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In this study, microtremor array measurements were conducted at 45 sites in the Western Plain of
Taiwan. The arrays were approximately 30 m or 60 m in radius, depending on the site. The maximum-
likelihood frequency–wavenumber method was adopted to obtain the phase velocities of Rayleigh waves,
and then a genetic algorithm technique based on an inversion scheme of the fundamental mode of the
Rayleigh waves’ dispersion curves was applied to calculate a preliminary S-wave velocity (Vs) profile
at each site. Because a layer of thick sediment covers the bedrock in the Western Plain of Taiwan, micro-
tremor arrays in this size range cannot estimate the structure of the entire sediment. Therefore, this study
implemented further inversion of the horizontal-to-vertical spectral ratios of the microtremors to esti-
mate the deeper structures up to the bedrock of Vs greater than 1000 m/s. Previously logged velocity pro-
files for different depths at or near our study sites were collected and compared with the Vs profiles
derived from our microtremor array measurements; the results were found to be highly comparable.
Therefore, we could delineate the depth distributions for the layer depths for Vs = 600 m/s and
1000 m/s in this region. The depth for Vs = 600 m/s is approximately 50 m in the piedmont area and
approximately 300 m at the coastline; moreover, the depths for Vs = 1000 m/s increase from 200 m in
the piedmont area to approximately 1000 m at the coastline. The depths for Vs = 1.0 km/s (Z1.0), which
is an important parameter that accounts for the basin effect in recent ground motion prediction equa-
tions, are consequently available at the study sites. The distribution of Z1.0 as a function of Vs30 indicates
higher similarity to that in Japan than in the San Francisco Bay area.
� 2016 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

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

The Western Plain of Taiwan, which is the largest plain in Tai-
wan, borders the Western Foothills in the east and the Taiwan
Strait in the west. A series of folds and faults in the Western Foot-
hills causes high seismicity and has resulted in numerous destruc-
tive earthquakes in this region. Five of the ten most disastrous
earthquakes in Taiwan during the past century (1898–1997)
occurred in this region: the November 6th, 1904 Touliu Earthquake
(ML 6.1), the March 17th, 1906 Meishan Earthquake (ML 7.1), the
December 17th, 1941 Chungpu Earthquake (ML 7.1), the December
5th, 1946 Hsinhua Earthquake (ML 6.1), and the January 18th, 1964
Paiho Earthquake (ML 6.3) (Cheng et al., 1999). Moreover, immedi-
ately after the atlas (Cheng et al., 1999) was published, the well-
known Chi-Chi Earthquake (ML 7.3; MW 7.6) occurred. Fig. 1 shows
the seismicity in this region, indicating the epicenters of the
earthquakes with magnitudes greater than 4 that occurred
between January 1st, 1900 and December 31st, 2013 (Shin et al.,
2013). The six most disastrous earthquakes are denoted by A–F
in the order of occurrence. The active faults in this region—the
Changhua, Chelungpu, Tamaopu-Shuangtung, Tachienshan,
Meishan, Chiuchiungkeng, Chukou, Muchiliao, Liuchia, Houchiali,
Hsinhua, Tsochen, and Chaochou faults—are denoted by 1–13,
respectively (Central Geological Survey, 2010). Recent studies con-
ducted in Taiwan observed high annual slip rates and a higher
probability of seismic hazards across the Changhua, Chelungpu,
Meishan, Chiuchiungkeng, and Chukou faults (Rau et al., 2015;
Hu et al., 2015). This region is, therefore, considered to have a high
probability of being struck by a large earthquake.

Several important cities with major economies and large popu-
lations are located in theWestern Plain of Taiwan and are therefore

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jseaes.2016.07.012&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/10.1016/j.jseaes.2016.07.012
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:chkuo@ncree.narl.org.tw
http://dx.doi.org/10.1016/j.jseaes.2016.07.012
http://www.sciencedirect.com/science/journal/13679120
http://www.elsevier.com/locate/jseaes


Fig. 1. Historical seismicity with magnitudes greater than 4 in the research area
from January 1, 1900 to December 31, 2013. Epicenters are indicated by different
sizes and colors of circles. Six disastrous earthquakes are denoted by A–F in the
order of date of occurrence. Thirteen active faults are indicated as 1–13. The
triangles are the locations of the 45 sites for array measurements in this study.
Forty-one of these sites are at the free-field strong-motion stations and are denoted
by a code comprising three letters and three numbers, while the remaining four
sites, which are schools, are referred to by their names: Chialin, Yiwu, Donshin, and
Liuja. The green diamonds indicate the array locations considered by Lin et al.
(2009). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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threatened by seismic hazards. Simulation and prediction studies
of strong ground motions in this region are thus required to reduce
the effects of such strong temblors. The Western Plain is covered
by a very thick layer of unconsolidated sediment; thus, under-
standing the shear-wave (S-wave) velocity structures for the sedi-
mentary layers in the region in advance is an essential issue.
Velocity logging provides the average S-wave velocity in the top
30 m of the soil (Vs30) at many free-field strong-motion stations
in this region (Kuo et al., 2011, 2012). Although Vs30 is a very
popular and widely used site parameter in studies involving
strong-motion prediction equations, it is insufficient for sites with
sedimentary layers greater than 30 m thick, such as those found in
the Western Plain of Taiwan. In this study, microtremor array mea-
surements were conducted at 45 sites in the plain and piedmont
areas lying at latitudes 23–24� (Fig. 1). To determine the deeper
S-wave velocity profiles, 41 of these arrays were located at the
same sites as free-field strong-motion stations (elementary schools
or junior high schools). The results of such studies are very useful
for full-waveform simulations of strong ground motion by consid-
ering site effects (Chen et al., 2016).

