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A presentation of the model parameters and comparison of the median ground-
motion values from the NGA-West2 GMPEs is presented for a suite of determi-
nistic cases. In general, the median ground motions are similar, within a factor of
about 1.5-2.0 for 5 <M <7 and distances between 10-100 km. Differences
increase (on the order of 2—3) for large-magnitude (M > 8) earthquakes at large
distances (R > 100—200 km) and for close distances (R < 10 km). A similar
increase is observed for hanging-wall sites, and slightly larger differences are
observed for soil sites as opposed to rock sites. Regionalization of four of the
GMPEs yields similar attenuation rate adjustments based on the different regional
data sets. All five GMPE aleatory variability models are a function of magnitude
with higher overall standard deviations values for the smaller magnitudes when
compared to the large-magnitude events. [DOI: 10.1193/070113EQS186M]

INTRODUCTION

Following the same successful approach (Powers et al. 2008) that was used for the
development of the original NGA-Westl ground motion prediction equations (GMPEs),
five developer teams were tasked with developing updated GMPEs for estimating ground
motions and aleatory variability from shallow crustal earthquakes in active tectonic regions
(Bozorgnia et al. 2014). These new GMPEs are based on the significantly expanded
NGA-West2 database (Ancheta et al. 2014). During the development of these new
GMPEs, the developer teams held many workshop meetings in which technical results
and specifics with regard to the strengths and weaknesses of individual models were
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presented and discussed. The objective of this paper is to present several comparisons
between the five GMPEs and, when applicable, discuss the similarities and differences
between the models in a manner similar to that of Abrahamson et al. (2008) for the original
NGA-Westl GMPEs. The technical analysis and support for the development of the indi-
vidual GMPEs can be reviewed in the accompanying papers in this special volume:
Abrahamson et al. (ASK; 2014), Boore et al. (BSSA; 2014), Campbell and Bozorgnia
(CB; 2014), Chiou and Youngs (CY; 2014), and Idriss (IM; 2014). Although several com-
parison cases are presented in this paper, it does not represent a complete and exhaustive set
of comparisons between the models for specific cases, and as such, the general conclusions of
the comparisons may not directly apply to some engineering applications.

DATA SET SELECTION AND MODEL APPLICABILITY RANGE

The NGA-West2 database has been significantly expanded relative to both the number of
ground-motion recordings and associated metadata (Ancheta et al. 2014). This new database
consists of 21,336 three-component recordings from 600 shallow crustal earthquakes, with a
large percentage of the increase in data from small-to-moderate events within the magnitude
range of M 3-5.5. As part of the NGA-West2 database, a new classification scheme of
Class 1 and Class 2 events, as defined and presented in Wooddell and Abrahamson
(2014), is provided in the flatfile. Each developer team was provided the NGA-West2 data-
base and allowed to select the data used for their analysis. These selection criteria are pre-
sented in the accompanying papers for each specific GMPE. BSSA and CB defined Class 2
events as events within centroid R,z distances of less than 10 km. CY defined the R;z dis-
tance as 20 km. The ASK team only excluded Class 2 events from the Wenchuan earthquake
sequence based on the observation that those motions have different spectral shapes. The
BSSA team concluded that there was no observable bias between the Class 1 and Class 2
ground motions and hence did not exclude Class 2 events. For the IM model, all Class 2
events were considered, but a more restrictive magnitude range of 4.5-7.9 was applied
to the NGA-West2 database. In general, four models—ASK, BSSA, CB, and CY—used
more than 12,000 recordings from more than 300 earthquakes for their analysis, while
the IM model consisted of more than 7,000 recordings from 160 earthquakes.

