
Topographic Response to Simulated Mw 6.5–7.0
Earthquakes on the Seattle Fault

Ian Stone*1 , Erin A. Wirth1 , and Arthur D. Frankel1

ABSTRACT
Weexplore the response of groundmotions to topography during large crustal fault earth-
quakes by simulating several magnitude 6.5–7.0 rupture scenarios on the Seattle fault,
Washington State. Kinematic simulations are run using a 3D spectral element code and
a detailed seismic velocity model for the Puget Sound region. This model includes realistic
surface topography and a near-surface low-velocity layer; a mesh spacing of ∼30 m at the
surface allows modeling of ground motions up to 3 Hz. We simulate 20 earthquake sce-
narios using different slip distributions and hypocenter locations on a planar fault surface.
Results indicate that average groundmotions in simulations with and without topography
are similar. However, shaking amplification is common at topographic highs, and more
than a quarter of all sites experience short-period (≤ 2 s) ground-motion amplification
greater than 25%–35%, compared with models without topography. Comparisons of peak
ground velocity at the top and bottom of topographic features demonstrate that ampli-
fication is sensitive to period, with the greatest amplifications typically manifesting near a
topographic feature’s estimated resonance frequency and along azimuths perpendicular to
its primary axis of elongation. However, interevent variability in topographic response can
be significant, particularly at shorter periods ( <1 s). We do not observe a clear relationship
between source centroid-to-site azimuths and the strength of topographic amplification.
Overall, our results suggest that although topographic resonance does influence the aver-
age ground motions, other processes (e.g., localized focusing and scattering) also play a
significant role in determining topographic response. However, the amount of consistent,
significant amplification due to topography suggests that topographic effects should likely
be considered in some capacity during seismic hazard studies.

KEY POINTS
• We model shaking from Mw 6.5+ earthquakes to charac-

terize topographic effects during finite-fault rupture.

• Modeled topographic effects mirror real-world observa-
tions, though variability in response is often large.

• Adding topography to waveform simulations can affect

modeled ground motions and may influence hazard
analysis.

Supplemental Material

INTRODUCTION
Local site effects are one of the primary controls on the char-
acter of earthquake ground motions. Near-surface geology,
sedimentary basin structure, and topography all affect seismic
wave propagation and can significantly increase the strength
of earthquake shaking in certain scenarios. Among these,
the contributions of topography are likely the least well under-
stood. Though often coincidental, records of topographic
effects on earthquake shaking do exist for a range of different

topographic morphologies and earthquake magnitudes (e.g.,
Davis and West, 1973; Celebi, 1987; Hartzell et al., 1994,
2014; Pedersen et al., 1994; Spudich et al., 1996; Hough et al.,
2010; Pischiutta et al., 2010). In many of these cases, topo-
graphic effects were invoked to explain conspicuous, localized
earthquake damage, typically occurring at the top of hills,
ridges, and cliffs. Numerical simulations have helped augment
the observational record (e.g., Boore, 1972; Bard, 1982;
Sánchez-Sesma et al., 1982; Bouchon et al., 1996), providing
a means to model the full wavefield response to topography,
whereas analytic relations have allowed us to precisely con-
strain the factors governing some aspects of topographic
response (e.g., Paolucci, 2002).
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Together, these previous studies have demonstrated that topo-
graphic effects have a generally consistent set of characteristics:

• Topography has a much larger amplification effect on the
horizontal components of ground motion than on the ver-
tical component, which generally manifests as greater ampli-
fication in S- and surface waves than in P waves.

• Topographic highs (e.g., hilltops, ridges, and cliffs) tend to
focus and trap seismic energy, resulting in an increase in
ground shaking; conversely, topographic lows (e.g., the foot
of hills and cliffs or valley bottoms) tend to diffract seismic
waves, resulting in a decrease in shaking.

• The magnitude of amplification is both frequency and azi-
muth dependent. Hills and ridges have the greatest amplifi-
cation effect on waves with wavelengths approximately equal
to their basal width (Boore, 1972). This amplification effect,
often referred to as topographic resonance, reduces rapidly
as the wavelength increases relative to the basal width; for
shorter wavelengths, complex, alternating patterns of ampli-
fication and deamplification may manifest along the slopes
and near the base of the topography. If the topographic fea-
ture has a primary axis of elongation, amplification will be the
greatest for waves polarized perpendicular to this axis.

• A topographic feature’s height will also influence the
response, with amplification increasing with the ratio of
height over basal width (Sánchez-Sesma, 1990).

Numerical simulations demonstrate that topography may
also significantly scatter the seismic wavefield. Simulations of
hills and ridges show that a portion of an amplified S wave is
converted to P and Rayleigh waves, which emanate radially from
the topographic feature (Bard, 1982; Bouchon et al., 1996).
Similarly, Rayleigh waves interacting with cliff-like features expe-
rience increasing deflection when the ratio of cliff height over
wavelength is greater than about 0.3 (Martel et al., 1977).
Though there are some disagreements between experimentally
observed and simulated amplification values, topography may
more than double the strength of ground motion at its crest rel-
ative to its foot, with some observations noting amplification fac-
tors greater than 30 at certain frequencies (Geli et al., 1988).

Despite the influence topography may have on earthquake
shaking, topographic effects are seldom considered in seismic
hazard analyses, largely because of how difficult they are to
accurately constrain. Because topographic effects depend on
the azimuth of the incoming wavefield relative to the feature,
their impact on ground motions are highly dependent on the
location of potential earthquake sources. Compounding this
issue is that topography seldom assumes a simple, archetypal
form. Many topographic features have complicated morphol-
ogies or are composed of a combination of features with vary-
ing scale, each of which has its own unique response. Shallow
soil layers and local geology, which influence topographic
shape, respond in complex ways to ground motions as well.

As a result, it may be difficult, if not impossible, to separate
the unique contributions of topography to ground-motion
amplification (Geli et al., 1988).

In the context of ground-motion simulations, scale presents
a significant challenge to accurately modeling topographic
amplification. Topographic features that can alter ground
motions are often only tens-to-hundreds of meters in width
and may only affect shaking at higher frequencies (>1 Hz).
Variability in this frequency range due to shallow velocity
structure and source distribution is already high, complicating
the prediction of topographic response. The computational
requirements may also be prohibitively expensive to attempt
direct simulations in these frequency ranges over large areas.

However, with the growing availability of high-performance
computing, the development of codes capable of handling
complex topographies and more near-surface velocity data
available at regional scales, it is becoming easier to directly
model ground-motion amplification due to topography. At the
time of writing, few studies have attempted to simulate the
effects of small-wavelength topographic features (<100 m)
on ground motions at regional scales (Lee et al., 2008, 2009;
Rodgers et al., 2010; Imperatori and Mai, 2015). Such simula-
tions have been useful for constraining the fundamental ways
in which topographic effects manifest in realistic earth models.
However, extending these results to estimates of ground
motion from higher magnitude earthquakes (Mw >5.5) is dif-
ficult, as slip can no longer be represented using a point source.
The source dimensions for large-magnitude earthquakes may
extend into the hundreds of kilometers; the location of the
hypocenter within that source area is largely impossible to pre-
dict, leading to ambiguity in how effects like directivity may
manifest during a given earthquake. Further, slip on the fault
surface is spatially heterogeneous, leading to a variable distri-
bution of higher frequency shaking. Simulating the effects of
these factors and the variability they introduce to estimated
ground motions is a difficult task in and of itself, even without
considering the contribution of topographic effects. However,
as some seismic hazard characterization methods move toward
incorporating direct ground-motion simulations, it is critical to
quantify the differences in the ground motions predicted by
simulations with and without topography, and how topo-
graphic effects are impacted by kinematic rupture parameters.

In this study, we explore the effects of topography on simu-
lated ground shaking from large-magnitude (Mw 6.5–7.0)
crustal fault earthquakes. Earthquakes are simulated using a
kinematic source model, providing a means to interrogate
the sensitivity of topographic response to slip distribution
and hypocenter location in finite-fault rupture. A realistic,
3D velocity model allows us to accurately represent wave
propagation within our study region, whereas a model mesh
with ∼30 m surface spacing allows us to resolve ground
shaking up to 3 Hz. Besides comparing the response between
topography and nontopography simulations, we additionally
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compare the simulated peak ground motions with those pre-
dicted by the ground-motion models (GMMs) of the Pacific
Earthquake Engineering Research Center Next Generation
Attenuation-West2 Project (NGA-West2). By examining
simulated ground motions from different locations on topo-
graphic features throughout the model region in both the time
and frequency domains, we are able to broadly characterize
simulated topographic effects on earthquake ground shaking.

