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Abstract: In this paper, evaluation results are presented for multi-temporal interferometric coherence
analysis using a Synthetic Aperture Radar (SAR) for damage assessment in an urban area. The latest
space-borne SARs potentially have a high enough spatial resolution to assess individual buildings.
However, interferometric coherence analysis has not been evaluated for its limitation in sensitivity
and size of damaged buildings. In particular, the correlation between the coherence analysis and
the damage level referred to by architectural assessments has been an open question. In this
paper, analytical results using ALOS-2 PALSAR-2 datasets are presented from the 2016 Kumamoto
earthquakes in Japan. For reference, building damage was assessed throughout the central urban area
and specifically at a catastrophically damaged district. The results show that the buildings should be
larger than a window size of the coherence for damage detection, and the damage level should be
larger than Level-2 of 5, classified with the European Macroseismic Scale 1998 (EMS-98).

Keywords: synthetic aperture radar (SAR); ALOS-2; PALSAR-2; damage assessment; interferometry;
coherence

1. Introduction

Interferometric analyses using a synthetic aperture radar (Interferometric SAR, INSAR) have
been widely used for detecting crustal deformation, ground subsidence, and landslides [1]. Not only
the phase component of the interferogram, but also interferometric coherence, is used for disaster
monitoring [2]. The SAR intensity images have been widely used for disaster monitoring in the
same way as optical images [3,4]. On the other hand, interferometric coherence analysis requires
frequent observations before and after the disaster, which was difficult to achieve in the early 2000s.
When there are two pre-disaster datasets and one post-disaster image, the change in the interferometric
coherence between the pre-disaster pairs and the co-disaster pairs can be calculated. The reduction
of interferometric coherence in urban areas suggests the existence of damaged buildings. Compared
to the intensity correlation, which has also been used for damage detection, the interferometric
coherence-based change detection method has the advantage that it does not require a complete
collapse of buildings. The change of SAR backscatter is derived by multiple reasons, including the
change of the scattering mechanism. In urban areas, it is assumed to be caused by collapsed buildings
because the buildings in urban areas rarely change their backscattering coefficient in multi-temporal
observations. On the other hand, the SAR interferometric coherence decreases in urban areas mainly
because the scattering points of the buildings are randomly deformed by the disaster. In other words,
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the change of interferometric coherence suggests rather moderate surface damage to the building.
In short, the interferometric coherence change is potentially able to detect less damaged buildings
compared to the intensity change.

Comparison between intensity and coherence change detection methods has been reported
in various researches. For example, the 2003 Bam Iran earthquake showed the superiority of the
coherence-based method in sensitivity, though both the ground truth data and the satellite data did not
have a high enough spatial resolution [5-7]. One possible reason for insufficient ground truth data is
that estimating the damage level of every building was of a low priority compared with rescuing and
recovering operations. At the same time, the SAR analytical results did not have a high enough ground
resolution to evaluate individual buildings. The SAR satellites which were launched in the early 2000s,
e.g., ERS series, ENVISAT, and ALOS, had spatial resolutions larger than 10 m. The recent Sentinel-1
series applies the wide-swath TOPSAR mode in worldwide observations, resulting in an approximately
5m x 20 m resolution. In these cases, a single building is equivalent to a few pixels in the SAR image
and cannot be distinguished from the other buildings in the urban area. Thus, preceding studies could
distinguish the damaged area within a scale of a city block, larger than thousands of square meters.
In addition, some SAR satellites could not observe the affected area soon after the disaster occurred
because of their limitation in observation schedules.

Polarimetric analysis (PolSAR) has been proposed to detect the change of scattering mechanism
derived by the disaster [8]. PoISAR analysis was examined in, for example, 2011 off the pacific coast of
the Tohoku Earthquake [9-12]. Current problems for this method are that there are less acquisitions
for full polarimetric mode and less spatial resolution caused by the operational limit of the platforms.

Resent space-borne SARs, for example, TerraSAR-X, COSMO-SkyMed, RADARSAT-2,
and ALOS-2, have resolutions smaller than 3 m in their Stripmap modes with flexible observation
schedules. These satellites can potentially evaluate and detect the damage of an individual building
soon after the disaster [13,14]. One problem with the high-frequency radars, such as X- and C-band
SAR satellites, is their faster temporal decorrelation when compared to L-band SARs, resulting in a
limited opportunity for multi-temporal interferometric coherence analysis. To avoid the effect of the
temporal decorrelation, a larger filter and /or measuring a limited number of high coherency points
are required. In urban areas, there is a limited effect of temporal decorrelation as buildings are stable
and thus, X-/C-SARs can be applied for interferometric coherence analysis. There are also various
reasons that reduce interferometric coherence such as liquefactions, landslides, and human activities
including constructions [15]. Avoiding these causes for damage assessments in actual cases is required.
In this article, we only evaluate the pixels that correspond to the building in Section 4. Some preceding
researches reported the results for the comparison between SAR and optical observations among
damaged buildings [3,4,8]. According to these researches, high-resolution SAR data can be used for
evaluating the individual buildings if the interferometric pair has a high enough coherence.

