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A Theoretical Omega-Sguare Model Considering the Spatial Variation

in Slip and Rupture Velocity
by Y oshiaki Hisada

Abstract A theoretical model for constructing the w-squared model is proposed
by modifying the k-squared model of Bernard et al. (1996). The k-squared model
provides atheoretical basisfor the empirical w-squared model under the assumptions
that (1) the spatial wavenumber spectrum of the dlip distribution falls off as the
inverse of the wavenumber squared (k-squared), (2) the Fourier amplitudes of the
dlip velocity are independent of w at high frequencies, and (3) the rupture velocity
is constant. In this study, a more realistic model is proposed by modifying the last
two assumptions. First, a Kostrov-type slip velocity model is proposed by superpos-
ing equilateral triangles, in which a source-controlled fmax is imposed by the mini-
mum duration among the triangles. The Fourier amplitude of our slip velocity model
falls off as the inverse of w at high frequencies less than fmax. Next, in order to
model variable rupture velocities, the incoherent rupture time (At,), namely, the dif-
ference between the actual rupture time and the coherent (average) rupture time, is
introduced. After checking various models for At, distributions, the k-squared model
for At,, similar to that for the dip distributions of the k-squared model, is found to
be the most plausible. Finaly, it is confirmed that the proposed source model (we
cal it asthe w-inverse-sguared model), which consists of the combination of the slip
velocity proposed here and the k-squared distributions for both dslip and At,, not only
is consistent with the empirical w-squared model, but also provides the theoretical

basis for constructing realistic source models at broadband frequencies.

I ntroduction

Since the pioneering work of Aki (1967) to construct
the scaling law of seismic source spectra, the w-squared
model has been the most widely used empirical tool for pre-
dicting strong ground motions (e.g., Aki, 1972; Hanks,
1979; Hanks and McGuire, 1981; Boore, 1983; Joyner,
1984; Irikura, 1986). Originally, its spectrum wasrather sm-
ple, with one or two corner frequencies corresponding to the
fault dimension and/or the rise time using smooth and ho-
mogeneous faulting models (Haskell, 1964; Kostrov, 1964;
Brune, 1970; Madariaga, 1976). Later, a cut-off frequency,
fmax, was introduced to reproduce the steep falloff of the
observational spectra at higher frequencies (Hanks, 1979,
1982). On the other hand, observational and numerical re-
sults have shown that earthquake source processesare highly
heterogeneous. Thus, barrier/asperity models were proposed
to include the added complexities (Das and Aki, 1977; Kan-
amori and Stewart, 1978; Mikumo and Miyatake, 1978;
Boatwright, 1982). Subsequently, the w-squared model has
been modified by including the so-caled patch corner fre-
guencies, which correspond to the barrier/asperity size (e.g.,
Gusev, 1983; Papageorgiou and Aki, 1983; Koyama, 1985).

Recently, Herrero and Bernard (1994) and Bernard et
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al. (1996) proposed the k-squared model as atheoretical w-
squared model. The main assumption of this model is that
the spatial wavenumber spectrum of the final dlip distribu-
tion falls off as the inverse of the wavenumber squared (k-
squared). This model yields a stress drop independent of
seismic moment, which is consistent with the stochastic
model of Andrews (1981) and the fractal model of Frankel
(1991) with the fractal dimension of 2. In addition, Somer-
ville et al. (1999) found that slip distributions derived from
source inversion studies using strong motion records are
consistent with the k-squared model up to about 1 Hz. The
k-sguared model is a so consistent with the w-squared model
under the assumptions of constant rupture velocity and scale-
dependent rise time (Bernard et al., 1996). However, the
actual rupture velocity probably fluctuates significantly in
realistic situations (Das and Aki, 1977; Mikumo and Miya-
take, 1978; Archuleta, 1982). Since the fluctuation of the
rupture front excites strong high-frequency waves (e.g., Ma
dariaga, 1977), the k-squared model should be modified in
order to construct a more realistic w-squared model.

The purpose of this study is to propose a theoretical w-
squared model. For this, we will modify the k-squared model
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of Bernard et al. (1996) by considering realistic spatial var-
iations in both slip and rupture velocities. This article con-
sists of five sections. First, | show the formulation of the far-
field displacement using a unilateral source model. Second,
| briefly review the formulation of the k-squared model.
Third, | propose arealistic and practical dlip velocity model
by considering the results from dynamic source modelings
and laboratory experiments. Fourth, | introduce the effects
of the variable rupture velocities in the model using the in-
coherent rupture time. Finaly, | propose a“omega-inverse-
sgquared model” for constructing the w-squared model, and
discuss its characteristics in comparison with the k-squared
model and the empirical w-squared model.