MODELS AND SIMULATION APPROACH
Regional setting
The region covered in our simulations encompasses the
expected source area for an Mw ∼7 Seattle fault earthquake,
as well as the city of Seattle and much of its metropolitan area
(Fig. 1). Topography in the Puget Sound region is largely char-
acterized by glacial geomorphology, as the entire area was buried
beneath the Puget lobe of the Cordilleran ice sheet during the
last glacial maximum. The principal topographic feature in the
model area—the ∼250 m deep Puget Sound—is the largest of a
series of north–south-trending channels excavated by ice and
glacial outwash. Between these channels are drumlins reaching
heights of up to ∼150 m. Though fairly flat at their crests, the
drumlins are flanked by steep slopes and cliffs that drop rapidly
down into the channels. The regional topography is also strongly
influenced by the Seattle fault—a south-dipping reverse fault
that bisects the model area along an east–west surface trace.

Rigid sedimentary rocks and crystalline basement are brought
to the surface just south of the fault, producing a line of geo-
logically resistant hills; the tallest of these features is the
618 m tall Squak Mountain, which sits near the eastern edge
of the model.

SPECFEM3D simulations and model mesh
For kinematic earthquake simulations, we use SPECFEM3D—
a spectral element method (SEM) code that adeptly handles
complex topographic surfaces and performs well in large, par-
allel-computing applications (Komatitsch et al., 2004).
SPECFEM3D discretizes the wavefield using a mesh of model
elements, upon which a realistic velocity model and topo-
graphic surface may be imposed. A unique component of the
SEM is the use of Lagrange polynomials as basis functions, as
well as Gauss–Lobatto–Legendre (GLL) collocation points for
interpolation within each element (Fichtner, 2011). A section
of mesh used in this study is shown in Figure 2. To maintain an
optimal sampling of the velocity structure, the element size was
reduced closer to the surface where the lowest velocity materi-
als are located. The average element size in our simulations was
reduced from 300 m at depths greater than 1200 m to 100 m
from 300 to 1200 m depths, and ∼30 m at depths less than
300 m. The ∼30 m element size at the surface was selected
to honor the dominant scale of regional topography, because
the majority of local features have base-to-crest heights of
around 100 m and widths greater than 500 m. With five GLL
points between each element vertex, average spacing of GLL
points at the surface was ∼7.5 m.

The topography used to develop the model mesh was pri-
marily taken from a combined topography and bathymetry

Figure 1.Map of model extent with 30 m sampled topography and bathymetry.
Shaded area denotes the surface projection of the Mw 7.0 earthquake source,
with the solid red line demarcating the up-dip edge of the rupture plane. The
bounds of the centralMw 6.5 source region (M6C) are denoted by the dashed
lines, whereas the east and west Mw 6.5 source regions (M6E and M6W) are
denoted by dotted lines. Black boxes correspond to West Seattle (WS) and
Queen Anne (QA). The inset shows the location of the study area (red box)
within the state of Washington. UTM, Universal Transverse Mercator. The color
version of this figure is available only in the electronic edition.

Figure 2. An example of the model mesh used in the spectral element
method simulations. The top surface of the mesh is constrained with a
30 m topography digital elevation model (DEM); the full extent of this
topographic surface is shown in Figure 1. Spacing of the mesh increases
from ∼30 m near the surface to 300 m at depths below 1200 m. The color
version of this figure is available only in the electronic edition.
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digital elevation model (DEM) for the Puget Sound, down-
sampled to 30 m (Finlayson, 2005). Additional elevation data
for the eastern portion of the model was taken from the U.S.
Geological Survey (USGS) 1/3rd arc-second DEM (USGS,
2017). To reduce mesh distortion and improve simulation sta-
bility, a smoothed version of the topography was used to define
the refinement boundary at 300 m depth in the mesh. Some
locations on the topographic free surface required smoothing
to improve model stability. This process is discussed in the
supplemental material.

For each rupture scenario, a simulation was run on two dif-
ferent versions of the model mesh: one with topography and one
without topography (we will refer to these as “topography” and
“flat” simulations throughout the article). This allowed us to
directly compare differences in the wavefield due to the topo-
graphic surface. Simulations were run on the Stampede2 super-
computer at the Texas Advanced Computing Center. A
summary of simulation parameters is included in Table 1.

Seismic velocity model
The seismic velocity model employed in our simulations is a
modified version of the Cascadia Velocity Model (CVM) of
Stephenson et al. (2017). This model reproduces the 3D velocity
structure of the region, explicitly incorporating the geometry
of Quaternary and Tertiary basin sediments, as well as the
Seattle fault. Velocity values in the Puget Sound region are pri-
marily from the active source P wave tomography results of
Ramachandran et al. (2006). For our simulations, we augmented
the velocity model with frequency-independent attenuation val-
ues as well as a surficial (upper 50 m) low-velocity layer, calcu-
lated following the methods outlined in Frankel et al. (2018).
This surface layer varies velocity according to a randomized field
with a standard deviation of 5% and with a characteristic length
spanning several kilometers. Inclusion of such a layer improves
ground-motion estimates by mimicking the small-scale velocity
variations that scatter surface waves and reduce focusing of seis-
mic energy (Hartzell et al., 2010). Water was not included as a
part of the velocity model. Nontopography versions of this
velocity model were found to accurately represent wave propa-
gation from regional earthquake events (e.g., Frankel et al., 2009;

Thompson et al., 2020), and have been employed in a variety
of simulations (e.g., Allstadt et al., 2013; Frankel et al., 2018;
Wirth, Frankel, et al., 2018), as well as seismic hazard analyses
(e.g., Frankel et al., 2007). To test the accuracy of the topography
velocity model and the simulation method, we also simulated
a small (Mw 3.3), well-recorded local earthquake that occurred
within the model area. This test found that body wave arrival
times and amplitudes were generally well reproduced;
more details on this test are included in the supplemental
material.

To accurately simulate wave propagation within topographic
features, it is critical that the velocity structure respects the shape
of the free surface. For both the topography and flat versions of
the simulation, we upsampled the upper 500 m of the velocity
model from its initial XYZ spacing of 200 × 200 × 100 m3 to
100 × 100 × 50 m3 using the nearest-neighbors’ interpolation.
The low-velocity values at the surface were restricted to just
the top layer of this updated model (i.e., the values were only
applied in the uppermost 50 m). For the topography version
of the velocity model, the velocity values at 100 m depth were
stretched upward in areas with positive topography or were
stretched downward in areas with negative topography. As such,
the low-velocity surface layer maintained a thickness of 50–
100 m throughout the model. All adjustments were limited
to the upper 500 m of the velocity model (a schematic illustrat-
ing this is shown in Fig. 3). To ensure stability of the simulations,
we reduced VP and VS at several (∼100) points in the velocity
model; a more detailed discussion of these alterations is included
in the supplemental material.

Source model
The source model used in this study was derived following the
rupture generator of Frankel et al. (2014). To ascribe slip to a
fault surface, the method generates a random field of fractal
distributions for which the spectral amplitudes are flat up to
a characteristic wavenumber (k) and decay as k−2 above that
value. Correlation distances in the along-strike and down-
dip directions, which define the inverse of the corner wave-
number in each dimension, were determined using the mag-
nitude dependency relations of Mai and Beroza (2002). For the
Mw 7.0 source, a value of 14.6 km was used for the along-strike
dimension, and a value of 6.9 km was used in the down-dip
direction; for the Mw 6.5 source, we use an along-strike value
of 8.0 km and down-dip value of 4.6 km. We imposed the
resulting slip distributions onto a 45°, south-dipping, planar
representation of the Seattle fault. This fault surface is in
roughly the same position as the Seattle fault’s northernmost
strand in Blakely et al. (2002) and is similarly aligned with
the basin-to-basement velocity discontinuity in the CVM.
Dimensions of the rupture zone were determined using the
empirical scaling relationships of Wells and Coppersmith
(1994). For an Mw 7.0 earthquake, along-strike and down-
dip extents were set to 43.7 and 18.2 km, respectively; for

TABLE 1
Summary of Topography and Flat Simulation Parameters

Minimum S-wave velocity (m/s) 450
Maximum frequency modeled (Hz) 3.0
XYZ Model dimensions (km) 61.2 × 57.6 × 28.8
Elements 29,048,832
Processors required 2,048
Node hours per run (topography vs. flat) 1,344/889
Wall-clock hours per run (topography vs. flat) 42/28
Simulation duration (s) 35
Δt (s) (topography vs. flat) 4:0 × 10−4=5:5 × 10−4

Total timesteps (topography vs. flat) 87,500/63,700
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an Mw 6.5 earthquake, these values were set to 22.4 and
11.4 km, respectively. The upper edge of the fault was located
at a depth of 3 km. The horizontal extent of the fault planes is
shown in Figure 1.