Based on the final selected data sets used for each of the five GMPEs and the specifics of
the individual models, the applicable ranges, in terms of magnitude, distance, V¢ values,
and spectral periods, are listed in Table 1. Additional application range constraints

Table 1. Model applicability range of the five GMPEs for magnitude, distance, Vg3, and
spectral period

ASK BSSA CB CY M
Magnitude 3.0-8.5 3.0-8.5(SS, RV)  3.3-8.5(SS) 3.5-8.5 (SS) 5.0-8.0
(mechanism) (Al 3.3-7.0 NM) 3.3-8.0 (RV) 3.5-8.0 (RV, NM) (All)
3.3-7.0 NM)
Distance (km) 0-300 0-400 0-300 0-300 0-150
V3o (m/s) 180-1,500 150-1,500 150-1,500 180-1,500 450-2,000
Period range PGA-10 s, PGA-10 s, PGA-10 s, PGA-10 s PGA-10 s

PGV PGV PGV




COMPARISON OF NGA-WEST2 GMPEs 18l

(e.g., depth to 1.0 km/s boundary) not listed in Table 1 are identified in the individual
GMPE papers.

MODEL FUNCTIONAL FORMS

Each of the five GMPEs incorporates saturation as a function of magnitude at short dis-
tances for short-period ground motions. Recently, it has been observed that the original
NGA-Westl GMPEs leads to an overprediction of ground motions from small-to-moderate
earthquakes (Chiou et al. 2010, Atkinson and Boore 2011, Campbell 2011). Based on the
expanded NGA-West2 database, four of the five GMPEs (ASK, BSSA, CB, and CY) now
contain a change in the magnitude scaling to account for this overprediction for small-to-
moderate-magnitude events. Since the IM model is constrained for events of M > 5 events
this change in magnitude scaling was not part of the model.

Each of the five models contains a style of faulting factor that is based on their respective
focal mechanism classifications. This dependency decreases with magnitude; ASK, CB, and
CY models reduce this factor to zero for M < 4.0—4.5. The BSSA and IM models have a
style of faulting factors that are M-independent. Three models (ASK, CB, and CY) contain
explicit functional forms for hanging-wall sites and a rupture depth term. The BSSA model
implicitly accounts for hanging-wall features through the use of the Joyner-Boore distance
and did not incorporate a rupture depth term, because they found that this effect was not
significant for M > 5 earthquakes. The rupture depth term for the CB model is hypocentral
depth, which is correlated with the style of faulting factor. The IM model does not include
function forms for these features.

All five GMPEs are defined for a range in Vs values (see Table 1). The NGA-West2
database contains a large increase in the amount of data and associated metadata (Seyhan
et al. 2014) that was used to partially derive empirical site response terms in each of the five
GMPEs. Numerical simulations of nonlinear site amplification factors by Kamai et al. (2014)
were used for constraining the site component of site response in the ASK model, whereas
CB retained the results of prior nonlinear simulations by Walling et al. (2008). Seyhan and
Stewart (2014) derived a semi-empirical nonlinear site response model used by BSSA based
on empirical data analysis and on the Kamai et al. (2014) simulations. CY used nonlinear site
terms derived solely from data analysis. The IM model contains a linear site amplification
feature based on the more restrictive Vg3, range. The nonlinear site amplification factor is a
function of the either the PGA (BSSA and CB) for a reference site condition or the pseudo-
spectral acceleration (ASK and CY) for a reference site condition. The ASK, BSSA, and CY
models also incorporate a factor that is dependent on the depth to the 1.0 km/s shear wave
boundary (Z, ), and the CB model uses the depth to the 2.5 km/s shear wave boundary
(Z55). These additional factors are needed to better characterize basin effects that are not
fully modeled with a Vg value and functional model. Based on the NGA-West2 database
new region specific empirical relationships are provided for these depth-to-boundary values
as a function of V3 for use with their GMPEs.

Based on the significant increase in non-California ground-motion data in the NGA-
West2 database, four of the GMPEs have developed regional adjustments for either site
response (ASK, BSSA, CB, and CY) and/or the long-distance anelastic attenuation between
various geographical regions (ASK, CB, and CY). BSSA incorporated only the regional
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attenuation adjustment feature in their model. The separate regions considered were Taiwan
(ASK), Taiwan and California (BSSA), eastern China (ASK, CB), Japan (ASK, CB), China
and Turkey (BSSA), Italy and Japan (BSSA, CY), and Wenchuan (CY). For the CY model,
the Italy and Japan adjustments are only applicable for magnitudes between 6—6.9, and for the
Wenchuan adjustments, only for that specific earthquake.

