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Abstract. The hydrometeorological model SAFRAN-ISBA- 1 Introduction

MODCOU (SIM) computes water and energy budgets on the

land surface and riverflows and the level of several aquiferd~ew distributed models are able to simulate the main land
at the scale of France. SIM is composed of a meteorologicasurface processes at the scale of a country like Fraten-(
analysis system (SAFRAN), a land surface model (ISBA), riksen et al. 2003 Mitchell and Coauthors2004. At this

and a hydrogeological model (MODCOU). In this study, an scale, many difficulties arise, which are mainly related to
exponential profile of hydraulic conductivity at saturation scale and parameterization. The SIM, model, which is used
is introduced to the model and its impact analysed. It isoperationally at Mto-France, for example, to monitor the
also studied how calibration modifies the performance of thesoil wetness index for the whole countrys the result of the
model. A very simple method of calibration is implemented coupling of the ISBA Noilhan and Planton1989 Boone

and applied to the parameters of hydraulic conductivity andet al, 1999 land surface scheme with the hydrogeological
subgrid runoff. The study shows that a better description ofmodel MODCOU [edoux et al.1989. The resulting model
the hydraulic conductivity of the soil is important to simulate is forced by the analysis produced by SAFRANufand
more realistic discharges. It also shows that the calibrateet al, 1993 Quintana-Sedtet al, 2009.

model is more robust than the original SIM. In fact, the cal- Initially, ISBA was coupled to MODCOU with the aim
ibration mainly affects the processes related to the dynamicso validate the land surface scheme for long periods of time
of the flow (drainage and runoff), and the rest of relevantand extended surfaces. The resulting model, called SIM,
processes (like evaporation) remain stable. It is also provemecame a full featured hydrometeorological suite extended
that it is only worth introducing the new empirical parame- to the whole country. The coupling of ISBA and MOD-
terization of hydraulic conductivity if it is accompanied by a COU showed that there was room for improvement, there-
calibration of its parameters, otherwise the simulations carfore new parameterizations were implemented to the land
be degraded. In conclusion, it is shown that the new paramsurface scheme with the aim of better describing processes
eterization is necessary to obtain good simulations. Calibrarelated to hydrology. One of the consequences of these im-
tion is a tool that must be used to improve the performanceprovements was the introduction of new parameters to the
of distributed models like SIM that have some empirical pa- model, which made its calibration more difficult. This is a
rameters. difficult issue, because it is not always possible to use ob-
servations to assign the values of the parameters for such a
distributed model. One way to overcome this limitation, is
to use calibration. However, to avoid the problems related to
overparameterization, it is important to keep the number of
calibrated parameters to a minimum and to adopt a rigorous
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and objective parameterization procedufmdersen et al.  SIM is implemented using the three layered force-restore

2001, Refsgaard1997). version Boone et al. 1999 with the 3-layer snow scheme
The objectives of this study are, 1) to review the modi- of Boone and Etchevef2001).

fications introduced to ISBA to improve its performance in  In the three layered version of ISBA, the evolution of the

the context of hydrology, 2) to improve the description of the soil water content for each layer (omitting phase changes)

dynamics of water in the soil, by introducing a better parame-follows these equations:

terization of hydraulic conductivity, 3) to calibrate the model

and analyse the impact of this calibration on the pen‘ormanceﬂ = ! (I—-E;)— D 1)
of the model, mainly using observed riverflows. aat pwldl
w2
— = l1-E,—E,)—K,—D 2
Py ,owdz( ¢ — Ev) — K2 — D2 (2
2 Model description w3 do
— = K D7) — K 3
Py ds—dz( 2+ D2) — K3 ()

A detailed description and validation of the SIM suite can be
found atHabets et al(2008, therefore, only its main features where w; are the volumetric soil water contents for each

will be described in this paper. layer,d; are the soil depths,, is the water density] is the
infiltration (defined as the difference between precipitation
2.1 Atmospheric forcing and surface runoff)E, is the evaporation over bare ground,

) ] E,, is the transpiration of the vegetatioD; is the diffusion
SAFRAN (Durand et al. 1993 Quintana-Sedet al, 2008 petween each layer and, finallg, is the drainage between

is the first element of the SIM suite. It is used t0 pro- each layer. The evolution of these two last variables is de-
duce the analysis of near surface atmospheric parameters gtriped by the following equations:

a resolution of 8 km. As input, SAFRAN uses observations

frqrr} the automatic, synoptic and climatological network; of g =%@max[0, (wa — we)] 4)
Méteo-France and a first guess from a large scale operational T dp

weather prediction model. Within SIM, this first guess usu- ,  C3  d3 0 5
ally comes from the ArpgeQourtier et al. 1991) model, of T -y max0, (ws = wye)l ©)
Méteo-France, or from the archives of the European Centre Co

for Medium-Range Weather Forecasts (ECMWF), which is 1 =7(wl — Weq) (6)
the case in this study. The analysis is made using optimal Cy

interpolation for most of the parameters. This includes, tem-D2 =— (w2 — w3) )

perature and humidity (at two meters), precipitation and wind i . ) )

speed among others. For incoming solar radiation and down?herez is a time constanty s is the soil water content at
ward infrared radiation, SAFRAN uses a radiative transfer/1€ld capacity and,, is the soil water content at the equilib-
scheme Ritter and Geleyn1992. The analyses are per- um between capillarity and gravity.

formed over climatically homogeneous zones, which are ar- 11€ parameter€y, C, Cs, C4 are the force-restore coef-
eas of irregular shape covering a surface usually smaller thaf{cients. C1 is related to the exchanges with the atmosphere,
1000 kn? and where the horizontal climatic gradients (spe- €2 @nd C4 to diffusion andCs to drainage. These, and the
cially for precipitation) are weak. SAFRAN estimates one hydrological parameters of the soil (soil water contents at
value of each parameter for each zone at several altitude leyhe wilting p0|nt_(wwi|t), fle_zld_capauty ) and saturation
els. Within the zone, analysed parameters depend only of{sal), are obtained a priori from the textural properties of
elevation and aspect. However, the zones are not isolated!® SOil using empirical relationshipSiapp and Hornberger
observations from the neighboring zones are used if necest?78 Noilhan and Mahfouf1996 Boone et al.1999. The

sary. A more detailed description of SAFRAN can be found theoretical equations of the; parameters depend, among

in Quintana-Segtet al.(2008. other variables, on hydraulic conductivity at saturattgg.
(ms1), which depends on textural properties of the soil. Hy-
2.2 The ISBA land surface scheme draulic conductivity is expressed as:
. . . .\ —28+3
ISBA (Interactions Sol Biosp#re Atmospére) (Noilhanand ¢,y — kgne. (ﬂ) @)
Planton 1989 Boone et al. 1999 is a soil-vegetation- sat

atmosphere transfer (SVAT) scheme. It is used to simuIathhereﬁ is the slope of the water retention curve.

