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ABSTRACT 

The great interface earthquakes that occurred recently in the subduction zones of Peru, Chile and 

Japan have provided unparalleled information about the ground motions stemming from such 

earthquakes. Broadband ground motion simulations can enhance the usefulness of the recordings of 

these earthquakes by providing a means of interpolating and extrapolating the recorded data. Once 

they have been validated, broadband ground motion simulations can be used for forward predictions of 

the ground motions of great subduction events such as those in the Cascadia region. In this study, we 

show our capability to simulate, with a hybrid method, broadband strong motion recordings of mega-

thrust earthquakes by demonstrating that our simulations 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 validate our ground motion 

simulation method by comparing the simulated with recorded ground motions as well as with 

empirical ground motion prediction models. Finally, based on this evaluation, we use the method in a 

forward sense for computing the expected ground motions from a scenario M 9.0 mega-thrust 

earthquake that ruptures the entire Cascadia subduction zone.  

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 United States Hazard Maps, 

the subduction source in the Pacific Northwest region is modeled by earthquakes having magnitudes 

as large as M 9.2. Since these magnitudes are larger than any of the earthquakes on which current 

empirical ground motion models (Atkinson and Boore, 2003; Zhao et al., 2006; Abrahamson et al., 

2012) are based, it is important to use all the available information from the recent earthquakes in 

order to provide insight into the nature of ground motions from such large events.   

The occurrence of the 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 M 8.4 Peru 

earthquake of June 23, 2001 was recorded at 8 strong motion stations, the M 8.8 Maule, Chile 

earthquake of February 27, 2010 was recorded at over twenty strong motion stations, while the M 9.0 

Tohoku earthquake produced the most extensive data set of recordings for an earthquake of this 

magnitude. For the first time, data are available to guide the generation of ground motion scenarios 

from great subduction earthquakes. Broadband ground motion simulations can enhance the usefulness 
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of the recordings of these earthquakes by providing a means of interpolating and extrapolating 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 single time history using appropriate matched filters. The method is relatively simple to 

apply since the only earthquake specific parameters needed as input are seismic moment, fault 

dimensions and geometry, hypocenter location, and a generalized model of the slip distribution. All 

other source parameters are determined using scaling relations. Recently the method has been applied 

for the first time for the simulation of an intraslab earthquake that occurred in California (M 6.5 2010 

Ferndale earthquake). It reproduced the basic characteristics of the ground motions of this earthquake 

without systematic bias (Pitarka et al., 2013).  

As described in detail below, we demonstrate the capability to simulate broadband ground motions 

from great subduction earthquakes and validate that capability by showing that it reproduces the 

amplitudes of the recorded ground motions of large earthquakes without systematic bias. Based on this 

validation, we apply the ground motion simulation procedures to estimate the ground motion 

characteristics of earthquakes that rupture the entire Cascadia subduction zone. We produce several 

different slip models and select the ones that could produce extreme and moderate ground motions in 

order to study their variability and sensitivity to the individual characteristics of the slip model. We 

compare the simulated ground motions with those predicted by other models, and make maps of the 

simulated ground motions for soft rock site conditions.  

PROCEDURE FOR BROADBAND STRONG GROUND MOTION SIMULATION 

The broadband ground-motion simulation method that is 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 single time history using appropriate matching filters. At periods longer than 1s, the 

methodology is deterministic and contains a theoretically rigorous representation of fault rupture and 

wave propagation effects. At periods shorter than 1s, it uses an empirical representation of source 

radiation and scattering derived from the recordings of a smaller earthquake.  

The earthquake source is specified by a kinematic description 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, although these parameters are allowed to vary from subfault to subfault.  

The high frequency simulation methodology, used for periods usually shorter than 3.0s, is a semi-

stochastic approach that sums the response for each subfault using empirical source functions. The 

simulation procedure was originally developed by Somerville et al. (1991) following the concepts of 

Irikura (1978) and Hartzell (1978). In this study, we use the Caleta de Campos rock site recording of 

an aftershock of the 1985 Michoacan, Mexico earthquake, described in detail by Cohee et al. (1991), 

which is combined with a simplified theoretical representation of wave propagation. 

