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Research Objectives

The objectives of this research are to characterize urban building dam-
age, using a comparative analysis of remote sensing imagery acquired be-
fore and after an earthquake event, and to develop preliminary damage
detection algorithms for locating collapsed urban structures.
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Summaries
Previous

Summaries

In terms of benefits to emergency
responders, urban damage func-
tions generated from remote sens-
ing coverage promise an
accelerated rate of response, while
guiding the scale of response efforts
and resource allocation. They fur-
ther provide critical information to
international aid agencies, support-
ing logistical planning and deploy-
ment of equipment.

Technical Summary
Following an earthquake, such as

the 1999 Marmara event, change
detection techniques based on
high-resolution remote sensing data
provide an overview of the post-
disaster scene, a method of rapid
damage assessment, and critical in-
formation for directing rescue and
recovery efforts. Figure 1 intro-
duces the methodological ap-
proach that forms the basis of this
research. The flowchart indicates
that damage arising from a disaster
is detected in the form of 'changes'
between a temporal sequence of
images acquired 'before' and 'after'
the event. This comparative analy-
sis is facilitated by pre-processing
the imagery, which also minimizes
the occurrence of false positives.
The data is registered and
georeferenced within a common

coordinate system. Although visual
inspection of changes between pre-
and post-event scenes may provide
an initial focus for recovery efforts,
quantitative techniques promise a
more detailed damage record,
which will fully support emergency
response efforts. Temporal changes
are therefore computed using a
range of mathematical operators,
such as subtraction and correlation.
The final step involves comparing
these measures of change with
'ground truth' damage data, which
are used to assess model perfor-
mance by establishing associations
between spectral changes in re-
mote sensing coverage, and damage
states observed in the field.

Methodology
Based on the previously outlined

approach (see Figure 1), change
detection algorithms were devel-
oped for the city of Golcuk, which
is the most densely populated ur-
ban center in the Kocaeli province
of Turkey. From Figure 2, Golcuk is
situated on the south shore of Izmit
Bay, approximately 10km west of
the earthquake epicenter. The city
experienced extensive damage dur-
ing the 17th August 1999 event, due
to the 4-5 meters of surface rupture
and associated shaking that oc-
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curred (Lettis et al.,
2000). According to
Coburn et al. (1999,
cited in Rathje, 2000),
30-40% of structures ex-
perienced full or partial
collapse, due in many
cases, to soft first stories.

As shown in Table 1,
remotely sensed SPOT
panchromatic and ERS
intensity and complex
images were acquired
'before' and 'after' the
earthquake event. The
performance of both
optical and SAR sensors
was investigated, since
each are subject to dis-
tinct advantages and
limitations, related to
spectral wavelength and
spatial and temporal
resolution. Further de-
tails are given in Table 1.
As noted above, the
minimum requirement
for change detection is
a single 'before' and 'af-
ter' scene. In the case of
ERS SAR data, a se-
quence of images ('Be-
fore 1' [B1], 'Before 2'
[B2], 'After 1' [A1] and
'After 2' [A2]) was ac-
quired. 'Before-before'
[B1,B2] and 'after-after'
[A1,A2] pairings are
'baseline' cases. They en-
capsulate the effect of
seasonality, shadowing
and differences in illu-
mination, which al-
though causes of
change, are distinct
from damage sustained
by the built environ-
ment. In terms of pre-
processing, the optical

(1) Remote sensing data

Digital imagery of study site, acquired’ before’ and ‘after’
the earthquake. The present study employs optical (SPOT

4 Panchromatic) and SAR (ERS 1/2) scenes.

(2) Pre-Processing

Geometrically adjust images using techniques
including: co-registration and geo-referencing.

