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EXECUTIVE SUMMARY 

 

Introduction 

This Technical Report describes the results of the Southwestern U.S. (SWUS) Ground-Motion 
Characterization (GMC) Project for the Palo Verde Nuclear Generating Station (PVNGS) in Arizona and 
the Diablo Canyon Power Plant (DCPP) in central coastal California. The study was conducted following 
the procedures for a SSHAC Level 3 study as described in NUREG/CR-6372 "Recommendations for 
Probabilistic Seismic Hazard Analysis: Guidance on Uncertainty and Use of Experts" (U.S. NRC, 1997). The 
approach used to meet the requirements for a SSHAC Level 3 is summarized in Chapter 2.  

A SSHAC Level 3 study involves four components: (1) evaluation; (2) integration; (3) participatory peer 
review; and (4) documentation. The goal of any SSHAC study is to capture the center, body, and range 
(CBR) of the technically defensible interpretations (TDI) relevant to the seismic hazard at the site of 
interest.  The GMC from a SSHAC study should represent the current state of knowledge for ground-
motion models including the epistemic uncertainties, but it should also be focused on the model 
features that are important to the hazard at the sites of interest. Chapter 3 provides a summary of how 
the SSHAC Level 3 study was implemented for the SWUS project and describes the various experts 
involved in the project and their roles in the SSHAC study. 

The GMC models for PVNGS and DCPP are both developed for a reference site condition with VS30 

(travel-time-averaged shear wave velocity in the top 30 meters) of 760 m/s. For both sites, the site-
specific rock has a higher VS30 than 760 m/s.  This reference rock condition was selected because it is in 
the upper range of VS30 values for which the GMPEs are well constrained by the empirical data in active 
crustal regions.  The reference rock ground motion will need to be adjusted to the site-specific 
conditions for the PVNGS and DCPP control points through site-response studies.  

The GMC is a set of alternative models for the median and standard deviation of 5%-damped psuedo-
spectral acceleration (PSA) for a given earthquake scenario.  The alternative models are assigned 
weights based on the Technical Integrator (TI) Team’s evaluation of the center, body, and range of the 
technically defensible interpretations of the ground motions for the relevant scenarios. 
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The hazard input documents (HIDs) in Appendix C for the DCPP and PVNGS sites provide all the 
information required to implement the SWUS GMC models in a probabilistic seismic hazard analysis 
(PSHA). 

University Research 

The SWUS GMC study received key input in the form of data and models from a suite of ground-motion 
projects that were relevant to the hazard evaluation for western U.S. sites. The first set of projects was 
conducted by the Pacific Earthquake Engineer Research (PEER) center and focused on empirical models.  
The PEER studies included the NGA-West2 project (Bozorgnia et al., 2014) which developed an 
expanded empirical ground-motion database that included key data from shallow crustal earthquakes in 
active regions around the world.  The PEER NGA-West2 project also developed an updated set of 
proponent ground-motion prediction equations (GMPEs) that have been selected by the USGS for use in 
the national seismic hazard maps for the western U.S.  In addition to the NGA-West2 studies, PEER also 
conducted studies for site characterization at seismic stations in Arizona including characterization of 
both the VS profiles and the kappa (Kishida et al., 2014a).  Finally, the PEER studies also included 
development of a simplified implementation of directivity effects (Watson-Lamprey, 2015). 

The second set of projects was conducted by the Southern California Earthquake Center (SCEC) and 
focused on finite-fault simulations of ground motions using the SCEC broadband platform (BBP).  These 
projects included a major validation exercise that evaluated which of the methods available on the BBP 
were considered to be ready for engineering applications (Dreger et al., 2013). The validation of the 
numerical simulation methods was organized in two parts described in details in Goulet et al. (2015), 
and addressed only the median pseudo spectral acceleration for the average horizontal component.  

These two sets of university research projects provide the SWUS project with up-to-date data sets and 
ground-motion models for both empirical data and numerical simulations for the TI Team evaluation. 

 

Seismotectonic Setting of Project Areas 

Chapter 4 summarizes the regional tectonic setting for the DCPP and PVNGS sites. It also provides a brief 
description of the main controlling sources affecting the seismic hazard at the two nuclear power plant 
(NPP) sites and indentifies the range of sources that are included in the seismic source characterization 
(SSC) models (magnitudes, dips, mechanisms, and distances) for each site. Additionally, Chapter 4 
summarizes the hazard contributions and deaggregation from previous hazard studies conducted for the 
two sites.  
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The Diablo Canyon Power Plant (DCPP) is located along the coastal margin of the San Luis Range in 
south-central California near San Luis Obispo. This region of California is characterized by 
transpressional deformation between the San Andreas Fault zone to the east and the Hosgri-San 
Simeon-San Gregorio system of near-coastal faults to the west (Figure EX-1). The earthquakes in this 
region are mainly strike-slip and reverse.  Previous evaluations of the seismic hazard at the DCPP site 
have shown that, at low probability levels (10-3 to 10-6 Annual Frequency of Exceedance – AFE), the 
hazard is controlled by the four nearby (< 10 km) faults (Hosgri, Shoreline, Los Osos, and San Luis Bay 
faults). The DCPP site is located on the hanging-wall side of the nearby dipping faults.  Based on the 
deaggregation, at low probability levels, the earthquakes with magnitudes between 5.5 and 7.0 at short 
distances (< 10 km) control the hazard at the high frequencies (> 5 Hz).  For the low frequencies (< 1 Hz), 
the controlling earthquakes are shifted slightly to higher magnitudes (M6.0-M7.5), but are still at short 
distances (< 10 km). 

The PVNGS site is located in the Sonoran Desert sub-province of the southern part of the Basin and 
Range (Figure EX-2). The earthquakes in the Basin and Range are mainly strike-slip and normal. The 
nearest active fault is the Sand Tank Fault located 40 km from PVNGS.  The San Andreas Fault and other 
high activity sources in the Eastern California Shear-zone are located about 250 km east of the PVNGS 
site.  Previous hazard studies for PVNGS (LCI, 2013) showed that, for hazard level of 10-4 Annual 
Frequency of Exceedance (AFE), the high-frequency hazard at the PVNGS site is controlled by M5 to M7 
earthquakes in the areal source zones within 70 km of the site and the low-frequency hazard at the 
PVNGS site is controlled by the distant M7.5 to M8.5 earthquakes located in the southern California and 
Mexico region.   

 

Ground-Motion Databases 

Chapter 5 describes the ground-motion database used to evaluate the alternative ground-motion 
prediction equations (GMPE) for the median PSA relevant to the PVNGS and DCPP sites.  The databases 
were also used to develop new models for the aleatory variability using the partially non-ergodic 
approach (single-station sigma and single-path region sigma).   

The five main ground-motion databases used in the project are listed in Table EX-1.  There are four 
empirical ground-motion databases and one numerical simulation ground-motion database.  Many of 
the databases were used for multiple purposes.  The uses of these five databases in the SWUS GMC 
project are listed in Table EX-1. 

For PVNGS, four empirical ground-motion databases were used by the TI Team for evaluation of the 
alternative models for the median and aleatory variability.  The first two databases, the PEER NGA-
West2 database (Ancheta et al., 2014) and the Reference Database of Seismic Ground Motion in Europe 
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(RESORCE) described in Akkar et al. (2014c), are databases that have been used to derive GMPEs.  
Subsets of these databases, restricted to strike-slip and normal faulting earthquakes that control the 
hazard at PVNGS, are used to evaluate the alternative median GMPEs. The RESORCE database is used for 
PVNGS because it has a large number of recordings from normal-faulting earthquakes which are 
important for the hazard in the Basin and Range. The third database, the PEER Arizona database (Kishida 
et al., 2014a), includes both the recordings in Arizona from earthquakes in California and Mexico and 
recordings in Arizona from earthquakes in Arizona. It is used for two purposes: (1) to evaluate the path 
effects from median ground motion from the distant California earthquakes, and (2) to evaluate kappa 
for rock sites in Arizona. The PEER Arizona database is also used to develop the aleatory variability 
models for earthquakes in California and Mexico recorded in central Arizona (single-path region sigma 
models). The fourth database, consisting of ground-motion residuals from M4 to M6 earthquakes from 
Taiwan as described in Lin et al. (2011), is combined with the PEER NGA-West2 database for use in 
develop new models for the single-station sigma. The RESORCE database was also used to develop new 
model for the single-station sigma. 

For DCPP, two empirical ground-motion and one finite-fault simulation databases were used by the TI 
Team for evaluation of the alternative models for the median and aleatory variability.  The first empirical 
database is the PEER NGA-West2 database (Ancheta et al., 2014). A subset of this database, restricted to 
strike-slip and reverse-faulting earthquakes at short distance, that control the hazard at DCPP, are used 
to evaluate the alternative median GMPEs. The finite-fault simulation database is used to evaluate the 
median GMPEs and to provide insight into the scaling for complex and splay ruptures, and for hanging-
wall effects. The second empirical databases is the Taiwanese Lin et al. (2011) database, which is 
combined with the PEER NGA-West2 database to develop the new models for single-station sigma. 

In addition to the ground-motion databases, Chapter 5 also describes the selection of the candidate 
GMPEs for median ground motion. The candidate GMPEs are described in the database Chapter because 
they are used as inputs to the development of the proponent models for the median. In all, 19 GMPEs 
published between 2004 and 2014 were evaluated as potential candidate GMPEs for use at either DCPP 
or PVNGS.  From this set of 19 GMPES, 8 candidate GMPEs were selected for DCPP, 6 candidate GMPEs 
were selected for PVNGS - Greater Arizona sources, and 5 candidate GMPEs were selected for PVNGS – 
California and Mexico sources. 

 

Median Ground-Motion Models 

Chapter 6 describes the selection of the candidate GMPEs for PVNGS and DCPP. Because the many of 
the alternative candidate GMPEs use similar data sets, particularly for large magnitudes at short 
distances,  additional epistemic uncertainty is added to each candidate GMPE using the epistemic 
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uncertainty model of Al-Atik and Youngs (2014). The selected candidate GMPEs for DCPP and for PVNGS 
are listed in Table EX-2 for both the local sources and the distant sources. 

Evaluation of the Median models using Sammon's maps 

A key feature of the TI Team evaluation of the median ground-motion model is the use of the Sammon's 
map representation of the alternative magnitude and distance scaling of the GMPEs.  In this approach, 
the selected candidate GMPEs are expanded to develop continuous distributions of the median GMPEs 
which can then be discretized into representative models that are approximately mutually exclusive and 
collectively exhaustive.   

In the Sammon’s map approach, a large suite of new common-form models are created from existing 
GMPEs which both interpolate between the existing GMPEs and extrapolate beyond the range of the 
existing GMPEs.  Visualization techniques are used to map the suite of new models into a 2-D plane 
(Scherbaum et al., 2010).  The Sammon’s maps technique is used to calculate a two-dimensional 
representation of the model space.  The model space can then be discretized into a small number of 
cells with representative models selected for each cell. Weights are then assigned to each cell based on 
the comparisons with hazard relevant data sets (empirical and/or simulated) and with the density of the 
suite of models within each cell, to represent the center, body and range of median predictions. A single 
representative model is selected for each cell.  The process is repeated for each spectral period. 

An example of a Sammon's map for PVNGS is shown in Figure EX-3. In this map, the original GMPEs 
(including the additional epistemic uncertainty) are shown by the colored dots. In these maps, the 
distance between two points on the map is the standard deviation of the difference between the 
natural log PSA values for a range of scenarios (magnitude and distances) that are relevant to the hazard 
at the PVNGS site.  The cells used to discretize the model space (shown by the contours in the 
background) are shown by the lines.  The contours in the background show the mean residual at each 
point (every model) computed from the selected database.   

This new method allows the TI Team’s evaluations to assign logic weights to the alternative GMPEs that 
directly represent the probability of each GMPE and not just the relative merit of each GMPE.  The TI 
Team found that this method helped them to address center, body, and range of median GMPE 
predictions in a more systematic way than the traditional approach of evaluating the relative merits of 
the alternative candidate GMPEs because it addressed issues of the potential redundancy in some of the 
GMPEs and extended the alternative sets of GMPEs.  

The representative suite of models envelop the range from the candidate GMPEs in the Sammon's map 
space, but because the Sammon's map uses a average measure of the differences between ground 
motion based on the selected representative earthquake scenarios, the selected representative models 
do not envelop the candidate GMPEs for every scenario. Although the ranges from the common-form 
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models do not bound the ranges from the GMPEs with additional epistemic uncertainty for all scenarios, 
the ranges of the 5th and 95th fractiles for the common-form models are, on average, wider than the 
ranges of the 5th and 95th fractiles for the GMPEs.   

A key issue for the TI Team evaluation was to check if the representative suite of models lead to hazard 
curves that bounded the range of the hazard from the original candidate models.  Because the hazard is 
a combination from many different scenarios, it samples the ground motions from a range of scenarios 
similar to the Sammon's maps.  The TI Team checked the range from the hazard calculations and 
confirmed that the range of the hazard from the selected representative models captures the range of 
the hazard using the original candidate GMPEs including the additional epistemic uncertainty. 

 

Ground-Motion Models for Distant Sources 

The previous hazard studies, described in Chapter 4, showed that the distant sources for DCPP did not 
contribute significantly to the hazard, but the distant California and Mexico earthquakes could have a 
significant contribution to the low-frequency hazard at PVNGS. A key issue for the TI Team’s evaluation 
of the candidate GMPEs for use in computing the low-frequency ground motions at PVNGS from these 
distant sources is the distance attenuation from California to central Arizona.  In particular, is the 
distance scaling for earthquakes in California to sites in central Arizona different from the distance 
scaling for earthquakes and sites within California from which the GMPEs were derived? 

A key feature of this study is the use of ground-motion data from these distant sources in California and 
Mexico recorded in Central Arizona to empirically constrain the path effects.  Fourteen earthquakes in 
southern California recorded at sites in central Arizona are used to constrain the source-specific distance 
scaling for the low-frequency ground motions from two separate source regions in southern California 
and Mexico (called Region 1 and Region 2&3 in Figure EX-3).  The epistemic uncertainty in the estimated 
path effects due to the limited number of earthquakes for these specific paths is estimated and is 
included in the PVNGS GMC model. 

Hanging-Wall Effects 

Hanging-wall (HW) effects refer to increase in the ground motion above the rupture surface of dipping 
earthquake ruptures compared to what would be expected for equivalent rupture distances on the 
footwall side of ruptures.  Not all of the candidate GMPEs include HW effects. Although there are few 
empirical data to constrain the functional form of the HW factors, strong HW effects are seen in the 
available ground-motion data and they are also seen clearly in finite-fault simulations.  Therefore, the TI 
Team judged that HW effects should be included in all of the models.  To capture the uncertainty in the 
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HW effects, five alternative models for the HW effects were developed by the TI Team, based on the HW 
effects in the candidate GMPEs and from the finite-fault simulations.  

Directivity Effects 

Directivity refers to the dependence of the ground motion on the direction of the rupture (either toward 
the site, or away from the site). For sites at the same closest distance, the median of the ground motion 
will vary for different locations along strike depending on the direction of rupture. New models that 
parameterize the directivity effects have been developed, but there are significant issues related to their 
application.  In particular, the directivity models may not be directly applicable to the candidate GMPE 
because their scaling is not centered on the GMPE.  

Chiou and Youngs (2014) developed a directivity model that is centered on their GMPE.  This model 
provides a factor on the median ground motion that is added to the median ground motion from the 
GMPE that depends on the hypocenter location on the rupture plane. Randomizing over the hypocenter 
location for the directivity implies variability in the median ground motions, which impacts the standard 
deviation. To simplify the application of the Chiou and Youngs (2014) directivity model, Watson-Lamprey 
(2015) developed scale factors that describe the change in the median and total standard deviation as a 
function of the position along strike (RY) and the distance perpendicular to the strike of the rupture (RX). 
The application of the Watson-Lamprey model to the hazard estimates for the DCPP site-source 
geometry showed that there was only a small effect (< 2%) on the hazard for this geometry.  

Because (1) the Watson-Lamprey model is still under review at PEER, (2) the effect on the hazard at 
DCPP is small, and (3) concern about the applicability of the CY14 centering and directivity models to 
other GMPEs, the TI Team judged that the Watson-Lamprey directivity model should not be applied to 
either DCPP or PVNGS. Excluding the directivity adjustment model in the logic trees for both sites has an 
implicit assumption that the median directivity effect is zero and the variability of the ground motion 
due to directivity is captured by the standard deviation by the GMPEs for the two sites.  The small effect 
of directivity on the hazard at DCPP is captured through the large epistemic uncertainty in the median 
ground-motion models. 

Splay and Complex Ruptures 

The SSC for DCPP includes rupture scenarios that involve rupture of multiple fault segments including 
fault segments with major changes in the rake, dip, and rupture width (called complex ruptures), and 
ruptures of a splay fault off of a main rupture (called splay ruptures).  While these complex and splay 
ruptures have very low rates of occurrence in the 2015 DCPP SSC and will, therefore, have little effect on 
the hazard, the hazard analysts require rules for implementing these ruptures using the GMPEs.  For 
complex ruptures, the key issue is how to specify the style-of-faulting parameter which affects the 
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scaling, and how to specify the dip and rupture width which affects the HW scaling. Finite-fault 
simulations were used by the TI Team to evaluate alternative simplified methods for computing the 
ground motion for these cases. These simulations showed that treating the two sources as separate 
earthquakes in the GMPEs and then combining the resulting ground motions using the square root of 
the sum of the squares (SRSS) was the best approach. 

 

Aleatory Variability Models 

For both DCPP and PVNGS, the partially non-ergodic approach (Anderson and Brune, 1999) is used, 
which removes the systematic site term differences from the ground-motion residuals. This leads to the 

single-station within-event standard deviation is called SSφ . The between-event standard deviation is 

referred to as τ . 

Because the standard deviation of a GMPE represents the limitations of the GMPE to describe the 
observations, the standard deviations models are developed using empirical data. The TI Team 

evaluated the previously published models for SSφ and τ , and concluded that new models should be 

developed that take advantage of the large increase in the empirical ground-motion databases that has 
occurred since the previously published models were developed.  

Chapter 7 describes the development of a suite of new alternative models for the τ and  SSφ  using 

different subsets of the databases listed in Table EX-1. The subsets include a global data set, a California 

only subset, and a European subset.  The epistemic uncertainty of the τ and  SSφ for each subset is 

estimated based on the data set size.  

 

GMC for Median Ground Motions for DCPP 

Chapter 8 describes the logic trees for the median ground motions for  DCPP. The TI Team's evaluation 
concluded that RRUP-based models should be used for DCPP, but RJB-based models should not be used for 
DCPP because of the potential for hanging-wall effects from a range of dip angles which are better 
captured by RRUP-based models (Donahue and Abrahamson, 2014). 

The Sammon's map approach is used to select a suite of about 30 representative common-form ground-
motion models for each spectral period.  The weights for the models are based on the consistency with 
the selected subsets of both empirical ground-motion data and simulated data (Table EX-1) and on the 
distribution from the candidate GMPEs with equal weights.  One of five hanging-wall models is then 
randomly associated with each of the representative common-form models.   
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 GMC for Median Ground Motions for PVNGS 

Chapter 9 describes the logic trees for the median ground motions for  PVNGS. For the Greater Arizona 
sources, the Sammon's map method is used, similar to the approach used for DCPP.  The main 
difference is in the selection of the candidate models and the comparisons to the selected data sets 
(Table EX-1).  For PVNGS, both the global data and the European data sets are used to increase the 
number of recordings from normal faulting earthquakes.  Finite-fault simulations are not used as there 
are no known active faults close to PVNGS. 

Because there are no nearby faults, hanging-wall effects are not large.  The TI Team's evaluation 
concluded that both RRUP-based models and RJB-based models should be used for PVNGS.  As with DCPP, 
the Sammon's map approach is used to select a suite of about 30 representative common-form ground-
motion models for each spectral period.  The weights for the models are based on the consistency with 
the selected subsets of data and on the distribution from the candidate GMPEs with equal weights.  One 
of five hanging-wall models is then randomly associated with each of the common-form models.   

 

GMC for Between-event Aleatory Variability for DCPP and PVNGS 

Chapter 10 describes the logic trees for the between-event aleatory variability (τ ) which is used for 
both PVNGS and DCPP.  The weights for the alternative models are based on the statistical estimates of 
the uncertainty due to the limited number of earthquakes in each subset of data. 

 

Single-Station Within-Event Aleatory Variability for DCPP 

Chapter 11 describes the logic trees for the within-event aleatory variability for DCPP using the partially 

non-ergodic approach. For DCPP, the SSφ logic tree captures the following uncertainties: the alternative 

datasets used to derive the model (global empirical data sets versus a smaller California only data set);  

the statistical uncertainty of the estimate of the SSφ  applicable to a single site based on sample size; and 

the alternative forms of the upper tail for the aleatory residual distribution (traditional normal 
distribution of the log PSA or the mixture model, which has fatter tails).  

The mixture model represents a new approach that was developed for this project in response to the 
discussion at the SWUS Workshop #2 about the shape of the upper tails of the ground-motion 
distributions. An evaluation of the distribution of the traditional within-event residuals and single-
station within-event residuals showed that the upper tail tended to be fatter than would be expected 
from a normal distribution at epsilon values greater than about 2.5.  To capture this behavior, a new 
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model for the aleatory distribution of the log residual was developed, that is a combination (mixture) of 
two normal distributions.  The upper tails of this mixture model was found to be consistent with the 
observed distribution of the residuals.  Because this only affects the distribution at high epsilon values, it 
mainly affects the hazard at very low probability levels. 

 

Within-event aleatory variability for PVNGS 

Chapter 12 describes the logic trees for the within-event aleatory variability for PVNGS.  As for DCPP, the 
partially non-ergodic approach is used.  For PVNGS, two logic trees were developed depending on the 

source location: (1) a SSφ  and a SP Rφ −  logic tree for sources located in Regions 1, and combined Regions 

2&3 (distant California and Mexico sources) of Figure EX-3; and (2) a SSφ logic tree for sources outside 

Regions 1, and 2&3 (called Greater Arizona sources).  A different logic trees is used for the distant 
sources for PVNGS to take advantage of the availability of ground-motion data from distant California 
earthquakes recorded at a group of sites in the PVNGS region.  These data allow the estimation of the 

repeatable path-to-region effects that are then removed from the SSφ  because of the improved median 

model predictions for these sources. 

For the Greater Arizona sources, the SSφ logic tree captures the following uncertainties: the alternative 

datasets used to derive the  model (large global data sets versus smaller European data sets with a 

larger fraction of normal faulting earthquakes);  the statistical uncertainty of the estimate of the SSφ  

applicable to a single site based on sample size; and the alternative forms of the upper tail for the 
aleatory residual distribution (same mixture model as for DCPP).  

For the distant California and Mexico sources, the SP Rφ −  logic tree captures the following uncertainties: 

the statistical uncertainty of the estimate of the SP Rφ −   applicable to a single site based on sample size; 

and the alternative forms of the upper tail for the aleatory residual distribution.  

 

Total Sigma 

Chapter 13 describes the development of the logic tree for the total single-station sigma ( SSσ ) and the 

total single-path region sigma ( SP Rφ − ) by combining the logic trees for the between-event aleatory 

variability (τ ) and the within-event aleatory variability ( SSφ or SP Rφ − ). The reason for combining these 

two standard deviations into a single total standard deviation  is  to reduce in computation burden in 



Southwestern United States 
Ground Motion Characterization SSHAC Level 3 

TECHNICAL REPORT – Rev. 2 
 

Executive Summary                                                                                                                    Page liv 

the PSHA calculation: the use of three alternative discrete values representing the composite continuous 

distribution for SSσ instead of nine alternative discrete values representing the combination of three 

alternative discrete values for τ  with three alternative discrete values for SSφ . 

Hazard Sensitivity 

Hazard sensitivity feedback was provided throughout the project to focus the TI Team’s evaluations on 
the uncertainties that are most important for the hazard at the two sites.  The hazard sensitivity was 
conducted by isolating each node of the GMC logic trees. For the node of interest, one branch is given 
full weight and the mean hazard is computed by sampling every combination of branches for the other 
nodes.  

The hazard sensitivity is displayed using "Tornado" plots which show the sensitivity of the ground-
motion level at a given hazard. The summary tornado plots for spectral frequencies of 5 Hz and 0.5 Hz 
for the mean annual frequency of exceedance of 10-4 are shown in Figures EX-6 and EX-7 for DCPP and 
Figures EX-8 and EX-9 for PVNGS.  For both DCPP and PVNGS, the largest single contributor to the 
uncertainty is the median GMPE model from the Sammon's map method, shown at the top of the plots. 

The next largest contributor to the uncertainty in hazard are the standard deviation models ( SSφ the and

τ ) except for the low-frequency hazard at PVNGS for which the uncertainty in the path terms is the 
second largest contributor to the uncertainties.   

 

Model Applicability 

The Ground-Motion (GM) Models for both sites are applicable to a reference site condition with VS30 = 
760 m/s with a kappa value of 0.041 seconds. 

The DCPP ground-motion models are separated into two sets: one set of models for the nearby faults 
and one set of models for the distant faults.  The common-form models are optimized for large 
magnitues (M5.5 to M7.5) strike-slip and reverse events at short distances(< 10 km) that dominate the 
hazard at DCPP (Section 4.2.3). The common-form models are applicable to the following sources nearby 
DCPP (from Table 4.1-1): Hosgri fault, Shoreline fault, San Luis Bay fault, Oceano Fault, Wilmar fault, Los 
Osos fault, Oceano and SWBZ faults, and the Irish Hills background zone. The representative suite of 
common-form ground-motion models captures the CBR for the scenarios that dominate the hazard at 
the DCPP site, but they may not capture the full CBR for the very long distances. For the other more 
distant sources, the NGA-West2 GMPEs are applicable. These distant sources do not contribute 
significantly to the hazard at DCPP. The NGA-West2 GMPEs are used for these sources rather than the 



Southwestern United States 
Ground Motion Characterization SSHAC Level 3 

TECHNICAL REPORT – Rev. 2 
 

Executive Summary                                                                                                                    Page lv 

common-form models because the common-form models were not well constrained for larger distances 
(the focus of the evaluation was on the short distances). 

The PVNGS ground-motion models are separated into two types of sources: the earthquakes in the 
Greater Arizona regions, and the earthquakes in California and Mexico in Regions 1, 2 and 3. 

For the Greater Arizona regions, the ground-motion models are optimized for magnitues M5.0 to M7.0 
normal and strike-slip events at distance less that 70 km that dominate the hazard at PVNGS for the 
short periods; however, the GM models were constrained to extrapolate in a reasonable way for 
mangitudes up to M8.0, and for distances as large as 320 km. GM models are also applicable to reverse-
faulting events.    

For the sources in California and Mexico in Regions 1, 2 and 3, the GM models are optimized for the 
path effects from southern California to central Arizona. The GM model is based on the NGA-West2 
GMPEs which can be extrapolated reasonably up to M8.5. The GM models capture the CBR for the 
scenarios that dominate the low-frequency hazard. 
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Table EX-1:  Ground-motion databases and their application for the SWUS project. 

 NGA-West2 RESORCE PEER-Arizona Lin et al 
(2011) 

Finite-Fault 
Simulations 

DCPP Median SS and REV    SS and REV 
DCPP complex & splay 
ruptures 

    SS and REV 

PVNGS Median Greater 
AZ 

  
SS and 
NML 

   

PVNGS 
Kappa for Arizona rock 
site 

   
Earthquakes 
in Arizona 

  

PVNGS Median for 
CA/Mex sources 

   
CA/Mex eqk 
200-400 km 

  

DCPP Single-Station 
Sigma 

 
X 

   
X 

 

PVNGS 
Single-Station Sigma 

 
X 

X   
X 

 

PVNGS 
Sigma for  CA/Mex 
sources 

  CA/Mex eqk 
200-400 km 

  

DCPP & PVNGS 
HW scaling  

    X 

 

 

Table EX-2: Selected Candidate GMPEs for the median ground motion 

GMPE DCPP DCPP Distant 
Sources 

PVNGS - Greater 
Arizona Sources 

PVNGS - Distant 
CA & MEX Sources 

Abrahamson et al (2014) X X X X 
Boore et al (2014) X X X X 
Campbell and Bozorgnia (2014) X X X X 
Chiou and Youngs (2014) X X X X 
Idriss (2104) X X  X 
Zhao et al (2014) X    
Zhao and Lu (2011) adjustment 
to magnitude scaling 

X    

Akkar et al (2014a, 2014b) X  X  
Bindi et al (2014a, 2014b)   X  
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Figure EX-1:  Fault sources in the seismotectonic alternative of the in the DCPP SSC model (PG&E, 2015). 
Star shows location of the DCPP site.  

 

 

Fault Sources in the Site Vicinity 
of DCPP 

DCPP Site location 
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 Figure 
Figure EX-2:  Areal and fault sources in the seismotectonic alternative of the in the PVNGS SSC model (LCI, 
2014). Star shows location of the PVNGS site.  The areal seismic sources are identified by their name in the 
PVNGS SSC model (LCI, 2014), where GULF refers to the Gulf of California zone, SCABA refers to the 
Southern California And Baja zone, SBR refers to the Southern Basin and Range zone, MH refers to the 
Mexican Highland zone, TZ refers to the Transition Zone, and CP refers to the Colorado Plateau zone. The 
fault sources are distinguished by the following color code: red = layered fault sources, yellow = other fault 
sources in California, green = fault sources in Arizona, Nevada, and Mexico, blue = unique fault sources 
(Sand Tank fault in Arizona and Ballenas Transform in the Gulf of California). 
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Figure EX-3:  Geographic extensions of Region 1, Region 2, and Region 3 shown as blue, green, and 
purple closed polygons, respectively. Also plot are the NGA-West2 earthquakes selected for the path 
effect analysis (blue circles for the Region 1 earthquakes, green circles for the Region 2 earthquakes, and 
purple circles for the Region 3 earthquakes) and the selected Arizona Transportable Array recording 
stations (white triangles) used for the path effect analysis. Colored lines represent faults in PVNGS SSC 
Model (Workshop #3, Ross Hartleb, personal communication 2014).  
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Figure EX-4: Example of a Sammon's map. Contour plot of mean between-event residuals for the 
weighted NGAW2PV-MED dataset (PVNGS, Model A, T = 0.01 sec). The Voronoi cells used for selecting and 
weighting models are shown as black lines. The candidate GMPEs are red dots, plus/minus uncertainty 
as magenta/cyan dots. 
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Figure EX-5: Central, high and low path terms for Regions 1 and 2&3. The differences in the central 
estimates lead to higher ground motions from sources in Region 2&3 by about a factor of 1.7 as 
compared to sources in Region 1 with the same magnitude and distance.  
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Figure EX-6: Summary tornado plot for DCPP for 5 Hz spectral acceleration at the 10-4 hazard level.  
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Figure EX-7: Summary tornado plot for DCPP for 0.5 Hz spectral acceleration at the 10-4 hazard level.  
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Figure EX-8: Summary tornado plot for PVNGS for 5 Hz spectral acceleration at the 10-4 hazard level.  
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Figure EX-9: Summary tornado plot for PVNGS for 0.5 Hz spectral acceleration at the 10-4 hazard level.  
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LIST OF ABBREVIATIONS and COMMON ACRONYMS 

1D One-Dimensional 

2D Two-Dimensional 

AB Agua Blanca Fault 

ABR Arizona Basin and Range 

ACR Active Crustal Region 

AFE  Annual Frequency of Exceedance 

APS Arizona Public Services 

AS08 Abrahamson and Silva (2008) GMPE 

ASB14 Akkar et al. (2014a, 2014b) GMPE 

ASK14 Abrahamson et al. (2014) GMPE 

AZ Arizona 

AZGS Arizona Geological Survey 

BA08 Boore and Atkinson (2008) GMPE 

BCLC Big Chino Little Chino Fault 

Bi14 Bindi et al. (2014a, 2014b) GMPE 

BBP Broad-band Platform 

BSL Berkeley Seismological Laboratory 

BSSA14 Boore et al. (2014) GMPE 

CA California 

Caltech California Institute of Technology 

CB08 Campbell and Bozorgnia (2008) GMPE 

CB14 Campbell and Bozorgnia (2014) GMPE 

CBR Center, Body, and Range 

CD Canada David Detachment 

CDF Cumulative Distribution Function 

CEA California Earthquake Authority 

CEC  California Energy Commission 
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CEUS Central and Eastern United States 

CF Carefree Fault Zone 

CFM  Community Fault Models 

CFR Code of Federal Regulations 

CGS  California Geological Survey 

CH Calico-Hidalgo Fault 

CI Closeness Index 

COSMOS Consortium of Organizations for Strong-Motion Observation Systems 

CP Colorado Plateau 

CP - F Cerro Prieto Fault 

CPUC  California Public Utilities Commission 

CV Coefficient of Variation 

CY08 Chiou and Youngs (2008) GMPE 

CY14 Chiou and Youngs (2014) GMPE 

DCPP Diablo Canyon Power Plant 

DPP∆  Directivity Parameter in Chiou and Youngs (2013) 

δS2S Site-to-site Residual (also known as Site Term) 

δWS Singe-Site within-event Residual 

EE Evaluator Expert 

EL Elsinore Fault 

EURPV-MED Subset of European Database used to evaluate PVNGS GMPE weights 

eqk Earthquake 

EXSIM EXSIM FFS method 

φ  Phi, Intra-event Standard Deviation 

SP Rφ −  Single Path-to-Region Sigma 

SSφ  Single Station Sigma 

FAS Fourier Amplitude Spectrum 

FF Finite Fault 

FFS Finite Fault Simulations 

FGF Fragile Geological Feature 

FN Fault Normal 
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FP Fault Parallel 

FW Footwall 

GIL7 crustal velocity model of Pasyanos et al. (1996) 

GIS Geographic Information System 

GLOBALDC-PHISS Global Database used to evaluate DCPP Single-Station Sigma 

GLOBALPV-PHISS Global Database used to evaluate PVNGS Single-Station Sigma 

GM Ground Motion 

GMC  Ground Motion Characterization 

GMPE  Ground Motion Prediction Equation 

GMRS  Ground Motion Response Spectrum 

GP Graves and Pitarka FFS method 

GPS  Global Positioning System 

GULF Gulf of California 

HA Hazard Analyst 

HID  Hazard Input Document 

HC  Hazard Calculation 

HS Hurricane Fault (Southern) 

HSL Helendale-South Lockhart Fault 

HW Hanging Wall 

Hz  Hertz 

Id14 Idriss (2014) GMPE 

IMP Imperial Fault 

IPRG  Independent Peer Review Group 

ITC Informed Technical Community 

IRVT Inverse Random Vibration Theory 

JOS Joshua Tree (refers to recording site) 

κ kappa (a measure of the observed high-frequency decay of Fourier amplitude spectra - 
FAS of ground motion) 

κ0 zero-distance kappa 

κAS kappa estimated using acceleration spectrum approach 

κBB kappa estimated using broadband approach 

κSD kappa estimated using displacement spectrum approach  
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κobs   kappa observed at a site from a given earthquake 

κsource   spectral decay due to source effect  

κpath  spectral decay due to site effect 

κsite   spectral decay due to site effect 

km Kilometer 

L Rupture length 

LA Landers Fault 

LCI Lettis Consultants International 

LCN Lucerne (refers to recording site) 

LI Libertad Fault 

LiDAR  Light Detection and Ranging 

LLOWS Lenwood-Lockhart-Old Woman Springs Fault 

ln Natural Log 

LS Laguna Salada Fault 

M Moment Magnitude  

MASW Multi-channel Analysis of Surface Waves 

MH Mexican Highlands 

MHBR Mexican Highland Basin and Range 

ms Milliseconds 

NASB Northern Arizona Seismic Belt 

NBR Nevada Basin and Range 

NE Northeast-Vergent (refers to DCPP alternative fault geometry models) 

NEHRP National Earthquake Hazards Reduction Program 

NGA Next Generation Attenuation 

NGA-West1 Project name for the five 2008 NGA models 

NGA-West2 Project name for the 2014 update of the 2008 NGA models 

NGA-W2DC-MED Subset of NGA-West2 Database used to evaluate DCPP GMPE weights 

NGA-W2PV-MED Subset of NGA-West2 Database used to evaluate PVNGS GMPE weights 

NGA-W2CA-PHISS Subset of NGA-West2 Database used to evaluate DCPP Single-Station Sigma 

NGA-W2PV-PHISS Subset of NGA-West2 Database used to evaluate PVNGS Single-Station Sigma 

NML Normal (refers to normal faults and events) 
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NPP Nuclear Power Plant 

NREC Number of Recordings 

NRC Nuclear Regulatory Commission 

NSHM  National Seismic Hazard Maps 

NSHMP National Seismic Hazard Mapping Program 

NUREG U.S. Nuclear Regulatory Commission Regulation 

NV Nevada 

OBL Oblique (refers to oblique faults and events) 

OV Outward-Vergent (refers to DCPP alternative fault geometry models) 

PBMML Pisgah-Bullion Mountain-Mesquite Lake Fault 

PCA Principal Component Analysis 

PE Proponent Expert 

PE&A Pacific Engineering and Analysis, Inc. 

PEER Pacific Earthquake Engineering Research Center 

PEER-AZPATH Subset of NGA-West2 Database used to evaluate PVNGS path terms 

PEER-AZKAPPA Subset of NGA-West2 Database used to evaluate PVNGS kappa term 

PGA  Peak Ground Acceleration 

PG&E Pacific Gas & Electric 

PKD Parkfield (refers to recording site) 

PM  Project Manager 

PMF Pinto Mountain Fault 

PPRP  Participatory Peer Review Panel 

PRP Pegasos Refinement Project 

PSA Pseudo-spectral acceleration 

PSHA  Probabilistic Seismic Hazard Analysis 

PTI Project Technical Integrator 

PVNGS Palo Verde Nuclear Generating Station 

Q Anelastic Attenuation 

QA  Quality Assurance 

Q-Q Plot Quantile Plot 

RE Resource Expert 

REV Reverse (refers to reverse faults and events) 
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REV/OBL Reverse/Oblique (refers to reverse faults and events) 

RESORCE Reference Database of Seismic Ground Motion in Europe 

RG Regulatory Guide 

RMS Root Mean-Squared Distance 

RJB Joyner and Boore Distance 

RRUP Rupture Distance 

RX Horizontal Distance from Top of Rupture Measured Perpendicular to Fault Strike 

RY Horizontal Distance from End of Rupture Measured Parallel to Fault Strike 
2σ  Total Aleatory Variance 

σ  Sigma (total aleatory standard deviations) 

SP Rσ −  Single Path-to-Region Total Sigma 

SSσ  Single-Station Total Sigma 

2 ( )CHANGE Tσ  Difference in CY14 variance if directivity effects are explicitly included or excluded 

SA San Andreas Fault 

SASW Spectral Analysis of Surface Waves 

SBR Sonora Basin and Range 

SC Southern California 

SCABA Southern California and Baja 

SCE  Southern California Edison 

SCEC  Southern California Earthquake Center 

SCFM  Statewide Community Fault Model 

SCSN  Southern California Seismic Network 

SD Spectral Displacement 

SD Standard Deviation 

SDSU San Diego State University FFS method 

sec Seconds 

SH Superstition Hills Fault 

SIMComplex SCEC BBP Simulations used to evaluate DCPP complex rupture ground motions 

SIMDC-MED SCEC BBP Simulations used to evaluate DCPP GMPE weights 

SIMHW SCEC BBP Simulations used to evaluate DCPP HW effects and ZTOR scaling 

SIMSplay SCEC BBP Simulations used to evaluate DCPP splay rupture ground motions 
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SJ San Jacinto Fault 

SM San Miguel Fault 

SOF Style of Faulting 

SONGS  San Onofre Nuclear General Station 

SPME San Pedro Martir Escarpment 

SP-R Similar Path-to-Region 

SRSS Square Root of the Sum of the Square 

SS Strike Slip (refers to strike slip faults and events) 

SSC  Seismic Source Characterization 

SSHAC  Senior Seismic Hazard Analysis Committee 

SSRS Square Root of the Sum of the Squares 

SSS Single-Station Sigma 

ST Sand Tank Fault 

SW Southwest-Vergent (refers to DCPP alternative fault geometry models) 

SWUS  Southwestern United States 

SZ Subduction Zone 

T Period 

τ  Tau, event-to-event standard deviation 

TA Transportable Array 

TDI Technically Defensible Interpretation 

TI  Technical Integrator 

TNSP Thyspunt Nuclear Siting Project 

TZ Arizona Transition Zone 

TZA Arizona Transition Zone A 

TZB Arizona Transition Zone B 

TZC Arizona Transition Zone C 

UCERF2 Uniform California Earthquake Rupture Forecast, Version 2 

UCERF3  Uniform California Earthquake Rupture Forecast, Version 3 

U.S. United States 

USArray EarthScope Transportable Array 

USGS United States Geological Society 

U.S.NRC  U.S. Nuclear Regulatory Commission 
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USR  Unified Structural Representation 

VA Vallecitos Fault 

VS30 Travel-time-averaged Shear Wave Velocity in the upper 30 meters 

W Down-dip rupture width (km) 

WGCEP  Working Group on California Earthquake Probabilities 

WidthDD Down-Dip Width  

WNA Western North America 

WUS  Western United States 

WVG Williamson Valley Grabes 

χ2 Chi-squared (refers to distribution) 

ZH06 Zhao et al. (2006) GMPE 

ZL11 Zhao and Lu (2011) GMPE implementation by GMC TI Team 

ZTOR Depth to Top of Rupture 
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1 INTRODUCTION 

 

This report describes the results of the Southwestern U.S. (SWUS) Ground-Motion Characterization 
(GMC) Project conducted from August 2012, to February, 2015. The results of this study are alternative 
sets of ground motion prediction equations (GMPEs) to be used in probabilistic seismic hazard analyses 
(PSHAs) by licensees of nuclear plants located in California and Arizona in developing their responses to 
the request for information from the Nuclear Regulatory Commission (NRC) regarding the near-term 
task force review of insights for the Fukushima Dai-Ichi accident, Recommendation 2.1: Seismic. This 
request for information was issued by the NRC on March 12, 2012 (U.S. NRC, 2012a). 

Because many of the technical issues for ground motion are similar for Western U.S. sites, thee Western 
U.S. utilities, Arizona Public Sevice (APS), Pacific Gas and Electric (PG&E) Company, and Southern 
California Edison (SCE) Company, joined together to conduct a Western U.S. ground motion 
characterization study applicable to the Palo Verde Nuclear Generating Station (PVNGS), the Diablo 
Canyon Power Plant (DCPP), and the San Onofre Nuclear Generating Station (SONGS) sites. In 
September 2013, SCE withdrew from the project. As a result, the final report addresses the ground 
motion characterization for only two sites: DCPP and PVNGS. 

The implementation of the project was consistent with the NRC’s March 2012 letter which requires a 
Senior Seismic Hazard Analysis Committee (SSHAC) Level 3 approach for the development of the seismic 
source characterization (SSC) and ground motion characterization (GMC) for use in a PSHA.   

 

1.1 Objective of the SWUS GMC Project 

The objective of the SWUS GMC Project is to develop site-specific ground motion models for the median 
and the total aleatory standard deviation (sigma) for use in conducting probabilistic seismic hazard 
analyses (PSHAs) at the DCPP and PVNGS sites that meet the requirements for a SSHAC Level 3 study as 
described in NUREG/CR-6372 "Recommendations for Probabilistic Seismic Hazard Analysis: Guidance on 
Uncertainty and Use of Experts" (U.S. NRC, 1997).  The NRC guidance for conducting a SSHAC Level 3 
study is described in NUREG-2117 “Practical Implementation Guidelines for SSHAC Level 3 and 4 Hazard 
Studies” (U.S. NRC, 2012b).    
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The ground motion models are defined for a reference site condition described in section 1.1.2. The 
reference site condition is the same for the two sites.  The site-specific aspects of the ground motion 
models are addressed by optimizing the ground motion models for the seismic sources that have 
significant contributions to the seismic hazard at each site. 

1.1.1 Interface with SSC Models 

The development of the SSC models at PVNGS and DCPP are site-specific efforts carried out in separate 
studies conducted by the two utilities.  The GMC models have been developed to be applicable to all the 
relevant sources that have been characterized by the SSC studies. The interface with the SSC projects 
benefitted from several interactions among respective TI Team members, Project Managers, Project 
Technical Integrators and Hazard Analysts, to ensure that all the relevant sources were adequately 
characterized with respect to their ground motions. 

For DCPP, the hazard is dominated by nearby strike-slip and reverses faults (within 10 km) with 
mangitudes in the range of M5.5 to M7.5.  The DCPP site is on the hanging wall of the hazard significant 
dipping faults.  Therefore, the ground motion model was optimized for near-fault ground motions 
including hanging-wall effects.  In addition, linked ruptures, which are either complex ruptures 
(significant change in dip or rake along strike) or splay ruptures (synchronous rupture of over-lapping 
fault segments near the site), are being considered by the SSC so rules for using the GMPEs to compute 
the ground motion for these cases are also developed. 

For PVNGS, the hazard is dominated by nearby strike-slip and normal faulting earthquakes in the host 
areal zone (local Arizona earthquakes) and by distant large magnitude earthquakes in California and 
Mexico.  Two separate sets of ground motion models were developed for these two dominant sources.  
For the local sources, the ground motion models were optimized for predominately normal faulting 
earthquakes with magnitudes M5 to M7 at distances less than 50 km.  For the distant California and 
Mexico sources, the ground motion models were developed for large magnitudes (M7.0 to M8.5) at 
large distances (200 to 300 km). For the distant California and Mexico sources, path-specific effects were 
included to capture the systematic differences between the path effects from California and Mexico 
earthquakes to sites in central Arizona from the average path effects in California.       

1.1.2 Reference Site Conditions and Interface with Site Response Efforts  

The GMC models for PVNGS and DCPP are both developed for a reference site condition with VS30 

(travel-time-averaged shear wave velocity in the top 30 meters) of 760 m/s. For both sites, the site-
specific rock has a higher VS30 than 760 m/s.  This reference rock condition was selected because it is in 
the upper range of VS30 values for which the GMPEs are well constrained by the empirical data.  The site 
response studies being conducted for PVNGS and DCPP will need to adjust the computed hazard from 



Southwestern United States 
Ground Motion Characterization SSHAC Level 3 

TECHNICAL REPORT – Rev. 1 

 

Chapter 1: Introduction  Page 1-3 

the reference rock condition to the site-specific rock condition, in addition to computing the site 
amplification.  The adjustment for the rock condition also needs to address the effect of differences in 
kappa (a measure of the observed high-frequency decay of Fourier amplitude spectra - FAS of ground 
motion) in addition to the difference in the VS30. The site response studies are separate, site-specific 
efforts carried on by each utility and are not part of this report. 

To have a consistent interface between the GMPEs for the reference rock site condition and the site-
specific site amplification at PVNGS, guidelines addressing the key interface issues are given in Appendix 
L.  

 

1.2 Ground Motion Models Used in Previous Seismic Hazard Studies 

The most recent seismic hazard studies previously conducted at DCPP and PVNGS used published 
GMPEs with region and/or site-specific adjustments.  The approaches used for the developing the 
GMPEs for DCPP and PVNGS in the previous studies are described below. 

1.2.1 DCPP 

The most recent seismic hazard study previously conducted for DCPP was in 2011 (PG&E, 2011).  This 
study used the five 2008 Next Generation Attenuation models (now called NGA-West1) as the base 
models.  The 2008 NGA-West1 median ground motion models were adjusted to account for additional 
epistemic uncertainty (Youngs, 2009) and to account for the site-specific amplification based on 
recorded ground motions at DCPP. The epistemic uncertainty in the median site-specific amplification 
was included.  The standard deviation was based on the single-station sigma approach using the 
BCHydro (Addo et al., 2012) model. 

1.2.2 PVNGS 

The most recent seismic hazard study previously conducted for PVNGS was a SSHAC Level 2 PSHA 
Project conducted in 2012 (LCI, 2013). The rock ground motion models were based on four of the five 
NGA-West1 GMPEs (Abrahamson and Silva, 2008 – AS08; Boore and Atkinson, 2008 – BA08; Campbell 
and Bozorgnia, 2008 – CB08; and Chiou and Youngs, 2008 – CY08).  

The large distance scaling for the medians of two of these GMPEs (AS08 and CB08) was evaluated to be 
inappropriate.  The distance scaling beyond 200 km for these two models was modified to be consistent 
with the distance scaling of the CY08 model. 
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All four models were adjusted to account for differences in anelastic attenuation between Arizona and 
California. Two alternative models were used to capture the higher values of anelastic attenuation (Q) in 
Arizona. The first model assumed that the average Q for paths between California and Mexico sources 
and the PVNGS site is equal to that for the paths represented by the BA08 and CY08 GMPEs, so that the 
original BA08 and CY08 models are used. The second model assumed that the average Q for paths 
between California and Mexico sources and the PVNGS is 50 percent higher than that for the paths 
represented by the BA08 and CY08 models and the distance scaling coefficients for these models were 
adjusted to capture reduced attenuation. 

The last modification accounted for additional epistemic uncertainty related to the limited size of the 
strong-motion data set. An intermediate value between the USGS (2008) model and the Youngs (2006) 
model for additional epistemic uncertainty was used.  

 

1.3 Products of the Project 

1.3.1 Ground Motion Characterization Models for Study Sites 

The ground motion characterization (GMC) is a set of alternative models using a logic tree format for a 
reference rock site condition with VS30 of 760 m/s. The alternative models for the median and standard 
deviation of 5%-damped psuedo-spectral acceleration are assigned weights based on the Technical 
Integrator (TI) Team’s assessment on the center, body, and range of the technically defensible 
interpretations for the ground motion. 

A new method for developing a representative suite of models that represents a continuous distribution 
of GMPEs for the median based models was used (Section 6.4).  With this new approach, the weights 
assigned to the branches of the logic tree for the median represent probabilities based on discretizing 
continuous distribution rather than relative merit weights for existing GMPEs.   

For PVNGS, the GMPE median models include models for the difference in path attenuation between 
California and Mexico sources and central Arizona compared with the path attenuation within California.  

The alternative models for the aleatory standard deviation are based on the single-station sigma 
approach (see Chapter 7).    

1.3.2 Hazard Input Documents 

The hazard input documents (HID) in Appendix C for the DCPP and PVNGS sites provide all the 
information required to implement the SWUS GMC models in a probabilistic seismic hazard analysis 
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(PSHA). The purpose of the HID is to ensure that the Hazard Analyst for each site receives accurate and 
unambiguous description of the TI Team’s expert assessments.  

1.3.3 Documentation of Technical Bases for the Assessments 

The technical bases for the TI Team’s evaluations are provided in this report.  Chapter 6 provides the 
technical bases for the selection of the candidate models for the median ground motions. Chapter 7 
provides the technical bases for the selection of the candidate models for the aleatory standard 
deviation motions.  Chapters 8-13 provide the technical bases for the selection of the weights on each 
branch of the logic trees.  

1.3.4 Application Guidelines and Limitations 

The application guidelines and limitations are given in Chapter 15. Appendix L also provides guidelines 
for the site response studies at PVNGS to be consistent with the GMPEs developed in this study.   
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2 PROJECT ORGANIZATION 

 

This Chapter addresses the organization and implementation of the SSHAC Level 3 assessment process, 
with particular emphasis to the fundamental goals and activities of the assessment process, i.e. 
evaluation and integration. 

The description of the project organization is provided in Section 2.2, which also introduces the roles of 
the key project participants. 

Key activities and explanation of how the assessment process adheres to the SSHAC guidelines are 
instead topics addressed in Chapter 3. 

 

2.1 Goals and Activities of a SSHAC Assessment Process 

As described in Section 1.1 of this report, a Senior Seismic Hazard Analysis Committee (SSHAC) 
methodology, as described in NUREG/CR-6372 "Recommendations for Probabilistic Seismic Hazard 
Analysis: Guidance on Uncertainty and Use of Experts" (U.S. NRC, 1997), is implemented to ensure that 
the ground-motion characterization (GMC) inputs to the probabilistic seismic hazard analysis (PSHA) 
properly and completely represent knowledge, data, and modeling uncertainties. A SSHAC Level 3 study 
is performed to develop the PSHA for the Western U.S. licensees consistent with the current practice, as 
described in NUREG-2117 “Practical Implementation Guidelines for SSHAC Level 3 and 4 Hazard Studies” 
(U.S. NRC, 2012b).    

The fundamental goal of a SSHAC process is to provide a methodology for developing GMC models that 
“…represent the center, the body, and the range of technical interpretations that the larger informed 
technical community would have if they were to conduct the study” (U.S. NRC, 1997, p. 21). The 
terminology “center, body, and range (CBR)” refers to the complete characterization of uncertainty in 
both present-day technical knowledge and available data, while properly representing the uncertainty in 
the PSHA model. More recently, the NRC (U.S. NRC, 2012b) suggested replacing the terminology 
“informed technical community (ITC)” with “technically defensible interpretations (TDI)” of the available 
data, models and methods to more clearly reflect the intent of the SSHAC process. 
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By following the structured methodology of the SSHAC process, the intent is to provide reasonable 
regulatory assurance that the goal of representing the center, body, and range of the characterizations 
has been met, and thus provides the basis for developing seismic hazard estimates that are 
reproducible, defensible, transparent, and stable. 

For the SWUS GMC Project, the SSHAC Level 3 study involves four components: (1) evaluation; (2) 
integration; (3) participatory peer review; and (4) documentation.  These process components are 
described below. 

2.1.1 Evaluation 

Evaluation refers to the process of compiling, considering and evaluating relevant sets of data, 
alternative models/methods, and alternative interpretations proposed by the larger technical 
community that are relevant to the ground-motion model’s hazard at any of the nuclear power plant 
(NPP) sites in the project. 

The process of evaluation includes, but is not limited to, the: (a) identification of hazard-significant 
issues; (b) compilation of relevant data and models; and (c) evaluation of the data and models with 
respect to their impact on the GMC by means of sensitivity analyses. 

2.1.2 Integration 

Integration refers to the assessment process where the various data sets, models, and interpretations 
are combined into a representation of the CBR of the TDI for the GMC in light of the evaluation process.  

The process of integration commonly includes: (a) development of a version of the GMC logic tree by 
the Technical Integrator (TI) Team; (b) hazard sensitivity analyses conducted by Hazard Analysts to 
document the impact of model parameters on the seismic hazard; (c) feedback from the Resource 
Experts, Proponent Experts, and Participatory Peer Review Panel (PPRP) members on the logic-tree 
models, and hazard sensitivity; and (d) the development of the next versions of the GMC logic tree.  This 
process is iterated until final site-specific GMC logic trees are developed for each site.   

The majority of the integration process occurs through informal working meetings and internal work. 
Among other purposes, the workshops are designed to present the models and sensitivity results, and to 
collect feedback. 

2.1.3 Participatory Peer Review 

Participatory peer review refers to review of the evaluation and integration process by a peer review 
panel capable of providing feedback, during the project, on technical aspects of the project and whether 
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the SSHAC Level 3 process was implemented appropriately. By receiving feedback from the peer review 
panel during the project, the TI Team can make necessary corrections before the project is complete. 
The overall goals of this review will be to ensure that the SSHAC process is adequately followed and that 
the technical results adequately characterize the CBR of the TDI.  

2.1.4 Documentation 

Documentation refers to the final reports produced by the project that document the technical results, 
the technical basis for the evaluation and assignment of weights on the logic tree, and how the SSHAC 
Level 3 process was implemented. In addition, the documentation provides the basis for review by any 
pertinent regulatory officials. 

 

2.2 SWUS GMC Project Organization 

As described by U.S. NRC (1997 and 2012b) and Hanks et al. (2009), specific roles and responsibilities of 
individuals within a SSHAC process have been clearly defined. The guided interaction between the 
different roles allows for the center, body, and range of the GMC to be robustly characterized. During 
the entire duration of the project, starting with the Kick-Off Workshop, all project participants have 
been informed of their roles, and were reminded of the importance of keeping to their assigned roles 
and responsibilities as appropriate.  

The project organization is shown on Figure 2.2-1; specific roles of the SSHAC Project Team are 
described below. The basis for the selection of the project members is given in the SWUS GMC Project 
Plan (See Annex A of Appendix A). 

2.2.1 Project Sponsors 

According to the SSHAC approach, the Project Sponsors provide financial support and “own” the results 
of the study in the sense of property ownership.  

Arizona Public Service (APS) and Pacific Gas and Electric Company (PG&E) jointly sponsored the SWUS 
GMC SSHAC Level 3 Project. Southern California Edison (SCE) was initially part of the joint sponsorship, 
but withdrew its participation before Workshop #2 as a result of San Onofre Nuclear Generating Station 
(SONGS) retirement. 

Project Sponsors representatives attended all the formal workshops and key project meetings. 
Additionally, they interacted with the Project Management on a regular basis throughout the duration 
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of the project. The regular interactions supported the establishment of common goals and expectations, 
and facilitated tracking of progress and activities. 

Additionally, the Sponsors reviewed and approved the Project Plan. 

2.2.2 Progect Management 

Project Management was responsible for the project logistics, including scope, schedule and budget. It 
also coordinated the execution of the project and ensured timely delivery of all the products. 

In particular, the responsibilities associated to contract management were assigned to GeoPentech, 
which contracted with the Sponsors and the SWUS GMC Project participants, represented the main 
interface for contracts by securing adequate compliance, and provided support for workshops and 
technical meetings.  

The responsibilities associated with maintaining clear lines of communication and main point of contact 
between Sponsors, the TI Team Lead and the PPRP were assigned to the SWUS GMC Project Manager, 
Carola Di Alessandro. Dr. Di Alessandro was selected by the Project Sponsors, and assisted GeoPentech 
in establishing and maintaining budgets and schedules, assured that the project plan was executed in 
accordance with the scope and timeline, and had the responsibility for the delivery of all technical 
products, including Project Plan, workshop documentation on public website, and project reports.  

The Project Management was also responsible for preparing regular status reports on schedule, scope 
and budget for the Project Sponsors. Together with the TI Team Lead, the Project Management was 
involved in the organization of the formal workshops and working meetings, and reviewed technical 
documents delivered by the TI Team. Together with the TI Lead and some of the TI Team members, the 
Project Manager was also actively involved in the University Research Task (see Section 3.3) to keep 
abreast of the research development and to provide some technical evaluation on the impact of the 
research in the ground-motion at the NPP sites. 

2.2.3 Technical Integrator (TI) Team 

The Technical Integrator (TI) Team, led by Dr. Norman Abrahamson, was responsible for implementing 
the SSHAC Level 3 procedure, including the key evaluation and integration tasks. Accordingly, the TI 
Team was responsible for ensuring that: (1) the various data, models, and methods proposed by the 
larger technical community and relevant to the hazard analysis are considered in the evaluation; and (2) 
the final GMC models represent the center, body and range of the TDI. The members of the TI Team 
ultimately “own” the results of the study with respect to intellectual responsibility for the results. As 
such, they were accountable for the development of the GMC models, and for the clear and 
comprehensive documentation of all the associated technical bases and assessments. Specific 
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responsibilities of the TI Team included preparing the SWUS GMC Project Plan, performing evaluation 
and integration activities, leading the conduct of multiple working meetings, finding and assuring 
participation of suitable Resource and Proponent Experts, running workshops and ensuring that the 
participants clearly understand the workshop objectives, their individual roles, the required output from 
the workshops, and the implication to hazard. The TI Team members were also involved, together with 
the Project Manager, in responding to PPRP’s comments and reviews throughout the duration of the 
project. 

The TI Team members were selected with the goal of having a balance between senior members with 
extensive experience in SSHAC studies and younger members that have limited or no SSHAC experience.  
The purpose of including younger members was to build up the pool of ground-motion experts with 
SSHAC experience. Initially, a 5-member TI Team was selected for this project with three senior people 
and two younger people. After Workshop #2, one of the younger TI Team members was called to 
military service and had to drop out from the project. The TI Team members have experience with 
empirical data, ground-motion model development, and numerical simulations.  

The TI Team was supported by a staff of Evaluator Experts that were not officially part of the TI Team 
but assisted the Team in developing new models during the data evaluation part of the project. 

2.2.4 Project Technical Integrators (PTI)  

The two PTIs were responsible for ensuring coordination and compatibility between the joint SWUS 
GMC Project and the seismic-source characterization (SSC) studies being conducted separately by the 
two utilities. Dr. Abrahamson and Dr. McGuire (assisted by Dr. Toro) were selected as PTI by PG&E and 
APS, respectively, to be responsible for the coordination of the SWUS GMC, the plant-specific SSC, and 
the site-specific site response efforts. The choice was consistent with the description of the PTI’s 
requirements according to the SSHAC protocol, which defines the PTI as a technical expert with 
knowledge of the SSHAC process, both GMC and SSC studies, and the site-specific application for site 
response effects. 

2.2.5 Specialty Contractors and Database Developers 

Specialty contractors were involved during various stages of the project to provide certain technical 
products, including collection of ground-motion data in Arizona, shear wave velocity characterization of 
selected seismographic stations around PVNGS, analysis of spatial correlation effects on sigma, and 
preliminary estimates on the kappa sensitivity for PVNGS.  

Database developers produced collections of ground motions and proponent models to be used in the 
evaluation process by the TI Team. The ground motions included both empirically recorded and 
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simulated data, and were mainly produced as part of the “University Research” Task described in 
Section 3.3. 

2.2.5.1 Pacific Earthquake Engineering Research Center (PEER) 

PEER was involved in a number of activities associated with Database Development, described in details 
in Section 3.2. The PEER NGA-West2 database was one of the primary empirical databases utilized in the 
SWUS GMC Project (see Chapter 5 for more details). With partial funding from the SWUS GMC Project, 
PEER was also involved in the Arizona Ground Motion Project (Kishida et al., 2014). This project led to 
the creation and dissemination of a new ground-motion database for Arizona, which included recordings 
from small magnitude earthquakes in Arizona recorded in the surrounding region of PVNGS, and 
recordings from moderate to large magnitude earthquakes in California and Mexico recorded in Arizona. 
The Arizona Ground Motion Project was also inclusive of two external technical contributions addressing 
the characterization of the recording stations around PVNGS in terms of kappa evaluation (by Dr. Olga 
Ktenidou – ISTerre Grenoble, France; and by Pacific Engineering and Analysis, Inc.), and in terms of VS30 
and NEHRP classification (by Dr. Robert Kayen, UCLA and USGS). The results of the Arizona Ground 
Motion Project are published as a PEER report (Kishida et al., 2014) and are publicly available.  

In terms of ground-motion database development, PEER also collected and processed ground motions 
from the Fukushima-Hamadori Japanese normal-faulting earthquake that occurred shortly after the 
Fukushima earthquake, as part of the NGA-Subduction ongoing effort (Bozorgnia - personal 
communication, 2015). The data are stored at the PEER website and are publicly available (Section 
5.1.5.2). 

Proponent NGA-West2 ground-motion prediction equations (GMPEs) evaluated in the SWUS GMC 
Project were developed as a PEER project. Proponent models for addressing directivity adjustments to 
median and sigma, for single station sigma, and for epistemic uncertainty through visualization 
techniques applied to GMPEs were also developed as PEER projects in coordination with the NGA-West2 
effort, with partial funding from PG&E and SCE. 

2.2.5.2 Southern California Earthquake Center (SCEC)  

A part of the database compiled for the SWUS GMC Project includes suites of numerical finite-fault 
simulations (FFS) computed using the SCEC broadband platform. SCEC conducted a major systematic 
evaluation of the methods for numerical simulation of ground motion for engineering applications. In 
doing so, they developed a series of validation exercises designed to test the numerical simulation 
methods. SCEC has produced a report describing the evaluation process and recommending a set of 
simulations methods that pass the validation tests (Dreger et al., 2013). This set of proponent models 
are evaluated as part of the SWUS GMC study under the SSHAC process (Section 5.2). The SCEC 
validation study was partially supported with external funding from PG&E and SCE, whereas the 



Southwestern United States 
Ground Motion Characterization SSHAC Level 3 

TECHNICAL REPORT – Rev. 2 
 

 
Chapter 2 - Project Organization  Page 2-7 

Broadband network cost to produce the simulations utilized by the SWUS GMC Project was shared 
among the Sponsors. 

2.2.5.3 Other Studies (Virginia Tech, PE&A, etc) 

Dr. Shrey Shahi, under the guidance of Prof. Adrian Rodriguez-Marek at Virginia Tech, evaluated the 
impact of spatial correlation to sigma (Shahi et al., 2015 – Attachment D). These results are evaluated by 
the TI Team under the SSHAC process (Section 13.4). 

An additional specialty contract was assigned to Walt Silva at Pacific Engineering and Analysis, Inc. 
(PE&A) to estimate the sensitivity of the ground-motion amplification at PVNGS if the underlying 
bedrock kappa differs significantly from the kappa associated with the reference Western U.S. profile. 
The results of that sensitivity were presented at the SWUS Workshop #1 and indicated that the impact 
of the kappa difference between California and Arizona could be significant, thus prompting the PEER–
led efforts to characterize kappa in the PVNGS surroundings.  

2.2.6 Resource Experts 

Resource Experts (RE) are one of the three experts categories identified in the SSHAC guidance, together 
with the Proponent Experts and the Evaluator Experts. A RE is an expert with a specialized knowledge of 
a particular data set, interpretation, or hypothesis who can present this information without a 
proponent bias. The REs provide their specialized knowledge to assist the TI Team in the evaluation but 
they do not take ownership or endorse the final GMC models. 

The REs were identified as needed during the project. REs were generally invited to one or more 
workshops. Additionally, throughout the duration of the project, some REs attended working meetings 
with the TI Team to present and discuss their specialized knowledge regarding the strengths and 
weaknesses of alternative models and data sets.  

2.2.7 Proponent Experts 

In contrast to the RE, a Proponent Expert (PE) advocates a particular hypothesis or technical position. 
The PE’s opinion may range from mainstream to extreme (outlier) views. PEs were identified as needed 
during the project, and were primarily GMPEs developers and FFS modelers. PEs were generally invited 
to one or more workshops and some provided post-workshop feedback or attended working meetings. 

2.2.8 Hazard Calculation Team 

The Hazard Analyst (HA) is a PSHA expert responsible for performing the PSHA calculations. Hazard 
Analysts are incorporated into all phases of the study (e.g., evaluation, integration) because they can 
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provide: (a) valuable insight into how to represent uncertainty for input into PSHA; and (b) hazard 
sensitivity feedback to identify the key parameters contributing to the hazard uncertainty. 

Each utility provided its own Hazard Analyst, knowledgeable with the site-specific SSC, so that the 
hazard feedback addressed the key issues at the two NPP sites. The selected Hazard Analysts have 
technical expertise with hazard computation and analysis, have specific working knowledge of PSHA 
programs, and are able to perform hazard analysis under quality assurance (QA). 

2.2.9 Participatory Peer Review Panel 

The Participatory Peer Review Panel (PPRP) is a panel of experts with SSHAC methodology and/or PSHA 
experience that is involved throughout all phases of the project by providing continuous review of the 
project adherence to the SSHAC Level 3 process, and of the technical evaluations of the TI Team. The 
PPRP’s review ensures that: (a) the range of technically defensible interpretations prevailing within the 
technical community has been captured and documented; (b) knowledge and uncertainties have been 
properly quantified and incorporated into the analysis, and (c) the technical bases and justifications have 
been clearly documented while properly implementing the SSHAC process.  

The members of the PPRP serve as individuals and not as an affiliate of any organization. As panel 
members, they are serving as recognized experts in their respective fields and are selected so that, 
collectively, they have experience and specialized technical knowledge on: (a) empirical ground-motion 
models for active crustal regions; (b) numerical simulations of ground-motion models for active crustal 
regions, and (c) source characterizations in the Southwestern U.S. (for interface issues between SSC and 
GMC models). 

Members of the PPRP fulfilled their responsibilities by: (a) reviewing and providing written comments on 
the SWUS GMC Project Plan; (b) attending all of the formal workshops and working meetings; (c) 
participating in selected technical meetings as suggested by the TI Team Lead, to keep abreast of the 
scientific work being developed in the technical community that would be used as input by the project; 
d) providing oral and written review comments on interim technical assessments or other products 
developed by the TI Team during the project; e) participating in the PPRP Closure Pre-Briefing and 
Briefing Meetings; f) reviewing the draft project report, and g) issuing commentary letters to improve 
the draft project report. 

Additionally, members of the PPRP interacted individually with the TI Team and Project Manager in the 
role of Resource or Proponent Expert during selected meetings. 

A concurrence letter report (after review comments were adequately addressed) was provided to the 
Project Manager for inclusion in the final project report (Appendix B). 
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2.3 Project Schedule 

The schedule for completing the SWUS GMC SSHAC Level 3 Project is presented as Figure 2.3-1, which 
shows the major milestones of the project and the duration of the main work elements. The schedule 
also reflects major milestones associated with the University Research tasks conducted by PEER and 
SCEC for the SWUS GMC study.  

Table 2.3-1 shows the dates that the main meetings which took place during the SWUS GMC study. The 
project commenced with Workshop 0 (Kick-Off Meeting) in August 2012, preceded by two planning 
meetings. Formal workshops were held at 6-month intervals in October and March during the study. 
Several working meetings were conducted during the project, in preparation and as follow-up to the 
three formal workshops. Members of the PPRP attended the workshops and working meetings. A two-
day working meeting, referred to as Special Working Meeting, occurred in January 2014 where 
additional feedback from Workshop #2 REs and PEs was presented and discussed in the presence of the 
PPRP and additional observers. Also, internal communications among TI Team, PM, and relevant project 
participants occurred during informal Logic Tree Meetings held to develop the final GMC models. Two 
briefing meetings with PPRP were conducted after Workshop #3 (PPRP Closure Pre-Briefing and Closure 
Briefing in May and July 2014, respectively) to present the updated GMC models to the PPRP while 
capturing their verbal feedback.   
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Table 2.3-1: Main meetings occurred during the SWUS GMC study 

Title Date Invited Participants 
Working Meeting #1 (Planning 
Meeting #1) 

June 21, 2012 TI Team, PM, PPRP, HAs, PTIs, selected REs, TI 
Staff 

Working Meeting #2 (Planning 
Meeting #2) 

July 18, 2012 TI Team, PM, PPRP, HAs, PTIs, TI Staff 

Kick-Off Meeting August 27, 2012 TI Team, PM, PPRP, HAs, PTIs, Sponsors, TI Staff 
Working Meeting #3 October 8, 2012 TI Team, PM, PPRP, HAs, PTIs, TI Staff 
Working Meeting #4 December 20, 2012 TI Team, PM, PPRP, HAs, PTIs, TI Staff 
Working Meeting #5 February 11, 2013  TI Team, PM, PPRP, HAs, PTIs, TI Staff 
Workshop #1 (GMC Model 0) March 19-21, 2013 TI Team, PM, PPRP, HAs, PTIs, , TI Staff, 

selected REs, selected PEs, Sponsors, other 
Observers 

Working Meeting #6 April 12, 2013 TI Team, PM, PPRP, HAs, PTIs, TI Staff 
Working Meeting #7 May 23, 2013 TI Team, PM, PPRP, HAs, PTIs, TI Staff 
Working Meeting #8 June 24, 2013 TI Team, PM, PPRP, HAs, PTIs, TI Staff 
Working Meeting #9 July 16, 2013 TI Team, PM, PPRP, HAs, PTIs, TI Staff 
Working Meeting #10 August 21, 2013 TI Team, PM, PPRP, HAs, PTIs, TI Staff 
Working Meeting #11 October 02, 2013 TI Team, PM, PPRP, HAs, PTIs, TI Staff 
Working Meeting #12 October 15, 2013 TI Team, PM, PPRP, HAs, PTIs, TI Staff 
Workshop #2 (GMC Model 
1.0) 

October 22-24, 2013 TI Team, PM, PPRP, HAs, PTIs, TI Staff, selected 
REs, selected PEs, Sponsors, other Observers 

Working Meeting #13 November 26, 2013 TI Team, PM, PPRP, HAs, PTIs, TI Staff 
Working Meeting #14 January 2, 2014 TI Team, PM, PPRP, HAs, PTIs, TI Staff 
Special Working Meeting January 28-29, 2014 TI Team, PM, PPRP, HAs, PTIs, TI Staff selected 

REs, selected PEs, Sponsors, other Observers 
Logic Tree Meetings for 
Workshop #3  

February 11, 12, 26 
and 27, 2014  

TI Team, PM, HAs, PTIs, TI Staff 

Working Meeting #15 March 3, 2014 TI Team, PM, PPRP, HAs, PTIs, TI Staff 
Workshop #3 (GMC Model 
2.0) 

March 10-12, 2014 TI Team, PM, PPRP, HAs, PTIs, selected REs, 
selected PEs, Sponsors, other Observers 

Working Meeting #16 March 24, 2014 TI Team, PM, PPRP, HAs, PTIs, TI Staff 
Logic Tree Meetings for Draft 
Preliminary GMC Model (GMC 
Model 3.0) 

April 11 and 25, 
2014 

TI Team, PM, HAs, PTIs, TI Staff 

PPRP Closure Pre-Briefing May 14, 2014 TI Team, PM, PPRP, HAs, PTIs, TI Staff, Sponsors 
Logic Tree Meetings for 
Preliminary GMC Model (GMC 
Model 3.1) 

June 10, 2014; July 
11, 2014 

TI Team, PM, HAs, PTIs, TI Staff 

PPRP Closure Briefing July 17-18, 2014 TI Team, PM, PPRP, HAs, PTIs, TI Staff, Sponsors 
Logic Tree Meetings for Final 
GMC Model (GMC Model 4.0) 

August 6, 2014 TI Team, PM, HAs, PTIs, TI Staff 
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Figure 2.2-1: Southwestern U.S. Ground Motion Characterization Project Organization. 
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Figure 2.3-1:  SWUS GMC Schedule and Major Milestones. 
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3 SWUS GMC WORK PLAN AND KEY STUDY TASKS 

 

This Chapter discusses the key tasks that fulfill the main four components associated to the SWUS GMC 
Project and its SSHAC Level 3 study implementation (i.e. (1) evaluation, (2) integration, (3) participatory 
peer review, and (4) documentation) as described in Section 2.1.   

 

3.1 Preparation of Project Plan and Kick-Off Meeting 

The initial task for the SWUS GMC study was to prepare the Project Plan and hold a Workshop 0 (also 
known as the Kick-Off Meeting). The Technical Integration (TI) Team, Project Technical Integrators (PTIs), 
and Project Management (PM) developed the Project Plan. A draft Project Plan was provided to the 
Participatory Peer Review Panel (PPRP) prior to the August 2012 Kick-Off Meeting.  The draft plan was 
reviewed at the Kick-Off Meeting that was attended by the Project Sponsors, PPRP, TI Team, Hazard 
Analyst (HA) from each utility, PTI from each utility, and the Project Management. Based on the 
discussions held during the Kick-Off Meeting and on the written comments received from the PPRP, the 
SWUS GMC Project Plan was revised and finalized in November 2012.  The final TI Team composition 
and a contingency plan in case the broad-band platform (BBP) simulations were not usable for the SWUS 
GMC study was agreed upon with the PPRP’s approval. The final Project Plan includes the PPRP letter 
documenting their review of the Project Plan. 

In addition to reviewing the Project Plan, the purpose of the Kick-Off Meeting was also to discuss the 
roles of the project participants, and identify key interface issues (Seismic Source Characterization - SSC, 
GMC, and site response) for the nuclear power plant (NPP) sites in the project. 

 

3.2 Database Development 

The development of the SWUS GMC Project Database involved collecting data and models in support of 
the TI Team evaluation and integration tasks. The Project Database includes several databases, which 
were compiled according to their intended use. The compiled databases include ground-motion data 
and ground-motion models applicable to shallow crustal earthquakes in active regions for ranges of 
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magnitudes and distances that are relevant to the seismic hazard at the two NPP sites. The databases 
can be grouped into five main categories: 1) empirical ground-motion databases used to constrain the 
median models; 2) simulated ground-motion databases also used to constrain the median models; 3) 
empirical ground-motion databases used to constrain the aleatory variability models; 4) databases of 
existing candidate ground-motion models for the median ground motions; and 5) databases of existing 
candidate models for the aleatory variability of the ground motions.  Details on the ground-motion 
databases selected for the project are provided in Chapter 5.  

In addition to including the relevant ground-motion database, the SWUS GMC Project Database also 
includes a documentation repository which was maintained throughout the duration of the study to 
include PPRP final letters, working meetings material, and other reference documents relevant to the 
two NPPs. The reference documents include PEER reports describing the empirical ground-motion 
studies and SCEC reports describing the simulation methods and the validation study. Access to the 
project database was provided to TI team, PPRP members, and project sponsors. In particular, critical 
reference material was available prior to each workshop to allow adequate time for the PPRP to prepare 
for the workshops.   

Additionally, a public project-specific website was developed to maintain a subset of the project 
documents. The web-page is managed by PG&E and allows public access to the SWUS GMC Project Plan, 
presentations from public workshops, workshop proceedings, and the final report. 

 

3.3 University Research to Develop Proponent Models  

Although not part of the formal SSHAC process, the SWUS GMC study received key input from two major 
ground-motion projects relevant to the hazard evaluation for western U.S. sites. These projects were 
conducted in a University-research framework, and resulted in a set of proponent models that were 
evaluated for their applicability to the two project sites as part of the SWUS GMC study under the SSHAC 
process. 

The first study is the PEER NGA-West2 (Bozorgnia et al., 2014), which developed an updated set of 
ground-motion prediction equations (GMPEs), and released an expanded PEER database that included 
key data from shallow crustal earthquakes in active regions around the world. Other studies focusing on 
other aspects relevant to the ground-motion characterization were conducted in coordination with the 
NGA-West2 program. These studies include single-station sigma, kappa scaling, and near-fault fling 
effects. The Arizona Ground Motion Project (Kishida et al., 2014) was also conducted in coordination 
with NGA-West2 project. 

The second study is the SCEC broadband platform (BBP) validation (Dreger et al., 2013), which 
comprised a major systematic evaluation of several methods for numerical simulation of ground motion 
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for engineering applications. The validation of the numerical simulation methods was organized in two 
parts described in details in Goulet et al. (2015), and addressed the median pseudo spectral acceleration 
for the average horizontal component.   

 

3.4 Workshop #1: Hazard Significant Issues, Available Data, and Data Needs 

A three-day Workshop #1 was held on March 19-21, 2013. The goal for the Workshop #1 was to: (1) 
review the ground rules for the conduct of SSHAC workshops and expert roles within the project; (2) 
identify the technical issues of highest significance to the hazard analysis; and (3) review available data 
that will be considered for constructing the GMC model. This includes identification of data, information 
and/or additional work required to address those issues. 

The TI Team and the Project Manager developed the agenda for Workshop #1 and identified 
appropriate Resource Experts (REs). Letters were sent to selected REs one month before the workshop 
that include a set of focused questions related to topics and issues to be addressed at the workshop, 
with the objective of focusing the discussion on key issues related to a particular data set, including 
quality of data, expected use of data, and uncertainty or limitations in the data or interpretations. The 
agenda, list of REs, and draft focused questions were provided to the PPRP for their review prior to the 
workshop, to ensure that the technical discussions would adequately cover the topics for consideration 
at the Workshop #1.  

Workshop #1 was attended by the TI Team, the PTIs, the PPRP, the Hazard Analysts, Resource Experts, 
the Project Management, and the Evaluator Experts supporting the TI Team. Members of the public 
attended the Workshop #1 as well, including representatives of the Project Sponsors, representatives of 
the regulators and other general observers. The list of Workshop #1 attendees is provided in Table 3.4-1 

Prior to the Workshop #1, the TI Team identified the following topics to be addressed during the 
Workshop: 

− Overview of existing or ongoing SSC studies for the project sites; 

− Present sensitivity analysis to ground-motion models for project sites (GMC Model 0); 

− Review new data and GMPEs from PEER, with special focus on their relevance and applicability 
to the hazard controlling sources; 

− Review other GMPEs developed for extensional regimes outside of the U.S., such as from Japan, 
Taiwan, Italy, Turkey, and New Zealand; 
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− Identification of data needs or gaps and models to constrain the GMPEs in critical ranges, 
including  near fault effects such as directivity, fling, and hanging wall effects (for DCPP); 

− Identification of data needs or gaps and models to constrain the GMPEs for multi-fault ruptures 
and for splay ruptures (M6-M7.5 earthquakes at distances of 0 to 15 km - for DCPP); 

− Identification of data needs or gaps and models to constrain the GMPEs for moderate (M5.5 to 
M6.5) earthquakes at distances  less than 100 km from a site, for a variety of rupture 
mechanisms, including normal faulting (for PVNGS); 

− Identification of data needs or gaps and models to constrain the GMPEs attenuation with 
distance in Arizona (for PVNGS), and to resolve geometrical spreading, anelastic attenuation, 
kappa, and stress-drop differences between California and central Arizona; 

− Identification of data needs or gaps to derive path-specific corrections to GMPEs; 

− Review use of simulations for the SWUS GMC Project, including the SCEC BBP validation effort; 

− Review base rock characteristics (e.g. host-region VS30 and kappa) of available ground-motion 
models, and select the best representative reference condition that is consistent with the site 
response approaches envisioned for the project sites; 

− Identification of data availability and needs for single station sigma. 

Through the discussions with the REs, specific data sets’ merits were discussed, and additional data 
were identified to address the hazard significant issues. In particular, three recommendations at the 
workshop were related to augmenting the sparse empirical data for normal faulting earthquakes.  First, 
it was recommended to consider the M7.2 Fukushima-Hamadori event for its potential to help constrain 
the large magnitude scaling of GMPEs for normal style-of-faulting. Second, it was suggested to check the 
Bindi et al. (2011) data set for M ≥ 5 events recorded by stations within 50 km, which were not included 
in the PEER NGA-West2 database. Third, it was suggested to review the Wells, Nevada M6.0 event for 
possible use in constraining directivity models for normal faulting earthquakes.  The sparse data for 
constraining hanging-wall effects from moderate (M5.0 to M6.0) earthquakes was also noted and it was 
suggested to examine the Japanese data set that Dr. Rodriguez-Marek was assembling for additional 
empirical data that could be used to constrain the hanging-wall scaling for moderate magnitudes. For 
evaluating ground-motion scaling in Arizona, it was suggested to look for historical intensities and 
additional recordings for the M7.2 El Mayor Cucapah earthquake recorded by stations at the VA Hospital 
and Roosevelt Dam to constrain the distance attenuation in Arizona. For the purpose of estimating 
kappa in central Arizona, it was discussed that the relevant recording sites’ characterization be improved 
by in situ investigations. 
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Another key outcome of Workshop #1 was the identification of the scenarios to be implemented in the 
numerical simulations, and the definition of the scope of the numerical simulations to be conducted, 
including the selection of the simulation methods to be implemented. 

A comprehensive summary of the discussion points that occurred during the workshop is provided in the 
Workshop #1 Proceedings (see Appendix E). The proceedings include a letter issued by the PPRP 
following the Workshop #1, documenting their observations of the workshop. 
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Table 3.4-1: Workshop #1 participants 

Group Individual Affiliation 

PPRP 

Day, Steven San Diego State University 
Campbell, Kenneth  Kenneth W Campbell Consulting 
Chiou, Brian  Brian Chiou Consulting 
Rockwell, Tom San Diego State University 

Project Management - 
GeoPentech 

Barneich, John  GeoPentech, Inc. 
Di Alessandro, Carola GeoPentech, Inc. 
Dinsick, Andrew GeoPentech, Inc. 

Project Management - Utilities 

Arsene, Florin  Southern California Edison 
Horstman,  William R. (*) Pacific Gas and Electric Company  
Jahangir, Nozar Pacific Gas and Electric Company 
Klimczak, Richard Pacific Gas and Electric Company 
Malzahn, Mark Southern California Edison  
Powell, Mike Arizona Public Service 
Reidenbach, Nicholas Arizona Public Service 
Wandell, Christopher Arizona Public Service 

Project 
 Technical Integrator 

Abrahamson, Norman A. Pacific Gas and Electric Company 
McGuire, Robin  Lettis Consultants International, Inc. 
Moriwaki, Yoshi GeoPentech, Inc. 

Hazard Analysts 
Dinsick, Andrew  GeoPentech, Inc. 
Gregor, Nick Nick Gregor Consulting  
Walling, Melanie Lettis Consultants International, Inc. 

Technical Integrator Team 

Abrahamson, Norman A. Pacific Gas and Electric Company 
Donahue, Jennifer  Geosyntec Cons. 
Dreger, Doug  Univ. of California, Berkeley  
Wooddell, Katie Pacific Gas and Electric Company 
Youngs, Bob AMEC Geomatrix  

Technical Integrator Support 
Al Atik, Linda  Linda Alatik Consulting  
Watson-Lamprey, Jennie Watson-Lamprey Consulting 

Resource and  
Proponent Experts 

Aagaard, Brad (*) U.S. Geological Survey, Menlo Park 
Anderson, John  Univ. of Nevada, Reno  
Archuleta, Ralph  Univ. of California, Santa Barbara  
Baker, Jack  Stanford University, Palo Alto  
Baltay, Annemarie  U.S. Geological Survey, Menlo Park 
Bayless, Jeff  URS  
Boore, David U.S. Geological Survey, Menlo Park  
Bozorgnia, Yousef  Univ. of California, Berkeley 
Brumbaugh, David (*) Northern Arizona University  
Castro Escamilla, Raul (*) CICESE, Baja California  
Darragh, Robert  Pacific Engineering and Analysis  
Freeman, Tom  GeoPentech, Inc. 
Goulet, Christine  Univ. of California, Berkeley 
Graves, Robert (*) U.S. Geological Survey, Pasadena  
Hanks, Tom  U.S. Geological Survey, Menlo Park 
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Group – Continued Individual Affiliation 

Resource and  
Proponent Experts 

Hardebeck, Jeanne (*) U.S. Geological Survey, Menlo Park 
Harris, Ruth (*) U.S. Geological Survey, Menlo Park  
Heaton, Thomas California Institute of Technology  
Helmberger, Donald California Institute of Technology  
Jordan, Tom SCEC, Univ. of Southern California 
Kalkan, Erol U.S. Geological Survey, Menlo Park  
Kamai, Ronnie Univ. of California, Berkeley  
Ktenidou, Olga-Joan  ISTerre, France  
Lettis, William Lettis Consultants International, Inc. 
Lindvall, Scott Lettis Consultants International, Inc. 
Maechling, Phil SCEC, Univ. of Southern California  
Olsen, Kim San Diego State University  
Rodriguez-Marek, Adrian Virginia Tech  
Silva, Walt (*) Pacific Engineering and Analysis  
Somerville, Paul URS 
Stewart, Jonathan  Univ. of California, Los Angeles  
Thompson, Steve Lettis Consultants International, Inc. 
Wang, Feng SCEC, Univ. of Southern California 
Youngs, Jeri Arizona Geological Survey  

Regulatory Observers 

Anderson, Robert California Seismic Safety Commission 
Chen, Rui California Geological Survey 
Gibson, Bruce (*) San Luis Obispo County 
Graizer, Vladimir US Nuclear Regulatory Commission 
Hale, Christie US Nuclear Regulatory Commission - Region IV 
Johnsson, Mark J. California Coastal Commission 
Kammerer, Annie (*) US Nuclear Regulatory Commission 
Stamatakos, John Center for Nuclear Waste  
Stirewalt, Gerry (*) US Nuclear Regulatory Commission 
Walter, Joan California Energy Commission  
Weaver, Casey California Energy Commission  
Williams, Megan US Nuclear Regulatory Commission - Region IV 
Wills, Chris J. California Geological Survey 

Other Observers 

Carlton, Brian Univ. of California, Berkeley 
Dabaghi, Mayssa Univ. of California, Berkeley 
El Menchawi, Osman Fugro Consultants, Inc. 
Hollenback, Justin Univ. of California, Berkeley 
Lisle, Greg A. Columbia Project - Energy Northwest 
Nigbor, Robert L. Univ. of California, Los Angeles 
Pitarka, Arben Lawrence Livermore National Laboratory 
Retson, Thomas P. Blue Castle Project - EnergyPath Corporation 
Sewell, Rob R.T. Sewell Associates 
Skarlatoudis, Andreas URS 

(*) Remote attendance 
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3.5 Workshop #2: Proponent Models and Alternative Interpretations 

The TI Team and the Project Manager developed the agenda for Workshop #2 and identified 
appropriate Proponent Experts (PEs) and Resource Experts (REs). Letters were sent to selected PEs and 
REs one month before the workshop, including focused questions to orient the presentations and 
discussions to the merits of specific methods, models or perspective regarding key issues of highest 
significance to the hazard at the two sites in the project. Also, PEs were requested to present strengths 
and limitations of the method or model they advocate, and to explain the underlying technical bases for 
applicability of the method or perspective. 

