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ABSTRACT:

Land-cover changes occur naturally in a progressive and gradual way, but they may happen rapidly and abruptly sometimes. Very
high resolution remote sensed data acquired at different time intervals can help in analyzing the rate of changes and the causal
factors. In this paper, we present an approach for detecting changes related to disasters such as an earthquake and for mapping of the
impact zones. The approach is based on the pieces of information coming from SAR (Synthetic Aperture Radar) and on their
combination. The case study is the 22 February 2011 Christchurch earthquake.

The identification of damaged or destroyed buildings using SAR data is a challenging task. The approach proposed here consists in
finding amplitude changes as well as coherence changes before and after the earthquake and then combining these changes in order
to obtain richer and more robust information on the origin of various types of changes possibly induced by an earthquake. This
approach does not need any specific knowledge source about the terrain, but if such sources are present, they can be easily integrated
in the method as more specific descriptions of the possible classes.

A special task in our approach is to develop a scheme that translates the obtained combinations of changes into ground information.
Several algorithms are developed and validated using optical remote sensing images of the city two days after the earthquake, as well

as our own ground-truth data. The obtained validation results show that the proposed approach is promising.

1. INTRODUCTION

Change detection approaches (Lu et al., 2004; Mercier et al.,
2009) are used to identify or emphasize significant differences
in images acquired at different times (differences in the state of
an object or a phenomenon by observing it at different times).
Thus, change detection provides the ability to quantify changes
using multi-spectral, multi-resolution and/or multi-source
imagery captured at different moments.

Land-cover changes occur naturally in a progressive and
gradual way. However, due to anthropogenic activities, they
may happen rapidly and abruptly sometimes. Very high
resolution remote sensed data acquired at different time
intervals can help in analyzing the rate of changes as well as the
causal factors (or drivers of changes). Detecting regions of
change in multiple images of the same scene, taken at different
times, is of a wide interest since it covers a variety of
applications in numerous disciplines (Radke et al., 2005), such
as remote sensing, medical diagnosis and treatment or
surveillance. In case of remote sensing, land-cover surveillance
and classification are among the most explored applications.
Nowadays, remote sensing has become an important tool for
supplying disaster management too. In particular, in case of an
earthquake (or flood), the rapid detection of damaged houses,
buildings and infrastructures has a crucial role for the civil
protection rescue activities (Bitelli et al., 2004). In addition,
Synthetic Aperture Radar (SAR) systems are becoming widely
used in environmental studies thanks to their capability to
operate in conditions almost completely independent of the
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weather (due to the large signal wavelength) and time (because
of the active scene illumination) (Soergel et al., 2005). Thus,
the exploitation of SAR sensitivity to changes in scenarios is a
promising tool for damage evaluation purposes (Balz et al.,
2009; Chini, 2009).

Multi-temporal observations from SAR can be used to detect
urban changes in different ways. Firstly, image intensity
changes can be analyzed, as in the case of optical imagery.
Secondly, one can take advantage from the information on the
phase of the returned signal, which is specific of the SAR
technique (Milisavljevi¢ et al., 2010, Milisavljevi¢ et al., 2012).
In this paper, in order to detect changes on the surface caused
by an earthquake, we take into account two important features:

- the SAR amplitude (intensity) changes, related to changes in
the magnitude of the radar return; as stated in (Matikainen et al.,
2006), factors that affect the intensity of radar echoes from
surface objects, especially for urban environments, are various
and complex; for example, the backscattering coefficient
determined after the collapse of an isolated building is likely to
be smaller than the one obtained prior to the event, while the
backscattered returns in the case of orderly uniform buildings
with flat roofs become stronger in the post-earthquake image
(Matsuoka and Yamazaki, 2004);

- the SAR coherence (phase) changes (Touzi et al., 1999;
Wright et al., 2005; Preiss et al., 2006), influenced mainly by
the phase difference between radar returns, which is, in turn,
related to the spatial arrangement of the scatterers within the
pixel so to their possible displacements; in urban areas,
coherence is an important parameter for mapping purposes
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(Fanelli et al., 2000) and its value, both on short-term and long-
term acquisition interval basis, is typically high, so its abrupt
changes might be a good indicator of potential damages.

