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Abstract

Soil moisture in the top few meters of the Earth’s surface has an
important role in regulating the energy and water balance at the soil surface
and it is therefore a crucial variable for many environmental disciplines
which are concerned with atmospheric and land surface processes such as
meteorology, hydrology and climatology. Consequently, there is a pressing
need for soil moisture observations at a wide range of spatial scales, global
coverage and sufficient temporal repetition to serve the environmental
applications mentioned above. In recent decades, remote sensing technology
has matured the potential to estimate near-surface soil moisture
(approximately the top Scm) from space. However, a space mission with
optimal configuration for remote sensing of near-surface soil moisture has
not been flown to date. The first satellite mission with an optimal observing
frequency for remote sensing of near-surface soil moisture will be the Soil
Moisture and Ocean Salinity Mission (SMOS), due to be launched in
September 2009. SMOS will carry an L-band (1.4GHz) microwave
radiometer and will provide near-surface soil moisture estimates with global
coverage, three-days revisit time and spatial resolution of approximately
40km. Due to this coarse spatial resolution, significant spatial heterogeneity
in land surface conditions will exist within SMOS footprints. The soil
moisture retrieval algorithm adopted for SMOS partially accounts for the
land surface heterogeneity by modeling the microwave emission of different
fractions of the footprint having different vegetation types. Nevertheless, to
date the soil moisture retrieval algorithm adopted for SMOS and its main
assumptions have not been tested at the spatial resolution of future SMOS

footprints and over highly heterogeneous land surface conditions.

The principal objectives of this research are to (i) test the soil moisture
retrieval algorithm adopted for SMOS at SMOS spatial resolution (40km),
and (ii) develop a soil moisture retrieval approach applicable to the SMOS
algorithm which properly accounts for the land surface heterogeneity. Given

that SMOS data are not yet available, the approach developed in this thesis
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is based on aircraft L-band data collected in this study over a well monitored
catchment, which are used to simulate the data soon to be available from

SMOS.

The aircraft and ground data used in this study were collected during the
National Airborne Field Experiment 2005 (NAFE’05), conducted in
November 2005 in south-eastern Australia as part of this study. The
NAFE’05 field campaign has provided an unprecedented data set for
investigation of passive microwave soil moisture remote sensing techniques,

which puts this study in the forefront of international research on this topic.

Before testing the SMOS algorithm at the SMOS footprint scale, in this
study the core radiative transfer model of the algorithm is evaluated for the
Australian conditions using high-resolution (62.5m and 1km) airborne data.
The linear scaling of L-band observations is also verified using concurrent
multi-resolution (62.5m, 250m, 500m and 1km) aircraft observations of the
same area. The SMOS algorithm and the retrieval approach currently
proposed is then tested using SMOS footprints simulated by aggregating the
aircraft data (1km) to SMOS spatial resolutions (40km). The error in near-
surface soil moisture retrieval due to the impact of land surface
heterogeneity is assessed, and the weaknesses of retrieval approach
currently proposed for SMOS identified based on detailed ground data on
near-surface soil moisture and land surface conditions at the SMOS

footprint scale.

A new retrieval approach, applicable to the SMOS algorithm is finally
proposed to overcome the weaknesses identified in the approach currently
proposed for SMOS. The new approach accounts for the heterogeneity
within the SMOS footprint of vegetation density, the land surface factor
which is shown in this thesis to have the more significant impact on retrieval
of near-surface soil moisture. Upon testing of the new approach using the
simulated SMOS footprints, this thesis shows that the new approach
significantly reduces the error in SMOS soil moisture retrieval obtained

with the approach currently proposed for SMOS.
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considering the entire observation period. For each resolution and each group of
pixels, the best results are indicated in bold. All values are in %v/v soil moisture
content. Grey shaded cells indicate that no pixels of that group exist at that
resolution. = no constraint on the retrieved soil moisture and no uncertainty on the a
priori optical depth of forest; = =without a priori information on the forest soil
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Prologue

The National Airborne Field Experiment 2005 (NAFE’05) undertaken
during this study has provided an unprecedented data set for investigation of
passive microwave soil moisture remote sensing techniques. While the
NAFE’05 experiment was an international effort of several institutions with
more than 40 participants, the author of this thesis played a central role in all
aspects of the field campaign, including conceptualisation and planning of
the airborne monitoring and ground sampling strategies, management of the
ground sampling activities, and the post-processing, documentation and
archiving of all collected data. Additionally, in the context of this study the
author conceived and developed a novel portable near-surface soil moisture
monitoring system, the Hydraprobe Spatial Data Acquisition System
(HDAS), which allowed the collection of the ground near-surface soil

moisture data of unprecedented detail and extent for use in this thesis.
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Chapter One

1 Introduction

This thesis develops a technique to reduce the error in near-surface soil
moisture estimates from spaceborne passive microwave sensors, by
accounting for the heterogeneity of land surface conditions within the sensor
field of view. Using experimental data collected in the course of this
research, it is demonstrated that this technique will significantly reduce the
error in satellite near-surface soil moisture retrieval. The technique has been
developed specifically for the first dedicated passive microwave soil
moisture satellite, the European Soil Moisture and Ocean Salinity Mission
(SMOS), which will use L-band (1.4GHz) measurements to map near-

surface soil moisture globally at a near-daily time scale.

The main steps taken to develop these techniques are the first evaluation
of the core radiative transfer model of the SMOS soil moisture retrieval
algorithm for the Australian conditions using airborne data, and an analysis
of the land surface controls on near-surface soil moisture distribution at the
satellite footprint scale. These initial steps provided the tools in order to test
the accuracy of the soil moisture retrieval approach proposed for SMOS at
the satellite footprint scale in the presence of spatial variability of the land
surface, and to develop a new retrieval approach for SMOS which

overcomes the shortfalls identified in the SMOS proposed approach.

1.1 Importance of Soil Moisture

Soil moisture of the top few meters of the Earth’s surface plays an
important role in regulating the energy and water balance at the soil surface
(Betts et al., 1996; Entekhabi et al., 1996). It is therefore a crucial variable
for many environmental disciplines which are concerned with atmospheric
and land surface processes such as meteorology, hydrology and climatology
(Koster and Suarez, 2003a; Western et al., 2004; Conil et al., 2007).

Moreover, information on the soil moisture is crucial to humans due to its
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impact on activities such as agriculture and trafficability (Jackson et al.,

1987). More specifically, there is evidence that reliable observations of soil

moisture at regional, continental and global scales will benefit:

flood forecasting through better prediction of the partitioning of
precipitation between runoff and infiltration (Entekhabi et al., 1993;

Su et al., 1995; Western et al., 2004);

land management through improved modeling of erosion producing
zones (Fitzjohn et al., 1998; Castillo et al., 2003; Shinoda and
Yamaguchi, 2003);

weather and climate forecasting through improved modeling of the
interaction of land surface processes (Engman, 1992; Betts et al.,
1994; Koster et al., 2003b; Conil et al., 2007) and better land surface

initialisation in weather prediction models (Beljaars et al., 1996);

agricultural applications by assisting irrigation scheduling, which will
lead to water conservation benefits and better crop yield prediction

(Jackson et al., 1987; Saha, 1995);

early drought prediction through better prediction of plant stress
(Engman, 1990; Vijaya Kumar et al., 2005) and the ability to
quantitatively monitor drought in both space and time (Jackson et al.,

1987; Sridhar et al., 2008);

modeling of nitrogen and CO2 biogeochemical cycling (D'Odorico et
al., 2003; Porporato et al., 2003; Turcu et al., 2005), and estimation of
surface emission of CO2 (Jin et al., 2008); and

management of agricultural practices, including trafficability in the

fields (Wigneron et al., 1998).

Changes to soil moisture patterns are also expected to be an important

indicator of global warming, particularly during the vegetation growing

period (Huszar et al., 1999; Li et al., 2007). Therefore, climate model

simulations of future soil moisture should be compared with soil moisture

observations, in order to further verify climate model simulations (Koster et
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al., 2003a; Li et al., 2007). Consequently, there is a pressing need for soil
moisture observations at a wide range of spatial scales, with sufficient
temporal repetition to serve the hydrological, agricultural, meteorological

and climatological applications mentioned above.

1.2 Statement of Problem

In recent decades, remote sensing technology has matured to the point
that near-surface soil moisture can be estimated at global scale from space,
(e.g., Wigneron et al., 2003; Wagner et al., 2006). Near-surface soil
moisture is relative to approximately the top Scm of the Earth’s surface. For
simplicity, in this thesis it will be generally referred to as “soil moisture”.
Several studies have shown that the soil moisture information provided by
remote sensing technology for the near-surface layer can be used to retrieve
the soil moisture content at much greater depth (e.g., Houser et al., 1998;
Walker et al., 2001). Although such studies rely on data assimilation of the
remotely sensed information into land surface models, rather than on the
identification of a physical coupling between surface and deep layer, they
made a strong case to support the potential of global soil moisture remote
sensing systems for environmental applications. In spite of the importance
of soil moisture observations, there is not yet a dedicated soil moisture
mission in space. However, there are a number of soil moisture products
becoming available from sensors with non-ideal configurations for soil
moisture monitoring, such as the Advanced Microwave Scanning
Radiometer (AMSR-E)(Njoku et al., 2003) and the Advanced Synthetic
Aperture Radar (ASAR)(Wagner et al.,, 2003), and there are two soil

moisture dedicated satellites in various stages of design and construction.

