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ABSTRACT 

The hybrid empirical method (HEM) of simulating ground motion intensity measures (GMIMs) 

in a target region uses stochastically simulated GMIMs in the host and target regions to develop 

adjustment factors that are applied to empirical GMIM predictions in the host region.  In this 

study, the HEM approach was used to develop two new ground-motion prediction equations 

(GMPEs) for a target region defined as central and eastern North America (CENA), excluding 

the Gulf Coast region.  The method uses five new empirical GMPEs developed by the Pacific 

Earthquake Engineering Research Center (PEER) for the NGA-West2 project to estimate 

GMIMs in the host region.  The two new CENA GMPEs are derived for peak ground 

acceleration (PGA) and 5%-damped pseudo-acceleration response-spectral ordinates (PSA) at 

periods ranging from 0.01 to 10 sec, moment magnitudes (M) ranging from 3.0 to 8.0, and 

shortest distances to the fault-rupture surface (RRUP) as far as 1000 km from the site, although we 

caution that the GMPEs are best constrained for RRUP < 300–400 km.  The predicted GMIMs are 

for a reference site defined as CENA hard-rock with VS30 = 3000 m/sec and  κ 0  = 0.006 sec, 

where VS30 is the time-averaged shear-wave velocity in the top 30 m of the site profile and κ0 is 

the total attenuation of the ground motion as it propagates through the site profile. 
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The set of seismological parameters that were used to derive the GMIM stochastic 

estimates in the CENA target region were adopted from the most recent research and published 

information for that region.  The seismological parameters for the western North America 

(WNA) host region were adopted from a point-source inversion of the median GMIM 

predictions from the NGA-West2 GMPEs for events and sites with M ≤ 6.0, RRUP ≤ 200 km, VS30 

= 760 m/sec, a generic (average of strike-slip and reverse) style-of-faulting, and earthquake-

depth and sediment-depth parameters equal to the default values recommended by the NGA-

West2 developers.  The two CENA GMPEs are based on two fundamentally different 

approaches to magnitude scaling at large magnitudes: (1) using the HEM approach to model 

magnitude scaling over the entire magnitude range, even though it is constrained only for small-

to-moderate events (M ≤ 6.0) and (2) using the HEM approach to model magnitude scaling for 

events with M ≤ 6.0 and using the magnitude scaling predicted by the NGA-West2 GMPEs for 

the larger events.  The first approach is possible because of the use of an effective point-source 

distance metric in the stochastic simulations that mimics finite-faulting effects.  Otherwise, the 

predictions from this approach would lead to unreasonably high GMIM amplitudes at large 

magnitudes and short distances. 
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Introduction 

For seismic hazard applications, ground-motion amplitudes are often estimated using ground-

motion prediction equations (GMPEs).  GMPEs relate ground-motion intensity measures 

(GMIMs), such as peak ground acceleration (PGA), peak ground velocity (PGV), and 5%-

damped pseudo-acceleration linear-elastic response-spectral acceleration (PSA), to seismological 

parameters in a specified region, such as earthquake magnitude, source-to-site distance, local site 

conditions, and style-of-faulting.  In areas of the world where ground-motion recordings are 

plentiful due to their active seismicity and tectonics and the presence of a dense instrumental 

recording network [e.g., western North America (WNA)], the GMPEs are empirically obtained 

from a statistical regression of the ground-motion recordings (Douglas, 2003, 2011).  An 

example of such empirical GMPEs are those developed as part of the Next Generation 

Attenuation Phase 2 (NGA-West2) project (Bozorgnia et al., 2014) conducted by the Pacific 

Earthquake Engineering Research Center (PEER).  Five individual GMPEs were developed for 

WNA and other active tectonic regions in the world as part of the NGA-West2 project 

(Abrahamson et al., 2014; Boore et al., 2014; Campbell and Bozorgnia, 2014; Chiou and 

Youngs, 2014; Idriss, 2014) and are compared in Gregor et al. (2014). 

Empirical methods cannot be used to develop GMPEs that are valid for moderate-to-large 

magnitudes for regions with limited strong ground-motion data.  Central and eastern North 

America (CENA) is an example of such a region, which is considered to be a stable continental 

regime with abundant recordings of ground motion from distant small and moderate events, but 

with limited ground-motion recordings from the near-source region and from large-magnitude 

earthquakes of greatest engineering interest.  In areas such as CENA, stochastic methods (e.g., 

Boore, 2003) are valuable and are often used as simple methods to estimate ground motions for 
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the distance and magnitude range of engineering interest.  Stochastic ground-motion simulations 

are used to develop GMPEs using the same empirical regression approach that is applied to 

recorded ground-motion data.  In the simplest application of the stochastic simulation approach, 

a stochastic point-source method is used as a framework to estimate a ground-motion time series 

and related GMIMs using simple seismological models of the source spectrum (Brune, 1970, 

1971), wave-propagation path, and local site conditions (McGuire and Hanks, 1980; Hanks and 

McGuire, 1981; Boore 1983, 2003, 2005).  Atkinson and Boore (1995, 1998), Frankel et al. 

(1996), Toro et al. (1997), and Silva et al. (2002) are examples of GMPEs developed for CENA 

using the point-source stochastic method.  The method was extended to include finite-fault 

effects by Silva et al. (1990), Beresnev and Atkinson (1997, 1998, 1999, 2002), Motazedian and 

Atkinson (2005), and Boore (2009). Atkinson and Boore (2006, 2011) is an example of a GMPE 

developed for CENA using the finite-fault stochastic method. 

GMPEs developed from empirical data are often well constrained, depending on the 

completeness of the database, and represent the inherent characteristics of ground-motion scaling 

in the near-source region of large earthquakes.  On the other hand, GMPEs obtained from 

stochastic point-source models may lack realistic near-source characteristics, especially such 

magnitude-scaling effects as saturation of ground motion with increasing magnitude and 

decreasing distance, because of the assumption that the total seismic energy is released from a 

single point within the crust.  Modeling of this magnitude-distance saturation effect in point-

source stochastic models can be improved through the use of a double-corner frequency source 

spectrum (Atkinson and Boore, 1995, 1998; Atkinson and Silva, 1997), an effective point-source 

distance metric (Atkinson and Silva, 2000; Boore, 2009; Yenier and Atkinson, 2014), stochastic 

finite-fault models (see above references), well-calibrated physics-based models (Somerville et 
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al., 2001, 2009; Dreger et al., 2015), or the hybrid empirical modeling method (Campbell, 2003, 

2014).  

In this study, we use the hybrid empirical method (HEM) to develop GMPEs for use in 

CENA as part of the NGA-East project (Goulet et al., 2014; see Data and Resources Section). 

The HEM approach is a well-accepted procedure to develop GMPEs in areas with limited 

ground-motion recordings.  In the HEM approach, GMIMs in a target region (CENA in this 

study) are predicted from empirical GMPEs in a host region (WNA in this study) using 

seismological-based adjustment factors between the two regions. The adjustment factors are 

calculated as the ratio of stochastically simulated GMIMs in the two regions. Using appropriate 

regional seismological parameters in the stochastic simulations, the calculated adjustment factors 

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

characteristics between the two regions. The empirically derived GMPEs for the host region are 

transferred to the target region by applying the regional adjustment factors to the empirical 

GMIM predictions from which a GMPE is derived using standard regression analysis. The HEM 

approach has been used by several researchers to develop GMPEs in CENA (Campbell, 2003, 

2007, 2008, 2011; Tavakoli and Pezeshk, 2005; Pezeshk et al., 2011), in central Europe 

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

Campbell (2014) provides a complete review of these and other applications of the HEM 

approach. 

Campbell (2003) developed a HEM-based GMPE for CENA hard-rock site conditions 

using contemporary stochastic point-source models and four pre-NGA WNA empirical GMPEs. 

Campbell (2007) updated this GMPE for NEHRP B/C site conditions using CENA seismological 

parameters recommended by Atkinson and Boore (2006) and the NGA-West1 empirical GMPE 



6	  
	  

developed by Campbell and Bozorgnia (2008) in WNA. Campbell (2008, 2011) extended the 

model developed by Campbell (2007) to CENA hard-rock site conditions by including an 

empirical hard-rock amplification model developed by Atkinson and Boore (2006). During that 

process, he discovered that a relatively high stress parameter (Δσ) of 280 bars was needed to 

force agreement between the point-source simulations that he did and finite-fault stochastic 

simulations of Atkinson and Boore (2006), which had used a stress parameter of 140 bars. This 

apparent discrepancy was later explained by Boore (2009) and Atkinson et al. (2009). Tavakoli 

and Pezeshk (2005) proposed a HEM-based model for CENA hard-rock site conditions that used 

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

generic source function that combined single-corner and double-corner source spectrum models 

and an effective point-source distance metric, based on the effective-depth model proposed by 

Atkinson and Silva (2000), to force the stochastic point-source model to mimic finite-fault 

effects and to account for magnitude-distance saturation effects. Pezeshk et al. (2011) updated 

Tavakoli and Pezeshk (2005) using the Atkinson and Boore (2006) CENA seismological 

parameters with a stress parameter of 250 bars in the stochastic GMIM simulations to obtain 

better agreement with the Atkinson and Boore (2006) finite-fault simulations. The use of a 250-

bar rather than a 140-bar stress parameter with the point-source stochastic simulations was 

recommended by Boore (2009) and Atkinson et al. (2009), based on the initial results of 

Campbell (2008). Pezeshk et al. (2011) derived their HEM-based GMPE for CENA hard-rock 

site conditions using the empirical crustal-amplification factors proposed by Atkinson and Boore 

(2006) and adopted an effective point-source distance metric to mimic finite-fault effects. 

