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Ambient noise analysis in Northern Taiwan revealed obvious lateral variations related to major geological
units. The empirical Green’s functions extracted from interstation ambient noise were regarded as Ray-
leigh waves, from which we analyzed the group velocities for period from 3 to 6 s. According to geological
features, we divided Northern Taiwan into seven subregions, for which regionalized group velocities were
derived by using the pure-path method. On average, the group velocities in mountain areas were higher
than those in the plain areas. We subsequently inverted the S-wave velocity structure for each subregion
down to 6 km in depth. Following the analysis, we proposed the first models of geology-dependent shal-
low S-wave structures in Northern Taiwan. Overall, the velocity increased substantially from west to east;
specifically, the mountain areas, composed of metamorphic rocks, exhibited higher velocities than did the
coastal plain and basin, which consist of soft sediment. At a shallow depth, the Western Coastal Plain, Tai-
pei Basin, and Ilan Plain displayed a larger velocity gradient than did other regions. At the top 3 km of the
model, the average velocity gradient was 0.39 km/s per km for the Western Coastal Plain and 0.15 km/s
per km for the Central Range. These S-wave velocity models with large velocity gradients caused the seis-
mic waves to become trapped easily in strata and, thus, the ground motion was amplified. The regional-
ized S-wave velocity models derived from ambient noises can provide useful information regarding
seismic wave propagation and for assessing seismic hazards in Northern Taiwan.

© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

Taiwan is an active tectonic region, where the orogeny is cre-
ated by the convergence between the Eurasian plate and the Phil-
ippine Sea plate. In Northern Taiwan, the Philippine Sea plate
subducts northward to create complex tectonics and geological
features (Fig. 1), as validated according to seismicity (Tsai, 1986;
Wang and Shin, 1998) and seismic tomography (cf. Kim et al,,
2005; Wu et al., 2007b; Kuo-Chen et al., 2012). In Taiwan, plate
convergence strongly controls principle geological structures,
resulting in a northeastward tendency. The primary units from
west to east are the Western Coastal Plain, Western Foothills,
Hsueshan Range, Central Range, and Coastal Range (Ho, 1986). In
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addition, the Tatun Volcano Group and the Taipei Basin in Northern
Taiwan are the crucial local geological structures.

P-wave tomography is an efficient method for examining the
features of plate tectonics (Kim et al., 2005; Wu et al., 2007b;
Kuo-Chen et al., 2012). However, the resolution for regional seismic
tomography is limited by the geometric configuration between the
earthquake locations and seismic stations; specifically, the depth
resolutions of regional seismic tomography in the mantle and a
few kilometers of shallow structures are also low. Regarding seis-
mic hazard assessment, the underground structures are crucial for
predicting the ground motion in an actively seismicity region, par-
ticularly for the shallow S-wave velocity structures near the surface.
Consequently, conducting S-wave tomography is quite important
but difficult, because of its inexact picking in the S-wave arrival.
Regional short-period surface waves (Chung and Shin, 1999;
Hwang et al., 2003) and microtremor array analyses have typically


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jseaes.2014.08.039&domain=pdf
http://dx.doi.org/10.1016/j.jseaes.2014.08.039
mailto:yachuan@earth.sinica.edu.tw
http://dx.doi.org/10.1016/j.jseaes.2014.08.039
http://www.sciencedirect.com/science/journal/13679120
http://www.elsevier.com/locate/jseaes

354 Y.-C. Lai et al./Journal of Asian Earth Sciences 96 (2014) 353-360

been used to investigate shallow S-wave structures (Satoh et al.,
2001; Huang and Wu, 2006; Lin et al., 2009; Wu and Huang,
2013). However, the spatial resolution for regional short-period
surface waves and microtremor array analyses is too low for acquir-
ing a dense and uniform ray-path distribution. To enhance the spa-
tial resolution, interstation short-period surface waves (i.e.,
empirical Green’s function, EGF) are extracted from the ambient
noise and have served as a helpful tool for exploring shallow S-wave
structures in the past decade (Shapiro and Campillo, 2004; Sabra
et al., 2005; Shapiro et al., 2005; Yao et al., 2006). Recent studies
have shown that ambient noise not only increases the spatial reso-
lution but also improves the retrieval of short-period surface waves
down to a few seconds (cf. Huang et al., 2010, 2012; You et al.,
2010). Early, the short-period group velocity map of Northern Tai-
wan developed previously by You et al. (2010) indicated a high con-
sistency between the velocity variation and geological units. Here,
we did not make tomography, but regionalizing Northern Taiwan
on the basis of the major geological units to illustrate the average
group velocity and its corresponding S-wave structure.