On the other hand, L-band SAR has a slow temporal decorrelation, resulting in the requirement of
a lower filter size [16]. In the case of previous L-band SARs, JERS-1, and ALOS, multi-temporal analyses
could distinguish the damaged city blocks in the same manner as the higher-frequency SARs [17-19].
The latest L-band SAR satellite ALOS-2 has been observing the Earth since 2014 [20]. The Japan
Aerospace Exploration Agency (JAXA) operates ALOS-2 to observe various disasters. Analytical
results in the 2015 Nepal Gorkha Earthquake using ALOS-2 with the 10-m resolution mode suggested
that a single building can be detected by interferometric analysis [21,22]. However, the 10-m resolution
was too rough compared with the scale of the building. Thus, further analysis using higher resolution
data has been demanded.

In short, there is an open issue that the coherence analysis has not been connected to the
survey data using an architectural assessment scheme [23], e.g., European Macroseismic Scale 1998
(EMS-98) [24]. Especially for L-band SAR data, high-resolution interferometric coherence analyses have
not been evaluated for their sensitivity in damage assessments. It has been an open question about
how accurately ALOS-2 can evaluate damaged buildings with its 3-m resolution mode. For example,
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spatially distributed collapsed buildings caused by the 2016 Kumamoto earthquake were estimated by
a temporal coherence decrease of the PALSAR-2 interferometric analysis over the earthquake, which
has 58% accuracy against the spatial density of completely collapsed buildings inventoried by an
in-situ survey [25]. This result, for example, suggests that the sensitivity of the temporal coherence
decrease should be clarified in terms of the damage level and/or building size. If we could find the
sensitivity and the limitation of the interferometric coherence analysis, we could perform a damage
assessment for every building and facility [26].

In this paper, the change of the interferometric coherence in the ALOS-2 PALSAR-2 3-m resolution
data is used to evaluate the potential of the L-band SAR for disaster monitoring and damage detection.
The analytical results for the 2016 Kumamoto, Japan earthquakes [27,28] were compared with two
independent observations. The first observation throughout a central urban area of Kumamoto
considering a larger scale includes the aerial photography for counting the damaged buildings which
are covered with plastic sheets. The second one, for a smaller scale, is the inventory survey based on
EMS-98 in Mashikimachi town, a neighboring city of Kumamoto city which was severely damaged by
the earthquakes.

2. Methodology

2.1. Multi-Temporal Interferometric Coherence

Interferometric coherence is the correlation of the complex signals between the two observations,
namely “master” and “slave”. The interferometric coherence 7 is calculated as:

_ <M*§>
i J(M=M) \/(5+5) .

where M and S are the sample of master and slave single look complex images, respectively, and the
bar above them denotes the complex conjugate. The brackets represent the ensemble average. If the
ground surface has changed by the disaster, resulting in the phase randomness of the interferometric

phase, its ensemble average in the specific window will be small. An insufficient window size will
overestimate the coherence value, while the larger window size will reduce the ground resolution.
The window size of the ensemble average in Equation (1) is 5 x 5 pixels in this article.

If we have at least one interferometric pair before the disaster occurs, we can compare the
coherence value between pre- and co-event interferograms. If the co-event interferometric coherence
is lower than the pre-event one, though considering temporal decorrelation, it can be regarded that
scatterers on the surface have been largely damaged and/or moved. This is called multi-temporal
interferometric coherence change detection. There are two major definitions of the coherence decrease
dvy between the pre-event coherence ;. and the co-event coherence 7,. One is the simple difference
or un-normalized coherence decrease (CD) dv,, and the other is the normalized coherence decrease
dYnorm, as shown in Equations (2) and (3).

dyun = Ypre — Yco ()
Ypre — Yco

d = —_— 3

Ynorm Yore + Yeo 3)

Equation (2) requires relatively large ;7 and cannot be applied for low coherency areas, such
as vegetated ground. On the other hand, Equation (3) does not require large 7, while the temporal
decorrelation will suffer in accuracy. In this article, we applied (2) because the buildings have large
Ypre- We excluded the vegetated area that may have low 7y for the evaluation and only evaluated
buildings in our experiments in order to avoid false alarms.
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In the damage detection scheme in this paper, a building will be regarded as damaged when d~y
exceeds the specific threshold. The threshold is generally defined manually to reduce the effect of
temporal and baseline decorrelations.

