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Abstract

The simulation of root water uptake in land surfacemodels is affected by large
uncertainties. The difficulty in mapping soil depth and in describing the capacity of
plants to develop a rooting system is a major obstée to the simulation of the terrestrial
water cycle and to the representation of the impastof drought. In this study, long time
series of agricultural statistics are used to evahate and constrain root water uptake
models. The interannual variability of cereal grainyield and permanent grassland dry
matter yield is simulated over France by the Interations between Soil, Biosphere and
Atmosphere, CQ-reactive (ISBA-A-gs) generic Land Surface Model (EM). The two
soil profile schemes available in the model are udeto simulate the above-ground
biomass Bag) of cereals and grasslands: a 2-layer force-rese (FR-2L) bulk reservoir
model and a multi-layer diffusion (DIF) model. TheDIF model is implemented with or
without deep soil layers below the root-zone. Thevaluation of the various root water
uptake models is achieved by using the French agtittural statistics of Agreste over the
1994-2010 period at 45 cropland and 48 grassland prtements, for a range of rooting
depths. The number of départements where the simuked annual maximum Bag
presents a significant correlation with the yield bservations is used as a metric to
benchmark the root water uptake models. Significantcorrelations (p-value < 0.01) are
found for up to 29 % and 77 % of the départements dr cereals and grasslands,
respectively. A rather neutral impact of the most efined versions of the model is found
with respect to the simplified soil hydrology schem. This shows that efforts should be
made in future studies to reduce other sources ofngertainty e.g. using a more detailed
soil and root density profile description togetherwith satellite vegetation products. It is

found that modelling additional subroot zone baseléw soil layers does not improve (and
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may even degrade) the representation of the interamual variability of the vegetation
above-ground biomass. These results are particularirobust for grasslands as calibrated
simulations are able to represent the extreme 2008nd 2007 years corresponding to

unfavourable and favourable fodder production, resgctively.
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1. Introduction

Modelling the land surface processes and the suaergy, water and carbon fluxes is an
important field of research in the climate commyn#s soil moisture and vegetation play an
essential role in the climatic earth system (Semaéwe et al., 2010). A regular improvement
and assessment of generic Land Surface Models (L.8MVaso required. In particular, the
seasonal and interannual variability of the vegatainteracts with hydrological processes
and must be represented well (Szczypta et al., )2M@dern LSMs such as Interactions
between Soil, Biosphere and Atmosphere,@fctive (ISBA-A-gs) (Calvet et al., 1998;
Gibelin et al., 2006) or ORganizing Carbon and ey In Dynamic EcosystEms
(ORCHIDEE) (Krinner et al., 2005) are able to siatalthe diurnal cycle of water and carbon
fluxes and, on a daily basis, plant growth and kegetation variables such as the above-
ground biomassBag) and the Leaf Area Index (LAI). In areas affdctyy droughts, soil
moisture has a marked impact on plant growth, &edatay root water uptake is represented
in such LSMs may influence the simulatBdg and LAI values, in particular the maximum
values reached every year. Therefore, long timeseaf observations related to the latter
quantities, such as agricultural yields, have peaem the evaluation of the simulation of the
Available soil Water Content (AWC) and of root watgptake in LSMs provided their
interannual variability is governed by climate amat by trends or changes in agricultural
practices.

In Europe, a marked positive trend in crops yidlds been observed in the last 45 years, due
to the agricultural intensification and to the exan of farmer’'s practices (Smith et al.,
2010a,b). However, Brisson et al. (2010) and Gatd.€2010) have shown that yields have
been stagnating in Europe since the beginning @f1900s, and particularly since 1996 in

France. Therefore, it can be assumed that in HtetWap decades the year-to-year change in
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the large scale yield of a given rainfed crop tigomainly driven by the climate variability. In
Europe, Smith et al. (2010a,b) showed that thecaljural statistics can be used to assess
crop simulations at the country level. At a finpasal scale over France, Calvet et al. (2012),
hereafter referred to as Cal2, have used agrialilstatistics (Agreste, 2014) to benchmark
several configurations of the ISBA-A-gs LSM throutife correlation between yield time
series andBag simulations for the 1994-2008 period. The Agredata are provided for
administrative units (hereafter referred to as ‘a®ments”). In ISBA-A-gs, the plant
phenology is driven by photosyntesis: on a dailgidyaplant growth is governed by the
accumulation of the hourly net assimilation of Q@rough the photosynthesis process, and
plant mortality is related to a deficit in photolyesis. The simulated annual maximag
and maximum LAl may differ from one year to anotlerrelation to the impact of the
weather and climate variability on photosynthebistegions where a deficit of precipitation
may occur, soil moisture is a key driver of photabgsis and plant growth of rainfed crops
and grasslands. Although ISBA-A-gs is not a cropdediand agricultural practices are not
explicitly represented, Cal2 achieved a good remtesion of the interannual variability of
the dry matter yield (DMY) for grasslands over mal§partements in France. On the other
hand, representing the year to year variabilityhef grain yield (GY) of winter/spring cereals
was more difficult. By performing a sensitivity dyuon different parameters of the model,
they concluded that the Maximum Available soil Watéontent (MaxAWC) and the
mesophyll conductance in well-watered conditiapg (vere the two keys parameters driving
the interannual variability of the simulatBdg. In particular, they showed that the model was
markedly sensitive to MaxAWC (especially at low MaXC values).

In Cal2, an effort was made to benchmark two optiohthe vegetation model (drought-
avoiding vs. drought-tolerant). In this study, &foet is made to benchmark several options of

the soil hydrology model. The main objective ofstistudy is to assess to what extent using
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more refined representations of the soil hydrolagg of the root water uptake can improve
the representation of the interannual variabilitycy' (and possibly DMY). The ISBA-A-gs
model and the method proposed by Cal2 are usediloage a new option of the ISBA-A-gs
model using a multilayer soil model permitting arexdetailed representation of soil moisture
and soil temperature profiles, and of root watetak@. Since several options can be
envisaged to implement the multilayer soil hydrglaggmulations, a side objective of this
study is to benchmark these options and learn aheuepresentation of root water uptake.
The various versions of ISBA-A-gs are presente&éaat. 2, together with the annual yield
statistics of Agreste. The symbols used in thiskneme listed and defined in Table 1. The
results obtained with the different set of simaas are shown in Sect. 3 and the differences
in the interannual variability of the various simtibns ofBag are presented, together with the
hydrological variables. The results are analyzedl discussed in Sect. 4 and the conclusions

of this study are summed up in Sect. 5.

