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Abstract. In order to evaluate the uncertainty associatedwith an increase in the climate variability (Giorgi, 2006;
with the impact model in climate change studies, aC& Giorgi and Lionello, 2008). In France, Bet al. (2009) used
sponsive version of the land surface model ISBA (ISBA-A- an ensemble of climate scenarios to force the hydrometeo-
gs) is compared with its standard version in a climate impactrological model chain Safran-Isbha-Modcou (SIM, Habets et
assessment study. The study is performed over the Frencél., 2008) over France and found a significant impact on the
Mediterranean basin using the Safran-Isba-Modcou chain. Anow cover, surface water balance, and river flows, especially
downscaled A2 regional climate scenario is used to forcein the Mediterranean area.

both versions of ISBA, and the results of the two land sur- Impact studies are usually designed as follows: global so-
face models are compared for the present climate and focioeconomic assumptions are made that are used to drive
that at the end of the century. Reasonable agreement is foungeneral circulation models (GCM); then the model results
between models and with discharge observations. Howeverre downscaled and/or unbiased and used to force an impact
ISBA-A-gs has a lower mean evapotranspiration and a highemodel. The associated cascade of uncertainty in climate im-
discharge than ISBA-Standard. Results for the impact of cli-pact assessment begins with the construction of future emis-
mate change are coherent on a yearly basis for evapotransggion scenarios and ends in impact assessment. In the past,
ration, total runoff, and discharge. However, the two versionssignificant attention has been paid to uncertainty in GCMs
of ISBA present contrasting seasonal variations. ISBA-A-gsand emission scenarios. Recently, the role of the downscal-
develops a different vegetation cycle. The growth of the veg-ing procedures has been studied in more detail. Leander et
etation begins earlier and reaches a slightly lower maximumal. (2008) and van Pelt et al. (2009) showed that dynami-
than in the present climate. This maximum is followed by a cal downscaling must be complemented by bias corrections
rapid decrease in summertime. In consequence, the springr resampling in order to force hydrological models in cli-
time evapotranspiration is significantly increased when com-mate change impact studies. @et al. (2009) compared
pared to ISBA-Standard, while the autumn evapotranspiraa statistical downscaling method with a dynamical down-
tion is lower. On average, discharge changes are more sigscaling associated with a bias correction in a study at the
nificant at the regional scale with ISBA-A-gs. scale of France, and concluded that the uncertainty associ-
ated with the downscaling method was not negligible but was
lower than the uncertainty associated with GCMs. Quintana-
Segu et al. (2010), in a study of the Mediterranean area,
compared three downscaling methods: dynamical, includ-
The Mediterranean basin is recognized as an area particil'd bias correction; statistical; and the very simple anomaly
larly vulnerable to climate change during the 21st century.méthod. They confirmed this result but found that the uncer-
A pronounced decrease in precipitation, especially in the drytainty in the downscaling could lead to significant differences

season, and an increase in temperature are expected, togetN\él?e” studying extreme rainfall or discharge events. The last
two studies used the ISBA-MODCOU hydrometeorological

model (Habets et al., 2008) in their hydrological impact as-

Correspondence tcE. Martin sessment and did not treat the uncertainty associated with the
m (eric.martin@meteo.fr) hydrometeorological model.

1 Introduction

Published by Copernicus Publications on behalf of the European Geosciences Union.


http://creativecommons.org/licenses/by/3.0/

2804 S. Queguiner et al.: Impact of the use of a€&ponsive land surface model

To date, little recognition has been given to the role of carbon cycle. These models are described in detail in Sect. 3.
the hydrological model uncertainty in future assessmentsThe downscaled A2 climate scenario from Quintana-$egu
The recent RexHySS (Ressources en eau eteks Hy-  al. (2010), covering the French Mediterranean described in
drologiques dans les bassins de la Seine et la Somme) proje8ect. 4, was used in this study. Then the two ISBA versions
(Ducharne et al., 2010) tried to compare the uncertainties asare compared and the impact on the simulated hydrological
sociated with the socioeconomic scenario, the general circueycle is discussed.
lation model, the time horizon, the downscaling method, and
the hydrological model in a study of the Seine and Somme
rivers in northern France. This study was done by multi-2 The study area
plying the simulations using different socioeconomic scenar-
ios (A2, A1B, B1) and using GCM results from the CMIP3 This study was focused on the Mediterranean region of
database for the middle and end of the 21st century. In adFrance, defined by the French Mediterranean basin (Fig. 1),
dition, this study used two downscaling methods Bet  with a surface of 147000kfn The largest river is the
al., 2009 and BqLe et al., 2007). The uncertainty associ- Rhéne. The corresponding basin covers a significant part
ated with the hydrological model was assessed using five hyef the region, encompassing a large range of climatic con-
drological models. A robust decrease in summer flow wasditions (continental, Mediterranean, and Alpine climates).
found, while moderate changes occurred in the flood regimeSome tributaries (e.g. thedse and the Durance) are influ-
The major source of uncertainty came from the GCM, fol- enced by the snow cover, while the@ river in the north
lowed closely by the hydrological model and the downscal-of the domain is not subject to a Mediterranean climate but
ing method. This study, among the most comprehensivgo an Atlantic influence. The area is also characterized by
studies in the treatment of uncertainties, confirmed that themany small basins that flow directly to the Mediterranean or
uncertainty associated with the hydrological model is notare tributaries of the Rime in its southern part. The surface
negligible in climate impact studies. of the Rtdne basin (including its Swiss part) is 95500%m

