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CHAPTER FOUR

4. NEAR-SURFACE SOIL MOISTURE PROFILE
MEASUREMENT

In order to use remote sensing data to make updates of a hydrologic model
for estimation d the spatial distribution and temporal variation d soil moisture
profiles, using either the hard-update or Kaman-filter assmilation schemes
(sedion 3.3) within an operational system, it is: (i) esentia to have knowledge of
the soil depth for which the remote sensing olservations of near-surface soil
moisture ntent relate (observation depth); and (i) desirable to have a
relationship between the remote sensing olservations and the soil moisture profil e
over this depth. As there are no appropriate passve microwave satellit e systems
currently available for soil moisture studies, and adive microwave satellite
systems have a spatial resolution that is more gplicable to hydologic and
agricultural appli cations, these relationships are required for the adive microwave
observations.

A literature review of observation degpth relationships for adive
microwave remote sensing and an exploratory study indicated the need for work
inthisarea in arder to provide anything ketter than a “rule of thumb” estimate for
the radar observation degpth. Thus, a theoreticd model for estimation d the
observation depth is developed in this chapter.

Other than the regresson hbesed approach of Bruckler et al. (1988
(sedion 3.4.1), al empiricd and semi-empiricd backscattering models
(sedion 2.4.5.29 have been developed for a single soil moisture value in the top 2
to 5 cm soil layer. Furthermore, urtil receitly all theoreticd backscattering
models (sedion 2.4.5.3 have been formulated as a function d the dielectric
constant of the soil at the ar-soil i nterface, and have not accourted for the dfeds
of volume scatering in the nea-surface soil layer. At the present time, the only
theoreticd model avail able for active microwave remote sensing, which accounts
for volume scatering die to a dielectric profile in the near-surface soil, is the
Modified Integral Equation Model of Funget al. (1996.
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4.1 THE MODIFIED INTEGRAL EQUATION MODEL

In order to extrad information onthe near-surface soil moisture profile
from remote sensing olservations, the Integra Equation Model (IEM) can be
applied in conunction with a modfied set of reflection coefficients
(sedion 2.4.5.3, termed the Modified IEM. These modified refledivities (2.67)
take into acount volume scatering by the gplicaion d a physicd dielectric
gradient in the theoreticd model (Fung et al., 1999. This varying deledric
profile is approximated by an exponentia relationship, which increases the

relative dielectric constant from 1 in air to some “infinity depth” value ¢,_,

throughatransitionrate fador m (2.68). Funget al. (199) have suggested that an
appropriate value for mis around 12cm*, independent of observation frequency.

Figure 4.1 shows the variable dieledric profile used in derivation d the
modified reflectivities, for an infinity depth relative dielectric constant of 20, with
transition rate factors of 12 cm™ and 1 cm™. This figure ill ustrates the physica
meaning d m in the exponential relationship gowrning the dieledric profile of
the Modified IEM. The value for m of 12 cm™ suggests that the infinity depth

dieledric constant value occurs at a depth of around 3mm.
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Figure 4.1: lllustration o the dieledric profile imposed by the Modified |IEM for the transition rate
fador mof 12 cm™ proposed by Fung et al. (1996) and for mwith avalue of 1 cm™.
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A variable dieledric profile over adepth of 3 mm limits applicaion d the
Modified IEM, as this does not provide any additional information onthe near-
surface soil moisture profile than the surface scattering models. Nor does it
provide information onthe near-surface soil moisture profil e that would be of use
in the fields of hydrology, agriculture or meteorology. Furthermore, it is believed
that the thickness of the soil layer that can significantly effea the backscattering
resporse (radar observation depth) is of the order of afew tenths of the free space
wavelength at normal moisture wntents (Schmugge, 1985 Engman and Chauhan,
1995 see &so sedion 2.4.69. It has also been naed that the radar observation
depth is a function d the soil moisture content, with olservation depths being
greder for drier soil condtions than for wet soil condtions (Bruckler et al., 1988
Engman and Chauhan, 19%). In addition to soil moisture content and free space
wavelength, the radar observation depth has been nded to be a function o
incidence angle, wave padarisation, surface roughressand vegetation cover (Arya
et al., 1983. Hence, under average soil moisture andtions, ore muld exped an
observation depth of 3to 6¢cm for 1 GHz and 3to 6 mmfor 10 GHz. Thus for low
observation frequencies, one may theoretically exped to gain some vauable
information about the near-surface soil moisture profil e.

4.1.1 A VARIABLE TRANSITION RATE FACTOR

As the transition rate fador in the modified refledion coefficients governs
the depth over which a varying deledric profile is imposed on the theoreticd
badkscattering model, it is proposed that the transition rate factor m shoud be a
function d the radar observation depth. In this way, a varying deledric profile
may be imposed ower the radar observation depth. Given that radar observation
depth has been nded as a function o observation frequency, soil moisture
content, incidence angle and wave polarisation, ore would expect the value
assgned to the transition rate fador m to also be afunction d these factors. This
chapter proposes a variation onthe Modified IEM, by wsing a variable transition

rate fador to emulate avariable dielectric profil e over the radar observation depth.

The new method for evaluating the modified refledion coefficients is as
follows: (i) Determine the radar observation depth d as a function d observation

frequency, soil moisture @ntent, incidence ange and wave pdarisation;
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(i) evaluate from (2.68 an appropriate value of the transition rate facor m, such
that the eporentia relationship for the dieectric profile gives
£(2) = ¢_ atz=d; and (iii) assgnto ¢_ thedieledric constant value & the radar

observation depth. The reasoning for the third assumption is that so far as the
radar is concerned, it can orly “see” as de as the radar observation depth.
Therefore it is unable to dfferentiate whether the soil moisture (dielectric) profile
is constant for degoer depths, or if in fact it has some diff erent profil e.

