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Abstract. A spatially distributed hydrological model, dedi- 1 Introduction
cated to flood simulation, is developed on the basis of phys-
ical process representation (infiltration, overland flow, chan-Flash floods are defined as sudden floods with high peak dis-
nel routing). Estimation of model parameters requires datecharges produced by severe thunderstorms that are generally
concerning topography, soil properties, vegetation and lancf limited area extent (IAHS-UNESCO-WMO, 1974). They
use. Four parameters are calibrated for the entire catchmeriepresent one of the most destructive hydrological hazards in
using one flood event. Model sensitivity to individual param- the Mediterranean region and have caused billions of euros
eters is assessed using Monte-Carlo simulations. Results ¢ff damages in France over the last two decades (Gaume et
this sensitivity analysis with a criterion based on the Nash ef-al., 2004). Flash flood prediction and risk assessment still
ficiency coefficient and the error of peak time and runoff arelack efficient procedures, mainly because these events are
used to calibrate the model. This procedure is tested on thgoorly monitored and understood (Marchi et al., 2010). Ef-
Gardon d’Anduze catchment, located in the Mediterranearfectively, this kind of hydrological event is often concerned
zone of southern France. A first validation is conducted usingwith poorly gauged small catchments. Moreover, hydromet-
three flood events with different hydrometeorological char-ric stations are vulnerable to destruction or damage in case of
acteristics. This sensitivity analysis along with validation flooding and the data flow continuity requirement may not be
tests illustrates the predictive capability of the model andsatisfied. Gaume et al. (2009) and Gaume and Borga (2008)
points out the possible improvements on the model’s struc-also point out that flash floods are poorly documented phe-
ture and parameterization for flash flood forecasting, espenomena and propose a methodology to increase the existing
cially in ungauged basins. Concerning the model structureknowledge of such events using post-flood surveys.
results show that water transfer through the subsurface zone In the Mediterranean climatic zone, precipitation is highly
also contributes to the hydrograph response to an extremeariable, both in time and space, and this variability increases
event, especially during the recession period. Maps of soiwith elevation in mountainous regions (Moussa et al., 2009).
saturation emphasize the impact of rainfall and soil proper-Norbiato et al. (2007) studied a flash flood generating storm
ties variability on these dynamics. Adding a subsurface flowoccurring in the eastern Italian Alps in August 2003 and
component in the simulation also greatly impacts the spatiafound extreme spatial gradients up to 80 mnTKnin pre-
distribution of soil saturation and shows the importance ofcipitation accumulations on 12 h. As a consequence, hydro-
the drainage network. Measures of such distributed variabletogical processes are also highly variable and therefore diffi-
would help discriminating between different possible model cult to predict (Moussa et al., 2009). Intense, short-duration
structures. precipitation rates usually cause flash flood events primarily
dominated by overland flow (Gaume et al., 2003).

Modeling the hydrological response of Mediterranean

Correspondence td:. Roux catchments has been explored by several authors who em-
BY

(helene.roux@imft.fr) phasized the importance of the topic. il et al. (1997)
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applied TOPMODEL to simulate the hydrological response Distributed input data
of two catchments located in northeastern Spain. The author s
emphasized that the major difficulties encountered for suchSIEEES
catchments consists in the spatial soil depth heterogeneity a SRSt AN
well as the characteristics and the localized nature of down- otsueton brainage network
slope flows of water in the soil. They also pointed out that [S= WATERSHED
models with very large numbers of parameters would not be Surface runofft e Overtatd flows :
easy to calibrate. Several other applications of TOPMODEL T >Subsurf;ceflow"
in the Mediterranean environment have already been made yegrca LATERAL
(Datin, 1998; Durand et al., 1992; Saulnier, 1996; Saulnier F-¥*& TRANSFERS
and Le Lay, 2009), and lead to promising results even though "Distributed ouput variables Output hydrographs
improvements are needed in modeling wetting-up periods or
extreme storm events. Moussa et al. (2009) proposed a spé&ig. 1. MARINE model structure.
tially distributed model based on simplified physical process
representations of the water cycle and flood genesis. This
model is well adapted to event-based simulations of floodsvediterranean catchments’ hydrological processes. The hy-
when surface runoff is the main hydrological process. How-drological rainfall-runoff model MARINE (Modlisation de
ever, their results show that when the calibrated model patAnticipation du Ruissellement et des Inondations pour des
rameters were constrained to simulate intense flood event&veNements Exémes) introduced in this paper aims at (i)
then the model's performance decreased during years witlexploiting the potential of distributed models (ii) using phys-
low rainfall rates. Thus the question arises of the domainically meaningful parameters while (iii) maintaining a simple
and limit of application of the model. It seems difficult to and parsimonious parameterization. The present paper ex-
well represent hydrological processes during both droughplains the overall structure and methodology of the MARINE
and flood periods. model, the infiltration, the subsurface and surface runoff cal-
Bloschl et al. (2008) developed a distributed flood fore- culation, the data requirements and the model calibration
casting system that they evaluated over the 622Kamp  procedure. The MARINE model is applied to the Gardon
catchment (Austria). They adopted a modeling strategyd’Anduze basin (southern France) to clarify the model data
based on (i) a model structure defined at the model elemendnd calibration requirements together with its flood forecast-
scale and (ii) multi-source model identification and verifica- ing capabilities. In the present study, water transfer through
tion. Within the proposed model structure, the adjustment ofthe subsurface zone was first assumed too slow to contribute
21 parameters for each pixel, 6 routing parameters for eaclo the hydrograph response to an extreme rainfall event and
catchment and 7 stream routing parameters for each rivetherefore the MARINE model was run without activation of
reach is required. On the studied catchment, there was a tahe subsurface lateral flow component. In a second step, the
tal of 1550 pixels, 12 sub-catchments and 10 stream reachesmpact of including it in the modeling is discussed.
The authors relied on the interpretability of model parame-
ters and on their multi-source model identification procedure
to facilitate the estimation of model parameters in a realistic
way. In their study, they used runoff data along with spa-2 Structure and methodology of the MARINE model
tial data including piezometric heads or inundation patterns,
both from satellite and ground-based data. However, thes&@he modeling approach followed herein consists in building
are not easily available data and they might not be accessibla distributed model for flash flood forecasting. The predomi-
in the case of poorly-gauged catchments. The study of Reedant factor determining the formation of runoff is represented
et al. (2007) was flash flood forecasting dedicated, too: theiby the topography: slope and downhill directions. MARINE
model produces high-resolution grids of peak flow forecastruns on a fixed time step and is structured into three main
frequencies during rainfall events. Forecasters can thereformodules (Fig.1). The first module allows separating the
compare these grids to locally derived threshold frequencyprecipitation into surface runoff and infiltration; the second
grids to aid in warning decisions. Their model can be imple-module represents subsurface downhill flow, and the third
mented using any continuous simulation distributed hydro-one the overland and channel flows: the transfer function
logic model. However, if this approach can be helpful for component allows routing the rainfall excess to the catch-
real time forecasting, it doesn't lead to any improvement onment outlet using different approximations of Saint-Venant
the understanding of flash flood hydrological processes.  equations. Both infiltration excess and saturation excess
In this study, rather than adopting directly an existing are represented within MARINE. The spatial discretization
model and simply going through a calibration/validation of the catchment is performed using the Digital Elevation
exercise, we propose an approach based on building th&odel grid resolution, a regular grid of squared cells. Evap-
structure of the model using the understanding of theotranspiration is not represented since the model’'s purpose

