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SUMMARY This paper describes an individual effect of soil
moisture (m,) and surfacoe roughness (4,,,,) of bare soil on the back
scattering coefficient (0) at the X-band frequency. The study con-
tributes to the design of an efficient microwave sensor. For this pur-
pose, experimentally observed data was utilized to provide a compos-
ite O~ equation model accounting for individual effect in regression
analysis. The experimental data are compared with Small Perturbation
Method. It is observed that the X-band gives better agreement up to
incidence angle 50° for HH-polarization and 60° for VV-polarization
as compared to the C-band. The lower angles of incidence give better
results than the higher angles for observing 77, at the X-band. The
multiple and partial regression analyses have also carried out for pre-
dicting the dependence of scattering coefficient (O~ ) on 72, and /1
more accurately. The analyses suggest that the dependence of dielec-
tric constant (i.e., m,) is much more significant in comparison to sur-
face roughness at lower angles of incidence for both like polariza-
tions. The results propose the suitable angle of incidence for observ-
ing bare surface roughness and soil moisture at the X-band. All these
data can be used as a reference for satellite or spaceborne sensors.
key words: remote sensing, soil moisture, surface roughness,
scattering coefficient, scatterometer

1. Introduction

It is well known that air-borne or space-borne remote sens-
ing has definite advantage in collecting data in many fields.
Although direct ground data collection provides precise data,
the ground truth method is cumbersome with spatially dis-
tributed targets. Remote sensing is suitable for frequent ob-
servations of rapidly changing phenomena over vast area. A
precise knowledge of the microwave scattering response of
a target (i.e. shape, size and physical parameters) is impor-
tant factor for interpreting remotely sensed data and also for
developing airborne and space borne microwave sensors. For
this purpose, the ground based remote sensors such as
scatterometers [1]-[4] have been developed to examine and
estimate scattering characteristics of targets.

Soil moisture and surface roughness of terrain are
important parameters for environmental assessment. The
spatial variation in soil moisture and surface roughness has
direct impact on the statistics of the radar image. When
electromagnetic wave is incident on a terrain, the reflection/
scattering of incident wave depends mainly upon two
parameters; (i) system parameters and (ii) target parameters.
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The system parameters are incidence angle, wavelength and
polarization, whereas the target parameters include
orientation and size of the scatterers, the subsurface or
surface geometry of the target, and its complex dielectric
properties, etc. Since the dielectric properties are strongly
dependent upon the water content, the dielectric constant of
soil affects the scattering characteristics of electromagnetic
waves.

In this paper, we examine the effect of surface rough-
ness and soil moisture on scattering coefficient for the X-band
frequency, in combination of two parameters mentioned above.
Surface roughness and soil moisture are the dominant factors
that determine the radar response from bare soil. Extensive
studies of the microwave signature of soil moisture and sur-
face roughness have been carried out by a large number of
scientists and researchers [1]-[9]. As a result of these investi-
gations, the characteristics of large (size >> wavelength A )
and small (size << A ) scatterers have been distinctly known
[3]. However, there still exist uncertainity in the effects of
these two parameters on the scattering coefficient in the X-
band.

Using a ground based X-band scatterometer system [5],
we have observed the scattering coefficient in the X-band on
various surface roughness and soil moisture content at differ-
ent angle of incidence for both like polarizations. Section 2
briefly describes surface parameters. In Sect. 3, theoretical
backscattering from relatively smooth surface is given by the
SPM model [3], [7] referring to the C-band results [4]. This
study proposes a simple empirical model for estimating the
measured scattering coefficient for bare soil field in Sect. 4.
Using this model, the multiple and partial regression analysis
has been carried out in Sect. 5, which provides the multiple
coefficient of determination (R2 ), partial coefficient of deter-
mination (7* ) and Standard Error of Estimate (SEE). The R 2
predicts percentage dependence of 6° on m, and /., both,
whereas 7* accounts for percentage dependence of 6° on m,
and A ,,, individually. The result gives a new class of knowl-
edge about surface roughness and soil moisture for remote
sensing purpose.

2. Surface Roughness Parameter

A surface can be described by two-dimensional surface height
S (x,y) . Since S (x,y) exhibits a random value in general, a
surface profile is characterized statistically by its mean height
S (x,y) ,its rms height /., and surface auto correlation func-
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tionN (§) where & is horizontal displacement. If S (x, y) is
statistically independent in the (x-y) plane, it is sufficient to
use S (x) alone to characterize the statistical properties of
the surface [10]. The rms height 4 ,,,; is given in terms of N
and the second moment S* by

h =

rms

s2_8% (1)

The surface auto correlation function N (§) is a mea-
sure of the degree of correlation between the height S (x) at
apoint X and the height S (x+&) atapoint x+§ ,

I[S(x)—S(x+§)]dx
fs2(x)dx ’

n(é)= )

Theoretical surface models are formulated in terms of
the auto correlation function M (§) of the surface. Several
mathematical forms have been used to describe M (§) for
natural surfaces [3]

ul (&) =exp ( iz J ............ Gaussian , (3)
n, (&) =exp ( 2 é) ------------ Exponential . (4)

In general, the rms height %,,, is a measure of the vertical
roughness of the surface, and 1/ A is a measure of the hori-
zontal roughness where A is the correlation length. A sur-
face with a rapidly varying height profile has a small value
for A, whereas for perfectly smooth surface A is infinite.

