h?2a 6 L@Aa" @JP.*PI ?2v/ " QK2i2Q QHQ:E
KQ/2H TTHB2/ Qp2 6" M+2

6HQ 2M+2 > #2ib- QM "QQM2-C2 M@GQmBb *? KT

G m2Mi 6° M+?Bbi2;mv- 1iB2MM2 G2#HQBb- 1KK Mm
1°'B+J "iBM- aQT?B2 JQ 2H- 2i HX

hQ +Bi2 i?Bb p2 ' bBQM,

BHQ 2M+2 > #2ib- QM "QQM2- C2 M@GQmBb *? KT2 mt- SB2 "2 1i+
2i HXX h?2a6_L@Aa" @JP.*Pl ?2v/ ' QK2i2Q QHQ:B+ H KQ/2H TTHB.
:2QT?vbB+ H _2b2 "+?, iKQbT?2 2b- kyy3- RRj U.yeRRjV- TTXR3X R

yykd999e

> G A/, K2i2Q@yykd999e
21iTh,ff? H@K2i2Q7 M+2X +?Bp2b@Qmp2 i2bX7 fK
am#KBii2/ QM R3 T kyy3

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X



The SAFRAN-ISBA-MODCOU hydrometeorological
model applied over France
F. Habets," A. Boone? J.L Champeauf, P. Etchewers’, L. Frandwisteguy2 E.

Leblois;' E. Ledoux. P. Le Moigne,2 E. Martin?, S. Morel,® J. Noilhan,” P.
Quintana Segu,2 F. Rousset-Regir‘oeau,2 P. Viennot’

1GAME/CNRM (Meteo-Rance, CNRS) Toulouse,France, now at UMR-Sisyphe 7619 (Uni-
versit Paris VI, CNRS) Paris, France2GAME/CNRM (M eteo-Fance, CNRS) Toulouse,France
3GAME/CEN (Meteo-RFance,CNRS), Saint Martin d'Heres,France4dCEMAGREF, Lyon, France
5Certre de GeoscienceENSMP, ParisTed), Fontainebleau, France 6DIRIC, Meteo-Fance,

Paris, France

FlorenceHabets, UMR-Sisyphe7619- ENSMP, 35rue St Honore, 77305Fontainebleau, France.

(orence.habets@ensmp.fr)

DRAFT June 20, 2007, 4:07pm DRAFT



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

Abstract. The hydrometeorologicalmodel SIM consistsin a meterological
analysissystem(SAFRAN), a land surfacemodel (ISBA) and a hydrogeo-
logical model (MODCOU). It generatesatmosphericforcing at an hourly time
step, and it computeswater and surfaceenergybudgets,the river ow at more
than 900rivergaugingstations, and the level of seweral aquifers. SIM was ex-
tended over all of Francein order to have a homogeneousation-wide mon-
itoring of the water resourcesit can thereforebe usedto forecast o od risk
and to monitor drought risk over the ertire nation.

The hydrometeorologinal model was applied over a 10-year period from 1995
to 2005.In this paper the databasesusedby the SIM model are preseted,
then the 10-year simulation is assessedy using the obsenations of daily stream-
ow, piezometrichead, and snov depth. This assessmdnshaws that SIM is
able to reproducethe spatial and temporal variabilities of the water uxes.
The e ciency is above 0.55 (reasonableresults) for 66 % of the simulated
rivergagesand above 0.65 (rather good results) for 36 % of them. Howe\er,
the SIM systemproducesworseresults during the driest years,which is more
likely due to the fact that only few aquifersare simulated explicitly. The an-
nual ewolution of the snow depth is well reproduced, with a squarecorrela-
tion coe cient around 0.9 over the large altitude rangein the domain. The
stream ow obsenations were usedto estimate the overall error of the sim-

ulated latent heat ux, which was estimatedto be lessthan 4 %.
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1. Introduction

Interfacing a Soil Vegetation Atmosphere Transfert Stheme (SVAT) with stream ow
routing model permits the assessménof the water and energy budgets simulated by
SVAT sthemes,and the iderti cation of their main qualities and defects. This hasbeen
doneextensiwly in orderto assesglobal and regional climate models (Miller et al., 1994,
Benoit et al., 2000),as well asin SVAT intercomparisonexperimerts. For instance,the
Pilps2c experimert (Wood et al., 1998,Lohmann et al., 1998) shaved the importance of
the parameterizationof subgrid runo for simulating a realistic hydrograph. The Rhone-
Agg intercomparison study (Boone et al., 2004) shaved that in the Alps, the SVATs
that useexplicit snav sthemes(with an explicit simulation of the energybudget of the
snovpadk) obtain better resultsthan those using composite snov sdhemes(i.e. onesingle
energy budget for both the snow-free and snov covered part of the ground surface).
Resultsof the DMIP1 (distributed model intercomparisonmodel, Reedet al., 2004)showv
that amongthe participant distributed hydrological models,the few that simulated both
the water and the energybudgets(NOAH, Chenet al., 1997;VIC-3L, Liang et al., 1994,
and tRIBS, Ivanov et al., 2004) obtained similar results in terms of the simulation of
the river ows asthe others. Thus, although SVAT schemeswere originally dedicatedto
providing surfaceenergy uxes to an atmospheremodel, they are now also able to make
an accurate estimation of the hydrological cycle at both short and long time scales.

Se\eral studiesfocusingon the soil moisture assimilation for numerical weather predic-
tion modelshave usedSVAT o -line simulations (i.e. uncoupledto the atmosphere)forced

by obsened data, in combination with satellite and/or surfaceatmosphericdata assimi-
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lation to estimate mesoscalesoil moisture over large areas(ELD AS, EuropeanLand Data
Assimilation System, Van den Hurk et al., 2005, NLDAS, North-American Land Data
Assimilation System, Mitchell et al., 2004). One key aspect of sud studiesis the retrieval
of the best surface near-realtime atmosphericforcing. Howewer, both studiesinclude a
retrospective period in order to test the ability of the method to compute consisten sur-
face uxes and river ow over long time periods. In NLDAS, the SVAT sdiemesare also
coupledto a hydrological routing model in order to assesshe SVAT sdhemesimulations
of the water budget over large areas,through comparisonwith obsened river ows.

