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SUMMARY In this paper, a multi-temporal analysis of polarimetric
synthetic aperture radar (Pol-SAR) data over the sandbank and oyster farm
area is presented. Specifically, a four-component scattering model, being
able to identify single bounce, double bounce, volume, and helix scattering
power contributions, has been employed to retrieve information. Decompo-
sition results of a time series RADARSAT Pol-SAR images acquired over
the western Taiwan coast indicate that the coastal tide level plays a key role
in the sandbank and oyster farm monitoring. At high tide levels, the un-
derlying sandbank creates a shallow area with an increased roughness of
the above sea surface, leading to an enhanced surface scattering power as
compared to the ambient water. Contrarily, at low tide levels, the exposed
sandbank appears to be a smooth scatterer, generating decreased backscat-
tering power than the surrounding area. On the other hand, the double-
bounce scattering power is shown to be highly correlated with the tide level
in the oyster farms due to their vertical structures. This also demonstrates a
promising potential of the four-component scattering power decomposition
for coastal tide level monitoring applications.
key words: four-component decomposition, polarimetric synthetic aper-
ture radar (Pol-SAR), radar polarimetry, coherency matrix

1. Introduction

Sandbank, or sandbar, typically formed at the river mouth in
the sea, plays an important role to reduce the coast erosion
by ocean waves. Because of its shielding capability, the area
between the sandbank and the coast is often an excellent
candidate for sea farming or aquaculture [1]. Monitoring of
the sandbank is, therefore, very important for the ecosystem
and fishery economics of coastal or island countries.

In situ investigation of the sandbank area is gener-
ally difficult, costly, and even dangerous. Not only lim-
ited amounted of data can be obtained by manual sam-
pling, the shallow area also imposes hazard on watercrafts.
Alternatively, remote sensing techniques provide an ef-
fective and safe tool for nonintrusive large spatial cover-
age measurement. Synthetic aperture radar (SAR), in par-
ticular, is one promising means due to its advantages in
all-time/all weather operational capability and wide-area
surveillance. Recent state-of-the-art SAR systems such as
the RADARSAT-2 and AlOS-PALSAR are also equipped
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with fully polarimetric data-take capability which is able to
provide much more target information than that of single-
polarization SAR.

The motivation of this paper is then to provide a multi-
temporal analysis of the sandbank area using polarimet-
ric SAR (Pol-SAR) images. The area under study is the
Waisanting sandbank, the largest sandbank of Taiwan. A
time series of RADARSAT-2 Pol-SAR imagery data have
been acquired during 2009/03/15 to 2012/09/07 for contin-
uous monitoring. The Waisanting sandbank presents two
distinctive terrains. One is a large sandbank that is mainly
consists of the sedimentary deposit from the flushing river.
The other is an oyster farm that is built about the sand-
bank containing dense vertical structures. More importantly,
both of these two targets will be regularly submerged or ex-
posed due to different sea/tide levels which play a key role
in changing the backscattering behaviors for the incident
waves. In order to reveal such a change, among the many an-
alyzing tools for Pol-SAR data [2]–[8], in this paper we have
adopted the model-based four-component scattering power
decomposition [4], [7] because of its ability to distinguish
different scattering mechanisms. To our best knowledge,
this is the first study dedicated to observe the unique dy-
namic responses of both the sandbank and surrounding oys-
ter farm simultaneously.

It should be noted that an earlier work [8] has been
also done for polarimetric analysis of oyster farm using L-
band AIRSAR data. However, the study is conducted on a
single-temporal Pol-SAR dataset due to the irregularity of
the AIRSAR mission. Multi-temporal analysis is performed
based on JERS-1 single-channel intensity images. On the
other hand, the multi-temporal analysis given in this paper
is based on fully polarimetric time series Pol-SAR data. Us-
ing model-based decomposition, this allows us to extract the
most indicative scattering mechanism with respect to envi-
ronmental change. For example, we will show (in Sect. 3)
that the double-bounce scattering power is highly correlated
with the sea/tide level in the oyster farms due to the exis-
tence of vertical structures thereof.

This paper is organized as follows. In Sect. 2, the four-
component scattering power decomposition with polariza-
tion orientation angle compensation [3], [7] is introduced.
In Sect. 3 the experimental results of applying the four-
component on the time series RADARSAT-2 Pol-SAR im-

Copyright c© 2013 The Institute of Electronics, Information and Communication Engineers



2574
IEICE TRANS. COMMUN., VOL.E96–B, NO.10 OCTOBER 2013

ages are given. The change of scattering mechanisms with
respect to sea/tide levels in both sandbank and oyster farm
is also analyzed in Sect. 3. Finally, Sect. 4 concludes this
paper.

