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Abstract

We analyze the regional tsunami hazard along the Sea of Japan coast associated with 60 active faults beneath the
eastern margin of the Sea of Japan. We generate stochastic slip distribution using a Monte Carlo approach at each
fault, and the total number of required earthquake samples is determined based on convergence analysis of maxi-
mum coastal tsunami heights. The earthquake recurrence interval on each fault is estimated from observed seismicity.
The variance parameter representing aleatory uncertainty for probabilistic tsunami hazard analysis is determined from
comparison with the four historical tsunamis, and a logic-tree is used for the choice of the values. Using nearshore tsu-
nami heights at the 50 m isobath and an amplification factor by the Green’s law, hazard curves are constructed at 154
locations for coastal municipalities along the Sea of Japan coast. The highest maximum coastal tsunamis are expected
to be approximately 3.7, 7.7, and 11.5 m for the return periods of 100-, 400-, and 1000-year, respectively. The results
indicate that the hazard level generally increases from southwest to northeast, which is consistent with the number
and type of the identified fault systems. Furthermore, the deaggregation of hazard suggests that tsunamis in the
northeast are predominated by local sources, while the southwest parts are likely affected by several regional sources.
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Introduction

While our attention is drawn to the Pacific coast of Japan
due to the past occurrences of damaging tsunamis in
major subduction zones such as the Japan Trench and the
Nankai Trough, its counterpart on the Sea of Japan coast
poses non-negligible tsunami hazards. The Sea of Japan
is known to host large tsunamis generated by submarine
earthquakes (M >7) on several active fault systems along
its eastern margin. The most recent damaging tsunami
was generated by the 1993 Hokkaido Nansei-oki earth-
quake of magnitude assigned by Japan Meteorological
Agency (JMA) (Mjy,) 7.8, causing a maximum run-up
height of more than 30 m on Okushiri Island in Hokkaido
(Shuto and Matsutomi 1995). In 1983, an earthquake of
Miyya 7.7 (known as the 1983 Sea of Japan earthquake)
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occurred off the Sea of Japan coast of Tohoku (Satake
1989). The highest recorded tsunami run-up of this
event was approximately 15 m in the northern part of
Akita prefecture (Shuto 1983). The 1964 Niigata earth-
quake (Abe 1978) with magnitude (Mjy;,) 7.5 induced
a tsunami with maximum measured inundation height
of~6 m. The 1940 Shakotan-oki earthquake with My,
of 7.5 (Satake 1986) also generated tsunami with heights
of ~3 m (Ohsumi and Fujiwara 2017). Additionally, his-
torical studies also reported tsunamis, for example, in
1741 around Oshima-Oshima volcano (Satake 2007) and
1833 off Yamagata prefecture (Hatori 1990). Further-
more, ancient tsunamis dating back to 3000 years ago
in the region were revealed from tsunami deposits (e.g.,
Kawakami et al. 2017; Ioki et al. 2019).

The aforementioned tsunami events in the Sea of
Japan were responsible for considerable destructions and
casualties. The 1993 tsunami severely hit the southern-
most part of Okushiri Island overtopping 4.5-m seawalls
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(Shuto and Fujima 2009). The number of casualties in
consequence of the event was reported to be more than
200 people (Watanabe 1998). Damages in fishing ports
due to the 1983 tsunami were assessed by Hata et al.
(1995), and more than 100 people were killed in Hok-
kaido, Aomori, and Akita prefectures, as well as two
deaths in Korea (Watanabe 1998). The total loss of life
from the earthquake and tsunami of the 1964 event was
estimated at 26 people, and 1960 houses were destroyed
(Abe 1995). Lastly, the 1940 tsunami struck the north-
western coast of Hokkaido and killed 10 people (Satake
1986). Therefore, it is evident that the Sea of Japan coast
is at substantial risk from tsunamis.

