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Although orogeny tapers off in western Taiwan large and small earthquakes do occur in the Taiwan Strait,
a region largely untouched in previous studies owing mostly to logistical reasons. But the overall crustal
structure of this region is of particular interest as it may provide a hint of the proto-Taiwan before the
orogeny.

By combining time domain empirical Green’s function (TDEGF) from ambient seismic noise using sta-
tion-pairs and traditional surface wave two-station method (TS) we are able to construct Rayleigh wave
phase velocity dispersion curves between 5 and 120 s. Using Broadband Array in Taiwan for Seismology
(BATS) stations in Taiwan and in and across the Strait we are able to derive average 1-D Vs structures in
different parts of this region. The results show significant shear velocity differences in the upper 15 km
crust as expected. In general, the highest Vs in the upper crust observed in the coastal area of Mainland
China and the lowest Vs appears along the southwest offshore of the Taiwan Island; they differ by about
0.6–1.1 km/s. For different parts of the Strait, the upper crust Vs structures are lower in the middle by
about 0.1–0.2 km/s relative to those in the northern and southern parts. The upper mantle Vs structure
(Moho – 150 km) beneath the Taiwan Strait is about 0.1–0.3 km/s lower than the AK135 model. The over-
all crustal thickness is approximately 30 km, much thinner and less variable than under the Taiwan
Island. The inversion of seismic velocity structures using shorter period band dispersion data in the
sea areas with water depth deeper than 1000 m should take water layer into consideration except for
the continental shelves.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Regional environment

The Taiwan Strait between Mainland China and Taiwan sits on
the Eurasian continental shelf, with an average water depth of less
than 50 m, and has an area of around 200 � 300 km2. Offshore
southwestern Taiwan the water deepens to 1000 m (Fig. 1).
Adjacent to the Taiwan Strait to the southwest is the South China
Sea and to the east is the Taiwan orogeny. It is the result of collision
between the Eurasian Plate and the Philippine Sea Plate, currently
converging at a rate of 7–8 cm/yr in the direction of N307�E (e.g.,
Seno et al., 1993; Yu et al., 1997; Hsu et al., 2009; Seno and
Kawanishi, 2009) (Fig. 1). Being close to plate boundaries, the
Taiwan orogen, including the Foothills, is seismically very active
(e.g., Wu, 1978; Rau and Wu, 1995; Wu et al., 1997, 2007; Kim
et al., 2005) but the Strait is much less so in comparison. Without
any major bathymetric relief, the Strait is assumed to be tectoni-
cally relatively inactive. However, significant intraplate
earthquakes did occur in the Taiwan Strait. The locations and
mechanisms for most seismic events were not well-determined
due to a sparsity of stations. Only a few large recent earthquakes,
such as the M = 6.5, 16 September 1994 earthquake (Kao and
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Fig. 1. Tectonic units, tectonic environment, topography, and bathymetry adjacent to the Taiwan Strait with BATS stations (black and red squares) operated by IESAS. The
data of stations marked with red squares and names are analyzed in this study. Tectonic units on Taiwan Island are according to Ho (1988) and the convergent rate between
the Eurasian Plate and Philippine Sea Plate is around 7–8 cm/yr. Cenozoic sedimentary foreland basins in the Taiwan Strait are from Lin et al. (2003). (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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Wu, 1996; Huang et al., 1999), have been studied albeit with lim-
ited station coverage. The 1604 M � 8.0 Quanzhou earthquake is
the largest known historical tsunamigenic earthquake in the Tai-
wan Strait (Lee et al., 1976; Huang et al., 1999).

1.2. Previous studies in the Taiwan Strait

Over the past few decades, most of the tectonic research (e.g.,
Wu, 1978; Suppe, 1981; Angelier, 1986; Tsai, 1986; Ho, 1988;
Teng, 1990; Hsu and Sibuet, 1995; Sibuet and Hsu, 1997; Wu
et al., 1997; Lin, 2000, 2002) and velocity determination (e.g.,
Roecker et al., 1987; Rau and Wu, 1995; Ma et al., 1996; Chen
et al., 2003; Kim et al., 2005; Wu et al., 2007; Wang et al., 2009)
were focused on the Taiwan Island. Two comprehensive projects
TAICRUST (Yeh et al., 1998; Shih et al., 1998; Nakamura et al.,
1998; McIntosh et al., 2005) and TAIGER (TAiwan Integrated
GEodynamics Research; http://taiger.binghamton.edu/index.htm;
Kuo-Chen et al., 2012) were also more focused on the Taiwan
Island and its eastern offshore region rather than the Taiwan Strait.

