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[1] L band passive microwave remotely sensed data have great potential for providing
estimates of soil moisture with high temporal sampling and on a regional scale. Several
studies have shown the possibility of assessing the hydrological conditions deep down in
soil (in the top 1 or 2 m) from these repetitive estimates of surface soil moisture. Water
availability for plants, which is related to soil moisture in the root zone, is a key variable for
estimating the evapotranspiration fluxes over land surfaces. This estimation is an important
issue for meteorological and hydrological modeling, since it is a basic term of land surface
forcing in mesoscale atmospheric circulations. However, at the present time the
assimilation approach of remotely sensed brightness temperature data for operational use in
the fields of meteorology and hydrology is poorly defined and important issues remain to
be addressed in order to develop an operational assimilation approach. Two important
issues are to identify (1) how vegetation variables describing vegetation development can
be accounted for and (2) how the attenuation effects of L band microwave radiation within

the canopy layer can be computed on large spatial scales. On the basis of an exhaustive
data set including multiangular and dual-polarization passive microwave measurements
acquired over a wheat crop during a 3-month period in 1993, two main modeling
approaches are tested in this study. The principle of both approaches was based on the use
of dual-polarization and multiangular observations to discriminate between the effects of
soil and vegetation on the crop microwave signature. For the two approaches, both the
initial soil water reservoir R, (at the beginning of the crop development) and
parameterizations of the crop development could be retrieved simultaneously from the
assimilation of the passive microwave measurements. From these results, promising
assimilation strategies can be expected from the multiangular Soil Moisture and Ocean

Salinity (SMOS) observations made over the land surface.

INDEX TERMS: 1640 Global

Change: Remote sensing; 1818 Hydrology: Evapotranspiration; 1866 Hydrology: Soil moisture; 3322
Meteorology and Atmospheric Dynamics: Land/atmosphere interactions; 3360 Meteorology and Atmospheric
Dynamics: Remote sensing; KEYWORDS: Microwave radiometry, soil moisture, vegetation biomass, global
change, assimilation, coupling radiative transfer and soil-vegetation-atmosphere-transfer (SVAT) models

1. Introduction

[2] Soil moisture is highly variable both spatially and
temporally in the natural environment as a result of inho-
mogeneity of soil properties, topography, land cover, and
the nonuniformity of rainfall and evapotranspiration.
Remotely sensed data, which can provide frequent and
spatially comprehensive estimates of land surface character-
istics, arouse great interest. L band passive microwave
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remote sensing sensors are able to provide estimates of
surface soil moisture, on both spatial and temporal scales,
compatible with applications in the fields of meteorology
and hydrology [Schmugge et al., 1974, Schmugge and
Jackson, 1994; Njoku and Entekhabi, 1996; Jackson et al.,
1999]. An L band passive mission (the Soil Moisture and
Ocean Salinity mission (SMOS) [Kerr et al., 1999]) was
recently selected as a “minisatellite mission” by the Centre
National d’Etudes Spatiales (CNES, France) and then for
phase A studies by the European Space Agency (ESA) as
the second Earth Explorer Opportunity Mission. The SMOS
payload is an L band radiometer based on an innovative
two-dimensional aperture synthesis concept. This sensor has
new and significant capabilities, especially in terms of
multiangular viewing configurations. The potential of this
radiometer for monitoring surface variables over land sur-
faces was analyzed by Wigneron et al. [2000]. From the
results of this study, promising retrieval capabilities of both
soil moisture and vegetation optical depth (which accounts
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for the attenuation effects of microwave radiation within the
canopy layer) can be expected from SMOS over the land
surface.

[3] Surface soil moisture (hereafter referred to as wg) is a
key variable of water and energy exchanges at the land
surface/atmosphere interface. This variable is of crucial
importance for several reasons: in hydrology and meteorol-
ogy, the water content of the surface soil layer is a pertinent
descriptor of water exchanges between the surface and the
atmosphere [Chanzy and Bruckler, 1993; Daamen and
Simmonds, 1996]. Also, soil moisture is an important
variable for estimating the distribution of precipitation
between storm runoff and storage and for computing several
key variables of land surface energy and water budget
(albedo, hydraulic conductivity, etc.). L band microwave
remote sensing measurements are sensitive to the average
moisture content of a surface layer corresponding roughly to
the 0—5 cm topsoil layer. Therefore this technique cannot
provide direct estimates of water availability for plants that
is related to the soil moisture in the root zone (hereafter
referred to as w2) and root depth. Water availability for
plants is a key variable for estimating the evapotranspiration
fluxes (ET) over land surfaces. This estimation is thus an
important issue for meteorological modeling, since it is a
basic term of land surface forcing in mesoscale atmospheric
circulations [Noilhan and Calvet, 1995].