Following the pioneering work by Aki (1957), Horike (1985) and
Matsushima and Okada (1990) established a technique for the
determination of S-wave velocity profiles using the microtremor
array method. Since then this method has been emphasized as a
useful and reliable approach in many studies (e.g., Sato et al.,
1991; Kawase et al., 1998; Satoh et al., 2001a, 2001b; Louie,
2001; Kudo et al., 2002; Ohori et al., 2002; Wathelet et al., 2004;
Picozzi et al., 2005; Giulio et al., 2006; García-Jerez et al., 2007;
Pancha et al., 2008; Lin et al., 2009; Kuo et al., 2009; Raptakis
and Makra, 2010; Nardone and Maresca, 2011; Wu and Huang,
2012, 2013). Noninvasive and active source techniques such as
Spectra Analysis of Surface Waves (SASW) and Multichannel
Analysis of Surface Waves (MASW) are very popular in estimating
S-wave velocity profiles because of the high-frequency vibration
source. The microtremor array method, a noninvasive technique,
uses a passive source and therefore can detect deeper structures
than active source approaches can. The inversion technique of
the horizontal-to-vertical spectral ratio (HVSR) of microtremors
was proposed in several studies (e.g., Fäh et al., 2003; Arai and
Tokimatsu, 2004). A joint inversion scheme that uses both
S-wave phase velocities and the HVSR of microtremors was conse-
quently proposed to extend the reliable depth of S-wave velocity
profiles and increase the accuracy of inverted S-wave velocity pro-
files, especially for a depth up to bedrock (Arai and Tokimatsu,
2005; Parolai et al., 2005; Picozzi et al., 2005; García-Jerez et al.,
2007).

Varying characteristics of near-surface layers usually cause
various amplification effects at strong-motion sites. Vs30 is recom-
mended as an important index for identifying local seismic ampli-
fication conditions in modern building codes (e.g., BSSC, 2004).
Recently, Vs30 was also emphasized as a significant site parameter
in the Ground Motion Prediction Equations (GMPEs) of the Next
Generation Attenuation (NGA) projects. However, Vs30 does not
explicitly include site response, especially at sites located on thick
sediments (Castellaro et al., 2008; Kuo et al., 2015). The depth
parameters such as Z1.0 and Z2.5, which are the depths for the
S-wave velocities of 1.0 km/s and 2.5 km/s, respectively, were
therefore introduced to account for three-dimensional basin
effects in GMPEs (Abrahamson and Silva, 2008; Chiou and
Youngs, 2008). Measurements of Vs30 are already available in
many free-field stations of the Taiwan Strong Motion Instrumenta-
tion Program (TSMIP) (Kuo et al., 2012). Z1.0 was derived at the
stations investigated by the microtremor array method in the pre-
sent study and will be helpful for seismic hazard analysis in the
Western Plain of Taiwan.
2. Local geology

The regional topography of western Taiwan, shown in Fig. 1, is
divided geologically into the Western Plain and the Western Foot-
hills (Ho, 1988). The Western Plain is low, flat, and wide and is the
largest plain in Taiwan. A very thick Quaternary unconsolidated
sedimentary layer covers the older geological features, which are
much more complex than simple sediments. Complex structures
such as folds and faults can be found in the Western Foothills,
where the sediment thickness is comparatively small. Therefore,
theWestern Foothills and the nearbyWestern Plain require greater
attention when analyzing seismic hazards. In addition to the six
highly disastrous earthquakes mentioned earlier (denoted as A–F
in Fig. 1), the 1993 Tapu Earthquake (ML 5.7) and the 1998 Rueyli
Earthquake (ML 6.2) also destroyed buildings in this region. The
Peikang Basement High is a very hard extension of the Eurasian
Plain, which acts as a prominent barrier under the central part of
the Western Plain. It is located beneath the thick sediment and
separates the Neogene sedimentary basins into the Tainan basin
in the south and the Taihsi basin in the north (Meng, 1968; Sun,
1982). The existence of this very hard basement is believed to
result in the relatively lower seismicity in the plain area at
latitudes 23.6–24� as well as several normal faults in east–west
strike near Peikang and Meishan.

Thirteen active faults in this region are indicated by the Central
Geological Survey (CGS): the Changhua Fault (1), the Chelungpu
Fault (2), the Tamaopu-Shuangtung Fault (3), the Tachienshan
Fault (4), the Meishan Fault (5), the Chiuchiungkeng Fault (6),
the Chukou Fault (7), the Muchiliao Fault (8), the Liuchia Fault
(9), the Houchiali Fault (10), the Hsinhua Fault (11), the Tsochen
Fault (12), and the Chaochou Fault (13). The fault numbers in the
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brackets are denoted in Fig. 1. Faults 1, 2, 3, 4, 5, 7, 9, and 11 are
Holocene active faults (the last dislocation was within
10,000 years). The others are Late Pleistocene active faults (the last
dislocation was within 100,000 years).
3. Measurements of microtremor arrays

