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Summary of the BA18 Ground-Motion Model for Fourier
Amplitude Spectra for Crustal Earthquakes in California

by Jeff Bayless and Norman A. Abrahamson

Abstract We present a summary of the Bayless and Abrahamson (2018b) empiri-
cal ground-motion model (GMM) for shallow crustal earthquakes in California based
on the Next Generation Attenuation-West2 database (Ancheta et al., 2014). This
model is denoted as BA18. Rather than the traditional response spectrum GMM,
BA18 is developed for the smoothed effective amplitude spectrum (EAS), as defined
by the Pacific Earthquake Engineering Research Center (Goulet et al., 2018). The
EAS is the orientation-independent horizontal-component Fourier amplitude spec-
trum of ground acceleration. The model is developed using a database dominated
by California earthquakes but takes advantage of crustal earthquake data worldwide
to constrain the magnitude scaling and geometric spreading. The near-fault saturation
is guided by finite-fault numerical simulations, and nonlinear site amplification is
incorporated using a modified version of Hashash ef al. (2018). The model is appli-
cable for rupture distances of 0-300 km, M 3.0-8.0, and over the frequency range
0.1-100 Hz. The model is considered applicable for V g3, in the range 180-1500 m/s,
although it is not well constrained for V g3, values >1000 m/s. Models for the median
and the aleatory variability of the EAS are developed. Regional models for Japan and
Taiwan will be developed in a future update of the model. A MATLAB program that
implements the EAS GMM is provided in the (E) supplemental content to this article.

Supplemental Content: MATLAB program that implements the BA18 ground-
motion model. The function includes all model coefficients required to predict the
median effective amplitude spectrum (EAS) and associated standard deviations over
the frequency range 0.1-100 Hz.

Introduction

Ground-motion models (GMMs) are used for estimating
the level of ground shaking at a site, including the variability
in that level, based on earthquake magnitude, source-to-site
distance, local site conditions, and other seismological
parameters. Among other applications, GMMs are often used
in deterministic or probabilistic seismic hazard analyses to
develop design ground motions. GMMs can be developed
using recorded ground motions, using numerical earthquake
simulations, or a combination of both approaches. The tradi-
tional approach for developing GMMs for engineering appli-
cations is to use response spectral values (typically 5%
damped pseudospectral acceleration [PSA]) for a range of
spectral periods. The response spectral values represent the
response of a simple structure to the input ground motion,
which is influenced by a range of Fourier frequencies and
does not directly represent the ground motion itself. As an
alternative, Fourier amplitude spectral (FAS) values can be
used instead of response spectral values. There are several
advantages using FAS in place of response spectra when

developing a GMM: (1) the scaling of FAS in the GMM is
easier to constrain using seismological theory, and numerous
seismological models of the FAS are available (e.g., Brune,
1970; Boore et al., 2014) to provide a frame of reference
during model development; (2) linear site response remains
linear at all frequencies and does not depend on the spectral
content of the input motion, as is the case for response spec-
tra (Bora et al., 2016); and (3) for calibrating input param-
eters and methods for finite-fault simulations based on
comparisons with GMMs, Fourier spectra are more closely
related to the physics in the simulations.

In forward application, an FAS GMM can be used as a
stand-alone replacement for a response spectrum GMM in
seismic hazard assessments, or the FAS and duration models
can be combined within the random vibration theory (RVT)
framework to obtain the response spectrum (e.g., Bora et al.,
2019). In addition, the residuals from a FAS model can be
used to develop models for the inter-frequency correlation of
FAS, and correlation models based on FAS can facilitate
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future calibration of methods for simulating the ground
motions generated by earthquakes (e.g., Bayless and
Abrahamson, 2018a,c), can be used to generate conditional
mean spectra for FAS, or can be used to conduct vector-
valued probabilistic seismic hazard analyses for FAS
(Abrahamson, 2006).

In this article, an empirical Fourier spectrum GMM for
shallow crustal earthquakes in California based on the
Pacific Earthquake Engineering Research Center (PEER)
Next Generation Attenuation-West2 (NGA-West2) database
(Ancheta er al., 2014) is developed. The ground-motion
parameter used in the GMM is the smoothed EAS, as defined
by PEER (Goulet et al., 2018). The EAS is the orientation-
independent horizontal-component FAS of ground accelera-
tion that can be used with RVT to estimate the response spec-
tral values.

In this article, we summarize the BA18 model, including
the selection of the ground-motion data, the basis for the
functional form of the model, a description of the
Maechling et al. (2015) finite-fault simulations used to con-
strain the near-fault large-magnitude scaling, and an explan-
ation of the analytical site response modeling to capture the
nonlinear site amplification (Hashash et al., 2018). Bayless
and Abrahamson (2018b) give a complete description of the
model behavior and a comprehensive set of residual plots.
Rather than simply fitting the empirical data, emphasis is
placed on building the model using both the empirical data
and analytical results from these seismological and geotech-
nical models so that the GMM extrapolates in a reasonable
manner. A MATLAB program (see Data and Resources) that
implements the EAS GMM is provided in the () supplemen-
tal content to this article. A model for the interfrequency cor-
relation of residuals derived from this GMM is presented by
Bayless and Abrahamson (2018c).

