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Abstract

The southern Kuril Trench is one of the most seismically active regions in the world. In this study, marine surveys

and observations were performed to construct fault models for possible outer-rise earthquakes. Seismic and sea-
floor bathymetric surveys indicated that the dip angle of the outer-rise fault was approximately 50°-80°, with a strike
that was slightly oblique to the axis of the Kuril Trench. The maximum fault length was estimated to be ~ 260 km.
Based on these findings, we proposed 17 fault models, with moment magnitudes ranging from 7.2 to 8.4. To numeri-
cally simulate tsunami, we solved two-dimensional dispersive wave and three-dimensional Euler equations using
the outer-rise fault models. The results of both simulations yielded identical predictions for tsunami with short-
wavelength components, resulting in significant dispersive deformations in the open ocean. We also found that tsu-
nami generated by outer-rise earthquakes were affected by refraction and diffraction because of the source location
beyond the trench axis. These findings can improve future predictions of tsunami hazards.

Keywords Outer-rise earthquake, Southern Kuril Trench, Dispersive tsunami, Three-dimensional tsunami simulation,
Fault modeling

*Correspondence:

Toshitaka Baba

baba.toshi@tokushima-u.acjp

Full list of author information is available at the end of the article

. ©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
@ SPrlnger O pe n permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
— original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://orcid.org/0000-0002-0931-0780
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40623-024-02046-z&domain=pdf

Baba et al. Earth, Planets and Space (2024) 76:98 Page 2 of 14
Graphical Abstract
4
2D LW, 3 min. 2D-BS, 3 min. 3D, 3 min
, f ) I
' //
E R % a — !
100 k
—m %LW 15 mln 2D-BS, 15 min. 3D, 15 min.
[ eee—
-1.0 -05 00 05 1.0
Water level (m)

1 Introduction

The Pacific Plate subducts beneath the North American
Plate (or Okhotsk Plate) at a rate of ~9 cm/year (Fig. 1a,
Bird 2003) in the southern Kuril Trench off the coast of
Hokkaido, Japan. Subduction has resulted in numerous
earthquakes accompanied by tsunami. Based on past
earthquakes, the Headquarters for Earthquake Research
Promotion (2018) defined Tokachi-oki and Nemuro-oki
as seismic segments of interest. In the Tokachi-oki seg-
ment, an interplate earthquake, called the 2003 Tokachi-
oki earthquake, with a moment magnitude (M) of M8.0
occurred in 2003 (Kim et al. 2023; Tanioka et al. 2004a,
b); this was a recurrence of the M8.2 earthquake that
occurred in 1952 (Hamada et al. 2004; Satake et al.
2006), although the source region was slightly smaller
in 2003. In the Nemuro-oki seismic segment, M8.3 and
M?7.8 interplate earthquakes occurred in 1894 and 1973,
respectively (Tanioka et al. 2007; Nishimura 2009). Tsu-
nami sediments and numerical studies have also indi-
cated that the Tokachi-oki and Nemuro-oki segments

ruptured simultaneously during a supergiant earthquake
in the seventeenth century (Nanayama et al. 2003; Satake
et al. 2005, 2008; Ioki and Tanioka 2016). Supergiant
earthquakes recur at longer intervals than MS8 inter-
plate earthquakes, with recent examples including the
2004 Sumatra earthquake (Rubin et al. 2017) and the
2011 Tohoku earthquake (Namegaya and Satake 2014).
Because the Nemuro-oki segment has not experienced
interplate earthquakes exceeding M8 since 1894, there is
a concern that a giant or supergiant interplate earthquake
may occur. Additionally, intra-slab earthquakes are active
in the region, including the 1993 Kushiro-oki earthquake
(M7.6) (Takeo et al. 1993) and the 1994 earthquake off
the east coast of Hokkaido (M8.4) (Tanioka et al. 1995;
Tsuji et al. 1995).