The CNRM-GAME has beendeweloping SVAT sdieme and soil moisture assimilation
techniquesfor over the last ten years, in order to provide surfaceboundary conditions
to the atmospheremodels. For instance, CNRM-GAME takespart in the ELDAS and
CALDAS (Balsamo et al., 2006) projects using the ISBA surfacesdieme. It has also,
in assaiation with the Mining sdool of Paris, dewloped the SIM hydrometeorological
model that is usedboth for realtime estimation of the soil moisture, and for retrospective
studiesof the water and energybudgetsfor a region covering all of France.

The SIM (SAFRAN-ISBA-MODCOU) model is the conmbination of three independart
parts: i) SAFRAN (Durand et al., 1992), which provides an analysisof the atmospheric
forcing, ii) ISBA (Noilhan et Planton 1989,Booneet al., 1999),which computesthe surface
water and energybudgets,and iii) MODCOU (Ledoux et al., 1989),which computesthe
ewlution of the aquifersand the river ow.

The SIM systemwas rst tested for large French catchmerts: the Adour (Habets et
al., 1999c¢),the Rhone (Etchewerset al., 2001),the Garonne(Voirin-Morel, 2003)and the

Seinebasins(Roussetet al., 2004),and the Maritsa river basinin Bulgaria (Artin yan et
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al., 2007). It hasbeenusedto quartify the in uence of the snovpad, groundwater, soil
moisture, and urbanisedareason certain o od ewens of the Seinebasin (Roussetet al.,
2004). SIM hasalsobeenusedto study the ewlution of the water resourcesn a climate
changeprospective (Etchewers et al., 2002,Caballeroet al., 2007).

SIM was extended over all of Francein 2002, and it has been used operationally at
Meteo-Fance since2003in order to monitor the water resourcesat the national scalein
nearreal-time. In orderto assesshe quality of the SIM systemover France,aretrospective
run was made for the period 1995to 2005, and the goal of this article is to presen the
results of the SIM hydrometeorologicalmodel over this period. First, the SIM system
is presened, with a summary of the main innovations comparedto the previous studies.
Then, the databaseis presened, with a special emphasison the atmosphericdata, which
is critical in terms of the quality of the ertire system. The assessmens basedon obsened
river ow, piezometrichead,and snav depth. Finally, the spatial and temporal ewlutions

of the water and energy uxes on the main basinsare presened.

2. The SIM hydrometeorologicalmodel
The SIM (SAFRAN-ISBA-MODCOU) systemconsistsin 3 independert modules( gure
1):

The SAFRAN analysissystem(Durand et al., 1992)wasdewelopedin orderto provide
an analysisof the atmosphericforcing in mountainous areasfor the avalande forecasting.
SAFRAN analyses8 parameters: the 10m wind speed, 2m relative humidity, 2m air
temperature, cloudinessjncoming solarand atmosphericradiations, snowvfall and rainfall.
A detailed description and assessménof the SAFRAN analysisover Franceis presered

in Quintana-Segu et al., 2007,sothat only the main aspects are summarizedherein.
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The main hypothesisof SAFRAN is that the atmosphericvariablesare consideredto be
homogeneousver somewell-de ned areas, within which they can only vary according
to the topography. In France, these areascorrespnd to the Symposium homogeneous
climate zoneswhich are usedat Meteo-Fance for weather forecastbulletins. There are
about 600homogeneouslimate zones,ead with an averageareaaround of 1000km?, so
that ead zonecortains at leasttwo raingagesand one surfacemeteorologicstation.
SAFRAN takesinto accoun all of the obsened data in and around the areaunder study.
For instance,there are morethan 1000meteorologicalstations for the 2m temperature and
humidity, and more than 3500daily raingages,which correspndsto about 6 raingages
for ead climate zone. For eat variable analysed,an optimal interpolation method is
usedto assignvaluesto given altitudes within the zone. According to the altitude of the
obsenations, SAFRAN provides a single vertical pro le of the variable within the zone
with a vertical resolution of 300m.

The analysisare computed every 6 hours, and the data are interpolated to a hourly time
step.

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

The precipitation rate is estimateddaily using3500daily raingagesand then interpolated
hourly, basedon the ewlution of the air relative humidity (precipitation is constrained
to occur whenthe relative humidity is high). The partition betweensnowfall and rainfall
is basedon the 0:5°C isotherm: the precipitation is consideredas snowfall if the air

temperature is below 0:5°C.
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The radiation scheme of Ritter and Geylen (1992) is usedto compute the incoming ra-
diation uxes sincethere are few in-situ obsenations available. The method requiresan
estimate of the cloudinesswhich is analysedusing,asa rst guessthe operational analysis
of Numerical Weather Predicition model, and in-situ obsenations.

Once the vertical prole of the atmospheric parameters have been computed in eah
homogeneousone, the valuesare interpolated in spaceas a function of the altitude of

ead gridcell within eath homogeneougzone.

The ISBA land surface scheme (Noilhan et Planton, 1989, Noilhan and Mahfouf,
1996) is usedin the NWP, researb and climate models at Meteo-Fance. In order to
fulll all its applications, the ISBA surfacesdhemeis quite modular. In the SIM system,
the 3-layer force restore model is used (Boone et al., 1999), together with the explicit
multi-layer snav model (Boone et al., 2001). Moreover, the subgrid runo (Habets et
al., 1999b) and subgrid drainage sthemes (Habets et al., 1999a) are used. This last
parametrisation is quite simple, and allow to indirectly take into accourt the impact of
unresohed aquiferson the low rifer o ws basedon a single parameter.

