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Applications of remote sensing and GIS for damage assessment
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ABSTRACT: Remotely sensed imagery data from satellites and airborne platforms have become
important tools to assess vulnerability of urban areas and to grasp damage distribution due to natu-
ral disasters. The platform and sensors of remote sensing should be selected considering the area to
cover, urgency, weather and time conditions, and resolution of images. Satellites with optical
and/or SAR sensors can cover much larger areas than other platforms, and hence, they can be used
for macro-scale urban modeling and damage detection in large-scale natural disasters. Aerial tele-
vision imagery and photography are very useful to observe buildings and infrastructures with high
resolution. Thus automated detection of damage is possible using only post-event images or both
pre- and post-event images. Use of airborne SAR is also highlighted for 3D urban modeling. In this
paper, recent developments and applications of advanced technologies, notably, remote sensing and
GIS, are reviewed from the viewpoint of risk assessment and post-event disaster management.

1 INTRODUCTION

In the last decade of the 20th century, although it was designated as the International Decade for
Natural Disaster Reduction (IDNDR), a large number of devastating natural disasters attacked
highly populated urban areas in the world, and a huge amount of human, structural, and socio-
economic losses were brought due to them. Thus, vulnerability assessment before and after natural
disasters has attracted significant attentions among researchers and practitioners of disaster man-
agement. In this regard, advanced technologies, notably remote sensing and GIS, have become im-
portant new tools in disaster management.

Recent advancements in remote sensing and its application technologies made it possible to use
remotely sensed imagery data for assessing vulnerability of urban areas and for capturing damage
distribution due to natural disasters (Shinozuka & Rejaie 2000). To obtain pre- and post-event in-
formation on built environment, several methods exist, such as field survey, aerial videography and
photography, and satellite imagery. Figure 1 shows various platforms and sensors used for remote
sensing. The platform and sensors should be selected considering the area to cover, urgency, reso-
lution of images, and weather and time conditions. The first three items are closely related. If we
want to get images over a large area, satellite imagery may be the most suitable tool although its
resolution is in the order of several ten meters and return period is several weeks for commonly
available earth observation satellites. On the contrary, aerial videography and photography from
helicopters and light planes can be obtained much faster with higher resolution despite the fact that
the area to cover is much small.

Regarding sensors on board platforms, synthetic aperture radar (SAR) can be used irrespective
of sunlight and weather conditions, hence this feature is highly effective in damage surveys when
optical remote sensing, such as multispectral scanning and aerial photography, is difficult. Masson-
net et al. (1993) introduced interferometric SAR (IFSAR) analysis using phase information to esti-
mate the distribution of ground displacement due to the 1992 Landars earthquake. Laser altimeter
(LIDAR) is another new technique to profile 3D elevations of the earth surface (Gamba &
Houshmand 2000).
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Figure 1. Platforms and sensors of satellite and airborne remote sensing.

Capability of optical/SAR satellite imagery has been demonstrated for damage detection in
large-scale natural disasters. Using the pre- and post-event images of the 1995 Hyogoken-Nanbu
(Kobe) earthquake observed by Landsat/TM, JERS/SAR, and ERS/SAR satellites, the areas with
heavy building damage, fire and liquefaction were identified (Matsuoka & Yamazaki 1999, 2000a).
In the study, the results of field surveys stored in GIS were employed as supervised learning data.
Similar approaches comparing the pre- and post-disaster satellite images were carried out for the
1999 Kocaeli, Turkey earthquake (Estrada et al. 2000, Matsuoka & Yamazaki 2000b) and the 1990
Luzon, Philippine earthquake (Yamazaki & Matsuoka 1999). The satellite images together with
GPS were also employed in a damage survey (Eguchi et al. 2000b) after the Kocaeli earthquake.

Airborne remote sensing is more suitable to obtain detailed inventory and to collect damage
data of built environment. SAR imagery is one of the most promising techniques in this objective
and a pioneer study on mathematical theory and image simulator has been conducted by Shinozuka
et al. (2000). Interpretation of airborne SAR data was also attempted for the purpose of inventory
development (Eguchi et al. 2000a) and urban modeling (Aoki et al. 1999). Although these investi-
gations are still preliminary, airborne SAR imagery will be used for risk assessment and post-
disaster damage detection of urban areas in the near future.

