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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 R2 (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

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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Soil Moisture Retrieval from Space: The Soil
Moisture and Ocean Salinity (SMOS) Mission

Yann H. Kerr, Philippe Waldteufel, Jean-Pierre Wigneron, Jean-Michel Martinuzzi, Jordi Font, and Michael Berger

Abstract—Microwave radiometry at low frequencies (L-band:
1.4 GHz, 21 cm) is an established technique for estimating sur-
face soil moisture and sea surface salinity with a suitable sensi-
tivity. However, from space, large antennas (several meters) are
required to achieve an adequate spatial resolution at L-band. So
as to reduce the problem of putting into orbit a large filled an-
tenna, the possibility of using antenna synthesis methods has been
investigated. Such a system, relying on a deployable structure, has
now proved to be feasible and has led to the Soil Moisture and
Ocean Salinity (SMOS) mission, which is described in this paper.
The main objective of the SMOS mission is to deliver key variables
of the land surfaces (soil moisture fields), and of ocean surfaces (sea
surface salinity fields). The SMOS mission is based on a dual polar-
ized L-band radiometer using aperture synthesis (two-dimensional
[2-D] interferometer) so as to achieve a ground resolution of 50
km at the swath edges coupled with multiangular acquisitions. The
radiometer will enable frequent and global coverage of the globe
and deliver surface soil moisture fields over land and sea surface
salinity over the oceans. The SMOS mission was proposed to the
European Space Agency (ESA) in the framework of the Earth Ex-
plorer Opportunity Missions. It was selected for a tentative launch
in 2005. The goal of this paper is to present the main aspects of the
baseline mission1 and describe how soil moisture will be retrieved
from SMOS data.

Index Terms—2-D interferometry, passive microwaves, soil
moisture retrievals.

I. INTRODUCTION: MISSION RATIONALE

WATER and energy fluxes at the surface/atmosphere inter-
face are strongly dependent upon soil moisture. Evapo-

ration, infiltration and runoff are driven by surface soil moisture
(SSM), while soil moisture in the vadose zone governs the rate
of water uptake by vegetation. Soil moisture is thus a key vari-
able in the hydrologic cycle. The spatio-temporal evolution of
soil moisture fields is an important factor for numerical weather
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1This paper describes the baseline mission. The project is currently under-
going phase A studies, which may result in changes of some of the instrument
parameters.

and climate models, and should be accounted for in hydrology
and vegetation monitoring [1], [2].

For the oceans, sea surface salinity (SSS) plays an important
role in the Northern Atlantic subpolar area, where flow intru-
sions with low salinity influence the deep thermohaline circula-
tion and the meridional heat transport. Variations in salinity also
influence the near-surface dynamics of tropical oceans, where
rainfall modifies the buoyancy of the surface layer and the trop-
ical ocean-atmosphere heat fluxes. SSS fields and their seasonal
and interannual variabilities are thus tracers and constraints on
the water cycle and on the coupled ocean–atmosphere models
[3].

Even though both SM and SSS are used in predictive atmo-
spheric, oceanographic, and hydrologic models, no capability
exists to date to measure them directly and globally. The SMOS
mission is aimed at filling this gap through the implementation
of a satellite that has the potential to provide globally and
routinely this information [4]. Over land it is also expected
that the SMOS mission will provide significant information on
vegetation water content, and root zone soil moisture, which
will be very useful for regional estimates of crop production.
Finally, significant research progresses are expected over the
cryosphere, by improving the assessment of snow packs, and
multilayered ice structures. These quantities are of significant
importance to the global change issue.

A direct way to monitor SSM and SSS is through the use of
L-band (21 cm, 1.4 GHz) microwave radiometer systems. Other
means (higher frequency radiometry, optical sensing, active mi-
crowaves remote sensing) suffer strong deficiencies due to vul-
nerability to cloud cover and/or various perturbing factors (such
as soil surface roughness or vegetation cover). They have infe-
rior sensitivity to SSM and SSS.

Even though the L-band radiometry concept was demon-
strated early by a space experiment (SKYLAB) back in the
1970s, no dedicated space mission followed because achieving
a suitable ground resolution (50–60 km) required a prohibitive
antenna size (4 m). All the research work was consequently
performed using either ground (PAMIR, PORTOS, etc.) or
airborne radiometers (e.g., PBMR, PORTOS, ESTAR) with
significant achievements (see, for instance, [5]).