While the atmospheric carbon dioxide concentration iswhile the surface of the other main Mediterranean rivers,
expected to increase significantly, most evapotranspiratiorsuch as the Aude, &ault, Gardon, Aréiche, Huveaune and
formulations in hydrological models do not take into ac- Var, varies from 373 to 6074 kfn
count the direct effect of carbon dioxide on plant physiol-  Within this domain, a specific sub-domain consisting of
ogy. Hence, the estimated evapotranspiration may be biaseithe low lying areas with a dry Mediterranean climate was
for future climate simulations. Actually, the increase in the defined. The northern limit of the domain was fixed at M5
atmospheric C@concentration has a fertilization effect that (the limit commonly accepted for the Mediterranean climate
leads to an increase in vegetation biomass and an antitransgi this region) and the altitude was limited to 1000 m a.s.| to
rant effect that reduces the leaf stomatal conductance. Thavoid areas with significant snow cover (less than one month
balance between the two effects depends on the climate angelow 1000 m a.s.l.). This sub-domain is called “MedDom”
the type of plant. A comprehensive carbon cycle is intro- (Mediterranean domain) hereafter. The surface of MedDom
duced in some GCMs (e.qg. Friedlingstein et al., 2006). At theis 60 000 krd, around 40 % of the original domain, hereafter
global scale in offline mode, Gedney et al. (2006) considerectalled “FullDom”. The delineation of MedDom can be seen
only the antitranspirant effect and logically concluded thatin Fig. 1.
this effect may have contributed to an enhancement of river The climate characteristics of the area have been described
flows during the 20th century. Calvet et al. (2008) performedby Quintana-Sedtet al. (2010). The mean annual tempera-
a sensitivity study with the ISBA-A-gs model, accounting for ture is around 15C near the coast, decreases t¢@an the
both fertilization and antitranspirant effects, for three vegeta-north, and is much lower in mountainous areas. The mean
tion types in southwestern France. A significant@iven annual precipitation does not exceed 510 mmiymear the
reduction of canopy conductance was simulated for irrigateccoast and increases with altitude. Maxima can be seen in the
maize and coniferous forest, while the wheat response waaorthern part of the French Alps, in the Jura mountains, and
more balanced. the Cevennes. Precipitation in theé@ennes is mainly due to

In the present study, our objective is to contribute to theMediterranean storms affecting the region from September

exploration of the uncertainty associated with the represento December.
tation of land surface processes in climate impact studies. We
focus on the Mediterranean area and compare two versions of
the land surface model ISBA: the classical version of the land3  The hydrometeorological model
surface model ISBA (ISBA-Standard, Noilhan and Planton,
1989) and the more advanced version (ISBA-A-gs, CalvetThe hydrometeorological model used in this study is de-
et al., 1998) that takes into account the direct effect of carrived from the SIM chain of models described in Habets et
bon dioxide on plant physiology and explicitly simulates the al. (2008). Itis composed of the coupling of the ISBA surface
combined impact on hydrology of changes in the water andscheme (Interaction surface-biogpa-atmospére, Noilhan
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Fig. 1. Map of the domain studied (FullDom), indicating the elevation and the river network. The limit of the Mediterranean domain
(MedDom) is indicated by the black line. The River gauges used in this study are indicated by the white dots.

and Planton, 1989; Noilhan and Mahfouf, 1996) and the hy- ISBA is a soil-vegetation-atmosphere transfer (SVAT)
drological model MODCOU (Modélisation coupte nappe- scheme. It is used to simulate the exchanges in heat, mass,
surface, Ledoux et al., 1989). Usually, ISBA-MODCOU is momentum, and carbon (if relevant) between the continental
forced by the SAFRAN meteorological analysis (describedsurface (including vegetation and snow) and the atmosphere.
below in Sect. 4.2). In our study, ISBA-MODCOU is forced In SIM (Habets et al., 2008), the three-layer force restore ver-
by data derived from climate scenarios. sion of the model is used (Boone et al., 1999), together with
the explicit multilayer snow model (Boone and Etchevers,
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2001). It accounts for a subgrid runoff (Habets et al., 1999b)Externalig€e, Martin et al., 2007), the surface modeling plat-
and a subgrid drainage schemes (Habets et al., 1999a). Aform of Méteo-France. Table 1 summarizes the characteris-
these options were used in this study. tics of the different versions of ISBA used in this study.

The formulation of stomatal conductance in the original The surface runoff and bottom drainage calculated by
version of ISBA (ISBA-Standard) represents the impact of ISBA over each grid box are transferred to the hydrogeo-
the photosynthetically active radiation on stomatal aperture]ogical model MODCOU (Ledoux et al., 1989). MODCOU
the soil water stress, the vapor pressure deficit of the atealculates the temporal and spatial evolution of the aquifer
mosphere, and the air temperature (Jarvis, 1976). In ordefif present) using the diffusivity equation. Then it calculates
to simulate the direct effect of CQon plant physiology, a the interaction between the aquifer and the river and finally
COy-responsive version of ISBA (ISBA-A-gs) has been de- routes the surface water to the rivers and within the rivers us-
veloped. ISBA-A-gs (Calvet et al., 1998) simulates the stom-ing an isochronistic algorithm. It calculates river discharges
atal conductance considering the functional relationship bewith a time step of three hours. The time step used to calcu-
tween the stomatal aperture and photosynthesis, based on thae the evolution within the aquifer is 1 day. In this version
biochemical A-gs model proposed by Jacobs et al. (1996) unef MODCOU, only the major aquifers are simulated. Hence,
der well watered conditions. The G@oncentration in the only Rhbne/Séne aquifer is explicitly simulated in the re-
atmosphere is taken into account explicitly by the photosyn-gion under study. The other aquifers are simulated using the
thesis model. The model also includes a representation o$ubgrid drainage parametrization.
the soil moisture stress using two plant responses to drought, The resolution of ISBA is 8 km, while the resolution of
depending on the vegetation type (Calvet, 2000, Calvet eMODCOU varies between 1 and 64 km, according to the ter-
al., 2004). ISBA-A-gs also simulates the green LAI, by rain.
using a simple vegetation growth model (Calvet and Sous-
sana, 2001). The model simulates two aboveground biomass
reservoirs: the leaf biomass and the aboveground structurdt Databases
biomass. The reservoirs are fed by the net assimilation of

