved results of the coupled models at Russan. The Nash values increased
for events no. 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 indices concerning peak flow.

4.2 Comparison with other modelling strategies

The results of the coupled models presented above are now compared with those of25

other modelling options. The differences between these options concern the addition
of lateral inflows (simple hydraulic model or coupling), the upstream inflows (observed
or modelled hydrographs), and the routing conceptualization.
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For more clarity, the abbreviation COUPLMOD identifies the coupled models used
previously. The following other modelling options were assessed:

– Option no. 1: only the SCS-LR hydrologic model is used. This option differs from
COUPLMOD in terms of routing considerations downstream from Alès and An-
duze, concerning the representation of the river bed, and the equations solved.5

Upstream inflows and lateral inflows were identical. This option is identified as
SCS-LR.

– Option no. 2: only the hydraulic model is used, without lateral inflows. As for
COUPLMOD, upstream inflows were the hydrographs modelled. This option is ex-
pressed as SVMOD.10

– Option no. 3: identical to the previous one, but upstream inflows were the hydro-
graphs recorded. This approach is expressed as SVOBS.

– Option no. 4: is identical to the previous one, but lateral inflows are added. In
other words, the differences with COUPLMOD concern only hydrographs at up-
stream inflows, and the observed data were taken into consideration. This option15

is expressed as COUPLOBS.

As mentioned above, the hydrographs recorded are not available at the Alès station
for events no. 1 and 2. The hydrographs recorded at Anduze and modelled at Alès are
taken into account for the SVOBS and COUPLOBS options in these two cases.

Figure 5 illustrates the differences in the Nash indices estimated at the Ners and20

Russan stations, according to the options tested. These results are analysed in the
following sections.

4.2.1 SCS-LR results

Except for events no. 1 and 5, the performance of SCS-LR was among the worst at
both stations, especially at Russan (Fig. 5). The Nash values vary from 0.46 to 0.9325
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at Ners, and from 0.52 to 0.86 at Russan. Compared with the COUPLMOD results, the
Nash index is lower on average by 10 % at Ners and 17 % at Russan.

There is an accentuation of differences between both options downstream. This ac-
centuation results from the improvement in the performance of COUPLMOD at Russan,
described above, and from quality losses from SCS-LR. In fact, the Nash indices for5

five events decrease between both stations when SCS-LR is used.
Figure 6 compares the hydrographs of events no. 3 and 5, modelled with SCS-LR

and COUPLMOD. For event no. 3, the Nash indices according to both options are equal
at Ners (excellent values of 0.93), but clearly differ at Russan (0.97 with COUPLMOD vs.
0.80 with SCS-LR). Differences are important in the case of event no. 5, the coefficient10

values were 30 % superior for the coupling at both stations. The hydrographs in Fig. 6
also indicate a general trend observed for all events when SCS-LR is used: flood peaks
are underestimated, and a spreading of hydrographs is observed.

These observations show that a simplified hydrologic routing scheme is not adapted
to the downstream part of the Gardon River, and confirm the results of previous studies15

for other catchments (Lian et al., 2007; Mejia and Reed, 2011), or for the Gardon river
basin (Bonnifait et al., 2009).

4.2.2 Interest of adding lateral inflows

The interest of adding lateral inflows is extremely variable from one event to another,
as shown in Fig. 5. It seems to depend on the cumulated rainfall spatial distribution of20

each event (Fig. 2). So, in the case of events no. 2 and 3 for which rainfall was more
substantial in the upstream part, the Nash indices are almost identical for the SVOBS
and COUPLOBS options, and for the SVMOD and COUPLMOD options. A maximum im-
provement of 2 % in the coefficient was observed at the Russan station for event no. 3.
This fact was expected because the lateral inflows modelled are of little importance for25

these two events (see Table 5).
More significant improvements are noticed for events no. 4, 6, and 7. These events

present more significant cumulated rainfall in the upstream part of the catchment, but
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also a substantial amount downstream (Fig. 2). For example, the Nash coefficients im-
proved from 4 to 23 % at both stations, between the SVOBS and COUPLOBS options.
This fact demonstrates the real interest of adding lateral inflows for these three events.
The most significant increases in the index are noted for event no. 6, for which lateral
inflows are rather consequent (Table 5). The comparison of the SVMOD and COUPLMOD5

