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For predicting strong ground motions from major earthquakes and for

close investigations into complex rupture processes, two different analytical
and semi-empirical approaches are used to synthesize seismic waves from a
nearby fault with a large linear dimension. The former technique is to calculate
Green’s functions for a horizontally layered structure by the discrete wave-
number/finite element method, and the latter is to use the records of minor
shocks as empirical Green’s functions by convolving a correction function for
the differences in the source functions and the receiver responses between the
main and smaller events. In both cases, the phase-delayed Green’s functions
are integrated over the entire fault surface.

The above methods have been applied to the case of the 1969 central Gifu

earthquake (M=6.6) which was followed by moderate aftershocks (M=4.3—
4.8) and a number of smaller events. It was found that the waveforms synthe-
sized from the two approaches agree reasonably well with each other. The
strong-motion records, particularly of body waves and the major portion of
surface waves with periods longer than 5-7 s, can be satisfactorily modeled by
the theoretical synthesis with a realistic structure and also by the semi-empirical
analysis using four aftershock records, if reasonable rupture velocities and rise
times are assumed.

However, the shorter-period waves with periods 1-2s involved in the

records cannot be simulated by either of these syntheses, unless incoherent
rupture propagation over the fault is included. A stochastic fault model with
variable rupture velocities over large-scale fault segments is tentatively presented
to account for the short-period waves.

1. Introduction

Seismic waveforms observed in the near-field during major earthquakes
depend primarily on complex dynamic rupture processes on the fault, but also on
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heterogeneous crustal structures around the source, and propagation and record-
ing site effects.  For the purpose of predicting strong motions from a large earth-
quake, all these effects should be fully taken into consideration. In order to in-
vestigate the complex faulting process from strong motion records, on the other
hand, the effects of wave propagation through a heterogeneous earth must first be
understood.

A number of theoretical studies have so far been developed to predict seismic
waveforms and to simulate the observed seismograms of strong ground motions
in the near-field. The earlier and most fundamental work (AkI, 1968; HASKELL,
1969) uses simple dislocation sources in an infinite homogeneous medium
(MARUYAMA, 1963; BURRIDGE and KNoOPOFF, 1964), and later on double-couple
point sources in a half-space (e.g., KAwWASAKI er al., 1973, 1975), incorporating
the free surface effect. It has been found that these simple models are useful for
simulating mainly long-period direct body waves, and also converted body and
Rayleigh waves in the latter case. Observed seismograms, however, usually
reflect propagation through a more complicated structure, including high-fre-
quency seismic waves refracted and reflected at many small-scale geological
boundaries in the real earth’s structure. Theoretical approaches have since been
advanced to incorporate the seismic wave response of more realistic, horizontally
layered crustal structures. The response of the medium due to a double-couple
point source, or Green’s function, has been calculated by various analytical
techniques: generalized ray theory (e.g., HELMBERGER, 1968; HELMBERGER and
MaLoONE, 1975; HEATON and HELMBERGER, 1977, 1978), Cagniard-deHoop method
for a series of multiply-reflected rays (Sato, 1977, 1978), reflectivity methods
(FucHs and MULLER, 1971 ; KENNETT, 1974; KENNETT and KERRY, 1979), direct fre-
quency-domain integration (HERRMANN and NuTTLI, 19752, b; HERRMANN, 1977,
WIGGINS et al., 1977), normal mode method (e.g., KAwasAki, 1978; SWANGER
and BOORE, 1978), discrete wave-number method (BoucHON, 1979, 1981), reflec-
tivity method together with the Cagniard-deHoop integration (SATO and HIRATA,
1980), and by the discrete wave-number/finite element method (ALEKSEEV and
MIKHAILENKO, 1980; HRON and MIKHAILENKO, 1981; Orson, 1982). The last
may be the most comprehensive method to generate the complete response of a
vertically heterogeneous medium, including all types of body and surface waves.
Practical examples of numerical calculations based on this method will be presented
in later sections.

