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Soil Vegetation Atmosphere Transfer (SVAT) models have
been implemented to simulate energy and mass fluxes between
soil, vegetation and atmosphere of various ecosystems. Usu-
ally, these models are simple, but they use realistic descriptions
of radiative, turbulent and water transfers. These include de-
scription of stomatal control of transpiration and CO; fluxes.
They can be used for assimilating remote sensing data and
~ derive vegetation canopy evapotranspiration or photosynthesis
([11, (21, [31, [4], [5]). Various remote sensing data may pro-
vide useful information to drive SVAT models. Surface tem-
perature may be used through inversion procedures to retrieve
parameters related to stomatal conductance ([1], [3]) or root
zone soil moisture ([2], [5]). Parameters related to vegeta-
tion structure (LAI, vegetation height) may be retrieved from
reflectance measurements in the solar domain, either through
direct relationships with some vegetation index ([5], [2]) or
by inverting radiative transfer formulation against spectral re-
flectance measurements ([1], [6]). Microwave data contribu-
tion has not been studied very often in the case of vegetation
canopies, but they were proposed for estimating surface soil
moisture ([7], [8]).

In this paper, inversions of the ALiBi model ([6],[9]) were
performed to retrieve canopy evapotranspiration from thermal
infrared, spectral reflectances and microwave data on two wa-
ter stressed soybean crops. In a previous study ([3]), thermal
infrared data alone were used to invert the model on plant wa-
ter status parameters, while other parameters, related to canopy
structure and soil surface water status, were prescribed from in
situ measurements. In the present study, spectral reflectance
and radar measurements were used to retrieve canopy structure
parameters (LA and vegetation height) and surface soil mois-
ture by inverting radiative transfer models.

1 Experimental data

Two soybean field experiments were carried out in 1989 and
1990 at the INRA Research Center in Avignon ([6], [9]). The
crops were*grown from the beginning of July to the end of Oc-
tober (1989) and to the end of September (1990). In 1989,

the crop received 233 mm of water and the starting soil water
content was close to field capacity. The crop reached a maxi-
mum LA of 5.1. In 1990, the crop received 123 mm of water
and the starting soil water content was field capacity. The crop
reached a maximum LAI value of 3.8. Energy balance fluxes,
soil and vegetation parameters (soil moisture, soil water po-
tential, LAI, canopy height, crop biomass, rooting depth, soil
and leaf optical properties) were collected throughout both crop
cycles. In 1990, more detailed measurements on vegetation
included physiological characteristics (stomatal conductance,
leaf water potential, leaf and canopy photosynthesis). Incident
radiations, air temperature, vapour pressure, and wind speed
were recorded above the canopy. Infrared brightness temper-
atures were continuously measured using thermal radiometers
(8-14 um) in vertical viewing. Canopy reflectances were mea-
sured using reflectometers, in vertical viewing, at solar noon
every three or four days, in the three wavebands of the SPOT-
HRYV radiometer (green, red and near infrared). In 1989, ac-
tive microwave measurements at C-band were also performed.
Data were acquired by the scatterometer RAMSES (designed
by CNES). Measurements were made every one or two days at
5.3 GHz and incidence angles of 15° and 23°.

