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Our research group aims to develop a physics-based predictive simulation system for crustal activities in and around Japan.
In the first three years of the project we completed a prototype of the simulation system, which consists of a quasi-static stress
accumulation model, a dynamic rupture propagation model and seismic/geodetic data assimilation software, on a realistic 3-D
structure model. In 2006, with the prototype simulation system, we carried out the combined simulations of quasi-static stress
accumulation, dynamic rupture propagation and seismic wave radiation for the 1968 and 2003 Tokachi-oki earthquakes, and
demonstrated that the future fault-slip motion is predictable through computer simulation if the past slip history and the pres-
ent stress state are known. Then, in order to estimate the past slip history and the present stress state from observed geodetic
and seismic data, we established a new inversion method that unifies the Jackson-Matsu'ura formula with direct prior informa-
tion and the Yabuki-Matsu'ura formula with indirect prior information in a rational way. With the method of CMT data inver-
sion we analyzed seismic events in the Hokkaido-Tohoku region, and found clear difference in stress patterns between the

overriding North American plate and the descending Pacific plate.
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1. Introduction mic/geodetic networks into predictive simulation. As the

Our research group aims to develop a physics-based pre- first step to address this problem we develop two inversion
dictive simulation system for crustal activities in and around methods using Akaike's Bayesian Information Criterion
Japan, where the four plates of Pacific, North American, (ABIC), one of which is the method to estimate the spa-
Philippine Sea and Eurasian are interacting with each other tiotemporal variation of interplate coupling from geodetic
in a complicated way. The total system consists of a quasi- data, and another is the method to estimate seismogenic
static stress accumulation model, a dynamic rupture propa- stress fields from CMT data of seismic events [3].

gation model, and seismic/geodetic data assimilation soft-

ware, developed on a realistic 3-D structure model called 2. Combined simulation of stress accumulation,
CAMP Standard Model [1]. In the first three years of this dynamic rupture and seismic wave radiation

project we completed a prototype of the simulation system With the prototype simulation system for crustal activities
on the Earth Simulator [2]. With the prototype simulation in and around Japan, first, we carried out the combined sim-
system we can now perform the combined simulations of  ulation of quasi-static stress accumulation and subsequent
quasi-static stress accumulation, dynamic rupture propaga- dynamic rupture propagation in the source region of the
tion and seismic wave radiation for earthquake generation 1968 Tokachi-oki earthquake (M8.1) [4]. On the basis of the
cycles at plate interfaces. Output data of the simulation are inversion analysis of waveform data we set two strength
the crustal deformation, internal stress change and seismic asperities with different sizes on the North American-Pacific
wave radiation caused by seismic and/or aseismic slip at  plate interface. The 3-D geometry of the plate interface is
plate interfaces. Then, the next problem to be solved is how given by CAMP Standard Model. The frictional property at
to assimilate massive observed data from nation-wide seis- each point of the plate interface is specified by the three
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basic parameters (peak strength, characteristic weakening
displacement, and characteristic healing time) of the slip-
and time-dependent fault constitutive law [5]. The driving
force of stress accumulation is the steady subduction of the
Paccific plate beneath the North American plate. The simu-
lation algorithm, based on a numerical boundary integral
equation method, is essentially the same as that in the case
of transcurrent plate boundaries [6]. A series of snapshots in
Fig. 1 shows the gradual increase of shear stress with time in
the source region of the 1968 Tokachi-oki earthquake. The
shear stress reaches a critical state at 120 years after the pre-
ceding event. Then, we switch from the quasi-static simula-
tion of stress accumulation to the dynamic simulation of rup-
ture propagation. Initial stress distribution and fault constitu-
tive relations for the dynamic simulation are given by the
output of the quasi-static simulation at the critical state. In
the dynamic rupture simulation we use the boundary integral

equation method for triangular elements [7,8], which allows

us to model non-planar fault geometry.

On the left of Fig. 2 we show the snapshots of dynamic
rupture propagation started at 120 years after the preceding
event. The snapshots on the right of Fig. 2 show the case of
dynamic rupture forced to start at 60 years after the preced-
ing event. From these simulation results we can see the fol-
lowing. When the stress state is close to the critical level, the
started dynamic rupture is rapidly accelerated and develops
into a large earthquake. When the stress state is much lower
than the critical level, the started rupture is not accelerated
and soon stops.

