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Abstract8

In this study, a regional distributed hydrological model is used to perform long-9

term and �ash-�ood event simulations, over the Cévennes-Vivarais region (south10

of France). The objective is to improve our understanding on the role played by11

geology on the hydrological processes of catchments during two past �ash-�ood12

events. This modelling work is based on Vannier et al. (�Regional estimation of13

catchment-scale soil properties by means of stream�ow recession analysis for use in14

distributed hydrological models�, Hydrological Processes, 2014), where stream�ow15

recessions are analysed to estimate the thickness and hydraulic conductivity of16

weathered rock layers, depending on the geological nature of catchments. Weath-17

ered rock layers are thus implemented into the hydrological model CVN-p, and18

the contribution of these layers is assessed during �ash-�ood events simulations19

as well as during inter-event periods. The model is used without any calibration,20

to test hypotheses on the active hydrological processes. The results point out21

two di�erent hydrological behaviours, depending on the geology: on crystalline22

rocks (granite and gneiss), the addition of a weathered rock layer considerably23

improves the simulated discharges, during �ash-�ood events as well as during re-24

cession periods, and makes the model able to remarkably reproduce the observed25
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stream�ow dynamics. For other geologies (schists especially), the bene�ts are26

real, but not su�cient to properly simulate the observed stream�ow dynamics.27

These results probably underline the existence of poorly known processes (�ow28

paths, non-linear spilling process) associated with the planar structure of schisty29

rocks. On a methodological point of view, this study proposes a simple way to30

account for the additional storage associated with each geological entity, through31

the addition of a weathered porous rock layer situated below the traditionally-32

considered upper soil horizons, and shows its applicability and bene�ts for the33

simulation of �ash �ood events at the regional scale.34

35

Keywords: hydrological modelling, process understanding, �ash-�oods, geology,36

regional modelling37

1. Introduction38

In the �eld of catchment hydrology, many e�orts are made to better un-39

derstand the climate and landscape controls on the water cycle and catchments40

response dynamics. This thirst of knowledge is largely related to the most chal-41

lenging problem that has driven the hydrologic community researches for the last42

decade: predicting the response of ungauged catchments. This challenge, concep-43

tualized within the PUB initiative (Sivapalan et al., 2003), has resulted in a large44

amount of recent hydrological studies, as reviewed by Hrachowitz et al. (2013),45

focusing on crucial questions such as process understanding (Tetzla� et al., 2007;46

Blume et al., 2008, for example), catchments classi�cation (Sawicz et al., 2011,47
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among many), uncertainty analyses (McMillan et al., 2010, e.g.), model param-48

eter transferability (Oudin et al., 2010, e.g.) or emerging observation techniques49

(Selker et al., 2006). Even if progress still need to be made to reach the ambitious50

target de�ned in the PUB initiative, signi�cant advances have been made in the51

�eld of regionalisation methods (Parajka et al., 2005; Oudin et al., 2008; Parajka52

et al., 2013; Salinas et al., 2013, e.g.) and emerging modelling approaches (Fenicia53

et al., 2008a,b; Savenije, 2010; Clark et al., 2011).54

55

Among the dominant factors driving the hydrological behaviour of catchments,56

geology is regularly cited as an important one (Yadav et al., 2007; Tetzla� et al.,57

2007; Oudin et al., 2010, e.g.). At the catchment scale, geology a�ects the govern-58

ing hydrological processes through many ways, such as (for example): i) ground-59

water �ow paths direct implication on the transit time distribution of water within60

catchments (Sayama & McDonnell, 2009; Rinaldo et al., 2011); ii) the nature of61

the interface between soil horizons and bedrock determining the formation of62

preferential �ows that governs the quick response during �ood events (Weiler &63

Naef, 2003; Weiler & McDonnell, 2007); iii) bedrock permeability strongly impact-64

ing the water balance at the catchment scale (Tromp-van Meerveld et al., 2007).65

More generally, we consider that geology is directly linked to the catchments wa-66

ter storage capacity, which has been shown to be of primary importance in the67

water cycle dynamics (Sayama et al., 2011; Tetzla� et al., 2011; McNamara et al.,68

2011) and which strongly in�uences the antecedent wetness conditions that acts69

as a threshold on the response of catchments during �ood events (Troch et al.,70

2003; Latron & Gallart, 2008; Zehe et al., 2010).71

72

To better understand the role played by landscape characteristics in the hy-73
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drological behaviour of catchments, distributed hydrological modelling appears as74

a very relevant tool (Vivoni et al., 2007; Noto et al., 2008; Anquetin et al., 2010;75

Braud et al., 2010; Nester et al., 2011; Garambois et al., 2015). As mentioned76

by Parajka et al. (2013), besides all the e�orts recently made to better estimate77

and regionalize model parameters, there is a real need for improving the model78

structures to better understand and reproduce the active hydrological processes.79

In that way, recent developments made around �exible, data-driven and evolu-80

tive modelling approaches (Fenicia et al., 2011; Kavetski & Fenicia, 2011; Gharari81

et al., 2014) appear as very promising.82

83

In the work presented here, we pursue the multiple working hypotheses ap-84

proach advocated by Clark et al. (2011). The modelling process followed here85

consists in a �Try - Fail - Learn - Repeat� iterative methodology used for test-86

ing hydrological functioning hypotheses, and making the best use of what data87

can teach (Fenicia et al., 2008a). The objective of this distributed hydrological88

modelling study is to better assess the role played by geology in the di�erent hy-89

drological behaviours observed in the Cevennes-Vivarais region (Mediterranean90

area), located in the south of France. The catchments of this region are prone to91

�ash-�oods, which represent the most descructive hazard in the mediterranean92

region (Gaume et al., 2009). Consequently, the hydrological response of the93

Cevennes-Vivarais catchments to �ood events have long been observed, within94

the Cevennes-Vivarais Hydro-Meteorological Observatory1 (Boudevillain et al.,95

2011), and subject of many hydrological modelling studies (Le Lay & Saulnier,96

2007; Bonnifait et al., 2009; Garambois et al., 2013, e.g.). Several works aiming97

1http://www.ohmcv.fr
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at developping and assessing forecast tools and �ash-�ood warning systems also98

focus on the Cevennes-Vivarais region (Bouilloud et al., 2010; Vincendon et al.,99

2010; Al�eri et al., 2011), or on neighbouring french mediterranean regions like the100

Var department, hit by massive �oods in June 2010 (Javelle et al., 2014; Caseri101

et al., 2015). However, the purpose of the current work signi�cantly diverges102

from forecast-oriented studies, in the sense that it is governed by the understand-103

ing of unknown processes, instead of the will to obtain the best results as possible.104

