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A stochastic method called the random vibration theory (Boore, 1983) has been used to estimate the peak
ground motions caused by shallow moderate-to-large earthquakes in the Taiwan area. Adopting Brune’s ω-square
source spectrum, attenuation models for PGA and PGV were derived from path-dependent parameters which
were empirically modeled from about one thousand accelerograms recorded at reference sites mostly located
in a mountain area and which have been recognized as rock sites without soil amplification. Consequently, the
predicted horizontal peak ground motions at the reference sites, are generally comparable to these observed. A
total number of 11,915 accelerograms recorded from 735 free-field stations of the Taiwan Strong Motion Network
(TSMN) were used to estimate the site factors by taking the motions from the predictive models as references.
Results from soil sites reveal site amplification factors of approximately 2.0 ∼ 3.5 for PGA and about 1.3 ∼ 2.6
for PGV. Finally, as a result of amplitude corrections with those empirical site factors, about 75% of analyzed
earthquakes are well constrained in ground motion predictions, having average misfits ranging from 0.30 to
0.50. In addition, two simple indices, R0.57 and R0.38, are proposed in this study to evaluate the validity of
intensity map prediction for public information reports. The average percentages of qualified stations for peak
acceleration residuals less than R0.57 and R0.38 can reach 75% and 54%, respectively, for most earthquakes. Such
a performance would be good enough to produce a faithful intensity map for a moderate scenario event in the
Taiwan region.
Key words: Peak ground motion, site factor, stochastic method, attenuation, intensity.

1. Introduction
Local geological conditions at specific sites are possi-

bly the most critical factors in analyzing ground motions.
One famous case is the widespread damage to buildings
from strong ground motion following a particular pattern
after the 1999 Mw 7.6 Chi-Chi earthquake in Taiwan (Shin
et al., 2000; Shin and Teng, 2001). As shown in ∼400
accelerograms recorded at free-field stations (Lee et al.,
1999), stronger ground shaking appears clearly at regions
well beyond the vicinity of the Chelungpu fault: for exam-
ple, the Taipei metropolitan area, the Ilan plain, and some
southwestern coastal regions. By comparing the response
spectra of observed ground motions during this earthquake
with predictions from commonly used ground motion pre-
diction equations, Boore (2001) found that the observed
motions differed from predicted by factors larger than ex-
pected from an earthquake-to-earthquake variation. The ex-
planation could probably be attributed to specific site and
propagation effects. Unless there is a clear understanding
of the profile of the geological strata near the free surface,
and seismograms recorded at ideal hard-rock sites are col-
lected, it is generally difficult to isolate the site response
from complicated overall effects that could mostly origi-
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nate from the heterogeneity of the structure along the prop-
agation path, and the variation of seismic energy radiated
from the source. Besides carrying out geotectonic inves-
tigations over the study area, in practice a forward simu-
lation of ground motion response seems to be an efficient
method without a foreknowledge of every individual effect
on the motion. However, from this perspective, the esti-
mated ground motion can only be applied to generic sites
located in a specific region and may fail to agree with ob-
servations to a large extent.

Following the Chi-Chi event, earthquake risk prevention
in Taiwan remains an important issue. To achieve this goal,
ground motion prediction is strategically used to establish
an adequate building code for earthquake engineering and
hazard assessment, based on the possible peak ground mo-
tion at a given distance from a large scenario earthquake. To
find a link between the ground shaking and seismic damage,
the peak ground acceleration (PGA) and peak ground veloc-
ity (PGV) induced by seismic waves in a frequency range of
0.5 ∼ 10 Hz are generally simulated by statistical methods
instead of theoretical or numerical modeling, since three-
dimensional heterogeneities and non-uniform fault ruptur-
ing make seismograms more complex. Based on a great
number of available recordings, regression techniques have
been usually used to obtain prediction equations for peak
ground motions in the Taiwan area (e.g. Tsai and Bolt,
1983; Tsai et al., 1987; Ni and Chiu, 1991). In such re-
sults, the behavior in attenuation of peak amplitude with
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distance may have a poor correlation with local site effects
because the data used at that time was limited to a specific
condition. In those studies, the common characters of the
data used have revealed a lack of generalization of analyzed
earthquakes and the localization of the recording area, with-
out strictly considering the site categories. Even with a par-
ticular concern about the local-site response of metropolitan
regions in some improved studies (e.g., Tan and Loh, 1996;
Shin, 1998; Liu, 1999), the prediction equations still domi-
nate over the regression of peak ground motions for the en-
tire Taiwan area. Basically, this implies that the averaging
effects on the source pattern and seismic attenuation along
the propagation path seem to be an essential drawback for a
more precise prediction of ground motion for any scenario
event.

Liu and Tsai (2005) derived new ground motion predic-
tion equations for crustal earthquakes in Taiwan using a tra-
ditional regression method. The earthquake magnitude and
hypocentral distance are the only two parameters during re-
gressions for deriving their attenuation relationships. How-
ever, another popular approach to predicting the ground mo-
tion requires a source model and a predictive relationship
which allows the estimation of a specific ground motion pa-
rameter as a function of magnitude, distance, source param-
eters, and frequency. The predictive relationship is char-
acterized by a geometric spreading function, a frequency-
dependent crustal Q function, and a function describing the
effective duration of the ground motion. Following the ap-
proaches described in the papers of Raoof et al. (1999) and
Malagnini et al. (2000), the regional attenuation of seismic
waves in Taiwan is firstly investigated in this study. The
predictive relationships here were built up by a great num-
ber of strong motion data collected by the Taiwan Strong
Motion Network (TSMN) operated by the Central Weather
Bureau (CWB) under the Taiwan Strong Motion Instrumen-
tation Program (Shin, 1993). Essentially, the advantage of
their method over the classical regression analysis is to take
into account the duration parameter as a function of fre-
quency and distance, which is more effective in structural
engineering applications.

