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Abstract
In this article, ground-motion models (GMMs) for subduction earthquakes recently
developed as part of the Next Generation Attenuation-Subduction (NGA-Sub) proj-
ect are compared. The four models presented in this comparison study are docu-
mented in their respective articles submitted along with this article. Each of these
four models is based on the analysis of the large NGA-Sub database. Three of the
four current models are developed for a global version as well as separate regiona-
lized models. The fourth model was developed based on earthquakes only from
Japan, and as such is applicable only for Japan. As part of this comparison study, a gen-
eral discussion on the parameterization of the four models and the regionalization of

1Nicholas Gregor Consulting, Oakland, CA, USA
2BC Hydro, Burnaby, BC, Canada
3University of California, Berkeley, Berkeley, CA, USA
4Linda Al Atik Consulting, San Francisco, CA, USA
5Western University, London, ON, Canada
6United States Geological Survey, Moffett Field, CA, USA
7University of California, Los Angeles, Los Angeles, CA, USA
8Kenneth W Campbell Consulting, Beaverton, OR, USA
9California Department of Transportation, Sacramento, CA, USA
10Middle East Technical University, Ankara, Turkey
11Khalifa University of Science and Technology, Abu Dhabi, United Arab Emirates
12Tokyo Institute of Technology, Tokyo, Japan
13Seismological Research Institute Inc., Tokyo, Japan
14Wood, Oakland, CA, USA

Corresponding author:

Nick Gregor, Nicholas Gregor Consulting, 32 Camellia Place, Oakland, CA 94602, USA.

Email: nick@ngregor.com

https://uk.sagepub.com/en-gb/journals-permissions
https://doi.org/10.1177/87552930221112688
journals.sagepub.com/home/eqs
http://crossmark.crossref.org/dialog/?doi=10.1177%2F87552930221112688&domain=pdf&date_stamp=2022-07-28


the three models is provided. The specific strengths and or weaknesses or the tech-
nical decisions and justifications of any one model are not part of this comparison. A
selected suite of deterministic attenuation curves and spectra are presented for the
models along with a selected suite of currently used subduction models. A limited
number of comparisons are presented in this article with a larger number of compar-
isons and the digital values provided in the electronic attachment. In addition to these
scenario calculation comparisons, the results from a standard probabilistic seismic
hazard analysis (PSHA) for two sites located in the Pacific Northwest Region in the
state of Washington are presented. These calculations highlight the potential impact
of using the new GMMs. Based on the comparisons presented here, a general under-
standing of these new GMMs can be obtained with the expectation that the imple-
mentation of a specific seismic hazard study should incorporate similar and additional
comparisons and sensitivity studies pertinent to the site of interest.

Keywords
Ground Motion Models (GMMs), subduction earthquakes, Next Generation
Attenuation for Subduction (NGA-Sub), attenuation, seismic hazard, Cascadia
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Introduction

Following the success of the previous Next Generation Attenuation (NGA) programs, the
NGA-Subduction (NGA-Sub) program (Bozorgnia et al., 2021) compiled a large ground
motion database (Ahdi et al., 2020, 2021; Bozorgnia and Stewart, 2020; Contreras et al.,
2020, 2021; Kishida et al., 2020; Mazzoni et al., 2021) and developed new semi-empirically
based ground motion models (GMMs) for subduction earthquakes. Currently, four
GMMs have been developed and are presented and compared in this article:

� Abrahamson, N. and Gülerce, Z. [AG]
� Kuehn, N., Bozorgnia, Y., Campbell, K. and Gregor, N. [KBCG]
� Parker, G., Stewart, J., Boore, D., Atkinson, G., and Hassani, B. [PSBAH]
� Si, H., Midorikawa, S., and Kishida, T. [SMK]

The development and more extensive presentation of each of the GMMs are provided
in the individual citations from each developer team (Abrahamson and Gülerce, 2020,
2021; Kuehn et al., 2020, 2021; Parker et al., 2020, 2021; Si et al., 2020). As such, this arti-
cle will focus on the comparison of the results between the models and not discuss the tech-
nical decisions and choices used by the individual developer teams for the development of
each model. For those decisions, the reader is referred to the individual publications for
each model. The acronyms provided in the brackets are used throughout this article in the
comparison plots to identify the models. Note that the PSBAH model for magnitude scal-
ing for interface events was adjusted between the two publications: Parker et al. (2020,
2021). The comparisons presented in this article are based on the adjusted Parker et al.
(2021) version of their model. Extensive comparisons, including the digital files with the
earlier model in Parker et al. (2020) model and without the AG model but including the
KBCG and SMK models, are presented in a separate report (Gregor et al., 2020).
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One feature common to three of the four GMMs (AG, KBCG, and PSBAH) is the
development of both a global version and specific regionalized versions of their models.
As stated earlier, the SMK model was developed based solely on Japanese data and, as
such, should be considered a regionalized model for Japan.

The comparisons will focus on specific aspects of the GMMs given a selected number
of commonly encountered control scenario cases in seismic hazard analyses, especially for
sites located in the Pacific Northwest. It is recommended that prior to implementing and
using these new NGA-Sub GMMs for a seismic hazard study, a relative comparison and
an assessment of their predictive features should be performed by the user with their site
of interest in mind, in addition to the comparisons presented in this article. Note that only
a few of these comparisons are presented in the article but additional comparisons are
contained in the digital files associated with the electronic supplement as described in
Supplemental Appendix A. All of the input parameters needed for the comparisons pre-
sented in this article and the additional comparisons provided in Supplemental Appendix
A are contained in the electronic files.

These new NGA-Sub GMMs will also be compared to currently published and com-
monly used subduction GMMs. This comparison of the new NGA-Sub models with cur-
rent models is not meant to be a complete comparison of all currently available subduction
models. Rather, it is a comparison with those models that have been considered in the U.S.
Geological Survey (USGS) National Seismic Hazard Map (Petersen et al., 2014, 2020) and
are commonly used in seismic hazard studies for subduction sources both in the United
States and internationally. More information about other models not selected for the com-
parison can be reviewed from the global database of GMMs maintained by J. Douglas
(http://www.gmpe.org.uk). In addition to the comparisons of median ground motion esti-
mates, a summary comparison of the aleatory sigma models is presented.