2.2. Aerial Photography Survey

We performed visual identification of damaged buildings using Google Earth around the central
urban area of Kumamoto from 11 ot 13 May 2016, as shown in Figure 1. This domain approximately
ranges from 32°45’ to 32°50'N, and from 130°40’ to 130°50'E, inside the administrative district of
Kumamoto city (A in Figure 1).
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Figure 1. Study areas in the central Kumamoto, Japan city. An aerial photography survey is carried out
in (A) a Kumamoto central area and an inventory survey is carried out in (B) Mashikimachi near the
main faults for this earthquake.

Numerous damaged buildings are covered with plastic sheets in blue, as shown in Figure 2.
A plastic-sheet covering has the following roles:

e To fix unstable parts to keep residents’ safe when walking around the building.
e  For thermal insulation to stop any air drafts from the damaged roof.
e To avoid further damage by leaks caused by rain.

Therefore, buildings covered with plastic sheets imply that they sustained medium damage
and still have a possibility of being repaired for continuous use. On the other hand, catastrophically
damaged buildings (Figure 2b) and relatively old (~60 years) and damaged buildings (Figure 2c) are
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abandoned without any treatment, which implies demolition. Many of them are too dangerous to
approach and are therefore controlled under prohibition of entry.

Figure 2. Situations of post-earthquake Kumamoto city. (a) Damaged buildings are covered with
plastic sheets, whereas (b) catastrophic and (c) older buildings are neglected. (d) Roofs covered with
plastic sheets are identifiable from an airplane and (e) in Google Earth 3D models. (p) Other external
materials and (q) lined walls are also covered with the sheet.



Remote Sens. 2018, 10, 245 6 of 19

The blue sheets were easily identified from an airplane at a low altitude (<1000 m/3300 ft.
a.s.l.) on the final approach course to Kumamoto airport (Figure 2d). Google Earth shows the same
scenario with three-dimensional (3D) ground object models (Figure 2e) in a range within a rectangle
of [32°45'-32°45'N, 130°40'-130°50'E], which is frequently seen in the central area of Kumamoto
(Figure 1). These 3D models have been generated from a series of angled aerial photographs after the
earthquake, which enables realistic high-resolution views from multiple angles. The basic technique
uses areal imagery acquisition with a 45-degree off-nadir angle in multiple directions (e.g., [29]).

We recorded locations of the buildings with roofs covered with the plastic sheets in Google
Earth (Figure 2e). We extracted all the buildings covered (completely or partially) with blue, white,
or green sheets. Multiple sheets for one building are counted at one time. Plastic sheets covering other
objects (i.e., external equipment, greenhouse, car, tombstone, and the ground) are excluded (e.g., (p) in
Figure 2e). Covering of lined walls is excluded (e.g., (q) in Figure 2a,e), because they are difficult to
identify homogeneously from the sky as they could sometimes be hidden by neighboring buildings.
Buildings under construction are avoided because they are potentially covered with some materials.
Exposed roofs originally painted in blue are excluded. Through these identifications with Google Earth
3D models, unclear situations are confirmed by Google Earth’s Street View function which shows a
360-degree post-earthquake view of the street.

Spatial distribution of whole buildings in Kumamoto can be analyzed by means of a series of
geospatial datasets distributed by the Geospatial Information Authority (GSI) of Japan. Vector-format
feature data of building outlines in Kumamoto were freely downloaded from a website of the GSI
of Japan [30]. This dataset originated from stereo-photogrammetric aerial photographs to generate
the national topographic map of Japan (Scale: 1/25,000). Building outlines are shown as individual
polygons, from which latitudes and longitudes of the building centroids were obtained.

Spatial distribution of geological conditions can be analyzed by means of the Seamless Digital
Geological Map of Japan (1:200,000) [31] generated by the Geological Survey of Japan in the National
Institute of Advanced Industrial Science and Technology and, geomorphological conditions can be
analyzed by means of the geomorphic classification map for flood control, published by the GSI at
a scale of 1/25,000. PDF-format maps surveyed between 1997 and 1999 in Kumamoto were freely
downloaded from another website of the GSI [32]. These were georeferenced by indicated grids of
latitude and longitude in a geographic information system. The geographic location of the main faults
which caused the earthquake was also obtained from the GSI’s website.