Soil survey D.E.M. Vegetation and land use

v
— Drainage network flow*
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was to simulate individual flood events during which such
process is negligible.

The model simulates the flood hydrograph at any point of
the drainage network. It is also possible to follow the evolu-
tion of the distributed variables such as soil moisture or over-
land flow velocities all over the catchment. A description of

each procedure is detailed hereatfter. Hp
2.1 Infiltration
Local scale infiltration is described assuming one-

) . . . . Fig. 2. Geometry of the network reach cross-section.
dimensional flow to occur into independent, vertically

homogeneous soil columns using the Green and Ampt

model. Infiltration rate is equal to rainfall intensity as long 2 3  surface water

as rainfall intensity doesn’t exceed potential infiltration rate.

When rainfall rate exceeds the infiltration rate, ponding The surface runoff calculation is divided into two parts: the

occurs (Gourley and Vieux, 2006).
The infiltration rate (ms™1) is given at the local scale by:

r (1) 1<tp
1 (1) = _0.
i(t) K<1+1ﬁ—05(,1(1)9')) t>1tp

wherer is rainfall rate (ms?), tp is time to ponding (s),

1)

overland flow and the flow along the drainage network. Both
are simulated using the 1-D kinematic wave approximation
of the Saint-Venant equations with the Manning friction law.

2.3.1 Overland flow

To represent the overland flow, it is assumed that conditions

hold for the application of the kinematic model. The one-
dimensional water mass balance equation for the overland
flow along a uniform slope is described as follows:

oh  9(uh)
ot 0x 3)

whereh is water depth (m); is time (s),u is overland flow
velocity (ms™1), x is space variable (m); is rainfall rate
(ms1), and; is infiltration rate (ms?'). In the kinematic
wave analogy, the momentum equation reduceSpte Sy,
where So stands for bed slope (mmh) and Sy for energy
The subsurface model is based on Darcy’s law. Using fre-gradient line (mm'). The Manning friction law provides a
guently invoked assumptions, (i) the slope of the water ta-relationship between flow depthand flow velocityu:

ble in the saturated zone is assumed to coincide with local

K is the saturated hydraulic conductivity (M3, v is the
soil suction at wetting front (m)¢, and 6; are saturated
and initial water contents (fim~3) respectively and/ is
the cumulative infiltration (m)./ is calculated from rainfall

rates accumulated over time ai(d) and/ (¢) are related by:

. dl
i) =40,

Infiltration stops when soil water contefittm® m—3) ex-
ceeds saturated water contépt

=r—i

2.2 Subsurface flow

. - P 1/2
topographic slope, (ii) the local transmissivity is an expo- U= So 32/3 (4)
nential function of the local storage deficit (Original TOP- no

MODEL assumption, Beven and Kirkby, 1979), the flow per

unit width ¢ is expressed as: wheren, is the Manning roughness coefficient (S s).

Along with the mass conservation Eq. (3), this law allows

O, —0 simulating the overland flow:

q(t)= Toexp<—> tang (2)
m 12
oh  Sy/*5 450 ,
where Ty is the local transmissivity of fully saturated soil 7, T , §h Pl (5)

(m?s71), 6, and @ are saturated and local water contents ] ] ) ]
(m3m~3), m is transmissivity decay parameter (-), ahds The forcing function on the right hand side of Eq. (5) ex-

local slope angle (rad). When soil water reaches the drainagBr€sses the rainfall excess that is the difference between the
network, it is assumed that the flow into the drainage networki@infall rate and the soil infiltration rate. Soil infiltration is
occurs with a velocity calculated using Eq. (2). treated by the Green and Ampt equation as explained above.
This subsurface model represents the horizontal flow in
the unsaturated zone which usually occurs in a layer of lim-
ited thicknes_s and with high hydraulic conductiyity d_ue 0 \When the drainage area becomes greater than21 kine
the preferential flow paths and macroporosity (Ciarapica andhejand flow is structured in a drainage network. Flow in

Todini, 2002). this drainage network is simulated using the kinematic wave

2.3.2 Drainage network

www.nat-hazards-earth-syst-sci.net/11/2567/2011/ Nat. Hazards Earth Syst. Sci., 1258267611
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100 roughness,, (iii) 6 parameters for the transfer function in
% the drainage network, namely the hillslofg the depthHp,
the widthWp and the cross-sectional slofg of the network
80 reach, and two roughness coefficiemtg andnp> (river bed
70 and flood plain Manning coefficient). Coefficiem$ varies
glg from 0.03 up to 0.1m/3s andnp; varies from 0.025 up
% o to 0.05nTY/3s. Hence the model needs 7 parameters for a
850 o Sandy clay hillslope cell and 11 parameters for a cell in the drainage net-
L 40 lsity clay X work. Most of these parameters can be estimated using infor-
c8 silty c7 mation on topography, soil and land cover as explained later
30 | clay loam | Clay loam €6 Sandy in Sects. 3.2 and 4. When a separate modeling of the channel
20 s L(()::m Y Loanfyzsand hydrodynamic_is required, that_is to say when the kinematic
10 Silt loam Sandcy?'loam o a wave assumption doesn't hold in the river (Moussa and Boc-
c12 .~ Sand quillon, 1996), the mass transfer model requires more knowl-
0 g S“tlo 5 30 i S0 50 e m 90/ o edge about the geometric characteristics of the river (cross
% Sand sections geometry, roughness, hydraulic structures).