Given the importance of these new GMMs for application to the Pacific Northwest
region, an example PSHA calculation is performed for two representative sites based on
their relative contribution from deep slab events and the Cascadia interface source in the
region. The USGS (Petersen et al., 2014) seismic-source model is used for the PSHA, and
sensitivity calculations are presented based on the previously published GMMs and the
newly developed GMMs. These results illustrate the differences in the median predictions
as well as the differences in the aleatory sigma models from the different GMMs.

Data selection and model applicability range

The NGA-Sub database contains uniformly processed empirical data from seven defined
subduction tectonic regions: Alaska, Central America, and Mexico, Cascadia, Japan, New
Zealand, South America and Taiwan (Bozorgnia and Stewart, 2020). This empirical data-
base represents the largest and most complete database of subduction ground motions and
associated metadata information to date. Given the large NGA-Sub database (Bozorgnia
and Stewart, 2020), each modeler team parsed the dataset to select the acceptable data for
the GMM development. As noted earlier, the AG, KBCG, and PSBAH teams considered
data from all regions, whereas the SMK team only considered data from Japan. Based on
the team-specific selection criteria, approximately 10% of the NGA-Sub database is
selected as being acceptable and used in the regression analysis for each team. This removal
of a large percentage of the NGA-Sub database (i.e. approximately 90%), for example, is
based on the limited metadata for a given event and recordings, events classified as non-
interface or slab events, recordings classified with poor quality flags, and or anomalous
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events. The SMK team had a lower percentage given their restriction to data only from
Japan. Based on the team selections, the majority of the acceptable data is from Japan and
Taiwan, and a very limited amount of data is available from the Pacific Northwest region,
especially for interface events. The reader is referred to the individual citations from each
team for the specific selection criteria.

Each of the four GMMs has defined ranges of applicability in terms of moment magni-
tude (M), closest distance to the rupture surface (RRUP), source depth (either depth to the
top of the rupture plane, ZTOR, or hypocentral depth, ZHYP), and the time-averaged shear
wave velocity in the top 30 m of the site (VS30). These are summarized in Table 1. The use
of any of the models outside of these defined applicability ranges should be performed with
caution and—at a minimum—analyses for the behavior of the models should be performed
prior to the application of these models outside of their recommended applicable range.
These ranges are applicable to the global and regionalized versions of the models except as
were indicated in Table 1. All of the GMMs are defined for a full spectral period range of
PGA, T = 0.01 sec to 10 s, and PGV.

Model functional forms and parameters

Each modeling team presents their full model functional form in their specific citations
(Abrahamson and Gülerce, 2020, 2021; Kuehn et al., 2020, 2021; Parker et al., 2020, 2021;
Si et al., 2020). For the AG, KBCG, and PSBAH models that have both global and
regional versions, the functional forms of the models are the same with the regionalization
being based on regional coefficients for the model constant, linear site amplification, ane-
lastic attenuation, and site response terms. For the three models with regionalized ver-
sions, the PSBAH model did not develop a model for New Zealand and recommends the
global version of the models for use there. The other regions (Alaska, Cascadia, Central
America/Mexico, Japan, South America, and Taiwan) are common to the three GMMs
with regional variations. Several input parameters are common to the suite of GMMs,
and the full sets of parameters are listed in Table 2 for each of the four GMMs.

A common feature for each model is a magnitude-scaling breakpoint defined separately
for interface and slab events. These magnitude-scaling breakpoints are based on either
numerical simulations (i.e. AG for interface events from Atkinson and Macias, 2009;
Gregor et al., 2002), Japanese data (i.e. SMK model), or the studies by Ji and Archuleta
(2018) for slab events and Campbell (2020) for interface events that provide subduction-
zone-specific values (KCBG and PSBAH models). Note that for the AG interface model,
the period-dependent magnitude-scaling value is based on the BC Hydro model
(Abrahamson et al., 2016) and is not regionalized. This magnitude-scaling breakpoint var-
ies from 8.2 for short periods to 7.8 for longer spectral periods. The recommended regio-
nalized magnitude-scaling breakpoints for the models are listed in Table 3.

Basin amplification effects are included in the GMMs using the station metadata for
sites located in Japan, Cascadia, New Zealand, and Taiwan. For Cascadia, all three appli-
cable models (i.e. AG, KBCG, and PSBAH) define the basin response as a function of the
depth to the 2.5 km/sec shear-wave velocity horizon, Z2.5. In addition, a further refine-
ment is modeled for sites located within the Seattle basin and other basins in the Pacific
Northwest. For Japan, all four applicable models characterize the basin response based on
Z2.5. For the KBCG model, two additional basin response models are provided for New
Zealand and Taiwan, and these are based on the depth to the 1.0 km/sec shear-wave
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Table 2. Model parameters used for the NGA-Sub GMMs

Parameter AG KBCG PSBAH SMK

Moment magnitude M M M M
Closest distance
to rupture
plane (km)

Rrup Rrup Rrup Rrup

Depth to top of
rupture (km)

ZTOR

(slab only)
ZTOR – –

Hypocentral
depth (km)

– – ZHYP

(slab only)
D

Moho depth (km) – – – Moho depth
Average shear-wave
velocity
in top 30 m (m/sec)

VS30 VS30 VS30 VS30

Depth to 2.5 km/sec
boundary (km)

Z2.5 (only for
Cascadia
and Japan Basins)

Z2.5 (only
for Cascadia
and Japan
Basins)

Z2.5 (only for
Cascadia
and Japan
Basins)

Z2.5 (only for
Japan Basins)

Depth to 1.0 km/sec
boundary (km)

– Z1.0 (only for
Taiwan and
New Zealand
Basins)

– –

Interface/slab
classification

0 = interface
1 = slab

0 = interface
1 = slab

0 = interface
1 = slab

0 = interface
1 = slab

Magnitude-scaling
breakpoint

(see Table 3) (see Table 3) (see Table 3) 8.3

AG: Abrahamson and Gülerce (2021); KBCG: Kuehn et al. (2021); PSBAH: Parker et al. (2021); SMK: Si et al. (2020);

Rrup: closest distance to the rupture surface; ZTOR: depth to the top of the rupture plane; ZHYP: hypocentral depth.

