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Abstract—We developed a recipe for predicting strong ground

motions based on a characterization of the source model for future

crustal earthquakes. From recent developments of waveform inver-

sion of strong motion data used to estimate the rupture process, we

have inferred that strong ground motion is primarily related to the slip

heterogeneity inside the source rather than average slip in the entire

rupture area. Asperities are characterized as regions that have large

slip relative to the average slip on the rupture area. The asperity areas,

as well as the total rupture area, scale with seismic moment. We

determined that the areas of strong motion generation approximately

coincide with the asperity areas. Based on the scaling relationships,

the deductive source model for the prediction of strong ground

motions is characterized by three kinds of parameters: outer, inner,

and extra fault parameters. The outer fault parameters are defined as

entire rupture area and total seismic moment. The inner fault

parameters are defined as slip heterogeneity inside the source, area of

asperities, and stress drop on each asperity based on the multiple-

asperity model. The pattern of rupture nucleation and termination are

the extra fault parameters that are related to geomorphology of active

faults. We have examined the validity of the earthquake sources

constructed by our recipe by comparing simulated and observed

ground motions from recent inland crustal earthquakes, such as the

1995 Kobe and 2005 Fukuoka earthquakes.

Key words: Recipe, strong ground motion prediction, crustal

earthquake, characterized source model, hybrid method.

1. Introduction

High-quality strong ground motions have been

recorded from recent large earthquakes in Japan, such

as the 1995 Kobe, 2000 Tottori, 2004 Chuetsu, 2005

Fukuoka, 2007 Chuetsu-oki earthquakes, and others.

Accumulations of strong ground motions have pro-

vided us very important knowledge about rupture

processes of earthquakes, propagation-path and site-

amplification effects, and the relation between ground

motion and damage. Predicting strong ground motion

is one of the critical factors for mitigating disasters

caused by future earthquakes.

So far, most strong motion predictions in earthquake

hazard analyses have been made using empirical

attenuation-distance curves for peak ground accelera-

tion (PGA), peak ground velocity (PGV), and response

spectra, in which the source information is defined

exclusively by the seismic magnitude and fault

7geometry. However, damaging ground motions are

sometimes characterized by the rupture directivity pul-

ses as observed during the 1992 Landers and 1995 Kobe

earthquakes, and these are crucial issues for predicting

ground motion time histories for the worst earthquake

scenarios. This study focuses on the broadband ground

motion prediction based source modeling and Green’s

functions based on velocity structures.

From recent developments based on waveform

inversion of strong motion data for estimating the

rupture process during large earthquakes, we now

understand that strong ground motion is related to the

slip heterogeneity rather than the average slip over

the entire rupture area. SOMERVILLE et al. (1999)

characterized asperities as regions on the fault that

have large slip relative to the average slip of the

rupture area. They also found that the asperity areas,

as well as the entire rupture areas, scale with the total

seismic moment. MIYAKE et al. (2001, 2003) found

that the strong motions were generated in areas where

the stresses being released were the largest that

approximately coincided with the asperity areas.

Based on two kinds of scaling relationships—one

for the entire rupture area and the other for the asperity

areas with respect to the total seismic moment—we

found that the source model for the prediction of strong

ground motions can be characterized by three kinds of
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parameters: outer, inner, and extra fault parameters.

The outer fault parameters are conventional parame-

ters characterizing the size of an earthquake, such as

the rupture area and seismic moment, which give an

overall picture of the source fault. The inner fault

parameters, newly introduced in this study, define the

slip heterogeneity within the seismic source. These

parameters include the combined area of the asperities

and the stress drop of each asperity, which have a major

influence on the strong ground motions. The extra fault

parameters are used to characterize the rupture nucle-

ation and termination, such as the starting point and

propagation pattern of the rupture. From a combination

of the outer, inner and extra fault parameters we

developed a ‘‘recipe’’ for predicting strong ground

motions for future large earthquakes (IRIKURA AND

MIYAKE 2001; IRIKURA, 2004).

