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Abstract: We performed interferometric synthetic aperture radar (InSAR) analyses to observe ground
displacements and assess damage after the M 6.6 Hokkaido Eastern Iburi earthquake in northern
Japan on 6 September 2018. A multitemporal SAR coherence map is extracted from 3-m resolution
ascending (track 116) and descending (track 18) ALOS-2 Stripmap datasets to cover the entire affected
area. To distinguish damaged buildings associated with liquefaction, three influential parameters
from the space-based InSAR results, ground-based LiquickMap (from seismic intensities in Japanese
networks) and topographic slope of the study area are considered together in a weighted overlay (WO)
analysis, according to prior knowledge of the study area. The WO analysis results in liquefaction
potential values that agree with our field survey results. To investigate further, we conducted
microtremor measurements at 14 points in Hobetsu, in which the predominant frequency showed a
negative correlation with the WO values, especially when drastic coherence decay occurred.

Keywords: synthetic aperture radar; Hokkaido Eastern Iburi earthquake; InSAR; LiquickMap;
damage; microtremor

1. Introduction

Generally, earthquakes are among the most disastrous natural events on Earth. Every year,
hundreds to thousands of people around the world suffer because of earthquakes. Between 2010 and
2016, more than 260,000 people died as a result of moderate to severe earthquakes [1]. The types
of casualties can be categorized into two groups: (1) casualties resulting from the flash effect of an
earthquake, mainly due to low-quality construction and site conditions, and (2) casualties resulting
from improper disaster response and passage of time. Recent improvements in remote sensing satellite
observations have provided a unique opportunity for researchers and organizations to study not only
different phenomena and events from space, but also health of civil structures (e.g., dams, bridges,
buildings, etc.) to predict possible future damage. These techniques will help to decrease the response
times of decision makers [2-6].

After severe earthquakes, collateral hazards, such as landslides, fires and liquefaction, can damage
urban and natural environments [7-9]. In the liquefaction phenomenon, the stiffness and strength of
soil becomes weaker due to earthquake shaking or other rapid loadings which can damage buildings
and infrastructure. In the field of urban damage detection, investigations using synthetic aperture
radar (SAR) imagery were promoted when the European Remote Sensing Satellites (ERS-1 and 2) and
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Japanese Earth Resources Satellite (JERS-1) were launched in 1991, 1995 and 1992, respectively [10-13].
For liquefaction-related damage, both optical and SAR remote-sensing methods have been developed,
but because of visual interpretations of optical images, the classification of liquefaction-related urban
damage is straightforward. For instance, Ramakrishnan et al. [14]. used remote-sensing multispectral
data after the Bhuj earthquake in India (2001) to derive the liquefaction sensitivity index (LSel),
which is effective in the near infrared and shortwave infrared regions of the electromagnetic spectrum,
as these regions are highly absorbed by soil moisture. Oommen et al. [15] investigated the same event
(Bhuj earthquake) using pre- and post-event Landsat 7 (ETM+) data to hypothesize that increased
moisture and spectral bands/transformations sensitive to soil moisture can be used as indicators to
detect liquefaction-related areas, as liquefaction occurs in saturated granular soils due to an increase
in pore pressure. Ishitsuka et al. [16] presented a methodology for soil liquefaction mapping of the
Tohoku earthquake (2011) using both phase and reflective intensity information of L-band SAR images
from the ALOS-1 satellite.

The main focus of this paper is combining the space-based interferometric synthetic aperture radar
(InSAR) technique and ground-based observations from Japanese seismic networks after the Hokkaido
Eastern Iburi earthquake to detect liquefaction-related damages at urban scales and estimate large-scale
surface displacements, such as landslides, over wide areas using six ascending and descending orbit
ALOS-2 images. The large-scale movements after this event are obvious and can be confirmed without
ground-based observations. However, to better assess liquefaction damage and the relationships
between SAR coherence and the thickness of the sedimentary layers, we conducted microtremor
observations in Hobetsu.

