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1 INTRODUCTION

SUMMARY

The Taipei basin in northern Taiwan is located in a high seismicity region and was affected by
several earthquakes in the past (M = 7.3 on 1909 April 15; M = 6.8 on 1986 November
15; the Chi-Chi My = 7.3 earthquake on 1999 September 21 and M = 6.8 on 2002 March
31). The main characteristic of the Taipei basin is its complex shape with a deep western and
shallow eastern part. The uppermost Sungshan formation with its low shear wave velocities
(90200 m s~ ") is also a distinct feature of the basin. Based on the large data base of earthquake
records obtained from the Taiwan Strong Motion Instrumentation Program network, many
studies on ground motion within the Taipei basin exist. However, the influence of the various
subsurface structures on the observed ground motions as well as the variability of ground
motion with respect to earthquake location is not fully understood. We apply a 3-D finite-
difference method to simulate wave propagation up to 1 Hz for a small earthquake close to the
basin in order to resolve these open questions. By varying source and structural parameters,
we explore the variability of ground motion.

Our study includes a subsurface model that is based on recent studies on the basin structure
and on the crustal structure of Taiwan. From our simulations we find a good fit between
simulated and observed waveforms and peak ground accelerations for the considered small
earthquake near the basin. We also explore the influence of fault plane orientation, hypocentre
location, deep basin structure and soft soil surface layers of the Sungshan formation by varying
the subsurface structure and earthquake position. Our studies reveal that the basin structure
produces an amplification factor of about 4 compared to hard rock conditions. Additionally,
the soft soil Sungshan formation produce amplification of a factor of 2. This results in a
maximum amplification of the basin structure of about 8, which is in good comparison with
amplification values larger than 5 found from the analysis of observed earthquakes. These
values clearly exceed the amplification values of about 2—3 obtained when applying standard
1-D site effect analysis.

Our simulations for different earthquake positions show that ground motion depends strongly
on earthquake location and fault orientation. Therefore, the application of average values of
spectral amplification obtained from the analysis of recorded data from distant earthquakes
with different azimuths and fault planes may significantly underestimate future ground motions
of possible earthquakes on known faults close to the Taipei basin. The simulation of a small
earthquake near the Taipei basin presented in this study will help to set up adequate simulation
parameters for a possible large earthquake close to the Taipei basin. Such a simulation of
a scenario earthquake close to the Taipei basin would allow to significantly improve hazard
assessment as no observations of strong earthquakes in the vicinity of the basin exist.

Key words: Earthquake ground motions; Site effects; Computational seismology; Wave
propagation.

city suffered last century four times from strong earthquakes (M =
7.3 on 1999 April 15; M} = 6.8 on 1986 November 15; the Chi-

The city of Taipei in northern Taiwan with a population of about Chi M = 7.3 earthquake on 1999 September 21 and M| = 6.8
3 millions is located on a complex shaped sedimentary basin. The on 2002 March 31). The Taipei basin can be divided into a deep
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Figure 1. Map of the triangle-shaped Taipei basin in northern Taiwan. The
area is covered with a dense strong motion network (triangles), which is
operated within the frame of the Taiwan Strong Motion Instrumentation
Program (TSMIP).

western (750 m) and a more shallow eastern part (200-300 m). The
uppermost sedimentary layer is the so-called Sungshan formation
with minimum shear wave velocities of about 100ms~'. A deep un-
derstanding of site amplification within the complex shaped Taipei
basin is essential for seismic hazard assessment.

The Taipei area is covered with a dense strong motion network
(Fig. 1) that is operated within the frame of the Taiwan Strong
Motion Instrumentation Program (TSMIP) conducted by the Central
Weather Bureau (CWB). Many studies of recorded events exist that
describe ground motion patterns within the basin (e.g. Wen & Peng
1998; Sokolov et al. 2000, 2003, 2004; Chen 2003; Fletcher & Wen
2005). These studies revealed a large variation of ground motion
characteristics like peak ground acceleration, response spectra, and
dominant frequencies in the Taipei basin.

More recently, frequency dependent site amplifications were de-
rived by application of the so-called ‘very hard rock’ (VHR) spectral
model (Sokolov et al. 2009). This analysis included records at 32
stations from 83 deep and 142 shallow earthquakes. The results
showed that for shallow earthquakes strong surface waves are pro-
duced within the basin. In some cases shallow earthquakes produce
high amplifications for frequencies from 0.3 to 1 Hz which may be
dangerous for high-rise buildings and highway bridges. Chen et al.
(2009, personal communication) applied the H/V method in order
to explore spectral amplifications of deep and shallow earthquakes
from different azimuths. They found also strong low frequency
(f < 2-3 Hz) amplifications for shallow earthquakes with clear
earthquake azimuth dependence at some stations. All these studies
allow a detailed description of site amplification within the basin.
However, the influence of earthquake location, fault orientation and
of the different subsurface features cannot be fully separated by
these methods.

