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Abstract—The polarimetric backscattering coefficients (vv-,
hh-, hv-, and vh-polarizations) of a flooded rice field are measured
using L- and C-band ground-based polarimetric scatterometers.
These measurements were made during the rice growth cycle,
i.e., from the transplanting period to the harvest period (May to
October 2006), to understand the feasibility of modeling and
estimating rice growth. We also collected ground truth data that
include fresh and dry biomasses, plant height, leaf area index, and
leaf size. To study the incidence angle effect, the scatterometer
data were collected at four different incidence angles, i.e., 30◦ ,
40◦ , 50◦ , and 60◦ . In this paper, we show that the backscattering
coefficients of a rice field can accurately be modeled using the
radiative transfer theory. We also demonstrate that a polarimetric
scatterometer is an effective tool for estimating rice growth. The
hh-polarized backscattering coefficient is more sensitive to rice
growth than its vv-polarization counterpart. The polarimetric
ratio can be used to estimate rice growth accurately.
Index Terms—Flooded rice field, polarimetric backscattering coefficients, radiative transfer method, scatterometer
measurements.

I. I NTRODUCTION

D

UE to weather conditions in the tropical monsoon climate
in Asia, microwave sensors can be more effective in
monitoring rice growth than optical sensors, since a longerwavelength electromagnetic wave is less affected by clouds
and precipitation events. The backscattering measurements of
rice-growing areas have already been acquired using satellite
synthetic aperture radars. For example, Le Toan et al. [1] analyzed European Remote Sensing 1 satellite (ERS-1) synthetic
aperture radar (SAR) data (C-band, vv-polarization at 23◦ ) for
monitoring rice growth. They studied the ERS-1 SAR data
of two rice fields to show the strong temporal variation of
the radar response. The ERS-1 SAR measurements of the rice
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fields were compared with a theoretical model derived from the
Monte Carlo simulation based on the first-order solution of the
backscattering electric field. They developed a method to map a
rice field based on the temporal variation of the radar response.
Recently, an analysis of RADARSAT SAR data collected
from rice fields was reported in [2]. The hh-polarized C-band
RADARSAT data were collected at a 41◦ incidence angle. The
dual-polarized backscattering coefficients of a rice field were
collected using ENVISAT Advanced Synthetic Aperture Radar
(ASAR) (5.3 GHz, hh- and hv-polarizations with incidence
angles ranging from 35.8◦ to 39.4◦ ) [3]. Although these satellite
data were useful in assessing the scatterometer sensitivity to
rice growth, they cannot be used to understand the full polarimetric responses of a rice field at various incidence angles.
In this paper, we used a fully polarimetric scatterometer
to accurately measure the polarimetric (vv-, hh-, hv-, and
vh-polarized) backscattering coefficients of a flooded rice field
at L- and C-bands. The incidence angle varied from 30◦ to
60◦ . This ground-based scatterometer is composed of a vector
network analyzer and polarimetric antenna sets at the L- and
C-bands [4]. The measured data were accurately calibrated
using the radar calibration techniques in [5] and [6]. For our
data analysis, we used the third-order polynomial to represent
the polarimetric scatterometer measurements.
The temporal variations and angular responses of the polarimetric backscattering coefficients of the rice field at the
X-band have been reported in [7], where it was shown that the
backscattering coefficients of the rice field at 9 GHz reach a
maximum value at an early growth stage of about 43–60 days
after transplanting. In this paper, we demonstrate that the
L- and C-band measurements can be used to monitor the entire
rice growth period. In addition, we show the feasibility of modeling the scattering mechanism of a rice field using the vector
radiative transfer (VRT) method [8]. This model includes the
first-order multiple scattering between the vegetation canopy
and the water surface, as well as the direct backscatter from
the vegetation canopy and direct backscatter from the perturbed
water surface with attenuation through the vegetation canopy.
To derive the input parameters of the model, we used ground
truth data such as fresh and dry biomasses, plant height, leaf
area index (LAI), and leaf size. The numerical results from this
model compare well with the various measurements.
II. M EASUREMENTS
In this paper, the rice field was located in Suwon, Korea,
and kept flooded from the time of seeding until shortly before

0196-2892/$25.00 © 2009 IEEE
Authorized licensed use limited to: HONGIK UNIVERSITY. Downloaded on March 11,2010 at 20:36:19 EST from IEEE Xplore. Restrictions apply.