The soil and vegetation parametersused by ISBA are derived from the ECOCLIMAP
database(Massonet al., 2003, seesection 3.2). Only two parametersin ISBA are not
directly de ned by the soil and vegetation classi cation: the subgrid runo parameter
and the subgrid drainage parameter, Wg; ain -

The subgrid runo parameter was assignedthe default value in the current study as
was the casefor the other SIM applications. Only the subgrid drainage parameter was
calibrated in this application. In previous simulations, this subgrid parameterwas either

set to a default value (Habets et al., 1999a),or calibrated to optimize the Nash criteria
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(Etchewerset al., 2001), or the dischargefor the summerlow ow period (Caballeroet al.,
2007). In the Franceapplication, it is calibrated usingthe method preserted in Caballero
et al., (2007)in order to sustainthe obsened Q10 quartile of the river ow. The subgrid

drainageparameteris simply set using the expression

X
Q10= C3si= Wgan O S

i

wherei represets the gridcells that belongto the upstream area of the rivergageunder
study, Cj; is the gravitational drainagecoe cient for the gridcell i, d; the soil depth for
the gridcell i, S; is the surfaceof the gridcell i that belongto the upstream area of the
rivergageunder study, and a time constart of one day. In this expression,Cs; and
d; only depend on the soil and vegetation database,and Q10 is set at ead simulated
rivergageusing the statistics provided over the ertire obsenation period for ead station.
Thus, the value of the subgrid drainagecoe cien t is de ned using obsened data and the
physiographicdatabase,and is thus unique oncethesedatabasesare de ned. Therefore,
there is no iteration for the calibration, and thus, no "calibration period"
The surfacesdhemeis linked to the MODCOU hydrogeologicaimodel by the ISBA output
soilwater uxes: The drainagesimulated by ISBA is transferedto MODCOU asthe input
o w for the simulation of the ewlution of the aquifer, while the surfaceruno computedby
ISBA is routed within the hydrographical network by MODCOU to computethe river ow.

The MODCOU hydrogeologicalmodel computesthe spatial and temporal ewvolution
of the piezometriclevel of multilayer aquifers,usingthe di usivit y equation(Ledouxet al.,
1989). It then computesthe exchangesbetweenthe aquifersandrivers,and nally it routes
the surfacewater within the river, usinga simple isochronism algorithm (Muskingum), to

computerive ows. In the SIM-Francesystem,the river ow is computedat a 3-hour time
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step (instead of daily asin the previousapplications), and the ewlution of the aquifer is
computeddaily.

ISBA snowvpad, soiltemperature and soil moisture valuesareinitialised usinga oneyear
spin-up (the rst year is repeated twice), whereas,the initial conditions of the aquifers
are taken from the Rhone and Seinebasin applications.

In the next section,a short description of the databaseis preseied.

3. Databasesused

The databasedor the SIM-Franceapplication usethe Lambert Il projection, which has
the advantage of preservingthe surfacearea. SIM usesinput data that have di erent
spatial resolutions: a regular 8 km grid is used by SAFRAN and ISBA, and irregular
embeddedgridcells varying in sizefrom 1 to 8 km are usedby MODCOU (the highest

resolution is assaiated with rivers and basin boundaries).

3.1. Hydrogeologicdatabase

The hydrographic network was derived from the USGS GTOPO30 ele\ation database
at a 1 km resolution. The slope is usedto derive the direction of the ow, andto compute
the drainageareaof ead cell.

The topograply at the 8 km resolution, the river network, and the main basinsare shovn
in gure 2. The river network extendsover approximately 42000km, which represets
about 12% of the 194000meshpoints of the hydrographic network.

More than 900 rivergagesare taken into accour in the riverlfow simulations, with an

upstream arearanging from 240km? to 11200&m?.
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Currently the aquifers of only two basinshave beensimulated: the 3 aquifer layers of
the Seinebasin, and the single aquifer layer of the Rhone basin ( gure 3). The aquifer
parameterswere calibrated by Gomezet al., (2003),and Golazet al., (2001), respectively,
and were already usedin previousapplications of SIM for thesebasins.

Howewer, aquifers are more widespreadin France. The main aquifers de ned in the
French HydrogeologicalReferencedatabase(BD RHF, http://sandre.eaufrance.fr ) and
those simulated are shovn in gure 3. In thoseareaswherean aquifer is presen but not
explicitly simulated (grey shadedareasin gure 3), the subgrid drainage parameter was
calibrated in order to sustainthe summerriver ows. Everywhereelse,the parameteris

setto O.

3.2. Soil and Vegetation parametersfor ISBA

The ISBA parametersare derived from the ECOCLIMAP database (Masson et al.,
2003). Howewer, an improved version of the ECOCLIMAP databasewas deweloped for
the SIM application.

This databaseusesa Lambert |1 projection at a 1 km resolution for both the vegetation
and the soil parameters(as opposedto appraximately 10km for the soil map in the global
ECOCLIMAP database).

The vegetation classi cation ( gure 4) is basedon the Corine Land Cover CLC 1990
database,assaiated with a climate map (Massonet al., 2003). This databaseis quite
accurate for the forested areas, vineyards and urban areas, but it does not distinguish
the various cropsthat are aggregatedinto a single classand distributed over very large
domains. In orderto be able to distinguish winter and summercrops,aswas donein the

Adour study (Habets et al., 1999b),it wasdecidedto better de ne the crop classesusing
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the 10-day NDVI (NormalisedVegetationindex) archive of SPOT/VEGET ATION for the
year 2000at a 1km resolution. Using di erences in the NDVI pro les, the crop classes
of Corine were split into 20 subsets(referredas C1, C2, .. to C20in the following). The
distribution of thesecrop typeswithin the main basinsis preseted gure 4. Among the
large basins,the Seinebasin is the most cultivated, with 60 % of the surfacecovered by
crops. The Loire and Adour-Garonne basinshave about the samecrop surfaces(54 and
51 %, respectively), whereasthe Rhone basin is the least cultivated large basin (31%),
primarily becausehe easternpart of the basin is mountainous.

The crop partition is di erent within ead basin: the 2 dominart crop typesrepresen
half of the cultivated areaof the Seinebasin, while in the other basins,it represets only
one fth (gure 4).

The 10-day NDVI cyclesof the dominart crop types are presetted in gure 5. The
NDVI cycle cannot be usedto directly idertify the type of the crop class,howewer the
classC7, which is dominart in the Adour-Garonne basin with a maximum NDVI from
July to Septenber, is represetativ e of summercrops, especially Maize. In cortrast, the
C1 class,with a very narrow cycle,and which is mostly presen in the North of France,is
assaiated with winter crops, sud as wheat, as well asthe classe€C8 and C9 dominart
in the Seineand Loire basins.

