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ABSTRACT

In this study, we measure the seismic radiation energy, £, and seismic moment, M,, of twenty-two larger-sized aftershocks
with 5.1 < M < 6.5 of the 1999 M, 7.6 Chi-Chi, Taiwan, earthquake from high-quality digital strong-motion data recorded at
stations with epicentral distances of less than 50 km through a method proposed by Andrews (1986). We also eliminate the
effects on the measures of £, and M, due to site amplification and finite frequency bandwidth limitation. Comparison of the
values of M,, obtained in this study and those listed in the Harvard CMT catalogue shows that Andrews’ method to measure M,
from local seismograms is acceptable. The measured values are £, =2.0 x 10" -8.9 x 107! g cm’sec?and M,=13x102-14
x 10% g cm sec” em’™!, which give the scaled energy to be E/M,=7.4 x 10°~2.6 x 10*. The scaled energies of the 22 events are
dependent upon earthquake magnitude, M;, when both £ and M, are evaluated from local seismograms; yet, independent of M
when M, is estimated from teleseismic data. Scaled energy slightly depends on the depth, 4 (in km), through the following
form: EJ/M, =1.92 x 10°e"*". In addition, the corner frequency, £., is also measured. Its value ranges from 0.15 to 1.34. The
scaling law between M, and £, is: M, ~ ..
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1. INTRODUCTION

The seismic-wave energy, E;, and seismic moment, M,
are two commonly used parameters quantifying earthquakes
and can be directly measured from seismograms. The scaled
energy, E/M,, which is defined to be the ratio of seismic
radiation energy to seismic moment, denotes the radiated
energy per unit seismic moment of an earthquake. Several
factors could affect the measures of E; and M, from local, re-
gional, and teleseismic data, thus, resulting in high diver-
gence of E/M, (Vassiliou and Kanamori 1982; Kikuchi and
Fukao 1988; Choy and Boatwright 1995). Generally, E
measured from local seismograms is larger than that done
from teleseismic data (Bolt 1986; Smith et al. 1991; Singh
and Ordaz 1994; Hwang et al. 2001; Huang et al. 2002).
The strong site effect at higher frequencies (greater than
0.01 Hz) can produce an overestimation of source para-
meters (Boatwright et al. 2002; Pérez-Campes et al. 2003)
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while finite frequency bandwidth limitation leads to an op-
posite effect (Hwang et al. 2001; Ide and Beroza 2001;
Wang 2004). Boore (1988), Di Bona and Rovelli (1988),
and Singh and Ordaz (1994) stressed that E; can be under-
estimated when high-frequency signals are not included.
On the other hand, the estimate of M, from long-period
teleseismic data has lower uncertainty due to the use of
longer-period signals.

Kanamori (1977) showed E,/M, =2 x 10™ for great earth-
quakes. Vassilion and Kanamori (1982) reported E,/M, =2 x
10 for shallow earthquake and 4.6 x 10 for deep and inter-
mediate events. Kikuchi and Fukao (1988) stated that the
value of E/M, is confined to a narrow range of 10° - 107,
with an average of ~5.0 x 10, They also stressed that during
an earthquake rupture energy loss due to cohesion cannot be
ignored. Brodsky and Kanamori (2001) reported an abrupt
increase in E,/M, from10° to10™ almost at M,, = 5, where M,
is the moment magnitude. Kanamori and Rivera (2004) sug-
gested an increase in £/M,, with M,, when M, relates to corner
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frequency, ., in a form of M, ~ £.° "9 with & > 0. On the con-
trary, Ide and Beroza (2001) showed that E/M, is almost a
constant of about 3 x 10~ in a large range of M,, from -4 to 9.
For 94 interplate and 74 intraplate earthquakes with M, =
10" — 10" N-m in the Kanto area, Japan recorded by 27 bore-
hole and 7 surface hard-rock stations, Kinoshita and Ohike
(2002) reported that E/M, = (1.15—12.9) x 10 and is weakly
dependent on M,. Hence, the problem of whether E/M, de-
pends upon earthquake magnitude or not is still open.

The Chi-Chi earthquake of 20 September 1999 ruptured
the Chelungpu fault in central Taiwan (Ma et al. 1999; Shin et
al. 2000). In addition to the mainshock, a large number of
aftershocks were recorded by an island-wide seismic net-
work, including more than 600 free-field strong-motion sta-
tions, operated by the Central Weather Bureau (CWB) (Shin
et al. 2000). Hwang et al. (2001) measured the values of £,
M,, and E /M, of the mainshock from near-fault seismic data.
Wang (2004) and Wang and Huang (2007) corrected their
value of E; to remove the effect of finite frequency bandwidth
limitation. Huang et al. (2002) measured the scaled energies
for two larger-sized aftershocks from local seismograms.

In this study, we attempt to measure £, and M, and then
to estimate Ey/M, for twenty-two larger-sized aftershocks
with 5.1 < M; < 6.8 (CWB 2003), whose epicenters are near
the Chi-Chi mainshock and to the east of the Chelungpu
fault (see Fig. 1), from local seismograms (with epicentral
distances of less than 50 km) using the method proposed by
Andrews (1986). The values of E; and M, of two after-
shocks, which were studied by Huang et al. (2002), are re-
measured in this study. Before estimating the source para-
meters, finite frequency bandwidth limitation and site am-
plification must be taken into account. Similar to Ide and
Beroza (2001), a way of eliminating the effects on the mea-
sured values of E, and M,, and E/M, caused by finite fre-
quency bandwidth limitation based on the w-squared source
model will be investigated. However, Ide and Beroza (2001)
only considered the effect due to the upper-bound frequ-
ency; while in this study the effects caused by low- and
upper-bound frequencies are both taken into account. Ad-
ditionally, the site effect due to near-surface soil strata would
amplify or de-amplify the ground motions. This will influ-
ence estimates of source parameters (cf. Pérez-Campos et al.
2003). Site amplification of seismic waves is usually a func-
tion of frequency, and stronger at a soil site than at a rock
one. The seismic stations are commonly built on both the
rock and soil sites. Thus, the corrections of seismic-wave
amplitudes caused by site amplifications must be done be-
fore seismic data are used to estimate source parameters. Fi-
nally, the variations of £,/M, with earthquake magnitude and
depth will be presented and discussed.