However, the real earth’s structure travelled by seismic waves may be much
more complicated than assumed above, which includes lateral heterogeneities,
attenuative properties, and even local topographical site effects, and hence their
complete modeling would be extremely difficult. To overcome this difficulty,
a semi-empirical approach has been presented by HARTZELL (1978) to model strong
ground motions from a large earthquake using its aftershock records as an empirical
earth’s response. This is based on the idea that if the source of a minor shock,
such as a foreshock or aftershock, is small enough to be approximated as a point
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source on the main shock fault, the ground motion associated with the small event
may be regarded as a Green’s function which involves all the propagating effects
from the source to receiver. This technique first applied to the 1940 Imperial
Valley earthquake has proved effective to simulate long-period components (7>
8 s) of the main-shock seismograms (HARTZELL, 1978). Similar approaches have
been employed to predict the velocity spectra, peak accelerations, and the maximum
duration of ground motions from large earthquakes with complex multiple events
(KAaNAMORI, 1979; HADLEY and HELMBERGER, 1980). IRIKURA and MURAMATU
(1982), Imacawa and Mikumo (1982), and IRIKURA (1983) have extended
Hartzell’s method by convolving the phase delayed records with a specific time
function to correct for the difference in the source time function and other fault
parameters between the main shock and smaller events.

In all these cases, however, the small shocks should have the same focal
mechanism as the main shock event and should also be large enough to excite the
response sufficiently above the noise level (HARTZELL, 1978). Besides these limita-
tioms, it is essential that these small events with appropriate sizes be distributed
over the entire fault of the main shock, for the synthesis of ground motions for
the main event. This is required since the Green’s function depends on the
location on the fault surface and on the recording site, and hence its form differs
considerably from place to place.

The final goal of our studies is to infer dynamic faulting processes of major
earthquakes using strong motion records, which may be characterized by in-
coherent rupture propagation, non-uniform slip displacements, complex source
time functions, etc. As a first step toward this goal, we attempt in the present
paper to synthesize ground motions from a moderate earthquake by applying
both of the analytical and semi-empirical techniques described above. The utility
of the two methods in modeling the actual ground motions are carefully compared,
and their applicability to further investigations into more complex faulting proc-
esses are discussed. As a next step in this study, we tentatively introduce a
stochastic fault model with variable rupture velocities to provide a possible ex-
planation for the high-frequency waves which are seen in the observed seismograms
but could not be explained by a simple, uniform rupture.

2. Methods for Theoretical and Semi-Empirical Synthesis of Ground Motions

The methods we used here for the synthesis of ground motions from a main
shock are essentially based on the representation theorem for a kinematic disloca-
tion model in an elastic medium. The displacement field due to a slip dislocation
over a fault S can be expressed by (e.g., BURRIDGE and KNOPOFF, 1964)

w(y, t)=S:drSgsS(x, 2)-0'(x, 1—z, ) dS, )

where u'(y, t) is the i-th component of displacement at a location y and time ¢,
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S(x, 1) 1s the slip discontinuity across the fault surface at a position x at f=, and
g'(x, t—=, p)is the stress tensor at position x and time 7 due to an impulsive point
force applied in the i-th direction at the location y. g'(x. 71—z, y) may also be taken
as the i-th component of displacement at the receiver position y due to a point
dislocation at x on the fault, and hence may be regarded as the Green's function
or the impulse response of the medium. Equation (1) thus implies that the dis-
placement at any point in the medium is expressed by the convolution of the slip
distribution with the Green’s function, integrated over the fault surface. When
the direction of the displacement discontinuity is the same everywhere on the
fault surface, the slip can be written as S(x, r)=m' Ju(x, 1), where m' is the second-
order moment tensor for a point shear dislocation, which is specified by the
direction of the fault plane, and Ju(x, ) is the scalar slip or source function.
If we further assume that the position x on the fault plane starts to slip at time
t" specified by the rupture propagation, 7 can be replaced by r—1¢’, and Eq. (1) may
also be expressed by

t—2t .

u'(y, 1 )::S drgs Sm"Ju(t*t'n r)-gi(x, 7, ) dS. (2)

4

2.1 Theoretical synthesis

To perform the integration (2) over the fault, we divide the entire fault surface
with dimension S= L W into N segments each of which has an elementary size
of 4S;=L;x W;, as shown in Fig. I. The displacement as given by Eq. (2) may
be rewritten as,

N
w(e)=72, midu(t—t;)*git)dS;
F=1
N
= 2 midu(t)xgi(t—1;)4S,, 3
g

where the subscript j refers to the j-th fault segment. the symbol * indicates a con-

Obs. St.