options indicates identical improvement for events no. 4 and 6. For event no. 7, lower
quality was observed when lateral inflows were taken into consideration. The Nash
coefficient obtained with the SVMOD option decreased by 7 % at the Ners station and
9 % at Russan. This decrease can be explained in terms of the hydrologic modelling
errors at Alès and Anduze: the second peak in this event was rather significantly over-10

estimated at both upstream stations (see Sect. 4.1.1). The addition of lateral inflows
amplifies these errors downstream, and as a consequence modelling is of lower quality.
This case of lower quality was the only one observed when lateral inflows were added.

Concerning events no. 1 and 5, for which cumulated rainfall was more substantial
in the intermediary-downstream part of the catchment, improvements were very sig-15

nificant. For example, the Nash values increased from −0.73 for SVMOD to 0.88 for
COUPLMOD in the case of event no. 5 at Russan. Significant improvements in the val-
ues and time of peaks were also observed. These observations reveal the need to take
into consideration lateral inflows in these two cases.

Figure 7 shows the hydrographs obtained with the SVOBS and COUPLOBS options for20

events no. 1, 3, 6, and 7 at Russan. As indicated above, the addition of lateral inflows
improves very clearly the modelling of event no. 1, and on the contrary has little influ-
ence on event no. 3. In this case, a better peak flow estimation was, however, observed
when lateral inflows were taken into consideration. For event no. 6, the SVOBS option
underestimates rather significantly the main peak observed, and there was a better25

estimation of the peak with COUPLOBS.
Finally, adding lateral inflows improves the quality of the modelling in the downstream

part in most of cases. This improvement depends on the cumulated rainfall spatial dis-
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tribution of the event. However, deterioration is observed for event no. 7, being under-
standable by an increase of the errors already observed at both upstream stations.

4.2.3 Interest of options with the upstream inflows observed

The SVOBS and COUPLOBS options take into account the hydrographs recorded for
both upstream inflows.5

The comparison of the SVOBS and SVMOD options, and COUPLOBS and COUPLMOD
options shows, as in the previous point, extremely variable improvements according to
the events (Fig. 5). Events no. 1 and 5 were not very sensitive, and the index varied little
when the upstream hydrographs recorded were taken into consideration. For example,
for event no. 1, the Nash index is equal at Ners for the COUPLOBS and COUPLMOD10

options, and shows an insignificant increase of +0.01 at Russan. This observation can
be explained in terms of the minor importance of the upstream inflows compared to
the lateral inflows for these two events. The quality of the modelling of the upstream
inflows is very clearly of little importance.

The observation is different for others events. The improvement of the index between15

the COUPLOBS and COUPLMOD options was between 12 % and 48 % for events no.
2, 4, 6, and 7 at Ners and Russan. A more limited increase was observed for event
no. 3, of 4 % at Ners, and 2 % at Russan. For these five events, the improvements
observed seem to be dependent on the quality of the modelling of the upstream inflows
in the hydraulic model (Table 4). Logically, when the Nash values are high at both20

upstream stations, the downstream differences are small. This was for example the
case for event no. 3. On the contrary, for lower upstream performance, the difference is
more important. For example, event no. 6 returned an average Nash value at Anduze
(0.68), and a very bad one at Alès (−0.50), resulting in strong increases between the
COUPLOBS and COUPLMOD options at Ners (0.64 vs. 0.95) and at Russan (0.73 vs.25

0.95). This observation raises an interesting point. For events no. 6 and 7, it seems
that the very bad performance at Alès ultimately had little influence on the COUPLMOD
results at Ners and Russan (Table 5). This can be partially explained by the smaller
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contribution of the Gardon d’Alès in terms of volume. For example, for event no. 6,
the volumes modelled at Alès and Anduze represent 24 % and 49 % of the volume
modelled at Russan. A parallel can be made with one of the results of the study of Lerat
et al. (2012). For the various coupling configurations tested out, these authors showed
there is greater sensitivity of the modelling quality of a tributary, than for stations located5

on the main channel.
Some hydrographs modelled with the COUPLOBS and COUPLMOD options are given

in Fig. 7. Nash indices are quasi-equal in the case of event no. 1 (0.88 and 0.89),
with a very small improvement for event no. 3 (0.97 with COUPLMOD vs. 0.99 with
COUPLOBS), and an important increase for event no. 6 (0.73 with COUPLMOD vs. 0.9510

with COUPLOBS). For this last case, the peak flows modelled were, however, equal at
this station.

