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Abstract

We simulated the strong motions at Onagawa, Japan, during the 2011 off Miyagi intra-slab earthquake (Mw7.1) by the
empirical Green’s function method. We used some different elemental earthquakes in order to investigate the applicability
of this method for the intra-slab earthquakes. At first, we established the asperity model based on the previous study. Then,
the elemental earthquakes were selected under some criteria. Finally, we carried out the strong motion simulations for three
models: using only one elemental earthquake (Model 1), using three elemental earthquakes which were arranged according
to the relationship between their source locations and the subfaults of the target large fault (Model 2), and using three
elemental earthquakes which were arranged randomly (Model 3). For the model 1, the variation of the simulated strong
motions to the observed strong motion was large. On the other hand, for the models 2 and 3, the variation of the simulated
strong motions to the observed strong motion was smaller than that of the model 1 because the characteristics of each
elemental earthquake were averaged. This conclusion agrees with that in Dan et al. (1990) for a crustal earthquake.
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1. Introduction

The empirical Green’s function method (Hartzell, 1978) has often been used for the strong motion prediction. In
this method, the elemental earthquakes are used as the empirical Green’s functions, and they are scaled so that
their fault parameters are the same as those of the subfaults of the target large fault. If several strong motion
records have been observed at the site, all of them should be used as elemental earthquakes because the specific
characteristics of the amplification and the propagation can be taken into account. Many studies have applied
this method to the strong motion simulations for large earthquakes. For example, Dan et al. (1990) examined the
variation of the strong motions synthesized by using several small-event records as Green’s functions for a
crustal earthquake. They arranged the small-event records randomly for each subfault of the main-shock, and
showed that the variation of the simulated strong motions became small. Miyakoshi et al. (2004) estimated the
strong motions using some elemental earthquakes for a scenario interplate earthquake along the Nankai trough,
Japan.

In this paper, we simulated the strong motions at Onagawa during the 2011 off Miyagi intra-slab earthquake
(Mw7.1) by the empirical Green’s function method using some different elemental earthquakes in order to
investigate the applicability of this method to the intra-slab earthquake.

2. Fault Model

We established an asperity model for the 2011 off Miyagi earthquake after the seismic moment My, the short-
period spectral level A, and the ratio of the asperity areas to the seismic fault area S,/S were given. The seismic
moment My was 4.74 X 10" Nm (NIED, 2011). The short-period spectral level A was 1.16 X 10 Nm/s?* which
was evaluated from the stress drops of the strong motion generation areas obtained by Harada and Kamae (2011)
(HKmodel). The relationship between the seismic moment My and the short-period spectral level A is shown in
Figure 1. The short-period spectral level A is about 6 times as large as the empirical relationship between the
seismic moment and the short-period spectral level proposed by Dan et al. (2001), about 1.5 times as large as the
empirical relationship by Sasatani et al. (2006). It is almost the same as the empirical relationship by Arai et al.
(2015). The ratio of the asperity areas to the entire seismic fault area S,/S was obtained to be 0.4 based on our
pre-studies. The strike and the dip of the fault model were taken as 20° and 37° , respectively, in reference to
some previous studies. Two asperities were arranged apart in the asperity model based on the HKmodel. The
asperity model is shown in Figure 2. The fault parameters are shown in Table 1.

3. Elemental Earthquakes
3.1 Selection of the elemental earthquakes

The elemental earthquakes for the strong motion simulations by the empirical Green’s function method were
selected based on the following five criteria:

1) The source locates close to the main-shock source.

2) The ratio of signal to noise of the Fourier amplitude spectrum of the observed strong motion at Onagawa

in the period range of 10 seconds or less is large enough.

3) The seismic moment is given by F-net.

4) The moment magnitude My is larger than 4.5.

5) The focal mechanism is similar to the main-shock.
The source parameters of the main-shock and selected elemental earthquakes are shown in Table 2. The map
including the locations of the main-shock, selected elemental earthquakes, fault plane of the main-shock, and
Onagawa site are shown in Figure 3.