CASE STUDIES 

We studied three large subduction earthquakes that occurred in the past 15 years. The M 8.4 Arequipa, 

Peru, the M 8.8 Maule, Chile and the M 9.0 Tohoku, Japan earthquakes produced large datasets of 

strong motion recordings. The source parameters of these earthquakes are listed in Table 1. The 

rupture model of the Arequipa, Peru, earthquake was derived by Somerville et al. (2003; 2008) and is 

shown in Figure 2. The rupture zone of the earthquake was about 400 km long, and most of the slip 

occurred in two asperities, one at shallow depths (5 - 15km) and the other at greater depths (25 - 40 

km). The crustal velocity model that was used was derived from the results of Ocola et al. (1995). This 

model was modified to include a shallow layer of low seismic velocity representing weathered rock. 
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Table 1. Earthquake information and fault models adopted. 

Name Date Origin 

Time 

Lat (°) Lon (°) 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 

 

The earthquake rupture model of Lorito et al. (2011) was used to simulate the ground motions of the 

Maule, Chile earthquake. This rupture model, shown in Figure 3, was derived from both tsunami and 

geodetic data. The rupture zone of the earthquake was about 625 km along strike and 200 km down 

dip, and most of the slip occurred in two asperities, adjacent to the earthquake hypocenter at a depth 

about 35km. The crustal velocity model that was used is the same as used in the Arequipa simulations.  
 

 

Figure 1. Rupture model of the M 8.4 2001 Arequipa, Peru earthquake and locations of strong ground motion 

recording stations.  

Several rupture models have been proposed for the Tohoku, Japan earthquake, estimated using 

strong motion data (Kurahashi and Irikura, 2011), tsunami data (Fujii et al., 2011; Hayashi et al., 2011; 

Satake et al. 2012), geodetic data (Yue and Lay, 2011) and the combination of all these data (Koketsu 

et al., 2011; Yoshida et al., 2011;Yokota et al., 2011). In the present study we selected to use the 

rupture model of Kurahashi and Irikura (2011) (Figure 3) which contains five strong motion 

generating areas (SMGAs) with different sizes superimposed upon the larger rupture area of the 

earthquake. The total rupture area of the earthquake was about 480 km along strike and 150 km down 

dip. The stations selected for the comparison (triangles in Figure 3) are all fore-arc stations in order to 

avoid complex attenuation phenomena (Skarlatoudis and Papazachos, 2012; Stewart et al., 2013) and 

are part of the dataset that was used in deriving the Kurahashi and Irikura (2011) rupture model. The 

crustal structure model that we used for the simulations is based on the 3D velocity model for Japan 

derived by Koketsu et al. (2008). The 1D models for the various sites were extracted from the 3D 

model and the final model used in this study is an average of all those models.  

An example of our evaluation of the simulated spectra is shown in Figure 4. For a subset of the 

recording sites of the 2011 Tohoku earthquake we compare the simulated spectra with the predictions 

of the Zhao et al. (2006) (Zhao06) and Abrahamson et al. (2012) (AGA12) ground motion models. 

The comparisons show that both models predict the recorded ground motions from this earthquake 

reasonably well, although there is a tendency to overpredict them, especially at the longer periods.   
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Figure 2. Rupture model of the M 8.8 Maule, Chile earthquake of 2010, showing the slip distribution of Lorito et 

al. (2011), the locations of strong ground motion recording stations (triangles), and the grid of stations used for 

simulations (grey dots).  

 

 

Figure 3. Rupture model of the M 9.0 Tohoku, Japan earthquake 2011, showing the slip distribution of 

Kurahashi and Irikura (2011), the locations of strong ground motion recording stations, and the grid of stations 

used for simulations.  

GOODNESS-OF-FIT COMPARISONS 

The comparisons between the recordings and the simulations at all stations for all three earthquakes 

studied are quantified in terms of response spectral goodness-of-fit (GOF). The residual between the 

observed and simulated spectral acceleration at a period Ti for the j
th
 station is given by 
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following the notation of Graves and Pitarka (2010).  
 

