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The region of large site amplification G

in Northern Hokkaido, Japan, extends
to the eastern Soya Region

Atsushi Nozu'"

Abstract

In the document titled “predominant period of long-period ground motions and the natural period of deep subsoil”
by the Central Disaster Management Council, the west part of Northern Hokkaido facing the Sea of Japan is catego-
rized as a region, where long-period (> 6 s) ground motions are predominant. In contrast, the document categorizes
the east part of Northern Hokkaido as a region where short-period (< 1 s) ground motions are predominant. The
J-SHIS velocity structure model also implies that a deep sedimentary basin is located in the west part of Northern
Hokkaido, but not in the east part. However, the result of a past generalized inversion analysis was inconsistent

with these general understanding and suggested that the region of large site amplification in the low-frequency
range in Northern Hokkaido extends to the eastern Soya Region. It was preferable to check this result with an inde-
pendent dataset. Therefore, in this study, the records of the May 24, 2013, M,,,8.3, Sea of Okhotsk earthquake were
used to investigate the distributions of site amplification factors in Northern Hokkaido. Because this is a distant earth-
quake and the epicentral distance was greater than 1300 km even at the closest station in Hokkaido, it was assumed
that the difference of ground motions at different stations represents the difference of the site effects. The Fourier
spectra for the S wave part of this earthquake at K-NET and KiK-net stations clearly indicated that the region of large
site amplification in the low-frequency range in Northern Hokkaido does extend to the eastern Soya Region. It

is desirable in a future study to reveal the cause of the discrepancy between this amplification pattern and the exist-
ing velocity structure models.
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The Fourier spectra for the S wave part of the May 24, 2013, Mw8.3 Sea of Okhotsk earthquake at K-NET and KiK-net stations clearly indicated
that the region of large site amplification in the low frequency range in Northern Hokkaido extends to the eastern Soya Region.

Introduction

It is of fundamental importance to consider the site-
specific nature of earthquake ground motions in the
design of infrastructures. There are approximately
1000 ports all over Japan and the author is interested
in the site amplification factors at each of those ports.
The ports in Hokkaido are also included in the author’s
scope.

It has been recognized that a deep sedimentary basin
is located in the west part of Northern Hokkaido facing
the Sea of Japan and the predominance of long-period
ground motions is expected in that region just as it is
expected in Yufutsu or Niigata Plains, Japan. In fact,
according to the document titled “the predominant
period of long-period ground motions and the natural
period of deep subsoil” prepared by the Japanese gov-
ernment (Central Disaster Management Council 2008),
the west part of Northern Hokkaido is allocated to red
or pink regions in their Fig. 4.20, indicating that long-
period (>6 s) ground motions are predominant in that
region. However, in their document, the east part of
Northern Hokkaido facing the Sea of Okhotsk is allo-
cated to a dark-blue region, indicating that short-period

(<1 s) ground motions are predominant. This map will
be hereinafter referred to as the CDMC map.

Fujiwara et al. (2009) developed a velocity structure
model for Japan for use in developing national seismic
hazard maps and published through a website called the
“Japan Seismic Hazard Information Station (J-SHIS)”
This velocity structure model will be referred to as the
J-SHIS model in this article. The J-SHIS model also
implied that a deep sedimentary basin is located in the
west part of Northern Hokkaido, but not in the east part.

On the other hand, Nozu and Sugano (2010) applied
a spectral inversion analysis (Iwata and Irikura 1986),
hereinafter referred to as the “GIT analysis’, to strong
motion records of K-NET and KiK-net (Aoi et al 2020)
in Northern Hokkaido to evaluate site amplification fac-
tors. Their analysis resulted in large site amplification fac-
tors in the low-frequency range of 0.2—1 Hz in the west
part of Northern Hokkaido, which was consistent with
the CDMC map and the J-SHIS model. However, their
analysis also indicated large site amplification factors
in the low-frequency range of 0.2-1 Hz in the east part
of Northern Hokkaido, facing the Sea of Okhotsk. This
result was not consistent either with the CDMC map or
with the J-SHIS model. The GIT analysis by Nozu and
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Sugano (2010) was based on a limited number of events
which were available when the study was conducted and,
therefore, the results might have been influenced by,
for example, the radiation pattern of individual events.
Therefore, the author of this article was not confident
with the large site amplification factors obtained in the
east part of Northern Hokkaido.