The agenda, list of PEs and REs, and draft focused questions were provided to the PPRP for their review 
prior to the workshop, to ensure that the technical discussions would adequately cover the topics for 
consideration at the Workshop #2.  

A three-day Workshop #2 was held on October 22-24, 2013. The goal for the Workshop was to: (1) 
present, discuss, and debate alternative models, methods, and viewpoints regarding key GMC technical 
issues of highest significance to the hazard analysis; (2) identify the technical bases for the alternatives 
and discuss the associated uncertainties; and (3) provide a basis for the subsequent development of a 
preliminary GMC model that considers these alternatives.  Additionally, as part of the Workshop #2, the 
TI Team’s current evaluations and the tasks supporting the ongoing evaluation were reviewed, including 
the new data collection activities being performed after Workshop #1. Finally, interface considerations 
between the SSC and GMC models, including the data pertinent to both models were identified. 

 

Workshop #2 was attended by the TI Team, the PTIs, the PPRP, the Hazard Analysts, Proponent Experts, 
Resource Experts, the Project Management, and the Evaluator Experts supporting the TI Team. 
Members of the public attended the Workshop #2 as well, including representatives of the Project 
Sponsors, representatives of the regulators and other general observers. The list of Workshop #2 
attendees is provided in Table 3.5-1 

Prior to the Workshop #2, the TI Team had reviewed hazard sensitivity analyses conducted by the 
Hazard Analysts using the alternative proponent models to help focus the discussion of the proponent 
models on those features that are most important to the hazard at the project sites. Accordingly, the 
following topics were identified to be addressed during the Workshop #2: 

− Results of the hazard sensitivity analysis using GMC Model 1.0 logic trees and the available 
simplified SSC models; 

− Strengths and weaknesses of the proponent models. The proponent models included current 
GMPEs for shallow crustal seismicity, simulation methods evaluated in the SCEC BBP validation 
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effort, novel visualization techniques for the epistemic uncertainty, and models for the aleatory 
variability.  

− Proponent model for simplified approach to directivity adjustments for the median and 
standard deviation; 

− Development of the TI Team models for adjusting or computing GMPEs for ruptures associated 
to multiple faults rupturing simultaneously (splay faulting) or to significant changes in rake and 
dip along strike (complex faulting); 

− Development of TI Team models for hanging-wall scaling; 

− Evaluation of the proponent models with comparisons to data, as appropriate, to deem their 
applicability to the project’s sites; 

− Identification of model gaps, i.e. cases that don’t appear to be covered by current models, and 
how to cover those gaps; 

− Results from new data collection activities in support of path-effects evaluation and kappa 
scaling; 

− Definition of additional simulation scenarios to support the ground-motion scaling of hanging 
wall effects for small-to-moderate magnitudes (M5 to M6.5) and of splay or complex ruptures. 

The information gained from the interactions with PEs and REs formed the basis for identifying other 
alternative models or technical issues that were not captured in the GMC Model 1.0 logic trees and that 
are needed to characterize the center, body and range (CBR) of the GMPEs.  

In terms of median GMPE models, the concept of using the visualization of epistemic uncertainty 
approach received several recommendations for improvements, including suggestions to refine the 
approach by using hazard-based weighting functions for the magnitude-distance space, and to use 
alternative data sets to establish the CBR of the technically defensible interpretations (TDIs). 
Additionally, it was discussed how the concept of the magnitude scaling’s absence above M of about 7, 
as suggested in Zhao and Lu (2011), was lacking in the current candidate GMPE. Accordingly, a need was 
identified to implement the Zhao and Lu (2011)’s concept into a new GMPE. Also, it was recommended 
to replace the Bindi et al. (2011) GMPE with the most recent version including pan-European data (Bindi 
et al., 2014a and 2014b). Finally, several of the focused questions were not completely addressed by the 
PEs, and some additional model-specific questions for the PEs were identified which were addressed by 
the PEs after the workshop.  

In terms of numerical simulations, it was suggested to implement additional scenarios to capture the 
ground-motion scaling for splay and complex ruptures. Also, the need of a series of consistency checks 
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was discussed to compare the peak displacements of the simulations and the surface slip.  Additionally, 
to be applicable for hanging-wall effect scaling at M5.5, it was recommended that the numerical 
simulations undergo an additional round of validation versus GMPEs.  

In terms of the sigma model, the discussion of alternative models or technical issues included the need 
for a different distribution to describe the epistemic uncertainty, which might not be lognormal and 
symmetric.  

Among the model gaps recognized at the time of the Workshop #2, the Idriss (2014) and EXSIM finite 
fault simulation methods could not be discussed due to the absence of their proponent modelers, or any 
designated representative. Also, the task associated to the development of path and directivity 
adjustment models for median and aleatory variability were not ready to be presented at the time of 
the Workshop #2. 

A comprehensive summary of the discussion points that occurred during the workshop is provided in the 
Workshop #2 Proceedings (see Appendix F). The proceedings include a letter issued by the PPRP 
following the Workshop #2, documenting their observations of the workshop. 

 

3.6 Working Meetings  

Several working meetings were held during the project. As shown in Table 2.3-1, sixteen working 
meetings were held prior to and soon after the formal workshops. Those working meetings provided an 
informal framework for the TI Team’s SSHAC evaluation and integration activities, outside of a workshop 
environment. The working meetings were held almost every month, and were attended by the TI Team, 
PPRP members, PM, PTIs, HAs, and Evaluator Experts supporting the TI Team. Working Meeting #1 and 
the January 2014 Special Working Meeting were attended also by selected REs and PEs. The first 
meeting (Working Meeting #1) served for planning purposes by gaining the input from REs on the 
hazard-significant issues, whereas the latter meeting (January 2014 Special Working Meeting) served to 
discuss additional feedback from the PEs and REs which were not addressed during Workshop #2. Tasks 
that were not completed by the time of the Workshop #2 were also discussed during the two-day 
Special Working Meeting that included the TI team, PPRP, REs, Sponsors’ representative and other 
technical observers associated with the University Research task (see Section 3.3). 

An agenda was prepared for each working meeting. Whenever applicable, relevant material supporting 
the TI Team’s evaluation on one or more significant technical issue was also distributed prior to the 
meetings. Any action item or follow-up tasks identified during the working meetings were provided to 
the relevant project participants shortly after the meeting’s conclusion. 
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Table 3.5-1: Workshop #2 participants 

Group Individual Affiliation 

PPRP 

Day, Steve  San Diego State University 

Campbell, Kenneth  Kenneth W Campbell Consulting 
Chiou, Brian  Brian Chiou Consulting 

Rockwell, Tom San Diego State University 

Project Management - 
GeoPentech 

Barneich, John  GeoPentech, Inc. 
Di Alessandro, Carola  GeoPentech, Inc. 

Dinsick, Andrew  GeoPentech, Inc. 

Project Management - 
Utilities 

Klimczak, Richard  Pacific Gas and Electric Company 
Horstman, William R. (*) Pacific Gas and Electric Company 
Jahangir, Nozar  Pacific Gas and Electric Company 

Wandell, Chris  Arizona Public Service 

Project 
 Technical Integrator 

Abrahamson, Norman A.  Pacific Gas and Electric Company 

McGuire, Robin  Lettis Consultants International. Inc. 

Hazard Analysts 
Gregor, Nick  Bechtel Corporation 

Walling, Melanie  Lettis Consultants International, Inc. 

Technical Integrator Team 

Abrahamson, Norman A.  Pacific Gas and Electric Company 
Donahue, Jennifer  Geosyntec Cons. 
Dreger, Doug  Univ. of California, Berkeley 
Wooddell, Katie  Pacific Gas and Electric Company 

Youngs, Bob  AMEC Geomatrix 
Technical Integrator Support Al Atik, Linda  Linda Alatik Consulting 

Resource and  
Proponent Experts 

(Continues on following page) 

Aagaard, Brad  U.S. Geological Survey, Menlo Park 
Akkar, Sinan  Middle East Technical University, Turkey 
Anderson, John  (*) Univ. of Nevada, Reno 
Archuleta, Ralph  Univ. of California, Santa Barbara 
Baker, Jack  Stanford University, Palo Alto 
Baltay, Annemarie  (*) U.S. Geological Survey, Menlo Park 
Bayless, Jeff URS 
Boore, David  U.S. Geological Survey, Menlo Park 
Bozorgnia, Yousef  Univ. of California, Berkeley 
Goulet, Christine Univ. of California, Berkeley 
Graves, Robert  (*) U.S. Geological Survey, Pasadena 
Hanks, Tom  (*) U.S. Geological Survey, Menlo Park 
Harris, Ruth  (*) U.S. Geological Survey, Menlo Park 
Heaton, Thomas  California Institute of Technology 
Kalkan, Erol  U.S. Geological Survey, Menlo Park 
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Group – Continued Individual Affiliation 

Resource and  
Proponent Experts 

(Continues from previous 
page) 

Ktenidou, Olga 
ISTerre, France;  Univ. of California, 

Berkeley 

Kuehn, Nicolas  
Potsdam Univ, Germany; Univ. of 

California, Berkeley 
Lozos, Julian  Univ. of California, Berkeley 
Mayeda, Kevin  Univ. of California, Berkeley 
McLaren, Marcia  Pacific Gas and Electric Company 
Olsen, Kim  San Diego State University 
Pitarka, Arben  Lawrence Livermore National Laboratory 
Rodriguez-Marek, Adrian  Virginia Tech 
Somerville, Paul  URS 
Stewart, Jonathan  Univ. of California, Los Angeles 
Stirling, Mark  GNS Science, New Zealand 
Toro, Gabriel  Lettis Consultants International, Inc. 

Regulatory Observers 

Ake, Jon P.  US Nuclear Regulatory Commission 
Anderson, Robert  California Seismic Safety Commission 
Budnitz, Robert J. Lawrence Livermore National Laboratory 
Chen, Rui  California Geological Survey 
Graizer, Vladimir  US Nuclear Regulatory Commission 

Hale, Christie  
US Nuclear Regulatory Commission - 

Region IV 
Johnsson, Mark California Coastal Commission 
McCarthy, Richard  (*) California Seismic Safety Commission 
Stamatakos, John Center for Nuclear Waste  
Stirewalt, Gerry US Nuclear Regulatory Commission 
Walter, Joan  California Energy Commission  
Weaver, Casey  California Energy Commission  
Wills, Chris J.  California Geological Survey 

Other Observers 
(Continues on following page) 

Abramson Ward, Hans Lettis Consultants International. Inc. 
Ancheta, Timothy  (*) RMS 
Brumbaugh, David  Northern Arizona University 
Dabaghi, Mayssa  Univ. of California, Berkeley 
El Menchawi, Osman  Fugro Consultants, Inc. 

Ferre', Kent  Pacific Gas and Electric Company 

Geesman, John A4NR 

Hamilton, Douglas DHH Geoconsult 
Hardebeck, Jeanne  (*) U.S. Geological Survey, Menlo Park 
Kammerer, Annie  Bechtel Corporation 
Lettis, William  (*) Lettis Consultants International 
Lewis, Sherry Mothers for Peace 
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Group – Continued Individual Affiliation 

Other Observers 
(Continues from previous 

page) 

Lin, Po-Shen  Sinotech, Taiwan 
Lisle, Greg A. Columbia Project - Energy Northwest 

Liu, Hsun-Jen  
Nat. Cent. for Res. on Earthq. Engin., 

Taiwan  

Renault, Philippe  
PEGASOS Refinement Project - 

Swissnuclear 
Rowshandel, Badie  California Earthquake Authority 
Seyhan, Emel Univ. of California, Berkeley 
Sewell, Rob  R.T. Sewell Associates 
Skarlatoudis, Andreas  URS 
Spudich, Paul  (*) U.S. Geological Survey, Menlo Park 
Thompson, Steve  Lettis Consultants International, Inc. 
Weisman, David A4NR 

Wu, Chiun-lin  
Nat. Cent. for Res. on Earthq. Engin., 

Taiwan  
(*) Remote attendance 
 

 

3.7 Workshop #3: Preliminary GMC Models and Hazard Feedback  

A three-day Workshop #3 was held on March 10-12, 2014. Workshop #3 was preceded by a number of 
activities which followed Workshop #2’s execution. In particular, the TI Team further evaluated the 
proponent models and integrated the information into GMC Model 2.0 version of the logic tree based 
on the feedback from Workshop #2.  Modeling gaps identified at Workshop #2 were addressed by 
development of new models as appropriate. Several of these new models and evaluations were 
presented and discussed at the Special Working Meeting held in January 2014, which also served to 
obtain additional PEs/REs feedback. 

The identification of technical issues and parameters to be discussed at Workshop #3 was aided by 
hazard sensitivities conducted for each site using the new GMC Model 2.0 and the existing SSC models. 
The hazard sensitivities highlighted the major contributors to the uncertainty, and the parameters 
having the greatest impact to the hazard at the two sites. 

The goals for Workshop #3 were to: (1) review the tasks that the GMC TI Team have conducted after 
Workshop #2 as part of their evaluations; (2) present and discuss the TI Team’s approach to obtain 
preliminary GMC models and calculations in a forum that provides the opportunity for feedback to the 
evaluators; (3) shed light on the most important technical issues through feedback given in the form of 
comments on hazard results and sensitivity analyses; (4) obtain PPRP feedback through extensive 
questions on the preliminary GMC models; and (5) discuss the path forward towards the finalization of 
the GMC models in light of Workshop #3 feedback.  
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In particular, it was planned that the emphasis of the TI Team presentations on the approach for the 
models be given to the manner in which alternative viewpoints and uncertainties have been 
incorporated. Discussions of the approach for obtaining preliminary models, the technical bases for the 
assessments and weights were also planned to allow for discussion of the implications and constraints 
provided by the available data. Also, sensitivity analyses and hazard calculations were prepared to aid 
discussion and insights into the hazard significance of the preliminary models.  

The TI Team and the Project Manager developed the agenda for Workshop #3 and identified 
appropriate PEs and REs. Letters were sent to the selected PEs and REs one month before the Workshop 
identifying discussion topics for which their feedback was sought.   Even though not formally required to 
deliver presentations, the REs and PEs were encouraged to participate to discussions pertaining to how 
the TI Team considered the views of the larger community and the manner in which their preliminary 
model represents current knowledge and uncertainties. 

Prior to the Workshop #3, the PPRP met with the TI Team to review the agenda, the list of PEs and REs, 
and to obtain a preview of the topics, presentations and technical discussions planned to be addressed 
during Workshop #3. Feedback received during the preview secured an adequate planning of the topics 
for consideration at the Workshop #3. 

Workshop #3 was attended by the TI Team, the PTIs, the PPRP, the Hazard Analysts, Proponent Experts, 
Resource Experts, the Project Management, and the Evaluator Experts supporting the TI Team. 
Members of the public attended the Workshop #3 as well, including representatives of the Project 
Sponsors, representatives of the regulators, and other general observers. The list of Workshop #3 
attendees is provided in Table 3.7-1 

The discussions and feedback were mainly related to the following topics: 

− Summary of the key data and results from the January 2014 Special Working Meeting; 

− Approach for median ground-motion models, including use of visualization techniques and 
alternative datasets for weights.  

− Plans for the inclusions of hanging-wall effects and calibration of the adjustment scaling using 
finite-fault simulations; 

− Evaluation and selection of models to compute ground motion for complex and splay ruptures 
for DCPP; 

− Model to account for the effect of directivity to median and sigma for DCPP; 

− TI Team model to account for path effects to median and sigma for PVNGS 
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− TI Team models for τ  and φ ; 

− Other issues to be considered for building the aleatory variability model, including deviation 
from the standard assumption of lognormal distribution of residuals (for upper tail), and the 
potential effect of spatial correlation on ground motions on estimates of τ  and φ . 

One other outcome of the Workshop #3 was the need for a close interaction between the GMC group 
and the site response groups to secure consistent interface in handing kappa and site amplification. 
Another identified interface issue with the SSC groups was to make sure that all the source types being 
considered in the SSC models are captured by the ground-motion models. 

In contrast to Workshops #1 and #2, the PPRP were active participants in Workshop #3 to fully query the 
technical basis for the GMC model including model parameters, level of documentation, uncertainty, 
and rationale in developing the model.  

A comprehensive summary of the discussion points that occurred during the workshop is provided in the 
Workshop #3 Proceedings (see Appendix G). The proceedings include a letter issued by the PPRP 
following the Workshop #3, documenting their observations of the workshop. 
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Table 3.7-1: Workshop #3 participants 

Group Individual Affiliation 

PPRP 

Day, Steven San Diego State University 

Campbell, Kenneth  Kenneth W Campbell Consulting 
Chiou, Brian  Brian Chiou Consulting 

Rockwell, Tom San Diego State University 

Project Management - 
GeoPentech 

Barneich, John  GeoPentech, Inc. 
Di Alessandro, Carola  GeoPentech, Inc. 

Dinsick, Andrew  GeoPentech, Inc. 

Project Management - 
Utilities 

Klimczak, Richard  Pacific Gas and Electric Company 
Jahangir, Nozar  Pacific Gas and Electric Company 
Powell, Michael Arizona Public Service 

Wandell, Christopher Arizona Public Service 

Project 
 Technical Integrator 

Abrahamson, Norman A.  Pacific Gas and Electric Company 

McGuire, Robin (*) Lettis Consultants International. Inc. 

Hazard Analysts 
Gregor, Nick  NG Consulting 

Walling, Melanie  Lettis Consultants International, Inc. 

Technical Integrator Team 

Abrahamson, Norman A.  Pacific Gas and Electric Company 
Dreger, Doug  Univ. of California, Berkeley 
Wooddell, Katie  Pacific Gas and Electric Company 

Youngs, Bob  AMEC Environment and Infrastructure 

Technical Integrator Support 
Al Atik, Linda  Linda Alatik Consulting 
Bayless, Jeff URS Corporation 
Watson-Lamprey, Jennie Watson-Lamprey Consulting 

Resource and  
Proponent Experts  

(continues on next page) 

Aagaard, Brad (*) U.S. Geological Survey, Menlo Park 
Anderson, John (*) Univ. of Nevada, Reno 
Archuleta, Ralph  Univ. of California, Santa Barbara 
Baker, Jack  Stanford University, Palo Alto 
Bozorgnia, Yousef  Univ. of California, Berkeley 
Goulet, Christine Univ. of California, Berkeley 
Graves, Robert U.S. Geological Survey, Pasadena 
Harris, Ruth (*) U.S. Geological Survey, Menlo Park 
Heaton, Thomas California Institute of Technology 
Idriss, IM IM Idriss Consulting 
Kuehn, Nicolas  Univ. of California, Berkeley 
Lozos, Julian  Stanford Univ., Palo Alto 
Olsen, Kim  San Diego State University 
Pasyanos, Michael Lawrence Livermore National Laboratory 
Pitarka, Arben  Lawrence Livermore National Laboratory 
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Group – Continued Individual Affiliation 

Resource and  
Proponent Experts 

(continued from previous 
page) 

Rodriguez-Marek, Adrian  Virginia Tech 
Somerville, Paul  URS Corporation 
Stewart, Jonathan  Univ. of California, Los Angeles 
Toro, Gabriel  Lettis Consultants International, Inc. 

Regulatory Observers 

Ake, Jon P.  US Nuclear Regulatory Commission 
Anderson, Robert  California Seismic Safety Commission 
Budnitz, Robert J. Lawrence Livermore National Laboratory 
Chen, Rui  California Geological Survey 
Giacinto, Josef US Nuclear Regulatory Commission 
Gibson, Bruce San Luis Obispo County 
Graizer, Vladimir  US Nuclear Regulatory Commission 

Hale, Christie  
US Nuclear Regulatory Commission - 

Region IV 
Johnsson, Mark California Coastal Commission 
Stamatakos, John Center for Nuclear Waste  
Walter, Joan  California Energy Commission  
Weaver, Casey  California Energy Commission  
Wills, Chris J.  California Geological Survey 

Other Observers 

AbramsonWard, Hans Lettis Consultants International. Inc. 
Ancheta, Tim (*) RMS 
Becker, Rochelle A4NR 
Chao, Shu- Hsien  Nat. Cent. for Res. on Earthq. Engin., 

Taiwan  
Chang, Yu-Wen  Nat. Cent. for Res. on Earthq. Engin., 

Taiwan  
Ferre', Kent  Pacific Gas and Electric Company 
Geesman, John A4NR 
Hamilton, Douglas DHH Geoconsult 
Hardebeck, Jeanne (*) U.S. Geological Survey, Menlo Park 

Hartleb, Ross Lettis Consultants International 

Hollenback, Justin Univ. of California, Berkeley 

Lewis, Sherry Mothers for Peace 

Renault, Philippe  
PEGASOS Refinement Project - 

Swissnuclear 
Silva, Fabio (*) SCEC - Univ. of Southern California 
Thompson, Steve  Lettis Consultants International, Inc. 
Weisman, David A4NR 

(*) Remote attendance 
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3.8 Development of Final GMC Models 

Following Workshop #3, the key project participants interacted during two internal meetings (referred 
to as logic tree meetings in Table 2.3-1) to resolve comments from the PPRP and REs/PEs. This process 
yielded to a Draft Preliminary GMC Model (GMC Model 3.0) which was presented to the PPRP during a 
briefing meeting occurred on May 14, 2014. Such meeting is referred to as PPRP Closure Pre-Briefing in 
Table 2.3-1. 

The Preliminary GMC Model (GMC Model 3.1) was developed between May and July 2014. The model 
development was aided by two internal logic tree meetings where the TI Team, HAs, PTIs, Evaluator 
Experts supporting the TI Team and PM had the chance to interact internally. A provisional Hazard Input 
Document (HID) dated July 8, 2014, and describing the Preliminary GMC Model was transmitted to the 
PPRP. A short document dated July 16, 2014 describing the Preliminary GMC Model (preliminary draft 
report) was also provided to the PPRP. Both documents provided background material to facilitate the 
discussions at the PPRP Closure Briefing meeting held on July 17 and 18, 2014. The TI Team presented 
the Preliminary GMC Model for median and sigma, including the technical basis for the assessments of 
relative weights representing the CBR of the TDI. The hazard significance of the various branches in the 
Preliminary GMC Model was presented by means of hazard sensitivities and tornado plots. During the 
discussions that followed the presentations, the PPRP provided some recommendations which were 
recorded by the TI Team. Some of the PPRP comments addressed unclear documentation or inadequate 
justification associated to the technical bases and assessments; these comments were addressed in the 
development of the draft report (see Section 3.9). Other comments highlighted the need for improving 
some of the models. In the case of the generation of median model via visualization technique, among 
others, it was suggested to improve the magnitude-distance weighting approach, reconsider the 
approach to assign relative weights for alternative datasets, and resolve the skewed distribution of the 
selected median models for PVNGS as shown in the tornado plots. In the case of the adjustments to take 
into account directivity, it was suggested to explore an alternative hypocenter distribution (i.e. showing 
more concentrated or unilateral hypocentral distribution). In terms of sigma model, it was suggested for 
the TI Team to consider smoothing an apparent change in slope in single station SSφ  models at period T 

> 5 sec. Finally, a recent change in the development of the PVNGS SSHAC Level 3 SSC model was 
discussed. This prompted the need of a small change in regionalization for the path effects, with the 
associated revision of the path adjustments terms for both median and sigma. 

Between July 2014 and September 2014 the TI Team continued working on improving the Preliminary 
GMC Model following the PPRP recommendations, and their results were documented in the draft 
report. The Final GMC Model 4.0 was developed and documented in the current report following the 
activities summarized below: 

1. PPRP Letter N.1, dated December 13, 2014, summarizing the comments and recommendations for 
the aleatory variability models and associated documentation.  

2. PPRP, TI Team and PM Conference Call (December 16, 2014) 
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3. Initial TI Team and PM responses to PPRP Letter N.1 (December 22, 2014) highlighting the plan to 
implement the PPRP comments. 

4. PPRP Letter N.2, dated January 5, 2015, summarizing the comments and recommendations for the 
median models and associated documentation.  

5. PPRP, TI Team and PM Conference Call (January 7, 2015), serving also to orally communicate the 
initial TI Team and PM responses to PPRP Letter N.2 highlighting the plan to implement the PPRP 
comments and refine the GMC models. 

6. PPRP, TI Team and PM Conference Call (January 26, 2015), summarizing the modifications to the 
GMC models and to the documentation while addressing the PPRP comments. 

7. PPRP, TI Team and PM Conference Call (February 9, 2015), highlighting unresolved issues on 
documentation and identified model limitations. 

8. PPRP Letter N.3, dated February 20, 2015, summarizing the comments and recommendations for 
improving the completeness and clarity of the documentation.  

9. PPRP Closure Letter, dated February 24, 2015, summarizing the review of the Final SWUS GMC 
Model, the associated technical justifications, and the adherence to the SSHAC procedure. 

10. TI Team and PM responses to PPRP Closure Letter (February 26, 2015), and publication of Rev.1 
Technical Report. 

11. Updated PPRP Closure Letter, dated March 10, 2015, summarizing the review of the Final SWUS 
GMC Model, the updated associated technical justifications, and the adherence to the SSHAC 
procedure. 

12. TI Team and PM responses to the Updated PPRP Closure Letter (March 10, 2015), and publication of 
Rev.2 Technical Report. 

 

3.9 Documentation  

The Final SWUS GMC Model, the associated technical justifications, and the assessments performed by 
the TI Team are documented in this project report. The essential elements of the GMC model are 
documented in the Hazard Input Documents (HID, see Appendix C), which provides clear instructions for 
the hazard analysts to correctly implement the model while avoiding the need to distill the info from the 
full report. As such, the TI Team technical justifications for the model are not included in the HID. 

A preliminary draft project report was prepared in July 2014 to facilitate the PPRP Final Briefing. The 
draft project report (draft Rev. 0) was developed following the summer and early fall 2014 by the key 
project participants, including all the members of the TI Team, the Project Manager, the Hazard Analysts 
and selected Evaluator Experts supporting the TI Team. The draft report was designed to include 
complete documentation on the SSHAC methodology implemented throughout the project, the 
database used in the project, the final GMC model including all the technical bases for the assessments, 
and hazard sensitivities showing the GMC branches’ contribution to the uncertainty. Several appendices 
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were included in the draft report, including the SWUS GMC Project Plan, key written communications 
with PPRP, formal workshops’ proceedings, final HID, and project-specific documentation on models and 
data sets. Several attachments were also included in the draft report to provide key deliverables 
associated to the University Research and Specialty Contractors tasks (see Sections 2.5 and 3.2).  

The draft report was provided to the PPRP in various installments between October and November 
2014, with some parts provided in early January 2015. The PPRP reviewed the draft project report to 
check if the TI Team’s technical assessments for the GMC model were adequately justified and 
completely documented, and if that documentation was clear, consistent and self-contained. Written 
comments were provided by the PPRP, which were addressed by the TI Team while revising the report. 
A Rev.0 report incorporating the critical PPRP’s comments was issued on January 12, 2015. The draft 
Rev.1 report addressing the PPRP’s request on augmented quality of documentation was provided to 
the PPRP at the end of January 2015. Logs collecting PPRP questions and TI Team-PM responses were 
also shared with the PPRP to facilitate their final review task on the draft Rev.1 report and on the Final 
GMC Model. A Rev.1 report addressing further PPRP questions was issued on February 26, 2015. To 
address the PPRP’s comments on limitation of documentation in terms of completeness and clarity, a 
Rev.2 report was issued on March 10, 2015. 
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4 SEISMOTECTONIC SETTING OF PROJECT AREAS 

 

This Chapter summarizes the regional tectonic setting for the DCPP and PVNGS sites. It also provides a 
brief description of the main controlling sources affecting the seismic hazard at the two nuclear power 
plant (NPP) sites and indentifies the range of sources that are included in the seismic source 
characterization (SSC) models (magnitudes, dips, mechanisms, and distances) for each site. Additionally, 
this Chapter summarizes the hazard contributions and deaggregation from previous hazard studies 
conducted for the two sites. The objective of this Chapter is to describe the range of sources for which 
the ground-motion models need to be applicable.  The technical justifications for the SSC models are 
given in the respective SSC reports and are not addressed in this Chapter. 

In terms of nomenclature, the term areal source is used throughout this report, noting that it can be 
used interchangeably with the term area source.   

 

4.1 Seismotectonic Setting of DCPP 

The Diablo Canyon Power Plant (DCPP) is located along the coastal margin of the San Luis Range in 
south-central California near San Luis Obispo. This region of California is characterized by 
transpressional deformation (Lettis and Unruh, 2009) between the San Andreas Fault zone to the east 
and the Hosgri-San Simeon-San Gregorio system of near-coastal faults to the west (Figure 4.1-1). Active 
fault sources within 320 km from the DCPP site location are considered for the purpose of hazard 
analysis (Figure 4.1-1). The controlling fault sources in the site vicinity (within 40 km radius from DCPP) 
are shown on Figure 4.1-2 and are described in Section 4.1.1.  

Regional seismicity patterns and focal mechanisms from 1987 to 2008 (Hardebeck, 2010) show that 
earthquakes extend to a depth of 12 to 15 km. The 2003 M6.5 San Simeon earthquake (McLaren et al., 
2008) is the largest event recorded in the region since the Ms 7.0 Lompoc earthquake of 1927 (McLaren 
and Savage, 2001; Figure 4.1-1). 
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4.1.1 Source Parameters for Nearby Faults  

Previous evaluations of the seismic hazard at the DCPP site have shown that, at low probability levels 
(10-3 to 10-6 Annual Frequency of Exceedance – AFE), the hazard is controlled by faults that come within 
10 km of the plant site (PG&E, 1988; PG&E, 2011). Specifically, the hazard at the site is controlled by the 
Hosgri, Shoreline, Los Osos, and San Luis Bay faults (Figure 4.1-2). Section 4.1.4 summarizes the hazard 
contribution of the sources characterized in the Shoreline Fault Report (PG&E, 2011), and the associated 
deaggregation by magnitude and distance ranges. 

In the Shoreline Fault Report, the Hosgri and Shoreline faults are characterized as strike-slip faults, 
whereas the Los Osos and San Luis Bay faults are reverse or reverse-oblique slip faults. The DCPP site is 
located on the hanging-wall side of both of the reverse faults and on the hanging-wall side of the steeply 
dipping Hosgri fault.  

The 2015 DCPP SSC model separates the ruptures into four groups: characteristic, linked, complex, and 
splay. The characteristic ruptures are based on the commonly used Youngs and Coppersmith (1985) 
magnitude density function for faults.  The linked ruptures allow for multiple fault segments with the 
same style-of-faulting to rupture together into larger magnitude earthquakes.  The complex ruptures 
allow for fault segments with different styles-of-faulting to rupture together.  In addition, the complex 
ruptures also include multi-segment ruptures that have non-similar dips along strike (difference in dips 
greater than 15 degrees) for the parts of the ruptures that are close to the site (within 20 km of the site 
which could affect the calculation of the hanging-wall effect). The splay ruptures allow for ruptures from 
smaller secondary fault segments that are close to the site to rupture during the rupture of a larger 
segment.  The splay ruptures lead to over-lapping ruptures near the site.  For the purpose of ground-
motion estimation, the characteristic and linked ruptures are grouped together because they do not 
require any special treatment for implementation in the ground-motion prediction equations (GMPEs).  
The complex and splay ruptures require a special treatment because only a single style-of-faulting class 
and a single dip angle can be entered in the GMPEs. 

The range of magnitudes and dip angles for the nearby faults that dominate the hazard are listed in 
Tables 4.1-1 to 4.1-3. Some of the ruptures in the SSC model have changes in dip along strike and down 
dip.  For these sources, the ranges of dips listed in Table 4.1-1 to 4.1-3 are measured over the top 5 km 
thickness of fault sections participating in the ruptures within 20 km from the NPP site. The fault 
sections are associated with the three alternative fault geometry models in the DCPP vicinity being 
considered by the 2015 DCPP SSC effort (i.e. Outward-Vergent – OV; NE-Vergent – NE; and SW-Vergent - 
SW).  

Table 4.1-1 lists the range of magnitudes and dip angles for the characteristic and linked ruptures.  For 
strike-slip earthquakes, the mean characteristic earthquakes are between M6.3 and M7.3 with 
maximum magnitudes from the linked ruptures reaching up to M8.5.  For reverse-slip earthquakes, the 
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mean characteristic earthquakes are between M6.0 and M7.3 with maximum magnitudes from the 
linked ruptures reaching up to M7.55.  The dip angles for the reverse-slip earthquakes range from 45 to 
90 degrees with the DCPP site on the hanging-wall (HW) side of the dipping faults, so the ground-motion 
models need to be applicable to a wide range of dip angles for sites on the HW side of the rupture.   

For the splay ruptures, the range of magnitudes and dip angles are listed in Table 4.1-2.  The 2015 DCPP 
SSC model includes one scenario of a Strike-Slip (SS) splay rupture with a SS main rupture.  In this case, 
the main rupture has a much larger magnitude (M7.7) than the splay rupture (M6.5).  The SSC model 
includes three scenarios for Reverse-slip (REV) splay ruptures with a REV main rupture. In all three cases, 
the magnitudes of the main rupture and the splay rupture are similar to each other and are in the M6.1 
to M6.6 range.   

For the complex ruptures, the range of magnitudes and dip angles are listed in Table 4.1-3. The 2015 
DCPP SSC model includes five complex rupture scenarios with SS and REV or REV/OBL slip segments 
rupturing together.  Four of the five scenarios are for a large strike-slip rupture (M7.5 to M8.4) with a 
smaller REV or REV/OBL rupture (rows 1, 2, 4, and 5 in Table 4.1-3).  One of the scenarios is for 
moderate strike-slip rupture (M6.5) with a large reverse-slip rupture (M7.5) (row 3 in Table 4.1-3).   

4.1.2 Source Parameters for Host Areal Source Zone  

The areal source zone near the site is modeled using virtual faults for strike-slip and reverse-slip 
earthquakes.  The range of dips and the maximum magnitudes for the virtual faults from the 2015 DCPP 
SSC model are listed in Table 4.1-4. The maximum magnitudes (M7.2) and the range of dips (35-70) for 
reverse-slip earthquakes are similar to the range from the characterized faults.  Therefore, the ground-
motion models developed for the SSC scenarios will be applicable to the virtual faults and no additional 
focus on the scenarios captured by the virtual faults is needed for the ground-motion characterization. 

4.1.3 Other Sources   

The 2015 DCPP SSC model includes other faults out to a distance of 320 km.  Previous hazard studies 
(PG&E, 2011) have shown that these regional faults do not have a significant impact on the hazard at the 
hazard levels of interest (10-3 to 10-6 AFE).  These sources are included in the hazard calculation for 
completeness, but they are not the focus of the ground-motion model characterization and are not 
discussed in this report.  
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4.1.4 Hazard Contribution and Deaggregation from the Shoreline Fault Report (PG&E, 
2011) 

Figures 4.1-3 a) and b) show the hazard curves for 5 Hz and 1.0 Hz spectral acceleration resulting from 
the Shoreline Fault Report (PG&E, 2011). The figures show the individual contributions to the total 
hazard from the fault sources. The results in the Shoreline Fault Report study indicated that the main 
contribution to the total hazard is from the Hosgri fault for all hazard levels. The Los Osos, San Luis Bay, 
and Shoreline faults are similar in terms of their contribution to the hazard. 

Figures 4.1-4 a) and b) show the deaggregation for the 10-4 AFE for the 5 Hz and 1 Hz spectral 
acceleration. The deaggregation results indicate that the earthquakes with magnitudes between 5.5 and 
7.0 at short distances (< 10 km) control the hazard at the high frequencies (5 Hz).  For the low 
frequencies (1 Hz), the controlling sources from the deaggregation are shifted slightly to higher 
magnitudes (M6.0 - M7.5), but are still at short distances (< 10 km). 

 

4.2 Seismotectonic Setting of PVNGS  

The PVNGS site is located in the Sonoran Desert sub-province of the southern part of the Basin and 
Range (Figure 4.2-1). The Southern Basin and Range zone (SBR) is the host zone and is generally 
characterized by an extensional deformation regime, bounded to the southwest by the obliquely 
oriented southern portion of the modern-day San Andreas Fault and other sources in the Eastern 
California Shear-zone, and by the actively spreading Gulf of California. To the northeast, the region is 
bounded by the Arizona Transition Zone which separates the Basin and Range province from the 
Colorado Plateau (Figure 4.2-1). 

The fault sources from the Rev. 0 PVNGS SSC model (LCI, 2014) are also shown in Figure 4.2-1. Few 
mapped Quaternary faults lie within the SBR, with the Sand Tank Fault being the closest to PVNGS (60 
km southwest of the NPP). 

The Southern Basin and Range is generally characterized by a low rate of instrumentally recorded 
seismicity with earthquakes of small to moderate magnitudes that are usually not associated with 
known faults (LCI, 2013). A MS 6.1 earthquake occurred south of Death Valley in 1916. Several other 
moderate-magnitude earthquakes have occurred within the northwestern portion of the southern Basin 
and Range. The largest historical earthquake associated with the central part of the Southern Basin and 
Range is a 1952 local magnitude (ML) 5.1 earthquake that occurred just south of the U.S.-Mexico border. 
A historical surface-rupturing earthquake (1887 magnitude 7.5 Sonora; Castro et al., 2010) occurred in 
the southern part of the southern Basin and Range. 
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Sources generally within 400 km from the PVNGS site location are considered for the purpose of hazard 
analysis (Figure 4.2-1). Some fault sources shown in Figures 4.2-1 extend beyond the 400 km radius from 
PVNGS. All the sources in the PVNGS SSC model are associated with active crustal seismicity. 

For the purpose of evaluating the potential source and path effects, the western sources (included in the 
areal zones SCABA and GULF in Figure 4.2-1) have been differentiated into three regions. The rationale 
for the extent of the three regions was to identify earthquakes whose ray-paths to southern Arizona 
cross through the Gulf of California/Baja California zone (Region 3), or cross the extensional zone of the 
Salton Trough located north of the Gulf of California (Region 2), or cross north of the extensional zone, 
including the Transverse Range (Region 1). The spatial extents of Regions 1, 2 and 3 are shown in Figure 
4.2-2. 

4.2.1 Q structure in Arizona 

The regional Q (quality factor) structure can have a significant impact on attenuation of the seismic 
waves with distance. Several of the proponent GMPE models (Section 5.5) have used data out to 
distances of 400 km to constrain the distance scaling, but these GMPEs did not include ground-motion 
data from sites in Arizona. 

Phillips et al. (2014) has shown that Q obtained from tomographic inversion of USArray Lg data was low 
for coastal regions in California and the Salton Trough, and high for the Mojave Desert and for more 
stable regions such as the Colorado Plateau. In general, Phillips et al. (2014)’s results showed that Q 
increases at higher frequencies, but that regional patterns remain similar for the different frequencies. 

The comparison between Q associated with the NGA-West2 California data and Q associated with NGA-
West2 events that originated in California and were recorded in Arizona (referred to as PEER-AZPATH data 
set, see Section 5.3.3 for more details) has been addressed in Chapter 5 of Kishida et al. (2014). In 
general, the Q values averaged over the paths from California to Arizona indicate that events from 
central California have higher Q, events from Baja California have lower Q, and events from southern 
California and the Transverse Ranges have intermediate Q.  

4.2.2 Controlling Sources for PVNGS 

Previous hazard studies for PVNGS (LCI, 2013) have shown that for hazard level of 10-4 annual frequency 
of exceedance (AFE), the high-frequency hazard at the PVNGS site is controlled by earthquakes in the 
areal source zones within 70 km of the site and the low-frequency hazard at the PVNGS site is controlled 
by the distant large magnitude sources located in the southern California region. Section 4.2.3 
summarizes the hazard contribution of the sources characterized in the PVNGS SSHAC Level 2 Project 
(LCI, 2013), and the associated deaggregation by magnitude and distance ranges. 
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Based on the Rev. 0 Hazard Input Document (HID) for the PVNGS SSC model (LCI, 2014), the range of 
source parameters for the areal source zones is listed in Table 4.2-1. For the SBR zone, where few 
Quaternary-active faults are identified, the areal source zone is modeled by virtual faults with dips in the 
50 ± 15 degree range for normal faults and the 80 ± 10 degree range for strike-slip faults.  In the SBR, the 
sources are mainly normal mechanisms (80%) with some strike-slip mechanisms (20%).  The PVNGS SSC 
model allows for magnitudes up to M7.9 in the areal zones.  Therefore, the ground-motion models must 
extrapolate up to M7.9 at short distances in a reasonable way, although, these large magnitude 
earthquakes do not have a significant effect on the hazard at the PVNGS site (Chapter 14, Section 14.3). 

The PVNGS SSC separates the faults into layered faults and individual faults. Layered fault models are 
developed for plate boundary fault sources for high slip rate, such as the San Andreas, San Jacinto, 
Elsinore, and Cerro Prieto faults, so that, in each layered model, a fault is divided into several rupture 
geometries (layers) with corresponding slip rates and magnitudes. Spatially overlapping layers sum to 
the full slip rate of the fault, and the different combinations of layers that exist along strike 
accommodate the along-strike variations in geologic slip rate (LCI, 2014). For the purpose of ground-
motion estimation, there is no difference between these two types of fault sources and they are 
combined. The ranges of source parameters for the faults are listed in Table 4.2-2.  For both the 
California and Mexico faults (referred to as Regions 1 and 2&3 in this Report) and the other faults (AZ, 
NM, NV, and Mexico – referred to as Greater Arizona sources), the range of mean characteristic 
earthquakes are similar (M5.7 to M8.0) and the largest maximum magnitudes are 8.25.  Therefore, the 
ground-motion models need to be applicable to M5.5 to M8.25 earthquakes at large distances (240 to 
400 km).  In addition, for the normal faults in the SBR, they also need to be applicable to distances as 
short as 50 km for magnitudes up to 7.85.  This short distance range overlaps with the important 
distances from the areal source zones. 

4.2.3 Hazard Contribution and Deaggregation from the PVNGS SSHAC Level 2 Project 
(LCI, 2013)   

Figures 4.2-3 a) and b) show the hazard curves for the PVNGS site for 10 Hz and 1.0 Hz spectral 
acceleration resulting from the PVNGS SSHAC Level 2 Project (LCI, 2013). The figures show the individual 
contributions to the total mean hazard from the sources (both areal and faults) characterized in LCI 
(2013). For the areal sources, the mean hazard is also shown from the two alternatives (i.e. coarse and 
fine zonation). In the coarse zonation, there are fewer areal sources in which spatial smoothing of 
seismicity is implemented. In the fine zonation, there are more areal sources in the seismicity rates are 
uniform through each areal source. For the fault sources, the mean hazard from detailed faults in 
Arizona and Mexico and Arizona is differentiated from the mean hazard from fault sources listed in the 
2008 National Seismic Hazard Mapping project (NSHMP – USGS, 2008) for faults in Nevada and 
California (non-type A faults). The mean hazard from the detailed Type-A faults in California (San 
Andrea, San Jacinto and Elsinore faults) is show in Figure 4.2-4 a) and b) for 10 and 1.0 Hz spectral 
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acceleration, together with the mean hazard from other individual faults. The results in the PVNGS 
SSHAC Level 2 Project indicated that, at AFE of 10-4 to 10-6, the local areal sources are the dominant 
contributor to hazard at the higher spectral frequencies and they contribute about 10% to 50% of the 
hazard at the low spectral frequencies with the larger contribution at the lower AFE range. The distant 
fault sources are the dominant contributor to hazard at lower spectral frequencies at an AFE of 10-4 and 
contribute about 50% of hazard at an AFE of 10-4.  

Figures 4.2-5 a) and b) show deaggregation results by magnitude and distance for spectral accelerations 
corresponding to AFE of 10-4 for high (5 to 10 Hz) and low (1 to 2.5 Hz) spectral frequencies, respectively. 
For high frequencies, local earthquakes dominate the hazard, with a broad contribution to the total 
hazard from magnitudes in the M5 to M7 range and from distances less than 70 km. For low 
frequencies, the deaggregation plots show that the main contributions are from sources associated to 
magnitudes M7.5 to M8.5 and located at distances of 200-300 km from the site. The LCI (2013) study 
associated those faults to the distant, large earthquake-capable San Andreas, San Jacinto, and Cerro 
Prieto Faults.  
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Table 4.1-1:  Range of Source Parameters for the Nearby Faults (excluding splay ruptures and complex 
ruptures) for DCPP. 

Style-of-
Faulting 

Nearest Segment 
(Ruptures) 

Range of Dip 
Angles (*) 

Range of 
Mean 
Char Mag 

Largest 
Max Mag 

HW/FW for 
Nearest 
Segment 

SS Hosgri 
 

72-90 6.8-7.3 8.5 HW 

SS Shoreline 
 

90 6.3-6.8 8.4 NA 
(vertical) 

REV San Luis Bay 
 

74-84 (OV model) 
45-55 (SW model) 

6.0-7.0 7.25 HW 

REV Oceano  
 

45 (SW model) 
45 (NE model) 

6.8-7.3 7.55 NA (off the 
end) 

REV Wilmar 
 

45-67 (NE model) 
50-65 (SW model) 

6.2-6.5 6.75 NA (off 
end) 

REV Los Osos 
 

50-67 (NE model) 6.1-6.8 7.05 HW 

REV/OBL Los Osos 
 

60-90 (SW model) 
60-80 (OV model) 

6.5-7.0 7.25 NA (off the 
end) 

REV/OBL Oceano & SWBZ (**) 
 

65 (OV model) 6.7-7.2 7.45 NA (off the 
end) 

(*) Dip is for points of the rupture within 20 km and is measured over the top 5 km of the rupture. 

(**) SWBZ is the segment starting at the southern end of the Oceano – Wilmar Avenue faults shown in 
Figure 4.1-2   
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Table 4.1-2:  Range of Source Parameters for the DCPP Nearby Faults for Splay Ruptures. 

Style-of-
Faulting 

Rupture Segments Range of Dip 
Angles (*) 

Range of 
Mean 
Char Mag 

Largest 
Max Mag 

HW/FW 
for Nearest 
Segment 

SS Hosgri - Main 
Shoreline - Splay 
 

72-90 main 
90 splay 

7.7 main 
6.5 splay 

7.7 HW 

REV Los Osos - Main 
San Luis Bay - Splay 
 

50-67 
62-70 (NE model) 
74-84 (OV model) 

6.4- 6.5 
main 
6.1-6.2 
splay 

6.5 HW 

REV San Luis Bay - Main 
Los Osos - Splay 

45-65 
80 (SW model) 

6.4 main 
6.3 splay 

6.4 HW 

REV Wilmar Ave - Main 
Los Osos - Splay 
 

45-67 
65-70 (NE model) 
67-80 (SW model) 

6.5-6.6 
main 
6.3 splay 

6.6 HW 

(*) Dip is for points of the rupture within 20 km and is measured over the top 5 km of the rupture. 

 

 

Table 4.1-3:  Range of Source Parameters for the DCPP Nearby Faults for Complex Ruptures. 

Style-of-
Faulting 

Closest Rupture 
Segments 

Range of Dip 
Angles (*) 

Range of 
Mean 
Char Mag 

Largest 
Max 
Mag 

HW/FW 
for Nearest 
Segment 

SS 
& 
REV 

Shoreline (SS) 
San Luis Bay (REV) 
OV and NE models 

90 (SS) 
45-84 (REV) 

6.0 - 7.0 8.2 HW 

SS 
& 
REV/OBL 

Hosgri (SS) 
Los Osos (REV/OBL) 
OV, SW and NE 
models 

75-90 (SS) 
60-90 
(REV/OBL) 

6.5-7.1 8.4 HW 

SS 
& 
REV 

Shoreline (SS) 
Oceano & SWBZ 
(REV)  
OV model 

90 (SS) 
65 (RV)  

6.5-7.1 7.5 NA (off the 
end) 

SS 
& 
REV 

Hosgri (SS) 
San Luis Bay (REV)  
SW model 

75-90 (SS) 
45-55 (RV)  

6.4-6.9 8.4 HW 

SS 
& 
REV/OBL 

Hosgri (SS) 
Los Osos (REV/OBL) 
SW and NE models 

75-90 (SS) 
50-90 (RV/OBL) 

6.4-7.1 8.4 NA (off 
shore) 

(*) Dip is for points of the rupture within 20 km and is measured over the top 5 km of the rupture. 
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Table 4.1-4:  Range of Source Parameters for the Virtual Faults in the Host Areal Source Zone for DCPP. 

Style-of-Faulting Fraction of Earthquakes Range of Dip Angles Largest Max Mag 
SS 0.70 65-90 7.1 

REV 0.30 35-70 7.2 
 

 

 
Table 4.2-1: Areal Sources Parameters for PVNGS. 

Areal 
Source 
Name 

Style-of-
Faulting 

Fraction of 
Events 

Depth 
Range (km) 

Range of 
Dip Angles 

Largest 
Max 
Mag 

SCABA SS 0.90 
12-18 80 ± 10 deg 7.9 

REV 0.10 45  ± 15 deg 

GULF 
SS 0.70 

12-16 
80 ± 10 deg 

7.9 NML 0.30 50 ± 15 deg 
SBR 
& MH 

SS 0.80 12-18 80 ± 10 deg 7.9 NML 0.20 50 ± 15 deg 

TZ SS 0.70 14-20 80 ± 10 deg 7.9 NML 0.30 50 ± 15 deg 

CP 
SS 0.70 

15-25 
80 ± 10 deg 

7.9 NML 0.30 50 ± 15 deg 
 

 

Table 4.2-2: Range of Faults Parameters for PVNGS 

 Style-of-
Faulting 

Range of 
Dip Angles 

Range of Mean 
Char Mag 

Largest 
Max Mag 

Minimum 
RRUP (km) 

CA and Mexico 
Faults (Regions 

1, 2 and 3) 
 

SS 67-90 5.7-8.0 8.25 240 

NML 37 7.1-7.5 7.75 250 

REV 41-49 6.6-7.3 7..55 350 
AZ, NV, NM, & 
Mexico Faults 

(Greater Arizona 
sources) 

NML 50 5.8 – 7.6 7.85 50 

SS 90 6.8 - 8.0 8.25 260 

REV 70 6.1 – 6.5 6.75 340 
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4.1-1 

Faults within the 320-Kilometer 
Site Region of DCPP 

DCPP Site location 
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4.1-2 

Fault Sources in the Site Vicinity of DCPP 

DCPP Site location 
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Figure 4.1-3a:  Hazard by source for 5 Hz spectral acceleration at DCPP from the Shoreline Fault Report 
(PG&E, 2011, Figure 6-20b). 
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Figure 4.1-3b:  Hazard by source for 1 Hz spectral acceleration at DCPP from the Shoreline Fault Report 
(PG&E, 2011, Figure 6-20c). 
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Figure 4.1-4a:  Deaggregation for 5 Hz spectral acceleration at 10-4 hazard level for DCPP from the Shoreline 
Fault Report (PG&E, 2011, Figure 6-22b). 
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Figure 4.1-4b:  Deaggregation for 1 Hz spectral acceleration at 10-4 hazard level for DCPP from the Shoreline 
Fault Report (PG&E, 2011, Figure 6-22c). 
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Figure 4.2-1:  Areal and fault sources in the seismotectonic alternative of the in the PVNGS SSC model (LCI, 
2014). Star shows location of the PVNGS site.  The areal seismic sources are identified by their name in the 
PVNGS SSC model (LCI, 2014), where GULF refers to the Gulf of California zone, SCABA refers to the 
Southern California And Baja zone, SBR refers to the Southern Basin and Range zone, MH refers to the 
Mexican Highland zone, TZ refers to the Transition Zone, and CP refers to the Colorado Plateau zone. The 
fault sources are distinguished by the following color code: red = layered fault sources, yellow = other fault 
sources in California, green = fault sources in Arizona, Nevada, and Mexico, blue = unique fault sources 
(Sand Tank fault in Arizona and Ballenas Transform in the Gulf of California). 
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Figure 4.2-2:  Geographic extensions of Region 1, Region 2, and Region 3 shown as blue, green, and 
purple closed polygons, respectively. Also plot are the NGA-West2 earthquakes selected for the path 
effect analysis (blue circles for the Region 1 earthquakes, green circles for the Region 2 earthquakes, and 
purple circles for the Region 3 earthquakes) and the selected Arizona Transportable Array recording 
stations (white triangles) used for the path effect analysis. Colored lines represent faults in PVNGS SSC 
Model (Workshop #3, Ross Hartleb, personal communication 2014).  
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Figure 4.2-3a: 10 Hz spectral acceleration weighted mean rock hazard curves showing total hazard and 
contributions from coarse and fine areal sources, and from Mexico-Arizona faults and NSHMP faults 
characterized in the PVNGS SSHAC Level 2 Project (LCI, 2013, Figure 6.1). 
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Figure 4.2-3b: 1 Hz spectral acceleration weighted mean rock hazard curves showing total hazard and 
contributions from coarse and fine areal sources, and from Mexico-Arizona faults and NSHMP faults 
characterized in the PVNGS SSHAC Level 2 Project (LCI, 2013, Figure 6.2). 
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Figure 4.2-4a: 10 Hz spectral acceleration weighted mean rock hazard curves showing total hazard and 
contributions from individual fault sources. The dominant contributor to hazard is the Cerro Prieto (CP) fault 
from the Mexico-Arizona database, and the San Andreas (SA) and the San Jacinto (SJ) faults. The 
abbreviation of the individual faults is consistent with the one adopted in LCI (2013) and is not repeated 
here. LCI, 2013, Figure 6.7). 
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Figure 4.2-4b: 1 Hz spectral acceleration weighted mean rock hazard curves showing total hazard and 
contributions from individual fault sources. The dominant contributor to hazard is the Cerro Prieto (CP) fault 
from the Mexico-Arizona database, and the San Andreas (SA) and the San Jacinto (SJ) faults. The 
abbreviation of the individual faults is consistent with the one adopted in LCI (2013) and is not repeated 
here. (LCI, 2013, Figure 6.8). 
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Figure 4.2-5a: Deaggregation of rock hazard for 10-4 mean annual frequency of exceedance at spectral 
frequencies of 5 and 10 Hz (taken from Figure 6.19 in LCI, 2013). 
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Figure 4.2-5b: Deaggregation of rock hazard for 10-4 mean annual frequency of exceedance at spectral 
frequencies of 1 and 2.5 Hz (taken from Figure 6.19 in LCI, 2013). 
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5 GROUND-MOTION DATABASES AND CANDIDATE MODELS 
FOR THE MEDIAN AND ALEATORY STANDARD DEVIATION 

 

This Chapter describes the components of the database that were used for two purposes: to evaluate 
the existing ground-motion prediction equation (GMPE) models relevant to the DCPP and PVNGS sites, 
and to develop new GMPE models. The database consists of both empirical ground-motion data and 
simulated ground-motion data from finite-fault simulations.  

In addition to the ground-motion databases, this Chapter also includes candidate models for median 
ground motion (GMPEs) and previously published models for the components of the aleatory standard 
deviation. The candidate GMPEs are described in this database Chapter because they are used as inputs 
to the development of the SWUS GMC median models as described in Chapter 6.  The existing single-
station sigma models are used for comparisons with new single-station sigma models developed for the 
SWUS GMC Project and described in Chapter 7. 

 

5.1 Empirical Ground-Motion Database for Median Ground Motion 

There are four primary empirical ground-motion databases used in the project: the PEER NGA-West2 
database (Ancheta et al., 2014); the PEER Arizona database (Kishida et al., 2014a); the Reference 
Database of Seismic Ground Motion in Europe (RESORCE) described in Akkar et al. (2014c); and the 
ground-motion residuals from M4 to M6 earthquakes from Taiwan described in Lin et al. (2011).  The 
four primary databases are summarized in Table 5.1-1, with the Arizona dataset separated into two 
parts: the recordings in Arizona from earthquakes in California and Mexico (Regions 1, 2, and 3 
described in Section 4.2) and recordings in Arizona from earthquakes in Arizona.  

In addition to these primary databases, ground motions from the M6.0 2008 Wells, Nevada and the 
M6.7 2011 Fukushima-Hamadori normal-faulting earthquakes were evaluated based on the 
recommendations at SWUS Workshop #1.   These earthquakes were not included in any of the four 
primary ground-motion databases considered for this project.  The Wells earthquake provides ground 
motions from a normal-faulting earthquake, if one should occur in the Southern Basin and Range, which 
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are not well represented in the NGA-West2 database.   The Fukushima-Hamadori earthquake provides a 
large set of near-fault ground motions from a complex rupture normal-faulting earthquake.  

Many different subsets of the data from the four primary databases are used in the various TI Team 
evaluations. Overviews of the various subsets used for the median pseudo-spectral acceleration (PSA), 
aleatory variability of PSA, and other cases (kappa and ground motion from complex and splay ruptures) 
are given in Tables 5.1-2, 5.1-4, and 5.1-3, respectively.   To help keep track of the different subsets, 
each subset is given a unique name, which is listed in the first column of these tables. The second 
column lists the primary data base or bases from which the subset was selected.  The third column 
describes the selection criteria that were applied. The fourth column describes how the subset is used 
by the TI Team.  For the data sets used to evaluate the aleatory variability (Table 5.1-4), there are 
multiple versions of the dataset depending on which of the NGA-West2 GMPEs is used for the residuals, 
because different subsets of the NGA-West2 dataset were used by the different developers of the 
GMPEs.  For these cases, the subset name includes the reference GMPE as well.   

To summarize the attributes of the data sets, a common set of plots is used.  As example, Figure 5.1.1-1 
shows this common data set plot for the NGA-West2 database.  The top frames show the distribution of 
the data in magnitude and Joyner-Boore distance (RJB) space separated by the style-of-faulting 
classification. The middle frames show the effect of the limited frequency ranges for which the data are 
reliable in terms of the number of earthquakes with at least one reliable recording at a given period and 
the total number of recordings that are reliable at a given period.  Finally, the bottom frames show how 
well the earthquakes were recorded in terms of the distributions for the number of recordings per 
earthquake, and number of recordings per site, and number of recordings per site conditions (VS30). 

5.1.1 PEER NGA-West2 Database 

The NGA-West2 project database expanded the previous PEER (2008) NGA ground-motion database to 
include worldwide ground-motion data recorded from shallow crustal earthquakes in active tectonic 
regimes after 2003. In this expansion, the range of magnitudes included in the database was extended 
down to M3.  One reason for including the smaller magnitudes is that it greatly increases the number of 
recordings per site for use in estimating site-specific site terms, which is required for estimation of 
single-station sigma.  

Each NGA-West2 developer selected their own subsets from the full NGA-West2 data set.  Part of the 
selection process was to remove recordings that had missing key metadata, had data that were judged 
to be unreliable (metadata or ground-motion data), or were not considered applicable to shallow crustal 
earthquakes in active tectonic regions.  Other selection criteria were applied by some developers such 
as removing class 2 earthquakes (aftershocks).  Of the five subsets selected, the ASK14 selection criteria 
was the most broad and the TI Team selected this data set as the base NGA-West2 subset for use in the 
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evaluations of the medians.  For the aleatory variability, the individual subset for each developer was 
used because the evaluation of the aleatory variability requires use of the residuals from the developers. 

The attributes of the ASK14 subset of the NGA-West2 dataset are shown in Figure 5.1.1-1.  The majority 
of the earthquakes are either strike slip (57%) or reverse and reverse oblique (26%).  Normal and normal 
oblique earthquakes make up 17% of the earthquakes but only 8% of the recordings.  For M > 5, the 
distribution of earthquakes is similar: 49% strike-slip, 31% reverse (31%), and 20% normal. 

The data coverage for the hanging-wall (HW) effects in the NGA-West2 data set is shown in Figure 5.1.1-
2.  This plot shows the subset of recordings that have the potential for significant HW effects: M ≥ 5, dip 
≤ 80 degrees, RJB < 5 km, and at least one recording on both the FW and HW sides of the rupture.  This 
figure shows that there are sparse data for M5 to M6 earthquakes that can be used to constrain the HW 
scaling. 

5.1.2 Arizona Ground-Motion Database 

PEER compiled a database of ground motions recorded by 15 stations in Arizona produced by 26 
earthquakes that occurred in Arizona, California, or Mexico after 2007. These recordings are listed in 
Table 5.1.2-1. Thirteen of the Arizona recording stations around the PVNGS site were part of the Earth 
Scope Transportable Array (USArray) deployment, and the other two were permanent stations managed 
by the USGS/CalTech Southern California Seismic Network. The PEER Arizona database is described in 
Kishida et al. (2014a). The PEER Arizona dataset consist of 12 small (M < 3.5) earthquakes in Arizona with 
hypocenter distances of 9 to 300 km, and 14 earthquakes in California and Mexico with RJB distances 
between 150 and 600 km.  The fourteen California and Mexico earthquakes had recordings in California 
that were included in NGA-West2 database, but the ground motions in Arizona were not included in the 
NGA-West2 database.  

Figure 5.1.2-1 shows the attributes of the PEER-Arizona data set.  The closest station to PVNGS (Z14A) is 
located 8 km away.  The recordings were processed following the standard PEER processing procedure 
(Kishida et al., 2014b), and are publicly available at the PEER Website 
(http://peer.berkeley.edu/ngawest2/wp-content/uploads/2010/09/Arizona_Database.zip). 

During SWUS Workshop #1, it was recommended that a search be made for additional recordings from 
the El Mayor Cucapah earthquake at the Veteran Administration (VA) Hospital in Phoenix and at 
Roosevelt Dam.  A check of the strong motion databases for the National Strong Motion Program and 
for COSMOS did not show any additional recordings from this earthquake at either of these two sites.  

 

 



Southwestern United States 
Ground Motion Characterization SSHAC Level 3 

TECHNICAL REPORT – Rev. 2 
 

 
Chapter 5 – Ground-Motion Databases and Candidate Models                                         Page 5-4 
For the Median and Aleatory Standard Deviation 

5.1.2.1 VS30 for the Arizona Sites 

The site conditions at the seismic stations in Arizona had not been previously characterized. Because 
knowledge of the site conditions is important to evaluating the ground-motion data from Arizona, the 
SWUS project sponsored a study to characterize the site conditions at the Arizona seismic stations. The 
shallow shear-wave velocity profiles for 10 of the 15 stations in the PVNGS region were measured using 
the spectral analysis of surface wave (SASW) dispersion technique.  The SASW study is described in 
Chapter 3 of Kishida et al. (2014a).  The 10 sites were selected on the basis of being the closest to the 
PVNGS location, having a sufficient number of recordings from Arizona and California events, and having 
acceptable accessibility for SASW measurements. For each of these sites, the detailed site velocity 
profile, the average velocity in the upper 30 m of the profile (VS30), the average velocity for the entire 
profile (VS,Z), and the NEHRP site classification were derived.  Three independent inversion techniques 
were employed. The results showed that there were two typical site types: deep stiff soil (alluvium) sites 
and thin soil over rock sites. For sites situated on deep alluvium (8 stations), VS30 is typically in the range 
of 370 to 690 m/s, with usually gentle monotonic increasing velocity with depth.  For sites situated on 
thin soil over rock, (2 stations), VS30 is in the range of 970-1240 m/s, with greater variance in the field 
dispersion data and greater variability between the inverted profiles than for the deep alluvium sites. 
Table 5.1.2-2 shows the VS30 values obtained by the SASW analyses for the characterized recording 
stations.  

5.1.3 Akkar et al. Subset from RESORCE Database 

The most recent pan-European earthquake strong-motion databank, called RESORCE (Reference 
Database for Seismic Ground-Motion in Europe), is one of the products of the Seismic Ground Motion 
Assessment (SIGMA; projet-sigma.com) project.  The full RESORCE database set is described in Akkar et 
al. (2014c). The moment magnitude range covered by RESORCE is from M2.8 to M7.8, with the majority 
of the data at M < 5.5. The RJB distances range from 0 to 587 km. The accelerograms were processed 
using a uniform methodology. The sampled periods for the response spectral values included in the 
Akkar dataset are between 0.01 sec and 4 sec. 

The subset of the RESORCE database used by Akkar et al. (2014c) was used by the SWUS GMC project 
because this subset provided an initial evaluation of the more reliable data.  The Akkar et al. database 
excluded recordings that did not have measured VS30 values, earthquakes with magnitudes less than 4.0, 
earthquakes with unknown style-of-faulting, hypocentral depth greater than 30 km, recordings at RJB 
distances greater than 200 km, and events with only one recording.  The Akkar et al. database includes 
1,041 3-component recordings from 221 earthquakes recorded at 322 strong-motion stations.  

The attributes of Akkar et al. database are summarized in Figure 5.1.3-1.  The majority of earthquakes 
and accelerograms are from strike-slip events (38% of events and 36% of recordings) and normal events 
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(47% of events and 51% of recordings). The number of reverse-slip events and number of reverse-slip 
recordings in the Akkar et al. database are small compared to the other style-of-faulting classes (only 
15% of the events and 13% of recordings are from reverse events).  The Akkar et al. data set has good 
coverage for distances from 5 to 200 km and magnitudes from 4.5 to 6.0 for normal and strike-slip 
mechanisms. Most of the sites have VS30 values in the range of 250 to 750 m/s.  There is sparse coverage 
for V S30 values greater than 750 m/s.  

5.1.4 Lin et al. Database 

The Lin et al. (2011) database was developed to study the components of the aleatory variability (site, 
path, and source terms) using the extensive data set of ground motions from Taiwan.  Because of the 
large number of aftershocks from the 1999 Chi-Chi earthquake, there are many sites with large numbers 
of recordings per site. For the objective of evaluating the components of variability, Lin et al. restricted 
their data set to sites with at least 10 recordings per site. The attributes of the Lin et al. database are 
summarized in Figure 5.1.4-1.  This data set is only used for the evaluation of the single-site within-event 

standard deviation, denoted SSφ . 

5.1.5 Additional Data from Normal Style-of-Faulting Earthquakes 

As noted in section 5.1.1, only 8% of the recordings in the NGA-West2 data set are from normal-faulting 
earthquakes. The SWUS GMC project investigated if there were additional moderate to large magnitude 
normal-faulting earthquakes that could be added to the existing databases. Two events were identified: 
the 2008 Wells, Nevada earthquakes (M6) and the 2011 Fukushima-Hamadori, Japan earthquake 
(M6.7). 

5.1.5.1 2008 Wells, Nevada Earthquake 

The 2008 Wells, Nevada earthquake was located approximately 10 km northeast of the town of Wells, 
Nevada.  This event had a moment magnitude of 6.0, a normal focal mechanism, and occurred on a 
previously unmapped fault (USGS, 2014).  This Basin and Range earthquake is not part of the PEER NGA-
West2 database. The ground motion and metadata from this earthquake were compiled and are 
summarized in Appendix I.   

This earthquake occurred during the time in which the USArray was deployed in Arizona.  There were 8 
stations within 100 km of the epicenter (Figure 5.1.5-1), but the recordings at station M12A were 
clipped.  For the seven sites with records that were not clipped, the VS30 values were inferred based on 
the surface geology from the USGS (2007) database and the correlation of VS30 and geology given by 
Wills and Clahan (2006). Table 5.1.5-1 shows the inferred VS30 values for the recording stations, as well 
as estimates of finite-fault distances (RJB, RRUP and RX). 
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5.1.5.2 2011 Fukushima-Hamadori, Japan Earthquake 

The Fukushima-Hamadori event is a crustal normal-faulting earthquake with M6.7, which occurred in 
eastern Tohoku, Japan, on 11 April 2011 and was apparently triggered by the 11 March 2011 Tohoku 
(M9.0) earthquake. A total of 598 records from K-net and KIK-net stations within 800 km from the 
epicenters were collected by PEER and processed following the same procedures as the NGA-West2 
database. The flatfile containing the 5%-damped PSA values is available at: 
http://peer.berkeley.edu/ngawest2/wp-
content/uploads/2010/09/Fukushima_Flatfile_RotD50_d050_04112014.zip 

The Fukushima-Hamadori earthquake consisted of a complex rupture involving several faults. According 
to Shiba and Noguchi (2012) and Tanaka et al. (2014), the source was comprised of two rupture planes 
(the Itozawa fault and the Yunodake fault, see Figure 5.1.5-2). In Tanaka et al. (2014), the source 
parameters for the two rupture planes were derived using kinematic waveform inversion from observed 
data, and the total seismic moment is partitioned approximately equally between the two faults.  

5.1.6 Additional Data for Hanging Wall Effects for Moderate Magnitudes 

As noted in Workshop #1 (appendix E), the HW scaling in the NGA-West2 models is not well constrained 
for magnitudes less than 6.5. In general, there is a need for more empirical data to constrain the HW 
scaling for moderate magnitude earthquakes (M5–M6) in the GMPEs, and also to compare the HW 
scaling between the GMPEs and the scaling that comes out of finite-fault simulations. Following the 
recommendation from SWUS Workshop #1, recent Japanese data collected by Dawood et al. (2014) 
were reviewed by Dr. Di Alessandro to determine if there were ground-motion recordings that could be 
used to constrain the HW scaling for earthquakes in the M5 to M6 range.  

The Dawood et al. (2014) data set contains 65 crustal earthquakes in the M5 to M6.2 range. To provide 
useful constraints on the HW scaling, multiple recordings at short distances (RJB < 5km) on both the HW 
side and the FW side of the rupture are required.  None of the 65 events had two or more recordings at 
short distances on both the HW and footwall (FW) sides of the rupture.  Therefore, the Japanese 
earthquakes were deemed not to provide additional cases for empirically constraining the HW scaling 
for M5 to M6 earthquakes.  Instead, numerical simulations, described in Section 5.2, are used to 
evaluate the magnitude dependence of the HW scaling for moderate magnitude earthquakes.  

5.1.7 Kappa for the Arizona Sites  

Previous region-specific estimates of kappa for rock sites in Arizona were not available.  Because kappa 
can vary from region to region and kappa can have a large effect on the high-frequency ground motions, 
the SWUS GMC project sponsored PEER to estimate kappa for rock sites in Arizona.   
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The small magnitude local Arizona events were used to estimate kappa.  The subset of data used for 
kappa consists of twelve earthquakes with hypocenter locations in Arizona (called the PEER-AZKAPPA 
subset).  The hypocenter locations were provided by Jeri Young of the Arizona Earthquake Information 
Center (2013, personal communication). The events range in magnitude between 1.2 and 3.4, and were 
recorded by stations located at epicentral distances between 9 and 300 km. Eleven out of the twelve 
events occurred in three distinct clusters. Table 5.1.2-2 shows the number of recordings, the magnitude 
and distance ranges, and the VS30 range for the small magnitude subset. Figure 5.1.7-1 shows the 
attributes of the PEER-AZKAPPA dataset. 

The zero-distance kappa (κ0) values for the recording sites in the PVNGS region were estimated using 
three different methods: (1) the acceleration spectrum approach (Anderson and Hough, 1984); (2) the 
displacement spectrum approach (Biasi and Smith, 2001); and (3) the broadband approach (EPRI, 1993, 
and Silva et al., 1997). Following the nomenclature proposed by Ktenidou et al. (2014), the kappa values 
estimated using these three methods are called κAS, κDS, and κBB, respectively. The details of the kappa 
evaluation are given in Kishida et al. (2014a).  A summary of the kappa study is given below. 

All of the recordings are from broadband velocity instruments with a sampling rate of 40 samples/sec 
and a Nyquist frequency of 20 Hz.  The high-frequency limit is about 16 Hz.  The limited high-frequency 
bandwidth for the USArray data severely limits the resolving power for κ.  

Estimates of site kappa values are sensitive to the assessment of site amplification. If the evaluation 
does not account for the site amplification (e.g. amplification is set equal to unity), then the estimates of 
κ0 can be reduced by about 35%. In Kishida et al. (2014a) site amplification is included for all of the 
kappa estimation methods.    

Using a range of frequency-dependent Q models, the κBB method led to a mean κ0 of 33 msec with a 
plus-minus one standard deviation range of 20-54 msec.  Using a frequency-independent Q, the 
estimated κ0 from the broadband method is 24 msec.  The κ0 for the frequency-independent Q 
assumption falls in the lower end of the range of κ0 values from the κAS and κBB methods. Using method 
1, κ0 was estimated to be 33±14 msec. The κDS method for very small earthquakes led to a κ0 of 50 msec.  
Because the κDS method tends to systematically larger kappa values than the κAS method, this 50 msec 
value is considered to be biased above the best estimate of the kappa term. 

 

5.2 Finite-Fault Simulation Database for Median 

A data base of ground motions from finite-fault simulations was developed using multiple simulation 
methods implemented on the SCEC Broadband Platform (BBP) as described in Maechling et al., (2015). 
The scenarios for simulations were selected to address four issues: magnitude and distance scaling of 
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near-fault ground motions, rules for estimating ground motions from complex ruptures, rules for 
estimating ground motions from splay ruptures, and magnitude scaling for HW effects for moderate 
magnitudes (M5 to M6). The simulation validation process, the construction of simulation scenarios, and 
the simulations processing for the projects objectives are described in detail in Appendix J. 

5.2.1 Finite-Fault Simulations Methods 

The SCEC BBP version 13.6 (Maechling et al., 2015) has implemented five different broadband, finite-
source simulation methods: CSM composite source model (Zeng et al., 1994); UCSB method (Liu et al., 
2006; Schmedes et al., 2010; and Schmedes et al., 2012); EXSIM (Motozedian and Atkinson, 2005; and 
Boore 2009); GP (Graves and Pitarka, 2010); and SDSU (Mai et al., 2010, and Mena et al., 2010).  The five 
methods were subjected to a validation exercise and were evaluated by a SCEC BBP review panel 
(Dreger et al., 2013) for suitability for engineering applications for the median pseudo spectral 
acceleration (PSA). The peer review was documented in Dreger et al. (2013) (see Attachment B, also 
available at http://scec.usc.edu/scecpedia/SCEC_BBP_Phase_1_Evaluation), and in Dreger et al. (2015).  

There were two parts to the validation:  Part A included comparisons between the simulated and 
observed PSA for past earthquakes and Part B included comparisons between the simulated PSA and 
those computed using  the NGA-West1 GMPEs for magnitudes and distances for which the GMPEs are 
reasonably well constrained by empirical data. During the validation, the authors of the methods made 
modifications to the methods to improve the comparisons for Part A and Part B.  

Three methods passed the SCEC BBP review panel as described in Appendix J, Section J.1.1. The three 
selected methods are EXSIM, GP, and SDSU, and the modified forms are described in Atkinson and 
Assatourians (2015), Graves and Pitarka (2015) and Olsen and Takedatsu (2015), respectively.  EXSIM is a 
purely stochastic approach utilizing a band-limited white-noise model. GP and SDSU are hybrid 
approaches that use stochastic motions for frequencies greater than 1 Hz, and deterministic motions for 
frequencies less than 1 Hz.  

The results of the validation indicates that three methods are suitable for the simulation of PSA in the 
0.01 to 3 seconds range, for the distance range between 0 to 200 km, and magnitudes from 5.5 to 7.2 
(the range of validation event magnitudes including validation against GMPE). The panel noted that, for 
periods above 1 second, there is increased bias relative to recordings, and, above 3 seconds period, 
there are significant deviations from GMPEs. The panel concluded that further analysis will be required 
to understand the source of this additional bias. The review panel concluded that these three methods 
are also useable for evaluating relative ground-motions effects such as directivity, the effects of faulting 
geometrical complexity including splay and complex rupture scenarios, and for evaluating HW effects up 
to M8. 
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Based on the SCEC validation exercise, the TI team judged that the three finite-fault simulation methods 
that passed the SCEC validation represent technically defensible interpretations of ground motions that 
should be included in the evaluation of the near-fault ground motions for DCPP. These validation tests 
included the comparison of simulated and observed motions over a wide magnitude, distance and 
frequency range, the assessment of distance attenuation behavior, as well as verification of consistency 
with GMPE derived from much more extensive ground-motion data sets. Based on the positive results of 
these tests and published technical documentation of the methods, the TI Team judged that the 
simulation methods may be used to examine the magnitude and distance scaling of near-fault ground 
motions, the rules for estimating ground motions from complex ruptures, the rules for estimating 
ground motions from splay ruptures, and the magnitude scaling for HW effects for moderate 
magnitudes (M5 to M6). 

5.2.1.1 Comparison of Fault Slip and Long Period Ground Motions 

At SWUS Workshop #2 (Appendix F), one of the participants commented that long-period motions at 
sites close to the fault are most sensitive to nearby slip on the fault, and that if ground motions are 
simply scaled in terms of magnitude, rather than local slip, that this may oversimplify the problem. To 
examine this, simulated long-period transient motions, static displacement, and spectral displacement 
(SD) were compared to the fault slip in the source realizations. For this analysis, the GP simulations for 
the 1992 Landers earthquake (one of the validation earthquakes described in Dreger et al., 2013) at the 
two closest recording sites were used: Lucerne (LCN) and Joshua Tree (JOS).  

The near-fault long-period ground motions (peak displacement, peak static, and spectral displacement) 
were compared to a suite of parameters: nearest surface slip, the geometric mean of the maximum 
radiation pattern weighted fault-parallel (FP) and fault-normal (FN) slip, and the geometric mean of the 
FP and FN radiation pattern weighted slip. It was found that the nearest surface slip alone (without 
radiation pattern weights) did not correlate well with the long-period ground-motion parameters, which 
is not surprising because there can be large contributions to the ground motions from nearby shallow 
regions of the fault. The aerial extent of the fault expected to contribute significantly to the FP and FN 
motions was studied via radiation pattern sensitivity. This sensitivity study showed that if radiation 
pattern weights are applied, then the weighted nearby slip is correlated with the long period ground 
motions. 

Given that the nearby slip (with radiation pattern weighting) is important for determining the long 
period ground motion, the question then is whether the simulation procedure using multiple source 
realizations captures the possible variation of the nearby slip. To address this question, the geometric 
mean of the two horizontal components of SD for the 50 random source simulations at stations LCN and 
JOS were compared to the NGA-West2 GMPE relationships for SD. Figure 5.2.1-1 provides a comparison 
of the SD from the suite of simulations, the observed SD, and the SD from the GMPEs for station LCN. 



Southwestern United States 
Ground Motion Characterization SSHAC Level 3 

TECHNICAL REPORT – Rev. 2 
 

 
Chapter 5 – Ground-Motion Databases and Candidate Models                                         Page 5-10 
For the Median and Aleatory Standard Deviation 

The results of this evaluation show that the average and range of the SD values from the long-period 
simulations from the 50 finite-source slip realizations are consistent with the observed SD and the GMPE 
SD values.   

More details and plots on this topic are available in Appendix J, section J.6.2. 

5.2.2 1-D Velocity Structure for Simulations 

The SCEC BBP currently implements 1D velocity models to compute Green’s functions. There are two 
models that are being used, one based on average southern California structure and the other for 
northern California.  Note that EXSIM does not explicitly use a velocity model to compute Green’s 
functions and so is unaffected by the 1D approximation as currently implemented. Both GP and SDSU 
use deterministic Green’s functions for periods longer than 1 second. For periods shorter than 1 second, 
both models use stochastic formulations that are not affected by the 1D model approximation. 

5.2.2.1 Potential for Missing 3-D Effects 

 To examine the suitability of the BBP northern California velocity model for use in DCPP ground-motion 
simulations, broadband three-component waveforms with frequency-wavenumber synthetics were 
compared for a M4.7 San Simeon aftershock using four alternative S-wave velocity models, compared in 
Figure 5.2.2-1. The red curve is the velocity model used by the BBP, the two gray models have been 
proposed for the Central Coast Ranges (Walter and Mooney, 1982; McLaren and Savage, 2001), and the 
black curve, model GIL7 (defined in Stidham et al., 1999), was developed through broadband waveform 
modeling and is currently used by the Berkeley Seismological Laboratory (BSL) to routinely estimate 
seismic moment tensors in northern California (Pasyanos et al., 1996). The Walter and Mooney (1982) 
and McLaren and Savage (2001) models are P-wave models and a Poisson’s ratio of 0.25 was assumed to 
scale S-wave velocities from the reported P-wave velocities. A density structure similar to the GIL7 
model was also assumed in order to compute synthetic ground motions using a frequency-wavenumber 
approach. As Figure 5.2.2-1 shows, the BBP northern California model is similar to the other three 
central coast models in terms of: 1) the thickness of the crust, 2) the depth of a mid-crustal discontinuity 
(although there is variation in the size of the discontinuity), and 3) the presence of a pronounced 
velocity gradient in the shallow crust (less than 5 km depth). 

In Figure 5.2.2-2, broadband synthetics (frequencies from 0 to 25 Hz) are compared with the 
observations recorded at the BSL PKD site, located 56.5 km from the earthquake. The strike, rake, dip, 
scalar seismic moment and source depth parameters (286°, 93°, 62°, 1.33e+23 dyne cm, 5.5 km) from 
the Berkeley Moment Tensor Catalog (http://ncedc.org) were assumed. The frequency-wavenumber 
Green’s functions were convolved with a Brune (1970, 1971) source time function with a rise time of 0.3 
seconds, which is appropriate for the M4.7 earthquake. The top row shows the transverse, radial and 
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vertical component data in black, and the GIL7 velocity model (e.g. Pasyanos et al., 1996). The other four 
rows compare synthetic seismograms for the four 1D models. On balance, the simulated waveforms 
based on the BBP northern California profile agree with the key features of the observed waveforms at 
least as well as those based on alternative available 1D models, and qualitatively fits the data in terms of 
the long-period P-wave on the radial and vertical components, the Love wave dispersion on the 
transverse component, and the Rayleigh wave dispersion on the radial and vertical components. 

In Figure 5.2.2-3 the same data and synthetics are compared for frequencies less than 1 Hz, which is the 
passband where the GP and SDSU methods are using deterministic Green’s functions to simulate PSA. At 
these frequencies the waveforms are essentially a point-source response for a M4.7 event, and as the 
figure shows, there is good agreement between the synthetic based on the BBP northern velocity model 
and the observations in terms of the waveform characteristics (phasing and duration). Based on the 
comparisons of the BBP 1D velocity model with others proposed for the region, and the test comparing 
point-source simulations with the broadband records for the M4.7 event, the TI Team judged that the 
use of the 1D velocity model simulation results for the ground-motion objectives of the project is 
justified. 

5.2.3 Scenarios for Forward Simulations 

Based on the findings of the SCEC BBP review panel, three methods (the stochastic EXSIM, and the 
hybrid GP and SDSU methods) were utilized for determining numerical, finite-fault median PSA for the 
four topics listed in Section 5.2. The following describes the setup and parameterization of the various 
rupture scenarios that were used. 

5.2.3.1 Magnitude-Area Relations for Simulations  

An issue for the simulations is defining the appropriate magnitude for a given rupture area and the 
down-dip width of the rupture.  The GMC and SSC TI Teams discussed how to best define the scenarios 
for the simulations.  The SSC models provide both the magnitude and rupture dimensions (length and 
width), but the BBP validation scenarios used rupture dimensions consistent with the Leonard (2010) 
scaling relations.  As a result, the SSC scenarios are not always consistent with the magnitude scaling 
relations used in developing, testing, and validating the simulation methods.   

The scaling relations for scenarios used in the forward application of the BBP should be consistent with 
the scaling relations used in the BBP validation.  Therefore, the GMC TI Team defined the scenarios for 
the forward applications of the BBP to use magnitudes consistent with the range of magnitudes from 
the SSC model but with lengths and widths of the ruptures set to be consistent with the Leonard (2010) 
scaling relationships.  In this way, the simulations are applicable to a given magnitude and distance. This 
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is similar to how GMPEs are applied: they are defined for a given magnitude and distance, not a specific 
rupture length and width.  

The basic sets of relations from Leonard (2010) are: 

10=log (A) 4+M        (Eq. 5.2.3-1) 

          (Eq. 5.2.3-2) 

where M = moment magnitude 

 A = rupture area in km2 = L*W 

 L = fault length in km 

 W = down-dip fault width in km 

 C = empirically derived constant; 

  C = 1.75 for dip-slip faults 

  C = 1.5 for strike-slip faults up to M = 7.1,  

for M > 7.1 fix W = 22km and use L = A/W to get length 

Equation (5.2.3-1) is satisfied in all of the simulation cases. For all scenarios, the rupture width is 
computed using equation (5.2.3-2) except that, for strike-slip faults, the width saturates at 22km (this 
only applies to scenarios with M > 7.1).  

For complex rupture scenarios which combine reverse and strike-slip segments, the magnitude-area 
scaling relations for strike-slip faults were assumed to apply to both the reverse and strike-slip 
segments.  

5.2.3.2 Magnitude and Distance Scaling of Near-Fault Ground Motions  

The ground motions for a suite of planar ruptures were simulated to constrain the magnitude and 
distance scaling of near-fault ground motions. Both reverse and strike-slip planar scenarios (different 
magnitude, dip, and ZTOR cases) were computed on the SCEC Broadband Platform using each of the three 
methods that passed the SCEC validation exercise:  GP, SDSU, and EXSIM.  The simulated data are used 
as an alternative dataset in the model weighting scheme described in Section 6.4.5, analogous to the use 
of the empirical dataset described in Section 5.1. 
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Figure 5.2.3-1 shows the magnitude-distance distribution of the simulations used to evaluate the 
ground-motion models for DCPP for both the reverse and strike-slip scenarios.   

For the strike-slip cases, four simple planar ruptures were defined: magnitudes 5.5, 6.0, 6.6, and 7.2; 
vertical fault dip; and ZTOR between 0 and 14 km. For each scenario, there are 32 realizations of the 
hypocenters and slip models. For each realization, the ground motions are computed at 182 stations.  

For reverse faulting scenarios, 35 simple planar ruptures were defined: magnitudes of 5.5, 6.0 and 6.5; 
depths to the top of the rupture (ZTOR) of 2.5, 7.0, and 12.0 km; and fault dips of 10, 20, 30, 45, and 60 
degrees.  Not all of the combinations were implemented.  The reverse rupture scenarios are listed in 
Table 5.2.3-1.   For each scenario, there are 32 realizations of the hypocenters and slip models. For each 
realization, the ground motions are computed at 182 stations. Figure 5.2.3-2 shows the station layout 
with respect to the M5.5, M6.0, and M6.5 scenarios with a dip of 45 degrees. 

5.2.3.3 Hanging-Wall Effects for Moderate Magnitudes (M5 to M6) 

Donahue and Abrahamson (2014) used broadband finite-source simulations to develop a HW functional 
form.  This form was then applied to implement HW terms in the ASK14 (Abrahamson et al., 2014) and 
CB14 (Campbell and Bozorgnia, 2014) GMPEs. The other NGA-West2 GMPE relationships (CY14: Chiou 
and Youngs, 2014) utilized HW terms informed from broadband simulations.  These studies utilized 
simulations for M ≥ 6.5 and the limited data to constrain the HW terms. ASK14 and CB14 applied 
magnitude tapers, which produce HW effects for M ≥ 6.0, but the tapers reduced the HW terms to zero 
for M < 6.0.  

