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Abstract. The hydrometeorologicalmodel SIM consistsin a meterological8

analysissystem(SAFRAN), a land surfacemodel (ISBA) and a hydrogeo-9

logical model (MODCOU). It generatesatmosphericforcing at an hourly time10

step, and it computeswater and surfaceenergybudgets,the riverow at more11

than 900 rivergaugingstations, and the level of several aquifers.SIM was ex-12

tended over all of Francein order to have a homogeneousnation-wide mon-13

itoring of the water resources:it can thereforebe usedto forecasto od risk14

and to monitor drought risk over the entire nation.15

The hydrometeorologival model was applied over a 10-year period from 199516

to 2005.In this paper the databasesusedby the SIM model are presented,17

then the 10-year simulation is assessedby using the observations of daily stream-18

o w, piezometrichead,and snow depth. This assessment shows that SIM is19

able to reproducethe spatial and temporal variabilities of the water uxes.20

The e�ciency is above 0.55(reasonableresults) for 66 % of the simulated21

rivergages,and above 0.65 (rather good results) for 36 % of them. However,22

the SIM systemproducesworseresults during the driest years,which is more23

likely due to the fact that only few aquifersare simulated explicitly. The an-24

nual evolution of the snow depth is well reproduced,with a squarecorrela-25

tion coe�cien t around 0.9 over the large altitude rangein the domain. The26

streamow observations were usedto estimate the overall error of the sim-27

ulated latent heat ux, which was estimated to be lessthan 4 %.28
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1. Introduction

Interfacing a Soil Vegetation AtmosphereTransfert Scheme (SVAT) with streamow29

routing model permits the assessment of the water and energy budgets simulated by30

SVAT schemes,and the identi�cation of their main qualities and defects. This has been31

doneextensively in order to assessglobal and regionalclimate models(Miller et al., 1994,32

Benoit et al., 2000), as well as in SVAT intercomparisonexperiments. For instance, the33

Pilps2c experiment (Wood et al., 1998,Lohmann et al., 1998)showed the importance of34

the parameterizationof subgrid runo� for simulating a realistic hydrograph. The Rhone-35

Agg intercomparison study (Boone et al., 2004) showed that in the Alps, the SVATs36

that useexplicit snow schemes(with an explicit simulation of the energybudget of the37

snowpack) obtain better results than thoseusing composite snow schemes(i.e. onesingle38

energy budget for both the snow-free and snow covered part of the ground surface).39

Resultsof the DMIP1 (distributed model intercomparisonmodel, Reedet al., 2004)show40

that amongthe participant distributed hydrological models, the few that simulated both41

the water and the energybudgets(NOAH, Chen et al., 1997;VIC-3L, Liang et al., 1994;42

and tRIBS, Ivanov et al., 2004) obtained similar results in terms of the simulation of43

the riverows as the others. Thus, although SVAT schemeswere originally dedicatedto44

providing surfaceenergyuxes to an atmospheremodel, they are now also able to make45

an accurateestimation of the hydrological cycleat both short and long time scales.46

Several studiesfocusingon the soil moisture assimilation for numerical weather predic-47

tion modelshaveusedSVAT o�-line simulations (i.e. uncoupledto the atmosphere)forced48

by observed data, in combination with satellite and/or surfaceatmosphericdata assimi-49
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lation to estimatemesoscalesoil moisture over largeareas(ELDAS, EuropeanLand Data50

Assimilation System, Van den Hurk et al., 2005, NLDAS, North-American Land Data51

Assimilation System,Mitchell et al., 2004). Onekey aspect of such studiesis the retrieval52

of the best surfacenear-realtime atmospheric forcing. However, both studies include a53

retrospective period in order to test the abilit y of the method to computeconsistent sur-54

face uxes and riverow over long time periods. In NLDAS, the SVAT schemesare also55

coupledto a hydrological routing model in order to assessthe SVAT schemesimulations56

of the water budget over large areas,through comparisonwith observed riverows.57

The CNRM-GAME has beendeveloping SVAT schemeand soil moisture assimilation58

techniques for over the last ten years, in order to provide surfaceboundary conditions59

to the atmospheremodels. For instance, CNRM-GAME takes part in the ELDAS and60

CALDAS (Balsamo et al., 2006) projects using the ISBA surfacescheme. It has also,61

in association with the Mining school of Paris, developed the SIM hydrometeorological62

model that is usedboth for realtime estimation of the soil moisture, and for retrospective63

studiesof the water and energybudgetsfor a region covering all of France.64

The SIM (SAFRAN-ISBA-MODCOU) model is the combination of three independant65

parts: i) SAFRAN (Durand et al., 1992),which provides an analysisof the atmospheric66

forcing, ii) ISBA (Noilhan et Planton 1989,Booneet al., 1999),which computesthe surface67

water and energybudgets,and iii) MODCOU (Ledoux et al., 1989),which computesthe68

evolution of the aquifersand the riverow.69

The SIM system was �rst tested for large French catchments: the Adour (Habets et70

al., 1999c),the Rhone(Etcheverset al., 2001),the Garonne(Voirin-Morel, 2003)and the71

Seinebasins(Roussetet al., 2004),and the Maritsa river basin in Bulgaria (Artin yan et72
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al., 2007). It has beenusedto quantify the inuence of the snowpack, groundwater, soil73

moisture, and urbanisedareason certain o od events of the Seinebasin (Roussetet al.,74

2004). SIM hasalsobeenusedto study the evolution of the water resourcesin a climate75

changeprospective (Etchevers et al., 2002,Caballeroet al., 2007).76

SIM was extended over all of France in 2002, and it has been used operationally at77

Meteo-Francesince2003in order to monitor the water resourcesat the national scalein78

nearreal-time. In order to assessthe quality of the SIM systemover France,a retrospective79

run was made for the period 1995to 2005,and the goal of this article is to present the80

results of the SIM hydrometeorologicalmodel over this period. First, the SIM system81

is presented, with a summary of the main innovations comparedto the previousstudies.82