In order to apply this variable transition rate factor, it is necessary to have
an estimate of the radar observation depth. Hence, an observation depth model is
required. Preliminary investigations using the Modified IEM in conjunction with
the propased variable transition rate factor and an observation depth of d = A /10,
where A, is the free space wavelength, were performed. The results of this
investigation suggested that a frequency dependent m value was feasible, and gave
reasonabl e badkscatering simulations when compared with European Microwave
Signature L aboratory (EMSL) (section 4.4.1) observations.

4.2 REVIEW OF THEORETICAL RADAR
OBSERVATION DEPTH RELATIONSHIPS

The difficulty that arises with implementation d the variable transition
rate fadtor min the Modified IEM isin finding arealistic relationship between the
radar observation depth, observation frequency, soil moisture @ntent, wave
polarisation and incidence angle. Ulaby et al. (1982) have proposed a relationship
for radar penetration cepth 9, as a function d observation frequency and soil
moisture content, by considering the power of an eledromagnetic wave incident
uponasoil surface. This relationship defines the penetration depth as the depth in
the soil at which the transmitted wave power just below the soil surface has
diminished to the propation /e (ie. 3®6). By ignaing scatering in the soil
medium, Ulaby et al. (1982 arrived at the relationship gven in (4.1), for minera

soilshaving €,"/e’< 0.1
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Figure 4.2: Comparison of penetration depth as defined by Ulaby et al. (1982) for moisture
contents of 5% v/v (dash-dat line) and 40% v/v (dashed ling) with the empiricd relationship of
d= A/10(solid line).

where A, is the free space wavelength, € is the real comporent of the near-surface
soil relative dieledric constant and €” is the imaginary comporent of the nea-

surface soil relative dieledric constant. This relationship has been commonly used
to approximate the radar observation depth.

Ulaby et al. (1982 note that the values of J, given by (4.1) are somewhat
larger than those for red soil condtions, as the formulation daes nat take into
acoun losses due to scattering in the soil medium. Equation (4.1) and the
empiricd relationship of d = A /10 are compared in Figure 4.2 for both dry and
wet soil. Figure 4.2 shows that the relationship proposed by Ulaby et al. (1982
gives penetration depths sgnificantly greaer than the reported olservation depth
of afew tenths of awavelength, apart from the case of awet soil. Therefore, either
the losses due to scatering in the soil are significant and need to be included in
the formulation, a the penetration depth 9, as defined by Ulaby et al. (1982 is
not equivalent to the observation depth d. It is felt that the latter is most likely the
correct interpretation, gven that the penetration depth is defined as the depth at
which an incident wave has reduced to 36% of its power. If the incident wave has
lost 74% of its power in reaching this depth, then it is unlikely that it will have

sufficient power to reac the surface again, let alone influence the badkscatering
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wave by a significant amourt. Hence (4.1) is not applicable for estimating the
radar observation depth.

An dternative method for evaluating penetration depth is given by
Bruckler et al. (1983), which uses the same power loss criterion as Ulaby et al.
(1982. However, in this formulation the soil is treded as a stratified profil e, with
transmisson and reflection at each layer interface and amplitude dtenuation
throughou ead layer. The result of using this moddl is esentialy the same &
using the penetration depth model of Ulaby et al. (1982, except that it acourts
for variationin the dieledric profile.

The only other attempt to relate radar observation depth to olservation
frequency and soil moisture @ntent that can be foundin literature is given by
Troch et al. (1996. In this case, the badkscatering signal received by the radar
antenna was considered as a superposition d a surface scattering term and a
volume scatering term. The basis for this hypahesis was that comparison
between multi-frequency observations and the standard IEM did na explain the
observed oscill ations (see Figure 2.20). These oscill ations were believed by Troch
et al. (1996 to be caused by surface scetering and vdume scattering waves
moving into and ou of phase. Therefore the observation depth d was determined
throughthe phase shift between the surface and vdume scatered waves.

The phase shift ¢ due to a wave travelling through a different medium is

given as afunction d frequency f andincidence angle 3, throughthe relationship

(p:4nR% (4.2,

where c is the propagation velocity of an eledromagnetic wave in the medium,
and R = d/cosd. By letting the phase difference (¢, — @) equa 271 and wsing the
relationship that ¢ = ¢, /ve, where c, is the propagation \elocity in a vaaium
(2.997925x 10° cm s?) and ¢ is the relative dielectric constant of the medium,
Troch et al. (1996 arrived at the relationship

_ C, cosd,

245,

Af

4.3,
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Figure 4.3: Comparison of the penetration depth (dashed line) as defined by Ulaby et al. (1982)
with the observation depth (solid line) as determined by Troch et al. (1996) (Troch et al., 1996).

The observation depth d in (4.3) was then evaluated by Troch et al. (1996
through evaluation d Af from a Hilbert transformation d the difference in
badkscattering predicted by the standard surface scatering IEM and olserved
EMSL data. The radar observation depth results from this analysis are compared
against the penetration degpth equation d Ulaby et al. (1982 in
Figure 4.3. This comparison shows the observation depth as determined by the
methoddogy d Troch et al. (199%) to be significantly deeper than that predicted
by the penetration depth equation d Ulaby et al. (1982, espedally in the low
frequency region. It is therefore concluded that the theoretical approach of Troch
et al. (1996 isaso inconsistent with the experimental values noted in literature.

