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Empirically Adopted IEM for Retrieval of Soil
Moisture From Radar Backscattering Coefficients

Kaijun Song, Xiaobing Zhou, and Yong Fan, Member, IEEE

Abstract—The integral equation model (IEM) is considered
as a promising algorithm for soil moisture retrieval from active
microwave data over bare soil and sparsely vegetated conditions.
However, the soil dielectric constant is implicitly embedded in
the complicated IEM; inversion of soil moisture is often accom-
plished through iteration and is thus computationally expensive,
particularly when it is applied to retrieve soil moisture from active
microwave data on a large scale. To simplify the inversion process
of soil moisture directly from the active microwave data, basic
math functions were adopted to fit the simulation results of the
original IEM so that the radar backscattering coefficient becomes
an explicit function of soil dielectric constant or the soil dielectric
constant is an explicit function of radar backscattering coefficient.
Soil moisture is then calculated directly from radar backscattering
coefficient without iteration. We called this model empirically
adopted IEM (EA-IEM). The accuracy of the EA-IEM to the
original IEM and its applicability are analyzed through three
processes: model intercomparison, sensitivity analysis, and model
comparison with in situ measurements. The average differences of
backscattering coefficients between the EA-IEM and the original
IEM are 0.14 dB for HH-polarization and 0.12 dB (Gaussian
correlation function) and 0.2 dB (exponential correlation function)
for VV-polarization. The sensitivity of soil moisture variation is
examined under the consideration of absolute and relative cali-
bration errors. A comparison between the soil moisture estimated
and the measurements is performed, and the root-mean-square
(rms) error is found to be 3.4%, suggesting that the EA-IEM
performs well in these real cases. All these analyses indicate that
the EA-IEM is a good representative of the original IEM and can
be used to retrieve soil moisture under the tested range of model
parameters: incidence angles between 10◦ and 60◦, soil dielectric
constants between 4 and 42, surface rms height from 4 to 31 mm,
and correlation length from 50 to 250 mm.

Index Terms—Backscattering coefficient, empirically adopted
integral equation model (EA-IEM), IEM, soil moisture.
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I. INTRODUCTION

SOIL MOISTURE content plays a critical role in the in-
teraction between the land surface and the atmosphere

and can be considered as a key state variable that influences
the distribution of both shortwave solar energy and longwave
radiant energy, the runoff generation, and the percolation of
water into the soil. Therefore, the capacity of measuring soil
moisture content on a large scale from space is very attractive. It
is well known that active microwave remote sensing techniques
have the capabilities of all-weather and night-and-day measure-
ment, and the radar backscattering coefficient is sensitive to soil
moisture content and soil roughness. Thus, many studies and
methods have been undertaken in radar remote sensing research
in order to retrieve the soil moisture and surface roughness
from radar backscattering coefficients [1]–[12]. Many models
have been developed to retrieve soil moisture content [13]–[19].
However, it is rather difficult to determine the soil moisture
directly from radar backscattering coefficients without the in-
version process.

Many empirical and semiempirical models have been devel-
oped to establish the relationships between synthetic aperture
radar (SAR) backscattering coefficient with soil moisture and
surface roughness. In some studies [13]–[15], the empirical
models derived from in situ data sets can fit their data well.
These empirical models may be very suitable under similar
soil surface conditions and SAR system parameters as those
on which the empirical models were developed. However, em-
pirical models cannot usually be extrapolated to other regions
because not all parameters are incorporated in the models. Due
to the sensing configuration of active microwave systems, the
representative surface power spectrum of the surface rough-
ness correlation function and correlation length parameters are
difficult to derive from either remote sensing techniques or
in situ measurements. Therefore, these parameters are not usu-
ally taken into account in the empirical models.

