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Lateral variations of shallow shear-velocity structure in southwestern Taiwan
inferred from short-period Rayleigh waves
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Short-period fundamental-mode Rayleigh waves with periods of 1.1∼5.5 sec were used to investigate the lateral
variations of shallow-depth shear-wave velocity structure up to a depth of 8 km under southwestern Taiwan.
Through a priori regionalization, the region was divided into three subregions from the west to the east, and then
the regionalized group velocity for each subregion was determined by a standard least-squares technique. By the
structure inversion, the study region had obviously lateral velocity variations, which systemically increased from
the west region to the east one. On the whole, the shear-wave velocity in the Western Foothills was higher than that
in the Western Coastal Plain. Additionally, the three subregions all had a shear-wave velocity of less than 3 km/sec
with the lowest one in the Western Coastal Plain near the coast, related to the thick sediments. These results were
rather consistent with the geological features. For depths larger than 4 km, the velocity-gradient varying with depth
in the Western Foothills was lower than that in the Western Coastal Plain. This is likely to interpret the reason that
the seismic waves cannot be easily trapped within the Western Foothills; thus the short-period surface waves are
poorly developed in that region.
Key words: Short-period Rayleigh waves, group velocity, lateral velocity variation.

1. Introduction
Short-period surface waves are an important indicator in

inferring the shallow-depth shear-wave velocity structure for
the upper few kilometers of the crust (e.g. Chung and Yeh,
1997; Hwang et al., 2003). Generally, the generation of
short-period surface-wave is mainly dependent on whether
the seismic-wave propagation can be trapped within the shal-
low crust. Two factors, the depth of source and the character-
istic of structure, play important roles in exciting the short-
period surface waves. Previous studies on the short-period
surface waves in Taiwan are mainly from the observations
of the 1993 Tapu earthquake (ML = 5.7), which occurred
at Tapu, southwestern Taiwan (Huang et al., 1996) and pro-
duced many valuable strong-motion recordings, especially
for short-period fundamental-mode Rayleigh waves. Chung
and Yeh (1997) first used the short-period fundamental-mode
Rayleigh waves from the 1993 Tapu earthquake to exam-
ine the shallow crustal structure in southwestern Taiwan, and
concluded that the lateral velocity variations exist in this re-
gion. After the occurrence of the 1993 Tapu earthquake,
several earthquakes successively occurred in southwestern
Taiwan, and also brought about the short-period surface
waves. These valuable recordings would provide a chance
to deeply increase the understandings of the shallow-depth
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crustal structure. In addition, such the shallow structures can
also give useful information to the other studies, including
seismic-wave propagation, ground motion prediction, earth-
quake locations, etc. For this reason, in this study we made
an attempt to in more detail investigate the lateral variations
of the shallow crustal structure in southwestern Taiwan by
the short-period fundamental-mode Rayleigh waves through
a priori regionalization.

2. Brief Description of Geological Settings
Figure 1 shows a geological sketch of southwestern Tai-

wan. The region is mainly divided into two geological
units, which are the Western Coastal Plain and the Western
Foothills, respectively (cf. Ho, 1988). From field survey, the
two geological units revealed quite different structural fea-
tures. In the Western Coastal Plain, the existence of the thick
sedimentary layers is its principal feature. Comparatively,
the Western Foothills has more complicated structures due
to the action of thrust faulting (e.g. Suppe, 1980; Ho, 1988).
Hence, the Western Foothills is a region where is highly took
care in seismic hazard. In the past, many earthquakes once
occurred in the Western Foothills and resulted in destruction
to the buildings, such as the 1993 Tapu earthquake and the
1998 Rueyli earthquake as depicted in Table 1 and Fig. 1.

3. Data and Analysis
Accelerograms provided by the Central Weather Bureau

(CWB) were used in this study. Each accelerometer has a flat
instrumental response and a full scale of ±2 g. Moreover, the
recordings from the strong-motion stations are digitized with
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Fig. 1. Geological sketch of southwestern Taiwan. Two main units of geology are the Western Coastal Plain and the Western Foothills. Stars represent the
epicenters of these earthquakes used (also see Table 1) and squares denote the two cities, i.e. Chiayi city and Tainan city.

Table 1. Source parameters of five earthquakes used in this study.