A stochastic method called the random vibration theory
was then used to estimate the peak motions of a set of
random time histories. Finally, comparing the predicted
peak motions with the observations, the generalized local
site effect can be examined to correct the peak motions at
every single station for a realistic scenario earthquake.

2. Procedure to Derive Attenuation Relationship
Following the statements in Raoof et al. (1999),

Malagnini et al. (2000), and Malagnini and Herrmann
(2000), the spectral ordinate of the ground motion is rep-
resented in a general form for a predictive relationship as
follows:

log a(r, f ) = log E(rref, f ) + log P(r, rref, f )

+ log S( f ), (1)

where a(r, f ) is the peak amplitude of the ground accel-
eration recorded at the hypocentral distance r and band-
pass filtered at a central frequency f . E(rref, f ) represents

the seismic source term scaled to a fixed reference distance
rref. P(r, rref, f ) describes the crustal attenuation in the re-
gion, and S( f ) is the local site term. The instrument fac-
tor is mostly eliminated when the motions are recorded by
seismometers having the same response in the frequency
range of interest. To obtain an empirical estimate of the
path term in Eq. (1), a coda normalization technique (Aki,
1980; Frankel et al., 1990) can be used to eliminate the
source and site terms by taking the ratio of the peak am-
plitude carried by S or Lg waves in filtered time histories to
the root-mean-square (rms) amplitude of the stable seismic
coda. The coda-normalized amplitude can be written in the
form:

log acn(r, f ) = log P(r, rref, f )

− log Pcoda(r, rref, f ), (2)

where
acn(r, f ) = a(r, f )/acoda(r, f ). (3)

According to Parseval’s theorem, in practice, a proper time
window within the coda waves is chosen for calculating
the rms amplitude. A better criterion indicates a length of
window longer than the reciprocal of the lowest frequency
of interest. The preliminary estimates of the empirical path
term account for the intrinsic and scattering attenuation,
geometrical spreading, and the general increase of duration
with distance due to wave propagation and scattering at
each hypocentral distance for each frequency. Based on the
results of the coda normalization method, therefore, the Q
quality factor model of the S/Lg waves propagating through
the crust will be inverted by giving a proper geometrical
spreading model.

3. Strong Ground Motion Data
A large number of strong ground motion data are needed

in regression analyses for the propagation behavior of seis-
mic waves over a wide region of interest. The TSMN cur-
rently consists of over seven hundred free-field digital ac-
celerographs, mainly deployed over nine metropolitan ar-
eas in Taiwan. Each strong motion station is equipped with
a three-component force-balanced accelerometer with a 16-
bit resolution and a 96-db dynamic range. Most of these
stations are located on the sedimentary ground of elemen-
tary schools. Deriving the attenuation term from a predic-
tive relationship, such as Eq. (1), has the inherent advantage
of minimizing the variability of the site response, which can
be approached by analyzing seismograms recorded at rock
sites. Taking this into account, a total of 65 strong mo-
tion stations denoted in Fig. 1, recognized as class B (rock
sites) based on geologic and geomorphologic data (Lee et
al., 2001; Lee and Tsai, 2008) were selected as reference
stations. The mean shear-wave velocities in the upper 30 m
(VS30) at these rock sites, which were mostly located in the
Central Range and the northern mountain area, could be
summarized to be in the range 760 ∼ 1,500 m/s from the P-
S logging profiles. Strictly speaking, these sites cannot be
considered as reference stations which, by definition, must
have a nearly flat transfer function with an amplitude of one.
Steidl et al. (1996) have shown that surface-rock sites can
have a site response of their own. However, such a concern



J.-K. CHUNG: PEAK GROUND MOTION PREDICTIONS USING TSMN RECORDINGS IN TAIWAN 959

Fig. 1. Distribution of 54 epicenters (denoted as circles) of shallow earthquakes and 65 selected reference stations (denoted as triangles) analyzed in
this study. The diameter of each circle is proportional to the local magnitude.

is not of relevance in this study, because the site response
due to near-surface weathering of the rock can be almost
extracted through a correction factor in taking the ratio of
the in-situ measurement to the prediction.

In the period from 1993 to 2006, there were 54 earth-
quakes, as given in Table 1 and shown in Fig. 1, selected
from the seismic database of the CWB with the criteria
of a local magnitude ranging from 5.0 to 7.0 and a focal
depth shallower than 40 km, which could be associated
with seismic hazards. It is clear that the distribution of
most earthquakes which occurred in eastern Taiwan corre-
sponds with the boundary between the Philippine Sea plate
and the mainland China continental shelf which belongs to
the Eurasian plate. The 1999 Chi-Chi mainshock was re-
moved from the list due to its complicated behavior induced
from a ∼100 km extensive rupture along the Chelungpu
fault. Figure 2 demonstrates the distribution pattern of the
hypocentral distance versus magnitude for the 1,002 three-
component accelerograms collected. Ground motions at
reference stations for the selected earthquakes were basi-
cally recorded within a source-receiver distance of 200 km.
All the acceleration waveforms (e.g. an example is shown
in Fig. 3) were carefully inspected on the computer screen
to ensure the quality of the data satisfying the criteria of not

having abnormal spikes, electrical noise and multiple sig-
nals in the windows of interest. Eventually, a total of 2,004
horizontal-acceleration time histories were gathered as the
dataset for deriving the crustal attenuation and strong mo-
tion duration in this study.