COy, and decreased by turnover and respiration terms. PheA-"1 Soil and vegetation database

nology is modeled implicitly: the leaf biomass turnover term 1,4 vegetation parameters (albedo, emissivity, roughness
is driven by photosynthesis, and LAl is proportional to the length, LAI, vegetation fraction, and physiological parame-
leaf biomass. Nitrogen dilution limits the GQertilization ters) are given by the ECOCLIMAP2 (Faroux et al., 2009)
effect, which tends to increase the biomass. In this study, ni'database, which is a recent update of the ECOCLIMAP
Frogen d.ilution is accounted for by parametgrizing the changgyatabase (Masson et al., 2003) over Europe. ECOCLIMAP2
in leaf nitrogen mass-based concentrationiNresponse 0 ,4\ides a coherent ensemble of key parameters for ISBA at

arise in CQ concentration. This parameterization has been, yige range of horizontal scales. The general strategy for
proposed by Calvet et al. (2008): the sensitivity of leaf ni- mapping the surface is achieved in two steps. First, a land

trogen concentration versus g@oncentration is accounted ., er classification is set up to gather pixel values that are
for by using the meta-analysis of the literature carried out by, ngistent in terms of NDVI values derived from the AVHRR
Yin (2002). ISBA-A-gs has been tested and validated at 10-gensor. Second, on the basis of the classification and using
cal (e.g. Sabater et al., 2007) and global scales (Gibelin et alexisting land cover maps, lookup tables allow similar val-

2006) . . ues of surface parameters to be assigned to all the pixels
Within a grid box, ISBA can be run on each of the 12 4f yhe same class. The LAl estimate of ECOCLIMAP2 is

land surface types (bare land, bare rock, permanent SNOWased on the MODIS LAl product, collection 4 (Yang et al.,
and ice, deciduous broadleaf forest, evergreen broadleaf for2006). The MODIS data are available at a spatial resolution

est, needle-leaved forest, C3 crops, C4 crops, irrigated Cropgt 1/12¢ and a temporal resolution of 8 days. They are lin-

C3 herbaceous, C4 herbaceous, wetlands) represented by tagy jnterpolated to fit the ECOCLIMAP2 10-day temporal
model, or using aggregated parameters. In order to take,

L e _ ) esolution and its 1-km spatial resolution.
the variability of ecosystems within a grid box into account,

; ; ) g ’ The soil texture information (clay and sand propor-
ISBA-A-gs can only be run in a tile version: in each grid box, tions) for all runs comes from the soil geographical

the model simulgtes the evolution of the_prognostic_ Variable_%atabase (BDGSF) of the French Institut National de
for each vegetation type (or patch) that is pres_ent in the 9ridzecherche Agronomiquenttp://www.gissol.fr/programme/
box. Fluxes and LAI are averaged over the gnd bo>§. In th'sbdgsf/bdgsf.php This base uses the FAO methodology to
study, ISBA-Standard is used in the same tile configurationgetermine soil types suited to the French context. France is

to facilitate the comparisons. In both cases, the parameterg;yiged into typical soil units with homogeneous properties,
of the model are given by the ECOCLIMAP2 physiographic j,5¢ed on regional sampling.

database, described in the next section. The tiled version of
ISBA-Standard and ISBA-A-gs used in this study, as well
as ECOCLIMAP2, are imbedded into SURFEX (SURFace
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Table 1. Summary of the different versions of ISBA used and their characteristics.

Name Version of  Main characteristics Number  Database used Simulations
ISBA of patches
STD12P Standard — evapotranspiration calculated witt® ECOCLIMAP2  Present climate
Jarvis formula End of 21st century
A-gs A-gs — sensitive to C&®concentration 12 ECOCLIMAP2  Present climate
— water stress non-linear End of 21st century

— simulation of LAI
— Nitrogen dilution effect taken into
account

A-gs/INoCO2N  A-gs Same as A-gs except: 12 ECOCLIMAP2  End of 21st century
— COy concentration is kept at its
1970-2000 value (350 ppm)
— Leaf Nitrogen is constant

4.2 Atmospheric database, climate scenario, and of the French CYPRIM projecthftp://www.cnrm.meteo.fr/
downscaling cyprim/) and will be referred to as “CYPRIM” or “CYP” in
the following.

We consider two 30-yr periods in this study: the firstis Au-  1nis simulation was then downscaled to the 8km grid

gust 1970 — July 2000 (present climate); and the second iggjng the classical quantile mapping method (Wood et al.,
August 2069 — July 2099 (en_d of the 21st century). 2004; Ceqe et al., 2007) described by Quintana-Segu
The referencg atmospheric database \for the present clis; g1 (2010). The variables needed to force ISBA (pre-
mate was provided by the SAFRAN (Sgste d'Analyse  ipitation, temperature, wind speed, humidity, solar radia-
Fournissant des Renseignemeat$a Neige) meteorologi-  tjon and downward atmospheric radiation) simulated by the
cal analysis, as in Quintana-Segt al. (2010). SAFRAN G\ according to their distribution came from the reference
(Durand et al., 1993) produces an analysis of near surfacgaiahase (SAFRAN). For each cell, a correction was calcu-
atmospheric variables at a resolution of 8 km using obserjateq for each percentile of the distribution of each variable
vations from the automatic, synoptic, and climatologic net- ¢ interest at the daily time step by comparing the observed
works of Méto-France and a first guess from a large scaléyjstripytion to that of the closest model cell. Each season was
operational weather prediction model. For most atmospherigrgated separately. To interpolate the variables into the hourly
variables, the analysis is made using optimal interpolation e step (from the daily time step), which was necessary for
but for incoming solar radiation and downward infrared radi- ;o hydrological model, a mean daily cycle was calculated