By applying numerical modelling of wave propagation, these
open questions can be addressed. The comparison between simula-
tions for different subsurface structures and different source prop-
erties allow to assess their influence on ground motions. Various
numerical simulations have been performed in the past to explore
ground motions in the Taipei basin. These simulations revealed that
the complex basin structure produces distinct wave propagation

patterns. Lee et al. (2008a) applied a composite finite-difference
method to simulate 3-D amplification effects within the basin and
found the important influence of basin geometry and the low veloc-
ity Sungshan formation on the resulting ground motions by eval-
uating simulation results along a profile through the basin. Lee
et al. (2008b) applied a spectral element method (SEM) to simu-
late ground motions for the Taipei basin. This study also revealed
the strong influence of basin depth and the Sungshan formation on
ground motions within the basin. Both studies (Lee et al. 2008a,b)
also revealed the generation of strong surface waves within the
basin. Lee ef al. (2009) found that for distant earthquakes mountain
ranges on the wave path may play an important role for ground
motion amplitude in the basin. Miksat et al. (2009) studied site am-
plification by simulating planar wave front incidence on the Taipei
basin by applying a 3-D finite-difference method. They found that
shallow earthquakes produce strong surface waves compared to
deep scenarios and showed qualitatively that numerical modelling
is capable to calculate frequency dependent site amplifications for
the Taipei basin.

In this study, we aim at a more detailed analysis of the influence
of the subsurface structure with a special emphasis on the depen-
dence of ground motions on earthquake location and fault plane
solution. In addition, compared to former works, we utilize in this
study an improved subsurface model that includes recent data on
the crustal and mantle structure of Taiwan obtained from seismic
tomography (Wu et al. 2007). We apply a 3-D finite-difference (FD)
code to explore wave propagation (Furumura & Kennett 2005). Our
study starts with the simulation of the 2004 October 23 M| = 3.8
earthquake that occurred in the vicinity of the basin. This is the only
shallow earthquake that occurred in the vicinity of the basin with
magnitude larger 3.5, with an available high quality fault plane so-
lution and that was recorded by numerous stations. We validate our
modelling by comparing observed and simulated ground motions
of this event. Next we focus on a detailed description of the source
and basin effects on ground motion within the basin by variations of
source position and subsurface structure and estimate the variability
of ground motions. Furthermore, we compare our calculated spec-
tral amplifications with standard 1-D analysis of site amplification.
Compared to 1-D analysis of site effects our numerical simulations
include also 3-D effects due to the basin structure as well as basin in-
duced surface waves which allows a more reliable site amplification
estimation for complicated subsurface structures. Because of the
model size and the dense spatial sampling high performance com-
puting (HPC) is absolutely necessary. In order to perform efficient
simulations a hybrid MPI/OpenMP approach is applied.

2 TAIPEI BASIN MODEL

After a stage of mountain uplift in the area that is now covered by
the Taipei city, extension started influenced by large scale regional
tectonics. The Tertiary basin was formed by subsidence starting 0.4
Ma ago along the Sanchiao fault, which is marked by the northwest
border of the basin (Teng ef al. 2001). Then the basin was filled by
alluvium deposits, which resulted in flat-lying Quaternary layers.
A detailed structure of the basin was obtained by seismic reflection
profiles through the city and geotechnical drilling (Wang et al.
2004). Wang et al. (2004) gives the depths of the Tertiary basin
and structural information on the sedimentary layers within the
basin. We combine the SRTM Shuttle Radar Topography Mission
(CIAT 2004) and the basin depth (Wang et al. 2004) and created
a basin-topography layer shown in Fig. 2. The uppermost layer of
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Figure 2. Left-hand panel: topography and tertiary basement depth (red layer). The Taipei basin can be divided into a deep western (760 m) and a shallow
eastern part (200-300 m). Right-hand panel: the depth of the uppermost soft soil layer, the Sungshan formation, is indicated by the yellow surface. Maximum
depth is about 120 m in the western part of the basin and about 50 m in the eastern part.

the sediments the so-called Sungshan formation is represented by
very low shear wave velocities (90-200ms~'). We embedded the
Taipei basin structure into the subsurface model derived by Wu et al.
(2007) from seismic tomography.

