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Abstract We combine light detection and ranging (LiDAR) digital terrain model
(DTM) data and an improved mesh implementation to investigate the effects of high-
resolution surface topography on seismic ground motion based upon the spectral-
element method. In general, topography increases the amplitude of shaking at
mountain tops and ridges, whereas valleys usually have reduced ground motion, as
has been observed in both records from past earthquakes and numerical simulations.
However, the effects of realistic topography on ground motion have not often been
clearly characterized in numerical simulations, especially the seismic response of the
true ground surface. Here, we use LiDAR DTM data, which provide two-meter reso-
lution at the free surface, and a spectral-element method to simulate three-dimensional
(3D) seismic-wave propagation in the Yangminshan region in Taiwan, incorporating
the effects of realistic topography. A smoothed topographic map is employed beneath
the model surface in order to decrease mesh distortions due to steep ground surfaces.
Numerical simulations show that seismic shaking in mountainous areas is strongly
affected by topography and source frequency content. The amplification of ground
motion mainly occurs at the tops of hills and ridges whilst the valleys and flat-topped
hills experience lower levels of ground shaking. Interaction between small-scale to-
pographic features and high-frequency surface waves can produce unusually strong
shaking. We demonstrate that topographic variations can change peak ground accel-
eration (PGA) values by �50% in mountainous areas, and the relative change in PGA
between a valley and a ridge can be as high as a factor of 2 compared to a flat surface
response. This suggests that high-resolution, realistic topographic features should be
taken into account in seismic hazard analysis, especially for densely populated moun-
tainous areas.

Introduction

It has long been known that surface topography can sig-
nificantly affect earthquake ground motion. Several numeri-
cal studies have indicated that structures located at the tops
of hills, ridges, and canyons suffer more intense damage than
structures situated at the base of hills (Boore et al., 1972,
1981; Geli et al., 1988; Scott et al., 1997; Ma et al., 2007).
This phenomenon has also been observed in past earth-
quakes, such as the 1986 Hualien earthquake (Chiu et al.,

1992), the 1989 Loma Prieta earthquake (Hartzell et al.,
1994), and the 1999 Chi-Chi earthquake (Huang, 2000).

In this study, we focus on surface topography effects in
the ShamaoMountain area (Fig. 1), which is located in Yang-
mingshan National Park in northern Taiwan. The park is
characterized by a series of volcanoes, named the Datun vol-
cano group. This region is a major outdoor recreation area for
the citizens of Taipei, and it is also a densely populated sub-
urb of metropolitan Taipei. Shamao Mountain, a parasitical
volcano of the Datun volcano group, is a conical volcano
shaped by lava deposits and aggregate rocks spewed during
eruptions. The steep peaks of Shamao Mountain are the most
striking features of this conical volcano. It is a round volca-
nic dome looking somewhat like a black gauze cap. The area
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is frequented by hikers, contains a university (the Chinese
Culture University), and is located next to the Shilin district,
a densely populated outer suburb of Taipei. Lin, Konstanti-
nou, Pu, et al. (2005) and Lin, Konstantinou, Liang, et al.
(2005) presented preliminary results from seismic monitor-
ing of the Datun volcano region that indicates seismic activ-
ity beneath the Datun volcanic group characteristic of an
active volcanic region. Their results were based upon com-
parisons with seismic activity studies conducted in known
active volcanic regions in other parts of the world. The pos-
sibility of volcanic activity and the presence of steep surface
topography make this populated region particularly vulner-
able to volcanic and seismic hazards.

Lee, Chen, Liu, et al. (2008) used the spectral-element
method (SEM) to simulate seismic-wave propagation in the
Taipei basin to investigate interactions between the basin
and surrounding mountains. The surface resolution in their
study was about 30 m, which is small enough to resolve 40 m
digital elevation model (DEM) data in Taiwan. The maximum
simulated seismic-wave frequency in the study was approxi-
mately 1 Hz. To accommodate high-resolution surface to-
pography data from the light detection and ranging (LiDAR)
digital terrain model (DTM), which has a resolution close to
2 m, we use the SEM to simulate seismic-wave propagation
for frequencies up to 10 Hz in the Shamao Mountain area.