Relatively shallow crust mapping using marine multi-channel
seismic reflection experiments had been conducted, mainly for
resource exploration. Lin and Watts (2002) and Lin et al. (2003)
compiled seismic reflection profiles and well data in western
Taiwan and the Taiwan Strait to determine the Cenozoic
stratigraphic and tectonic development of the foreland basin.
Huang et al. (1998) found that the Pn velocity beneath the Taiwan
Strait is 8.2 ± 0.2 km/s and higher than those beneath the Taiwan
Island and Taiwan eastern offshore region. Some studies (e.g., Kao
et al., 2003; Kim et al., 2004; Wang et al., 2010a, 2010b) employed
the receiver function method to retrieve 1-D S-wave velocity (Vs)
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structure and Moho discontinuity depths beneath BATS (Broad-
band Array in Taiwan for Seismology) stations. Although the ex-
act Moho discontinuity depths beneath Taiwan Island varied
with different studies, the two BATS stations KMNB and MATB
(see locations in Fig. 1) on the southeastern coast of China
showed robust results. The Moho depths are 28–32 km and 31–
34 km beneath KMNB and MATB, respectively. Hsieh et al.
(2010) constructed a Bouguer gravity anomaly map and esti-
mated the average crustal thickness in the Taiwan Strait which
is around 30 km and thinner than Taiwan Island and Fujian Prov-
ince. Ai et al. (2007) and Huang et al. (2010b) tried to resolve
velocity structures beneath southeastern China with Taiwan
and Fujian data but they are targeted mostly on mantle transition
zones. The recently comprehensive project ATSEE (Across Taiwan
Strait Explosion Experiment) studied the crustal structures be-
neath the Taiwan area based on active explosion source experi-
ments. Their preliminary crustal thickness across the Taiwan
Strait is about 26 km (Wang et al., 2011).

1.3. Outline of this research

This research aims at the derivation of average 1-D Vs struc-
tures along a few two-station paths across the Taiwan Strait using
data from several BATS stations (operated by the Institute of Earth
Sciences, Academia Sinica; IESAS). A classic two-station (TS) sur-
face wave dispersion study can be used to determine structures be-
tween the stations– if a teleseism occurs nearly along the same
great circle. The modern time domain empirical Green’s Functions
(TDEGFs) from ambient seismic noise in the shorter period band 5–
30 s can be determined between any two stations with continuous
records. By combining the traditional surface wave two-station
dispersions in the longer period band 10–120 s and those from
the TDEGFs, we can invert for both the 1-D velocity structures
for the crust and the uppermost mantle. Comparing the obtained
1-D Vs structures along different paths in the Taiwan Strait will
provide some constraints for understanding more about the tec-
tonic environment in the surrounding region.
2. Data

In late 1992, IESAS started to establish the BATS network (e.g.,
Kao et al., 1998; Liang et al., 2004; Wang et al., 2010a). For this
study we selected 7 permanent BATS stations and one temporary
station (WUCH) deployed by IESAS (red squares in Fig. 1) on both
sides of the Taiwan Strait with a total of 28 station-pairs. Five of
the selected permanent stations operated prior to 2000 till now,
except that PHUB started from May 2002 and RLNB started from
June 2004 (http://bats.earth.sinica.edu.tw/Station/BATS_Stn_Sum
mary.html). Due to the shorter operation time of PHUB and RLNB
than the other stations and a limited bandwidth for extracting
dispersion data from ambient seismic noise, we hence selected
the nearby TPUB station (55 km inland) as a supplementary sta-
tion. The temporary WUCH station only operated from mid-
2004 to mid-2006 and changed its name to VWUC as a permanent
station with real-time satellite transmission after September
2009.
3. Ambient seismic noise cross-correlation analysis

It has been shown that the stable TDEGF of surface waves can be
derived from the cross-correlation of continuous-recorded ambient
seismic noise, which can be used to obtain subsurface shear wave
velocity structures (e.g., Shapiro and Campillo, 2004; Sabra et al.,
2005a, 2005b; Shapiro et al., 2005; Yao et al., 2006). This method
does not require seismic signals from earthquakes or active sources
but uses continuous ambient seismic noise. Furthermore, TDEGF
has several advantages over other traditional seismic waveform
analysis methods, including few restrictions on seismic sources
distribution and study regions, more homogeneous lateral resolu-
tion than body wave tomography, and the ability to resolve veloc-
ity structure at shallower depths than earthquake-based surface
wave tomography.

Over the past few years, ambient seismic noise tomography has
been widely used to investigate crustal and upper mantle struc-
tures all over the world, including the United States (e.g., Shapiro
et al., 2005; Bensen et al., 2008, 2009; Lin et al., 2008), China
(e.g., Yao et al., 2006, 2008; Zheng et al., 2008; Li et al., 2009; Yang
et al., 2010), Europe (e.g., Yang et al., 2007; Stehly et al., 2009; Li
et al., 2010), South Korea (e.g., Kang and Shin, 2006; Cho et al.,
2007), New Zealand (e.g., Lin et al., 2007), Africa (e.g., Yang et al.,
2008a), Australia (e.g., Saygin and Kennett, 2010) and so forth.
The dimensions of these studies mostly range from hundreds to
thousands of kilometers and the average inter-station distances
are about tens to hundreds of kilometers. The period ranges of sur-
face wave dispersion curves from TDEGF are usually between 5 and
50 s. Up to now, there are also a few ambient seismic noise tomog-
raphy studies in the Taiwan regions (e.g., Huang et al. (2010a); You
et al., 2010; Huang et al., 2012).

