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CHAPTER TWO

2. LITERATURE REVIEW: SOIL MOISTURE
MEASUREMENT

Monitoring d volumetric soil moisture cntent in the field cals for a fast
and accurate method, which alows repeated measurements through time. There
are aurrently two approaches for measuring the spatia distribution and temporal
variation d soil moisture mntent: (i) point measurements; and (ii) remote sensing.
This chapter reviews these techniques. However, the reader is reminded that this
chapter is areview of the aurrent measurement techniques and their inference for
soil moisture cntent, and that not al of these techniques will be used in the
subsequent chapters. The remote sensing interpretation techniques that will be
used in later chapters are the Integral Equation Model (section 2.4.5.2.2 and the
Modified Integral Equation Model (section 2.4.5.3. The intention d this chapter
is to gve an owerview of soil moisture measurement methoddogies, and to
highlight the essential characteristics of the point measurement and remote
sensing measurement techniques, in relation to estimating the spatial and temporal
variation d soil moisture profiles. This all ows the development of a soil moisture
profile estimation algorithm in later chapters, which will be gplicable to the soil
moisture measurements avail able. The review of soil moisture profile estimation
tedhniquesis provided in Chapter 3.

2.1 POINT MEASUREMENT OF SOIL MOISTURE
PROFILES

It has long keen recmgnised that reliable, robust and automated methods
for the measurement of soil moisture ntent can be extremely useful, if not
esentia, in hydologic, environmental and agricultural appli cations. Over the last
70 yeas, this recogntion hes fostered the investment of a cnsiderable anourt of
ingenuity in developing such methods. The following sedions review these
methods.
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2.1.1 THERMOGRAVIMETRIC METHOD

The standard method d measuring the volumetric moisture ntent of a
soil sample is the thermogravimetric method (AS 1289.2.1.11992, which
consists of oven drying at 105°C and relating the dhange in massto the volume of

the sample.
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where 8 is the volumetric soil moisture cntent fradion, W, is the weight of water
contained in the voids of the moist soil, W, is the weight of dry soil, p, is the soil
buk density (from colleding a known vdume of soil), and p, is the density of

water.

The alvantages of this method are that it is inexpensive and soil moisture
is easlly cdculated. However, it is time onsuming, dfficult to oltain
representative samples and destructive. Hence, this method canna be used for

repetiti ve measurements at exadly the same locaion (Roth et al., 1990.

This method is prone to large errors due to sampling, transporting,
handing and repeaed weighing. In addition, soils with organic matter may
exhibit a masslossduring oven drying die to oxidation and decompaosition d the
organic matter, while some days will retain appredable anourns of adsorbed
water. Measurement errors may be reduced by increasing the size and nunber of

samples (Zegelin, 1996.

2.1.2 NEUTRON SCATTERING METHOD

The neutron scattering method is an indirect way of determining soil
moisture content. In this method, reutrons with high energy are amitted by a
radioadive source into the soil and are slowed down by elastic ollisions with
nuclei of atoms. The energy lossis much greaer for neutrons colli ding with atoms
of low atomic weight (primarily hydrogen in soil s) than for colli sions with heavier
atoms. As a result, hydrogen can slow fast neutrons much more dfedively than

any ather element present in the soil, thus giving a relationship with soil moisture
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content. The number of slow neutrons returning to the detector per unit time ae
courted, and the soil moisture cntent estimated from a previously determined
cdibration curve of courts versus volumetric moisture @ntent (Wilson, 1971
Schmugee et al., 198Q Zegelin, 199§. The sphere of influence or effedive
volume of measurement varies from aradius of lessthan 10cm in awet soil to 25
cm or morein adry soil (Zegelin, 1996.

Cdibration d the Neutron Moisture Meter (NMM) depends on the
strength of the radioadive source the nature of the detector, the geometry of the
source and the detector in the probe (McCauley and Stone, 1972, the materials
used to construct the probe, the size and compaosition d the accesstube, and the
physicd and chemicd properties of the soil (Wilson, 197). Therefore, if an
acarate moisture content determinationis desired, the probe shoud be cdibrated
for each soil type (Wilson, 1971 Schmugge et al., 1980 Zegelin, 1996.
However, field calibration d the neutron probe is extremely difficult (Grimaldi et
al., 1994 Grismer et al., 1995. Furthermore, electricd equipment can drift,
requiring standards for periodic re-cdibration (Schmugge et al., 198Q Zegelin,
1996.

The alvantages of this g/stem are that average moisture antents can be
determined with depth, measurements are insensitive to temperature, it can
acommodate automatic reading, and temporal soil moisture cntent changes can
be monitored at the same site. Apart from cdibration, the major disadvantages are
a poa depth resolution, limited measurements of soil moisture cntent near the
soil surface and the potential health risks from expasure to radioactive materials
(Schmugge et al., 1980 Zegelin, 1996.

2.1.3 GAMMA RAY ATTENUATION METHOD

The gamma ray attenuation method is a radiation technique that can be
used to determine soil moisture content within a1 to 2 cm soil layer. This method
asaumes that scattering and absorption d gamma rays are related to the density of
the matter in their path and that the bulk density of soil remains relatively constant
as the wet density changes with moisture @ntent. Changes in wet density are

measured by the gamma ray attenuation method and the soil moisture content
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determined from this density change (Wilson, 1971 Schmugge et al., 198Q
Zegelin, 1996.

The alvantages of this g/stem are that it is non-destructive and that data
can be obtained over very small verticd distances. Its disadvantages are that it is
costly and dfficult to use, and that extreme cae must be taken to ensure that the
radioadive source is not a hedth hazard (Schmugge et al., 1980. Gamma ray
scanners are generaly only used in laboratory situations due to the aimbersome

nature of the equipment (Zegelin, 1996.

2.1.4 SOIL ELECTRICAL CONDUCTIVITY METHOD

Soil eledricd conductivity is a function d the volumetric soil moisture
content, eledricd conduwctivity of the soil-water mixture, and contribution o
surface darges to the bulk conductivity. Many techniques for measuring soil
eledrical conductivity have been proposed. However, al eledricd conductance
measurements, whether dired or indired, suffer from similar difficulties, being
that it is not water that conducts electricity, but rather the ions dislved in the
water (Zegelin, 1996.

21.4.1 Electrical Condu ctivity Probes

Eledricd conductivity probes consist of bath two and four electrode probe
types. A four eledrode probe is used to measure soil electricd conductivity in
preference to a two eledrode probe, as this eliminates the problem of contad
resistance by measuring current and vdtage between different pairs of eledrodes
(Zegelin, 1996.

The principa advantages of the dectrical conduwctivity probe for
measuring soil moisture ntent are its ease of use, simplicity, low cost of
equipment, and the relatively large volume of soil sampled (Zegelin, 1996.

2.1.4.2 Electrical Resistance Blocks

The dired insertion eledricd conductivity probe technique of measuring
eledrical conductivity suffers, because of the differing contributions to buk

condwctivity of surface darge and soil pore structure, and their spatial
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distributions in field soils. To overcome these uncertainties, electrodes have been
embedded in paous materials guch as gypsum and fibreglass blocks (Zegelin,
1996.

Thisindired technique relies on the auili bration o soil water potential in
the block with that in the surroundng soil. Because of this, natural wetting and
drying cycles give rise to hysteresis in the block resporse, so that blocks must be
cdibrated urder both wetting and drying regimes (Zegelin, 1996§.

The alvantages of resistance blocks lie in their chegness their ease of
install ation, their relative simplicity of operation, and the fact that many bocks
may be multiplexed from a single bridge (Zegelin, 1996. However, some
resistance blocks have ahigh failure rate and are sensitive to soil rock content,
resulting in ower-estimation d soil moisture @ntent and a need for in-situ
cdibration (Amer et al., 1999.

2.1.4.3 Electromagnetic Induction

In the Eledromagnetic I nduction (EMI) technique, primary and secondary
magnetic fields are impaosed in the soil -water mixture through a transmitter coil
placel onthe soil surface Theratio of these two fields at the recever coil provide

an estimate of the gparent electricd condictivity of the soil (Zegelin, 1996.

The major advantages of EMI are that it does not nead to be inserted in the
ground, it is easy and quck to operate, and can provide estimates over large aeas
and substantial depths (of order 10 m). A disadvantage of this method is that the
task of isolating the dfeds from soil moisture content at a particular depth is
difficult (Zegelin, 1996§.

2.1.5 TENSIOMETER METHOD

Tensiometers measure the caill ary tension (energy with which water is
held by the soil), through a liquid filled paous cup conneded by a cntinuos
liquid column to amanometer (Wilson, 1971 Schmugge et al., 1980.

The avantages of this g/stem are that they have relatively low cost, and

can read bah water table devation and soil moisture tension. The disadvantages
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are that they provide direct measurements of soil moisture tension bu only
indired measurements of soil moisture @ntent, can be eaily broken duing
instalation, and results can oy be determined within the O to 800 cm water
tension range (Schmugge et al., 1980. In comparison, the permanent wilti ng
point of plantsis abou 15000cm (Wilson, 197).

2.1.6 HYGROMETRIC METHOD

The relationship between moisture @ntent in paous materials and the
relative humidity of the immediate amosphere is well known. Therefore, several
relatively simple sensors for measuring relative humidity have been designed.
Basicdly, these sensors can be dassfied into seven types of hygrometers.
eledrical resistance, capadtance piezoeledric sorption, infra-red absorption and

transmisson, dmensionally varying element, dew paint, and psychometric.

The alvantages of the hygrometric method are simplicity of the gparatus
and low cost. The disadvantages are deterioration d the sensing element through
interadions with the soil comporents and the special calibration required for each
material that istested (Schmugge et al., 1980).

2.1.7 SOIL DIELECTRIC METHOD

The dieledric constant (also knowvn as permittivity or spedfic inductive
cgoacity) €, is a measure of how polarisable amaterial is when subjeded to an
eledric field (Zegelin, 199§. This material property is usually measured relative
to that of free space, and isreferred to as the relative dieledric constant €.

Soil consists of air, soil particles and water. Therefore the relative
dieledric constant of soil isa mmpasite of its comporents (Jackson et al., 1996.
Soil moisture mntent can be determined from measurements of the soil dieledric
constant, as a result of the large difference between the relative dieledric
properties of liquid water (approximately 80) and dy soil (2 to 5) (Jackson et al.,
1981 Schmugge, 1985 Engman and Chauhan, 1995. Since the dielectric
constant is a volume property, the volumetric fradion d ead comporent is
involved. Thus, as the soil moisture cntent increases, the relative dieledric

constant can increase to 20 o greder (Schmugge, 1985. Further detail s regarding
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the dieledric behaviour of moist soil and the commonly used deledric mixing

models are given in a subsequent section.

21.7.1 Capacitance Probes

When a patentia is placed across the plates of a caacitor containing a
dieledric, charges induced by pdarisation o the material ad to courter the
charges impased onthe plates. Hence, the cgadtance between two parale plates
isafunction d the dielectric constant of the dielectric (Zegelin, 1996§.

Parall el plate probes have been widely used in laboratory determination o
moisture content of porous materials, bu their use in the field is less convenient
because of the problem with plate insertion and soil disturbance. More recent
cgpacitance probes are split cylindricd eledrodes that may be buried in the soil or
positioned at different depths down pastic access tubes embedded in soil
(Zegelin, 1999.

The strengths of the modern probes include: (i) their ability to be left in-
situ to log soil moisture ntent changes; (i) the rapidity and ease of
measurements; (iii) their extreme sensitivity to small changes in soil moisture
content, particularly at dry soil moisture ontents;, (iv) their predse depth
resolution; and (v) the relative dhegness of the probe. The weanesses of the
cgpacitance probe technique include: (i) the fad that there is a relatively small
zore of influence for capadtance probes; (ii) their sensitivity to the region
immediately adjacent to the probe; and (iii) their sensitivity to ar gaps
surroundng the probes (Zegelin, 1996.

2.1.7.2 Time Domain Reflectometry Probes

In Time Domain Reflectometry (TDR), an eledromagnetic wave is
propagated along a wave guide enbedded in a material whose dieledric constant
is required. The down and return travel timet of the dectromagnetic wave in the
wave guide of length L, depends on the dieledric constant of the materia in
contad with thewave guide (D’ Urso et al., 1994 Zegelin, 1996. Asthe dieledric
constant of the material in contad with the wave guide is increased, the speed of
the dedromagnetic wave decreases (Soil Moisture Equipment Corp., 1989
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Zegelin, 1996. In commercial TDR instruments, the reflections of multiple step
eledromagnetic waves due to impedance variations along the wave guide ae
sampled and recorded (D’ Urso et al., 1994. The analysis of such ouput alows
for the measurement of travel time through the soil, and estimation d the
propagation speed for the dedromagnetic waves throughthe medium (v = 2L/t).
In turn, assuming that the losstangent is much lessthan 1, the average relative
dieledric oconstant of the soil can then be derived from the velocity. This is
achieved by wsing v = ¢ /ve, where ¢, is the velocity of an eledromagnetic wave
in a vaauum (= 3 x 10° cm s") and ¢ is the relative dieledric constant (Soil

Moisture Equipment Corp., 1989 D’Urso et al., 1994 Zegelin, 1994.

Two wire probes (wave guides) are mismatched to the waxia TDR
system, and require a balancing transformer (balun) to be placed between the
probes and the maxial cable to reduce signal loss However, the balun itself can
be asource of noise and cause problems in analysing signals from short probes or
probes in condwting soils. To overcome these problems, 3 and 4 wire probes
have been used, which do nd require abalun. The difficulty of insertion and
degree of soil disturbance increases with the number of wires attached to the
probe. The balance between this and signal clarity is reated by the 3 wire probe
(Zegelin, 1996.

Verticdly inserted TDR probes provide an average soil moisture ntent
measurement over the depth o insertion, whilst probes inserted horizontally
provide an average soil moisture cntent measurement at the plane of insertion. In
addition, surface probes have been used to prevent soil disturbance and to
measure soil moisture @ntent close to the soil surface However, these probes
have @ou half the sensitivity to soil moisture mntent changes to that of insertion
probes (Zegelin, 1996.

The alvantages of TDR include: (i) the probes can be instaled at any
depth and accommodate automatic reading, alowing easy monitoring d the soil
moisture profile; (i) the portability of the technique; (iii) the gproximately
“universal” calibration curve for light textured soils, particularly at high soil
moisture contents; and (iv) the predse depth resolution when horizontall y inserted

probes are used. The main dsadvantages of the system include: (i) the relatively
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small zone of influence of TDR probes and their sensitivity to the region
immediately adjacent to the probe wires; (ii) the sensitivity to air gaps
surroundng the probes; (iii) attenuation d the signal caused by salinity or highly
conduwctive heavy clay soils; and (iv) the failure of the “universal” calibration
curve for heavy clay soils and a low moisture contents (Schmugge et al., 198Q
Zegelin, 1996.

2.2 MICROWAVE DIELECTRIC BEHAVIOUR OF
MOIST SOIL

Sail is a mixture of soil particles, air, and bdh boundand free water
(Ulaby et al., 1986. Microwave techniques for the measurement of soil moisture
content rely onthe dea distinction between the dieledric properties of water and
those of the soil particles. The dieledric properties are measured by the dielectric
constant &, which is a ammplex number representing the response of a material to
an applied electric field, such as an electromagnetic wave (Schmugge, 1989. This
property consists of both real and imaginary parts by the relationship e = €'+ ig”,

andis usually measured relative to that of free space (ie. € = &/¢).

The rea (in phase) comporent of & determines the propagation
charaderistics of the dectromagnetic wave in the materia (ie. its velocity), while
the complex (out of phase) component determines the energy losses or absorption
as the dectromagnetic wave travels through the material (Schmugge, 1985
D’Urso et al., 1994 Engman and Chauhan, 1995 Zegelin, 1996 Bolograni et al.,
1996, and is often referred to as the dielectric loss factor (Zegelin, 1996. The
energy loses are due to vibration and/or rotation o the water moleaules
(Wtherich, 199).

For dry soil particles, the real part of the relative dieledric constant &’
varies from a value of 2 to 5 (depending onsoil bulk density) independent of
frequency (Dobson and Ulaby, 198a), with an imaginary part £ " typicdly less
than 0.05(Ulaby et al., 1996. In contrast, for free water the relative dieledric
constant a¢ 1 GHz and room temperature is approximately 80 for the redl
comporent and 4for the imaginary comporent (Ulaby et al., 1999. It isthislarge

difference that makes the use of microwave techniques possble for the
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measurement of soil moisture content, with the aldition o water to soil causing
the relative dieledric constant of the mixture to increase to avaue of 20 a greder
(Schmugge, 1985. However, like other mixtures invalving water, the dielectric
constant of the moist soil isnot simply aweighted average of its comporents. The
mixing model is complex and there are many influencing factors (Jackson and
Schmugge, 1989.

The large value of ¢ for free water results from the fact that water is a
polar moleaule which is free to rotate dong the direction d an applied eedric
field (Schmugge, 1985 Engman and Chauhan, 1995, allowing alignment of the
water molecules electric dipaes (Engman, 1990. Bound water has a lower
dieledric constant than free water contained in the pore spaces, because its water
moleaules are alsorbed to the surfaces of particles and the dipoes are
immobili sed (Jackson and Schmugge, 1989 Njoku and Entekhabi, 1996. Hence,
dieledric mixing models need to accourt for the contributions to deledric
constant from both boundand free water. Furthermore, as the dielectric constant
of moist soil is propational to the number of water dipdes per unit volume, the
preferred measurement for soil moisture cntent in the mixing models is
volumetric, rather than gravimetric (Dobson and Ulaby, 198&).