EAS Ground-Motion Intensity Measure

EAS is defined Goulet et al. (2018) and is calculated for
an orthogonal pair of FAS using the following equation:

EAS() = S FASucr (7 + FASus () (1)

in which FASyc; and FASyc, are the FAS of the two as-
recorded orthogonal horizontal components of the ground
motion and f is the frequency in hertz, and the FAS are proc-
essed by PEER following the procedure given by Kishida
et al. (2016). The EAS is independent of the orientation
of the instrument. Using the average power of the two hori-
zontal components leads to an amplitude spectrum that is
compatible with the use of RVT to convert Fourier spectra
to response spectra. The EAS is smoothed using the
log;o-scale Konno and Ohmachi (1998) smoothing window,
which has weights and window parameter defined as
follows:
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The smoothing parameters (W, f., b, b,,) are described by
Kottke et al. (2018, p. 38):

W is the weight defined at frequency f for a window
centered at frequency f, and defined by the window
parameter b. The window parameter b can be defined
in terms of the bandwidth, in log10 units, of the smooth-
ing window, b,,.

The Konno and Ohmachi smoothing window was
selected by PEER NGA-East (Pacific Earthquake Engineering
Research Center [PEER], 2015) because it led to minimal bias
on the amplitudes of the smoothed EAS compared with the
unsmoothed EAS. The bandwidth of the smoothing window
b,, = 0.0333 was selected such that four RVT calibration
properties (the zeroth spectral moment, delta [measure of
ground-motion bandwidth], the frequency of zero crossings,
and the frequency of extrema) before and after smoothing
were minimally affected (Kottke er al., 2018). Using the
smoothed EAS with the same smoothing bandwidth maintains
consistency with the PEER database and with other PEER
projects, including the NGA-East empirical FAS models
(Goulet et al., 2018). This allows direct comparison of the
median and standard deviation of the GMMs based on the
PEER data sets.

Ground-Motion Data

The PEER NGA-West2 strong-motion database,
described by Ancheta et al. (2014), includes >21, 000 three-
component strong-motion records recorded worldwide from
shallow crustal earthquakes, including aftershocks, in active
tectonic regimes. Earthquake magnitudes in the full database
range from 3 to 7.9, and rupture distances extend to over
1500 km. Earthquakes and recordings identified as question-
able in quality or with undesirable properties are excluded;
see Abrahamson er al. (2014) for a complete list of criteria
for exclusions. At distances under 100 km, recordings from
crustal earthquakes worldwide are retained to constrain the
magnitude scaling and geometric spreading. At the larger
distances (<300 km), region-specific anelastic attenuation
and linear site effects due to the regional crustal structure
are accounted for by including recordings only from
California and western Nevada. Only events with at least five
recordings per earthquake are included.

The FAS has been calculated for each record in the data-
base up to the Nyquist frequency by PEER (Kishida et al.,
2016). The usable frequency range limitations of each record
are accounted for by applying the recommended lowest and
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Figure 1.

Frequency (Hz)

Number of earthquakes and recordings from the Next Generation Attenuation-West2 (NGA-West2) effective amplitude spec-

trum (EAS) database used in the regression steps (a) 1 and (b) 3 versus frequency. The regressions were performed between 0.1 and 24 Hz,
and higher frequencies are shown to display the rapid reduction of available data with increasing frequency. The color version of this figure is

available only in the electronic edition.
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Figure 2. Magnitude versus rupture distance pairs of the NGA-West2 EAS database subset used in regression step 1, at (a) 0.2 and
(b) 10.0 Hz. The color version of this figure is available only in the electronic edition.

highest usable frequencies for response spectra determined
from Abrahamson and Silva (1997) as

Lowest usable frequency (LUF)
=125x% max(HPFHCl s HPFch), (4)

Highest usable frequency (HUF)

=155 % min(LPFyc;, LPFyc)), (5)

in which HPF is the record high-pass filter frequency, LPF is
the record low-pass filter frequency, and HC1 and HC2 are the
two horizontal components of a three-component time series.
The factors of 1.25 in equations (4) and (5) were originally
used by Abrahamson and Silva (1997) to ensure that the filters
did not have a significant effect on the response spectral val-
ues. By limiting the usable period range using these factors,
the frequency interval of the impulse response of a 5%
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damped oscillator will not exceed the filter values. And retain-
ing this usable frequency range maintains consistency with the
response spectrum calculations. Based on inspection of the
usable frequency range of the data shown in Figure 1, the
regressions were performed between 0.1 and 24 Hz.

After screening for record quality, recording distance,
minimum station requirements, and frequency limitations, the
final dataset consists of 13,346 unique records from 232 earth-
quakes, both of which vary as a function of frequency.
Figure 1 shows the frequency dependence of the number of
earthquakes and recordings used in regression steps 1 and
3 (as explained subsequently). Figure 2 shows a magnitude
versus rupture distance scatterplot of the NGA-West2 database
subsets used in regression step 1 at f = 0.2 and 10 Hz.

Median Model Functional Form

The model parameters are defined in Table 1. The scal-
ing of the source is primarily described by moment
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Table 1

Model Parameter Definitions

Parameter Definition

EAS Effective amplitude spectrum (g - s). The EAS is the
orientation-independent horizontal-component Fourier
amplitude spectrum (FAS) of ground acceleration,
defined in Goulet et al. (2018).