A Probabilistic Tsunami Hazard Assessment (PTHA)
is a consistent approach to estimate long-term hazard in
regions that are likely exposed to tsunamis, incorporating
uncertainty information into the analysis (Grezio et al.
2017). Although the PTHA can be extended to account
for nonseismic causative sources (Pampell-Manis et al.
2016; Salmanidou et al. 2019) or to examine the hazard
level in a great detail on local scales through tsunami
inundation modeling (e.g., Li et al. 2018; Sepulveda et al.
2019; Volpe et al. 2019), here we limit the analysis to
model the frequency of solely earthquake-generated tsu-
namis that occur in the Sea of Japan and appraise their
regional impacts in coastal municipalities along the Sea
of Japan coast. The result is expected to provide a general
overview on the characteristic of tsunami hazard around
the study area, at 154 coastal locations for municipalities
along the Sea of Japan coast, facilitating future regional
mitigation efforts, decision-making, or development
planning.

Active faults in the eastern margin of the Sea

of Japan

Active fault systems considered in this study consist of
relatively moderate- to large-sized (Mw 6.8-7.9) faults
scattered in the seismogenic regime of the Sea of Japan
(Fig. 1), where a single fault can be formed as an ensem-
ble of smaller segments (see Fig. 2a). A total of 60 faults
named FO1 to F60 were identified by a government com-
mittee (we call it MLIT) jointly supported by the Minis-
try of Land, Infrastructure, and Transport, the Ministry
of Education, Culture, Sports, Science and Technology,
and the Cabinet Office of Japan, based on seismic reflec-
tion surveys (Ministry of Land, Infrastructure, Trans-
port and Tourism 2014). The MLIT estimated the fault
parameters such as fault length, width, dip, and depth,
as well as rake angles based on tectonic stress fields and
average slip using a scaling relation (Additional file 2:
Table S1). The MLIT model adopts two-levels (average
and large slips) of slip distribution to consider the hetero-
geneity. In our study, to generate realistic heterogeneous
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Fig. 1 Study area. Faults are drawn in red with bold lines mark the
top edge of faults, and annotations from FO1 to F60 indicate fault
names. Six regions considered in the study are shown by different
colors

slip patterns for earthquake scenarios of the PTHA, we
develop a Monte Carlo-type simulation that will be dis-
cussed further in the later section.

Tsunami Green'’s function

Similar to previous studies (Horspool et al. 2014; Davies
et al. 2018), we measure a tsunami intensity in terms of
maximum coastal heights calculated from a precom-
puted tsunami Green’s function. The Green’s function
is constructed by discretizing each of the 60 faults into
a 10 km x 10 km grid size, resulting in a total 994 sub-
faults. Then, using a unit slip amount of 1 m and assum-
ing an instantaneous deformation, we calculate initial sea
surface displacements by Okada’s model (Okada 1985)
including Kajiura’s filter (Kajiura 1963) and coseismic
horizontal displacements of ocean bottom (Tanioka and
Satake 1996). Subsequently, we run tsunami simulations
from each subfault, and record the corresponding tsu-
nami waveforms at 154 locations of interest along the
50-m isobaths, which are the closest points to the coastal
municipality offices along the Sea of Japan coast. The list
of considered municipalities can be found in Additional
file 3: Table S2.

We solve the linear shallow water equations using a
tsunami calculation code called JAGURS (Baba et al.
2015, 2017), which has been used in many tsunami stud-
ies (e.g., Mulia et al. 2018; Wang et al. 2018). We run the
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Fig. 2 a Segmentation of the FO1 fault. b Samples of stochastically

generated slip distribution for different magnitudes on the FO1 fault

tsunami model for 6-h simulation time. The model con-
sists of a two-level nested grid system with grid sizes
of 30 and 10 arc-sec (~900 m and ~300 m in longitude
direction) to simulate tsunami propagation at deeper
waters and nearshore, respectively. Bathymetry data for
the larger grid size is taken from the GEBCO_2014 Grid
(Weatherall et al. 2015), while the smaller one is resam-
pled from the M7000 digital bathymetric series issued
by the Japan Hydrographic Association. Finally, for the
PTHA analysis, we assume that the tsunami height is
calculated at a water depth of 1 m with the amplification
governed by the Green’s law. Such an empirical amplifica-
tion law is typically used as a rough estimator of coastal
tsunami impacts to substitute the costly detailed numeri-
cal modeling. However, Hébert and Schindelé (2015)
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demonstrated that the approach is dependent on the spe-
cific characteristic of coastal response and model resolu-
tion, thus leads to inconsistent approximation accuracy
at different locations. In the PTHA, the said discrepancy
is regarded as aleatory uncertainty, which can be incor-
porated in the modeled hazard (e.g., Serensen et al. 2012;
Horspool et al. 2014; Davies et al. 2018).