2. Study Area and LiquickMap

A powerful earthquake (M 6.6), the largest one in northern Japan, took place on 6 September 2018
near Tomakomai on the island of Hokkaido. According to the United States Geological Survey (USGS),
the event occurred with a reverse mechanism at a depth of 35 km at 42.686° N, 141.929° E and resulted
in 41 casualties, most of which were reported to occur in Atsuma, north of the epicenter [17,18], due to
direct and indirect impacts of the earthquake. Many landslides were triggered in the surrounding
areas because the soil was extremely wet after a heavy typhoon, which had occurred just a few days
before the earthquake [9]. After the earthquake, PAGER (Prompt Assessment of Global Earthquakes
for Response) announced that the level of loss estimation was at a “yellow” level, which meant that
the number of casualties would likely be between 10 and 100. PAGER also announced that economic
losses were at the “orange” level, which meant that the estimated economic losses were less than 1% of
Japan’s GDP (gross domestic product) [18,19]. The Quiquake (quick estimation system for earthquakes)
portal also released auxiliary information about this event, such as peak ground acceleration (PGA),
peak ground velocity (PGV), and a liquefaction probability map (LiquickMap). LiquickMap is a system
that evaluates the liquefaction probabilities of strong seismic events. LiquickMap is the result of
overlaying Japan’s engineering geomorphologic classification map with post-event seismic intensity
information, and its construction can be followed in three steps. In the first step, the spatial distributions
of the instrumental seismic intensity of ten recently occurring earthquakes that were followed by the
liquefaction phenomenon are calculated. Second, by comparing the results of the seismic intensity
distributions with liquefied sites during an earthquake, the ratio of liquefaction occurrence is estimated.
In the third step, geomorphological classes with similar liquefaction susceptibilities are merged and
a regression method is applied to estimate the final liquefaction occurrence probability from the
instrumental seismic intensity [20]. The seismic intensity map is also produced from QuickMap and
QuakeMap, which are derived from strong-motion data at seismic stations operated by the National
Research Institute for Earth Science and Disaster Prevention (NIED) [21-23]. LiquickMaps are helpful
for decision making by local governments and companies regarding disaster responses and business
continuity. LiquickMaps are generated in terms of digital numbers (DNs) that can be converted to



Geosciences 2018, 8, 487 3of 14

probabilities (in percentage) using Equation (1). The DN are cell values in which imagery represents
the strength of the signal (amount of light) that is assigned to each grid cell or pixel.

LIQ (%) = 10(0.010244+DN)—1 )

Figure 1 shows the LiquickMap of the Hokkaido Eastern Iburi earthquake (in percentage) with
a spatial resolution of 7.5 arc-seconds in latitude and 11.25 arc-seconds in longitude (approximately
250 m?). Figure 1 reveals that the maximum probability of liquefaction is 12%, mainly west and NW of
the epicenter where the geomorphological classes are likely alluvial fans and the seismic intensity is
severe. Usually, LiquickMap results depend on the distance between sites and the epicenter; sometimes,
the results underestimate liquefaction probabilities over far distances. In Tomakomai, the maximum
probability of liquefaction was 4%, whereas in Sapporo, the probability was 0 or 0.1%.
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Figure 1. Liquefaction probability (LiquickMap) after the Hokkaido Eastern Iburi earthquake (M 6.6) on
6 September 2018. Liquefaction probability in colorful areas (blue to red) is between 0.1 and 12 percent,
while black and white regions have zero percent probability of liquefaction.