3.2 Estimation of the Source Parameters of the Main-shock and the Elemental Earthquakes

The source spectrum of the main-shock was assumed as the following stochastic model based on Boore (1983):
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where f is the frequency, S(f) is the acceleration source spectrum, AMP(f) is the acceleration Fourier amplitude
spectrum of the observed strong motion records, R is the hypocentral distance, Ryq is the radiation pattern,
usually averaged over a suitable range of azimuths and take-off angles (Boore and Boatwright, 1984), Fs is the
effect of the free surface (taken as 1 because we use the underground records), P represents the partition of total
shear-wave energy into horizontal components (=142 ),Q(f) is the function which represents attenuation of the
path (assuming 114f ®%: Satoh and Tatsumi, 2002), ps and fs are the density and shear-wave velocity of the
observation point (Onagawa), and p and f are the density and shear-wave velocity at the source. The third and
last terms of the RHS mean the path characteristic and the amplification characteristic, respectively.

. )

The theoretical source spectrum of the main-shock was estimated by the following w-square model (Brune,
1970):

_(24)*M,

S(f)_1+(f/fc)2'

)
where f. is the corner frequency. The corner frequency f. was derived from the seismic moment M, and the
short-period spectral level A by
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The source spectra of the main-shock and the elemental earthquakes were assumed to be represented by equation
(1). The seismic moments M, were taken from F-net (NIED, 2011), and the corner frequencies f. were estimated
based on the ratio of the source spectrum of the main-shock to that of the elemental earthquake. In concrete, the
corner frequencies of the elemental earthquakes were evaluated so that the theoretical source spectral ratio of the
main-shock to each elemental earthquake becomes almost the same as the source spectral ratio based on the
observed strong motions in 1-5 Hz. The ratios of the source spectrum of the main-shock to that of the elemental
earthquake are shown in Figure 4. The estimated source parameters of the elemental earthquakes are shown in
Table 3.

4. Strong Motion Simulations by the Empirical Green’s Function Method

We carried out the strong motion simulations of the off Miyagi earthquake by three models: using only one
elemental earthquake (Model 1), using three elemental earthquakes which were arranged according to the
relationship between their source locations and the subfaults (Model 2), and using three elemental earthquakes
which were arranged randomly (Model 3). The arrangements of the elemental earthquake(s) for the subfaults in
the fault model are shown in Figure 5. The model 3 in Figure 5 shows two representative cases which were
selected from 100 cases. The peak ground accelerations and the pseudo-velocity response spectra of these two
cases corresponded well to those of the observed strong motions.

The rupture velocity was assumed to be 2.88 km/s, which is 0.72f (Geller, 1976). The underground observed
strong motions of the elemental earthquakes, rotated from the sensor N-S direction to the plant N-S direction,
were used as the elemental strong motions. We calculated 21 waves in which we changed the radiation location
of the seismic waves in the subfault randomly in each model in order to avoid causing artificial waves. Then, we
selected one wave whose pseudo-velocity response spectrum was almost the same as the averaged one.

The simulated strong motions of the model 1 are shown in Figure 6. The period characteristic and the difference
of the two horizontal components observed in the records of the elemental earthquakes have also appeared in the
simulated strong motions. As shown in Figure 6, the variation of the simulated strong motions to the observed
strong motion is large. The simulated strong motions of the model 2 are shown in Figure 7. As shown in Figure 7,
the simulated strong motions of the model 2 correspond with the observed records better than those of the model
1, while the pseudo-velocity response spectra of the simulated strong motions are larger than those of the
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observed records in the period range larger than 1 second. The simulated strong motions of the model 3 are
shown in Figure 8. The peak ground accelerations and the pseudo-velocity response spectra in the short-period
range correspond well to those of the observed records because the characteristics of each elemental earthquake
are averaged. The variation of the simulated strong motions to the observed strong motions is smaller than that
of the model 1. However, the envelopes of the simulated strong motions are sharp. As a result, the
reproducibility of the observed record of the model 3 is the best in the three models.

. )

5. Conclusion

We simulated the strong ground motions at Onagawa, Japan for the 2011 off Miyagi intra-slab earthquake by the
empirical Green’s function method with using one or some elemental earthquakes.