On May 24, 2013, an M,8.3 earthquake occurred in
the Sea of Okhotsk at a depth of 598.1 km (USGS 2022).
The earthquake was recorded at 471 K-NET and KiK-net
stations extending from Hokkaido to Kyushu. Because
this is a distant earthquake and the epicentral distance
was greater than 1300 km even at the closest station in
Hokkaido, it could be reasonable to assume the same
source radiation pattern and the same attenuation along
the propagation path among different strong motion sta-
tions in Hokkaido; it could be reasonable to assume that
the difference of ground motions is due to the difference
of the site effects. Therefore, in this study, the records of
this earthquake were used for the purpose of validating
the results obtained in Nozu and Sugano (2010) with spe-
cial reference to the large site amplification in the low fre-
quencies in the east part of Northern Hokkaido. Because
of the large distance, the P and S waves are isolated from
each other. Some stations recorded only P waves and
other stations recorded only S waves. There were also sta-
tions that recorded both P and S waves. A special atten-
tion was paid to such difference. The result indicated that
the region of large site amplification in the low-frequency
range in Northern Hokkaido does extend to the eastern
Soya Region.

Result of the previous GIT analysis

Before the analysis by Nozu and Sugano (2010), site
amplification factors at 260 strong motion stations in
Hokkaido were evaluated by Nozu and Nagao (2005).
However, it was found afterwards that the site amplifica-
tion factors at several sites in Northern Hokkaido were
overestimated at around 0.2 Hz, because the records of
one small event were contaminated by the later phases of
a larger event that occurred 5 min before the small event.
Therefore, Nozu and Sugano (2010) re-evaluated the site

(See figure on next page.)
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amplification factors for strong motion stations in North-
ern Hokkaido based on available records in the frequency
range of 0.2-10.0 Hz. In the analysis, records from four
earthquakes at 118 sites were used. To avoid the trade-
off between the source spectra and the site amplification
factors, the site amplification factors at three sites were
constrained using the results of Nozu and Nagao (2005).
The source spectra estimated in the analysis were in good
agreement in the low-frequency range with the values of
seismic moments in the F-net moment tensor solutions
(NIED 2022), indicating the adequacy of the constraint
used for the analysis.

As a result of the analysis, the site amplification fac-
tors at 115 sites were newly obtained. Figure 1la shows
the comparison between the J-SHIS model and the site
amplification factors at strong motion stations obtained
in the GIT analysis. The color contour indicates the thick-
ness of the layers with a shear wave velocity less than
2000 m/s in the J-SHIS model. Blue circles show stations
with small site amplification factors less than 5 averaged
over 0.2-0.3 Hz. Yellow circles show stations with large
site amplification factors in the range of 5-20 averaged
over 0.2-0.3 Hz. Red circles show stations with very large
site amplification factors greater than 20 averaged over
0.2—0.3 Hz. The J-SHIS model indicates the existence of
a deep sedimentary basin in the west part of Northern
Hokkaido and the GIT analysis also resulted in large site
amplification factors in the low-frequency range in that
region. In that sense the results of the GIT analysis were
consistent with the J-SHIS model and the CDMC map
mentioned in the introduction. However, the GIT analy-
sis indicated that the region of large site amplification in
the low-frequency range in Northern Hokkaido extends
to the eastern Soya Region. This result was not consistent
either with the J-SHIS model or with the CDMC map.