The simulations for reverse earthquakes described in Section 5.2.3.2 and listed in Table 5.2.3 -1 are used 
for: 1) comparison with HW scaling in the published GMPEs to assess the applicability of the moderate 
magnitude tapers, and 2) to test a SWUS HW factor model developed by this project to be applied to the 
Common Functional Form median motion GMPE (Section 6.3). 

Comparison of HW terms from proponent GMPEs with simulated data are presented and discussed in 
Appendix J.5.2. 

5.2.3.4 Complex Ruptures Scaling 

Working with the Diablo Canyon Seismic Source Characterization (SSC) project, two representative 
complex rupture scenarios were developed. Each complex rupture scenario consists of a combined 
rupture of two separate planar faults; Hosgri-Los Osos, and Shoreline-San Luis Bay. A schematic sketch 
for the two complex scenarios and the associated detailed parameters used to define the scenarios are 
provided in Figures 5.2.3-3 and 5.2.3-4, and listed in Tables 5.2.3-2, and 5.2.3-3, respectively. 
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The first scenario (Scenario 1) is representative of the Hosgri – Los Osos fault geometry. It involves two 
segments: one is strike-slip and the other is reverse. The site for which the TI Team wants to 
characterize the ground-motion scaling is closer to the reverse segment, on the HW side. 

The second scenario (Scenario 2) is representative of the Shoreline – San Luis Bay fault geometry. It 
involves two segments: one is strike-slip and the other is reverse. The site for which the TI Team wants 
to characterize the ground-motion scaling is closer to the strike-slip segment. 

Each scenario has three magnitude cases from which the dimensions were derived: M = 7.0, 7.2, and 
7.4. To address the inconsistencies in the rupture lengths used for the simulations compared to the SSC 
lengths, the endpoint of the rupture closest to the DCPP site was fixed to the SSC point and the other 
end of the rupture was adjusted to yield the rupture length consistent with the Leonard (2010) scaling.  
This approach maintains the geometry of the rupture closest to the DCPP site.   

5.2.3.5 Splay Ruptures Scaling 

The terminology used to describe the splay ruptures is shown in Figure 5.2.3-5. Each scenario consists of 
a combined rupture of two separate planar faults (termed the primary and secondary segments), for 
which the TI Team has performed simulations. Working with the SSC project, two representative splay 
rupture scenarios were developed: one representative of the Hosgri fault primary strike-slip rupture 
with the Shoreline fault strike-slip secondary rupture (Figure 5.2.3-6);  and one representative of the Los 
Osos fault primary reverse rupture with the San Luis Bay fault secondary reverse rupture in which they 
meet at depth Figure 5.2.3-7).  

Details on how the geometries and fault parameters for the splay scenarios were defined are provided 
in Appendix J. In general, the scenarios are consistent with the Leonard (2010) scaling relationships.  

Each scenario has three magnitude cases (on the primary segments) from which the dimensions were 
derived: M = 7.0, 7.2, and 7.4. The magnitudes for the secondary segments were determined using the 
process outlined in Appendix J, section J.2. The detailed parameters used to define the scenarios are 
listed in Tables 5.2.3-4 and 5.2.3-5.  

 

5.3 Data Subsets for the Median Ground Motion 

The subsets of the four primary empirical sets and the finite-fault simulations used for the evaluation of 
the median ground motion are summarized in Table 5.1-2.  There are six subsets used for the median.  
These subsets are shown in this section for DCPP and PVNGS. 
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5.3.1 Subsets for DCPP Median  

For DCPP, the hazard deaggregation from previous study (Section 4.1.4) showed that the important 
contributors to the hazard are strike-slip and reverse sources in the magnitude range M5.5 to M7.5 at 
rupture distances ranging from 0 to 15 km.  As shown in Table 5.1-2, two datasets are developed for the 
evaluation of the DCPP median ground motion: one based on the NGA-West2 data (called NGA-W2DC-

MED) and one based on the finite-fault simulations (called SIMDC-MED).   

For the selection of the empirical dataset, the range of magnitudes and distances was expanded beyond 
the range of controlling sources from the deaggregation to maintain a large enough data set for the 
evaluation.  The NGA-W2DC-MED dataset consists of strike-slip earthquakes and reverse/reverse-oblique 
earthquakes with M ≥ 5, with recordings at distances of -70km ≤ Rx ≤70 km, and with VS30 ≥ 250 m/s.  
Recordings with potentially strong HW effects are excluded because the HW effects are treated 
separately (Section 6.3). These sites with potentially large HW effects are sites with the following 
conditions:  Rx > 0, RJB < 10 km, and dip < 80 degrees. The VS30 lower limit was applied to avoid large 
amplitude scaling of motions that may have been affected by highly non-linear site response, which may 
be less well modeled by the simple VS30 scaling relationships in the empirical GMPEs.  

Although the event terms can be estimated for earthquakes with just one recording using random 
effects, the subset was also restricted to earthquakes with at least 3 recordings to remove events with 
poorly constrained event terms.  The minimum of 3 recordings per event was selected based on the 
sampling of recordings per earthquake of the original NGA-West2 data set shown in Figure 5.1.1-1 and 
the Akkar et al. data set shown in Figure 5.1.3-1. (Both data sets are considered to lead to a consistent 
minimum number of recordings per earthquake for both subsets.)  The NGA-West2 data for M > 5, RX < 
70 km, and VS30 > 250 m/s have about 200 earthquakes with at least one recording, 110 earthquakes 
with at least three recordings, and 95 earthquakes with at least 5 recordings. The Akkar et al. data for M 
> 5, RX < 70 km, and VS30 > 250 m/s have about 110 earthquakes with at least one recording, 45 
earthquakes with at least three recordings, and 25 earthquakes with at least 5 recordings.  Using a 
minimum of 5 recording per earthquake would leave too small of a subset for the Akkar et al dataset.  

The NGA-W2DC-MED data set is for M > 5, R < 70 km, and VS30 > 250 m/s with a minimum of 3 recordings 
per earthquake. The attributes of the NGA-W2DC-MED, are shown in Figure 5.3.1-1. 

For the NGA-W2DC-MED subset, the pseudo-spectral acceleration (PSA) values are adjusted to 760 m/s 
using the VS30 scaling in the ASK14 model.  The ASK14 scaling was selected because the NGA-West2 data 
subset was based on the ASK14 subset (Section 5.1.1). Therefore, the TI Team judged that the ASK14 
VS30 scaling should be used to be most consistent with the selected subset.  

The finite-fault simulation data set, SIMDC-MED, consists of simulations from strike-slip earthquakes (M5.5 
to M7.2) and reverse-slip earthquakes (M5.5 to M6.5) described in Section 5.2.3.2.  For the strike-slip 
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simulations, the ground motions for stations at distances up to 70 km were simulated (see Figure 5.2.3-
1).  For the reverse simulations, the subset of simulated ground motions at stations located on the 
footwall at distances up to 20 km were selected. The simulations were computed for VS30 = 863 m/s.  
Based on the NGA-West2 GMPEs, the difference between VS30 of 760 m/s and 863 m/s leads to a 
difference in PSA between 5% and 14% depending on period. Given this difference, the TI Team judged 
that the simulations could be used for comparison with the ground motions for the reference VS30 of 760 
m/s without correction. The magnitude and distance ranges of the simulations were shown in Figure 
5.2.3-1.  The DCPP datasets for the median are used to evaluate the weights for the alternative 
common-form GMPEs (Section 8.4.2). 

5.3.2 Subsets for PVNGS Median for Greater Arizona Sources  

The hazard deaggregation from previous studies in Section 4.2.3 showed that the high-frequency hazard 
at PVNGS is mainly controlled by normal fault sources within 70 km of the site and with 5 < M < 7, 
whereas the low-frequency hazard has significant contributions from both the local normal-faulting 
sources and from the distant California and Mexico sources.   This section only addresses the subsets for 
the evaluation of the median ground motion for the Greater Arizona sources.  The subsets for the 
California and Mexico sources are addressed in Section 5.3.3. 

Two subsets are used for the median ground motion from the Greater Arizona sources: one based on 
the NGA-West2 database (called NGA-W2PV-MED) and one based on the European data set used to derive 
the Akkar et al (2014a and 2014b) model (called EURPV-MED).  

The NGA-W2PV-MED dataset consists of recordings from strike-slip and normal/normal-oblique 
earthquakes for M ≥ 5, -70km ≤ Rx ≤70 km, and VS30 ≥ 250 m/s.  Using both the positive and negative RX 
values includes both FW and HW sites.  Unlike the DCPP subset described in Section 5.3.1, sites with 
potentially large HW effects are not removed from this subset. As explained in Section 6.3, HW effects 
are included as part of the PVNGS base model ground-motion characterization so the HW sites are 
maintained in the subset. The subset was also restricted to earthquakes with at least 3 recordings to 
remove events with poorly constrained event terms.  The minimum of 3 recordings per event was 
selected based on the sampling of the original data set: using a higher threshold would remove too 
many of the earthquakes. The attributes of the NGA-W2PV-MED dataset are shown in Figure 5.3.2-1.  

The EURPV-MED dataset consists of recordings from strike-slip and normal/normal-oblique earthquakes for 
the same magnitude and distance range as used for the NGA-W2PV-MED dataset: M ≥ 5, -70km ≤ Rx ≤70 
km, and VS30 ≥ 250 m/s. Again, the subset was also restricted to earthquakes with at least 3 recordings to 
remove events with poorly constrained event terms.  The minimum of 3 recordings per event was 
selected based on the sampling of the original data set: using a higher threshold would remove too 
many of the earthquakes. The attributes of the EURPV-MED dataset are shown in Figure 5.3.2-2.  
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As done for the DCPP (Section 5.3.1), the PSA values from these recordings were adjusted to the 
reference VS30 of 760 m/s.  For the NGA-W2PV-MED dataset, the VS30 scaling from the ASK14 model is used 
to make the adjustment as discussed in Section 5.3.1.  For the EURPV-MED dataset, the VS30 scaling from 
ASB14 is used because this scaling was derived from the Akkar et al. data set.  

5.3.3 Subsets for PVNGS Median for Earthquakes in Regions 1, 2, and 3  

The distant California and Mexico events subset consists of 14 earthquakes previously included in the 
NGA-West2 database. Because this subset was used to compute path terms, they are called the PEER-
AZPATH subset. The events have magnitudes that range between M 4.26 and 7.2, and are recorded by 
stations at RJB distances between 150 and 650 km.   

As previously shown in Figure 5.1.2-1, all of the earthquakes had a minimum of 3 recordings and almost 
all had a minimum of 5 recordings.  The number of recordings per event starts to drop off above 5. For 
evaluating the path effects, the data set was restricted to sites with at least 5 recording per site. The 
attributes of the PEER-AZPATH dataset are shown in Figure 5.3.3-1.  These data are used for the 
evaluation of the median path effects for PVNGS from sources in Regions 1, 2, and 3. 

5.3.4 Subset for HW Scaling Evaluations  

As part of the median ground-motion model, the TI Team developed a suite of HW scaling models as 
described in Section 6.3. As noted in Section 6.3, the magnitudes scaling of the HW factor for moderate 
magnitudes (M5.0 to M6) is not well constrained by the empirical data. A subset of the finite-fault 
simulations was selected to provide information that can be used to evaluate the magnitude scaling for 
the HW factor.  This dataset, called SIMHW-MED, consists of ground motions from reverse earthquakes 
with magnitude M5.5 to M6.5, and dips of 10 to 60 degrees with ZTOR of 2.5 to 12 km, described in 
Section 5.2.3.3. This data set is used for the evaluation of the magnitude scaling of the HW model which 
is applied to both the DCPP and PVNGS common-form models. 

 

5.4 Data Sets for the φSS and φSP-R Models 

There are four types of the single-station sigma ( SSφ ) models that are developed in Sections 7.3 and 7.4:  

(1) a short-distance global model based on European data, (2) a short-distance global model based on 
NGA-West2 and Lin et al. (2011) data, (3) a long-distance global model based on NGA-West2 data, and 
(4) two short-distance models based on California data in the NGA-West2 database.  The data sets used 
to develop each of the single-station sigma models are described in Sections 5.4.1 to 5.4.4.  
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For the subsets used for SSφ , only the data with a minimum of three recordings per earthquake and 

three recordings per site were selected.  To have enough data with three recordings per site and to 
increase the reliability of estimated site terms, the site terms and single-site within-event residuals were 
computed using the entire datasets (all magnitudes and distances).  Once the site terms were removed, 
then the subset was restricted to the larger magnitudes and distances that matter the most to the 

hazard, as indicated from the deaggregation results (Section 4.1.4 and 4.2.3).  The SSφ was then 

computed using this subset of single-site within-event residuals in the magnitude and distance range of 
interest.  

Datasets are also used for the development of the single-path-to-region φ  ( SP Rφ − ) models.  These 

datasets are described in Section 5.4.5. 

5.4.1 Subset for the Short-Distance φSS Model based on Global Data  

The global data set is a combination of the NGA-West2 data and the Lin et al (2011) data. The within-
event residuals for Taiwan (Lin et al., 2011) were combined with the NGA-West2 residuals after 
removing residuals from common recordings from Taiwan earthquakes included in both the NGA-West2 
data set and the Lin et al dataset.  The NGA-West2 developers used different subsets of the NGA-West2 

as shown in Table 5.4.1-1.  The Idriss 2014 (Id14) residuals are not used for the SSφ evaluation because 

Idriss did not separate his residuals into between-event and within-event terms. A subset is developed 
for each of the four NGA-West2 GMPEs that separated the within-event and between-event residuals.  
The magnitude-distance distributions of the four datasets (GLOBALPHISS-ASK14, GLOBALPHISS-BSSA14, 
GLOBALPHISS-CY14, and GLOBALPHISS-CB14) are shown in Figures 5.4.1-1, 5.4.1-2, 5.4.1-3, and 5.4.1-4. 

To derive the short-distance SSφ model, magnitude and distance selection criteria (M ≥ 5.0 and RJB < 50 

km) are applied. Also, the data is selected so that there are at least three recordings per earthquake and 
at least three recordings per site prior to the magnitude limit (e.g. all magnitudes are used to constrain 
the site term, but only a subset of the site corrected residuals with M ≥ 5 and RJB ≤ 50 km are used to 

compute the SSφ  values.  

Table 5.4.1-1 presents a summary of the data distribution for the four NGA-West2 datasets for the 

short-distance SSφ . Table 5.4.1-1 shows that the California dataset comprises about 30% to 40% of the 

recordings and 40 to 60% of the earthquakes in the global dataset, while the Taiwanese data represent 
50% to 70% of the number of recordings and 25% to 40% of the number of earthquakes. 
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5.4.2  Subsets for the Short-Distance φSS Model based on European Data  

A subset of the Akkar et al. (2014a and 2014b) data set was selected to be used in developing the single-
station sigma models for application to PVNGS for the Greater Arizona sources. To be consistent with 
the selection used for the global data (Section 5.4.1), the same magnitude and distance selection criteria 
are applied:  M ≥ 5.0 and RJB < 50 km.  The same minimum number of recordings per earthquake and per 
site are also applied: at least three recordings per earthquake and at least three recordings per site prior 
to the magnitude limit (e.g. all magnitudes are used to constrain the site term, but only a subset of the 

site corrected residuals with M ≥ 5 and RJB ≤ 50 km are used to compute the SSφ  values). The 

magnitude-distance distribution of the dataset (EURPHISS) is shown in Figure 5.4.2-1.  

This subset consists of 223 recordings from 73 earthquakes (35 normal, 25 strike-slip, and 13 reverse 
events) recorded at 79 stations. Ground-motion data at periods greater than 4.0 seconds are not 
available for the European dataset. 

5.4.3 Subsets for the Short-Distance φSS Models based on California Data  

The California data sets used for evaluating SSφ  are the NGA-West2 residuals dataset for events that 

have occurred in California and were recorded by a minimum of three stations. The constraint of 
restricting stations with minimum three recordings per site is also applied. The full range of magnitudes 
and distances are used to estimate the site terms, but only the M > 5 and R < 50 km data are used for 

estimating SSφ . The California dataset in this magnitude and distance range of interest consists of 342 - 

672 recordings from 38-54 earthquakes, depending on the subset used by the NGA-West2 developers 
(Table 5.4.1-1).  

Because each developer used their own subsets of the NGA-West2 data set to develop their models and 
compute their residuals, there are different versions of the California data sets used to compute the  

SSφ , one for each developer: NGA-W2CA-PHISS-ASK14, NGA-W2CA-PHISS-BSSA14, NGA-W2CA-PHISS-CB14, and NGA-

W2CA-PHISS-CY14. As noted in Section 5.4.1, the Idriss 2014 (Id14) model is not used for the SSφ evaluation 

because Idriss did not separate his residuals into between-event and within-event terms.  A random-
effects regression was not applied to the Idriss (2014) model to estimate the within-event residuals as 
this would also change the median regression and change the model. 

The magnitude-distance distribution of the datasets is shown in Figures 5.4.3-1 to 5.4.3-4 for the four 

NGA-West2 subsets. These datasets are used to develop SSφ models for application to DCPP.   
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5.4.4 Subsets for the Long-Distance φSS Models based on Global Data  

As shown in Section 4.2.3, the distant earthquakes in California and Mexico contribute to the PVNGS 
hazard at long periods.  The controlling distance from the deaggregation is 200-300 km from large 
magnitudes (M > 7.5).  This controlling magnitude distance range is broadened to M ≥ 5.5, distance 200-

400 km to allow for enough data points for the evaluation of the SSφ model.   

The global data with magnitude greater than or equal to M5.5 and distances of 200 to 400 km lacks 
Taiwanese data in that range of interest. Furthermore, CB14 used mixed-effects regression to derive the 
anelastic attenuation term from data with RRUP > 80 km, but allowed the source terms to vary from 
those with a maximum RRUP distance of 80 km. Therefore, the Taiwan and CB14 sets were excluded from 

the SSφ analysis, so that only three sets of NGA-West2 residuals were used to develop the SSφ  model for 

PVNGS – Distant California and Mexico sources.  

The global dataset in this magnitude and distance range of interest (M ≥ 5.5, distance 200-400 km) 
consists of 264-415 recordings from 4 to 23 earthquakes (mostly from Japan), depending on the GMPE 
developer (Table 5.4.4-1). The magnitude-distance distributions by region of the datasets used to derive 

the SSφ model (NGA-W2LD-PHISS-ASK14, NGA-W2LD-PHISS-BSSA14, NGA-W2LD-PHISS-CY14) are shown in Figures 5.4.4-1, 

5.4.4-2, and 5.4.4-3 for the three datasets.  The number of recordings and earthquakes per region in the 
dataset is summarized in Table 5.4.4-1, which shows that the dataset in the distance range of 200 to 400 
km is relatively small, consisting primarily of a few California and Japanese earthquakes. 

5.4.5 Subsets for the Long-Distance φSP-R Model  

A subset of the Arizona dataset (Section 5.1.2) was compiled to derive the magnitude-independent 

SP Rφ −  and path-adjustment models for PVNGS. This dataset consists of earthquakes in California and 

Mexico that have been recorded at the 9 stations in the vicinity of PVNGS. From this dataset, 49 records 

from 11 earthquakes with rupture distances that range from 200 to 500 km are used to compute SP Rφ −

for three regions:  Region 1 (4 earthquakes), Region 2 (3 earthquakes), and Region 3 (3 earthquakes). 
Figure 5.4.5-1 shows the magnitude-distance distribution of the data by region.  
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5.5 Proponent Models for Median Ground Motions 

5.5.1 Candidate GMPEs for Shallow Crustal Earthquakes in Active Regions 

The development of the median ground-motion models for the DCPP and PVNGS sites is based, in part, 
on the range of predicted ground motions produced by current GMPEs for shallow crustal earthquakes 
in active crustal regions (ACRs). 

The literature was reviewed to identify recently developed and published GMPEs for shallow crustal 
earthquakes in ACRs. Table 5.5.1-1 lists the GMPEs that were identified. They represent ground-motions 
models developed from world-wide databases such as the PEER NGA projects and models developed for 
specific regions, such as the ACR portions of Europe, individual areas within Europe and the Middle East, 
Japan, and New Zealand. 

5.5.1.1 TI Team Model to Accommodate Zhao and Lu (2011) Magnitude Scaling 

In addition to the published GMPEs, Zhao and Lu (2011) published a concept for alternative magnitude 
scaling at large magnitudes.  While Zhao and Lu (2011) don't provide a complete GMPE, the proposed 
magnitude scaling is evaluated. 

Zhao and Lu (2011) fit ground-motion data from M7.1 to M7.9 shallow crustal earthquakes with a 
functional form that allowed for an event specific geometric spreading, an event specific anelastic 
attenuation, and an event specific intercept. They found that the event specific differences in geometric 
spreading were not statistically significant, and as a result their final fitted model has magnitude 
independent geometric spreading. They found statistically significant event specific values of anelastic 
attenuation for some earthquake groups (Wenchuan, China; the Middle East; Alaska), indicating regional 
differences in anelastic attenuation. They also found statistically significant differences in the intercept 
only for the Wenchuan earthquake. 

Zhao and Lu (2011) plotted the average residual from their model for each earthquake versus 
magnitude. Figures 5.5.1-1 and 5.5.1-2 shows their results for PSA at periods from 0.5 to 5 sec. The red 
curve shows a linear fit to the average residual for each earthquake versus magnitude excluding the 
Duzce earthquake and the blue dashed line shows a fit including Duzce. The black long dash line is the 
magnitude scaling from Chiou and Youngs (2008) at a distance of 100 km. From results like these, Zhao 
and Lu (2011) conclude that there is little to no magnitude scaling above M ~7 at longer spectral 
periods. J. Zhao (2013, written communication) suggested that the hinge point is at M7.1. 

Implementation of the Zhao and Lu (2011) concept in combination with the Zhao et al. (2006) GMPE 
suggests that magnitude scaling be capped at a specific magnitude. The results shown in Figures 5.5.1-1 
and 5.5.1-2 suggest that this saturation magnitude may be ~ M7.3 to M7.4, given that the average 
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residual for both earthquakes less than M7.2 are lower than those for higher magnitudes where the 
scaling appears magnitude independent. In addition, the crustal earthquake data used by Zhao et al. 
(2006) was limited above M7, as shown on Figure 5.5.1-3, suggesting that the magnitude scaling at large 
M may not be well constrained for shallow crustal earthquakes in the Zhao et al. (2006) GMPE.  

Therefore, the TI Team developed a new GMPE that implemented the Zhao and Lu (2011) modification 
to cap the Zhao et al. (2006) ground-motion estimates at M7.3, and use these results for all larger 
magnitudes. This implementation would be consistent with both Zhao et al. (2006) data, and the Zhao 
and Lu (2011) results for crustal data. Based on the fact that Zhao and Lu (2011) show essentially zero 
magnitude scaling at a distance of 100 km and show no trend in their residuals with distance up to about 
200 km, this modification to the Zhao (2006) model would apply at all distances. 

5.5.2 Selection of Candidate Models 

The set of relevant existing GMPEs that were identified in Section 5.5.1 and are listed in Table 5.5.1-1 
are evaluated by the TI Team in this section. A subset of candidate models was selected based on the 
following seven criteria: 

1.  More recent published GMPEs by the same development team were selected over older GMPEs 
on the basis that the newer models would have benefited from more data and refinements to 
the approach. Thus, for example, the PEER NGA-West2 models are selected and the PEER NGA-
West1 models are not. In the case of the modified magnitude scaling suggested by Zhao and Lu 
(2011), the Zhao et al. (2006) GMPE is selected along with a modified form based on Zhao and 
Lu (2011). The basis is that Zhao and Lu have not developed a full GMPE to replace Zhao et al. 
(2006). 

2. Models that represent an adjustment of another model to fit data from a specific region which is 
not California or western Arizona were not selected (e.g. Bradley, 2013). The basis for rejecting 
these models is that they have been adjusted from one region to another and should not be 
adjusted back to the original region or to a third region.  

3. Models that do not extrapolate well beyond the magnitude-distance range over which they 
were developed were not selected. For example, models that have only a single linear 
magnitude scaling term were not selected, as evaluations by many investigators of data sets 
containing a large range in magnitude have shown that a single linear magnitude scaling term 
does not capture the magnitude scaling over the range of magnitudes from M5 to M8. 

4. Models that do not clearly separate shallow crustal earthquakes from those occurring as a part 
of subduction were not selected. The basis for rejecting these models is that the magnitude and 
distance scaling from subduction zone earthquakes is different than from crustal earthquakes. 
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5. Models developed as research tools were not selected. The basis for rejecting these models is 
that they have not developed to the point where they could be used for engineering application. 

6. Models developed for a relatively small specific region different from the ones of interest (e.g. 
Italy) were not selected. The basis for rejecting these models is that the data from a single 
region may be too limited to capture scaling for the full range of magnitude and distance of 
interest and the specifics of the regional behavior may be different from California and western 
Arizona. 

7. Models that have not been peer reviewed or vetted by the larger scientific community were not 
selected. For example, the Graizer and Kalkan model was rejected because was only published 
as a conference paper (Graizer 2014) during the project.  

Table 5.5.1-1 indicates which models were selected for use in characterization of median ground 
motions and the reason the other models were not selected. 

5.5.3 Host Kappa Values for Selected Candidate Models at Reference VS30 

For PVNGS, the planned site response analysis accounts for differences in the kappa implied for the 
candidate GMPEs and the kappa for rock sites in central Arizona. The kappa implied by the spectral 
shape of the GMPEs is called the "Host" kappa.  

Under the direction of the TI Team, Dr. Al-Atik estimated the host kappa values for the seven candidate 
GMPEs selected for PVNGS (Table 5.5.1-1) using the IRVT approach (Al Atik et al., 2013) for the following 
for a reference VS30 of 760 m/sec: Abrahamson et al. (2014) (ASK14), Boore et al. (2014) (BSSA14), 
Campbell and Bozorgnia (2014) (CB14), Chiou and Youngs (2014) (CY14), Bindi et al. (2014a, 2014b) 
(Bi14), Akkar et al. (2014a, 2014b) (ASB14), and Zhao et al. (2006) (ZH06).   

Because the estimate of kappa depends on the spectral shape, which can change for different scenarios, 
the host kappa values were derived for nine normal-faulting scenarios with a dip angle of 50 degrees, 
with magnitude 5.0, 6.0, and 7.0 and RX distances of 5, 10, and 20 km on the footwall. Footwall scenarios 
were used because the hanging-wall factors also affect the high-frequency spectral shape, and would 
lead to bias in the kappa estimate. These magnitude, distance, and style-of-faulting scenarios were 
selected because of their significant contribution to the hazard at PVNGS, at large enough distance so 
that there is adequate data to constraint the spectral shape, but not such at large distances that the 
effect of the anelastic attenuation (Q) would become a dominant effect. 

GMPE response spectra-compatible Fourier Amplitude Spectrum (FAS) were derived using the IRVT 
approach for the nine scenarios considered and then divided by the host site amplification factors 
compatible with the western U.S. (WUS) VS profile of Kamai et al. (2013) with a VS30 of 760 m/sec (shown 
in Appendix M, Figure M-1), which was used as a representative VS profile for the host region. Kappa 
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was estimated by fitting the Anderson and Hough (1984) exponential kappa scaling function to the FAS 
between the start and end frequencies (f1 and f2) over which log(FAS) versus frequency is approximately 
linear. Details on the host kappa derivation approach are provided in Appendix M.   

Figures 5.5.3-1 shows an example of the high-frequency kappa fit to the derived FAS for the ASK14 
GMPE for the M6.0 and RX 10 km scenario. More plots are available in Appendix M. 

Best estimate host kappa values were computed by averaging the estimated kappa values for the nine 
scenarios for each GMPE (Table 5.5.3-1). The best kappa estimate kappa values for the seven GMPEs 
range between 0.037 and 0.045 seconds, with a geometric mean of 0.041 seconds. 

 

5.6 Previous Proponent Single-station Sigma Models and Datasets 

5.6.1 Introduction 

Following discussions with the PTIs for PVNGS and DCPP, the TI Team decided to use the single-station 
sigma approach which is a partially non-ergodic approach (Rodriguez-Marek et al., 2014) that removes 
the systematic site response effects from the traditional ergodic within-event standard deviation. The 
single-station sigma, , is given by 

         (Eq. 5.6.1-1) 

where  is the standard deviation of the site-corrected within-event residual and τ  is the standard 

deviation of the event terms. The single-station sigma approach was selected because it avoids double 
counting of the epistemic uncertainty of the site response that can occur if the traditional ergodic sigma 
is used, and the site response also addresses the epistemic uncertainty.  

To develop empirical estimates of SSφ requires data sets with multiple recordings per site. With the 

greatly expanded empirical data sets that are now available, multiple studies of empirical data have 
shown that there are significant systematic differences in the ground-motion scaling for individual sites, 
individual ray paths, and individual source regions:  Chen and Tsai (2002) used the recordings from 
Taiwan to evaluate the site terms; Atkinson (2006) used data from limited source regions in southern 
California to estimate the standard deviation for a single path and site; Morikawa et al. (2008) used data 
from limited source regions in Japan to estimate the standard deviation for a single path and site; Lin et 
al. (2011) used data from Taiwan to estimate the standard deviations of the site terms, path terms, and 
source terms separately.  Most recently, Rodriguez-Marek et al. (2013) combined the data sets used in 
previous studies and added additional data to develop a comprehensive global data set for estimating 
the single-station sigma for application to the Pegasos Refinement Project (PRP; Renault et al., 2010). 

σ SS

σ SS = φSS
2 +τ 2

φSS
2
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This model is described in Section 5.6.2.  Slight modification of the Rodriguez-Marek et al. (2013) model 
have been proposed for application to the Thyspunt Nuclear Siting Project (TNSP; Bommer et al., 2013) 
in South Africa (Rodriguez-Marek et al., 2014), and to the Hanford PSHA project (Coppersmith et al., 
2014). The latter is addressed in section 5.6.3. Finally, a constant single-station sigma model using Italian 
data has been recently developed by Luzi et al. (2014) and is described in Section 5.6.4.  

5.6.2 Composite Model by Rodriguez-Marek et al. (2013) 

Rodriguez-Marek et al. (2013) compiled ground-motion data with multiple recording per site from five 
regions: California, Taiwan, Japan, Switzerland, and Turkey.  The distribution of the data in terms of 

magnitude and distance for each region is shown in Figure 5.6.2-1. The average SSφ values for M > 4.5 

and R < 200 km for each region are shown in Figure 5.6.2-2. The lower plot shows the traditional ergodic 

φ values and the upper plot shows the partially non-ergodic SSφ values.  The SSφ values are mainly 

between 0.4 and 0.5 ln units and are much more consistent across regions than the φ values. The 

Rodriguez-Marek et al. (2013) model used residuals from the Chiou et al. (2010) evaluation of California 
data, which had access to only three spectral periods.   

Based on the global data set shown in Figure 5.6.2-1, Rodriguez-Marek et al. (2013) developed four 
single-station sigma models:  a distance-dependent model, a magnitude-dependent model, a 
magnitude- and distance-dependent model, and a constant (magnitude- and distance-independent) 
model. Two of these four models are shown in Figure 5.6.2-3 (distance-dependent), and Figure 5.6.2-4 
(magnitude- and distance- dependent). The constant model is shown in Figure 5.6.4-2 as compared to 

the Luzi et al. (2014) SSφ models. 

The distance dependence is only observed for the smaller magnitude data and may reflect factors that 
are not applicable to larger magnitude events.  There are several possible reasons for the observed 
distance dependence for small magnitudes: sensitivity to the location errors, systematic focal 
mechanism effects, geometrical spreading for small magnitudes, and magnitude dependence of the 
saturation ("fictitious depth" term). Based on recent evaluations of small magnitudes at short distances, 
motivated by the induced-seismicity issues in the central U.S., the limitations of the GMPEs for small 
magnitudes at short distances has been apparent.  In particular, the "fictitious depth" models developed 
for larger magnitudes are not applicable to smaller magnitudes when used with RRUP distance-based 
GMPEs (Atkinson, 2015).  

The TNPS single-station model is a minor update of the Rodriguez-Marek et al. (2013) model and is also 

based on the PRP data. For the TNPS project the distance-dependence of SSφ was rejected, reflecting the 

limitations of the SSφ for small magnitude earthquakes noted in the previous section. 
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5.6.3 The Hanford Model 

The Hanford SSφ model represents a slight modification of the Rodriguez-Marek et al. (2013) model and 

uses the same PRP data. The model is also magnitude-dependent and corresponds to the intra-event 
standard deviation (φ ) by Abrahamson and Silva (2008; AS08) scaled by 0.8. The rationale for adopting 

this model was that the SSφ values closely resembled the scaled AS08 model.  The Hanford SSφ model is 

shown in Figure 5.6.3-1. 

5.6.4 Single-Station Sigma Model for Italy by Luzi et al. (2014) 

Luzi et al. (2014) compiled ground motion data from Italy using three alternative datasets, whose 
distribution in terms of magnitude and distance for each dataset is shown in Figure 5.6.4-1. The first 
dataset (BIea) comprises the data used to derive the Bindi et al. (2011) GMPE for Italy and corresponds 
to a well-recorded subset of the Italian strong-motion database (Pacor et al., 2011) in the period 1972–
2009. The second dataset (BIea2) is an extension of BIea to include all records in the 4.0–6.9 magnitude 
range recorded from 1972 to 2011. The third dataset (ABR) is a subset of the BIea2, composed of the 
records related to the 2009 L'Aquila sequence, (local magnitude 3.5–5.8). The ABR dataset was used to 
evaluate the single-station sigma for one seismic source zone (single-path sigma). 

Tabulated SSφ results for the three datasets are provided in Luzi et al. (2014). Although the authors 

discuss the dependency of their results with magnitude, distance and site conditions, they propose a 

constant SSφ model for Italy.  The Luzi et al (2014) SSφ models are compared to the PRP constant SSφ

model in Figure 5.6.4-2.  The SSφ values for the Italian data are in the same range of 0.4 to 0.5 as seen 

for other global data sets. 
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Table 5.1-1: Primary Empirical Data Sets  

DATASET Magnitude 
Range 

Distance 
Range 

(RJB in km) 

VS30 Range 
(m/s) 

Dip Range 
(degrees) 

Mechanisms 
by 

Earthquake 
PEER NGA-West2 3.0 - 7.9 0 - 1532 89 - 2100 10 - 90 57% SS 

17% NML 
26% REV 

Akkar Subset of Reference 
database of Seismic Ground 
Motion in Europe (RESORCE) 

4.0 - 7.6 0-200 92-2165 2-90 38% SS 
47% NML 
15% REV 

PEER Arizona (Regions 1, 2, and 3) 4.3 - 7.2 145 - 649 398 - 1312 40 - 86 
 

93% SS 
7% NML 
0% REV 

PEER Arizona 
(Central Arizona) 

1.2 - 3.4 9 - 301 398 - 1237 Not 
Available 

Not 
Available 

Lin et al. (2011) 3.9 - 7.6 0.6 - 208 166 - 760 10-90  
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Table 5.1-2: Data Sets Used for the Evaluation of the Median Ground Motions 

DATASET DATABASE OF 
ORIGIN SUBSET USE OF DATASET 

NGA-W2DC-MED PEER NGA-
West2 

M  ≥ 5.0 
No HW sites* 
VS30 ≥ 250 m/s 
NREC/eqk ≥ 3 
Adjusted to V S30 =760 m/s 

Evaluation of the median 
ground-motion model (for 
DCPP) for base FW model 

NGA-W2PV-MED PEER NGA-
West2 

M ≥5.0 
-70km ≤ Rx≤ 70 km for both SS 
and NML 
VS30 ≥ 250 m/s 
NREC/eqk ≥ 3 
Adjusted to VS30=760 m/s 

Evaluation of the median 
ground-motion model (for 
PVNGS) 

EURPV-MED Reference 
database of 
Seismic Ground 
Motion in 
Europe 
(RESORCE) 

M ≥5.0 
RJB≤ 70 km  
for both SS and NML 
VS30 ≥ 250 m/s 
NREC/eqk ≥ 3 
Adjusted to VS30=760 m/s 

Evaluation of the median 
ground-motion model (for 
PVNGS) 

PEER-AZPATH PEER Arizona Earthquakes from NGA-West2 in 
Regions 1 and 2&3 recorded at 
stations in Arizona 
NREC/eqk ≥ 3 
NREC/station ≥ 5 
 

Estimation of the median path 
terms for Regions 1 and 2&3 
(for PVNGS) 

SIMDC-MED SCEC simulations 
using the broad 
band platform 

SS: M5.5, M6.0, M6.6, and M7.2 
 
REV: M5.5, M6.0, and M6.5 
 

Evaluation of the median 
ground-motion model (for 
DCPP) 

SIMHW SCEC simulations 
using the broad 
band platform 

REV: M5.5, M6.0, and M6.5 
Dips: 10, 20, 30, 45, 60 
ZTOR: 2.5, 7.5, 12 km  

Evaluation of the scaling of 
the HW effect for magnitudes 
between M5 and M6.5, and 
for ZTOR scaling (for DCPP) 

* Includes the following: 0 ≥ RX ≥ -70 km for both SS and REV; 0 ≤ RX ≤ 70 km & RJB ≤ 10 km for SS; and 0 ≤ 
RX ≤ 70 km for SS, & Dip ≥ 80 deg. 
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Table 5.1-3: Data Sets Used for the Evaluation of the Kappa and Ground Motions from Splay and 
Complex Ruptures 

DATASET DATABASE OF 
ORIGIN SUBSET USE OF DATASET 

PEER-AZKAPPA PEER Arizona Earthquakes in 
Arizona recorded 
at stations in 
Arizona 

Estimation of kappa for stations in 
central Arizona (for PVNGS) 

SIMSplay SCEC simulations 
using the 
broadband 
platform 

Main  
SS: M7.0 - M7.4 
REV: M7.0 - M7.4 
 
Splay: 
SS: M6.0-M6.4 
REV: M6.4 

Evaluation of the methods to compute 
ground motions for splay ruptures (for 
DCPP) 

SIMComplex SCEC simulations 
using the 
broadband 
platform 

SS: M6.7-M7.4 
 
REV: M6.4-M7.0 
  

Evaluation of the methods to compute 
ground motions for complex ruptures 
(for DCPP) 
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Table 5.1-4: Data Sets Used for the Evaluation of the Aleatory Standard Deviation 

DATASET DATABASE OF 
ORIGIN SUBSET USE OF DATASET 

EURPHISS Reference database 
of Seismic Ground 
Motion in Europe 
(RESORCE) 

M ≥ 5 
DIST ≤ 50 km 
NREC/eqk ≥ 3 
NREC/site ≥ 3 
 

1. Computation of residuals 
2. Development of single-
station sigma models based on 
European data for application 
to PVNGS sources in Greater 
Arizona ( SS EURφ − model) 

GLOBALPHISS-ASK14 

GLOBALPHISS-BSSA14 

GLOBALPHISS-CY14 

GLOBALPHISS-CB14 

PEER NGA-West2 
and Lin et al (2011)  
 
 

M ≥ 5 
DIST ≤ 50 km 
NREC/eqk ≥ 3 
NREC/site ≥ 3 
 
Selection applied to 
the subset used by 
the GMPE 
developer 

1. Use of residuals from GMPE 
developers 
2. Development of single-
station sigma models based on 
the global data for application 
to both DCPP and PVNGS 
sources in Greater Arizona.  
( 50SS GLOBAL Rφ − − model) 

NGA-W2LD-PHISS-ASK14 

NGA-W2LD-PHISS-BSSA14 

NGA-W2LD-PHISS-CY14 

 

PEER NGA-West2 
 

M ≥ 5.5 
200 ≤ Dist ≤ 400 km 
NREC/eqk ≥ 3 
NREC/site ≥ 3 
 
Selection applied to 
the subset used by 
the GMPE 
developer 

1. Use of residuals from GMPE 
developers 
2. Development of single-
station sigma model based on 
large distance data for 
application to PVNGS sources in 
regions 1, and 2&3 (

SS GLOBAL LDφ − − model) 

NGA-W2CA-PHISS-ASK14 

NGA-W2CA-PHISS-BSSA14 

NGA-W2CA-PHISS-CY14  
NGA-W2CA-PHISS-CB14 

 

 

 

 

PEER NGA-West2 California 
earthquakes with M 
≥ 5 
DIST ≤ 50 km 
NREC/eqk ≥ 3 
NREC/site ≥ 3 
 
Selection applied to 
the subset used by 
the GMPE 
developer 

1. Use of residuals from GMPE 
developers 
2. Development of single-
station sigma models based on 
CA data for application to DCPP 
( 1SS CAφ − − & 2SS CAφ − − models) 

PEER-AZPATH-ASK14 

PEER-AZPATH-BSSA14 

PEER-AZPATH-CY14 

PEER-AZPATH-CB14 

PEER Arizona Earthquakes from 
NGA-West2 in 
Region 1 and 
Regions 2&3 
recorded at stations 
in Arizona 

1. Computation of residuals  
2. Development of single-path 
sigma for application to PVNGS 
from earthquakes in Region 1 
and Regions 2&3 ( 123SP Rφ −

model) 
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Table 5.1.2-1: PEER-Arizona Data Set Earthquake Event Catalog (from Table 2.2 in Kishida et al., 2014a) 

EQID Earthquake Name YEAR/MODY/HRMN Mangitude 
(*) 

Epicenter 
Latitude 

Epicenter 
Longitude 

Hypocentral 
Depth (km) 

1267 NA 2008/0105/2345 3.10 ML 35.0230 -113.9140 1.00 

1268 NA 2008/0117/2200 3.40 ML 35.0200 -113.9140 1.00 

1269 NA 2008/0120/1728 2.10 ML 35.0260 -113.9290 1.00 

1270 NA 2008/0724/1405 2.40 ML 34.1880 -113.8440 6.00 

1271 NA 2008/0803/0953 2.00 ML 34.1880 -113.8620 7.00 

1272 NA 2008/1129/0148 1.50 ML 32.9520 -112.7740 13.00 

1273 NA 2008/1129/0710 1.50 ML 32.9530 -112.7740 13.00 

1274 NA 2008/1129/0711 1.50 ML 32.9550 -112.7720 13.00 

1275 NA 2008/1129/0722 1.50 ML 32.9550 -112.7710 13.00 

1276 NA 2008/1129/1621 1.50 ML 32.9540 -112.7700 13.00 

1277 NA 2008/1129/1622 1.20 ML 32.9550 -112.7700 13.00 

1278 NA 2012/0203/0242 2.50 Md 33.5905 -111.0490 13.87 

1028 10275733 2007/0902/1729 4.73 M 33.7328 -117.4921 10.02 

1047 10321585 2008/0501/0811 4.43 M 35.4744 -118.4262 6.68 

1053 14330056 2007/1024/1222 4.34 M 35.8373 -117.6780 6.86 

1058 14285168 2007/0415/2257 4.41 M 32.7070 -116.0400 10.16 

1067 10230869 2007/0209/0333 4.29 M 33.2262 -116.1472 10.89 

1182 14517500 2009/1001/1001 5.00 M 36.3864 -117.8583 7.41 

1186 14519780 2009/1003/0115 5.19 M 36.4034 -117.8499 9.42 

280 El Mayor-Cucapah 2010/0404/2240 7.20 M 32.3000 -115.2670 0.00 

1004 14346868 2008/0209/0712 5.10 M 32.4105 -115.3120 18.65 

1005 14408052 2008/1206/0418 5.06 M 34.8118 -116.4227 9.33 

1009 14462064 2009/0523/2258 4.73 M 36.4011 -117.8397 7.42 

1017 10347253 2008/0905/2154 4.63 M 32.3362 -115.2425 17.16 

1018 10370141 2009/0109/0349 4.45 M 34.1081 -117.3062 14.80 

1020 14295640 2007/0602/0511 4.26 M 33.8776 -116.2019 10.06 

* Moment magnitudes (M) for the NGA-West2 earthquakes are from Ancheta et al. 2014. The 
local magnitudes (ML) and duration magnitude (Md) for the Arizona events are from Jeri Young 
(2013, personal communication), Arizona Earthquake Information Center.  
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Table 5.1.2-2: Arizona Data Set VS30 Values (from Table 3-1 of Kishida et al., 2014a). 

Station 
Number of 
Recordings 

Magnitude 
Range  

Distance 
Range (km) 

VS30 (m/s) 

Max 
Inversion 

Depth of VS 
profile (m) 

Used for 
Kappa 

Z14A 11 1.2 – 3.4 50 - 206 490 - 524 108 Yes 
115A 9 1.2 – 3.4 59 – 301 424 - 460 99 Yes 
Y16A 4 1.5 – 1.5 158 - 159 970 - 1028 40 Yes 
Y15A 8 1.5 – 3.4 119 - 189 499 - 566 40 Yes 
Z15A 2 1.5 – 3.1 69 - 251 373 - 464 39 Yes 
113A 7 1.5 – 3.4 96 - 250 1140 - 1237 38 Yes 
Y14A 9 1.5 – 3.4 82 - 147 473 - 526 50 Yes 
Y13A 5 2.0 – 3.4 42 - 135 532 - 560 50 Yes 
114A 7 1.2 – 2.4 28 - 183 380 - 404 50 Yes 
Z13A 5 1.5 – 2.4 88 - 111 652 - 689 50 Yes 
 

 

 

Table 5.1.5-1: Recording Stations within 100 km of the Wells, Nevada Earthquake 

Station RJB (km) RRUP (km) RX (km) Inferred VS30 (m/s) 
ELK 56.3 56.8 -56.3 750 

M11A 81.7 82.1 -81.7 600 
M13A 62.9 63.4 62.9 280 
N11A 82 82.4 -82 450 
N12A 37.7 38.5 -37.7 350 
N13A 66.2 66.7 66.2 280 
O12A 100.2 100.5 100.2 600 
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Table 5.2.3-1: Single Planar Fault Scenarios for Reverse Earthquakes. 

SCENARIO M RAKE DIP ZTOR (km) 

00 5.5 90 10 2.5 
01 5.5 90 10 7.0 
02 5.5 90 10 12.0 
03 5.5 90 20 2.5 
04 5.5 90 20 7.0 
05 5.5 90 20 12.0 
06 5.5 90 30 2.5 
07 5.5 90 30 7.0 
08 5.5 90 30 12.0 
09 5.5 90 45 2.5 
10 5.5 90 45 7.0 
11 5.5 90 45 12.0 
12 5.5 90 60 2.5 
13 5.5 90 60 7.0 
14 5.5 90 60 12.0 
15 6.0 90 10 2.5 
16 6.0 90 10 7.0 
17 6.0 90 10 12.0 
18 6.0 90 20 2.5 
19 6.0 90 20 7.0 
20 6.0 90 20 12.0 
21 6.0 90 30 2.5 
22 6.0 90 30 7.0 
23 6.0 90 30 12.0 
24 6.0 90 45 2.5 
25 6.0 90 45 7.0 
26 6.0 90 45 12.0 
27 6.0 90 60 2.5 
28 6.0 90 60 7.0 
29 6.0 90 60 12.0 
30 6.5 90 10 0.0 
31 6.5 90 20 0.0 
32 6.5 90 30 0.0 
33 6.5 90 45 0.0 
34 6.5 90 60 0.0 
35 7.0 90 45 0.0 
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Table 5.2.3-2: Parameters defining the Complex Scenario 1 for a strike-slip rupture and a reverse-slip 
rupture with similar magnitudes for the two ruptures (representative of the Hosgri-Los Osos complex 
scenarios). 

Name 
M 

total 
Strike 1 Dip 1 Rake 1 Length 1 M 1 Strike 2 Dip 2 Rake 

2 Length 2 M 2 

Case 1A 7.0 338.14 90 180 16.27 6.66 115.25 50 90 33.20 6.88 

Case 1B 7.2 338.14 90 180 38.84 7.02 115.25 50 90 33.20 6.98 

Case 1C 7.4 338.14 90 180 80.98 7.30 115.25 50 90 33.20 7.02 

 

 

 

 

Table 5.2.3-3: Parameters defining the Complex Scenario 2 for a strike-slip rupture and a reverse-slip 
rupture with a smaller magnitude for the reverse rupture part (representative of the Shoreline-San Luis 
Bay complex scenarios). 

Name 
M 

total 
Strike 1 Dip 1 Rake 1 Length 1 M 1 Strike 2 Dip 2 Rake 

2 Length 2 M 2 

Case 2A 7.0 299.86 90 180 41.67 6.96 273.19 70 90 7.80 6.42 

Case 2B 7.2 299.86 90 180 64.24 7.18 273.19 70 90 7.80 6.47 

Case 2C 7.4 299.86 90 180 106.38 7.39 273.19 70 90 7.80 6.51 
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Table 5.2.3-4: Parameters defining the Splay Scenario 1 for strike-slip ruptures (representative of the 
Hosgri-Shoreline splay rupture scenarios). 

 Segment M Strike Rake Dip ZTOR L W 

Case 1A 
Main 7.0 334.2 180 90 0 49.47 20.21 

Splay 6.05 305.7 180 90 0 13.26 8.4 

Case 1B 
Main 7.2 334.2 180 90 0 72.04 22.0 

Splay 6.22 305.7 180 90 0 16.86 9.86 

Case 1C 
Main 7.4 334.2 180 90 0 114.18 22.0 

Splay 6.43 305.7 180 90 0 22.44 11.93 

 

 

 

 

 

Table 5.2.3-5: Parameters defining the Splay Scenario 2 for reverse ruptures (representative of the Los 
Osos-San Luis Bay splay rupture scenarios). 

 Segment M Strike Rake Dip ZTOR L W 

Case 2A 

 

Main 7.00 115.4 90 60 0 44.82 22.08 

Splay 6.39 295.4 90 70 0 19.55 12.7 

Case 2B 
Main 7.20 115.4 90 60 0 59.26 26.6 

Splay 6.39 295.4 90 70 0 19.55 12.7 

Case 3B 
Main 7.40 115.4 90 60 0 78.19 32.0 

Splay 6.39 295.4 90 70 0 19.55 12.7 
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Table 5.4.1-1: Number of recordings and earthquakes in the global dataset (M ≥ 5, R < 50km) for four of 

the NGA-West2 models for the short-distance SSφ . 

 ASK14 BSSA14 CB14 CY14 
Region Nb Recs Nb Eqks Nb Recs Nb Eqks Nb Recs Nb Eqks Nb Recs Nb Eqks 

CA 672 54 630 48 342 38 349 41 
Taiwan 846 28 846 28 846 28 846 28 
Japan 65 3 65 3 0 0 63 3 
Italy 69 15 62 11 6 4 0 0 

China 10 2 102 26 17 4 0 0 
Total 1,662 102 1,705 116 1,211 74 1,258 72 

 

 

 

Table 5.4.4-1: Number of recordings and earthquakes in the global dataset (M ≥ 5.5, R = 200 to 400km) 
for three of the NGA-West2 models 

 ASK14 BSSA14 CY14 
Region Nb Recs Nb Eqks Nb Recs Nb Eqks Nb Recs Nb Eqks 
CA 133 1 209 4 160 2 
Japan 131 3 157 4 129 4 
China 0 0 49 15 0 0 
Total 264 4 415 23 289 6 
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Table 5.5.1-1: Existing GMPEs Considered for the Development of Median Ground-Motion Models 
(continues on the following page). 

GMPE Comments Candidate for 
DCPP 

Candidate for 
PVNGS Greater 
Arizona Sources 

Candidate for 
PVNGS Distant 

California Sources 
Abrahamson et 
al. (2014)   

Update of 
Abrahamson and Silva 
(2008) 

Yes Yes Yes 

Akkar and 
Cagnan (2010)  

Regional for Turkey No, superseded 
by pan-
Europe/Middle 
East ACR GMPEs 

No, superseded 
by pan-
Europe/Middle 
East ACR GMPEs 

No, superseded 
by pan-
Europe/Middle 
East ACR GMPEs 
plus non 
California/Wester
n Arizona 
attenuation 

Akkar et al. 
(2013a, 2014)  

Update of Akkar and 
Bommer (2010) 

Yes Yes No, non 
California/Wester
n Arizona 
attenuation 

Bindi et al. 
(2014a, 2014b)  

Update of Bindi et al. 
(2011) 

No, extrapolation 
above M7 
problematic at 
some periods 

Yes, M > 7 not a 
significant 
contributor to 
hazard 

No, extrapolation 
above M7 
problematic at 
some periods 

Boore et al. 
(2014)  

Update of Boore and 
Atkinson (2008) 

Yes Yes Yes 

Bora et al. 
(2013)  

RESORCE 
Experimental Model 

No, experimental No, experimental No, experimental 

Bradley (2013)  Modification of Chiou 
et al. (2010) for New 
Zealand 

No, regional 
adjustment to 
other model 
included in study 

No, regional 
adjustment to 
other model 
included in study 

No, regional 
adjustment to 
other model 
included in study 

Campbell and 
Bozorgnia 
(2014)  

Update of Campbell 
and Bozorgnia (2008)  

Yes Yes Yes 

Chiou and 
Youngs (2014)  

Update of Chiou and 
Youngs (2008) and 
Chiou et al. (2010)  

Yes Yes Yes 

Derras et al. 
(2013)  

RESORCE 
Experimental Model 

No, experimental No, experimental No, experimental 

Faccioli et al. 
(2010)  

Global data, primarily 
Japan 

No, single linear 
magnitude scaling 
over entire range 

No, single linear 
magnitude scaling 
over entire range 

No, single linear 
magnitude scaling 
over entire range 
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GMPE Comments Candidate for 
DCPP 

Candidate for 
PVNGS Greater 
Arizona Sources 

Candidate for 
PVNGS Distant 

California Sources 
Graizer (2014)  NGA West 1 database 

plus 2004 Parkfield 
and 2005 San Simeon 

No, not published 
in a peer-
reviewed journal 

No, normal fault 
not specifically 
studied 

No, not published 
in a peer-
reviewed journal 

Hermkes et al. 
(2013)  

RESORCE 
Experimental Model 

No, experimental No, experimental No, experimental 

Idriss (2014)  Update of Idriss 
(2008) 

Yes, not used for 
RRUP < 3km 

No, normal fault 
not specifically 
studied 

Yes 

Kanno et al. 
(2006) 

Used only depth for 
separation of event 
type 

No, no clear 
separation of ACR 
from SZ interface 
earthquakes 

No, not relevant 
to tectonics 

No, no clear 
separation of ACR 
from SZ interface 
earthquakes, plus 
non 
California/Wester
n Arizona 
attenuation 

McVerry et al. 
(2006) 

Regional for New 
Zealand 

No, specific to 
New Zealand, 
superseded by 
global models 
that use recent 
New Zealand 
earthquake data 

No, specific to 
New Zealand, 
superseded by 
global models 
that use recent 
New Zealand 
earthquake data 

No, specific to 
New Zealand, 
superseded by 
global models 
that use recent 
New Zealand 
earthquake data 

Pankow and 
Pechmann 
(2004) 

Update of Spudich et 
al. (1999) 

No, not relevant 
to tectonics 

No, superseded 
by more recent 
models (e.g. NGA-
West2) 

No, not relevant 
to tectonics 

Zhao and Lu 
(2011) 

Proposed change in 
magnitude scaling 
above ~ M7.1 

Yes No, not relevant 
to tectonics 

No, non 
California/Wester
n Arizona 
attenuation 

Zhao et al. 
(2006) 

Mostly Japan data, 
ACR and SZ with 
separate factors 

Yes No, not relevant 
to tectonics 

No, non 
California/Wester
n Arizona 
attenuation 
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Table 5.5.3-1: Host kappa values for the seven candidate GMPEs for PVNGS Greater Arizona sources for 
a reference VS30 of 760 m/sec. 

GMPE ASK14 BSSA14 CB14 CY14 ASB14 Bi14 ZH06 

Host Kappa (sec) 0.045 0.038 0.037 0.041 0.042 0.045 0.042 
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Figure 5.1.1-1: Summary of the data distribution of the NGA-West2 database using the subset of reliable 
data selected by ASK14. 
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Figure 5.1.1-2: NGA-West2 data with at least one recording on both the FW and HW for sites with RJB 
distance less than 5 km, and dip < 80 degrees. 
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Figure 5.1.2-1: Summary of the data distribution of the PEER-Arizona database. 
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Figure 5.1.3-1: Summary of the data distribution of the European database (Akkar et al, 2014c) using the 
subset of reliable data selected for the development of the Akkar et al. (2014a and 2014b) model. 
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Figure 5.1.4-1: Summary of the data distribution of the Lin et al (2011) Taiwan database. 
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Figure 5.1.5-1: Epicentral location of the Wells (NV) event. Also shown are the stations within 100 km 
that recorded the event.  
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Figure 5.1.5-2: Map showing the slip distribution and the vertical offset associated to the 2011 April 11 
Fukushima-Hamadori inland earthquake (Figure from Shiba and Noguchi, 2012). 
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Figure 5.1.7-1: Summary of the distribution of data for the PEER-AZKAPPA dataset. 
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Figure 5.2.1-1: Comparison of the geometric mean of the observed spectral displacement (SD) for the 
fault normal and fault parallel components (thick red line), the geometric mean of simulated FP and FN 
SD for the 50 source realizations, and the median SD from the NGA-West2 GMPE relationships (thin 
colored lines) for station LCN. 
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Figure 5.2.2-1: Comparison of 1D velocity models for the Central Coast Region. S-wave velocity is shown 
in km/s. The red curve show the velocity model used in the SWUS simulations. 
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Figure 5.2.2-2: (top row) Comparison of broadband (0 to 25 Hz) data (black) of the M4.7 San 
Simeon aftershock recorded at PKD, and GIL7 synthetic seismogram (red). Rows 2-5 compare 
the broadband synthetics for three central coast velocity models with the BBP northern 
California model. 
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Figure 5.2.2-3: Same as Figure 5.2.2-2 except that the records have been low-pass filtered at 1 
Hz with an acausal, 4-pole Butterworth filter. 
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Figure 5.2.3-1: Simulations used in development of the ground-motion models for DCPP. 
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Figure 5.2.3-2: Station Layout for the Simple Planar Ruptures with respect to the M5.5 (red), M6.0 
(green), and M6.5 (blue) faults. The rectangles show the surface projection of the faults for the 45-
degree dip case. 
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Figure 5.2.3-3: Schematic fault geometry for the Complex Scenario 1, in this case associated to M7. The 
yellow triangle represents a reference site for which to evaluate the ground-motion scaling due to the 
complex ruptures. 

 
Figure 5.2.3-4: Schematic fault geometry for the Complex Scenario 2, in this case associated to M7. The 
yellow triangle represents a reference site for which to evaluate the ground-motion scaling due to the 
complex ruptures. 
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Figure 5.2.3-5: Schematic representation of a splay fault serving for reference on terminology. 

 

 
Figure 5.2.3-6: Schematic fault geometry for the Splay Scenario 1, in this case associated to M7.4. The 
yellow triangle represents a reference site for which to evaluate the ground-motion scaling due to the 
splay ruptures. 
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Figure 5.2.3-7: Schematic fault geometry for the Splay Scenario 2, in this case associated to M7.4. The 
yellow triangle represents a reference site for which to evaluate the ground-motion scaling due to the 
splay ruptures. 
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Figure 5.3.1-1: Summary of the data distribution of the NGA-W2DC-MED dataset. 
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Figure 5.3.2-1: Summary of the data distribution of the NGA-W2PV-MED dataset. 



Southwestern United States 
Ground Motion Characterization SSHAC Level 3 

TECHNICAL REPORT – Rev. 2 
 

 
Chapter 5 – Ground-Motion Databases and Candidate Models                                         Page 5-67 
For the Median and Aleatory Standard Deviation 

 

 
Figure 5.3.2-2: Summary of the data distribution of the EURPV-MED dataset. 
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Figure 5.3.3-1: Summary of the data distribution of the PEER-AZPATH dataset. 
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Figure 5.4.1-1: Magnitude-distance distribution of the GLOBALPHISS-ASK14 dataset. 
 

 

 

 

 

 

 
Figure 5.4.1-2: Magnitude-distance distribution of the GLOBALPHISS-BSSA14 dataset. 
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Figure 5.4.1-3: Magnitude-distance distribution of the GLOBALPHISS-CB14 dataset. 

 

 

 

 

 

 

 
Figure 5.4.1-4: Magnitude-distance distribution of the GLOBALPHISS-CY14 dataset. 
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Figure 5.4.2-1: Magnitude-distance distribution of the EURPHISS dataset. (Note: the minimum of 3 
recordings per earthquake and per site is applied to the full data set.  This plot only shows the subset for 
distance less than 50 km and magnitudes greater than 5.0) 
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Figure 5.4.3-1: Magnitude-distance distribution of the NGA-W2CA-PHISS-ASK14 dataset. 
 

 

 

 

 

 

 

 

 
Figure 5.4.3-2: Magnitude-distance distribution of the NGA-W2CA-PHISS-BSSA14 dataset. 
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Figure 5.4.3-3: Magnitude-distance distribution of the NGA-W2CA-PHISS-CB14 dataset. 

 

 

 

 

 

 

 

 

 
Figure 5.4.3-4: Magnitude-distance distribution of the NGA-W2CA-PHISS-CY14 dataset. 
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Figure 5.4.4-1: Magnitude-distance distribution of the NGA-W2LD-PHISS-ASK14 dataset. 

 

 
Figure 5.4.4-2: Magnitude-distance distribution of the NGA-W2LD-PHISS-BSSA14 dataset. 
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Figure 5.4.4-3: Magnitude-distance distribution of the NGA-W2LD-PHISS-CY14 dataset. 
 
 

 
Figure 5.4.5-1: Magnitude-distance distribution of the PEER-AZPATH dataset. 
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Figure 5.5.1-1: Average residuals for individual earthquakes versus magnitude for periods from 0.5 to 
1.0 sec (from Zhao and Lu, 2011, Figure 14). Red triangle is 1999 Duzce earthquake and red X is 2002 
Denali, Alaska earthquake. The red curve shows a linear fit to the average residual for each earthquake 
versus magnitude excluding the Duzce earthquake and the blue dashed line shows a fit including Duzce. 
The black long dash line is the magnitude scaling from Chiou and Youngs (2008) at a distance of 100 km. 
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Figure 5.5.1-2: Average residuals for individual earthquakes versus magnitude for periods from 1.25 to 
5.0 sec (from Zhao and Lu, 2011, Figure 14). Red triangle is 1999 Duzce earthquake and red X is 2002 
Denali, Alaska earthquake. The red curve shows a linear fit to the average residual for each earthquake 
versus magnitude excluding the Duzce earthquake and the blue dashed line shows a fit including Duzce. 
The black long dash line is the magnitude scaling from Chiou and Youngs (2008) at a distance of 100 km. 

 



Southwestern United States 
Ground Motion Characterization SSHAC Level 3 

TECHNICAL REPORT – Rev. 2 
 

 
Chapter 5 – Ground-Motion Databases and Candidate Models                                         Page 5-78 
For the Median and Aleatory Standard Deviation 

Figure 5.5.1-3: Magnitude distance distribution of data used by Zhao et al. (2006) (from Zhao et al., 
2006, Figure 1). 

 

 

 

 
Figure 5.5.3-1: Host kappa value for ASK14 for the M6.0 and RX = 10 km scenario. 
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Figure 5.6.2-1:  Distribution of data for single-station sigma as compiled by Rodriguez-Marek et al. 
(2013).  (Figure from Rodriguez-Marek et al., 2013.) 
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Figure 5.6.2-2:  Top: regional dependence of the event-corrected single-station standard deviation SSφ . 

Bottom: regional dependence of the ergodic within-event standard deviations φ  (from Rodriguez-

Marek et al., 2013). 
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Figure 5.6.2-3: Rodriquez-Marek et al (2013) PRP distance-dependent SSφ models (central, upper, and 

lower branches) for PGA and spectral period of 1.0 seconds. 
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Figure 5.6.2-4: Rodriquez-Marek et al. (2013) PRP magnitude and distance-dependent SSφ models 

(central, upper, and lower branches) shown for a distance of 20 km for PGA and spectral period of 1.0 
seconds. 
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Figure 5.6.3-1: Magnitude-dependent SSφ models (central, upper, and lower branches) for the Hanford 

project for PGA and spectral period of 1.0 seconds. 

0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1 

5 5.5 6 6.5 7 7.5 8 

St
d.

 D
ev

. 

Magnitude 

M-Dependent, PGA 

Hanford 

0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1 

5 5.5 6 6.5 7 7.5 8 

St
d.

 D
ev

. 

Magnitude 

M-Dependent, T 1.0 sec 

Hanford 



Southwestern United States 
Ground Motion Characterization SSHAC Level 3 

TECHNICAL REPORT – Rev. 2 
 

 
Chapter 5 – Ground-Motion Databases and Candidate Models                                         Page 5-84 
For the Median and Aleatory Standard Deviation 

 
Figure 5.6.4-1:  Magnitude – RJB distribution of the three datasets used in Luzi et al. (2014). (From Luzi et 
al., 2014). (a) is the Bindi et al. (2011) dataset, called BIea; (b) is the extension of the Bindi et al., called 
BIea2; and (c) is the dataset with the L’Aquila event sequence, called ABR. 

 

 

 
Figure 5.6.4-2: Comparison of Luzi et al. (2014) SSφ models using three different Italian datasets with the 

PRP constant SSφ  model (called PRP-Cte). The PRP constant SSφ model is shown in pink for the central, 

upper and lower SSφ branches.  
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6  GMC MODELS FOR THE MEDIAN: OVERVIEW AND 
METHODOLOGY 

 

6.1 Introduction  

This Chapter describes the evaluations of the candidate GMPEs selected for the median ground motion 
compiled in Section 5.5.  In addition, the alternative adjustment factors to account for hanging-wall 
effects, directivity effects, and path effects on the median are described and evaluated.  The evaluations 
of the weights for the logic trees for the median for DCPP and PVNGS are described in Chapters 8 and 9, 
respectively.   

A new methodology is used to develop the suite of alternative median models based on the Sammon's 
map representation of the alternative magnitude and distance scaling of the GMPEs. Background on the 
use of the Sammon’s map method is given in Appendix H. In this approach, the selected candidate 
GMPEs are expanded to develop continuous distributions of the median GMPEs which can then be 
discretized into representative models that are mutually exclusive and collectively exhaustive.  This new 
method, described in Section 6.4, allows the TI Team evaluations to better capture the center, body, and 
range of median GMPE predictions. The application of the Sammon’s map is limited to 17 periods 
ranging between 0.01 (PGA) and 3 seconds, listed in Table 6.1-1. The spectral accelerations for the suite 
of median models for periods above 3 seconds are based on the period scaling of NGA-West2 GMPEs 
beyond 3 seconds, as described in Appendix N.  

 

6.2 Evaluation of Candidate GMPEs for the Median 

6.2.1 Evaluation of Candidate GMPEs for DCPP 

Section 5.5 described the selection of the candidate GMPEs for the median ground motion.  The eight 
candidate GMPEs selected for application to DCPP are listed below: 

• Abrahamson et al. (2014), referred to as ASK14 
• Akkar et al. (2014a, 2014b), referred to as ASB14 
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• Boore et al. (2014), referred to as BSSA14 
• Campbell and Bozorgnia (2014) , referred to as CB14 
• Chiou and Youngs (2014), referred to as CY14 
• Idriss (2014), referred to as Id14 
• Zhao et al. (2006), referred to as ZH06 
• TI Team implementation of Zhao and Lu (2011), referred to as ZL11 (Section 5.5.1.1) 

Based on the discussions in Section 5.5, the eight candidate GMPEs are all considered to be applicable to 
DCPP for magnitudes 5.0-8.0, distances of 0-30 km, and periods of 0-3 sec for strike-slip and reverse 
earthquakes for sites on the footwall side with the following exceptions: the Id14 model is not 
considered applicable for distances less than 3 km for large magnitudes (M > 7.5) and the ASB14 model 
is not considered applicable to magnitudes greater than 7.5.  The technical justification for these 
exceptions is given below. 

For the Id14 model, there is a strong distance slope of the short-periods spectral values for large 
magnitudes for distances less than 5 km. The other candidate GMPEs and two of the finite-fault 
simulations (GP – Graves and Pitarka, 2015; and SDSU – Olsen and Takedatsu, 2015; see Section 5.2 and 
Appendix J and references therein for more information) show saturation at short distances for short 
periods. While the EXSIM method (Atkinson and Assatourians, 2015) in the SCEC validation of 
broadband simulation methods also showed acceptable saturation with the limited data set, SWUS 
scenario simulations indicate that it does not saturate as strongly as the other two simulation 
approaches used nor as strongly as the GMPEs. The developer Gail Atkinson noted at the January 28-
29, 2014 Special Working Meeting that, at distances less than 5 km, there may be additional 
unmodeled saturation effects. Since Gail Atkinson has indicated at the January 28-29, 2014 special 
working meeting, and also in subsequent email correspondence that the method does not saturate as 
strongly as observations for distances less than 5 km, the TI Team judges the EXSIM method to be 
deemed less reliable in this distance range and therefore cannot be used as an argument for accepting 
Id14 and very near distances. Lastly, EXSIM is not used in the Sammon’s map approach to generate a 
suite of common-form models. Instead, it is used for residuals (together with the other two validated 
FFS simulations methods) in the weighting scheme. As a result, its behavior to short distance and high 
frequency does not impact the residuals too much. On the contrary, the Id14 model is used in the 
generation of the base model via Sammon’s map, so the TI Team’s assessment of the unreliable 
magnitude-distance range has important downstream effects in the generation of reliable suite of the 
common-form models. 

Figure 6.2.1-1 shows the median spectra for an M7.5 strike-slip earthquake. At 5 km distance, all five 
models are in a similar range in the short periods, but at 1 km, the Idriss (2014) model is outside the 
range of the other candidate GMPEs due to the stronger distance scaling in this short distance range.  
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There is very little empirical data to constrain the short-distance large-magnitude scaling.    For M ≥ 7.2, 
RRUP ≤ 10 km, RX < 0 km (excludes HW sites), VS30 > 450 m/s (subset of VS30  used by Id14), and requiring 
more than one recording from an earthquake to constrain the distance scaling, the NGA-West2 data set 
contains only 19  recordings, all of which are from the Chi-Chi earthquake.  If the VS30  range is expanded 
to include soil sites (as used by the other four NGA-West2 modelers), then the short distance, large 
magnitude data set on the footwall (FW) increases to 35 recordings of which 30 are from Chi-Chi, 3 are 
from Kocaeli, and 2 are from Landers.  While the short-distance scaling in the Id14 model at M6.6 is 
slightly steeper than any other candidate GMPE models (Figure 6.2.1-1 lower panel), it is still in the 
overall range of the other models and the finite-fault simulations; however, at large magnitudes (M7.5, 
shown in Figure 6.2.1-1 upper panel), the short-distance slope is even steeper than M6.6 and does not 
show saturation. Because the short-distance scaling in the Id14 model leads to a model that is an outlier 
from the other GMPEs and from the finite-fault simulations, and furthermore, because the Id14 short-
distance large-magnitude scaling is based on a more limited data set due to the narrower range of VS30 

values used by Idriss, the TI Team judged that the Id14 model is not reliable in the short distance range 
(≤3 km) for larger magnitudes (M ≥ 7.5).   
For the ASB14 GMPE model, the scaling above M7.5 is not well constrained by the empirical data used 
to derive the model: the only earthquake above M7.5 in the ASB14 data is the M7.51 Kocaeli 
earthquake (magnitude from the PEER NGA-West2 database).  Because the M > 7.5 scaling in the ASB14 
model is based on only one earthquake and this earthquake is part of the larger NGA-West2 data set, 
the ASB14 model does not add information on the large magnitude scaling.  Therefore, the TI Team 
judged that the ASB14 model should not be applied for magnitudes greater than 7.5. 

Although previous hazard sensitivity studies (Section 4.1.4) showed that sources at large distances (30-
300 km) do not contribute significantly to the hazard at DCPP for hazard levels less than 10-3 (the 
deaggregation for 1 Hz shown in Figure 4.1-4b indicated that there is no contribution to the hazard for 
distances greater than 50 km), the GMPEs still need to scale in a reasonable way to the large distance 
for all sources.  As long as the large-distance scaling is not unreasonable, then the GMPEs can be used 
for the distant sources.  A comparison of the distance scaling for 0.5 Hz is shown in Figure 6.2.1-2: the 
ASB14 GMPE model has the weakest attenuation with distance but there is still not a significant effect 
on the hazard.  Figure 6.2.1-2 also shows that the predicted median by ZH06 and ZL11 are much higher 
than the predicted median by Id14 at short distance. In general, the predicted median by ZH06 and ZL11 
are higher than the other GMPEs over a wide distance range, whereas the Id14 model is much higher 
only at short distance range. The TI Team judged that the overall higher level of ground motion in the 
ZH06 and ZL11 represented credible alternative scaling models that should be included. As mentioned 
above, because the Id14 model is based on a much smaller number of near-fault data (due to restricting 
the data to VS30 > 450 m/s), there is much less constraint on the short-distance scaling.  The TI Team 
judged that the short-distance scaling for large magnitudes is not as well constrained in the Id14 model 
as it is in the other NGA-West2 GMPEs which had the advantage of using the much larger data set that 
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included soil data at short distances. 

The TI Team judged that the large distance scaling in the candidate GMPEs is reasonable for application 
to DCPP because there is no significant contribution (less than 3% contribution as shown in Figure 4.1-3 
for 1 Hz) to the hazard for hazard levels less than 10-3 for any of the GMPEs. 

Although the Graizer and Kalkan model (Graizer, 2014) was not selected as a candidate GMPE because it 
had not undergone adequate peer-review, the TI Team included this model for checking its impact on 
the hazard because of its unique features. In particular, the unique features are the distance scaling at 
short distances and the spectral-shape approach which fits all frequencies simultaneously. 

6.2.2 Evaluation of Candidate GMPEs for PVNGS for Greater Arizona Sources 

Section 5.5 described the selection of the candidate GMPEs for the median ground motion.  The six 
candidate GMPEs selected for application to PVNGS for Greater Arizona sources are listed below: 

• Abrahamson et al. (2014), referred to as ASK14 
• Akkar et al. (2014a, 2014b), referred to as ASB14 
• Bindi et al. (2014a, 2014b), referred to as Bi14 
• Boore et al. (2014), referred to as BSSA14 
• Campbell and Bozorgnia (2014), referred to as CB14 
• Chiou and Youngs (2014), referred to as CY14 

Based on the data sets used to derive the models, the TI Team judged that the six candidate GMPEs are 
applicable to normal and strike-slip earthquakes with magnitudes 5 to 7.5 at distances of 0 to 200 km 
with the exception that the Bi14 model is not considered to be applicable to magnitude greater than 7.0 
based on the strong change in the magnitude scaling for 5 Hz.  The magnitude scaling of the candidate 
GMPEs for 5 Hz for strike-slip earthquakes at an RX distance of 5 km is shown in Figure 6.2.2-1.  As 
evident from the Figure 6.2.2-1, the Bi14 model shows an increase in the magnitude scaling above M7, 
whereas the other candidate GMPEs for DCPP show magnitude saturation.  Based on this trend, the TI 
Team judged that the Bi14 model is not applicable for M > 7 for 5 Hz.  This feature of the Bi14 model is 
not seen for all spectral frequencies, but for simplicity of application, the TI Team decided not to use the 
Bi14 model for M > 7 for all spectral frequencies. 



Southwestern United States 
Ground Motion Characterization SSHAC Level 3 

TECHNICAL REPORT – Rev. 2 
 

 
 Chapter 6 - GMC Models for the Median: Overview and Methodology                            Page 6-5 

 

6.2.3 Evaluation of Candidate GMPEs for PVNGS for Distant California and Mexico 
Sources 

Previous hazard sensitivity studies (Section 4.2.3) showed that distant California and Mexico 
earthquakes could have a significant contribution to the low-frequency hazard at PVNGS.  The hazard-
relevant sources are mainly large magnitude (M7 to M8.5) strike-slip earthquakes.  The issue of the 
application of the GMPEs to these sources is the large-distance attenuation from California to central 
Arizona, and, in particular, whether the attenuation from California to central Arizona is different from 
the attenuation within California. 

To compare the large distance attenuation for California sites and central Arizona sites from 
earthquakes in southern California and Mexico, ground-motion data recorded at Arizona stations from 
California earthquakes was compiled by Kishida et al. (2014). Although the NGA-West2 data set did not 
include recordings in Arizona, some of the earthquakes included in the NGA-West2 data set were also 
recorded at sites in central Arizona in the PVNGS region (see Section 5.1.2).  

The best recorded earthquake in the region is the 2010 M7.2 El Mayor Cucapah earthquake. Figure 
6.2.3-1 shows the PSA at periods of 0.2, 0.5, 1.0 and 2.0 seconds for the El Mayor Cucapah event at 
stations in California and Mexico in the NGA-West2 dataset, and also the PSA recorded by the Arizona 
stations. The distance attenuation of the 2014 NGA-West2 ground-motion prediction equations is also 
shown for comparison. To remove the source-specific effects, the event terms estimated by the NGA-
West2 modelers from the California recordings were added to the median values from the ASK14, 
BSSA14, CB14, and CY14 GMPEs. The Id14 model lacks the event term information and the median is 
plotted as published (assuming zero event term). Figure 6.2.3-1 shows that the five NGA-West2 GMPEs 
have distance attenuation that is similar to the attenuation along the path from California sources to the 
PVNGS site region.  

In addition to the El Mayor Cucapah earthquake, Kishida et al. (2014) compared the distance 
attenuation from the NGA-West2 GMPEs with the attenuation for 13 other earthquakes recorded in 
central Arizona. They found that there was no systematic bias in the distance attenuation of the within-
event residuals for the Arizona sites and concluded that the distance attenuation in the NGA-West2 
GMPEs was applicable to the ground motions in central Arizona from distant earthquakes in California 
and Mexico.  

Differences in the distance attenuation can also be evaluated from regional differences in the Q (quality 
factor) in California and Arizona.  As discussed in Section 4.2.1, the Q model of Philips et al. (2014) shows 
that Q is low in coastal California and high in the Mojave Desert and the Colorado Plateau.  To evaluate 
the potential effects of the Q differences on the ground motions, Kishida et al. (2014) computed the 
average Q (inverse of the mean of 1/Q along a ray path) for the 14 earthquakes recorded in southern 
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and central California and the same earthquakes recorded in Arizona.  These average Q values are 
shown in Figures 6.2.3-2 and 6.2.3-3 for the California and Arizona stations, respectively.  Over the 
relevant distance range for PVNGS (200-400 km), the average Q values for the California and Arizona 
stations are similar: Q of 100 to 300 for frequency of 0.7 to 2 Hz for California stations compared to 
mean Q values of 150 to 350 for frequency of 0.7 to 2 Hz for Arizona stations.  Although there are 
differences in the Q between California and Arizona, these differences do not lead to a significant 
discrepancy in the average distance attenuation at distance of 200-400 km in central Arizona as 
compared to California.  The differences in Q between California and Arizona would have a larger effect 
for larger distances (> 400 km), so the conclusion by Kishida et al. (2014) that the average attenuation is 
similar for southern California and central Arizona only applies to distances less than 400 km. Figure 4.2-
5a shows the hazard deaggregation for PVNGS: there is small contribution (less than 5 %) to the total 
hazard from the large-magnitude distant sources in California and Mexico. 

Based on the evaluation of the candidate GMPEs for application to earthquakes in California and Mexico 
recorded in central Arizona given in Kishida et al. (2014), the TI Team judged that the NGA-West2 
GMPEs are suitable for estimating path terms for the paths from California and Mexico to central 
Arizona. 

 

6.3 Hanging-Wall Effects Models 

Hanging-wall (HW) effects refer to ground motion above the rupture surface of dipping earthquake 
ruptures that are enhanced compared to what would be expected for equivalent rupture distances on 
the footwall side of ruptures. The HW effect was first described by Somerville and Abrahamson (1995) 
and Abrahamson and Somerville (1996) based on data from the 1994 Northridge earthquake. Hanging-
wall effects were first introduced into GMPEs by Abrahamson and Silva (1997) and Campbell and 
Bozorgnia (2003). Chiou et al. (2000) also identified HW effects from analyses of empirical and numerical 
modeling data for reverse fault ruptures and demonstrated that they could be explained as a geometric 
effect related to the root mean-squared (RMS) distance measured from the site to the rupture plane.  

Numerical simulations conducted for the PEER NGA-West1 project by Somerville et al. (2006) also 
demonstrated strong HW effects.  In the development of the 2008 NGA-West1 models, HW effects were 
incorporated in the models of Abrahamson and Silva (2008), Campbell and Bozorgnia (2008), and Chiou 
and Youngs (2008a). More recently, simulations conducted for the PEER NGA-West2 project further 
demonstrated the presence of strong HW effects. Donahue and Abrahamson (2013, 2014) analyzed the 
results of these numerical simulations and developed formulations to represent the HW effect for use in 
GMPE development. The Donahue and Abrahamson (2014) HW formulation was incorporated in the 
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NGA-West2 GMPEs developed by Abrahamson et al. (2014) and by Campbell and Bozorgnia (2014). 
Chiou and Youngs (2014) developed a HW formulation from their own analysis of the simulation results. 

All of the above referenced studies describe HW effects as enhanced ground motions above what would 
be observed at similar rupture distances for sites on the footwall of dip-slip ruptures. Thus, the HW 
effect shows that using the rupture distance metric alone does not capture the distance scaling of the 
ground motion for sites on the hanging-wall side of the rupture. 

The other commonly used distance metric for the distance scaling in GMPEs is the Joyner-Boore distance 
(Joyner and Boore, 1981), RJB, defined as the shortest horizontal distance to the surface projection of the 
rupture. Use of the RJB distance metric leads to shorter distances and higher ground motions for sites 
located over the hanging wall of dipping faults than for sites located on the footwall.  Thus, the use of 
the RJB distance metric implicitly accounts for some of the HW effects, primarily for average dips (near 
45 degrees) and for surface-rupturing events (Donahue and Abrahamson, 2013 and 2014). 

Chapter 4 summarizes the seismic source characteristics important to the hazard assessment at the two 
sites. For the DCPP site, HW effects are important for rupture dips in the range of 45 to 84 degrees from 
magnitudes up to approximately M7.5. These are ruptures on specific faults. For the PVNGS site, there 
are no nearby distinct faults included in the seismic source model. Instead, HW effects are needed for 
nearby ruptures in the distributed seismicity source zone with dips near 50 degrees. 

6.3.1 Candidate Models for Hanging-Wall Effects 

Figure 6.3.1-1 shows sets of example M7 earthquake rupture scenarios, all extending the rupture to the 
surface (ZTOR = 0 km). Three ruptures are shown: Rupture 1 is a shallow dipping (30 deg) rupture, 
Rupture 2 has a moderate dip (45 deg), and Rupture 3 is steeply dipping rupture (60 deg). The dips from 
the SSC models (see Sections 4.1 and 4.4.2) range from 45 to 90 degrees. For these three rupture 
scenarios, two sets of site having the same RRUP but located on the opposite side with respect of the 
fault are considered, as shown in Figure 6.3.1-1. The three RRUP-based NGA-West2 GMPEs that explicitly 
address HW effects (i.e. ASK14, CB14, and CY14) and the RJB-based Boore et al. (2014) – BSSA14 GMPE 
were used to compute median spectral accelerations at the sites for each of the three rupture scenarios. 
Because all RJB-based GMPEs model the HW effects in the same way, the BSSA14 GMPE was used to 
represent the HW scaling of RJB-based candidate GMPEs for the purpose of evaluating the suitability of 
the RJB distance metric to capture the HW effects. HW factors were computed as the spectral ratios 
between the predicted PSA for the hanging-wall and foot-wall sites with the same RRUP. The resulting 
HW factors for PGA are plotted in Figure 6.3.1-2 for the sites and ruptures of Figure 6.3.1-1. The RJB-
based GMPE leads to HW effects that are near constant as dip increases, whereas the RRUP-based GMPEs 
with HW effects lead to reduced HW effects as the dip increases. 
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As discussed in Donahue and Abrahamson (2013 and 2014), the empirical data for HW effects remains 
limited and are insufficient for evaluating if the RRUP-based HW models or the RJB-based models work 
better. However, the finite-fault simulations described in Donahue and Abrahamson (2013 and 2014) 
and the simulations conducted in support of the HW evaluation for the SWUS project (Section 5.2.3.3 
and Appendix J) clearly show a strong dip dependence that is more consistent with the RRUP-based HW 
models than with the RJB-based models.  The other RRUP-based GMPEs that were selected as candidate 
models (Id14, ZH06) did not explicitly address HW effects and are not considered for the development of 
the HW model.  

The ASK14, CB14 and CY14 models all have different functional forms for including the HW effects, but 
they have some common features: (1) the HW effect directly above the rupture depends strongly on dip, 
(2) the HW effect is reduced as the site moves in the down dip direction beyond the surface projection 
of the bottom edge of the fault rupture (on the HW side), and (3) the HW effect is reduced as ZTOR 
increases.  The ASK14, CB14 and CY14 HW models differ significantly in the magnitude scaling, 
particularly how the HW effect is reduced or tapered with respect to magnitude for moderate (M5.5 to 
M6.5) events, which is not well constrained in the empirical data, and which was not addressed by 
Donahue and Abrahamson (2013 and 2014).  Appendix J (Section J.5) compares the HW effect for 
moderate magnitudes based on numerical simulations with the HW effect from the three NGA-West2 
models.  The comparison with ASK14 and CB14 shows that reducing the magnitude-dependent HW 
effect to zero at M5.5 is too strong a taper for moderate magnitudes (M < 6.5). While CY14 does not 
have an explicit magnitude-dependent taper, its geometry- and distance-based approach does not 
match moderate magnitude simulations for small RX. Generally, the M5.5 and M6.0 numerical 
simulations display a hanging-wall effect indicating that a magnitude taper to reduce the HW effect to 
zero at lower magnitudes is not needed, and that either the ASK14, CB14 and CY14 HW functional forms 
need adjustment, or a new functional form needs to be developed.  Although not all simulations show 
HW effects in the M5.5 to M6.0 range, the TI Team decided to include the HW effects for the smaller 
magnitudes for all cases for simplicity. The impact of modifying the magnitude-taper of the hanging wall 
is discussed in Appendix O, Section O.2.  For the example shown for 5Hz and the ASK14 model, the 
effect of removing the magnitude-dependent hanging-wall taper is 10% in hazard (3% in ground 
motion). This is small enough that consideration of models with and without the magnitude-dependent 
hanging-wall taper is not needed. Rather than modifying three different HW effects relationships that 
the best approach would be to develop a new relationship as described in the next Section. 

6.3.2 Development of SWUS Models for Hanging-Wall Effects 

This Section presents the development of a model to account for hanging-wall effects in the application 
of GMPEs in estimating hazard, and is referred to as the Hanging Wall (HW) adjustment model. To 
create a full set of potential HW adjustment models, a new suite of models was developed by the TI 
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Team as part of the SWUS GMC project.  Drawing on the conclusions from Abrahamson and Donahue 
(2013 and 2014) and on evaluation of the candidate models for HW effects described in Section 6.3.1, 
the RJB-based GMPE models were judged by the TI Team not to be applicable for developing HW 
adjustment models.  

The TI Team derived the HW adjustment model from the explicit HW factors presented in the ASK14, 
CB14, and CY14 models. The ASK14 and CB14 HW characterizations separate the HW effect into five 
aspects:  

1) HW effects directly above the rupture plane for surface rupturing earthquakes (RJB = 0, ZTOR = 0) 
2) The effect of moving off of the HW (RJB > 0, RX > 0) 
3) The effect of depth to top of rupture (ZTOR > 0) 
4) The effect of magnitude, and  
5) The effect of the dip of the rupture plane.  

