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Shallow Crustal Structure from Short-Period Rayleigh-Wave Dispersion 

Data in Southwestern Taiwan 

by Jen-Kuang Chung and Yeong Tein Yeh 

Abstract Strong ground motions in the period range of 1 to 5 sec observed in 
Taiwan in a dense network during the Tapu earthquake (ML = 5.8) of 15 December 
1993 were dominated by fundamental-mode Rayleigh waves. The shallow crustal 
structure beneath this network was determined from the group velocity dispersion 
data using standard inversion techniques. Results show that an alluvial layer with a 
thickness of only about 160 m exists over the sedimentary structure in the western 
coastal plain. A clear lateral variation in the shear-wave velocity along a cross section 
perpendicular to the western structural grain (Ho, 1982) was resolved. 

For the purpose of retrieving the ground motions to confirm the proposed model, 
forward modeling with a two-dimensional finite-element method was used and 
agreed well with the observed seismograms when slightly lower velocities than those 
of the inversions were used. It is concluded that the velocity model estimated using 
group velocity data cannot definitively correspond to the real one at such short dis- 
tances and in such a complex structure. On the basis of quantitative simulations, a 
very soft surface layer must be crucial in the interpretation of the slow wave trains 
with long duration and the rare prograde particle motions. The results suggest that 
these surface waves may be generated by the conversion of body waves at the bound- 
ary of the western coastal plain and foothills. 

Introduction 

Short-period surface waves are often used to infer the 
shear-wave velocity structure in the upper few kilometers of 
the crust. Many previous studies commonly used surface 
waves recorded from relatively shallow earthquakes 
(MacBeth and Burton, 1985; Niazi and Chun, 1989) and 
seismic explosions (Kafka and Reiter, t987; MacBeth and 
Burton, 1986, 1988; Yao and Dorman, 1992). Nevertheless, 
some of these studies documented difficulties in extracting 
evident surface waves from the background noise in the pe- 
riod range of approximately 0.2 to 1 sec because only weak 
surface waves are excited by relative small sources. 

Strong motions also include significant surface waves, 
especially in sediment-filled areas (Bard and Bouchon, 
1980). Tanaka et al. (1980) showed that surface waves with 
a period of around 8 sec are predominant in seismograms 
recorded at a station in Tokyo on sediments during large 
earthquakes. Wang et al. (1989) analyzed well-developed 
wave trains across the strong-motion array in Taiwan 
(SMART-l) generated from two large earthquakes in the 
Hualien area of Taiwan and identified a group of weak dis- 
persive fundamental-mode Rayleigh waves that they used to 
derive the subsurface velocity structure of the Ilan plain. 
Underlying most numerical and experimental studies, insight 
into underground structures down to the basement remains 

an important objective for seismic hazard reduction. With 
this purpose in mind, strong motion obtained from a dense 
network in southwestern Taiwan during the Tapu earthquake 
(Me = 5.8) of 15 December 1993 was investigated. Distinct, 
well-dispersed later phases in the records were analyzed and 
interpreted as Rayleigh waves. The shear-wave velocity 
structure beneath this strong-motion network was derived by 
inversion, utilizing fundamental-mode group velocities in 
the period range of 1 to 5 sec. 

Using the two-dimensional finite-element method, the 
forward modeling of the seismic waveforms was carried out 
to simulate the behavior of surface waves within sedimen- 
tary layers. The purpose was twofold: first, to understand the 
reasons by which these well-dispersed surface waves can 
generate in such a closed region, and second, to predict the 
strong ground motions during large earthquakes in the fu- 
ture. 

Strong-Motion Records 

For seismic hazard assessment and microzonation stud- 
ies, the Taiwan Strong Motion Instrumentation Program 
(TSMIP) has been in operation since July 1991. The config- 
uration of the very dense strong-motion network deployed 
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under one part of this program in southwestern Taiwan is 
depicted in Figure 1. The spacing between adjacent stations 
is about 5 kin, but a more sparse distribution is common in 
the central range. Each station consists of a three-component 
accelerometer A-900 (Teledyne Geotech, 1993) or IDS- 
3602 (Terra Technology Corp., 1992) with a 16-bit resolu- 
tion and a 96-db dynamic range, a setup that can record good 
quality digital data for even a small event. The net system 
response to acceleration for both types of accelerometer is 
almost flat from dc to 50 Hz ( - 3 db down). This network 
system has provided opportunities for researchers to inves- 
tigate important seismic problems. 