Stochastic slip model
Mai and Beroza (2002) developed a method to charac-
terize complexity of earthquake slip represented by a
spatial random field of anisotropic wavenumber spectra
according to a von Karman autocorrelation function.
The method is implemented in a software package called
SlipReal  (http://equake-rc.info/cers-software/rupgen/,
accessed 1 April 2020). Using a scaling relation estab-
lished by Wells and Coppersmith (1994), fault length,
width, and mean slip are calculated for a given magnitude
in the MLIT model. Then, parameters of the von Karman
correlation function such as correlation lengths along the
strike and downdip, and the Hurst exponent are deter-
mined using an empirical formula for the calculated fault
length and width (Mai and Beroza 2002). The correla-
tion lengths define the heterogeneity of small wavenum-
ber components, while the Hurst exponent determines
the spatial decay in the large wavenumber range. The
stochastic nature of the method is attributed to the uni-
formly distributed random phase angles embedded in the
frequency domain, by which spectral characterization of
the slip distribution is then transformed into the spatial
domain through an inverse Fourier transform.

In our study, the random slip is initially calculated on
1 km x 1 km grid spacing, then the result is interpolated
into the specified subfault size to facilitate the tsunami
Green’s function computation. We apply a bilinear inter-
polation without altering the mean slip, hence preserve
the moment magnitude of the interpolated sample. We
use maximum magnitude values proposed by MLIT, and
set a minimum magnitude of Mw 6.5 at all the 60 faults.
This results in different number of samples at each fault,
as we fix a magnitude bin of 0.1. Besides the random slip
distribution, we also randomize the rupture area of small
earthquakes occurring on a larger fault dimension. For
example, as shown in Fig. 2b, the slip region of relatively
small-sized earthquakes take place only on a certain por-
tion of the entire fault. The location of these earthquakes
is determined arbitrarily on the predefined subfaults,
which is to some extent similar to approaches by Mori
et al. (2017) and Mulia et al. (2019).
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Analysis of the Monte Carlo convergence

We perform a statistical analysis to estimate the required
number of samples at each magnitude bin, reflecting the
convergence of Monte Carlo samples in terms of coastal
tsunami heights with respect to sources from the iden-
tified active faults. We apply a statistical measure that
shows the extent of variability of samples around the
mean using a coefficient of variation, CV = o/u, where
o and u is the standard deviation and mean of maximum
coastal tsunami heights at all coastal points, respectively,
obtained by applying the stochastically generated slip to
the precomputed Green’s function. At each magnitude
bin for all the 60 faults, we calculate the coefficient of
variation at every increment of samples from 2 to 250.
Note that the maximum magnitude varies at each fault
(see Additional file 2: Table S1).

As an example, we plot the results from FO1, F42, and
F60 in Fig. 3, which depicts the level of variability of max-
imum coastal tsunami heights from the 250 samples. As
expected, the variability increases with the decrease of
magnitude owing to the randomization of rupture area
of smaller earthquakes. Furthermore, each fault results
in different level of variability. For instance, the variation
of coastal tsunami heights due to Mw 6.5 earthquakes at
F60 is quite stable if more than 150 samples are used. At
FO1 or F42, the stable condition for the same magnitude
of Mw 6.5 is actually achieved with less than 150 samples.
However, for simplification, we assume that the mini-
mum required number of samples is 150 for magnitude
Mw 6.5 at all the 60 faults. By visual inspection, we apply
the same approach to all considered magnitude bins,
and qualitatively draw a straight line connecting a point
at curves of each magnitude bin, beyond which the fluc-
tuation of coefficient of variation is less prominent. This
line marks the requisite number of earthquake scenarios
at each magnitude bin, which is summarized in Table 1.
Based on this analysis, the total number of scenarios con-
sidered in our study is 76,685. Such a large number of
samples are expected to account for the epistemic uncer-
tainty on the slip distribution of faults in the PTHA anal-
ysis. To further confirm the sample size sufficiency, we
also analyze the convergence of hazard results that will
be discussed in the results and discussion section.