Source Spectra for Far-Field Displacements

Following Bernard et al. (1996), | consider a 1-D fault
model with unilateral rupture propagation, embedded in a
homogeneous full-space (Fig. 1). The far-field displace-
ments, U;, at a station Y from this source model can be
written as

U(Y: 0) = 5 M) ®

where w isthe circular frequency, the subscript i denotesthe
ith component in the spherical coordinate system, and R, is
the radiation pattern for the ith component. The variable ¢
is the medium velocity (Vp for the radial, and Vg for the
transverse and vertical directions), p is the density, and r is
the distance from the rupture front, x, to Y. M, in equation
(2) isthe source spectrum (e.g., Dan and Sato, 1999), and is
expressed as

Mo(w) = uW LL V(X w) exp{io(t; + t)dx, (2)

where, u istherigidity, V isthe Fourier transform of the dlip
velocity at a specific point x on the fault plane, and W and
L are the width and length of the fault, respectively. In equa-
tion (2), t. and t, are the arrival time of the seismic waves
and the rupture time, respectively, and are given asfollows:

r ro — X-cos 6
= E%Of7 (x < rp) (3
and,
= 2+ AL(X) )
toowr e

where, r is the distance from the origin of the rupture front
to Y, 0 is the angle between the directions of the rupture
propagation and the seismic waves, and V, is the average
rupture velocity. As shown in equation (4), | divide the rup-
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Figure 1. Geometry of a unilateral source and an
observation station in thefar-field (top), and modeling
of variable rupture time using the incoherent rupture
time At (bottom).

ture time t, into the coherent (average) rupture time and the
incoherent rupture time At,. | introduce At, to include the
effects of fluctuations at the rupture front (see Figure 1). For
convenience, | express the dlip velocity function V by the
product of the dlip (dislocation) and the dlip velocity function
of the unit dislocation.

V(x;w) = DX)Fy(X; ) 5)

Substituting equations (3), (4), and (5) into equation (2),
| obtain the following source spectra,

Mo() = W explionsfc) | DR o)
exp{iw(v%d + At,)}dx,

where, C, is the directivity coefficient (Ben-Menahem,
1961),

(6)
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K-Squared Model with Scale-Dependent Rise Time

Here | briefly explain the k-squared model (Herrero and
Bernard, 1994; Bernard et al., 1996) and discuss some physi-
cal problems that suggest the need to modify this model.

The main assumptions for the k-squared model are as
follows:

a. TheFourier amplitudes of spatial wavenumber (k) spectra
of the dlip distribution D decay as k2.

b. The dip velocity function Fy is the rectangular boxcar
whose rise time isinversely proportional to wavenumber
(or frequency) at high frequencies. This assures fre-
guency-independent Fourier amplitudes of F,,, aswill be
shown below.

c. The rupture velocity V, is constant, namely At, = 0 in
equation (6).

Assumption (@) is based on the self-similarity of the
spatial distribution of the dlip, and this explains a stress drop
independent of seismic moment and fault size. Assumptions
(b) and (c) were introduced to produce the w-squared model.
Regarding assumption (b), Herrero and Bernard (1994) orig-
inally adopted the delta function (instantaneous dlip), but
later Bernard et al. (1996) used the rectangular boxcar with
the scal e-dependent (or, frequency-dependent) risetime. The
dlip-velocity function F,, of the boxcar can be expressed as
follows,

Fy(xw) = SN 2« gitz, (8)

T

where, y, = wr(>2<; “) )

Using assumption (b), the rise time t is inversely pro-
portional to w (or wavenumber) at high frequencies, as
follows,

Trnaxs (0 = 2naCyltma)
(X% w) = (10)
ZHSCd’ (0 = 21aCyltmax)

With T = Lo/V,

where 1., is the total dlip duration at x, and L, is some
characteristic dimension representing the barrier/asperity
size. A nondimensional coefficient, a, istheratio of thelocal
rise time over the propagation time of the average rupture
front along a wavelength (Bernard et al., 1996); this coef-
ficient was introduced to incorporate the observed short slip
duration (Heaton, 1990).