Measurements of microtremor arrays were conducted at the 45
sites (elementary and junior high schools) in the Western Plain of
Taiwan located at latitudes 23–24�, as shown in Fig. 1. In addition,
41 of the 45 sites were classified as free-field strong-motion
stations by the Central Weather Bureau (CWB). Ten instruments
were used for every array measurement and were configured at
the center and vertices of triple triangles, as shown in Fig. 2.
According to the area of each site, one or two array measurements
were conducted. Although the array size varied, the maximum
radii of the arrays are broadly categorized as 32, 50, 64, or 96 m,
and the minimum radii of the arrays are 2, 3, 4, or 8 m. The actual
radii may differ from the expected radii because of obstructions in
the field, such as buildings and culverts. The microtremor arrays
were measured using portable servo seismometers from Tokyo
Sokushin Co., Ltd. Each instrument set consists of a SAMTAC-
801B recorder, which is a 24-bit recorder with an MO access
device, and a VSE311C or VSE315D sensor, which is a six-channel
seismometer (three velocities and three accelerations) with a flat
amplitude of 0.07–100 Hz. The internal clock was corrected by a
global positioning system before each measurement such that
the instruments could make simultaneous observations. The
sampling rate was 100 points per second for all microtremor array
measurements, while the duration of the measurements was
37 min or 75 min. Fig. 2 shows an example of the configuration
of the small (radii 3, 6, and 12 m) and large (radii 12, 24, and
48 m) arrays at station CHY002. The largest radius of the small
array is equal to the smallest radius of the large array at the same
site in our measurements. The common radius is 12 m in this case.
The relative coordinates of the seismometers were measured with
Fig. 2. An example of the configuration of small and large arrays at station CHY002. (a)
CHY002. Ten instruments were used in every single array measurement and were configu
the locations of unused recordings due to abnormal signals. (For interpretation of the refe
article.)
respect to the center instrument using a total station. The open red
triangles indicate seismometer records that were not used for fur-
ther data processing because of abnormal high-frequency noise.
4. Data processing and methodology

4.1. Frequency–wavenumber (F–K) method

Aki (1957) proposed an approach using seismic noise as an
effective tool for investigating S-wave velocity structures. He
utilized small-scale circular seismic arrays, and derived a phase–
velocity dispersion curve by correlating noise records using a
spatial autocorrelation (SPAC) method. Capon (1969) proposed a
high-resolution method using the maximum-likelihood of fre-
quency–wavenumber (hereafter, the F–K method) to determine
the vector velocity of propagating seismic waves of large aperture
seismic arrays (LASA). This method provides seismic data to help
distinguish between earthquakes and underground nuclear explo-
sions. Later, a Rayleigh wave inversion technique using array
records of microtremors was proposed as a useful exploration
method for obtaining the S-wave velocity profiles of sedimentary
layers (e.g., Horike, 1985). The SPAC and F–K methods are both
primary approaches to obtaining the phase velocities of the funda-
mental Rayleigh waves from microtremor records.

The F–K method was adopted in this study to identify the phase
velocities of sedimentary layers with only the vertical component
of the microtremor data obtained from the array measurements.
The F–K method assumes that random horizontal plane waves
are propagating through the array of sensors on the surface. At a
given frequency and wavenumbers kx and ky in the x and y direc-
tions, respectively, the relative arrival time for each sensor was cal-
culated and the phases were subsequently shifted according to the
delay time. Consequently, a power spectrum was derived from the
stacked waves. The location of the maximum value of the power
spectrum in the (kx, ky) plane gives the velocity and the azimuth
of the propagating wave through the array. Fig. 3 shows an
Configuration of the small array at CHY002. (b) Configuration of the large array at
red at the center and the vertexes of triple triangles. The open red triangles indicate
rences to color in this figure legend, the reader is referred to the web version of this



Fig. 3. An example of calculated F–K spectra at frequencies of 1 Hz (left) and 5 Hz (right). Phase velocities were calculated from the resultant wavenumber of the maximum
peak and the corresponding frequency of the F–K spectra. The Kx, Ky, velocity, and azimuth are �1.18 cycle/km, 0.64 cycle/km, 0.73 km/s, and 298.6� at 1 Hz, and are
15.4 cycle/km, �1.92 cycle/km, 0.32 km/s, and 97.1� at 5 Hz, respectively.

Fig. 4. Dispersion curves of phase velocities obtained by the F–K method at the
study sites. The obtained dispersion curves in the plain area (30 sites) and the
piedmont area (15 sites) are plotted as black thin dash and blue thick lines,
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example of the F–K spectra at frequencies 1 Hz and 5 Hz. Phase
velocities were calculated from the resultant wavenumber of the
maximum peak and the corresponding frequency of the F–K spec-
tra. The moving window technique with a variable window length
for different sizes of arrays was utilized on the vertical component
of the microtremor records to calculate the F–K spectra in
101 � 101 grid points in the wavenumber domain for each
frequency.

The average phase velocities obtained by the F–K method at
each station are shown in Fig. 4. The 45 stations were distributed
from the foothills to the coastline of the research area in order to
understand the variation of sedimentary thickness and the charac-
teristics of the S-wave velocity in the entire region. Therefore, the
phase velocities from the dispersion curves are categorized into
plain and piedmont sites, which are plotted as thin black dashed
lines and thick blue lines, respectively, as shown in Fig. 4. The pied-
mont sites are TCU110, TCU120, TCU075, TCU124, TCU138,
TCU116, CHY025, CHY083, CHY037, CHY106, CHY015, CHY053,
CHY058, CHY021, and LIUJIA. Several piedmont sites obviously
have higher and steeper phase velocities than the plain sites,
indicating that the sediments are relatively thinner than those
belonging to the plain sites because these sites are located very
close to the mountains. The black dispersion curves of the plain
sites show similar phase velocities, especially at frequencies higher
than 2.5 Hz. This indicates that the lateral variations in S-wave
velocity at the piedmont sites are relatively larger than those at
the plain sites in the Western Plain of Taiwan.
respectively. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
4.2. Genetic algorithm grid search for dispersion curves

