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The targets of this project are; (1) to solve inverse problem, that is, to perform waveform inversion for three dimensional

(3-D) shear wave velocity (Vs) structure inside the Earth using the Direct Solution Method and (2) to solve forward problem,

that is, to calculate synthetic seismic waveform for fully 3-D Earth model. We have conducted waveform inversion for 3D

shear wave velocity structure with much finer resolution than previously performed. We do not use ray theoretical approxima-

tion in computing synthetic waveforms, which enables us to treat rigorously the wave propagation effect due to lateral hetero-

geneity of the velocity structure. The 3D velocity model, we obtained, might indicate that we have two layered mantle convec-

tion and horizontal flow becomes predominant in the boundary layers in the lower mantle. We use the Spectral-Element

Method for the forward modeling calculation and calculate synthetic seismic waveform for a 3-D Earth model, which includes

a 3-D velocity and density structure, a 3-D crustal model, ellipticity as well as topography and bathymetry. We calculate snap-

shots of seismic wave propagation for 2004 great Sumatra earthquake and have confirmed that the fault slip model, which we

used in this simulation, is accurate and the earthquake fault of this event really extends to more than 1000 km.
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1. Waveform Inversion for 3-D global Earth structure
Inversion for detailed 3-D global Earth structure is impor-

tant to constrain the dynamics of the Earth. Most of the previ-

ous 3-D Earth models were obtained primarily by inverting

phase data extracted from seismic waveform data. There were

a few studies to obtain Earth models by inverting seismic

waveform data themselves. Such inversion method (called as

waveform inversion) has a potential to improve the resolution

of the Earth models because we can fully utilize the informa-

tion included in the seismic waveform data. However,

because waveform inversion requires huge computational

resources in simulating global elastic responses, previous

studies by other research groups incorporated approximations

(optical ray approximations) to reduce the required CPU time,

which degrades the resolution of the obtained models.

In this study we conducted full waveform inversion based

on accurate global elastic response simulations. We did not

use optical ray approximations, and rigorously computed the

effect of lateral heterogeneity and the effect of finite wave-

length. The required CPU time is huge, but we solved this

problem by developing our efficient computational method

(the Direct Solution Method; Takeuchi et al., 2000) and by

using the Earth simulator.

Using the Earth simulator, we succeeded to increase the

size of the data set and to improve the maximum resolution of

the model. We previously presented a preliminary model by

using the similar method as was used in this study (Takeuchi

& Kobayashi, 2004). We used SR8000/MPP at the

Information Technology Center, the University of Tokyo. The

data set used was 1,161 waveform traces and the number of

the model parameters was 1,014 (the maximum horizontal

resolution of the model is degree-12). On the other hand, in

this study, the data set used was 16,089 waveform traces, and

the number of the model parameters was 3,610 (the maximum

horizontal resolution is degree-18). We optimized the soft-

ware for the Earth simulator, and we achieved 98.93% paral-

lel efficiency for computations using 88 nodes (794 CPUs).

The obtained S wave velocity model in the lower mantle

is shown in Figure 1. Because of the improvement of the

inversion method, improvement of the resolution is expected

especially beneath the oceanic regions where data sampling

is poor. The obtained model is thus suitable to discuss the

scale lengths of the lateral heterogeneity, which helps to

understand the nature of the global mantle flow. The model

in Figure 1 shows that the top and the bottom layers in the

lower mantle show relatively red spectra, whereas the mid-

dle layer shows relatively white spectra. This result might

indicate that we have two layered mantle convection and

horizontal flow becomes predominant in the boundary layers

in the lower mantle. Existence of stagnant slabs is one of the
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important evidences for two layered convection, but the

spectra of seismological heterogeneity obtained in this study

further provides evidence for this.

2. Synthetic seismograms for 2004 Sumatra earthquake
We calculate synthetic seismograms for fully 3-D Earth

model using the Spectral-Element Method code and 243 nodes

of the Earth Simulator for December 26, 2004 Great Sumatra

earthquake (Mw 9.1) and create movie file that shows seismic

wave propagation at the surface of the globe. Because this

giant earthquake caused devastating disaster to countries sur-

rounding Indian Ocean, the actual size of the earthquake fault,

which generated seismic waves and tsunamis became a target

of studies. We calculate synthetics for both Dec 26, 2004 and

Mar. 28, 2005 events and compared with the observation. We

use the Spectral-Element Method (SEM) developed by

Komatitsch and Tromp (2002) to simulate global seismic wave

propagation throughout a 3-D Earth model, which includes a

3-D seismic velocity and density structure, a 3-D crustal

model, ellipticity as well as topography and bathymetry. The

SEM first divides the Earth into six chunks. Each of the six

chunks is divided into slices. Each slice is allocated to one

CPU of the Earth Simulator. Communication between each

CPU is done by MPI. We use 243 nodes of the Earth

Simulator and divided the fully three-dimensional Earth model

into 5.4 billion grid points. This should provide synthetic seis-

mograms that are accurate up to 5 second and longer. We use

finite source models by using a set of sub-events distributed

along the fault surface, retrieved by inversion of body waves

and long period surface waves (Tsuboi et al, 2005). The finite

source models used in this simulation estimate Mw to be 9.1

for Dec 26 event and 8.7 for Mar 28 event. The fault length is

1200 km and 400 km respectively.

The comparison of the synthetic seismograms with the

observation for Mar 28 event shows that synthetic P-wave-

forms model the observed seismogram quite well, reflecting

that the finite source model is quite precise. This source

model shows that the maximum slip occurs at depth of 30

km, which is consistent with the fact that the tsunami excita-

tion was not significant compared with the devastating Dec

26 event. Because the agreement of the synthetics with the

observation was satisfactory for Mar 28 event, the compari-

son of the synthetics for Dec 26 event using the fully three

dimensional Earth model should also give implications on

the complex source process of Dec 26 event.

The agreement of the synthetics for Dec 26 event is satis-

factory for body wave phases, which confirms that the finite

source model used in this simulation models the complex

source rupture propagation of this event quite well. The total

rupture duration of this model is about 550 sec. Combined

with the fault length of about 1200 km for this model, we

may conclude that it is not likely the rupture velocity

becomes slower than 2.0 km/sec. However, the amplitude of

surface waves for synthetic seismograms underestimates the

observed amplitude especially at frequency range lower than

0.05 Hz, which may suggest that there exists extremely slow

movement along the fault surface in the northern part of the

fault segments near Andaman Islands.

Figure 2 illustrates an example of the snapshot prepared to

create this movie file for Dec. 26, 2004 event. The snapshot

indicates complex pattern of seismic wave propagation due

to this extremely large earthquake fault.
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Fig. 1  S wave velocity model obtained by this study.

Fig. 2  Snapshot of the propagation of seismic waves in the Earth during

the December 26, 2004 Sumatra Island earthquake.
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