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Estimation of rupture propagation direction and strong motion
generation area from azimuth and distance dependence of source

amplitude spectra
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Abstract.  Strong motion generation areas which reproduce
ground motions in 0.2 to 10Hz were estimated using the
empirical Green’s function method. This strong motion
generation area was somewhat smaller than the total rupture area,
and coincident with the area of asperities derived from
heterogeneous slip distributions estimated by waveform
inversions using lower frequencies (<1Hz). We confirmed that
the azimuth and distance dependence of observed source
amplitude spectra in the near-source area, i.e. rupture directivity
effects, were controlled by rupture propagation style and size of
the strong motion generation area. We found that the source
displacement spectra at stations in forward rupture propagation
directions had higher comer frequencies and steeper high-
frequency decays, compared with stations in sideways directions.
Stations in backward directions had opposite tendencies.
Different relationships between size and average corner
frequencies of the strong motion generation area were proposed
for unilateral and bilateral ruptures with radial propagation.

Introduction

Rupture directivity effects on amplitudes and durations of far-
field seismic waves and their azimuthal variations have been
widely discussed. It is also important to quantify the rupture
directivity effects in the near-source areas for studying rupture
processes and strong ground motions [e.g. Boore and Joyner,
1978; Somerville et al., 1997]. Techniques such as source time
function deconvolution using empirical Green’s functions [e.g.
Mueller, 1985; Mori, 1996] have been applied to extract the
rupture directivity effects and source processes.

In this paper, we estimate the strong motion generation area by
fitting observed to simulated ground motions using the empirical
Green’s function method. Then, we show the rupture directivity
effects in the near-source area are strongly influenced by rupture
propagation style and size of the strong motion generation area.
Especially, we focus on not only variations of corer frequencies
but also those of high-frequency decays of apparent source
displacement spectra depending on azimuth and distance from
source to site, by assuming a finite extended fault plane which
explains well the observed source amplitude spectra.

Estimation of strong motion generation area
We examined the source model of eight inland crustal
earthquakes (M;),,4.9~7.2) which occurred in Japan from 1995 to

Copyright 2001 by the American Geophysical Union.

Paper number 2000GL011669.
0094-8276/01/2000GL011669$05.00

1999 (Fig. 1) using near-source strong ground motions. Strong
ground motion records were provided by K-NET [Kinoshita,
1998] and CEORKA at more than 20 stations located less than
50km from the epicenters. The empirical Green’s functions were
chosen from their aftershocks (M;,3.3~4.7) whose focal
mechanisms and hypocentral distances were similar to their
respective mainshocks. Source processes of some mainshocks
have already been estimated by waveform inversions in the low
frequency range (<1Hz) [e.g. Ide, 1999; Sekiguchi et al., 2000;
Horikawa, 2001].

We define the ‘strong motion generation area’ as the
characteristic area with large and uniform slip velocity in the total
rupture area, and which reproduces the near-source strong ground
motions in the frequency range 0.2 to 10Hz. The lower limit of
the frequency range comes from the noise level of the aftershock
records. In order to estimate the strong motion generation area for
the target earthquakes, we simulated acceleration, velocity, and
displacement waveforms at four stations surrounding the source
areas using the empirical Green’s function method [lrikura, 1986;
Kamae and Irikura, 1998]. The strong motion generation area is
assumed to be homogeneous rectangular fault plane in the total
rupture area, where rupture propagates radially from the
hypocenter with the speed of 90% of the S-wave velocity, and the
shape of the slip velocity function is adopted to be the Kostrov
type. Parameters, which are length, width, rupture starting point,
and rise-time of the strong motion generation area, were
estimated to minimize the summation of the residuals of the
displacement waveform fitting and those of the acceleration
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Figure 1. Epicentral locations and focal mechanisms used in
this study. Focal mechanisms were determined by moment tensor
inversion using broadband seismic waveforms. Black dots
indicate observed stations of K-NET and CEORKA.
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Figure 2. Scaling between strong motion generation area vs.
seismic moment. The lines indicated by 1 and 2 correspond to the
rupture area and combined area of asperities, respectively, as a
function of seismic moment [Somerville et al., 1999]. The area
size of the 1995 Hyogo-ken Nanbu earthquake is from Kamae’
and Irikura [1998].

envelope fitting, by the Genetic Algorithm method or forward
modeling. The synthetic waveforms for the best parameters fit the
observations in the near-source area well [e.g. Miyake et al.,
1999]. The style of rupture propagation direction and the strong
motion generation area agreed with the rupture processes
obtained by the waveform inversions in the low frequency range
(<1Hz).

