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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 mEtements, 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 baseldéw 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 (Seaéwe et al., 2010). A regular improvement
and assessment of generic Land Surface Models (L8MVaso 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 H\eolyy 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
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France. Therefore, it can be assumed that in #tetwap decades the year-to-year change in
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 dailgidiaplant 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 cropdedi@and 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, &#oe is made to benchmark several options of



97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

the soil hydrology model. The main objective ofstltudy is to assess to what extent using
more refined representations of the soil hydrolagg of the root water uptake can improve
the representation of the interannual variabilityay (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 arendetailed representation of soil moisture
and soil temperature profiles, and of root watetak@. Since several options can be
envisaged to implement the multilayer soil hydrglagmulations, a side objective of this
study is to benchmark these options and learn aheutepresentation 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 simuas 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.
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2. Data and methods

2.1 Agricultural statistics in France

Agreste is an annually updated set of agricultaatia 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 (Figkd).cereals, we consider the six following
crops: winter wheat, rye, winter barley, springléar oat and triticale. For grasslands, the
DMY values of permanent grasslands are used. Tleyespond to natural grasslands or
grasslands planted at least 6 years before. Figgleows 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-vatu8.01) trend is observed for any of the
time series. A few anomalous years affected byiqudarr 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 productvias 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 grasslanddlpwed by a slightly cold summer
(detrimental to cereals). Furthermore, the rainsewabundant over the grassland regions
considered in this study, and have also contribtietthe higher production (Agreste Bilans,

2007; Agreste Conjoncture, 2007; Agreste Infos Begi2007).
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2.2  The ISBA-A-gs land surface model

The Interactions between Soil, Biosphere, and Aphese (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 representadgigthe Deardorff (1977, 1978) force-restore
approach. Soil characteristics such as soil-water leeat 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) appraauath,accounts for Photosynthetically Active
Radiation (PAR), soil water stress, vapour presdefeit and air temperature.

The representation of the soil physics of the ahiiersion 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 shodel explicitly solves the one-
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 hydrologit 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 areerrefl 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,C€sponsive version of ISBA

able to simulate photosynthesis and its couplingttonatal conductance. This option was



161 used in studies on the impact of climate changdévéCa&t al., 2008; Queguiner et al., 2011)
162 and on the impact of drought on the vegetatioméMediterranean basin (Szczypta, 2012).
163 Under well watered conditions, the A-gs formulatisnbased on the model proposed by
164 Jacobs et al. (1996) (Calvet et al., 1998, 200bg(8i et al., 2006). In this approach, the main
165 parameter driving photosynthesisgis Under water-limited conditions, a soil moistuteess
166 function s) is applied to key parameters of the photosynshesodel. For herbaceous
167 vegetation, two parameters are assumed to resposmiltmoisture stress (Calvet, 2000): the
168 mesophyll conductance and the maximum leaf-to-afuration deficit Dmay. Low (high)
169 values of the latter correspond to high (low) skwigy of stomatal aperture to air humidity.
170 These photosynthesis parameters are dependeneaavéilable soil water content (AWC)
171 scaled by its maximum value (MaxAWC). Two contnagtiresponses of the model
172 parameters to soil moisture are represented: dteaghding and drought-tolerant (see
173 Supplement 1). When the AWC/MaxAWC ratio is highiean the critical soil water stress
174  Fsc (Fsc = 0.3 in our simulations), a drop in AWC triggers increase (decrease)gi and a
175 decrease (increase) Dy,ax for the drought-avoiding (drought-tolerant) paréeneation. The
176 drought-avoiding parameterization is used for deremps and the drought-tolerant
177 parameterization is used for grasslands. This ggsamwas validated by Cal2. The drought
178 response model is illustrated by Fig. S1 in Suppleini. These parameters are then used to
179 calculate the hourly leaf-level net assimilation @D, and the stomatal conductance, in
180 relation to sub-daily meteorological inputs suchtlas incoming solar radiation. A radiative
181 transfer scheme is then used to upscale net aasonilof CQ and transpiration at the
182 vegetation level. The plant transpiration flux ged to calculate the soil water budget through
183 the root water uptake. The net assimilation of,G@rves as an input to the plant growth
184 model, and LAl andBag are updated on a daily basis. Figure 3 illustréhese mechanisms.