The model 1 was established by using only one elemental earthquake. The variation of the simulated strong
motions to the observed strong motion was large.

The model 2 was established by using three elemental earthquakes which were arranged according to the
relationship between their source locations and subfaults of the target large fault. The simulated strong motions
of the model 2 corresponded to the observed records better than those of the model 1. However, the pseudo-
velocity response spectra were overestimated in the period range larger than 1 second.

The model 3 was established by using three elemental earthquakes which were arranged randomly. The
simulated strong motions of the model 3 also showed better agreement with the observed strong motion records
than those of the model 1. The variation of the simulated strong motions to the observed strong motion was
smaller than that of the model 1. This conclusion agrees with that in Dan et al. (1990). The improvements of the
sharp envelopes of the simulated strong motions are a future issue.

Finally, the results of this study showed that the empirical Green’s function method of using some different
elemental earthquakes is applicable for the intra-slab earthquake.
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Figure 1 — Relationship between the seismic Figure 2 — Asperity model of the 2011 off Miyagi intra-

moment M, and the short-period spectral level A slab earthquake

Table 1 — Fault parameters of the asperity model

Parameters Basis

Seismic fault area S (km?) 179.3 S=(7/116)M 4nB°IA (S 1S ;)*°
Seismic moment M 5 (Nm) 4.74E+19 NIED(2011)

Short-period spectral level A (Nm/s?) 1.16E+20 Based on Harada and Kamae(2011).
Averaged stress drop Ac (MPa) 48.1 Ao=(7n°116)(M (/S 1)

Averaged slip D (m) 5.51 D =M o/(uS)

Combined asperity area S , (km?) 72 $,=(S./S)S

Ratio of the asperity areas to the entire seismic fault area S ,/S 0.4 According to pre-study.

Stress drop on the asperities Ac, (MPa) 120.3 Ac,=Ac/(S,/S)

Auveraged slip on the asperities D, (m) 11.0 D,=2D

Effective stress on the background o, (MPa) 12.7 6, =(D W )(@**ID )r + 3(ri/r)°Ac,
Averaged slip on the background D, (m) 1.84 Dyp=M g /(uS})

Table 2 — Source parameters of the main-shock and selected elemental earthquakes

Time Lat. *? Lon.*'  My(Nm)*! Depth(km)*? Mw
EQ04  2011/4/7 23:32 38.2028 141.9237 4.74E+19 66 7.1
EQO08  2011/4/9 18:42 38.2467 141.8160 1.21E+17 58 5.4
EQ26 2011/7/13 0:37 38.3312 142.0072 2.64E+16 47 4.9
EQ53  2013/8/4 12:29 38.1627 141.8025 6.86E+17 58 5.9

*1) NIED(2011, 2013) *2) JMA(2011, 2013)
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Figure 3 — Locations of the main-shock, selected elemental earthquakes, fault plane of the main-shock, and
Onagawa site
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Figure 4 — Ratio of the source spectrum of the main-shock to that of the elemental earthquake

Table 3 — Estimated source parameters of the elemental earthquakes

Parameters EQ08 EQ26 EQ53 Basis

Seismic moment M (Nm) 1.21E+17 2.64E+16 6.86E+17 NIED(2011, 2013)

Corner frequency of the source spectrum f ;. (Hz) 15 2.7 0.9 According to the observed acceleration source spectra.
Seismic fault area S (km?) 311 0.96 8.64 S=M/uD

Averaged slip D (m) 0.81 0.57 1.65 D =4xA /(Tn*up?)

Averaged stress drop Ac (MPa) 53.7 68.4 65.8 Ao=Tr/16xuD x(n/S )>*

Short-period spectral level A (Nm/s?) 1.07E+19 7.60E+18 2.19E+19  A=4n’xM oxf 2
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Figure 5 — Arrangements of the elemental earthquakes for the elemental faults in the fault model
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Figure 6 — Simulated strong motions of the model 1
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Figure 7 — Simulated strong motions of the models 2
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