The ‘recipe’ for strong motion prediction is shown

in Fig. 1. The strong ground motions from a scenario

earthquake are evaluated based on comprehensive

information about (1) monitoring of seismic activity

and field surveys of active faults around the target

areas, (2) observation of strong ground motions, and

(3) exploration of velocity structures in targeted

areas. There are two important factors for predicting

strong ground motion: one is source modeling for

each earthquake scenario and the second is estimation

of the Green’s functions from source to site. Source

models for specific earthquakes are derived from

analysis of (1) and (2); the Green’s functions are

estimated using analysis of (2) and (3). Then, ground

motions are predicted using the source models and

the Green’s functions. The validity of the results is

determined by comparing the historical data with
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Figure 1
Framework of predicting strong ground motions for crustal earthquake scenarios
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predicted motions. Using the ‘recipe’ for future large

earthquakes, we can provide earthquake engineers,

emergency response personnel and other government

and private officials with ground motion estimates

that will allow them to take the appropriate action.

2. Characterized Source Model

As already described, the strong ground motions

are related to the regions of slip heterogeneity rather

than the entire rupture area and total seismic moment.

Based on the source characterization of SOMERVILLE

et al. (1999), we have proposed a characterized

source model consisting of a few asperities with large

slip and background region with less slip (MIYAKE

et al., 2003). An example of such a characterized

source for the 1997 Kagoshima, Japan, earthquake

(Mw 6.0) is shown in Fig. 2. The source process was

estimated by MIYAKOSHI et al. (2000). The charac-

terized source model with an asperity inside the

rupture area as defined by SOMERVILLE et al. (1999) is
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Figure 2
Upper Fault model of the 1997 Kagoshima earthquake and stations for ground motion simulation. Star indicates the rupture starting point.

Lower characterized source model for the 1997 Kagoshima earthquake. Rectangular region with a bold line show the area of the asperity. Star

indicates the rupture starting point
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shown in the lower part of Fig. 2. Simulated ground

motions using this model agree well with the

observed records (Fig. 3). As shown, the areas that

generate strong motion approximately coincide with

the asperity areas.

We here introduce the idea of source character-

ization for predicting strong ground motion based on

the multiple-asperity source model, which is given as

an extension of a single-asperity source model by DAS

and KOSTROV (1986). The stress and slip fields for a

single-crack and a single-asperity model are sum-

marized in Fig. 4. Once distribution of the stress field

is characterized and a friction law is specified, a

dynamic simulation provides the slip distribution. We

regard the relationship between the characterized

source model and the slip distribution from waveform

inversion as the relationship between stress and slip

fields for the single-asperity model.

The size and stress drop of asperity are significant

parameters for predicting strong ground motion.

Using the stress drop for a single-crack (circular)

model D�rc (Eq. 1) by ESHELBY (1957), the stress drop

of the asperity Dra is estimated following MADARIAGA

(1979) or DAS and KOSTROV (1986) and given in

Eq. 2.

D�rc ¼
7

16
�M0

R3
ð1Þ

Dra ¼
7

16
� M0

Rr2
¼ D�rc �

S

Sa

ð2Þ

where M0, S, and Sa are seismic moment, rupture

area, and asperity area; R and r correspond to the

radii of S and Sa, respectively.

Some characterized source models consist of

multiple asperities. Stress drop on each asperity is

derived based on a multiple-asperity model, which

is given as an extension of a single-asperity model

by DAS and KOSTROV (1986). When we assume the

multiple-asperity model with n asperities, the total

seismic moment is derived by following BOAT-

WRIGHT (1988), as long as the combined area of

asperities is constant.

M0 ¼
Xn

k¼1

16

7
� Dra � Rr2

k ¼
16

7
� Dra � R

Xn

k¼1

r2
k

¼ 16

7
� Dra � Rr2 ð3Þ

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
Xn

k¼1

r2
k

s
ð4Þ

Figure 3
Comparison between observed and simulated ground motions using a characterized source model (after MIYAKE et al., 2003)
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Dra ¼
7

16
� M0

Rr2
ð5Þ

Equation 5 shows the stress drop on asperities is

the same regardless of the single- or multiple-asperity

source models as long as the combined area of

asperities is constant. It suggests that the source

scaling for the outer and inner fault parameters by

SOMERVILLE et al. (1999) indicating constant stress

drop on asperities (here, 10.5 MPa) over the wide

range of seismic moment.

