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Abstract The great subduction earthquakes that occurred recently in Peru, Chile,
and Japan have provided unprecedented information about the ground motions gen-
erated by such earthquakes. The 23 June 2001M 8.4 Peru earthquake was recorded at
eight strong-motion stations; the 27 February 2010 M 8.8 Maule, Chile, earthquake
was recorded at over 10 strong-motion stations; and the 11 March 2011 M 9.0 Tohoku,
Japan, earthquake was recorded at more than a thousand stations and produced the most
extensive dataset of recordings for any earthquake. For the first time, data are available to
guide the generation of ground-motion simulations from great subduction earthquakes.
Broadband ground-motion simulations can enhance the usefulness of the recordings of
these earthquakes by providing a means of interpolating and extrapolating the re-
corded data. Once they have been validated, broadband ground-motion simulations
can be used for forward predictions of the ground motions of great subduction events
in regions such as Cascadia, in which there are no strong-motion recordings of large
subduction earthquakes.

In this study, we test our ability to use a hybrid method to simulate broadband
strong-motion recordings of megathrust earthquakes by demonstrating that our sim-
ulations reproduce the amplitudes of the recorded ground motions without systematic
bias. We use simulations to study the distribution of various intensity measures of
ground motion caused by these earthquakes and to validate our ground-motion simu-
lation method by comparing the simulated ground motions with recorded ground mo-
tions as well as with empirical ground-motion prediction models.

Introduction

Ground motions from great subduction earthquakes make
a large contribution to ground-motion hazards in areas located
in the vicinity of large subduction zones. In the U.S. probabi-
listic seismic-hazard maps, the subduction source in the
Pacific Northwest region is modeled by earthquakes having
magnitudes as large as M 9.2. Because these magnitudes
are larger than any of the earthquakes on which the most re-
cent empirical ground-motion models (e.g., Atkinson and
Boore, 2003; Zhao et al., 2006; Abrahamson et al., 2015) are
based, it is important to use all the available information from
these recent earthquakes to provide insight into the nature of
ground motions from such large events.

The recent occurrence of great subduction earthquakes in
Peru, Chile, and Japan provides the first glimpse at what the
ground motions from such large earthquakes may be like.
The 23 June 2001 M 8.4, Arequipa, Peru earthquake (Somer-
ville et al., 2008) was recorded at eight strong-motion stations;
the 27 February 2010M 8.8 Maule, Chile, earthquake (Somer-
ville et al., 2013a) was recorded at over 10 strong-motion sta-
tions; whereas the 11 March 2011 M 9.0 Tohoku earthquake
(Somerville et al., 2013b) produced the most extensive dataset
of recordings for any earthquake, with more than 1000 record-

ings from each of K-NET and KiK-Net networks operated by
the National Research Institute for Earth Science and Disaster
Prevention (NIED) of Japan. For the first time, data are avail-
able to guide the generation of ground-motion scenarios from
great subduction earthquakes. Broadband ground-motion sim-
ulations can enhance the usefulness of the recordings of these
earthquakes by providing a means of interpolating and extra-
polating the recorded data.

The broadband ground-motion simulation method used
in this study is based on the work of Somerville et al. (1991),
Somerville (1993), and Graves and Pitarka (2004, 2010). It is
a hybrid technique that computes the long- and short-period
ranges separately and then combines the two to produce a sin-
gle time history using appropriate matched filters. At periods
longer than 3 s, the methodology is deterministic and contains
a theoretically rigorous representation of fault rupture and
wave propagation effects. At periods shorter than 3 s, it uses
an empirical representation of source radiation and scattering
derived from the recordings of a smaller earthquake, which is
combined with a simplified theoretical representation of wave
propagation. The method is relatively simple to apply because
the only earthquake-specific parameters needed as input are
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seismic moment, fault dimensions and geometry, hypocenter
location, and a generalized model of the slip distribution. All
other source parameters are determined using the scaling rela-
tions described in the following sections. Recently, the method
has been applied for the first time for the simulation of the
ground motions of an intraslab earthquake that occurred in
California (2010 M 6.5 Ferndale earthquake). It reproduced
the basic characteristics of the ground motions of this earth-
quake without systematic bias (Pitarka et al., 2013).

As described in detail below, we demonstrate the capabil-
ity to simulate broadband ground motions from great subduc-
tion earthquakes and validate that capability by demonstrating
that it reproduces the amplitudes of the recorded ground
motions of large earthquakes without systematic bias.