Next, we carried out the combined simulation of quasi-
static stress accumulation, dynamic rupture propagation and
seismic wave radiation for the 2003 Tokachi-oki earthquake
(M8.0) in a similar way [9]. In the computation of seismic
wave radiation and propagation we used the slip time func-
tions obtained by the dynamic rupture simulation. The com-

putation algorithm of seismic wave radiation and propaga-

Fig. 1 Combined simulation of quasi-static stress accumulation and dynamic rupture propagation for

the 1968 Tokachi-oki earthquake: Quasi-static stress accumulation [4]. The quasi-static stress

accumulation in the source region is shown by a series of snapshots. The stress state becomes

critical at 120 years after the preceding event.
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Fig. 2 Combined simulation of quasi-static stress accumulation and dynamic rupture propagation for

the 1968 Tokachi-oki earthquake: Dynamic rupture propagation [4]. Left: The case of dynamic

rupture started at 120 years after the preceding event. Right: The case of dynamic rupture

forced to start at 60 years after the preceding event.
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tion is based on the finite difference method for a 3-D het-
erogeneous medium [10]. In the upper half of Fig. 3 we
show the source region of the 2003 Tokachi-oki earthquake
(left), the initial stress distribution obtained by the quasi-
statc simulation of stress accumulation (center), and the final
fault slip distribution (right). In the lower half of Fig. 3 we
show the snapshots of dynamic rupture propagation and seis-
mic wave radiation.

As the result of the dynamic rupture simulation we obtain
the spatio-temporal distribution of slip on the fault, which
gives the input for the computation of seismic wave radia-

tion and propagation. In the computation we used a realistic
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velocity structure model to take into account the propagation
path and local site effects. In Fig. 4 we show the computed
ground motions at the seismic stations along a coastline
together with the observed ground motions. We can see
good agreement between the predictions and the observa-
tions. Thus, we may conclude that if all the parameters in the
simulation are correctly given, we can predict the ground
motions that will be caused by future earthquakes. At pres-
ent we do not have sufficient information about all the
parameters, but this simulation is still quite useful as a tool

for evaluating the scenario that will happen in future.
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Fig. 3 Combined simulation of quasi-static stress accumulation, dynamic rupture propaga-
tion and seismic wave radiation for the 2003 Tokachi-oki earthquake [9]. Top: The
source region (left), the initial stress distribution (center), and the final fault slip dis-
tribution (right). Bottom: Snapshots of dynamic rupture propagation and seismic

wave radiation.
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Fig. 4 Comparison of computed and observed ground motions for the 2003 Tokachi-oki earthquake [9]. Left: The

location map showing the source region and the seismic stations. Center: Computed ground motions. Right:

Observed ground motions.
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3. Development of the inversion methods to estimate
internal stress states

For geodetic data inversion, so far, two kinds of Bayesian
methods have been widely used; one of which is the method
based on the Jackson-Matsu'ura inversion formula with
direct prior information about model parameters [11], and
another is the method based on the Yabuki-Matsu'ura inver-
sion formula with indirect prior constraint on the roughness
of fault slip distribution [12]. Recently, incorporating both
the direct and indirect prior information into observed data
in a proper way, we succeeded in deriving a new inversion
formula that unifies the Jackson-Matsu'ura formula and the
Yabuki-Matsu'ura formula [13]. The unified inversion for-
mula enables us to incorporate the postulate of plate tecton-
ics into geodetic data inversion in a quantitative way. We
examined the effectiveness of the unified inversion formula
through the analysis of the surface displacement data associ-
ated with the 1923 Kanto earthquake.

With the method of CMT data inversion [14] we analyzed
about 3000 seismic events with M3.5-5.0 in the Hokkaido-
Tohoku region (NIED Seismic Moment Tensor Catalogue,
1997-2006), and obtained the 3-D pattern of the seismo-
genic stress field associated with the subduction of the
Pacific plate beneath the North American plate [15]. On the
left of Fig. 5 we show the epicenter distribution of the seis-
mic events used in the CMT data inversion. On the right of
Fig. 5 we show the pattern of the inverted stress field at 10
km in depth with the focal sphere representation. From this
inversion result we can see the clear difference in stress pat-
terns between the overriding North American plate and the
descending Pacific plate.

4. Summary

We succeeded in the combined simulation of quasi-static
stress accumulation, dynamic rupture propagation and seis-
mic wave radiation for earthquake generation cycles at plate
interfaces. This success demonstrates a predictablity for
large interplate earthquakes on the condtion that we have
sufficient information about all the parameters in computer
simulation. At present we do not have sufficient information
about all the parameters, but the combined simulation for
earthquake generation is still quite useful as a tool for evalu-

ating the scenario that will happen in future.
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Fig. 5 The seismogenic stress field in the northeastern part of Japan estimated from CMT data inversion [15].

Left: The location map showing the epicenter distribution of seismic events and the iso-depth contours of

the upper boundary of the descending Pacific plate. Right: The inverted seismogenic stress field with the

focal sphere representation. The color scales show the degree of uncertainty.
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