The SEM is a numerical technique introduced more than
20 years ago to address problems in computational fluid dy-
namics (Patera, 1984). It is based upon a weak formulation of
the equations of motion and naturally incorporates topog-
raphy. Komatitsch and Vilotte (1998) and Komatitsch and
Tromp (1999) provide a detailed introduction to the SEM
for 3D seismic-wave propagation. The method has been sub-
sequently applied in many areas of seismology (see, e.g., Ko-
matitsch et al. [2002], [2004] and Chaljub et al. [2003]). The
biggest challenge for the successful application of the SEM in
the case of complex geological structures lies in the design of
the mesh (Komatitsch et al., 2005). Lee, Chen, Liu, et al.
(2008) presented a new mesh implementation to improve
mesh quality and related numerical stability. Based upon
their implementation, realistic topography and complex sub-
surface structures can be efficiently incorporated within the
SEM mesh. In this study, we use the same approach to incor-
porate high-resolution LiDAR DTM data at the top of the
SEM mesh model.

A small earthquake (ML 1.8) occurred on 15 November
2003 beneath the study area at a depth of 4.92 km and was
detected by the local seismic monitoring array (Lin, Konstan-
tinou, Pu, et al., 2005). We adopt its fault plane solution
(strike 40°, dip 80°, and rake �90°) from the microearth-
quake catalog and increase the magnitude to 5.0 to investi-

Figure 1. LiDAR 3D digital map of northern Taiwan. A 1=5000 aerial picture is mapped on the 1 m × 1 m LiDAR digital terrain model.
The steep peak of Shamao Mountain, the high population density at the Chinese Culture University, and the Shilin district are the most
striking features in the region.
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gate the seismic response in the presence of realistic surface
topography in the case of a possibly larger future event.

LiDAR DTM Data and the SEM Mesh

Realistic Surface Topography from
LiDAR DTM Data

The airborne LiDAR (Wehr and Lohr, 1999) system
consists of an integration of three technologies, namely,
the inertial navigation system (INS), LASER, and the global
positioning system (GPS). The system is mounted on an air-
craft. During flight, the LiDAR sensor pulses a narrow high-
frequency laser beam towards Earth; some of the light is
reflected and scattered back to the LiDAR system. Changes
in the properties of the light help in determining the proper-
ties of the Earth’s surface (Chan et al., 2007). The Taipei
metropolitan area LiDAR mapping project is currently un-
derway. It will dramatically improve the resolution of digital
elevation modeling for the entire Taipei region. Compared
to the 40 m resolution of the Taiwan DEM, the LiDAR DTM
can provide a 1 m resolution (Fig. 2). To investigate the seis-
mic response with such high-resolution surface topography,

we focus on the Shamao Mountain area (about 4000×
4000 m2) where measurement of the LiDAR DTM was com-
pleted in 2006 (Chan et al., 2005).

High-Resolution Spectral-Element Meshes
Incorporated with LiDAR DTM

An SEM mesh of the Shamao Mountain area is shown in
Figure 3. The whole model is about 4247 m × 3941 m×
10665 m. Shamao Mountain is located in the northeast part
of the study area. We preserve most of the surface character-
istics from LiDAR DTM data at the top of the model with a
surface resolution of about 2 m. A 3D wave-speed model ta-
ken from a travel-time tomography study (Kim et al., 2005)
is embedded in the mesh. The resolution of this model is
8 km in both horizontal directions and 2 km in depth, which
provides the background 3D wave speeds in the study area.
Wave speeds for the volume above sea level are assigned by
extending the surface values defined at z � 0 m. In order to
include realistic topography in the simulations, a thin buffer
layer is used to dampen mesh distortion coming from the
surface (Lee, Chen, Liu, et al., 2008). We also introduce
three doubling mesh layers to accommodate a finer mesh

Figure 2. Comparative images of various topographic data sets: (a) 1=5000 aerial topographic map, (b) 40 m digital elevation model
(DEM), (c) 1 m × 1 m LiDAR digital surface model (DSM), which includes the presence of vegetation, and (d) 1 m × 1 m LiDAR digital
terrain model (DTM) without vegetation.
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near the surface (Komatitsch and Tromp, 1999). Based upon
this approach, high-resolution topography obtained from
LiDAR DTM data is incorporated without artificial smooth-
ing. Two close-up views that compare the LiDAR DTM and
40 m DEM meshes are shown in Figure 3a,b. Shamao Moun-
tain, along with other surface features, including details of
mountain ridges and valleys, can be clearly identified in the
LiDAR DTM mesh (Fig. 3a) but not in the 40 m DEM mesh
(Fig. 3b). Becaue of lack of information regarding seismic
attenuation, we use a shear quality factor of Qμ � 500 in
the study area, which is the value used in the bedrock by
Lee, Chen, Liu, et al. (2008).