The Tapu earthquake (ML = 5.8) of 15 December 1993 
produced one of the most complete sets of strong-motion 
records. As determined from the shear waves, there is one 
relatively prolonged wave train in the vertical component of 
these seismograms (Fig. 2). These slow phases exhibit strong 
amplitudes in the period range of 1 to 5 sec observed at 
stations close to the western coast. The normal dispersion 

characteristics of these wave trains can be clearly identified. 
Such phases, in contrast, are seldom seen at the stations north 
or south of the epicenter in spite of the epicentral distances 
being in the same range as those in the western stations. The 
significant differences in waveform are visible when the re- 
cords of stations CHY10, CHY46, CHY35, and CHY65 are 
compared with the others shown in Figure 2. If later wave 
trains are recognized as surface waves caused by the low- 
velocity sedimentary layer overlying the western coastal 
plain, the lack of surface waves should not seem surprising 
for stations located in the western foothills. This article fo- 
cuses on the inversion to obtain the velocity structure using 
dispersion measured from vertical-component seismograms 
recorded at stations west of the source. 

For the convenience of the analyses and simulations in- 
volved, displacement waveforms were integrated from ac- 
celerograms and then filtered by a high-pass filter with a 
cutoff frequency of 0.16 Hz, as shown in Figure 3. In this 
way, the described characteristics of waveforms have be- 
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Figure 1. Strong-motion stations that recorded the ground motions during the Tapu 
earthquake of 15 December 1993. The epicenter is marked by a star (-k). Only the code 
number of the station name is denoted: for example, "13" means "CHY13," and so 
on. The stations marked with solid squares recorded obvious surface waves that were 
observed and analyzed in this study. The dashed lines separate the region into three 
provinces, namely, AV1, AV2, and AV3. 
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Figure 2. Examples of the vertical accelerograms recorded during the Tapu earth- 
quake. The number attached to the end of each seismogram is the station code. The 
number in parentheses stands for the peak ground acceleration value in units of cm/ 
sec/sec. The boundary dividing regions AV1 and AV2 is at about the epicentral distance 
of 36 km. The stations marked with a solid circle (0) are located in region AV3, whereas 
those marked with an open triangle (A) are located in region AV1. 

come much more evident. Each trace, dominated by the Sur- 
face waves, lasts for 20 to 35 sec, with the peak amplitude 
in some stations exceeding 0.5 cm. 

Dispersion Analysis 

Group velocities were derived using the multiple-filter 
technique of Dziewonski et al. (1969). The seismic signal 
was Fourier transformed and narrow bandpass filtered for a 
series of center frequencies. For each center frequency, the 
group arrival time was approximated by measuring the ar- 

rival time of the maximum amplitude of the envelope of the 
filtered signal. A typical contour diagram of instantaneous 
amplitudes in the group velocity-period plane is shown in 
Figure 4 for recordings at station CHY91. Normalization on 
the instantaneous amplitude matrix was performed individ- 
ually for each frequency. Then, the dispersion curve could 
be obtained by following the signal maxima denoted as a 
reversed triangle in the diagram for each center frequency/ 
period. The velocity interval selected to search the maxima 
of Rayleigh-wave energy at each period was 0.04 krrdsec, 
which is narrow enough for distinct, well-dispersive wave 
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Figure 3. Integrated vertical displacement seismograms. The number attached to the 
end of each seismogram is the station code. The number in parentheses shows the peak 
value of the displacement in units of cm. These seismograms were filtered by a high- 
pass filter with a cutoff frequency of 0.16 Hz. 

trains that mostly characterize the data used in this study. 
No treatment was performed to smooth the dispersion curves 
since several curves were grouped and averaged to obtain 
the velocity structure. 