While the Soil Moisture Active Passive (SMAP)(NASA, 2007) mission
of the National Aeronautics and Space Administration (NASA) is still in its
design phase with an anticipated 2013 launch, the Soil Moisture and Ocean
Salinity (SMOS)(Kerr et al., 2001) mission of the European Space Agency
(ESA) has completed its ground testing and launch is imminent. Both of

these missions will use passive microwave technology at low frequencies
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(~1-6GHz), as this has demonstrated the best soil moisture response under a
variety of topographic and vegetation cover conditions (Ulaby et al., 1986;
Engman and Chauhan, 1995; Jackson et al., 1999; Uitdewilligen et al., 2003.
However, the use of this optimal frequency imposes a limit on the spatial
resolution at which the land surface can be resolved; even the introduction
in SMOS of synthetic aperture radiometry technology (Le Vine, 1999) will
not reduce spatial resolutions below 30km (Kerr et al., 2000).

At such scales, significant spatial heterogeneity in soil moisture exists,
due to topography, spatial variability of soil and vegetation properties, and
the highly intermittent nature of precipitation fields (Entekhabi and
Rodrigueziturbe, 1994; Rodriguez-Iturbe et al., 1995). Current soil moisture
products do not explicitly account for this spatial variability, as the land
surface is assumed to be uniform within each land surface unit (pixel) where
soil moisture is retrieved. Since the relationship between soil moisture and
the microwave emission is non-linear, the sub-pixel heterogeneity of soil
moisture and land surface conditions introduces uncertainty in the retrieval
of soil moisture from space over large, heterogeneous areas such as satellite

pixels.

For example, the simple synthetic situation shown in Figure 1.1
demonstrates that errors as large as 4%v/v, the total error budget for a
satellite soil moisture mission, can result solely from typical sub-pixel
heterogeneity in soil moisture. Here, a land surface is assumed to comprise
fractions with 10%v/v and 50%v/v respectively, and otherwise uniform land
surface conditions. Whilst in reality there will be intermixed patches of
varying soil moisture together with heterogeneity of other land surface
parameters, this simple example allows simple demonstration of the
problem while avoiding the complicating non-linear response that exists in
truly heterogeneous pixels. Therefore the problem of the heterogeneity in
land surface conditions at the scale of current generation passive microwave
remote sensing is an unresolved and pressing issue for the scientific
community in view of the imminent launch of SMOS and in preparation for

SMAP.
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Figure 1.1. Synthetic example of the effect of sub-pixel heterogeneity of
soil moisture on the soil moisture retrieval. The example is for a pixel split
in two halves at respectively 10%v/v and 50%v/v soil moisture content. All
other characteristics are uniform: clay soil, 25°Celsius soil temperature and
1Kg/m® of water content in the vegetation canopy. The model used to
produce the curve is the L-band Microwave Emission of the Biosphere
Model (SMOS mission).

This thesis is focused on the soil moisture retrieval approach currently
proposed for the SMOS mission and implemented in the so-called “SMOS
L2” soil moisture retrieval algorithm. In contrast to what is done in current
soil moisture products, which treat the pixel as a uniform surface, the SMOS
approach seeks to account for the sub-pixel heterogeneity of land surface
conditions by dividing the pixel into fractions determined using high-
resolution maps of land use, and then simulating the microwave emission
for each of these sub-pixel fractions separately. Thus, this method explicitly
assumes that land use variability is the most important factor in terms of soil
moisture retrieval. Additionally, in the case where the canopy density of all
the pixel fractions is moderate, the assumption is made that soil moisture
and vegetation optical depth are uniform amongst the pixel fractions. Both
these assumptions need to be rigorously evaluated and the importance of the
sub-pixel heterogeneity of other land surface factors needs to be tested with

real data.

This thesis addresses this urgent and important question by testing the

soil moisture retrieval approach proposed for SMOS and its assumptions
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with real L-band observations at the size of a SMOS footprint, by
aggregating aircraft observations made at L-band. This is done over a well
monitored catchment occupied by a mix of native grasslands, crops and
moderately dense Eucalypt forest, with a wealth of ground and remotely
sensed ancillary data to monitor the variability of soil moisture, vegetation

and land surface conditions.

1.3 Objectives and Scope

This research focuses on the soil moisture retrieval over areas with a
strong contrast of vegetation density between forested areas and areas of
moderately vegetated soil such as crops and grasslands The principal
objectives are to develop a soil moisture retrieval approach for SMOS which
accounts for the sub-pixel heterogeneity of land surface conditions between
those land cover types, and to test this approach with real data. In particular,
Additional aims which have to be addressed in order to achieve these

principal objectives include:

e development of a novel soil moisture monitoring system, the
Hydraprobe Data Acquisition System (HDAS), which integrated a
soil moisture probe (Hydraprobe) with a GPS positioning system and

GIS using a handheld computer in a portable format;

e collection of an airborne and ground-based field data set suitable for
the application of soil moisture retrieval approaches to be evaluated

at the SMOS footprint scale;

e cvaluation of the L-band Microwave Emission of the Biosphere (L-
MEB) radiative transfer model, which is the basis of the SMOS L2
soil moisture retrieval algorithm, with airborne data from local

(62.5m) to satellite (40km) scale;

e verification of the soil roughness parameterisation for passive
microwave soil moisture retrieval at airborne resolutions (62.5m-

1km);
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e assessment of the scaling properties of microwave emission fields as

detected at different resolutions;

e understanding the link between land surface characteristics (e.g., soil
type, topography, land cover) and spatio-temporal variability of soil

moisture in the study area;

e assessing the error in retrieved soil moisture at SMOS resolution due
to the sub-pixel heterogeneity of land surface conditions, under the
assumption of pixel uniformity upon which the current soil moisture

products are based on; and

e testing of the soil moisture retrieval approach proposed for SMOS
and its assumption of uniformity of soil moisture and vegetation
optical depth in the pixel in the case of pixels composed of a mix of
moderately vegetated soil (crops and grasslands) and moderately
dense Eucalypt forest, typical of the Australian environment. This is
the first time that the SMOS soil moisture retrieval approach adopted
by ESA is tested at the satellite footprint scale using field

observations.

These seemingly separate objectives are instead closely inter-linked.
They will provide an experimental framework with observations as close as
possible to those expected from SMOS, and will allow testing of the soil
moisture retrieval approach proposed for SMOS and of the new approach to
be developed in this thesis, coupled with an unprecedented knowledge of

the land surface conditions at the scale of a SMOS footprint.

1.4 Outline of Approach

This study involves three parts: (i) Collection and processing of airborne
and ground-based field data; (ii) Testing of the soil moisture retrieval
approach proposed for SMOS and its assumptions with real data, and (iii)
Development and testing of new techniques to better account for the sub-
pixel heterogeneity of land surface conditions in the soil moisture retrieval

from SMOS. Each part of this study is hereby outlined individually.
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Part 1: Since no actual SMOS data were available to develop the techniques
proposed in this thesis, the extensive airborne and ground-based NAFE’05
data set collected at the beginning of this study is processed in order to
closely simulate the data expected from SMOS, and to provide knowledge
of the spatial distribution of soil moisture and other relevant land surface
factors in the study area. The data collection campaign involved airborne
ground-based monitoring of an area of the size of a SMOS footprint
(approximately 40km x 40km) over one month in November 2005. In order
to create observations as close as possible to those expected from SMOS,
multi-resolution airborne observations of the study area are compared to
verify the linear scaling of microwave emission fields. This supports the
aggregation of high-resolution aircraft data to SMOS resolution done in part

2.

Part 2: Here the soil moisture retrieval approach proposed for SMOS and
its main assumptions are tested with the NAFE’05 data. The first step of the
analysis is that of evaluating the L-MEB model, which is the basis of the
SMOS L2 soil moisture retrieval algorithm, and its parameters for the land
surface conditions of the study area using high-resolution airborne data. The
model is then used to produce high-resolution soil moisture maps across the
entire study area to be later used for testing the various retrieval approaches.
The ground data on the spatial distribution of soil moisture and land surface
factors are then analysed in order to assess the land surface heterogeneity in
the study area and the links between the spatial distribution of different land
surface factors and that of soil moisture in the study area. The impact of
such land surface heterogeneity on the soil moisture retrieval using the
SMOS algorithm is then assessed through a preliminary synthetic study and
subsequently using the real data. This phase results in the identification of
the land surface factors whose heterogeneity at the SMOS footprint scale
most strongly affects the soil moisture retrieval, and in an assessment of the
weaknesses of the soil moisture retrieval approach proposed for SMOS

which will be addressed in part 3.
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Part 3: A novel retrieval approach is finally proposed for SMOS and its
accuracy with respect to the current SMOS approach tested with real data.
This approach, which can be easily implemented within the SMOS L2
algorithm, relaxes one of the main assumptions on which the SMOS L2
algorithm is based on, thereby allowing the SMOS L2 algorithm to meet the
SMOS target accuracy of 4%v/v; The next section describes in details how

the three parts of this study are laid out in the manuscript.

1.5 Organisation of Thesis
This thesis is organised into nine Chapters which can be loosely grouped

into 6 sections:
Section 1 — background and proposed approach (Chapters 1 and 2);
Section 2 — model and field data description(Chapters 3 and 4);
Section 3 — model testing and data exploration (Chapters 5 and 6);
Section 4 — evaluation of current techniques (Chapter 7);
Section 5 — development and testing of novel techniques (Chapter 8);
Section 6 — conclusions and recommendation for future work (Chapter 9).

Chapter 2 presents an overview of the existing techniques to estimate soil
moisture and its spatial and temporal distribution through remote sensing.
Previous investigations that dealt with the problem of soil moisture retrieval
error induced by land surface heterogeneity are then reviewed and the

shortcomings in the current techniques to reduce that error are identified.