105

Recently, the FloodScale reasearch project2 (Braud et al., 2014), which is a106

contribution to the international HyMeX program3, has been federating the french107

hydrologic community on research questions related to the understanding and108

simulation of the hydrological processes leading to �ash �oods in mediterranean109

catchments. Here, we use the CVN-p process-oriented distributed model, deriving110

from CVN (Manus et al., 2009), set-up over the entire Cevennes-Vivarais region,111

and accounting for evapotranspiration and vegetation-related processes to perform112

continuous simulations. This study follows the works of Vannier et al. (2014),113

who analysed observed stream�ow recession curves and derived catchment-scale114

aquifer e�ective thicknesses and hydraulic conductivity, for the di�erent geological115

entities of the region, using the approach proposed by Brutsaert & Nieber (1977).116

Here a weathered porous rock layer is added in the model, to �ll the lack of water117

storage capacity identi�ed when considering soil horizons only (Roux et al., 2011;118

Vannier et al., 2014; Garambois et al., 2015).119

120

The paper is organized as follows. We �rst describe the model used in this121

2http://floodscale.irstea.fr
3http://www.hymex.org
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study and, in section 3, how the CVN-p hydrological model is set-up over the122

study area. In the fourth section we present the results of the simulations per-123

formed with and without the addition of the weathered porous rock layer, and124

we evaluate the model performances obtained for year 2008, with a focus on two125

�ood-events that occured during the autumn. Subsequently, we discuss the results126

obtained and the observed spatial di�erences in the model performances, in link127

with the geology of catchments ('Discussion' section). The �nal section consists of128

brief conclusions and of some perspectives for future developments on this subject.129

130

2. Model description131

The model used in this study is the CVN-p hydrological model. The CVN-p132

model is an evolution of the event-based rainfall-runo� model CVN (Manus et al.,133

2009). Several processes have been implemented in the model so that it can run134

long-term continuous simulations.135

136

2.1. Structure and processes represented137

The CVN-p model was built within the LIQUID hydrological modelling plat-138

form (Viallet et al., 2006; Branger et al., 2010), which is a framework providing139

users the possibility to assemble hydrologic modules together, each one solving a140

physical process. In its early version, CVN was an event-based model, represent-141

ing two main processes: the vertical water transfer through soils, and the routing142

of the generated runo� along the hydrographic network (Manus et al., 2009).143

144
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For the regional simulation purposes, the model evolved to perform continuous145

simulations. Root extraction, vegetation growth, interception and evapotranspi-146

ration processes were added, in order to simulate a realistic water balance and get147

a dynamic evolution of soil wetness. The box-type structure of the model CVN-p,148

with the implemented modules and their inter-connexions is given and compared149

to the previous CVN version in Fig.1. A detailed description of the di�erent hy-150

drological modules coupled within the continuous CVN-p model is presented in151

Appendix A.152

The model is forced with two spatialised variables : precipitation and reference153

evapotranspiration (ET0). Precipitation is necessarily liquid (the model does not154

account for snow accumulation nor melting). Forcings are interpolated over the155

model mesh using weighted averages by a dedicated module (INPUT).156

157

Figure 1: Structure of the event-based model CVN (Manus et al., 2009; Anquetin et al., 2010;
Braud et al., 2010) (a) and the continuous model CVN-p used in this study (b). The modules
are coloured according to the type of process: brown for the soil compartiment, blue for runo�
and river �ow, and green for the vegetation-related processes.

2.2. Spatial discretization158

The CVN-p model spatial discretization is based on the Representative Ele-159

mentary Watershed approach (REW) (Reggiani et al., 1998, 1999) later adapted160

7
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by Dehotin & Braud (2008) who proposed the �hydrolandscape� concept used here.161

An hydrolandscape is an elementary hydrological response unit, homogeneous in162

terms of hydrological processes. In this study, following the approach of Manus163

et al. (2009), we assume that topography and soil typology represent the dom-164

inant control processes on the Cevennes-Vivarais region hydrological behaviour.165

Accordingly, the hydrolandscapes are de�ned as the crossing of two successive166

discretization steps: i) �rst the study domain is splitted into sub-catchments167

using an automated DEM-based tool (Tarboton, 1997), with a threshold of 0.5168

km2; ii) then a second level of discretization is applied, using a pedological soil169

map. The dominant vegetation type is �nally assigned to each hydrolandscape.170

The hydrolandscapes are the elementary cells of the soil and vegetation processes171

solved by the CVN-p model. The river network, where runo� extracted from each172

hydrolandscape is sent and routed, is extracted from the DEM analysis: each sub-173

catchment is associated to a river reach.174

175

2.3. Implementation of a weathered rock layer176

Vannier et al. (2014) proposed a methodology to de�ne catchment-scale -177

deep - soil properties through the analysis of stream�ow recession data, based178

on the works of Brutsaert & Nieber (1977). They performed this analysis after179

they lacked information on the physical (thickness) and hydraulic (conductivity)180

properties of weathered rock layers, which stands below well-described upper-soil181

horizons (Fig.2a).182

183

The application of the stream�ow recession analysis over a sample of catch-184

ments, located in the Cevennes-Vivarais region (south of France), highlighted a185
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strong link between the dominant geology and the estimated values of the thick-186

ness and hydraulic conductivity of these deep horizons (Fig.2b). Values of sat-187

urated hydraulic conductivities presented in Fig.2b can be seen as very large,188

and thus out of the range of standard values of conductivities reported for soils189

or porous rocks. This is due to the nature of the values characterized by Van-190

nier et al. (2014): �rst, the presence of various poorly-known processes such as191

macroporosity, rock fracturing, or preferential �ow directions, may result in �ow192

conditions that signi�cantlty diverge from the theory, and in addition, these val-193

ues are representative of catchment-wide integrated processes since they derive194

from stream�ow recession analyses. Consequently, values reported in Fig.2b must195

rather be considered as �e�ective� parameters than as actual hydraulic conduc-196

tivities.197

198

Figure 2: Figures adapted from Vannier et al. (2014) : a) Typical pedologic pro�le, after Kang &
Tripathi (1992) and level of description in the Cevennes-Vivarais BD-sols soil databases.b) Depth
to bedrock D and lateral hydraulic conductivity k calculated using stream�ow recession analysis.
The con�dence intervals result from the uncertainty in the value of drainable porosity(between
0.05 m3.m−3 and 0.1 m3.m−3). Values implemented (Table 1) have been added to the �gure.