The two GMPEs provide explicit tapers (functions describing the effect on ground motion due to the 
specified parameter) to address aspects (2), (3), and (4). In particular, the magnitude taper assumes that 
the HW effect goes to zero at M ≤ 5.5. The CY14 GMPE has tapers that address (2), (3) and (5), however 
it does not have an explicit magnitude term, instead combines the effects of rupture depth (ZTOR), and 
location (RJB, RX, and RRUP) into a single geometric taper function. The above separation of factors 
employed by ASK14 and CB14 was used to develop the HW factor characterization as it provides the 
clearest representation of the various modeling results. 

The SWUS GMC Model to account for the HW effects has the form given in Eq. 6.3-1, and was developed 
following the steps described in Sections 6.3.2.1 to 6.3.2.4. 

( )

3
1 2 2

4

( )( , , , , , , ) ( )cos( ) ( ) (1 ( )) tanh
cos( )

1 ( ) ( 7) Taper( , ) HWZ Taper( )

X
HW X JB RUP TOR

JB RUP JB TOR TOR

C T Rf M Dip W R R R Z C T dip C T C T
W dip

C T M HWR R R Z

  
= + −  

  
× + −

 (Eq. 6.3-1) 

The HW model is ln based and is meant to be added to the ln of the median base model predictions. 

6.3.2.1 Model for RJB = 0, ZTOR = 0 

The first step was to develop a model for HW effects directly above the rupture plane for surface 
rupturing earthquakes (RJB = 0, ZTOR = 0). Figures 6.3.2-1, 6.3.2-2, 6.3.2-3, and 6.3.2-4 show the HW 
factors from the ASK14, CB14, and CY14 models for spectral periods of 0.01 (PGA), 0.1, 0.3, and 1 sec, 
respectively. Factors are shown for M6.5, M7.0, and M7.5 earthquakes. Results for smaller magnitudes 
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are not used as ASK14 and CB14 apply magnitude tapers to HW factors for these magnitudes and the 
selection of the appropriate taper is addressed separately. The HW factors are presented for ZTOR = 0 km 
and for a range of dips from 20 to 80 degrees. As can be seen, the HW factors from the three GMPEs 
have similar trends. All three GMPEs have a non-zero HW factor at RX = 0, all three show an increase in 
the HW effect with increasing magnitude and decreasing dip angle. The scaling with RX is generally 
similar among the three GMPEs, but the CY14 HW factors show less scaling with RX at large values of RX 
near the down-dip extent of the rupture.  

The HW factors from the three GMPEs for RJB = 0 were represented fit by the following functional form: 

 { }3
1 2 2 4( , , , ) cos( ) (1 ) tanh 1 ( 7)

cos( )
X

HW X
C Rf M Dip W R C dip C C C M

W dip
  

= × + − × + −  
  

  

(Eq. 6.3-2) 

The form was motivated by the characterization used in CY14 to capture the shape and trend with dip. 
As discussed above, the HW effect was interpreted by Chiou et al. (2000) to be primary a geometric 
effect as a site on the hanging wall will have a smaller average distance or RMS distance to all points on 
the rupture plane compared to a site located at an equal rupture distance on the footwall site.  On the 
basis that the surface projection of the rupture is directly related to the cosine of dip rather than to the 
dip angle itself, cos(dip) is used as the predictor variable. Chiou and Youngs (2008b) found that the use 
of cosine dip or cosine dip squared produced slightly better fits to the limited empirical data than the 
use of dip angle directly. The formulation allows for an offset at the up-dip tip of the rupture (RX = 0) and 
captures the general shape of the quadratic formulation in RX used in Donahue and Abrahamson (2014). 
The functional form was fit to the predicted HW factors from the three GMPEs using a mixed effects 
model in which a random effect was applied to coefficient C1 using the GMPE as the random effect. 
Table 6.3-1 lists the fix effects coefficients, the random effect standard deviation and the residual 
standard error in fitting the factors. The random effect and the residual standard error were combined 
by summing variances to produce a composite epistemic uncertainty for the overall level of the HW 
effect, as indicated in the right hand column of Table 6.3-1. A model for the HW factor was not 
developed for periods longer than 3 sec as the effect essentially goes to zero in the three GMPEs at 
these longer periods. The resulting fitted model is shown by the solid black lines on Figures 6.3.2-1 
through 6.3.2-4.  

In order to provide a means of randomly sampling HW factor models in the overall ground-motion 
characterization (see Section 6.4.3), five equally likely HW factor models were developed assuming that 
the distribution in the log of HW factors is approximately normal, as explained below. The range in 
cumulative probability from 0 to 1 was divided into 5 equal intervals with 0.2 probability mass for each. 
The central model was taken as the model representing the fit of Eq. 6.3-2 to the data, and is considered 
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to represent the range in cumulative probability from 0.4 to 0.6. To represent the cumulative probability 
range of 0.2 to 0.4 and 0.6 to 0.8 by a single discrete value of epsilon (the number of standard deviations 
of a unit normal) in each interval, probability weighted mean epsilons were computed by discretizing the 
corresponding intervals of epsilons for the unit normal at a fine increment and then weighting each 
value of epsilon by its corresponding probability mass. When this approach was applied to represent the 
probability ranges of 0 to 0.2 and 0.8 to 1.0, the resulting probability weighted mean epsilons were ±1.4. 
However, the resulting 5-point discrete distribution produced a variance less than 1. Therefore, the 
epsilons of the outer points were increased to ±1.49 in order to achieve a variance of 1. For application 
to the SWUS GMC Project, the equally weighted factors of -1.49, -0.53, 0, 0.53, and 1.49 were rounded 
to -1.5, -0.5, 0, 0.5, and 1.5. The HW factor model consists of the fixed effect coefficients listed in Table 
6.3-1 plus the epistemic sigma in C1 multiplied by the equally weighted factors of -1.5, -0.5, 0, 0.5, and 
1.5. The resulting SWUS GMC HW adjustment model coefficients are listed in Table 6.3-2 for the five 
alternative branches (HW1 to HW5) shown by the solid (central model, i.e. HW3) and dashed (HW1, 
HW2, HW4, and HW5 models) black lines on Figures 6.3.2-1 through 6.3.2-4. In general, the five HW 
models capturing the range in HW factors predicted by the individual GMPEs as a function of dip and 
magnitude for the range of magnitudes and dips important to the hazard assessments for the two sites. 
For a dip angle of 20 degrees, the CB14 HW factors fall above the range of the five HW models in a 
number of cases. However, this has little impact as rupture dip angles of 20 degrees are not important 
to the hazard assessment for either site. The HW factors for the CY14 HW factors fall below the range of 
the five HW models, but this typically occurs where the HW factor is small, and is also not expected to 
have an important effect on the hazard assessment. 

6.3.2.2 Magnitude Taper 

Both ASK14 and CB14 applied an external taper to reduce the HW effect to 0 as the magnitude 
decreased from M6.5 to M5.5 based on judgment. Other reasons why the ASK14 and CB14 HW models 
applied a magnitude taper to make the HW factor go to zero at M5.5 was the lack of any empirical data 
or numerical simulations to support a HW effect at smaller magnitudes. However, the limited smaller 
magnitude simulations conducted in support of the SWUS GMC project showed significant HW effects 
for M5.5 and M6 earthquakes.  These simulations were insufficient in number to build a specific model 
for HW effects below M6.5. However, it was found that the HW effects at M < 6.5 observed in the 
simulations could be modeled by using the magnitude-scaling effect provided by equations (6.3-1) and 
(6.3-2) without the need to apply an additional external magnitude taper. 

6.3.2.3 Taper for RJB > 0 

Figure 6.3.2-5 shows the behavior of the HW factors for the three GMPEs as RJB increases from 0 km in a 
direction parallel to strike (RX constant). Results are shown for two RX values, 1 km and 10 km for a fault 
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rupture with a 45 degree dip and a rupture width of 14.14 km. The comparisons indicate similar 
behavior for the CB14 and CY14 HW factors while the ASK14 model uses a simple linear trend. It is 
assessed that the geometry based models of CB14 and CY14 are more appropriate. As parameterized, 
these models show a smooth, but rapid transition as a function of location around the rupture. The two 
trends can be represented by the function: 

 ( , ) 1
0.1

JB
JB RUP JB

RUP

RHWR Taper R R
R

= −
+

 (Eq. 6.3-3)  

The black lines in Figure 6.3.2-5 represent the proposed model for the two cases 

described above. 

6.3.2.4 Taper for ZTOR > 0 

Figure 6.3.2-6 shows the behavior of the HW factors for the three GMPEs as ZTOR increases from 0. 
Results are again shown for the two cases as the CY14 model would predict different behavior for these 
two conditions. The three GMPEs show differences in the trends with increasing depth. The ASK14 
model is proportional to the square of ZTOR, the CB14 model is linear in ZTOR, and the CY14 model follows 
the same trend as Eq. (6.3-3). The trends with ZTOR are not well resolved with the existing empirical data 
and simulations, and the differences represent somewhat arbitrary choices by the GMPE developers. 
Therefore, a simple linear taper function that represents the general behavior was selected. The depth 
taper is given by the function:  

 ( ) max 0,   1
12

TOR
TOR TOR

ZHWZ Taper Z
km

 = − 
 

 (Eq. 6.3-4) 

The black line in Figure 6.3.2-6 represents the proposed TORHWZ Taper model for increasing ZTOR. 

6.3.3 Evaluation of SWUS HW Scaling Models 

As described above, there are two approaches to modeling HW effects: apply a HW factor to an RRUP-
based GMPE or simply use the RJB-based GMPE with its implicit HW effects. These two approaches 
produce similar HW effects for dips near 45 degrees, but they lead to very different HW effects for small 
dips. Comparisons with numerical simulations (Donahue and Abrahamson, 2013 and 2014) showed that 
the RRUP-based GMPEs with HW effects were better able to capture the dip-dependence of the HW 
effect than the RJB-based GMPEs.   

To evaluate its suitability, the proposed HW adjustment model was compared to the ground-motion 
simulations defined by the TI Team and conducted by the SCEC BBP (Appendix J) in support of the SWUS 

JBHWR Taper
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GMC project. The footwall motions from the simulations were fit to a log linear RRUP model 
(ln(Y)=a+b*ln(RRUP)) and then the HW factor was added to the projection of the footwall motions on the 
HW side of the fault. The approach was first evaluated through comparison with NGA-West2 GMPE 
motions including the respective HW tapers (Appendix J, Figure J.5.2-2). Figure 6.3.3-1 shows the ZTOR 
sensitivity for M5.5 and a dip of 45 degrees demonstrating good agreement with the simulations. The 
five equally weighted alternative HW factor models, developed using equal probability of the C1 
coefficient, are compared. Figure 6.3.3-2 shows the same for M6.0, and similarly good agreement is 
observed. For the M6.5 cases, only ZTOR values of 0 and 7 km were used, which are shown in Figure 6.3.3-
3. Again the agreement is good, and the result of this analysis indicates that magnitude, distance and 
ZTOR tapers in the proposed HW factor model are consistent with the simulations. For the M6.0 case, the 
sensitivity of the proposed HW factors on fault dip for a fixed ZTOR of 7 km is shown in Figure 6.3.3-4. The 
dip behavior of the proposed HW factor model is consistent with the simulations.  

As described above, five equally weighted alternative HW factor models are developed using equal 
probability of the C1 coefficient, and are compared to the simulations in figures 6.3.3-1 to 4. The HW 
factor model is consistent with the simulations, and the range in the equal probability models 
reasonably captures the simulation results, particularly for sites located over the surface projection of 
the dipping fault. The simulations do tend to have values larger than the HW model for sites located off 
the end of the surface projection of the fault plane, but the TI Team judged that the empirical data 

should be used for the tapering rather than the simulations. Therefore, the JBHWR Taper  (Equation 

6.3-3) was designed to be consistent with the empirical observations captured by the published GMPEs 
(Section 6.3.2.3). 

In conclusion, for dips near 45 degrees, the RRUP-based GMPEs and the RJB-based GMPE give similar HW 
factors and both approaches adequately capture the HW effects. For shallow and steep dips, the 
comparisons with the numerical simulations showed that the RRUP-based GMPEs with HW factors that 
account for the scaling with dip adequately capture the HW effect for shallow and steep dips, whereas 
the RJB-based GMPEs do not capture the HW scaling for shallow and steep dips. Therefore, the TI Team 
judged that the RJB-based GMPEs are not suitable for developing HW effect models for a wide range of 
dip angles.  

 

6.4 Approach for Continuous Distributions of the Median Using Visualization 
Techniques 

The traditional approach to ground-motion characterization is to assign weights to candidate GMPEs.  A 
key disadvantage of this approach is that the set of candidate GMPEs may not represent a set of 
mutually exclusive and collectively exhaustive models. If the weights on logic tree branches are treated 
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as probabilities, then the branches should be mutually exclusive and collectively exhaustive. If they are 
not mutually exclusive and collectively exhaustive, then the weights of the branches become relative 
merits of the models rather than probabilities (Abrahamson and Bommer, 2005). The concept of 
mutually exclusive and collectively exhaustive is simple for a scalar parameter (such as the ground 
motion for a single magnitude and distance), but it is more complicated for a vector model such as a 
GMPE, which provides ground-motion estimates for a range of magnitudes and distances.  

Atkinson et al. (2014) introduced the concept of selecting a single “central or backbone GMPE” and 
scaling it up and down. This concept is here referred to as the “scaled-backbone approach”, which 
provides a method to develop a set of GMPEs that are mutually exclusive and are collectively exhaustive 
in terms of the amplitudes at a given magnitude and distance, but that do not capture the range of 
different scaling with magnitude and distance.  As an alternative to the scaled-backbone approach, the 
Sammon’s map approach (Sammon, 1969) can be used to develop a continuous distribution of the 
median GMPE models that are mutually exclusive and collectively exhaustive in terms of the magnitude 
and distance scaling as well as the amplitude.  

In the Sammon’s map approach, a large suite of new models are created from existing GMPEs which 
both interpolate between the existing GMPEs and extrapolate beyond the range of the existing GMPEs.  
Visualization techniques are used to map the suite of new models into a 2-D plane (Scherbaum et al., 
2010). In particular, the Sammon’s maps technique is used to calculate a two-dimensional 
representation of the model space.  The model space can then be discretized into a small number of 
cells with representative models selected for each cell.  Subjective weights are then assigned to each cell 
based on the comparisons with hazard relevant data sets (empirical and/or simulated) and with the 
density of the representative suite of models within each cell, to represent the center, body and range 
of median predictions. The representative model for each cell is defined as the model leading to a 
hazard curve that is the closest to the mean of the hazard curves from all the models within a given cell. 
In particular, the model is selected by minimizing the variance of the difference in the log hazard for the 
model and the log of the mean hazard for the cell measured over a range of ground-motion levels. The 
mean hazard is used because the primary use of the SWUS GMC models will be to develop mean hazard 
curves for the NPP sites.  

The use of the visualization technique for the sampling of the suite of common-form models is applied 
to the DCPP sources and to the Greater Arizona sources for PVNGS. The ground-motion models 
addressing the ground motion for PVNGS from sources located in central and southern California and 
Mexico is treated with a different approach based on as-published GMPEs with path-specific adjustment 
factor to take advantage of the available ground-motion data in Arizona from these sources (see Section 
6.2.3 for details on the approach, and Section 9.2 for the technical justification). 
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6.4.1 Fitting Candidate GMPEs to a Common Functional Form  

In the first step, the candidate GMPEs are fit to a common functional form, which allows an evaluation 
of the distributions of the coefficients. This step is necessary because the GMPEs use different functional 
forms and the coefficients cannot be directly compared between GMPEs. By using the common form, 
the mean and covariance of the resulting sets of coefficients can be estimated. This gives a distribution 
of the set of coefficients, which can be sampled to generate a large suite of new common-form models. 
These new models lead to a continuous distribution of median models which fill in between the 
candidate GMPEs as well as broadening the range of models beyond the range of candidate GMPEs. 
Based on the evaluation of these new common-form models, which is done by comparing them to data 
and simulations, a subset of common-form models is selected and weighted appropriately to capture 
the center, body and range of median PSA predictions. 

Two functional forms were used for the common-form models: one based on rupture distance (called 
Model A) and one based on Joyner-Boore distance (called Model B).  The common form for Model A is 
given in Equation 6.4-1 and was selected based on the magnitude, distance, depth, and style-of-faulting 
dependence in the candidate GMPEs.   

( )

( ) ( )
0 7 8 10

2 2
4 5 6 9

1 2

1

3

( , , , , ) ( ) exp( ( )) exp( ( )) exp( ( ))

( ) ( )( 5) ln ( ) exp( ( ))

( )(5.5 6.5) ( ) ( 5.5) 5.5
( )( 6.5) 5.5 6.5
( )( 6.5)

BASE RUP TOR RUP TOR REV

RUP NML

Ln SA M R Z F T T T R T Z T F

T T M R T T F

T T M for M
T M for M
T M for M

θ θ θ θ

θ θ θ θ

θ θ
θ
θ

= − + +

+ + − + −

+
− + − <

− ≤ ≤
− > 6.5







 

(Eq. 6.4-1) 

 

where SABASE refers to the model without HW effects (called the base model), M is moment magnitude, 
RRUP is rupture distance in km, ZTOR is the depth to the top of rupture in km. FREV is a flag for the reverse 
(REV) style-of-faulting (i.e. FREV = 1 for REV sources, and is zero otherwise), and FNML is a flag for the 
normal (NML) style-of-faulting (i.e. FNML = 1 for NML sources, and is zero otherwise). The coefficients for 

the linear distance, style of faulting, and rupture depth in the common-form model ( , , and ) 

are fit using the exp( )kθ  (for ) to ensure that the terms are positive for all four 

coefficients. A similar form is used for Model B, but with RRUP replaced by RJB.  There is no site term (e.g. 
VS30 scaling) in the common form because the application is for a single reference site condition with VS30 

= 760 m/s. 

7θ 8θ 9θ 10θ

7,8,9,10k =
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To focus the common form on the most important sources, the fitting of the common form used 
different faulting styles for the two sites: for DCPP, the common form is derived for strike-slip (SS) and 
REV earthquakes only and a single NML factor is added at the end; for PVNGS, the common form is 
derived for SS and NML earthquakes only and a single REV factor is added at the end.  For adding the 
style-of-faulting (SOF) factors at the end, smoothed average NML factors for DCPP are computed based 
on the mean style-of-faulting factor for NML earthquakes in the eight candidate GMPEs for M6.5, ZTOR = 
0 km, RX = -30 km.  Because the NML faulting events do not contribute significantly to the hazard at 
DCPP (as discussed in Section 4.1), only a single scenario was used to evaluate the NML style-of-faulting 
factor. For PVNGS, the same approach is used to compute the average REV style-of-faulting factor based 
on the six candidate GMPEs. Similar to DCPP, only a single scenario was used to evaluate the REV style of 
faulting factor because the REV faulting events do not contribute significantly to the hazard at PVNGS (as 
discussed in Section 4.2.2).  

 For the regression, the exp( )kθ terms (for ) are replaced by 2
ka . Thus, the following 

function is used for the prediction of PSA values using the sampled functions (Eq. 6.4-2): 
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(Eq. 6.4-2) 

where for and for 7,8,9,10k = . Using the square of the ka  terms 

for k = 7, 8, 9 and 10 ensures a positive value for these parameters.  

To evaluate the suitability of the common form in Eq. 6.4-2 to fit the candidate GMPEs, the TI Team 
inspected the comparisons of the scaling in the original candidate GMPEs with the scaling in the fitted 
common-form models. Examples comparing the distance scaling of the candidate GMPEs for DCPP and 
PVNGS with the fitted common-form models for PGA and T = 1.0 sec are shown in Figures 6.4.1-1 to 
6.4.1-3 for the DCPP, PVNGS (Model A) and PVNGS (Model B), respectively. Based on inspections of the 
fits, the TI Team judged that the function in Eq. 6.4-2 is flexible enough to capture the full range of 
scaling in the selected candidate GMPEs. 

The ZTOR term is included for the RRUP-based common-form models, but not for the RJB-based common-
form models, because the candidate GMPEs which use RJB as their primary distance metric (ASB14, 
BSSA14, Bi14) do not include ZTOR depth-scaling. Therefore, for the RJB-based common-form models,

7,8,9,10k =

k ka θ= 0,1....6k = expk ka θ=
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. For the RJB-based common-form models fit to the candidate GMPEs with ZTOR effects (e.g. 

ASK14, CB14 and CY14), the ZTOR scaling is not maintained. This is a feature of the RJB metric which does 
not include depth effects. For the RRUP-based common-form models, the candidate GMPEs are evaluated 
at three ZTOR values per magnitude, centered on the mean ZTOR from the ZTOR-M relationship developed 
by CY14. The high and low values are ± 3 km from the mean ZTOR-M relationship of CY14, with the 
constraint that ZTOR is greater or equal to 0 km. The range of ZTOR values does not represent uncertainty 
in the mean value of ZTOR for a given magnitude. Rather, the range is included so that the regression of 
the common-form model can fit the ZTOR dependence. 

6.4.1.1 DCPP Fitted Models 

For each of the eight selected candidate GMPEs for DCPP listed in Section 6.2.1, median predictions (in 
ln units) are calculated for M5 to M8, RX = -2 to -200 km, VS30 = 760m/s, and strike-slip and reverse 
faulting mechanisms are included. The magnitudes and distances used to define the scenarios for fitting 
the candidate GMPEs for DCPP are listed below: 

• M = 5.0, 5.2, 5.4, 5.5, 5.6, 5.8, 6.0, 6.2, 6.4, 6.5, 6.6, 6.8, 7.0, 7.2, 7.4, 7.5, 7.6, 7.8, 8.0 
• RX = -200, -100, -70, -65, -60, -55, -50, -45, -40, -35, -30, -28, -26, -25, -24, -22, -20, -18, -16, -15, -

14, -12,  -10, -8, -6, -5, -4, -2 

The data points are all given equal weights in the regression for the common-form model fit to each 
candidate GMPE using ordinary least squares. 

All other predictor variables are set to the default values recommended by the NGA-West2 developers. 
For each RX distance and ZTOR value, the RRUP and RJB distances were computed from specified fault 
geometry created for the each of the scenarios described above. The sites are all located within the 
bounds of the ends of the rupture (source-to-site azimuth of -90 degrees). Because only footwall sites 

are used (RX <0), RJB equals |RX| and 2 2
RUP X TORR R Z= + for all scenarios, and the dip is not a factor. 

Based on the initial evaluations of the candidate GMPEs for DCPP (Section 6.2.1), the model of ASB14 is 
not used for magnitudes M > 7.5, and the model of Id14 is not used for distances RX ≤ 3 km. Even though 
the models are fitted to distances up to 200 km, this large distance is only included to constrain the 
fitted models at large distances so that they provide reasonable values at large distances. The majority 
of scenarios are for distances between RX= -1 and -30 km, since this is the main range of the hazard-
relevant scenarios identified in Section 4.1.4. Only a few large-distance data points are used so the fit is 
more heavily weighted to the short distances. 

The total fitted residuals of the median predictions from the candidate GMPEs for DCPP relative to the 
fitted common-form function are shown in Figures 6.4.1-4 to 6.4.1-5 for PGA and 1.0 sec. In these 

8 0a =
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figures, residuals for all the scenarios for the fitting are shown, even though, in the actual regression 
process, some of the predictions from ASB14 and Id14 were not used, as described above. 

6.4.1.2 PVNGS Greater Arizona Fitted Models 

For each of the six selected candidate GMPEs for PVNGS listed in Section 6.2.2, median predictions are 
calculated for M5 to M7.5, RX = -200 to 18 km, VS30 = 760m/s, and strike-slip and normal-faulting 
mechanisms are included. The magnitudes and distances used to define the scenarios for fitting the 
candidate GMPEs for PVNGS are listed below:  

• M = 5.0, 5.2, 5.4, 5.5, 5.6, 5.8, 6.0, 6.2, 6.4, 6.5, 6.6, 6.8, 7.0, 7.2, 7.4, 7.5 
• RX = -200, -100, -70, -65, -60, -55, -50, -45, -40, -38, -36, -35, -34, -32, -30, -28, -26, -25, -24, -22, -

20, -18, -16, -15, -14, -12, -10, -8, -6, -5, -4, -2, 0, 2, 4, 5, 6, 8, 10, 12, 14, 15, 16, 18 

Other predictor variables are set to the default values recommended by the NGA-West2 developers. For 
the normal events, a dip of δ = 50° is used based on the preliminary SSC models which had dips from 35 
to 65 for the normal-faulting events (the final SSC model also has a mean dip of 50 degrees for the 
normal-faulting events in the areal sources as shown in Table 4.2-1). Based on the initial evaluations of 
the candidate GMPEs for PVNGS (Section 6.2.2), the Bi14 model is not used above M = 7.  The positive RX 
values are only used when fitting to RJB for scenarios in which RJB = 0 km.  This creates additional data at 
RJB = 0 km, i.e. above the fault on the hanging wall. This is to ensure that the implicit hanging-wall term 
for RJB = 0 km captures the mean hanging-wall term of the candidate GMPEs. As for the DCPP case, more 
scenarios are included for the shorter distances. 

The total fitted residuals of the median predictions from the candidate GMPEs for PVNGS relative to the 
fitted common-form function are shown in Figures 6.4.1-6 to 6.4.1-9 for PGA and 1.0 sec. In these 
figures, residuals for all the scenarios for the fitting are shown, even though, in the actual regression 
process, some of the predictions from ASB14 and Bi14 were not used, as described above. 

6.4.2 Estimation and Sampling of the Coefficient Covariance Matrix 

From the fitted values of the coefficients ka , the mean and covariance of the coefficient distribution 

can be calculated. To better capture the correlations between the different coefficients ka , Equation 

6.4-1 is fitted to the candidate GMPEs as well as to interpolated ground motions from the candidate 
GMPEs. The interpolated versions are created as weighted averages of the candidate GMPEs with the 
following sets of weights:  

w = {1/3, 2/3}, {1/2, 1/2}, {2/3, 1/3}.  
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For example, for w = {1/3, 2/3}, the interpolated ground motions at each of the scenarios are computed 
as follows: 

1 2
1 2(ln ( , )) ln( ) ln( )
3 3

Interp SA M R SA SA= +       (Eq. 6.4-3) 

For each pair of candidate GMPEs, three interpolated sets of ground motions are created and fitted. The 
mean and covariance of the coefficient distribution is calculated from the fitted candidate and 
interpolated GMPEs. Since the interpolation reduces the variance of the marginal coefficient 
distributions, the entries of the covariance matrix are multiplied by a factor of 2. This factor was 
determined by comparison of the covariance matrix calculated using all (candidate plus interpolated) 
GMPEs and the covariance matrix calculated using only the candidate GMPEs. The multiplication 
increases the marginal variance of each coefficient to account for the correlation of interpolated 
models, but retains the correlation structure.  

To show how the inclusion of the interpolated GMPEs affects the estimate of the covariance matrix, 
numerical testing was used.  Given a population with a known covariance structure, multiple sets with 8 
samples per set are selected.  For each of the 8 samples, synthetic data is created, and the models are 
fitted to the common functional form. From the 8 fitted models, the covariance is computed. The 
covariance of the 8 sampled models is computed for each set.  The process is then repeated including 
the interpolated models, in addition to the 8 sampled models, for computing the covariance following 
the method described above.  Including the interpolated models in the calculation of the covariance 
matrix results in a mean covariance matrix that is closer to the population covariance than using just 8 
sampled models for computing the covariance. Therefore, using the interpolated GMPEs in the 
estimation of the covariance leads to improved estimates of the covariance. 

For both DCPP and PVNGS, the coefficient distributions are calculated for 17 periods, between T = 0.01 
sec and T = 3 sec. The primary use of the covariance matrix is to generate a broad range of models. The 
range of models depends on the size of the covariance and on the number of models being generated. 
The values of the covariance matrices are given in the electronic attachment to Appendix H.  

The sampled common-form models are generated only up to 3 seconds due to limitation in period 
applicability of some of the candidate GMPEs. Predicted spectral accelerations for periods above 3 
seconds are based on the period scaling of NGA-West2 GMPEs beyond 3 seconds. This scaling for long 
periods is described in Appendix N. 

6.4.3 Generation of Ground-Motion Model Maps 

To test the required number of models generated, the TI Team used sample sizes of 7500 and 2000 for 
each of the distance metrics (RJB-based models and RRUP-based models), and computed median ground 
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motions for selected scenarios (different magnitude and distance combinations), described later in this 
Section. The standard deviations of the natural log spectral acceleration from the suite of 7500 and 2000 
sampled common-form models for a given scenario for DCPP, at PGA, are compared in Figure 6.4.3-1. 
Based on the comparison in the Figure, the TI Team judged that 2000 models are adequate to capture 
the distribution of ground-motions, so the subsequent calculations (evaluation and selection of models) 
are based on a sample of 2000 models. 

Figure 6.4.3-2 shows the PGA predictions of the candidate GMPEs for a M5 and RX=-30 scenario, in 
comparison with the range of the sampled common-form models. The width of the distribution for each 
candidate GMPE represents the uncertainty model of Al Atik and Youngs (2014). The sampled models 
cover the range of the candidate GMPEs including their uncertainty. 

Figure 6.4.3-3 shows the Sammon’s maps (a two-dimensional projection of the model space) of 2000 
sampled models for PVNGS for Model A and Model B. The space covered by the two different distance 
metrics lead to similar distribution and ranges of models. This indicated that either distance metrics can 
capture the range of the ground-motion models. 

For the DCPP application, for each of the 2000 footwall models, the central hanging-wall branch (HW 
model 3) is applied to all the common-form models. Because the scenarios are all on the FW, this does 
not affect the Sammon’s maps but it does affect the hazard calculation. Although the NGAW2DC-MED 

dataset does not include sites over the hanging wall (RJB < 5 km) for dips less than 80 degrees that may 
have strong HW effects, the central HW term is included in the models for the effect on the hazard (the 
representative model is selected based on the simplified hazard). Following the selection of the 
common-form models, the DCPP base models are assigned a random HW model from one of the five 
HW models that replaces the central HW model initially assigned to each model. A random selection is 
appropriate because equally likely HW models were developed in Section 6.3. In this way, the epistemic 
uncertainty in the HW factors is captured. The reason for this two-step treatment of the HW effect for 
DCPP is to separate the process into an initial selection based on magnitude-distance scaling (without 
HW effects) and a second step that samples the HW scaling. All combinations of the five HW models and 
the representative common-form models are not used to reduce the total number for models for the 
hazard calculation.  

For the PVNGS application, there are no known nearby faults, so HW effects are not expected to be 
critical.  Therefore, for PVNGS, each of the 2000 models is randomly assigned one of the five SWUS 
hanging-wall models for the development of the Sammon’s maps. 

As mentioned above, for each of the 2000 models developed for the two sites, median ground motions 
are calculated for the selected scenarios. Independently, for each of the 17 periods used (Table 6.1-1), 
the ground motions are combined into a high-dimensional vector of ground-motion values, which is 
then projected into 2 dimensions using principal component analysis for that period (see Appendix H). 
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The Sammon’s maps are then generated for each period using the principal component analysis as the 
starting solution. Sammon’s maps are based on minimizing the misfit between the Euclidean distances 
of two vectors (i.e. log of the ground-motion values for the models) in high dimensions and 2 
dimensions. The Euclidean distances between two vectors m1, m2 is calculated by 

 
(Eq. 6.4-4) 

where N is the dimension of the vector (number of scenarios) and xi is the ith entry of the vector (PSA 
value for scenario i). Distances calculated by Equation 6.4-4 treat each scenario in the vector equally. For 
hazard calculations, however, some of the scenarios contribute more to the hazard than others. 
Therefore, to emphasize those magnitude-distance combinations that contribute most to the hazard, 
the differences in Equation 6.4-4 are weighted by their contribution to the hazard. Thus, Equation 6.4-4 
becomes 

   
  (Eq. 6.4-5) 

where wi denotes the weight given to the ith scenario. 

For each period, the weights, wi, are computed from a hazard deaggregation matrix using the mean 
model of the 2000 common-form models with the simplified source models described in Appendix D. 
The ground-motion levels used for the deaggregation are given in Table 6.4-1 and Table 6.4-2 for PVNGS 
and DCPP application, respectively. Plots of the deaggregation are shown in Sections 2.1.1, 3.1.1 and 
4.1.1 in Appendix H (Chapters 2, 3 and 4 of Appendix H).  

The distance metric chosen for deaggregation is RX, to separate the contribution from the footwall and 
hanging-wall scenarios. For DCPP, the following deaggregation bins are used: 

• M: 4.5-5, 5-5.5,  5.5-6, 6-6.5, 6.5-7, 7-7.5 
• RX: (-10,-5), (-5,-2.5), (-2.5,0), (0,2.5), (2.5,5), (5,10), (10,15), (15,20), (20,30), (30,50), (50,75), 

(75,100) 

For PVNGS, the following deaggregation bins are used: 

• M: 4.5-5, 5-5.5,  5.5-6, 6-6.5, 6.5-7, 7-7.5 
• RX: (-100, -75), (-75, -50), (-50, -30), (-30, -20), (-20, -15), (-15, -10), (-10, -5), (-5, 0), (0, 5), (5, 10), 

(10, 15), (15, 20), (20, 30), (30, 50), (50, 75), (75, 100) 

The magnitude and distance scenarios for which the common-form models are evaluated (predictor 
variables for the high-dimensional space) are set at the center of these bins. These scenarios are listed 

D(m1,m2 )= xi,1 − xi,2( )2
i=1

N

∑

D(m1,m2 )= wi xi,1 − xi,2( )2
i=1

N

∑
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below. Note: these scenarios used for the Sammon’s maps are not the same as the scenarios used to fit 
the candidate GMPEs with the common-form described at Section 6.4.1. 

For DCPP, the following magnitude and distance scenarios are used: 

• M: 4.75, 5.25,  5.75, 6.25, 6.75, 7.25 
• RX: -7.5, -3.75, -1.25, 1.5, 3.75, 7.5, 12.5, 17.5, 25, 40, 62.5, 87.5 

For PVNGS, the following magnitude and distance scenarios are used: 

• M: 4.75, 5.25,  5.75, 6.25, 6.75, 7.25 
• RX: -87.5, 62.5, -40, -25, -17.5, -12.5, -7.5, -2.5, 2.5, 7.5, 12.5, 17.5, 25, 40, 62.5, 87.5 

The deaggregation weight, 
ikDEAGGw , for a given scenario, at a given ground-motion level, is the value of 

the deaggregation for the corresponding magnitude-distance bin which contains the scenario. It is given 
by: 

( , )
ikDEAGG k i iw DEAGG M R=         (Eq. 6.4-6) 

where iM and iR are the magnitude and distance of the ith scenario, k is the ground-motion level, and

DEAGG is the value of the hazard deaggregation matrix for the bin containing the iM and iR  for the kth 

ground-motion level.    

The mean deaggregation weight for the ith scenario, 
iDEAGGw is computed by averaging over the number 

of ground-motion levels, as follows: 

1
i ikDEAGG DEAGG

k
w w

NG
= ∑         (Eq. 6.4-7) 

where NG is the number of ground-motion levels. To avoid putting too much weight on the 

deaggregation results from the simplified model, the weights are broadened to use the average of the 
mean deaggregation weight ( ) and equal weight to each scenario.  The renormalized weights are 

given in Equation 6.4-8: 

10.5
ii DEAGGw w

NS
 

= + 
 

 
       

(Eq. 6.4-8) 

where NS  is the total number of scenarios. 

wDEAGGi
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For DCPP, the models are evaluated for SS and REV style-of-faulting, while for PVNGS, the models are 
evaluated for strike-slip and normal style-of-faulting. The strike-slip events are assumed to be vertically 
dipping.  For the reverse events, a dip of 50° is used for DCPP based on the DCPP SSC model (Table 
4.1.1). For the normal events, the same dip of 50° is used for PVNGS based on the PVNGS SSC model 
(Tables 4.2-1 and 4.2-2). The process is to generate ground motions from the candidate GMPEs and then 
refit them with a common-form model. To generate the ground motion from the candidate GMPES that 
use RRUP, a ZTOR value needs to be defined. When the common-form models are derived using the RJB 
distance metric, there is no ZTOR term in the common-form model. The RRUP-based candidate GMPEs are 
evaluated for two equally weighted ZTOR values. These are calculated from the model of CY14 – one is 
the mean value for the magnitude value, the other one is the mean plus 3 km. Only two ZTOR values are 
needed to capture the ZTOR scaling as this is a linear term in the common-form models (Eq. 6.4-2). For 
the RJB-based models, only one ZTOR value is used to develop geometries for compatible distance metrics 
(the mean of the CY14 model), because these models do not include ZTOR-scaling in their functional form.  

For each common-form model, the ground-motion values for each of these predictor variable 
combinations are computed and are combined into a high-dimensional vector, which is used as the basis 
for calculating Sammon’s maps. The dimensions are: 

• DCPP: 288 for  RRUP-based models (Model A) – (6 magnitudes, 12 distances, 2 SOF, and 2 ZTOR 
values, leading to 6 x 12 x 2 x 2 = 288 dimensions) 

• PVNGS: 384 for  RRUP-based models (Model A) – (6 magnitudes, 16 distances, 2 SOF, and 2 ZTOR 
values, leading to 6 x 16 x 2 x 2 = 384 dimensions), and 192 for RJB-based models (Model B) – (6 
magnitudes, 13 distances, 2 SOF, and 1 ZTOR value, leading to 6 x 16 x 2 x 1 = 192 dimensions) 

The dimensions of the vectors for Model A and Model B are different. Therefore, separate maps are 
calculated for each case. Thus, each model corresponds to a point in N-dimensional space, where N has 
values of 288, 384, and 192 for the DCPP, PVNGS Model A, and PVNGS Model B cases, respectively. This 
space is projected into two dimensions using principal component analysis (PCA), whose output is used 
as input for Sammon’s maps (the first two principal components, however, typically account for about 
85-90% of the variance, so the PCA provides a good starting solution). As described above in Equation 
6.4-4, the contributions to the difference in the squared Euclidean distances between two vectors are 
weighted by the weights given by Equation 6.4-8. The deaggregation for PVNGS used ground motions at 
10 levels between 0.0004 g and 1.8 g for PGA, as shown in Table 6.4-1, which corresponds to return 
periods of less than 10 to over 10,000,000 years. The center is at 300 years of return period. The impact 
of using lower return periods for the deaggregation is to broaden out the magnitudes and distances that 
contribute to the hazard. For computing the weights, only distances out to 70 km were considered, 
consistent with the range of distances that control the high-frequency hazard seen in Section 4.2. Figure 
6.4.3-4a compares the weights and the deaggregation at 10-4 AFE for PVNGS. The weights have a 
broader range of magnitudes and distances with comparable weights, and they are not as concentrated 
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at the 15 km distance as seen in the deaggregations. Overall, the weights are generally consistent with 
the short-distance range seen in the deaggregations.  

The deaggregation for DCPP used ground motions at 3 levels (A4, A5 and A6 in Table 6.4-2) between 0.43 
g and 1.14 g for PGA, which corresponds to return periods of less than about 1000 to over 100,000 
years. The center is at about 10,000 years of return period. Figure 6.4.3-4b compares the weights and 
the deaggregation at 10-4 AFE for DCPP. As intended, the weights have a broader range of magnitudes 
and distances than the deaggregation: they are not as concentrated at the 3 to 6 km distance range as 
seen in the deaggregations. Overall, the weights are generally consistent with the short-distance range 
seen in the deaggregations. 

The candidate GMPEs are also projected onto the same map, together with modified versions of 
themselves that include the additional epistemic uncertainty, which are calculated using the median 
predictions of the GMPEs ± two times the standard deviation of the epistemic uncertainty model of Al 
Atik and Youngs (2014).  Hence, for each candidate GMPE, the following predictions are calculated: 

     
(Eq. 6.4-9) 

where is the function for natural log of the median predictions of the jth GMPE, α = -2, 0, or 2, 14AYσ  

is the standard deviation of the epistemic uncertainty model of Al Atik and Youngs (2014), and i is the 
index of the scenario. There is some magnitude and SOF dependence to 14AYσ , but the main effect is to 

shift each candidate GMPE up or down by a constant factor. 

6.4.4 Selection of Representative Models 

The selection and weighting of models to be used in the hazard calculations is based on their position in 
the 2D maps, as described below. As an example, the Sammon’s map for T = 0.01 sec for PVNGS is 
shown in Figure 6.4.4-1. The common-form models fit to the candidate GMPEs (called refitted candidate 
GMPEs) including epistemic uncertainty are shown by the colored points in this figure. The convex hull 
for these refitted candidate GMPEs is shown by the solid black line in the same figure (the convex hull 
can be thought of as the shape of a rubber band put around the outermost points). The shape of the 
convex hull is elongated in the x-axis direction because the additional epistemic uncertainty added to 
the candidate GMPEs is in the x direction. The convex hull has a general shape of an ellipse. Therefore, 
the TI Team judged that an ellipse was an adequate representation of the general shape of the convex 
hull. The best fitting ellipse to the convex hull of all refitted candidate GMPEs including the additional 
epistemic uncertainty is estimated using least squares. The Sammon’s map is rotated such that the x-
axis approximates constant scaling between the models, as shown by the orientation of the additional 
epistemic uncertainty assigned to each refitted candidate GMPEs. Because this is a fit to the convex hull, 
some refitted candidate GMPEs including the additional epistemic uncertainty may lie outside the 

( ) 14(T) ,T, ,.... ( , , )ij i j j AYLnY f M R T M Fασ= +
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ellipse. From preliminary evaluations, the TI Team found that most of the refitted candidate GMPEs 
including the additional epistemic uncertainty fall within an ellipse scaled by 1.5 times the best-fitting 
ellipse. Therefore, a scale factor of 1.5 for the ellipse is used to set the minimum range of the Sammon’s 
map to be sampled. To better define the body of the distribution of the common-form models near the 
center of the distribution, the fitted ellipse is also scaled by 0.5 to allow for more samples of common-
form models around the center of the Sammon’s maps (e.g. interpolating between models).  

The fitted and scaled ellipses are used to guide the discretization of the Sammon’s maps into a small 
number of regions. The ellipses are plotted on top of a contour plot of the mean-between event residual 
of each model, as shown in Figure 6.4.4-2. Then, the intersection points of each ellipse and the contours 
at {-0.3, -0.15, 0, 0.15, 03} are calculated. The +0.3 and -0.3 were selected because they generally 
captured the outermost range of the candidate GMPEs with epistemic uncertainty. The +0.15 and -0.15 
values were selected to sample within the body of the distribution. If the maximum residual of any 
candidate GMPE (including the additional epistemic uncertainty models) is larger than 0.3 or the 
minimum residual is less than -0.3, then the range is expanded to capture the position of the candidate 
GMPEs in the Sammon’s map. In addition to the points calculated on the ellipses, the center point of the 
ellipse is also selected, which roughly corresponds to the center of the candidate GMPEs. Thus, in total 
up to 31 points can be selected (three ellipses, 5 contours, two intersections for each contour and 
ellipse, plus the center model), but in practice not all of them are realized. For example, the inner ellipse 
typically does not reach far enough out to intersect with the -0.3 / 0.3 contour. In our application, the 
final number of selected representative common-form models for DCPP, PVNGS Model A, and PVNGA 
Model B for each period ranges from 16 to 25 and is provided in Table 6.4-3. 

This approach leads to a suite of common-form models that captures the range of the candidate GMPEs 
including the ±2 sigma epistemic uncertainty in terms of their position in Sammon’s map space. The 
approach ensures that the suite of models captures the locations of all candidate GMPEs in Sammon's 
map space.  This application of a range of a limit on the mean between-event residuals is a way to 
screen out some models so that they don't need to be evaluated separately later.  If the models had not 
been removed, they would have been given zero weight in the subsequent TI Team evaluation. As an 
example, the models that were screened out are shown in Figure 6.4.4-3. The models that are screened 
out primarily represent too weak or too strong distance scaling shown in the top frame in Figure 6.4.4-3. 

The selected points on the ellipses are points in the Sammon’s map space, but the objective is to sample 
the full map. The map is discretized using the Voronoi-diagram (Aurenhammer and Klein, 2000). of the 
selected points. To calculate the boundaries for the outer models, a fourth ellipse is added (fitted ellipse 
scaled by a factor of 2), with points at the same azimuth from the ellipse’s center as the points on the 
third ellipse. An example of the Voronoi diagrams and the four ellipses is also shown for PVNGS (Model 
A) in Figure 6.4.4-2. A full set of these plots is given in Appendix H. 
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The cell sizes typically span less than 0.2 ln units in any direction, so that difference between common-
form models in a cell will be small (less than 20% difference in the ground motion in terms of a constant 
scale factor). Based on the definition of the Sammon’s map, the distance separating the models in the 
Sammon’s map approximates the standard deviation between the predictions for any two models, so 
models that are close together on the map will have similar magnitude and distance scaling. 

A single representative model needs to be selected for each cell. The selection of the representative 
model for each cell is based on the closeness to the mean hazard for the cell, as described below. 
Hazard curves are calculated for each common-form model using a simplified SSC model. The mean 
hazard (arithmetic, not log) is computed for all common-form models that fall within the cell. The mean 
is computed using equal weights because the cells are small (range less than 0.1 ln units in the 
Sammon’s map). 

To assign probabilities would require that the prior is used and in some cases weights are not set based 
on the prior). The model whose hazard curve is closest to the mean hazard curve of the cell (measured 
as the standard deviation of the differences in the log hazard values) is selected as a representative 
common-form model for the cell. The simplified SSC model for the calculation of the hazard curves is the 
same simplified source model as was used for the deaggregation (Appendix D).  Because, as stated 
above, the difference between common-form models in a cell is small, the difference between the 
hazard from the common-form models within a cell is also small. An example of the range of hazard 
curves resulting from two Voronoi polygons is shown in Figure 6.4.4-4. The hazard for points within the 
cell are generally clustered together, showing that the Sammon’s map is associating models that 
generally lead to similar hazard results. As shown in Figure 6.4.4-4, there can be outlier models within a 
cell in terms of the impact on the hazard. The single model with much higher hazard, shown in Figure 
6.4.4-4, corresponds to a common-form model with stronger magnitude scaling than the other 
common-form models in the same Voronoi cell. This shows some limitations of the Sammon’s map 
approach for grouping similar models; however, using the representative common-form model that 
corresponds to the mean hazard for the cell, avoids choosing outlier models. 

As described earlier in this Section, for DCPP application, the central HW model was applied to all of the 
common-form models for the initial selection of the representative common-form model. Once the 
representative models were selected, the central HW model was replaced by a randomly selected HW 
model to capture the range of the HW scaling. 

As a check of the HW scaling, the distribution of the selection of the HW branches for the selected 
representative common-form models was evaluated. Figure 6.4.4-5 shows the histogram of the number 
of each of the five HW models for DCPP and PVNGS at 5 Hz. The distribution of the sampling of the five 
HW models is close to uniform for DCPP. The mean hazard does not depend on how the hanging-wall 
models are associated to the cells that lead to high and low hazard because the mean hazard is 
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controlled by the standard deviation of the fractiles (for approximately log normally distributed hazard 
fractiles, the mean hazard is given by the median hazard times exp(sigma^2/2), where sigma is the 
standard deviation of the fractiles); however, the mean hazard will depend on the mean weighted value 
of the hanging-wall factors where the weights are the weights given to each cell. If more of the cells with 
higher weights were biased with high or low HW factors, then the mean hazard would be affected. As a 
check, the mean hanging-wall factor for a M7 earthquake with a dip of 45 degrees at RX 5 km was 
computed using the hanging-wall factor for each cell and the weights for each cell for 5 Hz. The mean 
hanging-wall factor of 0.595 ln units is similar to the mean factor of 0.60 ln units, indicating there is not a 
significant hazard in the mean hazard due to the use of randomly selected hanging-wall models.  

For PVNGS, the distribution is more peaked on the central models, but as HW effects are not expected 
to be a key factor for PVNGS because the virtual faults are randomly oriented, the TI Team judged that 
the distribution of the selected HW branches is not critical to the hazard.  

For DCPP and PVNGS (Model A and Model B, separately), a complete set of maps showing the original 
GMPEs, their uncertainty and the selection process are shown in Sections 2.1.2, 3.1.2 and 4.1.2  in 
Appendix H (Chapters 2, 3 and 4 of Appendix H, respectively). 

6.4.5 Assigning Weights to Representative Models 

Although all candidate GMPEs passed the selection process, they do not lead to complete sampling of 
the ground-motion space and some of the models may be redundant in their ground-motion estimation. 
Therefore, the TI Team decided to apply weights to the suite of selected representative common-form 
model for each cell as of way of discretizing the continuous distribution of possible ground-motion 
models given in terms of Sammon’s map.  

The weight for the selected representative common-form model for each cell is based on comparisons 
to ground-motion data and on the distribution of the covariance matrix for the common-form 
coefficients. Alternative metrics for estimating weights were evaluated by the TI Team as described 
below. For each Voronoi cell, the selected metric is computed for all of the models that fall within the 
cell. The selected metric is averaged over all models that fall within the cell to obtain a mean value of 
the metric. This mean value is then multiplied by the area of the cell so that the final distribution will not 
depend on the number or on the size of the cells.  The weight given to the representative common-form 
model selected for a cell is proportional to this area-weighted mean value of the selected metric: 

 wi ∝ Ai
1
Ni

Lji
j=1

Ni

∑
        

(Eq. 6.4-10)
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where Ai is the area of the ith Voronoi-cell, Ni is the number of models in cell i and Lji is the value of the 
selected metric of the jth model in the ith cell. This is repeated for all cells and the weights are normalized 
to one. Tests were carried out calculating weights if cells are merged together. In this case, the weight 
for the merged cell equals approximately the sum of weights of the individual cells, showing that finer 
discretization does not change the distribution of weights. 

The following alternative metrics were considered by the TI Team for calculating the weights: 

• 1/|μ(δB)|, one over the absolute mean between-event residual; 
• 1/μ(δB)2, one over the squared mean between-event residual; 
• 1/Δ, where Δ is the Euclidean distance in ground-motion space between the jth model and the 

center model; 
• 1/Δ2; 

• L, the likelihood; 

• P, the “prior”, which is the value of the probability density function of the coefficient 
distribution for each model; 

• “posterior”, which is the prior times the likelihood.  

The first two metrics involve an inverse of the mean between-event residual (δB). To avoid a possible 
singularity if the mean between-event residual is zero, a small value ε is added to each mean residual. 
The value of ε is ε = 0.0075, which is 1/20 of the width of the residual contours used for selecting points 
on the ellipses.  All of the abovementioned weights are calculated separately for the selected Models A 
and Models B, based on the respective maps. 

6.4.5.1 Effect of Alternative Metrics for the Weights 

In Figure 6.4.5-1, all weights are shown for the PVNGS case, based on the weighted NGAW2PV-MED 
dataset. The weights based on the different metrics are quite different – in particular, the weights based 
on likelihood and posterior favor just a few models.   

The TI Team evaluation of these alternative metrics is as follows: 

1. The squared mean residual was not used because it gave high weight to a few models, similar to 
the likelihood method, but without the additional information on the standard deviation 
contained in the likelihood;  

2. The Euclidean distance from the center model was not used as this is a measure of the similarity 
to the average of the common-form models within one cell to the mean common-form model, 
and is better captured by the prior; 

3. For a similar reason as in point (2), the squared Euclidean distance was not used; 
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4. Finally, the posterior was not used as this is dominated by the likelihood and does not add much 
to the likelihood approach.  

For the final application, the TI Team selected three methods to use for estimating the weights: the 
inverse of the absolute value of the mean between-event residual, the likelihood, and the prior. In the 
following, the selected approaches for the weights are called wResidual, wLL and wPrior for the inverse 
of the absolute mean between-event residual, the likelihood, and the prior, respectively. The residual is 
an estimate of the absolute bias between model and data, whereas the likelihood also takes into 
account the variability of the data. The prior incorporates the notion that all original GMPEs are 
published models which were developed with great care and should be weighted equally.  Equal weights 
refer to assignment of equal weights to the models used to generate the covariance matrix.  Once 
generated, the prior weights reflect how often generated ground-motion models appear in a particular 
location. The prior weight incorporates the notion that the covariance is correct and fully represents the 
uncertainty. 

For DCPP and PVNGS, examples of contour plots of the relevant mean between-event and the log-
likelihood, plotted on top of the maps, and the areas of the cells are shown in Chapter 8 and 9. A full 
suite of contour plots is available in Sections 2.1.3, 3.1.3 and 4.1.3 in Appendix H (Chapters 2, 3 and 4 of 
Appendix H) for DCPP Model A, PVNGS Model A, and PVNGS Model B, respectively. 

To compare the impact of the three selected approaches to the weights, the TI Team evaluated several 
plots showing the cumulative distribution and the quantiles of the ln(PSA) for individual scenarios. This 
provides checks on the centering of the models (50th quantile) and on the body (25th and 75th quantiles) 
and range of the models (5th and 95th quantiles). In the site-specific applications, the TI Team applied 
subjective weights based on a weighting scheme logic tree described in Sections 8.3.2 and 9.1.3.2 for the 
two sites, respectively. 

The three methods lead to three different sets of weights for the selected representative common-form 
models. For the hazard calculation, a single total weight is computed for each selected representative 
common-form model based on the weighted average of the three sets of weights using the logic tree 
weights. The TI Team’s assessment of the appropriateness of the selected models and model weights in 
capturing the center, body, and range of the median amplitude are discussed in Section 8.4 for 
application to DCPP, and in Section 9.1.3 for application to PVNGS (Greater Arizona sources). 

6.4.5.2 Cumulative Distribution Functions 

Following the approach described above, the weights for the representative suite of common-form 
models are computed, the median ground-motion predictions from these models are calculated, and 
the cumulative distribution function (CDF) of the ln(PSA) is then calculated by summing the weights of 
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the representative common-form models which give a prediction lower than a specified ground-motion 
value. 

Figure 6.4.5-2a shows an example plot of resulting CDF of the selected common-form models, for 
different approaches to the weights, for a scenario with M6.0, RX = -15 km, normal-faulting case and T = 
0.01 sec at PVNGS – Model A. In addition, the CDF of the candidate GMPE distribution is shown. To 
calculate the CDF of the candidate GMPEs, they are equally weighted, and the weight of an individual 
GMPE is partitioned 80%/10%/10% into its median and ± the uncertainty model (using α = -2, 0, and 2 in 
Eq. 6.4-8). Other examples showing CDF plots for different scenarios are provided in Figures 6.4.5-2b 
and 6.4.5-2c for M6.5, RX = -10 km, strike-slip faulting case and T = 0.2 sec at DCPP, and for M6.5, RX = -
15 km, normal-faulting case and T = 1.0 sec at PVNGS – Model A, respectively. 

Using the between-event residual-based weights usually yields to ground-motion distribution broader 
than the distribution for the candidate GMPEs. In contrast, using the likelihood-based and prior-based 
weights usually leads to narrow distributions.  

A larger suite of plots showing CDF for several scenarios and periods are provided in Appendix H, 
Sections 2.1.5, 3.1.5 and 4.1.5 (Chapters 2, 3 and 4 of Appendix H), for DCPP, PVNGS Model A and 
PVNGS Model B, respectively. The information in these plots is used as a check on the weights applied to 
the residual and likelihood branches. 

6.4.5.3 CDF Quantiles 

From the CDF of the ground-motion distribution based on the total weights, the 0.05, 0.5 and 0.95 
quantiles are calculated, as well as for the candidate GMPE distribution. The candidate GMPEs are 
equally weighted (as described above), while the common-form model distribution is based on the 
selected models and total weights. This allows comparing the width and range of the distribution of the 
representative suite of common-form models and the candidate GMPEs.  

Figure 6.4.5-3 shows the 0.05, 0.5 and 0.95 quantiles distributions for Model A and for the PVNGS 
application, for M6.0, normal-faulting cases, at T = 0.01 sec, plotted against distance. Figure 6.4.5-4 
shows the quantiles for the PVNGS (Model A) normal-faulting cases, at T = 0.01 sec, plotted against 
moment magnitude. Figure 6.4.5-5 shows the PSA 0.05, 0.5 and 0.95 quantiles distributions for PVNGS 
(Model A), for M6.0, strike-slip cases, at RX = -15 km, plotted against periods. The range of the 0.05 to 
0.95 quantiles from the representative common-form models is similar to the range from the candidate 
GMPEs. For some cases, the 0.05 quantile is less stable, leading to a distribution that is skewed to lower 
values. This is not significant for the hazard because the mean hazard is controlled by the upper tail of 
the ground-motion distribution. 
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Appendix H includes several plots showing the 0.05, 0.5 and 0.95 quantiles distributions versus distance 
and magnitude, for several magnitude and distance values, respectively, in Sections 2.1.6 and 2.1.8 for 
DCPP (Model A), in 3.1.6 and 3.1.8 for PVNGS (Model A), and 4.1.6 and 4.1.8 for PVNGS (Model B). In 
addition, the 0.05, 0.5, 0.95 quantiles are plotted against periods, for several scenarios, in Sections 2.1.9, 
3.1.9 and 4.1.9 of Appendix H.  

6.4.5.4 Range of Distribution 

To assess the width of the common-form model distribution, the ratios of the 0.05/0.5 and 0.95/0.5 
quantiles are plotted against distance, for several magnitudes. This is an indicator of possible skewness 
of the model distribution.  

Figure 6.4.5-6 shows an example of the 0.05/0.5 and 0.95/0.5 quantiles ratios for Model A and for 
PVNGS, RX=-15 km, normal style of faulting, for all periods, and M5 (top), M6 (center), and M7 (bottom).  

The quantile ratios show a broadening of the uncertainty as distance increases from 1 to 50 km, which is 
counter-intuitive as there is more data in the 30-50 km range than the 1-5 km range for constraining 
GMPEs. The reason for this increase is that the suite of candidate GMPEs has different distance scaling, 
as discussed in Section 6.4.5.5. 

Appendix H includes several plots showing ratios of the 0.05/0.5 and 0.95/0.5 quantiles versus distance 
for various periods for PVNGS and DCPP, respectively, in Sections 2.1.10, 3.1.10 and 4.1.10. 

Although the ranges from the representative suite of common-form models do not bound the ranges 
from the GMPEs with additional epistemic uncertainty for all scenarios, the ranges of the 5th and 95th 
fractiles for the representative common-form models are, on average, wider than the ranges of the 5th 
and 95th fractiles for the GMPEs.   

The fractiles for the representative suite of common-form models are based on the weights from the 
logic trees.  The fractiles for the GMPEs with additional epistemic uncertainty are based on using equal 
weight for each candidate GMPE and using weights of 0.8, 0.1, and 0.1 for the original GMPE and the 
plus and minus 2 sigma levels for the additional epistemic uncertainty. 

The histogram of the ratios of the 95th fractiles from the representative suite of common-form models 
to the 95th fractiles of the GMPEs for DCPP for strike-slip earthquakes is shown in the top frames of 
Figure 6.4.5-7.  All of the spectral periods are included in the histogram.  The lower frame shows the 
ratios of the 5th fractiles.  The histograms for the 95th fractiles are centered on values greater than 0, 
indicating that the 95th fractiles for the common-form models are, on average, higher than the 95th 
fractile for the GMPEs. The histograms for the 5th fractile are centered on values less than 0, indicating 
that the 5th fractiles for the common-form models are, on average, lower than the 5th fractile for the 
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GMPEs.  This indicates that the common-form models are, on average, yielding a wider range than the 
candidate GMPEs, but they are not broader for every scenario. 

Similar histograms of the ratios of the 95th fractiles and 5th fractiles are shown in Figure 6.4.5-8 for DCPP 
for reverse earthquakes.  The histograms for PVNGS are shown in Figures 6.4.5-9 and 6.4.5-10 for RRUP-
based models for strike-slip and normal earthquakes, and in Figures 6.4.5-11 and 6.4.5-12 for RJB-based 
models for strike-slip and normal earthquakes. In all of the plots, the histograms are shifted to wider 
distributions for the common-form models, but for the RJB-based models, the shift is small.    

There are some scenarios for which the GMPEs give a wider range than the representative suite of 
common-form models in all of the plots. Part of the TI Team’s evaluation is to set weights for the 
common-from models which are not just based on equal weight to each GMPE.  Using different weights, 
the 5th and 95th fractiles for the GMPEs are expected to be different from the fractiles for the common-
form models.  Also, the shapes of CDFs of the common-form models (e.g. Figures 6.4.5-2 a through c), 
tend to be smoother than the shapes of the CDFS for the common-form models.  The less smooth CDFs 
of the GMPEs leads to some cases for which the GMPE fractiles are broader than the common-form 
model fractiles. 

6.4.5.5 Epistemic Uncertainty in Distance and Magnitude Scaling 

Figures 6.4.5-13 and 6.4.5-14 show range of distance and magnitude scaling in the representative suite 
of common-form models for PVNGS (Model A), normal style of faulting, and T = 0.01 sec, compared to 
the scaling of the candidate GMPEs and the candidate GMPEs with epistemic uncertainty.  The epistemic 
uncertainty of magnitude and distance scaling which is contained in the models is assessed by 
calculating the ratios of ground-motion predictions for different two different magnitudes and distances, 
and calculating their ratios. The range of the common-form models does not encompass all of the 
predictions from the candidate GMPEs plus epistemic uncertainty for every scenario. The data sets used 
for evaluating the alternative weight metrics shift the weights from each weighting each candidate 
GMPE. In particular, the use of the European data for normal faulting leads to different CBR that what 
have been by simply assigning equal weights to each candidate GMPE. Here, as shown in Appendix O, 
the hazard from the common-form models do encompass the hazard from the candidate GMPEs 
including additional epistemic uncertainty. This indicates that, when considering all scenarios relevant to 
the hazard, the range of the representative suite of common-form models is broad enough.  

Figure 6.4.5-15 and Figure 6.4.5-16 show an example of the epistemic uncertainty in distance and 
magnitude scaling, respectively, for PVNGS (Model A), normal style of faulting, for T = 0.01 sec. Figure 
6.4.5-15 shows the PSA ratio histogram for distance scaling for a M6 scenario. Figure 6.4.5-16 shows the 
PSA ratio histogram for magnitude scaling for a RX distance of -15 km. These figures show that the range 
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of magnitude and distance scaling in the representative models is broader than the range of the 
candidate GMPEs.   

Appendix H includes several plots showing epistemic uncertainty in distance and magnitude scaling for 
various periods for DCPP and PVNGS, respectively, in Sections 2.1.11, 2.1.12, 3.1.11, 3.1.12, 4.1.11 and 
4.1.12. 

 

6.5 Directivity Scaling Models 

6.5.1 Candidate Models for Directivity Scaling 

The most widely used models for incorporating directivity effects into ground motions are the 
Somerville et al. (1997) model and Abrahamson (2000) modification to this model.  These two models 
parameterize the directivity effect for strike-slip faults using X cos(theta) as the predictive parameter, 
where X=s/L is the ratio of the rupture length between the epicenter and the site (s), to the total rupture 
length (L), and theta is the azimuth between the fault strike and the site azimuth from the epicenter.  

In 2008, updated directivity models were developed as part of the PEER NGA-West1 ground-motion 
study. The expanded empirical data sets and numerical simulations for directivity from the 2008 studies 
showed that the directivity effect depends on the length s and not the normalized length X (Spudich and 
Chiou (2008). As an example comparison of using normalized versus un-normalized rupture lengths for a 
M8 earthquake, the directivity from the Spudich and Chiou (2008) directivity model is compared to the 
Abrahamson (2000) directivity model for T=3 seconds in Figure 6.5.1-1. The directivity effects from the 
Abrahamson (2000) model are similar to the Spudich and Chiou (2008) for the 100 km rupture length for 
X Cos(theta)>0.2.  The Abrahamson (2000) model was based on numerical simulations for M7.5 strike-
slip earthquakes. This figure shows that for longer or shorter rupture lengths, the older model based on 
the normalized rupture lengths is not similar to the Spudich and Chiou (2008) model.  

In addition to the effect of using un-normalized rupture lengths, Figure 6.5.1-1 also highlights the issue 
of centering of the directivity.  For M8, the Spudich and Chiou (2008) directivity model leads to positive 
directivity effects for almost all rupture locations (all values of X cos(theta)); however, the GMPE models 
are developed to have near zero mean residual for large magnitudes.  This indicates that the 2008 
directivity models are not directly applicable to the GMPEs without centering the directivity model.   

Chiou and Youngs (2014) addressed the issue of centering the directivity model by considering the 
sampling of the directivity for stations in the empirical data set compared to the distribution of 
directivity parameters for randomly located stations. In-depth discussions on the issue of centering can 
be also found in Spudich et al. (2014) and in Spudich and Chiou (2013). Because the candidate GMPEs 



Southwestern United States 
Ground Motion Characterization SSHAC Level 3 

TECHNICAL REPORT – Rev. 2 
 

 
 Chapter 6 - GMC Models for the Median: Overview and Methodology                            Page 6-34 

 

tend to fit the same limited large magnitude data, the centering of the directivity model for the Chiou 
and Youngs (2014) dataset can be assumed to also represent the centering for the other NGA-West2 
candidate GMPEs. For the non-NGA-West2 GMPEs used at DCPP (ASB14, ZH06 and ZL11), there are no 
available evaluations of the centering of the datasets for directivity parameters. The TI Team judged that 
directivity effects should be considered in all the models, for application to DCPP, given the short 
distances and large magnitudes of the controlling events; therefore, the TI Team models apply the Chiou 
and Youngs (2014) directivity centering to all the common-form models even though they were 
developed from a combination of NGA-West2 and non-NGA-West2 proponent models. 

The key outcome of using this directivity model is that, for sites at the same closest distance, the median 
of the ground motion will vary for different locations along strike.  That is, the GMPEs do not fully 
capture the scaling of the ground motion for sites located along the rupture (different directivity).  
Depending on the rupture and the site location, the directivity effect may increase or decrease the 
ground motion. Randomizing over the hypocenter location for the directivity implies variability in the 
median ground motions, which impacts the standard deviation.   

To simplify the application of the directivity model, Watson-Lamprey (2015) developed scale factors that 
describe the change in the median and total standard deviation as a function of the position along strike 
(RY) and the distance perpendicular to the strike of the rupture (RX). The Chiou and Youngs (2014) 
directivity model could be used, but randomizing over the hypocenter would increase the hazard 
calculation time, while the Watson-Lamprey’s models, which pre-calculated the effect of hypocenter 
randomization, expedites the calculation. In the Watson-Lamprey (2015) approach, the location of the 
hypocenter was randomized along the rupture, and the median and variability for the range of 
hypocenter locations was computed using the directivity effect predicted by Chiou and Youngs (2014), 
which is based on the directivity parameter DPP described in Chiou and Spudich (2013). The standard 
deviation reflects the effects of the variability of the random hypocenter on the rupture plane. The 
median reflects the bias for a particular site and rupture-plane geometry. For example, the site that is 
located at the end of the rupture plane will have a median which is positive, reflecting a bias compared 
to the ground-motion models without explicit directivity effects. This simplified model is applicable to 
both strike slip and dip slip earthquakes. 

An additional feature of the Watson-Lamprey model is an adjustment to the standard deviation given by 
the GMPEs.  This reduction is intended to avoid double counting of the variability due to directivity that 
is implicitly included in the standard deviation from the GMPEs and the variability that is computed from 
forward modeling due to randomizing the hypocenter locations. This reduction applies only to 
frequencies below 0.5 Hz. 
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The Watson-Lamprey simplified method for directivity effects is described in Attachment C, and 
summarized in the following section. The equations for the preferred directivity model are also provided 
in the following section. 

6.5.1.1 Watson-Lamprey (2015) Directivity Effects Model 

The Watson-Lamprey (2015) simplified implementation of directivity is documented in a PEER draft 
report that will be published in 2015. The basic steps followed by Watson-Lamprey (2015) do develop 
her model are described here. First, a suite of rupture geometries for strike-slip ruptures up to a 
moment magnitude of 8 and reverse ruptures up to a moment magnitude of 7.5 was created. Next, the 
mean and standard deviation of the change in the 5% damped pseudo-spectral acceleration at sites due 
to directivity by randomizing over hypocenters was calculated for a suite of sites out to a rupture 
distance of 70 km. The hypocenter randomization model for strike-slip ruptures was from Chiou and 
Youngs (2008b). For reverse ruptures, a new hypocenter distribution model was developed based on the 
hypocenters from large magnitude reverse events world-wide (see Attachment C, Section 4).  

Using the set of computed directivity factors, the mean and standard deviation of the change in the 5%-
damped pseudo-spectral acceleration was used to develop models for both strike-slip and reverse 
ruptures. The resulting factors for the median and standard deviation were fit to simple parametric 
models: for strike-slip earthquakes, the model parameters are rupture length, RX and RY; for reverse 
earthquakes, the model parameters are rupture width, rupture length, dip, RX and RY. Figure 6.5.1-2 
shows a schematic representation of the parameters utilized by the directivity model.   

An example of the scaling for a strike-slip fault with 80 km rupture length (M7) and a site located at an 
RX value of 3 km is shown in Figure 6.5.1-3 for two locations of the rupture, representative of the DCPP 
site and the Hosgri fault. For a rupture centered on the site (RY = 0), the median is slightly reduced and 

the additional standard deviation term ( _DIR SSσ ) is slightly increased. For a rupture with one end of the 

rupture plane near the site location (RY = 40 km), both the median and standard deviation are increased. 
This shows that the directivity effects will be strongest if the site is located at the end of the rupture for 
large strike-slip ruptures.  Attachment C has additional example cases. 

The functional forms of the directivity adjustment for strike-slip and reverse earthquakes are given 
below. Although some of the formulas are identical for the two style-of-faulting, the full ensemble of 
formulas is provided for the two different style-of-faulting for completeness. 

 

fDIR _ SS (M , RRUP , Rx , Ry , L) = FactorSS (M , RRUP , Rx , Ry , L)exp aM * M − c8b (T )( )2( )
× c8 _ ratio(T )TDIR _ R(RRUP )TDIR _ M (M )

 

 (Eq. 6.5-1) 
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and the functional form for reverse earthquakes is given by: 

 

fDIR _ RV (M , RRUP , Rx , Ry ,W , L, Dip) = FactorRV (M , RRUP , Rx , Ry ,W , L, Dip)exp bM * M − c8b (T )( )2( )
× c8 _ ratio(T )TDIR _ R(RRUP )TDIR _ M (M )

 

 (Eq. 6.5-2) 

where 

 

TDIR _ R(RRUP ) = max 1−
max RRUP − 40,0( )

30
,0







 (Eq. 6.5-3) 

 

TDIR _ M (M ) = min
max M − 5.5,0( )

0.8
,1







 (Eq. 6.5-4)
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 (Eq. 6.5-5) 
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(Eq. 6.5-6) 

 min ,1
/ 2
yR

RyRatio
L

 
=  

 
 

 (Eq. 6.5-7) 

For strike-slip sources, 2cos θ  is the average value of 2cos θ  evaluated over the length of the surface 
projection of the top of rupture and where θ  is the angle between the ray from a point on the surface 
of rupture to the site and the ray from the same point along strike.  This is calculated using the following 
equation: 
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  (Eq. 6.5-8) 

For reverse sources, 2cos φ  is the average value of 2cos φ  evaluated in the plane perpendicular to 

rupture over the width of the rupture and where  is the angle between the ray from a point on the 
rupture to the site and the ray from the same point up dip.  This is calculated using the following 
equation: 
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 (Eq. 6.5-9) 

For reverse sources, 2cos θ  is the average value of 2cos θ  evaluated over the length of the surface 
projection of the top of rupture and where θ is the angle between the ray from a point on the surface 
of rupture to the site and the ray from the same point along strike.  This is calculated using the following 
equation: 
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 (Eq. 6.5-10) 

The coefficients for the directivity effects for the median ground motion are listed in Table 6.5-1. 

The functional form of the directivity sigma adjustment for strike-slip earthquakes is given by: 
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fDIR _ SIG _ SS (M , RRUP , Rx , Ry , L) = FactorSS (M , RRUP , Rx , Ry , L)exp aM * M − c8b (T )( )2( )
× c8 _ ratio(T )TDIR _ R(RRUP )TDIR _ M (M )

  

   (Eq. 6.5-11) 

and the functional form for reverse earthquakes is given by: 

fDIR _ SIG _ RV (M , RRUP , Rx , Ry ,W , L, Dip) = FactorRV (M , RRUP , Rx , Ry ,W , L, Dip)exp bM * M − c8b (T )( )2( )
× c8 _ ratio(T )TDIR _ R(RRUP )TDIR _ M (M )

  

                                                                                                                              (Eq. 6.5-12)
 

where 

 

TDIR _ R(RRUP ) = max 1−
max RRUP − 40,0( )

30
,0







 (Eq. 6.5-13) 

 

TDIR _ M (M ) = min
max M − 5.5,0( )

0.8
,1







 

(Eq. 6.5-14)
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 (Eq. 6.5-15) 
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 (Eq. 6.5-16)

 

  min ,1
/ 2
yR

RyRatio
L

 
=  

 
 

 (Eq. 6.5-17) 

For strike-slip sources, 2cos θ  is the average value of 2cos θ  evaluated over the length of the surface 
projection of the top of rupture and where θ is the angle between the ray from a point on the surface 
of rupture to the site and the ray from the same point along strike.  This is calculated using the following 
equation: 
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  (Eq. 6.5-18) 

For reverse sources, 2cos φ  is the average value of 2cos φ  evaluated in the plane perpendicular to 

rupture over the width of the rupture and where  is the angle between the ray from a point on the 
rupture to the site and the ray from the same point up dip.  This is calculated using the following 
equation: 
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 (Eq. 6.5-19) 

For reverse sources, 2cos θ  is the average value of 2cos θ  evaluated over the length of the surface 
projection of the top of rupture and where θ  is the angle between the ray from a point on the surface 
of rupture to the site and the ray from the same point along strike.  This is calculated using the following 
equation: 
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 (Eq. 6.5-20) 

σ DIR _ SS = fDIR _ SIG _ SS
2 (M , RRUP , Rx , Ry , L)−σ CHANGE

2 (T )  (Eq. 6.5-21) 

σ DIR _ RV = fDIR _ SIG _ RV
2 (M , RRUP , Rx , Ry , L)−σ CHANGE

2 (T )  (Eq. 6.5-22) 
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2 ( )CHANGE Tσ  is the difference in the variance from the CY14 dataset if directivity effects are explicitly 

included or excluded in the model functional form.  To focus on the range important for directivity, the 
2 ( )CHANGE Tσ  is computed for large magnitudes and short distances (magnitudes greater than M6.5 and 

distances less than 20 km). The coefficients for the directivity effects for the sigma are listed in Tables 
6.5-2 (a and b). The improved fit is only seen for frequencies less than 0.5 Hz.  The reduction is zero for 
frequencies less than or equal to 0.5 Hz. 

6.5.2 TI Team’s Evaluation of Directivity Scaling Models  

The TI Team evaluated the simplified approach to directivity described in Section 6.5.1.1 and the 
evaluations are summarized below. 

The advantage of the Watson-Lamprey (2015) model is that it evaluates the net effect of variability in 
hypocenters on the directivity parameter rather than requiring a direct integration over hypocenter 
location for the hazard calculation. It has also estimates the impact on the standard deviation of other 
GMPEs in addition to the CY14 model. The model represents in average effects of directivity over the 
four NGA-West2 models. The cost of this simplification is that it may not capture all of the features of 
the CY14 model for the specific site-source geometry for DCPP. 

Limitations of the Watson-Lamprey (2015) model are that: 

1. It is only for straight faults; 
2. It applies the CY14 directivity to other GMPEs; 
3. It uses the changes to the standard deviation in the CY14 model to scale the standard 

deviations from the other GMPEs, and 
4. The review of the Watson-Lamprey (2015) model for publication as PEER report is not complete 

and the model in still draft. 

There are two major assumptions that are made in applying the CY14 centered directivity model to the 
GMPEs used in the DCPP GMC model: (1) that the large-magnitude distribution is similar amongst the 
NGA-West2 GMPEs so that similar directivity effects can be expected, and (2) that the centered CY14 
model can be applied to the NGA-West2 GMPEs to model these effects. Considering the similarities of 
the large-magnitude short-distance data used by the various modelers, the TI Team’s judgment is that 
the directivity effects will not become significant to hazard if separate centering models were developed 
for each GMPEs. PEER plans to develop GMPEs including directivity effects which are centered for each 
individual GMPE.  This work is currently scheduled to be completed in 2017. It is beyond the scope of 
SWUS to develop these models. 
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6.5.2.1 Evaluation of Alternative Directivity Models 

Because the Watson-Lamprey (2015) model is still in a draft report, the TI Team conducted simple 
checks to show that the results from the recommended model are reasonable in that they are 
consistent with the range of directivity effects from other directivity models, such as those shown in 
Figure 6.5.1-1. Because the long-period hazard at DCPP is controlled by the Hosgri fault (Section 4.1.4), 
the main concern for application of the directivity models is for strike-slip earthquakes at distances less 
than 10 km.  The DCPP site is not located up-dip from the Los Osos fault, so directivity effects from the 
dip-slip Los Osos fault would not be large.  

The TI Team used two simplified approaches to check the Watson-Lamprey directivity model. The first 
approach evaluates the directivity factors in the Watson-Lamprey model as compared with directivity 
models in terms of impact on ground motion for a specific scenario. The second approach evaluates the 
directivity effect on the hazard from the Hosgri fault for the DCPP site.   

6.5.2.2 Evaluation of Directivity Effects on Ground Motion for a Specific Scenario  

For the first evaluation, the directivity for a M7 earthquake at short distances is reviewed. Figure 6.5.1-3 
introduced in the previous Section shows the Watson-Lamprey (2015) model for M7 earthquakes with 
an 80 km rupture on a strike-slip fault for two sites at an RX distance of 3 km: a site located at the end of 
the rupture (RY = 40) and a site located at the center of the rupture (RY = 0).  At a period of 3 seconds, the 
median directivity term for a site located at the end of the rupture is 0.18 (or a factor 1.2).  At the center 
of the rupture, the directivity factor is -0.07 (factor of 0.93).  Using the previous directivity models 
shown in Figure 6.5.1-1, for a 100 km long fault, the Spudich and Chiou (2008) model has a maximum 
directivity factor for T = 3 sec of 1.5 and a minimum factor of 0.9. If the Spudich and Chiou (2008) model 
was centered so that the mean factor was about 1.0, then the range would be about 0.7 to 1.3.   

The Spudich and Chiou (2008) model is for a specified hypocenter location, while the Watson-Lamprey 
(2015) model is the average for a randomized hypocenter. The average directivity factor of 1.2 from the 
Watson-Lamprey model for sites located at the end of the rupture is in the upper range of the Spudich 
and Chiou model.  At the center of the rupture, the Watson-Lamprey model has an average directivity 
factor of 0.93, which is consistent with sites near the center of the rupture having slightly below average 
because the ruptures will, on average, be away from the center.  The standard deviation of the 
directivity factor is 0.15 for the site at the end of the rupture.  This is consistent with a range of ± 30 % (± 
0.28 in ln units) if the full range is taken to be about ± 2 standard deviations. 
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6.5.2.3 Evaluation of Directivity Effects on Hazard 

For the second approach, a sensitivity study was conducted to compare the hazard at DCPP using the full 
CY14 directivity model and the simplified Watson-Lamprey directivity model.  

The distributions of the along-strike and down-dip locations of the hypocenter are based on the 
distributions shown in Figures 6.5.2-1 and 6.5.2-2. For this sensitivity study, the following hypocenter 
distributions are used. 

For strike-slip earthquakes, the distribution labeled "Appendix D" in Figure 6.5.2-1 is used for the along-
strike distribution and the distribution labeled "CY2008” is used for the down-dip distribution.  For 
reverse earthquakes, the uniform distribution is used for the along-strike distribution and the CY2008 
distribution is used for the down-dip distribution. For both strike-slip and reverse earthquakes, the 
hypocenters are restricted to be at least 10% of the rupture length from the ends of the rupture as 
recommended by Chiou and Spudich (2013). 

In the hazard code, these distributions are discretized into 10 locations along strike and 3 locations 
down dip.  The discrete probabilities for these locations are given in Tables 6.5-3 (a and b). 

The CY14 directivity model was developed for the CY14 GMPE. The CY14 directivity model uses the 
difference in the value of the parameter called DPP at the site of interest from the mean value of DPP 
for sites located at the same RRUP for a given rupture. This difference in the site-specific value and the 
mean value is called DPP∆ . The hazard was computed using the CY14 GMPE (both the median and 
standard deviation for the CY14 model are used).  Three alternative directivity models are used to 
compute the hazard:  

 1)  No site-specific directivity added (e.g. ∆DPP = 0 ); 

 2) The CY14 directivity model is added using the hypocenter distributions listed in Tables 6.5-3 (a 
and b); 

 3) The simplified Watson-Lamprey (2015) directivity model is added. 

The hazard was computed for a period of T = 3 sec.  At long periods the Hosgri is the main contributor to 
the hazard: at T=3 sec, the Hosgri contributes about 60% of the hazard at an APE of 10-4 and about 75% 
of the hazard at an APE of 10-5. This contribution is based on the final 2015 DCPP SCC (PG&E, 2015) for 
the Hosgri fault. Given that the long-period hazard is controlled by the Hosgri fault, the sensitivity study 
is based on the impacts on the hazard from the Hosgri fault source only. 

To show the effect of two directivity models, the ratio of the ground motion for T = 3 sec with directivity 
to the ground motion for T = 3 without directivity is shown in Figure 6.5.2-3. In the 10-3 to 10-5 AFE 
range, the CY14 model and the Watson-Lamprey (2015) model leads to similar directivity factors of 1.01 
to 1.05.  At lower hazard levels (10-6), the models become more different with the CY14 model showing 
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increasing directivity effects, up to a factor of 1.08, while the Watson-Lamprey model shows a decrease 
to back to a factor of 1.00. 

From this comparison, the TI Team concludes that the directivity effects based on the simplified 
Watson-Lamprey (2015) model leads to results consistent with the CY14 directivity model in the 10-4 to 
10-5 range, but the Watson-Lamprey model leads to smaller directivity effects at the 10-6 hazard level.  
The TI Team attributes this difference to the reduction of the standard deviation before adding 
directivity effects in the Watson-Lamprey model as discussed below in Section 6.5.2.4.  

6.5.2.4 Evaluation of Reduction of the Standard Deviation  𝝈𝑪𝑯𝑨𝑵𝑮𝑬𝟐 (𝑻)   

The Watson-Lamprey model includes a reduction in the standard deviation for frequencies less than 0.5 
Hz to account for the improved fit to the large magnitude (M ≥ 6.5) and near-fault (RRUP ≤ 20 km) data if 
the CY14 directivity parameter ( DPP∆ ) is included in the functional form of the ground-motion model. 
The size of the reduction was computed by fitting the data used to develop the CY14 model with two 
functional forms: one with the DPP∆  parameter and one without the DPP∆  parameter. The 
difference in the variance of the within-event residuals for M ≥ 6.5 and RRUP ≤ 20 km for these two 

regression analyses provides an estimate of 2 ( )CHANGE Tσ . 

The reduction of the standard deviation is intended to avoid double counting the aleatory variability 
implicitly included in the aleatory variability for the GMPEs and the computed aleatory variability due to 
the forward modeling of directivity effects using the CY14 directivity model.  To evaluate if this 
reduction is appropriate, the within-event standard deviation was computed for subsets of the residuals 

for NGA-west data sets (these are the same residuals that are used to compute the SSφ ).   

The first set of subsets is for M ≥ 6.5 and RRUP ≤ 20 km, consistent with the subsets used by Watson-
Lamprey (2015).  The computed φ  and the number of recordings for the ASK14, BSSA14, CB14, and 

CY14 models are listed in Table 6.5-4.  The three GMPEs that did not include directivity as a parameter 
(ASK14, BSSA14, and CB14) have similar values of φ  (0.54 to 0.57), but the GMPE that included 

directivity as a parameter (CY14) has the largest φ  value of 0.63. This is counter-intuitive because 

adding an additional predictive parameter should, in general, lead to a better fit to the data and a 
smaller standard deviation.  There are differences in the selected subsets for the four GMPEs, but the 
total number of recordings for the ASK14 and CB14 GMPEs are similar to the number for the CY14 
GMPEs, so data set differences are not a likely cause of this counter-intuitive result. 

The second set of subsets is for M ≥ 6.5 and RRUP ≤ 50 km, consistent with the distance range used for 

the development of the global SSφ  models (see Section 5.4.1). The φ  and the number of recordings for 

the ASK14, BSSA14, CB14, and CY14 models are also listed in Table 6.5-4. Comparing the φ  values for 
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the two distance ranges, there is not a consistent trend between the four GMPEs: two of the GMPEs 
show no change for the two distance ranges, one GMPE shows slightly larger φ  values at short 

distances, and one GMPE shows smaller φ  values at short distances.  If there was a large increase in the 

φ  value at short distances due to directivity, then the φ  values at short distances should be 

systematically larger than at larger distances for the three GMPEs that did not include directivity as a 
parameter.  This is not seen in the results shown in Table 6.5-4.   

Based on the lack of consistent large increase in the φ  at short distances from the empirical data, there 

is not clear empirical evidence for a large increase in the standard deviation at short distances.  One 
possible explanation for the lack of an observed increase in the φ  at short distances may be that the 

available empirical data do not adequately sample the directivity effects (inadequate station coverage in 
the empirical data sets).  Although the available empirical data may not be a representative sample of 
the full range of directivity conditions, the empirical data should capture some of the directivity effects 
on the φ  value.  Without a consistent trend seen in the φ  values for the two distance ranges, the TI 

Team judged that the approach used by Watson-Lamprey to avoid double counting the aleatory 
variability due to directivity is appropriate.   

6.5.2.5 Summary of Evaluation of the Watson-Lamprey Directivity Model 

Based on the three comparisons given above, the TI Team judged that the directivity scaling in the 
Watson-Lamprey (2015) simplified implementation are consistent with previous directivity models and 
are adequate for evaluating the impact of directivity on the hazard for hazard. At a period of 2 seconds, 

used for the sensitivity studies in Section 14.2.1, the reduction of the standard deviation ( 2 ( )CHANGE Tσ ) 

in the Watson-Lamprey model is zero, so the reduction of the standard deviation is not an issue for the 
sensitivity studies.  At periods longer than 3 seconds, the reduction of the standard error is an issue.    
For a period of 3 seconds, the results of the CY14 model and Watson-Lamprey model are similar for 
hazard levels in the 10-3 to 10-5 AFE, but at hazard levels below 10-5, the Watson-Lamprey simplified 
model may not fully capture directivity effects.  

The primary effect of the directivity using the CY14 model is to increase the standard deviation because 
the variability due to directivity is added to the standard deviation from the GMPE.  In contrast, the 
Watson-Lamprey model reduces the standard deviation from the GMPE based on the improved fit to 
the residuals in the CY14 data set to avoid double counting variability for application to other GMPEs 
that did not directly include directivity effects.  There is uncertainty as to which approach is correct.  The 
evaluation of the empirical data, shown in Table 6.5-4, does not support the large difference in the 
standard deviation at short distances implied by the CY14 model; however, this may reflect the 
limitations of the available empirical ground motion data close to large magnitude earthquakes. 
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The epistemic uncertainty in the standard deviation is captured in the GMC model through the logic 
trees described in Chapter 13.  The range of the total sigma from Chapter 13 leads to a broad range 
(factors of 1.15 to 1.25) on the ground motion for AFE of  10-4 to 10-6, as shown in the hazard sensitivity 
results in Chapter 14 for T = 2 seconds.  The same range of epistemic uncertainty will apply for T = 3 
seconds. Therefore, the potential effects on the standard deviation due to directivity are well within the 
range of the total sigma logic trees described in Chapter 13.  