The slip distribution was decomposed into individual sub-
sources with a uniform spacing of 1 km. Rise time for each
subsource was determined by dividing the amount of slip
by the slip velocity at the subsource’s location. The average slip
velocity for all simulations was set to 1.0 m/s—a value consis-
tent with the empirical relationships of Somerville et al. (1999)
and which produces a constant dynamic stress drop; an addi-
tional random variation of ±20% was applied to the slip veloc-
ity to reduce rupture coherence. A minimum rise time of 0.5 s
was set for all the subsources.

Rupture velocity across the fault surface was set to an aver-
age value of 80% of the local S wave velocity. This value was
scaled by the amount of slip at a given point, such that areas
with greater than average slip had faster rupture velocities, and
areas with lower than average slip had slower rupture veloc-
ities. However, rupture velocity was never allowed to exceed
the local S wave velocity. Rupture propagation across the fault
surface and the subsequent rupture initiation time at each sub-
source was calculated using 2D ray tracing. Subsource rupture
initiation times were then randomly perturbed by a fraction of

a second (<0.6 s) to mimic the small-scale variation expected in
rupture during actual earthquakes.

Slip was prescribed to each subsource using a moment ten-
sor representative of reverse faulting on the specified fault
plane. Rake was randomly varied at each subsource by ±20%.
The source time function was represented using a Brune pulse
(Brune, 1970). To avoid unrealistic jumps in slip at the edges of
the fault, we tapered the slip to zero over the outermost 3 km of
the fault.

Variation of rupture parameters and source locations
To judge the sensitivity of topographic effects to variations in
rupture parameters, we modeled nine different slip scenarios
for both the Mw 7.0 and 6.5 earthquakes. These were defined
using three different slip distributions and three hypocenter
locations (east, central, and west). The slip distributions and
hypocenter locations used for theMw 7.0 earthquakes are shown
in Figure 4. Each slip distribution was created by supplying a
new random seed value to the slip generator. Henceforth, we
will refer to individual Mw 7.0 slip distribution and hypocenter
combinations according to the labels in Table 2.

For the Mw 6.5 earthquakes, in addition to nine combina-
tions of different hypocenter locations and slip distributions,
we modeled two source distributions shifted approximately
½ source length to the east and west of the central source loca-
tion, as shown in Figure 1. This allowed us to interrogate how
changing the source location affects topographic response.

RESULTS AND INTERPRETATION
We explore distinct aspects of the simulation results in the fol-
lowing four sections. We start by comparing the topography
and flat simulation results with the predictions of empirical
GMMs for an Mw 7.0 earthquake; we then discuss the overall
effects of topography on ground motions throughout the
model region; we interrogate the response on individual, rep-
resentative topographic features; and we end by exploring
variability of response between the topography and flat simu-
lations, with respect to location on the topography, kinematic
fault rupture parameters, and source location.

Comparison with empirical GMMs
To validate the simulated ground motions and determine
whether adding topography produces an anomalous response,
we compare that the simulated Mw 7.0 earthquake results to
the predictions from four of the NGA-West2 GMMs
(Abrahamson et al., 2014; Boore et al., 2014; Campbell and
Bozorgnia, 2014; Chiou and Youngs, 2014). Ground motions
were evaluated for a grid of synthetic seismograms with a uni-
form, 2 km spacing across the entire model region. For the
GMMs, we designated a standard VS30 value of 600 m/s, which
corresponds to the average CVM surface velocity within the
model region; basin depth values were calculated using the
1000 and 2500 m/s depth contour from the CVM.

Figure 3. Illustration demonstrating how the velocity model was altered to
accommodate topography. The black base grid has a uniform spacing of
100 m, whereas sea level (0 m depth) is represented by a dotted black line.
(a) The velocity model before adding topography. Velocity values (colored
dots) were spaced every 200 m horizontally and 100 m vertically. The low-
velocity layer at 0 m depth is represented by yellow dots, whereas the
velocity at 100 m depth is represented by red dots. No velocity values exist
for depths above sea level. (b) The velocity model after adding the topo-
graphic surface (solid curved line). Spacing was decreased to 100 m
horizontally and 50 m vertically. The velocity values at 100 m depth were
either stretched upward to meet topographic highs or downward to
accommodate topographic lows. The low-velocity surface layer was kept at
a near-uniform thickness of around 50 m across the model. The velocity
model below 500 m depth was left unaltered. The color version of this figure
is available only in the electronic edition.
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Comparisons of the spectral acceleration (SA) at four
response periods (0.3, 1.0, 2.0, and 5.0 s) are shown in
Figure 5. For each station in the uniform, 2 km grid, we calcu-
lated the median rotated horizontal SA (rotD50, Boore, 2010)
and then placed the results into 2 km bins corresponding to the
shortest distance to the rupture (R). The mean SA curves

represent the average SA within each bin for all the nine
earthquake simulations. Curves for the topography and flat
versions of the simulation are separated into hanging-wall
and footwall components (stations north of the top edge of
the rupture were considered to be on the footwall, whereas sta-
tions to the south were considered to be on the hanging wall).
Also plotted are the within-bin �1σ ranges for the footwall
component of the topography and flat simulation results.
GMM values were estimated along a north–south line running
perpendicular to the fault and roughly through the center of
the model area. The GMM curve represents the average esti-
mate of all the four GMMs along that line, whereas the shading
represents the average total standard deviation.

The topography and flat results tend to produce very similar
mean values and standard deviations, with a few exceptions.
Near-fault (<10 km) ground motions at 0.3 s are elevated in
the topography simulations relative to the flat simulations.
This is largely due to short-period resonance signals present
in the response on some of the large hills along the periphery
of the Seattle basin and on either end of the Seattle fault. These
topographies are underlain by higher velocity (>1500 m/s)
bedrock in the CVM. As a result, seismic waves reaching
the surface in these areas were trapped within the ∼50 m thick
surficial low-velocity layer, generating resonance patterns. The
resulting short-period ground motions in the topography sim-
ulations in these areas are often more than twice that in the flat
simulations. Similar high-frequency resonance patterns in soft
soils overlying high-velocity bedrock have been observed in the
region during large earthquakes (e.g., Seward Park, as noted in
Frankel et al., 2002). However, the regional thickness of these
soil layers is not well constrained, so it is difficult to say
whether the distribution and degree of soil resonance effects
within the topography simulations are realistic. We avoid these
locations when exploring localized high-frequency topographic
response later in our analysis. Farther from the fault, the topog-
raphy is generally underlain by lower velocity basin materials,
so the short-period response of the two models converges. Also
apparent is a distinct difference in hanging-wall (i.e., south of
the fault trace) and footwall (north of the fault trace) response
with distance. At near-fault distances, ground motions on the
hanging wall are largely similar or slightly higher than on the
footwall. However, at longer periods (≥1.0 s), ground motions
remain high on the footwall out to large distances, whereas
hanging-wall ground motions reduce toward the GMM predic-
tions. Other studies have noted similar behavior in simulation
results (e.g., Dreger et al., 2015), which may be a result of
strong surface wave generation from up-dip rupture along
the dipping fault plane. Footwall ground motions are also
influenced by basin effects within the Seattle basin, which
has been observed to significantly amplify long-period ground
motions during local earthquakes (Frankel et al., 2002, 2009;
Thompson et al., 2020; Rekoske et al., 2021). Other studies
modeling earthquake ground motions in the basin have found

Figure 4. Slip distributions used to define the three different earthquake
sources. Stars denote the three different hypocenter locations (C, central;
E, east; and W, west). With respect to the scenarios listed in Table 2, slip
distributions 1, 2, and 3 correspond to the top, middle, and bottom plots,
respectively. The color version of this figure is available only in the electronic
edition.

TABLE 2
Labeling Scheme for the Mw 7.0 Simulation Scenarios

Hypocenter
Location

Slip
Distribution 1

Slip
Distribution 2

Slip
Distribution 3

West Hypocenter S1W S2W S3W
Central
Hypocenter

S1C S2C S3C

East Hypocenter S1E S2E S3E
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that simulated long-period results tend to produce higher
values than those estimated by GMMs (Allstadt et al., 2013;
Wirth, Chang, et al., 2018).

