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Summary

We propose using satellite remote sensing technology with a modified damage detection model
based on the regression discriminant function for severe building damage ratios as a method to
quickly estimate damaged areas due to tsunamis anywhere in the world. The model was developed
using a data set from JERS-1/SAR images of the aftermath of the 1995 Kobe earthquake and its
detailed ground-truth data, and was applied to ALOS/PALSAR images acquired before and after the
2010 Maule, Chile earthquake tsunami. The modified model considers the backscattering
characteristics of tsunami-damaged buildings and scattered debris in the affected areas and the
ground elevation as measured by Terra/ASTER stereoscopic observations. The accuracy of the
proposed damage estimation model is examined by comparing it with the results of field survey
data and interpretation of high-resolution satellite optical images taken after the event.
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1. Introduction

It is quite difficult to get an accurate overview of large-scale natural disasters such as earthquakes,
tsunamis, windstorms, floods, and landslides. We expect damage assessment to take longer the
greater the extent of the damaged area. In order to properly respond to a disaster, observations of
the damaged area by helicopters, airplanes, and satellites may be able to fill the time lag of field
damage assessment. In particular, remote sensing by satellites can provide observation of a wide
area with a single image and it may be possible to use this technology to improve the estimation
accuracy for large-scale damage [1, 2]. For assessing affected areas due to tsunamis, landforms are
a significant factor in determining the extent of tsunami run-up [3]. Generally, global-based digital
elevation models (DEMs), which are generated from stereoscopic pairs of optical sensor images
like SPOT DEM [4] and ASTER (Advanced Spaceborne Thermal Emission and Reflection
Radiometer) GDEM [5], or using interferometric approaches using Synthetic Aperture Radar (SAR)
images like Shuttle Radar Topography Mission (SRTM) [6], can be employed to map the
susceptibility of areas to large-scale tsunami inundation. In order to access higher resolution DEMs,
it is possible to use the ASTER on-demand processing service and data from the “GEO (Global
Earth Observation) Grid” system administered by the National Institute of Advanced Industrial
Science and Technology (AIST), Japan [7]. The GEO Grid also contributes by providing large-scale
archived data related to earth observation including not only ASTER but also Phased Array L-band



Synthetic Aperture Radar (PALSAR) images.

Among the remote sensors, SAR is remarkable for its ability to record the physical value of the
Earth's surface [8]. Unlike passive optical sensors, SAR enables observation of surface conditions
day or night, even through clouds. SAR interferometric analyses using phase information have
successfully provided quantification of relative ground displacement levels due to natural disasters
[9]. More importantly, intensity information obtained from SAR represents a physical value
(backscattering coefficient) that is strongly dependent on the roughness of the ground surface and
the dielectric constant, but independent of observation conditions such as the baseline length of
satellite orbits [10]. Based on this idea, we have developed models for satellite C- and L-band SAR
data to map building damage areas by clarifying the relationship between the change in the
backscattering coefficient before and after earthquakes, and building damage assessment based on
detailed field investigations following the 1995 Kobe earthquake [11, 12].

In this paper, we introduce an example application, mapping tsunami-induced damage due to the
2010 Maule, Chile earthquake using the ASTER DEM and PALSAR images on a GEO Grid data
set. We evaluate tsunami inundation susceptibility based on a DEM derived from pre-tsunami
ASTER images. PALSAR is used for post-event assessment. We examine the backscattering
characteristics of damaged areas in the PALSAR images taken before and after the tsunami and then
apply a modified model based on Matsuoka and Nojima [12] in order to extract severely damage
areas. The results of the damage estimation are examined by comparing the results of field survey
data and interpretation of high-resolution satellite optical images taken after the event.

2. ASTER DEM and Inundation Susceptibility Map

2.1 GEO Grid and ASTER DEM

The GEO Grid system aims at providing an e-infrastructure and large-scale archived data related to
earth observation to understand our Earth more precisely and with more insight, as well as being
faster and easier to access by the worldwide earth sciences community [13]. One of the most
potentially useful archives in GEO Grid is more than 1.8 million ASTER scenes from the Terra
earth-observation mission satellite compiled since its launch in 1999. ASTER can cover a wide
spectral region covering the visible to thermal ranges with 14 spectral bands. It has three bands in
the visible and near-infrared (VNIR) range, six bands in the shortwave infrared (SWIR) range, and
five bands in the thermal infrared (TIR) range with 15, 30, and 90 m ground resolutions [14]. The
ASTER instrument also has an along-track stereoscopic capability using two telescopes in a near-
infrared band, one for nadir-viewing and another for backward-viewing, with a base-to-height ratio
of 0.6 [15]. The DEM, whose spatial resolution is 15 m, can be generated by this function without
any ground control points (GCPs). The standard deviations of original geolocation accuracy are
better than 20 m in the horizontal plane and 10 m along the vertical axis [15].