 

Figure 4. Comparison of the recorded response spectra of the 2010 Maule earthquake with the Zhao et al., 2006 

and Abrahamson et al. (2012) ground motion prediction models. 

The validation of our simulation method for the three case studies is given in Figure 5 which 

shows the spectral acceleration modeling bias (Equation 2). In Figure 5 the GOF plots for the average 

horizontal component of ground motion for the a) Arequipa, 2001, b) Maule, 2008 and c) Tohoku 

2011 earthquakes are presented. The red line shows the bias; the light green zone shows the standard 

deviation, and the dark grey zone shows the 90% confidence interval of the mean. These comparisons 
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show little systematic bias in the prediction of the ground motions. The standard deviation of the 

prediction, shown by the grey shading, is about a factor of 1.5 (0.4 natural log units). The simulations 

have a model bias that is generally within 20% of zero across the full bandwidth. A systematic 

underprediction can be observed around the period of 0.5s. This underprediction could be driven by 

the characteristics of the empirical source function used in the high frequency part of the simulations. 

 

 

Figure 5. Goodness-of-fit (GOF) of recorded and simulated response spectra for a) the 2001 Arequipa, b) 2010 

Maule and c) 2011 Tohoku earthquakes for the average horizontal component of ground motion. The red line 

shows the bias, the light green zone shows the standard deviation, and the dark grey zone shows the 90% 

confidence interval of the mean. 

EARTHQUAKES THAT RUPTURE THE ENTIRE CASCADIA SUBDUCTION 

ZONE 

Having validated our simulation methodology, we can now use it in many different ways with one of 

these being the simulation of subduction earthquake ground motions that rupture the entire Cascadia 

subduction zone. The fault geometry we used to represent the Cascadia subduction zone is shown in 

Figure 6.  

 

 

Figure 6. Modeled rupture geometry of the Cascadia subduction zone and the grid of stations used for strong 

motion simulation (blue triangles). 
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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 downdip width 

of 160 km while the other segments have downdip widths of 120 km. The rupture area of the 

combined fault segments is 131,500 km
2
. Based on the recent megathrust earthquakes that occurred 

worldwide, we performed simulations for an earthquake of magnitude M 9.0. The parameters of this 

event are shown in Table 2. Detailed information regarding the source characterization, the selection 

of the crustal model used and other parameters of the simulations can be found in Somerville et al. 

(2013). 

 

Table 2. Source parameters of modeled M 9.0 earthquakes that rupture the whole Cascadia Subduction 

Zone. 

M Rupture Area (km
2
) Average Slip (cm) Rise Time (s) Slip Velocity (cm/s) 

9.0 131,500 831 12.7 66.0 

 

For this event, we generated more than 100 different earthquake rupture models, for three different 

hypocentral locations, i.e. south, central and north, in order to study the variability and the sensitivity 

of the derived ground motions to the individual characteristics of each slip model used. We selected 

three slip models for producing ground motion simulations. All the models have very similar average 

slip, although there are differences in the spatial distribution of slip, mostly in the down dip direction. 

For model 11 the slip is uniformly distributed along the fault, while 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 7. 

 
 

 

Figure 7. Rupture models of Mw 9.0 scenario earthquakes on the Cascadia subduction zone having northern 

hypocenters. The slip values of all models are the same for the different hypocenters (southern, central, and 

northern).  

We performed ground motion simulations at the stations shown by the grid in Figure 6. The 

attenuation of ground motion with distance derived from the strong motion simulations is shown in 

Figure 8. At first the simple model described in Equation 4  

 

 ln(Sa) = C1 + C2 * Rcld                                                                                              (4) 
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is fit (shown by a solid black line) to the simulated ground motion values (the three different 

hypocentral locations are shown in different colors). The results are compared with the three ground 

motion models for PGA and 1s spectral period. The comparisons are presented for the NEHRP B/C 

boundary site condition. From Figures 8 and 9, it is clear that there are differences between the three 

ground motion models and our model, especially in the slopes of the attenuation curves. For close 

distances (R<50 km) there is fairly good agreement between the GMPEs and our model, which 

gradually improves with increasing periods. For larger distances, the three models underpredict the 

simulated ground motions, exhibiting stronger distance decay than our model, particularly at shorter 

periods, while for longer periods the results are in better agreement. In most cases the Atkinson and 

Boore (2003) model underpredicts the simulated response spectra, especially at closer distances, in 

agreement with the comparisons presented in the previous response spectrum comparisons. The Zhao 

et al. (2006) and Abrahamson et al. (2012) models are in closer agreement with our results, 

particularly for distances < 200km.  