Finally, Fig. 5 shows higher Nash indices with the SVOBS option compared to
COUPLMOD for events no. 2, 3, 4, 6, and 7. This fact indicates that for these kinds
of events it is better to conduct high quality modelling for the upstream inflows, rather15

than adding lateral inflows. The differences are particularly important for events no. 2, 4,
6, and 7, which were between 12 % and 34 % at the Ners station. However, differences
were less important at Russan. The total volume of lateral inflows was more important
since both upstream stations, and compensated for the modelling errors at Alès and
Anduze. So, for event no. 6, while the Nash index of the SVOBS option was 34 % higher20

than the one of COUPLMOD at Ners, the difference was only 6 % at Russan. Finally,
for events no. 1 and 5, modelling with the COUPLMOD option was much more satisfac-
tory than with SVOBS. As already indicated (Sect. 4.2.2), the addition of lateral inflows
was necessary for these two events. Some hydrographs obtained with the SVOBS and
COUPLMOD options are provided in Fig. 7. Note the much better estimation of peak25

flow with COUPLMOD for event no. 6. The index is 0.73 with COUPLMOD, and 0.77 with
SVOBS.
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5 Discussion

The presented results tend to justify the use of a coupling of models for a catchment
like the Gardon river basin. However, several points can be discussed.

5.1 Concerning the choice of a hydraulic model based on full Saint-Venant
equations5

First of all, the choice of a hydraulic model based on full Saint-Venant equations can be
questioned. Other simplified routing schemes would have been able to lead to equiva-
lent results. Several studies inform the conditions of use of the simplifications of the dy-
namic equation that are the kinematic wave and the diffusive wave (Ponce et al., 1978;
Daluz Vieira, 1983; Moussa and Bocquillon, 1996, 2000). Criteria, such the Froude10

number and the non-dimensionalised period characterizing the upstream initial condi-
tion (Moussa and Bocquillon, 1996), are used to define the domains of validity of these
two schemes. In particular, it seems that the kinematic wave is well adapted to the ar-
eas where the river bed presents a slope of the order of 0.01 %, and to the areas where
this slope is lower (of the order of 0.0001 %), but then in the limited case of slow floods15

(Ponce et al., 1978). The slopes of the Gardon, weak in the case of the reach studied
(included between 0.001 and 0.003 %), and the speed of the floods, limit a priori its
use. Furthermore, the kinematic wave, due to its simplifications, does not allow to re-
produce the attenuation of the peak flows in the downstream part (Ponce et al., 1978;
Keskin and Agiralioglu, 1997; Tsai, 2005), noticed on the Gardon river basin for events20

with essentially upstream rains. The diffusive wave option seems more attractive. Its
use was validated for the Hérault river basin (France), close to the Gardon river and of
equivalent area (Moussa and Bocquillon, 2009). However, as Moussa and Bocquillon
(2000) notice it, its domain of validity is more restricted in the face of important flooded
areas. Then, full Saint-Venant equations appear to be the ideal solution.25
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These remarks are to qualify by the fact that, as Hunter et al. (2007) note it, the mod-
eling errors due to the specification of the topography and the values of the parameters
(Ks), are often more important than those induced by the choice of a simplified model.

Another interesting alternative is the use of a hydrologic routing model with reser-
voirs. In the case of this study, the results of the LR model extended downstream are5

not satisfactory. However, the literature indicates performances close to those obtained
with a hydraulic model based on full Saint-Venant equations, for a sophisticated version
of the Muskingum scheme (O’Sullivan et al., 2012), or still for a lag-cascade routing
model (Camacho and Lees, 1999). These options of improved hydrologic modellings
can be interesting in the case of the Gardon river. Furthermore, it is possible that val-10

ues of the V0 and K0 parameters of the LR model, directly adjusted on downstream
reaches, rather than on the upstream Gardon d’Anduze river basin, provide better re-
sults. However, as Coustau (2011) indicates it, the SCS-LR model shows a sensibility
more important for the S parameter with regard to these two routing parameters.

