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Abstract—This paper explores the use of full polarimetric syn-
thetic aperture radar (PolSAR) images for tsunami damage in-
vestigation from the polarimetric viewpoint. The great tsunami
induced by the earthquake of March 11th, 2011, which occurred
beneath the Pacific off the northeastern coast of Japan, is adopted
as the study case using the Advanced Land Observing Satel-
lite/Phased Array type L-band Synthetic Aperture Radar mul-
titemporal PolSAR images. The polarimetric scattering mech-
anism changes were quantitatively examined with model-based
decomposition. It is clear that the observed reduction in the
double-bounce scattering was due to a change into odd-bounce
scattering, since a number of buildings were completely washed
away, leaving relatively a rough surface. Polarization orientation
(PO) angles in built-up areas are also investigated. After the
tsunami, PO angle distributions from damaged areas spread to
a wider range and fluctuated more strongly than those from the
before-tsunami period. Two polarimetric indicators are proposed
for damage level discrimination at the city block scale. One is the
ratio of the dominant double-bounce scattering mechanism ob-
served after-tsunami to that observed before-tsunami, which can
directly reflect the amount of destroyed ground-wall structures in
built-up areas. The second indicator is the standard deviation of
the PO angle differences, which is used to interpret the homo-
geneity reduction of PO angles. Experimental results from after-
and before-tsunami comparisons validate the efficiency of these
indexes, since the built-up areas with different damage levels can
be well discriminated. In addition, comparisons between before-t-
sunami pairs further confirm the stability of the two polarimetric
indexes over a long temporal duration. These interesting results
also demonstrate the importance of full polarimetric information
for natural disaster assessment.

Index Terms—Damage assessment, model-based decomposition,
natural disaster, polarimetry, polarization orientation angle, syn-
thetic aperture radar (SAR), urban area.
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I. INTRODUCTION

THE occurence of the observed natural disasters, such as
earthquakes and tsunamis, appears to have increased in

recent decades [1]. Quick observation of the damage caused by
an earthquake and tsunami is extremely important for planning
effective rescue operations. To understand the destruction situ-
ation over huge areas in a short time, airborne and spaceborne
remote sensing is the most important and useful method. Air-
borne remote sensors are more flexible to monitor a specific
area intensively with fine resolution. However, usually they
suffer from the lack of corresponding before-event acquisitions.
Spaceborne remote sensors have the advantage of covering a
large imaging scene at one time. In addition, the regular orbit of
the satellite enables it to revisit areas and to accumulate image
archives that allow the comparison of before- and after-event
observations. From these multitemporal images, the changes
caused by the disaster can be understood and detected. To
motivate further studies of damage assessment using remote
sensing data, a large number of remote sensing data sets have
been collected and placed on the website [2] for easy access.

High-resolution optical images which allow direct inter-
pretation of the damages are usually used to investigate the
impact of an event [3], [4]. Many change detection methods
are available for optical images [5], [6], and the effects of
residual misregistration of multitemporal images on change
detection have been also studied [7]. However, the use of
optical sensors for monitoring damaged areas is limited by
cloudy weather and nighttime darkness. In contrast to opti-
cal sensors, synthetic aperture radar (SAR) as a microwave
sensor can work day and night and is nearly unaffected by
weather and atmospheric conditions. SAR images are particu-
larly useful when weather conditions are not suitable for optical
sensing. Several studies using multitemporal SAR images for
earthquake damage evaluation have been reported [8]–[14].
Image pixel intensity changes and correlations have been in-
tensively studied to understand and discriminate damage to
urban areas [8]–[11]. When the temporal and spatial baselines
are adequate to generate the interferometric SAR (InSAR)
mode, the complex coherence of the interferometric pair can
be another important source to understand the damage condi-
tion [12]. Multi-aspect SAR images have also been used for
building damage evaluation [13], and a split-based approach
has been reported for large-size SAR images for tsunami dam-
age assessment [14]. The combination of optical and SAR
image analysis methods has also been proposed for damage
analysis [15]–[17].
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However, due to the lack of data sets, limited work has
been reported [18], [19] using full polarimetric SAR (PolSAR)
images to examine the scattering mechanism changes caused by
the natural disaster. Generally, full polarimetric techniques can
better assist the understanding of scattering mechanisms and
provide additional and more accurate information compared to
single or partial polarization modes [20]. The superiority of
the full polarimetric radar techniques have been demonstrated
by a number of applications [20], [21]. Complementary to
previous studies on damage evaluation, we will focus on full
PolSAR images to explore the potential of using polarimetric
information for tsunami damage investigation over urban areas.
The study case is the great tsunami induced by the earthquake
of March 11th, 2011, which occurred beneath the Pacific off
the northeastern coast of Japan. The epicenter was located at
38.297◦ N, 142.372◦ E and 30 km in depth [22]. It was the
largest earthquake and tsunami ever experienced in this region.
Tsunamis caused by the earthquake reached a height of up to
20 m height in many areas and seriously damaged or destroyed
the countryside of the Northeast coastal areas. As of Feb 24th,
2012, the total death toll from the earthquake and tsunami stood
at 15,853 people; 3282 people were still missing, and more
than 128,000 buildings were completely destroyed [23]. Full
PolSAR images acquired before and after the tsunami by the
spaceborne Advanced Land Observing Satellite/Phased Array
type L-band Synthetic Aperture Radar (ALOS/PALSAR) [24]–
[28] are used for analysis. This work aims to find relationships
between the polarimetric parameters and the damage level.
First, the polarimetric scattering mechanism changes before and
after the tsunami at the city block level are examined by utiliz-
ing polarimetric techniques. We then propose two polarimetric
indicators for damage level indication.