No. Date Location Depth ML

1 199312152149 43.1 23.213◦N 120.662◦E 12.5 5.7
2 199807170451 14.9 23.503◦N 120.662◦E 2.8 6.2
3 199910220218 56.9 23.517◦N 120.423◦E 16.6 6.4
4 199910220310 17.4 23.533◦N 120.431◦E 16.7 6.0
5 200002152133 18.1 23.316◦N 120.740◦E 14.7 5.6

*Source parameters were routinely reported by the CWB. Numbers 1, 2 and 3 are the 1993 Tapu earthquake, the
1998 Rueyli earthquake and the 1999 Chiayi earthquake, respectively. The fourth earthquake is an aftershock
of the 1999 Chiayi earthquake.

a 16-bit resolution at 200 samples per second (cf. Liu et al.,
1999). For this reason, the surface-wave group delay caused
by the instrumental response can be ignored. Figure 2 shows
several vertical-component accelerograms generated by the
1993 Tapu earthquake and the 1999 Chiayi earthquake, re-
spectively (also see Table 1 and Fig. 1). In Fig. 2, these
accelerograms recorded at a number of stations situated on
the Western Coastal Plain presented a notable feature that
the longer period signals appear after the S-wave and per-
sist for tens of seconds. For clearly showing these signals,
we directly integrated the vertical-component accelerograms
twice to obtain their corresponding displacements. Subse-
quently, the displacements were filtered by a Butterworth fil-
ter with a frequency-band of 0.1∼5 Hz (Fig. 2). The short-
period Rayleigh waves, then, were seen obviously. In these
displacements, the longer period signals early arrived at the
station as compared with the shorter period ones in that these
recordings showed a characteristic of normal dispersion, for
which the group velocity increases with period (also see
Fig. 3).

In this study, the Multiple Filter Technique (MFT:
Dziewonski et al., 1969) was used to measure the group ve-
locity of the short-period Rayleigh-wave. Furthermore, in
order to refine these dispersive waves, we also employed the
Phase-Matched Filter (Herrin and Goforth, 1977) to mod-
ify the original dispersion curves, determined by the MFT,
for eliminating contamination of noise and multi-pathing.
Some unsuitable seismograms recorded in the nodal direc-
tion of the source have been eliminated in the data process-
ing. The group velocities from the multi-pathing were also
excluded through a detailed examination based on the narrow
band-pass filter (Herrmann, 1973) as MFT. Because these
Rayleigh-wave paths traveled over the two different geolog-
ical units (Figs. 3 and 4), it was adequate to investigate the
lateral velocity variations and the shallow crustal structure
beneath the southwestern Taiwan region. Lastly, 61 short-
period Rayleigh-wave paths with periods of 1.1∼5.5 seconds
were used to yield the examination of shallow crustal struc-
ture (Fig. 4).
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Fig. 2. Several vertical-component accelerograms in cm/sec2 (left) and their corresponding displacements in cm (right), generated by the 1993 Tapu
earthquake and the 1999 Chiayi earthquake, are presented. Displacement seismograms from the double integrations of the accelerograms are filtered at
frequency range of 0.1 ∼ 5 Hz.
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Fig. 3. Left diagram shows a few ray-paths across the study region. Ray-paths traveling across the Western Foothills and Western Coastal Plain are
denoted by thick lines, thin solid lines and dashed lines, respectively. Also, the corresponding group velocities for these Rayleigh waves by the MFT
analysis are shown in the right diagram.

4. Results and Discussion
4.1 A priori regionalization

From Fig. 3, the group velocities for Rayleigh-wave paths
across the study region exhibited a quite wide variation from
0.6∼1.3 km/sec at a period of 1.1 sec to 0.9∼2.1 km/sec
at a period of 5 sec. This implied that the lateral velocity

variations are capable of being anticipated in southwestern
Taiwan. Although the short-period surface waves were unfa-
vorably generated in the Western Foothills on account of the
structural complexity and the radiation pattern of source (cf.
Chung and Yeh, 1997), a few Rayleigh-wave paths almost
only passing across the Western Foothills could still show
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Fig. 4. Sixty-one Rayleigh-wave paths used in this study are shown in solid lines. Stars and triangles denote the earthquakes and the stations. Dashed
lines divided the region into three subregions, numbered by 1, 2 and 3, respectively.

the characteristics of dispersive waves (Fig. 3). Also, we in-
spected a number of ray-paths, which purely passed through
the two geological provinces, and found out a significant dis-
crepancy between the group velocities. As shown in Fig. 3,
apparently, the group velocities in the Western Foothills were
higher than those in the Western Coastal Plain. In addition, a
remarkable feature between these observations was that the
group velocities in the Western Coastal Plain expressed the
obvious differences as well, that is, the group velocities to
the west of the Western Coastal Plain were lower than those
to the east one (Fig. 3). This indicates that the velocity vari-
ation also exist in the Western Coastal Plain. According to
such features as mentioned above, we divided the region into
three subregions: one is the Western Foothills denoted by
Region 1 and the two others are Region 2 and Region 3 in
the Western Coastal Plain as displayed in Fig. 4.

