
Effects of Large-Scale Surface Topography on Ground Motions,

as Demonstrated by a Study of the San Gabriel Mountains,

Los Angeles, California

by Shuo Ma*, Ralph J. Archuleta, and Morgan T. Page

Abstract We investigate the effects of large-scale surface topography on ground
motions generated by nearby faulting. We show a specific example studying the effect
of the San Gabriel Mountains, which are bounded by the Mojave segment of the
San Andreas fault on the north and by the Los Angeles Basin on the south. By si-
mulating a Mw 7.5 earthquake on the Mojave segment of the San Andreas fault, we
show that the San Gabriel Mountains act as a natural seismic insulator for metropo-
litan Los Angeles. The topography of the mountains scatters the surface waves gen-
erated by the rupture on the San Andreas fault, leading to less-efficient excitation of
basin-edge generated waves and natural resonances within the Los Angeles Basin.
The effect of the mountains reduces the peak amplitude of ground velocity for some
regions in the basin by as much as 50% in the frequency band up to 0.5 Hz. These
results suggest that, depending on the relative location of faulting and the nearby
large-scale topography, the topography can shield some areas from ground shaking.

Introduction

It has long been known that surface topography can sig-
nificantly affect earthquake ground motions (Geli et al.,
1988). Structures situated at the tops of hills, ridges, and can-
yons suffer more intensive damage than structures situated at
the bases of hills or on level surfaces, as evidenced in past
earthquakes such as the 1909 Lambesc, France, earthquake
(Angot, 1910), the 1976 Friuli, Italy, earthquake (Brambati
et al., 1980), the 1980 Irpinia, Italy, earthquake (Siro, 1982),
the 1985 Chile earthquake (Celebi and Hanks, 1986), the
1989 Loma Prieta earthquake (Hartzell et al., 1994), and the
1999 Athens, Greece, earthquake (Assimaki et al., 2005).
Higher levels of ground shaking on topographic sites have
also been extensively documented from seismic recordings
(for example, Shakal et al., 1988, 1994; Hartzell et al., 1994;
Spudich et al., 1996; Assimaki et al., 2005).

An abundant amount of theoretical, numerical and ex-
perimental work has dealt with the amplification of seismic
waves at a topographic site, which has been reviewed by Geli
et al. (1988) and Bouchon et al. (1996). Less attention,
however, has been accorded to how topography affects
ground motion for nearby sites that are not situated on the
topography.

We demonstrate this phenomenon by focusing on the
San Gabriel Mountains (SGM)—a macroscopic feature with
about 3 km elevation and 30–60 km horizontal expansion

that sits north of the Los Angeles Basin (LAB). The San
Andreas fault (SAF), which drives much of the seismic ha-
zard for Southern California (Working Group on California
Earthquake Probabilities, 1995; Frankel et al., 2002; Fialko,
2006), slices through the northern boundary of the SGM. The
critical feature of this geometry, relevant to this study, is that
most of the mountain range lies on the south-southwest side
of the fault (Fig. 1). Later we show that the SGM can reduce
the severity of the shaking experienced in the LAB from
faulting on the Mojave segment of the SAF.

The importance of the subsurface velocity structure on
earthquake ground motions has been well documented for
basins (Frankel and Vidale, 1992; Olsen et al., 1995; Olsen
and Archuleta, 1996; Graves, 1998; Pitarka et al., 1998;
Komatitsch et al., 2004; Liu et al., 2004; Krishnan et al.,
2006; Olsen et al., 2006). While the effect of the LAB on
ground motions has been studied, most of this work neglects
a prominent surface feature in the Los Angeles area: the sig-
nificant topography surrounding the basin. Surface topogra-
phy has been included in regional (Komatitsch et al., 2004;
Liu et al., 2004; Krishnan et al., 2006) and global (Koma-
titsch and Tromp, 2002a,b) seismic-wave propagation; how-
ever, the effects of surface topography on ground motions
have not been clearly identified in these studies. Ji et al.
(2005) attributed the anomalous wave packets recorded by
the Southern California Seismic Network during the 2002
Denali earthquake to the reflections of minor-arc Rayleigh
waves off the Oregon Coast and the Rocky Mountains.
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Surface topography has a more dramatic effect on the
propagation of surface waves than that of body waves be-
cause of differences in the travel paths. Body waves, elastic
waves traveling in the volume beneath the Earth’s surface,
interact little with surface topography. However, changes
in the geometry of the surface of a volume can have a pro-
nounced effect on surface waves. Earlier studies demonstrate
that Rayleigh waves can be strongly affected by certain sur-
face irregularities, such as a vertical step (Mal and Knopoff,
1965; Munasinghe and Farnell, 1973; Fuyuki and Nakano,
1984), a rectangular trench (Fuyuki and Matsumoto, 1980),
and a semicircular canyon (Wong, 1982; Kawase, 1988),
when the wavelength of Rayleigh wave is comparable to
the dimension of the irregularities.