Aerial photography and videography from helicopters and light planes are practical and power-
ful tools to survey urban and suburban areas in pre- and post-event periods. Using aerial photo-
graphs, liquefaction induced permanent ground displacements were investigated for several damag-
ing earthquakes in Japan (Hamada 1992, Hamada et al. 1995) and in the United Sates (O’Rourke at
al. 1992, Sano et al. 1999). More recently, building damage due to the 1995 Kobe earthquake was
interpreted visually using aerial photographs (Ogawa & Yamazaki 2000) and high-definition tele-
vision (HDTV) images (Hasegawa et al. 2000a). Damage detection of buildings is further being
developed to automated damage detection methods (Hasegawa et al. 2000b, Mitomi et al. 2000,
2001a, b) using the edge and color information of the post-earthquake images. Helicopters or light
planes installing video and still cameras can provide damage information soon after the occurrence
of a disaster. Hence such images are particularly useful in the early post-disaster damage detection
as well as in the collection of inventory data in the ordinary period.

Use of GIS in disaster management has been accelerated in the last decade. Databases on built
and natural environment have been developed on GIS platforms and damage assessments to natural
disasters, especially urban earthquakes, have been conducted in many countries. One of the most
enhanced damage databases has been developed for Kobe area after the 1995 Kobe earthquake and
it has been used for the estimation of strong motion distribution (Yamaguchi & Yamazaki 2001)
and for the construction of building fragility curves (Yamazaki & Murao 2000). GIS models are ex-



tensively utilized in real-time damage assessment systems (Yamazaki et al. 1994, 1998, Whitman
et al. 1997, Shimizu et al. 2000).

In this paper, recent developments and applications of advanced technologies, notably, remote
sensing and GIS, are reviewed from the viewpoint of risk assessment and disaster management.
These technologies were born and developed in the different areas from “structural safety and reli-
ability”, but their application to our area is quite attractive and promising. Recent examples in the
field of earthquake disaster mitigation are presented in the following.

2 SATELLITE REMOTE SENSING FOR DAMAGE DETECTION FROM THE 1995 KOBE
EARTHQUAKE

2.1 Damage Survey Data and Satellite Data

Several satellites with optical sensors and/or SAR observed Kobe area before and after the Kobe
earthquake on January 17, 1995. Since a part of the damage survey results is maintained as GIS
data, a quantitative analysis on the surface changes in the damaged areas is possible. Liquefied ar-
eas were plotted on a GIS map based on the 1/50,000-scale ground-failure survey map (Hamada et
al. 1995). The building damage data based on detailed survey results compiled by AlJ (the Archi-
tectural Institute of Japan) and CPIJ (the City Planning Institute of Japan), and digitized by BRI
(Building Research Institute, Ministry of Construction) were utilized as the ground truth data (Fig.
2). In the GIS data, the building damage level was classified into five categories: damage by fire,
severe damage, moderate damage, slight damage and no damage (BRI 1996).

We prepared several satellite images taken after the Kobe earthquake. Landsat/TM with optical
sensors observed the area of interest on January 24, 1995, one week after the earthquake. We used
the images taken on August 17, 1994 by Landsat for the data before the earthquake, and aimed to
extract the change in the spectral characteristics of the damaged area. JERS/SAR image (Fig. 3)
observed on February 5, 1995, 20 days after the Kobe earthquake, and five pre-event images were
employed to examine the change in the backscattering characteristics of the area. SAR systems
have the capability of recording complex signals including the amplitude (intensity) and phase of
backscattered echoes from the objects on the earth's surface.
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Figure 2. Building damage distribution due to the 1995 Kobe earthquake based on detailed survey results
compiled by AlJ and CP1J and digitized by BRI (BRI 1996)
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Figure 3. The area of the satellite images used in this study (left) and the backscattered intensity image of
JERS/SAR taken after the Kobe earthquake (right).
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Figure 4. (a) Ratio of digital numbers of Landsat/TM bands for the damaged areas before and after the earth-

quake and (b) comparison of backscattered intensity between the damaged and nondamaged areas and the
correlation coefficient of JERS-1/SAR images taken before and after the earthquake.