2. DATA
The 22 aftershocks in use have M; = 5.1 - 6.8 and focal

depths of 3.6 - 22.1 km. The epicentral distances between the
earthquakes and accelerographs are in the range 2 - 45 km.
The source parameters of the 22 aftershocks are listed in
Table 1. The epicenters of the 22 aftershocks are shown in
Fig. 1. Included also in the figure are the fault-plane solu-
tions of 14 events (Kao et al. 2002). Except for one, the
remaining 13 events are thrust faulting, with or without a
strike-slip component, even though their focal-plane solu-
tions cannot be exactly determined. The surface-wave mag-
nitude, M,, of ten events listed in the Harvard CMT cata-
logue are also shown in Table 1.

The strong-motion array operated by the Central Wea-
ther Bureau (CWB) consists of more than 600 free-field
accelerographs, which are characterized by a flat frequency
response from DC to about 50 Hz (Liu et al. 1999). Although
there are so many seismic stations, for an event in study only
the accelerograms recorded at a small number of seismic sta-
tions can be used because of a high triggering level, strong
background noise, large site effects, etc. Since most of the
strong-motion stations near the earthquakes are situated to
the west of their individual epicenters, six stations placed at
the eastern boundary of the Central Range are also selected
to widen the azimuthal coverage of stations for an event. The
stations in use are displayed with solid triangles in Fig. 1.
The source parameters of two events, coded Nos. 20 and 21
in Table 1, were estimated by Huang et al. (2002). However,
they did not take the effects due to site amplification and fi-
nite frequency bandwidth limitation into account. In this
study, the source parameters of the two events will be re-esti-
mated. It is noted that the seismic stations used for an event
are situated in, at least, two quarters of and not close to either
nodal plane of its focal sphere. Hence, the effect due to seis-
mic radiation pattern could be eliminated after averaging.

24° 30'

24° 00' 1

23" 30' 1

120° 30' 1217 00' 1217 30'
Fig. 1. The epicenters (denoted by solid circles) of 22 aftershocks. In-
cluded also are the fault-plane solutions of 12 events.
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Table 1. Earthquake parameters of twenty aftershocks in this study.

No Events L(f,’gf :f,;t) lzli&t)h M, " (gem sj:[co-z em™) (g cmzssec-l) EJM, (lfz)
1 199909201757 121.03  23.93 11.0 64 (59 2.6 x 10* 1.1x10°  42x10° 0.47
2199909201803 120.86  23.80 9.8 6.6  (6.1)* 1.4 x 10% 89x 10" 6.4x10° 0.15
3199909201811 121.07 23.87 12.5 6.7  (6.2)* 1.9 x 10 1.1x10*"  58x10° 0.29
4 199909201816 121.04 2386  12.5 6.7  (6.2)* 3.0 x 107 27x 10" 9.0x10° 0.29
5 199909201821 121.06 23.96 9.7 52 (4.5) 1.5 x 10% 1.1x10"  73x10° 1.30
6 199909201832 120.99 23.83 16.8 51 (4.4) 1.3 x 10 2.1x10"®  1.6x10° 097
7 199909201940 120.88  23.55 7.4 53 (4.6)* 6.8 x 10 62x10°  9.1x10° 0.50
8 199909201957 120.81  24.03 12.0 52 (4.5) 2.1x10% 32x10%  1.5x10° 0.82
9 199909202002 120.74  23.98 12.1 54 (4.7 4.4 x 107 1.6 x10"”  3.6x10° 0.79

10 199909202021 120.98 24.11 11.1 52 (4.5) 2.7 x 10% 20x10"®  7.4x10° 0.61
11 199909202146 120.86  23.59 8.6 6.6 6.5% 8.1 x10% 7.0x 10" 8.6x10° 0.20
12 199909202154 120.77  23.62 43 53 (4.9) 3.5 x 10* 1.1x10°  3.1x10° 0.40
13 199909202222 120.83  23.55 5.0 52 (4.5) 3.4 %107 76x10"  22x10° 0.72
14 199909220014 121.07 23.83 12.6 6.8 6.4* 5.0 x 107 1.0x 102 2.0x10" 0.30
15 199909220049 121.05  23.74 8.2 6.2 5.9% 1.2 x 107 13x10*  1.1x10" 0.38
16 199909221217 121.03 23.76  22.1 6.0 4.9% 1.3 x 10* 2.1x10°  1.6x10* 097
17 199909231244 121.07  23.95 4.1 5.7 4.8* 1.3 x 10* 58x10”  45%x10° 0.62
18 199909250843 121.03  23.72 3.6 5.1 4.8* 1.2 x 10* 1.6x10"  13x10° 0.44
19 199909252352 121.11  23.84 9.1 6.8 6.4* 5.7 x 10% 24 %10 42x10° 0.20

20 199910220218 120.52 23.51 245 6.4 5.6% 2.9 x 107 5110 1.8x10" 0.36

21 199910220310 120.50 23.90  24.0 6.0 5.3% 1.2 x 107 3.1x 10" 2.6x10" 049

22 200006101823 121.11 23.90  16.2 6.7 6.2% 2.1 x 10% 20x10*"  9.5x10° 031

* from the BATS catalogue.