185 For moderate soil water stress, the drought-avgidesponse results in the increase of the
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Water Use Efficiency (WUE). In the drought-toleraesponse, WUE does not change or
decreases. It must be noted that another repréieentd the response to drought 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 (inTkg ™). The SLA depends aX, 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 outpudsables has been performed in previous
local studies with in-situ data over France (Riatl et al., 2005; de Rosnay et al., 2006;
Sabater et al., 2007; Brut et al., 2009; Laforndlet2012). Gibelin et al. (2006) have shown
that the LAI simulated by ISBA-A-gs at a global leces consistent with satellite-derived LAl
products.

Furthermore, a radiative transfer model withinkgetation canopy describes the attenuation
of the PAR through a self-shading approach andgsyothesis is calculated at three levels of
the canopy using a three-point Gauss quadraturbaaugtlacobs, 1994). A New Radiative
Transfer (hereafter referred to as "NRT") schems mgaently implemented in ISBA-A-gs by
Carrer et al. (2013). The NRT is more detailed tth@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

10
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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):

1- R6100<d,_

TR ?

v(d,)

where Y(d,) is the cumulative root fraction (a proportion wweén 0 and 1) from the soill
surface to the bottom of a soil layer within thetraone, at a deptth (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).

The Soil Wetness Index of a top soil layer of thieksd, and of a soil layer at depth;

(SWhop and SWI, respectively) are defined as:

SWhop(dp) = (Bror(dL) — Erop wiLt)/(Gc,tor— BuiLt, ToP) 2

SWI(dwi) = (8(dwi) = Buit (dui))/(Gc(dii) — Buir(dui)) (3)

where Grox(d.) and &d,) are the volumetric water content (i'm°) of a top soil layer of
thicknessd, and at depthd,, respectively, and the subscript "FC" and "WILTdicate soill

moisture at field capacity and at wilting pointspectively. Equation (2) is used to assess the

11
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soil moisture stress in a single soil layer oremegal soil layers forming a bulk layer from the
surface to a deptt,.. Equation (3) is used to assess the soil moistiness of an individual
soil layer at deptl ;. Equation (2) and Eg. (3) are used to calculaesthess function in FR-
2L and DIF simulations, respectively. In this studye same soil type is used for all the
simulations, and an homogeneous soil profile isiragsl with sand and clay fractions of 32.0
% and 22.8 %, respectively, aBkt = Grop.rc= 0.30 fim™ and Bvir = Gropwitr = 0.17 ni
m3. Since the agricultural statistics we use concatier large administrative units, it would
have been illusory to try and use local soil textproperties.

The value of MaxAWC is expressed in units of k& mnd depends on soil and plant
characteristics: soil moisture at field capacityil snoisture at wilting point &c and Gu.t,

respectively, in mm™) and rooting depthdg, in m):

MaxAWC =p (a:(: - a/\/u_'r) dR (4)

wherep = 1000 kg nit is the water density. Théc and Byt 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 m? s¥). The Fs function varies
between 0O (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 tegal soil water
content in the root-zone. In the case of DIF sirioifes, Fs is the sum of the stress functions
of each soil layer in the root-zor&(i), i.e. SWI@y.), balanced by the root fractidRy at

depthd,;:

12
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F(i)=swi(d, )x% ,andFg =Y Fq(i) (5)

where N is the number of soil layers in the root-zone. ©tite Fs stress index has been
determined, the photosynthesis parameters can detagy and the leaf-level and vegetation-
level fluxes can be calculated (Fig. 3).

The root water uptake in layerSy(i) (in kg m? s%), is calculated as:
Si(i)=Fr xFs(i)/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 platformMdéétéo-France (Masson et al., 2013). For
the first time, the NIT biomass option of the modetl the NRT light absorption scheme are
used together with the DIF multilayer soil configtion. Two representations of the soill
hydrology (FR-2L and DIF options) are considereat, foth C3 crops and grasslands. The
model simulations are offline (not coupled with tle@mosphere) and driven by a
meteorological reanalysis. We consider that thestagmpn cover fraction is equal to 1 across
seasons. We use the ISBA-A-gs default avoidinge(éolt) 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 representafitime soil hydrology and is similar

to the model configuration used by Cal2. The rawtezcorresponds to the whole soll

layer.