The SMOS mission and the SMOS L2 soil moisture retrieval algorithm
are described in detail in Chapter 3, together with the radiative transfer
equations of the L-MEB model, which is the basis of the SMOS L2
algorithm. Chapter 4 describes the NAFE’05 field campaign, which
provided all the airborne and ground data used in this study, presents the
data collection strategy, and the details about any ancillary data relevant to

this thesis.
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In Chapter 5, after evaluation of the L-MEB model using the airborne
and ground data collected during the NAFE’05 field campaign, high-
resolution soil moisture maps of the entire study area are produced. These
will be subsequently used in Chapters 7 and 8 for testing the soil moisture
retrieval approach proposed for SMOS. In Chapter 6, the heterogeneity of
the land surface conditions in the NAFE’05 study area is investigated using
spatial ground measurements of soil moisture and ancillary data on
topography, vegetation density, and soil texture. This leads to an
understanding of the relationship between land surface factors and soil
moisture distribution that will be used in Chapters 7 and 8 to identify the

weaknesses of the current retrieval techniques.

Chapter 7 makes an assessment of the L-MEB model at satellite scale.
This provides an assessment of the soil moisture retrieval error expected at
the SMOS footprint scale under the assumption of pixel uniformity, as made
by current methods. Using both a synthetic study and analysis with real
data, the error is interpreted in terms of the heterogeneity of soil moisture

and land surface factors analysed in Chapter 6.

The soil moisture retrieval approach proposed for SMOS is tested in
Chapter 8 with real data. The weaknesses of the approach and its main
assumptions to account for the land surface heterogeneity are identified.
Moreover, a novel alternative approach for SMOS is proposed, and shown

to take better account of the land surface heterogeneity.

A discussion of results, conclusions and recommendations for future

research is given in Chapter 9.
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Chapter Two

2 Literature Review and Proposed Approach

This Chapter presents an overview of the existing techniques to estimate
soil moisture and its spatial and temporal distribution through remote
sensing, with focus on the problem of the error in coarse-scale soil moisture
retrieval induced by land surface heterogeneity. First, the nature and sources
of spatial variability of soil moisture and its link to land surface factors are
discussed to introduce the problem. Next, a review of the techniques
developed to monitor that variability through remote sensing is presented
and the advantages of the passive microwave technique adopted by SMOS
for global soil moisture remote sensing are discussed. Finally, the impact of
land surface heterogeneity on the retrieval of accurate soil moisture
estimates from passive microwave observations is discussed, and a new
approach is proposed, applicable to SMOS, to reduce the error in soil

moisture estimation due to land surface heterogeneity.

2.1 Soil Moisture Spatial Variability

At a particular point in time soil moisture is influenced by: (i) the
precipitation history, (ii) the texture of the soil, which determines the
drainage rate and the water holding capacity, (iii) the local topography,
which affects runoff and infiltration, (iv) the soil depth, which determines
lateral drainage and saturation by excess of lateral flow and (v) the land
cover (vegetation), which influences evapotranspiration and deep
percolation (Mohanty and Skaggs, 2001). Understanding how these
different factors interact with each other in determining the spatio-temporal
dynamics of soil moisture and whether the relative importance of each
factor changes with the spatial scale considered has been a major research
interest for decades. The typical spatial scale of footprints from present
passive microwave sensors is 40km, and that expected for the foreseeable

future through advances in the technology of building new orbiting antennas
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will not be smaller than 10km (NASA, 2007). From the point of view of
remote sensing, the variability of soil moisture within these large areas is of
major interest as “remote sensing techniques provide a means of directly
obtaining spatial information over wide areas. These data are known to be
averaged over the sensor's footprint on the ground, and much concern is still
focused on relevant issues like the [...] inherent variability of hydrological

variables at scales that are finer than the footprint scale” (Lanza et al.,

1997).

Traditionally, soil moisture spatial variability studies using ground-based
point-scale measurements were limited to small fields (<1km?”) with fairly
uniform soil properties, topography and vegetative conditions. Several
studies in the early 1970s focused on small catchments and observed that
soil moisture at any location could be fairly well predicted from a
combination of topography and soil hydraulic properties information
(Dunne and Black, 1970a; Dunne and Black, 1970b; Beven and Kirkby,
1979; O'Loughlin, 1981). Based on these findings, several “physically-
based” methods were developed to predict the spatial distribution of soil
moisture within catchments, like the widely used TOPMODEL (Beven et
al., 1979). These methods captured the fundamental mechanisms of water
redistributions across the landscape, essentially the relative intensity of
lateral drainage in the soil and vertical infiltration determined by
topographic slope, distance from the outlet and hydraulic conductivity.
However, these methods were soon found to be too simple and restrictive in
their assumptions to be able to explain the complex interactions between
land surface characteristics and spatial variability of soil moisture across
many landscapes with various soil types, topography, land cover and
climatic conditions (Barling et al., 1994; Ambroise et al., 1996; Blazkova et

al., 2002).

Certain time invariant association between soil moisture patterns and soil
texture (time stability) were observed by Vachoud et al. (1985) in a small
catchment of small relief using time stability analysis. Time stability

indicates the persistency of spatial patterns of soil moisture associated to
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spatial patterns of some other land surface characteristic, like for example
soil texture. The analysis was extended by Grayson and Western (1998) to a
catchment with significant relief in order to find locations that exhibited
catchment average behaviour for remote sensing validation purposes. These
authors showed that overall the soil moisture patterns were not time stable
and therefore could not conclude on the predominance of any land surface

controls on the soil moisture distribution.

More recently, the availability of extensive data sets of point
measurement in monitored catchments has shed some light on the complex
interaction between land surface factors and soil moisture distribution, as
well as on the seasonal variation of land surface control on soil moisture
variability. The geostatistical analysis of soil moisture patterns in various
small humid and sub-humid catchments in Australia and New Zealand
showed that controls on soil moisture spatial patterns could change between
places and over time with catchment moisture status (Grayson et al., 1997a;
Western et al., 1998; Grayson et al., 1999; Western et al., 2004). At more
humid sites topography was shown to play an important role in controlling
the soil moisture variation in space, while at drier sites variations in soil
texture played a more important role. Even at the same site controls on soil
moisture were found to be quite different with the transition from wet to dry
seasons. During summer, mean and spatial variability of soil moisture
across the catchment was typically low, as a consequence of the low lateral
redistribution due to low hydraulic conductivity for low soil moisture
values. Also, because any available soil moisture would evaporate quickly,
evapotranspiration was moisture-limited and soil moisture was generally
close to the wilting point. Since the wilting point is uniform across the
catchment, soil moisture was also uniform. During winter, soil moisture
states were instead dominated by lateral water movement through both
surface and sub-surface paths, with topography leading to organisation of
soil moisture along drainage lines. The seasonal switch between land
surface controls was also observed by Teuling and Troch (2004), who

showed that both soil texture and vegetation controls could act to either
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increase or decrease spatial variability of soil moisture, and that this effects

varied with the overall moisture conditions.

In more recent years, the use of airborne active and passive microwave
remote sensors has enhanced the capability to monitor soil moisture over
large land areas with spatial extents that are more representative of satellite
footprints and encompass various soil types, topography, land cover and
climatic conditions. Differences in land cover as well as land use practices
(affecting soil texture, surface roughness and vegetation dynamics through
harvesting) are likely to occur in larger areas. Rainfall and geology also
become more variable at a large scale. Because the scale of variability of
these controls tends to be large, the scale of variability of soil moisture is
expected to be larger as well (Western et al., 1998). Moreover, as argued by
Kachanoski and de Jong (1988), since hydrological processes operate at
different spatial scales, the time stability of soil moisture spatial patterns
should also be a function of scale, i.e. some process could alter the
persistence of soil moisture patterns at small scale (like that of a small
watershed), while the change is insignificant at larger scales (like that of a

satellite footprint).

Analysis of the spatial structure of soil moisture and its link to land
surface factors at a range of scales, from 1km? up to IO,OOOkm2 was made
possible through the remotely sensed soil moisture data obtained from
airborne passive microwave observations during the Washita’92 and
Southern Great Plains’97 (SGP’97) field experiments. At the field scale
(1km?), ground-based soil moisture measurements from these campaigns
were analysed to investigate soil moisture time stability within the aircraft
footprint for validation of the airborne data. The impact of topography and
characteristics related to land use (vegetation and surface roughness) on soil
moisture patterns was clearly observed at fields when all other land surface
factors were uniform across the field (Famiglietti et al., 1999; Mohanty et
al., 2000a; Mohanty et al., 2000b). On fields with more variable conditions,

the role of topography in soil moisture distribution was stronger during
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periods of rainfall, at the end of which the relative importance of soil texture

and land use factors increased (Yoo and Kim, 2004).

At larger scales (up to 10,000km?), analysis of the relationship between
soil moisture and regional soil and land cover characteristics using airborne
passive microwave observations was undertaken using SGP’97 data ‘Kim
and Barros, 2002a, b; Jacobs et al., 2004; Jawson and Niemann, 2007) and
Washita’92 data (Cosh and Brutsaert, 1999). Results indicated that at these
scales soil moisture variability was most strongly connected to soil texture,
specifically sand and clay content. In drier conditions, soil moisture
variability approached the spatial correlation structure of sand content,
followed by that of clay content and finally vegetation water content
(VWC). The impact of soil texture on soil moisture was observed to
weaken during and immediately after rainfall events, when the spatial
structure of soil moisture appears to be dominated by rainfall spatial
gradients and topography (Yoo et al., 1998; Kim et al., 2002a; Jawson et al.,
2007). Jawson et al. (2007) also observed that when increasing the scale at
which soil moisture patterns are analysed, characteristics related to land use
(vegetation and surface roughness) became increasingly correlated with soil

moisture pattern, although the importance of soil texture was still significant

An important investigation at a variety of scales was also undertaken
using extensive data sets of traditional ground-based point measurements at
a variety of scales by Choi et al. (2007). This study showed the
predominance of soil texture, in particular sand content, in explaining the
soil moisture variability from small (<1km?) to large scales (1000km?) over
several areas in the US, Belgium and Spain having a variety of topographic

and land cover conditions.

