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Abstract - A variable transition rate factor is proposed for
the modified IEM, such that it uses a variable dielectric
profile down to the radar observation depth. A theoretical
observation depth model is also proposed. It is shown that
radar observation depth calculated by this model agrees with
values noted in literature, and that backscattering simulations
using the variable transition rate factor compare well with
data collected in the European Microwave Signature
Laboratory (EMSL) experiments.

INTRODUCTION

Soil moisture in the root zone is a key parameter in
meteorology, hydrology and agriculture. The significance of
soil moisture is its role in the partitioning of energy at the
ground surface into sensible and latent heat exchange with the
atmosphere, and the partitioning of precipitation into
infiltration and runoff [1, 2]. As remote sensing observations
only respond to the soil moisture in a thin surface layer,
observations of surface soil moisture must be related to the
complete soil moisture profile in the unsaturated zone, to be
of use for climatic, hydrologic and agricultural studies [3].

The problem of relating surface soil moisture to that of
the profile has been studied for the past two decades. Four
approaches have been adopted: regression, knowledge-based,
inversion, and combinations of remotely sensed data with soil
water balance models [4].

A recent attempt to relate passive microwave observations
of surface soil moisture to that of the profile has been made,
where a radio-brightness temperature model and coupled soil
heat and moisture transfer model have been combined in the
context of a Kalman filter [1]. In order to extend this approach
to radar observations, the backscattering equations must be
related to the complete soil moisture profile. Using a series of
separate regression relationships between soil moisture and
backscattering coefficient for different depths of soil, an
empirical method of relating a single backscattering
observation to the soil moisture profile in the top 10 cm
layer has been presented [5]. Apart from this, all empirical
and semi-empirical backscattering models have been related to
a single soil moisture value in the top 2-5 cm. Furthermore,
until recently all theoretical backscattering models have been
formulated as a function of the dielectric constant of the soil

at the air-soil interface, and have not accounted for the effects
of volume scattering in the soil.

A modification to the theoretical backscattering IEM
(Integral Equation Model) was proposed by [6], to account for
volume scattering from a drying profile. This modification
was made by replacing the Fresnel reflection coefficients with
a modified set of reflection coefficients, which incorporate a
dielectric profile. In so doing, an exponential dielectric profile
model was used, in which the relative dielectric constant (εr)
as a function of depth (z) is given by:
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The inputs to this dielectric model are the transition rate
factor m (which controls the rate of change of εr with depth)
and the dielectric constant at depth z=∞ ( ε r∞

). By (1), the

relative dielectric constant starts from 1 in air and gradually
changes to ε r∞

 at the rate m . It has been suggested that a

value for m  equal to about 12 cm-1 is appropriate, and this
was shown to be an improvement in the simulation of
backscattering when compared to the IEM [6].

However, a value of m=12 cm-1 suggests that the modified
IEM may only be used to relate backscattering observations
over a profile depth of around 3 mm. This limits application
of the model, as a variable dielectric profile over a depth of 3
mm does not provide any additional information on the soil
moisture profile than the surface scattering models.
Furthermore, various authors have noted that radar
observation depth is of the order of a few tenths of a
wavelength [2], and varies as a function of soil conditions and
radar configuration.

This paper presents a variation on the modified IEM, such
that it uses a variable dielectric profile down to the radar
observation depth, by using a variable transition rate factor.
In order to estimate the radar observation depth, an
observation depth model is required.

A radar penetration depth relationship has been proposed
by [7]. This relationship defines penetration depth, as the
depth at which the transmitted power in the soil has
diminished to the proportion 1/e (ie. 37%). However, if the
transmitted wave has lost 63% of its power to penetrate to
this depth, it is unlikely to provide a detectable contribution
to backscattering upon return to the surface from this depth.
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Hence, this relationship does not correspond with the
observation depth of the radar. Therefore a theoretical radar
observation depth model which accounts for soil moisture,
observation frequency, incidence angle and wave polarisation
is proposed.

VARIABLE TRANSITION RATE FACTOR

As m  governs the depth over which a varying dielectric
profile is imposed on the theoretical backscattering model,
through the modified reflection coefficients, it is proposed
that m  should be a function of the observation depth. The
proposed method for specifying m  and ε r∞

in the modified

IEM is as follows. (i) Estimate the observation depth d for
the given observation conditions; (ii) Evaluate from (1) an
appropriate value of m such that εr(z) = ε r∞

 at z = d; (iii) As

the radar can only “see” as deep as the observation depth, the
value given to ε r∞

in the model should be the value at depth d.