To describe the sedimentary layering within the basin, we take av-
erage seismic velocities of the sediments given by Wang ez al. (2004)
in a table on page 622 of their paper. In this case constant minimum
shear wave velocity at the surface is 170ms~!. From the aver-
age seismic velocities given by Wang et al. (2004) velocity—depth
functions are developed for the Sungshan formation and the deeper
sedimentary layers. The applied relations for the depth dependence
of vp and vy velocities of the Sungshan formation are

0.1 km — |d]\*
vlf““(d) = —1.15 kl’l’lS_1 (Tkmll) + 1.6 kms_l,
and
d
vs(d)%™ = 0.17 kms™" <0 '3 1|<m> +0.17kms™L. (1)

Here, d is depth in km. For the sedimentary layers beneath the
Sungshan formation and beneath the earth surface we apply

Id] — |dsun(x, »)| ]“
0.7 km + |dsyn(x, )|
+ 1.8 kms™!,

veed(d, x,y) = 0.4 kms™' [

and

0.75
vfed(d,x,y)=(o.43kms—‘)[ 41~ st 7)1 ]

0.7 km + |dSun(xa J’)|
+0.45 kms™', @)

where d is depth in km and dgyn(x, ») is the depth of the Sungshan
formation at the corresponding EW and NS distances x and y in km
from the origin of the model at 121.3665°N, 24.91064°E.

For depths greater than the Tertiary basin, we adopt a recent
published velocity structure for the Taiwan area by Wu et al. (2007)
derived from seismic tomography. They utilized 41 141 S-P times
from records of 680 stations of the TSMIP network. Density needed
for FD simulation is calculated from P-wave velocities after Glaznev
et al. (1996). In order to obtain the velocity and density values
at the gridpoints of the FD grid, a Matlab triangle-based cubic
interpolation routine is applied.
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To examine the influence of the subsurface structure on the
ground motions within the Taipei basin, we also apply some sub-
surface structures different from the here described one. Details on
these models are given when utilized in the subsequent sections.

3 2004 OCTOBER 23 EARTHQUAKE

On 2004 October 23, a M = 3.8 earthquake occurred beneath the
Taipei basin (Fig. 3). It was the largest event close to the Taipei basin
during the last years with an available accurate fault plane solution.
Due to its vicinity to the basin and the shallow depth of about 9 km,
we assume that the influence of the Taipei basin structure is much
more important compared to the influence of the path between the
hypocentre and the basin. Therefore, this event should be useful to
study the basins influence on ground motion. Additionally, the small
magnitude corresponds to a small fault size and a simple source time
function in the low frequency range. However, it was strong enough
to trigger many stations of the TAP TSMIP network. Consequently,
this earthquake is very suitable for comparison of observation and
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Figure 3. Map of the Taipei basin with fault plane solutions of the 2004
earthquake after Lee et al. (2008a) and the BATS catalogue. We also evaluate
a scenario earthquake near the SW edge of the basin.
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modelling results. Therefore, in this paper we first compare simu-
lated and observed ground motions of this event for our developed
Taipei basin model (see Section 2). Then we study the influence
of the different subsurface structures by alternating the model. In
order to examine the influence of source radiation, we simulate
wave propagation for two different fault plane solutions. One fault
plane solution was found from an inversion study performed by Lee
et al. (2006) and referenced in Lee et al. (2008b). Another solu-
tion is published in the Broadband Array in Taiwan for Seismology
(BATS) CMT catalogue (http://bats.earth.sinica.edu.tw/). The fault
parameters of both solutions are listed in Table 2. Fig. 3 displays
fault plane solutions for both events.

4 NUMERICAL MODELLING

We use a 3-D FD method (Furumura & Chen 2005; Furumura
& Kennett 2005) for wave propagation simulations. The spatial
derivatives of the equations are calculated by a high-order 16th
FD scheme in horizontal directions x and y and a low-order 4th
scheme in vertical direction z with a half grid interval (dz = 1/2dx;
dz = 1/2dy) on a standard staggered grid (Madariaga 1976). The
high-order FD method offers a good accuracy and low numerical
dispersion even when using large grid sizes compared to lower-order
FD schemes. However, the higher-order FD scheme makes seismic
wavefields and material interfaces smooth. Usually heterogeneities
in the crustal structure are much stronger in vertical direction and
therefore the 16th/4th scheme was chosen as a balance (Furumura
& Chen 2005). For a more detailed study on the influence of the
position of material interfaces, see Moczo et al. (2002). Three grid-
points per minimum wavelength in horizontal and six gridpoints
per minimum wavelength in vertical direction are required in order
to obtain reliable results (Furumura & Chen 2004). Temporal ac-
curacy of the operators is of second order. Damping (Cerjan et al.
1985) and one-way absorbing (Clayton & Enquist 1977) boundary
conditions are applied at the sides and the bottom of the model. A
flat free surface is implemented by zero stress conditions (Graves
1996). Parallelization of the simulations can be realized by domain
decomposition, which is done by dividing the model into horizontal
slices. Communication between the domains is done by Message
Passing Interface (MPI). Each horizontal slice is assigned to one
computing node. Additionally, the calculations within each node
are distributed on the processors of the node by applying OpenMP.
The simulations are performed on the HPXC6000 supercomputer of
the Scientific Supercomputing Center Karlsruhe. We run the code
on computing nodes with two Intel Itanium2 1.5 GHz processors.
By adding OpenMP routines for each domain on the two processor
nodes, we reach a speed up between 30 and 40 per cent compared
to purely MPI usage.