Recent development of the interferometry design inspired
from the very large baseline antenna concept (radio astronomy)
makes such a venture now possible. The idea consists of
deploying small receivers in space (located on a deployable
structure), then reconstructing a brightness temperature
field with a resolution corresponding to the spacing between
the outmost receivers. The idea was put forward by LeVine
et al. in the 1980s (the ESTAR project) and validated with an
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A Simple Parameterization of the L-Band Microwave
Emission from Rough Agricultural Soils

Jean-Pierre Wigneron, Laurent Laguerre, and Yann H. Kerr

Abstract—A simple model for simulating the L-band microwave
emission from bare soils is developed. The model is calibrated on
a large set of measurements obtained during a three-month period
over seven plots covering a wide range of surface roughness (rep-
resenting the total range which can be expected on agricultural
fields), soil moisture, and temperature conditions. The approach is
based on the parameterization of an effective roughness parameter
as a function of surface characteristics: surface roughness (stan-
dard deviation of height and correlation length) and the surface
soil moisture. The parameterizations that are developed are inde-
pendent of incidence angle and polarization and are valid over a
large range in surface roughness conditions, representative of most
of typical agricultural bare fields, from very smooth (rolled field
after sowing) to very rough surfaces (deeply plowed soil). This ap-
proach will enable the use of microwave radiometric observations
for soil moisture retrieval over agricultural areas.

I. INTRODUCTION

PREVIOUS research has shown that L-band passive mi-
crowave remote sensing sensors can be used to monitor soil

moisture over land surfaces [1]–[4]. However, the effects of veg-
etation cover [5]–[9] and soil surface roughness [10]–[14] also
play a significant role in the microwave emission from the sur-
face. Therefore, a good parameterization of these two effects
is a prerequisite for retrieving surface soil moisture informa-
tion. The development of an efficient parameterization of the
soil roughness effects could be very useful for large scale sim-
ulation studies. For instance, simulation studies could be im-
plemented for evaluating the time changes in emissivity due to
seasonal agricultural practices and how these changes may af-
fect soil moisture retrievals over large scale agricultural sites.

Several physically-based models have been developed to ac-
count for the effect of surface roughness on the observed bright-
ness temperature [15]. These models are generally driven
by surface characteristics derived from measurements of surface
height profiles: the standard deviation in surface height , the
autocorrelation function, and the associated correlation length

. These models can be very useful to develop the under-
standing of the microwave scattering effects by the soil surface.

However, there are some limitations in the use of these ap-
proaches. Ranges of validity frequently limit the use of a single
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modeling approach over a large range of surface roughness [13]
and the validity of scattering models for high incidence angles
may be often critical for an accurate simulation of bare soil pas-
sive microwave emission. Also, an accurate estimation of the
surface characteristics requires a large number of height obser-
vations, both in terms of sampling intervals and profile length
[16], [17]. These requirements cannot be met easily over a large
number of field plots.

Finally, simple surface characteristics, as obtained from
measurements of height profile, are inadequate to describe
complex interactions between the soil medium and the mi-
crowave radiation. There are generally strong heterogeneities
in the spatial variations of the soil characteristics (structure,
moisture content, density, ) within the soil volume over
agricultural fields. For instance, for plowed soils, when dry
and sunny conditions follow rainfall or irrigation events, large
emerging clods are drying out more rapidly than hollows within
the fields. These effects may lead to a large spatial variability in
the soil moisture content at a spatial scale of about 1 m. There
are also nonuniformities in the soil moisture in the soil clods, at
a lower spatial scale of a few centimeters. These heterogeneities
produce significant dielectric discontinuities at the soil surface
and within the soil volume. At L-band, the thickness of the
soil layer whose dielectric properties contribute to the soil
microwave emission may exceed 10 cm [18], [19]. Therefore,
both surface and volume effects are significant and should be
considered by physically-based models at L-band. Studying
these effects would require complex and time consuming
electromagnetic approaches and an accurate three-dimensional
(3-D) description of the soil volume that cannot be easily
obtained.