Interplate earthquakes may have enhanced the seismic
activity in the outer-rise region of the Kuril Trench. For
example, the 1896 Meiji Sanriku earthquake (Tanioka
and Satake 1996) was followed by the 1933 Showa San-
riku earthquake (Kanamori 1971; Abe 1978) in the Japan
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Fig. 1 aTsunami calculation area. The computational grid interval is 18 arcsec in the mapped area. For the nested tsunami calculations (Sect. 2.2.3),
we used 6-arcsec (red rectangles) and 2-arcsec (purple rectangles) interval grids. The yellow rectangle shows the 105R outer-rise fault, and the thick
line is the top edge of the fault. The dotted line in light blue indicates the multichannel seismic reflection (MCS) survey line, KT187, shown

in Fig. 2. Solid white lines surround the Tokachi-oki and Nemuro-oki seismic segments. The colored dots along the coast indicate output points

of the calculated tsunami waveforms in Fig. 6 (orange: Nemuro-Hanasaki, purple: Kiritappu, red: Kushiro, blue: Tokachi, black: Erimo). b The timeline

of large earthquakes in the Tokachi-oki and Nemuro-oki seismic segments

Trench adjacent to the southern Kuril Trench. The
background seismicity of normal fault mechanisms also
increased in the outer-rise region following the 2011
Tohoku earthquake (Asano et al. 2011). Other pairs of
interplate and outer-rise earthquakes include the 2006
and 2007 Kuril earthquakes (Ammon et al. 2008; Fujii
and Satake 2008; Baba et al. 2009; Lay et al. 2009) and the
2009 Samoa earthquake (Lay et al. 2010; Okal et al. 2010;
Yokoi et al. 2023). In the latter, interplate and outer-rise
earthquakes occurred almost simultaneously.

Compared to interplate earthquakes, research on
outer-rise earthquakes remains limited. In recent years,
we have conducted intensive surveys of outer-rise earth-
quakes in the Japan Trench to advance tsunami predic-
tions (Obana et al. 2012, 2018, 2019; Fujie et al. 2016;
Baba et al. 2020, 2021). Seismic surveys and observations
have indicated that the dip angle of the outer-rise faults
in the Japan Trench range from 45-75¢, the upper edge of
the faults almost reaches the seafloor, the thickness of the
seismogenic layer is ~40 km, and the rigidity is approxi-
mately 65 GPa. Based on these findings, we proposed 33
outer-rise fault models and predicted tsunami based on
these faults. We concluded that one of the 33 faults (No.
10) reproduced the coastal tsunami heights observed
during the 1933 Showa-Sanriku earthquake (Baba et al.
2021). This tsunami prediction was a complete forward

model; therefore, the fact that one of the 33 faults repro-
duced the past tsunami ensured the suitability of our
method for future predictions.

In this study, we used a procedure similar to that
reported by Baba et al. (2021) to predict tsunami from
outer-rise earthquakes in the southern Kuril Trench.
Here, we describe our marine survey and propose 17
fault models for outer-rise earthquakes. We employed
two- and three-dimensional (2D and 3D) methods to
simulate tsunami and then compared an outer-rise tsu-
nami with a tsunami from an interplate earthquake to
understand the characteristics of outer-rise tsunami in
the southern Kuril Trench. The results of this study will
provide critical information for mitigating damages from
future tsunami.

2 Data and methods

2.1 Outer-rise fault models in the southern Kuril Trench

2.1.1 Marine seismic surveys and bathymetric data
compilation

We documented surveys of outer-rise normal faults along

the southern Kuril Trench. Multi-channel seismic reflec-

tion (MCS) surveys were conducted to determine the

geometry of the faults beneath the seafloor. The MCS

surveys lasted from 2016 to 2020, for a total of 34 survey

lines across four scientific cruises on research vessels of
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the Japan Agency for Marine—Earth Science and Tech-
nology (JAMSTEC) (Additional file 1: Fig. S1). The data
obtained were processed for noise reduction in the time
domain, and then transformed in the depth domain.
Multiple reflections were removed using a surface-related
multiple elimination method, radial trace deconvolution,
and a high-resolution parabolic radon filter. Ghost reflec-
tion rejection further improved the amplitude reduction
at the notch frequency and restored the amplitude of the
low-frequency component. Figure 2 presents the MCS
survey results obtained in in this study.

We estimated three fault parameters——fault throw,
horizontal displacement, and dip angle——from the inter-
preted fault lines and the configuration of the upper sur-
face of the oceanic crust. Horst-and-graben structures
broke through the seafloor, corresponding to the shal-
low parts of the outer-rise faults. Both landward- and
seaward-dipping faults were observed. The fault dis-
placement estimated from the seafloor topography was
lower than that estimated from the reflection surface on
the oceanic crust, owing to new sedimentation, seafloor
collapse, and erosion of the fault topography (e.g., Naka-
mura et al. 2013; Boston et al. 2014). Therefore, it was
appropriate to estimate the fault configuration using the
MCS survey results rather than the seafloor topography
alone.