In addition to total moisture content, the degree of alignment of the water
moleaule dipdes (and thus the magnitude of ¢) is a function d the observation
frequency, soil temperature, soil texture and soil salinity (Topp et al., 198Q
Schmugge, 1985 Ulaby et al., 1986 Heimovara, 1994. As il temperature
increases, ¢’ deaeases because of the deaeased dipde dignment resulting from
thermal agitation. Roth et al. (1990 indicae that the most sensitive frequency
range for soil moisture cntent determination from measurements of soil dieledric

constant, lies between approximately 50MHz and 10GHz.

At frequencies below abou 50 MHz, soil type has a marked impact on
dieledric constant (Zegelin, 1996. However, in the normal microwave sensing
range (0.4 to 10 GHz), the dieledric constant has relatively we&k sensitivity to
soil type. Figure 2.1 shows the relationship between deledric constant and
volumetric soil moisture content for a variety of soil types at a frequency of
1.4 GHz. The dependence on soil type is due to the different percentages of water
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Sandy Loam 51.5 35.0 13.5

5 Loam 42,0 49.5 8.5
Silt Loam 30.6 55.9 13.5
Silt Loam 17.2 63.8 19.0
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Figure 2.1: Dieledric constant as a function of volumetric soil moisture mntent for five soil types
at 1.4 GHz and a soil temperature of 23°C. Smooth curves were drawn through measured data

points (Ulaby et al., 1986).

boundto the particle surfaces in the different soils (Dobson and Ulaby, 1986;
Njoku and Entekhabi, 1996 and the soil porosity (Dobson and Ulaby, 198&). For
soil moisture @ntents greaer than 5% v/v, the soil porosity does not influence ¢

as long as the moisture cntent is expressed on a volumetric basis (Ulaby et al.,
1996.

The dfeda of sdinity on the dieledric constant is to add an ionic
conductivity term for €”. This produces a large increase in £” at low frequencies,
but has little d@fed on &’ (Schmugge, 198). Therefore, high soil salinity may
significantly influence the soil dielectric properties. As the imaginary part of the
dieledric constant is related to the dedricd conductivity of the soil, it may be
used to study soil salinity (Daltonand van Genuchten, 198).

Severa relationships between soil moisture content and the soil dieledric
constant have been proposed. Accordingto Toppet al. (1980, the volumetric soil
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moisture @ntent can be determined simply from the rea part of the dieledric
constant by means of an empiricd regresson equation. This regresson equation
was derived from multiple regresson analysis of experimental data for
frequencies between 1 MHz and 1 GHz. The main advantage of this relationship
is that it does nat require the determination d any soil parameters and daes not
require information onthe observation frequency or soil temperature. Over this
frequency range, Toppet al. (1980) foundthe red part of the dieledric constant to
be dmost independent of soil density, soil texture, soil salinity and soil
temperature for temperatures between 10°C and 36'C. However, the validity of
this relationship has nat been demonstrated for the whole range of possble soil
moisture antents and paosities (Roth et al., 1990.

Wang and Schmugge (1980 have derived a simple empirical model to
describe the observed deledric constant of soil-water mixtures at frequencies
between 1.4 and 5 GHz. In their model, the dieledric constant of a soil -water
mixture is computed from the known deledric constants of air, ice, dry soil and
water, and the volume fraction d each constituent in the mixture. The frequency
dependence of this model is impased through the values given to the dieledric
constant of water. Wang and Schmugge (1980 found that the relationship of
dieledric constant to soil moisture cntent changed after reaching some transition
moisture @ntent, which varied with soil type. Hence, Wang and Schmugge
(1980 presented two relationships for dieledric constant, depending onwhether
the soil moisture @ntent is above or below the transition soil moisture cntent. An
empiricd relationship between the transition soil moisture @ntent and the wilti ng
point moisture @ntent, given as afunction d the sand and clay content, was also
presented. The explanation gven for this transitionin deledric constant with soil
moisture @ntent is as follows. The first water added to a soil is tightly boundto
the surface of the soil particles, thus inhibiting the rotational motion d the dipdle.
As more water is added, the water moleaules are further away from the surface of
the particles and may rotate more fredy. Since the surface aeain a soil depends
on its particle size distribution, clay soils can hdd more of this tightly bound
water than sandy soil s (Schmugge, 1985.

Hallikainen et al. (1989 have derived empiricd relationships with
separate polynomial expressons for both the real and imaginary parts of the
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dieledric constant between olservation frequencies of 1.4 and 18 GHz. These
paynomia expressons relate the rea and imaginary parts of the @mplex
dieledric constant, to the volumetric soil moisture wntent and the percentages of
sand and clay, with coefficients that depend onthe observation frequency.

Dobson et al. (1989 have presented bah theoreticd and semi-empiricd
dieledric mixing models. The theoreticd model appartions the soil-water mixture
into a bound water volume fraction and a free water volume fradion, in
acordance with the pore-size distribution cdculated from the particle size
distribution. The mixing model uses a multi-phase formula for a mixture
containing randamly oriented inclusions. The mixture wnsists of the soil solid as
host material and three types of inclusions (boundwater, free water, and air), all
of which are aumed to be disc-shaped and whose size is governed by the

particle-size distribution and total amourt of water in the mixture.

The semi-empirical dieledric mixing model of Dobson et al. (1985 gives
the dieledric constant as a function d soil temperature, soil moisture cntent, soil
texture, and olservation frequency, for bath the red and imaginary parts of the
dieledric constant. This model is valid for frequencies between 1.4and 18 GHz.
Dobson et al. (1985 showed their semi-empirical mixing model to yield an
excdlent fit to the measured data & frequencies above 4 GHz. At frequencies less
than this, the mixing model does nat fully acount for the dieledric properties of
boundwater at low soil moisture @ntents. It has also been naed that if the model
is limited to frequencies higher than 4 GHz, the dfeds of soil salinity may be
ignaed (Ulaby et al., 1986.

Peplinski et al. (1995 have extended the semi-empiricd dielectric mixing
model of Dobson et al. (1985 to be valid over the whale range of frequencies
between 0.3and 18GHz. In this mixing model, a small li nea adjustment has been
introduced to corred the expresson d Dobson et al. (1985 for the red part of the
relative dielectric constant, at frequencies between 0.3 and 1.3 GHz. For the
imaginary part of therelative dieledric constant, a new equation was propased for

the dfedive mnductivity g, at frequencies between 0.3and 1.3GHz.

The model of Peplinski et al. (1995 is currently the most commonly used
soil -water-air dielectric mixing model, being a mpromise between the
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complexity of the theoretical model and the simplicity of the empirica models.
Furthermore, this mixing model has the widest validity range in terms of
observation frequency and accourts for the most important fadors, including
observation frequency, soil texture and soil temperature. This model is presented
below in terms of the volumetric soil moisture fradion 6, soil bulk density p,
(g cm®), soil spedfic density p, (= 2.66 g cm®), and an empiricdly determined
constant v = 0.65.

1
€ :a+&(e‘s’ 1)+6"e'“ —9% (2.29)
O Ps [
1
g’ :[9‘3"8"“5 v (2.2,

where B’ and B” are ampiricdly determined soil type cnstants expressed as a
function d the sand (S) and clay (C) massfractions by

B'=1.2748-0.5195-0.152C (2.39)

B" =1.33797- 0.6035 - 0.166C (2.3h.

The quantities €{, and ¢y, are the red and imaginary parts of the relative

dieledric constant of freewater respectively, given by

gWO - £W°°

1+ (2mr fr,)’ (24

Ew =€we T

o0

g" :27T fTw(gwo_gww)_i_ O ff (ps_pb)

2.4b),
"o 1+(om fr,) 2ne, f po (24D

where €, = 4.9is the high frequency limit of &', € is the dieledric constant of

fw? “o

freespace (8.854x 10” F.m"), andf is the observation frequency in Hertz.
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The relative dieledric constant of the soil solids &, is given by the
relationship

g, =(1.01+0.44p_) - 0.062 (2.5

For frequencies between 0.3 and 13 GHz the rea part of the relative
dieledric constant is given bythe linea adjustment in (2.6), while for frequencies
between 1.4and 18GHz it isgiven dredly by (2.239).

£ =115, -068 (2.6),

where € isthered componrent of the relative dielectric constant from (2.24).

1(2.24

In evaluating the imaginary part of the relative dieledric constant, the
effective conductivity given in (2.7a) is used for frequencies between 0.3 and
1.3 GHz, while that given in (2.7b) is used for frequencies between 1.4 and
18 GHz.

0. =0.0467+0.2204%, —0.4111S+0.6614C (2.78)

0. =-1.645+1.939, - 2.25625 +1.594C (2.7b

The relaxation time for water 7, and the static dielectric constant of water

&, aregiven asafunction d soil temperature T (°C) by (Ulaby et al., 1989

2mt, (T)=1.1109x10™"° - 3.824x 10T

2.9
+6.938x10™T2 —5,096x1076T?

€, (T)=88045-0.4147T +6.2958x107T*

2.9.
+1.075x107°T?

The necessty of using (2.7a) to evaluate the imaginary part of the relative

dieledric constant for frequencies lessthan 1.3 GHz and (2.7b) for frequencies
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Figure 2.2: Plot of the imaginary part of the relative dieledric constant for a volumetric soil
moisture cntent of 5% v/v, using the df edive conductivity given by (2.7a) and (2.7b).

greder than 1.4GHz has been investigated as part of this thesis. By evaluating €
using bdh relationships for two soil moisture condtions over the frequency range
of 1.4 to 18 GHz, the sensitivity of estimating the imaginary relative dielectric
constant at frequencies lessthan 1.3GHz with (2.70) is ill ustrated. The results of
this analysis are given in Figure 2.2 for 5% volumetric soil moisture content and

Figure 2.3 for 40% volumetric soil moisture content.

From Figure 2.2 and Figure 2.3, it can be seen that the difference
introduced in evaluation o &” by uwsing (2.7a) for frequencies greder than
1.4 GHz is greatest for low frequencies and high soil moisture content, with a
maximum variation in £” of 2. It would therefore gpea that the relationship for
effective conductivity given in (2.7a) may be used ower the range of frequencies
from 0.3to 18 GHz, given the variationin the data used to derive the relationship.

The @owve diedric constant model of Peplinski et al. (1995 was aso
evaluated for two soil moisture mndtions and four soil temperature states, with
the results given in Figure 2.4 and Figure 2.5. The purpose of this investigation
was to quantify the wntribution d the imaginary part of the relative dielectric
constant to the cmplex dielectric constant, and the sensitivity of the dieledric
model to observation frequency and soil temperature & afunction d soil moisture

content.
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Figure 2.3: Plot of the imaginary part of the relative dieledric constant for a volumetric soil
moisture cntent of 40% v/v, using the dfedive mnductivity given by (2.7a) and (2.7b).

The results of this analysis indicae that frequency dependenceis gredest
a low soil temperatures and hgh soil moisture ontent, and temperature
dependence is sgnificantly greater at high soil moisture ontents and hgh
frequencies. This observation has been nded alrealy by Hoekstra and Delaney
(1974 and Roth et al. (1990. Deaeasing the soil temperature below 0°C
produces a substantial reduction in bah the red and imaginary parts of the
dieledric constant dueto the freezing d water (Halli kainen et al., 1985.

Figure 2.4 and Figure 2.5 also indicae that the temperature dfed on the
red part of the relative dielectric constant is minimised at frequencies of 4 to
6 GHz (C-Band). However, this coincides approximately with the maximum
variation in the imaginary part of the relative dielectric constant. The results
further indicate that at high soil moisture content and low soil temperature, the
red and imaginary parts of the relative dielectric constant may be gproximately
equal for high frequencies. However, at low moisture cntent the imaginary
comporent may be & low as approximately one-tenth of the real comporent,

irrespective of soil temperature and olservation frequency.

As it is possble for variations in nea-surface soil temperature of up to
50°C during any single day in some parts of the world, the results of this

investigation would indicate that soil temperature caana be ignared in evaluating
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soil at 5% volumetric moisture content, with soil temperatures of 0, 10, 30 and 50°C.
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Figure 2.5: Plot of red and imaginary components of the complex relative dieledric constant for a
soil at 40% volumetric moisture cntent, with soil temperatures of 0, 10, 30 and 5C0C.
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the soil dieledric constant. It would also appear that observation frequency needs
to be acouned for in evaluating the dielectric constant, and the imaginary
comporent of the dielectric constant shoud na be disregarded, as suggested by
some researchers (eg. Chen et al., 1995 Jadkson et al., 1996 especiadly for high

observation frequency and soil moisture content.

2.3 REMOTE SENSING SYSTEMS

This dion gves a short review of the remote sensing systems that are
currently availlable. Firstly, there is a short discusson d the types of platforms
that have been used for carrying the remote sensing instruments, including the
advantages and dsadvantages of each. This is followed by a review of the main
types of remote sensing instruments that are used by the various remote sensing
systems, and finaly there is a brief review of the most commonly used remote

sensing satellit es.

2.3.1 REMOTE SENSING PLATFORMS

Platforms for suppating remote sensing instruments have varied from
groundbased supports to aircraft and satellites. Groundbased systems can be
mourted on trucks or on speda structures such as rails, which alow limited
movement of the sensor. The main application d these types of platformsisin the
development of new sensor systems and the verification d sensor resporse with
resped to target characteristics. An example of atruck-mournted sensor is given in
Figure 2.6. The alvantage of these systems is the relatively small footprint of the
sensor, adlowing for easier control of the ondtions under which the
measurements are made (Jackson et al., 1999. However, amgjor disadvantage of
the groundbased systems is their limitations on coverage of large aeas
(Bolognani and Altese, 19949.

This gtuation is partly overcome by the aloption d aircraft mourted
systems. Aircraft based instruments are espedally useful in the mapping o large
areas, and can also serve & prototypes for future satellit e sensors. In most cases
they offer better spatial resolution than satellit e systems as well as more @ntrol
over the frequency andtiming d coverage (Jacksonet al., 1999.
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Figure 2.6: An example of a ground-based system. The system comprises a "truck"-mounted
radiometer, making otservations of a sand target area Data processng equipment is contained
within the van (Njoku and Kong, 1977).

Satellite based remote sensing provides the optimal solution, die to the
cgpability of monitoring large aeas with longterm repetitive mverage. However,
the length of the repea cycle (time between satellit e overpasses of the same area
on the groung can be acriticd problem in studies invalving rapidly changing
conditions, such as il moisture (Jadkson et al., 1996.

2.3.2 SENSOR TYPES

The most commonly used remote sensing instruments in the field of soil
moisture estimation are the Multi-Spectral Scanner (MSS), Thematic M apper
(TM), thermal infra-red line scanner, microwave radiometer and the Synthetic
Aperture Radar (SAR).

2.3.2.1 Multi-Spectral Scanner

The MSS has a very high radiometric resolution in narrow and
simultaneously recorded wavebands, covering wavelengths in the dectromagnetic
spedrum from ultra-violet (0.3 pum) to therma infra-red wavelengths (14 pm)
(Curran, 1985. MSS measure the radiance of the eath’s surface dong a scan
line, perpendicular to the line of flight, by use of either a rotating mirror (whisk-
broom) or alinear array of detectors (push-broom). The alvantage of push-broom

scanners over whisk-broom is that they allow a longer dwell time over which to
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measure the energy from each ground resolution cdl. This enables a much
stronger signal to be recorded and a greater range in the levels of signal that can
be sensed. The disadvantages of the push-broom arrangement are that many more
detedors require cdibration, and they are nat readily available for wavelengths
longer than near infra-red (Lill esand and Kiefer, 1999.

2.3.2.2 Thematic Mapper

The TM is a highly advanced sensor incorporating a number of spedral,
radiometric and geometric design improvements relative to the MSS covering
wavelengths from blue (0.45um) to thermal infra-red (12.5um). Unlike the MSS
the TM uses a bi-directional whisk-broom scanner that employs an increased
number of sensors in comparison to the MSS alowing for an increase in
resolution. The TM has the added advantage over the MSSin that it measures
spedral radiance over arange of 256 dgital numbers rather than 64 (Lill esand and
Kiefer, 1994).

2.3.2.3 Thermal Infra-Red Linescanner

Thermal infra-red line scanners are aparticular type of whisk-broom MSS
whose detector only senses in the thermal portion d the spectrum. These sensors
usually colled data in two dfferent wavebands, defined by the two atmospheric
windows with least atmospheric dtenuation, locaed between the wavelengths of
3 and 5 um and between 8 and 14 um (Lillesand and Kiefer, 1994. Thermal
infracred line scanners are now commonly part of the MSS mentioned above
(Curran, 1985.

2.3.24 Microwave Radiometer

Passve microwave remote sensors are radiometers that measure the
thermal emisgon from the groundat microwave wavelengths. These radiometers
are similar to thermal scanners, bu have atennas rather than phdon detedors,
and scan a scene by having a multiple antenna aray. As radiometers measure a
very weak signal, measurement of the thermal emisgon requires very sensitive
instruments. These sensors consist of a large atenna, and a very sensitive radio

receiver, in order to colled enoughenergy to yield a detedable signal. The dfect
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of having a large axtenna is to have alarge beam width, and hence poa spatia
resolution (Lill esand and Kiefer, 1994). Calibration d microwave radiometers is

generaly made in-flight over large bodes of water (Wang et al., 1987%.

2.3.25 Synthetic Aperture Radar

Active microwave remote sensors are known as radars, from the acronym
for RAdio Detedion And Ranging. A typicd radar sensor consists of a transmitter
and an antenna. The transmitter produces pulses of eledromagnetic energy at
microwave wavelengths, which are timed by a synchroniser and standardised to a
known powver by a moduator. For a fradion d a second the transmit/receive
switch is switched to transmit, as the transmitter releases a microwave pulse from
the antenna. The transmit/receive switch then returns to its original position and
the antenna receives echoes correspondng to backscatering by olpeds located on
the transmitted wave path (Curran, 1985, Barbier, 199%). The information that can
be extracted from these echoes is two-fold. Firstly, the distance from the target to
the radar can be determined by measuring the time delay between puse
transmisson and reception d the rrespondng echo. Sewmndy, the reative
intensity of the edo provides a measure of the target reflectivity and is known as
the backscattering coefficient ¢° (Barbier, 199%). The backscattering coefficient,
usualy in dedbels (dB), is evaluated from the ratio of the badkscattered power to
the amitted paver (Fung, 1994.

