Available online at www.sciencedirect.com

; ScienceDirect Remote Sensing
¥ Environment

g . R e
ELSEVIER Remote Sensing of Environment 107 (2007) 639655

www.elsevier.com/locate/rse

L-band Microwave Emission of the Biosphere (L-MEB) Model:
Description and calibration against experimental
data sets over crop fields

J.-P. Wigneron **, Y. Kerr °, P. Waldteufel ¢, K. Saleh ?, M.-J. Escorihuela ®, P. Richaume °,
P. Ferrazzoli ¢, P. de Rosnay °, R. Gurney °, J.-C. Calvet f J.P. Grant &, M. Guglielmetti ",
B. Hornbuckle ', C. Mitzler ', T. Pellarin ¥, M. Schwank "

2 INRA, EPHYSE, Villenave d'Ornon, France
° CESBIO, Toulouse, France
¢ [PSL/Service d'Aéronomie, Paris, France
4 Universita di Roma Tor Vergata, Roma, Italy
¢ NERC, University of Reading, Reading, UK
f METEO-FRANCE/CNRM, Toulouse, France
€ Vrije Universiteit Amsterdam, The Netherlands
Y ETH, Ziirich, Switzerland
" Jowa State University, Ames, USA
I IAP, University of Bern, Switzerland
k LTHE, Grenoble, France

Received 11 May 2006; received in revised form 24 October 2006; accepted 27 October 2006

Abstract

In the near future, the SMOS (Soil Moisture and Ocean Salinity) mission will provide global maps of surface soil moisture (SM). The SMOS
baseline payload is an L-band (1.4 GHz) two dimensional interferometric microwave radiometer which will provide multi-angular and dual-
polarization observations. In the framework of the ground segment activities for the SMOS mission an operational SMOS Level 2 Soil Moisture
algorithm was developed. The principle of the algorithm is to exploit multi-angular data in order to retrieve simultaneously several surface
parameters including soil moisture and vegetation characteristics. The algorithm uses an iterative approach, minimizing a cost function computed
from the differences between measured and modelled brightness temperature (7g) data, for all available incidence angles.

In the algorithm, the selected forward model is the so-called L-MEB (L-band Microwave Emission of the Biosphere) model which was the
result of an extensive review of the current knowledge of the microwave emission of various land covers. This model is a key element in the
SMOS L2 algorithm and could be used in future assimilation studies. There is thus a strong need for a reference study, describing the model and its
implementation. In order to address these needs a detailed description of soil and vegetation modelling in L-MEB is given in this study. In a
second step, the use of L-MEB in soil moisture retrievals is evaluated for several experimental data sets over agricultural crops. Calibrations of the
soil and vegetation L-MEB parameters are investigated for corn, soybean and wheat. Over the different experiments, very consistent results are
obtained for each vegetation type in terms of calibration and soil moisture retrievals.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction
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over land surfaces at the global scale (Jackson et al., 1999; Kerr, in
press; Njoku et al., 2003; Schmugge, 1998). Two proposed space
missions, SMOS (Soil Moisture and Ocean Salinity, Kerr et al.,
2001), and Hydros (Hydrosphere State, Entekhabi et al., 2004) are
based on that technique in order to obtain global maps of the
surface soil moisture in the near future. The SMOS mission was
proposed to the European Space Agency in the framework of the
Earth Explorer Opportunity Missions in 1998; it is planned for a
launch in 2007. The baseline SMOS payload is an L-band
(1.4 GHz) two dimensional (2-D) interferometric radiometer that
is Y shaped with three 4.5 m arms. SMOS aims at providing
global maps of soil moisture, with an accuracy better than
0.04 m*/m’ every 3 days, with a space resolution better than
50 km (Kerr et al., 2001).

As the satellite moves over the Earth, a given point within the
Field Of View (FOV) is observed from different view angles by
the 2-D interferometer. The series of dual-polarized multi-
angular measurements allow simultaneous retrievals of several
surface parameters including soil moisture and vegetation
optical depth (Wigneron et al., 2001). As part of the SMOS
mission, geophysical products such as soil moisture (SM) and
vegetation opacity () will be produced by an operational
algorithm. The principle of the algorithm is based on an iterative
approach, minimizing a cost function computed from the sum of
squared weighted differences between measured and modelled
microwave brightness temperature (7g) data, for a variety of
incidence angles (Kerr et al., 2006). In the algorithm, for each
incidence angle, the different cover types (bare soil and
vegetated area, open water, urban area, etc.) present within
the SMOS footprint are estimated from high resolution land use
maps. For low vegetation and forest categories, these maps used
a large number of sub-categories corresponding, for instance, to
grasslands, crops, scrubs, tropical and boreal forests, which
were distinguished for a variety of climatic and geographic
conditions. Currently, the ECOCLIMAP data base (Masson
et al, 2003) that distinguishes 218 ecosystems at 1 km
resolution was selected as the reference landcover map. Within
each pixel, the brightness temperatures from each cover type are
simulated with a forward model and then aggregated,
accounting for the SMOS field of view and antenna pattern.
Parameters driving the forward model are selected and tabulated
based on the selected vegetation classes and on maps of soil
properties (for soil texture, roughness and bulk density). This
manuscript will only describe the forward model used over each
homogeneous vegetation type and the description of the whole
algorithm and of the aggregation process over heterogeneous
pixels is described in Kerr et al. (2006). The forward model
selected is the so-called L-MEB (L-band Microwave Emission
of the Biosphere; Wigneron et al., 2003) model which was used
in the first ESA studies aiming at evaluating SMOS capabilities
from synthetic data sets (Pellarin et al., 2003a,b,c). The L-MEB
model was the result of an extensive review of the current
knowledge of the microwave emission of various land cover
types (herbaceous and woody vegetation, frozen and unfrozen
bare soil, etc.), with the objective of being accurate while
remaining simple enough for operational use at global scale and
while allowing developments to be incorporated as they occur.

Since the first version of L-MEB, a large number of ex-
perimental campaigns have been carried out for a variety of
vegetation/soil characteristics and climatic conditions (De
Rosnay et al., 2006a; Fenollar et al., 2006; Grant et al., 2007;
Hornbuckle et al., 2003; Schwank et al., 2005). Combined
experimental and modelling activities have contributed to
improving very significantly our knowledge of the key processes
that drive the emission of the soil and vegetation canopy such as
rainfall interception within the canopy, mulch and litter in
prairies and forests, surface roughness, effective soil tempera-
ture, dependence of vegetation attenuation on configuration
parameters (incidence angle, polarization), etc. These results
were integrated in L-MEB. As L-MEB is the forward model used
in the processing of the SMOS level-2 soil moisture products, it
may also be used in assimilation studies of microwave
brightness temperature observations developed by assimilation
centres (Dirmeyer & Gao, 2004; Seuffert et al., 2003). There is
thus a strong need for a study describing L-MEB in detail and
providing key information for model calibration over a variety of
vegetation types.

The objective of this study is to describe the new version of
L-MEB and analyse its calibration and validation over cropped
fields. First, a reference description of L-MEB will be given,
including key results which have contributed to recent im-
provements of the model. The focus of the present paper is on
vegetation canopies with low levels of biomass and soil; the
case of forests will be the subject of another paper. Second, the
calibration and validation of L-MEB will be investigated from
SM retrievals using experimental data sets over cropped fields.
L-MEB calibration over grassland was investigated separately
in another paper (Saleh et al., submitted for publication).

2. Model description
2.1. General

Over a given pixel, a large variety of vegetation types may
happen to be present; for instance wheat, sorghum and fallow,
deciduous and coniferous forests. To simplify the algorithm
process, the land use classes, as defined by land cover maps at
high (1 km) resolution, were grouped into a smaller number
(about 10) of generic classes having the same modelling char-
acteristics and similar parameters. These generic classes corre-
spond to bare soil and low vegetation covers, forests, wetlands,
water, barren areas, frozen soils, snow covered areas, ice, urban
and built-up areas. The SM retrievals are carried out only over the
area within the pixel corresponding to bare soil and low
vegetation covers (referred to as the nominal class) and some
forested areas. Within those areas, the contributions of the
dominant vegetation types to the surface microwave emission are
summed accounting for their cover fraction (defined at a 4 km
spatial resolution currently) and the antenna pattern. The
contributions of the other generic classes are computed using
ancillary information and simplified modelling approaches.