We created a digital elevation model (DEM) of the
seafloor by compiling several existing datasets, includ-
ing bathymetric grid data from Tohoku (Hydrographic
and Oceanographic Department, Japan Coast Guard
and JAMSTEC 2011) and the M7000 series bathymetric
data (Japan Hydrographic Association 2009; 2012), along
with General Bathymetric Chart of the Oceans (GEBCO)
(GEBCO Compilation Group 2019; 2020), Shuttle Radar
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Topography Mission (SRTM15+) (Tozer et al. 2019), and
JTOPO30v2 (Japan Hydrographic Association 2011) grid
data. We used the JAMSTEC multibeam echosounder
dataset as the base data because of its high precision and
subsequently filled in gaps between the JAMSTEC data-
set with the other publicly available datasets. The hori-
zontal grid spacing in their compliant DEM was 0.0005°
(~50 m) and the DEM was adequate for imaging the spa-
tial connectivity of the outer-rise fault morphology. The
spatial connectivity of the fault topography was compa-
rable to that reported in previous studies (Kobayashi
et al. 1998; Nakanishi 2011; Izumi et al. 2017). There-
fore, in this study, we used this DEM data to determine
the lengths and strike directions of the outer-rise fault
models.

Based on the MCS results and DEM data, we iden-
tified 293 faults (hereafter referred to as unit faults), of
which 148 and 145 were landward- and seaward-dip-
ping, respectively (Fig. 3a). The mean strike of the faults
mapped in this study was N67°E, with most oriented
between N60°E and N75°E. The strikes of many unit
faults were close, but slightly oblique, to those of the axis
of the western Kuril Trench (N65°E) and the Mesozoic
lineation of geomagnetic anomalies (N70°E, Nakanishi
2011). Most unit faults had dip angles of 65°-75°.

2.1.2 Earthquake observations

Microseismic observations utilizing 34 pop-up ocean
bottom seismographs and 13 S-Net cable-connected seis-
mographs (Aoi et al. 2019) were performed from April to
June of 2022. We obtained hypocenter locations for 390
earthquakes of which were estimated with location errors
of less than 5 km (Fig. 4). The largest event was M3.4 and
the lower detection limit was approximately M1.0. Most
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Fig. 2 MCS survey results with stratigraphic and fault interpretations of KT187 (Fig. 1)
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Fig. 3 a Seafloor trace of the unit faults identified in this study. Green and red lines indicate landward- and seaward-dipping faults, respectively. b
Seafloor trace of the outer-rise faults connected the unit faults within 5 km of each other and dipping in the same direction (landward or seaward).
c Proposed outer-rise earthquake faults approximated by rectangular shape. Fault parameters are shown in Table 1

earthquakes occurred at depths <30 km below sea level
and within ~ 100 km of the Kuril Trench axis. Seismicity
was aligned along the horst-and-graben structures par-
allel to the Kuril Trench axis. In addition, other seismic
swarms were observed parallel to the Japan Trench and
in a northwest-southeast direction around the junction
of the Kuril and Japan Trenches. Therefore, we specu-
lated complex deformations in the subducting plate.
Focal mechanism solutions were obtained for 10 earth-
quakes, which indicated normal faulting with the T-axis
almost perpendicular to the trench axis. The dip angle of
the steepest nodal plane of the focal mechanism ranged
from ~ 50°-80°, with a mean of 57°. In associated obser-
vations in the Japan Trench (Obana et al. 2021, 2018),
earthquakes with normal fault mechanisms occurred
at depths of~50 km. The bottom of the normal fault
earthquakes that occurred in the southern Kuril Trench
may have been somewhat shallower than those in the

Japan Trench. However, because of the short observa-
tion period, we cannot conclude that normal-fault earth-
quakes did not occur at depths>30 km in the southern
Kuril Trench. Moreover, the stress field in the subducting
Pacific Plate within the Japan Trench changed such that
normal fault earthquakes at greater depths became more
common because of the Tohoku earthquake (Kubota
et al. 2019). Thus, the seismogenic thickness at which
outer-rise normal fault earthquakes occur in the south-
ern Kuril Trench remains uncertain.