It should be noted that SGP’97 and Washita’92 study areas, where most
of the above studies were based, were characterised by relatively smooth
topography and moderate vegetation variability. Consequently these
findings need further verification in other regions of the world with more

variable land surface conditions and different climatic regimes.
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At even larger scales (more than 100,000km?), data sets from ground-
based point measurements at agricultural sites in the Former Soviet Union,
Mongolia, China, and the USA suggested that the soil moisture variance has
two components; (i) the very small scale, determined by soils, topography
and land cover, and (ii) the large scale (500km), determined by precipitation
and evaporation patterns (Vinnikov et al., 1996; Entin et al., 2000). At these
larger scales, heterogeneity in rainfall disrupts temporal stability of fields by

introducing random spatial variability (Kachanoski et al., 1988).

The preceding discussion of soil moisture spatial variability and its link
to land surface factors highlighted that, although there is a widespread
tendency in hydrology to assume that at the small catchment scale (<1km?)
topography plays a dominant role (Grayson and Western, 2001), the
generality of this hypothesis is poorly supported in the literature. Indeed
there are clear examples where other controls, soil texture or land cover, are
more important (Vachaud et al., 1985; Grayson et al., 1997a; Western et al.,
1998; Teuling et al., 2004; Western et al., 2004; Choi et al., 2007). Despite
the relatively small body of literature which investigated soil moisture
variability at scales more similar to that of satellite footprints, there is good
evidence that other controls, soil texture in particular, but also land use
related characteristics and the rainfall gradients, may play a crucial role in
determining spatial soil moisture distribution. Moreover, it was noted in
several studies that that within the same area the relative importance of each
land surface factor might change significantly through time (Yoo et al.,
1998; Kim et al., 2002a, b; Jacobs et al., 2004; Choi et al., 2007; Jawson et
al., 2007).

These observations imply that the interpretation of the spatially averaged
information provided by remote sensors will not be straightforward. This is
because due the high variability of soil moisture fields and the temporally
and spatially variable correlation between sub-pixel variability of soil
moisture and land surface characteristics, it is extremely difficult to monitor
soil moisture on the ground in a way that represents the footprint average

soil moisture conditions.
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The variability in land surface characteristics affects the interpretation of
the spatially averaged information provided by remote sensors in yet
another way: it affects the relationship between the mean soil moisture
conditions within the footprint and the spatially averaged microwave
emission measured by the sensor, resulting from the heterogeneous soil
moisture and land surface conditions. This effect is different from that
discussed above. The former is associated with physical land surface
processes of lateral water distribution, vertical infiltration, evaporation, root
water uptake, whereas the latter is controlled by the radiative transfer

properties of the soil-vegetation layer.

This thesis deals specifically with this second problem. Before discussing
in detail the effect of land surface heterogeneity on the microwave emission
measured by the remote sensors, it is necessary to give an overview of
remote sensing methods available for soil moisture monitoring and to

describe the physical basis of microwave remote sensing.

2.2 Remote Sensing Techniques for Monitoring Soil Moisture
Global remote sensing of soil moisture has been a major research goal for
nearly three decades. Several studies have shown that soil moisture can be
measured by a variety of techniques, which differ essentially in the parts of
the electromagnetic spectrum sensed and in the source of the
electromagnetic radiation. Investigations have been undertaken using
sensors that measure the radiation emitted by the earth surface in the
microwave domain (“passive microwave”) using both tower-mounted
sensors (Wang, 1983; Wang et al., 1983; De Rosnay et al., 2006a; Saleh et
al., 2006a; Saleh et al., 2006b; Della Vecchia et al., 2007; Saleh et al., 2007;
Wigneron et al., 2007), and airborne sensors (Jackson et al., 1982; Jackson
et al., 1984; Wood et al., 1993; Jackson et al., 1995a; Drusch et al., 1999a;
Jackson et al., 1999; Jackson, 2001; Bindlish and Barros, 2002; Kim et al.,
2002b; Njoku et al., 2002; Uitdewilligen et al., 2003; Lakshmi et al., 2004;
Jackson et al., 2005; Merlin et al., 2008; Panciera et al., 2008a). Other

investigation used sensors that measured the radiation reflected by the
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surface given a microwave pulse sent by the sensor (“active microwave”)
(Wood et al., 1993; Giacomelli et al., 1995; Bindlish et al., 2002; Njoku et
al., 2002) or the radiation in the visible/infra-red domain (Carlson et al.,
1994; Moran et al., 1994; Gillies et al., 1997). Moreover, techniques for
global soil moisture estimation were tested using space sensors in the
microwave domain (Shi et al., 1997; Chauhan et al., 2003; Njoku et al.,
2003; Zribi et al., 2003; McCabe et al., 2004; Wan et al., 2004; McCabe et
al., 2005; Zribi et al., 2005; Verstraeten et al., 2006; Yang et al., 2006;
Chand and Badarinath, 2007; Narayan and Lakshmi, 2008; Rahman et al.,
2008) and combined microwave/visible/infra-red domains (Chauhan et al.,

2003; Verstraeten et al., 2006).

Remote sensing has the advantage with respect to other traditional
techniques for soil moisture monitoring (essentially those based on
continuous measurements at fixed locations and land surface models) to (i)
provide an integrated measurement over a large area, (ii) provide a frequent
coverage of the entire (or a vast part of) globe and (iii) to rely as less as
possible on complex modelling of land-surface-atmosphere physical
processes, which at global scale would imply excessive computational

burden.

Although there is now a wide consensus in the scientific community that
remote sensing using microwave sensors is the most promising technology
for global soil moisture monitoring (Engman et al., 1995; Jackson et al.,
1996b; Wigneron et al., 2003; Prigent et al., 2005; Wagner et al., 2006;
Wagner et al., 2007), each of the techniques mentioned above holds certain
advantages associated with the resolution at which the land surface can be
resolved from space sensors (which depends directly on the frequency), the
sensitivity to soil moisture changes or the sources of noise to the soil
moisture signal. Therefore in the following sections a brief review of the
physical basis upon which each technique is based is given. Based on this
review, section 2.2.4 presents a discussion of the advantages and limitations
of each technique in light of their application for global monitoring of soil

moisture.
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2.2.1 Visible Radiation

The ratio of reflected to incoming solar radiation at the earth surface
(known as “albedo”) in the visible region of the spectrum (0.4 - 0.8um) has
been long recognised as having a dependence upon the moisture status of
the soil surface (Angstrom, 1925 ). The effect of increasing soil moisture
content is to reduce the albedo by a factor of about 2 for a bare soil (Jackson

et al., 1976), although this effect is somewhat less detectable for sand.

Remote sensing of soil moisture using the visible region of the
electromagnetic spectrum is therefore based on the measurement of the
albedo, and can provide good spatial resolution from space sensors (e.g.
~30m for Landsat visible bands). However, the measurement of the albedo
provides only a poor indication of soil moisture content. It has been shown
that albedo is also greatly influenced by many other factors such as organic
matter, soil texture, surface roughness, angle of incidence, plant cover and
colour causing a wide variation in albedo of different soil types even when

dry (Engman, 1991; Troch et al., 1996).

Apart from these confounding factors, important limitations of soil
moisture remote sensing in the visible spectrum are that (i) reflected solar
energy responds to only the top few millimeters of the soil profile (Idso et
al., 1975), therefore providing soil wetness information for a very shallow
layer of the soil which is difficult to link with deeper layers, (ii) it requires
solar illumination, therefore limiting the observations to day time
overpasses and (iii) it is limited to areas with no cloud cover. These
complicating factors limit the utility of solar reflectance measurements for
soil moisture content determination, which have been so far mainly utilised

in conjunction with techniques based on thermal infra-red radiation.

2.2.2 Thermal Radiation

Thermal infra-red remote sensing operates in a slightly longer
wavelength region of the electromagnetic spectrum (3 -14um) than visible
remote sensing, and measures the thermal emission of the earth. Methods
for inferring soil moisturecontent using thermal infra-red remote

measurements are based on the effect of water on the thermal properties of
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the soil (heat capacity, thermal conductivity), which in turn affect the
surface radiant temperature as well as the soil resistance to diurnal changes
in temperatures due to external meteorological forcings (Ellyett and Pratt,
1975; Schmugge et al., 1980; Van de Griend and Engman, 1985). The
amplitude of the diurnal range of soil surface temperature has been found to
have a good correlation with the soil moisture content in the 0 to 2 and 0 to

4cm layers of a bare soil (Schmugge et al., 1980).

Thermal infra-red sensing can provide good spatial resolution from space
sensors (~250m for infra-red and lkm for thermal bands). However, the
effectiveness of these measurements is limited by cloud cover, vegetation
and meteorological factors (Engman, 1990; de Troch et al., 1996), with
measurements being severely hampered by the presence of even slight
amounts of vegetation (Sadeghi et al., 1984), as the resulting image
produced by the remote sensor may have no relation to the radiative
temperature of the earth’s surface below. However, in this case thermal
infra-red observations may still be used to give an indication of plant
moisture stress through rising leaf temperatures (McVicar and Jupp, 1998),
which is an indication of the soil moisture status. Therefore, inference of
soil moisture content from thermal infra-red imagery is usually performed in
conjunction with imagery from the visible wave bands, in order to give
some measure of the vegetation cover (Moran et al., 1994; Gillies et al.,

1997; Goward et al., 2002; Wan et al., 2004; Verstraeten et al., 20006).

Methods for deriving soil moisture from thermal infra-red measurements
evolved essentially in two directions (i) use of Soil Vegetation Atmosphere
Transfer models to define the relationship between radiant temperature of
the vegetation-bare soil mix and soil moisture and (ii) use of time series of
diurnal surface temperature cycles to determine the relationship between
thermal inertia and soil moisture. These methods and their limitations are

briefly described below.

