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Abstract—This paper reflects the polarimetric synthetic 

aperture radar (POLSAR) data utilization for near-real time 

earthquake and/or tsunami damage assessment in urban areas. In 

order to show the potential of the fully polarimetric high 

resolution polarimetric SAR (POLSAR) image data sets, a four-

component scattering power decomposition scheme has been 

developed and applied to monitor near-real time earthquake and 

tsunami disaster damages. The test site for natural disaster 

damages has been selected parts of the coastal area affected by 

the March 11, 2011 9.0 magnitude earthquake that struck off 

Japan’s northeastern coast and triggered a super- tsunami. The 

color-coded images of the scattering power decomposition scheme 

are simple and straightforward tool to interpret the changes over 

the earthquake/tsunami affected urban areas and man-made 

infrastructures. This method also holds other types of natural 

(typhoon or tornado) and manmade disaster assessments 

application. It is found that the double bounce scattering power is 

the most promising of the input parameters to detect automated 

disaster affected urban areas at pixel level. It is also observed that 

the very high resolution POLSAR images are required for 

superior urban area monitoring over the oriented urban blocks 

with respect to the illumination of radar. 

 
Index Terms—radar polarimetry, scattering power 

decomposition, polarimetric synthetic aperture radar, high 

resolution remote sensing, tsunami & earthquake disaster 

assessment, Off-Tohoku, Japan.  

 

I. INTRODUCTION 

N RECENT decades, earthquake and tsunami hazards have 

frequently occurred causing significant loss of life and 
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devastating damage to property and infrastructure [1]. It is 

quite difficult to obtain an immediate response of large-scale 

earthquakes and tsunami disaster areas by ground survey based 

methods [2]. The ground survey method is accurate but highly 

time consuming and manpower extensive, which causes delays 

in assessment responses to rescue teams. Since these kind of 

natural disasters will continue to occur, observations by air-

borne, high-altitude unmanned vehicle or space-borne high 

resolution sensor techniques are needed to shorten the time lag 

of ground survey based damage assessment at large scales [3] 

in order to properly and swiftly provide localized destruction 

assessments to rescue agencies regarding earthquake/tsunami 

affected areas for rescue operations. Since microwave radar 

remote sensing is a suitable tool for monitoring the near-real 

time earthquake and tsunami damage at large scales, at 

anytime of day or night, its implementation becomes of vital 

relevance to governmental and other agencies for initiating 

swift and well orchestrated rescue operations. Hitherto, several 

methods are available to monitor earthquake and tsunami 

damages by using multispectral and monochromatic optical 

images as well as mono/dual-polarization SAR images [4]-[6]. 

High resolution multispectral optical images enable direct 

visual interpretation of the damages and are rather 

straightforward and simple to interpret by users.  However, 

optical remote sensing fails under cloudy, foggy and hazy as 

well as severe rainy conditions for monitoring near-real time 

damage. Single wavelength SAR images obtained from fixed 

single and/or dual polarization sensors are independent of 

meteorological conditions, but are difficult to interpret and 

require tedious computational analyses for at most incomplete 

assessments only.  

 The aim of this paper is to generate information from high 

resolution polarimetric SAR images to identify directly the 

differences or damages between pre- and post-tsunami 

conditions of the affected regions. However, single 

observations using conventional SAR images makes it difficult 

to generate desirable images ready for direct visual 

interpretation. In case we are given multi-wavelength 

mono/dual-polarization SAR image data sets, it could possibly 

be done similar to cloud free multi/hyper-spectral optical 
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imaging methods. Current space-borne SAR systems collect 

multiple polarization data (dual-pol or quad-pol) at a single 

frequency, either X- or C-band. We take the advantage of the 

excellent quad-polarization data sets acquired with the 

Japanese Advanced Land Observing Satellite-Phase Array type 

L-band Synthetic Aperture Radar (ALOS-PALSAR) imaging 

system using its high resolution POLSAR mode to produce 

color-coded images for monitoring earthquake and tsunami 

damage along the Miyagi coast affected by the March 11, 

2011 tsunami. Furthermore, Very High Resolution (VHR) 

TerraSAR-X (X-band) and DLR-FSAR (S-band) quad 

polarization images were processed to prove the effect of very 

high resolution for extracting detailed information from the 

urban areas. 

      Paper is organized as follows. In Section II we describe the 

test sites and features of data sets that we have used in this 

study and give a brief explanation of the methods that involved 

in analyzing of POLSAR data. Section III presents the results. 

Section IV concludes the paper. 

  

II. TEST SITES, DATA USED AND METHODS 

This section discusses test sites for the monitoring of disaster 

area using fully polarimetric high resolution SAR data 

acquired with ALOS-PALSAR and for the requirements of 

VHR Full-POLASR images to get better information over the 

urban area. This section also briefly explains the recently 

updated the four-component scattering decomposition scheme.  

 

A. Test Site and Data Sets for Disaster Monitoring in the 

Urban Area 

We have selected parts of the coastal areas within the Miyagi 

Prefecture affected by the 11 March 2011 magnitude 9.0 

Honshu, Japan earthquakes (38.322 N, 142.369 E, depth 32 

km) that struck off Japan’s northeastern coast and triggered a 

historical super-tsunami (Fig. 1). This super-tsunami, caused 

by the most powerful known earthquake ever to have hit Japan 

and one of the five most powerful earthquakes in the world, 

reached that more than 7.6 m height in Ishinomaki, part of the 

Miyagi Prefecture, and maximum height 40.5 m was noticed in 

Miyako in Iwate Prefecture. A Japanese National Police 

Agency report [7] on Sept. 10, 2012 confirmed 15,870 deaths, 

6,114 injured and 2,814 people missing across twenty 

prefectures of Japan. Out of these numbers, 9,527 deaths, 

4,140 injured and 1,394 people missing are reported within 

Miyagi prefecture. Moreover, the earthquake and tsunami 

caused extensive and severe structural damage in North-

Eastern Japan, including heavy damage to buildings, roads and 

railways as well as fires in many areas, and a dam collapse. 