2.1.3 Outer-rise fault models

Source fault models for large outer-rise earthquakes
were constructed from the unit faults using the method
of Matsuda (1990) and by referring to a simulation study
of tsunami generated by normal faults in the subduct-
ing plate of the Japan Trench (Baba et al. 2020). We con-
nected the unit faults within 5 km of each other and
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Fig. 4 Hypocentral distribution and focal mechanisms determined
by ocean-bottom seismic observations. The upper right graph
shows the magnitude-frequency distribution using the earthquakes
shown on the map. Earthquakes in the yellow dotted rectangle were
projected on the cross-section along A-A'in the figure below

dipping in the same direction (landward or seaward;
Fig. 3b). Those with a connected fault length>60 km
were assumed to be the source faults. Although the
source faults were along curved traces on the seafloor, we
approximated each fault using a rectangle for simplicity
(Fig. 3c). Here, rectangular faults are referred to as faults.
As we connected the unit faults identified from the sea-
floor topographic survey (Fig. 3a), the strike of the faults
was approximately along the trench axis. Although our
seafloor seismic observations identified seismic activity
non-parallel to the axis around the junction of the Kuril
and Japan Trenches, we could not constrain fault models
for them because the hypocentral distribution was sparse.
However, this is not of concern because the length of the
seismic activity was too short to generate a damaging
tsunami. The length (L) of the maximum fault was esti-
mated as ~ 260 km. The dip angle was set at 60° by refer-
ring to the angles of the shallow part of the fault (65°-75°)
revealed by the MCS surveys and those obtained from
the higher nodal plane of the fault mechanism solutions
of the outer-rise earthquakes (50°-80°). The thickness of
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the seismogenic layer of outer-rise earthquakes in this
area remains unknown. Therefore, we used a thickness
of 40 km from the Japan Trench (Baba et al. 2020). The
fault width (W) was constrained by the thickness of the
seismogenic layer (i.e., 46.2 km). The amount of slip was
calculated from L using an earthquake scaling method
developed for outer-rise earthquakes (Alvarez-Gémez
et al. 2012). In this way, we proposed 17 outer-rise fault
models ranging from M7.2 to M8.4 (Table 1).

2.2 Tsunami models

2.2.1 Three-dimensional model

Two-dimensional long-wave models are standard when
simulating tsunami propagation because the wavelength
of a tsunami is sufficiently longer than the water depth.
However, we speculate that more than one long-wave
model is required for calculating tsunami generated by
outer-rise earthquakes with short fault widths and steep
dip angles under the deep sea. The long-wave model
stems from the application of long-wave approximation
to a 3D Euler’s equation. To clarify the characteristics
of outer-rise tsunami, we calculated those generated by
outer-rise earthquakes by solving Euler’s equation in a
3D finite volume scheme. We used the open-source non-
hydrostatic wave model (NHWAVE v. 2.0) software (Ma
etal. 2012, 2013, 2015; Kirby et al. 2016), which simulates
tsunami. NHWAVE is frequently used to simulate short-
wavelength tsunami caused by submarine landslides or
volcanic collapses (Ma et al. 2012, 2013, 2015; Kirby et al.
2016; Grilli et al. 2019) and is appropriate for calculating
outer-rise earthquake tsunami, although 3D models are
more computationally demanding than 2D models. Here,
we focused on the generation and initial stages of tsu-
nami propagation. We assumed an incompressible fluid
for the 3D simulations. We also neglected the viscous
term because the generation and initial stages of tsunami
propagation are deep-sea processes in which the effect of
viscosity can be small.

Figure 1a shows the area calculated for the 3D tsunami
simulation. We used the Global tsunami Terrain Model
(GtTM, Chikasada 2020) for bathymetry data and down-
sampled it at 500-m intervals in the east and north. The
vertical grid interval varied depending on the water
depth and number of layers in NHWAVE. The number of
vertical layers was set to three. Simulations were repeated
by varying the number of vertical layers and the results
were identical for three or more layers. We calculated the
vertical crustal deformation on the seafloor derived from
the 105R fault (see Table 1) using an analytical solution
for the deformation of a semi-infinite homogeneous elas-
tic body (Okada 1985). In the 3D tsunami simulations,
we generated the vertical deformation at the bottom of
the seawater layer with a rise time of 30 s. The time step
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Table 1 Parameters of the 17 proposed outer-rise fault models