Then, the databaseis presented, with a special emphasison the atmosphericdata, which83

is critical in terms of the quality of the entire system. The assessment is basedon observed84

riverow, piezometrichead,and snow depth. Finally, the spatial and temporal evolutions85

of the water and energyuxes on the main basinsare presented.86

2. The SIM hydrometeorologicalmodel

The SIM (SAFRAN-ISBA-MODCOU) systemconsistsin 3 independent modules(�gure87

1):88

� The SAFRAN analysissystem(Durand et al., 1992)wasdevelopedin order to provide89

an analysisof the atmosphericforcing in mountainous areasfor the avalanche forecasting.90

SAFRAN analyses8 parameters: the 10m wind speed, 2m relative humidity, 2m air91

temperature, cloudiness,incomingsolarand atmosphericradiations, snowfall and rainfall.92

A detailed description and assessment of the SAFRAN analysisover France is presented93

in Quintana-Segu�� et al., 2007,so that only the main aspectsare summarizedherein.94
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The main hypothesisof SAFRAN is that the atmosphericvariablesare consideredto be95

homogeneousover somewell-de�ned areas,within which they can only vary according96

to the topography. In France, these areascorrespond to the Symposium homogeneous97

climate zoneswhich are usedat Meteo-France for weather forecastbulletins. There are98

about 600homogeneousclimate zones,each with an averageareaaround of 1000km2, so99

that each zonecontains at least two raingagesand onesurfacemeteorologicstation.100

SAFRAN takesinto account all of the observed data in and around the areaunder study.101

For instance,therearemorethan 1000meteorologicalstations for the 2m temperatureand102

humidity, and more than 3500daily raingages,which corresponds to about 6 raingages103

for each climate zone. For each variable analysed,an optimal interpolation method is104

usedto assignvaluesto given altitudes within the zone. According to the altitude of the105

observations, SAFRAN provides a single vertical pro�le of the variable within the zone106

with a vertical resolution of 300m.107

The analysisare computedevery 6 hours, and the data are interpolated to a hourly time108

step.109

The incoming radiative uxes, and the precipitation (liquid and solid) are treated di�er-110

ently.111

The precipitation rate is estimateddaily using3500daily raingages,and then interpolated112

hourly, basedon the evolution of the air relative humidity (precipitation is constrained113

to occur when the relative humidity is high). The partition betweensnowfall and rainfall114

is basedon the 0:5oC isotherm: the precipitation is consideredas snowfall if the air115

temperature is below 0:5oC.116
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The radiation schemeof Ritter and Geylen (1992) is usedto compute the incoming ra-117

diation uxes sincethere are few in-situ observations available. The method requiresan118

estimateof the cloudinesswhich is analysedusing,asa �rst guess,the operational analysis119

of Numerical Weather Predicition model, and in-situ observations.120

Once the vertical pro�le of the atmospheric parameters have been computed in each121

homogeneouszone, the valuesare interpolated in spaceas a function of the altitude of122

each gridcell within each homogeneouszone.123

� The ISBA land surfacescheme (Noilhan et Planton, 1989, Noilhan and Mahfouf,124

1996) is used in the NWP, research and climate models at Meteo-France. In order to125

ful�ll all its applications, the ISBA surfaceschemeis quite modular. In the SIM system,126

the 3-layer force restore model is used (Boone et al., 1999), together with the explicit127

multi-la yer snow model (Boone et al., 2001). Moreover, the subgrid runo� (Habets et128

al., 1999b) and subgrid drainage schemes(Habets et al., 1999a) are used. This last129

parametrisation is quite simple, and allow to indirectly take into account the impact of130

unresolved aquiferson the low rifero ws basedon a singleparameter.131

The soil and vegetation parametersused by ISBA are derived from the ECOCLIMAP132

database(Massonet al., 2003, seesection 3.2). Only two parametersin ISBA are not133

directly de�ned by the soil and vegetation classi�cation: the subgrid runo� parameter134

and the subgrid drainageparameter,wdr ain .135

The subgrid runo� parameter was assignedthe default value in the current study as

was the casefor the other SIM applications. Only the subgrid drainageparameter was

calibrated in this application. In previoussimulations, this subgrid parameterwas either

set to a default value (Habets et al., 1999a),or calibrated to optimize the Nash criteria
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(Etcheverset al., 2001),or the dischargefor the summerlow o w period (Caballeroet al.,

2007). In the Franceapplication, it is calibrated using the method presented in Caballero

et al., (2007) in order to sustain the observed Q10 quantile of the riverow. The subgrid

drainageparameter is simply set using the expression

Q10 =
X

i

C3i =� � wdr ain � di � Si

where i represents the gridcells that belong to the upstream area of the rivergageunder136

study, C3i is the gravitational drainagecoe�cien t for the gridcell i , di the soil depth for137

the gridcell i , Si is the surfaceof the gridcell i that belong to the upstream area of the138

rivergageunder study, and � a time constant of one day. In this expression,C3i and139

di only depend on the soil and vegetation database,and Q10 is set at each simulated140

rivergageusing the statistics provided over the entire observation period for each station.141

Thus, the value of the subgrid drainagecoe�cien t is de�ned using observed data and the142

physiographicdatabase,and is thus unique oncethesedatabasesare de�ned. Therefore,143

there is no iteration for the calibration, and thus, no "calibration period"144

The surfaceschemeis linked to the MODCOU hydrogeologicalmodel by the ISBA output145

soil water uxes: The drainagesimulated by ISBA is transferedto MODCOU asthe input146

o w for the simulation of the evolution of the aquifer,while the surfaceruno� computedby147

ISBA is routed within the hydrographicalnetwork by MODCOU to computethe riverow.148

� The MODCOU hydrogeologicalmodel computesthe spatial and temporal evolution149

of the piezometriclevel of multila yer aquifers,usingthe di�usivit y equation(Ledoux et al.,150