[4] Several studies have shown that modeling the heat
and mass flow within soil can be used to derive information
about the soil water content at depth from temporal surface
soil moisture information. The feasibility of using bright-
ness temperature measurements (microwave and infrared
channels) to solve the inverse problem associated with soil
moisture and heat profile was demonstrated by Entekhabi
et al. [1994] over bare soils. This theoretical analysis was
based on a Kalman filter using radiative transfer and
coupled moisture and heat diffusion equations. Burke et al.
[1997] retrieved soil hydraulic properties by calibrating a
coupled model from time series of microwave brightness
temperatures over agricultural fields. Retrievals of root zone
soil moisture were carried out by Calvet et al. [1998a]
during the Murex experiment [Calvet et al., 1999]. The
study is based on a continuous series of micrometeorolog-
ical data measured in southwestern France on a fallow site
in 1995—-1996. A meteorological surface scheme (ISBA)
[Noilhan and Planton, 1989], including the force-restore
modeling of water and heat transfers in soil, was used to
retrieve variables at depth from the ground measurements of
wg. It was found that one measurement of wg every 3-4 days
during a minimal 15-day period was sufficient to obtain
accurate estimates of w2. On the basis of the same assim-
ilation approach, Wigneron et al. [1999a] investigated the
accuracy of the soil reservoir retrievals as a function of the
time period and frequency of measurements of surface soil
moisture involved in the retrieval process. Sequential and
variational data assimilation approaches have been tested,
respectively, with experimental bare soil data sets [Galan-
towicz et al., 1999] and with a series of synthetic experi-
ments based on the Southern Great Plains 1997 Hydrology
experiments [Reichle et al., 2001]. These studies showed
the possibility of assessing the hydrological conditions deep
down in soil (in the top 1 or 2 m) from repetitive estimates
of water content at the soil surface.
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[s] For applications in meteorology and hydrology, a
spatial resolution of 20—50 km would be required (a pixel
size larger than 50 km would be too large for mesoscale
models). Also, a revisit time of one or 2-day was required in
hydrology to track quick drying periods after rainfalls. In
meteorology, retrievals of root zone soil moisture should be
carried out with a 3- to 5-day time frequency for short- to
medium-term meteorological modeling [Kerr et al., 1999].
However, at the present time the modeling approach to
assimilating remotely sensed brightness temperature data
for operational use in meteorology and hydrology is poorly
defined. No microwave radiometric measurements were
available in the study of Calvet et al. [1998a] and Wigneron
et al. [1999a], and the retrievals of root zone soil moisture
were based on times series of ground measurements of
surface soil moisture wg. Thus, in the two above studies it
was not possible to fully investigate model uncertainties.
Specifically, the errors due to the radiative transfer model
used to simulate the canopy microwave emission could not
be analyzed. More generally, in the literature, very few
studies have investigated which modeling approach would
be best suited for taking into account vegetation effects in
the assimilation scheme of the passive L band brightness
temperature (73). Concerning these aspects, two key ques-
tions must be addressed for developing an operational
assimilation approach of the T data. These two questions
are the following:

1. How can we account for vegetation variables (leaf
area index (LAI), biomass, etc.), which describe vegetation
development? These variables are important inputs to the
soil-vegetation-atmosphere-transfer (SVAT) models used in
the assimilation process. For instance, in most previous
studies, leaf area index (LAI), which is prescribed to the
SVAT model is generally obtained from ground-based
measurements. Several research groups (National Aero-
nautics and Space Administration (NASA) and National
Oceanic and Atmospheric Administration (NOAA)) are
working to generate LAI products routinely from optical
remote sensing observations. These products could be used
as ancillary LAI estimates, for accounting for vegetation
growth in the assimilation scheme of spaceborne passive
microwave remote sensing observations. However, it is
likely that this process limit the operational use of the
passive microwave observations for monitoring land
surfaces in all weather conditions.

2. How can we account for vegetation optical depth (1),
which is used to parameterize the attenuation effects of
microwave radiation within the canopy layer? This para-
meter is generally derived from the product of vegetation
water content (W, kg/m?) and a parameter b (b ~ 0.12 +/—
0.3), which depends on vegetation type, polarization, and
view angle [Jackson and Schmugge, 1991]. However, for an
operational use of the assimilation approach, estimating
these two parameters on large spatial scales from ancillary
remotely sensed data is not an easy task.

[6] The present study investigates these two important
issues. Two modeling approaches to monitoring both veg-
etation and soil characteristics from the assimilation of time
series of passive microwave data are tested. Contrary to the
above mentioned studies by Calvet et al. [1998a] and
Wigneron et al. [1999a], the present analysis is based on a
data set including passive microwave measurements
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acquired over a wheat crop during a 3-month period in
1993. The measurements were acquired by the multifre-
quency PORTOS radiometer (the experiment will be
referred to as the PORTOS-93 experiment). Dual-polar-
ization and multiangular observations were made in the
0°-50° range, corresponding to the instrument capabilities
of the SMOS mission. The data set also included measure-
ments of flux data (latent and sensible heat flux, soil
conduction, etc.), and soil and vegetation characteristics.
The multiangular 7 data were assimilated in a synthetic
model coupling a simple radiative transfer model, simulat-
ing the brightness temperature (“TB model”) of the wheat
canopy, to a SVAT model (ISBA), simulating the energy and
mass exchanges at the soil-vegetation-atmosphere interface.
Two different assimilation schemes were tested and com-
pared in this study. Assimilation of times series of 7% in the
coupled SVAT/TB model (SVAT/TB) was carried out and
two modeling approaches toward accounting for vegetation
effects were implemented and tested:

Approach I: the variable T is retrieved from the assimila-
tion process concurrently with the soil water reservoir R,.
This idea of developing such an approach directly resulted
from studies by Wigneron et al. [1995, 2000] showing that it
is possible to retrieve simultaneously information on soil and
vegetation (namely soil moisture and vegetation optical
depth) from dual-polarization and multiangular L band
passive microwave measurements. Note that the two studies
showed that the information content of monopolarization
and/or monoangular observations was probably not suffi-
cient to perform this simultaneous retrieval process. As the
PORTOS-93 data set included dual-polarization and multi-
angular observations, the possibility to retrieve simulta-
neously information on soil and vegetation (namely root
zone soil moisture R, and vegetation optical depth) from the
assimilation process could be tested in this study.

