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Abstract—A multilayer soil model for retrieving soil moisture content
using the Integral Equation Method (IEM) is investigated in this paper.
The total reflection coefficients of the natural soil are obtained using
the multilayer model, and volumetric scattering is approximated by the
internal reflections between layers. The surface reflection terms in IEM
model are replaced by the total reflection coefficients from the multi-
layer soil surface in retrieving the soil moisture content. The original
IEM model includes only the surface scattering of the natural bare
soil, while the multilayer soil — IEM model (MS-IEM) includes both
the surface scattering and the volumetric scattering within the soil.
Both the MS-TEM model and the original IEM model are compared
in soil moisture retrieval using the experimental Synthetic Aperture
Radar (SAR) backscattering coefficient data in the literature. It is
noted that the mean square error between the measurement data and
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the values estimated by the modified IEM model is about 7.7%, while
that between the measured and the estimated by the original IEM
model is about 12%. The accuracy of estimating soil moisture by the
IEM model is improved by 4.3%. In addition, the regression analysis
between the measured and model-predicted soil moistures has been
done.

1. INTRODUCTION

Soil moisture is one of the most important parameters in agricultural
and environmental studies. Microwave remote sensing of soil moisture
shows a high potential for operational applications because of its
all weather, day and night capability. Retrieval of soil moisture
content from the radar measurements using an inversion model is
possible, and has been extensively investigated [1-3,20-24, 26]. Many
empirical model had been developed to retrieve soil moisture from
backscattering coefficient measurement [4-6]. However, these empirical
models developed on limited observations are site-dependent due to
the nonlinear response of backscattering to the soil moisture and
surface roughness parameters. The theoretical method such as the
first-order small perturbation method (SPM) [7] can retrieve the soil
moisture from SAR data and is valid for surfaces with small roughness
parameters. This means that both the surface standard deviation
and its correlation length should be small compared with the incident
wavelength [26]. In general, SPM requires the surface Root Mean
Square (RMS) height to be less than 5 percent of the electromagnetic
wavelength. In addition to the RMS height requirement, the average
slope of the surface should be of the same order of magnitude as the
wave number times the surface RMS height. So, the application of
SPM is limited to relatively flat surfaces.

The Integral Equation Model (IEM) developed by Fung et al. [8, 9]
offers a promising alternative approach for the retrieval of soil moisture
and surface roughness from active microwave data since the model
is valid for a wider range of surface roughness conditions when
compared to other earlier theoretical models [4,25]. The active
microwave backscattering coefficients from the nature soil is a function
of soil texture, structure, density, roughness (surface RMS height),
soil moisture, and soil surface conditions that are described by the
auto-correlation function of random surface height and correlation
length. For natural terrains that have a small RMS slope, only the
single scattering is considered in the IEM model. The co-polarization
backscattering coefficients given by the IEM can be found in [8,9].
IEM model outperforms other earlier theoretical models for a wider
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range of surface roughness conditions. In [27, 28], modified IEM models
are proposed to enlarge their applications. To simplify the inversion
process of soil moisture directly from the active microwave data, an
empirically adopted IEM is presented in [21]. However, since it is
a surface scattering model [8-10], the effect of volumetric scattering
is ignored. Thus it is expected that it performs well for wet soil
where surface effect dominates, but not so for moderate wet soil where
volumetric scattering within the active scattering layer plays some role.

To incorporate volumetric scattering in the IEM model, a
multilayer soil model is developed in this study. The objective is to
improve the accuracy of retrieval of soil moisture content from radar
backscattering coefficient. Based on a multilayer soil model, the total
reflection coefficients are obtained using ray-tracing technique. The
ray-tracing technique is based on the optical principle, which can
be used to investigate the reflection and refraction of the incidence
electromagnetic wave. The surface reflection coefficients in the IEM
model for computing the backscattering coefficients are replaced with
the total reflection coefficient from the multilayer soil model that
include both the surface reflection and volumetric scattering. For
convenience, the modified model is called multilayer soil — IEM (MS-
IEM) model. Backscattering coefficients calculated by the original IEM
and the MS-IEM models are then compared with in situ measurements.
In addition, the IEM surface model and the MS-IEM model have been
used to retrieve the soil moisture content from radar backscattering
coefficient, and compared with the measurements.