ation, SAFRAN uses a radiative transfer scheme (Ritter ang,; oach variable using SAFRAN. For the temperature, the
Geleyn, 1992). A more detailed description of SAFRAN can ¢ rection was calculated for the daily maximum and mini-

be found in Quintana-Seget al. (2008). The data were in- oy, m- hence, the daily cycle was modified according to these
terpolated over the 8 km grid used to force ISBA. The accu-y,q variables.

racy of the SAFRAN atmospheric forcing has been evaluated
by Quintana-Sedtet al. (2008) and Vidal et al. (2010). ]

Future climate data were derived from an IPCC SRES#-3 Discharge database
A2 simulation performed with the coupled Sea Atmosphere
Mediterranean Model (Somot et al., 2008). This model re-Discharges at a total of 204 stations (Fig. 1) were sim-
sults from the coupling of an atmospheric model with anulated by MODCOU over the area. Among them, a
oceanographic model. The atmospheric model is ARPEGEsubset of 177 stations with sufficient data of good qual-
Climate (Gibelin and Bqgwe, 2003), zoomed on the Mediter- ity was selected to validate the model simulations for
ranean region at a resolution of 50 km; and the oceanographithe present climate. The selected stations covered the
model is OPAMED (Somot, 2005; Somot et al., 2006), with whole of the studied domain, had very few missing data,
a resolution of about 10 km over the Mediterranean Sea. Foand according to the “Banque hydroht{p://www.hydro.
the 21st century, the simulation was done using the IPCGeaufrance.f; were not seriously affected by anthropization
SRES A2 (high economic and demographic growth, Naki- (for example hydropower generation facilities or irrigation
cenovic et al. 2000) and covered a period of 140yr: 1961-for agriculture). For the comparison with the future climate,
2099. This simulation was performed in the framework all stations were used.

www.nat-hazards-earth-syst-sci.net/11/2803/2011/ Nat. Hazards Earth Syst. Sci., 1282802611
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FullDom: LAI (1970-2000) and (2068-2099) MedDom: LAI (1970-2000) and (2068-2099)
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Fig. 2. Mean annual cycle of LAl for the full domain (FullDom), Fig. 3. Mean annual cycle of LAl for the Mediterranean Do-

averaged over 1970-2000 for the ECOCLIMAP2 database, and fomain (MedDom), averaged over 1970-2000 for the ECOCLIMAP2

ISBA-A-gs with the CYPRIM forcing (A-gs/CYPRIM), and aver- database and for ISBA-A-gs with CYPRIM climate scenario

aged over 2069-2099 for ISBA-A-gs with the CYPRIM scenario (A-gs/CYPRIM), and averaged over 2069-2099 for ISBA-A-gs

(A-gs/CYPRIM FUTUR), and for ISBA-A-gs/NoCO2N with the with CYPRIM scenario (A-gs/ICYPRIM FUTUR) and for ISBA-

CYPRIM scenario (A-gs/NoCO2N/CYPRIM FUTUR). A-gs/NoCO2N with CYPRIM scenario (A-gs/NoCO2N/CYPRIM
FUTUR).

5 Present climate simulations 52 LAl

The twelve-patch versions of ISBA-Standard and ISBA-A- Figure 2 shows the FullDom mean annual cycle of LAl sim-
gs were run with the downscaled CYPRIM forcing over the ulated by ISBA-A-gs together with the ECOCLIMAP2 es-
1970-2000 period. A two-year spin up was performed intimates. The LAl estimated by ECOCLIMAP2 presents an
order to initialize ISBA, while the initial state of MOD- annual cycle with a minimum value (1.2m~?) in Febru-
COU was taken from the existing long-term simulation of ary and a maximum (3.3%m™?) at the end of June. Af-
Quintana-Sedtet al. (2010). ter this peak, the LAl decreases steadily until winter. The
annual cycle of the LAl simulated by ISBA-A-gs is more
pronounced and presents different behavior. The minimum
LAl is reached in January and is lower (0.6 m—2), and the
maximum LAl is reached in July (4.3hm~2). The ISBA-

A-gs LAl is lower than the ECOCLIMAP?2 reference in win-
Table 2 compares the yearly and seasonal CYPRIM tempergg time and springtime, and higher than ECOCLIMAP2 dur-

tur_e and precipitation data with the refere_nce SAFRAN anal-ing the other seasons. For the Mediterranean part of the
ysis for the FullDom and MedDom domains. domain (Fig. 3), the ECOCLIMAP2 LAI cycle is less pro-
For FullDom, the CYPRIM scenario underestimates thenounced than for the whole domain (1.5 to 3&mr?);
reference SAFRAN mean annual air temperature by @33  and this tendency, although attenuated, is also reproduced by
The underestimation reaches 0%&%in winter. This biaswas |SBA-A-gs.
noted by Quintana-Segat al. (2010) who explained the dif- This general behavior masks significant local variations.
ference by the fact that the downscaling method was cali-The spring LAI (Fig. 4) presents significant differences be-
brated on a different period than the period studied here. Retween ISBA-A-gs and ECOCLIMAP2. A good agreement
garding precipitation, the annual averages are very close €an be seen for the Alpine vegetation and in Corsica. In
even at the seasonal scale. When considering the southethe northern part of the domain, ISBA-A-gs underestimates
part of the domain (MedDom) only, the same type of differ- the LAI, both in plain areas and in mid elevation moun-
ence between SAFRAN and CYPRIM is observed. It shouldtains (Jura). In these regions, there is a delay of about one
be noted that precipitation is lower and air temperature highemonth in the vegetation onset. These results are consistent

than for FullDom. with the result of Brut et al. (2009) that pointed out, despite