The remainder of this paper is organized as follows. In
Section II, the full PolSAR data representation and interpreting
techniques are briefly reviewed. The scattering mechanisms
in urban areas are introduced and the scattering mechanism
changes observed after the tsunami are also analyzed.
Section III describes the study area and the ALOS data sets used
in the study. Section IV presents the damage investigation using
polarimetric techniques with ALOS/PALSAR multitemporal
PolSAR images. Two damage level indicators are developed
and compared in Section V. Further discussions, conclusions
and perspectives are given in Sections VI and VII.

II. POLARIMETRIC SCATTERING MECHANISMS

AND POLARIZATION ORIENTATION ANGLES

IN BUILT-UP AREAS

A. PolSAR Data Representation

For PolSAR, the acquired full polarimetric information can
form the scattering matrix

S =

[
SHH SHV

SV H SV V

]
(1)

where SHV is the backscattered return from horizontal trans-
mitting and vertical receiving polarizations. The other terms are
similarly defined.

Fig. 1. Illustration of the changes of the polarimetric scattering mechanisms
in a build-up area. (a) Before-tsunami. (b) After-tsunami.

Subject to the reciprocity condition (SHV ≈ SV H), the com-
monly used coherency matrix T is generated

T =
〈
kP k

H
P

〉
=

⎡
⎣T11 T12 T13

T21 T22 T23

T31 T32 T33

⎤
⎦ (2)

where 〈 〉 denotes the sample average, kP = [SHH +
SV V SHH − SV V

√
2SHV ]

T is a Pauli scattering vector. kHP
is the conjugate transpose of kP , and Tij is the (i, j) entry of T .

B. Scattering Mechanisms Investigation in Built-Up Area

For a built-up area without damage (e.g., before a tsunami),
there are mainly three scattering components [29]. The illus-
tration of these scattering mechanisms is shown in Fig. 1(a).
The first contribution is the single-bounce scattering from
ground surfaces, walls, or roofs. The second component is the
double-bounce scattering formed by the ground-wall structures.
The last mechanism is the triple-bounce scattering due to
the ground-wall-ground and wall-ground-wall reflections. The
dominant backscattering depends on the building orientation
and the roughness of the surrounding terrain. As demonstrated
in [29], if the surrounding surface is moderately rough, double-
bounce scattering from the building is the dominant component
of the electromagnetic return. In these cases, the triple-bounce
scattering contribution is negligible compared with the double-
bounce scattering component.

However, if the building A were flushed away during a
tsunami, the scattering mechanisms would be significantly
changed accordingly, as shown in Fig. 1(b). Changes of the
scattering mechanisms are mainly determined by the changes of
surface conditions. With the passage of time after the tsunami,
the changes in surface condition before reconstruction can be
classified as four cases.

Case i) The ground is flooded. This case happens during the
tsunami and lasts a limited time after the tsunami.
With the movement of the tsunami or significant
wind and rain, flooded areas mainly exhibit surface
scattering; otherwise, these areas generally appear
dark due to specular reflection. A small amount of
double-bounce or triple-bounce scattering could be
observed from the interface of the water surface
and any surviving buildings or debris that remained
above the surface. However, since the debris is ran-
domly oriented, this backscattering power could be
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much lower than that observed over an intact urban
area. Note that the situation of flood caused by a
tsunami might be different from a flood due to heavy
rain [30]. For the latter case, usually the buildings
will not be flushed away and the building walls
are still intact, so double-bounce scattering will be
maintained by the water-wall structures.

Case ii) A large amount of debris has accumulated on the
ground, but there is no open water. This situation can
last a relatively long period after the flooded stage,
and relates to the rescue, clean-up and reconstruction
progress. The scattering phenomena in this case are
very complicated. With different shapes, sizes, and
orientations of the debris, the scattering mechanisms
may significantly differ. This case can include all
three of the scattering components that appear in
normal urban areas. However, due to the destruction
of the wall structures, the contribution of double-
bounce scattering to the backscattered signal should
be reduced. Moreover, if there are a number of
elemental fragments which are small with respect to
the wavelength of the incident wave, a small amount
of volume scattering can be expected.

Case iii) A small or moderate amount of debris has accumu-
lated on the ground. With the progress of the clean-
up and reconstruction, debris has been cleared, es-
pecially those items that block roadways. Therefore,
the main changes in the surface condition are an
increase in surface roughness due to the remaining
debris and an increase in the dielectric constant due
to the increased soil moisture. Thereby, the surface
scattering is enhanced while the double-bounce scat-
tering is reduced accordingly.

Case iv) All the debris has been cleared. In this case, the
main change is a consistent increase in the surface
scattering.

In summary, for the above four stages of tsunami damage
in an urban area, the main induced scattering mechanism
change is that the double-bounce and triple-bounce scattering
mechanisms will be reduced or vanish completely due to the
destruction of the wall structures, and the signal will mainly
change into one dominated by surface scattering. For the after-
tsunami data sets (acquired on April 8th, 2011) used in this pa-
per, the surface condition mainly belongs to the aforementioned
cases ii and iii.