4. Characterization of Propagation in the Crust
Each accelerogram was first narrow-bandpass filtered

around each of the following frequencies: 0.2, 0.25, 0.33,
0.4, 0.5, 1.0, 2.0, 3.0, 4.0, and 5.0 Hz. The bandpass filter
used here is defined by a 10th-order Gaussian function in
the frequency domain. The peak amplitude of each filtered
time history, carried by direct S or Lg waves windowed at
a length of 5 ∼ 10 s depending both on distance and mag-
nitude, was then picked out. It has been pointed out that
the general form of coda can be established after 2 ∼ 3
times the S-wave travel time from the origin time of an
event (Rautian and Khalturin, 1978; Spudich and Bostwick,
1987). Due to a shortening of the record length caused by
the preset of the trigger mode, the length of the time win-
dow, expediently starting 20 s after the onset of an S-wave,
for calculating the rms amplitude of coda waves, was set to
be 10 s in this study.

Using the coda normalization technique described in the
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Table 1. List of used earthquakes selected from the CWB database.

No. Origin Time (UT) Epicenter Depth Magnitude Distance∗ Record

Lon. (◦E) Lat. (◦N) (km) (ML) (km) No.

1 1993/12/15 21:49 120.524 23.213 12.50 5.70 65.1 143

2 1994/03/28 8:11 120.687 22.985 14.37 5.41 59.6 84

3 1994/05/24 4:00 122.603 23.827 4.45 6.17 175.9 164

4 1994/06/05 1:09 121.838 24.462 5.30 6.20 100.6 220

5 1994/10/05 1:13 121.720 23.156 31.28 5.83 161.2 203

6 1995/02/23 5:19 121.687 24.204 21.69 5.77 101.4 293

7 1995/04/03 11:54 122.432 23.935 14.55 5.88 144.8 137

8 1995/05/27 18:11 121.465 23.008 19.73 5.26 105.5 141

9 1995/06/25 6:59 121.669 24.606 39.88 6.50 103.6 324

10 1995/07/07 3:04 121.090 23.893 13.07 5.30 77.2 162

11 1995/07/14 16:52 121.851 24.320 8.79 5.80 91.8 195

12 1995/10/31 22:27 120.359 23.291 10.65 5.19 45.9 122

13 1996/03/05 14:52 122.362 23.930 6.00 6.40 142.3 222

14 1996/11/26 8:22 121.695 24.164 26.18 5.35 91.8 191

15 1998/07/17 4:51 120.662 23.503 2.80 6.20 77.4 246

16 1998/11/17 22:27 120.790 22.832 16.49 5.51 60.8 150

17 1999/09/20 17:57 121.044 23.912 7.68 6.44 93.6 345

18 1999/09/22 0:14 121.047 23.826 15.59 6.80 106.8 385

19 1999/09/25 23:52 121.002 23.854 12.06 6.80 100.8 375

20 1999/10/22 2:18 120.426 23.515 16.64 6.40 101.0 340

21 1999/10/22 3:10 120.431 23.533 16.74 6.00 83.7 269

22 1999/11/01 17:53 121.725 23.358 33.53 6.90 143.4 407

23 1999/11/17 7:35 120.643 24.019 9.55 5.29 53.2 110

24 2000/02/15 21:33 120.740 23.316 14.71 5.59 66.5 214

25 2000/05/17 3:25 121.098 24.193 9.74 5.59 70.1 121

26 2000/06/10 18:23 121.109 23.901 16.21 6.70 103.7 432

27 2000/07/28 20:28 120.933 23.411 7.35 6.10 91.2 263

28 2000/08/23 0:49 121.635 23.636 27.48 5.57 99.8 154

29 2000/09/10 8:54 121.584 24.085 17.74 6.20 87.2 228

30 2000/12/10 19:30 120.226 23.116 12.02 5.35 69.3 165

31 2000/12/29 18:03 121.884 24.361 6.96 5.26 53.5 85

32 2001/03/01 16:37 120.997 23.838 10.93 5.80 75.8 206

33 2001/06/14 2:35 121.928 24.419 17.29 6.30 101.3 284

34 2001/06/19 5:16 121.077 23.177 6.58 5.41 68.9 116

35 2001/06/19 5:43 121.098 23.197 11.70 5.22 82.9 141

36 2001/12/18 4:03 122.652 23.867 12.00 6.70 169.5 238

37 2002/02/12 3:27 121.723 23.741 29.98 6.20 123.1 385

38 2002/03/31 6:52 122.191 24.140 13.81 6.80 143.6 421

39 2002/05/28 16:45 122.397 23.913 15.23 6.20 142.8 173

40 2002/08/28 17:05 121.372 22.261 12.03 6.03 90.7 66

41 2002/09/06 11:02 120.729 23.890 28.82 5.30 64.3 156

42 2002/09/30 8:35 120.614 23.328 8.12 5.04 62.2 174

43 2003/06/09 1:52 122.023 24.370 23.22 5.72 109.7 332

44 2003/06/09 5:08 121.851 24.380 2.36 5.03 57.6 115

45 2003/06/10 8:40 121.699 23.504 32.31 6.48 136.6 494

46 2003/06/16 18:33 121.654 23.542 28.26 5.38 104.2 231

47 2003/12/10 4:38 121.398 23.067 17.73 6.42 131.5 480

48 2004/05/19 7:04 121.370 22.714 27.08 6.03 117.4 284

49 2004/11/08 15:54 122.760 23.795 10.00 6.58 181.1 237

50 2004/11/11 2:16 122.158 24.312 27.26 6.09 97.3 132

51 2005/01/20 7:47 120.826 23.505 19.16 5.04 66.3 160

52 2005/02/18 20:18 121.674 23.340 15.28 5.60 95.5 149

53 2005/09/26 18:50 121.401 23.232 21.34 5.29 57.3 70

54 2006/07/28 7:40 122.658 23.966 27.97 6.02 152.7 104