2.3. Inventory Survey Results in Sampled Region of Mashikimachi Town

The National Research Institute for Earth Science and Disaster Resilience (NIED) performed an
inventory survey of 185 buildings in the 250 m x 500 m area of Mashikimachi town (B in Figure 1) [33].
They classified the damaged buildings by the structural types and damage patterns based on [34,35]
that are compatible with the damage grade in EMS-98 [24]. The size of the buildings and their damage
level (DL) are shown in Table 1. The distribution and the size of the buildings include a high enough
number of samples. The actual distribution of the buildings is shown in Figure 3.

For example, DL 2 represents moderate damage (slight structural damage, moderate
non-structural damage) of the buildings, while DL 5 represents a total collapse of the building,
as can be seen in the EMS-98-based evaluation. That is, the buildings have significant damage on their
surface when the DL is larger than 2.

We compare the coherence change detection results and the inventory survey with the following
parameters in order to find the relationship between coherence decrease (CD) and DL:

e  Threshold of the coherence decrease (CD) dv ;.
e  The smallest size of the building to judge.

CDregion size
Overall size *

e Ratio of the CD region per building
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Table 1. Size and damage level (DL) of the buildings.

DL 0 1 2 3 4 5 Total
Size[m?]
0-49 2 1 3 1 1 2 10
50-99 10 14 4 8 12 2 50
100-149 10 7 11 15 11 6 60
150-199 2 6 2 7 6 4 27
200-249 0 3 1 0 2 2 8
>250 9 6 5 2 6 2 30
Total 33 37 26 33 38 18

130.816

'~ 'Mashiki Central Hospital
e

130.816 130.818

Figure 3. Distribution of the damaged buildings in a sampled region of Mashikimachi town.

“CD region size” represents the size of the area or the building for which the CD value is larger
than the threshold. “Overall size” represents the size of the building. For example, if 50 m? out of
200 m? of the building shows a CD value that is larger than the threshold, the ratio of the CD region
becomes 50/200 = 0.4. To obtain the best parameter to acquire the highest accuracy, we performed a
full search among these three parameters and calculated the user’s and producer’s accuracy including
Cohen’s Kappa coefficient.

3. 2016 Kumamoto, Japan Earthquakes and ALOS-2 Observations

Here, we briefly describe the 2016 Kumamoto, Japan Earthquakes. On 14 and 16 April 2016, three
large earthquakes hit Kumamoto Prefecture, Japan, with moment magnitudes (Mw) of 6.2, 6.0, and
7.0, respectively [27]. Buildings in Kumamoto city and the neighboring Mashikimachi town incurred
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severe damage [25]. The main deformation occurred 40 km along the Futagawa and Hinagu faults
from south-west to north-east [28].

As a duty of the disaster response mission, JAXA operated ALOS-2 to observe the affected area.
ALOS-2 successfully observed almost all the affected area with 3-m resolution mode acquisitions.
In this paper, we use the observation datasets from the Path 23 observed on 7 March and 18 April 2016
and 30 November 2015 for the interferometric coherence analysis. The temporal and perpendicular
baselines are 98 days and 107 m for the 30 November 2015-7 March 2016 pair and 42 days and 126 m
for the 7 March—18 April 2016 pair. Observations from other tracks were not used in this paper because
there were no better pairs. Thus, the orientation of the building is not discussed in this paper.

A local and nonlinear co-registration [36] was performed for INSAR analysis in addition to
traditional cross-correlation-based 2D polynomial co-registration in this paper. This process was done
to overcome the decreased coherence. There are nonlinear pixel offsets in SAR images derived from
tectonic movement caused by the earthquake. On the other hand, no multilooking and filtering were
performed because the aim of this paper is not to evaluate the ground deformation, but to analyze the
interferometric coherence.

4. Experimental Results

4.1. Aerial Photography Survey in a Larger Scale

In the study area around the Kumamoto urban district, a heterogeneous spatial distribution of
coherence decrease (CD) is shown in Figure 4a. Higher CD values are mainly located closer to the main
faults (i.e., southeastern corner of this figure), whereas some places denote a slightly high concentration
of the higher CD.

In this rectangle, 165,177 buildings had been originally located, as shown in Figure 4b. Compared
with the geomorphological classification map, major distributions of 40.2% buildings on terraces,
14.8% on alluvial fans, 15.0% on flood plains, and 8.0% on natural levees are found, whereas the rest
of the geomorphic classification has less than 5% buildings (Table 2; Figures 4b and 5a). In this area,
15,668 buildings (9.5%) covered with plastic sheets are identified, which are located with geospatial
heterogeneity (Figure 4b). In the above-mentioned geomorphic conditions with major building
distributions, 12.5% on terraces, 6.3% on natural levees, 5.2% on alluvial fans, and 5.1% on flood plains
are covered with plastic sheets, whereas 7.9% of the buildings are sheet-covered in other classifications
(Table 2; Figure 5b). The spatial distribution of CD that is shown in Figure 4a is summarized in
Figure 5c¢, classified into the geomorphological groups. All the groups show a similar proportion of
CD intensity with higher proportions for lower CD values (Figure 5c).