The sources of ambient seismic noise mainly come from ocean
microseisms (e.g., Stehly et al., 2006; Yang and Ritzwoller, 2008a;
Yao et al., 2009); continental shelves are considered as dominant
source regions of ambient seismic noise (e.g., Bromirski, 2001;
Webb, 2007; Traer et al., 2008; Yang and Ritzwoller, 2008a).
The Taiwan Strait is mainly a continental shelf and consequently
a main source region for ambient seismic noise. In contrast to
numerous applications of ambient seismic noise studies for con-
tinents, only a few studies investigate oceanic structure using
ambient seismic noise (e.g., Lin et al., 2006; Harmon et al.,
2007; Yao et al., 2011). Lin et al. (2006) confirmed that ambient
seismic noise has been observed to propagate coherently along
oceanic paths between continent stations. Harmon et al. (2007)
and Yao et al. (2011) successfully used the ambient seismic noise
recorded at ocean bottom seismometers to recover both the fun-
damental mode and the first higher mode Rayleigh wave for
studying the crust and uppermost mantle structure near the East-
ern Pacific Rise. Therefore, it is possible to obtain the 1-D Vs
structures of oceanic paths across the Taiwan Strait using ambi-
ent seismic noise.

Here we use 7 years of continuously-recorded data of ambient
seismic noise of LHZ channel (1 Hz sampling rate of the vertical
component) from 2000 to 2006 for the permanent stations in
Fig. 1 (see Section 2 for the detail). The operation time of the tem-
porary WUCH station was 2 years from mid-2004 to mid-2006.
Seismic Analysis Code (SAC) 2000 (Goldstein et al., 2003; http://
www.iris.edu/manuals/sac/manual.html) was used for baseline
correction (removing the mean and the trend) of raw data and
data selection. After removing the instrument response, we ap-
plied one-bit cross-correlation (e.g., Larose et al., 2004; Shapiro
and Campillo, 2004) to monthly recordings in the period band
5–50 s to enhance the signal to noise ratio (SNR) of TDEGFs. Yao
et al. (2009) showed that TDEGFs from one-bit cross-correlation
are nearly identical with or without earthquake signals in the
period band 10–20 s. Other methods like clipping large seismic
event signals directly (e.g., Sabra et al., 2005b; Marzorati and Bin-
di, 2008) or spectrum whitening of waveforms (e.g., Cho et al.,
2007; Yang et al., 2007) also can enhance the SNR and obtain sta-
ble TDEGFs. Cupillard and Capdeville (2010) showed the consis-
tency of TDEGFs from the methods mentioned above using
synthetic waveforms.

After one-bit cross-correlation, the monthly TDEGF in the peri-
od band 5–50 s for each station-pair was obtained. Fig. 2 shows the
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Fig. 2. TDEGFs of two station-pairs (a) ANPB-PHUB and (b) KMNB-MATB on both
sides of the Taiwan Strait. TDEGFs are band-pass filtered in six period bands: 5–50 s,
5–10 s, 10–20 s, 20–30 s, 30–40 s, and 40–50 s. Gray lines show TDEGFs from
monthly data and black lines show the stacked TDEGFs of all monthly TDEGFs. The
upper-right corner also shows the number of months for data analysis.
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TDEGFs in the period band 5–50 s and other five narrower period
bands of the two station-pairs ANPB-PHUB and KMNB-MATB on
either side of the Taiwan Strait. Since the 5–50 s broad band
TDEGFs are very similar to 5–10 s period band TDEGFs, this implies
that the dominant ambient seismic noise is in the 5–10 s period
band, i.e., the secondary microseism band. The TDEGFs are more
stable at the two ocean microseism period bands (5–10 s and
10–20 s). Although the inter-station distances of these two
station-pairs are similar (Fig. 1), the propagation time of surface
waves in TDEGFs is different. The propagation time between ANPB
and PHUB is about 150 s in the 5–10 s period band and 120 s in the
10–20 s period band (Fig. 2a). Conversely, the propagation time
between KMNB and MATB is about 80 s in both the 5–10 s and
10–20 s period bands (Fig. 2b), which is much faster than between
ANPB and PHUB. This implies a high average Vs structure in the
upper and perhaps also middle crust beneath KMNB-MATB than
beneath ANPB-PHUB.

Fig. 3 shows TDEGFs of the other two station-pairs, KMNB-
WUCH and MATB-WUCH. Although WUCH is a temporary station
with shorter data duration, the monthly TDEGFs are quite stable
in the 5–10 s and 10–20 s period bands. The stability of the
monthly TDEGFs deteriorates in the longer period bands (e.g.,
30–40 s and 40–50 s) (Figs. 2 and 3). Meanwhile, WUCH is located
nearly at the middle of KMNB and MATB (Fig. 1). The propagation
time between KMNB-WUCH and MATB-WUCH is also roughly
half of that between KMNB-MATB. Fig. 4 shows stacked TDEGFs
of all station-pairs at 10–20 s and 20–30 s period bands. The main
surface wave signals (maximum amplitudes) have an apparent
propagation wavespeed between 2–3.5 km/s in the 10–20 s peri-
od band and 3–4 km/s in the 20–30 s period band. In Section 5, we
measured Rayleigh wave phase velocity dispersion only in the
period band 5–30 s for each station-pair from the stacked TDEGF
using the phase-velocity image analysis technique by Yao et al.
(2006).
4. Earthquake surface wave two-station analysis

The surface wave two-station (TS) method is usually applied to
study crust and upper mantle structures at a regional scale (e.g.,
Polet and Kanamori, 1997; Cong and Mitchell, 1998; Rapine
et al., 2003; Hwang and Yu, 2005; Yao et al., 2005). The measured
inter-station dispersion of a teleseismic surface wave can help to
constrain the average Vs structures between the stations. The
two selected stations and the epicenter of the teleseismic event
need to be nearly on the same great-circle path. Therefore, we only
select the earthquakes satisfying the two criteria: (1) the azimuthal
difference of the earthquake to the two stations is less than 5�, and
(2) the azimuthal difference between the earthquake to the closer
station and the closer station to the farther station is less than 7�
(see Fig. 12a in Yao et al., 2006). For the 7 permanent stations,
there are 413 qualified teleseismic events from 2000 to 2005 with
epicentral distance larger than 30� and also surface wave magni-
tude (Ms) above 5 (Fig. 5). We use BHZ channel (20 Hz sampling
rate of vertical component) for the TS analysis.