1989). It then computesthe exchangesbetweenthe aquifersandrivers,and �nally it routes151

the surfacewater within the river, usinga simple isochronism algorithm (Muskingum), to152

computeriveows. In the SIM-Francesystem,the riverow is computedat a 3-hour time153
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step (instead of daily as in the previousapplications), and the evolution of the aquifer is154

computeddaily.155

ISBA snowpack, soil temperatureandsoil moisturevaluesareinitialised usinga oneyear156

spin-up (the �rst year is repeated twice), whereas,the initial conditions of the aquifers157

are taken from the Rhoneand Seinebasin applications.158

In the next section,a short description of the databaseis presented.159

3. Databasesused

The databasesfor the SIM-Franceapplication usethe Lambert I I projection, which has160

the advantage of preserving the surfacearea. SIM usesinput data that have di�erent161

spatial resolutions: a regular 8 km grid is used by SAFRAN and ISBA, and irregular162

embeddedgridcells varying in size from 1 to 8 km are used by MODCOU (the highest163

resolution is associated with rivers and basin boundaries).164

3.1. Hydrogeologicdatabase

The hydrographic network was derived from the USGSGTOPO30 elevation database165

at a 1 km resolution. The slope is usedto derive the direction of the o w, and to compute166

the drainageareaof each cell.167

The topography at the 8 km resolution, the river network, and the main basinsareshown168

in �gure 2. The river network extendsover approximately 42000km, which represents169

about 12%of the 194000meshpoints of the hydrographic network.170

More than 900 rivergagesare taken into account in the riverlfow simulations, with an171

upstreamarearanging from 240km2 to 112000km2.172
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Currently the aquifersof only two basinshave beensimulated: the 3 aquifer layers of173

the Seinebasin, and the single aquifer layer of the Rhone basin (�gure 3). The aquifer174

parameterswerecalibrated by Gomezet al., (2003),and Golazet al., (2001), respectively,175

and were already usedin previousapplications of SIM for thesebasins.176

However, aquifers are more widespreadin France. The main aquifers de�ned in the177

French HydrogeologicalReferencedatabase(BD RHF, http://sandre.eaufrance.fr ) and178

thosesimulated are shown in �gure 3. In thoseareaswherean aquifer is present but not179

explicitly simulated (grey shadedareasin �gure 3), the subgrid drainageparameter was180

calibrated in order to sustain the summer riverows. Everywhereelse,the parameter is181

set to 0.182

3.2. Soil and Vegetationparametersfor ISBA

The ISBA parametersare derived from the ECOCLIMAP database(Masson et al.,183

2003). However, an improved version of the ECOCLIMAP databasewas developed for184

the SIM application.185

This databaseusesa Lambert I I projection at a 1 km resolution for both the vegetation186

and the soil parameters(as opposedto approximately 10km for the soil map in the global187

ECOCLIMAP database).188

The vegetation classi�cation (�gure 4) is basedon the Corine Land Cover CLC 1990189

database,associated with a climate map (Massonet al., 2003). This databaseis quite190

accurate for the forested areas,vineyards and urban areas,but it does not distinguish191

the various crops that are aggregatedinto a single classand distributed over very large192

domains. In order to be able to distinguish winter and summercrops,aswas donein the193

Adour study (Habets et al., 1999b),it wasdecidedto better de�ne the crop classes,using194
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the 10-day NDVI (NormalisedVegetationIndex) archive of SPOT/VEGET ATION for the195

year 2000at a 1km resolution. Using di�erences in the NDVI pro�les, the crop classes196

of Corine were split into 20 subsets(referred as C1, C2, .. to C20 in the following). The197

distribution of thesecrop typeswithin the main basinsis presented �gure 4. Among the198

large basins,the Seinebasin is the most cultivated, with 60 % of the surfacecovered by199

crops. The Loire and Adour-Garonnebasinshave about the samecrop surfaces(54 and200

51 %, respectively), whereasthe Rhone basin is the least cultivated large basin (31%),201

primarily becausethe easternpart of the basin is mountainous.202

The crop partition is di�erent within each basin: the 2 dominant crop typesrepresent203

half of the cultivated areaof the Seinebasin, while in the other basins,it represents only204

one �fth (�gure 4) .205

The 10-day NDVI cyclesof the dominant crop types are presented in �gure 5. The206

NDVI cycle cannot be used to directly identify the type of the crop class,however the207

classC7, which is dominant in the Adour-Garonne basin with a maximum NDVI from208

July to September, is representativ e of summercrops,especially Maize. In contrast, the209

C1 class,with a very narrow cycle,and which is mostly present in the North of France,is210

associated with winter crops, such as wheat, as well as the classesC8 and C9 dominant211

in the Seineand Loire basins.212

In order to derive the ISBA vegetation parameters,the ECOCLIMAP correspondence213

tables were used. The annual LAI (leaf area index) cycle is basedon the 10-day NDVI214

tendencies,with the extremevaluesof the LAI �xed for each vegetationtype (from 0 to 4215

m2=m2 for crops). Then the 10-day evolution of the vegetationfraction, roughnesslength,216

and albedoare derived using the formulations given by Massonet al., 2003. For the other217
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vegetation types, the annual cycle was re-computedat a 10-day time step instead of the218

monthly time step usedin the ECOCLIMAP global database.219

The soil map used in the Ecoclimap France databaseis taken from the INRA 1km220

soil geographicaldatabase(Base de donn�eesg�eographiquedesSolsde France -BDGSF-221

www.gissol.fr/programme/bdgsf/bdgsf.php). Only the percentagesof sand and clay are222

usedto de�ne the soil parametersfor ISBA (Noilhan and Lacarr�ere,1995).223

3.3. Atmosphericdatabase

Data from more than 1000surfacemeteorologicalstations and more than 3500daily224

raingageswere analysedby the SAFRAN system. SAFRAN has been used to produce225

an atmosphericdatabaseat an hourly time step over the Francedomain, for the period226

starting in August 1995and ending in July 2005. A detailed presentation and assessment227

of the 8 variables analysedby SAFRAN for the years 2001-2002and 2004-2005can be228

found in Quintana-Segu�� et al., 2007. Therefore, only the main characteristics of the229

10-year precipitation databaseare presented here.230

The mean annual precipitation over the 10-year period is shown �gure 6. As can be231

expected,precipitation is abundant in the mountains, and also,along the Atlantic coast.232

The south-easternborder of the MassifCentral experiencesheavy rainfall primarily in the233

fall seasonwhich leadsto signi�cant annual precipitation totals.234

The Seine and Loire basins in the North receive less precipitation (802mm=year235

and 835mm=year, respectively) than the southern basins that are more mountainous236