To investigate the effect of large-scale topography,
primarily the SGM, on ground motion in the Los Angeles
area, we simulate a Mw 7.5 earthquake propagating from

San Bernardino to the Tejon Pass on the Mojave segment
of the SAF (Fig. 1). This section of the SAF is thought to
have caused the 1812 Wrightwood earthquake (Jacoby et al.,
1988; Sieh et al., 1989). We isolate topographic effects by
simulating a fault rupture and elastic wave propagation and
compare the ground motions between models that incorpo-
rate the topography in the Los Angeles area and a model
without topographic features.

In the following sections, we first study the scattering of
a plane Rayleigh wave by a semicircular hill in a homo-
geneous half-space. We show that scattering by the hill al-
ways diminishes the amplitude of Rayleigh waves in the
region beyond the hill. This shielding effect is generally lar-
ger as the wavelength of the Rayleigh wave decreases with
respect to the radius of the hill. Using the finite-element
method of Ma and Liu (2006), we then demonstrate the
effects of large-scale topography by simulating ground mo-

Figure 1. Topographic map of the Southern California. The white rectangle shows the surface area of the volume discretized for the
simulations. The white dashed line is our approximation to the surface trace of the SAF; the actual trace is the green line. The star denotes the
epicenter. The thin yellow lines depict the major highways. In subsequent map-view figures, the rectangle is rotated 28° counterclockwise.
The four corners of the white rectangle are (35.052° N, !118:7790° W), (34.099° N, !119:396° W), (33.214° N, !117:369° W), and
(34.167° N, !116:752° W). The red dashed line denotes where we show the cross section of the 3D velocity structure in Figure 8.
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tions caused by a simulated Mw 7.5 earthquake on the SAF
embedded in both a homogeneous half-space and a 3D ve-
locity structure (Magistrale et al., 2000).

Scattering of a Plane Rayleigh Wave at
a Semicircular Hill

We consider a semicircular hill subjected to a plane
Rayleigh wave in a homogeneous half-space (Fig. 2a).
The P-wave velocity, S-wave velocity, and density are
1732 m=sec, 1000 m=sec, and 1000 kg=m3, respectively.
We simulate the plane Rayleigh wave by solving the equa-
tion of motion in a homogeneous half-space where the initial
horizontal displacement at the surface has the shape of a
Ricker wavelet with a dominant frequency f0. The radius
of the hill, r, is equal to the dominant wavelength !0 of
the Rayleigh wave (!0 " VR=f0, where VR is the Rayleigh

wave velocity). The entire computational model is 24!0 wide
and 10!0 deep. We discretize the model by using regular
four-node quadrilateral elements in the half-space and irre-
gular elements of the same type in the hill. To ensure the
accuracy of the propagation of the Rayleigh wave, the ele-
ment size is equal to !0=60 in the half-space and slightly
smaller in the hill. The total number of elements and nodes
are 869,400 and 871,441, respectively. The absorbing
boundary of Lysmer and Kuhlemeyer (1969) is used along
the boundary, except at the free surface.

At t " 0, the Rayleigh wave is 6!0 away from the front
corner of the hill (Fig. 2a). After the Rayleigh wave hits the
hill, scattering by the hill splits the wave energy into trans-
mitted and reflected Rayleigh waves. Part of the energy is
also converted to body waves propagating away from the
surface (Fig. 2b). Figure 3 shows the comparison of time his-
tories at two locations in front of and behind the hill. The