The first approach consists of inverting a one-dimensional Soil-

Vegetation-Atmosphere-Transfer (SVAT) model using thermal infra-red
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observations of surface temperature. This was attempted in several studies
(Ottlé et al., 1989 and Demarty et al., 2005 to name a few), using SVAT
models which calculated the surface fluxes, surface temperature and soil
moisture content by solving simultaneously the energy budget equation at
the soil surface and above the canopy. The thermal and hydraulic transfers
were described by three important processes: thermal inertia, hydraulic
diffusivity and evaporation. Atmospheric data necessary to run the model
were daily variation in incoming radiation, air temperature, humidity and
wind speed. The three key vegetation parameters of the SVAT model were
the height of the vegetation, minimum leaf resistance to evaporation and the

Leaf Area Index (LAI).

Alternative approaches which relax the need for avoiding complex
modeling of the land soil-vegetation-atmosphere interaction were developed
by Carlson et al., 1994) and extended by Gillies et al. (1997), who generated
regression relations between Normalised Difference Vegetation Index
(NDVI), soil moisture, and soil temperature by careful analyses of available
data. Although a unique relationship between surface soil moisture
availability and radiant temperature does not exist in the presence of
vegetation cover, if the 0% and 100% vegetation cover limits can be
evaluated for a particular study area and the fractional vegetation cover is
defined amongst these two extremes through NDVI observations, then a
fairly stable relationship between soil temperature and soil moisture
availability can be established (Moran et al., 1994). This can be a simple
linear relationship (Moran et al., 1994) or a non-linear relationship derived
from simulations with a SVAT modeling (Carlson et al., 1994). In either
case the NDVI extremes for the study area need to be deduced from
analysing yearly variation of NDVI in order to capture the annual vegetative
response to soil moisture changes. One major question arising from a global
soil moisture monitoring perspective is whether this relationship between
NDVI, soil temperature and soil moisture can be defined from coarse-

resolution space observation (Gillies et al., 1997).
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The second type of approach for deriving soil moisture from thermal
infra-red measurements is based on the concept of thermal inertia. Thermal
inertia is a property of a materials (in the context discussed here, the mix of
soil and water), which describes their resistance to temperature variations.
The method developed by Mitra and Majumdar (2004) and later applied by
Verstraeten et al. (2006) to spaceborne data is based on estimation of an
apparent thermal inertia (ATI) through the combination of measurements of
spectral surface albedo and diurnal temperature range. The strategy to derive
water content is then based on the rationale that high ATI values correspond
to maximum soil moisture content (the diurnal temperature range is the
denominator in the calculation of ATI). Therefore, if extreme ATI values
can be derived from time series analysis over a specific area, a soil moisture
saturation index can be defined and converted to a soil moisture estimate
through knowledge of the soil type in the area and consequently the soil

moisture at saturation and residual.

It must be noted that the use of thermal infra-red measurements is limited
to cloud free areas and complicated by vegetation masking of the soil
surface. Moreover, such methods require meteorological and atmospheric
information such as daily variation in incoming radiation, air temperature,
humidity and wind speed if SVAT based retrieval methods are used, or time
series of daily temperature variations and/or NDVI values which are long
enough to encompass the full range of values for both variables (i.e., from
maximum to minimum) experienced by the area of interest. Although the
studies discussed showed that combined visible/thermal infra-red
approaches have the potential to sense soil moisture, implementation from
space has not been accomplished so far, and a soil moisture product has not
been envisioned for future optical/IR missions. To overcome the problems
of thermal infra-red methods for satellite based soil moisture remote
sensing, attempts have been made to couple these approaches with remote
sensing methods which employ the microwave region of the spectrum

(Chauhan et al., 2003).
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Table 2.1. Microwave band designations (Lillesand and Kiefer, 1994).

Band Designation Wavelength (cm) Frequency (GHz)

Ka 0.75-1.10 40.0-26.5
K 1.10 - 1.67 26.5-18.0
Ku 1.67 - 2.40 18.0-125
X 240 -3.75 12.5-8.0
C 3.75-7.50 8.0-4.0
S 7.50 -15.0 40-20
L 15.0 - 30.0 20-1.0
P 30.0 - 100 1.0-03

2.2.3 Microwave Radiation

Microwave remote sensing measures the electromagnetic radiation in the
microwave region of the electromagnetic spectrum, which has wavelengths
between 0.75 and 100cm, corresponding to frequencies between 40GHz and
0.3GHz. This region is subdivided into bands, which are often referred to by
a lettering system (see Table 2.1). The radiation in this region of the
spectrum is highly correlated with the dielectric properties of the soil which

are mainly determined by the amount of water volume present.

The fundamental basis of microwave remote sensing for soil moisture
content is the contrast between the dielectric constant of water (about 80 at
frequencies below 5GHz) and that of dry soil (about 3.5) (Ulaby et al.,

1986). As the volume fraction of water in the soil increases, both the real
and imaginary parts of the soil dielectric constant (respectively ¢, and &)

increase, depending on the soil particle distribution (Ulaby et al., 1986).

This is shown in Figure 2.1 for different soil textures.

If it is assumed that the target being observed by the microwave sensor is
a plane surface with surface geometric variations and volume discontinuities
much less than the wavelength, only refraction and absorption of the media
need to be considered. Therefore the reflectivity to microwave radiation of
the soil/air interface can be related to the ratio between the dielectric

constant of air (known) and soil through the Fresnel reflection equations, the
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relationship being dependent on the viewing angle and the polarisation of
the radiation (Njoku and Entekhabi, 1996a). The smooth surface reflectivity
(I'*) at vertical (V) and horizontal (H) polarisation can therefore be

expressed as:

2
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where &g is the soil dielectric constant (relative to that of air) and ¢ is the
viewing angle. Following Kirchoff's reciprocity theorem, the microwave
emissivity (e) of the target can be related to its microwave reflectivity as

I'=1I-e.

The two basic approaches used in microwave remote sensing are active
and passive. Active systems, otherwise known as radars, send out a pulse of
electromagnetic radiation and measure the amount that is scattered back in
the direction of the sensor (reflectivity). That backscatter coefficient is then
related to the characteristics of the target. In contrast, passive systems
measure the natural emission (emissivity) of the land surface at microwave
frequencies using detectors, referred to as radiometers. Given the low
frequency, the spatial resolution that can be achieved from space with the
current technology is low for passive sensors (~40km, Kerr et al., 2001). For
active sensors, the spatial resolution can be as fine as 10m from space
(Wagner et al., 2006). A description of the fundamental basis and main
characteristics of the methods to obtain soil moisture information from
active and passive microwave observations is presented in the following

sections.

2.2.3.1 Active Microwave Remote Sensing
Active microwave remote sensing involves the use of a radar antenna,

which transmits wave pulses and receives a return signal whose intensity
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Figure 2.1. Real (&,) and imaginary(e,) soil dielectric

constant as a function of volumetric soil moisture content for
five soils at 1.4GHz. Smooth curves were drawn through
measured data points (from Ulaby et al., 1986).

varies with the target characteristics. The signals sent and received by aradar
are usually polarised, either horizontally (H) or vertically (V). Possible
combinations are HH, VV, HV and VH. The backscattering coefficients
o’pp, where P is the polarisation are used to describe the intensity of the
reflected radiation from an object and are measured in decibel (dB)
(Schmugge, 1985). The backscattering coefficients depend on wave
polarisation, frequency and incidence angle (Schmugge, 1985) and are
influenced by the dielectric constant of the soil (through surface
reflectivity) and surface roughness for bare soils (Schmugge, 1985; Ulaby et

al., 1986). For vegetation covered areas, the backscattering coefficients
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depend on the vegetation characteristics and on the soil’s backscattering
signal attenuated by the vegetation layer (Ulaby et al., 1982). Moreover,
topographic relief has a significant effect on the backscattering signal (van

Zyl et al., 1993).

The relationship between backscatter and dielectric constant is highly
non-linear. The coefficients ¢°,, and ¢°s, increase with soil moisture at
higher rates for lower dielectric constants, with ¢°;;, shown to be less
sensitive to variation in the dielectric constant than ¢°,,. At approximately
35°-40° incidence angle, ¢°j, increases are typically about 5-6dB for a
variation of dielectric constant between 3 and 30 (corresponding to a soil
moisture range between 2% to 50%, depending on frequency and soil
texture) as compared to an 8-10dB increase in 6°,, (Hoeben et al., 1997; Shi
et al., 1997). This range is fairly independent of the sensor frequency
(Hoeben et al., 1997). The sensitivity of ¢°,, to changes in dielectric constant
increases with incidence angles but becomes fairly stable in the 30°-50°

range (Shi et al., 1997).

The effect of soil roughness on the backscattering signal is quantified
through the surface height standard deviation (RMS). The effect of surface
roughness may be synthesised by saying that, for a given frequency, the
backscattering from soils with a higher RMS is less dependent on the value
of the incidence angle (Ulaby et al., 1986). Therefore, the larger the
incidence angle, the greater the sensitivity of the backscattering signal to
RMS (Oh et al., 1992). In many cases the effects of roughness may be equal
or greater than the effects of soil moisture on the backscattering (Engman et
al., 1995). This might be more significant in ploughed fields, where the row
structure generated by ploughing presents a regular pattern that can
complicate data interpretation (Giacomelli et al., 1995). Furthermore, due to
weathering, the surface roughness of agricultural fields is likely to change
quickly in time between satellite overpasses, although for natural
ecosystems it should not change significantly over relatively short time
periods (Beaudoin et al., 1990; Sano et al., 1998). Roughness represents

therefore a major issue in active microwave remote sensing. The soil
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moisture problem in active remote sensing becomes one of determining the
roughness effect independently so that a model can be inverted to yield a

measure of soil moisture (Oh et al., 1992; Engman et al., 1995; Jackson et

al., 1996b).