In 2008-2009, the TAiwan Integrated GEodynamic Research
(TAIGER) project, which is focused on investigating plate tectonics
in Taiwan, has established numerous seismic stations throughout
Taiwan (cf. Wu et al., 20073, 2014; Okaya et al., 2009). The data col-
lected through the TAIGER project provide an excellent opportunity
to examine shallow-depth S-wave structures by conducting an
ambient noise analysis. In this study, we combined the stations from
the TAIGER project and several permanent stations (Fig. 1), at which
Rayleigh waves were captured from the vertical-component record-
ings, to complete the ambient noise analysis. We subsequently
determined the interstation Rayleigh-wave group velocity and
derived the regional group velocities based on the geological fea-
tures in Northern Taiwan. Finally, the S-wave velocity structure of
each geological unit was inverted. Such geology-based 1-D velocity
structure would be useful for ground motion simulation to address
the sensitivity of model parameters, such like low-velocity sedi-
ments, velocity contrast, and velocity gradient. Our work revealed
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the lateral variations in structures as well as the shallow S-wave
velocity, facilitating ground-motion prediction and, thus, seismic
hazard assessment. In addition, the regionalized models can also
be applied to local earthquake location and constraint of regional
tomography.

2. Data

In addition to seismic recordings acquired from two linear
arrays of the TAIGER project (cf. Wu et al., 2007a, 2014; Okaya
et al., 2009) and Broadband Array in Taiwan for Seismology (BATS),
data from one temporary array in the Northern Taiwan area oper-
ated by the Institute of Earth Sciences (IES, Academia Sinica, Tai-
wan) were also included. A total of fifty-one broadband stations
(Fig. 1) throughout Northern Taiwan were used to create good path
coverage by station pairs. We collected vertical-component contin-
uous recordings for three months, from February to April, 2008.
Several procedures prior to the ambient noise analysis were con-
ducted. First, we divided the continuous raw data into daily
records and then visually checked the data quality. The daily ones
that have large periodic impulse were thus removed. Second, after
removing the instrumental response, the sampling rate of record-
ing was changed to 1 Hz. Finally, the daily continuous seismic data
was band-pass filtered between 3 and 20 s. To retrieve reasonable
dispersion curves, the interstation distance must be three times
larger than the longest wavelength (cf. Yao et al., 2006; Bensen
et al., 2007). Therefore, we adopted only the station pairs with
interstation distances exceeding 40 km.

3. Analysis and results
3.1. Empirical Green’s function derived from ambient noise analysis

The empirical Green’s function, EGF, of surface waves extracted
from the time derivative of the ambient noise cross-correlation

i —— 25°30'
25°J Eurasian A |ES+CGS
Plate .
B BATS
€ TAIGER

24°

b .9

P < Tream
237y

«&
& . Philipine
o Sea

22 “Plate

25°00'

24°30’

120°30

122°00'

Fig. 1. The upper left diagram shows the tectonic setting of Taiwan. The rectangle marks the survey area. The broadband seismic stations used are marked by triangles (IES
and CGS), squares (BATS), and diamonds (TAIGER). The major geologic units in Northern Taiwan are (1) Tatun Volcano Group, (2) Taipei Basin, (3) Western Coastal Plain, (4)

Western Foothills, (5) Hsueshan Range, (6) Ilan Plain, and (7) Central Range.
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function has been demonstrated by Lobkis and Weaver (2001) and
extensively applied to seismology (Shapiro and Campillo, 2004;
Sabra et al., 2005; Shapiro et al., 2005; Yao et al., 2006). The EGF,

G(t), can be expressed as follows.

dCap(t)
dt

where Cup(t) is the cross-correlation fungtion between Stations A
and B; G is the actual Green’s function; Gup(t) represents the EGF
at Receiver B for a fictitious source at Station A, and ﬁBA(—t) is the
time-reversed EGF at Receiver A for a fictitious source at Station
B. Moreover, aAg(t) is only nonzero when t > 0, and EBAH) is only
nonzero when t < 0. To reduce the influence of a large earthquake
on the ambient noise analysis, we used the one-bit cross-correlation
method, in which the signal amplitude is normalized to 1.0 for val-
ues greater than zero and to —1.0 for values lower than zero
(Derode et al., 1999; Campillo and Paul, 2003). Fig. 2 shows the data
processing executed to capture the EGF by using the station pair of
SLBB-TB33 (also see Fig. 1).