(3) Change Detection

Identify changes between ‘before and after’ datasets using
mathematical operations. The present study employs the following:

Optical SPOT SAR ERS
Difference
Correlation (block & window based)

Difference
Correlation (block & window)
Coherence

(4a) Preliminary damage algorithms

Identify damage on remote sensing
coverage through visual assessment and

quantify in terms of damage profiles

(4b) Ground Truth Data

Validate damage algorithms
using observed damage states

N

Agricultural
land

Civic
center

Izmit bay
City of Golcuk

5 km

■ Figure 1.  Flowchart Summarizing the Sequence of Methodological Procedures Involved in
Damage Detection using Optical SPOT and ERS SAR Imagery

■ Figure 2.  Landsat 5 RGB Image (Red: Band 4, Green: Band 5, and Blue: Band 3) Acquired on
September 18, 1999, Showing Izmit Bay in Turkey, and the Golcuk Study Site where Widespread
Building Damaged was Sustained during the 1999 Marmara Earthquake  (Data Courtesy of ESA)



128

and SAR datasets were co-registered.
The SPOT imagery was provided in
a geo-referenced format, while a
complex template matching tech-
nique was developed and applied to
the ERS scenes.

A range of change detection mea-
surements were explored for the
SPOT panchromatic data: (1) simple
difference (dif) between intensity
values; and (2) sliding window-based
(cor) and modulated block correla-
tion (bk_cor) indices, computed be-
tween the 'before' and 'after' images.
In the case of SAR intensity and com-
plex data, a wider selection of indi-
ces were calculated, comprising: (1)
simple difference between intensity
values; (2) sliding window-based and
modulated block correlation indices
between intensity images;  and (3)
coherence (coh) or complex corre-
lation between complex images.

The next methodological step
compares indices of change with
'ground truth' damage data collected
by a Japanese reconnaissance team
that visited Turkey shortly after the
earthquake (AIJ, 1999). The AIJ team
adopted the zone-based sampling
strategy in Figure 3a, using adminis-
trative boundaries corresponding
with the street network. Within each
zone, damage states were recorded
for a sample of buildings. The dam-

age classification is a variation of
the European Macro-seismic Scale
(EMS98), which divides damage
sustained by masonry and rein-
forced concrete buildings into the
following five categories (see AIJ,
1999):

• Grade 1: Negligible to slight
damage

• Grade 2: Moderate damage
• Grade 3: Substantial to heavy

damage
• Grade 4: Very heavy damage
• Grade 5: Destruction/collapse

This information was used to pro-
duce the damage state map in Fig-
ure 3b, which expresses the
percentage of collapsed structures
(Grade 5) as a function of the to-
tal number of observations
(Grades 1-5). For analytical pur-
poses, these percentages are di-
vided into the following standard
categories: A (0-6.25% of buildings
totally collapsed); B (6.25-12.5%);
C (12.5-25%); D (25 – 50%); and E
(50-100%). There is an additional
'Sunk' zone corresponding with
an area that experienced signifi-
cant subsidence after the earth-
quake, which is situated in the
northeast corner of Figure 3b.

Sensor Satellite Image
ID

Acquisition
Date

Advantages Limitations

B1 7/15/99Optical SPOT 4

A1 8/20/99

Images are easy to
understand & interpret

Imagery is comparable to
human vision

Obscured by cloud & smoke

Limited to daylight hours

Low revisit frequency

B1 3/20/99ERS 2

B2 4/24/99

ERS 1 A1 9/10/99

SAR

ERS 2 A2 9/11/99

Day and night imaging
capability

Penetrates cloud & smoke

High revisit frequency

Image interpretation is complicated, as
SAR records backscatter

Subject to considerable noise

Sideways looking sensor causes layover
issues

■ Table 1   Specification of Optical and SAR Imagery of Golcuk, Acquired ‘Before’ and ‘After’ the 1999 Marmara Earthquake
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Finally, a set of
algorithms was
generated to
quantify spectral
changes linked to
earthquake dam-
age. So called
'damage profiles'
are an explor-
atory tool, which
d e m o n s t r a t e
broad trends be-
tween building
damage states
and the magni-
tude of temporal
variations in the
remote sensing
coverage. For the
optical dataset,
results are gener-
ated for the dif-
ference, sliding
window and block correlation
datasets. A mean value was com-
puted for each of the 70 ground
truth zones, and these responses ag-
gregated by damage state. The re-
sult is a central measure of
tendency and standard deviation
(plotted as error bars) for each dam-
age state. Given the availability of
multiple 'before' and 'after' images
for SAR, preliminary tests were
completed to ascertain the opti-
mum permutation for distinguish-
ing between damage states A-E. To
isolate earthquake-related damage
from extraneous changes, the SAR
profiles also include the baseline
scenario (for example, [A1, A2]).
These algorithms are 'preliminary'
in the sense that they are empiri-
cally-based and applied to a single
event. Subsequent research will
enable further development of
theoretical bases underpinning the
models, leading to more wide-
spread application of the ap-

proaches presented here to other
earthquakes.