C. Polarimetric Scattering Models and Decomposition

To interpret the scattering mechanisms in the context of radar
polarimetry, basic scattering models have been developed [20],
[31], [32], and a brief review is given as follows.

1) Odd-Bounce Scattering Model: Both single-bounce and
triple-bounce scattering show similar polarimetric signatures
[33], and can be uniformly called odd-bounce scattering. The
odd-bounce scattering model is represented by Bragg surface
scattering phenomena from a slightly rough surface [20], [31].

The odd-bounce scattering model in coherency matrix formula-
tion [34] is

Todd = fs

⎡
⎣ 1 β∗ 0
β |β|2 0
0 0 0

⎤
⎦ (3)

where β relates to the reflection coefficients for horizontally and
vertically polarized waves [20], [34].

2) Double-Bounce Scattering Model: The double-bounce
scattering component is modeled by scattering from a dihedral
corner reflector, such as ground-wall scatterer, where the reflec-
tor surfaces can be made of different dielectric materials [20],
[31]. The double-bounce scattering mechanism in coherency
matrix formulation [34] is

Tdbl = fd

⎡
⎣ |α|2 α 0

α∗ 1 0
0 0 0

⎤
⎦ (4)

where α relates to the reflection coefficients for horizontally
and vertically polarized waves from the ground and vertical
surfaces [20], [34].

3) Volume Scattering Model: Volume scattering is usually
modeled by a cloud of oriented elemental scatterers. The
coherency matrix for volume scattering is obtained by the
integration with a probability density function (PDF) p(θ) for
scatterer orientation θ, and can be generally expressed as

〈Tvol〉 =
2π∫
0

T (θ)p(θ)dθ =

⎡
⎣ a d e
d∗ b f
e∗ f ∗ c

⎤
⎦ . (5)

With the predefined elemental scatterer structures (e.g., ori-
ented thin dipole) and PDFs, many models are available with
different assumptions [31], [32], [35]–[37]. As also pointed out
in [37], there is no fundamental reason to prefer one charac-
terization over another, and several empirical models have also
been proposed in [38]–[40] as alternatives.

4) Model-Based Decomposition: Polarimetric model-based
decomposition is an effective technique for better understand-
ing the scattering mechanisms of PolSAR images [20]. A
number of model-based decomposition methods have been
developed [20], [31], [32], [34], [35], [37]–[42], and they have
been successfully applied in many fields [43]–[46]. The general
principle is to decompose one polarimetric matrix into a sum-
mation of several basic scattering models. Using the coherency
matrix as an example, the form is

T = fdTdbl + fvTvol + fsTodd + · · · (6)

where T is the measured data; Tdbl, Tvol, and Todd are, respec-
tively, the double-bounce, volume and odd-bounce scattering
models; and fd, fv , and fs are the corresponding decomposed
coefficients.

After the decomposition, the decomposed powers for each
scattering mechanism are available, represented by Pd, Pv , and
Ps for the double-bounce, volume and odd-bounce scattering
mechanisms, respectively. The dominant scattering mechanism
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for each resolution cell can be determined by comparing the
relative values among Pd, Pv , and Ps.

The commonly used odd-bounce and double-bounce scat-
tering models are shown in (3) and (4). In this paper, we
adopt the recently improved Yamaguchi decomposition [41] for
investigation, in which the volume scattering models are

Tvol1 =

⎡
⎣ 2 0 0
0 1 0
0 0 1

⎤
⎦

Tvol2 =

⎡
⎣ 15 5 0

5 7 0
0 0 8

⎤
⎦

Tvol3 =

⎡
⎣ 15 −5 0
−5 7 0
0 0 8

⎤
⎦ . (7)

The selection of each volume scattering model is determined by
the ratio of the co-polarization powers, discussed in [32], [41].

D. Polarization Orientation Angle Investigation

Using the geometric descriptor of the polarization ellipse, the
polarization state of an electromagnetic wave can be character-
ized by its polarization orientation (PO) angle θ and ellipticity
angle τ [20], [47], shown in Fig. 2(a). In urban areas, the
PO angle is highly correlated to the orientations of buildings
[48], [49]. The scattering from an urban area is relatively
deterministic and so are the measured PO angles. As a result,
the shifted PO angles are relatively deterministic. For buildings
parallel to the flight pass, the PO angle is zero, while oriented
buildings will rotate the polarization basis and induce a PO
angle shift from zero. Furthermore, for built-up areas with large
orientation angles, the fluctuation of the estimated PO angle
would increase. For damaged built-up areas, the scattering
from surviving buildings and remaining foundations can be
also deterministic. However, the scattering from the randomly
oriented debris becomes less or non deterministic. The induced
PO angles from such debris will also distribute randomly and
the fluctuation can be significantly increased. Consequently,
exploring the difference of the PO angle distributions before
and after the tsunami has the potential to reflect the damage
condition.

