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We developed a procedure for integrated simulation of seismic wave and tsunami for mitigation of earthquake and tsunami

disasters associated with large subduction-zone earthquakes occurring in the Nankai Trough. We firstly calculate ground motion

due to the earthquake by solving equation of motions with heterogeneous source-rupture model and 3-D heterogeneous subsurface

structural model. We then calculate tsunami generation and propagation in heterogeneous bathymetry by solving the 3-D Navier-

Stokes equation. Ground motion and tsunami simulations are combined through an appropriate dynamic boundary condition at the

sea floor. Thanks to the Earth Simulator supercomputer, we have been able to reproducing strong ground motion and tsunamis caused

by the M8.0 Tonankai earthquake in 1944.
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1. Introduction

Large magnitude (M) >8 earthquakes have repeatedly
occurred in the Nankai Trough every 100-200 years. Strong
ground motion and tsunamis due to the 1944 M8.0 Tonankai
and the 1946 M8.0 Nankai earthquakes seriously damaged
areas from Kyushu to Tokai, killing over 2,500 persons in total.
Over 60 years have been passed since these events, so the next
Nankai Trough earthquake is predicted to occur within the next
30 years.

To better understand and mitigate earthquake and tsunami
disasters from such earthquakes, we must be able to realistically
simulate these phenomena by employing supercomputers
to calculate equation of motion that describe seismic wave
propagation and the Navier-Stokes (N-S) equation that describe
water flow with detailed source-rupture models, high-density
three-dimensional (3-D) subsurface structural models, and high-
resolution bathymetry data.

The dynamic seafloor displacement due to the earthquake
causes an initial tsunami on the sea surface above the source
area. However, ground-motion and tsunami simulations are
usually conducted independently using different source and
structural models even though they are relating very closely.
Current tsunami simulations are often based on approximation
equations such as linear long-wave theory (LLW) rather than
directly solving N-S equations. For these reasons, understanding
of strong ground motion and tsunamis associated with the

Nankai-Trough earthquakes remains insufficient.
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Therefore, we have developed an integration simulation
model combining ground motion and tsunami simulation that
accurately represents strong ground motion and tsunamis caused
by the Nankai Trough earthquakes. In this integrated simulation,
the ground motion and tsunami due to heterogeneous source-
rupture process and propagating in 3-D subsurface structure
can be simulated consistently. Such coupled ground motion and
tsunami simulation was developed and first applied to the 1993
M7.8 Hokkaido-Nansei Oki earthquake simulation by Ohmachi
et al. (2001) [1], who used the boundary element method (BEM)
for calculating dynamic seabed displacement caused by complex
fault-rupture in a homogeneous half-space subsurface structure,
then tsunami simulation was conducted by solving the N-S
equation in 3-D based on the finite-difference method (FDM).
Following this pioneering study, we developed an alternative
integrated simulation model using a realistic 3-D heterogeneous
subsurface structure model and high-resolution bathymetric data
by efficient large-scale parallel simulation using supercomputers.
We calculate dynamic ground displacement and coseismic
seafloor deformation by FDM simulation of equations of motion
in 3-D. Then, the results of seafloor ground motion are used for
tsunami generation and propagation simulation as an input in
the FDM simulation of 3-D N-S equations.
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2. Ground Motion and Tsunami Simulations of the

1944 Tonankai earthquake
2.1 Ground Motion Simulation

Seismic wave propagation and strong ground motions
can be solve by parallel 3-D FDM simulation of equation of
motions (Furumura and Chen, 2004, [2]) based on a domain-
partitioned procedure. The simulation model covers 496 x
800 km and extends 141 km deep, which has been discretized
using a uniform mesh of 0.4 x 0.4 x 0.2 km. A structural model
of the Earth's crust and upper-mantle beneath central Japan
is constructed based on the model of sedimentary structures
and the shape of the subducting Philippine-Sea Plate. Both are
constructed by based on reflection and refraction experiments,
deep land drilling, and gravity data. The source-slip model for
the 1944 Tonankai earthquake is derived by an inversion using a
near-field strong motion waveform. The inferred fault model is
180 x 90 km, and maximum slip of 4 m radiates seismic waves
with a total seismic moment of Mo=1.0*10** Nm (Mw=8.0; Fig.
1).