It would not be possible to describe in detail in this paper the
modelling approaches selected for all the different land
cover types considered in ECOCLIMAP. This paper will only
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Table 1

Main references for experimental and modelling studies considered in the
development of L-MEB, listed as a function of the generic land cover classes
used in the Level-2 algorithm

Land cover types Experimental and theoretical L-MEB
studies (data bases and Modelling
model evaluation)

Nominal class This issue

(bare soil and low

vegetation

cover)

-Bare soil ® This issue Wigneron
® PORTOS-93 et al. (2006b)
(Wigneron et al., 2003)
® SMOSREX (De Rosnay et al.,
2006a; Escorihuela et al., submitted
for publication)
® SMMR data (Pellarin et al., 2006)
® Schwank and Maitzler (2006)
® Schneeberger et al. (2004)
® Shi et al. (2005)

-Cropland ®This issue Wigneron
® BARC (Wang et al., 1982) et al. (2006a)
® PORTOS-91, 93, EMIRAD,

(Wigneron et al., 1995, 2004)
e REBEX (Hornbuckle et al., 2003)

-Grassland ® Saleh et al. Saleh et al.
(submitted for publication) (submitted for
® SMOSREX publication)
(De Rosnay et al., 2006a)
® Schwank et al. (2005)

Forest Ferrazzoli

et al. (2002)
Della Vecchia
et al. (in press)

-Coniferous ® EuroSTARRS (Della Vecchia Ferrazzoli
et al., 2006; Saleh et al., 2004) et al. (2002)
® BRAY-04 (Grant et al., 2007)

-Deciduous e Jiilich data (Guglielmetti et al., Della Vecchia

broadleaf submitted for publication) et al. (in press)

® Ferrazzoli and Guerriero (1996)
-Evergreen broadleaf ® SMMR data (Pellarin et al., 2006)
Wetlands no specific data set or modelling
Water Mitzler et al. (2006)
Barren or sparsely e MELBEX
vegetated areas (Fenollar et al., 2006)
Frozen soils ® Hallikainen et al. (1984)
® Mitzler, 1993, 2006
® SMOSREX
(De Rosnay et al., 2006a)
® Schwank et al. (2004)
® Pulliainen and Hallikainen
(2001)
® Mitzler, 2001; Mitzler
et al., 2006
e DOMEX 2004, Macelloni
et al., 2006
Ice ® Mitzler, 2001; Mitzler
et al., 2006
® EuroSTARRS, Toulouse urban site
(Lopez-Baeza et al., 2003)

Wigneron
et al. (2006a)

Snow covered areas Wigneron

et al. (2006a)

Urban areas

describe in detail the modelling approach selected for the
nominal class (low vegetation and bare soil). References for
field studies and modelling activities associated to the other

vegetation types and generic classes are summarized in Table 1.
Modelling for forests is summarized in Section 2.4.

As for topography, it seems that excluding steep terrain in
mountainous areas, it has relatively low effects on T (Kerr et al.,
2003; Pellarin et al., 2006). Therefore, topography effects are not
modelled in L-MEB and the proposed approach in the L2
algorithm is to process a global Digital Elevation Model (DEM)
so as to compute a descriptor of the topography (topography
index) for the whole pixel. The index is compared to three
thresholds corresponding to three main levels of topography
effects (1) high: the area is flagged as highly mountainous and no
retrievals are attempted (2) moderate: SM retrievals are carried
out but a caution flag indicates the presence of moderate topog-
raphy (3) low: it is estimated that topography will not affect the
retrieved SM values. Default values of the thresholds are yet to
be estimated and they will be refined after analysis of actual
SMOS observations.

The brightness temperature of a mixed pixel will be denoted
Tgp, where the subscript ‘P’ is for polarization (P=V for vertical
and P=H for horizontal). As described above, it is written as a
linear combination of the brightness temperature of each land
cover, weighted by their respective cover fraction within the pixel
and accounting for the actual characteristics of the SMOS antenna
pattern (Kerr et al., 2006). As described in the literature (Ulaby
et al., 1981-1986), upward atmospheric emission (7g_skv.y) and
atmospheric attenuation (parameterized by the atmospheric
optical thickness T1y) must be taken into account for simulating
top-of-the-atmosphere 7s(7gp_T0A):

Tap_toa = Tep exp(—tarm/cos(0)) + Ts-sky-u (1)

where Typ is the brightness temperature at the surface level, i.e. as
observed immediately above the canopy. A simplified approach,
described by Pellarin et al. (2003a), was developed in L-MEB to
compute oty and Tp_sky-u- In the following, we will focus our
analysis on the modelling of 7;p for bare soil and low vegetation.

2.2. Soil modelling

2.2.1. Soil reflectivity

The soil microwave emission (7g_gp) is generally written as
a function of the ground emissivity (egp) and the effective soil
T) (Ulaby et al., 1981-1986):

Tg-gp = ecp " I

(2)

The effective soil temperature (7) accounts for the fact that
Tg.gp is a weighted sum of the emission from layers at subsurface
levels, which have different characteristics in terms of physical

temperature and emissivity. SojbefMissivity generally computed
as one minus soil reﬂectivi here rgp is the
integral of the surface scatfCrngme s over the upper
hemisphere. For smooth soil surfaces and homogeneous soils,
the soil microwave reflectivity (rgp) can be approximated from

the soil reflectivity (r*gp) of a plane surface:

rap=r*ep = |Rp (e, 0)|* (3)
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where the reflection coefficient (Rp) can be calculated from the
soil dielectric permittivity (¢g) and the incidence angle 6, using
the Fresnel equations (Rp=Rp(eg, #)). For soils, &g is mainly
determined by the soil moisture content and, to a somewhat
smaller extent, by soil density, textural and structural properties.
Modelling of 7 and &g will be analysed in detail in the following
sections.

Natural surfaces are not flat generally and soil roughness
effects have to be taken into account. The reflectivity (rgp) of a
rough surface is generally written as the sum of two com-
ponents: the non-coherent (rgp °") and the coherent components
(ror°°™) (Shi et al., 2002). rgp™" is computed by integrating over
the upper hemisphere the bistatic scattering coefficient (app(6,
0s,0s— ©)), which characterizes the scattering of radiations from
a direction (0,¢) to the direction (6,,5).

rop = 1/(47Tcos9)/h isph (avp(0, 05, p5=¢)
emisph.

+ O-PQ(07 987 (psiqo))SinQSdHSd(ps <4>

the subscript P or Q is for polarization and s indicates the
direction of the scattered radiation.

rp°! is written as a function of the Fresnel reflectivity 1 p(6):

1o (0) = r*ap(0)exp[—(4wSpcost/1)’] )

where Sp, is the standard deviation of the surface height and A the
wavelength.

This formulation is generally very useful to understand better
the physics of scattering effects at the soil surface. The
computation of the bistatic scattering coefficients opp and opg
in Eq. (4) can be obtained from complex modelling approaches
such as AIEM (Advanced Integral Equation Model, Chen et al.,
2003). For instance, based on this approach, Shi et al. (2002)
showed that roughness effects differ strongly at different
incidence angles and polarizations. At large incidence angles
(6 =50°), as the roughness effects increase (e.g. Sp/ A increases)
the emission was found to increase at H polarization. Con-
versely, at V polarization, the emission was found to decrease, so
that the near-black-body emission near the Brewster angle is not
reached by rough surfaces, and thus was generally lower than
that of flat surfaces.

However, the formulations (4) and (5) are not complete as
they do not account for the fine-scale roughness (see the air-to-
soil transition model (Schwank & Maitzler, 2006)) and they
assumed that only surface scattering effects occur, neglecting
the fact that volume scattering effects might strongly affect the
soil reflectivity. Also, they are not very tractable for interpreting
spaceborne observations: complex theoretical approaches such
as the AIEM approach, which are used to compute rgp ",
require model inputs describing the spatial variations of the
surface height (Sp or the autocorrelation function p(¢)) which
cannot easily be related to actual surface characteristics over
large SMOS pixels.

