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Abstract—Soil moisture is an important parameter for hydrological and climatic investigations. Future satellite missions with
L-band passive microwave radiometers will significantly increase
the capability of monitoring earth’s soil moisture globally. Understanding the effects of surface roughness on microwave emission
and developing quantitative bare-surface soil moisture retrieval
algorithms is one of the essential components in many applications of geophysical properties in the complex earth terrain by
microwave remote sensing. In this study, we explore the use of the
integral equation model (IEM) for modeling microwave emission.
This model was validated using a three-dimensional Monte Carlo
model. The results indicate that the IEM model can be used to
simulate the surface emission quite well for a wide range of surface
roughness conditions with high confidence. Several important
characteristics of the effects of surface roughness on radiometer
emission signals at L-band 1.4 GHz that have not been adequately
addressed in the current semiempirical surface effective reflectivity models are demonstrated by using IEM-simulated data.
Using an IEM-simulated database for a wide range of surface soil
moisture and roughness properties, we developed a parameterized
surface effective reflectivity model with three typically used correlation functions and an inversion model that puts different weights
on the polarization measurements to minimize surface roughness
effects and to estimate the surface dielectric properties directly
from dual-polarization measurements. The inversion technique
was validated with four years (1979–1982) of ground microwave
radiometer experiment data over several bare-surface test sites at
Beltsville, MD. The accuracies in random-mean-square error are
within or about 3% for incidence angles from 20 to 50 .
Index Terms—L-band radiometer, soil moisture, surface
emission.