The results of the FDM simulation for the seismic wave
propagation from the 1944 Tonankai earthquake demonstrate
the strength of horizontal velocity ground motion at time T=15s,
40s, 90s, and 120s from when the earthquake begins (Fig. 3).
A sequence of snapshots clearly shows the spread of seismic
waves from the source fault where the fault ruptures spreading
from southwest to northeast at a speed slightly less than S-wave
speed.

The development of the long-period ground motion at a
period of T=3-6 s is clear developed at the rupture front due to
the directivity of the rupturing fault. Later time frames (T=90s
and 120s) capturing significant amplification of long-period

ground motion in large sedimentary basins such as those beneath
Osaka, Nagoya, and Tokyo, where thick sedimentary rocks of
over h=3000 m cover rigid bedrock (Fig. 3).

2.2 Tsunami Simulation

We then using ground motion simulations results in dynamic
seafloor movement caused by the 1944 Tonankai earthquake
in tsunami generation and propagation simulation which is
described by 3-D Navier-Stokes equations for incompressible
flow. Our simulation treats offshore tsunamis because the
boundary condition on the sea surface cannot account for
tsunami wavefront breaking and tsunami run-up. In order to
solve the Navier-Stokes equations, we use the conventional
SOLA technique developed by Hirt et al. (1975) [3], which
has been widely used for simulating flow of fluid in 3-D. In
simulation, velocities and pressure components in cells on the
staggered-grid are updated iteratively at each time step to satisfy
the following continuity conditions for incompressible fluid at a
satisfactory level.

The dynamic vertical seafloor movement on the sea floor
derived by the simulation of ground motion is introduced into
the tsunami simulation, with the velocity boundary condition
at the seafloor during source rupture time. The vertical flow of
water due to seafloor movement above the source region lifts
the sea surface, which is the initial tsunami developed by the
earthquake. The developed initial tsunami distribution at the sea
surface is usually smoother than the shape of coseismic seafloor
deformation caused by the earthquake because a thick cover
of seawater and finite source-duration time works as a sort of
high-cut filter to remove large-wave number components from

the shape of initial tsunami developed at sea surface (Kajiura,

Fig. 1 Source (orange area) model of the 1944 Tonankai (Mw8.1) earthquake and 3D structural model of Nankai
Trough subduction zone used for 3D simulation of seismic wave propagation and tsunami propagation

simulation.
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Fig.2 Coseismic deformation of seafloor with uplift (red) and subsidence (blue) of seafloor derived in 3-D simulation of seismic
wave propagation using (a) a 3-D heterogeneous structural model and (b) a homogeneous half-space model.

1963, [4]; Saito and Furumura, 2009, [5]). Our 3-D N-S tsunami
simulation simulates such all effects naturally and accurately.
The most consuming FDM simulation calculation of the
3-D N-S equation based on the SOLA algorithm is for updating
velocity and pressure components at individual cells together
with surrounding cells iteratively at each time step. Such
an iteration calculation sequence is, however, inefficient in
extracting the power of the vector computing hardware such
as employed in the Earth Simulator. Thus, it is still necessary
to modify present tsunami simulation code suitable for vector
computing. For parallel simulations we here used a single-level
flat MPI model in which single-threaded MPI processes are

executed on each processor core.

Model of the 3-D tsunami simulation was 500 x 1200 km
and 10 km deep, discretized into 1000 * 2400 * 100 grid points
with a grid of 500 m horizontally and 100 m deep. We also used
digital bathymetric data of J-EGG 500, provided by the Japan
Oceanographic Data Center, in the tsunami simulation.

Figure 2 illustrates coseismic seafloor displacement
distribution derived by ground motion simulation for the 1944
Tonankai earthquake using the 3-D heterogeneous subsurface
structure model for the Nankai-Trough subduction zone (Fig.
1) and that derived by using a homogeneous half-space model
assuming rigid bedrock (Vp=8 km/s, Vs=4.6 km/s). Note that

Fig.3 Snapshot of ground motion for the 1944 Tonankai Earthquake derived by 3D FDM simulation of seismic wave propagation.
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present tsunami simulation usually assumes such static seafloor
elevation in a homogeneous half-space structure using a
conventional computer code such as developed by Okada (1985)
[6], rather than considering complex seafloor movement due to
the actual 3-D heterogeneous structure.

