Abstract

A coupled vegetation growth and SVAT (Soail- V egetation- Atmosphere Transfer) model is used in
conjunction with data collected in the course of the SALSA program during the 1997, 1998 and
1999 growing seasons in Mexico. The objective is to provide insights on the interactions between
grassland dynamics and water and energy budgets. These three years exhibit drastically different
precipitation regimes and thus different vegetation growth.

The result of the coupled model showed that for the three years, the observed seasonal variation
of plant biomass, Leaf Area Index (LAI) are well reproduced by the model. It is also shown that
the model ssimulations of soil moisture, radiative surface temperature and surface fluxes compared
fairly well with the observations.

Reflectance data in the red, near infrared, and short wave infrared (SWIR, 1600 nm) bands
measured by the VEGETATION sensor onboard SPOT-4 were corrected from atmospheric and
directiona effects and compared to the observed biomass and LAI during the 1998-1999 seasons.
The results of this 'ground to satellite’ approach established that the biomass and LAI are linearly
related to the satellite reflectances (RED and SWIR), and to vegetation indices (NDVI and
SWVI, which is a SWIR based NDVI). The SWIR and SWVI sensitivity to the amount of plant
tissues were similar to the classical RED and NDVI sensitivity, for LAI ranging from 0 and 0.8
and biomass ranging from 0 to 120 g DM m>.

Finally, LAl values smulated by the vegetation model were fed into a canopy radiative transfer
scheme (a'mode to satellite' approach). Using two leaf optical properties datasets, the computed
RED, NIR and SWIR reflectances and vegetation indices (NDVI and SWVI) compared
reasonably well with the VEGETATION observations in 1998 and 1999, except for the NIR band

and during the senescence period, when the leaf optical properties present a larger uncertainty.



We conclude that a physically-sound linkage between the vegetation model and the satellite can
be used for to red to short wave infrared domain over these grasslands. These different results

represent an important step toward using new generation satellite data to control and validate

model’s smulations at regional scale.
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1. Introduction

Both natura (floods, fires, droughts, volcanoes, etc.) and human (deforestation,
overgrazing, urbanization and pollution) influences are known to cause massive changes in
vegetation cover and dynamics. Drastic changes in land surface properties, such as those occuring
because of deforestation or the desertification processes are likely to have climatic consequences.
There is increasing evidence pointing towards the important role played by land-atmosphere
interactions in controlling regional, continental and globa climate. The fluxes of energy, mass
and momentum from the land-surface adjust to and alter the state of the atmosphere in contact
with land, alowing the potentia for feedback at several time and spatia scales. A better
understanding of land atmosphere feedback could thus provide answers to questions regarding the
climatic implications of land use/cover change, land surface heterogeneity, and of atmospheric
composition. Model simulations (Bonan et al., 1992, Nobre et al., 1991 among others) have
shown that drastic changes in vegetation type and cover cause significant impacts on simulated
continental-scale climate. Avissar, 1995 reviews examples of model and observational evidence
showing that regional-scale precipitation patterns are affected by land surface features such as
discontinuities in vegetation type. In addition, fluxes of CO, and other greenhouse gases also
depend on the biophysical properties of the land surface. Changes in land cover, land use and
climate modify the uptake and release of these gases, leading to changes in their atmospheric
concentrations which in turn may influence the global atmospheric circulation.

Plant canopy regulates the exchanges of mass, energy and momentum in the biosphere-
atmosphere interface. It dominates the functioning of hydrological processes through
modification of interception, infiltration, surface runoff, and its effects on surface albedo,
roughness, evapotranspiration, and root system affect soil properties. The amount of vegetation
controls the partitioning of incoming solar energy into sensible and latent heat fluxes, and
consequently changes in vegetation levels will result in long-term dhanges in both local and
globa climates and in turn will affect the vegetation growth as a feedback. In margina
ecosystems, such as arid and semi-arid areas, this may result in persistent drought and
desertification, with substantial impacts on the human populations of these regions through
reduction in agricultural productivity, reduction in quantity and quality of water supply, and
removal of land from human habitability. It is, therefore, scientificaly and socially important to



study arid ecosystems 0 that the impact of management practices on the scarce resources can be
understood. In this regard, a better understanding of soil-vegetation-atmosphere exchange
processes at different time-space scale must be achieved in order to document the complex
interactions between the atmosphere and the biosphere.

During the last decades, vegetation models have been designed to ssimulate the seasonal
and inter-annual variability in plant structure and function. To provide insights on the interaction
between terrestrial ecosystems and the atmosphere, some of these vegetation models are now
being coupled to Soil-V egetation Atmosphere- Transfer-Scheme, SVATS (e.g. Lo Seen et 4.,
1997; Calvet et d., 1998a) and even interact with atmospheric models (e.g. to meso-scale nodel,
Pielke et al., 1997; or to GCM, Dickinson et a., 1998). However, the development of process-
based models is accompanied by increasing difficulties in obtaining values for the numerous
parameters required by the models. This has been pointed out by Gupta et al. (1998) in the case of
hydrological models. The vegetation models are also confronted by this calibration problem (e.g.
Calvet et a., 1998b). The calibration of these models proves especialy difficult and time-
consuming when regiona and long-term simulations are to be carried out.

In this study, a coupled Vegetation growth and SVAT modd (V-S model) developed and
validated using Hapex-Sahel data (Cayrol et a. in press) has been used to simulate surface
radiation, turbulent heat and mass, liquid water and the control of water vapor and CO, fluxes.
Data collected during the Semi-Arid-Land-Surface- Atmosphere (SALSA) program (Goodrich et
a., 2000) over grassland site in Mexico during three growing seasons (1997, 1998 and 1999)
have been used to assess the performance of the model.

The specific questions addressed in the paper are:

1-Can this coupled model initially developed for the Sahel environment be used in
Mexico, and what level of adaptation/calibration is required?

2- Can this model capture the consequences of the observed inter-annual variability of the
precipitation in terms of surface fluxes and vegetation development?

3- Isit possible to monitor the surface biophysical parameters using NDVI and/or SWVI

as surrogate measures, the 'ground-to-satellite’ approach?



4- Can the vegetation growth / SVAT model, when coupled to aradiative transfer scheme,
reproduce the seasonal and the inter-annual surface reflectance observed by the
VEGETATION sensor, the 'model-to-satellite’ approach ?