Seventeen dispersion curves were obtained, and all had 
typical shape for fundamental-mode Rayleigh waves prop- 
agating through a shallow structure with very tow velocities 
in the most upper stratum. A noticeable phenomenon was 
the large variation in group velocity. In view of the vari- 
ability expected in shallow structure, this is, to some degree, 
not surprising. However, a regular azimuthal change was not 
observed in the fanlike region covered by the propagation 
paths. Based on visual inspection, these dispersion curves 

can be classified into three groups as indicated in Figure 1 
and separated by the dashed lines. With this division, the 
averaged group velocity increases from about 0.7 km/sec at 
a period of 1 sec to 1.4 km/sec at a period of 5 sec in region 
AV1 (Fig. 5). Less scattered dispersion values are, never- 
theless, observed at periods shorter than 2 sec. This implies 
that the shear-wave velocity of the shallowest alluvium 
should be less than 1 km/sec. On the other hand, higher 
group velocities ranging from 0.8 to 1.8 km/sec for the same 
period range are obtained in region AV2 (Fig. 6). The ve- 
locities measured in this region show larger deviations than 
those in region AV1 for the entire period range of interest. 
In fact, the AV2 maximum variation of velocity reaches 
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Figure 4. Multiple-filter analysis of the vertical-component displacement at station 
CHY91. The contours of relative energy higher than 75 db are drawn. The reversed 
solid triangles (V) indicate the ridges of the filtered envelope for each period, respec- 
tively. 

about 25% of the average velocity at a period of 5 sec. The 
first idea that comes to mind to explain this feature is that 
some error might have resulted from an incorrect recording 
time. The Global Positioning System (GPS) timing is stan- 
dard equipment in each accelerometer, but when the routine 
maintenance reports were checked, a few stations were 
found to have had a 1-sec error about every 3 months. For 
stations with an epicentral distance of 30 km and an error of 
+ 1 sec in recording time, the maximum error in velocity 
estimation would be in the range of ___ 2.4% at a period of 
about 1 sec to + 7.1% at a period of 5 sec. This means that 
the large deviation must have mostly been due to lateral 
velocity variations. The three highest velocity curves (Fig. 
7), measured by stations CHY23, CHY70, and CHY69, re- 
spectively, are coincidentally located in a very local area in 
the southwest of the plain. These stations were grouped in 
region AV3. One possible explanation of the observed pat- 
tern is that higher velocities were observed for paths parallel 
to the structural grain of the western foothills than for paths 
transversing the grain. Figure 8 shows that thrusting and 
folding in the western foothills is relatively shallow. Also, a 
surface of dtcollement underlying the imbricate fault zones 
can be recognized. This detachment plane separates the Neo- 
gene to late Oligocene rocks in the fold-thrust zone from the 
underlying basement (Ho, 1982). It can be assumed, there- 
fore, that the NNE-trending Quaternary fault zone (Hsu and 

Chang, 1979) produced by the orogenic movement in the 
Plio-Pleistocene or early Pleistocene time seems to be the 
source of the lateral velocity variation behavior associated 
with the seismic waves. However, this will need to be ver- 
ified using more data and convincing evidence in future 
studies. 

Inversion for Shallow Structures 

To obtain a model beneath the strong-motion network, 
a standard surface-wave inversion theory, first proposed by 
Backus and Gilbert (1970), was used. An interactive pro- 
gram developed by Russell et aL (1984) was used in the 
present study. This program inverts observed group veloci- 
ties for the plane-layered shear-wave velocity structure and 
uses singular value decomposition (Lawson and Hanson, 
1974) in the stochastic or differential form (Russell, 1987). 

Since the upper-crustal structure is not known in this 
area, the detection of discontinuities or rapid gradients in 
velocity could be performed by setting several thin layers 
over the uncertain structure as an initial model and then in- 
verting. A new model was obtained by putting the adjacent 
layers with almost the same velocity together. After this, the 
layer from the free surface to 1 km deep was divided into 
two or three layers independently, and the same procedure 
was also followed for the layer from 1 km to 3 km in depth. 
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Figure 5. Dispersion curves of fundamental-mode Rayleigh waves for region AV1. 
Different symbols represent the corresponding station codes. 