A genetic algorithm (GA) is a powerful forward search tech-
nique for computing a global optimum solution and is different
from a traditional inversion method. Yamanaka and Ishida (1996)
proposed a modified GA inversion method that uses a GA search
technique to prepare appropriate initial models for follow-up
linear inversions, thereby improving the precision and quality of
estimation. Therefore, in this study, we adopted a GA combined
with the forward modeling of surface waves proposed by
Herrmann (1985) to search for the appropriate initial models
within a given range of unknown parameters. The algorithm con-
sists of several modules corresponding to evolution functions, such
as reproduction, crossover, selection, and mutation, based on
which individuals of a population can be evaluated both globally
and locally to obtain an optimal solution.
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In this study, a model with eight layers covering a half space is
assumed for the GA search for two unknown parameters, S-wave
velocity and layer thickness. P-wave velocities and the layer
densities were determined on the basis of a simple relation with
the S-wave velocities. The population size of each generation was
set to 40 and each GA search was terminated at the 450th genera-
tion. To increase the variety of optimal solutions, a complete GA
process at a site included 30 single GA searches. Consequently,
the total number of repetitions was 540,000 for one complete for-
ward modeling. In addition, a fitness function was used for each
individual in the GA search selection. A fitness function should
be able to determine how a model interprets the observed data.
An individual with a larger fitness value has a higher probability
of being included in the subsequent generation, thus ensuring good
genes are easily transmitted. We adopted a root mean square error
(RMSE) type of fitness function (Lin et al., 2009) given by the
following equation:

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn

i¼1
ðCobsðiÞ � CsimðiÞÞ2

r
ð1Þ

where n is the number of observed phase velocities; Cobs and Csim
are the ith observed and simulated phase velocities, respectively.
The fitness function (FDC) is therefore defined as

FDC ¼ 1
1þ RMSE

� �10

ð2Þ

and takes a value between 0 and 1.

4.3. Inversion of the dispersion curve

We attempted to search all possible interfaces that affect the
dispersion curves using the GA technique. Therefore, the velocity
and thickness range is wide and the assumed number of layers
(eight) may be excessive for the observed dispersion curves to be
estimated. To counter this drawback, we used the stochastic least
Fig. 5. Illustration of the procedure of the microtremor array method adopted in this s
velocity recordings, (3) F–K spectral analysis, (4) observed phase velocities and synthetic
(6) further inversion of dispersion curves using the SURF program, (7) the second stage
bedrock with velocities greater than 1000 m/s.
squares inversion of the fundamental Rayleigh waves (Herrmann,
1987) after the GA search for dispersion curves. The well-known
SURF program, proposed by Herrmann (1987), was used to test
the sensitivity of each layer of the S-wave velocity model derived
from the GA search. Immaterial layers with insufficient resolutions
for the observed dispersion curve were examined and removed. In
addition, in this step, we used suitable P-wave velocities and
densities according to the estimated S-wave velocities for soil
and rock layers to make an adjustment for the models obtained
from the GA search. As a result, the observed dispersion curve
could be expressed well by the major interfaces of a velocity profile
with least variance.

Lin et al. (2009) also used both the GA grid search and the inver-
sion of the dispersion curve using the SURF program to derive the
S-wave velocity structures at seven sites in the Western Plain of
Taiwan. Six of these sites were located in the same region as the
present study as shown in Fig. 1. The maximum radius of their
microtremor arrays was approximately 1000 m; therefore, the
resolution depth was >2 km.

4.4. GA grid search for the HVSR of microtremors

Since Nakamura (1989) proposed the HVSR method to calculate
a transfer function for seismic noise, microtremor measurements
for single station have been widely used to assess site responses
such as the resonant frequency and amplification factor (Field
and Jacob, 1993; Lermo and Chavez-Garcia, 1993). Nakamura
(1989) considered that seismic noise tends to induce Rayleigh
waves in the vertical component because the surface artificial
sources have mostly prevailing vertical motion. The fundamental
resonant frequency of the HVSR depends on the thickness and
velocity of the sedimentary layers covering the bedrock. Accord-
ingly, in previous studies, the HVSRs of microtremors were simu-
lated for S-wave velocity profile inversion based on the
theoretical transfer function of the S-wave (Nakamura, 2007; Lin
et al., 2014) or surface waves (Fäh et al., 2003). A joint inversion
tudy. (1) Array measurements of microtremors, (2) baseline correction of vertical
dispersion curves, (5) inversion of S-wave velocity profiles using the GA technique,
of inversion of the HVSR, and (8) the final S-wave velocity profile that includes the
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scheme of both phase velocities and the HVSR of microtremors was
therefore proposed to extend the reliable depth of the S-wave
velocity profile and increase the accuracy of the estimated S-
wave velocity profile, especially for depths up to the bedrock
(Arai and Tokimatsu, 2005; Parolai et al., 2005; Picozzi et al.,
2005; García-Jerez et al., 2007).

Many arrays deployed in this study were not able to acquire the
phase velocities of the bedrock because of the large unconsolidated
sediment in this region. However, the velocities and thicknesses of
all sediments covering the bedrock are important not only for the
numerical simulation of seismic waves but also for strong ground-
motion predictions. Using a 3D finite-difference simulation, Lee
et al. (2008) found that the near-surface Songshan Formation with
low S-wave velocity can significantly amplify seismic waves prop-
agating in the Taipei Basin.
Fig. 7. The observed and simulated results of (a) dispersion curve and (b) HVSR at statio
standard deviations as blue lines; the simulated dispersion curve is plotted as a black line
function is plotted as a red curve; the simulated ellipticity for the fundamental mode Ra
first higher mode Rayleigh waves is plotted as a green dotted curve. (For interpretation of
of this article.)