OH et al.: POLARIMETRIC BACKSCATTERING COEFFICIENTS OF FLOODED RICE FIELDS

2715

metric responses of a calibration target over the main lobe of the
antenna should be measured for this calibration technique, from
which the differential Mueller matrix elements can be derived
with a high degree of accuracy for characterizing radar distortion. It was proven that this technique is necessary for retrieving
accurate phase-difference statistic parameters. For the backscattering coefficients (magnitude), the discrepancy between the
DMMT and the single-target calibration technique (STCT) [6]
was negligible (less than 1 dB), whereas the discrepancy for the
phase-difference statistics was rather drastic [5].
For the DMMT, the polarimetric response of a conducting
sphere was measured over the main lobe of the antenna, i.e.,
from −20◦ to +20◦ for both horizontal and vertical directions
with 2◦ steps. The pq-polarized backscattering coefficients
(p, q = h, v) can be obtained from the ensemble-averaged dif0

ferential Mueller matrix M , which can be computed from the
0

differential correlation matrix W with
Fig. 1.

Rice growth periods and rice plant clusters.

0

0

M = 4πV W V
harvest. The rice seeds were sown in a nursery site on April 17,
2006. Then, the rice seedlings were transplanted in the measurement site on May 17, 2006 by using a transplanting
machine. Scatterometer backscatter measurements were taken
from May 29, 2006 to October 9, 2006 at the measurement site,
just before the rice plants were harvested on October 12, 2006.
The rice growth periods from transplant to harvest were divided
into three growth stages, i.e., 1) vegetative stage from transplant
to panicle initiation (about three months); 2) reproductive stage
from panicle initiation to flowering (about one month); and
3) ripening stage from flowering to full maturity (about one
month), as shown in Fig. 1. Fig. 1 also shows the rice plant
clusters at selected dates.
We measured the vv-, hh-, hv-, and vh-polarized backscattering coefficients of the rice field at the incidence angles of
30◦ , 40◦ , 50◦ , and 60◦ with 30 independent samples at each
polarization and at the incidence angle at the L- and C-bands
during the rice growth cycle. The polarimetric scatterometer we
used during the experiment is composed of a vector network
analyzer, two polarimetric antenna sets, a laptop computer
for data acquisition, and an antenna support tower. The timegating function of the vector network analyzer was used to gate
out the noise signals from antenna adapters, antenna supports,
towers, and sidelobe reflection from ground. The polarimetric
antenna system for the 1.9-GHz measurements consists of two
orthogonally positioned R-band (1.7–2.6 GHz) standard horn
antennas, whereas the antenna system for the 5.3-GHz measurements consists of an orthogonal mode transducer (OMT)
and an H-band (3.9–5.9 GHz) custom-made horn antenna. The
antenna systems were positioned on top of a 3.4-m tower. The
scatterometer was well calibrated to get hh-, hv-, vh-, and
vv-polarized backscattering coefficients from the backscatter
measurements using the polarimetric calibration techniques
shown in [5] and [6].
The C-band scatterometer system was precisely calibrated
using the differential Mueller matrix technique (DMMT) [5],
which is a rigorous calibration method for the polarimetric
scatterometer measurements of distributed targets. The polari-

−1

(1)

where V is a constant transform matrix [4]. The differential
0

correlation matrix W can be obtained from the matrix X,
which has the following relation with the 4 × 4 correlation measurements Y and the 4 × 4 correlation calibration matrix D:
Y = D X.