Approach II: a fully integrated assimilation approach is
implemented: interactive vegetation SVAT model (ISBA-
Ags) is used to simulate all the inputs of the TB model
(namely surface soil moisture, surface temperature and
optical depth). In this latter approach, no ancillary data
describing vegetation development or time variations in
optical depth are required (all this information can be
directly derived from the ISBA-Ags simulations). As for
approach I, approach II is based on the principle that it is
possible to retrieve information on both soil and vegetation
from the assimilation of dual-polarization and multiangular
observations.

[7] The results of this study demonstrate the potential of
multiangular passive microwave measurements as measured
by the SMOS instrument for monitoring both vegetation
and soil variables through assimilation in an interactive
vegetation SVAT model.

2. Material
2.1. Data Set

[8] The passive microwave measurements were
acquired during the whole growth cycle of a wheat crop
(Triticum durum, cultivar prinqual) in spring 1993, from
19 April (DoY 109) to 7 July (DoY 188) just before
harvest. The sowing date (19 March = DoY 78) was late
and the crop cycle was rather short. Multifrequency (1.4,
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5, 10.6, 23.8, 36.5, and 90 GHz) and dual-polarization (at
H and V polarization) measurements were acquired by the
PORTOS radiometer, but only L band measurements (at
1.4 GHz) were considered in this study. PORTOS was
designed by the French National Space Agency (CNES)
and built by Astrium in 1990/1991. During the experiment
it was mounted on a 20-m crane boom, and the measure-
ments were made at different view angles 6 (from 6 = 0°
to 6 = 50° or 60°). In this study, the look direction of the
radiometer was parallel to the row direction of the wheat
field. Absolute calibrations were performed regularly
during the experiment, over calm water surfaces and ecco-
sorb slabs. After calibration, the absolute and relative accu-
racy of the radiometer measurements was ~5 K and 2—3 K,
respectively (in terms of brightness temperature) at 1.4 GHz.
The rather low absolute sensor accuracy value was mainly
due to difficulties in correcting for the effects of the 1.4-GHz
antenna losses and of the antenna sidelobes on the measured
surface emission. The radiometric relative aceyracy of ~2—
3 K corresponds to relative errors of ~0.01 m*/m" in terms
of soil moisture estimates over bare soil surfaces [Ulaby et al.,
1986]. This is to be noted, since the 0.04 m*/m" threshold is
considered as the required accuracy for studies over land
surfaces in hydrology and meteorology [Kerr et al., 1999].
Therefore the PORTOS radiometric errors at L band can be
considered as sufficiently low to enable assimilation stud-
ies. Over the DoY 109 to DoY 188 period, there were 45
microwave measurement dates, which corresponds to a
time frequency of about four measurement dates each
week. The microwave observations used in this study
were acquired at different hour of day (at morning, after-
noon, or evening). The microwave observations are illus-
trated in Figure 1 at a view angle 6 = 0° and at H
polarization. Rapid changes in the value of 7p (for
instance on DoY 119, 133, and at the end of the crop
cycle) were related to rapid changes in the surface soil
moisture wg, due to rainfall or irrigation. Conversely the
trend of 7z (which was obtained in Figure 1 by “smooth-
ing” the T observations using a standard sliding window
filtering technique), i.e., the increase in 7 from DoY 118
to about DoY 160, and then the decrease up to DoY 180,
was related to the crop cycle: growth and then senescence
of the wheat canopy. Therefore the L band microwave
observations were highly sensitive to time variations in
both vegetation and soil characteristics. Note that the crop
average surface temperature continuously increased during
the whole radiometric measurement period. Therefore the
trend of T in Figure 1 cannot be explained by changes in
the surface temperature.

[¢9] For each date of microwave measurements a detailed
characterization of the soil moisture profile was carried out,
from gravimetric measurements in the upper 0—10 cm soil
layer (0—1, 1-2, 2-3, 3-5, 5-10 cm soil layers were
sampled) and from neutron probes in the 10—150 cm soil
layer at 10-cm intervals. Vegetation characteristics (crop
height (Hc), leaf area index (LAI), amount of water in the
canopy (W¢), moisture content of leaves and stems (per-
cent)) were measured twice a week during crop growth. To
illustrate the time variations in the vegetation characteristics
during the crop cycle, the time variations in W, LAIL
and H¢ are given in Figure 2. The value of W shown in
Figure 2 was obtained using a parametric “growth curve”
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Figure 1. Microwave observations over the wheat field at view angle 6 = 0°, at H polarization (open
circles). The trend (solid lines) was obtained using a standard sliding window filtering technique. Rain
and irrigation rates (mm h™") are indicated by vertical solid lines.
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Figure 2. Time variations in wheat characteristics during the crop cycle: vegetation water content W
(kg/m2) (solid lines), leaf area index (LAI) (dashed lines), and crop height H (dots).
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Table 1. Soil and Vegetation Parameters of the Brightness
Temperature (TB) Model®

Characteristic Value

Wheat

Single scattering albedo w w(1.4 GHz) = 0.0

Polarization correction factor cpol = 2.6
Soil (Silty Clay Loam)
Soil texture
Clay C, % C=27%
Sand S, % S=11%
Dry bulk density p,, g/cm? pa=14

Effective roughness parameters
“From Wigneron et al. [1995, 2000].

hsoi = 0.2, Nsoi, =0

[Wigneron et al., 1999b] calibrated from ground-based

measurements of W

We(r) = K{1/[1 + exp[—a(t — T1)] = 1/[1 + exp(=b(t — Ts))]]},
()

where ¢ is time (day), with K = 4.251, a = 0.1176, T; =

131.20, b = 0.0636, Ts = 163.667.