In order to derive the ISBA vegetation parameters,the ECOCLIMAP correspndence
tables were used. The annual LAl (leaf areaindex) cycle is basedon the 10-day NDVI
tendencieswith the extremevaluesof the LAl xed for ead vegetationtype (from 0to 4
m?=m? for crops). Then the 10-day ewlution of the vegetationfraction, roughnesdength,

and albedoare derived using the formulations given by Massonet al., 2003. For the other
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vegetationtypes, the annual cycle was re-computedat a 10-day time step instead of the
monthly time step usedin the ECOCLIMAP global database.

The soil map usedin the Ecoclimap France databaseis taken from the INRA 1km
soil geographicaldatabase(Base de donneesgeographiquedes Solsde France -BDGSF-
www.gissol.fr/[programme/bdgsf/bdgsf.php). Only the percenagesof sand and clay are

usedto de ne the soil parametersfor ISBA (Noilhan and Lacarrere, 1995).

3.3. Atmosphericdatabase

Data from more than 1000 surface meteorologicalstations and more than 3500 daily
raingageswere analysedby the SAFRAN system. SAFRAN has beenusedto produce
an atmosphericdatabaseat an hourly time step over the France domain, for the period
starting in August 1995and endingin July 2005. A detailed presenation and assessmen
of the 8 variables analysedby SAFRAN for the years 2001-2002and 2004-2005can be
found in Quintana-Segu et al., 2007. Therefore, only the main characteristics of the
10-year precipitation databaseare preseited here.

The mean annual precipitation over the 10-year period is shovn gure 6. As can be
expected, precipitation is abundart in the mourtains, and also, along the Atlantic coast.
The south-easternborder of the Massif Certral experiencesheavy rainfall primarily in the
fall seasorwhich leadsto signi cant annual precipitation totals.

The Seine and Loire basins in the North receiwe less precipitation (802nm=year
and 835mm=year, respectively) than the southern basinsthat are more mountainous
(944mm=year and 1186nm=year for the Garonneand Rhone basins,respectively). The
year 2000-2001s the wettest for all of the basins,and the year 2001-2002s the driest for

all basinsexceptthe Seine(encapsulatedgraphsin gure 6). Snowfall, is shavn in the
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top of the histogramin gure 6. It is a key componert of the Rhone basin precipitation
and comprises29% of the total. Despite the presenceof the Pyreneesmourtain range,
snonfall is lesssigni cant in the Adour-Garonne basin, whereit represets only 5.7% of
the total precipitation. It represets lessthan 3% in the two other basins.

The monthly cycleof precipitation preserts a similar pattern for almostall the basinson
averageover the 10 years. Precipitation hastwo maxima in the year: onein winter, and
onein spring (gure 7). The cycleis lesspronouncedfor the northern basins,wherethe
averagerainfall rangesfrom 1.58to 3.2 mm=day in March and November, respectively,

than in the southernbasinswhereit rangesfrom 2 to 5 mm=day.

4. Evaluation of the hydrometeorologicalmodelling

The 10-year integration of the SIM systemwas assessedsing various data, either local
or spatially integrated, and either instantaneousor averagedover a certain time period.
This sectionpreselts the comparisonof the simulation with the daily obsened river ows,

the piezometriclevels and the snov depths.

4.1. Comparisonwith obsened river ow

Figure 8 presetts the daily river ows at the rivergagesocatedclosestto the outlet of the
4 largestriversof Francewhich are not a ected by the tide (the location of the rivergages
can be seen gure 10). The obsened river ows are plotted using dark circles, and the
simulation is represeted by the cortinuouslines. The Garonne at Lamagisterehas the
smallestupstream area (50430km?), and logically has the lowest averagedischarge, but
it has higher o od peaksthan the Seinebasin at Poses(wich has an upstream area of

65686km?). This is dueto the fact that the Garonneencompassepart of the Pyrennees
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and Massif Certral mountains, where heary orographically enhancedprecipitation can
occur, while the Seinebasin overlays a widespreadaquifer, which tends to reduce the
winter o od peaksandto sustainthe summerlow ow. The Loire at Montjean sur Loire,
which hasthe largest upstream area (110356km?) has an averagedischarge almost two
times lower than that of the Rhone at Beaucaire,which has a smaller cortributiv e area
(96412km?). This resultsbecausehe Rhonebasin encompassepart of several mourtain
ranges,notably the Alps. The Rhonerivers had 2 large o od ewens during the period
under investigation, in Decener, 2002, and Decenber, 2003. Unfortunately, obsened
discharge data have not beenavailable at Beaucairesince2003.

SIM is capableof represeting the dynamic of the o ws measuredat these4 rivergages.
Howewer, somede ciencies can be seen. For instance, SIM tends to underestimatethe
summer ow of the Rhone at Beaucaire. This is mainly due to the fact that the model
does not take into accournt the numerousdams used for hydro-electricity power in the
Alps which tend to sustain the summer ow. As for the Garonne and Loire rivers, the
recessionof the o od peaksare too fast in the model. This is partially due to the fact
that the main water tables are not simulated in those 2 basins.

To quantify the ability of the SIM systemto represem the daily river ows, two statistical
results are used: the disdhargeratio (Gsim =Gns) and the e ciency, E, (Nash and Suttcli,
1972). Thesestatistical criteria were computed at a daily time scaleover the full period
with available obsenations. The SIM systemis able to simulate the river ows at the
outlet of these4 main basinswith a good accuracy correspndingto an e ciency ranging

