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ABSTRACT

SIM-France is a large connected atmosphere/larfdcigroundwater modeling
system that simulates the water cycle throughoutrapelitan France. The work
presented in this study investigates the replacewfetihe river routing scheme in SIM-
France by a river network model called RAPID to ioye the capacity to relate
simulated flows to river gages and to provide stabbmputation of river/aquifer
exchanges. RAPID was coupled with SIM-France aveen-year period and results
compared with those of the previous river routimhesne. We found that while the
formulation of RAPID improved the functionality &IM-France, the flow simulations
are comparable in accuracy to those previouslyimdtaby SIM-France. Sub-basin
parameterization was found to improve model resul{ssingle criterion for quantifying
the quality of river flow simulations using severafer gages globally in a river network
is developed that normalizes the square error afatea flow to allow equal treatment of
all gaging stations regardless of the magnitudéosi. The use of this criterion as the
cost function for parameter estimation in RAPIDbai better results than by increasing

the degree of spatial variability in model parangete



INTRODUCTION

In the past two decades, several large scale riuging schemes have been used
along with land surface models for hydrologic maagl Among the most notable
applications of large scale river routing are TRNgo-Duc, et al. 2007;0ki and Sud
1998], the routing model of Lohmann et &lohmann, et a).1996; 1998a; 1998b; 1998c;
2004;Maurer, et al, 2001], that of Wetzel Wetzel 1994;Abdulla, et al, 1996;Nijssen,
et al, 1997] and that of Olivera et al. [2000]. Thes@rapches have been used along
with land surface parameterization schemes to tteuiver flow from runoff at the
regional, continental and the global scale. MODC[Edoux, et al.1989] is another
model with routing capabilities that differs froimet previously cited models in that it has
separate horizontal routing of water for land stefeand within the river system.
MODCOU simulates flows throughout Metropolitan Fean(mainland France and
Corsica) as part of the SIM-France modeling framéjHabets, et al.2008].

SIM-France is a large connected atmosphere, suafadegroundwater model (see
Figure 1) that involves coupling the national-sci®mospheric analysis system SAFRAN
[Durand, et al, 1993;Quintana-Segui, et al2008], with the ISBA land surface model
[Noilhan and Planton 1989; Boone, et a). 1999], and with the MODCOU
hydrogeological modelledoux, et al.1989]. ISBA computes the vertical water and
energy balance between the land surface and thesplmare. The improved physics of
the land surface parameterization of ISBA developeQuintana-Segui et al. [2009] are
used in this study. Surface runoff and deep-sindge are computed by ISBA and
transferred to MODCOU which computes the horizofital routing on the land surface,

in rivers and in aquifers. Aquifers in MODCOU aremdeled within the two main river



basins of France, the Seine and the Rhone, whgdther represent 30% of the land area
of France.

MODCOU handles the calculations of flow and voluafevater within the river
network of SIM-France. This river network is mageof grid cells divided into a quad-
tree pattern and the calculations of MODCOU are enfad groups of quad-tree cells.
Using groups of cells for calculations is advantagefor reducing computational costs
but it limits the modularity of MODCOU. In patrtilar, the location and number of
gaging stations are difficult to modify, and biatitional river/aquifer interactions on
groups of cells are unstable.

The work presented herein investigates the impdcteplacing the routing
module used in MODCOU by a river network model @lRAPID Pavid, et al, in
preparation]. RAPID uses a matrix-based versiothefMuskingum method to calculate
flow and volume of water for each reach of a rimetwork. RAPID was previously
applied to a GIS vector river network in David &t [ preparation], and the present
study shows how it can also be applied to a queelgridded river network.

In this paper, the original river routing of MODCQid well as that of RAPID are
briefly presented followed by a ten-year applicati¢1995-2005) of SIM-France

comparing the two river routing applications.