3. Materials and Methods

Here, to increase the quality and accuracy of the liquefaction-related damage assessment, we used
a combination of several datasets including SAR coherence results, LiquickMap and digital elevation
models. We obtained a total of 6 single look complex (SLC) PALSAR-2 images from the ALOS-2
satellite, which covered a 55 km x 70 km area. Three images from ascending track 116 and three
images from descending track 18 with high resolution (3 m) at the 1.1 level were considered for
the interferometric analysis (Figure 2). To keep the SAR image noise levels at an acceptable level,
for track 116, we applied 9 and 11 looking factors in the range and azimuth directions, respectively,
and for track 18, we applied 8 and 9 looking factors in the range and azimuth directions, respectively.
The abovementioned looking factors produced the closest square pixel shape with a resolution of
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approximately 20 m x 20 m for each dataset. Both the spatial (normal) and temporal baselines of
track 116 were considerably smaller than those of track 18. Therefore, we expected to obtain more
reliable results in terms of displacement and damage-related changes from the InNSAR results of the
ascending track dataset. In addition, the differences in incidence angles for pre-seismic and co-seismic
pairs of track 116 were 0.005 and 0.006, respectively, whereas in track 18, the differences in incidence
angles for pre-seismic and co-seismic pairs were 0.018 and 0.010, respectively. We generated initial
interferograms for both pre-seismic and co-seismic conditions. Then, we removed topographic phases
using the SRTM (Shuttle Radar Topography Mission) 30 m digital elevation model and applied an
interferogram filtering method to reduce phase noise [24,25]. Overall, the influential parameters of
track 116 were better for coherence-based change detection. Table 1 shows the relevant parameters
of the PALSAR-2 datasets. Figure 3 also shows the different steps of the INSAR analysis, including
co-registration, coherence generation and contribution of differential coherence in the creation of the
weighted overlay (WO) map.

| |ALos-2 (Ascending T 116)
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T
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Figure 2. Footprints of ascending (red polygon) and descending (green polygon) acquired from the
ALOS-2 satellite.
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Figure 3. Flowchart of the weighted overlay (WO) analysis using synthetic aperture radar (SAR)
coherence, LiquickMap and slope map.
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As previously mentioned, due to the large temporal baseline of track 18, only the interferogram and
RGB color composite map of track 116 are shown in Figure 4. The co-seismic interferogram of track 116 in
Figure 4a shows that the seismic signals or fringes are unfortunately not visible from the ALOS-2 images,
which is probably because of the earthquake depth of 35 km beneath the surface. Although tectonic
signals were not visible in the fringes, there are some small fringes in the eastern (nonurban) part
of the region, indicating that most of the fringes are gravitational movements and landslides. We
applied a normalized RGB color composite method to visualize types of changes in which subtraction
of pre-seismic from co-seismic coherence results in forward changes (red band), and subtraction of
co-seismic from pre-seismic results in reverse changes (green band) [26,27]. Generally, forward changes
are associated with earthquake-related changes. Thus, as shown in Figure 4b, the abovementioned
landslides can be easily seen in red. Notably, the small, reddish areas are not landslides. Green areas are
associated with vegetation growth because we defined the green band as a reverse change (subtraction
of co-seismic coherence and pre-seismic coherence) on the Earth’s surface. In absence of any seismic
activity, the co-seismic coherence will be larger than the pre-seismic coherence map which is mainly
associated with vegetation growth. Blue areas are also considered as the mean value of co-seismic
coherence and pre-seismic coherence. The mean values here reflect fair characteristics of stable areas
(i.e., urban areas).



Geosciences 2018, 8, 487 6 of 14
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Figure 4. (a) Co-seismic interferogram of ascending orbit (116); (b) RGB change map of Hokkaido
using normalized combination of pre-seismic and co-seismic coherence maps (116).

Table 1. Detailed information of the PALSAR-2 data. 6, Af, B, and T are incidence angle, difference
of incidence angle, normal baseline and temporal baseline, respectively. * in both the ascending and
descending datasets indicates the master image.

(yyy)?li;t; /dd) 6 (°) AB (°) Polarization Orbit B (m) T (days)
2018/08/09 429 0.005 HH A1lleé 68 14
2018/08/23 * 429 - HH A1lleé - -
2018/09/09 429 0.006 HH A1llé -40 14
2018/06/14 36.1 0.018 HH D18 237 70
2018/08/23 * 36.1 - HH D18 - -
2018/09/06 36.1 0.010 HH D18 69 14

