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Abstract 

We identified and analyzed surface displacements associated with the 2018 Hokkaido Eastern Iburi Earthquake in 
northern Japan using satellite radar interferograms from the Advanced Land Observing Satellite 2. The data generally 
show elastic deformation caused by the main earthquake as well as numerous complex surface displacements that 
cannot be explained by the motion of the seismic source fault. We identified three distinct phenomena: linear surface 
displacements representing secondary earthquake faults west of the epicenter, surface deformation caused by lique-
faction in urban and coastal areas, and coherence changes in the interferograms due to landslides in mountainous 
areas and liquefaction in urban areas. The linear surface displacements show reverse fault motion with low dip angles 
and appear to be a geographic extension of known active faults; however, it is unlikely that these displacements were 
directly connected to the source fault of the main earthquake. Although there is no evidence that they generated 
strong seismic waves at the time of the main earthquake, there is a possibility that they represent active fault traces 
and could be the sources of large earthquakes in the future. Therefore, such linear surface displacements can be 
used to identify potentially dangerous hidden active faults. The interferograms reveal that liquefaction in urban areas 
occurred in low areas artificially filled during past residential development. Coherence-change maps drawn from the 
interferograms were useful for detecting liquefaction, but their high sensitivity limited their application for landslide 
detection in mountainous areas; the phase noise deviation method was more practical for purposes such as rapid 
response or mitigation. Our methods have the potential to allow improved mapping of local hazards in other areas 
and can be applied to urban planning and/or safety assessments.

Keywords: 2018 Hokkaido Eastern Iburi Earthquake, ALOS-2, SAR interferometry, Surface fault, Landslide, 
Liquefaction
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Introduction
The 2018 Hokkaido Eastern Iburi Earthquake (Mw 6.6), 
which occurred on September 6, 2018, in northern 
Japan, caused crustal deformation along with a large 
number of landslides and sediment-related disasters; 
however, the depth of the main earthquake’s hypocenter 
(obtained from the seismic wave) was ~ 35  km (Earth-
quake Research Committee 2018) and no exposed fault 
has been identified. Although surface displacements 

were widespread; their small amplitude (several cm in 
some cases) has hindered comprehensive investigation by 
ground surveys and/or aerial photographs.

Satellite remote sensing can allow detailed investiga-
tions of various kinds of surface displacement caused by 
earthquakes in such situations. In 2014, the Japan Aero-
space Exploration Agency (JAXA) launched an L-band 
synthetic aperture radar (SAR) satellite, known as the 
Advanced Land Observing Satellite 2 (ALOS-2). ALOS-2 
has two main advantages for observations of such surface 
displacement: the wavelength of its emitted microwaves 
and its capability to observe multiple off-nadir angles. 
With regard to the former, L-band SAR interferometry 
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(InSAR) is generally advantageous for detecting sur-
face displacements, even in vegetated areas, owing to its 
high coherence as compared with C- or X-band micro-
waves (Morishita and Hanssen 2015; Rosen et al. 1996). 
This capability enables the capture of widespread crus-
tal deformation, even in vegetated mountainous areas. 
The latter enables multi-angle observations from both 
ascending and descending orbits over short time peri-
ods, making 2.5-D surface deformation analysis possible 
(Fujiwara et al. 2000). Consequently, ALOS-2 InSAR data 
are an effective tool for estimating the displacement and 
other surface phenomena caused by earthquakes.

Generally speaking, interferograms from large earth-
quakes show elastic deformation caused by the main 
fault movement. However, Fujiwara et al. (2016) reported 
more than 200 small-displacement linear surface features 
in interferograms for the 2016 Kumamoto earthquake. In 
this study, we detected surface displacement fields asso-
ciated with the 2018 Hokkaido Eastern Iburi Earthquake 
using ALOS-2 InSAR data and mapped small local dis-
placements including linear surface features and lique-
faction with minimal error, analyzing the direction and 
magnitude of each displacement in order to clarify their 
occurrence patterns and mechanisms.