Results

Visual Characterization

As a precursor to the quantitative
evaluation, Figures 4 and 5 show a
sample of the image-based intensity,
difference and correlation data
from which the optical and SAR
damage profiles are derived. Com-
paring Figure 4a-b provides a rudi-
mentary visual distinction between
the basic optical reflectance char-
acteristics of Golcuk 'before' and
'after' the earthquake event. The im-
ages are annotated to highlight key
areas of change. In Figure 4a, circle
one (C1) identifies a stretch of the
shore where several wharf struc-
tures were located prior to the
earthquake. Circle two (C2) demar-
cates an area of the coastline where

(a) (b)

■ Figure 3.  Ground Truth Data for Golcuk: (a) Street Network Used as a Basis for Defining the 70 Sample
Areas (Shown in Blue) Employed during the AIJ Damage assessment; (b) the 70 Zones are Color-Coded to
Represent the Distribution of Collapsed Structures and the Location of the Subsided (Sunk) Area
(Data Courtesy of AIJ, 1999)



130

significant ground subsidence was
observed. Circle three (C3) encom-
passes part of Golcuk that was
populated with 3-4 story buildings.
In Figure 4b, which shows the post-
earthquake image of Golcuk, the
major wharf structure (C1) is no
longer present. There is a marked
decrease in reflectance around C2,
where a large parcel of land sub-
sided and was subsequently inun-
dated. Finally, significant building
collapse is evident in C3, with this
region of the city appearing
brighter yet poorly defined on the
'after' scene.

The difference scene in Figure 4c
is color-coded to highlight regions
of Golcuk exhibiting pronounced
differences in reflectance, which
may be related to earthquake dam-
age. Changes are concentrated in
the central urban area of the city.
Strongly negative values arise
where there is a marked increase
in reflectance between the 'before'
and 'after' scene. With reference to
the damage map in Figure 3b, these
areas clearly correspond with zones
exhibiting severe building damage
(D-E). This result suggests that de-
bris piles associated with collapse
exhibit a higher spectral return
than the standing structure. Al-
though considerable damage was
also sustained to the west of
Golcuk, reduced differences may be
due to suppressed reflectance val-
ues where smoke from the burn-
ing Tupras oil refinery was present
in the upper atmosphere. Positive
differences are limited to the
coastal stretch that experienced
subsidence, where reflectance val-
ues have fallen following wide-
spread inundation.

Results for the block and win-
dow-based correlation (Figure 4d-
e) are overlaid with a base map of

Golcuk. For visualization purposes,
all values are displayed as positive,
since the magnitude rather than the
direction of change is of interest.
Areas exhibiting low levels of cor-
relation are synonymous with pro-
nounced changes between the
images. For both block and sliding
window-based results, these areas
(displayed in red) are concentrated
in central Golcuk (see annotation
C1). As with the difference values,
comparison with the damage map
(Figure 3b) confirms that building
collapse was widespread through-
out this region of the city. A low
level of correlation around the sub-
sidence zone (C2) may be ex-
plained by the change in
reflectance following inundation,
while low correlation offshore (C3)
is probably due to the random or
chaotic patterns of surface reflec-
tance associated with wind-driven
wave action.