Rayleigh waves recorded by the two stations along nearly the
same great circle path from the earthquakes, after accounting for
instrument response, were narrow-band-pass filtered and cross-
correlated to determine the inter-station phase velocity dispersion
in the period band 10–120 s using a phase velocity image analysis
technique (Yao et al., 2005). Finally, after averaging all the obtained
phase velocity dispersion curves for the same station-pair from all
analyzed teleseismic events, we obtained the average Rayleigh
wave phase velocity dispersion curve in the period band 10–
120 s for each station-pair. There are only 6 station-pairs with
more than 10 dispersion curves from different events (Table 1).
The locations of the used teleseismic events for these 6 station-
pairs are shown in Fig. 5.
5. Rayleigh wave phase velocity dispersion

Some previous studies investigated the crust and upper mantle
Vs structure by a combined approach using ambient seismic noise
and earthquake surface waves with regional seismic arrays (e.g.,
Yao et al., 2006; Yang and Ritzwoller, 2008b; Yang et al., 2008a,
2008b; Yao et al., 2008). For this study we obtained the Rayleigh
wave phase velocity dispersion curve in the period band 5–120 s
for each station-pair by combining dispersion data from TDEGF
in the 5–30 s period band and from TS analysis in the 10–120 s per-
iod band. Following Yao et al. (2006), we require that the inter-sta-
tion distance has to be at least three wavelengths for the TDEGF
analysis and half of the wavelength for the TS analysis.

The measured Rayleigh wave phase velocity dispersion curves
are shown for the three ideal paths (Fig. 6) and three non-ideal
paths (Fig. 7) among the 6 station-pairs in Table 1 and Fig. 5.
The dispersion curves for the ideal paths (Fig. 6) are almost the
same at overlapping periods (10–30 s) of TDEGF and TS analysis.
However, the dispersion curves for the non-ideal paths (Fig. 7)
show obvious discontinuity or discrepancy at overlapping periods.



Fig. 3. TDEGFs of the two station-pairs (a) KMNB-WUCH and (b) MATB-WUCH with
the temporary station WUCH. TDEGFs are band-pass filtered in six period bands and
other notations are the same as Fig. 2.
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This discontinuity is due to the requirement of inter-station dis-
tance which has to be at least three wavelengths for the TDEGF
analysis and the phase velocity measurement at long periods is
consequently restricted. This discrepancy is probably caused by
a small number of events used for TS analysis for these paths
(Table 1), which also results in larger standard errors of phase
velocity measurements. The off-great-circle propagation and
strong scattering at shorter periods for earthquake surface waves
are other large potential sources of biases for TS analysis.
Although the stability of monthly TDEGFs below 30 s periods
(Figs. 2 and 3) indicates small errors of phase velocity measure-
ments for ambient seismic noise analysis, we finally opted to give
the same weight to TDEGF and TS measurements in the Vs
inversion step. The Rayleigh wave phase velocities at overlapping
periods were then obtained by averaging the results at the same
period of TDEGF and TS methods.

The combined Rayleigh wave phase velocity dispersion curves
of the 6 station-pairs in Figs. 6 and 7 were compared with theo-
retical dispersion curve of the global AK135 1-D velocity model
(Kennett et al., 1995) in Fig. 8. Among these 6 station-pairs, the
observed phase velocities are higher along the coastlines of
Fujian Province (KMNB-MATB) and also close to the theoretical
dispersion curve of the AK135 velocity model. The dispersion
curves of the other 5 station-pairs are lower than AK135,
especially at short periods around 10 s. In contrast to longer
periods, the phase velocity variations at shorter periods of these
6 station-pairs are large, e.g., more than 0.5 km/s at periods
around 10 s. Generally speaking, shorter periods sample much
shallower structures which imply that lateral velocity heteroge-
neities in the shallow crust are larger than deeper structures in
the Taiwan Strait.

Furthermore, in order to discuss lateral velocity heterogeneities
in the shallow crust of the Taiwan Strait, we now focus on 5–30 s
Rayleigh wave phase velocity dispersion curves of 8 station-pairs
obtained from TDEGF (Fig. 9). The highest phase velocities are ob-
served along the coastlines of Fujian Province (KMNB-MATB) and
the lowest phase velocities are along the southwest offshore of
Taiwan Island (PHUB-TWKB). Among the paths across the Taiwan
Strait, phase velocities are about 0.1 km/s higher in the north
(ANPB-MATB) and south (KMNB-PHUB) compared with the middle
parts (ANPB-WUCH and RLNB-WUCH).
6. 1-D Vs structures

The 1-D crustal and upper mantle Vs structures of paths
surrounding and transecting the Taiwan Strait are then inverted
from the obtained Rayleigh wave phase velocity dispersion curves
with Herrmann’s SURF program (1987) and the Neighbourhood
Algorithm (NA; Sambridge, 1999a and Sambridge, 1999b; Yao
et al., 2008). For each station-pair, we first test two different initial
Vs structures with SURF, that is, a half space model and a reference
model. The half space structure is with Vs = 3.9 km/s, 2 km layer
thickness in the upper 50 km, and 5–50 km thicker layers in the
50–200 km depth. The reference Vs model refers to the AK135
model (Kennett et al., 1995) and PREM (Dziewonski and Anderson,
1981) as well as some previous studies mentioned in Section 1.2.
The layer thickness is 5 or 10 km in the upper 30 km and more than
20 km in the 30–200 km depth.