3. Scaling Relationships of Fault Parameters

Most of the difficulties in predicting strong

ground motion are related to characterizing the

source models for future earthquakes. To determine

Figure 4
Two earthquakes with the same seismic moment presented as a a single-asperity model and b a single-crack model. Expected slip distribution

D(x) for a single-asperity and single-crack model (ESHELBY, 1957) is indicated for a stress drop given as Drasperity and Drcrack
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the source models, fundamental relationships con-

trolling fault parameters, i.e. scaling relations, must

be clearly defined. Conventional scaling relations for

the fault parameters, such as the fault length and

average slip on the fault based on the seismic mag-

nitude, are mostly determined geologically from

surface offsets and geophysically from forward

source modeling, using teleseismic data and geodetic

data (e.g., KANAMORI and ANDERSON, 1975). Those

data are only available for very long period motions

and are insufficient for the near-source strong

motions dominating short period motions of less than

1 s, which are of interest to engineers. The scaling of

the fault parameters based on the waveform inversion

results for the source process using the strong motion

data gives a clue on how to solve this problem. We
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found two kinds of scaling relationships, one for the

outer and the other for the inner fault parameters.

3.1. Outer Fault Parameters

The scaling for the outer fault parameters, i.e., the

relationships between the seismic moment and fault

length and between the seismic moment and rupture

area, for inland crustal earthquakes are summarized

as shown in Figs. 5 and 6 (IRIKURA et al., 2004). The

relationship by MATSUDA (1975) is available for most

earthquakes with seismic moment greater than

1019 Nm. The relationship by SHIMAZAKI (1986)

corresponds to shorter rupture lengths for a given

seismic moment, which is probably appropriate for a

low-angle reverse fault such as the 1999 Chi-Chi

earthquake.

The rupture area is plotted against seismic

moment in Fig. 6. For earthquakes with a relatively

small seismic moment (less than 1019 Nm), the total

fault area S seems to follow the self-similar scaling

relation, with a constant static stress drop propor-

tional to the two-thirds power of the seismic moment

M0. For earthquakes with seismic moment greater

than 1019 Nm, the scaling tends to depart from the

self-similar model (IRIKURA and MIYAKE, 2001); this
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a Empirical relationships between seismic moment and combined area of asperities for inland crustal earthquakes. b Empirical relationships

between combined area of asperities and total rupture area for inland crustal earthquakes (after IRIKURA and MIYAKE, 2001). Shaded areas
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departure corresponds to the saturation of the fault

width in a finite-size seismogenic zone. Such a two-

stage scaling relationship was also found by HANKS

and BAKUN (2002). We added one more stage for

extra large earthquakes having a seismic moment

greater than 1021 Nm, based on the idea of SCHOLZ

(2002), changing from an L-model into a W-model.

As shown by the broken lines in Fig. 6, the scaling

relationships in this study assume that the fault width

saturates at 20 km.

The parameters for recent mega-scale crustal

earthquakes, the 1999 Chi-Chi, 2002 Denali, and

2008 Wenchuan earthquakes seem to have a little

smaller area for their seismic moment. These data

may suggest that the third stage, mentioned above,

might be shifted to lower seismic moment. The low-

angle dip slip faults of the 1999 Chi-Chi and 2008

Wenchuan earthquakes seem to support SOMERVILLE

et al. (1999); on the other hand, the strike slip fault of

the 2002 Denali earthquake seems to support IRIKURA

and MIYAKE (2001).

3.2. Inner Fault Parameters

Strong ground motions are more influenced by the

inner fault parameters representing the slip heteroge-

neity than by the outer fault parameters (MIYAKE

et al., 2001, 2003). The empirical relationship

between the seismic moment M0 and combined area

of asperities and between the rupture area S, as the

outer fault parameter is shown in Fig. 7a; the

empirical relation between the combined area of the

asperities Sa, as the inner fault parameter, and total

rupture area is shown in Fig. 7b (IRIKURA and MIYAKE,

2001). The combined area of asperities clearly

increases with the seismic moment for both inland

and subduction earthquakes. The ratio Sa/S seems to

be constant regardless of the rupture area, with a

value of about 0.22 for an inland earthquake and

about 0.25 for a subduction earthquake. The stress

drop on the asperities Dra is derived by multiplying

the average stress drop over the fault D�rc by the ratio

of the total rupture area S to the asperity area Sa (e.g.,

MADARIAGA, 1979).

Dra ¼ D�rc �
S

Sa

ð6Þ

Another empirical-relationship related to the inner

source parameters is shown in Fig. 8. The relation-

ship between the seismic moment M0 and the

amplitude of the acceleration source spectral level

A0 was originally found by DAN et al. (2001) and later

confirmed by others (MORIKAWA and FUJIWARA, 2003;

SATOH, 2004).