According to National Police Agency of Japan report on 

Sept.10, 2012, more than 237,030 buildings were collapsed 

and 224,225 were partially damaged in Miyagi prefecture by 

the earthquake/tsunami [7]. The information about the 

collapsed buildings and tsunami covered areas over the off-

Tohoku region by tsunami disaster also mapped by the 

Association of Japanese Geographers, and Geospatial 

Information, Authority of Japan [8].    

In order to examine the capability of quad-polarization SAR 

image data-sets for monitoring damages, we used the ALOS-

PALSAR fully polarimetric, single look complex (SLC), level 

1.1(ascending orbit) images acquired over study areas before 

(April 02, 2009 and November 21, 2010) and after the 

earthquake/tsunami (April 8, 2011) struck (Table I).  

During the April, 2009 acquisition, most of the agricultural 

areas were prepared for rice transplantation. In the November, 

2010 image, agricultural fields were harvested and paddy 

fields were bare. After the disaster acquisition in April, 2011, 

the agricultural fields were affected by tsunami flow. The 

affected areas due to the earthquake/tsunami disaster were 

confirmed by using the ground-truth information provided by 

the Association of Japanese Geographers, and Geospatial 

Information, Authority of Japan [8], which is illustrated in Fig. 

2. In addition, four patches (A-D) are selected for exploring 

the changes in the study area by earthquake/tsunami disaster. 

The patch A is selected over the vegetated area, the patch B is 

taken in the agricultural area, the patch C is chosen in the 

urban areas of Ishinomaki city, and the patch D is preferred 

over the Onagawa urban region/Onagawa Bay. The changes 

over the patch A occurred mainly due to the damages of trees 

and deposition mud by tsunami flow forces. The changes over 

patch B are due to the deposition of collapsed and washed out 

house debris and water cover over the bare agriculture field 

area by tsunami flow. The changes over patches C and D 

occurred by washout and the damage of building blocks after 

the earthquake/tsunami disaster. The changes in these patches 

(A-D) were also cross checked with before (April 04, 2010 

and June 26, 2010) and after (April 06, 2011) the disaster ultra 

high resolution Google earth optical images.  

 

B. Test Sites and Data Sets for Proving the Requirement of 

VHR POLSAR Images over Urban Area 

Due to non-availability of VHR Full-POLSAR images before 

and after the earthquake/tsunami disaster over the Ishinomaki, 

Miyagi Prefecture, three more data sets were acquired to show 

the requirements of the VHR Full-POLSAR images over the 

highly oriented urban areas in other part of the earth. Out of 

these three images, two images [one image from high 

resolution fully polarimetric ALOS-PALSAR products during 

the descending orbits in the form of SLC, level 1.1 products, 

and a second image from the experimental mode for VHR 

fully polarimetric TerraSAR-X  products during the 

descending orbits in the form of  single look slant range 

complex (SSC) product] were acquired by spaceborne 

POLSAR sensor over the Niigata city and environments, Japan 

(see Table I) and another one VHR POLSAR SLC image was 

acquired from the DLR airborne F-SAR S-band system over 

the Kaufbeuren, Germany. Although, these data sets are 

acquired over the different region but these data can serve the 

purpose that the improvements to be found by using VHR 

POLSAR image.  
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Fig.1. Location map of selected disaster affected site near Ishinomaki, Miyagi 

Prefecture and of selected test site over Niigata for proving the requirement of 

VHR Full-POLASR image to get better information over the urban area 

 

 
Fig. 2. The ground truth data. The patch A shows the vegetation area on 

relatively flat surface area, the patch B represents the agricultural area over 

relatively flat ground, the patch C illustrate the urban areas of Ishinomaki 

city, and the patch D demonstrates the Onagawa urban region/Onagawa Bay. 

 

 

Table I. Characteristics of the quad polarization spaceborne ALOS-PALSAR SLC data sets and TerraSAR-X SSC data and an airborne F-SAR SLC quad 

polarization data 

 

Date Sensor 
Frequency 

(GHz) 

Off-nadir 

angle (0) 

Resolution 

(m) 
Region 

Main purpose to use 

data sets 

20090402 PALSAR 1.27 21.5 30 Ishinomaki To monitor 

temporal and post 

disaster effects in 

the urban areas  

20101121 PALSAR 1.27 21.5 30 Ishinomaki 

20110408 PALSAR 1.27 21.5 30 Ishinomaki 

20100304 PALSAR 1.27 21.5 30 Niigata 
To show the 

strength and 

efficacy of VHR in 

the urban area  

20100422 TerraSAR-X 9.6 36.7 2 Niigata 

20100608 DLR F-SAR 3.25 37.0 0.5 
Kaufbeuren, 

Germany 

   

 

 

C. Methods: Utilization of Full-POLSAR Model Based 

Decomposition 
 

For this investigation all POLSAR data are acquired from 

the monostatic POLSAR sensor configuration. In this case, the 

scattering matrix carries useful information by five 

independent quantifies (three amplitudes and two phase 

differences) [9], [10]. Various methods have been proposed in 

the last century to decompose the scattering matrix [11], [12] 

for characterizing the point targets. On the other hand, the 

complete scattering information in the form of second order 

statistics like coherency or covariance matrix is required to 

characterize the distributed targets [11], [13] - [16]. There 

exist 9 independent polarization parameters in the coherency 

matrix [T] as the second order statistics [17] - [20].  The 

coherency matrix [T] is defined as   
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In (1), SHH, SVV and SHV are the elements POLSAR 

scattering matrix measurements. The elements SHH and SVV 

represent the return power in co-polarized channels and the 

element SHV corresponds to the return power in cross-polarized 

channel.   