2. Data and methods

2.1 Agricultural statistics in France

Agreste is an annually updated set of agricultagatia over France (Agreste, 2014). An
inventory of the land use in agriculture, and of ttvop, forage and livestock production is
made on a yearly basis. The data are provided dpardements administrative units. For
crops and grasslands, annual grain yields and dityemyields (GY and DMY, respectively)
are supplied. A new version of Agreste with recitan since 198%as been recently
published. In this study, the new Agreste datasetised over the 1994-2010 period to
examine the interannual variability of winter/sgricereal crop GY at 45 départements and of
natural grassland DMY at 48 départements (Figkaj.cereals, we consider the six following

crops: winter wheat, rye, winter barley, springléar oat and triticale. For grasslands, the
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DMY values of permanent grasslands are used. Theyespond to natural grasslands or
grasslands planted at least 6 years before. Figjugigows the interannual variability of the
average GY and DMY time series derived from Agrester the considered départements.
Over the 1994-2010 period, no significant (p-vatu®.01) trend is observed for any of the
time series. A few anomalous years affected byiqudar climate events can be noticed. For
example, Fig. 2 shows that the severe summer dtooigR003 impacted both crop and
grassland yields. In 2007, the grassland producivas the highest of the whole period.
Conversely, it was one of the worst in terms ofpcyteld. The 2007 year was marked by a
warm spring (favourable to permanent grasslands)pwwed by a slightly cold summer
(detrimental to cereals). Furthermore, the rainsewabundant over the grassland regions
considered in this study, and have also contribtethe higher production (Agreste Bilans,
2007; Agreste Conjoncture, 2007; Agreste Infos Begi2007).

2.2  The ISBA-A-gs land surface model

The Interactions between Soil, Biosphere, and Aphes (ISBA) model (Noilhan and
Planton, 1989; Noilhan and Mahfouf, 1996) was desigto describe the daily course of land
surface state variables into global and regionatate models, weather forecast models, and
hydrological models. In the original version of I§Ba single root-zone soil layer is
considered. A thin top soil layer is representadgithe Deardorff (1977, 1978) force-restore
approach. Soil characteristics such as soil-water reeat coefficients, the wilting point and
the field capacity, depend on soil texture (sandl @ay fractions). The stomatal conductance
calculation is based on the Jarvis (1976) appraaoth,accounts for Photosynthetically Active
Radiation (PAR), soil water stress, vapour presdefiit and air temperature.

The representation of the soil physics of theahtersion of ISBA was gradually upgraded.
A multilayer soil model including soil freezing messes was developed by Boone et al.

(2000) and Decharme et al. (2011). The multilay@t smodel explicitly solves the one-
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dimensional Fourier law and the mixed-form of th&hards equation. The multilayer
representation is used to discretize the totaloilile. In each layer, the temperature and the
moisture are computed according to the hydrologt texture layer characteristics. The heat
and water transfers are decoupled: heat transfeoledy along the thermal gradient, while
water transfer is induced by gradients in totalraytic potential. Hereafter, the two-layer
force restore model and the diffusion model areerrel to as "FR-2L" and "DIF",
respectively.

In addition to the simple Jarvis parameterizatibstomatal conductance, Calvet et al. (1998)
and Gibelin et al. (2006) have developed ISBA-A-SBA-A-gs ("A" stands for net
assimilation of CQand "gs" for stomatal conductance) is a,E@€sponsive version of ISBA
able to simulate photosynthesis and its couplingttonatal conductance. This option was
used in studies on the impact of climate changdvéC&t al., 2008; Queguiner et al., 2011)
and on the impact of drought on the vegetatiomé&Nlediterranean basin (Szczypta, 2012).
Under well watered conditions, the A-gs formulatisnbased on the model proposed by
Jacobs et al. (1996) (Calvet et al., 1998, 2008g(8i et al., 2006). In this approach, the main
parameter driving photosynthesiggis Under water-limited conditions, a soil moistuteess
function s) is applied to key parameters of the photosynthesodel. For herbaceous
vegetation, two parameters are assumed to resposailtmoisture stress (Calvet, 2000): the
mesophyll conductance and the maximum leaf-to-afuration deficit Dmay). Low (high)
values of the latter correspond to high (low) sevigy of stomatal aperture to air humidity.
These photosynthesis parameters are dependefis.olwo contrasting responses of the
model parameters to soil moisture are represedtedght-avoiding and drought-tolerant (see
Supplement 1). Wheks is higher than the critical soil water strdss: (Fsc = 0.3 in our
simulations), a drop iffrs triggers an increase (decreasepinand a decrease (increase) in

Dmax for the drought-avoiding (drought-tolerant) paraéeneation. The drought-avoiding



172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

parameterization is used for cereal crops and ribegtht-tolerant parameterization is used for
grasslands. This assumption was validated by CEi2drought response model is illustrated
by Fig. S1 in Supplement 1. These parameters areuked to calculate the hourly leaf-level
net assimilation of C®and the stomatal conductance, in relation to sily-theteorological
inputs such as the incoming solar radiation. A atidé transfer scheme is then used to
upscale net assimilation of GQand transpiration at the vegetation level. Thentpla
transpiration flux is used to calculate the soitevdbudget through the root water uptake. The
net assimilation of C@serves as an input to the plant growth model, lakidand Bag are
updated on a daily basis. Figure 3 illustrates ehe®chanisms. For moderate soil water
stress, the drought-avoiding response results énirtbrease of the Water Use Efficiency
(WUE). In the drought-tolerant response, WUE doet ahange or decreases. It must be
noted that another representation of the respansgleought is used for forests (Calvet et al.,
2004).

ISBA-A-gs contains a photosynthesis-driven plaiwgh model able to simulate LAI and the
vegetation biomass on a daily basis. For herbaceegstation, the model simulates the
above-ground biomass. TiBag variable has two components (active biomasssandtural
biomass) related by a nitrogen dilution paramestion (Calvet and Soussana, 2001). The
leaf nitrogen concentratioN, is a parameter of the model affecting the Spetiéaf Area
(SLA), the ratio of LAl to leaf biomass (in7kg™). The SLA depends dN, and on plasticity
parameters (Gibelin et al., 2006). This versionSBA-A-gs, called "NIT", is used in this
study.

An assessment of the quality of ISBA-A-gs outpudsiables has been performed in previous
local studies with in-situ data over France (Rivadl et al., 2005; de Rosnay et al., 2006;

Sabater et al., 2007; Brut et al., 2009; Lafonalet2012). Gibelin et al. (2006) have shown
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that the LAI simulated by ISBA-A-gs at a global lkeces consistent with satellite-derived LAl
products.

Furthermore, a radiative transfer model withinkgetation canopy describes the attenuation
of the PAR through a self-shading approach andgslyothesis is calculated at three levels of
the canopy using a three-point Gauss quadraturbaagtlacobs, 1994). A New Radiative
Transfer (hereafter referred to as "NRT") schems reaently implemented in ISBA-A-gs by
Carrer et al. (2013). The NRT is more detailed ttha@noriginal model and a vertical profile
of ten layers within the canopy is represented.aBse of the heterogeneity of the different
vegetation canopies, distinct bottom and top carlapgr parameterizations are considered.
Also, NRT has distinct representations of sunld ahaded leaves, with two PAR calculations
at each layer. Carrer et al. (2013) showed that Ni&Jresents better the Gross Primary
Production (GPP) at both local and global scales.