Aa
0ðNm=s2Þ ¼ 2:46� 1010 � ðM0ðNmÞ � 107Þ1=3

ð7Þ

The acceleration level A0 was theoretically related

to the combined asperity areas and the stress drop in
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the asperities for a circular asperity by MADARIAGA

(1977).

Aa
0 ¼ 4

ffiffiffi
p
p

bvrDra

ffiffiffiffiffi
Sa

p
ð8Þ

By putting together the relationships A0 / M
1=3
0

and Aa
0 / M

1=3
0 ; which were obtained empirically

(IRIKURA and MIYAKE, 2001), the combined area of the

asperities can be estimated as follows.

Sa ¼
7p2

4
bvR

� �2

� M0ð Þ2

S � Aa
0

� �2
ð9Þ

In this case the stress drop is also given by 6.

3.3. Constraints on Average Slip of Asperities

from Dynamic Simulations

We here introduce quasi-dynamic source modeling

to examine the relation between average slip on

asperities depending on size and numbers (e.g., DALGUER

et al., 2004, 2008). Slip distributions for multiple-

asperity source models (Part a of Fig. 9) are used to

generate the initial stress field assuming a constant yield

stress and constant sliding friction. We use a linear slip

weakening friction law (ANDREWS, 1976) with a constant

slip weakening distance of 0.4 m. The rupture velocity is

fixed at 0.8 Vs, where Vs is the shear wave velocity of

Figure 9
Dynamic solution of three selected circular asperity models with fixed rupture velocity (0.8 Vs) and critical slip Dc = 0.4 m. a Asperity

location for each circular fault model. Star represents the rupture starting point, R and r are the radii of the fault and asperity. The ratio

between the combined asperity area (Sa = 90 km2) and total rupture area (S = 408 km2) is 0.22. This ratio is partitioned for the double

asperities, 11% for each asperity of model M2EA3 and 6–16% for M2DA3, and for the triple asperities, 7.3% for each asperity of model

M3EA2. The stress drop in the asperity is Dra = 10.5 MPa. b Final slip distribution along the diameter of the fault (in-plane direction) in the

case of Drb/Dra = 0. c Relationship between average slip (Dasp/D), versus ration of Drb/Dra
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the medium. This problem is solved with the 3D

numerical simulation method of DALGUER et al. (2004)

that uses the staggered-grid finite-difference code of

PITARKA (1999). The problem is solved assuming that the

fault is embedded in a whole space. The simulated

earthquakes can be considered as self-similar in which

the ratios obtained from the slip, slip velocity, and stress

drop remain invariant with the size of the fault.

Following MADARIAGA (1979), this assumption is appli-

cable to the multiple asperity model. The ratio between

the combined asperity area and total rupture area is equal

to 0.22 for all the models (SOMERVILLE et al., 1999;

DALGUER et al., 2004), which fits the characteristic slip

models of recent large earthquakes. The size of total

rupture area is S = 400 km2; size of combined-asperity

area Sa = 88 km2; stress drop for asperities

Dra = 10.5 MPa; stress drop for background area is

given as a fraction of the stress drop of the asperities

Drb = -0.20, 0.0, 0.10, 0.15 and 0.20 times the Dra;

medium is defined by the rigidity l = 3.0 GPa, S-wave

velocity Vs = 3.2 km/s, density q = 2,800 kg/m3.

Final slip distribution along the diameter of the

fault (in-plane direction) in the case of Drb/Dra = 0 is

shown Part b of Fig. 9. Looking at Part c of Figure 9,

the simulations show that the ratio of the slip on the

asperities to the average slip on the fault Da/D,

decreases as a function of the ratio of background

stress to asperity stress. Moreover, at a fixed ratio of

background to asperity stress, the ratio of the average

asperity slip divided by the average slip decreases as

the number of asperities increases. Using SOMERVILLE

et al. (1999) relation that the asperity slip is twice the

average slip, we can conclude that the kinematic

scaling models fit the dynamic models when the ratios

of stress drop is in the band of -0.05 \ Drb/

Dra \ 0.10 corresponding Drb/Dra & -0.05 for

three asperities, Drb/Dra & 0.0 for two asperities,

and Drb/Dra & 0.1 for one asperity.