Synthetic scenarios versus historical events

Once synthetic earthquake scenarios for all the 60 faults
using the optimum number of samples have been gener-
ated, we calculate the corresponding maximum coastal
tsunami heights. We then compare the results from
samples with similar earthquake locations and magni-
tudes to four past earthquake tsunami events. The MLIT
faults we compare are: F15 (maximum Mw =7.8) for the
1993 Hokkaido Nansei-oki earthquake (Mjy, =7.8), F24
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required number of samples at each magnitude bin for the PTHA
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Table 1 Calculation of total number of samples
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No. Mw Number of faults with magnitude  Number of samples at each Total samples at each
Mw (A) magnitude bin (B) magnitude bin=A x B
1 6.5 60 150 9000
2 6.6 60 145 8700
3 6.7 60 139 8340
4 6.8 60 134 8040
5 6.9 59 129 7611
6 7.0 57 123 7011
7 7.1 57 118 6726
8 72 55 113 6215
9 73 48 107 5136
10 74 36 102 3672
11 7.5 27 96 2592
12 76 20 91 1820
13 7.7 12 86 1032
14 7.8 8 80 640
15 7.9 2 75 150

Total scenario 76,685

(maximum Mw=7.9) for the 1983 Sea of Japan earth-
quake (Mjx=7.7), F34 (maximum Mw=7.7) for the
1964 Niigata earthquake (Mjy,=7.5), and FO7 (maxi-
mum Mw=7.4) for the 1940 Shakotan-oki earthquake
(Mjo="7.5). The measured tsunami inundation heights
are obtained from the Japan Tsunami Trace database
administered by the International Research Institute
of Disaster Science, Tohoku University (Iwabuchi et al.
2012;  http://tsunami3.civil.tohoku.ac.jp/tsunami/kiyak
u.php, accessed 10 April 2020). The accuracy of the simu-
lated coastal tsunami heights is evaluated based on the
geometric mean ratio K and its corresponding standard
deviation « (Aida 1978). The value of « will later be used
in the PTHA to account for the aleatory uncertainty asso-
ciated with our model resolution and parameterization.
Figure 4 shows the comparison results and quantifi-
cation of accuracy for the respective events: the 1940
(K=1.15, k=1.85), the 1964 (K=0.99, k=2.04), the
1983 (K=0.99, k=1.85), and the 1993 event (K=0.99,
k=2.19). Note that the evaluation is performed only
at the closest observation locations to the predefined
coastal points of our locations of interest. Therefore,
some of the highest measured inundation heights are not
represented in our simulation results. For example, the
15.6 m tsunami height from the 1983 event (Fig. 4c) was
measured on a riverbank, which is relatively far from the
nearest evaluation point (coastal point 112 in Additional
file 3: Table S2) compared to other observation loca-
tions. Similarly, in the 1993 event (Fig. 4d), the highest
measured maximum tsunami of 31.7 m was induced by
local effects due to steep valley and reflections, and was

located on the opposite side of the Okushiri island from
the nearest evaluation point (coastal point 128 in Addi-
tional file 3: Table S2). A more detailed tsunami modeling
and small-scaled analysis are needed to properly simulate
the tsunami and estimate the associated hazard, but it
is beyond the scope of this paper. Furthermore, the four
historical events are probably still limited to strongly
constraint the uncertainty associated with model accu-
racies, which is one of the main challenges in the PTHA
study (Grezio et al. 2017).

Tsunami hazard analysis

Adopting a probabilistic seismic hazard assessment
introduced by Cornell (1968), the PTHA estimates the
exceedance rate of a particular tsunami height H relative
to tsunami height levels /, which in a discrete form can
be formulated as:

MH = h)y=> vy P(H = hlmy)P(M; = mj),

=1 j=1

(1)
where #; is the total number of i source/fault, and n,, is
the number of considered magnitude m with an interval
of j. Here we consider the range of magnitude from the
smallest magnitude m1,i,, to the largest magnitude mmax
with a magnitude bin of 0.1. The variable v denotes the
rate of occurrence of earthquakes with M that is equal to
or greater than m i, at each fault calculated using the
Gutenberg-Richter frequency magnitude distribution
(Ishimoto and lida 1939; Gutenberg and Richter 1944),
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Fig. 4 Comparison of simulated versus measured coastal tsunami heights of four historical events: (a) 1940, (b) 1964, (c) 1983, and (d) 1993 near the
locations of interest. Gray squares on the maps indicate observation points with the nearest points to the locations of interest (pink dots) marked
using green dots. The corresponding coastal tsunami heights are color-coded in the respective right panel. The associated faults are annotated, and
earthquake epicenters are shown by black stars. Insets in ¢, d indicate the locations of the highest measured tsunamis. The K and « are calculated
from the measured heights and the simulated heights after applying the Green’s Law

v = 10° " min, @) discussed further in the next section. The probability

associated with all magnitude ranges in Eq. (1) is derived

where a and b values are constants determined from from the bounded Gutenberg—Richter frequency magni-
observed seismicity in the study area, which will be tude distribution,
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P(M = mj) = Fy(mj + 0.5Am) — Fy(mj — 0.5Am),

3)

where Am is the magnitude bin. For example at FO1 fault,

with the considered minimum magnitude of 6.5 and

maximum magnitude of 7.9, my i, and mmax for the

analyses are 6.45 and 7.95, respectively. The probability of

tsunami height H exceeding any tsunami height level %
given a magnitude m in Eq. (1) can be expressed as,

(4)

P(H>hlm)=1—@
(H = hlm) { 5

In(h) — In(H) }

where @ is the cumulative standard-normal distribution
function, In(H) is the median of logarithmic tsunami
height of all models with a given source and magnitude,
and S is the standard deviation of In(H) that can be esti-
mated from a logarithmic standard deviation « of Aida
(1978), such that 8 = In(«).

In the PTHA, B is included to account for aleatory
uncertainty related to tsunami simulations and source
uncertainties. Thio et al. (2012) proposed a combined
uncertainty with a total g value of 0.519, which was also
adopted by Horspool et al. (2014), whereas Davies et al.
(2018) used a larger B of 0.927 based on a root-mean-
square of B values obtained from four historical tsu-
nami events. Other studies by Annaka et al. (2007) and
Fukutani et al. (2015) treated the value of S as epistemic
uncertainty through a logic-tree approach, in which B
ranges from 0.223 to 0.438 corresponding to « of 1.25
to 1.55. Here, we adopt a similar logic-tree, but using B
values from the calculated « in “Synthetic scenarios ver-
sus historical events” section. Since there are two simi-
lar B values of 0.615 (from the 1940 and 1983 events), we
set the corresponding weight of 0.5, while the other two
B values of 0.713 (the 1964 event) and 0.784 (the 1993
event) are each weighted 0.25. Figure 5 shows a sche-
matic of the logic-tree with considered values of weights
and . Therefore, Eq. (4) is summed over the branches of
the logic-tree and multiplied by the respective weight.

Determination of a and b values

Values of a and b describe the seismicity level and the
ratio between large and small earthquake events in the
specified region, respectively. In this study, we use the
JMA unified hypocenter catalog over a period of 1997—
2017  (https://www.data.jma.go.jp/svd/eqev/data/bulle
tin/hypo_e.html, accessed 12 April 2020), and filter out
earthquakes of more than 50 km depth. Then, we employ
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Fig. 5 Schematic of a logic-tree approach to incorporate the
standard deviation of log-normal distribution, 8

a software package ZMAP (Wiemer 2001) to map a
and b values (Fig. 6) in conjunction with the magnitude
of completeness Mc (Additional file 1: Figure S1) into a
0.2 x 0.2 degree grid size based on a maximum curvature
method (Wiemer and Wyss 2000), with a sampling radius
of 35 km following Nanjo and Yoshida (2018). We apply
a correction factor of 0.2 for Mc, and a threshold of 50
minimum number of events above Mc. An example that
shows the fit of observed seismicity to the Gutenberg—
Richter frequency magnitude distribution within the
specified sampling radius is also plotted in Fig. 6. The a
and b values together with the uncertainty levels at the
60 faults are selected from the closest grid location to the
faults, and tabulated in Additional file 2: Table S1.