2018 Hokkaido Eastern Iburi Earthquake
The Earthquake Research Committee (2018) determined 
that the focal mechanism of this earthquake was a reverse 
fault with a compression axis oriented ENE–WSW within 
the continental plate. Many crustal earthquakes occur in 
this area at depths lower than ordinary continental earth-
quakes; crustal deformation analysis of this event showed 
that the upper end of the fault may have reached ~ 16 km 
depth (Kobayashi et al. 2019). The epicenter was located 
near the southern extension of the N–S trending Eastern 
Boundary Fault Zone of the Ishikari Lowland (Fig. 1), and 
it is currently unknown whether and how this event is 
associated with the fault zone.

Methods
Mapping linear surface displacements using SAR 
interferograms
The Geospatial Information Authority of Japan (GSI) 
reports detailed ground surface deformation through 
analyses of ALOS-2 interferograms for disaster response 
and mitigation purposes. In this study, we processed 
ALOS-2 data using GSISAR software as described in 
Fujiwara et al. (2016).

We mapped the lineaments in interferograms taken 
from three different satellite positions (Table  1). The 
interferograms contain line-of-sight (LOS, from the sat-
ellite to the ground) displacement data. The LOS dis-
placement data are mainly composed of the co-seismic 

displacements due to the seismic source fault, other 
localized signals (which is the topic of this study), and 
atmospheric noise. The co-seismic displacements have 
longer wavelength, because the depth of the main earth-
quake’s hypocenter was ~ 35  km (Earthquake Research 
Committee 2018) and no exposed fault has been identi-
fied. Therefore, we can clearly distinguish the co-seis-
mic displacements from the localized signals. Although 
atmospheric noise can be quite significant in such inter-
ferograms, we assumed that the shorter-wavelength line-
aments in the interferograms were not associated with 
atmospheric noise, as the latter has a longer wavelength 
(Fujiwara et  al. 1998). Moreover, the lineaments were 
found in interferograms taken on different dates, and it 
is unlikely that the same atmospheric effects occurred 
on different data acquisition dates. A 5- and 10-m mesh 
digital elevation model (DEM; GSI 2018c) was used to 
remove topographic effects; these had sufficient accuracy 
to detect the linear surface displacements (Fujiwara et al. 
2016). For these reasons, the long and clearly visible line-
aments identified in this study were likely caused by seis-
mic activity.

Fujiwara et al. (2016) called the lineaments ‘linear sur-
face ruptures’, but as it is difficult to determine whether 
actual ruptures existed, here we refer to these features as 
‘linear surface displacements’; they show sharp contrast 
in phase changes. These were derived from linear phase 
discontinuities and/or offsets showing displacement in 
the interferograms. It should be noted that these features 
are not the same as fault ruptures because we derived 
them from the form of displacement. Since one of our 
purposes was to find hidden faults, we attempted to 
remove displacements that showed intricately bent lines 
and/or circular-shape lines (such as landslides). Land-
slides were fairly easy to identify because they tended to 
occur as circular-shaped mass movements originating on 
a hillside or hilltop and moving downslope.

2.5‑D analysis
The combination of SAR interferogram observations 
from both east and west enabled us to describe two-
dimensional displacement parallel to LOS planes at all 
points in the SAR interferograms (Fujiwara et  al. 2000). 
Accordingly, we divided the displacement vector into 
quasi-upward and quasi-eastward directions. We uti-
lized the GNSS Earth Observation Network (GEONET), 
which has been deployed nationwide, and is operated by 
the GSI, to give absolute changes and correct distortion 
contained in the interferograms. As the 2.5-D analysis 
has errors due to mis-unwrapping, we mapped the line-
aments in the interferograms and used the 2.5-D analysis 
to check them.
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Coherence analysis
In SAR interferometric analysis, coherence is the degree 
of similarity between a pair of SAR images (Hanssen 
2001; Watanabe et al. 2016). In general, where the ground 
surface has been changed (such as by landslides and/