4. Recipe for Characterizing Earthquake Source

Fault

The procedure for making the source model is

summarized as a recipe of predicting strong ground

motions for future large earthquakes. The main

features of the source model are characterized by

the three kinds of source parameters, outer, inner,

and extra fault parameters. Those parameters are

estimated one after another with the following

steps.

4.1. Outer Fault Parameters—Estimation of Seismic

Moment for Possible Earthquake

4.1.1 Step 1: Total Rupture Area (S = LW)

The total fault length L of the possible earthquake is

defined as the sum of the lengths of the fault segments,

grouping those simultaneously activated. The fault

width W is related to the total fault length before

reaching the thickness of the seismogenic zone Wmax

and saturated at Wmax/sinh, where h is the dip angle.

WðkmÞ ¼ LðkmÞ for L\Wmax

WðkmÞ ¼ Wmax=sinhðkmÞ for L�Wmax
ð10Þ

4.1.2 Step 2: Total Seismic Moment (M0)

The total seismic moment is estimated from the

relationship between the seismic moment and rupture

area (Fig. 6).

Sðkm2Þ ¼ 2:23� 10�15 � ðM0ðNmÞ � 107Þ2=3

for M0 \ 7:5� 1018

Sðkm2Þ ¼ 4:24� 10�11 � ðM0ðNmÞ � 107Þ1=2

for M0 � 7:5� 1018

ð11Þ

4.1.3 Step 3: Average Stress Drop D�rcð Þ on the Fault

The average static stress-drop for the rupture area is

estimated by Eq. 1 for a circular crack model (ESHELBY,

1957) at the first stage following S / M
1=3
0 in Fig. 6,

and then by other formulae considering the tectonic

loading stress (e.g., FUJII and MATSU’URA, 2000) at the

second and third stages respectively following S /
M

1=2
0 and S / M0 in Fig. 6, to naturally explain the

three-stage scaling relationships of the seismic

moment and rupture area.
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4.2. Inner Fault Parameters—Slip Heterogeneity

or Roughness of Faulting

4.2.1 Step 4: Combined Area of Asperities (Sa)

Two methods are used to determine the combined

area of asperities. One is from the empirical relation

of Sa–S (SOMERVILLE et al., 1999; IRIKURA and MIYAKE

2001), where the combined area of asperities is

specified to be about 22%. The other is from Eq. 9,

which estimates the acceleration level from empirical

relations or observed records.

4.2.2 Step 5: Stress Drop on Asperities (Dra)

As shown in Eq. 6, Dra, as the inner fault parameter,

is derived by multiplying D�rc; as the outer fault

parameter, by S/Sa from Step 4.

4.2.3 Step 6: Number of Asperities (N)

The asperities in the entire fault rupture are related to

the segmentation of the active faults. The locations of

the asperities are assumed from various kinds of

information, such as the surface offsets measured

along a fault, the back-slip rate found by GPS

observations, and the weak reflection coefficients in

the fault plane.

4.2.4 Step 7: Average Slip on Asperities (Da)

The average slip on asperities is based on Step 6 and

the empirical relationships from the quasi-dynamic

simulations of the slip distribution for the multiple-

asperity source model (DALGUER et al., 2004, 2008).

(Examples: Da/D = 2.3 for N = 1, Da/D = 2.0 for

N = 2, Da/D = 1.8 for N = 3 when the stress drop in

the background area is assumed zero; see Fig. 9)

4.2.5 Step 8: Effective Stress on Asperity (ra)

and Background Slip Areas (rb)

The effective stress (ra) on an asperity for strong

motion generation is considered to be almost iden-

tical to the stress drop on the asperity (Dra). The

effective stress on a background slip area is con-

strained by the empirical relationship between the

seismic moment and acceleration source spectral

level, Eq. 9.

4.2.6 Step 9: Parameterization of Slip-Velocity Time

Functions

There are several proposals of slip-velocity time

functions (e.g., DAY, 1982; NAKAMURA and MIYATAKE,

2000; GUATTERI et al., 2004; TINTI et al., 2005, LIU

et al., 2006). We adopted the formulation of NAKAM-

URA and MIYATAKE (2000). The Kostrov-like slip-

velocity time functions are assumed to be functions

of the peak slip-velocity and risetime based on the

dynamic simulation results of DAY (1982). The peak

slip-velocity is given as the effective stress, rupture

velocity, and fmax.