The horizontal model size is 29.8 x 29.8 km. The vertical ex-
tension of the model is 16.3 km. Grid spacing is 50 and 25 m in
horizontal and vertical direction, respectively. All spatial and tem-
poral modelling parameters are listed in Table 1. The source is
implemented by adding the stress glut (Olsen et al. 2006; Miksat
et al. 2008) to the source gridpoint. The source time function of the
added stresses for the considered M = 3.8 earthquake is described
by a Herrman window with a half width of 0.5 s. The moment mag-
nitude, which is needed to calculate the stress glut, is obtained from
local magnitude by the empirical relationship of Lin & Lee (2008)
for earthquakes in Taiwan.

Based on the minimum shear wave velocity of 170 ms~! and grid
spacing, maximum frequency of our simulations is 1 Hz. Attenua-

Table 1. Modelling parameters.

Horizontal discretization (m) 50
Vertical discretization (m) 25
Number of gridpoints (EW-direction) 597
Number of gridpoints (NS-direction) 597
Number of gridpoints (z-direction) 656
Horizontal extension in EW-direction (km) 29.8
Horizontal extension in NS-direction (km) 29.8
Vertical extension in z-direction (km) 16.3
Temporal discretization (ms) 1.5
Number of time steps 30000
Simulation time (s) 45

tion is implemented by adopting the method proposed by Blanch
et al. (1995). Approximate Qs and Qp values are calculated from
the S-wave velocities by Qs = 0.1 vgand Qp = 1.5 Oy, whereas
vg is used inms~!. These values are estimated because accurate
values are not available. However, for the studied earthquakes in the
vicinity of the basin the resulting amplitudes are not so sensitive to
changes of the Q values (Lee ef al. 2008b).

5 RESULTS

5.1 Observed and simulated ground motions

We compare observed and simulated waveforms and peak ground
accelerations for the subsurface structure that is based on the aver-
age velocity model provided by (Wang et al. 2004, see Section 2).
Observed and modelled data were filtered (0.1-1 Hz) with a second-
order Butterworth bandpass filter implemented in Matlab. In Fig. 4
snapshots of the wavefield are shown. Starting from the southeastern
edge shear waves enter the basin at 3 s and propagate to the West.
The resulting wavefield is very complex and shows long ground
motion duration in the basin. Especially, in the central part of the
western deep basin structure. This was also found by Lee et al.
(2008Db). Fig. 5 displays observed and recorded velocity waveforms
for eleven stations clearly within the basin. Fig. 6 shows the compar-
ison for eight stations near the basin edges. For almost all horizontal
waveforms within the basin the shape of the first 5 s is reproduced by
the modelling. Also observation and modelling show similar maxi-
mum amplitudes. We found that the fit is better for stations clearly
within the Taipei basin compared to stations near the basin edges and
outside the basin. An exception is station TAPOOS near the northern
border of the basin. The discrepancies for stations near the basin
edges could be explained by limited resolution of the known basin
structure. As frequency content for stations near the basin edges
is higher compared to stations clearly within the basin, the limited
small scale knowledge of the model would produce larger discrepan-
cies for stations near the basin edges. In general fit is also not so good
for the vertical components. Partly, this can be explained by uncer-
tainties of the polarization direction of the records (e.g. TAP053 and
TAP089). However, the maximum amplitudes of the modelled and
observed vertical component are similar. Remarkably, the results
of wave propagation simulation by a SEM of the same earthquake
(Lee et al. 2008b) show also mainly larger misfits for the vertical
components. For future studies a quantitative analysis of the misfits
between recorded and simulated seismograms could be performed
in order to analyse the seismograms more deeply and give a quan-
titative description of the misfits. For such complex waveforms
that differ in amplitude, phase and envelope, misfit criteria like
Kristekova et al. (2009) should be applied. In Fig. 7, we compare

© 2010 The Authors, GJI, 183, 1633-1647
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Figure 4. Snapshots of the NS-component of the modelled velocity wavefield. The colour scale gives the amplitude which is scaled to the maximum velocity
at the marked hard rock (HR) station southeast of the basin. After about 3 s S-wave arrive at the surface and start to propagate into the basin from the SE.
Surface waves are produced that travel mainly from east to west through the central part of the basin and produce a complex wavefield with long shaking in the
central region of the western deep part of the basin.

© 2010 The Authors, GJI, 183, 1633-1647
Geophysical Journal International © 2010 RAS




1638  J Miksat et al.

TAPOO1

TAPO14

TAPO13

TAPQ28

—135 ___ Modeling

- = 425 o o . Observation

Figure 5. Comparison between observed and modelled velocity waveforms for stations within the basin of the 2004 earthquake simulated with the fault plane

solution after Lee et al. (2006).

modelled and observed peak ground acceleration (PGA). In this
paper PGA is calculated from all three components as the max-
imum value of acceleration a(t) = /agy(t)* + ays(t)? + a, (1)
The observed distribution was interpolated from available records at
stations indicated by triangles. Both PGA distribution show similar
shape and maximum PGA values of about 0.8 cm s2 in the consid-
ered low frequency part (/' < 1 Hz). These results show that strong
ground motion simulations for earthquakes close to the Taipei basin
can produce reliable results and that the applied 3-D FD method and
the utilized subsurface structure are applicable. As discussed in the
introduction, it is not possible to perform another similar validation
because there is not enough data on another earthquake near the
basin available.