This paper is organized as follows. Section 2 describes both the ground and satellite data sets
collected during 1997, 1998 and 1999 seasons. Section 3 presents a brief description of the model
and calibration procedure. Section 4 presents an assessment of the performance and robustness of
the model. In section 5, measurements acquired by the new VEGETATION sensor in 1998 and
1999 are also related to biophysical parameters such as green biomass and Leaf Area Index
(LAI). Finally, we present a comparison between predicted and observed radiative variables (i.e.
reflectances) using VEGETATION sensor. The V-S model was coupled with a radiative transfer
model in order to assess its capability to ssimulate the seasona variation of visible, near infrared

and short wave infrared surface reflectances.

2. Site and data description

The study site is located in the upper San Pedro basin (near Zapata village, 110° 09" W;
31° 01" N; elevation 1460 m) and was the focus of the SALSA activities in Mexico during the
1997, 1998 and 1999 field campaigns. The natural vegetation is composed mainly of perennial
grasses of which the dominant genus is Bouteloua, and the soil is mainly sandy loam (67 % of

sand and 12 % of clay).

2.1. Field data

A 7 meters tower has been erected in the beginning of 1997 season and equipped with
instruments to measure conventional meteorological data (incoming radiation and net radiation at
a height of 1.7 m with REBS Q6 net radiometer). The soil heat flux was estimated using 6 HFT3
plates from REBS Irc., WA, USA. Wind speed and direction, precipitation, air temperature and
humidity were aso measured. Soil moisture was measured using Time Domain Reflectometry
(TDR) sensors (Campbell Scientific CS615 reflectometer) at two locations and four different
depths (5, 10, 20 and 30 cm) and a capacity probe (ThetaProbe) which gives an integrated



measurement of the water content over the first 5 cm of the soil layer. Radiative surface
temperature was measured using Everest Interscience infrared radiometers (IRT) with a 15° field
of view at two different viewing angles (0 and 45°). The band pass of these radiometers is
nominaly 8-14 nm.

Sensible and latent heat fluxes were determined using from the Eddy covariance method.
The system is made up of a three-axis sonic anemometer manufactured by Gill Instrument (Solent
A1012R) and an IR gas analyzer (LI-COR 6262 model) which is used in a close path mode. The
system is controlled by a specialy written software, which calculates the surface fluxes of
momentum, sensible and latent heat and carbon dioxide. However, during a large part of the
experiment, some problems with the LICOR instrumentation did not permit the derivation of
latent heat and CO, fluxes. Therefore, latent heat flux was derived from measurements of sersible
heat flux and available energy at the surface as the residual term of the surface energy budget. In
1998, an additional Bowen ratio system has been installed in the same site for a three weeks
period. Note that the main source of uncertainty concerns the surface soil heat flux. Kustas et al.
(1999) showed that uncertainty in soil heat flux is probably larger that the 30 % reported in
Stannard et a. (1994). Braud et al. (1993) aso pointed out the problem associated with the
estimation of latent heat flux as the residual term of the energy balance equation given the
uncertainty in available energy measurements.

The evolution of the biomass was monitored during the 1997, 1998 and 1999 growing
seasons from Day of Year (DoY) 182 to 285. The adopted protocol was to cut 10 samples of 1 m?
of biomass along a 100 meters transect. Then live phytomass and standing necromass were
separated and weighted and the samples were weighted again after 48 hours drying at 70 °C.

The LAI was determined from biomass and Specific Leaf Area (SLA) measurements (Nouvellon,
1999). In 1998, grass stomatal resistance was measured using two automatic porometers (models
MK3 and AP4, Delta T Devices, Ltd, Cambridge, UK).

2.2. Satellite data

Two satellite datasets were used to monitor vegetation growth and decay. The first data

set consists of daily NOAA/AVHRR images acquired by IMADES (Hermosillo, Mexico) during
afternoon overpass from January 1997 to fall 1998. AVHRR red and near infrared top-of-the-



atmosphere images were geometrically corrected, re-sampled to 1x1 km resolution, calibrated by
IMADES. We adso processed daily data acquired since April 1998 around 10:30 LST by the
VEGETATION instrument onboard SPOT-4 (http://sirius-ci.cst.cnes.fr:8080/). VEGETATION
is a large field-of-view instrument providing measurements in four spectral bands, namely: blue
[0.43-0.47 mm], red (RED, [0.61-0.68 nm]), near infrared (NIR, [0.78-0.89 nm] and short wave
infrared (SWIR, [1.58-1.75 mm]). The resolution is 1x1km at nadir and is still better than 1.5 km
a 50° viewing angle. We used VEGETATION P-products, which consist of top of the
atmosphere reflectance, geometrically corrected and remapped with a multi-temporal and
absolute accuracy better than 1 km. A VEGETATION dedicated version of SMAC (Berthelot and
Dedieu, unpublished) was used for atmospheric corrections. Water vapor fields at 1x1° resolution
were derived from atmospheric analyses of the French weather forecast operationa model
available every 6 hours. This procedure for atmospheric correction is now used for the
operational processing of VEGETATION data.

VEGETATION and AVHRR sensors have a large field of view, which implies large view
zenith angle variations from roughly 0° to +65°. The reflectances can vary by factors of two or
three, depending on the sun-sensor geometry. This implies that these directional effects have to
be corrected. One of the options to minimize these effects is through the use of the so-called
vegetation indices. Two vegetation indices were calculated: NDVI=(NIR-RED/(NIR+RED) and
SWVI=(NIR-SWIR)/(NIR+SWIR). Normalized reflectance were also computed to remove the
effect of surface anisotropy on the VEGETATION data, as described in Appendix A.

3. Model description and calibration procedure

3.1. Model description

An extensive description of the VegetationSVAT model (V-S model) which is used in
this study can be found in Cayrol et a. (in press). The mains equations solved by the model are
summarized in the Appendix B. Schematically, the vegetation growth model provides the LAI,
which is then used by the SVAT in the computation of the energy partitioning between soil and

the vegetation as well as in the parameterization of turbulent transport and evapotranspiration.



This updates the soil water content in the root zone (wz), and thus tissue mortality rate. The
stomatal conductance is shared by both sub- models to compute transpiration and photosynthesis.