M ODELING FRAMEWORK

River modeling in SIM-France

The computational domain of SIM-France includesadliMetropolitan France,
including Corsica. Parts of Spain, Switzerlandyrzany and Belgium are also included
where their drainage area flows through Francehasvn in Figure 2. The total surface
area of the computational domain is 610,006.km

Surface routing and river routing in SIM-France dome by MODCOU l[edoux,
et al, 1989]. The surface and river networks of SIMAe® and their connectivity were
created using a routine called HydroDebeljlois and Sauquef000] and consist of
193,861 surface cells and 24,264 river cells, eaeh cell being a particular surface cell.
The surface area covered by the river cells is@5Jhf. The surface network uses a
guad-tree structure with cell sizes of 1 km, 2 Unkm and 8 km. The river network has
cell sizes of 1 km and 2 km. The smaller quad-telés are used at the conference of
branches of the river network for better repregemtaof the network connectivity and at
basin boundaries for more accurate basin surfaze ar

The connectivity between river cells is given byahle that provides for each
downstream river cell up to four upstream riveldelThere are no loops or divergences
in the river network of SIM-France. The connedyivbetween catchments and rivers is
given by a table that provides for each surfacé aeinique downstream cell where its
runoff enters the river.

For both surface and river routing, the calculaioh flow and volume of water
within MODCOU are carried out using groups of celsscomputing elements, therefore
minimizing the amount of calculations compared oonputing for all cells separately.
These groups of cells — or isochrone zones — asedban the notion of isochronism
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developed by Villeneuve and Leblanc [1978]. Anclsmne is a line representing a
constant time of travel to a reference point doveash. An isochrone zone is the area
between two successive isochrones. This zongissented by a set of cells which are a
single computational unit in MODCOU. Both the lasdrface isochrones and river
isochrones of MODCOU have three-hour time intervaleich means that the time of
travel between the upstream-most and the downstreash cell in a given isochrone
zone is approximately three hours. All the isodeof a given network are determined
using the travel time between connected cells wisckstimated based on topography

and on the geometry of the quad-tree mesh. Fdacicells and river cells, the travel
time ¢ ;between two consecutive cellsand jis calculated using the distance

d; ; between the two cells and the slope, as shown in Equation (1):

[.]. =q %= (1)

where a unique value & is calibrated for each major basin.

Figure 3 shows an example of the isochrone zondscannectivity between
surface cells and river cells in MODCOU for the Actie River Basin. Figure 3a) shows
the Ardéche River, its basin and three river gagégure 3b) shows the river isochrone
zones of the Ardéche River. Figure 3c) shows thitase isochrone zones corresponding
to the upstream-most river isochrone zone. Eacfam cell belongs to a surface
isochrone zone, but only the isochrone zones qaoreng to one river isochrone zone
are shown of Figure 3c) for clarity. The unitsdi$er isochrone zones are the number or
MODCOU 3-hour time steps to the outlet (here theditégranean). The quad-tree

structure of increasing resolution can be seeheabbundary of the basin in Figure 3c).



In MODCOU, the volume of watev °"that discharges across each isochrone line
in a computation time step is calculated diffengritir the surface network and for the
river network. For routing on the land surfacétla volume of watel available in the

isochrone zone is transferred to the downstreara,zishown in Equation (2):

Vs =y )

out ;

For routing in the river networky°"is proportional to the volume of water

V available within the isochrone zone as shown indgfqu (3):

VU= h/ 3)

where 61 [0,1]is manually calibrated and usually set constantldoge basins.

Equation (3) can be viewed as the linear resemgiration associated with a first-order
explicit development of the continuity equation.heTvariation of volume related to
lateral inflow and groundwater inflow of water asglded to the volumeé/ before
calculatingV®". In SIM-France,6 has four possible values: 0.5, 0.7, 0.8 and 0.9 as
shown in Figure 4.

Equation (3) is applied to isochrone zones. Hetioe,volume of water within
each isochrone zone needs be partitioned amosgutsal river cells before computation
of the river-aquifer exchanges. This interacti@pehds on the aquifer head, on the river
head — assumed constant — and on the volume of wmatke river cell when the river
infiltrates water into the aquifer. The partitingiof water volume among all cells of an

isochrone zone is done using a weighted averateedbtal amount of water.



This formulation has several inconsistencies, aaffjgcwhen the junction
between two streams lies in the interior of an hsone zone. This can have a
consequence in the river-aquifer interaction, s & the computation of the river flow.
Furthermore, using only one set of isochrones ahdzmsin can lead to two gages being
located in one isochrone zone, in which case the ftomputed by MODCOU has to
match the flow at two different gaging stations order to avoid such inconsistencies,
MODCOU uses a unigue set of isochrone zones fdr gage, such that each gage is the
downstream-most river cell in its isochrone zorkéherefore, several flow calculations
can be performed for a given cell, if the givenl &elongs to several isochrone zones,
which is inefficient and requires time consumin@gassing work in case of change of
number or locations or river gages. The work doeesin aims at simplifying the river

modeling done within SIM-France.
RAPID

RAPID [David, et al, in preparation] is a river network model thatsisematrix-
based version of the Muskingum routing scheme toutate discharge simultaneously
through a river network. RAPID was first applied the Guadalupe and San Antonio
River Basins in Texas using a vector-based rivéwoek extracted from a geographic
information system dataset called NHDPIWSEPA and USG&007]. The governing

equation used in RAPID is the following:

(I-coN)R(t +B €,Q(t) G, (MQf) Q%)) CQ(Y ()

wheretis time andDtis the river routing time step. The bolded notaii® used

for vectors and matrices. All matrices are squdres the identity matrix. N is the river

network connectivity matrix which has a value ofadn elementN, ; if reach j flows
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into reachi and zero elsewhereC,,C,and C,are parameter matrices which depend on
Muskingum k, x and time stepDt . Q(t)is a vector of outflows from river reaches,

andQ®(t)is a vector of lateral inflows to these reachesnfrand surface runoff or

groundwater inflow. The number of river quad-teadls — here 24,264 — is used for
dimension of all vectors and matrices, each eleréthe vectors corresponding to one
river cell.

Provided with a vector of lateral inflow®@°® (t) RAPID calculates the flow and
volume of water in all reaches of a river netwdHerefore allowing coupling of a river
network to most land surface models and groundwatetels. A different value for the
parameters k and x of the Muskingum method cansBeg@ed for each river quad-tree
cell, and RAPID uses two vectoks and x as input which are used to compute the values
of the matricesC,,C,and C,. However, before routing with RAPID, horizontalface
and subsurface routing is needed to transport fuinom a land surface cell to its
corresponding river cell. In the present studig surface and subsurface routing is done
by MODCOU and RAPID replaces only the river modglaf MODCOU.

The connectivity information that already existdwesen the river cells in the
SIM-France river network is used to create the ndtvweonnectivity matrixN needed by
RAPID and described in David et al. [in preparalion

RAPID uses an automated parameter estimation puoeesthich, given lateral
infow Q°everywhere in the river network, and gage measumnisra& some locations,
determines a best set of parameters based on gesguar cost function. As in David et

al. [in preparation], the search for optimal vestof parametersk and xis made by

determining two multiplying factorg, and /, such that:



- L.
" [L24264] k= fx C—g, x=1x 0 (5)

J

where jis the index of a quad-tree river cek;and x;are its Muskingum
parameters], is the flow distance within a river cell ard =1kmxh* =0.28m %' is a
reference celerity for the flow wave. In this stuthe size of the side of each quad-tree
river cell was used as an approximation of its fiatance. The value of, is bounded

by the interval[l,5]since the Muskingum method is stable only for [0.1,0.5], as
shown in Cunge [1969]. The two scalafgand / are determined such that the
corresponding vector& and x minimize the value of an optimization criteria, @vst
function. At the end of the optimization proceduree couple(/k/ X) is determined for

a given part of the network. The values Qfand /, can be determined for the entire

study domain, or for sub-basins. If a sub-basitocsited downstream of another sub-
basin, observations at a gaging station are uspdbtade the upstream flow. Therefore,
the delineation of sub-basins has to be consistéit the location of available gage
measurements.

The optimization procedure uses a line-search ilgorcalled the Nelder-Mead
method Nelder and Mead1965] to determine the two scalafsand /.

The use of RAPID within SIM-France allows for floand volume calculation at
each river cell, the river-aquifer interactions a@emputed more properly, and RAPID

allows for the ready inclusion of additional rivgages to be used for calibration.

1C



APPLICATION OF RAPID IN FRANCE

Optimization of RAPID parameters

In order to simplify the optimization procedure andensure its repeatability, the
parameter estimation of RAPID was run uncouplednfr8IM-France. Lateral and
groundwater inflow to the river network were obtinfrom a simulation using the
standard version of SIM-France (without RAPID). ilpajage measurements from the
French HYDRO databas&SCHAP] 2008] were used for the parameter estimation as
well as for comparison with daily-averaged flowatdhtions .

