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In this study, an empirical transfer function (ETF), which is the spectrum difference in Fourier amplitude
spectra between observed strong ground motion and synthetic motion obtained by a stochastic point-
source simulation technique, is constructed for the Taipei Basin, Taiwan. The basis stochastic point-
source simulations can be treated as reference rock site conditions in order to consider site effects. The
parameters of the stochastic point-source approach related to source and path effects are collected from
previous well-verified studies. A database of shallow, small-magnitude earthquakes is selected to con-
struct the ETFs so that the point-source approach for synthetic motions might be more widely applicable.
The high-frequency synthetic motion obtained from the ETF procedure is site-corrected in the strong site-
response area of the Taipei Basin. The site-response characteristics of the ETF show similar responses as
in previous studies, which indicates that the base synthetic model is suitable for the reference rock con-
ditions in the Taipei Basin. The dominant frequency contour corresponds to the shape of the bottom of
the geological basement (the top of the Tertiary period), which is the Sungshan formation. Two clear
high-amplification areas are identified in the deepest region of the Sungshan formation, as shown by
an amplification contour of 0.5 Hz. Meanwhile, a high-amplification area was shifted to the basin’s edge,
as shown by an amplification contour of 2.0 Hz. Three target earthquakes with different kinds of source
conditions, including shallow small-magnitude events, shallow and relatively large-magnitude events,
and deep small-magnitude events relative to the ETF database, are tested to verify site correction. The
results indicate that ETF-based site correction is effective for shallow earthquakes, even those with higher
magnitudes, but is not suitable for deep earthquakes. Finally, one of the most significant shallow large-
magnitude earthquakes (the 1999 Chi-Chi earthquake in Taiwan) is verified in this study. A finite fault
stochastic simulation technique is applied, owing to the complexity of the fault rupture process for the
Chi-Chi earthquake, and the ETF-based site-correction function is multiplied to obtain a precise simula-
tion of high-frequency (up to 10 Hz) strong motions. The high-frequency prediction has good agreement
in both time and frequency domain in this study, and the prediction level is the same as that predicted by
the site-corrected ground motion prediction equation.
� 2017 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Reductions of estimation errors for ground motion are impor-
tant in engineering seismology. In practice, the ground motion pre-
diction equation (GMPE) is applied to target sites. However, as site
classification for a given location is typically not sufficiently clear
in many regions, the GMPE should first consider rock site attenua-
tion. Using typical estimation methods, basin and sedimentary
data are either excluded in order to check the response of a rock
outcrop or are not discriminated, and anomalies are explained in
terms of site effects (Boore and Joyner, 1982; Douglas, 2003). In
recent years, soil site amplification has been highlighted separately
for prediction purposes given the site conditions. Jean et al. (2006)
constructed a two-phase regression procedure that combines the
rock site attenuation equation and a site-dependent ground
motion prediction model for different sites in order to incorporate
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a site-correction term in the GMPE. Meanwhile, a global crustal
ground motion database was constructed based on the Next Gen-
eration Attenuation of Ground Motions Project (NGA) at the Pacific
Earthquake Engineering Research Center (PEER, UC, Berkeley). Sev-
eral unsolved effects in the GMPE were extracted, in which the site
classification technique (using the average shear wave velocity up
to 30 m in depth, Vs30) was one of the most important criteria for
reducing prediction errors (Abrahamson et al., 2008; Boore and
Atkinson, 2008; Campbell and Bozorgnia, 2008; Chiou and
Youngs, 2008).

As mentioned above, the GMPE is frequently used for different
engineering purposes, such as hazard analysis, structural seismic
design, and disaster prevention. However, seismologists apply
wave propagation theory to one-dimensional, two-dimensional
(2D), and three-dimensional (3D) models of subterranean velocity
structures to simulate the full waveforms at each target site. Strong
site effects induced by sedimentary basins such as the Taipei Basin
can already be considered in a 3D simulation, but the reliable fre-
quency band is still lower than 1 Hz, owing to shallow velocity
structures not being sufficiently clear. Current techniques, such
as the spectral element method and finite difference method can-
not achieve the high-frequency (of at least 10 Hz) responses that
are mainly induced by site effects (Lee et al., 2008a,b; Miksat
et al., 2010).

To realize a high-frequency groundmotion simulation, there are
two common techniques, namely the empirical green’s function
(Irikura, 1986; Miyake et al., 2003) and the stochastic ground
motion simulation (Boore, 1983, 2003, 2009; Beresnev and
Atkinson, 1998a; Motezedian and Atkinson, 2005). The main con-
cept of the former is that only a source scaling relationship
between small and large earthquakes is considered if they are
located in the same seismogenic source zone. This means that
the observed waveform of a small earthquake can be treated as a
Green’s function and that the response of a large earthquake can
be predicted after considering the reliable strong motion genera-
tion area (Kurahashi and Irikura, 2011). The simulated results can
yield reasonable time histories, as the true phase spectra of small
earthquakes are applied initially. However, suitable small earth-
quakes might not have occurred previously in some seismogenic
zones, so the technique might not be applicable to some target
sites, such as for the analysis of seismic responses for metropolitan
areas of Tokyo or Taipei.

The stochastic ground-motion simulation technique con-
structs a random-phase waveform and considers the x2 source
spectrum model (Aki, 1967; Brune, 1970) combined with cor-
rection factors for source, path, and site effects. This technique
applies a point source and finite-fault simulation, depending on
the earthquake magnitude as well as source-site distance. It
then predicts the level of strong motion using a spectrum-
fitting process in the frequency domain. However, simulated
waveforms cannot match the real time histories, because of
the random phase setting at the beginning, and only a seismic
wave-like envelope function can be applied in the time domain.
Nevertheless, they can still produce good agreement in strong
motion levels, such as peak ground acceleration (PGA) or the
frequency spectrum; hence, it is still useful for producing pre-
liminary evaluations for possible future earthquakes. Therefore,
the stochastic ground-motion simulation technique is employed
in this study.