To model roughness effects, L-MEB is based on a semi-
empirical approach which has been tested against experimental
data sets at L-band. The approach was developed initially by
Wang and Choudhury (1981) and is based on two best-fit

parameters, Hi and Or. The p-polarized soil reflectivity, rgp, is
given by:

rap(0) = [(1 — Or)r"Ge(0)
+ Or 6q(0)]exp(—Hgcos® (0)) (6)

The general form of this equation, for the specific case
Or=0, is similar to the coherent component of soil reflectivity
as given in Eq. (5). This general form was gradually modified.
After two initial studies considering the cos?(#) dependence in
the exponential term of Eq. (6) (Choudhury et al., 1979; Wang
& Choudhury, 1981), Wang et al. (1983) considered in a more
detailed study that the cos®(0) dependence was much too strong.
Also, in the classical approach given by Eq. (6), considering that
Hy increases with surface roughness effects leads to consider
that emissivity increases with roughness at both H and V
polarizations, which is in contradiction with theoretical analysis
(Mo & Schmugge, 1987; Shi et al., 2002). The Hy parameter
should be thus considered as dependent on angle and polar-
ization. Therefore a generalized semi-empirical formulation of
roughness effects can hesuritten as:

7ap(0) = [(1-Orp(0)) *cr(0)
+ Orp(0) 6 (0)]exp(=Hrp (0)cos™ (0 (7)

In this generalized Tormulation, the dependence of Oy and
Hp on 0 and polarization is accounted for and the Nyp exponent
is inserted in the exponential term as in Prigent et al. (2000).
Several simplifications can generally be applied to this
equation. For instance, Wang et al. (1983) found that the
frequency dependence of QOr was strong and very small values
for Or were obtained at L-band (for three soil types the best fit
values of Or were 0, 0.01 and 0.12). This is in agreement with
most of the published studies based on a large experimental data
set which considered that Qr=0 (Mo & Schmugge, 1987;
Wegmiiller & Mitzler, 1999; Wigneron et al., 2001). Note that
the value of Or was a non-zero parameter at higher frequencies
(Njoku & Li, 1999; Pellarin et al., 2006; Shi et al., 2005; Wang
et al., 1983).

Settin

we obtain at L-band,

rap(0) = r*p(0)exp(—Hgp (0)cos™ (0))

As for Ng, Wang ct al. (1983) found that Ng=0 was
consistent with measurements at three frequencies (1.4, 5 and
10.7 GHz). Mo and Schmugge (1987), Wigneron et al. (2001)
also considered that Nx=0 at L-band. An important result was
obtained recently by Escorihuela et al. (submitted for
publication) in a study based on long term measurements over
arelatively smooth soil (Sp~ 1 cm, SMOSREX experiment, De
Rosnay et al., 2006a). The authors showed that values of Ny
should be given for both polarizations: Ny =~ 1 at H polarization
and Ng = —1 at V polarization. Generalization of this result for
other roughness conditions should be made.

The dependence of the model roughness parameter Hgp(6)
on the surface roughness characteristics (Sp, autocorrelation
length L, etc.) is not well known. Two studies (Mo &
Schmugge, 1987; Wigneron et al., 2001) found that the best
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geophysical parameters to model Hr were the slope parameter
(m=Sp/Lc) and the surface soil moisture SM. The dependence
of Hr on SM could be explained by an effect of volume
scattering: as the soil dries out, emission originates from deeper
layers within soil. Possibly, the spatial fluctuations of the
dielectric constant within the soil volume are strong during
drying out, producing an important “dielectric” roughness
effect. Therefore, Hir could be considered as an effective
parameter that accounts for (i) “geometric roughness” effects, in
relation with spatial variations in the soil surface height, and (ii)
“dielectric roughness” effects in relation with the variation of
the dielectric constant at the soil surface and within the soil
which can be caused by non-uniformities in the soil
characteristics. Note that recent results obtained by Escorihuela
et al. (submitted for publication) over the SMOSREX bare soil
confirmed the general soil moisture dependence of Hi and
found that a linear dependence was preferable to the exponential
as given by Wigneron et al. (2001).

2.2.2. Soil effective temperature

At L-band, the sampling depth corresponding to the thickness
of the soil layer contributing to the microwave soil emission can
be large: about 1 m for dry sand (Métzler, 1998). Therefore, the
soil moisture and temperature vertical profiles may have a
significant influence on the soil microwave emission. To take
this into account, the effective soil temperature 7 contributing
to the soil microwave emission can be computed from the
radiative transfer theory as (Choudhury et al., 1982):

To = /O " To(z)a(z)exp [— /0 Zoc(z’)dz]dz )

where T(z) is the soil temperature at depth z, and the attenuation
coefficient o(z) is related to the soil dielectric constant as:

o(z) = (47/2) &g (2)/2(e6 ()" (10)

where 4 is the wavelength of observation, ;" and &g” are the
real and imaginary part, respectively, of the soil dielectric
constant.

Based on this formulation and experimental data, Choudhury
et al. (1982) developed a simple parameterization of the ef-
fective sqi :

TG =T soil_depth + Ct(Tsoil_surf T soil_depth)

where Tyoi1_depn 15 the deep soil temperature (approximately at
50 or 100 cm); Tyoi surr 1S the surface temperature (approxi-
mately corresponding to a depth interval of 0—5 cm).
Choudhury et al. (1982) calibrated constant values of the C;
parameter for several frequency bands and C; was found to be
equal to 0.246 at L-band. In reality, the dependence of C; on soil
moisture should also be taken into account. For instance, if the
soil is very dry, soil layers at depth (deeper than 1 meter for dry
sand) contribute significantly to the soil emission, and the value
of C, is lower than 0.5. Conversely, if the soil is very wet, the
soil emission originates mainly from layers at the soil surface
and C;=1. Taking this into account, Wigneron et al. (2001)
introduced a slight refinement in Eq. (11). They considered that

Tioil_deptn 1s the soil temperature at 50 cm and they parameter-
ized C.as a function of the surface soil moisture according to:

(12)

M 18 the 0-3 cm surface soil moisture, which cor-
responds well to the effective SM value contributing to soil
emission at L-band (Raju et al., 1995), w, and b,,, are semi-
empirical parameters depending on the specific soil character-
istics (mainly soil texture).

Holmes et al. (2006) developed a similar parameterization of
C, based on the dielectric constant &g which provided slightly
improved results but is a bit more complex as it requires the
additional use of a model simulating €. L-MEB is based on the
earlier and simpler Eq. (12) which was tested over several sites
and whose long term suitability was shown by De Rosnay et al.
(2006b) at the seasonal to inter-annual temporal scales. The
value of w, was found to be close to 0.3 m*/m?® over two bare
soil sites: INRA Avignon (Wigneron et al., 2001) and
SMOSREX (De Rosnay et al., 2006b). The value of b,y was
close to 0.3 m®>/m® over the INRA Avignon site and close to
0.65 m*/m* over the SMOSREX site. The modelling of w, and
b0 as a function of soil texture is currently in progress. At
present the values wo=0.3 m>/m’ and b,,0=0.3 are used as
default values in L-MEB.

Note that the simple formulations (9) (10) (11) and (12)
neglect multiple scattering effects within the soil layer.
However, accounting for these effects by numerical electro-
magnetic models would require a very detailed description of
the soil heterogeneities which can be only obtained over very
small soil samples. So, currently, we think that even though Eqgs.
(9), (10), (11) are based on a relatively simplified description of
the soil volume scattering effects, they are simple and accurate
enough to be used in L-MEB for retrievals at relatively large
spatial scales.

2.2.3. Soil permittivity

Two main models have been developed for the low frequency
range (1-20 GHz) to relate the soil permittivity to soil pa-
rameters such as soil moisture, soil salinity, bulk density, % of
sand and clay (Dobson et al., 1985; Wang & Schmugge, 1980).
In L-MEB, the model of Dobson et al. (1985) was used to
compute &g in the general case, except for dry sandy soils (where
a simplified approach proposed by Mitzler (1998) was used).

Soil freezing also affects &g considerably. Measurements of
soil dielectric constant at L-band have been obtained by
Hallikainen et al. (1984, 1985) in wet, frozen and unfrozen
conditions. According to these observations, the real part of e
(eg’) is close to 5 for frozen soils. This value is relatively
independent of soil texture, temperature and frequency. For very
low temperatures (close to —50 °C) and for specific soil
textures, £¢ may decrease down to 4. The imaginary part of &g
(eg”) of a frozen soil was found to be lower than 1 for most soil
types. The values of e5” depend significantly on temperature.
For very low soil temperatures (lower than —50 °C), e5” can be
close to zero. However, for temperatures between —0.5 and
=10 °C, &g” is close to 0.5 for most soil types. Similar
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conclusions were obtained by Métzler (1993) who noted that for
frozen soil (a sandy loam) the value of ¢4 seemed to decrease
from 5 at —1 °C to about 4 at —6 °C. As no detailed model is
available to parameterize accurately the possible effect of water
inclusion in frozen soil, the permittivity of frozen soil (egr) was
set equal to a constant:

éor = 5+ 0.5i (13)

A simple evaluation of this formula was done by Wigneron
et al. (2006a) and showed that, if e/ is set equal to 5, the surface
emissivity at both polarizations is almost insensitive to
variations of 5" in the 0.01-1 range (however the penetration
depth remains directly related to €g”). The sensitivity of the
emissivity to the real part of &g is much stronger.