∗The distance is an arithmetic mean of epicentral distances for triggered strong-motion stations of TSMN.
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Fig. 2. Pattern of local magnitude versus hypocentral distance for the analyzed accelerograms recorded at the reference stations.

Fig. 3. An example of accelerograms and their corresponding Fourier amplitude spectra recorded at a reference station.

previous section, attenuation functions for the spectral ac-
celeration at each frequency were estimated by choosing a
reference hypocentral distance of 40 km to remove the ef-
fect due to the arbitrariness in the choice of the coda dura-
tion. The normalized amplitudes for frequencies are shown
in Fig. 4. It is obvious that the peak motions measured
at a larger distance present a relatively slower decay with
hypocentral distance. In addition, the average amplitudes
for distances larger than 100 km were not used to develop
the attenuation functions described below due to possible
mis-estimates from the incomplete coda waves.

The empirical anelastic attenuation function can be mod-
eled using the following functional form (equation (13) in

Malagnini et al., 2000):

log acn(r, rref, f ) = log g(r) − log g(rref)

− π f (r − rref)

βQ0( f/ fref)η
log e, (4)

where r is the hypocentral distance. Q0 is the Qs value at
the reference frequency fref of 1 Hz and η is the frequency-
dependence factor. The reference hypocentral distance rref

used here is 40 km and the average shear-wave velocity β in
the source regions is supposed to be 3.5 km/s according to
the layered structure in Taiwan (Yeh and Tsai, 1981). g(r)

is a piecewise linear geometrical spreading function. Simi-
larly to the multi-segment models assumed in Atkinson and
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Fig. 4. Modeled attenuation curves of the normalized spectral accelerations at 10 different frequencies recorded at reference stations. The averages
(crosses) were determined by the L1-norm minimization.

Mereu (1992) and Atkinson and Boore (1995), when con-
sidering dominant wave types at various distances, a bilin-
ear geometrical spreading function was used herein. This is
in the form 1/rb, where b = 1.0 for r < 50 km, b = 0.0 for
50 ≤ r < 200 km. This model was used for the Taiwan re-
gion (Sokolov et al., 2000) and was also adopted by Roume-
lioti and Beresnev (2003), based on data averaging of a va-
riety of site conditions from rock sites to soft soils of dif-
ferent thicknesses. From Eq. (4) and the assumed geomet-
rical spreading function g(r), the average Qs values can be
estimated by giving the distances and the coda-normalized
amplitudes at frequencies. These discrete anelastic atten-
uation factors varying with frequency were fitted with the
linear function shown in Fig. 5. Therefore, the frequency-
dependent Q model generalized for the whole of Taiwan, as
the input parameter of simulation using the random vibra-
tion theory, can be expressed as:

Q( f ) = 100( f/ fref)
0.70,

f > 0.2 Hz, fref = 1.0 Hz. (5)

The quality factor increases with a frequency-dependence
exponent of about 0.70, which is smaller than that de-
rived only from reference stations between the Taipei basin
and the Ilan plain for earthquakes in northeastern Taiwan
(Chung, 2007). This discrepancy implies that the crustal
structure in central and southern Taiwan could be more
fractured than in northern Taiwan. Several previous stud-
ies (Wang, 1987; Chen, 1998; Chung et al., 2009) were
reviewed and compared to outline variations in common.
In general, there is no significant difference between their
results and ours. However, the regionalization for the
frequency-dependent Q factor in the Taiwan area, as shown
in Chung et al. (2009), is worth considering for modeling
the attenuation function in the future.

5. Peak Ground Motions at Reference Sites
In this study, a stochastic method was used to simulate

ground motion by building functional descriptions of the
ground motion’s amplitude with a random phase spectrum,
as represented by Eq. (1). Then, by using the random
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Fig. 5. Shear-wave Q model (represented as the solid line) adopted in this study. The linear relationship was regressed from Q values for the 10
frequencies of interest.