(944mm=year and 1186mm=year for the Garonneand Rhonebasins,respectively). The237

year 2000-2001is the wettest for all of the basins,and the year 2001-2002is the driest for238

all basinsexcept the Seine(encapsulatedgraphs in �gure 6). Snowfall, is shown in the239
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top of the histogram in �gure 6. It is a key component of the Rhonebasin precipitation240

and comprises29% of the total. Despite the presenceof the Pyreneesmountain range,241

snowfall is lesssigni�cant in the Adour-Garonnebasin, where it represents only 5.7%of242

the total precipitation. It represents lessthan 3% in the two other basins.243

The monthly cycleof precipitation presents a similar pattern for almost all the basinson244

averageover the 10 years. Precipitation has two maxima in the year: one in winter, and245

one in spring (�gure 7). The cycle is lesspronouncedfor the northern basins,wherethe246

averagerainfall rangesfrom 1.58 to 3.2 mm=day in March and November, respectively,247

than in the southern basinswhereit rangesfrom 2 to 5 mm=day.248

4. Evaluation of the hydrometeorologicalmodelling

The 10-year integration of the SIM systemwasassessedusing variousdata, either local249

or spatially integrated, and either instantaneousor averagedover a certain time period.250

This sectionpresents the comparisonof the simulation with the daily observed riverows,251

the piezometric levels and the snow depths.252

4.1. Comparisonwith observed riverow

Figure 8 presents the daily riverowsat the rivergageslocatedclosestto the outlet of the253

4 largest riversof Francewhich are not a�ected by the tide (the location of the rivergages254

can be seen�gure 10). The observed riverows are plotted using dark circles, and the255

simulation is represented by the continuous lines. The Garonneat Lamagisterehas the256

smallestupstream area (50430km2), and logically has the lowest averagedischarge,but257

it has higher o od peaksthan the Seinebasin at Poses(wich has an upstream area of258

65686km2). This is due to the fact that the Garonneencompassespart of the Pyrennees259
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and Massif Central mountains, where heavy orographically enhancedprecipitation can260

occur, while the Seinebasin overlays a widespreadaquifer, which tends to reduce the261

winter o od peaksand to sustain the summerlow o w. The Loire at Montjean sur Loire,262

which has the largest upstream area (110356km2) has an averagedischarge almost two263

times lower than that of the Rhone at Beaucaire,which has a smaller contributiv e area264

(96412km2). This resultsbecausethe Rhonebasinencompassespart of several mountain265

ranges,notably the Alps. The Rhone rivers had 2 large o od events during the period266

under investigation, in December, 2002, and December, 2003. Unfortunately, observed267

dischargedata have not beenavailable at Beaucairesince2003.268

SIM is capableof representing the dynamic of the o ws measuredat these4 rivergages.269

However, somede�ciencies can be seen. For instance, SIM tends to underestimatethe270

summerow of the Rhone at Beaucaire. This is mainly due to the fact that the model271

does not take into account the numerousdams used for hydro-electricity power in the272

Alps which tend to sustain the summerow. As for the Garonne and Loire rivers, the273

recessionof the o od peaksare too fast in the model. This is partially due to the fact274

that the main water tables are not simulated in those2 basins.275

To quantify the abilit y of the SIM systemto represent the daily riverows, two statistical276

results are used: the dischargeratio (qsim =qobs) and the e�ciency , E, (Nash and Suttcli�,277

1972). Thesestatistical criteria were computedat a daily time scaleover the full period278

with available observations. The SIM system is able to simulate the riverows at the279

outlet of these4 main basinswith a good accuracy, corresponding to an e�ciency ranging280

from 0.68to 0.88,and an error on the dischargeranging from � 10%to +6%.281
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Figure 9 presents the results obtained by SIM over 610 rivergageswith available data,282

asa function of the surfaceof the rivergagebasin. Each circle represents a rivergage,and283

the linear regressionline is shown (it appears as an exponential, due to the log x-axis284

unit). Of course,there are more stations with a small area (below 1000km2), than with285

a large area(above 10000km2). The index of agreement (Willmot, 1981)is above 0.8 for286

most of the rivergages,and there are few river gageswith an index of agreement below287

0.6. In general,the bad results for thesestations are due to the fact that either the river288

is inuence signi�cantly by dams (e.g. Durance and Isere rivers), or that they are have289

non-negligible interaction with a large aquifer that is not explicitly taken into account290

(e.g. Sommeand Leyre rivers). There is a clear link betweenthe quality of the simulation291

and the surfaceof the river basin: Figure 9 shows that the averagee�ciency is close292

to 0.5 for the small riverstations, while it is around 0.7 for the larger ones. Moreover,293

there is a larger ratio of rivergageswith a very good e�ciency (above 0.8) for the larger294

basins. There areseveral factors that leadto the overall better results for the largebasins.295

One key point is that the forcing data has larger errors for small basins(essentially the296

precipitation). In the largebasins,someerrors in the upstreambasincanbe compensated297

for downstream, leading to overall better results. The samekind of compensation can298

occur for the description of the geologicaland surfaceproperties. An additional reason299

could be that the human activities (dams, derivation, pumping, ...) can have relatively300

larger e�ect on the small basin discharge. Finally, larger errors may be due also to the301

faster hydrologic responseof those basinswhich cannot be reproduced by the relatively302

simple river routing model usedherein.303
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The encapsulatedgraph presents the histogramm of the e�ciency . The maximum of304

the histogramm is reached for an e�ciency between 0.6 and 0.7 (121 rivergages). 101305

rivergageshave an e�ciency above 0.7, and only 20 have valuesabove 0.8. That implies306

that more than 36%of the rivergageswas associated with a daily e�ciency over the full307

period that can be consideredas "rather good" (E > 0:6) , and 16%as "fair" (E > 0:7).308

Another 30 % of the rivergageshave an e�ciency that can be consideredas reasonable309

(0:55 < E < 0:65). There are97 stations with an e�ciency below 0 (very poor, not shown310

in �gure 9), which represents 15%of the rivergages,and is comparableto the large scale311

study by Henriksen et al. (2003). This subset includes all of the rivergageswhich are312

signi�cantly a�ected by dams.313

The discharge error is close to zero on average, but is more scattered for the small314

basinsthan for the larger basins. The encapsulatedhistogram is centered on zero,which315

is consistant with the results of the regression�t.316

Figures 10 and 11 present the spatial repartition of the e�ciency and of the discharge317

ratio, with the results at each gageand their associated river network. As expected, the318

results are quite good for the main rivers. Nonetheless,someareashave poor results in319

terms of e�ciency: notably the Alps and the Northern portion of the domain. For the320