2. MULTILAYER SOIL MODEL FOR SURFACE
REFLECTION OF RADAR

The natural soil can be viewed as a dense non-tenuous media with
multiple species of particles [11], and consists of discrete dielectric soil
particles and water with mixing dielectric constant €4, embedded in
air. The different species refers to particles that can be of different
shape, size, and permittivity. When only the specified propagation and
scattering direction are considered, the propagation and scattering of
electromagnetic waves in a discrete random medium can be simplified
as those in a multilayer uniform medium. In this case, the non-specular
direction is negligible.

A half-space of small soil particles below the ground surface
(occupying the region (z < 0)) is modeled as a three-layer medium,
as shown in Fig. 1, where D and ¢, are the radar penetration depth
and the dielectric constant of the natural soil, respectively. Some
simplifications are assumed:
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Figure 1. Multilayer medium reflection model of the soil.
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1) The mixture of soil particles and liquid water is uniform
both horizontally and vertically and thus the distribution of the soil
equivalent complex dielectric constant is also uniform;

2) Multiple reflections between different interfaces in the multi-
layer model are ignorable and thus only single reflection from each
interface is considered;

3) The wavelength of the incidence electromagnetic wave is far
larger than the size of soil particles. Also, the attenuation of radar
beam in air is ignored.

The multilayer soil model for radar reflection coefficient
calculation includes three uniform media (layers): The medium 1 with
thickness d; and permittivity eg,, representing the mixture of soil
particles and liquid water content; the medium 2 with thickness da
and permittivity eg, representing the air in soil; and medium 3 with
permittivity €, but any thickness, representing the soil layer that is
below the radar penetration depth D. (d; + d2) is the penetration
depth of radar in the soil, representing the thickness of active scattering
layer. The surface effects can be analyzed according to [29,30]. Using
the ray tracing technique, the incidence and reflective radar rays at
air-medium 1 interface can be written as

E; = Ege k17 (1)

Epr) = R,Ege ik1=* (2)

Ery = Ti0AR; AT E; (3)

Er3 = TioATo1 R T12ATo1 EB; (4)

where ki1, = kjcosf, 6 and k; are the incidence angle and wave

number of the incidence wave, respectively; Eo and e /%12 are the
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amplitude and phase of the incidence wave, respectively; R, is the
specular reflection coefficient of air at air-medium interface; R is the
reflection coefficient of medium at air-medium interface; T},, is the
transmission coefficient from medium m to medium n, and m, n = 0,
1, 2, 3; A is the amplitude of attenuation factor [10], which is given as

A— efKedl/cosez (5)

where K. is the extinction coefficient of the medium 1 [10], d; is
the thickness of the medium 1, and 6; is the refraction angle at the
air-medium 1 interface when the incident radar beam is from air to
medium 1. Since medium 2 is air, we have Ry = —R,, To1 = Tb1,
T19 = T1g. Thus, the reflection coefficient and transmission coefficient
are independent of the thickness da of the medium 2 (air).

From Equations (1)—(4), we obtain the total surface reflection
coefficient of the multilayer soil as

Ry = Ry + Ry TorTioA*(Tor Tho + 1) (6)

This model includes two terms: 1) the specular surface reflection
term R,, which corresponds to the surface scattering of the natural
soil; 2) the equivalent volumetric scattering term, which is represented
by the internal reflections between layers. In this simple multilayer
soil model, the thickness d of the medium 1 is a key parameter.
In combination with the attenuation factor A and path length, it
determines the total attenuation along a single path from one interface
to the next in its propagation. Assume the radar penetration depth is
D, then

D =d| +ds (7)

Since the total volume of the natural soil is equal to the sum of
the voids and the mixture of soil particles and liquid water, we have

d =D (1-0¢) (8)

where ¢ is the soil porosity, which is defined as the volume percentage
of voids (air) to the bulk volume of soil.

3. MODIFIED IEM MODEL AND APPLICATIONS

The original IEM model is a surface scattering model without explicit
inclusion of volume scattering effect [8,9]. To take the volume
scattering into account, we replace the surface reflection terms in the
IEM model with the total reflection coefficient calculated from the
multilayer soil model discussed above. Since the total surface reflection
coefficient contains internal reflections between internal layers, it
contains more or less the contribution of volumetric scattering within
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the active scattering layer of soil. Two measures are taken to assess
if the inclusion of volume scattering improves the performance of IEM
model for the soil surface: 1) both models are used to calculate radar
backscattering coefficient and then compare with in situ measurements;
and 2) both models are used to retrieve soil moisture content and then
compare with in situ measurements.