Numerous correction factors have been taken into account
over the past few decades for stochastic simulations. Each fac-
tor has been discovered and solved step-by-step since the dis-
covery of the stochastic simulation technique in the 1980s
(Boore, 1983). Site amplification is one of the most important
factors, which still needs to be carefully determined for each
site, except for some well-studied common factors, such as path
attenuation, high-frequency attenuation, geometric spreading,
and the crust transfer function. These well-known factors
should be adjusted using empirical observation data in different
seismogenic regions (Atkinson, 1995; Atkinson and Silva, 1997;
Atkinson and Beresnev, 2002; Atkinson and Boore, 1998, 2006;
Boore et al., 1992; Chandler et al., 2006; D’Amico et al., 2012;
Hung and Kiyomiya, 2013; Sokolov et al., 2000). Most of the
site responses used in the stochastic ground-motion simulation
technique are simplified and only the rock-like site response is
considered. For example, the generic rock site response of Wes-
tern North America from Boore and Joyner (1997) was used to
simulate the 1994 Northridge earthquake (Beresnev and
Atkinson, 1998b). Atkinson and Boore (2006) constructed site
amplification factors for Eastern North America (ENA) for site
A (where Vs30 > 1500 m/s) and the B C boundary
(Vs30 = 760 m/s) based on empirical data from Siddiqqi and
Atkinson (2002) and Frankel et al. (1996). A series of site effect
studies in the frequency domain for Taiwan were conducted
based on spectral differences between synthetic very hard rock
(VHR) and observed soil records, as a traditional reference rock
site cannot be easily applied to a spectral ratio calculation in
many cases (Sokolov et al., 2000; Sokolov et al., 2001, 2003,
2009).

The Taipei Basin, Taiwan, has been greatly influenced by site
effects during an earthquake (Fletcher and Wen, 2005; Wen
et al., 1995; Wen and Peng, 1998). The basin is triangular and
the subsurface structure is deeper on the west side than on the east
side. The deepest geological basement (top of the Tertiary period)
is located at approximately 680 m and the deepest engineering
basement (the bottom of the Sungshan formation) is approxi-
mately 100 m (Wang et al., 2004). The engineering basement is
the boundary of shear-wave velocity within 300–700 m/s, and
the majority of short-period site amplification of seismic waves
will be affected in the topmost shallow subsurface layer (NIED,
2009; Irikura and Miyake, 2011). The Sungshan formation was
found to be composed of unconsolidated sand, silt, and clay
(Wang et al., 2004) and related to the main amplification of PGA
and the dominant frequency during earthquakes (Wen et al.,
1995; Wen and Peng, 1998).

The issue of seismic disaster prevention within the basin is
quite important, as ground motions have been enlarged in his-
torical earthquakes. For example, in the case of the Chi-Chi
earthquake in 1999, even though the epicenter was 100 km
away, damage was caused to over 450 houses in the Taipei
Basin (Tsai et al., 2000). The March 31, 2002, ML-6.8 earthquake
resulted in five deaths and injuries to over 250 people in the
basin; although the epicentral distance was also >100 km, more
damage was caused in the basin than in the nearby regions
(Chen, 2003). Therefore, in this study, site correction was per-
formed for the Taipei Basin by applying the stochastic simula-
tion in order to reduce the uncertainties in high-frequency
simulation.
2. Methodology for stochastic simulation

The central concept of the stochastic ground-motion simulation
technique is that a seismic source can be treated as a circular rup-
ture process and propagated forward to target stations. Thus, the
source spectrum should correspond to a x2 model and, as the real
seismic phase cannot be easily predicted, a random phase was used
for this technique.

The point source method mentioned above is typically used to
deal with small earthquakes. On the other hand, for some complex
rupture earthquakes, the finite fault model should be taken into
consideration. A rectangular fault composed of several point source
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subfaults was constructed in the finite fault model and synthetic
waveforms from each subfault were superposed after considering
the time delay from the rupture velocity and propagation velocity.
The detailed methodology will be described in the following
paragraphs.

The stochastic point source simulation was constructed based
on the x2 source model (Boore, 1983; Stochastic Model Simulation,
SMSIM). First, random-phase white noise with a zero-mean time
history was established and multiplied with a seismic wave–like
envelope function. Second, the time history was Fourier trans-
formed to the frequency domain and multiplied by a specified
spectrum. Finally, the spectrum was transformed back to the time
domain to complete the simulation.

The specified spectrum should be considered as the product of a
theoretical source term (E), a path term (P), and a site term (G). The
theoretical Fourier amplitude spectrum of ground motion record
(Y) is arranged as follows (Boore, 2003):

YðM0;R; f Þ ¼ EðM0; f ÞPðR; f ÞGðf ÞIðf Þ; ð1Þ
where I(f) is an instrumental control term and M0 is the seismic
moment. The source term E can be defined as:

EðM0; f Þ ¼ CM0SðM0; f Þ; where ð2Þ

SðM0; f Þ ¼ 1

1þ ðf=f 0Þ2
; ð3Þ

f 0 ¼ 4:9� 106bðDr=M0Þ1=3; and ð4Þ

C ¼ Rh/ � V � F
4pqb3R0

: ð5Þ

Here, C is a constant, f is frequency, f0 is the corner frequency (in
Hz), Dr denotes the stress drop (in bars), b denotes the shear wave
velocity, and q is density. The units of M0 are dynes per centimeter
and units for b are kilometers per second (Brune, 1970). In this
equation, V is an index to divide seismic energy into two horizontal
components; it is typically 1/

ffiffiffi
2

p
= 0.707. Next, F is a factor repre-

senting the effect of the free surface for correcting SH waves; it is
normally 2. Finally, R0 is the reference distance and it is normally
set as 1 km. Equation S(M0, f) follows the x2 source model from
Aki (1967) and Brune (1970).

