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Abstract—A scattering model for rice canopy based on Monte Carlo
simulations is applied to interpret RADARSAT data and to predict the
temporal response of rice growth. The model takes into account the
coherent wave interactions among vegetative elements which usually
occur in clusters with closely spaced elements. The model was also
used to analyze the structural effect of rice fields on the scattering
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returns. Simulation results show a significant difference in L-band
backscattering returns from rice fields with different structures, and
are consistent with empirical observations from JERS-1 Campaign.
Taking the ratio of HH over VV can help eliminating ambiguities in
this inverse scattering problem.
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1. INTRODUCTION

Rice is an essential food source in many regions of the world such as
Asia. It forms the basis of the economy in many countries. Therefore,
rice monitoring is economically useful in predicting the yield of rice
crops. In addition, rice monitoring is important environmentally. The
knowledge of rice growing areas can be used to estimate the flux of
methane from the irrigated rice fields to the atmosphere [2]. Methane
is second in importance only to carbon dioxide as a greenhouse gas.
Flooding a rice field cuts off the oxygen supply from the atmosphere
to the soil; methane is the major product in the process.

In recent years, satellite remote sensing has played an important
role in most crop monitoring programs. Investigations have been
carried out using X-band airborne synthetic aperture radar (SAR) [7].
There have also been some pilot studies that use European Satellite
ERS-1 Synthetic Aperture Radar (SAR) data to estimate rice crop
acreage and growth at several places in the world such as Japan [4, 5],
Thailand [1], and Indonesia [8]. Temporal variations of the radar
backscattering coefficients observed by ERS-1 at several test-sites were
analyzed to derive a general trend for the response of electromagnetic
sensors in a whole growth cycle of rice [8]. It shows a large increase
of radar backscatter when the rice plants grow from 0 to 100 days.
This large increase can be explained by the increase in biomass and
the fact that rice fields have flooded ground surfaces during a large
portion of the growing period. Therefore, the increase is enhanced by
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this highly reflective underlying flooded surface through the volume-
surface interaction. Investigations on the use of satellite data for
rice monitoring have also been carried out using the Japanese Earth
Satellite-1 (JERS-1) data with the operating frequency at L-band.
Rosenqvist, et al. pointed out that there is a significant difference
in the backscattering results from the rice fields in Niigata, Japan,
depending on the planting directions of the rice plants [11]. However,
this phenomena was not observed in the backscattering returns from
the rice fields in Malaysia as the result of different planting practices
between the two countries. Therefore, the structure of the rice fields,
that is, how rice plants are planted in the field, can have an important
effect on the scattering returns. There were also studies that use the
multiple temporal RADARSAT images to monitor the rice growth
status [12]. From the RADARSAT data, we recently obtained the
rice field scattering returns at two looking angles. To interpret those
experimental data and experimental observations such as the effects
of the structure of rice fields, a theoretical model which takes into
account the distinctive structure of rice plants and the coherent wave
interactions among plant elements which are in clusters is needed.

In the past, the electromagnetic scattering returns from the
vegetation canopy have been calculated using the radiative transfer
theory and the analytic wave theory [13]. The radiative transfer
theory is based on the energy transport equation and describes the
propagation of specific intensity in the medium. The analytic wave
theory starts from Maxwell’s equations and incorporates the scattering
and absorption characteristics of the medium. More recently,
the integral equation formulation with the method of moments
computational model has been employed to investigate vegetation
scattering [15]. Wave scattering from vegetation has been studied
extensively using the radiative transfer approach, which assumes that
particles scatter independently. In a previous modeling study [7], rice
plants were modeled as thin dielectric cylinders over a rough underlying
surface and the backscattering coefficients were obtained using the first
order solution of the radiative transfer theory. However, it is important
to take into account the coherent wave interactions among vegetative
elements of the rice canopy which usually occur in clusters and are
closely spaced. Yueh, et al. developed a branching model with the
wave approach [18]. However, the probability density functions and
the pair-distribution functions required in their analytic formulation
are usually difficult to obtain for natural vegetation.