The velocity in the 3 to 4 km depth was assumed to be the 
same as that at the depth of 3 km, because the maximum 
resolved depth was about 3 km as determined by the data. 
Below the depth of 4 km, the S-velocity model from Ho 
(1994), which was derived from a three-dimensional travel- 
time inversion of body waves (P and S waves), was used 
and held fixed. 

The short-period surface waves appeared to show great 
variation, as shown in the dispersed data and described in 
the previous section. This was due to local inhomogeneities 
within the shallow structure, and thus, in this article, a start- 
ing model was first found by inverting the averaged disper- 
sion curve. A model corresponding to the individual disper- 
sion curves was then derived utilizing the starting model 
during inversion. Finally, by taking the average of these 
models, the structure was obtained. 

For each of the two regions, AV1 and AV2, the aver- 
aged group velocity dispersion values of the fundamental- 
mode Rayleigh wave were used to invert for velocity struc- 
ture. Figures 9 and 10 show the comparisons between the 
observed curves and the theoretical curves as predicted by 
the inverted model. During the inversion scheme, both the 
shear-wave velocities and the layer thicknesses were itera- 
tively inverted because these parameters are more sensitive 
to dispersion characteristics than the others (Bloch et al., 

1969). The empirical relationship between the density and 

the compressional velocity in rocks, proposed by Dobrin 
(1976), was used in this article. For sedimentary rocks, a 
variety of crystal structure and porosity were represented by 
the data. Accordingly, the mean curve fitting the scattered 
data was used, and it was found to be appropriate when 
compared with other results (Wang et al., 1989, 1992). The 
velocity-inversion results (Figs. 11 and 12) indicate good 
resolution in the upper 3 km, except the surface layer of 
about 160 m thick in region AV1. The existence of uncon- 
solidated alluvium in the western coastal plain is well 
known. In spite of having one low-rigidity cover layer with 
a thickness of about 250 m included in the model, the in- 
verted shear velocities are between 0.70 and 0.82 kndsec for 
region AV1 and 0.9 km/sec for region AV2; however, some 
latent uncertainty still exists in region AV1 because of the 
poor resolving kernels brought on by the absence of asso- 
ciated observations for periods shorter than 1 sec. On the 
whole, considerable differences in velocity are constrained 
within the upper layers down to 4 km between these two 
provinces. 

The inverted structures represented in Figures 11 and 
12 became the initial models for the inversion of the indi- 
vidual structure for each station. In this step, the thicknesses 
of the layers were fixed during inversion. For each region, 
the final model was derived by averaging all of the models 
obtained using Rayleigh-wave dispersion data for individual 



376 J.-K. Chung and Y. T. Yeh 

2.2 

2.1 

2.0 

1.9 

~ 1 . 8  

1,7 

1.6 

~ 1 . 5  

( ~ 1 . 4  

1.3 

1.2 > 
~ 1 . 1  

O1 .0  

(.9 0.9 
0.8 

0.7 

0.6 

0.5 

Rayleigh Wave 
Fundamental Mode 

I I I I 
I I | r 

I I I I / ~  

I I I I I 

- f  1 - REGION AV2 ', 
- / CHY-91 60 17 54 49 / i/~ /i.~ - 
- k ~ ~ • o nn / , /  d ~ ;  - 

I I I I 

I I I I I I t 

I I I I n 

I t ~ I n 

I I n n 

I I I I ~ - I 

I I I I I I 
m I I I I 

- 

I I I I I 

I I ~ I I I 

I I I I I 

E I p 

J 

I 
0.8 1 4 6 

PERIOD (SEC) 

Figure 6. Dispersion curves of fundamental-mode Rayleigh waves for region AV2. 
Different symbols represent the corresponding station codes. 