The PO angle was originally derived using a circular polar-
ization method [47]. It can be verified that this method is equiv-
alent to deorientation processing [50] which aims at minimizing
the cross-polarization term by rotating the coherency matrix.
The rotation angle [51], [52] is

θ =
1

4

(
tan−1 2Re(T23)

T22 − T33
± nπ

)
n = 0, 1. (8)

The unwrapping factor ±nπ is necessary; otherwise, the co-
herency matrix will be rotated toward the wrong axis and T33

will be incorrectly maximized [51], [52].
After the deorientation processing, the cross-polarization

power T33 is minimized. Since oriented buildings will rotate the
polarization basis, induce significant cross-polarization power,

Fig. 2. (a) Polarization ellipse. (b) Illustration of the PO angle changes
in a built-up area for parallel, oriented, and damaged buildings. ẑ is the
electromagnetic wave propagation direction.

and cause scattering mechanism ambiguity, deorientation pro-
cessing [50] has been adopted in model-based decomposition
for PolSAR image interpretation [39], [41].

III. ALOS DATA AND STUDY AREA DESCRIPTION

The great tsunami caused by the March 11th earthquake
struck the coast of Northeast Japan and caused significant dam-
age. Most of the serious destruction occurred in villages that
face the ocean and have steep mountains behind them. Although
some villages had 10 m high sea walls, the great March 11th
tsunami reached higher than 20 m in many locations, causing
serious damage in these areas. The seriously damaged regions
around the city of Ishinomaki, Miyagi prefecture [53] are
selected for study. Most of the houses were completely washed
away. The building damage map [54] is shown in Fig. 3(a).

Quick observations have been carried out using the ALOS
satellite remote sensors. Until its mission was terminated on
April 22th, 2011, ALOS had operated for 62 orbits and col-
lected 643 scenes of the March 11th disaster from the onboard
optical and SAR sensors [24]. During the ALOS lifetime, it
has acquired five PolSAR data sets covering the study area of
Ishinomaki city. The acquisition information is summarized in
Table I. The local weather information [55] at the time closest
to the radar acquisition is also included. There was no rainfall
during the 12 hours before these five acquisitions [55]. There
are four before-tsunami and one after-tsunami full polarimetric
acquisitions. The minimum revisit cycle for ALOS is 46 days.
The only full polarimetric data set collected after the tsunami
was acquired on April 8th, 2011, while the latest before-tsunami
data set was acquired on November 21st, 2010; the earliest
before-tsunami data set was acquired on March 28th, 2007.
From these data sets, four after- and before-tsunami pairs and
six before-tsunami pairs can be generated. The temporal and
spatial baselines for these multitemporal pairs are shown in
Table II. The pairs are sorted in ascending order of the temporal
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Fig. 3. Study area, covering about 10 km × 5 km and including the seriously damaged city of Ishinomaki, Miyagi, Japan. (a) Building damage map. Copyright
2011 ZENRIN CO., LTD. (b) and (c) are pan-sharpened true-color images generated from ALOS PRISM and AVNIR-2 data sets. (b) Before-tsunami (August
23rd, 2010). (c) After-tsunami (April 10th, 2011) images. Nine built-up patches are selected and numbered. The building damage levels for patch 1, patches 2 and
3, patches 4, 5, and 6, patches 7, 8, and 9 are 80–100%, 50–80%, 20–50% and 0–20%, respectively. The damage level is defined as the percentage of the buildings
which were flushed away in one built-up patch and is estimated from the damage map.

TABLE I
ACQUISITION INFORMATION OF THE MULTITEMPORAL ALOS/PALSAR
FULL POLARIMETRIC IMAGES OVER ISHINOMAKI CITY, MIYAGI. THE

CORRESPONDING LOCAL WEATHER INFORMATION

IS CITED FROM JAPAN METEOROLOGICAL AGENCY

TABLE II
BASELINE INFORMATION OF THE MULTITEMPORAL

ALOS/PALSAR POLSAR IMAGE PAIRS

baselines: the first four lines are the after- and before-tsunami
data pairs, while the remainder of the table shows before-
tsunami data pairs. For after- and before-tsunami pairs, the
shortest temporal and spatial baselines are 138 days and 1747
meters, respectively. Such large baselines induce significant
decorrelation effect and produce poor interferometric coher-

ence. Thus, the PolInSAR mode [56] is not effective for these
pairs.

The resolutions for the single-look ALOS/PALSAR PolSAR
image are 4.45 m in the azimuth direction and 23.14 m in
the ground-range direction at the imaging scene center [28].
The multiple images have been coregistered. 8-look multi-
looking processing in azimuth direction was implemented to
adjust the azimuth and range pixel size to be comparable.
The ALOS optical data sets were also coregistered to the
PolSAR images for illustration. Pan-sharpened true-color im-
age with 2.5m resolution, generated from ALOS Panchromatic
Remote-Sensing Instrument for Stereo Mapping (PRISM), and
the Advanced Visible and Near Infrared Radiometer type 2
(AVNIR-2) Level 1B2 data sets [57] observed on August 23rd,
2010 and April 10th, 2011, are used to show the damage
condition. The corresponding ALOS optical images are shown
in Fig. 3(b) and (c).