The surface scheme follows Shuttleworth and Wallace (1985) approach. It considers soil
and vegetation as two different sources of latent and sensible heat fluxes. The incoming energy is
partitioned between bare soil and vegetation through a screen factor (S¢) . The dynamic of heat
and water flux in the soil is described using the force-restore (Deardoff 1978). The coefficients
involved in the force restore approach are parameterized as function of soil texture. The original
formulation of the force-restore coefficients was modified in order to implicitly describe the
vapor phase transfers within the dry soil (i.e. wg < wyyp) (Braud et al., 1993; Giordani et al., 1996),
and to represent the gravitational drainage (Mahfouf and Noilhan, 1996).

The four prognostic equations for the SVAT model are numerically solved for the
following variables: surface temperature Ts, mean surface temperature T,, surface soil volumetric
moisture wyg, total soil volumetric moisture w.. The three prognostic equations for the vegetation
growth model give the evolution of the shoots biomass M, the root biomass M, and standing
necromass M,. The V-S model is driven by meteorological forcing parameters, such as, air
temperature, air humidity, wind speed, rainfal, and solar radiation. Additional surface
characteristics, namely, soil parameters such as soil texture (% clay, % sand), soil therma and
hydraulic properties, root depth; and vegetation parameters such as Specific Leaf Area, maximum
rate of photosynthesis are also prescribed (see Appendix C).

3.2. Choice of the parameters, initialization and calibration

As stated in the introduction, one of our objectives in this study is to investigate the cost
in terms of model calibration associated with the adaptation of a model developed and validated
over adifferent site to anew site. A distinction needs to be made between the parameters that can
be found in the literature according to soil and/or vegetation classification and those that require
on-site calibration.

3.2.1. Soil parameters
Severa soil parameters are needed in order to specify soil hydrological and thermal
properties required by the SVAT model. For the site soil texture, the look-up table of (Clapp and



Hornberger, 1978) indicates that the value of the soil moisture at field capacity (W) and at
wilting point (wwp) are 0.195 and 0.114 ni m®, respectively. However, the classification of
Cosby (1984) indicates that, for this soil type, the wilting point is equal to 0.065 n¥ m® and the
field capacity is contained between 0.12 nmi m® and 0.22 nmf m3. Schmugge (1980) suggests
another relation to estimate the field capacity as a function of soil texture, which leads to over the
study site a value of 0.14 n? m®. This value is inconsistent with the values of the maximum
observed water content at the root zone in 1999, which represent an indirect way of estimating the
soil moisture at the field capacity. In fact, the observed maximum water content is close to 0.18
nt m° in 1999. Based on the above consideration, an average value of 0.16 n m for wi and of
0.065 n? m*® for Wyp Was adopted in this study. Concerning thermal conductivity, the approach
described in Van de Griend and O’ Neill, 1986 has been implemented into the model.

The model aso requires appropriate coefficients for the soil resistance parameterization
(Appendix C). In thisregard, Chanzy, 1991 reported some difficulties in establishing a one to one

relationship between soil moisture and soil resistance to evaporation, even for a single soil type.

3.2.2. Surface and plant parameters

According to the measurements made by Nouvellon (1999) over the same site, 80 to 90%
of root biomass is found in the first 30 cm of the soil. Measured average minimal stomatal
resistance and Specific Leaf Area (SLAo) were 100 s m* and 30 m? kgC™?* respectively. Finaly,
the two phenological stages, j1 and j2 (i.e. growth and senescence timing) have been estimated
from the dynamics of the measurements of biomass in 1998 (see Appendix C). The growth
respiration coefficient for the above ground biomass was set to 0.49 gCO, g 'DM.
The model's initialization depends on the initial amount of carbohydrate in the storage pool, and
also on the rate at which this carbon is injected into the shoot and root compartments (initial
carbon storage (IC) and Transin Appendix C). Since meteorological data during the first parts of
the growing seasons were not available, the model shoot carbon content had to be initialized so as
to match the biomass field measurements on the first day of the ssmulations for 1997, 1998 and
1999.

4. Assessment of the model performance



The V-S model has been run with measured atmospheric forcing variables in conjunction with
the parameters described in the previous section and in Appendix C. Figure 1 shows the
comparison between observed and simulated aboveground biomass during the 1997, 1998 and
1999 growing seasons respectively. This figure indicates that the biomass simulations closely
follow the measurements. As can be seen in the precipitation data presented in Figures 2a, 2b and
2c the 1999 growing season (Fig. 2c) was much wetter than the 1998 and 1997 growing seasons
(Figs. 2b and 2a). From June to August, total rainfal in 1997 was about 127 mm while it was
about 201 mm in 1998 and 304 mm in 1999. As aresult, the biomass production was very low in
1997, average in 1998 and high in 1999. The peak biomass only reached 32 g DM mi? in 1997
while it reached 72 g DM mi? in 1998 and 113 g DM mi? in 1999. The days corresponding to the
maximum biomass were different in 1997 when compared to 1998 and 1999. This is due to
differences in both the amount and the temporal distribution of the rainfall. Figure 3 presents a
comparison between observed and simulated LAI. The LAI simulated by the V-S model agrees
well with the measurements, although the comparison is meaningless for 1997 due tot the short
observation period. Maximum LAI was 0.32 in 1997, but it reached 0.4 in 1998 and 0.75 in 1999.

Figure 4 focuses on a 20-day period (Day of Y ear 246 to 265), and shows the dynamics of the
simulated and observed hourly values (half hourly for 1999) of soil moisture in the root zone (w-)
for al three study years. This period corresponds to the end of the rain season, and the grasses are
usualy at maximum development. The ssmulated soil moisture is within the range of TDR
measurements, except for DoY 246 to 255 in 1998, when soil moisture is overestimated. This is
mainly the result of model's errors, which occur earlier in 1998 (the simulation starts at DoY 171
for this year). Such discrepancies were inherent to the use of the same set of parameters (soil
resistance, field capacity). This gives a reasonable agreement for the 3 years, athough a year to
year re-calibration can produce better but less robust results. The 20-day period corresponds to a
dry spell in 1999, athough the simulated soil moisture is much higher than in 1997 when
averaged over the whole growing season.

The time series of the simulated versus observed latent and sensible heat fluxes are shown in
figure 5a for the same period of time. The Root Mean Square Error (RMSE) between measured
and simulated latent and sensible heat fluxes were 36 and 38 W mi? respectively and therefore in
good agreement. On Fig. 5b, we have represented the average diurnal cycle of the difference

between the observed and estimated components of the energy balance for 1997 and 1998. There

10



is a systematic bias around 11 AM (LST) with an overestimation of the simulated latent and
sensible heat fluxes. Given the errors associated with surface flux measurements in semi-arid
regions, and the quality of the energy balance closure, this biasisrelatively small.