Simulation Results

We use the SPECFEM3D software package developed
by Komatitsch et al. (2004) and decompose the study area
into 224 mesh slices (224 processors) for parallel comput-
ing based upon the message-passing interface (MPI) (Gropp

et al., 1996). The average distance between the Gauss–
Lobatto–Legendre integration points at the surface of the
model is about 2 m, that is, small enough to resolve the
LiDAR DTM data at a maximum frequency of approximately
10 Hz. For the simulation of a hypothetical earthquake oc-
curring in the region, a double-couple point source located at
a depth of 4.92 km and, with a Gaussian source-time function
with a half duration of 0.05 sec, is located close to the cen-
ter of the model. The total number of spectral elements and
Gauss–Lobatto–Legendre integration points in the model is
3.72 million and 248.07 million, respectively. The timestep
is 0.0001 sec, and the total duration of the simulation is
5.0 sec, that is, 50,000 timesteps. These simulations require
164.5 gigabytes of memory and the average wall-clock time
is 23 hr.

Snapshots of the Wave Field

Snapshots of the north (N), east (E), and vertical (Z)
components of the velocity wave field are displayed in Fig-

Figure 3. Spectral-element mesh for the study volume. The size of the model is 4247 m × 3941 m horizontally and �665 m to
�10; 000 m vertically (�665 m to � 4000 m is shown in the figure). Three-dimensional P wave-speed variations are represented by
the gray color scale. Shamao Mountain is located close to the middle part of the study area and is characterized by its steep shape. Cross
sections of Shamao Mountain generated by two different surface data sets are shown in the right-hand panels: (a) surface topogra-
phy incorporating 1 m LiDAR DTM and (b) surface topography incorporating 40 m DEM. The average distance between points at the tops
of both models is approximately 2 m. Detailed topographic features can be observed in model (a), whereas model (b) shows a smoother
ground surface.

684 S.-J. Lee, Y.-C. Chan, D. Komatitsch, B.-S. Huang, and J. Tromp



ure 4. The P wave reaches the surface with relatively weak
amplitude at approximately 1.2 sec. The undulating topogra-
phy reflects and scatters the seismic energy, resulting in com-
plex wavefronts in the area. This can be clearly seen at
2.15 sec, when a large amount of reflected and scattered
energy emerging after the S wave reaches the surface, espe-
cially along mountain ridges and valleys. The wavefront of
the S wave is also significantly distorted when it passes
through Shamao Mountain. After 2.25 sec, the main body-
wave phases have propagated through most of the study area;

however, the region continues to shake for several seconds.
Note that Shamao Mountain traps seismic energy and con-
tinues to reverberate. For a very short period of time, Shamao
Mountain is concentrically shaken, especially on the two
horizontal components. This indicates that the whole moun-
tain reverberates with a period of about 0.1 sec.

Next, we consider three models to investigate the influ-
ence of topography on ground motion for different surface
resolutions. The three models are (a) a flat surface with a
3D background wave-speed model, (b) 40 m DEM at the sur-

Figure 4 Snapshots of the three components of the wave field for a simulation of a hypothetical double-couple source located beneath the
study area at a depth of 4.92 km: (a) east component, (b) north component, and (c) vertical component. Warm colors indicate positive values
and cold colors indicate negative values. The wavefronts are significantly distorted. They are reflected and scattered by steep topography,
especially the horizontal components.
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face with a 3D wave-speed model, and (c) LiDAR DTM at the
surface with a 3D background wave-speed model. Snapshots
of the north component of the seismic-wave field are shown
in Figure 5. It is clear that the flat surface model does not ex-
hibit any distorted seismic wavefronts when the waves pass
through. The 40 m DEM and the LiDAR DTM models both
exhibit more complex wave propagation patterns that involve
complicated reflections and scattering from the mountains.
However, the simulation based upon the LiDAR DTM model
contains more details for these complicated wavefronts; the

amplitudes of the reflected and scattered waves are larger
than for the 40 m DEM model.