2.3 Root density and the soil water stress

In the DIF simulations, the root density profilg) (s expressed by the following equation

derived from Jackson et al. (1996):

Y(dk) - (1_ Reloo«:lk )/(1_ Relode) 1)

where Y(dy) is the cumulative root fraction (a proportion weeén 0 and 1) from the soill
surface to the bottom of a soil layer within thetraone, at a deptl (m), dr is the root-zone
depth (m) and=. the root extinction coefficient equal to 0.961 @n@43 for crops and for
temperate grasslands, respectively (Jackson €196). For a given value ak, the lower
value ofR. for temperate grasslands corresponds to a cumellaiot fraction higher than for
crops close to the top soil layer, 15 % highed,at 0.36 m, more than 40 % higherdat<
0.05 m. The cumulative root density is equal tot tha bottom of the root-zone soil layer

(dr).

10



221 The Soil Wetness Index of a bulk top soil layertlitknessdy, wherek is the index of the
222 deepest considered individual soll layer, and sbialayer at deptld, (SWhkop(dk) and SWi

223 respectively) are defined as:

224
225  SWi,(d,)= di > Ad, xSWi @)
226 SWi = (gu - ku_Ti )/ (HFCi ~ QNILTi) (3
227

228 where@§ is the volumetric water content (inm*) at depthd;, Ad; is the thickness of soil
229 layeri, and the subscript "FC" and "WILT" indicate soibisture at field capacity and at
230 wilting point, respectively. Equation (2) is usedassess the soil moisture stress in a single
231 soil layer or in several soil layers forming a budyer from the surface to a depth
232 Equation (3) is used to assess the soil moistuesssof an individual soil layer at depih
233 Equation (2) and Eq. (3) are used to calculate dtiess function in FR-2L and DIF
234 simulations, respectively. In this study, the sauié type is used for all the simulations, and
235 an homogeneous soil profile is assumed with saudchay fractions of 32.0 % and 22.8 %,
236 respectively, anddg = B¢ = 0.30 mi m> and Buri = Bur = 0.17 i m™. Since the
237 agricultural statistics we use concern rather laagministrative units, it would have been
238 illusory to try and use local soil texture propesti

239 The value of MaxAWC is expressed in units of k¢ mnd depends on soil and plant
240 characteristics: soil moisture at field capacityil snoisture at wilting point &c and Gy,
241 respectively, in mm™) and rooting depthdg, in m):

242

243 MaxAWC =p (&c - Buit) dr (4)

244
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wherep = 1000 kg nt is the water density. Théc and Gyt values are common to all the
simulations and the different MaxAWC values areaot#d by varying the root-zone depth
(dr).

In the ISBA-A-gs simulations, the dimensionlessesdr functionFs is used to calculate
photosynthesis and the plant transpiration fl&x, (n kg mi? s%). The Fs function varies
between 0 (at wilting point or below) and 1 (aidieapacity or above). Between these two
limits, Fs = SWhop(dr) in FR-2L and plant transpiration is driven by ttmal soil water
content in the root-zone. In the case of DIF simaihes, Fs is the sum of the stress functions

of each soil layer in the root-zoksg, i.e. SW|, balanced by the root fractidty at depthd;:

F, = SWI x Ry ,andFg =" Fg ©)

N
j=1 i

where N is the number of soil layers in the root-zone. ©tite Fs stress index has been
determined, the photosynthesis parameters can dietagy and the leaf-level and vegetation-
level fluxes can be calculated (Fig. 3). ThRevalue is used to calculate the photosynthesis
parametersj, andDmax in water-limited conditions (Supplement 1).

The root water uptake in layerSy (in kg mi? s%), is calculated as:
Sy = F; xFg/Fs (6)

2.4  Design of the simulations
In this study, the ISBA-A-gs LSM is used within sem 7.2 of the SURFEX (“SURFace
EXternalisée”) Earth surface modelling platformMéétéo-France (Masson et al., 2013). For

the first time, the NIT biomass option of the moded the NRT light absorption scheme are

12
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used together with the DIF multilayer soil configtion. Two representations of the soill

hydrology (FR-2L and DIF options) are consideremt, both C3 crops and grasslands. The

model simulations are offline (not coupled with tl@mosphere) and driven by a

meteorological reanalysis. We consider that theetagn cover fraction is equal to 1 across

seasons. We use the ISBA-A-gs default avoidinge(tolt) response to the drought for C3

crops (grasslands). Standard values of the modednpers used in this study are

summarized in Table 2.

Six experiments are performed:

FR-2L, is based on the force-restore representafidime soil hydrology and is similar
to the model configuration used by Cal2. The rawotezcorresponds to the whole soil
layer.

DIF1 uses the new DIF capability of SURFEX v7.2g(H). As in FR-2L, the root-
zone corresponds to the whole soil layer. The pvofie reaches the bottom of the
soil layer and the total soil depth corresponddirto

DIF2 includes additional subroot zone base flow kyiers with respect to DIF1 and
the deep soil layers contribute to plant transmrathrough capillary rises. It is
assumed that MaxAWC is governed by the limited capaf the plants to develop a
root system in a deep soil and the number of sulmooe layers decreases when the
rooting depth increases. A constant total soil klegt1.96 m is prescribed am is
varied between 0.36 m and 1.76 m (Fig. 5).

DIF3 is similar to DIF1, as soil depth is the mémitation of root water extraction.
However, two additional base flow soil layers cdmite to transpiration through
capillary rises. The total soil depth adglare varied simultaneously, and two adjacent

0.1 m thick deep soil layers are represented @Jig.
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* DIF1-NRT permits assessing the impact of a refiregesentation of the GQiptake
by the vegetation on thBag interannual variability, as the NRT light absmnp
option is used together with DIF1.

* DIF1-Uniform permits assessing the sensitivity loé iISBA-A-gs simulations to the
shape of the root density profile. It correspor@®tF1 simulations using a uniform
root density profile instead of Eq. (1). These datians are made over the 61-Orne
département (see Sect. 4.1).

2.5  Atmospheric forcing

The atmospheric forcing data required for our satiahs are provided by the SAFRAN
(“Systeme d’Analyse Fournissant des Renseigneméiitaosphériques a la Neige”)
mesoscale atmospheric analysis system (Durand .et1893, 1999). Precipitation, air
temperature, air humidity, wind speed, incomingasaladiation and incoming infrared
radiation are provided over France at 8 kr@ km spatial resolution on an hourly basis. The
SAFRAN product was evaluated by Quintana-Segui.gt2808) using independent in situ
observations. One-dimensional model simulationsparéormed at the 8 kmm 8 km spatial
resolution of SAFRAN, at grid cells corresponding tereal and natural grassland
départements (Fig. 1). These grid cells corresgormuots located within a département and
with at least 45% of their surface covered by eittasslands or crops, according to the
average plant functional type coverage given byltken x 1 km ECOCLIMAP-II global data
base (Faroux et al., 2013).