[10] Note that at the end of the crop cycle, several
intensive irrigations were carried out over the senescent
wheat canopy. During irrigation, stems and ears bent, due to
the increasing weight of the water intercepted by the
vegetation canopy. The structure of the canopy was greatly
modified by these irrigation events.

[11] Detailed measurements of the mass and energy
transfers at the soil-vegetation-atmosphere interface (net
radiation (Ry), latent (Lg) and sensible (H) heat flux, soil
conduction (G)) and standard meteorological observations
at 2-m height were acquired on a 15-min basis during the
whole crop cycle. Several modeling and retrieval studies
over vegetation and bare soils have been based on this data
set. In particular, more information concerning measure-

ments over the wheat field can be found in the works of
Wigneron et al. [1995, 1996].

2.2. TB Model

[12] The TB model is a simple zeroth-order radiative
transfer model used in retrieval studies based on the POR-
TOS-93 data set [Wigneron et al., 1995, 2000]. Brightness
temperature (7) depends on both soil and vegetation char-
acteristics. The microwave emission of soil is highly depend-
ent on surface soil moisture wg (roughly in the upper 3-cm
soil layer) and, to a lesser extent, on soil roughness and
temperature. The vegetation canopy attenuates soil emission
(this effect is parameterized by the vegetation optical depth
7) and adds its own emission to the total canopy emission.
The “TB model,” which is used to simulate microwave
brightness temperature T, accounts for both these soil and
vegetation effects. In this model, two main parameters
account for the effects of vegetation: optical depth (1) and
the single scattering albedo (w), which parameterizes scatter-
ing effects. Usually, an estimate of optical depth (referred to
as Ty in this study) can be obtained from the amount of water
in the canopy (W) using the simplified relationship:

Tw = bWC7 (2)

where b is a parameter depending on the vegetation type.
[13] A detailed description of the TB model can be found
in the works of Wigneron et al. [1995, 2000]. The input
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parameters of the TB model were obtained from ground
based measurements or calibrated by Wigneron et al.
[1995]. These parameters are given in Table 1. The main
input variables of this model are surface temperature (7)
and surface soil moisture (wg), which are both simulated by
the ISBA model, and optical depth (7). The surface soil
moisture (wg) used in this study was computed over the
upper 0—3 cm soil layer, which corresponds roughly to the
effective layer contributing to soil microwave emission
[Raju et al., 1995].

3. Methods

[14] In the assimilation process, brightness temperature
measurements are used to constrain the SVAT model, which
simulates the surface variables of interest. Brightness temper-
atures are assimilated in a synthetic model, coupling a
radiative transfer model (the TB model) simulating brightness
temperature 7, to a SVAT model simulating energy and mass
exchanges at the soil-vegetation-atmosphere interface. In this
study our objective was not to compare different assimilation
schemes from a quantitative analysis of the results. The
PORTOS-93 data set used in this study included monitoring
only one vegetation type during a rather short period of time
(~3 months) and for specific climatic conditions. This data
set is not sufficient for developing a quantitative comparison
or calibration/validation approach. Long-term experimental
campaigns during a 2- or 3-year time period over several
vegetation canopies, such as that scheduled in Toulouse by
Meétéo-France [Calvet et al., 2001], would be required for this
comparison. The main objective of this study was to provide
some new insights into the possibility of implementing
assimilation schemes of 7 data that could be compatible
with an operational use in the fields of meteorology and
hydrology. To this end, assimilation methods based on two
different modeling schemes were tested in this work.

3.1. Approach I: Assimilation in the (ISBA/TB) Model

[15] The general principle of the coupling for approach I is
given in Figure 3. The SVAT model is the Interactions
between Soil-Biosphere-Atmosphere (ISBA) model, which
was used in the previous assimilation studies by Calvet et al.
[1998a] and Wigneron et al. [1999a]. The ISBA land surface
scheme was developed by Météo-France and is used in the
operational simulations of the French weather forecast
model. The main surface variables simulated by ISBA
considered in this study are surface temperature T, surface
soil moisture wg (m*/m”), soil water reservoir R, (mm), which
can be directly related to mean soil moisture w, (m*/m?) and
root depth d, (m) (R, = 1000 w,d,), water content of an
interception reservoir (W,) and flux data (Ry, Lg, H, and G).
The ISBA model is driven by measurements of atmospheric
forcing variables on a 30-min basis. Two vegetation char-
acteristics (LAI and crop height H¢), obtained from ground-
based measurements, were ascribed on a daily basis. The
ISBA input parameters (which are considered to remain
constant during the crop cycle) are given in Table 2. These
parameters were calibrated on the same test site by
Wigneron et al. [1999a] over a soybean crop. Only one
parameter (minimum stomatal resistance rgy;,) was modi-
fied and set at 80 s/m, which is a typical value for
Mediterranean crops [Habets, 1998].
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Figure 3. General principle of the coupling between Interactions between Soil-Biosphere-Atmosphere
(ISBA) and the brightness temperature (TB) model (approach I). The variables to be retrieved from the 7
measurements were initial soil water content (R,_pnr) and time variations in optical depth .

