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Abstract. In order to verify the interannual variability of in Noilhan and Planton (1989), and Noilhan and Mah-
the above-ground biomass of herbaceous vegetation simufeuf (1996). Also, SURFEX includes the carbon module of
lated by the ISBA-A-gs land surface model, within the SUR- ISBA, ISBA-A-gs (Calvet et al., 1998; Calvet and Soussana,
FEX modelling platform, French agricultural statistics for C3 2001; Gibelin et al., 2006).
crops and grasslands were compared with the simulations for The added value of ISBA-A-gs is the possibility to simu-
the 1994-2008 period. While excellent correlations are Ob-Iate the CQ fluxes, in conjunction with the water and energy
tained for gl’aSSIandS, representing the interannual Variab”it)ﬂuxes and state variables simulated by the model. In partic-
of crops is more difficult. It is shown that, the Maximum yjar, the vegetation transpiration calculated by ISBA-A-gs is
Available soil Water Capacity (MaxAWC) has a large influ- related to a photosynthesis model able to describe the impact
ence on the correlation between the model and the agriculof drought (Calvet, 2000; Calvet et al., 2004). The simu-
tural statistics. In particular, hlgh values of MaxAWC tend lated CQ fluxes can be validated along with the evapotran-
to reduce the impact of the climate interannual variability on spiration using the extensive in situ flux observations of the
the simulated biomass. Also, hlgh values of MaxAWC allow FLUXNET initiative, gathering more than 500 sites world-
the simulation of a negative trend in biomass production, inwide (www.fluxdata.ory. This was illustrated by Gibelin
relation to a marked warming trend, of about 0.12Kyon et al. (2008) for mid-latitudes. Moreover, an option of ISBA-
average, affecting the daily maximum air temperature duringa-gs permits the simulation of the vegetation biomass and
the growing period (Apri-June). This trend is particularly | eaf Area Index (LAI). This option is useful for climate
acute in Northern France. The estimates of MaxAWC for C3change impact studies (Calvet et al., 2008), and allows the
crops and grasslands, currently used in SURFEX, are aboulequential assimilation of satellite LAl estimates. The latter
129 mm and do not vary much. Therefore, more accurat&yas demonstrated at the local scale, for an unmanaged grass-
grid-cell values of this parameter are needed. land site (Sabater et al., 2008; Albergel et al., 2010; Barbu
et al., 2011). These studies show that representing LAI ob-
servation errors is not easy. Barbu et al. (2011) conclude that
1 Introduction for LAl values higher than 2 Afm~—2, the LAI observation
error is proportional to the LAl value. Indeed, the satellite-
SURFEX (Surface Externabg) is a surface modelling derived LAl values are affected by a saturation phenomenon
platform developed by Meteo-Francevww.cnrm.meteo.fr/  at high LAI values, inducing a high uncertainty on yearly
surfex) including specific models for soil/vegetation pro- maximum LAI values (Garrigues et al., 2008). This uncer-
cesses, urban areas, water bodies and ocean, together withinty can be handled by assimilation systems able to sequen-
interfaces with atmospheric and hydrological models (Mar-tially analyse soil moisture and LAl from a daily to a 10-
tin et al., 2007; Le Moigne et al., 2009). Over land, SUR- day basis, and LAl data are useful in all conditions. How-
FEX uses the Interactions between Soil, Biosphere and Atever, the interannual variability of the above-ground biomass
mosphere (ISBA) Land Surface Model (LSM), described (Bag) and of the LAI simulated by ISBA-A-gs is not easy to
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verify (Brut et al., 2009). Independent biomass estimates ar@ea, and grass. Maize was not considered as a large pro-
needed to verify the model parameter mapping and its impacportion (more than 40 %) of the maize grain production in
on the interannual variability of the simulated vegetation France comes from irrigated fields, and irrigation tends to
biomass. The vegetation biomass is not directly observededuce the impact of the climate interannual variability on
so far by Earth observation satellites, and in situ observathe vegetation biomass and on the grain yield (Debaeke and
tions related to the vegetation biomass are needed. For cropBertrand, 2008). This triggers a rather poor correlation be-
the agricultural statistics can be used at the country level, asveen the maize yield statistics and the simulated vegetation
shown by Smith et al. (2010a,b) for Europe, using the OR-biomass (Calvet et al., 2008). Moreover, the maize yield fig-
CHIDEE (Krinner et al., 2005) LSM and the STICS (Brisson ures given by Agreste do not separate irrigated from rainfed
et al., 2002) crop model. They worked over the period 1972-maize over the whole period considered in this study.
2003, marked by a very strong increase in crop yields all over The ISBA-A-gs parameters and the available atmospheric
Europe caused by more and more intensive crop managemeahd agricultural data over specific regions in France are pre-
practices (use of fertilizers, pesticides, more productive cul-sented in Sect. 2, for C3 crops (cereals and forage pea in this
tivars). In order to extract the interannual variability signal study) and grasslands. The impact of the ISBA-A-gs param-
from the yield time series, they detrended the crop yields useters on the interannual variability of the simulatBg; is
ing a linear trend curve, and they analyzed the standard devipresented in Sect. 3, together with the parameter values opti-
ation of the de-trended yield anomalies, only. mizing the correlation with agricultural statistics. It is shown

In this study, an attempt is made to use the detailedto what extent theBag simulated by the model is consistent
agricultural dry matter yield statistics available in France with the agricultural statistics. Finally, the results are dis-
(Agreste, 2011) for relatively small administrative units cussed in Sect. 4, and the main conclusions are summarized
(“départements”) ranging from 2000 to 10 000%nin or- in Sect. 5.
der to analyze the year-to-year variability of the modelled
biomass production, we focus on the 1994-2008 period. This
15-yr period is characterized in France (Gate et al., 20102 Material and methods
Brisson, 2010), as in many European countries, by crop
yields presenting little or no trend. 2.1 Parameters of ISBA-A-gs and studied sites