Earthquake Source Scaling Relations of Subduction
Earthquakes

Somerville et al. (2002) developed scaling relations for
the source parameters of subduction earthquakes based on
the rupture models of seven large earthquakes. These mod-
els are analogous to those developed for crustal earthquakes
(Somerville et al., 1999). The subduction earthquakes used
in these scaling relations include three earthquakes for
which we have derived rupture models: 1923 Tokyo, Japan
(Wald and Somerville, 1995); 1944 Tonankai, Japan (Ichi-
nose et al., 2003); and 2001 Peru (Somerville et al., 2003).
The rupture models portray the spatial and temporal distri-
bution of slip on the fault plane, as inferred from strong-
motion recordings, teleseismic data, and in some cases
geodetic and tsunami observations. The scaling relations
describe the scaling with seismic moment of rupture area,
rise time, asperity dimensions, and the corner periods of spa-
tial wavenumber models of fault-slip heterogeneity, which
control the spatial distribution of slip and slip velocity. Later
studies by Murotani et al. (2008, 2013) using a larger dataset
give smaller rupture areas and larger average displacements
than do those of Somerville et al. (2002).

For our ground-motion simulations, we need a relation-
ship between seismic moment and rise time. Murotani et al.
(2008, 2013) did not develop such a relationship, so we used
the one developed by Somerville et al. (2002) based on the
maximum slip velocity (Ishii et al., 2000). They found the
rise time for subduction earthquakes is given by

EQ-TARGET;temp:intralink-;df1;55;209Tr � 1:8 × 10−9 ×M1=3
0 : �1�

Procedure for Broadband Strong Ground Motion
Simulation

We used a hybrid broadband ground-motion simulation
approach, based on frequency–wavenumber Green’s func-
tions for long periods (>3 s) and on a semistochastic ray
theory method (Somerville et al., 1991) for shorter periods,
to simulate broadband ground motions for large subduction
earthquakes. We show the simulation procedure successfully

reproduces the recorded ground motions of the earthquakes
in Arequipa, Peru (Somerville et al., 2008), Maule, Chile
(Somerville et al., 2013a), and Tohoku, Japan (Somerville
et al., 2013b).

Specifically, we used the Caleta de Campos rock-site
recording of an aftershock of the 1985 Michoacan, Mexico,
earthquake (described in detail by Cohee et al., 1991) as an
empirical source function in our simulations. Additional
information about the empirical source function and how it
is used can be found in Somerville et al. (1991).

In the hybrid broadband simulation procedure, the low-
frequency and high-frequency components of the ground
motions are computed separately and then combined using
matched filters. The low-frequency simulation methodology,
applied for periods longer than 3.0 s, uses a deterministic rep-
resentation of source and wave propagation effects (Graves and
Pitarka, 2004, 2010) that is based on the approach described by
Hartzell and Heaton (1983). The basic calculation is carried out
using a 1D frequency–wavenumber integration algorithm.

The earthquake source is specified by a kinematic descrip-
tion of fault rupture, incorporating spatial heterogeneity in slip,
rupture velocity, and rise time. Following Hartzell and Heaton
(1983), the fault is divided into a number of subfaults. The slip
and rise time are constant across each individual subfault, al-
though these parameters are allowed to vary from subfault to
subfault. We use a slip velocity function that is constructed using
two triangles as shown in Figure 1. This functional form is based
on results of dynamic-rupture simulations (e.g., Guatteri et al.,
2003). We constrain the parameters of this function as follows:
EQ-TARGET;temp:intralink-;;313;385

Tr � 1:79 × 10−9 ×M−1=3
0 ;

Tp � 0:2 × Tr; and h � 0:2 × A; �2�
in which M0 is the seismic moment, Tr is the rise time, and
A is normalized to give the desired final slip. The expres-
sion for Tr comes from the empirical analysis of Somerville
et al. (2002). The rupture initiation time (T i) is determined
using the expression

EQ-TARGET;temp:intralink-;df3;313;282T i �
R
Vr

− δt; �3�

in which R is the rupture path length from the hypocenter to a
given point on the fault surface; Vr is the rupture velocity and
is set at 80% of the local shear-wave velocity (VS); and δt is a
timing perturbation that scales linearly with slip amplitude such
that δt � δt0, in which the slip is at its maximum, and δt � 0,
in which the slip is at the average slip value. For these calcu-
lations, we set δt � 0:1 s. This scaling results in faster rupture
across portions of the fault having large slip, as suggested by
source inversions of past earthquakes (Hisada, 2001).