2.3. Vegetation modelling

2.3.1. General

When a vegetation layer is present over the soil surface, it
attenuates soil emission and adds its own contribution to the
emitted radiation. At low frequencies, these effects can be well
approximated by a simple Radiative Transfer (R. T.) model,
hereafter referred to as the 7—w model. This model is based on
two parameters, the optical depth 7, and the single scattering
albedo wp, which are used to parameterize, respectively, the
vegetation attenuation properties and the scattering effects
within the canopy layer (Mo et al., 1982). This model is a zero-
order solution of the radiative transfer (R.T.) equations as it
assumes that the scattering phase matrix term can be neglected
(Ulaby et al., 1981-1986; Mitzler et al., 2006). The T—w model
has usually been found to be an accurate approach to model the
L-band emission from a vegetation canopy in numerous studies
(Brunfeldt & Ulaby, 1984; Hornbuckle et al., 2003; Jackson &
Schmugge, 1991; Kerr & Njoku, 1990; Mo et al., 1982;
Pampaloni & Paloscia, 1986; Wigneron et al., 1995) and it is
also a tractable tool for inversion processes (Van de Griend &
Owe, 1993; Wigneron et al., 1995, 2000, 2003).

Note that in theory, a coherent model that considers scattered
fields, and not only scattered intensity as in R.T. models, would
be required. Phase interference effects could be important at low
frequencies (L- and P-bands) where the wavelength is of the
order or greater than the typical size of the vegetation elements.
These effects occur at the scale of plant components and at the
scale of plant distribution (e.g. row structure). Thus, the vege-
tation R. T. model parameters which are calibrated from ex-
perimental measurements implicitly account for these effects
and should thus be considered as effective values resulting from
complex coherent scattering mechanisms (Mitzler et al., 2006).
However, these coherent effects are particularly important for
active systems and when the antenna footprint is very narrow
(Stiles et al., 2000). It is likely they are lower for passive
systems measuring the surface emissivity, which is related to the
integral of the bistatic scattering pattern. This will be partially
confirmed by the general consistency of the results obtained in
Section 4, from observations for varying azimuthal viewing
configurations relatively to the vegetation rows.

Using the 7—® model, global emission from the two layer
medium (soil and vegetation) is for each polarisation ‘P’ the
sum of three terms: (1) the direct vegetation emission, (2) the
vegetation emission reflected by the soil and attenuated by the
canopy layer i issi ted by the canopy:

Tgp = (1= p)(1=vp)(1 +vp rcp)Tc + (1=7ap)vp TG

where Tg and 1¢ tve soil and vegetation
temperatures, rgp is the soil reflectivity, yp the vegetation
attenuation factor.

Thi can be computed from the optical depth 7p as:

(15)

As presented in the following, tp is expressed as a function
of the overall optical depth at nadir Tnyap (at 8=0°).

In addition to soil reflectivity (rgp), three main effects can be
distinguished in Eq. (14): those of temperature (through both 7
and 7¢ terms), vegetation scattering (wp) and attenuation (7p).
Computation and calibration of these three terms are discussed
below.

vp = exp(— tp/cosl)

® Temperature: in most retrieval studies, it is assumed that
effective soil (7g) and vegetation (7¢) temperatures are
approximately equal to a single value Tgc~Tc~Tg. In
particular, the effects of temperature gradients within the
vegetation canopy are not accounted for. With an overpass
around dawn these gradients should be minimised and 7 can
be expected to be close to the air temperature, while 7 can be
estimated from atmospheric models outputs (Hornbuckle &
England, 2005). In L-MEB, an estimate of an effective
composite temperature 7gc (including both soil and
vegetation media) was proposed:

Toc = AT + (1-40)Tg (16)
with

Ay = B;(1-exp(—txap)) (17)
A<1 (18)

where the parameters 4; and B; account for the effect of the
vegetation structure and are assumed to depend on the canopy
type (when computing 4,, values exceeding unity are set to
unity). The rationale of these equations is that as optical depth
Tnap Increases, both (i) attenuation of soil emission and (ii)
vegetation emission increase, making the effective temperature
Tsc closer to the vegetation effective temperature. Conversely,
for bare soil conditions (ie for yap=0), Tc is equal to 7. The
coefficient B, is a function of the vegetation structure which is
determined mainly by the canopy type. When 6 increases, 7Gc
becomes closer to the vegetation temperature as attenuation by
the vegetation increases due to the 1/cosf dependence in Eq.
(15). However, so as to simplify the modelling of Tc, the
effects of this dependence were neglected.

An estimate of the default value of B, B=1.7, was
numerically derived by applying Egs. (16), (17) to a synthetic
Ty data set simulated with the 7—w model for a large range of
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values of optical depth, soil and vegetation temperatures and
incidence angles (Kerr et al., 2006). To evaluate the interest of
this formulation, let us consider a typical case study: a mature
crop (tnap =~ 0.3) with a 6 K difference between the soil and
vegetation effective temperatures. Using directly 7 or 7 in the
algorithm instead of the composite temperature 7g¢ given by
Eqgs. (16) and (17), may lead to wrongly estimate 7 by about
+3 K (and the retrieved SM by about 0.01 m*/m?). Therefore,
the impact of using this composite formulation in the algorithm
is relatively low but it is not negligible. Future studies will
evaluate this simplified formulation of 7;c more in depth from
experimental data sets.
Scattering effects: at L-band, the value of the single scattering
albedo wp is generally found in the literature to be low. For
specific crop types (such as corn), wp can reach a value close
to 0.1, but for most of low vegetation types, wp is lower than
0.05 (Wigneron et al., 2004). As the dependence of wp on 6
has not been clearly demonstrated to date in the literature, this
dependence was neglected in L-MEB and the value of wp is
tabulated as a function of the vegetation type. Similarly, it is
likely that the dependence of wp on polarization is low for
most of low vegetation canopies.

Optical depth: several studies have found that tp can be related

linearly to the total vegetation water content Ve (kg/m?)

using the so-called bp parameter (tp=bpVwc, Jackson &

Schmugge, 1991; Van de Griend & Wigneron, 2004). At

1.4 GHz a value of bp=0.12+0.03 was found to be repre-

sentative of most agricultural crops. In L-MEB a different

modelling approach was used, accounting for several recent
results. The main effects included are given below:

— as it is difficult to provide estimates of Vyc at global
scale, the contribution of the standing vegetation to tp was
parameterized as a function of the Leaf Area Index (LAI).

— some studies have investigated in more detail the effects of
the vegetation structure which may affect the dependence
of 7p on polarization and incidence angle (Hornbuckle
et al., 2003; Schwank et al., 2005; Ulaby & Wilson, 1985;
Wigneron et al., 1995, 2004). As the SMOS algorithm is
based on polarized and multi-angular measurements, it
was important to account for this dependence.

— several studies have shown that the effect of litter is
significant (Jackson & Schmugge, 1991; Saleh et al., 2006a;
Schmugge et al., 1988). Litter can be present in most
vegetation canopies, which are not (or rarely) ploughed:
prairies or non-agricultural canopies, natural covers, forests,
etc. For instance, while a value of bp close to 0.15 was
generally found over crops, very high values of the bp
parameter (bp~0.4) have been obtained over natural
vegetation covers such as prairies (Jackson & Schmugge,
1991; Wigneron et al., 2004). Such high values of bp could
probably be related to the attenuation effects of litter that
were accounted for implicitly by the value found for bp.

— recent results have shown that the effects of rainfall
interception by the vegetation canopy may be very sig-
nificant: optical depth tp may increase by a factor of two
or three during and after rainfall, for instance over a fallow
(Saleh et al., 2006a).

In order to account for these different effects in L-MEB,
we considered the total optical depth 7p to be a com-
bination of multiple component optical depths:

Tp = Tsp + 7L + Tip (19)

where tgp is the optical depth of the standing vegetation
cover, T is the optical depth of all the vegetation materials
laying at the bottom of the canopy (including litter mainly),
and Typ is used to parameterize the increase in optical depth
due to intercepted water by the standing vegetation canopy.
The computation of these three terms is given below.