The gpatia resolution d radar data is controlled by the pulse length and
the antenna beam width, which is governed by the length of the aatenna. Thus, by
increasing the length of the antenna, radar data with a finer resolution may be
obtained. Due to the physical constraints in having an antenna of sufficient length
to produce the desired resolution (10 m resolution requires a 4 km long antenna),
the atenna length is smulated by appropriate processng d a large number of
return signals aong the flight trgjectory. This process of synthesising a long

antennais known as SAR (Barbier, 1996.

Eledromagnetic waves may be ather horizontally (h) or verticdly (v)
polarised, with h pdarised waves having an electric field parale to the soil

surface and v pdarised waves having an electric field perpendicular to the soil
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surface (Schmugge et al., 1980. If an incident electromagnetic wave is h
poarised, the energy backscatered towards the radar will, in general, consist of an
eledromagnetic wave that is also h pdarised, as well as an eledromagnetic wave
that is v pdarised. The latter is referred to as crosspaarised. Radars are caable
of measuring the badkscattering resporse for various poarisation configurations.
A pdarimetric radar is capable of measuring the radar resporse for vv, hh, hv, and
vh, where the first letter denotes the poarisation d the transmit antenna and the
second letter denates the pdarisation o the receve antenna. Because of the
redprocity property of radar scatering, the responses for hv and vh are identicd
(Ulaby et al., 1999.

SAR can provide a unique perspective on the spatia and tempora
variation in soil moisture content both at a relatively high resolution and at a
global scde, because of its charaderisticdly high resolution combined with a
global coverage. Furthermore, the increased number of SAR systems has made
SAR data more readily avail able (Dubas and van Zyl, 1999.

2.3.3 REMOTE SENSING SATELLITES

Although nmerous remote sensing systems are in existence axd have
been used for measurement of soil moisture content, orly the most appropriate

satellit e systems for soil moisture measurement are discussed below.

In the cae of passve microwave systems, there ae no appropriate satellite
systems currently available for soil moisture measurement. Hence, al large area
research has utili sed aircraft sensors. In recent years NASA has suppated two
airborne L-Band radiometers, the Push-Broom Microwave Radiometer (PBMR)
and the Eledronically Scanned Thinned Array Radiometer (ESTAR). The
ESTAR instrument doules the number of footprints to eight, which makes it a
more dficient mapping instrument. It is also a prototype for a new synthetic
aperture antenna techndogy that can pdentialy solve the high atitude spatial
resolution problem. There are three planned multiple wavelength satellit e systems
that will include C-Band microwave radiometers. the M ulti-frequency 1 maging
Microwave Radiometer (MIMR), the Advanced Microwave Scanning
Radiometer (AMSR), and the Rusgan system PRIRODA (Jadksonet al., 19%).
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2.3.3.1 Landsat

The United States Landsat 5 (Figure 2.7) was launched in 1984 with a
MSSand TM in a nea-pdar sun-synchronous orbit of 705 km altitude having a
repeat cycle of 16 days. The MSShas 4 bands, being geen, red, nea infra-red and
infra-red, with a swath of 185 km and pxel size of 82 m. The TM has 7 bands,
being Hue, green, red, nea infrared, nea mid infrared, mid infrared and
thermal infra-red. The TM has a swath of 185 km and pxel size of 30 m, except
for the thermal infra-red band which is 120m (Lill esand and Kiefer, 1994.

2.3.3.2 Systeme Pour I'Observation de la Terre

The SROT (Systeme Pour I'Observation ce la Terre) satellites are a
French system developed in conjunction with Sweden and Belgium. SFOT 3
(Figure 2.8) is the airrent satellite, and was launched in 1993 into a sun
synchronows orbit with an atitude of 832 km and repeat cycle of 26 days.
However, due to the posshility of varying the satellit e look angle of pointing by
+27° using a mirror, it is possble to have up to 11 repeat images in a 26 chy
period. SPOT 3 has two push-broom High Resolution Visible (HRV) sensors that
can operate in bah multi-spedral and panchromatic (black and white) modes,
with a swath of 60 km. When operating in the multi-spedral mode it can oltain
data in threebands, being geen, red, and infra-red, with a pixel size of 20 m. In
the panchromatic mode, it has a resolution d 10 m. SPOT images also measure
spedra radiance over a range of 256 dgital numbers (Lillesand and Kiefer,
1994).

2.3.3.3 European Remote Sensing Satellite

The European Remote Sensing (ERS-2) satellite was launched in 1995
and carries on bard various advanced instruments for earth observation
(Figure 2.9). Of interest for hydrologic gplicaions is the Active Microwave
I nstrument (AMI), which comprises two separate radars. a SAR and a wind
scaterometer. The AMI-SAR instrument operates at C-Band (5.3 GHz) with avv
poarisation. In SAR image mode it provides high resolution two-dimensional

images with a spatial resolution d 26 m in range and between 6 and 30m in
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Figure 2.7: Landsat 5 satellite mnfiguration (Lill esand and Kiefer, 1994).

Figure 2.8: SPOT 3 satellite configuration (Lill esand and Kiefer, 1994).
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aamuth. ERS predsion radar images are 3 look images correded for the in-flight
SAR antenna pattern and compensated for range spreading losswith a pixel size
of 12.5m x 12.5m (D’Urso et al., 1994. The satellit e has a swath of 100 km to
theright side of the satellit e track. The mid swath incidence angle of the system in
normal operation mode is 23°. The ERS satellit e has a sun-synchronous orbit of
785 km with a repeat cycle of 35 days repeat cycle, and also hes an infra-red
radiometer on board (Bologreni and Altese, 1994 Lill esand and Kiefer, 1994 Su
etal., 1995.

2.3.34 Japanese Earth Resources Satellite

The Japanese Earth Resources Satellite (JERS-1) was launched in
February 1992and carries on bard a 1.2 GHz (L-Band) SAR instrument with hh
poarisation (Figure 2.10). The spatial and temporal resolutions of this sun-
synchronows polar orbiting satellite & 568 km atitude are comparable with the
ERS-2 satellite, having a swath width of 75 km, pixel size of 18 m and repea
cycle of 44 days. The mid swath incidence angle of this s/stem in namal
operation is 35°. JERS-1 aso has an opicd sensor that operates in 5 hkands,
consisting d 2 visible and 3 rea infra-red bands (Lill esand and Kiefer, 1999.

2.3.35 RADARSAT

The Canadian RADAR SATeéllite (RADARSAT) was launched in 1995
with a C-Band hh pdarisation SAR instrument (Figure 2.11). The RADARSAT
SAR has the unique adility to shape and steer its radar beam to image swaths from
35 km to 500 km, with resolutions from 10 m to 100 m respedively. Incidence
angles can also be varied from lessthan 20° to more than 5. RADARSAT isina
sun-synchronous polar orbit at an altitude of 798 km, with a repeat cycle every 6
days using the 500 km swath and every 24 days using the standard 100 kn swath
mode (Lillesand and Kiefer, 1994 http://radarsat.space gc.caeng/radarsat/
description.iiml). RADARSAT also hes the adility to swing the SAR beam from
theright to the left side (Ahmed et al., 1990).
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Figure 2.11: RADARSAT satellit e configuration (Ahmed et al., 1990).

2.4 REMOTE SENSING MEASUREMENT OF NEAR-
SURFACE SOIL MOISTURE

While remote sensing can be defined as any noncontad method d
determining information regarding an oljects nature, properties or state, in this
thesis it will be defined as the acquisition d digital data, either reflected o
emitted bythe eath’s surface in the visible, thermal or microwave portions of the

eledromagnetic spedrum (McVicar and Jupp, 1998.

Numerous reseachers have shown that nea-surfacesoil moisture wntent
can be measured by visible and thermal infra-red remote sensing, as well as adive
and passve microwave remote sensing techniques. The main dfference between
these four techniques is the wavelength region d the dectromagnetic spedrum
that is used by the sensor, and the source of the dedromagnetic energy. This
sedion presents an overview of the current state of near-surface soil moisture
measurement from these four types of remote sensing olservations. A summary of
the relative merits of the different remote sensing techniques is provided in
Table2.1.
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Table 2.1: Summary of remote sensing techniques for measurement of nea-surface soil moisture
content (Schmugge et al., 1979 and Engman, 1991).

Property Observed Advantages Limitations Noise Sources
Visible Soil Albedo Lots of data Many noise Numerous
Index of refraction sources
Thermal Surface temperature High resolution Cloud cover Meteorological
Infra-Red Large swath limits frequency conditions
Coverage frequency of coverage Topography
Physics well Vegetation cover
understood
Active Backscatter coefficient Low atmospheric noise Limited swath Roughness
Microwave | Dielectric properties High resolution width Surface slope
Calibration of Vegetation cover
SAR
Passive Brightness temperature Low atmospheric noise Low Resolution Roughness
Microwave | Dielectric properties Moderate vegetation Man made Vegetation cover
Soil temperature penetration radiation limits ~ Temperature
operating range

As remote sensors do nd measure soil moisture @ntent diredly,
mathematicad models that relate the measured resporse of a particular remote
sensing system to the soil moisture content must be derived (de Troch et al.,
1996. Forward modeling develops a set of mathematicd relationships to
simulate the instrument’s resporse for a given set of model parameters. In the
context of soil moisture remote sensing, these parameters generally include soil
properties and the geometry and prendogy d the overlying vegetation canopy.
To solve the inverse problem, it is crucia to choose a forward modelling
procedure that adequately describes the observations. It is aso important to know
how many model parameters $iodd be used to depict the subjects being
measured, and which parameters are most sensitive to the returned signal (Su et
al., 1995.

An dternative gproach to that of finding an exact relationship between
remote sensing olservations and rear-surface soil moisture ntent for adive
microwave observations is through change detedion (Engman, 1990 Kite axd
Pietroniro, 1996. The dhange detedion method minimises the impad of target
variables auch as il texture, surface roughress and vegetation, kecaise these
tend to change slowly, if at al, with time (Engman and Chauhan, 19%). Thus, it
is asaumed that the only change in the target is from a dange in soil moisture
content (Engman, 1990. This approach for measuring the nea-surface soil

moisture ontent is not reviewed in thisthesis.
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Dueto the limitations of measuring rear-surface soil moisture content with
remote sensing in the visible region d the dectromagnetic spedrum, only a very
brief overview is given. Discusson is concentrated on near-surface soil moisture
measurement from passve and adive microwave remote sensing, with detail ed

explanation d the interpretation algorithms currently proposed.

2.4.1 VISIBLE REMOTE SENSING

Remote sensing d near-surface soil moisture @ntent using the visible
region d the dedromagnetic spedrum measures the refleded radiation d the sun
from the erth’s surface known as abedo (Sadeghi et al., 1984, and wses
wavelengths between 0.4 and 0.8 um. Soil abedo is defined as the ratio of
reflected to incoming radiation (Idso et al., 1979, and has long keen recognsed
as having a dependence uponthe moisture status of the soil surface (Angstrém,
1925. The effect of increasing soil moisture @ntent is to reduce the dbedo bya
fador of abou 2 for al soils except sands (Jadkson et al., 1976. However, this
provides only a poa indicaion d soil moisture content, since soil reflectanceis
also influenced by organic matter, soil texture, surface roughress angle of
incidence, plant cover and colour (Engman, 1991 de Troch et al., 1999, causing
awide variation in dbedo d different soil types even when dry (Sadeghi et al.,
1984). These complicaing fadors, plus the fact that refleded solar energy
responds to only the top few millimetres of the soil profile (Idso et al., 1979,
limit the utility of solar reflectance measurements for soil moisture cntent

determination, and thus will nat be further discussed in this thesis.

2.4.2 THERMAL INFRA-RED REMOTE SENSING

Thermal infra-red remote sensing operates in a sightly longer wavelength
region d the dedromagnetic spedrum (3 to 14 um) than visible remote sensing,

and measures the thermal emisson d the earth (Curran, 19%).

Methods for inferring near-surface soil moisture content using thermal
infra-red remote sensors rely upon sing the thermal infra-red data to measure the
soil surfacetemperature, as il moisture influences the thermal properties of the

soil. The difficulty with this is that radiation emitted from the soil surface and
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measured by the remote sensor depends both on surface temperature and
emisgvity, after corredion for atmospheric dfeds. Therefore, measurement of the
soil surface temperature requires either measuring, @ making an asumption
abou, the soil surface eanisgvity (Ottlé and Vidal-Madjar, 1994.

As il moisture @ntent has a strong influence on the thermal properties
(hea capacity, thermal conductivity and latent hea of vaporisation o water) of
the eath’'s surface relatively minor changes in moisture content have alarge
eff ect onthe bulk thermal properties of the ground(Ell yett and Pratt, 1979. Thus,
areas having hgher soil moisture mntent are woler during the day and warmer at
night (van de Griend and Engman, 19%).

The amplitude of the diurnal range of soil surfacetemperatureisafunction
of both internal and external fadors. The internal fadors are the soil thermal
condctivity A and the soil hea cgpadty C,, where P = V(AC,) defines what is
known as the soil thermal inertiaa The eterna fadors are primarily
meteorologicd: solar radiation, air temperature, relative humidity, cloudnessand
wind. The combined effect of these external factors is what drives the diurnal
variation d soil surface temperature, while the thermal inertiais an indication o
the soil’ s resistance to these driving forces (Schmugge et al., 1980. To accentuate
the difference in thermal properties of moist and dy areas, data is idedly
colleaed aroundmidday (Pickerill and Malthus, 1998.

In addition to ore time of day thermal infra-red olservations for inferring
soil moisture ntent, day-night temperature differences may be used. The
diff erence between day and nght surface temperature is a function d the thermal
inertia of the system, which is controlled by the anourt of water in the soil. For a
given soil in awet phase, the diurnal temperature range will be smaller than for
dry soils, with everything else being equa (McVica and Jupp, 1998. The
amplitude of the diurnal range of soil surface temperature has been foundto have
agoodcorrelation with the soil moisture content inthe 0 to 2and 0to 4cm layers
of the soil (Schmugge et al., 1980.

The dfediveness of thermal infra-red measurements is limited by cloud
cover, vegetation and meteorologicd fadors (Engman, 1990 de Troch et al.,
1996, with measurements being severely hampered by the presence of even dlight
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amourts of vegetation (Sadeghi et al., 1989. If the vegetation cover consists of
brush o trees, and olscures more than abou 10 to 20% of the soil surface, then
the resulting image produced by the remote sensor may have no relation to the
radiation temperature of the erth’'s surface below. If the vegetation cover is
predominantly low grass then the resulting image is closely related to the earth’s
surface temperature (Ellyett and Pratt, 1975.

For densely vegetated soil s, the plant canopy temperature difference with
the surroundng air yields information abou the soil moisture status (van de
Griend and Engman, 198%). However, the use of thermally emitted radiation ower
dense vegetation to deduce substrate moisture is complex, due to the soil-
vegetation-atmosphere interadion. Furthermore, leaf temperature does not rise
very far above ar temperature until very low soil moisture cntents are reached,
because the plant makes use of the avail able water in the root zone (Wdthrich,
1997. However, thermal infra-red observations may be used to gve an indication
of plant moisture stress through rising led temperatures (McVicar and Jupp,
1998. Because of the complicating fadors from vegetation, inference of soil
moisture ntent from therma infrared imagery is usualy performed in
conjunction with imagery from the visible wave bands, in order to gve some
measure of the vegetation cover. Severa of the gproades that have been used to
infer near-surface soil moisture cntent from thermal infra-red remote sensing are
described below.

Jordon and Shih (1993 have investigated the possbility of inferring soil
moisture @ntent using thermal infra-red olservations aone. In their approach,
they considered bare soil covered with a layer of vegetation. In the cae of bare
soil and soil covered with a layer of non-transpiring vegetation, the near-surface
soil moisture content was inferred from the soil thermal inertia, which was
evauated byinverting a harmonic soil temperature function. For soil covered with
a layer of nontranspiring vegetation, the only difference to that of the gproach
described abowve, was that the vegetation was considered as an insulating layer in
the soil temperature model. In the case of soil with atranspiring vegetation cover,
root-zone soil moisture mntent was inferred from its relation to vegetation water

stress By relating surface temperature to evapotranspiration rate, the vegetation
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water stresswas evaluated, using a relationship between evapotranspiration rate,
vapou presaure deficit, vegetationtype and vegetation water stress

Ottlé and Vidal-Madjar (1994 have used a simil ar approad to infer near-
surface soil moisture @ntent using thermal infrared olservations. In this
instance, the soil moisture @ntent was inferred by inverting a one-dimensional
Soil -V egetation-Atmosphere-Transfer (SVAT) model using therma infra-red
observations of surface temperature. The SVAT model used by Ottlé and Vidal-
Madjar (19949 cdculated the surface fluxes, surface temperature and rear-surface
soil moisture mntent by solving simultaneously the energy budget equation onthe
bare soil surface ad that above the canopy. The thermal and hydaulic transfers
were described by three important parameters. therma inertia, hydaulic
diffusivity and evaporation. Atmospheric data necessary to run the model were
daily variation in incoming radiation, air temperature, humidity and the 2 m wind
spedl. The threekey vegetation parameters of the SVAT model were the height of
the vegetation, minimum led resistance to evaporation and the Led Arealndex
(LAI).

The spedral properties of leaves, and particularly of chlorophyll, lea to
vegetation having a low reflectance in the visible range and a high refledancein
the nea infra-red range. Therefore a ombination d these two refledances is a
good indicaor of vegetation properties. The Normalised Difference Vegetation
Index (NDVI) is determined from the reflectance levels in bah the near infra-red
(a,) andavisible (a,) waveband, bythe relationship

NDV] = 2o =& (2.10.
anir + avis

The vegetation fractional cover fc can be deduced from the study d yearly

variation d thisindex using

NDVI - NDVI .

c= 2.11),
NDVI, — NDVI . 1D
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where NDVI ,, and NDVI . are the minimum and maximum values observed

during the whol e vegetative period.