The high-frequency simulation methodology, used for
periods shorter than 3.0 s, is a semistochastic approach that
sums the response for each subfault using empirical source
functions. The simulation procedure was originally devel-
oped by Somerville et al. (1991) following the concepts of
Irikura (1978) and Hartzell (1978).
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Case Studies

We studied three large subduction earthquakes that
occurred in the past 15 years. The M 8.4 Arequipa, Peru,
theM 8.8 Maule, Chile, and theM 9.0 Tohoku, Japan, earth-
quakes produced large datasets of strong-motion recordings,
and the source parameters of these earthquakes are listed
in Table 1. In the following sections, the slip models and the
crustal structure models that were used for producing the
ground-motion simulations for each earthquake are described.
Information on the available strong-motion recordings that
were used in the validation of the results is also discussed.

23 June 2001 M 8.4 Arequipa, Peru, Earthquake

Slip Model. The rupture model of this earthquake was de-
rived by Somerville et al. (2003) and is shown in Figure 2a.
The rupture zone of the earthquake was ∼400 km long, and
most of the slip occurred in two asperities, one at shallow
depths (5–15 km) and the other at greater depths (25–40 km).
The original rupture model was modified for the rupture times
using the dependency of rupture velocity on slip described in
the preceding section and interpolated at one-quarter the sam-
pling interval of the original slip model. The rupture model
(shown in Fig. 2b) is the one that was used for broadband
simulations.

Strong-Motion Records. Strong-motion recordings of the
Peru earthquake were obtained in Moquegua, Peru, and
at seven stations in northern Chile (Boroschek and Comte,
2004), including three in Arica, the locations of which are
shown in Figure 2a.

Crustal Structure Model. As described in Somerville et al.
(2008), the crustal structure model used in the simulations
has a surface shear-wave velocity of 1:5 km=s, corresponding
to the boundary between National Earthquake Hazards
Reduction Program (NEHRP) site categories A and B. To
adjust the resulting simulations to lower surface-shear-wave
velocities, we used the NEHRP amplitude and period-depen-
dent amplification factors (Building Seismic Safety Council
[BSSC], 2003) to scale the response spectra. Ground-motion
maps were generated for the B/C category. The B/C category
has a surface shear-wave velocity VS30 of 760 m=s to re-
present stiff soil/soft rock-site conditions (the boundary be-
tween NEHRP B and C categories).

27 February 2010 M 8.8 Maule, Chile, Earthquake

Slip Model. The earthquake rupture model of Lorito et al.
(2011) was used to simulate the ground motions of the Maule
earthquake. This rupture model (shown in Fig. 3a) was derived
from both tsunami and geodetic data. The rupture zone of the
earthquake was ∼625-km-long along strike and 200-km-wide
down-dip, and most of the slip occurred in two asperities,
adjacent to the earthquake hypocenter at a depth ∼35 km.
Figure 3b shows the final rupture model used for broadband
simulations. The original rupture model from Lorito et al.
(2011) was modified to take account of variable rupture times
(as for the Arequipa slip model) and was interpolated at
one-third the sampling interval of the original slip model.

Strong-Motion Records. Strong-motion recordings of the
Maule earthquake were obtained at 21 stations, the locations
of which are shown in Figure 3 (information from Boroschek
and Contreras, 2012). Because of the high-pass filter applied
to the recordings (fcut � 0:25 Hz–4 s) during processing, the
comparisons with the simulated waveforms were performed
for the 0.1–4 s period range.

Crustal Structure Model. The crustal velocity model that
was used (listed in Table 2) was derived from the results of
Ocola et al. (1995). This model was modified to include a shal-
low layer of low seismic velocity representing weathered rock.
This model has a median VS30 (average shear-wave velocity
for the upper 30 m) of 434 m=s, and consequently all compar-
isons between the recordings and the synthetic waveforms are
presented for sites with this VS30. Whenever it was necessary
to adjust the simulations for the median VS30 to another
surface shear-wave velocity, the NEHRP amplitude and

Figure 1. Slip velocity function used in the deterministic sim-
ulations (see equation 1).

Table 1
Earthquake Information and Fault Models Adopted

Name Date (yyyy/mm/dd) Origin Time (UTC, hh:mm:ss) Latitude (°) Longitude (°) Depth (km) M* Strike (°) Dip (°)

Arequipa, Peru 2001/06/23 20:33:14 −16.140 −73.312 33 8.3 263 6
Maule, Chile 2010/02/27 06:34:14 −36.120 −72.900 35 8.8 9 12
Tohoku, Japan 2011/03/14 05:46:24 38.297 142.372 30 9.0 193 10

*M, moment magnitude.