Fig. 3. Soil texture triangle (Rawls et al., 1992). 3.2 Datarequirements

The MARINE model requires field data, usually from Dig-

approximation by taking into account the width of the net- :tal dEIevatlon Mc:ld els (DE.M.)t’ f.o” survey and vetget_?rt:onDcl)ErM
work reach. A hypothesis is made on the network reach 2" I.—uste, as wel ?S. p'r(ej:cm;! aton measmiremeg ‘:’W © I
cross-section geometry (Fig). This leads to a new trans- application consists in identifying connections between cells,

port equation in the drainage network. Characteristics of thetherEby giving the catchment extent and the fow pathways,

network reach are calculated using geomorphological Con_calculating the hillslope and cumulating the drainage area for

siderations (Liu and Todini, 2002): network reach widith; detecting the drainage network and calculating the geomet-

and depthHp,; are taken to increase as a function of the arearic characteristics of the network reaches. In the MARINE
I

drained by theth cell, h that - model, as in many rainfall-runoff models (Liu and Todini,
rained by theth cetl, such tha 2002), drainage is only possible along the cardinal directions

—Womi for the four adjacent cells at each edges. The overbank cross-
Wri = W (M) T o i |
Di = Wpmax+ fator=Jan (vVadi — /o) (6)  sectional slopesp of each network reach are also derived
Hpi = Hpmax—+ (%_%%m) (Vadi — /@) from the DEM. TheSp parameter is approximated by the

slope between the cell in the network reach and the neigh-
where Wpmax is the maximum width at the basin outlet, bouring cells in the catchment.
Wbmin is the minimum width, corresponding to the threshold  Soil surveys, provided by INRA and BRGM, allow de-
area estimation of Giannoni et al. (200)=1kn?, which  riving soil texture and thickness. Soils are assumed to be
is the minimum upstream drainage area required to initiate aertically homogeneous. According to the soil texture, a
channel.aot is the total area andy; is the area drained by Rawls and Brakensiek (1983) soil class is assigned to each
theith cell. cell (Fig.3). For each soil class, the estimated values for the

Green and Ampt front suction, saturated hydraulic conduc-

o i tivity and porosity are determined according to the results of

3 Parameter description and data requirements Rawls and Brakensiek (1983). The vegetation and land-use
map (2000 Corine Land Cover: Service de I'Observation et
des Statistiques) is used to derive distributed surface rough-
ness (Chow, 1959).

Parameterization of the MARINE model and the required in-
put data to run the MARINE model without activation of the
subsurface lateral flow component are described below.

3.1 Parameter description 4 Model calibration and formulation of calibration

criteria
On each cell, the model needs the following parameters: (i)

5 parameters for the estimation of the surface runoff and in-The chosen approach for model calibration and validation
filtration, namely the saturated hydraulic conductiitythe  followed by the sensitivity analysis procedure is described
saturated and initial water contemtsando;, the soil suction  in the following section.

at wetting fronty, and the soil thickness, (ii) 2 parameters

for the calculation of overland flow if the cell is not in the

drainage network, namely the local slofigand the surface

Nat. Hazards Earth Syst. Sci., 11, 258382 2011 www.nat-hazards-earth-syst-sci.net/11/2567/2011/
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Calibration of the MARINE model has more to do with an
adjustment than with a conventional calibration and could
have been carried out by a simple trial-and-error method.
However, in order to be able to qualify model outputs, the

1.92E+06

1100

o106 i 5 1000 chosen procedure was to achieve Monte-Carlo simulations
' K Ak " 800 to derive the sensitivity of the model to individual parame-
= | Gardonc Mialet o ters and to determine a calibrated parameter set defined as
A MIA 500 A ; :
NG 200 the set giving the best simulated hydrograph according to a
- M ] 0 chosen criterion. Calibration criterion and sensitivity analy-

1.9E+06 - sis procedure are introduced in the following paragraphs.

ANDUZE

4.2 Model performance criterion and sensitivity
analysis

L

TR I T T N S NN N TN N N S
T (;12)0000 730000 The first step of the sensitivity analysis consists in the def-
inition of a likelihood measure intended as an evaluation of
how well the model conforms to the observed system behav-
ior. The possibility of including various types of criteria into
the likelihood measure makes the concept attractive for eval-
4.1 Estimated parameters and calibration procedure uating reliability in flood extent modeling, as demonstrated
in several examples (Aronica et al., 1998, 2002; Romanowicz
Parameterization and calibration is a crucial issue for hydro-and Beven, 2003; Werner, 2004). Well known performance
logic models. As it is physically based, the MARINE model criterion functions have been used to build a criterion evalu-
can take advantage of the information on topography, soilating the performance of the MARINE model: it consists in
characteristics and land cover for parameter estimation. Ira linear combination of the efficiency coefficient (Nash and
order to avoid a model over-parameterization, the number oSutcliffe, 1970) and the error of peak time and runoff (Lee
parameters to estimate was kept as low as possible. Accordand Singh, 1998):
ing to Refsgaard's (1997) recommendations, this can be done
by fixing a spatial pattern of a parameter and allowing its ab-

1.89E+06 =1+

Fig. 4. Gardon d’Anduze river basin and elevations (m).