The May 24, 2013 Sea of Okhotsk earthquake

On May 24, 2013, 14:44:48 JST (5:44:48 UTC), an My,8.3
earthquake occurred in the Sea of Okhotsk, at 54.892°N
and 153.221°E, at a depth of 598.1 km (Fig. 2). These
parameters were determined by the USGS (2022). The
earthquake was recorded at 471 K-NET and KiK-net

Fig. 1 Comparison between the J-SHIS velocity structure model (Version 1; Fujiwara et al. 2009) and the site amplification factors at strong motion
stations; a the color contour indicates the thickness of the layers with a shear wave velocity less than 2,000 m/s in the J-SHIS model. The circles
indicate the strong motion stations where the site amplification factors were evaluated by the GIT analysis (Nozu and Sugano 2010). Blue circles
show stations with small site amplification factors less than 5 averaged over 0.2-0.3 Hz. Yellow circles show stations with large site amplification
factors in the range of 5-20 averaged over 0.2-0.3 Hz. Red circles show stations with very large site amplification factors greater than 20 averaged
over 0.2-0.3 Hz. b the same as (a) but the circles indicate the strong motion stations where the site amplification factors were evaluated in this
study based on the records of the May 24, 2013, Mw8.3 earthquake. Blue circles show stations with small site amplification factors less than 5
averaged over 0.2-0.3 Hz. Yellow circles show stations with large site amplification factors in the range of 5-20 averaged over 0.2-0.3 Hz. Red circles
show stations with very large site amplification factors greater than 20 averaged over 0.2-0.3 Hz
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Fig. 2 The May 24, 2013 Sea of Okhotsk earthquake and the K-NET and Kik-net stations; The large cross shows the epicenter of the May 24, 2013
Sea of Okhotsk earthquake based on USGS (2022). The green circles show the K-NET and KiK-net stations that observed this earthquake. The black
rectangle shows the region shown in Fig. 1. The small cross shows the epicenter of the June 29, 2002 Vladivostok earthquake based on the Japan

Meteorological Agency

stations from Hokkaido to Kyushu as shown in Fig. 2.
Because this is a distant earthquake and the epicentral
distance was greater than 1300 km even at the closest
station in Hokkaido, it could be reasonable to assume
the same source radiation pattern and the same attenu-
ation along the propagation path among different strong
motion stations in Hokkaido; it could be reasonable to
assume that the difference of ground motions is due to
the difference of the site effects. Therefore, the records of

this earthquake were used for the purpose of validating
the results obtained in the GIT analysis.

Figure 3 shows the paste up of the acceleration wave-
forms for the May 24, 2013 Sea of Okhotsk earthquake.
The KiK-net borehole accelerations are shown. Because
of the large distance, the P and S waves are isolated from
each other. Some stations recorded only P waves and
other stations recorded only S waves. There were also
stations that recorded both P and S waves. It can be also



Nozu Earth, Planets and Space

-1320

-1340 —

(2023) 75:181

NS
sovot i
SOYHO02 “M‘W | |
L A
SOYHO07

€
< :
@ :
S SOYH09
8 : WUJ W v !
(2] H
S -1360—SOYH10,W, wm, m T TR
©
= é
8
a ABSH03 N ;
ABSH10 ™
-1380 i
NMRH03
-1400 |
0 50 100 150 200 250 300
Time (s)
46.0 FF T I I +
5.5 WA N SOYHO1 .
o (-2
o A
BO= L T sovHo9 7
3 L, 2o TA\_SOYH10
[}
) ° o
= WS 7, ABSHO3 .
5 ° » ABSHO6
- o © o A
44.0 - ° o ABSH10 ' . .
’ o ABSHIT
3.5 o . " NNRHO3 A ]
43.0 4 ° o | i +
141 142 143 144 145 146
Lon. (deg.)