or liquefaction), the coherence shows lower values than 
the surrounding area. The absolute coherence values 
can be affected by baseline (geometric) decorrelation, 
thermal (system noise) decorrelation, temporal decor-
relation and other sources (Hanssen 2001). Therefore, 
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Fig. 1 Study area (location shown by inset) with important towns and cities labeled. Red lines show the Eastern Boundary Fault Zone of the 
Ishikari Lowland (Ikeda et al. 2002). Rectangles show the area of other figures. The red star shows the epicenter of the 2018 Hokkaido Eastern Iburi 
Earthquake (Earthquake Research Committee 2018)
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we used normalized coherence change based on two 
sets of coherence images: one pair obtained before the 
earthquake and another pair obtained before and after 
the earthquake (Watanabe et al. 2016). This method can 
detect small surface changes but is too sensitive to detect 
large changes (such as landslides). Therefore, we also 
use normalized phase noise deviation, a measure of the 
degree of phase noise deviation in a filtered interfero-
gram. This method can be used to mask large phase noise 
areas for the purpose of smooth phase unwrapping in the 
GSISAR software. The normalized phase noise deviation 
is not coherence, but it is useful for distinguishing large 
phase noise areas from good correlation areas. Unfortu-
nately, however, since the phase noise deviation method 
uses filtered interferograms, the resolution of the image 
decreases.

Results
Linear surface displacements
The SAR interferograms representing co-seismic defor-
mation are shown in Figs. 2, 3 and 4. The ascending (from 
the west, Fig.  4) and descending (from the east, Fig.  2) 
interferograms were used to construct quasi-upward and 
quasi-eastward displacement maps (Figs. 5, 6). The eleva-
tion angle from the south for the quasi-upward compo-
nent was 83° and the quasi-eastward direction was true 
east. Details of the crustal deformation and the simulated 
fault model derived from the SAR interferograms are 
given in Kobayashi et al. (2019).

Three series of linear surface displacements were 
derived from linear phase discontinuities and/or offsets 
showing displacement (Figs.  2, 3, 4, 5, 6): a longer one 
through the middle of the study area (B) and shorter ones 
to the northeast (A) and southwest (C). A different, inde-
pendent closed displacement area was also identified (D) 
that moved 5–10 cm westward (Figs. 5, 6).

Both of the figures, the interferograms (Figs.  2, 3, 
4), and the 2.5-D analysis (Figs.  5, 6), have advantages 

and disadvantages in detecting linear surface displace-
ments. For example, around the middle part of B (cross 
section b2), the interferogram (Fig. 3) shows the same 
blue color on both the west and east side of the linear 
surface displacement. However, they have one cycle 
(12 cm) difference in LOS displacement. For this area, 
the 2.5-D analysis gives correct displacement (b2 in 
Fig.  7), while for some other areas, the 2.5-D analysis 
shows mis-unwrapping, which are due to decorrela-
tion; however, we have checked that at least around A, 
B, C and D, the 2.5-D analysis most likely gives correct 
displacement.

Cross sections of these features’ deformation and 
topography determined that the deformation between 
both sides of A and C was smaller than that for B 
(Fig. 7). Thus, we focused on the latter. The linear sur-
face displacements had the following features:

(1) Between the towns of Atsuma and Mukawa, linear 
surface displacements show east–west shortening 
and extend for ~ 15 km from NNW to SSE (Figs. 5, 
6, 8), perpendicular to the pressure axis in this area 
(Earthquake Research Committee 2018).

(2) The east–west shortening displacement was 
~ 5–10 cm, generally larger than the crustal defor-
mation modeled by the main earthquake fault 
model (Kobayashi et al. 2019).

(3) Vertical displacement was rather small and clear 
vertical displacement appeared only at the southern 
end of the lineament (cross section b3 in Fig. 7).

(4) According to (1), (2), and (3) above, the displace-
ment along these features can thus be described as 
reverse fault motion with a low dip angle.

(5) The strike and displacement (east–west shortening 
along the reverse fault) matches the surrounding 
topography and tectonics, but these features have 
not been recognized as active faults (Earthquake 
Research Committee 2010; Ikeda et al. 2002).

Table 1 ALOS-2 images taken in  Stripmap mode (3-m resolution) and  used to  study the  September 6, 2018, Hokkaido 
Eastern Iburi Earthquake

a Descending (Des) and ascending (Asc) orbits
b Perpendicular baseline

Pair no. Acquisition date Time (JST) Flight 
 directiona

Looking 
direction

Incidence angle 
at scene center (°)

Bpb (m)

Master image Slave image

1 July 26, 2018 Aug. 23, 2018 11:40 Des Right 36.2 − 95

2 Aug. 9, 2018 Aug. 23, 2018 22:37 Asc Left 43.0 − 69

3 Aug. 23, 2018 Sept. 6, 2018 11:41 Des Right 36.2 + 71

4 Aug. 23, 2018 Sept. 6, 2018 22:37 Asc Left 43.0 + 41

5 Aug. 25, 2018 Sept. 8, 2018 23:18 Asc Right 31.2 − 70
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(6) These linear surface displacements exist on the SSE 
extension of the Eastern Boundary Fault Zone of 
the Ishikari Lowland (Figs. 1, 8).