(2)

The correlation calibration matrix can be computed from
the calibration procedure using the polarimetric antenna
pattern, the theoretical radar cross section (RCS), and the field
measurement of the calibration target [5].
The L-band scatterometer system was calibrated using the
STCT [6] instead of the DMMT technique, because the polarimetric responses of a calibration target over the main lobe
of the L-band antenna were not available. The STCT calibration technique is convenient and capable of correcting radar
crosstalk contamination and channel imbalances by measuring
the backscatter cross section of a conducting sphere or a corner
reflector. The measured backscattering coefficients can be computed using the illumination integral Aill and the calibrated true
scattering matrix S as
0
=
σpq

4π
Aill,pq

|Spq |2

(3)

for q-polarized wave incidence and p-polarized wave scattering,
where p or q denotes v or h. The true scattering matrix S can be
obtained from the scatterometer measurements S m , inverting
the following matrix equation:
t

Sm = R C S C T

(4)

where R, T , and C are the receive and transmit channel
imbalance matrices and the crosstalk matrix, respectively. The
elements of these matrices can be obtained by the theoretical
and experimental RCS of a calibration target [6]. The illumination integral could be computed using the 3-D antenna pattern,
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TABLE I
MEASURED GROUND TRUTH DATA

Fig. 2.

which was generated by interpolating the measured principal
E- and H-plane antenna patterns.
The ground truth data of the rice field were also collected
during the rice growth cycle from May 29, 2006 to October 9,
2006. The measured ground data include the rice-plant total
length, LAI, fresh and dry weights, canopy vertical height, leaf
width, and leaf length, as shown in Table I. Three rice clusters
were selected for measuring the ground data. The rice leaves
were detached from the stems and used to measure the total
areas using LI-3100 (LI-COR, Inc.), and the LAI was computed
using the density of the rice clusters. The dry biomasses were
measured by drying the vegetation particles in a dryer at 80 ◦ C
for 48 h.
III. M ODELING
The VRT theory is a common technique for computing
polarimetric microwave scattering from randomly distributed
scatterers [8]. In this paper, the rice field is modeled as a
vegetation canopy consisting of randomly distributed lossy
dielectric thin leaves over a water surface for applying the
first-order VRT method. The water surface had slightly been
perturbed by various floating materials, protruding soil bumps,
and even by winds at the early growing stages. Thus, the microwave backscattering from this vegetation canopy comprises
the following five main scattering mechanisms for the firstorder RT model, as shown in Fig. 2: 1) direct backscattering
from the vegetation canopy layer (I–V–S); 2) forward scattering
from the vegetation layer and then reflecting from the water
surface (I–V–W–S); 3) reflecting from the water surface and
then forward scattering from the vegetation layer (I–W–V–S);
and 4) reflecting from the water surface, then backscattering
from the vegetation layer, and reflecting again from the water
surface (I–W–V–W–S); and 5) direct backscattering from the
perturbed water surface with two-way attenuations through the
vegetation layer (I–W–S).
The backscattering coefficients can be obtained by multiplying 4π cos θ0 to the transformation matrix elements, e.g.,
o
o
= 4π cos θ0 T11 and σvh
= 4π cos θ0 T12 . The 4 × 4 transσvv
formation matrix T can be computed using the phase matrix
P , the eigen matrix E, the reflectivity matrix R, the diagonal

Five main scattering mechanisms.

extinction matrix D, and the Stokes scattering operator matrix
M [4], [8] as



−1
−1
−1
T =sec θ0 E 4 A41 E 1 + E 4 D4 E 4
R E 3 A31 E 1

 

−1
−1
−1
+E 4 A42 E 2 R E 1 D1 E 1
+ E 4 D4 E 4


−1
−1
× R E 3 A32 E 2 R E 1 D1 E 1




−1
−1
+ E 4 D4 E 4
M E 1 D1 E 1
(5)
with



−1
[Akl ]ij = E k P kl E l Ckl,ij .