As mentioned in the previous section, LiquickMap did not detect the damage probability in the
southern part of Sapporo, and thus, a new liquefaction potential map was generated using the results
of forward coherence together with the slope map and initial LiquickMap. Because we used the unique
value of each building’s centroid, it was better to apply an averaging 5 x 5 window size to reduce the
uncertainty. WO analysis is not possible as long as the number of classes for each item is not equal.
Thus, the results of the forward coherence map, slope map and LiquickMap should be reclassified.
The LiquickMap, forward coherence and slope map are continuous (floating-point) rasters, and the
WO analysis only accepts raster maps with integer values as input, such as a raster of land use or soil
types. The reclassification process also helped to input the items with an integer modality. In this
study, the classification of each map using equal intervals was not effective. This classification method
does not consider how our maps are distributed along the number line. For example, we assumed that
liquefaction probability should be high in low and gentle slopes, but liquefaction probability should
be low in steep slopes due to low erosion and soil type. However, the equal interval method classifies
the greatest percentage of steep slopes into a gentle slope class or many gentle slope areas that fall
into the lower classes, resulting in an unsuitable classification method for liquefaction occurrence.
Here, we reclassified each map into a common preference scale using natural break classification to
determine the best arrangement of values into different classes. One advantage for natural break
classification is that this method minimizes the average deviation of each class with respect to the
mean values of that class while maximizing each class’s deviation from the mean values of the other
classes. We reclassified all the maps into 50 classes and used prior knowledge of liquefaction damage.
We applied the WO analysis to solve our multicriteria problem and assigned a percentage influence
based on the importance of the inputs. If we assume that the total influence of all reclassified maps
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is 100%, the forward coherence map is 85%, the LiquickMap is 10% and the slope map is 5%. Here,
the weight allocation was considered empirically based on the experiences and lessons of the previous
events. For example, based on the contribution of each slope position (i.e., flat areas, lower slope,
higher slope, etc.), we concluded that the liquefaction potential is low in higher slope positions due to
the rather large size of soil or stones. The analytical hierarchy process (AHP) or other decision-making
models can help us to improve weight allocation methods in future studies. Urban footprints of the
Hokkaido region provided by the Geospatial Information Authority of Japan (GSI) were used to mask
the final WO map.

In addition, we conducted a field survey and microtremor measurements in several parts of
Hokkaido during October 2018 to evaluate the relationship between the liquefaction-related damage
due to sedimentary thickness and the WO pixel value [28,29]. The measurements were completed
in the Kiyota ward (Sapporo) and Hobetsu using a JU410 instrument made by the Hakusan Kogyo
Corporation (Tokyo, Japan), which includes a data logger, battery and three-component accelerometer.
The sampling frequency was set at 200 Hz, and the measurements were taken within 5-10 min
depending on the site conditions. The ratio of the H/V spectra is calculated from the following equation:

(NS)2 % (EW)2

- v s
H/V = 5 @)

where NS and EW are the horizontal components and V represents the vertical component. We used
an average value of 6 stable segments with 4096 points (20.48 s) [30], and the measurements were
smoothed using a Parzen filter at 0.2 Hz to show the peak of the spectrum. The predominant
frequencies of 14 points in Hobetsu were extracted and compared with the WO and forward coherence
values. In the next section, the results of both the WO analysis and the microtremor measurements
are presented.