Figure 2. Snapshots of the displacement field at (a) t " 0 and (b) t " 12=f0. The incident plane Rayleigh wave is strongly scattered at
the semicircular hill, and only part of the energy propagates as a transmitted Rayleigh wave. Particle displacement smaller than 1% of the
peak horizontal displacement amplitude of the incident wave is not shown. The arrow size in the bottom panel is amplified by two times for
better visualization.
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peak amplitude of surface displacement behind the hill is re-
duced everywhere (Fig. 4) indicating that the hill effectively
shields this area from the Rayleigh wave. As we vary the
dominant wavelength of the incident Rayleigh wave, the
shielding effect generally increases as the wavelength de-
creases relative to the radius of the hill (Fig. 5). When the
wavelength of the incident Rayleigh wave is 10 times larger
than the radius of the hill, there is still a 16.0% and 13.6%
reduction in the peak horizontal and vertical surface displa-
cement amplitudes, respectively. The reduction reaches
61.2% (horizontal displacement) and 53.6% (vertical dis-
placement) as the wavelength decreases to half the radius
hill. This simple example illustrates that small convex
surface irregularities can strongly affect the amplitude of sur-
face waves.

Effects of the San Gabriel Mountains

To investigate the effects of topography and, in particu-
lar, the SGM on ground motions in the LAB, we compare
results from simulations of ground motion produced by an
earthquake on the Mojave segment of the SAF with and with-
out topography. To avoid overly skewed elements in the
finite-element mesh for the simulation with topography,
we use a spatial running average of 1 km to smooth slightly

the true topography of the Los Angeles area obtained from
the 30 m Geographical Information System digital elevation
model of Southern California.

We approximate the SAF section as a vertical plane with
a constant strike of 118° (Fig. 1). The largest deviation in this
fault model from the SAF trace is about 6 km. The fault is
169.6 km long and extends to 16 km below zero elevation.
The end points of the fault strike are (!118:688° N,
34.808° W) and (!117:048° N, 34.092° W) (Fig. 1). The epi-
center (!117:068° N, 34.101° W) is 2.0 km from the south-
east end. The depth of the hypocenter is 10 km below zero
elevation. The rupture spreads out radially with a constant
rupture velocity of 3 km=sec. Slip is 2.22 m everywhere
on the fault with only a strike-slip (right lateral) component.
The seismic moment in the 3D velocity structure (Magistrale
et al., 2000) without topography is 2:00 ! 1020 Nm, corre-
sponding to Mw 7.5. The moment rate function for every
point on the fault is a cosine function given by

_M#t$ "
!

M0

T #1 ! cos 2"tT $; if 0 " t " T
0; otherwise

with a width of T " 2 sec.
The fault breaks the Earth’s surface for all simulations.

Because the elevation at the SAF trace is not zero, the fault
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Figure 3. Surface displacement time histories at (a) x " !4!0 and (b) x " 5!0. The displacement amplitudes are normalized by the peak
horizontal amplitude of the incident Rayleigh wave. The horizontal displacement of the incident wave has the shape of a Ricker wavelet. The
amplitudes of the reflected and transmitted phases are significantly smaller than the incident Rayleigh wave due to the scattering at the hill.
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Figure 5. Plot of peak surface displacement reductions as a function of wavelength at x " 5!0.
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area is slightly larger with topography than without topogra-
phy for a fault that breaks the surface; this results in a slightly
larger seismic moment for the simulation with topography.

To simulate the earthquake and the 3D wave propaga-
tion, we employ a finite-element method that uses eight-node
hexahedral elements with one-point integration and hour-
glass control (Ma and Liu, 2006). The method combines both
the efficiency of the finite-difference scheme and the flexibil-
ity of the finite-element scheme. Ma and Liu (2006) show
that the one-point integration scheme allows for a straight-
forward implementation of the perfectly matched layer
(PML) absorbing boundary and the coarse-grained modeling
of intrinsic attenuation (Day and Bradley, 2001). In the
Appendix we demonstrate the finite-element method’s cap-
ability for modeling wave propagation in the presence of
topography.

We include a large area of Southern California
(209.6 km parallel to the strike of the fault by 120 km per-
pendicular to strike) in all the simulations (Fig. 1). The model
extends to depths of 36 km and 46 km below zero elevation
for the homogeneous half-space and 3D velocity structure,
respectively. The PML absorbing boundary is used for all
the boundaries except for the free surface. For simplicity,
we do not take into account the intrinsic attenuation.