The purpose of this study is to update the HEM-based GMPES of Campbell (2007, 2008, 

2011) and Pezeshk et al. (2011) for CENA using the five new empirical GMPEs developed in 
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the PEER NGA-West2 project (Bozorgnia et al., 2014) for WNA and other shallow crustal 

active tectonic regions (Abrahamson et al., 2014; Boore et al., 2014; Campbell and Bozorgnia, 

2014; Chiou and Youngs, 2014; Idriss, 2014) and the latest information on CENA seismological 

parameters (Yenier and Atkinson, 2015a; Chapman et al., 2014; Boore and Thompson, 2015; 

Hashash et al., 2014a). Although we use stochastic point-source models for both CENA and 

WNA to obtain simulated GMIMs for the development of regional adjustment factors, we limit 

their use to M ≤ 6.0 in order to avoid the need to include finite-fault effects. The models are then 

extrapolated to the magnitude and distance ranges of greater engineering interest using two 

different methods. WNA seismological parameters are taken from the study of Zandieh and 

Pezeshk (2015), who performed a set of point-source inversions intended to match the median 

GMIM estimates from the NGA-West2 GMPEs. They limited the point-source inversions to M < 

6.0 to avoid finite-fault effects and to stay within the range of the NGA-East database (Goulet et 

al., 2014; see Data and Resources Section), which is effectively limited to earthquakes within 

that magnitude range. 

A GMPE functional form similar to that in Pezeshk et al. (2011) is used to develop the 

GMPEs and a nonlinear regression analysis is performed to estimate period-dependent model 

coefficients for M = 4.0–8.0 and RRUP ≤ 1,000 km. GMPEs are developed for PGA and 5%-

damped PSA for CENA reference hard-rock site conditions recommended by Hashash et al. 

(2014a). The GMIM predictions are extended to M > 6.0 using two different methods. We 

compare the GMIM predictions from our two new GMPEs with our previous GMPEs as well as 

with observed GMIMs from the available NGA-East database. 
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Stochastic Ground-Motion Simulation 

We developed a set of computer routines based on the random vibration method of Kottke and 

Rathje (2008) to perform the point-source stochastic simulation of GMIM amplitudes using the 

WNA and CENA seismological models. The output of the program is PGA and PSA at a pre-

selected set of spectral periods (T). The regional adjustment factors are the ratio of the simulated 

spectral values for CENA with respect to those for WNA.  In the stochastic method, the ground-

motion acceleration is modeled as filtered Gaussian white noise modulated by a deterministic 

envelope function defined by a specified set of seismological parameters (Boore, 2003).  The 

filter parameters are determined by either matching the properties of an empirically defined 

spectrum of strong ground-motion with theoretical spectral shapes or using reliable physical 

characteristics of the earthquake source and propagation media (Hanks and McGuire, 1981; 

Boore, 1983, 2003). Atkinson et al. (2009) and Boore (2009) investigated the relationship 

between the stochastic point-source model SMSIM (Boore, 2005) and the stochastic finite-fault 

model EXSIM (Motazedian and Atkinson, 2005) and suggested how the two could be aligned to 

give better agreement in predicted motions from small earthquakes at a large distances, where 

the two models should provide similar results. 

In the point-source model, the total Fourier amplitude spectrum (FAS) of the horizontal 

vibratory ground displacement, 0( , , )Y M R f , due to shear-wave propagation can be modeled by 

the equation (Boore, 2003): 

 Y (M 0 ,R, f ) = S(M 0 , f )P(R, f )G( f )I ( f )   (1) 



9	  
	  

where 0M  is seismic moment (dyne-cm), R is source-to-site distance (km), f is frequency (Hz), 

S(M0,f) is the source spectrum, ( , )P R f  is the path attenuation term, G( f )  is the site-response 

term, and ( )I f  is a filter representing the type of GMIM. The FAS of acceleration is obtained by 

multiplying Y(M0,R,f) by ω2. 

Effective Point-Source Distance 

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

point within the crust, which is a reasonable assumption for small earthquakes or when the 

source-to-site distance is considerably larger than the earthquake source dimensions.  Otherwise, 

finite-fault effects in the form of magnitude and distance saturation begin to influence the ground 

motions.  This reflects the fact that seismic waves with wavelengths much smaller than the 

earthquake source-rupture dimensions do not increase in amplitude as the size of the earthquake 

and the corresponding energy release increase (Tavakoli and Pezeshk, 2005; Yenier and 

Atkinson, 2014).  It has also been suggested that when source fault-rupture lengths are much 

larger than the closest distance to the rupture surface, the motions recorded at this close station 

will only have contributions from the closest part of the rupture, with the energy from greater 

distances along the fault arriving in a more attenuated form (Boore and Thompson, 2014; Baltay 

and Hanks, 2014). 

Atkinson and Silva (2000) defined an effective point-source distance metric, ′RRUP , to use 

in point-source stochastic simulations to mimic the ground-motion saturation effects from finite-

fault effects.  They also defined a magnitude-dependent equivalent point-source depth, h , to 

modify this distance for magnitude-saturation effects.  Following these authors, we define an 
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effective point-source distance metric to use with our point-source stochastic simulations with 

the expression: 

 ′RRUP = RRUP
2 + h2  (2) 

where the pseudo-depth, h, also referred to as the finite-fault factor by Boore and Thompson 

(2014), is defined by expression: 

   

   
log h = max(−0.05+ 0.15M,−1.72+ 0.43M) M ≤ 6.75

−0.405+ 0.235M                              M > 6.75

⎧
⎨
⎪

⎩⎪
 (3) 

Equation (3) combines the pseudo-depth relationships developed by Atkinson and Silva (2000) 

and Yenier and Atkinson (2014, 2015a,b) in order to provide a consistent set of effective 

distances over the entire magnitude range of interest. 

We use the effective point-source distance metric in the stochastic simulations to evaluate 

the adjustment factors for a given set of magnitude and distances.  This is done by: (1) evaluating 

the NGA-West2 GMPEs for a given set of M and  RRUP  values, (2) calculating the corresponding 

values of ′RRUP  from Equations (2) and (3), (3) using the values of ′RRUP  to determine the 

stochastic adjustment factors, and (4) using the adjustment factors to derive the HEM-based 

GMIM estimates for the original set of M and  RRUP  values. 

Site Response 

The site-response term G( f )  is defined as the product of crustal-amplification and diminution 

functions (Boore, 2003).  Crustal amplification is calculated using the quarter-wavelength 

(QWL) method, which Boore (2013) now refers to as the square-root-impedance (SRI) method.  



11	  
	  

Boore (2003) proposes the maximum frequency filter, fmax (Hanks, 1982), and the kappa filter, 

 κ 0  (Anderson and Hough, 1984), as alternatives to model the site diminution function.  The 

kappa filter,   exp(−πκ 0 f ) , can be considered the path-independent loss of energy in the ground 

motion as it propagates through the site profile. It is defined by Anderson and Hough (1984) as 

the high-frequency slope of the FAS on a log-linear plot. Although kappa can be calculated from 

a recording at any distance, the part of kappa that is associated with the crustal profile beneath 

the site, 0κ , includes attenuation from both wave scattering and material damping (e.g., 

Campbell, 2009) and can be calculated in a variety of ways depending on the size of the 

earthquake and the available recordings (Ktenidou et al., 2014).  We use κ 0  to define the site 

attenuation because of its common use in engineering seismology (Campbell, 2009; Ktenidou et 

al., 2014). 

Site Characterization in CENA  

Campbell (2003) and Tavakoli and Pezeshk (2005) used a CENA reference hard-rock site 

condition with a time-average shear-wave velocity in the top 30 m of the site profile of VS30 ≈ 

2800 m/sec and  κ 0  = 0.006 sec.  They used the generic CENA hard-rock crustal-amplification 

model developed by Boore and Joyner (1997). Atkinson and Boore (2006), Pezeshk et al. (2011), 

and Campbell (2008, 2011) used an empirically derived CENA hard-rock crustal-amplification 

model corresponding to VS30 ≥ 2000 m/sec and κ 0=0.005 sec (Atkinson and Boore, 2006).  In 

this study, we adopted a CENA reference hard-rock site condition recommended by Hashash et 

al. (2014a) for use in the NGA-East project that corresponds to VS30 = 3000 m/sec and κ 0= 0.006 

sec based on the comprehensive studies of Hashash et al. (2014b) and Campbell et al. (2014). 

We used the crustal-amplification factors derived by Boore and Thompson (2015) using the 
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QWL or SRI method, which are based on the velocity profile of Boore and Joyner (1997) 

modified to have a shear-wave velocity of 3,000 m/sec over the top 300 m of the profile in order 

to be consistent with the NGA-East reference hard-rock crustal profile of Hashash et al. (2014a). 

These crustal-amplification factors are listed in Table 1. 