13
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2.5

DIF1 uses the new DIF capability of SURFEX v7.2g9(H). As in FR-2L, the root-
zone corresponds to the whole soil layer. The pootile reaches the bottom of the
soil layer and the total soil depth corresponddgto

DIF2 includes additional subroot zone base flow lsyers 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 sulrooe 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 asi¢lare varied simultaneously, and two adjacent
0.1 m thick deep soil layers are represented @Jig.

DIF1-NRT permits assessing the impact of a refiregesentation of the GQiptake

by the vegetation on thBag interannual variability, as the NRT light absmmp
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 corresporml®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).

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

14
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radiation are provided over France at 8 kr@ km spatial resolution on an hourly basis. The
SAFRAN product was evaluated by Quintana-Segui.g2808) using independent in situ
observations. One-dimensional model simulationsparéormed at the 8 km 8 km spatial
resolution of SAFRAN, at grid cells corresponding tereal and natural grassland
départements (Fig. 1). These grid cells corresgonulots located within a département and
with at least 45% of their surface covered by eittp@asslands 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 ugedvalues 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 Bdg Bagx) and GY (DMY) is
selected, for C3 crops (grasslands). For the FRegheriment, the optimisation of both
MaxAWC andgn, is performed for all the départements of Fig. 1r #fe 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 differes 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 cogr®d, against 8 values in Cal2).

15



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

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

338 2.7  Metrics used to quantify the interannual varidility

339 In Section 4, the following metrics are used: thendal Coefficient of Variation (ACV),
340 computed as the ratio of the standard deviatignof the simulatedBagx to the long term

341 meanBag,

_ o(Bagy )
342 ACV Aagx (7)

343

344 the scaled anomaly§) of Bagk of a given yeany):

345
Ba r—Ba
46 Ay, )= B0 P20 @
X
347

348 This metric is also called z-score and can be agpb the Agreste cereal GY:

GY(yr)- GY

349 A rN=
SGY(y ) O'(GY)

9)

350

351 and to the Agreste grassland DMY:

DMY (yr)- DMY
o(DMY)

352 Ao (yn= (10)

16



353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

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 interanmaahbility of the simulatedBag and
AWC (in kg m?) as simulated by FR-2L and DIF1 for C3 crops arassjands 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&titermore, 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 isermonounced for DIF1 than for FR-2L.
A crop regrowth is simulated by both FR-2L and DiRiring years with a marked summer
drought, in 1995, 1996, 1998, 2006 and 2010. Dunegyears (i.e. in 1994, 2000 and 2007),
the two experiments provide similar AWC valueswahmertime.

For grasslands (Fig. 8), the t8ag simulations are also very close. However, cont@aC3
crops, theBag values of the FR-2L simulation tend to be sligldwer 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 observatisn

17



377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

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 presestgmficant correlations with Agreste, for
C3 crops and grasslands. With FR-2L, 12 (5) dépmetdés present significant positive
correlations at the 1% (0.1%) level for C3 crops. frasslands, 34 (22) départements present
significant positive correlations at the 1% (0.1Byel. Although the considered period is
longer than in Cal2 (17 yr instead of 15 yr), themmults are similar to those presented in
Calz2, even if slight differences can be noticeghsas 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) @éements 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®iigrd8) 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 resdpeatally 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.

Selecting the départements where the optimisasosuccessful, i.e. where the correlation
betweenBagy and GY or DMY is significant (p-value < 0.01), thene series of the mean
Bagk and mean GY and of the meBag« and mean DMY are compared in Fig. 10 for both
FR-2L and DIF1-NRT experiments. The interannualiaklity of the grassland DMY is
better represented WBagx than for the cereal GY, witR? = 0.83 and?? = 0.45, respectively.
The FR-2L experiment presents slightly bef@rvalues than DIF1-NRT. For C3 crops, it

appears that the two experiments are not ablepesent the lower GY in 2007, nor the

18



402 higher GY in 2004. For grasslands, the two expemni@re not able to represent the lower
403 DMY in 1996.