N
solute value to be modified by calibration. This approach Y (0 - Q;’)2
has been chosen for two parameters, namely the distributeg, — = | 1— =2 + 1 x (7
saturated hydraulic conductivitigs and soil thicknessez. 3 % (07 _@)2 3

The spatial patterns of these parameters are derived from =

soil surveys and a unique coefficient of correction is then 05— 09| 1 73— 18|
applied to each parameter map. The calibration procedure(l_ %) +§ (1_ %)
P C

consisted in estimating (i) these two coefficients of correc-
tion: one for the saturated hydraulic conductivities, namedwhereN is the number of observation dai@’ and Q° are
respectively the simulated and the observed rungff,and

Ck and the other one for the soil thicknesses, naigd(ii)
Qp are respectively the simulated and observed peak runoff,

the overbank roughness of the drainage netwosk, (iii)

the initial soil saturation conditiofl;. The choice of these H o ; ; ;

calibration parameters followed ot;servations made during {.P a:;kT?f :: :ﬁza?;tévilfyctgﬁ Cselnmtlrng: gfn?hgb;at::vhe:] ;r:?e

first calibration process carried out manually using a trial- peax, Ic ; ; ; I i
P y 9 The error of peak time and runoff is designed to aid in warn-

and-error .pt).roc;adure. As a mattter of fact, the”m?dil \;\;]as tEOan decisions in emphasizing peak flow characteristics. That
Very sensitive 1o some parameters, especially 1o Doth Oth€ls e of the attractive aspects of this method: in formulating
roughness coefficients, (surface roughness) angi (main

h | h £ the drai ). theref h the likelihood measure, explicit thought must be given to how
channel roughness of the drainage network), therefore t ¥hodel performance is assessed in the light of model applica-

\t/_vere cZosen acclt()rd[[ng to z/egtetﬁtlon a{;]d Iantd—rl]Jse 'Tfo;?aﬂon. This Lnp criterion is therefore an attempt to conciliate
|o? ant_nm f\évas Cep c(;)ns ?]n ab over F ca Ct rge}n - '€ real time flood forecasting requirements with a better under-
estimation ok, Cz ahdnpz has been implemented for one standing of the physical phenomena involved in flood event

ﬂOIOd eventand tgfn’ as a}\{{al'd,?r;“on proie?#rf' the eStéma:ﬁgeneration. It has been calculated only for specific observed
values were used to simulate other events that occurred in thi 2 raeqh0 greater than 0.3 f5-1km2 at the Anduze

same catchment. The initial soil saturation conditigrnad station since the aim was to focus on reproducing extreme

to be set for eaqh event. Eventually, only four parametersevems and very high flows. Therefore, smaller discharges
needed to be calibrated for the whole catchment.

were neglected in the evaluation of the goodness of simu-
lated hydrographs.

www.nat-hazards-earth-syst-sci.net/11/2567/2011/ Nat. Hazards Earth Syst. Sci., 1258267611
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In order to derive the sensitivity of the model to individ-  1.92e+06
ual parameters, Monte-Carlo simulations were achieved by
running the model with different randomly chosen sets of pa-
rameter values. Initial range of parameter values to be con-
sidered is selected with the intent of preserving physically ,g.c.06
realistic parameter values. Uniform parameter distributions
within their range of variation are mainly used in lack of prior €
information. Each set of parameter values is then assigned ¢ >
likelihood of being a simulator of the system, on the basis of
the chosen likelihood measure (Eq. 7).

1.9E+06

5 Model implementation on the Gardon d’Anduze

. . 1.89E+06
river basin ¥

710000 720000 730000
X (m)

Since its advent in 2000, the MARINE model has been ap-
plied to several catchments for uses such as flood forecast
ing or extreme flood analysis. For instance, it has been im-
plemented on the Théarriver (Goutorbe et al., 2002) and
on the Orbieu river (Estupina-Borrell et al., 2006) for de-
veloping a real time flood forecasting system. Castaings '-91E+06
et al. (2009) provide an example of MARINE model ap-
plication for extreme flood analysis. A case study ap- =
plying the MARINE model to the Gardon d’Anduze river
is presented in details below. The Gardon catchment is 1.9e+06
part of a hydrological rainfall runoff model intercompari-
son project for flood forecasting called BVNE (Bassins Ver-
sants Nurgriques Exprimentaux) lead by the French central
hydrometeorological service for flood forecasting (SCHAPI) 1 .s9e+06

710000 720000 730000
(Tanguy et al., 2005). X (m)

1.92E+06

5.1 Catchment characteristics Fig. 5. Maps of(a) soil thicknesses (m) anth) Rawls and Braken-
siek soil classes (3=sandy loam, 4=loam, 7 =clay loam, 12 =silt)

The Gardon d’Anduze river is located in southern France,on the Gardon d’Anduze catchment.

70 km northeast of the city of Montpellier. The catchment

drains an area of 545km The river flows in a southeast . . 3

direction to the confluence with the Bhe river. Over its hlghegt areas are found in thesgnnes, wherg the eleva-

course, the Gardon d'Anduze river is joined by tributaries in- i Tises till 1200ma.s.l. near the mount Aigoual. The

cluding the Gardon de Sainte Croix, Gardon de Mialet andriver basin glevation a And-uze js appr.oximately 130m. A
Gardon de Saint Jean (Fid). The river water course has DEM data file of the study site with a grid scale of 50 m was

a total length of approximately 50km. Local climatic ten- available fro_m the National Geographic Institute (IGN - B_D
dencies produce the highest flooding risk in autumn WithTOPO@) (Fig.4). The mean slope of the whole river basin

the maximum rainfall rate in this period. Summers are hot'S approximately 20 %.

and dry; however summer storms can also present a NoMs 1 5 seils

negligible flooding risk. TheWpmin parameter (Eq. 6) is

equal to the nearest value of drain width corresponding toapout 64 % of the catchment area develops on metamorphic
intermittent flow process in the region and is set to one metefe(rain. The substrate is made of shale and crystalline rocks
according to field observation. Field observations also led ug,er|ain by silty clay loams — on 83 % of the area — and sandy
to propose thaWp varies from 1m to 30m, andlp varies  |oam top soil (Moussa and Chahinian, 2009). Soil thick-

from0.1mupto 2m. nesses and Rawls and Brakensiek soil classes were available
from the BDSol-LR (Robbez-Masson et al., 2002) (Fy.
5.1.1 Topography Soil classes allow the determination of saturated hydraulic

) __ conductivities, saturated water contents and soil suctions.
The catchment has a highly marked topography consisting

of mountain peaks, narrow valleys and steep hillslopes. The

Nat. Hazards Earth Syst. Sci., 11, 258382 2011 www.nat-hazards-earth-syst-sci.net/11/2567/2011/
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Fig. 6. Total cumulated rainfall (mm), events of 1994, 1995, 2000 and 2002.

