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Abstract 

In the field of earthquake engineering, ground-motion prediction models are frequently 

used to estimate the peak ground acceleration (PGA) and the pseudo spectral acceleration (PSA). 

In regions of the world where ground-motion recordings are plentiful such as western North 

America (WNA), the ground-motion prediction equations are obtained using empirical methods. 

In other regions such as eastern North America (ENA), with insufficient ground-motion data, 

alternative methods must be used to develop ground-motion prediction equations (GMPEs). The 

hybrid empirical method is one such method used to develop ground-motion prediction equations 

in areas with sparse ground motions. This method employs the stochastic simulation method to 

adjust empirical GMPEs developed for a region with abundant strong motion recordings in order 

to estimate strong-motion parameters in a region with a sparse database. The adjustments take 

into account differences in the earthquake source, wave propagation, and site-response 

characteristics between the two regions.  

In this study, a hybrid empirical method is used to develop a new GMPE for ENA, using 

five new ground-motion prediction models developed by the Pacific Earthquake Engineering 

Research Center (PEER) for WNA. A new ENA GMPE is derived for a magnitude range of 5 to 

8 and closest distances to the fault rupture up to 1000 km. GMPEs are developed for the response 
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spectra (pseudo-acceleration, 5% damped) and the PGA for hard-rock sites in ENA. The 

resulting ground-motion prediction model developed in this study is compared with two ENA 

ground-motion models used in the 2008 national seismic hazard maps as well as with available 

observed data for ENA.  

Introduction 

The near-source amplitudes and attenuation of ground-motion amplitudes in engineering 

applications is of great significance.  For seismic hazard applications, ground motions are often 

estimated using mathematical equations, which are called ground-motion prediction equations 

(GMPEs). These equations relate the ground-motion parameters (the most commonly used are 

the peak ground acceleration, PGA, and the spectral acceleration, SA) to seismological 

parameters of a specific region such as earthquake magnitude, source-to-site distance, local site 

conditions, and style of faulting. In areas of the world such as western North America (WNA), 

where ground-motion recordings are plentiful due to highly active seismicity and a dense 

instrumental recording network, the GMPEs are obtained using empirical methods. An example 

is the Next Generation Attenuation (NGA) project by the Pacific Earthquake Engineering 

Research Center (PEER) (Power et al., 2008). In the NGA project, five different ground-motion 

models are developed for WNA (Abrahamson and Silva, 2008; Boore and Atkinson, 2008; 

Campbell and Bozorgnia, 2008; Chiou and Youngs, 2008; Idriss, 2008). 

For regions with historical or observed seismicity but insufficient strong ground-motion 

data, GMPEs cannot be developed using empirical methods. An example of such a region is 

eastern North America (ENA), which is considered a stable continental region with abundant 

ground-motion data of moderate and small events but sparse data in the magnitude-distance 
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range of most engineering interest. In areas like ENA, stochastic simulation methods can be used 

to estimate strong ground motions for the distance and magnitude range of interest. These 

estimations can then be used to develop a GMPE using in the same approach that is used for  

actual ground-motion data. In this approach, a stochastic representation of the ground motion is 

developed using seismological models of the source spectrum and the propagation path (Boore 

1983, 2003; McGuire and Hanks, 1980; Hanks and McGuire, 1981). Examples of using the 

stochastic method to develop GMPEs in ENA are Atkinson and Boore (1995, 1998, 2006), 

Frankel et al. (1996), and Toro et al. (1997).  

GMPEs developed based on actual data are often well constrained, depending on the 

richness of the database, and represent the inherent characteristics of ground motions especially 

in the near-source regions. On the other hand, GMPEs obtained from stochastic models may lack 

realistic near-source characteristics, especially the magnitude saturation. This happens because 

the stochastic point-source model is not constrained to represent near-source characteristics of 

actual ground motions. This issue in the stochastic point-source model is improved through the 

stochastic double-corner model (Atkinson and Boore, 1995, 1998; Atkinson and Silva, 1997) and 

the more complicated finite-fault models (Beresnev and Atkinson, 1999, 2002; Motazedian and 

Atkinson, 2005; Atkinson and Boore, 2006).  

The hybrid empirical method (Campbell, 2000, 2003) is another procedure to develop 

GMPEs in areas with sparse ground motions. This method uses the stochastic simulation method 

to adjust empirical GMPEs developed for the host region, which in this study is WNA. The 

method is then used to estimate synthetic strong ground-motion parameters in the target region, 

which in this study is ENA (where there are a limited number of strong-motion recordings). 

These adjustments take into account the differences in the earthquake source, wave propagation, 
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and site-response characteristics between the two regions. The hybrid empirical method is used 

by several authors to develop GMPEs in ENA (Campbell, 2003, 2007, 2008; Tavakoli and 

Pezeshk, 2005). The hybrid empirical method has also been used for Central Europe (Scherbaum 

et al., 2005), southern Spain, and southern Norway (Douglas et al., 2006). 