Simplified semi-empirical approaches have also been devel-
oped. Most of these approaches are based on two roughness pa-
rameters: the roughness height and a polarization mixing
parameter that can be retrieved from brightness tempera-
ture measurements [10], [11]. These modeling approaches are
generally found to be very useful in most soil moisture retrieval
studies. However, the dependence of the model roughness pa-
rameters ( and ) on the surface roughness characteristics

is not well known. Several studies provided values
for and obtained from microwave observations over bare
fields [11], [12]. However, the experimental data sets that were
used in these studies were usually not large enough to allow the
development of parameterizations with a large range of validity.
Mo et al. [20] developed a simple parameterization to compute

as a function of and . However, this parameteri-
zation was not validated over the whole range of soil roughness
conditions encountered in agricultural fields, being only based

0196–2892/01$10.00 © 2001 IEEE
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Two-Dimensional Synthetic Aperture Images Over a Land
Surface Scene

Franck Bayle, Jean-Pierre Wigneron, Yann H. Kerr,
Philippe Waldteufel, Eric Anterrieu, Jean-Claude Orlhac,

André Chanzy, Olivier Marloie, Marc Bernardini, Sten Sobjaerg,
Jean-Christophe Calvet, Jean-Marc Goutoule, and Niels Skou

Abstract—The Soil Moisture and Ocean Salinity (SMOS) space mission
is currently undergoing phase-B studies at the European Space Agency. The
SMOS payload is an L-band interferometric radiometer based on a two-di-
mensional aperture synthesis concept. This paper presents the first images
obtained by a demonstrator of the SMOS instrument over land surfaces at
the Avignon test site in 1999.

Index Terms—L-Band radiometry, passive microwave remote sensing,
soil moisture, 2-D interferometer.

I. INTRODUCTION

A number of experiments using both ground-based and airborne sen-
sors have shown the high potential of L-band microwave radiometry for
monitoring surface soil moisturewS (m3/m3) over large areas [1]–[4].
However, from space, large antennas (several meters) are required to
achieve a suitable spatial resolution at the L band. To overcome the
problem of putting into orbit a large filled antenna, the possibility of
using antenna synthesis methods has been investigated.

Such a system, relying on a deployable structure, has led to the Soil
Moisture and Ocean Salinity (SMOS) mission [5], [6]. The SMOS mis-
sion was proposed to the European Space Agency (ESA) in the frame-
work of the Earth Explorer Opportunity Missions and was selected for
a tentative launch in 2006. The main objective of this mission is to de-
liver key variables of land surfaces (soil moisture fields) and of ocean
surfaces (sea surface salinity fields). The SMOS mission is based on
a dual-polarized L-band radiometer using aperture synthesis (two-di-
mensional (2-D) interferometer) so as to achieve a ground resolution
of 50 km at the swath edges coupled with multi-angular observations.
The radiometer will enable a frequent (3-day revisit) and global cov-
erage. The payload of SMOS is an L-band interferometer based on an
innovative, 2-D aperture synthesis concept. Recent developments of the
so-called interferometry design were inspired from the very large base-
line antenna concept used in radio astronomy. The idea consists of de-
ploying small receivers in space (located on a deployable structure),
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then reconstructing a brightness temperature (TB ) field with a resolu-
tion corresponding to the spacing between the outmost receivers. An
aircraft prototype (ESTAR, Electronically Scanned Thinned Array Ra-
diometer) based on this concept was built by NASA. It was designed
as an L-band hybrid real and one-dimensional (1-D) synthetic aperture
radiometer [7]. This instrument showed the validity of the hybrid in-
strument concept in several soil moisture mapping experimental cam-
paigns [3], [4].

As an alternative, a concept based on 2-D aperture synthesis has
been proposed [8]. This concept, the Microwave Imaging Radiometer
using Aperture Synthesis (MIRAS) became the core of the ESA Earth
Explorer SMOS mission. The 2-D interferometer allows measuring
brightness temperature (TB ) at several incidence angles, for two polar-
izations. The instrument instantaneously records a whole scene. Conse-
quently, as the satellite moves, a given point within the 2-D field of view
is observed with different view angles. The series of independent mea-
surements allows retrieving surface parameters with much improved
accuracy [9], [10]. An airborne demonstrator of MIRAS was devel-
oped to validate the concept. The MIRAS antenna consists of equally
spaced antenna elements distributed along three equispaced coplanar
arms (Y-shaped antenna). In 1999, the first experimental campaign
was carried out at the Institut National de la Recherche Agronomique
(INRA) Avignon experimental test site with MIRAS. The objective of
the experiment was to demonstrate the 2-D synthetic aperture radiom-
etry concept over a natural land surface scene. MIRAS was mounted
on a crane boom and observations were carried out at different view
angles over a large bare soil field. A specific scene with large contrasts
in the soil surface emissivity was designed. The first images obtained
by the 2-D synthetic aperture radiometer over this land surface scene
are presented in this paper. Due to some technical problems, the full
capabilities of the 2-D interferometry concept could not be totally ex-
ploited. However, in spite of these problems, the images could reveal
the main 2-D emissivity patterns of the observed scene.