The period of interest of the present study is Aagif 1995 to July 3% 2005.
However, the parameter estimation was performedguve months of the first winter
(November ¥ 1995 to March 3%1996). As part of the first year (1995-1996) wasd
for calibration, separate statistical results amesented for 1995-1996 and 1995-2005.
RAPID is run using a 15-minute time step and foreeth 3-hourly lateral inflow
volumes; daily averages of computed discharge angpared with daily observations at
gage locations. There are 907 stations withinritver network of SIM-France but only
495 of these have daily measurements every dapglthie first year (August™1995 to
July 3F' 1996). Amongst the 495 available stations, thst 289 were kept. The
criterion used for the selection of the 289 beatia@ts is a Nash efficiencyNpsh and
Sutcliffe 1970] better than 0.5 in the existing SIM-Franoadel (without RAPID). This
selection excludes the gages that are affectedrdihdams or by water diversions, and
thus avoiding unrealistic model parameters duentbrapogenic modification of the river
flow. Therefore, the proposed routing scheme tgriped at locations were the previous

routing scheme already performed well.
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The optimization is first performed on all rivers the domain, therefore
obtaining unique values of, and / for all 24,264 river quad-tree cells. However,tsuc
an optimization does not capture the variabilitywsen river basins and within sub-
basins, due to the various slopes or soil typesrdthre, the optimization procedure was
also run independently within the seven main rivasins of France shown in Figure 5
and within the twenty sub-basins shown in Figure 6.

In order to limit the effect of the initial staté the system at the beginning of the
optimization procedure, the initial flows on 01 Monber 1995 were estimated using a
simple run of RAPID. This estimation was obtairtecbugh running the routing model
from 01 August to 31 October 1995 with uniform \eduof /, and /, over the study
domain and initial flowsl m?®/sfor all river cells on 01 August 1995.

The result of a parameter estimation procedure somas depends on the initial

guess for the parameters. Therefore, three diffesets of initial guesses far and /,
were used{/,/ ,)=(2,9), (// ,)=(4,1 or (/,/ ,)=(L1). The numerical values of
these three sets have no particular meaning arve serstart the optimization with a
different initial value fork and x. Each set of initial guesses leads to slightffedent
results for the optimal,and /,. Out of the three sets of optima)and /, that are
determined for each sub-basin, only the best i$. k€pis selection is based on the set of
parameters that leads to the smallest value adplienization cost function.

Once the optimization procedure was completed, Bibtice and RAPID were
coupled and run over a 10-year period, from Audi®85 to July 2005. In order to
compare the overall performance of both routing el®an the river network, the Nash
efficiency and the root mean square error (RMSE)ewalculated for each of the 289
gaging stations. These criteria are sorted andpeosons between the computations of

SIM-France and those of SIM-RAPID are shown in Fégl. The two graphs in Figure 7
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do not allow comparing both models at each gagiation since the criteria are sorted,
but they depict the overall relative performanceboth models. The Nash efficiencies
obtained by the original version of SIM-France higher (an average of 0.04 higher)
than those obtained after the addition of RAPID #r@dRMSEs are very similar.

In its original formulation, the criterion used the optimization of RAPID is

based on a square error cost functfgn This function is the sum of the square errors
between daily measurement®? (t)and daily-averagedQ (t)flow computations for

several river gaging statianand for everyday of a given period of tifig t,], as shown

in Equation (6).

fl(k,X) :t:tf =8 M (6)

t=t, i=1 f

where the summation is made daily and at riveisagith active gaging stations
only. t, andt, are respectively the first day and last day usedHe calculation off;.

i1 [1,289]is the index for gaging stations. The model patameectorsk and x are

kept constant within the temporal interva),t;], and the cost function is calculated

several times with different sets of parametersnduthe optimization proceduref is a

scalar that allowg, to be of the order of magnitude of*Mhich is helpful for automated
optimization procedures. It is found that the sdmaetional error for two stations with
different orders of magnitude for river flow inflnees the cost function differently. A
small fractional error on a gaging station withaage flow penalizes the cost function
more than the same fractional error on a gagingostavith small flow. The Nash
efficiency Eis highly influenced by the difference between thedel computation and

the mean average flow, as shown in Equation (7):
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E=L : )
Q°(1)- (Q°)

t=t,

where <Q,g> is the average flow observed at the gaging statmrer a long the
interval [t,,t,]. Therefore, the use @i penalizes the Nash efficiency. In order to avoid

that the order of magnitude of flow at each gagitagion influences their weight in the

cost function, a new cost functiojis created, as shown in Equation (8).

t=t; j=289 @(t)- Qg(t) 2

g (8)
e (QF)

f,(k.x)=

The new cost functioif, results in the improvements shown in Figure 8 wliieee

Nash efficiencies obtained with RAPID are much kigthan with/,. Overall, the Nash

efficiencies and the RMSEs in SIM-RAPID are compérao those obtained with the
routing scheme of the original SIM-France. Therefahe choice of the cost function is
crucial to determining a set of optimal parameters.