The velocity waveforms of two horizontal components
are first integrated once from the accelerograms, and then
are rotated from the original geographic coordinate system
to a system defined based on the ray-path direction between
seismic station and hypocenter. In the new system, the radial
(R) component vibrates along the ray-path and the trans-
verse component (7) is normal to the R-component. Most of
the 22 events and stations in use are located at the Western
Foothills, some of them are in the Central Range, and a few
of them are in eastern Taiwan. Although the shallow velocity
structure varies somewhat uniformly from east to west, the
deeper one is relatively more uniform (cf. Ma et al. 1996).
Hence, the difference in the physical properties between any
two event-station pairs is likely be small and can be ignored
in such a small area.

An example of the rotated velocity waveforms for No. 2
Event (M, = 6.6) at 6 stations are shown in Fig. 2. The 7- and
R-components are displayed on the left-hand side and right-

hand side diagrams, respectively. Larger amplitudes can be
seen at Stations TCU076 and TCUO78. The amplitudes at
the other 4 stations are relatively small. The cumulative en-
ergies (integral of squared spectral amplitudes of velocities)
are shown in Fig. 3, in which the solid and dashed lines
represent the 7- and R-components, respectively. The cu-
mulative energies increase mainly in the frequency range O -
6 Hz, and then become flat when the frequency, f, is greater
than 6 Hz. This suggests that the energies radiated mainly in
the frequency range 0 - 6 Hz during this earthquake. The en-
ergies with > 6 Hz are scattered due to local structures.
Thus, we take the upper bound, £, of the frequency range to
be 6 Hz for data processing.

3. METHOD OF MEASURING E; AND M,

The seismic radiation energy, £, must be measured from
both P- and S-waves (Choy and Boatwright 1995). As shown
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in Fig. 2, the P-waves, however, cannot be completely re-
corded by local accelerographs because the recording process
is triggered only when the ground motion is larger than a
critical level. A lack of P-waves would lead to an underesti-
mation of Ej. It is difficult to accurately evaluate measurement
error from accelerograms due to incomplete P-waves. How-
ever, since the P-waves are usually several times weaker than

80 I I IS T RS S

the S-waves, the error should be small. In this study, we only
measure the values of E, from the S-waves. Hence, the mea-
sured value of £ will be slightly less than the real one.

Let d(¢) and v(¢) be the time functions of displacements
and velocities of ground motions. The Fourier transforms of
d(?) and v(¢) are, respectively, D(f) and V(f). An approxi-
mation of D(f) is (Aki 1967; Brune 1970):
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Fig. 2. The T- and R-component of velocity seismograms at 6 stations in use for the No. 2 event. The two dashed lines depict the S-wave train.
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Fig. 3. Plots of cumulative energy versus frequency at 6 stations in use for the No. 2 event. The solid and dashed lines are for the 7- and R-components,

respectively.

D=1 +(f/1.)'] (1)

The approximated Fourier spectral amplitude of velocity,

V(f) is:
V(i =20f Q1L +(f/ f.)’] 2

In Egs. (1) and (2), f. is the corner frequency and Q is the
spectral amplitude at the low-frequency spectral level.
Andrews (1986) estimated the two parameters from seis-
mograms using the following formulas: Q = 2[,,0'75 /ID 02
andf,=(1, /I,)"* /2r, where I, =[ V(f)dfand I, =] D*()df
are, respectively, the squared-velocity and squared-dis-
placement integrals. In principle, the lower and upper bounds
of integration are -oo and +oo, respectively. Equations (1)

and (2) are applied to measure E; and M, by means of the
following equations:

E,= SapﬂIV 3)
and
M, =4nmppQ (4)

In Egs. (3) and (4), p and j3 are, respectively, the density
and the S-wave velocity of crustal materials in the study
area. In this study, p =2.8 g cm™ and f = 3.5 km sec”. In
Eq. 3), S. = 47 is the surface area of a sphere, centered
with the hypocenter of an event, with a radius , which is the
hypocentral distance. It is noted that the terms to represent
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the seismic radiation pattern are not included in the two for-
mulas. Andrews’ method for measuring Ej, i.e., Eq. (3), is
essentially the same as others (Kikuchi and Fukao 1988;
Singh and Ordaz 1994; Choy and Boatwright 1995; Pérez-
Campos et al. 2003). However, there are some differences
between the method, i.e., Eq. (4), for measuring M, and
others. This point will be discussed below.

We estimate Q and f, directly from the predominant
S-waves of the 7- and R-component waveforms. The pre-
dominant S-waves of No. 2 Event at 6 seismic stations are
depicted by two short dashed lines in the rotated displace-
ment waveforms as shown in Fig. 2. The value of Q at a sta-
tion is the averaged spectral amplitude at the low-frequency
spectral level calculated from the two components, and the
value of /. is the average of those computed from all stations
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in use. Figure 4 shows the displacement spectra of No. 2
Event, at six stations. The solid lines denote the corrected
spectra at 6 stations for No. 2 event, and the dashed lines
display the source spectra based on the w-squared model
(Brune 1970) with various Q and an identical f.. The ob-
served displacement spectra of 6 stations show good fit with
the theoretical source model. The amplitudes of the ob-
served spectra decrease abruptly at /> 6 Hz. This is due to
band-pass filtration of seismograms and high-cut filtration at
high frequencies as mentioned above. Obviously, the am-
plitudes decay with falmost in a form of /2 when f > f.. The
estimated values of f. for the 22 events are in the range of
0.15 - 1.3 Hz, which are listed in Table 1.