[16] This simple coupled model ISBA/TB was used in
approach L. In this approach, both initial soil water reservoir
R, at date t = DoY 109 (R,.ni1) and time variations in
optical depth T were retrieved from the assimilation process
of the Tz data. The assimilation approach was similar to that
of previous studies by Calvet et al. [1998a], except that our
analysis was based on T data and not on ground-based
measurements of surface soil moisture wg. Retrievals of
both R, nit and T(f) were carried out using a simple
assimilation process consisting of minimizing the root mean
square (rms) error between measured and simulated bright-
ness temperatures during the assimilation period. To obtain
an accurate description of time variations in 7 during the
whole vegetation development period, the assimilation of
Tz was carried out during an 80-day period (from DoY 109

to DoY 188). This assimilation period included the T
measurements made over the senescent canopy. The com-
putation of the rms error was carried out for both polar-
izations (vertical and horizontal) and for five incidence
angles 6 (6 = 0°, 10°, 20°, 30°, and 40°). This computation
included all the brightness temperature measurements avail-
able during the (DoY 109 to DoY 188) assimilation period
(about four measurement dates were available every week).
Since optical depth is usually related to total crop water
content (W), it was assumed in this study that time
variations in T can be well approximated by the same
parametric “growth curve” as that given for W in equation
(1). Therefore, by assimilation of the 7 data, six parameters
were retrieved in approach I: R, it and the five parameters
(K, a, Ty, b, Ts) describing time variations in T.

Table 2. Soil and Vegetation Parameters for the ISBA and ISBA-Ags Model

Definition Symbol and Value Source
Soil
Texture Wigneron et al. [1999a]
Sand fraction, % sand = 11
Clay fraction, % clay =27
Soil depth, m dy=1.5 measured
Wilting point, m*/m? wwir? = 0.18 Wigneron et al. [1999a]
Field capacity, m*/m’ wec =031 Wigneron et al. [1999a]
Water transfer coefficient Cy/d; =300 Wigneron et al. [1999a]
Vegetation
Vegetation coverage veg = 1-exp(—0.6. LAI) Habets [1998]
veg <= 0.8
Albedo A=0.22 Wigneron et al. [1999a]
Thermal emissivity e, =097 Wigneron et al. [1999a]
Roughness length, m zo=0.13 H. (H,. = crop height) Wigneron et al. [1999a]
Roughness length ratio zo/zop = 10 Wigneron et al. [1999a]

Displacement height, m
Specific to ISBA (approach I)
Minimum stomatal resistance
Specific to ISBA-Ags (approach II)
Mesophyll conductance
Leaf life expectancy
Ratio: LAl/crop height, m

d=0.7.H,. (H, = crop height)

Tomin = 80 sm ™!

Wigneron et al. [1999a]

Habets [1998]

gm = 7 mm/s Voirin [1999]
Dy = 50 day Voirin [1999]
LAI/H-= 6 measured
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Figure 4. General principle of the coupling between ISBA-Ags and the TB model (approach II). The
parameters to be retrieved from the 7 measurements were initial soil water content (R,.nit) and the

vegetation parameter (B/LAI).

3.2. Approach II: Assimilation in the (ISBA-AGS/TB)
Model

[17] In approach IT a new version of the ISBA model (“the
ISBA-Ags” model) was used [Calvet et al., 1998b]. In this
new version the physiological stomatal resistance scheme
proposed by Jacobs et al. [1994] was used to describe
photosynthesis and its coupling with stomatal resistance at
the leaf level. In addition, plant response to soil water stress
was driven by a normalized soil moisture factor applied to
the mesophyll conductance (g;,). The computed net vegeta-
tion assimilation can be used to feed a simple growth
submodel and to predict the density of the vegetation cover.
Three main parameters are needed to calibrate ISBA-Ags:
leaf life expectancy (D) and effective biomass per unit leaf
area (B/LAI) to calibrate the growth submodel, and meso-
phyll conductance (g,,). Once calibrated, the ISBA-Ags
model is able to simulate water budget, fluxes (CO,, sensible
and latent heat fluxes, etc.) and LAI. Thus the model is able
to adapt the simulations of vegetation growth in response to
changes in the environmental conditions (precipitation dis-
tribution, soil moisture in the root-zone, climatic conditions,
etc.) and, in contrast to ISBA, ISBA-Ags can be considered
as “‘an interactive vegetation SVAT model.”

[18] The general principle of the coupling with ISBA-Ags
in approach II is given in Figure 4. The main differences
between this approach (Figure 4) and approach I (Figure 3)
are the following:

1. The two vegetation characteristics (LAI and crop
height Hc) were not obtained from ground-based measure-
ments as in approach 1. They were directly obtained from
the ISBA-Ags simulations. LAI is an output of ISBA-Ags
(this ISBA-Ags output will be referred to as LAI*). Crop
height (Hc) is simply obtained by considering that

Hc = 6. LAl (approximate relationship derived

for wheat crops) (3)
2. Optical depth (1) was directly derived from the ISBA-
Ags simulations. Using an approach similar to equation (2),
it is assumed in this study that T is proportional to LAT*

according to:
T = b'LAI*, (4)

where b’ is a parameter which depends mainly on the crop
type and should be calibrated prior to the assimilation
procedure.

[19] Note that after analyzing several vegetation data sets,
we found that there is no general relationship between LAI
and optical depth (or vegetation water content W) over
crops (the ratio LAI/W depends on vegetation type, growth
stage but also on climatic conditions (hydric stress, strong
wind)). However, equation (4) is a simple and robust
approximate formulation which may be considered as valid
during most of the crop cycle (excluding early growth
stages and the senescence period).