Based on the physical dispersion property of surface waves
(Kanamori and Anderson, 1977), we also need to input other
parameters during the Vs structures inversion. For SURF, the in-
put density gradually increases from 2.3 g/cm3 in the shallow
crust to 3.3 g/cm3 in the deeper crust and is set 3.3 ± 0.1 g/cm3

in the upper mantle. The Poisson’s ratio is set in the range of
0.25–0.3. For NA, the parameter settings follow Yao et al.
(2008). P-wave velocity (Vp) and density structure are related
to Vs using the empirical relationship from Brocher (2005) in
the crust, and is perturbed with respect to Vs as described in
Masters et al. (2000).

Fig. 10a takes station-pair ANPB-MATB as an example showing
two different initial Vs models. No matter the half space or refer-
ence Vs model is chosen as the initial model, the final obtained Vs
structures are similar and the average variance is 0.06 km/s. Since
the Vs inversion cannot achieve 2 km layer thickness resolution
with inter-station distances of a few hundred kilometers, we first
use the SURF program to obtain the primary Vs features. Second,
we choose the Vs structure from SURF as the input reference
model for NA. The NA method is a two-stage procedure for non-
linear geophysical inverse problems, and is also a global search-
ing algorithm that allows sampling almost the entire model
space, and therefore should give a more robust estimate on model
parameters than linearized inversions. The NA procedure follows
Yao et al. (2008). There are 6 parameters: the Moho depth and Vs
in 5 different non-overlapping depth intervals (0–15, 15–30, 30–
75, 75–150, 150–200 km). The perturbation range of Vs is
±0.5 km/s with respect to the reference model obtained from
SURF at all depth. The Moho depth is allowed to vary ±4 km with
respect to the reference Moho depth, and therefore the thickness
of the lower crust and uppermost mantle will also change
correspondingly.



Fig. 4. All stacked TDEGFs in the period bands (a) 10–20 s and (b) 20–30 s. The station-pair names are shown on the right hand side of two sub-figures. The black triangles
indicate the maximum amplitudes of TDEGFs (with +t and �t separately) with Rayleigh wave phase velocities between 2 and 4 km/s (two gray dashed lines).
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Fig. 10c and d shows the Vs inversion results in the 0–200 km
depth range of the 6 station-pairs in Fig. 8 from SURF and NA
respectively, and which reveal very similar Vs patterns with the
average variance about 0.06 km/s. Table 2 shows the discrepancy
of the obtained Vs structures from SURF and NA. The largest
average Vs discrepancy is 0.09 km/s along KMNB-PHUB and the
smallest discrepancy is 0.03 km/s along KMNB-MATB. With respect
to depth, the largest average Vs discrepancy is 0.13 km/s at
15–30 km depth probably due to the change of Moho depths dur-
ing NA inversion and the smallest is 0.01 km/s at 75–150 km
depth. Table 3 shows the standard errors (uncertainties) of Vs
structures and Moho depths from NA. Overall speaking, the Vs
standard errors are 0.07 ± 0.02 km/s for these 6 station-pairs and
at 0–200 km depth, except for larger standard errors about
0.11 ± 0.03 km/s at 15–30 km depth, which are mainly due to the
trade-off between Vs of this layer and the crustal thickness. The
average Moho depth is 30.6 km with ±1 km variation.

Comparing Vs structures of the 6 station-pairs with the AK135
velocity model, the most obvious Vs discrepancy is in the shallow
crust (Fig. 10c and d). In the shallow to middle crust (upper 15 km),



Fig. 5. The epicenter distribution (gray circles) of qualified teleseismic events
occurred during the study period. The Taiwan Strait is in the center and plotted
with the azimuthal equidistant projection. The circles in different colors mean the
analyzed events for different station-pairs. The red lines represent great-circle
paths between the analyzed events and the Taiwan Strait. (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 Vs of KMNB-MATB (close to coastlines of Fujian Province and
also far away from the Taiwan orogenic belt) is the highest and
more uniform, also with almost the same velocity as the AK135
model. Compared to KMNB-MATB, the Vs of KMNB-TWKB (south-
ern Taiwan Strait) is lowest, about 1 km/s lower in the shallow
crust, and 0.7 km/s lower in the middle crust. The largest velocity
gradient, i.e., the Moho discontinuities of these 6 station-pairs, is
at �30 km depth and similar to the results from previous receiver
function (e.g., Kao et al., 2003; Kim et al., 2004; Wang et al., 2010a,
2010b) and Bouguer gravity anomaly (Hsieh et al., 2010) studies. In
the upper mantle (�30–150 km), for most paths Vs is about 0.1–
0.3 km/s lower than the AK135 model. In the deeper 150–200 km
depth range, Vs is in the range of ±0.2 km/s with respect to the
AK135 model. Fig. 11 compares the measured Rayleigh wave phase
velocity dispersion curves of the 6 station-pairs in Fig. 8 with the
theoretical dispersion curves from the inverted Vs structures in
Fig. 10, which shows a good fit.

