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Abstract

A CO2-responsive land surface model (the ISBA-A-gs model of Météo-France) is used
to simulate photosynthesis and Leaf Area Index (LAI) in southwestern France for a
3-year period (2001–2003). A domain of about 170 000 km2 is covered at a spatial
resolution of 8 km. The capability of ISBA-A-gs to reproduce the seasonal and the inter-5

annual variability of LAI at a regional scale, is assessed with two satellite-derived LAI
products. One originates from the CYCLOPES programme using SPOT/VEGETATION
data, and the second is based on MODIS data. The comparison reveals discrepancies
between the two satellite LAI estimates and between satellite and simulated LAI values,
both in their intensity and in the timing of the leaf onset. The model simulates higher10

LAI values for the C3 crops and coniferous trees than the satellite observations, which
may be due to a saturation effect within the satellite signal. The simulated leaf onset
presents a significant delay for mountainous grasslands. In-situ observations at a mid-
altitude grassland site show that the generic temperature response of photosynthesis
used in the model is not appropriate for plants adapted to the cold climatic conditions of15

the mountainous areas. This study demonstrates the potential of LAI remote sensing
products for identifying and locating models’ shortcomings at a regional scale.

1 Introduction

Vegetation has a strong impact on the exchange of energy, water and carbon between
the land surface and the atmosphere. In particular, it influences the uptake and release20

of carbon dioxide from and to the atmosphere through photosynthesis and respiration.
In addition, the plant growth is governed by the climate. Improving the modelling of
the land surface physiological processes is required to provide quantitative estimates
of the surface fluxes for meteorological, hydrological and climate applications.

Sensitivity and impact studies using state-of-the-art climate models have shown the25

importance of the vegetation-climate feedback (Dickinson et al., 1991; Garratt, 1993).
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Soil-vegetation-atmosphere transfer (SVAT) models were originally designed to simu-
late exchanges of matter and energy between the surface and the atmosphere, with
vegetation leaf area index (LAI) as a forcing variable, rather than a prognostic state. A
number of models have recently evolved to include biogeochemical processes (Foley
et al., 1996; Sellers et al., 1996a; Calvet et al., 1998; Pitman, 2003), in order to improve5

the representation of the dynamical behaviour of the vegetation. In such models, the
active biomass is often represented by the amount of leaf surface area per unit ground
area, expressed through LAI. In most models, LAI represents the one-sided green leaf
area of vascular plants and is a key component of the canopy conductance to CO2 and
water vapour, and of the carbon and water exchanges. It must be noted that satel-10

lite greenness sees more than LAI, namely also non-vascular plant green surface and
dead brown matter.

Land surface models have served to investigate the role of terrestrial vegetation
on climate in regions of the globe where surface-atmosphere feedbacks are strong.
Shukla and Mintz (1982) have shown by means of numerical simulations that the evap-15

otranspiration of vegetation widely impacts the global fields of rainfall and air tempera-
ture. Zeng and Neelin (2000) investigated the role of the vegetation-climate interaction
in African savannah to reach the conclusion that the inter-annual climate variability
plays a key role in the maintenance of savannah regions. Alessandri et al. (2007)
showed that the introduction of interactive LAI in a global climate model may have a20

strong impact on the simulations and that the used land surface model must be care-
fully assessed, in particular its response to climate variables (e.g. air temperature).

The land surface model ISBA-A-gs has proven to be a useful tool to investigate such
environmental biophysical factors (Calvet et al., 1998; Calvet et al., 2004; Calvet et
al., 2008). ISBA-A-gs is a CO2-responsive model which accounts for the vegetation25

assimilation of CO2. It is able to simulate energy, CO2 and water vapour fluxes at the
surface-atmosphere interface. Gibelin et al. (2006) evaluated the model performances
at a global scale in the context of climatologic simulations, using atmospheric forcing
fields from Numerical Weather Prediction (NWP) reanalyses and observations at a 1
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degree resolution. They compared 10 years of simulation of LAI with three satellite-
derived LAI datasets. It was found that the ISBA-A-gs model is able to capture the
general patterns of LAI observed from space and that the simulations fall within the
range of variability of satellite-retrieved LAI. Moreover, the same authors highlighted
the good agreement of the spatial patterns along the vegetation growing season, be-5

tween simulated and satellite-derived LAI values, despite some discrepancies in the
determination of the leaf onset.

While ISBA-A-gs proved to perform well at the global scale, with aggregated low-
resolution LAI products, the use of the model at higher spatial resolution (e.g. for hydro-
logical or vegetation monitoring applications) needs to be assessed. The present work10

is an attempt to assess the performance of the ISBA-A-gs model at the regional scale,
at a relatively high spatial resolution (8 km). At this scale, different types of vegetation
(crops, forests, grasslands) can be found in a model grid cell and the sub-grid hetero-
geneity has to be represented. A tile approach is used and for a given grid cell, the
model is run for each vegetation type found in the grid-cell. This study is undertaken for15

a regional watershed, the Adour-Garonne basin located in southwestern France, which
was considered in the framework of the CarboEurope Regional Experiment Strategy
(CERES) campaign (Dolman et al., 2006).