Fig. 1. Geometry of the fault plane and an observation station. Symbol ® indicates
the location of hypocenter. R, and R, are the distances from the initiation point of
rupture and from the j-th fault segment to the station, and r; is the distance between
the two points on the fault.
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volution operator, and ¢, is the phase delay time from the onset of initial rupture.
t; is expressed by f;=r;/v-+(R;—R.)/c (See Fig. 1), v and ¢ being the rupture
velocity over the fault and the average wave velocity in the medium, respectively.
If the distance R; along the ray path between each of the divided segments 4S;
and the receiver position y is much greater than the linear dimension of the seg-
ments, i.e., AR/2>L; (e.g., Akl and RiCHARDS, 1980, Chap. 8 equation (14. 12)),
the far-field terms involved in the Greens’ function dominate over the other terms,
and the displacement #'(y, t) should have a waveform proportional to

“S;m (x, (—1') dS.

In this case, Ju(r) in Eq. (3) may be replaced by Ju(r), and gi(t) reduces to the
Green's function only for the far-field.
We assume here that the slip function Au(¢) has the following ramp functional
form,
Ju(t)=(Dt/=)YH(t) (t<7) @
=D (1=7),

where D is the final displacement, ¢ is the rise time, and H(7) is the Heaviside unit
step function. The synthetic seismogram can be obtained by convolving ui(z)
with the impluse response /(t) of the seismograph used,

SHt)=1'()*h(1). &)

In order to calculate the Green’s function gi(t), we use the discrete wave-
number/finite element method (abbreviated as the DWFE method) presented
recently by OLsoN (1982), which is similar to that given by ALEKSEEV and
MIKHAILENKO (1980). The DWFE method yields the complete elastic response
of a vertically heterogeneous medium, by combining separable solutions of the
elastic equations for the horizontal dependence of the wave motion in terms of a
Fourier-Bessel series, with finite element and finite difference solutions for the
vertical and time dependence (OLson, 1982). For numerical calculations, we
used a computer program originally written by A. Olson, and somewhat modified
for our purpose. gi(1) obtained from this method includes all types of body and
surface waves, and also near-field terms. The Green’s functions are then convolved
with the slip function multiplied by the second order moment tensor and spatially
integrated over the fault surface to obtain the theoretical displacements, as given

by Eq. (3).

2.2 Semi-empirical synthesis

Suppose we use the records of small events, such as from foreshocks and after-
shocks, as empirical Green’s functions, instead of calculating the theoretical
functions. If the source of the small event can be approximated as a point source
located in the far-field, and if the source duration is short enough, then 4(&)t—
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(1), and the observed seismogram reduces to, f,(¢)ccmigi(1)=h(t), which includes
only the propagation effects and the instrumental response. This is not always
the case, however. If, instead, we utilize the observed seismogram from a minor
event with a small but finite source area and a finite rise time,

faO)y=miy dadi, (t)xgt)S 4 ;xh4(t), (6)

where the subscript A denotes the quantities belonging to the minor event that
occurred at the j’th location. The fault area of the main shock is then divided
into a finite number of segments with a unit dimension equal to the source area
of the small events, ie., L;=L,, W;=W,. The main-shock seismogram may
be synthesized from a modified form of Egs. (3) and (5).

¥
Fu@)=hy(t)* 21”7}Auu A2)*gi(t—1,)4S;. (7
=
Taking the Fourier transform of Egs. (6) and (7), we have

N .
Fii(0)=Hy(w) 2 mAUy (0)Gi(w)e 'idS;
i=1

=z 0()F, fw)e=ets ®)
0,(@)=(4U,y (@) AU () H ()] H (@) ©)

since mjGi(w)4S;=miy ,Gi(w)4S,, We assumed here that the waveforms of
the main shock and aftershocks were recorded with two different types of instru-
ments with different amplifications and frequency responses but at a single station.
From Eq. (8), the synthetic seismogram for the main shock may be given by,

fL(t)=glq;(t)*fA(t~tj) (10)

where

7:0)=| 0wedo, (an

{Mixumo, 1981 ; IMAGAWA and MIkuMo, 1982).