From Fig. 10, the most obvious Vs discrepancy across the
Taiwan Strait is in the shallow crust; also, the revealed Vs struc-
tures from SURF and NA are very consistent. Therefore, Fig. 12
focuses on the inverted Vs structures in the depth range of
0–50 km of the selected 7 station-pairs in Fig. 9 from SURF. Overall,
the Vs of KMNB-MATB, far away from the Taiwan orogenic belt, is
the highest. In the shallow crust (0–15 km depth), the Vs of
PHUB-TWKB (southwestern offshore of the Taiwan Island) is
Table 1
The number of analyzed teleseismic events (>10) for 6 station-pairs of TS study.

Station-pair ANPB-MATB KMNB-TPUB KM

Teleseismic events no. 85 76 49

Boldface: ideal station-pairs in Fig. 6.
Italics: non-ideal station-pairs in Fig. 7.
lowest, and is 0.6–1.1 km/s lower than KMNB-MATB. Although
the paths of KMNB-TWKB and KMNB-PHUB transect the southern
Taiwan Strait, the Vs of KMNB-TWKB is about 0.5 km/s lower than
KMNB-PHUB in the shallow crust, and is similar to PHUB-TWKB.
This implies that the low Vs of KMNB-TWKB in the shallow
15 km depth is dominated by the low Vs structure along the path
of PHUB-TWKB.
NB-PHUB KMNB-MATB ANPB-PHUB KMNB-TWKB
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As mentioned in Section 5 and Fig. 9, the obtained Rayleigh
wave phase velocity dispersion curve of ANPB-MATB (path which
transects the northern Taiwan Strait) from TDEGF, is similar to that
of KMNB-PHUB (path which transects the southern Taiwan Strait).
And also the dispersion curve of ANPB-WUCH is similar to that of
RLNB-WUCH (paths which transect the middle Taiwan Strait). In
Fig. 12, we can compare the Vs structures of ANPB-WUCH with
ANPB-MATB and KMNB-PHUB. The shallower Vs structure of
ANPB-WUCH is about 0.1–0.2 km/s lower than ANPB-MATB and
KMNB-PHUB down to 20 km depth. Consequently, the Vs structure
across the Taiwan Strait in the shallow 20 km depth range is
slightly (about 0.1–0.2 km/s) lower in the middle section than in
the northern and southern sections.

Among the 7 selected station-pairs in Fig. 12, the path of ANPB-
TWKB is different from the others transecting the Taiwan Strait,
but across the main geologic axis of the Taiwan Island, the Vs
structure is also different. In the shallow 10 km range, the Vs of
ANPB-TWKB is 0.2 km/s lower than KMNB-MATB and is 0.1–
0.9 km/s higher than the other paths transecting the Taiwan Strait.
The possible Moho depth is �35 km or even 45 km for ANPB-
TWKB, deeper than the other station-pairs with �30 km Moho
depths. This discrepancy of Moho depths was also observed in
other recent studies (e.g., Kim et al., 2004; Hsieh et al., 2010; Wang
et al., 2010a).
7. Discussion

Overall, the Vs structures and velocity patterns across the Tai-
wan Strait in this study compare well with previous studies, e.g.,
from receiver functions and the Bouguer gravity anomaly men-
tioned in Section 1.2. The path KMNB-MATB is the farthest away
from the Taiwan orogeny and has the highest Vs along it. In the
shallow crust, the Vs of PHUB-TWKB is lowest in southwest off-
shore of Taiwan Island, and the Vs in the middle section of the
Taiwan Strait is slightly lower than the northern and southern
sections. The velocity patterns compare well with the thickness
of Cenozoic sedimentary foreland basin (Lin et al., 2003). The low-
est Vs in southwestern offshore of Taiwan Island corresponds to
10–14 km thick Tainan Basin, and the low Vs in the middle sec-
tions of the Taiwan Strait also corresponds to 6–8 km thick Taihsi
Basin (Figs. 1 and 12a). Previous velocity structure studies in the
Taiwan region (e.g., Kim et al., 2005; Wu et al., 2007; Kuo-Chen
et al., 2012) also showed remarkable low velocities southwest
of Taiwan Island.

The thick Cenozoic sedimentary foreland basin definitely plays
an important role to contribute the obtained low Vs structures in
southwest offshore of Taiwan Island (PHUB-TWKB) in the shallow
crust. Besides, deeper bathymetry than the average water depth
(less than 50 m) of the Taiwan Strait (Fig. 1) may also affect Ray-
leigh wave phase velocity measurements at the short periods. In
Fig. 13, we use the Rayleigh wave phase velocity dispersion curve
of PHUB-TWKB from TDEGF as an example and show how a water
layer with various thicknesses will affect phase velocities at short-
er periods. The parameters of water layer referring to AK135 and
PREM: Vp = 1.45 km/s, Vs = 0 km/s, density = 1.02 g/cm3, and Pois-
son’s ratio = 0.5. The top 5 km crustal structure is replaced by the
water layer gradually. For instance, if the water layer is 1 km thick,
then the thickness of the uppermost crustal layer is reduced to
4 km. As presented in Fig. 13, it shows that 50 m thick water layer
(average water depth of the Taiwan Strait) nearly does not affect
the dispersion curve. But when the water layer becomes thicker
than 1000 m, the difference becomes obvious. When the water
layer is 1000 m thick, Rayleigh wave phase velocity dispersion at
5 s is about 0.12 km/s lower than that without a water layer. Sim-
ilarly, the Rayleigh wave phase velocity at 5 s appears 0.38 and
0.61 km/s lower with a 2000 and a 3000 m thick water layer,
respectively. As a result, seismic velocity inversion using shorter
period band dispersion data in the sea areas with water depth dee-
per than 1000 m should take water layer into account except the
studies in the continental shelves.