[20] The leaf area index (LAI*), which is simulated by
ISBA-Ags, is representative of the whole metabolic biomass
which contributes to photosynthesis and plant transpiration.
Therefore LAI* may differ slightly from LAI values
obtained from ground-based measurements which account
only for green leaf area (for a well-developed wheat field,
the contribution of stems to photosynthesis corresponds
roughly to considering LAI* to be equal to LAI + 1.5 (A.
Olioso, personal communication, 2000)). To roughly esti-
mate the parameter b’, we considered that for the well-
developed wheat field, LAI* ~ 6 and vegetation water
content W~ 2.6 kg/m2 (from Figure 2), and parameter b ~
0.12 from Wigneron et al. [1995]. Parameter b’ can thus be
roughly estimated from the simple formulation: b’ = T/LAI*
~ (bWc)/LAT* ~ 0.05. To investigate the sensitivity of the
assimilation process to the value of b, approach II was
carried out for three values of 4’ surrounding the value b’ =
0.05 (b = 0.03, ' = 0.05, and &’ = 0.07).

[21] The assimilation process in approach II was based on
the coupled (ISBA-Ags/TB) model (Figure 4). In the ISBA-
Ags model it is necessary to calibrate three main vegetation
parameters that drive photosynthesis, senescence, and bio-
mass allocation: leaf life expectancy (D), the ratio between
metabolic biomass and leaf area index (B/LAI) and meso-
phyll conductance (g,,). Whereas g,, and Dy are genetic
parameters of the plant, B/LAI is expected to vary according
to the climatic conditions and nutrient availability. There-
fore typical values of g,, and Dy may be obtained from
previous studies based on field measurements and/or model
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Figure 5. Time variations in soil water reservoir R, (mm) simulated by ISBA after calibration by the
assimilation process (approach I). The simulations (solid lines) were compared with the observations
(open circles). Rain and irrigation rates (mm h™') are indicated by vertical solid lines.

calibration, whereas B/LLAI could be calibrated from remote
sensing techniques.

[22] In this study, values of g3, and Dg (g3, = 7 mm/s and
Dg = 50 days) could be prescribed from average values
obtained for C; crops in a previous study [Voirin, 1999]. In
approach II, both the initial soil water reservoir R, at date ¢ =
DoY 109 (R, qnir) and the B/LAI ratio were retrieved from
the assimilation process of the 7 data. The general princi-
ple of the assimilation process in approach II was the same
as that for approach I: retrievals of both R, it and B/LAI
were carried out using a simple assimilation process con-
sisting of minimizing the rms error between measured and
simulated brightness temperatures during the DoY 109 to
DoY 188 period. In this approach, B/LAl is a key parameter
that drives both vegetation development (parameterized by
both biomass and LAI*) and vegetation optical thickness T,
through equation (4).

4. Results
4.1. Approach I

[23] In approach I, initial water content in the root zone
(Ro.niT) and time variations in optical depth T were
retrieved directly from the assimilation of the 7 measure-
ments in the ISBA/TB model during an 80-day period (from

DoY 109 to DoY 188). Six parameters were retrieved:
R>.mt and the five parameters (K, a, T}, b, Ts) describing
time variations in T using the parametric “growth curve”
given by equation (1).

[24] The retrieval process consisted in minimizing the
rms error between simulations and measurements of T
(the obtained values were the following: rms error = 9.6K,
bias = —0.5K for both polarizations and five incidence
angles (6 = 0°, 10°, ..., 40°)). Retrieved values from the
assimilation approach were as follows: R, pr = 398.3
mm, K = 0.506, a = 0.0814, 7, = 133.08, b = 0.074158,
T¢ = 165.96. Using the retrieved value of R, i1, ISBA
simulations of R,(t) were carried out during the whole
crop cycle and are illustrated in Figure 5. There was
general close agreement between measured and simulated
values of R,(f) (simulated data slightly overestimated
measured values (rms error = 13.30 mm; mean bias =
—12.1 mm)). Also, close agreement between measured and
simulated surface variables was obtained from the SVAT
simulations, in terms of surface soil moisture wg and of
energy and mass transfers (the rms error and mean bias
between measured and simulated variables are given in
Table 4).

[25] The retrieved time variations in T were then com-
pared to the measured vegetation variables. Usually, an
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ground-based measurements of vegetation water content
W using equation (2). It is difficult to estimate a priori the
value of b. A value of parameter b = 0.15 is considered to
be representative of most agricultural crops, with the
exception of grasses [Jackson and Schmugge, 1991]. Over
the wheat field, Wigneron et al. [1995] found that the
value of parameter b changed significantly during the crop
cycle: b decreased from b = 0.125 for well-developed
green vegetation down to 5 = 0.04 for a mature and
senescent canopy. The time variations in retrieved T were
compared with Ty; which was computed using equation
(2) for different values of b (b = 0.1, 0.11, 0.12, ..., 0.15).
We found there was close correlation between both T and
Tw, though the time variations in both terms were not
strictly the same over the whole crop cycle. Closest
agreement between T and Ty was obtained for b = 0.11
and the comparison between these two terms is shown in
Figure 6.

4.2. Approach II

[26] In approach II, only two parameters were retrieved
from the assimilation of the 73 measurements in the
ISBA-Ags/TB model during the (DoY 109, DoY 188)
period: the initial water content in the root zone (Rt =
R>(t = DoY 109)) and the parameter (B/LAI) which drives
both vegetation development and time variations in veg-
etation optical thickness T, from equation (4). As before,
the retrieval process consisted in minimizing the rms error
between simulations and measurements of 7 (for each
value of &', the rms error, averaged over both polar-

40°), was ~10—11 K). Using this approach, we retrleved
values of both Rt and B/LAI for the three values of
parameter b’ (Table 3). Using these calibrated values,
close agreement between measured and simulated surface
variables was obtained from the ISBA-Ags simulations
(the rms error and mean bias between measured and
simulated variables are given in Table 4 for the three
values of b). It can be seen that though the range of
possible values for o' we used in this study was wide
(from 0.03 to 0.07), the results were generally quantita-
tively similar. Results were also similar to those obtained
in approach I.