stations. Table 1 lists the resulting models. The shear-wave 
velocity of the top 160 m is 0.70 km/sec, whereas that of the 
next layer between 160 and 260 m is 0.82 km/sec in region 
AV1. Having analyzed the microtremors in the Chiayi and 
Tainan stations, Wang et al. (1992) proposed that the S-wave 
velocities of the top 200 m are in the range of 0.40 to 0.75 
km/sec. The velocities obtained in this study were similar to 
those results. On the other hand, the interval S-wave velocity 
of 0.40 to 0.55 km/sec between 140 and 230 m was mea- 
sured in the Tainan area using seismic reflection methods 
(Fang and Shih, 1994). For region AV2, only one layer with 
a shear-wave velocity of 0.90 km/sec in the top 290 m is 
derived. From 250 m down to about 800 m, the shear-wave 
velocities are 1.09 and 1.32 km/sec for regions AV1 and 
AV2, respectively. A relatively rapid change in velocity oc- 
curs at the boundary at about 800 m. Below this, down to 
2100 m, the shear-wave velocities of 1.71 to 1.96 km/sec 
were mainly resolved from signals with a period of 2 to 4 
sec that were predominant in all of the displacement wave- 
forms. There was still a significant difference in velocity 
between 2100 and 4000 m for both regions, say 2.25 and 
2.56 km/sec, respectively. Based on stratigraphie cross sec- 
tions, they could have, however, belonged to the same Pli- 
ocene-Miocene strata unit (Ho, 1971; Tang, 1977). The 
deeper structure below 4000 m that is assumed to be the top 
of the pre-Miocene basement experienced no large pertur- 

bation when compared with the initial models. This also sug- 
gests that the data could not resolve the structure below such 
a depth when the propagation of the surface waves with the 
period range observed here were employed. A noticeable 
phenomenon is that the standard deviations of shear-wave 
velocity below the depth of 800 m derived from the data of 
region AV2 are generally larger than those from region AV1 
(Table 1). 

Numerical  Model ing 

To test the estimated velocity models, the finite-element 
method was employed to simulate the generation and prop- 
agation of short-period Rayleigh waves within the cross sec- 
tion in the northwestern direction passing through the 
epicenter (i.e., line AA' in Fig. 1). Since the surface-wave 
inversion assumes a fiat-layered structure, some modifica- 
tions were made to construct a 2D model with one general 
feature being the edge of the sedimentary plain being against 
the foothill. Figure 13 represents the central part of the nu- 
merical model with a length of 200 km and a depth of 100 
km. The structure on the foothill side, which partly corre- 
sponds to the central range, is divided into four layers over 
the half-space model based on the results of inversion. At 
the same time, two more low-velocity layers are modeled as 
the sedimentary plain that overlays the existing layers. The 
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Figure 7. Dispersion curves of fundamental-mode Rayleigh waves for region AV3. 
Different symbols represent the corresponding station codes. 
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Figure 8. Structure section illustrating the gravity tectonics in the Alishan nappe of 
southern Taiwan (modified after Biq, 1969). 

determination of the thickness of each layer was based on 
the AV1 model beneath the western coastal plain and the 
AV2 model under the western foothills. Two thin layers 
were allowed to merge into one layer. 

The grid spacing of the model was 200 m, both hori- 
zontally and vertically. Therefore, the ability to resolve the 
signals with a frequency lower than 1 Hz could be achieved 
in compliance with the inherent characteristics of the finite- 
element calculation (Kuhlemeyer and Lysmer, 1973; Smith, 
1975). The number of nodes exceeded 500,000, while the 

total degrees of freedom to be solved had a number of more 
than one million for the P-SV case in this study. To com- 
pletely eliminate numerical reflections from the artificial 
boundaries, the absorbing boundary condition proposed by 
Smith (1974) was used. The dislocation source was simu- 
lated by the split-node technique (Melosh and Raefsky, 
1981). 