If the slip displacement and the rise time of the main shock are uniformly distrib-
uted over the fault plane, and if we could use aftershocks with identical slips and
rise times, Qi) and ¢;(¢) turn out to be constant, and may be replaced by Q(w)
and ¢(¢). In this case, Eq. (10) can be rewritten as

F0y=g(y Z Sul1—15) (12

q;(t) and ¢() are correction functions for the differences in the source time func-
tion between the main shock and smaller events, and also between the instrumental
responses used for recording the two different types of shocks.
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The ratio 4U,(w)/4U ,(w), which is obtained on the basis of Eq. (4), includes
the ratios of the final displacement and the rise times for the main shock and the
smaller events used. One possible way of estimating these ratios was to use some
empirical formulae between the fault parameters and the earthquake magnitude
M (IMAGAWA and MikuMmo, 1982). Another way is to rely on scaling relations
between the fault parameters, assuming that these relations hold between the main
shock and smaller events that occurred on a single fault plane. If we use the
empirical similarity conditions proposed by KANAMORI and ANDERSON (1975),
the scaling relations may be written as (IRIKURA and MURAMATU, 1982; IRIKURA,
1983),

LM/LA: W_u/ WA:DM/DA =Ty 7.4'—:(Mw/AMru1)l A (13)

Both of the ratios D,/D, and z,/r, can be obtained from the moment ratio
Mon/M, 4, which may be estimated from the spectral amplitudes at low frequencies
(IRIKURA, 1983) or again from an empirical formula (KANAMORI and ANDERSON,
1975)

lOg (Mg_u/MgA):].SO (MM'—'M_‘;).

However, the above scaling relations also assume D/, =D ,/t,, which gives the
same slip velocity for the larger and smaller events. It has so far been reported
for many earthquakes, however, that the slip velocity on the fault surface depends
on the local stress drop, and also that the average stress drop estimated for a
number of events ranges between | and 100 bar. Since this result does not warrant
the above assumption, we have tried many different combinations for the rise times.

3. Observed Data

In the present paper, the methods described above have been applied to
the central Gifu earthquake of September 9, 1969 (3 =6.6), which was a moderate-
size inland earthquake in central Japan. The focal mechanism solution and the
spatial distribution of a number of aftershocks indicate that this earthquake was
caused by left-lateral strike-slip motion along a vertical fault plane trending in the
N30°W direction. The fault parameters of the main shock estimated from the
aftershock distribution, strong-motion records, vertical tectonic movements, and
some additional data are L=18-23 km, W=10km, D=64-72 cm, M,=3.5-5.0 %
10 dyn-cm, v=1.0-1.5 s, v=2.0-2.5 km/s (MIkUuMoO, 1973).

Seismic waves from this earthquake were well recorded at five JMA stations
within epicentral distances less than 80 km with strong-motion seismographs.
Among these, three-component strong-motion records at the Gifu station (4=
51 km) have been selected and are used for the present study. The instrumental
constants of the seismographs are natural period of 6 s for the horizontal, and
5 s for the vertical components, respectively, and damping constant of 0.6. Most
of the aftershocks are distributed in a belt-like zone extending for about 20 km,
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GIF,
v

Fig. 2. Map indicating the location of the presumed fault trace for the 1969 central
Gifu earthquake and a recording station. Symbol ® indicates the epicenter of the
main shock, and numerals indicate the location of the aftershocks used in the

present study.

and their focal depths range between 2 and 12 km. Among these aftershocks,
we selected four aftershocks with magnitudes 4.3, 4.8, 4.5, and 4.6 that occurred
from northwest to southeast along the presumed main shock fault. The after-
shocks were recorded by Wiechert-type seismographs (with a magnification 80)
the Gifu station. Figure 2 shows the locations of the presumed fault, the main
shock, and the four aftershocks used in the present study. The strong-motion
records of the main shock and the aftershock records are shown in later sections.