Fig. 6. Schematic illustration of the two-stage inversion scheme. The first stage is the inv
second stage is the inversion of the HVSR for obtaining the deep part S-wave velocity p
The GA technique was again integrated with the theoretical SH-
wave transfer function of the Haskell–Thomson matrix (Haskell,
1960), which is derived from the estimated S-wave velocity pro-
files. Subsequently, a linear correlation coefficient shown in Eq.
(3) was used for developing the fitness function of the HVSR (Lin,
2009).

r ¼
Pn

i¼1ðxi � �xÞðyi � �yÞPn
i¼1ðxi � �xÞ2Pn

i¼1ðyi � �yÞ2
h i1=2 ð3Þ

where r is the linear correlation coefficient with a value between �1
and 1; �x and �y are the means of observations (xi) and synthetics (yi),
respectively. A new fitness function was designed as follows:

FHVSR ¼ 1þ r
2

� �
� 0:8þ 1� jFsim � Fobsj

0:3� Fobs

� �
� 0:2 ð4Þ
n CHY112. (a) The observed phase velocities are plotted as black open circles with
. (b) The observed HVSR is plotted as a black curve; the simulated SH-wave transfer
yleigh waves is plotted as a blue dotted curve; and the simulated ellipticity for the
the references to color in this figure legend, the reader is referred to the web version

ersion of phase velocities for deriving the shallow part S-wave velocity profile. The
rofile.



Fig. 8. Final S-wave velocity structures (solid line) and that estimated by SURF (dash line) at CHY112 are shown in the left. The right is the normalized resolving kernel
functions at given depths as indicated by the numbers on the top of each function.

Fig. 9. Comparisons of the S-wave velocity profiles derived by the microtremor array method and the logged S-wave velocity profiles from EGDT for very shallow parts of
depths less than 40 m at (a) CHY012, (b) TCU075, (c) CHY007, and (d) TCU114. The thick black line and thin blue line denote the array and logged profiles, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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where Fsim and Fobs are the dominant frequencies of the simulated
transfer function and the observed HVSR, respectively. The fitness
of the dominant frequency, which accounts for the sedimentary
thickness, can therefore be controlled. This combined method of
GA and SH-wave transfer function was used to directly estimate
the velocity structure by simulating dense microtremor HVSRs to
obtain a detailed model of the layered S-wave velocity for the Taipei
Basin (Lin et al., 2014). The population size of each generation was
set to 50 and the GA search of the HVSR was terminated at the
450th generation. The velocity ranges of deeper layers as well as
the bedrock were obtained from the results of Lin et al. (2009),
whereas the thicknesses were estimated by the GA search of the
HVSRs.

5. Results and discussions

In this study, we proposed a two-stage inversion scheme of the
phase velocity dispersion curve and the HVSRs of microtremors.
The basic idea is that in the first stage, the shallower part of the
S-wave velocity profiles will be derived from the observed phase
velocities, which provide information about both velocities and
layer thicknesses, while in the second stage, the deeper part can
be estimated from the HVSR, which is related to the sedimentary
thickness and the velocity impedance between the sediments
Fig. 10. Comparisons of the S-wave velocity profiles derived by the microtremor array m
(a) CHY015, (b) CHY026, (c) CHY104, and (d) TCU138. The thick black line and thin blu
references to color in this figure legend, the reader is referred to the web version of thi
and the bedrock. Note that the second stage of inversion was per-
formed under the constraint of the S-wave velocity profile
obtained from the first stage of inversion being fixed as the shallow
part of the model for estimating the deeper S-wave velocity pro-
files up to the bedrock. Consequently, the dominant frequency of
the HVSR is assumed to be caused by the interface between the
sediment and the bedrock in this study. Therefore, the second stage
of inversion was applied except for six sites (CHY025, TCU075,
TCU116, TCU120, TCU124, and TCU138) as their bedrock (S-wave
velocity greater than 1000 m/s) was derived from the obtained
phase velocities in the first stage of inversion.

The procedure of the microtremor array method adopted in this
study is shown in Fig. 5. The following steps are involved: (1)
microtremor array measurements, (2) vertical velocity recordings
after baseline correction exhibiting similar signals in all velocity
traces, (3) F–K spectral analysis, (4) observed phase velocities
and synthetic dispersion curves, (5) inversion of S-wave velocity
profiles using the GA technique, (6) further inversion of dispersion
curves to check the essentiality of each layer using the SURF pro-
gram, (7) second stage inversion of the HVSRs of microtremors,
and (8) the final S-wave velocity profiles that include bedrock
velocities greater than 1000 m/s. A schematic representation of
the two-stage inversion scheme is shown in Fig. 6. The first stage
is the inversion of phase velocities, which derives the shallow part
ethod and the logged S-wave velocity profiles from EGDT for depths of 50–150 m at
e line denote the array and logged profiles, respectively. (For interpretation of the
s article.)
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of the S-wave velocity profiles. Furthermore, the second stage is
the inversion of the HVSR, which derives the deep part of the S-
wave velocity profiles.

Fig. 7 shows an example of the inversion results for the site
CHY112. The observed phase velocities and HVSR as well as the
simulated results using the final Vs model are shown as
Fig. 7a and b, respectively. The observed phase velocities are shown
as black open circles with the standard deviations indicated by
blue lines. The simulated dispersion curve fits the observations
quite well. The observed HVSR and the simulated SH-wave transfer
function curves are plotted in black and red; the simulated elliptic-
ity of the fundamental mode Rayleigh waves is plotted as a blue
dotted curve; and the simulated ellipticity of the first higher mode
Rayleigh waves is plotted as a green dotted curve. The fitness of the
simulated SH-wave transfer function, the ellipticity of Rayleigh
waves, and the observed HVSR is acceptable for the dominant fre-
quency at around 0.3 Hz, which accounts for the thickness of the
unconsolidated sediments. However, for higher frequencies, the
theoretical SH-wave transfer function usually shows a higher
amplitude than that of the microtremor HVSR as indicated in
many studies (e.g., Guillier et al., 2005; García-Jerez et al., 2006).
Fig. 11. Comparisons of the S-wave velocity profiles derived by the microtremor array m
400 m at (a) CHY037, (b) CHY104, (c) TCU124, and (d) CHY031. Otherwise, the compariso
at (e). The thick black line and thin green line denote the array and logged profiles, respec
referred to the web version of this article.)
Otherwise, the ellipticity of the fundamental mode Rayleigh wave
shows a comparable dominant frequency and first trough (�1 Hz).
The ellipticity of the first higher mode further fits the second peak
and theportionof theHVSR from1 Hz to10 Hz. The successful inver-
sion of the HVSR resultant Vs profile extends to the bedrock, and
thus, the simulated dispersion curve (the black line in Fig. 7a) exhi-
bits a significant trend at the lower frequency than the observed
phase velocities. Resolving kernel functions, the final
S-wave velocity structure and the S-wave velocity model derived
by SURF for CHY112 are shown in Fig. 8. The shallow part of the S-
wave velocity structure is well resolved by the dispersion velocities.