Page 6 of 11

Fig. 3 Paste up of the acceleration waveforms for the May 24, 2013 Sea of Okhotsk earthquake; The top panel shows the paste up of the NS
component acceleration waveforms observed at KiK-net stations along the Okhotsk Coast. The borehole accelerations are shown. The origin
of the horizontal axis is 14:47:00 JST, which is 132 s after the origin time. The vertical axis shows the epicentral distance. The bottom panel shows

the stations used for the paste up
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observed that the initial S waves arrived at these stations
almost simultaneously. It means that the wave front was
almost parallel to the coast of Hokkaido facing the Sea of
Okhotsk. If we consider the fact that these stations have
slightly different epicentral distances, it could be rea-
sonable to conclude that the seismic ray connecting the
source and Hokkaido was not a simple straight line but
was slightly rotated clockwise near Hokkaido. However,
we can at least assume that much of the S wave energy
was arriving from the source and not from, for example,
the closest part of the Chishima Trench.

To understand the seismic wave contents arriving at
the later portions of the paste up shown in Fig. 3, syn-
thetic seismograms were calculated for the locations of
SOYHO1 and NMRHO03 assuming a point source, using
a layered subsurface structure model routinely used to
obtain moment tensor solutions in Japan (Fukuyama
et al. 1998) shown in Additional file 1: Table S1. A point
source having a mechanism of (strike, dip, rake) =(12, 81,
— 89) (USGS 2022) was assumed at a depth of 598.1 km.
The synthetic seismograms were obtained with a dis-
crete wavenumber method (Bouchon 1981). The result
is shown in Additional file 1: Figure S1. A very distinct S
wave arrives approximately 130 s after the P wave arrival.
There is no prominent arrival except for the S wave in the
latter part of the seismogram. Therefore, it is clear that
the later portions of the paste up shown in Fig. 3 shows
the response of the sediment to an incident S wave.
Therefore, it is appropriate to use the later portions to
evaluate site amplifications. Additional file 1: Figure S1
also shows that the incident waves are similar between
SOYHO01 and NMRHO3 because of the large hypocentral
distance. Therefore, it is reasonable to assume that the
difference of ground motions at different stations repre-
sents the difference of the site effects in the region shown
in Fig. 3.

In the following, we will focus on the stations that
recorded S waves. Figure 4 shows the observed Fourier
spectra for the May 24, 2013 Sea of Okhotsk earthquake.
The Fourier spectra were calculated for the S wave part
for the K-NET and KiK-net records at the ground sur-
face. For the stations that recorded both P and S waves,
the record was divided into the P and S wave parts using
a cosine taper and the latter was used. In each panel, the
spectrum at ABSHO5 is plotted for reference, because,
according to the GIT analysis, this was the station with
the smallest site amplification among the stations that
recorded the S waves of the May 24, 2013 Sea of Okhotsk
earthquake (the location of ABSHO5 is shown in Fig. 1b).
At stations such as SOYHO01, SOYH02, HKDO004 and
RMIHO1 (the locations are shown in Fig. 1b), the Fourier
spectra at low frequencies are significantly larger com-
pared to ABSHO5. At stations such as SOYH08, SOYH09

Page 7 of 11

and SOYH10, the Fourier spectra at low frequencies are
still larger compared to ABSHO5. At southern stations,
such as KKWHO02 and ABSHO02, the low-frequency Fou-
rier spectra approach to that of ABSHO5.