(7) The surface trace of the linear surface displace-
ments is not a straight line but a somewhat com-

plicated curve that roughly follows the terrain, 
situated between the eastern side of the Ishikari 
Lowland and the western side of the Yubari Moun-
tains. Thus, these features have some correlation to 
the topography (Fig. 7).

-12           -6            0            6           12
Displacement between satellite and ground (cm)

Toward
satellite

Away from
satellite

Fig. 9

Figs. 5 and 6

A

B

C

Fig. 2 ALOS-2 SAR interferogram of image pair 3 (Table 1) showing the linear surface displacements identified in this study. The red star shows the 
epicenter of the 2018 Hokkaido Eastern Iburi Earthquake (Earthquake Research Committee 2018). Rectangles show the area of other figures. Blue 
lines show the identified linear surface displacements (interferograms without these features are given in Additional file 1: Fig. S1)
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(8) Seismic exploration by Yokokura et al. (2014) recog-
nized discontinuities in the basement just under the 
linear surface displacements; these may be traces of 
a hidden fault (black stars in Figs. 5, 6, 8).

Liquefaction in coastal areas
In the coastal town of Mukawa, in the southern part 
of the study area, several localized areas of hundreds 
of meters in diameter moved up by 50  cm (Fig.  9). 

Fig. 9

Figs. 5 and 6

A

B

C

Fig. 3 ALOS-2 SAR interferogram of image pair 4 (Table 1) showing the linear surface displacements identified in this study. The red star shows the 
epicenter of the 2018 Hokkaido Eastern Iburi Earthquake (Earthquake Research Committee 2018). Rectangles show the area of other figures. Blue 
lines show the identified linear surface displacements (interferograms without these features are given in Additional file 1: Fig. S2)
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Unfortunately, the image quality of Fig. 9b is poor and 
the resolution is lower than that of Fig.  9a because of 
multi-look filtering to reduce noise. The ground defor-
mation shown in Fig. 9a, b generally has opposite values 

(site 2 in Fig. 9b is not clear owing to decorrelation and 
for site 2′ it is easy to recognize the values), making it 
most likely that horizontal displacement in the east–
west direction was dominant and vertical displacement 
was small in this area. 

Fig. 9

Figs. 5 and 6

A

B

C

Fig. 4 ALOS-2 SAR interferogram of image pair 5 (Table 1) showing the linear surface displacements identified in this study. The red star shows the 
epicenter of the 2018 Hokkaido Eastern Iburi Earthquake (Earthquake Research Committee 2018). Rectangles show the area of other figures. Blue 
lines show the identified linear surface displacements (interferograms without these features are given in Additional file 1: Fig. S3)
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However, the distribution of displacements was com-
plex. At site 1 in Fig.  9, the displacement was ~ 10  cm 
westward, at site 2 it was ~ 50 cm eastward, and at site 3 
it was ~ 5 cm eastward. In addition, the coherence of the 

interferograms around sites 4 and 5 was low and the form 
of displacement was not uniform, suggesting that rela-
tively random displacements occurred. In an aerial pho-
tograph taken after the earthquake (GSI 2018a), traces 
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Fig. 5 Displacement map (2.5-D) for quasi-upward direction synthesized from the SAR interferograms in Figs. 2 and 4. Blue lines (A, B, and C) show 
the linear surface displacements. The orange line (D) shows an independent surface displacement with a rounded pattern. Dashed lines (a, b1–3, c, 
and d) mark the cross sections shown in Fig. 7. Black stars indicate the positions of discontinuities in the basement identified by seismic exploration 
(Yokokura et al. 2014)
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of jetted sand were found in a baseball field close to site 
1. As this location is near the coast, there is a possibility 
that lateral spread occurred owing to liquefaction caused 
by the seismic motion.