5.1 Meteorological variables
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Table 2. Average precipitation (mmh), air temperature®C), total runoff (mm d1) and, evapotranspiration (mrd) on the full domain
(FullDom) and for the southern part of the domain (MedDom) for the end of the 20th century. SAF corresponds to the SAFRAN gridded
database, CYP to the CYPRIM climate forcing, A-gs/CYP to the ISBA-A-gs version with the CYPRIM scenario, and STD12P/CYP to the
ISBA-Std12P version with the CYPRIM scenario.

1970-2000 Precipitation Temperatur%: Total Runoff Evapotranspiration

FullDom

SAF CYP SAF CYP‘ A-gs/ICYP STD12P/CYP A-gs/CYP STD12P/CYP

Year 3.02 3.02 9.52 9.1 1.70 1.57 1.32 1.44
DJF 3.17 3.12 2.50 1.8 1.92 1.87 0.34 0.43
MAM 292 294 8.26 7.96 2.17 1.95 1.50 1.80
JJA 244 242 17.34 17.2 1.31 1.17 2.46 2.51
SON 3.55 3.60 9.99 9.7 1.40 1.29 0.96 1.04
MedDom

SAF CYP SAF CYP \ A-gs/ICYP STD12P/CYP A-gs/ICYP STD12P/CYP
Year 2.42 243 1258 12.2 1.08 0.99 1.35 1.43
DJF 2.67 271 5.70 5.0 1.94 1.85 0.55 0.69
MAM 243 243 1111 107 1.12 0.95 1.90 2.14
JJA 143 139 2042 20.3 0.24 0.21 2.03 1.90
SON 3.16 3.19 13.09 12.8 1.01 0.97 0.91 1.03

the large uncertainty in satellite LAl retrievals, the difficulties
of ISBA-A-gs in simulating the leaf onset of C3 crops and of A-gs/CYPRIM ECOCLIMAP2
mountainous grasslands over southwestern France. Lafont e

al. (2010) confirmed such a delay, with regional variations ™
in a study at the scale of France. In contrast, the ISBA-A-

gs LAl is higher in most of the low lying area in the south  *V
of the domain, an area close to the MedDom domain. An-
other difference with the satellite estimates is the strong LAl
decrease in this region in July (Fig. 3), in relation with the
limitation of the water available for plant growth, followed

48°N
46°N
44°N 4N

42N

by a weak secondary maximum in September after the first PE 4FE 6°FE g I10E SE 4E 6°F &E 10E
auumn rainialls: ____ _SEmea—
o 0.5 1 1.5 2 25 3 3.5

5.3 Water balance

L . Fig. 4. Springtime LAl averaged over 1970—-2000 for the A-gs ver-
The average evapotranspiration and total runoff are shown INion of ISBA with CYPRIM dlimate forcing (A-gs/CYPRIM). and

Table 2. On a yearly basis, the ISBA-A-gs evapotranspira-,, the ECOCLIMAP?2 database.
tion (1.32mmd?) is lower than the evapotranspiration sim-
ulated by ISBA-Standard (1.44 mm#d). This difference is
maximum during spring and can be attributed to differencesotranspiration rate is of the same order of magnitude as for
in the formulation of evapotranspiration in the models as thethe full domain, but the seasonal distribution is modified.
LAI of both models are of the same order of magnitude, asEvapotranspiration is higher in winter and spring than in
shown in Fig. 2 (the prescribed LAl for ISBA-Standard is de- FullDom because of the absence of a significant snow cover.
rived from ECOCLIMAP?2). The differences are less marked It is lower in summer because of drier soils in this part of the
in the other seasons, especially in autumn and winter whemlomain. In autumn, on average, the rain reaches a maximum
evapotranspiration is low. In summer, the evapotranspiratiorand the evapotranspiration is almost equivalent to the value
is maximum in both models. for the entire domain.

The MedDom domain is characterized by lower precipita- The total runoff simulated by ISBA-A-gs is higher than
tion, higher air temperature, and a significantly lower snowfor the ISBA-Standard (1.70 mntd for ISBA-A-gs versus
cover than the full domain. In consequence, the annual evapt.57 mmd ! for ISBA-Standard, yearly).
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Fig. 5. Histogram of the number of stations in each class of anomaly

of discharge for ISBA-A-gs and ISBA-Standard with the CYPRIM €ffect on the vegetation behavior and hydrological variables

climate forcing when compared to observations. Data are for thewhen changes were applied to the meteorological forcing

annual mean. only. Three 30-yr simulations (August 2069-July 2099) were
performed with the downscaled CYPRIM data in a manner

) ) similar to the present climate runs.
For the MedDom, the runoff is considerably lower (63 %

of the value of the full domain on a yearly basis). The
difference is more pronounced in spring in relation to the
snowmelt. While the total runoff represents 43 % of the total-l-he air temperature and precipitation anomalies of the cli-
precipitation in MedDom, this proportion reaches 55% for | ,ota scenario are shown in Table 3. The climate sce-

FullDom (ISBA-A-gs). nario results in a significant annual precipitation decrease
for FullDom (—10%). The most affected season is sum-
mer (—20 %), while winter precipitation remains stable. The
game trend is found for MedDorm-(3 % for the annual av-

6.1 Meteorological variables

5.4 Discharge

The discharges simulated by the model were compared t

the discharges observed at the stations described in Sect. 4 age): the spring and sgmmer seasons present _the largest
and shown in Fig. 1. The ISBA-Standard anomaly is ecreases (—20 and —30 %, respectively). Yearly air temper-

+1.8%, so the standard model performs better than ISBA-a_ture anomalies are +3°.E£.forboth _domains. The 'f“aXim”fT‘ .