Results and discussion

As depicted in Fig. 1, we apply the PTHA to six regions
on the coast of the Sea of Japan: Hokkaido, Tohoku,
Chubu, Kinki, Chugoku, and Kyushu. However, before
we proceed with the main analysis, we first test the con-
vergence of hazard in addition to the Monte Carlo con-
vergence evaluation described in “Analysis of the Monte
Carlo convergence” section. We split the total scenarios
into two parts. For instance, the number of scenarios of
a magnitude of Mw 7.9 at FO1 is 75 samples as shown in
Table 1. These samples are randomly split into two nearly
equal-sized groups. The same procedure is applied to
all considered magnitude ranges and faults, leading to
two large groups with a similar magnitude distribution.
We then calculate the hazard curves from the respective
part. Additional file 1: Figure S2 shows that the mean
regional hazard curves, derived from all coastal points
at the same region, of both parts are similar. This sug-
gests the convergence of hazard results, and thus samples
size sufficiency. Additionally, we also show the variation
of mean regional hazard curves with respect to differ-
ent B values as estimated in “Synthetic scenarios versus
historical events” section together with that resulted by
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fit between observed seismicity and the Gutenberg—Richter frequency magnitude distribution within the specified sampling radius (black circle).

the logic-tree (Additional file 1: Figure S3). This explains
the sensitivity of hazard to the B value, which is appar-
ent in longer time scales. In the 1000 year return period,
the discrepancy of tsunami heights in Hokkaido, Tohoku,
and Chubu regions using the smallest §=0.615 and the
largest §=0.784 can be of approximately 2 m. Hereafter,
we will only refer to the modeled hazard by the logic-
tree approach that proportionally balances between the
smallest and largest estimates.

Hazard level

The number of hazard curves (locations of interest) in
Hokkaido, Tohoku, Chubu, Kinki, Chugoku, and Kyushu
regions are 31, 21, 56, 8, 23, and 15, respectively. Figure 7
shows the tsunami hazard curves at each region, sug-
gesting the decrease of hazard from northeast regions
(Hokkaido, Tohoku, Chubu) to southwest regions (Kinki,
Chugoku, and Kyushu). This is related to the less num-
ber of identified faults in the vicinity of southwest regions
compared to the northeast. Moreover, the dominant
earthquake mechanism in the southwest is strike-slip
faulting, while the northeast is mostly characterized by
dip-slip faults (Additional file 2: Table S1), which would
naturally generate larger tsunamis. Based on the mean
and median regional curves, we can see that Tohoku

exhibits higher annual exceedance rate for all consid-
ered range of tsunami heights compared to other regions.
However, a few individual curves at coastal points in
Chubu and Hokkaido show comparable or even higher
hazards than that of Tohoku, especially at longer return
periods of more than 1000 years. While Kinki and Chu-
goku regions share almost similar regional hazard char-
acteristics, Kyushu exhibits a distinct tsunami hazard
curve with the lowest hazard level among others at
relatively short time scales. The rate of exceedance of a
0.5-m tsunami in Kyushu has a return period of more
than 100 years, but the hazard increases on a longer
time scales, where the exceedance of more than 2-m
tsunami could occur at the return periods of more than
1000 years. Values of annual exceedance rate to generate
tsunami hazard curves at each coastal point (municipal-
ity) resulted by our PTHA study can be found in Addi-
tional file 3: Table S2.

Using a more detailed tsunami simulation method, one
can reveal the influence of coastal structures on the char-
acteristic of tsunami at a particular location through the
corresponding hazard curve (De Risi and Goda 2017). In
our study, the variability of tsunami hazard curves is only
attributed to larger oceanic features such as islands or
regional coastal topography or bathymetry, as we focus
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Fig. 7 Individual tsunami hazard curves at the specified coastal points (light blue) including mean and median curves over the respective region

on the broader impact, regionally represented by the
mean or median hazard curve. In addition to the main
result, here we analyze the sensitivity of such a regional
curve to the a and b values. First, we divide the 60 faults
into three groups according to specified latitude ranges:
group 1 (33°-36°N), group 2 (36°-41°N), and group 3
(41°-47°N). Then the a and b values are averaged over
these groups, defined as group-averaged. Furthermore,
the a and b values are then averaged over the entire
domain, defined as domain-averaged. The mean tsunami
hazard curves resulted by the group- and domain-aver-
aged a and b values slightly underestimate the hazard
from individual values assigned to each fault (Additional
file 1: Figure S4). In Kinki, the discrepancy is even less
apparent implying that, at a certain region, the use of
averaged seismicity rate parameters over specific areas
are sufficient for the PTHA study.