I. INTRODUCTION

S

OIL MOISTURE is a key parameter in numerous environmental studies, including hydrology, meteorology,
and agriculture. Previous investigations have established the
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fundamentals of passive microwave remote sensing as an
important tool in determining the physical properties of soils
[1]–[8]. The ability to estimate soil moisture in the surface layer
to an approximately 5-cm depth by microwave remote sensing
at 1.4 GHz has been demonstrated under a variety of topographic and land cover conditions. Application of microwave
retrieval of soil moisture to hydrological and meteorological
sciences has been influenced by the natural variability and
complexity of the vegetation canopy and surface roughness that
significantly affect the sensitivity of emission measurements
to soil moisture. At high frequencies (C-band or higher), it is
well understood that the instrument’s ability to monitor soil
moisture is limited by vegetation cover. At lower frequencies,
this problem can be greatly reduced. Two possible future
spaceborne L-band multipolarization passive microwave techniques—two-dimensional synthetic aperture interferometry
[5], [8] and filled-aperture mesh deployable reflectors [9]—will
significantly increase the capability of monitoring earth’s soil
moisture globally. In addition to operating at long wavelengths,
these multipolarization instruments provide an opportunity
to utilize multiple polarization data in the estimation of soil
moisture. The full utilization of these data will require a further
understanding of surface roughness effects on the emission
signals, especially on the relationships of the emission signals
at different polarizations, in order to develop a quantitative
algorithm for global soil moisture mapping.
The surface reflectivity model is one of the essential components in many applications of microwave remote sensing of
geophysical properties in complex earth terrain. It is a direct
component in monitoring soil moisture in bare or vegetated surfaces and serves as the boundary condition in studying snow,
vegetation, and atmospheric properties. Currently, there are two
types of approaches used to model surface reflectivity:
1) semiempirical approach: this type of model is generally
found to be easy to use without significant computing
efforts and is generally easy to implement as an inversion
model;
2) physical modeling approach: the surface reflectivity can
be obtained by integrating the bistatic scattering coefficient over the upper hemisphere [10].
The most commonly used semiempirical model that describes
the bare-surface emission as a function of the surface roughness
and dielectric properties is the so-called Q/H model [11], [12].
The parameter Q describes the energy emitted in orthogonal po-
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larizations due to surface roughness effects. H is a measure of
the effect of surface roughness to increase surface emissivity.
However, it has been recognized that there can be a great difference between the direct physical measurements of surface
roughness in the field and those derived by fitting the Q/H model
with observed soil moisture or dielectric constant measurements
[13], [14]. Commonly, the surface roughness parameter in the
Q/H model has to be determined empirically from the experiment data and often is called “effective roughness.” This is an
inconvenient technique to apply in either the forward calculation to relate the soil moisture with microwave radiometer measurements or the inverse calculation, since there are no quantitative relationships between the empirical roughness parameter
and the commonly used measurable surface roughness characteristics such as the root-mean-square (rms) height , the autocorrelation length , and the autocorrelation function.
Attempts to improve understanding of the effects of surface
roughness and how traditional surface roughness parameters can
be directly related to emission signals have resulted in the development of several surface reflectivity models. In comparison
with the Q/H model, all of these models determined that the Q
parameter is not very important [14]–[17]. Depending on the
empirical data sources and the techniques used to develop the
reflectivity models, the H parameter can have a variety of different forms.
• Mo and Schmugge [15] simulated the effects of surface
roughness on the effective surface reflectivity using the
Kirchhoff model and compared L- and C-band measurements from three field sites with different roughness conditions. They found that the H parameter depends on soil
and that it varies with the inmoisture and the ratio of
cidence angle and polarization.
• Saatchi et al. [16] used the traditional surface scattering
models—small perturbation model, physical optical
model, and geometric optical model—to simulate the
effect of surface roughness for horizontal (H) polarization and compared the results with experimental data
over a frequency range of 1–12 GHz. A parameterized
reflectivity model was developed with two (coherent and
noncoherent) components. Unfortunately, vertical (V)
polarization was not studied.
• Wegmüller and Mätzler [14] developed an empirical
rough-surface reflectivity model using ground radiometer
measurements with frequencies ranging from 1–100 GHz
and with incidence angles of 20 to 70 . The reported
accuracies of the surface reflectivity in terms of the
random-mean-square errors (rmse) were 0.095 and 0.061
for H and V polarizations, respectively. This level of accuracy is about 20% of the dynamic range of the surface
emission response to soil moisture.
• Wigneron et al. [17] also developed an empirical roughsurface reflectivity model using experimental measurements over seven different roughness conditions at L-band
40 . The reported ac1.4 GHz and incidence angles
curacy for the surface reflectivity was 0.031 (rmse). This
study concluded that the H parameter is independent of
both incidence angle and polarization.
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These simplified semiempirical approaches have generally
focused on evaluating the magnitude of the relationship between the emission signals and the surface roughness. They are
useful for the quick evaluation of the impact of roughness on
surface emissions, but they do not have sufficient accuracy for
the forward calculation of surface emissivity due to the nature
of the semiempirical approach—i.e., limited observations and
uncertainties in both instrument and field measurements. The
common weakness of these semiempirical models [14], [15],
[17] is that they all incorrectly presented the relationships
between V and H polarizations, since they all assumed that
the effects of surface roughness on emissions at different polarizations had the same magnitude and direction (increase or
decrease the surface effective reflectivity) for any given surface
roughness properties. For instance, the models developed in
[15] and [17] showed that the V/H ratio of the surface effective
reflectivity would be independent of the surface roughness and
only dependent on the Fresnel reflectivity ratio. In other words,
it only depends upon the surface dielectric or moisture properties. The model in [14] showed that this ratio is independent of
both the surface roughness and dielectric properties. This is a
quite misleading concept, and we will demonstrate in Section
III that surface roughness has a significant impact on the V/H
ratio measurements.
Theoretical modeling efforts have also significantly improved in recent years. The limitations of the commonly used
models—small perturbation model, physical optical model,
and geometric optical model—have been recognized, especially where each model can be applied to certain roughness
conditions [10] and the fact that many natural surfaces are
located outside of the applicable roughness ranges of these
models [18]. In numerical simulation, a three-dimensional
(3-D) Monte Carlo model has been developed [19], [20]. It
solves Maxwell equations directly and allows the computation
of the surface reflectivity without any approximation. In
analytical model developments, the integral equation model
(IEM) has demonstrated a much wider application range for
surface roughness conditions [21]. Recently, a physically based
transition function has been developed and implemented as
part of the IEM model. This transition function improves
the calculation of Fresnel reflection coefficients in the IEM
model and connects the backscattering and emission over a
wide range of surface roughness conditions [22]. Comparison
with experiment data [18] showed a significant improvement
in accuracy. These recent advances in theoretical models
now allow more accurate calculation of surface reflectivity.
Although the IEM model is valid for a wider range of surface
roughness conditions when compared to other early theoretical
models, the complexity of this model makes direct application
using microwave radiometer data to infer soil moisture and
roughness parameters rather difficult. Therefore, there is a need
to develop a simple yet accurate surface reflectivity model.
Furthermore, a technique that estimates bare-surface soil
moisture directly using emission signal measurements has yet
to be developed. The currently used single-frequency inversion
technique [1], [2] requires surface roughness ancillary data to
correct for the effect of surface roughness. In this study, we
use data simulated by the IEM model [22] to evaluate the use
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TABLE I
SUMMARY OF THE SURFACE ROUGHNESS PARAMETERS, PERMITTIVITIES USED IN MONTE CARLO SIMULATION. THE PARAMETERS IN THE TOP TABLE
WITH DIFFERENT COMBINATIONS WERE USED TO SIMULATE EMISSIVITY AT BOTH 40 AND 50 . THE OTHER FIVE PAIRS OF THE SURFACE
ROUGHNESS PARAMETERS WITH EIGHT PERMITTIVITIES SHOWN IN THE BOTTOM OF THE TABLE WERE SIMULATED AT 50 ONLY