Satellite data available over time periods of several years provide consistent infor-
mation to assess the reliability of a land surface model and its representation of the20

seasonal and inter-annual variability of the vegetation biomass. In the present study,
two satellite data sets are considered: (i) the Moderate Resolution Imaging Spectrora-
diometer (MODIS) Bi-directional Reflectance Distribution Function (BRDF) (Jin et al.,
2003), (ii) the SPOT/VEGETATION LAI (Weiss et al., 2007). The considered period of
time covers the three annual cycles 2001 to 2003, which present contrasted climatic25

conditions. For instance, the year 2001 over France corresponded to a standard year in
terms of climate, whereas the summer of 2002 was relatively wet. In 2003, the spring
and summer periods were anomalously dry, as in many regions of Western Europe
(Ciais et al., 2005).
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The structure of this paper is as follows: first, the studied region is described, to-
gether with the model, the atmospheric forcing and the land cover database. Then, the
MODIS reflectance values and the SPOT/VEGETATION observations are presented.
In-situ data used to assess the model performance for the case of mid-altitude grass-
lands are presented. This is followed by a section dedicated to the comparison of the5

LAI simulations of ISBA-A-gs with the satellite-derived LAI estimates over southwest-
ern France, which includes a discussion on the seasonal and inter-annual variability of
the vegetation. Finally, the paper concludes with a discussion about the use of satellite
LAI products, the model performance and shortcomings. Some issues are discussed
that deserve attention for future model development and validation.10

2 Model implementation

2.1 The ISBA-A-gs model

The ISBA-A-gs land surface model (Calvet et al., 1998; Calvet and Soussana, 2001;
Gibelin et al., 2006) is able to simulate coupled fluxes of energy, CO2 and water vapour,
together with a time evolving LAI. This model combines a version of the standard In-15

teraction Soil Biosphere Atmosphere (ISBA) (Noilhan and Planton, 1989) SVAT model
coupled with the “A-gs” photosynthesis model (Jacobs et al., 1996). The simulation
of the mass and energy exchanges between the vegetation and the atmosphere, ac-
counts for the net photosynthetic assimilation (An), and the stomatal conductance gs
is derived from An (Collatz et al., 1991). ISBA-A-gs is a CO2-responsive model, which20

can diagnose the photosynthesis Gross Primary Production (GPP) and the green LAI
by accumulating the carbon assimilated by photosynthesis.

The model has undergone substantial modifications to account for soil moisture
stress effects (Calvet, 2000; Calvet et al., 2004) and to include nitrogen dilution (Cal-
vet and Soussana, 2001; Gibelin et al., 2006). Two distinct responses to water stress25

are currently parameterized in the model: for moderate soil water stress, some plants
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develop higher values of the water use efficiency (WUE ) following a drought-avoiding
strategy, while others show little change or even a decrease in WUE , corresponding
to a drought-tolerant strategy. Moreover, the plant nitrogen content affects the ratio
between the total leaf biomass and LAI (αB, in kg m−2). The αB ratio is calculated
as a function of plasticity parameters (e and f ), and of the leaf nitrogen concentration5

NL (Gibelin et al., 2006). Standard values of the vegetation parameters of the model
depend on the biome type and are summarized in Table 1. They were inferred from
values determined by a meta-analysis of the literature, sensitivity tests performed at
the global scale (Gibelin et al., 2006), and from values used by previous local studies
over southwestern France (Rivalland et al., 2005; De Rosnay et al., 2006; Sabater et10

al., 2007). The southwest region of France is also the area retained in the present
study (Fig. 1). The version of ISBA-A-gs used in this study is imbedded into SURFEX
(SURFace Externalisée, Martin et al., 2007), the modelling platform of Météo-France.

2.2 The soil and land cover databases

In the SURFEX modelling platform, the soil and surface parameters used by the land15

surface model are obtained from the ECOCLIMAP global database (Masson et al.,
2003). ECOCLIMAP is a database of key surface parameters (soil texture, albedo,
emissivity, roughness length, LAI, vegetation fraction, and physiological parameters) for
land surface modelling. The land parameters must be spatially consistent and tempo-
rally coherent, and are projected onto a grid map in two stages. First, a land cover clas-20

sification is performed by aggregating the pixel values presenting the closest time se-
ries of Normalized Difference Vegetation Index (NDVI) measured by the Advanced Very
High Resolution Radiometer (AVHRR) sensor, onboard the NOAA (National Oceanic
and Atmospheric Administration) satellite series. The classification is based on cli-
mate zones and pre-existing land cover maps. The version of ECOCLIMAP described25

in Masson et al. (2003) consists of 215 ecosystems representing, as much as possi-
ble, homogeneous functional vegetation types, at 1 km resolution. Further, based on
the classification nomenclature and look-up tables, a global and monthly database of
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surface parameters, organized in land cover types, is built. The spatial heterogeneity
within a grid cell is represented by tiles (Fig. 2). Within the vegetation tile, each land
cover class corresponds to a combination of 12 generic surface types or patches (bare
soils, rocks, permanent snow and ice, deciduous broadleaf trees, evergreen broadleaf
trees, coniferous trees, C3 crops, C4 crops, irrigated crops, C3 natural herbaceous5

vegetation, C4 natural herbaceous vegetation, wetlands).
In this study, a dedicated ECOCLIMAP product was developed for a region of

about 170 000 km2 in southwestern France. This specific ECOCLIMAP version has 61
ecosystem classes representing a splitting of the initial CORINE land cover database
(Heymann et al., 1993), with an enhanced representation of agriculture (more agricul-10

tural classes).
More often than not, the ECOCLIMAP classes correspond to a combination of the 6