2 Description of the method

The ALiBi model was described in details in [6] and [9]. The
soil-plant-atmosphere system is splitted into two layers repre-
senting the soil surface and the vegetation above the ground.
An energy balance equation is solved for each layer. Detailed
parameterizations have been introduced to describe radiative
transfers in the solar and the thermal infrared domains, turbu-
lent transfers, stomatal control and water transfers. The tran-
spiration flux from the vegetation layer to the atmosphere is
expressed as a function of a vegetation surface conductance
which depends on leaf stomatal conductances. The stomatal
control is described, at leaf level, by a Jarvis-like equation as a
function of incident light, leaf water potential, vegetation sur-
face temperature and vapour pressure deficit. The water flux
from the soil to the leaves, where transpiration occurs, depends
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on an hydraulic conductance (Gp) and follows van den Hon-
ert’s equation. The evaporation flux from the soil surface is
expressed as a function of a soil surface conductance which
depends on the soil moisture in the 0-5 cm layer (f;). Tur-
bulent transfer parameterization uses classical diffusivity equa-
tions inside and above the canopy. Radiative transfers are based
on the SAIL model which was developped by Verhoef ([10]) to
compute canopy spectral reflectances. This model is coupled
to the PROSPECT leaf model ([11]) which computes leaf opti-
cal properties from information on leaf structure and leaf water
and chlorophyll content. The radiative transfer model in the
microwave domain was described by [12]. It is a discrete first
order radiative transfer model in which the vegetation is con-
sidered as a one-layer medium including leaves (assimilated to
circular discs), stems and petioles (assimilated to cylinders).
All these elements are characterized in terms of dielectric con-
stant, size, volumetric density and distribution of orientation.
The direct contribution of soil to backscattering is related to
surface soil moisture (using IEM modeling).

Remote sensing data were used to derive some of the model
parameters using inversion procedures. The hydraulic con-
ductance G, was retrieved from surface temperature measure-
ments, the surface soil moisture §, from microwave data (when
available) and vegetation structure parameters (LAJ and veg-
etation height) from spectral reflectances. As the other model
parameters had less effect on flux estimations, they were given
standard values. Forcing meteorological variables (incident ra-
diations, wind speed, air temperature and humidity above the
canopy at an hourly time step) were directly measured.

¢ The inversion of the ALiBi model was based on the fit-
ting of surface temperatures, simulated by the model, to the
remotely sensed data, through the adjustment of the hydraulic
conductance Gp. Since the model explicitly describes the
mechanisms regulating energy balance, and in particular stom-
atal regulation, only a few number of temperature measure-
ments were required to derive the diurnal course of fluxes: the
temperature acquired once a day at solar noon was used. This
was done for each day of measurement.

o The inversion of the canopy reflectance model was done
over the whole temporal profile using the equation given in
[13] to describe the time evolution of LAI. The parameters
in this equation and the other parameters in the radiative trans-
fer model (soil reflectances, leaf angle distribution, chlorophyll
leaf content and a mesophyll structure parameter) were re-
trieved by comparing reflectance simulations in red and near
infrared wavebands to measurements along both crop cycles.
Estimation of canopy height was done by using an empirical
relation with LAI, which was established on an independent
dataset.

 The inversion of the microwave model was based on a table
relating the radar simulations to the surface soil moisture and
to the stage-of development of the crop canopy. This was done
for each day of measurement using backscattering coefficients

at both incident angles.

3 Inversion results

Inversions were evaluated by comparing daily values of simu-
lated fluxes to measurements. In order to evaluate the influence
of canopy structure and surface soil moisture retrieval accuracy
on flux estimations, we first considered that field measurements
of these quantities may be used to drive the model in addition
to thermal infrared data (as done in [3]). In a second time, other
cases were considered: -i) LAI, -ii) LAI and height (h.), -iii)
05, 0r -iv) LAI, h. and 8 were estimated by inverting radiative
transfer against reflectance and/or radar measurements.

Accuracy of parameter retrievals was: RMSE!(1990) = 0.74,
RMSE(1989)=0.75, Mres?(1989) = 0.46 and Mres(1990) =
—0.31 for LAI; RMSE(1989) =0.11 m, RMSE(1990)=0.10m,
Mres(1989) = 0.06 m and Mres(1990) = 0.03 m for hA;
RMSE(1989) = 0.047 m3*m—3 and Mres(1989) = 0. for ;.

Numerical evaluation of flux estimations are summarized in
Table 1. In 1989, when all the remote sensing data were used,
RMSE was around 1 mm d™?! for the whole experiment. An
underestimation of 22 mm (out of 166 mm) was obtained. Re-
sults were better when more parameters were derived from in
situ measurements rather than from remote sensing data. The
best results were obtained when only G, was estimated from
remote sensing data. The results were slightly degradated when
LAT or §, were derived from remote sensing. When k. was in-
troduced, a larger degradation occured.