Site Characterization in WNA 

Boore and Joyner (1997) provided crustal-amplification factors for a generic-rock site profile in 

WNA with VS30 = 620 m/sec that was developed using the QWL or SRI method. These 

amplification factors have been used by many, including the authors, to conduct stochastic 

simulations in the region (e.g., Atkinson and Silva, 1997, 2000; Beresnev and Atkinson, 2002; 

Campbell, 2003, 2007, 2008, 2011; Tavakoli and Pezeshk, 2005; Pezeshk et al., 2011). Boore 

and Thompson (2014, 2015) updated the generic-rock crustal-amplification factors of Boore and 

Joyner (1997), using an improved density-velocity relationship, which we adopted for our study.  

These updated crustal-amplification factors are listed in Table 1. 

Anderson and Hough (1984) report typical values for κ 0  in the range 0.02–0.04 sec for 

rock sites in WNA. Atkinson and Silva (1997) used an average value of 0.04 sec in their 

stochastic model for southern California, which has been used by many other investigators, 

including the authors. Yenier and Atkinson (2015b) found that a value of 0.025 sec was 

consistent with ground-motion recordings on rock in California.  Following Al Atik et al. (2014), 

we used inverse random vibration theory (IRVT) to derive a value for the host site kappa in 

WNA that is consistent with the NGA-West2 GMPEs and the generic-rock amplification factors 

of Boore and Thompson (2014, 2015).  We removed the host crustal-amplification factors from 

the IRVT-based near-source FAS predictions to decouple the crustal-amplification term from the 
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 κ 0  term at high frequencies as suggested by Al Atik et al. (2014).  The resulting FAS were 

analyzed to select the start and end frequencies over which plots of log FAS versus frequency 

could be considered linear and not impacted by high-frequency distortions from the predicted 

response spectra.  We then fit a slope of  −πκ 0 to the selected range of frequencies.  Similar to Al 

Atik et al. (2014), we considered six different near-source scenarios (M = 5.0 and 6.0 and RRUP = 

5, 10, and 20 km) to define kappa values for the median of the GMIM predictions from all five 

NGA-West2 GMPES. We limited the magnitude range to 6.0 to be consistent with the range 

used in the inversions of the NGA-West2 GMPEs. Figure 1 illustrates how the kappa values 

were calculated by the IRVT approach for the six scenarios. These results are consistent with an 

average κ 0  of 0.035 sec, which we used to characterize the site attenuation for the generic-rock 

site in WNA (Table 3). 

Source Model 

We used the Brune (1970, 1971) ω2 source spectrum in the stochastic simulations. Brune’s 

model is a single-corner frequency (f0) point-source spectrum in which the stress parameter, Δσ, 

controls the spectral shape at high frequencies.  The choice of an appropriate stress parameter in 

WNA and CENA has been the subject of many studies.  The basis for the values of Δσ we use 

for these regions is discussed in the following sections. 

Stress Parameter in ENA 

Boore et al. (2010) used the point-source stochastic simulation program SMSIM (Boore, 2005) 

to determine the stress parameters for eight well-recorded earthquakes in CENA.  They showed 

that estimates of Δσ are strongly correlated to the rate of geometrical spreading in the near-
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source region.  They estimated a geometric mean value of Δσ = 250 bars using the geometrical 

spreading and quality factor (Q) relationships of Atkinson (2004) [hereafter referred to as A04) 

for the case in which the 1988 Saguenay earthquake was included and 180 bars for the case in 

which the Saguenay event was excluded.  Atkinson et al. (2009) and Boore (2009) also found 

that a stress parameter of 250 bars instead of 140 bars was needed to bring the stochastic point-

source results of SMSIM in line with the stochastic finite-fault results of EXSIM (Motazedian 

and Atkinson, 2005), which was used to develop the GMPE of Atkinson and Boore (2006), for 

small distant earthquakes.  Campbell (2008, 2011) had initially estimated this point-source stress 

parameter as Δσ = 280 bars. Atkinson and Assatourians (2010) analyzed recordings of the M 5.0 

Val-des-Bois, Quebec earthquake using the A04 attenuation model and found a stress parameter 

of 250 bars.  

In their revision of the CENA seismological model, Boore and Thompson (2015) found 

that a stress parameter of 400 bars was needed to approximate the amplitude of the ground 

motions that matched the A04 attenuation term and the Atkinson and Boore (1995) path duration 

when the new energy based significant duration parameter recommended by Boore and 

Thompson (2014) was used.  A higher value of Δσ was needed to compensate for the smaller 

amplitudes predicted from the stochastic ground-motion simulations when the longer path 

durations were used, which spreads the radiated energy from the point source over a longer 

duration.  Since we are using the new path duration model of Boore and Thompson (2015), we 

use Δσ = 400 bars for our CENA point-source stochastic simulations (Table 3). 
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Stress Parameter in WNA 

Atkinson and Silva (1997, 2000) modeled California ground motions using the stochastic finite-

fault simulation model of Silva et al. (1990).  They introduced an equivalent two-corner 

frequency point-source spectrum to mimic the finite-fault effects observed at large magnitudes in 

lieu of using a variable stress parameter as used in the GMPEs of Silva et al. (2002) and Yenier 

and Atkinson (2015b).  They showed that at high frequencies their double-corner frequency 

source model gave similar results for events of M < 6.0 as a Brune single-corner frequency 

model with Δσ = 80 bars. At larger magnitudes and lower frequencies, where finite-fault effects 

become significant, the two models were found to diverge due to the spectral sag in the double-

corner model that was found to more realistically model the spectral shape of large-magnitude 

ground motions. Yenier and Atkinson (2015b) proposed a seismological model for California 

that they empirically calibrate with response spectra from the NGA-West2 database (Ancheta et 

al., 2014).  Crustal-amplification factors were derived using the QWL or SRI method and the 

NEHRP B/C (VS30 = 760 m/sec) velocity profile of Frankel et al. (1976) with an assumed site 

attenuation parameter of κ 0  = 0.025 sec (Yenier and Atkinson, 2014).  The source was defined 

as a Brune single-corner spectrum. Path attenuation was adopted from Raoof et al. (1999), but 

was modified to represent a different crustal shear-wave velocity and to have a minimum path 

attenuation of Q = 100.  Path duration was taken from Boore and Thompson (2014).  Geometric 

spreading was found to be consistent with R–1.3 out to 50 km, after which a R–0.5 was used. Yenier 

and Atkinson (2015b) used the effective point-source distance metric of Atkinson and Silva 

(2000) for M < 6.0 and that of Yenier and Atkinson (2014) for larger magnitudes in order to 

model magnitude-saturation effects.  They selected stress parameters that minimized the trends 

in the residuals, ensuring that the observed and simulated spectra had similar shapes for f > 0.1 
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Hz.  These stress parameters were found to be a function of magnitude with values that increase 

from 15 bars at M = 3.0 to 100 bars at M > 5.0.  Finally, they used a calibration factor of 4.47 in 

the stochastic simulations to eliminate any bias between the simulated and observed spectral 

amplitudes.  For our stochastic simulations in WNA, we used the seismological parameters 

derived by Zandieh and Pezeshk (2015) from an inversion of the NGA-West2 GMPEs for 

earthquake scenarios with M ≤ 6.0.  This model was used to ensure that the WNA host 

seismological model was consistent with the GMIM predictions from the GMPEs that are used to 

derive the CENA target GMIMs.  In order to minimize the inherent tradeoff between κ0 and Δσ 

in these inversions, Zandieh and Pezeshk (2015) used the IRVT method of Al Atik et al. (2014) 

to determine the value of κ0 from the median near-source estimates of PSA from all five NGA-

West2 GMPEs, as described earlier in the report. The IRVT approach resulted in an average site 

kappa of κ 0= 0.035 sec. After constraining κ 0  to the average obtained from the IRVT approach 

and constraining the crustal amplifications to those suggested by Boore and Thompson (2015), 

Zandieh and Pezeshk (2015) performed GMIM inversions to obtain the remaining seismological 

parameters using a genetic algorithm (GA) similar to that of Scherbaum et al. (2006). By 

constraining the crustal-amplification factors and the value of κ 0 , the near-source spectral shape 

at high frequencies becomes a function of only the stress parameter, which helped to stabilize the 

inversion results. 

Based on the inversions, Zandieh and Pezeshk (2015) obtained a stress parameter of 135 

bars for scenarios in the range M = 4.0–6.0.  We used this stress parameter for all magnitudes to 

be consistent with the magnitude-independent stress parameter that was used in the CENA 

seismological model. Pezeshk et al. (2011) used a stress parameter of 80 bars in their WNA 

Brune single-corner frequency stochastic model, which they showed was generally consistent 
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with the NGA-West1 GMPE predictions for an M 6.0 earthquake at RRUP =10 km. The larger 

stress parameter of 135 bars found by Zandieh and Pezeshk (2015) is consistent with the longer 

path durations associated with the Boore and Thompson (2015) WNA duration model and should 

be considered to supersede the value used by Pezeshk et al. (2011). A stress parameter of 135 

bars is also consistent with observations of Modified Mercalli Intensity (MMI) by Atkinson and 

Wald (2007), who suggested that these observations were consistent with about a three-times 

larger stress parameter for earthquakes in CENA as compared to those in WNA, consistent with 

the values used in this study (Table 3).  