2.2 Characteristics of optical images

Because the digitized values in the satellite images were different depending on the observation and
surface conditions, digital number (DN) normalization is required before starting a study. The
characteristics of the reflection of electromagnetic waves from the surface differ depending on the
season because the sunlight and vegetation are different. One common technique to eliminate the
seasonal difference is the band ratioing, which is defined as the ratio of the DN of each band to the
DN of a reference band (Campbell 1996). We calculated the normalized DN (NDN) based on the
band ratioing using band 6 as a reference band. The pre- and post-event images were registered af-
ter the affine geometric correction using ground control points. The correlation coefficients be-
tween the two sets of images were calculated using a 5 x 5 pixel window filter. Clouds and cloud
shadows covering the area were removed using proper threshold values of several spectral bands.
Areas with vegetation were also excluded from these images, based on the normalized difference
vegetation index (NDVI). The pixels that represent the areas of liquefaction, fire, and heavy dam-
age, slight damage and no damage of buildings were selected from the images to characterize the
DN in the damaged areas.

The ratios of mean values of the NDN in the post-event and pre-event images for the classified
damaged areas are shown in Fig. 4 (a). For the burned area, the ratio in the blue-light range of band



1 was especially low in comparison with the nondamaged area. These results are in good agreement
with those of the damage survey performed by airborne multispectral scanner remote sensing (Mi-
tomi & Takeuchi 1995). The ratio of the NDN in the liquefied area was high in the range from the
visible to mid-infrared bands because of the higher reflectance of sand than the surface of asphalt.
It is also conceivable that the ratio was raised in infrared bands in the heavy damage area due to the
exposure of soil under walls and roofs upon the collapse of old wooden dwellings.

2.3 Characteristics of SAR images

The sets of two SAR images were overlain and the complex coherence was calculated for the area
of the 7 x 7 pixel window around the initial position. Then matched positions were shifted pixel by
pixel within the 15 x 15 pixel window to find the position at which the two images match best. By
this procedure, the optimum pixel pair was determined at the position that yields the highest coher-
ence and used to match all SAR images using the nearest neighbor transformation. The pixel pairs
were also used as ground control points for the affine geometric correction to overlay SAR images
with the damage survey data.

The coherence, which is the correlation calculated from the phases of the backscattering echoes
of two co-registered complex SAR images, is a suitable and sensitive parameter for change detec-
tion and land-use classification. The complex coherence is usually adopted between two co-
registered complex images acquired under slightly different geometrical configurations. However,
decorrelated areas exist in the coherence image due to spatial and temporal decorrelation. The spa-
tial decorrelation is resulted from the difference in the geometry of observation between two acqui-
sitions, which is called baseline length B, shown in Fig. 5 (a). The temporal decorrelation is related
to atmospheric effects such as moisture and surface changes in two acquisitions.

The pixels that represent the areas of fire, heavy damage, slight damage and no damage of
buildings were selected from the SAR images. Although a slight influence of vegetation exists even
in the SAR images, we disregarded it in this analysis. The trends of the mean values of intensity
difference to the nondamaged area before and after the earthquake are shown in Fig. 4 (b). It is ob-
served that the intensity values of the severely damaged area in the post-event image are smaller
than those of the nondamaged area while such trend is not observed in the pre-event image. Gener-
ally, buildings show high reflectance because of the specular characteristics of the structure and
ground surface (Fig. 5 (b)). Open spaces or damaged buildings have low reflectance because the
microwaves are scattered in different directions. Following the earthquake, buildings were de-
stroyed and in some cases, the debris was cleared leaving the ground exposed. Thus the intensity
determined in the damaged areas is considered to be lower than that in the nondamaged areas. The
mean values of the correlation coefficients between the pre- and post-event images for each dam-
age class are also shown in the figure. A decreasing trend of the correlation coefficient with in-
creasing the damage level is observed and it is coincidental with the difference of the backscattered
intensities.
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Figure 5. (a) Basic principle of the repeat pass radar interferometry and (b) schematic diagram for surface
objects and backscattered echoes.