Since they provide different pieces of information concerning
changes in the scene, by combining these two features before
and after the earthquake, we expect to obtain richer and more
robust information about the scene changes possibly related to
an earthquake.

2. BUILDINGS IN SAR

In normal urban situations, there are typically four zones in
SAR amplitude images of buildings (Balz and Liao, 2010;
Brunner et al., 2010):

- corner reflection (double-bounce scattering, the strength of
which strongly depends on the height of the building and its
aspect angle, i.e. the orientation of the building relative to the
viewing direction of the sensor),

- layover (mixed zone of building-wall reflections and ground
reflections),

- roof (behind the layover, but often dark because of its
material, though chimneys are visible),

- shadow (building shadow is often inseparable from the
surrounding area such as roads; shadows may also be
overlapped by the layover of surrounding buildings).

In case of an earthquake, various types of damages are possible,
S0 a variety of backscattering cases may occur as well, such as:
A. a collapsed building, with no strong reflections at the
building corner (but some weaker reflections on corners of the
remaining walls can still be present), various double bounces
between the parts of the ruins, possible appearance of strong
direct reflections, no layover area, possible foreshortened area,
reduced or even missing shadow areas;

B. a collapsed building close to an undamaged building, with
various possible situations, in function of the damage and its
position with respect to the undamaged building and the SAR
orbit (e.g., if the buildings share the sale undamaged wall, a
strong double-bounce reflection might occur);

C. a partly destroyed building, with different possible situations
here as well, depending on the degree of the damage and its
position with respect to the SAR illumination (for example, if
the roof has collapsed, strange shadow shapes may appear).
Thus, the backscattering process of damaged buildings is very
complex and may result in amplitude images that are very
difficult to interpret and determine whether some response is
related to the damage or not. Coherence (phase) data provide
another information layer which may help in distinguishing
damage from the rest and that is the path we follow here.

3. STUDY AREA AND DATA

On 4 September 2010, the magnitude 7.1 earthquake struck the
Canterbury region in New Zealand's South Island, which caused
significant damage to Christchurch (New Zealand's second-most
populous city) and the central Canterbury region, but there were
no direct fatalities. On 22 February 2011, a 6.3 earthquake
struck the Canterbury region again. This time, the earthquake
was centred 10 kilometres south-east of the centre of
Christchurch and 181 people were killed. This earthquake
caused widespread damage across Christchurch, especially in
the central city and eastern suburbs, with damage aggravated by
buildings and infrastructure already being weakened by the 4
September 2010 earthquake and its aftershocks. Significant
liquefaction affected the eastern suburbs as well.

The identification of damaged or destroyed buildings using
SAR data is a challenging task. Our approach is to apply change
detection by comparing post-seismic to pre-seismic images,
both in amplitude and in phase, and then to combine the
obtained changes. A special task here is to develop a scheme
that translates the obtained combinations of changes (e.g., low-
amplitude and high-coherence before the earthquake, high-
amplitude and low-coherence after) into ground information
(possible landscape classes). The reason why we have not
introduced this scheme directly in the algorithm but rather left it
apart is to be able to cover a wider range of situations with this
algorithm (such as types of damage in war-conflict scenarios).
Namely, the algorithm can be applied rapidly as such to these
other situations without adaptations, and the only changes
would be introduced in the translation scheme (since possible
landscape classes would be different).

Figure 1. Average amplitude image of Christchurch before the
earthquake of 22 February 2011

Figure 2. Average amplitude image of Christchurch after the
earthquake of 22 February 2011

To this end, we have used twelve Cosmo-SkyMed amplitude
images before the earthquake (the dates are the following: 14
October 2010, 30 October 2010, 7 November 2010, 15
November 2010, 23 November 2010, 2 December 2010, 7
December 2010, 2 January 2011, 10 January 2011, 26 January
2011, 3 February 2011 and 19 February 2011) and two Cosmo-
SkyMed amplitude images after the earthquake (23 February
2011 and 27 February 2011). We have also obtained the
corresponding coherence images, so eleven of them before the
earthquake and one coherence image corresponding to the
period after the earthquake. Figures 1 and 2 show the average
amplitude images before and after the earthquake, respectively.
Similarly, Figure 3 contains the average coherence image before
the earthquake, while the only coherence image after the
earthquake is shown in Figure 4. These images are cuts of
larger images, and cover the zone of the strict centre of the city.
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Figure 3. Average coherence image of Christchurch before the
earthquake of 22 February 2011