An explanation for the large observation depths predicted by Troch et al.
(1996 might be that the observed oscill ations in the EMSL data were not caused

entirely by the interaction d surface ad vdume scattering waves.

Mancini and Ros® (1997) have presented multi-frequency badkscattering
results of surfaces baoth with and withou a metalli ¢ coating, so that the effect of

volumetric scatering on badscattering could be investigated. The results of
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Mancini and Ros (1997 indicae that surface scatering alone dso contains
oscill ations. Hence, only a part of the observed oscill ations is likely to be due to
volume scattering. If these oscill ations from scattering at the soil surface ould be
taken into acourt in evaluating the phase dange, then the observation depth
evaluated uwsing this approach would most likely be significantly reduced.
Furthermore, the assumption made in this method for evaluating the phase change
is that volume scatering orly occurs from the deepest dielectric discontinuity that
can return a detedable signal to the surface However, dieledric discontinuities
are suggested by Ulaby et al. (19&) to be randamly distributed within the soil,
and hence volume scatering would be expeded from al depths down to the radar
observation depth. Thus, the observed phase dange would be the integration d
volume scatered waves from al depths, with the surface scatered wave.

4.3 A NEW OBSERVATION DEPTH RELATIONSHIP

As the theoretical approades presented in the literature for evaluating the
radar observation depth do na give mmparable results with pubished values
from experimental work (eg. Bruckler and Witono, 1989, an alternative radar
observation depth relationship was required. Two aternative radar observation
depth relationships are presented below.

The total badkscattering coefficient from the soil may be cnsidered as a
surface refledion summed with a sub-surface refledion(s) that is atered in phese
and attenuated in amplitude due to the thickness of the radar observation depth
layer and the dieledric properties of that layer (Sadeghi et al., 1984. Hence, the
first radar observation depth model propcses to estimate the radar observation
depth based onthe phase dhange, and the second radar observation depth proposes
to estimate the radar observation degpth based onthe amplitude dtenuation.

4.3.1 A SEMI-EMPIRICAL PHASE CHANGE MODEL
This smi-empiricd phase dange radar observation depth model

considers the soil as a stratified deledric medium, consisting d a two-layer soil
profile & sown in Figure 4.4. A similar two-layer model has been used by
Sadeghi et al. (1984. The two soil layers are mnsidered to be homogeneous
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Figure 4.4: Schematic representation d the phase dhange for volume and surface scatering waves
from a soil having: a) adrying profile; and b) awetting profile.

layers with dfferent dielectric properties, resulting in a dieledric discontinuity at
the interface between the upper and lower soil |ayers. The dedromagnetic field in
the ar layer consists of the incident comporent, a reflected comporent due to the
air-soil interface and a reflected comporent due to the alditiona interface
between the two soil layers. The dieledric discontinuity in the soil profile is
asumed to occur at the radar observation depth.

The analogy considered by this model is that of a glassplate mated with a
thin transparent medium of lower refractive index, for reducing urwanted
reflections. The laws of optical physics for a light wave incident on a thin film
may be summarised as follows: “When refledion accurs from an interface beyond
which the medium has a lower index of refraction, the reflected wave undergoes
no phae dhange; when the medium beyondthe interface has a higher index, there
is a phae dange of 7= The transmitted wave does not experience a change of

phasein either case” (Halli day and Resnick, 1978.

The analogy between the opticd situation and that of a stratified soil li es
in the relationship between a materia’s refradive index n and its relative
dieledric constant ¢ throughn = V(ueg) = ve, for soil. Although Figure 4.4
indicates homogeneous fecular refleding surfaces at the layer interfaces, the
phase dianges indicaed shoud be the same for backscatering from diffuse

reflecting surfaces.
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Ignaing for the moment the dfed of the dieledric constant of the
underlying medium on the phase change of a refleded wave, the phase dhange ¢
of the transmitted wave eiting at the soil surface may be expressd by (4.2), with
R = d/cosd, where 3, is the soil transmisson angle rather than the incidence
ande, and ¢ = ¢, /Ve as before. Rearranging (4.2) in terms of d yields the
following expresson for radar observation depth in terms of the phase dhange ¢

caused bythe wave passng througha medium of different dieledric value,

c cosd,

f 471\/_

(4.4).

Using Snell’s law for refraction at a plane surface the transmisson angle
of the soil may be evaluated in terms of the incidence angle J, and the relative

dieledric constant of the soil € by the relationship

g L
I —arcsmE—[ (4.5).

@J_E

As the dieledric oconstant is a cmplex number, the transmisson angle
may be gproximated from (4.5) by using ony the red part of the dieledric
constant for low lossmedia such that € “/¢ ' << 1. However, if these andtions are
not satisfied, the red angle of transmisson shoud be found wsing (4.10 (Ulaby et
al., 198)).

In order to evaluate the radar observation depth from (4.4), knowledge of
the phase dange ¢ caused solely by a diange of wavespeed when travelling
throughthe soil isrequired. As the relative dielectric constant of the soil i s aways

greder than that of air (¢, = 1), the surface scatering wave will always undergo

a phase dhange of T uponrefledion. However, the phase tange of the volume
scatering wave uponrefledion at the dieledric discontinuity is dependent on the
soil dieledric properties. Therefore, for a wetting pofile there will be no phase
change uponreflection at the dielectric discontinuity, as the underlying soil will

have alower dielectric vaue (refradive index) than that of the nea-surface soil
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layer. For adrying pofile, the reverse situation exists and yields a phase dhange
of rr(seeFigure 4.4).