Source and Path Duration 

The sum of the source duration (TS) and the path duration (TP) represents the total duration of 

ground motion in the stochastic method. The source duration for the Brune single-corner 

frequency model is typically defined (e.g., Boore, 2003) as the inverse of the source corner 

frequency, 1/f0 (Table 3).  Boore and Thompson (2014) used the NGA-West2 database to derive 

a new distance-dependent TP relationship for active crustal regions, such as WNA, which is 

different from relationships proposed previously.  Similarly, Boore and Thompson (2015), using 

the NGA-East database (Goulet et al., 2014; see Data and Resources Section), derived a 

distance-dependent TP relationship for stable crustal regions, such as CENA. We used the path-

duration terms proposed by Boore and Thompson (2014, 2015) in this study, which are provided 

in Table 2 for completeness. 

Path Attenuation 

The path term P(R,f) in Equation (1) is separated into two components, commonly referred to as 

geometric attenuation (or spreading) and anelastic attenuation. Geometric attenuation models the 
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amplitude decay due to the expanding surface area of the wave front as it propagates away from 

the source. Anelastic attenuation, quantified by the quality factor Q, models the amplitude decay 

due to the conversion of elastic wave energy to heat and is usually found to be frequency 

dependent. Boore et al. (2010) found that the stress parameter is strongly correlated to the choice 

of geometrical attenuation, which reiterates the fact that the set of seismological parameters for a 

given region must be internally consistent and should not be taken from different studies with 

vastly different assumptions.  The path-attenuation parameters that we used for CENA and WNA 

are presented in the following sections. 

Path Attenuation for CENA 

Boore et al. (2010) used four geometrical attenuation models ranging from a simple R−1.0  decay 

for all distances to more complicated bilinear and trilinear distance decay models to determine 

the stress parameter for eight well-recorded earthquakes in CENA. Atkinson and Assatourians 

(2010) studied five well-recorded CENA earthquakes and found that the ground motions were 

better fit if the A04 geometrical attenuation model, with R–1.3 near-source spreading, is used for 

hypocentral distances beyond 10 km and a R–1.0 decay is used at shorter distances. Campbell 

(2007, 2008, 2011) and Pezeshk et al. (2011) used the original A04 path-attenuation model. 

In this study, we used the path-attenuation term developed by Chapman et al. (2014) in 

our CENA seismological model (Table 3). These authors used broadband recordings from the 

EarthScope Transportable Array (TA Array) and an iterative inversion process to derive a 

trilinear geometric attenuation model with R–1.3 spreading to 60 km, R0 or no spreading from 60 

to 120 km, and R–0.5 or Lg spreading beyond 120 km. At regional distances, the dominant phase 

in the ground-motion recording is the Lg phase, which is composed of multiple reflections of S-
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waves trapped within the crust.  Chapman and Godbee (2012) also found R–1.3 spreading at short 

distances from physics-based ground-motion simulations.  Chapman et al. (2014) found that for 

all CENA regions, except the Gulf Coast, the quality factor that is consistent with the above 

geometric attenuation term is given by the relationship Q = 440 f 0.47.  As illustrated in Figure 2, 

the transition distances of 60 and 120 km in the Chapman et al. (2014) geometric attenuation 

model are consistent with the transition distances obtained by Boore and Thomson (2015) for 

their CENA path-duration model. 

Path Attenuation for WNA 

Campbell (2007, 2008, 2011) and Pezeshk et al. (2011) used the path-attenuation model of 

Raoof et al. (1999) developed for southern California in their stochastic point-source ground-

motion simulations in WNA.  Atkinson and Silva (2000) also used this path-attenuation model in 

their stochastic finite-fault simulations.  Malagnini et al. (2007) analyzed broadband waveforms 

from small-to-moderate events in the San Francisco Bay Area and found that the best-fitting 

path-attenuation model was given by the relationship Q = 180 f 0.42 for geometric attenuation 

given by R–1.0 spreading within 30 km and R–0.6 spreading at larger distances.  This model is 

similar to that of Raoof et al. (1999), who found Q = 180 f 0.45 for geometric attenuation given by 

R–1.0 spreading within 40 km and R–0.5 spreading at larger distances.  Fatehi and Hermann (2008) 

determined high-frequency scaling in the Pacific Northwest and northern and central California 

by analyzing broadband waveforms in these regions. They found both geometric and anelastic 

attenuation to be regionally dependent.  Spreading rates were found to vary between R–1.0 and R–

1.1 within 40 km, except for very high frequencies in northern California, which had a rate of R–

1.3.  Spreading rates at longer distances were found to be more variable, ranging from R–0.8 to R0.5 

from distances of 40 to 100 km and R–0.5 to R–0.9 at larger distances. Anelastic-attenuation 
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parameters were also found to be variable with Q0 = 210–280 and η = 0.35–0.55, depending on 

the region. 

Mahani and Atkinson (2013) investigated the rate of geometric attenuation of ground 

motion from small-to-moderate earthquakes across North America and found spreading rates that 

varied between R–1.1 and R–1.3 at near-source distances.  At longer distances, typically beyond 40 

to 100 km, ground motions are dominated by surface waves whose path attenuation depends on 

fault mechanism, focal depth, and crustal structure (Yenier and Atkinson, 2015b; Burger et al., 

1987; Ou and Herrmann, 1990).  Yenier and Atkinson (2014) found that geometric spreading 

from 11 well-recorded earthquakes in California is generally steeper than R–1.0 at short distances. 

Yenier and Atkinson (2015b) considered a bilinear geometric spreading term and near-source 

spreading rates of both R–1.0 and R–1.3, decreasing to R–0.5 beyond a transition distance of 50 km. 

They determined that both of these near-source spreading rates could be made to fit the 

recordings by using calibration factors of 1.08 and 3.16, respectively, to adjust the stochastic 

point-source simulation GMIMs over all magnitudes and frequencies.  They concluded that the 

steeper near-source spreading rate provided the best fit to the path attenuation in California.  As 

discussed previously, Yenier and Atkinson (2015b) used the Raoof et al. (1999) anelastic 

attenuation term, which after scaling to a shear-wave velocity of 3.7 km/sec in the vicinity of the 

source, was modified to Q = max(100, 170.3 f 0.45). The maximum value of 100 was based on the 

recommendations of Boore (1983) and Yenier and Atkinson (2014). 

In this study, we used the path-attenuation terms determined from the inversion of the 

NGA-West2 GMPEs by Zandieh and Pezeshk (2015). For consistency with the CENA 

seismological model, a trilinear geometric attenuation term with transition distances of 45 km 

and 125 km were used to perform the inversions. These transition distances were selected to 
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match the WNA transition distances used by Boore and Thompson (2015) in their path-duration 

model (Figure 2).  The inversion resulted in a geometric spreading rate of R–1.0 to 125 km, 

beyond which an assumed spreading rate of R–0.5 consistent with surface-wave attenuation was 

used (Table 3). The resulting anelastic attenuation term was found to be Q = 202 f 0.54 (Table 3). 

Ground Motion Prediction Equations for WNA 

One important component of the HEM approach is using appropriate empirical GMPEs in the 

host region. Pezeshk et al. (2011) incorporated the five GMPEs from the PEER NGA-West1 

project (Power et al., 2008) to derive empirical ground-motion estimates for WNA in their HEM-

based GMPE for CENA. Campbell (2007, 2008, 2011) used a single NGA-West1 GMPE 

(Campbell and Bozorgnia, 2008) to demonstrate how the new NGA-West1 models might impact 

the Campbell (2003) HEM-based GMPE in CENA.. 

In this study, we used the five GMPEs developed as part of the PEER NGA-West2 

project (Bozorgnia et al., 2014) to derive the empirical GMIM estimates in the WNA host 

region. These GMPEs are referred to as ASK14 (Abrahamson et al., 2014), BSSA14 (Boore et 

al., 2014), CB14 (Campbell and Bozorgnia, 2014), CY14 (Chiou and Youngs, 2014), and I14 

(Idriss, 2014) in the remainder of this report.  These GMPEs used a vastly expanded NGA-West2 

database (Ancheta et al., 2014) that included over 20,000 recordings from shallow crustal 

earthquakes in California (M < 5.5) and in other similar active tectonic regions throughout the 

world (M > 5.5).  We used the weighted geometric mean of the RotD50 (Boore, 2010) average 

horizontal GMIM predictions from the five GMPEs in order to derive empirical estimates that 

are consistent with the inversions performed by Zandieh and Pezeshk (2015).  We assigned the 

same weights that were used to evaluate the NGA-West2 GMPEs for the 2014 update of the U.S. 
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national seismic hazard model (Petersen et al., 2014).  In this scheme, the weights were 

distributed evenly between four of the GMPEs with I14 being given one-half the weight of the 

other models. 

Except for the BSSA14 model, which is developed for the RJB distance metric, the other 

GMPEs use the closest distance to the fault-rupture surface, represented by the RRUP distance 

metric.  Since the proposed model in this study is based on RRUP, we converted RJB to RRUP for 

evaluating the BSSA14 model using the relationships developed by Scherbaum et al. (2004). 