In the study by Ottlé and Vidal-Madjar (1994) for inferring nea-surface
soil moisture content, LAI was estimated by a relationship with fc, and the height
of vegetation was estimated from a relationship with LAI. To invert the SVAT
model for near-surface soil moisture @ntent, the SVAT model was run with
different soil moisture values until the difference between the modelled and

observed surface temperatures was lessthan 1.5K.

As surface radiant temperature depends on the soil moisture cntent and
the distribution d vegetation, Gilli es and Carlson (1995 developed a method for
determining rea-surface soil moisture availability (M), using a physical
relationship between NDVI and surface radiant temperature. While the surface
radiant temperature was inferred dredly from the thermal infra-red observations,
NDVI is determined from the reflectance levels in bah the near infra-red and a
visible waveband, bythe relationship in (2.10. When NDVI was plotted against
surface radiant temperature, a warm edge was sid to exist when the warm side of
the distribution in the scaterplot was bath sharply defined and smoathly varying,
as $own in Figure 2.12. This warm edge represented the zero soil moisture
content for varying propations of vegetation cover. The rounded top to the
distribution was due to maximum refledion from the 100% vegetation cover,
while the relatively wide and flat base of the distribution corresponded to sunlit

bare soil .

Once the 0% and 1006 vegetation cover limits were evaluated, and the
0% moisture avail ability line defined, runnng simulations in the SYAT model for
varying fc amourts allowed for determination d a relationship between NDVI
andfc. Likewise, simulationsin the SVAT model over the theoretical range of soil
moisture availability (0 - 1.0) within the full range of fractional vegetation cover
yielded a relationship for soil moisture availability at any surface radiant
temperature and NDVI, asindicated in Figure 2.12.

A limitation d this method for determining soil moisture availability is
that the truncaed vertex of the “triangle” constitutes a zone in which isopleths of
M, converge. This is due to the fact that most of the soil is obscured at high fc.



Chaper 2 —Literature Review: Sal Moisture Measurement Page 2-35

1.2 ¢
, | May 1989
E % Image data
0.8 F|—6— Mo =0.0
. f | —6— Mo =02
Z 06 F|—3—Mo=04
;° E —4A— Mo =0.6
A 04 F|—V—Mo=08
z | —%¢— Mo =1.0
0.2 F
.
® 0Ff
E F
o -02F
z s
-0.4 F
<
-0.6 3
-0_8: (= N P 1 R 1| . | | S |

-0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04 0.05
Normalized Temperature, T *

Figure 2.12: Normalised NDVI versus normali sed temperature, with isopleths of nea-surfacesoil
moisture avail ability overlaid (Gilli es and Carlson, 1995).

Thus, the upper part of the triange is an areawhere the arors in the inferred soil
moisture @ntent will be largest. Therefore, Gillies and Carlson (1995 suggest
that reliable results may be obtained by limiti ng evaluation d M_ to the range of
fradional vegetation cover from 0 to 8.

2.4.3 MICROWAVE REMOTE SENSING

Microwave remote sensing measures the dectromagnetic radiation in the
microwave region d the eledromagnetic spectrum, which has wavelengths
between 0.5and 100cm. This region is subdvided into bands, which are often
referred to by a lettering system (Table 2.2). However, for remote sensing in the
microwave region, oy wavelengths greater than abou 5 cm are particularly
eff ective, as they have fewer problems with the amosphere and vegetation, sense
a deeer soil layer, and maximise soil moisture sensitivity (Schmugge, 1985
Jacksonet al., 1996.

The difference between passve and active microwave remote sensing is
the source of the dectromagnetic energy. All matter at temperatures above
absolute zeo emits eledromagnetic radiation due to the motion d the darged
particles of its atoms and moleaules (de Troch et al., 1996. Passve microwave

remote sensing measures this naturaly emitted radiation from the earth in the
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Table 2.2: Microwave band designations (Lill esand 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
Ky 1.67 - 2.40 18.0-12.5
X 2.40-3.75 125-8.0
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 1.0-0.3

microwave region d the eledromagnetic spectrum. In contrast, adive microwave
remote sensing, dherwise known as radar, sends out a pulse of eledromagnetic
radiation and measures the anourt that is séatered badk in the diredion d the
sensor (Jackson et al., 1996, defined as the average scattering crosssedion per
unit area(de Troch et al., 1996.

The fundamental basis of microwave remote sensing for soil moisture
content is the cntrast in dielectric properties of water and dy soil, and the
relationship between the Fresnel reflection coefficient and deledric constant. By
asuming that the target being olserved is a plane surfacewith surface geometric
variations and vdume discontinuities much smaller than the wavelength, orly
refradion and absorption d the media neal to be cnsidered. Thus, the Fresnel
reflection equations predict the surface reflectivity as a function d the refractive
index (related to the ratio of the dieledric constants of the two media) of the target
and the viewing angle, based onthe pdarisation d the sensor. For aland surface,
the target consists of the interface between air and soil. Since the dielectric
constant of the ar is a known value, the refledivity provides a measurement of
the dieledric constant of the soil medium (Jackson et al., 1996.

The main advantage of microwave remote sensing ower remote sensingin
the visible and infra-red regions, is the dfed of atmospheric gases and clouds on
the dtenuation o the signa received by the sensor. The dtenuation by
atmospheric gases, and in particular clouds, is sgnificant for radiation in the high
frequency (short wavelength) region d the dectromagnetic spedrum. However,
the atenuation is negligible for frequencies below 10 GHz (wavelength above
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Figure 2.13: Schematic representation d the dedromagnetic spedrum on a logarithmic scde. The
ligté%m half of this figure shows atmospheric transmissvity as a function of frequency (Schmugge,
3 cm). Clouds of iceparticles also have anegligible eff ect on microwave radiation
due to small particle sizes and the low dielectric constant of ice The dfects of
nonraining clouds on microwave radiation are negligible for frequencies below
abou 15 GHz, bu the effects of raining clouds are only negligible if frequencies
are below 3 GHz (Schmugge, 1985. The placement of microwaves in the
eledromagnetic spedrum is hown in Figure 2.13. By looking at the amospheric
transmissyvity (transmissvity = 1 — attenuation) at the bottom of this figure, the
advantage of microwave wavelengths for remote sensing beacmes obwvious.
Another unique alvantage of microwave remote sensing is that vegetation is
semi-transparent at longer microwave wavelengths (Jackson and Schmugge,
1991). Microwave measurements are dso independent of solar ill umination and

can be made & any time of the day (Jadksonet al., 1999.

One important difference between active and passve microwave remote
sensing systems is the resolution d the resulting data. Active sensors have the
cgoability to provide high spatial resolution (on the order of tens of metres) but
are more sensitive to surface roughess topogaphic features and vegetation than
passve systems. On the other hand, the passve systems can ony provide spatial
resolutions on the order of tens of kilometres and may be & large a& 100 km.
Therefore, consideration must be given to how the data will be used. If the soil

moisture data is for meteorologicd and climate models with a low spatia
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Table 2.3: Comparison of passve and adive microwave remote sensing (Engman, 1992).

Characteristic Passive Microwave Active Microwave
Signal to Noise good — very good fair — good

Data Rate low very high

Spatial Resolution 10 - 100 km 10m

Swath Width wide narrow — moderate
Vegetation Effect moderate — serious moderate
Roughness Effect slight serious
Topographic Effect slight serious

Revisit Time good poor — moderate

resolution, passve systems may be gpropriate. However, if the soil moisture data
is for detailed hydologic process sudies and partial areahydrology, the passve
data would appear of little use (Engman, 1990 Engman and Chauhan, 1995,
requiring spatial resolutions on the order of 10 m or less (van de Griend and
Engman, 1985. It has aso been naed by Ulaby et al. (1978 that it is difficult to
provide areliable measurement of soil moisture cntent from a sensor with a
resolution cdl of the size obtained from passve microwave sensors, uness the
terrain isfreefrom lakes and cultural feaures. A comparison d passve and active

microwave systemsis madein Table 2.3.

To acourt for the low resolution d pasgve microwave sensors, Kumar
(1999 has recently proposed a technique for relating the large passve microwave
foatprint to the small scde variability in soil moisture cntent through a tree
structure arrangement and a multiple scde Kaman-filtering algorithm. This
technique utili ses a state-spacemodel that relates the soil moisture content with

the underlying soil hydrologic properties by afradal process

2.4.4 PASSIVE MICROWAVE REMOTE SENSING

Pasgve microwave radiometric measurements in the 1 to 10 GHz range
(L- to X-Band) are recognised to be of the greatest utility in measuring soil
moisture ntent. However, L-Band radiation is considered to yield the most
acarate results over the widest range of condtions (Entekhabi et al., 199), as
roughress and heterogeneity effeds and attenuation by the a@mosphere and
vegetation are minimised (Galantowicz et al., 1999. Accurate soil moisture
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measurements are limited to regions that have ather bare soil or low to moderate
amourts of vegetation cover (Njoku and Entekhabi, 19%).

A microwave radiometer measures the self emitted and/or reflected
radiation from the eath’s surfacein the microwave region d the dedromagnetic
spedrum, whose intensity is charaderised by the brightnesstemperature T,, which
is often referred to as the radio-brightness The anourt of energy generated at any
paint within the soil volume depends on the soil dieledric properties and the soil
temperature & that point. Hence, the brightness temperature is highly variable
during the @urse of the day, as the depth of soil which adually contributesto T, is
quite shall ow (Jadkson, 1997.

As the energy propagates upward through the solil, it is affected by the
dieledric gradient dongthe path of propagation. In addition, as the energy crosses
the surface boundxry, it is reduced by the dfective transmisson coefficient
(emisgvity), which is determined by the dieledric charaderistics of the near-
surface soil (Schmugge et al., 1980. The variation in soil emissvity in the
microwave region is rather weak, with a range from abou 0.95 for dry soil
(5% v/v) to 0.6 o lessfor wet soil (40% v/v) (Schmugge, 1985 Jackson et al.,
1996 Njoku and Entekhabi, 1999. However, for soil at a temperature of 300K,
this variation in emissvity corresponds to a brightness temperature variation o
90 K, which is much larger than the noise sensitivity threshold of a microwave
radiometer, being typicdly lessthan 1K (Njoku and Entekhabi, 199§.

244.1 Brightness Temperature Models

Brightness temperature is dependent on bdh the soil moisture and
temperature profiles of the soil, and is essentialy the product of soil temperature
and emisgvity at the soil surfacethrough the Rayleigh-Jeans approximation to
Plank's law (Jadkson et al., 1981, Schmugge, 1989. By this relationship, the
value of T, measured by aradiometer above asurfaceis given by

T, =1(M Toy +€,Ten )+ Tam (2.12,

p p ' sky p ' soil
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where I is the surface reflectivity for pdarisation p, €, is the surface enissvity
for pdarisation p and 7 is the @mospheric transmisgon. The first right hand side
term in this relationship is the refleded sky brightness temperature, which
depends on the wavelength and atmospheric condtions. The second term is the
emisgon from the soil and the third term is the contribution from the amosphere
between the surface and the receiver (Jackson et al., 1981, Schmugge, 1985.

For typicd remote sensing applications using longer wavelengths (greater
than 5 cm), the @mospheric transmisson approaches 99%. Furthermore, the
atmospheric T, and sky T, contributions are both lessthan 5K, each of whichis
small compared to the soil contribution (Engman and Chauhan, 1995. Thus, by
negleding these two terms the Rayleigh approximation may be simplified to

Ty, =€ e =(@-T )Ty = h |R | )rson (2.13,

where Kirchhdf' s redprocity theorem relates the anissvity to the reflectivity by
e = 1-T,withl = |Rp|2 being the refledivity for poarisation p and R, being the
reflection coefficient for polarisation p. Although the relationship between
emisgvity and krightness temperature is linear, there is a nonlinear dependence
on the soil moisture cntent, becaise the reflection coefficient of the soil i s related
in a nontlinea way to the dielectric constant of the soil (Engman and Chauhan,
1995. The microwave anisson from the soil has generally been predicted by the
Fresnel equations (Jackson et al., 1987 Gaantowicz et al., 1999, as given in
(2.149) for horizontal pdarisation and (2.14h for verticd poarisation.

|co&9 \E, —sin? |

2.1
‘cosz9+\/e - sin® ‘ (219
g, —sin*9
e =1- (2.14b,

r _
g, COSd +,/g, —sin’ 19‘
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where 3§ isthe look angle for the instrument measured from nadir (degrees), and

¢ istherelative dieledric constant of the soil .

The mgjority of brightnesstemperature models presented in the literature
are based onthe simplified Rayleigh approximation gvenin (2.13, and are easily
invertible for soil moisture mntent. These models consist of two types, being the
emisgvity and radiative transfer models, and dffer only in their treament of T_,
(Galantowicz et al., 1999.

The emissvity model assumes a grey body approximation by assgning a
constant soil temperature with depth (Galantowicz et al., 199), which can lea to
errors in regions where the diurna soil surface temperature variations are large
(Njoku and Kong, 1977. The temperature and moisture contents of soils exhibit
natural variability as a function d depth. Therefore it is not strictly corred to
represent soil brightness temperature and emissvity by such approximations,
espedadly at longer wavelengths, which may respond to soil moisture and
temperature condtions over depths of severa centimetres (Njoku and Entekhabi,
1996.

Current radiative transfer models consist of the conventional radiative
transfer and the gradient radiative transfer, which impose a varying soil
temperature profile. The nventional radiative transfer determines T, by
integrating soil temperature over the soil profile, where eadch soil layers
contribution to T_, is a function d a locd extinction coefficient and the optical
distance to the soil surface The gradient radiative transfer model is an
approximation d the wnventional radiative transfer model, by taking T_, as a
linea function d depth, and the extinction coefficient as a mnstant (Galantowicz
et al., 1999. In cases where the sub-surface dieledric properties vary rapidly with
resped to wavelength in the medium, radiative transfer models become inaccurate
and the brightness temperature must be modelled using a @herent
eledromagnetic wave gproach (Njoku and Kong, 197). A coherent wave
treament is necessary to interpret the effects of sharp discontinuities in the soil
moisture profile (Njoku and Entekhabi, 1999.

Other approadhes for direct modeling d the brightness temperature

asume omplete knowledge of the soil temperature and moisture profil es, and are
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not easily invertible. These models are based on bah coherent wave theory and
non-coherent radiative transfer (Galantowicz et al., 1999. Coherent wave transfer
models acourt for both the anplitude and phases of the dedromagnetic fields
within the medium (Ulaby et al., 1981, and the bourdary condtions on the
eledric fields acrosslayer bourdaries are used to cdculate the radiation intensity
(Schmugge and Choudhuy, 1981). The incoherent approach relies on amplitudes
only (Ulaby et al., 1981, and the transfer of energy between layers is determined
by the reflectivity cdculated from the Fresnel equations. To evaluate the intensity
of radiation within the soil using a @wherent model, the dectromagnetic field
vedors must be calculated from a solution to Maxwell’s equations (Schmugge
and Choudhuy, 1981).

The mherent stratified medium approach of Njoku and Kong (1977 takes
into acournt bath nonruniform temperature and rapidly varying moisture profiles
of the soil, and has been presented as a summation ower the entire depth o the soil
column. The soil discretisation used by this modd is given in Figure 2.14, and the

REGION O Ho» €y

REGION | JTRRN

z=—-dp-|

REGION n €
Hnr&n 2= —dy

REGION t Kt €

Figure 2.14: Geometricd configuration used for evaluation d brightness temperature from a
coherent stratified medium (Tsang et al., 1975).
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equations used for evaluating lrightness temperature for h and v pdarisation are
givenin (2.15) and (2.150 respedively.
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The subscripts | refer to the quantities in the Ith layer of the medium, and
d, is the depth below the surfaceof the soil to the interface between the Ith and
(I +1)th layer. The subscript o refers to the free spacevalues, and the subscript t
refers to the region extending keyondthe last layer, while “and ” refer to the red
and imaginary parts of the variable respedively. T is the soil temperature andk is
the wave number given by k = 217A = 2rfV(ue), where f is the frequency, u is the
magnetic permeability and € = & + ig” is the dieledric constant. k_ is the x
comporent of the wave number given by k = ksind, and k, is the z comporent
given by k = kcosd, where & is the instrument look ange. The A, B, C, D,, T,
and T, are wave amplitudes and are related to ore ancther by the propagation
matrices given in Kong (1975), which are reproduced below.
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A question surroundng the evaluation d stratified models is the layer
thicknessand depth of soil that shoud be used. Raju et al., (199%) foundthat if
the layer thicknessis larger than 0.1cm in the stratified coherent model of Wil heit
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(1978, the cmmputed brightnesstemperature differs sgnificantly to that computed
with very thin layers. Therefore, they suggest that the layer thickness $ioud na
exceed 0.01cm if the difference in simulated brightness temperature is not to
exceed 1 K. Raju et al. (1999 also foundthat the soil depth to be used in the
model shoud be between one-tenth of the wavelength and the wavelength, if the
brightnesstemperature is not to be dfeded by more than 1K.

The stratified coherent model of Wilheit (1978 is smpler than that of
Njoku and Kong (1977 and wses a solution d the Maxwell’s equations and the
boundry condtions at the interfaces, to cdculate the dedric field in each layer.
These dectric field values are used to caculate the energy fluxes, and thus obtain

the fractional absorption f, in ead layer I. If T is the thermodyramic

temperature in the Ith layer of the N dieledricdly homogeneous layers in the ar-
soil system, the layer radiates energy equal to the product of the fractiond
absorption and the soil temperature. Applying the Rayleigh-Jeans approximation

to Plank’s law, brightnesstemperature for polarisationp (T, ) iswritten as

N
Ty, = Z foTi + R Tay (2.1%)
=2

i f, =e, (2.199,

where R is the refledivity for the radiation incident on the ar-soil interface for
poarisation p and T, is the brightness temperature eguivaent of sky and
atmospheric radiationincident on the soil (Wanget al., 1983.