of a single-frequency (L-band) and dual-polarization (V and
H) microwave radiometer in the estimation of soil moisture for
bare surfaces. The objectives that will be addressed here are as
follows.
• Develop a parameterized surface reflectivity model for
L-band (1.4 GHz) using IEM-simulated data for a wide
range of surface roughness and soil moisture conditions.
This model provides a simple but accurate connection between the surface reflectivity at different polarizations and
the commonly used surface roughness measurements such
as —surface rms height, —correlation length, and the
correlation functions in order to avoid intensive computational efforts.
• Demonstrate the characteristics of surface roughness effects at different polarizations and incidence angles.
• Develop a quantitative algorithm for estimating bare-surface soil moisture directly from dual-polarization measurements without requiring surface roughness ancillary
data.
Section II shows the validation of the IEM model in comparison with the 3-D Monte Carlo simulated emissivity data to
establish confidence in our IEM model simulations. We then
demonstrate the effects of surface roughness on the emission
signals at different polarizations and incidence angles in Section III and the development of a parameterized IEM model in
Section IV. In Section V, we show the development of a soil
moisture algorithm that uses dual polarization measurements to
minimize surface roughness effects, followed by validation of
the algorithm using ground-based L-band radiometer measurements over a four-year period in Section VI, and we provide
conclusions in Section VII.
II. VALIDATION OF THE IEM EMISSION MODEL
Theoretical models [10], [21] to account for the effect of surface roughness on microwave emission are based on the following equation:
(1)
is the surface emissivity; is the incidence angle;
where
is the surface effective reflectivity, which consists of two components: the noncoherent component
and coherent com-

ponent
.
can be obtained by integrating the bistatic
scattering coefficient over the upper hemisphere

(2)
The subscript or describes the polarization state, and indicates the scattering direction.
(3)
The is the smooth-surface Fresnel reflectivity. is the wave
number in free space, and is the standard deviation of surface
height. Equation (1) is based on energy conservation that states
that the nonscattered energy from the soil surface is equal to the
transmitted and absorbed energy in the soil. The emitted energy
is equal to the absorbed energy under thermal equilibrium conditions.
To evaluate the IEM model [22] for simulating surface emissivity at L-band for random rough surfaces, we compared the
3-D Monte Carlo simulated emissivity data at viewing angles
of 40 and 50 . The Monte Carlo simulation results were computed with the sparse-matrix canonical-grid method [19] and the
physics-based two-grid method [20]. The Monte Carlo simulated emissivity data cover a wide range of surface roughness
and dielectric properties. The surface roughness parameters and
the relative dielectric constants used in the simulations are listed
in Table I. The parameters in the top table with different combinations were used to simulate emissivity at both 40 and 50 .
The other five pairs of the surface roughness parameters with
eight permittivities shown in the bottom of the table were simulated at 50 only. The total number of simulated cases was
216 at 40 and 256 at 50 . The surface rms height ranges from
0.035–0.41 wavelengths, and the correlation length ranges from
0.17–1.33 wavelengths. They correspond to surface rms heights
of 0.74–8.6 cm at L-band 1.41 GHz and correlation lengths from
3.5–28 cm. The gauss correlation function was used in the simulation. The real part of the dielectric constant covers a range
from 3.6–24.6.
Fig. 1 shows a comparison of IEM-simulated ( axis) and
Monte Carlo simulated ( axis) emissivity at 40 (left) and 50
(right) for V (top) and H (bottom) polarizations. The accura-
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Fig. 1. Comparison of IEM model (x axis) with 3-D Monte Carlo model simulated emissivity (y axis) at 40 (left) and 50 (right) for V (top) and H (bottom)
polarization.

cies at 40 in terms of rmse are 0.010 and 0.008 for V and
H polarization. For V polarization, the IEM model systematically overestimates emissivity or underestimates the surface reflectivity slightly. At 50 , the rmses are 0.013 and 0.017 for V
and H polarizations. Similarly, the IEM model overestimates the
emissivity of V polarization in most of the cases. In terms of
modeling the electromagnetic emission signal given well-characterized random rough surfaces, the results indicate that the
IEM model can be used to simulate the surface emission quite
well for a wide range of surface roughness conditions with high
confidence.
III. EFFECTS OF SURFACE ROUGHNESS PROPERTIES
In order to evaluate and characterize the effects of roughness
on surface emission, we generated a simulated surface emission
database for L-band at 1.4 GHz and both V and H polarizations
using the IEM model. This database covers a wide range of soil
moisture, roughness characteristics including rms, height, correlation length, and correlation functions, and incidence angles
from 20 to 60 . These parameters are summarized in Table II.
The commonly used correlation functions are the gauss and exponential functions. The gauss function generally describes a
random rough surface with a single dominant scale, where the
exponential correlation function represents a multiscale random
rough surface. As shown in [23], the correlation functions of
most natural random rough surfaces are generally between the
gauss and exponential functions. Our simulated database should
be valid for most natural random rough surfaces. Surfaces with
row patterns are outside the scope of this study and need to be
studied in the future.
Through our evaluation of the effects of surface properties
on microwave emissivity at different polarizations and incidence angles, we found that several important characteristics
of surface roughness effects were not explained or addressed