All five GMPE aleatory variability models are defined as a function of M. The four mod-
els that have nonlinear site response (ASK, BSSA, CB, and CY) include an aleatory varia-
bility model with the site amplification effects incorporated into the model.

MODEL PARAMETERS

A summary of the model parameters for the five GMPEs is given in Table 2. In general,
the individual parameterization for each GMPE is similar in complexity to the original NGA-
Westl GMPEs and recommended guidance for certain parameters based on empirical data
are provided in the specific references for each GMPE model. Several of these parameters, as
noted, are included only as part of the hanging-wall model. Style of faulting terms are defined
for all five models for strike-slip and reverse events, and are defined for normal events for the
ASK, BSSA, CB, and CY models. An additional classification for unspecified style of fault-
ing is parameterized for the BSSA model. Only the ASK model is defined separately for
Class 2 events. The BSSA model is considered applicable for both Class 1 and Class 2 events.

The primary distance metric for the ASK, CB, CY, and IM models is the closest distance
to the rupture plane, Rgyp. The BSSA model uses the closest distance to the horizontal pro-
jection of the rupture plane, R;g. This distance metric is also used by the ASK, CB, and CY
for their hanging-wall functional model. The three models that directly model a hanging-wall
effect (ASK, CB, and CY) use the Ry distance in their functional models, and the ASK model
introduces a new distance metric, Ry, for their hanging-wall model but provide an alternative
version that does not require knowledge of this new parameter. In addition to the depth to the
top of rupture (Z7or) being used in three of the models (ASK, CB, and CY), the depth of the
hypocenter, Zyyp, was included in the CB model as a general earthquake depth term and is
applied for all cases, whereas Z;or is used only in their hanging-wall model. BSSA found
neither depth parameter to be necessary for ground-motion prediction with their func-
tional model.

For the site response terms, all five models use the average shear-wave velocity in the top
30 m, Vg3, as the primary site parameter. In addition, ASK, BSSA, and CY use the Z; ;, and
CB uses the Z, 5 boundary values. These additional model parameters listed in Table 2 and
described in the specific individual references for each GMPE are included to try to capture
the observed difference in site amplification from stations located in sedimentary basins. For
the nonlinear site response factors, the ASK, BSSA, CB, and CY models use either the PGA
or pseudo-spectral acceleration (PSA) for the spectral period of interest at different reference
site conditions (i.e., either a Vg3 value of 760 m/s or approximately 1,100 m/s) as listed in
Table 2.

MEDIAN VALUE COMPARISONS

In comparing median values from the five GMPEs, several input parameters must be
estimated based on each given event scenario for the fault geometry and site amplification
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Table 2. Summary of model parameters used in the five GMPEs

Parameter ASK BSSA CB CYy M
Moment magnitude M M M M M
Depth to top of tupture (km) Z10R> - Zror®  ZrorZror® @ —

Zror"
Hypocentral depth (km) - - Zuyp - -
Style of faulting® SS, RV, SS,RV, SS,RV, SS,RV, SS,

M NM, U M NM RV
Class 2 event flag Fus - - - -
Dip (degrees) & - 5, 8 5,8 -
Down-dip rupture width (km) wb - wb - -
Closest distance to rupture plane (km) Rirup - Rypyp Rrup Rrup
Horizontal distance to surface project of R;° Rjp R5° R;° -
rupture plane (km)
Horizontal distance to top edge of rupture Ry® - Ry® Ry® -
plane measured perpendicular to strike (km)
Horizontal distance off the end of rupture Ryo® - - - -
plane measured parallel to strike (km)
Average shear-wave velocity in top V30 V30 V30 V30 V30
30 m (m/s)
Depth to 1.0 km/s boundary (km) Zyy VAR - Z1 0, -