from 0.68to 0.88,and an error on the disdhargeranging from 10%to +6%.
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Figure 9 preselts the results obtained by SIM over 610rivergageswith available data,
asa function of the surfaceof the rivergagebasin. Each circle represets a rivergage,and
the linear regressionline is shavn (it appearsas an exponertial, due to the log x-axis
unit). Of course,there are more stations with a small area (belov 100km?), than with
a large area(above 10000km?). The index of agreemen (Willmot, 1981)is above 0.8 for
most of the rivergages,and there are few river gageswith an index of agreemet below
0.6. In general,the bad results for thesestations are due to the fact that either the river
is in uence signi cantly by dams (e.g. Durance and Isererivers), or that they are have
non-negligibleinteraction with a large aquifer that is not explicitly taken into accoun
(e.g. Sommeand Leyrerivers). Thereis a clearlink betweenthe quality of the simulation
and the surface of the river basin: Figure 9 shaws that the averagee ciency is close
to 0.5 for the small riverstations, while it is around 0.7 for the larger ones. Moreover,
there is a larger ratio of rivergageswith a very good e ciency (above 0.8) for the larger
basins. There are se\eral factorsthat leadto the overall better resultsfor the large basins.
One key point is that the forcing data has larger errors for small basins (essetially the
precipitation). In the large basins,someerrorsin the upstreambasin canbe compensated
for downstream, leading to overall better results. The samekind of compensation can
occur for the description of the geologicaland surfaceproperties. An additional reason
could be that the human activities (dams, derivation, pumping, ...) can have relatively
larger e ect on the small basin discharge. Finally, larger errors may be due alsoto the
faster hydrologic responseof those basinswhich cannot be reproduced by the relatively

simple river routing model usedherein.
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The encapsulatedgraph presens the histogramm of the e ciency. The maximum of
the histogramm is reated for an e ciency between 0.6 and 0.7 (121 rivergages). 101
rivergageshave an e ciency above 0.7, and only 20 have valuesabove 0.8. That implies
that more than 36% of the rivergagesvas assaiated with a daily e ciency over the full
period that can be consideredas "rather good” (E > 0:6) , and 16%as "fair* (E > 0:7).

Another 30 % of the rivergageshave an e ciency that can be consideredasreasonable
(0:55< E < 0:65). There are 97 stationswith an e ciency below O (very poor, not shavn
in gure 9), which represeits 15% of the rivergagesand is comparableto the large scale
study by Henriksenet al. (2003). This subsetincludesall of the rivergageswhich are
signi cantly a ected by dams.

The discharge error is closeto zero on average, but is more scattered for the small
basinsthan for the larger basins. The encapsulatedhistogram is certered on zero, which
is consistant with the results of the regressiont.

Figures 10 and 11 presen the spatial repartition of the e ciency and of the discharge
ratio, with the results at ead gageand their assaiated river network. As expected, the
results are quite good for the main rivers. Nonethelesssomeareashave poor results in
terms of e ciency: notably the Alps and the Northern portion of the domain. For the
Alps, this is mainly dueto the fact that this regionis usedto producehydropower, and the
natural river ows are perturbed by numerousdams. To a lesserextert, someof the water
is also usedfor irrigation or drinking water. Similar results were also found in previous
studiesin the Rhone and Garonne basins (Etchewers et al., 2001a,b,2002Habets et al.,
1999,Morel 2003). In the upper mourtains, there is relatively little water extraction, and

most of the water is simply storedin reserwirs for hydropower. This is not the casein the
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lower Durance,wherea signi cant part of the water is diverted for irrigation and drinking

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

dischargeis well estimatedwith an error belov 10%. Poor resultsin the two riversin the

northern part of Franceare due to the fact that a large aquifer which is closelyconnected
to the riversis not yet simulated by SIM. The discharge is underestimatedin one of the

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

results are quite homogeneousver all of France.

As the simulated period covers contrasting climates, it is of interest to look at the time
ewlution of the statistical results. In order to be able to comparethe statistics from
yearto year, it is essetial to have a homogeneouset of rivergagetime series. Therefore,
the rivergageswith more than 200days of obsenations available ead year were selected.
Moreover, in order to be able to aggregatethe results, another criteria was added: the
e ciency should be positive eat year. There are 140rivergagesthat t thesecriteria.
The correspnding results are preserted in gure 12 for 5 large basins, and on average
for all of France. The discharge ratio and the e ciency are shown, together with their
regressionts which give the overall tendency The statistical results vary from year to
year. In addition, they alsovary from onebasinto the next, but, there are somecommon
characteristics when looking at the e ciency: the best results are obtained in the year
2002-2003,while the worst are found in one of the 3 following years: 1995-962001-02
or 2004-05. The results are lesshomogeneousn terms of the discharge ratio. It tends
to decreaseduring the ertire time period for the Loire and Garonnebasins,leadingto a
reduction of the error on the Loire, and to an increaseon the Garonne. There is no clear

signal in the Rhone and Seinebasins. Over all of the France, there is a slight tendency
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for the discharge ratio decreasewith an underestimation around 8% at the end of the
period. In general,there is no clear relation betweenthe e ciency and the error in the
discharge of a given year. Howewer, it appearsthat the model obtains worst results in
terms of e ciency during the dryest years. This is clearly seenin gure 13 where the
obsened annual dischargeis shavn alongwith the resulting e ciency on the averagefor
eadt of the 5 basinsand for all the selectedstations. The di cult y with dry periods can
have se\eral explanations: i) the low o ws are sustainedby the various water tables, and
only a few of them are explicitly represeted in SIM ii) processesssaiated with dryness
or low soil moisture are perhapspoorly simulated by the SIM model, and iii) part of the
error is probably due to the human managemen of the river (not taken into accour by
SIM), sinceboth the e ect of the dams,and the pumping in riversor from the watertables
have more impact during the period of low ow. Howewer, gure 13 shaows that although
the results tend to improve when the obsened discharge increasesthe best results are

not obtained for the wettest year.

4.2. Comparisonwith obsened piezometrichead

Piezometricheadis thoroughly monitored in France,and numerousdata are available.
For the Seinebasin, the piezometric gageswere selectedin order to keep only the rep-
resermativ e ones,i.e., those that are not impacted by pumping, and those that are not
too closeto ariver. Thus, 43 obsenation sites were chosen,with data available for the
10 year study period. Sud a selectionwas more di cult in the Rhone basin because
the watertable is along the river: therefore only 8 gageswere retained. The location of
the selectedpiezometricgagesaswell asthe averagebias betweenthe simulation and the

obsenation of the piezometricheadare shovn in gure 14. There are somepoints where
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the absolute bias is above 10m, especially for the Rhone basin. Howewer there are 20
gagedor which the absolutebiasis lower than 2m. One sud gageis locatedin the Rhone
basin, and the other onesare spreadover the 3 aquifer layers of the Seinebasin. Figure
15 presens the comparisonbetweenobsened and the simulated piezometricheadfor the
4 gagesencircledin gure 14. The amplitude of variation of the Rhone aquifer at Genas
is rather weak, becausehe aquifer level is constrainedby the river. For the Seinebasin,
the annual amplitude varies from gageto gage. Howeer, for almost every gage,there is
an increaseof the piezometric head during the wet year 2000-2001and a clear decrease

in 2003-2004.Theseewlutions are well captured by the model.