2.3.2. Optical depth of the standing vegetation

Tgp 18 the optical depth of the standing vegetation cover,
including both green and senescent vegetation materials. Even
though 7gp was usually found to be closely related to Vi, Tsp
was parameterized as a function of the Leaf Area Index (LAI) in
L-MEB. There are two main reasons for this: (i) it is much easier
to construct global maps of LAI from spaceborne remote sensing
observations in the optical domain or from SVAT modelling
(Wigneron et al., 2002) than construct maps of V¢ directly; (ii)
recent studies have found good correlation between 7gp and LAI
(Saleh et al., 2006a). Jackson et al. (2004) investigated the link
between Vwc and Normalized Vegetation Indices (NDVI or
NDWI) computed from optical spaceborne sensors and they
obtained a good prediction of Vyc from NDWI over corn and
soybeans fields. The relationship between Vyc and LAI is
investigated in the present study for several crops as it is likely
that the parameterization of tgp from LAI, rather than from V.,
will be efficient as long as the vegetation is green. But it might
be less accurate during the senescent phase during which
the microwave optical depth of dead or senescent vegetation
materials might be underestimated from low LAI values.
However, it is likely that very accurate estimations of LAI are
not required in the SMOS algorithm. Uncertainties on the
estimations of optical depth have a large impact on the SM
retrievals, when only SM is retrieved. However, in the Level 2
algorithm, estimates of optical depth at nadir (7ysp) are obtained
directly from retrievals based on the multi-angular SMOS
observations (Wigneron et al., 2000). Estimates of Tyap
computed from LAI, are used only to initialize the value of
Tnap i the retrievals. It is thus expected that the uncertainties on
the LAl values have a relatively low impact on the SM retrievals.

The effect of vegetation structure on tsp was found to be
significant in several studies. Wigneron et al. (1995) proposed a
simple formulation using a polarization correction factor C,; to
parameterize the effect of a dominant vertical vegetation
structure on the optical depth for cereal crops:

‘L'SH(H) = Tg_NAD = constant (20)
tsv(0) = Ts_NaD [cos20 + CpolsinZO] (21)
where 15 nap 1S the value of Tgp at nadir.

Within each pixel, the contributions of the dominant
vegetation types are summed, at a sub-grid scale, to compute



646 J.-P. Wigneron et al. / Remote Sensing of Environment 107 (2007) 639-655

the microwave emission corresponding to the nominal class
(soil and low vegetation covers). By summing these contributions
over a large variety of vegetation types at the relatively coarse
pixel scale, specific effects of the vegetation structure are mixed,
so that the dependence of the equivalent tgp and wp parameters on
polarization and incidence angle might be low over most pixels
(Owe etal., 2001). However, the possibility of accounting for this
dependence must be kept in the algorithm at this stage.
For instance, in regions including many large cereal fields,
specific effects due to the vegetation structure might have an
impact on the large scale SMOS pixel emission. Thus a
generalization of Egs. (20), and (21) was developed in L-MEB.
We chose to express 7gyv(6) and 7g(6) as a function of only one
variable, namely, Ts_nap, Which is estimated as a function of LAIL
The modelling of 7gp(0) was thus written in three equations as
follows;

TS_NAD — b/g . LAI —|— b”s (22)

wherethe b"g and b” g parameters depend mainly on the vegetation
structure. tgy(6) and tgp(0) were expressed as function of 7s_nap
according to;

‘ESH(O) = ’Es_NAD(Sinz(O) sty + CO@ (23)
‘Esv(@) = rs_NAD(sin2(9) ity + COS@ (24)

where the tty and th; parameters allow accounting for the
dependence of tsp on incidence angle. These two equations are a
generalization of the equations based on the C,, factor which
correspond to the particular case: tty=1 and tty = Cpoi(Cpor> 1 for
a vertical structure).

Formulations (23) and (24) are very simple even though they
allow parameterizing tsp(f) for a variety of land cover
configurations. A value of ttp>1 or ttp<1 will correspond, re-
spectively, to an increasing or decreasing trend of Tgp as a function
of 0. The particular case, tty=tty=1, will correspond to the
“isotropic” case where 7gp is assumed to be independent of both
polarizations and incidence angle: tg1(0)="1sv(0)=Ts_NAD-

2.3.3. Litter and interception effects

As noted above, the effects of litter and interception on the
vegetation microwave emissivity have been investigated and
found to be very significant over prairie grassland and fallow
(Saleh et al., 2006a,b; Schmugge et al., 1988). In Eq. (19), 7 is
the optical depth of a mixed and dense layer overlying the
ground surface and including mainly dead vegetation. As this
layer is very dense in terms of volumetric fraction £, (m*/m?)
(i.e. volume of vegetation material (m?) per volume of the
vegetation layer (m?)), its attenuation properties might well be
very different from those of a standing vegetation cover. Also,
this layer includes mainly dead or senescent vegetation
materials which have a very high retention capacity for
intercepted water (Putuhena and Cordery, 1996). Rainfall
intercepted by this layer evaporates generally at a much lower
rate (on a daily basis) than that intercepted by the standing
vegetation, which evaporates on an hourly basis. Thus, the

water content of this layer is strongly dependent on the rainfall
events and is generally closely related to the soil moisture
content. As the optical depth of the vegetation material is
generally related to its total water content, the following
equation was used in L-MEB for litter:

L = CL LWC (25)

where ¢p is a coefficient characterizing the attenuation
properties of litter and Ly is the amount of water included in
this layer (kg/m?).

As litter probably has isotropic attenuation properties, ¢
was assumed to be polarization independent. The coefficient ¢y
will depend mainly on the canopy type which will determine the
characteristics of the litter (density, material type, etc.). Recent
results obtained from microwave measurements acquired over a
fallow land during the SMOSREX experiment confirmed
Eq. (25) and the estimated value of ¢p was ¢ =0.24 (Saleh
et al., 2006a). This value was at least twice that of bp, con-
firming possibly higher attenuation properties for litter than for
the standing canopy. Lywc was computed as a function of the
litter moisture content (Mg_L kg/kg), which is the ratio of the
litter water content (kg) to the total litter weight (kg), and of the
litter dry biomass (Bs_L, kg/m?) as follows:

Lwc = [Mg-L/(1-Mg_L)]Bs_L (26)

In L-MEB, the dry biomass of litter (Bs_L) is estimated as a
function of the canopy type. Based on experimental results ob-
tained over a pine forest (Grant et al., 2007), it is assumed that
Mg_L can be related empirically to the soil moisture content (Sy;)
following an approximate linear relationship:

Mg L=aL-Sy+b.L (27)
with 0 < MgL < 0.8

It is assumed that the a_L and b_L parameters, which
depend on the litter characteristics, can be estimated as a
function of the canopy type.

In Eq. (19), typ is the optical depth which parameterizes the
effect of intercepted water by the standing vegetation canopy,
because of rainfall or dew events (effects of interception by litter
were included in ). For a moderate amount of intercepted
water or dew events (less than 1.5 mm intercepted water), the L-
band measurements still remained very sensitive to soil
moisture (Wigneron et al., 1996). However, recent results
showed that the effects of intercepted water could be significant
(Hornbuckle et al., in press; Saleh et al., 2006a,b). Over a fallow
(Saleh et al., 2006a,b), the optical depth of the vegetation was
found to increase by a factor of two or more after rainfall events.
The water can be intercepted by (i) the green vegetation material
(the water is mainly on the surface of the vegetation elements)
(i1) senescent or dead standing vegetation elements (the water is
mainly adsorbed by the dead vegetation tissue) (iii) or by the
litter. Over some natural vegetation covers, the fraction of dead
or senescent vegetation elements within the litter or the standing
vegetation may be significant.
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An attempt to parameterize tp would require unreliable
estimations of the interception reservoir (mm) and of the
fraction of intercepted water (Noilhan & Planton, 1989), which
depends on the intensity of the rainfall events and size of
evaporation fluxes. Rather than attempting to model the
interception intensity, an index flagging events during which
interception effects are very significant (and during which it is
very likely that soil moisture cannot be retrieved) was used in L-
MEB. Results by Saleh et al. (2006a,b) showed that one of the
best indices that can be used to flag interception at local scale is
the polarization ratio Pr=(Tgv—Ipn)/(Igv+Tgy) at large
incidence angles (6>40°). Pr values lower than a given
threshold (Pg;) will correspond to a high probability of sig-
nificant interception events. In L-MEB it is assumed that this
threshold can be parameterized as a function of the vegetation
type. However, before more detailed results will be available on
that parameterization, the default value of the threshold Py
(Pri=0.02 at #=50°) was used, computed by Saleh et al.
(2006a) over a fallow site. Note that, from the microwave
observations only, it would be very difficult to separate between
the increasing effects on the vegetation optical depth due to
intercepted water either (i) in the standing vegetation or (ii)
in the litter as done in (19). Therefore, the flag which was
suggested should be considered as an interception index
flagging for significant effects due to total interception within
both litter and standing vegetation.