Liquefaction in fill land valleys
In a residential area within the southern part of the 
city of Sapporo, far from the epicenter, damage includ-
ing road subsidence and tilted houses was caused by 
earthquake-induced liquefaction (Konagai et al. 2018). 
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Fig. 6 Displacement map (2.5-D) for quasi-eastward direction synthesized from the SAR interferograms in Figs. 2 and 4. Blue lines (A, B, and C) show 
the linear surface displacements. The orange line (D) shows an independent surface displacement with a rounded pattern. Dashed lines (a, b1–3, c, 
and d) mark the cross sections shown in Fig. 7. Black stars indicate the positions of discontinuities in the basement identified by seismic exploration 
(Yokokura et al. 2014)
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These deformation areas were detected based on the 
SAR interferogram (Fig.  10a) and the normalized 
coherence-change map (Fig.  10b). Surface displace-
ment detected by comparisons of SAR observations 
before and after the earthquake mostly shows sub-
sidence of several centimeters, but estimates from 
aerial photographs (GSI 2018a) suggest displacement 
amounts exceeding 1  m in some places where the 
coherence of the interferograms was greatly reduced. 
In Fig.  10b, the areas most affected (as determined 
through interpretation of aerial photographs) coin-
cided with the area where the largest normalized 
coherence changes were observed.

By reconstructing the past topography (altitude) from 
aerial photographs, we obtained changes in topogra-
phy due to human cut/fill operations (Fig. 10c) during a 
period of urban development beginning in the 1960s. The 

recent deformation areas coincided remarkably with the 
filled areas (ex-valleys), implying that earthquake-related 
liquefaction likely occurred in these areas (Konagai 
et  al. 2018). These results clearly indicate that mapping 
topography changes due to man-made operations can 
be applied to urban planning and/or safety assessment in 
other areas.

Landslides in mountainous areas
Strong seismic motions triggered many landslides in the 
mountainous area surrounding the epicenter (Figs.  11, 
12). The Ministry of Land, Infrastructure, Transport and 
Tourism (2018) estimated that the total affected area as 
~ 13.4 km2, exceeding the 1891 Nobi and the 2004 Niiga-
taken Chuetsu earthquakes, the largest to occur in inland 
Japan in the last 150  years. Yamagishi and Yamazaki 
(2018) pointed out that most landslides slid over unstable 
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pumice and ash layers deposited by past large eruptions 
of the Shikotsu caldera and the Mt Eniwa-dake and Mt 
Tarumae volcanoes.

For example, a large landslide at the foot of a small 
mountain caused the collapse of many houses (Fig. 12a, 
b). Although coherence-change maps clearly show high 

Sapporo

EpicenterTarumae
volcano

Mukawa
town

Known active faults
(Ikeda et al. 2002)

Linear surface 
displacements found in this
study

Discontinuities in the 
basement found by seismic 
exploration 
(Yokokura et al. 2014) 

Seismic source fault model
(Kobayashi et al. 2019)

Upper side of the model

Atsuma

Mukawa

Abira

Fig. 8 Linear surface displacements (blue lines) detected by SAR interferograms and known active faults (red lines marking the Eastern Boundary 
Fault Zone of the Ishikari Lowland; Ikeda et al. 2002) on shaded topography. Black stars indicate the positions of discontinuities in the basement 
found by seismic exploration (Yokokura et al. 2014). The red star shows the epicenter of the 2018 Hokkaido Eastern Iburi Earthquake (Earthquake 
Research Committee 2018). The black rectangle indicates a source fault plane (projected on the map) modeled by Kobayashi et al. (2019) and the 
dotted line indicates the upper side of the model



Page 12 of 17Fujiwara et al. Earth, Planets and Space           (2019) 71:64 

a

-12           -6            0            6           12
Displacement between satellite and ground (cm)

Toward
satellite

Away from
satellite

b

1

2

3

4

5

1

2

3

4

5

2’ 2’