The objective is to assess to what extent agricultural statis-
tics (crop yields and fodder production) can be used to assedSBA-A-gs uses a C@responsive parameterization of pho-
the capability of a generic LSM to reproduce the interannualtosynthesis based on the model of Goudriaan et al. (1985)
variability of the dry matter yield. Indeed, ISBA-A-gs is able modified by Jacobs (1994) and Jacobs et al. (1996). This pa-
to represent the climate impact on the main biophysical pro+ameterization is derived from the set of equations commonly
cesses using a limited number of equations and parametergsed in other land surface models (Farquhar et al., 1980 for
but ISBA-A-gs does not include any crop-specific parameter-C3 plants and Collatz et al., 1992 for C4 plants), and it has
isation and is not able to simulate the crop grain yield forma-the same formulation for C4 plants as for C3 plants, differ-
tion per se. Moreover, the processes that govern variabilitying only by the input parameters. Moreover, the slope of
in the yield of crops are not exactly the same as those thathe response curve of the light-saturated net rate of &9
govern variability in unmanaged vegetation biomass accusimilation to the internal C®concentration is represented
mulation, and while ISBA-A-gs simulates the climatic im- by the mesophyll conductancgy). Therefore, the value of
pacts on photosynthesis and on the vegetation growth, spdhe gn parameter is related to the activity of the Rubisco en-
cific factors impacting the agricultural production are not ac- zyme (Jacobs et al., 1996), while in the Farquhar model, this
counted for. The latter include changes in the intensity of thequantity is represented by a maximum carboxylation rate pa-
crop management (in relation to technical advances or pubrameter {c max). The model also includes a detailed repre-
lic policies), pests, diseases, migration of a given crop typesentation of the soil moisture stress. Two different types of
from productive to poorer lands, or (in the case of cereals) thedrought responses are distinguished for both herbaceous veg-
grain formation. Also, crop cultivars have been bred to pro-etation (Calvet, 2000) and forests (Calvet et al., 2004), de-
duce high yields of grain, at optimum quality, with optimum pending on the evolution of the water use efficiency (WUE)
use of resources. Therefore, variability in crop yield may notunder moderate stress: WUE increases in the early soil wa-
be perfectly correlated with the annual maximum biomass ofter stress stages in the case of the drought-avoiding response,
more “natural” vegetation types. An important aspect of thewhereas WUE decreases or remains stable in the case of the
validation is the verification of the default choice of param- drought-tolerant response.
eters in SURFEX on the value of the Maximum Available Table 1 presents the standard values of ISBA-A-gs pa-
soil Water Content (MaxAWC), on photosynthesis parame-rameters (Gibelin et al., 2006) used in the SURFEX mod-
ters, and on specific plant responses (avoiding or tolerant) telling platform, for C3 crops and for C3 grasslands. The
drought. Three contrasting categories of agricultural prod-photosynthesis model is governed by four key parameters:
ucts described by Agreste were considered: cereals, foragihe mesophyll conductance in well-watered conditigis,
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Table 1. Standard values of ISBA-A-gs parameters (Gibelin et al., 2006) for 2 vegetation types (C3 crops and C3 grasslands). The mesophyll
conductance at a leaf temperature of 25 in well-watered conditiongm, is in units of mm s1 gc is the cuticular conductance, in mm

fc is the critical extractable soil moisture content, dimensiontggss the maximum leaf span time, in days, LA is the minimum leaf

area index, in hm~2, N|_is the leaf nitrogen concentration in % of dry masss the SLA (specific leaf area) sensitivity g, , in

m2kg=1% 1, fis SLAatN_ =0%, in nf kg1,

Vegetation Type gm  gc 0c Responsetodrought tny LAlpin  NL e f

C3 crops 1 025 03 Avoiding 150 0.3 1.3 379 984
C3 grasslands 1 025 03 Tolerant 150 0.3 1.3 556 6.73
‘ ‘ ‘ ‘ ‘ ‘ AWGIMRKANG rameter is related to the sensitivity of stomatal aperture to
\ —{ DROUGHT-AVOIDING | air humidity (high Dmax values correspond to a low sensi-
1.6/ —>{ DROUGHT-TOLERANT | | tivity and vice versa). In Table 1, the response to drought is
| (—AWC = GoxMaxaWC | MMos the only parameter distinguishing the standard photosynthe-
sis parameters for C3 crops and C3 grasslands. Plant growth
12 l \ AWG = MaxAWG ] is characterized by five parameters: the maximum leaf span
s | « 1 B time, v, the minimum leaf area index LA\n, the leaf nitro-
EE \ gen concentratiotv, the SLA (specific leaf area) sensitivity
= o8 1 M. to N, e, and SLA atN| =0%, f. The latter two differ from
AWC = GMaxAWC | C3 crops to C3 grasslands (Table 1).
0l - ~—— l ] The value of MaxAWC may change from one location
- W to another, depending on soil and plant characteristics: solil
i l l I moisture at field capacity, soil moisture at wilting point, and
0 . ; ‘ : . : o rooting depth. These parameters, together with the frac-
0 01 02 08 tion of vegetation types, are provided by the ECOCLIMAP

D, (kg/kg) . .
’ global database (Masson et al., 2003), at a spatial resolution

Fig. 1. Responses of C3 herbaceous plants to soil moisture stres@f 1 km. ECOCLIMAP is a database of key surface parame-
as represented in the ISBA-A-gs model, through the relationshipters (soil texture, albedo, emissivity, roughness length, LAI,
between the mesophyll conductance af@5gny, and the max-  vegetation fraction, and physiological parameters) for land
imum leaf-to-air saturation deficitDmax (adapted from Calvet, surface modelling. Over France, more often than not, the
2000): drought-avoiding and drought-tolerant (red and blue ar-ECOCLIMAP classes correspond to a combination of 6 main
rows, respectively). For moderate soil water stress (i.e. AWC  patches (bare soils, coniferous trees, deciduous broadleaf
fc x MaxAWC), the deviation ofDmax from its unstressed value trees, C3 crops, C4 crops, C3 grasslands). An updated ver-
towards its minimum (0.03 kg kg') or maximum (0.30kgkg")  gion of ECOCLIMAP (ECOCLIMAP-II) is now available
valug (drought-avoiding and drought-tolerant, respectively), is pro-over Africa (Kapt@ Tchuené et al., 2010, 2011), and over
portional to AWC, scaled between MaxAWC afig x MaxAWC. Europe (Faroux et al., 2009). It is based on more recent input

The value ofgnm is driven by Dmax through a logarithmic equa- :
tion (solid line): INgm) = 2.381— 0.6103x IN(Dmay), With gm and satellite data (several years of SPOT/VEGETATION NDVI)