As detall ed information abou the soil temperature profile is not generally
avail able for inversion d brightness temperature measurements for soil moisture
content, Choudhuy et al. (1982 have proposed a method for estimating an
eff ective soil temperature by using only surface and deep soil temperatures.

Teff = Too + a(Tsurf _Too) (ZZQ;
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where T, is the effective soil temperature, T,

surf

is the soil surfacetemperature, T
is the degp soil temperature and a is an empiricdly determined constant; given as
0.802, 0.667, 0.480, 0.24H1d 0.084for wavelengths of 2.8, 6.0, 11.021.0and
49.0 cm respectively (Choudhuy et al., 1982. Choudhuy et al. (1982) suggest
that the surface temperature may be etimated from thermal infrared
observations, or meteorologicd data of near-surface air temperature, while the
deep soil temperature can be modell ed based ongeographic locaion and season.

The major problem with the &owve brightness temperature models is that
the passve microwave resporse of the soil is affeded na only by the soil
moisture and temperature profile variations, but also by the surface rougmess
and \egetation cover (Njoku and Kong, 1977. Various researchers have made
attempts to quantify the dfeds of surface roughmess and \egetation on the
brightness temperature, and have presented models to account for these effeds.
However, it has been shown by Wang et al. (1987 that microwave emisgonis

lessaffected by surface roughressthan by vegetation.

2.4.4.2 Roughn ess Effects

Field measurements made by Newton and Rouse (1980 and Wang et al.
(1983 have indicated that roughening d the soil surfaceincreases il emissvity
and ckcreases the sensiti vity to soil moisture @ntent, thus reducing the range of T,
from wet to dry soils (van de Griend and Engman, 1985. This increase in
emisgvity can be atributed to the increase in soil surface aeathat interfaces with
the ar, and thus transmits the upwelli ng energy (Schmugge, 198). Newton et al.
(1983 have nated that the eff ects of surfaceroughressdecrease a the wavelength

increases.

To acount for the effects of surface roughress on soil emissvity,
Choudhuy et al. (1979 have presented a modification to the emissvity of a

smocth surface &

€, =1- le-e, Jexp-hcog 9| (2.219)
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h= m%ﬂg (2.211,

where h is an effedive roughressparameter, oisthe standard deviation d surface

roughress (cm), A, is the free space wavelength (cm), 4 is the viewing ange

(degrees), and e, and e, are the smocth and roughsurface emissvity respedively

for a given pdarisation p. The parameter h has been shown to be loosely

correlated with the standard deviation d the surface heights (2.210, athough no
exad functional relationship has been established. For smoother surfaces such as

stublde, pastures and wheat, a typical value of his 0.1, and for very roughfields

such as thaose recently till ed, avalue of h equal to 0.5istypicd (Choudhuy, et al.,

1979 Wanget al., 1983.

Wang et al. (1983 have propased a more general variation d (2.21a), by
adding a pdarisation mixing fador Q. The rough surface emissvities for

horizontal and verticd polarisations are given as

&, =1-[L-Q)i-¢,)+ Qe )lexd-hG()] (2.220)

&, =1-[(L-Q)a-¢,)+Ql-¢, Jlexd- hG(s)] (2.22h,

where e, and e, are the smocth surface emissvities for horizontal and verticd
polarisations respectively and h is the dfective roughress parameter. Wang et al.
(1983 foundthat measured and cdculated hrightness temperatures could na be
matched with G(8) = cos’d, as used by Choudhuy et al. (1979), bu found

agreement for G(J) U 1.

2443 Vegetation Effects

The influence of vegetation onthe brightnesstemperature measured by the
radiometer is the result of absorption and re-emisson (Schmugge, 1985 Engman
and Chauhan, 1985, with the dfed of reducing measurement sensitivity (van de
Griend and Engman, 198&). This occurs throughthe vegetation absorbing some of

the radiation coming upfrom the soil and emitting radiation itself. Hence, for a
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sufficiently thick layer of vegetation, orly the radiation from the vegetation itself
is observed (Schmugge, 198). The dfeds from scattering within the vegetation
canopy are most significant at frequencies higher than 5to 10 GHz (Wigneron et
al., 1999.

Jadkson et al. (1982 have shown that absorption by \egetation can be
guantified in terms of the water content of the vegetation, whilst Schmugge et al.
(1988 have demonstrated that dead vegetation can have an attenuating effed on
the microwave emisson from soil. It has also been nded (Newton and Rouse,
198Q Jadckson et al., 1982 Engman and Chauhan, 1995 that vegetation effeds
are afunction d the free space wavelength, with vegetation canopes being more
transparent for longer wavelengths than for shorter wavelengths. Newton and
Rouse (1980 suggest that dense vegetation to a height of 125 cm has little dfed
on the measured emisgon at 21.4 cm wavelength for incident angles below 35°,
while & 2.8 cm wavelength the soil emissonis completely masked. Furthermore,
the dfed of vegetation is more significant as the vegetation water content is
increased (Jackson and Schmugge, 1991).

A vegetation canopy absorbs the emisson from the soil and adds to the
total radiative flux with its own emisgon, assuming scatering is negligible. A
model of this process which treds the problem as a two-layer incoherent medium,
is described by (Ulaby et al., 1986

pr = |.1+ (1_ ep )Yvegj(l_ Y.vegx:l'_ a)Tveg + (ep Y.vegT:;oiI ) (2231

where e, is the amisdvity of the smooth soil surface & polarisation p, a is the
singe scdtering abedo d the vegetation, Y, is the transmissvity of the
vegetation layer, T  is the physicd temperature of the vegetation (K) and T, is
the physica temperature of the soil (K). At microwave wavelengths the single
scatering albedo term is aimost zero, varying ketween 0.05and 0.10(Jackson and
Schmugge, 199). Chanzy et al. (1997) have shown that the single scatering
albedo can be neglected at C-Band when the anount of vegetation is low. Thus,
by asauming that a equas zero, which may be questionable & wavelengths
shorter than 5 cm (Jadkson and Schmugge, 1991, and that the physicd
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temperature of the vegetation and the soil are the same with value T_, Jadkson

surf?
and Schmugge (1991 have reduced (2.23 to

pr = |_1_ (1_ ep )YSngTsurf (224!

where T, is the surface temperature (K) estimated from thermal infrared
observations under clear sky condtions or meteorological estimates of the ar
temperature under cloudy condtions (Jadkson and Schmugge, 199, and e, is the
emisgyvity for polarisation p.

The transmisgvity of the dtenuating vegetation layer has been described
through a relationship with the one-way canopy absorption fador, otherwise
known as opticd depth 7, which is dependent on the vegetation delectric
properties, plant shape and structure, wavelength, pdarisation and look angle.
Thisrelationship for vegetation transmissvity is given by

Yieg = exd— T seo9] (2.29,

where § isthe observation angl e (degrees) measured from nadir.

In order to invert (2.24) for the soil moisture content, an estimate of the
opticd depth is required. Various theoreticd and empiricd relationships have
been proposed for the optical depth (Jackson et al., 1982. A simple theoreticd
expressonfor the vegetation ogicd depth is (Njoku and Entekhabi, 1996

_ Afevegsg’eg (2.26
"~ cosd 7

T

where A is a structure parameter related to the geometry of the vegetation, f is the
observation frequency (Hz), 6, isthe water content of the vegetation (kg m?) and
g is the imaginary part of the dieledric constant of the vegetation. The

veg
parameter A can be obtained by modelli ng the vegetation as lossy (condtcting)
dieledric c¢ylinders or disks in dfferent orientations, bu is more wmmonly
estimated empiricdly for spedfic vegetation types (Njoku and Entekhabi, 1996.
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Alternative relationships for estimating the opticd depth have been gven as
(Ulaby et al., 1989

r:4n%gm(@) (2.27),

and (Schmugge et al., 1988

7= veg |Zveg []g 4 : (2.28),

where d,, is the thickness of the vegetation layer (cm), A, is the free space
wavelength (cm), and Im(g,.) is the imaginary comporent of the dieledric

constant of the vegetation;

An empiricd relationship between optical depth and vegetation water
content has been gven as (Shutko, 1986 Jadkson and O’ Neill, 1990

T=6,0b (2.29,
where b is aregresson parameter unique to the type of vegetation, the free space
wavelength and pdarisation. Jadkson (1993 has presented a plot of b for different
wavelengths and vegetation types, as given in Figure 2.15.

An interesting olservation d Figure 2.15, excluding the observations for
grass is the small variation d the parameter b in the L-Band range (wavelength
15to 30cm). Based onthese results, it would appear that a single value of b equal
to 0.15is representative of most agricultural crops, with the exception d grasses
(Jadkson, 1993.

These relationships for opticd depth require an estimate of the vegetation
water content. However, previous research has down that vegetation water
content can be estimated using existing sensors and algorithms (Jadkson and
Schmugge, 199)).
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Figure 2.15: Observed values of the dfeds of vegetation on model parameter b as a function of
wavelength (Jadkson, 1993).

For small values of opticd depth 7, which occur for low vegetation

density, (2.23 reduces to pr =e T_., whereas for large 1, which occurs for dense

p "soil ?

vegetation, the observed hrightnesstemperature gpproaches T, =T, resultingin

veg?

the soil being completely masked by the vegetation (Njoku and Entekhabi, 1996.

2444 Combined Roughness and Vegetation Effects

As the brightness temperature models presented above only accourt for
vegetation and roughmess effeds individually, Jadkson (1998) has presented an
algorithm for inferring rear-surface soil moisture cntent that incorporates bath
surface roughress and vegetation effeds. In the model of Jadkson (1993, the
brightnesstemperature of a vegetated surfaceis given by (2.24), with the smocth

surface emissvity e taken as being the rough surface emissvity € , a given

by (2.27).
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2.4.5 ACTIVE MICROWAVE REMOTE SENSING

Active microwave remote sensing invalves the use of a radar antenna
(either red or synthetic goerture), which transmits wave pulses and recaves a
return signa whose intensity varies with the target charaderistics. The
badkscattering coefficient ¢” is used to describe the intensity of this reflected
radiation from an ojed (Schmugge, 19%).

Since the scatering behaviour of a surface is governed by its geometricd
and deledric properties relative to the incident radiation, the variations in
badscattering are influenced by soil moisture wntent, surface roughress surface
cover (vegetation), topogaphy, olservation frequency, wave polarisation and
incidence angle (Schmugge, 1985 Su et al., 1994. A variaion d relative
dieledric constant between 3 and 30 (a shift in vdumetric moisture cntent
between approximately 2.5% and 50/, depending onfrequency and soil texture)
causes an 8to 9 B rise in badkscatter coefficient for vv polarisation. This change
in badkscatering is amost independent of other parameters, such as incidence
angle, frequency and surface roughress (Hoeben et al, 1997). The relationship
between badkscattering coefficient and delectric constant is nonlinea, having a

higher sensitivity at low dieledric values as snown in Figure 2.16.
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Figure 2.16: Senstivity of badkscatering to deledric constant at different frequencies:

exporential correlation function, o= 1.4 cm, | = 10 cm, 8 = 35°, vv polarisation (Hoeben et al.,
1997).
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Although surface roughress may nat be aserious limitation for passve
microwave sensors, at least for most natural surfaces, it is a major limiti ng fador
for adive microwave sensors (Wang et al., 1987 Wiutherich, 19%) and simple
correction rocedures are difficult to develop (Jadkson et al., 1996. In many cases
the dfed of rougmessmay be equal to or greaer than the eff ects of soil moisture
content on the badkscater (Autret et al., 1989 Engman and Chauhan, 1995
Altese et al., 1996 Witherich, 197), and in poughed fields, the row structure
generated by doughng presents a periodic pattern that can complicae data
interpretation (Beaudan et al., 1990 Giacomelli et al., 1995. Furthermore, the
surface roughress of agricultura fields is not likely to remain constant between
overpasses of more than 30 days (Witherich, 1997 due to reductive tillage and
weahering (Beaudan et al., 1990, or between owerpasses on dfferent orbit
tradks, which may have large differences in angle with resped to field drection
(Wtherich, 19%). However, in contrast to agricultura fields, the surface
roughress of natural ecsystems does not change significantly over relatively
short time periods (Sano et al., 1999. The dependence of backscater intensity on
surface roughressis represented schematicdly in Figure 2.17, where a increase
of badscattering coefficient with surface rougmess is obvious, as reported in
experimental studies (eg. Beaudan et al., 1990.

In general, smocoth surfaces behave & geallar refledors and orly have

strong kadkscattering at near-zero incidence angles, whereas roughsurfaces act as

SMOOTH ROUGH
SURFACE & SURFACE

~
2

N

2

Figure 2.17: lllustration of the dfea of surfaceroughnesson backscatering intensity (Schmugge,
19%).
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diffuse refledors with minimal anguar variation (Schmugge, 1985. Very rough
surfaces are called lambertian reflectors and have no anguar variation. As
il ustrated in Figure 2.18, a surface appears rougler to a shorter wavelength than
to alonger wavelength (Brown et al., 199). Furthermore, for a given wavelength
the badkscattering from rougher soils is less dependent on the value of the
incidence angle (Ulaby et al., 1986.

Severa relationships have been proposed for defining the roughressof a

Figure 2.18: lllustration showing the dfed of wavelength and surface roughness on the
badscatering properties of a surface(Lill esand and Kiefer, 1994).
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surface with resped to the wavelength. The Rayleigh criterion states that surfaces
can be onsidered as “roudh”, and ad as diffuse reflectors if the rms (root mean
square) height of the surface variations o exceeals one-eighth of the wavelength of
sensing dvided by the asine of the locd incidence angle (o > A /8cosd).
Surfaces are onsidered “smoaoth” by the Rayleigh criterion, and ad as geaular

reflectors when o < A /8cosd.

As the Rayleigh criterion does not consider that there can be acategory of
surface variation intermediate between roughand smocth, the Modified Rayleigh
criterion is used to define such situations. This criterion considers rough surfaces
to be those with o > A /4.4cos? and smooth where o < A /25cosd. Intermediate
values are onsidered to have intermediate roughress (Lillesand and Kiefer,
1994. Ulaby et al. (1982 have proposed an adternative relationship for
caegorising surfaces as rough @ smooth, which is independent of incidence
angle. In this relationship, smooth surfaces are defined as having k o < 0.2 and

very rough surfaces as having k.o > 1, where k; is the free space wave number

given byk = 217A,.

As with passve microwave remote sensing, the observations made with
adive microwave remote sensing are affected by vegetation cover and reduce the
sengitivity of the return signal to soil moisture content (Troch et al., 1999.
However, because of the different source of eledromagnetic radiation, the dfect
of vegetation onthe observed signd is different to that from passve microwave
observations. With adive microwave remote sensing, \egetation above a soil
surface asorbs and scatters part of the microwave radiation incident onit, as well
as part of the refleded microwave radiation from the underneah soil surface 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 (van de Griend and Engman, 19%).

Various authors (van de Griend and Engman, 1985 Schmulluis and
Furrer, 1992 Brown et al., 1992 van Zyl, 1993 have noted that the dfect of
vegetation on the radar signal can generally be diminished by increasing the
wavelength. Schmulluis and Furrer (1992 have shown that L-Band (1 to 2 GHz)
measurements will still yield good results under various agricultural crops,
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whereas for X- (8 to 12.5GHz) and C-Band (4 to 8 GHz), even athin vegetation
cover may distort the measurement. It has been shown havever, that C-Band data
can penetrate the vegetation canopy ketter when the vegetation is drier (Brown et
al., 1992.

The dfed of vegetation is also grealy dependent upon the instrument
angle of incidence and pdarisation (Ulaby et al., 1986. Wang et al. (1987 have
shown that the dfed of vegetation cover does not play a significant role & low

incidence angles.

Providing the vegetation cover is less than 15 cm, adive microwave
remote sensing can measure the volumetric moisture ntent of the nea-surface
soil layer with an rms error of 3.5% at low microwave frequencies (Ulaby et al.,
1996. However, grass covered sites often have alarge volume of litter on the
surface, which can hdd a significant amournt of water, masking the relationship
between SAR data and the underlying soil moisture content (Sano et al., 1999.

245.1 Optimum Satellite Configuration

Due to the sensitivity of the badkscattering coefficient to surface
roughressand vegetation cover, and the differing effed of various combinations
of frequency and incidence angle, there has been a grea deal of discussonin the
literature dou an “optimum” configuration for adive microwave remote sensing
with satellit es. The recommendations that have been made in literature differ from
one researcher to the next, so a brief review of the recommendations that have

been made is presented below.

Soil moisture measurement using adive microwave remote sensing
observations is difficult due to the competing effeds of soil moisture cntent and
surface roughress It has been nded by Chen et al. (1999 that the larger the
incidence angle the larger the sensitivity to soil moisture @ntent, bu because of
the increasing influence of surfaceroughress there must be acompromise. As
frequency is increased the adive microwave remote sensor becomes more
sensitive to surface roughressfor all soil moisture cndtions and sensitivity to

s0il moisture ontent deaeases.
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To minimise the roughress effeds that may often daminate the active
microwave remote sensing data in agricultura fields (eg. Koden et al., 1979
Beaudan et al., 1990, Ulaby et al. (1978) have suggested that the optimum
parameters are frequencies from 4 to 5 GHz with hh pdarisation having an
incidence angle between 7° and 17 from nadir. This agrees closely with the
recommendation made by Ulaby and Batliva (1976 who suggested that optimum
parameters are a frequency of 4 GHz with hh or w pdarisation having an
incidence angle between 7° and 15 from nadir, for bare fields. However, Altese
et al. (1996 have shown that the dfect of o on backscattering is minimised by a
sensor configuration having an incidence angle of around 20 and olservation
frequency between 4.5and 7.5GHz. Altese et al. (1996 aso foundthat the effed
of roughress correlation length | on kackscatering was lessthan for o, with its
effect minimised at an incidence angle aound 30 and olservation frequency less
than 6 GHz. However, Beaudadn et al. (1990) have shown that a significant effed
on hadkscattering can be expeded from the periodic rows of row crops at all
incidence angles except around 5, with a maximum effed in the range of 25° to
40°. In addition, Dobson and Ulaby (1986a) have suggested that the orbital sensor
intended for soil moisture sensing shoud have an orbita inclination geater than
15° from pdar orbit in order to minimise the dfects of row diredion a most
latitudes.