We found the Moho discontinuity depths are about 30 km
across the Taiwan Strait, and 35–45 km for ANPB-TWKB across
the main geologic axis of Taiwan Island. These results are consis-
tent with various studies (e.g., Kim et al., 2005; Wu et al., 2007;
Hsieh et al., 2010; Wang et al., 2010a; Kuo-Chen et al., 2012).
The crustal thickness beneath the Backbone Range of Taiwan Island
even reaches 55–60 km as mountain root mentioned in some pre-
vious studies. Hwang and Yu (2005) analyzed Rayleigh wave phase
velocity dispersion to derive a 200 km deep Vs structure under the
Taiwan Island. Their crustal thickness beneath the Backbone Range
is 40–50 km which is slightly thicker than ours (35–45 km) and



Fig. 9. (a) The Rayleigh wave phase velocity dispersion curves in the period band 5–30 s of 8 station-pairs obtained from TDEGF in this study compared with the theoretical
dispersion curve of AK135 velocity model. (b) The paths of the selected station-pairs. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 8. (a) Rayleigh wave phase velocity dispersion curves in the period band 5–120 s of 6 station-pairs obtained from TDEGF and TS in this study compared with the
theoretical dispersion curve of AK135 velocity model. (b) The paths of the selected station-pairs. (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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much thicker than the Taiwan Strait (�30 km). They obtained an
upper mantle low velocity zone with Vs of 4.25–4.4 km/s at around
100 km depth under the Taiwan Island. Our Vs structures beneath
the Taiwan Strait (Fig. 10) also reveal similar features, which imply
that the upper mantle low Vs zone generally exists beneath and
around the Taiwan regions. Consequently, the significant
differences of the Vs structures across the Taiwan Strait are in
the shallow crust and the Taiwan Strait also shows relatively a
thinner crust and simpler tectonic structures than the Taiwan
Island.

The persistent localized microseismic sources may lead TDEGF
fail to approximate the true Green’s function. Zeng and Ni (2010,
2011) studied TDEGF in East Asia and found persistent strong sig-
nals with higher apparent velocity than Rayleigh waves. The
microseismic sources were suspected from volcanism activities
and located beneath Aso volcano on Kyushu Island, Japan. Zheng
et al. (2011) performed ambient noise tomography in North China
and found that when the arrival times of the volcanic signals are
close to expected surface waves, it is difficult to separate these
two signals and this may affect dispersion measurements from
the TDEGF. Hence, they did a simple correction to eliminate the ef-
fect of the volcanic microseism on the dispersion measurements.
However, the Taiwan Strait is about 1500 kilometers away from
the Kyushu Island. It is also noteworthy that there are some volca-
nism activities around northern Taiwan, the Tatun Volcano Group
(e.g., Lin et al., 2005a, 2005b; Konstantinou et al., 2007) and Kuei-
shantao Island (e.g., Konstantinou et al., 2013). The major energy of
volcanic microseism around northern Taiwan is concentrated at 1–
20 Hz, outside the 5–120 s (0.008–0.2 Hz) period band in this
study. In Fig. 4, the dominant signals are mainly expected Rayleigh
waves and no other obviously persistent strong signals as Zeng and
Ni (2010, 2011) and Zheng et al. (2011) observed in North China.
Zhou et al. (2012) conducted ambient noise and earthquake surface
wave tomography in South China beside the Taiwan Strait and they
did not observe other persistent signals, neither.

An earthquake surface wave two-station analysis is a simple
and traditional method to explore regional crust and upper mantle
Vs structures. But there are some inherent limitations that may
influence the accuracy of the measured results, especially at short
periods around 10–30 s, i.e., the overlapping periods in this study.
In order to obtain more stable and reliable Vs structures between
the station-pairs, the attempt to analyze more earthquake surface
wave records is usually put into practice. But due to the restric-
tions of global seismicity and the orientations of station-pairs, it
is difficult to select enough teleseismic events on the same great-
circle path for some station-pairs. Yao et al. (2006) discussed the



Fig. 10. The inversion results of Vs structures in the crust and upper mantle (0–200 km depth) of the 6 station-pairs in Fig. 8. (a) Taking ANPB-KMNB as an example to show
two different initial velocity models in SURF both lead to similar inversion results. (b) The paths of the selected station-pairs. (c) The obtained Vs structures from SURF. (d) The
obtained Vs structures from NA. (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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possible sources of inaccuracy for the TS method, such as scattering
effect, off-great-circle propagation, the influence of velocity anom-
aly along propagation path, different sensitivity zones between
TDEGF and TS measurements. Yao et al. (2006) found that the TS
method gives about 1–3% higher than phase velocity measure-
ments than the TDEGF results in the overlapping periods (20–
30 s). Some of two-station paths in this study also show similar
results (Figs. 6 and 7). For the ambient seismic noise method, the



Table 2
The discrepancy of obtained Vs structures of the 6 station-pairs for the 5 non-overlapping depth intervals from SURF and NA (unit: km/s).