5.1.3 Vegetation and land use ones but the flood of 1994 is the consequence of two distinct

rainfall events separated by a 30-h interval while the flood of
Vegetation is dense and mainly composed of chestnut treeg,995 occurred in October. October often presents high soil
pasture, Holm oaks, conifers, waste land and garriguemoisture, but it also occurs that the first rain after summer
Chestnut trees are located in the upstream area and on thgkes place in November. The total rainfalls range between
south-facing slopes (sunny sides or adret) while forested gari87 mm for the flood of 1995 and 297 mm for the flood of
rigues and Holm oaks are located in the downstream area ang002, the runoff coefficients — that is to say the ratio of total
on the north-facing slopes (shady sides or ubac). A vegetastreamflow volume to the total precipitation over the catch-
tion and land-use map (2000 Corine Land Cover providedment area for the considered event - between 24 % for the
by the Service de I'Observation et des Statistiques (SOeS) ofiood of 2000 and 48 % for the flood of 1995 and the maxi-
the French Ministry of Environmentyww.ifen.fr) was used  mum discharges between around 8G0sm' for the flood of

to derive distributed surface roughnesses. 1994 and around 3600%s 1 for the flood of 2002. Charac-
. o teristics of the studied flood events are summarized in Thble
5.2 Hydrometeorological data availability and total cumulated rainfalls are shown in Fég.

Radar rainfall measurements combined with rain gauge data

have been available since 1994, with a 6 min time step fromg  Model calibration and validation

1994 to 2001, and 5 min since 2002. Measurement grid spa-

tial resolution is 1 km by 1 km. Several floods have been ex-6.1 Sensitivity analysis and model calibration

perienced in this catchment since 1994. Four events, occur-

ring in 1994, 1995, 2000 and 2002, were retained accordingsensitivity analysis was achieved on two flood events: the in-
to their representativeness of the various hydrological behavtermediate flood of 1994 and the exceptional flood of 2002.
iors observed in the basin. The flood of 2002 is an excep-The aim was to compare the model sensitivity to individual
tional event with a return period of more than 50yr. This parameters for different kinds of flood. Sensitivity to the es-
maximal water level at Anduze has been exceeded in 190Timated 4 parameters was tested: the two correction coef-
and 1958. The events of 1994, 1995 and 2000 are mediurficients —Cg for the saturated hydraulic conductivities and
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Table 1. Characteristics of the studied flood events, peak discharge and time of peak are observed at the Anduze station.

Flood event September 1994 October 1995 September 2000 September 2002
Total rainfall (mm) 231 187 195 297

Runoff coefficient 31% 48 % 24% 39%

Peak discharge (fs~1) 750-775 1411 1184 3634

Time of peak (UTC) 23 Sep, 16:00-23:00 14 Oct, 07:00 29 Sep, 13:00 9 Sep, 06:00

Table 2. Parameter ranges used in Monte-Carlo simulations and values of the parameters corresponding to the best simulation in terms of
likelihood measurd.yp (Eq. 7) for the flood of 1994.

Parameter  Description Minimum  Maximum Lyp=0.69
Ck Correction coefficient of the hydraulic conductivities (-) 0.1 10 9.3
Cyz Correction coefficient of the soil thicknesses (-) 0.1 10 5.3

0; Initial soil water content (%) 0 100 58

np2 Manning roughness coefficient of the overbanks {?s)  0.06 1 0.2

C for the soil thicknesses — the overbank roughness of the The next step was to test the calibration by simulating
drainage networkpz and the initial soil saturation condition other flood events with the parameters estimated from the
0;. Parameter variation ranges are listed in TablePrior flood of 1994.
parameter distributions have been chosen uniform.

The scatter plots of FigZ correspond to the results ob- 6.2 Model validation

tained for the flood of 2002 but the results obtained for the . .
flood of 1994 are quite similar. The values of simulated dis- USing the parameter values of Tallesimulations were car-

charges seem to be very sensitive to the overbank roughne&led out for the floods occurring in 1995, 2000 and 2002.
of the drainage networkp. In Fig. 7, it can be seen that Comparison of observed and simulated hydrographs for all
good and poor simulations are available throughout the samfi00ds is shown in Fig8. Table 3 summarizes the simu-

range for the 4 parameters. It suggests that the parameter ri&tion results: they show a good agreement with the cor-

sponse surface is very complex and confirms that the value Or[x_esponding observatic_)n_s for all three eyents, except for the
one single parameter has little meaning when taken outsid§Mulated runoff coefficient and peak discharge of the 1995
the context of the other parameter values. Parametgrs event. Indeed, the floods of 1994, 2000 and 2002 occurred in

C, andé; show a large range of equifinality. However, low September and show similar runoff coefficients, below 40 %.
values oflthe correction coefficient andC and high vél- The flood of 1995 occurred in October and has therefore a

ues of the initial soil moisture conteéit always correspond greater runoff coefficient. If it seems to be relevant to use

to negative likelihood values. There seems to be a threshtN€ Same initial soil moisture conted for the floods of
old in those three parameter values: above this threshold 2994, 2000 and 2002, this is not the case for the flood of

or below this threshold fo; — the model is less sensitive 1992- This may explain the lower value of thep criterion

to the chosen parameter. These parameters govern the infile" this event: 0.57 against 0.94 for the 2000 flood and 0.91

tration mechanism, they determine how much water is infil- 1OF the 2002 flood. Indeed, using the same parameters but a

trated and at which rate: they therefore control the value ofhigher value of the_ |n|_t|al soil m_0|sture content; = 78 %
the simulated runoff coefficient. — the goodness criterion value increased.ip=0.82 as it

The model was calibrated on the basis of these Monte.£1 b€ seen in Fig. This emphasizes the need for a model
Carlo simulations using the medium flood of 1994. The initialization related to the time of occurrence of each event.
parameter set giving the best simulated hydrograph for th
likelihood measurd.np is described in Tabl@. With these

parameter values, the soil depths range from Om to 5.3 My tpyt hydrographs are available at any point of the drainage
with an average of 1.5m and the hydraulic conductivities network, as it can be seen in Figi0. It is consequently

range frolm 9mmh' to 101mmh with an average of possible to follow the evolution of the discharge along the
61 mmh=. drainage network. Therefore, the hydrographs simulated us-
ing the parameters estimated from the observed discharges

%.3 Simulated hydrographs at upstream locations
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Table 3. Estimated and simulated peak discharges, time of peak and runoff coefficient at the Anduze station, corresponding values of the
Lyp criterion. The flood of September 1994 at the Anduze station is the calibration event.