Fig. 6. Fourier amplitude spectra of the EW-component accelerogram and the integrated velocity time history modeled at a rock-based station. The
recorded spectra (black curves) for a local magnitude of 6.2 and distance of 25 km were illustrated respectively for comparison.

vibration theory as initially proposed by Cartwright and
Longuet-Higgins (1956), the extremes of transient earth-
quake ground motions could be obtained giving the Fourier
amplitude spectra of the time history and signal duration.
The essential aspects of this theory is described in Ap-
pendix A. A computer code (Boore, 2000) was therefore
used in this study, which demands several input parameters
including the seismic source spectrum, a crustal attenuation
function and a distance-dependent duration function.

To model the path-independent loss of energy for ground

motions at high frequencies, the spectral amplitudes pre-
dicted by source models have to be modified by multi-
plying a high-cut filter. A simplified diminution function
exp (−πκ0 f ), where f is the frequency, representing the
regional average of the combined effects for rock site am-
plification and anelastic attenuation in a mountain region,
can therefore be introduced as a high-frequency attenuation
operator to describe the exponential decay of the seismic
spectrum (Anderson and Hough, 1984). The kappa values
have been determined to be in the range 0.03 ∼ 0.07 s for
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Fig. 7. Predictions of the peak horizontal ground acceleration (upper) and velocity (lower) as a function of hypocentral distance for a local magnitude
ranging from 4 to 7, respectively.

the generic site in Taiwan (Tsai and Chen, 2000). However,
a fixed kappa value of 0.025 s was used in this study, after
analyzing the records from reference stations. This value
is similar to the one inferred from California ground mo-
tion records on rock sites (Boore et al., 1992). Instead of
using the Haskell matrix method, the frequency-dependent
amplifications relative to the source were calculated by the
root-impedance approximation (see Boore, 2003, for de-
tails) outlined in Appendix B. It needs a layered velocity
model and a density model referred to the shallow crustal
structure in central Taiwan, which was proposed by Chen
(1995) using a three-dimensional inversion of P- and S-
travel times from the CWB seismic network.

The duration of strong shaking is a function of the path,
as well as the source duration that is related to the inverse
of the corner frequency. The definition of the duration of

ground motion in this study is given as the width of the time
window that limits the 5% ∼ 75% portion of seismic energy
following P-wave arrival (Trifunac and Brady, 1975). Con-
sequently, for our dataset, the duration increases gradually
from 3.5 s for zero distance to 10.5 s at about 100 km of
recording distance.

As regards the source spectrum in Eq. (1), the typical
ω-square model (Aki, 1967; Brune, 1970) with a single-
corner frequency was adopted in this study. The radiation
coefficient averaged over some portion of the focal sphere
is assumed to be 0.55 if the partition factor of the S-wave
energy is taken to be 1/

√
2 (Boore and Boatwright, 1984).

The stress drop of moderate seismic sources in the range
from 10–100 bar was derived by Chiang (1994). For some
moderate-to-large earthquakes, a wider range (3∼180 bar)
of stress drops was suggested through a waveform inversion
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Fig. 8. Misfits between the observed peak values (A) at reference stations and the predicted ones (A0) for (a) PGA and (c) PGV without the site-factor
correction, and (b) PGA and (d) PGV with the site-factor correction, respectively.

analysis (Wu, 2000). In Wu’s study, an average stress drop
of 30 bar has been obtained, which was therefore chosen as
the input parameter in the predictive model here.

The amplitude spectrum can, therefore, be modeled in
the stochastic simulation, based on the empirical parame-
ters associated with source characteristics and propagation
behavior. Neglecting the usual site effects, for example,
the modeled amplitude spectra for the magnitude and dis-
tance considered are shown in Fig. 6. Like most other
cases, the predicted horizontal ground motion spectra at a
reference site are generally comparable to those observed.
Finally, using random vibration theory, with the inputs of
empirical parameters as described in previous sections, and
adopting an empirical equation for the magnitude conver-
sion, MW = 0.99ML + 0.052 (Wu, 2000), the predictions
of the peak horizontal ground motions (PGA and PGV) at
the reference sites for local magnitudes ML = 4.0, 5.0,
6.0, and 7.0, respectively, are shown in Fig. 7. The change
at a hypocentral distance of 50 km in these curves is at-
tributed to the change at this distance defined in the bilin-
ear geometrical spreading function. The predicted motions
for shear waves, particularly at distances greater than 30
km, are much lower than previous simulations which were

based on the statistical regression of peak values taken from
all the recordings made at generic stations (e.g., Chang et
al., 2001; Liu and Tsai, 2005). It is to be expected that
the differences would be reduced if only data from rock
sites had been used in these studies, even for a different
set of earthquakes. This shows that the site amplification
effects on free-field ground could predominate in the pre-
dictions. In addition, the peak motions used in these studies
were probably picked from surface waves generated from
some very shallow major seismic sources. Readings not
arising from shear waves cannot essentially be modeled by
a general source spectrum as used here. In order to obtain
recorded PGVs, the time histories of ground-particle veloc-
ity were derived, using integration in the frequency domain
and a bandpass filtering of 0.1 ∼ 20 Hz, from recorded ac-
celerograms. For evaluating the proposed model, the resid-
ual values, which are defined as the natural logarithm of the
ratio of the observed value to that predicted, are illustrated
as a function of the hypocentral distance (Figs. 8(a) and
8(c)). Their distribution patterns confirm that the param-
eters related to the attenuation behavior of seismic waves
are appropriate in the prediction.
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Fig. 9. Distribution of site factors for PGA and PGV shown by contours in an interval of 0.3. The heavy lines indicate the contours of 2.4 for PGA and
of 1.5 for PGV, respectively. The dots denote the 735 free-field strong motion stations analyzed in this study.