In aggregate, both topography and flat results tend to esti-
mate higher ground motions than the GMMs for all periods.
The GMM standard deviations are large (ranging from around
twice as large as the simulation variability at low periods to
about the same size at longer periods) and encompass much
of the mean simulated ground motions. However, there are
some period and distance combinations wherein the simulated
ground motions go well beyond the GMM estimates. To
directly quantify how much the simulated ground motions
deviate from the GMM estimates, we calculate the epsilon
value (ε):

EQ-TARGET;temp:intralink-;df1;53;392ε � μSim − μGMM

σGMM
; �1�

in which μSim is the logarithmic mean SA for the simulated
results, μGMM is the logarithmic mean of the GMM estimates,
and σGMM is the logarithmic, mean total standard deviation of
the GMM estimates. For this calculation, we evaluated the
GMMs at each point within the model region to match the

format of the simulation results. We plot ε averaged for all sta-
tions versus off-fault distance in Figure 6 and ε mapped across
the model region in Figure 7, for several different response peri-
ods. Short-period (0.3 s) simulated ground motions are elevated
with respect to the GMM estimates at near-fault distances, par-
ticularly in the topography model. Again, this is largely due to
the effects of the near-surface low-velocity layer, which overlies
much higher velocity material near the ends of the fault and
which produces resonance signals in some simulations. Longer
period ground motions tend to assume values in line with the
GMM predictions at near-fault distances. However, beyond
∼15 km there is a distinct increase in the average ε-value, par-
ticularly for periods ≥2.0 s. The distinct “bump” in the 2.0 and

Figure 5. Spectral acceleration (SA) versus the closest distance to the fault (R)
at different periods of ground motion, separated into hanging wall (hw) and
footwall (fw) curves. Black curves represent the average ground motion from
four Next Generation Attenuation-West2 Project ground-motion models
(GMMs). Shaded areas represent the �σ range for the predicted and
simulated ground motions (footwall only). TOPO, topography model results;
FLAT, flat model results. The color version of this figure is available only in
the electronic edition.

Figure 6. Epsilon (ε) values versus the closest distance to the rupture (R) at
different periods of ground motion. Epsilon values are relative to the median
of the empirical GMMs. Shaded areas represent the �σ range for the

simulated ground motions. The color version of this figure is available only in
the electronic edition.
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5.0 s curves is partially caused by the lack of hanging-wall
stations present at larger distances, which allows the footwall
estimates to dominate the more-distant response. These footwall
ground motions are heavily influenced by basin response at large
distances and long periods, which are much higher than the
predicted GMM estimates. In addition, forward rupture direc-
tivity from the deep hypocenter locations preferentially projects
long-period energy into the basin. The GMMs, which span a
larger set of scenarios, likely moderate the contribution of such
effects.

Another factor contributing to elevated median ground-
motion values may be the chosen fault dimensions, which
affect the stress drop of the modeled source. Although the
Wells and Coppersmith (1994) empirical relations suggest that
an Mw 7.0 source should have an area of ∼795:3 km2, empiri-
cal relations derived through other methods produce larger
source areas. For example, the magnitude–rupture–area rela-
tion of Somerville et al. (1999) suggests an Mw 7.0 source area
of∼1122:0 km2, which is 40% larger. Confining the moment of
an Mw 7.0 earthquake source to a smaller region increases the
static stress drop per unit area on the fault surface, which in
turn produces higher amplitude ground motions.

Overall, the ground motions
between the topography and
flat simulations deviate from
GMMs in similar ways. ε
anomalies are in the same gen-
eral locations and are near the
same values. This suggests that,
in and of itself, adding topogra-
phy to the simulation generally
does not produce ground
motions outside the range of
empirical estimates. However,
it is clear that individual topo-
graphic features have some
effect on the spatial distribu-
tion of ε. This is most apparent
in the 5.0 s plot of Figure 7, in
which a positive ε anomaly fol-
lows the ridgeline of a north–
south-trending peninsula near
the center of the model region.

Overview of topographic
effects on simulated
ground motions
To interrogate the overall
effects of topography on the
Mw 7.0 simulation results
throughout the model area,
we directly compare the results
between the topography and

flat models. We compare snapshots of the vertical velocity field
as measured at the surface during simulation S2E (Fig. 8). At
5.4 s, shortly after seismic energy has reached the surface, there
is little obvious difference in the flat and topography results.
However, as time progresses and surface waves propagate
northward from the fault, the wavefield is scattered by topo-
graphic features. This scattering manifests as a reduction in
coherence of the surface wave front, as is apparent starting
in the 11.9 s snapshot. By 25.8 s, the coherence of the main
surface wave front has significantly degraded in the topogra-
phy simulation relative to the flat simulation.

In Figure 9, we plot the percentage of peak ground velocity
(PGV) amplification in the topography model relative to the flat
model (simulation S2E). This percentage is calculated by sub-
tracting the horizontal PGV at every point on the surface in
the flat model from the PGV in the topography model, dividing
the difference by the PGV in the flat model and then multiplying
by 100. PGV throughout the region is dominated by the S wave
and surface wave components of the response and thus should
be sensitive to surface topography. Though there is significant
spatial variability in amplification, some general trends are
apparent. Topographic highs, such as hill tops and cliffs, typically

Figure 7. Epsilon (ε) values mapped across the model region at different periods of ground motion. The first and
second rows describe the ε-values for the topography and flat simulations, respectively. The third row describes the
difference between the topography and flat simulations. The dashed line denotes the surface trace of the fault. The
color version of this figure is available only in the electronic edition.
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experience ground-motion amplification, whereas topographic
lows, like valley bottoms and channels, experience deamplifica-
tion. This trend persists at a variety of scales, occurring both on
smaller features (<500 m in width) as well as large features (sev-
eral kilometers in width). These patterns may overlap with one
another, resulting in a superposition of amplification patterns. As
noted in the previous section, significant amplification manifests
on the mountains on the east and west ends of the fault asso-
ciated with high-frequency resonance in the low-velocity surface
layer. The dependence of peak ground motions on topography is
reinforced by the bottom plot in Figure 9, which presents a cross
section of topography versus flat horizontal PGV ratios extend-
ing from Bainbridge Island to the east bank of Lake Washington
(profile A to A′ in the upper plot). The values used to generate
this plot represent the average PGV at a period of 5 s between
three simulations with different hypocenter locations (simula-
tions S2W, S2C, and S2E). The amplitude of the PGV ratio
roughly follows the trend of the large-scale topography; the most
negative values are associated with the sunken channels, whereas
the most positive values are associated with the elevated isthmus
of land between the two channels.

We quantify the generalized distribution of amplification in
the topography simulation in Figure 10, in which we plot the
aggregate percentage of amplification versus period (Fig. 10a),
as well as histograms showing the natural log of the PGV ratio
at each period (Fig. 10b). To generate the plots in this figure,
we used the PGVs from all the nine simulations recorded on
the uniform grid of stations, excluding stations situated in
areas directly overlying bedrock (to avoid the combined effects
of topography and soil resonance). For all periods of ground
motion, a site in the topography simulation will on average
record peak ground motions at or slightly above (≤16%) what
would be predicted in the flat simulation (Fig. 10a). However,
larger amplifications and deamplifications are common. For
periods between 0.3 and 2.0 s, half of the observations are
amplified or deamplified by more than 25%–35%; about 5%
of sites see amplification greater than ∼80%. For longer periods
(5.0 and 7.5 s), the spread of amplifications is much smaller,
with over 90% of sites seeing amplification less than 50%. The
logarithm of the topography versus flat PGV ratio indicates

Figure 8. Snapshots of the vertical velocity wavefield at different times for a
(a) flat and (b) topography simulation (simulation S2E). Warm colors
represent upward velocity, whereas cool colors represent downward
velocity. The hypocenter location for this scenario is represented by a star.
The color version of this figure is available only in the electronic edition.

Figure 9. Amplification of the peak ground velocity (PGV) in the topography
simulation relative to the flat simulation (simulation S2E). (a) Percentage
amplification mapped over the full model extent. Amplification at a par-
ticular point on the map is calculated by subtracting the horizontal PGV in
the flat model from the PGV in the topography model, dividing by the PGV
from the flat model, and then multiplying by 100 to get an amplification
percentage. The hypocenter location for this scenario is represented by a
star. (b) Horizontal PGV ratio over the profile A–A′ for ground motions at a
period of 5 s. The ratio curve (red) represents the average ratio of the root
mean square horizontal ground motions from three different simulations
(simulations S2W, S2C, and S2E). Also plotted is the elevation along the
profile (blue). The color version of this figure is available only in the
electronic edition.
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that amplifications due to
topography assume a roughly
lognormal distribution, the
standard deviation of which
is greater for periods ≤2 s
(Fig. 10b). Consequently, it is
more common for ground
motions to be amplified than
deamplified in the topography
model.