Table 3. Regionalized models and magnitude-scaling breakpoint values

Region AG
(Interface/Slab)

KBCG
(Interface/Slab)

PSBAH
(Interface/Slab)

SMK
(Interface/Slab)

Global 8.2-7.8/7.4 7.9/7.6 7.9/7.6 –
Alaska 8.2-7.8/7.9 8.6/7.2 8.6/7.2 –
Alaska—Aleutian 8.2-7.8/7.9 8.0/8.0 8.0/7.98 –
Cascadia 8.2-7.8/7.1 8.0/7.2 7.7/7.2 –
Central America and
Mexico—North

8.2-7.8/7.4 7.4/7.4 7.4/7.4 –

Central America and
Mexico—South

8.2-7.8/7.4 7.5/7.6 7.4/7.6 –

Japan—Pacific Plate 8.2-7.8/7.6 8.5/7.6 8.5/7.65 8.3/8.3
Japan—Philippine Plate 8.2-7.8/7.6 7.7/7.6 7.7/7.55 8.3/8.3
Northern South America 8.2-7.8/7.5 8.5/7.3 8.5/7.3 –
Southern South America 8.2-7.8/7.5 8.6/7.2 8.6/7.25 –
Taiwan 8.2-7.8/7.7 7.1/7.7 7.1/7.7 –
New Zealand 8.2-7.8/8.0 8.3/7.6 – –

AG: Abrahamson and Gülerce (2021); KBCG: Kuehn et al. (2021); PSBAH: Parker et al. (2021); SMK: Si et al. (2020).

6 Earthquake Spectra 00(0)



velocity horizon, Z1.0. Regionalized estimation of the predicted Z2.5 and Z1.0 values as a
function of VS30 values is provided in the cited references from each of the developer
teams.

Median value comparisons

Median ground motion value comparisons are presented for scaling with distance, magni-
tude, depth to the top of the rupture, and basin amplification. The comparisons are sepa-
rated based on interface and slab events, except for the basin amplifications, because the
basin effects are modeled as independent of the event type. For both the attenuation curves
and the response spectra, comparison plots are presented for two VS30 values of 760 m/sec
and 400 m/sec. The first value is representative of the common reference condition corre-
sponding to the NEHRP B/C boundary site condition. The second and lower value is
more consistent with very dense soil and or soft-rock site conditions (American Society of
Civil Engineers (ASCE) 2017) and is selected to compare the models for a more generic site
condition.

For the global comparisons, the following published models are presented:

� Atkinson and Boore (2003, 2008) [AB08]
� Atkinson and Macias (2009) [AM09]
� Zhao et al. (2006) [Zea06]
� Zhao et al. (2016a, 2016b) [Zea16]
� BC Hydro (Abrahamson et al., 2016) [BCH]
� BC Hydro Update for the USGS (Abrahamson et al., 2018) [BCHU]

Note that these previous ground motion models are defined for the geomean horizontal
component, whereas the NGA-Sub GMMs are defined for the RotD50 horizontal compo-
nent (Bozorgnia and Stewart, 2020; Mazzoni et al., 2021). For all of the comparisons, no
spectral period dependent scaling (e.g. Boore and Kishida, 2017) is applied to adjust the
geomean horizontal component to the RotD50 component since the comparisons are pre-
sented to provide a general comparison between the previous and current GMMs.

The AM09 model is defined specifically for a VS30 of 760 m/sec and is only compared
for this VS30 case. For the AB08 model, the site conditions are defined based on NEHRP
categories (Building Seismic Safety Council, 2009), and for the VS30 of 760 m/s, the aver-
age of NEHRP B and C site conditions ground motions are computed. For the lower VS30

value of 400 m/sec, the AB08 ground motions are presented for the NEHRP C site condi-
tion. Both Zea06 and Zea16 are also defined based on a binned site classification. For the
VS30 value of 760 m/sec, their SC I (Rock) site category, which is the combination of
NEHRP A and B site conditions (Zhao et al., 2006), is used. For the VS30 value of 400 m/
sec, their SC II (Hard Soil site category), which is consistent with the NEHRP C site con-
dition (Zhao et al., 2006), is selected for the comparisons. Both the BCH and BCHU mod-
els are defined as a continuous function of VS30 values.

The AB08 model was developed as a global model with two additional regionalized ver-
sions for Cascadia and Japan. Since these previously published models are compared with
global versions of the new models, the comparison with AB08 is based on the global ver-
sion of that model. Although the AM09 model was developed specifically for Cascadia
interface events, it is compared to the global version of the three new NGA-Sub models
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given that the AM09 model has been used along with other global models for seismic
hazard studies in the Cascadia region. The Zea06 and Zea16 are both based on predomi-
nately Japanese data. However, because these models have typically been applied globally,
comparisons will be presented with the global models.

The BCH global model is presented in the comparisons. For the attenuation curve plots,
only the forearc ground motions are compared given the lack of a backarc version for the
new NGA-Sub GMMs, even though for the larger distances up to 1000 km, one would
expect that the sites would primarily be located in the backarc region. Finally, the BCHU
model was developed specifically for application by the USGS for Cascadia earthquakes
rather than a global application. Similar to the inclusion of the AM09 model with the glo-
bal models, the BCHU model is also included in the global-model comparisons given the
use of both regional and global models in Cascadia. For both the BCH and BCHU mod-
els, the upper and lower versions of these models that account for epistemic uncertainty
are also included in the comparison figures and digital files.