Analytical electromagnetic backscattering models such as
the physical optics (PO) model, the geometrical optics (GO)
model, and the first-order small perturbation model (SPM)
[19] have been developed to retrieve soil moisture from active
microwave measurements. However, the SPM and PO models
have been derived using some specific assumptions and there-
fore have a limited applicability in terms of surface roughness
conditions. The integral equation model (IEM) developed by
Fung et al. [17] 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
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theoretical models [13], [16]. However, the IEM contains soil
surface roughness parameters such as surface root-mean-square
(rms) height, surface power spectrum of the surface roughness
correlation function, and correlation length; sensing configu-
ration parameters such as frequency (or wavelength) and look
angle (or incidence angle); and dielectric constant of the soil.
Of all parameters in the IEM, the roughness-related parameters
are often difficult to determine [20]–[23]. The complexity of
this model and the implicit relationship between soil dielectric
constant and active microwave data make it difficult to directly
derive soil moisture and roughness parameters from the active
microwave data measured from natural surfaces.

Thus, it is necessary to develop an inversion model that
is simple but general and can be applied to a wide range
of soil surface conditions to derive soil moisture from active
microwave data. The objective of this paper is to empirically
adopt the IEM so that retrieving the soil surface moisture
content from active microwave data can be directly performed
and thus computationally efficient. The adoption is to be based
on the original IEM, with the effect of surface power spectrum
being included. Through nonlinear regression analysis, the
empirically adopted IEM (EA-IEM) will be derived from fitting
the model equations to numerical simulations from the original
IEM under a wide range of soil dielectric constants, incidence
angles, and surface roughness conditions. The EA-IEM will
then be compared with in situ measurements (see Section V)
to assess the general applicability of this model.

II. EA-IEM

A. Original IEM

The active microwave backscattering coefficient from a bare
soil surface is a function of soil texture, structure, density,
roughness (surface rms height), soil moisture, and soil surface
conditions that are described by the autocorrelation function
of random surface height and correlation length. For natural
terrains that have a small rms slope, multiple scattering is not
significant, and then, single scattering will dominate in most
situations. Thus, copolarization backscattering coefficients are
given by the IEM [17]
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zσ2
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where σ is the surface rms height, k is the wavenumber (k =
2ρ/λ, with λ being the wavelength of the radar signal), kz =
k cos θ, kx = k sin θ, θ is the incidence angle, εr is the relative
permittivity (relative dielectric constant) of the soil, μr is the
relative permeability, and R‖ and R⊥ are the vertically and hor-
izontally polarized Fresnel reflection coefficients, respectively.
Wn(kx, ky) is the Fourier transform of the nth power of a
known surface correlation function which can be calculated by

Wn(kx, ky) =
1
2π

∫ ∫
ρn(x, y) exp(jkxx + jkyy)dxdy (7)

where ρ(x, y) is the surface correlation function.

B. EA-IEM

Studies by Shi et al. [16] and Zribi and Dechambre [13]
showed that the single-scattering IEM could be used to compute
soil backscattering coefficients for bare soil or short-vegetated
surfaces. However, application of the model to retrieve soil
moisture from the active microwave backscattering coefficient
is difficult because the dependence of the model on εr, θ, σ,
surface power spectrum of the surface roughness correlation
function, and correlation length is complicated and thus needs
model inversion. Therefore, a new approach is desired to derive
a direct inversion model that can be used to retrieve the soil
dielectric constant directly from active microwave backscat-
tering coefficients for bare soil or short-vegetated surfaces.
Once the soil dielectric constant is retrieved from active mi-
crowave backscattering coefficients over bare soil surfaces, the
soil moisture content can be found through applying empirical
constant mixing models [24]–[26].

From (1)–(6), we can see that the dielectric constant εr only
appears in In

pp that depends on both dielectric constant εr and
incidence angle θ. To retrieve the soil dielectric constant, we
have to invert εr from In

pp, which is usually difficult. Based on
this observation, we can fit In

pp with suitable basic mathematical
functions so that εr can be derived directly from the equations
of backscattering coefficients.