The terms to represent the seismic radiation term are not
included in Egs. (3) and (4). Because of an incomplete azi-
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Fig. 4. The adjusted source spectra of 6 stations for the No. 2 event. The solid line is the record. The dashed line represents the spectra based on
w-squared model. The f; is the averaged corner frequency of each station. The Q is the low-frequency spectral level.
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muthal coverage of seismic stations and an absence of focal
mechanisms of 8 events, an average radiation pattern with a
value of 0.63 for the S-waves is adopted to adjust the amount
of seismic energy caused by a non-uniform spatial distribu-
tion of seismic-wave radiation pattern (cf. Aki and Richards
1980; Boore and Boatwright 1984). In order to include the
free-surface amplification, the seismograms are corrected by
a factor of 2. In addition, a lack of a detailed spatial distribu-
tion of Q-value in the study area makes us unable to consider
non-uniform seismic attenuation. Only frequency-indepen-
dent Q; for the S-waves, i.e., O, = 250, obtained by Rau et
al. (1996) for central Taiwan is used to correct the wave-
forms.

4. SITE EFFECT AND FINITE FREQUENCY
BANDWIDTH LIMITATION

The value of E could be improperly estimated from lo-
cal seismograms due to site effect as pointed out by several
authors (Boatwright et al. 2002; Pérez-Campos et al. 2003).
The effect could be very large when the seismic station is
situated at a soil site. According to Boore and Joyner (1997),
site amplification varies from 1 to 2.58 when f increases
from 0.01 to 6.05 Hz for generic rock sites, with an average
shear velocity of 620 m sec”, and from 1 to 1.15 when fin-
creases from 0.01 to 8 Hz for generic very hard rock sites,
with an average shear velocity of 2900 m sec™. It is obvious
that site amplification could be large at a soil site and very
small at a very hard rock site.

Huang et al. (2005) investigated frequency-dependent
site amplifications for about /> 1 Hz based on the well-
logging data (to 30 m) at 87 station sites in central Taiwan.
Huang (2006) and Huang et al. (2007) re-constructed the
velocity and density model to evaluate frequency-depen-
dent site amplifications for /> 0.01 Hz. According to site
classifications of Huang et al. (2005), most of the stations in
use for the 22 aftershocks are catalogued to Class-C and D
sites, only a few of them are Class-E sites. For a detailed
description concerning frequency-dependent site amplifi-
cations see Huang et al. (2005), Huang (2006), and Huang et
al. (2007). Only the average site amplifications for the three
kinds of sites at several discrete frequencies are given in
Table 2. It is obvious from this table that site amplification
increases with frequency. The site amplifications are the
largest at Class-E sites, midrange at Class-D sites, and the
smallest at Class-C sites.

It is noted that at some stations, the amplification func-
tion cannot be constructed due to a lack of a velocity model.
An alternative way to construct a site amplification function
at such stations is explained below: It is assumed that the
amplification functions at two stations several kilometers
apart are similar because the velocity model varies almost
smoothly for a distance of 10 km (cf. Ma et al. 1996). There-
fore, the amplification function at a nearby station is taken to

be that of the station at which the amplification function
cannot be constructed.

The site amplification functions constructed by Huang
et al. (2005) and Huang (2006) did not include site attenua-
tion, which makes spectral amplitudes decrease at high fre-
quencies (f > 1 Hz). Anderson and Hough (1984) applied an
exponential form of e ™, where « is a frequency-indepen-
dent factor (in units of seconds), to represent the attenua-
tion effect at shallow depths, especially for high frequencies.
From the computation of Huang (20006), at a certain fre-
quency the amplification decreases with increasing k and the
differences in amplification functions between various k,
i.e., 0.03, 0.04, and 0.05 sec, is small. The largest ampli-
fications with k£ = 0.03 sec is about 20% higher than those
with £ = 0.05 sec when /< 6 Hz. In this study, we consider
£ = 0.03 sec for high-frequency filtration.

In addition to the factors mentioned previously, seis-
mograms are also affected by finite frequency bandwidth
limitation due to instrumental response or filtration (Wang
2004). In principal, all source parameters are measured in
the whole frequency range of 0 - co Hz. But, in practice the
measurement can be performed only in a frequency range
of f; - f., with f; < f. <f,, where f; and f, are the low-bound
and high-bound frequency, respectively. Hence, finite fre-
quency bandwidth limitation must be taken into account. For
details on how to eliminate this effect see Wang (2004) and
Huang (2006); a simple description is given below.

Table 2. The values of site amplifications, A(f), in the frequency range
0.01 - 2 Hz for Class-C, D, and E sites evaluated from the velocity
structures constructed from well-loggings data and velocity models
inferred from earthquake data in central Taiwan.

Frequency Classification

(Hz) C D E

0.01 1.00 1.00 1.00
0.09 1.22 1.41 1.48
0.16 1.41 1.81 1.97
0.51 1.99 3.25 3.68
0.84 2.29 3.96 4.56
1.25 2.53 4.47 5.23
2.26 2.90 4.83 5.75
3.17 3.09 4.95 5.93
6.05 3.29 5.16 6.26
10.0 3.43 5.32 6.49
16.6 3.55 5.45 6.67
21.0 3.61 5.50 6.75
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Inserting Eq. (1) into the integral of 7, leads to:

-2

I, = 20| {1 + [%H df )

c

where the integral range is from f; to f,. In principle, Q can
be exactly and independently determined from the low-
frequency level of source spectra, and, thus, it is regarded
as a constant. Thus, Eq. (5) becomes:

o2 S T o
I, = chL E T + tan”' ()
- tanl(f])} (6)
where f,, = f(‘ and f,, = 2

Define [D = ]DOFDy where,

Q*2n f,

[l)o = 4 . (7)
and
21 o S -1 -1
F, = — = - + tan ) — tan :
b e - () - ()
®)
Similarly, inserting Eq. (2) into the integral of /, gives:
272
I, =20 [ (2xf) [1 + [?] ] df 9)

where the integral range is from f; to f,. After integration,
Eq. (9) becomes:

| o= | ey e ()
' f‘{ (I (fe)
- ta“'(ﬁ)} (10)
Define Iy = I;,Fy, where,
2nfY
I, = ol Hf) (a1

and

= %L_fzﬁ o f‘fhz + tan"' (1) - tan"(f,,)}
(12)
Equations (3), (4), (8), and (12) lead to:
E,=EuFy (13)
and
M, = Mm% (14)