the exchanges in heat, mass and momentum between the con-

tinental surface (including vegetation and snow) and the at2 3 The MODCOU hydrogeological model

mosphere. There are several versions of ISBA, ranging from

atwo layer force-restore methodéardorff 1977,toamore  The hydrogeological model MODCOU calculates the tem-
detailed diffusion versiorBoone 200Q Habets et a].2003. poral and spatial evolution of the aquifer at several layers,
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using the diffusivity equationLiedoux et al.1989. Thenit  of runoff was introduced byHabets et al(1999 follow-
calculates the interaction between the aquifer and the riveing the approach of the Variable Infiltration Capacity (VIC)
and finally it routes the surface water to the rivers and withinscheme, described MWood et al.(1992 and Dumenil and
the river using an isochronistic algorithm. It calculates river Todini (1992 and inspired from the Nanjing modeftiag
discharge with a time step of three hours. The time step used992.
to calculate the evolution within the aquifer is 1 day. In the In this scheme, the fraction of the grid cell that is saturated
version of SIM used in this study, the aquifers are only cal-is a function of some soil parameters, the soil water content
culated in two basins: The Seine (3 layers) and thérRi(1  of the root zone ;) and a new parameter, callédwhich
layer) basins. represents the shape of the heterogeneity distribution of ef-
fective soil moisture capacity. To avoid too much runoff pro-
o duction in summer for dry soils, a threshold (wilting point)
3 The present state of the parameterizations of ISBA |, 5s introduced under which runoff is not produced.
related to hydrology In this empirical approach, the main difficulty is to set the

ISBA was originally desianed as a simple phvsical model tOvalue of the shape parameter, as it cannot be obtained a pri-
ginatly 9 p'e pny ari. This parameter could be related to subgrid topography,

represent the continental surface in atmospheric models. Thgoil texture and vegetation typBigmenil and Todini1992
need to validate the model over large surfaces and long peri\'Narrach et al 2003 Decharrﬁ)e and DouviIlQOO?r)] but in

ods of time, led to the coupling of the surface scheme Withfact this dependency, if it exists, is not well understood and
the hydrogeological model MODCOW@bets 1998. How- h ' f P =ncy, ' i '
ever, the first applications of the coupled system showed th tt erefore,b remains a_parameter to be ca |brate(_ie(and

’ uan, 2006. In SIM, this parameter was set to a fixed value

itwas necessary to modify ISBA to better represent processe@:o.S) for almost all the cells. For sandy soils, it was set to

relevant to hydrology. In the next sections, three parameteri-be verv small
zations introduced to ISBA in the past are described and their y '

impact to model calibration is commented. 3.3 Subgrid drainage to implicitely take into account unre-

3.1 Deep soil layer to take into account the slow hydrolog- solved shallow water table

ical component In the initial force-restore framework, drainage is produced

when soil wetness is restored to field capacity (). There-

The initial version of ISBA divided the soil in two layers: a ; hen th i q h del d q
thin superficial layer, which acted as a reservoir for evapo- ore, when the soil Is unda s, the mo el does not produce
In those places where it is known to be an

ration from the soil surface, and a single subsurface layer gy drainage.

model the mean water content for the root and the subroof’Iquncer which is not simulated by MODCOU, SIM underes-

zones.Boone et al(1999 divided the subsurface layer in a timates the stream flows in summer, because, during this pe-

plant root-extration layer and a subroot layer. The new IayEIrlod of time, the contributions from the aquifer are the main

would dampen the amplitude of drainage pulses and increasg”Urce of water for the stream. To solve this probletabets

the time lag between infiltration and drainage, making the&t al.(19993 introduced a parameterization which allows the

base flow time series more realistic. A new parameter Wasexistence of a residual drainage under field capacity. This
introduced: the root depthi), which was added in addition residual drainage compensates the lack of contribution from

to the total soil depthds). The values off; anddz were set as the aquiter. L . .
function of the vegetation type and tested in one-dimensional The parameterization, modifies the equations of ISBA for
and two-dimensional setups. In genethalwas set to b%ds the drainage K). It introduces a new parameterdsain)

(Habets et al.19998). which needs to be calibrated in order to sustain a predefined
discharge, for example, the driest observed deglg) (Ca-
3.2 Subgrid runoff scheme to simulate fast riverflow ballero et al.2007 Habets et a).2008.

This parameterization is able to improve the simulation
ISBA simulates surface runoff through the saturation ex-of river discharge but, at the same time, presents two prob-
cess mechanism (also known as Dune mechanism), therdems. First, water that should be taken from an underground
fore, runoff is only produced when precipitation occurs over aquifer, is artificially taken from the soil reservoir. Second,
a saturated soil. This is a problem at the scale considereshen the parameterization is active, the simulation of low
in SIM, because, in reality, the scale of variability of runoff flow is influenced bywqrain, Which is calibrated, as a con-
production is smaller than the typical size of the grid cell sequence, the model’s ability to detect the impact of climate
(64 kn? in our case). The consequence is that, when ISBAchange on low flows is slightly reduced in those places where
is run at these low resolutions, the soil almost never saturatethe parameterization is active.
and, therefore, there is no runoff production, even though, in  There are two ways of improving the previous problems.
reality, a fraction of the cell is saturated and does produceThe first one would be to extend the number of simulated
surface runoff. To solve this problem, a subgrid variability aquifers with MODCOU. This could be done in 2-D or even
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Gardon at St-Jean (2002/2003) how SIM tends to produce a second peak of discharge just
— after the main events: drainage attains the river network too
=g E FooeASn slowly. This shows that a better description of the processes

in the soil, might help to produce a more realistic drainage
and runoff, which, in turn, would help to produce more real-

o
€ istic discharges. In fact, preliminary sensitivity tests showed
EO that modifications on th&€'s parameter, directly related to
S drainage, can lead to improvements on the simulation of river
discharge. Nevertheless, the preliminary tests showed that
& the simple modification of this parameter is not enough, as it

does not allow to improve, at the same time, peak discharge

and low flow.
sep nov jan C3 depends on hydraulic conductivity at saturatidgsg.
La Garonne a Lamagistere (2002/2003) In ISBA, ksat depends only on soil texture (through the em-
pirical equations o€lapp and Hornberget978. As texture
o RereRencE is constant with depth, ISBA does not consider the changes in

o B— FDcB-BASIN
—

hydraulic conductivity produced by structural causes, for ex-
ample, the presence of macropores (which are produced by
such agents as plant roots, soil cracks, or soil faxmang
et al, 1998. Therefore, the lack of representation of the
structure of the soil, leads toka,: that does not depend on
depth and, therefore, to a non adequ@se

To solve this problemDecharme et al2006 introduced
an exponential profile of hydraulic conductivity to a version

of ISBA which used the TOPMODEL approach for runoff

nov jan mar (following the work of Montaldo and Albertson2001 and
Date Chen and Kumar200]) and applied it to the Rine basin
at different resolutions, showing promising results. In this
study, this same parameterization was introduced to the SIM
suite and, therefore, extended to the whole of France. As the

Fig. 1. Daily discharge simulated by two different versions of the

SIM model on two basins for a selected period of the 2002/2003 hy etails of the parameterizations can be found@tharme
drological year. The two selected basins are the Gardon at St- Jealgi1 P

a small (268 krA) Mediterranean basin, and the Garonne at Lamag- etal.(2006, here only its main characteristics will be shown.
istere, a big (32526kR) basin from the south west of France. The ~ Figure2 explains the modified hydraulic conductivity in
three lines of each plot correspond to the observations, the referenca@n Schematic way. In this formulation, hydraulic conductiv-
model, which does not include the exponential profile of saturatedity at saturationXsay depends on depth;

hydraulic conductivity, and FDcB-BASIN, which includes de expo- fe—do)

nential profile and was calibrated. ksa(z) = ksage /7% 9

where ksai. IS the compacted value of saturated hydraulic
conductivity, which corresponds to the value used in
Eq. @), f is a shape factor and. is the compacted depth
(ksaf(d.)=ksar). The compacted depth is the depth at which
the macropores of the soil disappear and the soil becomes
compacted. The equation for hydraulic conductivity (BQ.

is replaced by

3-D for multi layer aquifers. The other possible solution
would consist on introducing a 1-D representation of the
aquifer, with, for example, a new reservoir, which would play
the role of the non resolved aquifdfgnicia et al. 20086.
Both solutions are out of the scope of this work, neverthe-.
less, this problem should be tackled in the future.