Following Campbell (2003, 2007), we used a generic style of faulting to evaluate the NGA-

West2 GMPEs, because there is no empirical evidence in CENA that there are differences in 

ground-motion amplitude between faulting styles.  This generic style of faulting is an average of 

strike-slip and reverse faulting mechanisms, because of the predominantly compressional stress 

regime in CENA, and was implemented by setting FRV = 0.5  and FNM = 0 in the ASK14, CB14, 

and CY14 GMPEs; SS = 0.5, RS = 0.5, NS = 0, and U = 0 in the BSSA14 GMPE, and F = 0.5 in 

the I14 GMPE. We did not include the hanging-wall effect in the evaluation of the ASK14, 

CB14, and CY14 models, because of the unknown strikes of earthquakes and the general absence 

of known faults in CENA.  All the NGA-West2 GMPEs that included regional site-response and 

anelastic attenuation terms were evaluated for the California region and for NEHRP B/C (BSSC, 

2009) site conditions consistent with VS30 = 760 m/sec.  The CY14 GMPE was evaluated for 

average directivity effects and for an “inferred” value of VS30, which only affects the value of the 

standard deviation.  We used a dip of 90° to evaluate those GMPEs that had the dip of the fault-

rupture plane as a predictor variable.  

The ASK14, CB14, and CY14 GMPEs include the depth to the top of rupture, ZTOR, as 

one of the predictor variables.  For each of these models, the default value of ZTOR recommended 
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by the developers for a future California earthquake was used.  The ASK14, BSSA14, and CY14 

GMPEs use Z1.0, or the depth to the 1 km/sec shear-wave velocity (VS) horizon beneath the site, 

to model sediment-depth and basin effects.  The CB14 GMPE uses Z2.5, or the depth to the VS = 

2.5 km/sec horizon beneath the site, to model these effects.  For these GMPEs, the default values 

of Z1.0 and Z2.5 recommended by the developers for a California site were used. 

Ground Motion Prediction Equations for CENA 

Median estimates of the desired GMIMs in CENA are obtained by scaling the NGA-West2 

empirical estimates of PGA and PSA with the stochastically derived adjustment factors derived 

using the SMSIM computer program (Boore, 2005) with the sets of seismological parameters 

listed in Table 3. The GMIMs are evaluated for 9 values of magnitude ranging from M = 4.0–8.0 

in 0.5 magnitude increments and for 25 values of distance given by the array 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. Since the GMPEs were developed for a CENA reference hard-rock site with VS30 = 

3000 m/sec and κ0 = 0.006 sec (Hashash et al., 2014a), the GMIM predictions must be modified 

for other site conditions using an appropriate site-response method.  One such method will be 

developed as part of the NGA-East project. 

A limitation of the empirical GMIM estimates and, therefore, the HEM approach is the 

general invalidity of the NGA-West2 GMPEs beyond distances of around 300 km.  Because of 

the lower rate of attenuation in CENA, GMIM amplitudes of engineering significance can occur 

at distances farther than 300 km and possibly as far as 1000 km for the M = 7.5–8.0 events as 

occurred in New Madrid in 1811 and 1812 (Petersen et al, 2014).  To handle this limitation in the 

pre-NGA GMPEs, Campbell (2003) supplemented the GMIMs that were estimated from the 
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HEM approach for CENA with stochastically simulated GMIMs for RRUP > 70 km.  He scaled 

the stochastically simulated GMIMs for each magnitude by a factor that made them equal to the 

median HEM estimate for the same magnitude at RRUP = 70 km. Tavakoli and Pezeshk (2005) 

and Pezeshk et al. (2011) employed the same approach in the development of their HEM-based 

models. Campbell (2008, 2011) also used the same approach to scale the empirical GMIM 

estimates from the Campbell and Bozorgnia (2008) NGA-West1 GMPE, which although was 

nominally valid to distances of 200 km was practically only valid to around 100 km.  Although 

the approach used previously is perfectly valid, we decided to use a different procedure in this 

study.  We used the HEM approach to estimate GMIMs to the maximum distance of 1000 km 

and then compared these estimates to recordings from the NGA-East CENA database (Goulet et 

al., 2014; see Data and Resources Section).  We used a calibration factor to adjust any bias that 

existed between the GMIM estimates from the HEM approach and the CENA observations. A 

single calibration factor was used for all magnitudes, distances, and spectral periods to prevent 

any distortions in the shape of the predicted response spectra. 

After calibration, the HEM-simulated GMIMs were used together with nonlinear least-

squares regression to derive the model coefficients in a GMPE defined with a specified 

functional form.  GMPEs were developed for PGA and for 5%-damped PSA for M ≤ 6, RRUP ≤ 

1,000 km, and 21 spectral periods ranging from T = 0.01–10 sec, consistent with the set of 

periods used in the NGA-West2 models.  Magnitude scaling for M > 6 was estimated using two 

methods, referred to as stochastic scaling and empirical scaling. These methods are described 

later in this section.  After trial and error, the GMPE functional form that was found to best 

model the HEM GMIM estimates is given by the expression: 
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log(Y ) = c1 + c2M + c3M
2 + c4 + c5M( )× min log(R),log(60)⎡⎣ ⎤⎦

  + c6 + c7M( )× max min l og(R / 60),log(120 / 60){ },0⎡⎣ ⎤⎦   

+ c8 + c9M( )× max log(R / 140),0⎡⎣ ⎤⎦ + c10R            

  (5) 

where 

 R = RRUP
2 +C11

2

 
 

(6) 

In these equations, Y  is the median value of PGA or PSA (g), M is moment magnitude, and 

RRUP is closest distance to the fault-rupture surface (km). The coefficients in these equations are 

given in Tables 4 and 5 for the large-magnitude stochastic-scaling and empirical-scaling 

methods, respectively. 

The aleatory variability characterizes the inherent randomness in the predicted GMIMs 

that results from any unmodeled characteristics of the ground motion (Campbell, 2007).  In this 

study, we constructed the mean aleatory variability model from the weighted average of the 

standard deviations of the five NGA-West2 GMPEs, similar to the approach of Campbell (2003, 

2007), Tavakoli and Pezeshk (2005), and Pezeshk et al., 2011). Except for I14, the other four 

NGA-West2 GMPEs partition the total standard deviation, σ, into components that represent 

between-event variability (τ) and within-event variability (φ).  We used the weighted average of 

the between-event and within-event standard deviations from these four NGA-West2 models to 

derive the aleatory variability model proposed in this study.  All of the NGA-West2 GMPEs 

have standard deviations that vary with magnitude and some that vary with distance and site 

conditions.  Since the GMPEs were evaluated for firm-rock site conditions, the dependence on 

site conditions could be neglected.  Also, because of the relatively weak distance-dependence of 
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the average standard deviations, we chose to simplify the model by excluding distance as a 

parameter and instead averaged the standard deviations over the 25 distance values used to 

evaluate the NGA-West2 GMPEs for each magnitude. The resulting natural log standard 

deviations are given by the expressions: 

 

   

τ =

c12             
c13 + c14M
c15 + c16M
c17 + c18M

 M ≤ 4.5
         4.5 < M ≤ 5.0
         5.0 < M ≤ 6.5

M > 6.5

⎧

⎨

⎪
⎪⎪

⎩

⎪
⎪
⎪

 (7) 

and 

 

   

φ =

c19 + c20M  
c21 + c22M  
c23 + c24M  
c25                     

M ≤ 4.5        
 4.5 < M ≤ 5.0
 5.0 < M ≤ 6.5
M > 6.5        

⎧

⎨

⎪
⎪⎪

⎩

⎪
⎪
⎪

 (8) 

The total aleatory standard deviation, excluding the variability of the regression, is calculated 

from the between-event and within-event standard deviations by the equation: 

 2 2σ τ φ= +  (9) 

The total aleatory standard deviation that includes the variability of the regression is given by the 

equation: 

 
  
σ T = σ logY

2 +σ Reg
2  (10) 
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The model misfit is much smaller than the other aleatory variability components and can be 

neglected for many seismic-hazard applications (e.g., Pezeshk et al., 2011). The coefficients in 

Equations (7) and (8) are listed in Tables 6 and 7, respectively.  Note that even though the GMPE 

is given in terms of common logarithms the standard deviations are given in terms of natural 

logarithms. This is done to be consistent with the natural log standard deviations of the NGA-

West2 GMPEs and the common means of reporting these standard deviations in the literature. 

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

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

uncertainty in the HEM approach are due to: (1) uncertainty in the seismological parameters used 

in the stochastic simulations, and (2) uncertainty in the empirical GMPEs.  We did not include 

epistemic uncertainty in our model because, in practice, this type of uncertainty is typically 

evaluated by using alternative GMPEs and the within-model uncertainty associated with an 

individual GMPE, such as that proposed by Al Atik and Youngs (2014), is not generally 

included (e.g., Campbell, 2007, 2014; Pezeshk et al. 2011). 