Substituting equations (8), (9), and (10) into equation
(6), and changing the bounds of the integration, the source
spectrum can be expressed as:

Mo(®) (11
+ e
= yVVFTexp(icorO/c)J' D(X) exp(2rikx)dx,
withk = — 2 = (12)
- 27CV, GV’
Sln(nfrmax)’ (f = f)
_ 7T max
and Fy(f) = § . , (13)
sin (zraCy) (f = f)
naCd ' -0

with fy = aCy/tma

The spectrum amplitudes of slip velocity function (equation
[13]) are independent of frequency for frequencies greater
than f,. It should be noted that equation (13) can lead to
unrealistic results for aCy = 1; Fy iszero for f = f,.

Theintegration in equation (11) isthe Fourier transform
of the dlip distribution with respect to the wavenumber. Un-
der assumption (a), Herrero and Bernard (1994) proposed
the following integrand:

fx D(X) exp(2zikx)dx = DL Fy(K)

1, (k=1
] (19

where D is the average slip over the fault plane, and F,, is
a phase function with unit amplitude.

Finally, the source spectrum of the k-squared model is
obtained by substituting equations (12) and (14) into (11).
Using frequency f instead of w, the source spectrum can be
expressed as

Mo(f) = Mo Fy exp(2xfir,/c)Fyn(f)

L, (=t Ve,

x {2 . with fo =
(ff) (f = 1) L

(15

where M, isthe seismic moment (= uDLW: D istheaverage
slip). Combining equations (13) and (15), the k-squared
model yields the w-sgquared model with two corner frequen-
cies (fy and fe: usualy fo > fo).

On the other hand, the k-squared model is based on two
physically unrealistic assumptions: (1) the boxcar model for
the dlip velocity, and (2) a constant rupture velocity. The
Fourier amplitude of a boxcar falls off as the inverse of w,
and generates infinite slip accelerations at the starting and
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stopping phases. To produce finite accelerations, smoother
dip velocities have to be used, such as a combination of
triangles as used for source inversion studies. Since the Fou-
rier amplitudes of triangles fall off as the inverse of w-
squared, it is difficult to model the amplitudes of slip veloc-
ity as being independent of . Consequently, the variable
rupture velocity should be incorporated to excite high-
frequency waves. Next, | investigate the effects of a more
realistic dip velocity, together with a variable rupture
velocity.

Modification of K-Squared Model Considering
Realistic Slip Velocity and Variable Rupture
Velocity

Fourier Amplitude Spectra of a Realistic Slip
Velocity Function

An analytic solution for the dlip velocity was derived
by Kostrov (1964) using a sdf-similar circular crack. Its
amplitude in time history isinfinite at the crack tip, and falls
off astheinverse of a square root of time. Moreredisticaly,
dynamic source modeling and laboratory experiments on
rock indicate that the dlip velocity exhibits a sharp rise with
a finite amplitude and is followed by a relatively smooth
decay (e.g., Madariaga, 1976, 1977; Day, 1982; Ohnaka and
Kuwahara, 1990; Miyatake, 1998). The finiteness of the ve-
locity amplitude at the crack tip is probably caused by non-
linear breakdown processes, such as loca yielding (e.g.,
Madariaga, 1977). Accordingly, it may cause the source-
controlled f ., (Papageorgiou and Aki, 1983).

In order to construct the realistic slip velocity functions,
| adopt a simple and practical model. As shown in Figure 2,
| construct the dip velocity function f, by superimposing
equilateral triangles with different durations. In the time do-
main, it can be written as follows;

M) =3 3 AT ) with A= 3 A7 (16)

>l

where Ny, is the total number of the triangles, Ar istheratio
of the area of the jth triangle with respect to the area of the
j—Ith triangle. )

In equation (16), f; is the equilateral triangle of the jth
element,

_ At, (t=17/2
fix 1) = (A — 1), wl2=t=17) (17)
0, (rj =1

A and V; are the maximum acceleration and velocity of the
jthtriangle, respectively. t; isthe duration of thejthtriangle,
and | adopt here the following values,
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i—1 1
= —, Wthry, =1 = —,
2NV71
and 7 = TN, =
fmax

where | use a coefficient of the j-1th power of 2 to avoid the
artificial peaks and troughs not only in the time domain (see
Figure 2), but aso in the frequency domain (Fig. 3). Note
that, the reciprocal of the minimum duration (t;) gives a
source-controlled f,,,, & shown subsequently. 1., is the
total duration of the slip, which would be controlled by the
characteristic size of barrier/asperity and/or the healing front
(Heaton, 1990).