4.  Results from Theoretical Synthesis

In this section, we calculate, as a first step, theoretical Green’s functions
using the DWFE method to estimate the effects of crustal layering and source
depth by comparing them with the corresponding aftershock records. For the
crustal structure appropriate to the profile between the source area and the Gifu
station, we tentatively adopt a velocity model (Ukawa and Fukao, 1982) which
has been obtained for the Chubu region, Honshu, Japan, using P and S wave arrival
times from crustal and subcrustal earthquakes. The velocity structure, designated
Model 1, is given in Table I and Fig. 3. The Green’s functions calculated for
epicentral locations of aftershocks No. 2 and No. 4 and for five different source
depths in this structure are shown in Figs. 4 and 5, together with the corresponding
aftershock records. Each of the calculated traces includes the seismograph
response, and is normalized to have the same maximum amplitude in these figures.
The cut-off frequency in this calculation is 1.2 Hz. We assume a point disloca-
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Table 1. Crustal models used in the present study.
Model 1
" Layer thickness Ve Vs - " Density
(km) (km/s) (km/s) (g/cm®)
4.0 5.5 3.25 2.65
20.0 6.11 3.61 2.74
10.0 7.15 4.01 3.0
7.81 4.41 3.22
Model 2
- Layer thickness N V » V\, T)ensxty
(km) (km/s) (km/s) (g/cm?)
0.66 3.2 2.0 2.3
1.12 4.76 2.58 2.4
2.16 5.5 3.25 2.65
20.0 6.11 3.61 2.74
10.0 7.15 4.01 3.0
7.81 4.41 3.22

Model 1 is taken frorﬁ Uxkawa and Fukao (1982).
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Fig. 3. Two possible crustal models, named Model 1 and Model 2, which are used to
compute the theoretical seismograms. Vs, P-wave velocity (in km/s); Vs, S-wave
velocity (in km/s); DENSITY, density (in g/em®). Model 1 is taken from Ukawa
and Fuxao (1982).
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Fig. 4. Observed seismograms of aftershock No. 2 (top traces), and the Green’s func-
tions calculated for the corresponding location and several different source depths
for Model 1. The source function is assumed to be a step function. Each trace is
normalized to have the same maximum amplitude. The same explanations apply
to Figs. §, 6, and 7.

tion source, and a step function (with the rise time =0) for the source function.
We immediately notice in Figs. 4 and 5 that the calculated traces have much shorter
duration than the aftershock records, although they show somewhat similar
waveforms to the first half of the records.

We feel that one possible reason for the shorter durations of the Green’s func-
tions for Model 1 may be due to the lack of a soft sedimentary layer at the top
of the crustal structure. The existence of the sedimentary layer would generate
reverberations of seismic waves and hence would make the durations much longer.
For this reason, we arbitrarily assume that there could be two surficial low-velocity
layers overlying the structure which have not been well identified in the previous
P and S travel time study. The modified model, which is called Model 2, is also
shown in Table 1 and Fig. 3. Figures 6 and 7 illustrate the Green’s functions cal-
culated from Model 2, arranged in the same way as in Figs. 4 and 5. It is noticed
that the duration times for these traces are remarkably extended, as compared
with those for the corresponding traces from Model 1, particularly for shallower
source depths. As may be expected, the later portion of the calculated traces are
surface waves excited by reverberations within the low-velocity surface layers.
Important features to be also noted here are that the calculated functions vary
considerably with source depth for a fixed epicentral distance, and that small dif-
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Fig. 5. Observed seismograms of aftershock No. 4 (top traces), and the Green’s func-
tions calculated for the corresponding location and several different source depths for
Model 1.
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Fig. 6. Observed seismograms of aftershock No. 2 (top traces), and the Green’s func-
tions calculated for the corresponding location and several different source depths
for Model 2.
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GREEN FUNCTION NO. U GREEN FUNCTION NO. 4
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Fig. 7. Observed seismograms of aftershock No. 4 (top traces), and the Green’s func-
tions calculated for the corresponding location and several different source depths
for Model 2.

ferences in the distance and the azimuth yield appreciable differences in the wave-
form of the Green’s function, as shown in Figs. 6and 7. If we compare these traces
with the aftershock records, we see that the observed seismograms from after-
shock No. 4 may be satisfactorily explained for about 20s by the uppermost
traces with a source depth of 2.9 km. However, the agreement between the records
for aftershock No. 2 and the calculated traces is not as good as that for No. 4.
The reason for this might be due either to small-scale lateral heterogeneities in
the actual structure along the propagation paths from aftershocks No. 4 and
No. 2 to the recording site, or to a somewhat complicated rupture process in after-
shock No. 2. This type of discrepancy and the variations of the calculated
Green’s functions with source depth present some problems for semi-empirical
predictions of strong-motions when using only a small number of records from
minor events.