3052 A. A. Skarlatoudis, P. G. Somerville, H. K. Thio, and J. R. Bayless



period-dependent amplification factors were used to scale the
response spectra of the synthetic waveforms.

11 March 2011 M 9.0 Tohoku, Japan, Earthquake

Slip Model. Several rupture models have been proposed
for this earthquake, estimated using strong-motion data
(Kurahashi and Irikura, 2013), tsunami data (Fujii et al.,
2011; Hayashi et al., 2011; Satake et al., 2013), geodetic data
(Yue and Lay, 2011), and combinations of all the previous
types of rupture models (Koketsu et al., 2011; Yokota et al.,
2011; Yoshida et al., 2011). In this article, we chose to use
the rupture model of Kurahashi and Irikura (2013) (Fig. 4a)
that contains five strong-motion generating areas (SMGAs)
with different sizes superimposed upon the larger rupture
area of the earthquake. The characteristics as well as the lo-
cations of each SMGA are listed in Table 3. The total rupture
dimensions of the earthquake were ∼480-km-long along
strike and 150-km-wide down-dip, significantly smaller than
previous M ∼ 9 megathrust earthquakes, which resulted in a
high stress drop of 4.8 MPa (Koketsu et al., 2011). Figure 4b

shows the final rupture model used for broadband simula-
tions. The original rupture model from Kurahashi and Irikura
(2013) was modified to account for rupture times using the
dependency of rupture velocity on slip.

Strong-Motion Records. The Tohoku earthquake produced
an extensive number (∼2000) of high-quality strong-motion
recordings from a very dense network of accelerometers
(K-Net, KiK-net). To validate the results of our simulation
technique, we obtained the strong ground motion recordings
from 44 stations, for which locations are shown in Figure 4a.
The stations selected for the comparison were all fore-arc
stations to avoid complex attenuation phenomena (Skarla-
toudis and Papazachos, 2012; Stewart et al., 2013) and were

Figure 2. (a) Rupture model of the 2001M 8.4 Arequipa, Peru,
earthquake, locations of strong ground motion recording stations,
and grid of stations used for the simulations. (b) Resampled rupture
model used in the calculations. Slip values (in centimeters) indi-
cated by gray shading. Contours of rupture initiation times across
the fault plane are shown at 5 s intervals.

Figure 3. (a) Rupture model of the 2010 M 8.8 Maule, Chile,
earthquake showing the slip distribution of Lorito et al. (2011),
the locations of strong ground motion recording stations, and the grid
of stations used for simulations. (b) Resampled rupture model used in
the calculations. Slip values (in centimeters) indicated by gray shad-
ing. Contours of rupture initiation times across the fault plane are
shown at 5 s intervals.
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part of the dataset that was used in deriving the Kurahashi
and Irikura (2013) rupture model.

Crustal Structure Model. The crustal structure model that
we used is based on the 3D velocity model for Japan derived
by Koketsu et al. (2008). The 1D models for various sites
were extracted from the 3D model, and the final model listed
in Table 4 is an average of all these models. This model has a
median VS30 of 309 m=s, and consequently all comparisons
between the recordings and the synthetic waveforms are pre-
sented for sites with this VS30. At the time that we were per-
forming the study for the Tohoku event the amplification
factors proposed by Boore et al. (2013) became available.
We decided to use them instead of the NEHRP factors used
in the studies of Arequipa and Maule events to scale the re-
sponse spectra from recordings to the median VS30.

Goodness-of-Fit Comparisons

The comparisons between the recordings and the simu-
lations at all stations for all three earthquakes studied are quan-
tified using the response spectral goodness of fit (GOF). The
residual between the observed and simulated spectral acceler-
ation at a period T i for the jth station is given by

EQ-TARGET;temp:intralink-;df4;313;98rj�T i� � ln
�
Oj�T i�
Sj�T i�

�
; �4�

Table 2
Crustal Structure Model for Chile

Thickness (km) VP (m=s) VS (m=s) Density (kg=m3) QP* QS*

0.2 2600 1500 2.00 40 20

6.7 5300 3030 2.10 200 100

4.6 6000 3370 2.50 500 200

18.1 6500 3650 2.78 500 200
15.8 7300 4100 3.18 1600 500

Modified from Ocola et al. (1995).
*Q is the anelastic attenuation factor for P and S waves (QP and QS),

respectively.