In accordance with the pure-path method (cf. Knopoff,
1969), the group-delay time for a given ray-path can be
expressed in the following form.

ti (T ) = Li

V0i (T )
=

n∑
j=1

Li j

Vj (T )
(1)

where ti (T ) and Li are the travel time in second at a partic-
ular period (T ) and the epicentral distance in km for the i th
path, respectively. Li j is the partial length of the i th path
traveling across the j th subregion in km. Voi (T ) is the ob-
served group velocity of the i th path, and Vj (T ) is the group
velocity of the j th subregion to be determined. Equation (1)
can be solved by a standard linear inversion technique based
on a least-squares method (cf. Menke, 1984).

Figure 5(a) shows the regionalized group velocities for the
three subregions. Results show that the regionalized group
velocities gradually increased from the west region to the
east one to account for the existence of lateral heterogene-

ity. Comparing the group velocities of Fig. 3 with those
of Fig. 5(a), we can clearly see that there are high con-
sistencies between the two results. This further indicates
that the regionalization employed in this study is reasonable.
The regionalized group velocities in Regions 2 and 3 were
smoother than those in Region 1 (Fig. 5(a)). Hence, the
structure under the Western Coastal Plain is probably sim-
pler than under the Western Foothills. In Fig. 5(a), the group-
velocity differences between the Region 2 and Region 3 al-
most kept a value of 0.4 km/sec over the whole period range.
This seems to imply that the structures in the two regions
have similar velocity-gradient variations with depth. For pe-
riods less than 2 sec, the regionalized group velocities in
Region 1 largely increased relative to the two other regions.
This might suggest that there is a large velocity variation at
the shallower depths in Region 1.
4.2 Shallow-depth crustal structure

It’s well-known that there is a nonlinear relationship be-
tween the dispersion curves of surface-wave and the veloc-
ity structures under the Earth. This would make the inver-
sion problem uneasily solved by a least-squares technique.
Hence, a quasi-linear relationship will be retrieved through
Taylor series expansion when the high-order terms are ne-
glected. Because the relatively large perturbations to the
surface waves are from the S-wave velocity (shear-wave ve-
locity) than from the P-wave velocity and density, only the
shear-wave velocity is determined in the inversion process.
Then, the formula can be written as follows.

�U (Tj ) =
N∑
i=1

(
∂U (Tj )

∂βi

)
�βi (2)

where �U (Tj ) is the difference between the observed and
the predicted group-velocity at the j th period (Tj ), and �βi

is the resulting difference in the S-wave velocity of the i th
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Fig. 5. (a) Regionalized group velocities for the three subregions are determined through a standard least-squares method. Vertical lines denote the
standard deviation after the inversion. (b) Shallow-depth shear-velocity structures are determined by the inversion of the regionalized group velocities
for the three subregions. Error bars are also shown in horizontal lines. (c) Resolving kernels at several given depths for the three subregions.

layer between adjacent inversions. N is the number of layers,
and ∂U (Tj )

∂βi
is the partial derivative of the group-velocity of

the j th period with respect to the S-wave velocity of the i th
layer.

To solve Eq. (2), we used an iterative linear inversion tech-
nique developed by Herrmann (1991). Owing to the lack of
the detailed layered velocity model in the study region for
the shallow-depth crust, we used a half-space structure with
S-wave velocity of 3 km/sec as the initial model and adopted
an inversion process with a smoothness constraint between
velocity models, proposed by Constable et al. (1987), to in-
fer the shear-wave velocity structure under southwestern Tai-
wan. In the structure inversion, the very shallow soft alluvial
material and the topography would influence the inversion
results at the very shallow depths of up to tens of meters.
Hence, when using the surface waves with higher frequency
contents to invert the velocity structure, one should posi-
tively introduce the very shallow alluvial materials and the
topography into the inversion process. Since the short-period
Rayleigh waves with periods greater than 1 sec were used in
this study, we considered that such data are not able to re-
solve the very shallow structure up to tens of meters. On the
other hand, our purpose of this study was to principally de-
scribe the velocity variations for the upper few kilometers of
the crust. Hence, the very shallow structure and the topogra-
phy variation have small effects on our results. Figure 5(b)
shows the results of the structure inversion for the three sub-
regions. Obviously, the shear-wave velocity structures ex-
hibited the lateral variations decreasing from the east to the
west (Fig. 5(b)). The results are similar to a study of Hwang
et al. (2003) and geological survey (cf. Ho, 1988), and are
probably controlled by orogeny and deposition in Taiwan.
Resolving kernels of the three subregions for several given
depths (2, 4 and 6 km) were shown in Fig. 5(c). Because
of the smoothing inversion used in this study, the resolving
kernel is not a perfect value (∼1.0) and spreads outward over
the whole depths. However, these resolving kernels are still
recognizable to indicate the better depth resolution for sev-