To summarise the @owve discusgon, the phase difference (phase dange
caused by the dieledric discontinuity plus the phase change caused by the wave
passng through a medium of different dielectric value) between the surface
scatered and vdume scattered waves of a drying profile will be gproximately ¢,
while for a wetting pofile will be gproximately ¢-rz Thus for maximum
amplitude amplification to occur between the surface scatered and vdume
scatered waves under consideration, a phase difference of 2 47 61 ... is
required, while for maximum amplitude reduction, a phase difference of 77 371
5m... is necessxy. Therefore, if we were to have some knowledge of the phase
difference between the surface scétered wave and the volume scatered wave
from the dieledric discontinuity at the radar observation depth (ie. amplitude
amplification a amplitude reduction), avalue for the phase change of the volume
scatered wave may be obtained for evaluation d the observation depth.

Comparisons of the observation depth relationship in (4.4) are made with
the empiricd relationship of d = A /10in Figure 4.5 and Figure 4.6, for gequal to

7 T
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Figure 4.5: Comparison of observation depth as evaluated from the phase change model for = 21
at soil moisture mntents of 5% v/v (open symbols) and 40% v/v (closed symbals) at incidence
angles of 11° (circles), 23° (squares) and 35° (trianges), with the empiricd relationship of
d=A/10 (crosss).
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Figure 4.6: Comparison of observation depth as evaluated from the phase change model for g= Tt
at soil moisture contents of 5% v/v (open symbals) and 40% v/v (closed symbals) at incidence
angles of 11° (circles), 23° (squares) and 35° (triangles), with the empiricd relationship of
d=A/10 (crosss).

2mrand mrrespectively. Figure 4.5 indicaes an over-estimation d the observation
depth for the dry soil condtion when compared with the empirical relationship,
while Figure 4.6 indicates an urder-estimation for the wet soil condtion. This
would perhaps suggest that destructive interference (amplitude reduction as a
result of wave aldition) occurs between the surface scattered wave and the

volume scatered wave from the observation depth. Hence, a value of ¢ = mfor

drying profiles and @ = 2mrfor wetting profiles may be areasonable assumption.
This is oppaite to that suggested for passve microwave, which has been
propased to result in constructive interference (amplitude anplification as a result
of wave aldition) as a result of the surface layer of soil behaving as a thin film
(Choudhuy et al., 1979 Schmugge axd Choudhuy, 198). It may aso be
observed from Figure 4.5 and Figure 4.6 that the observation depth gven by this
relationship is relatively insensiti ve to the incidence angle.

This smi-empiricd phase diange model has many we&knesss, as
dieledric discontinuities are located randamly within the soil (Ulaby et al., 1982.
Thus, the resulting badscattered wave is the summation d the surface scattered
wave, and vdume scatered waves from dieledric discontinuities at various
depths between the soil surface and the radar observation depth. In addition, the
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volume scatered waves include multiple scatering within the soil volume, and
are dtenuated in wave anplitude & a function d distance travelled in the soil.
Thus, the volume scatered wave from the dieledric discontinuity at the radar
observation depth would only have a small wave amplitude in comparison to
volume scatered waves from other depths, and would thus have the least
influence on the total badkscattering. Hence, the only way in which this model can
be used is to consider the total volume scattering as an effedive volume scétered
wave, which has an effedive phase dhange.

Given that there is no theoreticd basis for suggesting destructive
interference occurs between the effective volume scattered wave that combines
with the surface scatered wave, the dfedive phase hange ¢ must be determined
empiricdly for al soil moisture condtions and olservation frequencies. A
possble way of empirically evaluating ¢ may be to undertake multi-frequency
radar observations of a soil at different soil moisture ntents, with a metallic
plate buried at varying depth.

4.3.2 A THEORETICAL AMPLITUDE ATTENUATION MODEL

Given the inherent we&kneses in the &ove phase change radar
observation degpth model, throughimpasing the observation depth by an effedive
phase dange, an dternative radar observation depth relationship was
investigated. This sscondradar observation depth model proposed, is atheoreticd
model that compares the amplitude of a volume scatered wave with that of the
surface scatered wave.

The theoretica basis for this observation degpth model, is that when the
amplitude of a volume scatered wave E, falls below some propation d the
surface scattered wave E,, it is no longer making a detedable contribution to the
total badkscatering o the dielectric medium. Hence, the maximum depth from
which a volume scattered wave is returned to the surface, such that it just satisfies
the limit of E,/E, may be cnsidered as the radar observation depth. In order to
apply this philosophy, a method for estimating the amplitude of the surface
scatered and vdume scattered waves is required. This problem can be considered

intwo simplistic ways, asill ustrated in Figure 4.7.
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Figure 4.7: Schematic representation d incident, refleded and transmitted waves in: @) a single
soil layer of varying thickness and b) multi ple soil 1 ayers of constant thickness

The representation shown in Figure 4.7a, again treds the soil as a stratified
dieledric medium consisting o two delectric layers, with the intermediate
boundry representing a dieledric discontinuity in the soil. In this case, the
amplitude of the surface scatered and transmitted waves are evaluated at the ar-
soil interface The transmitted wave then passes through the near-surface soil
layer until it reades a dieledric discontinuity in the soil with attenuated
amplitude. Upon reaching this dieledric discontinuity, the wave is agan
transmitted and refleded. The refleded wave then passs bad through the near-
surface soil layer until it reaches the ar-soil interface with further amplitude
attenuation. At the ar-soil interface, the wave undergoes reflection and
transmissonfor athird time. The anplitude of this transmitted (volume scattered)
wave is then compared with that for the origina reflected (surface scattered)
wave, and the layer thicknessincrementally increased urtil the gopropriate ratio
between the surface scattered and vdume scattered waves is achieved.