2843
w ) (10)

sat

k(wi, z) = ksaf(z) <
4 Introducing a parameterization for hydraulic conduc-
tivity in ISBA The introduction of this parameterization involves a recal-
culation of the force-restore parameters found in Bg7),
Even though some parameterizations were introduced intavhich can be analytically calculated from the old values and
ISBA to improve its performance in the context of hydrol- the parameterg andd.. The C3 parameter, which charac-
ogy, at the present state, the discharges simulated by SINerizes the rate at which the water profile is restored to the
present some problems, which might be due to the poor defield capacity, becomes different for the root zone layer and
scription of the dynamics of water in the soil. Figurehows  the deep layer@s becomes’3, andCs3 respectively).

Hydrol. Earth Syst. Sci., 13, 16381, 2009 www.hydrol-earth-syst-sci.net/13/163/2009/
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An important consequence of using this parameterization,
is that it introduces two new parameters, which cannot be ISBA
obtained from primary ones. Unfortunately, it is difficult to
define the physically meaningful range pfandd,. For ex-

ample,Chen and Kuma(2001) used a homogeneous value Surface

runoff

167

sat,c sat

of f of 1.8m™1 all over the USANiu and Yang(2003 and
Decharme et al(2006 used a default of 2 mt, but during

root zone d

.
-

root zone

sensitivity tests, they led the parameter to be in the ranges 2y
1-8m~1 and 1-3m~1 respectively. Fod. it is easier. The d,
hypothesis is that the changes in soil structure are due to the #

deep soil

deep soil

presence of organic mater, as roots, which create preferentia

paths and macropores. Therefore, the compacted depth coul Drainage

v /

be somewhere not far from the root depth. After sensitivity
testsDecharme et a[2006 found that the best values of the
parameters for the $ae basin (a sub-basin situated on the
north part of the Réine basin) werg’'=2 andd,.=d», being

d the root depth. With these values, hydraulic conductivity

.

Fig. 2. Schematic description of ISBA and the exponential profile of
hydraulic conductivity. Left side: The schema shows the three lay-

at the surface of a typical soil can change by one or two or-Ers, with their corresponding water content and depths. Water leaves

ders of magnitude, which strongly changes the behavior o
the modeled hydrological response.

To avoid complexity, it seems attractive to reduce the num-,

]the system in form of evaporation, surface runoff or drainage. Right

side: In ISBA hydraulic conductivity at saturatioksfy) is constant
on the whole soil column. After introducing the exponential pro-

file, the old constant value becomisg;. andd, is depth at which

ber of parameters, for example, there are other implemenz__ ;..

tations of the exponential profile of hydraulic conductivity,
which use only one parameter), instead of two. For ex-
ample, Stieglitz et al.(1997) usedksa=ksa(z=0)-¢~/% and
Chen and Kumaf2001) usedksa=ksar-¢ /@D, In this
cased, is 1 m, which is an arbitrary assumption. In fact, pre-

liminary tests showed that both parameters were needed t

accurately represent the dynamics of water in the soil.
From now on ISBA-KSAT or SIM-KSAT will refer to the
modified versions of the model.

4.1 Modification of the subgrid drainage scheme

In this study, subgrid drainage was implemented d&$dbets

5 One-dimensional sensitivity tests

he results shown in this section were obtained using a one

imensional version of ISBA, which included all the com-
mented parameterizations. The data used for parameters and
forcing corresponds to a ISBA grid cell situated in the south
part of the Herault river basin, near the city of Montpellier,
in the South of France. The soil texture of this cell is 28%
clay and 35% sand, the vegetation is typically Mediterranean,
with a mean root depth of. Zm and a total soil depth of 2 m,

et al. (2008 but adapted to the presence of an exponentialthe proportion of bare soil is of 46%. For the exponential

profile of hydraulic conductivity. The adaptation was neces-

sary, because the original parameterization was created for
soil with a constantC3, and now the values of this constant

profile of hydraulic conductivity, the default values of the
parameters were used. These are those fourlddampharme
et al.(2006: f=2m ! andd.=d»>. The model was run for

are different for each layer. The only difference betweenten years, the first year was used as a spinup, and the other
the formulation used in this study and the one described imine years were used to analyse the results.

Sect.3.3is that thewgrajn parameter had to be different for
each layer ) due to the fact tha€3 was also different for
each layer. The values afy4in for each layergrairy) could
be calculated from the old values{in), SO there was no

5.1 Hydraulic conductivity

The experiment, consisted in modifying the values of one

need to calibrate the parameters again. The new values qfarameter, leaving the other unmodified at its default value.

the parameter for a given cell are, for each layer:

C3
Wdraink = Wdrain = —

Ca (11)

wherewgraiy andCs; are the new values a@fgyain andCs for
each layerl.

www.hydrol-earth-syst-sci.net/13/163/2009/

The ranges of the parameters were selected according to the
values used in previous studies (Séjt.

From the parameterizations described in previous sections,
the one that affected the most the behavior of the model when
it was introduced was the exponential profile of hydraulic
conductivity. Changes in the force-restore coefficients, af-
fected the soil water dynamics, soil water content, evapora-
tion and the partition between surface runoff and drainage.
For example, using the default values of the parameters,

Hydrol. Earth Syst. Sci., 13,18332009
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Fig. 4. Sensitivity of the annual mean cycle of evaporation
(mmmonttrl) of ISBA to the f andd. parameters of the expo-
ﬂential profile of hydraulic conductivity. The model was run in 1-D
over nine years. The lower part of the figure shows the mean pre-
cipitation in mm montfr.

Fig. 3. Sensitivity of ISBA to thef andd,. parameters of the expo-
nential profile of hydraulic conductivity. The model was run in 1-D
over nine years. The bars show the annual mean evaporation runo
and drainage (mmy!) for several values of the parameters. The
three variables are sensitive to changes in both parameters.

oration is more sensitive during two periods: spring and au-

which might not be realistic, ISBA-KSAT annually produced {,mn. The minimum is in December and August. Evapora-
19% more evaporation than ISBA. tion is more sensitive t¢ andd, when it is driven mainly

The model outputs were very sensitive to changes in thepy processes which are related to the soil. For example, the
values of f andd.. Figure3 shows the sensitivity of to- activity of the vegetation, which pumps water from the root
tal evaporation and the partition between surface runoff andzone. The maximum of the vegetation is in spring. In sum-
drainage to these parameters. The main changes on evapoliger (August), the activity diminishes because of soil water
tion were due to the changes in evaporation over bare groundgstress. In winter, the activity also diminishes because of the
which, in the selected point, was important. The impact of phenological cycle of the plants. For drainage, it is during
both parameters on evaporation was comparable, in terms ghaximum of the cycle that this variable is more sensitive,
amplitude and annual cycle, as shows Rigln fact, in both  because during this time there is enough precipitation to fill
cases, the increase of the parameter increased the total evagre soil and, at the same time, evaporation is low. In this con-
oration, but diminished the evapotranspiration of the vegetatext the soil is wetter than field capacity and drainage plays a
tion. The mean annual cycle of the water content of the rootmajor role. This two requirements are fulfilled in winter.
zone was strongly affected k. The greater the value of
d./d>, the dryer the soil was. A8./d» increased, the an-
nual runoff diminished, and drainage (Fi). increased, at-
tainning a maximum a#./d>=0.7, then it diminished. On
the other hand, an increase ff increased drainage but left
runoff and soil wetness almost constant. The cycle of evap-