3. Backscattering from Relatively Smooth Surfce

In remote sensing investigations, there are two types of prob-
lems, i.e., forward problem and inverse problem. In this pa-
per, the forward problem has been taken to analyze a model
that can correctly characterize the radar scattering. First, we
review the back scattering coefficientG%(8) of rather smooth
soil surface by providing expressions in terms of the system
parameters (6, A, and polarization configuration) and the soil
surface properties.

The Small Perturbation Method (SPM) [3], [7] is ap-
plied to simulate back scattering from a relatively smooth

surface with k h,,, < 0.3,k A<3 where k= ZTTE and with

m<0.3, where m is the rms slope of the surface. For a sur-
face with a Gaussian auto correlation function,
m=+2h,, /A andm=h,, /A for exponential function.
For the like polarized scattering coefficient 6),(6) , where p
=V or H, it consists of a coherent component 69,.(6) and an
incoherent component G7,,(6)

0,(8)=06,,(0) +6,(0), p=VorH. (5)

The coherent component, which is significant only in the vi-
cinity of normal incidence (0 =0), is given by [3]

ppe
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22 4¢° 6

Gm(e)—-———-exp (—4k™h, Yexp| - W (6)
where 0 = Ji% is the surface reflectivity for normal

incidence with € indicating the relative complex dielectric
constant of the surface and W is antenna beam width. For an
antenna with a beam width W > 10°, the coherent component
69,.(8) becomes negligibly small for incidence angle 8 > 10°.
Therefore, the coherent component 69,(8) is less important
for large incidence angles 8> 10°.

The expression ©},,(8) for the incoherent component
depends on the auto correlation function of the surface. For a
surface characterized by Gaussian auto correlation function
(3), the incoherent scattering coefficient is given by [11]

60,,(0) =4 k> h2,  A* cos* 8|02, | exp (- k Asin©)*
(7

where

o _cose—\/s*—sinze ®
M cosO+4/e" —sin® 0

£°cos 0 —+ve" —sin’ 0

£'cos 0 ++/e —sin’0

©)

Oy =

For a surface with exponential auto correlation function (4),
which more closely approximates natural surfaces for small
values of & , the incoherent scattering coefficient is given by

(7]
A?cost 002, [[1+2 (kAsin®)’] %

(10)
The expressions given by Eqgs.(7) and (10) are for the like-
polarized scattering coefficients, which are based on the first
order solution and predicts no cross-polarized scatterer. The
cross-polarized scattering coefficient consists solely of an
incoherent contribution. These equations predict the theoreti-
cal scattering coefficients which we deal with hereafter.

G(8) =4 K 1,

4. Emprical Approach

As briefly described in the previous section, the back scatter-
ing coefficient6%(8) of non-periodic random surface is gov-
erned by both the dielectric properties and the roughness pa-
rameters of that surface. To examine how the incoherent scat-
tering coefficient 09,,(8) depends on the dielectric proper-
ties and on the roughness, let’s express 6°(8) =a",,(0) asa
product of two independent functions as proposed in [3],

c%0)=f,(&0) f,(nE).6) . 1mn

The dielectric function f,,(€,0) accounts only for the de-
pendence of 6%(8) on the relative dielectric constant € of
the surface. Conversely, the roughness function £, (n(§), 6)
accounts for the dependence of 6°(8) on surface roughness
and is independent of € .

Our purpose in this paper is to derive an emprical rela-
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tion of 6°(0) based on (11). Since f, (¢, 8) and f,(n(£), 6)
are complicated functions of (i) system parameter, and (ii)
target parameters, we rewirite (11) in the decibel form

00(9)=K1 mg+K2hrms+C [dB] H (12)

where soil moisture m, and %, are taken as independent
variables for 6°(8) . Since dielectric property of soil strongly
depends on moisture content among other parameters, 7,

may be the representative parameter of dielectric constant
which also we would like to know. K, and K, are sensitiv-
ity factors of 6%(8) onm, and h,,,, respectively, and C

represents noise which depends upon the system parameter
and target geometry.