6. Distribution of Site Factors
With the advantage of island-wide deployment of free-

field accelerometers under the 6-year instrumentation pro-
gram conducted by the CWB since 1992, the amplification
of seismic waves at each station due to soil subsurface lay-
ers can be obtained based on the number of observations
and our prediction model shown in Fig. 7. In this study,
the amplification of a seismic wave, strictly speaking, is de-
fined by a relative factor depending on the reference derived
from the empirical modeling, and can be properly called the
site factor. It is defined as the average of the ratios of the
observed peak value to that predicted for all used data. In
addition, they are not linked to any particular ground mo-
tion frequency, because their calculation is made without
considering the frequencies of PGA or PGV. By multiply-
ing the predicted values by the corresponding site factors,
therefore, the residuals reduce to a lower level with a zero
mean (Figs. 8(b) and 8(d)).

In 54 shallow earthquakes with a local magnitude rang-
ing from 5.0 to 7.0, a total number of 11,915 3-component
accelerograms, which were recorded at 735 free-field sta-
tions (including 65 reference sites) of TSMN, are available
to estimate the site factors. For 80% of stations, about 10 to
35 recordings can be collected to calculate the average site
factor of each station by taking their arithmetic mean. Peak
values of two horizontal components for each recording
were here considered as two independent measurements.
Consequently, empirical PGA and PGV site factors for all
the stations were estimated, and are shown in contour maps
(Fig. 9). Even though these calculations suggest that the
surficial geology has a greater influence on ground mo-
tions than might be expected based on its site class alone,

there are some scatters that probably depend on the earth-
quakes or the paths. For this reason, the widespread shallow
moderate-to-large earthquakes in the Taiwan area are ana-
lyzed for the averaging of site factors. In general, these re-
sults for the soil sites suggest an amplification of 2.0 ∼ 3.5
for PGA and about 1.3 ∼ 2.6 for PGV, respectively when
the reference motion is constrained. From the distribution
maps, larger site factors can be remarked in the Taipei area,
the Ilan plain, and regions along the coast in western Tai-
wan, where there are highly populated areas. The notable
features in separating evident amplification from the over-
all distributions are highly related to the regions underlain
by thick Quaternary sediments. However, the results also
exhibit significant variations within these soft regions show
that very local site conditions may dominate the ground mo-
tions in a complicated way. The other larger site factors
appear in the northwestern coastal regions mostly underlain
by stiff soil, which can also significantly amplify the ground
motions in the high-frequency range.

The site factors estimated in the mountain regions, in-
cluding the Longitudinal Valley, on the other hand, are in
the range of 0.9 to 1.5 for PGA and 0.8 to 1.3 for PGV,
respectively. It is obvious that constrained observations in
the broad Central Range were limited at the reference sites,
through a lack of information regarding the site response is
not critical for hazard mitigation in such sparsely populated
areas.

7. Residual Analyses with Site-Factor Correction
To evaluate the usability of empirical site factors on the

prediction of peak ground motions, residual analyses for
the earthquakes considered were implemented in this study.
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Fig. 10. Comparisons between the observed horizontal peak accelerations of shear waves and the predicted ones for the 1994 Nanao earthquake. Small
dots along the hidden attenuation curve represent the PGAs derived from the reference model.

The residual is defined as the natural logarithm of the ratio
of the observed peak value for a shear wave to that predicted
and corrected by the site factor. On average, over 450
observations of horizontal components can be collected to
perform an error distribution for each analyzed earthquake.
A common used misfit (errln) of a set of residuals can be
defined as follows:

errln =
√√√√ N∑

i=1

(ln Ai − ln A0i )
2 /N , (6)

where N is the number of residuals for one earthquake.
The geometrical mean of NS- and EW-component peak
values (A = √

ANS × AEW) was taken to compare with the
predicted value (A0) for each record.

Figure 10 shows the comparative result of PGA for the
1994 Nanao earthquake, which had a magnitude of 6.20 on
the Richter scale, located near the Ilan plain in northeastern
Taiwan. Obviously, the misfit has been reduced to 0.286
when introducing the respective site factor at every station
for modifying the prediction based on the reference model.
According to the definition of Eq. (6), the value of the misfit
cannot indicate the systematic deviation of residuals, which
is one important factor to characterize the source terms of
an individual earthquake. Therefore, the arithmetic average
of a set of residuals for each event has to be calculated to
evaluate the validity of the simulation. Consequently, the
average residual of the predictions of PGA is 0.012 for the
Nanao earthquake, which can be regarded as a good result.
In other cases such as this example, the intensity maps
can be recovered in the scenario simulation for seismic
hazard assessment. The same comparison for PGV is also
illustrated in Fig. 11 and reveals a good correspondence in
a misfit of 0.263 with an average residual of 0.054.