Figure 8 shows the tsunami hazard maps derived
from the tsunami hazard curves in Fig. 7. For a 100-year
return period, the highest maximum coastal tsunami

of approximately 3.7 m is expected to occur in Chubu
(coastal point 102 in Additional file 3: Table S2). The
same location could experience maximum coastal tsu-
nami heights of approximately 7.7 and 11.5 m for 400-
and 1000-year return periods, respectively. These are the
highest among other regions. Other significant tsunamis
of more than 5 m could also occur in Tohoku and Hok-
kaido regions in 400-year return period, and more than
8 m in 1000-year return period, while the heights are less
than 3 m in 100-year return period. This is in line with
a probabilistic study derived from geological data by
Suzuki et al. (2018) suggesting that in Hokkaido, the tsu-
nami heights are mostly less than 2 m for a return period
of 150 years. The low level of hazard in the southwest area
(Kinki, Chugoku, and Kyushu) is clearly delineated by
the tsunami hazard maps, where the highest maximum
coastal tsunamis of 1.8, 3.3, and 4.6 m appears in Chu-
goku (coastal point 54 in Additional file 3: Table S2) for
100-, 400-, and 1000-year return periods, respectively. A
notable maximum coastal tsunami heights of more than
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3 m is also visible in Kyushu (coastal points 7-10 in Addi-
tional file 3: Table S2 ) for the return period of 1000 years.

Besides the annual rate of exceedance A formulated
in Eq. (1), an alternative representation of the haz-
ard is in terms of the annual probability of exceedance
p=1—¢, assuming the Poisson process. Figure 9
shows the annual probability in percentage (p x 100%)
of experiencing tsunamis with heights of more than 0.5,
1.5, and 3 m at all coastal points. A threshold of 0.5 m is
typically used to initiate a tsunami warning, while a 3 m
is used for a major tsunami warning (Strunz et al. 2011;
Horspool et al. 2014). Most coastal points in Tohoku,
several in Chubu, and one in Hokkaido have more than
10% probability of experiencing maximum coastal tsu-
nami of higher than 0.5 m at any given year. A nearly
similar distribution in Tohoku and Chubu is also shown
by the 1.5-m tsunami height, but with lower probabil-
ities ranging from 0.1 to 4.1%. For the 3-m or greater
coastal tsunami heights, the highest annual probabil-
ity of exceedance of more than 1.2% are located at two

coastal points (coastal point 95 and 102 in Additional
file 3: Table S2) in Chubu.

The PTHA results reveal the probability and likeli-
hood of where significant tsunamis could occur. Such
information is needed to emphasize tsunami mitigation
efforts at locations potentially exposed to greater haz-
ard, or to prepare adequate development plans in rela-
tion with tsunami disaster risk reduction. For instance,
our regional PTHA result would provide an insight
at which region deployment of prospective tsunami
observing systems should be prioritized. Along the Sea
of Japan coast, it is evident that each region exhibits
one or more locations with substantial tsunami heights.
However, in general, since the overall hazard in Kyushu,
Chugoku, and Kinki are considerably low, more atten-
tion should be given to Chubu, Tohoku, and Hokkaido
in ensuring an efficient and effective regional tsunami
disaster mitigation strategy for the Sea of Japan coast.
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Deaggregation

The extension of the PTHA can be used to estimate the
contribution of causative sources to the tsunami hazard
at locations of interest through a deaggregation analysis.
Here we apply the deaggregation of hazard to the most
populated coastal city in each region: Otaru city in Hok-
kaido, Akita city in Tohoku, Niigata city in Chubu, Mai-
zuru city in Kinki, Matsue city in Chugoku, and Fukuoka
city in Kyushu. Figure 10 shows hazard deaggregation
results in all cities for the return period of 100-year,
while the results for the 400- and 1000-year return peri-
ods are presented in Additional file 1: Figure S5 and S6,
respectively. Additionally, the range of uncertainty of
the tsunami hazard curve at the respective city is rep-
resented based on a 15th and 85th percentile (Serensen
et al. 2012). Hazard deaggregation results (contribution

of each fault in percentage) for the specified cities and
return periods are provided in Additional file 4: Table S3.