SOIL MOISTURE

AND

TABLE II
SURFACE ROUGHNESS PARAMETERS USED
IN SIMULATIONS

in the current semiempirical models. These include the following.
• Roughness effects on the surface effective reflectivity
differ at different incidence angles and polarizations
for the same surface roughness parameters (ks, kl, and
the correlation functions) in both the magnitudes and
directions that increase or decrease the surface effective
reflectivity.
• Surface roughness has a significant effect on the V/H ratio
measurements.
Fig. 2 shows the IEM model simulated effective surface
reflectivity ( axis) for all combinations of surface roughness
and soil moisture parameters listed in Table II versus the
corresponding flat-surface reflectivity ( axis) for H (top)
and V (bottom) polarizations at 30 (left) and 50 (right),
respectively. The departing of the effective reflectivity from
the straight diagonal 1:1 line in Fig. 2 represents the effect of
surface roughness. For H polarization, the effects of surface
roughness always reduce the reflected energy or increase the
emission in comparison with that from a flat surface, although
the magnitudes are different at different incidence angles. This
is a commonly understood phenomenon. However, the effects
of surface roughness on V polarization significantly change in
both magnitude and direction at different incidence angles as
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Fig. 2. IEM model simulated effective surface reflectivity (y axis) for all combinations of surface roughness and soil moisture parameters listed in Table II versus
the corresponding Fresnel reflectivity (x axis) for H (top) and V (bottom) polarizations at 30 (left) and 50 (right), respectively.

shown in the bottom of Fig. 2. At 30 , the effect of the surface
roughness has the same direction as H polarization despite
different magnitudes for most of the simulated cases. Surface
effective reflectivity is reduced at both polarizations. In contrast
to 30 , the effect of roughness at 50 for the two polarizations
is different in magnitude and direction for most cases. For
vertical polarization, the roughness actually increases the
surface effective reflectivity or decreases the emission for most
cases compared to that of a flat surface.
From (1)–(3), we can see that the surface reflectivity mainly
consists of two components, namely, coherent and incoherent.
The coherent component is only affected by (the incidence
(the normalized surface rms height) for a given
angle) and
dielectric constant. The coherent component always decreases
as the surface roughness increases at a given incidence angle,
and it decreases as the incidence angle decreases for a given .
The reflectivity of the coherent component for H polarization is
always greater than that for V polarization. Especially when it
reaches the Brewster angle, the coherent component of V polarization can be very small or approaches zero. It is a dominant
component at L-band especially at large incidence angles and H
polarization.
The noncoherent component is a function of , , , and the
form of the surface correlation function. It always increases as
the surface roughness increases. At H polarization, the noncoherent term is generally smaller than that for V polarization. The
overall effect of surface roughness is actually a combined effect
from these two components: one decreases, and the other increases as the roughness changes. As a result, the total reflected
energy may have two outcomes when comparing rough to flat
surfaces. If the reduction in the coherent component of the re-

flected energy is greater than the increase in the noncoherent
scattering, then surface roughness will appear to reduce the effective reflectivity. This represents all cases for H polarization
at all incidence angles. However, when the amount of the reduced coherent component in the reflected energy is less than
the increase in the noncoherent scattering, then surface roughness will appear to increase the effective reflectivity. This can
occur in V polarization due to the effect of the Brewster angle in
the coherent component. To explain this phenomena, we show
each scattering component of (1) as a function of the surface
rms height for H polarization (top) and V polarization (bottom)
at 30 (left) and 50 (right) in Fig. 3. The data were simulated
with soil moisture of 20% and a correlation length of 15 cm with
a gauss correlation function. The solid line is the total surface effective reflectivity. The and are for the coherent and noncoherent reflection components. In Fig. 3 for H polarization (top)
at both incidence angles, the rate of the coherent reflectivity decreases faster than the rate of the noncoherent reflectivity increases when the surface roughness increases. Therefore, the
total reflectivity decreases as increases. For V polarization at
30 in Fig. 3 (bottom left), the total reflectivity has almost no
change for all values of because the rate change in both coherent and noncoherent components is similar. For V polarization at 50 (bottom right in Fig. 3), however, the amount of the
reflected energy in the coherent component decreases slower
than that in the noncoherent component increases. As a result,
surface roughness can cause an increase in the surface effective reflectivity at V polarization that strongly depends on the
incidence angle and the surface roughness properties. In our
simulated database, the percentages of the IEM-simulated effective reflectivity at V polarization that are greater than their
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Fig. 3. IEM model simulated scattering components as a function of s for H polarization (top) and V polarization (bottom) at 30 (left) and 50 (right) with
the gauss correlation function for soil moisture 20% and correlation length 15 cm. The solid line is the total surface effective reflectivity. The and are for the
coherent and noncoherent reflection components.