Localized effects of
topography
The influence of topography on
ground shaking is highly depen-
dent on a topographic feature’s
shape and orientation. To sur-
vey the effects of topography
in our simulations, we placed
synthetic seismogram arrays
on a variety of topographic fea-
tures throughout the model
area, spanning a range of sizes,
shapes, and orientations.
Although the results presented
here reflect observations from
all of these locations, we focus
the bulk of our discussion on
two representative features
(Fig. 11). The first is West
Seattle—a north–south-trend-
ing peninsula that tapers to a
width of 400–600 m at its
northern terminus and which
is bounded by 70–110 m tall
cliffs. The second feature is
Queen Anne—a 142 m tall,
oblong drumlin with a width
of ∼2100 m perpendicular to
its major southeast axis. West
Seattle is representative of cliff
response in the simulations,
whereas Queen Anne is repre-
sentative of hill response. Both
of these features sit on the foot-
wall within the Seattle basin and
should thus be free from the
shallow soil effects seen at some
locations outside of the basin.
The basin sediments are suffi-
ciently thick at these locations
(>1 km) such that seismic veloc-
ity is mostly homogenous

Figure 10. Distributions describing the amplification between the flat and topography simulations across stations in the
uniform grid (excluding stations over bedrock). (a) Percentage of amplification, where location along the x axis
represents the period of ground motion. Each box bounds 50% of observations, with the red line representing the
median value of the distribution. Whiskers bound 90% of observations. Black crosses denote observations in the 5th
and 95th percentiles. Positive values represent an amplification in ground motion in the topography simulation relative
to the flat simulation, whereas negative values represent deamplification. (b) Natural log of the topography versus flat
PGV ratio. Each plot shows a histogram of ratio values at each period. The black curve is the raw histogram, which is
split into ∼640 bins. The red curve is the histogram averaged across 10 bins. PGVf, Peak Ground Velocity flat; PGVt,
Peak Ground Velocity topography. The color version of this figure is available only in the electronic edition.
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throughout the topography, and the observed response between
the top and bottom of these features is largely attributable to
topography, because the shallow basin sediments are similar
in velocity to the surface layer.

Time-series observations.
Mapping the ratio of the root
mean square horizontal PGV
at the representative sites for
simulation S2E demonstrates
that ground shaking is typically
amplified at the top of hills and
cliffs and less- or deamplified at
topographic lows relative to the
flat model (Fig. 11). We plot
seismograms from the same
simulation recorded at the top
(WS12), on the slope (WS13),
and at the bottom (WS14) of
the cliff surrounding West
Seattle in Figure 12. P wave
arrivals see little to no amplifica-
tion in the topography results
relative to the flat results,
whereas S and surface waves
see significant amplification.
Station WS12 at the top of the
cliff experiences S wave and sur-
face wave amplification in all
the three components of its
response, with a particularly
strong amplification in its sur-
face wave around 15 s, in which
the velocity in the north direc-
tion is nearly doubled between
the flat and topography simula-
tions. By comparison, station
WS14 at the foot of the cliff does
experience some amplification,
though less than either of the
other stations. The effect of
topography on the response at
WS13 is more amplified than
at WS14 but less amplified than
at WS12. At all the three sta-
tions, there is a small but sys-
tematic delay between the
respective phase arrivals in the
topography and flat simula-
tions. We attribute this delay
to the additional travel time
between sea level and the topo-
graphic surface.

Frequency-dependent effects. Amplification due to
topography is often linked to a characteristic frequency related
to the physical dimensions of a topographic feature (Massa
et al., 2014). At this “topographic resonance” frequency (f r),

Figure 11. Horizontal PGV amplification in the topography model relative to the flat model on (a) West Seattle and
(b) Queen Anne for simulation S2E. Contour interval is 25 m. The locations of West Seattle and Queen Anne within the
greater model area are shown in Figure 1. The color version of this figure is available only in the electronic edition.
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ground motions at the top of a feature are significantly ampli-
fied relative to surrounding flat ground sites. To judge how
much topographic resonance may contribute to the ground-
motion amplification observed in our simulations, we compare
the response at different frequencies on West Seattle and
Queen Anne.

Ashford and Sitar (1997) used numerical simulations of S
waves interacting with cliffs to derive a relationship for the fun-
damental frequency of cliff-like features. Based on their obser-
vations, they found that ground motions are maximized when
seismic waves have a frequency equal to VS=5H, in which VS is
the S wave velocity, and H is the height of the cliff. Near-sur-
face velocities in the vicinity of West Seattle are between 500
and 1000 m/s; cliff heights at the northern end of the peninsula
are ∼75 m tall. Therefore, we expect topographic resonance
frequencies around 1.33–2.67 Hz.

Paolucci (2002) derived an analytical relationship between
the basal width of a triangular hill or mountain and the fea-
ture’s resonance frequency. For features with an average S wave
velocity VS and width L, the resonance frequency may be pre-
dicted using the equation f r � C � VS=L, in which C is a con-
stant around 0.7–1.0, depending on the height-to-width ratio
of the hill and whether SV or SH waves are under investigation.
For Queen Anne, near-surface velocities are also in the 500–
1000 m/s range, and the basal width perpendicular to the prin-
ciple axis is ∼2.1 km. Using these values and Paolucci’s relation
for SH waves, we calculate the fundamental frequency of
Queen Anne to be around 0.18–0.36 Hz.

We decompose the ratio of the horizontal PGV on West
Seattle and Queen Anne into different periods of ground

motion (0.3, 0.5, 1.0, 2.0, 5.0, and 7.5 s, respectively) for sim-
ulation S2E in Figures 13 and 14. PGV values at each period
were calculated by filtering the two horizontal velocity time
series at each location on the surface at the period of interest
(using a ±0.1 Hz buffer), calculating the root mean square of
the two time series and then finding the maximum value. With
increasing period, the size of individual amplification and
deamplification patches increases, corresponding to the wave-
lengths of the waves most affected at that period. For the cliffs
around West Seattle, we would expect the topography to affect
ground motions most in the 0.3–1.0 s range. The greatest evi-
dence for cliff-related amplification occurs in the 0.5 s (i.e.,
2.0 Hz) plot (Fig. 13b), in which there is a semidistinct band
of amplification and deamplification following the trend of the
cliffs, particularly near the northwest end of the peninsula. At
the same time, there is little evidence for cliff-related amplifi-
cation at 0.3 and 1.0 s (3.0 and 1.0 Hz; Fig. 13a,c).

On Queen Anne, we would expect the hill to amplify
ground motions most in the 2.0–5.0 s range. There is little evi-
dence for systemic amplification due to topography for periods
between 0.3 and 2.0 s (Fig. 14a–d). However, distinct banding
patterns are present at 1.0 and 2.0 s. We suggest that these pat-
terns reflect differences in the surface wave field between the

Figure 12. Three-component velocity seismograms recorded on the top
(WS12), slope (WS13), and bottom (WS14) of a cliff at West Seattle
(simulation S2E). The P, S, and surface (Rg) waves are labeled for station
WS12. The color version of this figure is available only in the electronic
edition.
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topographic and flat simulations. Surface waves formed at the
southern boundary of the Seattle basin are scattered by topog-
raphy as they propagate northward. The resulting changes in
path affect the dispersion pattern of the waves and alter where
they reach peak amplitude. Between 5.0 and 7.5 s (0.2 and

Figure 13. Horizontal PGV amplification on West Seattle for simulation S2E
at periods of (a) 0.3, (b) 0.5, (c) 1.0, (d) 2.0, (e) 5.0, and (f) 7.5 s. Dotted
lines in (b) outline areas of possible amplification and deamplification
around the cliffs. The color version of this figure is available only in the
electronic edition.

1448 • Bulletin of the Seismological Society of America www.bssaonline.org Volume 112 Number 3 June 2022

Downloaded from http://pubs.geoscienceworld.org/ssa/bssa/article-pdf/112/3/1436/5609628/bssa-2021269.1.pdf
by Univ of Washington Libraries ARCS Serials user
on 20 June 2022



0.13 Hz; Fig. 14e,f), there is
evidence for uphill PGV ampli-
fication on Queen Anne, with
the pattern being the greatest
near 5.0 s.