Alps, this is mainly dueto the fact that this regionis usedto producehydropower, and the321

natural riverows are perturbed by numerousdams. To a lesserextent, someof the water322

is also usedfor irrigation or drinking water. Similar results were also found in previous323

studies in the Rhone and Garonnebasins(Etchevers et al., 2001a,b,2002,Habets et al.,324

1999,Morel 2003). In the upper mountains, there is relatively little water extraction, and325

most of the water is simply storedin reservoirs for hydropower. This is not the casein the326
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lower Durance,wherea signi�cant part of the water is diverted for irrigation and drinking327

water. It can be seenin �gure 11 for the Alps that although the e�ciency is poor, the328

dischargeis well estimatedwith an error below 10%. Poor results in the two rivers in the329

northern part of Franceare due to the fact that a large aquifer which is closelyconnected330

to the rivers is not yet simulated by SIM. The discharge is underestimatedin oneof the331

2 rivers, and it is estimated quite well for the other one. Except for these2 regions,the332

results are quite homogeneousover all of France.333

As the simulated period coverscontrasting climates, it is of interest to look at the time334

evolution of the statistical results. In order to be able to compare the statistics from335

year to year, it is essential to have a homogeneousset of rivergagetime series.Therefore,336

the rivergageswith more than 200days of observations available each year wereselected.337

Moreover, in order to be able to aggregatethe results, another criteria was added: the338

e�ciency should be positive each year. There are 140 rivergagesthat �t thesecriteria.339

The corresponding results are presented in �gure 12 for 5 large basins, and on average340

for all of France. The discharge ratio and the e�ciency are shown, together with their341

regression�ts which give the overall tendency. The statistical results vary from year to342

year. In addition, they alsovary from onebasin to the next, but, there are somecommon343

characteristics when looking at the e�ciency: the best results are obtained in the year344

2002-2003,while the worst are found in one of the 3 following years: 1995-962001-02345

or 2004-05. The results are lesshomogeneousin terms of the discharge ratio. It tends346

to decreaseduring the entire time period for the Loire and Garonnebasins,leading to a347

reduction of the error on the Loire, and to an increaseon the Garonne. There is no clear348

signal in the Rhone and Seinebasins. Over all of the France, there is a slight tendency349
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for the discharge ratio decrease,with an underestimation around 8% at the end of the350

period. In general,there is no clear relation between the e�ciency and the error in the351

discharge of a given year. However, it appears that the model obtains worst results in352

terms of e�ciency during the dryest years. This is clearly seenin �gure 13 where the353

observed annual discharge is shown along with the resulting e�ciency on the averagefor354

each of the 5 basinsand for all the selectedstations. The di�cult y with dry periods can355

have several explanations: i) the low o ws are sustainedby the various water tables, and356

only a few of them are explicitly represented in SIM ii) processesassociated with dryness357

or low soil moisture are perhapspoorly simulated by the SIM model, and iii) part of the358

error is probably due to the human management of the river (not taken into account by359

SIM), sinceboth the e�ect of the dams,and the pumping in riversor from the watertables360

have more impact during the period of low o w. However, �gure 13 shows that although361

the results tend to improve when the observed discharge increases,the best results are362

not obtained for the wettest year.363

4.2. Comparisonwith observed piezometrichead

Piezometrichead is thoroughly monitored in France,and numerousdata are available.364

For the Seinebasin, the piezometric gageswere selectedin order to keep only the rep-365

resentativ e ones,i.e., those that are not impacted by pumping, and those that are not366

too closeto a river. Thus, 43 observation sites were chosen,with data available for the367

10 year study period. Such a selectionwas more di�cult in the Rhone basin because368

the watertable is along the river: therefore only 8 gageswere retained. The location of369

the selectedpiezometricgagesaswell as the averagebias betweenthe simulation and the370

observation of the piezometricheadare shown in �gure 14. There are somepoints where371
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the absolute bias is above 10m, especially for the Rhone basin. However there are 20372

gagesfor which the absolutebias is lower than 2m. Onesuch gageis located in the Rhone373

basin, and the other onesare spreadover the 3 aquifer layers of the Seinebasin. Figure374

15 presents the comparisonbetweenobserved and the simulated piezometricheadfor the375

4 gagesencircledin �gure 14. The amplitude of variation of the Rhoneaquifer at Genas376

is rather weak, becausethe aquifer level is constrainedby the river. For the Seinebasin,377

the annual amplitude varies from gageto gage. However, for almost every gage,there is378

an increaseof the piezometricheadduring the wet year 2000-2001,and a clear decrease379

in 2003-2004.Theseevolutions are well captured by the model.380

4.3. Comparisonwith the observed snow depth

The snow accumulation and melt are key components of the water and energybudgets.381

The comparisonwith observedand simulated snow depthsis possibleat somemeteorologic382

observingstationsandat numerousmountain sites. In order to besureof the quality of the383

observed data set, only the stations that observed at least30 days of non-zerosnow depth384

during the 10-year period are selected. Moreover, the comparisonbetweenobservations385

and the simulation are made only if the altitude of the grid cell is closeto that of the386

station (less than 150m di�erence). With this selectioncriteria, 505 stations with snow387

depth measurements were selected. As the snow cover depends mostly on the altitude388

in France, �gure 16 presents the daily comparisonbetweenobserved and simulated snow389

depths for altitude bands. The number of station varies for each level from 19 for the390

upper level (above 2000m)to 179 for the level 250-750m.However, the observations are391

not available each day at all stations, so that the number of stations used to compute392

the averagevaries from day to day (with a minimum of 2 stations). As expected, the393
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snowpack generally lasts longer and is deeper as the altitude increases. The snowpack394

has large interannual variations which vary at each level. However, the plotted evolution395

is a�ected by the number of gagesusedto compute the averagewhich vary each day. In396

order to be able to estimate the temporal evolution of the snow pack, the snow depth397

simulated by SIM on averagefor all the stations selectedfor each level is presented in398

the bottom left panel of �gure 16. In this �gure, the samenumber of points are used399

everyday, thus leadingto a real temporal evolution. The bias and the squaredcorrelation400

betweenobservation and simulation aregiven in �gure 16. The model is able to reproduce401

the observed evolution of the snowpack. The bias is rather low on average(around 3cm402

up to 10cm at the highest level), even if the error can be large at times. The squared403

correlation is low for the lowest level wherethe snowpack doesnot last long, and reaches404