So, if a hydraulic model based on full Saint-Venant equations was chosen, other15

approaches seem possible on the scale of the Gardon river. Among these, the diffusive
wave or improved hydrologic routing models, are interesting. However, other options,
such the kinematic wave, are a priori to eliminate.

5.2 Concerning the parameters of the hydrologic models of sub-catchments

In this study, the parameters of the SCS-LR hydrologic model calibrated at Anduze are20

used for the others inflows of the hydraulic model, gauged (Alès), or not (48 lateral in-
flows). With this simplified approach, the performances of the coupling are satisfactory
at the Ners, Russan and Remoulins stations. However, it can be improved, as is re-
flected by the differences in volumes observed between the downstream stations, with
the volumes modelled for the lateral inflows included between these stations (Tab. 5),25

or the sometimes bad qualities noticed at the Alès station.
On this subject, the literature informs several options. Regionalization methods of

model parameters were already experienced for numerous models and catchments
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(Merz and Blöschl, 2004; McIntyre et al., 2005; Parajka et al., 2005; Oudin et al.,
2008, 2010; Masih et al., 2010). These approaches consider criteria such as the spa-
tial proximity, or still similarities between catchments (hydrological, geologic), to esti-
mate the parameters adapted to the ungauged basin. Regressions between morpho-
geographical characteristics (for example the area, the averaged altitude or slope) and5

the calibrated parameters were also estimated. However, these regionalization meth-
ods are rather heavy, requiring an important quantity of data and processings because
often experimented on a wide panel of catchments. Furthermore, most of the studies
concern lumped models, a priori little adapted to the lateral inflows of the Gardon river
basin.10

More particularly, in Mediterranean basins, the research of Garambois (2012) or
Artigue (2012) can be cited. Artigue (2012), working on ungauged catchments of the
Gardon river, proposes a correction of the results of its neural networks model, by
means of a relation based on the areas of the ungauged sub-catchments, and on the
estimated maximal specific discharges. This strategy of correction allows for obtaining15

realistic modeled hydrographs. Garambois (2012) assesses regionalization methods of
calibrated model parameters, for several sub-catchments of the Cevennes area. The
author concludes that the similarity methods, defined from the characteristics of the
ground, are particularly relevant.

These solutions constitute interesting ways to improve the hydrologic modellings of20

sub-catchments, and thus the results of the coupling of models.

6 Conclusions

This study showed that a coupling of hydrologic and hydraulic models is adapted for
modelling the fast floods of the Gardon river basin. At the downstream stations of the
catchment, the Nash values are included between 0.61 and 0.97, reflecting qualities25

rated as rather good to excellent. The coefficients specific to peak flows are also satis-
factory. For the most part of the studied events, the relative error for peak flow (REQm)
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is included between ±15 %, and the temporal difference (∆TQm) is lower or of the or-
der of 30 min. A comparison with other modelling strategies allows to estimate what
improvements can be made to the coupling. Firstly, it seems that the choice of a hy-
draulic model based on full Saint-Venant equations to the routing in the downstream
part of the Gardon river, is more appropriate than the LR hydrologic model. It would5

be advisable to complete this comparison with hydrologic routing models a little less
simplistic, as for example the improved approach Muskingum (O’Sullivan et al., 2012),
or with a hydraulic model based on the diffusive wave (Moussa and Bocquillon, 2009).
Secondly, the interest of adding lateral inflows, as well as the impact of the qualities of
the upstream inflows, were estimated. It emerges that adding lateral inflows improves10

modellings, of a way however variable according to the events. Only a case of degra-
dation is observed (event no. 7, COUPLMOD vs. SVMOD), and is understandable by an
increase of the peak errors observed at Anduze and Alès. Also, the increase of the
performances when the observed hydrographs at Alès and Anduze are used, depends
on events. In these two cases, it seems that the cumulated rainfall spatial distribution15

plays an important role. When rains are concentrated in the upstream part of catch-
ment, the good quality of modellings at upstream is essential. On the contrary, in the
case of rains centered in the intermediary – downstream part of catchment, adding
lateral inflows is necessary.