2. Methodology

For self-completeness, in this section, we briefly summarize
the modified four-component scattering power decomposi-
tion with rotation compensation that is recently proposed by
Yamaguchi et al. [7]. Pol-SAR measures the scattering ma-
trix [S]. In the horizontal (H) and vertical (V) polarization
basis, the scattering matrix can be expressed as

[S (HV)] =

[
S HH S HV

S VH S VV

]
(1)

Once the scattering matrices are obtained, we further define
the coherency matrix, which retains the second order statis-
tics of the corresponding polarimetric information. Specifi-
cally, denote < > the ensemble average, then the coherency
matrix is given by

〈[T ]〉 =
〈
kpk†p

〉
=

⎡⎢⎢⎢⎢⎢⎢⎢⎣
T11 T12 T13

T21 T22 T23

T31 T32 T33

⎤⎥⎥⎥⎥⎥⎥⎥⎦ (2)

where † denotes complex conjugation and transposition, and
the Pauli vector kP is defined as

kp =
1√
2

⎡⎢⎢⎢⎢⎢⎢⎢⎣
S HH + S VV

S HH − S VV

2S HV

⎤⎥⎥⎥⎥⎥⎥⎥⎦ (3)

It should be noted that the ensemble averaged coherency
matrix contains 9 independent parameters whereas the scat-
tering matrix contains 5 independent parameters.

Based on the coherency matrix, many scattering power
decomposition techniques have been proposed [6], [7]. The
methodology we have adopted in this paper for polarimetric
analysis is the four-component scattering power decomposi-
tion with rotation of coherency matrix (Y4R) [7] because it
takes target orientation as well as non-reflection symmetry
into account and has been proved to give reasonable results
across various types of terrains.

In general, the four-component scattering power de-
composition scheme is illustrated in Fig. 1. According to
the different physical scattering natures, the measured co-
herency matrix is expanded with a library of four mecha-
nisms, i.e., the surface scattering, the double bounce scatter-
ing, the volume scattering, and the helix scattering [6].

The expansion matrix for the surface scattering is

[T]surface =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 β∗ 0
β |β|2 0
0 0 0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦ , |β| < 1 (4)

The double bounce scattering matrix can be written as

[T]double =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
|α|2 α 0
α∗ 1 0
0 0 0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦ , |α| < 1 (5)

Fig. 1 The four-component decomposition by scattering natures.

Fig. 2 Probability density function of the orientation angle. The angle θ
is taken from the horizontal direction seen from the radar line of sight.

where α and β are unknowns to be determined.
The volume scattering is often assumed to be generated

by a cloud of dipoles which emulates the random scattering
from vegetation. If the orientation angles of the dipoles are
uniformly distributed, the corresponding coherency matrix
for the volume scattering is given as

〈[T ]〉vol =
1
4

⎡⎢⎢⎢⎢⎢⎢⎢⎣
2 0 0
0 1 0
0 0 1

⎤⎥⎥⎥⎥⎥⎥⎥⎦ for p(θ) =
1

2π
(6)

where p(θ) represents the probability density function of the
orientation angles. When p(θ) [4], [6] has a different form
other than uniform distribution as shown in Fig. 2, the vol-
ume scattering model will be modified accordingly as fol-
lows.

〈[T ]〉dipole
vol =

1
30

⎡⎢⎢⎢⎢⎢⎢⎢⎣
15 5 0
5 7 0
0 0 8

⎤⎥⎥⎥⎥⎥⎥⎥⎦ for p(θ) =
1
2

cos θ (7)

〈[T ]〉dipole
vol =

1
30

⎡⎢⎢⎢⎢⎢⎢⎢⎣
15 −5 0
−5 7 0
0 0 8

⎤⎥⎥⎥⎥⎥⎥⎥⎦ for p(θ) =
1
2

sin θ (8)

Selecting the appropriate volume scattering models can
be based on the value of 10 log(|S vv|2/|S hh|2) as shown in
Fig. 3.

Finally, the helix scattering accounting for the non-
reflection symmetry terms is represented by

〈[T ]〉helix =
1
2

⎡⎢⎢⎢⎢⎢⎢⎢⎣
0 0 0
0 1 ± j
0 ∓ j 1

⎤⎥⎥⎥⎥⎥⎥⎥⎦ (9)
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Fig. 3 The volume scattering model selection based on 10 log(|S vv|2/
|S hh |2).