Hydrol. Earth Syst. Sci., 13, 16381, 2009 www.hydrol-earth-syst-sci.net/13/163/2009/
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5.3 Conclusion

o
£ 8 P The sensitivity of ISBA to three empirical parameters, which
- o o o— 5 . .
E j  Tmemem T e control processes related to hydrology, was studied using a
Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul one-dimensional setup. It was found that these parameters

completely control the amount of runoff and drainage pro-
duced. Evaporation was also affected considerably. Runoff
was not only affected by, but also by the compacted depth.
This parameter, together with, also strongly affected evap-
oration. These three parameters affect the same processes,
therefore the values of one of these parameters affect the val-
ues of the others, as a result, different sets of the parameters
5.2 Subgrid runoff might lead to similar results, which might lead to equifinality
(Beven 2006. This is a consequence of the empirical basis
In the same fashion the values of the shape parameter of sulof the parameterizations. At this point, an important question
grid runoff were modified. arises: Which is the best way to find the appropriate values
The outputs of the model were less sensitive to the shapef this parameters? The next section will try to answer to this
parameter of subgrid runoff than were to the parameters reguestion.
lated to the exponential profile of hydraulic conductivity. As
expected, evaporation was not very sensitive to this param-
eter (Fig.6) and it was the partition between the fast and 6 Calibration of the distributed model
the low components of the runoff which was mostly affected
by it. As expected, the accumulated annual surface runoffi¥hen using a model, like ISBA, which is intended to be as
was close to zero wheh was close to this value, as sub- physical as possible, it is always desirable to determine the
grid runoff is determinant for model runoff production. This values of the parameters of the model using observed data.
is reflected in the yearly cycle of both, drainage and runoffHowever, in the previous section it was seen that this is not
(Fig. 7). This last variable changed considerably from almostalways possible. First, because itis rare to have data for every
zero in the whole period (except december), fer10~3 to parameter. Second, because, even though the necessary data
having runoff during the whole period (in exception of July) might be accessible, it might not be directly usable due to
for b=5. The changes of runoff are compensated by thethe difference of scales between measurements and the grid
drainage, as a consequence, the cycle of evaporation (natf the model. Third, because, as it was seen before, some
shown) is not very sensitive of the parameters of the model might be empirical, not phys-
ical. Therefore, in the case of facing any of the previously

Fig. 5. Sensitivity of the annual mean cycle of drainage of ISBA

to the f andd. parameters of the exponential profile of hydraulic

conductivity. The model was run in 1-D over nine years. The lower
part of the figure shows the mean precipitation in mm mohth
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Fig. 7. Sensitivity of the annual mean cycle of runoff and drainage values from the literature is not safer than using parameters

(mmmontirL) of ISBA to the shape parameter of subgrid runoff. ©OPtained from a careful calibration. _
The model was run in 1-D over nine years. The lower part of the NO previous study tackled the problem of model calibra-
figure shows the mean precipitation in mm month tion using the SIM model. Instead, a default value for each

parameter was found at the time of the introduction a new
parameterization. The sensitivity tests of Seb) ghowed
that the model is very dependent to the empirical parameters,

r'nen"uoned. sltuatlons, pallbratlon mu'st be used. But Ca_“t,’ra"therefore, it is expected that calibration will strongly improve
tion is a difficult exercise, because it can lead to obtaining;q performance

good results for the wrong reasot&rchner, 2009. For in-
stance, the structure of a model is always limited, as onlyg 1 Strategy of calibration
the main processes are taken into account. Therefore, cali-

bration can lead to situations where an existing parameteripaily river discharge on 152 gauging stations distributed
zation, indirectly, takes into account processes that initiallya|| over mainland France (Fi) was used to calibrate the
were not included in the structure of the model. This is notmodel. These selected stations had enough data available
desirable, because it prevents the modeler to understand thg calibrate and validate the model and, according to the
behaviour of the system. In some cases, this kind of SitU-Banque Hydra, were not serious|y affected by anthropiza_
ation can be detected, for example, when the values of thgon (for example, hydropower generation facilities). Glob-
calibrated parameters are out of their physical range and thgly, the total area covered by the catchments defined by
model simulates the right discharges. However, sometimeghese stations is of 432 384 Rithe mean basin area is of
there is not much information available about the physicalg227 kn?, the smallest surface is of 245 RnfHuveaune
range of the parameters, which is the case of the two pagt Aubagne) and the biggest covers 110 356 Khwire at
rameters of the exponential profile of hydraulic conductivity Montjean-sur-Loire). In general, SIM performs reasonably
at saturation (Sect). But, in the context of SIM, calibra- well on the selected stations, however the model is known

tion is necessary, because the physical base of the values @f perform poorly in some basins due to structural problems.
the parameters found in previous studies is not strong (it is

the case, for example, &f f andd.). Therefore, using the 2http://www.hydro.eaufrance.fr/
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For example, on the Huveaune and Argens in the South-Eastalibrate the three parameters altogether, but such a strategy
which are small. These two basins were kept to test to whatvas not feasible due to the computing resources required.
extend the calibration could compensate the structural probTherefore, it was chosen to calibrate first the parameters re-
lems. Furthermore, there are stations, like théfthat Beau- lated to the exponential profile and thén This order was
caire, which integrate the discharge of highly anthropizasedchosen because, as seen in one-dimensional tests obSect.
tributaries, for example, the Durance which is Alpine. the evaporation simulated by the model is more sensitive to
Ten years of data were selected (from August 1995 to Julychanges inf andd, than onb. The first two parameters af-
2005). The first five years where used to calibrate the modelfect evaporation, runoff and drainage, whileonly affects
the following five were used to validate it using the split- the partition between drainage and runoff. Therefore, the
sample test techniqgu&lemes 1986. Validation will be de-  calibration of > was used as a fine tunning of the previous
tailed in further sections. calibration. Furthermore, this allowed to test to which extent
For calibration purposes, the quality of the simulation the calibration ofb was necessary after the introduction of
was evaluated using a function built using the Nash-Sultcliffthe exponential profile.
(N S) efficiency Nash and Sutcliffe1970 and the overall
water balance at the daily time step, which are independen®.2 Calibration at the basin scale

from each other\{leglarczyk 1999. The overall water bal- . , )
ance represents the error on the total volume which is cald "® FDC-BASIN and FDCcB-BASIN simulations were cali-

culated as the difference between observed and simulaterated at the basin scale, as opposed to FDC-FRANCE, in

runoff volumes normalised by the observed runoff. The func-Which each cell had the same values of the parameters. In
tion to minimize was: this case, the values of each cell were identical if they be-

longed to the same subbasin. This calibration method is

f(Qs. Qo) = (NS — 1)? + (WB)? (12)  semi-distributed. As the basins defined by the selected sta-
tions are nested, a procedure was defined to decide which
where values would have a cell that belongs to more than one basin:
2
NS —1_ D (Qoi - Qs,-) (13) 1. Each grid cell of ISBA was assigned to one single basin.
o . (Q _ _?)2 If it belonged to more than one basin, because these
PR e were nested, it would assigned to the smallest.
and
2. Simulations were done using the same values of the pa-
WB — 2i(Qs — Qo) (14) rameters on the whole of France.
2. Qo

3. The values of the parameters assigned to each cell, were
0,; andQy, are the observed and simulated river discharges those that performed better at the station that defined the
at the instant. basin to which the cell belonged.