M Moment magnitude
Zior Depth from the surface to the top of the rupture plane
(kilometers)
Fam Style—of-faulting flag: 1 for normal-faulting earthquakes;
0 for all others
Rup Rupture distance (kilometers)
Va0 Time averaged shear-wave velocity in the upper 30 m
(m/s)
Z, Depth from the surface to shear-wave velocity horizon of
at least 1 km/s (km)
I, Peak ground acceleration for the Vg3, = 760 m/s

condition (g)

magnitude (M). Source effects are also modeled using the
depth to the top of the rupture plane (Z,,) and a style-of-
faulting flag for normal faults (Fy ). These source effects
can be considered as proxies for stress-drop scaling. The
closest distance to the rupture plane Ry, is used as the dis-
tance measure for path scaling. The linear and nonlinear site
effects are parameterized using Vo, the time-averaged
shear-wave velocity in the top 30 m of the soil column below
the site. Use of V g3 does not imply that 30 m is the key depth
range for the site response but rather that Vg3 is correlated
with the deeper soil profile (Abrahamson and Silva, 2008).
The scaling with respect to soil depth is parameterized by the
depth to shear-wave velocity of 1 km/s, Z;.

The model for the EAS (units g-second [g - s]) ground
motion is given by the following equation

InEAS = InEAS, .4 + €0, (6)

in which o is the total aleatory variability and the standard
normal random variable € is the number of logarithmic stan-
dard deviations above or below the median. The model for
the median EAS (EAS,,.q, With units g - s) is formulated as

INEASca = fu + fp+ fs+ fzor + rom + fz1. (7)

in which each of the model components in equation (7) is
described in the following sections.

Magnitude Scaling f,

To capture the effects of energy radiated at the source,
the formulation of the magnitude scaling is adopted from the
Chiou and Youngs (2014, 2008) GMMs for response spectra.
A polynomial magnitude scaling formulation was tested
(e.g., Abrahamson ef al., 2014) and after evaluating the data
found that both formulations fit the data well, but the Chiou
and Youngs (2008, 2014) formulation would extrapolate
more reasonably. In addition, the Chiou and Youngs
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(2008, 2014) formulation has undergone several years of
testing and refinement and is based on seismological models
for the source FAS, which translates directly to this applica-
tion. The expression for the magnitude scaling is given by

In(1 4 exen-M)  (8)

fM=C1+Cz(M—6)+(CZC;C3)

n

The components of f;, are described in Chiou and Youngs
(2008). To recap, the formulation captures approximately lin-
ear magnitude scaling at low frequencies (well below the
source corner) and high frequencies (well above the source
corner) with a nonlinear transition in between, in which the
transition shifts to larger magnitude for lower frequencies.
The c¢; term works jointly with the ¢, and c¢3 terms to
represent the median spectral shape after correcting for all
other adjustments. The coefficient c, is the frequency-inde-
pendent linear M scaling slope for frequencies well above the
theoretical corner frequency. The (¢, — ¢3)/c, term captures
both the linear scaling of the FAS below the theoretical cor-
ner frequency (coefficient c3) and the nonlinear transition to
that scaling. The coefficient c¢,, controls the width of the mag-
nitude range over which the transition between low- and
high-frequency linear scaling occurs; the coefficient ¢, is
the magnitude at the midpoint of this transition. All of the
magnitude scaling terms were determined in the regression.

Path Scaling fp

Together with the magnitude scaling, the path scaling
formulation of Chiou and Youngs (2014) is used:

fp = csIn(Ryy, + c5 cosh(ce max(M — ¢y, 0)))
+ (=05 = ¢) In(R) + ¢ Rpup, 9)

in which R = \ /Rfup + 502. The components of equation (9)
are described by Chiou and Youngs (2008). To recap, the c,4

term captures the near-source geometric spreading, which is
magnitude and frequency dependent. The magnitude and fre-
quency dependence on the geometric spreading is introduced
by adding a term to the rupture distance inside the log-
distance term, expressed by the c¢s term. This additive
distance is designed to capture the near-source amplitude sat-
uration effects of the finite-fault rupture dimension. This
term is a frequency-dependent constant for small magnitudes
and transitions to be proportional to exp(M) for large mag-
nitudes, with the largest additive distance at high frequencies.
Because the hyperbolic cosine is a monotonically increasing
function, the coefficient c5 controls the scaling of this term,
and coefficients ¢ and ¢, control the gradient.

Because the coefficients cs, ¢4, and ¢, are multiplied
by cy4, there is potential for trade-off between them. The
regression procedure is started with the values for coeffi-
cients cs, cg, and cp,, from Chiou and Youngs (2014) to
obtain c, from the data, ensuring the model did not oversa-
turate. Using equations (8) and (9), the full saturation



2092

condition (no magnitude scaling at zero distance) leads to the
following constraint on the coefficients: ¢, = —c,cq. For ¢,
values larger than the full saturation value, there will be a
positive magnitude scaling at zero distance (i.e., not full sat-
uration). It is reasonable for the EAS to have some scaling at
zero distance even though the PSA is nearly fully saturated at
high frequencies. The PSA saturates, in part, because the
PSA is defined by the peak response of the oscillator over
all time, meaning it is not affected by longer duration of the
signal with lower amplitudes that do not contribute to the
peak response. Conversely, the EAS is not a peak response
operator, so it will continue to scale for large magnitudes at
short distance because of the longer source durations. This is
the contribution of the lower amplitudes over the duration of
the signal.