Dmax in units of mms and gkg L, respectively. For more pro- ~and distinguishes, also, Spring crops (e.g. wheat) from Sum-
nounced soil water stress (i.e. AMEI- x MaxAWC), eithergm mer crops (e.g. maize, sunflower).
or Dmax (drought-avoiding and drought-tolerant, respectively), de-  |n this study, C3 Spring crops are considered, as they are
crease from its value at AWE fc x MaxAWC to its minimum  generally rainfed and as such, their yield interannual vari-
value, proportional to AWZ(6c x MaxAWC). As an example, the ability is more markedly related to climatic conditions. Also,
fc and unstressegy values of Table 1 are used. permanent grasslands below 1000 m a.s.l. are considered,
only, as high altitude grasslands are represented with diffi-
culty by ISBA-A-gs (Brut et al., 2009). Also, the ISOP (In-
the cuticular conductanceg., the critical extractable soil formation et Suivi Objectif des Prairies) model-based grass-
moisture contentgc, and the response to drought (drought- land production index considered in this study (Sect. 2.3.2)
avoiding or drought-tolerant). As shown by Fig. 1 for iS notavailable above 1000 m a.s.I. (Ruget et al., 2006).
C3 herbaceous plants (Calvet, 2000), drought-avoiding and Figure 2 presents the location of the studied sites, for
drought-tolerant responses to soil moisture stress are représoth C3 crops and grasslands. For a giveagartement”
sented through empirical relationships betwggnand the  administrative unit, they correspond to the 8km8km
maximum leaf-to-air saturation deficdnax. The latter pa- SAFRAN atmospheric grid cell (see Sect. 2.2) for which

www.geosci-model-dev.net/5/37/2012/ Geosci. Model Dev., 5,34-2012
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45°N 45°N

5°W 0° B°E. 10°E

Fig. 2. Studied C3 crops and grassland French sites: (top) SAFRA
grid cells presenting more than 45 % of (green dots) C3 crops an
of (blue dots) grasslands, below 1000 m a.s.l., according to (mid

dle) the fractions of vegetation types derived from ECOCLIMAP-II;
(bottom) the crop SAFRAN grid-cells of the égartement” admin-
istrative units cited in the text.

Geosci. Model Dev., 5, 3754, 2012

ECOCLIMAP-II presents the highest average fraction of ei-
ther C3 crops or grasslands. Each site is representative of one
administrative unit and at these sites, the C3 crop or grass-
land patches represent at least 45 % of the ECOCLIMAP-II
grid cell. This procedure permits to ensure that the mete-
orological variables used to drive the model are consistent
with the main location of the croplands (grasslands) within
a cepartement. The meteorological data of the SAFRAN
sites are used to drive the model. In general, one site (corre-
sponding to either C3 crops or grasslands) @gradtement is
studied, but for someapartements (e.g. 63-Puy-déxne),

two sites are described, one for grasslands, and one for C3
crops.

2.2 Forcing atmospheric data

A high-resolution (8 km) atmospheric forcing data set is
available for simulations over France. Itis provided by the at-
mospheric analysis system “Sggte d’Analyse Fournissant
des Renseignements A la Neige” (SAFRAN) (Durand et al.,
1993, 1999). SAFRAN is a mesoscale atmospheric analysis
system for surface variables. It produces an analysis of air
temperature, air humidity, wind speed, incoming shortwave
and longwave radiations at the hourly time step, and an anal-
ysis of precipitation at the daily time step, using atmospheric
simulations and ground data observations. SAFRAN is based
on climatically homogeneous zones and is able to take topog-
raphy effects into account. Originally intended for mountain-
ous areas, it was later extended to cover France. A detailed
validation of the SAFRAN analysis over France (Quintana-
Segu et al., 2008) showed that SAFRAN provides accurate
meteorological values to force LSM. In particular, SAFRAN
uses a large number of rain gauges and can be considered as
a reference for the verification over France of global precipi-
tation analyses (Szczypta et al., 2011).

Over the studied sites (Fig. 2), and for the 1994-2008 pe-
riod, SAFRAN presents a marked positive trend of the av-
erage maximum air temperature for April-May-June, i.e. for
the start of the growing period:

— For C3 crops sites, the trend is systematically positive
(ranging from 0.015 Kyr? to 0.183 Kyr 1), and the av-
erage value is 0.126 Kyt

— For grassland sites, the trend ranges from —0.001 to
0.186 Kyr 1, and the average value is 0.118 Kyr

This trend is more acute in Northern France.

.3 The French agricultural statistics

2.3.1 Crops

The French agricultural annual statistics are freely available
on the web, at the&partement administrative level (Agreste,

2011). They are based on extensive local to national ob-
servations of harvested grain quantities. In this study, the

www.geosci-model-dev.net/5/37/2012/
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Agreste data for the 1994-2008 15-yr period were consid-duction is less accurate than the crop yield estimates. Indeed,
ered, only. The considered C3 crops were 6 types of cerealmost of the French fodder production is used on-site, and the
(winter wheat, rye, winter barley, spring barley, oat, triticale) limited commercial exchange of fodder is detrimental to the
and forage pea. Each crop considered alone covers a signifguantitative monitoring of the grassland productivity. Since
cant fraction of each of 45apartements (Fig. 2). the two products present advantages and disadvantages, both
Figure 3 shows the dry matter yield time series providedwere used in this study. The ISOP index used in this study is
by Agreste for cereals and forage pea, from 1994 to 2008the ratio of the annual grass production simulated by STICS,
The data are shown for eackghrtement, together with the for permanent grasslands, to the average value simulated for
average curve. No significant trend of the average yield isthe period 1982-2006, at a given location. In contrast to
observed, except for forage pea, with a significant (at the 1 %Agreste, ISOP is not provided at thémhrtement level, but

level) negative trend of —-6.15 gTAyr—1. for specific forage regions. The 48 grassland sites presented
in Fig. 2 were derived from thegpbartement limits and from
2.3.2 Grasslands the ECOCLIMAP-II grassland fraction. For each grassland

site, the data from the nearest ISOP forage region were used.
Agreste provides dry matter yield annual values for both per- Figure 4 shows the dry matter yield time series provided
manent and temporary grasslands. In this study, low alti-by Agreste for grasslands, together with the ISOP index (at
tude permanent grasslands were studied for&adements the corresponding forage regions), from 1994 to 2008. The
(Fig. 2). In Agreste, permanent grasslands are defined adata are shown for eactegartement, together with the av-
natural grasslands or as planted grasslands older than 6 yerage curve. No significant trend of the average yield is ob-
Also, since 2000, Mtto-France has issued the ISOP index served. ISOP presents a more pronounced interannual vari-
(Ruget et al., 2006). This index is derived from an inte- ability than the Agreste statistics, especially before 2000. Af-
grated system providing a real-time assessment of the forter 2000, the ISOP index information was incorporated into
age production variability over France. The system is basedhe Agreste statistics, and the correlation between the two
on simulations of the STICS model of Institut National de estimates increased sharply.
la Recherche Agronomique (INRA), driven by daily atmo-
spheric variables derived from interpolated ground observa2-4 From ISBA-A-gs to the agricultural statistics