The next step is to synthesize theoretical seismograms for the main shock by
using the above Green’s functions. For this purpose, the Green’s functions cal-
culated for each of the fault segments are integrated over the fault plane, with
appropriate phase delay times, and are convolved with the slip function, as given
in Eq. (3). The dimension of the fault segments is taken as 2kmx2 km. The
fault rupture is assumed to initiate at the center of the fault plane and spread
radially at a constant velocity, and the final slip is assumed to be constant over
the fault plane. We assume several different rupture velocities, rise times and
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Fig. 8. Strong-motion records from the central Gifu earthquake of September 9, 1969
(M=6.6) at the GIF station, and the corresponding synthetic seismograms com-
puted for Model 1. Rupture velocity VR, rise time RT and seismic moment M,
are assumed to be 2.1 km/s, 0.5 s, and 3.0 10% dyn-cm, respectively.

seismic moments. Examples of the calculated results for two different cases are
shown in Figs. 8 and 9.

Figure 8 gives the synthetic seismograms calculated for one of the possible
crustal structures, Model 1, in comparison with the corresponding three-com-
ponent strong-motion records obtained at the Gifu station. The observed and
synthetic seismograms are plotted on the same scale, as indicated in the ordinate.
The rupture velocity, rise time, and seismic moment in this case are taken as 2.1
km/s, 0.5 s, and 3.0 X 10* dyn-cm, respectively. From a close comparison of the
corresponding components of the observed and synthetic seismograms, we see
that the recorded waveforms over about 10 s from the onset, which include P and
S waves, have been reproduced quite well by this synthesis. However, later sur-
face wave portions on the two horizontal components, including a large third peak,
cannot be satisfactorily simulated. The synthetic seismograms obtained for Model
2 are shown in Fig. 9, where the rupture velocity is taken as 2.3 km/s and the
other two parameters remain the same. We notice that the synthesis from the
latter model gives a better fit to the data, not only to the general waveform but
also to the large amplitude phase arriving about 15s after the onset, suggesting
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again that this portion is surface waves amplified by the surficial layers. It has
thus been demonstrated that the theoretical synthesis from the Green’s functions
could be effectively used for predicting ground motions with periods down to about
2-3 s if the surface structure is correctly estimated. However, the vertical com-
ponent record does not have the reverberations that appear 20 s later in the
synthetic seismograms for Model 2, and may be better modeled by Model 1.
This may suggest that the actual velocity gradient in the surficial layer is not as
sharp as assumed in Model 2.

It should also be mentioned that short-period waves with periods of 1-2s,
which appear 10-20 s after the onset particularly on the E-W component, cannot
be simulated by the improved model (Model 2) or even by variations of it within
a reasonable range. These unexplained phases might be attributable to the
faulting process of the main shock, and should be investigated in more detail.

5. Results from Semi-Empirical Synthesis Using Aftershock Records

In this section, some of the results obtained from the semi-empirical analysis
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(IMaGawa and MIKUMO, 1982) are presented, and compared with those from the
theoretical synthesis. Since the magnitude of the aftershocks studied here ranges
from 4.3 to 4.8, their source area is estimated to be of the order of 1.4 km x
0.7 kmto 2.5 km x 1.25 km, if we refer to the empirical relations (13) and (14). In
the numerical calculations that follow, we divide the main shock fault plane into
100 segments with an elementary size of 2 km x 1 km, which is approximately the
average dimension for these shocks. This implies that the records of 100 after-
shocks well located on each of the segments would be required as empirical Green’s
functions to completely synthesize the main shock records. Since aftershocks
with proper sizes are not uniformly distributed over the fault plane, we use four
aftershock records to represent approximately the ground motions from the
fault segments, by assigning the phase delay time appropriate to each of the
segments. Several other shocks are located close to the four shocks used in this
study. Their records show very similar waveforms to that of the nearest shock,
but remarkably different features for other shocks at somewhat more remote loca-
tions. For this reason, we have selected the four aftershocks Nos. 1-4 with appre-
ciably different waveforms that occurred at different locations along the presumed
fault, as shown in Fig. 2. We regard these waveforms as representative Green’s
functions. As in the theoretical synthesis, we assume a radial propagation of the
fault rupture, and various rupture velocities ranging between 2.1-3.0 km/s, and
rise times 0.2-2.0 s for the main shock and 0.2-0.6 s for the aftershocks, respec-
tively.