In the present paper, we propose to implement deep weatherd rock layers into199

the CVN-p hydrological model to perform simulations over the Cevennes-Vivarais200

region. The thickness and hydraulic conductivity of such layers are directly taken201

9
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Thickness
D (m)

Saturated
water
content

Saturated
hydraulic

conductivity
Ks (mm.h−1)

Granite and gneiss 10 0.1 1 000

Schist θs (m3.m−3) 3.5 0.1 10 000

Limestone 1 0.1 100 000

Alluvium 0.2 0.1 200 000

Table 1: Chosen values of thickness and saturated hydraulic conductivity of deep weathered
rock horizons, according to the dominant geology.

from the results obtained by Vannier et al. (2014): an average value of these pa-202

rameters is considered for each of the four dominant rock types present in the203

region (Table 1). Implementing additional layers is easy in the CVN-p model, as204

the FRER1D module can account for di�erent horizons with their own hydraulic205

properties.206

207

2.4. Boundary conditions208

A free gravitary �ux condition is used at the bottom of the vertical soil +209

weathered rock columns, so that water can percolate according to a unitary gra-210

dient of charge. The percolation �ux is then directly sent into the nearest river211

reach, similarly to the extracted ponding �ux. This free bottom boundary con-212

dition of the CVN-p model (here -p stands for �percolation�) is one of the main213

di�erences with the CVN model used by Manus et al. (2009); Anquetin et al.214

(2010); Braud et al. (2010), in which a null �ux condition was used.215

216

Coupled to the implementation of weathered rock layers, the use of a grav-217

itary bottom �ux condition sent into the river network represents a conceptual218

way to account for a delayed groundwater �ow term simulated in the model. The219
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transit-time of water through the entire column depends on its thickness, hy-220

draulic conductivity and wetness state.221

222

3. Regional set-up of the model223

3.1. Presentation of the area and available data224

The CVN-p model is set-up over the seven largest catchments in the Cevennes-225

Vivarais region : the Ardèche (2263 km2) Cèze (1372 km2) and Gardon (1914226

km2) catchments at their con�uence with the Rhône river, the Vidourle at Som-227

mières(650 km2), the Vistre at its con�uence with the Rhony river (493 km2), the228

Hérault at Gignac (1410 km2) and the Tarn at Montbrun (589 km2) rivers. The229

location of these catchments is shown on the map in Fig. 3, as well as the geology230

of the region and the location of the stream gauges.231

232

The Digital Elevation Model (DEM) used for the discretisation procedure is233

the 25m-resolution DEM provided by the french National Geographic Institute234

(IGN). Soil data are provided by the BD-sols Ardèche and Languedoc-Roussillon235

spatial databases (Robbez-Masson et al., 2000). These pedological databases pro-236

vide information on the dominant soil units (1:250 000 scale), as well as on the237

physical properties (texture, structure) of the main soil types that compose these238

units.239

240

Spatial vegetation information required for the computation of interception241

and evapotranspiration processes derives from the Corine Land Cover (2006)242

public database. Monthly average values of LAI, crop coe�cients, as well as243
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Figure 3: Location of the seven selected catchments, and dominant geology of the Cevennes-
Vivarais region (deriving from the 1:1 000 000 french geological map). The location of the
streamgauges from which measurements are used in this study is simbolized by yellow points.

root depths of di�erent types of vegetation are extracted from the ECOCLIMAP244

database (Masson et al., 2003). Geology derives from the 1:1 000 000 scale na-245

tional geological map4.246

247

3.2. Forcings248

The set-up of the CVN-p model requires di�erent kinds of data. Meteoro-249

logical forcings are rainfall and reference evapotranspiration ET0. For inter-250

events periods, rainfall data is extracted from SAFRAN meteorological reanalyses251

(Quintana-Seguí et al., 2008; Vidal et al., 2010), whereas for events simulation we252

4http://www.brgm.fr
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use kriged hourly raingauges measurements. ET0 is computed on the basis of253

other meteorological variables provided by SAFRAN (temperature, wind speed,254

long and short-wave radiation, speci�c air humidity). The Penman-Monteith for-255

mulation (Monteith, 1965) is used, with parameters values chosen according to the256

Food and Agricultural Organization (FAO) recommandations (Allen et al., 1998).257

258

The input forcing variables are given on spatial grids, with a resolution varying259

from 8x8 km2 (SAFRAN meteorological reanalyses) to 1x1 km2 (hourly kriged260

rainfall products). The temporal resolution is 1 hour, even if in the case of261

SAFRAN, rainfall intensities have been shown to be slightly biaised at this tem-262

poral resolution (see Vidal et al. (2010) for more details).263

264

3.3. Parameters speci�cation265

The modelling approach used in this study is based on the testing of hydrolog-266

ical functioning hypotheses, without any calibration of the model. Consequently,267

parameters values derive from an a priori knowledge provided by observations,268

maps, and available databases. As an example, soil hydraulic properties required269

within the Brooks & Corey (1964) relationships (FRER1D module) are computed270

according to the Rawls & Brakensiek (1985) pedotransfer function, using struc-271

tural and textural information given by the BD-sols databases. Other parameters272

values can be directly given by databases (Vegetation parameters), or result from273

regional observations analyses (river geometry, weathered rock horizons proper-274

ties).275

276
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3.4. Simulations strategy277

In this region, rainfall-runo� simulations are performed over the entire 2008278

year. The choice of year 2008 was made for two main reasons :279

280

a) Two major rainfall events occured during the autumn : the �rst one between281

October 21th and October 23rd, and the second one between October 31th282

and November 5th. These two events a�ected di�erent areas, and also di�er283

each other by intensity and duration, as shown in Fig.4: the �rst event is284

characterized by a shorter duration (approximately 24 hours) and high rainfall285

intensities (up to several tens of mm per hour) while the second event lasted286

for more than one day, with lower rainfall rates.287

288

b) The large availability of discharge data measured by the streamgauges of the289

region in 2008, as compared to other years. In 2008, almost all of the stream-290

gauges worked correctly, even during �ood events.291

292

The whole 2008 year is simulated, split into four periods for which rainfall293

forcings di�er (Table 2). Long-term (i.e. inter-events) simulations are performed294

with SAFRAN rainfall, while events simulations are forced with hourly kriged295

rainfall �elds. The �nal state of a long-term simulation (soil wetness, water level296

in the river) is used as initial state of the following event simulation.297

298

3.5. Evaluation of the simulations299

When complete measured hydrographs are available, an evaluation of the300

model performance through the calculation of four score indices is performed.301
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Figure 4: Maps of the cumulated rainfall amounts observed over the Cevennes-Vivarais region
during the October 21 - October 23, 2008 event (a) and the October 31 - November 5, 2008
event (b). These maps represent the cumulated rainfall measured on raingauges interpolated
through a kriging technique over a 1x1 km2 resolution grid. The blue and red crosses indicate
the location of the Bessèges and Loubaresse raingauges, for which the measured hyetograms are
shown in (c).
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Temporal window Type of simulation Rainfall forcing