A-gs (+10.0%) here. This result is consistent with the dif- air temperature anomaly |sfqund in summer, while the mini-
ferences shown in Table 2 (higher runoff and lower evapo-mum anomaly is found in spring for FullDom and MedDom.

transpiration for ISBA-A-gs). Figure 5 shows the dispersion
of the scores for individual stations. The distribution of error
is similar for both models but ISBA-A-gs presents a general
shift toward higher anomalies.

6.2 Snow processes

The impact of snow processes is identical in all models as
they share the same snow model. The simulated snow cover
diminishes drastically at all elevations. In winter the impact
6 Future climate simulations is marked at low and mid elevation and the snow-free area is
significantly increased. In consequence, the evapotranspira-
The impact of climate change was investigated using thetion increases in all models (+30 to +33 % for FullDom, Ta-
ISBA-A-gs and the ISBA-Standard versions in order to as-ble 3). On other areas, the increase is only due to the warmer
sess the impact of the direct effect of €@n vegetation and conditions and is therefore smaller (+15 to +18 % for Med-
on hydrology. In addition, a third run was executed with Dom). The discharge increases significantly in mountainous
a specific version of ISBA-A-gs in which the G@oncen-  regions because the proportion of rainfall and the snowmelt
tration was left at its present value and the nitrogen dilu-increase in winter. The impact on snow cover can also be
tion was simulated with the present g@alue (ISBA-A- seen in spring, a season were the evapotranspiration increases
gs/NoCO2N). The obijective of this run was to evaluate thein mountainous areas (+7.3 % to +17 % for FullDom).
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Table 3. Same as Table 2 but for the end of the 21st century and the corresponding anomalies with 1970-2000. A-gs/NoCO2N/CYP

corresponds to the ISBA-A-gs version with the CYPRIM scenario and ng &fect.

2811

2069-2099  Precipitation Temperatur¢ Total Runoff | Evapotranspiration
FullDom
CYP CYP ‘ A-gs/ICYP A-gs/INoCO2N/CYP STDlZP/CYH A-gs/CYP A-gs/INoCO2N/CYP STD12P/CYP
Year 272 €10%) 12.73 (+3.5) 1.4(-18%)  1.38 (19%) 1.31(17%) | 1.32 (+0.3%) 1.34 (+1.6%) 1.41Q.6 %)
DJF 316 (+1.1%) 541 (+3.5) 2.09 (+8.9%) 2.08 (+8%) 2.02 (+8%) | 0.45(+30%)  0.46 (+33 %) 0.56 (+31 %)
MAM 262 (-11%) 10.60 (+2.7) 1.7(-21%)  1.68 (22%) 156 (20%) | 1.7 (+13%)  1.75 (+17%) 1.93 (+7.3%)
JIA 1.93 (20%) 21.72 (+4.5) 0.75(-43%) 0.74 (-43%) 0.68 (42%) | 23(-6.5%) 2.31(6.1%) 2.2 12%)
SON 316 (12%) 13.08 (+3.3) 1.04(-26%) 1.02(27%) 0.99(24%) | 0.83(-13%) 0.83 (13%) 0.93 £10%)
MedDom
CYP CYP ‘ A—gs/CYP A-gs/NoCO2N /CYP STD12P /CYFF A—gs/CYP A-gs/INoCO2N /CYP  STD12P /CYP
Year 211 (13%) 1575 (+35)| 0.87 (-19%) 0.86 (20%) 0.82(18%) | 1.24(-8.1%) 1.25(7.1%) 1.29 £9.7%)
DJF 274 (+1.3%) 8.33 (+3.2) 1.73(-11%) 1.71(12%) 1.64(11%) | 0.64(+16%)  0.65 (+18%) 0.8 (+15%)
MAM 1.95 (-20%) 13.51 (+2.7) 0.86 (-24%) 0.83 £25%) 0.75(21%) | 1.94 (+0.6%) 1.95 (+3%) 2.04-B.5%)
JIA 0.98 (30%) 250 (+4.7)| 0.16(-33%) 0.16 (34%) 0.15(29%) | 1.64(19%) 1.63 (19%) 1.44 (£24%)
SON 275 (14%) 1614 (+3.3) 0.74(-27%) 0.73 (28%) 0.72(25%) | 0.76 (-16%) 0.76 (16 %) 0.9 12%)
MAM A-gs JUA A-gs MAM A-gs JJA A-gs
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Fig. 8. Anomalies of average seasonal SWI (March-April-May
] ] o and June-July-August) obtained with ISBA-A-gs (top) and ISBA-
Fig. 7. Anomalies of average seasonal evapotranspiration (Marchstandard (bottom) with the CYPRIM scenario for both. The anoma-

April-May and June-July-August) obtained with ISBA-A-gs (top) |ies are calculated by comparing two periods: 2069-2099 vs. 1970—
and ISBA-Standard (bottom) with the CYPRIM scenario for both. 5gg.