(6)

ij

The first, second, third, fourth, and fifth terms of the foregoing equation correspond to scattering mechanisms 1 (I–V–S),
2 (I–V–W–S), 3 (I–W–V–S), 4 (I–W–V–W–S), and 5 (I–W–S)
in Fig. 2, respectively. The subscripts 1, 2, 3, and 4 correspond
to the directions of incidence downward (), incidence (or
scattering) upward (), scattering (or incidence) downward
(), and scattering upward (), respectively. In (6), the
subscripts k and l denote the wave directions, and the subscripts
i and j denote the ijth element of the matrix.
The wave attenuation through the vegetation canopy is accounted for using Foldy’s approximation [8]. The diagonal
terms of the diagonal matrices D can be obtained from the
eigen values βi of coherent propagation. The elements of the
associate eigen matrix E, as well as the eigen values βi , can be
computed from the elements of the averaged scattering matrix
B [8] as


B = S(θ, φ; θ, φ) j2πN/k.
(7)
The constant Ckl,ij in (6) can be summarized as
C41,ij =

1 − e[−{βi (θs ,φs ) sec θs +βj (π−θ0 ,φi ) sec θ0 }d]
βi (θs , φs ) sec θs + βj (π − θ0 , φi ) sec θ0

(8)

C31,ij =

e[−βi (π−θs ,φs )d sec θs ] − e[−βj (π−θ0 ,φi )d sec θ0 ]
.
−βi (π − θs , φs ) sec θs + βj (π − θ0 , φi ) sec θ0

(9)

C32,ij can be computed from C41,ij with substitutions of (π −
θs , φs ) into (θs , φs ) and (θ0 , φi ) into (π − θ0 , φi ), and C42,ij
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can be computed from C31,ij with substitutions of (θs , φs ) into
(π − θs , φs ) and (θ0 , φi ) into (π − θ0 , φi ).
The reflectivity matrix can be computed using the Fresnel
reflection coefficients with a modification for a rough surface
by multiplying the physical optics (PO) modification factor
Rp = |Γp |2 e−(2ks cos θ)

2

s

eikr
S(k̂s , k̂i ) · q̂i E0
r

(11)

and computed from the equivalent current distribution on the
rice leaves. The equivalent current J(r ) can be approximated
R
to a surface current distribution J s (r ) on the resistive sheet as
R

pc

J s (r ) = J s (r ) Γq

(12)

pc

where J s (r ) is the PO surface current on a perfect conductor, Γq is the reflection coefficient for a resistive sheet at
q-polarization, which is given in [10] as

−1
2Rl cos θ0
Γh = 1+
η0


Γv = 1+

TABLE II
INPUT PARAMETERS FOR THE MODEL

(10)

where Γp is the Fresnel reflection coefficient for p-polarization
(p = v or h), s is the RMS height, k is the wavenumber, and
θ is the incidence angle. The phase matrix is the average of the
Mueller matrix over the distribution of particles in terms of size,
shape, and orientation, where the Mueller matrix elements are
the covariance between the scattering matrix elements [8].
A rice leaf is modeled as a lossy dielectric thin rectangular disk for simplicity. It was shown in [9] that the RCS
of a thin leaf can alternatively be computed by either the
PO model or the generalized Rayleigh–Gans (GRG) model at
microwave frequencies. In this paper, the scattering matrices
for the rice leaves were computed using the PO model and the
resistive sheet approximation. The scattering matrix element for
pq-polarization Spq is p̂s · S · q̂i , where the scattering matrix
field S is defined as
E (r) =