Figure 5 depicts the SAR intensity
responses for Golcuk. Due to the
noisy/speckled nature of SAR data,
difference scenes are difficult to
interpret. Instead, a comparison is
best drawn between the constitu-
ent 'before' and 'after' scenes in Fig-
ure 5a-d. Reflectance is consistently
high throughout the city. Compari-
son with the damage map in Fig-
ure 3b confirms that these bright
areas within the vector overlay cor-
respond with urban coverage of the
city center, where there is a con-
centration of multistory buildings
that act as high return corner re-
flectors. In contrast, the low back-
scatter associated with: the flat
principal road through the city; less
densely occupied areas with fewer
corner reflectors; and surrounding
agricultural land, produce a darker
response. Together with these spa-
tial trends, a general observation is

The development of new
technologies that quantify
post-earthquake damage in
near real-time is a critical
step towards improving
contemporary response and
recovery procedures. These
technologies will enhance
community resilience, by:

• helping emergency
officials to identify
severely impacted areas in
near real-time;

• contributing to decision
support systems that must
prioritize response
activities based on need,
opportunity and available
resources; and

• aiding the communication
of critical response
information using
wireless technologies.
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(c) Difference (d) Sliding Window Correlation

(e) Block Correlation (f) Damage Observation Zones

■ Figure 4.  Panchromatic SPOT4 Coverage of Golcuk, Showing (a) ‘Before’ Image; (b) ‘After’ Image; (c) Difference Values; (d)
Sliding Window Correlation; (e) Block Correlation; and (f) the 70 Sample Zones in which AIJ Observed Building Damage
 (See text for discussion of annotations)
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warranted concerning scene
brightness. [B1] is markedly
brighter than [B2], and although the
'after' scenes are also comparatively
bright, little difference is evident be-
tween them. This variation may re-
flect the temporal interval between
data acquisition. For [B1,B2] this is
approximately 1 month, whereas
for [A1,A2] it is just one day.
Changes in ambient conditions,
such as atmospheric diffusion, may
vary considerably over these time
spans.

The correlation images in Figure
5e-h depict the permutation with
optimal distinguishing capability
[B2,A1], together with the baseline
case [A1,A2]. For visualization pur-
poses, the data was thresholded at
0.2 < cor < 0.6, with intermediate
values displayed across an 8-bit (a
0-255) range using a linear contrast
stretch. Block correlation statistics
were further classified into catego-
ries of: low (0 < bk_cor < 0.2); mod-
erate (0.2 < bk_cor < 0.4); high (0.4
< bk_cor < 0.6); and very high
(bk_cor > 0.6). Low correlation val-
ues (see annotation C1) are evident
throughout central areas of Golcuk.
Comparison with the damage map
(Figure 3b) suggests correspon-
dence with high levels of building
collapse. Low correlation outside
the urban area is concentrated
around Izmit Bay (C2), where
changing conditions of the water
surface causes pronounced differ-
ences in backscatter. In a general
sense, block correlation levels
within central Golcuk are consis-
tently higher in the baseline scenes,
compared with the 'before'-'after'
permutations. As such, it appears
that earthquake related changes
exceed natural levels of variation.

Figure 5i-j shows the 'before'-'af-
ter' and baseline coherence images

for Golcuk. Results suggest that low
coherence is present throughout
both urban and rural areas. The ap-
parent increase in coherence lev-
els throughout the baseline scene
coh[A1,A2], compared with
coh[B2,A1], probably reflects the
reduced temporal interval between
data acquisition.

Damage Profiles

Figure 6 presents quantitative
damage profiles for the optical and
SAR datasets. The panchromatic
imagery yields an encouraging
trend between difference and dam-
age state (Figure 6a). As the percent-
age of collapsed buildings increases
from class A to E, the offset between
'before' and 'after' scenes is increas-
ingly pronounced. For category A,
where 0-6.25% of structures col-
lapsed, values tend towards zero. In
contrast, values for category E,
where 50-100% collapsed, reach
Dif[B1,A1] ~ -50DN. The positive
difference of Dif[B1,A1] ~ 80DN
exhibited by the 'Sunk' category
demonstrates the ability of damage
profiles to distinguish between vari-
ous types of earthquake-related
damage. SPOT correlation profiles
(Figure 6b-c) follow a similar ten-
dency towards decreasing levels of
correlation as the degree of build-
ing damage increases from class A-
E. Together, these trends suggest
that the transition from standing
structures ('before') to debris piles
('after') produces a distinct signa-
ture throughout visible regions of
the spectrum.