We have used the most recent 4-component scattering 

power decomposition method [21]-[22] to examine the disaster 

area. This decomposition scheme describes the total scattering 

power into surface scattering power Ps, double bounce 
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scattering power Pd, volume scattering power Pv, from dipole 

and/or oriented dihedral and helix Pc, as shown in Fig.3. This 

recently developed four-component scattering power 

decomposition scheme [21], [22] also includes the complete 

fully polarimetric phase information and the extended volume 

scattering model for oriented dihedral structures (which are 

most desired in the urban area [19] – [20] to estimate the 

appropriate volume scattering as compared to three-component 

decomposition [14]). 

 

 
Fig.3. Illustrative examples for four-component scattering powers : surface 

scattering power Ps, double bounce scattering power Pd, volume scattering 

power Pv and helix scattering power Pc  

 

The physical understanding of polarimetric four-component 

scattering mechanisms is briefly explained as follows:  

1) Surface scattering: the scattering which takes place only on 

the border surface between two different but homogeneous 

media, from one of which radar pulse is incident on to the 

other [23]. The surface scattering mechanism is mainly caused 

by rough surfaces such as bare soil, water surface, sea 

surfaces, agricultural fields, etc. [14]-[16], [23] – [27].In this 

case, the phase difference of co-polarized components HH-VV 

is closer to zero [28], however the HH and VV magnitudes 

may differ. Scattering of POLSAR on the ground surface 

increases according to the increase of relative dielectric 

constant, and the direction of scattering depends on the surface 

roughness and the orientation of the surface [13], [29].   

2) Double bounce scattering: This type of scattering comes 

from two surfaces at right angle, for example one flat on the 

ground (horizontal), the other upright (vertical) such as road 

surfaces and building walls, river surfaces and bridge 

structures, etc.[13] - [16]. Return single of radar hits both 

surfaces one after the other, and the total angle of radar 

reflection is π, in the backscatter direction. This double bounce 

scattering phenomena generates the compound scattering 

matrix from two surfaces and the most important consequence 

of this compound matrix is that the co-polarized components 

HH and VV are out of phase [13], [24], [28]. Typically, urban 

areas show double bounce scattering dominance due to the 

wall-ground or ground-wall interactions of the radar signal. 

Double bounce scattering can also occur frequently in nature, 

whenever there are upright vegetation stems (stalks, trunks) 

and a relatively smooth (and flat) surface underneath. 

Examples are flooded forests, and parallel (to the azimuth 

direction of radar) rows of rice fields, of corn fields, etc..  

3) Volume scattering: Volume scattering can be observed if 

SAR beam penetrates into a medium [25]. Scattering from 

trees or branches, crops, subsurface, oriented buildings from 

the line of sight of radar and etc. [14], [17], [18], [32] are 

examples of volume scattering. When the radar beam interacts 

with the vegetation, the random scattering process (random 

volume scattering over the ground) will be generated.  

4) Helix scattering: The helix scattering power is essentially 

the same as the circular polarization power [15]. The circular 

polarization can be generated from a source of horizontally 

polarized component plus vertically polarized component with 

90
0
 out of phase. For example, orthogonal wires with 1/8 

wavelength separation structures reflects circular polarization 

[33]. These sources can be seen in urban area, i.e., in man-

made structures such as facets of buildings or urban area with 

lots of wire structure placed in orthogonal directions 

depending on frequency [15]-[22]. In case, the sources of the 

helix scattering increase over the surface, the scattering 

helicity will increase.
 

     
Since the four-component scattering decomposition scheme 

in [21] is improved version of [18] and [19], fully polarimetric 

high resolution ALOS-PALSAR data sets as well as very high 

resolution data of spaceborne fully polarimetric TerraSAR-X 

and the fully polarimetric DLR airborne F-SAR data sets have 

been analyzed based on the this recently updated version of  

decomposition scheme. Decomposition color composite 

images of PALSAR data sets were generated with multi-look 

factors 12 times in azimuth direction and 2 times in range 

direction. The color composite image of TerraSAR-X data 

with decomposition was made with multi-look factors 10 times 

in azimuth direction and 12 times in range direction and the 

multi-look window size for the DLR F-SAR data to produce 

the color composite image was chosen as 10 in the range 

direction and 10 in the azimuth direction. 

    After the decomposition of ALOS-PALSAR data over the 

earthquake/tsunami disaster site, the four scattering 

components, namely the surface scattering (Ps), the double 

bounce scattering (Pd), the volume scattering (Pv) and the helix 

scattering (Pc), components were normalized by Total Power 

(TP) for further analysis. The normalized scattering 

components are defined as  
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 where ps , pd, pv and pc are the normalized scattering powers 

corresponding to surface , double bounce , volume and helix 

scattering, respectively, and 

 

cvds PPPPTP 

  

(3) 

 The mean filter with 3×3 window size is applied on these 

normalized scattering power components images before 

analyzing the images in more detail. 