In terms of geological condition, major distributions of the original buildings are found at 35.1%
on Late Pleistocene to Holocene marine and non-marine sediments, at 29.7% on the Late Pleistocene
lower terrace, at 19.1% on the Late Pleistocene middle terrace, and at 13.7% on Late Pleistocene
non-alkaline pyroclastic flow volcanic rocks, whereas the rest of the geomorphic classification has
less than 3.0% buildings (Figure 5d). For these classified groups, 7.1%, 11.3%, 15.6%, and 15.8% of
buildings are covered with plastic sheets, respectively (Figure 5e). The CD value distribution classified
into the geological group does not denote a significant difference between the groups, which is also
true for the geomorphological classification (Figure 5f).

Furthermore, the buildings are classified by the distance from the main faults. For the buildings
located in “Terrace” and “Late Pleistocene to Holocene marine and non-marine sediments”, which form
the majority of geomorphological classification and geological classification, respectively, the ratio of
sheet-covered buildings and the mean CD value in each 100-m bin are profiled in Figure 6. A significant
negative correlation is found at the CD value in “Terrace”, i.e., lower CD values for places located far
away from the faults (Figure 6a). The sheet-covered ratio does not have a similar correlation, but has
lower values at the places closest to the faults (<300 m) and higher values for the middle-range distance
(300-600 m). In “Late Pleistocene to Holocene marine and non-marine sediments”, similar trends of the
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sheet-covered ratio and CD value are found, but are relatively more moderated compared to that for
“Terrace”. As a result, we found that these optical and SAR observations reflect spatial distributions
of buildings in different damage levels, respectively. The sensitivities of them are assessed in the

following results.
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Figure 5. (a) Original distributions of entire buildings, (b) sheet-covered ratios, and (c) numerical

ratios of coherence decrease (CD) for whole buildings in each geomorphological classification shown in

Figure 4c. Those classified into each geological classification (Figure 4b) are shown in (d—f), respectively.

Several classification groups with few buildings are omitted in (b,c,e,f).
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Table 2. Summary of entire buildings and damaged-roof buildings.

Whole Building Damaged Roof Building
Geomorphic Type
Count (%) Count (%)
Mountain Slope 4621 2.8 437 9.5
Terrace 66,384 40.2 8645 13.0
Cliff 1690 1.0 146 8.6
Shallow valley 4182 2.5 572 13.7
Piedmont deposition terrain 1869 1.1 150 8.0
Alluvial fan 24,389 14.8 1343 5.4
Floo plain 24,796 15.0 1312 53
Backswamp & depression 1779 11 96 5.4
Natural levee 13,223 8.0 888 6.7
Clear previous riverflow 513 0.3 19 3.7
Unclear previous riverflow 2348 14 146 6.2
Filled land 1614 1.0 48 3.0
Cut land 2297 1.4 128 5.6
Out of map 15,472 9.4 1738 11.2
Sum 165,177 15,668
Q- ]
a) b) Mean value of CD (x0.01)
— Mean value of CD (x0.01)
XC o ? ]
5S ® L
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Figure 6. Variations of sheet-covered ratio and mean value of CD corresponding to the distance
from the main faults are summarized for (a) the geomorphological majority of “Terrace” and (b) the
geological majority of “Late Pleistocene to Holocene marine and non-marine sediments”.

4.2. Inventory Survey in a Smaller Scale

We performed a full search among the three parameters shown in Section 2.3. The window size
of the ensemble average for the coherence estimation is set to 5 x 5 pixels. We set the minimum size
of the buildings for the evaluation from 0 m? (all buildings) to 250 m? (250 m? or larger) at intervals
of 50 m?2. We set the threshold of dv,;; from 0.2 to 0.6 at 0.1 intervals and the ratio of the CD region
per building from 0.1 to 0.9 at 0.1 intervals. Figure 7 presents the overall accuracy and the Cohen’s
Kappa coefficient of the full search results. From Figure 7, the larger diameter of the circle represents a
higher accuracy, while the brighter red circle represents a higher K coefficient, as shown in the upper
column of the figures. If there is a large red circle, the CD threshold and Ratio of CD are set suitably to
find the damaged buildings. As shown in Figure 7a—d, there are no reliable points. That is, it is not
able to evaluate the damage level of the buildings smaller than 150 m?. On the other hand, Figure 7e
has a relatively large red circle in the column of DL 2 and 5. In other words, if we set an appropriate
threshold, we can detect the buildings that have DL 2 or higher and, with another threshold, we can
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detect DL 5 ones. Figure 7f has a large red circle in the column of DL 2, but no large circle in DL 5.
In short, there is some correlation between interferometric coherence and DL 2-5 buildings whose
size is larger than 200 m?2. At the same time, there is no reliable threshold to detect DL 1, 3, or 4 in