Figure 2 shows the comparison of backscattering coefficients
calculated by the IEM model and the MS-IEM model with the
measured data. The incident angle ranges from 10° to 70°. The soil
surface is characterized by 0.4cm in the RMS height, 8.4cm in the
correlation length L, and 20% in soil porosity. The surface moisture
content was 14% in volume (M, = 0.14 or 14%) when the measurement
was carried out. The radar frequency is 1.515 GHz [8] (see Table 1).
The dielectric constant is obtained from the following relation [12, 13]

M, = —0.053 + 0.0292¢, — 0.000552 -+ 0.0000043¢> (9)

Compared with the IEM surface model, the backscattering
coeflicients calculated by the MS-TEM model with volume scattering
included increase with the incidence angle 6 up to 70° for the HH co-
polarization. The difference in backscattering coefficients between the
modified and MS-TEM model, as an approximate of volume scattering,
decreases with increasing incidence angle at V'V polarization, while
it increases with increasing incidence angle for the HH polarization.
The average error in backscattering coefficients between the MS-IEM

0 Measured data, VV|

Modified IEM, VV

— - -1EM, VV 1
* Measured data, HH

- Modified IEM, HH |]

200 g e -k

-30

Backscattering Coefficients (dB)

-40

50 . . . . .
10 20 30 40 50 60 70
Incident Angle (deg)

Figure 2. Comparison of
backscattering coefficient calcu-
lated by IEM model and modified
IEM model with measured data
obtained from Fung et al., 1992.
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Figure 3. Comparison of
backscattering coefficient calcu-
lated by the IEM model and
the modified TEM model with
measurement data obtained from
Oh et al., 2002.
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Table 1. Soil roughness and moisture parameters.

RMS L BC M, Frequency .
0 co-polarization

(cm) | (em) @B | &%) (GH)

0.4 8.4 10 6 14 1.515 VU
04 8.4 20 —12 14 1.515 VU
0.4 8.4 30 —17 14 1.515 VU
04 8.4 40 —19 14 1.515 VU
0.4 8.4 50 —21.5 14 1.515 VU

04 8.4 60 —24 14 1.515 VU
0.4 8.4 70 —28 14 1.515 VU
04 8.4 10 8 14 1.515 hh
0.4 8.4 20 —15 14 1.515 hh
04 8.4 30 —19 14 1.515 hh
0.4 8.4 40 —22 14 1.515 hh
04 8.4 50 —26 14 1.515 hh
04 8.4 60 —29 14 1.515 hh
0.4 8.4 70 —35 14 1.515 hh

model and the measurements is about 3.3 dB, while that between the
original IEM model and the measurements is about 5.7dB. It may
indicate that the backscattering coefficient calculated by the MS-IEM
model agrees better with the measurement results than the original
IEM surface model.

Figure 3 shows a comparison of the radar backscattering
coefficients calculated by the MS-IEM model and the original IEM
model with measured backscattering coefficients by the JPL AirSAR
for a soil surface with ks = 0.477, kIl = 4.65 at about 55° with
different wetness [14] (see Table 2). The radar frequency is 1.25 GHz
and the radar system operates at both VV and HH polarizations.
Results show that both the MS-TEM model and the original IEM model
display a similar pattern in the variation of backscattering coefficients
with the soil moisture content to that observed with JPL AirSAR.
It can be seen that the measured backscattering values are greater
than that calculated by the original IEM model, which is because the
contribution of volume scattering isn’t included in the original TEM
model. After including the contribution of volume scattering (namely
the MS-TEM model), the backscattering values calculated by the MS-
IEM model agree better with the measured results than the original
IEM model. Results from Figs. 2 and 3 indicate the contribution
of volume scattering should be more or less taken account by the
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Table 2. Soil roughness and moisture parameters.