+

corresponding Fresnel reflectivity in the total simulated data
increased as the incidence angle increased. This percentage is
quite small at small incidence angles (with only 8% at 20 ),
while all of the simulated V polarization data are larger than
their corresponding Fresnel reflectivity at 55 or higher. This is
in contrast to the current semiempirical models. These models
predict that increased surface roughness results in a decrease in
the effective reflectivity or an increase in the emitted energy for
both V and H polarizations when compared with a flat surface.
We noticed that the Q/H model could predict an increase of the
effective reflectivity in V polarization under the arbitrary rough. However, it has the
ness condition with large Q and
similar prediction as the other semiempirical models [14]–[17]
when using the physically based surface roughness parameter
(rms height) [12]. This is because the H parameter is a dominant roughness control factor.
Furthermore, to demonstrate the effects of surface roughness
ratio measurements, we show the IEM model
on the
at 30 for rough surfaces ( axis)
simulated ratio of
for flat surfaces in Fig. 4(A). If the roughness efversus
fects at V and H polarizations had the same magnitude and direction for any given combination of surface roughness paramratio meaeters ( , , and correlation functions), the
surement could cancel out the roughness effect. In this case,
might be expected to be highly correlated
the ratio of
. However, the rewith the flat-surface reflectivity ratio
sults show that the roughness has a significant impact on the efratio measurements. It indicates that
fective reflectivity
the effects of the surface roughness at different polarizations
have different magnitudes even though they have the same di( axis) and
rection. Fig. 4(B) shows the relationship of

(A) R =R (y axis) versus r =r (x axis) at 30 incidence and (B) the
R =r (x axis) versus R =r (y axis).
Fig. 4.

( axis). The
can be considered here as a roughness correction factor for polarization . Values that depart from
one are due to the surface roughness effect, with larger deparis always
tures indicating larger roughness effects. Since
, this indicates that the effect of
greater than or equal to
surface roughness is significantly different at different polarizations and that the polarization ratio is greatly affected by surface
at all inroughness. In our simulated database,
cidence angles. Therefore, this must be considered in both the
surface effective reflectivity model and the inversion algorithm
development.
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TABLE III
COEFFICIENTS IN (7) FOR CALCULATING A ON TOP AND B

IV. PARAMETERIZED IEM MODEL
Using the IEM-simulated database, we developed a simple
model for the parameterization of surface roughness effects that
are convenient and easy to use in relating the ground surface
properties measurements to the emission signal directly without
significant computational efforts. We found that the surface effective reflectivity could be described as
(4)
is given in (3).
and
are roughness paramewhere
ters that will depend on the polarization, incidence angle, surface rms height, correlation length, and the type of the correlation function. They represent an overall effect of the surface
because the
roughness. We selected the roughness parameter
log–log form is generally better than the linear relation form for
a wide range of incidence angles in presenting the relationship
between the noncoherent surface reflectivity and the Fresnel reand
can be calcuflectivity. The roughness parameters
lated by a common form
or
(5)
The coefficients , , , and depend on the incidence angle,
polarization, and the type of the correlation function , where
is Gaussian,
is 1.5-power, and
is exponential. They are determined through regression analyses using
is the surface roughness
our IEM model simulated database.
power spectrum, which is the Fourier transform of the correlation function . For three commonly used correlation functions,
it is given by [21]
gauss
1.5-power
(6)
exponential.

AT

BOTTOM IN (5)

Furthermore, the angular dependence of the coefficients , , ,
and for a given polarization and correlation function can be
described by a second-order function
(7)
where is in radians. Table III gives the coefficients of , , and
for different polarizations and types of correlation functions.
It is found that 1) the coefficients , , and from the gauss and
1.5-power correlation functions have no significant difference,
but they differed from those of the exponential correlation function, and 2) the coefficient from the gauss correlation function
has no angular dependence and is a constant.
Now, we can calculate the surface effective reflectivity by the
following steps.
Step 1) Calculate the coefficients , , , and for a given
incidence , polarization , and correlation function
using (7) and the coefficients of , , and from
Table III.
and
from the coefStep 2) Calculate the coefficients
ficients , , , and using (5).
Step 3) Then use (4) to calculate the surface effective reflec.
tivity
Fig. 5 shows the rmse as a function of incidence angle of
results from this simplified model compared with that directly
calculated by the IEM model. In Fig. 5, the letters V and H represent V and H polarizations, respectively. The parameterized
model (4) has an accuracy (rmse) better than 0.01 for V polarization at all incidence angles, with the best accuracy of 0.0035
around 40 . For H polarization, the accuracy increases as the incidence angle increases, with the worst accuracy of 0.011 at 20
and the best accuracy of 0.0028 at 60 . These results indicate
that this parameterized model can be used in place of IEM model
predictions over a wide range of surface roughness conditions.
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Fig. 5. RMSE (y axis) of the parameterized model (4) in comparison with the
IEM model predications at different incidence angles (x axis).