The GEO Grid system provides several useful options in creating higher quality DEMs and in
making them useful in practice [7]. One of the options is geometric correction based on a reference
DEM. It performs a geolocation correction of the DEM by calculating the horizontal and vertical
offsets between the ASTER DEM and a reference DEM. The relative geolocation accuracy is
examined by template matching in the horizontal plane and vertical differences from the reference
DEM in a flat area. When using SRTM as the reference DEM, the standard deviation of the
geolocation accuracy improves to less than 7.5 m horizontally and 3.3 m vertically [16].

2.2 The 2010 Chile earthquake tsunami and inundation susceptibility

A moment magnitude 8.8 earthquake struck the central region of Chile on February 27, 2010. The
earthquake produced a tsunami that caused major damage in locations spanning over 500 km of
coastline, from Tirta to Pichilemu. Coastal locations were affected by both ground shaking and the
tsunami. As of May 2010, 521 people had died and 56 persons were still missing. The earthquake
and tsunami destroyed over 81,000 houses, and another 109,000 were severely damaged [17].

In order to understand the topographic characteristics of affected areas, we searched and selected
cloudless ASTER images of the Biobio region from the GEO Grid ASTER archives, then generated
orthorectified images and DEMs with 15 m ground resolution. Fig. 1 show the false color



composite images and DEM in the areas of Concepcion (Feb. 5, 2001). We found that there are
cities located on small plains along the coast with several valley bottom lowlands. According to the
tsunami surveys [18] and simulation [19], the maximum expected tsunami height is approximately
25 m above sea level. So, as a first stage estimate, areas where the elevation is lower than 25 m are
considered to be susceptible to tsunami inundation as shown in Fig. 2. According to this simple
estimation, most of the major cities in the region are at risk of inundation.
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Fig. 1: (a) ASTER false color composite and (b) DEM images of the Concepcion, Talcahuano, and
Dichat areas. Image taken February 5, 2001.

3. PALSAR Images and Damage
Detection

3.1 Backscattering characteristics in
damaged area

Two weeks after the event, the PALSAR unit
on the Advanced Land Observing Satellite
(ALOS) observed the Concepcion area in fine-
beam-mode, which captures the earth surface
with approximately 10-meter resolution. Fig. 3
shows the pre- and post-tsunami images by
PALSAR. The images acquired on March 11, _
2009 was used for the data prior to the event. . ) .

These PALSAR data are also stored in the F19- 2: Map of estimated susceptibility to
including orthorectification, was carried out areabased onthe ASTER DEM.

using the GAMMA Software in the system

[20].

Fig. 4 shows zoomed-in pre- and post-tsunami PALSAR images used to examine the backscattering
characteristics of tsunami damage in typical areas in Dichato city, where totally collapsed buildings
are identified in the optical sensor images on Google Earth. Typically, man-made structures show
comparatively high reflection due to the cardinal effect of structures and the ground. Open spaces or
damaged buildings have comparatively low reflectance because microwaves are scattered in
different directions. Buildings may be reduced to debris by earthquake ground motion, and in some
cases, the debris of buildings may be removed, leaving the ground exposed. Thus, the
backscattering coefficient determined after collapse is likely to be lower than that obtained prior to
the event [11, 12]. However, the reverse occurred in the damaged areas marked by dotted red circles
in fig. 4. To explain these anomalies in the PALSAR images, several factors need to be considered
such as the relationship among the illumination direction of microwaves transmitted from the
satellite, the longitudinal direction of buildings, the built-up density of buildings, and changes of
earth surface materials. For Dichato city, it seems that scattered debris from collapsed buildings,

Talcahuano



visible in open spaces such as roads and bare ground in the post-tsunami image, shows brighter
reflections than in the pre-tsunami image. This characteristic that affects the backscattering echo
was identified in the tsunami-affected areas in the PALSAR images.
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Fig. 3: PALSAR images of the Concepcion, Talcahuano, and Dichato areas before and after the
2010 Maule, Chile earthquake tsunami. (a) Image taken on Mar. 11, 2009. (b) Image taken on Mar.
14, 2010.