For all available station pairs, we estimated each EGF for each
interstation by using daily continuous data, and subsequently
stacked the EGFs of three months to obtain the average EGF (aEGF)
(Fig. 3). Considering the stability of each EGF, the cross-correlation

= —Ga(t) + Gra(—t) ~ —Gap(t) + Gaa(—t) (1)
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Fig. 2. An example of ambient noise analysis using one-bit cross-correlation at the
station pair of SLBB-TB33. (a) Raw data filtered between 3 and 20s. (b) One-bit
normalized data from (a). (c) The daily EGF for periods of 3-20 s was extracted from
the time derivative of the one-bit cross-correlation function. The EGF shows
obvious asymmetry, indicating noise propagation from TB33 to SLBB.

coefficient between daily EGF and aEGF for each station pair was
calculated to judge whether the daily EGF was available or not.
Certain EGFs exhibited a low cross-correlation coefficient, which
might be related to time and polarity problems (You et al., 2010).
We adopted a daily EGF with a cross-correlation coefficient greater
than 0.5 and thus renewed the aEGF for following velocity analysis.
Fig. 4 shows an example of the station pair SLBB-TB33 to account
for the choice of daily EGF. Spectrum shows that the energy of
aEGFs was concentrated on the low-period band, particularly for
periods ranging at 3-6s, correlating with oceanic microseisms
(Bromirski et al., 2005). In Fig. 3, the asymmetry of EGFs suggested
that the source of noise was inhomogeneous and that noise prop-
agated from coastal to inland areas, as addressed by Chen et al.
(2011). After a detailed selection analysis of EGFs, we adopted
280 interstation EGFs (Fig. 5a) to determine their corresponding
group velocities (Fig. 5b), which were further used to invert the
S-wave velocity structures in Northern Taiwan.

3.2. Group velocity dispersions

The interstation EGFs, analyzed by the ambient noise, were on
behalf of Rayleigh waves (cf. Shapiro and Campillo, 2004). Previous
studies have calculated the group velocity (Sabra et al., 2005;
Huang et al,, 2012) or phase velocity (Yao et al., 2006; Huang
et al., 2010) by using the extracted Rayleigh waves to investigate
the velocity variations. However, to avoid an ambiguous calcula-
tion of phase velocity attributable to the 2n-phase problem (Yao
et al., 2006), we determined the group velocity of a Rayleigh wave
by using the Multiple Filter Technique (Dziewonski et al., 1969;
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Fig. 3. The daily EGFs (black lines) for three month and the aEGF (white line)
stacked from the daily EGFs at various period bands, shown at the lower right of
each plot.
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Fig. 4. (a) The top panel indicates the daily EGFs of station SLBB-TB33 for three
month and the corresponding aEGF (white line). The bottom panel shows the
coherent daily EGFs, which denote cross-correlation coefficients greater than 0.5,
compared with the aEGF. A renew aEGF (white line) is presented in the bottom
panel. These EGFs are also filtered for periods of 3-20 s. (b) Normalized spectra of
the aEGFs, most of which are characterized by periods of 3-6s.

Herrmann, 1973). In a time-frequency analysis, short-period Ray-
leigh waves primarily dominated the energy of the EGF, particu-
larly for periods shorter than 7s. Fig. 5b shows 280 Rayleigh-
wave group velocity dispersion curves for periods ranging from 3
to 6 s. Large variations in velocity from about 1.0 to 2.4 km/s at 3
s and from 1.5 to 3.4 km/s at 6 s were observed.