Peak Ground Shaking Distribution

We compare peak ground acceleration (PGA) maps with
corresponding surface topographic features present in the
LiDAR DTM and 40 m DEM in Figures 6a,b, respectively.
The PGA values are calculated from the norm of the three
components of the acceleration vector. Again, the result

Figure 5. Snapshots of the north component of the wave field for three models: (a) 3D wave-speed model with a flat ground surface,
(b) 3D wave-speed model with 40 m DEM topography, and (c) 3D wave-speed model incorporating LiDAR DTM. Warm colors indicate
positive values and cold colors indicate negative values. The epicenter of the double-couple source is represented by a star.
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based upon the LiDAR model shows higher resolution and
stronger peak ground acceleration patterns. Because we used
a double-couple source, the radiation changes with azimuth.
In this case, both source radiation and surface topography
dominate the PGA distribution at the ground surface. In gen-

eral, large PGA values are located close to the center of the
study area, with a northeast–southwest expression. However,
a complex PGA distribution is observed with relatively large
PGA values near the top of mountain ridges and weaker PGA
values in valleys and brooks. Large PGA values also occur in

Figure 6. Peak ground acceleration (PGA) comparison for (a) the LiDAR DTM and (b) the 40 m DEM. The simulated PGA values are
computed using the norm of the acceleration vector and are drawn using the color scale shown in the right-hand side of the figure. The
topographic data incorporated within each simulation are shown as the background. Three sites are labeled: Shamao Mountain (site I), the
Chinese Culture University located on a hilltop (site II), and the Shilin district at the foot of the mountains (site III).
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lower elevation areas such as Shilin (site III in Fig. 6), which
is located at the foot of the mountains. Another interesting
PGA area is found at Shamao Mountain (site I in Fig. 6),
where PGA values show a radiation pattern centered on
the top of the mountain. The campus of the Chinese Culture
University (site II in Fig. 6) also shows large PGA values be-
cause the site is close to the epicenter.

Waveform Comparison

We investigate the effects of topography on simulated
ground motion at two resolutions: one based upon the 40 m
DEM and another based upon the 2 m LiDAR DTM. The syn-
thetic waveforms obtained from the model with a flat surface
are also used for comparison. Sample synthetic waveforms
for the vertical component of velocity at five different sites
are shown in Figure 7. The first arrivals (P wave) are almost
identical in all three models, except that the travel-time
determined from the flat surface model is slightly different

from the other two models, while the amplitudes of the later
phases noticeably differ. At the top of Shamao Mountain
(site 1), several large-amplitude later phases arrive after the
S wave. These phases are related to reverberations occurring
at the top of the mountain, as shown in the previous snapshot
analysis. At a hilltop (site 2), there are several strong later
phases whose amplitudes are much larger than the S wave;
they are not observed in the flat surface synthetic seismo-
grams. The hillside (site 3) shows a similar result. For sites
4 and 5, located at the foot of the mountains and in a valley,
respectively, the Swave and later phases dominate the overall
waveforms. The strong later arrivals are complex at site 4,
which is probably due to the constructive and destructive in-
terference between the major waves. It is worth noting that at
site 5, located in a valley, the peak amplitude in the flat model
is larger than in the two models with surface topography. In
general, the later phases exhibit significantly larger ampli-
tudes in mountainous areas in simulations based upon the
LiDAR DTM model.

Figure 7. Comparison between LiDAR DTM, 40 m DEM, and flat surface synthetic waveforms at five different sites. We show the vertical
component of the velocity vector, band-pass filtered between 0.1 and 10 Hz. Gray lines show the LiDAR DTM synthetic seismograms, dashed
lines show the 40 m DEM synthetic seismograms, and black lines are the flat surface synthetic seismograms. Peak velocities determined for
the three models are shown in the right-hand side of the figure.
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Discussion

From our scenario earthquake simulation results, we de-
termine the main characteristics of the influence of topogra-
phy on ground motion: more complex wave propagation and
a more complex PGA distribution pattern. To further inves-
tigate the effects of realistic topography, we subtract the PGA
value for the model without topography from the value for
the model with topography, dividing the result by the PGA
value for the model without topography, and multiplying it
by 100 to obtain a percentage. The value obtained is called
the PGA amplification factor. Based upon this approach, we
can approximately eliminate the influence of source effects
(including both source radiation and geometrical spreading)
and evaluate the relative changes between the models with
and without topography.