Using the four-component scattering models given in (4)–
(9), we can expand the measured coherency matrix into four
sub-matrices representing different scattering mechanisms.
However, in order to take target orientation effect in to ac-
count, the measured coherency matrix is first rotated by an
angle θ around the radar line of sight [7].

〈[T (θ)]〉 = [RP(θ)] 〈[T ]〉 [RP(θ)]† (10)

where the rotation matrix and orientation angles are respec-
tively given by:

[RP(θ)] =

⎡⎢⎢⎢⎢⎢⎢⎢⎣
1 0 0
0 cos 2θ sin 2θ
0 − sin 2θ cos 2θ

⎤⎥⎥⎥⎥⎥⎥⎥⎦ (11)

2θ =
1
2

tan−1

(
2Re(T23)
T22 − T33

)

Consequently, the expansion coefficients (scattering
powers) as well as the unknown model parameters can be
derived by matching the expansion matrices to (10) as fol-
lows

〈[T (θ)]〉 = fs 〈[T ]〉surface+ fd 〈[T ]〉double+ fv 〈[T ]〉vol

+ fc 〈[T ]〉helix (12)

Conventionally, the decomposition result is often displayed
in a pseudo-color coded image with red denoting the double-
bounce scattering power, green for the volume scattering
power, blue for the surface scattering power, and yellow for
the helix scattering power.

3. Experimental Results

3.1 Data Information

The time series Pol-SAR data were acquired by the Cana-
dian satellite RADARSAT-2 that is equipped with a fully
polarimetric data-take mode in the C-band [5]. During
2009/03/15–2012/09/07, it has observed the Waisanting
sandbank (the largest sandbank in Taiwan located in 23.00N,
123.00E) with the quad-pol mode for 9 times as listed in
Table 1. Figure 4 displays the fathogram (recorded by a
sonic depth finder) of the study area, which indicates the

Table 1 Time series RADARSAT-2 fully polarimetric SAR data.

Fig. 4 Fathogram of the Waisanting sandbank. The image covers 430 m
× 277 m area.

Fig. 5 The Waisanting sandbank and surrounding oyster farm.

underwater topography near the sandbank. Figure 5 shows
the on-site survey photos. It can be seen that in addition to
the sandbank, oyster farms are also built in the surrounding
area with vertical poles standing above the shallow sea sur-
face. The simulated dynamics of the tidal level is depicted
in Fig. 6 in which the white area represents the exposed un-
derwater sandbar. The simulation shows that the exposed
area of the sandbar as well as the oyster farm is increasing
when the tidal level is decreasing. The red rectangular in
Fig. 6 constitutes the selected test area in this study.

The tidal level changes from time to time. Figure 7
shows the tidal levels of different dates in an ascending or-
der, which will be used in later analysis in Sect. 3.2.

3.2 Decomposition Results

In order to obtain consistent results, the 9 Pol-SAR images
are all projected to the common geodetic system (WGS84)
and followed by the improved sigma filter [9] with 9×9 pro-
cessing windows to obtain the estimate of coherency matrix.
Figure 8 displays the decomposition results of the multi-
temporal Pol-SAR data after implementation of Y4R. For
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Fig. 6 Tidal level simulation.

Fig. 7 Tidal level of different dates when the data were taken.

the purpose of straightforward interpretation, the images are
also arranged with respect to the ascending order of the tidal
level instead of acquisition date. As previously mentioned,
the colors respectively represent: red for the double bounce
power, blue for the surface scattering power, and green for
the volume scattering power.

In each image of Fig. 8, the middle region is the sand-
bank. The blue color demonstrates that the main scattering
mechanism is surface scattering (HH and VV polarizations
are in phase). This is consistent with the fact that the sandy
ground mainly consists of bare surfaces. However, Fig. 8
shows that the decomposition results of the sandbank ap-
pear differently with respect to the tidal levels. When the
tidal level is low, most of the sandbank is exposed in the air
and appears very dark (black color) as shown in Figs. 8(a)–
(e). It indicates that the sandbank surface is a very smooth
scatterer for the incident wavelength (6 cm). Instead, the
sea wave nearby the sandbank (shallow sea wave) causes
strong surface scattering. When the tidal level becomes high
(more than −100 cm), the sandbank surface will be partially
or completely buried under the sea and exhibits the surface
scattering nature as shown in Figs. 8(f)–(i). The underlying
sandbank creates a shallow area which increases the rough-