3 CHARACTERISTICS OF AIRBORNE SAR IMAGES IN AN URBAN AREA

3.1 CRL/NADSA airborne SAR and its images of Shinjuku, Tokyo

Seismic risk in an urban area is closely related to the structure, material and dimension of buildings
and their mutual distances. Hence it is important to study the plan, elevation and structure of build-
ings for evaluating seismic vulnerability of urban areas. Building inventory can be obtained by
field surveys. However, a large amount of time and effort is required. Thus an easier method to de-
velop building inventory is being sought. Airborne remote sensing can be an effective solution for
the development of inventory since it can provide high-resolution images of the earth’s surface and
individual buildings can be identified in the images.

The Communications Research Laboratory (CRL), Japan and the National Space Development
Agency of Japan (NASDA) have developed in collaboration an airborne high-resolution multi-
parameter SAR (Polarimetric and Interferometric SAR: PI-SAR). The airborne SAR is able to
provide full-polarization information. The polarization characteristics are highly suitable for the
identification of detailed surface conditions of objects because they differ according to the factors
such as the building material and the density of city blocks. If we can identify the structures on the
basis of their areas and heights from the polarization characteristics, the results can be used in
seismic damage assessments. The relationship between the structures and the backscattering char-
acteristics was investigated (Aoki et al. 1999) using airborne SAR data (CRL & NASDA 1999).

The PI-SAR observed a part of Tokyo Metropolitan area on September 30, 1997, and X-band
full polarization data were acquired. The backscattering intensity images shown in Fig. 6 for a 3km
x 3km area in Shinjyuku, a new city center of Tokyo, were used. Comparing the backscattering in-
tensity images in the HH, HV, VH, and VV polarizations, the intensities of the co-polarization
(HH, VV) were larger than those of the cross-polarization (HV, VH), and the HH polarization in-
tensity was largest. High-rise buildings were indicated as a cause of strong backscattering reflection
whereas low-rise buildings, forests and ponds in parks were found to have weak backscattering re-
flection.

Radar illumination
direction

Figure 6. Backscattering intensity images of Shinjyuku, Tokyo by CRL/NASDA PI-SAR

3.2 Polarization signature and polarized intensity

The detailed polarization characteristics were investigated using the polarization signature of repre-
sentative city blocks. These blocks labeled as max (R;;), max (R,;) and max (R,,) were selected
from the pixels having the maximum values of normalized polarization intensities. The details of
wave polarization generation can be referred to Van Zyl et al. (1987) and Zebker (1987). The co-
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and cross-polarized signatures of each extracted pixel are shown in Fig. 7. In the figure, the cross-
polarized intensity for max (R;;) is very low compared with the co-polarization intensity. As ex-
pected, the max (Ry,;) area exhibited co- and cross-polarized signature shapes similar to those of the
simple backscattering model from an object with a horizontal component. Thus it is estimated that
the area of max (R;;) have a scattering object normal to the radar illumination direction, which is a
building along the street normal to the radar illumination direction. The entire polarized intensity
for max (R,;) is very low compared with those of max (R;) and max (R,,). The area of max (R,;)
exhibited co- and cross-polarized signature shapes similar to those of the simple backscattering
model from an object with a 45 degree inclined corner reflector component. The area of max (R,,)
showed co- and cross-polarized signature shapes similar to those of the simple backscattering
model from an object with a vertical component. Since the R,, value is high for tall buildings in the
commercial area, the VV polarization intensity seems to have a relation with the building height.

The characteristics of the buildings in the studied area were examined by a field survey and ae-
rial photographs. The actual structure at the max (R;;) area was found to be a wooden house with a
large wall almost normal to the radar illumination direction. The surrounding was a densely built-
up residential district as seen by an aerial photograph shown in Fig. 8. The actual structure at the
area of max (R,;) was confirmed to be a low-rise building 45 degree inclined to the radar illumina-
tion direction. It is confirmed from the aerial photograph that this area is a residential district with
the similar environment to that of the area of max (R;;,). The actual structure in the area of max
(R,,) is a super high-rise building. The surrounding area is a business district with many super high-
rise buildings. Based on this study, it was found that the predominant polarization intensity differed
with the height, shape, and alignment direction of buildings. A future study will be carried out to
investigate the potential of polarimetric characteristics of airborne SAR for the development of
building inventory.