In Eqgs. (13) and (14), the two source parameters without
finite frequency bandwidth limitation are:

Eg=S.pPBlvo (15)
and
[0.75
M, = 47rrpﬂ3(2 ]10)_‘;5} (16)
Vo

Obviously, Fy and F), are functions of £, f;, and f,. By
way of example, according to Egs. (3) and (4), corrections
for the measurement of £; and M, are given utilizing the fol-
lowing settings: f. varies in the frequency band 0.25 - 2.2 Hz
when f;=0.05 Hz and f, = 6 Hz:

(1) For E;: From Eq. (13), the variation of E/E, with f; is
shown by a solid line in Fig. 5. Obviously E/E, < 1 and
EJ/E gradually decrease with increasing f;. £, would be
underestimated over the finite frequency band.

(2) For M,: From Eq. (14), the variation of M,/M,, with f. is
shown by a dashed line in Fig. 5. It is obvious that
M,/M,, monotonously increases with f. and its value is
less than 1 when f. < 1 Hz and larger than 1 when f. > 1
Hz. This suggests that M, would be underestimated when

f. <1 Hz, yet overestimated M, when f.> 1 Hz.

(3) For (EJ/E)/(M,/M,): From Eqgs. (15) and (16), the
variation of (E/E)/(M,/M,y) with £ is shown by a dot-
ted line in Fig. 5. It is obvious that (E/Eo)/(M,/My) de-
creases monotonously with increasing f.. The value of
(EJ/Es0)/(M,/M,) is larger than 1 when f, < 0.4 Hz and
less than 1 when £, > 0.4 Hz.

5. RESULTS

The ratios of E; and M, with the corrections for site am-
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plification and finite frequency bandwidth limitation to those
without corrections are shown, respectively, in Figs. 6a and b.
The open squares are used for the ratios with only the correc-
tion for site effect and the solid squares for those with both
corrections. Comparison between the seismic radiation en-
ergy estimated from local seismograms and that from tele-
seismic data is shown in Fig. 7. The values of E; of ten events
listed in the Harvard CMT catalogue are calculated from the
Gutenberg-Richter’s energy-magnitude law (abbreviated as
the GR law hereafter) (Gutenberg and Richter 1955) and de-
noted as Egg. The bisection line is displayed by a solid line.
Almost all data points are below the bisection line, thus indi-
cating that Egz < E. Hence, the seismic radiation energy esti-
mated from teleseismic data is smaller than that evaluated
from local seismograms. The difference between E; and
Egr varies in a larger range for large earthquakes (£, >
10* g cm’ sec™) than for small events (E, < 10* g cm” sec™).

Andrews’ method of measuring M, is different from
others. In order to explore the feasibility of using this
method to measure M, from local seismograms, the values
of M.y, which were estimated from the teleseismic data of
ten events, listed in the Harvard CMT catalogue, and those
denoted by M, of this study are compared. The log-log plot
of M, versus M, for the ten events is shown as open squares
in Fig. 8. The values of M,z from the catalogue of the Broad-
band Array in Taiwan for Seismology (BATS) for 14 events
and those of this study are shown as solid squares in Fig. 8.
(The BATS is operated by the Institute of Earth Sciences,
Academia Sinica and the details about the array can be found
on the website: http://bats.carth.sinica.edu.tw/.) In Fig. 8,
the bisection line is displayed by a solid line. In general, both
M,y and M,z are smaller than M,. On average, M,;= 0.5 M,
and M,z = 0.3 M,. However, the difference between M, and
M, as well as M, is smaller for large M, than for small M,,.
In addition, M, is larger than M, 3. However, Fig. 8 confirms
the feasibility of using Andrews’ method to measure M,
from local seismograms, especially for larger-sized events.
Of course, this method leads to slight overestimates of M,
for smaller-sized events.

Table 1 shows E;=2.0x 10"~ 8.9 x 10*' gcm® sec™ and
M,=13x10%-1.4x10% gcm sec?cm™. This gives E/M,
=7.4x10°-2.6 x 10*, with an average of ~7.9 x 10”. Al-
though E is slightly under-estimated, the values of E/M,
are still in the range of those measured from both P- and
S-waves by several authors as mentioned in “Introduction.”
Hence, the error caused by under-estimate could be low.
Figure 9 shows the log-log plot of E; versus M, in the solid
squares, with one-standard-deviation bars, for the 22 events.
Hwang et al. (2001) measured the values of E; (= 3.6 x
10% g cm’ sec”?) and M, (= 1.96 x 10%7 gcm sec?cm’) of the
Chi-Chi mainshock from near-fault seismic data. Wang (2004)
re-evaluated their value of £ by removing finite frequency
bandwidth limitation and the revised value is £, = 4.3 x
10% g cm?® sec. Here, the value of M, is corrected by remov-
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Fig. 5. The effects of the finite frequency bandwidth limitation on £,
M,, and scaled energy with various f;, when f; = 0.05 Hz and f, = 6 Hz.
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Fig. 7. The log-log plot of Esgr versus E;: E;gr estimated from the
Gutenberg-Richter’s energy-magnitude law for ten events listed in the
Harvard CMT catalogue. The solid line denotes the bisection line.
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Fig. 9. The log-log plot of E; versus M,. The three lines are associated
with three values of E/M,, i.e., 5 x 10"4, 5x 107, and 5 x 107 (Sym-
bols: the solid squares for the values of £ and M, of 22 aftershocks
measured from local data, the open squares for £; of this study and M,
listed in the Harvard CMT catalogue, the open triangles for E; of this
study and M, listed in the BATS catalogue, the solid circle for that of
the mainshock measured from four near-fault seismograms by Hwang
et al. (2001), and the open circle for that of the mainshock obtained
from the Harvard CMT catalogue).