2.6  Optimisation of two key parameters

In this study, the method proposed by Cal2 is ugervalues of two key parameters of the
ISBA-A-gs simulations, MaxAWC and, are explored and the parameter pair providing the
best correlation coefficient) of the maximum annual value B&g Bagx) and GY (DMY) is

selected, for C3 crops (grasslands). For the FRegheriment, the optimisation of both

14
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MaxAWC andgn is performed for all the départements of Fig. 1t #@ DIF1, DIF2, and
DIF3 experiments, only MaxAWC is optimised and thevalues derived from the FR-2L
optimisation are used. In the case of crops, sitedl8ag values after 31 July are not
considered, in order to be consistent with the ribigzal averaged harvest dates in France.
Attempts were made to use other dates in Julyglnotvn), without affecting the results of the
analysis. On the other hand, new optimalvalues are obtained together with MaxAWC for
the DIF1-NRT experiment, as the representationhoft@synthesis at the canopy level differs
from the other experiments. Moreover, major diffees with Cal2 are that (1) a longer
period is considered (1994-2010 instead of 199820@al?2); (2) a more detailed screening
of MaxAWC values is performed (12 values are cogrgd, against 8 values in Cal2).

For all the experiments, MaxAWC ranges between i 225 mm, with a lower increment
between the small values (50, 62.5, 75, 87.5, 10Q,5, 125, 137.5, 150, 175, 200 and 225
mm, 12 in total).

For theg, parameter, the same range of values as in Calsei (from 0.50 mmsto 1.75
mm s, 6 in total). For the three simulations DIF1, DIBAd DIF3, the same values of
optimal g, obtained for each département and vegetation wjge the FR-2L version are
used.

2.7  Metrics used to quantify the interannual varidility

In Section 4, the following metrics are used: thendal Coefficient of Variation (ACV),
computed as the ratio of the standard deviat@nof the simulatedBags to the long term

meanBag,

ACV=7 (BaQX/@ (7)

the scaled anomaly§) of Bagx of a given yeany):

15
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Bag, (yr) - ﬁ (8)

Ag Bagy (yr)= o(Bag, )
X

This metric is also called z-score and can be a@pb the Agreste cereal GY:

GY(yr)- GY

o(GY) ®)

Agey(Yr)=

and to the Agreste grassland DMY:

DMY (yr)- DMY
o(DMY)

As ouy (Y1) = (20)

3. Results

3.1 Interannual variability of Bagx values

3.1.1 DIF1 vs. FR-2L

Figures 7 and 8 show an example of the interanwaahbility of the simulatedBag and
AWC (in kg m?) as simulated by FR-2L and DIF1 for C3 crops amassjands of the 61-
Orne département. The optimal parameter value€3ocrops and grasslands are 1.75 fim s
and 0.5 mm$ for g, and 200 mm and 50 mm for MaxAWC, respectively.

For C3 crops (Fig. 7)Bagx values for FR-2L tend to reach slightly higheruesd than for
DIF1. The largest difference is observed in 199@tiermore, some differences occur in the
senescence period, especially in 2001 and 2009veZsely, the simulated AWC values are
higher for DIF1, especially in winter. For both silations, the wintertime AWC is often
higher than MaxAWC (set to 200 mm), in relation water accumulation above field
capacity, in wet conditions. This phenomenon iseronounced for DIF1 than for FR-2L.

A crop regrowth is simulated by both FR-2L and DURiring years with a marked summer
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drought, in 1995, 1996, 1998, 2006 and 2010. Dunegyears (i.e. in 1994, 2000 and 2007),
the two experiments provide similar AWC valueswhmertime.

For grasslands (Fig. 8), the ti8ag simulations are also very close. However, cont@C3
crops, theBag values of the FR-2L simulation tend to be sliglawer than the DIF1 ones
(e.g. in 1997, 2002, 2007, and 2009). The othdemihce with C3 crops is the systematic
occurrence of regrowths.

3.1.2 ISBA-A-gs simulations vs. Agreste observatign

The départements where FR-ZBagk simulations present significant (p-value < 0.01)
correlations with the Agreste GY and DMY time ssrigre presented in Fig. 9, and the
retrievedgn and MaxAWC median values are presented in Talfler &ll the experiments,
together with the number of départements presestgmgficant correlations with Agreste, for
C3 crops and grasslands. With FR-2L, 12 (5) dépwetds present significant positive
correlations at the 1% (0.1%) level for C3 crops. §rasslands, 34 (22) départements present
significant positive correlations at the 1% (0.1Bel. Although the considered period is
longer than in Cal2 (17 yr instead of 15 yr), themmults are similar to those presented in
Cal2, even if slight differences can be noticeg¢hsas the number of départements with a
significant correlation. In DIF simulations for G3ops, DIF1 and DIF3 perform nearly as
well as FR-2L, and they outperform DIF2: 10 (3) adpments present significant positive
correlations at the 1% (0.1%) level for both DIFId&DIF3, against 6 (2) for DIF2. For the
grasslands, a larger proportion of département®iignd8) presents significant correlations,
from 27 (10) départements for DIF2 to 36 (20) fdFD The addition of deep soil layers
below the root zone tends to degrade the resudpeatally in DIF2. Finally, the DIF1-NRT
simulations perform as well as FR-2L or better witB (4) and 37 (19) départements
presenting significant positive correlations at th& (0.1%) level for C3 crops and

grasslands, respectively.
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391 Selecting the départements where the optimisasosuccessful, i.e. where the correlation
392 DbetweenBagy and GY or DMY is significant (p-value < 0.01), thiene series of the mean
393 Bagk and mean GY and of the meBagy and mean DMY are compared in Fig. 10 for both
394 FR-2L and DIF1-NRT experiments. The interannualiakility of the grassland DMY is
395 better represented tBagx than for the cereal GY, witR? = 0.83 and?® = 0.45, respectively.
396 The FR-2L experiment presents slightly bef@rvalues than DIF1-NRT. For C3 crops, it
397 appears that the two experiments are not ablepesent the lower GY in 2007, nor the
398 higher GY in 2004. For grasslands, the two expenis@re not able to represent the lower
399 DMY in 1996.

400 3.2 Impact of subroot zone soil layers

401 3.2.1 Optimal MaxAWC values

402 Table 3 shows that for C3 crops, the median MaxAVédlie is higher for FR-2L than for
403 DIF1 (125.0 mm and 112.5 mm, respectively). ForD#nd DIF3, the median MaxAWC is
404 even lower (81.3 mm and 93.8 mm, respectively). giassslands, the median MaxAWC is
405 less variable from one experiment to another (f@88 mm to 81.3 mm). In Table 3, the
406 median MaxAWC values are calculated irrespectivevbich Agreste cereal GY values are
407 used to derive MaxAWC. Among the 10 département \WIF1 simulations presenting
408 significant correlations at the 1 % level with Agie 8 départements share the same cereal
409 Agreste yields with FR-2L.

410 These 8 départements are listed in Table 4 togettiersquared correlation coefficieri®y
411 values and MaxAWC for FR-2L and DIF1. The FRRLis higher than the DIFE?, except
412 for 08-Ardennes and 63-Puy-de-Dome. Again, the areMaxAWC is higher for FR-2L than
413 for DIF1 (118.8 mm and 112.5 mm, respectively). HRe2L MaxAWC value is lower than
414 the DIF1 MaxAWC value only once, for the 61-Ornepaldement. This indicates that the

415 DIF1 root density profile tends to increase the actpof drought on plant growth for this

18



416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

département. Also, the largest differencéRfrbetween FR-2L and DIF1 is observed for this
département.