A closer look to the results showed that evapotranspiration
assessments were of lesser quality when the canopy was not
fully developed (here, we considered that the canopy was fully
developed when its LAJ was higher than 3): large RMSE
and systematic underestimations occured. Conversely, the es-
timations were unbiased when the canopy was fully developed
(overestimation of no more than 3 mm out of 92 mm and 2 mm
out of 132 mm were obtained in 1989 and 1990, respectively).

4 Discussion and conclusion

Retrieval of evapotranspiration from remote sensing data was
undertaken (let’s note that the ALiBi model may also be used
to estimate photosynthesis [3]). Good results were obtained
for well-developed canopies. When canopy cover was low, the
results were less satisfactory. Many factors may explain this
behaviour: -i) parameterizations used in SVAT models, par-
ticularly to simulate turbulent and radiative fluxes, have been
developed for homogeneous canopies and might not be valid at
low LAI; -ii) soil evaporation, which was significant only at
low LAI, might be ill-simulated; -iii) errors in the estimation

|RMSE: Root Mean Square Error
2Mres: Mean of residuals

1494



Table 1: Numerical evaluation of inversion results: daily evap-
otranspiration. ) ET is the cumulated evapotranspiration for
the investigated days. RMSE: Root Mean Square Error; Mres:
Mean of residuals.

1990 full period LAI <3 LAI >3
52 days 22 days 30 days

YL ET 232 mm 100 mm 132 mm

Inverted parameter: G

RMSE 0.60mmd™! 0.63 mmd—1! 0.58 mmd-!

Mres —0.12mmd~! -038mmd~! 0.08mmd?

Inverted parameter: G, and LAI

RMSE 06lmmd~! 0.65mmd=! 058mmd!

Mres —0.08mmd~! —-029mmd~! 0.07mmd!

Inverted parameter: G,, LAI and h,

RMSE 1.05mmd! l44mmd~! 062mmd!

Mres -0.32mmd~! —-08lmmd~! 0.05mmd!

1989 full period LAI <3 LAI >3
41 days 22 days 19 days

> ET 166 mm 74 mm 92 mm

Inverted parameter: G,

RMSE 0.82mmd-! 1.02mmd—! 0.50 mm d™!

Mres —027mmd~! -059mmd-! 0.l11mmd!

Inverted parameter: G, and LAI

RMSE 0.87mmd~! 1.11 mmd—1 047 mmd—!

Mres —033mmd~! -076mmd~! 0.16mmd!

Inverted parameter: G, LAI and h,

RMSE 093mmd~! 1.09 mm d—! 0.69 mm d—!

Mres —04lmmd~! —-0.7lmmd~! -0.06mmd!

Inverted parameter: G, and 6,

RMSE 0.89mmd—! 1.06 mm d—! 0.63 mmd-!

Mres —039mmd~! —-0.85mmd~! 0.16mmd!

Inverted parameter: G, LAI, h and 85

RMSE 099mmd™' 1l4mmd™! 078mmd!

Mres —-0.54mmd™! -096mmd~! —0.05mmd™!

of LAI, h. and 8, from remote sensing data might have a sig-
nificant influence on flux estimations. It has been stated (see
[4]) that parameterizations used for turbulent exchange coeffi-
cients in SVAT models are often in defaults at low LAI. This
leads to wrong simulations of surface temperature, and then to
miscalculations of fluxes through the inversion process.

A sensitivity analysis of the inversion process in [4] showed
that an accurate knowledge of vegetation height was necessary
to obtain good estimations of fluxes (this is another illustration
of the influence of turbulent exchange coefficients on the inver-
sion process). Other parameters, such as LAT or f,, had less
significant effects and less accurate values might be used. The
results in the present study displayed behaviours in agreement
with this analysis: the introduction of vegetation height esti-
mated froar remote sensing deteriorated the accuracy of flux
retrievals more significantly than LAT or 6;.
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