Figure 4. (a) Rupture model of the 2011M 9.0 Tohoku, Japan,
earthquake, showing the slip distribution of Kurahashi and Irikura
(2013), the locations of strong ground motion recording stations,
and the grid of stations used for simulations. (b) Resampled rupture
model used in the calculations. Slip values (in centimeters) indi-
cated by gray shading. Contours of rupture initiation times across
the fault plane are shown at 5 s intervals.

Table 3
Source Parameters of Strong-Motion Generating Areas

(SMGAs)

Length (km) Width (km) M0 (N·m)
Stress

Drop (MPa)

Delay time
from Origin
Time (s)

SMGA 1 62.40 41.60 2:31 × 1021 41.3 15.64
SMGA 2 41.60 41.60 7:05 × 1020 23.6 66.42
SMGA 3 93.60 52.00 4:34 × 1021 29.5 68.41
SMGA 4 38.50 38.50 3:83 × 1020 16.4 109.71
SMGA 5 33.60 33.60 3:99 × 1020 26.0 118.17

Source: Kurahashi and Irikura (2013).

Table 4
Crustal Structure Model for Japan

Thickness
(km)

VP
(m=s)

VS
(m=s)

Density
(kg=m3) QP QS

0.002 1700 450 2.00 45.0 22.5

0.004 1800 650 2.10 65.0 32.5

0.006 1800 850 2.10 85.0 42.5

0.008 1900 950 2.10 95.0 47.5

0.01 2000 1150 2.20 115.0 57.5

0.07 2400 1200 2.20 120.0 60.0

0.10 2600 1300 2.40 130.0 65.0

0.16 3000 1400 2.45 140.0 70.0

0.10 3600 2000 2.55 200.0 100.0

0.44 4200 2400 2.60 240.0 120.0

5.90 5500 3200 2.65 320.0 160.0

10.20 6100 3400 2.75 340.0 170.0
14.63 6500 3800 3.00 380.0 190.0
16.00 7800 4500 3.30 450.0 225.0

Modified by Koketsu et al. (2008).
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in which Oj (T i) and Sj (T i) are the observed and simulated
values for a given component, respectively. The model bias is
then given by

EQ-TARGET;temp:intralink-;df5;55;348B�T i� �
1

N

X
j�1;N

rj�T i�; �5�

and the standard error is given by

EQ-TARGET;temp:intralink-;df6;55;301σ�T i� �
�
1

N

X
j�1;N

�rj�T i� − B�T i��2
�
1=2

; �6�

following the notation of Graves and Pitarka (2010).
In Figure 5, the GOF plots for the (left) Arequipa

2001, (middle) Maule 2008, and (right) Tohoku 2011 earth-
quakes are presented. The top panels correspond to the
GOF for the average horizontal component of ground mo-
tion, whereas the middle and bottom panels correspond to
the north–south and east–west components, respectively.
The solid line shows the bias, the light gray zone shows the
bias� 1 standard deviation, and the dark gray zone shows
the 90% confidence interval of the mean.

These comparisons show little systematic bias in the pre-
diction of the ground motions, although there is some under-
prediction at a period of 0.5 s for all three simulations.
Simulations for Maule and Tohoku perform relatively better
than the Arequipa ones at periods around 1 s, in which the
simulations tend to overpredict. The standard deviation of the

prediction (shown by the gray shading) is about a factor of
1.5 (0.4 natural log units).

Comparisons with Ground-Motion Prediction Models

The ground-motion estimates obtained for each earth-
quake were compared with two ground-motion prediction
equations (GMPEs) for subduction earthquakes, the Zhao et al.
(2006, hereafter referred to as Zhao06) and the Abrahamson
et al. (2015, hereafter referred to as AGA12). The AGA12
model was derived from a worldwide set of strong-motion
recordings of subduction earthquakes. The Zhao06 model was
derived from strong-motion recordings from both crustal and
subduction earthquakes in Japan. These comparisons are pre-
sented in two different ways; as response spectra amplitudes
plotted against distance for a set of spectral periods and against
spectral period for a set of distance bins.