AZy,

Depth to 2.5 km/s boundary (km) - Zys - -
Rock motion PGA for nonlinear site response - PGA, Ail0o - -
Rock motion PSA for nonlinear site response PSAji¢9 - - Y,.:(T) -
V30 of rock motion used for nonlinear site 1,100 760 1,100 1,130 -
response (m/s)
Regional adjustments Taiwan, China/ E. China, Italy/ -

China, Turkey, Italy/ Japan,

Japan Italy/ Japan Wenchuan

Japan

Style of faulting terms: SS = strike-slip, RV = reverse, NM = normal, U = unspecified.
®Used only in hanging-wall model.

parameters. As an example, the depth to the top of rupture is required but must also be
consistent with the hypocentral depth needed for the CB model. Based on the NGA-
West2 data set, empirically based relationships have been developed for several parameters
for use with the specific GMPEs. These specific input parameter values will be presented for
each comparison case.

DISTANCE SCALING

The median attenuation of PGA for horizontal motions for a vertical dipping strike-slip
earthquake from the five GMPEs is shown in Figure 1 plotted as a function of R, distance.
These results are for a Vg = 760 m/s, and the Z,, and Z, s values are based on the
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Figure 1. Comparison of distance scaling of PGA for strike-slip earthquakes for
Vs30 =760 m/S.

recommended default values given for each GMPE (ASK Z;, =0.0481 km, CY
Z1o =0.0413 km, and CB Z, 5 = 0.6068 km). For the BSSA model, the dz; was assigned
to be 0 and for the CY the AZ1 was set equal to 0. The depth to the top of rupture was
magnitude-dependent: M5 Zyop = 6 km, M6 Zypp = 3 km, M7 Zypp = 1 km, and M8
Zror = 0 km, and the hypocenter was placed at 8 km depth for all four magnitude values.
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These results show the saturation of ground motion with decreasing distance. The five
GMPEs predict similar (i.e., within a factor of 1.5) median ground motions for M5, 6,
and 7 over the large-distance range shown in the plots. For the M8 results, the differences
can be a factor of 2 or greater at short distances for PGA.

The same comparison plots for 7 =1.0s PSA are shown in Figure 2 for a
Veo =270 m/s using the default Z,, and Z,s5 values (ASK Z;, = 0.4704 km,
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Figure 2. Comparison of distance scaling of 7 = 1.0 s PSA for strike-slip earthquakes for
Vs30 =270 m/S.
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CY Z,y = 0.4794 km and CB Z, 5 = 1.9826 km). Note that the IM model is not applicable
for a Vg3 of less than 450 m/s and is not included in these comparisons. The overall com-
parisons and conclusions between the models are similar to the results shown in Figure 1 for
PGA, with the additional conclusion that for the M8 results, the differences are observed at
both short and long distances.

MAGNITUDE SCALING

The effect of magnitude scaling for vertical strike-slip events at a Rpp distance of 30 km
is shown in Figure 3 for Vg, = 760 m/s. Plots are provided for PGA and PSA at spectral
T =0.2s,1.0s,and 3.0 s. The M-dependence of the depth to top of rupture was taken based
on the recommended CY model and the R;z computed based on the fixed Rgyp distance of
30 km. The hypocenter was taken at half of the fault width assuming a square rupture area
(based on aLog;y(Area) = M — 4 relationship) down from the top of rupture for all events
with a maximum seismogenic depth of 15 km for the larger events. For events with M > 7,
the hypocenter was fixed at a depth of 12 km. The magnitude scaling between the five models
is very similar over the wide range of magnitudes.