Depth (km) KMNB-MATB KMNB-PHUB ANPB-MATB KMNB-TPUB ANPB-PHUB KMNB-TWKB Average

0–15 0.03 0.05 0.04 0.05 0.05 0.01 0.04
15–30 0.03 0.10 0.12 0.12 0.14 0.23 0.13
30–75 0.04 0.11 0.07 0.02 0.06 0.07 0.06
75–150 0.01 0.05 0.00 0.02 0.00 0.01 0.01
150–200 0.03 0.15 0.03 0.02 0.04 0.02 0.05

Average 0.03 0.09 0.05 0.05 0.06 0.07 0.06

Table 3
The standard errors (uncertainties) of obtained Vs structures of the 6 station-pairs for the 5 non-overlapping depth intervals from NA (unit: km/s). The last raw shows the Moho
depth (km) obtained from NA.

Depth (km) KMNB-MATB KMNB-PHUB ANPB-MATB KMNB-TPUB ANPB-PHUB KMNB-TWKB Average

0–15 0.05 0.05 0.05 0.06 0.06 0.07 0.06
15–30 0.14 0.08 0.08 0.09 0.10 0.12 0.11
30–75 0.08 0.07 0.06 0.06 0.07 0.09 0.07
75–150 0.06 0.06 0.05 0.06 0.06 0.06 0.06
150–200 0.05 0.11 0.06 0.06 0.06 0.06 0.06

Average 0.08 0.08 0.06 0.07 0.07 0.08 0.07
Moho 29.6 31.6 31.4 30.3 30.1 30.3 30.6

measured      theoretical

Fig. 11. Comparing the theoretical (from inverted Vs structures in Fig. 10) and measured (Fig. 8) Rayleigh wave phase velocity dispersion curves of the 6 station-pairs.
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Fig. 12. The Vs inversion results in the 0–50 km depth ranges of the 7 station-pairs
in Fig. 9. (a) The paths of the selected station-pairs. Cenozoic sedimentary foreland
basins in the Taiwan Strait are from Lin et al. (2003). (b) The obtained Vs structures
from SURF. (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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uneven distribution of noise sources may bias the phase velocity
measurements (e.g., Yao and Van der Hilst, 2009; Tsai, 2009). This
bias is typically within 1% of the measured phase velocities (Yao
and Van der Hilst, 2009) if the azimuthal variation of the ambient
seismic noise energy is smooth.

However, with proper suppression of the finite frequency
effect of the earthquake two-station analysis and with more
earthquake-based measurements, Yao et al. (2010) showed a
generally consistent phase velocity dispersion measurements
between the TDEGF and TS methods in the overlapping 20–40 s
period band. The phase velocity maps derived from the ambient
seismic noise and the teleseismic surface-wave two-plane
wave methods in the overlapping periods appear also consistent,
e.g., in the western US (Yang and Ritzwoller, 2008b) and south
Africa (Yang et al., 2008a). Therefore, the combination of the
dispersion data from the ambient seismic noise and the earth-
quake-based surface wave methods is generally reliable to obtain
the Vs structure from the upper crust to upper mantle as we did
in this study.

We obtained 1-D Vs structures across the Taiwan Strait from
ambient seismic noise and earthquake surface wave signals
recorded by broadband stations operated by IESAS. Further high-
resolution studies in this region can be achieved with more broad-
band stations surrounding the Taiwan Strait, for instance, from
some comprehensive projects like TAICRUST and TAIGER and from
broadband arrays in Fujian province of Mainland China.
8. Conclusions

We selected 7 permanent stations and one temporary station
operated by IESAS on both sides of the Taiwan Strait to study 1-
D average Vs structures between some station-pairs by analyzing
ambient seismic noise and earthquake surface wave signals. The
obtained 5–120 s inter-station Rayleigh wave phase velocity dis-
persion curves were the average results from TDEGFs at 5–30 s
and from TS at 10–120 s, which were then used to invert for Vs
structures in the crust and upper mantle.

The seismic velocity inversion studies using shorter period band
dispersion data in the sea areas with water depth deeper than
1000 m should take water layer into consideration except for the
continental shelves. The obtained 1-D Vs structures compare well
with previous studies. The significant differences of the Vs struc-
tures across the Taiwan Strait are in the shallow 15 km crust. The
highest Vs in the upper crust is observed along the coastlines of
Mainland China (KMNB-MATB), which is far from the collision
zone of Taiwan orogenic belt, similar to the AK135 upper crust
velocity model. Conversely, the lowest Vs in the upper crust ap-
pears along southwestern offshore of Taiwan Island (PHUB-TWKB),
which is 0.6–1.1 km/s lower than KMNB-MATB. The upper crustal
Vs structure in the middle section of the Taiwan Strait is 0.1–
0.2 km/s lower than the northern and southern sections. The upper
mantle Vs structure (Moho–150 km) beneath the Taiwan Strait is
about 0.1–0.3 km/s lower than the AK135 model. The Moho
discontinuity depths are 30 km across the Taiwan Strait, and
showing relatively thinner crust and simpler tectonic structures
than Taiwan Island.
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Fig. 13. Comparison of synthetic Rayleigh wave phase velocity dispersion curves of PHUB-TWKB with four different water layer thicknesses.
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