Figures 6a, 6b and 6¢ present comparison of daytime (7 PM to 8 PM) measured and simulated
radiative surface temperature (DoY 246 to DoY 265) in 1997, 1998 and 1999 respectively. The
results for the three years are rather similar. There is a dight underestimation of the radiative
surface temperature for the highest values (> 50 Celsius), but the correlations for the whole range
of data are strong.

Thereis still room for validation. For instance, the allocation of carbon to the roots, as well as
the partition between soil evaporation and plant transpiration were not measured and validated.
Moreover, the simulations also reflect the uncertainties in some critical parameters, as highlighted
by Cayrol et a. (in press). Nevertheless, the previous evaluations show that the main features of
the water and carbon dynamics are properly reproduced by the VS model, which captures the
variability of plant response to the climate variability.

5. Ground and Satellite data

The objective of this section is to assess the capability of the SPOT4-VEGETATION and
NOAA/AVHRR sensors to track the temporal evolution of the vegetation, and to address the
guestions 3 and 4 mentioned in the introduction.

Both ground measurements and model results presented in the previous section indicate that
the LAI of the Zapata grassand site is low (less than 0.8 ), and strongly variable over the
timeframe of the study. Before exploiting the coupling of remotely sensed data and models, we
need to verify whether the seasonal evolution as well as the year to year variability of the
vegetation is captured by satellite observations, even for such alow vegetation cover.

‘ground-to-satellite’ approach

Figures 7a, 7b and 7c present the temporal variations of AVHRR and VEGETATION NDVI
for the 1997, 1998 and 1999 growing seasons respectively. The AVHRR NDVI signa in 1997 is
amost flat, with a small and late peak near DoY 285, whereas it increases much earlier and
reaches higher values in 1998. In 1998, VEGETATION and AVHRR-based NDVI show

consistert patterns. These two NDVI time series are not expected to match, because of
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differences in the spectral bands, instrument field of view and data processing. In 1998 and 1999,
the time profiles show similar patterns, with a much more pronounced peak in 1999, which is
qualitatively consistent with the biomass datain Figs. 1 and 3.

Figure 8 presents the seasonal variations of VEGETATION-based surface reflectance during

the 1999 season. The strong day-to-day variations reflect the changes in the sun-sensor-target
geometry, which affect anisotropic surfaces. In order to compare the surface reflectance to
vegetation biophysical properties, these directional effects have been removed, as detailed in
Appendix A. This correction minimizes the short term variatiors and retains the seasonal
evolution. It is the latter corrected surface reflectances, which are used in the subsequent
discussion.
The main objective in grassand monitoring is to estimate the evolution with time of the biomass
using satellite data as surrogate measures. Scatter plots of LAI and biomass versus the SWIR and
the RED reflectance (Figs. 9a and 9b) revea significant linear relationships (Table 1). It is well-
known that the green leaf pigments absorb in the red wavelength and that the leaf water absorbs
in the SWIR wavelength (e.g. Hunt and Rock 1989). The figures establish that such relationships
are still valid at the satellite and canopy level. This result had still to be demonstrated for the
SWIR band. The correlation coefficient of the SWIR/biomass (respectively SWIR/LAI) is r= -
0.63 (r = -0.68) whereas it is -0.74 (-0.76) for the RED band. The scattering is partly caused by
the residual noise, which still impairs the satellite time series. This noise seems to be larger for
the SWIR than for the RED band (Fig. 8), and this may be related to the SWIR absorption by the
superficial soil moisture during the rain season (DoY 200-250). Another dight difference is that
the RED reflectance increases gradually during the senescence period (270-320) whereas the
SWIR increases more rapidly and plateaus around DoY 290. Whether thisis related to a different
timing in leaf 'drying' and leaf 'yellowing' remains unclear at this stage. When the reflectances
are combined into vegetation indices, the correlation improved (Fig. 9¢) and reached r = 0.81
(respectively r = 0.88) for the NDVI/biomass (NDVI/LAI) and r=0.76 (r=0.86) for the
SWVI/biomass (SWVI/LAI respectively). The results are slightly better when the satellite data
acquired during senescence are excluded (black symbolsin Figs. 9a, 9b and 9¢). Not surprisingly,
the regression are better for the LAI than for the biomass.

As far as we know, few studies, if any, have related the seasona evolution of satellite

measured SWV1 and vegetation characteristics, ssimply because the previous AVHRR sensor did
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not record the reflectance in the SWIR (AVHRR channd 3 is also sengtive to the thermal
emission). While these results are empirical, they are of interest since the impact on aerosol
optical depth is much smeller on the SWIR spectral band than on the RED one. Since both
wavelengths are sengitive to LA, it is likely that a combined use of the SWIR, NIR and RED,
also available on MODIS, may be more accurate than the former NIR and RED bands aone for
vegetation monitoring.
'model-to-satellite’ approach

Finally, LAl values smulated by the model were used as input to a canopy radiative transfer
model (SAIL, Scattering by Arbitrarily Inclined Leaves, Verhoef, 1984) to compute surface
reflectance in RED, NIR and SWIR regions (see Appendix D for more details). The central
assumption is that the canopy reflectance depends on variables, green LAI, dead LAI, and can be
computed by using SAIL and a set of fixed parameters such as the green and yellow optical
properties, the leaf angle distribution. Two literature datasets provided leaf optical properties for
the grasses found on the Zapata site or for closely related species: Asner et al. (1998) and Walter-
Shea et a. (1992), see Table 2. The soil reflectance were derived from springtime
VEGETATION data. Simulations errors were assessed by deriving a set of 'bright' optical
properties for green, yellow leaves and soil, and a set of 'dark’ properties using the standard
deviations (Tables 2 and 3). Figure 10a presents the comparison between simulated and observed
reflectances (RED, NIR and SWIR). For each wavelengths, one parameter set or the other yielded
a very good match to the VEGETATION data. However, here is no general agreement, because
of the difference in the leaf optical properties. This is specially true for the NIR, for which the
two simulations exhibit a different temporal pattern in 1999. The first one shows a cycle which is
driven by the biomass, whereas the other is driven by the necromass cycle. For the RED and
SWIR bands, the ‘bright’ and ‘dark’ simulations bracket the data, and the two simulations are
similar, although they differ during the senescence period. The poor simulation of the NIR
reflectance with the parameter set from Asner et a. (1998) also affects the simulated indices in
1999 (Fig. 10b), while the estimations of vegetation indices with the data 's Walter-Shea are
good. At this stage, the results show that there is a need to have robust estimates of the leaf
optical properties, especially for multi-species canopies made of leaves and stems, and during the

senescence period. With this caveat in mind, we conclude that the \AS model coupled to the
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SAIL scheme is able to reproduce the observed satellite reflectances, for the SWIR as well as for
the RED and NIR reflectances.