3.2 Damage detection method

Following Matsuoka and Nojima (2010),
the regression discriminant function for
building damage was calculated from two
characteristic  values, the correlation
coefficient and the difference in
backscattering coefficient for pre- and
post-event SAR images [12]. First,
following accurate positioning of the two
SAR images, a speckle noise filter with a
21x21 pixel window [21] was applied to
each image. The difference value, d, is
calculated by subtracting the average value
of the backscattering coefficient within a
13x13 pixel window in the pre-event
image from the post-event image (after —
before). The correlation coefficient, r, is
also calculated from the same 13x13 pixel

- 50 1" g a
e 8 AT N 2 3T

Fig. 4: PALSAR images of Dichato in comparison window [11]. The result of applying
with optical sensor images on Google Earth before regression discriminant analysis, using the
and after the 2010 Maule, Chile earthquake tsunami.  d’s and r’s from the building damage data
(a) Pre-tsunami PALSAR image. (b) Post-tsunami set of the 1995 Kobe earthquake, is shown
PALSAR image. (c) Pre-tsunami optical image. (d) in Equation 1.
Post-tsunami optical image.

Zy ==1277d-2.729r (1)
Here, Zg; represents the discriminant score from the SAR images. The pixels whose value Zg; is

positive are interpreted as suffering severe damage. Because both coefficients are negative, higher
and negative d’s or smaller r’s produce larger Zg; values.

However, in the tsunami damage areas in the PALSAR images in the above-mentioned examination,
the backscattered echoes were stronger in the post-tsunami image. In order to detect such damaged
areas using an image analysis, we need to consider cases where the reverse occurs. Therefore we
calculated the absolute value of the difference in backscattering coefficient, |d|, and which changed
the coefficient of the difference to positive values as shown in Equation 2.



Zy'=1.2717/d|-2.729r @)

Here, Zg;' represents the modified discriminant score. Using this formula, the pixels whose value
Zgj' is positive might be assigned as areas damaged not only by earthquakes but also by tsunamis.

3.3 Damage detection for the 2010 Chile earthquake tsunami

Using the procedure described above and the PALSAR images of the 2010 Chile earthquake
tsunami, we calculated discriminant scores Zgj' in the areas shown to be vulnerable on the
inundation susceptibility maps (Fig. 2) and estimated the tsunami damage distribution. The results
are shown in fig. 5. The sections on the sea are masked, but areas where the river could not be
masked have large Zg;' values because of surface changes caused by the flow of water. The wetlands
near Talcahuano, where the Zg;' values are large, seem to be affected by the tsunami.
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Fig. 5: Distribution of Zg;' obtained by ALSAR  Fig. 6: Distribution of Zg;' in a close-up of the
images. Dichato area.

Fig. 6 shows a close-up Zgj' image of the
Dichato area. This agrees well with the post-
tsunami optical image, Fig. 4(d). Fig. 7 shows
a ground photo near Dichato city taken on
April 24, 2010. The viewing area of the
ground photo (dotted lines) is shown in Fig. 6
to correspond to areas with large Zg;'. Though
the location is far from the coastline, we found
that the tsunami surged to that point.

4. Conclusions don oo | ;

: Fig. 7: Ground photo whose location is drawn
This paper proposed a scheme to detect . % .
damage due to tsunamis using an ASTER in fig. 6, taken on April 24, 2010.

DEM and PALSAR images stored and

processed on the GEO Grid system developed

by AIST. First, maps of susceptibility to tsunami inundation were created by threshold classification
using the ground elevation from the ASTER DEM. Second, a modified damage detection model,
based originally based on data from the 1995 Kobe earthquake, was proposed, making use of the
phenomena that backscattering intensity increases in debris-strewn areas. We then examined the
relationship between the backscattering echo in PALSAR images and the areas affected by tsunami
following the 2010 Maule, Chile earthquake. Finally, we applied this model to PALSAR images and
compared the results with optical sensor images and field survey data with ground photos. For



estimations of tsunami damage, the function for the Kobe earthquake was used but it would be
preferable for a suitable fragility function for tsunami damage to be developed in order to further
increase the accuracy of damage estimation.
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