Sea floor elevation results due to low-angle thrust faulting at
the top of the shallowly dipping Philippine-Sea Plate show large
uplift in the seafloor along the trench of the Nankai Trough
and subsidence of ground surface at the eastern coast of the Kii
Peninsula. Such coseismic displacement distribution pattern
derived by the 3-D model shows a large seafloor elevation in
a relatively narrow zone about 20 km wide and 180 km long
(Fig. 2a). On the other hand the coseismic displacement pattern
derived by simulation using the half-space model is spreading to
the wider area of about 80 km and 200 km (Fig. 2b). Maximum
seafloor elevation derived by the 3-D and homogeneous half-
space subsurface models is almost same at 1.2 m and 1.0 m,
respectively.

The tsunami derived by the simulation for the 1944 Tonankai
earthquake at time T = 10, 20, 30, and 40 minutes after when the
carthquake began had a tsunami wavefield for sea surface uplift
and subsidence (Fig. 4). The large slip at the northeastern part
of the fault plane and fault rupture propagation from southwest
to northeast produced large tsunamis eastward of the source
region of the Tonankai earthquake. Some 10 minutes after the
earthquake, a large tsunami arrived at the eastern Kii Peninsula
and Tokai coast. As the tsunami propagated coastally, the
tsunami height increases dramatically. Tsunamis over 2 m high
hit the Pacific Ocean coast 10-20 min after the earthquake. Some
20 min after the earthquake the head of the tsunami had spread

to the Izu Islands 300 km east of the hypocenter and to Cape
Muroto in Shikoku, and by 40 min the tsunami propagated to the
Boso Peninsula and Cape Shiono. As time passed, scattering of
tsunami due to multiple reflections in heterogeneous bathymetry
and around the islands modified the tsunami waveform very
dramatically, leading to complex and long-term sea surface
disturbances.

We compared tsunami simulation results for the 3-D N-S
model to those from conventional tsunami simulation based
on 2-D linear long-wave (LLW) theory. The LLW model
effectively treats tsunamis in shallow seas with depth (H) less
than the tsunami wavelength (L) (H < 10-20xL). In our tsunami
simulation for the LLW model, the initial tsunami for the sea
surface elevation distribution is assumed to be identical to that
of sea bottom elevation, which is also reasonable for considering
tsunami generation in shallow seas with sea depth H less than 10
times of the sea bottom deformation area Sa (H < 10xSa; Saito
and Furumura, 2010, [5]). Note that the linear theory (Kajiura,
1963. [4]) can also be used for more accurate estimation of
initial tsunami distribution on the sea surface caused by the sea
floor deformation in deep sea.

Simulated tsunami waveforms at Mera, Uchiura, Matsuzaka,
and Tosa Shimizu stations are shown in Fig. 5 which have been
applied a high-cut filter with a cut-off frequency of fc=0.0167
Hz (cut-off period of Tc=1 min) to remove high-frequency
signals. The tsunami waveform derived by the half-space
subsurface structure model shows a smooth, longer-wavelength
tsunami compared to that from the heterogeneous 3-D structural
model as is easily expected from the seafloor displacement
distribution pattern shown in Fig. 2. On the other hand the

Fig.4 Snapshots of tsunami from the 1944 Tonankai Earthquake derived by the 3D Navier-Stokes equation simulation.
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Fig.5 Simulated tsunami waveform at Mera, Uchiura, Matsuzaka, and Tosa Shimizu (stations in Fig. 5) derived by
simulation using 3-D N-S and source models assuming a 3-D heterogeneous structure (thick lines) (Fig. 2a) and a
homogeneous half-space model (thin lines) (Fig. 2b) and 2-D LLW model (dashed lines).

tsunami waveform derived by the simulation from the 3-D N-S
model shows a somewhat smoother wave shape than that for
the 2-D LLW model because the cover of thick sea water above
the source acts high-wavenumber cut filter. A finite source-
rupture time for the earthquake also removes large wave number
components from the initial tsunami distribution on the sea
surface. Some delay in tsunami arrival of 3-5 min in the 3-D
N-S simulation in the tsunami record of distant Mera and Tosa
Shimizu stations is due to the dispersion of tsunami propagating
in deep Nankai Trough. Such effects are not accounted for in the
2-D LLW model.