The GMIM predictions from the empirical GMPEs used in the inversions performed by 

Zandieh and Pezeshk (2015) to develop the WNA stochastic model seismological parameters 

were limited to events with M ≤ 6.0 in order to limit them to a range of magnitudes for which the 

point-source assumption used in the stochastic simulations is valid.  Therefore, we believe that 

HEM-based GMIM estimates and the WNA and CENA stochastic models used to derive them 

are well-constrained by empirical data for M ≤ 6.0, after applying an average empirical 

calibration factor of 0.32 (a factor of 2.09) to the HEM estimates.  This calibration factor is 

included in the c1 coefficient of Equation (5).  For events with M > 6, we considered two 

approaches to account for magnitude scaling: (1) using the HEM-based simulations for all 
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magnitudes, assuming that the HEM approach can be extrapolated to magnitudes larger than 

those used to develop the WNA and CENA seismological models (hereafter referred to as the 

stochastic-scaling approach), and (2) using the HEM simulations to model magnitude scaling for 

M ≤ 6.0 and using the magnitude-scaling predicted by the NGA-West2 GMPEs to model 

magnitude scaling for M > 6.0 (hereafter referred to as the empirical-scaling approach). Figures 

3 and 4 display the magnitude-scaling characteristics of the PSA predicted by our CENA GMPE 

for RRUP = 5, 10, 30, and 70 km using the stochastic-scaling and empirical-scaling approaches, 

respectively. These figures show that the empirical-scaling approach does not exhibit as much 

oversaturation at large magnitudes, short distances, and short periods as the stochastic-scaling 

approach. Since the consensus amongst engineering seismologists is to preclude oversaturation 

in GMPEs (e.g., see ASK14 and CB14), we prefer the version of the CENA GMPE that is based 

on the empirical-scaling approach. 

Comparison with Previous Models 

Figure 5 shows a comparison of the distance-scaling (attenuation) characteristics of the GMPEs 

developed in this study (hereafter referred to as PZCT14) with those of Pezeshk et al. (2011) 

(hereafter referred to as PZT11) and the hard-rock version of Campbell (2007, 2008, 2011) 

(hereafter referred to as C07).  Plots are shown for PGA and PSA at T = 0.1, 0.2, 0.5, 1.0, and 4.0 

sec, M = 5.0 and 7.0, and RRUP = 1–1000 km.  Both C07 and PZT11 used the HEM approach to 

develop GMPEs for the generic CENA hard-rock site conditions defined by Atkinson and Boore 

(2006), which correspond to NEHRP site class A (BSSC, 2009) with VS30 ≥ 2000 m/sec and κ0 = 

0.005 sec. To perform a consistent comparison, the estimated GMIMs from C07 and PZT11 

were adjusted to the reference hard-rock site conditions used in this study, which corresponds to 
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VS30 = 3000 m/sec and κ0 = 0.006 sec (Hashash et al., 2014a).  This adjustment was 

approximated by multiplying the C07 and PZT11 GMIM predictions by the ratio of the site-

amplification factors in Atkinson and Boore (2006) to those used in this study (Boore and 

Thompson, 2015).  No adjustment for κ0 was done, because we believe that the value of 0.005 

sec used by C07, PZT11, and the value of 0.006 sec used this study leads to negligible 

differences in site attenuation for the frequencies of interest in this study. 

PZT11 used a lower median stress parameter for CENA compared to this study (250 

versus 400 bars).  Similarly, C07 used a stress parameter of 280 bars.  Although this appears to 

be inconsistent, we note that these lower stress parameters are consistent with the value of 250 

bars found by Boore (2009) and Atkinson et al. (2009) in order to approximate the finite-fault 

predictions of Atkinson and Boore (2006), based on a stress parameter of 140 bars, using the 

point-source stochastic simulation program SMSIM.  Since all of these models are calibrated 

with CENA recordings, the differences in the stress parameters are self-consistent and do not 

represent a bias in the GMIM predictions.  From Figure 5, we observe that the GMIM 

predictions of C07 and PZT11 are similar to the predictions of this study at high frequencies for 

M = 5.0 and RRUP > 10 km; however, they are generally smaller for M = 7.0.  One important 

difference at short distances is the use of the new effective point-source distance metric defined 

in Equation (3) that was used to model the near-source magnitude saturation effects in the 

stochastic-scaling approach.  The use of this distance metric clearly leads to greater saturation (in 

fact oversaturation) at short periods, short distances, and large magnitudes compared to the 

empirical-scaling approach.  PZT11 used a similar effective distance metric, but C07 did not 

(Campbell, 2014).  For longer periods, the C07 and PZT11 predictions are smaller even for M = 

5.0 and RRUP > 10 km. 
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Comparison with Observations 

The GMIM predictions from the GMPEs developed in this study are compared to the PGA and 

PSA values from the NGA-East database (Goulet et al., 2014; see Data and Resources Section) 

for available CENA recordings with M ≥ 3.0 and RRUP < 1000 km.  For this comparison, we only 

use tectonic earthquakes and not the potentially induced events (PIEs) identified in the NGA-

East database (Goulet et al., 2014), because of the scientific controversy whether PIEs have 

different source and/or attenuation characteristics than tectonic events (e.g., Hough, 2014).  We 

used the RotD50 horizontal GMIMs that are listed in the database to be consistent with the 

definition of the GMIMs used in the NGA-West2 GMPEs.  We excluded earthquakes and 

recording stations in the Gulf Coast region, which has been shown to exhibit significantly 

different ground-motion attenuation because of the thick sediments in the region (Dreiling et al., 

2014).  Figure 6 displays a map of the recording stations with different colors representing their 

NEHRP site class and Figure 7 displays a map of the associated earthquakes.  NEHRP site class 

E (soft-soil) sites were excluded from consideration because of their complex site-response 

characteristics and their potential for significant nonlinear site effects.  Figure 8 displays the 

magnitude-distance distribution of the selected recordings. 

As seen in Figure 6, the selected recordings were obtained on a variety of site conditions. 

To perform a consistent comparison between the GMIM predictions from the GMPE developed 

in this study and the observations, the observed GMIMs were adjusted to the CENA hard-rock 

reference site condition used to develop the GMPE based on the same approach used in the 

NGA-East project (C. A. Goulet, personal communication, 2014). We first adjusted the observed 

PSA and PGA values for sites with VS30 < 1500 m/sec to NEHRP B/C site conditions (VS30 = 760 

m/sec) using the site term in BSSA14.  This site term is a function of VS30 and PGAR, the median 
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value of PGA on NEHRP B/C site conditions. The BSSA14 site term includes two parts: a linear 

term, FLIN, that is a function of VS30 only, and a nonlinear term, FNL, that is a function of both VS30 

and PGAR. In order to avoid an iterative process, an estimate of PGAR for each recording was 

obtained from a point-source stochastic simulation for each magnitude, distance, and spectral 

period of interest using the CENA seismological parameters given in Table 3, and then adjusted 

to CENA hard-rock site conditions using the crustal-amplification factors for a generic CENA 

NEHRP B/C site from Table 4 of Atkinson and Boore (2006). After adjusting the observed 

GMIM values to the NEHRP B/C site conditions, we used the spectral crustal-amplification 

factors in Table 4 of Atkinson and Boore (2006) to adjust the GMIMs to CENA hard-rock site 

conditions. The hard-rock sites with VS30 ≥ 1500 m/sec were adjusted to VS30 = 3000 m/sec using 

a different method, as discussed below. 

A summary of the method that we used to adjust the observations to the CENA reference 

hard-rock site condition can be described as follows (after D. M. Boore, personal 

communication, 2014):  

1. Compile generic VS and density profiles corresponding to VS30 = 760 m/sec (Atkinson 

and Boore, 2006), VS30 = 2000 m/sec (Atkinson and Boore, 2006), and VS30 = 3000 

m/sec (Boore and Thompson, 2015);  

2. For each recording of given M, RRUP, and VS30 < 1500 m/sec, correct to VS30 = 760 

m/sec using the site term in BSSA14 and the value of PGAR from the CENA stochastic 

simulations after correcting to NEHRP B/C site conditions using the ratio of the 

crustal-amplification factors for the VS30 = 760 m/sec and VS30 = 3000 m/sec site 

profiles. For the few sites with 1500 < VS30 < 2000 m/sec, stochastically simulate the 
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value of PGA and PSA using the crustal-amplification factors for the VS30 = 2000 

m/sec site profile.  

3. Find the ratio of PGA and PSA values between the VS30 = 760 and VS30 = 3000 m/sec 

site profiles or between the VS30 = 2000 and VS30 = 3000 m/sec site profiles and use 

these as adjustment factors to correct the recorded GMIM values to the reference hard-

rock site conditions. 

Figure 9 compares the site factors that were used to adjust the observed PSA values from 

the reference NEHRP B/C site condition, or alternatively from the Atkinson and Boore (2006) 

hard-rock site condition, to the CENA reference hard-rock site condition, which includes the 

effects of both crustal amplification and site attenuation. The plots show the spectral ratio of PSA 

between the VS30 = 760 and VS30 = 3000 m/sec site profiles (top plot) and between the VS30 = 

2000 and VS30 = 3000 m/sec site profiles (bottom plot). Ratios are given for M = 3.5, 4.5, 5.5, 

and 6.5 and RRUP = 10 and 100 km. The magnitude range was selected in order to show the 

adjustment factors that are most relevant to the magnitudes of the observed earthquakes. The two 

distances are provided to demonstrate how the adjustment factors vary with distance. These plots 

show that the adjustments can be relatively large for the NEHRP B/C site profile and almost 

negligible for the VS30 = 2000 m/sec site profile. 

Figure 10 compares the median predicted values of PSA from the GMPE based on 

stochastic scaling at large magnitudes versus the site-adjusted observed PSA at T = 0.2, 1.0, and 

2.0 sec for three one-unit magnitude bins centered at M = 3.5, 4.5, and 5.5.  These comparisons 

include the common log empirical calibration constant of 0.32 (factor of 2.09) that was used to 

adjust the GMIM predictions from the GMPE for the average misfit between the predictions and 

the observations over all magnitudes, distances, and spectral periods.  In general, there is 
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relatively good agreement between the PSA predictions and the observations, although there are 

some magnitudes and distances where the comparison is better than others. We note that there is 

a great deal of uncertainty associated with adjusting the observed GMIMs to the reference hard-

rock site conditions in CENA that precludes making definitive conclusions regarding their 

comparison with the predicted values. 