2.4. Forests

As mentioned in Introduction, the case of forests will be the
subject of another paper. Over this canopy type, litter was also
accounted for and the w and tyap parameters were fitted over
Ty data bases simulated by a discrete model under various
assumptions (Della Vecchia et al., in press). The main
conclusions of this study are summarized below (the subscript
“F” will refer to forest canopies):

— Tr.nap Was assumed to be constant with respect to
polarization and angle. This was a result of the variability
in orientation of branches and leaves in forest canopies.

— Tr_nap Was considered as a “static” parameter which did not
change in time. T nap Was related to the maximum value of
LAI over the year, which is in relation with branch volume,
and which may be assumed to be constant during SMOS life
time (about four years). This is a result of the dominance of
branch effects with respect to leaf effects at L-band (in
agreement with previous results of Ferrazzoli et al., 2002).

— or was considered as constant (i.e. independent on angle,
polarization and time). However, contrary to low vegetation,
the value of wr. is not negligible, but it is of the order of 0.1.

3. Materials and methods

The implementation of L-MEB in the SMOS Level-2 Soil
Moisture inversion algorithm requires the calibration of the soil
and vegetation model parameters. In order to illustrate this, and
the use of L-MEB in inversion studies, retrievals were applied

to several experimental data sets. This section presents the data
sets and the inversion method which were used here. These data
sets come from observations over agricultural fields which are
regularly ploughed and where there is no litter layer. Tests of L-
MEB over vegetation cover types including a litter are in-
vestigated in another companion study for low natural vege-
tation cover and grassland prairies (Saleh et al., submitted for
publication). As litter and interception are not considered in the
present study, 7 and Ty are equal to zero in Eq. (19).

3.1. Data sets

Experimental multi-angular data sets acquired over a variety
of crops were used in this study. PORTOS-91 was obtained over
soybean (Wigneron et al., 1993a,b), PORTOS-93 over wheat
(Wigneron et al., 1995), EMIRAD-2001 over corn (Pardé et al.,
2004), REBEX over corn (Hornbuckle et al., 2003) and BARC
over corn and soybean (Wang et al., 1982). A detailed
description of these experiments was given in the above-cited
references. Only the main features of these experimental data
sets will be presented briefly below.

The PORTOS —91 and —93 campaigns were conducted in
1991 and 1993 on a plot located at the INRA (Institut National
de la Recherche Agronomique) Avignon test site. During both
campaigns, the brightness temperature was measured by the
dual-polarization multifrequency PORTOS radiometer. During
both PORTOS —91 and —93, the sensor was hung from a 20-m
crane boom, and observations were carried out at different
incidence angles (from 0° to 60°). Note that for PORTOS —93,
two periods were considered: the whole vegetation cycle (DoY
110—186) and the DoY 110—160 period before irrigation. The
irrigation, applied after the wheat had become senescent,
significantly altered the vegetation structure.

The EMIRAD-2001 data set was obtained over a corn field
(about 80x 120-m) at the same Avignon test site using the L-
band EMIRAD instrument designed by the Technical Univer-
sity of Denmark (TUD); this was also hung from a 20-m crane
boom. The measurements were made for an azimuthal viewing
configuration either parallel or orthogonal to the vegetation
rows (referred to as the // and L azimuthal configurations)
during a three-month period spanning the whole green
vegetation stage in 2001.

The REBEX (Radiobrightness and Energy Balance Experi-
ments) experiments were conducted during the spring, summer,
and autumn of 2001 over an 800x400 m corn field in
southeastern Michigan. Measurements were mainly carried out
at five times: over bare soil, during vegetation growth (twice), at
maximum biomass, and during senescence. Two radiometers,
oriented to record H-pol and V-pol 1.4-GHz brightness, were
mounted on the hydraulic arm of a truck. Brightness tem-
peratures were measured at incidence angles of 15°, 35°, and
55° shortly after dawn when soil and canopy temperatures were
nearly uniform. Measurements were acquired for several
azimuthal angles (¢) with respect to row direction: only data
for ¢=60° will be analysed in this study.

The BARC data set was acquired in 1981 in Beltsville
(Maryland, USA), over several crops and bare soil plots. The
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Table 2

Soil characteristics over the different experimental sites

Data set Density (g/cm®) Sand % Clay %
PORTOS-91 and-93 1.29 11 27
EMIRAD-2001 1.28 13.2 32.8
REBEX 1.1 16 29
BARC 1.2 67 15

Note: Salinity (%o) was set to 0.65 for all data sets.

L-band radiometer was mounted on a mobile tower and
measurements were made at incidence angles (0) varying from
10 to 70° with a 10° step for both H and V polarizations.
Measurements over corn and soybean for the // and | azimuthal
viewing configurations were analyzed in this study.

During all these experiments, soil and vegetation measure-
ments were carried out concurrently with the radiometric
measurements. The values of the soil texture parameters and the
bulk soil density are given in Table 2 for all fields. Profiles of
soil moisture and temperature were measured at the time of the
Ty observations. Measurements of dry and wet biomass and
LAI (except for BARC) were also carried out regularly during
all experiments. The time variations in the amount of water in
the vegetation canopy (Vwc, kg/m?) are illustrated in Fig. 1
over all fields. In this figure, each symbol corresponds to a date
of radiometric measurements. No cross-sensor calibration of
the radiometric data could be made for these different
experiments which were carried out over the last twenty
years. The accuracy of the PORTOS instrument (which is
estimated to be in the 3—5 K range) was probably slightly lower
than that of the other instruments: about 2-3 K for the
EMIRAD-2001, REBEX and BARC data sets. For all these
experiments the agricultural soils were relatively smooth,
except for the two corn fields of the REBEX and BARC: the
average standard deviation of height ogo;r, was about 2.5 cm
over corn (Hornbuckle et al., 2003) and it was generally less
than 1 cm for the other experiments.

3.2. Inversion method

The retrievals were based on the inversion of the L-MEB
model. The surface parameters were retrieved by minimizing a
cost function (CF) using a generalized least-squares iterative
algorithm modified to account for a priori information available
on the model input parameters. This a priori information
consisted of (i) the initial value of the parameters (Sy, TwaD»
TGes---), and (ii) the uncertainty (6(Sm), o(™nap), 0(TGe)-..)
associated with these estimates. The cost function was
computed as (Pardé et al., 2004):

2 ini 2
CF — Z(TBmes_TB*) + ZZ(P:’m_Pi*)

e 2 om) 2

where the sum of the difference between measured (7T pes) and
simulated (7g*) brightness temperature was computed using
both polarizations and all available incidence angles (6 <55°
were considered in this study); o(7g) is the standard deviation

associated with the brightness temperature measurements; P; *
(i=1,... N) is the value of the retrieved parameter (Sy;, TNAD»
Toe, Hr, on, tty, tty, ete.); P (i=1, ... N) is the initial value
of each parameter in the retrieval process and corresponds to an
a priori estimate of the parameter P; o(P;) is the standard
deviation associated with this estimate. The second term in the
cost function allows to take into account a priori information
on the value of the retrieved parameters: if they are known a
priori, the average value of the retrieved parameter and the
uncertainty associated to this average (considered as a Gaussian
distributed parameter) can be introduced in Eq. (28) to
constrain the retrievals. All the uncertainties on the Tg
observations and the surface parameters are considered as
random and independent in both the first and second terms of
Eq. (8). In the first term of Eq. (8), the multi-angular and dual
polarization 7T observations can be considered as independent,
considering the technical specifications in the design of the
antenna and the time delay between the multi-angular
observations. In the second term of Eq. (8), the uncertainties
associated with the initial value of each parameter can also be
considered as independent, as derived from independent
approaches (atmospheric model outputs, maps of the canopy
types derived from optical sensors, etc.).