This is an important step towards the use of the new satellite archives (VEGETATION,
MODIS) within mechanistic vegetation models.

6. Concluding remarks

The first objective of this study was to analyze the capability of coupled Vegetation growth
and SVAT models (V-S model) to reproduce the tempora evolution of several variables
measured at ground level during three growing seasons in the course of the SALSA program.
These variables include grassland biomass and LAI, soil water content and various components
of the energy budget. A second objective was to investigate the potential of remotely sensed data
to drive or control such a model, within the context of regional scale applications. Four questions,
which address these two main objectives have been listed in the introduction. Our conclusions
based on the results of our analyses are as follows.

The V-S model used in this study was originally developed for the Sahel environment. Its
application to northern Mexico grasslands required some adaptations of the model, not in terms of
the processes themselves, but for some of the parameters. For instance, the minimum stomatal
resistance, the surface leaf area and the growth respiration rate were different for the SALSA
grasses, according to ground measurements and literature survey. Another difference between the
Sahelian annual grasses and the Mexican perennial grasses is the storage of carbohydrate during
the dry season, which was set to a larger value for the latter. The soil characteristics, especially
the water content at wilting point and field capacity were estimated according to Cosby et al.
(1984). The use of different classifications however produced significantly different estimates,
which were not always consistent with the soil moisture measurements. However, the overall
functioning including water and CO, exchanges, was rather similar for the perennial Mexican
grasslands and the annual Sahelian grassland, and the V-S model required few changes to
simulate the growth, carbon and water balances.

The second question concerns the accuracy of the V-S model outputs. The energy balance and
the vegetation growth (biomass, LAI) were reasonably well smulated for the years 1997, 1998
and 1999. This 3-year test was satisfactory for the vegetation sub- model, which captures the large

14



interannual variability, but it was less demanding for the energy sub-model because the intensive
observation period was less extensive. The surface radiative temperature was well simulated for
the 3 growing seasons. Overal, it is interesting to note that the V-S model performed relatively
well, with the same parameter set, for strongly varying climatic conditions.

The third question deals with the ability of coarse resolution satellite to monitor the seasonal
and inter-annual variability of vegetation status in semi-arid areas. Remotely sensed time series of
NDVI and reflectance from the AVHRR and VEGETATION sensors successfully reflected the
variability observed in biomass and LAI ground measurements, even for low vaues of the latter.
Since the VEGETATION sensor records the surface short wave infrared reflectance, individual
relationships between LAI or biomass on the one hand, and the SWIR reflectance or a SWIR
based vegetation index (SWVI) on the other hand could be established. These relationships were
found to be linear for the low values of LAI of the Salsa grassands. The SWIR and RED bands
showed similar sensitivity to biomass and LAI. As a result, the SWIR based SWVI and the
classical RED based NDVI produced very similar relationships.

The last question addressed in this study concerns the simulation of the surface radiative
signature (RED, NIR and SWIR), with a physically-sound radiative transfer scheme fed by the
outputs of the V-S model. The kaf optical properties were taken from two different dataset. It
was shown that the VS model coupled to the SAIL scheme generally captures the seasond
evolution of the VEGETATION reflectances and spectral indices. For every spectral band, at
least one of the input dataset lead to a good simulation of the observed satellite reflectance.
However, uncertainties in the leaf optical properties, especialy in the green leaf absorption in the
NIR and in the dead tissues properties, resulted in large uncertainties in the NIR simulations.
Robust estimates of the leaf, stems and litter parameters and of their variability are therefore
highly desirable for regional scale applications (e.g. through the validation network of the new
sensors like MODIS). From the answers to these different questions, it is concluded that the V-S
model is suitable for long term modeling and monitoring of surface processes in arid and semi-
arid areas. The physicaly-based model-to-satellite approach is promising, and the SAIL scheme
seems also to be suitable for the SWIR band. Because this spectral domain is known to be less
sensitive to most aerosols, the VEGETATION and MODIS datasets may give a different view of

the terrestrial ecosystems. Further work will consist in assimilating the satellite measurements at
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regional scales, with the objective of obtaining accurate simulations of vegetation dynamics and

surface energy budget over alarge area.
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Appendix A

Correction of the surface anisotr opy

To remove the effect of surface anisotropy, we computed a normalized reflectance (Rnorm)
using equation (A. 1) from Wu et a. (1995):

Rnorm(A0)=R(A0bs)* F with F= Rnod(A0)/Rmod(Aobs) (A.1)
where Ao is the reference or standard sun-sensor geometry (Table D in Appendix D), Aobs is the
actual sun-sensor geometry and F is the factor, which removes the directional effects explained
by a BDRF model. The BRDF model used is the AMBRALS model (Wanner et al., 1997) which
is based on parameters kernel :

Rmod =Kotkifi(Aobs)+kafz (Aobs) (A.2)
where ko, ki and ko, are free parameters obtained fitting Rnoq t0 the data, i and £, are the kernels,
which are analytical functions of the sun and sensor zenith and azimuth angles. The first kernel
aims at reproducing the volume scattering. The second kernel estimates the surface scattering and
is based on geometrical approaches. We used the Ross-thick kernel with the Li-sparse kernel. The
surface reflectance may then computed for any sun-sensor geometry, e.g. the reference geometry
(A0). To account for a seasonal variation of the canopy properties, we used a ‘seasonal’ Ambral
model:

Rmod =K.80 + (1-K)a0 + (K.al + (1-K)a'1)f;(Aobs)+(K.a2 + (1-K)a2)f, (Aobs) (A3
where a0, al, a2 are the parameters corresponding to the 'maximum vegetation season’' and the
a0, al, a2 are the parameters corresponding to the 'minimum vegetation season’. The K
coefficient is the NDVI, scaled between 0 and 1. This linear model is fitted to the 1998 and 1999
VEGETATION data and is used to provide normalized seasonal reflectances.