II. EXPERIMENTAL SETUP

The experiment was carried out on a bare plot located on the INRA
Avignon remote sensing test site. The soil is silty clay loam (48.7%
silt, 14.8% sand and 36.5% clay). The demonstrator was mounted on a
20-m crane boom. The crane can be moved along a rail track, parallel
to the site’s main field. During the experiment, this field was without
any vegetation and the surface was rough. To obtain large contrasts
in soil surface emissivity over the plot, the field was artificially mod-
ified (Figs. 1 and 2). The scene thus consisted of a rough bare field,
in which two 10-m-large smooth strips were made with a roadroller.
In the middle of the plot, a 5 m� 5 m rectangular water pool (about
20-cm depth) was included. The length (L) of the crane displacement
along the rail track was of 85 m. To increase the contrast in emissivity
between the rough and the smooth strips, garden hoses were used to
manually irrigate (saturation) both strips at the time of the radiometric
observations. Thus, the wet smooth strips had a low microwave emis-
sion (estimated brightness temperatureTB � 220 K at incidence angle
� = 0

�), while the dry rough field had a high microwave emission (es-
timatedTB � 280 K at � = 0

�).
The axis of the radiometer (boresight) was kept within a plane par-

allel to the railtrack, which is also almost parallel to the directions of
the rows due to tillage (Fig. 1). The angular resolution for MIRAS is
14� leading to approximately 5-m spatial instantaneous resolution in

0196-2892/02$17.00 © 2002 IEEE



Two-Dimensional Microwave Interferometer
Retrieval Capabilities over Land Surfaces
(SMOS Mission)

J.-P. Wigneron,* P. Waldteufel,† A. Chanzy,‡ J.-C. Calvet§

and Y. Kerr¶

This paper discusses the potential of an L-band 2-D INTRODUCTION
microwave interferometric radiometer for monitoring

A number of experiments using both ground-based andsurface variables over land surfaces. The instrument is
airborne sensors have shown the high potential of micro-the payload of the Soil Moisture and Ocean Salinity
wave radiometry for monitoring surface soil moisture(SMOS) Mission recently selected for phase A studies by
wS (m3/m3) over large areas (Schmugge et al., 1974;the European Space Agency (ESA) as the second Earth
Schmugge et al., 1994; Wang et al., 1983; Wang et al.,Explorer Opportunity Mission. The L-band radiometer is
1990; Teng et al., 1993; Jackson et al., 1995; Calvet et al.,based on an innovative two-dimensional aperture synthe-
1995; Chanzy et al., 1997). Simple or complex modelingsis concept. This sensor has new and significant capabili-
approaches have been developed and tested against ex-ties, especially in terms of multiangular viewing configu-
perimental data sets (Ulaby et al., 1986; Tsang et al.,rations. The main aspects of the retrieval capabilities of
1985; Wigneron et al., 1993a; Wigneron et al., 1993b;SMOS for monitoring soil moisture, vegetation biomass,
Kerr and Wigneron, 1994; Raju et al., 1995; Ferrazzoliand surface temperature are presented in this paper. The
and Guerriero, 1996). Based on the acquired data setsanalysis is based on model inversion. The standard errors
and modeling expertise, it is now possible to characterizeof estimate of the surface variables are computed for var-
accurately the potential of microwave radiometers as aious configurations as a function of both the uncertainties
function of the sensor configuration (polarization, viewassociated with the space measurements and those associ-
angle, and frequency).ated with the ancillary information used in the retrievals.

This paper aims at analyzing the potential capabili-The potential of SMOS and the possibility to retrieve
ties of a two-dimensional (2-D) microwave interferomet-one, two, or three surface variables are investigated, de-
ric radiometer for monitoring the surface variables overpending on the view angle configuration. These questions
the land surface. This instrument is the payload of Soilare key issues to optimize the SMOS mission scenario, to
Moisture and Ocean Salinity (SMOS) Mission, the sec-meet both the scientific requirements and the technical
ond Earth Explorer Opportunity Mission recently se-constraints of the mission. Elsevier Science Inc., 2000
lected by the European Space Agency (ESA) for phase
A studies. The SMOS mission (Kerr et al., 1998) is
scheduled for launch in 2004. The L-band interferome-
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