Relative Change in PGA

Figure 8a illustrates the distribution of the relative
changes in PGA values. In general, surface topography in-
creases PGAvalues at mountain tops and ridges, whereas val-
leys usually have a reduced PGA, that is, a negative PGA
amplification factor. But this is not always true: for example,
the PGA value decreases rapidly just beneath the tops of
mountain ridges. Increased PGA values were also found in
some parts of valleys where brooks eroded the ground sur-
face, resulting in steep topography. PGA amplification values
generally vary on the order of �50%, and the difference in
PGA amplification between a valley and a ridge can be as
high as a factor of 2. The peak amplification values are a
bit larger than the results obtained by Lee, Chen, Liu, et al.
(2008), who considered a coarser topography model taken
from the 40 m DEM. Note that PGA amplification at the
campus of the Chinese Culture University (area II in Fig. 8a)
is not high, even though the campus is situated on a hill.

Cumulative Kinetic Energy

Surface topography not only changes peak values of
ground shaking but also increases the duration of shaking
because of scattered and reflected waves. To measure the rel-
ative change in ground-motion duration, we consider another
parameter named Ek, or cumulative kinetic energy. This pa-
rameter is obtained by integrating the square of the velocity
amplitude of all three components over time and multiplying
by half of the density. Ek reflects the amplitude and duration
of total motion, which may be more closely related to po-
tential damage from shaking (Olsen et al., 1995; Lee, Chen,
and Huang, 2008). In our simulations, topography increases
Ek almost everywhere (Fig. 8b). Again, mountain tops and
ridges increase Ek dramatically, but valleys and the flat parts
on hills also show an increased Ek. The average Ek value in
mountainous areas is about one fold that of the value ob-
tained when we use a flat surface; in some areas, it increases

by over 200%. There are only a few areas that show de-
creased Ek. This is attributed to the fact that when the ground
surface is flat, all of the upgoing waves are reflected back
into the Earth. However, when topography is incorporated,
waves are still reflected but some of the energy horizontally
propagates and continues to interact with the surface topog-
raphy. This is the main reason why Ek increases in the pres-
ence of topography. This phenomenon can also be clearly
observed in the surface wave field snapshot analysis shown
in Figure 5a,c.

Realistic Topography Effects on Ground Motion

We further investigate topographic effects on seismic
ground motion due to variations in (a) source frequency,
(b) source depth, (c) wave-field type, and (d) the subsurface
model by analyzing the PGA amplification factor along pro-
file A-A′ in Figure 8a.

Three different dominant source frequencies, 1, 5, and
10 Hz, are considered in test (a), which is summarized in
Figure 9a. A higher source frequency results in more small-
scale perturbations and larger peak values along the profile.
To the contrary, lower source frequencies result in a smooth
distribution of PGA amplification. This result is due to the
fact that high-frequency waves interact with small-scale to-
pography, which further amplifies the peak values. During
past earthquakes (such as the 1995 Kobe earthquake and
the 1999 Chi-Chi earthquake), localized strong shaking spots
have been reported, where some buildings experienced seri-
ous damage while adjacent ones did not (Ouchi and Huang,
1998; Ouchi et al., 2001). This phenomenon could be caused
by the interaction between small-scale topography and high-
frequency surface waves, which can produce unusually large
shaking.

In the analysis of source depth in test (b), we consider
three different hypocenter depths: 2, 5, and 8 km. The results
in Figure 9b show similar PGA amplification patterns in each
of the three cases. The amplification for a 2 km source depth
exhibits slight differences relative to the deeper sources, but
the overall pattern is the same. These results indicate that
source depth does not have a significant influence on the
PGA amplification in our study area.

A double-couple source, explosive source, and a verti-
cally incident plane P wave are compared in test (c). The
PGA amplification values show different distributions for dif-
ferent source types, especially at hilltops (area 3). In general,
the PGA amplification factor for a double-couple source has
larger localized peak values along the profile. Because of the
lack of S waves in the case of an explosive source and for a
vertically incident plane P wave, these two scenarios do not
produce ground motions that are relevant for realistic esti-
mates of surface topography effects.