Campbell (2003) proposed a hybrid empirical method based on a point-source stochastic 

model using four empirical GMPEs for WNA. Campbell (2007) updated this hybrid empirical 

ground-motion model using the new WNA empirical ground-motion prediction model by 

Campbell and Bozorgnia (2008) in the NGA project. He used a stress drop of 140 bars for ENA 

point-source stochastic simulations and developed GMPEs for sites with the NEHRP B/C site 

condition 30( 760m s)sV = . Campbell (2008) used a stress drop of 280 bars in stochastic 

simulations of ENA ground motions to obtain a better agreement with the Atkinson and Boore 

(2006) finite-source simulations, and derived revised hybrid empirical ground-motion 

estimations in ENA. The Campbell (2008) ground motions are determined for a NEHRP A site 

condition ( )30 2000 m ssV ≥  in ENA using the empirical amplification factors used in Atkinson 

and Boore (2006). Tavakoli and Pezeshk (2005) proposed a hybrid empirical model for ENA 

using a magnitude dependent stress parameter in the WNA stochastic simulations. They used a 

generic source function as combination of single-corner and double-corner source models.  

Furthermore, they used the modified distance based on the Atkinson and Silva (2000) effective 

depth in the point-source stochastic simulations to mimic the finite-fault effects.  

The purpose of this article is to update the Tavakoli and Pezeshk (2005) model to develop 

a new hybrid empirical GMPE for ENA using five new ground-motion prediction models 

developed by the PEER center (Power et al., 2008) for WNA (Abrahamson and Silva, 2008; 
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Boore and Atkinson, 2008; Campbell and Bozorgnia, 2008; Chiou and Youngs, 2008; Idriss, 

2008). Furthermore, recent new information on ENA seismological parameters such as stress 

parameter, geometric spreading, anelastic attenuation, and site response term are used to update 

the GMPE.  In this study, the stochastic point-source model is used for both WNA and ENA 

regions to obtain ground motions at different magnitude-distance ranges of interest. A new 

functional form is defined for the GMPE, and a nonlinear regression analysis is performed to 

estimate period-dependent regression coefficients for a magnitude range of 5 to 8 and closest 

distances to the fault rupture up to 1000 km. GMPEs are developed for the response spectra 

(pseudo-acceleration, 5% damped) and the PGA, for hard-rock sites (near-surface shear-wave 

velocity 2km ssβ ≥ , or NEHRP site class A), in ENA as a function of the moment magnitude 

and the closest distance to the fault rupture. The resulting ground-motion prediction model 

developed in this study is compared with other recent GMPEs as well as with the available 

observed data for ENA.  

Hybrid Empirical Method 

In the hybrid empirical method, the target region (ENA in this study) ground motions are 

predicted from the host (WNA in this study) empirical GMPEs using modification factors 

between two regions (Campbell, 1987, 2000, 2003). These theoretical modification factors are 

calculated as the ratio of stochastic simulations of ground motions for two regions. Using 

regional seismological parameters in simulations, the adjustment factors reflect the regional 

differences in source, path, and site.  In the hybrid empirical method, the empirically derived 

ground-motion models for the host region are mapped onto the target region considering the 

seismological regional disparities. The key assumption in the hybrid empirical method is that the 

near-source distance and magnitude saturation effects for the target region (ENA) is considered 



6 
 

to be the same as those observed in the host region (WNA). Another interpretation of the method 

is that the differences between the empirical and stochastic estimations for the host region are 

applied to the stochastic ground-motion predictions in the target region as corrections to derive a 

hybrid empirical model.  

In this study, the computer program gm_td_drvr, one of the SMSIM programs (Boore, 

2005) is used to perform the stochastic simulation of ground-motion amplitudes for both WNA 

and ENA, using the seismological parameters given in Table 1. The output of the program is the 

PGA or the PSA at given periods. The adjustment factors are the ratio of the simulated spectral 

values for ENA with respect to those for WNA. 

Stochastic Ground-Motion Simulation 

In stochastic simulation methods, the ground-motion acceleration is modeled as a filtered 

Gaussian white noise modulated by a deterministic envelope function defined by seismological 

parameters. The filter parameters are determined by either matching the empirical properties of 

the spectrum of the strong ground-motion theoretical spectral shapes, or are determined on the 

basis of reliable physical characteristics of the earthquake source and propagation media (Hanks 

and McGuire, 1981; Boore, 1983, 2003).  Recent investigations into the stochastic point source 

model and its relationship to stochastic finite fault models are given in Atkinson et al. (2009) and 

Boore (2009). 

A point-source model is used in this study for stochastic simulations. In this model the 

total Fourier amplitude spectrum of displacement, 0( , , )Y M R f , for horizontal ground motions 

due to shear-wave propagation may be modeled as (Boore, 2003): 
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0 0( , , ) ( , ) ( , ) ( ) ( )Y M R f E M f P R f G f I f=  (1) 

where 0M  is the seismic moment (dyne-cm), R is the distance (km), and f is the frequency (Hz). 

0( , )E M f is the point-source spectrum term, ( , )P R f is the path effect function, ( )G f  is the site 

response term, and ( )I f is the type of motion function. 