[27] Best results (both in terms of root zone soil moisture
R, and evapotranspiration L) were obtained when b’ was
set at 0.07. For 4" = 0.03 and »’ = 0.05, it can be seen from
Table 4 that the latent heat fluxes (L) were overestimated
and slightly lower accuracy was obtained in the simulation
of R,(#). To illustrate the results for ' = 0.07, a comparison
between measured and simulated variables is given for R, in
Figure 7, and for Ly and surface soil moisture (wg) in
Figures 8a and 8b. Also, simulations of 7 by the coupled
ISBA-Ags/TB model simulations are illustrated in Figure 9

Table 3. Retrieved Values of Initial Root Zone Water Content
Ry(DoY = 109) and of Parameter B/LAI (Approach II)

b’ =0.03 b'=0.05 b’ =0.07
Ry(DoY = 109), mm 421.7 406.5 382.05
B/LAI kg/m? 0.061 0.091 0.123
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Table 4. Root-Mean-Square Error and Mean Bias Between Measured and Simulated Variables Over the Period (DoY 109 to DoY 188)

for Both Approaches I and II*

Approach I

Approach 11

b =0.03 b =0.05 b =0.07
Brightness temperature 7, K 9.6(—0.5) 10.2(2.5) 9.8(—2.5) 11.4(—4.6)
(average for both polarizations and all angles)
Soil water reservoir R,, mm 13.31(—12.1) 25.6(—14.6) 23.5(—17.0) 10.2(=7.1)
Surface soil moisture wg [0—3 cm], m*/m’ 0.058(—0.01) 0.061(—0.031) 0.064(—0.028) 0.066(—0.011)
Evapotranspiration L; (W/m?) (DoY 109, DoY 165) period 36.0(0.0) 51.1(—18.9) 42.3(—8.8) 39.433.4)

#The measured minus simulated values are in parentheses.

at 0 = 40°, when b’ was set at 0.07 (as noted before, the rms
error was ~10—11 K for each value of 5'). The relatively
high value of the rms error is mainly due to the inability of
the simple TB model, used in this study, to account for the
dependence of optical depth on polarization and angular
effects (these effects are very large for vegetation canopies
with a dominant vertical structure (stem dominated canopy)
such as a wheat crop [Wigneron et al., 1995]). These effects
can be seen in Figure 9, where the simulations cannot
reproduce the large difference between H and V" measured

brightness temperatures. Note that at satellite scales, very
few studies have investigated the angular and polarization
dependence of optical depth (7). However, it is likely that
this dependence is rather low, and specific problems due to
the particular structure of the wheat canopy should not
appear for space-borne observations over 30—50 km large
pixels.

[28] In approach II the vegetation variables (LAI*, bio-
mass, and optical depth) were obtained directly from the
ISBA-Ags simulations. The simulations of LAI* for the
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Figure 7. Time variations in soil water reservoir R, (mm) simulated by ISBA-Ags after calibration by
the assimilation process (approach II). The simulations (solid line) were compared with the observations
(open circles). Rain and irrigation rates (mm h™") are indicated by vertical solid lines.
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three values of &', are shown in Figure 10. As discussed in An estimate of this term (referred to as plant area index
section 3.2, leaf area index LAI*, which is simulated by (PAI)) was computed from the ground-based measurements
ISBA-Ags, is representative of the whole metabolic biomass  as the sum of leaf area index and stem area index. Also, it
that contributes to photosynthesis and plant transpiration. was considered that the additive term (stem area index),
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Figure 9. Comparison between measurements and simulations of brightness temperature Ty at 6 = 40°
at both i and ¥ polarizations by the coupled ISBA-Ags/TB model (approach II, using b’ = 0.07).

which accounts for the contribution of stems to photosyn-
thesis, did not exceed 1.5 for a well-developed canopy. The
plant area index was thus computed as follows:

PAI = LAI + stem area index (5a)

stem area index < 1.5 (5b)
[29] Both the leaf area index (LAI) and the plant area
index (PAI) are shown in Figure 10. It can be seen that the
assimilation process can correctly detect and reproduce
vegetation growth (the general trend of LAI* was very
similar whatever the value selected for 5"). The magnitude
in the time variations of PAI and simulated LAT* (for »'=0.03
and b’ = 0.05) are very close. However, the maximum value
of LAT* (LAI*,,,) was obtained on DoY 155, i.e., ~15 days
later than the date of the maximum value for PAI (approx-
imately on DoY 140). Note that the value of LAI* .«
appears to be almost linearly related to the value of '.

5. Discussion and Conclusions

[30] Two main assimilation schemes of brightness tem-
perature time series were tested in this study. The two
approaches differed mainly with respect to how vegetation
effects were accounted for, in terms of both vegetation
biomass and vegetation optical depth. In approach I, on the
basis of the coupled ISBA/TB model, LAI had to be
prescribed using ancillary data (ground-based measure-
ments in this study), and the optical depth was retrieved

directly from the assimilation approach. Approach II is a
fully integrated approach that does not require ancillary
data describing vegetation dynamics. In this approach,
based on the coupled ISBA-Ags/TB model, both LAI and
optical depth (by using equation (4)) are simulated, pro-
vided the coupled model is calibrated from the assimilation
process.