Rupture in the Homogeneous Half-Space
With and Without Topography

To isolate the effects of topography we first simulate a
SAF rupture with and without topography in a homogeneous
half-space. The P-wave speed, S-wave speed, and density are
6000 m=sec, 3464 m=sec, and 2700 kg=m3, respectively.
We discretize both models using a structured hexahedral
mesh. The element size is 200 m in the simulation without
topography and about 200 m (there are some irregularities in
the elements when modeling topography) in the simulation
with topography, which gives rise to a total number of
113,184,000 elements and 114,111,269 nodes in both simu-
lations. The total moment in the simulation with topography
is 7% larger than without topography due to the 7% increase
in the fault area. The timestep is 0.02 sec. We calculate
ground motions for 80 sec. All the results are low-pass fil-
tered at 1.0 Hz.

Because we impose a subshear rupture velocity, the
fault-normal velocity is larger than the fault-parallel velocity
near the fault (Archuleta and Hartzell, 1981). Body waves,
which propagate faster than the rupture front, are clearly evi-
dent in Figure 6. In the homogeneous half-space, significant
energy is also carried by Rayleigh waves—surface waves
that are most efficiently generated when there is slip on
the shallow parts of the fault. While topography has little
effect on body-wave propagation, it significantly scatters
the Rayleigh waves and thereby decreases their amplitudes
(Fig. 6). The waves scattered off of the topography can be
clearly seen in the simulation with topography.

This shielding effect on Rayleigh waves is further de-
monstrated by comparing the distributions of peak ground
velocity (Fig. 7a,b). Near the epicenter, the fault-normal ve-
locity varies along strike because initially the S waves are
radiated from a circularly expanding rupture front, while la-
ter the S waves are radiated from a propagating planar rup-
ture front. The peak amplitude eventually approaches a
constant amplitude along strike. In regions where Rayleigh
waves dominate the peak amplitude, the peak ground velo-
city is reduced. Body waves dominate the peak ground
velocity in the regions where the relative change in peak
ground velocity is small. The regions with larger ground mo-
tion (red regions in Fig. 7b) are those where there is ampli-
fication on the topography or where waves are scattered
(reflected) off of the mountains on the northeast side of
the fault. Normally this area near the fault is nearly nodal
for the fault-parallel and vertical components when there
is no topography. Consequently, the reflected waves domi-
nate the amplitudes of the fault-parallel and vertical compo-
nents in this region.

To illustrate further how the topography affects the
ground motion, we plot the particle velocity time histories
at six sites (Fig. 7c). Topography has little effect on body
waves. Topography reduces the amplitude of the Rayleigh
waves everywhere; this is clearly evident on the vertical
component where the Rayleigh wave dominates the peak
amplitude (except at site 1 where scattered waves dominate).
In time histories where body waves dominate the peak am-
plitude, the Rayleigh wave component is also reduced (for
example, see the fault-normal components at sites 4, 5,
and 6). The large pulse near the end of the fault-parallel com-
ponent at site 6 is the stopping phase of the rupture, which
is predominantly an S wave on which surface topography
has little effect. The selective reduction of body waves
and Rayleigh waves by the topography together with differ-
ent radiation patterns of body waves and Rayleigh waves
from the fault give rise to the pattern of relative change in
peak ground velocity shown in Figure 7b.

Rupture in 3D Velocity Structure
With and Without Topography

Next, we increase the complexity of the problem by in-
cluding the 3D velocity structure of the basins (Magistrale
et al., 2000). Again we generate two models—with and with-
out the topography. The velocity model has built-in topogra-
phy. For the simulation without topography, we compress
materials above zero elevation down to zero elevation; in this
way we do not lose the effect of shallow subsurface structure.
Figure 8 shows a cross section of the velocity model with and
without topography, which illustrates the slight distortion
that arises from the compression in the velocity structure
for the simulation without topography; this is most evident
for areas with high elevation. The compression of mountai-
nous materials below zero elevation in general leads to a
smaller material velocity contrast along basin edges near
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the surface because more rigid materials move to a greater
depth, which causes a weaker generation of basin surface
waves and thus underestimates ground motion in the basin.
This is, however, how material properties are normally in-
cluded in simulations that neglect surface topography.