2717

2Rl
η0 cos θ0

The major input parameters of the model are canopy height,
distributions of leaf sizes and orientations, leaf density, and
water contents of rice leaves. The leaf density was computed
from the measured LAI and the measured leaf width and
length for each measurement, and the gravimetric water content
was computed from the measured fresh and dry weight in
Table I. It was found that the measured ground data fluctuated
date by date. Therefore, the input parameters, such as canopy
height, leaf width, leaf length, leaf density, and water content,
were obtained from the polynomial regression of the measured
ground data, as shown in Table II. The distribution of the
leaf orientation was assumed to be uniform for vertical and
horizontal directions in the range of 0 ≤ θ ≤ π/2, 0 ≤ ϕ ≤ 2π.
The distributions of the leaf widths and lengths were also
assumed to be uniform in appropriate ranges with the measured
mean values. The leaf thickness of 0.5 mm was used for all
cases in this model computation.
The reduction of the scattering amplitude for a curved leaf is
included in this model with the following relation [10]:

−1


(13)

with the resistivity of the leaf Rl = iη0 /k0 t(εr − 1), where
θ0 = π − θi , and t is the leaf thickness. The relative permittivity εr of a rice leaf has been computed by the empirical formula
in [11] using the gravimetric water content of the leaf.
We tried to retrieve the roughness parameters of the perturbed
water surface from the scatterometer measurements because the
radar backscatter is dominated by surface scattering for a very
sparse vegetation canopy. The polarimetric radar measurements
on June 5, 2006 at the L- and C-bands were fitted with the
model to estimate the RMS height s and the correlation length l
using the minimum mean square error (MMSE) technique. In
this model, we employed the small perturbation method (SPM)
for surface scattering with the dielectric constants (79.18,
−8.23) at 1.9 GHz and (73.54, −21.20) at 5.3 GHz for the water
surface [11]. It was found that the measurements and model outputs agree quite well with the RMS height s = 0.1 cm and the
correlation length l = 2 cm for the surface. We used these estimated surface roughness parameters for all the other rice fields.

S = Sf p

b
2

k
ρ



−1

F

b
2

k
ρ

(14)

where S is the scattering amplitude, the subscript f p stands
for “flat plate,” b is the length of a leaf, ρ is the radius of the
curvature, and F is the Fresnel integral defined by
τ

e−ju du.
2

F (τ ) =

(15)

0

The√ Fresnel integral can be approximated by
0.5 π exp[−jπ/4] for a large argument. In this paper,
the radius of 12.7 b2 was selected by comparing between the
measurements and the model outputs for Data-6 (measurements
on July 24, 2006) using the MMSE technique. The reduction of
the scattering amplitude is negligible at the L-band and about
40% at the C-band with the radius.
Fig. 3(a)–(c) shows the contributions of the five scattering
mechanisms for vv-, hh-, and hv-polarizations, respectively,
for the measurements on June 5, 2006 (Data-2) at L-band.
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Fig. 3. Contributions of the five scattering mechanisms for Data-2 (June 5,
2006) at the L-band for (a) vv-, (b) hh-, and (c) hv-polarizations.

The direct scattering from the perturbed water surface (I–W–S)
is dominant for the vv-polarized backscattering coefficients,
as shown in Fig. 3(a), because the rice field on June 5 had a
very sparse vegetation canopy. For the hh-polarization, however, the I–W–S mechanism was only dominant at lower incidence angles (θ < 45◦ ), as shown in Fig. 3(b), because of the
lower surface scattering for hh-polarization at higher incidence
angles. The scattering mechanisms 2 and 3 (I–V–W–S and
I–W–V–S) were higher than the other scattering mechanisms
for cross polarization at the lower incidence angles, as shown
in Fig. 3(c), because of the specular forward scattering in the
scattering mechanisms 2 and 3.
Fig. 4(a)–(c) shows the contributions of the five scattering
mechanisms for vv-, hh-, and hv-polarizations, respectively, for
the L-band measurements on August 16, 2006 (Data-8). In this
case, the direct scattering from the water surface (I–W–S) was
negligible because of the higher attenuation in the dense vegetation canopy. Instead, the direct scattering from the vegetation
canopy (I–V–S) was dominant for the copolarized backscattering coefficients because of the higher density of the leaves. The