The dlip displacement and acceleration functions are
easily obtained by replacing f; in equation (16) by

fi(x1)
2(t/7;)?, t=1/2)
=105{1 + @2-7)@y-2)[7} (2 =t=71),
1, (=1
(20)
for displacement, and
) A, (t = 7/2)
fixt) =1-A, (l2=t=r7) (21)
0, (=1

for acceleration.

Figure 2 shows examples for dlip velocities and dis-
placements in the following four cases, for fmax = 10 Hz
(t; = 0.1 se0),

Case (A) Ny = 3and Ar = 1.0,
Case (B) Ny = 3and Ar = 2
Case (C) Ny, = 5and Ar = 1.0,
Case (D) Ny = 5and Ar = /2.

N

The total dlip durations (t,,,5) for Ny, = 3and 5are 0.4
and 1.6 seconds, respectively. The velocity for the smaller
Ny and Ar shows the sharper and larger peak velocity. The
velocities for Ar = /2 decay as 1/,/t, which is consistent
with Kostrov’s dlip velocity. Although it is not shown, the
dip velocity for Ar = 2 is a scalene triangle, which seems
unrealistic as compared with the Kostrov-type dlip velocity.
On the other hand, results for Ar < 1.0 show unreadlistically
large dlip velocities and accelerations for f,,, = 10 Hz
Thus, Ar probably should take a value between 1 and 2.

The Fourier transform of equation (16) can be obtained
analytically:

N,
F.(% o) =

1

. 2
A 204 o)

1
Aj i
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Figure 2. Thedip velocities (thick black lines) and displacements (thick gray lines)
for four cases. The dlip velocities consist of equilateral triangleswith different durations
(thin lines). The reciprocal of the minimum duration among triangles generates the
source-controlled f,,,... The maximum duration t,,,,, among triangles equals to the total
dlip duration at a point on a fault plane, and the reciprocal of the double of 1,4 iS
nearly equal to the first corner frequency f; (see Fig. 3).

Note that the Fourier amplitude of each triangle has an « 2

decay.

Figure 3 shows the Fourier amplitudes of the dip ve-
locities and accelerations corresponding to those in Figure
2. The amplitudes of al the dlip velocities have two corner
frequencies; f, =~ 1/2t,,, and f 5. The spectra are constant
for frequencies lower than f,, fall off as the inverse of w
between f, and f ., and then fall off as the inverse of w-
sguared at frequencies greater than f ... It is easy to control
the spectrum shape and amplitude by changing these fre-
guencies. In addition, the spectra do not exhibit artificial

sharp peaks and troughs at frequencies lower than f, .,
which would be advantageous for predicting strong motions.

Source Spectra Considering Variable Rupture Velocity

To investigate the effect of the variable rupture velocity
on the source spectra, | evaluate the source spectra for At,
# 0, by assuming temporarily the instantaneous slip (Fy (X,
w) = 1) in equation (6). The source spectra can be

Sw) = L " b exp{iw(v%d + Atr>}dx. (23)
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Figure 3. The Fourier amplitude spectra of the slip velocities for the four cases
shown in Figure 2. The Fourier spectra of the slip accelerations are also shown in gray
lines. Note that the velocity spectrafall off as the inverse of w between f; and f,,.

namely, the equilateral triangle,

2D, XL,

DO = {ZDm(L — YL

Here | use the simplest k-squared dip distribution,

0= x=L/2)

(LI2=x=1) (24)

where D,,, isthe maximum dlip at the center. For the constant
rupture velocity (At, = 0), the analytical solution can be
obtained by substituting equation (24) into equation (23),

Note that the Fourier amplitude of equation (25) hasthe w

wlL

T WGy (25)

-2

decay at high frequencies; this would be the simplest k-
squared model.