Fig. 9 SAR interferograms showing liquefaction in the town of Mukawa (Fig. 1). a, b Correspond to ALOS-2 image pairs 4 (from the east) and 5 
(from the west), respectively (Table 1)
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Fig. 10 SAR interferogram (a), normalized coherence-change map (b), and change in topography (c) in the southern part of the city of Sapporo 
showing liquefaction. a SAR interferogram, using image pair 4 (Table 1). Black lines indicate areas where subsidence and surface changes were 
estimated using Fig. 10a, b. b Normalized coherence change of SAR image pairs 2 and 4. Gray shading indicates areas where coherence before the 
earthquake was < 0.5. Blue arrows indicate areas experiencing significant sediment-related damage as interpreted from aerial photographs. Black 
lines are the same as in a. c Change in topography due to cut-and-fill activity as detected in aerial photographs. Black lines are the same as in a 
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values in this area (Fig.  12c, d), in other areas they are 
likely over-estimated. Since the coherence-change maps 
have many mis-estimations in no landslide areas, it is 
difficult to fully understand the situation. The normal-
ized phase deviation map (Fig. 12a) shows that, although 
fine changes could not be captured owing to the spatial 

filter, the distribution of the overall landslide area was 
well-extracted in Figs. 11 and 12a because of small over-
estimation in contrast with the coherence-change maps. 
Therefore, coherence-change maps can be used to ana-
lyze detailed distributions in surface change related 
to such events, and normalized phase deviation maps 

Fig. 12

No SAR data

Aerial photograph
interpretation area 

Fig. 11 Landslides identified from aerial photographs (dark blue; GSI 2018b) on shaded relief map. Pink indicates areas where the normalized phase 
noise deviation was small enough for the phase unwrapping in Figs. 5 and 6
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Fig. 12 Landslides and InSAR coherence analysis in a mountainous area. a Landslides interpreted by aerial photographs (dark blue; GSI 2018b) 
on shaded relief map; location shown in Fig. 11. Pink indicates areas where the normalized phase noise deviation was small enough for the phase 
unwrapping in Figs. 5 and 6. Black arrows indicated the location of a large landslide that caused the collapse of many houses. b Aerial photograph 
from after the earthquake. Black arrows are the same as in a. c Normalized coherence change of SAR image pairs 1 and 3. Gray shading indicates 
masked areas where the coherence before the earthquake was < 0.2. Black arrows are the same as in a. d Normalized coherence change of SAR 
image pairs 2 and 4. Gray shading indicates masked areas where the coherence before the earthquake was < 0.2. Black arrows are the same as in a 
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can be used to estimate overall affected areas for rapid 
response or mitigation.

Discussion
Connection between linear surface displacements 
and the seismic fault
The depth of the main earthquake’s hypocenter (obtained 
from the seismic wave) was ~ 35  km (Earthquake 
Research Committee 2018). Furthermore, the seismic 
source fault model obtained from the crustal deforma-
tion showed that the depth of the fault plane’s top was 
~ 16  km and it had a dip angle of 74° (Kobayashi et  al. 
2019). Based on the surface displacements shown in 
Figs.  5 and 6, the linear surface displacement features 
represent the movement of the reverse fault along its low 
dip angle. In addition, the horizontal distance from the 
linear surface displacements to the epicenter was ~ 10 km 
(Fig.  8). The known active faults on the north side of 
the linear surface displacements had low dip angles at 
3 km depth and almost zero at 2 km depth (Earthquake 
Research Committee 2010; Ikeda et  al. 2002; Yokokura 
et al. 2014).

Given these facts, if the linear surface displacements 
are considered to be directly connected to the hypo-
center, the fault’s low dip angle at shallow depth must 
change to a high dip angle at around 30  km depth. 
Therefore, it is unlikely that the linear surface displace-
ments directly connect with the focal seismic fault. Fur-
thermore, since few aftershocks were observed at depths 
< 10 km (Earthquake Research Committee 2018), even if 
the linear surface displacements were structurally con-
nected to the hypocenter, it is almost impossible that the 
motion of the linear surface displacements was directly 
linked to the fault movement at the hypocenter.

Nature of linear surface displacements
Similar linear surface displacements induced by other 
large earthquakes were first presented by Sangawa et al. 
(1985) with respect to faults on the western coast along 
the southern part of Suruga Bay in central Japan; these 
had not caused a large earthquake independently but had 
moved as a result of other large earthquakes. Recently, 
Fujiwara et al. (2016) identified more than 200 linear sur-
face displacements associated with the 2016 Kumamoto 
Earthquake that shared some common features with 
those in this study:

(1) The typical length was several kilometers or more, 
with linear or gentle curvilinear shapes, and dis-
placements of a few centimeters to several tens of 
centimeters.