4.3. Extra Fault Parameters—Propagation Pattern

of Rupture

The extra fault parameters of the rupture starting

point and rupture velocity are used to characterize the

rupture propagation pattern in the fault plane. For

inland crustal earthquakes, the rupture nucleation and

termination are related to the geomorphology of the

active faults (e.g., NAKATA et al., 1998; KAME and

YAMASHITA, 2003). However, we have little knowl-

edge and insufficient justification to fix the rupture’s

starting point. Thus, we just suggest examples of

rupture starting points at each asperity as shown in

Fig. 10 for the cases of strike-slip (left) and dip-slip

faults (right), based on the rupture processes found by

inversion of strong motion data.

5. Verification of the ‘‘Recipe’’

The ‘‘recipe’’ proposed here was applied to the

creation of deterministic seismic-hazard maps for

specific seismic source faults that have a high proba-

bility of earthquake occurrence according to the

National Seismic Hazard Maps for Japan (2005) by the

EARTHQUAKE RESEARCH COMMITTEE (2005). The distri-

butions of ground shaking levels, such as the PGV and

seismic intensity, were evaluated for inland crustal

earthquakes and subduction earthquakes selected

from the viewpoints of impacts and importance of
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earthquake disasters. The applicability of the ‘‘recipe’’

was tested in each case by a comparison between the

PGVs of the synthesized motions and those derived

from the empirical attenuation relationship by SI and

MIDORIKAWA (1999).

A more detailed examination has been attempted

to show the validity and applicability of the ‘‘recipe’’

by comparing simulated ground motions with those

observed for inland crustal earthquakes and subduc-

tion earthquakes. We introduce two examples of

inland crustal earthquakes, the 1995 Kobe and 2005

Fukuoka earthquakes.

5.1. 1995 Kobe Earthquake

The 1995 Kobe, Japan, earthquake (Mw 6.9) on 17

January 1995 occurred beneath the Awaji and Kobe

region in Japan, and caused significant damage and

loss. The source slip model of this earthquake was

determined from the inversion of strong ground

motion data by several researchers (e.g., YOSHIDA

et al., 1996; SEKIGUCHI et al., 2000). The slip

distributions on the fault plane were roughly similar

to each other, although there were clear differences

based on the frequency range of the data, the

smoothing techniques used, etc. Even if the inverted

source model was not uniquely determined, a model

is not always available to be used as a starting point

for strong motion simulation. Moreover, the wave-

form inversion is usually done using only long-period

motions of more than one-second. Therefore, the slip

model by the inversion might not be useful for

broadband motions that include short-period motions

of less than 1 s, which are of interest to engineers.

Thus, for broadband ground motions, we consider

the slip model for the Kobe earthquake derived from

forward modeling using the empirical Green’s func-

tion method (KAMAE and IRIKURA, 1998). Their model

consists of three segments, two on the Kobe side and

one on the Awaji side (Fig. 11a). The outer param-

eters include a total rupture area of 51 9 20.8 km2

and total seismic moment of 3.29 9 1019 MPa, with

a D�rc of 2.3 MPa, after following Steps 1, 2, and 3 in

the ‘‘recipe’’. Next, the inner fault parameters were:

Sa/S of 0.22, Dra of 10.5 MPa, with three asperities

and the other parameters determined by following

Steps 4 through 9 in the ‘recipe’. The stress drop for

the background area was estimated to be about

4.0 MPa from the difference between the stress drop

of the asperity from Eqs. 6, 8 and 9 that make use of

the empirical relation between acceleration spectral

level and seismic moment. The source parameters are

summarized in Fig. 11b. Model 4 is parameterized

following the recipe, indicating the effective stress

drop of the background area of 4 MPa. To validate

contributions of ground motions from the asperities,

Figure 10
Examples for settings of rupture starting points and asperities for strike-slip (left) and dip-slip faults (right)
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Figure 11
Ground motion simulation for the 1995 Kobe earthquake using the stochastic Green’s function method. a Source parameters for synthetic

motions. b Characterized source model based on KAMAE and IRIKURA (1998). c Comparison between observed and synthetic particle velocities

of NS component at KBU station. d Variability of synthetic pseudo-velocity response spectra using 10 trials of stochastic Green’s functions
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we tested a decreased effective stress drop decreasing

to 4–0 MPa (Model 1).