ID Lat. (°) Lon. (°) Depth (km) Length (km) Width (km) Dip (°) Strike (°) Rake (°) Slip (m) Magnitude (M)
101R 4115715 145.0645 0.1 2399 46.2 60.0 65.2 270.0 6.7 84

102R 41.36635 1454015 0.1 100.1 46.2 60.0 67.7 270.0 13 7.7

103R 414745 1456732 0.1 153.2 46.2 60.0 64.9 270.0 29 8.0

104R 41.09004 144.998 0.1 257.7 46.2 60.0 67.2 270.0 7.6 84

105R 40.88314 144.8342 0.1 180.1 46.2 60.0 67.5 270.0 39 82

106R 4049308 1446352 0.1 1269 46.2 60.0 58.2 270.0 2.1 79

108R 4142426 146.2039 0.1 80.7 46.2 60.0 71.2 270.0 0.9 7.5

110R  40.95623 1448612 0.1 79.3 46.2 60.0 64.6 270.0 09 7.5

111R 40.94887 145.1301 0.1 64.9 46.2 60.0 719 270.0 0.6 7.3

201L 41.79338 146.4395 0.1 915 46.2 60.0 243.0 270.0 1.1 7.6

203L 4093924 1459527 0.1 741 46.2 60.0 245.0 270.0 0.8 74

302R 41.93895 146.6063 0.1 96.9 46.2 60.0 679 270.0 13 7.6

401L 42.23355 147.3071 0.1 1181 46.2 60.0 240.5 270.0 18 7.8

402L 42.06479 147.5879 0.1 121.6 46.2 60.0 250.6 270.0 19 7.8

403L 4135092 146.5868 0.1 1234 46.2 60.0 2521 270.0 20 7.8

404L 42.02392 147.8378 0.1 114.6 46.2 60.0 2473 270.0 1.7 7.8

406L  40.79756 1450978 0.1 585 46.2 60.0 209.2 270.0 0.5 7.2

Fault origin (latitude, longitude, and depth) is the closer corner of the upper edge of the fault plane assuming that the fault dips to the right facing the strike direction.

Rake angle is measured in counterclockwise from the strike direction

width was set to 0.1 s to ensure stability and the integral
time was 60 min to focus on the generation and initial
stage of tsunami propagation and save computational
resources.

2.2.2 Single-grid two-dimensional model
Two-dimensional dispersive wave models provide
another means of calculating short-wavelength tsunami
(Peregrine 1972; Saito 2019). While dispersive wave mod-
els can also approximate Euler’s equation, they are less
accurate. However, they can handle tsunami with shorter
wavelengths than the long-wave equation. Dispersive
wave models have been used in numerous previous stud-
ies to compute tsunami caused by outer-rise earthquakes
because they may be easily connected to tsunami run-up
calculations (Tanioka et al. 2018; Baba et al. 2020, 2021).
To the best of our knowledge, a 2D dispersive model has
never been compared with a 3D model for outer-rise
earthquake tsunami, which has been accomplished here.
In this study, we used our open-source software, JAG-
URS (Baba et al. 2015, 2017), to construct a 2D disper-
sive wave model. JAGURS is an in-team development
code that is parallelized using a message-passing inter-
face and open multi-processing techniques. It can effi-
ciently improve spatial resolution using a nested grid
algorithm and is available on personal computers, clus-
ter machines, and supercomputers. We used JAGURS to
calculate tsunami by solving a nonlinear dispersive wave
equation that included an advection term. However, for

comparison with the 3D model, we neglected the vis-
cous effects (i.e., bottom friction) in the simulations. The
computational conditions were identical to those of the
3D model except for the tsunami input. Figure 1a shows
the computational domain with a grid interval of 500 m
in the east and north. The time step width was set to
0.1 s. Okada’s (1985) method was used to calculate the
vertical displacement of the seafloor from the 105R fault.
This deformation was then applied to the sea surface
with a rise time of 30 s after applying the hydraulic fil-
ter of Kajiura (1963), which included the non-hydrostatic
effect on tsunami generation. The 60 min propagation
was solved using a 2D dispersive wave model. For com-
parison, tsunamis were calculated using a nonlinear long-
wave model. The calculated vertical seafloor deformation
was directly applied to the sea surface with a rise time of
30 s without Kajiura’s (1963) filter. The 60 min propaga-
tion was solved using a 2D nonlinear long-wave model
provided by JAGURS. Both the dispersion and Kajiura’s
hydraulic filter are due to the non-hydrostatic effects of
the fluid; therefore, this model could be described as a
tsunami model without non-hydrostatic effects.