Therefore, a coherent scattering model with analytic wave theory
is developed based on Monte Carlo simulation for the microwave
remote sensing of rice canopy. Unlike the branching model [18], this
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scattering model does not require the knowledge of the probability
density functions and the pair-distribution functions for the vegetation
under interest. Monte Carlo simulation in general is computationally
intensive. However, with the rapid advances of computer technology,
using Monte Carlo simulation to solve Maxwell’s equations for different
applications becomes more practical. It has been applied to the
calculation of the scattering returns from the rough surface [10],
and densely packed spheres [19]. With the Monte Carlo simulation
approach, the locations and characteristics of particles are supplied by
computer experiments according to the ground truth characterizations.
These simulated scenarios are then utilized in solving Maxwell’s
equations. The simulated results from the developed model has been
compared with ERS-1 data which has VV polarization [9]. The
comparison shows good agreements between the simulation and the
experimental results. In this paper, the simulated results from the
developed model can be further validated with the new RADARSAT
data which has HH polarization. The model will also be applied to
analyze the effects of the structure of rice fields on scattering returns.

This paper is divided into three main sections. In Section 2, a
theoretical scattering model from rice canopy based on Monte Carlo
simulation is described. Simulation results using the developed model
are compared with RADARSAT data at 23° and 43° incident angles in
Section 3. In Section 4, the model is applied to investigate the effects
of the structure of rice fields on scattering returns. Backscattering
results are shown for both L- and C-band frequencies. The ratio of
HH over VV versus the age of rice canopy for different cases of rice
field structures is also given to show the possibility of using HH/VV
to eliminate ambiguities for the inversion problem at L-band.

2. ELECTROMAGNETIC SCATTERING FROM THE
RICE PLANTS

In the Monte Carlo simulation approach, the first step is to
create simulated scenarios for the vegetation canopy of interest.
The configurations are created on the basis of the ground truth
characterizations such as the fractional volumes, sizes, and shapes of
stems and leaves. Therefore, the location, orientation, and distribution
of every vegetation component can be obtained from simulations. In
the simulation, rice plants are planted with spacing a in the x direction
and spacing b in the y direction over a square area A (Figure 1).
Small random variations in the spacing between rice plants are also
considered. Each rice plant contains a bunch of Ny vertical dielectric
cylindrical stems with height H, radius ¢, and complex dielectric
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Figure 1. Configuration for the scattering model from a rice field.
Rice plants are planted with spacing a in the x direction and spacing
b in the y direction over a square area A. Within a rice bunch, the
stems are randomly placed inside a circle with uniform distribution.

constant €. Each rice stem has N, leaves of elliptical disc shape with
length ¢, width w, thickness d, and complex dielectric constant e,.
Within a rice bunch, the stems are randomly placed inside a circle of
radius ¢, with uniform distribution [14]. There are N, bunches such
that the total number of stems in the rice canopy is N, X Ny and the
total number of leaves is N, x N5 X Ny. The height of the stems are also
generated randomly with Gaussian distribution given the mean and the
standard deviation of the height. The lower half space is water, with
complex dielectric constant €.

Consider a configuration of a rice field where the top of the rice
canopy is indicated by z = 0 and the boundary between the rice canopy
and the ground (water in our case) is z = —h. Given the configuration
of the rice field and an incident wave E* in the direction (6;, ¢;), the
first-order solution of the backscattered electric field can be expressed
as the sum of four terms which describes the four major scattering
mechanisms in a rice canopy (Figure 2).

etkr )
Ey(r) = ——(S1+ 52+ 55+ 51) B, (1)
where ¢ and p are the polarization components (¢, p = h or v) of the

scattered and incident waves, respectively.
S1 describes the the direct scattering from a particle (Figure 2a)
and can be expressed as

Ni . . B
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Figure 2. Four major scattering mechanisms in the rice canopy:
(a) direct scattering from scatterers, (b) single scattering from the
scatterer followed by reflection off the boundary, (c) surface scattering
followed by single scattering, (d) reflection by the boundary followed by
single scattering from the scatterer and further followed by reflection
off the boundary.

where t is the index for the scatterer type—stem or leaf, Ny = N, x N,
for stems, and N, x Ny x Ny for leaves. fép is the scattering matrix

element. l?:;', is the propagation vector of the incident wave, l_c; is the

propagation vector of the backscattered field. 7% = 22’ + gy’ — 22!

J
the location of the element j of type t.
The second term Sy is a single scattering from the scatterer
followed by a reflection off the boundary (Figure 2b).

18
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t=stem j=1
or leaf

The third term is the reverse of the second term; i.e., it represents
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surface scattering followed by single scattering (Figure 2c).