The resolution of the ALOS/PALSAR full PolSAR data
is not fine enough to identify each building independently.
Therefore, the scattering mechanism changes over the damaged
urban areas are carried out at the city block scale. To find rela-
tionships between scattering mechanism changes and damage
levels, nine built-up patches with dense buildings inside but
different damage levels are manually delineated. These patches
are highlighted in Fig. 3 with ellipse boxes and are numbered
from 1 to 9. The damage level is defined as the percentage of
the buildings which were flushed away in one built-up patch
and is calculated from the damage map in Fig. 3(a). The
damage level is divided into four groups: 80–100% (patch 1),
50–80% (patches 2 and 3), 20–50% (patches 4, 5, and 6), and
0%–20% (patches 7, 8, and 9). Higher damage level relates
to a more seriously damaged area. However, note that 0%
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Fig. 4. Decomposition results of ALOS/PALSAR full polarimetric SAR data sets. (a) is the earliest before-tsunami image (D5), (b) is the latest before-tsunami
image (D2), and (c) is the after-tsunami image (D1). The images are colored by Pd (red), Pv (green), and Ps (blue).

Fig. 5. Comparison of Yamaguchi decomposition before- and after-tsunami, for the built-up patches 1-9. (a)–(c) are comparisons of the double-bounce Pd,
volume Pv and odd-bounce Ps scattering-dominant percentages, respectively.

damage level means that no buildings were washed away in
that patch rather than truly no damage, since all these built-up
areas were flooded during the tsunami and some damage was
inevitable. Note also that although patch 2 is located farther
from the ocean than patch 5, its damage level is higher than
that of patch 5. The reason is that patch 5 contained mainly
large industrial buildings, while patch 2 contained smaller and
more numerous residential houses. When the tsunami came, the
smaller wooden houses were more easily washed away than the
concrete buildings.

IV. DAMAGE INVESTIGATION USING

POLARIMETRIC TECHNIQUES

A. Polarimetric Scattering Mechanisms Examination

The recently developed Yamaguchi decomposition [41]
which incorporates deorientation processing is used to under-
stand the ground surface conditions and investigate the tsunami
damage. Yamaguchi decomposition is applied with rotated

coherency matrices. Due to the coarse resolution, to keep all
the image details, the speckle filtering [58], [59] has not been
used, and this consideration is the same as [41]. The deori-
entation processing by rotating the coherency matrix is used
to minimize the cross-polarization term. Decomposition results
from the earliest and latest before-tsunami, and after-tsunami
data sets are displayed in Fig. 4. On the whole, in the before-
tsunami images, the built-up areas are dominated by the double-
bounce scattering mechanism, the mountainous areas covered
with forests are dominated by the volume scattering mechanism
and the ocean areas clearly show a dominance of the surface
scattering mechanism. These observations can also be obtained
from the other two before-tsunami data sets. However, after the
tsunami, it is observed from the corresponding damage map
and optical images, shown in Fig. 3, that most of the houses
near the seashore were washed away completely, leaving a
relatively rough surface. Therefore, it is clear that from the
decomposition results, the dominant scattering mechanism of
the heavily damaged built-up regions changed from double-
bounce scattering (red) to odd-bounce scattering (blue).
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Furthermore, the selected nine built-up patches with varying
damage levels are used for further quantitative comparison. The
scattering power contributions are examined for these built-up
patches. Fig. 5 shows the results of decomposition comparison;
the three plots respectively give the percentage contributions
of the double-bounce Pd, volume Pv , and odd-bounce Ps

scattering-dominant mechanisms for the five PolSAR images.
Due to the tsunami, the contributions of the double-bounce
scattering-dominant mechanism consistently dropped for the
damaged patches 1–6 where a portion of the buildings were
flushed away. Meanwhile, the contributions of the odd-bounce
scattering-dominant increased accordingly. The contributions
of volume scattering-dominant mechanism remained almost the
same as before, and only a slight increase is observed, which
could have been induced by backscattering from the remaining
small debris which were randomly oriented. Therefore, the
majority of the reduction in double-bounce scattering-dominant
was due to it changing into odd-bounce scattering-dominant
which theoretically indicates rough surface terrain. In addition,
for patches 7–9 where almost no buildings were washed away,
the scattering mechanisms remained about the same as the
before the tsunami. Comparisons of the four before-tsunami
results clearly demonstrate that the dominant scattering contri-
butions showed almost no changes for all these built-up patches;
only slight fluctuations are observed. Considering the temporal
and spatial baselines shown in Table II, the local terrains could
have exhibited some changes during the duration of the two
acquisitions. In addition, the built-up patches are manually
delineated without any building mask. The included pixels from
vegetation areas may also degrade the correlation and affect the
final result. Therefore, these small fluctuations are acceptable
and explainable. Compared with the changes induced by the
tsunami damage, these fluctuations are negligible.

As a summary, for before-tsunami results, the dominant
scattering contributions remained the same relative to each
other for all patches. After the tsunami, the double-bounce
scattering-dominant contribution was significantly reduced and
mainly changed into odd-bounce scattering-dominant compo-
nent for the damaged patches, while the scattering mechanisms
for undamaged patches remained relatively no change. These
observations can be interpreted in light of the fact that the
ground-wall dihedral structures were significantly decreased
due to the equivalent amount of buildings which were washed
away. These polarimetric scattering mechanism examinations
agree well with both the theoretical analysis in Section II-B and
the visual judgment from the optical images. Furthermore, com-
parisons from these multitemporal data sets also validate the
idea that the ground-wall dihedral structures in built-up areas
can be permanent and stable even over a long temporal baseline
[60]. This is also supported by the permanent scatterer detection
principle [61]. Therefore, we further explore this characteristic
for damage level characterization in the next section.