The path term P is multiplied by the geometrical spreading term
and the quality factor as follows:

PðR; f Þ ¼ ZðRÞexp½�pfR=Qðf ÞcQ �; ð6Þ
where cQ is the shear wave velocity when calculating the frequency-
dependent quality factor Q(f). The geometric spreading term Z(R)
denotes the attenuation relation with distance, which is:

ZðRÞ ¼

R0
R R 6 R1

ZðR1Þ R1
R

� �P1 R1 6 R 6 R2

..

.

..

.

ZðRnÞ Rn
R

� �pn Rn 6 R

8>>>>>>>>><
>>>>>>>>>:

: ð7Þ

Distance R is normally the closest distance to the fault plane here,
and Z(Rn) and Pn are attenuation indexes for different distance
groups.

The site terms include amplification A(f) and attenuation D(f),
which are combined as:

Gðf Þ ¼ Aðf ÞDðf Þ: ð8Þ
The amplification factor mentioned here is normally related

to the seismic source somewhat the impedance from depth of
source to surface but not related to local site effects. It is a crust
amplification effect and it can be considered as the response
from a layered structure constructed in a half-space simulation.
Atkinson and Boore (2006) considered the amplification factor
of the ENA site A as a crust amplification effect and this study
adopted the same setting. The responses of the attenuation
phenomenon related to the site term are usually of a high
frequency. The high-frequency acceleration spectrum from the
observation records indicated a significant drop that could be
treated as a high cut filter. Hanks (1982) mentioned the high-
frequency attenuation index fMAX, which showed that path atten-
uation could not respond at this frequency and this parameter
was related to the near-surface site conditions. Meanwhile,
Anderson and Hough (1984) showed that an exponential form
could better describe high-frequency attenuation and gave the
equation as follows:

Dðf Þ ¼ e�pj0 f ; ð9Þ
where j0 is the local high-frequency attenuation characteristic of a
target site when the distance is equal to reference distance (usually
set as 1 km, with units in seconds). A smaller j0 means a harder site
condition (Boore and Joyner, 1997), and this value would vary for
different regions, even for the same site conditions (Atkinson,
1996; Ktenidou et al., 2014; Sun et al., 2013). In this study, Eq. (9)
was used for the stochastic simulation.

The instrumental control term I(f) can be expressed as follows:

Iðf Þ ¼ ð2pfiÞn; ð10Þ
where i ¼

ffiffiffiffiffiffiffi
�1

p
, and n is equal to 0, 1, and 2 when related to dis-

placement, velocity, and acceleration, respectively.
Discussed above was the site-specific spectrum describing

ground motion in the frequency domain. The next step of the
stochastic simulation is constructing a random-phase signal in
the time domain and multiplying it by a seismic wave–like shaping
window. An exponential window was commonly suggested in pre-
vious studies (Boore, 1983, 2003); the formula used was given by
Saragoni and Hart (1974) as follows:

wðt; �;g; tgÞ ¼ aðt=tgÞbexpð�cðt=tgÞÞ; where ð11Þ

b ¼ �ð� lngÞ=½1þ �ðln �� 1Þ�; ð12Þ

c ¼ b=�; and ð13Þ

a ¼ ðexpð1Þ=�Þb: ð14Þ
Here, indexes a, b, and c will determine that the largest level of

envelop will occur at time t ¼ �� tg and that wðtÞ ¼ g when time
t ¼ tg (� ¼ 0:2 and g ¼ 0:05 were suggested by Boore, 2003). The
total simulated time tg proportional to the summation of the
source duration Td and the path duration Tp can be expressed as
follows:

tg ¼ d� ðTd þ TpÞ; ð15Þ
where d is a constant and set as 2 (Boore, 2003) here. Further-
more, the source duration and path duration may vary for differ-
ent seismogenic regions. Boore and Thompson (2014) revised the
calculation of the path duration term and, from the residual
between prediction and observation, reported that site duration
should be taken into account except at rock site stations. Lee
et al. (2015) defined the effective shaking duration (ESD, denoted
as sESD in Eq. (16), below) from Taiwan’s strong motion data and
constructed a duration equation from the regression process. The
ESD considers the duration source, duration path (related to
hypocentral distance), and duration site (related to Vs30). The
equation is as follows:



Table 1
Parameters for the stochastic simulation.

Shear wave velocity (b) 3.6 km/s
Density (q) 2.8gm/cm3

Geometric spreading 1
Rb: b = 1.0 (1–50 km)

0.0(50–170 km)
0.5(>170 km)

Quality factor (Q) Zone ST: 80f0.9

Zone SO: 120f0.8

Zone DT: 60f1.0

High frequency
attenuation (j)

0.05 s

Crust amplification factor Transfer function of ENA site A
(ENA-A)

Magnitude transform
equation

ML = 0.961Mw + 0.338 + �0.256, ML < 6.0
ML = 5.115 ⁄ (ln(Mw))�3.131 + �0.379, ML = 6.0

Stress drop (bar) 60, Mw < 5.5;
80, 5.5 5Mw < 6.5
90, 6.5 5Mw, including 1999 Chi-Chi Mw 7.6
earthquake
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log sESD ¼ log
exp½1:1538þ1:3273ðML�5:57Þ�

101:5MLþ16:05

� ��1=3

4:9� 106b

2
64

3
75þ ð�0:0011Þ

� rhyp þ ð�0:0004Þ � Vs30þ 0:3038 ð16Þ
where ML is the local magnitude and rhyp is the hypocentral dis-
tance. Eqs. (15) and (16) are combined to suit the situation in Tai-
wan in this study, as follows:

tg ¼ d� ðsESDÞ; ð17Þ
which means the ESD is substituted for the calculation of source
duration and path duration for the case of Taiwan here.
Fig. 1. Shallow earthquake data selected from the TSMIP database in this study. Triangle
measurements (Kuo et al., 2012). Circles denote epicenters and magnitudes of earthqua
study. Values in brackets are the corresponding numbers of stations and earthquakes. T
interpretation of the references to colour in this figure legend, the reader is referred to
Therefore, disastrous earthquakes typically result from larger
magnitude and complex rupture sources. Thus, point sources
might not be suitable for describing the extended earthquake
source in a stochastic simulation. Beresnev and Atkinson (1997,
1998a) reported that the fault plane of a target earthquake could
be divided into several rectangular subfaults and that each of them
could be treated as a circular point source, as was mentioned ear-
lier in this section. The time delay of each subfault was considered
according to the relationship between rupture speed and shear
wave velocity within each fault plane. For the target site, synthetic
waves of each subfault would be superposed after considering the
time delay in order to obtain the whole response of the earthquake.
The source time of each subfault is related to the characteristics
and direction of the rupture. Each point source is triggered when
the seismic wave propagates across the center. The time delay tc
can be defined as follows (Irikura, 1983):

tc ¼ R
b
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dx2 þ Dy2

p
Vr

; ð18Þ

where R is the distance from the center of a subfault to a target sta-
tion, Dx and Dy are distances from the center of a subfault to the
earthquake source, and Vr is the rupture velocity and is equal to
0.8�b. According to the conservation of energy law, the seismic
moment should be distributed equally to each subfault. The equa-
tion of seismic moment of each subfault (m0) can be given as
(Beresnev and Atkinson, 1998a):

m0 ¼ M0

N
; ð19Þ

where N is the number of subfaults. Beresnev and Atkinson (1997)
also considered slip distribution on the whole fault plane and
s denote strong motion stations. Site classifications follow the results of P-S logging
kes. Red stars denote target earthquakes used to verify the ETFs constructed in this
he red line indicates the surface rupture during the 1999 Chi-Chi earthquake. (For
the web version of this article.)



Fig. 2. Example waveforms for calculating model bias from a shear wave window. The records were from station TAP010 during the March 5, 2005 earthquake. (a) From top
to bottom are the time histories of the east–west, north–south, vertical, and simulated horizontal components, respectively. The vertical component was only for checking the
shear wave window, but it was not used in the ETF calculation. (b) The blue line is the Fourier spectrum from the root-mean-square of two horizontal shear wave windows,
the red line is from a simulated window, and the black line is the model bias of observation divided to simulated spectrums. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Flow chart for construction of the ETF for a rock or soil site. The dotted line
shows where the sediment basin effect was considered in ETF construction;
however, the simulation will only consider the non-basin rock spectrum and
multiplies the ETF as a site effect. S denotes the frequency spectrum, SIM_HS is the
half-space simulation, ‘‘ENA_A, AB06” is the crust amplification following Atkinson
and Boore (2006), SIM_VHR is the spectra in VHR conditions, and OBS_S is the
observed spectra.
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indicated that the total slip value ns for whole fault plane could be
defined as follows:

ns ¼ M0

Nm0
: ð20Þ

If ns is assumed to be normalized as 1, then the proportion of
slip rate at each subfault (proportional weights to ns) can be con-
sidered a relative slip distribution model in the stochastic simula-
tion. Which could also explained as the released seismic energy
was proportionally distributed to each subsources.
3. Parameter settings for the stochastic simulation

At the beginning of the 21st century, Sokolov et al. (2000) col-
lated previous studies about the basic parameters needed in the
Fig. 4. General ETFs in the Taipei Basin from different site classes. Solid lines are the avera
are the responses of VHR from Eastern North America (Atkinson and Boore, 2006).
Taiwan region for a stochastic simulation. The parameters used
in this study are as follows.

(1) Shear wave velocity and density of crust: b ¼ 3:6 km/s and
q ¼ 2:8 gm/cm3 (Sokolov et al., 2009).

(2) Geometric spreading (Eq. (7)): Several studies (Sokolov,
2000; Sokolov et al., 2001, 2003, 2006, 2009) selected the
same values for three different situations with gap distances
equal to 50 and 170 km and Pn equal to �1.0, 0, and �0.5.

(3) Quality factor (Q(f) in Eq. (6)): Wang (1993) reviewed previ-
ous studies of the Q value in Taiwan and mentioned that
regional differences are significant, especially in northeast-
ern Taiwan and in deep Taiwan. Tsai (1997) used the atten-
uation relation given by Chen et al. (1989) for Taiwan to
discuss the relationship with source scaling. Roumelioti
and Beresnev (2003) have also followed the attenuation
relation of Chen et al. (1989) for stochastic finite-fault simu-
lation to discuss soil nonlinearity during 1999 Chi-Chi Tai-
wan earthquake. Sokolov et al. (2006, 2009) referred to
these studies and divided the whole of Taiwan into three
regions with different Q values as follows:

8

ge ETFs
Zone ST : 80f 0:9

Zone SO : 120f 0:8

Zone DT : 60f 1:0

><
>: ; ð21Þ
where ST stands for shallow Taiwan, SO for shallow offshore,
and DT for deep Taiwan. In this study, 30 km was selected to
distinguish between a shallow or deep earthquake.

(4) High-frequency attenuation factor (j0 in Eq. (9)): Boore and
Joyner (1997) reported j0 ¼ 0:04 s for a VHR site. Sokolov
et al. (2009) compared spectral differences in the Taipei
Basin and suggested j0 ¼ 0.05 s, which was used in this
study.
, the thin dashed lines are the standard deviations, and the bold dashed lines
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(5) Crust amplification function: Atkinson and Boore (2006)
defined the frequency-dependent amplification function for
a site A station in ENA. As Taiwan lacks a site A station, in
this study the crust amplification function was applied for
VHR.