In each simulation, the minimum S-wave velocity is
500 m=sec, and the maximum frequency is 0.5 Hz. We dis-
cretize the volume using a slightly unstructured finite-
element mesh (see fig. 7 in Ma and Liu, 2006). The mesh
is mostly structured; unstructured elements are used only
in the vertical velocity transition zones where the element
size can be increased with depth. A similar mesh has been
widely used in the spectral-element simulation of wave pro-
pagations (for example, Komatitsch et al., 2004). The ele-
ment size is about 100 m near the surface and is doubled
three times with depth (with three transition zones) so that
the element size is about 800 m near the bottom of the model,
resulting in a total number of 110,511,600 elements and
112,013,788 nodes for both models. The seismic moment
with topography is 8% larger than that without topography

due to a slightly larger fault area and heterogeneity of the
velocity structure. The timestep is 0.01 sec. We compute
ground motion for 120 sec.

The fault rupture initiates near the edge of the San Ber-
nardino Valley. As soon as the seismic waves hit the basin
edge, strong surface waves are generated due to large velo-
city contrasts (Fig. 9). These basin-edge generated surface
waves, predominantly Love waves, continue to be generated
at the edges of the basins near the base of the SGM and pro-
pagate through the Chino Basin into the LAB. The basin sur-
face waves propagate to the southwest and strongly shake the
LAB even after 100 sec.

A clear Rayleigh wavefront is not seen in the basins, but
it is a major contributor to the generation of basin-edge-
generated Love waves. The propagation direction of the Ray-
leigh wave (also the direction along which the particle
motion of the Rayleigh wave is polarized, see the purple ar-
row at 40 sec) is approximately east–west (see also Fig. 6 for
Rayleigh waves in the homogeneous case). This is almost
tangential to the base of the SGM, which is also the basin

Figure 6. Snapshots of the absolute amplitude of three components of particle ground velocity at time t " 30 sec without topography and
with topography resulting from rupture propagation on the SAF in a homogeneous half-space. The color scale is saturated in this figure and in
all subsequent map-view figures to better highlight features. The red star denotes the epicenter. The contour lines in this figure and sub-
sequent figures show the topography. The amplitudes of the Rayleigh waves are decreased due to scattering by topography. The scattered
wavefronts can be seen in the right panels.
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edge. When a Rayleigh wave is incident at the basin edges in
the 3D velocity structure, the parallelization of the polariza-
tion of Rayleigh waves and basin edges strongly favors the
conversion of Rayleigh waves into basin Love waves whose
particle motion also aligns with the edges of the basin
(Fig. 9). The polarization of particle motions remains the
same while the wave type changes from the Rayleigh wave

(P-SV type) to the Love wave (SH type). This is a conse-
quence of the specific orientation of the basin in this 3D
wave-propagation scenario.

In both simulations, large ground motions in the basins
illustrate that the subsurface velocity structure is the domi-
nant factor for ground motion (Fig. 10). However, when
topography is included, peak ground velocities for all

Figure 7. Comparison of peak ground velocities in a homogeneous half-space. (a) Peak ground velocities without topography (left-hand
column) and with topography (right-hand column). (b) Plots of the relative change between simulations of peak ground velocity with and
without topography for locations where the peak velocity without topography is greater than 0:02 m=sec. At locations where the peak
velocity without topography is less than 0:02 m=sec, the relative change is set to zero. The white dots in the bottom panel denote the sites
where we show seismograms in (c). (c) Comparison of velocity time histories without topography (blue) and with topography (red). The
relative change of peak velocity between models with and without topography is shown at the upper left of each trace. The peak-velocity
amplitude without topography is shown at the lower right of each trace in m=sec.
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three components are reduced on the order of 20%–30% in
most areas of the San Bernardino Valley, the Chino
Basin, and the LAB (Fig. 11a). In some areas the reductions
reach as much as 50%. When topography is included, the
area northeast of the SAF experiences higher ground motion
because some energy is reflected off of the SGM and into
the Mojave.

For four basin sites (Fig. 11a), we plot velocity time his-
tories (Fig. 11b) to illustrate the effect that topography has on
the ground motion. Site 1, located at the northwestern edge
of the LAB, is near the SGM. The peak ground velocity at this
station is dominated by fault-generated surface waves, whose
amplitudes are strongly reduced after crossing the SGM. At
site 4, located near the southeastern edge of the basin, there
are strong reverberations polarized on the horizontal compo-
nents—an indication of basin Love waves generated at the
basin edge. The reduction in the amplitude of basin Love
waves is due to the reduced excitation (caused by the topo-
graphy) at the basin edge. At sites 2 and 3 there are increases
in the amplitude of several components. At site 2 there is a
reduction in peak-velocity reductions on the two horizontal
components while the peak vertical velocity has an increase
of 5.17%. Likewise at site 3 the peak amplitude increases by
13.15% on the fault-normal component and by 14.31% on
the vertical component while the peak fault-parallel velocity
is reduced by 28.33%. These peak-velocity increases give
rise to the sporadic red dots in Figure 11a. Note that in
all cases the phase is undisturbed, indicating that the effect
is due to topography—the only difference between the two