tions of meteorological variables. In the ISOP-STICS sim- h imulati dri b hourl
ulations, the grass is regularly cut, from January to October,T e ISBA-A-gs simulations were driven by SAFRAN hourly

and the cut biomass is cumulated throughout the year in Orgtmospheric variables. C3 crops and grasslands were simu-

der to calculate the annual dry matter yield. The harvest date?_teOI using the standard parameters of Taple 1. Continuous

depend on climatic conditions and are derived from temperSimulations were performed from 1994 to 2008, for all the

ature sums. Management practices, such as the frequency i‘Ies presented in Fig. 2. As a preliminary sensitivity study
mowing, the thermal time between mowings or the amount see Sect. 3.1) showed that the interannual variability of the

of nitrogen supply, were estimated through a national surSimulatédBag was very sensitive to them photosynthesis
vey carried out in 1998 by the French Ministry of Agricul-

parameter and to MaxAWC, the 15-yr simulations were re-
ture. The fodder production was assessed for more than GOOBeated 48 (& 6) times for each site:

combinations of soils, climates, and management practices — 8 MaxAWC values were used: 50, 75, 100, 125, 150,
and then aggregated on about 200 forage regions previously 175, 200, 225 mm,

defined by the French Ministry of Agriculture. The ISOP in- )

dex was calibrated for delivering a good representation of the — 6 gm valuels were used: 0.50, 0.75, 1.00, 1.25, 1.50,
inter-annual variability. In this study, both Agreste and ISOP L75mms=.
were used to assess the ISBA-A-gs simulations for grassPerforming 48 simulations for each site permitted the combi-
lands. The advantage of the Agreste data is that they are prayation of various MaxAWC angn, values. Selecting among
duced by local experts, and Ruget et al. (2006) used this inthe 48 simulations, the simulation presenting the best correla-
dependent bottom-up information to validate the ISOP prod-tion between the annual maximum aboveground biomass and
uct for the 1982-1998 period (for more recent years, the twahe agricultural statistics, provided the optimal MaxAWC
products are not independent as the local experts contributandgy, values at each site. The chosen MaxAWC grpd/al-

ing to Agreste could use ISOP). Ruget et al. (2006) foundues explored the variability around the default values used in
that the consistency between the two fodder production estSBA-A-gs for both C3 crops and C3 grasslands (129 mm
timates varies a lot from one region to anoth&? (varies  and 1mms?, respectively, see Tables 1 and 4). While,
from 0 to 0.6). The two products present shortcomings: (1)for a given vegetation type, MaxAWC values can be de-
although the STICS model used to produce ISOP was calirived from the default soil characteristics provided by ECO-
brated and validated by Ruget et al. (2006) using five INRA CLIMAP, the uncertainties affecting MaxAWC (in particular
grassland test sites, mapping the numerous STICS parameeil depth) are very large. This is why a large range of Max-
tersis not easy, (2) at aregional scale, the Agreste fodder pro)AWC values were investigated in this study: although ideally

www.geosci-model-dev.net/5/37/2012/ Geosci. Model Dev., 5,34-2012
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Fig. 3. Agreste (2011) crop yield statistics for 45&gdartement” administrative units (dashed lines) for cereals (winter wheat, rye, winter
barley, spring barley, oat, triticale) and forage pea, from 1994 to 2008. The average trend is indicated (solid line).

any tuning should be done independently from the validation,ues may range between 230 mm and 350 mm. At the scale
using a wrong MaxAWC value may trigger discrepancies in of an administrative unit, various soil types can be found and
the simulated vegetation biomass and lead to wrong concluthe average MaxAWC value is expected to be lower than the
sions regarding the intrinsic model performance. Regard-highest values observed a the field scale. Therefore, using
ing the MaxAWC values for crops, Cabelguenne and De-225mm as the highest MaxAWC value, at thepdrtement
baeke (1998) indicate that, at the field scale, the highest vallevel, seems reasonable.
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The average trend is indicated (solid line).

Table 2. Optimal mesophyll conductancegng) and MaxAWC derived from agricultural statistics (Agreste and, in the case of grasslands,
ISOP) for four vegetation types: cereals and forage pea (C3 crops) and managed (regular cuts) and unmanaged permanent grasslands. T
results are given for the default response to drought of Table 1, and for the alternative response.

Crops Cereals Forage pea Permanent grasslands Permanent grasslands
(wheat, rye,

barley, oat, triticale)
Number of sites 45 48 48
Reference time series AGRESTE AGRESTE AGRESTE ISOP
Management | No No | No No | No Regular cuts  Regular cuts  No Regular cuts  Regular cuts
Response to drought \ Avoiding  Tolerant \ Avoiding  Tolerant \ Tolerant Tolerant Avoiding \ Tolerant Tolerant Avoiding
Median and stdev 1.00 1.75 1.50 0.50 0.75 1.25 0.50 0.75 1.25 0.50
of optimal gm (Mms™1) (*) +0.45 +0.49 +0.48 +0.00 +0.43 +0.45 +0.41 +0.46 +0.30 +0.30
Median and stdev of 175 150 200 150 100 125 175 100 100 150
optimal MaxAWC (mm) (*) +51 +53 +46 +14 +62 +54 +69 +59 +48 +69
Number of sites 13-2 6-0 20-5 3-1 31-18 43-36 32-13 43-35 47-44 41-27
where optimal MaxAWC
andgm give significant
positive correlations:
1% level-0.1 % level
As above except for median 4-1 3-0 10-2 3-1 16-4 30-14 13-5 31-13 44-35 17-7
MaxAWC and mediargm
As above except for optimal 9-2 5-0 15-2 3-1 27-9 35-18 21-9 38-27 46-39 33-19
MaxAWC with mediangm
As above except for optimal 3-0 11-3 3-1 20-6 32-16 15-6 30-15 45-37 16-7
gm With median MaxAWC
Impact on meark? of using median| —0.19 -0.11 -0.14 —0.02 -0.18 —0.20 -0.22 —0.16 -0.12 -0.24
gm and median MaxAWC (*)
Impact on meark? of using median| —0.08 -0.01 -0.07 —0.00 —0.08 -0.15 -0.12 —0.08 —0.08 —0.10
gm with optimal MaxAWC (*)
Impact on meark? of using median| —0.17 —-0.10 ‘ -0.13 —0.02 ‘ -0.13 -017 —0.19 ‘ —0.16 —0.11 —0.27

MaxAWC with optimalgm (*)

The default response to drought is in bold characters. Note that for cereals, significant negative correlations are found for 6 sites in Northeastern France (02-Aisne, 18-Cher, 39-Jura
51-Marne, 55-Meuse, 60-Oise), and only 1 site (02-Aisne) for forage pea.
* Only the sites where optimah, and MaxAWC give significant correlations at 1% level are used. The 1 and 0.1 % levels corresdns @41 and 0.57, respectively.