Some examples of the results from the semi-empirical synthesis, which are
based on Eq. (12), are shown in Figs. 10 and 11. Figure 10 shows the synthetic
seismograms calculated for three assumed rupture velocities, 2.1, 2.3, and 2.5
km/s, with a fixed combination of the rise times of 0.2 and 0.5 s, in comparison
with the strong-motion records. Figure 11 shows the synthetic seismograms
for these different combinations of the rise times with a fixed rupture velocity of
2.3 km/s. In both cases, the ratio of the final displacements between the main
shock and aftershocks is assumed to follow the scaling relation (13). As may be
expected, we see from these synthetic seismograms that the amplitude increases
as the rupture velocity increases and as the rise time of the main shock becomes
shorter. The general features of the synthetics given in Figs. 10 and 11, partic-
ularly of long-period component waves with periods 5-7 s, appear to be able to
account for those of the strong-motion records. The lowest traces in Fig. 11,
however, lose short-period content and do not seem consistent with characteristic
features of the records, suggesting that the actual rise time of the main shock may
not be longer than 1 s. Closer examination of the empirically synthesized seismo-
grams shows that none of the traces for the E-W component are able to explain
the short-period waves seen in the record which appear 8 to 15 s after the onset.
Also, the third high peak at 15-17 s and its successive short-period wave train on
the N-S component record is not modeled by the synthetics.

For the sake of comparison, the results from using only one aftershock, No
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Fig. 10. Strong-motion records of the Fig. 11. Strong-motion records of the
main shock at the GIF station and the main shock at the GIF station and the
corresponding synthetic seismograms corresponding synthetic seismograms
obtained from four aftershock re- obtained from four aftershock re-
cords, for three different rupture cords, for three different combina-
velocities and fixed rise times. tions of rise times and a fixed rupture

velocity.

2, instead of all four shocks, are shown in Fig. 12, where we assumed that its record
can be regarded as an approximate Green's function for all fault segments. This
figure shows that the long-period waves on two components of the strong-motion
records may still be reproduced to some extent by this simplest synthesis. It should
be mentioned, however, that the first 10 s of the synthetics lacks short-period com-
ponents superposed on the long-period waves, and that the peak amplitude ratios
between several peaks in the long-period waves are not consistent with those of
the records. It is clear from the above results that the semi-empirical synthesis
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Fig. 12. Strong-motion records of the Synthetic  seismograms cal-

main shock at the GIF station and
the corresponding synthetic seismo-
grams obtained from aftershock
record No. 2, for three different rup-
ture velocities with fixed rise times.

culated from a stochastic fault model
with variable rupture velocities, in-
corporating the Green’s functions
obtained from aftershock records, and
the strong-motion records.

using four aftershocks provides better agreement with the data than using only one
aftershock. This result may naturally be accepted in view of a reasonable coverage
of the four shocks over the fault.

6. Discussion and Concluding Remarks

6.1 Comparison between the results from the theoretical and semi-empirical
analyses
One of the purposes of the present study was to examine the validity of using
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the observed seismograms of minor events as empirical Green's functions. As
we have shown in Fig. 7, some aftershock records may well be regarded as Green’s
functions for a point source located at one particular fault segment. This is
not always the case, however. In some cases, the aftershock records might be
affected by a complicated rupture process, if the event had an appreciable source
dimension as in the case of aftershock No. 2. Also, the aftershock may have
a radiation pattern which is considerably different from that of the main shock.
It should also be pointed out that Green's functions change their waveforms to a
considerable extent with the source depth, particularly in a complex crustal struc-
ture. This implies that an observed record from a minor event, even if it does not
involve the above radiation effects, should only be regarded as representing a
Green’s function for its focal depth. It is, therefore, extremely important to use
the records of minor events that are as well distributed at different depths and
horizontal locations over the fault plane as possible. Also, it is important to
compare them with the corresponding theoretical Green's functions, in order to
investigate closely the fault rupture process of the main shock, although the use
of only a few minor shocks has given good results in predicting strong motions
in some cases under favorable conditions (e.g., IRIKURA, 1983).