N
Ss o= > > fi(m—0i,m+ dism — 0;,¢5) Ry (6:)

t=stem j=1
or leaf

ez[k;(ﬂfai,@)*kg (=03, m+:)] 75 (4)

R,(0;) and R,(0;) are the Fresnel reflection coefficients.

The fourth term Sy describes a reflection by the boundary followed
by a single scattering from the particle and further followed by a
reflection off the boundary (Figure 2d).

S4 = Z ZR fqp 9177r+¢17 *ez’gbz)Rp(ez)

t=stem j=1
or leaf

e"[k;(ﬂ_ei7¢i)_EZ(9iaW+¢i)}'7:§ (5)

For stems, the scattering is calculated using the finite cylinder
approximation [3] in which the induced current in the dielectric
cylinder is assumed to be the same as that of the infinitely long
cylinder of the same radius. For leaves, the returns are calculated
using the physical optics approximation for elliptic discs [6], which
assumes the internal field inside the disc to be the same as that of the
infinitely extended dielectric layer of the same thickness. The effects
of attenuation on the coherent wave caused by the inhomogeneities
are also taken into account using Foldy’s approximation [18]. The
attenuation is obtained by averaging the forward scattering returns of
each scattering component. The canopy components are assumed to be
excited by this coherent wave. The two characteristic waves propagate
along the direction (6, ¢) inside the rice canopy with the propagation
constants

ky = ko — iMpy, (6)
ky = ko — iMyy (7)

for horizontally and vertically polarized components, respectively. In
Equations (6) and (7),

121 NNy <<

Mo =5 "

(0, 630,0)) + N (£20(0,6:0,0)))  (8)
where the angular brackets denote configurational average, h is the
height of the vegetation canopy, and kg is the wavenumber of free
space. Since the calculated kj, and k, are quite close to kg, the effects
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of reflection and refraction at the top boundary of the rice canopy layer
are neglected here. Based on Equations (6) and (7), Equation (1) can
be expressed as

B etkr Ny
Byr) = —= 3 3 [fap(m— 00w+ 6530, 0)
t=stem q4=1
or leaf

Zt. Zt

j j o . .
X e_qu cos 6; e_Mpp cos 6, e2l(k;x§-+k;y;7kiz§)

M 2h,+z§.
t . Cos 0.
+ Rq(ei)fqp(eivﬂ__'_¢i79i7¢i)e 9 cos 0;
t
zZ . X X .
wo Mep i, 2i(Koal+hyyl+kLh)
t .
+  fop(m — O, + dism — 0, i) Rp(6;)
z; 2h+z§. o - .
Xe_qumeMppWeZz(k;m§+k§yj+k;h)

+  Ry(0:)f5, (i, + ¢i;m — 05, 0i) Ry (6;)

2h+42tL 2h+z;. e .
quqFQieMpngi621(k;xj+k:;yj+k§(2h+zj)) EZ’) (9)

where k! = kqsin6); cos ¢;, k; = kosin®;sing;, and ki = kgcos;.
The attenuation is from the real part of My, and My,. The coherent
addition method is adopted in which the total scattered field from the
canopy is obtained by adding the scattered field from each component
coherently.

The backscatter from the rice canopy is calculated with Monte
Carlo simulations. In each realization of the rice field, the center
positions of N, rice clusters are first created and then the positions of
the N, stems within every bunch are generated using a random number
generator with a uniform distribution. The positions of rice stems are
checked so that there is no overlap between stems. The positions and
orientations of the attached leaves on each stem are also generated
randomly. The scattered electric field Es from each realization is
calculated according to (5). The backscattering coefficient is then
computed from

dqrr? < \E5|2 >
Ogp A B |2

where A is the illuminated area. The results are obtained by averaging
over an ensemble of realizations. The convergence of the Monte Carlo
simulation is demonstrated numerically with respect to the number of
scatterers and realizations.

(10)
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Figure 3. Comparison between the simulated HH backscattering
coefficients and RADARSAT data as a function of rice age. The
frequency is at C-band and the incident angle is 23°.