(2) Many were far from the seismogenic fault, making 
it unlikely that they were directly connected.

(3) There is no evidence that they generated strong 
seismic waves at the time of the main earthquake.

(4) They likely moved passively and are considered 
results of, not the cause of, the main earthquake.

(5) Given the correlation between topography and dis-
placement, some have been recognized as active 
faults from their topographical features. Therefore, 
there is a possibility that similar movements have 
occurred in the past.

(6) Their strike directions and displacement patterns 
are consistent with the surrounding stress field over 
a wide region.

Furthermore, Kobayashi et al. (2019) pointed out that a 
ΔCFF estimate suggests that the static stress change due 
to the 2018 Hokkaido Eastern Iburi Earthquake could 
have encouraged reverse slip in the area around the linear 
surface displacements of several dozen kilopascals. Given 
this context, the linear surface displacements were likely 
produced by secondary non-seismogenic fault motions 
passively generated by the 2018 Hokkaido Eastern Iburi 
Earthquake.

As for the independent horizontal movement in area D 
(Figs. 5, 6), other independent movements were found in 
the Mukawa area (Fig. 9). Because the latter occurred in 
flat coastal areas, they can be considered as lateral spread 
related to liquefaction. Although the movement of area D 
was similar to that in Mukawa, the former was situated 
on a slightly elevated area and seems not to have moved 
by lateral spreading. Togo (2000) pointed out that the 
surface expression of a reverse fault tends to move for-
ward (the lower side of the fault), generating a new fault 
plane, and so area D may be a fault expression shaped by 
erosion.

Alternatively, area D could have remained in place 
while the surrounding area moved east (similar to lateral 
spreading). In this scenario, since the whole area should 
have shifted fairly uniformly to the east, a uniform hori-
zontal slip must have occurred at a certain depth over a 
wide area of ~ 15 km N–S and ~ 5 km E–W. Fully under-
standing the complex movements of area D requires fur-
ther study.

Use of linear surface displacements to recognize active 
faults
Although there is no evidence that the linear features 
considered in this study generated strong seismic waves 
at the time of the main earthquake, there is a possibility 
that these represent surface traces of active faults and 
could cause large earthquakes in the future. At present, 
we can provide no concrete answer to this question.

As shown in Fig.  8, the linear surface displacements 
appear to be geographical extensions of the known active 
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faults. In addition, their strikes and displacements match 
surrounding geological features and fault-like structures 
were found just beneath them by a seismic reflection sur-
vey (Yokokura et al. 2014). Such circumstantial evidence 
sufficiently indicates that these features are most likely 
the traces of active faults.

Some of the linear surface displacements recognized 
after the 2016 Kumamoto Earthquake included those 
that had been identified as active faults by their topog-
raphy, but the number was limited (Fujiwara et al. 2016). 
However, the linear surface displacements detected 
after the 2018 Hokkaido Eastern Iburi Earthquake had 
not been identified as active faults. One of the possible 
reasons why previous studies could not map these line-
aments as ‘active faults’ is that the lineaments were not 
straight lines owing to the low dip angle. Even in this situ-
ation, our results support the existence of hidden faults, 
of which the linear surface displacements are most likely 
surface traces. On this basis, the detection of linear sur-
face displacements can be used for active fault identifica-
tion in the future.

However, it is also likely that those previously recog-
nized ‘active faults’ from their topographical features did 
not generate seismic waves, either. Therefore, it is impor-
tant to recognize the diversity of ‘active faults’ for earth-
quake hazard assessment.

Coherence analysis in mountainous and urban areas
Figures  10b and 12c, d show normalized coherence-
change maps obtained by the same method. In Fig. 10b, 
fluctuations associated with liquefaction in urban areas 
can be clearly detected. Although Fig.  12c, d clearly 
shows the landslide distribution in the mountains, it is 
possible that these features were excessively extracted 
(see also Additional file 1: Fig. S4). There are two possible 
reasons for this: the sensitivity of the normalized coher-
ence change could be too high, or the original coherence 
was too low in the mountains. In urban areas, the pres-
ence of buildings and pavements means that changes in 
the surface itself are relatively small, but in mountainous 
areas sediment moves more freely, and thus surface con-
ditions can change more significantly. Although normal-
ized coherence change is capable of detecting minute 
deformations, it does have a tendency toward saturation. 
Thus, in mountainous landslide-prone areas, it is possi-
ble that small displacements or changes occurring near 
actual landslides could be detected and classified as 
actual landslides.