Standard ISBA-A-gs simulations do not include a de- synthesis (with respect to an optimal photosynthesis level de-
scription of agricultural management practices, and vegetapending on model parameters). However, a simple irrigation
tion growth is driven by photosynthesis and by the climatic model (Calvet et al., 2008) may be activated, together with
factors (including drought) acting on photosynthesis. Plantthe possibility to prescribe an emergence date (by artificially
growth corresponds to the net assimilation of % photo-  maintaining LAl at its minimum value, LAdin, presented
synthesis, and plant mortality is induced by a deficit of photo-in Table 1). In this study, these options were not activated.
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Table 3. Scores for pooled grassland biomass production values (720 values, i.e. 48 administrativd Sigitsfrom AGRESTE and ISOP-
STICS, of the unmanaged and managed options of the ISBA-A-gs model: squared correlation coeﬁ?t)ienb( mean square difference
(RMSD), standard deviation of differences (SDD), and mean bias (model minus reference data).

Grassland model option  Reference data sourc&? RMSD SDD Mean bias
kgm™?) (kgm™?)  (kgm?)
Unmanaged AGRESTE 0.70 0.30 0.25 0.17
ISOP-STICS 0.47 0.25 0.24 0.07
Managed AGRESTE 0.37 0.22 0.20 -0.08
ISOP-STICS 0.45 0.29 0.17 -0.23

For grasslands, cuts can be prescribed at given dates (Calvef the optimum MaxAWC angn, for cereals, forage pea, and
and Soussana, 2001) or when LAl has reached a predefinegiasslands.

threshold. In this study, both unmanaged and managed grass- xamples of ISBA-A-gs simulations dfagand AWC, are
lands were simulated. In the latter simulations, cuts werepresented in Figs. 5 and 6, for C3 crops and grasslands, re-
simulated when LAl reached a value of 2Zm~2. spectively, based on the median MaxAWC and values

The variables compared with the agricultural StatiStiCSpresented in Table 2. The model parameters presented in
were: (1) for the C3 crops and the unmanaged grasslandsiable 1 are used, except fgr, values derived from Ta-
the annual maximunBag, (2) for managed grasslands, the ple 2 (g =0.75mms?! for unmanaged grasslands, and

cumulated cut biomass throughout the annual cycle. gm=1.25mms? for managed grasslands). The C3 crop
and grassland simulations are performed for the SAFRAN
2.5 Sensitivity study grid cells located in the 63-Puy-dedihe administrative unit

(45.94 N, 3.2 E, and 46.23N, 2.9 E, respectively), for
The sensitivity of the squared correlation coefficieRf) of MaxAWC values of 175 and 100 mm, respectively (Table 2).
the annual C3 crop maximumB,g simulated by ISBA-A-gs  For this cepartement, both crops and grasslands are present,
vs. the Agreste yield statistics was investigated over contrastand highly significant correlations are obtained. Despite the
ing sites, presenting markedly different optimum MaxAWC enhanced photosynthesis and plant transpiration triggered by
and gm values, for various values of key parameters gov-the highergn, value, the managed grasslands tend to evapo-
erning the soil moisture stress: MaxAWgy, 6c and gc. rate less than the unmanaged grasslands because LAl does
A large range of parameter values, different from their ref- not exceed 2 fim=2 (against annual maximum LAl values
erence standard values in Table 1, was explored. The paanging from 4.3 to 6.0 Am~2 for the unmanaged grass-
rameters were tested one by one (i.e. the other parametetand).
kept their standard value). Also, the chosen sites presented The sensitivity study described in Sect 2.5 was con-
optimal gm or MawAWC values ranging outside the 48 pa- qgycted over the 31-Haute-Garonne and 91-Essonne admin-
rameter combinations of Sect. 2.4. This permitted assessingative units (SAFRAN grid cells at 43.5K-1.79 E, and
the impact of using sub-optimgh, or MaxAWC parameter 48 32 N—2.28 E, respectively). Over 31-Haute-Garonne,
values. good correlations are found for rye and the Agreste rye yield
time series was used to calculate tRé values. For 91-
Essonne, wheat yields were used. These two sites present

3 Results contrasting optimum MaxAWC (100 and 250kgf) re-
spectively) andgm (2 and 1mms?, respectively) values.
3.1 Key ISBA-A-gs parameters impact the biomass The sensitivity study was performed using these parameter
interannual variability values as a reference, and was repeated using sub-optimal pa-

rameter valuesgm =1 mms ! for 31-Haute-Garonne, and
Assuming that the agricultural statistics may help constrain-MaxAWC = 200 kg n 2 for 91-Essonne. Figure 7 shows the
ing average values of MaxAWC ang,, the values of these result of the sensitivity study for the two configurations (op-
parameters were explored in detail as described in Sect. 2.4imal and sub-optimal). The values of MaxAWC and pa-
For each administrative unit, and for each crop type (ceretameters markedly impa&t?. The response to the MaxAWC
als, forage pea, and grasslands), optimal values of MaxAW(parameter is particularly marked for 31-Haute-Garonne, for
and gm were obtained, i.e. values providing the best corre-both optimal and sub-optimg}, values. For extreme values
lation between the agricultural yield statistics and the simu-of these two parameters, loR? values between 0 and 0.2
lated biomass production. Table 2 presents the median valuesre found. On the other hand, changegdnand (especially)
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Fig. 5. ISBA-A-gs simulation of C3 crop (topBag and (bottom) available soil water content (AWC), for the 1994-2008 period, for the
63-Puy-de-®me administrative unit.
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Fig. 7. Impact of ISBA-A-gs parameters on the explained yield variam?e 6f the simulated annual maximuByg, for (blue lines) rye in
31-Haute-Garonne and (red lines) winter wheat in 91-Essonne, from 1994 to 2008, for (solid lines) optimal parameters, and (dashed lines)
sub-optimal parameters. From left to right and top to bottom: MaxAWC, mesophyll conductanceCain2kell-watered conditiongm,

critical extractable soil moisture contefg, cuticular conductancec. For 31-Haute-Garonne, MaxAW£E 100 kg m‘z, and optimal and
suboptimalgm values are 2 and 1 mnT$, respectively. For 91-Essonngyn =1 mms-1, and optimal and suboptimal MaxAWC values are

250 and 200 kg M2, respectively.