RMS L BC M, Frequency .
0 co-polarization

(cm) | (em) @B | &%) (GH)

1.82 17.75 55 —12.2 28.7 1.25 VU
1.82 17.75 5% —16.2 24.1 1.25 VU
1.82 17.75 55 —16.3 22.4 1.25 VU
1.82 17.75 55 —-17.3 18.1 1.25 VU
1.82 17.75 55 —17.8 13.6 1.25 VU
1.82 17.75 55 —18.6 11.6 1.25 VU
1.82 17.75 55 | —17.65 28.7 1.25 hh
1.82 17.75 55 | —20.07 24.1 1.25 hh
1.82 17.75 55 —19.7 22.4 1.25 hh
1.82 17.75 55 | —20.05 18.1 1.25 hh
1.82 17.75 55 | —20.25 13.6 1.25 hh
1.82 17.75 55 —20.4 11.6 1.25 hh

technique adopted here.
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Figure 4. Sensitivity analysis of radar penetration depth D. (a) VV
co-polarization, (b) HH co-polarization.

Figures 4(a) and 4(b) show the sensitivity analysis of radar
penetration depth D for (a) the V'V co-polarization mode and (b) the
HH co-polarization mode, respectively. For the V'V co-polarization
mode (Fig. 4(a)), the influence of the offset of radar penetration
depth D is almost uniform for the low and high soil moisture content.
However, the backscattering coefficient is more sensitive to the offset
of radar penetration depth D at high soil moisture content for the HH
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co-polarization mode (Fig. 4(b)).

To evaluate the improvement of soil moisture content retrieval
using the MS-TEM model, the inversion procedure was applied to the
radar data collected in the literature [15-17]. The genetic algorithm
(GA) has been used to retrieve soil moisture from the radar data
of natural soil [18,19]. The cost function for the GA is defined as
the absolute errors of backscattering coefficients between the MS-IEM
model and the measured data. Firstly, the iterative procedure produces
the estimated values of the soil moisture; Secondly, the estimated
dielectric constants are derived from the estimated values of the soil
moisture using (9); Thirdly, the backscattering coefficients estimated
by the MS-IEM model are compared with the measurements; Fourthly,
if the difference between the estimated and measured is smaller than a
preset criterion, the optimized values of the soil moisture are obtained;
otherwise, repeat the above procedure. The accuracy of the estimation
is then assessed with a correlation analysis between the measured and
the estimated values of the soil moisture.

The data from Sano etal. (1998) are provided by the Sandia
National Laboratories (SNL) in Albuquerque, New Mexico. The RMS
height is from 0.2 to 0.5cm, the correlation length is 5—6c¢m, and
the frequency is 5.3 GHz. The incidence angle is 23°, and the soil
moisture content varies from 10% to 36%, corresponding to dielectric
constant from 6 to 22 [12,13] (see Table 3). All of the results are
at V'V co-polarization. For the data set from Bolten etal. (2003),

70
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Figure 5. Comparison of the soil moisture content measured and
retrieved by the original IEM surface model (black) and by the modified
IEM model (MS-IEM model) (green).
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the RMS height is 0.2 cm, the correlation length is 7 cm, the incidence
angle is 39°, and the frequency is 1.26 GHz (see Table 4). The results
are at both VV and HH co-polarizations. For the data set from
Neusch and Sties [17], the RMS height is from 1.45cm to 1.89 cm for
several different measured fields, the average correlation length are
about 11.1 c¢m, the incidence angle is 55°, and the frequency is 1.3 GHz
(see Table 5). The results are illustrated in Fig. 5. Results show
that the mean square errors between the measured data and the soil
moisture content retrieved by the modified IEM model from all samples
are about 7.7%, while those between the measured and the estimated
by the original IEM surface model are about 12%. The overall accuracy
of retrieving soil moisture by the IEM model is improved by 4.3% when
the surface reflection terms in the IEM model are replaced by the total
reflection coefficients derived from the simple multilayer soil model.
The mean square error from all samples shown in Fig. 5 is still 7.7%.
This may be caused by the radar system noise and the inaccurate
surface autocorrelation function adapted for the model calculation that
has great influence for the retrieval of the soil moisture content from
the radar measurement.