404 3.2 Impact of subroot zone soil layers

405 3.2.1 Optimal MaxAWC values

406 Table 3 shows that for C3 crops, the median MaxAVédlie is higher for FR-2L than for
407 DIF1 (125.0 mm and 112.5 mm, respectively). ForD#nd DIF3, the median MaxAWC is
408 even lower (81.3 mm and 93.8 mm, respectively). giassslands, the median MaxAWC is
409 less variable from one experiment to another (f@8B8 mm to 81.3 mm). In Table 3, the
410 median MaxAWC values are calculated irrespectivevbich Agreste cereal GY values are
411 used to derive MaxAWC. Among the 10 départementh WilF1 simulations presenting
412 significant correlations at the 1 % level with Agtes 8 départements share the same cereal
413 Agreste yields with FR-2L.

414 These 8 départements are listed in Table 4 togethirsquared correlation coefficier®Ry
415 values and MaxAWC for FR-2L and DIF1. The FRELis higher than the DIFE?, except
416 for 08-Ardennes and 63-Puy-de-Dome. Again, the aretMaxAWC is higher for FR-2L than
417 for DIF1 (118.8 mm and 112.5 mm, respectively). Hie2L MaxAWC value is lower than
418 the DIF1 MaxAWC value only once, for the 61-Orngadement. This indicates that the
419 DIF1 root density profile tends to increase the actpof drought on plant growth for this
420 département. Also, the largest differencdifrbetween FR-2L and DIF1 is observed for this
421 département.

422 3.2.2 Plant growth

423 Table 3 shows that in DIF2 simulations the numbkrd@partements with a significant
424  correlation at the 1% level is lower than in otlexperiments. The use of DIF2 has a
425 detrimental impact on the representation of therarinual variability by the plant growth

426 model. Figure 11 shows the impact of the root watgake model on the simulated C3 crop
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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+zune 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 Tafor DIF2, against 0.62 kg f 0.58 kg nf, 0.72 kg i for FR-2L,
DIF1, and DIF3, respectively). The same phenomdrappens in the DIF3 simulation to a
lower extent. In particular, the DIF®Bagx 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), tieescence starts. A
marked water stress occurs and impacts photosystaed biomass production. Since water
is supplied by the subroot zone soil layers of DdirRA 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. Thad$eto a slightly
higher value oBag than for DIF1. This is related to the lower FR+2lot-zone soil moisture
in May. In the drought-avoiding C3 crop parametsian of ISBA-A-gs, a moderate soill
moisture stress triggers an increase in water fimgeacy (Calvet, 2000) and enhances plant

growth.

4. Discussion

4.1 Is the Jackson root profile model (Eq. (1)) adrcable at the regional scale ?
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Another difficulty in the implementation of DIF sutations is that the propos@&d values in
Eq. (1) are the result of a meta-analysis. A sifylealue is proposed for a given vegetation
type while a large variability oR. can be observed. This is particularly true forpsroand
Fig. 1 in Jackson et al. (1996) shows tH@t ) andRe present a much higher variability for
crops than for temperate grasslands. This diffjcaly explain the shortcomings of DIF1
simulations for the 61-Orne département describe8ect. 3.2.1 (Table 4). In particular, the
root density in the top soil layers has a largedotpn the water stress modelling. This is
demonstrated by performing an additional DIF1 satiah (DIF1-Uniform) using a uniform
root density profile instead of Eq. (1). Figurestibws the evolution ddag, SWtop(dr) and
SWhop(0.46 m) for the FR-2L, DIF1 and DIF1-Uniform simtibns for the 61-Orne
département over the period from April to July 1988r all the simulationgy, = 1.75 mm's

1 and MaxAWC = 225 mm. ThBag evolution during the first three months is simih the
three simulations, with a slightly faster growthn fR-2L. However, while senescence occurs
on mid-July for DIF1, it occurs only at the end Qfly for FR-2L and DIF1-Uniform. The

early senescence for DIF1 is related to values WiSp getting close to zero at the top
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fraction of the root-zone: while SWJ5(0.46 m) decreases below the 0.3 critical soil wate
stress value (Table 2) at the beginning of July,0d-1, it never gets below 0.3 in July for
DIF1-Uniform. It must be noted that Fig. 12 showattroot water uptake is reduced earlier
with FR-2L than with DIF1, in relation to a fasiglant growth in the FR-2L simulation. For
C3 crops, a drought-avoiding response to soil wattess is simulated, triggering an increase
in WUE (and in the plant growth rate) as soordasé-c. Since the DIF1 simulations tend to
accumulate water above the field capacity @eemains longer abové:-c than for FR-2L),
the increase in WUE tends to occur later than ff2E. Finally, theBagx value for FR-2L
and DIF1-Uniform is higher than for DIF1. This rqmbfile effect also has an impact on the
interannual variability and partly explains the EwW®? value for DIF1 in Table 4 for this
département.