(a) max (R,,) area (b) max (R,) area (c) max (R,)) area
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Figure 8. Aerial photographs of the surroundings of the selected areas in Figure 7.



4 AUTOMATED DAMAGE DETECTION OF BUILDINGS FROM AERIAL TELEVISION
IMAGES AFTER NATURAL DISASTERS

4.1 Use of aerial television images

Airborne remote sensing is one of the promising techniques to capture damage information at an
early stage of natural disasters. The present authors performed preliminary studies on the auto-
mated detection of building damage, and developed a method of automated damage detection based
on only post-event images from the Kobe earthquake (Hasegawa et al. 2000b). The damage distri-
bution estimated using the threshold values of color indices and edge elements (the multi-level slice
method) agreed relatively well with the ground truth data. The method was also applied to the post-
event images of the 1999 Kocaeli, Turkey and 1999 Chi-Chi, Taiwan earthquakes (Mitomi et al.
2000). Furthermore, an automated method of detecting areas with building damage based on the
maximum likelihood classifier was devised (Mitomi et al. 2001a, b) in order to further improve the
accuracy of automated damage detection. The results of automated detection of building damage
from aerial images taken after the Gujarat, India earthquake are reported in the following.

4.2 Aerial images of the 2001 Gujarat, India earthquake and automated damage detection

In Gujarat Province, located in western India, numerous buildings were destroyed and more than
20,000 people were killed due the earthquake on January 26, 2001. A few members of Earthquake
Disaster Mitigation Research Center conducted damage survey (EDM 2001) from the ground and
air about two weeks after the earthquake (Fig. 9). In this investigation, digital images of damaged
areas were taken with a digital video camera from a light plane. The plane took off from Ahmada-
bad, the largest city in Gujarat. After the plane flew from Ahmadabad to Bhuj by way of the north-
ern route, it was refueled in Rajkot, located southeast of Bhuj. Then, the plane returned to Ahmad-
abad from Bhuj along the southern route. Figure 10 (a) shows a typical aerial image of building
damage in Bhachau. The image has 640 pixels x 480 lines saved in the bitmap format.

Color indices and edge elements of image characteristics were used to identify severely dam-
aged buildings. In the color indices, using image signals of the NTSC, which is one of the image
transmitting systems for television, a tabular color system of RGB planes was transformed to the
bare color system, HSI, which is close to the color perception of humans. Hue and saturation were
derived by processing RGB components and brightness in order to remove the influence of sun-
shine on buildings. The median of a 7 x 7 pixel window in each HSI image was adopted as a repre-
sentative value of each HSI component. The edge intensity, its variance and the uniformity of edge
direction were derived using a Prewitt filter to detect the change in density among neighboring pix-
els. The six image characteristics (hue, saturation, brightness, edge intensity, its variance and the
uniformity of the edge direction) were represented as raw eight-bit data.
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Figure 9. Aerial survey route by EDM for the damage due to the 2001 Gujarat, India earthquake.
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(a) (b)
Figure 10. (a) Aerial image of Bhachau for automated damage detection and (b) the extracted collapsed
buildings by the multi-level slice method after spatial filtering.

(a) (b)

Figure 11. (a) Training data for automated damage detection (c: collapsed buildings, d: damaged building, n:
non-damaged buildings, r: asphalt road) and (b) the extracted pixels as damaged buildings from the image of
Anjar.

Training data shown in Fig. 11 (a) were selected from the aerial image of a few houses in Anjar
taken by the telephoto lens of the video camera. The cumulative relative frequency for each train-
ing datum was examined for each image characteristic, and the cumulative relative frequency of the
training data was modeled by a line and the threshold value is determined for each image character-
istic. Pixels within the ranges of all threshold values were regarded as corresponding to damage.
Using only color indices, it was difficult to distinguish between severely damaged buildings and
roads, however they could be distinguished using edge elements. The extraction result for Anjar is
shown in Fig. 11 (b). Pixels of building debris were mostly extracted as damage. The extraction of
pixels corresponding to building damage was also applied to aerial images of Bhachau and Bhuj
using the threshold values for Anjar.