Figures 6(a) and 6(b) show the correlations between the measured
and the predicted soil moisture from radar backscattering coefficient by
the original IEM and the MS-IEM models for (a) the V'V-polarization
mode and (b) the HH-polarization mode, respectively. The linear
trend line equation for each case is also shown.
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Figure 6. The correlations between the measured soil moisture and
model predicted soil moisture by the original IEM model (dashed line
and diamond) and by the MS-IEM model (solid line and triangle) for
(a) the V'V-polarization and (b) the H H-polarization case. The linear
equation for the trend lines are also shown, where M,._,, denotes the
measured soil moisture, M, 1gm and M, vs-tem denote the predicted
soil moisture by IEM and MS-TEM models.
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Table 3. Soil roughness and moisture parameters.

RMS L BC M, Frequency .
0 co-polarization
(cm) | (em) @B | &%) (GH)
0.3 5 23 —74 36 5.3 VY
0.3 5 23 -7.5 35 5.3 VY
0.2 5 23 —13.5 13 5.3 VU
0.3 5 23 | —13.7 10 5.3 VU
0.2 6 23 —12.5 24 5.3 VU
0.3 6 23 —-14 20 5.3 VY
0.4 6 23 —14.2 15 5.3 VU
0.3 6 23 —14.2 15 5.3 VU
0.2 6 23 —14.2 15 5.3 VU
0.3 6 23 —14.3 14 5.3 VU
0.3 6 23 —14.3 14 5.3 VU
0.2 6 23 —14 20 5.3 VU
0.2 6 23 —14 20 5.3 VU
0.4 6 23 —12.5 24 5.3 VU
0.3 6 23 | —10.8 29 5.3 VU
0.3 6 23 -9 31 5.3 VY
0.5 6 23 =7.7 36 5.3 VU
0.3 6 23 -7.9 34 5.3 VU
0.3 6 23 -8 32 5.3 VY
0.3 6 23 —8.3 35 5.3 VU

For the VV-polarization mode (Fig. 6(a)), the number of total
samples is n = 39. For the original IEM model, correlation coefficient
is 7 = 0.699, coefficient of determination R? = 0.4885, and p-vale is
p < 0.001. The correlation between the predicted soil moisture by the
original IEM and the measurement is significant taking p = 0.05 as the
criterion. For the MS-TEM model, the correlation coefficient r = 0.744,
coefficient of determination R? = 0.5542, and p-vale is p < 0.001. The
correlation between the predicted soil moisture by the MS-TIEM model
and the measurement is significant and correlation is better than the
case of the original IEM. If the prediction by a model is perfect, the
slope of the linear equation should be 1, and the offset should be 0. The
slope and offset for the original IEM are S = 1.2069 and OS = 2.898,
respectively, while for the MS-TEM model, S = 1.0603 ad OS = 0.1326.
Compared with the original IEM model, the slope and offset for the
MS-IEM model are closer to 1 and 0, respectively. These comparisons
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Table 4. Soil roughness and moisture parameters.

RMS L BC M, Frequency .
0 co-polarization
(m) | (cm) @B | %) (GHz)
2 7 39 —20.3 6.2 1.26 VU
2 7 39 | —19.5 8.3 1.26 VY
2 7 39 —-20 8.9 1.26 VY
2 7 39 | —18.7 9.1 1.26 VU
2 7 39 | —15.7 10 1.26 VY
2 7 39 —19.8 11.3 1.26 VU
2 7 39 —19.4 11.6 1.26 VU
2 7 39 —194 13.8 1.26 VU
2 7 39 —20.3 15.3 1.26 VU
2 7 39 —15.5 17.2 1.26 VU
2 7 39 —16 19.6 1.26 VU
2 7 39 —14.7 20.6 1.26 VU
2 7 39 —14 23.4 1.26 VU
2 7 39 | —18.7 6.1 1.26 hh
2 7 39 | —20.1 8 1.26 hh
2 7 39 | —20.6 8.4 1.26 hh
2 7 39 | —18.6 9 1.26 hh
2 7 39 —17.7 9.9 1.26 hh
2 7 39 —21.5 11.2 1.26 hh
2 7 39 —19.8 11.6 1.26 hh
2 7 39 —21.5 13.8 1.26 hh
2 7 39 —21 15.3 1.26 hh
2 7 39 —19 17 1.26 hh
2 7 39 —19.2 19.7 1.26 hh
2 7 39 | —18.5 20.6 1.26 hh
2 7 39 —16.8 23.4 1.26 hh

demonstrated that for the V'V-polarization mode, the predictability
of the soil moisture is improved by the MS-IEM model when volume
scattering in soil is considered.