The SAR intensity difference pro-
file for dif[B2,A1] in Figure 6d ex-
hibits an upward trend, as the
percentage of collapsed structures
increases with the transition from
category A to E. In absolute terms,
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■ Figure 5.  SAR ERS Coverage of Golcuk, Showing (a-b) ‘Before’ Images; (c-d) ‘After’ Images; (e) Sliding Window-Based Correlation
between Images ‘Before 2’ and ‘After 1’ [B2.A1]; (f) Correlation between Baseline Images ‘After 1’ and ‘After 2’ [A1,A2]; (g-h) Block
Correlation for [B2,A1] and [A1.A2]; and (i-j) Coherence for [B2,A1] and [A1,A2]
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(a) Before 1 [B1] (b) Before 2 [B2] (c) After 1 [A1] (d) After 2 [A2]

(e) Correlation [B2,A1] (f) Correlation [A1,A2]

(g) Block Correlation [B2,A1] (h) Block Correlation [A1,A2]

(i) Coherence [B2,A1] (j) Coherence [A1,A2]
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■ Figure 6. Damage Profiles for Golcuk, Showing How Values Recorded in the 70 Sample Zones for Each Index of Change Varies with
the Extent of Collapsed Buildings (A-E); Error Bars Represent 1 Standard Deviation about the Mean
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the change in intensity is negative
for zones experiencing minor dam-
age, and tends towards zero as the
percentage of collapsed structures
reaches a maximum for class E.
These values are somewhat con-
trary to expectation. In theory, re-
duced backscatter accompanying
building collapse should yield a
positive difference, as the 'after'
scene is darker than 'before'. How-
ever, visual inspection of the con-
stituent intensity images (Figure
4a-b) suggests that the negative val-
ues for A-D arise because backscat-
ter is higher throughout the 'after'
scene. This baseline offset is inde-
pendent of earthquake damage, and
is instead attributable to varied con-
ditions at the times of imaging, due
to weather effects and possibly look
angle. Values for class E tend to-
wards zero because the offset due
to building collapse is largely miti-
gated by a universal reduction in
backscatter. Overall, these results in-
dicate that intensity difference has
limited predictive capability for
building damage.

The sliding window and block
statistical approaches (Figure 6e-f)
reveal a tendency for mean corre-
lation to decrease as building dam-
age escalates. In contrast, the
baseline scenarios cor [B1,B2] and
cor[A1,A2] lack any obvious trend
with the classes A-E. The coherence
profiles in Figure 6g exhibit a simi-
lar pattern of response. These re-
sults suggest that correlation and
coherence measures provide a use-
ful association between temporal
changes on remote sensing imagery
and urban building damage.

Conclusion and
Further Research

The visual comparison of optical
and SAR remote sensing coverage
obtained 'before' and 'after' the
1999 Marmara earthquake, reveals
distinct changes in return. Follow-
ing the earthquake event, surface
reflectance on the SPOT coverage
increases within the urban center,
where numerous buildings col-
lapsed. This suggests that debris
piles associated with collapsed
structures exhibit a higher return
than the original standing structure.
Trends are more difficult to discern
from simple inspection of the SAR
coverage, with temporal changes
dominated by scene-wide varia-
tions in return. However, from ex-
amining derived correlation images,
low correlation, indicative of
change due to building collapse, is
evident throughout central areas of
Golcuk.

The preliminary SPOT and ERS
change detection algorithms suc-
cessfully distinguish between spa-
tial variations in the extent of
catastrophic building damage ob-
served in Golcuk. For the SPOT pan-
chromatic data, simple subtraction
and correlation profiles vary with
observed damage.  While SAR cor-
relation indices also distinguished
trends in the density of collapsed
buildings, the subtraction profile
was instead dominated by a large
radiometric offset between the 'be-
fore' and 'after' scenes.

The change detection techniques
presented here successfully employ
remote sensing technologies to
detect and determine the extent of
urban building damage. The 24/7,
all weather imaging capabilities of
SAR sensors offer resilience in the
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event of an earthquake occurring
at night or in cloudy conditions. To-
gether with the easily interpreted
visual representation provided by

optical coverage, these advanced
technologies promise rapid and ac-
curate post-earthquake damage de-
tection assessment.
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