Although useful for illustrat-
ing lateral patterns in amplifica-
tion between the topography
and flat simulations, the plots
in Figures 13 and 14 do not
directly quantify the strength
of ground motion at the top
of a feature relative to its bot-
tom. When considering the
mapped amplification patterns,
it is difficult to separate the con-
tribution of local topography
from that associated with mid-
and far-field scattering of the
incoming wavefield. A similar
effect was reported in Pitarka
et al. (2021), in which the
authors noted that simulated
PGA amplifications in their
model region did not correlate
well to particular topographic
highs, which they attributed to
interference from high-fre-
quency waves scattered by the
surrounding topography. To
isolate the amplification due to
a particular topographic feature,
we use the targeted arrays of
synthetic seismograms, taking
the ratio of horizontal PGV
between the top (and slope)
seismograms over the PGV of
the bottom seismogram. This
calculation only considers the
results of the topography simu-
lation, so we can interrogate the
effects of topography indepen-
dent of the flat results. We plot
the amplification at several dif-
ferent periods for simulation
S2E at West Seattle in
Figure 15. These plots show
clear uphill amplification for
periods between 0.3 and 1.0 s;
there is little to no amplification
at periods above 1.0 s. The
shorter period amplification
pattern is not uniform for all

Figure 14. Horizontal PGV amplification on Queen Anne for simulation S2E at periods of (a) 0.3, (b) 0.5, (c) 1.0,
(d) 2.0, (e) 5.0, and (f) 7.5 s. The color version of this figure is available only in the electronic edition.
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locations (e.g., the northeast set of stations at 0.5 s, Fig. 15b). It is
not uncommon to see mixed patterns of amplification at 0.3 and
0.5 s from one simulation to the next (we discuss this variability
more in the next section); in contrast, the uphill amplification
pattern at 1.0 s persists for all simulations. Based on these obser-
vations, we suggest that, within our model setup, the cliffs’ topo-
graphic resonance lies somewhere between 1.0 and 2.0 Hz, and
that there is consistent, predictable amplification near these

Figure 15. Top-over-bottom horizontal PGV amplification at targeted array
stations on West Seattle for simulation S2E. Periods of ground motion
considered are (a) 0.3, (b) 0.5, (c) 1.0, (d) 2.0, (e) 5.0, and (f) 7.5 s. Top and
slope stations are represented by colored circles, whereas the bottom
stations are represented by black triangles. The amplification values
represent the PGV amplification at the top and slope stations relative to the
bottom stations. The color version of this figure is available only in the
electronic edition.
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frequencies. Longer periods of seismic wave are not affected by
the cliffs, whereas shorter period waves experience complex scat-
tering that varies the amplification pattern from one simulation
to the next.

The stations on Queen Anne show little consistent ampli-
fication for periods between 0.3 and 2.0 s (Fig. 16a–d). As on
West Seattle, whether a station experiences amplification or
deamplification changes from one simulation to the next for
these shorter periods. Uphill amplification only persists
between 5.0 and 7.5 s.

Another characteristic behavior of topographic resonance is
its azimuthal dependence. Amplification of ground shaking is

Figure 16. Top-over-bottom horizontal PGV amplification at targeted array
stations on Queen Anne for simulation S2E. Periods of ground motion
considered are (a) 0.3, (b) 0.5, (c) 1.0, (d) 2.0, (e) 5.0, and (f) 7.5 s. Top and
slope stations are represented by colored circles, whereas the bottom
stations are represented by black triangles. The amplification values
represent the PGV amplification at the top and slope stations relative to the
bottom stations. For Queen Anne, QA1 was used as the base station for
QA2, QA3, QA4, and QA5, whereas QA10 was used as the base station for
QA7, QA8, and QA9. The color version of this figure is available only in the
electronic edition.
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typically the greatest perpendicular to a topographic feature’s pri-
mary axis of elongation. We explore how amplification changes
with azimuth for simulation S2E in Figures 17 and 18. To
develop these polarization plots, we rotate the horizontal com-
ponents of the seismogram at five-degree increments between 0°
and 180°, calculating the Fourier spectra at each increment. The
spectra are smoothed using a Gaussian function to reduce vari-
ability in the response.We then take the ratio of the spectra at the
top (and slope) of a feature over the spectra at the bottom of the
feature. The resulting plots show the ratio of amplification at a
range of frequencies and azimuths.

On West Seattle, there is a distinct dependence of the ampli-
fication patterns on the azimuth of the cliffs (Fig. 17). The great-
est amplifications (ratio values of ∼3–4) are generally at
azimuths roughly perpendicular to the primary axis of elonga-
tion. However, there are typically multiple “peaks” in amplifica-
tion along this azimuth, as opposed to a single strong peak at the
expected resonance frequency. In reviewing the plots from other
simulations, the highest amplification does often fall between
1.0 and 2.0 Hz, though there are occasionally larger peaks at
higher frequencies. Some locations, such as WS6 and WS7, will

sometimes see their greatest
amplifications at wholly differ-
ent azimuths.

Queen Anne’s nonuniform
shape makes it difficult to define
its primary axis of orientation;
we assume a roughly southeast
axis, corresponding to its lon-
gest basal dimension. The
amplifications on Queen Anne
are generally smaller (ratio val-
ues of∼2) and at lower frequen-
cies than on West Seattle
(Fig. 18). Though, like West
Seattle, the greatest amplifica-
tions often occur above the
expected resonance frequency.
The higher frequency amplifica-
tions (≥1 Hz) also tend to be
quite variable from one simula-
tion to the next, whereas the
lower frequency amplifications
are more persistent across sim-
ulations.

These results suggest that
although topographic resonance
contributes to ground shaking,
there is a tendency for the
response in any one scenario
to stray from idealized behavior.
It seems likely that modeled
topographic amplification is

also strongly influenced by other processes, like localized shape
focusing and scattering of incoming S and surface waves.

As the lack of clear azimuthal amplification on Queen Anne
demonstrates, deviations from archetypal morphology will
complicate topographic response. Throughout the model
region, we observed that the more complex a topography’s
morphology, or the less distinct its shape, the harder it was
to identify a distinct topographic response. Similarly, the
more-gentle a feature’s slope, the less significant its amplifica-
tion between the topography and flat simulations.

A final critical observation is that comparing records
between topography and flat simulations at a given location
only provides a muddled picture of how the underlying topog-
raphy affects ground motions. Adding topography to a simu-
lation will not only produce an expected topographic response,
but it will also affect the overall wavefield, thus impacting
the response at any individual site. Figures 13 and 14, which
only compared the topography response on each feature with
the flat response, inherently mixed the effects of individual
topographic features with mid- and far-field scattering, often
obscuring the localized topographic resonance behavior.

Figure 17. Polarization of horizontal spectral ratios on West Seattle (simulation S2E). Ratios are calculated by
dividing the rotated spectral response from stations at the top and slope of the cliff (black circles) by the
spectral response at the bottom of the cliff (black triangles). Frequency increases outward from the center of the
plot, whereas azimuths correspond to compass directions. Concentric rings mark 1 Hz intervals, with the innermost
ring representing 1 Hz and the outermost ring representing 3 Hz. Colors correspond to the value of the spectral ratio
at a particular frequency and azimuth. Ratio values greater than one represent amplification relative to the bottom
station, whereas values less than one represent deamplification. Red lines denote the approximate primary axis of
orientation for the cliff at the point of measurement. The color version of this figure is available only in the electronic
edition.
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Therefore, the local response of topography is better quantified
using our direct comparisons between the response at the top
and bottom of a feature across several scenarios (Figs. 15, 16).

Variability of topographic effects
In this section, we examine the variability of simulated ground
motions on account of topography from several different per-
spectives: the change in variability between the topography and
flat simulations, changes in variability with respect to location
on a topographic feature, and variability related to the kin-
ematic rupture parameters and source location.

Variability between topography and flat simulations.
To constrain the aggregate variability in response between the
topography and flat simulations, we plot the percentage change

in interevent PGV standard
deviation (σ) versus period in
Figure 19. Similar to Figure 10,
the percentage change in σ at a
given site was calculated by
subtracting the σ in the flat sim-
ulation from the σ in the topog-
raphy simulation, dividing by
the σ in the flat simulation,
and then multiplying the result
by 100. The σ values consider
the horizontal PGV results
from all the nine simulations
recorded on the uniform grid
of stations, excluding stations
situated in mountainous areas
overlying bedrock.

Similar to the amplification
behavior observed in Figure 10,
the average change in σ is rela-
tively low (<±10%); however,
low- and mid-range periods of
ground motion (≤2.0 s) experi-
ence a larger distribution in σ
change than longer period
ground motions. The distribu-
tion of σ change is fairly uni-
form for these shorter periods,
with around a quarter of sites
taking on σ values 25%–35%
greater than in the flat simula-
tion and another quarter seeing
values 30% lower. In contrast,
at 7.5 s, over 90% of the sites
have σ within 30% of those pre-
dicted in the flat simulations.
Additional details on the topog-
raphy versus flat variability are

included in the supplemental material.

Variability with location on a topographic feature. We
also explicitly compare the interevent σ between the top and
bottom of topographic features. In West Seattle, only 1.0 s
ground motions demonstrate a uniform trend across the entire
feature, with σ increasing upslope relative to the bottom at all
locations (though the increase in σ is not necessarily uniform
with elevation or location; Fig. 20). Otherwise, the σ at lower
periods (≤0.5 s) does not appear to uniformly follow a topog-
raphy-related trend. Change in σ at higher periods (≥2.0 s) is
negligible.