Althoughroughresseffeds can be minimised by wsing a sensor with alow
incidence angle, this configuration d look angle is very unlikely on a spaceaaft
system, as the resolution deaeases with deaeasing incidence angle according to
Usind (Autret et al., 1989. Therefore, if alow incidence angle is not acceptable,
Autret et al. (1989 suggest that the best configuration for soil moisture
measurement requires the simultaneous use of two pdarisations (hh and vv) with

an incidence angle greder than 35°.

To minimise the dfed of vegetation onsoil moisture sensing, Dobson and
Ulaby (1986) have mncluded that the optimum parameters shoud be frequencies
of lessthan 6 GHz and incidence angles of lessthan 2(°. Using these observation
parameters, bah dred scattering by the vegetation and the dfedive dtenuation

loss related to the two-way transmisson through the canopy are minimised. At
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higher incidence angles, the badscatering contribution d the canopy increases
and is dominated by the return from verticdly aligned stalks and cobs, whereas

leaves dominate the canopylosscomporent.

It has also been naed that the c-polarised measurements ¢°, and ¢°,,, and
their linea combinations, are the best choice for estimation d soil moisture
content, as they are most sensiti ve to soil moisture dhanges and least sensitive to
cdibration accuracy and vegetation cover (Shi et al., 1997. Furthermore, co-
polarised channels can be clibrated dredly with pesdve targets like corner
reflectors, while crosspdarised channel cdibration relies upon measurements
made on the @-pdarised channels (van Zyl, 1990, and is hence less accurate.
Dubas et al. (1995) have noted that to achieve a4% accuracy in soil moisture
content requiresa0.5 B accuracy of therelative cdibrationand 2 BB acairacy in
the &solute cdibration.

It would therefore gopear that by using ERS, which is characterised by an
incidence angle of 23°, vv pdarisation and frequency of 5.3 GHz (C-Band), the
roughress and wegetation effeds would be minimised. Thus, soil moisture
inversion from ERS data for regions with short vegetation cover (plant biomass
lessthan 1 kgm™) appears more profitable than from other radar configurations
(Dobsonet al., 1999.

Apart from satellite configuration, Schmugge (1985 has demonstrated
that microwave badscattering depends more on the state of the water in the soil
than onthe adua amourt. Thus, by expressng soil moisture & a percentage of
field cgpadty rather than a volumetric value, Schmugge (1985 suggests that the
eff ects of soil roughresson backscattering coefficients can be minimised.

2.45.2 Surface Scattering Models

The badkscatering resporse of a surface enables important information to
be determined abou that surface namely soil moisture content. Hence much
current research is being urdertaken in the aea for development of surface
scatering models. Given the variations in satellite wnfiguration and surface
condtions, relationships between backscattering coefficient and soil moisture

content as a function d incidence angle, wave polarisation, wavelength, and soil
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dieledric constant are required. Three different modelli ng approadhes have been
presented in literature: (i) empiricd, (ii) theoretical and (iii ) semi-empirical.

The scatering coefficient, which is a unit-less quantity representing the
radar crosssedion (m?) of a given pixel on the ground per unit physicd area of
that pixel (m?), may exhibit a wide dynamic range, and is therefore often
presented in decibels (Ulaby et al., 1996. To convert the backscattering values
obtained to deabels, the following relationship is used.

o4 =10log,, 0° (2.30

In the presentation d badkscatering models in the foll owing sedions, the

badkscattering coefficient 0° isnot in decibel units, unesswritten as g .

2.45.2.1 Empirical Backscattering Models

In order to establish a useful empirical relationship for inversion d soil
moisture from badkscatering olservations, it is necessary to have agreat number
of experimental measurementsin order to derive general statisticd laws (Oh et al.,
1992. However, empirical badkscatering models foundin literature ae generally
derived from spedfic data sets and are mostly only valid in certain regions of
roughress frequency, incidence angle and soil moisture @ntent. Furthermore,
empiricd backscatering models may na be gplicable for data sets other than
those used in their development (Chen et al., 1995 Dubas et al., 1995h. Oh et
al. (1992 have noted that the main advantage of empiricd badscattering models
over theoreticd backscatering models is that many natural surfaces do nd fall
into the validity regions of the theoretical badscatering models, and even when
they do, the avalable badkscatering models fal to provide results in good

agreement with experimental observations.

Much of the research to date (eg. Prevot et al., 1984 Bernard et al., 1986
Bruckler et al., 1988 Bruckler and Witono, 1989 Ragab, 1995 has been
undertaken using simple linea regresson relationships between backscatering
observations and olserved soil moisture @ntent in a given layer of soil.
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Occeasionally a second order regresson equation (eg. Bruckler et al., 1988 has
been used. However, the form of the regresson relationship commonly used is

0% =af +b (2.3,

where 6 is the volumetric soil moisture, and a and b are anpiricd regresson

coefficients.

Dobson and Ulaby (1986) have foundthat for a given sensor combination
of frequency, wave pdlarisation and angle of incidence the empiricaly derived
regresson coefficients were dependent on soil surface roughessand soil texture,
with a being primarily controlled by surface roughressand b primarily controlled

by soil texture.

Recently, more alvanced empirical nonlinea regresson models for
relating badkscatering olservations to soil moisture have been presented, such as
Oh’smodel (Oh et al., 1992 and the Dubds-van Zyl model (Dubas and van Zyl,
1994 Dubaset al., 199%3,b).

The empiricd badscattering model of Oh et al. (1992 is based onL-, C-
and X-Band spectrometer data, with incidence angles varying from 10° to 7C.
The surface roughressand soil moisture content cover the ranges 0.1< k 0 < 6.0,
2.6<k] <19.7and 0.09< 6< 0.31,wherek_ isthe freespace wave number given
by k = 217A,, A, isthe free space wavelength (cm), o is the rms roughmessheight
(cm), | is the roughress correlation length (cm) and 6 is the volumetric soil
moisture @ntent. As badkscatering from smooth surfaces include a strong
contribution die to the aherent backscatering comporent that exists at angles
close to namal incidence, the range of applicability of the backscattering model
does nat include the aaguar range below 20° for smooth surfaces. This

badkscattering model is presented as

oo = gcos’ 9

w T[rv + I_h] (23@
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g% =g /pcosIr, +T,] (2.32h

Op =00, (2.3%),
where

Jp=1 é’igl exp(k, o) 2.33

g =0.7]L- exp[- 0.65(k,0)*¢ )| (2.39

q=0.23,T, [L- expt-k,0)] (2.39

|cos:9 \E, —sin’ |

2.368
|cos¢9+1/£ -sin z9| ( )
2
- &, —sin®d (2,360
’ \VE, —sinzﬁ‘ '
2
r, = 1- e, (2.36),
1+.e,

and J is the incidence ange (degrees), ', and I, are the verticd and haizontal

Fresnel refledivities, I is the Fresnel reflectivity at nadir and ¢, is the dieledric

constant relative to freespace.

The empiricd badscattering model of Dubds et al. (199%) was derived
from two data sets, oltained from the LCX POLARSCAT and the RASAM truck-
mounted systems. Equations were derived for both vv and hh pdarisation and are
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valid for frequencies between 1.5 and 11 GHz, surface roughress rms heights

from 0.3to 3cm andincidence angles from 30° to 65°. This badkscatering model

IS presented as
5
Ur?h =1072™ CC.)Sl5 7;9 100028, tand (kOO' Sinz9)1'4 Aom (2.378.)
sin
o0 = 1072% COS:j 100046, tans (kOJ Sinﬁ)l.lAOOJ (2.379,
Sin

where & is the incidence angle (degrees), ¢ is the relative dieledric constant, k is
the free space wave number given by k = 21A , A, is the free spacewavelength

(cm), and gisthe rmsroughressheight (cm).

Omitting the usually wedker hv pdarised returns was reported to make the
algorithm less ensitive to system crosstalk and nase. Furthermore, co-polarised
observations were reported as being less nsitive to the presence of vegetation
than crosspoalarised olservations, thus making the dgorithm more robust in the
presence of vegetation than ore relying onthe hv pdarised terms (Dubas and van
Zyl, 1994 Dubas et al., 19958). However, significant amournts of vegetation
were found to cause the dgorithm to under-estimate soil moisture and over-
estimate rms heights, as the incident eledromagnetic wave fail ed to reach the soil
surface. To addressthis problem, a simple aiteria based onthe hv crosspalarised
return over the w pdarised return was developed to indicae the aeas where the
inversion results were more reliable, or in ather words, where the vegetation was
sparse enough.By masking ou the areas for which the L-Band ¢’ /0’ , ratio was
greder than —11 @ (correspondng to the SFOT NDVI of 0.4), reliable soil
moisture estimates were obtained. Comparison with field data indicaed that the
algorithm could infer soil moisture ntent with an acaracy of 4.26 when
applied to datanot used in the model development (Dubdset al., 19950.

2.4.5.2.2 Theoretical Backscattering Models

Theoretical badkscatering models are derived from applicaion d the

theory of electromagnetic wave scatering from a randamly rough conducting
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surface (Fung et al., 1992. These backscatering models are preferable to
empiricd and semi-empiricd backscattering models, as they provide site
independent relationships that are valid for different sensor configurations, and
take into acount the dfed of different surface parameters on badscattering
(Altese et al., 1996. Using simplifying assumptions, theoreticd backscatering
models with dfferent ranges of validity may be obtained.

The standard theoretical badkscatering models are the Kirchhdf Models
(KM), which consists of the Geometrical Optics Modd (GOM) and Physical
Optics Model (POM), and the Small Perturbation Model (SAV). In a broad sense,
the GOM is best suited for very rough surfaces, the POM is siited for surfaces
with intermediate roughress and the SPM is siited for surfaces with small

roughressand short rougmesscorrelation lengths (Engman and Chauhan, 19%).

In general, the like-polarised backscatering coefficients consist of a
coherent (speaular) term, which is important only at and rear normal incidence,
and a non-coherent (scatered) term, which is important at all incidence angles
(Ulaby et al., 1989.

For relatively rough surfaces whose badkscattering coefficient exhibits a
slowly varying anguar dependence nea nadir, the KM under the stationary phase
approximation, knawvn as the GOM, is appropriate. For such a surface the rms
height o isusually such that k o is of the order of unity. As aresult, the amherent
comporent is small in magnitude and is often much small er than the non-coherent
comporent. The validity condtions for the GOM are (2k o cosd)* > 10 and
1> > 2.760A,, where k_ is the free space wave number given byk = 2172, A isthe
freespace wavelength (cm), o isthe rmsroughressheight (cm), | isthe roughress
correlation length (cm) and 3 is the incidence angle (degrees). Neglecting the
coherent term, the GOM can be written as (Ulaby et al., 1986

o0 = (2.39,

where
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(2.39

1- Ve, |

.=
O1+£r

(2.40,

and a‘;p is the badkscattering coefficient when transmisson and reception are &

polarisation p, I', is the Fresnel reflectivity at nadir, € is the relative dieledric

constant and yis the surfacerms dope.

The eporentialy decaying anguar dependence daracteristic of a
relatively smooth surface can be obtained using the KM under the scdar
approximation, knavn as the POM. The validity condtions of the POM are such

that y < 0.25and k| > 6, where y is the surface rms dope, | is the roughress
correlation length (cm), k; is the free space wave number given by k = 21A, and
A, is the free space wavelength (cm). Negleding the @herent term again, the
POM may be written as (Ulaby et al., 1989

o9, =2kZcos’ o, exd— (2k,o co&9)zl
© E(4kjaz cos’ 8)”% (2.41
L - o

ﬁjp“(epo(zkossme)sds

where

_|cosd — e, —sin2{9|2
cosd + /€, —sinzﬁ‘

y

(2.42)

\

g, COSY — /g, —sin® & |2 (2,421
£, COSY + /€, —sinzﬁ‘ T
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and agp is the badkscattering coefficient when transmisson and reception are &

paarisation p, 3 is the incidence angle (degrees), I', and I', are the vertical and
horizontal Fresnel reflectivities, ¢ is the relative dielectric constant, o is the rms
roughress height (cm), p(¢) is the single parameter surface correlation function
and J( ) isthe zeoth order Bessel function d the first kind. In computing (2.41),
the aror incurred in truncating the summationat n = 10islessthan 0.1 @ (Ulaby
etal., 1986.

The SAM given by (2.43 has the vaidity condtions of y < 0.3 and
k.o < 0.3 whereyisthe rms surfaceslope, k, is the freespace wave number given

by k = 217A,, A, is the free space wavelength (cm) and o is the rms roughress
height (cm) (Ulaby et al., 1986.

Opq = 8|a pq|2 klo? cos’ 19W(2k0 Sinz9) (2.43,

where

_ cosd —,g, —sin*I

a.. = (2.449)
" cos9+ JE, —sin® 8
sin’ & —¢, (1+ sin’ 8)_ (2.441)

avv = (gr _1) 2
|_£r cosd +,/g, —sin’ 6]

and agq is the badkscattering coefficient when transmisson is at poarisation p

and reception is at polarisation q, ¢ is the incidence ange (degrees) and ¢, is the
relative dielectric constant. W( ) is the normalised roughress gectrum, which is
the Bessl transform of the single parameter correlation function p(¢), evaluated
a the surface wave number of 2k sind. For the Gausgan correlation function

(&) = exp(-&/1°), the normali sed roughress pedrum is given by

W(2k, sinﬁ):%l 2 expl- (k.| sind)’] (2.49.
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The Integral Equation Model (IEM) was developed by Funget al. (1992,
and is own to unte the KM and SPAM, hence making it applicable to a wider
range of roughress condtions or frequencies. In its complete version, the model
describes the badkscattering behaviour of a randam rough bare surface withou
any limitation onthe roughress gde or frequency range, and accounts for both
single aad multiple surface scatering of a onducting surface Because of its
complexity, it is not pradicd to use the wmplete version d the IEM and in

appli caions approximate solutions are usually considered.

Altese et al. (1996 have used an approximate version d the IEM, which
is valid for surfaces with small to moderate surface rms heights (Fung et al.,
1992. The validity expresson for this model may be expressed ask o < 3, where
k, = 277, isthe freespacewave number, A, is the free space wavelength (cm) and

o is the rms roughress height (cm). Altese et al. (199%) used orly the single
scatering comporent of the IEM and made further simplifying assumptions by
using orly the red part of the relative dieledric constant and assuming that the
surface correlation function is isotropic and can be represented by either the
Gausdan o exponential models.

As most natura terrains have a smal rms surface slope, it has been
suggested by Funget al. (1992 that single scatering terms $oud daminate over
multiple scdtering terms in most situations. The @ndtions under which

significant multi ple scatering has been foundto occur are: (i) normalised surface

height k. o> 1; and (ii) surfacerms dope y> 0.5 (Hsieh and Fung, 1997.

The gproximate verson d the IEM used by Altese et al. (1999 is
presented in (2.46), with p and g representing either h or v polarisation. This
algorithm has been used successfully by Su et al. (1997 to estimate volumetric
soil moisture content in bare fields during the European Multi-sensor Airborne
Campaign 1994 EMAC’ 94).

2 W"(=2k,,,0)
nl

n

(2.49,

where
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K2 [F 0 (Ku0,0) + F g (Ko, 0)]

15 = (2K,0)" T o eXPEo?KE) + ; (2.47
2R,
o = (2.48)
cosd
-2R
fon =—— 2.48h
" cosd ( )
i )
FVV(_kXO’O) + Fvv(kxmo) = ZSIn 19(1+ R/) D
cosd
1 C
c RENCEE
Ey,er -si’J —¢, coszﬁE
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%‘_ ! % E 2.49
Eyrsr -sin®* 9 -y, cos’ BE
| p? cos’ 9 E
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R, = (2.508)
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WP () == 0" (€.0) expiué - ive)déds 253,

andf_ is the Kirchhdf coefficient, F , is the complementary field coefficient, R,
and R, are the verticd and haizontal Fresnel reflection coefficients, R, is the
Fresnel refledion coefficient at nadir, €, is the relative dieledric constant, k_ is the
freespace wave number given byk = 217A , A, isthe freespace wavelength (cm),
k,, is the z comporent of the free space wave number given by k_ = k cosd, Kk is
the x comporent of the free space wave number given byk = ksind, oistherms
surface height (cm), | is the correlation length (cm) and . is the relative magnetic

permeability, which is usualy equal to unty for soil, since soil rarely contains

significant amourts of ferromagnetic comporents (Roth et al., 1990.

W' is the roughress pedrum of the surface related to the nth power of the
two parameter surface crrelation function p(é,¢) by the Fourier transformation,
and is usually simplified to a single parameter isotropic case (Fung, 1994. The
Fourier transform of the nth power of the: (i) Gausdan correlation function is
given in (2.529); (ii) exponential correlation function is given in (2.520; and

(iif) 1.5 pawver correlationfunctionis given in (2.5Z).