The Watson-Lamprey (2015) model has a large advantage over the CY14 model in terms of the required 
computation time for hazard calculations because the randomization of the hypocenters is done outside 
of the hazard calculation. This allows for more sensitivity cases to be implemented. 

The hazard sensitivity results in Section 14.2.1 showed that including or not including the directivity 
effect had a small impact on the hazard for a spectral period of 2 seconds. The TI Team’s judgment is 
that, if the CY14 model was fully implemented, the results would fall within the range captured by the 
total sigma uncertainty. 

Because (1) the Watson-Lamprey (2015) model is still under review a PEER, (2) the effect on the hazard 
at DCPP is small, (3) questions about the applicability of the CY14 centering and directivity models to 
other GMPEs, and (4) large increase in hazard run times with little expected effect if the CY14 directivity 
model is implemented in the hazard integral, the TI Team judged that the Watson-Lamprey (2015) 
directivity model should not be applied for either DCPP or PVNGS.  

By excluding the directivity adjustment model in the logic trees for both sites has an implicit assumption 
that the variability of the ground motion due to directivity is captured by the standard deviation by the 
GMPEs for the two sites. The basis for this assumption is discussed below.  

The standard deviation of GMPEs is due to the simplification of the source, path, and site effects (the 
single-station sigma approach is used which removes the simplification for site effects, so all that 
remains is the source and path). A key assumption in using the single-station standard deviation from 
empirical GMPEs for hazard calculations is that the data used to develop the GMPEs are a representative 
range of other aspects of the source and path that are not captured in the simple parameters used in 
the GMPEs.  This would include the location of the hypocenter (e.g. directivity), slip distribution, rupture 
velocity, rise time (or complete slip time function), and 3-D crustal path effects.   Directivity is just one of 
the parameters that is assumed to be representatively sampled in the empirical data.  

In magnitude-distance ranges for which there are large numbers of recordings, forward, neutral and 
backward directivity conditions are all sampled.  The TI Team assumes that the sampled distribution is 
representative of the distribution of future earthquakes.  

In magnitude-distance ranges for which there are fewer data (e.g. large magnitudes at short distance), it 
is less likely that the distribution of directivity effects in available empirical data set is representative of 
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the distribution of directivity effects for a future earthquake at a specific site.  For this reason, the TI 
Team used the Watson-Lamprey simplified model to check this for DCPP site, which has nearby faults. 
The results of the sensitivity study indicate that the variability of the ground motion at the DCPP site is 
consistent with the average variability for all sites. 

 

6.6 Path Effects Models for PVNGS distant California and Mexico Sources 

6.6.1 TI Team Models for Path Effects 

With the recent large increase in the ground-motion data sets, systematic site, path, and source effects 
can be seen in the ground-motion residuals.  A summary of the size of these systematic effects is given 
in Lin et al. (2011). The Lin et al. (2011) study showed that the site and path effects lead to similar 
uncertainties in the estimation of the ground motion at a specific site from an earthquake in a specific 
region.   With data from a region, these path effects can be estimated, removing the path term from the 
aleatory variability in the traditional ergodic approach for ground-motion models. 

The path terms (systematic deviations from the average distance scaling for a given source-site pair) for 
central Arizona from earthquakes in California and Mexico are based on the Arizona dataset consisting 
of earthquakes from California and Mexico that have been recorded at the 9 stations in the vicinity of 
PVNGS (Figure 6.6.1-1).  From this dataset, 49 records from 11 earthquakes with rupture distances from 
200 to 500 kilometers are evaluated to compute the path terms. Data from one event (NGA EQID 1017, 
M4.6 occurred on September 5, 2008) was an outlier in terms of the within-event residuals for the 
BSSA14 model. The TI Team found that the data from event 1017 are primarily at large distance. As a 
result, the event term captures the difference in distance scaling. This leads to an inconsistency for the 
event-term correction of the within-event residuals of the BSSA14 model. The BSSA14 within-event 

residuals are a clusters of outliers, leading to path SP Rφ −  estimates that are larger than the ergodic φ . 

The TI Team judged that the trade-off between event terms and distance attenuation made it be 
unreliable, and removed this event for the path-effects evaluations. 

As a result, the available data set includes 4 earthquakes in Region 1, 3 earthquakes in Region 2, and 3 
earthquakes in Region 3.  

For the development of the path term, first the average path term for all source regions shown in Figure 
6.6.1-1 is computed.  Next, the path term is evaluated separately by region to determine if there is a 
difference in the path terms for different source locations.  The idea is that there may be differences in 
the wave propagation from earthquakes located northwest of central Arizona compared to earthquakes 
located west or southwest of central Arizona.   
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The development of the TI Team models for the path terms is described in Section 7.4.1.  The estimated 
path terms and the resulting path term models for each of the three regions are shown in Chapter 7 
(Figure 7.4.1-6).  

6.6.2 Evaluation of Path Effects Models  

As shown in Figure 7.4.1-6, the median path terms for Regions 2 and 3 are similar, about -0.6 ln units, 
whereas the median path terms for Region 1 are about +0.1 ln units (positive path terms correspond to 
increased ground motion relative to the distance scaling in the reference GMPE, while negative path 
terms correspond to reduced ground motion relative to the distance scaling in the reference GMPE).  
The large negative path term for regions 2 and 3 could be due to paths crossing the Gulf of California 
region where high heat flow would affect attenuation. Because the path terms for Regions 2 and 3 are 
similar, the path terms for these two regions are combined.  The path terms for the combined regions 
are listed in Table 6.6-1 and shown in Figure 6.6.1-2. The epistemic uncertainty in the path terms shown 
in Table 6.6-1 is based on the limited sample size. Because the effects of the limited sample size are 
already captured in the epistemic uncertainty, there is no need for additional epistemic uncertainty in 
the path terms due to small sample size. Additional epistemic uncertainty for large magnitude scaling is 
included as described in Section 9.2.4.  

The TI Team compared the path terms shown in Table 6.6-1 with the range of path terms estimated by 
Lin et al. (2011) for Taiwan. The Lin et al. standard deviations of the path terms at long periods range 
from 0.32 ln units (PSA for T = 1 sec) to 0.35 ln units (PSA for T = 3 sec). The path terms estimated for 
Regions 1, 2 and 3 are within the 5th to 95th range of the path terms from Lin et al. The TI Team judged 
that the estimated median path terms are consistent with the range of path terms seen in the Lin et al. 
data set, and are, therefore, reasonable.  

Although there is a small number of events for path effects (3 earthquakes in Region 1 and 7 
earthquakes in combined Region 2&3), there is enough to distinguish significant path effects with 
reduced ground motions for earthquakes in Regions 2&3.  Discussion on the weights associated to the 
branches accounting for the path effects is included in the Section 9.2.3. 

 

6.7 Models for Ground-Motion Computation for Splay and Complex Ruptures 

As described in Chapter 4, the SSC for DCPP includes rupture scenarios that involve rupture of multiple 
fault segments including fault segments with major changes in the rake, dip, and rupture width (called 
complex ruptures) and ruptures of a splay fault off of a main rupture.  While these complex and splay 
ruptures have very low rates of occurrence in the 2015 DCPP SSC and will, therefore, have little effect on 
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the hazard, the hazard analysts will require rules for implementing these ruptures using the GMPEs.  For 
complex ruptures, the key issue is how to specify the style-of-faulting parameter which affects the 
scaling, and how to specify the dip and rupture width which affects the HW scaling.  

6.7.1 Alternative Methods 

Four alternative methods for using the GMPEs to compute the ground motion for complex and splay 
ruptures are described in Appendix J (Section J.4).  The four methods are listed below: 

• METHOD 1:  Square Root of the Sum of the Squares (SRSS) of the PSA from Multiple Fault 
Segments 

• METHOD 2:  Approximate as a Single Fault using Fault Parameters weighted by the Area of the 
fault  

• METHOD 3:  Approximate as a Single Fault using Fault Parameters Averaged using fault 
parameters weighted by 1/R2 where R is the distance from the site to a point on the rupture 
plane. 

• METHOD 4:  Approximate as a Single Fault using Closest Segment Parameters 

Method 1 takes the approach of computing the square root of the sum of the squares (SRSS) of the PSA 
values from each of the individual rupture segments (an individual segment is a part of the rupture that 
has similar rake, and dip and width): 

2 2
1 2SRSS Fault FaultPSA PSA PSA= +        (Eq. 6.7-1) 

Method 1 is distinct from Methods 2, 3, and 4 in that it is the only method in which the individual 
rupture segments are treated separately in the GMPEs (separate magnitudes, rakes, dips, widths, and 
distance metrics for each source) and their ground motions combined in a separate step.  Methods 2, 3, 
and 4 represent different ways of creating a single set of predictor variables (distance, magnitude, rake, 
dip and down-dip width) that can be used directly in the GMPEs. The motivation behind Method 1 is 
that the ground motion can be considered to be the combination of the ground motions from separate 
sub-faults from an extended rupture.  

Method 2 calculates the average fault parameters (rake, dip, and down-dip width) along strike weighted 
by the area of each of the individual participating rupture segments.  The distance metrics (RRUP, RJB, and 
RX) are based on the distances for the closest point on the rupture plane from the site of interest.  The 
magnitude is the magnitude for the combined ruptures.   

Method 3 calculates the average fault parameters (rake, dip, and down-dip width) weighted by 1/R2. The 
fault ruptures are discretized and weighted averages for rake, dip, and down-dip width are computed 
based on inverse-squared distance to the rupture plane (1/R2) in the following way: 
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Dipave =

Dipi

Ri
2∑

1
Ri

2∑
        (Eq. 6.7-2) 

Similar weighted averages are used for the rake and the rupture width. The distance metrics (RRUP, RJB, 
and RX) are based on the distances for the closest point on the rupture plane from the site of interest. 
The magnitude is the magnitude for the combined ruptures.   

Method 4 is the simplest of the four approaches. The fault parameters and the distance metrics are 
taken from the closest point along the rupture to the site of interest. The magnitude is the magnitude 
for the combined ruptures.    

The rupture dimensions of the faults are consistent with the Leonard (2010) magnitude-area scaling 
relations, which was used for the BBP validation scenarios. Details on rules followed for the rupture 
scenario parameterization are included in Section 5.2.3.1.  

6.7.2 Evaluation of Alternative Models 

6.7.2.1 Evaluation of Alternative Methods for Complex Ruptures 

Although several of the earthquakes in the NGA-West2 database had complex or splay ruptures, 
Somerville (2011), as part of the DCPP Workshop #1, reviewed the available empirical data and found 
that there are only a few recordings at close distances (less than 10 km) from these complex and splay 
rupture scenarios to evaluate the alternative methods listed above. Therefore, the evaluation of the 
alternative approaches for computing the ground motions for complex ruptures is based on the scaling 
from finite-fault simulations using the SCEC Broadband Platform (BBP).  As described in Appendix J 
(Section J.4), the ground motions are simulated for each of the ruptures separately and are then 
combined in the time domain.  The ratio of the response spectra from the combined rupture to the 
response spectra from the primary rupture (the segment with the largest moment release) is used to 
evaluate the alternative methods.     

For complex ruptures, two cases are modeled:  (1) a strike-slip rupture and a reverse rupture with 
similar magnitude, and the site is located close to the dip-slip rupture (Complex Scenario 1B shown in 
Figure 6.7.2-1), and (2) a strike-slip primary rupture and a smaller reverse secondary rupture, and the 
site is close to the strike-slip rupture but still near the reverse rupture (Figure 5.2.3-4). Table 6.7-1 lists 
the fault parameters and distance metrics used for Complex Scenario 1B, which is used as an example of 
the approach for evaluating the four alternative methods for computing the ground motion for complex 
ruptures using GMPEs.  Figure 6.7.2-2 shows the ln of the complex/primary PSA ratios from the BBP 
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simulations as a function of frequency.  The ratios are generally small (less than 0.2 ln units). For 
comparison, the ratios for the four methods are shown in Figure 6.7.2-3.  Method 1 leads to similar 
ratios as the simulations, whereas methods 2, 3, and 4 all over-predict the ratios at low frequencies. 
Similar comparisons were made for the other Complex Scenarios described in Tables 5.2.3-2 and 5.2.3-3 
with similar results (described in Appendix J, Section J.4.2). Based on these comparisons, the TI Team 
selected Method 1 to estimate the ground motions for complex ruptures. 

6.7.2.2 Evaluation of Alternative Methods for Splay Ruptures 

The evaluation of the alternative approaches for computing the ground motions for splay ruptures is 
similar to the evaluation for complex ruptures: finite-fault simulations using the SCEC Broadband 
Platform (BBP) are generated for the separate ruptures and the ground motions are combined in the 
time domain as described in Appendix J (section J.4).  The ratio of the response spectra from the 
combined rupture to the response spectra from the main rupture is used to evaluate the alternative 
methods.     

For splay ruptures, two cases are modeled: (1) a strike-slip primary rupture with a strike-slip splay, with 
the site closer to the secondary (splay) segment (Splay Scenario 1C shown in Figure 6.7.2-4), and (2) a 
dip-slip rupture with a dip-slip splay both intersecting at depth with the primary rupture truncating the 
secondary rupture, and the site on the hanging-wall side, close the secondary segment surface trace 
(Figure 5.2.3-7).  

Table 6.7-2 lists the fault parameters and distance metrics used for Splay Scenario 1C, which is used as 
an example of the approach for evaluating the four alternative methods for computing the ground 
motion for splay ruptures using GMPEs.  Figure 6.7.2-5 shows the ln of the ratio of the PSA from the 
combined primary rupture and splay rupture to the PSA from the primary rupture from the BBP 
simulations as a function of frequency for each of the three simulation methods.  The ratios increase 
with frequency. For comparison, the ratios for the four methods are also shown in Figure 6.7.2-6.  The 
main difference between the four methods is at the lower frequency range.  Method 1 leads to small 
ratios at low frequencies, consistent with the results from the simulations, whereas the other three 
methods tend to over-predict the effect at low frequencies.  Similar comparisons were made for the 
other Splay Scenarios described in Tables 5.2.3-4 and 5.2.3-5 with similar results (described in Appendix 
J, Section J.4.3). Based on these comparisons, the TI Team selected Method 1 to estimate the ground 
motions for splay ruptures. 
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Table 6.1-1: 17 periods considered for the Sammon’s map application to the SWUS GMC Project. For this 
application, the PSA at 0.01 sec is considered representative of the PGA. 

Period 
(sec) 

0.01 (PGA) 
0.02 
0.03 
0.05 

0.075 
0.1 

0.15 
0.2 

0.25 
0.3 
0.4 
0.5 

0.75 
1.0 
1.5 
2.0 
3.0 
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Table 6.3-1: Fixed and variable coefficients obtained during the derivation of the HW model 

Period 
(sec) 

Fixed Effects Coefficients Variability 

C1 C2 C3 C4 
Random 
C1 Sigma 

Residual 
Sigma 

Epistemic 
C1 Sigma 

0.01 1.0384 0.2160 2.0289 0.1675 0.1032 0.0474 0.1136 
0.02 1.0465 0.2172 2.0260 0.1666 0.1095 0.0477 0.1195 
0.03 1.0674 0.2178 2.0163 0.1670 0.1320 0.0488 0.1407 
0.05 1.1210 0.2199 1.9870 0.1699 0.1802 0.0515 0.1874 

0.075 1.1335 0.2218 1.9906 0.1817 0.1766 0.0531 0.1844 
0.1 1.1354 0.2213 1.9974 0.1717 0.1838 0.0533 0.1914 

0.15 1.0796 0.2169 2.0162 0.1814 0.1319 0.0506 0.1413 
0.2 1.0825 0.2131 1.9746 0.1834 0.1473 0.0486 0.1551 

0.25 1.0435 0.1988 1.9931 0.1767 0.1072 0.0462 0.1167 
0.3 1.0406 0.2019 2.0179 0.1658 0.1259 0.0462 0.1342 
0.4 1.0115 0.2090 2.0249 0.1624 0.1474 0.0456 0.1543 
0.5 0.9822 0.2053 2.0041 0.1719 0.1547 0.0438 0.1608 

0.75 0.9968 0.1713 1.8697 0.1866 0.2519 0.0439 0.2557 
1 0.8719 0.1571 1.8526 0.3143 0.1604 0.0467 0.1671 

1.5 0.7402 0.1559 1.8336 0.3195 0.1508 0.0394 0.1559 
2 0.6094 0.1559 1.7996 0.3246 0.1421 0.0319 0.1457 
3 0.3036 0.1616 1.6740 0.3314 0.1163 0.0151 0.1173 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Southwestern United States 
Ground Motion Characterization SSHAC Level 3 

TECHNICAL REPORT – Rev. 2 
 

 
 Chapter 6 - GMC Models for the Median: Overview and Methodology                            Page 6-58 

 

Table 6.3-2: Coefficients for SWUS GMC HW Adjustment Model  

Period (s) Model-dependent C1 Coefficients Coefficients held Constant for all 
five models 

Model 
HW1 

Model 
HW 2 

Model 
HW 3 

Model 
 HW 4 

Model  
HW 5 

C2 C3 C4 

0.01 0.868 0.982 1.038 1.095 1.209 0.2160 2.0289 0.1675 
0.02 0.867 0.987 1.046 1.106 1.226 0.2172 2.0260 0.1666 
0.03 0.856 0.997 1.067 1.138 1.278 0.2178 2.0163 0.1670 
0.05 0.840 1.027 1.121 1.215 1.402 0.2199 1.9870 0.1699 

0.075 0.857 1.041 1.133 1.226 1.410 0.2218 1.9906 0.1817 
0.1 0.848 1.040 1.135 1.231 1.422 0.2213 1.9974 0.1717 

0.15 0.868 1.009 1.080 1.150 1.292 0.2169 2.0162 0.1814 
0.2 0.850 1.005 1.082 1.160 1.315 0.2131 1.9746 0.1834 

0.25 0.868 0.985 1.044 1.102 1.219 0.1988 1.9931 0.1767 
0.3 0.839 0.974 1.041 1.108 1.242 0.2019 2.0179 0.1658 
0.4 0.780 0.934 1.011 1.089 1.243 0.2090 2.0249 0.1624 
0.5 0.741 0.902 0.982 1.063 1.223 0.2053 2.0041 0.1719 

0.75 0.613 0.869 0.997 1.125 1.380 0.1713 1.8697 0.1866 
1 0.621 0.788 0.872 0.955 1.123 0.1571 1.8526 0.3143 

1.5 0.506 0.662 0.740 0.818 0.974 0.1559 1.8336 0.3195 
2 0.391 0.537 0.609 0.682 0.828 0.1559 1.7996 0.3246 
3 0.128 0.245 0.304 0.362 0.480 0.1616 1.6740 0.3314 
4 0 0.034 0.088 0.138 0.231 0.1616 1.6740 0.3314 
5 0 0 0 0 0.040 0.1616 1.6740 0.3314 

7.5 0 0 0 0 0 0.1616 1.6740 0.3314 
10 0 0 0 0 0 0.1616 1.6740 0.3314 
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Table 6.4-1: Ground-motion levels (g) for PVNGS RRUP-based (Model A) and RJB-based (Model B) 
common-form models used in the calculation of hazard curves and deaggregation. 

Period 
(sec) A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 

0.01 0.0004 0.001019 0.002593 0.006604 0.016816 0.042818 0.109027 0.277618 0.706903 1.8 
0.02 0.0004 0.001012 0.002561 0.006479 0.016394 0.041479 0.104951 0.265546 0.671884 1.7 
0.03 0.0004 0.001025 0.002625 0.006724 0.017224 0.044123 0.113029 0.289541 0.741706 1.9 
0.05 0.0004 0.001056 0.00279 0.007368 0.019459 0.05139 0.135721 0.358436 0.94662 2.5 
0.075 0.0003 0.000841 0.002356 0.006604 0.018508 0.05187 0.14537 0.407411 1.1418 3.2 
0.1 0.0003 0.000846 0.002388 0.006739 0.019013 0.053647 0.151365 0.427081 1.20502 3.4 
0.15 0.0003 0.000859 0.002462 0.007054 0.020209 0.057896 0.165863 0.475177 1.36132 3.9 
0.2 0.0003 0.000854 0.002434 0.006931 0.019741 0.056227 0.160143 0.456113 1.29908 3.7 
0.25 0.0003 0.000846 0.002388 0.006739 0.019013 0.053647 0.151365 0.427081 1.20502 3.4 
0.3 0.0003 0.000835 0.002323 0.006463 0.017985 0.050043 0.139248 0.387465 1.07814 3.0 
0.4 0.0004 0.001056 0.00279 0.007368 0.019459 0.05139 0.135721 0.358436 0.94662 2.5 
0.5 0.0004 0.001036 0.002684 0.006952 0.018008 0.046646 0.120828 0.31298 0.810715 2.1 
0.75 0.0003 0.000767 0.001961 0.005013 0.012817 0.032769 0.083777 0.214187 0.547596 1.4 
1.0 0.0001 0.000281 0.000791 0.002224 0.006254 0.017588 0.049461 0.139093 0.391155 1.1 
1.5 0.0001 0.000267 0.000715 0.001913 0.005116 0.013683 0.036593 0.097866 0.261737 0.7 
2.0 0.0001 0.000258 0.000664 0.00171 0.004405 0.01135 0.02924 0.075332 0.194077 0.5 
3.0 0.00005 0.000131 0.000346 0.000909 0.002389 0.00628 0.01651 0.043404 0.114111 0.3 
 
 
 
Table 6.4-2: Ground-motion levels (g) for DCPP RRUP-based (Model A) common-form models used in the 
calculation of hazard curves and deaggregation. 

Period 
(sec) A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 

0.01 0.1 0.162725 0.264794 0.430887 0.701161 1.14097 1.85664 3.02121 4.91627 8.0 
0.02 0.1 0.162725 0.264794 0.430887 0.701161 1.14097 1.85664 3.02121 4.91627 8.0 
0.03 0.1 0.16681 0.278256 0.464159 0.774264 1.29155 2.15444 3.59381 5.99484 10.0 
0.05 0.1 0.170224 0.289761 0.493242 0.839616 1.42923 2.43288 4.14134 7.04955 12.0 
0.075 0.1 0.174497 0.304492 0.531329 0.927154 1.61786 2.82311 4.92624 8.59614 15.0 
0.1 0.2 0.329737 0.543633 0.896281 1.47769 2.43624 4.0166 6.62211 10.9178 18.0 
0.15 0.2 0.329737 0.543633 0.896281 1.47769 2.43624 4.0166 6.62211 10.9178 18.0 
0.2 0.2 0.329737 0.543633 0.896281 1.47769 2.43624 4.0166 6.62211 10.9178 18.0 
0.25 0.1 0.174497 0.304492 0.531329 0.927154 1.61786 2.82311 4.92624 8.59614 15.0 
0.3 0.1 0.174497 0.304492 0.531329 0.927154 1.61786 2.82311 4.92624 8.59614 15.0 
0.4 0.1 0.170224 0.289761 0.493242 0.839616 1.42923 2.43288 4.14134 7.04955 12.0 
0.5 0.09 0.151897 0.256363 0.432675 0.730244 1.23247 2.08008 3.51065 5.92507 10.0 
0.75 0.05 0.085112 0.144881 0.246621 0.419808 0.714613 1.21644 2.07067 3.52477 6.0 
1.0 0.02 0.037693 0.07104 0.133887 0.252332 0.475563 0.896281 1.6892 3.18358 6.0 
1.5 0.01 0.019459 0.037865 0.073681 0.143374 0.27899 0.542884 1.05639 2.05562 4.0 
2.0 0.009 0.017162 0.032725 0.062403 0.118993 0.226904 0.432675 0.825052 1.57326 3.0 
3.0 0.004 0.007979 0.015916 0.031748 0.063329 0.126325 0.251984 0.502642 1.00264 2.0 
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Table 6.4-3: Number of common-form models selected for each period for application to DCPP and 
PVNGS (referred to as representative suite of common-form models). 

Period 
(sec) 

Number of representative common-form models 
DCPP PVNGS Model A PVNGS Model B 

PGA 23 23 23 
0.02 25 23 23 
0.03 25 23 22 
0.05 24 24 23 

0.075 23 23 21 
0.1 22 24 21 

0.15 23 22 22 
0.2 23 21 20 

0.25 23 21 20 
0.3 22 20 19 
0.4 23 17 19 
0.5 23 16 19 

0.75 26 21 21 
1 27 21 22 

1.5 27 23 23 
2 27 24 23 
3 25 25 24 
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Table 6.5-1: Coefficients for directivity effect adjustments to the media for SS and REV earthquakes. 

Median for SS earthquakes Median for REV earthquakes 
Period-

Independent 
Coefficients 

Period-Dependent 
Coefficients 

Period-
Independent 
Coefficients 

Period-Dependent 
Coefficients 

a0 -0.078101 
Period 
(sec) 

c8_ratio c8b b0 -0.13414 
Period 
(sec) 

c8_ratio c8b 

a1 -0.033923 0.01 0.000 0.483 b1 0.022371 0.01 0.000 0.483 
a2 0.20067 0.02 0.000 1.214 b2 0.047363 0.02 0.000 1.214 
a3 0.149361 0.03 0.000 1.642 b3 0.02078 0.03 0.000 1.642 
aM -0.3004 0.05 0.000 2.181 b4 0.1042 0.05 0.000 2.181 

  0.075 0.000 2.609 b5 0.00716 0.075 0.000 2.609 
  0.1 0.000 2.912 b6 -0.1239 0.1 0.000 2.912 
  0.15 0.000 3.340 b7 0.069512 0.15 0.000 3.340 
  0.2 0.000 3.643 b8 0.076094 0.2 0.000 3.643 
  0.25 0.000 3.879 bM -0.26717 0.25 0.000 3.879 
  0.3 0.000 4.071   0.3 0.000 4.071 
  0.4 0.000 4.375   0.4 0.000 4.375 
  0.5 0.460 4.610   0.5 0.460 4.610 
  0.75 0.920 5.038   0.75 0.920 5.038 
  1 1.000 5.341   1 1.000 5.341 
  1.5 1.000 5.769   1.5 1.000 5.769 
  2 1.000 6.072   2 1.000 6.072 
  3 1.000 6.500   3 1.000 6.500 
  4 1.000 6.804   4 1.000 6.804 
  5 1.000 7.039   5 1.000 7.039 
  7.5 1.000 7.467   7.5 1.000 7.467 
  10 1.000 7.770   10 1.000 7.770 
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Table 6.5-2a: Coefficients for Directivity Adjustment Model for the Sigma 

Sigma for SS earthquakes Sigma for REV earthquakes 
Period-

Independent 
Coefficients 

Period-Dependent 
Coefficients 

Period-
Independent 
Coefficients 

Period-Dependent 
Coefficients 

a0 0.029001 
Period 
(sec) 

c8_ratio c8b b0 0.044478 
Period 
(sec) 

c8_ratio c8b 

a1 0.21112 0.01 0.000 0.483 b1 -0.021982 0.01 0.000 0.483 
a2 0.53116 0.02 0.000 1.214 b2 -0.025129 0.02 0.000 1.214 
a3 -0.60145 0.03 0.000 1.642 b3 0.020343 0.03 0.000 1.642 
aM -0.16960 0.05 0.000 2.181 b4 -0.022130 0.05 0.000 2.181 

  0.075 0.000 2.609 b5 0.030626 0.075 0.000 2.609 
  0.1 0.000 2.912 bM 0 0.1 0.000 2.912 
  0.15 0.000 3.340   0.15 0.000 3.340 
  0.2 0.000 3.643   0.2 0.000 3.643 
  0.25 0.000 3.879   0.25 0.000 3.879 
  0.3 0.000 4.071   0.3 0.000 4.071 
  0.4 0.000 4.375   0.4 0.000 4.375 
  0.5 0.460 4.610   0.5 0.460 4.610 
  0.75 0.920 5.038   0.75 0.920 5.038 
  1 1.000 5.341   1 1.000 5.341 
  1.5 1.000 5.769   1.5 1.000 5.769 
  2 1.000 6.072   2 1.000 6.072 
  3 1.000 6.500   3 1.000 6.500 
  4 1.000 6.804   4 1.000 6.804 
  5 1.000 7.039   5 1.000 7.039 
  7.5 1.000 7.467   7.5 1.000 7.467 
  10 1.000 7.770   10 1.000 7.770 
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Table 6.5-2b: Coefficients for Directivity Adjustment Model for the Sigma (from Figure 1.1. of Watson-
Lamprey, 2015). 

Period (sec) Frequency (Hz) σ CHANGE  

0.0 - 2.0 ≤ 0.5 0 
3 0.33 0.1205 
4 0.25 0.1535 
5 0.20 0.1913 
7.5 0.13 0.2285 
10 0.1 0.2478 
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Table 6.5-3a: Discrete distribution used for hypocenter location along strike 

Hypocenter location along 
strike (ratio to rupture length) 

Probability for Strike-slip 
ruptures 

Probability for Reverse 
ruptures 

0.10 0.13 0.1 
0.19 0.10 0.1 
0.28 0.09 0.1 
0.37 0.09 0.1 
0.46 0.09 0.1 
0.54 0.09 0.1 
0.63 0.09 0.1 
0.72 0.09 0.1 
0.81 0.10 0.1 
0.90 0.13 0.1 

 
 

Table 6.5-3b: Discrete distribution used for hypocenter location down dip. 

Hypocenter location down dip 
(ratio to rupture width) 

Probability for Strike-slip 
ruptures 

Probability for Reverse 
ruptures 

0.25 0.15 0.15 
0.50 0.35 0.35 
0.25 0.50 0.50 

 
 

 

Table 6.5-4: Comparison of the φ  from large magnitude earthquakes for two distance ranges. 

 φ  (ln units) Number of Recordings 
 

 ASK14 BSSA14 CB14 CY14 ASK14 BSSA14 CB14 CY14 
M ≥ 6.5, RRUP ≤ 20 km 0.55 0.57 0.54 0.63 250 197 269 256 
M ≥ 6.5, RRUP ≤ 50 km 0.62 0.55 0.54 0.63 629 447 715 682 
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Table 6.6-1: Median Path Term  

 Path Term - Region 1 Path Term - Region 2&3 
Period (sec) Central High Low Central High Low 
PGA -0.119 0.1 -0.338 -0.626 -0.387 -0.866 
0.02 -0.119 0.1 -0.338 -0.626 -0.387 -0.866 
0.03 -0.119 0.1 -0.338 -0.626 -0.387 -0.866 
0.05 -0.119 0.1 -0.338 -0.626 -0.387 -0.866 
0.075 -0.119 0.1 -0.338 -0.626 -0.387 -0.866 
0.1 -0.119 0.1 -0.338 -0.626 -0.387 -0.866 
0.15 -0.119 0.1 -0.338 -0.626 -0.387 -0.866 
0.2 -0.119 0.1 -0.338 -0.626 -0.387 -0.866 
0.25 -0.119 0.1 -0.338 -0.626 -0.387 -0.866 
0.3 -0.119 0.1 -0.338 -0.626 -0.387 -0.866 
0.4 -0.119 0.1 -0.338 -0.626 -0.387 -0.866 
0.5 -0.119 0.1 -0.338 -0.626 -0.387 -0.866 
0.75 -0.119 0.1 -0.338 -0.626 -0.387 -0.866 
1 -0.119 0.1 -0.338 -0.626 -0.387 -0.866 
1.5 -0.119 0.131 -0.369 -0.626 -0.331 -0.921 
2 -0.119 0.163 -0.401 -0.626 -0.276 -0.977 
3 -0.119 0.184 -0.421 -0.626 -0.256 -0.996 
4 -0.119 0.198 -0.436 -0.626 -0.229 -1.023 
5 -0.119 0.209 -0.447 -0.626 -0.210 -1.042 
7.5 -0.119 0.23 -0.468 -0.626 -0.195 -1.057 
10 -0.119 0.245 -0.483 -0.626 -0.168 -1.084 
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Table 6.7-1: Computed fault parameters and distance metrics for the Complex Scenario 1B: strike-slip 
primary rupture and a secondary reverse rupture with similar magnitudes.  

 
RRUP 
(km) 

RJB 
(km) 

RX 
(km) Mag dip rake 

Down-dip 
width 
(km) 

Strike-Slip Rupture  22.8 22.8 22.8 6.93 90 180 22 
Dip-Slip Rupture  7.8 0 10.2 6.87 50 90 22 

Method 2 7.8 0 10.2 7.2 71.5 138.3 22 
Method 3 7.8 0 10.2 7.2 55 101.2 22 

Method 4 7.8 0 10.2 7.2 50 90 22 
 

 

 

Table 6.7-2 Computed fault parameters and distance metrics for the Splay Scenario 1C: Strike-slip main 
rupture with strike-slip splay.  

 
RRUP 
(km) 

RJB 
(km) 

RX 
(km) Mag dip rake 

Down-dip 
width 
 (km) 

Strike-slip main 
Rupture 5.10 5.10 5.10 7.40 90 180 22.00 

Strike-slip splay 
Rupture 0.66 0.66 0.66 6.43 90 180 11.93 

Method 2 0.66 0.66 0.66 7.44 90 180 20.35 
Method 3 0.66 0.66 0.66 7.44 90 180 13.06 

Method 4 0.66 0.66 0.66 7.44 90 180 11.93 
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Figure 6.2.1-1: Distance scaling of the 5%-damped response spectra (PSA) at PGA for the candidate 
GMPEs for a M7.5 strike-slip event (top panel) and M6.6 strike-slip event (bottom panel). The mean of 
the finite fault (FF) simulations available for M6.6 is also shown in the bottom panel. The ZL11 and ZH06 
PSA are identical at M6.6. 
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Figure 6.2.1-2: Distance scaling of the candidate GMPEs at 0.5 Hz for a M7.0 strike-slip event. The ZL11 
and ZH06 PSA are identical at M7.0. 
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Figure 6.2.2-1: Magnitude scaling of the candidate GMPEs at 5.0 Hz for strike-slip event with RX distance 
5 km. Points in the plot are based on a 0.5 magnitude step. 
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Figure 6.2.3-1: Pseudo-Spectral acceleration (g) at periods of 0.2, 0.5, 1.0 and 2.0 seconds from the El 
Mayor Cucapah event (NGA EQID 280) recorded by NGA stations in California (blue squares) and by 
Arizona stations (red circles). The event-term corrected (when event term is available) 2014 NGA-West2 
ground-motion prediction equations are also shown.   
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Figure 6.2.3-2: Q values for NGA-West2 data from earthquakes in Region 1, 2, and 3 over frequency 
ranges with average periods of 0.2, 0.5, 1, and 1.5 sec. (from Figure 5.2 in Kishida et al., 2014). 
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Figure 6.2.3-3: Q values for Arizona data from earthquakes in Region 1, 2, and 3 over frequency ranges 
with average periods of 0.2, 0.5, 1, and 1.5 sec. (from Figure 5.3 in Kishida et al., 2014). 
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Figure 6.3.1-1: Reverse faulting scenarios used for comparison of HW and FW motions for sites at RRUP of 
5 and 10 km. 
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Figure 6.3.1-2: HW/FW PGA ratios for predicted median ground motions at the sites shown in Figure 
6.3.1-2. 
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Figure 6.3.2-1: HW factors from ASK14, CB14 and CY14 for PGA, for ZTOR value of 0 km, for M6.5, M7.0 
and M7.5, and for fault dip values of 20, 40, 60 and 80 degrees. The solid black line shows the fitted 
common form in Eq. 6.3-2 (central model), and the dashed black lines show the other four individual 
models used to approximate the distribution of the modeled HW factors. 
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Figure 6.3.2-2: HW factors from ASK14, CB14 and CY14 for 0.1 sec PSA, for ZTOR value of 0 km, for M6.5, 
M7.0 and M7.5, and for fault dip values of 20, 40, 60 and 80 degrees. The solid black line shows the 
fitted common form in Eq. 6.3-2 (central model), and the dashed black lines show the other four 
individual models used to approximate the distribution of the modeled HW factors. 
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Figure 6.3.2-3: HW factors from ASK14, CB14 and CY14 for 0.3 sec PSA, for ZTOR value of 0 km, for M6.5, 
M7.0 and M7.5, and for fault dip values of 20, 40, 60 and 80 degrees. The solid black line shows the 
fitted common form in Eq. 6.3-2 (central model), and the dashed black lines show the other four 
individual models used to approximate the distribution of the modeled HW factors. 
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Figure 6.3.2-4: HW factors from ASK14, CB14 and CY14 for 1.0 sec PSA, for ZTOR value of 0 km, for M6.5, 
M7.0 and M7.5, and for fault dip values of 20, 40, 60 and 80 degrees. The solid black line shows the 
fitted common form in Eq. 6.3-2 (central model), and the dashed black lines show the other four 
individual models used to approximate the distribution of the modeled HW factors. 
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Figure 6.3.2-5: Effect of RJB > 0 on HW factor for sites located at two values of RX, 1 and 10 km adjacent 
to a rupture with dip 45 degrees, width 14.14 km, and ZTOR of 0 km. 
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Figure 6.3.2-6: Effect of ZTOR > 0 on HW factor. Rupture dip 45 degrees, rupture width 14.14 km. 
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Figure 6.3.3-1: The five equal probability HW factor models (red lines) are compared with simulations 
(EXSIM: green; GP: blue; SDSU: red) for the M5.5, dip = 45 degrees, ZTOR values of 2.5, 7.0, and 12.0 km 
cases. The black lines show the fitted footwall RRUP model as described in Section 6.3.3.  
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Figure 6.3.3-2: The five equal probability HW factor models (red lines) are compared with simulations 
(EXSIM: green; GP: blue; SDSU: red) for the M6.0, dip = 45 degrees, ZTOR values of 2.5, 7.0, and 12.0 km 
cases. The black lines show the fitted footwall RRUP model as described in Section 6.3.3.  
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Figure 6.3.3-3: The five equal probability HW factor models (red lines) are compared with simulations 
(EXSIM: green; GP: blue; SDSU: red) for the M6.5, dip = 45 degrees, ZTOR values of 0.0, 7.0 km cases. 
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Figure 6.3.3-4: The five equal probability HW factor models (red lines) are compared with simulations 
(EXSIM: green; GP: blue; SDSU: red) for the M6.0, dip values of 30, 45 and 60 degrees, for ZTOR = 7.0 km 
cases. The black lines show the fitted footwall RRUP model as described in Section 6.3.3.  
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Figure 6.4.1-1a: Fit of the candidate GMPEs for DCPP to the RRUP-based common form plotted versus 
RRUP for PGA. 
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Figure 6.4.1-1b: Fit of the candidate GMPEs for DCPP to the RRUP-based common form plotted versus 
RRUP for T = 1.0 sec. 
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Figure 6.4.1-2a: Fit of the candidate GMPEs for PVNGS (Greater Arizona sources) to the RRUP-based 
common form plotted versus RRUP for PGA. 
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Figure 6.4.1-2b: Fit of the candidate GMPEs for PVNGS (Greater Arizona sources) to the RRUP-based 
common form plotted versus RRUP for T = 1.0 sec. 
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Figure 6.4.1-3a: Fit of the candidate GMPEs for PVNGS (Greater Arizona sources) to the RJB-based 
common form plotted versus RRUP for PGA. 
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Figure 6.4.1-3b: Fit of the candidate GMPEs for PVNGS (Greater Arizona sources) to the RJB-based 
common form plotted versus RRUP for T = 1.0 sec. 
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Figure 6.4.1-4a: Total residuals of the candidate GMPEs for DCPP refitted to the RRUP-based common 
form plotted versus magnitude for PGA. 
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Figure 6.4.1-4b: Total residuals of the candidate GMPEs for DCPP refitted to the RRUP-based common 
form plotted versus magnitude for T = 1.0 sec. 
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Figure 6.4.1-5a: Total residuals of the candidate GMPEs for DCPP refitted to the RRUP-based common 
form plotted versus RRUP for PGA. 
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Figure 6.4.1-5b: Total residuals of the candidate GMPEs for DCPP refitted to the RRUP-based common 
form plotted versus RRUP for T = 1.0 sec. 
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Figure 6.4.1-6a: Total residuals of the candidate GMPEs for PVNGS (Greater Arizona sources) refitted to 
the RRUP-based common form plotted versus magnitude for PGA. 
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Figure 6.4.1-6b: Total residuals of the candidate GMPEs for PVNGS (Greater Arizona sources) refitted to 
the RRUP-based common form plotted versus magnitude for T = 1.0 sec. 
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Figure 6.4.1-7a: Total residuals of the candidate GMPEs for PVNGS (Greater Arizona sources) refitted to 
the RJB-based common form plotted versus magnitude for PGA. 
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Figure 6.4.1-7b: Total residuals of the candidate GMPEs for PVNGS (Greater Arizona sources) refitted to 
the RJB-based common form plotted versus magnitude for T = 1.0 sec. 
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Figure 6.4.1-8a: Total residuals of the candidate GMPEs for PVNGS (Greater Arizona sources) refitted to 
the RRUP-based common form plotted versus RRUP for PGA. 
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Figure 6.4.1-8b: Total residuals of the candidate GMPEs for PVNGS (Greater Arizona sources) refitted to 
the RRUP-based common form plotted versus RRUP for T = 1.0 sec. 



Southwestern United States 
Ground Motion Characterization SSHAC Level 3 

TECHNICAL REPORT – Rev. 2 
 

 
 Chapter 6 - GMC Models for the Median: Overview and Methodology                            Page 6-101 

 

 

Figure 6.4.1-9a: Total residuals of the candidate GMPEs for PVNGS (Greater Arizona sources) refitted to 
the RJB-based common form plotted versus RRUP for PGA. 
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Figure 6.4.1-9b: Total residuals of the candidate GMPEs for PVNGS (Greater Arizona sources) refitted to 
the RJB-based common form plotted versus RRUP for T = 1.0 sec. 
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Figure 6.4.3-1: Comparison of the standard deviations of the natural log spectral acceleration, calculated 
for each scenario discussed in Section 6.4.3, for the 7500 and the 2000 sampled RRUP-based common-
form models used to develop the Sammon’s map for DCPP, Model A, at PGA. The solid blue line 
represents the 1-to-1 correlation. 
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Figure 6.4.3-2: Top panel: Histogram of 7500 and 2000 sampled models for a scenario with M5 and RX = 
-30 for DCPP (Model A) at T = 0.01 sec. Bottom panel: Normalized histogram for 7500 and 2000 sampled 
models, showing equivalence in ground-motion range. Also shown are the probability density functions 
of the original GMPEs with their (epistemic) uncertainty, with their median predictions as mean and 
standard deviations from the uncertainty model of Al Atik and Youngs (2014). 
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Figure 6.4.3-3: Map of 2000 sampled models using RRUP-based common form (Model A) and RJB-based 
common form (Model B), for PVNGS at PGA. Red dots show the candidate GMPEs used to develop the 
ground-motion model distributions. The magenta and cyan dots show plus and minus two sigma 
epistemic uncertainty, respectively about the candidate GMPEs. 
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Figure 6.4.3-4a: Comparison of the weights for the vector of scenarios (lower frame) with the 
deaggregation for the 10-4 AFE PGA for PVNGS.  The method for the weights spreads out the weights 
over a broader range of scenarios for the short distances.  The large distances (greater than 70 km) are 
not included in the vector of scenarios. 
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Figure 6.4.3-4b Comparison of the weights for the vector of scenarios (lower frame) with the 
deaggregation for the 10-4 AFE PGA for DCPP.  The method for the weights spreads out the weights over 
a broader range of scenarios. 
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Figure 6.4.4-1: example of a Sammon’s map for T = 0.01 sec. The common-form models fit to the 
candidate GMPEs are show by the red dots, and the ones fit to the candidate GMPEs including 
plus/minus epistemic uncertainty are shown by the magenta and cyan dots, respectively. The convex 
hull for these refitted candidate GMPEs is shown by the solid black line. 
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Figure 6.4.4-2: Contour plot of mean between-event residuals for the weighted NGAW2PV-MED dataset 
(PVNGS, Model A, T = 0.01 sec). The candidate GMPEs are red dots, plus/minus uncertainty as 
magenta/cyan dots. The Voronoi cells (black closed polygons) are developed based on the locations of 
the black points on the four concentric ellipses (gray concentric curves), and used for selecting and 
weighting models. The contour for the zero residual is a thick black line, the ± 0.15 contours are dashed 
black lines and the ± 0.3 contours are thin black lines. 
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Figure 6.4.4-3: Example of models that have been screened out. The red lines correspond to the 
representative suite of common-form models that have been selected, and the gray lines correspond to 
models that have been screened out (outside the outermost ellipse). 
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Figure 6.4.4-4: Scatter in the hazard from models in the same cell. 
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Figure 6.4.4-5: Distribution of the selection of the HW branches for the representative suite of common-
form models for PVNGS and DCPP at 5 Hz.  

 

 

 

       

     
Figure 6.4.5-1: Weights for the representative suite of RRUP–based common-form models (Model A) for 
PVNGS at T = 0.01 sec, calculated using different statistics based on the weighted NGAW2PV-MED dataset, 
versus model index. 
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Figure 6.4.5-2a: Cumulative density function of GMPEs (black) and representative suite of common-form 
models, for different sets of weights, for a scenario with M6.0, RX = -15 Km, NML style-of-faulting, and T 
= 0.01 sec, for PVNGS Model A (RRUP –based). 

 

Figure 6.4.5-2b: Cumulative density function of GMPEs (black) and representative suite of common-form 
models, for different sets of weights, for a scenario with M6.5, RX = -10 Km, SS style-of-faulting, and T = 
0.2 sec, for DCPP Model A (RRUP –based). 
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Figure 6.4.5-2c: Cumulative density function of GMPEs (black) and representative suite of common-form 
models, for different sets of weights, for a scenario with M6, RX = -15 Km, NML style-of-faulting, and T = 
1.0 sec, for PVNGS Model A (RRUP –based). 
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Figure 6.4.5-3: Distance scaling of 0.05, 0.5, and 0.95 quantiles of the GMPE distribution (black) and the 
representative suite of common-form model distribution (red) with total weights. Plot is for a scenario 
with M6.0, NML style-of-faulting, and T = 0.01 sec, for Model A (RRUP –based) and PVNGS. 
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Figure 6.4.5-4: Magnitude scaling of 0.05, 0.5, and 0.95 quantiles of the GMPE distribution (black) and 
the representative suite of common-form models distribution (red) with total weights. Plot is for a 
scenario with RX = -15 km, NML style-of-faulting, and T = 0.01 sec, for Model A (RRUP –based) at PVNGS. 
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Figure 6.4.5-5: Spectra of 0.05, 0.5, and 0.95 quantiles of the GMPE distribution (black) and the 
representative suite of common-form models distribution (red) with total weights. Plot is for a scenario 
with M6.0, RX = -15 km, SS Style-of-faulting, for Model A (RRUP –based) at PVNGS. 
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Figure 6.4.5-6: Ratio of 0.05 to 0.5 (dashed) and ratio of 0.95 to 0.5 quantiles (solid) of the 
representative suite of RRUP-based common-form models distribution with total weights, for a scenario 
with M5 (top), M6 (center), and M7 (bottom), NML Style-of-faulting, and all periods, for Model A (RRUP –
based) at PVNGS. 
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Figure 6.4.5-7: Ln ratio of the 5th and 95th fractile of the median spectral acceleration from the 
representative suite of common-form models to the 5th and 95th fractile of the median spectral 
acceleration from the GMPEs with additional epistemic uncertainty (assuming equal weight to each 
GMPE). Top frame is for the histogram of the ln ratios of the 95th fractile for DCPP for strike-slip 
earthquakes. Bottom frame is for the histogram of the ln ratios of the 5th fractile for DCPP for strike-slip 
earthquakes. 
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Figure 6.4.5-8: Ln ratio of the 5th and 95th fractile of the median spectral acceleration from the 
representative suite of common-form models to the 5th and 95th fractile of the median spectral 
acceleration from the GMPEs with additional epistemic uncertainty (assuming equal weight to each 
GMPE). Top frame is for the histogram of the ln ratios of the 95th fractile for DCPP from reverse 
earthquakes. Bottom frame is for the histogram of the ln ratios of the 5th fractile for DCPP for reverse 
earthquakes. 
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Figure 6.4.5-9: Ln ratio of the 5th and 95th fractile of the median spectral acceleration from the 
representative suite of common-form models to the 5th and 95th fractile of the median spectral 
acceleration from the GMPEs with additional epistemic uncertainty (assuming equal weight to each 
GMPE). Top frame is for the histogram of the ln ratios of the 95th fractile for PVNGS for strike-slip 
earthquakes, RRUP-based models. Bottom frame is for the histogram of the ln ratios of the 5th fractile for 
PVNGS for strike-slip earthquakes, RRUP-based models. 
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Figure 6.4.5-10: Ln ratio of the 5th and 95th fractile of the median spectral acceleration from the 
representative suite of common-form models to the 5th and 95th fractile of the median spectral 
acceleration from the GMPEs with additional epistemic uncertainty (assuming equal weight to each 
GMPE). Top frame is for the histogram of the ln ratios of the 95th fractile for PVNGS for normal 
earthquakes, RRUP-based models. Bottom frame is for the histogram of the ln ratios of the 5th fractile for 
PVNGS for normal earthquakes, RRUP-based models. 
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Figure 6.4.5-11: Ln ratio of the 5th and 95th fractile of the median spectral acceleration from the 
representative suite of common-form models to the 5th and 95th fractile of the median spectral 
acceleration from the GMPEs with additional epistemic uncertainty (assuming equal weight to each 
GMPE). Top frame is for the histogram of the ln ratios of the 95th fractile for PVNGS for strike-slip 
earthquakes, RJB-based models. Bottom frame is for the histogram of the ln ratios of the 5th fractile for 
PVNGS for strike-slip earthquakes, RJB-based models. 
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Figure 6.4.5-12: Ln ratio of the 5th and 95th fractile of the median spectral acceleration from the 
representative suite of common-form models to the 5th and 95th fractile of the median spectral 
acceleration from the GMPEs with additional epistemic uncertainty (assuming equal weight to each 
GMPE). Top frame is for the histogram of the ln ratios of the 95th fractile for PVNGS for normal 
earthquakes, RJB-based models. Bottom frame is for the histogram of the ln ratios of the 5th fractile for 
PVNGS for normal earthquakes, RJB-based models. 
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Figure 6.4.5-13: Distance scaling of the candidate GMPEs (dashed black), the candidate GMPEs with 
uncertainty model (dashed cyan) and the representative suite of common-form models (dashed red), for 
PVNGS (Model A) and a scenario with M5 (top), M6 (center) and M7 (bottom), normal-faulting style, and 
T = 0.01 sec. Left: foot-wall scaling; Right: hanging-wall scaling. 
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Figure 6.4.5-14: Magnitude scaling of the candidate GMPEs (dashed black), the candidate GMPEs with 
uncertainty model (dashed cyan) and the representative suite of common-form models (dashed red), for 
PVNGS (Model A) and a scenario with RX = -50 (top), RX = -15 (center) and RX = -5 (bottom), normal-
faulting style, and T = 0.01 sec. 
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Figure 6.4.5-15: Epistemic uncertainty of distance scaling: Histogram of ratio between model predictions 
at different distances. Gray histogram is for GMPEs, and blue histogram is for the representative suite of 
common-form models. Left: Y (RX= -15)/Y (RX = -5); Right: Y (RX = -30)/Y (RX = -15); for a scenario with M6, 
NML style-of-faulting, and T = 0.01 sec, for Model A (RRUP –based) at PVNGS. 

 
 

 

 
 
Figure 6.4.5-16: Epistemic uncertainty of magnitude scaling: Histogram of ratio between RRUP-based 
model (PVNGS) predictions at different magnitudes. Gray histogram is for GMPEs, and blue histogram is 
for the representative suite of common-form models.  Left: Y (M6)/Y (M5); Right: Y (M7)/Y (M6); for a 
scenario with RX = 15km, NML Style-of-faulting, and T = 0.01 sec. 
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 Figure 6.5.1-1: Comparison of directivity from the normalized rupture length models (Somerville et al., 
1997; Abrahamson, 2000) and the un-normalized rupture length model of Spudich and Chiou (2008). 
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Figure 6.5.1-2: Parameters for the directivity models. 

 

 
Figure 6.5.1-3: Example of the Watson-Lamprey (2015) directivity model scaling for an 80 km long strike-
slip fault and a site located at RX = 3 km. The randomization of the hypocenters is already included in the 

Watson-Lamprey (2015) model. The average effects on median ground motion and sigma ( _DIR SSσ ) are 

shown for two sites located at the center of the rupture (RY = 0 km) and at the end of the rupture (RY = 
40 km). 
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Figure 6.5.2-1: Alternative hypocenter distribution models for strike-slip earthquakes given in Watson-
Lamprey (2015). The top frame gives the distribution along strike and the bottom frame gives the 
distribution down dip (Figures from Watson-Lamprey, 2015). 
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Figure 6.5.2-2: Alternative hypocenter distribution models for reverse earthquakes given in Watson-
Lamprey (2015). The top frame gives the distribution along strike and the bottom frame gives the 
distribution down dip (Figures from Watson-Lamprey, 2015). 
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Figure 6.5.2-3: Hazard ratio for directivity effects for the Hosgri fault (using the full Hosgri SSC model in 
PG&E, 2015) with the CY14 GMPE for both the median and the standard deviation. 
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Figure 6.6.1-1: NGA-West2 earthquakes selected for the path effect analysis.  Region 1 earthquakes are 
shown as blue circles, Region 2 earthquakes are shown as green circles, and Region 3 earthquakes are 
shown as purple circles. Arizona TA recording stations are shown as white triangles. Geographic 
extensions of Region 1 and Region 2&3 are shown as blue and purple closed polygons, respectively. 
Purple and red colored lines represent faults in PVNGS SSC Model (Workshop #3, Ross Hartleb, personal 
communication 2014).  
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Figure 6.6.1-2: Central, high and low path terms for Regions 1 and combined Region 2&3 compared to 
the values used to derive them. 
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Figure 6.7.2-1: Schematic fault geometry for the Complex Scenario 1B. The yellow star represents a 
reference site for which to evaluate the ground-motion scaling due to the complex ruptures.  
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Figure 6.7.2-2:  Ground-motion factors (the ratio of the response spectra from the combined rupture to 
the response spectra from the closest rupture) for the three simulation methods:  GP (black), SDSU 
(violet), and EXSIM (orange).  
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Figure 6.7.2-3:  Ground-motion factors (the ratio of the response spectra from the combined rupture to 
the response spectra from the closest rupture) for the various approaches for computing ground motion 
for complex ruptures using GMPEs (colored dots), compared to the ground-motion factors for the three 
simulation methods (grey lines). 
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Figure 6.7.2-4: Schematic fault geometry for the Splay Scenario 1C. The yellow star represents a 
reference site for which to evaluate the ground-motion scaling due to the splay ruptures.  
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Figure 6.7.2-5:  Ground-motion factors (the ratio of the response spectra from the combined rupture to 
the response spectra from the primary rupture) for the three simulation methods:  GP (black), SDSU 
(violet), and EXSIM (orange).  
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Figure 6.7.2-6:  Ground-motion factors (the ratio of the response spectra from the combined rupture to 
the response spectra from the primary rupture) for the three simulation methods (grey lines) compared 
with factors from the various approaches for computing ground motion for splay ruptures using GMPEs 
(colored dots).  
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7  GMC MODELS FOR THE SIGMA: OVERVIEW AND 
METHODOLOGY 

 

7.1 Introduction  

This Chapter addresses the within-event standard deviation (referred to as φ ) and between-event 

standard deviation (referred to as τ ) models for the DCPP and PVNGS sites. Section 7.2 addresses the 

τ models. Sections 7.3 and 7.4 address the φ models for the two sites. The φ models for DCPP and 

PVNGS use the concept of partially non-ergodic seismic hazard assessment (Anderson and Brune, 1999). 

Single-site within-event standard deviation models ( SSφ ) are developed for DCPP. For PVNGS, two 

alternative and mutually exclusive models are developed, i.e. a single-path for a region within-event 

standard deviation ( SP Rφ − ) model and SSφ  models. The technical bases for the selection of the weights 

on the logic trees for SSφ and SP Rφ −  are described in Chapters 11 and 12. The branches for SSφ ( SP Rφ − ) 

are combined with the τ  branches and re-sampled using a smaller number of branches (see Appendix P 
and Section 13.2) that capture the original distribution of total sigma while reducing the total number of 
branches for the hazard analysis. Section 7.6 describes the approach to develop a simplified logic tree 
for the total sigma models that captures both the within-event and between-event components of the 
aleatory variability.  The technical bases for the selection of the weights on the logic trees for the total 
sigma model are discussed in Chapter 13. 

The list of SSφ  and SP Rφ −  models developed by the TI Team, the data subsets used to develop the 

models and their application are provided in Table 7.1-1. 

7.1.1 Conceptual Background on Partially Non-Ergodic Sigma 

The ergodic assumption implies that the variability in ground motion at a single site-source combination 
is the same as the variability in ground motion observed in a more global dataset (Anderson and Brune, 
1999). The availability of multiple recordings at individual sites allows removing the systematic site-
specific effects from the ground-motion residuals leading to a reduced aleatory variability. This 
reduction is more pronounced when there are multiple recordings at single sites from earthquakes in 
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the same region because the repeatable path effects are also removed in addition to the repeatable site 
effects (e.g., Lin et al., 2011; Chen and Tsai, 2002; Atkinson, 2006; Morikawa et al., 2008; Anderson and 
Uchiyama, 2011). To use the reduced aleatory variability requires estimating the repeatable site and 
path effects, and the epistemic uncertainty in these terms for site-specific applications (see Section 15.4 
for more details on the application guidelines and interface with site response).The partially non-ergodic 
assumption has been applied in multiple studies, such as the PEGASOS Refinement Project (Rodriguez-
Marek et al., 2013), the Thyspunt Nuclear Siting Project (Bommer et al., 2013; and Rodriguez-Marek et 
al., 2014), the BC Hydro Probabilistic Seismic Hazard Assessment Project (Addo et al., 2012), and the 
Hanford Probabilistic Seismic Hazard Analysis Project (Coppersmith et al., 2014). 

In this report, the notation of Al-Atik et al. (2010) is followed, whereby δWes represents the within-event 
residuals at station s from earthquake e. Having multiple recordings at site s allows estimating the site-
to-site residual (also called site term) δS2Ss and removing it from δWes to obtain the single-site within-

event residual, δWSes, and its standard deviation, SSφ . The δS2Ss term represents the systematic 

deviation of the observed amplification at this site from the median amplification predicted by the 

ground-motion prediction equation (GMPE). For the SSφ analysis, stations with a minimum of three 

recordings were used to obtain a reliable site term. The reason for selecting a minimum of three 
recordings is based on the sampling on the dataset discussed in Section 5.4. The mixed effects algorithm 
(Abrahamson and Youngs, 1992) was used to estimate the site-to-site residual and the single-site within-
event standard deviation. 

 

7.2 τ Models 

7.2.1 Candidate τ Models 

The TI Team model for τ was constructed from the τ models of four NGA-West2 models that separated 

the standard deviation into τ and φ , and the Zhao et al. (2006) model. 

Other models considered for inclusion are Graizer (2014), Idriss (2014), Akkar et al. (2014a and 2014b) 
and Bindi et al. (2014a and 2014b). Graizer (2014) and Idriss (2014) were not included because these 

GMPEs did not provide separate estimates of φ and τ . The φ and τ could be derived for the Graizer 

(2014) and Idriss (2014) models but the TI Team decided against this approach because applying a 
mixed-effect regression would require changing other parts of their model that affect the median (and 
the authors’ judgments), thus requiring the authors to re-evaluate their models. 

Akkar et al. (2014a and 2014b) and Bindi et al. (2014a and 2014b) were not included because of the 
large percentage of small magnitude (M < 5) events in their databases. The Akkar dataset has about 60% 
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of the events from M < 5, as shown in Figure 5.1.3.1, and the Bindi et al. 2014a and b dataset has most 
of the events from M < 5 (Figure 5.6.4-1a).  

The four NGA-West2 models all report that τ  increases as magnitude decreases for M ≤ 5.5. Because 
Akkar et al. (2014a and 2014b) and Bindi et al. (2014a and 2014b) report a magnitude independent 
value of τ and their databases contain a large percentage of recordings from M < 5.5 earthquakes, the TI 
Team judged that their values of τ  would overestimate the values appropriate for the magnitudes of 
interest to the hazard assessments at the two sites. Therefore, the Akkar and Bindi models were 
excluded for the τ model, but they were included for the median model as described in Section 6.2. 
Zhao et al. (2006) also report magnitude-independent values of τ , but their database is almost entirely 
composed of recordings from earthquakes relevant to hazard assessment, M ≥ 5.  

The five selected candidate τ models are: 

• Abrahamson et al. (2014) - ASK14;  
• Boore et al. (2014) - BSSA14;  
• Campbell and Bozorgnia (2014) - CB14;  
• Chiou and Youngs (2014) - CY14; 
• Zhao et al. (2006) – ZH06. 

7.2.2 Evaluation of 10 Hz Peak in τ 

Figures 7.2.2-1 and 7.2.2-2 compare the published τ values of ASK14, BSSA14, CB14, CY14, and ZH06 for 
M5.5 and M7 earthquakes, respectively. The BSSA14 and CB14 τ values show considerable variation 
with period with a pronounced narrow-band increase at periods near 0.1 sec and a dip or trough at 
periods near 0.4 sec. In contrast, the τ models of ASK14 and CY14 show no variation or a smooth 
variation, respectively, with period. The analyses conducted by both ASK14 (as shown in Abrahamson et 
al., 2013) and CY14 produced variations in τ with period that are similar to those shown by BSSA14 and 
CB14. Based on point source stochastic ground-motion simulations, CY14 concluded that the peak in τ
was likely due to the variation in average site effects among different earthquakes being mapped into 
the event terms at this period and chose to smooth through the narrow banded variations in τ , as  
shown on Figures 7.2.2-1 and 7.2.2-2. The ASK14 model smoothed though the peak at 10 Hz because 
they did not consider the period dependence to be a systematic and repeatable feature of the ground 
motion, and instead developed a period-independent τ model. 

Following the approach used by CY14, the TI Team investigated potential origins of the 10 Hz peak in τ
through a series of point-source stochastic ground-motion simulations. The objective of the analysis was 
to examine how random variations in the simulation parameters that affect the source amplitude and 
the site amplification effects manifest themselves in the between-event and within-event variability as a 
function of period. The simulations were conducted using the methodology described by Boore (1983, 
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1986). The base model consisted of a single corner Brune source spectrum with a median stress 
parameter of 50 bars along with the generic rock crustal amplification function given in Table 3 of Boore 
and Joyner (1997), and an average kappa of 0.035 sec were used as the base model. The choice of the 
median stress parameter, crustal amplification function, and average kappa value are not critical to the 
analysis as they affect the absolute level of the simulated motions, but not the variability. To simulate 
random source effects (i.e. random event terms) 200 earthquakes were simulated with the stress 
parameter sampled from a lognormal distribution with median of 50 bars and a standard deviation of 
ln(stress parameter) of 0.5. A lognormal distribution was used, consistent with the distribution form for 
event terms in the analysis of ground-motion data, and the standard deviation of 0.5 was chosen so as 
to produce a typical standard deviation in between-event residuals (τ ) of about 0.4. For each 
earthquake, ground motions were simulated at 25 sites. The individual kappa values for each site were 
sampled from a lognormal distribution with a median of 0.035 sec and a standard deviation in ln(kappa) 
of 0.3. In addition, the base case crustal amplification function for each site was perturbed using a 
frequency independent random amplification factor with 0 median and standard deviation of 
ln(amplification adjustment) of 0.4. Again, lognormal distributions were used, consistent with the 
typically assumed distribution for within-event residuals, and the values of standard deviation were 

selected to produce a standard deviation of within-event residuals (φ ) of about 0.4 or more. The 

resulting ground-motion data for each period were fit with a mixed effects model (e.g. Abrahamson and 

Youngs, 1992), and values of τ and φ were computed for periods from 0.01 to 10 sec. The results, 

shown on Figure 7.2.2-3 show a peak in φ but not in τ . Other simulations with different distributions of 

kappa and with frequency-dependent random site adjustment factors (increasing variability with 
decreasing period) were performed with similar results. Doubling the median stress parameter to 100 
bars produced nearly identical results, and changing the median kappa from 0.035 to 0.04 sec produced 

only a slight shift in the period at which the peak in φ occurs. It should be noted that the simulation 

process does not explain the dip in τ near a period of 0.4 sec observed in analyses of empirical data. 

A second set of simulations was conducted to model the condition in which there is a degree of 
correlation in the values of kappa among the sites that record an individual earthquake.  This correlation 
would result if there are regional kappa differences that result in individual earthquakes sampling 
different distributions of kappa values. The motivation for this case is that τ is the standard deviation of 
the between-event residuals and it can be related to differences in the source or differences in the 
average site effects for the data from an individual earthquake that are not accounted for by predictor 
variables in the regression model. For this case, the variability in kappa at the individual sites was 
equally partitioned into two components, and event-to-event variability in the median kappa for the 25 
sites that recorded each earthquake, and a within-event variability in the kappa at each of the 25 sites. 
All other parameters were kept the same. The resulting standard deviations are presented in Figure 
7.2.2-4 and show that the correlation between the values of kappa at the sites that record an individual 

earthquake results in peaks occurring in both φ and in τ near 0.1 sec period. These results indicate that 
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the peak in τ could be the result of differences in the average value of kappa at the recording sites from 
earthquake to earthquake. 

Additional evidence that the peak in τ may be due to site effects is obtained from region-specific 
analysis of residuals. Figure 7.2.2-5 shows estimates of τ for two magnitude ranges using the residuals 
from Chiou and Youngs (2014) for California earthquakes.  Two cases are shown, one in which τ is 
estimated using only random effects for each earthquake and one in which a random effect for each 

earthquake and a random effect for each recording station are both included, separating the total φ
into 2S Sφ (site-to-site) and SSφ (single site or single station).  In both analyses, only residuals for 

earthquakes with at least five recordings are included to provide a better estimate of τ .  For the 3 < M 
< 5.5 data set, inclusion of random effects for individual stations translates the peak in τ near 0.1 sec 

into a peak in 2S Sφ at this period.  For the M ≥ 5.5 data, there is little difference in the estimates of τ for 

the two cases, although the peak in τ is much less pronounced for the California large magnitude data 
than it is for the analyses of the global data sets.  It should be noted that for the large magnitude 
California data set there are very few stations that have recorded five or more earthquakes.  As a result, 

2S Sφ is not well estimated.  In the mixed effects formulation, when a particular class (i.e. recording 

station) has very limited data, its average effect is shifted away from the mean residual towards zero 
(see discussion by Abrahamson and Youngs, 1992).  This can be seen in the plots of the estimated values 

of φ , where 2S Sφ  is much smaller than SSφ for the large magnitude data set, while they are comparable 

for the small magnitude data set. 

 The results of the above analyses indicate that the peak in τ near a period of 0.1 sec likely results from 
correlations in site effects within earthquakes or within regions. For the τ models used in the SWUS 
GMC project (Section 7.2.4), the 10 Hz peak is removed from the τ model.  To capture the effects of the 
10 Hz peak, the epistemic uncertainty in the kappa and site effects for the site needs to be included in 
the site response studies. More details are provided in Section 15.4. 

7.2.3 TI Team τ Model 

The central τ branch is based on averaging the between-event variances of the five selected candidate 
τ models.  

Because all selected candidate τ models, with the exception of ZH06, have magnitude-dependentτ , 
the TI Team adopted a magnitude-dependent form of the τ model. Figure 7.2.3-1 shows τ versus 
magnitude for the five selected candidate τ models at a period of 1 sec as well their average which has 
multiple magnitude breakpoints resulting from the selected candidate τ models all having different 
magnitude breakpoints. For simplicity of implementation, the TI Team’s central τ model is anchored to 
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the average of the five selected candidate τ models at M5.5 and M7.0, and has only one breakpoint at 
M7 as shown in Figure 7.2.3-1. The model has the following form: 

𝜏(𝑀,𝑇) = �
𝜏1(𝑇) + (𝑀−5)

2
∗  �𝜏2(𝑇) − 𝜏1 (𝑇)�                    𝑓𝑜𝑟 𝑀 < 7.0

𝜏2 (𝑇)                                                                      𝑓𝑜𝑟 𝑀 ≥ 7.0
�  (Eq. 7.2.3-1) 

The next issue is the degree to which period dependence is incorporated into the 1τ and 2τ terms. As 

described in Section 7.2.2, the peak in τ near 0.1 sec period is judged by the TI Team to be attributed to 
differences in average site effects (e.g. kappa) not presently accounted for in standard GMPEs. Because 
site-specific site effects and their uncertainties will be included in the downstream application of the 
hazard results, those effects should not be included in the characterization of ground motions for the 
reference rock condition. Therefore, the TI Team judged that the peak in τ should be removed through 
smoothing. 

No physical mechanism has been suggested for the observed trough in τ near a period of 0.4 sec seen 
in Figure 7.2.2-1. For the subset of California earthquakes shown on Figure 7.2.2-5, the trough at 0.4 sec 
is weaker than seen in global data. The TI Team decided to smooth through the trough in τ near 0.4 sec 
period in the same manner as the peak near 0.1 sec. 

Figures 7.2.3-2 and 7.2.3-3 show the average τ versus period for the five selected candidate τ models 
at the anchoring magnitudes of M5.5 and M7.0, respectively. The mean τ values shown on these 
figures are nearly constant with the peak at T = 0.1 sec and with the trough at T = 0.4 sec from the 
BSSA14 and CB14 models. Therefore, the TI Team adopted a period-independent model for τ . The 

central values of 1τ and 2τ are computed by averaging the between-event variances of the five 

candidate τ  models over the period range of 0.01 to 10 sec. In this approach, the unsmoothed values 
of BSSA14, CB14, and ZH06 can be combined directly with the smoothed values of ASK14 and CY14, as 
the averaging across periods is a linear process. The resulting central model for τ  is shown on Figures 
7.2.3-2 and 7.2.3-3 for M5.5 and M7.0, respectively. 

7.2.4 Epistemic Uncertainty of τ 

The standard deviation of 2τ (στ2) consists of two components: within-model (στW2 ) and between-model 

variability (στB2 ) as shown below: 

στ2 = ��στW2 �
2

+ �στB2 �
2
        (Eq. 7.2.4-1) 

The within-model variability, calculated as part of the regressions conducted for the CY14 model, 

represents the statistical uncertainty in their 2τ estimates. The between-model variability is the 
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standard deviation of 2τ for the five selected candidate τ models. The within-model variability from 
CY14 reflects the size of the dataset in terms of number of events. The other four candidate τ models 
are from GMPEs based on datasets with comparable size to the CY14 dataset. Therefore, the TI Team 
judged that the CY14 within-model variability was representative of the within-model variability for the 
other candidate τ models. The between-model, within-model, and total variability are shown in Figures 

7.2.4-1, 7.2.4-2, and 7.2.4-3, respectively, for M5.5 and 7.0. The standard deviation of 2τ was fitted to a 
constant, period-independent function. The period-independent constant estimate is similar to the 
central model. 

The high and low τ branches of the logic tree are computed assuming that 2τ follows a scaled Chi-
square distribution with a standard deviation (στ2) and represent the 5th and 95th percentiles of the 
distribution (see Appendix P for more details). The high and low τ branches are calculated as: 

τHigh = �c χ2,k
−1(0.95) ;    τLow = �c χ2,k

−1(0.05)    (Eq. 7.2.4-2a and b) 

where the scaling parameter c = 𝑉(𝜎𝜏2)
2𝐸(𝜎𝜏2)

  , the number of degrees of freedom  𝑘 = [𝐸�𝜎𝜏2�]2

𝑉(𝜎𝜏2)
 , with E() and 

V() denoting expectation and variance, respectively, and χ2,k
−1(x) is the inverse of the Chi-square 

distribution with k degrees of freedom. 

In summary, the τ model presented in Equation 7.2.3-1 has parameters 1τ and 2τ shown in Table 7.2.4-

1 for the central, high and low branches of the logic tree shown in Figure 10-1 in Chapter 10. A 
comparison of the central, high and low proposed τ branches to the selected candidate τ models is 
shown in Figure 7.2.4-4 for magnitude M5.5 and 7.0. The magnitude dependence of the τ model, as 
discussed in Section 7.2.3 and Figure 7.2.3-1, is shown in Figure 7.2.4-5 for the central, high, and low 
branches. The low branch has magnitude-independent τ while the central and high branches have 
decreasing τ with magnitude between magnitudes 5.0 and 7.0 and a constant τ for magnitude greater 
than 7.0. 

7.2.5 Comparisons to Other τ Models 

Figure 7.2.5-1 compares the proposed TI Team τ model to the Akkar et al. (2014a and 2014b) and Bindi 
et al. (2014a and 2014b) τ models for magnitude M5.5 and 7.0. Despite the fact that the τ values from 
these two GMPEs were not used in deriving the SWUS TI Team τ  model, they mostly fall within the 
uncertainty range. 
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7.3 φSS Models 

7.3.1 Estimation of φSS from Residuals 

To estimate SSφ requires within-event site corrected residuals. To have enough data to estimate the site 

terms, the site terms are estimated using the full data set that includes both small and large magnitudes. 

The SSφ is then computed for the sub-set of the within-event site corrected residuals in the desired 

magnitude and distance range. 

The epistemic uncertainty in SSφ is estimated using the site-to-site variability of SSφ across all sites in the 

data set. The single-site within-event standard deviation at an individual site is denoted as ,SS Sφ . The 

standard deviation of ,SS Sφ is denoted SD( ,SS Sφ ) and is estimated using the global dataset with 

magnitude greater than 4.0. The expanded magnitude and distance range of the dataset is used in order 

to ensure enough recordings for this exercise. The empirical SSφ estimates and their standard deviation 

are, however, biased due to sampling error that decreases as the number of recordings per site 
increases. 

To quantify the sampling error, a statistical exercise was undertaken whereby a large set of single-site 
within-event residuals was simulated per station for the same number of stations as in the global 
dataset with all stations having the same ,SS Sφ values. A normal distribution was used for the 

simulations. The ,SS Sφ values were then computed at each station using multiple realizations of the 

dataset and the CV of SSφ was calculated for each realization. Figure 7.3.1-1 compares the CV values for 

the synthetic data set with a population CV of 0 and the CV of SSφ from the global dataset (results for 

GLOBALPHISS-ASK14 shown for simplicity) with different minimum numbers of recordings per site for PGA 
and periods of 0.1 and 1.0 sec. The curve in Figure 7.3.1-1 shows the dependence of the SD( ,SS Sφ ) bias 

on the sample sizes and indicates that, for large numbers of recordings per site, the bias decreases and 
approaches zero. The difference between the blue curve and the CV of ,SS Sφ estimated using the 

empirical data represents the true SD( ,SS Sφ ).  

The statistical exercise was then repeated with different CV values for the population (0.05, 0.10, and 
0.15) assigned for the simulations and the resulting CV for different minimum number of recordings per 
station are shown in Figure 7.3.1-2. Based on Figure 7.3.1-2, the CV of ,SS Sφ for the empirical data fall 

between the curves for a CV value population of 0.05 and 0.15. Based on this comparison, the TI Team 
selected a CV value of 0.12 as being representative.  
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The method for computing the 5th and 95th fractiles for the SSφ values based on the CV value is described 

in Appendix P. 

To evaluate the hazard sensitivity to the CV value, a simplified hazard analysis is used considering just a 
single magnitude (M7) at a single distance (15 km) with a recurrence interval of 500 years.  First, the 

hazard sensitivity to the value of SSφ is shown in Figure 7.3.1-3.  At low hazard levels, the hazard is 

sensitive to the standard deviation of the ground motion.  Next, the mean hazard is computed for 

different values of the CV of SSφ .  Plots of the mean hazard for CV values of 0.09, 0.12, and 0.15 are 

shown in Figure 7.3.1-4. There is very little sensitivity of the mean hazard to the CV value. As there is 
little sensitivity of the mean hazard to the CV value, more complicated models for the CV, such as 
magnitude-dependent models, are not evaluated. 

7.3.2 TI Team Global φSS Models (φSS-GLOBAL-R50 and φSS-GLOBAL-LD Models) 

7.3.2.1 φSS-GLOBAL-R50 Model 

As described in Section 5.4.1, single-site within-event residuals with magnitude greater than or equal to 

5.0 and distance less than 50 km were used to evaluate SSφ for a global dataset consisting of the four 

NGA-West2 data sets (datasets for ASK14, BSSA14, CB14 and CY14), each supplemented by the 
Taiwanese data from Lin et al. (2011). The magnitude and distance ranges used to derive the 

50SS GLOBAL Rφ − −  model were chosen to be applicable to the shorter distance ranges important for both 

DCPP and PVNGS, yet broad enough to have sufficient data. Other data sets were not available at the 

time of this project, including the Japanese data (Dawood et al., 2014) used to derive the SSφ  model for 

the PEGASOS Refinement Project (Rodriguez-Marek et al., 2013). Existing SSφ models, such that the 

PEGASOS Refinement Project SSφ models, were not directly used as candidate models in developing the 

SWUS 50SS GLOBAL Rφ − − model because the NGA-West2 datasets is richer in the magnitude and distance 

range on interest than the Japanese data of Dawood et al. (2014). Rather than using the Japanese data 

directly, the TI Team was informed by the PEGASOS Refinement SSφ models by comparing them with 

their SSφ models. 

The magnitude dependence of the SSφ from global data was evaluated by Linda Al Atik for Workshop #3 

(see also Appendix K, Section K.1). The global data for SSφ do not show a strong magnitude dependence. 

Example plots showing the global SSφ  values binned by magnitude are shown in Figure 7.3.2-1 for five 

available spectral periods (PGA, 0.1, 0.5, 1.0 and 3.0 sec). The TI Team visually inspected the magnitude-

binned SSφ for the five available periods and found that there was not a strong systematic magnitude 
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dependence seen consistently across all periods. Therefore, the TI Team judged that a magnitude-

independent form for the 50SS GLOBAL Rφ − − model is appropriate. 

The SSφ values, computed for the four sub sets (GLOBALPHISS-ASK14, GLOBALPHISS-BSSA14, GLOBALPHISS-CY14 and 

GLOBALPHISS-CB14) were averaged at each period (see Figure 7.3.2-2). A smooth model was developed by 

fitting the averaged SSφ values with a constant function of period (show by the solid line in Figure 7.3.2-

2). 

The high and low 50SS GLOBAL Rφ − − braches are computed using the method described in Appendix P, with 

the CV ( SSφ ) = 0.12. The resulting central, high, and low 50SS GLOBAL Rφ − − branches are shown in Figure 

7.3.2-3 and are compared to the SSφ values derived for the four sets of within-event site-corrected 

residuals based on the NGA-West2 GMPEs. The model range encompasses the full range of the SSφ

values from the four sub sets for all periods. The tabulated values for the 50SS GLOBAL Rφ − − model are listed 

in Table 7.3.2-1. 

7.3.2.2 φSS-GLOBAL-LD Model 

As discussed in Section 4.2.3, the distant, large magnitude sources in California and Mexico (Regions 1, 2 
and 3 as defined in Section 4.2) can contribute significantly to the low-frequency hazard at PVNGS.  

The deaggregation from the previous studies showed the controlling sources were magnitude M7 to 
M8.5 and distances of 200 to 300 km. This Section describes the development of the TI Team models for 

the SSφ for sources at long distances ( SS GLOBAL LDφ − − model, where LD indicates long distance).  

The datasets used to develop the SS GLOBAL LDφ − − model are described in Section 5.4.4. There are sparse 

data from large magnitudes at these distances (see Figure 5.4.4-1). To have enough data to estimate the

SSφ , the magnitude and distance ranges were broadened to M > 5.5 and distances between 200 and 

400 km.  There are no Taiwanese data in this magnitude and distance range. For the NGA-West2 
models, three of the models have event terms and within-event residuals applicable to this distance 
range, but CB14 does not because they used a maximum distance of 80 km in their regressions for the 
event terms, and then applied an additional distance scaling term for distances greater than 80 km. 
Because the event terms for CB14 were only for the shorter distance range, they may not be applicable 
to 200 to 400 km distance range, and the TI Team decided not to extrapolate the event terms. The 
remaining datasets are relatively small, consisting primarily of a few California and Japanese 
earthquakes.  
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The single-site within-event residuals from the three subsets (NGA-W2LD-PHISS-ASK14, NGA-W2LD-PHISS-BSSA14, 

and NGA-W2LD-PHISS-CY14) were used to estimate SSφ . The average of the SSφ values from only three sets of 

NGA-West2 residuals were used to develop the SSφ models. Note that the single-site within-event 

residuals were calculated using the entire datasets (no magnitude and distance restrictions) as 
previously mentioned. 

The magnitude dependence was evaluated by Linda Al Atik for Workshop #3 (see also Appendix K, 

Section K.1) and found to not have a strong magnitude dependence. Example plots showing the SSφ  

values binned by magnitude are shown in Figure 7.3.2-4a and b for eight spectral periods (PGA, 0.05, 

0.1, and 0.2 sec in Figure 7.3.2-4a; 0.5, 1.0, 2.0, and 5.0 sec in Figure 7.3.2-4b). Large error bars in SSφ  

binned by magnitude are found, due to the relatively small datasets with M ≥ 5.5 and 200 ≤ Rrup < 
400km. 

Because the hazard from the sources in Regions 1, 2 and 3 is dominated by large magnitude earthquakes 

and because no significant magnitude-dependence in SSφ was observed in the distance range of 200 to 

400 km, a magnitude-independent form for the SS GLOBAL LDφ − − model was selected by the TI Team. 

The average SSφ values were smoothed over period smoothed to preserve the general observed trend of 

the data as shown in Figure 7.3.2-5. The data show a decreasing trend of SSφ at the long periods for all 

three datasets.  The TI Team does not have an explanation of this trend, but it is robust in the empirical 
data. The epistemic uncertainty given by the 5th and 95th percentile was estimated using the method 

described in Appendix P with a CV( SSφ ) of 0.12 (Section 7.3.1). Figure 7.3.2-5 also shows the central, 

high, and low SSφ  models compared to the SSφ values used to derive the central model. The model 

range encompasses the full range of the SSφ values from the three sub sets for all periods. The tabulated 

values for the SS GLOBAL LDφ − − model are listed in 7.3.2-2. 

7.3.3 TI Team California φSS Models (φSS-CA-1 and φSS-CA-2 Models) 

Magnitude-dependent SSφ values were calculated in different magnitude bins for magnitude greater 

than 5.0 and distance less than 50 km from a California only subset (Section 5.4.3) of the NGA-West2 
datasets (NGA-W2CA-PHISS-ASK14, NGA-W2CA-PHISS-BSSA14, NGA-W2CA-PHISS-CB14 and NGA-W2CA-PHISS-CY14). Example 

plots showing the SSφ values binned by magnitude are shown in Figure 7.3.3-1a and b for eight spectral 

periods (PGA, 0.05, 0.1, and 0.2 sec in Figure 7.3.3-1a; 0.5, 1.0, 2.0, and 5.0 sec in Figure 7.3.3-1b). As 

shown in those figures, the calculated SSφ values are consistent among the four NGA-West2 models. 

Figures 7.3.3-1a and 7.3.3-1b also show the average SSφ for the four NGA-West2 California subset 
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residuals (averaging the 2
SSφ terms).  The error bars on the average SSφ represent the standard error of 

the SSφ estimates for the individual models combined with the between-model standard deviations.  

The distance and VS30 dependence of the SSφ values was evaluated by Linda Al Atik for Workshop #3 (see 

also Appendix K, Section K.1) and found to not have a distance or VS30 dependence. 

The TI Team selected a magnitude-dependent form for the average SSφ values and developed two 

models. The first model ( 1SS CAφ − − model) has a magnitude break at M7.0 and is constant for M ≥ 7.0. It is 

given by the linear function in Eq. 7.3.3-1a: 

( )
1( , )

5( ) ( ) ( ) 7
2

( ) 7

SS CA M T
Ma T b T a T for M

b T for M

φ − − = 
− + − <

 ≥

   (Eq. 7.3.3-1a) 

where coefficient a(T) represents SSφ values at M5.0 and coefficient b(T) represents SSφ values at M7.0. 

Coefficients a(T) and b(T) were obtained at each spectral period less than or equal to 5.0 sec (PGA, 
0.030, 0.050, 0.075, 0.100 0.150, 0.200, 0.300, 0.400, 0.500, 0.750, 1.000, 1.500, 2.000, 3.000, and 

5.000) by fitting the average SSφ values versus magnitude (averaging the binned variances of the four 

California datasets). At period of 10 sec, no fit was applied to SSφ versus magnitude due to the scarcity of 

the data at this period. Coefficients a(T) and b(T) were then smoothed versus period (up to 5.0 sec) as 
shown in Figure 7.3.3-2. The adopted smoothing functions (constant for a and inverse hyperbolic cosine 
function versus ln(T) for b) were chosen to best preserve the overall trend of the derived coefficients 
versus period. Values of coefficients a and b at T = 5.0 sec were adopted for periods greater than 5.0 sec. 

The second model ( 2SS CAφ − − model) has a magnitude break at M5.5 and has the form described in Eq. 

7.3.3-1b) 

( )
2 ( , )

5( ) ( ) ( ) 5.5
0.5

( ) 5.5

SS CA M T
Ma T c T a T for M

c T for M

φ − − = 
− + − <

 ≥

   (Eq. 7.3.3-1b) 

Where coefficient a(T) represents SSφ values at M5.0 and has the same values derived for the 1SS CAφ − −  

model, and coefficient c(T) represents SSφ values at M ≥ 5.5. Derived SSφ values for M ≥ 5.5 using the 

four California subsets were averaged at each spectral period (averaging variances) and then smoothed 
versus period as shown in Figure 7.3.3-3. The inverse hyperbolic cosine function versus ln(T) was 
adopted for smoothing to best preserve the trend of the coefficient c versus period. 
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The fits of the 1SS CAφ − − and 2SS CAφ − − models versus magnitudes are shown in Figures 7.3.3-1a and 7.3.3-

1b for selected representative periods. 

The central, low, and high values of coefficients a(T), b(T), and c(T) are shown in Figure 7.3.3-4 and are 

listed in Tables 7.3.3-1 and 7.3.3-2 for the  1SS CAφ − − and 2SS CAφ − − models, respectively. 

7.3.4 TI Team European φSS Model (φSS-EUR Model) 

A magnitude-independent SS EURφ − model was also derived from the European dataset (EURPHISS, 

described in Section 5.4.2). The central SSφ model was derived by smoothing magnitude-independent 

SSφ values over period using an inverse hyperbolic cosine function versus ln(T), as shown in Figure 7.3.4-

1 . 

As demonstrated in Appendix P, the high and low SSφ branches represent the 5th and 95th percentile of 

scaled chi-square distribution of 2
SSφ with the standard deviation of 2

SSφ calculated for CV( SSφ ) = 0.12. 

The CV value of 0.12 is from the global data (see Appendix P). The CV value of SSφ is related to the 

differences in the within-event within-site variability between sites. Conceptually, this is related to the 
complexity of the site conditions in terms of variability about systematic site amplifications. The TI Team 
judged that there is no obvious reason that the European sites would be more variable in their response 
than the global sites. Therefore, the global value is assumed to apply to the European data.  The central, 

high, and low SSφ branches are also shown in Figure 7.3.4-1 compared to the SSφ values used to derive 

the model. The tabulated values of the SS EURφ − model are listed in Table 7.3.4-1. 