B. Polarization Orientation Angle Shift Examination

As have been demonstrated in [48], [49], PO angles have
a close relationship to the orientations of the buildings them-
selves. Usually, buildings or houses in one built-up block or unit

are regularly located and have similar orientation angles. The
estimated PO angles should clearly reflect this phenomenon and
be homogeneously distributed. However, after the earthquake
and tsunami, many buildings were collapsed and most of them
were washed away near the seashore. The regularity of these
buildings was significantly destroyed and a large amount of
randomly oriented debris was produced. Strong reflections from
debris and the remaining building bases may reduce the homo-
geneity of the PO angle distribution. Therefore, the comparison
of the PO angles in a built-up patch where the buildings are
aligned in similar orientations, before and after the damage, can
provide useful information to assist damage understanding. In
addition, the local incidence angles, shown in Table I, are very
close to each other and their impact on PO angle comparison is
neglected.

The PO angles are calculated for comparison, shown in Fig. 6
for the study area before and after the tsunami. The earliest
and latest before-tsunami data sets are displayed. The selected
nine built-up patches in the last subsection are also highlighted
accordingly. From the optical images in Fig. 3, the buildings in
each patch were uniformly distributed with similar orientations
before the tsunami, where the PO angles from Fig. 6 are
homogeneous for these built-up patches. However, after the
tsunami, portions of the buildings were flushed away and the
land cover conditions were significantly changed. The uniform
orientations of these buildings were broken. Furthermore, the
strong reflections from the remaining randomly oriented debris
may have induced random PO angles, while the reflections
from the foundations of the washed-away buildings may be
associated with deterministic orientation angles. Therefore, the
distribution of PO angles from after the tsunami spreads to a
wider range with much higher fluctuation than that before the
tsunami. To demonstrate these analyses, histograms of the PO
angles from before and after the tsunami of built-up patches 1,
3, 5, and 7 (one patch from each damage level) are shown in
Fig. 7. From Figs. 6 and 7, before-tsunami PO angles were
more homogeneous than those after the tsunami, especially
for heavily damaged patches 1 and 3. The majority of before-
tsunami PO angles fall within a narrow range, while those
from after the tsunami spread to a larger range, up to the
full range. For patch 7, the PO angle distributions for both
before- and after-tsunami are very similar. In addition, PO
angles from a built-up patch with large orientation angles could
also spread to a larger range, even the full range such as in
patches 1 and 3. However, the distribution shapes are obviously
different between the before- and after-tsunami pair while they
are similar for the before-tsunami pairs.

Therefore, although the PolSAR image resolution is not fine
enough to resolve individual buildings, at the city block scale
the relationship between the homogeneity of the estimated PO
angles and the built-up patch with similar oriented buildings
inside is clearly demonstrated. If most of the buildings in a
patch survived the tsunami (as in patches 7–9), the homogeneity
of the corresponding PO angles remains. On the other hand,
if the built-up patch is seriously damaged, the correspond-
ing PO angles become less homogeneous (e.g., in patches
2–6) even heterogeneous (patch 1). Therefore, the changes
of the PO angle distributions before- and after-tsunami can
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Fig. 6. Estimated PO angle images. (a) is the earliest before-tsunami image (D5), (b) is the latest before-tsunami image (D2), and (c) is the after-tsunami
image (D1).

be useful for damage evaluation. Quantitative characterization
of the damage effect using PO angle is developed in the
following section.

V. DAMAGE LEVEL CHARACTERIZATION

When interferometry is not available, the intensity correla-
tion is commonly used for damage level indication [8]–[11].
However, the intensity values can be easily changed among
long temporal baseline PolSAR images without any natural
disaster, due to the stochastic nature of the decorrelation effect.
As a comparison, basic scattering structures such as the ground-
wall dihedral structures in built-up areas are more permanent
and stable even over a long temporal baseline. Therefore, dam-
age level indexes developed from the polarimetric scattering
mechanism analysis techniques can be more robust than those
based on intensity changes. Two indicators from the model-
based decomposition and PO angle analysis are developed and
examined in the following.

A. Ratio of the Double-Bounce
Scattering-Dominant Contributions

The great tsunami flushed away a large number of buildings
near the coastline. The damage level used in this paper is
determined by the fraction of flushed away buildings in a
local built-up patch. This reduction in the number of intact
buildings may produce an equivalent reduction in the amount
of ground-wall dihedral structures. Since the double-bounce
scattering in urban areas directly relates to the ground-wall
dihedral structures, the ratio of the double-bounce scattering-
dominant contributions after- and before-tsunami can reflect the
same decreasing trend. This is the physical background of the

following analysis. As discussed in Section II, the percentages
of the dominant scattering mechanisms in each built-up patch
can be obtained with model-based decomposition. Therefore,
the reduced double-bounce scattering-dominant mechanism di-
rectly relates to the destroyed ground-wall structures. The ratio
of the double-bounce scattering-dominant contributions after-
and before-tsunami is proposed as the first index for the damage
level assessment

Ratio(Dn−Dm,i) =
(Dominant Pd)(Dn,i)

(Dominant Pd)(Dm,i)
(9)

where i is the built-up patch number and i = 1, 2, . . . , 9. Dn−
Dm is one multitemporal pair. For after- and before-tsunami
pairs, Dn = D1.