In order to evaluate equation (23) for At, # 0, | subdi-
vide the fault length L into small segments AL, (see Figure
1), and carry out the analytic integration on each subfaullt,

N,
— , X
Sw) = 21 B D exp{wo(m + AtrJ-)}dx,

% o~ siny X

= AL: J icol —— .
121 DAL ” exp{wo(vr c + At”>}, (26)
. _ wAL - Xo1 X

with y; = VG, and X, = — (27)
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where N, is the total number of subfaults. Note that the
source spectrum Sis the superposition of the functions with
the ! decay.

As an example, | will use the following parameters to
compute the source spectra up to 20 Hz: L = 10 (km), and
D, = 1(m), N, = 2000, Cy = 1, and V, = 2.5 (km/s).

First, | check the very basic effects of At, using the
following two simple cases:

1. As shown in the left of Figure 4a, the rupture stops
abruptly at the center of the fault for At second, then
continues to rupture. Thus, At, is expressed as,

At = {o, (0= x=L/P)

At, (LI2=x=1L) (289)

2. Asshown in the right of Figure 4a, the rupture stops and
starts two times. Thus, At, is expressed as,

At — 0, O0O=x=1L/M4and L2 =x=3L/4%)
A, (LM =x=L/2 and3/4=x=1L)
(28b)

Figure 4b and 4c show the source spectra and their
waveforms (i.e., the source time functions), respectively, for
cases 1 and 2. The amplitudes of the source spectra are mul-
tiplied by «, and thus the constant amplitude represents the
™! decay. The source time functions in Figure 4c corre-
spond to the displacement waveforms in the far-field. For
reference, | plot the source spectraand the source timefunc-
tions of the k-squared model using equation (25) by gray
lines (Case 0; At = 0) in the figures. For Case 1, the abrupt
stop at the center of the fault for At second excites large
high-frequency waves, and its spectrum shows the » ~* de-
cay with frequency. The source time function shows the ex-
tremely strong stopping phases, which seem unredlistic.
Similarly, the spectrum for case 2 shows the o~ * decay at
high frequencies, but note that the maximum amplitudes are
twice as large as those of case 1. The waveform shows the
unredlistically strong stopping and starting phases at three
locations. The abrupt stops and starts along the whole rup-
ture front cause mathematical singularities and the results
are physically unacceptable.

Next, | investigate the following more redlistic three
models considering smooth At, distributions: the k-inversed,
k-squared, and k-cubed models.

The k-inversed model for 4t,. The distribution of At, is
assumed to be inversely proportiona to the spatial wave-
number k. | construct this k-inversed model by superposing
the cos functions, as follows.

M

At
Atk = mgl J1 + n?

cos(an% + 0m> (28c)

where 0, is a random phase between 0 and 2x (radians), m
is the wavenumber normalized by the fault length, and M is
the maximum value of m. MV, /L givesthelimit of resolution
in frequency.

The k-sguared model for At,. The At, distribution is as-
sumed to be inversely proportional to k-squared. Similar to
the k-inversed model, | construct the model by superposing
the cos functions, as follows.

M

B At X )
At(x) = mgl N cos<27zm =+ Om (28d)

Thek-cubed model for At,. TheAt, distributionisassumed
to beinversely proportional to k-cubed. Similarly, | construct
the model as follows.

M
AL(X) = > At cos(an X4 Hm> (28¢e)
m=1 \/ 1+ m L
Figure 5 shows the amplitudes of the k-inversed, k-squared,
and k-cubed models by normalizing by At.

Figure 6a shows examples for At, distributions using
the k-inversed, k-squared, and k-cubed models. | use At =
0.1(sec), which is 1/40 of the total duration (L/V, = 4 sec-
ond), and M = 500 in equations (28c) to (28e), together
with the same source parametersin cases 1 and 2. Figure 6b
shows the source spectra corresponding to the three models
in Figure 6a. Similarly to Figure 4b, the amplitudes of the
source spectra are multiplied by w. The high-frequency am-
plitudes are nearly constant for the k-inversed model, fall off
as the inverse of w for the k-squared model, and fall off as
the inverse of the w-squared for the k-cubed model. Figure
6¢ shows the source time functions for the three models. For
reference, | plot the functions for At = 0 using equation
(27) by gray lines in the figure. The waveform of the k-
inverse model shows unredlistically strong and incoherent
high-frequency waves; it is hard to identify the coherent
waveform of the gray line. In contrast, the source time func-
tion for the k-squared model shows the high-frequency fluc-
tuations around the coherent waveform, which seems real-
istic. The functions of the k-cubed model does not show
incoherent high-frequency fluctuations; the smooth fluctua-
tion corresponds to the sin-type At seen in Figure 6a. Based
on genera expectations, the result of the k-squared model
seems the most plausible.