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 refreshped
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 lowBagc 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
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0.44 kg n¥ for DIF1 and DIF1-NRT, respectively, and AGMlues for DIF1 and DIF1-NRT
are both equal to 30 %.

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-gmbbiomass 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 Cai?). 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 manageld unmanaged grasslands. For
managed grasslands, DMY was explicitly simulated eanged between 0.1 and 0.8 kg.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,amdysesults similar as those of Cal2 were
found (not shown).

While the main objective of this work is to evakiatontrasting root water uptake models
using agricultural statistics, it can be investghthow the resultinddagx 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 unfealeryears. The latter are definedA@gagx
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or Aspmy values higher (lower) than 1.0 (-1.0). TA€sagx Or As pmy Values are based on the
mean time series of Fig. 10. The undetected fawder@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 exty@aes, 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 2007ile\\@902 and 2009 are correctly
identified in the two experiments, 2007 is not d&td. The higher performance in the
representation of extreme years for grasslandsftira@3 crops is consistent with the results
of Table 3 showing that significant correlationsveenBagc and DMY are obtained more
often than betweeBagc 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 grasstatalclimatic conditions is related to their
growing cycle covering a longer period than cereatsl 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 betweedBagx and GY relies
on the hypothesis that the harvest index (the @tiGY to Bagc) does not vary much from
one year to another at the considered spatial .sG&ls 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 withgrassland DMY than with the cereal GY
(Table 3 and Table 5).

4.4 Prospects for better constraining MaxAWC
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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 switchiiigm one model option to another. Also, for
a given model option, the medigp and MaxAWC values obtained for cereals contrashfr
those obtained for grasslands. This is very vakiaiformation 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 ratheridea. For example, Rosero et al. (2010)
and Gayler et al. (2014) performed an assessmehkeypfparameters of the Noah LSM,
including a version with a dynamic vegetation medulsing 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 shanulsition period is not sufficient to
constrain those model parameters which affect tiberannual variability of plant growth
(Kuppel et al., 2012).

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 photosynthedigses in the incoming radiation can
impact the date of the leaf onset. The impact afrerin 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 enhancedterasreanalyses (Weedon et al., 2011;

Oubeidillan et al.,, 2014) and proxies for annuaticadtural statistics such as gridded
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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 regmn 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 uthseestern France. However, the soil and
vegetation characteristics at a given site mayedsharply from those at neighboring sites. It
IS important to explore new ways of assessing amthlmarking model simulations at a
regional scale. Remote sensing products can betasadnitor terrestrial variables over large
areas and to benchmark land surface models (Szceyl., 2014). At the same time, using
in situ observations as much as possible is keygm®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 advant#géhe existing information on soil
properties, an option could be to use satellitevddrLAl 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 €R8112)). Since these products are now
available at a global scale, the methodology exglan this study over metropolitan France
could be extended to other regions.

The ISBA-A-gs model is intended to bridge the gapseen 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@ver 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 aresgam to changes in the representation of the
surface water and energy fluxes. The latter ardéralbed to a large extent by vegetation. As

suggested by Feddes et al. (2001) and Decharmle @043), the obtained "effective root
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5. Conclusions

The observed cereal GY and permanent grassland pPidfuction in France from 1994 to
2010 was used in this study to evaluate four cetitrg 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 watrieved 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@yeresented correlations with the
agricultural statistics similar to those obtainethwR-2L. On the other hand, adding subroot
zone base flow soil layers tended to degrade thelations. Overall, a better agreement of
the simulations was found with the grassland DM#¥ntiwith the cereal GY in relation to
several factors such as (1) the more pronouncedaimbual 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 {fi¢ new model parameters have a

positive impact on the water and carbon fluxesveerifrom in situ flux-tower observations
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631 and satellite products, at a regional scale anva@us timescales (hourly to decadal), (2) use
632 an hydrology model coupled to SURFEX (Szczyptalet2812) to assess the impact of the
633 new MawAWC maps on river discharge.
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895 TABLES

896

897 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

do 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™)

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 i)

0 Volumetric soil water content (hm %)

Orc Volumetric soil water content at field capacity*(m®)
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898

GWI LT

Volumetric soil water content at wilting point {mm™)

Orop

Soil moisture content of a top soil layer’ (m )
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898 Table 2 Standard values of ISBA-A-gs parameters for Gfpsrand grasslands (Gibelin

899 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

900
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901

902 Table 3 Mediang,, and MaxAWC values derived for each experiménagd number of
903 départements where the simulaaly presents significant correlationd (vith the annual
904 yields of Agreste statistics for six cereals (Wwintdeat, rye, winter barley, spring barley, oat

905 and triticale) and for permanent grasslands in égaver the 1994-2010 period.