Vg3 SCALING

All five GMPEs are defined as a function of V3. The IM model is limited to Vg3y >
450 m/s and does not contain a nonlinear site amplification term. A comparison of median
ground motions as a function of Vg3, values is shown in Figures 4 and 5 for a M7 vertical
strike-slip earthquake at R;5 = 100 and 10 km, respectively. The top of rupture was assigned
to be 1 km with a hypocentral depth of 8 km. The default Z; ; and Z, 5 values were used based
on the empirical relationships provided for each GMPE. For the 100 km results (Figure 4), the
site amplification is nearly linear, which is evident in the figures by linear variations of site
amplification with Vg3,. For higher Vg values, all of the models except for CB saturate
predicting constant ground motion values for higher Vg3, values. For the shorter-distance
10 km case (Figure 5), the nonlinear effects are evident by the observed curvature in the
amplification functions for ASK, BSSA, CB, and CY (downward from the linear trends
in Figure 4), especially for PSA at T = 0.2 s. All of the models but CB have a Vg
value beyond which no additional amplification from nonlinearity occurs. The CB model
has a Vg limit of 1,500 m/s beyond which it should not be used based on the lack of
a saturation floor limit in the ground motion amplification. Overall, the site amplification
results are similar between the five models, especially in the range in which there is a
large amount of empirical data.

HANGING WALL SCALING

A comparison of the five models showing the effects of hanging-wall scaling is shown in
Figure 6 for a M6.7 earthquake with a dip angle of 45 degrees with a down-dip fault width of
21.97 km. The results on the left are for a surface rupture while the plots on the right are for a
buried rupture at a depth of 6 km. The cross section of the two fault planes is shown in the
lower parts of the figure. The attenuation curves are for PGA with a Vg3, = 760 m/s and are
plotted as a function of Ry distance with negative values being located on the footwall and
positive values on the hanging wall. Results are shown for both normal (top) and reverse
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Figure 3. Comparison of magnitude scaling of the median ground motion for vertical strike-slip
earthquakes at a distance of Ryyp = 30 km for Vg = 760 m/s.

(middle) styles of faulting. The IM model does not include a hanging-wall model and is
symmetric, centered about the Ry = 0 distance point. The BSSA model implicitly models
the hanging-wall effects through the use of the R;p distance metric, and locations over the
fault plane have constant ground-motion values. For the ASK (using the version without the
Ry feature), CB, and CY models, the hanging-wall model is part of the GMPE functional
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Figure 4. Comparison of Vg3, scaling of the median ground motion for a M 7 strike-slip earth-
quake at a distance of R;z = 100 km.

form. Overall, the differences in ground motions over the fault plane are about a factor of 2
based on the results in Figure 6, with the CB model having the strongest impact on the ground
motions. This general range in ground motions is similar to what was found for the original

NGA-Westl GMPEs (Abrahamson et al. 2008).



COMPARISON OF NGA-WEST2 GMPEs 1189

1 PGA 1 T=0.2sec
T
------- i,
,,,,,,,,,,,,,,,,,,,,,,,,,, N
= =
< 0.1 < 0.1
g £
0.01 0.01
100 1000 100 1000
VS30 (m/s) VS30 (m/s)
1 T=1.0sec 1 T=3.0sec
ASK ——
BSSA
CB -
M
) )
< 0.1 - 0.1
%) %)
[a W [a W
0.01 0.01
100 1000

100 1000

VS30 (m/s) VS30 (m/s)
Figure 5. Comparison of Vg3, scaling of the median ground motion for a M 7 strike-slip earth-
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REGIONAL ADJUSTMENTS

Four of the five GMPEs (ASK, BSSA, CB, and CY) provide adjustments for different
regions based on the empirical observations from the NGA-West2 database. Figure 7 shows
the PGA attenuation curves (Vg0 = 760 m/s) for each of these four models with their
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regional adjustments for a M7 vertical strike-slip earthquake. As before, the depth to the top
of rupture was placed at 1 km, with a hypocenter depth of 8 km. Region-specific default Z
and Z, 5 are also provided and used with the GMPE models. Although each modeling team
classified different regions, an overall conclusion can be reached that the adjustments for
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rupture of 6 km.
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for PGA.

eastern China (i.e., the Wenchuan earthquake region) lead to slower attenuation with distance
and that the adjustments for Italy and Japan lead to faster attenuation with distance. These
adjustments, which are based on the regional data, only start to become significant for dis-
tances larger than about 80 km.
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RESPONSE SPECTRA

The response spectra from M5, 6, 7, and 8 earthquakes for an R; = 10 km from a
vertically dipping strike-slip fault and Vg3y = 760 m/s are plotted in Figure 8. The same
default parameters used in the attenuation curve comparisons (i.e., Figure 1) were used.
As noted for the attenuation curves, there is similarity among the five models for the
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Figure 8. Comparison of median spectra for strike-slip earthquakes for Vg3, = 760 m/s at an
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M 5-7 cases. The difference between models increases for the M8 case, especially at the
longer spectral periods.