The average horizontal response spectra of the simula-
tions of the 2001 Arequipa earthquake are compared with the
ground-motion models in a suite of spectral periods and dis-
tance ranges for soft rock (B/C site condition) in Figures 6
and 7. For the B/C site condition, we use a VS30 of 760 m=s
and for the Zhao06 model the site class terms for the soil
category SC I (rock/stiff soil; VS30 > 600m=s). The closest
agreement is obtained for the Zhao06 model. For the 2008
Maule earthquake, the agreement between the simulations
and both the Zhao06 and AGA12 ground-motion models

Figure 5. Goodness of fit (GOF) of recorded and simulated response spectra for the 0.1–10 s period range for the (left) 2001 Arequipa,
(middle) 2010 Maule, and (right) 2011 Tohoku earthquakes. The top panels show the GOF for the average horizontal component, the middle
panels show the GOF for the north–south component, and the bottom panels show the GOF for the east–west component of ground motion. The
solid line shows the bias, the light gray zone shows the standard deviation, and the dark gray zone shows the 90% confidence interval of the mean.
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Figure 6. Comparison of simulated peak ground acceleration (PGA) and 1, 2, and 5 s spectral accelerations for the 2001 Arequipa, Peru,
earthquake with Zhao et al. (2006, hereafter referred to as Zhao06; solid curve) and Abrahamson et al. (2012, hereafter referred to as AGA12;
dashed curve) ground-motion models for soft-rock (National Earthquake Hazards Reduction Program [NEHRP] B/C boundary) site con-
ditions. The color version of this figure is available only in the electronic edition.
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is quite close for peak acceleration. At 1 and 2 s, the simulations
are in very good and fairly good agreement with the models, as
shown in Figures 8 and 9. In Figure 10, a similar comparison
for the 2011 Tohoku is shown. The agreement between the sim-
ulations and GMPEs is quite close for shorter periods. However,
at a period of 2 s the simulations exhibit lower values and a
steeper attenuation trend than those predicted by the empirical
models for distances larger than 30 km. Looking at the spectral
amplitude decay in Figure 11, the steeper attenuation of ground

motions at longer periods is more prominent for distances be-
tween 40 and 80 km, but in general there is good agreement
with the Zhao06 model. These differences may be attributable
to the simple 1D Green’s functions that were computed by our
method, which might not be able to capture the full complexity
of the source rupture and wave propagation, but the overall per-
formance of the method and the unbiased results shown in the
GOF plot of Figure 5 demonstrate our capability to simulate
broadband ground motions from this event.
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Figure 7. Comparison of average horizontal simulated response spectra for a suite of distance ranges for the 2001 Arequipa, Peru,
earthquake for soft-rock (NEHRP B/C boundary) site conditions with two ground-motion models. The color version of this figure is available
only in the electronic edition.
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Figure 8. Comparison of simulated PGA and 1, 2, and 5 s spectral accelerations for the 2010 Maule, Chile, earthquake with Zhao06
(solid curve) and AGA12 (dashed curve) ground-motion models for sites with VS30 � 434 m=s. The color version of this figure is available
only in the electronic edition.
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Earthquakes That Rupture the Entire Cascadia
Subduction Zone

For these case studies, we validated the method against
recorded ground motions and empirical prediction models.
Because the method demonstrated a fairly good ability to re-
produce the ground motions of these major subduction earth-
quakes, we applied the method to generate ground motions
for the Cascadia subduction zone.

Earthquake Source Characterization

The geometry of the Cascadia earthquake source models
used in this study was based on the source characterization
of Petersen et al. (2008). In particular, we used their “base”
model of the bottom of the seismogenic plate interface
(shown in Fig. 12a), to which they gave a weight of 0.5. This
model is based on the global observation that rupture usually
extends down to depths of ∼30 km. Petersen et al. (2008)
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Figure 9. Comparison of average horizontal simulated response spectra for a suite of distance ranges for the 2010Maule, Chile, earthquake
for sites with VS30 � 434 m=s with two ground-motion models. The color version of this figure is available only in the electronic edition.
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Figure 10. Comparison of simulated PGA and 1, 2, and 5 s spectral accelerations for the 2011 Tohoku, Japan, earthquake with Zhao06
(solid curve) and AGA12 (dashed curve) ground-motion models for sites with VS30 � 309 m=s. The color version of this figure is available
only in the electronic edition.
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used alternative models to describe the surficial expression of
the trench: top, base of the elastic zone; mid, midpoint of the
transition zone; bottom, base of the transition zones, which
are also shown in Figure 12. The sensitivity of the calculated
seismic hazard to uncertainty in the model for the bottom of
the seismogenic zone was analyzed by Petersen et al. (2002).
This depth controls the eastern extent of the subduction
source and thus has a strong influence on ground-motion lev-

els in the urban regions of Washington and Oregon, which
mainly lie to the east of the source.