The observations made with active microwave remote sensing are
affected by vegetation cover that reduces the sensitivity of the return signal
to the moisture content of the underlying soil (Wang et al., 1987; Engman et
al., 1995). The return signal from the layer of vegetation is composed of
four principal components: direct, reflected, direct-reflected and surface
scattering (see Figure 2.2). All mechanisms include scattering and
absorption of the signal by the vegetation components. The amount of
absorption is primarily due to the water content of the vegetation
(Schmugge, 1985), whilst the scattering is influenced by the vegetation
shape and geometry (Engman et al., 1995; Giacomelli et al., 1995). The
effect of vegetation is also greatly dependent upon the instrument’s angle of
incidence and on polarisation (Ulaby et al., 1986). Engman et al. (1995)
showed that the attenuation of the backscattered signal for horizontal
polarisation due to a corn canopy is relatively weak, but that the vertically
polarised data are attenuated to a much greater degree because of their
relationship to the canopy structure, which consists primarily of vertical
stalks. Wang et al. (1987) have shown that the effect of vegetation cover
does not play a significant role at low incidence angles. The influence of the
vegetation on the radar signal can in general be diminished by decreasing
the frequency. L-band (1-2GHz) measurements yield good results under
various canopy types (Brown et al., 1992; Schmulluis and Furrer, 1992; van
Zyl et al., 1993; Giacomelli et al., 1995), whereas for C-band (4-8GHz)
even a thin vegetation cover may distort the measurement (Schmulluis et al.,

1992).

Surface topography affects active microwave remote sensing
observations mainly by changing the incidence angle due to the local slope
(Hinse et al., 1988) and by changing the pixel size when, as is common, data

are processed with a flat earth assumption (van Zyl et al., 1993). The
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Figure 2.2. Dominant scattering mechanism from a vegetation
layer Engman et al., 1995.
problem is more important for airborne systems than for spaceborne
systems. However, it has been shown that these effects can be taken into
account if a digital elevation model is available (Hinse et al., 1988; van Zyl

et al., 1993).

Due to the sensitivity of the active microwave backscattering signal to
surface roughness and vegetation cover, and the competing effect of
frequency and incidence angle discussed in this section, there has been a
great deal of discussion in the literature about an “optimum” configuration
for active microwave remote sensing with satellites. In this section it has
been discussed how the larger the incidence angle, the larger the sensitivity
to soil moisture content, but also the higher the influence of both surface
roughness and vegetation. Therefore there must be a compromise. Also, as
frequency is increased the active microwave remote sensor becomes more
sensitive to vegetation and the sensitivity to soil moisture content decreases.
Moreover, the 6%, Backscattering coefficient is generally more sensitive to

soil moisture content than the ¢%; coefficient. Given that low incidence
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angles (i.e., reduced effect of vegetation and surface roughness) are very
unlikely on a spacecraft system, as the resolution gets coarser with
decreasing incidence angle according to 1/sin$ (Autret et al., 1989), it has
been suggested that an active microwave remote sensing system
characterised by an incidence angle of approximately 20°, vv polarisation
and frequency of 5.3GHz (C-Band) would be the optimal configuration
(Ulaby et al., 1978; Dobson and Ulaby, 1986; Dobson et al., 1992; Altese et
al., 1996).

It should be noted that the radar configuration adopted by the upcoming
NASA’s Soil Moisture Active Passive (SMAP) mission will instead consist
of an L-band radar at ~40° looking angle. This choice was driven by
economical consideration (the need to utilise a shared antenna for the radar
and the L-band radiometer) and scientific requirements dictating the need

for a large incidence angle in order to ensure a three-day revisit time.

2.2.3.2 Passive Microwave Remote Sensing

Passive microwave remote sensors are radiometers that measure the
thermal emission from the ground at microwave frequencies. As already
discussed, the microwave emissivity (e) of a surface can be related to its
microwave reflectivity I'p through Kirchoff’s reciprocity theorem. The
microwave reflectivity can in turn be related to the soil relative dielectric

constant.

The dielectric constant can be computed as a function of soil moisture
and other soil parameters such as soil moisture, soil salinity, bulk density
and soil texture. Two main models have been developed to related the
dielectric constant to soil moisture for the low frequency range (1-20GHz)
by Wang and Schmugge (1980) and Dobson et al. (1985). These models
have been found to be accurate except for the case of frozen soils, for which
a specific model was developed by Hallikainen (1984), and for dry sandy
soils, for which a simplified approach was proposed by Mitzler (1998).

Therefore the emissivity of a smooth bare soil surface at a given

polarisation and angle can be defined once its volumetric soil moisture
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content and particle size distribution is known. The intensity of the radiation
at microwave frequencies measured by a radiometer (usually called
brightness temperature or radiobrightness, 75 and measured in kelvin)

viewing a smooth bare soil surface is given by:

T,

Br = €gp

*T, (2.3)

where P is the radiation polarisation, egp the polarised smooth surface
emissivity and Ts is the soil temperature. (2.3) derives from Plank’s
blackbody radiation law through the Rayleigh-Jeans approximation for
microwave frequencies (Schmugge, 1985; Njoku et al., 1996a).

The variation in soil emissivity exhibits a range from about 0.95 for dry
soil (5%v/v) to 0.6 or less for wet soil (40%v/v) (Schmugge, 1985; Jackson
and Le Vine, 1996a; Njoku et al., 1996a). For soil at a temperature of 300K,
this variation in emissivity corresponds to a brightness temperature variation
of 90K, which is much larger than the noise sensitivity threshold of a

microwave radiometer, being typically less than 1K (Njoku et al., 1996a).

The simple expression in (2.3) between sensor measured radiation and
soil moisture is complicated in an operational scenario by roughness of the
soil surface, non-uniform soil moisture and temperature vertical profiles and
presence of vegetation and/or litter layer above the soil (Choudhury et al.,
1979; Jackson and Schmugge, 1991; Njoku et al., 1996a; Njoku et al.,
1996b; Saleh et al., 2006a).

2.2.3.2.1 Impact of Surface Roughness

Field measurements made by Newton and Rouse (1980) and Wang et al.
(1983) have indicated that rougher soil surface increases soil emissivity and
decreases the sensitivity to soil moisture content (see Figure 2.3). This
increase in emissivity can be attributed to the increase in soil surface area
that interfaces with the air (Schmugge, 1985). Wang et al. (1983) noted that

the effects of surface roughness decreases with the frequency.
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Figure 2.3. Variation in brightness temperature as a function of moisture
content; for soils of different roughness at 1.4GHz, 5GHz, and 10.7GHz.
(from Wang et al., 1983).

In order to account for this effect, (2.1) and (2.2) need to be modified to
take into account the scattering of the radiation at the soil-air interface.
Thereflectivity (I'p) of a rough surface is the sum of two components: (i) the
non-coherent component, computed by integrating over the upper
hemisphere the bistatic scattering coefficient which characterise the
scattering of radiation from any direction to any other direction, and (ii) the
coherent components, which depends on the smooth reflectivity (see (2.1)
and (2.2)) and the standard deviation of the surface heights (Shi et al.,
2002). Shi et al. (2002) showed that roughness effects differ strongly at
different incidence angles and polarisations. At large incidence angles
($~50°), the emission was found to increase at H polarisation as the
geometric surface roughness increases. This confirmed earlier experimental
observations (Choudhury et al., 1979; Wang, 1983; Wang et al., 1983).
Conversely, at V polarisation, the emission was found to decrease. In the
perspective of satellite application, it is difficult to compute the emissivity
using this rigorous approach, as this requires complex theoretical

approaches (such as the Advanced Integral Equation Model, AIEM) to
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derive expressions for the scattering coefficients over large and

heterogeneous areas such are satellite pixel.

A simpler, semi-empirical expression for the rough surface reflectivity
(I'p) was proposed by Wang and Choudhury (1981). This is based on two
best fit parameters: a height parameter, Hz (which is related to the standard

deviation of surface heights), and a polarisation mixing parameter, Qx:
[ () =[(1- 0L (97 (9) + 0 (DT (D |exp(~H () cos’ 9, (2.4)

where the subscripts O and P indicate V' or H polarisations.

Wang et al. (1983) considered in a more detailed study that the cos® &
dependence was much too strong. Also, in the approach given by (2.4),
considering that Hy increases with surface roughness effects leads to
consider that emissivity increases with roughness at both H and V
polarisations, which is in contradiction with theoretical analysis (Mo and
Schmugge, 1987 ; Shi et al., 2002). The Hr parameter should be thus
considered as dependent on angle and polarisation. Therefore a generalised
semi-empirical formulation of roughness effects can be written as

(Wigneron et al., 2007):
T, (9) =[1- 0, (T} (9)+ 0, (DT, (9 Jexp(—H 4 (9 cos"™ 9)  (2.5)

In this generalised formulation, the dependence of Or and Hr on ¥ and
polarisation is accounted for and the Ngp exponent is inserted in the

exponential term.

2.2.3.2.2 Impact of Vertical Soil Moisture and Temperature
Profiles

The simple expression in (2.3) assumes constant soil moisture and
temperature throughout the soil profile contributing to the microwave
emission. At low frequencies, this profile may consist of a layer of several
centimeters (Njoku et al., 1996a). The temperature and moisture contents of
soils exhibit natural variability as a function of depth. Therefore it is not
strictly correct to represent soil brightness temperature and emissivity by

such approximations. To take this into account, the effective soil
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temperature (7zrr) contributing to the soil microwave emission can be

computed from the radiative transfer theory as (Choudhury et al., 1982):

TEF =

S =y 8

T.(2)a(z) exp{— j a(z')dz}dz , (2.6)

where T(z) is the soil temperature at depth z, and the attenuation coefficient

a(z) is related to the soil dielectric constant as:
a(z) =(4r/ )e;"(2)/ 2(e5' ()7, (2.7)
where A is the wavelength of observation.