Figure 4. Coherence image of Christchurch after the earthquake
of 22 February 2011

Note that we work on average data here when possible, in order
to decrease the influence of noise (speckle), on the one hand,
and to keep track of only significant changes, on the other hand,
but that the method we describe afterwards can be applied as
soon as we have one amplitude image before and one amplitude
image after an event, as well as one coherence image before and
one after the event.

o

Figure 5. Comparison of the average amplitude data before and
after the earthquake

4. OUR METHOD FOR MAPPING DISASTER ZONES

Using levels estimated automatically from the image histogram,
we threshold images from Figures 1 and 2, that is, amplitude
images before and after the earthquake. Our threshold method
finds, through an iterative procedure, the level by which the
image is divided in equally populated parts thus providing an
automatic tool for optimal binary image segmentation.

The obtained thresholded amplitude images before and after the
earthquake are then combined and the resulting image is given
in Figure 5, where the colour code is as follows:

- black - low amplitude both before and after the earthquake,

- green - high amplitude before and low amplitude after the
earthquake,

- red - low amplitude before and high amplitude after the
earthquake,

- white - high amplitude both before and after the earthquake.
Taking into account the meaning of low and high amplitudes,
we might say that the black zones correspond to surfaces that
were smooth both before and after the earthquake (such as
water, mud flat areas, smooth roads and streets), that the white
zones correspond to surface that remained diffuse, i.e. rough
(such as rough roads, non-flat roofs, metal elements on the
roofs), etc.
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Figure 6. Comparison of the (average) coher
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If we apply the same thresholding and combination procedure
to the coherence images from Figures 3 and 4, using the same
colour code as for Figure 5, we obtain the image given in Figure
6:

- black - low coherence both before and after the earthquake,

- green - high coherence before and low amplitude after the
earthquake,

- red - low coherence before and high after the earthquake,

- white - high coherence both before and after the earthquake.
Similarly as above, if we take into account the meaning of low
and high coherences, we might say that the black zones
correspond to surfaces that were active both before and after the
earthquake (such as roads and streets), that the white zones
correspond to surfaces that remained non-active (such as
buildings), etc.

On the one hand, the intensity correlation is related to change in
the magnitude of the radar return. One of the main problems is
that this magnitude might remain the same, even if different
backscattering mechanisms are involved before and after the
damage.

On the other hand, coherence is influenced by the phase
difference between radar returns, related to the spatial
arrangement of the scatterers within the pixel and thus to their
possible displacements. In urban areas, one of the main
problems of the usefulness of coherence is that if the baseline is
moderate, coherence is more sensitive than intensity to the
damage level.

Consequently, we may say that these two features hold different
information concerning changes thus that their combination
could provide more reliable and robust information. As a result
of their combination, we obtain the image shown in Figure 7,
with the colour code given in Table 1. Here, A denotes
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amplitude, C - coherence, 1 - before the earthquake, 2 - after the
earthquake, L - low, H - high.
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Figure 7. Comparison of the amplitude and coherence changes
before and after the Christchurch earthquake; the meaning of
the colours is given in Table 1

Colour | Meaning
AlL, A2L, C1L, C2L
AlL, A2L, C1H, A2L
AlL, A2L, C1L, C2H
AlL, A2L, C1H, C2H

AlH, A2L, C1L, C2L
AlH, A2L, C1H, C2L
AlH, A2L, C1L, C2H
AlH, A2L, C1H, C2H
AlL, A2H, C1L, C2L

AlL, A2H, C1H, C2L
AlL, A2H, C1L, C2H
AlL, A2H, C1H, C2H

AlH, A2H, C1L, C2L
AlH, A2H, C1H, C2L
AlH, A2H, C1L, C2H
AlH, A2H, C1H, C2H

Table 1. Colour code for Figure 7

5. INTERPRETATION OF THE OBTAINED RESULTS

In order to make use of the obtained result, we develop a
scheme that translates the obtained combinations of changes
into possible landscape classes. This step is scenario-related
since the set of possible or interesting landscape classes varies
with the application. In case of an earthquake, we have
developed the translation scheme as given in Table 2. Here,
specular surfaces are alternatively named as smooth since they
have mirror-like reflections, while the rougher the surface, the
more diffuse the scattering of waves.