On Queen Anne, a trend of σ increasing upslope manifests
at 5.0 and 7.5 s, with σ at the top of the hill typically being
35%–40% greater than at the bottom (Fig. 21). At lower

Figure 18. Polarization of horizontal spectral ratios on Queen Anne (simulation S2E). Ratios are calculated by
dividing the rotated spectral response from stations at the top and slope of the cliff (black circles) by the
spectral response at the bottom of the cliff (black triangles). Frequency increases outward from the center of the
plot, whereas azimuths correspond to compass directions. Concentric rings mark 1 Hz intervals, with the innermost
ring representing 1 Hz and the outermost ring representing 3 Hz. Colors correspond to the value of the spectral ratio
at a particular frequency and azimuth. Ratio values greater than one represent amplification relative to the bottom
station, whereas values less than one represent deamplification. Red lines denote the hill’s approximate primary
axis of orientation. The color version of this figure is available only in the electronic edition.
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periods, complex patterns of increased and decreased σ are
present on the hill slopes.

Among all the targeted array sites, the variability in ground
motions increases in a range that overlaps with the expected
resonance frequency of the topographic feature. This behavior
is more notable on features that also exhibited significant
amplification near the topographic resonance frequency as well
as on larger-scale features (e.g., Queen Anne).

Sensitivity of topographic effects to kinematic fault
parameters. Ground motions in finite-fault simulations
exhibit a range of sensitivities to changes in kinematic fault
parameters such as hypocenter location and slip distribution
(e.g., Moschetti et al., 2017; Wirth et al., 2017; Wirth,
Frankel, et al., 2018). Changing these parameters affects factors
such as the distance to high-slip regions and rupture directivity
effects, which in turn affect the strength, predominant azimuth,
and frequency content of the incoming seismic energy at a par-
ticular location. With respect to topographic amplification, it is
well established that changing the location of a seismic source
has significant effects on the severity of amplification (e.g.,
Rodgers et al., 2010; Imperatori and Mai, 2015; Restrepo et al.,

2016). However, it is less clear
how topographic effects may
change when varying kinematic
fault parameters. The location
of the source is not changing,
but the character of the incom-
ing seismic energy is. In this
section, we explore how chang-
ing the hypocenter location and
slip distribution affect simu-
lated topographic effects.

In general, topographic
amplification is highly variable
from one earthquake scenario
to the next. We plot polariza-
tion diagrams showing the
spectral ratio between a top
and bottom station in West
Seattle for all the nine simula-
tions in Figure 22, along with
an averaged polarization plot
derived from all the simula-
tions. The principal amplifica-
tion patterns do roughly align
perpendicular to the orienta-
tion of the cliff, and ground
motions are consistently
amplified in discrete frequency
bands between 1 and 3 Hz, as is
clear from the average polari-
zation plot. However, for any

one scenario, the amount of amplification, the exact frequency
at which it peaks, and its orientation may vary significantly.
For instance, the plots for S1W and S3W both share a common
hypocenter location. However, the S1W plot reaches a peak
amplification of ∼5 near 1.9 Hz at 100°, whereas the S3W plot
reaches a peak amplification of ∼4 near 2.8 Hz at 70°. In com-
paring all the simulations, sharing a common hypocenter or
slip distribution does not appear to result in strongly consistent
amplification behavior; further, the topographic response does
not appear to be more sensitive to one parameter over the
other. It should be noted, though, that lower frequency
response (<1 Hz) is more consistent across all the simulations
than higher frequency response.

Although a topographic feature may assume a characteristic
set of behaviors that roughly manifest from one earthquake to
the next, significant differences in the wavefield result in
differences in response. Specifically, the variations between indi-
vidual polarization plots likely represent differences in the focus-
ing and scattering of seismic energy within or adjacent to the
topographic feature, because the polarization plots only measure
variations in response between a feature’s top and bottom. This
is supported by the insensitivity of lower frequency ground

Figure 19. Distribution describing the change in standard deviation (STD) between the flat and topography sim-
ulations across all stations in the uniform grid. Location along the x axis represents the period of ground motion.
Each box bounds 50% of observations, with the red line representing the median value of the distribution. Whiskers
bound 90% of observations. Positive values represent an increase in standard deviation in the topography
simulation relative to the flat simulation, whereas negative values represent a decrease in standard deviation. The
color version of this figure is available only in the electronic edition.
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motions to changes in slip parameters, because (as has been
made clear in prior subsections) the lower frequency seismic
waves are less likely to be affected by smaller scale topography.

Sensitivity of topographic effects to source location.
The results for theMw 7.0 earthquake simulations demonstrate
topographic response considering only a single source extent
and location. To explore the influence these factors may have

Figure 20. Change in interevent STD between the top and bottom stations
on West Seattle. Periods of ground motion considered are (a) 0.3, (b) 0.5, (c)
1.0, (d) 2.0, (e) 5.0, and (f) 7.5 s. Top and slope stations are represented by
colored circles, whereas the bottom stations are represented by black tri-
angles. The color version of this figure is available only in the electronic
edition.
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on topographic response, we simulate several instances of
Mw 6.5 earthquakes as well. In general, the topographic ampli-
fication behaviors observed in theMw 7.0 simulations persist in
the Mw 6.5 simulations (a baseline comparison of the Mw 7.0
and 6.5 results is included in the supplemental material).
However, because the source region for the Mw 6.5 earth-
quakes is smaller, we may change the source’s location within
the fault zone.

Some studies note a distinct relationship between the azi-
muth of an earthquake relative to the primary axis of orienta-
tion for a feature and the degree of observed amplification and/
or amount of shaking effects (e.g., Meunier et al., 2008; Hartzell

et al., 2014; Massa et al., 2014). We investigate whether this
behavior is present in our results by comparing spectral ampli-
fications between Mw 6.5 events at different source locations.
Each of these sources share the same slip distribution and rel-
ative hypocenter location, but the entire source is shifted either

Figure 21. Change in interevent STD between the top and bottom stations on
Queen Anne. Periods of ground motion considered are (a) 0.3, (b) 0.5, (c) 1.0,
(d) 2.0, (e) 5.0, and (f) 7.5 s. Top and slope stations are represented by colored
circles, whereas the bottom stations are represented by black triangles. The
color version of this figure is available only in the electronic edition.
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east or west along the fault zone by a ½ source length (Fig. 2).
To calculate the spectral amplification, we take the horizontal
velocity time series of stations at the top of targeted topo-
graphic features and convert them to the frequency domain.
We then smooth the two horizontal components using a
Gaussian function and combine them via a geometric average.
To calculate amplification, we take the ratio of the spectrum at
the top of the topographic feature to that at the foot of the
topographic feature. We then find the average amplification
within a 0.1 Hz window at select frequencies. In Figure 23,
we plot top over bottom amplifications at station pairs in
West Seattle at a range of periods relative to the source-to-site
azimuth, in which each azimuth represents the direction to the
centroid of moment release for each source.

In looking at the response at each of our targeted array sites,
there is not a clear relationship between the source-centroid-to-
site azimuth and the degree of amplification. This is to say that
sources at azimuths more parallel to the primary axis of elon-
gation do not appear to produce greater or lesser amplification
relative to those more perpendicular to the axis. This observa-
tion is true for all the periods tested, including those near the
analytically predicted resonance frequency. For cliff sites, there
also does not seem to be a clear relationship with amplification
and the direction of approach relative to the crest or foot of the
cliff (e.g., amplification does not show a preference to whether a
slope is facing toward or away from the source centroid).

CONCLUSIONS
We explored topographic effects
on earthquake ground motions
fromMw 7.0 and 6.5 earthquake
scenarios on the Seattle fault in
Washington. Our primary goal
was to judge how adding topog-
raphy may cause predicted
ground motions to differ from
those in typical flat finite-fault
simulations and to explore the
sensitivity of topographic effects
to kinematic rupture parame-
ters. On average, ground
motions (PGV) at a given site
in the topography model were
near those predicted by the
flat model, though significant
amplifications (>80%) were
present at some sites, particu-
larly at shorter periods of
ground motion. PGV was typi-
cally amplified at the crest of
hills and cliffs and deamplified
at topographic lows.

The components of the
wavefield most affected by

topography were the S and surface waves, and comparisons
of PGV between crest and base stations at different periods
demonstrated that amplification typically occurs near the ana-
lytically predicted topographic resonance frequency for cliffs
and hills. We found that ground motions are typically the most
amplified perpendicular to a feature’s primary axis of elonga-
tion, but the exact direction and frequency at which maximum
amplification occurs may vary somewhat from one earthquake
to the next. This effect diminishes on features with more amor-
phous shape and gentler slopes.