Flood event Anduze peak Simulated peak Anduze time of Simulated time Anduze runoff Simulated Lyp
discharge discharge peak (UTC) of peak (UTC) coefficient runoff
(m3s~1 (m3s~1 coefficient
September 1994 750 807 23 Sep, 16:00 23 Sep, 15142 31% 28% 069
775 733 23 Sep, 23:00 23 Sep 23:18
October 1995 1411 958 14 Oct, 07:00 14 Oct, 06:36 48 % 24% 0.57
September 2000 1184 1136 29 Sep, 13:00 29 Sep, 13:30 24% 26% 0.94
September 2002 3634 3202 9 Sep, 06:00 9 Sep, 06:25 39% 38% 0.91

Table 4. Estimated and simulated peak discharges, time of peak and runoff coefficient at the Mialet station, corresponding valugs of the

criterion.
Flood event Mialet peak Simulated peak Mialettime of  Simulated time Mialet runoff Simulated Lnp
discharge discharge peak (UTC) of peak (UTC) coefficient runoff
(m3s71) (m3s~1) coefficient
September 1994 243 528 23 Sep, 14:00 23 Sep,14:38 17% 40% —0.85
263 565 23 Sep, 22:00 23 Sep, 22:42
October 1995 249 397 14 Oct, 06:00 14 Oct, 05:45 29% 34% 0.16
September 2000 428 626 29 Sep, 12:12 29 Sep, 12:50 32% 33% —0.28
September 2002 915 1208 9 Sep, 05:50 9 Sep, 05:50 33% 39% 0.36

Table 5. Estimated and simulated peak discharges, time of peak and runoff coefficient at the Saumane station, corresponding values of the

LNp criterion.

Flood event Saumane peak Simulated peak Saumanetime Simulated time Saumane Simulated Lnp
discharge discharge of peak (UTC) of peak (UTC) runoff runoff
(m3s1 (m3s1 coefficient coefficient
September 1994 155 171 23 Sep, 13:00 23 Sep, 13:08 24% 27% 0.25
96 92 23 Sep, 21:00 23 Sep, 20:24
October 1995 - 61 - 14 Oct, 04:45 - 13% -
September 2000 240 231 29 Sep, 10:00 29 Sep, 10:51 21% 25% 0.57
September 2002 833 783 9 Sep, 04:40 9 Sep, 05:05 38% 32% 0.45

www.nat-hazards-earth-syst-sci.net/11/2567/2011/

Nat. Hazards Earth Syst. Sci., 1258567611



2576 H. Roux et al.: A physically-based parsimonious hydrological model for flash floods

- -aéf'q‘u‘ “,}"J Iy
: ;-ﬂ f‘m’.\\ - &'%’#

0.8
0.8

0.6 0.6

NP
NP

0.4 0.4

0.2 0.2

Hir - Lt " e J
L TR T M P e T e e R S T T S L
0 0

2 4 6 8 10 2 4 6 8 10

et n i H' 3 L1 LHH.\HHMH.\
0O 10 20 30 40 50 60 70 80 90 100 01 02 03 08 09
4 D2

Fig. 7. Scatter plot of efficiency results for each parameter in Monte-Carlo simulations of the flood of 2002; likelihood measure LNP of
Eq. (7).

of the 1994 event at Anduze have also been compared witlhegionalization methods and the assessment of the relation-
the observations made at Saumane and Mialet, two dischargehip between local parameter identifiability and catchment
gauging stations located upstream of the Anduze statiortharacteristics (Wagener and Wheater, 2006).
(Fig. 4). Results are shown in Tablds5 and Fig.11
6.4 Soil saturation dynamics

The hydrographs at the Mialet station present pbQp
values as discharges are systematically overestimated. Tricigure12 maps the saturation state of 1994 and 2002 events,
utaries on this area of the catchment are indeed signifiat the beginning and at the end of the events. Saturation in
cantly affected by karst processes: part of the dischargéhe upstream part of the catchment was more important at
probably flows in fissure-karstic paths and is therefore notthe end of 1994 event than at the end of 2002 event despite
measured by the gauging station at Mialet. Simulated hy-a total rainfall of 297 mm for 2002 against 231 mm for 1994.
drographs at the Saumane station show a better agreemehhis shows the impact of rainfall spatial distribution on sat-
with observed discharges, especially for the 2000 event withuration dynamics as the major part of the 2002 rainfall event
Lnp =0.57 againstLnp = —0.28 at Mialet andLyp = 0.94 occurring on the downstream part of the catchment as it can
at Anduze. However, even at the Saumane station, simube seen in Fig6, whereas it occurred on the upstream part
lated discharges are less satisfactory than at the Anduze stéz 1994. Moreover, in the upstream part of the catchment,
tion. Indeed, the estimated parameters enabling the modedoil depths are lower than in the downstream part as it can be
to reproduce the integrated response at Anduze and theeen in Fig5a).
Saumane subcatchment characteristics differ from the ones To emphasize the importance of soil properties spatial dis-
of the entire catchment: for instance, the mean soil depthribution on the evolution of soil saturation dynamics, the
is approximately 1m for Saumane catchment against 1.5 mmean saturation state of 1994 event has been calculated for
for the Gardon catchment. This emphasizes the need fo¥ soil categories combining Rawls and Brakensiek’s (1983)
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Fig. 8. Simulated hydrograph (solid line) compared with observed discharges (circle symbols) at the Anduze station, events of 1994, 1995,
2000 and 2002.