The near-source saturation of magnitude scaling is
checked against the data and against finite-fault simulations
(see the Model Summary section for more details). The
EAS saturation in this model agrees with those from the sim-
ulations. In later stages of the regression, the coefficients cs,
cg, and cy,, are also determined empirically. The values from
the regression did not change enough to impact the model, so
coefficient values are fixed from Chiou and Youngs (2014) for
¢s, cg, and cy,, in the final model. Thus, the coefficients ¢,
and ¢4 control the saturation in the model development.

Following Chiou and Youngs (2014), at large distances,
the distance scaling smoothly transitions to be proportional to
R™%3 to model surface wave rather than body-wave geometric
spreading effects. This effect is introduced with In(R) term,
which controls at distances greater than 50 km by subtracting
the ¢, coefficient and imposing a —0.5 slope. Both values of
—0.5 slope and 50 km break distance were adopted from
Chiou and Youngs (2014) and did not introduce any bias
in residuals; therefore, these values were fixed. Effects of
crustal anelastic attenuation (Q) are captured through the fre-
quency-dependent coefficient ¢ term. The Q scaling does not
require magnitude dependence for the EAS.

Site Response fg

The Vg, (m/s) dependence of site amplification is
modeled using the form:

fs=fsL+ L (10a)
_ min(VS30, 1000)

fsL=csg 1H(W), (10b)

Ip +
=1 ln(Rf—h), (10c)

3
fr= f4(efS(min(VS3U~Vref)_36O) — efS(Vref_?’ﬁO)), (IOd)
In(1) = 1.238 4+ 0.846 In(EAS,(f = 5 Hz)). (103)
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in which the linear site amplification is given by fg;, and the
nonlinear site amplification is given by f;, which is the ana-
Iytical site amplification function for FAS in the western
United States (WUS) modified from Hashash e al. (2018).

The linear site term, fg; , is formulated as a linear func-
tion of In(Vgso) and is centered on the reference value of
Vg0 = 1000 m/s. The fg term coefficients are determined
in the regression analysis. Abrahamson er al. (2014)
observed that the scaling of PSA with Vg3, became weaker
for higher Vg3, values. Therefore, we selected a model that
does not scale with Vg3, above some maximum value
V, = 1000 m/s. The weak Vg3, scaling at high Vg3, values
implies that the correlation between V g3, and the deeper part
of the V, profile that controls site amplification is much
weaker for hard-rock site than for soil sites. Below
1000 m/s, the linear site amplification terms approximately
scales linearly with In(V ), so the regional linear Vg3,-
based site amplification is modeled with a single fre-
quency-dependent coefficient cg.

The nonlinear site amplification, fy;, is constrained
using a purely analytical model rather than obtaining it from
the data. Empirical evaluations of the nonlinear effects are
limited by the relatively sparse sampling of ground motions
expected to be in the nonlinear range in the NGA-West2
database (Kamai et al., 2014). Therefore, the Hashash ef al.
(2018) nonlinear site amplification term, fy, is adopted to
model nonlinear soil amplification. In Hashash et al. (2018),
the site response analysis software DEEPSOIL version 6.1
(V6.1) (Hashash et al., 2016) is used to perform a large num-
ber of 1D site response simulations (30, 000+) of input rock
motions propagated through soil columns representative of
WUS site conditions. The Hashash et al. (2018) nonlinear
analyses are conducted in the time domain using the implicit
integration of the equation of motion. The soil properties in
these simulations represent a range of geologic conditions in
the western United States modeled as 1D profiles, with spe-
cific V profiles and properties from Kim ef al. (2016), and
seed V, profiles for randomization from Walling et al.
(2008). Hashash et al. (2018) produced linear and nonlinear
analytical site amplification models for the PSA and FAS;
only the nonlinear FAS model is adopted here.

Equations (10c) and (10d) are the nonlinear FAS ampli-
fication components of the Hashash et al. (2018) model
developed for the WUS. In these equations, f3, f4, and f
are frequency-dependent coefficients; I is the peak ground
acceleration (PGA, in units g) at rock outcrop; and
Vet = 760 m/s is the limiting V g3, condition beyond which
there is no nonlinear amplification (Hashash et al., 2018). In
this model, almost no nonlinearity is applied at frequencies
below 1.0 Hz and the modification approaches zero for small
values of the input motion ({/) and as V g3 approaches V .

To ensure smooth spectra in the GMM, a smoothed
version of the Hashash et al. (2018) nonlinear site amplifi-
cation model is implemented. The smoothing of coefficients
f3» fa, and f5 is performed in log—frequency space. The
maximum frequency of the Hashash er al. (2018) model
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is 13.3 Hz, and the coefficients of the model reduce the non-
linear effect to zero for frequencies greater than this value
simply because of the lack of FAS values at higher frequen-
cies. Physically, this is not realistic behavior. To include non-
linear effects at the higher frequencies, the Hashash er al.
(2018) model is modified by taking the following procedure
for a given scenario (M, Ry, V30, €tc): calculate fy;. over
all frequencies (0.1-100 Hz), take the minimum value of fy,
over these frequencies (fnp min),» and constrain all frequen-
cies higher than the frequency corresponding to f\p min tO
take the value of fnp min- That is, the maximum nonlinear
effect for a given scenario is assumed to apply to the high
frequencies. An example of this procedure is illustrated in
figure 3.2 of Bayless and Abrahamson (2018b).