5.2 Influence of source radiation

In this section, we compare ground motions obtained from two
different fault plane solutions in order to evaluate the influence of
source radiation. We simulate the 2004 earthquake by utilizing fault
parameters released in the BATS catalogue and compare the results
with the above shown simulation that used the fault parameters
after Lee et al. (2008b). The strike, dip and slip angles are given in
Table 2. Fig. 8 shows comparison between observed and modelled
seismograms at four stations. It can be seen that compared to the
modelling with the fault parameters after Lee et al. (2006), which is
shown in Fig. 5, misfit between modelled and observed amplitudes
is clearly larger. Furthermore, the resulting PGA distribution (Fig. 9)

© 2010 The Authors, GJI, 183, 1633-1647
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Figure 6. Comparison between observed and modelled velocity waveforms for stations near the basin edge of the 2004 earthquake simulated with the fault
plane solution after Lee et al. (2006).
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Figure 7. Comparison between observed and simulated PGA distribution of the 2004 earthquake (fault plane after Lee et al. 2006). The observed distribution
is interpolated from the stations indicated in the figure.

Table 2. Available fault plane solutions of the differs clearly from the PGA distribution obtained for the fault
2004 October 23 earthquake. plane solution released by Lee ef al. (2006). A NS oriented shape
is obtained for the BATS fault plane solution compared to the EW
oriented shape obtained by applying the solution given by Lee et al.

BATS catalogue  Lee ef al. (2006)

Strike 3.9° 195° (2006) and the distribution interpolated from real data (see Fig. 7).
Dip 84.07° 49° Therefore, for our further simulations in this paper, we apply Lee’s
Rake 106.5° —140°

fault plane solution. Furthermore, the comparison between both

© 2010 The Authors, GJI, 183, 1633-1647
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Figure 8. Comparison between observed and simulated velocity waveforms of the 2004 earthquake (fault plane after the BATS catalogue).
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Figure 9. Simulated PGA distribution of the 2004 earthquake (fault plane
after the BATS catalogue).

simulations indicates that fault orientation and movement have an
important effect on resulting ground motions for the studied low
frequency part for nearby earthquakes. This is consistent with find-
ings from several studies of observed data which found that fault
orientation can be found in the data in the low frequency part (f* <
0.5—4 Hz) for hypocentral distances of some tens of km (e.g. Vidale
1989; Takenaka et al. 2003; Castro et al. 2006).

5.3 Influence of the Sungshan formation

The Sungshan formation with its very low shear wave speeds (about
90-200ms~!) is a very distinct feature of the Taipei basin. The
thickness of this uppermost soil layer varies between 50 m in the
eastern part of the basin and 100 m in the NW of the basin. In this
section, we evaluate the influence of this uppermost layer on ground
motions. First, we simulate wave propagation for a model without
Sungshan formation. Second, we apply a more detailed model of the
Sungshan formation compared to the model applied in Sections 5.1
and 5.2. For both simulations we apply the fault plane solution

published by Lee et al. (2006) because it seems to be the better one
(see Section 5.2).

For the model without Sungshan formation, we apply eq. (2) so
that the minimum surface shear wave velocity at the surface is equal
to the minimum velocity of 450 m s~! of the deeper sedimentary lay-
ers. The resulting PGA distribution is shown in Fig. 10. The shape of
the distribution is similar to the distribution obtained from the cal-
culation with the Sungshan formation (see Fig. 7). However, PGA
is reduced by about 50 per cent. In Fig. 11 velocity seismograms
are compared for both simulations. It can be seen that the inclusion
of the Sungshan formation yields to an increase of maximum am-
plitude. Additionally, duration of ground shaking is longer for the
model with Sungshan formation. This can be attributed to the gen-
eration and trapping of surface waves in the Sungshan formation. In
order to explore the frequency characteristics, we evaluate spectral
amplitudes for both models. Fig. 12 shows normalized spectral am-
plitudes for 0.25, 0.5, 0.75 and 1 Hz. The amplitudes are normalized
to the maximum values for each frequency. The factor displayed in
between the figures gives the amplification factor between the max-
ima of the simulations without and with Sungshan formation. It can

Modeling — no Sungshan

01

0.2 0.3
PGA [em/s?]