3.2.2 Plant growth

Table 3 shows that in DIF2 simulations the numbkrdépartements with a significant
correlation at the 1% level is lower than in otlexperiments. The use of DIF2 has a
detrimental impact on the representation of therarinual variability by the plant growth
model. Figure 11 shows the impact of the root watgake model on the simulated C3 crop
Bag and root-zone soil moisture for the 08-Arderthigsartement during the growing season,
from April to July 1996. In the FR-2L, DIF1, DIFand DIF3 simulations shown in Fig. 11,
the sameg, = 0.5 mm & and MaxAWC = 75 mm values are used. The growtlioges
longer in the DIF2 simulation than in the other @neith senescence starting only during the
second half of July. At the same time, the DIF2t+zuine soil moisture presents the highest
values. It appears that in the DIF2 simulation,dlditional water supplied by capillary rises
from the subroot zone soil layers has a marked ainpa the phenology, with the date of
maximum Bag shifted to the end of July and a much higBagx value than in the other
experiments (1.02 kg Thfor DIF2, against 0.62 kg f 0.58 kg nf, 0.72 kg nif for FR-2L,
DIF1, and DIF3, respectively). The same phenomdrappens in the DIF3 simulation to a
lower extent. In particular, the DIFBagx is not very different from the FR-2L one. The DIF1
simulation is closer to FR-2L. When the root-zowd moisture reaches the wilting point
(equal to 0.17 rhm™ as indicated in Fig. 11 by the dashed line), tBeescence starts. A
marked water stress occurs and impacts photosystard biomass production. Since water
is supplied by the subroot zone soil layers of DéiRA DIF3, the wilting point is reached later
than for FR-2L and DIF1 and the senescence stids |

In FR-2L, the growth oBag is faster than in the other simulations. Thadteto a slightly

higher value oBag than for DIF1. This is related to the lower FR+2lot-zone soil moisture
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in May. In the drought-avoiding C3 crop parametaiicn of ISBA-A-gs, a moderate soil
moisture stress triggers an increase in water figéeacy (Calvet, 2000) and enhances plant

growth.

4. Discussion

4.1 Are the Jackson root profile model (Eq. (1)) aththe resulting water availability (Eq.

(5)) applicable at the regional scale ?

In the DIF simulations, the stress function depemashe distribution of root density through
Egs. (5)-(6). This allows the lower layers to sirsthe transpiration rate to some extent when
the upper soil layers dry out. However, one may lesjze that the approach used in this
study to simulate the root water uptake is reldyiv@mple and may not be relevant to
represent what really happens at a regional seidger level models are able to simulate the
root network architecture and the three dimensicodl water flow (Schneider et al. 2010,
Jarvis 2011). Also, the hydraulic redistributionvedter from wetter to drier soil layers by the
root system (hydraulic lift) is not simulated inighstudy. Siquiera et al. (2008) have
investigated the impact of hydraulic lift using etailed numerical model and showed that this
effect could be significant.

Another difficulty in the implementation of DIF sutfations is that the propos&d values in
Eq. (1) are the result of a meta-analysis. A sifiglealue is proposed for a given vegetation
type while a large variability oR. can be observed. This is particularly true forpstoand
Fig. 1 in Jackson et al. (1996) shows tif@l)) andR. present a much higher variability for
crops than for temperate grasslands. This difficaiiay explain the shortcomings of DIF1
simulations for the 61-Orne département describeSect. 3.2.1 (Table 4). In particular, the

root density in the top soil layers has a largeaotwn the water stress modelling.
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This is demonstrated by performing an additionaFDsimulation (DIF1-Uniform) using a
uniform root density profile instead of Eq. (1).gkie 12 shows the evolution &ag,
SWihop(dgr) and SWtop(0.46 m) for the FR-2L, DIF1 and DIF1-Uniform simatibns for the
61-Orne département over the period from April wdy 11999. For all the simulationgy, =
1.75 mm & and MaxAWC = 225 mm. ThBag evolution during the first three months is
similar in the three simulations, with a slightlgster growth for FR-2L. However, while
senescence occurs on mid-July for DIF1, it occury at the end of July for FR-2L and
DIF1-Uniform. Using the Jackson root density pmiih Eqg. (5) rather than a uniform profile
has a marked impact on the simulated water baldncgtuations where the top soil layers
are drier (wetter) than deep soil layers (i.e. gnedower (higherfs values), the totaFs
value is lower (higher) in DIF1 simulations thanAR-2L or DIF1-Uniform simulations. This
tends to trigger an earlier senescence in DIF1 Isions. The early senescence for DIF1 is
related to values of SWHp getting close to zero at the top fraction of thet+zone: while
SWiop(0.46 m) decreases below the 0.3 critical soil wateess value (Table 2) at the
beginning of July, for DIF1, it never gets below8 Gn July for DIF1-Uniform. It must be
noted that Fig. 12 shows that root water uptakedsiced earlier with FR-2L than with DIF1,
in relation to a faster plant growth in the FR-2islation. For C3 crops, a drought-avoiding
response to soil water stress is simulated, triggean increase in WUE (and in the plant
growth rate) as soon &< &c. Since the DIF1 simulations tend to accumulateewabove
the field capacity (i.edremains longer abové-c than for FR-2L), the increase in WUE tends
to occur later than for FR-2L. Finally, tiBagc value for FR-2L and DIF1-Uniform is higher
than for DIF1. This root profile effect also has iampact on the interannual variability and
partly explains the lowe® value for DIF1 in Table 4 for this département.

Figure 12 shows that situations in which the toplagers are drier than deep soil layers tend

to be more frequent in DIF1 simulations than in DIBniform simulations, in relation to the
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enhanced root water uptake close to the soil sewfélberefore, for given MaxAWC and soil
wetness conditions, the totBk values tend to be lower in DIF1 simulations tharDiF1-
Uniform (and FR-2L) simulations. This results isdeevapotranspiration and less GPP. The
lower GPP in DIF simulations results in lowBagx values, especially for cereals as
illustrated in Fig. 10. As noted by Feddes et 200(), the limitation of transpiration is DIF
simulations when a great deal of water is stilliiade at depth is probably too severe. In the
real world, plants are able to transfer water uptiek compensate water stress in the top
layers, and DIF simulations cannot adequately awicfuu it. This fact probably explains part
of why this model is not able to outperform the ERsimulations.