To construct suitable functions for In
pp, we first analyze the εr

dependence of fpp/Φp. Fig. 1 shows fhh/Φh versus dielectric
constant εr at different incidence angles: θ = 30◦, 40◦, and 50◦.
Results show that fhh/Φh just changed by about 0.1 over a
range of the dielectric constant from 4 to 42, which means that
fhh/Φh is very weakly dependent on the dielectric constant εr

over the range of 4–42. Since both fhh [(4)] and Φh [(5)] are
explicit functions of εr, the weak dependence of fhh/Φh means
that the dependence of fhh and Φh on the dielectric constant εr

is almost the same. Based on this observation, we assume that
both fhh and Φh contain the same function that depends on εr.
Thus, for HH-polarization, we define

fhh = fh(εr, θ)fh1(θ) (8)
Φh =Fhh(−kx, 0) + Fhh(kx, 0) = 2fh(εr, θ)fh2(θ) (9)
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Fig. 1. εr dependence of fpp/Φp for (a) HH-polarization and (b) VV-polarization.

where Fh = fh(εr, θ) is a function of εr and θ. εr can be
expressed explicitly as

εr = f−1
h (Fh, θ) (10)

Then, In
hh can be expressed as

In
hh = fh(εr, θ)kn

z

[
fh1(θ)2n exp

(−k2
zσ2
)

+ fh2(θ)
]
. (11)

In (8)–(11), the specific forms of fh(εr, θ), fh1(θ), and fh2(θ)
are specified by fitting them to the simulation results of the
original IEM, i.e., (4) and (6). Through nonlinear regression
analysis using some basic mathematical functions, fh(εr, θ),
fh1(θ), and fh2(θ) are approximated as follows:

Fh = fh(εr, θ) =
1.26(εr − 1.93)0.24 cos θ

sin3.94 θ
(12)

fh1(θ) =
4175.4 sin0.11(θ + 0.3) sin3.91 0.1θ

sin0.86(θ + 1.5)
(13)

fh2(θ) = − sin5.9 θ sin0.22(θ + 0.5)
cos3.12 0.8θ

(14)

where the incidence angle θ is in radians. The aforementioned
formulas apply over a range of dielectric constant εr between
4 and 42 and incidence angle θ between 10◦ and 60◦. For most
geologic materials, εr lies within a range of 3–30, with dry sand
at the lower end of this range at about 3–5. The range of 4–42 of
dielectric constant covers the soil from very dry to wet regimes.

From (12), we derive the dielectric constant

εr =
(

Fh sin3.94 θ

1.26

)4.167/ cos θ

+ 1.93 (15)

where Fh is calculated from backscattering coefficient σ0
hh as

follows:

Fh =

√
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hh exp
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(16)

where fh1(θ) can be calculated from (13) and fh2(θ) from (14).
For the VV-polarization mode, we found that fvv/Φv

changed by about 0.4 (more than 50%) over the dielectric con-
stant from 4 to 42 in Fig. 1(b), which means that the dependence
of fvv/Φv on the dielectric constant εr over the dielectric
constant from 4 to 42 cannot be ignored. In other words, the
dependence of fvv and Φv on the dielectric constant εr is
different. In this case, to secure accuracy, we adopt a different
methodology than which was used for HH-polarization.

Let

In
vv =

√
fv(εr, θ, σ, L)(2kz)n (17)

where Fv = fv(εr, θ, σ, L) is a function of εr, θ, σ, and L. εr

can be expressed as

εr = f−1
v (Fv, θ, σ, L). (18)

Similarly, fv(εr, θ, σ, L) is derived from a nonlinear regres-
sion analysis as (19a) and (19b), shown at the bottom of the
page, for the Gaussian surface correlation function and the
exponential surface correlation function, respectively. Here,
the incidence angle θ is in radians, and the surface rms
height σ and the surface correlation length L are in meters.

Fv = fvG(εr, θ, σ, L) =
106

[
0.5 − (εr + 3)− cos(1.02θ−0.2)

]5.4
exp

(−1.996σ2k2
z

)
σ−0.05

sin3.35(θ + 1.1) tan−0.46(θ + 0.32)(L − 0.049)[0.042+0.06 sin(θ−1)]
(19a)

Fv = fvE(εr, θ, σ, L) =

[
7 − (εr + 2.2)− cos(0.98θ−0.2)

]81.61
exp

(−158.14 − 59.5σ − 1.8664σ2k2
z

)
exp [−2.31 tan(0.9θ)] sin2.1(θ + 0.77)(L − 0.046)[0.08+0.07 sin(θ−1.7)]

(19b)
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Equations (19a) and (19b) apply over a range for the dielectric
constant εr from 4 to 42, for the incidence angle θ from 10◦ to
60◦, and for the surface rms height from 4 to 31 mm.