4. Results

4.1. Weighted Overlay (WO) Results

Figure 5 shows the final WO map of Hokkaido overlain on the initial LiquickMap. The red
box in Figure 5 shows the southern part of Sapporo, which is dark in the initial LiquickMap.
This means that the initial probability of liquefaction in this city was estimated to be zero. Our field
investigations in Sapporo show that extensive damage in the Kiyota ward was mainly due to
liquefaction. This effect was not reflected on the LiquickMap. The main reason is that the artificial
landfill of volcanic ashes caused liquefaction. The Satozuka district was covered with rice paddies
and wooded lands in the past, but gradually, urban areas developed in this valley over the past
four decades. Such local and manmade changes in the soil cannot be considered in the LiquickMap
estimation method. Figure 6 shows the Kiyota ward and Satozuka district and the corresponding WO
values of track 116. Extensive liquefaction-related urban damage in the center of the Kiyota ward can
be seen with liquefaction potential values ranging from 25 to 40, probably because of the high level of
underground water and fine grain soils. The traces of a valley in the Kiyota ward are extracted from
old elevation contour maps. In Figure 6b, the dashed line shows the location of the valley before urban
development, where a major part of the liquefaction-related damages is observed. The liquefaction
potential pixel values are mainly between 20 and 25 for buildings that are intact or not affected by
liquefaction. There are also some extremely low values in Satozuka shown in a navy-blue color in
Figure 6b, which are large shopping centers. Since the WO analysis considers only building centroids,
in some large or small building cases, the WO pixel values can be over or underestimated. Figure 7
shows the WO results of Mukawa and Hobetsu in track 18. In Mukawa, there are a few sites in the west
and NE where liquefaction can be confirmed by visual inspections. However, in west Mukawa, red
pixels are associated with a cement factory that is not related to liquefaction. The high amount of WO
values in Mukawa is for two reasons: (1) because of the high liquefaction probability of LiquickMap
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and (2) because of the significant amount of manmade activities, such as large cement factory activity,
which makes our interpretation difficult. As shown in Figure 7b, in Hobetsu, the potential liquefaction
values stretch from the center of the town towards the NE and SW. Hobetsu is also located in a
valley near a large river in the east (Mukawa River), and some small rivers pass through the town.
Unlike artificially filled layers in southern Sapporo, the site effects in Hobetsu are mainly related to
the deep sedimentary layers. Microtremor measurements are carried out in 14 locations of Hobetsu.
Red stars in Figure 7b show the location of microtremor measurements, which were explained in the

previous section.

'Liquefaction (Kiyota, Sapporo)

Liquefaction Liquefaction
potential Probability (%)
| |
50

WOA 01 iquickMap 12

Figure 5. The WO map (track 116) of Hokkaido masked by urban footprints (Geospatial Information
Authority of Japan, GSI) overlain on the initial LiquickMap. The yellow pin and red box (Figure 6)
show the location of the Kiyota ward in Sapporo, which experienced severe liquefaction activity.
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Figure 6. (a) WO map of Sapporo (track 116). (b) WO map of the Kiyota ward and Satozuka
district overlain on the SAR intensity map (23 August 2018). Yellow-to-red pixels are mainly
liquefaction-related damages, and the black circle is the location of the photograph in Figure 6¢.
Dashed lines show the traces of a valley in the Kiyota ward extracted from old maps prior to urban
development. (c) Photograph of the Kiyota ward affected by liquefaction.
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Figure 7. (a) WO map of Mukawa (track 18) overlain on the SAR intensity map (23 August 2018).
(b) Hobetsu (track 18) overlain on the intensity map (23 August 2018). Red stars in Hobetsu are the
locations of microtremor measurements, and white circles are the locations of the photographs taken:
(c) example of damage to buildings in Mukawa; (d) microtremor measurement at point 1 in Hobetsu
near the K-net seismic station.

4.2. Microtremor Results

To verify the WO maps, we conducted microtremor observations in the Kiyota ward and
Hobetsu. In Kiyota, there is no clear relationship between the WO values and predominant
frequency. Because liquefaction in the area occurred in the shallow artificially filled layer (less than
5 m), the predominant frequency obtained by the microtremors might be affected by rather deep
sedimentation soil. The area is filled mostly with the soil of surrounding mountains. Most likely, the soil
of such filled layers was not well compacted, and due to the low viscosity of the soil, the liquefaction
damage was high. Here, we concentrated on the results of multiple measurements (14 points in
Figure 7b) in a cross-shape route within the affected area of Hobetsu. We can confirm that the major
characteristics of the spectra are consistent among the measurements. All the sites have a peak point,
which suggests that Hobetsu has soft soil conditions. Figure 8a,b show the calculated spectral ratio
for 14 points in Hobetsu. For instance, in the northern part of the town where the damage related to
the site conditions is low, the predominant frequencies of point 10 and point 11 are 7.5 Hz and 6.5 Hz,
respectively, and the corresponding WO values are 23.7 and 22.6, respectively. In the central part of
the town where the damage is rather severe, the predominant frequencies of point 7 and point 8 are
4.1 Hz and 6.1 Hz, respectively, and the WO values are 29.60 and 29.65, respectively. The results of the
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WO and predominant frequency for each point are given in Table 2. By comparing the WO values and
the predominant frequencies of less-damaged and severely damaged areas, we noticed that there is a
slight negative correlation (—0.20); when the WO value increases, the predominant frequency tended
to decrease. The p-value (Pearson correlation coefficient) is 0.39, which is an indicator of the linear
association strength between the predominant frequency and WO values. The predominant frequencies
and elevation of the point extracted from the Advanced Spaceborne Thermal Emission and Reflection
Radiometer Global DEM (ASTER GDEM 30 m posting) show a better relationship, where the correlation
and p-values are 0.62 and 0.51, respectively. This finding implies that when the sites are located at low
elevations, their contributions to site amplifications, such as liquefaction, can be high.
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Figure 8. (a,b) H/V spectra measured at 14 point locations in Hobetsu; (c) fluctuations of predominant
frequencies and WO values of 14 points in Hobetsu; and (d) fluctuations of predominant frequencies
and elevations of 14 points in Hobetsu.