 

III. RESULTS 

 

A.  Interpretation of RGB Color-Coded Images   

Three (two pre-disaster and one post-disaster) images, 

corresponding to the same region of recovered fully 

polarimetric PALSAR images for the pre- versus post-disaster 

are processed by implementing the recently developed general 
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4-component scattering power decomposition (4-CSPD) 

scheme [21]. These decomposition RGB color-coded images 

of 20090402, 20101121, and 20110408 are presented in Fig. 4 

(a), Fig. 4 (b) and Fig. 4 (c), respectively. Fig. 5 and Fig. 6, 

show the enlarged parts of the pre- versus post-tsunami 4-

CSPD color-coded images for examining the tsunami damages 

for the patch A (vegetated area), the patch B (agricultural 

area), the patch C (urban region), and the patch D (urban 

region/Onagawa Bay) [see Fig. 2], respectively for which 

color-coding RGB was chosen according to established 

conventions [18]. 

   Moreover, when tsunami damages the vegetations (see patch 

A, Fig.5), the random scattering process (random volume 

scattering over the ground) is reduced due to the deposition of 

mud soil and the wiped-out vegetated areas. This cause 

decreases the depolarization phenomena over the vegetation 

areas, thus the surface scattering increases and volume 

scattering mechanism reduces. The increment in double 

bounce scattering mechanism can also be expected due to the 

exposed stems over the ground and deposited dihedral 

structures caused by tsunami in the vegetated/forested area. In 

contrast, the amount and direction of surface scattering 

depends on the relative permittivity, the surface roughness and 

the orientation of the surface [13], [29]. The deposition of 

urban areas debris by tsunami flow on Bragg surfaces like bare 

surface, agricultural fields and/or floating debris on water 

surface increase the surface roughness of Bragg surface for 

example patch B in Fig. 5. Since surface scattering provides a 

diversity of polarization responses, varying with an angle of 

incidence, dielectric constant and surface roughness/slope, the 

roughness leads to depolarization of the surface scattering 

[13], [30]. This cause reduces the surface scattering and mixes 

in random scattering processes in those areas, where debris 

was deposited by tsunami flow. The surface scattering 

increases over damaged areas and wiped out man-made 

structures (see patches C and D, Fig. 6). 

Since man-made structures such as building and bridges 

orthogonal to radar illumination are categorized into double 

bounce scatterer types in the 4-CSPD scheme; the double 

bounce (Pd) scattering component in urban area is caused by 

right angle scattering between building-block-walls and road 

surfaces. The volume scattering (Pv) and surface scattering (Ps) 

components are small for orthogonally illuminated man-made 

structures. However, damaged or collapsed  urban blocks or 

man-made structures resulting from the earthquake/tsunami 

impact that do not appear to be orthogonal to radar direction 

and their corresponding main scattering centre is at an oblique 

direction with respect to radar illumination, generate no 

double-bounce type effect in the 4-CSPD images after the 

tsunami struck. Due to multiple scattering, these red areas 

(pre-tsunami image) turn into green (volume scattering) in 

post-tsunami images. In cases, for which buildings are washed 

out and/or eliminated by the tsunami, those areas appear as 

blue surface scattering types of the 4-CSPD scheme in the 

post-tsunami images (see patches C and D in Fig.6). These 

effects in post-tsunami images as compared to pre-tsunami 

images provide a simple straightforward tool for interpreting 

collapsed buildings in tsunami affected areas. These 

observations are matched with ground-truth data provided by 

the Association of Japanese Geographers, and Geospatial 

Information, Authority of Japan [8], and the obtained 

comparisons are very convincing. 

 

(a) 

 

 
 

(b) 
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(c) 

Fig. 4. Pre (a) and (b), and post (c) earthquake/tsunami 4-CSPD images for 

PALSAR data (In all images, the flight direction of ALSO-PALSAR is from 

left to right and PALSAR illumination direction is from top to bottom) 

    

 
 
Fig.  5.  Enlarged view of patch A (vegetation area) and patch B (agricultural 

areas) in Fig.2; left side from black dashed line: pre earthquake/tsunami 

disaster images and right side from black dashed line: after 

earthquake/tsunami images; top row: 4-CSPD images for the patch A and 

patch B and surrounding areas; and bottom row: Google optical images for 

patch A and patch B. The volume scattering (green) over the Patch A is 

decreased in the post disaster 4-CSPD images due to damage of forest areas 

as compared to pre disaster 4-CSPD images and surface scattering (blue) is 

increased. The surface scattering (blue) over the patch B is reduced in the 

post disaster 4-CSPD images due to the deposition of house debris in the 

agricultural areas as compared to pre disaster 4-CSPD images and the volume 

scattering (green) is increased. 

 

 
 

Fig.  6. Enlarged view of patch C (urban region) and patch D (urban region/ 

Onagawa bay) in Fig.2; left side from black dashed line: pre 

earthquake/tsunami disaster images and right side from black dashed line: 

after earthquake/tsunami images; top row: 4-CSPD images for the patch C 

and patch D and surrounding areas; and bottom row: Google optical images 

for patch C and patch D. The double bounce scattering (red) over the Patch C 

and the patch D is decreased in the post disaster 4-CSPD images due to the 

damage of buildings and houses as compared to pre disaster 4-CSPD images 

and surface scattering (blue) and volume scattering (green) are increased. 