5. Experimental Results and Discussion

Using an X- band scatterometer [5] as shown in Fig. 1 and
the specification listed in Table 1, the 5%(8) of bare ground
surfaces was measured for different roughness and various
moisture content. The surface was specially prepared for mea-
surement. The moisture content was measured by taking the
soil samples up to 5 cm deep from the upper surface layer.
The moisture percentage given can be considered as average
moisture content. Inserting a plate into the surface and spray-
ing it with paint, we measured the surface profiles. Such a
technique provides an approximate representation of the sur-

Table 1 Scatterometer characteristics.

Central Frequency 9.5 GHz

Frequency Band Width 0.8 GHz

Antenna type Dual Polarized Pyramidal Horn
Antenna Beam Width 8.5 degree

Antenna Gain 20 dB

Platform Height 10 m

Cross-pol Isolation 40 dB

Calibration Accuracy 1dB

Dual Pol. Pyrami dal
Hom Antenna

Transmi tter
Tuner
Coax
cable
Receiver 10m ‘
Tuner 7\ \
Power T } \
meter 20dB
directional \ \
coulpler
\ \
\ \
| \ \
Frequency \ \
meter
\ \
Power
meter Vo
. AT
Isolator | | Microwave source
£=9.5GHz AN

Fig.1 Schematic diagram of X-band scatterometer.
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face [3]. The soil surface had 6% gravel, 55% sand, 35% silt
and 4% clay. These data were analyzed to examine the effect
of surface roughness and moisture content at 9.5 GHz. The
parameters derived by the ground truth data statistically are
listed in Table 2.

Figures 2 and 3 show the angular variation of scattering
coefficient for different soil moisture and surface roughness.
The effect of surface roughness on 6° is clearly evident in
these curves. In Fig. 2, 6° decreases as the angle of inci-
dence increases for HH- polarization. For the smoothest sur-

Table 2 Soil moisture content 72, and roughness %, of test site.

mg (%) Ams (cm)
Field 1 6.5 0.15
Field 2 9.5 0.5
Field 3 12 0.67
Field 4 18.5 0.84
Field 5 20 2.8

-207 Field 1

-251

Scattering Coefficient ( dB )

-30
20 30 40 50 60 70

Incidence Angle ( degree )

Fig.2 Angular variation of scattering coefficient at various soil mois-
ture and surface roughness for HH-pol. at X-band.

Scattering Coefficient ( dB )

-60 T g T T
20 30 40 50 60 70

Incidence Angle ( degree )

Fig.3 Angular variation of scattering coefficient at various soil mois-
ture and surface roughness for VV-pol. at X-band.
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face (field 1) 6° decreases rapidly with increasing incidence
angle, from —4 dB at 8 = 20° to 22 dB at 9 = 70°. In contrast,
the roughest surface (field 5) exhibits a small variation of
only 2 dB at the same angular range. Similar tendancy has
been reported in [3] at the frequency of 1.1 GHz.

The VV- polarization also gives the decreasing behav-
ior of 6° with increasing 6, as shown in Fig. 3. The maxi-
mum variation of 6° is -6 dB to —50.2 dB in the smoothest
surface. Similar results have been reported by earlier research-
ers [2], [3] at the C-band frequency. In general, it is antici-
pated that V'V-polarization interacts the roughness and mois-
ture content more than HH-polarization from the phenom-
enological point of view. Since VV-polarization shows wider
dynamic range of 6°, the wider range will be better for ac-
cessing the moisture content and roughness of soil more ac-
curately.

These experimental results have been compared also by
the SPM [3], [8], [12]. Figures 4 and 5 show the comparison

0
B Observed Values

— - — Calculated Values by SPM
m -5
el
N’
-
5
5
=
8
L -15
o0
g
8
g -20 ]
Q
wn

-25

20 30 40 50 60 70
Incidence Angle ( degree )
Fig. 4 Angular variation of scattering coefficient for observed and

calculated values for HH-pol. at X-band (k A = 2.8, rms height = 0.15
cm, and soil moisture 6.5%).

B Observed Values
— Calculated Values by SPM

Scattering Coefficient ( dB )
&
o

20 30 40 50 60 70

Incidence Angle ( degree )

Fig. 5 Angular variation of scattering coefficient for observed and
calculated values for VV-pol. at X-band (K A =2.8 rms height =0.15
cm, and soil moisture 6.5%).
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for HH and V'V polarization respectively, where k A=2.8 |

P s =0.15 cm, and m, = 6.5% and it satisfies the crite-
ria given for SPM [3]. The exponential auto correlation is
best fitted here. For the C- and L-band, the exponential auto
correlation function was also best fitted for slightly rough
surface [4]. Good agreement between theory and measured
data is observed for both like polarizations, up to 6 = 50" for
HH, and 9 = 60° for VV. Similar results have been obtained
in [4] at C-band, but it is observed that X-band results have
much better agreement with SPM model in comparison to C-
band. It is seen that the SPM model over estimates 6° for
both like polarizations at higher angle of incidence. It may be
due to the lack of exact surface roughness parameter [13]. As
indicated in [2]-[4], [7], that roughness and moisture content
are important factors for microwave scattering on bare soil.
In this study, it is attempted to highlight the individual effect
ofm, andh,, onOC O at various incidence angles for the X-
band.