Fig. 8 Four-component decomposition images of RADARSAT-2 data.
Each image contains 1000 × 800 pixels. The pixel spacing in the slant
range and azimuth directions are 5.4 m and 7.9 m, respectively.

ness of the above sea surface. Consequently, an enhanced
surface scattering power as compared to its ambient water
can be seen. Another interesting phenomenon is that the
sea area in Fig. 8(d) and Fig. 8(e) has higher surface scatter-
ing power than other images. This is because of that these
two day have the largest wind speed as shown in Table 1
(No. 1 and No. 6). The wind speed will affect the ocean
wave roughness and hence the backscattering powers.

The area on the right side of the sandbank in Fig. 8 is
the oyster farm. It can be seen from the upper-left image
(lowest tidal level) to the bottom-right (highest tidal level)
that red color in the oyster farm decreases and blue color
begins to dominate. The strength of the red color represents
the double-bounce scattering (HH and VV polarizations are
out of phase) power coming from the oyster farm area and
is the strongest for the lowest tidal level. This means that
the double-bounce scattering is caused by the dihedral struc-
tures formed between the sea surface and the vertical poles
above it. If the tidal is low, the emerged portion of the ver-
tical poles becomes large with respect to the wavelength
(6 cm as in C-band) so that the effective area of the dihe-
dral structure increases, resulting in strong double-bounce
scattering powers. On the other hand, if the tidal level is
high, more of the vertical poles will be submerged, so that
the effective area of the dihedral structure becomes small,
leading to decreased double-bounce scattering powers. It
is seen in Fig. 8(i) that the double-bounce scattering power
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Fig. 9 Scattering power distributions in the sandbank area of the
time-series Pol-SAR data.

almost disappears for the tide level of 0.9 m.
The power contribution of the decomposition for each

date is displayed in Fig. 9. From left to right, the tidal level
increases. It can be seen that the surface scattering is the
main scattering mechanism (more than 70% for most of the
dates). However, the double-bounce scattering caused by
oyster farm has a clear decreasing tendency depending on
the tidal level. This situation can be related to simulation
as shown in Fig. 6, where the land surface is displayed as
a function of tidal level. However, it should be noted that
the Fig. 9 only reflects the relative percentage of different
components but not their absolute values. Special notice
goes to the date of 2012/09/07 when the tide level is around
0.62 m. The wind speed on that day is the lowest according
to Table 1 and so the surface scattering from the sea surface
is rather weak as can be seen from Fig. 9. Consequently, the
relative percentage of double-bounce component appears to
increase while its absolute power has indeed decreased as
will be illustrated in Fig. 10.

In order to quantitatively investigate the effect of tidal
level on the polarimetric decomposition powers, the scat-
ter plot of the decomposition powers (in dB) against the
tidal levels is drawn in Fig. 10(a). For comparison purposes,
the scatter plots of the polarization powers in the linear
and Pauli basis are also shown in Fig. 10(b) and Fig. 10(c),
respectively. It can be seen in Fig. 10 that the double-
bounce scattering power Pd that is extracted from the four-
component decomposition has the steepest slope in the re-
gression line with the widest dynamic range. This indicates
that the double-bounce scattering power is the most sensi-
tive with respect to the change of tidal levels. Furthermore,
the correlation coefficients between the tidal level and differ-
ent polarimetric powers are calculated and listed in Table 2.
As is consistent with the observation in Fig. 10, the corre-
lation coefficient is highest for the double-bounce scattering
power among others. Therefore, the double-bounce scatter-
ing power can be used as a good estimator for tidal level
change monitoring in the oyster farms.

4. Conclusion

In this paper, an application of the four-component scat-

Fig. 10 Polarimetric powers as a function of tidal level. (a) Four-
component powers (b) HV-basis powers (c) Pauli-basis.

Table 2 Correlation coefficient of each method.
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tering power decomposition on multi-temporal analysis of
time series Pol-SAR datasets for sandbank and oyster farm
monitoring has been presented. It has been seen that the
C-band RADARSAT-2 data can be effectively used for ob-
serving the change of scattering mechanisms. In particular,
we have shown that the sea/tide level plays a key role in
altering the backscattering scattering behaviors from both
the sandbar and oyster farms. The result also validates the
necessity and effectiveness of the newly developed model-
based techniques as well as their potentials for quantitative
applications.
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