4.3. Comparisonwith the obsened snov depth

The snav accunulation and melt are key componerts of the water and energybudgets.
The comparisonwith obsenedand simulated snov depthsis possibleat somemeteorologic
observingstations and at numerousmourtain sites. In orderto be sureof the quality of the
obsened data set, only the stations that obsened at least 30 days of non-zerosnowv depth
during the 10-year period are selected. Moreover, the comparisonbetween obsenations
and the simulation are made only if the altitude of the grid cell is closeto that of the
station (lessthan 150mdi erence). With this selectioncriteria, 505 stations with snowv
depth measuremets were selected. As the snav cover depends mostly on the altitude
in France, gure 16 preserts the daily comparisonbetweenobsened and simulated snow
depths for altitude bands. The number of station varies for ead level from 19 for the
upper level (above 2000m)to 179for the level 250-750m.Howe\er, the obsenations are
not available eat day at all stations, so that the number of stations usedto compute

the averagevaries from day to day (with a minimum of 2 stations). As expected, the
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snovpadk generally lasts longer and is deeper as the altitude increases. The snovpadk
haslarge interannual variations which vary at ead level. However, the plotted ewolution
is a ected by the number of gagesusedto compute the averagewhich vary ead day. In
order to be able to estimate the temporal ewlution of the snov padk, the snov depth
simulated by SIM on averagefor all the stations selectedfor eadh level is presentied in
the bottom left panel of gure 16. In this gure, the samenumber of points are used
eweryday, thusleadingto a real temporal ewlution. The bias and the squaredcorrelation
betweenobsenation and simulation aregivenin gure 16. The modelis ableto reproduce
the obsened ewlution of the snovpadk. The bias is rather low on average(around 3cm
up to 10cm at the highest level), ewven if the error can be large at times. The squared
correlation is low for the lowest level wherethe snovpad doesnot last long, and reades
0.7 at the highestlevel. Figure 17 preseits about the samedata set, but on an annual
basis. The annual ewlution of the snov pad is well estimated by the model, with the
squaredcorrelation which reathes0.9 for all levels exceptthe lowest one. Howeer, there
are systematicerrorsin the two highestlevels: an underestimationof the snov depth from
January to February for the level 1250m-2000mand, in cortrast an overestimation of the
snow depth from Septenber to January for the level above 2000m,and during the melting
period in May-June. It is di cult to estimate how sud systematicerror may a ect the
water budget and the simulation of the stream ows, since those results are a ected by
the availability of the obsenations. For instance,it can be seenon the lower right panel
that the maximum snow depth is simulated in February, whereasit appearsto bein early

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

The simulated annual water and energy budgets can be partially assessedising the
comparisonbetweenobsened and simulated discharges. For that, there is a focusonly on
the largestsubbasinsusingthe rivergageswith the longestobsenation periods. Figure 18
preseis the results for the 4 main basins(Rhone at Beaucaire,Seineat Paris, Garonne
at Tonneinsand Loire at Nantes). For these basins, the discharge error for the whole
period represets +63, +24, -15 and +50 m3=s, which correspndsto an averageerror in
mm=year of +26,+18,-10,+14, respectively (seeTable 1). The error for the Rhonebasin
is the largest. This is due in part to the large anthropogenicimpact, which consistsin
numerousdams and canalsin the Durance and Isereriver basins. For instance,in 2003
in the Durance subbasin,the total quartity of water derived to sustain human activities
(irrigation, drinking water, cooling of energyplants, ...) was 37m3=s, which represets
appraximately half of the error at Beaucairefor this single subbasin(data available on
the web site www.rhone-mediterrannee.eaufrance./telaargement/inde x.php). Howe\er,
it isdicult to estimatewhich part of this water is going bad to the river network.

A simpleestimation of the evaporation error at the basinscalecanbe madeby assuming
that all of the discharge error only results from evaporation. This implies se\eral stong
hypotheses:i) there is no error in the precipitation at the basin scale,ii) there is no error
in the obsenations of the river ow iii) there is no error in terms of the estimation of the
water storagein the soil, the snavpad, the aquifersand the rivers at the annual scale,
and iv) the water storagein the damsis not signi cant on a annual scale. Using this
estimated error, it is possibleto analysethe spatial and temporal ewlution of the water

and energybudgets.
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The annual evaporation is quite similar for the 4 bassinsranging from 573mm=year on
averagefor the Seinebasinto 634 mm=year on averagefor the Garonne,with an annual
amplitude of about 100nm=year (which is quite smooth over the 10-year period: table
1). On averageover the 10-year period, the estimated evaporation error represets about
4% of the annual ux. Howewer it varies from year to year, and can read 8% of the
annual evaporation and even 15%in the Rhonebasinin 2000-2001(table 1). The Rhone
basin is the only large basin for which the total runo is about the samemagnitude as
the evaporation (about 590nm=year). For the other basins,the total runo is about two
times lower than the evaporation. The ewlution of the annual runo is lesssmooth than
the annual evaporation and more closelyfollows the annual variation of the precipitation.