The method presented here does not ask for external knowledge
sources. However, the possibility of including such sources is
still possible at different levels, from the change detection step
(where we can introduce knowledge on specific classes at
specific points in order to bias the change detection process, i.e.
search for classes having similar behaviour both in amplitude
and in coherence domain) up to the interpretation (where
classes in Table 2 would then become more specific, e.g.).

In addition, spatial regularization is the final step of our method
where the central pixel obtains either mean or median value of
its neighbourhood. In such a way, we smooth the image which
might cause disappearance of some isolated points that could
correspond to some very local changes, so if the user wants to

preserve the output before the spatial regularization, that final
step can be easily excluded from the program.
Finally, the result obtained here can be used and presented in
different ways, depending on the user needs, and some of these
possibilities are given in the following section.

Meaning Possible situations

AlL, A2L, Specular surface (water, mud flat areas, trees,

C1L, C2L shrubs)

AlL, A2L, Specular surface such as a roof or low-traffic

C1H, A2L smooth streets affected by the earthquake

AlL, A2L, Specular surface such as a high-traffic

C1L, C2H smooth street affected by the earthquake

AlL, A2L, Not affected specular surface (e.g., roofs or

C1H, C2H low-traffic smooth streets)

AlH, A2L, Diffuse surface becoming specular due to

C1L, C2L liquefaction, but remaining highly active

AlH, A2L, Diffuse surface becoming specular, not active

C1H, C2L before, active after (e.g., low traffic road
becoming active due to mud cleaning
operations)

AlH, A2L, Diffuse surface that became specular, active

ClL, C2H before, not active after (e.g., high-traffic
rough road becoming smooth due to mud, not
used anymore)
AlH, A2L, Rough surface becoming specular with no
C1H, C2H activity before nor after (low-traffic road
affected by liquefaction, e.g.)
AlL, A2H, Smooth surface becoming rough and being
C1L, C2L active before and after (e.g. a smooth high-
traffic street becoming rough due to fractures,
and being used before and after)

AlL, A2H, Specular surface such as a roof becoming

C1H, C2L rough (e.g., a collapse of chimney) and not
being active before while it loses coherence
as it keeps on collapsing

AlL, A2H, Specular surface becoming rough, active

C1L, C2H before while not being active after (smooth
high-traffic street becoming rough due to
fractures and not being used after)

AlL, A2H, Specular surface such as a roof becoming

C1H, C2H rough (due to a collapse of chimney, e.g.) and
not being active before nor after

AlH, A2H, Diffuse surface remaining diffuse and being

C1L, C2L active before and after (e.g., non-flat roofs
not being affected by the earthquake)

AlH, A2H, | Diffuse surface such as a rough road affected

C1H, C2L by liguefaction

AlH, A2H, Surface remained rough, but the angle of the

ClL, C2H illuminated surface changed so that the
coherence increased

AlH, A2H, | Surface remained rough and not active, not

C1H, C2H being affected by the earthquake

Table 2. Possible classes — interpretation of the obtained result

6. PRESENTATION OF THE OBTAINED RESULTS

There are various ways for presenting the obtained results.
Firstly, we can choose to display only one particular class from
Tables 1 and 2 (a specific combination of amplitude and
coherence levels before and after the earthquake). As an
illustration, we show the combination A1L, A2L, C1L, C2L in
black in Figure 8. All other combinations are in white.
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Then, we can fix values of two features and look what happens
with the other two features. For example, if we want to see what
happens regarding the coherence with the pixels where the
amplitude remains high (so, A1H and A2H), we obtain the
image shown in Figure 9. In this particular case, thus, we are
interested in (changes in) activities in the zones having a rough
surface both before and after the earthquake: a low coherence
means there is an activity, a high coherence means there is no
activity, C1L and C2H means there was an activity before the
earthquake, but there is no activity after the earthquake etc.