2 2
wo(i<)= e (2.52)
2n i 4n C

-15

0 ]
W”(K)=Bl—gu+ BK—'HZD (2.528

hog OnOf
Wn(K): 2K ‘]—(1.5n—1) (K) (2.5%),

245" (1.5n)

where | is the rougmesscorrelation length (cm), () is the gamma function, and
J,( ) is the Bes=l function d the second knd d order v with the imaginary

argument.
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Fung (1994 notes that for dielectric surfaces there ae two approximations
that have been made to the local anglein the Fresnel refledion coefficients R and
R, to be used in the Kirchhoff coefficient f . One gproximation replaces the local
angle by the incident angle and the other by the angle dongthe specular diredion.
The locd angle in the Fresnel reflection coefficients in the complementary field
coefficients F_ is dways approximated by the incident angle. Fung (1994 has
shown that the gproximation by the incident ange is good for the low to
intermediate frequency region whil e the other approximation is goodin the high
frequency region. Thus, it has been propcsed by Fung (1994 that for
k ok| < ave, Jistheincident ange, andfor k ok | > ave, 9 isequa to O°, where
ais 1.2, 1.6and 200for Gaussan, 1.5power, and exponential surface roughmess

correlation functions respectively.

An dternative method for estimating the incidence angle in the refledion
coefficients used in the Kirchhdf coefficient has been propcsed by Wu et al.
(1997, which uses a trangition function to go between Ry and R, in the

intermediate frequency region. The refledion coefficient used is given by

R =R, +[Ro - Ra]Tz (2.53,

where
T =1+ {tan™[2.5y0% cos’ 8(k? -1.3k2 )| - 0.571} (2.59),

andy is the rms surface slope given by dll, o is rms surface roughness(cm), | is
the arrelation length (cm), R, is the refledion coefficient at nadir, Ry is the
reflection coefficient at the incidence angle, and Kk is the free space wave
number at transition frequency f.. It is suggested by Wu et al. (1997 that the
transition frequency used is the maximum frequency correspondng to the aoss
point between IEM and GOM. In the cae where there is no crosspaint, theniit is
suggested that the transition frequency be set to the frequency correspondng to
the pe&k value of backscatering from the IEM with Ry.
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Theoretical models can predict reasonably well the general trend of
badkscattering coefficient in resporse to changes in roughress or soil moisture
content. However, because of their complexity or the restrictive assumptions
made when deriving them, it has been reported by various researchers (Oh et al.,
1992 Dubas and van Zyl, 1994 Dubads et al., 19950 that they can rarely be
used to invert data measured from natural surfaces, due to failure of satisfying
validity regions or in providing results in good agreement with experimental
observations.

Chen and Fung (1995 have eamined the eae of applicability and
acaracy of three theoretical surfacescatering models when compared with exad
moment method simulations. The models examined were the |IEM, the Full Wave
Model (FWM) and the Phase Perturbation Model (PPM). The most complex of
these is the FWM, which requires evaluation d aten-fold integral (reduces to two
doule integrals under certain assumptions), and the simplest is the IEM. This
study found oty the IEM and PPRM to acarately predict the badkscatering
coefficient over al incident angles, with the IEM being the fastest to evaluate, and
the PPM being significantly slower.

2.4.5.2.3 Semi-Empirical Backscattering Models

Semi-empiricd badkscatering models are an improvement to empirical
badkscattering models in so much as they ether start from a theoreticd
badkground and then use smulated o experimental data sets to simplify the
theoreticd badkscattering model. Alternatively, they use simulated data from a
theoreticd badkscattering model to derive an empirical badkscatering model that
describes the badkscattering resporse for a wide range of surface ondtions. The
main advantage of these badkscattering models is that they are not expected to
have the sdte-spedfic problems commonly associated with empiricd

badkscattering models derived from alimited number of observations.

Among the first semi-empiricd badkscattering models is that of Oh et al.
(1994. This mode is based on existing theoreticd backscatering models (SAVI
and KM) in conjunction with extensive experimental data, and is an extension d
their previously developed empiricd model (2.32), to include both the magnitude
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and phese of the badkscatering. The experimental data that was used to solve for
the unknowvn constants of the expresson chasen to represent the badkscattering
resporse of a surface was collected from a truck-mourted L-, C- and X-Band
polarimetric scatterometer over a range of incidence angles from 10° to 7C0°. The

expresson chasen for the w pdarised backscatering was

1 .
ol =135 eXF(_ 1.4(k00-)0'2 )— [_h (kOO')2 (COSI9)3'25 0.05k, |
i \/6 (2.59,

ex;{— (2ko cosd)>® )/V

where

0.314

Jp=1-F2H" exl-k,0) (2.59

g
2 0 _ ing)2 L
We (kol)_ 2[1—0.711 3(2.6k0|5|nz9)2[ (257,
1+(2.6k,Isind)* B |_1+(2.6kolsin79)2] E

and k_ is the free space wave number given by k = 21WA, A, is the free space
wavelength (cm), o is the rms rougmess height (cm), | is the roughmess
correlation length (cm), 3 is the incidence angle (degrees), I, is the horizontal
Fresnel refledivity given by (2.36) and Iy is the Fresnel reflectivity at nadir
given by (2.36c). W is the roughress @ectrum correspondng to a quadratic
exporential correlation function, which was found byOh et al. (1994 to be the
form of the crrelation function that best describes the roughmessof natural fields.

Chen et al. (19995 have dso developed a semi-empirica backscattering
model, which is based onthe single scattering terms of the IEM. It is a multiple
linea regresson model of simulated data using the IEM with the assumption that
surface roughress can be described by an exporential correlation function. The
raio of vv and hh backscatering coefficients were used to describe the
badkscattering resporse of the surface, as smulations of badkscatering coefficient

were found to be less ensitive to the effects of bath surface roughress and
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incidence angle uncertainty using this ratio. The data generated in the simulation
procedure had the following ranges. volumetric soil moisture 10 to 40% vlv,
roughress correlation length 1 to 15 cm, rms rougmess height 0.1 to 2 cm,
incidence angle 10° to 5C° and olservation frequency 1to 10GHz. Thefina form
of the linea regresson equation developed is given by

In6 =-0.095447,,,, —0.00979

(2.58,
+0.029238x10°° f ~1.7467¢8

where 6 is the volumetric soil moisture fraction, gy, ... iS the ratio of hhto vv

poarisation badkscattering in dB, 7 is the incidence angle in degrees and f is the
observation frequency in Hz.

Another semi-empirical badkscatering model is that of Shi et al. (1997,
which is also based onthe single scattering terms of the IEM. The development of
this model relied on nonlinea fitting d IEM based numericd simulations for a
wide range of surface roughress and soil moisture ndtions at very fine
intervals. The dgorithm was then applied to AIRSAR (aircraft) and SIR-C (space
shuttle) measurements over bare and sparse short vegetated surfaces for inferring
soil moisture @ntent and surface rougmess As with the model of Chen et al.
(1995, nomeasured data were used in the dgorithm development. The equations
derived are for surfaces with rms heights from 0.2 to 3.6 cm, roughress
correlation lengths ranging from 2.5to 35cm, incidence angles between 25 and
70° and moisture contents from 2 to 50% v/v. All calibration and evaluation was
undertaken with measurements at L-Band (1.25 GHz), and a power correlation

functionwith exporentn= 1, 1.2and 1.4.

The base model used by Shi et al. (1997 is

|2 E SR
" B (9) 40,4 (9)S4

C
C (2.59,
E

where
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Sq = (ko P W(-2k,,) (2.60
W(K) = [ p( )3, (Ké Jed (2.6
a\ =4k0§vaoszz9+Si”219(;+ R) %—%% (2.623)
= —4k R oL 9 (2.62h
a,, (9) = exp(3.118+ 5.3029) (2.63)
b,, (9) = exd- 3.013+ 2.361tan"® 5) (2.63h

_cosd — g, —sin® I

R = (2.64)
" cosd +,/&, —sin®Y
g, COSY —4Jg, —sin” &
= (2.641),

g, COSY +,/g, —sin® 9

and agq is the badkscattering coefficient when transmisgon is at poarisation p
and reception is at polarisation g; S, is a roughress parameter that accourts for
rms roughressheight o (cm), correlationlength | (cm) and correlation function; W
is the roughress gedrum related to a one-parameter surface arrelation function
p(&); J,() isthe BesHl function to zeroth order; k is the free spacewave number
given by k = 217A, A, is the free space wavelength (cm) and k_ is the x
comporent of the free space wave number given by k. = kcosd; & is the
incidence angle (degrees); a,,and b, are empiricdly derived coefficients; a  isan

approximation to the parameter | . in the IEM, which hddsfor k 0 << 1; R and R
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are the verticd and haizontal Fresnel refledion coefficients; and € is the relative

dieledric constant.

By using two pdarisation measurements and rearranging the &owe
equations, Shi et al. (1997 eliminated the rougmessparameter S, to oltain

2 2 C
10l0g, W|0 |a§“| O=a,,() +b,,(9)L0log, Tt (2.65,
HOw*0m H T00m E
where
(19) 12.37+ 37.206sind - (2.669)
=exX .
P %1.187sin2 9 +18.89sin’ 3%
b,, (8)=0.649+ 0.659coss — 0.306c0s’ & (2.668.

Shi et al. (1997 used (2.65) to solve for the dielectric constant of the near-
surface soil layer from vv and hh pdarisation olservations, and then used (2.59
to solve for the surfaceroughressparameter.

2.4.5.3 Volume Scattering Model

If the dielectric properties of the soil are homogeneous with depth,
badkscattering d the dedromagnetic wave occurs lely at the soil surface andis
known as surface scatering. However, if a soil moisture (dielectric) gradient
exists nea the soil surface the dieledric properties of the soil are inhamogeneous,
and part of the transmitted wave is al'so badkscattered due to scatering within the
volume of the soil medium, known as volume scatering. This volume scatteringis
the result of electromagnetic radiation entering the soil and then being
badkscattered from a dielectric discontinuity in the soil medium (Ulaby et al.,
1982, asill ustrated in Figure 2.19.

All of the badkscattering models described in the previous dion reglect

these gradients, and estimate only the surface scatering term as a function d the
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Figure 2.19: lllustration of a) surfacescatering as modelled by the standard IEM, and b) surface
and vdume scatering as modell ed by the modified IEM (Fung et al., 1996).

dieledric constant at the ar-soil interface The justification for this has been that
the discontinuity in deledric constant at the ar-soil interface has the greaest
effect on badkscatering for natural profiles, since such profiles do nd usually
exhibit sharp dscontinuiti es within the soil medium. However, small variations in
the shape of the dieledric profile can still result in significant changes in the total
badkscattering coefficient (Ulaby et al., 1979.

To acount for the varying deledric profile in the existing surface
scatering models, an equivalent soil moisture value over afixed depth is assumed
(Boisvert et al., 1997. Severa approades have been presented in the literature
for determining this equivalent soil moisture value, and are outlined in Ulaby and
Batliva (1976. The gproaches include: (i) the fixed depth soil moisture content,
which is the average moisture cntent in a near-surface soil layer; (ii) the
equivalent skin depth soil moisture mntent, which is the soil moisture mntent of a
homogeneous medium whose skin depth at the frequency of interest isidenticd to
the skin depth o the soil medium under investigation; (iii ) the equivalent coherent
reflection soil moisture @ntent; and (iv) the equivalent incoherent soil moisture
content. Boisvert et al. (1997 have shown that a mean fixed depth was sufficient

to relate ¢° to the didledric constant when there was no soil moisture gradient, but

overestimated d° in the presence of a gradient.

Whilst using an equivalent soil moisture @ntent in the existing surface
scatering models has attempted to accourt for the soil moisture gradients that are

common gdace in the natura environment, it has not acouned for the
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badscattering contribution from the soil volume. To accourt for the dfeds of
volume scatering, Fung et al. (1996 have proposed a Modified IEM, which
incorporates a physicd dielectric gradient into the backscatering model. The
effect of a verticd dieledric profile was incorporated by repladng the standard
Fresnel refledion coefficients with the modified set of refledion coefficients

[ (iscosd) rﬁ%%owﬂ/cogﬁ*-(&“ _1)E
(-iscos?) r%ﬁ@cosﬁ—\/coszﬁﬂsrm —1)E 267
F% Bﬁgcosﬁ+\/coszr9+

R
r§+&§cow Joog 9+ (¢, E

h:

1 \/COSZ1.9+(E

. -1)%

(is cosd)

89
ra% -
O is
ro-goHE: cos{9+\/cosz19+( - )%

g 02

. F% E;@Cosa—\/coszz9+(8rw ‘1)E

sz

(2.67),

where (') isthe gammafunction, ¢ istheincidence angle (degrees), s= 2k/m, k,
is the freespacewave number given byk = 217A , A, is the freespace wavelength

(cm) and misthe transition rate fador (cm™) explained below.

In the formulation d the modified refledion coefficients to accourt for a
drying pofile, the transitional dielectric layer was modelled by an exporentia
dieledric profilein which the dieledric constant asafunction d depth z (cm) is

£,(2)=1+(e, —1)% (2.69.
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The inpus to this dieledric model are the transition rate factor m and the

dieledric constant at depth z= oo (&, ). By (2.68 the relative dieledric constant
&(2) starts from 1 in air and gadually changes to ¢, at the rate m. Fung et al.

(1996 have suggested that a value for m equal to abou 12 cm™ shoud be
appropriate, and was $own to gve a improvement in the smulation o
badkscattering when compared to the standard |EM.

2454 Evaluation of Surface Scattering Models

Hoeben et al. (199) have undertaken an evaluation d surface scatering
models for the smoacth and very roughsurfacedata sets measured in the European
Microwave Signature Laboratory (EMSL) experiment (Mancini et al., 1995
discussed in Chapter 4). In this evaluation, orly the vv and hh co-pdarisation
resporses were simulated, using the empiricd models of Oh (2.32) and Dubas-
van Zyl (2.37), and the gproximate version d the theoretica IEM (2.46).
Simulations were made using the measurement of the real part of the dieledric
constant at a depth of 2.5 cm, and compared with the measured badkscatering

resporse.

The results of this evaluation indicated that for the smooth surface, the
IEM was the only model that performed well. However, for the rough surface
under drying condtions, al three models gave reasonable results. It was also
indicaed that care shoud be taken with measurements of smooth surfaces at
incidence angles approaciing 35, as there was ome douli as to whether the
model incorrectly predicted the badkscatering or if there was noise in the
measurements. It was also suggested that simplification d the IEM has resulted in

asignificant lossin acaracy.

A study by Mancini et al. (1996, which also evaluates the IEM with
EMSL data, suggests that the IEM predicts the trend for ¢® well for forward
modelling ower the whde range of frequencies, despite the fad that the observed
badkscattering showed oscill ations with frequency (Figure 2.20). However, when
applying the inversion mode, the computed surface dielectric constant was found

reliably for the smoath surface, bu for the rough surface the combined effect of
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Figure 2.20: Comparison o |IEM estimate of badkscatering coefficient with the observed
badkscatering coefficient from the smooth EMSL experiment at incidence angles of 11°, 23° and
35° (Mancini et al., 1996).

relatively high deledric oonstant and the oscillations in the measured
badkscattering produced large fluctuations in the retrieved deledric constant.

2455 Surface Roughness Effects

Surfaceroughress characteristics have generally been described in terms
of the rms wrface height g, roughress correlation length I, and a crrelation
function. Altese et al. (1996 have shown that the behaviour of the IEM is highly
dependent on the doice of the arrelation function. Furthermore, it has been
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shown by Wegmdller et al. (1994 that the exporentia correlation function wsually
gives a better agreement to the observed correlation function than the Gaussan
correlation function in agricultural fields. Of the roughressparameters, Jadkson et
al. (1997 suggests that rms surface height is the most important.

The method wed to evaluate the roughmess parameters has generaly
invalved physicaly measuring the horizontal surface profile for a1l to 2 m length
at various locations over the site, using ore of four methods. These methods have
included: (i) inserting a thin metal plate verticdly into the soil and then spraying
with paint from an approximately horizontal direction; (ii) taking a phaograph of
the intersedion d the ground surface with a gridded plate and dgitising the
intersedion; (iii) using a panel with drop @dns, and (iv) using a laser profiler
(Ulaby and Batliva, 1976 Ulaby et al., 1978 Troch et al., 1994 Wegmdiler et al.,
1994). These profiles are generaly taken in severa diredions for each locaion
(Troch et al., 1994. As there is no rule for chocsing the spadng d roughress
measurements aong the profile, the suggestion d Ulaby et al. (1985) is often
followed, using a spadng approximately equal to ore-tenth o the free space
wavelength.

Lin (1994 and Wang et al. (1997 have noted that the commonly used
sampling techniques for measuring field surface roughressparameters required in
microwave badscattering models are questionable, especially for smoath fields.
Thisis becaise they have measurement scdes of the order of a few metres, which
is sgnificantly smaller than the gplicaion scale when inferring rear-surface soil
moisture content from remote sensing olservations. Moreover, it is questionable
whether the arrelation length can be alequately estimated from surfaceprofiles
of thislength (Wang et al., 1987. Oh (1997 showed that to estimate the surface
roughress parameters with a precision d +5%, the surface must be sampled at a
spadng d lessthan 0.2 and that the segment length be & least 200, wherel isthe
correlation length.

From the study d Altese et al. (1996, it is clear that soil roughress
charaderistics are very important for determining the surface badkscatering

properties of fields. Their study concludes that for very smooth surfaces

(o< 1cm),itisimposgbleto use SAR soil moisture inversion agorithms becaise
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of the sensitivity of ¢” with respect to g. However, as the surface becomes rougher
(o> 1 cm) the sensitivity to roughressdeaeases (Altese et al., 1996 Sano et al.,
1998. Hence, asregular agricultural fields generally have o > 1 cm, this problem
shoud na be relevant for routine use (Altese et al., 1999. It shoud aso be noted
that roughressparameters are not constant, at least for bare fields, with heavy rain

causing erosion and smoothing d the soil surface(Wegmdler et al., 1994.