In terms of the energybudget, only the latent heat ux error can be estimated,and one
cannot determine how this error a ects the sensible,ground heat and the net radiation
uxes. Thus, the estimatedlatent heat ux error is preserned independerly of the other
energy budget terms. This error, expressedin W=m?, varies from 0:8W=m? in the
Garonnebasinto 1:7W=m? in the Rhonebasin. It is striking that the error estimatedon
the latent heat ux roughly accourts for 10% of the sensibleheat ux, and that they are
of the sameorder of magnitude in the Rhone basin in 2000-2001.Indeed, the averaged
annual sensibleheat ux rangesbetween15:3W=m? in the Rhonebasinto 19W=m? in the
Loire basin. Its annual ewlution can be rather smooth asin the Rhone basin (from 10
to 20 W=n?) or more pronouncedas in the Seinebasin (from 6 to 30 W=m?). The net
radiation is 10 % larger in the Garonnebasinthan in the Seineor Rhonebasins. But for
all of the basins,the annual ewlution of the net radiation is quite smooth, with a total

amplitude of 6%.
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Figure 19 shonvs maps of the Bowen ratio and the ratio of the evaporation to precipi-
tation. The two mapsshaw large cortrasts over France. The largest value of the Bowen
ratio are along the southern Alps (where the snawfall is signi cant, thus limiting the
evaporation, but wherethe incoming radiation uxes are large), alongthe Mediterranean
coast(including Corsica), and for two areasalongthe west coast. Half of the areaswhere
the Bowen ratio is above 0.75 correspnd to areaswhere the averageannual rainfall is
belov 650nm=year or wherethe net radiation is above 80W=m?. The residual is mostly
located in Corsica and along the eastern Mediterranean coast, and correspnds to the
regionswhere the precipitation can be intense. Here, relatively few rain evernts produce
large amourts of precipitation primarily during the fall season,and they produce large
proportion of runo, thereby reducingthe evaporation rate. This is alsothe reasonwhy
the evaporation in this Mediterraneanregion represets lessthan 75% of the precipita-
tion, even in areaswherethe precipitation is lower than 650 mm=year, asis the casefor
instancein the "Bouchesdu Rhone" site indicated in gure 19. In cortrast, the areain
the Viennedepartmen (cf ag onthe maps)hasboth alargevalue of the Bowenratio and
of the ratio of the evaporation to precipitation. The other areas,whereat least 75 % of
the precipitation evaporates, are located around the Seinebasin and the GaronneValley.
Sud resultsare consiste with thoseobtained by Roussetet al., (2004) and Voirin-Morel
(2003), respectively, for di erent time periods than examinedin the current study.

Figure 20 shaws the time ewlution of the soil wetnessindex for the 3 points indicated
in gure 19. In addition to the sitesin the Vienne and Boudhesdu Rhone departmerts,
onesite in the Creusedepartmern was selectedas being represetativ e of a weak Bowen

ratio and an average E=P ratio . The 10-year average value of the uxes for these
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3 sites are given in table 2. The soil wetnessindex is computed from the expression
SWI = (Wit  Wwilt)=(Wse  Wuwiit), Where wyy is the volumetric water content of the

simulated soil column, w; ¢ is the eld capacity, and wy; the wilting point. Thus, a value
of the soil wetnessindex above 1 indicatesthat there is no evaporative water stress,and a
value of O indicatesthat plant transpiration hasceased.At Creusesite the minimum value
of the SWI in summeris the highest (just belov 0.25in 2003and closeto 0.5in 1997),
which indicates a moderate water stressfor the vegetation. On the other hand, the water

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

4 yearsout of 10, and a minimal value belov 0.02 readed during the exceptionally hot

and dry summerof 2003. At the Vienne site, the summervalue of the SWI is around 0.17,
with a minimum value of 0.12in 2005after a dry winter. In winter time, the maximum

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

10in the Boudhesdu Rhonesite, and 2 yearsout of 10in the Vienne site. Sud a pattern

doesnot occur at the Creusesite.

The encapsulatedgraph in gure 20 represets the mean annual ewlution of the saill
moisture. The Creuseand Vienne sites have similar temporal ewlutions, with a drier
soil at Vienne (0.55 on average) compareto Creuse (0.75 on average). The temporal
ewlution of the SWI is sligthly shifted in the Bouchesdu Rhone site, with an increase
of the SWI starting early Septeniber due to signi cant precipitation, and the maximum
value is readhed in Novenber, with a 10-year averagevalue of 0.5.

Another interesting result which can be obtainedwith the SIM systemis the evaluation
of the total volume of the water that readhesthe Mediterranean sea,via the large rivers

but alsothe smallest. This is of interest since this componert of the water budget of
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the Mediterraneanseais not well-known. The simulated hydrographic network takesinto
accourt 80 riversthat ow to the Mediterranean Sea(30 are located in Corsica), and
only 30 of them have a basin larger than 250 km?. According to the simulation, 2287
m3=s owsto the Mediterraneanseaon averageewery year. 80% of this ow is from the
Rhoneriver, and 91%by the 10 largestMediterraneanrivers (2 beinglocatedin Corsica).
Most of those Mediterraneanrivers are located in mountainous regions, characterisedby
a signi cant snowv cover in winter, leadingto a smaller fraction of the precipitation that

evaporates (55% on average).

5. Conclusion

The hydrometeorologicalmodel SAFRAN-ISBA-MODCOU (SIM) was extendedto all
of Francein order to have a homogeneougstimation nationwide of the water resource.
The 10-year simulation was comparedwith daily river ow, piezometric head, and snov
depth obsenations. SIM obtained reasonableesults (e ciency above 0.55)for morethan
66 % of the 610rivergagessimulated, and rather good results (e ciency above 0.65) for
more than 36 % of them. It wasfound that worseresults were obtained during the driest
years,which is morelikely due to the fact that only few aquifersare simulated explicitly.

These comparisonsshowv that SIM is quite robust both in spaceand time, and gives
a good estimation of the water uxes. As the ISBA surfacesthemeis usedin weather
forecastand climate models, it isimportant to estimatethe quality of the simulated latent
heat ux. The comparisonwith the obsenedriver ow, assaiated with somehypotheses,
permits an estimation that the error is lessthan 4% on annual average.

Since2003,the SIM systemhas beenusedoperationally at Meteo-Fance: for ead D,

it performsan atmosphericanalysisand hydrological simulation of day D-1. It is the rst
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time that sud a systemis usedto monitor the water budget of Francein real time, and
especially, to estimatethe soil wetness. The soil wetnesscan be usedto estimatethe o od
risk, or to monitor the spatial and temporal ewlution of a drought. Sud information
is now part of the national hydrological bulletin of the French ervironnmert ministry
(www.eaufrance.fr),which is published monthly.