simulations. When the amplitude of one component reaches
maximum, where the peak amplitude in the simulation with
topography increases, we see that the amplitude reduces on
the other component(s) at these two basin sites. This suggests
that the wave energy is converted from one component to
the other due to the topography—typical features of wave-
scattering phenomenon. It is well known that scattering can
destroy coherent wave propagation and split wave energy
into different wave types and polarizations. Therefore, the
scattered phases due to the topography can cause construc-
tive interference in some components whose amplitudes are
normally much smaller and thus produce a relatively large
peak-velocity increase. The same phenomenon can also be
seen at site 3 in the homogeneous case (Fig. 7c), where
the peak ground velocity increases for the fault-normal com-
ponent but decreases for the other two components. In look-
ing at the variation among the four sites, however, one
observes that the topography generally reduces the peak am-
plitude of the ground motion.

Although in the simulation with topography a slightly
larger seismic moment and a slightly stronger velocity con-
trast at the basin edge tend to increase the radiation, the ef-
fects of topography generally reduce peak ground velocity in
most areas of basins. The scattering of fault-generated sur-
face waves caused by the topography leads to less excitation
at the basin edges, resulting in the reduction of ground mo-
tion in almost the whole basin; these reduction patterns are
drastically different from those in the homogeneous case
(Fig. 7b). Moreover, the total energy coming into the basins,

Figure 8. Comparison of the 3D velocity model (Magistrale et al., 2000) with and without topography along the cross section denoted
in Figure 1.
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a significant part of which is carried by fault-generated
surface waves, is reduced by the topography (caused by
the scattering).

Discussion and Conclusions

The effects of topography on the propagation of surface
waves are significant. Large mountains surrounding basins
can act as a natural seismic insulator by scattering the surface
waves generated by earthquakes outside the basin. We have
used a simple source model to isolate the effect on the ground

motion created by the SGM. However, our principal result
is more general: The scattering of fault-generated surface
waves by the topography of the SGM leads to less-efficient
excitation of the basins at the basin edges. As the natural
resonances in the basins are independent of the source model
itself, as long as significant surface waves are generated by
rupture on the Mojave segment of the SAF, the SGM will
partially shield the LAB from strong ground motions. If most
of the slip on the fault is deep and no significant surface
waves are generated, then the topography will have a much
smaller effect. If shallow earthquakes occur inside the basin,

Figure 9. Snapshots of the absolute amplitude of fault-parallel particle ground velocity as the rupture propagates along the SAF in the 3D
velocity structure with topography. (Note: The amplitude scale is saturated.) Large basin surface waves are generated at the edges of basins
near the base of the SGM; these surface waves cause the strong resonance in the basins lasting beyond 100 sec. The purple arrow at 40 sec
shows approximately the polarization of fault-generated Rayleigh wave and the orientation of the basin edge.
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the surface topography surrounding the basin can increase
the ground motion in the basin by reflecting the energy back
into the basin, as seen for the energy reflected by the SGM
into the Mojave. A counterexample to the SGM in Los
Angeles would be the San Bernardino Mountains (SBM;
Fig. 1), where most of the mountain ranges are on the north-
east side of the SAF. The effect of the SBM on the propaga-
tion of surface waves from the SAF and the ground motion in
the LAB will be a subject of future research.

We point out that any surface irregularities, not only
mountains but also canyons, trenches, and other concave fea-
tures, could affect the propagation of surface waves. The
Earth’s surface is not locally flat. If a large earthquake occurs
in Southern California, we can imagine that the large topo-
graphic features surrounding Los Angeles will significantly
scatter the surface waves, which usually dominate the peak
amplitude of low-frequency ground motion, and in turn af-
fect the ground motion in the basins. As we have shown
in Figure 5, even when the dimension of the topographic
feature is an order of magnitude smaller than the wavelength
of the incident surface wave, there are still considerable
effects. In addition to its clear ramifications for seismic
hazard in the Los Angeles region, our simulations help to