Appendix B

The V-S modd's main equations

Symbols and parameters values are listed in Appendix C.
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B.1. Daily time-step

B.1.1. Carbon balance

The dynamics of the three carbon compartments is described by a set of three differential

equations:

M, =a,.Pn- mM, - Rg, - s;M, (B.1)
d(';/ltr :(1_ as)Pn_ mer - wr - Srl\/lr (BZ)
dg/lt” =sM,-d M, (B.3)

Equation (B.1) expresses that the daily carbon increment of the shoots is the result of the carbon
gain, photosynthesis (Pn) minus carbon lost during plant maintenance (mMs) and plant growth
respiration (Rgs) and carbon losses due to senescerce sMs. The carbon available for growth is
partitioned between the shoot and roots according to the a allocation coefficient. The roots obey
asimilar equation (Eg. B.2), with asymmetric allocation coefficient (1-as).

The necromass dynamic depends on the difference between necromass production, which is equal
to the shoot senescence ssM s, and necromass decays d,M,.

The LAI is computed from the shoots biomass according to a nonlinear relationship that

accounts for the increasing importance of stems and other nonleaf tissues at high levels of
biomass (relationship estimated from measurements Nouvellon, 1999) by the expression:
LAI=0.0001[130.4-332.5(1-exp(-0.0031nhj))] (B.4)

where nbj is the number of day after the beginning of the growing season.

The carbon balance equations (Egs B.1 to B.3) are solved on a daily basis, where as the
photosynthesis (Pn) is computed and accumulated on an hourly basis. Indeed, it depends on the
stomatal resistance, which is also involved in the SVAT model, and computed on an hourly (or
half- hourly) basis.

B.1.2. Respiration and senescence
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Following McCree (1970) and Amthor (1986,1989) the total respiration consists of
maintenance and growth respiration. The maintenance respiration is proportional to the biomass
and its rate (ms or my in Eqs B.1 and B.2) depends on air temperature according to a classical Q10
relationship:

m, =m,Q, " (B.5)
where T is the daily average air temperature and my is the respiration rate at 0°C for the shoot
(resp. mp for roots). The growth respiration is proportiona to the amount of new tissue and

therefore Egs. B.1 and B.2 have to be rearranged as follow:

dMS = 1 (aspn- msMs)_ SsMs
dt  1+g, (B.6)
dg/ltr :1+1 [(1_ as)Pn_ mer]_ Srl\/lr
O (B.7)

The dry matter is lost through the senescence of shoot and root tissues (Egs. B.6 and B.7). We

considered here a normal senescence rate Sp (resp. So for roots) and a water stress effect that

i NCreases senescence;
W2 - WWp

SM_ = s . [1+(1- —2—" )M, (B.9)
W W

fc wp
B.2. Hourly (or half hourly ) time step

B.2.1. Somatal resistance
The leaf stomatal resistance is of Jarvis's type (1976):

IS+I ch_Wwp 4000-1(m
| w,-w,, 4000- vpd

rs = rsmin f (I )g(\N)h(vpd) = rsmin (Bg)

B.2.2. Photosynthesis
Ca-G

% 4

At legf level, R = where r 2 and r, are the stomatal and residual resistances (i.e.

rS
mesophyll diffusion and carboxylation resistances) to CO, transfer (e.g. Running and Coughlan

1988). See Cayrol et al. (in press) for parameters derivations.
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2
Ir +1 (Tmax = Tmin)

re =Temin 911 92(T) =1 min - . B.10
r =Trmin G1(1)92(T) =1y min | AT - T(T- T ( a)
At the canopy level, P, = (G389 ISl +irlr TKelo(ts +17) (B.10b)
Ke(ls+ 1) s+l +Kelo(rs + 1) exp(- kel Al)
where r, isfor rgpingd(W)h(vpd) and r, isfor ry ming2(T)
B.2.3. Prognostic equations, surface fluxes and radiative temperature
The equations giving the evolution of the prognostic variables are:
s 2p'?G 2p
ﬂtg = 7z 7 (Tg- T2) (B.11)
(cgl gt)
T2 _ G e (B.12)
fit (356¢y! ot)
Wwg _ C &
—= = P-Ey)- —=(Wwg-Ww OEwyEw B.13
Tt rwdl( g) i ( g eq) g sat ( )
Tw 1
—2=—"_(P- Ey- Ey)- &max[ 0,(Wp- Wie)] O£ Wy £Wey (B.14)
qt rWd2 dzt
The energy balance is written separately for the soil and vegetation :
Rng- LEg- Hg-G=0 (B.15)
and
Rnc - LEc- H.=0 (B.16)

The network of resistances from Shuttleworth et Wallace (1985), between the soil surface, the
within-canopy source level and the above-canopy reference level alows to estimate the latent and

sensible heat fluxes across differences in vapor pressure and temperature given by:
rc - e.0
LE=—P ?0 €a (B.17)
g laa 9@

H = TCp(To- Ta) (B.18)

laa

for the soil components:
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_ r Cp a®sat(Ty) - eog
g g fstlss g

_ r Cp(Tg - To)

LE

g s

for the vegetation components:

_rC, aezsat(TC) - e,0

LE,

g e Igptle @

rC,(T. - T
=[Gl - To)
Fac

The radiative temperature is expressed as follow:

Tr =[(RA- RA¢ - RAy)/s]*?
Appendix C

C.1. List of symbals

(B.19)

(B.20)

(B.21)

(B.22)

(B.23)

Listing of the variables, parameters and constants used in the vegetation- SVAT modd.