2.2.3 Nested grid two-dimensional model

Following the setup and comparison of our 3D and 2D
tsunami models, we aimed to predict coastal tsunami
heights from outer-rise earthquakes. We used nonlin-
ear dispersive wave equations similar to those used in
Sect. 2.2.2. However, bottom friction terms and nested
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grid algorithms were used to calculate tsunami near

land and during run-ups. The nested grids consisted of

domains at grid intervals of 18-6-2 arcsec and were
focused on southeastern Hokkaido. We resampled GtTM
topographic data to create finer grid domains (Fig. 1la)

and we did not oversample finer than the resolution of

the original data (GtTM was gridded by 2 arcsec inter-
vals). The tsunami generation method was the same as
that described in Sect. 2.2.2. We calculated vertical crus-
tal deformation at the seafloor using the analytical solu-
tion of Okada (1985) and input this deformation after
filtering using Kajiura’s (1963) method to the sea surface
with a rise time of 30 s. The time step width was 0.1 s,
and the integral time was 6 h to capture the entire tsu-
nami process along the coast.

3 Tsunami simulation results

Figure 5 shows the results of the outer-rise tsunami cal-
culated based on Euler’s equation (see Sect. 2.2.1), non-
linear dispersive wave equation, and nonlinear long-wave
equation (see Sect. 2.2.2). Figure 6 shows a comparison
of the calculated tsunami waveforms at the locations
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indicated by the triangles in Fig. 5a. This comparison
indicates that the waveforms calculated using the nonlin-
ear dispersive wave equation were consistent with those
obtained from Euler’s equations in terms of the maxi-
mum amplitude, dominant frequency, and formation
of wave trains by dispersion. However, the waveforms
obtained from the nonlinear long-wave model differed
from those obtained from the other two tsunami models.
The nonlinear long-wave model did not generate disper-
sive wave trains and predicted the trough-to-crest ampli-
tude of the first wave to be larger than that of the other
models. The shape of the first wave also changed sharply.

Small but noticeable differences were observed in the
dispersive waves between the 3D Euler’s and the 2D dis-
persive wave models (Figs. 5 and 6). The 2D dispersive
wave model delayed the later dispersive wave trains and
caused weak amplitude decay. This difference was also
seen in previous studies involving tsunami calculations

Page 9 of 14

for interplate earthquakes (Oishi et al. 2013) and for
a volcanic tsunami (Sandanbata et al. 2021). This is a
known limitation of 2D dispersive models. The phase
velocity in the 2D dispersive model used in this study was
slower than that in the analytical solution of water waves
for waves with extremely short wavelengths. The limita-
tions of 2D dispersive models should be examined for
detailed analyses of source processes in outer-rise earth-
quakes. Nevertheless, the 2D dispersive model was suffi-
cient to estimate tsunami damages because it reproduced
the maximum amplitude and dominant frequency of the
tsunami.

In this study, we predicted coastal tsunami of the 105R
fault using the 2D dispersive model with nested grids,
as described in Sect. 2.2.3 (Fig. 7a, ¢). A maximum tsu-
nami height of ~8 m occurred at ~ 144.8°E on the coast of
Hokkaido and another tsunami peak ~7 m was observed
at~143.2°E near Cape Erimo. Figure 8a shows the
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tsunami waveforms calculated at the imaginary observa-
tion points shown in Fig. 1a. The power spectral densities
(Additional file 1: Fig. S2) indicated that the dominant
frequency at the Nemuro—Hanasaki station (orange
point in Fig. 1a) was approximately 0.0015 Hz (10 min).
Additional file 1: Figs. S3—-S18 show the maximum tsu-
nami height distributions calculated using the other fault
models listed in Table 1. An aggregated map of the maxi-
mum tsunami height for the 17 outer-rise faults (Addi-
tional file 1: Fig. S19) is similar to the tsunami calculation
result for the largest earthquake of M8.4 (104R, Addi-
tional file 1: Fig. S6). Therefore, the 104R model should
be used for a deterministic tsunami hazard assessment of
the outer-rise earthquakes in this region.