The fault geometry used to represent the base model is
shown in Figure 12b. The subduction interface was divided
into three segments to accommodate the shallower dip at the
bend in the subduction zone near the Olympic Peninsula. The
shallower segment has a down-dip width of 160 km, whereas
the other segments have down-dip widths of 120 km. The
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Figure 11. Comparison of average horizontal simulated response spectra for a suite of distance ranges for the 2011 Tohoku, Japan, earth-
quake for sites with VS30 � 309 m=s with two ground-motion models. The color version of this figure is available only in the electronic edition.
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rupture area of the combined fault segments is 131;500 km2.
Petersen et al. (2008) assume that such earthquakes have
magnitudes in the 8.8–9.2 range, with a weight of 0.6 given
to magnitude 9.0 and weights of 0.2 given to magnitudes of

8.8 and 9.2. A rupture area of 131;500 km2 corresponds to
M 8.96 in the Murotani et al. (2013) relations. Based on
this and the recent megathrust earthquakes that occurred
worldwide, we used M 9.0 to represent the magnitude of a
subduction earthquake that ruptures the entire 131;500 km2

of the Cascadia subduction interface.
For the scenario event with magnitudeM 9.0 (rupture area,

131;500 km2; average slip, 831 cm; rise time, 12.7 s; and slip
velocity, 66 cm/s), we generated more than 100 different earth-
quake rupture models, for three different hypocentral locations
(i.e. south, central, and north), to study the variability and the
sensitivity of the derived ground motions to the individual char-
acteristics of each slip model used. We selected three slip mod-
els (11, 27, and 87) for producing ground-motion simulations.

Figure 12. (a) Alternative models of the down-dip extent of the Cascadia subduction zone (from Petersen et al., 2008). This study used
the base model based on global data, shown by the thick black line. (b) Modeled rupture geometry of the Cascadia subduction zone and the
grid of stations used for strong-motion simulation (small triangles). The locations of the cities (large triangles) are also part of the denser grid
of stations. The color version of this figure is available only in the electronic edition.

Figure 13. Rupture models ofM 9.0 scenario earthquakes on the
Cascadia subduction zone having northern hypocenters. The slip val-
ues of all models are the same for the different hypocenters (southern,
central, and northern). The color version of this figure is available
only in the electronic edition.

Table 5
Crustal Structure Model for Cascadia

VP (km=s) QP VS (km=s) QS Density (kg=m3) Thickness (km)

2.600 2000 1.500 900.0 2.000 0.20
5.300 2000 3.030 900.0 2.100 6.70
6.000 2000 3.370 900.0 2.500 4.60
6.500 2000 3.650 900.0 2.780 18.10
7.300 2000 4.100 900.0 3.180 15.80
8.100 2000 4.500 900.0 3.400 16.00
8.101 2000 4.501 900.0 3.401 100.00
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Figure 14. Comparison of simulated PGA and 1, 2, and 5 s spectral accelerations for M 9.0 Cascadia earthquake with Zhao06 (solid
curve) and AGA12 (dashed curve) ground-motion models for soft-rock (NEHRP B/C boundary) site conditions. The color version of this
figure is available only in the electronic edition.
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All three models have very similar average slip values, although
there are differences in the spatial distribution of slip, mostly
down-dip of the fault. For model 11, the slip is uniformly dis-
tributed along the fault; whereas for 27 and 87, the highest slip
values are concentrated in the lower and upper parts of the fault,
respectively. The rupture models of the M 9.0 event for the
north hypocenter are shown in Figure 13.

Crustal Structure

To represent the crustal structure of the study area, we
used the velocity model shown in Table 5, which we found
broadly compatible with the velocity model for Cascadia de-
scribed by McNeill et al. (2004). Based on several earlier
studies that demonstrated the adequacy of Green’s functions
computed using a series of 1D approximations to 2D (e.g.,
Cohee et al., 1991; Somerville et al., 2003, 2013a,b) or 3D
ones (e.g., McNeill et al., 2004), we decided to use Green’s
functions computed using a 1D approximation to the velocity
model of the Cascadia subduction zone.

Another important influence on the amplitude and du-
rations on strong ground motions is the effect of sedimentary
basins, such as the Puget trough and the Portland and
Tualatin basins. We recognize that this is an important issue

to be addressed in future studies, but it lies beyond the scope
of this article.