In the stochastic point-source model, the earthquake source is assumed to be focused at a 

point, which is a reasonable assumption for small earthquakes and when the distance from source 

to site is considerably larger than source dimensions. For large earthquakes the finite-fault effects 

influence the ground motions especially at close distances. Atkinson and Silva (2000) defined an 

effective distance, rupR′ , to be used in point-source stochastic simulations to mimic the finite-fault 

effects. They defined a magnitude-dependent equivalent point-source depth, h , to modify the 

closest distance to fault rupture, rupR , and to account for the fact that most of the surface of a 

finite fault will be at a distance greater than rupR : 

 2 2
rup rupR R h′ = +  (2) 

where from Atkinson and Silva (2000): 

 log 0.05 0.15h M= − +  (3) 

In this study, the effective distance, rupR′ , is used in the stochastic simulations to evaluate 

the adjustment factors. The NGA models are first evaluated for a set of rupR distances, and then 

corresponding rupR′ distances from equation (3) are used in the stochastic simulations to 
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determine the adjustment factors for rupR distances. Finally, the hybrid empirical model for ENA 

is derived as a function of  rupR . 

We employed the seismological model parameters used in Atkinson and Boore (2006), 

Atkinson et al. (2009), and Boore (2009) for ENA, and parameters used in Atkinson and Silva 

(2000) for WNA to simulate ground motions. The seismological model parameters for both ENA 

and WNA regions are summarized in Table 1, and are discussed in more detail in the following 

sections. We did not model the uncertainty associated with the stochastic model parameters, i.e. 

only one scalar value is used as the median parameter values. 

Earthquake Source Model 

We used the Brune (1970, 1971) point-source spectrum for the source modeling in 

stochastic simulations. The Brune model is a single-corner frequency point source spectrum in 

which stress parameter, σΔ , controls the high-frequency level of the spectrum. The choice of 

stress parameter for stochastic ground-motion simulations in ENA has been the subject of several 

studies such as Atkinson and Boore (2006), Atkinson et al. (2009), Boore (2009), and Boore et 

al. (2010). The preference of the stress parameters used for both ENA and WNA regions is 

discussed in the following sections.  

Choice of Stress Parameter in ENA: 

Atkinson and Boore (2006) used a median stress parameter of 140 bars for ENA in their 

finite-fault simulations using the computer code EXSIM (Motazedian and Atkinson, 2005). 

Campbell (2008) found that a higher stress parameter (e.g. 280 bars) has to be used with SMSIM 

to predict ground motions similar to those of Atkinson and Boore (2006). Atkinson et al. (2009) 
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and Boore (2009) found that the stress parameter of 250 bars should be used in SMSIM 

simulations in order to attain agreement with the Atkinson and Boore (2006) finite-fault 

predictions, due to differences in normalization conventions between the two programs. They 

also pointed out that using the effective distance measure proposed by Boore (2009) in the 

SMSIM calculations results in a much better match between SMSIM and EXSIM results at close 

distances. 

Boore et al. (2010) determined the stress parameter for eight well-recorded earthquakes 

in ENA with data that are largely at distances of 100-800 km. They showed that estimates of σΔ  

are correlated to the rate of geometrical spreading at close distances using SMSIM point-source 

simulations, they evaluated a geometric-mean σΔ  of 250 bars for the Atkinson (2004) 

attenuation model (including geometrical spreading and quality factor function) for the case in 

which the 1988 Saguenay earthquake is included.  Atkinson and Assatourians (2010) found a 

stress parameter of 250 bars for the magnitude 5.0 Val-des-Bois Quebec earthquake. 

Based on the above discussion, a stress parameter of 250 bars is used in the ENA point-

source stochastic simulations, together with the attenuation model of Atkinson (2004), to be 

consistent with the study of Boore et al. (2010) and the findings of Atkinson et al. (2009) and 

Atkinson and Assatourians (2010). 

Choice of Stress Parameter in WNA: 

Atkinson and Silva (2000) examined ground motions for California using a stochastic 

finite-fault model, and introduced an equivalent two-corner-frequency point-source spectrum 

which mimics the conspicuous finite-fault effects. They showed that the double-corner-

frequency source model and the Brune single-corner frequency spectrum with the stress 
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parameter of 80 bars are close for moment magnitudes (Mw) less than 6.0, and the goodness-of-

fit to the data are equivalent. However, at large magnitudes and low frequencies, where finite-

fault effects become significant, the two models become different due to the spectral sag in the 

double-corner model.   

In this study, a stress parameter of 80 bars is used for the point-source stochastic 

simulations for WNA using the Brune single-corner frequency model. In Figure 1, the stochastic 

simulations using a stress parameter of 80 bars for WNA are compared to NGA model 

predictions for an Mw 6.0 earthquake at distance Rrup =10 km. The comparison is made at Mw 6.0 

to avoid small-magnitude bias in NGA models for small magnitudes (Atkinson and Morrison, 

2009; Chiou et al., 2010; Atkinson and Boore, 2011), and to avoid the large magnitude issue 

associated with finite-fault effects in the stochastic modeling. In other words, we anchor the 

WNA stress drop at moderate magnitudes, where this parameter is most robust and most 

comparable to the ENA stress value. This comparison shows reasonable agreement between the 

NGA models and the WNA stochastic ground-motion simulations developed in this study. It 

should be noted that the seismological parameters of Table 1 and the effective distance from 

Atkinson and Silva (2000) are used in the simulations. 