 

B.  Change Analysis and Discussions 

    It was shown in the previous sub-section that polarimetric 

SAR data with 4-CSPD provided effective visual interpretation 

to identify the damaged areas resulting from the 

earthquake/tsunami disaster without difficulties from the 

temporal changes and seasonal changes. For the accurate and 

the automated change detection in urban areas to register 

damages caused by earthquake/tsunami disasters, it is implicit 

that we first need to identify the input parameters to recognize 

the automated changes properly. If the strategy of input 

parameter selection of the 4-CSPD is done properly, then this 

identification helps a lot to estimate the damaged areas in the 

urban regions. Therefore, there is need to understand and 

recognize the discriminating and overlapping behavior in 

between the temporal changes and disaster effects (pre- and 

post-disaster changes) on the decomposition parameters ( ps, 

pv, pd  and  pc ) over vegetated areas, agricultural areas, and 

urban areas. For example, the temporal changes [in between 

the 20090402 and the 20101121] and the post disaster changes 

[in between the pre-earthquake/tsunami (20090402) and the 

post-earthquake/tsunami (20110408)] in the value of the 

parameters ps, pv, pd  and  pc over the patch A (vegetated area, 

Fig.5), patch B (agricultural area/ wiped-out houses debris 

deposited area, Fig. 5), and patch C (urban region, Fig.6) are 

analyzed in Fig. 7, Fig. 8 and Fig. 9, respectively.  Table II 

shows the quantitative statistics of Figs 7, 8 and 9. The 

temporal difference values and the difference values after the 

disaster in parameters ps, pv, pd and  pc vary within the certain 

ranges as shown in Fig. 7, Fig. 8 and Fig. 9, and Table II. It is 

found that the mean, mode and median statistics of change are 
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larger in post disaster change than the temporal change and 

overall changes after the disaster can be separated from 

temporal changes based on mean, mode, and median. The 

mean statistics including ± standard deviation of the pixel 

distributions over all patches were analyzed and we observed 

that the parameter pv correlated with estimated vegetation 

damage, the four parameters (ps, pv, pd and pc) correlated with 

damage and debris deposition monitoring over the agricultural 

areas and the parameters ps, pv, and pd corresponded to the 

damage assessment in urban areas. But most of individual 

pixel difference values of temporal changes and post disaster 

changes are overlapping except the individual pixel difference 

values in ps over patch B and pd over patch C.  Moreover, the 

factors for temporal and post-disaster changes are as explained 

in detail next.  

     Surface component in the vegetation area (Patch A) is 

particularly relevant to radar return from ground surface 

underneath the vegetation canopy [14]. Surface component 

occurs when the radar beam reaches directly to the ground 

through gaps in the canopy, or there is penetration of the 

canopy. Double bounce component in the vegetation area 

appears due to ground-trunk interactions. In both surface and 

double bounce scattering processes, the factors such as surface 

roughness, soil moisture, surface slope and understory 

vegetation layer have an important influence on radar beam 

interaction with ground [25],[34]. The volume scattering 

component is relevant to radar return from vegetation canopies 

due to gradual changes in dielectric constant and 

inhomogeneities within canopy [35] - [37]. Leaves, branches 

and trunks of vegetation canopy behave as attenuators [38]. 

The radar beam penetration depends on the density, moisture 

contents and structure of the vegetation canopy and presence 

of gaps within the canopy. If the changes are underneath the 

canopy, in the dielectric constant of the ground and vegetation 

then these changes influence the radar return. Although 

changes in underneath forest canopy roughness during 

temporal observation are not significant without natural or 

anthropogenic disaster activities, dielectric constant (moisture 

content) can vary quickly for both ground and vegetation [39]. 

Apart from these parameters, size, shape and orientation of the 

surface or canopy elements also affect the scattering 

components. During the maturation stage of vegetation growth, 

temporal variations of the parameters ps, pv, and pd over the 

vegetation area are expected with changes either in the 

vegetative seasonal cycle or in the ground parameters 

[25],[39]. Overall, the temporal changes are somewhat barely 

distinguishable (see Fig.4 and Fig.7, and Table II for patch A) 

but after the tsunami disaster, the trends in change are 

understandable (see Fig.5 and Fig. 7). Since vegetation/trees 

were damaged by the tsunami disaster, the volume scattering 

decreases due to the reduction in the major sources of 

depolarization in scattering processes. The surface and the 

double bounce scattering increase over the damaged vegetated 

areas due to loss in stand tree density, find gaps between 

crowns, damage understory vegetation.  

    Scattering processes over a flat bare-soil surface in the 

agricultural field areas are affected by two attributes: (1) 

surface roughness, and (2) the dielectric constant of the soil 

medium. Due to the dynamic nature of these factors by natural 

or anthropogenic processes over agricultural areas, soil 

moisture and soil surface roughness are variables in space and 

time. The temporal changes in the bare agricultural field areas 

are anticipated due to different soil moisture and roughness 

conditions in the month of April, 2009 and the month of 

November, 2010. However the changes after the 

earthquake/tsunami in the agricultural field areas are envisaged 

due to the deposition of debris and inundation in agriculture 

field areas since images are used from the similar field 

conditions at the beginning of the month April (bare field 

condition). The changes after the tsunami are also confirmed 

due the deposition of houses debris by using high resolution 

Google earth images [see Fig. 5 and Fig.8, and Table II for the 

patch B]. The deposition of debris over the bare agricultural 

fields increases the roughness; this cause generates 

depolarization in surface scattering. As a result surface 

scattering is decreased and volume and double bounce 

scattering are greater than before the disaster condition over 

the debris covered areas in agricultural fields.  

     Temporal changes in ps, pv, and pd over the urban areas are 

not observed to be significant because of permanent man-made 

structure dominance [see Fig.6 and Fig. 9, and Table II for 

patch C]. However, changes in ps, pv, and pd, over the urban 

areas are noticeable after the earthquake/tsunami disaster event 

due to the changes in POLSAR scattering mechanism 

interactions with the damaged urban block and/or washed out 

urban block areas as compared to pre-disaster scattering 

behavior over the urban areas [Fig. 6 and Fig. 9 for patch C]. 