The Hashash et al. (2018) nonlinear site amplification
model requires the PGA on rock. Because the model
described here is for the EAS, an estimate of the PGA (in
units g) for the reference site condition is developed as a
function of the EAS for the reference site condition at
f =5 Hz (in units g - s), given by equation (10e). The EAS
at f = 5 Hz is used to estimate PGA because this is approx-
imately the predominant frequency of the ground motions
(response spectra generally peak at 7 = 0.2 s) and should
correlate strongly with the PGA. To develop the
Ir — EAS,¢(f = 5 Hz) relationship, a subset of the ground
motions from the f = 24 Hz regression having as-recorded
Iz > 0.01g are corrected to the reference site condition using
the Abrahamson et al. (2014) linear site amplification model,
and the EAS is corrected to the reference Vg3, condition
using the linear site amplification model from this study.
From this database, the relationship given by equation (10e)
is developed (Bayless and Abrahamson, 2018b; their
fig. 3.3). The slope of equation (10e) is not strongly depen-
dent on the different M and distance ranges evaluated.

Depth to Top of Rupture Scaling f .,

To model differences in the ground motions for surface
and buried ruptures, the depth-to-top-of-rupture scaling
model takes the form

fzior = co min(Zyr, 20), (11)
in which ¢y is the frequency dependent and Z,,, is the depth
to the top of rupture, measured in kilometers. The Z,,, scaling

is capped at 20 km, selected based on the data used to
develop the model, to prevent unbounded scaling with Z,,.

Normal Style-of-Faulting Effects fyu

To model the differences in ground motions for normal
style of faulting, the normal-faulting term is

(12)

Sam = croFams

in which Fyy, is 1 for normal faults and O for all others and
1o is determined in the regression. A normal fault is defined

Downloaded from https://pubs.geoscienceworld.org/ssa/bssalarticle-pdf/109/5/2088/4870425/bssa-2019077.1.pdf

bv iavi4dbav

2093

by rake angle between —150° and —30°. A style-of-faulting
term for reverse events was considered (in which a reverse
event is defined by rake angle between 30° and 150°) but not
included because this term was highly correlated with Z,,.
Therefore, the reverse style-of-faulting scaling is captured in
the fz,r scaling.

Soil Depth Scaling f

To model the scaling with respect to sediment thickness,
the Abrahamson et al. (2014) formulation is adopted, which
is parameterized by the depth to the shear-wave velocity hori-
zon of 1.0 km/s, Z; (units of kilometers). This model takes
the form

min(Z;,2.0) + 0.01
=c1 , 13
fz1=rcn n( Zimer + 001 ) (13a)
Clig for V530 <200 m/S
<
¢y = Cl1p for 200 < VS30 < 300 m/S (13b)

Clic for 300 < Vs30 <500 m/S ’
Clld for V530 > 500 m/S

1 —=7.67. ( Vi, +610*
ZiRet = In{ 330 , (13
IRef 1oooeXp( 4 n(13604+6104)) (13¢)

in which Zr.s is the reference Z; based on Vg3, for the
regional model for California (Abrahamson et al., 2014; their
equation 18). Equation (13c) was developed by Chiou and
Youngs (2014) to account for the V¢33 — Z; relationships
in the data. Abrahamson et al. (2014) showed that the Z,
scaling is correlated with the Vg, values, and they used
the Vg3 bins in Equation (13b) to model this dependence.
The soil-depth scaling of the proposed model (equation 13a)
is capped to Z; = 2 km based on the range of the data used
in the model and to avoid unconstrained extrapolation. The
value Z;, = 2 km was selected because 99% of the record-
ings used in the regression have Z; values <2 km.

Regression Analysis

The random-effects model is used for the regression
analysis following the procedure described by Abrahamson
and Youngs (1992). This procedure leads to the separation of
total residuals into between-event residuals (6B) and within-
event residuals (6W) following the notation of Al Atik et al.
(2010). For large number of recordings per earthquake, the
between-event residual is approximately the average differ-
ence in logarithmic space between the observed intensity
measure (IM) from a specific earthquake and the IM pre-
dicted by the GMM. The within-event residual (6W) is
the difference between the IM at a specific site for a given
earthquake and the median IM predicted by the GMM plus
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Table 2

Regression Steps

Step Data Used

Parameters Free in the Regression

Parameters Smoothed after the Regression

la. M>4, R, <100 km, all regions €1, €2, €3, Cyy Cprs Ca» €75 €35 €9, Cl0, €11 Ca, €4 (M, path)
Ib  Same as la C1,€3,Cp, Cpp,5 €7, C3, Co, Clo, €1t 3, ¢y (M)
Ic  Same as la C1.Cs5,Co» Chm» €7, €85 C9, €105 C1 ) Cs, Cs, Cpy (path)
Id  Same as la €1, €7, €3, €y, C10, C1y cg (Zior)

le Same as la Cy,€7,Cg,C10,C11 cro (Fm)

2 M > 4, R, <100 km from California/western Nevada ¢y, ¢z, ¢g, ¢q3 cg (Vg3g)

3a M > 3, Ryp < 300 km from California/western Nevada ¢y, ¢7, ¢y ¢y (Zy)