any building size. In summary, the buildings must satisfy two requirements to be categorized as
“damaged”, as follows:

e  The size of the building is 200 m? or larger.
e The damage level of the building is DL 2 or higher.
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Figure 7. Full search results for the overall accuracy and Cohen’s Kappa coefficient among multiple
DLs (right to left), CD threshold (up to down), and ratio of CD (forward to backward). (a—f) Building
threshold of 0 m?-250 m? with 50 m? intervals. The larger dot indicates the higher accuracy and the
brighter red dot shows the higher K coefficient.

If a building satisfies these requirements, the threshold and the ratio of the CD region per building
show a correlation, as illustrated in Table 3.

Table 3 presents the overall accuracy and Cohen’s Kappa Coefficient for buildings larger than
200 m? with DL 2 or higher. If we set the coherence threshold at 0.2, and set the ratio of the CD region
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per building from 0.5 to 0.8, the detection results show a high reliability. In other words, if 50-80%
of the building is covered by a 0.2 or larger CD region, there is a high probability that the building’s
DL is greater than 2. If we increase the coherence threshold to 0.3, for example, the ratio will be from
0.3 to 0.7 and a ratio of 0.6 marks the highest accuracy (82% and a Cohen’s Kappa coefficient of 0.63).
The overall maximum score is marked when the coherence threshold is 0.5 and the ratio is 0.2, and in
this situation, the accuracy and the Cohen’s Kappa coefficient were 0.84 and 0.68, respectively. The
coverage of the region for which the coherence was decreased by more than 0.3 is shown in Figure 8
with the purple pixels. On the other hand, we could not find any reasonable score when we set the DL
to 3 or 4. That is, there was no reasonable threshold which can distinguish between DL 3 or higher
from 2 or lower, nor DL 4 or higher from 3 or lower. In the case of DL 5, we obtained some reliable
results, as shown in Table 4. The maximum accuracy and Cohen’s Kappa coefficient were marked at
the coherence threshold of 0.6 and the ratio of 0.5 and their scores were 0.95 and 0.64, respectively.
Note that only four of 38 buildings have DL 5 and thus the result is not so reliable due to the low
number of samples. If we set the coherence threshold to 0.3, the ratio of 0.9 marks the highest accuracy
(89% and a Cohen’s Kappa coefficient of 0.44).

Table 3. Overall accuracy and Cohen’s Kappa coefficient for coherence analysis with buildings over
200 m? and with DL 2 or greater. Bold numbers with gray background represent the cells which
accuracy and K-coefficient are over 0.7 and 0.4 respectively.

Ratio of CD Region per Building
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

0.2 053 055 058 063 071 074 0.76 0.76 0.68
0.3 055 063 071 0.79 068 082 0.74 0.63 0.58
Coherence threshold 0.4 068 079 079 079 071 0.71 063 055 047
0.5 082 084 068 063 066 055 050 047 047
0.6 079 074 063 055 053 047 047 047 047

Ratio of CD Region per Building
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

0.2 000 006 012 023 040 046 052 0.53 0.38
0.3 006 023 040 057 036 063 048 028 0.19
Coherence threshold 0.4 0.34 0.57 057 058 043 044 029 0.14 0.00
0.5 0.63 068 038 028 034 014 005 0.00 0.00
0.6 058 049 029 014 010 0.00 0.00 0.00 0.00

Overall Acc.

K. Coeff.

Table 4. Overall accuracy and Cohen’s Kappa coefficient for coherence analysis with buildings over
200 m? and with DL 5 or greater. Bold numbers with gray background represent the cells which
accuracy and K-coefficient are over 0.7 and 0.4 respectively.

Ratio of CD Region per Building
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

0.2 011 013 016 021 029 032 034 066 0.74
0.3 013 021 029 037 042 055 0.74 0.84 0.89
Coherence threshold 0.4 026 037 047 058 0.71 082 0.84 092 0.89
0.5 0.45 0.58 0.68 0.84 0.87 0.92 0.92 0.89 0.89
0.6 0.68 0.79 0.89 0.92 0.95 0.89 0.89 0.89 0.89

Overall Acc.