6c, do not impactR? much. The6c parameter is non- the optimal MaxAWC value obtained for managed grass-
dimensional and corresponds to a scaled AWC value (i.e. théands using ISOP (Table 2) is lower than the value obtained
ratio AWC/MaxAWC). As suchgc does not depend much on using Agreste (100 and 125mm, respectively), consistent
the prescribed MaxAWC value. It must be noted that for thewith the more pronounced interannual variability of the ISOP
two sites, in all the configurationgg = 0.2 presents slightly  index. This phenomenon is observed for C3 crops, also. Fig-
better results than the standard valu®®t 0.3 of Table 1.  ures 8 and 9 present the simulated annual maximum biomass
Figure 7 shows that using sub-optimal values of eighgor of cereals and forage pea, respectively. While the median
MaxAWC has a limited impact of the optimum value of its retrieved values ofm, 1 and 1.5mms!, respectively, are
counterpart parameter (i.e. MaxAWC apgl, repectively):  used, several MaxAWC values are explored. It is shown that
the maximumg? of the solid and dashed curves of the Max- low values of this parameter tend to increase the interannual
AWC and g, subfigures of Fig. 7 are obtained at similar variability. For high values, a negative trend appears, for both
MaxAWC and gy, values, respectively. Using sub-optimal cereals and forage pea, as the impact of the climatic trend is
gm Or MaxAWC values tends to reduce the sensitivityR3f  no longer masked by a strong interannual variability. From
to 6c andgc. this point of view, the high optimal MaxAWC value obtained
for forage pea (200 mm) is consistent with the significant

A noticeable property of MaxAWC is its influence on negative trend observed by Agreste for this crop (Sect. 2.3.1).

the amplitude of the interannual variability of the annual
maximum biomass simulated by ISBA-A-gs. For example,
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Fig. 8. Impact of MaxAWC on the interannual variability of the annual maximBgg simulated by ISBA-A-gs, using the median optimal
gm valuegm =1 mms-1 found for cereals (Table 2).
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Fig. 10. Best correlation levels obtained for C3 crops using the Agreste data for (left) cereals, and (right) forage pea. Non-significant,
significant at the 1 % level, and significant at the 0.1 % level scores are indicated (red squares, yellow dots, and black dots, respectively).

3.2 The interannual variability is more accurately sim- 3.3 Consistency between the simulated biomass and the
ulated for grasslands than for C3 crops agricultural statistics

The R? score used in Sect. 3.1 was optimized for all the stud-Figure 12 presents the simulatégg vs. the Agreste grain

ied sites by tuning the MaxAWC angl, parameters, with  yield of cereals and forage pea. The ratio of crop yield to the
the other model parameters remaining constant at values irmaximumBa,g is called the harvest index. For cereals and for
dicated in Table 1. Figures 10 and 11 present maps of threéorage pea, the harvest indices derived from Fig. 12 range be-
R? levels (non-significant, significant at the 1 % level, signif- tween 20 and 50 %, and between 20 and 40 %, respectively.
icant at the 0.1 % level) for C3 crops (cereals and forage peapverall, this is consistent with Bondeau et al. (2007), giv-
and grasslands (unmanaged and managed), respectively, aird) typical harvest index values for temperate cereals ranging
the results are summarized in Table 2. For cereals, 6 crops arfeom 20 to 40 %.

considered (i.e. winter wheat, rye, winter barley, spring bar- Figure 13 presents the simulated harvested grass vs. the
ley, oat, triticale, in this study), and the highegtat a given  Agreste and ISOP-STICS vyield estimates. The results are
location is used in Fig. 10 and in Table 2. In Fig. 11, the shown for the two options of the ISBA-A-gs model available
ISOP index is shown together with Agreste, as slightly bet-for grasslands: unmanaged and managed. Table 3 displays
ter correlations are obtained with ISOP. A striking result is the corresponding statistical scores. The best correlation is
the excellent scores obtained for managed grasslands, witbbtained for the unmanaged option of the model vs. Agreste
44 of 48 sites presenting highly significant correlations (at(R? = 0.70). In this case, however, the simulated annual
the 0.1 % level) with ISOP, and the rather poor performancemaximum Bag is markedly overestimated by the model, by
obtained for C3 crops, with 5 forage pea sites (over 45) pre-0.17 kg nT2, on average. Less scattering is obtained for the
senting highly significant correlations with Agreste. In the managed option of the model vs. ISOP-STICS, with a stan-
latter case, however, 20 sites present significant correlationdard deviation of differences (SDD) of 0.17 kgf How-

(at the 1% level) with Agreste. Generally, better results areever, the model tends to produce lower yields than ISOP-
obtained for forage pea than for cereals, and for manage®TICS, with a mean bias of —0.23 kg

grasslands than for unmanaged grasslands. In Figs. 10 and

11, there is no specific region presenting systematically poor

or high R? values. This is a positive result as it shows that
there is no regional specificity in the quality of the agricul-
tural statistics, nor in the model simulations. However, it

must be noted that for cereals, significant negative correlasnq results of Sect. 3.1 show that two key parameters of the
tions are found for 6 sites mainly located in Northeas:tern|SBA_A_gs model have a large impact on the simulated in-
France (02-Aisne, 18-Cher, 39-Jura, 51-Marne, 55-Meuseyorannyal variability ofBag gm and MaxAWC. While Max-
60-Oise), and only 1 site (02-Aisne) for forage pea. AWC may vary from one site to another, in relation to soil
Another interesting result is that the default drought e~ characteristics, large changesgi are not expected for in-
sponses (Table 1) present better results than the altemat"’t%nsively cultivated crops, as this parameter governs the in-
options, for both C3 crops and grasslands (Table 2). trinsic photosynthesis properties, at a given level of nutri-
ent (e.g. nitrogen) availability. In order to assess the relative

Discussion

4.1 Sensitivity togy, and to MaxAWC
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Fig. 11. As in Fig. 10, except for unmanaged and managed grasslands, and Agreste and ISOP data.
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Fig. 12. Simulated annual maximubBag vs. the Agreste dry matter yields for the sites where a significant correlation (1 % level) is achieved:
(left) cereals, (right) forage pea. The drought-avoiding option is used in the ISBA-A-gs simulations. One regression line is plotted by site,
and the dots corresponds to the yearly values for all the sites.
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Fig. 13. Simulated (left) cumulated cut biomass of managed grasslands and (right) annual magygounmanaged grasslands vs.