4.2 Have changes in the representation of photosymsis an impact on the model
performance ?

In this section, the impact of the revised vegetatadiative transfer scheme and refreshgd
parameter (DIF1-NRT experiment) is discussed. T&bkhows that while the DIF1-NRT
results are close to those of DIF1 for grasslaBds1-NRT tends to outperform DIF1 for C3
crops. Figure 13 presents the simulaBad) of C3 crops and grasslands for the DIF1 and
DIF1-NRT simulations in the 61-Orne départementrothee 1994-2010 period. The two
grassland simulations are very similar. On the rokt@and, the two C3 crop simulations differ
in Bagk values. The mean simulatBdgy values for C3 crops are 1.61 k¢rand 1.32 kg M

for DIF1 and DIF1-NRT, respectively. The lowBags values simulated by DIF1-NRT are
related to the lowest gross primary production $ated by this version of the ISBA-A-gs
model (Carrer et al., 2013). Also, DIF1-NRT simakashorter growing periods and a slightly
enhanced interannual variability: the ACV (see SBct) is equal to 7.4 % for DIF1, and to
8.4 % for DIF1-NRT. For grasslands, the mean sitedlBagx values are 0.46 kg fnand
0.44 kg n¥ for DIF1 and DIF1-NRT, respectively, and AGMlues for DIF1 and DIF1-NRT

are both equal to 30 %.
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4.3 Can the ISBA-A-gs model predict the relative ga or loss of agricultural production
during extreme years ?

ISBA-A-gs is not a crop model and does not pregield per se. The background assumption
of this work is that the regional scale above-gbbiomass simulated by a generic LSM can
be used as a proxy for GY or DMY in terms of interaal variability. The quantitative
consistency between the simulated biomass and gheulural statistics was extensively
discussed by Cal2 (Sect. 3.3 and Figs. 12 and Cai2). For cereals, they considered the
ratio of crop yield to the maximum above-groundnb&ss, called the harvest index. The later
ranged between 20% and 50% and this was consisiintypical harvest index values given
by Bondeau et al. (2007) for temperate cereals.sHnee result is obtained in this study (not
shown). For grasslands, Cal2 simulated both managed unmanaged grasslands. For
managed grasslands, DMY was explicitly simulated eanged between 0.1 and 0.8 ki.m
The scatter of the simulated DMY was relatively Bmwith a standard deviation of
differences with the Agreste DMY of 0.20 kg mISBA-A-gs tended to slightly
underestimate DMY values, with a mean bias of -&§8n>. For unmanaged grasslands, the
simulatedBag was 0.17 kg i higher than the Agreste DMY values, on averagethis
study, unmanaged grasslands were considered,andyesults similar as those of Cal2 were
found (not shown).

The ISBA-A-gs model is optimized to maximize theretation coefficient between Agreste
GY (or DMY) and modelledBagx. The resulting scores are used to assess theiligpaba
given model configuration to represent the intetehrvariability of Bagc, over the 1994-
2010 period. In studies where the objective ofrtiealel calibration is to improve the model
prediction for operational applications, the modgiality needs to be confirmed in an
independent run with data not used during the eidn. An example of rigorous calibration

and validation procedure in hydrology can be foumdRefsgaard (1997). In this study, a
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validation run was not performed as the considgrexdod was too short to apply a split-
sample procedure and separate calibration andat@iidsub-periods. Moreover, the objective
of this study is to benchmark DIF options, not tedict the agricultural yields. Therefore,
using an independent dataset to assess yield pogdlis not needed.

While the main objective of this work is to evaklatontrasting root water uptake models
using agricultural statistics, it can be investaghihow the resultindgdagq values react to
extreme years (either favourable or unfavourableagpicultural production). The best
simulations result from the optimisation of the M&C parameter. Table 5 summarizes the
true and false detection of favourable and unfaaboleryears. The latter are definedAggagx

or Aspmy values higher (lower) than 1.0 (-1.0). TA€gagx Or Aspmy Values are based on the
mean time series of Fig. 10. The undetected fawd@r@nd unfavourable years are also listed
in Table 5. The best detection performance is obthiby DIF1-NRT for grasslands, with
only 1996 not detected as unfavourable. The woestdation performance is obtained by
DIF1-NRT for C3 crops, with 2003 and 2007 not detdcas unfavourable, 1998 and 2004
not detected as favourable, 1997 wrongly detectedur#favourable, and 2008 wrongly
detected as favourable. For grasslands, the extygaes, defined afspwy values higher
(lower) than 1.5 (-1.5), are 2007 (favourable) @003 (unfavourable). These two cases are
correctly identified in the two experiments. For @8ps, the most favourable years are 2002
and 2009 and the most unfavourable year is 2007i1e\\d902 and 2009 are correctly
identified in the two experiments, 2007 is not detd. The higher performance in the
representation of extreme years for grasslandsftiva@3 crops is consistent with the results
of Table 3 showing that significant correlationdveenBagc and DMY are obtained more
often than betweeBagx and GY. This can be explained by the more pronedmcterannual
variability of the grassland DMY, with ACV = 30 %gainst ACV values less than 10 % for

the cereal GY. The highest sensitivity of grasstatadclimatic conditions is related to their
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growing cycle covering a longer period than cereafsl to their MaxAWC values, generally
lower than for cereals (Table 3). Finally, ISBA-A-chas no direct representation of
agricultural practices and of the cereal GY anddbesistency betweeBagx and GY relies
on the hypothesis that the harvest index (the @ti@Y to Bagc) does not vary much from
one year to another at the considered spatial .sG&lis issue is discussed in Cal2. For
grasslands, the simulat&gx is more directly representative of DMY. This exptawhy a
better agreement of the simulations is found withdgrassland DMY than with the cereal GY
(Table 3 and Table 5).

4.4 Prospects for better constraining MaxAWC

Cal2 have shown that MaxAWC is the main drivehef interannual variability dBag in the
ISBA-A-gs model. Representing the year-to-y&ag variability in a dynamic vegetation
model is a prerequisite to correctly representamgrffluxes at all temporal scales (from hourly
to decadal). Table 3 shows that significant diffiees in the representation of tBag
interannual variability are triggered by switchifigm one model option to another. Also, for
a given model option, the medigp and MaxAWC values obtained for cereals contrasnfr
those obtained for grasslands. This is very vakiafiormation for guiding the mapping the
model parameters in future studies. It must bechttat using the interannual variability of
plant growth to assess LSM parameters is a rathericea. For example, Rosero et al. (2010)
and Gayler et al. (2014) performed an assessmekepfparameters of the Noah LSM,
including a version with a dynamic vegetation meduwlsing a set of experimental stations.
However, they did not address the interannual taditya of plant growth as their simulations
covered one vegetation cycle, only. Such a sharulsition period is not sufficient to
constrain those model parameters which affect titerannual variability of plant growth

(Kuppel et al., 2012).
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In addition to the intrinsic limitations related ttee use of a generic LSM, unable to represent
agricultural practices (see above), uncertaintiegganerated by the datasets used to force the
LSM simulations. For example, the incoming radiatio the SAFRAN atmospheric analysis
can be affected by seasonal biases (Szczypta ,eR@ll; Carrer et al., 2012). Since
phenology in ISBA-A-gs is driven by photosynthedigases in the incoming radiation can
impact the date of the leaf onset. The impact adrerin the forcing data is probably more
acute for cereals than for grasslands in relatoa shorter growing period. More research is
needed to assess the impact of using enhanced @ierasreanalyses (Weedon et al., 2011;
Oubeidillah et al., 2014) and proxies for annuaficdtural statistics such as gridded
maximum LAl values at a spatial resolution of 1 kni km derived from satellite products
(Baret et al., 2013).