The strong ground motions were calculated using

the stochastic Green’s function method (KAMAE et al.,

1998). In this method, the Green’s functions of

subfaults are stochastically calculated based on band-

limited-white-noise with spectra following the

omega-square model (BOORE, 1983), then the sto-

chastic Green’s functions are summed over the fault

using the same formulation of the empirical Green’s

function method of IRIKURA (1986) and IRIKURA and

KAMAE (1994). Site effects are empirically estimated

from the observation records for small events.

Figure 11c compares the synthesized acceleration

and velocity motions for Models 1 and 4 with the

observed motions at KBU, which was close to the

source fault. From the comparison between velocity

ground motions at KBU of Models 1 and 4, most

ground motions are mainly controlled by parameter-

ization of asperities, however some differences are

seen in the overall duration due to different param-

eters for background area. The right side of Fig. 11c

shows that there was a very good fit between the

synthesized and observed velocity motions, both of

which have two significant directivity pulses caused

by two asperities in the forward rupture direction.

The rupture directivity pulses are seen at other

stations as well (e.g., KAMAE et al., 1998; IRIKURA

et al., 2002). We found that the most important

parameters for the strong ground motions were the

sizes of the asperities and the effective stress on each

asperity, which characterize the amplitudes and

periods of the directivity pulses causing earthquake

damage. On the other hand, the left side of Fig. 11c

shows that the synthesized acceleration motions had

peaks larger than the observed ones. There are several

possibilities that might explain the overestimation of

the ground acceleration. One is that a uniform rupture

velocity might cause the directivity effect from an

asperity near KBU to be too strong. The other

possibility is non-linear behavior of surface soil

layers might have attenuated high frequency compo-

nents of the observed acceleration.

The variability of the synthesized pseudo-velocity

response spectra calculated with 10 trials of the

stochastic Green’s functions is shown with the

observed ones in Fig. 11d. The observed spectra lie

within one standard deviation for periods longer than

0.2 s, the periods that are effective for measuring

seismic intensity. The overprediction at 0.3 s in

Fig. 11d is unbiased among the 10 trials. The reason

is because an artificial periodicity at 0.3 s is gener-

ated by the summation of ground motions from the

subfaults of identical size. To avoid the periodicity,

IRIKURA and KAMAE (1994) proposed to include the

variability of rupture velocity. The large deviations of

the synthesized motions at higher frequencies coin-

cide with the overestimation of the acceleration

motions. We found that the strong ground motions

from the Kobe earthquake calculated using the

‘‘recipe’’ were practical for predicting the distribution

of the seismic intensity.

5.2. 2005 Fukuoka Earthquake

The 2005 Fukuoka earthquake (Mw 6.6) on 20

March 2005 occurred west off the Fukuoka peninsula,

Japan. The fault plane, projected to the surface, and

strong motion stations are shown in Fig. 12. The slip

model of this earthquake was also determined from

the inversion of strong ground motion records by

several investigators (e.g. KOBAYASHI et al., 2006;

SEKIGUCHI et al., 2006; ASANO and IWATA, 2006). The

slip distributions were roughly similar to each other

Figure 12
Map showing the fault plane for the 2005 Fukuoka earthquake

(rectangular) and the locations of strong motion stations (K-NET

and KiK-net) used for analysis (triangles) (after EARTHQUAKE

RESEARCH COMMITTEE, 2007)
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although there were some differences depending on

frequency ranges of the data, smoothing techniques,

etc.

Verification of estimating strong ground motions

for this earthquake based on the ‘‘recipe’’ was made

by the SUBCOMMITTEE for EVALUATIONS of STRONG

GROUND MOTION, EARTHQUAKE RESEARCH COMMITTEE

(2007). We describe the outline of the verification

mentioned above. The characterized source model

with asperities inside the rupture area was used to

simulate broadband motions including short-period

motions less than 1.0 s for accurate estimation of not

only PGA, PGV, seismic intensity but also response

spectra that are of engineering interest. The asperities

are defined as rectangular regions where the slip

exceeds 1.5 time of the average slip over the fault

(see SOMERVILLE et al., 1999).

Four characterized models were made to simulate

broadband ground motions as shown in Fig. 13.

Three source models, Cases 1, 2, and 3 were based on

slip models of KOBAYASHI et al. (2006), SEKIGUCHI

et al. (2006), ASANO and IWATA (2006), respectively.