V. INVERSION MODEL DEVELOPMENT
In the single-polarization inversion technique described in [1]
and [2], the surface roughness correction factor must be determined from other data sources in order to estimate soil moisture.
Dual-polarization measurements, however, provide an opportunity to minimize surface roughness effects and to estimate soil
moisture directly for bare soils. Considering that surface roughness parameters ( , , and the form of the correlation function)
affect the surface emission signals, it is unrealistic to solve for all
unknowns from only limited observations, given that there are
only two microwave measurements available (V and H polarizations). The task is to reduce the dimensionality of the problem
by eliminating some of the surface roughness parameters. This
may be possible if they are highly correlated with each other at
the different polarizations. If they are highly correlated, it would
be possible to minimize the effects of the surface roughness so
that soil moisture could be estimated.
Our algorithm development was based on the optimization
scheme techniques to minimize the surface roughness effects
using our simulated database that covered a wide range of the
surface roughness and soil moisture conditions at each incidence angle. We evaluated the different combinations or forms
and
in terms of minimizing the surface roughness
from
effects through statistical regression analyses. It is found that
the inversion model to estimate soil moisture using dual-polarization V and H measurements can be written as

(8)
This model uses the different weight on the surface effective reflectivity measurements at different polarizations to minimize
the surface roughness effects so that the response of the measurements to the Fresnel reflectivity ratio [left side of (8)] can
be estimated. The parameters , , , and are determined
through the statistical optimization by the least square fitting
analyses from our IEM model simulated database. These parameters are dependent only on incidence angle. Since the angular
dependence of these coefficients can be described by a secondorder function, they can be determined using (7). Table IV gives
the parameters , , and that are needed to calculate the coefficients , , , and in (8). Furthermore, the surface dielectric
properties or soil moisture (with known soil texture information)
can be derived from the Fresnel reflectivity ratio, since it only
depends on the surface dielectric property and incidence angle.

TABLE IV
COEFFICIENTS USING (7) TO CALCULATE
A, B , C , AND D IN (8)
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Fig. 6(A) shows the estimated volumetric soil moisture in percent at 40 ( axis) by (8) versus its corresponding input soil
moisture ( axis) that was used to simulate the surface effective
reflectivity using the IEM model. The rmse is 0.83. Fig. 6(B)
(solid line) shows the accuracies in rmse in percent as a function of incidence angles from 20 to 60 . In terms of general
behavior, the inversion accuracy is 1.68% at 20 . The rmse reduces as the incidence angle increases (up to a point). The best
accuracy can be seen at 45 with 0.55% rmse. As the incidence
angle further increases, the rmse starts to increase with the worst
case 2.53% at 60 incidence angle. Based on comparisons to the
IEM-simulated data, the inversion model is quite accurate.
In order to evaluate the behavior of the inversion model (8)
on estimation of soil moisture, we performed sensitivity tests by
introducing the absolute error and relative error in the IEM-simulated surface effective reflectivity. The effect of the absolute
error was evaluated from adding or subtracting an error in both
V and H polarizations simultaneously. The relative error was
introduced from error/2 to one polarization and that with opposite sign to the other polarization. Fig. 6(C) shows the effects
of the absolute and relative errors on the volumetric soil moisture in percent estimation by (8) using the IEM-simulated data
as a function of the incidence angle in degrees. The solid line
represents the accuracy using the IEM-simulated data. The angular behaviors, due to the absolute (adding 0.015) and relative
(adding 0.0075 to V polarization and subtracting 0.0075 from
H polarization) errors, for (8) are shown with dotted and dashed
lines, respectively. The results show that the algorithm is sensitive at small incidence angles less than 25 and insensitive at
incidence angles larger than 30 for relative errors. This is because there is a smaller dynamic range for the differences beand
at small incidence angles than at large intween
cidence angles. For the absolute errors, it is sensitive at larger
incidence angles but less sensitive at small incidence angles. At
incidence angles less than 50 , the rmse errors are only slightly
above 2%. Fig. 6 (right plot) shows the errors in estimating volumetric soil moisture in percent for (8) due to introducing the
absolute and relative errors to the IEM-simulated data at 40 incidence angle. The bottom axis is the absolute error that was
either through subtraction
introduced to the IEM-simulated
(negative) or addition (positive). The relative errors (top axis)
were introduced with half of the absolute errors and same sign
to the V polarization but with the opposite sign to the H polarization. The test results due to the absolute and relative errors
of the average errors (the input moisture—the estimated moisture) are represented by the dotted and dashed lines, and those
corresponding to rmse are shown by and , respectively. The
average errors or the bias of the inversion model resulting from
the absolute error behave in a similar manner as the reflectivity
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Fig. 6. (A) Estimated volumetric soil moisture in percent at 40 (y axis) by (8) versus its corresponding input soil moisture (x axis) using the IEM model.
(B) RMSE on the estimation of volumetric soil moisture in percent (y axis) of the inversion model using all IEM-simulated data (solid line), adding 0.015 absolute
(dotted line) and relative (dashed line) errors to the simulated data as a function of incidence angle (x axis in degrees). (C) Estimation errors of soil moisture in
percent (y axis) at 40 with the errors (x axis) introduced to the simulated data. The labels of the x axis at the bottom and top indicate the absolute and relative
errors, respectively. The biases resulted from the absolute error (dotted line) and the relative (dashed line) error, and the corresponding rmse errors are represented
as and , respectively.