5.1. Comparison with logging results

Velocity profiles measured by a suspension PS-logging
approach at many free-field strong-motion stations in Taiwan are
available from the Engineering Geological Database for TSMIP
(EGDT) by the cooperative efforts of the National Center for
Research on Earthquake Engineering (NCREE) and the CWB (Kuo
et al., 2012). Most of these velocity profiles have depths of around
35 m, while several velocity profiles have depths greater than
ethod and the logged S-wave velocity profiles from CWB and CGS for depths of 170–
n of results at CHY002 and Huwei (Lin et al., 2009) for a depth up to 900 m is shown
tively. (For interpretation of the references to color in this figure legend, the reader is



Fig. 12. Comprehensive comparison of the Vs30 values obtained from logged data
from the EGDT (x-axis) and from the microtremor array result in this study (y-axis).

Fig. 13. Updated Vs30 map for the Western Plain of Taiwan using results of both
the EGDT (gray circles) and microtremor array measurements. The black triangles
and white diamonds indicate the locations of microtremor arrays in the present
study and in Lin et al. (2009), respectively.
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50 m. The CWB recently started installing surface-downhole
seismic stations, which provide velocity profiles with a depth of
greater than 300 m at several stations. Three of these stations are
located in the research area and hence logged velocity profiles by
suspension PS-logging method were available. We also collected
another velocity profile with a depth of 300 m from a report by
the CGS (2007). We compared these logged velocity profiles with
the velocity profiles derived by the microtremor array method in
this study in order to verify the accuracy of our results.

For the very shallow part with a depth less than 40 m, the
derived S-wave velocity profiles using microtremor array measure-
ments were compared with the logged profiles from the EGDT at
four sites, CHY012, TCU075, CHY007, and TCU114, as examples
(Fig. 9). In the figure, the microtremor array results are plotted as
thick black lines and the logged data are plotted as blue lines. Both
results are very similar to each other at all the four sites, indicating
that the microtremor array measurements are highly accurate for
the very shallow part. For depths of approximately 50–150 m,
the measurements for the four sites, CHY015, CHY026, CHY104,
and TCU138, were taken as examples and shown in Fig. 10. Except
for the deeper part at TCU138, the microtremor array results are
similar to the logged S-wave velocity profiles. At TCU138, both
velocity profiles show a slight velocity decrease at depths of
30 m (array) and 40 m (EGDT) and then again an increase at depths
of 85 m (array) and 110 m (EGDT). To confirm the validity of the
results of the velocity profiles for medium depths (�300 m)
derived in this study, the logged S-wave velocity profiles from
three CWB surface-downhole seismic stations, CHY, WDLH, and
WJS (Wen et al., 2014), are considered. Fig. 11a shows the compar-
ison of the logged result at station CHY (green line) and our array
measurement result at CHY037 (thick black line). CHY037 is the
closest site to the station CHY in this research. A divergence is
observed at the shallow and deep parts between the two profiles.
A comparison between the S-wave velocity profiles obtained from
the microtremor arrays and the logged result at station CHY can be
found in Fig. 9 of Wu and Huang (2013). The S-wave velocity pro-
files from the microtremor arrays showed relatively lower values
at a depth less than 65 m and relatively higher values at a depth
larger than 280 m. In fact, the S-wave velocity profiles obtained
by the microtremor arrays at CHY resemble our microtremor array
results although there is a distance of 5 km between the two sites.
The logged profile at WDLH was comparable to our microtremor
array results at CHY104 within a depth of approximately 175 m
(Fig. 11b). Fig. 11c shows the comparison between the logged pro-
file at WJS and our microtremor array result at TCU124 for a depth
within 300 m. The obvious discrepancy at the very shallow part
with depths less than 25 m may be because of the horizontal dis-
tance of about 10 km between the two sites. In addition, we also
considered a logged velocity profile obtained from a technical
report of CGS (2007) at the same elementary school at CHY031.
Fig. 11d shows the CGS logged S-wave velocity profiles and our
microtremor array result at CHY031. The profiles are highly
comparable within a depth of 300 m. Otherwise, CHY002 and the
Huwei site of Lin et al. (2009) are close to each other, and thus,
the resultant S-wave velocity profiles are plotted together in
Fig. 11e. The S-wave velocity structures at CHY002 and Huwei
are quite similar up to a depth of 900 m. The comparisons with
logged results at different depth ranges (40 m, 150 m, and
400 m), as described above, confirm that the S-wave velocity pro-
files derived by the microtremor array method using a two-stage
inversion scheme in this study are highly reliable.