Depending on the constraints and initial values used, a large
number of retrieval configurations can be tested. These
configurations have been tested in detail in the study of Pardé
et al. (2004) and will not be repeated here. In the present study
we selected a single retrieval configuration for all data sets
which consisted in the retrieval of three parameters (Sy, TNAD,
Hpy). This configuration, referred to as the “3-P” approach in the
following, is simple and performed well over all experimental
data sets. An arbitrary very high value was selected for a(Sy)
so that Sy; can be considered as a free parameter (o(Sy)=
0.3 m?/m?®). The optical thickness was initialized using
the value which was retrieved (tnap*) at the previous

© EMIRAD-01 corn

[| &= PORTOS-93 wheat
+ PORTOS-91 soybean
< BARC corn

+| =0- BARC soybean
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Fig. 1. Time variations in the vegetation water content (Vywc, kg/m?) over the
different fields of crop. Each symbol corresponds to a date of radiometric
measurement. For EMIRAD-01, PORTOS-91 and -93 smoothed data, obtained
by fitting a logistic-type function to the actual Vyc measurements (as in Saleh
et al., 2006a), are shown.
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Table 3
Initial configuration of the retrieval process (‘3-P” approach)

Parameter Initial value Standard deviation
(P ™) (o(P)
Soil moisture, Sy 0.05 m*/m’ 0.3 m*/m’

TNAD = TNAD *([*1)1 0.05

at date r=0: Tnap=0

Computed from 0.1 K

(16)-(17) (fixed parameter)
Calibrated crop 0.1

dependent value

(given in Table 4)

Optical thickness at

nadir, TnaD
Effective ground—

canopy temperature, 7gc (K)
Roughness parameter, Hg

Measured T o(Tg)=2 K, except:
o(Tg)=3 K for

PORTOS

't=0 correspond to the first date of 7 measurements in each data set and
Tnap F(1— 1) is the retrieved value of Typ at the date 7—1 preceding date t.

measurement date (tyap ™ (£)=Tnap*(7— 1)). The initialization
for the first date of the data set (1=0) was arbitrary made using
Tnap - (1=0)=0. Eq. (16) was used to compute an estimate of
the effective composite temperature 7gc. A summary of these
initial values and constraints is given in Table 3. The values of
o(P;) in Table 3 should not generally be considered as estimates
of the actual uncertainty on the parameter value P;. These
values should be considered as constraints in the retrievals that
were optimized to produce best retrieval results over all data
sets. For instance 0.1 K should not be seen as an uncertainty on
the temperature estimates but as a very strong constraint so that
the effective temperature 7gc was not retrieved but could be
considered as a fixed parameter.

For each crop, the model parameters (namely Hg, Nry and
Ny for soil; tty, tty, oy and wy for vegetation (litter was not

Table 4
Calibrated model parameters and RMSE between measured and retrieved SM
from the ‘3-P” approach

Number of RMSE
observation on Sy

Hr Nry Npn tty tty oy oy

dates (m*/m%)
PORTOS-91, 01 0 0 1 2 0 0 32 0.044
soybean
PORTOS-93, 01 0 0 1 8 0 0
wheat
All the_data 45 0.061
Data for 30 0.042
DOY <161
EMIRAD 01 0 0 2 1 0.05 005
2001, corn
1L configuration 33 0.042
// configuration 30 0.044
REBEX, corn 07 -1 05 2 1 0.05 005 5 0.025
BARC,
soybean
1 configuration 0.2 —1 0 1 1 0 0 11 0.029
// configuration 11 0.053
BARC, corn 06 -1 05 2 1 0.05 005
1 configuration 14 0.035
// configuration 14 0.023

considered in this study)) were calibrated. This calibration was
based on several criteria evaluating the quality of the retrievals:

® minimum Root Mean Square Error (RMSE) error and bias
between measured and retrieved soil moisture.

® minimum value of the average RMSE between the simulated
and measured 7 data.

e minimum value of the intercept and maximum value of the
squared correlation coefficient (R*) in the relation between
retrieved optical depth (7nap) and vegetation water content
(Vwc). This criteria is based on the assumption, investigated
in several studies (Jackson & Schmugge, 1991, Van de
Griend & Wigneron, 2004), that tyap and Vwc are
proportional.

4. Retrieval results

The ‘3-P’ approach, in which the three parameters, soil
moisture (Sy), optical depth at nadir (twyap) and the soil
roughness parameter (HR) were retrieved simultaneously, was
tested against all data sets. The model parameters Sy;, Tnap and
TGe were initialized as given in Table 3. The other soil and
vegetation model parameters were calibrated as defined in the
previous section. They are given in Table 4 for each crop. The
RMSE between measured and retrieved Sy is also included in
this Table. In order to illustrate all these different results, a
comparison between measured and retrieved parameters is
given for the PORTOS-91 campaign for soil moisture (Fig. 2)
and for vegetation water content and LAI (Fig. 3). Similar plots,
not shown here, were obtained for the other field experiments
(Wigneron et al., in press). The results of the parameter
calibration, given in Table 4, are summarized in the following.

As for soil parameters, the calibrated value of Hr was
consistent with the ground estimation of soil roughness: the
value of Hz was found to be significantly higher for the two
corn fields of the US experiments (Hg ~0.5 for REBEX and
BARC) than for the other experiments where the soil roughness
conditions were much smoother (Hy = 0.1). The retrieved value
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Fig. 2. PORTOS-91: comparison between retrieved and measured soil moisture
(m*/m®) using the ‘3-P” approach.
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Fig. 3. PORTOS-91: comparison between the time variations of retrieved Tnap
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of Nry was close to zero generally (Vry varied between 0 and
0.5). The value of Nry was different for the US and INRA data
sets: Nry was close to —1 for the REBEX and BARC while it
was close to zero for the INRA data sets. The value of Nry=—1
is consistent with results obtained by Escorihuela et al. (sub-
mitted for publication) from the analysis of the long term
SMOSREX data set over a bare soil.

As for the vegetation parameters, very consistent results were
obtained since the same values of tty, tty, wy and wy were
generally calibrated for a single vegetation type over the
different experiments and different measurement configurations.
For instance the same values tt;=2, tty=1 and wy=wy=0.05
were calibrated for corn over the BARC (// and L), REBEX and
EMIRAD-2001 (// and 1) data sets. Also, the values tty=2,
tty=1 or 2 and wy=wy =0 were calibrated for soybean over the
BARC (// and 1) and PORTOS-91 data sets. No effects of
polarization on wp could be noted (wy=wy for all data sets).
Calibrated w is low generally: w=0 was obtained for wheat and
soybean and a higher value of w was obtained for corn
(w=0.05). The calibrated value of optical depth was generally
found to be sensitive to incidence angle and polarization. The
case tty=1 and tty=1, which corresponds to isotropic
attenuation effects within the vegetation, was obtained only for
soybean with the BARC data set. Anisotropic effects were
obtained for corn over all data sets (tt;=2, corresponding to
slightly increasing values of 7,y with #) and for wheat (tty =8,
corresponding to a strong increase of Ty with 6).

Using the retrieved value of tyap and ground measurements
of Vwc and LAI the slope, intercept and R? of the linear
regression between tyap vs. Vwce and tyap vs. LAI could be
computed. They are given in Table 5. These two relationships are
illustrated for PORTOS-91 in Figs. 4 and 5. If we consider the
relationship map(Pwce), the value of the intercept is generally
very low. This is a direct result from minimizing the intercept, as
this was one of the criteria used to calibrate the soil and
vegetation parameters. Therefore, the slope is very close to the b
parameter, traditionally used to compute Tyap as Tnap =0 Vwc,
and will be referred to as b in the following. The average value of

Table 5
Slope, intercept and squared correlation coefficient (R®) of the linear regression
between retrieved Tyap Vs Vwc and retrieved tnap vs LAI

Data sets ™~ap (Vwe) Tnap (LAI)
relationship relationship
slope intercept R*>  slope : b intercept: b”g R*
PORTOS-91, 0.174  0.00  0.96 0.090 —-0.020 0.88
soybean
PORTOS-93, wheat  0.073 —0.009 0.80 0.017 0.061 0.24
DOY<161' 0.077 —0.020 0.89 0.034 —-0.010 0.52
EMIRAD-2001, Corn
1 configuration 0.050 0.016 0.82 0.047 0.00 0.80
// configuration 0.046  0.016 0.87 0.039 0.010 0.82
REBEX, Corn 0.044 —-0.019 0.92 0.055 —-0.018 0.89
BARC? - - -
Soybean L 0.207  0.021 0.84
Soybean // 0.147  0.034 0.67 — - -
Corn L 0.060 0.024 0.54 - - -
Corn // 0.079  0.005 0.77 - - -

'After DoY 160, intense irrigations were applied over a senescent canopy and
altered the vegetation structure.
2LAI was not available in the BARC data set.

b is generally found to be close to 0.15 for crops (Jackson &
Schmugge, 1991). In this study, the value of » was found to be
strongly dependent on the crop type: very low and consistent
values were obtained for corn (b~ 0.044 for REBEX, 0.050 for
EMIRAD-2001 and ~0.070 for BARC) and for wheat
(b=0.077). Much higher values were obtained for soybean:
b=0.174 for PORTOS-91 and 5~ 0.17 for BARC (//and 1). It is
likely that the relatively low values of the ratio b=1yap/ Vwc for
corn and wheat can be related to the vertical stems. These stems
have low attenuation effects at nadir (and more generally at H
polarization), but correspond to a strong contribution in the
vegetation water content (Hornbuckle et al., 2003; Wigneron
et al., 1995).