The dternative gproad, ill ustrated in Figure 4.7b, is to discretise the soil
profile into a number of thin layers. This was the goproach used by Bruckler et al.
(1988 for evaluating the penetration depth. In this instance, the path of the
volume scatered wave under consideration is taken firstly for the surface layer as
described abowe. If the ratio between the volume scatered wave and the surface
scatered wave is considered too large, the wave is al owed to procead throughthe
sewnd layer before refleding bad to the surface. The amplitudes of the surface
and vdume scatered waves are gjain compared, and the number of layers
increased urtil the limit of detedionisreaded.
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In order to evaluate the amplitudes of the surface scatered and vdume
scatered waves, the following relationships from Ulaby et al. (1981) can be used,
where the phasor form of the incident (E), refleded (E) and transmitted (E)

waves for horizontal polarisation are,

E, =VE, exd-i(k, x-k,2)] (4.63)
Er :th Ei eXd—i(kxlX+kle)] (46b)
E, =yT,E exd-i(k,x—k,2)] (4.6c).

These equations describe both the amplitude and plese of the incident, refleded
and transmitted waves respectively, with the efficient representing the
amplitude, and the exporent representing the phase. In the following text, the
subscript 1 refers to the incident layer and the subscript 2 refers to the transmitted
layer (asindicated in Figure 4.7).

For verticd poarisation the phasor forms of the waves are identicd to
those @owve, except that the horizontal refledion and transmisgon coefficients (R,
andT,) arereplaced bythe verticd refledion and transmisson coefficients (R, and

T,) respectively. The refledion and transmisson coefficients are

R =2 cosd, —n, cosd,

(4.78)
1 003791 +t COS792
n, cosd, +n, coss,
cosd
T, 2 ! (4.70)

- n, cosd, +n, cossd,
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2n, cosd,

T, = (4.79,
M COS’91 1, 003‘92
where
1+R=T (4.8),
and theintrinsic impedance n is given by
H:,
=, (4.99)
£,
H:,
’72 :r’o € (49b)’

with n, = 376.7Q being the impedance of free space, y, = 1 for air and soil and

& =1+i0for air.

In evaluating the reflection and transmisgon coefficients, 17, and cosd, are
taken to be red, so that the law for conservation d energy is maintained. The
resson for this is that the imaginary comporent relates to the losses and any loss
of energy in the incident wave before it reaches the boundary does not enter into
thereflection a transmisson (Ulaby et al., 1987).

As the transmitted wave is defracted upontransmisson from one medium
to that of another medium having dfferent refractive index, the refradion anglein
the transmisson layer may be evaluated from Snell’s law. However, as the
dieledric constant of the transmisson layer is complex, the problem of finding the
transmisson angle is more involved. After Ulaby et al. (1981), the real ande of

transmissonis

J2k, sind,

tand, =

(4.120,

1

@2+qﬂ5+q
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where p and q are given by

p=2ap (4.11a)

q=pB%-a’-k’sing (4.11b,

with a being the atenuation constant and 3 being the phase @nstant given by

a= kzg(\/lﬂan 1E (4.129)
O (e
B _kzg( 1+tan®o +1E2 (4.12D,

r

where tand = —rl is known as the loss tangent, and k is the wave number. The
€

2

wave number is

klzzcﬂ IE, (4.13%)
K, :iﬂ P (4.13D),

given that ¢, = 2.997925x 10° cm s’ is the propagation \elocity of an

eledromagnetic wave in avacuum andf is the observation frequency in Hz.
The anplitude atenuation fador a for the transmisgon layer may then be

evaluated as

1

aZ:expg—ap +q) q (-d2 (4.19,
V2 H

T [
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where dzis the layer thickness

Thus for an incident wave amplitude of E, the refleded and transmitted

wave anplitudesimmediately at the layer interface ae given by

E, =|RE, (4.1%)

=T|E (4.15h),

where R and T are the refledion and transmisson coefficients depending on
poarisation. The dtenuated wave anplitudes for the refleded and transmitted
waves after pasgng throughthe layer are evaluated by

=a E (4.169)

E

=a,.E (4.161.

This processis explained a little more dearly by reference to the single

layer ill ustration gven in Figure 4.8.

A major weakness of this theoretical observation depth model is the
asumption d homogeneous eaular refleding surfaces at the layer interfaces.
However, Ulaby et al. (198) notes that volume scatering is caused mainly by

dieledric discontinuities within a volume, and that the spatial locaions of

=|R[E;
Air Layer \/ / E=ITIE,
E=|T|E; E =aE,
SurfaceSoil Layer d
E =aE, IR|E,

Deep SoilLayer Dielectric Discontinuity

Figure 4.8: Schematic ill ustration d the single layer radar observation depth model.
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discontinuities are generally random. Thus the scatered waves within the soil
volume may be expected to be in all diredions. Therefore, if the soil surfaceis
considered as lambertian (ie. scatering accurs equaly in al directions),
evauation d the radar observation depth using the amplitude atenuation model
with speaular reflecting surfaces will yield the same results. The effect of
smoather soil surfaces is to increase the observation depth, as the proportion d
surface scatering in the badkscatering dredion is less and hence asmaller
contribution from volume scatering will sill yield a significant (but not
necessxrily detedable) influence on the total badscattering from the soil. In the
case of a specular reflecting surface d the ar-soil i nterface, badkscatering will be
entirely from volume scattering. In this case, the amplitude of the volume
scatered wave from the dielectric discontinuity at the radar observation depth is
compared with the amplitude of the volume scattered wave from a dieledric

discontinuity just below the ar-soil i nterface.