(from top to bottom) the Agreste dry matter yields, the ISOP STICS dry matter yield, and the ISOP index, for the sites where a significant
correlation (1 % level) is achieved. The drought-tolerant option is used in the ISBA-A-gs simulations. One regression line is plotted by site,
and the dots correspond to the yearly values for all the sites.

impact of the two optimized parameters, Table 2 indicates thas less sensitive than cereals but the impact of using a con-
number of sites presenting significaRe score with either  stant MaxAWC is still marked (11 against 20 sites). On the
gm or MaxAWC, or both, assumed to be constant in spaceother hand, the number of managed grasslands correlating
and equal to their median optimal value. The change in theat the 1% level with ISOP presents little sensitivity to the
number of sites with significank? values can be used as two parameters. More sensitivity is found for the unman-
a metric to judge the sensitivity of model fit to optimizing aged grasslands, especially vs. Agreste. It can be seen that
vs. fixing the two model parameters MaxAWC apg. It the improvements irR? among the significantly correlated

is found that the detrimental impact on the simulated inter-sites going from fixedm, and fixed MaxAWC to fixedgm
annual variability ofBag of prescribing a constant parameter with optimal MaxAWC is similar for cereals and unmanaged
value is systematically higher with a constant MaxAWC than grasslands (about 0.1 improvementRR). Thus, while the

with a constangny,. Also, the model sensitivity varies from model describes some amount of the interannual variance in
one vegetation type to another. Cereals are particularly serthe grassland yields regardless of whether MaxAWC is fixed
sitive to the use of local MaxAWC, as only 4 sites are corre-or varied, a seemingly significant additional amount of vari-
lated at the 1 % level with Agreste with a constant MaxAWC ance is described with the optimal MaxAWC values, at least
(against 13 sites with local MaxAWC values). Forage peafor unmanaged grasslands. The lower sensitivity observed
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for managed grasslands may be related to the lower evapo- Table 2 and Fig. 10 show that tH? scores obtained for
transpiration caused by the LAI limitation imposed by the C3 crops are extremely heterogeneous. While a few sites
vegetation cuts. As the use of the soil moisture reservoir ipresent highly significant correlations (e.g. 63-Puy-de¥ie
reduced (Fig. 6), prescribing an accurate MaxAWC value isfor both cereals and forage pea), the majority present no sig-
less critical. Indeed, it can be shown that the simulated an+ificant correlations. These contrasting results may be re-
nual maximumB,g, at the end of the growing season, is cor- lated to the heterogeneity of the agricultural practices and
related with the simulated AWC value at a given stage of theof the soil types in a particular administrative unit. From
growing season. In the case of the 63-Puy-de¥i@ simula-  this point of view, the 63-Puy-de-@ne presents less hetero-
tions of unmanaged and managed grasslands (Fig. 6), the begéneity, with most C3 crops concentrated in the “Limagne”
correlations are obtained with the average monthly AWC val-plain, surrounded by hilly areas. Also, cereals may be irri-
ues simulated in June and July, respectively, viifhvalues  gated in some regions, while rainfed crops are represented
of 0.91 and 0.64, respectively. by the model simulations. Apart from the geographic vari-
For cereals (Fig. 5), the best correlations are obtained wittability within a departement, it is also likely that features of
the average monthly AWC values simulated in May, with crop production not explicitly represented by the model (see
a R? value of 0.64. The ISBA-A-gs model is not a crop Sect. 1), are changing over time and this contributes to the
model and as such, does not simulate the agricultural praceoor R? values for crop sites. Also, the impact of soil type
tices in detail, nor the intensity of the crop management, pesvariability is probably more acute for crops than for grass-
control, crop rotation, or (in the case of cereals) the grainlands, especially managed grasslands (see Sect. 4.1).
formation. Therefore, the main factor governing the annual
maximum Bag, at the end of the growing season, is the soil 4.3 Are trends in forage pea production due to climate
moisture stress caused by low AWC values. The latter can  Or to management intensity trends?
be caused by low MaxAWC values, and/or by high evapo-
ration rates through stomatal or non-stomatal (cuticular) leafAs shown in Sect. 2.2, the selected agricultural regions are
transpiration, governed by the, andg. parameters, respec- affected by a marked warming trend of the growing season,

tively. during the 1994—-2008 period, especially in Northern France.
In Sect. 3.1, it was shown that MaxAWC impacts the simu-
4.2 Grasslands vs. C3 crops lated trend inBag, as higher values of this parameter tend to