The accuracy of the simulation strongly depends on
both the resolution of topography and the 3D wave-speed
model. However, it is not easy to obtain a detailed subsurface
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Figure 8. Amplification due to surface topography: (a) relative change in peak ground acceleration and (b) relative change in cumulative
kinetic energy Ek. The amplification factor is obtained by subtracting the peak value for the model without topography from the value for the
model with topography, dividing the result by the peak value for the model without topography, and multiplying the result by 100 to obtain a
percentage. The amplification values are labeled according to the color legend in the right-hand side of the figure. The same three sites as in
Figure 6 are indicated. Profile A-A′ and four specific locations situated along the profile are highlighted in Figure 8a.
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wave-speed model in mountainous areas. Here we examine
the influence of subsurface structure by considering dif-
ferent wave-speed models: a homogeneous model (VP �
3:5 km=sec, VS � 2:0 km=sec), a layered model (from the
free surface to about 2000 m depth: VP � 4:0 km=sec,
VS � 2:3 km=sec; below 2000 m: VP � 4:5 km=sec and
VS � 2:5 km=sec) as well as a 3D model. For the 3D model
(Fig. 9d), the PGA amplification exhibits a complex distribu-
tion, as discussed in the previous sections. The layered and
homogeneous models show similar patterns but have on
average slightly lower amplification values along the profile.
However, in general, the amplification patterns in all three
subsurface models are comparable.

The quality factor Q is an important parameter in
modeling of seismic-wave propagation. Because of a lack of
information regarding attenuation in the study area, we use a
shear quality factor, Qμ, of 500 in the bedrock; we do not
incorporate bulk attenuation in our analysis. To investigate
the effects of larger attenuation near the ground surface,
we assume a Qμ of 90 for the shallow part from the ground
surface to about 900 m depth. Examples of synthetic seis-
mograms recorded on Shamao Mountain determined from
models with and without higher attenuation are shown in
Figure 10. The results indicate that synthetic waveforms
are not very sensitive to the presence of a low shear Q zone
underneath the ground surface.

Figure 9. Effects due to variations in (a) source frequency, (b) source depth, (c) input wave-field type, and (d) subsurface structure by
analyzing the relative change in PGA along profile A-A′ in Figure 8a. The upper panels show the related cross section of the LiDAR DTM.
Four specific locations are labeled by numbers along the profile.
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Conclusions

We combined LiDAR DTM data and an improved
spectral-element mesh implementation to accommodate
high-resolution topography in the Yangminshan region in
northern Taipei. The average distance between points at the
top of the SEM mesh was approximately 2 m, which enabled
us to include realistic topography from LiDAR data and was
sufficient to calculate the response of seismic waves up to a
maximum frequency of approximately 10 Hz. The numeri-
cal results showed that topography increases PGA values at
mountain tops and ridges, whereas valleys usually have a
reduced PGA. In some locations, the PGA value rapidly de-
creases just beneath the tops of mountain ridges. Increased
PGA values are also found in parts of valleys where brooks
have eroded the ground surface, resulting in steep topogra-
phy. Topographic effects also strongly depend on the source
frequency content. High-frequency waves can interact with
small-scale topography and further amplify peak values. In
general, our results demonstrate that topography can change
PGA values by �50% in mountainous areas, and the relative
change in PGA between a valley and a ridge can be as high as
a factor of 2 compared to a flat surface response. Further-
more, the mountains can produce complex patterns of re-
flected and scattered waves, which significantly increase
the duration of shaking. The average cumulative kinetic en-
ergy Ek value increases about onefold in the mountains, and
in some areas, it exhibits a more than 200% increase over the
values obtained for a flat surface. The results demonstrate
that high-resolution realistic surface topography needs to
be taken into account for seismic hazard analysis in densely
populated mountain areas.

Data and Resources

We used the SPECFEM3D software package (avail-
able at www.geodynamics.org) developed by Komatitsch
et al. (2004) in this study. The LiDAR-derived DTM was
reprocessed from the raw LiDAR data funded by the Cen-
tral Geological Survey, Taiwan, to Y. C. Chan. These data
cannot be released to the public.
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