3b  Same as 3a 1,67 ¢7 (Q)

3¢ Same as 3a cy €

O6B. By accounting for repeatable site effects, 6W can further
be partitioned into a site-to-site residual (652S) and the
single-station within-event residual (6WS, also called the
within-site residual) using a mixed-effects regression on
the 6W with random effects for the site-to-site terms (e.g.,
Villani and Abrahamson, 2015). Using this notation, the
residuals take the following form:

Y = g(Xes, 0) + 6B, + 5525, + WS,  (14)

Oiotat = ¥ — 8(Xes, 0) = 6B, + 5528 + WS, (15)
in which Y is the natural log of the recorded ground-motion
M, g(X,0) is the median GMM, X, is the vector of
explanatory seismological parameters (magnitude, distance,
site conditions, etc.), € is the vector of GMM coefficients,
and &,y is the total residual for earthquake e and site s.

The residual components 6B, 8525, and 6WS are well
represented as zero mean, independent, normally distributed
random variables with standard deviations 7, ¢s»g, and ¢y,
respectively (Al Atik et al, 2010). The total standard
deviation o is expressed as

o = VTZ + ¢§2S + ¢%Y

The regression is performed in a series of steps to prevent
trade-off of correlated model coefficients and to constrain
different components of the model using the data relevant to
each piece. These steps are given in Table 2 along with the
data used and parameters determined from each step. In step
la, a data set consisting of larger magnitudes and shorter dis-
tances from all regions is used to constrain the magnitude
scaling in the large magnitude range and the near-source
finite-fault saturation. In steps 1b—d, the same data set is
used, and the remaining source effects are determined. In
step 2, the regionalized linear site amplification parameters
are determined using the data from California and western
Nevada at distances within 100 km. In steps 3a—c, data from
California and western Nevada are included out to 300 km
distance. In these regression steps, the regional soil depth

(16)
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scaling, anelastic attenuation, and mean spectral shape coef-
ficients are determined. For all steps, the regression is per-
formed independently at each of 239 log-spaced frequencies
spanning 0.1-24 Hz.

Smoothing

The model coefficients are smoothed in a series of steps
as outlined in Table 2. Smoothing of the coefficients is
performed to assure smooth spectra and, in some cases, to
constrain the model to a more physical behavior in which
the data are sparse (Abrahamson et al., 2014). Tables of
the values of the final smoothed coefficients are available
in the (E) supplemental content to this article.

Figure 3 shows the regressed model coefficients plotted
versus frequency before and after smoothing. The smoothed
coefficients ¢, and c4 are frequency independent and are
determined from regressions in the high-frequency range.
The coefficients c3, c,,, and c;; require only minor smoothing
to assure smooth spectra in the final model, including
extrapolation outside the ranges well constrained by data.
The smoothing of c; (the anelastic attenuation term) is con-
strained to be nonpositive at all frequencies so that the model
does not unintentionally increase in amplitude at very large
distances. Minimal smoothing is required for the coefficient
cg (the linear Vg3 term). The coefficient cq (the Z,,. term)
takes on negative values at low frequencies, implying small
deamplification of low-frequency ground motions with
increasing Z,,.. The data lead to a large drop in c; (the nor-
mal-faulting term) at low frequencies, but this is not included
in the model because the theoretical basis is not clear; instead
a frequency-independent constant is used (uniform scaling
across frequencies) for normal style-of-faulting earthquakes.
The c;; terms are smoothed as shown in Figure 3, in which
the uncertainty is largest for c;;,, which corresponds to the
lowest Vg3, bin with relatively fewer data.

The c; coefficient works collectively with the c3 term to
represent the mean spectral shape after correcting for all
other adjustments. In the regression, unexpected behavior
of ¢, at low frequencies is observed. At frequencies below
~0.3 Hz, the regressed coefficient values are equal to or
larger than the 0.3 Hz value. If unmodified and combined
with the c; term, this would lead to an irregular spectral
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Figure 3. Smoothing of the model coefficients. The color version of this figure is available only in the electronic edition.

bump at f < 0.3 Hz. Following Aki (1967), the mean spec-
trum should be approximately linear with a two-slope in this
frequency range. Therefore, the c; coefficient is modified at
low frequencies by constraining the slope from f = 1.0 Hz
down to 0.1 Hz. The difference between the regressed values
of ¢; and the constrained values of ¢; is denoted c;,. By
introducing the ¢, term, the model predicts smooth, theo-
retically appropriate spectra at low frequencies. This also
allows for residuals that are zero centered, which is required
for computing the correlations of the residuals between
frequencies. To account for this modification, the ¢, term
must be added to the total standard deviation using
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equation (18). The standard deviation model is discussed fur-
ther subsequently.

This unexpected behavior of ¢; may be due to bias in the
data. At low frequencies, the signal-to-noise ratio is com-
monly low (Douglas and Boore, 2011). This contributes to
the drop off in data at low frequencies shown in Figure 1. In
addition, at low frequencies, the large epsilon (above aver-
age) ground motions are more likely to be above the signal-
to-noise ratio and therefore to be included in the database.
Similarly, the below-average ground motions are more likely
to be below this ratio and be excluded. The net effect may be
that for the FAS at low frequencies, the database is biased
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toward higher ground motions. Chiou and Youngs (2008)
also noted similar irregular steps in their c; at spectral peri-
ods with large reductions in the number of usable data and
suggested that these coefficient estimates may be biased
toward larger ground-motion amplitude data.