Figure 5 shows the site amplification factors at strong
motion stations. At each station, two site amplification
factors are compared. One is the result of the GIT analy-
sis (Nozu and Sugano 2010). The gray hatching indicates
the average+one standard deviation in the logarithmic
scale except for HKD004, SOYH09 and ABSHO02, where
only one record was available in the GIT analysis. The
other is the site amplification factor based on the records
of the May 24, 2013 Sea of Okhotsk earthquake. The
observed Fourier spectrum at each station (Fig. 4) was
divided by the observed Fourier spectrum at ABSHO5
and multiplied by the site amplification factor at ABSHO5
evaluated by Nozu and Sugano (2010). At stations, such
as SOYHO01, SOYHO02, HKD004 and RMIHO1, the site
amplification factor at low frequencies exceeds 20.
Among these stations, SOYHO01, SOYH02 and HKD004
are located along the coast of Hokkaido facing the Sea of
Okhotsk. Therefore, from this figure, we can make sure
that the region of large site amplification in the low-fre-
quency range in Northern Hokkaido does extend to the
eastern Soya region. In this figure, the emphasis is on
the fact that the large site amplification is indicated from
both the GIT analysis and the records from the May 24,
2013 Sea of Okhotsk earthquake. The author is not nec-
essarily expecting that they result in exactly the same
amplification factor, because the amplification factor may
depend on the incident angle of the S waves.

Figure 1b shows the comparison between the J-SHIS
model and the site amplification factors at strong motion
stations based on the records of the May 24, 2013 Sea
of Okhotsk earthquake (Fig. 5). The color contour is the
same as Fig. la and indicates the thickness of the lay-
ers with a shear wave velocity less than 2000 m/s in the
J-SHIS model. Blue, yellow and red circles are used simi-
larly as in Fig. la. The results clearly indicate that the
region of large site amplification in the low-frequency
range in Northern Hokkaido extends to the eastern Soya
region ,where the J-SHIS model does not indicate the
existence of thick sedimentary layers.

The May 24, 2013 Sea of Okhotsk earthquake is unique
in terms of its size and distance and it was difficult to find
another earthquake that allows us to conduct a similar
analysis in the same region. For example, for the May 30,
2015, My7.9, Ogasawara earthquake, only P wave part
was recorded at the stations shown in Fig. 4 except for
ABSHO5, where only S wave part was recorded. Thus, a
similar analysis is prohibitive for this event. The only
exception could be the June 29, 2002, My,7.1, Vladivostok
earthquake shown in Fig. 2. For this earthquake, only P
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Fig. 4 Observed Fourier spectra for the May 24, 2013 Sea of Okhotsk earthquake; The Fourier spectra were calculated for the S wave part

for the K-NET and KiK-net records at the ground surface. For the stations that recorded both P and S waves, the record was divided into the P and S
wave parts using a cosine taper and the latter was used. The square root of the squared sum of two horizontal components is shown. A Parzen
window with a band width of 0.05 Hz was applied. In each panel, the spectrum at ABSHO5 is plotted for reference
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of the May 24, 2013 Sea of Okhotsk earthquake (blue line). The observed Fourier spectrum at each station (Fig. 4) was divided by the observed
Fourier spectrum at ABSHO5 and multiplied by the site amplification factor at ABSHO5 evaluated by Nozu and Sugano (2010)
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wave part was recorded at all the stations shown in Fig. 4.
Although it is not possible to discuss the site response to
an incident S wave based on this event, it is still possible
to compare the site response to an incident P wave. The
results are shown in Additional file 1: Figures S2 and S3.
Additional file 1: Figure S2 shows the Fourier spectra cal-
culated for the P wave part for the K-NET and KiK-net
records at the ground surface for the June 29, 2002 Vladi-
vostok earthquake. Additional file 1: Figure S3 compares
the site amplification factors based on the GIT analysis
(Nozu and Sugano 2010) and those based on the records
of the June 29, 2002 Vladivostok earthquake. The result
does not disagree with the statement that the region of
large site amplification in the low-frequency range in
Northern Hokkaido extends to the eastern Soya region.

Conclusions and discussion

In this study, the records of the May 24, 2013, My8.3,
Sea of Okhotsk earthquake were used to investigate the
distributions of site amplification factors in Northern
Hokkaido. Because this is a distant earthquake and the
epicentral distance was greater than 1300 km even at
the closest station in Hokkaido, it was assumed that the
difference of ground motions at different stations rep-
resents the difference of the site effects. The author was
especially interested in the site amplification factors in
the east part of Northern Hokkaido, because the conven-
tional GIT analysis (Nozu and Sugano 2010) resulted in
large site amplification factors not only in the west part
but also in the east part of Northern Hokkaido and their
result was not consistent either with the CDMC map
(2008) or the J-SHIS model.