From (18), (19a), and (19b), we have dielectric constants
(20a) and (20b), shown at the bottom of the page, for the
Gaussian surface correlation function and the exponential sur-
face correlation function, respectively. Here, Fv is calculated
from the backscattering coefficient σ0

vv for the dielectric con-
stant retrieval as

Fv =
σ0

vv

k2

2 exp (−2k2
zσ2)

∞∑
n=1

(2σkz)2nW n(−2kx,0)
n!

. (21)

III. ACCURACY OF THE EA-IEM

From (12)–(14), (16), (19a), (19b), and (21), the horizontally
and vertically copolarized backscattering coefficients are em-
pirically adopted as (22) and (23a), shown at the bottom of the
page, for the Gaussian surface correlation function and (23b),
shown at the bottom of the page, for the exponential surface
correlation function, respectively. These equations are functions
of the local incidence angle θ (in radians), the dielectric con-
stant εr, and the surface roughness parameters that include the
surface rms height σ (in meters), the correlation length L (in
meters), and the correlation functions ρ(x, y), where θ is in
radians and other parameters in SI units.

To assess the accuracy of the EA-IEM as compared with that
of the original IEM, the horizontally and vertically copolarized
backscattering coefficients (22)–(23b) are calculated under a

TABLE I
RANGE OF PARAMETERS FOR MODEL COMPARISON

range of soil moisture content and surface roughness condi-
tions. Table I shows the ranges of dielectric constant, local
incidence angle, surface rms height, correlation length, and
sets of parameters as computation samples. Both the Gaussian
function and the exponential function are chosen as the surface
correlation functions.

Fig. 2(a)–(c) shows the difference in decibels between the
backscattering coefficients calculated by the original IEM
[(1)] and by the EA-IEM [(22)–(23b)] for 5.3 GHz (C-band).
From Fig. 2(a), it can be seen that the average difference
between the original IEM and the EA-IEM is 0.14 dB for
the HH-polarization backscattering coefficient; while for the
VV-polarization backscattering coefficient, the differences are
0.12 and 0.2 dB, corresponding to the Gaussian and exponential
surface correlation functions, as shown in Fig. 2(b) and (c),
respectively. For the vertically copolarized backscattering co-
efficients σ0

vv , the fit is good. Most of the computation samples,
wherein the absolute difference between the original IEM and
the EA-IEM exceeds 1 dB, occur at large incidence angle

εr =
1(

0.5 −
(

Fvσ0.05 sin3.35(θ+1.1)(L−0.049)[0.042+0.06 sin(θ−1)]

106 exp(−1.996σ2k2
z) tan0.46(θ+0.32)

)5/27
)1/ cos(1.02θ−0.2)

− 3 (20a)

εr =
1(
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(

Fv sin2.1(θ+0.77)(L−0.046)[0.08+0.07 sin(θ−1.7)]

exp[−158.14−59.5σ+2.31 tan(0.9θ)−1.8664σ2k2
z ]

)0.012253
)1/ cos(0.98θ−0.2)

− 2.2 (20b)
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Fig. 2. Histograms of absolute error (in decibels) between the IEM and
the EA-IEM for (a) σ0

hh, (b) σ0
vv for the Gaussian surface correlation

function, and (c) σ0
vv for the exponential surface correlation function. The

total number of computation samples is 183 600 for (a) and 91 800 for (b)
and (c).

(θ > 50◦), small soil dielectric constant (εr < 7), and high rms
height (σ > 20 mm). These computation samples that show an
error greater than 1 dB account for about 0.6% and 0.4% of all
for the Gaussian and exponential surface correlation functions,
respectively. For the horizontally copolarized backscattering
coefficients σ0

hh, the fit is even better—the absolute difference
is less than 1 dB for all 183 600 sample calculations. The fit for
the Gaussian surface correlation function is better than that for
the exponential surface correlation function for the vertically
copolarized backscattering coefficients σ0

vv. These results may
indicate that the EA-IEM well represents the original IEM.