The multiple regression analysis has been carried out to
derive 6° as a function of m, and h,,,. Table 3 indicates how
the regression curve is close to measured data. R ? shows the
percentage dependence of m, and %, on 6°. The varia-
tion of R in VV-polarization (0.995-0.65) is wider than that
in HH-polarization (0.99-0.79) at incidence angles of 20-70
degrees. If range is wider, the dependence of 6° on m, and

Table 3 Multiple regression results of scattering coefficient vs. sur-
face roughness and soil moisture at different incidence angle for both
like polarizations at X-band.

Angle Multiple SEE

(R2) mg hymg

20 | 0.99 0.051 1 0.97 | 0.72 | HH
25 | 0.98 0.09 1092 |0.76 |HH
30 10975 025 |0.86 | 0.79 | HH
35 | 0.87 056 1078 |0.86 | HH
40 | 0.86 056 1076 |0.89 | HH
45 1 0.84 0.6 0.75 | 0.88 | HH
50 1083 063 1072 |0.68 [ HH
55 1082 0.68 | 0.7 0.65 | HH
60 | 0.81 0.7 0.69 | 0.62 | HH
65 | 0.8 072 1068 |06 |[HH
70 1 0.79 073 1065 | 0.58 | HH

Partial (r2) Polari-
zation

20 10995 [0.028 | 098 | 0.76 | VV
25 10.984 028 |093 078 | VV
30 10.975 032 1088 1082 |VV
35 1097 038 [076 |0.88 [VV
40 |0.96 0.41 074 109 |VV
45 10.86 045 107 0.86 | VV
50 {0.78 048 1068 |08 |VV
55 10.76 074 10.675 | 0.78 | VV
60 0.7 076 1066 | 072 |VV
65 ]0.68 078 1065 |07 VV
70 10.65 0.8 064 1068 IVV
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h.,.., becomes more significant and effective. Because R : pre-
dicts about percentage of dependence of these two param-
eters on 6" . Therefore, VV-polarization is much effective
than HH-polarization for observing the effect of 1, and £,
on 6" at the X-band for incidence angles of 20-70 degrees.
The partial coefficient of determination (r*) reveals the
individual effect of target parameters (i.e., M, and h,.)on
6" . It is observed from the same table that the value of r*
form, and h,,, are smaller than the value of R * at various
incidence angles for both like polarizations. It means that
the composite values of surface (i.e., when we take 7, and
h ., both) are better correlated with 6°, in comparison to,
when we take only m, and #,,, individually. The value of
r* for m, decreasing with increasing angle for both like
polarizations. The value becomes maximum at 6= 20°,
whereas the value of 7> for 4, firstly increase up to 6 = 40°
and then decreases. Its maximum value is at 8 = 40° for both
like polarizations. If we compare the value of r* form, and
h,, from the same table, than it is observed that the value
of r* form, is greater than the value of r* forh,,, atlower
angle of incidence (0 < 30°). It infers that the effect of mois-
ture content is more prominent than the surface roughness
on 6" for lower incidence angle. At higher incidence angle
(8 > 30°), surface roughness effect is more prominent than
soil moisture on 6° for both like polarizations at the X-band.
Measure that would predict precise 6’ based on com-
posite effect of m, and h ., is known as Standard Error of
Estimate (SEE). This SEE also measures the dispersion of
¢” about average line. The value of SEE is minimum at
8= 20" for both like polarizations. The value of SEE for VV-
polarization is smaller than that of HH - polarization, which
also suggests that VV-polarization is better than HH- polar-
ization to observe the m, and h,., forremote sensing at X-
band. This type of measurements and regression analyses,
using Eq. (12), can be used to develop an inversion tech-
nique for accessing the rms height and moisture content of
the bare soil surface from multi polarized radar observations.

6. Conclusions

The microwave scattering properties of soil depends upon
the geometrical and physical properties (i.e., 1, and #,,,)
of the bare field and sensor parameter such as incidence angle,
polarizations, and frequency. From the experimental results
and regression analyses, V V-polarization gives wide dynamic
range than HH-polarization for observing etfect of jn, and
h,.. on scattering coefficient at the X-band. The value of
6" decreases as the angle of incidence increases for both
like polarizations, and SPM model shows good agreement
with measured values up to 50° to 60° angle of incidence. At
lower angle of incidence © < 30°) moisture effect is more
prominent than the surface roughness, and roughness effect
is more prominent at higher incidence angles (6 > 30°) .
These results can also be used as reference data for air borne
or satellite borne sensors.
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