Figure 10. PGA distribution of the simulation for the model without Sung-
shan formation.
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Figure 11. Seismograms for the simulations for the models with and without
Sungshan formation.

be seen that for 0.25 and 0.5 Hz the distribution of spectral am-
plitudes is very similar for both models. Therefore, the deep basin
structure controls the ground motion frequency content for both
cases and the Sungshan formation amplifies the amplitudes by a
factor of about 1.6 and 1.9, respectively. For 0.75 and 1 Hz differ-
ences in the distribution of spectral amplitudes are visible. Whereas
for the simulation with Sungshan the areas of large amplitudes are
shifted to the basin edges this effect cannot be seen for 0.75 Hz
for the simulation without Sungshan. Only at 1 Hz large amplitudes
occur also predominantly near the basin edge for the simulation
without Sungshan. However, for the simulation with Sungshan for-
mation this effect is seen more clearly. Consequently, the spectral
values for 0.75 and 1 Hz for the model that contains the Sungshan
formation can be explained by combined influence of the deep basin
structure and the uppermost soft soil layer.

The above applied subsurface model is based on the average
seismic velocities of the sedimentary layers given by (Wang et al.
2004) with constant minimum shear wave velocity at the surface
of 170ms~!. There is also a more realistic model of the upper-
most layers (down to a depth of 100 m) available which was also
published by Wang et al. (2004). Fig. 13 displays the shear wave
velocities of the Sungshan at the surface of this detailed model. In
this model the surface shear wave velocities vary between 90 and
200ms~!. For this model maximum frequency of our FD simula-
tions is 0.5 Hz because of the lower minimum shear wave velocities
of about 90 ms~! compared to 170 ms~! for our previous models.

© 2010 The Authors, GJI, 183, 1633-1647
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The resulting PGA for frequencies lower than 0.5 Hz are shown in
Fig. 14 for frequency smaller than 0.5 Hz for the detailed and sim-
plified Sungshan formation. There is almost no difference visible
between both PGA distributions. Also the waveforms are very sim-
ilar (Fig. 15). This suggests that for low frequency ground motion
simulation the application of the simplified Sungshan structure with
constant surface velocities is sufficient. This minor influence of the
locally very small surface shear wave velocities was also found
by Day et al. (2008) for ground motion simulations for southern
California.

5.4 Influence of earthquake location

The distribution of normalized spectral amplitudes shown in Fig. 12
for 0.75 and 1 Hz show that large amplitudes are obtained in the part
of'the basin that is near the epicentre location (see Fig. 3). This raises
the question how strong the obtained distribution of spectral values
depends on epicentre location. From the Los Angeles basin the de-
pendence of site effects on earthquake location is well known (Field
& the SCEC Phase III Working Group 2000; Hruby & Beresnev
2003). To explore the strength of dependence of spectral amplifi-
cations on earthquake azimuth for the Taipei basin, we simulate a
scenario earthquake in the southwestern corner of the Taipei basin.
The new location is also shown in Fig. 3. We rotated the strike of
this earthquake to 285° so that large S-wave amplitudes are radiated
into the basin like in the case of the real 2004 earthquake. Depth,
dip and rake of this scenario earthquake are the same as for the
2004 event. As both events radiate large S-wave amplitudes into the
basin the resulting spectral amplifications do not depend strongly on
source radiation. Therefore, resulting spectral amplifications show
mainly the influence of earthquake azimuth. By doing so we do not
consider the path effect, which is assumed to be small because of
the relatively smooth subsurface structure beneath the Taipei basin.
In Fig. 16 spectral amplitudes are shown for the scenario event.
The strong influence of epicentre location is clearly visible. The
distribution not only changes for 0.75 and 1 Hz but also for 0.25
and 0.5 Hz. For the low frequencies largest spectral amplitudes are
found in the deep western part of the basin. For example the area
of large amplitudes for the real 2004 earthquake in the eastern part
of the basin does not occur for the scenario earthquake. And as in
the case of the 2004 earthquake the areas of larger amplitudes for
0.75 and 1 Hz occur in the SW in the direction of the epicentre.
Therefore, we conclude that spectral amplitudes strongly depend
on earthquake azimuth.

When comparing our findings with H/V ratios obtained from ob-
served earthquakes at TSMIP stations within the basin, we can see
the same general effect. Fig. 17 shows H/V ratios obtained from
recorded earthquakes of the TSMIP network (Wen & Peng 1998;
Wen et al. 2007). For 0.5 Hz mainly the eastern and deep west-
ern part of the basin show large spectral amplitudes. The observed
distribution seems to be a combination of the spectral amplitude
distributions of the two modelled earthquakes (see Figs 12 and 16).
This is reasonable because the observed H/V values are based on
earthquakes that occur mainly from azimuths between East and
Southwest and consequently the resulting distribution of spectral
amplification reflects an average over all azimuths. Our analysis is
based on the simulation of two near-field earthquakes. As described
above, by rotating the strike of the scenario earthquake maximum
amplitudes, which are radiated into the basin, are similar to the
real 2004 event. Therefore, differences in PGA and spectral ampli-
fications do not depend on the underlying source mechanism but