For the H H-polarization mode (Fig. 6(b)), the number of total
samples analyzed is n = 19. For the original IEM model, correlation
coefficient is r = 0.599, coefficient of determination R? = 0.3587, and p-
vale is p = 0.0068. The correlation between the predicted soil moisture
by the original IEM and the measurement is still significant. For the
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Table 5. Soil roughness and moisture parameters.

RMS L BC M, Frequency .
0 co-polarization

(cm) | (em) @B | &%) (GH)

1.7 11.15 55 —17.7 28.85 1.3 VU
1.78 11.2 55 | —18.85 21.57 1.3 VU
1.49 10.8 55 —19.2 21.2 1.3 VU
1.56 11.1 55 | —20.36 19.53 1.3 )
1.45 10.9 55 —21.4 16.52 1.3 VU
1.89 11.6 55 | —21.5 8.53 1.3 )
1.7 11.15 55 —18.4 28.85 1.3 hh
1.78 11.2 55 —18.6 21.57 1.3 hh
1.49 10.8 55 | —18.83 21.2 1.3 hh
1.56 11.1 55 —20.5 19.53 1.3 hh
1.45 10.9 55 —21.8 16.52 1.3 hh
1.89 11.6 55 | —22.47 8.53 1.3 hh

MS-IEM model, the correlation coefficient » = 0.708, coefficient of
determination R? = 0.5013, and p-vale is p = 0.0007. The correlation
between the predicted soil moisture by the MS-IEM model and the
measurement is significant and correlation is better than the case of
original IEM. The slope and offset for the original IEM are S = 0.7522
ad OS = 10.801, respectively, while for the MS-IEM model, S = 0.965
and OS = 2.1369. Compared with the original IEM model, the slope
and offset for the MS-IEM model are closer to 1 and 0, respectively.
These comparisons demonstrated that for the H H-polarization mode,
the predictability of the soil moisture is also improved by the MS-IEM
model when volume scattering is considered.

For the VV-polarization, both models can predict well the soil
moisture, while for the H H-polarization; the predictability is not as
good as for the VV-polarization. The improvement by the MS-IEM
model is even more significant in the H H-polarization mode compared
to the V' V-polarization mode.

A better agreement between the modified TEM model and
in situ measurement in both backscattering coefficient and soil
moisture retrieval than the original IEM mode indicates that: 1) the
contribution of volume scattering to the total backscattering coefficient
should be more or less captured in the total reflection coefficient
calculated by the ray-tracing method with a simplified multilayer
soil model; and 2) the approach adopted here to replace the surface
reflection coefficient with total reflection coefficient in IEM model
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works well, even though the original development of IEM model only
considered the surface scattering.

4. CONCLUSIONS

Based on a multilayer soil model developed, the total surface reflection
coefficient has been obtained using ray-tracing technique. The total
surface reflection coefficient of radar beam includes both the surface
reflection term and the volumetric reflection term, which is simplified
as the internal reflections from the interfaces of the multilayer model.
The pure surface reflection terms in the IEM model is replaced by
the total reflection coefficient. The comparisons of backscattering
coeflicient simulations using the IEM model and the MS-IEM model
were performed for two cases: 1) different incidence angles but constant
soil moisture content; 2) different soil moisture contents but at a single
incidence angle. Results show that the MS-IEM model shows better
agreement with the experimental data than the original IEM model,
especially for H H-polarization mode, even though the multi-layer is a
simple model and the total surface reflection coefficient is obtained by
a simplified ray-tracing method.

The MS-IEM model was also compared with the original
IEM surface model in retrieving soil moisture content from radar
backscattering coefficients. The MS-IEM model gives comparable soil
moisture to the in situ measurements. The mean square error from all
samples is about 7.7% for the MS-IEM model, comparing to about 12%
for the original IEM model. The predicting capability of IEM model
is improved by 4.3% with volumetric scattering being considered with
multilayer soil model for radar backscattering. Regression analysis
between the measured and model-predicted soil moistures shown that:
(1) The correlation coefficient and coefficient of determination are
higher for the MS-IEm model than the original model; (2) the slope
and offset of the linear regression equation are closer to 1 and O,
respectively, for the MS-IEM than the original IEM model.