main patches encountered over southwestern France (i.e. bare soils, coniferous trees,
deciduous broadleaf trees, C3 crops, C4 crops, C3 natural herbaceous vegetation).
The fraction of those 6 patches is displayed in Fig. 3. The fraction of bare soils is mostly15

present along the Mediterranean coast. C3 natural herbaceous vegetation is found
in mountainous areas (grasslands of Massif Central and throughout the Pyrenees).
Deciduous broadleaf trees are distributed throughout the domain except over the Les
Landes region, where coniferous trees are dominant. C3 crops are predominantly
located in the West and in the East of the city of Toulouse, whereas C4 crops are20

dominant in the North and South of the Les Landes forest. The vegetation fraction (veg)
corresponds to the percentage of vegetation within a patch. For crops, it is derived
from LAI using the simple formula of Kanemasu et al. (1977), veg=1−exp(−αLAI),
with α=0.6. For the Les Landes forest, dominated by coniferous trees, the vegetation
fraction is set to a constant value of 0.95. The same value is used for deciduous25

broadleaf trees and C3 natural herbaceous vegetation. The parameter veg is set to 0
for bare soils, rocks and water surfaces.

The latest version of ISBA-A-gs in SURFEX (version 1) was used. It includes the
possibility to prescribe an emergence date and (optionally) to simulate irrigation for
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summer crops (Calvet et al., 2008). In this study, the emergence and irrigation options
are activated for the C4 crops. In southwestern France, C4 crops correspond to maize
fields, which are mostly irrigated.

2.3 Atmospheric forcing: the SAFRAN database 2001–2003

The atmospheric forcing data required for simulations over France are provided by the5

atmospheric analysis system “Système d’Analyse Fournissant des Renseignements A
la Neige” (SAFRAN) (Durand et al., 1993; Durand et al., 1999). Initially, it was de-
veloped for snow monitoring in mountainous areas. It was extended to the whole of
France (Quintana-Seguı́ et al., 2008) in order to monitor land surface processes (not
only snow). SAFRAN produces estimates of meteorological variables and incident ra-10

diation fluxes by combining observations and analyses from model outputs. The latter
allow the determination of vertical profiles. It uses an optimal interpolation method
over climatologically homogeneous areas to build the meteorological fields, in order
to ensure a good coherence of the forcing. These areas are of irregular shapes and
cover surfaces of usually less than 1000 km2. The initial guess required for the optimal15

interpolation comes from outputs of the global scale operational NWP model Action
Recherche Petite Echelle et Grande Echelle (ARPEGE) of Météo-France (Courtier et
al., 1991) and from a re-analysis of the European Center for Meteorological Weather
Forecast (ECMWF) model, re-interpolated from a Gaussian grid onto on a regular grid
at 0.5◦×0.5◦ resolution. The SAFRAN analysis is completed by a number of observa-20

tions: the analysis of temperature, humidity, wind speed and cloudiness is performed
every six hours using observations from the synoptic network. The vertical profiles of
these variables are calculated every 300 m. Next, the analysed values are interpolated
at hourly time steps. All altitude profiles (temperature, humidity and cloudiness) as
well as surface winds are linearly interpolated. Solar and long wave radiation are also25

calculated, using the radiative transfer scheme of Ritter and Geleyn (1992). The hourly
precipitation and phase are estimated by combining the hourly snow-rain transition
altitude, the daily rain/snow ratio observations and estimations, and relative humidity.
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Atmospheric pressure is measured at sea level and then interpolated at each grid point,
while accounting for differences in topography.

The SAFRAN database is referenced in the Lambert 2 extended coordinate system
at a resolution of 8×8 km2. Over the domain considered in this study, the SAFRAN
data cover a 51×61 cell grid. The accuracy of SAFRAN was evaluated by Quintana-5

Seguı́ et al. (2008) for the whole of France, who found a reasonable agreement with
independent in-situ observations.

2.4 Simulations

Simulations covering a 3-year period (2001–2003) were performed with SURFEX for
the Adour-Garonne basin in the “offline” mode, i.e. without coupling the land surface10

with the atmosphere. The chosen region is located between the Atlantic Ocean and
the Mediterranean sea and includes the Pyrenees and the Massif Central mountains
(Fig. 1). The atmospheric forcing data were obtained from a subset of the SAFRAN
database (as described above). The ISBA-A-gs option of SURFEX was run in a config-
uration able to represent the vegetation growth and the senescence phase, in response15

to meteorological conditions. In order to initialise the LAI and the soil water content, the
model was spun up by repeating the simulations over the year 2001. The year 2001
was chosen as the spin-up year, as its general climatic conditions corresponded to av-
erage climatic conditions for this region, both in terms of temperature and precipitation.
After two cycles, the main variables reached equilibrium conditions. The simulations20

for the years 2002 and 2003 were then undertaken as open-loop runs. A value of LAI
was simulated for each patch present in a given grid cell, and a grid average LAI value
was calculated.
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3 Remotely sensed Leaf Area Index

Two satellite-derived LAI products were used: MODIS and CYCLOPES. They both
cover the 2001–2003 period considered in this study.