5.2. Update of Vs30 map

Vs30 is a significant parameter accounting for site effects and
has been used widely in GMPEs and building codes (BSSC, 2004;
ASCE, 2010). Fig. 12 shows a comparison of Vs30 calculated from
the S-wave velocity profiles derived from microtremor arrays
(y-axis) and that obtained from the EGDT (x-axis). Most of the
microtremor array measurements were conducted in the plain
area, and so most Vs30 values are less than 300 m/s. Little inconsis-
tency is observed between the Vs30 values obtained from the two
approaches, thus confirming the accuracy of the microtremor array
measurements in the entire research region. Consequently, Fig. 13



Fig. 15. Distribution of the dominant frequencies estimated from the HVSR of the
microtremors at the 45 stations (black triangles). The white diamonds indicate the
arrays of Lin et al. (2009).
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shows the integration of the Vs30 obtained from the EGDT (gray
circles), our S-wave velocity profiles (black triangles), and the
S-wave velocity profiles from Lin et al. (2009) (white diamonds)
to illustrate a Vs30 map for the Western Plain of Taiwan. Vs30 val-
ues of 180–240 m/s are shown in most areas of the plain, as shown
in Fig. 13. Several sites with slightly higher or lower Vs30 are also
scattered on the plain. Higher Vs30 values of 490–760 m/s are
observed in the mountain area, whereas Vs30 values of 240–
490 m/s are mostly distributed in the narrow piedmonts.

5.3. Depth contours of Z0.6 and Z1.0

To understand the distribution of important bedrock in the
Western Plain of Taiwan, we collected the results of the seven large
microtremor arrays from Lin et al. (2009). In fact, the velocities of
the deep layers used in the second-stage inversion in our study
were referring to the results of Lin et al. (2009), as described in
the section GA Grid Search for the HVSR of Microtremors. By using
the S-wave velocity profiles from the 51 microtremor array
measurements, the depth contours of the bedrocks with S-wave
velocities 600 m/s and 1000 m/s are delineated as shown in
Fig. 14. The depth of the engineering bedrock for Vs = 600 m/s is
approximately 50 m in the piedmont area and approximately
300 m in the coastline; moreover, the depth for Vs = 1000 m/s
increases from 200 m in the piedmont to approximately 1000 m
in the west coast. Several previous studies analyzed the dispersion
curves of surface waves generated by large earthquakes in this
region (Chung and Yeh, 1997; Hwang et al., 2003), and microtre-
mor array measurements were adopted in Chiayi County of this
region (Wu and Huang, 2013). These studies showed similar
results on sedimentary thickness distribution. Hwang et al.
(2003) showed a sedimentary thickness of about 1 km for
Vs < 1000 m/s in their 3rd region (i.e., the western plain), similar
to our result; however, our result indicates a thicker sediment in
the eastern part compared with their result (the 2nd region).
Chung and Yeh (1997) found a sedimentary thickness of about
300 m in their AV2 region, similar to our result; however, our
result indicates thicker sediment in the western part compared
with their result (AV1 region). The two previous studies used the
recordings of strong-ground-motion stations with large distances
Fig. 14. Depth contour maps for the bedrock with S-wave velocities of (a) 600 m/s and (b
the contours are 50 m and 100 m in the two figures.
between stations, and hence, the resolution for shallow
(depth < 1 km) S-wave velocity profiles is not as high as that
achieved in this study. Our results are similar to those of Wu and
Huang (2013) in Chiayi County in term of the layers with S-wave
velocities of 600 m/s and 1000 m/s, the so-called Z0.6 and Z1.0.
Z0.6 is less than 100 m in eastern Chiayi City and larger than
300 m in the coastline area; Z1.0 is approximately 300 m in eastern
Chiayi City and approximately 900 m at the coastline area. Their
depths at the coastline area are less than those in our study
because several of our sites are closer to the coastline. The distribu-
tion of the dominant frequencies estimated from the HVSR of the
microtremors at all 45 stations is illustrated in Fig. 15. This figure
) 1000 m/s derived from the results of this study and of Lin et al. (2009). Intervals of



Fig. 17. Locations of the sites that provided the Vs30–Z1.0 data through the
measurements of microtremor arrays (black circles: this study; red triangles: Lin
et al. (2009)) and EGDT logging (blue squares: Kuo et al. (2012)). (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 16. Distribution of the Vs30–Z1.0 data obtained from the results of this study
(black open circles), Lin et al. (2009) (magenta open triangles), and EGDT (blue open
squares); the developed relation is indicated by the black line. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)
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reveals that the dominant frequencies are lower than 1 Hz near the
coast line, approximately 1–2 Hz in other plain area, and higher
than 2 Hz at the piedmonts.

5.4. Relation between Vs30 and Z1.0 for Taiwan

To account for the basin effect in GMPEs, Abrahamson and Silva
(2008) and Chiou and Youngs (2008) recommended using the rela-
tion between Vs30 and Z1.0 in the estimation of the parameter
Z1.0 at a station for which this parameter is not available. Recently,
Abrahamson et al. (2014), Boore et al. (2014), and Chiou and
Youngs (2014) used Z1.0 in their GMPEs for NGA-West2. Since
Z1.0 has become an important site parameter in recent studies of
GMPEs, it is also necessary to provide a Vs30–Z1.0 relation for Tai-
wan, following the form proposed by Chiou and Youngs (2014).
The relation was developed using the results from this study (black
open circles), Lin et al. (2009) (magenta open triangles), and the
EGDT (blue open squares) as shown in Fig. 16. The Vs30–Z1.0 data
from the microtremor array measurement on the Western Plain of
Taiwan provided knowledge of soft and stiff soil sites (black circles
and red triangles in Fig. 17, respectively); the data from EGDT pro-
vided knowledge of soft soil, stiff soil, and rock sites (blue squares
in Fig. 17). A complete distribution of Vs30–Z1.0 was therefore
integrated. The data distribution for Taiwan, shown in Fig. 16, is
more similar to that for Japan than for California (Chiou and
Youngs, 2013); therefore, the Japan’s equation was selected for
Taiwan:

ln Z1:0ð Þ ¼ �3:8
2

ln
V2

s30 þ 2662

17502 þ 2662

 !
ð5Þ

Theunits for Z1.0 andVs30 aremandm/s, respectively. The func-
tional form of Eq. (5) was selected to follow the trend of available
Vs30–Z1.0 data in Taiwan. Fig. 18 shows a comparison of the
Vs30–Z1.0 relation for California (blue dash line), Japan (green line),
and Taiwan (thick black line); furthermore, those equations are
Fig. 18. Comparison of the Vs30–Z1.0 relations for California (blue dash line), Japan
(green line), and Taiwan (thick black line). The functional form for Taiwan matches
that for Japan but differs with that for California. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)



Table 1
Functional forms and coefficients of the Vs30–Z1.0 relations for Taiwan, Japan, and
California.