The relationship between size of the strong motion generation
area and seismic moment is shown in Fig. 2. This seismic
moment was obtained from a moment tensor solution using
broadband waveforms [e.g. Fukuyama et al., 1998]. We found
that the strong motion generation area was proportional to M,**,
showing the self-similar scaling relation and coincident with the
combined areas of asperities [Somerville et al., 1999] derived
from heterogeneous spatial slip distributions estimated by
waveform inversions using lower frequencies (<l1Hz). This
means that the effective area for strong ground motions is small
compared to the total rupture area obtained by the waveform
inversions.

Rupture directivity effects in observed source
amplitude spectra

Based on the above estimation, we classified observed stations
into the forward, sideways, and backward directions of the
rupture propagation (Fig. 3) for each target earthquake. After
taking a 30 seconds time window including the S-wave part for
every component, we applied the multitaper spectral method [e.g.
Park et al., 1987] whose taper produces low spectral leakage. We
calculated the observed amplitude spectra as a vector summation
of the 3 component amplitude spectra. In order to extract
apparent observed source amplitude spectra without the effects of
site amplification, we took observed amplitude spectral ratios of

the mainshock to its aftershock for each station. We also
corrected for the effects of propagation path such as geometrical
spreading and Q value. The shape of the observed amplitude
spectral ratios at frequencies less than the aftershock corer
frequency can be regarded as the source amplitude spectral shape
of the mainshock itself. The frequency range used in this spectral
analysis was around 0.2~10Hz.

The left trace in Fig. 4 shows typical observed amplitude
spectral ratios recorded at several stations surrounding the source
areas. When the rupture propagated unilaterally with radial
propagation from the rupture starting point, forward, sideways,
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and backward directivity effects were clearly found in the
observed spectral ratios. Source displacement spectra of the
mainshock at stations in the forward directions had higher corner
frequencies and steeper high-frequency decays compared with
stations in the sideways directions. The tendencies at stations in
the backward directions were opposite to those in the forward
directions. In case of the bilateral rupture event, forward
directivity effects were observed near the rupture ends. When the
rupture propagated predominantly in an upward direction,
forward directivity effects were observed only in the epicentral
area. This azimuth and distance dependence of source amplitude
spectral shape is considered to the feature of the rupture
directivity effects in the near-source area. The difference in
rupture directivity effects between the strike-slip and dip-slip
events was not so significant from the observed source amplitude
spectra.

According to Somerville et al. [1997], lower frequency level
of source amplitude spectra on strike-normal component is found
to be larger than on strike-parallel component, because the
difference of the radiation pattern effects appeared in the rupture
directivity effects. In this analysis, we discussed source amplitude
spectra as sum of the 3 components, then the differences of
source amplitude spectra between strike-normal and strike-
parallel component is considered to smooth out.

Numerical simulation using the stochastic Green’s
function method

In order to examine the spatial variations of the rupture
directivity effects on the observed source amplitude spectra, we
performed numerical simulation using the stochastic Green’s
function method [Kamae et al., 1991]. So far, most numerical
simulations of the rupture directivity effects are applied using a
line source multiplied by the directivity factor, D=1/(1-
(Vr/Vscos6)) [e.g. Boore and Joyner, 1989], where Vr, Vs, and
6 are rupture propagating velocity, S-wave velocity, and incident
angle from the rupture propagation direction, respectively. Here,
we assumed a finite extended fault plane for the target earthquake,
expressed as a summation of subevents with small fault planes
with rupture propagating smoothly and radially from the
hypocenter. The seismic wave from each subevent was calculated
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Figure 3. Schematic illustrations of the source models for
different rupture propagation styles. Dots and stars indicate
stations and rupture starting points, respectively.
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Figure 4. Classification of the rupture propagation style into
cases A, B, and C. The Left trace shows the observed amplitude
spectral ratios of the mainshock to the aftershock for each rupture
style (A: 1997 Kagoshima-ken Hokuseibu earthquake
(1997.3.26), B: 1995 Hyogo-ken Nanbu earthquake (1995.1.17),
and C: 1997 Yamaguchi-ken Hokubu earthquake (1997.6.27)).
Epicentral distance for each station is shown in parenthesis,
where near and far means 15km and 30km from the epicenters.
The right trace shows source spectral ratios for different rupture
styles from the numerical simulations using the stochastic Green’s
function method. The shadow means higher frequency zone than
the corner frequency of the subevent.

using the stochastic simulations produced by Boore [1983]
following the omega-squared source model [Brune, 1970]. This
technique was proposed by Kamae et al. [1991], and is called the
stochastic Green’s function method.