3.1 MODIS-based products

The Moderate Resolution Imaging Spectroradiometer (MODIS; http://modis.gsfc.nasa.5

gov/) is an instrument on board NASA’s Terra and Aqua platforms to collect remote
sensing information of the Earth atmosphere, oceans and land surface. Collection
4 of MODIS LAI (Tian et al., 2000) product was analyzed first and was judged too
noisy at the 1 km spatial resolution for the study area even after being class-averaged
(see also Garrigues et al., 2008). An alternative was to consider the LAI retrieval10

method proposed by Roujean and Lacaze (2002), relying on Bi-directional Reflectance
Distribution Function (BRDF), and to use the MODIS BRDF/Albedo Level 3 product
(MOD43B1). MOD43B1 is a global product at 1 km spatial resolution, projected onto a
sinusoidal grid, and with a 16-day composite time frame.

The algorithm of Roujean and Lacaze (2002) first estimates the fractional cover15

of vegetation (fCover) from a vegetation index, actually the simple difference be-
tween visible and near-infrared reflectance interpolated to zenith-nadir observations
with the MODIS BRDF model. Then, the effective LAI, Le, is retrieved from the for-
mula fCover=A−exp(−0.47Le). The clumping index (CI) quantifies the level of foliage
grouping within distinct canopy structures, such as tree crowns, shrubs, and row crops,20

relative to a random distribution (Lacaze et al., 2002; Chen et al., 2005). A dynamic
retrieval of CI permits to account for mutual leaf shadowing in the sensor field of view.
Dividing Le by CI leads to the “true” LAI. For most vegetation canopies, CI is less than
1, which aims at increasing LAI values, from 10% for grasslands to 30% for forests, on
average.25

4068

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/6/4059/2009/bgd-6-4059-2009-print.pdf
http://www.biogeosciences-discuss.net/6/4059/2009/bgd-6-4059-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://modis.gsfc.nasa.gov/
http://modis.gsfc.nasa.gov/
http://modis.gsfc.nasa.gov/


BGD
6, 4059–4093, 2009

Modelling LAI at a
regional scale with

ISBA-A-gs

A. Brut et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

3.2 CYCLOPES products

The Carbon Cycle and Change in Land Observational Products from an Ensemble of
Satellites (CYCLOPES) project was an initiative aiming at developing and producing
global surface parameters from space-borne sensors. In particular, key biophysical
parameters (LAI, fAPAR and fCover) were produced for the period 1998–2003 based5

on the processing of SPOT/VEGETATION data (Baret et al., 2007). Top of canopy
reflectance values were corrected for surface directional effects in order to obtain nor-
malized reflectances. A neural network was used to retrieve LAI from the normalized
reflectances. The neural network was previously trained from synthetic reflectances
produced by the SAIL model (Verhoef, 1985) simulating the radiation transfer within10

vegetation canopies.
In this study, the Version 3 CYCLOPES LAI product is used. It has a spatial resolution

of 1 km and is based on a temporal composite window of 10 days. The uncertainty of
this LAI product is discussed by Garrigues et al. (2008).

4 In-situ observations for mid-altitude grasslands15

In previous studies, the ISBA-A-gs model was validated over a variety of sites, repre-
senting contrasting vegetation types. In southwestern France, different types of crops
and forests are found, as well as semi-natural mid-altitude grasslands used for exten-
sive grazing. Although C3 natural herbaceous vegetation was simulated by ISBA-A-gs
before, at various spatial scales (Gibelin et al., 2006; Sabater et al., 2008), there was20

no specific representation of the grazed mid-altitude grasslands found in southwestern
France. In this study, in-situ observations were used to verify the model’s performance.

Measurements were made by the Institut National de la Recherche Agronomique
(INRA) at an upland semi-natural grassland site (45◦38′ N, 2◦44′ E; 1040 m a.s.l.) near
Laqueuille, Puy de Dôme, France during 2002–2004. The site and the experimen-25

tal set-up are described in Allard et al. (2007). Meteorological and eddy-covariance
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CO2 flux measurements were performed. GPP estimates were derived by Allard et
al. (2007) from the net ecosystem exchange observations. Two paddocks differing in N
fertilisation and grazing pressure were investigated. In this study, the “extensive” pad-
dock was considered, as it was more representative of the majority of the mid-altitude
grasslands found in the mountainous areas of southwestern France (the Pyrenees and5

Massif Central).

5 Comparison between observed and simulated LAI values

In this study, the satellite LAI is used as an indirect means to evaluate the vegetation
growth component of ISBA-A-gs. Remotely sensed LAI is known to present two draw-
backs: (i) it must be corrected for clumping to obtain a true value in agreement with10

modeled LAI definition; (ii) it saturates at high LAI values (Pontailler et al., 2003). How-
ever, the comparison between satellite and modeled LAI is instructive, in particular to
assess the ability of the model to represent the seasonal and the inter-annual variability
(Gibelin et al., 2006).

Figure 4 displays the 2001–2003 LAI simulated by ISBA-A-gs and the satellite-15

derived datasets (MODIS, CYCLOPES), for the major types of vegetation of south-
western France: coniferous trees, C3 crops, C3 natural herbaceous vegetation and
deciduous broadleaf trees. In this figure, only pixels that contain at least 70% of the
same patch are considered. The number of selected gridpoints for the 4 selected
patches is, 169, 175, 122, and 106, respectively. The temporal evolution of LAI for C420

crops is not shown because a modelled pixel dominated by this patch over the study
area could not be found. Indeed, the percentage of C4 crop within a pixel reaches only
a maximum value of 45%.