The expected consequence of residual analyses on an
earthquake’s dataset is that a relatively smaller PGA mis-

fit range from 0.30 to 0.50 can be derived for most of the
events. However, when reviewing the results, not every pre-
diction of ground motion can be considered commendable
as in the case of the Nanao earthquake. Some show large
misfits even up to 1.10, which are almost twice the val-
ues obtained from prediction equations based on the clas-
sical regression method without a site correction by Chang
et al. (2001) and Liu and Tsai (2005). All the misfits for
the earthquakes analyzed here are shown in Fig. 12, to high-
light those showing poor agreement. For those events with a
large misfit, the remarkable figures on the residuals consis-
tently describe a systematic bias spread over a wide range of
recording distance, but simultaneously show a regular dis-
persion from the average compared to the rest with a small
misfit. Such a pattern of residual distribution can adequately
state a high reliability in adopting the reference prediction
models. The most likely causes, therefore, come from rele-
vant factors of the seismic source, including the stress drop
and the magnitude. The Richter magnitudes of the events
considered were not recalculated in this study. It is accord-
ingly difficult to evaluate the influence of a mis-estimate
of 0.1 ∼ 0.2 in magnitude. An average stress drop of 30
bar was specified as an input parameter in the predictive
model. As indicated from previous investigations (Ou and
Tsai, 1993; Huang et al., 1996; Huang and Yeh, 1999; Wu,
2000; Huang et al., 2002), the variation in the estimation of
the stress drop for earthquakes in different regions of Tai-
wan might be large enough to result in a significant bias in
the ground motion prediction. These potential sources of er-
ror will be unavoidable when using a general source model
with fixed parameters. However, about 80% of the earth-
quakes analyzed are well constrained in PGA predictions
by an average misfit of less than 0.60. The overall PGA
misfit is 0.49 for all 54 events, which is much lower than
values (0.60 ∼ 0.70) derived in other studies using statisti-
cal regression analyses. For PGV predictions, about 75% of
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Fig. 11. Comparisons between the observed horizontal peak velocities of shear waves and the predicted ones for the 1994 Nanao earthquake. Small
dots along the hidden attenuation curve represent the PGVs derived from the reference model.

Fig. 12. Misfits of prediction residuals of (a) PGA and (c) PGV for the 54 analyzed earthquakes. Each vertical bar indicates the average misfit of the
prediction for the corresponding earthquake labeled with the number listed in Table 1. The percentages of qualified stations are denoted by a black
line in (b) for R0.57 and by a gray line for R0.38, respectively.

events reveal an average individual misfit of less than 0.60,
with an overall misfit of 0.58.

Seismic intensity at local areas is undoubtedly the infor-
mation of most concern for the public. Another way to

evaluate the reliability of peak ground motions predicted
here is to take count of recording stations, whose seis-
mic intensities can be exactly predicted, for determining
the performance rate in the dissemination of intensity in-
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Fig. 13. Comparison of isoseismal maps contoured using predicted PGA values (left), observed PGA values (right), and predicted intensity values
(middle), respectively.

formation. In the CWB’s intensity scale, a seismic inten-
sity (I ) of under 7 was defined by the relationship (Hsu,
1979), log AI = (I/2) − 0.6, which approximately corre-
lated with the threshold of peak ground acceleration (AI )
in gals recorded by the accelerograph. Additionally, PGAs
larger than 400 Gals were categorized into intensity 7. From
a statistical viewpoint, a probability between 50% to 100%
of a correct intensity prediction could be expected based on
the assumption that the PGA residuals have an equal prob-
ability of appearance within the considered error ranges.
For example, even for a PGA residual close to zero, only
a slightly larger probability than 50% could be expected to
obtain the correct intensity using the predicted PGA, when
the observed PGA is just the threshold value crossing two
consecutive intensity values, say 80 Gals, that defines the
boundary between intensity 4 and 5. If the observed PGA,
say 140 Gals (classified to intensity 5, whose PGA ranges
from 80 gals to 250 gals), is in the middle of two adjacent
threshold values of intensity classification, however, up to a
probability of 100% could be expected as long as the PGA
residual is small enough. It is thus clear that the probability
of a correct intensity prediction obviously depends both on
the observed PGA and the prediction residual.

Therefore, on average, there will be at least a 75% prob-
ability of an exact intensity when the PGA residual can be
reduced to half of the natural logarithm of the ratio of two
PGA thresholds for consecutive intensity values, and about
an 83% probability in the case of a residual smaller than
one third of that range. Two qualified residuals, R0.57 and

R0.38, were therefore proposed in this study to evaluate the
intensity predictions as follows:

R0.57 = 1

2
ln

(
AI+1

AI

)
= 0.57,

R0.38 = 1

3
ln

(
AI+1

AI

)
= 0.38,

(7)

where the intensity I ranges from 1 to 5. A reliable inten-
sity map for the observed area can objectively be obtained
when all the PGA residuals are smaller than the qualified
ones. In practice, either qualified residual can be used as a
reference to assess the results of intensity prediction. That is
totally a probabilistic subject. In this study, the percentages
of qualified stations, whose absolute values of the residual
of peak accelerations are smaller than the qualified resid-
uals, are shown in Fig. 12(b). Neglecting the data from a
few earthquakes having a misfit larger than 0.65, the aver-
age percentages of qualified stations for peak acceleration
residuals less than R0.57 and R0.38 can attain (75 ± 8)% and
(54 ± 10)%, respectively, for most events. Such a perfor-
mance would be good enough to produce a faithful intensity
map for a moderate scenario earthquake in the Taiwan re-
gion. An example is shown in Fig. 13. For the 1999 Chiayi
earthquake (ML = 6.40), PGA residuals smaller than R0.57

were obtained at 282 stations (about 83% of a total of 340
triggered stations). In those qualified stations, 217 correct
intensity predictions were performed which is 77%. Due
to the high percentage of qualified stations, the isoseismal
map derived from predicted PGA values is very similar to
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that contoured using observed PGA values.