As noted earlier, the comparisons presented in this article (i.e. both in the graphical
comparison plots and as well in the associated electronic files) do not fully span the wide
range of parameters that may be important for specific applications. The focus of this arti-
cle is to present the comparison of GMMs for global application and as well as Cascadia
and Japan. Comparisons for other regions are contained in the associated electronic files.
Through the observations and understanding of these new NGA-Sub GMMs and with
any additional comparison studies, it is anticipated that the evaluation and application of
these new models can be technically informed.

Interface events attenuation curves and spectra

Comparison results for the global versions of the NGA-Sub GMMs are presented for mag-
nitude 7, 8, and 9 interface events for the two defined site conditions with VS30 values of
400 m/sec and 760 m/sec. For the attenuation curves, the distance range is shown as 10–
1000 km. It should be noted that these large distances fall outside of the recommended
application range of some of the GMMs but are shown to present the extrapolation of
these models with other models which are defined out to 1,000 km. For the response spec-
tra plots, results are provided for two distances of 75 and 200 km. The depth to the top of
the rupture required for the KBCG model was assigned to be 10 km, and the hypocentral
and Moho depth for the SMKmodel were assigned to be 20 and 30 km, respectively.

Attenuation curves for a M8 interface event are shown in Figure 1 for PGA and
T = 1 sec spectral acceleration, both for a VS30 value of 400 m/sec. Similar attenuation
curves are plotted in Figure 2 for a VS30 value of 760 m/sec. The global curves from the
AG, KBCG, and PSBAH models are compared with the suite of selected other GMMs.
Overall, there is comparable agreement between the GMMs for distances less than about
200 km and a larger discrepancy between attenuation curves for greater distances. The
observed saturation of the AB08 model for distances less than about 50 km is based on
the extrapolation of that model for short distances with limited data. Additional compari-
son plots are provided in the electronic files (Supplemental Appendix A) for the other
magnitudes, spectral periods, and individual regions.

The comparisons ofM8 response spectra for the full spectral period range of 0.01 – 10 s
are presented in Figure 3 (distance of 75 km) and Figure 4 (distance of 200 km) for the
two VS30 values for the global version of the NGA-Sub models. In general, the NGA-Sub
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models are within about a factor of 2 of each other, whereas the range of all of the com-
pared GMMs falls in the range of 3 – 4, with a large discrepancy observed for the greater
distance of 200 km and VS30 of 760 m/sec.

Given that the SMK model is a regional model for Japan, a comparison of the spectra
from an M8 interface event at a distance of 75 km is shown in Figure 5 for the VS30 values
of 400 and 760 m/sec. For these comparisons, the NGA-Sub GMMs are plotted both with
their respective global versions (solid lines with symbols) and the regionalized versions

Figure 1. Comparison of attenuation curves for a M8 interface event (Ztor = 10 km) for PGA (left
panel) and T = 1 sec spectral acceleration (right panel) for VS30 = 400 m/sec (see Interface-Atten-Global-
EQSRev001.xlsx).

Figure 2. Comparison of attenuation curves for a M8 interface event (Ztor = 10 km) for PGA (left
panel) and T = 1 sec spectral acceleration (right panel) for VS30 = 760 m/sec (see Interface-Atten-Global-
EQSRev001.xlsx).
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specific to Japan (dashed lines). For the KBCG and PSBAH models, the different magni-
tude scaling breakpoint values for the two main tectonic plates in Japan (i.e. Pacific plate
and the Philippine Sea plate) are plotted separately. Overall, the agreement between the
SMK model and the regionalized NGA-Sub GMMs is good, with a similar factor of
approximately 2. For the short-period range, the Japan regionalized models predict higher
ground motions than the global versions of the GMMs. For longer spectral periods, these

Figure 3. Comparison of response spectra for a M8 interface event (Ztor = 10 km) at a distance of
75 km for VS30 = 400 m/sec (left panel) and for VS30 = 760 m/sec (right panel) (see Interface-Spectra-
Global-EQSRev001.xlsx).

Figure 4. Comparison of response spectra for a M8 interface event (Ztor = 10 km) at a distance of
200 km for VS30 = 400 m/sec (left panel) and for VS30 = 760 m/sec (right panel) (see Interface-Spectra-
Global-EQSRev001.xlsx).
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comparisons indicate equal ground motions or slightly lower ground motions from the
regional models compared to the global models.

The comparison for the Cascadia M9 interface event with a VS30 value of 400 m/sec is
plotted in Figure 6 for the two distances of 75 km (left panel) and 200 km (right panel).
The Cascadia region is limited in the number of interface events selected for the develop-
ment of the GMMs, but each model recommends an adjustment relative to their global

Figure 5. Comparison of response spectra for a M8 interface event (Ztor = 10 km) for the global
versions (solid lines with symbols) and Japan regional versions (dashed lines) at a distance of 75 km for
VS30 = 400 m/sec (left panel) and for VS30 = 760 m/sec (right panel) (see Interface-Spectra-Japan-
EQSRev001.xlsx).

Figure 6. Comparison of response spectra for a M9 interface event (Ztor = 10 km) for the global
versions (solid lines with symbols) and Cascadia regional versions (dashed lines) at a distance of 75 km
(left panel) and 200 km (right panel) for VS30 = 400 m/sec (see Interface-Spectra-Cascadia-EQSRev001.xlsx).

Gregor et al. 11



versions. The regional adjustment for the PSBAH model is small compared to the other
two NGA-Sub models (AG and KBCG), but the overall agreement between the three
regional Cascadia models is favorable and more comparable than that of the global
models.

Interface events magnitude scaling

All of the four NGA-Sub GMMs contain a magnitude scaling breakpoint (i.e. see Table 3)
to account for a change in the magnitude scaling and saturation observed in empirical data
and simulations. This feature was also modeled in previous GMMs such as the BC Hydro
(Abrahamson et al., 2016) model as well as for crustal GMMs (e.g. see Gregor et al., 2014).
For the comparisons, the magnitude-scaling from the global NGA-Sub models and the
selected comparison GMMs for interface events at a distance of 75 km with a VS30 value
of 760 m/sec are plotted in Figure 7. The SMK model is also included in these comparison
figures. The magnitude-scaling observed in Figure 7 is fairly similar for the NGA-Sub
models, with the largest difference being for the SMK model at the longer spectral period
of 3 s. For this case, the change in the magnitude scaling slope is flatter than for the other
models, leading to higher ground motions for these larger magnitude cases (i.e. greater
than about 8.5). Note that for the AM09 and AB08 models, the curves are only plotted for
magnitudes equal to or greater than 7, given their unfavorable behavior for smaller magni-
tudes, which are extrapolations of these models beyond the recommended range and/or
range of the data used in their development.