The seasonal and inter-annual variability of LAI is driven to a large extent by climate.
Figure 5 shows the 2001–2003 average monthly incident shortwave radiation and air25

temperature at noon, as well as the monthly precipitation for two contrasting climates
within the studied area (Fig. 1b): Laqueuille and Toulouse. The climatic conditions
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of 2001, are representative of the average climate of the region. In 2001, the annual
amount of precipitation is about 1200 mm at Laqueuille, with a maximum in March and
April, and about 650 mm in Toulouse, with a maximum in April and May. Maximum
air temperatures vary from 27◦C in Toulouse and 20◦C at Laqueuille, in August, to
4◦C in Toulouse and −1◦C at Laqueuille, in December. Figure 5 shows that 2003 was5

markedly warmer and dryer at both locations.

5.1 Seasonal variability in 2001

In Fig. 4, both satellite-derived LAI present much lower maxima, i.e. present smaller
amplitude cycles, than the simulated LAI. The CYCLOPES algorithm produced lower
maximum values than those obtained from MODIS. In 2001, the CYCLOPES and10

MODIS LAI peak at about the same time.
With the exception of C3 natural herbaceous vegetation, the simulated peak LAI is

markedly higher than the satellite-derived peak LAI. For the C3 crops, the difference in
peak LAI is particularly large (more than 2 m2 m−2) and the modelled LAI peak occurs
1.5 months after the observed peak. Another significant difference between the satellite15

and simulated LAI is the fast senescence simulated in July. This rapid change in LAI is
not reflected in the satellite signal which displays a smooth decrease starting in May,
at the end of spring. Calvet et al. (2008) have shown that the parameters used in
ISBA-A-gs for C3 crops permit to simulate realistic LAI and biomass values for wheat
in southwestern France. The discrepancy between the satellite and modelled LAI may20

have two origins: (i) the inability of the satellite products to represent the high LAI
values observed for crops at the end of the growing season (the saturation effect), (ii)
the misrepresentation in the model of the presence of several C3 crops other than
wheat (e.g. rape, barley) in southwestern France, with different growing cycles. In the
case of C3 natural herbaceous vegetation, the largest discrepancies are found during25

the first stage of the growing period (the leaf onset). The model and MODIS peak LAI
values are consistent, while the CYCLOPES value is much lower, again. The shift of
the seasonal cycle is much more acute than for C3 crops. In particular, the leaf onset
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and the peak LAI simulated by ISBA-A-gs present a delay of about 2 months. However,
the senescence period presents a better agreement.

Concerning the deciduous broadleaf trees and coniferous trees, the modelled LAI
is higher, with an offset of 1.5 to 2.5 m2 m−2 for MODIS and 3 to 3.5 m2 m−2 for CY-
CLOPES. Contrary to C3 crops and deciduous broadleaf trees, for coniferous trees,5

the modelled LAI is always above the satellite observations, even in winter. Moreover,
the peak LAI simulated by the model exhibits a delay of about one month compared
to the satellite estimates. Finally, one may notice that the start of vegetation deter-
mined with CYCLOPES is in better agreement with the model than from MODIS for
C3 crops, C3 natural herbaceous vegetationand deciduous broadleaf trees. Weiss et10

al. (2007) suggest that the CYCLOPES products offer a better timing of the phenology
of the vegetation than MODIS data but underestimate the intensity of LAI, which is in
agreement with the observations made in this study. Hereafter, the MODIS-retrieved
data are used, only, as they have been corrected for clumping effects.

Figure 6 presents a spatial comparison of the modelled and MODIS-retrieved LAI15

at four dates in 2001. Discrepancies between the LAI simulations (top row of Fig. 6)
and the satellite-derived LAI (bottom row of Fig. 6) are discernable. The springtime
vegetation growth simulated by ISBA-A-gs (from DoY 33 to DoY 145), is more vigorous
along the Atlantic coast and in the Garonne valley. On DoY 33, the highest values
of LAI (around 2 m2 m−2) are found in these low altitude areas. The maximum LAI20

value is simulated for the coniferous trees of the Les Landes forest. The simulated
springtime vegetation growth is much lower for the mid-altitude C3 natural herbaceous
vegetation of the Pyrenees (except close to the Atlantic coast) and of Massif Central.
A contrasting result is obtained with the MODIS LAI for the mid-altitude C3 natural
herbaceous vegetation, as it seems to grow more rapidly than in other areas (Fig. 6).25

At the end of July (DoY 209), the simulated LAI reaches maximum values (up to
6 m2 m−2) for most regions except for portions of the agricultural areas composed of
C3 crops. For the latter, the senescence is already finished. At the end of October
(DoY 305), the C3 crop area around Toulouse and the region along the Mediterranean
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coast present markedly low LAI values. At that time, the LAI remains high (more than
4 m2 m−2) for deciduous broadleaf trees and coniferous trees, only.

Like Fig. 4, Fig. 6 shows that the modelled plant growth depends on both the climate
and the vegetation type. As there are no phenological attributes in ISBA-A-gs, the
simulated vegetation growth is driven by the climate. For example, the main driver5

of the senescence of C3 crops like wheat, in ISBA-A-gs, is the summer drought. If
favourable conditions (e.g. rainfall suppressing the drought) occur at the end of the
summer or during the autumn, the model is able to simulate re-growths (Calvet et al.,
2008).