 

 

Figure 8. Comparison of simulated peak accelerations (points and black line), for various slip models for M 9.0 

Cascadia earthquake with ground motion models for the NEHRP B/C site categories boundary.  
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Figure 9. Comparison of simulated 1 sec spectral accelerations (points and black line), for various slip models 

for M 9.0 Cascadia earthquake with ground motion models for the NEHRP B/C site categories boundary.  

We also generated ground motion maps for each of the three rupture scenarios. The maps, shown 

in Figure 10, are for peak acceleration for one of the three different slip models used (SEED 11) and 

for NEHRP B/C boundary site conditions.The highest values are observed in the broader area of the 

Olympic Peninsula, independent of the hypocentral location of the scenario earthquake.  

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 within 20% of zero across the full 

bandwidth. A systematic underprediction can be observed around the period of 0.5s in all three bias 

plots. This underprediction could be driven by the characteristics of the empirical source function used 

in the high frequency part of the simulations. The modeling standard error for spectral acceleration 

(from Equation 3) for the Tohoku earthquake along with corresponding measures computed from the 

four GMPE models used in the earthquake simulation evaluations is shown in Figure 11. The standard 

deviation for the Tohoku 2011 earthquake is fairly constant across the examined period range and 

comparable with the standard deviations of the most recent GMPE models (Zhao et al., 2006:Zea06 

and Abrahamson et al, 2012:AGA12). The Atkinson and Boore (2003) (AB03) standard deviation is at 
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the lower bound of the standard deviations from the three simulations, while the Zea06 model has very 

comparable values for almost the whole period range examined.  

 

 

Figure 10. Ground motion maps for peak acceleration for an Mw 9.0 Cascadia earthquake for three hypocenter 

locations and various slip models, for NEHRP B/C boundary site conditions.  

An example of the application of our simulation methods is shown in Figures 8 through 10.  

Figures 8 and 9 compare the forward simulations for a M 9.0 Cascadia earthquake with current GMPE 

models (AB03, Zea06 and AGA12) for different spectral periods (PGA and 1s). Larger variability can 

be observed for higher frequencies (PGA) which gradually diminishes at the period of 1s. Figure 11 

shows an example of the generated ground motion maps for the same set of forward simulations. 

These maps show that the highest ground motions are observed in a broad area of the Olympic 

Peninsula, independent of the hypocentral location of the scenario earthquake. However, for the longer 

periods of ground motion (T>1s), the corresponding ground motions maps which are not shown here, 

indicate a well-defined coastal zone which extends from Washington to the northern parts of 

California with maximum values of ground motion. 

Lay et al. (2012) have shown that for megathrust earthquakes, such as the one simulated for 

Cascadia, the spectral content of the recorded ground motions has depth varying characteristics, with 

the deeper ones producing ground motions richer in shorter periods and the shallower ones in longer 

periods, respectively. With the three different slip models that we have selected, we have tried to 

replicate this pattern and identify these properties in our simulations. As can be seen from Figures 8 

through 10 as well as from other resutls not shown here, we cannot identify any significant differences 

in the simulated ground motions.  

 

 

Figure 11. Comparison of spectral acceleration standard error for our simulations with that obtained from 

empirical ground motion prediction equations (GMPEs) for subduction areas. The AB03, Zea06, AGA12 

GMPEs are used in the comparisons. 
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Considering the previous discussion, the validation results presented here demonstrate the 

ability of the hybrid simulation methodology to reproduce the main characteristics of the observed 

ground motions for interface earthquakes over a broad frequency range. Despite the various 

uncertainties in the presented comparisons it is obvious that broadband simulations can be useful in 

assessing certain characteristics of ground motions from mega-thrust earthquakes in subduction zones 

such as Cascadia that lack strong motion recordings of such events.     
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