The SSφ values were analyzed using the European dataset to evaluate magnitude dependence. Figure 

7.3.4-2 shows SSφ versus magnitude using the entire dataset as well as using only the subset of residuals 

with distance less than 50 km, for eight spectral periods (PGA, 0.05, 0.1, and 0.2 in Figure 7.3.4-2a; 0.5, 
1.0, 2.0, and 4.0 sec in Figure 7.3.4-2b). Figure 7.3.4-2 shows no significant magnitude-dependence of 

SSφ for the European dataset asides from an apparent increase of SSφ for magnitude greater than 7.0. It 

should be noted only two Turkish earthquakes (Duzce and Van) are available in the magnitude 7.0 to 7.5 
bin and only one earthquake (Kocaeli) is available in the magnitude 7.5 to 8.0 bin; hence the large error 

bars on SSφ in these two magnitude bins. SSφ values were also evaluated by Linda Al Atik (see Appendix 

K, Section K.2) with respect to distance, VS30, and style-of-faulting for PGA and T=1.0 sec. The results 
indicated no distance, magnitude, VS30 and style-of-faulting dependence.  Therefore, a magnitude-

dependent SSφ model is not developed for the European dataset.   
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7.4 φSP-R Model (φSP-R123 Model) 

The availability of recordings from distant California/Mexico earthquakes recorded at a group of sites 
around PVNGS makes it possible to estimate the repeatable similar path-to-region (SP-R) effects and 

remove them from the ground-motion variability. The use of SP Rφ − is coupled with applying an 

adjustment to the median prediction of GMPEs as discussed in Section 6.6. Section 7.4.1 presents the 
development of the path terms for Region1 and for combined Regions 2&3. The aleatory variability for 

these two sub-sets is described in Section 7.4.2 and is called 123SP Rφ − . 

7.4.1 Path Terms 

Ground-motion recordings at the Arizona stations from California events with distance range of 200 to 

500 km (PEER-AZPATH subset) were evaluated for their path effects. Event terms (δB ) for the California 
earthquakes, provided by the four NGA-West2 GMPE developers (ASK14, BSSA14, CB14 and CY14), were 

removed from the total residuals (δ ) of the recorded ground motions with respect to the four GMPE 

predictions to obtain four sets of within-event residuals (δW ): 

δWijk (T ) = δ ijk (T )−δBik (T )  (Eq. 7.4.1-1) 

where the indices i, j, and k are for the earthquake, station, and GMPE, respectively. The within-event 
residuals are shown in Figure 7.4.1-1 to Figure 7.4.1-4. Although the CB14 model was excluded for 

SS GLOBAL LDφ − − for large distances (Section 5.4.4), the CB14 model is included for the SP Rφ − model 

derivation because SP Rφ − is estimated from new residuals computed for each GMPE and the Arizona 

data (not previously included in the NGA-West2 database), whereas for the SSφ , the NGA-West2 within-

event residuals provided by the developers are used directly.  Because the residuals for SP Rφ − are 

computed by the TI Team and are not provided by the NGA-West2 developers, all four of the models can 
be used. 

The first step for estimating SP Rφ − and the path terms for sources in Regions 1, 2, and 3 (as defined in 

Section 4.2) was to compute the weighted mean bias of the within-event residuals from the four GMPEs 
(weighted by the number of recordings per GMPE since not all GMPEs used all the available events).  
This weighted mean bias represents the mean residual for a given path in central Arizona. It is denoted 

δW (T ) and is given by: 



Southwestern United States 
Ground Motion Characterization SSHAC Level 3 

TECHNICAL REPORT – Rev. 2 
 

Chapter 7 - GMC Models for the Sigma: Overview and Methodology Page 7-15 

δW (T ) =
δWk (T )Nk

k=1

NGMPE

∑

Nk
k=1

NGMPE

∑
 (Eq. 7.4.1-2) 

where δWk  is the mean bias for the kth GMPE and is given in Eq. 7.4.1-3, and Nk is the total number of 

recordings for the kth GMPE. NGMPE is the number of GMPEs. The δWk term is the mean of the within-

event residuals for a given GMPE: 
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N
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∑ ∑
 (Eq. 7.4.1-3) 

where NRECi is the number of recordings from the ith earthquake, and NEQK is the number of 
earthquakes and the Eijk is 1 if recording j from earthquake i was used by GMPE k, and zero otherwise.  

Next, the mean bias is removed from the within-event residuals to lead to a bias-corrected within-event 

residual, δWijk
* , which is given by 

δWijk
* (T ) = δWijk (T )−δW (T )  (Eq. 7.4.1-4) 

The goal is to capture the range for large magnitudes whereas the available data are for small 
magnitude: accordingly, the range of magnitude scaling from the GMPEs is wished to be retained. 
Correcting for the average bias of the four GMPEs rather than correcting each GMPE separately for its 
own bias preserves the range of the median spectral amplitudes (PSA) obtained from the four GMPEs.  

The standard error of the mean of the path term was approximated as the average standard deviation of 
the residuals over all four GMPEs (averaging variances) divided by the square root of the average 
number of recordings for the four GMPEs. Table 7.4.1-1 lists the bias for each GMPE as well as the 

weighted mean bias (δW ) and its standard error. 

As discussed in Section 5.3.3, for each station with a minimum of 5 recordings, the site term, δS2Sjk , 

for each of the GMPEs was computed. 
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The weighted mean site term was computed by averaging the site terms over the four GMPEs with the 
weights proportional to the number of recordings at a given site for a given GMPE. There is a correlation 
between the average site term and an average path term that cannot be resolved with the available 
data. Therefore, the site terms computed using Eq. 7.4.1-5 may also contain an average path term. 
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∑
  (Eq. 7.4.1-6) 

where Njk is the number of recording from the jth site for GMPE k. This mean site term is removed from 

the δWijk
* to obtain the single-site within-event residuals, given below: 

δWSijk (T ) = δWijk
* (T )−δS2Sjk (T )  (Eq. 7.4.1-7) 

The regional path term was then computed for each of the three regions at each spectral period. The 
path term is given by the mean of the path terms for the four GMPEs.  The path term for rth region and 
kth GMPE is given by 
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where irE is a dummy variable that is 1 if earthquake i is in region r and 0 otherwise. The mean weighted 

path term is given by 
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 (Eq. 7.4.1-9) 

where Nrk is the number of recordings for region r and GMPE k. The standard error of the mean path 
terms is given by 
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Southwestern United States 
Ground Motion Characterization SSHAC Level 3 

TECHNICAL REPORT – Rev. 2 
 

Chapter 7 - GMC Models for the Sigma: Overview and Methodology Page 7-17 

where Nr is the average number of recordings in region r (averaged over the GMPEs). Figure 7.4.1-5 
shows the mean path terms with the standard error of the mean for the three regions. 

For application in the hazard analysis, the sum of the mean bias (average path term for Arizona), 

δW (T ) , and mean regional path term, 2 ( )rP P Tδ , is used to derive the total path term for each 

region: 

( ) ( ) 2 ( )r rpath T W T P P Tδ δ= +  (Eq. 7.4.1-11) 

The  term contains both the average site term and the average path term, but the partitioning 

between the average site term and the average path term cannot be determined.  

The central path term for each of the three regions is based on averaging the ( )rpath T terms at periods 

of 0.5, 1.0, and 2.0 sec. The high and low branches around the median are obtained using +/-
1.6*standard error, where the standard error is the square root of the sum of squares of the standard 

errors of the δW (T )  and 2 ( )rP P Tδ terms. The average standard error for periods 0.5 and 1.0 sec is 

used for periods less than 1.0 sec.  For periods greater than 2 sec, the path term is extrapolated based 
on the value of the path term at a period of 2 seconds. Additional epistemic uncertainty in the path 
terms for periods greater than 2 seconds was added to account for the extrapolation by scaling the 
standard deviation for the 2 sec path term by the ratios of the standard deviations of median motions at 
longer periods to those at 2 sec from the Al-Atik and Youngs (2014) model. The epistemic uncertainty at 
periods less than 2 sec is captured by the statistical uncertainty in the path term due to the sample size. 
The median, high, and low path terms are shown in Figure Eq. 7.4.1-6 and are listed in Table 7.4.1-2. 

An issue associated to the path terms is that they are mainly based on small magnitude data. Therefore, 
the range of the medians from the five NGA-West2 GMPEs is maintained rather than computing a 
separate path term for each GMPE. This captures the uncertainty in the large magnitude scaling that is 
present in the range of the five NGA-West2 GMPEs.  

7.4.2 TI Team φSP-R Model 

The path-corrected site-corrected within-event residual, ijkrWSPδ , defined for the recording i at station j 

for GMPE k in region r, is given by:  

 ( ) ( ) 2 ( )ijkr ijk r irWSP T WS T P P T Eδ δ δ= −  (Eq. 7.4.2-1) 

The standard deviation of the ( )ijkrWSP Tδ residuals, denoted (T)SP Rφ − , is computed for each of the 

four NGA-West2 GMPEs. The average ( )SP R Tφ − for the four GMPEs for periods 0.5, 1.0, and 2.0 sec 

δW (T )
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(averaging variances) was used to develop the central ( )SP R Tφ − model. The ( )SP R Tφ − at a period of 0.2 

sec was not used in deriving the central model because sources in Regions 1, 2, and 3 do not contribute 
significantly to the hazard at short periods (as discussed in Section 4.2.3 and related figures). 

An attempt to compute SP Rφ − at spectral periods of 3, 4 and 5 seconds was unsuccessful due to 

limitation of usable data at those periods. Accounting for the lowest useable frequency of the recordings 
in the PEER Arizona dataset for Regions 1, 2 and 3 (Section 5.1.2) and excluding the earthquakes where 
event terms were not available (events not used in the development of NGA-West2 GMPEs), the total 
number of recordings per GMPE is listed in Table 7.4.2-1 for periods of 3, 4, and 5 sec. The number of 
recordings per station for the four NGA-West2 GMPEs at the three spectral periods is also shown in 
Table 7.4.2-1. Imposing the requirement of a minimum of 5 recordings per station for calculating the site 
terms, the Table 7.4.2-1 shows that no data is left at period of 3.0 sec. At period of 4.0 sec, only 5 
recordings remain for the BSSA14 residuals while no data remain for the rest of the GMPEs. At period of 
3.0 sec, all GMPEs have an average of about 5 recordings each at station Y14A. Distributing these 
recordings among the three regions leaves insufficient data per region for estimating the path terms. 

Therefore, SP Rφ −  is not shown at periods greater than 2.0 sec due to the data restrictions discussed 

here. 

With the 2.0 seconds limit on the reliable period range for estimating the path effects, the SP Rφ − model 

needs to be extrapolated to longer periods. The global long-distance data (NGA-W2LD-PHISS-ASK14,  NGA-
W2LD-PHISS-BSSA14, NGA-W2LD-PHISS-CY14) used to evaluate PhiSS show a trend of a slight reduction in the PhiSS 
values as the periods increase from 2 to 10 seconds (Figure 7.3.2-5). In addition, the range of PhiSS at 
periods longer than 2 seconds is comparable to the range at 2.0 seconds. Therefore, the TI Team 

selected a simple model for the extrapolation using a constant SP Rφ − in both the central value and the 

range used for periods longer than 2 seconds.  

The high and low branches of ( )SP R Tφ − represent the 5th and 95th percentile of a scaled chi-square 

distribution of 2
SP Rφ −  (see Appendix P) with a CV( SP Rφ − ) = 0.17 as estimated from the between-model 

variability of SP Rφ − and the average standard error of the SP Rφ − estimates for the individual GMPEs 

averaged over periods of 0.5, 1.0, and 2.0 sec. The resulting ( )SP R Tφ − model is listed in Table 7.4.2-2. 

Figure 7.4.2-1 shows the central, high and low branches of SP Rφ − compared to the values for the four 

GMPEs used to derive the model. For comparison, the value of SP Rφ −  at 1.5 sec from the four NGA-

West2 GMPEs is also shown in Figure 7.4.2-1, even though the value at 1.5 sec was not used to derive 

the ( )SP R Tφ − model. The SP Rφ − value at 1.5 seconds is within the range of the ( )SP R Tφ − branches.  
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7.5 Partially Non-Ergodic Sigma Models Comparisons 

The proponent SSφ models are compared for DCPP and PVNGS in Figures 7.5-1 and 7.5-2. Overall, the 

models show the SSφ values centered on around 0.35 to 0.45 with an epistemic uncertainty of about 0.1. 

The models vary about this average range depending on whether they incorporated an M-dependent or 

period-dependent form. Figure 7.5-2 shows also the comparisons with the SWUS GMC SP Rφ − model 

derived from Arizona data. At long periods (T > 2 sec), the SP Rφ −  and the SSφ models are similar. The 

main reduction in SP Rφ − is seen at 0.5 second value ( SP Rφ − at periods less than 0.5 sec are extrapolated 

and are not well constrained). Figure 7.5-3 provides comparisons of the DCPP and PVNGS magnitude-

independent SWUS GMC SSφ models to the PEGASOS Refinement Project (PRP) magnitude-independent 

SSφ model (Rodriguez-Marek et al., 2013). The average values from the GMC TI Team model are 

consistent with the PRP central model. It should be noted that the PRP did not address the bias in the 

estimate of the standard deviation of SSφ due to sample size; hence the larger epistemic uncertainty 

observed for the PRP model in Figure 7.5-3. The Hanford project adopted a magnitude-dependent SSφ
model (Coppersmith et al., 2014). Figure 7.5-4 presents a comparison of the DCPP magnitude-

dependent SWUS GMC SSφ models and the global magnitude-independent SSφ model to the Hanford 

model. The GMC TI Team M-dependent models are similar to the Hanford models both in the central 
value and the uncertainty range. Figure 7.5-5 shows the comparison of the magnitude-independent 

SWUS GMC SSφ models to the Luzi et al. (2014) SSφ models derived from Italian data. The three models 

based on the Italian data are consistent with the range from the GMC TI Team model. The lowest model 

( SSφ Italy-3) represents some path effects and is at the lower edge of the uncertainty of the GMC TI 

Team model for the SSφ model. 

 

7.6 Simplified Representation of the Total Sigma Models  

Chapters 10, 11, and 12 describe the logic trees for τ , SSφ for DCPP, and SSφ and SP Rφ − for PVNGS.  The 

hazard analysis uses the total standard deviation which is computed by combining the τ and φ models 

(see Appendix P for more details).  To reduce the number of branches in the ground-motion logic tree, a 
reduced set of branches for the total sigma, with three representative branches, is developed in Chapter 
13.  
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Table 7.1-1: SSφ and SP Rφ − models developed by the SWUS GMC TI Team, subset used for their 

development, and application for different sources. Definition of the subsets is provided in Section 5.4 
and illustrated in Table 5.1-4, and is not repeated herein. 

SIGMA MODEL 
SUBSET USED IN 

THE DEVELOPMENT USE OF SIGMA MODEL 

SS EURφ −  EURPHISS  Application to PVNGS sources in 
Greater Arizona  

50SS GLOBAL Rφ − −  

 

GLOBALPHISS-ASK14 

GLOBALPHISS-BSSA14 

GLOBALPHISS-CY14 

GLOBALPHISS-CB14 

Application to both DCPP and 
PVNGS sources in Greater 
Arizona 

SS GLOBAL LDφ − −  NGA-W2LD-PHISS-ASK14 

NGA-W2LD-PHISS-BSSA14 

NGA-W2LD-PHISS-CY14 

Application to PVNGS sources in 
Regions 1, and 2&3 

1SS CAφ − − and 2SS CAφ − −  

 

 

 

NGA-W2CA-PHISS-ASK14 

NGA-W2CA-PHISS-BSSA14 

NGA-W2CA-PHISS-CY14  
NGA-W2CA-PHISS-CB14 

Application to DCPP 

123SP Rφ −  PEER-AZPATH-ASK14 

PEER-AZPATH-BSSA14 

PEER-AZPATH-CY14 

PEER-AZPATH-CB14 

Application to PVNGS from 
earthquakes in Region 1 and 
Regions 2&3 

 

 

Table 7.2.4-1: Values of 1τ and 2τ for the τ logic tree branches discussed in Chapter 10. 

 1τ  2τ  

Central 0.386 0.338 
High 0.539 0.443 
Low 0.226 0.226 
 

 

Table 7.3.2-1: Magnitude-independent 50SS GLOBAL Rφ − − model branches. 

  50SS GLOBAL Rφ − −  

Period (sec) Central High Low 
0.01 - 10 0.437 0.522 0.350 
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Table 7.3.2-2: Magnitude-independent SS GLOBAL LDφ − − model branches. 

Period (sec) Central High Low 
PGA 0.517 0.617 0.414 
0.02 0.517 0.617 0.414 
0.03 0.517 0.617 0.414 
0.05 0.517 0.617 0.414 

0.075 0.517 0.617 0.414 
0.1 0.517 0.617 0.414 

0.15 0.517 0.617 0.414 
0.2 0.515 0.615 0.412 

0.25 0.511 0.610 0.409 
0.3 0.508 0.606 0.407 
0.4 0.498 0.594 0.399 
0.5 0.490 0.585 0.392 

0.75 0.476 0.568 0.381 
1 0.466 0.556 0.373 

1.5 0.452 0.540 0.362 
2 0.443 0.529 0.355 
3 0.431 0.514 0.345 
4 0.423 0.505 0.339 
5 0.417 0.498 0.334 

7.5 0.407 0.485 0.325 
10 0.399 0.476 0.319 

 

 

 

 

 

 

 

 

 

 

 

 

 



Southwestern United States 
Ground Motion Characterization SSHAC Level 3 

TECHNICAL REPORT – Rev. 2 
 

Chapter 7 - GMC Models for the Sigma: Overview and Methodology Page 7-25 

Table 7.3.3-1: Magnitude-dependent 1SS CAφ − − model branches. 

 1SS CAφ − − Model 
Period (sec) a Central b central a High b High a Low b Low 

PGA 0.4850 0.3087 0.5789 0.3685 0.3882 0.2471 
0.03 0.4850 0.3183 0.5789 0.3799 0.3882 0.2548 
0.05 0.4850 0.3278 0.5789 0.3913 0.3882 0.2624 

0.075 0.4850 0.3363 0.5789 0.4014 0.3882 0.2692 
0.1 0.4850 0.3425 0.5789 0.4088 0.3882 0.2741 

0.15 0.4850 0.3512 0.5789 0.4192 0.3882 0.2811 
0.2 0.4850 0.3571 0.5789 0.4262 0.3882 0.2858 
0.3 0.4850 0.3648 0.5789 0.4354 0.3882 0.292 
0.4 0.4850 0.3699 0.5789 0.4415 0.3882 0.2961 
0.5 0.4850 0.3736 0.5789 0.4459 0.3882 0.299 

0.75 0.4850 0.3796 0.5789 0.4531 0.3882 0.3038 
1 0.4850 0.3835 0.5789 0.4577 0.3882 0.3069 

1.5 0.4850 0.3883 0.5789 0.4635 0.3882 0.3108 
2 0.4850 0.3913 0.5789 0.4671 0.3882 0.3132 
3 0.4850 0.3951 0.5789 0.4716 0.3882 0.3162 
5 0.4850 0.3960 0.5789 0.4727 0.3882 0.3169 

10 0.4850 0.3960 0.5789 0.4727 0.3882 0.3169 
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Table 7.3.3-2: Magnitude-dependent 2SS CAφ − − model branches. 

 2SS CAφ − − Model 
Period (sec) a Central c Central a High c High a Low c Low 

PGA 0.4850 0.3581 0.5789 0.4273 0.3882 0.2865 
0.03 0.4850 0.3654 0.5789 0.4357 0.3882 0.2921 
0.05 0.4850 0.3725 0.5789 0.4452 0.3882 0.2985 

0.075 0.4850 0.3790 0.5789 0.4524 0.3882 0.3033 
0.1 0.4850 0.3837 0.5789 0.4583 0.3882 0.3073 

0.15 0.4850 0.3902 0.5789 0.4655 0.3882 0.3121 
0.2 0.4850 0.3947 0.5789 0.4715 0.3882 0.3161 
0.3 0.4850 0.4006 0.5789 0.4786 0.3882 0.3209 
0.4 0.4850 0.4044 0.5789 0.4822 0.3882 0.3233 
0.5 0.4850 0.4072 0.5789 0.4858 0.3882 0.3257 

0.75 0.4850 0.4118 0.5789 0.4918 0.3882 0.3297 
1 0.4850 0.4147 0.5789 0.4953 0.3882 0.3321 

1.5 0.4850 0.4183 0.5789 0.4989 0.3882 0.3346 
2 0.4850 0.4206 0.5789 0.5025 0.3882 0.3370 
3 0.4850 0.4234 0.5789 0.5049 0.3882 0.3386 
5 0.4850 0.4265 0.5789 0.5085 0.3882 0.3410 

10 0.4850 0.4297 0.5789 0.5133 0.3882 0.3442 
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Table 7.3.4-1: Magnitude-independent SS EURφ − model branches. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 7.4.1-1: Bias of within-event residuals of the Arizona recordings, δWk , for the four NGA-West2 

GMPEs and their weighted mean, δW , and standard error of the mean. 

 δWk  in ln units δW  in ln units 
Period (sec) ASK14 BSSA14 CB14 CY14 Mean Std Err 

0.2 0.042 -0.476 -0.370 -0.063 -0.216 0.100 
0.5 -0.548 -0.765 -0.619 -0.401 -0.589 0.087 
1.0 -0.053 -0.556 -0.563 -0.260 -0.353 0.087 
2.0 -0.219 -0.504 -0.317 -0.303 -0.344 0.096 

 
 

 

  SS EURφ − Model 

Period (sec) Central High Low 
PGA 0.460 0.549 0.368 
0.02 0.462 0.552 0.370 
0.03 0.464 0.554 0.371 
0.05 0.468 0.559 0.375 

0.075 0.471 0.562 0.377 
0.1 0.474 0.566 0.379 

0.15 0.477 0.569 0.382 
0.2 0.480 0.573 0.384 

0.25 0.482 0.575 0.386 
0.3 0.483 0.577 0.387 
0.4 0.485 0.579 0.388 
0.5 0.487 0.581 0.390 

0.75 0.489 0.584 0.391 
1 0.491 0.586 0.393 

1.5 0.493 0.588 0.395 
2 0.494 0.590 0.395 
3 0.496 0.592 0.397 
4 0.497 0.593 0.398 
5 0.497 0.593 0.398 

7.5 0.498 0.595 0.399 
10 0.499 0.596 0.399 
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Table 7.4.1-2: Total path term values, pathl (T ) , for Regions 1, 2, and 3. 

 Path Term - Region 1 Path Term - Region 2 Path Term - Region 3 
Period (sec) Central High Low Central High Low Central High Low 

PGA -0.119 0.100 -0.338 -0.665 -0.433 -0.896 -0.561 -0.309 -0.812 
0.02 -0.119 0.100 -0.338 -0.665 -0.433 -0.896 -0.561 -0.309 -0.812 
0.03 -0.119 0.100 -0.338 -0.665 -0.433 -0.896 -0.561 -0.309 -0.812 
0.05 -0.119 0.100 -0.338 -0.665 -0.433 -0.896 -0.561 -0.309 -0.812 

0.075 -0.119 0.100 -0.338 -0.665 -0.433 -0.896 -0.561 -0.309 -0.812 
0.1 -0.119 0.100 -0.338 -0.665 -0.433 -0.896 -0.561 -0.309 -0.812 

0.15 -0.119 0.100 -0.338 -0.665 -0.433 -0.896 -0.561 -0.309 -0.812 
0.2 -0.119 0.100 -0.338 -0.665 -0.433 -0.896 -0.561 -0.309 -0.812 

0.25 -0.119 0.100 -0.338 -0.665 -0.433 -0.896 -0.561 -0.309 -0.812 
0.3 -0.119 0.100 -0.338 -0.665 -0.433 -0.896 -0.561 -0.309 -0.812 
0.4 -0.119 0.100 -0.338 -0.665 -0.433 -0.896 -0.561 -0.309 -0.812 
0.5 -0.119 0.100 -0.338 -0.665 -0.433 -0.896 -0.561 -0.309 -0.812 

0.75 -0.119 0.100 -0.338 -0.665 -0.433 -0.896 -0.561 -0.309 -0.812 
1 -0.119 0.100 -0.338 -0.665 -0.433 -0.896 -0.561 -0.309 -0.812 

1.5 -0.119 0.131 -0.369 -0.665 -0.381 -0.948 -0.561 -0.246 -0.875 
2 -0.119 0.163 -0.401 -0.665 -0.329 -1.001 -0.561 -0.183 -0.938 
3 -0.119 0.184 -0.421 -0.665 -0.304 -1.025 -0.561 -0.155 -0.966 
4 -0.119 0.198 -0.436 -0.665 -0.287 -1.043 -0.561 -0.136 -0.986 
5 -0.119 0.209 -0.447 -0.665 -0.273 -1.056 -0.561 -0.120 -1.001 

7.5 -0.119 0.230 -0.468 -0.665 -0.249 -1.081 -0.561 -0.093 -1.028 
10 -0.119 0.245 -0.483 -0.665 -0.231 -1.098 -0.561 -0.073 -1.048 
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Table 7.4.2-1: Number of recordings per station for the four NGA-West2 GMPEs used to derive the 

SP Rφ − model, at periods of 3, 4 and 5 seconds. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
Station ID No. TOTAL 

REC. 
  Y13A 114A Z14A 113A Y14A 115A Z15A Z13A Y15A 

ASK14 
T 3.0 sec 0 2 3 1 5 1 0 2 0 14 
T 4.0 sec 0 2 3 1 4 0 0 2 0 12 
T 5.0 sec 0 1 2 0 2 0 0 1 0 6 

BSSA14 
T 3.0 sec 1 3 4 1 6 2 1 2 1 21 
T 4.0 sec 1 3 4 1 5 1 1 2 1 19 
T 5.0 sec 1 3 4 1 4 1 1 2 1 18 

CB14 
T 3.0 sec 0 2 3 1 5 1 0 2 0 14 

T 4.0 sec 0 2 3 1 4 0 0 2 0 12 
T 5.0 sec 0 1 2 0 2 0 0 1 0 6 

CY14 
T 3.0 sec 0 2 3 1 5 1 0 2 0 14 
T 4.0 sec 0 2 3 1 4 0 0 2 0 12 
T 5.0 sec 0 1 2 0 2 0 0 1 0 6 
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Table 7.4.2-2: Magnitude-independent SP Rφ − model (Arizona Data) branches for California and Mexico 

sources in Regions 1, 2, and 3. 

Period (sec) Central High Low 
PGA 0.304 0.388 0.217 
0.02 0.304 0.388 0.217 
0.03 0.304 0.388 0.217 
0.05 0.304 0.388 0.217 

0.075 0.304 0.388 0.217 
0.1 0.304 0.388 0.217 

0.15 0.304 0.388 0.217 
0.2 0.304 0.388 0.217 

0.25 0.304 0.388 0.217 
0.3 0.304 0.388 0.217 
0.4 0.304 0.388 0.217 
0.5 0.304 0.388 0.217 

0.75 0.339 0.432 0.242 
1 0.364 0.464 0.260 

1.5 0.399 0.508 0.284 
2 0.423 0.540 0.302 
3 0.423 0.540 0.302 
4 0.423 0.540 0.302 
5 0.423 0.540 0.302 

7.5 0.423 0.540 0.302 
10 0.423 0.540 0.302 
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Figure 7.2.2-1: τ versus period at M5.5 for the candidate models. 
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Figure 7.2.2-2: τ versus period at M7 for the candidate models. 
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Figure 7.2.2-3: Standard deviations computed using point-source stochastic simulations with random 
kappa values. 
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Figure 7.2.2-4: Standard deviations computed using point-source stochastic simulations with correlated 
kappa values. 
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Figure 7.2.2-5: Estimates of τ and φ from analysis of the CY14 residuals for California data. 
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Figure 7.2.3-1: τ versus magnitude at a period of 1 sec. 
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Figure 7.2.3-2: τ versus period at magnitude 5.5. 
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Figure 7.2.3-3: τ versus period at magnitude 7.0. 
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Figure 7.2.4-1: Within-model standard deviation of 2τ at magnitude 5.5 and 7.0. 

 

 

Figure 7.2.4-2: Between-model standard deviation of 2τ at magnitude 5.5 and 7.0. 
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Figure 7.2.4-3: Total standard deviation of 2τ at magnitude 5.5 and 7.0. 
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Figure 7.2.4-4: Comparison of the proposed τ model to the τ values for the five selected candidate τ
models (four NGA-West2 models and Zhao et al., 2006) at magnitude 5.5 and 7.0. 
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Figure 7.2.4-5: Magnitude dependence of the τ model (central, high and low branches) compared to 
the candidate τ models at period of 1 second. 

 

 

 

 

 



Southwestern United States 
Ground Motion Characterization SSHAC Level 3 

TECHNICAL REPORT – Rev. 2 
 

Chapter 7 - GMC Models for the Sigma: Overview and Methodology Page 7-43 

  

 
Figure 7.2.5-1: Comparison of the TI Team τ model to the τ values for the five candidate τ models 
used by the TI Team to derive the τ  model (four NGA-West2 models and Zhao et al., 2006), and to the 
τ model for the Bindi et al. (2014a and 2014b) and Akkar et al. (2014a and 2014b) GMPEs, at magnitude 
5.5 and 7.0. 
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Figure 7.3.1-1: Coefficient of variation (CV) from the global dataset for stations with a minimum of 10 
recordings per site (N). The blue line represent the CV for a population with CV = 0. 
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Figure 7.3.1-2: Coefficient of variation (CV) from the global dataset for stations with a minimum of 10 
recordings per site (N). The blue lines represent the CV for the simulated datasets with different CV 
values for the population. 
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Figure 7.3.1-3:  Simplified hazard example (for a M7 earthquake at 15 km with a recurrence interval of 

500 years) showing the hazard sensitivity to the value of SSφ . 
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Figure 7.3.1-4: Simplified hazard example (for a M7 earthquake at 15 km with a recurrence interval of 

500 years) showing the hazard sensitivity to the CV value of SSφ . 
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Figure 7.3.2-1: Magnitude-binned SSφ values calculated at PGA and spectral periods of 0.1, 0.5, 1.0, and 

3.0 sec for the four subsets of global datasets (GLOBALPHISS-ASK14, GLOBALPHISS-BSSA14, GLOBALPHISS-CY14 and 
GLOBALPHISS-CB14). The error bars show ± 1 standard error of the empirical estimates. 
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Figure 7.3.2-2: Magnitude-independent 50SS GLOBAL Rφ − − values calculated using the four global sub sets 

(GLOBALPHISS-ASK14, GLOBALPHISS-BSSA14, GLOBALPHISS-CY14 and GLOBALPHISS-CB14) and proposed central branch. 
The average values including the Lin et al. (2011) data set are shown for the available periods. The error 
bars show ± 1 standard error of the empirical estimates. 
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Figure 7.3.2-3: Central, high and low branches of the magnitude-independent 50SS GLOBAL Rφ − − model 

calculated using the four global sub sets (GLOBALPHISS-ASK14, GLOBALPHISS-BSSA14, GLOBALPHISS-CY14 and 
GLOBALPHISS-CB14). The average values including the Lin et al. (2011) data set are shown for the available 
periods. The error bars show ± 1 standard error of the empirical estimates. 
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Figure 7.3.2-4a: Magnitude-binned SSφ  values calculated at PGA and spectral periods of 0.05, 0.1, and 

0.2 sec for three subsets of global datasets for long distance (NGA-W2LD-PHISS-ASK14, NGA-W2LD-PHISS-BSSA14, 
and NGA-W2LD-PHISS-CY14). The error bars show ± 1 standard error of the empirical estimates. 
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 Figure 7.3.2-4b: Magnitude-binned SSφ  values calculated at spectral periods of 0.5, 1.0, 2.0 and 5.0 sec 

for three subsets of global datasets for long distance (NGA-W2LD-PHISS-ASK14, NGA-W2LD-PHISS-BSSA14, and NGA-
W2LD-PHISS-CY14). The error bars show ± 1 standard error of the empirical estimates. 
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Figure 7.3.2-5: Central, high and low branches (in black) of the magnitude-independent SS GLOBAL LDφ − −

model for PVNGS for California and Mexico sources located in Regions 1, 2, and 3 calculated using the 
global dataset for long distance (NGA-W2LD-PHISS-ASK14, NGA-W2LD-PHISS-BSSA14, and NGA-W2LD-PHISS-CY14). The 
error bars show ± 1 standard error of the empirical estimates. 
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Figure 7.3.3-1a: Magnitude-binned SSφ values calculated for PGA and at spectral periods of 0.05, 0.1, 

and 0.2 sec for four subsets of NGA-West2 California datasets (NGA-W2CA-PHISS-ASK14, NGA-W2CA-PHISS-BSSA14, 

NGA-W2CA-PHISS-CY14, and NGA-W2CA-PHISS-CY14). The solid and dashed line show the two alternative SSφ
models based on California data. The error bars show ± 1 standard error of the empirical estimates. 

 

 

 

5 5.5 6 6.5 7 7.5 8
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Magnitude

Φ
S

S

PGA

 

 
NGA-W2CA-PHISS-ASK14

NGA-W2CA-PHISS-BSSA14

NGA-W2CA-PHISS-CB14

NGA-W2CA-PHISS-CY14

Avg
ΦSS-CA-1

ΦSS-CA-2

5 5.5 6 6.5 7 7.5 8
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Magnitude
Φ

S
S

T 0.050 sec

 

 
NGA-W2CA-PHISS-ASK14

NGA-W2CA-PHISS-BSSA14

NGA-W2CA-PHISS-CB14

NGA-W2CA-PHISS-CY14

Avg
ΦSS-CA-1

ΦSS-CA-2

5 5.5 6 6.5 7 7.5 8
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Magnitude

Φ
S

S

T 0.100 sec

 

 
NGA-W2CA-PHISS-ASK14

NGA-W2CA-PHISS-BSSA14

NGA-W2CA-PHISS-CB14

NGA-W2CA-PHISS-CY14

Avg
ΦSS-CA-1

ΦSS-CA-2

5 5.5 6 6.5 7 7.5 8
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Magnitude

Φ
S

S

T 0.200 sec

 

 
NGA-W2CA-PHISS-ASK14

NGA-W2CA-PHISS-BSSA14

NGA-W2CA-PHISS-CB14

NGA-W2CA-PHISS-CY14

Avg
ΦSS-CA-1

ΦSS-CA-2



Southwestern United States 
Ground Motion Characterization SSHAC Level 3 

TECHNICAL REPORT – Rev. 2 
 

Chapter 7 - GMC Models for the Sigma: Overview and Methodology Page 7-55 

 

Figure 7.3.3-1b: Magnitude-binned SSφ  values calculated at spectral periods of 0.5, 1.0, 2.0 and 5.0 sec 

for four subsets of NGA-West2 California datasets (NGA-W2CA-PHISS-ASK14, NGA-W2CA-PHISS-BSSA14, NGA-W2CA-

PHISS-CY14, and NGA-W2CA-PHISS-CY14). The solid and dashed line show the two alternative SSφ models based 

on California data. The error bars show ± 1 standard error of the empirical estimates. 
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Figure 7.3.3-2: Fit to the coefficients a(T) and b(T) for the central magnitude-dependent 1SS CAφ − − model 
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Figure 7.3.3-3: Fit to the coefficient c(T) for the central magnitude-dependent 2SS CAφ − − model. The error 

bars show ± 1 standard error of the empirical estimates. 
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Figure 7.3.3-4: Central, high and low coefficients for the 1SS CAφ − − and 2SS CAφ − − models.  
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Figure 7.3.4-1: Central, high and low branches (in black) for the magnitude-independent SS EURφ −  model 

using the European dataset (EURPHISS) compared to the values used to derive the central model. The 
error bars show ± 1 standard error of the empirical estimates. 
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Figure 7.3.4-2a: Magnitude-binned SSφ  values calculated for PGA and at spectral periods of 0.05, 0.1, 

and 0.2 sec for the subset of European dataset (EURPHISS). Values are shown for the entire dataset (black) 
and for the data with maximum distance of 50km (red). The error bars show ± 1 standard error of the 
empirical estimates. 

 

5 5.5 6 6.5 7 7.5 8
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Magnitude

Φ
SS

PGA

 

 
All
RJB < 50 km

5 5.5 6 6.5 7 7.5 8
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Magnitude
Φ

SS

T 0.050 sec

 

 
All
RJB < 50 km

5 5.5 6 6.5 7 7.5 8
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Magnitude

Φ
SS

T 0.100 sec

 

 
All
RJB < 50 km

5 5.5 6 6.5 7 7.5 8
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Magnitude

Φ
SS

T 0.200 sec

 

 
All
RJB < 50 km



Southwestern United States 
Ground Motion Characterization SSHAC Level 3 

TECHNICAL REPORT – Rev. 2 
 

Chapter 7 - GMC Models for the Sigma: Overview and Methodology Page 7-61 

 

Figure 7.3.4-2b: Magnitude-binned SSφ  values calculated at spectral periods of 0.5, 1.0, 2.0 and 4.0 sec 

for the subset of European dataset (EURPHISS). Values are shown for the entire dataset (black) and for the 
data with maximum distance of 50km (red). The error bars show ± 1 standard error of the empirical 
estimates. 
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Figure 7.4.1-1: Within-event residuals of the Arizona recordings with respect to ASK14. The mean 
residual is shown in the plots. 
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Figure 7.4.1-2: Within-event residuals of the Arizona recordings with respect to BSSA14. The mean 
residual is shown in the plots. 
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Figure 7.4.1-3: Within-event residuals of the Arizona recordings with respect to CB14. The mean residual 
is shown in the plots. 
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Figure 7.4.1-4: Within-event residuals of the Arizona recordings with respect to CY14. The mean residual 
is shown in the plots. 
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Figure 7.4.1-5: Mean path terms versus period for Regions 1, 2, and 3 averaged over the four NGA-
West2 GMPEs. The error bars show ± 1 standard error of the empirical estimates. 
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Figure 7.4.1-6: Central, high and low path terms (black lines) for Regions 1, 2, and 3 compared to the 
values used to derive them. The error bars show ± 1 standard error of the empirical estimates. 
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Figure 7.4.2-1: Central, high and low branches (in black) of the magnitude-independent SP Rφ −  model for 

PVNGS for California and Mexico sources located in Regions 1, 2, and 3.  
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Figure 7.5-1: Comparison of the SSφ models for DCPP. The dashed lines show the epistemic uncertainty 

around the central models shown as solid lines. 
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Figure 7.5-2: Comparison of the magnitude-independent SSφ and SP Rφ − models for PVNGS for California 

and Mexico sources (Regions 1, 2, and 3) and for Greater Arizona sources (outside Regions 1, 2, and 3). 
The dashed lines show the epistemic uncertainty around the central models shown as solid lines. 
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Figure 7.5-3: Comparison of the magnitude-independent SSφ models to the magnitude-independent 

Pegasos Refinement Project (PRP) SSφ model. The dashed lines show the epistemic uncertainty around 

the central models shown as solid lines. 
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Figure 7.5-4: Comparison of the SSφ models to the magnitude-dependent Hanford SSφ model at PGA and 

period of 1 sec. The dashed lines show the epistemic uncertainty around the central models shown as 
solid lines. 
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Figure 7.5-5: Comparison of the magnitude-independent SWUS GMC SSφ models to the Luzi et al. (2014) 

SSφ models using three different Italian datasets ( SSφ Italy-1, SSφ Italy-2, and SSφ Italy-3). 
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8 MEDIAN GMC MODELS: DCPP SOURCES 

 

8.1 TI Team Approach for the Median Ground Motion 

As described in Section 6.4, the TI Team approach used to develop the weighed set of base models 
(ground motions for strike-slip earthquakes and reverse earthquakes recorded on the footwall) for 
median ground motions for the local faults consists of the following steps: 

1. Fit a common functional form to the GMPEs considered applicable to the assessment of ground 
motions at the DCPP site. 

2. Expand the set of models by interpolating between the candidate models. 
3. Develop the covariance matrix for the coefficients in the common-form models. 
4. Generate a large suite of ground-motion models by sampling from the multivariate normal 

distribution defined by the coefficient covariance matrix. 
5. Develop a Sammon’s map of the generated suite of ground-motion models that approximates 

the standard deviation of the difference between any two ground-motion predictions from the 
models by the Sammon’s map distance between the two models.  

6. Discretize the two-dimensional map space of generated models using Voronoi cells. 
7. Select a representative model for each cell based on the mean hazard within the cell. 
8. Assign weights to the representative model for each cell that captures the center, body, and 

range of the ground-motion models to use as the logic tree weight. 
 

For the sources other than the local faults, a simplified approach is used for the median ground motion 
because these sources contribute less than a few percent to the hazard at the 10-3 to 10-6 AFE levels at 
all periods.  The simplified approach simply uses the five NGA-West2 GMPEs with the additional 
epistemic uncertainty for M8 earthquakes.  The reason for using the candidate NGA-West2 GMPEs 
rather than the common-form models is that the common-form models were optimized for the 
controlling sources (local faults) and led to a large epistemic range at large distance (80 km) to the high 
activity San Andreas Fault. 
 
In this Chapter, the evaluations made by the TI Team to capture the center, body, and range of the 
median ground motions that are important to hazard at DCPP are described.   
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8.2 Structure of the Logic Tree  

8.2.1 Logic Tree for Local Faults 

The master logic tree for characterizing the median ground motion for the local fault sources (within 15 
km of DCPP) affecting the hazard at DCPP site is presented in Figure 8.2-1. In Figure 8.2-1 and 
subsequent figures, weights associated with the TI Team’s subjective evaluations are in red, whereas 
weights associated with statistical sampling are in green.  

The first node captures the alternative distance metrics that were considered for developing the 
common-form models.  The second node captures the range of alternative representative base models 
selected from the large suite of common-form models that were generated.  The third node represents 
the alterative hanging-wall (HW) scaling models.  There are five candidate HW models, but to reduce the 
total number of models, only a single HW effect model is applied to each base model by randomly 
sampling the five equally weighted alternative HW models (see Section 6.4.3).  The fourth node captures 
the alternatives of either including or excluding adjustments to the base models for directivity effects. 

The weights for the base model (second node) are developed independently for each spectral period 
from 0.01 to 3 seconds. The method for computing the weights, denoted “total weights”, uses the logic 
tree shown in Figure 8.2-2. The first node in Figure 8.2-2 addresses the alternative approaches using 
either selected empirical dataset (branch called “Data Comparison”) or the equally-weighted judgment 
of the GMPE developers (branch called “GMPE Prior”). The second node addressed the alternative data 
sets that are considered (empirical and simulated data sets). The third node addresses the two 
alternative metrics for measuring the difference between the models and the data sets based on the 
mean between-event residual (branch called “Residual”) and the likelihood of the total residual with 
fixed between-event and within-event standard deviations (branch called “Likelihood”).  

The evaluations for this second logic tree are the main factors for capturing the center, body, and range 
of the alternative median ground-motion models for the local faults near DCPP. The T = 3 sec ground-
motion models are extrapolated for periods up to 10 seconds, as described in Appendix N, using the 
same model weights as the T = 3 sec models. 

8.2.2 Logic Tree for Distant Sources 

The logic tree for the distant sources (all sources other than the local faults) is shown in Figure 8.2-3. In 
this logic tree, equal weights are used for the five NGA-West2 GMPEs because they are derived for data 
set that includes California data, and the small contribution to the hazard does not warrant more refined 
weights. A three-point approximation (Appendix P) for the additional epistemic uncertainty from the Al-
Atik and Youngs (2014) model using M8 is used to capture the additional epistemic uncertainty on the 
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large events on the San Andreas fault. The weights for the three branches are based on the statistical 
sampling of the normal distribution as described in Appendix P. 

The basis for using this simplified logic tree is that these sources do not contribute significantly to the 
hazard (less than a few percent at the 10-4 AFE level for long periods).  GMPEs that are not based on 
California data are not used because there are regional differences in the large distance scaling seen in 
the ground-motion data (e.g. regionalization of the large distance scaling in the NGA-West2 GMPEs).  
Therefore, the GMPEs developed from other regions may not capture the large distance scaling in 
California.  

 

8.3 Evaluation of Distance Metric for Common Form 

There are two commonly used distance metrics for ground-motion prediction equations: RRUP and RJB. In 
many applications, both models are applicable, but as discussed in Section 6.3.3, the variation in HW 
effects over the wide range in dip angles that were initially considered by the SSC TI Team for the DCPP 
source characterization are difficult to capture in a RJB-based formulation. This was not an issue for 
developing empirical models (such as BSSA14) because there is sparse sampling of low dip angle 
earthquakes with sites over the hanging wall, but it is important in the extrapolation of the models 
required in the PSHA. Simply treating the HW misfits from RJB-based models as aleatory variability is not 
appropriate because the range in median predictions for these effects is bounded, rather than being log-
normally distributed. Therefore, for application to DCPP, the TI Team judged that the RJB-based 
common-form metric branch shown in Figure 8.2-1 should be given zero weight in developing the 
common-form ground-motion models for DCPP. The information on magnitude and distance scaling 
contained in the RJB-based models is still captured by using them to construct ground-motion predictions 
on the foot-wall side of ruptures, where both distance metrics work well.  The RJB-based candidate 
models are re-parameterized into RRUP-based models which can then be combined with the HW effects 
models. 

We note that the Rev 0 SSC model for DCPP did not include shallow dip angles: the dips for the local 
reverse faults in the DCPP region range from 45 to 90 degrees (Section 4.1), so there are no local faults 
with shallow dips in the final model; however, the decision to use only the RRUP distance metric for the 
common-form models for DCPP was made before the Rev 0 SSC model was available to the GMC TI 
Team. 
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8.4 Median Base Models 

8.4.1 Evaluation of the Range for the Selected Models 

The range of the selected common-form models should capture the range of the candidate GMPEs in 
the Sammon’s map space, and should be representative of the range of the ground motions of the 
candidate GMPEs in ground-motion space for hazard-relevant earthquake scenarios.  In addition, each 
of the candidate GMPEs has epistemic uncertainty due to the limited data, particularly for large 
magnitudes and short distances.  This epistemic uncertainty for the NGA-West2 GMPEs has been 
parameterized by Al Atik and Youngs (2014) in terms of the standard error of the (log) mean. A similar 
evaluation is not available for the non-NGA-West2 GMPEs. A key reason for adding additional epistemic 
uncertainty is that the NGA-West2 GMPEs were developed from similar datasets and there was 
significant interaction between the developers, so that the GMPEs are not independent. In contrast, the 
non-NGA candidate GMPEs (ASB14, ZH06 and ZL11) used different datasets without close interaction, so 
they are less correlated. The TI Team judged that adding some epistemic uncertainty to these outside 
models was appropriate even though they are less dependent on each other. The Al Atik and Youngs 
(2014) model, therefore, was applied to the non-NGA models as well.  

To capture the additional uncertainty given by the Al Atik and Youngs (2014) model, the TI Team used 
the ±2 sigma level, representing the 95% confidence interval for the uncertainty in the median ground 
motion.  

The approach used by the TI Team to generate a large suite of common-form models further expands 
the range of the candidate GMPEs beyond the ±2 sigma range applied to the candidate GMPEs using the 
Sammon's maps. The wide range resulting from the 2000 common-form models is overly broad and the 
range is reduced based on comparisons with the range of the candidate GMPEs with their ± 2 sigma 
epistemic uncertainty and with the mean residual from the ground-motion data sets.  In this section, the 
check is discussed that the resulting range of common-form models is appropriately wide. 

Section 6.4 describes the approach for defining the range of the subset of common-form models that 
are considered appropriate based on the Sammon's maps. Here, the Sammon's maps for PGA and for T = 
1 seconds are used to demonstrate how the range was set.  This range is then checked against the range 
from the original candidate GMPEs to be sure that it is wide enough. 

Figures 8.4-1 and 8.4-2 show the Sammon’s map for the PGA and T = 1 sec suite of ground-motion 
common-form models generated for the DCPP site.  The distance between two points in the Sammon's 
map approximates the weighted standard deviation (in ln units) between the ground motions predicted 
by two different models for the selected sets of magnitudes and distances described in Section 6.4. The 
weighted standard deviation is the standard deviation between the ln of the ground-motion model 
amplitudes for two models with the weights being related to the deaggregation using a simplified source 
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model (eq.  6.4-7). Using these weights focuses the comparison of the amplitudes for two models on the 
magnitudes and distances that are most important to the hazard at DCPP.  The space spanned by the 
2000 common-form models is shown by the irregular polygon with the contours in Figure 8.4-1.  

The Sammon’s maps are rotated such that the x-axis approximates constant scaling between the 
models, as shown by the orientation of the additional epistemic uncertainty assigned to each candidate 
GMPEs (orientation of the magenta and cyan dots in Figure 8.4-1). Although magnitude and distance 
scaling differences are important, the largest map distances between the candidate GMPEs including 
epistemic uncertainty are in the x-axis direction.   

The red dots in Figures 8.4-1 and 8.4-2 denote the locations on the map of the predictions from the 
eight candidate GMPEs. The magenta and cyan dots show the plus and minus two sigma epistemic 
uncertainties for each of the candidate GMPEs.  As indicated on the plot, the full range from the 2000 
common-form models is much broader than the range produced by the eight candidate GMPEs. 

As described in Section 6.4, the sampling of the Sammon's map space is based on fitting ellipses to the 
convex hull of the locations of the candidate GMPEs on the map and scaling the ellipses, as shown in 
Figures 8.4-1 and 8.4-2. Points on the ellipses were selected to sample the range of representative 
models (shown by the black points in Figures 8.4-1 and 8.4-2).  To put limits on the range of the models, 
the NGAW2DC-MED data set (M > 5 and R < 50 km as described in Section 5.3.1) was used to compute the 
mean between-event residual using equations (10) and (7) of Abrahamson and Youngs (1992). The mean 
between-event residual is shown by the contours in the upper left plot in Figures 8.4-1 and 8.4-2. The 
small patches on the figures represent the limitations of mapping the differences among the GMPEs into 
a two-dimensional plane. The sampled points are limited to the region with mean between-event 
residual between -0.3 and 0.3 or the mean between-event residual given by the candidate GMPEs with 
±2 sigma epistemic uncertainties, whichever is larger.   

To check that the range of the representative suite of models selected using this approach is broad 
enough, a simple measure of the range of the candidate GMPEs, defined by the smallest and largest 
mean between-event residual from the NGAW2DC-MED data set, is used. Figure 8.4-3 shows the range of 
mean between-event residuals for the candidate GMPEs and their epistemic uncertainty compared to 
the range covered by the selected representative suite of common-form models. As indicated in the 
figure, the selected representative suite of common-form models covers a range of the mean between-
event residuals that is at least as wide as the candidate GMPEs and their epistemic uncertainty at every 
period. In some cases, the range is expanded beyond the range of GMPEs plus epistemic uncertainty, 
showing that the process of generating the models also extrapolates the candidate set of GMPEs. The 
range from the Sammon’s maps represents the range of the broad features of the candidate GMPEs. It 
does not lead to bounding models for all magnitude and distance combinations. Only the range of the 
candidate GMPEs and the mean between-event residuals influence the selection of the range of the 
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representative suite of common-form models. The likelihood is used only to assign weights to the 
representative suite of common-form models. 

In addition to the between-event residuals, the likelihood of each model given the selected dataset is 
also calculated using equations (10) and (7) of Abrahamson and Youngs (1992). If a model leads to very 
large standard deviations (e.g. greater than 1 ln units), the likelihood may still be high; however, the 
model prediction is not considered to be good because the large standard deviation is inconsistent with 
the empirical data. To avoid this trade-off between the likelihood and an optimized standard deviation, 
a fixed value of the standard deviation is used as representative of the typical standard deviation found 
in empirical GMPEs. For both the between-event and within-event standard deviation, the 
representative standard deviations are taken from the BSSA14 model. This approach penalizes common-
form models that lead to residuals that fit a normal distribution but with a large standard deviation that 
is inconsistent with the GMPE’s standard deviation. 

The contour lines underlying the Sammon’s map indicate either the value of the mean between-event 
residual computed for each model or the likelihood for each model. The selection of the data set is 
discussed in Section 8.4.2. The mean between-event residuals for the large suite of generated models 
range from about -1 to greater than +1 natural log units, while the range in mean residual for the 
candidate eight GMPEs ranges from about -0.2 to +0.2, indicating that some of the generated models 
differ substantially from the candidate GMPEs. For the mean residual (upper left and lower left plots in 
Figures 8.4-1 and 8.4-2), the contours of zero mean residual extend from the bottom to the top of the 
map because models with very different magnitude and distance scaling can have a mean residual of 
zero, but with different standard deviation of the fit. So, while the mean residual is easy to understand 
and evaluate, it is only part of the evaluation.  

The upper right hand plot in Figures 8.4-1 and 8.4-2 shows the contours of the likelihood of the selected 
data set being generated by each of the common-form models. Using likelihoods with fixed between-
event and within-event standard deviations based on the BSSA14 GMPE provides a complementary 
evaluation of the large suite of 2000 common-form models, which also considers the standard deviation 
of the between-event residuals and not just the mean value. Models with a high likelihood are more 
consistent with the data in the selected subset than models with low likelihood. As expected, the 
models with large absolute mean between-event residuals have much lower relative likelihood than 
those with small absolute mean between-event residuals, but the models at the top and bottom of the 
plot near the zero x-axis, which have small mean between-event residuals but poor fits to the BSSA14 
standard deviation values, show lower likelihood. Likelihood maps are not shown for the Finite Fault 
Simulations (FFS) data set because the aleatory variability of the simulations using the SCEC broadband 
platform was not validated as part of the SCEC broadband validation project:  the SCEC validation 
project only evaluated the methods for the median ground motions.  

Similar plots for the other periods are shown in Appendix H (Chapter 2, Section 2.1.3). 
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The range of selected representative common-form models is intended to represent the range of the 
candidate GMPEs and their associated ± 2 sigma epistemic uncertainties. 

8.4.2 Evaluation of Weights for Selected Models 

Two approaches are used to assign weights to the models selected in Section 6.4.4 to represent the 
distribution of GMPEs. The first approach, called the "prior" approach, utilizes the multivariate normal 
distribution defined by the coefficient covariance matrix to assign relative weights to the models that 
occupy each of the Voronoi cells. The second approach utilizes comparisons to ground-motion data to 
assign relative weights to the models that occupy each of the Voronoi cells. The data comparisons are 
based on both mean between-event residuals and sample likelihoods. 

Two datasets are used to develop the data comparison weights. The first dataset, called NGAW2DC-MED, is 
a subset of the data taken from the NGA-West2 data set as described in Section 5.3.1.  This subset 
includes M ≥ 5, distances less than 70 km, strike-slip and reverse earthquakes, and excludes sites with 
potential for strong HW effects because these are addressed separately with the addition of the HW 
model. The NGAW2DC-MED data set was shown in terms of the magnitude-distance scatter plot and 
number of earthquakes and number of recordings in Figure 5.3.1-1.  The second dataset consists of 
finite-fault simulations using three different methods (EXSIM – Atkinson and Assatourians, 2015; GP – 
Graves and Pitarka, 2015; and SDSU – Olsen and Takedatsu, 2015). Details of the finite-fault simulation 
methods, cases and evaluations are described in Appendix J. The finite-fault simulations are considered 
for the DCPP evaluations because the hazard is controlled by large magnitude sources at short distances 
(< 10 km) where the number of empirical data is still limited. The TI Team reviewed the results of the 
SCEC BBP Validation Project (Dreger et al., 2013 - Attachment B; Appendix J.1), and judged that the 
three methods identified by the SCEC Review Panel represent technically defensible interpretation of 
ground motions close to large earthquakes and are suitable for application to the SWUS GMC Project. 
The finite-fault numerical ground-motion simulations utilized for the Sammon’s maps are described in 
Section 5.2.3.2, and include earthquakes with magnitudes between 5.5 and 7.3 at short distances as 
shown in Figure 5.2.3-1.  

Empirical likelihood-based relative weights (as defined in Section 6.4.5) tend to give much higher weight 
to a few central models, producing narrower distributions of the ground motion. In contrast, relative 
weights based on differences in mean between-event residuals tend to produce broad distributions. A 
balance between these two behaviors was achieved by using a mixture of 60% on mean residual weights 
and 40% on likelihood weights. The TI Team selected these weights so that the resulting body of the 
distribution of median base models (as shown by the slope of the CDF plots in Appendix H) are generally 
consistent with the body of the distribution of the candidate GMPEs (with equal weights) used to 
develop the covariance matrix of the coefficients for the common-form models. 
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The subjective logic tree weights on the weighting approach for the DCPP application are based on the 
following considerations: 

1. There is ample empirical data in the NGA-West2 data set for much of the key range (M5 - M8 
at distances less than 70 km). The dataset approach allows the TI Team to put more weights 
on the magnitude and distances that are relevant to the hazard at DCPP, whereas the GMPE 
developers tried to capture the full range. However, these same data were considered in the 
development of the GMPEs, so this is not independent data. This approach just puts more 
weight of a specific magnitude and distance range of the full data considered by the GMPE 
developers.  

2. The simulations provide a larger set of cases (32 realizations of the source for each scenario) 
for the large magnitude, short distance cases. The medians are more stable, but the FFS have 
only been validated for seven large magnitude events.  These methods are still relatively new. 

3. The "prior" approach implicitly maintains the judgments by the candidate GMPE developers 
by using the weights from the covariance matrix that is based on the candidate GMPEs, but it 
is based on equal weight for each selected candidate model and does not consider the 
correlations in the model due to interaction between the developers. The common-form 
models fit to the candidate GMPEs maintain the magnitude and distance scaling in the 
candidate GMPEs as given by the GMPE developers. 

The TI Team favors the model weights based on comparisons to data over the model weights based on 
the common-form parameter distributions (the “prior”) approach by the ratio of 2:1 because of the 
large amount of relevant data (both empirical and simulated) and because of the limitation that the 
“prior” was based on applying equal weights to the models without regard to redundancy in the models 
due to non-independent model development, particularly for the NGA-West2 models. Within the data 
based approach to weighting, the TI Team strongly favors the use of the empirical data over the 
simulated data by the ratio of 3:1 because there is a large amount of empirical data in the important 
magnitude and distance ranges and the FFS methods still need additional validation with more events. 
Based on these considerations, 1/3 weight is assigned to weights based on the “prior” approach and 2/3 
to the comparisons with data. For the data sets, the empirical data is favored strongly (3 to 1) compared 
to the simulations, thus leading to 0.75 weight assigned to the NGAW2DC-MED empirical data set, and to 
0.25 weight assigned to the finite-fault simulations., as shown on the logic tree in Figure 8.2-2.  

The selected weighting scheme is compared to alternative weighting schemes by comparing the 
cumulative distribution function (CDF) for the ground motion for a given scenario.  Examples of the CDF 
plots are shown in Figures 8.4-4 and 8.4-5 for M6.5 strike-slip earthquakes at an RX distance of 5 km for 
PGA and T = 1 sec, respectively.  For this scenario, the likelihood weighting approach leads to a very 
narrow range (steeper slope of the CDF) and that the residual weighting approach leads to a broad 
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range (flatter slope of the CDF).  Using a weighted average with 0.4 for the likelihood and 0.6 for the 
between-event residuals leads to the CDF shown by the red curve.  This weighting of the likelihood and 
mean residual statistics provides a balance between the two different bodies of the distributions from 
these two approaches.  The GMPEs, shown by the brown curves, sometimes have a narrower 
distribution, and sometimes they have a broader distribution.  For the example shown, the selected 
weighting method leads to models that tend to have a broader body of the distribution than the 
candidate GMPEs, which is consistent with the concept that some of the GMPEs are correlated and do 
not represent independent estimates.  A large set of CDF plots for a range of M, R scenarios and spectral 
periods are shown in Appendix H (Chapter 2, Section 2.1.5). These additional scenarios and spectral 
periods show similar trends as discussed above. 

8.4.3 Evaluation of Center and Body of the Selected Models 

The center and body of the distribution of the medians is evaluated by comparing the CDFs using the 
weights described in Section 8.4.2 with the CDF from the candidate GMPEs with epistemic uncertainty 
(see Figures 8.4-4 and 8.4-5 as examples). Figure 8.4-4 shows CDF for PGA for an M6.5 strike-slip 
earthquake for a site at RX = -5 km (on FW).  The selected weights (red curve) has a center (CDF = 0.5) 
that is about 0.2 ln units greater than the center of the CDF from the finite-fault simulations, about 0.12 
units above the GMPEs, and is similar to the CDFs based on the mean residual, prior and likelihood 
approaches.  The average slope of the CDF between CDF = 0.1 and CDF = 0.9 defines the body of the 
distribution and, overall, is consistent with the slopes from the other methods except for the GMPE and 
likelihood approaches which are steeper for this example.  These comparisons of the center and body of 
the distribution change for different scenarios and spectral periods.  

In addition to the CDF plots, the center and body of the distribution can be evaluated using distance 
scaling, magnitude scaling, and spectra plots.  Figures 8.4-6 and 8.4-7 compare the distance scaling for 
the 5th, 50th, and 95th fractiles from the logic tree weights with the distance scaling for the candidate 
GMPEs for PGA and PSA (T = 1 sec), respectively.  The 50th percentile for the representative suite of 
common-from models is not the same as the 50th percentile of the candidate GMPEs. One reason for 
this difference is that the common-form model weights were partly based on finite-fault simulations 
that were not part of the dataset used in the candidate GMPEs’ derivation.  

As seen in these figures, the representative suite of models envelopes the candidate GMPEs for the 
larger magnitudes (M6.5 and M7.5) other than at distances less than 3 km. The GMPE that is above the 
selected model envelope is the Id14 model. As discussed in Section 6.2.1, the TI Team judged the short 
distance scaling in the Id14 model to be unreliable for large magnitudes and removed the Id14 model at 
distances less than 3 km from the development of the common-form models. This apparent 
inconsistency between the range of GMPEs and the range of the representative suite of common-form 
models reflects the TI Team’s judgment with regard to the Id14 GMPE. The shape of the 5% fractiles for 
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M7.5 shown in Figure 8.4-6 is not smooth due to the relatively small number of common-form models 
selected (less than 31). 

At smaller magnitudes (M5.5), the representative suite of common-form models does not envelope all 
of the candidate GMPEs for M5.5 as shown in Figure 8.4-7 (top panel). The differences at M5.5 are 
related to the sharp breaks in the magnitude scaling for the short period ground motion for some of the 
candidate GMPEs.   Figure 8.4-8 shows the magnitude scaling of the candidate GMPEs compared to the 
5th, 50th, and 95th fractiles from the representative suite of common-form models using the logic tree 
weights, for the strike-slip earthquakes and RX distance of 5 km for PGA, T = 0.2, T = 1, and T = 3 seconds. 
The candidate GMPEs with additional epistemic uncertainty and the minimum and maximum of the 
representative common-form models are also shown. The magnitude scaling for the Graizer (2014) 
model is provided for comparison, because the Graizer (2014) model was not used to generate the large 
suite of common-form models. The sharp break in the magnitude scaling at M5.5 for one of the GMPEs 
can be seen in this figure.  The representative suite of common-form models includes breaks in the 
magnitude scaling at M5.5 and M6.5, but the break is not as sharp and leads to a smoother set of 
models. The TI Team judged that the smoother common-form models are adequate because they cover 
the CBR of the TDI (i.e. candidate GMPEs) for scenarios that are relevant to the hazard. In some 
magnitude-distance combinations, the representative suite of common-form models does not fully 
envelop the prediction of the candidate GMPEs with added epistemic uncertainty, as discussed in the 
next paragraph. To check that these small exeedances are not at scenarios that control the hazard, the 
hazard is evaluated using a representative SSC model. These representative hazard results show that the 
representative suite of common-form models has an appropriate range (shown later in this section). 

Examples of the 5th, 50th, and 95th fractiles predictions from the representative suite of common-form 
models using the logic tree weights are compared to the range of the candidate GMPEs in Figure 8.4-9,  
for M5.5, M6.5, and M7.5 strike-slip earthquakes at a distance of 5 km.  The candidate GMPEs with 
additional epistemic uncertainty, the minimum and maximum of the representative common-form 
models, and the GK14 model are also shown. For M6.5 and M7.5, the selected models envelop the 
range of the candidate GMPEs plus additional epistemic uncertainty, but at M5.5, not all of the models 
are enveloped due to the sharp breaks in the magnitude scaling at M5.5 in one of the GMPE models. 
This issue of adequate range is evaluated later at the end of Section 8.4.3, using hazard curves as the 
metric of interest.   

An example of the CDF with a broad distribution of the GMPEs is shown in Figure 8.4-10 for a M5.5 
earthquake at a distance of 1 km.  For the spectral acceleration at T = 1 sec, the GMPE distribution is 
much broader than the distribution for the representative suite of common-form models due to the kink 
in the magnitude scaling at M5.5 for one of the candidate GMPEs.  In contrast for PGA, for this same 
scenario, the GMPE distribution is similar to the representative suite of common-form models as the 
range of the selected models captures the kink in the magnitude scaling.   
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The centering of the models can also be evaluated in terms of the influence of the different metrics used 
for computing the weights for the common-form models.  Because the simulations are also used to 
constrain the center and body of the distribution, differences between the center of the simulations and 
the center of the candidate GMPEs will affect the centering of the selected models. 

A set of CDF plots and ground-motion scaling plots for the scenarios listed in Table 8.4-1 and for a range 
of spectral periods are shown in Appendix H. The CDFs of the ground motions were reviewed to check 
the center and body of the distributions. A general result is that the simulations lead to a lower center 
(PSA at CDF = 0.5) for short periods and a higher center for long periods. The center of the full 
distribution and the body of the upper tail distribution of the representative suite of common-form 
models are consistent with the distribution of the GMPEs except at an RX distance of 1 km from M5.5 
earthquakes.  The lower tail has more variability in the shape of the CDF, but it is not as important to the 
hazard as the upper tail (the mean hazard is driven by the upper tail because the distribution is skewed). 

To summarize the evaluation of the centering of the models based on the CDF plots, the changes in the 
PSA at CDF = 0.5 for the different metrics and datasets are computed. Specifically, for each scenario 
listed in Table 8.4-1, the difference in the ground motion for a single metric and the weighted average 
model is computed. The distribution of the differences of the ln PSA for the 18 scenarios is referred to as 
an “influence histogram”, and is plotted for each statistic and each spectral period.  Examples for the 
RRUP-based models (A models) are shown in Figures 8.4-11, 8.4-12, and 8.4-13 for PGA, and spectral 
accelerations at T = 1 sec and T = 3 sec, respectively.  These plots show the influence of the different 
metrics on the centering of the distribution with zero residual representing the center based on the TI 
Team evaluation (shown by the red curves in the CDF plots). For PGA, the simulations are centered 
lower than the evaluated center (shown by the negative residual compared to the median), whereas, 
the other metrics are near the evaluated center.  For PSA at T = 2 seconds, there is a shift with the 
simulations along with the NGAW2DC-MED between-event residuals being slightly above the evaluated 
center and the likelihood and prior approach being skewed to lower values.  For PSA at T = 3 seconds, 
the simulations lead to higher values than the evaluated center and the other metrics are near the 
evaluated center.  A full set of these influence histograms is given in Appendix H (Section 2.1.15 in 
Chapter 2 of Appendix H). 

The above discussion has focused on the ground-motion levels.  The representative suite of models was 
developed to sample a range of distance scaling and magnitude scaling. An example of the distance 
scaling for the representative suite of common-form models for M6.5 strike-slip earthquakes is shown in 
Figure 8.4-14 for T = 0.2 sec and T = 2 sec. An example of the magnitude scaling for the representative 
suite of common-form models for strike-slip earthquakes at a distance of 10 km is shown in Figures 8.4-
15 for T = 0.2 sec and T = 2 sec.  These figures show that the representative suite of common-form 
models spans a range of distance and magnitude scaling in addition to changing in the constant value. 
The differences in the magnitude and distance scaling may also impact the range of the hazard, 
depending on the source model. 
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Another key consideration for the center and body of the distribution is that, for each cell, the 
representative common-form model was selected based on its hazard being close to the mean hazard 
for the cell.  Because the main application of these models is for hazard, it is appropriate to select 
representative models based on hazard; however, this may not always lead to a selection of models that 
best samples the range of ground motions for each scenario.  That is, checking the center and body of 
the distribution with respect the candidate GMPEs should be done for hazard, not just ground motion 
for each scenario.   

To evaluate the hazard distribution, the hazard was computed for each selected common-form model 
and for the candidate GMPEs using the simplified source model that represents a site for which nearby 
(less than 15 km) strike-slip and reverse sources will dominate the hazard (See Appendix O for details). 
Because a general near-fault-dominated source model is used, the evaluation of the weights for the 
representative suite of common-form models is judged, by the TI Team, to be applicable to DCPP as long 
as the local sources dominate the hazard at the site. Therefore the GMC model does not need to be re-
evaluated for new SSC models if the controlling sources remain at distances less than 15 km. A single 
aleatory standard deviation, based on the central model described in Section 13.2, is used for all of the 
median models.  The range of hazard for spectral acceleration at T = 0.2 sec and T = 2 sec are shown in 
Figures 8.4-16 and 8.4-17, respectively.  Appendix O includes plots showing the range of hazard for three 
additional periods (PGA, T = 1 sec and T = 0.1 sec). 

For the T = 0.2 sec case (Figure 8.4-16), the range of hazard curves from the representative suite of 
common-form median models is much broader than the range of hazard from the candidate GMPEs, 
and the mean hazard from the representative suite of common-form models is larger than the hazard 
from the candidate GMPEs at probability level less than 10-4.  The broader uncertainty range increases 
the mean hazard due to the skewed distribution of hazard (skewed to the higher values). Another cause 
for this difference between the average hazard from the candidate GMPEs and the mean hazard from 
the representative suite of common-form models is that the HW effect is included for all common-form 
models, but there is no HW effect for some of the candidate GMPEs (Id14 [Idriss, 2014), Z06 [Zhao et al., 
2006], and ZL11 [Zhao and Lu, 2011] as implemented by the TI Team, see Section 5.5.1.1).  Figure 8.4-16 
shows that these candidate GMPEs without HW effects have the lowest hazard.  An additional 
difference from the candidate GMPEs is that the magnitude taper for the HW effect was removed, 
which increases the HW effect for earthquakes with magnitudes less than 6.5.  To show the impact of 
this change, the hazard was also computed for the ASK14 (Abrahamson et al., 2014) model with the HW 
magnitude taper removed (called ASK modified in Figure 8.4-16). The result of removing the magnitude 
taper for the HW effect is only a small increase in the hazard. 

For the T = 2 sec case (Figure 8.4-17), the range of hazard curves from the candidate GMPEs is much 
broader than for the T = 0.2 sec case.  The range of hazard from the representative suite of common-
form median models is broader than the range of hazard from the candidate GMPEs.  The mean hazard 
from the representative suite of common-form models is within the range of the hazard from candidate 
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GMPEs.  Overall, the uncertainty range of the hazard for the T = 2 sec case is much broader than for the 
T = 0.2 sec case, reflecting the wider uncertainty range of the representative suite of common-form 
models at long periods as compared to the short periods as seen earlier in Figures 8.4-6, 8.4-7, and 8.4-
8. 

Figures 8.4-18 shows the 5 Hz mean hazard curves for the representative suite of common-form models, 
the candidate GMPEs (given equal weight) and the upper and lower bound for the candidate GMPEs 
with the additional epistemic uncertainty.  Figure 8.4-19 shows the same information for the 0.5 Hz 
hazard.  For the 5 Hz case, the mean hazard from the representative suite of common-form models is 
slightly larger than the mean hazard from the candidate GMPEs.  In contrast, for 0.5 Hz, the mean 
hazard from the candidate GMPEs is slightly larger than the mean hazard from the representative suite 
of common-form models. 

Although the representative suite of common-form models does not fully span the range of the 
candidate GMPEs for all magnitudes, distances, and spectral periods, the hazard curves from these 
models do envelope the hazard from the candidate GMPEs for the key hazard levels of 10-4 to 10-6, 
indicating that key median ground-motion features affecting the hazard have been adequately captured 
by the representative suite of common-form models for the median ground motion. 

 

8.5 Hanging-Wall Adjustment  

The five alternative HW models developed in Section 6.3 have equal weight.  As described in Section 6.3, 
a single random HW model is assigned to each base-model GMPE, replacing the central HW model 
(denoted HW3 in Table 6.3-2) used for the Sammon's maps.  The reason for assigning a single HW model 
rather than all combinations of base models and HW models is to reduce the calculation time for the 
Sammon's maps.  The main use of the maps is to capture the range of base model scaling.  The HW 
effects are then added to the base models to produce a complete set of models that captures both the 
range of the base models and the range of the HW models. 

 

8.6 Directivity Adjustments on Median Ground Motions 

As described in Section 6.5, a single directivity model is considered without epistemic uncertainty 
because the hazard sensitivity from Section 14.2.1 showed that including the directivity did not have a 
significant effect on the hazard. The approach to account for directivity adjustments to both median and 
standard deviation is described in Section 6.5. The model for directivity adjustments accounts for 
systematic differences in the ground motion (median and standard deviation) based on the location of 
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the site along the rupture.  For a given scenario, there can be significant differences in the ground 
motion for a specific site-source geometry due to directivity.  The DCPP SSC includes large ruptures on 
the nearby faults (Section 4.1) where defined earthquakes are capable of having large directivity effects.  
However, the hazard is not significantly affected by directivity, and the TI Team chose not to include 
directivity effects following the justifications given in Section 6.5.2.  

8.7 Rule-based Approach for Complex and Splay Sources 

The evaluation of alternative rules is given in Section 6.7 and Appendix J (Section J.4).  For complex 
ruptures (change in dip or rake along strike), the ground motion is given by the square root of the sum 
of the squares (SRSS) of the ground motions computed for each of the two sub-sources separately.  For 
splay ruptures (overlapping ruptures of two sources), the ground motion is given by the SRSS of the 
ground motions computed for each of the two sub-sources separately.  Epistemic uncertainty on the 
rule is not incorporated, because these cases have low rates and have a small effect on resulting hazard, 
as shown in Workshops #2 and #3. 

 

8.8 References 

Abrahamson, N.A., and Youngs, R.R. (1992). A stable algorithm for regression analysis using the random 
effects model, Bull. Seism. Soc. Am., Vol. 82, 505-510. 

Abrahamson, N.A., Silva, W.J., and Kamai, R. (2014). Summary of the AKS14 Ground-Motion Relation for 
Active Crustal Regions, Earthquake Spectra, Vol. 30(3), 1025-1055, DOI: 10.1193/070913EQS198M 

Akkar, S., Sandikkaya, M.A., and Bommer, J.J. (2014a). Empirical ground-motion models for point- and 
extended-source crustal earthquake scenarios in Europe and the Middle East, Bull. Earthquake Eng., 
Vol. 12, 359–387, DOI: 10.1007/s10518-013-9461-4 

Akkar, S., Sandikkaya, M.A., and Bommer, J.J. (2014b). Erratum to: Empirical ground-motion models for 
point- and extended-source crustal earthquake scenarios in Europe and the Middle East, Bull. 
Earthquake Eng, Vol. 12(1), 389-390, DOI: 10.1007/s10518-013-9508-6 

Al Atik, L., and Youngs, R.R. (2014). Epistemic Uncertainty for NGA-West2 Models, Earthquake Spectra, 
Vol. 30, DOI: 10.1193/062813EQS173M 

Atkinson, G.M, and Assatourians, K. (2015). Implementation and validation of EXSIM (a stochastic finite-
fault ground-motion simulation algorithm) on the SCEC broadband platform, Seismol. Res. Letts 
Letts., Vol. 86(1), 48-60, DOI: 10.1785/0220140097. 



Southwestern United States 
Ground Motion Characterization SSHAC Level 3 

TECHNICAL REPORT – Rev. 2 
 

Chapter 8 - Median GMC Models: DCPP Sources  Page 8-15 
 

Boore, D.M., Stewart, J.P., Seyhan, E., and Atkinson, G.M. (2014). NGA-West 2 Equations for Predicting 
PGA, PGV, and 5%-Damped PSA for Shallow Crustal Earthquakes, Earthquake Spectra, Vol. 30(3), 
1057-1085, DOI: 10.1193/070113EQS184M. 

Campbell, K.W., and Bozorgnia, Y. (2014). NGA-West2 Ground Motion Model for the Average Horizontal 
Components of PGA, PGV, and 5%-Damped Linear Acceleration Response Spectra, Earthquake 
Spectra, Vol. 30(3), DOI: 10.1193/062913EQS175M. 

Chiou, B.S-J., and Youngs, R.R. (2014). Update of the Chiou and Youngs NGA Model for the Average 
Horizontal Component of Peak Ground Motion and Response Spectra, Earthquake Spectra, Vol. 
30(3), 1117-1153, DOI: 10.1193/072813EQS219M. 

Graizer, V. (2014). Updated Graizer-Kalkan Ground-motion Prediction Equations for Western United 
States, Proceedings for the 10th U.S. National Conference on Earthquake Engineering Frontiers of 
Earthquake Engineering, July 21-25, 2014, Anchorage, Alaska, Paper ID 1097, 11 pp.   

 Graves, R.W. and Pitarka, A. (2015). Refinements of the Graves and Pitarka (2010) Broadband Ground-
Motion Simulation Method, Seismol. Res. Letts., Vol. 86(1), 75-80, DOI: 10.1785/0220140101. 

Idriss, I.M. (2014). An NGA-West2 Empirical Model for Estimating the Horizontal Spectral Values 
Generated by Shallow Crustal Earthquakes, Earthquake Spectra, Vol. 30(3), 1155-1177, DOI: 
10.1193/070613EQS195M. 

Olsen, K. and Takedatsu, R. (2015). The SDSU Broadband Ground Motion Generation Module BBtoolbox 
Version 1.5, Seismol. Res. Letts., Vol. 86(1), 81-88, DOI: 10.1785/0220140102. 

Zhao, J.X., Zhang, J., Asano, A., Ohno, Y., Oouchi, T., Takahashi, T., Ogawa, H., Irikura, K., Thio, H.K., 
Somerville, P.G., Fukushima, Y., and Fukushima, Y. (2006). Attenuation Relations of Strong Ground 
Motion in Japan Using Site Classification Based on Predominate Period, Bull. Seism. Soc. Am., Vol. 
96, 898-913. 

Zhao, J.X., and Lu, M. (2011). Magnitude-Scaling Rate in Ground-Motion Prediction Equations for 
Response Spectra from Large, Shallow Crustal Earthquakes, Bull. Seism. Soc. Am., Vol. 101, 2643-
2661.  

 

 

 

 



Southwestern United States 
Ground Motion Characterization SSHAC Level 3 

TECHNICAL REPORT – Rev. 2 
 

Chapter 8 - Median GMC Models: DCPP Sources  Page 8-16 
 

Table 8.4-1: Scenarios used for the evaluation of the CDF distributions of the representative suite of 
common-form models for DCPP. 

Magnitude RX Distance (km) Style of Faulting (SOF) 
5.5 -1 0 (Strike Slip) 
5.5 -5 0 (Strike Slip) 
5.5 -10 0 (Strike Slip) 
6.5 -1 0 (Strike Slip) 
6.5 -5 0 (Strike Slip) 
6.5 -10 0 (Strike Slip) 
7.5 -1 0 (Strike Slip) 
7.5 -5 0 (Strike Slip) 
7.5 -10 0 (Strike Slip) 
5.5 -1 1 (Reverse) 
5.5 -5 1 (Reverse) 
5.5 -10 1 (Reverse) 
6.5 -1 1 (Reverse) 
6.5 -5 1 (Reverse) 
6.5 -10 1 (Reverse) 
7.5 -1 1 (Reverse) 
7.5 -5 1 (Reverse) 
7.5 -10 1 (Reverse) 
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Figure 8.2-1: Logic tree for the median at DCPP for the local faults. The representative suite of common-
form models is shown by the unique Model ID # (up to #31), and the models’ weights are rounded to the 
third decimal point. The HW branch name refers to a random sample from one of the five HW models 
(HW1 to HW5). The weights associated with the TI Team’s subjective evaluations are in red, whereas 
weights associated with statistical sampling are in green. The approach to compute the weights for the 
models is shown in the logic tree in Figure 8.2-2. The weights shown for the base models and the 
hanging wall models are for one example case (PGA). The weights for the other periods are listed in the 
DCPP Hazard Input Document (HID) available in Appendix C – Part II. 
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Figure 8.2-2: Weighting scheme for the median base models, involving alternative datasets and 
alternative weight metrics. The weights associated with the TI Team’s subjective evaluations are in red. 
The description of the data set branches is provided in Section 5.3.1: “SIMDC-MED” and “NGAW2DC-MED” 
refer to the suite of finite-fault simulations and to the subset of NGA-West2 data used for constraining 
the median models, respectively. 
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Figure 8.2-3: Logic tree for the median at DCPP for the distant faults. The weights associated with the TI 
Team’s subjective evaluations are in red, whereas weights associated with statistical sampling are in 
green.  
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Figure 8.4-1: Range of PGA models generated from sampling the joint distribution of the common-form 
parameter distribution and the range of representative suite of common-form models (black dots). Red 
dots show the candidate GMPEs used to develop the ground-motion model distributions. The magenta 
and cyan dots show plus and minus two sigma epistemic uncertainty, respectively, about the candidate 
GMPEs. The Voronoi cells (gray closed polygons) are developed based on the locations of the black 
points on the ellipses (gray concentric curves).  The contour for the zero residual is a thick black line, the 
± 0.15 contours are dashed black lines and the ± 0.3 contours are thin black lines. Upper left: contour 
lines indicate the mean between-event residuals for the NGAW2DC-MED data set.  Lower left: contour lines 
indicate the mean between-event residuals for the simulation data set. Upper right: contour lines 
indicate the likelihood for the NGAW2DC-MED data set.  
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Figure 8.4-2: Range of T = 1 sec models generated from sampling the joint distribution of the common-
form parameter distribution and the range of representative suite of common-form models (black dots). 
Red dots show the candidate GMPEs used to develop the ground-motion model distributions. The 
magenta and cyan dots show plus and minus two sigma epistemic uncertainty, respectively, about the 
candidate GMPEs. The Voronoi cells (gray closed polygons) are developed based on the locations of the 
black points on the ellipses (gray concentric curves). The contour for the zero residual is a thick black 
line, the ± 0.15 contours are dashed black lines and the ± 0.3 contours are thin black lines. Upper left: 
contour lines indicate the mean between-event residuals for the NGAW2DC-MED data set.  Lower left: 
contour lines indicate the mean between-event residuals for the simulation data set. Upper right: 
contour lines indicate the likelihood for the NGAW2DC-MED data set.  
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Figure 8.4-3: Range of mean between-event residuals for RRUP-based common-form models (Model A) 
selected to represent the distribution of ground-motion models for evaluation of hazard at the DCPP 
site. 
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Figure 8.4-4:  Example of the cumulative distribution function of the ln PGA for M = 6.5, strike-slip 
earthquakes at a RX distance of 5 km.  The red curve is the weighted average selected by the TI Team.  
The other curves show what the distribution would be if full weight was assigned to each weighting 
method.  The curves for the GMPEs and the prior are based on equal weight to each candidate GMPE. 

 
 

 
Figure 8.4-5:  Example of the cumulative distribution function of the ln PSA (T = 1 sec) for M = 6.5, strike-
slip earthquakes at a RX distance of 5 km. The red curve is the weighted average selected by the TI Team.  
The other curves show what the distribution would be if full weight was assigned to each weighting 
method.  The curves for the GMPEs and the prior are based on equal weight to each candidate GMPE. 
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Figure 8.4-6:  Example of the distance scaling of the candidate GMPEs (dashed black lines), additional 
epistemic uncertainty (cyan lines) and 0.05, 0.5, and 0.95 quantiles of the DCPP Model A distribution 
(red) with total weights obtained from the weighting scheme depicted in Figure 8.2-2. Blue lines are for 
the GK14 distance scaling, provided for comparison even though the model was not part of the 
candidate GMPEs. The three panels refer to three scenarios with M5.5 (top), M6.5 (center) and M7.5 
(bottom), SS style-of-faulting and T = 0.01 sec. The thin red lines show the minimum and maximum of 
the representative common-form models. 
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Figure 8.4-7:  Example of the distance scaling of the candidate GMPEs (dashed black lines), additional 
epistemic uncertainty (cyan lines) and 0.05, 0.5, and 0.95 quantiles of the DCPP Model A distribution 
(red) with total weights obtained from the weighting scheme depicted in Figure 8.2-2. Blue lines are for 
the GK14 distance scaling, provided for comparison even though the model was not part of the 
candidate GMPEs. The three panels refer to three scenarios with M5.5 (top), M6.5 (center) and M7.5 
(bottom), SS style-of-faulting and T = 1.0 sec. The thin red lines show the minimum and maximum of the 
representative common-form models. 
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Figure 8.4-8:  Example of the magnitude scaling of the candidate GMPEs (dashed black lines), the 
candidate GMPEs with epistemic uncertainty (dashed cyan lines), and 0.05, 0.5, and 0.95 quantiles of 
the DCPP Model A distribution (red) with total weights obtained from the weighting scheme depicted in 
Figure 8.2-2, for a scenario with SS style-of-faulting for an RX distance of 5 km. Blue lines are for the 
GK14 distance scaling, provided for comparison even though the model was not part of the candidate 
GMPEs. The thin red curves are the minimum and maximum of the representative common-form 
models. The four panels refer to PGA (top left), T = 0.2 sec (top right), T = 1 sec (bottom left) and T = 3 
sec (bottom right).   
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Figure 8.4-9:  Example of the spectral shape of the candidate GMPEs (dashed black lines), the candidate 
GMPEs with epistemic uncertainty (dashed cyan lines), and 0.05, 0.5, and 0.95 quantiles of the DCPP 
Model A distribution (red) with total weights obtained from the weighting scheme depicted in Figure 
8.2-2. The three panels refer to three scenarios with M5.5 (top), M6.5 (center) and M7.5 (bottom), SS 
style-of-faulting and RX = -5 km. Blue lines are for the GK14 distance scaling, provided for comparison 
even though the model was not part of the candidate GMPEs. The thin red lines show the minimum and 
maximum of the representative common-form models. 
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Figure 8.4-10: Example of the cumulative distribution function of the ln PGA for M = 5.5, strike-slip 
earthquakes at a RX distance of -1 km for PGA (top) and T = 1.0 sec (bottom).  The red curve is the 
weighted average selected by the TI Team.  The other curves show what the distribution would be if full 
weight was assigned to each weighting method.  The curves for the GMPEs and the prior are based on 
equal weight to each candidate GMPE. 
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Figure 8.4-11: Example of the influence of the alternative data sets and the prior on the median ground 
motion for PGA for the scenarios listed in Table 8.4-1. The differences for medians calculated with 
different weights to median calculated with total weights are plotted in the histograms. The top row 
shows (left) weights from residual with the NGADC-MED data set and (right) weights from the likelihood 
estimate from the NGADC-MED data set. The middle row shows (left) weights from the residual with the 
SIMDC-MED data set, and (right) weights from the prior. The zero residual is relative to the PSA at CDF = 0.5 
for the weighted common-form models (e.g. red curves in figures showing CDF). Bottom row left shows 
differences between medians for the GMPE distribution to median calculated with total weights. Bottom 
row right shows differences between the candidate GMPEs (without uncertainty) to median calculated 
with total weights. 
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Figure 8.4-12: Example of the influence of the alternative data sets and the prior on the median ground 
motion for T = 1 sec for the scenarios listed in Table 8.4-1. The differences for medians calculated with 
different weights to median calculated with total weights are plotted in the histograms. The top row 
shows (left) weights from residual with the NGADC-MED data set and (right) weights from the likelihood 
estimate from the NGADC-MED data set. The middle row shows (left) weights from the residual with the 
SIMDC-MED data set, and (right) weights from the prior.  The zero residual is relative to the PSA at CDF = 
0.5 for the weighted common-form models (e.g. red curves in figures showing CDF). Bottom row left 
shows differences between medians for the GMPE distribution to median calculated with total weights. 
Bottom row right shows differences between the candidate GMPEs (without uncertainty) to median 
calculated with total weights. 
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Figure 8.4-13: Example of the influence of the alternative data sets and the prior on the median ground 
motion for T = 3 sec for the scenarios listed in Table 8.4-1. The differences for medians calculated with 
different weights to median calculated with total weights are plotted in the histograms. The top row 
shows (left) weights from residual with the NGADC-MED data set and (right) weights from the likelihood 
estimate from the NGADC-MED data set. The middle row shows (left) weights from the residual with the 
SIMDC-MED data set, and (right) weights from the prior.  The zero residual is relative to the PSA at CDF = 
0.5 for the weighted common-form models (e.g. red curves in figures showing CDF). Bottom row left 
shows differences between medians for the GMPE distribution to median calculated with total weights. 
Bottom row right shows differences between the candidate GMPEs (without uncertainty) to median 
calculated with total weights. 
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Figure 8.4-14: Example of the distance scaling for the representative suite of common-form models for 
M6.5 vertical strike-slip earthquakes. Top: T = 0.2 sec. Bottom: T = 2 sec. 
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Figure 8.4-15: Example of the magnitude scaling for the representative suite of common-form models 
for vertical strike-slip earthquakes at an RX distance of -10 km. Top: T = 0.2 sec. Bottom: T = 2 sec. 
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Figure 8.4-16: Comparison of 5 Hz hazard curves using the representative suite of common-form models 
(grey lines), weighted mean common-form model and the eight empirical GMPE models. For reference, 
the hazard curves for the GK14 model and for the modified ASK14 model in which the magnitude taper 
of the HW model is removed are also shown. 
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Figure 8.4-17: Comparison of 0.5 Hz hazard curves using the representative suite of common-form 
models (grey lines), weighted mean common-form model and the eight candidate GMPE models. For 
reference, the hazard curve for the GK14 model is also shown. 
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Figure 8.4-18: Comparison of 5 Hz hazard curves using the representative suite of common-form models 
(grey lines), weighted mean common-form model (red line), mean from the eight candidate GMPE 
models (black line), and the lower (blue line) and upper (orange line) bounds of the eight candidate 
GMPE models with the additional epistemic uncertainty (2 sigma level). 
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Figure 8.4-19: Comparison of 5 Hz hazard curves using the representative suite of common-form models 
(grey lines), weighted mean common-form model (red line), mean from the eight candidate GMPE 
models (black line), and the lower (blue line) and upper (orange line) bounds of the eight candidate 
GMPE models with the additional epistemic uncertainty (2 sigma level). 
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9 MEDIAN GMC MODELS: PVNGS SOURCES  

 

Two sets of ground-motion models are developed for use with the PVNGS seismic sources. The first set 
is used for the Greater Arizona sources, which model the occurrence of primarily normal-faulting 
earthquakes distributed throughout large regional zones. The second set is used for the distant 
California sources, which model the occurrence of primarily large, strike-slip earthquakes at distances in 
excess of 200 km from the PVNGS site.  Different approaches, candidate GMPEs, and relevant empirical 
data are used to develop the ground-motion model characterization for these two source sets.  