ing finite frequency bandwidth limitation and the revised
value is M, =2.3 x 10" gcm sec? cm™. In Fig. 9, a solid cir-
cle denotes the data points of the Chi-Chi mainshock. In-
cluded also in Fig. 9 are the data points (in open squares) for
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Fig. 8. The log-log plot of M, and M, versus M,. M,y obtained from
the Harvard CMT catalogue, and M, obtained from the BATS cata-
logue. The solid line denotes the bisection line.

both aftershocks and the mainshock with A, and E, of this
study, and the open triangles for those with M, and E of this
study.

In order to study the correlation of Ey/M, versus M, it
is necessary to have the values of M, for all events. Since
the values of M, of ten events are not given in the Harvard
CMT catalogue, we estimate the values from their local
magnitudes, M;. The plot of M} versus M, for the 10 events,
whose values of M and M, are listed, respectively, in the
CWB catalogue and in the Harvard CMT catalogue, is
shown in Fig. 10. There is a linear regression relationship
between the two magnitude scales: M;=1.14 M; — 1.41 +
0.30, with a high correlation coefficient of 0.90. Hence, the
values of M, of remaining twelve aftershocks without M,
can be estimated directly from this relationship (#; in pa-
rentheses in Table 1). Figure 11 shows the plot of E/M,
versus M;: solid squares for both £; and M, of this study,
open squares for E; of this study and M,y, and open trian-
gles for E; of this study and M,5. For the purpose of com-
parison, included also are the data points for the Chi-Chi
mainshock. The values of E£;/M,, evaluated in this study are
in the range 4.2 x 10° 2.6 x 10 when M > 5, and in the
range 7.4 x 10° - 1.6 x 10 when M, < 5. Since the mea-
sured value of £, would be slightly smaller than the real one
as mentioned above, the value of E;/M, should be slightly
less than the real one.

6. DISCUSSION

Taking a constant value of Q; to correct attenuation of
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Fig. 10. Plots of M; versus M;. The M, values are from the Harvard
CMT catalogue, while the M, values are from the CWB catalogue.

seismic waves could lead to deviation on estimation of f,
which is affected by variations in spectral amplitudes on the
basis of Andrews’ method. As shown in Table 1, the values
of f, vary in the range of 0.15 - 1.3 Hz. In order to test the
effect due to a change of O, on spectral amplitudes, three
values of Q,, i.e., 200, 250, and 300, are taken into account.
The spectra amplitudes with /= 1.3 Hz at an epicentral dis-
tance of 50 km are 75%, 79%, and 86%, respectively. The
percentage error is smaller than 7%. Since the epicentral dis-
tance in use is less than 50 km, the effect due to a change of
Qs on f, would be small and can be ignored.

Figure 5 shows that finite frequency bandwidth limita-
tion actually results in remarkable influence on the measures
of E;, M,, and E/M,. From Eq. (15), the variation of EJ/Ey,
with £ is shown in Fig. 5 (solid line). Finite frequency band-
width limitation leads to an underestimation of E;, and such
an underestimation increases with f;. In other words, the un-
derestimation is greater for a smaller event with larger f. than
for a larger event with smaller /.. This is consistent with the
point stressed by several authors (Boore 1988; Di Bona and
Rovelli 1988; Singh and Ordaz 1994; Wang 2004). From
Eq. (16), the variation of M,/M,, with f. is shown in Fig. 5
(dashed line). Obviously, finite frequency bandwidth limita-
tion leads to an underestimation of M, at f. < 0.9 Hz, and an
increase monotonously overestimates M, at f. > 0.9 Hz. In
other words, underestimation occurs for a larger event with
smaller f.; however, overestimation occurs for a smaller event
with larger f.. It is obvious that M, = M,, when f. = 0.9 Hz.

From Egs. (15) and (16), the variation of (EJ/M,)/
(E0/M,0) with f. is shown in Fig. 5 (dotted line). It is obvi-
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Fig. 11. The plot of log(£,/M,) versus M;: solid symbols for this study
and open symbols for the results obtained from the Harvard CMT cata-
logue. Squares are for aftershocks and circles are for mainshock. The
solid lines show the relationship proposed by Kanamori and Rivera
(2004), while the dashed line is proposed by Brodsky and Kanamori
(2001).

ous that (Ey/M,)/(Es/M,y) monotonously decreases with in-
creasing f.. The value of (EJ/M,)/(Ex/M,) is larger than 1
when f. < 0.4 Hz and less than 1 when f.> 0.4 Hz. This varia-
tion is mainly due to a monotonous increase in M,/M,,, with
/. and small variation of E; with f.. Results obviously show
that finite frequency bandwidth limitation leads to an over-
estimate of scaled energy for larger events with £, < 0.4 Hz
and an underestimate for smaller events with f. > 0.4 Hz.

Figure 6 shows that after removing the site effect, the
ratio for E; ranges from 0.07 to 0.23. Obviously, E; is
overestimated for all the events when the site effect is in-
cluded. For No. 21 event, the ratio is the smallest due to the
largest site amplification because the stations are located on
the Western Plain, which has thick sediments (cf. Huang
20006). After correcting finite frequency bandwidth limita-
tion, the ratio of E; only slightly increases. This means that
finite frequency bandwidth limitation yields a smaller effect
on estimates of Ej than site amplification. After removing
the site effect, the ratio for M, ranges from 0.6 to 1.15. The
value of M, is overestimated by a factor of 0.4 for most
events and underestimated by a factor of 0.15 for few events,
i.e., Nos. 2, 3, 14, 19, and 22. This suggests that site am-
plification makes a smaller effect on M, than on E, because
M, is evaluated mainly from lower-frequency signals with a
lower site effect. Figure 6b shows that except for few events
finite frequency bandwidth limitation also results in a small
effect on M,,.

