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While tsunamis are dispersive water waves, effects of dispersion are often neglected in tsunami hazard maps for earthquake-
generated tsunamis. This is because spatial dimensions of the earthquake-generated tsunamis are much greater than the water
depth and that dispersive effects are generally small. However, tsunamis caused by outer-rise earthquakes often include
substantial short-wavelength components. In this study, we calculated tsunami caused by the 2010 Izu-Bonin outer-rise
earthquake using the shallow water equations with and without dispersion terms. A tsunami waveform from the calculations
with the dispersion terms predicted the observed tsunami waveform better than non-dispersive tsunami calculations at
DART21413. In addition, in our procedure, the initial sea surface displacement was based on seismic data only excluding any
observed tsunami data. This means that tsunami predictions from outer-rise earthquakes can be finished before arrival of
tsunami at the coast by utilizations of rapid solutions of earthquake source and the dispersive equations on the Earth Simulator.

Keywords : Outer-rise earthquake, Tsunami simulation, Wave dispersion

1. Introduction

Outer-rise earthquakes occurring in the subducting plate were
often induced by the large interplate earthquakes. A pair of the
1896 Meiji-sanriku earthquake and the 1933 Showa-sanriku
earthquake is well known as a doublet of the interplate and outer-
rise earthquakes. In recent years, the other pairs of the interplate
and outer-rise earthquakes such as the 2006-2007 Kuril doublet
and the 2009 Samoa-Tonga doublet were recorded by modern
instruments. Time between the interplate earthquakes and the
outer-rise earthquakes were not constant, but the size of the outer-
rise earthquakes were comparable to the interplate earthquakes.
The 2011 Tohoku earthquake with M9.0 has not been followed
by a great outer-rise earthquake. Accordingly, it is anticipated to
occur near the future.

In order to understand possible outer-rise earthquakes,
geophysical surveys were carried out in the Japan Trench.
Because horst and graben topography were developed by a
summation of displacement due to the past earthquakes,
topography has important information of occurrence of the outer-
rise earthquakes. We made detailed topographic map in the Japan
Trench compiling the multi-narrow beam surveys. Extents of the
earthquake faults in the crust also are needed to calculate
tsunamis so that seismic surveys using acoustic gun and passive
monitoring of seismic activity were conducted. As a result of that,
3D shape of the faults was clearly imaged. The faults are highly
dipped. The dip angle reaches to 75 degrees at the maximum.

Because of highly dipping faults, outer-rise earthquakes
generate tsunami with wavelength shorter than that caused by the
interplate earthquakes such as the 2011 Tohoku earthquake. The
tsunami with short wavelength may be disturbed by effect of

wave dispersion that cannot be simulated by the conventional
shallow water equations. Initial sea surface displacement may not
be identical to crustal displacement at the sea bottom due to
faulting. In this study, we answer a research question what
modelling procedure we should use to accurately predict
tsunamis caused by outer-rise earthquakes.

2. 2010 Izu-Bonin outer-rise earthquake and tsunami
A large earthquake with Mw 7.3 occurred at 17:19 on 21
December 2010 (UTC) 150 km off the east coast of the Izu-

Nortwest
Pacific

EXPLANATION
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Fig.1. The 2010 Izu-Bonin earthquake and surrounding
seismicity. The star indicates the epicenter of the earthquake.
The triangle is an ocean bottom tsunami gauge of DART.
Figure is derived from USGS site.
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Fig. 2. Comparison of tsunami waveforms. Gray line is
observed by DART21413. Red and blue lines were
simulated by the shallow water equations with and without
dispersion terms.

Bonin Islands (hereafter, 2010 Izu-Bonin earthquake). Focal
mechanism indicated normal faulting, and central depth was
estimated to be 25.5 km. The 2010 Izu-Bonin earthquake was
classified as outer-rise earthquake that ruptured the Pacific Plate
subducting beneath the Philippine Sea Plate. One of the nodal
planes was clearly determined as the fault plane from aftershock
distribution. Tsunamis caused by the 2010 [zu-Bonin earthquake
were recorded by a tide gauge at Chichijima and several DART
stations. The maximum tsunami height was 22 cm at Chichijima.