Since the IEM is a multiparameter model, we use a case
study to illustrate the difference between the EA-IEM and the
original IEM. The relationship of the errors with soil roughness
or dielectric constant is shown in Fig. 3 for incidence angles of
10◦, 35◦, and 60◦, where the surface correlation function is the
exponential function, with the correlation length being 15 cm
and the frequency being 5.3 GHz; the error is within 2 dB for
the following parameter domain: the dielectric constant from
4 to 42, the rms height from 0.4 cm to 3.1 cm, and the incidence
angles of 10◦, 35◦, and 60◦. Outside this parameter domain, the
following are observed: 1) the error is not sensitive to the in-
cidence angle; 2) the error increases with decreasing dielectric
constant when the dielectric constant is less than seven for HH-
polarization; 3) for VV-polarization, the error increases with
increasing incidence angle when θ>60◦, with increasing rms
height when it is greater than 25 mm, and with decreasing di-
electric constant when it is less than seven. For VV-polarization,
the error is dependent on the incidence angle, and the error
increases at an incidence angle larger than 60◦, for an rms height
more than 25 mm and a dielectric constant less than seven.

IV. MODEL ASSESSMENT THROUGH ANALYSIS OF

CALIBRATION ERRORS OF ACTIVE MICROWAVE SYSTEM

The calibration of active microwave instruments also affects
the results of the reversion of soil moisture. To assess the
sensitivity of the EA-IEM to calibration errors (uncertainties)
of active microwave systems in retrieving soil moisture content,
a calibration error analysis is performed. Calibration error for
either the HH-polarization mode or VV-polarization mode is
assumed to include two components: absolute calibration error
and relative calibration error. The absolute calibration error
(Ea) is defined as the common offset affecting both the hor-
izontally copolarized backscattering coefficient 10 log10(σ0

hh)
and the vertically copolarized backscattering coefficient
10 log10(σ0

vv), and the relative calibration error (Er) is defined
as the offset factor in the ratio 10 log10(σ0

hh/σ0
vv). Based on

these definitions, the calibrated backscattering coefficients (σ0
hh

and σ0
vv) are then expressed in terms of the measured backscat-

tering coefficient and calibration error as follows:

10 log10

(
σ0

hh

)
= Ea + Er1 + 10 log10

(
σ0

hh

)
(24)

10 log10

(
σ0

vv

)
= Ea + Er2 + 10 log10

(
σ0

vv

)
(25)

10 log10

(
σ0

hh

σ0
vv

)
= Er + 10 log10

(
σ0

hh

σ0
vv

)
(26)
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Fig. 3. Differences between the EA-IEM and the original IEM for (a) σ0
hh and (b) σ0

vv . The left panel is for HH-polarization, while the right panel is for
VV-polarization.

where Ea is the absolute calibration error and Er = Er1 − Er2

is the relative calibration error. Note that all quantities are in
decibels. Ea and Er are determined in the calibration process,
according to [14].

Soil dielectric constant can be calculated directly using
(15), (20a), and (20b) from the backscattering coefficient.

Soil moisture is then inverted using a set of empirical di-
electric constant mixing models [24]. Fig. 4 shows errors in
soil moisture content estimation from σ0

hh and σ0
vv versus

absolute calibration error (with Er1 = Er2 = 0) at different
incidence angles for horizontal and vertical copolarizations,
respectively. Fig. 5 shows the errors in soil moisture content

Authorized licensed use limited to: CityU. Downloaded on May 26, 2009 at 02:31 from IEEE Xplore.  Restrictions apply.



1668 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 47, NO. 6, JUNE 2009

Fig. 4. Sensitivity tests of the EA-IEM in the soil moisture estimation to absolute calibration error. (a) For HH-polarization. (b) For VV-polarization.

Fig. 5. Sensitivity test of the EA-IEM in the soil moisture estimation to
relative calibration error.

estimation versus relative calibration error for different inci-
dence angles.