Ground-Motion Maps

We performed ground-motion simulations at the sta-
tions shown by the grid in Figure 12 following the same
procedure as for the three case studies. The three rupture
scenarios we selected produced very similar ground
motions; and, therefore, we present results just for slip
model 11. An example of the computed ground motions
is shown in Figure 14, which compares forward simulations
for an M 9.0 Cascadia earthquake with current GMPE mod-
els (Zhao06 and AGA12) for different spectral periods
(peak ground acceleration [PGA], 1, 2, and 5 s). Larger vari-
ability is observed for higher frequencies (PGA), which
gradually diminishes at longer periods.

The maps, shown in Figures 15, are for peak acceleration
and response spectral acceleration at 1.0, 2.0, and 5.0 s for the
same slip model and for NEHRP B/C boundary site condi-
tions. The highest values for PGA cover a broad area of the
Olympic Peninsula, independent of the hypocentral loca-
tion of the scenario earthquake. However, for the longer
periods of ground motion (T > 1 s), the maximum values

Figure 15. Ground-motion maps for PGA and 1, 2, and 5 s spectral acceleration, for anM 9.0 Cascadia earthquake for three hypocenter
locations and for NEHRP B/C boundary site conditions.
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of ground motion can be identified in a well-defined coastal
zone that extends from Washington to the northern parts of
California.

Discussion and Conclusions

Figure 5 shows the spectral acceleration modeling bias
for the three earthquakes we have examined. For all events,
the simulations have a model bias generally less than a fac-
tor of 1.2 across the full bandwidth. A systematic underpre-
diction can be observed around the period of 0.5 s in all
three bias plots. This underprediction could be caused by
the characteristics of the emprical source function used
in the high-frequency part of the simulations. Figure 16
shows the response spectra of the vertical and radial com-
ponents from the Caleta de Campos recording of the 1986
Michoacan, Mexico, earthquake. It can be seen that for the
radial components there is a small trough in the 0.4–0.7 s
period range (depicted with the vertical dashed lines in
Fig. 16b) which could explain the underprediction in our
simulations in that period range.

The modeling errors, represented by the standard devia-
tion for spectral acceleration (from equation 6) for the three
earthquakes we have examined and the corresponding mea-
sures computed from the two GMPE models used in the
individual earthquake simulation evaluations, are shown in
Figure 17. For the Arequipa earthquake, the simulations have
standard deviation of around 0.5 (natural log units) showing
a trend to higher values for periods longer than 3 s. Similar
results are shown for the Maule earthquake, although the
comparisons are limited to periods up to 4 s due to data lim-
itations. The standard deviation for the Tohoku earthquake
exhibits somewhat higher values than the other two earth-
quakes, although it is fairly constant across the examined
period range and comparable with the standard deviations of

the most recent GMPE models (Zhao06 and AGA12). The
Zhao06 model has very comparable values for almost the
whole period range examined.

Because our simulation methodology produces broad-
band time series, the resulting ground motions can be used
in many different ways. Despite the various uncertainties in
the comparisons shown in Figures 14 and 15, broadband sim-
ulations can be useful in assessing certain characteristcs of
ground motions from megathrust earthquakes in subduction
zones like Cascadia that lack observations.

The validation results presented here demonstrate the
ability of the hybrid simulation methodology to reproduce
the main characteristics of the observed ground motions for
megathrust earthquakes over a broad frequency range.

Data and Resources

All the information regarding the K-Net and KiK-net
recording stations is available from the National Research
Institute for Earth Science and Disaster Prevention of Japan
(NIED; http://www.kyoshin.bosai.go.jp, last accessed May
2015). Some plots were created using the Generic Mapping
Tools v.4.2.1 (www.soest.hawaii.edu/gmt, last accessed No-
vember 2013; Wessel and Smith, 1998).

Acknowledgments

We would like to thank Kojiro Irikura and the anonymous reviewer
for their thorough reviews and important comments, which significantly im-
proved the manuscript. Research on the Arequipa, Maule, and Tohoku earth-
quakes was supported by the U.S. Geological Survey (USGS), Department
of the Interior, under USGS Award Numbers (06HQGR0160, G11AP20041,
and G12AP20081 to P. Somerville). The views and conclusions contained in
this document are those of the authors and should not be interpreted as nec-
essarily representing the official policies, either expressed or implied, of the
U.S. Government.

Figure 16. (a) Empirical source function time histories derived from the Caleta de Campos recording of the 30 April 1986 Michoacan
aftershock. (b) Response spectra of the SH and SV components of ground motion. The vertical dashed lines depict the 0.4–0.7 s period
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