To conveniently explore the velocity variation, we divided the
study region into the following seven subregions according to geo-
logical features: (1) Tatun Volcano Group, (2) Taipei Basin, (3) Wes-
tern Coastal Plain, (4) Western Foothills, (5) Hsueshan Range, (6)
Ilan Plain, and (7) Central Range (Fig. 5a). Here the subregion (3)
was regarded as part of the Western Coastal Plain, the Quaternary
cover in Western Taiwan, including the coastal plain, tablelands,
and terraces (Ho, 1982, 1986).

The group velocity was determined for each subregion by using
the pure-path method (Hwang et al., 2003; Chang et al., 2007).
Based on the assumption that surface waves travel along the
great-circle path between two stations, the travel time of the path
is the sum of the delay time of propagating across each subregions.
The travel time from the corresponding group velocity for a given
interstation path can be written as follows.

L &L
tl(T) = UDI(T) = ; UJ(}T) (2)

where t,(T) is the travel time at period T; L; is the distance of the ith
path; L; is the partial length of the ith path traveling across the jth
subregion. U,(T) is the observed group velocity for the ith path;
U(T) is the regionalized group velocity of the jth subregion. Combi-
nation of 280 inter-station paths, we transformed the data into the
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Fig. 5. (a) Distributions of the interstation ray paths. The study region was divided
into seven subregions according to the geologic features in Northern Taiwan shown
in Fig. 1. (b) The Rayleigh-wave group velocities for periods of 3-6 s for available
interstation ray paths. (c) Regionalized Rayleigh-wave group velocities for the seven
subregions.

standard linear inversion form, Ax = b. A is the kernel matrix, com-
posed of the propagating length across seven subregions; b is the
observation vector of group-delay time in this study. x, slowness
vector [1/U{(T)], is the unknown parameter to be inverted using a
standard least-squares method (cf. Menke, 1989).

Fig. 5¢c shows that the regionalized group velocity curves for the
seven subregions exhibited obvious velocity variations, which
were deeply controlled by the geological characteristics. The
regions covered by thick sediment showed a low velocity, whereas
the mountain areas indicated a relatively high velocity, consistent
with the results of You et al. (2010) and Huang et al. (2012). Among
these dispersion curves, the dispersion curve for the Western
Coastal Plain exhibited the lowest group velocities, ranging from
1.2 km/s at 3 s to 1.6 km/s at 6 s. This result corresponded to soft
sediment and was comparable to the results of Hwang et al.
(2003) obtained in Southwestern Taiwan. Similar to the Western
Coastal Plain, the averaged curve for the Western Foothills showed
smooth pattern, but is about 0.5 km/s higher over the studied per-
iod band. On the contrary, the dispersion curves for the Hsueshan
Range and Central Range, composed of metamorphic rock, exhib-
ited relatively higher velocities from approximately 2.2 km/s at
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1.0 20 3.0 4.0 0.0 0.1 3sto 2.4 km/s at 5s. The Hsueshan Range curve rapidly increased
0.0 | | p— 0.0 at period 5 s, might suggesting the model velocity is high at the
c deeper part. Moreover, the curve for the Central Range showed a
¢ complex pattern that had lower value at 4 s, indicating the struc-
. - ture beneath the Central Range had larger velocity variation with
\ depth. The remaining dispersion curves had velocities between
‘\ the group velocities of the Western Coastal Plain and those of the
2.0 \ - 2.0 Central Range. It is noticeable that the regionalized group veloci-
\ ties of the Taipei Basin showed an Airy phase at 4.5 s, and further-
more the velocities of the Tatun Volcano showed a rapid increase
at periods between 3.5 and 4.5s. Overall, the group velocities
increased rapidly from the plain area to the mountain area and
were comparable with the tomographic results of Huang et al.
(2012).
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R the Poisson’s ratio as follows (cf. Hwang and Yu, 2005).
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Fig. 7. (Upper) The observed (close circles) and theoretical (lines) group velocities. (Lower) The inverted S-wave velocity models down to depths of 6 km for the seven
subregions. The standard deviation of velocity is marked by a horizontal bar.
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by Herrmann (1991), and used a smoothing factor to constrain the
deviation between adjacent layers during the inversion. Hence, the
cost function, , was minimized to perform the inversion of Eq. (3)
(cf. Menke, 1989).