Fig. 4. Contributions of the five scattering mechanisms for Data-8
(August 16, 2006) at the L-band for (a) vv-, (b) hh-, and (c) hv-polarizations.

multiple scattering between the vegetation canopy and the water
surface (I–V–W–S and I–W–V–S) was dominant for the cross
polarization at θ < 55◦ because of the higher specular forward
scatter than the backscatter for the cross polarization.
Fig. 5(a) and (b) shows the comparison between the measured and estimated temporal variations of the backscattering
coefficients at 40◦ in the L- and C-bands, respectively, for the
whole growth period. The temporal polarimetric backscattering
coefficients have been estimated using the input parameters in
Table II. The model estimation agrees relatively well with the
measured backscattering coefficients for both frequencies.
IV. D ATA A NALYSIS
We first analyzed the temporal variations of the measured
polarimetric backscattering coefficients. Fig. 6 shows the vv-,
hh-, hv-, and vh-polarized backscattering coefficients of the
rice field at 5.3 GHz and 30◦ . The vv-polarized backscattering coefficients only increased at the vegetative stage, were
saturated at the reproductive stage, and even decreased at the

Authorized licensed use limited to: HONGIK UNIVERSITY. Downloaded on March 11,2010 at 20:36:19 EST from IEEE Xplore. Restrictions apply.

OH et al.: POLARIMETRIC BACKSCATTERING COEFFICIENTS OF FLOODED RICE FIELDS

2719

Fig. 5. Comparison between the measured and estimated backscattering coefficients at 40◦ for the whole rice growth period at the (a) L- and (b) C-bands.

Fig. 7. Measured polarimetric backscattering coefficients at 5.3 GHz at
(a) 50◦ and (b) 60◦ .

Fig. 6. Comparison between the scatterometer data, the ERS-1 data in [1],
and the AirSAR data at 5.3 GHz and 30◦ .

ripening stage due to the canopy attenuation, whereas the
hh-polarized responses increased even at the reproductive stage
and were saturated at the ripening stage. The temporal trend
of the cross-polarized backscattering coefficients follows the
hh-polarization. Fig. 6 also shows the temporal variation of
the ERS-1 data (23◦ ) in [1], which represent the data-fit curve
(y = −0.001265x2 + 0.2919x − 23.758) for the Akita and
Semarang test sites. The temporal trend and the absolute level
of the ERS-1 data agree quite well with the scatterometer data.
Fig. 6 also shows the JPL/AirSAR measurements at 34◦ for a
rice field at Non-San, Korea, during the PACRIM-2 campaign
on September 30, 2000. The AirSAR polarimetric measurement
also agrees well with the scatterometer measurements.
Fig. 7(a) and (b) shows, respectively, the C-band polarimetric
backscattering coefficients of the rice field at the incidence

angles of 50◦ and 60◦ . The vv-polarized backscattering coefficients reach the peak values earlier than the hh-polarized
responses at all incidence angles. For example, the vv-polarized
backscattering coefficients at 60◦ reach the peak value quite
early, even at about 40–50 days after transplanting [Fig. 7(b)],
because of high attenuation at a higher incidence angle due
to a longer wave path than a lower incidence angle. We can
conclude that the hh-polarized backscattering coefficients are
more sensitive to growth age than the vv-polarized responses.
Fig. 8(a) and (b) shows the temporal polarimetric responses to
the flooded rice field at 1.9 GHz at 30◦ and 50◦ . The temporal
trends at 1.9 GHz are quite similar to those at 5.3 GHz, except
that the temporal L-band backscatters reach peak values later
than those at the C-band because of the lower effective density
(correspondingly, the lower attenuation) at the L-band. For
example, the peak of the vv-polarized response at 30◦ occurs
at about the 80-day age at the C-band and at about the 120-day
age at the L-band, as shown in Figs. 6 and 8(a). All the
temporal measurements of the vv-, hh-, vh-, and hv-polarized
backscattering coefficients at 30◦ , 40◦ , 50◦ , and 60◦ at the
C- and L-bands are regressed with third-order polynomials, and
the coefficients of the regressed third-order polynomials are
given in Table III.
Considering the polarimetric responses at 30◦ , as shown in
Fig. 6, it can be noticed that the vv-polarized response is higher
than the hh-polarized response when the surface scattering is
dominant for relatively sparse vegetation canopies at the early
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Fig. 8. Measured polarimetric backscattering coefficients at 1.9 GHz at
(a) 30◦ and (b) 50◦ .
TABLE III
POLYNOMIAL COEFFICIENTS FOR THE REGRESSION DATA FIT