Interface events depth scaling

Only the KBCG model contains a function for the depth to the top of the rupture (ZTOR)
from interface events. This dependence has a stronger influence on short-period ground
motions than on longer period ground motions. To illustrate this, the comparison of
ground motions as a function of ZTOR is plotted in Figure 8 for the suite of GMMs.
Results for T = 0.01 sec (left panel) and 1.0 sec (right panel) are presented for a M8 event
at a distance of 75 km and with VS30 = 760 m/sec. For all of the models except the
KBCG model, the ground motion values are not dependent on ZTOR.

Slab events attenuation curves and spectra

For the slab event comparisons, ground motions are computed for magnitudes 6, 7, and 8
for the same two VS30 values of 400 and 760 m/sec. Attenuation curves are provided over
the distance range of 50 – 1000 km and the spectra comparisons are for two representative
distances of 75 and 200 km. The depth to the top of the rupture for the KBCG and AG
models was assigned as 50 km, and the hypocentral depth for the PSBAH and SMK mod-
els is magnitude dependent with values of 50, 60, and 70 km for magnitudes of 6, 7, and 8.

Attenuation curves for a M7 slab event are shown in Figure 9 for PGA and T = 1 sec
spectral acceleration, both for a VS30 value of 400 m/sec. Similar attenuation curves are
plotted in Figure 10 for a VS30 value of 760 m/sec. Overall, there is general agreement
between the NGA-Sub GMMs for distances less than about 400 km for PGA and at even
larger distances for the 1 sec case. In comparison with the other GMMs, the BCHU
(Abrahamson et al., 2018) model is lower than the other models, but it should be noted
that the BCHU model is a Cascadia specific model and, as noted in the development of
the Cascadia regionalized models, lower ground motions are estimated relative to the
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global versions of the models, especially for short spectral periods. The full set of compari-
sons and digital values are contained in the associated electronic files (Supplemental
Appendix A) for other magnitudes, spectral periods, and individual regions.

The comparisons ofM7 global response spectra for the full spectral period range of 0.01
– 10 s are presented in Figure 11 (distance of 75 km) and Figure 12 (distance of 200 km)
for the two VS30 values for the NGA-Sub models. These comparisons show a similarity in
the estimated ground motions (variations of 50% or less) from just the three NGA-Sub
GMMs. When the other GMMs are included as shown in Figures 11 and 12, the variability
of estimated ground motions is larger in the short period range, especially when including

Figure 7. Comparison of magnitude dependence of ground motions at a distance of 75 km and
VS30 = 760 m/sec (Ztor = 10 km) for T = 0.01 sec (upper left), T = 0.2 sec (upper right), T = 1.0 sec
(lower left) and T = 3.0 sec (lower right).
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the BCHUmodel, which is a regionalized Cascadia GMM. For the longer spectral periods,
the suite of GMMs predicts comparable ground motions.

For the Japan region, the spectra comparisons, including the SMK model, are plotted
in Figure 13 for an M7 slab event at a distance of 75 km for just the NGA-Sub models.
Both the VS30 = 400 m/sec (left panel) and 760 m/sec (right panel) are plotted. Additional
comparisons are available in the electronic files. Slightly larger differences (i.e. factors of
about 2) are observed between the Japan regionalized NGA-Sub models and the NGA-

Figure 8. Comparison of ZTOR dependence of ground motions for a M8 interface event at a distance of
75 km and VS30 = 760 m/sec for T = 0.01 sec (left panel) and T = 1.0 sec (right panel).

Figure 9. Comparison of attenuation curves for a M7 slab event (Ztor = 50 km) for PGA (left panel)
and T = 1 sec spectral acceleration (right panel) for VS30 = 400 m/sec (see Slab-Atten-Global-
EQSRev001.xlsx).
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Sub global models. Note that in these comparison plots, the selected magnitude of 7 is
below the magnitude scaling breakpoint for the KBCG and PSBAH models, and the spec-
tra from the Pacific and Philippine Sea plate cases are identical. The impact of the different
magnitude-scaling breakpoint magnitudes (i.e. see Table 3) for these two models can be
observed in the additional comparisons (i.e. M8 case) contained in the electronic files
(Supplemental Appendix A).

Figure 10. Comparison of attenuation curves for a M7 slab event (Ztor = 50 km) for PGA (left panel)
and T = 1 sec spectral acceleration (right panel) for VS30 = 760 m/sec (see Slab-Atten-Global-
EQSRev001.xlsx).

Figure 11. Comparison of response spectra for a M7 slab event (Ztor = 50 km) at a distance of 75 km
for VS30 = 400 m/sec (left panel) and for VS30 = 760 m/sec (right panel) (see Slab-Spectra-Global-
EQSRev001.xlsx).
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The comparison for the Cascadia M7 slab event with a VS30 value of 760 m/sec is
plotted in Figure 14 for the two distances of 75 km (left panel) and 200 km (right panel).
For spectral periods greater than about 2 sec, there is close agreement between the three
NGA-Sub models, both for the global and Cascadia regionalized cases. However, for
shorter spectral periods, the Cascadia models are slightly more dispersed (i.e. differences

Figure 12. Comparison of response spectra for a M7 slab event (Ztor = 50 km) at a distance of
200 km for VS30 = 400 m/sec (left panel) and for VS30 = 760 m/sec (right panel) (see Slab-Spectra-Global-
EQSRev001.xlsx).