The differences are calculated by comparing two periods: 2069—

suming that no change in land cover or land use occurs. The
mean LAl time series corresponding to the end of the 21st
century is shown in Figs. 2 and 3 for the two domains (dashed
While ISBA-Standard assumes an unchanged seasonal LAdurve). Over FullDom, the ISBA-A-gs LAI (blue dashed
distribution, ISBA-A-gs calculates the LAl dynamically, as- curve) occurs slightly earlier and the maximum is lower than
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for the present climate (3.64m=2). The inclusion of the 40 %. Averaged over the whole domain, ISBA-Standard has
vegetation response to the direct effect of the,@Oncen-  the lowest increase in evapotranspiration (+7.3% for Full-
tration and the nitrogen dilution tends to diminish the LAl Dom, Table 3), the two versions of ISBA-A-gs present a
but has almost no effect on the date of the maximum. Therhigher increase in evapotranspiration (+17 % for ISBA-A-
there is a rapid decrease in July, more pronounced than in thgs/NoCO2N, +13 % for ISBA-A-gs, Table 3).
present climate. The impact on LAl is maximum from June In summer, the ISBA-Standard variation is more pro-
to October. When looking at aggregated results for MedDomnounced than for ISBA-A-gs versions-12 % for ISBA-
in the future climate (Fig. 3), the most striking feature is that Standard versus—6% for ISBA-A-gs and ISBA-A-
the LAI during the August-October period is very close to its gs/NoCO2N, Table 3). It should be noted that, at the same
winter value, indicating profound changes in the vegetationtime, the SWI variations are more pronounced in the ISBA-
cycle. The secondary maximum persists, but occurs at thé\-gs version than in the ISBA-Standard version (Fig. 8).
end of October. In autumn, in relation with the drastic diminution of the
Figure 6 shows the anomalies of springtime and summerLAl in ISBA-A-gs, this model presents a more pronounced
time LAI of ISBA-A-gs between 2069-2099 and 1970—2000. decrease of evapotranspiration than ISBA-Standard.
In spring, the LAI decreases in most low lying areas. In  The soil wetness variations are consistent with the changes
summer, the LAl anomaly is negative over most parts ofalready discussed for the LAl and evapotranspiration. Fig-
the domain except in mountain areas. The diminution seemsire 8 shows anomalies of SWI for ISBA-A-gs and ISBA-
smaller near the Mediterranean shore west of the Rhone, bu$tandard between future and present climates in spring and
this is only due to high proportion of bare soil (40 %) in this in summer. In spring, both versions simulate a soil wetness
region (both models share the same bare soil evaporation paewer than in the present climate, except in mountain areas
rameterization). In high mountains, there is a large increasgadvanced snowmelt) for spring. The decrease in terms of
in the LAl of grassland as a consequence of reduced snowspatial distribution and intensity is very similar in both ver-
warmer seasonal conditions, and water availability. The im-sions. In summer, the soil moisture decrease is more pro-
pact is neutral at mid elevations in the Alps and in the Juranounced, with a maximum in the mountains (Alps and Pyre-
mountains where conifer forests and grassland coexist. nees). However, in very high mountains, the soil remains
In the ISBA-A-gs/NoCO2N run, the leaf onset occurs ear- well watered and allows enhanced vegetation development
lier (by about one month) in Figs. 2 and 3. Over Full- (Fig. 6). Generally, ISBA-A-gs and ISBA-Standard present
Dom, the annual maximum LAl is reached earlier and is al-the same spatial and temporal behavior. However, in sum-
most the same as for the present climate (£8m? versus  mer, ISBA-A-gs variation is higher over the entire domain as
4.4nm? m~2 in the present climate). The spatial variations a consequence of a different annual cycle for both evapotran-
follow the same patterns as the ISBA-A-gs run. The differ- spiration and vegetation.
ences in the two versions are especially marked at the onset
of vegetation and during spring. On average, the fertiliza-6.5 Discharge
tion and antitranspirant effect, combined with the nitrogen
dilution, tends to limit the simulated LAl when compared to Figure 9 shows the spatial distribution of the anomalies of the
the ISBA-A-gs/NoCO2N run. The latter run illustrates that mean seasonal discharge associated with their significance
the vegetation response to an exceptionally hot year undefor ISBA-A-gs. The significance of the anomalies was eval-
the present climate does not correctly predict the vegetatiotiated using an adaptation of the Student's test that does not

behavior under future conditions. require the assumption of equality of the variances of the
compared samples. This adaptation is often referred to as
6.4 Evapotranspiration and soil wetness Welch'’s test (Welch, 1947).

The highest increases in winter discharges are located in
Evapotranspiration anomalies (Fig. 7 for ISBA-A-gs and the mountainous part of the domain (Alps, Jura, eastern Pyre-
ISBA-Standard) are highly variable over the domain. In nees), while in most areas, a slight decrease is observed. In
spring, there is a decrease in the south of the domain, esspring the decrease is more pronounced near medium eleva-
pecially along the Mediterranean coast, while evapotranspition mountains (Jura and eastern Pyrenees), while an increase
ration increases in other parts of the domain. The maximuris observed in a few gauging stations of the central Alps only.
increase is located in the mountain area, in relation with theThe decrease is maximum over the whole domain in sum-
reduced snow coverage and vegetation development for thmer. In autumn, due to increased precipitation, the impact
ISBA-A-gs version. ISBA-A-gs shows a tendency toward is less pronounced in the south (with some gauges recording
more evapotranspiration when compared to ISBA-Standardincreased discharges). However, the changes are significant
with a difference that is quite evenly distributed: increasedin the north of the domain ($ae plain and the foothills of
evapotranspiration in the mountain area, smaller decrease idura). The presence of an aquifer that smoothes the hydro-
the other regions. Both versions give very similar valueslogical response to climate explains the specific response of
in the coastal zone where the bare soil proportion reachethis region.
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Fig. 9. First row: anomalies of average seasonal discharge obtained with ISBA-A-gs. Second row: significance of the anomalies: black
means that the changes are statistically significant and light grey means they are not. The anomalies are calculated by comparing twc
periods: 2069-2099 vs. 1970-2000.