Table 1. Input parameters for the simulation of backscattering
coefficients of a rice field.

age (days) 20 40 60 80 100
height H (cm) 11.2 26.3 43.6 61.0 76.7
stem radius ¢ (cm) 0.11 0.15 0.18 0.21 0.23
# stems per bunch N, 3 6 13 20 24
# bunches N,/A (m~?) 9 9 9 9 9
gravimetric water content 0.71 0.77 0.80 0.80 0.75
dielectric constant e, e (25.7,8.1) | (29.6,9.2) | (31.7,9.8) | (31.7,9.8) | (28.3,8.8)
leaf width w (cm) 0.43 0.78 1.06 1.3 1.34
leaf length ¢ {(cm) 11.75 21.89 30.44 40 40.5
leaf thickness d (cm) 0.02 0.02 0.03 0.03 0.03
# leaves per stem Ny 3 3 4 5 5
stem mean tilt angle 8., (deg) 0 2 7 11 11
leaf mean tilt angle 8,,; (deg) 0 7 14 20 25
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Figure 4. Comparison between the simulated HH backscattering
coefficients and RADARSAT data as a function of rice age. The
frequency is at C-band and the incident angle is 43°.

3. COMPARISON WITH RADARSAT DATA

The simulated backscattering results at different growth stages are
compared with the RADARSAT data. The operating frequency is
at C-band (5.3 Ghz), and there is only one polarization, HH. Data
were obtained at two incident angles, 23 and 43 degrees. The
parameters used in the simulation are determined either directly
from the measurements obtained during the experiment or from the
existing literature, mainly from IRRI [2]. The parameters used in the
simulation of backscattering coefficients of rice fields are summarized in
Table 1. The dielectric constants of rice plants at various growth stages
are calculated from the gravimetric water content with an empirical
formula [17]. Since the bottom part of the rice plants is in the water,
the dielectric constant of the surface is that of water at the frequency
of 5.3Ghz at 20°, which is ¢; = (74,21) [16]. In the simulation,
the average spacing between two rice bunches is about 25cm. We
also assume that the height of stem has a normal distribution with
the standard deviation of 1cm. The backscattering coefficients are
obtained by averaging over 50 realizations.
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Figure 5. Simulated temporal variation of the L-band backscattering
returns assuming the looking direction of the radar to be the z-
direction. Simulated cases include fields with equal spacing between
rice plants (e = b = 22cm), fields with spacings a = 14cm and
b = 37cm, and fields with spacings ¢ = 37cm and b = 14 cm.

In Figure 3, the simulated HH backscattering returns at 23°
incident angle are compared with the RADARSAT data for different
growth stages. The comparison shows good agreements between
the simulation results and experimental data. The increasing trend
of the temporal radar response is well described by the modeling
results. The backscattering returns are mainly from the volume-surface
interactions. Since the bottom of rice plants are immersed in water,
the contribution of the second, third and fourth scattering mechanisms
described in Section 2 to the total scattering from the rice canopy is
very large compared to the case of other vegetation fields. Figure 4
shows the temporal response of HH backscattering coefficients when
the incident angle is 43 degrees. The result shows a trend similar to
the case of 23 degrees except that there is only a very small increase in
backscattering coefficients at higher growth stages. This is as expected
because the attenuation caused by inhomogeneities in the medium is
larger at the 43° incident angle than that at the 23° incident angle.
This effect is more dominant at higher growth stages when the stems
and leaves become larger.
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Figure 6. Simulated temporal variation of the L-band backscattering
returns assuming the looking direction of the radar to be the z-
direction. Simulated cases include fields with equal spacing between
rice plants (e = b = 22cm), fields with spacings a = 18cm and
b = 27 cm, and fields with spacings ¢ = 27cm and b = 18 cm.

4. STRUCTURE OF RICE FIELDS

The scattering returns from the rice fields in Niigata, Japan acquired
by JERS-1, which operated at L-band (1.25Ghz) with the incident
angle of 35 degrees and one polarization HH, show that the structure
of rice fields has a large effect on the returns. Rice cultivation practices
in Japan are different from those in Malaysia. Planting is performed
by mechanical planting devices mounted on the back of small tractors
[11]. The spacing between rice plants in one direction can be very
different from the spacing in the other direction. A question was raised
in the paper regarding the planting direction which results in a higher
scattering return. With the developed model and input parameters
[9], the dependence of radar backscattering returns on the geometric
properties of the fields is investigated.