01/01/2008 - 21/10/2008 Initialisation SAFRAN

21/10/2008 - 23/10/2008 Event Kriged rainfall

23/10/2008 - 31/10/2008 Transition SAFRAN

31/10/2008 - 05/11/2008 Event Kriged rainfall

Table 2: Simulation table

Nash-Sutcli�e e�ciency (Nash & Sutcli�e, 1970) (NSE), Nash-Sutcli�e e�ciency302

of the logarithmic discharge (LNSE), correlation coe�cient R2 and bias indicator303

PBIAS (Kling & Gupta, 2009) are computed. Along with the tradtional perfor-304

mance indices computation, a deep attention is paid to visual comparison between305

observed and simulated hydrographs, to evaluate the model ability to reproduce306

catchments response. Visual comparison is complementary to quantitative evalu-307

ation, in a sense that it gives indications on the ability of the model to reproduce308

�ow dynamics, recession rates or �ood timing, which are not easily summarised in309

score indices. In addition, visual evaluation allows the distinction between time310

periods where the model gives good results, and periods where it is not the case,311

and thus makes the interpretation of the results easier.312

313

Long-term simulations314

315

In order to assess the role of the added weathered rock layer, same simulations316

are done with and without weathered rock layer. This evaluation is performed on317

several catchments of di�erent sizes: three Tarn sub-catchments, essentially com-318

posed of granites and gneiss (the Rieumalet, the Tarn at Pont-de-Montvert, and319

the Tarn at Bedouès, #8, #9 and #11, respectively, in Fig.3); and �ve Gardon320
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sub-catchments, where schists are dominant on the upper part while sedimentary321

rocks mainly cover the downstream part (Gardon at Saint-Martin, Mialet, An-322

duze, Ners and Russan, #18, #21, #22, #23 and #25, respectively, in Fig.3).323

Compared discharge series begin on April 1, 2008 and end on October 21, 2008.324

In these simulations the three �rst months are ignored (simulations e�ectively325

start on January 1, 2008) in order to avoid initialisation artefacts. Sensitivity326

tests (not shown here) were performed to assess the average necessary spin-up327

duration, and a value of three months appeared as enough in the large majority328

of cases;329

330

Event simulations331

332

The contribution of the implemented weathered rock layer is assessed in the333

same way during �ood events, for the same selected catchments. For each catch-334

ment, the considered event is the one which caused the largest observed hydrologic335

response (highest discharge values).336

337

At the regional scale, the evaluation of the event simulations is performed for338

a wide range of catchment sizes, for which two types of observations are available:339

340

a) Peak discharge estimated a posteriori in 35 catchments, ranging from 1 to 100341

km2, during the post �ood investigation of the October 21-23 event. The post342

�ood survey follows the methodology de�ned by Gaume & Borga (2008);343

344

b) Discharge measurements, available on 34 operationnal streamgauges in the re-345
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gion, for catchment sizes ranging from 30 to 2300 km2. Discharge values derive346

from automatic water level devices recording at variable timestep. A record is347

made for each variation of water level larger than a de�ned threshold (which348

is speci�c to each station).349

350

Along with these direct comparison to observations, event simulations results351

are also compared at the regional scale to CRUPEDIX 10-years return period352

discharge estimates. Q10 is computed according to equation 1, after the CRU-353

PEDIX formula (1980), which is an empirical estimation of the instantaneous354

10-years return period peak discharges for catchment size lower than 2000 km2.355

Q10 = A0.8(Pd10/80)
2C (1)

where Q10 is the 10-years return period instantaneous peak discharge (m
3.s−1);356

A is the catchment area (km2); Pd10 the 10-years return period daily rainfall357

depth for the considered catchment (mm), and C is a regional coe�cient (with a358

dimension of [T−1.L−0.6]), here considered equal to 1.7 (Versini et al., 2010). The359

estimation of the Pd10 rainfall for all the considered catchments is based on the360

grided SAFRAN meteorological reanalyses: an estimation of the 10-years return361

period daily rainfall is performed for each SAFRAN grid cell according to its362

statistical distribution. Then the areal rainfall for each catchment is computed363

through the aggregation of all the values a�ected to the SAFRAN grid cells con-364

tained within the considered catchment, and the use of an Areal Reduction Factor365

(ARF) (De Michele et al., 2001), with speci�c coe�cient values for the Cevennes-366

Vivarais region (Ceresetti, 2011). Due to its simplicity, the CRUPEDIX method367

does not provide a perfectly accurate estimation of the 10-years return period peak368
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discharge. We performed a comparison (not shown here) between CRUPEDIX369

estimates and data-based 10-years return period peak discharge obtained by �t-370

ting annual maxima to a Gumbel distribution, on all streamgauges of the region.371

It showed a globally fair agreement, despite a tendency of CRUPEDIX to overes-372

timate 10-years return period peak discharges on small catchments (< 200 km2).373

Note that a more recent method, named SHYREG (Aubert et al., 2014), has374

been developed for the estimation of reference peak discharge in mediterranean375

catchments. But the homogeneous application of the CRUPEDIX method over376

the whole study area, even on ungauged streams, allows its use as a common377

reference for the evaluation of regional �ood discharges. Consequently, the ratio378

Qmax/Q10, where Qmax is the maximum simulated peak discharge, gives a clear379

indication of the simulated severity of the �ood, on each reach of the hydrographic380

network.381

382

4. Results383

4.1. Contribution of the implemented weathered rock layer384

The contribution of the implementation of a weathered rock layer in the model385

is assessed through a comparison between measured discharge and simulated dis-386

charge obtained with and without the weathered rock layer. Results are compared387

and analysed for each geology type. Tables 3 and 4 summarise the scores obtained388

for each simulation.389

4.1.1. Granite and gneiss390

On crystalline rock (granite and gneiss) catchments located on the Tarn river,391

the bene�ts of including a deep weathered rock layer are clear, whether for event or392
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long-term simulations. For long-term simulations, adding a deep weathered rock393

horizon signi�cantly increases the Nash-Sutcli�e e�ciency and the Nash-Sutcli�e394

e�ciency of the logarithmic discharge (Table 3), which turns from negative to395

better than 0.7 values on each of the three catchments. R2 criteria values also396

improve in all cases. One must notice a slight increase of the PBIAS index values397