Fig. 9.

Measured polarimetric ratios at 30◦ ; Cvv/Chh and Lvv/Lhh.

Fig. 10.

Measured frequency ratios at 30◦ ; Cvv/Lvv and Chh/Lhh.

season. On the other hand, the hh-polarized response is higher
than the vv-polarized response for relatively dense vegetation
canopies at a late growing season because of less attenuation for
hh-polarization than vv-polarization due to the canopy geometry and the double bounce component. The dynamic range of
the hh-polarized backscattering coefficients at 30◦ during the
rice growth cycle is about 16.2 dB (−21.9 to −5.7 dB), which
is much higher than the range for vv-polarization, which is
about 10.1 dB (−16.9 to −6.8 dB). Therefore, the hh-polarized
backscattering coefficient has a wider temporal sensitivity than
the vv-polarized backscattering coefficient.
0
0
/σhh
) at 30◦ at
Fig. 9 shows the polarimetric ratios (σvv
the C- and L-bands (Cvv/Chh and Lvv/Lhh). The polarimetric
ratios are sensitive to rice plant age because of the differential scattering mechanisms and attenuation depending on
the incidence wave polarization (more attenuation for vertical
polarization as the rice canopies grow). The polarimetric ratios
decrease from 5 to −6 dB for both frequencies. In other
words, the increase rate of the backscattering coefficient for
hh-polarization is much larger than that for vv-polarization. The
hh-polarized response crosses over the vv-polarized response
at about 95 days at the C-band and at about 40 days after
transplanting at the L-band, as shown in Figs. 6, 8(a), and 9.
Fig. 10 shows the frequency ratios for both hh- and
vv-polarizations (Cvv/Lvv and Chh/Lhh), and also shows that
the backscattering coefficients at the C-band are lower at the
latter part of the rice-growing season, because the wave cannot
penetrate into the vegetation canopy in a dense rice field such
that the water-bounce scattering at the C-band is negligible.
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On the other hand, the backscattering coefficients at the C-band
are higher at the first part of the rice-growing season because
of the higher effective surface roughness at the C-band. The
sensitivities of the polarimetric and frequency ratios at 40◦ are
quite similar to those at 30◦ , but the differences between the
L- and the C-bands and between the vv- and hh-polarizations
are lesser than those shown in Figs. 9 and 10.
V. C ONCLUDING R EMARK
The vv-, hh-, hv-, and vh-polarized backscattering coefficients of a flooded rice field were precisely measured using
L- and C-band ground-based polarimetric scatterometers at 30◦ ,
40◦ , 50◦ , and 60◦ . These scatterometer measurements and the
ground truth data collections were made during the rice growth
cycle from May to October 2006 to understand the feasibility of
modeling and estimating rice growth. We have shown that the
backscattering coefficients of a rice field can be modeled using
the radiative transfer theory. We have also demonstrated that
a well-calibrated polarimetric scatterometer is an effective tool
for estimating rice growth. The hh-polarized backscattering coefficient is more sensitive to rice growth than its vv-polarization
counterpart. It has also been shown that the polarimetric and
frequency ratios are sensitive to the rice plant age.
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