Table 2. Predominant frequency and WO values of 14 observation points in Hobetsu.

Point ID Latitude Longitude Predominant Frequency (Hz) WO Value
1 42.7608 142.1345 37 26.25
2 42.7619 142.1355 24 23.75
3 42.7628 142.1367 2.19 25.5
4 42.7640 142.1381 2.19 25.45
5 42.7652 142.1396 2.09 27.2
6 42.7664 142.1398 1.95 26.3
7 42.7670 142.1403 4.15 29.6
8 42.7678 142.1409 6.1 29.65
9 42.7689 142.1387 8.54 24.65
10 42.7701 142.1421 7.51 23.7

11 42.7722 142.1425 6.59 22.6
12 42.7674 142.1396 4.05 28.8
13 42.7663 142.1412 3.1 30.5
14 42.7655 142.1427 3.85 24.55
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5. Discussion and Conclusions

Using LiquickMap, we presented a liquefaction probability map based on the Japan engineering
geomorphologic classification map (JEGM) and seismic records of Japanese networks immediately after
each earthquake in Japan. Due to the long distance between Sapporo and the epicenter of the Hokkaido
Eastern Iburi earthquake and the coarse resolution of the LiquickMap results, the liquefaction damage
at far sites, such as Kiyota, was underestimated. LiquickMap showed a low probability of liquefaction
(close to zero) in most parts of Sapporo, while extensive liquefaction-related damage is observed in
the forward SAR coherence map. To make LiquickMap more advantageous, we applied a new WO
method that uses influential parameters, including slope map and coherence. The applied method can
reveal liquefaction-related damages as soon as we receive SAR images from satellites.

Despite the good agreement of the field survey and WO results, the results of the microtremor
measurements correlated slightly with the WO results. The correlation was not high, especially in the
center of the town, which might be related to the coherence decay sensitivity due to a large temporal
baseline in track 18, the resolution of the coherence results, and the size of the window used in the
WO analysis. Another factor affecting the low correlation of the predominant frequency and WO
values is the quantification strategy during the WO analysis. We assumed that high liquefaction
probability values (%) in LiquickMap, high differential coherence values, and low slope values (°)
should receive higher weights in the WO analysis, and, then, we reclassified all parameters into
50 classes. This strategy cannot be true for all parameters. For instance, based on this assumption
that the soil erosion rate is high in lower slopes, we assigned higher weights for topographic slopes
that were almost flat (slope values close to zero). However, the field survey results revealed that the
majority of buildings in Kiyota on gentle slopes (middle classes in reclassification) were affected by
liquefaction. Thus, straightforward classification based on our prior knowledge cannot be exclusively
precise, and further direct parameters, such as underground water tables, should be included in the
WO analysis. Notably, our preliminary survey was limited to several sites, and a more complete survey
is necessary in the future to obtain a comprehensive assessment of the damage distribution and the
sources of damage.

Liquefaction occurring beneath buildings and infrastructure is important because it can interrupt
behavior of other urban components. Thus, the method suggested in this paper based on satellite
imagery and refined information of seismic networks can help researchers to distinguish between
shaking-related and liquefaction-related damage in a short time. Classified types of damage will
provide a more realistic vision to rescue teams about the latest condition of the affected areas.
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