Filter Function of the Transfer Media 

The path effect, ( , )P R f  in equation (1), consists of a geometrical spreading function and 

an anelastic attenuation term described by the quality factor function (Boore, 2003). 

Choice of Path Model for ENA: 

Atkinson and Boore (2006) used the trilinear geometrical spreading along with the 

quality factor of Atkinson (2004) in their simulations. Boore et al. (2010) found that stress 
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parameter is strongly tied to the choice of geometrical spreading. They consider four geometrical 

spreading functions, ranging from a simple 1/ R  model at all distances to more complicated bi-

and trilinear functions and determined the stress parameter for eight ENA earthquakes for each 

path model. As mentioned previously, for the Atkinson (2004) path model the median stress 

parameter of 250 bars were estimated for ENA events including Saguenay. They showed that the 

simple 1/ R  model fits the data, most of it being in the distance range of 100 – 800 km, as well 

as more complex models. However, the presence of a flat or increasing geometrical spreading at 

intermediate distances affects the ground motions at the distances of most engineering concern 

(within 100 km) significantly (Boore et al., 2010).  

Atkinson and Assatourians (2010) studied five ENA earthquakes and found that the data 

fit better if the geometrical spreading of Atkinson (2004) is assumed for hypocentral distances 

beyond 10 km and a 1/R model is used from 1 to 10 km. 

The path model of Atkinson (2004) is used in this study for the stochastic simulations. 

This model is derived from a large database dominated by small earthquakes (i.e. point sources) 

and has not been confirmed for large events where finite-fault effects are evident. We assume 

that using the effective distance in point-source simulations (equation 2) captures the finite-fault 

effects, and therefore the Atkinson (2004) model will apply to the attenuation of rupR′ . The 

alternative treatment of near-source attenuation suggested in Atkinson and Assatourians (2010) 

(i.e., switching to 1/R from 1 to 10 km) is not employed here since the effective distance of 

Atkinson and Silva (2000) is being used and further saturation is not required (G. Atkinson, 

personal commun., 2010). The geometrical spreading function and the quality factor function of 

Atkinson (2004) are provided in Table 1. 
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Choice of Path Model for WNA: 

Raoof et al. (1999) derived an attenuation model for Southern California from studying 

820 three-component broadband recordings from 140 moderate-to-large earthquakes over 

distances of hundreds of km. The model consists of a bilinear geometrical spreading function 

with a 40-km crossover distance (1/ R  for 40 kmR ≤ and 0.5R−  for larger distances), coupled to 

an quality factor function of the form 0.45180Q f= . The model is determined for data within the 

0.25 and 5 Hz range. Atkinson and Silva (2000) used the Raoof et al. (1999) path model in their 

finite-fault simulations. Malagnini et al. (2007) studied a dataset of 5,769 waveforms from 281 

small-to-moderate events located within 200 km of the San Francisco Bay Area to derive a 

regional attenuation model for frequencies ranging between 0.25 and 20 Hz. Their study supports 

the path model developed by Raoof et al. (1999) since it includes a geometrical spreading 

coefficient of –1.0 for 30 kmR ≤ and –0.6 for larger distances, and an anelastic attenuation of 

0.42180Q f= . Therefore, the path model of Raoof et al. (1999) is used in this study for the 

simulation of ground motions in WNA. 

Site Effects 

The site effect, ( )G f  in equation (1), can be separated into site amplification factors, and 

a near-surface attenuation term, which models the near surface damping effects and is 

independent of path. We employed the model of Anderson and Hough (1984) for near-source 

attenuation, which is described as a low-pass filter and is defined by the decay slope of the 

spectrum at high frequencies, kappa ( 0κ ) (at near-source distances). 
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Choice of Site Effects for ENA: 

Campbell (2003) and Tavakoli and Pezeshk (2005) developed hybrid empirical models 

for the ENA hard-rock shear-wave velocity profile and the generic ENA amplification model of 

Boore and Joyner (1997) ( 30 2880m/ssV = ). The empirical site amplifications and the kappa 

value used in Atkinson and Boore (2006) for hard-rock sites (NEHRP site class A, 

30 2000m ssV ≥ , 0κ =0..05) are employed in the simulations. This choice is made to be consistent 

with the use of stress parameters of 250 bars and corresponding path model from the work of 

Atkinson et al. (2009), Boore (2009), and Boore et al. (2010), since the same amplification 

factors and kappa are used in these studies to derive the stress parameter of 250 bars for ENA. 

The presumed amplifications increase from 1.0 for frequencies less than 0.5 Hz to 1.4 for 

frequencies greater than 10 Hz as based on Siddiqqi and Atkinson (2002).  The amplification 

factors and the kappa value used for ENA hard-rock sites are provided in Table 1. 