@ = |Ax — b* + 2X"TW Wx (4)

where A denotes ogg,-) and b is AU(T;) as in Eq. (3); x represents the

APp; to be inverted; W is the smoothing factor, which provides an
approximation of the first-order derivative between adjacent lay-
ers; and /2 is the damping factor.

We inversed the S-wave velocity model for each subregion by
the regionalized group velocity for period between 3 and 6s. A
one-dimensional velocity model of Chen (1995) was taken as the
initial model in the inversion and the initial model was divided
into numerous thin layers, with each layer having a thickness of
0.1 km. The sensitivity functions with periods, derived from the
model of Chen (1995), indicated 3-6 s Rayleigh-wave group veloc-
ities that were controlled by shallow structures down to 6 km in
depth (Fig. 6). During the structure inversion, we put the high Pois-
son’s ratio in the shallow depth of the initial model for the basin
areas. The high Poisson’s ratio given in the inversion was based
on the previous studies of the Taipei Basin (Wang et al., 2004)
and the Ilan Plain (Huang, 2003). Fig. 7 shows the seven 1-D S-
wave velocity structures inverted from their corresponding region-
alized group velocities.

4. Discussion

The inverted 1-D S-wave models revealed distinguishing char-
acteristics that varied according to the geological unit (Fig. 7). The
models of the Western Coastal Plain, Western Foothills, Central
Range, and Hsueshan Range illustrated a remarkable lateral vari-
ation, indicating that S-wave velocities increase from west to east
over the entire depth, also in agreement with the P-wave tomog-
raphy (cf. Kim et al.,, 2005; Wu et al., 2007b; Kuo-Chen et al.,
2012). However, the velocities below a depth of 3 km exhibited
smaller differences relative to velocities of the top 3 km among
these models (Fig. 8). Such a variation is related to the thickness
of soft sediment, which decreases from west to east, particularly
at a shallow depth above 3 km. Shallow structures, particularly
in the S-wave velocity model, substantially affect seismic wave-
forms. In Northern Taiwan, several local S-wave structures have
been estimated by microtremors (Li, 2007; Kuo et al., 2009) and
short-period surface waves (Chung and Shin, 1999; Huang,
2003). However, this study is the first to obtain the shallow S-
wave structures of the individual geological units in Northern Tai-
wan. The shallow structures inverted from the 3-6 s group veloc-
ity curves had lower resolution near the surface than those by
using high-frequency microtremor analysis, but providing more
in-depth information in Northern Taiwan. Moreover, the regional-
ized model illustrated the common characteristics of the specific
geological units.

Because of the thick layer of unconsolidated sediment, the sub-
surface velocities in the Western Coastal Plain were low, whereas
the Central and Hsueshan Ranges exhibited high S-wave velocities
attributable to metamorphic rock. The gradients of the S-wave
velocity (approximately 0.3 km/s per km) captured in the Hsue-
shan Range and the Western Foothills were similar, but the veloc-
ities for the Hsueshan Range were much higher (Fig. 8). We
compared our results with those of previous studies. Fig. 9a shows
that, on average, the derived model of the Western Foothills is sim-
ilar to the 1-D average model of Chen (1995), as mentioned by
Hwang et al. (2003). To identify the difference of the Western
Coastal Plain, we compared the models obtained by Hwang et al.
(2003) in Southwestern Taiwan. They divided the south Western
Coastal Plain into two regions from east to west, regarded as
Region 2 and Region 3, resulting from the obvious difference. The
S-wave velocity of the Western Coastal Plain obtained in this study
is consistent with that of Region 2, but is higher than that of Region
3, in the work of Hwang et al. (2003) (Fig. 9b). This is because
Region 3 in Hwang et al. (2003) was near the coast, where the
recent sediment is thicker. The 1-D P-wave model of the Tatun Vol-
cano Group was derived by Lin and Yeh (1989, personal communi-
cation), and the corresponding S-wave model was obtained by
applying the constant V,/V; ratio, 1.78, where V, is the P-wave
velocity and Vs is the S-wave velocity (Lin et al., 2005). The 1-D
model of both the P- and S-waves was employed to locate microe-
vents in the Tatun volcanic area. Fig. 9¢ shows a comparison of the
S-wave velocity model constructed in this study and the model of
the Tatun Volcano Group used by Lin et al. (2005). At the top 3 km,
the S-wave velocity inverted by this study lower than that applied
by Lin et al. (2005) was to suggest that the V,/V; value should be
high at a shallow depth in the Tatun volcanic area. This was com-
parable to the observations of the area beneath volcanoes in north-
eastern Japan (Nakajima et al., 2001).