Figure 13. Comparison of response spectra for a M7 slab event (Ztor = 50 km) for the global versions
(solid lines with symbols) and Japan regional versions (dashed lines) at a distance of 75 km for
VS30 = 400 m/sec (left panel) and for VS30 = 760 m/sec (right panel) (see Slab-Spectra-Japan-
EQSRev001.xlsx).
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of about 50%), with the KBCG and AG models estimating lower ground motions than
the PSBAH model. The relative increase in the PSBAH model compared to the other two
models is more pronounced for larger magnitudes (e.g. see the M8 comparisons in the
Supplemental Appendix A) and for the VS30 value of 760 m/sec compared to the results
for VS30 of 400 m/sec.

Slab events magnitude scaling

Similar to the magnitude scaling for interface events, all of the NGA-Sub models include a
breakpoint in the magnitude scaling slope for slab events (i.e. see Table 3). For the slab
comparisons, the ground motions for slab events at a distance of 75 km with a VS30 value
of 760 m/sec are plotted in Figure 15 as a function of magnitude. Overall, the agreement
between the global NGA-Sub GMMs and the other GMMs is comparable, with the excep-
tion of the BCHU (Abrahamson et al., 2018) model, which should be noted was developed
specifically for Cascadia and has a lower magnitude scaling dependence on magnitude.
Also note that for magnitudes greater than 8.0, the AB08 model is fully saturated (i.e. no
increase in ground motion values for magnitudes larger than 8).

Slab events depth scaling

A strong source-depth dependence has been noted in previous GMMs for slab events (e.g.
Abrahamson et al., 2016). This dependence is greater for short spectral periods than for
longer periods. Comparisons of estimated ground motions for T = 0.01 sec (upper left),
T = 0.2 sec (upper right), 1.0 sec (lower left) and 3.0 sec (lower right) are presented in
Figure 16. These ground-motion curves are plotted as a function of ZTOR for M7 slab
earthquakes at a distance of 75 km and with a VS30 value of 760 m/sec. For these compar-
isons, the ZTOR for the AG and KBCG models and the hypocentral depth (ZHYP) for the
PSBAH and SMK models were assumed to be equal. For ZTOR values of greater than

Figure 14. Comparison of response spectra for a M7 slab event (Ztor = 50 km) for the global versions
(solid lines with symbols) and Cascadia regional versions (dashed lines) at a distance of 75 km (left panel)
and 200 km (right panel) for VS30 = 400 m/sec (see Slab-Spectra-Cascadia-EQSRev001.xlsx).
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about 70 km, the KBCG and PSBAH models saturate (i.e. relatively no increase in ground
motions with increasing ZTOR or ZHYP), AG slightly increases, and the SMK model
increases at the same rate as for smaller distances.

Basin amplification

All four of the NGA-Sub GMMs contain a basin amplification term to account for the
ground motion response associated with the deeper structure not accounted for with the
site response function dependent on the VS30 parameter. These factors are applicable to
both interface and slab events, and for the AG, KBCG, and PSBAH models, the amplifi-
cation is relative to a differential depth defined as depth minus a default Z2.5 or Z1.0 depth

Figure 15. Comparison of magnitude dependence of ground motions at a distance of 75 km and
VS30 = 760 m/sec (Ztor = 50 km) for T = 0.01 sec (upper left), T = 0.2 sec (upper right), T = 1.0 sec
(lower left) and T = 3.0 sec (lower right).

18 Earthquake Spectra 00(0)



value. The SMK model is based directly on the Z2.5 parameter value. Separate empirical
relationships for the other NGA-Sub GMMs were developed as part of the basin amplifi-
cation models. For Japan and Cascadia, the NGA-Sub GMMs are parameterized based
on the Z2.5 parameter. For the KBCG model, two additional basin amplification regions
are developed for Taiwan and New Zealand, and these models are defined based on the
Z1.0 parameter. Given the regional variation within Cascadia for sites located within the
Seattle basin and other basins, the KBCG model differentiates the Cascadia basin amplifi-
cation into separate specific basins.

The basin amplification factors for an interface M8 event at a distance of 75 km with a
VS30 = 400 m/sec for Japan are plotted in Figure 17. These spectral ratios are relative to

Figure 16. Comparison of ZTOR dependence of ground motions for a M7 slab event at a distance of
75 km and VS30 = 760 m/sec for T = 0.01 sec (upper left), T = 0.2 sec (upper right), T = 1.0 sec (lower
left), and T = 3.0 sec (lower right).

Gregor et al. 19



the default Z2.5 parameter value (i.e. as indicated in the denominator value listed in the
legend for each curve) for each of the four GMMs based on the VS30 value of 400 m/sec.
The SMK model predicts lower basin amplification than the other three NGA-Sub models
and only impacts the longer spectral periods greater than 1.0 s. It is also observed that the
AG, KBCG, and PSBAH models also predict a slight de-amplification for spectral periods
less than about 0.3 s.

For Cascadia, a comparison of basin amplification factors (i.e. spectral ratio of ground
motions for basin site divided by non-basin site) is plotted in Figure 18 for a scenario
interface event (M8 at 75 km distance and VS30 = 400 m/sec). The KBCG model is sepa-
rated into Seattle basin sites and non-Seattle basin sites. The PSBAH and AG models are
defined for a general basin in the PNW, which includes the Seattle basin. For the KBCG

Figure 17. Comparison of basin amplification dependence of ground motions for a Japan M8 interface
event (Ztor = 10 km) at a distance of 75 km and VS30 = 400 m/sec for Z2.5 = 0.4 km (left panel) and
Z2.5 = 0.6 km (right panel).

Figure 18. Comparison of basin amplification dependence of ground motions for a Cascadia M8
interface event (Ztor = 10 km) at a distance of 75 km and VS30 = 400 m/sec for Z2.5 = 0.4 km (left
panel) and Z2.5 = 0.6 km (right panel).
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model, the Seattle basin model has larger amplification than the other KBCG general
basin models in the longer spectral period range. In the shorter period range, both the
Seattle basin model and the general basin model predict de-amplification. These results
for basins located in the Cascadia region show larger differences than the results for
Japan.