906
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, 0.40 | 053 | 0.51 | 0.53 056 [ 048 | 049 | 047 | 049 | 042
(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 540 | 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)
907 () the optimisation oy, is performed for FR-2L and DIF1-NRT only ;: DIF1|A2, and

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

910 determination ) values higher than 0.366 and 0.525, respectively.
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911

912 Table 4 Optimal MaxAWC and squared correlation coeffitiéR?) betweerBagc and
913 Agreste for FR-2L and DIF1 simulations at départetmevhere the same cereal Agreste data
914 are used and where the correlation betwBagx values and the yields of Agreste statistics
915 are significant at least at 1% level. The highesax®MWC and R?2 values at a given

916 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

917

918

919

920

921
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922 Table 5: Correspondence between simulated and observed mextrgears for

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

926  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
927
928
929

a7



930

931
932

933

934

935

936

48°

44°

Figure 1. Location of the 45 cropland and 48 grassland 8xksnkm grid cells (blue and

green dots, respectively) and the correspondingri&ément 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) aver 45 départements of Fig. 1 and (bottom)

dry matter yield of permanent grasslands over ghdépartements of Fig. 1.
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947

®-

Photosynthesis parameters:
Mesophyll conductance, maximum
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Figure 3: Relation of biogeophysical variables to leaf-scahd vegetation-scale fluxes in

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.

-1.76

0 Root fraction
) Surface .
=
—
—
\\

MaxAWC ~ 225 mm

meters. Only two configurations are representedtifie minimum (left) and maximum (right)
values of MaxAWC (50 and 225 mm, respectively). Thenulative root density profile for

crops (Eq. (1) withRe = 0.961) is represented by a brown line. A top &ojer of 1 cm is
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ayers MaxAWC ~ 50 mm 036
-0.46
- 1.7¢6 | MaxAWC ~ 225 mm
-1.86
-1.96
956
957 Figure 5: As in Fig. 4, except for DIF2 experiment. Subregotl layers are added (blue

958 lines), down to a constant soil depth of 1.96 m.
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961
962 Figure 6: As in Fig. 4, except for DIF3 experiment. Two sudt soil layers of 10 cm are

963 added (blue lines).
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966 Figure 7: Simulationsover the 1994-2010 period for C3 cropmp, € 1.75 mm §,
967 MaxAWC = 200 mm) in the 61-Orne département of Xtihg above-ground biomass and of
968 (bottom) the available water content in the roateo using the FR-2L and DIF1

969 configurations (black and red lines, respectively)
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ISBA-A-gs for grasslands
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971
972 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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983
984 Figure 10 Averaged simulated yearl8agc values (ISBA-A-gs, solid lines) and

985 averaged observed agricultural yields (Agreste,hédslines) for départements with
986 significant correlationsR?) at the 1% level with both FR-2L (black solidd)nand DIF1-NRT
987 (red solid line) simulations for (top) C3 crop Gida(bottom) grassland DMY.
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989

ISBA-A-gs for C3 crops - 1996
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991 Figure 11: Simulations in 1996 for C3 cropgy{= 0.5 mm &, MaxAWC = 75 mm) in

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

995 values at field capacity and at wilting point.
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996

ISBA-A-gs for C3 crops - 1999
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997
998 Figure 12 Simulations in 1999 for C3 cropg.{= 1.75 mm 8, MaxAWC = 225 mmdg
999 = 1.76 m) in the 61-Orne department of (top) abgrnmind biomass, and (bottom)

1000 SWhop(dr) for FR-2L (black line), DIF1 (red solid line), dIF1-Uniform (red dotted line),

1001 and SWtop(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 GheOdépartement of the

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

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

configurations (black and red lines, respectively).
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