All these results indicate that the predictability of soil moisture
by the MS-TEM model is improved compared to the original model.
In addition, all the terms of Equation (6) can be derived by using the
iterative procedure for applications of the MS-IEM model to airborne
or Spaceborne SAR. The MS-IEM model can be used to different
textured soil. For the partially vegetated fields, it can be further
modified by adding a top layer of vegetation to simulate the impact of
the vegetation.



Progress In Electromagnetics Research B, Vol. 26, 2010 397

ACKNOWLEDGMENT

The work for this grant was supported by NASA through Montana
Space Grant Consortium (G316-06-W0381), by National Natural
Science Foundation of China-NASF (Grant No: 10976005), by
the Fundamental Research Funds for the Central Universities
(No. 2YGX2009J013), and by Youth Science & Technology Foundation
of the University of Electronic Science and Technology of China
(JX0711).

REFERENCES

1. Verhoest, N. E. C., B. De Baets, and H. Vernieuwe, “A Takagi-
Sugeno fuzzy rule-based model for soil moisture retrieval from
SAR under soil roughness uncertainty,” IEEE Transactions on
Geoscience and Remote Sensing, Vol. 45, No. 2, 1351-1360, 2007.

2. Kuo, C.-H. and M. Mahta, “Electromagnetic scattering from
multilayer rough surfaces with arbitrary dielectric profiles for
remote sensing of subsurface soil moisture,” IEEE Transactions
on Geoscience and Remote Sensing, Vol. 45, No. 2, 349-366, 2007.

3. Oh, Y., “Quantitative retrieval of soil moisture content and surface
roughness from multipolarized radar observations of bare soil
surfaces,” IEEE Transactions on Geoscience and Remote Sensing,
Vol. 42, No. 3, 596601, 2004.

4. Zribi, M. and M. Dechambre, “A new empirical model to retrieve
soil moisture and roughness from C-band radar data,” Remote
Sensing of Environment, Vol. 84, No. 1, 42-52, 2003.

5. Dubois, P. C., J. V. Zyl, and T. Engman, “Measuring soil moisture
with imaging radars,” IEEFE Transactions on Geoscience and
Remote Sensing, Vol. 33, No. 4, 915-926, 1995.

6. Oh, Y., K. Sarabandi, and F. T. Ulaby, “An empirical model and
inversion technique for radar scattering from bare soil surface,”
IEEE Transactions on Geoscience and Remote Sensing, Vol. 30,
No. 2, 370-381, 1992.

7. Ulaby, F. T., R. K. Moore, A. K. Fung, Microwave Remote
Sensing: Active and Passive, Vol. 2, Addison-Wesley, MA, 1982.

8. Fung, A. K., Z. Li, and K. S. Chen, “Backscattering from
a randomly rough dielectric surface,” IFEE Transactions on
Geoscience and Remote Sensing, Vol. 30, No. 2, 356-369, 1992.

9. Fung, A. K., Microwave Scattering and Emission Models and
Their Applications, Artech House, Norwood, MA, 1994.

10. Ulaby, F. T., R. K. Moore, and A. K. Fung, Microwave Remote



398

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Song, Zhou, and Fan

Sensing, Active and Passive, Vol. 1, Addison-Wesley, Norwood,
MA, 1981.

Tsang, L., K. H. Ding, and B. Wen, “Dense media radiative
transfer theory for dense discrete random media with particles of
multiple sizes and permittivities,” Progress In FElectromagnetics
Research, Vol. 6, 181-230, 1992.

Topp, G. C. and J. L. Davis, “Measurements of soil water content
using time domain reflectometry: A field evaluation,” Soil Sci.
Am. J., Vol. 49, 19-24, 1985.

Topp, G. C., J. L. Davis, and A. P. Annan, “Electromagnetic
determination of soil water content: Measurement in coaxial
transmission lines,” Water Resour. Res., Vol. 16, 574-582, 1980.

Oh, Y., K. Sarabandi, and F. T. Ulaby, “Semi-empirical model of
the ensemble-averaged differential mueller matrix for microwave
backscattering from bare soil surfaces,” IEEE Transactions on
Geoscience and Remote Sensing, Vol. 40, No. 6, 13481355, 2002.