The results of this study based on the records of the
May 24, 2013 Sea of Okhotsk earthquake clearly indicates
that the region of large site amplification in the low-fre-
quency range in Northern Hokkaido does extend to the
Okhotsk Coast. According to this result, it could be rea-
sonable to anticipate the existence of thick sedimentary
layers not only in the west part but also in the east part of
Northern Hokkaido. However, existing velocity structure
models do not suggest the existence of such layers.

One possible cause of the discrepancy between this
amplification pattern and the existing velocity structure
models could be that they are less constrained by deep
boring surveys and seismic reflection surveys in the
east part of Northern Hokkaido. The velocity structure
model used to create the CDMC (2008) map was origi-
nally developed in the Hokkaido Working Group of the
Investigating Committee for the Subduction Earthquakes
along the Japan and Chishima Trench, Central Disaster
Management Council (2004). In Hokkaido, many deep
boring surveys and seismic reflection surveys were con-
ducted by the Japan National Oil Corporation (JNOC).
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The deep boring surveys also included PS loggings.
Therefore, the Hokkaido Working Group first developed
a geological structure model and then converted it into
a velocity structure model. When they constructed the
geological structure model, they referred to the results of
the deep boring surveys and seismic reflection surveys by
JNOC. However, for the areas of less surveys, they relied
on geological information. According to Figs. 2.1 and 2.2
of CDMC (2004), the deep boring surveys and seismic
reflection surveys had been conducted by JNOC in the
west part of Northern Hokkaido, but not in the east part,
although there were offshore survey lines. Therefore, the
velocity structure model of CDMC (2004) and CDMC
(2008) was less constrained by the deep boring surveys
and seismic reflection surveys in the east part. This could
be the reason why the CDMC (2008) map does not cap-
ture the amplification of low-frequency ground motions
in the east part of Northern Hokkaido. Similarly, the
J-SHIS model (Fujiwara et al. 2009) was constrained by
the deep boring surveys and seismic reflection surveys
by JNOC in the west part of Northern Hokkaido, but in
the east part of Northern Hokkaido, the model is less
constrained.

It should be noted that the PS logging data at the KiK-
net station SOYHO7 (Aoi et al 2020) indicates the exist-
ence of a layer with a shear wave velocity of 2290 m/s at
a depth of 128 m, which is consistent with existing veloc-
ity structure models. Because this station did not record
S waves during the May 24, 2013 Sea of Okhotsk earth-
quake as shown in Fig. 3, this station was not included in
the spectral analyses in Figs. 4 and 5. However, the rela-
tively small P wave amplitude at SOYHO07 (Fig. 3) may be
indicating that this station is not necessarily representing
the averaged characteristics in the eastern Soya Region.

So far, there is no clear explanation about the cause of
the discrepancy between the site amplification pattern
in the east part of Northern Hokkaido and the existing
velocity structure models. It is desirable in a future study
to reveal the cause of the discrepancy.
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S2. Observed Fourier spectra for the June 29, 2002 Vladivostok earth-
quake; The Fourier spectra were calculated for the P wave part for the
K-NET and KiK-net records at the ground surface. The square root of the
squared sum of two horizontal components is shown. A Parzen window
with a band width of 0.05 Hz was applied. In each panel, the spectrum

at ABSHO5 is plotted for reference. Figure S3. Site amplification factors

at strong motion stations; At each station, two site amplification factors
are compared. One is the result of the GIT analysis (Nozu and Sugano
2010). The gray hatching indicates the average + one standard deviation
in the logarithmic scale except for HKD004, SOYH09 and ABSHO2, where
only one record was available in the GIT analysis. The other is the site
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