Based on the distribution pattern of the well-located af- 
tershocks and the results of previous studies (Huang et al, 
1994; Ho, 1994; Jiang, 1994), a west-inclined fault plane 
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Figure 10. Comparison of the theoretical disper- 
sion curve (solid line) and the averaged observations 
denoted by solid squares (11) with standard deviations 
for region AV2. 

with a moderate dip angle was expected. The depth of  12.5 
km was immediately announced by the Central Weather Bu- 
reau (CWB, 1993) using the HYPO71 routine program. A 
depth of 15 km, where the initial thrust-type rupture occurred 
and propagated upward with a rupture velocity of  2.45 kin/ 
sec for a width of  5 km along the fault, was chosen in this 
study. The source time function was a Gaussian function 
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Figure 11. Initial shear-wave velocity model and 
the resolution kernels of region AV1 obtained by the 
inversion of the observed average group velocities. 
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Figure 12. Initial shear-wave velocity model and 
the resolution kernels of region AV2 obtained by the 
inversion of the observed average group velocities. 

Table 1 
S-Velocity Models Obtained from Inversion of Averaged Group 

Velocity Data 

Region AV1 Region AV2 

Thickness Velocity SD (N  = 9) Thickness Velocity SD (N = 5) 
(kin) (kin/see) (kin/see) (kin) (km/sec) (kin/see) 

0.16 0.70 0 .074 0.29 0.90 0 .030 

0.10 0 .82 0.055 0.42 1.32 0.038 

0.49 1.09 0 .066 0 .24 1.58 0 .190 

0.66 1.61 0.123 1.14 1.96 0 .128 

0.72 1.71 0 .102 2.07 2.56 0 .104 

2.00 2.25 0.089 4.87 3.29 0.153 
4.92 2.83 0.071 3.99 3.22 0 .077 

4.00 3.31 0 .024 - -  3.57 0.011 

- -  3.49 0.003 

*N: number of observations. 
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2-D Finite Element Model 
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Figure 13. Two-dimensional finite-element model 
of the cross section AA' depicted in Figure 1. The 
three numbers in each block show density, P-wave 
velocity, and S-wave velocity, respectively. A thrust- 
type dislocation fault is also shown. The star (4t) in- 
dicates the initial rupture point. 

with a predominant period of about 2 sec. However, a series 
of such functions in an orderly rupture along the fault plane 
can usually be combined to form a rough ramp function to 
simulate realistic rupturing. Therefore, a finite source with a 
dip of 45 ° was modeled in this study. 

Figure 14 shows the comparisons between the observed 
waveforms and the synthetic seismograms in both the ver- 
tical and radial components. The agreement is good in most 
cases. The match in the amplitude and waveform is excel- 
lent, even at the high frequencies, for the closest station, 
CHY18, which was also simultaneously simulated for the 
purpose of examining the effects of source depth and fault 
dimension on the waveform. 

The well-dispersed wave trains were synthesized in both 
components to fit the amplitude of observations. For the 
waves following the S waves, which can be identified in the 
time of 12 to 17 sec for stations CHY17 to CHY59, shown 
in Figure 14, the synthetic amplitudes in the radial compo- 
nent are significantly larger than those in the vertical com- 
ponent. This phenomenon does not seem to be so evident in 
the observed data. For comparison with the observed data, 
the larger amplitudes for the farther stations were synthe- 
sized. It should be explained that the calculations here do 
not include anelastic effects, which should have a principal 
effect on the amplitude of surface waves propagating in the 
sedimentary structure with a very low Q value (Joyner et al., 
1981; Frankel and Vidale, 1992). 

Analytical solutions can show prograde motion in the 
fundamental-mode Rayleigh wave with the combination of 
a high shear velocity contrast and a high Poisson's ratio in 
the thin alluvium over the half-space model (Mooney and 
Bolt, 1966). In fact, this phenomenon was previously dis- 

cussed by Jones et al. (1963) for an alluvial overburden. 
Such a special phenomenon of the prograde particle motions 
of the surface waves, it is noticed, did actually appear in the 
observed seismograms as well as in the synthetic results. In 
such a situation, a dominantly horizontal motion of the sur- 
face displacement could be expected. 