[31] As discussed in the previous section, the data set we
used was not large enough to carry out a quantitative
comparison of both schemes. However, testing the imple-
mentation of the two assimilation approaches provided
interesting information for a future possible operational
use of the methods.

[32] The accuracy in the simulation of the surface vari-
ables (root zone and surface soil moisture, surface-atmos-
phere fluxes, surface temperature) was found to be very
similar for both approaches. In approach II, retrievals of R,.
mir were found to be slightly dependent on the value of
parameter b, relating the simulated LAI* to vegetation
optical depth. Lower values of R, and of evapotranspiration
fluxes (Lz) were obtained for higher values of 4. For a
given value of measured brightness temperature (and thus of
optical depth) the use of higher values of »' led to the
simulation of lower LAI* values (since optical depth was
computed as T = b'. LAI*). As LAI* is one of the main
variables driving evaporation fluxes, lower LAI* values
generally led to simulations of lower latent heat flux values
(Lg). This effect also affected the retrieved values of root
zone soil moisture R, Nt

[33] In summary, both approaches I and II were found to
be good candidates for the development of assimilation
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Figure 10. Comparison between ISBA-Ags simulations of LAI* (solid line) for the three values of //,
and the ground-based measurements of green LAI (dotted line) and PAI (circled line) (approach II).

procedures of time series of passive microwave observa-
tions. For an operational use, the 80-day assimilation
period, which was used in this work, may appear to be far
too long. However, a few tests were carried out with shorter
assimilation periods and good results were obtained.
Emphasis in this study was placed on developing new
modeling schemes and the tests that were carried out can
provide a good basis for discussing the main principles of
the proposed methods. Therefore no attempts were made in
this work to optimize the duration of the assimilation
process or to analyze the sensitivity of the results to the
frequency of the 75 measurements involved in the retrieval
process.

[34] Some limitations in the operational use of both
approaches were revealed by this study:

1. In approach I, ancillary information is required to
provide information on time variations in both leaf arca
index (LAI) and crop height (H¢). Both LAI and H are
key variables in ISBA for simulating the fluxes at the soil-
vegetation-atmosphere interfaces. This requirement cannot
be met easily for practical applications on rather large
spatial scales. Also, the functional form of vegetation
dynamics is constrained by a ‘“parametric growth curve”
(given by equation (1)), which is mainly useful for crops.
This constraint limits the possibility of monitoring a
variety of conditions in vegetation development. For
instance, this constraint may be too strong over natural
areas in arid or semi-arid conditions, where vegetation
growth can be very rapid and quite different from that of
crops. However, for an operational use, the assimilation

period should be much shorter (less than 1 week). In this
case and over rather large mixed SMOS pixels (~30 km
at nadir), simple approaches could probably be imple-
mented. For instance, the value of T, assumed to be
constant during a short period of time, could be retrieved
concurrently with R, it from only several remote sensing
observations.

2. Approach II is a fully integrated approach, in which
optical depth can be derived from the ISBA-Ags
simulations of leaf area index (LAI*) using the multi-
plying factor b’. The sensitivity of the retrievals of Ryt
to the value of »" was found to be rather low.

[35] Owing to the assimilation scheme, the time varia-
tions in LAI* were constrained to be closely related to
time variations in optical depth (7). Over the wheat field it
was found that there was a general good agreement
between the time variations in LAI* and in the estimated
plant area index (this variable is a ground-based estimate
of the whole metabolic biomass contributing to photosyn-
thesis). However, simulations of vegetation growth
(namely leaf area index LAI*) depend on the chosen
value for »’. We already noted that there is no general
relationship between LAT* and optical depth T over crops
(equation (4) is an approximate relationship). Possibly the
problem is different for large-scale space-borne observa-
tions. It is likely that simple and robust relationships
between LAI* and optical depth could be derived for each
large-scale land cover type, before implementing the
assimilation process. In that case assimilation results
would be improved.
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[36] Even though these basic limitations should be con-
sidered, very promising results were obtained from the two
assimilation procedures described in this work. A key aspect
of this study is that for both approaches, the results of the
assimilation process confirmed the main results obtained
from classical inversion approaches [Wigneron et al., 1995,
2000], e.g., the possibility to retrieve information on both
soil and vegetation variables from dual-polarization and
multiangular passive microwave observations. In classical
inversion approaches, both soil moisture and optical depth
could be retrieved, whereas the assimilation process allowed
to retrieve information on the soil water reservoir R, (and
vegetation optical depth), which is a key variable for
estimating the evapotranspiration fluxes over land surfaces.
It seems that the use of passive microwave data in the
assimilation schemes could be self-consistent: no ancillary
remote sensing observations were required to assimilate the
brightness temperature data in this study. Also, very few
calibration parameters are required for both the SVAT and
TB models. Moreover, except for ', it was possible to
attribute the values of all these calibration parameters from
the literature (these parameters are given in Tables 1 and 2).
From the simple assimilation procedures of L band multi-
angular passive microwave observations proposed in this
study, the coupled model SVAT/TB can be used to simulate
all the key terms in the mass and energy fluxes at the soil-
vegetation-atmosphere interfaces: root zone and surface soil
moisture, surface-atmosphere fluxes, surface temperature,
etc. These results demonstrate the large potential of L band
multiangular microwave radiometric observations for mon-
itoring both soil and vegetation characteristics. Thus prom-
ising assimilation schemes can be expected from the SMOS
L band sensor (with dual-polarization and multiangular
capabilities) over land surface in the fields of meteorology
and hydrology.
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