Assuming that the looking direction of the radar is in the z-
direction and that the area is the same for all fields, the field structures
considered include the following cases.
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Figure 7. Simulated temporal variation of the C-band backscattering
returns assuming the looking direction of the radar to be the z-
direction. Simulated cases include fields with spacings a = 14 cm and
b = 37cm, fields with spacings ¢ = 37cm and b = 14 cm, fields with
spacings ¢ = 18 cm and b = 27 cm, and fields with spacings a = 27 cm
and b = 18 cm.

fields with equal spacing between rice plants (a = b = 22cm)
fields with spacings a = 14 cm and b = 37cm
fields with spacings a = 37c¢m and b = 14 cm
fields with spacings a = 18cm and b = 27 cm

RARE oo

fields with spacings a = 27 c¢m and b = 18 cm

a and b are the spacings in the x and y directions, respectively
(Figure 1).

Figure 5 shows the simulated temporal variation of the L-band
backscattering returns for cases 1 to 3. The overall shapes of the
temporal curves are similar for all three cases. Compared to case
3, the backscattering return is about 8 dB lower for case 2 where a,
the spacing in the radar looking direction, is smaller than spacing b
in the direction perpendicular to the radar looking direction. The
simulated L-band backscattering returns versus rice age for cases 1, 4
and 5 are given in Figure 6. Again, the overall shapes of the temporal
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Figure 8. Simulated temporal variation of the ratio of L-band co-
pol backscattering coefficients, HH over VV, assuming the looking
direction of the radar to be the z-direction. Simulated cases include
fields with spacings a = 14cm and b = 37cm, fields with spacings
a = 37cm and b = 14 cm, fields with spacings ¢ = 18 cm and b = 27 cm,
and fields with spacings a = 27cm and b = 18 cm.

curves are similar for all three cases. However, compare to case 5, the
backscattering return is about 4 dB higher for case 4 where spacing
a is smaller than spacing b. Therefore, it is not necessarily true that
scattering returns are higher when the spacing in the radar looking
direction is smaller than the spacing in the perpendicular direction.
The magnitude of scattering returns depends on whether we have a
constructive or destructive interference between rice plants, which is
related to the spacing between the plants. With a large difference in
the backscattering results because of the different structures of the
rice fields, inversion will be difficult without the measurements on
the plant spacings. However, we can expect less effect of the rice
field structure on the returns since the wavelength at C-band is about
6 cm compared to 24cm at L-band. Figure 7, which shows simulated
temporal variations of the C-band backscattering results for cases 2 to 5
described above, confirms this point. The variations in backscattering
returns are small for different directions and plant spacings.
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If an L-band data set has both HH and VV polarizations, one
possible way to perform the inversion without the measurements on
the plant spacings is by taking the ratio of HH over VV. The plot
of the L-band ratio versus the age of rice canopy for different plant
spacings is shown in Figure 8. For the first 95 days, HH backscattering
returns are higher than the VV returns since the dominant scattering
mechanism is the volume-surface interactions. The reflection coefficient
of the horizontal polarization is higher than that of the vertical
polarization. The ratios have a decreasing trend after 40 days because
the attenuation increases. With water as the underlying surface, the
plot for the ratio of HH over VV is different from that of other types
of vegetation. The ratio of HH over VV can therefore be utilized for
the classification of the rice canopy. The results are very close for
different spacing between rice plants. Taking the ratio has the effect
of canceling out the phase interactions from the structure of the rice
field and provides a useful parameter for the inversion of rice biomass.

5. SUMMARY

A coherent scattering model from rice canopy based on Monte Carlo
simulations has been developed, taking into account the structures
of rice plants and rice fields and the coherence or phase interference
between vegetative elements. It is applied to interpret the RADARSAT
data at two incident angles and to analyze the structural effect of
rice fields on the scattering returns. The comparison between the
simulation results and RADARSAT data shows good agreement for
incident angles at 23° and 43°. Because the lower portion of rice
plants is immersed in water, the scattering returns are mainly from
the volume-surface interactions.

Simulations were also performed using this scattering model to
interpret the returns at different growth stages for various structures
of rice fields. The result shows that at L-band, the variation in the
scattering returns from rice fields with different structures can be
large because of constructive and destructive interferences between rice
plants as the result of different plant spacings. Without knowing the
plant spacing, inversion of rice biomass from the scattering results will
be difficult at L-band. For C-band, rice field structure has less effect on
the returns because the wavelength at C-band is about 6 cm compared
to 24cm at L-band. However, if the L-band data has both HH and
VV polarizations, taking the ratio of HH over VV has the effect of
canceling out the phase interactions from the structures of rice fields
and is useful for the inversion of biomass.
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