Choice of Site Effects for WNA: 

Atkinson and Silva (2000) used the amplifications for generic rock sites introduced by 

Boore and Joyner (1997) for WNA to derive a model for California. Campbell (2003, 2007) and 

Tavakoli and Pezeshk (2005) also used the generic rock sites of Boore and Joyner (1997) for the 

stochastic modeling of ground motions in WNA. The WNA generic rock site has an average 

value of shear velocity in the upper 30 meters of about 620 m/sec. The shear-wave velocity at 

source depth is 3.5 km/sec at a depth of 8 km.  The amplification factors for these sites are 

calculated using the quarter wavelength method (Boore and Joyner, 1997). In this study, the 

amplification factors of Boore and Joyner (1997) for generic rock sites in WNA are used.   
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 In the WNA region, the value of 0κ  is in the order of about 0.02-0.04 seconds (Anderson 

and Hough, 1984). Atkinson and Silva (1997) used an average kappa value of 0.04 in their 

model. We also used the 0κ  value of 0.04 for the rock site in WNA.  

All the seismological parameters for ENA and WNA used for stochastic simulations are 

summarized in Table 1. It should be noted that seismological parameters not mentioned above, 

and only presented in Table 1 (e.g., duration), are the same as the parameters used in Atkinson 

and Boore (2006) for ENA and Atkinson and Silva (2000) for WNA. 

Ground-Motion Models in WNA 

The ground-motion prediction models developed for the PEER NGA project (Power et 

al., 2008) are used as the empirical ground-motion models for the host region, WNA.  In the 

NGA project, five sets of ground-motion prediction models are developed for shallow crustal 

earthquakes in the western United States (WUS) and similarly active tectonic regions. The five 

models used in this study are the 2008 Abrahamson and Silva (AS08); the 2008 Boore and 

Atkinson (BA08); the 2008 Campbell and Bozorgnia (CB08); the 2008 Chiou and Youngs 

(CY08); and the 2008 Idriss (I08).  The geometric mean of these five models is used as the WNA 

empirical ground-motion estimates. The geometric mean of the five modified WNA models are 

used as the hybrid empirical estimates of the ground-motion for ENA in the regression process. 

All NGA models have parameterization such as moment magnitude, distance, and style 

of faulting.  The I08 model is applicable only for rock sites while all other models have the 

average shear-wave velocity in the upper 30 m, 30sV , as well as input rock motion parameters to 

model nonlinear site response (Abrahamson et al., 2008).  The AS08, CB08, and CY08 models 

have additional terms to account for hanging wall effects, rupture-depth effects, and 
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soil/sediment depth effects (Abrahamson et al., 2008). The ground-motion component used in 

the NGA models is the new geometric mean, referred to as “GMRotI50” (Boore et al., 2006), 

which is the geometric mean determined from the 50th percentile values of the geometric means 

computed for all non-redundant rotation angles and all periods less than the maximum useable 

period; therefore, it is independent of sensor orientation. 

In this study, we used a generic style of faulting to evaluate WNA ground-motion 

prediction relations.  This is done because there is no evidence that differences in the ground 

motions between faulting styles can be expected in the target and host regions (Campbell 2003, 

2007). This generic style of faulting is an average of strike slip and reverse fault mechanisms. 

For this purpose, we set 0.5RVF =  and 0NMF =  in the AS08, CB08, and CY08 models, SS = 0.5, 

RS = 0.5, NS = 0.0, and U = 0.0 in the BA08 model, and F = 0.5 in the I08 model. We did not 

include the hanging wall effect for the AS08, CB08, and CY08 models. A depth to the top of 

rupture of zero is assumed in the AS08, CB08, and CY08 models. 

We used rupR  as the distance metric. BA08 used JBR  as the distance measure, which is the 

closest horizontal distance to the surface projection of the rupture plane. All other models used 

the closest distance to the rupture plane, rupR . We used the Scherbaum et al. (2004) conversion 

equations to convert  JBR  to rupR  in the BA08 model.  

The NGA relations are evaluated for the Boore and Joyner (1997) generic rock site with 

30 620sV = m/sec. The soil/sediment depth term is defined using different depth parameters in 

NGA relations. The AS08 and CY08 models use 1.0Z  , depth to 1.0km ssV =  at the site, and the 

CB08 model uses 2.5Z  , depth to 2.5km ssV =  at the site, to model the soil/sediment depth 
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effects. These models have relations for median 2.5Z  and 1.0Z  for a given 30sV  when no soil 

profile information is available. In this study, we calculated 2.5Z  and 1.0Z  based on the WNA 

generic rock profile. 

Ground-Motion Prediction Equation Developed for ENA 

Median hybrid empirical estimates of ENA ground motion are obtained by scaling the 

WNA empirical relations using theoretical modification factors. The model is evaluated for 

moment magnitudes 5.0 to 8.0 in 0.5 magnitude unit increments, and for 24 rupture distances 

(Rrup):  1, 2, 5, 10, 15, 20, 30, 40, 50, 60, 70, 80, 100, 120, 140, 180, 200, 250, 300, 400, 500, 

600, 700, 800, and 1000 km. 