In Fig. 9, the solid lines are associated, respectively,
with three values of E/M,, i.e., 5 x 10*,5 x 10>, and 5 x
10'6, calculated from the E-M, relationship obtained from
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global observations (Vassiliou and Kanamori 1982; Kikuchi
and Fukao 1988). The data points of the 22 events dis-
tribute almost around the line with E/M, =5 x 10>, The data
points of E;/M, for M, obtained from local seismograms and
those for M, from teleseismic data mix together when M, >
10 g cm sec™ em™. The data points for local seismic data
are below those for M, from teleseismic data. This indicates
that the values of E/M, for M, obtained from local seis-
mograms are somewhat smaller than those for M, from tele-
seismic data when M, < 10% gcm sec” cm’!. On the other
hand, Smith et al. (1991), Singh and Ordas (1994), and
Hwang et al. (2001) had an opposite conclusion. Different
frequency bands and different frequency bandwidths would
both lead to different measured values of E; and M, whether
the measures are made from local seismograms or from
teleseismic data. However, there is a problem for teleseismic
data. Usually, the high-frequency signals, which are strong
in local seismograms, become weak in teleseismic data be-
cause of high attenuation on the high-frequency signals.
This will affect the measure of E, from teleseismic data.
Boore (1988), Di Bona and Rovelli (1988), Singh and Ordaz
(1994), and Wang (2004) stressed that £ can be severely
underestimated when high-frequency signals are not used.
Hence, E; estimated from local seismograms can be higher
than that from teleseismic data. Since, the values of E in this
study are measured from local seismograms, the difference
in E/M, between local and teleseimic data must be due to the
method of measuring M,. For local data, M, is measured
from higher-frequency signals. From Fig. 5, it is obvious
that the values of M, are underestimated from local data
when £, = 0.15 — 1.30 Hz. For teleseismic data, M, is mea-
sured from lower-frequency signals. The value of M, in the
Harvard CMT catalogue is routinely measured from the
300-second waves and that in the BATS catalogue from the
20-second waves. Higher-frequency signals are stronger in
local seismograms than in teleseismic data. This yields that
M, is either overestimated from local seismograms using
Andrews’ method or underestimated from teleseismic data.
Lower-frequency signals are weaker for smaller-sized earth-
quakes than for larger-sized events. Hence, M, can be under-
estimated for smaller-sized events from teleseismic data.

In Fig. 11, a small number of data points make us unable
to obtain a simple relationship between EJ/M, and M.
Nevertheless, a correlation between the two quantities can
be seen from the plot. It is obvious that E/M, is, on average,
smaller for M, <5 than for M, > 5, and thus, E,/M, increases
with M. On the other hand, except for the two events with
M = 5.3 and 5.6, E/M, with M, from either the Harvard
CMT catalogue or the BATS catalogue does not depend on
M;. Ide and Beroza (2001) stated that £,/M, does not depend
on seismic-moment magnitude, M,,, which is the same as M,
over a large range of M,, from -4 to +9. On the contrary,
Brodsky and Kanamori (2001) reported an abrupt change of
EJM, from 10 to 10* in a narrow range around M; = 5.5

(shown by a dashed line in Fig. 11) and applied the elasto-
hydrodynamic lubrication model to interpret such a marked
change. However, the data points of this study agree with the
dashed line when M, > 5.5, but are above the dashed line
when M, < 5.5. No marked change of E;/M, with M in the
whole magnitude range can be delineated. For the purpose of
comparison, included also in Fig. 11 are ten data points in
open squares with M, shown in the Harvard CMT catalogue
and 14 data points in open triangles with M, listed in the
BATS catalogue. The two kinds of data points are all above
and cannot be described by the line as suggested by Brodsky
and Kanamori (2001).

From a theoretical analysis, Kanamori and Rivera (2004)
stated that the M, ~ £, scaling relation leads to independ-
ence of E£/M, on earthquake magnitude. They claimed that
when the M, versus f, scaling is modified from M, ~ £, to
M,~£079 where 0 <e < 1, the scaled energy can be a func-
tion of earthquake magnitude, and stressed that e = 0.5 is the
optimum value. In order to understand the M,-f, scaling, the
log-log plot of M, versus f; of the 22 aftershocks is shown
with solid squares in Fig. 12. It is obvious that the linear re-
gression equation between the two parameters is log(M,) =
-3.65log(f;) +23.36 + 0.28, with a correlation coefficient of
-0.94, thus leading to € = 0.65. This gives a scaling law of
M, ~. ﬁ.'3 % The M,-f. scaling for ten events of M, from the
Harvard CMT catalogue and f; in this study is shown with
open squares in Fig. 12, which displays a linear regression
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Fig. 12. The log-log plots of M, versus f. of the 22 events are denoted by
solid squares; meanwhile, the log-log plots of M, from the Harvard
CMT catalogue versus f; of the 10 events are displayed with open
squares. The solid line shows the linear regression equation for pairs of
(M, f.) and the dashed lines for pairs of (M, f.).
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equation: log(M, ) =-3.30log(f;) + 23.48 + 0.34, with a cor-
relation coefficient of -0.84, thus giving ¢ = 0.3.