AlL, A2L, C1L, C2L;

other combinations)

Figure 9. A1H and A2H. The colour code is: C1L, C2L - grey;
C1H, C2L - green; C1L, C2H - blue; C1H, C2H - red;
background (all other combinations) - white.

CARS --..?f ; ‘ ) 4, s . -
Figure 10. C1H and C2H. The colour code is: A1L, A2L - grey;
AlH, A2L - green; AlL, A2H - blue; A1H, A2H - red;
background (all other combinations) - white.

Similarly, Figure 10 contains the image obtained by fixing the
coherence values to C1H and C2H, meaning that we are this

time interested to see what happens with the smoothness of the
surface for zones which are not active neither before nor after
the earthquake (to see, e.g., where some smooth roofs became
rough because of a collapse or cracks, or where low-traffic
rough streets became smooth due to a possible liquefaction).
Last but not least, using the obtained results, we can display
zones that are affected by the earthquake vs. zones that are not
affected by the earthquake (Figure 11). The affected zones can
be further separated based on their activity before and after the
earthquake as shown in Figure 12.

. : o
Figure 11. Zones not affected by the earthquake (black) vs.
zones affected by the earthquake (white)

S

Figure 12. Zones not affected (black) vs. zones affected by the

earthquake: yellow - always active, green - always not active,

blue - active before and not active after, red - not active before
and active after the earthquake.

7. VALIDATION - SOME RESULTS

e J
w«’«v‘ ‘;& 1

Figure 13. Positions of six randomly chosen points used to
illustrate the validation results
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We have aerial photos of the region of Christchurch from two
days after the earthquake, as well as ground-truth information
from our mission. Thanks to that, we have a possibility to
validate the results. We discuss here some of the validation
points, randomly chosen, in order to illustrate the quality of the
results shown in the previous section. Note that we are currently
working on a more general validation scheme, by translating the
ground-truth information into the corresponding classes from
Table 2, in order to obtain an automatic validation procedure
that would handle easily and rapidly the huge number of
validation points.

Positions of six randomly chosen validation points are shown in
Figure 13.

7.1 Validation point 1

An enlarged cut of the change detection result given in Figure 7
that contains validation point 1 from Figure 13 is shown in
Figure 14 (left). At the central point itself, the change detection
result indicates that it is class (A1H, A2H, C1L, C2L), so a
diffuse surface remaining diffuse (e.g., non-flat roofs not being
affected by the earthquake). Ground-truth information, obtained
from the aerial photo of this region (Figure 14 right), shows that
it is a tilted roof, i.e., that the change detection result is correct.

Figure 14. Left: a cut of the change detection result from Figure
7 that corresponds to the surroundings of validation point 1 in
Figure 13; right: an aerial photo that covers the region of
validation point 1.

7.2 Validation point 2

In Figure 15 (left), we show an enlarged cut of the change
detection result given in Figure 7 that contains validation point
2 from Figure 13. The change detection result marks the central
point as class (AlH, A2H, C1L, C2L), so, again, a diffuse
surface remaining diffuse (such as non-flat roofs not affected by
the earthquake). The ground-truth information (Figure 15 right),
shows that, at that place, there is a roof, a garden, vertical walls,
and waste, not affected by the earthquake indeed.

Figure 15. Left: a cut of the change detection result from Figure
7 that corresponds to the surroundings of validation point 2 in
Figure 13; right: an aerial photo that covers the region of
validation point 2.

7.3 Validation point 3

An enlarged cut of the change detection result given in Figure 7,
which contains validation point 3 from Figure 13, is presented
in Figure 16 (left). The change detection result indicates that it

is class (AlL, A2L, C1L, C2L), so a specular surface such as
water, mud flat areas, not affected by the earthquake. Ground-
truth information, obtained from the aerial photo of this region
(Figure 16 right), proves that it is water in reality.

Figure 16. Left: a cut of the change detection result from Figure
7 that corresponds to the surroundings of validation point 3 in
Figure 13; right: an aerial photo that covers the region of
validation point 3.