Finaly, | investigate the effect of At, on the k-squared
model by changing the amplitude At in equation (28d). Fig-
ure 7a shows the source spectra for At = 0.1, 0.2, 0.4, and
0.8 seconds, which correspond to 1/40, 1/20, 1/10, and 1/5
of the total duration, respectively. The Fourier spectra in-
crease with increasing At at high frequencies, and show o =1
decay except for At = 0.8. The high-frequency spectrumfor
At = 0.8 isindependent of w. Figure 7b depicts the source
time functions, which show the larger high-frequency fluc-
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Figure4. Theincoherent rupture time At, for two cases (top), and their source spec-
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starts twice for case 2. The amplitudes of the source spectra are multiplied by w, and
thus the constant amplitude represents the « ~* decay. Gray lines indicate the case for
the coherent rupture time (Case 0; At = 0).
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tuations for the larger At. In particular, the functions for At
= 0.4 and 0.8 show unacceptably incoherent fluctuations.
Thus, a At between 1/40 and 1/20 of the total duration may
be appropriate.

Discussion

From the results presented here, it appears that the most
appropriate w-squared model consists of the dip-velocity
model with k-squared spatial distributions in slip and inco-
herent rupture time, At,. | call this model the w-inverse-
sguared model, because the w-squared source spectraconsist
of the two w-inverse models due to the dlip velocity and the
spatial variations, as discussed below.

Figure 8a and 8b shows schematic explanations for
modeling the w-squared source spectra using the k-squared
model of Bernard et al. (1996) and by the w-inverse-squared
model, respectively. There aretwo main differencesbetween
the two models. The first is the modeling of dip velocity.
The slip velocity of the former consists of the scale-depen-
dent rectangular boxcars. In addition, this model alows the
duration of boxcars to be infinitely small at the highest fre-
quency; thisis equivalent to the Dirac delta function, whose
Fourier amplitude is constant with w. Consequently, the
Fourier amplitude of the slip velocity becomes independent
of w. On the other hand, the dip velocity of the w-inverse-
squared model consists of triangles. As discussed earlier, the
finite acceleration amplitudes of the triangles are physically
more appropriate than the boxcars. In addition, this model
introduces a minimum duration among the triangles, whose
reciprocal represents the source-controlled f .. Thus, the
Fourier amplitude of our dlip velocity model falls off asthe
inverse of w up to f 4, and as the inverse of w-squared at
frequencies higher than f ... Even though it is still a matter
for argument whether f ., is caused by the source or site
effects (Hanks, 1979, 1981; Anderson and Hough, 1984; Pa-
pageorgiou and Aki, 1985), it seems natural to have a corner

Figure5. Thenormalized amplitudes of the
k-inverse, k-square, and k-cube models for the
At, distributions.

frequency controlled by smoothnessin the slip vel ocity; oth-
erwise the dip acceleration could be unacceptably large. The
™ decay of the source spectra of the slip velocity agrees
with the empirical model derived by Dan and Sato (1999),
although the latter is restricted to rather longer periods.

The other difference between the k-squared model and
the w-inverse-squared model is the modeling of rupture ve-
locity. The rupture velocity of the former is constant,
whereas the latter is variable. As discussed earlier, the vari-
able rupture velocity is more redlistic, and it generates high-
frequency waves efficiently. To model those effects, | intro-
duced the incoherent rupture times At,, and found that the
k-squared model for At, distribution seemed the most plau-
sible among the k-inversed, k-squared, and k-cubed models.
The similar k-squared distributions for slip and At, may sug-
gest some physical relationship between them.

As shown in the Figure 8b, the source spectrum of the
w-inverse-squared model falls off as the inverse of w under
the assumption of the instantaneous dlip (delta function as
velocity) with the k-squared dlip distributions. Since the
source spectrum is expressed by the convolution of the dlip
velocity and the source spectrum with instantaneous dlip, the
source spectrum of this model fals off as the inverse of w-
squared up to f .. (Namely, the w-squared model).