Parameters of the linear regression between retrieved tap Vs.
LALI are also given in Table 5, except for the BARC data set, in
which no LAI data were available (b’ and b”g correspond to the
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slope and intercept of this regression). It was found that the value
of the intercept (b"s) is generally very low and the slope (b') is
strongly dependent on the crop type: b’s varies from 0.034 for
wheat to 0.090 for soybean. A medium value, b’s~0.047 was
obtained for corn. Except for PORTOS-93 (all_the_data), that
includes observations over an altered and senescent canopy
structure, a high correlation is generally found between retrieved
Tnap and LAL

5. Discussion and conclusion

L-MEB is the forward model used in the SM Level-2
retrieval algorithm currently being developed for SMOS. This
model will be one of the main reference models which will be
used for inversion and assimilation studies of the SMOS
observations. In the algorithm process, the SMOS observations
are computed with the L-MEB model accounting for the
different vegetation types included in the SMOS footprint for
each incidence angle. The first objective of this study was to
describe L-MEB in detail.

The second objective of this study was to calibrate the model
for a variety of cropped fields. L-MEB was used in a study
investigating soil moisture retrievals. A ‘3-Parameter’ inversion
method, in which Sy, Tnap and Hi were retrieved simultaneous-
ly, was implemented. Soil and vegetation model parameters were
calibrated over five data sets including multi-angular L-band
microwave observations and detailed information on the soil and
vegetation variables.

Many parameters were tuned in the ‘3-P” scheme so that very
good SM retrievals could be obtained in theory. However, the
calibrated values of the model parameters were realistic and
made us confident in the fact the proposed method can be
operational. First, these calibrated values were found to be quite
consistent with the information which was available about the
soil and vegetation characteristics:

— similar values of Hr were obtained over all crops with
relatively smooth soils (Hg ~0.1) and these values were

consistent with many previous studies (Jackson et al.,
1999). About the same values of Hr were obtained over
corn at the BARC and REBEX sites (Hr ~0.5). This
value is also consistent with higher roughness effects due
to irrigation rows at the soil surface over these two sites,
while corn was irrigated with sprinklers at the INRA site.

— the calibration of Npy and Npy is in general quite
consistent with results obtained from the large SMOS-
REX data set over bare soil (Ngy=-—1 or 0 and Ngz=0 or
1; Escorihuela et al., submitted for publication).

Very consistent results were also obtained for vegetation
since the same values of the vegetation parameters were
generally calibrated for a single vegetation type over the
different experiments and different measurement configura-
tions:

— the same value of wp was obtained for the three corn
fields (wp=0.05), while wp could be considered as neg-
ligible for all the other crop types (this is consistent with
many previous studies).

— Retrieved values of tty and tty are consistent with results
from physical models (Ferrazzoli et al., 2000; Wigneron
et al., 1993a) over wheat (tt,=8) and soybean (an almost
isotropic canopy so that tty ~ tty ~ 1).

Interesting new results about the » parameter were obtained
in this study: much lower values of b were obtained in
comparison with previous studies (Wigneron et al., 2004) and
these values strongly depend on the crop type. The fact that
different values of b were obtained can be probably related to
the fact that the sensitivity of optical depth on polarization and
incidence angle () was accounted for in this study (through the
terms tty and tty). Also, the modelling of soil (through the terms
Hg, Nrv and Nry) was much improved in L-MEB in com-
parison with previous analyses. Although large values of b were
obtained over soybean (b ~0.17), the value of b was generally
found to be low: about 0.075 over wheat and 0.06 for corn,
while values close to 0.1 or 0.15 were generally reported in the
literature. Note that the values of b given in this study cor-
respond to nadir estimations of optical depth (7Tg.nap)-
Considering the effects of tt;; and tty, the optical depth strongly
increases as a function of incidence angle at V polarization over
wheat (tty=8) and at H polarization over corn (tty=2).
Conversely, values of b reported in the literature are generally
average values based on 7y measurements made at various
incidence angles (Van de Griend & Wigneron, 2004). The low
values of b over corn are in good agreement with results
obtained by Hornbuckle and England (2004) who noted that the
radiometric sensitivity to soil moisture at 1.4 GHz through a
corn canopy at a maximum biomass was much higher than
expected. All these recent results suggest that a larger range in
the values of b at nadir, from 0.05 to 2, should be considered for
crops which do not include a litter layer. New combined
experimental and modelling researches are probably necessary
to investigate more in depth the large variability of b over a
variety of crop types.
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New results describing the relationship between nadir optical
depth and LAI were also given for three vegetation types
(wheat, soybean and corn). The results showed that the
correlation between tnap and LAI was quite good generally
over all crop types. These results are quite important and helpful
to justify the fact that LAI was the variable selected to initialize
the value of Tyap in the SM L-2 algorithm.

The 3-Parameter method was found to be the best for SM
retrievals over the homogeneous covers considered in this
study. How do the uncertainties on the model parameters may
affect the retrievals for operational applications? In the ‘3P’
approach, soil moisture and optical depth are unknowns, while
an estimate of the roughness parameter Hy is required with a
relatively good accuracy (g(Hg)=0.1) and all the other soil and
vegetation parameters (Hgr, Nrys....) are assumed to be known
and should be calibrated prior to the SM inversion. Among all
these soil and vegetation parameters, Hy, is the parameter whose
calibration has probably the larger impact on the SM retrieval
accuracy. Uncertainties on the calibrated values of Ngzy and
Nry are relatively low (their variability is relatively low over a
large range of roughness conditions as shown before). Con-
versely, the value of Hg should be known with a relatively good
accuracy. For instance, considering the value of Hi over corn is
the same as that of soybean (i.e. using a value Hr=0.1 instead
of 0.6) might lead to errors of about 0.07 m*/m? in the retrieved
SM value. However, it is likely that the H values obtained over
the smooth soybean field and the rough corn field correspond to
relatively “extreme” local roughness conditions and that the
variability in the roughness characteristics are lower at a larger
scale. At the scale of 1 or 4 km, which is used in the Level 2
algorithm to define maps of vegetation classes and roughness
properties, the effective Hr values result from the mixing
effects of a variety of local roughness conditions, so that these
values might be relatively constant from one geographical
location to the other.

Although uncertainties on the calibrated values of the
vegetation parameters have mainly an impact on the value of
the retrieved optical depth, they also have an impact on the
retrieved SM, but to a lower extent than Hi. Over heteroge-
neous pixels, the fact that the » parameter may depend strongly
on the vegetation type may have a negative impact since an
accurate mapping of the different vegetation types — and of the
associated b, b'g and b"g values — could be required in the
retrieval algorithm.

However, as discussed for Hy, it is likely that the differences
in the b values (b varies from about 0.05 for corn to about 0.2 for
soybean) obtained at local scale between crop types with very
different vegetation structures correspond to extreme cases.
These cases may not be really representative of the variability of
b at a larger spatial scale. At a larger scale (1 km or higher), the b
parameters are computed as average values over a mixture of
local vegetation conditions (in terms of canopy types and
structure). As there is a large variability in the b values at a very
local scale (less than 100 m), these average values of b are
probably relatively stable from one location to the other.

This discussion can be related to the conclusions of Cognard
et al. (1995) in the active domain, who found there was a large

variability in the local (field) vegetation and roughness
conditions over an hydrological test site in Brittany. At a larger
scale (the whole watershed), these local effects were averaged
so that the relationship between SM and the backscattering
coefficient was found to be much more clear and robust than at
local scale.

Future studies based on measurements over mixed pixels at a
larger scale (about 1 to 5 km) will be very helpful to confirm
these hypotheses made on the roughness and vegetation model
parameters. These studies will be based on experiments in-
cluding airborne measurements at a regional scale, such as the
NAFE campaign in Australia (Walker et al., 2006). This
airborne data set will also be very useful to extend the present
results over natural covers and prairies including a litter.
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