In order to estimate the effect of more spatialialality in the parameters of
RAPID, the parameter estimation was done on diffebasins and sub-basins. Figure 9
shows the sorted Nash efficiencies and RMSEs dafdawith three degrees of spatial
variability using f,as the cost function. These spatial variabiliiieslude “France”
which has uniform parameters over the whole donfdiasins” for the 7 river basins of
Figure 5 (Adour, Garonne, Loire, Seine, Meuse, Rhand Hérault) and “sub-basins”
where the major river basins have been divided 2@tcub-basins as shown in Figure 6.
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The increase in spatial variability of parametergrioves both the efficiency and the
RMSE, but the improvement is limited compared @t thiggered by a change in the cost
function. The values of parametek§ and x" obtained with the parameter estimation
procedure using the second cost function are showrable 1. The number of gaging
stations in a basin can be divided by the numbeiver cells in the basin to calculate an
observability ratioO, as done in Table 1. This ratio ranges frGms 220n the Ardéche
River to O =1307downstream of the Seine River, showing a wide spreadensity of
observations. The Seine River, of great interegshé French community, has a higher
resolution and therefore more river cells in SIMufice than any other basin — all the
river cells are of size 1 km — which explains theér observability ratio.

Figure 10 shows a spatial comparison of resultsaiobt over France.
Improvements and degradations of statistical resh#tween SIM-France and SIM-
RAPID have no particular spatial patterns. The EVEd Nash efficiency were also
computed for a ten-year simulation and are showRignre 11. Overall, the discharge
simulated by SIM-France and SIM-RAPID are similarRMSE and Nash efficiency.
This similarity can be explained by the strong dejence of discharge calculations on
the lateral inflow forcing which is the same fortlveiver routing schemes. Furthermore,
the routing equations used in SIM and SIM-RAPID eoenparable (the linear reservoir
equation in SIM-FRANCE is a simplified Muskingum uggion, given x=0). The
addition of RAPID to SIM-France can be regardedaasimprovement since RAPID
provides with flow and volume of water in all thells of the river network and provides
flexibility in the number and location of river gag which was not the case in the

original version of SIM-France.
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Treatment of dams

RAPID does not have a specific physical model featment of dams. However,
the model is designed such that observations ahgagations can easily be substituted
for upstream flow. This capability is useful fogaging station located at the outlet of a
dam because the flows discharging from man-madeastifictures reflect human
decisions. In France, the quality of flow calcidas of the Rhone River (at Beaucaire) is
influenced by the dam at the outlet of Lake Genevaigure 12 demonstrates the
influence of forcing with observations at Pougnywtistream of the dam) on the
calculation of flow at the outlet of the Rhéne Ri®asin. The gaging station a Pougny
is the outlet of the “Rhéne upstream” basin in Fég6. The first year (Augusf'11995 —
July 37" 1996) was used and RAPID was run uncoupled fronDI@OU. Forcing with
observations at Lake Geneva increases the Naslidiify from 0.56 to 0.73 at

Beaucaire, the outlet of the Rhéne basin.

Improvement of the river-aquifer interaction within SIM-RAPID

As discussed previously, the use of isochrone zon@sn the river network in
SIM-France causes inconsistencies in the calculaifahe volume of water at the river
cell level. Equation (9) shows how river/aquifaeteractions are computed in SIM-

FRANCE prior to coupling with RAPID.

if Hj-H,>0 QM =TP{H, - H,)

if Hj-H,<0 Q™ =- max TD<( H, - Hj) amn ©)

where Qis the volume of water flowing into a given rivaxagl-tree cellj from

its corresponding aquiferH; is the height of water in the aquifer, ahtj is the water

height in the river reach (considered constafipis the streambed conductanc®™ is
16



a minimal flow allowing aquifer recharge, and wast 40 a constant value of
Q™" =0.01xn7 /<. H, is computed by MODCOU andH,is set based on the digital
elevation model (DEM). However, the spatial resoh of DEMs is not usually good
enough to provide such information (a depressiothefDEM in a neighbor cell could
lead to drainage of the aquifer), and thus, sonmeections are needed. One of the
limitations of the formulation in Equation (9) isat the amount of water that can drain
from the river cell to the aquifer is not limite¢y the quantity of water available in the
river cell.