According to variational calculus, Kanamori and Rivera
(2004) calculate the minimum of E/M,, to the moment mag-
nitude, M, by the following expression:

lg{ﬂ} ~1s(u

min (M0

wheree , (M, )ande (M, )are the minima of E/M, at
M, and a reference magnitude M,,. The reference magni-
tude My, or M, is 7.7 in this study. Five solid lines associ-
ated withe=0,0.3,0.5,0.65, and 1 are displayed in Fig. 11.
When the two data points with M, = 5.3 and 5.6 are not in-
cluded, the distribution of solid squares seems able to be
described by the dashed lines with € = 0.5 or 0.65, in other
words, E,/M, increases with M. This means that the con-
cept proposed by Kanamori and Rivera (2004) is accept-
able. On average, the distributions of data points denoted
by triangles and open squares can be interpreted by the
dashed line with ¢ =0, in other words, E,/M, is independent
of M;. Like Ide and Beroza (2001), this indicates that the
concept proposed by Kanamori and Rivera (2004) is not
acceptable. The difference between the two distributions
of data points is mainly due to the way of evaluating M, be-
cause E, is the same for the two distributions. As mentioned
above, the value of M, evaluated from local seismograms
is, on average, 2 times larger than that done from tele-
seismic data, especially for smaller-sized events. This re-
duces the value of E,/M, for smaller-sized events. After cor-
recting this reduction, E/M,, should be independent of M.

Figure 13 shows the depth distribution of In(E£/M,). The
solid squares represent the results for M, evaluated in this
study. Included also is the result of Chi-Chi mainshock. A re-
gression relationship of E/M, versus depth is constructed:

3

&
- Mwo)m (17)

w

QN

In(E,/M,)=0.09 x h — 10.86 + 0.75 (18)

where / is the focal depth in km. The correlation coefficient
of Eq. (18) is 0.57, that is, In(E,/M,) is correlated with
depth in a lower degree. The slop of Eq. (18) is 0.09, and,
thus, suggests that In(E,/M,) only slightly increase with
depth. Since larger-sized earthquakes are generally re-
corded by a larger number of seismic stations, the error of
the inferred focal depth is less than 5 km (cf. CWB 2003). It
is noted that the data points (denoted by a solid circle)
associated with the two subevents of the mainshock also
follow the trend. This implicates that the depth variation of
E/M, can show overall behavior of the whole source area,
because the aftershocks in use are located to the east of
the Chelungpu fault. Equation (18) leads to E/M, =1.92 x
107" thus indicating that the energy radiated per unit
seismic moment slightly increases exponentially with depth.

This is inconsistent with the result obtained by Vassiliou
and Kanamori (1982) that the value of E/M, is larger for
shallow earthquakes than for deep and intermediate events.
Of course, the events used in this study can only be classi-
fied as the shallow ones of theirs. Several factors, including
geo-temperature, lithostatic pressure, crustal composition
etc., would influence the depth variation of E/M,. Equa-
tion (18) leads to the depth variation of the apparent stress,
i.e.,0,=u(E/M,), where u =rigidity, in the following form:
0,=3.3x 10" x (1.92 x 10°¢"") = 6.3 x 10*"*" (0, in
kg-m sec? m™), or o, = 6.3 x 10*""" (in kg-m sec?m?).
As 7 <10 km, the exponential form can be approximated by
alinear one: 0, = 6.3 x 10%+ 5.7 x 10° & (in kg-m sec” m™),
and, thus, the gradient of 6, in the upper crust is about 5.7 x
10° kg-m sec” m>-km. The average lithostatic pressure is
0, = pgh (in kg-m sec> m?), where p = 2.75 x 10° kg m”,
and g =10 m sec™. For example, the value of o, at 4/ = 8 km
is 1.1 x 10° kg-m sec”? m™, which is about one-twentieth of
average 0, i.e., 0,, at this depth (about 2.2 x 10" kg-m sec™
m?). McGarr (1999) stated o, < 0.060,. Hence, this seems
to show that the depth-dependence of E,/M, is acceptable.

7. CONCLUSIONS

Site amplification and finite frequency bandwidth limi-
tation both influence the measures of scaled energy i.e., the
ratio of seismic radiated energy to seismic moment, and the
influence is larger for the former than for the latter. The
values of E, measured from the S-waves of local seismo-
grams are larger than those calculated from the Gutenberg-
Richter’s energy-magnitude law. Of course, the difference is
smaller for larger-sized events. As compared with the values
of M, of this study and those estimated from teleseismic
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Fig. 13. The plot of In(E/M,) versus focal depth. The solid line shows
the linear regression equation and the dashed lines display the standard
deviations (Symbols are the same as those shown in Fig. 11).
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data, it is feasible to use the Andrews’ method to measure M,
from local seismograms. The values of M, measured using
Andrews’ method are larger than those listed in the BATS
and Harvard CMT catalogues. The difference is smaller
for larger events than for smaller ones. This means that
Andrews’ method can work well for larger-sized earth-
quakes. The values of E; and M, measured from local seis-
mograms for twenty-two My > 5.1 aftershocks of the 1999
Chi-Chi earthquake are: £,=2.0 x 10"~ 8.9 x 10*' g cm” sec™
and M, =13 x 102 - 1.4 x 10% gecm sec? em™. Hence, the
scaled energy E/M,=7.4x 10°~2.6 x 10, with an average
of ~7.9 x 10”. The scaled energy measured from local seis-
mograms is somewhat larger than that done from teleseismic
data. Results also show that the scaled energies of the 22
aftershocks are slightly dependent upon earthquake magni-
tude when both E; and M, are evaluated from local seis-
mograms, yet independent when M, is estimated from tele-
seismic data. M, correlates to corner frequency, f;, in the fol-
lowing scaling relation: M, ~ £,>%. In addition, the scaled
energy slightly depends on the depth in the following form:
EJ/M,=1.92 x 107",
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