Epistemic uncertainty

The GMMs of Abrahamson et al. (2016, 2018) included an epistemic variation of the base
model. The PSBAH model provides a region-dependent epistemic model (Parker et al.,
2020, 2021). For the KBCG model, the epistemic uncertainty can be estimated from a sam-
ple of 800 posterior distributions of the model coefficients developed based on the avail-
ability of 800 correlated regression coefficients developed as part of Bayesian regression
analysis (Kuehn et al., 2020, 2021). This sampling can be performed for either the global
model or specific regionalized models. AG (Abrahamson and Gülerce, 2020, 2021) recom-
mends utilizing additional epistemic uncertainty with the global model based on the range
of the region-specific scaling relations and estimated ground motions.

As an example, the recommended epistemic uncertainty for the 16th and 84th percentiles
for the KBCG and PSBAH models is plotted in Figure 19 for a Cascadia scenario event.
This event is an interface M9 earthquake at a distance of 75 km with a VS30 value of
760 m/sec. Both models predict similar epistemic factors of about 50% of the mean esti-
mated spectrum. In addition to this regional epistemic uncertainty associated with the
KBCG and PSBAH models, it is expected that an evaluation of the model-to-model
uncertainty will be performed in the future. This will allow for the potential development
of an applicable epistemic model that could be implemented for seismic hazard studies
that is similar to how the Al Atik and Youngs (2014) model is typically implemented for
the NGA-West2 GMMs (Bozorgnia et al., 2014).

Figure 19. Comparison of epistemic uncertainty for a Cascadia M9 interface event (Ztor = 10 km) at a
distance of 75 km and VS30 = 760 m/sec (no basin) for the KBCG and PSBAH models.
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Aleatory variability

The aleatory variability is based on the between-event (t) and within-event standard devia-
tions (j) following the structure of Al Atik et al. (2010). Similar to the development of the
median GMM, each modeling team investigated, evaluated, and developed an aleatory
uncertainty model based on the between-event and within-event variations. For all four
models, the between-event variability is independent of predictor variables such as dis-
tance, magnitude, and site conditions. For the KBCG and SMK models, the within-event
variability is also parameter-independent. For the PSBAH model, the within-event model
is defined as a function of distance and VS30. Note that a single-station standard deviation
is also being developed for the PSBAH model but is not currently available for the other
NGA-Sub models. For the AG model, the within-event variability is dependent on the dis-
tance and the specific region.

Comparisons of the between-event standard deviations from the BCH and BCHU
models and the four NGA-Sub models are plotted in Figure 20. The within-event standard
deviations are compared in Figure 21 for two distances of 100 and 400 km, both for a
VS30 value of 400 m/sec. Both a strong distance dependence and a regionalization of the
AG within-event standard deviations are observed in Figure 21. Combining the between-
event and within-event standard deviations produces the total aleatory standard deviations
shown in Figure 22 for the two distances. In general, the AG model is comparable to the
previous BCH model, which is smaller than the BCHU model for the shorter distance of
100 km and slightly larger at the 400 km distance. For the other three models for the
100 km distance case, the total standard deviations are more similar to the BCHU values
than the BCH values and fall both above and below the BCHU values as a function of
spectral period. For the larger 400 km distance case, the total standard deviations from

Figure 20. Comparison of between-event standard deviations.
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these three models are larger than the BCHU model except at the longer spectral periods
where the AG, KBCG, and PSBAH all fall below the BCHU and BCH models.

Example Cascadia PSHA calculation

To illustrate the potential impacts of incorporating these new NGA-Sub GMMs, PSHA
were performed for two sites in Washington State in the Pacific Northwest region, where
hazard is impacted by the Cascadia subduction zone (i.e. both interface and slab sources).
The first site is for a location in downtown Seattle; the second site is located in the town
of Centralia, Washington. The locations of these two sites are plotted in Figure 23. The
PSHA results presented in this section for these two sites are only meant to illustrate
the potential impact from the use of these new models. It is expected that as part of the

Figure 21. Comparison of within-event standard deviations for VS30 = 400 m/sec and distances of
100 km (left panel) 400 km (right panel).

Figure 22. Comparison of total standard deviations for VS30 = 400 m/sec and distances of 100 km (left
panel) 400 km (right panel).
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implementation of these new NGA-Sub GMMs for either sites in the Pacific Northwest or
other global sites, sensitivity studies will be conducted to provide technical support for the
use of these new models and any associated logic-tree weights.

Results are computed following the PSHA methodology presented in McGuire (2004)
using the seismic-source model from the 2014 USGS National Seismic Hazard Model
(2014 NSHM; Petersen et al., 2014). As part of the seismic source model for the recently
released 2018 NSHM (Petersen et al., 2020), Cascadia interface seismic source modeling is
the same as the 2014 model. The deeper slab events have been updated based on a more
recent seismicity catalog (Petersen et al., 2020), but these changes would not be expected to
change the observations from these example PSHA calculations, which are focused on the
differences in the GMMs rather than any seismic source characterization changes. This
USGS source model consists of crustal faults (e.g. the Seattle fault and other regional
faults), and both large interface events and deeper slab events associated with the Cascadia
subduction zone. For the Seattle site, the contribution to the total seismic hazard is based
on a combination of the local Seattle crustal fault and the interface and slab events. The
Centralia site is located closer to the coast and away from any local crustal faults; there-
fore, the influence from the crustal faults is diminished, and the relative contribution from
the interface events is larger than from the deeper slab events.