 

9.1 Greater Arizona Sources 

9.1.1 Structure of the Logic Tree  

As described in Section 6.4, the TI Team’s approach used to develop the weighted set of base models 
(ground motions for strike-slip earthquakes and normal earthquakes) for median ground motions 
consists of the following steps: 

1. Fit a common functional form to the GMPEs considered applicable to the assessment of ground 
motions at the PVNGS site. 

2. Expand the set of models by interpolating between the candidate models. 
3. Develop the covariance matrix for the coefficients in the common-form models. 
4. Generate a large suite of ground-motion models by sampling from the multivariate normal 

distribution defined by the coefficient covariance matrix. 
5. Develop a Sammon’s map of the generated suite of ground-motion models that approximates 

the standard deviation of the difference between any two ground-motion predictions from the 
models by the map distance between the two models.  

6. Discretize the two-dimensional space of generated models using Voronoi cells. 
7. Select a representative model for each cell based on the mean hazard within the cell. 
8. Assign weights to the representative model for each cell that capture the center, body, and 

range of the ground-motion models, to use as the logic tree weights. 
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The logic tree for characterizing the median ground motion for the Greater Arizona sources is presented 
in Figure 9.1-1. In Figure 9.1-1 and subsequent logic tree figures, weights based on the TI Team’s 
subjective evaluations are in red, whereas weights based on statistical sampling are in green. 

The first node in the logic tree is the choice between two alternative distance metrics used in developing 
the common-form models. The second node captures the range of alternative representative base 
models selected from the large suite of common-form models that were developed following the 
approach described in Section 6.4.  These common-form models include a specific HW adjustment from 
one of the five candidate HW models described in Section 6.3.  The final node describes the adjustment 
for directivity effects.  

The weights for the base model (second node) are developed independently for each spectral period 
from 0 to 3 seconds. The method for computing the weights, denoted “total weights”, uses the logic 
tree shown in Figure 9.1-2. The first node in Figure 9.1-2 addresses the alternative approaches using 
either the selected empirical dataset (branch called “Data Comparison”) or the equally-weighted 
candidate GMPEs (branch called “GMPE Prior”). The second node addresses the alternative data sets 
that are considered, consisting of a weighted set of NGA-West2 data (NGAW2PV-MEDV), and a European 
data set (EURPV-MED), both described in Section 5.3.2. The third node addresses the two alternative 
methods for measuring the difference between the models and the data sets based on the mean 
between-event residual (branch called “Residual”) and the likelihood of the total residual with fixed 
between-event and within-event standard deviations (branch called “Likelihood”).  

The evaluations for this second logic tree are the main factors for capturing the center, body, and range 
of the alternative median ground-motion models for PVNGS associated with the Greater Arizona 
sources. The T = 3 sec ground-motion models are extrapolated for periods up to 10 seconds as described 
in Appendix N, using the same model weights as the T = 3 sec models. 

9.1.2 Evaluation of the Distance Metric for the Common Form 

Sections 6.3.1 and 6.3.3 discuss the choice of distance metric to be used in a common form.  For the 
PVNGS site, the range in rupture geometries for nearby earthquakes consists of vertical strike-slip 
ruptures and dip-slip ruptures over the dip range of 50 ± 15 degrees which are modeled as occurring on 
randomly placed virtual faults rather than on specific geologic structures (Section 4.2). For this range of 
dip angles, the RRUP-based ground-motion models and the RJB-based ground-motion models both 
provide reasonable scaling for HW effects (Donahue and Abrahamson, 2014). Therefore, for the PVNGS 
site, the common-form ground-motion models are developed using both distance metrics. The TI Team 
judged that the RRUP distance metric is more appropriate (weight = 0.7) than the RJB distance metric 
(weight = 0.3) because it utilizes additional information on the depth of the rupture that has been 
shown to be significant in the NGA-West2 data as captured by the 2014 NGA-West2 GMPEs (e.g. 
Abrahamson et al., 2014; Chiou and Youngs, 2014; and Campbell and Bozorgnia, 2014).  These weights 
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are not related to the fitting of the common form to the candidate GMPEs. The RRUP distance metric 
models are denoted Model A and the RJB distance metric models are denoted Model B. 

9.1.3 Evaluation of the Median Base Models  

9.1.3.1 Evaluation of the Range of the Selected Models 

The range of the selected common-form models should capture the range of the candidate GMPEs in 
the Sammon’s map space, and should be representative of the range of the ground motions of the 
candidate GMPEs in ground-motion space for hazard-relevant earthquake scenarios. The approach 
taken to accomplish this goal is the same as for DCPP as described in Section 8.4. 

Figures 9.1-3a and 9.1-3b show the Sammon’s map of the range of predicted PGA values from the suite 
of common-form models generated for the PVNGS site for Model A and Model B, respectively, following 
the same approach as used for DCPP (Section 8.4.1). The distance between two points in the Sammon's 
map approximates the weighted standard deviation (in ln units) between the ground motions predicted 
by two different models for the selected sets of magnitudes and distances described in Section 6.4. The 
weighted standard deviation is the standard deviation between the ln of the ground-motion model 
amplitudes for two models with the weights being related to the deaggregation using a simplified source 
model. Using these weights focuses the comparison of the amplitudes for two models on the 
magnitudes and distances that are most important to the hazard at PVNGS from the sources located in 
the Greater Arizona region. The irregular polygon on the figures outlines the region encompassing the 
large suite of 2000 common-form models. The red dots on the figure denote the locations on the map of 
the predictions from the six candidate GMPEs used to generate the joint distribution of common-form 
GMPE parameters. The magenta and cyan dots on the figures show plus and minus two sigma epistemic 
uncertainty, respectively, about the candidate GMPEs generated using the epistemic uncertainty model 
of Al Atik and Youngs (2014). As indicated on the plots, the range of predicted motions from the large 
suite of common-form models is much broader than the range produced by the candidate six GMPEs 
and much broader than the candidate GMPE range including additional epistemic uncertainty. The 
additional epistemic uncertainty model of Al Atik and Youngs (2014) was developed for the NGA-West2 
GMPEs to account for the dependencies of the data set and the analyses of the NGA-West2 GMPEs. It is 
likely that the Akkar et al. (2014a, b) and Bindi et al. (2014a, b) GMPEs are also non independent models 
because they were developed using subsets of the RESORCE strong-motion database under the auspices 
of the SIGMA project. Therefore, the Al Atik and Youngs (2014) additional epistemic uncertainty model 
was judged to be applicable to the two European candidate GMPEs as well. 

The contour lines underlying the Sammon’s map indicate the value of the mean between-event residual 
computed for each model using two data sets of ground motions selected to represent the range of 
magnitude-distance scenarios important to the PVNGS hazard from the Greater Arizona sources: a 
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weighted set of NGA-West2 data (NGAW2PV-MEDV) and a European data set (EURPV-MED). The selection of 
the data sets is discussed in Section 9.1.3.2. The mean between-event residuals for the large suite of 
common-form models range from about -1 to about +0.5 natural log units, while the range in mean 
residual for the candidate six GMPEs ranges from about -0.2 to +0.2, indicating that some of the 
generated common-form models differ substantially from the candidate GMPEs. 

Figures 9.1-3a and 9.1-3b also show the same Sammons map for predicted PGA values overlaying 
relative likelihoods of the individual models generating the data sets used to compute the mean residual 
contours shown on the left side of the same figures. Similar maps for PSA at T = 2 sec are shown in 
Figures 9.1-4a and 9.1-4b. As is expected, the models with large absolute mean between-event residuals 
have much lower relative likelihood than those with small absolute mean between-event residuals, but 
the models at the top and bottom of the map with small mean between-event residuals also show lower 
likelihood, indicating the usefulness of utilizing relative likelihoods as part of the evaluation.  

As described in Section 6.4, the range of the large suite of common-form models was represented by a 
discrete small set selected to capture the range of the candidate GMPEs and their associated epistemic 
uncertainty as well as models with mean between-event residuals in the range of at least -0.3 to + 0.3. 
The sampling of the Sammon's map space is based on fitting ellipses to the envelope of the locations of 
the candidate GMPEs on the map and scaling the ellipses, as shown in Figures 9.1-3a and 9.1-3b.  The 
Sammon’s maps are rotated such that the x-axis approximates constant scaling between the models, as 
shown by the orientation of the additional epistemic uncertainty assigned to each candidate GMPEs 
(orientation of the magenta and cyan dots in Figures 9.1-3a and 9.1-3b). 

Points on the ellipses were selected to sample the range of models (shown by the black points).  To put 
limits on the range of the models, the NGAW2PV-MED data set (discussed in Section 5.3.2) was used to 
compute the mean between-event residual which is shown by the contours in the upper left plots in 
Figures 9.1-3a, 9.1-3b, 9.1-4a, and 9.1-4b. The small patches and small-scale undulations in the contours 
on the figures represent the limitations of mapping the differences among the GMPEs into a two-
dimensional plane. The sampled points are limited to the region with mean residual between -0.3 and 
0.3 or the mean residual given by the candidate GMPEs with ±2 sigma epistemic uncertainties, 
whichever is larger.  

To check that the range of the representative suite of models selected using this approach is broad 
enough, a simple measure of the range of the candidate GMPEs, defined by the smallest and largest 
mean between-event residual from the two data sets (NGAW2PV-MED and EURPV-MED) is used. Figure 9.1-5 
shows the range of mean between-event residuals for the candidate GMPEs with 2 sigma epistemic 
uncertainty compared to the range covered by the selected representative suite of common-form 
models for both the Model A (RRUP-based) and the Model B (RJB-based) cases. Positive between-event 
residuals represent ground-motion models that have smaller ground motions than the comparison data 
set, and negative between-event residuals represent ground-motion models that have larger ground 
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motions than the comparison data set.  At every period, the range of the representative suite of 
common-form models captures the full range of the candidate GMPEs with 2 sigma epistemic 
uncertainty in the Sammon's map space.  At periods of 0.4 and 0.5 seconds, the positive between-event 
residuals span the smallest range (about +0.25).  The range is tighter for these periods because the 
candidate GMPEs are more similar to each other for this period range. 

In addition to the mean residual, the range of the representative suite of common-form models also 
covers most of the region of highest likelihood, as indicated on Figures 9.1-3 and 9.1-4. As mentioned in 
Section 8.4.1, models with a high likelihood are more consistent with the data in the selected subset 
than models with low likelihood. The range of the representative suite of common-form models covers 
the range of different distance and magnitude scaling as parameterized in the Sammon's map space.  A 
full suite of Sammon's maps for the other periods are shown in Appendix H (Sections 3.1.3 and 4.1.3 in 
Chapters 3 and 4 of Appendix H, for the Model A and Model B, respectively). 

9.1.3.2 Evaluation of the Approach for Weighting the Selected Models  

The logic tree used to develop the weights for the common-form models is shown in Figure 9.1-2. Two 
basic approaches are used to assign weights to the models selected in Section 6.4.4 to represent the 
distribution of GMPEs. The first approach, called the "prior" approach, utilizes the multivariate normal 
distribution defined by the coefficient covariance matrix to assign relative weights to the models that 
occupy each of the Voronoi cells. The second approach utilizes comparisons to ground-motion data to 
assign relative weights to the models that occupy each of the Voronoi cells. The data comparisons are 
based on both mean between-event residuals and sample likelihoods. 

Two datasets are used to develop the data comparison based weights. The first dataset, called 
NGAW2PV-MED, is a subset of the data taken from the NGA-West2 data set as described in Section 5.3.2. 
The second data set is European dataset denoted EURPV-MED also described in Section 5.3.2. Both data 
subsets include M ≥ 5, distances less than 70 km, for strike-slip and normal earthquakes with at least 3 
recordings per earthquake. The justification for using a minimum of 3 stations per event is given in 
Section 5.3.2. A minimum of three recordings per earthquake is also applied to the empirical data subset 
selected for application to PVNGS. The magnitude-distance scatter plot and number of earthquakes and 
number of recordings for the NGAW2PV-MED and EURPV-MED data sets are shown in Figures 5.3.2-1 and 
5.3.2-2, respectively. The European dataset includes the M6.3 L’Aquila earthquake. Not all the 
earthquakes in the European dataset are included in the NGA-West2 database. The TI Team used the 
databases as provided by PEER and by Dr. Akkar without modification. 

The two empirical data sets used for the PVNGS median evaluation included both the footwall and 
hanging wall sites because all of the candidate GMPEs (both RRUP-based and RJB-based models) are 
applicable to the range of sources (dip angles) for PVNGS for sites on the footwall and hanging wall.  
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The NGAW2PV-MED data set has 25% normal earthquakes and 75% strike-slip earthquakes. Because a 
greater fraction of normal-faulting events are expected in the source model of PVNGS, but there are 
many fewer normal-faulting events than strike-slip events in the NGAW2PV-MED dataset (8 normal and 23 
strike-slip earthquakes), the TI Team decided to weight the between-event residuals from normal-
faulting and strike-slip events in the NGAW2PV-MED dataset: the NGAW2PV-MED between-event residuals 
are weighted 80% and 20% for normal-faulting and strike-slip events, respectively. In the specifics, the 
between-event residuals and likelihoods were calculated separately for normal and strike-slip 
earthquakes and then combined with weights of 0.8 and 0.2, respectively, to be generally consistent 
with the relative rates of normal and strike-slip mechanisms in the source characterization model for the 
host zone (see Table 4.2-1). This weighting increases the influence of the normal-faulting earthquakes 
on the mean residual by about a factor of 3 (80% normal as compared to 25% normal in the NGAW2PV-

MED dataset). 

The EURPV-MED dataset contains more normal than strike-slip events (71 normal and 45 strike-slip 
earthquakes) and was not reweighted for the style-of-faulting classes (e.g. no change was made to 
adjust the sampling of normal and strike-slip earthquakes, and that remained 60% for normal events 
and 40% for strike-slip events). 

As done for the DCPP evaluation (Section 8.4), a mixture of likelihood and mean residual statistics is 
used to determine the weights. Similar to the DCPP case, the empirical likelihood-based weights tend to 
produce narrow median ground-motion distributions. In contrast, weights based on mean between-
event residuals tend to produce broad median ground-motion distributions. A balance between these 
two behaviors was achieved by using a mixture of 60% on mean residual weights and 40% on likelihood 
weights.  These weights were selected so that the resulting distribution of median models is generally 
consistent with the range of the candidate GMPEs (with equal weights) including the additional 
epistemic uncertainty. 

The subjective logic tree weights for the approaches to assigning weights to the selected models for 
PVNGS (Greater Arizona sources), as shown in Figure 9.1-2, are based on the following considerations: 

1. There is ample empirical data in the combined NGAW2PV-MED and EURPV-MED data sets for much 
of the key range (M5 - M7 at distances less than 70 km). The dataset approach allows the TI 
Team to put more weights on the magnitudes and distances that are relevant to the hazard at 
PVNGS, whereas the GMPE developers tried to capture the full range. However, these same 
data were considered in the development of the GMPEs, so this is not independent data. This 
approach just puts more weight of a specific magnitude and distance range of the full data 
considered by the GMPE developers. 

2. The "prior" approach maintains the judgments by the GMPE developers but it gives equal 
weight to each selected candidate model and does not consider the correlations in the model 
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due to interaction between the developers. The common-form models fit to the candidate 
GMPEs maintain the magnitude and distance scaling in the candidate GMPEs as given by the 
GMPE developers. 

3. Some of the NGA-West2 developers constrained the normal factor not to be as large a 
negative value as given by the center of the data, so the candidate GMPEs from the NGA-
West2 models may not all be centered on the available normal-faulting data, depending on 
the judgment of the GMPE developer. 

The TI Team favors the model weights based on comparisons to data over the model weights based on 
the common-form parameter distributions (the “prior”) approach by the ratio of 2:1 because of the 
relatively large amount of relevant data and because of the limitation that the prior was based on 
applying equal weights to the models without regard to redundancy in the models due to non-
independent model development, particularly for the NGA-West2 models. For the data-based approach 
to weighting, the TI Team strongly favors use of the EURPV-MED data over the NGAW2PV-MED data by the 
ratio of 3:1 because of the limited amount of normal-faulting data in the NGAW2PV-MED data set  (8 
normal events) compared to EURPV-MED data set (23 normal events). The reweighting of the NGAW2PV-MED 
greatly increases the weights on this sparse part of the data set.  

Based on these considerations, 1/3 weight is assigned to weights based on the prior approach and 2/3 
to the comparisons with data. The data based weight is divided between 2/3x3/4 = ½ for model weights 
based on comparison with the EURPV-MED data and 2/3x1/4 = 1/6 for model weights based on comparison 
with the NGAW2PV-MED data. The resulting weights (rounded to two significant figures) are 0.50 weight 
for the EURPV-MED dataset approach, 0.17 weight for the NGAW2PV-MED dataset approach, and 0.33 weight 
for the "prior" approach, as shown on the logic tree in Figure 9.1-2. 

9.1.3.3 Evaluation of the Center and Body of the Distribution of the Selected Models  

The center and body of the selected weighting scheme is compared to alternative weighting schemes by 
comparing the cumulative distribution function (CDF) for the ground motion for a given scenario.  
Examples of the CDF plots are shown in Figures 9.1-6 and 9.1-7 for M6.0 normal earthquakes at an RX 
distance of 15 km for PGA and T = 1 sec, respectively.  In general, the likelihood approach leads to a 
narrower range (steeper slope) whereas the residual approach leads to a broader range; however, this is 
not true in all cases as shown in Figure 9.1-6 top frame (for Model A).  The selected approach, shown by 
the red curve (CDF = 0.5), provides a reasonable balance between these two approaches.   

The average slope of the CDF between CDF = 0.1 and CDF = 0.9 defines the body of the distribution. The 
GMPEs can have narrower or broader body of the distributions than the selected approach.  For the 
examples shown in Figure 9.1-6, the GMPEs have a narrower body of the distribution (steeper slope).  A 
counter example is shown in Figure 9.1-7 for model B.  In this case, the GMPE distribution has a much 
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broader body of the distribution at the upper tail (right side of the plot).  This is seen mainly for the M5 
to M6 range. A large suite of CDF plots for a range of M, R scenarios and spectral periods are shown in 
Appendix H (Sections 3.1.5 and 4.1.5 in Chapters 3 and 4 of Appendix H, for the Model A and Model B, 
respectively).  For most scenarios, the selected models have a similar slope (body of the distribution) as 
the candidate GMPEs.  

In addition to the CDF plots, the center and body of the distribution can be evaluated using distance 
scaling, magnitude scaling, and response spectra plots.  Figures 9.1-8 and 9.1-9 compare the distance 
scaling for the 5th, 50th, and 95th fractiles from the logic tree weights with the distance scaling for the 
candidate GMPEs for PGA and PSA (T = 1 sec), respectively. For some scenarios, the median of the 
representative suite of common-form models is near the lower end of the range of the GMPEs (e.g. see 
Fig 9.1-9, M6 at RX ranging 15 to 50 km).  The reason for this shift in the center of the distribution from 
the center of the GMPEs is that the EURPV-MED dataset has much lower ground motions.  The CDF plot in 
Figure 9.1-7 for model A shows that the selected model (red curve) is between the curves for the 
European data and the NGA-West2 data.   

Figure 9.1-10 shows examples of the magnitude scaling from the GMPEs and the representative suite of 
common-form models for PGA and PSA (T = 1 sec). Figure 9.1-11 shows examples of the response 
spectra for M5, M6, and M7 normal-faulting events for a distance of 15 km. This figure also shows that 
the median of the representative suite of common-form models is near the lower range of the GMPEs 
for M > 6.  The influence of the different statistics used for setting the weights for the common-form 
models is discussed below.   

A set of CDF plots and ground-motion scaling plots for the scenarios listed in Table 9.1-1 and for a range 
of spectral periods are shown in Appendix H. The CDFs of the ground motions were reviewed to check 
the center and body of the distributions. A general result is that the between-event residuals and 
likelihood from the EURPV-MED data set has significantly lower ground motions for long periods than the 
GMPEs. With a high weight of 0.5 given to the EURPV-MED data set, the median of the models is lower 
than the median for the GMPEs.   

To summarize the evaluation of the centering of the models based on the CDF plots, the change in the 
PSA at CDF = 0.5 for the different metrics and datasets are computed. Specifically, for each scenario 
listed in Table 9.1-1, the difference in the ground motion for a single statistic and the weighted average 
model is computed. The distribution of the differences of the ln PSA for the 36 scenarios is referred to as 
an “influence histogram”, and is plotted for each statistic and each spectral period.  Examples for the 
RRUP-based models (A models) are shown in Figures 9.1.12a-e for PGA, and spectral accelerations at T = 
0.2 sec, T = 1 sec, T = 2 sec, and T = 3 sec, respectively.  These plots show the influence of the different 
statistics on the centering of the distribution with zero residual representing the center based on the TI 
Team evaluation (shown by the red curves in the CDF plots). For the European data set, the residual and 
likelihood weighting methods have negative between-event residuals (weaker ground motions than the 
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average from the selected method), and for the NGA data set, the residual and likelihood weighting 
methods have positive between-event residuals (stronger ground motions).  At longer periods, this 
difference becomes greater.  Overall, the centering of the selected method is a balance between these 
two different sets of data. A full set of these influence histograms are given in Appendix H (Sections 
3.1.15 and 4.1.15 in Chapters 3 and 4 of Appendix H, for the Model A and Model B, respectively).   

The above discussion has focused on the ground-motion levels.  The selected models were developed to 
sample a range of distance scaling and magnitude scaling. An example of the distance scaling for the 
representative suite of common-form models for M6 strike-slip earthquakes is shown in Figures 9.1-13 
and 9.1-14 for T = 0.2 sec and T = 2 sec, respectively. An example of the magnitude scaling for the 
representative suite of common-form models for strike-slip earthquakes at a distance of 15 km is shown 
in Figures 9.1-15 and 9.1-16 for T = 0.2 sec and T = 2 sec, respectively.  These figures show that the 
representative suite of common-form models span a range of distance and magnitude scaling in 
addition to changing in the constant value. The differences in the magnitude and distance scaling will 
also impact the range of the hazard. 

Another consideration for the center and body of the distribution is that, for each cell, the 
representative common-form model was selected based on its hazard being close to the mean hazard 
for the cell.  Because the main application of these models is for hazard, it is appropriate to select 
representative models based on hazard; however, this may not always lead to the selection of models 
that best sample the range of ground motions for each scenario.  Thus, checking the center and body of 
the distribution with respect to the candidate GMPEs should also be done for hazard, not just ground 
motion for each scenario.   

The goal of the SSHAC evaluation is develop a representative suite of common-form ground-motion 
models that captures the CBR of TDI for scenarios that are relevant to the hazard.  If the representative 
ground-motion models capture the CBR for all scenarios, then it will also capture the range of the 
hazard.   

If the range of the representative suite of common-form ground-motion models does not fully capture 
the range for all scenarios, then the range of hazard may or may not be captured.  Because the SWUS 
GMC base model does not capture the full range of the ground motion from the candidate GMPEs with 
additional epistemic uncertainty (2 sigma) for every scenario, there is the need to check that the range 
of hazard is captured.   

The main evaluation was in the ground-motion space. In developing the TI Team’s weights for the 
alternative weights approaches (prior, residual, likelihood, data sets), GM-based CDF were explicitly 
evaluated and the TI Team chose a weighting scheme for the weighting approaches that lead to a CDF 
with an appropriate shape of the CDF (body of the distribution) in addition to the 5th and 95th fractiles 
(range of the CDF). 
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The range of the hazard was then evaluated as a check that the range of the hazard-significant scenarios 
is captured. The hazard evaluation is just a check that the approach used to set the weights for 
weighting approaches, which control the full distribution (CBR), does not miss the range of a key 
contributor to the hazard. 

To evaluate the hazard distribution, the hazard was computed for each of the representative suite of 
common-form models` and for the candidate GMPEs using the simplified source model (See Appendix O 
for details). A single aleatory standard deviation, based on the central model described in Section 13.3, 
is used for all of the median models.  The mean hazard from the distant sources in California and Mexico 
is added to the hazard for each model for Greater Arizona sources. The range of hazard for spectral 
acceleration at T = 0.2 sec is shown in Figure 9.1-17a and 9.1-17b for RRUP-based models (Model A) and 
RJB-based models (Model B), respectively. Similar plots are shown in Figures 9.1-18a and 9.1-18b for 
spectral acceleration at T = 2 sec. Appendix O includes plots showing the range of hazard for three 
additional periods (PGA, T = 1 sec and T = 0.1 sec). 

For the T = 0.2 sec case (Figures 9.1-17a and 9.1-17b), the mean hazard curves from the representative 
suite of RRUP-based and RJB-based common-form models are both similar to the average from the 
candidate GMPEs, but the range of the hazard curves for the RRUP-based models is broader than for the 
RJB-based models because the RRUP-based models include alternative depth-scaling effects which are not 
included in the RJB-based models. Overall, the range of hazard curves from the representative suite of 
common-form models is much broader than the range of hazard from the candidate GMPEs. 

For the T = 2 sec case (Figures 9.1-18a and 9.1-18b), the range of the hazard curves from the 
representative suite of common-form models is broader than for the T = 0.2 sec case. The mean hazard 
from the RRUP-based models and RJB-based models are similar to each other but are higher than the 
average from the candidate GMPEs. The broader uncertainty range increases the mean hazard due to 
the skewed distribution of hazard (skewed to the higher values). 

Figure 9.1-19a compares the center and range of the T = 0.2 sec hazard based on the RRUP-based 
common-form ground-motion models with the center and range of the hazard based on the candidate 
GMPEs with the additional epistemic uncertainty.  The mean hazard curves are similar between the 
representative suite of common-form ground-motion models and the candidate GMPEs.  In addition, the 
range of the hazard using the representative suite of common-form models is similar to the range from 
adding the additional epistemic uncertainty to the candidate GMPEs.   

A similar comparison is made in Figure 9.1-19b for the T = 2 sec hazard.  As seen for the T = 0.2 sec 
hazard, the mean hazard curves are similar between the representative suite of common-form ground-
motion models and the candidate GMPEs; however, the upper range of the hazard from the 
representative suite of common-form models is wider than the upper range found by adding the 
additional epistemic uncertainty to the candidate GMPEs.  The hazard curves from these models 
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envelope the hazard from the candidate GMPEs, indicating that range of key median ground-motion 
features affecting the hazard have been adequately captured by the representative suite of common-
form models for the median ground motion and their weights. 

9.1.4 Evaluation of Directivity Adjustments  

There are no known faults nearby (less than 20 km) the NPP site such that specific rupture orientations 
can be identified. The directivity effects model, described in Section 6.5, provides adjustments to the 
median and standard deviation of the ground motion based on the location of the site along the 
rupture. As described in Section 4.2, the PVNGS SSC model for the nearby sources uses randomly 
oriented pseudo-faults.  Therefore, there is no information on the expected location of the site along 
the fault ruptures. As discussed in Section 6.5.2, the TI Team judged that the directivity effects from 
more distant (greater than 20 km) sources are adequately captured by the standard deviation from the 
GMPEs because this distance range is well sampled by the empirical data.  Therefore, there is no need to 
include directivity adjustments and zero weight is applied to the directivity adjustment branch.   

9.1.5 Evaluation of Other Normal-Faulting Earthquake Ground Motions 

As noted in Section 5.1.5, the SWUS GMC project investigated if there were additional moderate to large 
magnitude normal-faulting earthquakes that were well recorded and may be useful in the evaluation of 
the ground-motion models. Two events were identified: the 2008 Wells, Nevada earthquakes (M6) and 
the 2011 Fukushima-Hamadori, Japan earthquake (M6.7).  The magnitudes and focal mechanisms of 
these two earthquakes are consistent with the types of seismic sources that contribute significantly to 
the hazard at PVNGS.  The Wells earthquake is located in the Basin and Range, so it is from the same 
tectonic regime as for the PVNGS site region. The Fukushima-Hamadori Japan earthquake is from a 
different tectonic regime, but it is one of the largest normal-faulting earthquakes with extensive ground-
motion data. The evaluation of the data from these two events is given below. 

9.1.5.1 Evaluation of the 2008 Wells, Nevada Earthquake Ground Motions 

The available strong ground motions from this event are described in Appendix I.  These data were 
evaluated to determine if they could provide additional information for normal-faulting earthquakes 
that is not well captured by the strong motion data sets used to evaluate the GMPEs. In particular, the 
Wells data was evaluated for any significant deviations in the scaling from the candidate GMPEs for the 
Greater Arizona sources. 

The Wells earthquake had seven useable recordings within a distance of 100 km.  The peak ground 
velocities recorded by nearby stations do not show an azimuthally-dependent trend (Figures I-4 and I-5). 
In terms of average scaling, the total residuals from the Wells ground motions with respect to the six 
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candidate GMPEs applicable for PVNGS (Greater Arizona sources) for a range of period were computed 
(see Figure I-16). Mean total residuals versus period were also computed with respect to the same six 
candidate GMPEs (see Figure I-17). Overall, the short period (less than 0.2 sec) data are in general 
agreement with the GMPEs with an average residual between -0.3 and 0.3 natural log units, which is 
about one standard deviation of the between-event variability seen in the candidate GMPEs. In 
particular, the total residuals from the NGA-West2 models are systematically lower than the total 
residuals from the European models, reflecting the reduced ground motions for normal-faulting 
earthquakes in the European GMPEs. At this short-period range, the NGA-West2 total residuals are 
negative or near zero whereas the European model total residuals are positive, indicating that, on 
average, the NGA-West2 models are a better fit the short periods. At intermediate periods (T = 0.2 to 
0.5 sec), both the NGA-West2 and European models show a trend of the mean residuals becoming more 
negative as the period increases.  In this period range, the NGA-West2 models over-predict the ground 
motions and the European models are closer to the zero residual line than the NGA-West2 models. At 
long periods (greater than 0.5 sec), both the NGA-West2 models and the European models strongly 
over-predict the ground motions, and the total residuals become more negative (-0.5 to -1.2 natural log 
units).   

In conclusion, the TI Team judged that this single event did not provide a strong enough basis for 
correcting for this bias in the candidate GMPEs for normal-faulting ground motion at long periods.  

9.1.5.2 Evaluation of the 2011 Fukushima-Hamadori, Japan Earthquake 

As noted in Section 5.1.5.2, the Fukushima Hamadori earthquake involved ruptures of the Itozawa fault 
and the Yunodake fault (Shiba and Noguchi, 2012 in Japanese; Tanaka et al., 2014), which were also 
responsible for surface ruptures (Mizoguchi et al., 2012). With both overlapping ruptures and extensions 
along the length of the rupture, this earthquake is a mixture of the complex and splay rupture types as 
defined in Section 5.1.5.2. As the square root of the sum of the squares (SRSS) method described in 
Section 6.7 was found to be reasonable for both complex and splay ruptures, the TI Team assumed that 
the SRSS method can also be applied to this earthquake.  

Using the source parameters for each of the two ruptures listed in Section 5.1.5.2 (M6.5 for each 
rupture and normal style-of-faulting), the ground motion was computed using the SRSS method. Japan-
specific terms of ASK14, BSSA14, CB14, and CY14 were used to evaluate the median motions used as 
inputs for the SRSS method. Residuals were not computed with respect of other candidate GMPEs such 
as Bindi et al. (2014a and 2014b) and Akkar et al. (2014a and 2014b) because these models do not have 
Japan-specific adjustments, which the NGA developers found necessary. Japan regional factors in the 
NGA-West2 GMPES were used to. The mean total residuals for the ASK14, BSSA14, CB14, and CY14 
GMPEs are shown in Figure 9.1-20 for data within 300 km and within 100 km. The mean total residual 
(i.e. the event term) is large (about 1) at short periods and decreases with increasing period. The mean 
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total residuals for CY14 are somewhat larger than for the other three NGA-West2 GMPEs, especially at 
longer periods, where the predictions from CY14 are typically lower than those of the other three.  

Event terms of 1.0 or larger are not common for large magnitude events.  The standard deviation of the 
event terms (τ ) is about 0.4 (See Section 7.2.4).  An event term of greater than 1.0 is more than 2.5 
standard deviations above the mean, and appears as an outlier. This event, however, indicates that 
normal-faulting earthquakes can have very large strong ground motions.   

The applicability of this event to the tectonic environment of the basin and range is an additional issue. 
Hardebeck (2012) has separated the normal-faulting events occurring shortly after the Tohoku 
earthquake into two groups: shallow on-shore normal-faulting events that occurred in areas that had a 
normal-faulting stress regime prior to the Tohoku event, and normal-faulting events near the subduction 
interface, which are most likely the result of large stress changes due to near-complete stress drop. The 
Fukushima-Hamadori earthquake is associated to the first case according to Hardebeck (2012). Toda et 
al. (2011) also suggest that there are patches of normal-faulting stress regimes along the subduction 
zone corresponding to local stress heterogeneities. The TI Team judged the stress regime of the 
Fukushima-Hamadori earthquake to be fundamentally different from the stress regime in the Greater 
Arizona region where normal-faulting is the main tectonic regime.  

For application to the ground-motions models for PVNGS, the TI Team judged that the range of ground 
motions from the Wells and Fukushima-Hamadori earthquakes (low long-period PSA values for Wells 
and high short-period PSA for Fukushima-Hamadori) represent variability in the event terms that is 
already captured in the aleatory variability terms, and do not warrant a modification to the median 
ground-motion models. 

 

9.2 Distant California and Mexico Sources in Regions 1, 2 and 3 

9.2.1 Structure of the Logic Tree  

The hazard deaggregation in Section 4.2.3 shows that a limited distance range from California and 
Mexico sources contributes to the hazard at long periods. This simplifies the range of ground-motion 
models to considering the amplitude (constant term) and the magnitude scaling. Therefore, the 
Sammon’s map procedure is not required and a simpler approach is used based on scaling the candidate 
GMPEs which have appropriate distance attenuation and are applicable to large (M7 to M8.5) 
magnitudes. 

The master logic tree for characterizing the median ground motion for the sources in central and 
southern California and Mexico (also referred to as Regions 1, 2, and 3) affecting the hazard at PVNGS 
site is presented in Figure 9.2-1.  
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The first node in the logic tree is the choice among the five alternative GMPEs for the median model. 
The second node is the choice between two alternative approaches to encompass the effect of the path 
into the median ground motion. The third node captures the alternative models for the additional 
epistemic uncertainty for the selected GMPEs. The fourth node is the alternative estimates of the 
median path term adjustment.  The final node is the adjustment for directivity effects.  

In Figure 9.2-1, weights based on the TI Team’s evaluations are in red, whereas weights based on 
statistical sampling are in green. 

9.2.2 Evaluation of Median Models  

In section 6.2.3, the five candidate GMPEs (consisting of the five NGA-West2 models) were found to be 
consistent with observed attenuation from California earthquakes recorded in Arizona, indicating that 
they all have appropriate large distance scaling for application to PVNGS.  As all five models have 
acceptable large distance scaling, they are all given equal weight.  

9.2.3 Evaluation of Approach for Path Terms  

Recent studies of ground motions from multiple earthquakes in a small region recorded at a suite of 
sites have shown that there are large path effects that are systematic and repeatable (e.g. Morikawa et 
al., 2008 and Lin et al., 2011).  In most applications, however, the data are not available to constrain the 
path effects.  The TI Team evaluation considers that systematic path effects are real, but may have large 
uncertainties in the estimates.  Including path effects leads to better partitioning of epistemic and 
aleatory variability. Even though the TI Team favors the path effect branch because it is believed the 
ground motion to be strongly path-specific, there is limited data available to estimate the effect. 
Therefore, the TI Team retains the ergodic (no-path) model as well and chose a weighting ratio of 4 to 1. 
The TI Team assigned a weight of 0.8 to the branch where path effects are accounted and a weight of 
0.2 for the branch without path effects.  

9.2.4 Evaluation of Additional Epistemic Uncertainty  

Additional epistemic uncertainty is included to address the uncertainty in the median estimates of the 
individual NGA-West2 GMPEs. A model for the minimum epistemic uncertainty in the NGA-West2 
models was developed by Al Atik and Youngs (2014). It is based on the statistical constraints on the 
empirical model predictions provided by the empirical data for distances up to 300 km. The controlling 
distances are at distances of 200 to 300 km (Section 4.2.3). Although the controlling sources are at the 
edge of the applicable distance range of the Al Atik and Youngs (2014) model, the TI Team judged that 
the Al Atik and Youngs (2014) model is the best available model.  
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The Al Atik and Youngs (2014) model contains increasing uncertainty for magnitudes larger than 7 and 
periods larger than 1 sec. This model is applied to add additional epistemic uncertainty to ground-
motion estimates from each GMPE for M ≥ 7. The application depends upon the approach used to 
address path effects, as described below. 

9.2.4.1 Branches with Path Effects 

The epistemic uncertainty for small magnitude (M4 to M6) is already captured in the epistemic 
uncertainty of the path terms as described in Section 7.4.1. To incorporate additional epistemic 
uncertainty at larger magnitudes and longer periods, separate models for the magnitude scaling 
uncertainty and the long period scaling uncertainty are used. As mentioned in Section 7.4.1, for longer 
periods, additional epistemic uncertainty was added to the range of the median path terms (the plus 
and minus values) by scaling the standard deviation for the 2 sec path term by the ratios of the standard 
deviations of median motions at longer periods to those at 2 sec from the Al Atik and Youngs (2014) 
model. This broadens the epistemic uncertainty at periods above 2 seconds to be as large as the Al Atik 
and Youngs (2014) epistemic uncertainty.  

The remaining model is an increase in the uncertainty at larger magnitudes (M > 7). This effect is 
introduced by including an increasing epistemic uncertainty with increasing magnitude, computed as the 
square root of the additional variance occurring for M > 7 as given in Eq. 9.2-1: 

2 2

_ _ ( ) ( 7, 2sec) ( 7, 2sec)ADD path M M T M Tµ µ µσ σ σ   = > = − = =      Eq. 9.2-1) 

Substituting Eq. (9) from Al Atik and Youngs (2014) into Eq. 9.2-1 gives 

[ ]2 2
_ _ ( ) 0.083 0.056max(0, 7) 0.083ADD path M Mµσ = + − −    (Eq. 9.2-2) 

The logic tree branches for this node in the tree are set to approximate a normal distribution with a 
three point estimate using the standard deviation given in Eq. 9.2-2.  The values are taken as the 5th, 
50th, and 95th values with weights of 0.2, 0.6, and 0.2. These represent statistical-based weights, 
following the technical justifications and bases provided in Appendix P. 

9.2.4.2 Branches without Path Effects 

For the branch where no path effects are applied, the minimum epistemic uncertainty model given in 
Eq. (10) of Al Atik and Youngs (2014) is applied to each of the five NGA-West2 models as described in Eq. 
(9.2-3): 

[ ]_ _no ( ) 0.083 0.056max(0, 7) 0.0171max(0, ln( ))ADD path M M Tµσ = + − +   (Eq. 9.2-3) 
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The logic tree branches for this node in the tree are set to approximate a normal distribution with a 
three point estimate using the standard deviation given in Eq. 9.2-3.  The values are taken as the 5th, 
50th, and 95th values with weights of 0.2, 0.6, and 0.2. These represent statistical-based weights, 
following the technical justifications and bases provided in Appendix P. 

9.2.5 Median Path Terms 

The estimates of the median path terms for Region 1 and Regions 2&3 combined are given in Section 6.6 
and are fully described in Section 7.4.1.  The median path term is a constant to be added to the median 
prediction.  

The range of median ground motions (PSA at T = 2 sec) at distances of 100 to 300 km resulting from 
applying the median path term terms to NGA-West2 GMPEs for a M7.5 strike-slip event is shown in 
Figure 9.2-2 for Region 1 (left panel) and Regions 2&3 (right panel). At a distance of 200 km, the total 
range (GMPE differences and path term uncertainty) corresponds to about a factor of 5 in PSA, with the 
GMPE between-model uncertainties and the path term uncertainties being similar (each a little more 
than a factor of 2).  This range reflects both the uncertainty in the path terms and the uncertainty in the 
large magnitude scaling.  The total uncertainty is about twice as large as the uncertainty given by the Al-
Atik and Youngs (2014) uncertainty model. 

The logic tree branches for this node in the tree are the 5th, 50th, and 95th values with weights of 0.2, 0.6, 

and 0.2. These represent statistical-based weights (Appendix P). 

9.2.6 Directivity Adjustments to Median  

The directivity model in the CY14 GMPE has a distance taper resulting in no directivity effects at these 
large distances. In addition, the distant California strike-slip sources are located at distances for which 
there is adequate empirical data to capture the directivity as part of the aleatory variability. Therefore, 
the TI Team judged that the GMPEs do not need to be modified to incorporate additional directivity 
effects.  
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Table 9.1-1:  Scenarios used for the evaluation of the CDF distributions of the representative suite of 
common-form models for PVNGS. 

Magnitude RX Distance (km) Style of Faulting (SOF) 
5.0 -50 0 (Strike Slip) 
5.0 -30 0 (Strike Slip) 
5.0 -15 0 (Strike Slip) 
5.0 -5 0 (Strike Slip) 
5.0 5 0 (Strike Slip) 
5.0 15 0 (Strike Slip) 
6.0 -50 0 (Strike Slip) 
6.0 -30 0 (Strike Slip) 
6.0 -15 0 (Strike Slip) 
6.0 -5 0 (Strike Slip) 
6.0 5 0 (Strike Slip) 
6.0 15 0 (Strike Slip) 
7.0 -50 0 (Strike Slip) 
7.0 -30 0 (Strike Slip) 
7.0 -15 0 (Strike Slip) 
7.0 -5 0 (Strike Slip) 
7.0 5 0 (Strike Slip) 
7.0 15 0 (Strike Slip) 
5.0 -50 -1 (Normal) 
5.0 -30 -1 (Normal) 
5.0 -15 -1 (Normal) 
5.0 -5 -1 (Normal) 
5.0 5 -1 (Normal) 
5.0 15 --1 (Normal) 
6.0 -50 -1 (Normal) 
6.0 -30 -1 (Normal) 
6.0 -15 -1 (Normal) 
6.0 -5 -1 (Normal) 
6.0 5 -1 (Normal) 
6.0 15 -1 (Normal) 
7.0 -50 -1 (Normal) 
7.0 -30 -1 (Normal) 
7.0 -15 -1 (Normal) 
7.0 -5 -1 (Normal) 
7.0 5 -1 (Normal) 
7.0 15 -1 (Normal) 
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Figure 9.1-1: Logic Tree for median ground motion for Greater Arizona sources affecting the hazard at 
PVNGS. The representative suite of common-form models is shown by the unique Model ID # (up to 
#31), and their weights are rounded to the third decimal point. The HW branch name refers to a random 
sample from one of the five HW models (HW1 to HW5). The weights based on the TI Team’s subjective 
evaluations are in red, whereas weights based on statistical sampling are in green. The approach to 
compute the weights for the models is shown in the logic tree in Figure 9.1-2. The weights shown for the 
base models and the hanging wall models are for one example case (PGA). The weights for the other 
periods are listed in the PVNGS Hazard Input Document (HID) available in Appendix C – Part I. 



Southwestern United States 
Ground Motion Characterization SSHAC Level 3 

TECHNICAL REPORT – Rev. 2 
 

Chapter 9 - Median GMC Models: PVNGS Sources Page 9-21 

 
Figure 9.1-2 Weighting scheme for the median base models, involving alternative datasets and 
alternative weight metrics. The weights based on the TI Team’s subjective evaluations are in red. The 
description of the data set branches is provided in Section 5.3.2: “Weighted NGAW2PV-MED” and “EURPV-

MED” refer to the weighed subset of NGA-West2 data and to the subset of the Akkar et al.’s dataset used 
for constraining the median models for PVNGS, respectively. 
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Figure 9.1-3a: Range of PGA models generated from sampling the joint distribution of the Model A 
common-form parameter distribution and range of representative suite of common-form models (black 
dots). Red dots show the candidate GMPEs used to develop the ground-motion model distributions. The 
magenta and cyan dots show plus and minus two sigma epistemic uncertainty, respectively about the 
candidate GMPEs. The Voronoi cells (gray closed polygons) are developed based on the locations of the 
black points on the ellipses (gray concentric curves).  The contour for the zero residual is a thick black 
line, the ± 0.15 contours are dashed black lines and the ± 0.3 contours are thin black lines. Upper left: 
contour lines indicate the range in mean between-event residuals for the weighted NGA (NGAW2PV-MED). 
Lower left: contour lines indicate the mean between-event residuals for the European (EURPV-MED) data 
sets selected for the PVNGS evaluation. Upper right: contour lines indicate the likelihood for the 
weighted NGAW2PV-MED data set. Lower right: contour lines indicate the likelihood for the EURPV-MED data 
set. 
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Figure 9.1-3b: Range of PGA models generated from sampling the joint distribution of Model B 
common-form parameter distribution and range of representative suite of common-form models (black 
dots). Red dots show the candidate GMPEs used to develop the ground-motion model distributions. The 
magenta and cyan dots show plus and minus two sigma epistemic uncertainty, respectively about the 
candidate GMPEs. The Voronoi cells (gray closed polygons) are developed based on the locations of the 
black points on the ellipses (gray concentric curves). The contour for the zero residual is a thick black 
line, the ± 0.15 contours are dashed black lines and the ± 0.3 contours are thin black lines. Upper left: 
contour lines indicate the range in mean between-event residuals for the weighted NGA (NGAW2PV-MED). 
Lower left: contour lines indicate the mean between-event residuals for the European (EURPV-MED) data 
sets selected for the PVNGS evaluation. Upper right: contour lines indicate the likelihood for the 
weighted NGAW2PV-MED data set. Lower right: contour lines indicate the likelihood for the EURPV-MED data 
set. 
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Figure 9.1-4a: Range of T = 2 sec models generated from sampling joint distribution of Model A 
common-form parameter distribution and range of representative suite of common-form models (black 
dots). Red dots show the candidate GMPEs used to develop the ground-motion model distributions. The 
magenta and cyan dots show plus and minus two sigma epistemic uncertainty, respectively about the 
candidate GMPEs. The Voronoi cells (gray closed polygons) are developed based on the locations of the 
black points on the ellipses (gray concentric curves). The contour for the zero residual is a thick black 
line, the ± 0.15 contours are dashed black lines and the ± 0.3 contours are thin black lines. Upper left: 
contour lines indicate the range in mean between-event residuals for the weighted NGA (NGAW2PV-MED). 
Lower left: contour lines indicate the mean between-event residuals for the European (EURPV-MED) data 
sets selected for the PVNGS evaluation. Upper right: contour lines indicate the likelihood for the 
weighted NGAW2PV-MED data set. Lower right: contour lines indicate the likelihood for the EURPV-MED data 
set. 



Southwestern United States 
Ground Motion Characterization SSHAC Level 3 

TECHNICAL REPORT – Rev. 2 
 

Chapter 9 - Median GMC Models: PVNGS Sources Page 9-25 

 

Figure 9.1-4b: Range of T = 2 sec models generated from sampling joint distribution of Model B 
common-form parameter distribution and range of representative suite of common-form models (black 
dots). Red dots show the candidate GMPEs used to develop the ground-motion model distributions. The 
magenta and cyan dots show plus and minus two sigma epistemic uncertainty, respectively about the 
candidate GMPEs. The Voronoi cells (gray closed polygons) are developed based on the locations of the 
black points on the ellipses (gray concentric curves). The contour for the zero residual is a thick black 
line, the ± 0.15 contours are dashed black lines and the ± 0.3 contours are thin black lines. Upper left: 
contour lines indicate the range in mean between-event residuals for the weighted NGA (NGAW2PV-MED). 
Lower left: contour lines indicate the mean between-event residuals for the European (EURPV-MED) data 
sets selected for the PVNGS evaluation. Upper right: contour lines indicate the likelihood for the 
weighted NGAW2PV-MED data set. Lower right: contour lines indicate the likelihood for the EURPV-MED data 
set. 
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Figure 9.1-5: Range of mean between-event residuals for RRUP-based (Model A) and RJB-based (Model B) 
common-form models selected to represent the distribution of ground-motion models for evaluation 
hazard at the PVNGS site from the Greater Arizona sources. 
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Figure 9.1-6: Example of the cumulative distribution function of the ln PGA for M = 6.0, normal 
earthquakes at a RX distance of 5 km.  The red curve is the distribution used the TI Team approach.  The 
other curves show what the distribution would be if full weight was assigned to each weighting method.  
The curves for the GMPEs and the prior are based on equal weight to each candidate GMPE. Top: RRUP-
based (Model A). Bottom: RJB-based (Model B). 
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Figure 9.1-7:  Example of the cumulative distribution function of the ln PSA (T = 1 sec) for M = 6.0, 
normal earthquakes at a RX distance of 5 km.  The red curve is the distribution used the TI Team 
approach.  The other curves show what the distribution would be if full weight was assigned to each 
weighting method.  The curves for the GMPEs and the prior are based on equal weight to each 
candidate GMPE. Top: RRUP-based (Model A). Bottom: RJB-based (Model B). 
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Figure 9.1-8: Example of the distance scaling of PGA for normal faulting. The candidate GMPEs are 
shown by the dashed black lines, the candidate GMPES with additional epistemic uncertainty are shown 
by the dashed cyan lines, and the 0.05, 0.5, and 0.95 quantiles of the representative suite of common-
form models (combined Models A&B distribution) are shown by the red curves. The thin red lines show 
the minimum and maximum of the representative common-form models. 
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Figure 9.1-9: Example of the distance scaling of PSA for T = 1 sec for normal faulting. The candidate 
GMPEs are shown by the dashed black lines, the candidate GMPES with additional epistemic uncertainty 
are shown by the dashed cyan lines, and the 0.05, 0.5, and 0.95 quantiles of the representative suite of 
common-form models (combined Models A&B distribution) are shown by the red curves. The thin red 
lines show the minimum and maximum of the representative common-form models.  
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Figure 9.1-10: Example of the magnitude scaling for normal faulting. The candidate GMPEs are shown by 
the dashed black lines, the candidate GMPES with additional epistemic uncertainty are shown by the 
dashed cyan lines, and the 0.05, 0.5, and 0.95 quantiles of the representative suite of common-form 
models (combined Models A&B distribution) are shown by the red curves. The thin red lines show the 
minimum and maximum of the representative common-form models. Top: PGA. Bottom: PSA for T = 1 
sec. 
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Figure 9.1-11: Example of the response spectra for normal faulting for M5, M6, and M7 at an RX distance 
of -15 km. The candidate GMPEs are shown by the dashed black lines, the candidate GMPES with 
additional epistemic uncertainty are shown by the dashed cyan lines, and the 0.05, 0.5, and 0.95 
quantiles of the representative suite of common-form models (combined Models A&B distribution) are 
shown by the red curves. The thin red lines show the minimum and maximum of the representative 
common-form models. 
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Figure 9.1-12a: Example of the influence of the alternative data sets and the prior on the median ground 
motion for Model A at PGA for the scenarios listed in Table 9.1-1. The differences for medians calculated 
with different weights to median calculated with total weights are plotted in the histograms. The zero 
residual is relative to the PSA at CDF = 0.5 for the weighted common-form models (e.g. red curves in 
figures showing CDF). Bottom row left shows differences between medians for the GMPE distribution to 
median calculated with total weights. Bottom row right shows differences between the candidate 
GMPEs (without uncertainty) to median calculated with total weights. 
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Figure 9.1-12b: Example of the influence of the alternative data sets and the prior on the median ground 
motion for Model A at T = 0.2 sec for the scenarios listed in Table 9.1-1. The differences for medians 
calculated with different weights to median calculated with total weights are plotted in the histograms. 
The zero residual is relative to the PSA at CDF = 0.5 for the weighted common-form models (e.g. red 
curves in figures showing CDF). Bottom row left shows differences between medians for the GMPE 
distribution to median calculated with total weights. Bottom row right shows differences between the 
candidate GMPEs (without uncertainty) to median calculated with total weights. 
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Figure 9.1-12c: Example of the influence of the alternative data sets and the prior on the median ground 
motion for Model A at T = 1 sec for the scenarios listed in Table 9.1-1. The differences for medians 
calculated with different weights to median calculated with total weights are plotted in the histograms. 
The zero residual is relative to the PSA at CDF = 0.5 for the weighted common-form models (e.g. red 
curves in figures showing CDF). Bottom row left shows differences between medians for the GMPE 
distribution to median calculated with total weights. Bottom row right shows differences between the 
candidate GMPEs (without uncertainty) to median calculated with total weights. 
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Figure 9.1-12d: Example of the influence of the alternative data sets and the prior on the median ground 
motion for Model A at T = 2 sec for the scenarios listed in Table 9.1-1. The differences for medians 
calculated with different weights to median calculated with total weights are plotted in the histograms. 
The zero residual is relative to the PSA at CDF = 0.5 for the weighted common-form models (e.g. red 
curves in figures showing CDF). Bottom row left shows differences between medians for the GMPE 
distribution to median calculated with total weights. Bottom row right shows differences between the 
candidate GMPEs (without uncertainty) to median calculated with total weights. 
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Figure 9.1-12e: Example of the influence of the alternative data sets and the prior on the median ground 
motion for Model A at T = 3 sec for the scenarios listed in Table 9.1-1. The differences for medians 
calculated with different weights to median calculated with total weights are plotted in the histograms. 
The zero residual is relative to the PSA at CDF = 0.5 for the weighted common-form models (e.g. red 
curves in figures showing CDF). Bottom row left shows differences between medians for the GMPE 
distribution to median calculated with total weights. Bottom row right shows differences between the 
candidate GMPEs (without uncertainty) to median calculated with total weights. 
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Figure 9.1-13: Example of the distance scaling for the representative suite of common-form models for 
M6 vertical strike-slip earthquakes for T = 0.2 sec. Top: RRUP-based models. Bottom: RJB-based models. 
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Figure 9.1-14: Example of the distance scaling for the representative suite of common-form models for 
M6 vertical strike-slip earthquakes for T = 2 sec. Top: RRUP-based models. Bottom: RJB-based models. 
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Figure 9.1-15: Example of the magnitude scaling for the representative suite of common-form models 
for vertical strike-slip earthquakes at an RX distance of -15 km for T = 0.2 sec. Top: RRUP-based models. 
Bottom: RJB-based models. 
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Figure 9.1-16: Example of the magnitude scaling for the representative suite of common-form models 
for vertical strike-slip earthquakes at an RX distance of -15 km for T = 2 sec. Top: RRUP-based models. 
Bottom: RJB-based models. 
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Figure 9.1-17a: Example of hazard for PSA at T = 0.2 sec for the candidate GMPEs and the hazard for the 
representative suite of RRUP-based common-form models (Model A). The contribution from the distant 
California and Mexico sources is shown by the lowest curve (curve labeled Regions 1, 2&3). The hazard 
curve from the GK14 model is shown as well for comparison, although the GK14 model is not part of the 
candidate GMPEs for PVNGS. 
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Figure 9.1-17b: Example of hazard for PSA at T = 0.2 sec for the candidate GMPEs and the hazard for the 
representative suite of RJB-based common-form models (Model B). The contribution from the distant 
California and Mexico sources is shown by the lowest curve (curve labeled Regions 1, 2&3). The hazard 
curve from the GK14 model is shown as well for comparison, although the GK14 model is not part of the 
candidate GMPEs for PVNGS. 
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Figure 9.1-18a: Example of hazard for PSA at T = 2 sec for the candidate GMPEs and the hazard for the 
representative suite of RRUP-based common-form models (Model A). The contribution from the distant 
California and Mexico sources is shown by the lowest curve (curve labeled Regions 1, 2&3). The hazard 
curve from the GK14 model is shown as well for comparison, although the GK14 model is not part of the 
candidate GMPEs for PVNGS. 
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Figure 9.1-18b: Example of hazard for PSA at T = 2 sec for the candidate GMPEs and the hazard for the 
representative suite of RJB-based common-form models (Model B). The contribution from the distant 
California and Mexico sources is shown by the lowest curve (curve labeled Regions 1, 2&3). The hazard 
curve from the GK14 model is shown as well for comparison, although the GK14 model is not part of the 
candidate GMPEs for PVNGS. 
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Figure 9.1-19a: Comparison of the hazard for PSA at T = 0.2 sec using the representative suite of 
common-form models (grey lines), the weighted mean common-form model (red line), mean from the 
six candidate GMPE models (black line), and the lower (blue line) and upper (orange line) bounds of the 
six candidate GMPE models with the additional epistemic uncertainty (2 sigma level). 
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Figure 9.1-19b: Comparison of the hazard for PSA at T = 2.0 sec using the representative suite of 
common-form models (grey lines), the weighted mean common-form model (red line), mean from the 
six candidate GMPE models (black line), and the lower (blue line) and upper (orange line) bounds of the 
six candidate GMPE models with the additional epistemic uncertainty (2 sigma level). 
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Figure 9.1-20: Mean total residuals for the Fukushima-Hamadori data computed using the NGA-West2 
GMPEs of ASK14, BSSA14, CB14, and CY14. 
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Figure 9.2-1: Logic Tree scheme for the median ground motion at PVNGS from sources in Regions 1, 2, 
and 3. The weights associated to the TI Team’s subjective evaluations are in red, whereas weights 
associated to statistical sampling are in green 
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Figure 9.2-2: Ranges of ground motions for distances between 100 and 300 km, resulting from applying 
the path terms to the median PSA (T = 2 sec) from the NGA-West2 models for an M7.5 event with strike-
slip style of faulting. Left panel: distance scaling for the median ground motions for events originated in 
Region 1. Right panel: distance scaling for the median ground motions for events originated in Regions 
2&3.Central branches are shown as solid lines, while high and low branches are shown as dotted lines.  
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10 τ MODEL LOGIC TREE FOR BOTH DCPP AND PVNGS 

 

This Chapter presents the τ  model logic tree that applies to both DCPP and PVNGS sites based on the 
τ  models that were developed in Section 7.2.3 and the uncertainty in the τ model described in Section 
7.2.4. This chapter also addresses the technical justifications for the weights associated to the 
alternative branches in the logic tree. As described in Section 7.6, the logic tree for τ  is combined with 

the corresponding logic tree for SSφ  to develop a single logic tree for total sigma SSσ  to reduce the 

total number of models for the hazard calculation. 

 

10.1 τ Model Logic Tree 

Figure 10.1-1 shows the logic tree for τ  along with the associated weights. The logic tree is very simple 
with just two nodes: one node for the form of τ model (magnitude dependent or magnitude 
independent); and one node for the epistemic uncertainty in the estimates of τ .  

In Figure 10.1-1, weights associated to the TI Team’s subjective evaluations are in red, whereas weights 
associated to statistical sampling are in green. 

 

10.2 Evaluation of Weights for Magnitude Dependence of τ 

The first node addresses the alternative functional forms for the τ  model in terms of the magnitude 
dependence.  As part of the evaluation of the need for a magnitude-dependent τ model, the TI team 
considered the following assessments: 

1. The hazard at DCPP is controlled by sources with M > 5.5, and the hazard at PVNGS is controlled 
by sources with M > 5. 

2. Three magnitude-independent τ models (Akkar et al., 2014a and 2014b; Bindi et al., 2014a and 
2014b; and Zhao et al., 2006), were considered. The TI Team judged that the first two models 
should be rejected because their databases contain a large percentage of recordings from M < 
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5.5 earthquakes, and, because they use magnitude-independentτ , their values of τ would 
overestimate the τ appropriate for the magnitudes of interest to the hazard assessments at the 
two sites (M > 5). The TI Team also judged that the Zhao et al. (2006) magnitude-independent 
proponent τ  model is applicable because their database is almost entirely composed of 
recordings from earthquakes with M ≥ 5. Although this model is magnitude independent, it can 
be used in developing the magnitude-dependent τ model because two of the magnitude-
dependent τ  models had constant τ above M > 5.5, so there is little bias by incorporating the 
Zhao et al. (2006) magnitude-independent τ  model. 

3. The four NGA-West2 GMPEs that provide τ models (Boore et al., 2014; Campbell and Bozorgnia, 
2014; Abrahamson et al., 2014; and Chiou and Youngs, 2014) all use a magnitude-dependent 
model, with τ  decreasing to a constant level as magnitude increases. For the NGA-West2 that 
provide τ  models, the threshold for reaching a constant τ  is at M = 5.5 for BSSA14 and CB14, 
M = 6.5 for CY14, and M = 7 for ASK14.  

Of the five candidate τ  models, four are magnitude-dependent; however, for two of the four models 
(BSSA14 and CB14), the magnitude-dependence is only below M5.5. The magnitude-independent model 
of Zhao et al. (2006) is similar to the magnitude-dependent model of the BSSA14 and CB14.  

Therefore, only a magnitude-dependent branch is used to simplify the logic tree. A weight of 1.0 is 
assigned to the magnitude-dependent τ  branch.  

 

10.3 Evaluation of Weights for Epistemic Uncertainty of τ 

The second node of the logic tree captures the alternative values of parameters in the τ  model based 
on the uncertainty of the estimation of τ . The high and low τ  branches of the logic tree are computed 

using a scaled Chi-square distribution for 2τ as described in Appendix P. The weights of 0.2, 0.6 and 0.2 
are statistically-based weights associated to the low (5th), central (mean), and high (95th) τ  branches, 
respectively.  They are computed by discretizing the Chi-square distribution into a three-point 
distribution that approximates the mean and variance of the full distribution (Appendix P). 

The central, high, and low branches represent the mean, 95th and 5th percentile of a scaled Chi-square 
distribution (this is described in Appendix P). The TI Team central τ model with its uncertainty is shown 
in Figure 10.3-1. 
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Figure 10.1-1: Logic tree for τ . Weights associated to the TI Team’s subjective evaluations are in red, 
whereas weights associated to statistical sampling are in green. 
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Figure 10.3-1: Magnitude dependence of the τ  model (central, low and high branches) at period of 1 
second. 
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11 φ MODEL LOGIC TREE: DCPP 

 

11.1 φSS Logic Tree for DCPP 

Figure 11.1-1 shows the SSφ logic tree for DCPP. There are five nodes in the logic tree.  The weights for 

the branches for the nodes are shown in two colors to distinguish between subjective evaluations by the 
TI Team (shown in red) and statistical sampling of continuous distributions (shown in green). 

The first node captures the alternative datasets used to derive the SSφ models. The second node 

captures the alternative functional forms of SSφ models. The third node captures the epistemic 

uncertainty in the estimated value of SSφ  for a single site. The fourth node is associated to the TI Team’s 

evaluation of the applicability of directivity adjustments for SSφ . Finally, the last node is associated with 

alternative forms of the upper tail for the single-site within-event residual distribution. The description 

of the datasets used to develop the SSφ models is provided in Section 5.4. Details of the SSφ model 

derivation for DCPP are provided in Sections 7.3.2 and 7.3.3. The notation of Al Atik et al. (2010) is 
followed.  

 

11.2 Evaluation of Weights for Alternative Datasets for φSS 

As mentioned in Section 5.4.1 and 5.4.3, two datasets of single-site within-event residuals with 

magnitude greater than or equal to 5.0 and distance less than 50 km were used to evaluate SSφ for 

DCPP: a global dataset consisting of the NGA-West2 data (datasets for ASK14 [Abrahamson et al., 2014], 
BSSA14 [Boore et al., 2014], CB14 [Campbell and Bozorgnia, 2014] and CY14 [Chiou and Youngs, 2014]) 
supplemented by the Taiwanese data from Lin et al. (2011) and a California only subset of the NGA-
West2 data.  

The global dataset is dominated by the recordings from Taiwan, which comprises 50% to 70% of the 
recordings depending on the subset used by the GMPE developer. The California set comprises 30% to 
40% of the recordings of the global data set. A limitation of the Taiwan data is that the residual analysis 
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by Lin et al. (2011) was only conducted for five spectral periods (PGA, 0.1, 0.5, 1.0, and 3.0 sec), hence, 
requiring interpolation and extrapolation for the rest of the spectral periods for this project. Such 
limitation does not exist for the California set. 

Although the California data set is about a third of the total number of recordings in the global data set, 

it still has enough data to constraint the SSφ : there are 342 to 372 recordings from earthquakes with M 

> 5.5 and RRUP < 50 km. The TI Team judged the California data set to be more applicable to DCPP 
because it is from the same region as the NPP. The California data set was assigned a weight of 0.67 
compared to 0.33 for the global dataset.  

 

11.3 Evaluation of Weights for Magnitude-Dependence of φSS 

For the California data set, two alternative magnitude-dependent SSφ models were developed by the TI 

Team ( 1SS CAφ − − and 2SS CAφ − − models, described in Section 7.3.3). To evaluate the relative merits of the 

two 1SS CAφ − − and 2SS CAφ − − models, the first with a magnitude-break at M7 and the second with a 

magnitude-break at M5.5, the TI Team considered the magnitude-dependence in φ  given in the NGA-

West2 models. All four NGA-West2 models that separate the residuals into within-event and between-
event terms have a magnitude-dependent φ for M greater than 3, but only two of them (ASK14 and 

CY14) have a magnitude-dependent φ for M > 5.5, whereas two models (CB14 and BSSA14) have a 

constant φ  for M > 5.5. Based on half of the NGA-West2 models using a break at M5.5 and half at M7, 

the TI Team assigned equal weights to the two alternative magnitude-dependent branches for the 
California data set.  

For the global data set, a magnitude-dependence in the SSφ is not seen (Appendix K, Section 7.3.2, and 

figures therein). Therefore, the magnitude-independent branch ( 50SS GLOBAL Rφ − − model, described in 

Section 7.3.2.1) is given full weight (weight = 1.0).  

 

11.4 Evaluation of Weights for Epistemic Uncertainty in Site-specific φSS 

For each alternative data set and model combination, the SSφ  is an average value for the full data set. 

At an individual site, the value of SSφ  may vary from the average. The site-specific value is denoted 

,SS Sφ . The epistemic uncertainty in the site-specific ,SS Sφ  is captured in the third branch of the logic 
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tree. It represents the site-to-site differences in the ,SS Sφ and not the standard error of the average SSφ

of the data set. The site-specific value of SSφ at DCPP is denoted DCPP SSφ . The central branch of the 

DCPP SSφ  is based on the average for the data set, and the high and low branches account for the site-

to-site variation about this average.  

The evaluation of the epistemic uncertainty in the DCPP SSφ estimate, for a given data set, is based on a 

Chi-square distribution of 
,

2
SS S

φ , as described in Appendix P. The statistical evaluation of the standard 

error of ,SS Sφ , given in Section 7.3.1, showed that the estimated standard error is biased due to small 

number of observations per site. The bias-corrected coefficient of variation (CV) of ,SS Sφ  is 0.12. Using 

this CV value, high and low epistemic uncertainty branches were computed corresponding to the 5th and 
95th percentile of ,SS Sφ , respectively. 

Statistical weights of 0.6, 0.2, and 0.2 are assigned to the central, high, and low branches, respectively to 
approximate the mean and variance of the underlying distribution. 

 

11.5 Evaluation of Weights for Directivity Adjustment to the φSS 

The directivity factors described in Section 6.5.1 have two parts: and adjustment to the median ln(PSA) 
and an adjustment to the within-event standard deviation. These two terms are correlated so they both 
need to be in the model. That is, the adjustment to the within-event standard deviation can only be used 
if the directivity adjustments are used for the median ground-motion model. For DCPP, the directivity 
adjustment for the median model is given zero weight (Section 8.4). Therefore, to be consistent with the 
application of directivity factors for the median model, this branch is given zero weight (weight = 0.0). 

 

11.6 Evaluation of Weights for the Aleatory Distribution Form for φSS 

An evaluation of the appropriate form to represent the extreme tails of the aleatory distribution was 
presented in Workshop #3 (see Appendix G). Figure 11.6-1 shows an analysis conducted on the within-
event residuals for the ASK14 model.  The residuals are shown in terms of a quantile plot (Q-Q plot) 
which compares the observed data density at various values of epsilon (normalized residual, e.g. 
residual divided by the standard deviation) on the vertical axis with what is expected from the assumed 
distribution, in this case normal, on the horizontal axis. A Q-Q plot maps the normal distribution into a 
straight line, such that, if the data follow a normal distribution, they would fit along the 1:1 line.  The 
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dashed lines show a 95% confidence interval on the normal distribution residuals given the size of the 
data sample.  A departure of the residuals from these lines indicates departure from a normal 
distribution. The TI Team used the 95% confidence intervals as a guide for the significance of the 
departure from normality, and not as a formal statistical test. In particular, the TI Team’s evaluation 
considered multiple points falling outside of the 95% confidence interval as an indication that there was 
a significant deviation from normality. 

The deviation from normality, in this case, is described as “heavy tailed” because there is a higher 
probability of extremes (at both high and low epsilon) than predicted by the normal distribution.  Heavy 
tails are observed in the ASK14 data for a wide range of oscillator periods at values of epsilon higher 
than 2.  The same deviation from normality is observed for site- and event-corrected residuals (e.g., for 
single-station sigma) as shown in Figure 11.6-2. Similar results are seen when magnitudes are restricted 
to M ≥ 5.5, so this is not just a small magnitude issue. Similar deviations from normality are not seen in 
the between-event residuals. 

Similar analyses to those presented in Figures 11.6-1 and 11.6-2 are conducted on the CY14 residuals.  
The results of these analyses are similar to the results for the ASK14 data.  The Q-Q plots showed that 
the observed distribution of epsilon fall outside the 95th percentile confidence limits, indicating a 
significant deviation from a normal distribution. The deviation from normality is observed at nearly all 
periods for epsilons greater than 2.5 for the within-event term.  On the other hand, the normality 
assumption holds for between-event residuals with the exception of very long periods and an epsilon of 
3.5 (the highest epsilon with sufficient number of events to test). In addition, the Anderson-Darling test 
for normality (Anderson and Darling, 1952) was applied to the CY14 residuals. The test results indicated 
a statistically significant departure from normality (p-value that the non-normality occurred by chance < 
5%) for the CY14 within-event residuals. The same tests did not find a statistically significant departure 
from normality for the between-event residuals. Coppersmith et al. (2014) also report evidence of 
heavy-tailed distributions in analyses of ground-motion data from shallow crustal earthquakes in Japan 
and in a global database of subduction zone earthquake ground motions. 

The approach selected to represent a heavy tailed aleatory distribution was to use a mixture model. In 
general, a mixture model is a composite distribution computed by summing multiple normal 
distributions with different means and standard deviations. For the SWUS GMC application, the CY14 
residuals were analyzed using the statistical package MIXTOOLS (Benaglia et al., 2009). The results 
indicated that the residuals were adequately fit by an equal mixture of two normal distributions with 
means of zero (centered on the same PSA median as from GMPEs) and standard deviations of 0.8 and 
1.2 times the standard deviation of the within-event residuals from the GMPEs. The same mixture 
model was found to provide an adequate fit to the ASK14 residuals: tests of this mixture using the ASK14 
data produced Q-Q plots that did not show a significant deviation from the mixture model, indicating 
that the observed heavy tails are captured. 
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While there are alternative ways of capturing heavy-tailed distributions, this form of the mixture model 
is attractive because the only parameters that need to be calibrated are the weights and the scale 
factors for the standard deviations used for the two normal distributions. As indicated above, the 
mixture model parameters were calibrated using the ASK14 and CY14 residuals.  The selected model 
assigns 50% weight to each of the two distributions with standard deviation scale factors of 1.2 and 0.8. 
Figure 11.6-3 shows the resulting fit of the tails of the distribution using this mixture model. Using the 
mixture model adequately captures the heavy tails for the large epsilons. For very small epsilons (≤-3) 
there is still a heavy tail but this range of epsilons does not contribute to the seismic hazard. Similar 
results were obtained for the BSSA14, CB14, and CY14 within-event residuals. Figures 11.6-4, 11.6-5 and 
11.6-6 show the comparisons of Q-Q plots for the traditional normal distribution and the proposed 
mixture model for BSSA14, CB14, and CY14, respectively, for PSA at 5 Hz. All three sets of residuals show 
fat tails and are consistent with the proposed mixture model. 

For this mixture model, the conditional probability of exceeding a ground-motion level Z is given by: 
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where Φ  is a standard normal cumulative distribution function, 𝑤𝑀𝑖𝑥1 and 𝑤𝑀𝑖𝑥2 are the weights in this 
case, (0.5 and 0.5), and 𝜎𝑀𝑖𝑥1 and 𝜎𝑀𝑖𝑥2 are the standard deviations obtained by combining 1.2φ  and 

0.8φ  with the values of τ  derived in Section 7.2. The value of φ  used is either SSφ  or SP Rφ −  derived 

above, depending on the application. 

In the GMC logic tree, the TI Team assigned the mixture model a weight of 0.8 and the traditional 
normal distribution a weight of 0.2. The mixture model is strongly favored because the most of the data 
sets tested showed statistically significant evidence of heavy tails in the within-event residuals and 
improved fits of the residuals were found with very similar mixtures. While the TI Team strongly favors 
the mixture model, this is a new approach and the TI Team maintained the traditional normal 
distribution model with small weight because the traditional normal distribution is the most widely used 
model in current practice. 
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Figure 11.1-1: DCPP SSφ  Logic Tree. Weights associated to the TI Team’s subjective evaluations are in 

red, whereas weights associated to statistical sampling are in green. 
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Figure 11.6-1: Q-Q plots for ASK14 within-event normalized residuals for M ≥ 5.  a) PGA, b) T = 0.5 sec, c) 
T = 1 sec. The solid red straight line maps the normal distribution if the data follow a normal distribution, 
and the dashed red lines show a 95% confidence interval on the normal distribution residuals given the 
size of the data sample. 

a b 
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Figure 11.6-2: Q-Q plots for normalized site- and event-corrected within-event residuals for the ASK14 
database for two periods (PGA in the left panel, and T = 1 sec in the right panel). The solid red straight 
line maps the normal distribution if the data follow a normal distribution, and the dashed red lines show 
a 95% confidence interval on the normal distribution residuals given the size of the data sample. 

 

 

 

 
Figure 11.6-3: The plot on the left shows the event- and site-corrected within-event residuals of the 
ASK14 relationship using a normal distribution.  The plot on the right shows the same residuals fitted to 
a mixture model that uses two distributions with sigma ratios of 1.2 and 0.8 with 50% weight to each 
distribution. 
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Figure 11.6-4: The plot on the left shows the 5 Hz within-event residuals of the BSSA14 relationship 
using a normal distribution.  The plot on the right shows the same residuals fitted to a mixture model 
that uses two distributions with sigma ratios of 1.2 and 0.8 with 50% weight to each distribution. 

 
 
 
 

  
 
Figure 11.6-5: The plot on the left shows the 5 Hz within-event residuals of the CB14 relationship using a 
normal distribution.  The plot on the right shows the same residuals fitted to a mixture model that uses 
two distributions with sigma ratios of 1.2 and 0.8 with 50% weight to each distribution. 
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Figure 11.6-6: The plot on the left shows the 5 Hz within-event residuals of the CY14 relationship using a 
normal distribution.  The plot on the right shows the same residuals fitted to a mixture model that uses 
two distributions with sigma ratios of 1.2 and 0.8 with 50% weight to each distribution. 
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12 φ MODELS LOGIC TREE: PVNGS 

 

Two logic trees were constructed for PVNGS conditioned on the source location: (1) a SSφ and a SP Rφ −  

logic tree for sources located in Regions 1, and combined Regions 2&3 (distant California and Mexico 

sources) of Figure 6.6.1-1; and (2) a SSφ logic tree for sources outside Regions 1, and 2&3 (Greater 

Arizona sources).  

The use of SP Rφ −  is correlated with the path adjustments to the median prediction of GMPEs as 

discussed in Section 6.6. That is, SP Rφ −  can only be used if the median path effects, including the 

epistemic uncertainty in the path effects, are used for the median ground-motion model. 

The use of two different logic trees for the φ  models for PVNGS is motivated by the availability of 

recordings from distant California earthquakes recorded at a group of sites around PVNGS, which allows 
estimation of the repeatable similar path-to-region effects which can be removed from the aleatory 
ground-motion variability.  In addition, these two sources have different controlling distances (< 50 km 
for the Greater Arizona sources and > 200 km for the distant California sources).  

 

12.1 φSS for Greater Arizona Sources 

12.1.1 φSS Logic Tree 

The SSφ logic tree for PVNGS for sources outside Regions 1, and 2&3 is presented in Figure 12.1-1. There 

are four nodes in the logic tree.  The weights for the branches for the nodes are shown in two colors to 
distinguish between subjective evaluations by the TI Team (shown in red) and statistical sampling of 
continuous distributions (shown in green). 

The first node captures the alternative datasets used to derive the SSφ  model. The second node is 

associated to the evaluation of the magnitude–dependence of the SSφ  models. The third node captures 

the range of the SSφ  values applicable to a single site based on sample size. Finally, the last node is 

associated with alternative forms of the upper tail for the aleatory residual distribution.  
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12.1.2 Evaluation of Weights for Alternative Databases for φSS 

Two groups of datasets are available for evaluating SSφ model: a global dataset which combines the 

NGA-West2 and Taiwanese data in Lin et al. (2011), and the European dataset used in Akkar et al. 
(2014a, 2014b). Both the global and European data sets were included because they represent different 
sampling of recordings.  The European data set is more heavily weighted to the normal events which are 
important to the hazard at PVNGS, but this is not a key factor because the aleatory variability has not 
been seen to depend on the style-of-faulting.   

The description of these two alternative datasets was given in Sections 5.4.1 and 5.4.2. Some of the 
earthquakes in the European dataset (mainly with M > 6) are contained in the global dataset so there is 
some overlap between the two data sets, but the European data set has earthquakes in the M5 to M6 
range that are not included in the NGA-West2 data set.  

The evaluation of the two data sets for estimating SSφ  is primarily based on the relative number of 

recordings. The global datasets in this magnitude and distance range (M ≥ 5, distance ≤ 50 km) with at 
least three recordings per earthquake  (GLOBALPHISS_ASK14, GLOBALPHISS_BSSA14, GLOBALPHISS_CB14, and 
GLOBALPHISS_CY14) consists of an average of 1,460 recordings from about 90 earthquakes, depending on 
the selected subset used by each NGA-West2 developer. The subset of European data for this same 
magnitude and distance range (EURPHISS) consists of 223 recordings from 73 earthquakes.  So the global 
data sets have about 6 times as many recordings as the European data. 

The global datasets are more abundant in data with magnitude greater than 6.0 than the European data 
(Figures 5.4.1-1 and 5.4.2-1). The large magnitudes are important for the hazard calculations as shown 
by the deaggregation in Section 4.2.3 for PVNGS. The European dataset generally has smaller numbers 
of recordings per earthquake leading to less stable τ  estimates which affects the estimates of φ  and 

the within-event residuals. Finally, the rupture dimension information used to compute the closest 
distances in the EURPHISS dataset are, in general, not as well constrained as for the NGA-west2 data set.   

Based on six times more recordings in the global data sets, the global data sets would be given about 2.5 
times the weight than for the EURPHISS data set based on 1/sqrt(N) weighting. Taking the other 
limitations into account, the TI Team increased the relative weight of 2.5 based on the number of 
recordings to 3.0, leading to subjective weights of 0.75 and 0.25 for the global and the European 

datasets, respectively. The SSφ  values are computed for each of the four global data sets 

(GLOBALPHISS_ASK14, GLOBALPHISS_BSSA14, GLOBALPHISS_CB14, and GLOBALPHISS_CY14) and the results from the four 

subsets are then averaged (using equal weights) to develop the SSφ  model. 
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12.1.3 Evaluation of Weights for Magnitude-Dependence of φSS 

As discussed in Section 7.3.4, no significant magnitude-dependence of SSφ  for the European dataset was 

noticed while evaluating the entire dataset as well as using only data with maximum distance of 50 km.  

Therefore, no magnitude-dependent SSφ model was developed by the TI Team for the European 

dataset. Therefore, the magnitude-independent SSφ model ( SS EURφ − model) was selected for the 

European dataset with weight of 1.0. 

As discussed in Section 7.3.2.1, no magnitude-dependence was observed for SSφ using the global 

dataset for magnitude greater than 5.0 and distance less than 50 km. Therefore, only a magnitude-

independent SSφ model ( 50SS GLOBAL Rφ − −  model) was developed by the TI Team for the global dataset. 

Therefore, the magnitude-independent 50SS GLOBAL Rφ − −  model was also selected with weight of 1.0. 

12.1.4 Evaluation of Weights for Epistemic Uncertainty of φSS 

The discussion of the epistemic uncertainty of SSφ is addressed in Section 11.4 for the DCPP SSφ models. 

The same considerations apply in this case. The same bias-corrected CV value of 0.12 for SSφ  

(developed in Section 7.3.1) is used for the PVNGS SSφ models. Using this CV value, high and low 

epistemic uncertainty branches were computed corresponding to the 5th and 95th percentile of ,SS Sφ .  

Statistical weights of 0.6, 0.2, and 0.2 are assigned to the central, high, and low branches, respectively, 
to approximate the mean and variance of the underlying distribution (see Appendix P for the basis for 
the these weights for a three point distribution). 

12.1.5 Evaluation of Weights for the Aleatory Distribution Form for φSS 

The discussion of the aleatory distribution form was addressed in Section 11.6 for the DCPP SSφ models. 

The same considerations apply in this case and the same weights are used for the logic tree: the mixture 
model is assigned a weight of 0.8 and the normal model is assigned a weight of 0.2. 
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12.2 φSS and φSP-R for Sources in California and Mexico 

12.2.1 φSS and φSP-R Logic Tree  

The logic tree for PVNGS for sources in California and Mexico (Regions 1, 2, and 3) is shown in Figure 

12.2-1 and consists of both SSφ and SP Rφ − models.  

The use of SP Rφ − requires that the median ground-motion estimation includes the path effect 

adjustments and the epistemic uncertainty in the path effects. In this case, the median and aleatory 
variability of the path term for Regions 1, 2, and 3 (see Section 6.6) are used to modify the GMPEs. The 

SSφ branch is only used for the median ground-motion branch that does not include path effect 

adjustments. 

The first node captures the alternative datasets used to derive the SSφ and SP Rφ − models. The second 

node is associated to the evaluation of the magnitude–dependence of the SSφ and SP Rφ − models. The 

third node captures the range of SSφ and SP Rφ − values applicable to a single site based on the between-

model variability of SP Rφ − and the average standard error of the SP Rφ − estimates for the individual 

GMPEs (Section 7.4.2). Finally, the last node is associated with alternative forms of the upper tail for the 
aleatory residual distribution. Description of the datasets used to build the central branches and their 

associate epistemic uncertainties is provided in Sections 5.4.4 and 5.4.5 for the SSφ and SP Rφ − models, 

respectively. Details on the SSφ model derivation for PVNGS ( SS GLOBAL LDφ − − model) are provided in 

Section 7.3.2.2. Details on the SP Rφ − model derivation for PVNGS ( 123SP Rφ −  models for Region1 and 

Regions 2&3) are provided in Section 7.4.  

12.2.2 Evaluation of Weights for Alternative Datasets for φSS and φSP-R 

For the no path-term median model, three alternative data sets are used for the development of the 

SS GLOBAL LDφ − −  model based on the single-site within-event residuals of global datasets (NGA-W2LD-PHISS-

ASK14, NGA-W2LD-PHISS-BSSA14, and NGA-W2LD-PHISS-CY14).  The datasets contain the single-site within-event 
residuals with magnitude larger than 5.5 and distance range of 200 to 400 kilometers.  Within this 
magnitude and distance range, the three global datasets contain 4-23 earthquakes and 264-415 records 
depending on the NGA-West2 developer subset (see Table 5.4.4-1).  About half of the data are from 

Japan and half from California. The SSφ values are computed for each of the three NGA-West2 data sets 

and the results from the three subsets are then averaged (using equal weights) to develop the 
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SS GLOBAL LDφ − −  model.  The European data set is not used for the long distance ( SS GLOBAL LDφ − − ) model 

because it only includes data up to 200 km. 

For the median model with a path term, the magnitude-independent 123SP Rφ −  model is based on the 

PEER Arizona dataset consisting of earthquakes from California and Mexico that have been recorded at 
the 9 stations in the vicinity of PVNGS (PEER-AZPATH-ASK14, PEER-AZPATH-BSSA14, PEER-AZPATH-CB14, and PEER-
AZPATH-CY14).  This is the only data set available for this evaluation.    These four data sets contain up to 49 
records from 11 earthquakes with rupture distances from 200 to 500 km, depending on which 
earthquakes were selected by each NGA-West2 developer (the event terms from the NGA-Developer 
based on the recordings in the NGA-West2 data set are used). The single-site, within-event residuals 
corrected to remove systematic source-region to site-region bias for each of the three regions:  Region 1 

(4 earthquakes), Region 2 (3 earthquakes), and Region 3 (3 earthquakes). The SP Rφ − values are then 

computed for the residuals for each of the four NGA-West2 data sets and the results from the four 

subsets are then averaged (using equal weights) to develop the 123SP Rφ −  model. 