If the coupling results are satisfactory, they could be improved using better hydro-20

logical modellings of lateral inflows. On this subject, methods of correction of mod-
ellings (Artigue, 2012) or regionalization methods (Garambois, 2012), were analyzed
for Mediterranean basins and seem relevant for this study case.

Finally, this coupling of models is very interesting for flood forecasting. In particular,
it has a low number of adjustment parameters, S and V0, parameters of the hydro-25

logic model. In this study, they were calibrated, which is incompatible with a forecasting
perspective. Recently, approaches of data assimilation for the estimation of these two
parameters were developed and applied to the Lez river basin, in the south of France
(Coustau, 2011; Coustau et al., 2013). The authors show that an assimilation in the
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first early hours of the flash flood allows to obtain a set of parameters providing good
results. Other studies propose the use of indicators of initial state of the catchment
to estimate a value of the S parameter for an upcoming event (Tramblay et al., 2010;
Tramblay et al., 2011). The Hu2 index of Météo-France, characterizing the initial hu-
midity of the catchment, is particularly effective on the scale of the Gardon d’Anduze.5

These two methods, data assimilation or preliminary estimation by means of an indica-
tor, completed by rainy forecasts, allow to envisage an employment of the coupling of
models for flood forecasting at the Gardon river basin scale.
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Table 1. Drained areas and outlet distances for the five stations.

Stations Drained areas (km2) Outlet distances (km)

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

Event Period Mean rainfall (mm) Runoff volume (Mm3) 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 2–9 Nov 2011 460 430 370 195 222 229 1070 1120 1300
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Table 3. S and V0 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
5 367 1.4
6 108 1.6
7 227 2.7
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Table 4. Performance indices at the Anduze and Alès stations.

Event Anduze Alès

Nash REQm ∆TQm Nash REQm ∆TQm

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
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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.

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
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Table 6. Performance indices at the Ners, Russan and Remoulins stations.

Event Ners Russan Remoulins

Nash REQm ∆TQm Nash REQm ∆TQm ∆TQm

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
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Figure 1. The Gardon catchment. 1 

 2 

Fig. 1. The Gardon catchment.
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Figure 2. Cumulated rainfall (mm) for each event. 1 

 2 

 3 

Fig. 2. Cumulated rainfall (mm) for each event.
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Figure 3. Coupled models applied to the Gardon river basin. 1 

 2 

3 
Fig. 3. Coupled models applied to the Gardon river basin.
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Figure 4. Hydrographs modelled (with SCS-LR) for events n°3, 6, and 7 at the Anduze and 1 

Alès stations (m
3
/s). 2 

 3 

 4 

 5 

 6 

 7 

Fig. 4. Hydrographs modelled (with SCS-LR) for events no. 3, 6, and 7 at the Anduze and Alès
stations (m3 s−1).
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Figure 5. Nash values according to the different modelling options, at the Ners and Russan 1 

stations. 2 
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Fig. 5. Nash values according to the different modelling options, at the Ners and Russan sta-
tions.
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Figure 6. Hydrographs modelled for events n°3 and 5 according to SCS-LR and COUPLMOD 1 

modelling options, at the Ners and Russan stations (m
3
/s). 2 
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Fig. 6. Hydrographs modelled for events no. 3 and 5 according to SCS-LR and COUPLMOD

modelling options, at the Ners and Russan stations (m3 s−1).
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Figure 7. Hydrographs modelled for events n°1, 3, 6 and 7 according to SVOBS, COUPLOBS 1 

and COUPLMOD modelling options, at the Russan station (m
3
/s). 2 
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Fig. 7. Hydrographs modelled for events no. 1, 3, 6 and 7 according to SVOBS, COUPLOBS and
COUPLMOD modelling options, at the Russan station (m3 s−1).
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