To isolate the potential impact on the ground motions from using the three Cascadia
regionalized NGA-Sub GMMs (i.e. AG, KBCG, and PSBAH), separate PSHA calcula-
tions are performed for each individual GMM. Note that additional epistemic uncertainty
is not applied to the NGA-Sub GMMs. For the base case to which the results are

Figure 23. Map showing the location of the two example sites (Seattle and Centralia) used in the PSHA
along with the crustal faults (red and yellow lines) and subducting Cascadia subduction zone plate depth
contours starting at 20 km depth off the coast and increasing depths of 20 km moving east.
Base map and faults from USGS Quaternary Fault GIS webviewer: http://usgs.maps.arcgis.com/apps/webappviewer/

index.html
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compared, the hazard is calculated using the suite of GMMs and associated weights used
in the 2014 NSHM. For all crustal seismic sources, the suite of five NGA-West2 models is
used with the weighting scheme used in the 2014 NSHM. For the subduction sources (i.e.
both interface and slab), the BC Hydro (Abrahamson et al., 2016) model is used given that
this model has been widely used for previous seismic hazard studies in the Cascadia region.
For the slab event, both the BC Hydro Global and Cascadia region specific models are
applied with the recommended weights of 0.7 and 0.3 (Abrahamson et al., 2016), respec-
tively. No additional epistemic model (e.g. Al Atik and Youngs, 2014) is applied to the
crustal GMMs or to the BC Hydro or NGA-Sub models in the PSHA calculations. Since
the SMK model was developed solely for application in Japan, it is not considered in these
example calculations.

All calculations were performed for a VS30 value of 760 m/sec and for a site that is not
located in a basin. Note that the Seattle site is clearly located in the Seattle basin; however,
given that the BCH model does not include an adjustment for basin locations, the PSHA
calculations are based on the site not being located within the Seattle basin. The crustal
GMM default values for Z1.0 and Z2.5 given the VS30 value of 760 m/sec are applied to the
NGA-West2 models. Note that if the example calculations are to be computed for sites
located within a basin, the default Z2.5 values given a VS30 value of 760 m/sec would be
different for NGA-Sub GMMs than the crustal GMMs and would need to be accounted
for within a PSHA calculation. Results are computed for PGA and spectral periods of 0.2,
1, 3, and 5 s.

The total hazard curves for the Seattle site based on the different subduction GMMs
are plotted in the left panel of Figure 24 for PGA. On the right panel is the comparison of
only the slab source hazard curves. Similar results are presented in Figure 25 for 1 sec spec-
tral acceleration (i.e. total hazard curves in the left panel and interface source hazard curve
in the right panel). These results indicate the implementation of the PSBAH model leads to
higher ground motions supported by the observed differences in the slab event predictions,
especially for the shorter spectral periods (e.g. as shown in Figure 14 and contained in
additional comparisons in the electronic files described in Supplemental Appendix A). The
results from the other two NGA-Sub models fall within the range of the results from the
BCH and BCHU models.

Figure 24. Comparison of total hazard curves separated by subduction GMM (left panel) and slab
source hazard curve (right panel) for the Seattle site location for PGA.
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Results for the Centralia site are presented in Figures 26 (PGA) and Figure 27
(T = 1 sec). Similar observations from the Seattle site results are noted for the
Centralia site, with the ground motions from the PSBAH model being higher than the
other models driven by the impact and contribution from the slab events. These rela-
tively larger ground motions from the PSBAH model compared to the AG and KBCG
models for the Cascadia regional versions are more significant at the VS30 = 760 m/sec
value than for the 400 m/sec value (see the additional comparison provided in
Supplemental Appendix A).

Based on the computed hazard curves, uniform hazard spectra ground motions are
computed for return periods of 500 and 2475 years. For each case, the spectral ratio of the
ground motions based on the individual GMMs with the BCH model being the reference
model (i.e. denominator) is computed. The results are presented in Figure 28 for both the
Seattle and Centralia sites. The overall impact for the AG and KBCG models is a slight
reduction in the range of 0%-20% for these test cases. For the PSBAH model, the range
in ground motion differences is larger, with variations as large as a 50% increase
(T = 0.2 sec) to a 30% reduction (T = 5.0 sec). This observed impact for the shorter

Figure 25. Comparison of total hazard curves separated by subduction GMM (left panel) and interface
source hazard curve (right panel) for the Seattle site location for T = 1 sec.

Figure 26. Comparison of total hazard curves separated by subduction GMM (left panel) and slab
source hazard curve (right panel) for the Centralia site location for PGA.
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spectral periods is based on the different regional site amplification scaling between the
three NGA-Sub models for the VS30 = 760 m/sec case (e.g. see Figure 14 and the elec-
tronic files described in Supplemental Appendix A). Smaller differences are observed for
the VS30 = 400 m/sec case, which would be expected to lead to lower differences in the
uniform hazard spectrum (UHS) ratio values if computed.

Summary and conclusions

The development of the NGA-Sub database and the resulting NGA-Sub GMMs repre-
sents a significant improvement in the estimation of ground motions from subduction
earthquakes. Limitations, however, still exist based on the sparse distribution of data from
some of the subduction regions such as Cascadia. Even with this paucity of data for
Cascadia, three of the models have regional adjustments for application to events in the
Cascadia region. The development and justification for these adjustments are presented in
the cited references for each of the GMMs. Similarly, three of the four currently developed
NGA-Sub models have global and regionalized versions to allow for the application and
adjustments of specific tectonic regions. The comparisons between these new NGA-Sub
models for a given region or the global models indicate differences on the order of factors
of 2 – 3 or less.

To assist with the understanding of these new models and their comparisons to previ-
ously published GMMs, this article shows various comparisons of the models. These
selected scenario events are not meant to capture the full range of the models or their
expected implementation, but rather to provide a small sample of representative scenario
cases. Additional plots and the digital values for the attenuation curves and response spec-
tra presented in this report are provided as part of the electronic supplement for this arti-
cle (see Supplemental Appendix A).

Based on the observed variations in the PSHA calculations and any similar application
to other regions and or projects, it is recommended that technically informed decisions
based on the seismic hazard analysis being performed and the potential impacts of these
new NGA-Sub GMMs should be completed prior to their implementation in a study. For
specific applications, additional comparisons may and should be performed, allowing for

Figure 27. Comparison of total hazard curves separated by subduction GMM (left panel) and interface
source hazard curve (right panel) for the Centralia site location for T = 1 sec.
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technical justifications for the implementation of these new models at the site of interest,
including for the development of logic-tree weights.
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