We assumed that the strike of the faults was well con-
strained by the horst-and-graben topography and the
MCS surveys. The dip of the fault was fixed at 60° for
simplicity, while the marine surveys indicated that the
dip angle of the outer-rise faults was approximately 50°—
80°. Similarly, we assumed pure normal fault slip (270°)
for all the fault models. Our previous study (Baba et al.
2020) investigated uncertainties in tsunami predictions
related to the fault parameters using numerical tsunami
simulations that changed the dip and rake angle by +15°.
Predicted tsunami heights at the coast changed by up to
10% for varying dip angles and about 2% for varying rake
angles. We suspect equivalent uncertainties in tsunami

prediction for the outer-rise earthquakes in the Kuril
Trench.

4 Discussion
4.1 Comparison with tsunami caused by an interplate
earthquake

The 2003 Tokachi-oki earthquake was an M8.0 interplate
earthquake accompanied by a tsunami. Tide gauges were
used to record the tsunami waveforms and post-tsunami
surveys measured the height of tsunami evidence along
the coast. We compared the tsunami generated by the
2003 Tokachi-oki earthquake and an outer-rise earth-
quake (105R) to understand the characteristics of tsu-
nami generated by outer-rise earthquakes. The tsunami
caused by the 2003 Tokachi-oki earthquake were simu-
lated using the method described in Sect. 2.2.3 but with
the fault model excluded. A fault model of this earth-
quake was developed by Kim et al. (2023), who explained
the tsunami waveforms observed by seafloor pressure
gauges. Figure 5b, d compares the calculated tsunami
heights and the observed heights of the post-tsunami
survey. Aida’s (1978) reproduction indices, K and k, were
obtained as 1.01 and 1.31, respectively, indicating good
agreements between the observed and simulated tsu-
nami, thus validating our method.

A comparison of the tsunami heights along the coast of
the 2003 Tokachi-oki earthquake with the outer-rise fault
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model of 105R showed that height localization was sig-
nificant at 105R (Fig. 5¢). This difference was evident near
Cape Erimo, at~143.2°E. Outer-rise earthquake faults
occurred seaward of the trench axis; therefore, they were
affected by the seafloor topography (i.e., refraction and
diffraction). Generally, the energy of a tsunami is concen-
trated at the landward edge that protrudes into the sea. A
large outer-rise tsunami near Cape Erimo was affected by
diffraction. However, the tsunami caused by the Tokachi-
oki earthquake, which was located near the coast, arrived
before the effects of refraction and diffraction strength-
ened. Another difference in the tsunami height was
observed east of Kushiro. As this area is oriented in the
dip direction of the outer-rise fault, the tsunami arrived
directly from the source. This caused tsunami directivity,
in which a large amount of energy from a tsunami gener-
ally radiates toward the dip direction of earthquake faults.
However, the tsunami caused by the 2003 Tokachi-oki
earthquake arrived non-directly in this area. Addition-
ally, we observed a difference in the dominant frequency
of the tsunami waveforms (Fig. 6) and the power spectral
density (Additional file 1: Fig. S2). The power spectral
density at Nemuro—Hanasaki indicated that the domi-
nant frequency of the 2003 Tokachi-oki tsunami wave-
form was 0.0006 Hz (28 min), which was clearly lower
than the previously calculated 0.0015 Hz (10 min) of the
outer-rise tsunami. Different frequency periods (wave-
lengths) can cause different responses in bays, which may
result in unexpectedly large tsunami.