limit the impact of the interannual variability and to favour
This study shows that the yield temporal variability of grass-the impact of the climatic trend. Therefore, the observed
lands is better captured than the variability of croplands. Thisnegative trend in the Agreste forage pea yields can be ex-
can be explained by (1) the lack of a specific crop representaplained by high values of MaxAWC (with a median value
tion in ISBA-A-gs, (2) the use of a model (STICS) to produce of 200 mm in Table 2, against 175 mm for cereals), associ-
the ISOP fodder production index. Indeed, while the Agresteated to the observed climatic trend. Other explanations can
crop yield data are based on harvest observations, estimatirige proposed (“Pois”, Wikipediahttp://fr.wikipedia.org/w/
the fodder production or the productivity of pasturelands isindex.php?title=Pois&oldid=66239238st access Decem-
more challenging. This is why the ISOP-STICS data are useder 2011). In particular, the amount of agricultural lands
in this study, together with Agreste (Sect. 2.3.2). Although devoted to forage pea in France has been decreasing from
the STICS formulation is quite different from ISBA-A-gs, 6669kn? in 1994 to 1002 krf in 2008, in relation to less
the comparison of two models generally produces less scafavourable public incentives to the cultivation of forage pea,
ter than comparing a model with measurements performednd to the rapid extension in France of a specific disease
in the real world. Indeed, any model is based on assumpcaused by a fungus (Aphanomyces euteiches). These factors
tions and cannot fully represent the temporal variability of may have triggered changes in the distribution of MaxAWC
the modelled variables, especially at the regional scale advalues related to forage pea, and a less intensive cultivation
dressed in this study. This is also true for the spatial vari-of forage pea (e.g. use of poorer lands, and/or less fertilizers
ability. While significant spatial correlations of either crops and pesticides). Since these factors are not accounted for by
or grasslands simulations with the Agreste data are foundhe model, and as the model is able to account for climatic
for very few years, the ISOP-STICS spatial variability of factors only, the resulting MaxAWC obtained in this study
the grassland productivity is represented well by ISBA-A-gs. for forage pea may be overestimated.
Significant (at the 1% level) spatial correlations of unman- The reverse is true as the stable yields observed for cereals
aged and managed grasslands are found for 7 and 9 yearduring the 1994—2008 period may be due to a progression of
respectively, with an average? of 0.33. However, even bet- the intensification able to compensate for the climatic trend
ter results are obtained using fixed median values,pdnd (Gate et al., 2010; Brisson, 2010). In this case, our optimized
MaxAWC (10 and 14 yr, respectively), and this shows that model would tend to underestimate the optimum MaxAWC.
a local multi-annual optimisation of the model parameters This shows that MaxAWC “retrieved” values from agri-
does not necessarily improve their spatial distribution. cultural statistics have to be evaluated.
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Table 4. Summary of median MaxAWC estimates, and standard deviations, derived from this study (significant correlations at the 1 % level
in Table 2), currently used in the three-layer force-restore (3L) version of ISBA in SURFEX, and the MaxAWC range as estimated using the

INRA soil map.
Vegetation type Number of sites This study SURFEX 3L INRA MaxAWC (mm)
in France MaxAWC (mm) MaxAWC (mm) minimum average maximum
Cereals 13 17551 129+8 93+38  150+42  195+53
Forage pea 20 20b46 129+5 94+30  151+47  208+49
Managed grasslands 47 16@8 129+3 85+41  123+48 170+£55

4.4 Is the retrieved MaxAWC realistic? — close to maximum for forage pea.

The MaxAWC values obtained in this study can be comparedl'he below average grassland MaxAWC can be explained by
with independent estimates: the fact that the more productive soils are generally used for
crops, and the less productive soils for forests or for graz-
. ing and hay production. The 8 km8km sites, although
restore soil model (Boone et al., 1999) currently usedpresenting a large fraction of either C3 crops or grasslands
in SURFEX, (at least 45 % of the ECOCLIMAP-II grid-cells) are not ho-
— values derived from a high resolution map of the soil mogeneous, and the three INRA MaxAWC categories may
characteristics developed by INRA, and aggregatedcorrespond to any kind of vegetation type. However, Table 4
within the SAFRAN grid cells in three subgrid cate- shows that the optimized model estimate of MaxAWC falls at
gories: “minimum?”, “average”, “maximum”. Specific the lower end of the INRA range for grasslands, in conjunc-

values of MaxAWC are derived for the soil types presenttion with lower grassland site MaxAWC within the INRA

in the SAFRAN grid cell. The average MaxAWC corre- data, for the three categories (minimum, average, maximum).
sponds to a linear mixing of the specific MaxAWC val- The high value obtained for forage pea is not out of range, but
ues, weighted by the fractional cover of each soil type.this result has to be considered with caution (see Sect. 4.3).
Table 4 presents the various MaxAWC estimates, for

cereals, forage pea, and managed grasslands sites for ,

which a significant correlation (at the 1% level) with © Conclusions

agricultural statistics is achieved. The SURFEX me- . -

dian MaxAWC values do not vary from one vegetation French annual agricultural statistics were useq to assess to
type to another and are all equal to 129 mm. The stan What extent the ISBA-A-gs land surface model is able to re-
dard deviations are small and do not exceed 1Omm.produce the mterannua! variability of the dry matte_r yield,
Indeed, except for sandy soils, the pedotransfer func.over the 1994—2008 period. It was shown that, even if ISBA-

tions currently used in SURFEX (Noilhan and Mahfouf, A-Ig}[srdloef ngt S|m;1hlate Sr?ecli[f'cr: ?rotcfisfies Lelsted t? ;‘t?r;'
1996), tend to produce little variation of the difference cultural practices, the agricuiiural Stalistics have: potentia

between the field capacity soil moisture and the wilt- to evaluate the impact of key model parameters, in partic-

ing point (FC-WP), which ranges between 0.085 andular those related to the plant response to drought. Two

0.090nF m-3. As the prescribed rooting depth of the parameters impact more markedly the simulatiogig:and

3-layer soil model is the same for C3 crops and grass-MaXAWC' The latter has more influence thg and im-

lands (1.5m), the resulting MaxAWC varies little. It pacts both the amplitude of the interannual variability and

must be noted that more recent pedotransfer function%he biomass produption trend ".‘ response to t.he warming
(e.g., Wosten et al., 1999: or Saxton and Rawls, 2006) rend observed during the growing period (April-June). It
aII.ov.\; much more \;:ariabili’ty of EC-WP ' is confirmed that the drought-avoiding and drought-tolerant

responses used in SURFEX for C3 crops and grasslands,
The INRA MaxAWC estimates for grassland sites are lowerrespectively, provide the best correlations of the simulated

than for C3 crop sites, especially for the average and maxiabove-ground biomass with the agricultural statistics.

mum categories (about 30 mm less). All the MaxAWC esti- A simple method based on a LAI threshold was used for

mates obtained in this study are in the range of INRA cate-the first time in ISBA-A-gs to represent managed grasslands.
gories: The excellent scores obtained with this new option of the

model shows that this parameterization could be used in fu-
ture studies or applications, together with a better mapping
of MaxAWC. Currently, MaxAWC does not vary much in

— values for the rooting zone of the three-layer force-

— from minimum to average for grasslands,

— from average to maximum for cereals,
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SURFEX and this study shows that MaxAWC tends to beCalvet, J.-C.: Investigating soil and atmospheric plant water stress
underestimated for crops, and overestimated for grasslands. using physiological and micrometeorological data, Agr. Forest
Finally, these results show the potential of using agricul- _ Meteorol., 103, 229-247, 2000'_ , _

tural statistics for model benchmarking. Calvet, JC and.80usse.1na, J.-F.: .Modelllngzefnrlchment ef-
fects using an interactive vegetation SVAT scheme, Agr. Forest

Meteorol., 108, 129-152, 2001.
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