Ratio of CD Region per Building
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

0.2 000 001 001 003 005 000 001 018 0.16
0.3 001 003 005 008 004 011 026 042 044
Coherence threshold 0.4 004 008 013 012 023 037 031 053 0.00
0.5 012 019 020 042 048 053 037 0.00 0.00
0.6 028 033 054 053 064 000 000 000 0.00

K Coeff.
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Figure 8. Damage detection results for a coherence threshold of 0.3 in the sampled region of
Mashikimachi town. Overlapped on Figure 3. Purple colored regions represent the pixels for which the
CD values are larger than 0.3.

As a result, we found the following three facts:

e If a building is too small, smaller than 200 m? in this case, it is not possible to assess the DL with
coherence analysis.

e  There were two thresholds. One is to detect DL 2 (moderate damaged) or higher (DL 3-5)
buildings and, the other one is to detect DL 5 (totally collapsed) buildings. However, there was
no appropriate threshold that can distinguish DL 3-5 or DL 4-5 from the others.

e  The threshold of the coherence has a proportional relationship with the ratio between CD region
and the size of the building. Most damaged buildings present a little decrease of the coherence in
the large part of the building, or a large decrease of the coherence in the small part of the building.

The physical mechanisms of these results are discussed in the following section.

Figure 9 presents the number of sheet-covered buildings in the same region. Eleven out of 37 DL
1 buildings and seven out of 26 DL 2 buildings were covered by sheets, while only 12 out of 89 DL
3-5 buildings were covered. This result indicates that sheet-covered buildings correspond to slightly
or moderately damaged buildings in architectural assessments. This is the reason why there is no
correlation between sheet-covered and high CD buildings in Section 4.1. SAR interferometric analysis
can detect moderate or higher damaged buildings, while optical analysis can detect lower damages.
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Figure 9. Numbers of all, sheet-covered, and non-covered buildings in each damage level in the
buildings inventoried in Mashikimachi.

5. Discussion

5.1. Distribution of Damaged Buildings

Individual DLs are assessed for buildings around the urban district of Kumamoto, extracting plastic
sheets on the roof. The sheet-covered buildings are mostly located at geomorphologically-classified
“Terrace” (Figure 4b) and geologically-classified “Late Pleistocene non-alkaline pyroclastic flow
volcanic rocks”, as well as “Late Pleistocene lower terrace” (Figure 4e), followed by other groups. These
classifications likely have harder and solider bedrocks for building construction than the others such
as “Flood plain”, “Alluvial fan”, and “Natural levee”. Therefore, it can be considered that harder and
solider bedrocks amplified the earthquake-induced shaking to the ground surface, when compared
to other buildings located at the same distance from the faults. In terms of the distance from the
faults, the closest places have a lower proportion of sheet-covered buildings (Figure 6a), which can be
explained by the fact that severely-damaged buildings would not have been covered with sheets but
abandoned. These considerations suggest that covering a building with a plastic sheet is a proxy for
medium level damaged buildings, which is primarily related to geomorphological condition followed
by the distance from the faults.

In contrast, CD is not influenced by geomorphological and geological classifications (Figure 5c,f),
but significantly correlated with the distance from the main faults (Figure 6). It suggests that the
CD distribution is briefly related to the ground deformation in addition to the spatial distribution
of higher level damaged buildings. Geologically homogeneous conditions (“Late Pleistocene
non-alkaline pyroclastic flow volcanic rocks”) (Figure 6b) have a more moderate correlation than
geomorphologically homogeneous conditions (“Terrace”) (Figure 6a) in terms of the CD-and-distance
correlation. This suggests a possibility that artificial and hydrological surface modification after
bedrock exposure have considerable effects on the building damage level.

5.2. Ambiguity of Coherence Threshold

The CD in the non-damaged buildings is mainly caused by temporal decorrelation. Its treatment
using the spatial coherence distribution was proposed, for example in [2,37,38]. However, according to
the experimental results, the CD obtained from pre-and post-earthquake PALSAR-2 data denotes a
statistically significant difference for damaged buildings. However, the mean values of the CD between
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the damaged buildings and the whole buildings (damaged + non-damaged) exhibit less difference;
therefore, further improvement is required if this method is to be used for the actual application of
damage detection of individual buildings.

From the experimental results of the inventory survey, the threshold itself is not a significant issue
compared to the insufficient size of the building.

5.3. Minimum Size of the Buildingc

From the experimental results, it is not possible to distinguish DL 3 or 4 from the other levels.
In addition, it is not possible to assess the DL with coherence analysis for buildings smaller than 200 m?.
These results can be explained by the physical mechanism of the DL and the coherence analysis.