3. Conclusion

Large (M > 8) earthquakes occurring in the Nankai Trough
might be causing significant disasters from Kyushu to Tokai
along Japan's Pacific Ocean coast due to large, long-term
ground shaking of long-period ground motions in sedimentary
basins and tsunamis along the coastal zone. Coseismic
vertical movements associated with large earthquakes also
have caused rise and subsidence in coastlines near the source
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area. Downtown Kochi, Shikoku, sank after the 1946 Nankai
earthquake due to coastal subsidence - exceeding 0.5 m. Such
coseismic displacement is expected to cause additional coastal
disasters with enhanced tsunami inundation and tidal wave
effects.

To mitigate such earthquake-related disasters anticipated in
future Nankai-Trough earthquakes, integrated ground motion
and tsunami simulation using high-performance computers and
reliable simulation models is indispensable.

By using present ES supercomputers, we have reproduced
long-period ground motion, coseismic deformation, and
tsunamis during the 1944 Tonankai earthquake very efficiently.
Simulation and observation results agreed well for long-period
ground motion developing in central Tokyo, indicating the
effectiveness of the present simulation model for modeling
long-period (T > 2 s) ground motion for the past and future
earthquakes.

Acknowledgement
This study was conducted under the joint research project



Annual Report of the Earth Simulator Center April 2009 - March 2010

of the Earth Simulator Center with title "Numerical simulation

of seismic wave propagation and strong ground motions in 3-D

heterogeneous media" The author acknowledge to the Earth

Simulator Center for providing large computer resources.

References

(1]

(2]

Ohmachi, T., H. Tsukiyama, and H. Matsumoto,
"Simulation of tsunami induced by dynamic displacement
of seabed due to seismic faulting,” Bull. Seism. Soc. Am.,
91, pp. 1898-1909, 2001.

Furumura, T. and L. Chen, "Large scale parallel simulation
and visualization of 3D seismic wavefield using the Earth
Simulator," Computer Modeling and Engineering Sciences,
6, pp.143-168, 2004.

92

(3]

(4]

(5]

(6]

Hirt, C.W., B. D. Nichols, and N. C. Romero, "SOLA - A
numerical solution algorithm for transient fluid flows, "Los
Alamos National Laboratory report LA-5852, 1975.
Kajiura, K., "The leading wave of a tsunami,"
Bulletin of the Earthquake Research Institute, 41, pp. 545-
571, 1963.

Saito, T., and T. Furumura, "Scattering of linear long-
wave tsunamis due to randomly fluctuating sea-bottom
topography: coda excitation and scattering attenuation”,
Geophys. J. Int., 178, 877-888, 2010.

Okada, Y., "Surface deformation due to shear and tensile
faults in a half space”, Bull. Seismol. Soc. Am., 75, pp.
1135-1154, 1985.



Chapter 1 Earth Science

3RIEAEG TOWRIMARE L MmER I 2 —2a v

Tayxry VELE
A FE FOA KT KRBT B G b SR set >~ 4 —
BHRES: HENZEHT

HH
A R RO KRR A B e v —

WHORSE HERAFZERT

HiEN T 7 ERMEIC X A MER L FR A SEEICEHI L, KEOFMERBICET S22 L2 HIIC, B ko
WY I a2l —3ara—F2HEL AYIal—3varTlid, ITEREEFVERTHEESVZ W THED)
EHhBHHE ) 2 BB RO 3 WIS ERTEIC K D EHiT %0 RIS, KD NI L OO M E B 2 AT &
LT BEOFAELLEE 3RICFELA =7 AROENERIRICE DT HEREAFEOME Y I 2L —2 3 V|
L0, AEYHHTHECRATLHMEEY WL ZEL CFHMidT2 I EATE, 2L THEDLSEWBEITNE
LR AIEREO K ELZIEM 28> TEZ LI ENTED LI ICHR D, FEROFWFM TIZRRZE T — 2 T/
ER O FHIA— I TH D L F 2R EIEE R ICEREREE TV SHVONL 20 E o7z K Iab—T g
LD, 3WITHICAHE DRI T CTORR B ET & REZ (D 2RO GBI ORHE LRI TH 2 L
HTEDLLHICHY, Wil T 7HEIC X 2B ORI %2 & 7B BB O 2 %832 b0 LHIfEsh
b0 FEIA =27 ZAXGFEONY PALRIFRNIEL, = FFa—= v 7SI 20EDEE LTRSS,

93