After the disaster, the double bounce scattering reduces due to 

the damage of the ground-wall and/or wall-ground interaction 

because radar signal is scattered in different direction as 

compared to before the disaster. These ground-wall and wall-

ground interface over the urban areas are destroyed and/or 

washed out and/or reduced to debris due to the 

earthquake/tsunami disaster. Surface scattering becomes 

dominant after the disaster in those areas where the buildings 

are washed out by the force of the tsunami flow and leaving 

the ground exposed [31]. Volume scattering becomes 

dominant after the disaster in those areas where the buildings 

are oriented from the orthogonal direction with respect to the 

radar illumination by the force of the tsunami flow.  Therefore, 

the value of the ps and the pv are increased with the earthquake 

and tsunami hazard compared to pre-disaster conditions over 

the urban areas.  

    When the sources of helix scattering in urban areas are 

damaged or changed then the scattering helicity 

decreases/changes in the urban areas. However, in most 

POLSAR measurements over vegetation areas (volume 

scattering dominant areas) and sea water or bare flat surfaces 

(Bragg surface), the reflection symmetry condition holds; but 

for POLSAR measurements over the double bounce scattering 

dominant areas (urban areas) the reflection symmetry 

condition does not hold [18]. So there is no remarkable 

advantage to use the value of the parameter pc over the 

vegetation area but when the wiped-out houses and debris 

were deposited in the agricultural areas by the tsunami, it is 

found that the value of the parameter pc increases in 
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agricultural area due to the loss of the reflection symmetry 

condition. On other hand, the value of the parameter pc 

decreases in damaged urban areas.      

 

 

 
 

Fig. 7. Plots illustrate the differences in pixel values for the Δps (normalized surface scattering components difference), Δpv (normalized volume scattering 

components difference), Δpd (normalized double bounce scattering components difference), Δpc  (normalized helix scattering components difference) over 

vegetation, which are drawn by using a patch A (see Fig. 5)  [○ denotes the difference in between pre- earthquake/tsunami (20090402) and post-

earthquake/tsunami (20110408) decomposition parameters; and × denotes temporal difference  [  before (20090402) –after (20101121)] of the decomposition 

parameters]    

 

 
 

Fig. 8. Plots illustrate the differences in pixel values for the Δps , Δpv  , Δpd  , Δpc over agricultural area/ debris on agricultural area, these plots are plotted by 

using a patch B (see Fig. 5)  [○ denotes the difference in between pre- earthquake/tsunami (20090402) and post-earthquake/tsunami (20110408) decomposition 

parameters; and × denotes temporal difference [  before (20090402) –after (20101121)] of the decomposition parameters]  
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Fig. 9. Plots illustrate the differences in pixel values for the Δps , Δpv  , Δpd  , Δpc over urban area, these plots are drawn by using a patch C (Fig. 6)  [○ denotes 

the difference in between pre- earthquake/tsunami (20090402) and post-earthquake/tsunami (20110408) decomposition parameters, and also × denotes temporal 

difference  [ before (20090402) –after (20101121)] of the decomposition parameters]   

 
Table II.  Statistics of the difference values of pixels for patches A, B and C [○ denotes the difference in between pre- earthquake/tsunami (20090402) and post-

earthquake/tsunami (20110408) decomposition parameters, and also × denotes temporal difference [before (20090402) –after (20101121)] of the decomposition 

parameters] 

 

 Scattering 

component 

 Min. Max. Mean Median Mode Std. Dev. Number of 

pixels 

 

Patch A 

Δps ○ -0.073 0.263 0.107 0.107 0.038 0.070  

 

 

 

 

100 

× -0.204 0.240 0.007 -0.004 0.002 0.087 

Δpv ○ -0.299 0.008 -0.154 -0.160 -0.129 0.066 

× -0.229 0.189 -0.022 -0.022 -0.058 0.088 

Δpd ○ -0.067 0.192 0.047 0.036 0.036 0.054 

 × -0.083 0.099 0.013 0.012 0.012 0.038 

Δpc ○ -0.032 0.038 -0.000 0.000 -0.018 0.015 

× -0.036 0.030 0.001 -0.001 -0.005 0.013 

Patch B Δps ○ -0.341 -0.123 -0.222 -0.216 -0.185 0.050  

 

 

75 

× -0.160 0.027 -0.046 -0.048 -0.066 0.039 

Δpv ○ 0.048 0.262 0.145 0.142 0.173 0.046 

× -0.040 0.116 0.024 0.019 0.001 0.035 

Δpd ○ -0.017 0.158 0.061 0.056 0.032 0.031 

× -0.031 0.068 0.019 0.016 0.020 0.020 

Δpc ○ -0.008 0.033 0.016 0.014 0.012 0.008 

× -0.012 0.020 0.004 0.003 0.005 0.005 

Patch C Δps ○ -0.235 0.331 0.136 0.157 0.219 0.132  

 

 

 

112 

× -0.248 0.140 -0.001 0.008 0.062 0.002 

Δpv ○ -0.040 0.355 0.150 0.128 0.115 0.093 

× -0.118 0.130 0.005 0.005 -0.045 0.056 

Δpd ○ -0.445 -0.095 -0.280 -0.288 -0.272 0.075 

× -0.126 0.175 -0.012 -0.015 -0.070 0.050 

Δpc ○ -0.050 0.030 -0.006 -0.003 -0.028 0.018 

× -0.270 0.036 0.007 0.005 0.001 0.014 

 

     Furthermore, the changes for the red line boundary areas in 

Fig. 4(b) in the value the parameters ps, pv and pd [in between 

the pre- earthquake/tsunami (20090402) and post- 

earthquake/tsunami (20110408)] are categorized in Figs. 