 The NGA models are developed for distances less than 200 km; therefore, using them 

beyond this range is not appropriate. On the other hand, using the hybrid empirical method for 

70 kmrupR >  results in an unrealistic attenuation rate for ENA where ground-motion predictions 

increase substantially with distance for periods within 0.05-3.0 seconds especially for 

magnitudes larger than 6.5. The reason is that the rate of attenuation predicted by the stochastic 

model for WNA is higher than the rate predicted in geometric mean of the NGA models for 

distances greater than 40 km. The decrease in attenuation rate in ENA from 70 to 140 km 

reinforces the increase in the hybrid empirical estimations for distances greater than 70 km.  

This is one limitation of the hybrid empirical method for ENA, that it only provides 

reliable estimates out to 70 km. In order to avoid these problems, the hybrid empirical method is 

applied for 70kmrupR ≤ and hybrid empirical estimations are supplemented with stochastic ENA 

predictions for beyond 70 km in order to extend the GMPEs up to 1000 km.  This is done using 
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the method proposed by Campbell (2003), which scales the stochastic ENA ground-motion 

predictions by the factor required to make its estimate at 70rupR =  km equal to the hybrid 

empirical method prediction. These scaled estimates are then used as estimates for rupR  beyond 

70 km in regression process (to 1000 km) to develop the GMPEs. The GMPEs are developed for 

an ENA hard-rock site with 30 2000m ssV ≥ (NEHRP site class A).  For a different site condition, 

the predictions must be modified using an appropriate method. 

The hybrid empirical estimates of ENA ground motion, for magnitudes 5.0-8.0 and 

rupture distances up to 1000 km, are used in a nonlinear least-square regression to develop the 

GMPEs. This regression is used to find coefficients defining a functional form, which fits the 

hybrid empirical estimates of ground-motion in ENA. Relationships are provided for the PGA 

and for the 5% damped pseudo-spectral acceleration (PSA) for the spectral periods of 0.01 to 10 

seconds consistent with the periods used in NGA models.  

The following ground-motion prediction functional form is used in this study 

 

2
1 2 3 4 5

6 7

8 9 10

log( ) ( ) min{log( ), log(70)}
( ) max[min{log( 70), log(140 70)},0]
( ) max{log( 140),0}

W W W

W

W

Y c c M c M c c M R
c c M R
c c M R c R

= + + + + ×

+ + ×

+ + × +
 (4) 

where 

 2 2
11rupR R c= +  (5) 

where Y  is the median value of PGA or PSA ( g ), WM  is the moment magnitude, and rupR  is 

the closest distance to fault rupture (km).  
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The mean aleatory standard deviation of log( )Y  to be associated with the predictions is 

defined as a function of earthquake magnitude and is modeled as follows: 

 
12 13

log( ) 3
14

7

6.95 10 7
w

Y
w

c M c M

M c M
σ

−

+ ≤⎧⎪= ⎨
− × + >⎪⎩

 (6) 

This aleatory standard deviation is constructed using an equally weighted average of the standard 

deviations from each of the WNA ground-motion prediction models (Campbell, 2003). Standard 

deviation in AS08, CB08, and CY08 models is related to the ground motion on the reference 

rock which varies with respect to distance, magnitude, and site condition ( 30sV ). This is done to 

model the decrease in the standard deviation caused by a nonlinear site response. We observed 

that the reduction in the standard deviation is not significant for the assumed generic rock site in 

WNA with 30 620m s.sV =  Therefore, in this study we neglected the soil nonlinearity effects in 

calculation of the standard deviation for NGA relations. After this assumption, the standard 

deviation in AB08, CY08, and I08 depends only on the magnitude  and spectral period. The 

median aleatory standard deviation of the ground motion in ENA is assumed to equal the average 

standard deviations of NGA models and therefore depends on magnitude (equation 6). The total 

aleatory standard deviation may be derived by adding the standard deviation of the regression to 

the aleatory standard deviation from equation (6) as follows 

 2 2
Reglog log

T
Y Yσ σ σ= +  (7) 

where Regσ  is the standard deviation of the regression performed to fit the model to ground 

motion estimates. On the other hand, the model misfit does not represent physical variability and 
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might therefore be neglected for seismic hazard calculation purposes. Regression coefficients 1c  

through 14c  are calculated using a nonlinear least-square method and tabulated in Table 2 

together with the standard deviation of the fit, Regσ . 

It should be noted that an evaluation of epistemic uncertainty is not included in this study. 

Based on mathematical framework given by Campbell (2003), the sources of epistemic 

uncertainty in hybrid empirical method are: (1) the epistemic uncertainty in seismological 

parameters used in stochastic simulations; and (2) the epistemic uncertainty involved in using 

different empirical ground-motion models for the host. We did not evaluate epistemic 

uncertainty in this study because in practice this type of uncertainty can be evaluated by using 

different models developed for ENA, and the epistemic uncertainty associated with an individual 

ground-motion model is not generally used (Campbell, 2007). 

As mentioned previously, the NGA models are for the GMRotI50 measure of seismic 

intensity. Therefore, the hybrid empirical model developed in this study predicts the intensity of 

ground motions for the new geometric mean component, GMRotI50. Boore and Atkinson (2008) 

suggest using simple conversion factors between GMRotI50 and other measures of seismic 

intensity given by Beyer and Bommer (2006) and Watson-Lamprey and Boore (2007) as well as 

by Campbell and Bozorgnia (2008). 