+

response to soil moisture. The negative absolute errors resulted
in the underestimation of soil moisture while the positive ones
caused overestimation. A 3% absolute error could result in an
average of 4% error in soil moisture estimation. On the other
hand, the relative error has much less impact on the algorithm
performance at a 40 incidence angle. The resulting rmse and
average errors in estimating soil moisture were all less than 2%.
It is interesting to notice that the average errors followed the errors that were introduced to V polarization. The negative errors
in V polarization resulted in underestimation, and the positive
ones caused overestimation. It can be seen that the rmse and the
bias had similar magnitudes, indicating that the introduced absolute and relative errors mainly result in a biased estimation of
soil moisture.
VI. VALIDATION WITH FIELD EXPERIMENTAL DATA
A truck-mounted microwave radiometer experiment dataset
consisting of L-band (1.4 GHz) observations made over several
bare-surface test sites at Beltsville, MD during a four-year
period (1979–1982) [24]–[27] was used to test the algorithm.
The radiometer used in these past experiments was a dualpolarized Dicke radiometer that measured thermal microwave
emission in both vertical and horizontal polarizations almost
simultaneously. Calibration of this system was verified daily
by measuring two targets of known brightness temperature:
the cold sky and a microwave-absorbing material (Eccosorb).
At the beginning and end of the measurement season, the
system was also calibrated over a pond of fresh water at
a known temperature. The reported calibration accuracy is
3 K. The ground truth on the vertical profiles of
about
soil moisture and temperature as well as soil bulk density
and texture were acquired simultaneously with the microwave
radiometer measurements. The surface roughness condition
for the 1979–1980s sites was visually interpreted as smooth
surface [24], [25]. In 1981’s experiment, the surface roughness
was measured at three study sites with the surface rms height
0.21, 0.73, and 2.45 cm, respectively [13]. But no surface
roughness condition was reported in 1982’s experiment [27].
These experimental data have been used to study the effects
of soil texture, surface roughness, and vegetation cover on

the remote sensing of soil moisture content by microwave
radiometers and are well documented in [24]–[27].
In order to evaluate the accuracy of the soil moisture algorithm, the effects of the vertical distribution of soil moisture and
temperature have to be taken into account. To do so, we first derived the effective soil temperature using a simple incoherent
radiative transfer method [4]
(9)

is the soil “effective temperature.”
perature at the depth of , and

is the soil tem-

(10)
is an approximation of the emitted energy from the depth and
is the corresponding
normalized to an integral of unity.
absorption coefficient at depth and can be calculated by
(11)
is the relative dielectric constant. The surface effective reflectivity can then be derived from the measured brightness temperature as follows:
(12)
is the instrument-observed brightness temperature. Equation (9) indicates that the effective soil temperature can be interpreted as a weighted mean temperature from the soil temperatures at the different depths and weighted by its corresponding
normalized emitted energy. In a manner similar to this concept,
we calculate the effective soil moisture
(13)
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Fig. 7. Comparison of the estimated and measured ground soil moistures from the time-series measurements at 20 over two bare-surface test sites (A) E4 and
(B) S4. The x axis is the time sequence in the observations. The solid line is the equivalent soil moisture. The dashed line is the surface effective reflectivity of H
polarization measurements in percent. The dots are the estimated soil moisture by the algorithm.

Fig. 8. Comparison of the estimated volumetric soil moisture (y axis) and measured ground volumetric soil moistures in percent (x axis) at Beltsville, MD during
a four-year period from 1979 to 1982 for all bare-surface experiment data. (A)–(E) represent the test data from the incidence angles 20 to 60 , respectively.
(F) shows the mean difference (bias) as 3 and the corresponding rmse as between the measured and estimated volumetric soil moistures at each incidence angle.

+

Fig. 7(A) and (B) shows the comparison of the estimated
and measured ground soil moistures from the time-series measurements at a 20 incidence angle during the 1982 experiment
[27] over two bare-surface test sites E4 and S4, respectively.
The axis is the time sequence of the observations. The solid
line is the equivalent soil moisture calculated using (13). The
dashed line is the surface effective reflectivity of H polarization in percent calculated from the radiometer measurements
using (9)–(12). The dots are the soil moisture estimated by
the algorithm in (8). The experiment at site E4 was conducted
over a ten-day period from August 2 to 11, 1982, and the
experiment at site S4 covered an eight-day period from August 16 to 23, 1982. Most of the observations were made
between 10 a.m. to 2 p.m. on each day. These two time-series
measurements were conducted after rainfall events and represented a soil moisture dry-down cycle. The microwave sensor
was fixed at a 20 incidence angle throughout the experiment.
It provided stable measurements, since the measured footprint
locations were not changed during the experiment each day.
For site E4, the algorithm estimates were quite accurate with
an rmse of 1.67% with a slight bias toward underestimation