eral given depths in Fig. 5(c). From Fig. 5(b), the shear-wave
velocity in Region 1 was larger than that in the other two re-
gions, and that in Region 3 was the lowest one. For depths
less than 2 km, Region 1 had a higher velocity-gradient vari-
ation as compared with Regions 2 and 3. This could be re-
lated to the complicated structure in the Western Foothills
where there are some actions of the thrust faulting to result
in the imbricated structures (e.g. Suppe, 1980). At depths
greater than 4 km, the shear-wave velocity in Region 1 al-
most kept a constant, about 2.9 km/sec, to demonstrate that
the seismic waves are easier to be trapped within the layers of
Regions 2 and 3 than within that of Region 1. In other words,
the well-developed short-period surface waves are easily ob-
served at some stations located on the Western Coast Plain
as mentioned by Chung and Yeh (1997). In Fig. 5, the veloc-
ities at depths less than 8 km for the three subregions have
a shear-velocity of less than 3.0 km/sec, associated with the
thick sediments and in agreement with a study of the 1-D S-
wave structure of western Taiwan from Chen (1995). More-
over, in Region 1, the velocities at depths of 4 to 8 km are
accordant with Chen’s results; relatively, at depths of 2 to
4 km, Chen’s results approximate to the average values of
Regions 1 and 2 in shear-wave velocity. For depths less than
2 km, our results expressed significant velocity variations as
compared with the 1-D model (Chen, 1995). Thus, through
the analysis of the short-period Rayleigh waves, the detailed
shallow-depth shear-wave structures can be determined than
done previously. Owing to the large changes in structures be-
tween the Western Coast Plain and the Western Foothills, the
mode conversion of seismic waves would occur at the border
between the two geological units when the seismic waves
had a suitable incident angle (i.e. critical angle) from a mate-
rial to the other one. Hence, the short-period Rayleigh waves
could be probably caused by the mode conversion from the
S-wave (Chung and Yeh, 1997). However, the short-period
Rayleigh waves from the mode conversion should propagate
along the boundary of the two different geological provinces.
For this reason, the short-period Rayleigh waves, observed



354 R.-D. HWANG et al.: LATERAL VELOCITY VARIATIONS IN TAIWAN

at the stations that are distance from the source, are mainly
controlled by the shallow structures rather than by the mode
conversion. Although a study of Chung and Yeh (1997) has
pointed out the lateral velocity variations in the area on the
basis of the epicentral distances, such a simpler regional-
ization is not sufficient to account for systemic differences
in the shear-wave velocity structure under southwestern Tai-
wan. Based on Chung and Yeh’s regionalization, we do not
seem to consider the matter that there are good consistencies
between the modeling and the observed seismograms from
their studies.

From this study, not only can we construct the shallow
crustal structures, but clearly show the lateral velocity varia-
tions from relatively large seismic data set in the southwest-
ern Taiwan region through a priori regionalization. In the fu-
ture, the forward modeling of the seismograms calculated in
light of the laterally inhomogeneous structure received from
our study will be the next subject.

5. Conclusions
The obvious lateral heterogeneity of the shallow-depth

crustal structure in southwestern Taiwan is inferred through
the inversion of the short-period Rayleigh waves with peri-
ods of 1.1 ∼ 5.5 sec. In this region, systemically increasing
from the west region to the east one seems to imply that the
structure is approximately parallel to the main structure of
Taiwan. The three subregions have a shear-velocity of less
than 3.0 km/sec with the lowest one in Region 3 near the
coast. Thick sediments in the study region are applicable
to account for such structures. The velocity in the West-
ern Foothills, in general, is larger than that in the Western
Coastal Plain. Such structure variations are probably related
to orogeny and deposition in Taiwan. From our results, the
structure in Region 1, i.e. the Western Foothills, is possibly
disadvantageous to generate the well-developed short-period
surface waves.
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