10(a), 10(b) and 10(c), respectively. The value of the ps 

increases 0.1 to 0.3 in distorted ocean-shore vegetation areas 

and agricultural areas while the value of pv of those areas 

decreases. A decrement of more than 0.1 in the value of the ps 

is also noticed in those areas containing wiped-out houses and 

debris deposited by tsunami flow (e.g., patch B) and the 

washed-out houses debris floating in bay areas, e.g., in the 

water areas of patch D.  Moreover, it was observed that the 

value of the parameter pv decreases by more than 0.1 in the 

damaged vegetated area by the tsunami impact, nevertheless 
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temporal/seasonal changes in land cover (which is not affected 

by the tsunami) overlap with tsunami affected areas. The value 

of the pd over the collapsed or wiped-out buildings is 

decreased while that of distorted vegetation areas along the 

ocean-shore is increased upto 0.1 as compared to pre-disaster 

conditions. The value of pd over the vegetation and the 

agricultural areas is found to be ±0.1 and also mixed with the 

non-tsunami-covered areas. The value of the parameter pd 

increase from 0.1 to 0.3 for locations where the wiped-out 

houses were deposited in the agricultural areas and/or floated 

in bay areas.  

 

 
 

(a) 

 

 
 

(b) 

 
 

(c) 

Fig. 10. The difference images in between pre-earthquake/tsunami 

(20090402) and post-earthquake/tsunami (20110408) behavior of 

decomposition parameters (a) Δps , (b) Δpv  and (c) Δpd are superimposed on 

TP image of 20090402.  

 

As the comparisons of the 4-CSPD RGB in Fig.4 and the 

pixel distribution plots in Fig.9 show that the dominate double 

bounce scattering contribution (red color in Fig. 4) in between 

20090402 and 20101121 is not significantly changed  and the 

difference value only slightly changes within the range ±0.1. 

This slight temporal change ±0.1 in the pd is because of that 

the seasonal change could be sustained in minor natural 

scatterers e.g. tree or vegetation [39], which are mixed with 

urban blocks in resolution cells. The change of season affects 

the moisture content of vegetation and soil, which in turn 

influences the intensity of radar backscatter and settlement 

detectability. This cause fluctuates the difference value of pd 

but this change in pd is small as compared to change after the 

earthquake/tsunami. Moreover, a few spots show temporal 

changes of more than 0.1 in pd over the car parking areas, 

small agricultural land in urban area and those building close 

to agricultural areas, the effect of agricultural land on 

settlement detectability implies variability with climatic 

season.  Otherwise changes of more than 0.1 in pd over urban 

blocks and other areas containing man-made structures are less 

sensitive to temporal changes (Fig.11). However, the same 

season’s images are utilized to minimize effect of the seasonal 

cycle changes in the urban area.   

Furthermore, it is well illustrated in the pertinent literatures 

[9] – [20] that the double bounce scattering over the urban 

area becomes dominant because of the ground-building wall 

interface or the building wall–ground interface and other-man-

made structures. Building blocks in the urban areas can be 

treated as relatively coherent scatterers [9], which do not 

change with time unless natural and/or anthropogenic disaster 

occurrence. When these wall-ground and ground-wall 
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interfaces are damaged by the earthquake/tsunami disaster, the 

reduction in the amount of the double bounce scattering power 

will be noticed. Since a difference of the pd value in between 

pre- and post-disaster is very sensitive for man-made 

structures, the parameter pd is useful to analyze the influence 

of earthquake and tsunami before and after the natural hazard 

event. Further these changes in the parameter pd are related to 

the urban areas affected by the earthquake and tsunami. For 

example, the difference of the pd value in between pre and 

post-disaster is categorized over the Ishinomaki city and 

surrounding areas and it is observed that green color (-0.1 to -

0.2) coded areas in Fig. 12 appears in urban areas for partly 

damaged buildings and/or made-structures; whereas yellow (-

0.2 to -0.3), magenta (-0.3 to -0.4), red (-0.4 to -0.5) and 

brown (< -0.5) colors in Fig. 12 represent the severely 

damaged urban areas and/or areas with completely wiped-out 

houses by earthquake/tsunami impacts. 

 

 
Fig. 11. The masked temporal difference (in between the 20090402 and 

20101121) of the decomposition parameter Δpd image is superimposed on the 

TP image of 20090402 [brown color denotes the difference < -0.1]. 
 

 
 
Fig. 12. Left: the masked temporal difference (in between the 20090402 and 

20101121) of decomposition parameter Δpd image is superimposed on TP 

image of 20090402 [green color represents partly damages in urban areas, 

and yellow, magenta, red and brown color denote the completely wiped out 

urban areas]; second image from left: ground truth information [blue color 

areas show damages in urban areas and red color represents tsunami covered 

areas]; and right side from the black dashed line:  Google optical pre- and 

post-earthquake/tsunami the upper optical images for white line patch on left-

side image and the lower optical images for black line patch on left-side 

image, respectively.   