Another difficulty is that the coarse spatial regmin of agricultural statistics prevents the use
of local soil properties (Sect. 2.3). Models need¢ tested at a local scale using data from
instrumented sites. For example, the DIF versionSBA was tested at a local scale by
Decharme et al. (2011), over a grassland site uthgeestern France. However, the soil and
vegetation characteristics at a given site maydsharply from those at neighboring sites. It
Is important to explore new ways of assessing aschimarking model simulations at a
regional scale. Remote sensing products can betasadnitor terrestrial variables over large
areas and to benchmark land surface models (Szceyal., 2014). At the same time, using
in situ observations as much as possible is keyem@a®te sensing products are affected by
uncertainties. So far, the French annual agricaltyield data are publicly available at the
département scale, only. In order to take advantagéhe existing information on soil
properties, an option could be to use satellitevadrLAl products at a spatial resolution of 1
km x 1 km in conjunction with soil maps at the sametigpaesolution (e.g. derived from the

Harmonized World Soil Database, Nachtergaele g2812)). Since these products are now
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available at a global scale, the methodology exolon this study over metropolitan France
could be extended to other regions.

The ISBA-A-gs model is intended to bridge the gapMeen the terrestrial carbon cycle and
the hydrological simulations (e.g. river discharda)previous works, the ISBA-A-gs model
was coupled with hydrological models able to sirteul@aver discharge (e.g. Queguiner et al.
2011, Szczypta et al. 2012). While simulating vatieh requires a good description of the
soil water stress, hydrological simulations aresgere to changes in the representation of the
surface water and energy fluxes. The latter arérolbed to a large extent by vegetation. As
suggested by Feddes et al. (2001) and Decharmie @043), the obtained "effective root
distribution function” could be validated usingeivdischarge observations by coupling the
LSM with a hydrological model. We will investigatkis possibility in a future work. Note
however that the river discharge is often impadtgdnthropogenic effects such as dams and
irrigation. Such effects are not completely repnésé in large scale hydrological models

(Hanasaki et al. 2006).
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5. Conclusions

The observed cereal GY and permanent grassland PiMduction in France from 1994 to
2010 was used in this study to evaluate four cestitrg representations of the root water
uptake in the ISBA-A-gs land surface model withidRS-EX. A simple representation of the
root-zone soil moisture based on a single bulk rvese (FR-2L) was compared with
multilayer diffusion models describing the soil ematuptake profile. The latter used the
Jackson root vertical distribution equation, withdawithout additional subroot zone base
flow soil layers. In order to limit the uncertaintglated to the lack of knowledge of local
rooting depth conditions, the MaxAWC quantity wadrieved by matching the simulated
Bag« with the Agreste agricultural statistics, for giveregetation and photosynthesis
parameters. The impact on the results of the reptagon of the vegetation was assessed
using another representation of the light absonptip the canopy and using refreshed values
of the gn photosynthesis parameter. TBagx time series based on the multilayer model
without additional subroot zone base flow soil I@syeresented correlations with the
agricultural statistics similar to those obtainethwR-2L. On the other hand, adding subroot
zone base flow soil layers tended to degrade theslations. Overall, a better agreement of
the simulations was found with the grassland DMd¥ntiwith the cereal GY in relation to
several factors such as (1) the more pronouncedaimhual variability of the grassland DMY,
(2) the more direct correspondence betw@&agx and DMY, (3) less variability in the
parameters of the Jackson model than for crops.eMesearch is needed to map the
MaxAWC parameter. In particular, long time seriéssatellite-derived vegetation products
(e.g. GEOV1, Baret et al. (2013)) could be usedanjunction with soil parameter maps to
constrain MaxAWC. Next steps are to verify that {i¢ new model parameters have a
positive impact on the water and carbon fluxeswveerifrom in situ flux-tower observations

and satellite products, at a regional scale anva@bus timescales (hourly to decadal), (2) use
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an hydrology model coupled to SURFEX (Szczyptal et2812) to assess the impact of the

new MawAWC maps on river discharge.
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922 TABLES

923

924 Table I Nomenclature.

List of symbols

ACV

Annual Coefficient of Variation (%)

As gagyr) Scaled anomaly d@.4x Of a given year (-)

As pmv(yr) Scaled anomaly of DMY of a given year (z sQqre

As cv(yr) Scaled anomaly of GY of a given year (z scdsg)

AWC Simulated Available soil Water Content (kgf)m

Bag Simulated above-ground Biomass (kg)m

Bagx Maximum of simulated above-ground Biomass (k& m

DIF Multi-layer diffusion model

d Depth of a soil layer within the root-zone (m)

DMY Dry Matter Yields of grasslands (kg

Drmax Maximum leaf-to-air saturation deficikd kg")

dr Root-zone depth (m)

Fs Soil water stress function (-)

Fsc Critical soil water stress (0.3 in this study)

FR-2L 2-layer force-restore model

Fr Plant transpiration flux (kg fns™)

Om Mesophyll conductance in well-watered conditiomsn(s?

GY Annual Grain Yields of crops (kg™

LAI Leaf Area Index (fhm?)

LSM Land Surface Model

MaxAWC Maximum Available soil Water Content (kgn

NIT Photosynthesis-driven plant growth version®BA-A-gs

NL Leaf nitrogen concentration (% of leaf dry mass)

NRT New Radiative Transfer scheme within the vetimta

PAR Photosynthetically Active Radiation (W4n

Re Root extinction coefficient (-)

SLA Specific Leaf Area (fkg™)

Sr Root water uptake (kg frs™)

SWi Soil Wetness Index (-)

WUE Leaf Ie_vel' Water Use Efficiency (ratio of net assation of CQ, to leaf
transpiration)

Y Root density profile (-)

Greek symbols

p

Water density (kg )
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925

0 Volumetric soil water content (hm )

Orc Volumetric soil water content at field capacity*(m )
OwiLt Volumetric soil water content at wilting point {rm %)
Orop Soil moisture content of a top soil layer’(m®)
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925 Table 2 Standard values of ISBA-A-gs parameters for Gfpsrand grasslands (Gibelin

926 etal., 2006).

. Critical Maximurr| Minimum : SLA .
Cuticular . Leaf nitrogen -. .| SLA at|Fraction of
soil |Respond leaf span leaf area .~ |sensitivity . .
Plant typeeconductanc water to time index concentration to N (e) NL=0%)| vegetatior]
0,
@) gy | stress|drought| (aw) | (LAlmy) (N) (% of dry (m? kg z(f|)< 1 covoe rage
mme) | (Fed (days) | ey | MOSS) | Tophy ((MERG) O6)
C3 crops 0.25 0.3 | Avoiding 150 0.3 1.3 3.79 9.84 100
grasslands 0.25 0.3 | Tolerant 150 0.3 1.3 5.56 6.73 100

927
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928

929 Table 3 Median MaxAWC value and mediagy, value in well-watered conditions,
930 derived for each experiment)(and number of départements where the simul&gk
931 presents significant correlatiord ith the annual yields of Agreste statistics $or cereals
932 (winter wheat, rye, winter barley, spring barleyat cand triticale) and for permanent

933 grasslands in France over the 1994-2010 period.