of soil moisture. The measured surface effective reflectivity
(dashed line) and the measured (solid line) and estimated
(dots) soil moisture all correspond reasonably well in both
overall trend and diurnal variation.
For site S4, the measurements of surface effective reflectivity
did not mirror the diurnal fluctuation that was seen in soil
moisture measurements, although the overall trend did capture
the moisture dry-down condition. Since the estimated soil moisture is based solely on the instrument measurements, the algorithm clearly underestimated the soil moisture with an rmse of
3.4%. Ground sampling of soil moisture and temperature was
made at only two depths: 0–2 cm and 2–4 cm. One possible
reason why the brightness temperature did not respond to diurnal fluctuation of the measured soil moisture was that the
sensor might be responding to the temperature and soil moisture in a layer deeper than the sampled layer. This deeper layer
did not exhibit such a strong diurnal pattern.
Fig. 8(A)–(E) shows the comparison of estimated and measured volumetric soil moisture for all bare-surface measurement
sites from 1979 to 1982. The number of the observations is 187,
76, 85, 75, and 76 for an incidence angle from 20 to 60 , re-
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spectively. Fig. 8(F) shows the mean difference (bias) and the
corresponding rmse between the measured and estimated volumetric soil moistures at each incidence angle. The new soil
moisture retrieval algorithm performance underestimates soil
moisture with the most cases at 20 with a mean error of 1.8%.
As the incidence angle increases to 30 and 40 , there is less
bias with a bias of 0.4% and 0.5%. However, as the incidence
angles increase to 50 and 60 , overestimation of soil moisture
increases with biases of 2.3% and 3.0%, respectively. This
clear trend in the algorithm performance might be the result
from the two possible reasons. The first one might be caused
by the effect of the antenna pattern of the radiometer. The actually sampled footprints on the ground might vary in size and
location at the different incidence angles. The other might be
due to the bias trend in the algorithm for certain roughness conditions. This is because the algorithm is developed and has no
bias under a very wide range of the surface roughness conditions. However, the algorithm can have the bias for the specific
roughness conditions from a few experiment sites. For the algorithm (8), except for 60 , all rmses are within or about 3% for
incidence angles from 20 to 50 , with the best estimation at
30 (2.6%).
VII. CONCLUSION
Understanding the effects of surface roughness on microwave
emission and developing quantitative bare-surface soil moisture
retrieval algorithms are essential to many applications of geophysical properties in complex earth terrain by microwave remote sensing. In this study, we first validated the IEM model
with a highly accurate but complex 3-D Monte Carlo model. A
comparison showed that the IEM model slightly overestimates
the emissivity for V polarization with rmses of 0.008 and 0.013
at 40 and 50 incidence angles, respectively. For H polarization, the errors were more random with rmses of 0.01 and 0.017
at 40 and 50 . The results indicate that the IEM model can be
used to simulate the surface emission quite well for a wide range
of surface roughness and conditions.
Then, we used an IEM model to simulate a database with
a wide range of surface roughness and dielectric conditions.
Using the IEM-simulated data, we demonstrated several important characteristics of surface roughness effects on microwave
emission signals that were not incorporated in currently used
surface effective reflectivity models. It was found that the effects of surface roughness on microwave emission signals at V
and H polarization might be different in both magnitude and
direction, depending on the incidence angle, surface roughness,
and dielectric properties. The overall effect of surface roughness
can be explained by the combined effects from two components:
the coherent component that decreases as the surface roughness
increases and the noncoherent component that increases as the
roughness changes. As a result, the total reflected energy may
have two outcomes when comparing rough and flat surfaces. If
the amount of reduction in the coherent component of the reflected energy is greater than the increase in noncoherent scattering, surface roughness reduces the effective reflectivity. This
represents all cases for H polarization at all incidence angles.

However, when the amount of the reduction in the coherent component of the reflected energy is less than the increase in the
noncoherent scattering, surface roughness actually increases the
effective reflectivity. This only occurs in V polarization. As a
result, the surface effective reflectivity in V polarization could
be greater than its corresponding Fresnel reflectivity depending
on the incidence angle, surface roughness, and dielectric properties. This also impacts roughness effects on the polarization
ratio V/H measurements. These two important characteristics
have been not incorporated in the currently available semiempirical surface effective reflectivity models.
We developed a surface effective reflectivity model for
L-band (1.4 GHz) utilizing both V and H polarizations and
three typical correlation functions (gaussian, 1.5-power, and
exponential) by parameterizing the IEM model simulated
data for a wide range of surface soil moisture and roughness
properties. When compared to the IEM model simulated data,
the parameterized model in (4) has the accuracy (rmse) better
than 0.01 for V polarization at all incidence angles with the
best accuracy (0.0035) at 40 . For H polarization, the accuracy
increases as the incidence angle increases with the worst
accuracy (0.011) at 20 and the best accuracy (0.0028) at
60 . These results indicate that the parameterized model can
reproduce the IEM model predictions over a wide range of
surface roughness conditions.
Using the IEM model simulated database for a wide range of
surface soil moisture and roughness properties, we developed
an inversion model that uses dual polarization measurements
to minimize surface roughness effects and to estimate surface
dielectric properties directly. For the IEM model simulated
data, the algorithm in (8) has an accuracy of 1.68% at 20 .
The accuracy increases as the incidence angle increases. The
best accuracy can be seen at 45 with 0.55%. Validation of
this inversion technique with ground microwave radiometer
experiment data indicated that there was an overall trend for
soil moisture underestimation in the algorithm performance.
However, all rmses are within or about 3% for incidence angle
between 20 and 50 .
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