From Fig. 4, we can see that the inversion of soil moisture
from σ0

hh is more sensitive to absolute calibration errors at
larger incidence angles, while the inversion of soil moisture
from σ0

vv is more sensitive to absolute calibration errors at
smaller incidence angles. If the desired accuracy in measure-
ments is about 4%, Fig. 4(a) suggests that the EA-IEM can pro-
vide satisfactory soil moisture estimation from measurements
of σ0

hh, when absolute calibration errors are within ±0.5 dB
over the range of 20◦–60◦ of incidence angle. Fig. 4(b) suggests
that the model can provide satisfactory soil moisture estimation
from measurements of σ0

vv when absolute calibration errors are
within ±1 dB over the range of 20◦–60◦ of incidence angle.
When absolute calibration errors are estimated to be smaller
than 3 dB, the error in the soil moisture estimation from σ0

vv

will be less than 5% at 60◦, and that from σ0
hh is less than 7.5%

at 20◦.
Comparing Fig. 4 with Fig. 5, we can see that the EA-IEM is

less sensitive to the relative calibration error. From Fig. 5, it can

also be seen that the sensitivity of soil moisture to the relative
calibration error decreases with increasing incidence angle. The
error in the soil moisture estimation is less than 2.6% at 60◦

with relative calibration errors within ±1 dB. This may indicate
that the EA-IEM is applicable to retrieve the soil moisture at
incidence angles as large as 60◦.

From these sensitivity studies, we conclude that the inversion
of soil moisture using the EA-IEM is more sensitive to absolute
calibration errors than relative calibration errors. In order to
avoid errors in the soil moisture estimation larger than 5% over
the range of 20◦–60◦ of incidence angle, the relative calibration
error must be within ±0.5 dB, and the absolute calibration error
should be within ±1.5 dB for VV-polarization and ±0.5 dB
for HH-polarization. It should be used with caution for the soil
moisture estimation from active microwave measurements at
incidence angles larger than 60◦ with absolute calibration errors
exceeding ±2 dB for HH-polarization, and at incidence angles
smaller than 20◦ with absolute calibration errors exceeding
±3 dB for VV-polarization.

V. MODEL ASSESSMENT THROUGH COMPARISON

WITH IN SITU MEASUREMENT

The error in the measured backscattering coefficients will
propagate into the soil retrieval and thus affect the accuracy
of the retrieved soil moisture content. To demonstrate how the
error in the backscattering coefficient propagates into the soil
moisture retrieval using the EA-IEM, we consider the case that
f = 1.5 GHz, θ = 35◦, σ = 15 mm, L = 150 mm, and the
correlation function is the exponential function. Assuming a
specific value of the backscattering coefficient (e.g., −18 dB for
both HH- and VV-polarizations), the soil moisture is retrieved
from the EA-IEM and the dielectric constant mixing model
[24]. This case is treated as the accurate case. Now, assume that
there is an error in the backscattering coefficient varying from
0 to 2 dB superimposed onto the accurate case, meaning that
the backscattering coefficient varies from −18 to −16 dB. For
each value of the backscattering coefficient, the soil moisture
is then retrieved. After subtracting the soil moisture retrieved
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Fig. 6. Error propagation from the backscattering coefficient to the soil
moisture estimation for the case that f = 1.5 GHz, θ = 35◦, σ = 15 mm,
L = 150 mm, the correlation function is the exponential function, and the radar
backscattering coefficient is −18 dB for both HH- and VV-polarizations.

for the accurate case, we obtain the error in the soil moisture
for each error in the backscattering coefficient. The results are
shown in Fig. 6. The soil moisture varies from 0% to 5.4%
(HH-polarization) or 4.7% (VV-polarization) in volume over
the error range of the radar backscattering coefficient. The error
in the soil moisture retrieved from the radar backscattering
coefficient increases nonlinearly with the error in the radar
backscattering coefficient. This example also indicates that the
soil moisture retrieved from VV-polarization is less sensitive
to the error in the backscattering coefficient than that retrieved
from HH-polarization when the error in the radar backscattering
coefficient exceeds 1.5 dB.