 

C. VHR SAR Color-Coded Images  

 The high resolution quad polarization PALSAR images 

showed their capability in the detection and analysis of urban 

areas. In addition, VHR quad polarization synthetic aperture 

radar (SAR) sensors permit to extract information from VHR 

SAR images about the man-made and natural features 

individually. Unfortunately, we do not have polarimetric VHR 

image data sets over the Off-Tohoku Tsunami/earthquake 

coastal areas; but we have VHR fully polarimetric POLSAR 

image data access over the other parts of the globe. These data 

sets cover various features such as urban areas, vegetation, 

water areas, etc. This section shows that VHR SAR images 

(TerraSAR-X images) provide better decomposition images 

over highly oriented man-made features and urban areas as 

compared to standard resolution images (e.g. PALSAR 

images). Therefore, polarimetric VHR imagery should provide 

more accurate damage assessments of natural occurring and 

anthropogenic hazards in dense urban areas. For example, the 

high resolution ALOS-PALSAR and VHR TerraSAR-X quad-

polarization data sets were used over Niigata, Japan for 

comparing the effect of resolution with the 4-CSPD scheme 

[21]. High resolution ALOS-PALSAR quad polarization data 

were acquired on March 04, 2010 with 21.5
0
 off-nadir angle 

and VHR TerraSAR-X quad polarization data were acquired 

on April 22, 2010 with 36.7
0
 off nadir angle. For TerraSAR-X 

data sets, the window size for the ensemble average in image 

processing was chosen as 12 in the range direction and 10 in 

the azimuth direction. The 4-CSPD color-coded images of 

ALOS-PALSAR and TerraSAR-X over the Niigata are 

displayed in Fig. 13 and Fig 14.  The VHR (2 meter ground 

range resolution) quad polarization TerraSAR-X data with the 

4-CSPD method clearly envisages urban areas compared to 

high resolution (30 meter ground range resolution) ALOS-

PALSAR data. Additionally, a representative VHR F-SAR S-

band image of June 08, 2010 over the Kaufbeuren, Germany is 

shown in Fig. 15 with the 4-CSPD method, the VHR 

resolution (0.5 meter) provides the information on individual 

buildings and single trees. The F-SAR images were averaged 

by factor 10 in the both range direction and the azimuth 

direction before generating the 4-CSPD color-coded image. 

The comparison of the Pauli and 4-CSPD RGB in Fig. 16 

showed that objects discriminations are visible in the 4-CSPD 

RGB much clearer. Moreover, it becomes apparent that using 

VHR quad polarization SAR images and implementing the 4-

CSPD method improves rather considerably the discrimination 

of the land-use/land-cover objects from one another.            
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Fig.13. The 4-CSPD color-coded images with surface scattering (blue), 

volume scattering (green) and double bounce scattering (red) over the Niigata, 

Japan  (top) ALOS-PALSAR data of March 03, 2010 (bottom) TerraSAR-X 

data of April 22, 2010. 

 

 

 
 

Fig.14. Close-up of the 4-CSPD color-coded images with surface scattering 

(blue), volume scattering (green) and double bounce scattering (red) over the 

Niigata, Japan for red rectangular areas in Fig. 13 (top) ALOS-PALSAR 

(bottom) TerraSAR-X. 

 

 
 
Fig.15. (top) Google optical image of July 16, 2010 and (bottom) The 4-

CSPD color-coded image for DLR F-SAR  S-band data of the June 08, 2010 

with surface scattering (blue), volume scattering (green) and double bounce 

scattering (red) over the Kaufbeuren, Germany  

 

 
 

Fig.16. Close-up area of yellow line box in Fig.15 (left) Google optical image 

of July 16, 2010; (center) Pauli RGB HH-VV (red), 2HV (green), HH+VV 

(blue) image and (right) the 4-CSPD color-coded image for DLR F-SAR S-

band data of the June 08, 2010 with surface scattering (blue), volume 

scattering (green) and double bounce scattering (red) over the Kaufbeuren, 

Germany  

 

IV. CONCLUSIONS 

 

Fully polarimetric high resolution L-Band image data sets 

with the implementation of the 4-CSPD scheme provide a 

straight forward simple tool for interpreting as well as 

identifying collapsed buildings caused by earthquake/ tsunami 

disasters. This result holds equally well for typhoon or 

tornado and other manmade disaster assessments. Furthermore, 

the basic behaviors of scattering parameters ps , pv  and pd  are 
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observed as follows: (1) generally, the surface scattering is 

increased in tsunami affected areas (vegetation damaged area 

and wiped-out/collapsed urban block area) but it can be 

decreased in the areas of the deposition of wiped-out houses 

by the retreating tsunami and for the floating houses on bay 

areas. (2)The volume scattering is decreased in tsunami 

affected or damaged vegetation areas and increased in 

damaged or collapsed, deposited and/or floating (on bays 

water surface) urban blocks or man-made structures by the 

earthquake/tsunami. (3) The double bounce scattering is 

decreased in earthquake/tsunami collapsed or damaged urban 

areas and increased in areas with deposited (in agricultural 

field or other type scattering dominate areas) or floating (on 

bays water surface) wiped-out urban blocks or man-made 

structures, mainly caused by the retreating tsunami. 

Here, we need to emphasize that based on reproducible 

multi-band FSAR experiments carried out at DLR [40], the S-

Band fully polarimetric POLSAR image data sets will be 

superior to L-band because at S-Band higher resolution and 

still high polarimetric sensitivity can be achieved which for L-

Band does not yield such high resolution although polarimetric 

sensitivity is high. The C-Band polarimetric sensitivity is 

inferior to S-Band and the resolution is not remarkably 

increased. Furthermore, currently the S-Band operational 

bandwidth is still relatively larger for satellite implementation 

of fully polarimetric VHR POLSAR sensors. Therefore, we 

are looking forward to the addition of a high resolution fully 

polarimetric S-Band POLSAR satellite sensors for improved 

VHR POLSAR natural and also anthropogenic in situ disaster 

damage assessment.         
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