Using this physical approach, Tgrr can be computed using measured
profiles of both soil moisture (which is used to compute the soil dielectric
constant in (2.7)) and soil temperature. Due to the difficulties in obtaining
accurate soil moisture and temperature profiles over large areas, a simple
linear parameterisation was been developed using controlled experiments at
L-band (Choudhury et al., 1982). This parameterisation makes use of
temperature measurements at two depths and an empirical attenuation

coefficient which is a function of the surface soil moisture content:

TEFF = TDEPTH + Ct (TSURF - TDEPTH) ’ (28)

where Tpepry 1s the deep soil temperature (approximately at 50 or 100cm)
and Tsyrr is the surface temperature (approximately corresponding to a
depth interval of 0—5cm). Choudhury et al. (1982) suggested that the surface
temperature may be estimated from thermal infra-red observations, or
meteorological data of near-surface air temperature, while the deep soil
temperature can be modelled based on geographic location and season.
Choudhury et al. (1982) calibrated constant values of the C; parameter for
several frequency bands, with C; being equal to 0.246 at L-band.

2.2.3.2.3 Impact of Vegetation
Vegetation emits microwave radiation, whilst it also absorbs and scatters
the radiation coming from the soil. It therefore reduces the sensitivity of the

observed brightness temperatures to soil moisture changes (Van de Griend
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et al., 1985; Jackson et al., 1996a). This attenuation increases as frequency
increases (Jackson et al., 1996b; Wigneron et al., 1998). For a sufficiently
thick layer of vegetation, only the radiation from the vegetation itself is

observed (Schmugge, 1985).

In early theoretical studies, Basharinov and Shutko (1975) and
Kirdiashev et al. (1979) modeled the soil-canopy system as a two-layer
incoherent non-scattering medium with a negligible albedo. In this model
the vegetation is treated simply as an absorbing layer at a temperature 7y
Overlaying a soil layer of temperature Ts. The brightness temperature above

the canopy is given by:

T, =T, +(e—1exp(-27)+ e(?—s —Dexp(-7), (2.9)
14

where 7 is a one-way canopy absorption factor or optical depth which is
dependent on the vegetation dielectric properties, plant shape and structure,
frequency, polarisation and look angle A more sophisticated approach was
later developed by Mo et al. (1982), who proposed the usually so called ‘z-
@’ model, which makes use of two parameters to characterise the absorption
and scattering of the soil signal through the vegetation canopy, the optical
depth 7 and the single scattering albedo . In this model the polarised

brightness temperature observed above the canopy is written as:
Typ (8) = (1= 0, (A =y, (A + T, (Dy, (T +
+(1=L (97 p (DT, (2.10)

where the vegetation attenuation factor yp is written as a function of the

optical depth 7 as:
7p(3) =exp(=7,(F)/cosY). (2.11)

The second term on the right hand side of (2.10) computes the
attenuation of the microwave signal radiating up from the soil through the
vegetation layer, while the first term accounts for (i) the upward vegetation
radiation and (ii) the downward vegetation radiation reflected by the soil

and attenuated by the vegetation in this upward path. At microwave



Chapter 2 — Literature Review and Proposed Approach Page 2-25

frequencies the single scattering albedo term is almost zero, varying
between 0.05 and 0.10 (Jackson et al., 1991; Wigneron et al., 2004;
Wigneron et al., 2007).

This model is a zero-order solution of the radiative transfer equations as
it assumes that the vegetation scattering phase matrix term can be neglected
(Ulaby et al., 1986; Mitzler et al., 2006). The 7—w model has been found to
be an accurate approach to model the L-band emission from a vegetation
canopy in numerous studies (Mo et al., 1982; Jackson et al., 1991;
Wigneron et al., 1995; Van de Griend and Wigneron, 2004; Wigneron et al.,
2004) and it is also a tractable tool for the process of inversion (Wigneron et

al., 1995; Wigneron et al., 2000; Wigneron et al., 2003).

Various theoretical and empirical relationships have been proposed for
the optical depth required by the 7—w model. Basharinov et al. (1975)
proposed that 7 =/asecd, where [/ is the thickness of the vegetation layer
with an absorptivity a. However, this simple parameterisation does not
explain the observed polarisation and angular dependence of the vegetation
effect on the microwave signal (Van de Griend and Owe, 1994; Wigneron et
al., 1995; Wigneron et al., 2004), which may be significant for crops with
predominant vertical plant structure. Therefore, Kirdiashev et al. (1979) and
similarly Njoku et al. (1996a) proposed that the optical depth be computed

as:

Afeve 8\"’8
7,(9) :—cojg <, (2.12)

where A is a structure parameter related to the geometry of the vegetation, f
is the observation frequency (Hz), 6,4 is the VWC (kg/mz) and gleg is the
imaginary part of the dielectric constant of the vegetation. The parameter 4
can be obtained by modeling the vegetation as cylinders or discs with
different orientations, but it is more commonly estimated empirically for

specific vegetation types (Njoku et al., 1996a).

An empirical relationship between optical depth and VWC has been
given by (Jackson et al., 1982; Jackson et al., 1991), by lumping all
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parameters in (2.12) except 6,., into a regression parameter b which is
unique to the type of vegetation, the radiation frequency, polarisation and

incidence angle:
7,($=06,,. (2.13)

Jackson (1993) presented a plot of b for different frequencies and
vegetation types as presented in Figure 2.4. An interesting observation of
Figure 2.4 is that at low frequencies, b is found to be only weakly dependent
on vegetation type. Based on these results, it would appear that at L-band
(wavelength 15 to 30cm) a single value of b equal to 0.15 is representative
of most agricultural crops (Jackson, 1993). Several studies have
concentrated on the determination of suitable values of parameter b for a
variety of vegetation types. At L-band a value of »=0.12+0.03 was found to
satisfactorily represent the dependence of vegetation opacity (referenced to
nadir, i.e. = 0) on its water content for a range of grass and agricultural
crops with 6,., from 0.5 to 6kg/m2 (Mo et al., 1982; Jackson et al., 1991;
Van de Griend et al., 2004). Values of b reported in these studies are
generally average values based on brightness temperatures measurements

made at various incidence angles.

As the SMOS L2 soil moisture retrieval algorithm is based on bi-
polarised, multi-angular measurements, it is important to account for the
dependence of the optical depth on incidence angle and polarisation. More
recent studies have indicated that although the main determinant of the b
values appears to be vegetation type, the dependence of b on polarisation
may also be significant over several crops and that while the dependence of
b on incidence angle was observed to be generally low at H polarisation, it
may be significant at V polarisation (Wigneron et al., 1995; Van de Griend
et al., 2004; Wigneron et al., 2004; Wigneron et al., 2007). This will be

discussed in more detailed in Chapter 3.

Several studies have also shown that the effect of litter on the microwave
signal is significant (Schmugge et al., 1988; Jackson et al., 1991; Wigneron
et al., 2004; Saleh et al., 2006a). Litter can be present below most vegetation
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Figure 2.4. Observed values of the effects of vegetation on model parameter b
as a function of wavelength (from Jackson, 1993).
canopies in fields which are not (or rarely) ploughed, like prairies or below
non-agricultural canopies, natural covers and forests. Currently no method
has been proposed to take into account the effect of litter, and this is
generally considered implicitly by increasing the value of parameter b
(Wigneron et al., 2007).
2.2.4 Applicability of Remote Sensing to Global Soil Moisture
Monitoring

There is now a wide consensus in the scientific community that
microwave remote sensing is the most promising technology for global soil
moisture monitoring (Engman et al., 1995; Jackson et al., 1996b; Wigneron
et al., 2003; Prigent et al., 2005; Wagner et al., 2006; Wagner et al., 2007).
This is because this domain of the electromagnetic spectrum presents some
major advantages over the infra-red and visible domains which make it
appealing for global soil moisture monitoring purposes. The advantages of
passive microwave remote sensing over the other methods are discussed

hereby.
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Microwave remote sensing offers a relatively direct means of assessing
soil moisture since it exploits, like many in situ observation techniques (e.g.,
Time Domain Reflectometry probes or capacitance probes), the strong
relationship between the moisture content and dielectric constant of the soil.
This relationship is fairly well understood and depends only on soil texture
at a given frequency (Wang et al., 1980; Wang et al., 1983; Ulaby et al.,
1986). Conversely, infra-red and visible remote sensing technologies are
based on a less direct relationship between the observed variable, soil
surface temperature and albedo, respectively, and the retrieved variable, soil
moisture. In the case of infra-red techniques, for example, the relationship
between the diurnal cycle of surface temperature is not only associated with
the thermal inertia determined by soil moisture but also strongly affected by
micrometeorological conditions and to surface characteristics (vegetation,
thermal conductivity K, and heat capacity C). For example, in areas where
the surface temperature 7, is controlled by evaporation, not by thermal
inertia, the 7 diurnal amplitude extracted from the infra-red observations is

not well correlated with the soil moisture (Prigent et al., 2005).