Sano, E. E., M. S. Moran, A. R. Huete, and T. Miura, “C-
and multiangle Ku-band synthetic aperture radar data for bare
soil moisture estimation in agricultural areas,” Remote Sens. of
Environ., Vol. 64, 77-90, 1998.

Bolten, J. D., V. Lakshmi, and E. G. Njoku,, “Soil moisture re-
trieval using the passive/active L- and S-band radar/radiometer,”
IEEE Transactions on Geoscience and Remote Sensing, Vol. 41,
2792-2801, 2003.

Neusch, T. and M. Sties, “Application of the Dubois-model using
experimental synthetic aperture radar data for the determination

of soil moisture and surface roughness,” ISPRS Journal of
Photogrammetry & Remote Sensing, Vol. 54, 273-278, 1999.

Oh, Y., “Robust inversion technique for retrieving soil moisture
from multi-polarised backscatter of bare surface,” FElectronics
Letters, Vol. 42, No. 7, 414-415, 2006.

Wang, Y.-Q. and Y.-Q. Jin, “A genetic algorithm to simultane-
ously retrieve land surface roughness and soil moisture,” Journal

of Remote Sensing, Vol. 4, No. 2, 90-94, 2000.

Yan, S. H., X. B. Wu, and Z. Z. Chen, “Remote sensing
with TDMF radar: some preliminary results,” Progress In
Electromagnetics Research Letters, Vol. 14, 79-90, 2010.

Song, K., X. Zhou, and Y. Fan, “Empirically adopted IEM for
retrieval of soil moisture from radar backscattering coefficients,”

IEEFE Transactions on Geoscience and Remote Sensing, Vol. 47,
1662-1672, 2009.



Progress In Electromagnetics Research B, Vol. 26, 2010 399

22.

23.

24.

25.

26.

27.

28.

29.

30.

Prasad, R., R. Kumar, and D. Singh, “A radial basis function
approach to retrieve soil moistrure and crop variables from X-
band scatterometer ovservations,” Progress In FElectromagnetics

Research B, Vol. 12, 201-217, 2009.

Singh, D., V. Srivastava, B. Pandey, and D. Bhimsaria,
“Application of neural network with error correlation and time
evolution for retrieval of soil moisture and other vegetation
variables,” Progress In Electromagnetics Research B, Vol. 15, 245~
265, 2009.

Liang, D., P. Xu, L. Tsang, Z. Gui, and K.-S. Chen,
“Electromagnetic scattering by rough surfaces with large heights
and slopes with applications to microwave remote sensing of
rough surface over layered media,” Progress In Electromagnetics
Research, Vol. 95, 199-218, 2009.

Shi, J., J. Wang, A. Y. Hsu, P. E. O'Neill, and E. T. Engman,
“Estimation of bare surface soil moisture and surface roughness
parameter using L-band SAR image data,” IEEE Transactions on
Geoscience and Remote Sensing, Vol. 35, 1254-1266, 1997.

Chen, M. F. and A. K. Fung, “A numerical study of the regions
of validity of the Kirchhoff and small perturbation rough surface
scattering models,” Radio Science, Vol. 23, 163—170, 1988.

Walker, J. P., P. A. Troch, M. Mancini, G. R. Willgoose,
and J. D. Kalma, “Profile soil moisture estimation using the
modified IEM,” IEEE International Geoscience and Remote
Sensing Symposium, IGARSS, Vol. 3, 1263-1265, 1997.

Fung, A. K., M. S. Dawson, K. S. Chen, A. Y. Hsu, E. T. Engman,
P. O. O’Neill, and J. Wang, “A modified IEM model for: scattering
from soil surfaces with application to soil moisture sensing,”
IEEE International Geoscience and Remote Sensing Symposium,
IGARSS, Vol. 2, 1297-1299, 1996.

Cuinas, I., D. Martinez, M. G. Sanchez, and A. V. Alejos,
“Modelling and measuring reflection due to flat dielectric surfaces
at 5.8 GHz,” IEEFE Transactions on Antennas and Propagation,
Vol. 55, 1139-1141, 2007.

Burnside, W. D. and K. W. Burgener, “High frequency scattering

by a thin lossless dielectric slab,” IEEE Transactions on Antennas
and Propagation, Vol. 31, 104-110, 1983.