Anduze 13/10/1995 and low depths are rapidly saturated: the mean saturation
2000 v 0 state for C4, depth 0—1 m increases from 58 % at the begin-
ning of the event till 93 % in only 12 h to reach 100 % after
100 12 36 h. Soils with low hydraulic conductivity and high depth
_- B (class 7, silt and depths ranging between 4m and 5m) ex-
2 f‘\ {aw € hibit little dynamic: mean saturation state at the end of the
g 1000 ; 1 g event is of 66 % against 58 % at the beginning.
7 ¢ e £
° /X‘/ \\ 2 6.5 Impact of subsurface flow
500 = \ | s
. ~— The influence of including subsurface flow in the simula-
h// tions has been tested using the same parameters of Zable
Q13 Omiz  Octld  Odl  Ools  ouis  oals. and adding a subsurface flow component with an horizon-
08:00 16:00 00:00 08:00 16:00 00:00 08:00

tal hydraulic conductivity presenting the same spatial dis-

Fig. 9. Simulated hydrograph (solid line) compared with observed tribution as the vertical one but 1000 times greater. As it

discharges (circle symbols) for the event of 1995, initial soil water €21 D& seen in Fidl4a for the 1994 event, the resulting hy-
contentg; = 78 %. drograph modifications are most important at the beginning

of the rainfall event, between the two peaks and during the

recession period. Assuming that water transfer through the

subsurface zone is too slow to contribute to the hydrograph
soil classes and soil depths existing in the catchmentesponse to an extreme event may not be true for periods with
(Fig. 13). It can be seen that soil properties’ spatial vari- a lower rainfall rate. Indeed, simulations including subsur-
ability has a great impact on this dynamic. Soils with high face flow show better agreement with observed discharges
hydraulic conductivities (classes 3, sandy loam, and 4, loamJjor these periods (Figl4). The likelihood criterionLyp is
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Fig. 10. Discharge map on the catchment for the 29 September 2000 at 12:00 UTC and examples of output hydrographs at different points
of the drainage network.

- Saumane 08/09/2002 , therefore higher: 0.92 and 0.95, respectively, for the 1994
and 1995 events with subsurface component against 0.69 and

1400 2 0.82 without subsurface.

1200 40 The inclusion of subsurface flow also greatly modifies

the soil saturation dynamics. Figulé clearly shows the
importance of the drainage network on saturation dynamics
when subsurface flow is activated. This is due to the fact

1000

800 80

Discharge (mals)
S v

Rainfall rate (mm/h)

600 100 that exfiltration can occur in the drainage network. Measures
00 j \ 120 describing the spatial distribution of saturation state would
ﬁ) \ be helpful to choose which physical phenomenon should be
200 + 140 . .
j eV included in the model.
o 4/ N 160
Sep 08 Sep 08 Sep 09 Sep 09 Sep 09 Sep 10
08:00 16:00 00:00 08:00 16:00 00:00
Mislet 0810912002 7 Discussion and conclusions
1600 g 0
1400 2 The MARINE model is structured around the understanding
oo W © of Mediterranean catchment hydrological response in order
/\ to be dedicated to flash flood prediction and analysis. It was
2 e /\ e tested on the Gardon d’Anduze river basin as part of a hy-
g o %0 drological rainfall runoff model intercomparison project lead

by the French central hydrometeorological service for flood
forecasting (Ministre de Iecologie du éveloppement et de

Rainfall rate (mm/h)

F
b

o [ ; 120 I'aménagement durables, 2003). Model construction and as-
200 /f 140 signments of prior values to model parameters were based on
0 — | easily available spatial data. Only four parameters needed to
oo o o odeo  Gew woo be estimated in the model. Two flood events were chosen to

implement a sensitivity analysis of the model prediction to
Fig. 11. Simulated hydrograph (solid line) compared with observed these parameters using Monte-Carlo simulations. The model
plischar_ges (circle symbols) for the 2002 event at the upstream gaugy s then calibrated on one flood event and tested on three
ing stations ofa) Saumane anb) Mialet. others. Simulation results were compared on the basis of a
model performance criterion representing both efficiency and
the error of peak time and runoff.

Nat. Hazards Earth Syst. Sci., 11, 258382 2011 www.nat-hazards-earth-syst-sci.net/11/2567/2011/



H. Roux et al.: A physically-based parsimonious hydrological model for flash floods 2579

1994/09/22 08hUTC 1994/09/24 07ThUTC

_91E+06 08 191E+06

— 06 —
3 s £
> 0.4 > 0.4
_90E+06 1.90E+06 |-
I T T I T Y SO A MO N R SO AN R I TR T R Y T T SO SN NN M SO SO S |
-8B 00 E+05 7.10E+05 7.20E+05 7.30E+05 18910005 7.10E+05 7.20E+05 7.30E+05
X (m) X (m)
2002/09/09 00hUTC 2002/09/09 17hUTC
[ 0.99 0.99
r 0.9 0.9
1.91E+06 — 08 1.91E+06 0.8
F 0.7 0.7
= L 0.6 = 0.6
£ T 0.5 E 0.5
> | 04 > 04
1.90E+06 [~ 1.90E+06
PSS SR RO NS S RS R PR TR N TR R E Tt S R SRR
L89B 0% E+05 7.10E+05 7.20E+05 7.30E+05 189 WE+05 7.10E+05 7.20E+05 7.30E+05
X (m) X{(m)

Fig. 12. Spatial distribution of the simulated soil saturation state for 1994 event (22 September, 08:00 UTC-24 September, 07:00 UTC) and
2002 event (9 September, 00:00 UTC-9 September 17:00 UTC).