The coupling of SIM with RAPID allows for a fineomputation of water volume
in river cells, therefore the computation of biatditional exchanges of water between

river and aquifer is improved. The modificationphgd to river-aquifer interaction is

given by Equation (10):

if Hj-H,>0 Q™ =TPY{H -H,)
if H,-H;<0
TP H, -H,) >q™  @'=- g™ (10)
TP H, -H)<Q™  Q@“=-q"
imPoH, -H,)T Q™. Q™ QF=-TR( H - H)
where Qis the flow rate corresponding to the drainage Ibfvater available
within the river reach. This new formulation difefrom Equation (9) because it enables
to limit the quantity of water that drains fromiaer cell to the aquifer by the amount of
water available in the given cell.
In the Rhone and Seine River Basins, river-aquifearactions most often deliver

flow from the aquifer to the river network. Hendke effect of enabling bi-directional
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exchanges has little effect in the present studgwever, in some basins, water quality
and water quantity issues related to bi-directionar-aquifer interactions are important.

Such is the case, for instance, in the Upper RAmefer [Eikenberg, et a].2001].
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CONCLUSIONS

The river routing in SIM-France is done by MODCOUWigh uses groups of cells
called isochrone zones for its computations andsdua directly compute flow and
volume of water for each cell of its quad-tree rigetwork. The use of isochrones limits
the flexibility in the number and location of rivggages and generates unstable bi-
directional exchanges between rivers and aquif@ise work in this paper presents the
replacement of the river routing module in MODCOWthe river network model called
RAPID. Information on the network connectivity Wween the quad-tree river cells of
SIM-France is readily available in tables that teelapstream and downstream cells.
These tables can be used directly to create theonletmatrix of RAPID. A ten-year
study of river flow in Metropolitan France is presaed comparing RAPID and the
routing module of MODCOU. An automated procedwredetermining optimal model
parameters is available in RAPID and various ogtidor the estimation of the
parameters are investigated. Sub-basin optimizéticreases model performance but its
influence is much smaller than the choice of thet danction. A cost function was
developed that normalizes the square-error betwbeervations at each river gage and
RAPID computations by the average flow at the gadéis cost function is found to
globally improve the Nash efficiency of computeoWlin all gages. We suggest that this
is due to the average flow having an influencetendomputation of the Nash efficiency.
Therefore, the use of an appropriate criteriongfeantifying the quality of river flow as
the cost function for the optimization procedurelpbethe betterment of model
computations. Overall, the computation obtainedhwibe addition of RAPID are
comparable to those of the original river routingdule in SIM-France. We consider the

addition of RAPID as an improvement since flow ammlume of water is directly

19



computed for each cell of the quad-tree river netwo The formulation of RAPID
allows for easily substituting observed flows foe tupstream calculated flow, which is
advantageous when considering a man-made infrasteuas was shown for the Rhéne

River.
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Table 1

Results of optimization procedure usingftheost function
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Figure 1 Structure of SIM-France, from Habets ef2408]
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Figure 5 Seven major river basins in SIM-France
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Figure 6 Twenty sub-basins treated independentiyngwptimization of RAPID
parameters
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Figure 7 Comparison of sorted RMSE and Nash effaes for the year 1995-1996
between SIM-France and RAPID using with parameibtained with the
original cost functiori 1
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Figure 8 Comparison between RMSE and Nash effigsrfor the year 1995-1996
between SIM-France and RAPID using with parameibtained with the
new cost functiorf »
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Figure 9 Effect of sub-basin optimization for paedens on RAPID, RMSE and Nash
efficiency for the year 1995-1996 using with paréeneobtained with the
new cost functiorf »
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Figure 10  Spatial comparison of results obtainest #vance with SIM-France and
SIM-RAPID for the year 1995-1996 with parametertagied using the new

cost functiorf »

36



Figure 11  Comparison between RMSE and Nash effia@srfor over ten years (1995-
2005) between SIM-France and SIM-RAPID with pararsbbtained

using the new cost functidn
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Figure 12  Comparison of SIM-RAPID discharge caltialaat the outlet of the Rhéne
River (at Beaucaire) with and without forcing a¢ thutlet of Lake Geneva
(at Pougny).
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