0.7 at the highest level. Figure 17 presents about the samedata set, but on an annual405

basis. The annual evolution of the snow pack is well estimated by the model, with the406

squaredcorrelation which reaches0.9 for all levels except the lowest one. However, there407

aresystematicerrors in the two highestlevels: an underestimationof the snow depth from408

January to February for the level 1250m-2000m,and, in contrast an overestimationof the409

snow depth from September to January for the level above 2000m,and during the melting410

period in May-June. It is di�cult to estimate how such systematicerror may a�ect the411

water budget and the simulation of the streamows, since those results are a�ected by412

the availabilit y of the observations. For instance, it can be seenon the lower right panel413

that the maximum snow depth is simulated in February, whereasit appearsto be in early414

May in the comparisonwith the observations for the upper level.415
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4.4. Water and energybudgetsat the basin scale

The simulated annual water and energy budgets can be partially assessedusing the416

comparisonbetweenobserved and simulated discharges.For that, there is a focusonly on417

the largestsubbasins,usingthe rivergageswith the longestobservation periods. Figure 18418

presents the results for the 4 main basins(Rhone at Beaucaire,Seineat Paris, Garonne419

at Tonneins and Loire at Nantes). For these basins, the discharge error for the whole420

period represents +63, +24, -15 and +50 m3=s, which correspondsto an averageerror in421

mm=year of +26,+18,-10,+14, respectively (seeTable 1). The error for the Rhonebasin422

is the largest. This is due in part to the large anthropogenic impact, which consistsin423

numerousdams and canalsin the Durance and Isere river basins. For instance, in 2003424

in the Durancesubbasin,the total quantit y of water derived to sustain human activities425

(irrigation, drinking water, cooling of energy plants, ...) was 37m3=s, which represents426

approximately half of the error at Beaucairefor this single subbasin(data available on427

the web site www.rhone-mediterrannee.eaufrance./telechargement/inde x.php). However,428

it is di�cult to estimatewhich part of this water is going back to the river network.429

A simpleestimation of the evaporation error at the basinscalecanbemadeby assuming430

that all of the discharge error only results from evaporation. This implies several stong431

hypotheses:i) there is no error in the precipitation at the basin scale,ii) there is no error432

in the observations of the riverow iii) there is no error in terms of the estimation of the433

water storagein the soil, the snowpack, the aquifers and the rivers at the annual scale,434

and iv) the water storage in the dams is not signi�cant on a annual scale. Using this435

estimated error, it is possibleto analysethe spatial and temporal evolution of the water436

and energybudgets.437
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The annual evaporation is quite similar for the 4 bassins,ranging from 573mm=year on438

averagefor the Seinebasin to 634mm=year on averagefor the Garonne,with an annual439

amplitude of about � 100mm=year (which is quite smooth over the 10-year period: table440

1). On averageover the 10-year period, the estimatedevaporation error represents about441

4% of the annual ux. However it varies from year to year, and can reach 8% of the442

annual evaporation and even 15%in the Rhonebasin in 2000-2001(table 1). The Rhone443

basin is the only large basin for which the total runo� is about the samemagnitude as444

the evaporation (about 590mm=year). For the other basins,the total runo� is about two445

times lower than the evaporation. The evolution of the annual runo� is lesssmooth than446

the annual evaporation and morecloselyfollows the annual variation of the precipitation.447

In terms of the energybudget, only the latent heat ux error canbe estimated,and one448

cannot determine how this error a�ects the sensible,ground heat and the net radiation449

uxes. Thus, the estimated latent heat ux error is presented independently of the other450

energy budget terms. This error, expressedin W=m2, varies from � 0:8W=m2 in the451

Garonnebasin to 1:7W=m2 in the Rhonebasin. It is striking that the error estimatedon452

the latent heat ux roughly accounts for 10%of the sensibleheat ux, and that they are453

of the sameorder of magnitude in the Rhone basin in 2000-2001.Indeed, the averaged454

annual sensibleheat ux rangesbetween15:3W=m2 in the Rhonebasin to 19W=m2 in the455

Loire basin. Its annual evolution can be rather smooth as in the Rhone basin (from 10456

to 20 W=m2) or more pronouncedas in the Seinebasin (from 6 to 30 W=m2). The net457

radiation is 10 % larger in the Garonnebasin than in the Seineor Rhonebasins. But for458

all of the basins,the annual evolution of the net radiation is quite smooth, with a total459

amplitude of � 6%.460
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Figure 19 shows maps of the Bowen ratio and the ratio of the evaporation to precipi-461

tation. The two mapsshow large contrasts over France. The largest value of the Bowen462

ratio are along the southern Alps (where the snowfall is signi�cant, thus limiting the463

evaporation, but wherethe incoming radiation uxes are large), along the Mediterranean464

coast(including Corsica),and for two areasalong the west coast. Half of the areaswhere465

the Bowen ratio is above 0.75 correspond to areaswhere the averageannual rainfall is466

below 650mm=year or wherethe net radiation is above 80W=m2. The residual is mostly467

located in Corsica and along the eastern Mediterranean coast, and corresponds to the468

regionswhere the precipitation can be intense. Here, relatively few rain events produce469

large amounts of precipitation primarily during the fall season,and they produce large470

proportion of runo�, thereby reducing the evaporation rate. This is also the reasonwhy471

the evaporation in this Mediterranean region represents lessthan 75% of the precipita-472

tion, even in areaswherethe precipitation is lower than 650mm=year, as is the casefor473

instance in the "Bouchesdu Rhone" site indicated in �gure 19. In contrast, the area in474

the Viennedepartment (cf ag on the maps)hasboth a largevalueof the Bowenratio and475

of the ratio of the evaporation to precipitation. The other areas,whereat least 75 % of476

the precipitation evaporates,are located around the Seinebasin and the GaronneValley.477

Such resultsareconsistent with thoseobtainedby Roussetet al., (2004)and Voirin-Morel478

(2003), respectively, for di�erent time periods than examinedin the current study.479