4.2 Tsunami calculations with variable fault widths

We constructed outer-rise fault models using bathymet-
ric surveys, marine seismic observations, and MCS sur-
veys, which allowed us to constrain the locations, dips,
and depths of the upper edges of the faults. However,
the lower edges of the faults (or thickness of the seismo-
genic layer) remain ambiguous. During the observation
period, no earthquakes with normal fault mechanisms
occurred in the southern Kuril Trench at depths>30 km
below sea level. We are still determining whether this is
representative of the frequency of such earthquakes or an
artefact of the short observation period. In adjustment
studies of the Japan Trench (Obana et al. 2018), normal
fault earthquakes occurred 50 km below sea level (with a
seismogenic layer thickness of ~ 40 km). Therefore, based
on tsunami prediction standards, the thickness of the
seismogenic layer for outer-rise earthquakes along the
southern Kuril Trench was equated to that of the Japan
Trench. If the seismogenic layer is thinner than 40 km
(i.e., the fault width is short), an outer-rise earthquake
will excite a shorter-wavelength seafloor deformation
with larger amplitude, assuming the equivalent earth-
quake magnitude.
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We performed 3D tsunami calculations for different
fault widths (black lines in Fig. 9). The amount of slip
changed according to the fault width because the earth-
quake magnitude was constant. Contrary to our expecta-
tions, the tsunami waveforms in the first cycles computed
for different fault widths were comparable. While the
shape of the long-wavelength seafloor crustal deforma-
tion can be treated as identical to the shape of the initial
water level of the tsunami, for the short-wavelength sea-
floor crustal deformation excited by a narrow outer-rise
fault, the deformation at the seafloor becomes spatially
smooth at the sea surface by a smoothing effect of the
water column. We interpreted the consistency between
the tsunami waveforms irrespective of the fault width as
a consequence of superimposing changes in wavelength
and amplitude of seafloor crustal deformation and the
smoothing effect. However, the second wave appears sen-
sitive to the fault width because their amplitudes clearly
differ (arrows in Fig. 9). Therefore, the second tsunami
wave should be used to estimate the fault width of outer-
rise earthquakes.

The 3D model naturally considers the smoothing effect
by solving the governing equations. However, because
the 2D model did not automatically consider the effect,
we applied the analytical smoothing filter by Kajiura
(1963) to obtain the sea surface deformation and cal-
culate the tsunami (red lines in Fig. 9). The maximum
amplitudes of the first wave in the 2D calculations were
almost the same as those of the tsunamis calculated by
the 3D model, regardless of the fault width. The period

Water level change (m)

W=46.2km,

original

0 600 1200 1800 2400
Time (s)
Fig. 9 Tsunamiwaveforms at point 5 in Fig. 3a calculated
by changing the fault width (W) in the 2D nonlinear dispersive wave
model (red) and 3D Euler’s equation (black)
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of the tsunami was also comparable. However, the phase
speed of the subsequent wave (dispersive wave) was
slightly slower than that of the 3D model. In addition, the
decay of the amplitude of the subsequent wave was rela-
tively weak. This difference from the 3D model indicates
the application limit of the 2D model used in this study.
In conclusion, the 2D tsunami model is acceptable for
predicting the maximum amplitude, which is essential for
tsunami hazard assessment. On the other hand, the 3D
tsunami model is preferable to use for detailed clarifica-
tion of the rupture processes of outer-rise earthquakes.

5 Conclusions

In this study, we compiled bathymetric surveys, marine
seismic observations, and MCS surveys along the south-
ern Kuril Trench, and proposed 17 models of outer-rise
faults that could rupture. Tsunami were predicted from
the proposed faults using 2D and 3D computational
models. The conclusions are as follows:

1. The dip angle of the outer-rise faults in this region
ranged from 50° to 80° and strike was slightly oblique
to the trench axis.

2. The length of the longest fault was 260 km, corre-
sponding to a magnitude of M8.4.

3. The predictions of the 2D dispersive and 3D tsunami
models were almost identical. Considering its ease of
use, 2D dispersive models are suitable for predicting
outer-rise tsunami.

4. Because outer-rise earthquakes occur far from land,
tsunami generated by these earthquakes are more
sensitive to the effects of refraction and diffraction
owing to seafloor topography.

5. Outer-rise tsunami contain relatively high-frequency
components due to the short width and high dip of
the generative faults.

Our next challenge is to predict the detailed defor-
mation of outer-rise tsunami near the coast and in bays
using high-resolution topographic data. In this study,
we used nonlinear dispersion and precise computa-
tional models. However, the 2-arcsec (~50-m) spatial
resolution of the computational grid of was insufficient
for reproducing the short-wavelength soliton-splitting
waves that may have occurred near the coast. Soliton
splitting increases the height of tsunami, so it should be
included in models for disaster prevention, as should
the amplification of tsunami caused by oscillations
induced in bays. A grid resolution of <5 m is required
to evaluate these factors. Similarly, the 3D effect is not
negligible for detailed modeling of tsunami overtop-
ping dikes and violent flows around buildings (Ari-
kawa and Tomita 2016; Prabu et al. 2022). Because our
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computational resources were limited, in future studies
we will continue to work on high-resolution computa-
tions that can aid to mitigate disasters caused by outer-
rise tsunami.
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NHWAVE  Non-hydrostatic wave

SRTM Shuttle Radar Topography Mission
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