(6) Magnitude transfer equation: As the original catalog from
the Central Weather Bureau used ML but Mw should be used
in the stochastic simulation, two-step regression formulas
from Cheng et al. (2010) were used:

�

Fig. 5.
accordi
means
ML ¼ 0:961Mw þ 0:338� 0:256; ML 6 6:0
ML ¼ 5:115� lnMw � 3:131� 0:379; ML P 5:5

: ð22Þ
These two regression lines overlap when ML is equal to 5.5
to 6.0.

(7) Stress drop (Dr in Eq. (4)): Mayeda and Malagnini (2009)
indicated that the stress drop should lie between 5 and 80
bars using Mw 4.7–7.6 data recorded from a broadband
array in Taiwan for a seismology network (BATS). D’Amico
et al. (2012) employed more data and indicated that the
stress drop will not vary significantly with magnitude, which
conforms to the self-similarity of an earthquake source (Aki,
1967). The equations used in this study are modified as
follows:
Mw < 5:5; Dr ¼ 60 Bar

5:5 6 Mw < 6:5; Dr ¼ 80 Bar

6:5 6 Mw; Dr ¼ 90 Bar

8><
>: : ð23Þ
The abovementioned parameters used in this study are listed in
Table 1.
Contour plot of dominant frequencies in the Taipei Basin from the ETFs of each s
ng to seismic reflection measurements (redrawn from Wang et al., 2004). Individu
dominant frequency and AMP means amplification value of dominant frequency
4. Construction of the empirical transfer function

Site effects within the Taipei Basin cannot be easily classified
from the results of theoretical analysis alone. The 2D or 3D basin
response from observation data may also be required. In this study,
the ETF is calculated from the spectral ratio of observations with
respect to stochastic synthetic motions that do not include the
basin structure. The average spectral ratios involve the abovemen-
tioned 2D or 3D responses at each station, which are used to pro-
duce a site correction function for each station.

Strong motion data were selected for the stations within the
Taipei Basin (Fig. 1) from the database of the Taiwan Strong Motion
Instrumentation Program (TSMIP) (Tsai and Lee, 2005), within a
time span from of 1991 to 2012. As shallow-disastrous earth-
quakes are a priority for people, the ETF was first constructed from
shallow earthquakes. As shown in Fig. 1, 309 earthquakes with
focal depths less than 30 km and magnitudes ranging from 1.8 to
6.0 were selected for the earthquake database in order to easily
apply the point-source approach for a large number of records.
Sokolov et al. (2009) found a significant difference between the site
responses of shallow and deep earthquakes in the Taipei Basin,
which was found to be due to different angles of incidence of seis-
mic waves moving toward the basin edge. The target earthquake
selected for verifying our simulation was the 1999 Chi-Chi earth-
quake in Taiwan. Only shallow ETF calculation was considered in
this study.

The method of constructing the ETF involves two stages. In the
first stage, the simulated stochastic point sources of all the earth-
quakes in the database are included in a half space and the
response of a layered structure (the fifth step of the ‘‘Parameter
Settings for the Stochastic Simulation” section) for each individual
tation. The contour lines show the depth of the bottom of the Sungshan formation
al ETFs of several stations of a cross-section line across the basin are also shown, DF
.



Fig. 6. Contour maps of the amplification of the ETF at (a) 0.5 Hz and (b) 2.0 Hz in the Taipei Basin area. The contour lines show the depth of the bottom of Sungshan
formation according to seismic reflection measurements (redrawn from Wang et al., 2004).
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station is added in order to extend the simulated spectrum into
VHR. In the second stage, the spectrum is classified in terms of
shear wave windows of observation and simulation (Fig. 2) to
obtain the response between the site itself and VHR. Finally, aver-
aging the spectrum ratios (Model Bias in Fig. 2) of small earth-
quakes will complete the construction of the ETF (sketch map
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shown in Fig. 3; example ETF shown in Fig. 5). Fig. 4 shows the
average ETFs for different site classes from the results for the Taipei
Basin.

In general, this study focused on forward simulation using the
ETF-based site correction stochastic simulation technique to pre-
dict future disastrous earthquakes. In addition to using individual
ETFs for each strong motion stations for discussing the accuracy
Fig. 7. Example of site correction of the ETF from the stochastic point source simulation
on VHR, the red line is the ETF correction results, and the black line is the observation re
indicate windows of shear wave portion. (For interpretation of the references to colour
of prediction errors in the next section, the average ETF spectra
for the Taipei Basin were checked first in order to ensure that the
simulated VHR motion construction reflected the combination
response of the source and path terms, and left the remaining site
part in the ETF calculation. To calculate the average ETFs for the
Taipei Basin, the stations located on the edge or the center of the
basin were not classified into different groups. The correction of
(SMSIM). (a) Frequency domain; the blue line is the original simulation result based
cord from target event 1. (b) Time domain of acceleration records; the dashed lines
in this figure legend, the reader is referred to the web version of this article.)
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the average site motion will be easier to apply for individual sites
within the basin where sufficiently strong motion records do not
exist; therefore, site classification can be obtained using geo-
physics methods such as P-S logging measurements (Kuo et al.,
2012) and microtremor arrays (Kuo et al., 2016). Future possible
earthquake hazard mitigation in the basin would be efficient if
the average ETFs are identical to those obtained using the tradi-
tional site response studies. For average ETFs, site class B shows
that the amplification occurred with high frequency, indicating
that thin sedimentary layers might have covered the rock sites in
this region. In contrast, the high-frequency (5–10 Hz) responses
of the ETFs in site classes C, D, and E indicate similar characteristics
Fig. 8. Target event 1: (a) attenuation relation of the PGA from horizontal observation (b
triangles), stochastic simulation with VHR (blue triangles), GMPE (from L09) (green c
J06&C10) (gray circles). (b) Comparison of DSPDs in the frequency domain and rln Err in
colour in this figure legend, the reader is referred to the web version of this article.)
at low amplification. The dominant frequencies range from 0.5 to
2 Hz for classes D and E, which relate to the response of the Sung-
shan formation in the basin (Chen et al., 2016; Wang et al., 2004;
Wen and Peng, 1998).