Figure 2 illustrates a comparison of the result of this study with the update to the 2006 

Atkinson and Boore model (Atkinson and Boore, 2011) (hereafter AB06') and the Tavakoli and 

Pezeshk (2005) model.  The Atkinson and Boore (2006) model is based on a finite-fault 

stochastic method and is derived for hard rock sites (NEHRP site class A, 30 2000m ssV ≥ ) 

employing the Atkinson and Boore (2006) empirical site amplification factors; it was recently 
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modified based on new data (Atkinson and Boore, 2011). The new data consist of small-to-

moderate ENA events as well as three well-recorded earthquakes with Mw ~5.0. Atkinson and 

Boore (2011) compared the predictions of the Atkinson and Boore (2006) to the new data and 

also to the updated version of the Boore and Atkinson (2008) model for WNA to contemplate the 

magnitude scaling for WNA and ENA, and they inferred that a larger stress parameter should 

have been used in Atkinson and Boore (2006) for small magnitudes. They defined a magnitude-

dependent stress parameter, which decreases as the magnitude increases, to be used in the 

Atkinson and Boore (2006) model. The modified model (AB06') predicts larger high-frequency 

amplitudes for Mw ≤ 6 and lower amplitudes for Mw ≥ 7 compared to the original Atkinson and 

Boore (2006) model.  

Tavakoli and Pezeshk (2005) used the hybrid empirical method to develop a ground-

motion model in ENA for the generic hard-rock site of Boore and Joyner (1997) with 

30 2880m ssV =  corresponding to the NEHRP A site class. To perform a consistent comparison, 

the estimations from Tavakoli and Pezeshk (2005) should be adjusted for the site condition in the 

Atkinson and Boore (2006) model and this study. This adjustment is approximated by 

multiplying the Tavakoli and Pezeshk (2005) predictions by the ratio of site amplifications in 

Atkinson and Boore (2006) to the amplification factors of Boore and Joyner (1997). Moreover, 

the amplification factors of Boore and Joyner (1997) are evaluated assuming a shear-wave 

velocity of 3.6 km/s  near the source, whereas in the stochastic computations of Atkinson and 

Boore (2006) and also this study a shear-wave velocity of 3.7 km/s  at source is used. Therefore, 

the amplification ratios of Atkinson and Boore (2006) to Boore and Joyner (1997) are multiplied 

by 3.7 / 3.6 . The modified ratios are used to adjust the Tavakoli and Pezeshk (2005) 

estimations. The modified amplification ratios are a factor of up to 1.21 at high frequencies. 
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The ground-motion model comparisons are shown in Figure 2 for PGA and PSA at 

periods of 0.1, 0.2, 0.50, 1.0, and 4.0 seconds for magnitudes 5 and 7 and rupR distances between 

1 and 1000 km. It can be observed that the AB06' model has larger values at very close distances 

in comparison to Tavakoli and Pezeshk (2005) and this study. This may occur because of using a 

stochastic method, which does not model the saturation effects observed in other active regions 

(Atkinson, 2008). However, the two models predict similar values for distances greater than 10 

km at all magnitudes and frequencies.  

Tavakoli and Pezeshk (2005) used a lower median stress parameter compared to this 

study (150 versus 250 bars) together with the path model of Atkinson and Boore (1995), which 

consists of a lower near-source attenuation rate than the path model used in this study.  Boore et 

al. (2010) evaluated a median stress parameter of about 60 bars for the Atkinson and Boore 

(1995) attenuation model. Therefore, it is expected for the Tavakoli and Pezeshk (2005) model 

(with stress parameter of 150 bars) to predict higher amplitudes than the predictions of this study, 

especially at higher frequencies. It can be seen in Figure 2 that the estimations of Tavakoli and 

Pezeshk (2005) are similar to the predictions of this study at high frequencies for magnitude 5; 

however, they are larger for magnitude 7. For larger periods, Tavakoli and Pezeshk (2005) 

amplitudes are higher for all magnitudes.  

Comparison of Results with Observed Ground-Motion Data for ENA  

The predictions of this study are compared to the available ENA ground-motion database 

used in Assatourians and Atkinson (2010) (see the Data and Resources Section).  In Figure 3, the 

0.2 and 1.0-sec spectral accelerations predicted in this study for Mw 5.0 are compared to the 

database of Assatourians and Atkinson (2010) for Mw 4.8-5.06 for the NEHRP A site class.  It 
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can be seen that the GMPE of this study under-predicts the observations at close distances (60 

km). Atkinson and Assatourians (2010) discussed the under-prediction issue of the ENA GMPEs 

for small magnitudes at close distances for the Val-des-Boise earthquake. They mentioned that 

applying an average attenuation shape to individual events, despite the event-to-event variation 

in the attenuation shape, might be the issue. It should be noted that spectral accelerations are 

shown for both the horizontal components and the vertical component converted to the 

horizontal component  In general, there is a good agreement between the ground-motion 

predictions of this study and the ENA database at large distances ( 200km)rupR ≥ . 