(becoming positive in all cases) when adding the weathered rock layer. For event398

simulations, results are also improved when adding the deep weathered rock hori-399

zon (4): on each of the catchments, the four performance indicators get better400

values when adding the deep layer. Especially, Nash-Sutcli�e e�ciency of the401

logarithmic discharge and PBIAS index reach satisfying values for non-calibrated402

event simulations (Table 4).403

404

As an example, Fig.5a compares the measured and the two simulated hy-405

drographs (one with and one without the weathered rock layer) on one of the406

grantic catchments (Tarn at Pont-de-Montvert, #9) during several months. The407

visual improvement of the model's behavior when using the weathered rock layer408

is very signi�cant. The model version in which there is no weathered rock layer409

produces a noisy discharge signal during long-term simulations, corresponding to410

a direct response to the precipitation signal. When adding the weathered rock411

layer, the long-term simulated discharge signal is smoother: the layer acts as a412

bu�er, delaying the hydrologic response in time. This behavior is very similar413

to the observed response, and the model in this version reproduces very well the414

stream�ow dynamics of the granitic catchment. In Fig.5b, the same comparison415

during the November, 2008 event is shown. Once again, the visual improvement416

when using the weathered rock layer is clear. While the simulated volume and417

peak discharge are overestimated by the unmodi�ed model version, the addition418
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of the weathered rock layer brings the simulated hydrograph much closer to the419

observation. The reason probably stands in the additionnal storage capacity im-420

plemented in the model: the added weathered rock layer stores a signi�cant part421

of the in�ltrated water, and releases it progressively. On the other hand, the422

model without additional layer overreacts to precipitation forcings because of its423

lack of storage: in this case water quickly percolates and almost instantaneously424

enters the stream network.425

426
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Figure 5: Comparison of measured discharge and discharge simulated by the CVN-p model with
and without deep weathered rock layer on a granitic catchment: Tarn in Pont-de-Montvert (67
km2). a) long-term simulation between April 1, 2008 and October 21, 2008 (discharge scale is
logarithmic). b) Event simulation between October 31, 2008 and November 5, 2008.

4.1.2. Metamorphic schists and sedimentary rocks427

On the Gardon river catchments, the dominant geology is composed of meta-428

morhic schists on the upper part, and limestone and other sedimentary rocks429

(marls, sandstone) on the lower part. The long-term simulation results are evalu-430

ated in Table 3 and the scores obtained for the October, 2008 event are shown in431

Table 4. In this case, the bene�ts of adding a weathered rock layer in the model432

are not as important as in the case of grantic catchments. Even if almost all of433

the performance criteria values increase signi�cantly when adding the layer, this434

is not su�cient to reach what can generally be considered as �good� performance.435

Especially, Nash-Sutcli�e values computed on discharge and logarithmic discharge436
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stay closer from 0 than 1 in most of the case. This is particularly true for the437

event simulation, for which negative Nash-Sutcli�e e�ciencies are obtained. Nev-438

ertheless, correlation coe�cients R2 larger than 0.7 are obtained for long-term439

simulations.440

441

A visual evaluation of the model performances gives indications on the causes442

of such poor performances. As an example, Fig.6 compares the measured and the443

two simulated hydrographs on the Gardon at Mialet (220 km2), which is a schist-444

dominated catchment. For the long-term simulation (Fig.6a), the implementation445

of a weathered rock layer reduces the tendancy of the model to simulate frequent446

variations in the series. This result is similar to the e�ect observed for granitic447

catchments, but in this case the smoothing e�ect due to the weathered rock layer448

is not su�cient to reproduce satisfyingly the observed discharge series. Simi-449

larly, the bene�ts of adding the layer for simulating �ood events are incomplete450

(Fig.6b). Once again, the implementation of this weatherd rock layer decreases451

the simulated water volume and peak discharge, but the simulated hydrograph452

still remains larger than the observed one by order of magnitudes (PBIAS criteria453

exceeds 400 % on this catchment). Apparently, the added layer does not store454

enough water in the case of schists and sedimentary rocks.455

456

4.2. Regional simulations of the 2008 events457

4.2.1. Cases of the two �ood events458

The two 2008 �ood events di�er signi�cantly, although their magnitudes re-459

main approximately similar. The simulated hydrological signature of the two460

events is shown in Fig.7, where the ratio between simulated peak discharge Qmax461
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Figure 6: Comparison of measured discharge and discharge simulated by the CVN-p model
with and without deep weathered rock layer on a schist catchment: Gardon in Mialet (220
km2). a) Long-term simulation between April 1, 2008 and October 21, 2008 (discharge scale is
logarithmic). b) Event simulation between October 21, 2008 and October 23, 2008.

and 10-years return period CRUPEDIX estimated peak discharge Q10 (computed462

according to equation 1) is presented at the regional scale. Fig.7 highlights the dif-463

ferent scales for which the events are the most intense. The October event appears464

as intense at all scales, from the smallest catchments (∼1 km2) located where the465

largest rainfall amounts have been observed, to the largest (Cèze, Gardon, Vi-466

dourle catchments, with an area > 500 km2), as the consequence of a routing467

e�ect of the �ood. Please note that ratio values computed on small catchments468

must be considered carefully, because of the known tendency of CRUPEDIX to469

overestimate 10-years return period peak discharges on catchments smaller than470

200 km2, as mentionned in section 3. On the other hand, the November event is471

simulated as very intense only at the largest scales (except one small area located472

in the Ardèche catchment), by accumulation e�ect.473

474

These di�erences can be explained by the di�erent natures of stream�ow gen-475

eration processes simulated by the CVN-p model. Fig.8 presents the map of the476

ratio between surface runo� (i.e. overland �ow) and delayed groundwater �ow477

simulated by the CVN-p model for the two events: while massive surface runo� is478

simulated by the model during the October event, the November event seems to479
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Figure 7: Maps of the ratio between simulated peak discharge Qmax and estimated peak dis-
charge Q10 of a 10-years return period �ood event. The ratio is computed on each river reach.
Q10 is estimated according to the CRUPEDIX method (1980). a) October 21 - October 23,
2008 event; (b) October 31 - November 5, 2008 event. The contours of the cumulated kriged
rainfall amounts appear in blue.