First, the CD is caused by the increase of the random displacement of the dominant scatterer.
In DL 2 and higher cases, the buildings present significant damage on their surface. This is the reason
why the coherence analysis can detect DL 2 or higher. On the other hand, an SAR cannot observe
inside of the building and thus, the coherence analysis cannot evaluate the structural damage. If the
building is totally collapsed, that is regarded as DL 5, the coherence decreases significantly, and it
becomes able to be distinguished from the other DLs.

Next, the coherence value is calculated from averaging the specific number of pixels. In other
words, the coherence value cannot be derived from a single pixel but inside the window surrounding
the target pixel. There is a tradeoff in that a small window size will overestimate the coherence value,
while a large window will reduce the spatial resolution. In this paper, we applied a 5 x 5 window
following [39,40] and the ground resolution of the ALOS-2 was approximately 3 m. In summary,
the coherence value is derived from the approximately 15 x 15 m window. Thus, the lowest size of
the building that can be evaluated depends on the size of the window. Because a smaller window
overestimates the coherence value, SAR resolution must be improved to evaluate smaller buildings.

5.4. Origin of Low Coherency
Coherence value decreases not only with the building’s damage, but also for various other reasons.
e  Temporal decorrelation

We ignored the temporal decorrelation in this paper because the pre-disaster pair has a longer
temporal baseline (30 November 2015-7 March 2016) than the co-disaster pair (7 March 2016-18 April
2016). The 98-day temporal baseline of the pre-disaster pair is longer than the scheduled ALOS-2
observation cycle and thus, its interferometric coherence shows significant temporal decorrelation
in vegetated areas. However, according to [16], interferometric coherence is high enough for a more
than two-year temporal baseline. As we are interested in urban areas, we regard that the temporal
decorrelation in urban areas is smaller than in vegetated areas and decided to ignore this component
by modifying the threshold. Note that outside of the city, rice pads may have been filled by water in
the co-disaster pair while they were dry in the winter. We regard that these agricultural and other
environmental reasons do not affect the coherence in the urban area.

e Baseline decorrelation

A long baseline between two observations causes a baseline decorrelation. However, ALOS-2
is controlled to achieve a small baseline. As a result, the pre-disaster pair and co-disaster pair had
107 m and 125 m perpendicular baselines, respectively. These baselines are short enough to ignore the
baseline decorrelation.

e Jonospheric and tropospheric decorrelations

In general, an L-band space-borne SAR interferogram contains ionospheric and tropospheric
delay components which derive an additional decrease of the interferometric coherence. Analytical
results show that these effects are negligible for the dataset used in this paper.
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e  Decorrelation in phase discontinuities

In the Kumamoto earthquakes, multiple lineaments were found along and across the main
faults [41]. These lineaments represent small faults, liquefactions, and landslides. The direction and
amount of ground deformation differ from one side of the lineament to the other side, resulting in
discontinuous phases in the interferometric phase in the InNSAR analysis. In summary, the phase
pattern is relatively inhomogeneous along the phase discontinuous region. Some low coherence
regions suggest the existence of these lineaments. However, the distribution of the lineaments does
not affect the distribution/density of the damaged buildings, but the main fault does in this case
(see Section 5.1). A dense fringe pattern also derives low interferometric coherence [42]. The threshold
of CD must consider this point. The area where the survey was performed in Section 4.2 was far
enough from the lineaments and has a similar fringe density. Therefore, we ignored this effect in this
paper. Further analysis is required to find the method to derive the best CD threshold in a general case.

6. Conclusions

In this paper, the sensitivity and the limitation of the SAR interferometric coherence for the damage
detection of individual buildings are evaluated. The larger scale observations in the Kumamoto central
district denote that severe damage is more dominant in places located closer to the quake-induced main
faults, less affected by geomorphological and geological conditions. Medium damage is significantly
affected by geomorphologically and geologically strong features rather than the distance from the faults.
The experimental results at a smaller scale at severely-damaged sites show two aspects. First, there
is a correlation between the buildings which can be distinguished as severely or medium damaged,
and the buildings which interferometric coherence decreased by more than 0.3 in this case. Second,
if the buildings are large (>200 m?), there is a strong correlation between the buildings for which
interferometric coherence decreased by more than 0.3 and, buildings whose damage levels (DLs)
were Level 2 or heavier when the damage level was classified by EMS-98. This case study suggests
that interferometric coherence can be used for detecting the moderately damaged (DL 2 or heavier)
buildings in addition to the severely damaged (DL 5) ones. However, the derived parameters are
specified for 2016 Kumamoto Earthquakes. It is currently difficult to define the threshold values in a
general case. Further researches are required.
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