From the previous error analyses, we found the following:
1) The error in the soil moisture retrieval using the EA-IEM
increases monotonically with the error in the backscattering
coefficient, and 2) the error in the backscattering coefficient
calculated from the EA-IEM as compared with the original IEM
is within certain parameter domains (Fig. 3).

Comparison with in situ measurements is the best way for
model assessment. However, simultaneous in situ measure-
ments of both radar backscattering coefficients and soil surface
conditions are scarce due to the sophistication of the active
microwave system and difficulty in soil surface characteriza-
tion. We use the limited data sets available in the literature for
this task.

The first set of data is from Fung et al. [17]. We use the data
of Fung et al. to demonstrate the predictability of dependence
of the backscattering coefficient on the incident angle by both
the original IEM and the EA-IEM. Comparisons between
the measured and the computed backscattering coefficients
using the original IEM and the EA-IEM over the incident
angle range from 10◦ to 70◦ at two frequencies of 4.725
and 9.525 GHz are shown in Figs. 7 and 8. In Fig. 7, the
rms height is 0.4 cm, the correlation length is 8.4 cm, and
the soil surface moisture content is 14%, corresponding to a
soil dielectric constant of about 7.5 [24]–[26]. In Fig. 8, the

rms height is 0.32 cm, the correlation length is 9.9 cm, and
the soil surface moisture content is 30%, corresponding to
a soil dielectric constant of about 16. From Figs. 7 and 8,
it can be seen that the computed results using the EA-IEM
agree well with the original IEM and that the error between
them is less than 1 dB. Also, it is noted that the difference
between the modeling results and the measured values was
found to become larger when the incidence angle increases.
For VV-polarization, the difference is smaller than 5 dB for
the whole range of θ (10◦–70◦) and becomes larger at higher
frequency. On the other hand, the difference is almost more than
5 dB over the incidence angle of 50◦–70◦ for HH-polarization,
particularly at higher frequency. Overall, good agreements
are seen between the EA-IEM and measurements for
copolarizations, specifically VV-polarization.

The other in situ data sets are from Oh et al. [15], [27] and
Neusch and Sties [28] over various soil surfaces with different
roughness and wetness conditions. The measured data from
[15], [19], and [27] were used to demonstrate the predicative
power of the original IEM and the EA-IEM for the soil moisture
retrieval. Comparisons of the soil moisture content derived by
the original IEM and the EA-IEM and the measurements are
shown in Fig. 9. For the data set of Oh et al., the soil surface
roughness parameters and the surface soil moisture are shown
in Table II. The range of kσ varies from 0.1 to 3, whereas kL
varies from 2.4 to 9.8, which fall in the applicable region of the
model (see Table I). The exponential correlation function was
found to fit the first three surface profiles, and the Gaussian
correlation function was found to fit the roughest field profile
(S-4, see Table II). The data inversions include two frequencies
(1.5 and 4.75 GHz), and the incidence angles vary from 10◦

to 60◦. For the data set of Oh et al., the soil surface roughness
parameters and the surface soil moisture are shown in Table III,
and the incidence angle is about 55◦. Table IV shows the soil
surface roughness parameters and the surface soil moisture of
the data set of Neusch et al., and the incidence angle is about
55◦. The volumetric soil moisture is used in this investigation.
The other parameters can be found in the literature [27], [28].
When the original IEM and the EA-IEM are used to predict
the soil moisture values measured by Oh et al. and and
Neusch et al., the rms deviations (rmsd) are 3.69% and 3.64%
in volume for the IEM and the EA-IEM, respectively. Linear
regression analysis between the model prediction and mea-
surement shows that the coefficients of determination (R2)
are 0.68 and 0.70 for the IEM and the EA-IEM, respectively.
Both rmsd and R2 show that the EA-IEM is slightly better than
the original IEM in predicting the measurement. However, the
overall similarity in the predictive power (rmsd) and coefficient
of determination (R2) between the IEM and the EA-IEM
indicates again that the EA-IEM represents well the origi-
nal IEM.