Excluding the Taipei Basin and the Ilan Plain, the other regions
displayed uniform variations in the velocity gradient over the
entire depths. In the top 1km of the model, the Taipei Basin
and the Ilan Plain had a larger velocity gradient. Generally, the
velocity gradient at the top 3 km of these models decreased from
west with 0.39 km/s per km to east with 0.15 km/s per km.
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Fig. 9. Comparisons between our models and those of previous studies (Chen, 1995; Hwang et al., 2003; Lin et al., 2005) for (a) Western Foothills, (b) Western Coastal Plain,

and (c) Tatun Volcano Group.

Among these models, the Western Coastal Plain showed a higher
S-wave velocity gradient, 0.39 km/s per km. Huang et al. (2013)
observed a high P-wave velocity gradient of approximately
0.72 km/s per km in the Western Coastal Plain from an analysis
of multiple diving waves along a SE-NW linear array deployed
in south Taiwan. Following V, = v/3Vs and Huang et al. (2013),
we calculated the corresponding S-wave velocity gradient of
0.42 km/s per km, which is comparable with the results obtained
in this study. The S-wave models of southwestern Taiwan derived
by Hwang et al. (2003) also showed a high velocity gradient, with
an average of 0.40 km/s per km in the Western Coastal Plain. As
mentioned above, this implies that the S-wave velocity gradient
in the Western Coastal Plain from north to south is consistently
high in the Taiwan region. Our models can facilitate further anal-
ysis of the diving S-wave simulation as the estimation of the P-
wave (Huang et al., 2013).

The Taipei Basin and the Ilan Plain exhibited higher velocity
gradients than other regions did. This indicates that seismic waves
were likely to be trapped at a shallow depth and become amplified
(Fig. 7). This would be a remarkable fact for those regions when a
large earthquake occurs as observed in the 1995 Hyogo-ken Nanbu
earthquake (Kawase et al., 2000). Wang et al. (2000) studied the
effects of the velocity gradient on the waveform amplification,
and showed lower surface-wave velocity, longer duration, and lar-
ger amplitude on ground motions when increasing the velocity
gradient of the model. In contrast to the Western Foothills, the
seismograms recorded in the Western Coastal Plain showed longer
period signals (Hwang et al., 2003). Such short-period surface
waves were easy to induce, because the waves were trapped
within the layers with a high velocity gradient. Generally, a long
duration of ground shaking may cause greater damage than a short
duration of motion does. That is, low velocity was a crucial factor
to make seismic waves amplified (Hwang et al., 2003; Lee et al,,
2007). Using waveform simulation, Lee et al. (2007) observed that
the shallow low-velocity layer of the Western Coastal Plain signif-
icantly amplified ground motions. The detailed shallow-depth
velocity structures, combined with the near-surface structure
determined by using microtremor analysis (Wu and Huang,
2013), can be used to predict ground motion and, thus, assess seis-
mic hazards.

5. Conclusion

The Rayleigh-wave group velocities in Northern Taiwan, ana-
lyzed according to ambient noise, exhibited obvious lateral varia-
tions. From the regionalized group velocities at periods from 3 to
6 s, the coastal plain area showed low group velocities caused by
thick and soft sediments, whereas the mountain areas displayed
high group velocities attributable to metamorphic rocks. The corre-
sponding inverted S-wave velocity models also indicated clear lat-
eral variation. From west to east, the S-wave velocities increased
significantly down to 6-km depths. At shallow depths, the Taipei
Basin and the Ilan Plain with high velocity gradients caused seismic
waves to be amplified more easily than they are in other regions.
At the top 3 km of the velocity model, the velocity gradient
(approximately 0.39 km/s per km) of the Western Coastal Plain
was higher than that of the mountainous areas, consistent with
previous results obtained in Southwestern Taiwan. The S-wave
models derived in this study according to geological features can
provide strong constraints on predicting ground motion and, thus,
facilitate seismic hazard assessment.
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