The SIM operational application is also usedto prescribe the initial condition for an
ensenble river ow forecastssystemover all of France. The 10-day ensenble precipita-
tion forecastare taken from the Eucopean Certre for Medium-RangeWeather Forecasts
(ECMWEF), and then disaggregatedn space.They are then employed asan input for the
ISBA-MODCOU hydrometeorologicalsystemto make 10-day forecastsof the river ows
(Roussetet al., 2006 Roussetet al., 2007).

As in the NLDAS and CALDAS projects (Mitc hell et al., 2004,Balsamoet al., 2006),
the operational hydrometeorologicalmodel SIM can also be usedto prescribe the initial
soil moisture conditions of a mesoscaleveather model. Some rst attempts have been
made with the Meso-NH mesoscalemodel (Donier et al., 2003) and sud an approad
could be generalisedn the near future.

It is plannedto increasethe period of time coveredby the SIM systemin orderto beable
to useit for climatological and statistical analyses. For instance, in the Seinebasin, 18
yearsof the SAFRAN analysiswere usedwith the ISBA-MODCOU hydrometeorological
model in studiesby Boe et al. (2006) and Boe et al. (2007)in order to disaggregatein
spaceand time the simulation of a climate model. It was also usedestimate the ability

of this climate model to reproducethe obsened presen day conditions.
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6. gures

Figure 1: The SIM hydrometeorologicaimodel consistsin of three independart modules:
the SAFRAN atmosphericalanalysis,the ISBA land surfacemodel, and the MODCOU
hydrogeologicalmodel

Figure 2. Topography and hydrographic network

Figure 3. Simulated aquifers(cells) and main aquifersasde ned in the BDRHF (Base
de Donneessur le Referertiel HydrogeologiqueFranais; http://sandre.eaufrance.fr) hydo-
geolaical database(dashed)

Figure 4. The main typesof vegetationfrom the eccclimap-francedata base

Figure 5. The 10-day ewlution of the NDVI for the main crop types

DRAFT June 20, 2007, 4:07pm DRAFT



684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

Figure 6: Mean annual precipitation in mm/y ear. The encapsulatedgraph presens the
annual precipitation for ead year on averageover the selectedbasin

Figure 7. Mean morthly precipitation averagedon the main basin

Figure 8: Daily obsened (black circle) and simulated (line) river ows at the outlet of
the four main rivers. The scalevay for ead gage. The title includesthe meanobsened
discharge on the period Qobs the dischargeratio Qsim=Qobsand the e ciency E.

Figure 9: E ciency (top), discharge error (middle), and index of agreemen (bottom)
for ea simulated rivergagesplotted versusthe upstream area of the rivergages. The
circlesrepresen the rivergages,and the line is the linear regression(x-axis is log). The
encapsulatedgraphsrepresen the histogramm of the statistical results.

Figure 10: Spatial represetation of the e ciency for eat rivergageand the correspnd-
ing river network.

Figure 11: Spatial represetation of the discharge ratio for eat rivergagesand the
correspnding river network.

Figure 12: Evolution of the e ciency (circles) and dischargeratio (squares)on average
on 5 large basinsand on averagefor all of France. Only the rivergageswith more than
200 days available ead year (and with positive valuesof the e ciency) were taken into
account. Their number is indicated on the plots

Figure 13: Relation betweenthe e ciency and the obsened discdharge on averageon
the selectedrivergagesof ead basin. The line correspnd to the linear regressionfor a
given basin

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

head simulated by SIM
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Figure 15: Evolution of the obsened (symbol) and simulated (line) piezometric head
for one given station over ead layer of the Seineand Rhone aquifers

Figure 16: Snav depth obsened (black dots) and simulated (crosses)verageon se\eral
gagesaccordingto their altitude (the averageis computedead day on the stations with
available data). The bottom right panel presens the ewlution of the simulated snov
depth on the selectedstations of the 4 levels (the samenumber of stations is used eah
day to compute the average). Levels 750-1250m: black thick line; 1250-2000gray line;
over 2000mthin bladk line. The squarecorrelation (R2) and the biasin cm (B) are given
in the subtitle

Figure 17: Sameas previous gure but on averageon an annual cycle

Figure 18: Water and energybudgets over the 4 main basins. The thick black line is
the total precipitation (Precip), and its thicknessrepreseis the snowfall. Evaporation
(Evap), total runo (Runo ) and latent heat ux (LEW) have an error bar that was
estimated accordingto the error between the obsened and simulated discharge. This
error is shovn in the energy budget pannel (bottom pannel) (Err) in order to compare
with the net radiation (RN) and the sensibleheat ux (H).

Figure 19: 10-year averagebowen ratio (H/LE) (left) and 10-year averageratio of the
evaporation to precipitation (right).

Figure 20: 10-day ewlution of the soil water index (SWI) on the 3 sitesplotted in gure

19. The encapsulatedgraph is the annual average

7. tables
table 1: Main characteristicsof the water budget of the 4 main basins: E: meanannual

evaporation, RO: meanannual total runo, Err: averagedl0yearsannual error computed
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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 river ow (in mm/y ear and in W=m?), Err/E:
percertage of the error compared to the mean annual evaporation, max Err: maximal annual error on the 10 yearsperiod,
estimated with the observed river o w, max Err/E: percertage 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(km?) 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 2000-20012003-2004 2004-20052000-2001
Err (W=m?) 1.7 15 -0.8 1.1
RN (W=m?) 63.0 61.8 68.7 64.5
H (W=nv) 15.3 16.4 18.4 19.1
LE (W=m?) 46.9 45.6 50.3 45.6

with the obsened river ow (in mm/y ear and in W=m?), Err/E: perceriage of the error

comparedto the meanannual evaporation, max Err: maximal annual error onthe 10years

period, estimated with the obsened river ow, max Err/E: percenage of this maximal

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

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

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 (sameas Evap, but expressedn W=m?), RN: Net radiation, E/P: ratio of the

evaporation over the precipitation, H/LE: Bowen ratio
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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 (sameas Evap, but expressedin W=m?), 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=n? | W=m? | W=nv
Vienne 637 507 34 40 76 [0.80] 0.88 |
Boudhesdu Rhone| 650 428 29 34 63 |0.65] 0.86 |
Creuse 1167 675 12 53 65 |0.58] 0.22 |

1) un peu de texte
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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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