Another source model, Case 4, is made following the

‘‘recipe’’. In Case 4 the locations of the three

asperities are based on the results from the slip

distributions found by inversion of strong motion

data. The combined areas of asperities and the stress

parameters for the inverted source models are 48–

64 km2 and 20–26 MPa, while those of the recipe

model are 80 km2 and 16 MPa, respectively. Com-

pared to the guidelines in the recipe model, the

asperity area is a little larger and the stress parameter

is little smaller.

The ground motions were simulated using a

hybrid method (IRIKURA and KAMAE, 1999) with the

crossover period of 1.0 s: in this method one sums the

longer period motions calculated numerically assum-

ing a velocity structured while the shorter period

Figure 13
Four characterized source models (Cases 1, 2, 3, 4) with asperities

inside the rupture area. Cases 1–3 are derived from waveform

inversion results by KOBAYASHI et al. (2006), ASANO and IWATA

(2006), and SEKIGUCHI et al. (2006), respectively. Case 4 is a source

model based on the ‘‘recipe’’ (after EARTHQUAKE RESEARCH

COMMITTEE, 2007)

b

Vol. 168, (2011) Recipe for Predicting Strong Ground Motion from Crustal Earthquake Scenarios 99



motions are evaluated using the stochastic Green’s

function method. Velocity waveforms simulated at

engineering bed rock for Case 4 (the ‘‘recipe’’ model)

are compared with the observations at 10 sites

(Fig. 14). We found that the calculated motions agree

well with the observed records, although the calcu-

lated motions at some sites are a little smaller because

the effects of surface geology were not considered.

The observed and calculated PGV for Case 3 (a

model derived from inversion) and Case 4 (the

‘‘recipe’’ model) are compared in Fig. 15. Correlation

between calculated and observed PGV for Case 4 is

0.77, while that for Case 3 is 0.74. Overall the

characterized source models, based on the ‘‘recipe’’,

do well in simulating ground motions from an

earthquake (MORIKAWA et al., 2010).

There are still many other problems to solve in

order to apply the ‘‘recipe’’ to inland crustal earth-

quakes. One of the difficulties is specifying the

number of asperities and their locations when no

historical records exist. The other problems come

from the lack of information about shallow geology

beneath the sites and deep velocity structure between

the source areas and the sites.

6. Conclusions

A ‘‘recipe’’ for predicting the strong ground

motions from future crustal earthquakes was con-

structed based on recent findings from earthquake

source physics in seismology and structural damage

mechanisms in earthquake engineering. Two scaling

relationships have been deduced from the source

process those were derived from waveform inver-

sions of strong motion data. The first was the scaling

of seismic moment M0 versus the entire source area

S—outer fault parameters; the second was the scaling

of seismic moment M0 versus asperity areas Sa—

inner fault parameters.

The characterized source model was defined by

three kinds of parameters—outer, inner, and extra

fault parameters—following the ‘‘recipe’’ based on

scaling relationships. In this study, the validity and

applicability of the procedures for characterizing the

earthquake sources based on the ‘‘recipe’’ were

examined by comparing the observed records and

broadband simulated motions for the 1995 Kobe and

2005 Fukuoka earthquakes.

The ground motions synthesized by following the

‘‘recipe’’ for the 1995 Kobe earthquake were con-

sistent with the observations for the velocity and

seismic intensity, but the acceleration was overesti-

mated. The most important parameters for the strong

ground motions were the sizes of the asperities and

the effective stress on each asperity. These two

parameters have a strong effect on the amplitudes and

periods of directivity pulses that contribute signifi-

cantly to earthquake damage.

The ground motions of the 2005 Fukuoka earth-

quake were successfully simulated based on the

‘‘recipe,’’ showing good agreement between the

observed and synthetic spatial patterns of PGVs, as

well as for the waveforms. However, we need a priori

information in order to specify the number of asperi-

ties, their locations and the location and geometry of

the causative fault. It is very difficult to specify such

source parameters when no historical records exist.

Therefore, we pointed out the importance of modeling

the pattern of rupture nucleation and termination—the

extra fault parameters—using the information from

active faults.

The above two applications to crustal earthquakes

demonstrate that the ‘‘recipe’’ is a viable approach

for quantitative source modeling that can produce

realistic ground motions from future earthquake

scenarios.
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