The model was calibrated gradually, from the default

model, which used the default values of the parameters, td NiS method is very simple, but, as the results will show, it
the fully calibrated model: is good enough to significantly improve the results in a great

number of cases keeping the number of simulations needed

1. The model was run using the default values of the pa-to do the calibration low. A better method would be to cal-
rameters as defined in previous studibsifets et al. ibrate first the smallest basins, then do a new set of simula-
2008 Decharme et al.2009. This simulation was tions for the cells that are not calibrated, calibrate them, and
called DEFAULT. continue recursively until all the cells are calibrated. Unfor-

tunately, such a method is too demanding in time and com-

2. f andd, were calibrated leaving to its default value. putational power, for such a large domain,

These parameters were calibrated at two scales:

(a) The same values of the parameters were set to th€-3 Finding physically meaningful ranges of the parame-

whole of France (FDc-FRANCE). ters
(b) The values of the parameters were set at the basifBefore doing any calibration, it is crucial to find a physically
scale (FDc-BASIN) meaningful range of possible values for the calibrated param-

eters. It must be stressed that finding a good range of values
is not enough to guarantee that, after calibration, the results
will be physically sound, but it remains a necessary step.
Following this strategy, the shape parameter of subgrid In the case off andd,, as said in Sec#, it is difficult to
runoff (b) was calibrated after the exponential profile of hy- define this meaningful range. In Sebtl, the values found
draulic conductivity (¢ andd,). It would be preferable to on the literature were used to do one-dimensional tests. This

3. After the calibration off andd,., the parameteb was
calibrated at the basin scale (FDcB-BASIN).
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Table 1. Values of the parameters chosen for the 29 simulationsthe faster drgmage will be produced. To be .coherent with
done to calibrate SIM-KSAT. The values of the parameters wereth€ hypothesis that macropores and preferential paths are lo-
chosen according to the corresponding values of Gieforce- cated near the surface, it was determined thgt-C3 and
restore parametem is the number of stations where a set of pa- C33<Cs.

rameters was best according to efficiency. The discretization of the phase space was determined by
sensitivity tests using the one dimensional setup described
in Sect.5. These tests were also useful to specify the other
limits of parameter space. It was decided that the paiexef

Simulation f(Mm™1) d./d>

N

8; 8:;8 g:gg ; and Cs3 §hou|d not cause an unregligtic evaporatiqn. The
03 0.20 600 0 evaporation was considered unrealistic when the difference
04 1.00 020 0 with the standard model was of approximately a 30%. This
05 1.00 080 O choice is arbitrary, but reasonable. As a result, 29 pairg of
06 1.00 150 3 andd,/d, were selected (Tabl¥). The quantity of pairs was

07 1.00 220 O chosen to optimize the computational cost of the simulations
08 1.80 020 1 and a good representation of the parameter space.

09 2.00 0.60 3

10 2.00 0.90 5 6.4 Validation

11 2.00 1.25 7

12 2.00 160 1 The model is said to be valid if its accuracy and predictive
13 2.50 130 4 capability in the validation period have been proven to lay
14 2.60 020 9 within predefined acceptable limitsl€énriksen et aJ.2003.

12 ;;g 8:;(5) 133 As SIM is a physically based distributed model, it is i; de-
17 275 100 14 sirable to check, not only the model outputs or the variables
18 3.40 020 2 used to calibrate it (discharge), but also, as many intermedi-
19 3.50 040 13 ate variables as possible. To do this, it is necessary to use
20 3.50 060 7 as many sources of data as possible, but, unfortunately, for
21 3.50 0.80 16 distributed models applied to large regions, like SIM, it is
22 3.50 1.00 16 difficult to collect the necessary data to do the internal vali-
23 4.00 070 8 dation Refsgaard1997).

24 4.20 020 8 In our case, the only available sources of data are river dis-
25 4.20 055 8 charge, all over France, and piezometry, only for the Seine
gg j‘ég 8'22 g basin, as it is not yet possible to.have access, for example,
28 5:00 0:45 1 to distributed observations of soil wetness or evaporation.
29 5.00 060 1 Piezometry is useful in those basins where underground wa-

ter is simulated (in this study: the Seine anddRé river
basins) and discharge is the variable that is better observed.
In this study, data of the 152 stations used in the calibra-
procedure was adequate to study the sensitivity of the modetjon was used to validate it, but also, the performance on
but more care must be taken in order to calibrate it. For exthe remaining stations was analysed. Furthermore, other use-
ample, the hypothesis that the ranges of changé afidd.  fy| comparisons were also done. For example, the resulting
are independent from each other might not hold. Thereforeevaporation of the model was compared to the evaporation
a new strategy was defined to determine the ranges of thgf another version of SIM to detect changes in the patterns,

parameters. which allowed us to better understand the behavior of the
First, d. was related to the root depth, as the structure ofnew model.

the soil and the presence of biomass are related (§edthe As it is common in the literaturePerrin et al, 2001,

calibrated parameter wals/d>, instead ot/. alone. Moussa et a).2007), a split-sample method was used to val-

Second, it was determined haofvandd, /d> should be re-  idate the simulated dischargklémes 1986. The selected
lated. The effect of the exponential profile was introducedperiods go from August 1995 to July 2000 (calibration) and
in the model through the force-restore parameters (8gct. from August 2000 to July 2005 (validation). According to
Instead of looking for a range of possible valuesadndd,., the strategy of calibration, which produced different sets of
it was the physically meaningful region of the phase spaceparameters for different scales (Se&tl), the tests were per-
formed by the possible values 6§, andCs3 that was deter-  formed on each of the steps of the calibration.
mined. Discharge was validated according to the Efficiency

The C3 parameter characterizes the rate at which the wa{Eq. 13) and the Water Balance (EG4). To facilitate the
ter profile is restored to the field capacity, the greater it is,analysis of the results, the numerical values of these two
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Table 2. Model performance criteria.

— 150 == — :
Performance EfficiencyNS) Water balanceW B)
Very Good >0.9 <5%
Good 08-0.9 5%—-10%
Fair 07-0.8 10%-20% il N
Poor <0.70 >20% RS R
2 100 N :
» \\_\‘
\6 \\‘\
criteria, were related to their qualitative counterparts, as pre- 4 ‘ﬁ»,\
sented in Tabl@. The analysis of the results of the validation < Vo
was done according to this table. 2 . (I |
— REF ‘\ \\‘
7 Analysis of results e ‘
~ — - FDc—FRANCE \
i X —-= FDc-BASIN ;_\‘
7.1 The reference simulation L rmen S
0L P O B Ll LNy
The reference simulation (REF) corresponds to the standard 0.0 0.2 0.4 0.6 0.8 1.0
version of SIM, without the exponential profile of saturated Efficiency
hydraulic conductivity. This model was not subject to cali- (a) Calibration Period

bration. According to efficiency, it performed better during
the second half of the 1995-2005 period (FHy. This dif- - ‘
ference is an indication of limitations of the model, whose 150
structure has difficulties to cope with the variability of the
conditions in both periods. The quality of the water balance
was very stable between periods, according to the criterion
used (Fig10). Table3 shows that, during the validation pe-
riod in terms of efficiency, the performance of the model on
more than half of the selected stations was poor, and it only
was good at 10% of the stations. In terms of water balance,
the quality of the results were good or very good in more
than half of the stations. Therefore, in general, the model
produced the right volume of discharge, but had more prob-
lems to reproduce the right dynamics.