Figure 20 shows the time evolution of the soil wetnessindex for the 3 points indicated480

in �gure 19. In addition to the sites in the Vienne and Bouchesdu Rhonedepartments,481

one site in the Creusedepartment was selectedas being representativ e of a weak Bowen482

ratio and an average E=P ratio . The 10-year average value of the uxes for these483
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3 sites are given in table 2. The soil wetnessindex is computed from the expression484

SWI = (wtot � wwil t )=(wf c � wwil t ), where wtot is the volumetric water content of the485

simulated soil column, wf c is the �eld capacity, and wwil t the wilting point. Thus, a value486

of the soil wetnessindex above 1 indicatesthat there is no evaporative water stress,and a487

valueof 0 indicatesthat plant transpiration hasceased.At Creusesite the minimum value488

of the SWI in summer is the highest (just below 0.25 in 2003and closeto 0.5 in 1997),489

which indicatesa moderatewater stressfor the vegetation. On the other hand, the water490

stressis signi�cant in summerat the Bouchesdu Rhonesite, with a SWI below 0.1during491

4 yearsout of 10, and a minimal value below 0.02 reached during the exceptionally hot492

and dry summerof 2003.At the Viennesite, the summervalueof the SWI is around 0.17,493

with a minimum value of 0.12 in 2005after a dry winter. In winter time, the maximum494

value of the SWI is below 1, meaningthat there is a water stressin winter 5 yearsout of495

10 in the Bouchesdu Rhonesite, and 2 yearsout of 10 in the Vienne site. Such a pattern496

doesnot occur at the Creusesite.497

The encapsulatedgraph in �gure 20 represents the mean annual evolution of the soil498

moisture. The Creuseand Vienne sites have similar temporal evolutions, with a drier499

soil at Vienne (0.55 on average) compare to Creuse(0.75 on average). The temporal500

evolution of the SWI is sligthly shifted in the Bouches du Rhone site, with an increase501

of the SWI starting early September due to signi�cant precipitation, and the maximum502

value is reached in November, with a 10-year averagevalue of 0.5.503

Another interesting result which canbe obtainedwith the SIM systemis the evaluation504

of the total volume of the water that reachesthe Mediterraneansea,via the large rivers505

but also the smallest. This is of interest since this component of the water budget of506
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the Mediterraneanseais not well-known. The simulated hydrographic network takesinto507

account 80 rivers that o w to the Mediterranean Sea(30 are located in Corsica), and508

only 30 of them have a basin larger than 250 km2. According to the simulation, 2287509

m3=s o ws to the Mediterraneanseaon averageevery year. 80%of this o w is from the510

Rhoneriver, and 91%by the 10 largestMediterraneanrivers(2 being located in Corsica).511

Most of thoseMediterraneanrivers are located in mountainous regions,characterisedby512

a signi�cant snow cover in winter, leading to a smaller fraction of the precipitation that513

evaporates(55% on average).514

5. Conclusion

The hydrometeorologicalmodel SAFRAN-ISBA-MODCOU (SIM) was extendedto all515

of France in order to have a homogeneousestimation nationwide of the water resource.516

The 10-year simulation was comparedwith daily riverow, piezometric head, and snow517

depth observations. SIM obtained reasonableresults (e�ciency above 0.55) for more than518

66 % of the 610 rivergagessimulated, and rather good results (e�ciency above 0.65) for519

more than 36 % of them. It was found that worseresults wereobtained during the driest520

years,which is more likely due to the fact that only few aquifersare simulated explicitly.521

Thesecomparisonsshow that SIM is quite robust both in spaceand time, and gives522

a good estimation of the water uxes. As the ISBA surfacescheme is used in weather523

forecastand climate models,it is important to estimatethe quality of the simulated latent524

heat ux. The comparisonwith the observed riverow, associated with somehypotheses,525

permits an estimation that the error is lessthan 4% on annual average.526

Since2003,the SIM systemhas beenusedoperationally at Meteo-France: for each D,527

it performsan atmosphericanalysisand hydrological simulation of day D-1. It is the �rst528
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time that such a systemis usedto monitor the water budget of France in real time, and529

especially, to estimatethe soil wetness.The soil wetnesscanbe usedto estimatethe o od530

risk, or to monitor the spatial and temporal evolution of a drought. Such information531

is now part of the national hydrological bulletin of the French environnment ministry532

(www.eaufrance.fr),which is publishedmonthly.533

The SIM operational application is also used to prescribe the initial condition for an534

ensemble riverow forecastssystem over all of France. The 10-day ensemble precipita-535

tion forecastare taken from the Eucopean Centre for Medium-RangeWeather Forecasts536

(ECMWF), and then disaggregatedin space.They are then employed asan input for the537

ISBA-MODCOU hydrometeorologicalsystemto make 10-day forecastsof the riverows538

(Roussetet al., 2006Roussetet al., 2007).539

As in the NLDAS and CALDAS projects (Mitc hell et al., 2004,Balsamoet al., 2006),540

the operational hydrometeorologicalmodel SIM can also be usedto prescribe the initial541

soil moisture conditions of a mesoscaleweather model. Some�rst attempts have been542

made with the Meso-NH mesoscalemodel (Donier et al., 2003) and such an approach543

could be generalisedin the near future.544

It is plannedto increasethe period of time coveredby the SIM systemin order to beable545

to use it for climatological and statistical analyses. For instance, in the Seinebasin, 18546

yearsof the SAFRAN analysiswere usedwith the ISBA-MODCOU hydrometeorological547

model in studies by Bo�e et al. (2006) and Bo�e et al. (2007) in order to disaggregatein548

spaceand time the simulation of a climate model. It was also usedestimate the abilit y549

of this climate model to reproducethe observed present day conditions.550
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6. �gures