Figure 7 presents for 2001 the simulated leaf onset, defined (Gibelin et al., 2006)10

as the date at which LAI reaches an intermediate value of LAIi=0.4 LAImax+0.6 LAImin.
The leaf onset first starts along the Mediterranean coast and along the Atlantic coast
(southeastern and western parts of the domain, respectively). Those regions are less
cloudy at springtime, with higher temperatures. To the south of the Les Landes forest
and north of Toulouse (i.e. central part of the map), the modelled leaf onset occurs15

between DoY 120 and DoY 140 whereas over mountainous areas (northeast of the
map and Pyrenees), it occurs later, between DoY 140 and DoY 180.

Figure 8 shows the difference in model and satellite leaf onset. The calculation
of the leaf onset from the MODIS data allows identifying clear patterns, resembling
those of the simulations. However, the comparison between the model and the satellite20

leaf onset shows a temporal shift that varies from one grid cell to another. Figure 8
shows that in 2001, these differences occur, particularly, for the mid-altitude C3 natural
herbaceous vegetation of the Pyrenees and Massif Central, and in the cultivated region
in the centre of the study area. The Les Landes forest and the Mediterranean coast
are the regions with the smaller difference in leaf onset.25

5.2 Inter-annual variability

In Sect. 5.1, the 2001 annual cycle was considered in order to verify the simulation
of the seasonal cycle. As the behaviour of the model may change from one year
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to another, three annual cycles are now considered: 2001, 2002, and 2003. While
2001 is climatologically a standard year, 2002 and 2003 are marked by a wet and cool
summer, and a very dry and hot spring and summer, respectively. In Fig. 5, it is shown
that for Toulouse and Laqueuille, the mean monthly air temperatures are much higher
in spring and summer 2003 than in 2001 and 2002. However, the area received similar5

amounts of rainfall in 2001 and 2002, though during different seasons: in 2001, the
majority of the precipitation was observed in spring (March, April and May) whereas
the main rain events in 2002 occurred later during the summer, thereby supplying the
fully developed vegetation with a higher water availability at this time of year. In 2003,
the unusual low amount of precipitation and high temperatures caused an early stress10

of the vegetation and accelerated the senescence.
Model vs. satellite differences are observed for all the vegetation types, throughout

the studied period (Figs. 4 and 8). For C3 crops, the model generally simulates a
delayed and higher maximum LAI than that estimated with the satellite. The simulated
LAI of C3 natural herbaceous vegetation reaches about the same maximum values as15

suggested by the observed data from MODIS but a 2-month delay is apparent. For the
deciduous broadleaf trees and for the coniferous trees, the simulated LAI cycle shows
a stronger magnitude than the one detected by satellite, with a delay of the annual
peak.

For C3 crops, the two contrasting climatic annual cycles of 2002 and 2003 influence20

the simulated LAI (Fig. 4). In 2003, a low maximum LAI value (∼4 m2 m−2) occurring
in May is simulated, whereas the maximum value is higher in 2002 (about 6 m2 m−2)
and occurs at the end of June. The 2002 and 2003 maximum levels are reached in
April, for the MODIS product. While the CYCLOPES LAI product tends to peak before
the MODIS product in 2001, it peaks after MODIS in 2002 and, particularly, in 2003.25

In 2002, ISBA-A-gs simulates two peaks within the cycle of C3 crops: the first one
occurs at the end of June but a second one (a regrowth caused by rainfall events)
is simulated in the autumn. Although the satellite observed a slow decrease of LAI
in 2002, neither CYCLOPES nor MODIS detected this second maximum. The model
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seems to have a strong response to the climate variability which is not observed by
the satellite products. Again, an explanation could be the difficulty to represent the
C3 crop diversity in the model. The parameters used for C3 crops permit to represent
wheat (Calvet et al., 2008), but other C3 crops are present in the studied region and
contribute to the satellite observations. However, in 2003, due to a marked summer5

drought, both simulations and satellite-derived data present a shorter cycle of the plant
growth.

For C3 natural herbaceous vegetation and deciduous broadleaf trees, the modelled
and observed vegetation cycles in 2001 and 2002 are similar. In 2003, a decrease
of the maximum LAI value can be noticed, and the satellite-derived LAI (MODIS, CY-10

CLOPES), presents a weak regrowth at the end of September. A moderate regrowth
is simulated for C3 natural herbaceous vegetation at the end of August. For deciduous
broadleaf trees, the drought of 2003 induces a decrease of the simulated LAI in July,
which is observed, to some extent, by MODIS and CYCLOPES.

5.3 Discussion about the leaf onset15

Figures 7 and 8 show that on average, the modelled leaf onset occurs later than the
satellite leaf onset, for all vegetation types. The best agreement is found for C3 nat-
ural herbaceous vegetation and deciduous broadleaf trees along the northern border
of the Pyrenees, and for the Les Landes forest. The difference in leaf onset is par-
ticularly acute for the mid-altitude C3 natural herbaceous vegetation of Massif Central20

(north-east of the domain), and varies from one year to another, for all the vegetation
types. The median difference in leaf onset (and standard deviation) are 55±20 day,
55±17 day, and 46±15 day, for 2001, 2002, and 2003, respectively. The lowest median
difference is observed for 2003, with the most marked summer drought.