To owercome the surface roughress problem, Jadkson et al. (1997
suggested a procedure for developing a global rougmess data set as a first order
correction in soil moisture inversion agorithms, based onland cover and wse. For
agricultural fields, Jadkson et al. (1997) suggest a roughmessvalue of 1.5cm as
being the most representative, which shoud be reduced by a rainfall reduction
fador, 0.8exp(-0.026°), where P is the amulative precipitation (cm) since
tillage. Unlike ayricultural areas, the rougmessheight of rangeland and grasdand
is more or lessconstant over time. It is further suggested by Jadkson et al. (1997
that land use be grouped into the land cover types of sod gass burch grassand
shrub/brush with roughressheights of 0.8, 1.4and 1.8cm.

Since there is no immediate hope of developing a surface roughress
measurement technique with a measurement scde comparable to the gplication
scde, and since it is too complex to develop a theory to bridge the gap between
measurement and application scales, Lin (1994 and Witherich (1997) suggest an
dternative data analysis <heme that uses field roughress measurements as a
quality control measure only. This heme involves collecting rea-surface soil
moisture content data by TDR on a grid, and then solving for surface roughress
using a microwave badscattering model. Comparison d the roughress
charaderistics evaluated can then be made with the field colleded roughressdata.
However, a small error in soil moisture content results in a large error in surface
roughress and using such to invert soil moisture again caries large uncertainties
(Watherich, 199). Altese et al. (1996 have foundthat for o lessthan 1 cm, an
error of 0.01 cm in the measurement of rms height can imply an error in the
inferred soil moisture content of up to 8% v/v, while for o greater than 1 cm, an
error of 0.01cm in the measurement of rms urface height can imply an error in

the retrieved soil moisture @ntent of only about 0.3% v/v.
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Due to the high level of field work required to determine roughness
parameters using the @ove methods, and the fad that roughmess parameters
canna be measured with the required degreeof accuracy (Wuitherich, 1997, Su et
al. (1995, 199y have proposed an aternative solution. The method is to
simultaneously infer both surface rougmess parameters and soil moisture cntent,
using multiple remote sensing measurements at different wavelengths or

polarisations.

Due to the sensitivity of badscattering to surface roughress parameters
(Altese et al., 1996 Lin, 1994 Su et al., 1995, 199Y, Su and Troch (1996
undertook a study to fully determine the relationship between radar badkscattering
and soil surface parameters under different antenna cnfigurations. This gudy
showed that as the soil becmes wetter the sensitivity of o0° to & decreases, with a
5 dB change in ¢® due to a change in ¢ from 5 to 25(10 to 40% volumetric soil
moisture), independent of radar configuration and surface rougmess condtions.
Su and Troch (1996 were able to show that an accuragy of 0.1 cm and 1cm in
determining o and | respedively can be cmnsidered satisfadtory for determining ¢
regardliess of soil moisture ntent, given that the rougmess condtions for most
agricultural fields generaly lie within 0.5to 2.0cm in g andfrom 5to 20cm in .
The study also concluded that low frequencies and low incidence ange
configurations are more favourable for inferring soil moisture content, with the

sensitivity of o° to changesin gand| deaeasing.

Following onfrom the study by Su and Troch (1996, Hoeben et al. (1997)
have shown that an accurate knowledge &ou the arrelation length is important
at lower incidence angles, while the rms surface roughess has to be accurately

known at higher incidence angles.

2.45.6 Vegetation Effects

In the presence of a vegetation canopy, there is a combination d volume
scatering and attenuation by the vegetation layer, and surface scatering by the
underlying soil surface. The relative importance of these two contributions is
dependent on several fadors, including the vegetation penetration depth, the
canopy height, observation frequency, wave pdarisation and the axgle of
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incidence The dfect of a significantly vegetated surface is to increase the
badkscatter compared to a bare surface, with the dfed being relatively large for
the aosspodarised channel. The degree to which vegetation affeds the
determination o soil moisture cntent depends on severa factors. vegetation
biomass canopy type and configuration, and crop condtion (Schmugge et al.,
198Q D’Urso et al., 1994. In addition, Dobson and Ulaby (1986a) have shown
that at low soil moisture cntents, the badkscattering contributions from the crop

canopyitself dominate the total return.

The penetration depth in vegetation is difficult to estimate, due to the
difficulty in establi shing the dfective dielectric constant of the vegetated medium.
Indired estimates, oltained by comparing badkscatering coefficient close to nadir
for bare soil and vegetated soil, have indicated that the penetration depth of
mature aops in the green stage is typicdly several metres at frequencies around
1 GHz, and deaeases to one metre or lessat frequencies above 10 GHz (Ulaby et
al., 1983. The main factors that influence the penetration depth are the geometry
of the canopy and the vegetation homass of the canopy. If the plant moisture
content is low, the penetration depth can be higher than if the vegetation is moist
and lush, as the asorption bythe vegetation is primarily due to the water content
in the vegetation. It has also been nded that the dtenuation for horizonta
polarisation is very weak, bu the vertically pdarised data ae dtenuated to a
much greder degree because of the relationship with the canopy structure, which
consists primarily of verticd stalks (Engman and Chauhan, 1995.

In order to determine soil moisture ntent of heavily vegetated terrain, the
eff ects of the vegetation canopy must be determined. The quantitative estimation
of nea-surfacesoil moisture cntent under a vegetation layer has historically been
obtained from an empiricd relationship o the form given in (2.31) (eg. Dobson
and Ulaby, 1986k Woodet al., 1993. However, these anpiricd relationships are
site spedfic and therefore have limited ranges of validity. Thus, the development
of theoretical models that account for vegetated terrains are useful for studying the
dominant fadors controlling the backscattering process (Engman and Chauhan,
1995 Troch et al., 1999. The theoretical badkscatering models that acwourt for
vegetation generally require alarge number of parameters to be measured or
estimated in the field. For example, the badkscatering model used by Lin et al.
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(1994b requires more than 20 parameters, including; frequency, locd incidence
angle, length of the semi-minor and semi-major axes of the leaves, led thickness
type and parameter of led orientational distribution, density of leaves, led
diledric oonstant, length and radius of stem, type and parameter of stem
orientational distribution, density of stems, stem dieledric constant, canopy
thickness rms surface rougmessheight, fradion d sand and clay comporents of

soil, and soil bulk density.

The same gridded plate used for determining soil surface roughress
charaderistics has also been used to estimate vegetation charaderistics of non
bare fields. In the case of row structure (ie. winter wheat or maize) phaographs
are taken bah alongand acrossthe rows, allowing determination o row distance,
distance in the row, plant density (number of plants per m”) and dant height. For

pasture fields, only grassheight is derived from the slides.

Badkscatering from a layer of vegetation hes been theoreticdly modell ed
in dfferent ways. Attema and Ulaby (1978) have represented the vegetation layer
by a doud d sphericd water droplets, in order to compute the volume scatering
from the vegetation. This same technique has been applied by Hoekman et al.
(1982 in a multi-layer vegetation model. The gproach produces a relatively
simple model with few parameters, bu the parameters are not easily related to any
measurabl e vegetation charaderistics (Troch et al., 199).

Lang (1981 and Lang and Sidhu (1983) have modelled the backscattering
coefficient from a vegetation canopy bya layer of discrete scaterers over a flat
lossy ground. The discrete scaterers in this case were the leaves, which were
represented by lossy circular dielectric discs that were small in comparison to the
wavelength, having prescribed orientation statistics. The distorted Born
approximation, which is applicable when the leaves have small abedo (Lang,
1981), was then used to compute the backscatered paver from the vegetation

(Oreg) bY

o =0g+t0g +0; (2.69.

veg
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@ pirect Backscattering from Plants

@) birect Backscattering from Soil
(Includes Two-Way Attenuation by Canopy)

@ Plant/Soil Multiple Scattering

Figure 2.21: Schematic ill ustration d badkscatering mechanisms from a vegetated surface(Ulaby
et al., 1996).

The dired badkscattering contribution o, represents the incoming wave
that propagates into the vegetation and is sattered dredly back to the observer.
The dired reflected term o, results from two dfferent but similar mechanisms.
In ore case, the wave is catered and then refleded from the groundtowards the
observer, whereas in the second case, the wave is first refleded from the ground
interface and then scatered towards the observer. The refleded scateringterm o,
represents the sum of al waves that are first refleded from the ground, then
scatered, and finaly again refleded by the ground towards the observer. A
schematic illustration o these badkscattering medianisms is given in

Figure 2.21. For vegetation with an above ground bhomasslessthan 0.5 kgm?, the
o, and ¢° are negligibly small and the transmissvity of the vegetation

approaches one. Therefore, urder this condtionthe dfect of vegetation cover may
beignaed (Ulaby et al., 1996. The full equations for this modelli ng approach are
summarised in Troch et al. (199).

Troch et al. (1999 have presented a theoreticd modd for the total
badkscattering coefficient from a soil-vegetation layer (o), by combining the
bare soil badscétering coefficient (o,,.) from the IEM (2.46 with the

vegetation badkscatering coefficient (o7,) from (2.69 by

veg
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O-t(())tal = O-\?eg +aground (27()!
where

aground = rvzego-t?are (27])

rz, =exp-4im(k,)d..,) .72,
and o, IS the backscattering from the ground covered with vegetation, T,

represents the two-way attenuation by the vegetation, d,, is the vegetation height
(cm), Im( ) is the imaginary component, and Kk, is a propagation constant which
depends on the dielectric properties of the vegetation layer and the incidence

angle.

Due to the wmplexity of theoreticd soil-vegetation badkscatering
models, Lin et al. (19940 have developed an empirical badkscatering model for
grasscovered areas from a wmbination d experimental and smulated data. By
including orly the most sensitive soil-vegetation parameters in the regresson

model, the foll owing rel ationships were obtained.

(05,)°*" = 2227952+ 0.000095049)**° ~19.6773¢e, ., "™
o (2.73)
- o.195969%j‘%% -0.27316180g(p x100)

(00, )" = 2.48103+0.0000015%9 > +0.000120%. ., )}

~0.320359{p, )** +0.232077{Sx100)""" (2.730
~0.88830916 x100)**

where 3 istheincidence angle (degrees), d,, isthe vegetation reight (cm), fisthe
volumetric soil moisture fradion, Sis the sand massfraction d the soil, p, is the
soil bulk density (g cm®) and €, Is the vegetation delectric constant, which can

be estimated by a relationship with vadumetric water content given by Ulaby and
El-Rayes (1987).
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To quantitatively estimate the dfed of a vegetation layer on
badkscattering undr ERS and JERS satellite cnfigurations, Troch et al. (1999
undertook a simulation study, which compared the backscatering coefficient
estimated for bare soil from the IEM (2.46), with that from a vegetated soil using
(2.70. The results of this gudy showed that soil moisture measurement over
grasscovered areas using ERS (C-Band) shoud be possble withou explicitly
acourting for vegetation charaderistics when the grassheight is lessthan 25cm
and the vegetation vdumetric water content is lessthan 70%. It was also shown
that grasdand is basicdly transparent when using JERS (L-Band), even at
vegetation heights greater than 60 cm. However, Sano et al. (1998) suggest that
the contribution o badkscattering from vegetation may nat be negligible in semi-
arid regions, because of the typicdly low soil moisture contents.

2.4.5.7 Topog raphic Effects

Because of the high spatial resolution d SAR data, surface topogaphy
must often be accounted for. In addition to fore-shortening and layover effeds
(Engman, 1991, topogaphy affeds the soil moisture inference from
badkscattering olservations in two ways. First, if the topogaphy is not taken into
acoun during the SAR data cdibration, this can cause large @solute and relative
cdibration errors (van Zyl et al., 1993. Semnd, the topogaphy causes the locd
incidence angle to be different from that assumed for a flat surface (van Zyl,
1993. The amulative dfed is that the dgorithm under-estimates the soil
moisture cntent and ower-estimates the surface roughess for surfaces tilted
towards the radar, while it under-estimates the roughressand over-estimates the
soil moisture for surfaces tilted away from the radar (Dubas et al., 19950. The
hh pdarised signals appear to be most sensitive to the topogaphic &fed (Lin et
al., 1994h.

During namal SAR processng, a flat earth is assumed when performing
radiometric corrections such as antenna pattern removal and scattering area
removal. The dfed of aslopingterrain is to cause the actual scatering areato be
different from that calculated using the flat earth assumption. Van Zyl et al.
(1993 have shown that this effect, which is present for both airborne and
spacdorne SAR data, may easily cause cdibration errors larger than 1 dB. The
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effect of ignaing topogaphy during antenna pattern removal has been shown to
introduce erors of several dedbels in the cae of airborne systems, while being
negligible for spaceborne. For moderate relief aress, van Zyl et al. (1993 have
shown that scatering arearemoval leads to errors that are smaller than 1 B in
most of the image, while for high relief areas there may be errors on the order of
5 dB or more for the leading slopes.

Variations in slope and asped cause variations in the incidence angle that
aff ect the magnitude of the returned signal, resulting in a non-uniform resporse of
the soil to microwave illumination. Furthermore, significant variations in
topogaphy make georeferencing d the radar imagery extremely complicaed. To
minimise the dfeds of topogaphy onthe badkscattering, it has been suggested
that if posgble, the diredion d the radar illumination ke digned with the valley
diredion, thus reducing the deviation in locd incidence angle (Giacomelli et al.,
1995.

Thelocd incidence angle of each individual pixel may be cdculated using
the geometry of the remote sensing system and topagraphic information from a
Digital Elevation Model (DEM) by the expresson (Robinson, 1966

cos9 = cosS[EosZ +sinSEinZ [todT - A) (2.74),

where & is the locd incidence agle (degrees), S is the dope of the pixe
(degrees), Z is the zanith angle (degrees) of the remote sensing system defined as
the angle between the radar and the normal to the horizontal surface & that
pasition, T isthe adua flight tradk of the remote sensing system (degrees), and A
is the aped angle of the pixel pasition (degrees). T and A are defined to be zero

to the north and increase courter clockwise.

2.45.8 Saturation and Frost Effects

Mérot et al. (1994 and Altese et al. (199%) have shown that radar data ae
ambiguows when pondng condtions occur, due to the contradictory influence of
the dieledric éfed and the speaular effect on the badkscatering coefficient. It has
also been suggested by Gineste and Mérot (1995 that the radar signal starts to
deaease before saturation, which is in keeping with the prediction d theoretical
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models that a saturation d the signal owing to a saturation d the soil dielectric
constant occurs at high soil moisture content (Autret et al., 1989. Mérot et al.
(1994 have dso found that backscatering values are significantly deaeased
when frost occurs, dueto the low dieledric constant of ice.

2.4.6 REMOTE SENSING OBSERVATION DEPTH

The depth o soil over which the soil moisture can be inferred from remote
sensing olservations, known as the observation depth, isimportant for applicaion
of these measurements. However, there is little quantitative reseach in the
literature on olservation depth, particularly for visible and infra-red. It has been
reported havever, that correlations have been foundfor soil moisture ntent in
the upper few millimetres of soil with visible and infra-red olservations (Idso et
al., 1975 Sadeghi et al., 19849.

Estimation d the observation depth for passve microwave observations
appears to have received more datention than any aher type of observation.
D’Urso et al. (199%) have described the microwave resporse from soil as the
result of the integration ower a profile, with the importance of each depth

deaeasing as one moves towards the deeoer layers.

On the basis of both experimental (Newton et al., 1982 Newton et al.,
1983 Raju et al., 1995 and theoretica work (Wilheit, 1978 Schmugge and
Choudbury, 1981 Ulaby et al., 19886, it is believed that the thicknessof the near-
surface soil layer that can effect such a resporse in a significant way for passve
microwave remote sensing is between ore-tenth and ae-quarter of a wavelength.
Althoughthereislittl e quantitative evidence in the literature, it is believed that the
thickness of this layer is approximately the same for both adive axd passve
microwave remote sensing (Schmugge 1985 Engman and Chauhan, 1995 van
Oevelen, 199B). Therefore, by increasing the sensors wavelength it would appear
possble to investigate athicker layer of soil. However, there is currently an upper
limit on the wavelength that may be used due to radio frequency interference d
wavelengths beyond L-Band (Jackson, 1980 Jadkson, 1993 D’Urso et al., 1994
Giacomelli et al., 1995.
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Although olservation depth is usually only discused in relation to
wavelength, the depth of soil over which microwave instruments are sensitive is
also dependent on the soil moisture ntent. As the soil moisture content is
increased, the observation depth decreases (Njoku and Kong, 1977 Newton et al.,
1982 Aryaet al., 1983 Bruckler et al., 1988 Engman and Chauhan, 1995 Rau
et al., 1995. Furthermore, Bruckler and Witono (1989 found that their radar
responckd to adepth of approximately 1 cm for wet soil s, and approximately 5cm
for dry soils. The observation depth is also nded to be afunction o incidence
ange, wave poarisation, surface roughress and vegetation cover (Arya et al.,
1983 and soil moisture profil e shape (Njoku and Entekhabi, 1996.

2.5 CHAPTER SUMMARY

This chapter has reviewed the methods commonly used for measuring soil
moisture @ntent over the soil profile at spedfic locaions. In addition, the
measurement of near-surface soil moisture @ntent from remote sensing
observations has been reviewed, aong with the most appropriate remote sensing

instruments and satellit es currently avail able for soil moisture studies.

It has been found that of the remote sensing olservations used for
measuring the near-surface soil moisture @ntent, microwave observations have
the greaest utility, as a result of their all weather cgpabiliti es. Moreover, adive
microwave observations have the greaest utility for applicaion to agriculture and
hydrologic studies, as a result of their high spatial resolution and avail ability of
operationally collected data.

However, adive microwave data is more sensitive to surface rougmess
vegetation and topogaphic influences then the passve microwave data
Furthermore, the interpretation d microwave data (passve ad adive), is
dependent on the relationship between dielectric constant and vdumetric soil
moisture cntent, which has been shown to be heavily dependent on the nea-
surface soil temperature. Hence, the interpretation d adive microwave remote

sensing data requires knowledge of the soil temperature.