Finally, Figure 9 shows the comparison of source ac-
celeration spectra among the k-squared model, the -
inverse-squared model, and an empirical w-squared model
using the same source parameters in the previous section (L
= 10km, D, = 1m, Cy = 1, N, = 2000, V, = 2.5 km/
s, M = 500, and fmax = 10 Hz). All the spectra are nor-
malized by the seismic moment. For the k-squared model, |
use equations (13) and (15) witha = 0.5and L, = 0.2L (a
broad-pulse model; Bernard et al., 1996), whose corner fre-
quency (f, = aV,/Ly) is0.625 Hz. For the w-inverse-squared
model, | show one example among many choices for the
combinations for the slip velocities and the At, distributions,
because the all results show similar w-squared source spec-
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Figure 6. (a) The incoherent rupture time At, for the k-inversed, k-squared, and k-

cubed models, and (b) their source spectra and (c) the source time functions. The
amplitudes of the source spectra are multiplied by ®, and gray lines indicate the case

for the coherent rupture time (At = 0).

tra. The parameters for our model are Ar = /2, N, = 4
(tmax = 0.8 sec and f; =0.63 Hz), and At = 0.2 sec. As
for the k-squared At, distributions, | generate one hundred
sets of random phases in equation (28d), and show the av-
erage of source spectra with the standard deviations in the
figure. For the empirical w-squared model, | use Brune's
model (1970) with . = 10 Hz (Boore, 1983) and the
corner frequenciesf. = 0.147 Hz (for Ac = 50) and 0.234
Hz (for Ac = 200) under the valuesof W = L/2, Vs = 3.8
km/sec, and Mo = 1.01 X 10? dyne cm. Ascompared with
Brune's model, the k-squared model and the w-inverse-

squared model show rather larger amplitudes at lower and
higher frequencies, respectively. However, all the spectra
shows similar w-squared amplitudes at high frequencies,
overall.

In summary, | believe that no matter which models are
used, the far-field acceleration waveforms would be similar.
However, the broad-band strong motions, especially in near
field, would be greatly different among the various models;
the unphysical assumptions may cause implausible results.
The advantage of the w-inverse-squared model isthat it has
a clear physical basis for the dip velocity and the spatial
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variations in the slip and rupture time. This model could
simulate the broadband strong motions from the near-field
displacements (coherent and low-frequency waves) to the
far-field accelerations (incoherent and high-frequency
waves).

Conclusions

| investigated the theoretical basis of the w-sguared
model by modifying the k-squared model of Bernard et al.
(1996), and proposed the w-inverse-squared model by con-
sidering the spatial variation in slip distribution, slip veloc-
ity, and rupture velocity. For the slip velocity, | proposed a
Kostrov-type model by superposing equilateral triangles,
where the two corner frequencies are introduced. The first
corner frequency f, corresponds to the slip duration, while
the second is the source-controlled f ... The Fourier ampli-

0.1, 0.2, 0.4, and 0.8 seconds, and (b) the cor-
responding source time functions. The ampli-
tudes of the source spectra are multiplied
by w.

tude of this model falls off as the inverse of w between f;
and f ... On the other hand, for modeling the effects of the
spatial variation in rupture velocity, | introduced the inco-
herent rupture time (At,), namely, the difference between the
actual rupture time and the coherent (average) rupture time.
After checking various models including the k-inversed, k-
squared, and k-cubed distributions for At,, | found that the
k-squared model was the most plausible. | also found that
its source spectrum fell off astheinverse of w, whenthedlip
velocity is Deltafunction. Finaly, | proposed the w-inverse-
sguared model, which consists of the combination of theslip
velocity proposed earlier and the k-sgquared distributions in
slip and At,, and confirmed that it is consistent with the em-
pirical w-sguared models. Since this model provides the
theoretical basis for constructing realistic source models at
broadband frequencies, it would be useful for predicting
strong ground motions including the near-field.
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Figure 8.  Schematic explanations for modeling of the w-square model using (a) the
k-square model (Bernard et al., 1996) and (b) the w-inverse-squared model proposed
inthis article. The left figuresin (@) and (b) illustrate the slip velocity models and their
Fourier spectra. The middle figures show the modeling of rupturetime, and their source
spectra considering the k-squared dip distributions with the instantaneous dlip. As
shown in the bottom figures, the final source spectra are obtained by the convolutions
of the dlip velocity models and the source spectrawith the instantaneous slip. Note that
the w-inverse-squared model consists of the two w-inverse models.
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