(@)
(@)

Number of stations

50

— REF
DEFAULT

7.2 The default simulation

~ =~ FDc—FRANCE

~ T FDc-BASIN

After introducing the exponential profile of hydraulic con- L rmen

ductivity to ISBA, Decharme et al2006 looked for default O T R
values of the parametegs andd, with the aim to apply the co o0z 04 06 08 1.0

model at the global scale. These default values of the pa- Efficiency

rameters arg=2m~* andd.=d>. A simulation, called DE- (b) Validation Period

FAULT, was performed using SIM-KSAT with these default

values. The rest of the parameters remained at the same val-

ues as in SIM. The objective was to test if the values of theFig. 9. Accumulated distribution of efficiency for the 152 selected
parameters found bpecharme et a{2006 were generaliz-  Stations. Panefa) corresponds to the calibration period (August
able to the rest of France and to measure the improvemer‘;tggg‘j”:y 22885()))) ;rIIEdF patnéi;) t‘; the _Va“d?g?& Ffl??hd (At‘rl:gus_t

: : : : —July . . Stanaara version o . e other sim-
Ir:g?igz(;ebdosgtﬁg\c;jé-rolp t;heep(;?::ngirr:ls not new infor- ulations correspond to SIM-KSAT. DEFAULT: default values of the

f effici h fault simulati parameters. FDc-FRANCE: calibrated valuesfondd, at the
In terms of efficiency, the default simulation was better scale of France. FDc-BASIN: calibrated values of the parameters

than the reference one in some already well performing staz; the scale of the basin. FDcB-BASIN: As FDc-BASIN but with
tions. The performance was good or very good on 17% of thexglibrated at the basin scale.

stations, an improvement of 7%. But the improvement was
not generalised, on 51% of the stations the scores decreased.
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Table 3. Performance, during the validation period, of the simulations on 152 selected stations, according to predefined criteria. The numbers
show the percentage of the selected stations that fit in each category. REF: standard version of SIM. All the other simulations correspond to
SIM-KSAT. DEFAULT: default values of the parameters. FDc-FRANCE: calibrated valugsaoidd, at the scale of France. FDc-BASIN:
calibrated values of the parameters at the scale of the basin. FDcB-BASIN: As FDc-BASIN butasiibrated at the basin scale.

Stations used to calibrate the model

REF DEFAULT FDc-FRANCE FDc-BASIN FDcB-BASIN

Efficiency

Very Good 0 1 2 5 7
Good 10 16 25 45 49
Fair 35 25 34 32 28
Poor 54 59 39 18 16

Water Balance

Very Good 36 36 24 39 38
Good 20 22 27 20 22
Fair 26 26 30 27 26
Poor 18 17 19 14 15

Table 4. Performance of the simulations according to predefined criteria during the validation period. The numbers show the percentage of
non selected stations, out of a total of 406, that fit in each category. Some of these stations might be seriously affected by anthropization or
might lack data.

Stations not used to calibrate the model

REF DEFAULT FDc-FRANCE FDc-BASIN FDcB-BASIN

Efficiency

Very Good 0 0 0 0 0
Good 2 5 7 14 14
Fair 14 13 15 19 19
Poor 84 81 77 66 66

Water Balance

Very Good 24 20 19 24 23
Good 14 15 18 18 19
Fair 25 27 25 24 22
Poor 38 37 38 35 36

The number of stations where the model performed poorlyprofile of hydraulic conductivity, instead of using the default
was increased (+5%). In terms of water balance, the perforvalues. As a first step, the parameters were calibrated uni-
mance didn’t change significantly. In view of this results, it formly at the scale of France (FDc-France). Each cell had
is not possible to say that the introduction of the exponentialthe same values of anddc/do.

profile generally improved the model. The opposite isn'ttrue  Ag explained in Sect.3, once the parameter space was
neither. Therefore, when using the exponential profile with gejimited, 29 simulations were run using the selected values
default values of the parameters, it is difficult to say which of the parameters. The third column of Talleshows the
variant of the model is the best. number of stations where each simulation was the best, in
terms of efficiency. These numbers indicate that the selected
range is reasonable (Seét3), as the simulations that per-
form better were situated in the middle of the rangg @nd
aroundd,.=do.

The next step of the study was to improve the model by cali- The question to answer is if there is a gain in changing the
brating the values of the parameters related to the exponentialalues of f andd./d»> when they are homogeneous in the

7.3 Calibration of hydraulic conductivity

7.3.1 The spatially uniform simulation

Hydrol. Earth Syst. Sci., 13, 16381, 2009 www.hydrol-earth-syst-sci.net/13/163/2009/



P. Quintana Seget al: Improvement and calibration of a distributed model 175

Table 5. Comparison of the values of hydraulic conductivity at sat- 6
uration ;. at the soil surface). In the REFERENCE moégltis
constant in the whole soil column, in FDc-BASIN, hydraulic con- 5

ductivity is exponential and was calibrated. The values shown cor-
respond to the average of the 9892 grid cells of ISBA over France.

Density of Stations
w
Il

ksafz=0) (ms~1) defdy  f (M)
Simulation min max avg avg avg
2
REFERENCE 1.0E-6 24E-4 8.9E-6 - -
FDc-BASIN 29E-6 1.7E-2 2.7E-4 0.6 3.1

0 A T T T =
-100 -50 0 50 100 150 200

whole of France. Figur@ and Table3 show that, taking the
simulation that had better scores in the maximum number of
stations (simulation 22f=3m"! andd.=d>), in terms of
efficiency, there was a strong gain in calibrating the model.
For the validation period, almost all stations improved their
scores. Comparing to DEFAULT, the number of stations with
performance qualified as good or very good, in terms of ef-
ficiency, improved from 17% to 27% and the number of sta-
tions with poor results was also strongly reduced (from 56%
to 39%). Therefore, according to river discharge, the answer
to the question is positive.

—#— REFCal === REF Val

Density of Stations
w
Il

Comparing simulations DEFAULT and FDc-FRANCE it " :EL_U_‘__
is deduced that the introduction of the exponential profile of — : s _
hydraulic conductivity can improve the performance of the 100 50 ° % 100 150 200

Error on the Water Balance (%)

model if some adapted calibration is done, otherwise it is

not guaranteed to have better results. However, to use ho-
mogeneous values of the parameters on the whole domain
does not look realistic, therefore a mor(_a distributed appro{f‘d?:ig. 10. Histograms of the overall water balance on the stations
could lead to better results. The objective of the next section,seq 1 calibrate the model. The first histogram compares the SIM