In estimating the region d validity for the aumption d alambertian soil
surface, the foll owing relationships given by Ulaby et al. (1982 may be used as a
guide. Thisisnat to say that the observation depth model propased canna be used
for other surface rougmesscondtions, just that observation depth may be under-
predicted for smoother surfaces. The advice given by Ulaby et al. (1982 isthat a
surface may be considered as snooth (ie. specular) if it hask o < 0.2 and as very
rough (ie. lambertian) if it has k.o > 1, where k is the free space wave number
given by k, = 277A,, A, is the free space wavelength and o is the rms height of
surface variations (see &so sedion 2.4.5. These relationships are ill ustrated in
Figure 4.9.

The difficulty associated with evaluation d this theoreticd model for radar
observation depth is in dedding: (i) whether to use a single or multi-layer
approach; (i) what limit to placeon the ratio of volume scatered wave anplitude
to surface scatered wave amplitude; and (iii) in the cae of the multi-layer

approach, what layer thicknesses to use.

Given that volume scdtering is considered to be governed by the presence
of dieledric discortinuities in the soil (Ulaby et al., 1982, the single layer
approach appears to be more defensible than the multi-layer approac. In this
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Figure 4.9: Regions for considering surfaces as geallar, diffuse or lambertian with resped to
observation frequency and root mean square height of surfacevariations.

instance the layer thickness represents the depth to the deepest dielectric
discontinuity that can return a volume scatered wave having an amplitude large
enough to make a detedable influence on the total backscatering coefficient.
Thus, the remaining question is what limit to place on the ratio o volume
scateringwave anplitude to surfacescatering wave amplitude.

This question can be aswered by considering the sensitivity of
badkscattering coefficient to soil moisture mntent and to the sensor calibration

acaracy, throughan error analysis of the backscatering equation (Fung, 1994

oS, =10lo Eﬂn 0 Ex 4.1
dB ~ gloE COSv; E2 ( . 7),

where oy, is the badscattering coefficient in dB, 9, is the incidence angle

(degrees), E, is the incident wave amplitude, E, = E+E, is the returned wave
amplitude, E_ is the surface scatered wave anplitude and E, is the volume
scatered wave amplitude. Differentiation o the badscattering equation with
resped to the returned wave anplitude, yields the relationship
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00 g _ 20
JE, Eglog,[i0]

(4.19.

Given that surface scattering is generally considered to gowern the
amplitude of the badkscatered wave (Ulaby et al., 1978, it may be asumed that
E. = E.. Hence, any error in E, is due to neglecting E,, and therefore JE, = E,.
Thus, the foll owing relationship between the ratio of volume scatering to surface

scatering and badkscattering coefficient sensitivity is obtained.

E, _ 200, log, [10]
E 20

S

(4.19

In ader to evaluate the required ratio between vdume and surface
scatering from (4.19, a vaue for the backscatering coefficient sensitivity is
required. As the radar observation depth model is based onthe limit at which the
effect from volume scattered waves on the total badscatering can nolonger be
deteded, this backscatering sensitivity dog, may be imposed througheither the
sengitivity of badkscatering to soil moisture content, or through the cdibration
acaracy of the sensor. In the first instance, Altese et al. (1996 indicae al B
change in backscattering for a 2% change in vdumetric soil moisture @ntent at
low soil moisture cntent, and a0.15 dB change in badkscattering coefficient for a
2% change in vdumetric moisture cntent at high soil moisture cntent. For the
latter case, literature would suggest an absolute radiometric cdibration acairacy
of between 1and 2 B (Ulander et al., 1991 van Zyl et al., 1993 Zink et al.,
1993 Dubads et al.,, 199%; Sarabund et al., 1995. Therefore, calibration
acaracy would appear to gowern the observable influence of volume scatering on
surface scatering. In the event that cdibration accuracy was to exceed the
sensitivity of soil moisture content variation on fackscatter, sensitivity to soil
moisture @ntent would be the @ntrolling variable. Hence, a backscatering
sensitivity of abou 1.5 dB would appea appropriate, which yields a ratio of
volume to surface scatering o 0.17.
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4.4 APPLICATION OF THE MODELS

Both the theoreticd radar observation degpth model (based on amplitude
attenuation) and the Modified IEM with a variable transition rate fador were
tested using dita olleded inthe EMSL experiments.

4.4.1 EUROPEAN MICROWAVE SIGNATURE LABORATORY

The ams of experiments undertaken at the EMSL, Ispra, Italy, include the
evaluation d surface scatering models and estimation d soil moisture profiles
using multi-frequency pdarimetric data for different types of soils and surface
roughress(Nesti et al., 1999. The objedive of the experiment was to generate a
number of data sets under controlled condtions. The data sets consist of soil
moisture and temperature profiles in a sandy soil using TDR probes and
thermocoupes, in combination with mono-static (send and receve the signal from
the same locaion), multi-frequency (1 to 10 GHz), pdarimetric (hh, hs, vh, w)
radar measurements at three incidence angles (11°, 23°and 359 (Mancini et al.,
1995.