It can be seen from the comparison shown in Fig. 9 that
the rms error between the measured data and the soil moisture
content derived by the EA-IEM indicates that the soil moisture
can be estimated with an average error of less than 3.4%, and
the soil moisture content derived by the EA-IEM is almost
the same as that derived by the original IEM. A very good
agreement between the EA-IEM results and the measured data
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Fig. 7. Comparisons of (lines) the model predictions with (symbols) the measurements at (a) 4.725 GHz and (b) 9.525 GHz.

Fig. 8. Comparisons of (lines) the model predictions with (symbols) the
measurements at (a) 4.725 GHz and (b) 9.525 GHz.

Fig. 9. Comparisons of the soil moisture content inverted from the original
IEM and the EA-IEM with the measurements by Oh et al. [15], [27] and
Neusch and Sties [28]. (a) Inverted from the original IEM. (b) Inverted from the
EA-IEM.

is observed. However, for small incidence angle (θ ≤ 10◦)
and large incidence angle (θ ≥ 60◦), larger errors can occur.
Additional experimental measurements over a wider range of
roughness and moisture conditions are obviously desired for
further model assessment.
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TABLE II
SOIL ROUGHNESS AND MOISTURE PARAMETERS

TABLE III
SOIL ROUGHNESS AND MOISTURE PARAMETERS

TABLE IV
SOIL ROUGHNESS AND MOISTURE PARAMETERS

VI. CONCLUSION

Model complexity and the implicit relationship between
active microwave backscattering coefficient and soil dielectric
constant make the retrieval of soil moisture using the IEM un-
necessarily complicated and nonparsimonious in computation,
particularly when it is used to retrieve soil moisture from high-
resolution active microwave backscattering coefficient data. To
invert the soil moisture directly from the backscattering coef-
ficient measurements using the IEM, we empirically adopted
the model and tested the fit of the EA-IEM to the original IEM
under a wide range of soil dielectric constant, incidence angle,
rms height, and surface correlation length. We adopted the

schedules as described in this paper to obtain the soil dielectric
constant as an analytical function of backscattering coefficient,
rather than the other way around, just as the case of the original
IEM. Thus, the contribution of this paper is that the EA-IEM
expresses the soil dielectric constant and, thus, soil moisture as
an explicit analytic function of active microwave backscattering
coefficient. Therefore, the inversion of soil moisture from the
active microwave backscattering coefficient becomes direct and
computationally efficient.

The absolute errors of backscattering coefficients between
the EA-IEM and the original IEM have also been analyzed.
For horizontal polarization, all of the errors are less than 1 dB,
while some of the errors are larger than 1 dB at small soil dielec-
tric constants (εr < 7) and high rms height (σ > 20 mm) for
vertical polarization. In addition, the average error of backscat-
tering coefficients for the HH-polarization mode is 0.14 dB,
while the average errors for VV-polarization mode are 0.12 and
0.2 dB, corresponding to the Gaussian and exponential surface
correlation functions, respectively.

We also quantified the calibration requirements of the inver-
sion model developed. If soil moisture must be retrieved at an
accuracy better than 5% over the range of 20◦–60◦, the active
microwave data must be calibrated to within 1.5-dB absolute
value for σ0

vv, 0.5-dB absolute value for σ0
hh, and 0.5-dB

relative value. The EA-IEM, in combination with soil dielectric
constant mixing models, has been used to derive the soil mois-
ture from the in situ backscattering coefficient measurements in
the literature [15], [17], [27], [28]. The retrieved values are then
compared with the in situ measurement of soil moisture. It is
found that the soil moisture derived from the EA-IEM agrees
with the in situ measurement within an average accuracy of
3.4% for both copolarizations, particularly VV-polarization. All
the model assessments (model intercomparison, error analysis,
and comparison with in situ measurement) indicate that the
EA-IEM is a good representative of the original IEM and
can be used to retrieve soil moisture under the tested range
of model parameters: incidence angles between 10◦ and 60◦,
soil dielectric constants between 4 and 42, surface rms height
between 4 and 31 mm, surface correlation length between 50
and 250 mm, and other surface parameters that are same as
those of the original IEM. The advantage is that the inversion
of soil moisture from active microwave measurements using the
EA-IEM is now direct and computationally efficient.
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