12.2.3 Evaluation of Weights for Magnitude-dependence of φSS and φSP-R 

As shown in Sections 7.3.2 and 7.3.4, there is no magnitude dependence seen for the global dataset or 

for the European dataset for M > 5. Therefore, only magnitude-independent SSφ  models were 

developed.   

For the SP Rφ −  model, the main contribution to the hazard is from large magnitude earthquakes (M > 7.5 

shown in Figure 4.2-5). The global data set used for developing the SP Rφ −  model is for M > 5.5. As no 

magnitude dependence was seen in the global SSφ model, only a magnitude-independent model is 

developed for the SP Rφ − .  

12.2.4 Evaluation of Weights for Epistemic Uncertainty of φSS and φSP-R 

The discussion of the epistemic uncertainty of SSφ is addressed in Section 11.4 for the DCPP SSφ models. 

The same considerations apply in this case. The same biased-corrected CV value of 0.12 for SSφ  

(developed in Section 7.2.4) is used for the PVNGS SSφ models. Using this CV value, high and low 

epistemic uncertainty branches were computed corresponding to the 5th and 95th percentile of ,SS Sφ .  

Statistical weights of 0.6, 0.2, and 0.2 are assigned to the central, high, and low branches, respectively, 
to approximate the mean and variance of the underlying distribution. 
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For SP Rφ − , the bias-corrected CV value was estimated to be 0.17 in Section 7.4.2. Using this CV value, 

high and low epistemic uncertainty branches were computed corresponding to the 5th and 95th 

percentile of SP Rφ − .  Statistical weights of 0.6, 0.2, and 0.2 are assigned to the central (mean), high, and 

low branches, respectively, to approximate the mean and variance of the underlying distribution (see 
Appendix P for the basis for the these weights for a three point distribution). 

12.2.5 Evaluation of Weights for the Aleatory Distribution Form for φSS and φSP-R 

The discussion of the aleatory distribution form was addressed in Section 11.6. The same considerations 
apply in this case. The heavy tails were observed for a wide range of magnitudes and distances.  There is 
no reason to expect that this feature would not be applicable to large distance data.  The TI Team 
judged that the heavy tail model is applicable to the large magnitude earthquakes from California and 
Mexico. Therefore, the same weights of 0.8 and 0.2 are assigned for the mixture and the normal model, 
respectively. As discussed in Section 11.6, the traditional normal distribution was maintained with a low 
weight of 0.2 because this model is still widely used in PSHA applications. 
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Figure 12.1-1: SSφ Logic tree for PVNGS for Greater Arizona sources (outside Regions 1, 2, and 3). 

Weights associated to the TI Team’s subjective evaluations are in red, whereas weights associated to 
statistical sampling are in green. 
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Figure 12.2-1:1 SSφ and SP Rφ − Logic tree for PVNGS for sources in California and Mexico (Regions 1, 2, 

and 3). Weights associated to the TI Team’s subjective evaluations are in red, whereas weights 
associated to statistical sampling are in green. 
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13 TOTAL SIGMA MODEL  

 

13.1 Introduction 

The assessment of seismic hazard at a single point location utilizes the total aleatory variability, which is 
composed of the between-event and within-event components (e.g. Al-Atik et al., 2010). Chapters 10, 
11, and 12 present the characterization of the components in terms of uncertainty models for the 
between-event standard deviation τ , and the within-event standard deviation φ . The two components 

are combined to produce the total aleatory standard deviation, σ , by summing variances: 

 2 2 2σ τ φ= +  (Eq. 13.1-1) 

As discussed in Chapter 7, the within-event component may be characterized in terms of the variability 

in ground motions at a single site from all earthquakes, single-station SSφ , or variability in ground 

motions from earthquakes that have a similar path to the site region, SP Rφ − . Each of these is combined 

with the between event standard deviation using Eq. (13.1-1) to form the corresponding total aleatory 

variability standard deviation. These are denoted as SSσ  or SP Rσ − , depending on the type of within-

event variability appropriate for the specific application.  

The epistemic uncertainty distributions for τ , SSφ , and SP Rφ −  developed in Chapters 10, 11, and 12 are 

in the form of continuous scaled 2χ distributions (Ang and Tang, 2007) as described in Appendix P. 

These continuous distributions were represented discretely by logic trees, such as the τ  logic tree 
shown in Figure 10.1-1. Epistemic uncertainty distributions for total sigma could be developed by 
combining the τ  and φ  logic trees to form a composite logic tree for σ . This approach was followed in 

developing the EPRI (2006) model for aleatory variability for ground motions in the central and eastern 
United States. The PEGASOS Refinement Project (PRP) developed separate logic trees for τ  and φ  and 

then used all possible combinations of the two logic trees for hazard analyses. Similarly, Rodriguez-
Marek et al. (2014) constructed separate logic trees for τ  and φ  and then combined them, although 

they assumed full correlation between the two epistemic uncertainty distributions, which limited the 
number of alternative models. However, it is more computationally efficient to use the underlying 
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continuous distributions for τ  and φ  to construct a continuous distribution for σ , and then represent 

that continuous epistemic distribution discretely in a logic tree for use in hazard computation. This 
approach was followed in the SSHAC Level 3 study recently completed for the Hanford Washington site 
(Coppersmith et al., 2014) and is adopted for use in this study. Conceptually, the only difference 
between the two approaches is the point at which the continuous distributions are represented 
discretely. The motivation for the choice made here is reduction in computation burden – the use of 
three alternative discrete values representing the composite continuous distribution for σ  instead of 
nine alternative discrete values representing the combination of three alternative discrete values for τ  
with three alternative discrete values for φ . 

Section 13.2 describes the process used to develop the uncertainty distribution for total sigma for the 
DCPP site from the uncertainty distributions for between-event and within-event aleatory variability 
components and then represents that distribution discretely for use in PSHA calculations. Additional 
details are provided in Appendix P. The result is the total sigma logic tree shown on Figure 13.1-1. The 
same process was used to develop the total sigma logic trees for the PVNGS site for the Greater Arizona 
sources and for the distant sources in California and Mexico, shown in Figures 13.1-2 and 13.1-3, 
respectively. 

 

13.2 Total Sigma Model for DCPP 

As discussed in Chapter 7, the appropriate form of within-event variability for assessing seismic hazard 

at the DCPP site is the partially non-ergodic single-station SSφ . Using Eq. (13.1-1), the corresponding 

total aleatory variability is denoted as  , and is given by: 

 2 2 2
SS SSσ τ φ= +  (Eq. 13.2-1) 

Chapter 10 develops a continuous epistemic uncertainty distribution for τ  and Chapter 11 develops a 

continuous epistemic uncertainty distribution for SSφ at DCPP. These two distributions are used to 

develop a continuous epistemic uncertainty distribution for SSσ . As described in Appendix P, the 

uncertainty distribution for the variance of a normally distributed random variable can be represented 

by a scaled 2χ distribution (Ang and Tang, 2007). Because of the monotonic one-to-one relationship 

between σ and 2σ , the cumulative distribution function for σ , ( )F σ , is given by: 

 𝐹𝜎𝑆𝑆(𝜎𝑖) = 𝐹𝜎𝑆𝑆2 �𝜎𝑖
2� = ∫ 𝜒𝑘2

𝜎𝑖
2

0 �𝜎𝑆𝑆
2

𝑐
� 𝑑(𝜎𝑆𝑆2 )

 
 (Eq. 13.2-2) 
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The cumulative distribution function is used to develop the discrete approximation used in the logic tree 
formulation to represent the uncertainty in the variance parameter.  

The scale parameter c is given by: 

 𝑐 = 𝑉(𝜎𝑆𝑆
2 )

2𝐸(𝜎𝑆𝑆
2 )

 (Eq. 13.2-3) 

and the degress of freedom k is given by: 

 𝑘 = 2[𝐸�𝜎𝑆𝑆
2 �]2

𝑉(𝜎𝑆𝑆
2 )

 (Eq. 13.2-4) 

The results of maximum likelihood estimation of the variance terms 2τ  and 2φ  (Appendix P, Section 

P.3) have shown that there is only a very weak negative correlation (between -0.01 and -0.03) between 
the errors in estimation for each. Therefore, it is assumed that the two are uncorrelated. Given this 

assumption, the expected value of  is given by: 

 𝐸�σSS2 � = 𝐸(𝜏2) + 𝐸�𝜙SS2 � (Eq. 13.2-5) 

and the variance in  is given by: 

 V( )=𝜎𝜎𝑆𝑆2
2 = 𝜎𝜏2

2 + 𝜎𝜙𝑆𝑆2
2  (Eq. 13.2-6) 

Values for the central estimate and the standard deviation of 2τ  are developed in Chapter 10.  Because 

τ  is magnitude dependent, values are developed for M5 and M7. The logic tree for SSφ  at DCPP 

presented in Figure 11.1-1 contains three discrete alternatives, two alternative magnitude-dependent 
models based on the California dataset, and a magnitude-independent model for the global dataset. 

Each alternative model provides values of E( ) and V( ). These values were used to develop 

cumulative distribution functions (CDF) for . Because of the monotonic one-to-one relationship 

between  and SSσ , the CDF for  can be directly translated into a CDF for SSσ .  The two SSφ  

models based on the California data are bi-linear with magnitude break points at M7 for 1SS CAφ − −  model 

and M5.5 for 2SS CAφ − −  model. Combining these with the bi-linear model for τ leads to break points at 

M5.5 and M7 in the relationship between magnitude and SSσ . As a result, CDFs for SSσ  were 

developed for M5.0, M5.5, and M7. Appendix P presents typical examples of the calculations. 

Figure 13.2-1 shows examples developed for PGA and M7 for the three cases of SSφ . For each case, 

Equations (13.2-2) through (13.2-6) were used to develop a continuous CDF for SSσ . The three CDFs 

2
SSσ

2
SSσ

2
SSσ

2
SSσ 2

SSσ
2
SSσ

2
SSσ 2
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were then combined to develop a weighted composite CDF. The process used was to numerically 

compute a probability mass function (PMF) for SSσ  from each of the three CDFs. A weighted sum of the 

PMFs was then computed using the weights assigned to the SSφ  models. The composite PMD is then 

used to develop the composite CDF shown on Figure 13.2-1. The resulting composite continuous 
distribution is then represented by three discrete points selected at the 5th, 50th, and 95th percentiles. 

The distributions for  show only a small degree of skewness and the nominal weights of 0.2, 0.6, 

and 0.2 on the 5th, 50th, and 95th percentiles, respectively, produce values for the mean and standard 

deviation of that adequately represent those computed from the continuous distribution. Table 

13.2-1 compares the mean and standard deviation for  of PGA computed from the continuous and 

discrete distributions. As indicated, the means are identical to three digits and the standard deviation 
from the discrete model is slightly greater by less than 5 percent. 

For ease of use in hazard computation, a bi-linear model for ( )SS Mσ  was developed as follows. Initial 

estimates of SSσ  were obtained at M5, M5.5, and M7. Examples of the values for four periods are 

shown in Figure 13.2-2. Then a bi-linear relationship ( )SS Mσ  defined by Equation (13.2-7) was fit to the 

results as follows. The form for the bi-linear model was chosen to be consistent with the model for τ
and the most magnitude dependent version of SSφ . Values of ( )SS Mσ  at magnitudes between M5 and 

M7 spaced at 0.1 magnitude units were obtained by from the tri-linear form with break points at M5, 

M5.5, and M7. The value of σ2 was set to the value of SSσ  obtained at M7. Parameter 1σ  was set to 

the value that minimized the difference between 2 ( )SS Mσ  obtained using Equation (13.2-7) and the 

interpolated values. Minimization of the difference in 2
SSσ was used because the probability of 

exceedance in hazard is more directly proportional to the variance (e.g. Appendix I of EPRI, 2004). Table 

13.2-2 lists the resulting discrete distributions for 1σ  and 2σ  for DCPP.  

𝜎𝑆𝑆(𝑀) = �
𝜎1 + (𝑀−5)

2
∗  �𝜎2 − 𝜎1 �                    𝑓𝑜𝑟 𝑀 < 7.0

𝜎2                                                           𝑓𝑜𝑟 𝑀 ≥ 7.0
�   (Eq. 13.2-7) 

 

13.3 Total Sigma Model for PVNGS 

Sections 7.3.2.1 and 7.3.4 addressed the models for SSφ developed for the PVNGS site for the Greater 

Arizona sources; Sections 7.3.2.2 and 7.4.2 addressed the models for SSφ  and SP Rφ −  developed for the 

PVNGS site for the distant sources in California and Mexico (Regions 1, 2 and 3). Separate models are 

SSσ

SSσ

SSσ
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developed for the Greater Arizona sources and for distant California and Mexico sources because 
different magnitude ranges and paths are important for the different sources. 

13.3.1 Model for Greater Arizona Sources 

To characterize SSφ  for ground motions from the Greater Arizona sources, two alternative SSφ  models 

were developed in Chapter 7, one based on European data ( SS EURφ −  model) and one based on Global 

data ( 50SS GLOBAL Rφ − − ). Both of these models are magnitude independent. However, because the model 

for τ  developed in Section 7.2 is magnitude dependent, the model for SSσ  is magnitude dependent. 

Using the process described above in Section 13.2, a composite distribution was developed for SSσ  as a 

weighted combination of the distributions for the two discrete alternatives for SSφ . Figure 13.3-1 shows 

an example of the CDFs for SSσ  for the Greater Arizona sources. Table 13.3-1 lists the resulting 

epistemic distribution for SSσ . 

13.3.2 Models for Distant California and Mexico Sources 

To characterize SSφ  for ground motions from the distant sources in California and Mexico, two models 

were developed. One model is for the case when path specific adjustments are applied, designated to as 

123SP Rφ −  model, and the second model is for the case when path adjustments are not applied and is 

designated SS GLOBAL LDφ − − . Both of these models are magnitude independent, in part because the 

earthquake magnitudes that contribute to the hazard at the PVNGS site from the distant California and 

Mexico sources are for the most part M7 and larger. Because of this, the total SSσ  model for these 

sources was developed using only the values of τ  from Section 7.2 for M ≥ 7 and the models are 
magnitude independent. The process described above in Section 13.1 was used to develop epistemic 
uncertainty distributions for single station σ  for each of the two cases.  The resulting values of the 

single station σ  models, denoted SP Rσ −  and SSσ , are listed in Tables 13.3-2 and 13.3-3, respectively. 

Note that each of the total sigma models uses only one φ  model, therefore, the step of developing a 

weighted composite CDF is not needed. 

The results in Tables 13.3-2 and 13.3-3 indicate that, for the large distance data set (200-400 km), the 
standard deviation decreases with period while the results presented in Tables 13.2-2 and 13.3-1 for 
shorter distances indicate the opposite trend. These differences are the result of differences in the data 

set that are relevant to assessing the hazard from the different sources. On average, SP Rφ −  is expected 
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to be lower than SSφ  for many data sets. However, for an individual path, SP Rφ −  may be larger if the 

crustal structure is more variable than average. 

 

13.4 Effect of Spatial Correlation 

Within-event residuals have been observed to be spatially-correlated (Jayaram and Baker, 2010). They 
found that accounting for this spatial correlation has negligible effects on the derived coefficients of the 
GMPEs and their median predictions, but found that it leads to an increase in the φ  estimates and 

decrease in the τ  estimates. The impact of including spatial-correlation of within-event residuals on the 
φ , τ , and total σ estimates of the CY14 (Chiou and Youngs, 2014) was evaluated by Shahi et al. (2015) 

– See Attachment D. Figure 13.4-1 shows the impact of including the spatial correlation on φ , τ , and 

total σ  for homoskedastic and heteroskedastic models (magnitude-independent and magnitude-
dependent, respectively). The φ  and τ  are negatively correlated, so an increase in φ  leads to a 

decrease in τ .  The net effect is still an increase in the total sigma, particularly for large magnitudes at 
periods of 0.3 sec and longer. Semivariogram analyses of the single-site within-event residuals of ASK14 
(Abrahamson et al., 2014) and CY14 (Chiou and Youngs, 2014) versus stations separation distance 
conducted for the project using the method of Jayaram and Baker (2009) shows that the single-site 
within-event residuals are spatially correlated as presented in Figure 13.4-2. The variogram was 

normalized by the variance of the selected data. The increase in the variance ( 2
SSφ ) is about 10 percent 

(the normalized variogram at large separation distance is about 1.1). This increase corresponds to an 

increase in SSφ  of 5%.  With a small reduction in τ  (in the range of 0 to 7 percent), the total SSσ would 

increase by about 4%.  These results are for a magnitude-independent model (homoskedastic). Figure 
13.4-1 shows that, for a magnitude-dependent  and , the effect of the spatial correlation is larger 

for large magnitudes (tau2, phi2 and sigma2) and smaller for small magnitudes (tau1, phi1 and sigma1). 
The large variability of the estimated factors for large magnitudes for different periods indicates that the 
large-magnitude factors are not as reliable compared to the magnitude-independent factors (tau, phi 
and sigma). Given that is a new issue that has not been addressed in previous hazard studies, the TI 
Team judged that the adjustments to the traditional standard deviations should be based on the 
smoother magnitude-independent results. 

The available studies (Jayaram and Baker, 2010; and Shahi et al., 2015) indicate that the spatial 

correlation leads to underestimation of the φ  and SSφ . The TI Team’s evaluation concluded that the bias 

in the φ  values in traditional studies exists, but because these models are relatively new and the bias 

has not been estimated for all of the available data sets, the TI Team decided to account for the bias by 
applying extra weight to the high branch of the sigma uncertainty model, rather than making specific 

τ φ
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adjustments to individual values of sigma on the logic tree branches. This approach is motivated by the 

concept that the uncertainty distribution for SSφ , and as a result , should be biased toward larger 

values as the current empirically based values that do not consider spatial correlation may be under 
estimated. Although the bias shown in Figure 13.4-3 is period-dependent, the change in weights was 
applied to all periods. Jayaram and Baker (2010) and Shahi et al. (2015) found differing trends with 
period, but the average of the two analysis results is approximately constant with period. Given the 
small effect of the adjustment, a simple period independent adjustment was adopted. The re-sampled 
sigma branches have modified weights of 0.15, 0.55, and 0.3 from low to high branches, respectively. 
Using these weights increases the mean value of sigma by 3-4%. The adopted solution has the desired 
effect on the mean value of sigma and only a minor effect on the epistemic standard deviation on sigma 
(less than a 5 percent increase). Given the early state of the evaluation of these effects, the adopted 
solution is considered to adequately capture the minor impact on the total standard deviation. The 
modification in weights is applied to both the magnitude-dependent models for DCPP and PVNGS, and 
to the magnitude-independent models for the distant California and Mexico sources used for PVNGS, as 
the latter are essentially the large-magnitude end of the general magnitude-dependent models, as only 
large magnitudes on the distant California and Mexico sources contribute to the hazard at the PVNGS 
site.  

The resulting total sigma models are shown in figures 13.4-4 to 13.4-7 for DCCP, PVNGS sources in 
Greater Arizona, PVNGS sources in California and Mexico with path effects, and PVNGS sources in 
California and Mexico without path effects, respectively. In these plots, the three alternative total sigma 
branches are shown along with the weighted mean and the adjusted sigma applying the Jayaram and 
Baker (2010) and Shahi et al. (2015) factors to the central estimate.  The high range of the sigma model 
captures the range for these adjusted sigma models.  

 

13.5 Implementation of the Mixture Model 

As discussed in Section 11.6, two alternatives are developed to represent the shape of the distribution 
for the within-event residuals: the traditional log normal (on the natural log of ground-motion 
amplitude) with weight 0.2 and a mixture of two normal distributions with weight 0.8. The analyses that 

identified the mixture were based on φ . Extending the analysis to SSφ  becomes difficult as the sample 

size decreases, thus limiting the amount of data in the extreme tails. Therefore, the findings for φ  were 

applied to SSφ . The mixture model consists of an equally weighted mixture with one component having 

0.8 times the normal SSφ  and one component having 1.2 times the normal SSφ .  For simplicity in 

application, this SSφ  mixture model is applied to the total SSσ  values. This is conservative as the 

SSσ
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between-event residuals have not demonstrated heavy tails to the same extent as the within-event 

residuals, but because the values of SSφ  are larger than those of τ , the tail of the total residual 

distribution will be dominated by SSφ . In addition, the sample size for estimation of τ  is much smaller 

that that for estimation of φ  or SSφ , limiting the ability to evaluate the shape of the tails in the 

distribution of event terms. 
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Table 13.2-1: Mean and standard deviation for SSσ  of PGA computed from the continuous and discrete 

distributions. 

Magnitude 
Mean of SSσ  Standard Deviation of SSσ  

Continuous Discrete Continuous Discrete 
5 0.596 0.596 0.073 0.076 

5.5 0.547 0.547 0.073 0.076 
7 0.498 0.498 0.068 0.071 

 

 

Table 13.2-2: Epistemic Distribution for SSσ  for DCPP 

Period (sec) 
Low Branch Central Branch High Branch 

1σ  2σ  1σ  2σ  1σ  2σ  

0.01 0.456 0.390 0.576 0.495 0.699 0.614 
0.02 0.457 0.394 0.577 0.498 0.699 0.614 
0.03 0.458 0.396 0.577 0.499 0.700 0.615 
0.05 0.460 0.402 0.578 0.504 0.700 0.616 

0.075 0.461 0.407 0.578 0.507 0.701 0.617 
0.1 0.462 0.411 0.579 0.510 0.702 0.618 

0.15 0.464 0.416 0.580 0.514 0.703 0.620 
0.2 0.465 0.419 0.581 0.517 0.703 0.621 

0.25 0.465 0.422 0.581 0.519 0.704 0.622 
0.3 0.466 0.424 0.581 0.520 0.704 0.623 
0.4 0.466 0.427 0.582 0.522 0.704 0.625 
0.5 0.467 0.429 0.582 0.524 0.705 0.626 

0.75 0.468 0.432 0.583 0.527 0.705 0.628 
1 0.468 0.434 0.583 0.529 0.706 0.629 

1.5 0.469 0.437 0.584 0.531 0.706 0.631 
2 0.469 0.439 0.584 0.532 0.707 0.632 
3 0.470 0.441 0.585 0.534 0.707 0.633 
4 0.470 0.441 0.585 0.534 0.707 0.634 
5 0.470 0.441 0.585 0.535 0.707 0.634 

7.5 0.471 0.442 0.585 0.535 0.708 0.635 
10 0.471 0.442 0.586 0.536 0.708 0.635 
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Table 13.3-1: Epistemic Distribution for SSσ  for PVNGS – Greater Arizona Sources 

Period (sec) 
Low Branch Central Branch High Branch 

1σ  2σ  1σ  2σ  1σ  2σ  

0.01 0.461 0.459 0.573 0.553 0.694 0.652 
0.02 0.461 0.459 0.574 0.553 0.695 0.653 
0.03 0.461 0.460 0.574 0.553 0.695 0.653 
0.05 0.462 0.460 0.575 0.554 0.696 0.655 

0.075 0.462 0.460 0.576 0.555 0.697 0.656 
0.1 0.463 0.461 0.576 0.555 0.698 0.657 

0.15 0.463 0.461 0.577 0.556 0.699 0.658 
0.2 0.463 0.461 0.577 0.556 0.700 0.659 

0.25 0.463 0.461 0.578 0.557 0.701 0.660 
0.3 0.463 0.461 0.578 0.557 0.701 0.661 
0.4 0.464 0.461 0.578 0.557 0.702 0.662 
0.5 0.464 0.461 0.579 0.558 0.702 0.662 

0.75 0.464 0.462 0.579 0.558 0.703 0.664 
1 0.464 0.462 0.579 0.558 0.704 0.664 

1.5 0.464 0.462 0.580 0.559 0.705 0.665 
2 0.464 0.462 0.580 0.559 0.705 0.666 
3 0.464 0.462 0.580 0.559 0.706 0.667 
4 0.464 0.462 0.580 0.559 0.706 0.667 
5 0.464 0.462 0.580 0.559 0.707 0.667 

7.5 0.464 0.462 0.581 0.560 0.707 0.668 
10 0.464 0.462 0.581 0.560 0.707 0.668 
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Table 13.3-2: Epistemic Distribution for SP Rσ −  for PVNGS – Distant California Sources, Path Effects 

Modeled Case Using SP Rφ −  

Period (sec) 
Low 

Branch 
Central 
Branch 

High 
Branch 

0.01 0.354 0.449 0.552 
0.02 0.354 0.449 0.552 
0.03 0.354 0.449 0.552 
0.05 0.354 0.449 0.552 

0.075 0.354 0.449 0.552 
0.1 0.354 0.449 0.552 

0.15 0.354 0.449 0.552 
0.2 0.354 0.449 0.552 

0.25 0.354 0.449 0.552 
0.3 0.354 0.449 0.552 
0.4 0.354 0.449 0.552 
0.5 0.354 0.449 0.552 

0.75 0.375 0.473 0.579 
1 0.390 0.491 0.600 

1.5 0.410 0.517 0.631 
2 0.425 0.535 0.655 
3 0.425 0.535 0.655 
4 0.425 0.535 0.655 
5 0.425 0.535 0.655 

7.5 0.425 0.535 0.655 
10 0.425 0.535 0.655 
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Table 13.3-3: Epistemic Distribution for SSσ  for PVNGS – Distant California Sources, Path Effects Not 

Modeled Case Using SSφ  

Period (sec) 
Low 

Branch 
Central 
Branch 

High 
Branch 

0.01 0.512 0.613 0.720 
0.02 0.512 0.613 0.720 
0.03 0.512 0.613 0.720 
0.05 0.512 0.613 0.720 

0.075 0.512 0.613 0.720 
0.1 0.512 0.613 0.720 

0.15 0.512 0.613 0.720 
0.2 0.511 0.612 0.718 

0.25 0.508 0.609 0.715 
0.3 0.506 0.606 0.712 
0.4 0.499 0.598 0.702 
0.5 0.493 0.591 0.694 

0.75 0.483 0.579 0.681 
1 0.476 0.571 0.672 

1.5 0.467 0.561 0.660 
2 0.460 0.553 0.652 
3 0.452 0.544 0.641 
4 0.446 0.537 0.634 
5 0.442 0.532 0.629 

7.5 0.435 0.525 0.620 
10 0.430 0.519 0.614 
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Figure 13.1-1: Logic Tree for Total Sigma at DCPP.  

 

 

Figure 13.1-2: Logic Tree for Total Sigma at PVNGS (Greater Arizona Sources). 
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Figure 13.1-3: Logic Tree for Total Sigma at PVNGS (Sources in California and Mexico). 

 

Figure 13.2-1: Example cumulative distribution functions for total SSσ  for M7 for DCPP computed using 

different SSφ  models.  
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Figure 13.2-2: Individual values of SSσ  at M5, M5.5, and M7 for DCPP and fitted bi-linear relationship. 

 

Figure 13.3-1: Example cumulative distribution functions for total SSσ  for M5 for PVNGS, Greater 

Arizona source, computed using different SSφ  models.  
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Figure 13.4-1: Impact of including spatial-correlation effects on the φ , τ , and σ  estimates of CY14. 

Tau1, phi1, and sigma1 are for magnitude less than or equal to 5.0.  Tau2, phi2, and sigma2 are for 
magnitude greater than or equal to 7.25.  Tau, phi and sigma are for a homoscedastic model. Results 
from Shahi et al. (2015). 
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Figure 13.4-2: Semivariogram of the ASK14 single-site within-event residuals versus station separation 
distance. All residuals (all magnitudes and distances) were used here. 
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Figure 13.4-3: Examples of the effect of including spatial-correlation effects on the total sigma. The 
Jayaram and Baker (2010) results are based on the residuals from CB08 (Campbell and Bozorgnia, 2008).  
The Shahi et al. (2015) results are based on the residuals from the CY14 model (Chiou and Youngs, 
2014). 
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Figure 13.4-4: Example of the total sigma range and the effect of spatial correlation applied to the 
central estimate for DCPP. 
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Figure 13.4-5: Example of the total sigma range and the effect of spatial correlation applied to the 
central estimate for PVNGS Greater Arizona sources. 
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Figure 13.4-6: Example of the total sigma range and the effect of spatial correlation applied to the 
central estimate for PVNGS sources in California and Mexico with path effects. 
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Figure 13.4-7: Example of the total sigma range and the effect of spatial correlation applied to the 
central estimate for PVNGS sources in California and Mexico without path effects. 
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14 HAZARD SENSITIVITY 

 

14.1 Hazard Sensitivity Runs 

Hazard sensitivity feedback was provided throughout the project (Table 14.1-1) to focus the TI Team’s 
evaluations on the uncertainties that are most important for the hazard at the two nuclear power plant 
(NPP) sites. In this Chapter, the hazard sensitivities using the final set of logic tree weights for the two 
sites are shown.  For the hazard sensitivity, simplified versions of the previously published Seismic 
Source Characterization (SSC) models for the two sites were used (PG&E, 2011 and LCI, 2013 for DCPP 
and PVNGS, respectively).  These simplified versions of the previous SSC models, described in Sections 
14.2 for DCPP and 14.3 for PVNGS, capture the key aspects of the controlling sources for each of the two 
sites. For each of the two sites, hazard deaggregation results for the simplified versions of the previous 
SSC models are also presented. The deaggregations show the contribution to the hazard by magnitude 
and distance bins for spectral accelerations corresponding to mean hazard level of 10-4 and of 10-6, for 
5Hz and 0.5 Hz spectral frequencies. The final SSHAC Level 3 SSC models were not used because these 
hazard sensitivities were computed before the SSC models were finalized. The curves shown in this 
Section correspond to the mean hazard, are only intended for demonstration purposes, and to provide 
insights for parameter sensitivity for making hazard-informed decisions. The hazard curves shown herein 
do not represent the final hazard levels at either of the two NPP sites, because it is the responsibility of 
the individual NPPs to conduct thorough sensitivity analyses for their individual sites.  

The hazard sensitivity was conducted for two frequencies: a high frequency of 5 Hz and a low frequency 
of 0.5 Hz. These two spectral frequencies were selected to be representative of the expected range of 
importance for the two nuclear power plant sites, as well as to provide informative feedback for the 
development of the GMC logic trees.  

The hazard sensitivity was conducted by isolating each node of the GMC logic trees. For the node of 
interest, one branch is given full weight and the mean hazard is computed by sampling every 
combination of branches for the other nodes. The results of the hazard sensitivity are presented in the 
form of tornado plots for a given hazard level (y-axis value).  Tornado plots are a representation of the 
hazard sensitivity to the alternative models and/or parameter values in the logic tree. They can show 
either the sensitivity of the hazard level at a given ground motion, or the sensitivity of the ground-
motion level at a given hazard. The tornado plots are constructed such that the parameters leading to 
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the largest uncertainty are at the top, and parameters leading to the smallest uncertainty are at the 
bottom, giving these plots the shape of a tornado. 

For this project, the tornado plots show the ratio of the ground motion from the isolated branch to the 
ground motion for the mean hazard obtained with the full logic tree weights (called the base case). 
These computed ratio values for each branch of the logic tree are then normalized by the logic-tree 
branch weights to center the individual tornado results about the center line of unity. Tornado plots are 
computed for the two spectral frequencies of 5 Hz and 0.5 Hz and for the mean annual frequency of 
exceedance of 10-4 and 10-6. The points on the sensitivity tornado plots are plotted as circles with their 
radii proportional to the logic tree weight. The center point of each weight-based circle is shown as a 
small point. In addition, the color scheme is consistent with the previous presentation of the GMC logic 
tree (i.e., green weights are based on statistical sampling, whereas red weights are based on TI Team’s 
judgment).  

The hazard sensitivities for the median ground-motion branches and for the sigma ground-motion 
branches are shown using tornado plots. For median ground-motion model sensitivity, the aleatory 
sigma value is taken as the central sigma model. Using the central sigma model simplified the hazard 
calculations while still capturing the effects of the different median models. For the sigma model 
sensitivity, only the central GMPE model is used and the individual sigma branches are evaluated.  
Because the sensitivity studies are not based on the final SSC models, the hazard results presented in 
this Chapter are for GMC sensitivity only and should not be considered as representative of the final 
hazard results in terms of the ground-motion level, but they are representative of the expected 
contribution of the different magnitude and distance ranges to the hazard. 
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Table 14.1-1: Hazard sensitivity feedback occurred during the SWUS GMC project. 

HAZARD FEEDBACK HAZARD 
ANALYST TOPIC 

Kick-off Meeting 
(August 27, 2012) 

K. 
Wooddell 

Hazard significant sources, hazard curves and SSC sensitivity from the 
Shoreline Fault Report Study (PG&E, 2011) 

A. Dinsick Hazard significant sources, hazard curves, SSC and GMC sensitivity 
from the SONGS 2010 PSHA study (GeoPentech, 2010) 

M. Walling Hazard significant sources, hazard curves, SSC and GMC sensitivity 
from the PVNGS SSHAC L.2 study (LCI, 2013) 

Preparation and 
execution of  

SWUS GMC Workshop #1 
(March 19-21, 2013) 

- 
Sensitivities to GMC 

Model V0 

N. Gregor 
Hazard curves and deaggregation from the Shoreline Fault Report 
Study; GM sensitivity to other available GMPEs for active crustal 
regions with shallow seismicity (ACR) 

A. Dinsick 
Hazard curves and deaggregation from the SONGS 2010 PSHA study; 
GM sensitivity to other available GMPEs for ACR; sensitivity to HW 
effects  

M. Walling Hazard curves and deaggregation from the PVNGS SSHAC L.2 study 

Preparation and 
execution of  

SWUS GMC Workshop #2 
(October 22-24, 2013) 

- 
Sensitivities to GMC 

Model V1.0 

N. Gregor 

Hazard curves and deaggregation using simplified SSC model; mean 
hazard curves for median and sigma; tornado plots for base case 
(equally weighted NGA-West1 GMPEs) and other available GMPEs for 
ACR, with emphasis on the style of faulting and single station sigma 
uncertainty impact 

M. Walling 

Base case hazard by source contribution and deaggregation; hazard 
sensitivity results using simplified SSC model and other GMPEs for 
ACR; tornado plots with emphasis on the style of faulting and single 
station sigma uncertainty impact 

Preparation and 
execution of  

SWUS GMC Workshop #3 
(March 10-12, 2014) 

- 
Sensitivities to GMC 

Model V2.0 

M. Walling 

Sensitivity to GMPEs for local sources and distant sources, separately, 
using simplified SSC model; hazard curves and tornado plots showing 
sensitivity to median model and standard deviation model (sigma 
mixture model, tau model, single-station sigma models, and single 
path-to-region sigma model) 

N. Gregor 

Sensitivity to GMPEs for GM model using simplified SSC model; hazard 
curves and tornado plots showing sensitivity to individual candidate 
GMPEs, common-form models, directivity effects to median and 
sigma, tau model, single-station sigma models, and sigma mixture 
model 

PPRP Closure Briefing 
(July 17-18, 2014) 

- 
Sensitivities to GMC 

Model V3.1 

N. Gregor 

Tornado plots for two freq (5 Hz and 0.5 Hz) showing ratio of ground-
motion values, not hazard, at three hazard levels (10-4, 10-5, and 10-6); 
sensitivity to median and standard deviation models for the majority 
of nodes and branches included in the Preliminary GMC Logic Tree for 
DCPP 

M. Walling 

Tornado plots for two freq (5 Hz and 0.5 Hz) showing ratio of ground-
motion values, not hazard, at two hazard levels (10-4 and 10-6); 
sensitivity to median and standard deviation models for the majority 
of nodes and branches included in the Preliminary GMC Logic Tree for 
PVNGS 

SWUS GMC Report 
- 

Sensitivities to Final GMC 
Model V4.0 

N. Gregor 
 

This Chapter; hazard deaggregation by sources using simplified SSC 
models for DCPP and PVNGS; tornado plots for the majority of nodes 
and branches included in the Final GMC Logic Tree for application to 
DCPP and PVNGS sites. 
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14.2 Deaggregation and Sensitivity Analyses - DCPP 

Previous studies have shown that the hazard at DCPP is controlled by the four closest faults to the site: 
Hosgri fault, Shoreline fault, Los Osos fault and San Luis Bay fault (PG&E, 2011).  Figures 14.2-1 and 14.2-
2 plot the fractional contribution of the different seismic sources to the total mean hazard for DCPP. This 
fractional contribution was computed by dividing the hazard from a single source by the total hazard. 
These curves are computed based on the weighted combination of the selected common model using 
the central branch of the Total Sigma model. For both the 5 and 0.5 Hz spectral acceleration cases, the 
individual curves for the Hosgri fault (solid red line), Shoreline fault (solid green line), Los Osos fault 
(solid purple line), San Luis Bay fault (solid blue line), the combination of these four local faults (dashed 
green line), regional faults (dotted black line) and background source zone (dashed blue line) are 
plotted.  For the 5 Hz spectral acceleration case shown in Figure 14.2-1, the combined local faults 
contribute more than 90% of the total hazard for ground motions greater than about 0.3 g. For 0.5 Hz 
spectral acceleration, the ground-motion value for the 90% contribution is about 0.08 g. Therefore, for 
the sensitivity analysis, the source model was simplified to only include the foul local faults as described 
in the PGE (2011) Shoreline Report. 
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Figure 14.2-1: Deaggregation by source as a function of ground motions for 5 Hz spectral acceleration. 
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Figure 14.2-2: Deaggregation by source as a function of ground motions for 0.5 Hz spectral acceleration. 

 

Figures 14.2-3a and 14.2-4a show deaggregation results by magnitude and distance for a mean hazard 
level of 10-4 for 5 Hz and 0.5 Hz spectral accelerations, respectively. Figures 14.2-3b and 14.2-4b show 
deaggregation results by magnitude and distance for a hazard level of 10-6 for 5 Hz and 0.5 Hz spectral 
accelerations, respectively. The deaggregation is computed from the mean hazard. Deaggregation plots 
show that the hazard at DCPP for spectral acceleration at both 5 Hz and 0.5 Hz is controlled by 
earthquakes within 10 km, which coincides with the shortest distances to the four local faults: Hosgri 
fault, Shoreline fault, Los Osos fault and San Luis Bay fault.  
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Figure 14.2-3a: Deaggregation of reference site condition (VS30 of 760 m/s) hazard at mean annual 
frequency of exceedance of 10-4 and at a spectral frequency of 5 Hz. 
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Figure 14.2-3b: Deaggregation of reference site condition (VS30 of 760 m/s) hazard at mean annual 
frequency of exceedance of 10-6 and at a spectral frequency of 5 Hz. 
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Figure 14.2-4a: Deaggregation of reference site condition (VS30 of 760 m/s) hazard at mean annual 
frequency of exceedance of 10-4 and at spectral frequencies of 0.5 Hz. 
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Figure 14.2-4b: Deaggregation of reference site condition (VS30 of 760 m/s) hazard at mean annual 
frequency of exceedance of 10-6 and at spectral frequencies of 0.5 Hz. 

 

14.2.1 Median Models 

The logic tree for the median ground motions at DCPP is shown in Chapter 8, Figure 8.2-1. The common 
functional form of the models developed for DCPP is based on the RRUP distance metric (see Section 8.3). 
The hazard sensitivity results for the DCPP median ground motions in terms of normalized ground-
motion ratios for 5 Hz spectral acceleration at the 10-4 and 10-6 hazard level are shown in the tornado 
plots in Figures 14.2-5a and 14.2-5b, respectively. The results for 0.5 Hz spectral acceleration are shown 
in Figures 14.2-6a and 14.2-6b. Each line in these figures represents one sensitivity case in which the 
single node of the logic tree is isolated. 

The first sensitivity case shown in Figures 14.2-5 and 14.2-6 is for the representative suite of common-
form median models. The number of models varies due to the sampling on the Sammon's maps. A total 
of 23 representative common-form models are selected for the 5 Hz case and 27 representative 
common-form models for the 0.5 Hz case. The sensitivity to the common-form models is plotted on the 
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top line of the tornado plots. The results for 5 Hz are similar between the 10-4 and 10-6 hazard levels. For 
the 0.5 Hz case, the spread is larger between the common-form models at the 10-6 hazard level than at 
the 10-4 hazard level. 

The second sensitivity case addressed both the approach (comparison to data or prior) and the 
alternative datasets evaluated during the development of weights for the common-form model. NGA-
West2 and simulation datasets were used in the development of the weights for the median common-
form models for DCPP as presented in Figure 8.2-2. The sensitivity results are shown in the second line 
in the tornado plots.   

The third to fifth lines in the tornado plots show the sensitivity to the suite of five hanging wall models. 
To reduce the calculations for these sensitivity cases, three representative common-form models were 
selected to represent models selected from the inner, middle and outer ellipses. For the 5 Hz case the 
three selected models were Model 5 (inner), 13 (middle), and 23 (outer) and for the 0.5 Hz case the 
three selected models were Model 5 (inner), 11 (middle), and 21 (outer). The five alternative HW 
models were then each given full weight for each of the three common-form models. The range of the 
HW sensitivities is small for all three common-form models used. 

The last three lines in the tornado plots show the sensitivity to the directivity adjustment. As indicated in 
Figure 8.2-1, the directivity adjustment model is assigned a weight of 0 indicating that the directivity 
adjustment is never applied. For the sensitivity case, the hazard was also computed with the directivity 
adjustments to show the impact of the adjustment, even though the logic tree does not include the 
directivity case. The directivity adjustment affects both the median and the standard deviation. The 
hazard sensitivity shown in the tornado plots represents the total effect from directivity including both 
the median and standard deviation changes. For speed of calculation, the same three selected common-
form models as used for the hanging wall comparison are used here. Note that the directivity 
adjustment is a low spectral frequency adjustment and for 5 Hz spectral acceleration there is no 
adjustment based on the directivity model. The range of the directivity effect is small and similar for 
each of the three common-form models used.   

Based on these sensitivity cases for the median ground-motion logic tree, the uncertainty is dominated 
by the representative suite of common-form models, while the other parameters lead to a much smaller 
spread in the hazard values.  
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Figure 14.2-5a: Tornado plot for the median ground-motion logic tree for DCPP for 5 Hz spectral 
acceleration at the 10-4 hazard level.  
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Figure 14.2-5b: Tornado plot for the median ground-motion logic tree for DCPP for 5 Hz spectral 
acceleration at the 10-6 hazard level.  
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Figure 14.2-6a: Tornado plot for the median ground-motion logic tree for DCPP for 0.5 Hz spectral 
acceleration at the 10-4 hazard level.  
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Figure 14.2-6b: Tornado plot for the median ground-motion logic tree for DCPP for 0.5 Hz spectral 
acceleration at the 10-6 hazard level.  

 

14.2.2 Sigma Models 

The sigma model described in Chapter 13 consists of a logic tree (see Figure 13.1-1) for the total sigma 
(combined between-event and within-event variability). For this hazard sensitivity, the separate logic 

tree for the τ  (see Figure 10.1-1) and SSφ  (see Figure 11.1-1) terms, described in Chapters 10 and 11, 

are used rather than the total sigma logic tree to provide additional insights into the key contributors to 
the uncertainty. While the total sigma logic tree is more efficient for hazard calculations, the logic trees 
given in Chapters 10 and 11 provide all of the information for users of the model to conduct their own 
sensitivity studies for the contributions of φ  andτ  to the uncertainty in the hazard.  

For all of the sensitivity analyses of the sigma models, only the central model (which is always denoted 
as Model 1) from the common functional-form model is used. For all of the cases except the mixture 
model, the standard normal distribution was used in the analyses. The same seismic source model used 
for the sensitivity analyses for the median ground motions is used in this case. The hazard sensitivity 
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results for the DCPP sigma models in terms of normalized ground-motion ratios for 5 Hz spectral 
acceleration at the 10-4 and 10-6 hazard level are shown in the tornado plots in Figures 14.2-7a and 14.2-
7b, respectively. The results for 0.5 Hz spectral acceleration are shown in Figures 14.2-8a and 14.2-8b. 

The logic tree for the τ  model is given in Figure 10.1-1 and consists of a single magnitude-dependent 
model with three branches for the aleatory variability. For the sensitivity analyses, the individual 

branches of the τ  model were combined with the weighted average of the SSφ models, including only 

the central aleatory-variability branch on φ  (see Figure 11.1-1). The sensitivity results for τ  are shown 

in the second line of the tornado plots. 

The logic tree for SSφ for DCPP is presented in Figure 11.1-1. This logic tree contains several nodes, and 

sensitivity results will be presented for the different nodes and branches. For all of these analyses the 
central τ  model (see Figure 10.1-1) was applied and the mixture model was only used for the specific 
analyses of the mixture model branch.   

The first sensitivity analysis addresses the two alternative datasets used to compute SSφ . The sensitivity 

results are shown in the fifth line from the top of the tornado plots in Figures 14.2-7 (a and b) and 14.2-8 

(a and b), and they are based on using only the central branch of the SSφ  models. The California data set 

corresponds to the lower ratio point in the fifth line and the Global data set corresponds to the higher 
ratio point in the same line.  

The second sensitivity analysis for the SSφ addresses the two alternative functional forms for the 

California model, which has one magnitude-independent and one magnitude-dependent form (see 
Figure 11.1-1). The sensitivity results are shown in the bottom line of the tornado plots in Figures 14.2-7 
(a and b) and 14.2-8 (a and b). As before, these results are based on the central τ  model along with the 

central SSφ value for the specific cases. These sensitivity results indicate that both the magnitude-

independent and magnitude-dependent models for California produce very similar ground-motion 
ratios.  

The next sensitivity analysis on the SSφ  logic tree addresses the epistemic uncertainty of the SSφ  models 

due to the sample-size limitations. The epistemic uncertainty is developed for the California and Global 
models separately. The sensitivity results for the three branches are shown in the third and fourth lines 
in the tornado plots, respectively, in Figures 14.2-7 (a and b) and 14.2-8 (a and b). Note that for the 
California case these results include the equal weighting of the magnitude-independent and magnitude-
dependent models.  

The last sensitivity analysis on the SSφ logic tree addresses the aleatory distribution form, which includes 

a mixture and a normal model as alternatives. The sensitivity results are shown in the sixth and seventh 
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lines in the tornado plots in Figures 14.2-7 (a and b) and 14.2-8 (a and b). For these sensitivity analyses, 

the two end member SSφ models were selected. Specifically, the Global model with the high epistemic 

uncertainty branch (i.e., Mixture High) and the California model with the low epistemic uncertainty 
branch (i.e., Mixture Low) were selected. For the τ  values, the high τ model was combined with the 

Global-high SSφ  model and the low τ  model was combined with the California-low SSφ  model. Thus, 

the sensitivity results represent the expected end member cases and not the average or full distribution 
of cases. The relative difference between the normal and mixture model ratio values indicates the 
impact on the ground motions using either the normal or mixture distribution for these end cases. In 
general, at the 10-4 hazard level, the sensitivity due to the mixture model is less than the sensitivity due 
to the other parameters; however, at the 10-6 hazard level, the sensitivity due to the mixture model is 
similar to the sensitivity range due to the other parameters. The expected full weighted impact of the 
aleatory distribution form would be less than the results for these two bounding end member cases. 

The final sensitivity shown in the tornado plots addresses the total sigma model for DCPP shown in 
Figure 13.1-1, which is a magnitude-dependent model with central, low, and high epistemic uncertainty 
branches. The hazard sensitivity results shown in the top line of the tornado plots in Figures 14.2-7 (a 
and b) and 14.2-8 (a and b) are based on the use of the central common-form model (Model 1). These 
results are also computed only using the traditional normal-distribution model (without the mixture 

distribution model). Overall, the tornado plots show that most of the branches in the SSφ  and τ  models 

lead to similar ranges of the hazard. There is no single dominant contributor to uncertainty as was seen 
in the median sensitivity analyses. The alternative magnitude-dependences for the California models 
lead to the smallest impact on the hazard. 
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Figure 14.2-7a: Tornado plot for the sigma model logic tree for DCPP for 5 Hz spectral acceleration at 
the 10-4 hazard level.  
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Figure 14.2-7b: Tornado plot for the sigma model logic tree for DCPP for 5 Hz spectral acceleration at 
the 10-6 hazard level.  
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Figure 14.2-8a: Tornado plot for the sigma model logic tree for DCPP for 0.5 Hz spectral acceleration at 
the 10-4 hazard level.  
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Figure 14.2-8b: Tornado plot for the sigma model logic tree for DCPP for 0.5 Hz spectral acceleration at 
the 10-6 hazard level.  

 

14.2.3 Summary of Sensitivity Analyses for DCPP 

Based on these sensitivity analyses, summary tornado plots are provided for the two spectral 
frequencies of 5 and 0.5 Hz at the two hazard levels of 10-4 and 10-6. The DCPP hazard sensitivity results, 
in terms of normalized ground-motion ratios for 5 Hz spectral acceleration at the 10-4 and 10-6 hazard 
level, are shown in the tornado plots in Figures 14.2-9a and 14.2-9b, respectively. The results for 0.5 Hz 
spectral acceleration are shown in Figures 14.2-10a and 14.2-10b. In these plots, the symbol size is 
constant and not scaled as a function of the individual weights for a specific branch of the logic tree. 
Similar to the previous plots, however, the green symbols are for statistically based weights and the red 
symbols are for the judgment based weights.  

The sensitivity analyses results summarized in the plots indicate that the largest uncertainty is for the 
selection of the representative common-form models, followed by the sigma models.  
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Figure 14.2-9a: Summary tornado plot for DCPP for 5 Hz spectral acceleration at the 10-4 hazard level.  



Southwestern United States 
Ground Motion Characterization SSHAC Level 3 

TECHNICAL REPORT – Rev. 2 
 

Chapter 14 - Hazard Sensitivity  Page 14-23 
 

 

Figure 14.2-9b: Summary tornado plot for DCPP for 5 Hz spectral acceleration at the 10-6 hazard level.  
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Figure 14.2-10a: Summary tornado plot for DCPP for 0.5 Hz spectral acceleration at the 10-4 hazard level.  
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Figure 14.2-10b: Summary tornado plot for DCPP for 0.5 Hz spectral acceleration at the 10-6 hazard level.  
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14.3 Deaggregation and Sensitivity Analyses - PVNGS 

The seismic source model given in LCI (2013) consists of areal sources and fault sources. The seismic 
source inputs to the hazard sensitivity calculations performed here using a simplified version of the 
PVNGS SSHAC Level 2 Seismic Source Characterization (SSC) model (LCI, 2013). The areal source model 
was reduced from the two-alternative zonation (‘fine’ and ‘coarse’ models) to just the ‘fine’ zonation 
areal source model for these sensitivity analyses. The fine zonation approach, which had a higher 
associated weight, is based on uniform seismicity rates within each zone and included eleven areal 
sources that were based on seismicity, geology, fault activity, topography and structural style. Previous 
results also indicated that the fine zonation model was the primary contributor to the PVNGS 
background source hazard. 

The fine sources, all of which lie within 320 km of the PVNGS site, are identified according to the 
following 11 physiographic provinces whose names are consistent with the nomenclature applied to the 
fine zonation in the PVNGS SSHAC Level 2 project (LCI, 2013, and Figure 3.17 therein): 

1. Colorado Plateau      (CP) 
2. Northern Arizona Seismic Belt   (NASB) 
3. Arizona Transition Zone A     (TZA) 
4. Arizona Transition Zone B     (TZB) 
5. Arizona Transition Zone C     (TZC) 
6. Sonora Basin and Range  (SBR 1) 
7. Nevada Basin and Range     (NBR) 
8. Mexican Highland Basin and Range    (MHBR) 
9. Gulf of California      (GULF) 
10. Baja California     (B) 
11. Southern California      (SC) 

In addition to the suite of background areal source zones, a total of 26 fault sources were identified in 
the PVNGS SSHAC Level 2 project that, when combined with the background zone, account for 99% of 
the total hazard (see Table 3.1 in LCI, 2013 for more details on the source zone characterization). The 
same faults were utilized as fault source inputs to the hazard sensitivity calculations performed here. 
The 26 faults included in the hazard calculations were the following: 

1. Cerro Prieto fault      (CP - F) 
2. San Andreas fault      (SA) 
3. San Jacinto fault      (SJ) 

                                                           
1 According to the PVNGS SSHAC Level 2 project for PVNGS (LCI, 2013), the host source is called Sonoran Basin and 
Range, but in the SSHAC Level 3 project (LCI, 2014) it is called the Southern Basin and Range 
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4. Imperial fault      (IMP) 
5. Laguna Salada fault     (LS) 
6. Agua Blanca fault      (AB) 
7. Elsinore fault      (EL) 
8. Calico-Hidalgo fault      (CH) 
9. Pinto Mountain fault    (PM) 
10. Canada David Detachment     (CD) 
11. Libertad fault      (LI) 
12. San Pedro Martir Escarpment   (SPME) 
13. Lenwood-Lockhart-Old Women Spring fault  (LLOWS) 
14. Pisgah-Bullion Mountain-Mesquite Lake fault (PBMML) 
15. Big Chino Little Chino fault     (BCLC) 
16. Superstition Hills fault     (SH) 
17. Landers fault     (LA) 
18. Vallecitos fault     (VA) 
19. San Miguel fault     (SM)  
20. Hurricane fault (Central)    (HC) 
21. Hurricane fault (Southern)    (HS) 
22. Helendale-South Lockhart fault   (HSL) 
23. Sand Tank fault      (ST) 
24. Williamson Valley Grabens     (WVG) 
25. Horseshoe fault zone     (HS) 
26. Carefree fault zone     (CF) 

These fault sources (1 to 26 listed above) fall mainly within either Region 1 or Regions 2&3 (Figure 4.2-2) 
as defined for the GMC logic trees (distant sources in California and Mexico). The GMC TI Team selected 
the boundaries for Region 1 and Region 2&3 based on the path-effects evaluation using the PEER-AZPATH 

dataset, and on the boundaries of the source zone from the preliminary PVNGS SSC SSHAC Level 3 
model. The Hurricane faults (Central and Southern), Sand Tank fault, Williamson Valley Grabens, 
Horseshoe fault zone and Carefree fault zone fall instead into the Greater Arizona source region. All fault 
sources have estimated distributions of slip rate from which the frequency of occurrence of large 
earthquakes is calculated.  Additionally, distributions on the potential sizes of those large earthquakes 
have been assessed.  For the purpose of these hazard sensitivity calculations, a single maximum 
magnitude with a pure characteristic earthquake magnitude distribution (delta function for the 
magnitude probability density function) has been used.  Also, each fault source has a fault width 
distribution and several sources have dip distributions with alternative fault-types.  

Figures 14.3-1 and 14.3-2 plot the fractional contribution of the different seismic sources to the total 
mean hazard. This fractional contribution was computed by dividing the hazard from a single source by 
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the total hazard. These curves are computed based on the weighted combination of the representative 
suite of common-form models (i.e., Model A and Model B) for the Greater Arizona sources and the 
weighted models for the other distant sources in Regions 1 and 2&3. For these results, a common sigma 
value given by the BSSA14 model was used. For 5 Hz spectral acceleration, the curves shown in Figure 
14.3-1 indicate that the host areal source zone (SBR) is the significant contributor to the total hazard for 
ground motions greater than about 0.04g. For ground-motion values greater than about 0.1g (about 10-3 
AFE) this host zone controls more than 90% of the total hazard. For ground motions less than 0.04g, the 
Region 1 and 2&3 sources are the controlling sources for the total hazard. The other sources have a 
minimal contribution to the total hazard.  

The results for 0.5 Hz spectral acceleration are shown in Figure 14.3-2. For ground motions less than 
about 0.1g (corresponding to hazard level of about 10-5 AFE), the Region 1 and 2&3 sources are the 
controlling sources for the total hazard with the host zone source having the next significant 
contribution to the total hazard. For ground motions greater than 0.1g, the relative contribution to the 
total hazard switches with the host source zone being the main contributing source to the total hazard 
while the Region 1 and 2&3 sources contribute less.  
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Figure 14.3-1: Deaggregation by source as a function of ground motions for 5 Hz spectral acceleration. 
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Figure 14.3-2: Deaggregation by source as a function of ground motions for 0.5 Hz spectral acceleration.  

 

Based on the results of previous studies (LCI, 2013) at PVNGS, the local areal sources are the dominant 
contributor to hazard at the higher spectral frequencies and a smaller percentage of the hazard at the 
low spectral frequencies. The distant fault sources are the dominant contributor to hazard at lower 
spectral frequencies (for hazard levels greater than 10-5), but they are expected to contribute only a 
small percentage of the hazard at the higher spectral frequencies. 

Figures 14.3-3a and 14.3-4a show deaggregation results by magnitude and distance for spectral 
accelerations corresponding to hazard level of 10-4 for 5 Hz and 0.5 Hz spectral accelerations, 
respectively. Figures 14.3-3b and 14.3-4b show deaggregation results by magnitude and distance for 
spectral accelerations corresponding to hazard level of 10-6 for 5 Hz and 0.5 Hz spectral accelerations, 
respectively. For hazard level of 10-4 and 5 Hz spectral acceleration, local magnitude earthquakes (i.e. 
with M5 to M7 at distances less than 50 km) dominate the hazard.  For hazard level of 10-4 and 0.5 Hz 
spectral acceleration, distant large earthquakes (i.e. with M6.5 to M8 at distances above 200 km) on the 
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San Andreas, San Jacinto, and Cerro Prieto faults represent an important contribution to seismic hazard.  
The low-frequency deaggregation plot shows these contributions at magnitudes around 8 and distances 
of about 220 km. The deaggregation plots for the 10-6 hazard level lead to similar conclusions with the 
noted exception of a reduction of the relative contribution from the distant sources for the 0.5 Hz 
spectral acceleration case with an increase relative contribution from the local Greater Arizona sources. 

 

 
Figure 14.3-3a: Deaggregation of reference site condition (VS30 of 760 m/s) hazard at mean annual 
frequency of exceedance of 10-4 and at spectral frequencies of 5 Hz. 
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Figure 14.3-3b: Deaggregation of reference site condition (VS30 of 760 m/s) hazard at mean annual 
frequency of exceedance of 10-6 and at spectral frequencies of 5 Hz. 
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Figure 14.3-4a: Deaggregation of reference site condition (VS30 of 760 m/s) hazard at mean annual 
frequency of exceedance of 10-4 and at spectral frequencies of 0.5 Hz.  
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Figure 14.3-4b: Deaggregation of reference site condition (VS30 of 760 m/s) hazard at mean annual 
frequency of exceedance of 10-6 and at spectral frequencies of 0.5 Hz.  

 

14.3.1 Median Base Models – Greater Arizona Sources 

In the sensitivity analysis for the PVNGS site, separate logic trees were developed for the Greater 
Arizona seismic sources and for the more distant seismic sources located in Southern California and 
Mexico (i.e., referred to as Regions 1 and 2&3). As such, the number of logic-tree nodes is twice the 
number for the DCPP site. As was the case for the DCPP cases, different base case results were used for 
the sensitivity analysis associated with different branches of the logic trees. In the results that follow, 
the hazard includes both the Greater Arizona sources and the sources in Regions 1 and 2&3.  

The logic tree for the median ground motions at PVNGS from the Greater Arizona sources is shown in 
Figure 9.1-1. The hazard sensitivity results for the PVNGS median ground motions in terms of normalized 
ground-motion ratios for 5 Hz spectral acceleration at the 10-4 and 10-6 hazard levels are shown in the 
tornado plots in Figures 14.3-5a and 14.3-5b, respectively. The results for 0.5 Hz spectral accelerations 
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are shown in Figures 14.3-6a and 14.3-6b. The directivity model was not applied to PVNGS because 
there are no known active faults close to the site (see Section 9.1.4). Therefore, the directivity model 
was not included in the sensitivity analysis. 

The first sensitivity analysis addresses the alternative distance metric for the development of the 
common-form models: the RRUP distance associated to common-form Model A and the RJB distance 
associated to common-form Model B.  The sensitivity results shown in the fourth line of the tornado 
plots in Figures 14.3-5 (a and b) and 14.3-6 (a and b) indicate that there is relatively little impact of the 
distance-metric choice as compared to the other logic-tree branches. 

The second sensitivity analysis addresses the alternative median ground-motion models for the Greater 
Arizona sources. Model A includes 21 representative common-form models for 5 Hz spectral frequency 
and 24 representative common-form models for 0.5 Hz spectral frequency. Model B includes 20 
representative common-form models for 5 Hz spectral frequency and 23 representative common-form 
models for 0.5 Hz spectral frequency. The sensitivity results shown in the first and second line of the 
tornado plots in Figures 14.3-5 (a and b) and 14.3-6 (a and b) indicate that the largest uncertainty is due 
to the median ground-motion models for both the 5 Hz and 0.5 Hz spectral frequencies. The uncertainty 
range is larger at 5 Hz spectral acceleration than at 0.5 Hz spectral acceleration. These results are 
expected, as the higher frequency spectral acceleration is controlled by the Greater Arizona sources, 
unlike at the lower frequency spectral acceleration, which is also affected by the distant sources. The 
ground-motion range is greater for the 10-4 hazard level than for the 10-6 hazard level, reflecting the 
additional uncertainty from the depth scaling in the Model A case. The RRUP-based GMPEs often include 
a scale factor for rupture depth.  The alternative models for the depth scaling in the different GMPEs 
leads to a wider range of the GMPEs than for the RJB-based GMPEs which generally do not include depth 
scaling. 

Because the 0.5 Hz spectral acceleration case is affected by a wider range of sources (see the 
deaggregation plots in Figure 14.3-2), the 0.5 Hz spectral acceleration hazard is less sensitive to the 
parameters for any individual source. The 0.5 Hz spectral acceleration tornado plots for the median 
ground motion have a broader range on the high side. This skewed behavior occurs because the distant 
sources in Regions 1 and 2&3 contribute significantly to the hazard and produce a floor for the hazard 
estimate (as the hazard from the Greater Arizona source is reduced, the total hazard cannot be less than 
the hazard from the Regions 1 and 2&3 sources). This effect is seen at both 10-4 and 10-6 hazard levels 
because the fractional contribution from Regions 1 and 2&3 sources is about 0.8 at 10-4 and 0.5 at 10-6.  

The final sensitivity performed for the Greater Arizona sources median motions addressed both the 
approach (comparison to data or prior) and the alternative datasets evaluated during the development 
of weights for the common-form models: the weighted NGA dataset and the European dataset. The 
weighting scheme for the median base models, involving alternative datasets and alternative weight 
metrics, is shown in Figure 9.1-5. The sensitivity results for the alternative datasets for the weights are 
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shown in the third and fifth lines of the tornado plots in Figures 14.3-5 (a and b) and 14.3-6 (a and b).  
There is only a small sensitivity in hazard due to the weighting scheme.  

Based on the sensitivity results for the median ground motions for the Greater Arizona sources shown in 
Figures 14.3-5 (a and b) and 14.3-6 (a and b), the largest range is associated with the representative 
suite of common-form models related to Model A and Model B.  

 

  

Figure 14.3-5a: Tornado plot for the median ground-motion logic tree for Greater Arizona sources for 
PVNGS for 5 Hz spectral acceleration at the 10-4 hazard level.  
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Figure 14.3-5b: Tornado plot for the median ground-motion logic tree for Greater Arizona sources for 
PVNGS for 5 Hz spectral acceleration at the 10-6 hazard level.  
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Figure 14.3-6a: Tornado plot for the median ground-motion logic tree for Greater Arizona sources for 
PVNGS for 0.5 Hz spectral acceleration at the 10-4 hazard level.  
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Figure 14.3-6b: Tornado plot for the median ground-motion logic tree for Greater Arizona sources for 
PVNGS for 0.5 Hz spectral acceleration at the 10-6 hazard level.  

 

14.3.2 Median Base Models – Region 1 and Regions 2&3 Sources 

The distant source (i.e., both Regions 1 and 2&3) logic tree associated with the median ground motions 
is shown in Figure 9.2-1. Similar to the Greater Arizona source logic tree, directivity is not deemed 
applicable for Region 1 and Regions 2&3 sources (as discussed in Section 9.2.4). In the sensitivities 
associated with the distant Region 1 and Regions 2&3 sources, five branches of the logic tree are 
presented. The contribution from the Greater Arizona sources for each case was taken as the weighted 
average from the two sets of common-form models. The hazard sensitivity results for the Regions 1 and 
2&3 median base model in terms of normalized ground-motion ratios for 5 Hz spectral acceleration at 
the 10-4 and 10-6 hazard levels are shown in the tornado plots in Figures 14.3-7a and 14.3-7b, 
respectively. The results for 0.5 Hz spectral acceleration are shown in Figures 14.3-8a and 14.3-8b. For 
all sensitivities, there is no impact on the 5 Hz spectral acceleration hazard from the Regions 1 and 2&3 
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sources as shown in Figure 14.3-7. Therefore the following discussion only addresses the 0.5 Hz spectral 
acceleration sensitivities. 

The first sensitivity analysis shown in Figure 14.3-8 (a and b) addresses the five alternative NGA-West2 
GMPE models. In these sensitivity cases, the results from the individual NGA-West2 GMPE models were 
used with the weighted mean of the path term approach and the central values for the additional 
uncertainty and path term branches. The sensitivity results are shown in the first line of the tornado 
plots in Figures 14.3-8 (a and b) for the 0.5 Hz spectral acceleration case. At 10-4 hazard level, the 
selection of the GMPE has the largest impact on the hazard, but at 10-6 hazard level, the selection of the 
GMPE has a much smaller impact on the hazard. The reduced sensitivity at the lower 10-6 hazard level is 
expected because there is an increased contribution to the hazard from the local Greater Arizona 
sources for the 10-6 hazard level compared to the 10-4 hazard level.  

The next sensitivity analysis for the distant Region 1 and Regions 2&3 source logic tree addressed the 
treatment of the path approach, which has two alternatives according to whether the path effects are 
included or not. The sensitivity results are shown in the second line of the tornado plots in Figures 14.3-
8 (a and b) for the 0.5 Hz spectral acceleration case. 

The next sensitivity analysis for the logic tree addresses the additional epistemic uncertainty in the 
magnitude scaling including or excluding the path effects (Section 9.2.4). The sensitivity results are 
shown in the third and fourth lines of the tornado plots in Figures 14.3-8 (a and b) for the 0.5 Hz spectral 
acceleration case. In this sensitivity case (i.e., numerator) the weighted mean from the Greater Arizona 
sources based on the two types of common-form models was combined with the individual branch 
results (i.e., with and without path term and three epistemic cases) using only the Campbell and 
Bozorgnia (2014 – referred to as CB14) NGA-West2 GMPE model. This simplification was based on the 
CB14 model being representative of the central model of the five NGA-West2 GMPEs and it reduced the 
number of calculations for the sensitivity. The sensitivity analysis for the path term approach application 
used only the central median path term branch (i.e., the sensitivity to this branch will be presented with 
the next case). Similar to the results from the previous branches, the 0.5 Hz spectral accelerations have 
the largest deviation from unity for the 10-4 hazard level cases and smaller deviations for the 10-6 hazard 
level.  

The final sensitivity performed for Region 1 and Regions 2&3 sources addresses the median path 
correction terms, whose results are shown in the bottom line of the tornado plots in Figures 14.3-8 (a 
and b) for the 0.5 Hz spectral acceleration case. This node only applies to the case that applies the path 
term approach. Only a single reference median GMPE is used (CB14 NGA-West2 GMPE model). The 
hazard sensitivity is similar to magnitude scaling uncertainty and to the path approach results. 
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Figure 14.3-7a: Tornado plot for the median ground-motion logic tree for distant Region 1 and Regions 
2&3 sources for PVNG for 5 Hz spectral acceleration at the 10-4 hazard level.  
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Figure 14.3-7b: Tornado plot for the median ground-motion logic tree for distant Region 1 and Regions 
2&3 sources for PVNGS for 5 Hz spectral acceleration at the 10-6 hazard level.  
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Figure 14.3-8a: Tornado plot for the median ground-motion logic tree for distant Region 1 and Regions 
2&3 sources for PVNGS for 0.5 Hz spectral acceleration at the 10-4 hazard level.  
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Figure 14.3-8b: Tornado plot for the median ground-motion logic tree for distant Region 1 and Regions 
2&3 sources for PVNGS for 0.5 Hz spectral acceleration at the 10-6 hazard level.  

 

14.3.3 Sigma Models – τ 

The sigma model consists of a separate logic tree for the τ  (see Figure 10.1-1) and SSφ  (see Figure 12.1-

1) terms for the Greater Arizona sources. A separate logic tree for the SSφ  and SP Rφ − models is given in 

Figure 12.2-1 for the distant sources in Region 1 and 2&3. In the sensitivity analyses of the τ  models, 
only the weighted mean from the two central models (i.e., Model 1 selected from the inner ellipse, as 
discussed in Section 14.2.1) from the representative suite of common functional-form models using RRUP 
(Model A) and RJB (Model B) distance metrics were used. For the distant sources in Region 1 and 2&3, 
the Boore et al. (2014 – referred to as BSSA14) NGA-West2 GMPE model with the mean path effects was 
used in these sensitivity analyses. The BSSA14 median model was selected because it is representative 
of the mean GMPE for the distant sources in Regions 1 and 2&3.  
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The sensitivity analyses for the τ  model are shown in the tornado plots in Figures 14.3-9a and 14.3-9b 
for 5 Hz spectral acceleration at the 10-4 and 10-6 hazard levels, respectively, for the Greater Arizona 
sources (top line) and for the distant Region 1 and Regions 2&3 sources both with and without path 
terms (second and third lines, respectively). For the 5 Hz spectral acceleration cases, the τ  sensitivity is 
strongest for the Greater Arizona sources. For the Region 1 and Regions 2&3 cases, there is no 
sensitivity to τ  for short periods because of the small contribution from these sources to the total 
hazard. The sensitivity analyses for the τ  model are shown in the tornado plots in Figures 14.3-10a and 
14.3-10b for 0.5 Hz spectral acceleration at the 10-4 and 10-6 hazard levels, respectively. For the 0.5 Hz 
spectral acceleration cases, the τ  sensitivity for the distant sources shows the largest range at the 10-4 
hazard level but the τ  sensitivity for the Greater Arizona sources show the largest range at the 10-6 
hazard level. This reflects the increased contribution from the Greater Arizona sources at the low hazard 
level (as shown in the hazard deaggregation by source plot in Figure 14.3-2).  

  

    

Figure 14.3-9a: Tornado plot for the τ  logic tree PVNGS for 5 Hz spectral acceleration at the 10-4 hazard 
level.  
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Figure 14.3-9b:  Tornado plot for the τ  logic tree for PVNGS for 5 Hz spectral acceleration at the 10-6 
hazard level.  

 



Southwestern United States 
Ground Motion Characterization SSHAC Level 3 

TECHNICAL REPORT – Rev. 2 
 

Chapter 14 - Hazard Sensitivity  Page 14-47 
 

 

Figure 14.3-10a: Tornado plot for the τ  logic tree for PVNGS for 0.5 Hz spectral acceleration at the 10-4 
hazard level.  
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Figure 14.3-10b: Tornado plot for the τ  logic tree for PVNGS for 0.5 Hz spectral acceleration at the 10-6 
hazard level.  

 

14.3.4 φSS Models – Greater Arizona Sources 

Separate SSφ  logic trees are presented for the Greater Arizona sources (see Figure 12.1-1) and the 

distant Region 1 and Regions 2&3 sources (see Figure 12.2-1). Similar to the sensitivity cases for the τ  
logic tree, the weighted mean of the two central models from the RRUP (Model A) and RJB (Model B) 
common-form models were used for the Greater Arizona sources. For the distant Region 1 and Regions 
2&3 sources, the weighted mean from the BSSA14 NGA-West2 GMPE model was used. These models 
were all used with the central τ  branch of the τ  logic tree.  

The hazard sensitivity results for the SSφ  model in terms of normalized ground-motion ratios for 5 Hz 

spectral acceleration at the 10-4 and 10-6 hazard level are shown in the tornado plots in Figures 14.3-11a 
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and 14.3-11b, respectively. The results for 0.5 Hz spectral acceleration are shown in Figures 14.3-12a 
and 14.3-12b. 

The first sensitivity analysis for the Greater Arizona source logic tree addresses the two alternative data 
sets – European and Global. The sensitivity results are plotted in the third line on the tornado plots in 
Figures 14.3-11 (a and b) and 14.3-12 (a and b). The sensitivity to the data set is small at the 10-4 hazard 
level but increases at the 10-6 hazard level.  

The next sensitivity addresses the epistemic uncertainty of SSφ  due to the sample size limitations. The 

ground-motion ratios are plotted in the first and second lines of the tornado plots in Figures 14.3-11 (a 
and b) and 14.3-12 (a and b) for the European and Global data sets, respectively. The epistemic 
uncertainty due to the data-set size has the largest impact on the hazard at both 5 and 0.5 Hz and for 
both the 10-4 and 10-6 hazard levels. 

The final two sensitivity cases for the SSφ  associated with the logic tree for the Greater Arizona sources 

address the different aleatory distribution forms, i.e. the mixture model and the standard normal model. 
To simplify the sensitivity cases for the mixture model, two representative end members were selected. 

These two end members are the high τ  and high SSφ  model and the low τ  and low SSφ  models. The 

sensitivity results are shown in the lower two lines of the tornado plots in Figures 14.3-11 (a and b) and 
14.3-12 (a and b). The relative difference between the normal and mixture model ratio values indicates 
the impact on the ground motions using either the normal or mixture distribution for these end member 
cases. In general, the sensitivity due to the mixture model is less than the sensitivity due to the other 
parameters. The expected full weighted impact of the aleatory distribution form would be less than the 
results for these two bounding end member cases. 



Southwestern United States 
Ground Motion Characterization SSHAC Level 3 

TECHNICAL REPORT – Rev. 2 
 

Chapter 14 - Hazard Sensitivity  Page 14-50 
 

 

Figure 14.3-11a: Tornado plot for the SSφ  logic tree for Greater Arizona sources for PVNGS for 5 Hz 

spectral acceleration at the 10-4 hazard level.  
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Figure 14.3-11b: Tornado plot for the SSφ  logic tree for Greater Arizona sources for PVNGS for 5 Hz 

spectral acceleration at the 10-6 hazard level.  
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Figure 14.3-12a: Tornado plot for the SSφ  logic tree for Greater Arizona sources for PVNGS for 0.5 Hz 

spectral acceleration at the 10-4 hazard level.  
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Figure 14.3-12b: Tornado plot for the SSφ  logic tree for Greater Arizona sources for PVNGS for 0.5 Hz 

spectral acceleration at the 10-6 hazard level.  

 

14.3.5 φSS and φSP-R Models – Distant Region 1 and Regions 2&3 Sources 

A separate logic tree for the SSφ  and SP Rφ −  models associated with the distant Region 1 and Regions 

2&3 sources is shown in Figure 12.2-2. In these sensitivities, the denominator was based on the 
contribution from the Greater Arizona sources using the weighted mean from the central model from 

the two types of common-form models, the weighted mean based on the SSφ  logic tree (see Figure 

12.1-1) and the central τ  value. The contribution from the distant Region 1 and Regions 2&3 sources 
was computed based on the BSSA14 NGA-West2 GMPE model and the weighted combination of the 
“with path” and “without path” components with the central τ  model. 
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The hazard sensitivity results for the SSφ  and SP Rφ −  models in terms of normalized ground-motion ratios 

for 5 Hz spectral acceleration at the 10-4 and 10-6 hazard level are shown in the tornado plots in Figures 
14.3-13a and 14.3-13b, respectively. The results for 0.5 Hz spectral acceleration are shown in Figures 
14.3-14a and 14.3-14b. 

As discussed earlier, there is no sensitivity at 5 Hz spectral acceleration due to the small contributions 
from the Regions 1 and 2&3, so these are not discussed further. 

The first sensitivity addresses the three epistemic uncertainty branches in the SSφ  and SP Rφ −  models, 

with the upper and lower branches based on the statistical uncertainty due to limited sampling, as 
described in Sections 7.3.1 and 7.4.2. The sensitivity results are shown in the first and second lines of the 

tornado plots in Figures 14.3-14 (a and b) for SSφ  and SP Rφ − , respectively. For this 0.5 Hz spectral 

acceleration case, the ground-motion ratios vary less at the 10-6 level than at the 10-4 hazard level 
because of the relative contribution from the Greater Arizona sources at these hazard levels.  

The final two sensitivity cases for the SSφ and SP Rφ − associated with the logic tree for the distant sources 

address the different aleatory distribution forms. To simplify the sensitivity case for the mixture model, 
two representative end members were selected. These two end members are the high τ  and high φ  

model and the low τ  and low φ  models. For the φ  model, the weighted combination of the SSφ and 

SP Rφ −  branches are used. The sensitivity results are shown in the last two lines of the tornado plots in 

Figures 14.3-14 (a and b) for the 0.5 Hz spectral acceleration case. The relative difference between the 
normal and mixture model ratio values indicates the impact on the ground motions using either the 
normal or mixture distribution for these end cases. In general, the sensitivity due to the mixture model 
is less than the sensitivity due to the other parameters. The expected full weighted impact of the 
aleatory distribution form would be less than the results for these two bounding end member cases. 
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Figure 14.3-13a: Tornado plot for the SSφ  and SP Rφ −  logic tree for distant Region 1 and Regions 2&3 

sources for PVNGS for 5 Hz spectral acceleration at the 10-4 hazard level.  
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Figure 14.3-13b: Tornado plot for the SSφ  and SP Rφ −  logic tree for distant Region 1 and Regions 2&3 

sources for PVNGS for 5 Hz spectral acceleration at the 10-6 hazard level.  
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Figure 14.3-14a: Normalized tornado plot for the SSφ  and SP Rφ −  logic tree for distant Region 1 and 

Regions 2&3 sources for PVNGS for 0.5 Hz spectral acceleration at the 10-4 hazard level.  
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Figure 14.3-14b: Tornado plot for the SSφ  and SP Rφ −  logic tree for distant Region 1 and Regions 2&3 

sources for PVNGS for 0.5 Hz spectral acceleration at the 10-6 hazard level.  

 

14.3.6 Total Sigma Models 

The final logic tree sensitivity is for the recommended total sigma model for PVNGS. Separate total 
sigma models are recommended for the Greater Arizona sources (Figure 13.1-2) and the distant Region 
1 and Regions 2&3 sources both with and without path effects (Figure 13.1-3). Each recommended total 
sigma model has three epistemic uncertainty branches. In these sensitivity cases, the hazard is based on 
the weighted mean of the common-form models for the Greater Arizona sources and the weighted 
mean of the NGA-West2 GMPE models for the distant Region 1 and Regions 2&3 sources using the 
central path and no path terms. 

The hazard sensitivity results for the PVNGS total sigma model in terms of normalized ground-motion 
ratios for 5 Hz spectral acceleration at the 10-4 and 10-6 hazard levels are shown in the tornado plots in 
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Figures 14.3-15a and 14.3-15b, respectively. The results for 0.5 Hz spectral acceleration are shown in 
Figures 14.3-16a and 14.3-16b. These results, along with the median logic tree results shown earlier in 
this Chapter, are part of the hazard informed feedback used in the development of the GMC logic trees 
for PVNGS.  

For 5 Hz spectral acceleration, the sensitivity is seen only for the Greater Arizona sources (first line in the 
tornado plot shown in Figures 14.3-15 a and b) while at 0.5 Hz spectral acceleration the Regions 1 and 
2&3 sources have the largest sensitivity at 10-4 hazard level, but have only a small sensitivity at 10-6 

hazard level similar to the SSφ  sensitivities (Section 14.3.4).  

 

  

 

Figure 14.3-15a: Tornado plot for the total sigma logic tree for PVNGS for 5 Hz spectral acceleration at 
the 10-4 hazard level.  
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Figure 14.3-15b: Tornado plot for the total sigma logic tree for PVNGS for 5 Hz spectral acceleration at 
the 10-6 hazard level.  
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Figure 14.3-16a: Tornado plot for the total sigma logic tree for PVNGS for 0.5 Hz spectral acceleration at 
the 10-4 hazard level.  
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Figure 14.3-16b: Tornado plot for the total sigma logic tree for PVNGS for 0.5 Hz spectral acceleration at 
the 10-6 hazard level.  

 

14.3.7 Summary of Sensitivity Analyses for PVNGS  

Based on the sensitivity analyses for PVNGS, a summary normalized tornado plot is provided for the two 
spectral frequencies of 5 and 0.5 Hz at the two hazard levels of 10-4 and 10-6. The PVNGS hazard 
sensitivity results, in terms of normalized ground-motion ratios for 5 Hz spectral acceleration at the 10-4 
and 10-6 hazard levels, are shown in the tornado plots in Figure 14.3-17a and 14.3-17b, respectively. The 
results for 0.5 Hz spectral acceleration are shown in Figures 14.3-18a and 14.3-18b. In these plots the 
symbol size is constant and not scaled as a function of the individual weights for a specific branch of the 
logic tree. Similar to the previous plots, however, the green symbols are for statistically based weights 
and the red symbols are for the judgment based weights. The sensitivity analyses results summarized in 
the plots indicate that the largest sensitivity to the normalized ground-motion ratio values is from the 
selection of the base model cases and from the NGA-West2 models. In particular, at 5 Hz spectral 
acceleration, the biggest impact is from the selected base models, whereas at 0.5 Hz spectral 
acceleration, the biggest impact is from the selection of NGA-West2 models. At 5 Hz spectral 
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acceleration, the τ and SSφ  epistemic uncertainties (due to limited sample size) for the Greater Arizona 

sources are the second largest contributors to the hazard sensitivity.  At 0.5 Hz spectral acceleration, the 
path terms are the second largest contributors to the hazard uncertainty at 10-4 hazard level, but the τ
and SSφ  epistemic uncertainties (due to limited sample size) for the Greater Arizona sources are the 

second largest contributors to the hazard uncertainty at 10-6 hazard level. 

 

 

 

Figure 14.3-17a: Summary tornado plot for PVNGS for 5 Hz spectral acceleration at the 10-4 hazard level.  
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Figure 14.3-17b: Summary tornado plot for PVNGS for 5 Hz spectral acceleration at the 10-6 hazard level.  
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Figure 14.3-18a: Summary tornado plot for PVNGS for 0.5 Hz spectral acceleration at the 10-4 hazard 
level.  
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Figure 14.3-18b: Summary tornado plot for PVNGS for 0.5 Hz spectral acceleration at the 10-6 hazard 
level.  
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15 APPLICATION GUIDELINES AND LIMITATIONS 

 

15.1 Reference Site Conditions  

The Ground Motion (GM) Models for both sites are applicable to a reference site condition 
with VS30 = 760 m/s with an average kappa value of 0.041 seconds (Section 5.3.3 and 
Appendix M). The kappa values estimated for the candidate GMPEs for DCPP range from 
0.037 sec to 0.045 sec.  For PVNGS, the kappa values from the candidate GMPEs cover the 
same range of 0.037 sec to 0.045 sec.  This range of implied kappa values in the candidate 
GMPEs will lead to a similar range of implied kappa values for the suite of common-form 
models. Given this range of implied kappa values, no epistemic uncertainty in the host 
kappa value should be considered in the calculation of adjustment factors from reference-
rock to PVNGS rock because this uncertainty is captured by the range of the implied kappa 
values within the SWUS GMC common-form based models. For the distant sources, the 
kappa does not have a significant effect on the hazard as these sources are significant 
contributors to the long period hazard only (see deaggregation in Section 4.1.4). 

An issue is the representative VS and density profiles for the reference site condition that 
are consistent with the representative suite of common-form models.  Because the 
common-form models represent samples of the covariance distribution of the entire 
candidate GMPEs, the common-form models are not associated to a single candidate GMPE 
and, therefore, they are not associated to the VS profile implied by the candidate GMPE.  If 
several alternative VS profiles are assigned to every common-form model, then there may 
be combinations of ground-motion models and Vs profiles that don't go together, which 
would lead to an over-estimate of the uncertainty.  The other approach is to select a single 
representative VS profile for all of the ground-motion models and capture the uncertainty in 
the site-specific site profiles for the site response study.    The TI Team selected the single 
representative VS profile approach.  Because most of the candidate GMPEs for DCPP and 
PVNGS are based on the NGA-West2 data set, a representative profile for VS30=760 m/s, 
shown in Appendix M, is selected. The digital values of the profiles are listed in the digital 
attachments in Appendix L (the excel file labeled “WUS_VsProfile-10272014.xls”). 
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The representative density values can be computed from the above Vs values using the 
approach recommended by Dr. David Boore of the USGS. This approach is documented in 
the following URL:  

http://daveboore.com/daves_notes/daves_notes_on_relating_density_to_velocity_v1.2.pd
f 

A detailed evaluation of the density profiles was not part of the SWUS GMC TI Team’s scope 
of work.  

 

15.2  SWUS GMC Model Applicability for DCPP 

The DCPP ground-motion models are separated into two sets: one set of models for the nearby 
faults and one set of models for the distant faults.  The common-form models are optimized for 
large magnitues (M5.5 to M7.5) strike-slip and reverse events at short distances(< 10 km) that 
dominate the hazard at DCPP (Section 4.2.3). The common-form models are applicable to the 
following sources nearby DCPP (from Table 4.1-1): Hosgri fault, Shoreline fault, San Luis Bay 
fault, Oceano Fault, Wilmar fault, Los Osos fault, Oceano and SWBZ faults, and the Irish Hills 
background zone. The representative suite of common-form ground-motion models capture the 
Center, Body and Range (CBR) for the scenarios that dominate the hazard, but they may not 
capture the full CBR for the very long distances and normal-faulting events. For the other more 
distant sources, the NGA-West2 GMPEs are applicable. These distant sources do not contribute 
significantly to the hazard at DCPP. The NGA-West2 GMPEs are used for these sources rather 
than the common-form models because the common-form models were not well constrained 
for larger distances (the focus was on the short distances). 

Because a general near-fault-dominated source model is used to develop the weights for the 
representative suite of common-form models, the weights are applicable to DCPP as long as the 
local sources dominate the hazard at the site. Therefore the GMC model does not need to be re-
evaluated for new SSC models if the controlling sources remain at distances less than 15 km. 

 

15.3 SWUS GMC Model Applicability for PVNGS 

The PVNGS ground-motion models are separated into two types of sources: the earthquakes in 
the Greater Arizona regions, and the earthquakes in California and Mexico in Regions 1, 2 and 3. 
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For the Greater Arizona regions, the ground-motion models are optimized for magnitues M5.0 
to M7.0 normal and strike-slip events at a distance less that 70 km that dominate the hazard at 
PVNGS for the short period; however, the GM models were constrained to extrapolate in a 
reasonable way for mangitudes up to M8.0, and for distances as large as 320 km. GM models 
are also applicable to reverse-faulting events.   The GM models capture the CBR for the 
scenarios that dominate the hazard, but they may not capture the full CBR for the very long 
distances and reverse-faulting events.  

For the sources in California and Mexico in Regions 1, 2 and 3, the GM models are optimized for 
the path effects from southern California to central Arizona. The GM model is based on the 
NGA-West2 GMPEs which can be extrapolated reasonably up to M8.5. The GM models capture 
the CBR for the scenarios that dominate the low-frequency hazard. 

Branches associated to path effects from distant California sources to Arizona are applicable in 
the broad region where recorded data was available to constrain the effect (i.e. approximately 
100 km radius from the PVNGS site, in the quadrangle comprising the nine closest Transportable 
Array (TA Array) stations around the PVNGS site), but are not site-specific path effects due to 
the lack of currently available recordings at the PVNGS that can be used for the path-effect 
analysis.  

 

15.4  Interface with Site Response 

The aleatory variability uses the single-station sigma ( SSφ ) approach. The reduction of aleatory 

variability in this method requires that epistemic uncertainty in the site amplification be 
included in the site response studies at the sites. An additional interface issue is the effect of the 
kappa on the aleatory variability. In particular, the peak in the τ  near 10 Hz was attributed to 
regional differences in kappa, and was removed from the GM model by smoothing through the 
peak. This uncertainty should be captured in the site response analyses by considering  the 
epistemic uncertainty in the kappa for rock sites in the DCPP and PVNGS regions.  
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