The sample under test was contained in a 2 m diameter cylinder of 0.4 m
depth, daceal in the ceitre of a 20 m diameter temperature controlled
measurement chamber (Figure 4.10). Soil moisture profil es were generated with a
series of irrigation and dying ou steps. Four irrigation steps were gplied to
increase the near-surface soil moisture content from 10% v/v to 3%% v/v. The
total water discharge was monitored by an eledromagnetic flow meter, and the
net volume of water applied was caculated by subtracting the measured runoff.
For drying, 35ceramic infra-red resistances were used, eat havinga 25cm x 10
cm radiation area The radiators were operated at a distance of 20 cm from the soil
and hed atotal power output of 14 KW (Mancini and Troch, 1999. Soil moisture
measurements were made & depths of 2.5, 5,10, 15,and 25 cm and soil
temperature measurements at 2.5, 5, 10, 1%and 20cm, as well as surface skin
temperature (Mancini et al., 1995. The surface of the soil target was saped by
means of a mould with spedfic roughress charaderistics. Threetypes of surface

roughresswere planned (Coppoet al., 1995:
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Figure 4.10: Exploded view of the EMSL (http://www.ei.it/l andmines/landmines/sai/ AT1.html).

1) Relatively smooth, Gausgan correlation function - 60 mm correlation

length, rms height 4 mm.

i) Medium rough, mixed correlation function - 30 mm correlation length, rms

height 9 mm.

i) Very rough,Gausdan correlation function - 60 mm correlation length, rms
height 25 mm.

At the time of using this data, experiments for only the first and third

surface roughresshad been urdertaken.

The soil wasfill ed into the ¢ylinder in a series of layers and compressed to
achieve ahomogeneous bulk density of p, = 1.3 gcm®. The average soil porosity
for the smooth surface was @ = 0.570 W and for the rough surface
@=0.588 Vv (Witherich, 1997. The soil textural composition d the soil used in

the two experimentsisgivenin Table 4.1

For the first type of surfaceroughress backscattering olservations were
made for frequencies in the range from 1.0to 10.0GHz in steps of 11.25 MHz.
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Table 4.1: Textural compasition of the soil used in EMSL experiments 1 and 3.

Surface % Clay (g/9) % Silt (g/g) % Sand (g/g)
<2 pm 2-50 pm > 50 pm
Smooth 85 277 63.8
Very Rough 4.3 36.0 59.8

For the third type of surface roughress backscatering olservations were dso
made in the range of 0.5to 5.0GHz (Mancini et al., 1996.

Calibration d the radar used at the EMSL was evaluated as a two-fold
process namely evaluation d an additive part and evaluation d a multiplicative
part. The alditive part was evaluated by performing an empty room measurement
(a measurement in the same @ndtions and with the same measurement
parameters but withou the target) and eliminated by subtraction from the target
measurement. In contrast, the multi plicaive part was evaluated by making wse of
the measured scatering matrix of a reference object, whaose theoreticd resporse
was known (ie. ametalli c disc or sphere) (Nesti et al., 1994.

The data used in this evaluation was that from a drying ou step (average
soil moisture mntent of 9% v/v), as the Modified IEM is only valid for a drying
profile. Moreover, data olleded from the relatively smooth surface experiment
has nat been used as it ads as a speaular surfacefor the frequency range of 1 to
2 GHz and a diffuse surface from 2 to 10 GHz (see Figure 4.9). However, data
colleded from the very roughsurface &periment has been used as it corresponds
with the sssumption d the radar observation depth model that the surfaceis
lambertian. It may be seen from Figure 4.9 that the very roughsurface shoud aa
as a diffuse surface for the frequency range of 0.5to 2 GHz and as a lambertian
surface from 2 to 10 GHz. Althoughthe very rough surface is lambertian for
frequencies higher than 5 GHz, vaidity condtions of the IEM are violated (see
sedion 2.4.5.2.2. Hence simulations given here ae only for the frequency range
of 0.5to 5GHz.
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4.4.2 EVALUATION OF THE RADAR OBSERVATION DEPTH
MODEL

Evauation d the theoreticd radar observation depth model (based on
amplitude dtenuation) has been performed by comparing the observation depth
estimated from the theoreticd model, with the radar observation depth range
suggested in literature. In evaluating the radar observation depth, an exponential
drying pofile was fitted to the observed soil dielectric constant profile. The
dieledric constant for the nea-surface soil layer was taken as the dieledric
constant at mid-layer depth and the dieledric constant for the deg soil layer was
taken as the dieledric constant at half the near-surface soil layer depth below the
dieledric discontinuity.

The graphs of radar observation depth gven in Figure 4.11 indicéae that
the theoretical amplitude &tenuation model provides an estimate of the radar
observation depth that is in the range of values reported in literature, having a
value of dlightly less than ore-tenth of the free space wavelength at low
frequencies and dlightly greater than one-quarter of the free space wavelength at
higher frequencies. Although the literature suggests that the radar observation
depth is between one-tenth and ane-quarter of the free space wavelength, it is nat
necessxily a @nstant proportion o the wavelength for a given sensor
configuration and soil condtion. In fad, soil moisture generally increases with
depth for a drying pofile. Hence as the observation depth is increased the
effective soil moisture cntent is aso increased, thus the observed deaease in
propation d wavelength at low frequencies. Furthermore, an average soil
moisture @ntent of 9% v/v is rather dry, and undr an exporential drying profile
would be very dry near the soil surface Thus, radar observation depths presented
here, particularly for the higher observation frequencies, shoud be dose to the
maximum radar observation depth.