120 : : : : Table 4. Number of stations with significant changes at the end of
B e the 21st century (compared to 1970-2000) for the different model
[TisBA-A-gs/NoGO2N versions at the yearly and seasonal time scales (out of 204 stations).

100 I is5--Standard 1

YEAR DJF MAM JJA SON

STD12P 116 52 93 170 84
A-gs 131 61 106 173 100
A-gs/INoCO2N 139 61 113 181 108

Number of stations

confirming that the impact is more pronounced with ISBA-
A-gs. On average, the anomaly is24 % with ISBA-
A-gs/INOCO2N,—23 % with ISBA-A-gs, and—22 % with
ISBA-Standard, which is consistent with the anomalies of
<0 BB 2 s 0 >0 the total runoff (19 %,—18, and—17 %, respectively).
Anomaly (%) .

Table 4 presents the number of stations where the changes

are significant for each model and for each season and on

Fig. 10. Histogram of the number of stations in each class of annual n annual basis. In all seasons, ISBA-Standard presents

anomaly of discharge between the future climate and the preserﬁ1 llest b f stai ith sianificant ch
climate according to ISBA-A-gs, ISBA-A-gs/INoCO2N, and ISBA- € Smallest number of stalions with signiticant changes.

Standard. The most important differences between ISBA-Standard and

ISBA-A-gs models are seen for the year and for autumn

(a season with marked hydrological changes in ISBA-A-

Figure 10 shows the statistical distribution of the anoma-gs). These results show that the explicit treatment of the
lies of impact of the climate scenario on all the gauges,vegetation response to climate change tends to increase the
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hydrological impact of climate change. With a greater effectdilution is a key limiting factor for plant development in this
on LAI and evapotranspiration, ISBA-A-gs/NoCO2N shows region. However, given the large uncertainty in the leaf nitro-
the highest impact. gen response to an increase ing0ncentration and the fact
that the formula proposed by Yin (2002) captured only 41 %
of the variance of the sample, this result needs to be con-
7 Conclusions firmed by studies with other land surface models. Another
conclusion of this study is that the hydrological response in
This study is a contribution to the question of uncertainty the future cannot be deduced from the hydrological response
caused by the impact model in climate change studiesto anomalous years in the present climate.
Specifically, we studied how the inclusion of a dynamic veg-  The differences in total runoff impact, only 1% between
etation scheme in the ISBA land surface model affected thqhe two models, were lower than the differences found by
hydrological impact on the continental surface in the contextQuintana-Seguet al. (2010) for the same area by compar-
of an increased atmospheric g@oncentration. The study ing three downscaling methods on the same scenario for the
focused on the Mediterranean area of France. The |mpaqh|dd|e of the 21st century (7 %), and lower than the uncer-
on hydrological variables simulated by ISBA-Standard (with tainty associated with the GCM. It appeared that, at the scale
prescribed vegetation), and ISBA-A-gs (with dynamical veg- of the region studied, ISBA-A-gs did not significantly mod-
etation), were compared using the same downscaled SRE§; previous conclusions obtained with ISBA-Standard on
A2 climate scenario. the hydrological budget. These quite small changes between
In present climate conditions, ISBA-Standard obtainedthe two versions of ISBA can be attributed to internal com-
better results than ISBA-A-gs, which slightly overestimated pensation effects, despite different evapotranspiration, water
the observed discharges over the area. In addition, ISBAstress, and LAl variations formulations. Nevertheless, the
A-gs presented a different LAI distribution, with higher LAl yse of a CG@-responsive land surface scheme in climate im-
than ECOCLIMAPZ2 in summer and autumn. pact assessment studies led to differentiated results, depend-
At the end of the 21st century, on a yearly basis, bothing on the vegetation type (development of mountain vegeta-
ISBA-A-gs and ISBA-Standard agreed on a decrease of totajion and decrease of vegetation in the low lying areas) and on
runoff (—18 % for ISBA-A-gs,—17 % for ISBA-Standard), different seasonal responses. Only this version could modify
but with seasonal and regional contrasts due to differences ithe mean vegetation cycle, which is greatly affected in this
the model physics. In winter, the general increase in evapregion.
otranspiration was similar in both models and could be at- This study was a first attempt to use a£f@sponsive ver-
tributed to the decrease in snow cover. The model differencesjon of ISBA for climate change impact studies at the re-
could be seen clearly in spring and summer, with a tendencyjional scale, introducing some regional differences in the
of ISBA-A-gs to evaporate more than ISBA-Standard (highervegetation and water cycle when compared to the ISBA-
increase in mountainous regions, where evapotranspiratiogtandard version. The modeling approach applied here pro-
increases in both models, and smaller decrease in other rejides a useful tool for assessing the effects of future climate
gions). This difference illustrated the importance of the role changes. In addition, the ISBA-A-gs model allows more
of the vegetation changes in the response on a seasonal scadtailed studies on specific natural or managed vegetation
The response of ISBA-A-gs was governed by the complextypes, as well as for agriculture, which is an important is-
interaction of the C@fertilization and antitranspirant effect, sue for future impact and adaptation studies. A further step
combined with the nitrogen dilution and increased soil stresswould be to prescribe changes in the land cover and land use
In contrast, the ISBA-Standard response was constrained byonsistent with the climate change and according to the so-
the unchanged LAI and stomatal conductance. This expericioeconomic scenario. This possibility will be explored in
ment showed that more significant changes in the hydrologifuture studies.
cal impact were obtained using the version of ISBA that ex-
plicitly accounts for changes in the vegetation cycle. AcknowledgementsThis work was supported by the VMC-
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