Other physical explanations of the cause of the increase
in coefficient c; are not apparent. To check that long-period
basin effects are not the cause, the mean spectra are exam-
ined in the same way but only including records with
Z, < 0.15 km, and the same behavior is observed. To further
test if basin effects are not adequately captured by the model,
c; is fixed to the constrained shape, and the spatial distribu-
tion of the residuals is plotted on maps. These maps of resid-
uals did not have consistent regional or spatial trends,
implying that basin effects are not the culprit. Understanding
the physical cause of the long-period shape of the spectrum
will be evaluated further in a future study.

Extrapolation to 100 Hz

Model coefficients are obtained by regression for
frequencies up to 24 Hz. At high frequencies, the FAS decays
rapidly (Hanks, 1982; Anderson and Hough, 1984).
Anderson and Hough (1984) introduced the spectral decay
factor kappa (x) to model the rate of the decrease, in which
the amplitude of the log(FAS) decays linearly versus fre-
quency (linear spaced), and « is related to the slope. The total
site amplification is the combined effect of crustal amplifi-
cation and damping (x and Q), but the effect of « is so strong
that it controls the spectral decay of the FAS at high frequen-
cies and is the only parameter specified in the extrapolation.
The model is extrapolated using the following equations:

D(k, f) = exp(=zkf), (17a)

In(x) = —0.4 x m(%) - 3.5, (17b)

EAS(f > 24 Hz) =EAS(f =24 Hz) x D(x, f —24), (17¢)

in which D(x, f) is the Anderson and Hough (1984) dimin-
ution operator and 24 Hz is the frequency beyond which the
extrapolation occurs. The parameter « is estimated from Vg3,
using the relationship given by equation (17b). This relation-
ship is selected based on the range of ky — V30 correlation
models presented in figure 2 of Ktenidou et al. (2014). The
scatter observed in these correlations is large, as described by
Ktenidou et al. (2014).

Residuals

The model is evaluated by checking the residuals from
the regression analysis as functions of the main model
parameters. Example residual plots are included here; a
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larger set of residual plots are available in Bayless and
Abrahamson (2018b; their appendix A).

Between-Event and Between-Site Residuals

The dependence on the source parameters of the
between-event residuals at f = 5.0 Hz is given in Figure 4.
In this figure, the diamond-shaped markers represent events
from California and western Nevada, and circles represent
events from all other regions; at distances under 100 km,
recordings from crustal earthquakes worldwide are retained
to constrain the magnitude scaling and geometric spreading.
There is not a strong magnitude dependence of 6B. For Z,,
there is no trend in the residuals at high frequencies, in which
the model increases the ground motion with increasing Z,,.
There is a potential difference in Z,,, scaling between regions
at low to moderate frequencies, an effect that should be
evaluated further in the future. The reverse style-of-faulting
scaling is captured in the Z,, scaling. This is confirmed by
checking that the mean of event terms for reverse style-of-
faulting earthquakes does not statistically differ from zero.
For Fyy, there is also no strong bias in the residuals at high
frequencies, but at the lower frequencies, potential regional
differences exist. The normal faulting term is constrained by
sparse data (10 events at 0.2 Hz, including six from Italy), so
this term is not refined further. The dependence of the
between-site residuals on Vg3 is also evaluated. Overall,
there is no apparent trend in 6525 versus Vg3, or Z;.

Within-Site Residuals

The dependence on the model parameters of the within-
site residuals at f = 5.0 Hz is given in Figure 5. The filled
circles are individual residuals, and the filled diamonds with
whiskers represent the mean and 95% confidence interval of
the mean for binned ranges of the model parameter. Overall,
there is no trend observed in 6W.S versus moment magnitude.
The linear site response model is evaluated through the Vg3
and Z; dependence of the residuals. Overall, no strong trends
are observed against V g3, except for the highest Vg3, values
at low frequencies, in which the residuals are slightly posi-
tive, indicating model underprediction. The data are very
sparse in this range (six records with Vg3 > 1500 m/s and
106 records with V¢35 > 1200 m/s). No strong Z; depend-
encies on the within-site residuals are observed.

The distance scaling of the model is evaluated using the
distance dependence of SWS as shown in Figure 5
(f = 5.0 Hz). In addition, the distance dependence is
evaluated using magnitude binned residuals, for example,
Figure 6, in which the magnitude bin ranges are given in the
figure legend. In the distance range of about 5-100 km, there
are no strong trends or biases of the residuals. At low frequen-
cies, for distances beyond 100 km, and in the M 5.5-6.5 bin,
the WS residuals are biased positive. This is likely due to the
relatively limited data within this bin. We believe that the
model scaling is appropriate even though these particular
residuals are not zero centered. Thus, neither the magnitude
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lines) are compared with spectra from the
additive double-corner-frequency source
spectral model (dashed lines) described by
Boore et al. (2014). The double-corner-fre-
quency spectra are computed using typical

parameters for the WUS given by Boore
(2003), including shear-wave velocity =

3.5 km/s, density = 2.72 g/cm?, stress-
drop parameter Ao = 50 bars for M > 5,
xk = 0.027 s, the Boore and Thompson

(2015) finite-fault distance adjustment, the
Boore and Thompson (2014) path duration
for western North America, and the Boore

(2016) crustal amplification model. We

assume a magnitude dependence to the
stress drop for M < 5. In Figure 7, we use
Ao = 25 bars for M4 and Ac = 13 bars

for M3. The point-source spectral models
are calculated using the software package
SMSIM (Boore, 2005). The BA18 median

model spectra are computed for a strike-

slip scenario at Ry, =30 km, with
Zior = 0 km, and with the reference Vg3,
and Z; conditions (Vg3y = 1000 m/s and
Z; = 0.0089 km).