The observation depth results also indicate that w pdarisation yields a
greder observation depth than hh pdarisation for the same surface roughmess
sensor configuration and soil moisture content. It can also be seen that for hh
polarisation, radar observation depth decreased with increasing incidence angle,
while for v pdarisation the radar observation depth increased for an increase in

incidence ange. Thiswould indicate that using a sensor with vv polarisation and a
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Figure 4.11: Radar observation depths cdculated from the theoreticd amplitude atenuation model
for adrying step o the very rough surfaceEMSL experiment.

large incidence angle would maximise the radar observation depth for a given

observation frequency.

While evaluation d the radar observation depth using the amplitude
attenuation model requires an estimate of the near-surface soil moisture profil e,
thisis not considered to be amajor limitation to applicaion. In the situation that
profile soil moisture is being modelled by a hydrologic model and badkscatering
observations are for updating d the hydrologic model, then the radar observation
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depth may be estimated from the hydrologic model estimate of soil moisture
profile. Alternatively, the radar observation depth model and Modified IEM may
be used simultaneously to retrieve bath the near-surface soil moisture profile and
the radar observation depth.

4.4.3 SIMULATIONS USING THE MODIFIED INTEGRAL
EQUATION MODEL

Badkscatering simulations using the Modified IEM with a frequency
dependent transition rate factor have been evaluated, using the radar observation
depth estimate obtained with the theoreticd amplitude atenuation model. These
simulations are cmpared with smulations from the Modified IEM for m equal to
12 cm™, the standard IEM, and EMSL data (Figure 4.12).

The simulations given in Figure 4.12 using the Modified IEM with a
variable transition rate fador show good agreement with the EMSL data
Furthermore, the simulations are better than those using the standard 1IEM and

Modified IEM with mequal to 12cm™ in some instances.

Volume scdtering is generally seen as an addition to surface scattering,
the sum of both being hgher or nearly equal (if volume scattering is low
compared to surface scattering) to surface scatering alone. This does not appea
to be the cae in the simulations presented here. A reason for this may be that
while volume scdtering is an addition to surface scdtering, it depends on the
phase of both the surface scatered and vdume scatered waves as to whether this
results in an increased or deaeased wave amplitude. Furthermore, simulations for
the standard IEM and Modified IEM with m equal to 12 cm™ were for the
dieledric constant measured at 2.5 cm depth (as is the standard procedure). As the
badkscattering coefficient increases with moisture @ntent and simulations were
for adrying profile, the use of agreder dieledric constant in the surface scetering
model results in a greder backscatering coefficient than the cmbined surface
and vdume scatering model with a lower dieledric constant at the ar-soil
interface. This is because surface scatering generally dominates the tota
badkscattering from the dieledric medium (Ulaby et al., 1979. The good
agreement between the three models at low frequency is likely to be aresult of the

Modified IEM with variable transition rate fador having a greaer contribution
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Figure 4.12: Comparison d badscatering simulations from the Modified IEM with variable
trangition rate fador against the Modified IEM with transition rate fador m equal to 12 cm’,
standard IEM and EM SL data from a drying step of the very rough surface experiment.

from volume scatering and a greaer infinity depth deledric constant than for the

higher frequencies. The poa agreement at 5 GHz for al three badkscattering

models at incidence angles of 11° and 23°is likely to be aresult of the |IEM

validity condtions beingtooloose.

A limitation d the Modified IEM is that it is only appliceble to nea-
surface drying (dieledric) profiles that conform to the exponential model
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in (2.689. Furthermore, the exporential model used to describe the drying
(dieledric) profile imposes atransition in the dieledric profile of the near-surface
arr layer (see Figure 4.1), in addition to the near-surface soil layer, whose
thickness al'so increases as a function d the transition rate fador. Hence, as the
observation depth is increased, the thickness of this transition layer in the ar is
also increased.

While the near-surface soil moisture profile aumes a drying pofile
relatively quickly after a drying event, the imposition d an exponentia profile
and a transition layer in the near-surface ar layer is undesirable. Hence the
Modified IEM might be improved by repladng the modified reflection
coefficients with refledion coefficients from an approximation to the Riccdi
equation (see Ulaby et al., 1981, pp. 8% The use of these refledion coefficients
would eliminate the transition in the nea-surface @& layer, and would alow the
spedficdion o any deledric profile desired over the radar observation depth.
This would alow applicaion d the Modified IEM to nondrying and non
exporential near-surface soil moisture profiles. In the situation that soil moisture
profiles are being modelled and badscatering olservations of near-surface soil
moisture ae for updating d the hydrologic model, the soil dieledric profil e shape
appliceble for evaluation d the Riccdi equation may be estimated from the
hydrologic moddl.

45 CHAPTER SUMMARY

The amplitude dtenuation model developed for estimating the radar
observation depth was found to gve comparable results to those presented in
literature. Furthermore, the radar observation depth was foundto be greater for vv
poarisation than hh pdarisation, and was found to increase with increasing
incidence angle for vv pdarisation. These results would indicae that information
on the nea-surface soil moisture profile may be maximised by wsing a low

frequency sensor with vv pdarisation and alarge incidence angle.

The comparisons of badkscattering simulations using the Modified |[EM
with a frequency dependent transition rate fador against EMSL data show good

agreement. It may therefore be cncluded that a variable transition rate factor is
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feasible, and that by using the Modified IEM, information may be obtained onthe
soil moisture profile down to the observation depth, which can be & degp as5 cm
for vv pdarisation a low frequencies. However, replacement of the modified
reflection coefficients with an approximate solution to the Riccai equation shoud

ease some of the restrictive assumptions of the arrent Modified IEM.