Regions Functional form Coefficients

a b c

Taiwana
lnðZ1:0Þ ¼ a

2 ln
V2
s30þb2

c2þb2

� � �3.8 266 1750
Japanb �5.23 412 1360
Californiab lnðZ1:0Þ ¼ a

4 ln
V4
s30þb4

c4þb4

� � �7.15 571 1360

a This study.
b Chiou and Youngs (2014).
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listed in Table 1. The relations of Taiwan and Japan are similar. For
Vs30 greater than 500 m/s, the rate of decrease in Z1.0 with Vs30
is higher in California than in Japan and Taiwan. Although Z1.0 is lar-
ger in Taiwan for soft soil sites, it does not exceed 1000 m in our cur-
rent database; however, Z1.0 exceeds 1000 matmany sites in South
California and Japan (Chiou andYoungs, 2013). The relationmay still
vary if more Vs30–Z1.0 data are considered.
6. Conclusions

In this study, we attempted to extend the resolution of
S-wave velocity profiles to greater than 1000 m/s for depths up
Fig. 19. The final S-wave velocity structures at the 45 sites where
to the bedrock as obtained from the microtremor array measure-
ments conducted in the Western Plain of Taiwan. For this pur-
pose, we adopted a two-stage inversion scheme. The first stage
is the inversion of phase velocities, which derives the shallow
part of the S-wave velocity profiles. The second stage is the
inversion of the HVSR, which gives the deep part of the S-
wave velocity profiles. The idea is that in the first stage, the S-
wave velocity profiles of the shallower parts will be completely
derived from the observed phase velocities, which provide infor-
mation related to both the velocity and the thickness of the lay-
ers, while in the second stage, the deeper part of the S-wave
velocity profiles can be further estimated from the HVSR, which
relates to the sedimentary thickness and the velocity impedance
between the sediments and the bedrock. In other words, the sec-
ond stage of inversion is performed under the condition that the
S-wave velocity profile obtained from the first stage is fixed as
the shallow part of the initial model for the accurate estimation
of the deeper S-wave velocity profile that includes the bedrock.
Phase velocities at a higher frequency gave information about
shallow subsurface structures, while the HVSR at a lower fre-
quency (especially at the dominant frequency) gave information
about deep subsurface structures. S-wave velocity profiles con-
sisting of the bedrock of velocities greater than 1000 m/s were
consequently derived for all 45 sites using the proposed
microtremor arrays were conducted to derived the models.
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two-stage inversion approach. The final S-wave velocity struc-
tures at the 45 stations are shown separately in Fig. 19.

We selected previously logged velocity profiles at or near our
array measurement sites to compare with our inversion results.
The comparisons made at different depth ranges showed highly
comparable results, thus confirming that the S-wave velocity pro-
files derived by the microtremor array measurement method using
a two-stage inversion scheme in this study are accurate and highly
reliable for a broad depth range. A comparison of Vs30 values
obtained from previously logged data and our microtremor array
results had a close resemblance. The database of measured Vs30
in this region was updated at three free-field strong-motion sta-
tions, i.e., CHY091 (248 m/s), TCU119 (222 m/s), and TCU124
(241 m/s), and 11 other sites. The updated Vs30 map shown in
Fig. 13 illustrates the variety of seismic site conditions in the
research area.

Furthermore, the contours of two important bedrocks with S-
wave velocities of 600 m/s and 1000 m/s obtained from the results
of 51 microtremor array measurements of Lin et al. (2009) and this
study were compared. The depth of the engineering bedrock for
Vs = 600 m/s is approximately 50 m in the piedmont area and
approximately 300 m at the coastline. The depth for Vs = 1000 m/
s increases from 200 m in the piedmont to approximately 1000
m at the west coast. Previous studies (Chung and Yeh, 1997;
Hwang et al., 2003; Wu and Huang, 2013) on this region presented
comparable sedimentary thicknesses in the plain and foothill
areas. To provide knowledge of the basin depth for ground motion
prediction studies, Z1.0 from the present study and Lin et al. (2009)
for the sites with Vs30 = 148–604 m/s as well as from the EGDT
(Kuo et al., 2012) for the sites with Vs30 = 253–1538 m/s were con-
sidered. The distribution property in Taiwan is more similar to that
in Japan than in California; thus, the functional form of Japan
(Chiou and Youngs, 2013) was selected for Taiwan. The Vs30–
Z1.0 relations for Taiwan, Japan, and California clearly showed
the similarity between Taiwan and Japan. This might be an impli-
cation for similarity in the characteristics of the sedimentary geol-
ogy of the two regions. In summary, the following are significant
results achieved in this study: (1) the updated Vs30 map for the
Western Plain of Taiwan using results of both the EGDT and micro-
tremor array measurements; (2) the shallow S-wave velocity struc-
ture included the bedrock with a velocity greater than 1000 m/s for
the Western Plain of Taiwan; (3) Vs30–Z1.0 data at 87 sites from
the microtremor array method and logging method, as well as
the relation between Vs30 and Z1.0 for Taiwan, were derived.
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