Ratio values from after- and before-tsunami pairs for each
selected built-up patch are shown in Fig. 8(a). The temporal
baselines vary from 138 days to 1472 days, while the spatial
baselines vary from 1747 m to 4680 m. For all these config-
urations, the linear relationship between this ratio index and
the damage level is very clear: the ratio drops with increasing
degree of damage. The damage level for patch 1 is 80–100%
which means an equivalent fraction of ground-wall structures
were destroyed and the corresponding ratios of the dominant
Pd between after- and before-tsunami are within 0–0.2. The
ratios are within 0.2–0.5 for patches 2 and 3 where the damage
level is 50–80%, while it is within 0.5–0.8 for patches 4–6
where the damage level is 20–50%. Furthermore, for patches
7–9 where almost no buildings were washed away, the ratios
are around 1. Only the ratio of patch 5 from the D1-D4 pair
is slightly over 0.8, and Ratio(D1−D4,5) = 0.825. Even so, this
ratio is smaller than the smallest ratio value from patches
7–9 where the smallest value is Ratio(D1−D3,9) = 0.886. While
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Fig. 7. Histograms of the PO angles for built-up patches 1, 3, 5, and 7
with damage levels 80–100%, 50–80%, 20–50%, and 0–20%, respectively.
(a1)–(d1) are the earliest before-tsunami (D5), (a2)–(d2) are the latest before-
tsunami (D2), (a3)–(d3) are the after-tsunami (D1), respectively.

slight fluctuations can be observed among these multitemporal
pairs, no obvious tendency is observed in the temporal or spatial
baseline dependence.

For further validation, ratio values from before-tsunami
pairs for each selected built-up patch are also compared and
shown in Fig. 8(b). The temporal baselines vary from 46 days
to 1334 days, while the spatial baselines vary from 267 m
to 2932 m. For selected built-up patches, the ratios from
these multitemporal pairs are all around 1. The largest ratio
value is Ratio(D2−D3,3) = 1.152, and the smallest ratio value is
Ratio(D2−D3,9) = 0.866. This evidence validates the stability of
the ground-wall permanent structures and the resulting double-
bounce scattering mechanism in an urban area. Therefore, the
ratio of the reduced double-bounce scattering-dominant mech-
anism effectively reflects the reduced ground-wall structures,
and can be used for damage level indication.

B. Standard Deviation of PO Angle Differences

As aforementioned, PO angle is an intrinsic parameter of
electromagnetic waves, and is linked to the orientations of
buildings. At the city block scale, buildings usually have similar
orientations. However, after the tsunami, some of the buildings
were flushed away, leaving a number of building foundations
and much debris. Some randomly oriented debris could produce
strong reflections together with the randomly distributed PO

Fig. 8. Ratios of the double-bounce scattering-dominant contributions for
the selected built-up patches. (a) After- and before-tsunami pairs. (b) Before-
tsunami pairs.

angles. Therefore, the homogeneity of the PO angle in a block
is reduced with increasing damage level.

The PO angle sequences without sorting are shown in
Figs. 9(a)–(d) for patches 1, 3, 5, and 7, respectively. From
these figures, the differences between before- and after-tsunami
are not clear due to the high fluctuation pixel by pixel. However,
inspired by the corresponding PO angle histograms shown
in Fig. 7, the rearranged PO angle sequences sorted in de-
scending order are shown in Figs. 9(e)–(h). The PO angle
differences between before- and after-tsunami become obvious.
With increasing damage level, the PO angle differences are
also enhanced. For patch 7, the PO angle sequences are well
overlapped. Furthermore, the PO angle sequences from the
earliest and latest before-tsunami acquisitions D5 and D2 are
very similar for all these patches. To characterize the changes
of the PO angle distributions from one multitemporal pair, the
standard deviation of the differences of two sorted PO angle
sequences is proposed as another damage level indicator

Std(Dn−Dm,i) =
∣∣std ({θp}(Dn,i) − {θq}(Dm,i)

)∣∣ (10)

where {θp}(Dn,i) is the PO angle sequence sorted in descending
order. std(·) is used to obtain the standard deviation, while | · |
is to get the absolute value.

The index Std(Dn−Dm,i) obtained from standard deviation
can also account for the fact that PO angle distribution from
a built-up patch with large dominant orientation spreads to a
larger range than that from a built-up patch with a smaller
dominant orientation.

The index values from after- and before-tsunami pairs for
each selected built-up patch are shown in Fig. 10(a). For
all these various temporal and spatial baselines combina-
tions, the trend is clear that with increasing damage level the
Std(Dn−Dm,i) values also increase accordingly. The standard
deviation is around or over 10◦ for patch 1 and is within 4◦−8◦
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Fig. 9. PO angle sequences of D1, D2 and D5 acquisitions, for built-up patches 1, 3, 5, and 7. (a)–(d) are without sorting. (e)–(h) are sorted in descending order.

Fig. 10. Standard deviations (in deg) of PO angle differences after- and
before-tsunami, for the selected built-up patches. (a) After- and before-tsunami
pairs, (b) Before-tsunami pairs.

for patches 2 and 3. For less damaged patches 4–6, the standard
deviation is within 2◦−4◦, while for patches 7–9, it is below
2◦. Therefore, at the block scale, comparisons of the PO angle
distributions provide valuable information for understanding
damage conditions.