A contour plot of the dominant frequencies of the ETFs in the
Taipei Basin is shown in Fig. 5. The distribution of dominant fre-
quencies indicates that the region near the basin edge has a higher
dominant frequency, while that within the basin has two lower
dominant frequency zones. The distribution correlates with the soil
layer thickness, and the lower dominant frequency zone occurs
over the deepest part of the soil layer. The top soft soil layer, i.e.,
the Sungshan formation, as indicated by previous studies (Wang
lack crosses), prediction after ETF site correction from the stochastic simulation (red
ircles), rock GMPE (from J06&C10) (gray dashed line), site-corrected GMPE (from
the time domain for the different methods. (For interpretation of the references to



Fig. 9. Target event 2: (a) PGA attenuation relation and (b) comparisons of DSPD in
the frequency domain and rlnErr in the time domain for different methods. Target
event 3: (c) PGA attenuation relation and (d) comparisons of DSPD in the frequency
domain and rln Err in the time domain for different methods. The legend is the same
as for Fig. 8.
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et al., 2004; Wen and Peng, 1998), within the Taipei Basin reacts to
the site effects at low frequency, which agrees well with the results
of this study. The individual ETF of a cross-section across the basin
indicates that the dominant frequency is 0.2–1 Hz for the deeper
part of the basin (westward part), and the range gradually
increases to 1.5–3.5 Hz for the shallower part (eastward region).
This indicates a specific difference in the site effects for each sta-
tion within the basin. Furthermore, the amplification contours at
0.5 and 2.0 Hz of the ETF in the Taipei Basin (Fig. 6) show very clear
hot spots of high amplification in two areas, the western and east-
ern parts of the Taipei Basin, for a 0.5-Hz response. These areas are
also the deepest parts of the Sungshan formation. This amplifica-
tion is most likely caused by the response of the soft soil layer
and high impedance contrast between the layer and the underlying
rock. However, the high-amplification area for the 2.0-Hz response
shifts to the basin edge areas, except in the western part of the
deep alluvium area. Similar assumptions were also made in a pre-
vious site effect study based on microtremor analysis in the Taipei
Basin (Wen et al., 2006; Wen and Huang, 2012).

5. Results and discussions

After ETFs were calculated for each station, the forward strong
motion simulation was applied individually through the following
steps (Fig. 7): (1) The VHR spectrum was synthesized using the
stochastic point-source simulation (blue line in Fig. 7(a)). (2) ETFs
for individual stations were modified to the VHR simulation spec-
tra (red line in Fig. 7(a)). 3) An inverse fast Fourier transformed was
applied to convert the ETF-modified spectra back to the time
domain using the phase of VHR simulation, and PGA was calcu-
lated (red time history in Fig. 7(b)).

The ETFs for each station were constructed using a database of
shallow and small earthquakes, namely the calibration set of earth-
quakes (green circles in Fig. 1). To test and verify the site correction
results in this study, three target earthquakes were selected as the
validation set, which were not included in the calibration database;
their locations are indicated by red stars in Fig. 1. The following are
the seismic source parameters of these earthquakes. (1) A shallow,
small earthquake that occurred off the coast of Hualian, Taiwan, at
01:52 on 9th June 2003 (UTC) (target event 1) with a magnitude of
ML = 5.6 and a focal depth of 23.2 km was selected as it fitted the
conditions of the database for ETF construction. (2) A shallow, large
earthquake that occurred at the northern end of the East Rift Val-
ley, Taiwan, at 08:54 on 10th September 2000 (UTC) (target event
2) with a magnitude of ML = 6.2 and a focal depth of 17.74 km; its
magnitude was slightly larger than that in the database. (3) In con-
trast, a small (ML = 5.5) but deep (depth 76 km) earthquake that
occurred near the coast in Ilan, Taiwan, at 04:13 on 24th March
1995 (UTC) (target event 3) was selected.

The time domain and frequency domain errors were checked in
this study using rln Err and the degree of spectra difference (DSPD).
The equations are as follows:

rlnErr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN

i¼1
ðlnErriÞ2

r
; where ð24Þ

ln Err ¼ ln PGAo � ln PGAsim; ð25Þ
N is the station number, PGAO is the observed PGA with a geo-

metric mean of two horizontal components, and PGAsim is the sim-
ulated PGA. The area between the two spectra was calculated using
the DSPD in the frequency domain, as follows:

DSPD ¼
X10
i¼0:2

log10
FASo
FASs

����
����� df

	 

; where ð26Þ

df ¼ log10ðf iþ1=f iÞ; ð27Þ
where FASO is the observed Fourier spectra, FASS is the simulated
Fourier spectra, and df is the sampling frequency in the log scale.
A frequency band of 0.2–10 Hz was considered as most of the
dominant site effects were found to occur in this range. In addition,
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the correlation coefficient r was used to check for similarity in the
frequency domain.

Two different site corrections for the GMPE were compared
with the predicted PGAsim in this study. The first one is the two-
stage attenuation equation (Jean et al., 2006; Chang et al., 2010;
hereafter denoted as J06&C10). Rock site records were first
regressed as follows:

Yatt ¼ 0:00369e1:75377M½Rþ 0:1222e0:78315M��2:05644
; ð28Þ

where Yatt is the predicted PGA (units: g), distance R is the shortest
distance to the rupture fault plane (using the hypocentral distance if
the fault plane cannot be found), and M is the local magnitude ML.
The unique linear relationship between the observation and first-
stage prediction (Yatt) at each strong motion station at each soil site
was used for the site correction of the GMPE. The regression equa-
tion is defined as follows:

ln PGAs ¼ C0 þ C1 � ln ðYattÞs; ð29Þ
where PGAS is the observed PGA at the soil site station and (Yatt)s is
the first-stage prediction for the station. Each station will calculate
one set of linear regression factors C0 and C1 to predict the second-
stage PGA. The second GMPE used data for Taiwan and followed the
procedure of the NGA, which considered VS30 as a site correction
term for the GMPE (Lin, 2009; hereafter denoted as L09). The equa-
tion is as follows:

ln y ¼ C1 þ F1 þ C3ð8:5�MwÞ2 þ ðC4 þ C5ðMw � 6:3ÞÞ

� lnð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 þ expðHÞ2

q
Þ þ C6FNM þ C7FRV þ C8

� lnðVS30=1130Þ; for ð30Þ

F1 ¼ C2ðMw � 6:3Þ; Mw 6 6:3
F1 ¼ ð�H � C5ÞðMw � 6:3Þ; Mw > 6:3

�
; ð31Þ

where y is the predicted PGA (unit: g), C1–C8 are regression factors,
H is the saturation term for the near field, the magnitude is Mw, R is
the same distance as for Eq. (28), and FNM and FRV are fault-type
terms to represent normal or reverse faults, respectively.
Fig. 10. Slip distribution of the Chelongpu fault during the 1999 Chi-Chi, Taiwan, earthq
direction (redrawn from Ma et al., 2001).

Table 2
Parameters for the 1999 Chi-Chi earthquake using the finite-fault simulation.

Magnitude (MW) 7.6
Strike, Dip, Depth of Initial Rupture 5.0, 34.0, 0 (Chang et al., 2000)
Fault dimension 110 km � 40 km (Ma et al., 2001)
Subfault dimension 5 km � 5 km
Rupture velocity 0.8 b
In this study, the ETF is constructed and the abovementioned
GMPE for shallow earthquakes is considered using the database
of shallow earthquakes. However, deep earthquakes (target event
3) require another GMPE constructed for deep events. Thus, a sub-
duction GMPE (Lin and Lee, 2008; hereafter denoted as LL08) for
rock and soil sites was used for verification. For rock sites (sites
B and C), the GMPE is:

ln y ¼ �2:5þ 1:205M � 1:905 lnðRþ 0:516e0:6325MÞ
þ 0:0075Hhypo þ 0:275Zt ; ð32Þ

and for soil sites (site D and E), it is:

ln y ¼ �0:9þ 1:00M � 1:90 lnðRþ 0:9918e0:5263MÞ
þ 0:004Hhypo þ 0:31Zt; ð33Þ

where the magnitude is the moment magnitude Mw, R is the
hypocentral distance, Hhypo is the focal depth, and Zt = 1 means
the subduction term will be considered.

Fig. 7 shows an example of ETF site correction from the stochas-
tic simulation for target event 1. The DSPD shows a significant drop
from 1.154 to 0.114 and r increases from 0.91 to 0.953 in the fre-
quency domain, implying that the corrected spectra fit the hori-
zontal observation very well. The PGA can also reach the same
correction level as in the time domain, although the predicted time
history still does not match the observed waveform, owing to the
random phase setting in the stochastic simulation. In general,
ETF site correction is a good approach for target event 1 and is suit-
able for a database of shallow and small earthquakes (Fig. 8). The
time domain error rln Err showed that site correction was needed
for the simulation of VHR and the GMPE for a rock site. The ETF site
correction results can reach the same level as the site-corrected
GMPE. In addition, the average DSPD of the TSMIP stations in the
Taipei Basin that recorded target event 1 improved from around
0.9 to 0.4 in the frequency domain. In contrast, the ETF site correc-
tion simulation is suitable for shallow earthquakes with slightly
larger magnitudes (target event 2, Fig. 9(a) and (b)), but would
not be suitable for deep earthquakes with small magnitudes, owing
to the differences in the characteristics at different focal depths,
although the DSPD results are still suitable (target event 3, Fig. 9
(c) and (d)). The LL08 equation was selected for a deep-
earthquake GMPE, the aforementioned GMPEs (J06&C10, L09) use
the shallow earthquake database; the LL08 equation gave a better
prediction than the shallow GMPE and ETF site correction simula-
tion, which indicating that a deep-event-based ETF would likely be
needed for a deep target earthquake.

Finally, the finite-fault stochastic ground-motion simulation
was applied to the 1999 Chi-Chi earthquake in Taiwan, owing to
uake. The star indicates the seismic source, and the fault strike is toward the N05E
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the complexity of its fault rupture system. The basic source param-
eters of the point-source simulation listed in Table 1 were applied
for the Chi-Chi earthquake and some were added for the finite-
fault simulation (Table 2). A fault slip model with an asperity dis-
tribution calculation was adopted from Ma et al. (2001) and is
shown in Fig. 10. Results of site correction for the stochastic
finite-fault simulation using the ETF based on the database of
shallow, small earthquakes (Fig. 11) show that the spectra were
slightly overestimated in the high-frequency band (5–10 Hz),
regardless of the site classification. This means the overestimating
phenomenon was not due to site effects and might be because the
energy contained in the high-frequency part is lower in a large
earthquake, as greater low-frequency waves are generated from a
longer rupture process. The ETF based on a shallow, small earth-
quake cannot totally reflect the response of a huge earthquake,
but prediction errors including DSPD and rln Err can be efficiently
reduced (Fig. 12). The slightly higher PGA prediction results indi-
cate that it is a conservative estimate of ground motion for disaster
prevention purposes.

Whether the ground motion prediction must be performed
using theoretical simulation techniques or by applying the
GMPE is a topic of ongoing debate. This is because the GMPE
uses a statistical-based regression process and deduces standard
Fig. 11. Examples of ETF site correction for a stochastic finite-fault simulation of the 199
Vs30 = 942.8 m/s, TAP086 in (a) frequency domain and (b) time domain; class C, Vs
Vs30 = 200.6 m/s, TAP026 in (e) frequency domain and (f) time domain.; class E, Vs30 =
same with Fig. 7.
deviation from several physical effects, while a simulation tech-
nique such as the stochastic simulation first superposes physical
effects step-by-step to compose a ground motion prediction.
This means that if a theoretical method can provide a better
or even similar prediction accuracy level compared with the
level of the GMPE method, then the theoretical method can
be considered to generate more confident predictions for future
possible earthquakes.