While for the mid-altitude C3 natural herbaceous vegetation, the satellite LAI prod-25

ucts permit to identify a shortcoming of the model, it is difficult to conclude for the
majority of the model’s grid cells presenting a less pronounced difference in leaf onset.
A surprising result is that the onset of vegetation given by CYCLOPES may significantly
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differ from MODIS (Fig. 4). Several sources of uncertainty in the satellite LAI products
have to be considered (Garrigues et al., 2008):

– the saturation effect tends to level out the last phase of the vegetation growth
period, and to produce an apparently earlier calculated leaf onset. The lower
discrepancy between the modelled and the satellite-derived leaf onset in 20035

may be due to the lower peak LAI values reached during this wet year, decreasing
the saturation effect;

– while the model simulates a green LAI, the satellite-derived LAI is influenced by all
the vegetation elements (including, e.g. dead leaves) and the senescence as seen
from space may occur later than in the real world. This effect accentuates the10

misrepresentation, in the satellite LAI products, of the last phase of the vegetation
growth.

Apart from the difficulty to represent the land surface heterogeneity in a land surface
model (see Sect. 5.1), a potential source of uncertainty in the simulations of ISBA-A-gs
is the temperature response of photosynthesis. In the current version of the model,15

a uniform optimum temperature of 32◦C is used, and is too high for plants adapted
to cold climates like mid-altitude C3 natural herbaceous vegetation of Massif Central
(Gilmanov et al., 2007).

In order to confirm this hypothesis, the daytime simulated GPP of mid-altitude C3
natural herbaceous vegetation was compared to the observations at the Laqueuille20

site (Sect. 4), as a function of air temperature (Fig. 9). Figure 9a shows that high GPP
values are observed between 8◦C and 23◦C. The observed maximum GPP in Laque-
uille is reached at an air temperature value of about 15◦C. This is much less than the
optimal temperature of 32◦C used in the model. While significant GPP levels are ob-
served below 5◦C, no significant vegetation activity is simulated by the model at this25

temperature and the simulated GPP is very low. These different levels of vegetation
activity at low temperatures permit to explain the discrepancy between the observed
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and the modelled leaf onset. In addition, it seems that mid-altitude grasslands assimi-
late less carbon in warmer conditions (Allard et al., 2007; Gilmanov et al., 2007). As a
consequence, the observed and modelled LAI reach comparable magnitudes but with
a time shift.

6 Conclusions5

This paper presents an evaluation of the vegetation growth component of the ISBA-A-
gs land surface model, at a regional scale. The model was implemented in the SUR-
FEX modelling platform of Météo-France and used to represent the vegetation evolu-
tion over three years in southwestern France, a heterogeneous area including various
agricultural crops, grasslands, deciduous broadleaf tress and coniferous trees. The LAI10

simulations were compared to two different satellite-based LAI products: LAI estimates
were customized from the MODIS BRDF product and the CYCLOPES V3 LAI product
was used. The comparison showed large discrepancies both between the two satellite
products and between satellite and simulated LAI. The two satellite-derived products
present different maximum values of LAI for all the vegetation types. The CYCLOPES15

LAI was much lower than the MODIS LAI. Most often than not, the leaf onset and the
date of the peak LAI were different from one LAI estimate to another. Therefore, in
most situations, the model-satellite discrepancies could be explained by uncertainties
and/or different definitions of LAI. Possible causes of the misrepresentation of the plant
phenology by the satellite LAI products were discussed in Sect. 5.3. Signal saturation20

and the difficulty to extract a green LAI information from satellite observations are to
be accounted for. Since the definition of the simulated LAI differs from the satellite LAI,
it can be recommended that observation operators based on the simulated radiative
transfer within the vegetation canopy be developed and implemented in the land sur-
face models. Such observation operators would allow the model to mimic the satellite25

LAI products and reduce the bias between the observations and the simulations. This
is a prerequisite for data assimilation (Sabater et al., 2008).
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Moreover, this study demonstrated that large differences between the existing satel-
lite LAI products and the ISBA-A-gs simulations were a powerful indicator of the
main model’s shortcomings. The particularly large difference in leaf onset for C3
natural herbaceous vegetation permitted to identify a weakness of the model (the
misrepresentation of the adaptation of the photosynthesis temperature response to5

cold/mountainous regions), and this was confirmed by in-situ observations at the site
of Laqueuille.
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and C. Albergel were supported by CNES post-doctoral and doctoral fellowships. S. Lafont
was supported by the CarboFrance project of the GICC programme of the French Ministry of
Environment. The authors would like to thank Laurent Franchistéguy and Florence Habets for
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Table 1. Values of the ISBA-A-gs parameters for the five vegetation patches used in the simula-
tions over southwestern France. An asterisk shows the values proposed by Gibelin et al. (2006)
at the global scale, when they are different.

Vegetation Names Units Deciduous Coniferous C3 crops C4 crops C3 natural
parameters broadleaf trees (patch 7) (patch 8) herbaceous

trees (patch 5) vegetation
(patch 4) (patch 10)

g∗
m Unstressed mesophyll conductance at 25◦C m s−1 0.003 0.002 0.001 0.009 0.001

τm Potential leaf life expectancy day 230 365 150 150 150
LAImin Minimum Leaf Area Index m2 m−2 0.3 1 0.3 0.3 0.3
Dmax* Maximum leaf-to-air saturation deficit kg kg−1 0.109 0.124 0.050 0.033 0.050
gc Cuticular conductance m s−1 0.00015 0.00000 0.00025 0.00015 0.00025
θc Critical extractable soil moisture – 0.3 0.3 0.3 0.3 0.3
e Specific leaf area sensitivity to NL m2 kg−1 %−1 4.83 4.85 3.79 7.68 5.56
f Specific leaf area at NL=0% m2 kg−1 2.53 −0.24 9.84 −4.33 6.73
NL Leaf nitrogen concentration % 2.0 2.3 (2.8∗) 1.1 (1.3∗) 2.2 (1.9∗) 1.3
– Response to drought – Tolerant Avoiding Avoiding Tolerant Avoiding
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Figure 1. The study area in southwestern France with its geographic location in Europe 

(highlighted by the red square). The zoom shows the topography of the study area (obtained 

from CGIAR CSL, http://srtm.csi.cgiar.org) and the location of the Laqueuille grassland site. 