Then a spatial filtering operation was carried out to decrease surplus pixels and make it easy to
identify the areas with building damage. The local density of the selected pixels was calculated by
texture analysis. The window size corresponding to one building generally depended on factors
such as the resolution of the image and built environment. A 31 x 31 pixel window was selected to
be proportional to the scale of about one building in the aerial images and the result for Bhachau is
shown in Fig. 10 (b). The result for the Bhachau image, which was obtained using the threshold
values based on the Anjar image, seem to be close to the actual damage distribution. Although a
good result was obtained in this example, it is suggested that threshold values for the image charac-
teristics should be changed for each image or built environment because of the difference in some
factors in each image, such as the influence of sunshine and built environment.



5 USE OF GIS FOR THE ESTIMATION OF SEISMIC GROUND MOTION IN THE KOBE
EARTHQUAKE

In order to evaluate the structural damage in the area affected by earthquakes, it is important to es-
timate the distribution of earthquake ground motion. For the 1995 Kobe earthquake, several ap-
proaches have been conducted by a number of researches. As a method to estimate the intensity of
seismic motion, e.g., the peak ground acceleration (PGA) and the peak ground velocity (PGV), the
damages and effects to structures/objects are often used. Because the building damage was so ex-
tensive and several coordinated damage surveys were conducted after the Kobe earthquake, the
building damage distribution might be most useful to estimate the detailed strong motion distribu-
tion in Kobe and neighboring cities (Yamaguchi & Yamazaki 2001).

Using the GIS database created by BRI (1996) and the seismic records, fragility curves as a
function of PGA and PGV were developed and they were used to estimate the spatial distributions
of PGA and PGV. From the strong motion records obtained in the earthquake, 17 free field records
were selected. Some records were not used since the number of buildings around an observation
point was not enough or severe liquefaction was reported around a recording site. To construct fra-
gility curves for buildings, the building damage ratio around each observation point was calculated.
The district block (corresponding to the postal address) where a reference seismometer is placed
and its surrounding blocks were selected for the corresponding area of the seismometer. In select-
ing the surrounding blocks, the extent of damage and the soil condition were considered. Using the
relationship between the damage ratio of low-storied residential buildings and the strong motion
indices, the fragility curves were constructed by the least square method on the lognormal probabil-
ity paper. Based on the obtained fragility curves and the building damage ratios in all the district
blocks, the spatial distributions of the strong motion indices were back-calculated for the stricken
area of the Kobe earthquake as shown in Fig. 12. The estimated strong motion distribution is con-
sistent with the string motion data used and the reported seismic intensity distribution by the Japan
Meteorological Agency (JMA 1997).
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Figure 12. Distribution of the peak ground velocity (PGV) in the 1995 Kobe earthquake estimated from the
damage ratio of low-storied residential buildings

6 CONCLUSIONS

Recent developments and applications of advanced technologies, notably, remote sensing and GIS,
have been reviewed from the viewpoint of risk assessment and disaster management. Applications
of these technologies in the field of “structural safety and reliability” are quite attractive and prom-
ising. Recent examples in the field of earthquake disaster mitigation were presented in this paper.
Satellites with optical and/or SAR sensors can cover much larger areas than other platforms, and
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hence, they can be used for macro-scale urban modeling and damage detection from large-scale
natural disasters. Example of change detection using the pre- and post-event satellite images were
shown for the 1995 Kobe earthquake. Aerial television imagery and photography are very useful to
observe buildings and infrastructures with high resolution. Thus automated detection of damage is
possible using only post-event images or both pre- and post-event images, and an example of build-
ing damage detection after the 2001 Gujarat, India earthquake was provided. Use of airborne SAR
for the purpose of 3D urban modeling and application of GIS to evaluate seismic ground motion
from building damage data were also demonstrated.
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