Throughout the model region, the average interevent stan-
dard deviation (σ) in the topography simulations was similar
to that in the flat simulations. Though for shorter periods of
ground motion (≤2 s), around a quarter of sites saw an
increase in σ greater than 25%, and another quarter saw a
decrease greater than 30%. Changes in σ at longer periods
were much less significant. In comparing the response at
the top of a feature relative to its base, a systematic increase
in σ was observed moving upslope, specifically at periods near
the predicted topographic resonance frequency; topography-
related trends were not directly apparent at other periods.
The upslope increase in σ was typically the most significant
for larger scale features. The reduced range of σ at longer peri-
ods relative to shorter periods mirrors the dependence of
ground-motion variability on shallow velocity structure.
Which is to say, longer periods of ground motion are less

Figure 22. Polarization of horizontal spectral ratios between stations WS15 (top of cliff) and WS17 (bottom of cliff)
on West Seattle. The 3 × 3 grid represents the spectral ratio between the stations for all nine Mw 7.0 simulations;
columns correspond to hypocenter location (from left to right: west, central, and east hypocenter); and rows
correspond to slip distribution (from top to bottom: slip distribution 1, 2, and 3). The large polar plot on the right
corresponds to the geometrically averaged response of all the rose plots in the grid. The red line corresponds to the
cliff’s orientation. The ratio value color scale is the same across all the plots. The color version of this figure is
available only in the electronic edition.

Volume 112 Number 3 June 2022 www.bssaonline.org Bulletin of the Seismological Society of America • 1457

Downloaded from http://pubs.geoscienceworld.org/ssa/bssa/article-pdf/112/3/1436/5609628/bssa-2021269.1.pdf
by Univ of Washington Libraries ARCS Serials user
on 20 June 2022



sensitive overall to topography than shorter periods of
ground motion, much in the same way longer periods of
ground motion show less sensitivity to small-scale velocity
heterogeneities (Moschetti et al., 2017). However, this effect
may be a factor of the topography present in this model
region, and areas with a different topographic roughness
(i.e., large mountains rather than mid-sized hills) might favor
greater variability at long periods.

Results demonstrated a strong sensitivity with respect to slip
distribution and hypocenter location. Amplification observa-
tions averaged across all simulations suggest that topographic
resonance does typically influence ground shaking, chiefly
through amplification near the resonance frequency at a pre-
dictable azimuth; however, significant variability between dif-
ferent rupture scenarios suggest other factors, such as localized
shape focusing and scattering of S and surface waves, also play
a significant role in the topographic response. We did not note
a greater sensitivity of topographic response to one rupture
parameter over another. In general, the source dependence

of topographic effects is greater for higher frequencies of
ground motion (>1 Hz).

We found that topographic response was generally similar
between the Mw 7.0 and 6.5 earthquakes. The characteristic
amplification behaviors observed in the topography versus flat
models, as well as at the top and bottom of individual topo-
graphic features, persisted when the magnitude changed. In

Figure 23. Amplification at different periods between the top and bottom of
the cliffs in West Seattle for the different Mw 6.5 earthquake source
locations. The dashed black lines correspond to the source-centroid-to-site
azimuth for a particular source location. The dotted–dashed red line cor-
responds to the primary axis of orientation of the cliff at that location.
Amplification increases from the center to the edge of the plots.
Amplification corresponds to the ratio of the peak ground motion at the top
of the cliff over the peak ground motion at the bottom of the cliff; values
greater than one (outside the solid black circle) indicate positive amplifi-
cation, whereas values less than one indicate deamplification. The color
version of this figure is available only in the electronic edition.
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testing different Mw 6.5 source locations, we did not see clear
evidence that topographic amplification preferred source-to-size
azimuths perpendicular (or parallel) to the topography’s pri-
mary axis of orientation, or that amplification was dependent
on whether a slope was facing toward or away from a source
centroid. These results diverge from some studies of observed
earthquakes, which tend to note a relationship between
source-to-site azimuth and amplification (e.g., Meunier et al.,
2008; Hartzell et al., 2014; Massa et al., 2014). We suggest that
this difference is in part a result of our using a finite-fault source;
with the exception of Meunier et al. (2008), the cited studies look
exclusively at records from smaller magnitude (Mw <5) earth-
quakes at some distance from the source. As the size of the
source increases relative to the receiver, so does the breadth
of azimuths from which seismic energy approaches a feature.
Even for the relatively small Mw 6.5 events, the complexity
of the wavefield is likely enough to confound clear azimuthal
trends that manifest for lower magnitude earthquakes.
Clearer azimuthal trends may present themselves in higher mag-
nitude earthquakes for observations recorded at much larger
distances (i.e., larger than what was tested in this study), in
which the size of the source is small relative to the distance
between the source and topographic feature. Similarly, the scale
of the topography may contribute to the strength of the azimu-
thal response, which may help explain the disparity between the
results in this study and Meunier et al. (2008); in that study, it
was observed that earthquake-induced landslides tended to clus-
ter on slopes facing away from the source. However, a majority
of the topographic features on which distinct azimuthal varia-
tions were noted were taller (>350 m) and broader (>1.5 km)
than the features looked at in this study, making them more
likely to interact with coherent, long-wavelength energy.

Topographic effects in this study followed the same general
patterns observed in studies of real-world ground motions,
with some caveats. Topographic amplification during actual
earthquakes has produced ground motions many times higher
than in adjacent, flat-ground locations, as well as very strong
directionality and adherence to a particular frequency range. In
contrast, our results show a more muddled picture of topo-
graphic amplification—one in which topography certainly
influences ground motions, but in ways that are generally
subtle and only broadly predictable. Other studies have found
that waveform simulations do tend to underestimate observed
topographic effects, which has been attributed to simplifica-
tions in the morphology and geology of the topography
(e.g., Lovati et al., 2010). Although some simplifications were
necessarily made in our study to accommodate the scale of the
overall simulation, we did attempt to respect both the mor-
phology and shallow geology in our model.

Instead, we suggest that the lack of significant response may
be a factor of the topography within the model region. There is a
gradation of response within our results that shows that features
with steeper slopes do tend to have a higher amplitude

topographic response—an observation that mirrors results from
analytic solutions (Sánchez-Sesma, 1985, 1990). However, with
respect to much of the topography surveyed in the literature
(e.g., Massa et al., 2014; Stolte et al., 2017), even the steepest
features within our model area are relatively smooth; for
instance, the cliffs around West Seattle, which produced some
of the more distinct topographic effects in our simulations, have
a maximum slope around 30°. When considered along with
strong, near-field source variability and 3D velocity structure,
the individual topographic response of any one feature may
be very complicated. Given that many high seismic hazard
regions present similar complexities, we believe the results
are reasonably representative of topographic response during
finite fault rupture, particularly in nonmountainous areas.
Given the degree of topographic amplification observed in this
study, work should continue toward considering topography in
seismic hazard studies, either through direct modeling of wave
propagation or through some other novel metric.

As waveform simulations pursue ground motions at higher
direct frequencies and over larger regions, we suggest a few
improvements on the modeling method employed in this
study. Introduction of a more realistic near-surface soil struc-
ture would likely improve the accuracy of simulations. A sig-
nificant challenge for future simulations will be accurately
representing ground motions in areas where soils overlie
high-velocity rock, which produced large resonance patterns
in our simulations. Emphasis should either be placed on
high-resolution mapping of soil thicknesses in high-hazard
regions or on the development of a statistical method to real-
istically represent soil thicknesses within velocity models.
Similarly, inclusion of nonlinear soil response would help to
illuminate the interplay between shallow geologic and topo-
graphic amplification effects. Extending the model area to
much larger regions would make it easier to explore the con-
tributions of directivity to topographic response during very
large earthquakes. The extent of the model area in this study
made it difficult to comprehensively explore the contribution
of directivity (which is often the greatest in a relatively narrow
azimuth range off either end of the fault) as well as topographic
effects at more intermediate distances. Additional simulations
with a greater variety of slip distributions and hypocenter loca-
tions would provide a stronger basis for generalizing behavior
on any particular feature within the model region. Further, it
would be interesting to see similar finite-fault tests run in
regions with different geomorphologies. Other studies have
found that the roughness of the topography in a model area
has a significant control on scattering of the wavefield, which
affects the spectral makeup of the wavefield at larger distances
(Rodgers et al., 2010; Imperatori and Mai, 2015).

DATA AND RESOURCES
The supplemental material accompanying this article contains a val-
idation of the model against a real earthquake record, a discussion of
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the selective smoothing done to the mesh and velocity model, addi-
tional details on the topography versus flat variability, and a baseline
comparison of the Mw 6.5 and 7.0 results. Simulations in this article
were run using Computational Infrastructure for Geodynamics
code SPECFEM3D Cartesian (https://geodynamics.org/resources/
specfem3dcartesian/about, last accessed April 2022). All data used
in this article came from published sources listed in the references.
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