As shown in Fig. 3, we assumed the source models for the
cases Al, A2, B, and C and divided the near-source area into four
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Figure 5. The azimuthal and epicentral distance variations of
the source spectral ratios obtained from the numerical simulation.
Each subfault size is 1km length by 1km width. Strike=270°,
dip=90°, Vs=3.1km/s, and Vr=2.8km/s were fixed for each
rupture style shown in Fig. 3.
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Figure 6. Scaling between size vs. average comer frequency of
the strong motion generation area. The lines indicated by A and B
show the relationship for unilateral (case A) and bilateral (case B)
rupture proposed from our numerical simulation, respectively.

quadrants, with assigned stations 1 to 4. The spectral ratios of the
synthetic to the element waveform (the stochastic Green’s
function) were calculated at intervals of Skm from the epicenter
(Fig. 5) with an average radiation pattern factor. We confirmed
that the spatial variations of the spectral shape observed in the
synthetics were observed in our data. Especially, the variation of
spectral decays is simulated successfully by taking into account
the effect of incident angle variation from each subfault to the site
on the finite fault. Azimuthal variations of comer frequencies for
the finite extended fault in unilateral rupture tends to be weaker
than fe=VrD/nL, where fc is comer frequency and L is the length
of the fault. This tendency is also considered to be the effect of
the incident angle variation. Distance dependence of the source
amplitude spectra obtained by the numerical simulation is
stronger than that shown in observation. This suggests that the
real fault plane isnt so uniform as that assumed in the numerical
simulation.

Estimation of rupture propagation direction
effects

From azimuth and distance dependence of the source
amplitude spectra, the rupture propagation direction and styles
was classified into those shown in Fig. 4. That is, A: unilateral
rupture, B: bilateral rupture, and C: upward rupture, with radial
propagation. Both observation and numerical simulation
supported this classification of the source amplitude spectra. If
forward, sideways, and backward directivity effects are clearly
found in the source amplitude spectra, unilateral rupture
propagation is appropriate (case A). If forward directivity effects
are observed near the rupture ends, bilateral rupture will be
considered (case B). If forward directivity effects are observed
only in the near-source region, the rupture propagates
predominantly in an upward direction (case C).

Relationship between size and average corner
frequency of strong motion generation area

We examined the relationship between size and average
comer frequency of the strong motion generation area. The
observed average comer frequencies were calculated by taking
into account the rupture directivity effects using the source
spectral fitting method [Miyake et al., 1999]. From the numerical
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simulations using the stochastic Green’s function method, we
estimated the following relationships between area and fc;
R=0.26Vs/fc for case A (unilateral case) and R=0.39Vs/fc for case
B (bilateral case). R is the radius of the equivalent area of the
strong motion generation area fR”. The observed relationships fit
to those derived by the numerical simulations (Fig. 6). We found
that it is appropriate to use different equations for different
rupture propagation styles. Comparisons with other relationships
R=0.37Vs/fc [Brune, 1970, 1971], R=0.32Vs/fc [Sato and
Hirasawa, 1973], and R=0.21Vs/fc [Madariaga, 1976], the
estimation of R in case B is found to be similar to the estimation
from the Brune’s equation.

Conclusions

We clarified that the strong motion generation area obtained
here is coincident with the area of asperities derived from
heterogeneous spatial slip distributions estimated by waveform
inversions using lower frequencies (<1Hz). The azimuth and
distance dependence of apparent source amplitude spectra is
expressed as a function of the rupture propagation style and size
of the strong motion generation area. This phenomenon is
attributed to be the rupture directivity effect in the near-source
area, where the variation of incident angle from source to site is
effective. For the source spectral scaling, it is essential to use
spectra not only at one station, but at several stations distributed
around the epicenter, because rupture directivity effects may
distort spectral shape and give different comer frequencies and
high-frequency decays.
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