For further validation, Std(Dn−Dm,i) values from before-
tsunami pairs are also calculated and are shown in Fig. 10(b).
For selected built-up patches, the standard deviations from
these multitemporal pairs are almost below 2◦. The only excep-
tion is from the D3–D5 pair over patch 3, where Std(D3−D5,3) =
2.411◦. However, it is still much less than the smallest value
from after- and before-tsunami pairs over damaged patches
where the smallest value is Std(D1−D5,4) = 3.021◦. Therefore,
using Std(Dn−Dm,i) can be effective to discriminate the built-

up patches with different damage levels. These investigations
also confirm the efficiency and the stability of the PO angle
distributions in urban area.

VI. DISCUSSION

A. Model-Based Decomposition Selection

Polarimetric model-based decompositions are commonly
used for PolSAR image interpretation [20]. Due to the overes-
timation of volume scattering contributions and the scattering
mechanism ambiguity between forests and oriented buildings,
model-based decomposition has received more attention re-
cently, and many advancements have been reported [35], [37],
[39], [40]–[42]. For example, deorientation processing [50] has
been incorporated into model-based decomposition schemes to
cure scattering mechanism ambiguity [39], [41]. The adopted
Yamaguchi decomposition in this paper belongs to this cat-
egory. Improved decomposition results can be obtained for
terrains consisting of oriented buildings.

However, the volume scattering models in (7) are not fully
adaptive. Some adaptive volume scattering models with other
predefined elemental scatterers and PDFs have been proposed
[35]–[37]. Therefore, these methods could also be suitable for
damage investigation and are worth trying. Furthermore, the
oriented buildings can rotate the polarization basis and induce
significant cross-polarization power. Although deorientation
processing minimizes the cross-polarization power along the
radar line of sight, it can not fully compensate for the cross-
polarization power induced by the azimuth tilts of an oriented
building, since the ground-wall dihedral structure is oriented
with the normal to the ground instead of the radar line of
sight. Furthermore, the commonly used double-bounce scat-
tering model (4) does not account for the facts that oriented
buildings rotate the polarization basis and induce significant
cross-polarization power. Therefore, extensions of the current
scattering models or general models are also required to better
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understand the scattering mechanism and damage condition
[52], [62].

B. Remarks and Perspectives

Spaceborne ALOS/PALSAR full PolSAR images can pro-
vide large-scale monitoring and understanding of the damage
area. However, its resolution is not fine enough to identify
each building. Therefore, the investigations of the polarimet-
ric scattering mechanism changes caused by the tsunami are
carried out at city block scale. The comparisons of the changes
of the double-bounce scattering-dominant mechanism and the
standard deviation of the PO angle differences are under the
condition that the revisit orbits are relatively close and parallel.
Therefore, the differences of the local incidence angles be-
tween the multitemporal images are negligible. For large spatial
baseline and multiple looking aspects cases, the differences of
the local incidence angles should be considered. The formula
including the local incident angle has been derived in [48],
[49]. In addition, if the before- and after-event acquired data
sets can be used to generate the PolInSAR mode, the PolInSAR
complex coherence can be another interesting indicator for
damage understanding and worth for investigation.

Although the built-up patches were manually delineated in
this paper, with the advancement of unsupervised change de-
tection algorithms, such as the split-based approach [14], and
combing the derived polarimetric damage indexes, automatic
damage detection for large-scale multitemporal PolSAR image
is possible. Furthermore, for detailed information extraction,
such as the damage degree characterization of each building
[15], very high-resolution PolSAR images or optical images are
necessary. While airborne SAR is more flexible to acquire data
sets for specific areas, pre-event archive data sets are usually
lacking. Therefore, joint analysis of large-scale spaceborne Pol-
SAR images and fine-resolution airborne PolSAR images has
the greater potential to fully understand the damage situation.

VII. CONCLUSION

This paper focuses on tsunami damage investigation over
urban areas by exploring the multitemporal spaceborne
ALOS/PALSAR PolSAR images. The polarimetric scattering
mechanism changes before- and after-tsunami, at the city block
scale, have been examined using model-based decomposition
and PO angle techniques. These analyzes are used to establish
the relationships between the polarimetric scattering mecha-
nism changes and damage levels. The basic scattering structures
such as ground-wall dihedral structures from the built-up areas
were found to be stable even over a long temporal baseline.
Therefore, damage level indexes developed from the polarimet-
ric scattering mechanism analysis techniques are more robust.
Two polarimetric indexes have been proposed for damage level
indication. One is the ratio of dominant double-bounce scatter-
ing contributions after and before the tsunami, which reflects
the amount of destroyed ground-wall structures. The second
index is the standard deviation of the PO angle differences,
which is used to interpret the PO angle homogeneity reduc-
tion in a block of buildings. Experimental results validate the

efficiency and stability of these two indicators, since the built-
up areas with different damage levels are well discriminated.
These results demonstrate the importance and efficiency of full
polarimetric information for natural disaster assessment.

Further efforts and investigations are needed to fully explore
polarimetric information for damage understanding and eval-
uation over other land covers. Comparison studies of single-,
dual-, and full-polarization on damage assessment will also
be addressed in the near future. In addition, for practical ap-
plication, other important research topics are the development
of a robust damage detection algorithm and damage mapping
technique combined with other GIS data sets. In addition, if
fine resolution PolSAR data sets are available, more detailed
evaluation could be expected.
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