1642  J Miksat et al.

No Sungshan
0.25Hz

1
0.8
‘0.6
‘0.4
0.2

Normalised Spectral
Amplitudes

0.5Hz

0.2

Normalised Spectral
Amplitudes

0.75Hz
1

50.8

0.2

Normalised Spectral
Amplitudes

1Hz
'

0.8
‘0.6
0.4
0.2

Normalised Spectral
Amplitudes

08 1.8 X
s —P>

With Sungshan

0.25Hz

1
0.8
0.6
‘04
0.2

Normalised Spectral
Amplitudes

0.5Hz

0.4
0.2

Noalised Spectral
Amplitudes

0.75Hz

Nnalised Spectral
Amplitudes

1Hz

1
0.8
‘0.6
04
0.2

Normalised Spectral
Amplitudes

Figure 12. Distribution of normalized spectral amplitudes for the models with and without Sungshan formation. The numbers in between the figures give the
amplification factors of the maximum values of the simulation with Sungshan compared to the simulation without Sungshan.
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Figure 13. Surface shear wave velocities of the realistic Sungshan model
given by Wang et al. (2004).

only on earthquake azimuth and basin structure. However, future
simulations for earthquakes of different azimuths, depths, distances
and radiation patterns are recommended in order to analyse more
accurately the influence of earthquake azimuth. Especially, as path
effects for more distant events may become more important. How-
ever, our simple simulation shows that azimuthal effects may be very
dominant, which is also supported by the above shown good com-
parison between simulated and observed spectral amplifications.
This means that when looking at a particular scenario earthquake
our simulation shows that the ground motion parameters may clearly
differ from the obtained average distribution because of the strong
azimuthal effects. Especially for possible strong earthquakes on the
known faults close to the Taipei basin with predominant source
mechanism hazard assessment based on the azimuthal averaged
values could significantly underestimate future ground motion. Un-
fortunately, there is no map for observed spectral values at 1 Hz
available. Therefore, we show here only the observed values for
2Hz (Fig. 17). Maximum values occur close to the basin edges,
which is the same trend as we can see in our calculated values for
1 Hz.

5.5 Spectral amplifications

Here, we simulate wave propagation for the 2004 earthquake in a
model without the Taipei basin structure. The model only includes
the 3-D structure of the region obtained from seismic tomography
by Wu et al. (2007). The P- and S-wave velocities at the surface

PGA - Average Sungshan
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Figure 15. Velocity seismograms for the models with average Sungshan
properties and the realistic Sungshan model.

vary from 2.59 to 5.72 kms™! and 1.43 to 3.30 kms~!, respec-
tively. Consequently the simulation results reflect ground motion
for hard rock conditions. We averaged the obtained spectral ampli-
tudes for the area that corresponds to the basin area and use this
as a reference spectrum. We calculated spectral ratios between the
2004 earthquake results (see Section 5.1) and the results obtained
in this section. Fig. 18 shows the resulting spectral ratios for 0.5 Hz.
We also calculated spectral ratios for the scenario earthquake in
the SW (Fig. 19). Both simulations show maximum amplification

PGA - Realistic Sungshan

0 002 004 006 008 01 012
PGA [em/s?]

0 002 004 006 008 01 012
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Figure 14. PGA distributions for the models with average Sungshan properties and the realistic Sungshan model for f* < 0.5 Hz.
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Figure 16. Normalized spectral amplitudes for the scenario earthquake near the SW basin edge.
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Figure 17. Spectral ratios obtained from TSMIP earthquake records of 0.5 and 2 Hz (Wen & Peng 1998).

factors of about 8-9. This is in good comparison with the values
of more than five obtained from the empirical study (see Fig. 17).
From this study, we can assess that the basin structure results in
an amplification value of about 8. From our study of the influence
of the Sungshan formation, we found that the Sungshan formation
increases amplification by a factor of about 2. Therefore, we can
give as an estimate an amplification factor of about 4 for the deep
basin structure.

Finally we compare our amplification values with theoretical
values calculated by considering the 1-D soil column beneath the
stations. The low frequency part for such a study (Sokolov et al.
2009) is only available for seven stations in the western deep part
of the basin. Fig. 20 compares the 1-D values with the amplifica-
tion obtained from the 2004 earthquake and scenario modelling. In
general the values obtained from our modelling are clearly larger

than the 1-D results. 1-D amplification values vary between 2 and
3 whereas the amplifications from our study show values up to 7,
which are consistent with the observed values in Fig. 17 after Wen
et al. (2007) and Wen & Peng (1998). Exceptions are stations TAP
10 and TAP 12 where 1-D amplification values are larger than the
values for the scenario earthquake in the SE because for this earth-
quake only the western deep part is affected by large ground motion.
At station TAP 4 1-D amplification are larger than our obtained val-
ues for both earthquakes for frequencies larger than 0.5 Hz. This
occurs because none of our simulated earthquake produced signif-
icant ground shaking in the northern tip of the Taipei basin. Our
comparison shows that effects like surface waves generation, fo-
cusing, and influence of the 3-D structure are very important and
necessary because they produce amplification values that are up to
three times larger compared to the calculated 1-D effects.
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structure for the 2004 earthquake.
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Figure 19. Spectral amplifications with respect to the model without basin
structure for the scenario earthquake.