Conclusions 

A hybrid empirical method is used to develop a ground-motion prediction model (GMPE) 

for ENA. The hybrid empirical procedure uses WNA empirical ground-motion models from the 

NGA project (Power et al., 2008) and also, the most recent updated seismological parameters 

from Boore et al. (2010), Boore (2009), Atkinson et al. (2009), and Atkinson and Boore (2006) 

for the ENA stochastic simulations. The major assumption in the hybrid empirical model is that 

the near-source saturation effects observed in active tectonic regions such as WNA is a general 

behavior and is the same in other seismic regions. In the hybrid empirical method the empirical 

models from the host region are scaled by factors accounting for the differences in the source, 

path, and site effects between the host and the target region. These factors are evaluated using a 

stochastic method, considering seismological parameters associated to each of the WNA and 

ENA regions.   

For ENA, the stress parameter of 250 bars together with the attenuation model of 

Atkinson (2004) are used in the stochastic simulation. For WNA, we employed the seismological 
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parameters used in Atkinson and Silva (2000). The effective point-source distance of Atkinson 

and Silva (2000) is used as the distance measure in stochastic simulations in both regions.   

The ground-motion model in this study is developed for WM  5.0-8.0, 1000kmrupR < and 

the ENA hard-rock site (NEHRP site class A, 30 2000m ssV ≥ ) defined by Atkinson and Boore 

(2006). The ground-motion estimates for other site conditions can be evaluated using appropriate 

site amplification factors.  

The GMPE developed in this study is an alternative ground-motion model, which can be 

used along with other preexisting models in ENA regions to provide a better representation of 

epistemic uncertainty in this region.  

Data and Resources 

The ENA observation database used for comparisons are from Assatourians and Atkinson 

(2010), and is available at http://www.seismotoolbox.ca, last accessed 25 January 2010). The 

SMSIM programs used for the simulations can be obtained from the online software link on 

http://www.daveboore.com (last accessed 21 December 2010). 

Acknowledgments 

We wish to thank Gail Atkinson, David Boore, Norm Abrahamson, Walter Silva, and 

Kenneth Campbell for their comments, suggestions, and helpful criticisms which greatly 

improved the manuscript.    

 

 
 



24 
 

Table 1. Median Parameter Values Used with the Stochastic Method in WNA and ENA 
 
Parameter WNA ENA 

Source spectrum model Single-corner-frequency 2ω−  Single-corner-frequency 2ω−  

Stress parameter, σΔ (bars)  80 250 

Shear-wave velocity at source depth, 

βs (km/s) 

3.5 3.7 

Density at source depth, 

 ρs (gm/cc) 

2.8 2.8 

Geometric spreading, ( )Z R  
1.0

0.5

; 40
; 40

R R km
R R km

−

−

⎧ <⎪
⎨

≥⎪⎩
 

1.3

0.2

0.5

; 70
;70 140
; 140

R R km
R R km
R R km

−

+

−

⎧ <
⎪

≤ <⎨
⎪ ≥⎩

 

Quality factor, Q  0.45180 f  0.32max(1000,893 )f   

Source duration, Ts (sec) 1 af  1 af  

Path duration, Tp (sec) 0.05R  

0; 10
0.16 ; 10 70
0.03 ; 70 130
0.04 ; 130

R km
R R km
R R km
R R km

≤⎧
⎪+ < <⎪
⎨− < ≤⎪
⎪+ >⎩

 

Site amplification, ( )A f  Boore and Joyner (1997) Atkinson and Boore (2006) 

Kappa, 0κ (sec) 0.04 0.005 
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Figure Captions: 

Figure 1. Comparison of 5%-damped acceleration response spectra predicted by NGA models 

with the spectrum predicted from point-source stochastic simulations of this study for Mw 6.0 at

10kmrupR = using stress parameter of 80 bars. AS08: Abrahamson and Silva (2008); BA08: 

Boore and Atkinson (2008); CB08: Campbell and Bozorgnia (2008); CY08: Chiou and Youngs 

(2008); I08: Idriss (2008). 

Figure 2. Comparison of PGA and PSA developed in this study with the predictions by two 

ground-motion models developed for ENA: (lower curve) magnitude 5.0; (upper curve) 

magnitude 7.0. TP05, empirical hybrid method (Tavakoli and Pezeshk, 2005); AB06', modified 

version of the 2006 Atkinson and Boore finite-source stochastic model (Atkinson and Boore, 

2011).  The comparison is for ENA hard-rock sites ( 30 2000m/ssV ≥ ) defined in Atkinson and 

Boore (2006). 

Figure 3.  Comparison of ground-motion predictions of this study (solid line) for magnitude 5 

with the ENA ground-motion observations on the NEHRP A site condition used in Assatourians 

and Atkinson (2010) for horizontal components (indicated by H) and vertical components 

(indicated by V) converted to the equivalent horizontal components (a) 5%-damped response 

spectral acceleration at 0.2-sec period (b) 5%-damped response spectral acceleration at 1.0-sec 

period. 
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