For estimation of initial sea surface displacement of the
tsunami, we used a scaling law (M,, = 3.89 + 1.89log,,L)
proposed by Alvarez-Gomez et al. (2012) to estimate fault length
(L = 63.7 km). Fault width (%) was calculated to be 48.7 km
by assumptions of a seismogenic thickness of 40 km and fault dip
angle of 46 degree indicated by the focal mechanism. Depth of
upper edge of the fault was defined to be 0.1 km, thus it almost
reached to the seafloor. Slip amount on the fault plane was
calculated from L, W and the estimated seismic moment of
1.113x10%* Nm assuming rigidity of 5.0x10'® N/m?. Crustal
displacement at the seafloor due to the faulting was modelled by
amethod of Okada (1985). After considering effect of horizontal
movement of seafloor slope (Tanioka and Satake, 1996) and a
filter based on the potential theory on tsunami generation
(Kajiura, 1963), initial sea surface displacement of the tsunami

caused by the 2010 Izu-Bonin outer-rise earthquake was obtained.

Tsunami propagations were solved by the shallow water
equations with and without dispersion terms (Saito et al., 2010;
Tanioka et al., 2018). Rising time of the initial sea surface
displacement was defined to be 15 sec which is a typical duration
time of source rupture of M7-class earthquake. Time step with of
0.1 sec was used to satisfy a stability condition of the numerical
calculations. Bathymetric data needed in the calculation was
derived from a global bathymetric data set called GEBCO. To
implement tsunami simulations, we used a tsunami calculation
software, JAGURS (Baba et al., 2015), on the Earth Simulator.

3. Simulation results
At DART 21413, a tsunami waveform from the calculations

with dispersion terms predicted the observed tsunami waveform
better than non-dispersive tsunami calculations (Fig. 2). In
comparison, the maximum height of the dispersive tsunami
waveform is slightly larger than that of the non-dispersive
tsunami waveform.

The procedure what we used is a complete forward modeling.
The source that is the initial sea surface displacement was
constructed by seismic information only while any information
of observed tsunami was not involved in making it. We conclude
that tsunami predictions from outer-rise earthquakes can be
finished with high-accuracy before arrival of tsunami at the coast
by utilizations of rapid solutions of earthquake source and the
dispersive equations on the Earth Simulator.

Acknowledgements
This study was supported by Japan Society for the Promotion of
Science KAKENHI Grants JP15H05718, JP19K04970,

JP19H02409. The tsunami calculations were conducted on the
Earth Simulator. We deeply thank staff who served on the
operations of the Earth Simulator.

References

Alvarez-Gomez, J.A., 0.Q.G. Gutierrez, 1. Aniel-Quiroga, M.
Gonzalez, 2012, Tsunamigenic potential of outer-rise normal
faults at the Middle America trench in Central America,
Tectonphysics, 574-575, 133-143,
http://dx.doi.org/10.1016/j.tecto.2012.08.014.

Baba, T., N. Takahashi, Y. Kaneda, K. Ando, D. Matsuoka, and T.
Kato, 2015, Parallel implementation of dispersive tsunami
wave modeling with a nesting algorithm for the 2011 Tohoku
tsunami, Pure Appl. Geophys., doi:10.1007/s00024-015-
1049-2.

Kajiura, K., 1963, The leading wave of a tsunami, Bull. Earthq.
Res. Inst., 41, 535-571.

Okada, Y., 1985, Surface deformation due to shear and tensile
faults in a half-space, Bulletin of the Seismological Society of
America, 75, 1135-1154.

Saito, T., K. Satake, T. Furumura, 2010, Tsunami waveform
inversion including dispersive waves: the 2004 off Kii
Peninsula earthquake, Japan, J. Geophys. Res., 115, B06303,
doi:10.1029/2009IB006884.

Tanioka, T., A.G.C. Ramirez and Y. Yamanaka, 2018, Simulation
of a dispersive tsunami due to the 2016 El Salvador-
Nicaragua outer-rise earthquake (Mw 6.9), Pure Appl.
Geophys., 175, 1363-1370, https://doi.org/10.1007/s00024-
018-1773-5.

Tanioka, Y., Satake, K., 1996, Tsunami generation by horizontal
displacement of ocean bottom, Geophys. Res. Lett., 23, 861—
864.

-10-6