In theoretical synthesis, on the other hand, there are also some problems to
be mentioned. The crustal structures, particularly of detailed surficial structures
which can seriously effect the recorded waveforms, are not always known to a
sufficient degree. As shown for Model 2 in Figs. 6 and 7, low-velocity surficial
layers generate large-amplitude converted body waves and surface waves. In-
correct estimates for the surficial structure would lead to unrealistic waveforms.
Besides that, various current methods of calculating analytically Green’s functions
or the response of the medium can only be applied to horizontally layered struc-
ture with stepwise or smoothly increasing velocities. Recent seismic studies using
inversion techniques have revealed the existence of lateral heterogeneities or three-
dimensional structures within the shallow crust in tectonically active regions. If
small-scale lateral heterogeneities including topographical site effects exist around
the area between the source and receiver, there would be some variations of the
seismic waveforms. In the theoretical calculations, attenuative properties have
not been taken into account. In the above sense, theoretical calculations may
not always be complete to generate Green’s functions for realistic structures.

The synthetic seismograms obtained from the theoretical and semi-empirical
methods are compared here with the actual strong-motion records. As has been
discussed in the preceding section, the recorded waveforms, particularly of long-
period body waves and the first portion of surface waves, can be satisfactorily
modeled by the theoretical synthesis with a realistic structure, and also, to some
extent, by the semi-empirical synthesis with reasonable rupture velocities and rise
times. The best agreement between the observed and synthesized waveforms has
been obtained for long-period components with periods 5~7s. The most obvious
discrepancy is that the short-period waves with periods 1.5-2.5s, which arrive
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8-15 s after the onset of the E-W component, cannot be well simulated by either
of the two different syntheses. This suggests that the discrepancy may not be
due to errors such as poor precision in digitization of the observed records or
their inadequate representation of the Green’s functions.

6.2 A possible model for generating high-frequency waves

A likely explanation for the short-period waves seen in the strong motion
records may be a complex faulting process during the main shock. It has been
suggested from studies on dynamic rupture process (e.g., MIKUMO and MIYATAKE,
1978 ; MIYATAKE, 1980) that a strongly heterogeneous distribution of the frictional
strengths on the fault will yield stick-slip-like phenomena and incoherent rupture
propagation with appreciably variable velocities, which could radiated high fre-
quency seismic waves. Incoherent rupture velocities, non-uniform slip displace-
ments, and episodic source time functions could in principle be derived by using
an inversion technique on the seismograms obtained in the near-field, if a number
of stations were well distributed around the source area. Since, in the present
case, strong-motion records at only a few nearby stations are available, it is prac-
tically impossible to do this type of analysis.

On the other hand, a stochastic fault model with non-uniform distributions
of displacements, slip angles, rupture velocities, and rise times has been presented
(MikuMo, 1976) to explain a complex faulting process on the basis of a kinematic
dislocation model (MARUYAMA, 1963) in an infinite homogeneous medium. In
this model, these fault parameters are distributed independently in a normal random
fashion with variable standard deviations about their mean values on each fault
segment, although these non-uniformities should be closely related to each other
from the viewpoint of the dynamic rupture process subjected to the shear stress.
From these results (Mikumo, 1976) and some other studies (MADARIAGA, 1977;
BoorE and JOYNER, 1978; IMAGAWA and MikuMo, 1982; CAMPILLO, 1983), it has
been found that the most effective fault parameter to generate high-frequency
waves is the rapid variation of the rupture velocity. The effect is strongly en-
hanced, preserving long-period components, if the rupture accelerates or decelerates
over comparatively large-scale fault segments.

Seismic waveforms from the above stochastic model have been calculated
for many different cases. The fault plane in this case has been divided into fan-
shaped segments with a dimension 4r x 4¢, where 4r and 4¢ are the unit length
and azimuthal breadth of the segments, respectively. We assumed that the rup-
ture propagates at different velocities with an average velocity » and a covariance
a, over each of the segments. An example (Case K) of the synthetic seismograms
thus calculated is shown in Fig. 13, which incorporate the empirical Green’s
functions derived from aftershock records and the incoherent rupture propagation
with v=2.3 km/s, 0,=0.5 km/s, 4r=2 km, and 4¢p=30° (IMAGAWA and MIKUMO,
1982). Since there could be a number of stochastic spatial distributions of the
rupture velocities with the above specifying parameters, it would not be very sig-
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nificant to compare the synthetics closely in the time domain with the corresponding
strong-motion records. Nevertheless, it may be noticed that this type of in-
coherent rupture propagation could generate short-period waves. The unex-
plained short-period phases in the data might be accounted for by this type of
incoherent propagation of the fault rupture. This is, of course, one of several
possible explanations.

Further sophisticated analysis of the dynamic rupture process undoubtedly
requires more detailed information on the crustal structure around the source and
recording stations.
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