Typical well-dispersed surface waves were only ob- 
served in the vertical component, not in the radial compo- 
nent. The synthetic seismograms (Fig. 14) also show this 
phenomenon and, in general, have good matches with the 
observations in both components. Phase misalignments in 
the vertical component of the first half of the surface wave 
trains are presented at stations CHY17, CHY44, and 
CHY59. For station CHY 17, the synthetics show time delays 
in the surface wave trains. This was due to high group ve- 
locities in the observed data (Fig. 6). In contrast, the syn- 
thetics in station CHY44 and CHY59 are slightly advanced 
with regard to the observations that have slower velocities 
than the average dispersion curves (Fig. 5). These compar- 
isons reflect a significantly heterogeneous lateral structure in 
the western coastal plain. In addition, the duration of shaking 
in the synthetic seismograms is shorter than that in the ob- 
servations. This, though, is expected when 2D finite-element 
modeling is employed to simulate the 3D effects of seismic 
waves. 

The slight differences in the P-wave arrival times could 
have been caused by the assumption made as to the lateral 
homogeneous layered structure below the depth of 9 km. 
Advances observed in near stations (i.e., CHY18 and 
CHY54) and delays in the others can actually be corrected 
by setting a higher velocity beneath the western coastal plain 
and contrarily a lower velocity in the source region. In so 
doing, the low-velocity zone would be very close to the one 
estimated by Ho (1994). 

For insight into the generation of surface waves, the seis- 
mic profile of the vertical displacement records observed on 
the free surface is shown in Figure 15. More energy from the 
S waves is converted to surface waves at the edge of the al- 
luvium located at the epicentral distance of 14 km. This high- 
velocity contrast structure also generates very slow phases 
with little dispersion (indicated by the arrows in Fig. 15). The 
velocity is about 0.34 km/sec. These slow phases can perhaps 
be identified as body waves bounded within the soft top layer 
and propagating like some kind of channel wave. In some 
observations, such as those at station CHY54, these later 
phases were found in the vertical component at 35 sec. Figure 
16 shows the energy distribution of the surface waves in a 
vertical cross section at different times. Normal dispersion 
characteristics are clearly illustrated. The penetration depth 
of the surface waves trapped in the sedimentary basin is never 
deeper than 5 km in the short-period range. 

Conclusions 

Well-dispersed fundamental-mode Rayleigh waves gen- 
erated by the Tapu earthquake of 15 December 1993 were 
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Figure 14. Comparisons of the synthetic seismograms (light traces) obtained from 
the finite-element simulation and the observations (heavy traces) in both the vertical 
and radial components. 
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Figure 15. Synthetic seismic profile of ver- 
tical-component displacement on the free sur- 
face of the western side of the epicenter along 
direction AA' depicted in Figure 13. The dark 
portions of the images had strong energy at that 
time. In contrast, the light portions had little or 
no energy at that time. The arrows indicate the 
slow phases discussed in the text. 
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Figure 16. Fixed-time wave-field snapshots of the cross section with a depth of 20 
km in the region on the western side of the epicenter. 

recorded by a dense strong-motion network. Group velocity 
dispersion values were used to invert for the shear-wave ve- 
locity structure of the shallow crust in southwestern Taiwan. 
Results show that an alluvial layer with a thickness of only 
about 160 m existed over the sedimentary structure in the 
western coastal plain. Distinct lateral variations in the shear- 
wave velocity along the cross section perpendicular to the 
structural grain were estimated. 

With the aim of confirming the derived structure, two- 
dimensional finite-element simulations were utilized to syn- 
thesize the strong ground motions. The match between the 
synthetic seismograms and the observations was good. The 
surprising fact that strong short-period surface waves were 
observed beyond the epicentral distance of about 25 km for 
an earthquake of 15 km in depth suggests that these surface 
waves may have been generated by the conversion of body 
waves at the boundary of the western coastal plain and foot- 
hills. 

The amplitudes of the surface waves were larger in the 
horizontal component than in the vertical one. As shown by 
quantitative simulations, a very soft surface layer must be 
crucial in interpreting the slow wave trains with long dura- 
tion as well as the rare prograde particle motions. As the 
velocities obtained using the surface waves represented an 

average over the paths from the epicenter to the recording 
stations, slightly lower velocities were readily given in the 
upper layers during simulations in this study. The S-wave 
velocity of about 0.65 km/sec in this layer, in summary, was 
determined and generally coincides with the models ob- 
tained from microtremors and reflection studies at compar- 
able depths. 
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