Another important advantage of microwave techniques is that at lower
frequencies the depth of soil layer which contributes to the emission, and
therefore the depth of soil layer for which information can be retrieved by
remote sensors, is greater. This is due to the fact that attenuation of an
electromagnetic radiation through a medium is frequency dependent (Kong,
1990). For the microwave frequencies considered optimal for soil moisture
retrieval (1-3GHz), the contributing depth is theoretically between 10cm and
Im, although field experiments suggested that the actual contributing depth
is closer to about 1/4 the wavelength (based on a wavelength range of 2-
21cm) (Jackson et al., 1996b). This is nevertheless a greater contributing
depth than that of infra-red and visible radiation, which is of the order of
Imm (Idso et al., 1975). Several studies has shown that the soil moisture
information provided by remote sensing technology for the near-surface
layer can be used in combination with land surface modeling to retrieve the

soil moisture content at much greater depth (e.g. Houser et al., 1998;



Chapter 2 — Literature Review and Proposed Approach Page 2-29

Walker et al., 2001), further extending the benefits of improvements in

remote sensing technology

As discussed in previous sections, the effect of vegetation on
electromagnetic radiation is amongst the most serious problem for all
remote sensing techniques presented. Nevertheless, visible and infra-red
measurements are hampered by perturbation of the signal by the vegetation
in a more serious way than microwave measurements (Sadeghi et al., 1984).
At microwave frequencies instead vegetation appears semi-transparent.
Jackson et al. (1991) showed that theoretically the sensitivity of L-band
(1.4GHz) microwave observations to soil moisture at a VWC of 3kg/m’
(typical of a mature crop) is only halved with respect to that over a bare soil.
It appears that 7kg/rn2 in plant water content is the limiting situation,
reducing the sensitivity to about 25% of the bare soil case (Schmugge et al.,
2002). However, as the frequency increases the sensitivity of microwave
observations to soil moisture is more strongly affected the vegetation layer.
For example, at C-band (4-8GHZ) passive microwave observations appear
to be insensitive to changes in soil moisture for a canopy with a VWC of 1-

2kg/m* (Guha and Lakshmi, 2002; Jackson et al., 2005).

Microwave measurements have the significant advantage of being
independent of solar illumination, and therefore can be made at any time of
the day or night (Jackson et al., 1996b; Schmugge et al., 2002). It has been
shown that night time observations may prove more accurate for soil
moisture retrieval from spaceborne platforms due to the more homogeneous
vertical and horizontal temperature profiles (Owe et al., 2001; Draper et al.,
2009). Moreover, air, vegetation and soil temperature are almost in
equilibrium at sunrise (Kerr et al., 2001), minimising the perturbation of

gradient between soil and vegetation canopy on the microwave signal.

The attenuation of the radiation by atmospheric gases and clouds in the
atmosphere is negligible for microwave frequencies below 3GHz
(Schmugge, 1985). In the case of visible and thermal radiation, clouds as

well as atmospheric temperature and water vapour add serious perturbations
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to the signal, therefore requiring pre-processing of the observations to mask
cloud and correct for atmospheric attenuation (Wan and Li, 1997; Wan and

Dozier, 1996; Wan et al., 2004; Verstraeten et al., 2006).

Therefore, implementation of soil moisture retrieval from satellite using
visible and infra-red measurements has been so far limited to determination
of draught onset through monitoring of plant water stress, which is only
indirectly related to soil moisture (Wan et al., 2004), or combination of
visible/infra-red techniques with microwave observations (Chauhan et al.,
2003; Verstraeten et al., 2006). A soil moisture product has not been slated
for future optical/IR missions so far (Chauhan et al., 2003).

2.2.5 Past and Current Microwave Space-Sensor

The afore mentioned advantages of microwave remote sensing have
boosted research into the use of low frequency passive and active
microwave technology on spaceborne platforms. From an operational point
of view, the current generation of spaceborne microwave radiometers is not
optimal for soil moisture sensing in terms of their spatial resolution and
frequency. Under low vegetation conditions (less than 1-2kg/m?), however,
the 6.6 and 10.7GHz channels of the Scanning Multichannel Microwave
Radiometer (SMMR, 1978-1987) and the 6.9 and 10.7GHz channels of the
Advanced Microwave Scanning Radiometer (AMSR-E, 2002) have
adequate sensitivity to surface soil moisture and have proved to be useful
for monitoring of trends in surface soil moisture conditions despite their
non-optimal frequencies (Owe et al., 2001; Owe et al., 2007; Rudiger et al.,
2007; Wagner et al., 2007; Draper et al., 2009). Amongst the active
microwave systems with configurations suitable for soil moisture remote
sensing, several satellites that have been launched in the 1990s carrying a
Synthetic Aperture Radar (SAR). Most spaceborne SAR systems have
operated at C-band, such as the European Remote Sensing Satellites ERS-
1/2 (1991) and Environmental Satellite ENVISAT (2002), and the Canadian
RAdar SATellite RADARSAT (1995), but also L-band SAR systems have
also been used, e.g. on the Japanese satellite Japanese Earth Resources

Satellite JERS-1 (1992-1998). Nevertheless, given the difficulty of
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modeling the effect of vegetation and surface roughness on active
microwave observations, it has not yet been demonstrated that currently
available single-frequency C- and L-band SAR systems can be used for
operational soil moisture applications at the field scale. This is mainly due
to the lack of retrieval algorithms, that are both sophisticated enough to
capture the complex scattering mechanisms involved, and of tractable tools

for global application (Wagner et al., 2006).

The most important difference between active and passive microwave
remote sensing systems is the ground resolution that can be achieved.
Active sensors have the capability to provide fine spatial resolution (on the
order of tens of meters from space platforms (Wagner et al., 2006)). On the
other hand, the passive systems require larger antennas to be able to detect
the relatively weak natural microwave emission of the earth surface (Kerr et
al., 2001). As large antennas in orbit are an engineering challenge,
resolutions achieved from space so far with passive microwave radiometers
have been not better than ~50km at 6.9GHz frequency for the most recent
passive microwave system (AMSR-E)(Njoku et al, 2003). Current
meteorological and climate models use computational cells on the order of
10-100km, which may be well within the capacity of passive systems.
However, for more detailed hydrologic process studies and partial area
hydrology modelling is required, the passive data would appear to be of
little use (Engman et al., 1995). It is in this context that the active systems
appear promising. On the other hand active microwave systems are affected
more seriously by surface roughness, topography and vegetation than
passive systems. For active microwave the soil moisture retrieval capability
appears to be limited to vegetation cover with less than about 0.5—1kg/m’

water content (Dobson et al., 1986; Dubois et al., 1995; Oh et al., 1992).

2.2.6 SMOS and SMAP

Within the microwave region of the electromagnetic spectrum, the low
frequency microwave range of 1-3GHz (30-10cm wavelength) is considered
most suitable for passive microwave soil moisture sensing, owing to the

reduced atmospheric and vegetation attenuation, deeper penetration depth,
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and higher soil moisture sensitivity (Wang et al., 1981; Schmugge, 1985;
Jackson et al., 1996b). Most studies to date have focused on observations at
1.4GHz (L-band), as this is in a protected radio astronomy band where there
is little Radio Frequency Interference (RFI). Numerous field experiments
using ground-based and airborne L-band observations indicated a soil
moisture retrieval capability of approximately 4%v/v accuracy or better for
vegetation cover with water content up to about 5kg/m” for passive
microwave systems (Wang et al., 1990a; Schmugge et al., 1992; Jackson et
al., 1995a; O’Neill et al., 1996; Jackson et al., 1999; Mohanty et al., 2000a;
Mohanty et al., 2000b; Guha et al.,, 2003; Uitdewilligen et al., 2003;
Panciera et al., 2008b).

There is currently no passive microwave sensor in space with this
optimal frequency. Nevertheless, two soil moisture specific satellite
missions are planned for the next decade, the SMOS mission and NASA’s
Soil Moisture Active Passive (SMAP) mission, due to be launched
respectively in 2009 and 2013 respectively, which will enable evaluation of
the current satellite technology for soil moisture sensing at L-band
frequency. In the case of SMOS, an innovative passive interferometric
measurement principle is used to create a large “virtual” antenna by using a
Y-shaped structure, a technique widely used in radio astronomy (Kerr et al.,
2000). SMOS is the first mission to carry such a sensor in space which will
provide new and significant capabilities, especially in terms of multi-
angular viewing configuration. SMOS will in fact provide bi-polarised
observations at several incidence angles (from nadir to ~55°) over almost the
same location and will achieve a spatial resolution of better than 50km (Kerr

et al., 2001).

SMAP will instead combine an L-band radiometer and an L-band radar
sharing the same 6m wide conically rotating antenna/feed, allowing
simultaneous active and passive microwave observation of the same portion
of the earth surface at respectively 3 and 40km resolution (NASA, 2007).
The innovative component of SMAP is the potential to provide fine-

resolution (10km) soil moisture observations through combination of radar
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and radiometer measurements (NASA, 2007). Other objective of the
mission include providing global measurements of soil moisture at 40km
resolution through the radiometer, and providing global freeze/thaw state

observations at 3km resolution through the radar.

For both missions, the radiometer footprint will cover an area of
approximately 40km. However, as discussed in section 2.1, land surface
exhibits considerable spatial heterogeneity at this scale. Thus, the observed
brightness temperatures provided by SMOS and SMAP will be spatial
averages of the various radiation components of the heterogeneous scene in
the Field Of View (FOV) of the radiometer. Any retrieval based solely on
these observations will result in 'average' retrieved quantities. As the effects
on emitted microwave radiation of moisture, vegetation, and temperature
combine in a nonlinear manner (see section 2.2.3.2), the retrieved 'average'
quantities, such as soil moisture, will not in most cases represent true spatial
averages of the actual quantities (Njoku et al., 1996a). SMAP proposes to
partially overcome this problem by using the radar observations to obtain
downscaled soil moisture information at 10km resolution. However, this is a
relatively large scale at which retrieved soil moisture might still be affected
by the problem of horizontal heterogeneities. There is little published
literature on this topic, particularly concerning the coarse scales typical of
satellite footpr