7.4 Validation point 4

Figure 17 contains an enlarged cut of the change detection
result given in Fig. 7, which covers validation point 4 from
Figure 13. The change detection result indicates that it is, again,
class (AlL, A2L, CIL, C2L), so a specular surface such as
water or mud flat areas. Ground-truth information, obtained
from the aerial photo of this region (Figure 17 right), proves
that it is mud indeed, which, in turn, means that the change
detection result is valid again.

Figure 17. Left: a cut of the change detection result from Figure
7 that corresponds to the surroundings of validation point 4 in
Figure 13; right: an aerial photo that covers the region of
validation point 4.

7.5 Validation point 5

An enlarged cut of the change detection result given in Figure 7
that contains validation point 5 from Figure 13 is presented in
Figure 18 (left). The change detection result labels the central
point as class (AlL, A2L, C1H, C2H), so a specular surface
such as a roof or low-traffic smooth streets not affected by the
earthquake. The aerial photo of this region (Fig. 18 right),
representing the ground-truth information, shows that it is a
parking place (so a smooth surface), not affected by the
earthquake indeed.

Figure 18. Left: a cut of the change detection result from Figure
7 that corresponds to the surroundings of validation point 5 in
Figure 13; right: an aerial photo that covers the region of
validation point 5.
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7.6 Validation point 6

In Figure 19 (left), we show an enlarged cut of the change
detection result given in Figure 7 that contains validation point
6 from Figure 13. At the central point itself, the change
detection result suggests that it is class (A1H, A2H, C1L, C2H),
that is, a surface that remained rough, but the angle of the
illuminated surface changed so the coherence increased (e.g., a
roof that got tilted due to the earthquake). The aerial photo of
this region (Figure 19 right), representing the ground-truth
information, shows that it is a flat roof and a parking, but it is
difficult to judge from the photo whether the roof has tilted with
respect to its state before the earthquake. This means that the
further validation is necessary, but that it is highly possible that
we have found a roof that changed its angle, so that using the
change detection approach, involving both amplitude and phase
information, we can indeed detect changes that are not visible
from aerial photos alone. That would be an important
achievement of the proposed method and the proof of its
usefulness as it is aimed indeed in detecting changes where
methods using only amplitude information would fail. However,
further analysis in this direction is necessary in order to derive
such general conclusions and, as said earlier, our on-going
validation analysis should tell us more in this sense as well.

Figure 19. Left: a cut of the change detection result from Figure
7 that corresponds to the surroundings of validation point 6 in
Figure 13; right: an aerial photo that covers the region of
validation point 6.

8. CONCLUSION

Natural disasters such as earthquakes present a challenge for
remote sensing damage mapping techniques and a great test of
their usefulness. Multi-temporal Synthetic Aperture Radar
(SAR) observations may be used to detect such changes in an
urban environment since the intensity correlation provides
information about changes in the magnitude of the SAR return,
while the technique of coherent change detection in repeat-pass
SAR imagery has the potential to detect very subtle scene
changes such as changes in man-made targets or potential
human activities.

This paper deals with the mapping of the impact zones of an
earthquake using SAR data. The case study is the Christchurch
earthquake from February 2010. We present a new mapping
method and validate it using the optical remote sensing images
of the city two days after the earthquake, as well as our own
ground-truth data. A first step of the proposed method consists
in finding amplitude changes as well as coherence changes
before and after the earthquake. In a next step, we combine
these changes in order to obtain richer and more robust
information on the origin of various types of changes possibly
induced by an earthquake.

This method does not need any specific knowledge source about
the terrain, but if such sources are present, they can be easily
integrated in the method as, for example, more specific
descriptions of the possible classes. The first validation steps

show that the proposed method gives results in accordance with
the field reality.

The proposed method can be applied to other situations (such as
flood or types of damage in war-conflict scenarios) without
significant adaptations: the only changes would have to be
introduced in the translation scheme, since possible landscape
classes would be different.

In a future work, a more general validation scheme than the one
presented here will be developed, in order to obtain an
automatic validation procedure that would handle easily and
rapidly the huge number of validation points.
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