be associated with groundwater �ow essentially. The areas where surface runo�480

is produced during the October event (Fig.8a) spatially match with the zone of481

high severity (Qmax/Q10>1.5) in Fig.7a. This clearly shows that the simulation482

of the October event leads to intense surface runo�, responsible of the severity of483

the �ood.484

485

Two reasons probably explain why surface runo� is produced by the model486

during the October event and much less during the November event:487

a) The �rst stands in the rainfall intensities. Fig.4c shows that the October488

event, shorter, was associated with larger rainfall intensities than the Novem-489

ber event. High rainfall intensities strongly increase the probability of the490
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model to produce in�ltration excess overland �ow. This is what happens dur-491

ing the simulation of the October event;492

493

b) The second reason is linked to the location of the rainfall, as regard as the soil494

properties. The largest part of the precipitation of the November event was495

located on the mountainous area of the Cevennes-Vivarais region (western part496

of the catchments). This area is mainly covered by forest, with a steep terrain497

and permeable soils located on cristalline or metamorphic rocks, whereas the498

soils encountered in the sedimentary plain area, dominated by agricultural499

land uses, are found to be much less conductive, as shown by experimental in500

situ in�ltration measurements (Desprats et al., 2010). This also explains the501

tendency of the model to mainly simulate surface runo� on the plain areas502

a�ected by the October event, and groundwater �ow on the areas a�ected by503

the November event.504

Results presented in Fig.7 and Fig.8, despite they provide usefull informa-505

tion on the spatio-temporal di�erences between events and on the corresponding506

simulated stream�ow processes, should be considered with caution because they507

are only model results. In the folowing sections, those results are compared to508

observations.509

4.2.2. Regional evaluation of the simulations510

Small-to-medium scale (1-100 km2) evaluation: comparison to post-�ood sur-511

vey estimates512

513

Since the October 21 - 23 event caused damages (road cuts, landslides, �ooding514

of several places), a post-�ood event survey was thus organized. Peak discharges515
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Figure 8: Maps of the ratio between surface runo� and groundwater �ow simulated by the
CVN-p model. a) October 21 - October 23, 2008 event; (b) October 31 - November 5, 2008
event. The contours of the cumulated kriged rainfall amounts appear in blue.

were estimated in 35 locations according to the methodology described by Gaume516

& Borga (2008). Fig.9 compares simulated speci�c peak discharges to post-�ood517

survey estimates. We choose to confront speci�c peak discharge instead of ab-518

solute peak discharge for an enhanced regional overview of the results. A look519

at �g.9a) and b) shows that the CVN-p model simulates two areas where specifc520

discharge values are larger than 12 m3.s−1.km−2: a �rst one at the border be-521

tween the Gardon and the Ceze catchments, and a second at the southern border522

between the Gardon and the Vidourle catchments. These two zones correspond523

to the two most investigated areas during the post-�ood event survey, since they524

were the most a�ected by the �ood. Globally, the spatial coherence between525

simulated and estimated discharges is relatively good. Zones where post-�ood in-526

vestigations estimated large values of discharge are also reproduced by the model,527

and conversely zones where discharge values remained low during the �ood event528
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are generally not associated with large values of simulated discharges.529

530

Nevertheless, there is no perfect correspondence between simulated discharges531

and post-�ood survey estimates. The scatterplot shown in �g.9c) gives a more532

precise overview of the relationship existing between simulated values and post-533

�ood survey estimates. It shows the existence of a clear linear correlation between534

estimations and simulated values (R2=0.59), even if the spread around the cen-535

tral tendency is non negligible. The reasons of these di�erences stand both in the536

model and in the post-�ood survey methodology uncertainties. Fig.9c) highlights537

a particular behaviour of the model: the range of variablity of the CVN-p results538

(4 to 19 m3.s−1.km−2) is narrower than the range of variabilty of the post-�ood539

survey estimates (1 to 26 m3.s−1.km−2). This characteristic is linked to the ten-540

dency of the model to over-estimate small discharge values and to under-estimate541

large discharge values. A possible reason for this behaviour would stand in the542

use of hourly kriged rainfall maps with a spatial resolution of 1 km2: such rainfall543

�elds may spatially (as a result of the interpolation process) and temporally (as a544

result of the measurements hourly timestep) smooth the actual rainfall intensities.545

546

Medium-to-large scale (30-2000 km2) evaluation: comparison to streamgauges547

measurements548

549

Fig.10 presents an evaluation of the simulations for the two �ood events. These550

maps show the calculated value of the three performance criteria previously intro-551

duced (NSE, PBIAS and R2), computed at all the gauging sites. On these maps,552

the size of the circles gives the magnitude of the observed peak discharge, thus553

indicating the relative importance that must be accorded to the computed score554
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Figure 9: Comparison of the peak speci�c discharges simulated on each river reach to the peak
speci�c discharge estimated during the post-�ood survey, for the October 21 - October 23, 2008
event. River reaches and points denoting the location of the post-�ood survey (PFS) estimates
are coloured according to the magnitude of the peak speci�c discharge. a) Map of the regional
simulation results; b) Zoom on the locations of post-�ood survey estimates; c) Scatter plot of
the results.

at this location.555

556

Fig.10 clearly indicates very distinct performances obtained by the model, de-557

pending on the considered catchment. On the Ardèche and the Tarn catchments,558

the model provides fair results (for a non-calibrated model) in terms of Nash-559

Sutcli�e E�ciencies for both events (note that the October event did not a�ect560

strongly the Tarn river), with positive NSE, with a score larger than 0.4 on most561

of the gauging locations. By contrast, the results obtained on the other catch-562

ments (Cèze, Gardon, Vistre, Vidourle, Hérault) are poor, with negative values563

of NSE calculated almost everywhere, for both events.564

565

The maps of the computed PBIAS and R2 scores provide usefull insights for566

the understanding of the reasons of such distinct behaviours. The scores obtained567
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in terms of R2 and PBIAS do not present similar spatial patterns. While the568

PBIAS scores map is comparable to the NSE scores map, with a clear separation569

between the good (Tarn and the Ardèche) and the poor (elsewhere) performances570

obtained, the correlation coe�cient R2 does not present a clear spatial pattern.571