Figure 11 shows the total residuals from the GMIM predictions that are based on 

stochastic scaling at large magnitudes as a function of distance for T = 0.2, 1.0, and 2.0 sec.  In 

this figure, the size of each circle and its color represents the magnitude of the earthquake.  The 

squares represent the mean values and the error bars represent the 95th-percentile confidence 

limits of the mean of the binned residuals.  This figure shows that there is about a 50% 

statistically significant underestimation by the GMPE for binned distances ranging from 50 to 

300 km, but this underestimation disappears at longer periods (lower frequencies). Otherwise 

there is no substantial trend in the total residuals with distance. 

A variance-component technique proposed by Chen and Tsai (2002) was used to 

decompose the prediction error of the GMIMs into three components, which using the 

terminology of Al Atik et al. (2010) are: (1) the between-event standard deviation τ, (2) the site-

to-site standard deviation φS2S, and (3) the within-event single-site standard deviation φSS. Figure 

12 displays these residuals for T = 1.0 sec as a function of magnitude and distance.  As can be 

seen in this figure, the total residual errors are significantly reduced once they are corrected for 

the between-event and the site-to-site components of variability.  This difference can be seen 

even clearer in Table 8, which lists the natural log standard deviations of the three components of 

variability for PSA at T = 0.2, 1.0, and 2.0 sec.  The standard deviations in this table are given in 

natural log units so that they can be compared more easily with the standard deviations listed in 
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the literature as well as those recommended in this study for use with our GMPE [see Equations 

(7) and (8) and the coefficients listed in Tables 6 and 7]. 

Table 8 compares the natural log standard deviations of the between-event variability (τ) 

and the within-event variability (φ) estimated from the CENA observations with those 

recommended in this study for an M = 4.0 event. This magnitude was selected because it is near 

the average of the magnitudes of the observed events. The within-event standard deviation of the 

observations was calculated from the SRSS of φS2S and φSS. The values of τ from the observations 

are found to be similar to or even somewhat smaller than those from the GMPE aleatory 

variability model. However, the values of φ from the observations are generally higher, likely 

because of the additional dispersion that results from the large site adjustment and the 

uncertainty whether the BSSA14 site term is appropriate in CENA. The result is that the total 

standard deviation (σ) is somewhat larger for the observations than for the GMPE aleatory 

variability model. It is also interesting to compare the within-event and single-site standard 

deviations of the observations with those summarized in Rodriguez-Marek et al. (2013) for 

different tectonic regions. The values of φ and φSS tend to fall in the upper range of the values 

shown in Figure 2 of Rodriguez-Marek et al. (2013). This is not surprising considering the 

relatively large amount of uncertainty associated with the large site adjustment that was applied 

to the observed GMIMs. Interestingly, the standard deviations from the observations are similar 

to those found by Rodriguez-Marek et al. (2013) for California, which were derived from events 

dominated by the same magnitude range as the CENA events. 
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Summary and Conclusions 

The hybrid empirical method of Campbell (2003) was used to develop two new GMPEs for 

CENA. These GMPEs are based on two alternative large magnitude-scaling approaches: (1) 

using HEM-based GMIMs predictions for all magnitudes even though the stochastic simulations 

used to perform the regional adjustments were based only on seismological models that were 

constrained by data with M ≤ 6.0, referred to as the stochastic-scaling approach, and (2) using 

HEM-based GMIM predictions for M ≤ 6.0 and the magnitude-scaling predicted by the NGA-

West2 GMPEs for larger magnitudes, referred to as the empirical-scaling approach. The 

empirical-scaling approach eliminates or significantly reduces oversaturation of GMIM 

predictions at large magnitudes, short distances, and short periods and is, therefore, preferred 

over the stochastic-scaling approach. The new GMPEs are valid for prediction PGA and 5%-

damped PSA for T = 0.01–10 sec, M = 3.0–8.0, and nominally for RRUP < 1000 km. However, 

because the developers of the NGA-West2 GMPEs suggest that their models are mostly 

constrained by data at distances within about 300 km, we suggest that the GMIM predictions 

from our new GMPEs become less reliable at RRUP > 300–400 km and should be used with 

caution at these larger distances. The GMIM predictions represent the reference CENA hard-

rock site condition recommended by Hashash et al. (2014a), which corresponds to a site with 

VS30 = 3000 m/sec and κ0 = 0.006 sec. The prediction of GMIMs for other site conditions 

requires using appropriate site-amplification factors, such as those used to adjust the CENA 

recordings to the CENA reference hard-rock site condition in this study. We consider our new 

GMPE to be a viable alternative to both the existing set of CENA GMPEs, such as those used by 

Petersen et al. (2008) in the development of the national seismic hazard model, and to other 

GMPEs that are being developed as part of the NGA-East project. Including a GMPE developed 
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using the HEM approach will be an important contribution to the distribution of epistemic 

uncertainty of GMIM predictions in CENA. 

The application of the HEM approach in this study used WNA empirical GMPEs 

developed as part of the NGA-West2 project (Bozorgnia et al., 2014) to estimate GMIMs in the 

host region. These GMPEs were evaluated for a reference firm-rock site condition corresponding 

to VS30 = 760 m/sec and the default earthquake depths and basin effects recommended by the 

GMPE developers. For the WNA stochastic simulations, we used a consistent set of 

seismological parameters that were derived from the NGA-West2 GMPEs. For the CENA 

stochastic simulations, we used an updated set of internally consistent seismological parameters 

that were derived by Boore and Thompson (2015), Yenier and Atkinson (2015a), Chapman et al. 

(2014), and Hashash et al. (2014a). The major assumption in the HEM approach is that the near-

source scaling and saturation effects observed in active tectonic regions, such as WNA, is a 

general behavior that can be extended to other tectonic regions, such as CENA. The empirical 

GMIM predictions from the host region were adjusted by stochastically simulated GMIM ratios 

that account for the differences in the source, path, and site response between the target (CENA) 

and the host (WNA) regions. These adjustment factors were evaluated using a point-source 

stochastic model with an effective point-source distance metric that mimics the distance from a 

finite-fault rupture plane, such as that used in the NGA-West2 GMPEs. 

We used a stress parameter of 400 bars estimated by Boore and Thompson (2015), a 

path-duration model derived by Boore and Thompson (2014), and an attenuation model 

developed by Chapman et al. (2014) for the CENA stochastic ground-motion simulations. For 

WNA, all of the seismological parameters, except for κ0, were based on the point-source 

inversions of the median predictions of PGA and PSA from the NGA-West2 GMPEs performed 
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by Zandieh and Pezeshk (2015) for events with M ≤ 6.0 and sites with RRUP < 200 km. The value 

of κ0 was derived from the NGA-West2 GMPEs using the IRVT approach of Al Atik et al. 

(2014) and fixed in the inversion in order to avoid a tradeoff between Δσ and κ0. An effective 

point-source distance metric that combines those proposed by Atkinson and Silva (2000) and 

Yenier and Atkinson (2014, 2015a,b) was used in the stochastic simulations in both regions in 

order to capture near-source finite-fault geometric attenuation effects. 

The GMIM predictions from the GMPEs developed in this study were compared with the 

observed GMIM values from the NGA-East database (Goulet et al., 2014; see Data and 

Resources Section) by evaluating the residuals between the predictions and the observations, 

after adjusting the latter to the CENA reference hard-rock site condition (Hashash et al., 2014a). 

In general, there is relatively good agreement between the GMPEs and the CENA observations. 

We consider any disagreement between the predictions and site-adjusted observations to be 

acceptable, considering the relatively large adjustments and associated uncertainty that was 

necessary to adjust the observations to the CENA reference hard-rock site condition. A 

comparison between our new GMPEs with those developed previously by the authors shows that 

they closely agree at M = 5 and short periods, but predict lower GMIMs at larger magnitudes and 

longer periods. 