explain the difficulty of predicting ground motions with-
out taking into account topographic effects. For example,
in the 1971 San Fernando earthquake, Vidale and Helm-
berger (1988) showed that simulated Rayleigh waves in
the LAB were much larger than the measured data in models
that neglected the Santa Monica Mountains. Our simula-
tions would certainly support the argument that large sur-
face topographic features should be taken into account for
seismic hazard analysis.
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Figure 10. Comparison of peak ground velocities without surface topography (left-hand column) and with topography (right-hand
column) in the 3D velocity model. The amplitude scale is saturated. The similarity between the distributions of peak ground velocities
with and without topography indicates that ground motion is dominated by the subsurface velocity structure.
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Figure 11. (a) Maps of the relative change in peak ground velocity from simulations with and without topography (#V topo ! Vnotopo$=
Vnotopo) in the 3D velocity model at locations for which the peak velocity without topography is greater than 0:1 m=sec. When peak ve-
locity—without topography—is less than 0:1 m=sec, the relative change is set at zero. The white dots in the bottom panel denote the four
sites where we plot the seismograms in (b). (b) Comparison of velocity time histories with (red) and without (blue) topography in the 3D
velocity model at the four sites denoted in (a). The relative change in peak velocity—with and without topography—is shown at the upper left
of each trace.
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Appendix

Validation of the Finite-Element Method

A classic test of wave propagation in the presence of
surface topography is a hemispherical crater in a homoge-
neous half-space where a plane P wave is incident vertically.
Sánchez-Sesma (1983) visited this problem and provided an
approximate boundary solution. In our test, the P-wave ve-
locity, S-wave velocity, and density for the homogeneous
half-space are 1732 m=sec, 1000 m=sec, and 1000 kg=m3,
respectively. The radius of the crater r is 1 km. To avoid
the artifacts of the boundary conditions, our computational
domain is 48 km long by 48 km wide by 24 km deep, where
the absorbing boundary of Lysmer and Kuhlemeyer (1969) is
implemented on all the boundaries except the free surface. A
plane P wave with a shape of a Ricker wavelet is incident
from the bottom of the domain. We solve the problem for
two different incident frequencies:

"""
3

p
=4 Hz and

"""
3

p
=8 Hz,

which correspond to wavelengths of 4r and 8r, respectively.
The entire computational domain is discretized with a hexa-
hedral element mesh, which is very similar to figure 14 in
Komatitsch and Tromp (1999). The element size is approxi-
mately 10 m near the crater to accurately model the geometry
of the crater and increases gradually to about 240 m near the
boundary. The simulation uses a total of 12,160,501 nodes
and 12,000,000 elements.

To simulate a vertically incident plane P wave, instead
of implementing the periodic boundary condition we analy-
tically calculate the tractions along the free surface due to the
incident P wave. We apply the same tractions with the sign
reversed at the free surface (the total traction must be zero to
satisfy the free surface boundary condition) and use the fi-
nite-element method (Ma and Liu, 2006) to calculate the re-
flected wave field. The total wave field is the sum of the
incident and the reflected wave fields. The computation of
the reflected wave field is performed in the time domain with
a timestep of 0.01 sec and a duration long enough such that
the velocity in the region of interest goes to zero. The time
histories at the surface are then converted to the frequency
domain, and the Fourier amplitudes at the incident frequency
are calculated and normalized by the Fourier amplitude of
the incident wave at the incident frequency in order to com-
pare with the solutions of Sánchez-Sesma (1983).

Figure A1 shows the comparisons between the finite-
element solutions and the solutions of Sánchez-Sesma
(1983) for the two different incident frequencies. The fi-
nite-element solutions clearly reproduce the amplification
pattern at the surface due to the crater. The excellent agree-

ment demonstrates the accuracy of the finite-element method
in computing wave propagation with surface topography.
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Figure A1. Comparison between the finite-element solu-
tion and the approximate boundary solution of Sánchez-Sesma
(1983) for the Fourier amplitudes at the incident frequency of
(a)

"""
3

p
=8 Hz and (b)

"""
3

p
=4 Hz at the surface as a function of

the horizontal distance to the origin of the crater x normalized
by the radius of the crater r. Both the radial and vertical amplitudes
of the finite-element solution are normalized by the Fourier ampli-
tude of the incident P wave at each incident frequency. The tangen-
tial component is zero due to the symmetry of the problem.
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