Symbol Definition Type
CaG CO2 concentration gradient leaf surface and|Parameter
chloroplast (Ca-G= 0.640 g CO, m3, William and Markley
1973)
Cp Specific heat at constant pressure (Jkg = K ™) Constant
Cq Exchange coefficient depends on atmospheric stability Variable
Cy1, G, C3 Soil transfer coefficients for moisture (Mahfouf and Noilhan| Variable
1996)
Ey Er Soil evaporation, plant transpiration rates (kg mi< s™) Variagble




G Ground heat flux (W m¥) Varigble
H, He, Hg Total, canopy, soil sensible heat flux (W ni®) Variable
LAI Leaf Area Index (nf ni?) Variable
LE, LE,, LEy | Total, canopy, soil latent heat flux (W i) Variagble
Ms, M, M, | Shoots biomass, roots biomass, standing necromass (kgC mi<) | Variable
P Precipitation reaching the surface (kg nf s7) Variable
I Photosynthetically active radiation (W m¥) Variable
IC Initial Carbon storage (0.12 kg C ni<, modified from Le Roux | Parameter
1995)
lo Incoming PAR at the top of the canopy (W ni®) Variable
Ir PAR level for which r, equals 2rymin Parameter
Is PAR leve for stomata haf-closure (25 W(PAR) m¢, Kergoat | Parameter
1998)
Pc Hourly canopy photosynthesis (g C ni¥) Variable
P Leaf photosynthesis rate (gC mi“ s%) Varigble
Pn Daily canopy photosynthesis (gC ni?) Variable
Qu Factor for maintenance respiration (Qio = 2) Parameter
RA, RA., | Incoming long-wave radiation, long-wave radiation for the|Variable
RAg canopy and bare soil, respectively (W m?)
Rn, Rne, Rng | Total, canopy and soil net radiation (W ni?) Variable
SLAo Specific Leaf Area a Ms = 0 (30 m? kgC %, in Stu|Parameter
measurements)
T Daily average air temperature (K) Variable
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Ta Air temperature at reference height (K) Variable

Te Temperature at canopy surface level (K) Variable

Ty Ground surface temperature (K) Variable

To Aerodynamic temperature (K) at within-canopy source height | Variable

Tmin, Tmax | Minimum, maximum temperature for photosynthesis (283 K | Parameter
and 333 K, Kergoat 1998)

Tr Radiative temperature (K) Variable

Trans Trangocation of carbohydrates (0.0004 kgC m“ d*, best|Parameter
guess)

T, Deep soil temperature (K) Variable

ab Parameters for soil resistance parameterization (rs), a=35118 | Parameter
and b=10.517 (Chanzy 1991)

Fo coefficient for photosynthates allocation to the shoots|Parameter
compartments (0.53 at j1 and j2, after Nouvellon 2000)

Cy Heat capacity of the soil (De Vries 1963) Variable

d Zero plane displacement height for the canopy (m) Variable

d1, do Depth of surface layer (10 cm), depth of the root zone (40 cm) | Parameter

dn Rate of necromass decays (here, d, is set to 0.015, Le Roux | Parameter
1995)

€a Vapour pressure at canopy reference height (mbar) Variable

€ Aerodynamic vapor pressure (mbar) at within-canopy source | Variable
height

€ (Ti) Saturated vapor pressure at temperature T; (mbar) Variable
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O Growth respiration coefficient for roots (0.6 gCO, ¢g-DM, | Parameter
Amthor 1989)

O Growth respiration coefficient for shoots (0.49 gCO, g DM, | Parameter
Amthor 1989, Nouvellon 1999) compartments

h, height Vegetation height (cm): 3.52 + 0.0073.Ms (kgC ha') -|Variable
0.000024.M2 (kgC ha't)

i1 j2 Phenological dates : maximum of vegetation, DoY 245 and | Parameter
end of the growing season, DoY 250 respectively
(observationsin situ)

k Von Karman's constant (~0.4 unitless) Constant

Ke Extinction coefficient for PAR radiation (0.5 unitless, Kergoat | Parameter
1998)

ms, M Rate of maintenarnce respiration for shoots and roots Variable

Mg, Mo Maintenance respiration rate for shoots (0.003 d*) and roots | Parameter
(0.0012 d'Yy, after Amthor (1989)

n Attenuation coefficient of eddy diffusivity within the|Parameter
vegetation (2.5 unitless, Shuttleworth and Gurney 1990)

) Attenuation coefficient of wind speed within the vegetation| Parameter
(2.5 unitless, Shuttleworth and Gurney 1990)

laa® Aerodynamic resistance between within-canopy source height | Variable
and above-canopy reference height (s mit)

Fac™ Bulk boundary layer resistance of the canopy (s m™) Variable

Fas® Aerodynamic resistance between ground surface (soil source) | Variable
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and within-canopy source height (s mi*)

e Canopy resistance (smi-) Variable
r Leaf level residual resistance (s mi+) to CO, transfer Variable
Frmin Minimum residua resistance to CO; transfer (137 s ni, see | Parameter
Cayrol et a., in press)
rs Leaf level stomatal resistance (s ni*) Varigble
r 2o Leaf stomatal resistance (s m*) to CO, transfer (> =1.6r) Variable
Fsmin Minimum leaf stomatal resistance (100 s mi*, measured in Situ) | Parameter
re* Soil surface resistance (s m™) Variagble
S S Rate of senescence for the shoots and roots compartments Variable
Sor Sro Mortality coefficient for shoots (0.01 d* at j1, 0.025 d™ at j2, | Parameter
linear interpolated between j1 and j2) and roots (0.01 d* at j1
and j2), best guess modified from Le Roux (1995).
Ua Wind speed at reference level ze (Mms™) Variable
Uh Wind speed at the top of the canopy (m's ™) Variable
U Friction velocity (m s ™) Variable
vpd Vapor pressure deficit (Pa) Variable
Weq Surface soil moisture when gravity balances capillarity forces | Variable
(e m®)
Wic Volumetric soil moisture at field capacity (0.16 mi m*>, see| Parameter
text)
Wy Volumetric soil moisture of the surface layer (nt m) Variable
W1 Characteristic leaf width (0.005 m, Choudhury and Monteith | Parameter
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1988)

Weat Soil moisture at saturation (0.42 m' m°, estimated from soil | Parameter
texture (clay = 12% and sand = 67%), Cosby et al., 1984)

Wip Volumetric soil moisture at wilting point (0.068 ni m°, see | Parameter
text)

Wo Volumetric soil moisture of the root zone (nT ni°) Variagble

Z Roughness length of the canopy (m) Variable

Zo Roughness length of the substrate (m) Variable

Zret Reference height above the canopy where meteorological | Variable
measurements are available (2 m)

€c, €g Canopy (0.98) and ground surface (0.96) emissivity (Lo Seen| Parameter
et al., 1997)

g Psychrometric constant (mbar K ™) Constant

I g2 Ground and deep soil thermal conductivity (W mi~ K™) Variable

r Density of air (kg m®) Constant

rw Density of liquid water (kg mi®) Constant

S StephanBolztmann constant (5.67 10 ° W mi“ K™) Constant

St Screen factor (unitless), s¢ =1- exp(- 0.4LAl) Varidble

t Time constant of one day (S) Constant

tp SVAT time step (9) Constant

*Resistances formulations can be found in Appendix C.2

C.2. SVAT resistances formulations.