Data and Resources 

We used the PGA and response spectra of CENA recorded ground motions and related metadate that 

were compiled and processed by the NGA-East project and provided to us by Christine A. Goulet in 

the form of a flatfile (https://www.dropbox.com/sh/3sbwbfymiltztuj/AADp4JFqi118-PtgyOGPcn5-
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a/Flatfile_20141118?dl=0; last accessed November 11, 2014). All of the other data and models used 

in this study are available from the cited references. 
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Table 1. Crustal-amplification factors (Boore and Thompson, 2015) 
 

CENA  WNA 
Table 4 of Thompson and Boore (2015) Table 3 of Thompson and Boore (2015) 

f (Hz) A(f) f (Hz) A(f) 
1.00E-03 1.000 1.00E-03 1.00 

7.83E-03 1.003 9.00E-03 1.01 

2.33E-02 1.010 2.50E-02 1.03 

4.00E-02 1.017 4.90E-02 1.06 

6.14E-02 1.026 8.10E-02 1.10 

1.08E-01 1.047 1.50E-01 119 

2.34E-01 1.069 3.70E-01 1.39 

3.45E-01 1.084 6.80E-01 1.58 

5.08E-01 1.101 1.11E+00 1.77 

1.09E+00 1.135 2.36E+00 2.24 

1.37E+00 1.143 5.25E+00 2.75 

1.69E+00 1.148 6.03E+01 4.49 

1.97E+00 1.150 1.00E+02 4.49 

   Note: Crustal-amplification factor do not include the effects of site attenuation. 
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Table 2. Path-duration models (Boore and Thompson, 2015) 
 

CENA  WNA 
Table 2 of Thompson and Boore (2015) Table 1 of Thompson and Boore (2015) 

RRUP (km)* TP (sec) RRUP(km) TP(sec) 
0 0.0 0.0 0.0 

15 2.6 7.0 2.4 

35 17.5 45.0 8.4 

50 25.1 125.0 10.9 

125 25.1 175.0 17.4 

200 28.5 270.0 34.2 

392 46.0   

600 69.1   

Slope of last segment 0.111 Slope of last segment 0.156 

  *Rupture distance must be converted to the effective point-source distance using the pseudo- 
    depth appropriate for each magnitude. 
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Table 3. Median values of seismological parameters for stochastic simulations 
 

Parameter WNA CENA 

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

Stress parameter, σΔ (bars)  135 400 

Source velocity, βS (km/sec) 3.5 3.7 

Source density, ρS (gm/cc) 2.8 2.8 

Geometric spreading, ( )Z R  
  

R−1.03

R−0.96

R−0.50

R < 45km
45km ≤ R <125km

R ≥125km

⎧

⎨
⎪

⎩
⎪

   

R−1.3

R0

R−0.50

R < 60km
60km ≤ R <120km

R ≥120km

⎧

⎨
⎪

⎩
⎪

 

Quality factor, Q  202 f 0.54  440 f 0.47  

Source duration, TS (sec) 0.05R 0.05R 

Path duration, TP (sec) Boore and Thompson (2015) 
Table 1 

Boore and Thompson (2015) 
Table 2 

Crustal amplification, ( )A f  Atkinson and Boore (2006) 
Table 4 

Boore and Thompson (2015) 
Table 4 

Site kappa, 0κ (sec) 0.035 0.006 (Hashash et al., 2014a) 
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Table 4. Coefficients and standard deviations of regression for the stochastic-scaling approach 
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Table 5. Coefficients and standard deviations of regression for the empirical-scaling approach 
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Table 6. Coefficients of the between-event variability model in natural log units 
 

T (sec) C12 C13 C14 C15 C16 C17 C18
0.000 4.190E-01 7.704E-01 -7.809E-02 5.518E-01 -3.435E-02 3.597E-01 -4.799E-03
0.010 4.188E-01 7.511E-01 -7.384E-02 5.599E-01 -3.560E-02 3.597E-01 -4.799E-03
0.020 4.245E-01 8.039E-01 -8.433E-02 5.569E-01 -3.493E-02 3.611E-01 -4.796E-03
0.030 4.415E-01 8.791E-01 -9.724E-02 5.700E-01 -3.543E-02 3.716E-01 -4.894E-03
0.040 4.570E-01 9.445E-01 -1.083E-01 5.736E-01 -3.414E-02 3.855E-01 -5.215E-03
0.050 4.724E-01 1.010E+00 -1.194E-01 5.772E-01 -3.290E-02 3.993E-01 -5.544E-03
0.075 4.664E-01 8.158E-01 -7.764E-02 5.829E-01 -3.106E-02 4.190E-01 -5.839E-03
0.100 4.366E-01 4.636E-01 -6.004E-03 5.919E-01 -3.166E-02 4.235E-01 -5.754E-03
0.150 4.079E-01 3.565E-01 1.142E-02 5.802E-01 -3.331E-02 3.964E-01 -5.031E-03
0.200 3.959E-01 4.407E-01 -9.948E-03 5.797E-01 -3.775E-02 3.652E-01 -4.754E-03
0.250 3.984E-01 5.756E-01 -3.937E-02 5.773E-01 -3.972E-02 3.499E-01 -4.727E-03
0.300 4.022E-01 6.893E-01 -6.380E-02 5.823E-01 -4.238E-02 3.373E-01 -4.705E-03
0.400 4.116E-01 9.154E-01 -1.120E-01 5.602E-01 -4.091E-02 3.246E-01 -4.675E-03
0.500 4.252E-01 1.027E+00 -1.336E-01 5.582E-01 -3.997E-02 3.287E-01 -4.654E-03
0.750 4.507E-01 1.017E+00 -1.258E-01 5.933E-01 -4.110E-02 3.562E-01 -4.622E-03
1.000 4.716E-01 1.092E+00 -1.378E-01 6.056E-01 -4.057E-02 3.718E-01 -4.608E-03
1.500 4.859E-01 1.053E+00 -1.260E-01 6.367E-01 -4.277E-02 3.886E-01 -4.606E-03
2.000 4.886E-01 1.051E+00 -1.250E-01 6.360E-01 -4.198E-02 3.932E-01 -4.633E-03
3.000 4.907E-01 9.881E-01 -1.105E-01 6.469E-01 -4.230E-02 4.021E-01 -4.632E-03
4.000 5.033E-01 1.228E+00 -1.610E-01 6.062E-01 -3.667E-02 3.977E-01 -4.590E-03
5.000 4.986E-01 1.102E+00 -1.340E-01 6.311E-01 -3.990E-02 4.015E-01 -4.583E-03
7.500 4.910E-01 1.049E+00 -1.240E-01 6.579E-01 -4.578E-02 3.901E-01 -4.583E-03

10.000 4.711E-01 8.446E-01 -8.300E-02 6.848E-01 -5.105E-02 3.828E-01 -4.583E-03
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Table 7. Coefficients of the within-event variability model in natural log units 
 

T (sec) C19 C20 C21 C22 C23 C24 C25
0.010 8.338E-01 -2.960E-02 1.872E+00 -2.603E-01 7.813E-01 -4.216E-02 5.073E-01
0.020 8.398E-01 -3.035E-02 1.879E+00 -2.613E-01 7.855E-01 -4.257E-02 5.088E-01
0.030 8.655E-01 -3.313E-02 1.918E+00 -2.670E-01 8.073E-01 -4.489E-02 5.155E-01
0.040 8.846E-01 -3.469E-02 1.966E+00 -2.749E-01 8.216E-01 -4.611E-02 5.219E-01
0.050 9.032E-01 -3.628E-02 2.013E+00 -2.828E-01 8.352E-01 -4.733E-02 5.276E-01
0.075 9.017E-01 -3.537E-02 1.966E+00 -2.718E-01 8.373E-01 -4.615E-02 5.373E-01
0.100 8.923E-01 -3.406E-02 1.859E+00 -2.490E-01 8.420E-01 -4.548E-02 5.463E-01
0.150 8.803E-01 -3.083E-02 1.845E+00 -2.453E-01 8.312E-01 -4.245E-02 5.552E-01
0.200 8.647E-01 -2.821E-02 1.764E+00 -2.281E-01 8.254E-01 -4.035E-02 5.632E-01
0.250 8.411E-01 -2.517E-02 1.683E+00 -2.123E-01 8.064E-01 -3.694E-02 5.663E-01
0.300 8.036E-01 -2.013E-02 1.469E+00 -1.680E-01 7.958E-01 -3.336E-02 5.790E-01
0.400 7.504E-01 -1.371E-02 1.149E+00 -1.023E-01 7.838E-01 -2.924E-02 5.938E-01
0.500 7.140E-01 -9.555E-03 9.077E-01 -5.260E-02 7.721E-01 -2.548E-02 6.065E-01
0.750 6.438E-01 -2.021E-03 5.067E-01 2.845E-02 7.347E-01 -1.714E-02 6.232E-01
1.000 5.979E-01 2.615E-03 3.516E-01 5.735E-02 6.766E-01 -7.641E-03 6.269E-01
1.500 5.427E-01 7.744E-03 2.356E-01 7.598E-02 5.907E-01 4.964E-03 6.230E-01
2.000 5.124E-01 1.186E-02 2.099E-01 7.909E-02 5.524E-01 1.058E-02 6.212E-01
3.000 5.114E-01 1.149E-02 2.437E-01 7.098E-02 5.465E-01 1.042E-02 6.142E-01
4.000 4.971E-01 1.287E-02 2.789E-01 6.137E-02 5.254E-01 1.207E-02 6.039E-01
5.000 4.718E-01 1.563E-02 2.007E-01 7.587E-02 5.093E-01 1.417E-02 6.013E-01
7.500 4.182E-01 2.163E-02 -1.941E-02 1.189E-01 4.891E-01 1.717E-02 6.007E-01

10.000 3.917E-01 2.513E-02 -5.828E-02 1.251E-01 4.869E-01 1.608E-02 5.915E-01
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Table 8. Standard deviations segregated by variance components in natural log units 
 

Component of 
Variability 

Period (sec) 
Observations GMPE (M = 4.0) 

0.2 1.0 2.0 0.2 1.0 2.0 
Between-Event (τ) 0.357 0.350 0.334 0.396 0.472 0.489 
Site-to-Site (φS2S) 0.668 0.596 0.484 – – – 
Single-Site (φSS) 0.490 0.527 0.550 – – – 
Within-Event (φ) 0.829 0.796 0.733 0.752 0.703 0.560 
Total (σ) 0.902 0.870 0.805 0.850 0.846 0.743 
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