For the 100-year return period, the largest contributor
to the tsunami hazard of 1.07 m in Otaru is FO1 closely
followed by F02, that of 3.09 m in Akita is F26, and that
of 3.48 m in Niigata is F38. The four largest contributors
to the tsunami hazard in these cities are considered as
local sources (Fig. 10), as the tsunami from these faults
can reach the target city within less than 1 h. In the
southwest part, particularly at Maizuru city, three out of
four faults with the highest contribution to the tsunami
hazard of 1.04 m are regional sources (tsunami arrives
in 1-3 h): F28 (6.6%), F41 (5.7%), and F34 (5.5%), while
a local source F53 contribution is 5.5%. At Matsue city,
the four largest contributors to a maximum coastal tsu-
nami height of 1.34 m is all attributed to the regional
sources: F34 (13.0%), F28 (10.2%), F30 (5.7%), and F35
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(5.5%). This is likely because the evaluated coastal point
is not located on the main beam of tsunami energy from
the local sources that is typically propagated perpendicu-
lar to the fault strike. Furthermore, based on the numeri-
cal simulations, a significant portion of the tsunami
energy from earthquake sources offshore Tohoku can be
refracted toward Kinki and Chugoku on account of the
regional bathymetric profile. Lastly, tsunami hazard in
Fukuoka city is predominated by a local source of F60
located extremely close to the evaluation point having the
contribution of 61.9%, but the intensity is very small with
a maximum tsunami height of only 0.52 m. In general,
the deaggregation for 400- and 1000-year return periods
show similar pattern, in which tsunamis in the north-
east regions are mainly caused by local sources, while
the southwest parts, particularly Kinki and Chugoku, are
clearly affected by regional sources. This is in line with
the previous explanation on the dominant fault mecha-
nism, where faults in the northeast could potentially trig-
ger larger tsunamis than those in the southwest.

The deaggregation analyses further indicate that the
risks in northeast regions are not only related to the
higher tsunami hazard level, but also due to the large con-
tribution of local sources. Moreover, the actual tsunami
heights are expected to be higher at certain sites apart
from our locations of interest as proven from historical
records. However, a particular event like the 1993 tsu-
nami caused an anomalously high run-up, thus caution
should be exercised when incorporating such an extreme
value in the PTHA analysis. These local sources raise
concerns on the appropriate measure for tsunami mitiga-
tion, because near-field tsunamis render a timely warning
less effective due to the extremely short lead time. Even
with the present most advanced tsunami detection tech-
nologies, the efficacy of tsunami early warning systems
for near-field events is perhaps still limited. To cope with
such a challenging task, Okal (2015) advocated that self-
evacuation by educated populations remains the most
effective approach for such locally generated tsunamis.

Conclusions

We have applied a PTHA method to the eastern margin
of the Sea of Japan region to estimate earthquake-gener-
ated tsunami hazard by considering 60 active submarine
faults as the potential tsunami sources. The study dem-
onstrates that the tsunami hazard along the Sea of Japan
coast increases from southwest to northeast. More spe-
cifically, the highest maximum coastal tsunamis of more
than 3.7, 7.7, and 11.5 m may occur at a single site in the
region with return periods of 100-, 400-, and 1000-year,
respectively. This long-term forecast of tsunami haz-
ard can be used to facilitate a regional tsunami disaster
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mitigation strategy, or as a basis for more detailed analy-
ses. Furthermore, hazard deaggregation results reveal
that significant tsunamis along the specified coastline
in the northeast regions are primarily triggered by local
sources. Consequently, a timely warning can be a major
challenge due to the limited lead time. Therefore, coun-

termeasure efforts focusing on the aforementioned issue
should be highlighted.
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