Formulation * Literature

laa (Cql) Mahrt and Ek (1984)
lac 100 [w, 1 Choudhury and Monteith (1988)
2n'LAl\ u, 1- exp(-n'/2)

Fas h.exp(n) [exp(- 7 /1) - exp(- n(z, +d)/ h)] Shuttleworth and Gurney (1990)

nK,
. ku
with Kh = k.u*(h' d)aﬁd u. =Z—a-d
V4

(o]

I's Passerat de Silans (1986)

_bW_g
aexp(- b——)
sat

* All the symbols are defined in Appendix C.1.

Appendix D

The SAIL modd

SAIL is aturbid medium reflectance model, which considers a homogeneous canopy and
uses the Kubelka-Munk approximation to the radiative transfer equation (Goel, 1988). The model
simulates the canopy spectral reflectance from LAI, leaf and soil optical properties, leaf angle
distribution, acquisition geometry and diffuse part of the incoming solar radiation. The ratio
between leaf size and vegetation height accounts for the hot-spot effect. The green and yellow
LAl were predicted daily by the V-S model. The geometric conditions correspond to the
acquisition configurations (Table D). The soil reflectances for visible, near infrared and short
wave infrared were estimated from the first images of VEGETATION sensor before the
beginning of the growing season (Table 3). Leaf optical parameters (Table 2) were prescribed for
visible, near infrared and short wave infrared from Asner et a. (1998) and Walter-Shea et al.
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(1992). A version of the SAIL model with two layers was used. Green vegetation was assumed to
overtop dead leaves.

canopy structure parameters

LAI as predicted by the V-S model

leaf angle distribution spherical (mean leaf angle = 57.30°)
illumination and view conditions

diffuse fraction of solar radiation 20%

Reference sun-target-sensor *

view zenith angles 30°
solar zenith angles 30°
relative azimuth 140°

*: Standard geometry condition of VEGETATION
Table D: Specification of the SAIL model input parameters.



FIGURE CAPTIONS

Fig. 1. Observed (N, O and &) and simulated (- , -- and -.) seasonal evolution of the aboveground
biomass for years 1997, 1998 and 1999 respectively. Error bars indicate the standard deviation.

Fig. 2. Precipitation (mm 5day!) measured on the Zapata grassland site during (a) 1997, (b) 1998
and (c) 1999.

Fig. 3. Observed (N, O and &) and simulated (- , -- and -.) seasonal evolution of the LAl for years
1997, 1998 and 1999 respectively. Error bars indicate the standard deviation.

Fig. 4. Observed (-) and simulated (-) hourly and half- hourly volumetric soil moisture in the root
zone (M3/m3) Pr a 20-day period in 1997 (a), in 1998 (b) and in 1999 (c) respectively. The 2

time series of soil moisture measurements are plotted (...).

Fig 5a. Simulated (-) and observed (- ) hourly latent and sensible heat fluxes for a 20-day period

of the 1997 growing season.

Fig. 5b. Average diurna cycle (Local Solar Time) of the difference between measured and
simulated components of the energy budget for the 1997 and 1998 growing seasons. Net radiation
(-.), soil heat flux (...), latent heat flux (-) and sensible heat flux (--). Measurements of sensible

and latent heat fluxes were not available for 1998.

Fig. 6a. Simulated radiative temperature versus ground-based observations at nadir for year 1997,
(hourly data, DoY 246-265). The (1:1) line and the correlation coefficient (r) are indicated.

Fig. 6b. Same as Fig. 6a, but for year 1998 (DoY 246-265).
Fig. 6¢c. Simulated radiative temperature versus ground-based observations at nadir for 1999

(haf-hourly data, DoY 246-265).

35



Fig. 7. NDVI time profile over the Zapata grassland, obtained from AVHRR (+) during (a) 1997
and (b) 1998 and from VEGETATION (O) during (b) 1998 and (c) 1999.

Fig. 8. Summertime reflectance (SWIR, NIR and RED reflectances) acquired by the
VEGETATION sensor over the Zapata grassland in 1999. Bold symbols represent reflectances

after correction for surface anisotropy effects.

Fig. 9a. Scatter diagrams of the SWIR reflectance acquired by the VEGETATION sensor versus
the measured aboveground biomass and LAI during the two growing seasons (), (&) and

senescence periods (), () of 1998 and 1999 respectively. The linear regressions are also

plotted. Daily ‘measurements’ of biomass and LAI are linearly interpolated from Figs. 1 and 3.
Fig. 9b. Asin Fig. 9a except for the RED reflectance.
Fig. 9c. Asin Fig. 9a except for the SWVI and NDVI vegetation indices.

Fig. 10a. Comparison of the RED, NIR and SWIR reflectances simulated with the SAIL + V-S
model and the normalized VEGETATION reflectances (O) over the Zapata grassland site in 1998
(the three figures on the left) and in 1999 (the three figures on the right). Simulations with the |eaf
optical properties from Walter-Shea et al. (1992) are in dashed line and solid line represents the
simulation with the leaf optical properties from Asner et d. (1998); dotted lines are for the
‘brigth’ and ‘dark’ parameter sets, seetext).

Fig. 10b. Asin Fig. 10a except for the vegetation indices, SWVI (O) and NDVI (+).
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TABLES CAPTIONS.

TABLE 1. Correlations, slopes and intercepts of the linear relationships between VEGETATION
reflectances (SWIR and RED), vegetation indices (SWVI and NDVI) and measured biomass and
LAI collected over two years (1998 and 1999).

TABLE 2. Variability of grass green leaf and litter optical propertiesin the VEGETATION bands
(RED, NIR and SWIR). Mean values from Asner et a. 1998 (standard deviations in parentheses)

and mean vaues from Walter-Shea et al. 1992. The symbol - means no data available.

TABLE 3. Sail reflectance in the RED, NIR and SWIR bands. Vaues (standard deviations in
parentheses) from VEGETATION sensor before the growing 1999 season (DoY 160-175).
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