In general, the results of PGA simulations from site correction
using the ETF can provide the same level of prediction as the site-
corrected GMPE (J06&C10) and can produce acceptable spectrum
fitting results (Figs. 11 and 12). However, although strong site
effects will induce an amplified strong ground motion in the Tai-
pei Basin, which makes it a good example for discussing the effec-
tiveness of site correction, the simulation in this study displayed
only far-field behavior for the target Chi-Chi earthquake. This is
because the geographic location of the Taipei Basin is over
150 km from the fault plane; therefore, the near-field response
induced by the complex fault rupture geometry could not be dis-
cussed in this study.

Furthermore, considering forward ground motion simulation
for future possible earthquake hazard mitigation is the main
focus of this study, the selected stochastic simulation technique
9 Chi-Chi, Taiwan, earthquake with different site classes in the Taipei Basin: class B,
30 = 401.8 m/s, TAP051 in (c) frequency domain and (d) time domain.; class D,
177.0 m/s, TAP005 in (g) frequency domain and (h) time domain. Legends are the
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can provide physics-based high-frequency (at least to 10 Hz)
Fourier spectra step by step using well-estimated parameter
model settings, including source, path and site effects. Therefore,
the VHR construction process in combination with the stochastic
parameter settings obtained from three previous studies
(Sokolov et al., 2009; D’Amico et al., 2012; Lee et al., 2015) for
the Taiwan region was applied. As the parameters in the
stochastic simulation are highly correlated with each other and
there are trade-off issues in parameter determining process,
the remaining prediction residuals (denoted as the ETF in this
study) were mainly related to the local site responses. The ETF
responses in the Taipei Basin exhibit a trend similar to that
obtained in previous site effect studies, indicating that the ETF
can be used for site correction of the stochastic point-source
simulation method for soil sites. Meanwhile, it was also demon-
strated that the ETF-based site correction method is suitable for
large earthquakes, such as the Chi-Chi, Taiwan (Mw = 7.6) earth-
quake, by using finite-fault stochastic simulation with a proper
slip asperity model in both PGA and Fourier amplitude spectra
(FAS) predictions.

Finally, not only the frequency behavior but also PGA prediction
was the main focus in this study. The conclusion indicates that PGA
simulations for shallow events using the shallow ETF have effective
prediction ability. The ETF-based site-corrected stochastic simula-
tion can provide a similar accuracy level to the fully empirical
GMPE. This implies that the abovementioned method provides a
balance between theoretical and application purposes for the engi-
neering seismological field. Finally, while the simulated errors of
the ETF-corrected FAS and PGA can cover the epistemic uncer-
tainty, aleatory uncertainty that may arises from the random phase
setting for time history and unconfirmed factors remain for
stochastic simulation.

6. Conclusions

In this study, empirical transfer functions (ETF) were con-
structed based on a point-source stochastic simulation and obser-
vations from a database of shallow (<30 km), small (Mw < 6.0)
earthquakes from Taiwan Strong Motion Instrumentation Program
stations in the Taipei Basin. The general ETF of the Taipei Basin
indicated that the harder the soil at the site, the higher the domi-
nant frequency of the response. The results fit the assumptions
made in previous studies using observation data, which indicates
that the parameters and the model used in the stochastic simula-
tion in this study indeed fit the reference rock conditions in the
Taipei Basin. Contour maps of the dominant frequency and ampli-
fication distribution also support these findings. From the contour
map of the dominant frequency, the main response within the Tai-
pei Basin was around 0.5–2 Hz. Amplification contours at 0.5 Hz
clearly showed two hot spots (the yellow regions in Fig. 6(a), in



Fig. 12. (a) PGA attenuation relation for the 1999 Chi-Chi, Taiwan, earthquake. Rupture distance was used here for finite-fault results, and the fault geometry followed the
results of a surface geological survey (the red line in Fig. 1). (b) Error comparisons in time and frequency domains. The legend is the same as in Fig. 8. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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the western and eastern parts of the basin) of amplification that
are related to the deepest part of the bottom of the Sungshan for-
mation, which is the boundary of the engineering bedrock of the
Taipei Basin.

Results of high-frequency predictions (0.2–10 Hz in this study)
of the ETF-based site correction of the stochastic strong-motion
simulation agreed well in both time and frequency domains when
the depth and magnitude of the target earthquake belonged to the
earthquake database. In addition, although the site correction func-
tion of the finite-fault simulation of the 1999 Chi-Chi, Taiwan,
earthquake based on the ETF produced a slight overestimate in
the high-frequency part, a conservative estimate can still be pro-
duced from the ETF-based site correction technique. The prediction
level was the same as that of the site-corrected ground-motion
prediction equation. This means that a theoretical calculation of
strong ground motion, regardless of the peak ground acceleration
or frequency domain, can aid advance planning of disaster preven-
tion for individual fault systems in the future.
7. Data and resources

The fortran based source code SMSIM and EXSIM was down-
loaded from Dr. David Boore’s personal website (http://www.dav-
eboore.com/software_online.html, last accessed June 2016).
Program version of SMSIM and EXSIM are 3.400 and 2011.11.22

http://www.daveboore.com/software_online.html
http://www.daveboore.com/software_online.html
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respectively, with some modifications were described in this
manuscript. The seismic waveform data of Taipei station was from
TSMIP database that was belong to CWB. The site classification and
VS30 information of Taipei station were obtained from the Engi-
neering Geological Database for TSMIP (EGDT; http://egdt.ncree.
org.tw, last accessed June 2016).
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