‘+ FDcB-BASIN Cal === FDcB-BASIN Val ‘

is to test this hypothesis. model (REF) for the calibration and the validation periods. The
second histogram compares the performance of SIM-KSAT for the
7.3.2 The spatially heterogeneous simulation same two periods. The density of stations is the number of stations

divided by the width of the bins of the histogramm (n/10). The
Once the 29 simulations of Tablewere done, a set of pa- histogram includes the results of the stations used to calibrate the
rameters was found for each basin and subbasin, followingn?de!-
the procedure described in Se@t2 The resulting distribu-
tion of the parameters can be seen on Eij.which reflects
the values of Tabld. The figures show that, with some ex- Basin, the best set of parametersfis2.5m~1 andd.=d>,
ceptions, the values of the parameters of neighboring basin@hich are very similar to those dbecharme et al(2006
or nested basins are similar, making large regional blocks(/=2.0m"1 andd.=d>). Another important consequence of
This coherence was expected' as in generaL Spatia| proxin{.he introduction of the eXponential prOfile and its calibration
|ty may be a good S|m||ar|ty measure for transposing Ca.tCh-iS that the new hydraulic CondUCtiVity at saturation Changed
ment model parameters in Spamdrz and Bbschl 2004 ConSiderably in Comparison to the REFERENCE model: the
Parajka et a).2007). Nevertheless, there were some excep-averageksatat the surface of the soil increased in two orders
tions. Some basins had values of the parameters that cor®f magnitude, as did the maximum (Talse
trasted with their neighbours. The causes are diverse: the The results of the new simulation (FDc-BASIN) show
basin is indeed very different to its neighbours, the qualitythat such an approach strongly improves the performance,
of the observations is not good, there are several sets of thkoth according to efficiency and total water budget (Big.
parameters that give similar results, etc. The study of suctTables3 and 4). In this case, according to Table 3, the
basins will be an important source of knowledge about thenumber of stations with results qualified as good or very
model and the basins themselves. The values of the paramegood, in terms of efficiency, was 50%, which was a high in-
ters are coherent with those of previous studies, at the Saongrease comparing to the 17% of DEFAULT and the 27% of
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Table 6. Values of some important fluxes and variables for three simulations averaged on the whole of France. The values in % correspond
to the relative difference with the REFERENCE simulatian. is the annual mean of soil water content of the root zonewsits annual
mean of the soil water content of the deep layer .

Variable REFERENCE FDc-BASIN FDcB-BASIN
Evaporation (mmy?) 615 628 +2.0% 626 +1.7%
Drainage (mmy1) 183 144 —21.4% 142 —22.2%
Surface runoff (mmy?) 74 108 +46.3% 111 +51.1%
wy (M m~3) 0.192 0.193 +0.6% 0.193  +0.5%
w3 (M3 m~3) 0.240 0.278 +15.9% 0.277 +15.5%

FDc-FRANCE and the number of stations with poor results (1998 in the literature. The method to assign a value to each
also diminished considerably, being 18%. In terms of watergrid cell was exactly the same as in FDc-BASIN.
balance, there was also an improvement, the results on 59% The obtained values df are around 0.5, which is the de-
of the stations were good or very good. This results showfault value used in SIM, and are, with few exceptions in the
that there is an important gain in calibrating the model at therange 01l<b<1. The resulting geographical distribution of
basin scale. Another interesting effect of the calibration is thethe calibrated parameter presented geographical coherence.
gain in model stability. The behavior of the simulation REF The default value 0b=0.5 was kept in a region of the north
in both periods, calibration and validation, was quite differ- and the center of France. For example, the Seine and the
ent (Fig.9), being the performance better for the validation Loire basins had, mainly, a value of 0.5. In the south west-
period. The calibrated model (FDc-BASIN) also did perform ern part of France, in the Adour and Garonne basins, the
better during the validation period, but, interestingly, the dif- calibrated value was=1. These geographical patterns give
ference in performance between both periods was lower, asome confidence on the validity of the calibration procedure,
opposed to the REFERENCE simulation, which was less stabut unfortunately, the values themselves are not yet under-
ble across periods. Therefore, FDc-BASIN could deal with stood.
a broader range of conditions than the REFERENCE: it was Figure9 and Table3 show that, in terms of efficiency, this
more robust. calibration helps to improve a little bit more the results. Af-
The strong change in hydraulic conductivity and the sub-ter calibratingb, 56% of the stations were in the range of
seguent improvement in the scores of river discharge, was ndgood and Very Good efficiencies, which represents an im-
accompanied by a strong change in evaporation (Téblk provement of 6%. In terms of water balance, there were few
comparison to the reference model the average evaporatiothanges, as expected.
on France only was increased in 2%. Figliesshows that the Concerning the annual water balance, the results of this
change on evaporation was mainly in the rangg%o, —5%]. simulation are quite similar to the previous one, the differ-
Even though, in some points, the changes were more imence on the global mean is only of 1% on terms of drainage
portant, attaining sometimes 20%. Nevertheless, as there ignd runoff and the differences are even lower for the soil wa-
not distributed data available for evaporation, it is not knownter content. Figur&0compares the overall water balance for
if this change is an improvement or it is not. On the other this simulation on the stations used to calibrate the model. It
hand, the annual surface runoff and drainage were changeid shown that this simulation is more stable across periods, as
strongly. Runoff increased considerably (+46%), which ex-the two superposed histograms are more similar than the two
plains the more reactive discharge. Opposed to this, drainageistograms of the reference, which is a sign of robustness.
diminished remarkably{21%) and the soil water content of Nevertheless, these results do not explain the whole change,
the deepest layer increased (+15%) as a consequence to tirefact, the small difference in the mean is due to the fact that

slower conductivity of the deep soil. the most part of the cells kept the default value of the param-
eter $=0.5) and those that were different compensated each
7.4 Calibration of subgrid runoff other. In fact, in the basins were thhewas increased to 1,

runoff increased (in comparison to the previous simulation)
In this last step, the parameteof the subgrid runoff scheme by around a 40% and in the basins were it was diminished to
was calibrated. The previous calibration adjusted the dynam®.1 the decrease of runoff attained values by arou66%.
ics of water in the soil, this calibration was done to find a These strong changes in runoff didn’t cause changes in evap-
better partition between surface runoff and drainage. In thisoration, as it remain very similar to that of the previous sim-
case, 6 simulations were performed with the following val- ulation (the highest differences were by around 5%).
ues of the parameteb=10-3, 10~2, 1071, 51071, 1, 1.5. In the part of the Seine basin that was calibrated, the cal-
This is based on the range of parameters foundHbpets ibration did not strongly modify the drainage, and thus, the
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Fig. 11. Resulting geographical distribution of the values of the Fig. 12. Simulated geographical distribution of evaporation for the
two parameters related to the exponential profile of hydraulic con-hydrological year 2001/02. Pangd) evaporation simulated af-
ductivity (f (m~1) and the ratio between the compacted depth (  ter calibrating the two parameters related to hydraulic conductiv-
(m)) and the root depthig (m)). Colored grid cells were calibrated, ity (simulation FDc-BASIN). Paneb) Relative difference between
the gray ones weren't, because they do not correspond to any of theDc-BASIN and the reference simulation (REF).

basins of the selected stations, which correspond to the black dots.

The simulated river network is shown in darker gray.
to 16, in FDcB-BASIN, out of a total of 44 gages. On the

contrary, in the southern half of the Bie basin, the calibra-

tion lead to a large decrease of the drainage flux, and thus the
recharge flux to the aquifers, and the piezometry. On thepiezometric levels showed a net decreas® i on average).
three layers (oligocene, eocene and chalk aquifers) of thishis is due to the fact that this part of the basin is severely af-
basin, the root mean square error (RMSE) and the bias ofected by the anthropization of alpine tributaries. Therefore,
FDcB-BASIN remained comparable to those of the REFER-the results of the calibration in this area must be taken with
ENCE : the number of gages with an absolute bias lowercgre.
than 2 mincreased from 12, in the REFERENCE simulation,

www.hydrol-earth-syst-sci.net/13/163/2009/ Hydrol. Earth Syst. Sci., 13,18332009



178 P. Quintana Seget al: Improvement and calibration of a distributed model

the discharge (Seat) and a previous studyecharme et a|.
2006 showed that the modification of the description of the
hydraulic conductivity in the model offered a great potential
of improvement.