Figure 9 compares the influence of the Z, ; and Z, 5 parameters. These results are for a
M7 vertical strike-slip earthquake at an R;z = 10 km with a hypocenter of 8 km and top of
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Figure 9. Comparison of median spectra for M 7 strike-slip earthquakes at an R, distance of
10 km with different soil depths for Vg0 = 270 m/s default depth, shallow depth, deep depths,

and Vg3p = 760 m/s.
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rupture of 1 km. The upper left spectra plot is for a Vg3, = 270 m/s with the default Z, ; and
Z, 5 parameters. The upper right spectra plot is for a V35 = 270 m/s with assigned Z,; , =
0.1 km and Z, 5 = 0.9 km parameters, representing shallow basin conditions. The lower left
spectra plot is for a Vgg = 270 m/s, along with Z; = 1.2 km and Z, 5 = 4.8 km para-
meters, representing deep basin conditions. Finally, the lower right plot shows the spectra
for Vg3y = 760 m/s with the default depth terms for reference (see Figure 1 for default para-
meter values). The largest relative change in response spectra based on the different Z; , and
Z, 5 values is for the longer spectral periods. For intermediate and shorter spectral periods, the
range in model predictions from these non-default parameters (i.e., upper right and lower left
figures) is similar to the range for the default Z; ; and Z, 5 terms (i.e., upper left and lower
right figures) and also the range for a V39 = 760 m/s. However, for longer spectral periods,
the observed range in the response spectra is larger for the non-default values as opposed to
the default values.

COMPARISON OF THE STANDARD DEVIATIONS

The period-dependence of the aleatory variability models are compared in Figure 10 for
MS5 and 7 vertical strike-slip earthquakes at an Rpyp = 30 km and V¢35 = 760 m/s. The
hypocenter was fixed at 8 km for both cases, and the depth to top of rupture was 6 km
and 1 km, respectively, for the M5 and 7 earthquakes. The total standard deviation (¢) models
in general are similar, except for longer spectral periods where the IM model has a larger o
than the other four models. The M-dependence is shown in Figure 11 for PGA and T = 1.0s

Mag = 5, Rrup = 30 km Mag = 7, Rrup = 30 km
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Figure 10. Comparison of the standard deviation for (a) M 5 and (b) M 7 strike-slip earthquakes
at a distance of Rpyp = 30 km for Vgy = 760 m/s.
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PSA for Vgo =760 m/s at a Rpyp distance of 30 km; the PGA results have a stronger
magnitude-dependence than the 7 = 1.0s PSA results, with higher values of ¢ for the
smaller-magnitude events. Finally, a comparison of ¢ for a M7 vertical strike-slip earthquake
as a function of R,z for PGA and T = 1.0 s PSA is shown in Figure 12 for Vg = 270 m/s.
For both PGA and T =1.0s PSA, the sigma values increase with increasing R;g
distance.

CONCLUSIONS

Overall, the suite of five NGA GMPEs was found to provide median ground-motion
predictions that agree to within factors of about 1.5-2. The largest differences are observed
for the cases in which the NGA-West2 database is sparse, such as for large (M8) earthquakes
at close distances, and for hanging-wall sites located over the rupture plane of shallow-
dipping earthquakes. Consistent regional attenuation adjustments are provided for four of
the GMPEs, based on the analysis of the regional data sets contained within the NGA-
West2 data set. All aleatory variability models are magnitude- and distance-dependent,
with larger total standard deviation values for the smaller earthquake magnitudes and larger
distances.
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