The correlation coe�cients calculated for the Tarn and Ardèche catchments do572

not clearly di�er from the values obtained on the other part of the region. This is573

particularly true for the second event (November), where R2 values are relatively574

good everywhere, with most of the simulated hydrographs presenting correlations575

coe�cient towards observed hydrographs larger than 0.85. This result indicates576

the good ability of the CVN-p model to reproduce the �ow dynamics of the catch-577

ments (i.e. the shape and the timing of the observed �oods).578

579

On the other hand, the model does not properly reproduce the observed �ood580

volumes everywhere, as evidenced by the PBIAS score values obtained. For the581

largest part of the catchments, CVN-p overestimates �ood volumes, with com-582

puted values of PBIAS larger than +40%. Interestingly, for the Tarn and Ardèche583

catchments, the simulated volumes are much more realistic, with obtained PBIAS584

scores lower than 20%, and even negative (underestimation of volumes) at several585

locations. These spatial patterns of the NSE and PBIAS scores suggest that the586

model generally overestimates �ood volumes while the dynamics of the �ood is587

satisfyingly reproduced (as shown by the R2 scores map).588

589

The most likely interpretation of these results stands in the geological na-590

ture of the catchments. As shown in Fig.3, the Ardèche and Tarn catchments591

include large areas of crystalline rocks (granite and gneiss). This type of rocks592

is even dominant in the northern part of the Tarn catchment, and on the upper593
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(mountainous) part of the Ardèche catchment, where the November 2008 event594

was the most intense. The results shown in Fig 10 thus con�rm and extend those595

presented in section 4.1. The tendency of the model to perform well on a cer-596

tain type of geology and not on others is thus con�rmed at the regional scale.597

These results also prove that the performances are not event-dependent: both598

�ood events provide very similar results. We can thus claim that our results only599

arise from the structure of the hydrological model and from its parametrization,600

and can consequently be reproduced for other �ood events.601

602

5. Discussion603

The role of the sub-soil compartment in the stream�ow dynamics604

605

The results of section 4.1 suggest the importance of the sub-soil compartment606

in the long-term dynamics as well as in the �ood event response of catchments.607

Vannier et al. (2014) showed the necessity to account for sub-soil (i.e. weathered608

rock layers) water storage capacity to correctly reproduce the water balance of609

Cevennes-Vivarais catchments. The direct implementation of a weathered rock610

layer into the regional rainfall-runo� model CVN-p, with the parametrization611

proposed by Vannier et al. (2014), involves a massive - although unequal - im-612

provement of the model results, both for �ood event and long-term simulations.613

614

These �ndings con�rm the need to properly represent the overall water storage615

capacity of catchments into hydrological models (Sayama et al., 2011). Because of616

a generalized lack of reliable information on the water retention capacity of rocks617

that compose the sub-soil compartment, hydrologists often rely on calibration of618
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Figure 10: Spatial representation of the performance indices calculated for the simulations of the
two �ood events of year 2008 in the Cevennes-Vivarais region, using the CVN-p rainfall-runo�
model and using the weathered rocks horizons.
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this parameter. Sometimes, models and their water storage capacities are set up619

using the knowledge provided by soil databases (Manus et al., 2009; Braud et al.,620

2010, e.g.). Only considering soil horizons can lead to the use of correction coef-621

�cients to account for an e�ective water storage capacity, generally much larger622

than the soil storage capacity (Roux et al., 2011; Garambois et al., 2015). To623

face the lack of available data which can be used in process-oriented distributed624

models, the present study demonstrates the applicability and reliability of the625

method proposed by Vannier et al. (2014) to add a weathered rock layer below626

upper soil horizons and to characterize it in terms of e�ective thickness and hy-627

draulic conductivity.628

629

The di�erent hydrological behaviours induced by distinct geologies630

631

The present work shows that in the Cevennes-Vivarais region, geology appears632

as an important control factor over the hydrological behaviour of catchments. The633

response of crystalline catchments is properly reproduced by the model, but the634

results remain perfectible for schist-dominated catchments. Several sensitivity635

studies (not shown) have been performed on these schist catchments to see if this636

could have had a positive impact on the simulated stream�ow dynamics. The637

result is that no di�erent parameters combination turned out to provide better638

simulation results than those presented in this article. This highlights a lack in639

the model structure more than in the parametrization. It is important to add640

that the results shown here are not speci�c to the two events selected. The gar-641

don catchment, for which the CVN-p model overestimates both volume and peak642

discharge during the October 2008 event, behaves similarly during the November643

2008 event (this is not shown here, but results are presented in Vannier (2013)). In644
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addition, simulations were performed on another �ood event that impacted both645

the Tarn (crystalline rocks) and the upper Gardon (schists): the 19-20 October646

2006 event. Results, not shown here, are almost identical to those discussed in647

this study. This proves the robustness of the results presented here.648

649

If the model structure is not able to reproduce the storage and draining be-650

haviour of weathered schist rock layers, whatever the thickness and conductivity651

considered, this means that this geology acts di�erently than crystalline rocks652

on the sub-surface �owpaths and thus on the response of the catchments. The653

potential hydrologic speci�city of schist rocks, despite poorly described in litter-654

ature, has been suggested by Martin et al. (2004) and Maréchal et al. (2013),655

both looking at french mediterranean catchments. In these two studies, the au-656

thors observe that schist catchments behave di�erently from others. Martin et al.657

(2004) assume that the planar structure of schisty rocks represents a preferential658

sloping direction for the subsurface or groundwater �ows and that consequently,659

depending on the direction of the schist layers regarding the topography, schists660

can whether accelerate groundwater �ows or increase water storage. We believe661

that this behaviour largely explains the results presented here. Of course, this662

assumption needs to be con�rmed, through other modelling studies as well as663

complementary observations.664

665

Usefullness of process-oriented and multi-scale regional models666

667

Through this work, we hope to convince hydrologists about the usefullness668

of regional process-oriented models. Three important features of the modelling669

approach used here are highlighted:670
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1. A regional set-up of the model. As opposed to most of the modelling works671

performed in the Cevennes-Vivarais region, focusing on a single catchment,672

the present study covers the entire region (seven catchments, with an area of673

several thousands of km2). This regional approach allows a direct comparison674

of the simulated stream�ow dynamics of catchments which can di�er by their675

physiographic characteristics (such as geology). This inter-catchments compar-676

ison, coupled to a classical evaluation of the goodness of the simulations, re-677

veals some important behavioural di�erences existing between catchments that678

would have been di�cult to detect using a classical catchment-by-catchment679

modelling approach.680

681

2. A multiscale modelling strategy. Another important characteristic of the mod-682

elling strategy followed here stands in the wide range of spatial scales covered683

by CVN-p. The continuity between scales, from the elementary response unit684

(< 1 km2) to the outlet of the largest catchments (> 2000 km2), gives an685

integrated view of the hydrological response to �ood events. It allows a mean-686

ingfull multiscale comparison of di�erent �ood events and of their magnitude,687

such as in Fig.7.688

689

3. An uncalibrated modelling approach. The absence of calibration is not an end690

in itself, but is necessary in the purpose of testing hydrological functioning691

hypotheses. The strength of this approach is illustrated in this study when692

assessing the contribution of the weathered rock layers in the model perfor-693

mance: the parameters that characterize the weathered rock horizons are not694

calibrated, the values estimated by Vannier et al. (2014) are directly given695

as input into the model. Through this approach, we found out the adequate696
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model structure to reproduce the dynamics of crystalline rock catchments and697

discovered that this structure is not suitable for schist rocks catchments.698

699

6. Conclusions700

This work represents a step towards a better understanding of the govern-701

ing hydrological processes in the mediterranean area, and especially on the role702

played by geology in catchments prone to �ash �oods. Through a regional mul-703

tiscale hydrological modelling approach, focusing both on event and inter-event704