934
Plant type C3 crops grasslands
: DIF1 - DIF1 -
Experiment |FR-2L| DIF1 | DIF2 | DIF3 NRT FR-2L| DIF1 | DIF2 | DIF3 NRT
Median and
standard deviatiof 1.75 [ 1.75 | 1.75 | 1.75 1.75 1.38 | 1.38 1.50 1.25 1.25
of optimal g, 040 | 053 [ 051 | 053 056 | 048 | 0.49 | 047 0.49 | 0.42
(mm &%)
Median and
standard deviatiof 125 | 112.5| 81.3 | 93.8 100 81.3 | 68.8 75.0 75.0 75.0
of optimal 54.0 | 61.3 | 84.0 | 63.0 64 55.0 | 54.0 | 55.0 | 58.0 | 58.0
MaxAWC (mm)
Numberof 45 48
départements
Number of
départements
presenting | 155 | 103 | 62 | 10-3 | 13-4 | 34-22| 36-20 | 27-10 | 33-16 | 37-19
significant
correlations (at 1 ¢
and 0.1 % level)
935 () the optimisation o, is performed for FR-2L and DIF1-NRT only ; DIF1|A2, and

936 DIF3 use the same départements-lgyevalues as FR-2L.
937 (®) significant correlations at 1 % and 0.1 % levelrrespond to coefficient of

938 determination?) values higher than 0.366 and 0.525, respectively.
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939

940 Table 4 Optimal MaxAWC and squared correlation coeffitiéiR?) betweerBagc and
941 Agreste for FR-2L and DIF1 simulations at départetmevhere the same cereal Agreste data
942 are used and where the correlation betwBagx values and the yields of Agreste statistics
943 are significant at least at 1% level. The highesax®WC and R? values at a given

944  département are in bold.

Experiment FR-2L DIF1
Département Cereal R Optim?:nhr:?xAWC R Optim?ljr]hr:?xAWC

08 oat 0.60 87.5 0.63 75.0
63 winter barley 0.60 1125 0.63 1125
18 rye 0.57 225.0 0.54 225.0
86 oat 0.52 87.5 0.51 87.5
11 winter barley 0.53 125.0 0.49 1125
16 oat 0.46 100.0 0.41 62.5
91 spring barley 0.42 137.5 0.40 1125
61 triticale 0.53 200.0 0.40 225.0

945

946

947

948

949
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950 Table 5: Correspondence between simulated and observed mextrgears for

951 départements with significant correlatiori®)(at the 1% level with both FR-2L and DIF1-
952 NRT simulations for C3 crops and grasslands as shiowig. 10. Favourable (unfavourable)
953 years are defined as z-scomSgagx Or Aspwmy higher (lower) than 1.0 (-1.0). Years with

954  Aspmy higher (lower) than 1.5 (-1.5) are in bold.

Favourable Unfavourable Normal (false)
Plant type | Experiment True False True False while while
favourable | unfavourable
C3 crops FR-2L 2002, 2008 1997, 2010 2004 2002007
2009
DIF1-NRT | 2002, 2009 2008 2001 1997 1998, 2004 202807
grasslands | FR-2L 2007, 2008 2000 2003 2010 1996
DIF1-NRT | 20002007, 2003 2010 1996
2008
955
956
957
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Figure 1. Location of the 45 cropland and 48 grassland 8xksnkm grid cells (blue and

green dots, respectively) and the correspondingriément number.
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Figure 2. Averaged annual statistics of Agreste over th@412010 period of (top) grain
yields of six cereals (winter wheat in black, rperéd, winter barley in blue, spring barley in

green, oat in orange and triticale in purple) over 45 départements of Fig. 1 and (bottom)

dry matter yield of permanent grasslands over hdepartements of Fig. 1.
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Mesophyll conductance, maximum
leaf-to-air saturation deficit

Meteorological
r Photosynthesis parameters: inputs

Biogeophysical variables: Leaf scale:
Soil moisture, Net assimilation,
Leaf Area Index... Stomatal conductance,
transpiration
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Net assimilation,
Stomatal conductance,
transpiration

973 Figure 3: Relation of biogeophysical variables to leaf-scahd vegetation-scale fluxes in

971
972

974 the ISBA-A-gs simulations.
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Figure 4: Soil profile of the DIF1 experiment. The soil depvithin the root-zone is in

represented.
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985 Figure 5: As in Fig. 4, except for DIF2 experiment. Subregotl layers are added (blue

986 lines), down to a constant soil depth of 1.96 m.
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990 Figure 6: As in Fig. 4, except for DIF3 experiment. Two suit soil layers of 10 cm are

991 added (blue lines).
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994 Figure 7: Simulationsover the 1994-2010 period for C3 cropp, € 1.75 mm &,
995 MaxAWC = 200 mm) in the 61-Orne département of (tihg above-ground biomass and of
996 (bottom) the available water content in the roateo using the FR-2L and DIF1

997 configurations (black and red lines, respectively)
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ISBA-A-gs for grasslands
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1000 Figure 8: As in Fig. 7, except for grasslandg,& 0.5 mm &, MaxAWC = 50 mm).
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Figure 9: Best FR-2L simulations vs. Agreste statistics datien levels obtained for

(left) C3 crops and (right) grasslands. Non-siguaifit, significant at the 1% level and

significant at the 0.1 % level correlations areigated in red squares, yellow dots and black

dots, respectively.
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1010 time
1011
1012 Figure 10 Averaged simulated yearl8agc values (ISBA-A-gs, solid lines) and

1013 averaged observed agricultural yields (Agreste,héedslines) for départements with
1014 significant correlationsR?) at the 1% level with both FR-2L (black soliddjnand DIF1-NRT
1015 (red solid line) simulations for (top) C3 crop GMda(bottom) grassland DMY.
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ISBA-A-gs for C3 crops - 1996
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1019 Figure 11: Simulations in 1996 for C3 cropgy{= 0.5 mm &, MaxAWC = 75 mm) in

1020 the 08-Ardennes département of (top) above-grounchdss and (bottom) root-zone soll
1021 moisture in the DIF1, DIF2, DIF3 and FR-2L configtions (red solid, red dotted, red
1022 dashed, and black lines, respectively). The graegsliindicate the root-zone soil moisture

1023 values at field capacity and at wilting point.

57



1024

ISBA-A-gs for C3 crops - 1999
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1025
1026 Figure 12 Simulations in 1999 for C3 cropg.{= 1.75 mm &, MaxAWC = 225 mmdg
1027 = 1.76 m) in the 61-Orne department of (top) abgrmind biomass, and (bottom)

1028 SWhop(dr) for FR-2L (black line), DIF1 (red solid line), dIF1-Uniform (red dotted line),

1029 and SW1top(0.46 m) for DIF1 (blue solid line) and DIF1-Unifar(blue dotted line).
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Figure 13 Simulations over the 1994-2010 period in the Gheddépartement of the

above-ground biomass for (top) C3 crogs € 1.75 mm &, MaxAWC = 225 mm) and

(bottom) grasslandgyf = 0.50 mm &, MaxAWC = 50 mm) for the DIF1 and DIF1-NRT

configurations (black and red lines, respectively).
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