6 DISCUSSION AND CONCLUSIONS

In this study we used a M = 3.8 earthquake that occurred in the
vicinity of the Taipei basin as a testing case to calculate ground
motions and to evaluate the influence of source and basin effects on
the resulting ground motion. Wave propagation was simulated by a
3-D FD method (Furumura & Kennett 2005). Based on high quality
data, we were able to build a 3-D model that incorporates recent
research results on the Taipei basin structure (Wang et al. 2004) and
the crustal and mantle structure of Taiwan (Wu et al. 2007). It was
not possible to include surface topography in the applied FD scheme.
However, topography can have influence on ground motions in the
Taipei basin as shown by Lee ez al. (2009). On the other hand these
effects seems to be most important for distant earthquakes due to
the mountain ranges on the wave path. Therefore, such topographic
effect may have little influence for local earthquakes.

From the comparison of modelling and observation, we found
that our simulation results reproduced the observed horizontal wave-
forms for stations clearly within the basin and the observed PGA
distribution of the 2004 October 23 event. Only for stations near
the basin edges the waveforms differed. However, maximum ampli-
tudes were reproduced by the modelling in most cases. In general,
large differences in waveforms were found for the vertical compo-
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Figure 20. Comparison of spectral amplifications of the 2004 and scenario
earthquake with theoretical 1-D amplification values after Sokolov et al.
(2009) for seven stations in the western deep part of the basin.

nents. This may be a general problem of modelling or observed data
as the numerical simulation by a SEM done by Lee et al. (2008b)
also produced larger misfits of the vertical components compared
to the horizontal ones. However, maximum amplitudes of the ver-
tical component were reproduced by both modelling schemes. In
summary, our study suggests that the created 3-D subsurface model
and the applied 3-D FD method are appropriate to simulate ground
motions for the Taipei basin.

We compared ground motions of two different published fault
plane orientations. The first one is based on Lee ef al. (2006). The
second one is a quick CMT solution, which was taken from the
BATS catalogue. We found that the solution of Lee et al. (2006)
showed a significantly better fit between observation and modelling
compared to the BATS solution. Consequently, when looking at low
frequency ground motions for earthquakes the fault plane param-
eters are critical. This is the case at least for earthquakes in the
vicinity of the Taipei basin.

Next we analysed the influence of the low velocity Sungshan
formation by comparing our simulation results with a simulation
for a model that does not contain this low velocity surface layer.
We found that the Sungshan formation amplifies PGA and peak
spectral amplitudes by a factor of about two. However, only minor
changes in the frequency content of the signals were obtained. As
the real Sungshan formation is more complex we compared our
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simulation for a constant surface velocity of 170 ms~! with sim-
ulation results for the more realistic surface velocity distribution
between 90 and 200m s~ for frequencies lower than 0.5 Hz. Here
we found that the more realistic structure of the Sungshan formation
has negligible influence compared to the use of the average proper-
ties of the Sungshan formation. This suggests that the application
of'the model described in Section 2 is appropriate for low frequency
ground motion simulations. However, this should be also evaluated
by computational more costly calculations up to 1 Hz. We found
that mainly the deep basin structure influences the distribution of
spectral values for frequencies lower than about 0.5 Hz. For larger
frequencies both the deep basin structure as well as the uppermost
Sungshan formation influence the distribution of spectral values.

Our analysis of spectral amplification factors showed that the
basin structure produces amplification values of about 4. With am-
plifications due the soft soil Sungshan formation of about 2, total
amplification is around 8, which is in good comparison with analy-
sis of observed data. Furthermore, we found that the two dominant
regions of large spectral amplifications in the eastern shallow part
and in the western deep part obtained from empirical data can be ex-
plained by azimuthal effects. Earthquakes in the SE produce larger
amplifications in the eastern part of the basin and earthquakes in
the SW generate strong shaking in the western deep part.

This study showed the reliability of the applied 3-D FD method
and of the created 3-D subsurface structure of the Taipei basin area.
Therefore, simulations of potential large earthquakes that may oc-
cur near the basin can be performed in future. From our study, we
found that earthquake location and fault plane solution of potential
future earthquakes close to the Taipei basin are very critical pa-
rameters. Therefore, numerical modelling of future ground motions
from earthquakes on localized faults near the Taipei basin is of high
priority, as hazard assessment based on averaged values over all
earthquake azimuths, which are obtained from empirical data, may
significantly underestimate future ground motions.
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