Figure 1: The SIM hydrometeorologicalmodel consistsin of three independant modules:675

the SAFRAN atmosphericalanalysis, the ISBA land surfacemodel, and the MODCOU676

hydrogeologicalmodel677

Figure 2: Topography and hydrographic network678

Figure 3: Simulated aquifers(cells) and main aquifersas de�ned in the BDRHF (Base679

de Donn�eessur le R�ef�erentiel Hydrog�eologiqueFranais; http://sandre.eaufrance.fr) hydo-680

geolocical database(dashed)681

Figure 4: The main typesof vegetation from the ecoclimap-francedata base682

Figure 5: The 10-day evolution of the NDVI for the main crop types683
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Figure 6: Mean annual precipitation in mm/y ear. The encapsulatedgraph presents the684

annual precipitation for each year on averageover the selectedbasin685

Figure 7: Mean monthly precipitation averagedon the main basin686

Figure 8: Daily observed (black circle) and simulated (line) riverows at the outlet of687

the four main rivers. The scalevay for each gage. The title includesthe meanobserved688

dischargeon the period Qobs, the dischargeratio Qsim=Qobsand the e�ciency E.689

Figure 9: E�ciency (top), discharge error (middle), and index of agreement (bottom)690

for each simulated rivergagesplotted versus the upstream area of the rivergages. The691

circles represent the rivergages,and the line is the linear regression(x-axis is log). The692

encapsulatedgraphsrepresent the histogramm of the statistical results.693

Figure 10: Spatial representation of the e�ciency for each rivergageand the correspond-694

ing river network.695

Figure 11: Spatial representation of the discharge ratio for each rivergagesand the696

corresponding river network.697

Figure 12: Evolution of the e�ciency (circles) and dischargeratio (squares)on average698

on 5 large basinsand on averagefor all of France. Only the rivergageswith more than699

200 days available each year (and with positive valuesof the e�ciency) were taken into700

account. Their number is indicated on the plots701

Figure 13: Relation between the e�ciency and the observed discharge on averageon702

the selectedrivergagesof each basin. The line correspond to the linear regressionfor a703

given basin704

Figure 14: Spatial distribution of the bias on the 10-year simulation of the piezometric705

headsimulated by SIM706
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Figure 15: Evolution of the observed (symbol) and simulated (line) piezometric head707

for onegiven station over each layer of the Seineand Rhoneaquifers708

Figure 16: Snow depth observed (black dots) and simulated (crosses)averageon several709

gagesaccordingto their altitude (the averageis computedeach day on the stations with710

available data). The bottom right panel presents the evolution of the simulated snow711

depth on the selectedstations of the 4 levels (the samenumber of stations is usedeach712

day to compute the average). Levels 750-1250m: black thick line; 1250-2000gray line;713

over 2000mthin black line. The squarecorrelation (R2) and the bias in cm (B) are given714

in the subtitle715

Figure 17: Sameasprevious�gure but on averageon an annual cycle716

Figure 18: Water and energybudgetsover the 4 main basins. The thick black line is717

the total precipitation (Precip), and its thicknessrepresents the snowfall. Evaporation718

(Evap), total runo� (Runo� ) and latent heat ux (LEW) have an error bar that was719

estimated according to the error between the observed and simulated discharge. This720

error is shown in the energybudget pannel (bottom pannel) (Err) in order to compare721

with the net radiation (RN) and the sensibleheat ux (H).722

Figure 19: 10-year averagebowen ratio (H/LE) (left) and 10-year averageratio of the723

evaporation to precipitation (right).724

Figure 20: 10-day evolution of the soil water index (SWI) on the 3 sitesplotted in �gure725

19. The encapsulatedgraph is the annual average726

7. tables

table 1: Main characteristicsof the water budget of the 4 main basins: E: meanannual727

evaporation, RO: meanannual total runo�, Err: averaged10yearsannual error computed728
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Table 1. Main characteristics of the water budget of the 4 main basins: E: mean annual evaporation, RO: mean annual
total runo�, Err: averaged10 yearsannual error computed with the observed riv ero w (in mm/y ear and in W=m2), Err/E:
percentage of the error compared to the mean annual evaporation, max Err: maximal annual error on the 10 years period,
estimated with the observed riv ero w, max Err/E: percentage of this maximal error compared to the annual evaporation
of the year, year max: year where the error is maximal, RN: Net radiation, H: sensibleheat ux, LE: latent heat ux.

Basin Rhone Seine Garonne Loire
Beaucaire Paris Tonneins Nantes

Surface(km2) 96412 43509 50430 112187
P (mm=year) 1189 820 956 834
E (mm=year) 590 573 634 574

RO (mm=year) 599 243 324 259
Err (mm=year) 26 18 -10 14

Err/E 4.4% 3.1% 1.6% 2.4 %
max annual Err (mm=year) 92 42 -51 49

max annual Err/E % 15% 8% -9% 8%
year max annual error 2000-20012003-20042004-20052000-2001

Err (W=m2) 1.7 1.5 -0.8 1.1
RN (W=m2) 63.0 61.8 68.7 64.5
H (W=m2) 15.3 16.4 18.4 19.1
LE (W=m2) 46.9 45.6 50.3 45.6

with the observed riverow (in mm/y ear and in W=m2), Err/E: percentage of the error729

comparedto the meanannual evaporation, max Err: maximal annual error on the 10years730

period, estimated with the observed riverow, max Err/E: percentage of this maximal731

error comparedto the annual evaporation of the year, year max: year wherethe error is732

maximal, RN: Net radiation, H: sensibleheat ux, LE: latent heat ux.733

table 2: Mean annual water and energy budget on the 3 gridcells indicated in �gure734

19 Precip: total precipitation, Evap: evapotranspiration, H: sensibleheat ux, LE: latent735

heat ux (sameas Evap, but expressedin W=m2), RN: Net radiation, E/P: ratio of the736

evaporation over the precipitation, H/LE: Bowen ratio737
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Table 2. Mean annual water and energy budget on the 3 gridcells indicated in �gure 19 Precip: total precipitation, Evap:
evapotranspiration, H: sensibleheat ux, LE: latent heat ux (same as Evap, but expressedin W=m2), RN: Net radiation,
E/P: ratio of the evaporation over the precipitation, H/LE: Bowen ratio

Site Precip Evap H LE RN E/P H/LE
mm/y ear mm/y ear W=m2 W=m2 W=m2

Vienne 637 507 34 40 76 0.80 0.88
Bouchesdu Rhone 650 428 29 34 63 0.65 0.86

Creuse 1167 675 12 53 65 0.58 0.22

1) un peu de texte738
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Figure 1. The SIM hydrometeorological model consistsin three independant modules: the SAFRAN atmospherical analysis,
the ISBA land surface model, and the MODCOU hydrogeological model
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