Although the normalized coherence-change method 
is inaccurate in areas with low coherence, it can be cor-
rected by masking those areas using a coherence filter 
for the pre-earthquake image (Watanabe et al. 2016). We 
used masks of 0.5 or less in the urban area (Fig. 10b) and 

of 0.2 in the mountainous area (Fig. 12c, d). In the latter, 
adopting a mask of 0.5 or less could improve the accu-
racy, but since the coherence was extremely low, values 
could not be obtained in most places using the coher-
ence filter. Therefore, it was difficult to detect coherence 
changes in mountainous areas, and other methods such 
as multi-polarimetry (Watanabe et  al. 2016), should be 
considered.

On the contrary, in areas masked using the normalized 
phase noise deviation (Figs. 11, 12a, and Additional file 1: 
Fig. S4b), the degradation area (large phase variation) of 
the SAR interferogram roughly agreed with the landslide 
area interpreted by the aerial photographs. Consequently, 
the normalized phase noise deviation can be used to 
roughly estimate the spatial distribution of landslide con-
centration areas for rapid response or mitigation.

Conclusions
We used satellite SAR interferometry to identify and 
interpret surface displacements associated with the 2018 
Hokkaido Eastern Iburi Earthquake with the following 
conclusions:

(1) Linear surface displacements appeared west of 
the epicenter. Given the distance between these 
features and the hypocenter and aftershocks, it is 
unlikely that the former are directly connected to 
the main earthquake fault.

(2) The linear surface displacements were located along 
the geographic extension of known active faults 
(the Eastern Boundary Fault Zone of the Ishikari 
Lowland); structural discontinuities in the base-
ment were found just beneath them by previous 
seismic exploration. They are also situated along the 
boundary between the lowland and the mountains. 
Therefore, these features are most likely the surface 
expression of unknown active faults, and detection 
of their linear surface displacements can be used for 
active fault identification.

(3) The SAR interferograms clearly show displace-
ment caused by liquefaction in urban fill and coastal 
areas.

(4) Coherence-change analysis of the SAR interfero-
grams is a useful tool for detecting surface changes 
caused by liquefaction as well as landslides, owing 
to its high sensitivity.

(5) Phase noise deviation could roughly identify land-
slide concentration areas, producing maps use-
ful for estimating overall affected areas for rapid 
response or mitigation.

Results (3), (4), and (5) show that combination of SAR 
interferograms, coherence-change analysis, and phase 
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noise deviation mapping potentially allows for bet-
ter mapping of local hazards in areas affected by strong 
quakes, and can be applied to future urban planning and/
or safety assessments.

Additional file

Additional file 1. Fig. S1. ALOS-2 SAR interferogram of image pair 3 
(Table 1) on shaded relief topography. The red star shows the epicenter of 
the 2018 Hokkaido Eastern Iburi Earthquake (Earthquake Research Com-
mittee 2018). Fig. S2. ALOS-2 SAR interferogram of image pair 4 (Table 1) 
on shaded relief topography. The red star shows the epicenter of the 
2018 Hokkaido Eastern Iburi Earthquake (Earthquake Research Commit-
tee 2018). Fig. S3. ALOS-2 SAR interferogram of image pair 5 (Table 1) on 
shaded relief topography. The red star shows the epicenter of the 2018 
Hokkaido Eastern Iburi Earthquake (Earthquake Research Committee 
2018). Fig. S4. Landslides and InSAR coherence analysis in a mountainous 
area. (a) Landslides interpreted from aerial photographs (dark blue; GSI 
2018b). The blue dashed line shows the rough area of landslide concen-
tration. (b) Pink shading indicates areas where the normalized phase noise 
deviation was small enough for the phase unwrapping in Figs. 5 and 
6. The blue dashed line is the same as in (a). (c) Normalized coherence 
change of SAR image pairs 1 and 3. Gray area is the masked area where 
the coherence before the earthquake was smaller than 0.2. Blue dashed 
line is the same as in (a). (d) Normalized coherence change of SAR image 
pairs 2 and 4. Gray area is the same as in (c). The blue dashed line is the 
same as in (a).
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