(long term) simulations, we assess the e�ect of adding weathered rock layers into705

the model, with hydraulic properties varying with geology and estimated after706

the results obtained by Vannier et al. (2014). Simulation results highlight the707

importance of the sub-soil layers and their associated storage capacity in the gen-708

eral stream�ow dynamic of catchments, during and between �ood events. Results709

also enhance some behavioural di�erences between catchments, related to their710

dominant geology. The addition of sub-soil layers in the CVN-p model largely im-711

proves the results, and allows to satisfyingly reproduce the stream�ow dynamic712

and the �ood response of crystalline rocks catchments. On other geologies, the713

improvement is real but still not su�cient to perfectly agree with the observations.714

715

On a methodological point of view, this work proves the reliabilty of uncal-716

ibrated, process-oriented modelling studies, especially when set up at a regional717

scale. Such approaches are very e�ective to bring out behavioural similarities or718

di�erences between neighbouring catchments, or to identify the key hydrologi-719

cal processes over a wide range of spatial and temporal scales. Combined with720

a multi-criteria evaluation strategy, and proceeding in an iterative way to test721
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hydrological functioning hypotheses, such modeling approaches need to be en-722

couraged and developed.723

724

Further �eld observations and modelling studies are required to con�rm the725

preliminary results obtained and shown in this work, especially to investigate and726

better reproduce the groundwater transfers that exist in schists and sedimentary727

rocks sub-soil layers. We also recommend to use similar modelling appoaches over728

di�erent regions and under other climatic conditions, to assess the robustness of729

the proposed methodology.730
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Appendix A Details on the CVN-p model structure1011

A short description of the di�erent hydrological modules coupled within the1012

continuous CVN-p model, which derives from CVN (Manus et al., 2009) is pre-1013

sented as follows:1014

1015

1. Vertical water transfer through soils : FRER1D. The FRER1D module is able1016

to generate in�ltration-excess runo�, as well as saturation excess runo�, even1017

the one caused by perched water tables (non complete saturation of the soil1018

pro�le), since di�erent soil horizons (with di�erent hydraulic properties) can be1019

described in the model. Relationships between hydraulic conductivity, water1020

content and soil pressure are provided by the Brooks & Corey (1964) model.1021

The FRER1D module is an implementation in the LIQUID platform of the1022

non-iterative Richards' equation (Richards, 1931) solution proposed by Ross1023

(2003). The Ross methodology to compute one-dimensionnal water transfer in1024

soils was assessed by Varado et al. (2006b). A new version of the numerical1025

method, accounting for root extraction process by means of the introduction of1026

sink terms in the Richards' equation, was developped and assessed by Varado1027

et al. (2006a). Crevoisier et al. (2009) highlighted the stability and robustness1028

of the Ross (2003) solution, and showed its superiority towards traditional it-1029

erative resolution methods, such as those used in commercial tools (Simunek1030

et al., 1999). Even if the Richards equation resolution in hydrological model1031

is often presented as a �physically-based� description of water transfer in soils,1032

we believe this is a common misconception. Many works have shown that the1033

validity of the Richards equations to describe �ow motion is most of the time1034

restricted to laboratory conditions, with homogeneous porous material subject1035
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to a gradient of charge. In natural conditions, various poorly known processes,1036

such as rock fracturing or macroporosity, make the actual �ow conditions sig-1037

ni�cantly di�er from Richards theory (Villholth & Jensen, 1991). Therfore,1038

the use of Richards equations solver in hydrological models, like the FRER1D1039

module, should rather be considered as a conceptual representation of the ac-1040

tual processes than as a �physically-based� resolution system.1041

1042

2. Extraction of ponding and runo� generation: PEM. This module takes as1043

input the ponding depth (runo�) produced by FRER1D, and sends it - in-1044

stantaneously - to the closest river reach. Since the river network is �nely1045

described, this instantaneous transfer of runo� into the river does not imply1046

an unrealistic reduction of the total water transfer time through the catch-1047

ment. The spatial discretization is based on elementary watersheds with area1048

that does not exceed 0.5 km2. Considering a runo� velocity of 1 m/s before it1049

reaches the river network, this hypothesis always leads to neglect less than 301050

minutes of water transfer time.1051

1052

3. Water transfer in the river network : RIVER1D. RIVER1D module computes1053

the routing of water along the river network. It is based on the solution of the1054

one-dimensionnal kinematic wave equation (Branger et al., 2010).1055

1056

4. Vegetation and evapotranspiration modules : ROLI, VEGINT, CRLINPG,1057

ETPART. This set of modules compute the interception and water uptake1058

from vegetation. Note that despite the addition of the modules, CVN-p is not1059

a fully coupled water-vegetation model, in the sense that it does neither solve1060

the vegetation growth nor the energy balance of the system. A reference evap-1061
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otranspiration (ET0) is used as a forcing, and modulated by crop coe�cients,1062

depending on the vegetation (CRLINPG module). The growth of plants is1063

prescriped by means of a dynamic evolution of the Leaf Area Index (LAI), as1064

monthly average values (CRLINPG). VEGINT computes the fraction of water1065

intercepted by plants during rainfall events (this fraction being subsequently1066

available for direct evaporation) (Noilhan & Planton, 1989), while ETPART1067

computes both potential vegetation transpiration and potential evaporation on1068

soil, using a partition coe�cient depending on LAI and a Beer-Lambert law1069

(Huygen et al., 1997). ROLI computes the actual amount of water extracted1070

by roots in the soil according to the potential transpiration and the available1071

water content (Li et al., 2001). The root extraction computed by ROLI is a1072

sink term in the Richards equation solved by FRER1D.1073

1074
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