Fig. 1. The study area in southwestern France with its geographic location in Europe (high-
lighted by the red square). The zoom shows the topography of the study area (obtained from
CGIAR CSL, http://srtm.csi.cgiar.org) and the location of the Laqueuille grassland site.
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Figure 2. Sketch of the tile approach considered in SURFEX, the modelling platform 

including ISBA-A-gs. 

Fig. 2. Sketch of the tile approach considered in SURFEX, the modelling platform including
ISBA-A-gs.
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Fig. 3. Percentage of the 6 main patches of ISBA-A-gs in southwestern France (top: C4 crops
and C3 natural herbaceous vegetation, middle: coniferous trees and C3 crops, bottom: bare
soils and deciduous broadleaf trees).
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Figure 4. Evolution of the average LAI for various vegetation patches in southwestern France, 

between 2001 and 2003, simulated by the ISBA-A-gs model (black line) and derived from 

MODIS (dashed red line) and CYCLOPES (dashed blue line) products, for pixels containing 

at least 70% of the same patch.  

Fig. 4. Evolution of the average LAI for various vegetation patches in southwestern France, be-
tween 2001 and 2003, simulated by the ISBA-A-gs model (black line) and derived from MODIS
(dashed red line) and CYCLOPES (dashed blue line) products, for pixels containing at least
70% of the same patch.
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Figure 5. Mean monthly incident shortwave radiation (a) and air temperature (b) at noon, and 

monthly precipitation in units of kg m-2 (c), at the site of Laqueuille, Massif Central (solid 

lines, dark bars) and in Toulouse (grey dashed line, grey bars), derived from in-situ 

observations and from the SAFRAN database, respectively, between January 2001 and 

December 2003. 

Fig. 5. Mean monthly incident shortwave radiation (a) and air temperature (b) at noon, and
monthly precipitation in units of kg m−2 (c), at the site of Laqueuille, Massif Central (solid lines,
dark bars) and in Toulouse (grey dashed line, grey bars), derived from in-situ observations and
from the SAFRAN database, respectively, between January 2001 and December 2003.
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Figure 6. Leaf area index for four dates in 2001, (top) simulated by ISBA-A-gs and, (bottom) 

retrieved from MODIS. From left to right: day of year (DoY) 33, 145, 209, 305 (2 February, 

25 May, 28 July, 1 November 2001, respectively). 

Fig. 6. Leaf area index for four dates in 2001, (top) simulated by ISBA-A-gs and, (bottom)
retrieved from MODIS. From left to right: day of year (DoY) 33, 145, 209, 305 (2 February,
25 May, 28 July, 1 November 2001, respectively).
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Figure 7. Leaf onset for the year 2001 estimated with ISBA-A-gs. The scale indicates the day 

of year (DoY) i.e. the date of growth of the vegetation according to the definition used in 

Gibelin et al. (2006). 

Fig. 7. Leaf onset for the year 2001 estimated with ISBA-A-gs. The scale indicates the day of
year (DoY) i.e. the date of growth of the vegetation according to the definition used in Gibelin
et al. (2006).

4091

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/6/4059/2009/bgd-6-4059-2009-print.pdf
http://www.biogeosciences-discuss.net/6/4059/2009/bgd-6-4059-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
6, 4059–4093, 2009

Modelling LAI at a
regional scale with

ISBA-A-gs

A. Brut et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

 32

 

 

Figure 8. Differences in leaf onset (days) between the ISBA-A-gs model simulations and 

MODIS satellite data for 2001, 2002 and 2003. In most cases, delays in the simulated leaf 

onset are observed. 

Fig. 8. Differences in leaf onset (days) between the ISBA-A-gs model simulations and MODIS
satellite data for 2001, 2002 and 2003. In most cases, delays in the simulated leaf onset are
observed.
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Figure 9. The gross primary production (GPP) of a mid-altitude grassland versus air 

temperature (top) measured in-situ at Laqueuille (Massif Central) for the 2004 annual cycle 

and (bottom) estimated with ISBA-A-gs (with temperature parameters T1 and T2 as in Calvet 

(2000) for C3 plants) at the same location and for the same period of time. Binned values are 

presented: 25-75% percentiles (blue boxes), median values (red bars), 1.5 times the 

interquartile range (whiskers), outliers (+). 

 

Fig. 9. The gross primary production (GPP) of a mid-altitude grassland versus air temperature
(top) measured in-situ at Laqueuille (Massif Central) for the 2004 annual cycle and (bottom)
estimated with ISBA-A-gs (with temperature parameters T1 and T2 as in Calvet (2000) for C3
plants) at the same location and for the same period of time. Binned values are presented:
25–75% percentiles (blue boxes), median values (red bars), 1.5 times the interquartile range
(whiskers), outliers (+).
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