OBSERVATION DEPTH RELATIONSHIP

As no quantitative relationships for radar observation
depth which account for soil moisture could be found in
literature, we propose a theoretical amplitude attenuation
model. This model compares the amplitude of the volume
scattered wave with that of the surface scattered wave, as
illustrated in Fig 1. The theoretical basis for this model is
that when the amplitude of the volume scattered wave (Evol)
falls below some proportion of the surface scattered wave
amplitude (Esur), it is no longer making a detectable
contribution to the total backscattering from the dielectric
medium. Hence, the maximum depth from which a volume
scattered wave is returned to the surface such that it just
satisfies an imposed limit of Evol /Esur, may be considered as
the observation depth (d).

The model treats the soil as consisting of two dielectric
layers, with the intermediate boundary representing a dielectric
discontinuity in the soil. Using the Fresnel reflection (R) and
transmission (T) coefficients (functions of soil dielectric
constant, incidence angle and wave polarisation) and the
incident wave amplitude (Ei), the reflected (Esur) and
transmitted (Et) wave amplitudes are evaluated at the soil
surface. The amplitude of the transmitted wave is then
attenuated by an amplitude attenuation factor (a) [8], as it
passes through the surface layer to the dielectric discontinuity.
Upon reaching this discontinuity, the attenuated wave (Et´) is
reflected. The reflected wave (Er) arrives back at the surface
with further attenuated amplitude (Er´), where it again
undergoes transmission and reflection. The amplitude of this
transmitted wave (Evol) is then compared with that for the
surface  reflected  wave (Esur), and the  layer  thickness  altered

d

Er= |R|Et´

Evol= |T|Er´

Esur= |R|Ei

Dielectric DiscontinuityDeep Soil Layer

Air Layer

Surface Soil Layer

Ei

Et= |T|Ei Er´= aEr

Et´= aEt

Fig. 1: Diagrammatic illustration of observation depth model.

until the imposed ratio between the surface scattered and
volume scattered waves is achieved.

A major weakness of the above model is the assumption
of a homogeneous specular reflecting surface at the layer
interfaces. However, the volume scattered waves may be
expected equally in all directions, as volume scattering is
caused by dielectric discontinuities whose spatial locations are
random [7]. Therefore, if the soil surface is lambertian,
evaluation of the observation depth using the specular model
will yield the same results.

A difficulty associated with evaluating this observation
depth model is the specification of an appropriate limit on the
ratio of volume scattered wave amplitude to surface scattered
wave amplitude. This problem is addressed through an error
analysis of the backscattering equation [9]

  

E
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20
(2),

by considering the sensitivity of the backscattering coefficient
(∂σ°) to soil moisture and calibration accuracy of the sensor.
In the first case, for a 2% change in soil moisture, there can
be between 0.15 to 1 dB change in backscattering coefficient
[10]. For the latter case, the literature suggests an absolute
radiometric calibration accuracy between 1 and 2 dB [11].
Therefore, calibration accuracy appears to govern the
observable influence of volume scattering at the present time.
Hence a backscattering sensitivity of about 1.5 dB is
appropriate, yielding a ratio of volume to surface scattering of
0.17.

APPLICATION OF THE MODELS

Both the observation depth model and variable transition
rate factor have been tested using data collected in the
European Microwave Signature Laboratory (EMSL)
experiments [3]. Simulations for the modified IEM with
variable transition factor are also compared with the IEM and
modified IEM for m=12 cm-1.

Fig. 2 indicates that the proposed observation depth model
gives values which correspond with those suggested in
literature, while Fig. 3 indicates that the modified IEM with a
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Fig. 2: Observation depth for vv and hh polarisation at an incidence angle
of 23° and average volumetric soil moisture of 9%.

variable transition rate factor yields good results when
compared to EMSL data. Furthermore, the simulations of
backscattering coefficient at low frequencies are an
improvement on those from the IEM and the modified IEM
with m=12 cm-1, for this particular data set.

CONCLUSIONS

The comparisons of backscattering simulations using the
modified IEM with a variable transition rate factor show good
agreement with the EMSL data. We conclude that by using
the modified IEM with a variable transition rate factor, soil
moisture profiles to a depth of 3.5 cm may be determined at
low frequencies. Furthermore, the theoretical model presented
for estimating radar observation depth gives comparable
results to those suggested in literature.
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Fig. 3: Comparison of backscattering simulations with EMSL data for
correlation length of 60 mm, rms roughness height of 25 mm, incidence
angle of 23° and; a) hh polarisation, b) vv polarisation.
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