The new parameterisation of hydraulic conductivity was
introduced to the model and its parameters were calibrated.
The results showed that the strategy is adequate. For exam-
ple, if the C3 parameter of ISBA is directly calibrated, the
efficiency of the model on the &fault at Gignac improved
from 0.52 to 0.54, on the other hand, the calibrated ISBA-
KSAT had an efficiency of 0.69. At the scale of France, it was
shown that the simple method used to calibrate ISBA-KSAT
highly improves the scores of river discharge and leaves other
variables, like evaporation or the piezometric levels (at the
Seine basin), almost untouched. The maps on Fsgand
the new discharges of Fig. make explicit the overall im-
provement of the description of the processes related to the

00 01 02 03 04 05 06 07 08 09 1.0 simulation of river discharge. Tabkeindicates that this im-
Efficiency (REF) provement is not an artifact of the calibration, as the results
—3 on stations not used in the calibration were also improved. It
W N was worthwhile to add some complexity to the model since

both the introduction of the parameterization and the calibra-
tion were adequate to improve the SIM model as shown by
the general improvement of the simulated riverflows (E)g.
Nevertheless, in some basins, the parameters found by the
calibration must be taken with caution. First, the method
used to assign a set of parameters to each cell was very sim-
ple. As can be seen in Figl, the algorithm used to decide
to which basin belongs each cell produced some artifacts at
the borders of some basins. Furthermore, the model cannot
perform well in places were processes not simulated by the
model are important, as in karstic areas or basins where an-
thropization is intense, for example, the Alpine part of the
Rhdne basin, where hydro-power production has completely
changed the behaviour of a number of basins. However, it is
worth noting that the calibration did not mask these effects,
00 01 02 03 04 05 06 07 08 09 10 for example, the three basins depicted in black on ER).
Efficiency (FDc—BASIN) remain black after calibration. This means that where the
model was wrong, due to structural or external reasons, it
remains wrong after calibration.
Fig. 13. Geographical distribution of the efficiency values of the The main hydro]ogica| fluxes of ISBA-KSAT, runoff and
152 selected stat_ions during the period of validation (August Zoop‘drainage, are mainly driven by empirical parametsfsd,
July 2005). The first map (REE) corre§p0nds to thg standard ygrswr&ndb)_ The question is how physical is such a model. ISBA
of SIM (without the exponential profile of hydraulic conductivity is not used only in hydrology, it has a larger scope, as a con-

and without calibration). The second map (FDcB-BASIN) corre- sequence. it can be reqarded a simple phvsical surface model
sponds to SIM-KSAT after calibrating the parameters related to the qu ,| 9 imple physi u

exponential profile of hydraulic conductivity and the runoff subgrid WhPSe hydrologlcal processes are des.crlbed by pa.rameterl—
scheme. The simulated river network is shown in darker gray. sations which are conceptual to a certain degree. This degree
of conceptualisation is necessary because (1), due to the res-
olution of the model, runoff must be described at the subgrid
8 Discussion scale and (2) the lack of observed data and the computational
restrictions do not allow a detailed description of the struc-
The objective of this study was to improve the overall perfor- ture of the soil. In this context, it is appropriate to use a sim-
mance of the model, being its main defects related to the dyple exponential profile applied to a soil described with only
namics of the flow. Preliminary tests showed that the simplethree layers
calibration of theC3 parameter was not enough to improve
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Another question that arises, is what parameters should b® Conclusions
assigned to the cells that do not belong to any of the cali-
bration basins. This is the case for most of the coastal celldhis study describes the modifications that were imple-
that are depicted in gray in the figures of this paper. This ismented on the SIM model to improve its performance in the
important, because some stations included in Tdlslee lo-  context of hydrology. Emphasis was placed on the role of
cated in these areas. FDc-FRANCE showed that there is e new parameters introduced. The study showed that the
gain in calibrating the model homogeneously over the wholenew description of the hydraulic conductivity of the soil was
of France. This has been the strategy used in this study, butmportant to produce more realistic discharges, even though
asParajka et al(2007) suggest, it might also be interesting Some complexity was added to the model.
to set the values according to the nearest calibrated cell. root The new parameterization introduced includes new param-
depth. This way, the distributed nature of the model remainseters, which have an empirical nature. As it was not possible
intact. to set the values of these parameters from direct observations,
The model was calibrated at the basin scale, but the hya calibration procedure was set up. It was shown that the cal-
draulic conductivity remains distributed. The original hy- ibration improved considerably the results and that the final
draulic Conductivity ksab) was a function of soil texture, model was more robust than the 0rigina| SIM. The calibra-
and this remains valid. In addition, the usedpfd> for the tion mainly affected the processes it was intended to modify
calibration, takes into account the variability of root depth, (drainage and runoff), and the other variables remained sta-
which depends on the variability of vegetation. ble. It was also demonstrated that it is worth introducing this
Another important question is how these calibrated parame€w empirical parameterization, only if it is accompanied by
eters reflect the real properties of the basins. As the model i§ calibration of the parameters. In conclusion, in this case,
constructed, the values of some parameters are related to tif@libration is a tool that can considerably improve the per-
values of other parameters. For exampfeandd, are not ~ formance of distributed models like SIM.
independent, anblwould be different if it was calibrated be- ~ Some key issues must be further investigated. For
fore the former parameters. Furthermore, it was chosen ndfistance, three parameters were calibrated in this study. It
to calibrate other parameters of the model, like the soil depttshould be explored if more parameters should or could be
or some properties of the vegetation. Nevertheless, it wag@lso calibrated. For example, there are parameters which
seen that the calibration affected the processes it intended teould be set using observed data, but, due to the lack of
modify (runoff and drainage) and the scores of dischargegbservations, are set to a fixed value. For example, root
were improved considerably. Therefore, even though it isdepth ¢2) is usually set to be /3 of soil depth. The soil
known that this set of parameters is not the only one thagdepth is also subject to similar problems. Maybe, the
would give similar results, the resulting model is realistic calibration of parameters which suffer the same problems as
enough to simulate, in an appropriate manner, the relevang2 andds would improve the results. But adding degrees
processes of the basin. Therefore, within the ranges define@f freedom to the calibration is not necessarily good. Fur-
by Table2, the model can be defined as realistic. thermore, the study of the interaction between parameters
Finally, the model was improved, by introducing the ex- could help to simplify the model. Another important issue
ponential profile of hydraulic conductivity, but the subgrid is the improvement of the method used to calibrate the
drainage remains unchanged, even though it was said ifnodel. The method used was very simple, even simplistic,
should be substituted by a new parameterisation. It migh@nd it could be improved in the future. Nevertheless, it
be argued that the improvement of subgrid drainage shoul@howed to be robust enough and considerably improved the
be done before introducing the exponential profile of hy- performance of the model. Finally, the study of the basins
draulic conductivity. Nevertheless, the parameterisation ofvhere the calibration set surprising values of the parameters,
subgrid drainage only plays a role in those basins where ther®ill be very useful to learn more about these basins and the
is an aquifer that is not simulated by MODCOU. This lim- behaviour of the model. This new version of the model, will
its the scope of the parameterisation. Furthermore, Subgri@e used to follow the evolution of soil wetness, the forecast
drainage is mainly relevant for low flows, which further re- Of river discharge and, finally, to study the impact of climate
duces the scope of the parameterisation. On the other hanghange on the continental water cycle.
the improvement of the description of hydraulic conductiv-
ity is important everywhere, independently of the presence

or not of an aquifer. For example, results improved in the
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