Anduze 21/09/1994 7.1 Sensitivity analysis

The MARINE model aims at using physically interpretable
parameters in order to facilitate their estimation. Results of
the sensitivity analysis show that the model is very sensitive
to the Manning roughness coefficient of the overbamks
Indeed, this parameter is related to the transfer time to the
outlet and then to the peak position. As shown on the scatter
o4 plots, the model is also sensitive to the three other parameters
Ck, Cz andg; as they directly affect the runoff rate by fixing
the infiltration rate and the soil capacity. However it is likely
that there are interactions between these parameters and this
may explain that the corresponding scatter plots are not as
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Fig. 13. 1994 event: time evolution of mean saturation state for 7.2 Calibration, validation and model structure

the different types of soil existing on the Gardon catchment (Rawls . . . .
and Brakensiek soil classes: C3 = sandy loam, C4 = loam, C7 = clay-0nSistent results were found between calibration and veri-

loam, C12=silt : 5 classes of soil depths ranging between 0 m andication events at the Anduze station. Results concerning the

5m with 1 m step are distinguished). 1995 event show that a possible improvement of the model
concerns the initialization: the soil moisture at the begin-

ning of each flood strongly depends on the date of occur-

In the following section, the overall quality of the results rence of this event as it has been shown in Sect. 6.2. An ini-
is discussed taking into account the sensitivity analysis, thdial soil moisture specification based on the SAFRAN-ISBA-
modeling hypothesis and the model structure. MODCOU model provided by Meteo-France (Habets et al.,
2008) is currently being tested (Braud et al., 2010). Outputs

of the SIM model have indeed proved to be a good predictor
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Fig. 15. Spatial distribution of the soil saturation state at the end
of 1994 event (24 September, 07:00 UTC) for simulation including
subsurface flow.

lumped operational forecasting models, distributed models
offer clear performance advantages under present day para-
metric and input uncertainties, when used to produce ensem-
ble streamflow simulations. On the contrary, Saulnier and Le
Lay (2009) found that spatial extent of the rainfall patterns

00

is not always of major importance. However their results
show that for the 8-9 September 2002 event, the accurate
Fig. 14. Comparison between simulated hydrographs with (dashedde0graphical localization of the storm cells was needed to
line) and without (solid line) subsurface flow f¢&) 1994 and(b) significantly improve the discharges simulations. Examining
1995 events. Circle symbols represent observed discharges at Alhe impact of spatial aggregation of rainfall and soil proper-
duze. ties on extreme flood modelling, Sangati et al. (2009) confirm
that a correct rainfall volume is not enough for an accurate re-
production of flash flood events characterised by large rain-
of initial moisture conditions prior to a flood event where no fall variability. Moreover they found that the soil properties’
measurements are available (Tramblay et al., 2010). aggregation length exerts a similar effect on peak discharge

The hydrographs simulated at stations located upstrearmarrors as increasing the rainfall aggregation length. The im-
the station used for calibration are less satisfactory. Resultpact of the spatial variability of soil and rainfall description is
emphasize the need for implementation of regionalizationalso supported by the results presented here, especially those
methods. concerning soil saturation dynamics (Fig2.and13).

The MARINE model has been built for flash flood pre-  Concerning the model structure, the results show that as-
diction and analysis on ungauged catchments. It is thereforsuming that water transfer through the subsurface zone was
compatible with raster-based Geographic Information Systoo slow to contribute to the hydrograph response to an ex-
tems and may be used with spatial data sets. The choice dfeme event may not be true for the recession period in par-
a distributed model was borne out by the importance of theticular (Fig.14). Adding a subsurface flow component in the
spatial variability of rainfall and topography in the flash flood simulation also greatly impacts maps of soil saturation and
generation. When performing tests for assessing whether dissmphasizes the importance of the drainage network in this
tributed model simulations are different from lumped model dynamic. Measures of such distributed variables would help
simulations under parametric and input uncertainties reprediscriminating between different possible model structures.
sentative of present-day operational flow-forecasting condi-Concerning the values @fx andCz, the multiplicative con-
tions, Carpenter and Georgakakos (2006) found that a disstants of soil maps’ properties contain underlying physical
tributed model showed better performance with respect tgroperties. A correction coefficierity greater than 1 may
peak flow magnitude in approximately 60% of the eventsbe interpreted as the accountancy of vertical macropores ex-
for the two study catchments, whereas the lumped modeistence which accelerates the wetting front vertical displace-
showed better performance in less than 25 % of the eventanent. A correction coefficier@z greater than 1 appears nec-
Their main conclusion is that even on the scales of currenessary to simulate the total outflow volume during the flash
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flood integrating a soil volume increase. This could be inter-Bloschl, G., Reszler, C., and Komma, J.: A spatially distributed

preted as a loss term which could represent bedrock percola- flash flood forecasting model, Environ. Modell. Softw., 23(4),
tion. 464-478, 2008.

Braud, I., Roux, H., Anquetin, S., Maubourguet, M.-M., Manus,

C., Viallet, P., and Dartus, D.: The use of distributed hydro-

Table Al. Notation. logical models for the Gard 2002 flash flood event: Analysis
of associated hydrological processes, J. Hydrol., Special issue
ag (m?) Drainage area Flash Floods: Observations and Analysis of Hydrometeorologi-
Cx (=) Correction coefficient of the saturated cal Controls, 394(1-2), 162—181, 2010.
hydraulic conductivity Carpenter, T. M. and Georgakakos, K. P.: Intercomparison of
Cz Correction coefficient of the soil lumped versus distributed hydrologic model ensemble simula-
thickness tions on operational forecast scales, J. Hydrol., 329(1-2), 174—
1 (m) Cumulative infiltration 185, 2006.
Hp  (m) Depth of the network reach Castaings, W., Dartus, D., Le Dimet, F.-X., and Saulnier, G.-M.:
h (m) Water depth Sensitivity analysis and parameter estimation for distributed hy-
i (ms1 Infiltration rate drological modeling: potential of variational methods, Hydrol.
r (ms™1 Rainfall rate Earth Syst. Sci., 13, 503-51d0i:10.5194/hess-13-503-2009
K (ms™1)  Saturated hydraulic conductivity 2009.
Lnp (H) Performance criterion Chow, V. T.: Open-channel Hydraulics, Mc Graw-Hill, New-York,
no  (mY3s)  Manning roughness coefficient of the USA, 1959.
overland Ciarapica, L. and Todini, E.: TOPKAPI: a model for the represen-
np1  (m~Y3s)  Manning roughness coefficient of the tation of the rainfall-runoff process at different scales, Hydrol.
main channel (drainage network) Process., 16(2), 207-229, 2002.
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