8. Discussion and Conclusions
Strong motion prediction is an important objective of

seismic hazard assessment, particularly in the Taiwan re-
gion. As shown in previous historical data, however, peak
earthquake ground motions can vary over a large range due
to significant effects in terms of source, path, and site. Tak-
ing into account the advantage of flexibility in establishing a
model for simulation, a stochastic method, which has been
verified to be efficient, has been applied in this study to es-
timate the peak ground motion parameters of random time
histories. Moreover, parameter analyses concerned with
spectral amplitude, if necessary, can be carried out result-
ing in a greater understanding of ground motion.

First of all, for constructing a functional spectrum of
ground motion, the generalized frequency-dependent Q
model (Eq. (5)), for describing the anelastic attenuation of
seismic waves with distance for the crust in Taiwan, has
been obtained using a coda normalization method. It is ba-
sically in good agreement with that proposed by Chung et
al. (2009). Although the coda Q from their investigation ap-
pears to be strongly dependent on the geology and tectonic
features, it is still ambiguous as to how the spatial varia-
tions of the Q value act on the amplitude and frequency
content of seismic waves propagating through different ma-
terials. Such a problem related to path behavior would be
very time-consuming to resolve in detail even if we knew
how to achieve this. In the current stage, an averaged Q
model is reasonably satisfactory when applied for the rapid
publishing of a preliminary map of strong shaking.

Secondly, the derived prediction models show acceptable
results regarding the estimation of peak ground motions for
shear waves at selected rock sites. Small biases relative to
reference values may also be well corrected by empirical
site factors for reducing the residuals to a generally lower
level compared with previous results (e.g., Liu and Tsai,
2005). Some reference stations, however, exhibit a larger
amplification in ground motion, probably due to the weath-
ering condition of surface rock or near-site path effects char-
acterized by a kappa value much smaller than 0.025 used in
the model. For those known anomalous sites situated on
hard ground or soft alluvium, more detailed investigations
are necessary to determine their local area anomaly.

Based on reference ground motions, the site factors in
mountain regions, including the Longitudinal Valley, are in
the ranges 0.9 to 1.5 for PGA and 0.8 to 1.3 for PGV. The
amplification factors expectably increase to about 2.0 ∼ 3.5
for PGA, and 1.3 ∼ 2.6 for PGV, at soil sites located in
the Taipei area, the Ilan plain, and western coastal regions
having large populations. Using these factors for modify-
ing the predictions, a relatively smaller misfit range from
0.30 to 0.50 can be determined for most of the 54 ana-
lyzed shallow earthquakes. These results basically indicate
that a preliminary isoseismal map for rapid reporting could
be produced by the procedures implemented in this study.
However, a large misfit, having an obvious systematic de-
viation of ground motion, can be shown in the predictions
for some of the events. The possible reason causing such a
type of residual pattern might be attributed to the stress drop

of a seismic source which could be very different from the
value of 30 bar used in this model. It appears to be difficult
to determine the stress drop in a short time for simulating
a better prediction of ground motion for the purpose of the
rapid publication of the assessment of ground shaking haz-
ards.

The proposed predictive model is reliable for moderate
earthquakes (ML < 7) with a point source mechanism.
However, two major uncertainties of peak ground motion
prediction arise from the presence of strong surface waves,
as well as a large earthquake with an extended rupturing
source. This apparently implies that distant, or very shal-
low, earthquakes which can usually excite strong surface
waves dominated by energy of a relatively low frequency
must both be of large magnitude and long fault rupturing
(Chung, 1995; Chung and Yeh, 1997; Chang et al., 2002).
Such problems, therefore, are certainly subjects to be con-
sidered in the next stage of investigations relating to ground
motion predictions.
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Appendix A. The Random Vibration Theory
According to the equation from Cartwright and Longuet-

Higgins (1956) for the ratio of peak to rms motion, an
improved equation for the extrema of transient earthquake
ground motions with a random character was proposed by
Boore (2003) as follows:

ymax

yrms
= 2

∫ ∞

0

(
1 − (

1 − ξ exp
(−z2

))Ne
)

dz,

where

ξ = Nz

Ne

and Nz , Ne are the number of zero crossings and extrema,
respectively, which are proportional to the frequency and
the duration. The frequencies of zero crossings and extrema
can be related to the moments mk of the squared spectral
amplitude, which are defined as:

mk = 2
∫ ∞

0
(2π f )k |Y ( f )|2 d f , k = 0, 2, 4,

where Y ( f ) is the spectrum corresponding to the seismo-
logical model given by Eq. (1).

Appendix B. The Root-Impedance Approximation
Boore (2003) has described how to convert a velocity and

density model into approximate site amplifications using
the square root of the impedance ratio between the source
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and the surface. The amplification, which is a function of
frequency, can be expressed as:

A( f ) =
√

ZS/Z( f ),

where ZS is the seismic impedance near the source and
Z( f ) is a time-weighted average of the near-surface seis-
mic impedance. Basically, the square-root impedance am-
plification is a first-order approximation of the total ampli-
fication derived by wave-calculation solutions.
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