Figure 7 shows overall good agree-
ment between the median model and the

Figure 4.
(b) between-site residuals (652S;) versus V39, f = 5 Hz. The color version of this fig-
ure is available only in the electronic edition.

nor distance scaling is adjusted to center these residuals. At
distances shorter than 1 km and for frequencies greater than
~2 Hz, there is a small systematic negative bias in the resid-
uals (e.g., Fig. 5 indicating model overprediction). This means
the near-fault saturation in this model is not as strong as
implied by the data. The oversaturation of distance scaling
(a peak in the distance scaling at distances larger than zero)
is intentionally avoided in this model. Others, such as Graizer
(2018), chose to incorporate oversaturation (with a peak in the
distance scaling at about 5 km) into their GMMs. Because the
available ground-motion data are sparse at such close distan-
ces, this model is compared with the saturation from finite-
fault earthquake simulations to model the distance scaling
(see the Model Summary section for more details). Based
on these results and on the sparsity of the data, the small bias
in the short-distance residuals is accepted.

Model Summary
Median Model

In this section, the median BA 18 model behavior is sum-
marized. In Figure 7, the median EAS from this model (solid
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(a) Between-event residuals (6B,) versus M, Z.,, and Fyy and

additive double-corner-frequency source
spectral model with typical WUS parame-
ters, including a well-defined decrease in
corner frequency with increasing M.
The theoretical corner frequency is related
to the seismic moment by the equation: £, = 4.906 x 10° x
P, x (Ao x My)'/? in which g, is the shear-wave velocity in
the vicinity of the site in kilometers per second and Ao is the
stress-drop parameter in bars (Boore et al., 2014). The corner
frequency is shown in Figure 7 (for g, = 3.5 km/s and
Ao = 50 bars) with dashed vertical lines to help illustrate
this relationship. At frequencies well below the corner fre-
quency and for the far-field condition in which finite-fault
effects are negligible, the spectra should be directly propor-
tional to seismic moment (M), and because
M, = 10'"M-1695 the spectra in this range should scale by
10" ~ 31.6 for one magnitude unit. This approximate scal-
ing at low frequencies is evident in Figure 7. An additional
test for the low-frequency scaling M is in the Chiou and
Youngs (2008) magnitude-scaling coefficient c3, for which
the theoretical value is In(10'%) ~3.45. At the lowest
frequencies, coefficient ¢ approximates this value (Fig. 2),
so the EAS data are consistent with the theoretical value.
At frequencies between 10 and 30 Hz, there is a dip in
the BA18 model spectra compared with the point-source
spectra shown in Figure 7. This may be related to the region-
specific attenuation parameters (geometric spreading and Q),
in which the point source spectra use generalized models for
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earlier. Because of this, the PSA scaling
at 20 and 5 Hz is similar, but because
the EAS at 20 Hz is directly representative
of the ground motions in that frequency
range, the EAS distance scaling is much

. stronger for 20 Hz than for 5 Hz.
The M scaling of the median EAS is

shown in Figure 10 for a strike-slip surface
rupturing scenario with reference V g3 and
Z, conditions, for f = 0.2 and 5 Hz. The
BA18 M scaling is guided by broadband
finite-fault simulations. The simulations

3 4 5 M 6 7 8
T T T T
2_
8
wv
20 e
2k
107!

were performed on the Southern
California Earthquake Center (SCEC)
Broadband Platform (Maechling et al.,

2015) v. 17.3 using simulation methods
Graves and Pitarka (2015; hereafter, GP)
and Atkinson and Assatourians (2014,
also known as EXSIM). Both simulation
methods were used to obtain broadband
time histories for vertical strike-slip sce-

narios with M ranging from 6.5 to 8 and

with stations arranged on constant R,
bands. At each station, the EAS is calcu-
lated from the simulated acceleration time
series for a range of frequencies, and the
mean and standard deviation is calculated
[l | over all stations on each R, band. The

-3 -2 -1
10 10 21 (km) 10

Figure S.

these attenuation parameters. The k-based extrapolation in
the BA18 model spectra begins at 24 Hz.

In Figure 8, the median EAS spectra from this model are
shown for a set of scenarios. Figure 8a shows the spectra for a
vertical strike-slip scenario with Vg0 = 1000 m/s at
Ry, = 100 km. Figure 8b shows the spectra for the same sce-
nario but with Vg3 = 500 m/s at R, = 0 km. In Figure 9,
the distance scaling of the median model is shown for
f =0.2,5, and 20 Hz. The distance scaling is compared with
the Chiou and Youngs (2014) model for PSA (dashed lines)
by scaling the PSA values to the R, = 0.1 km EAS values.
At 0.2 Hz, where the Q term coefficient (c;) is very small,
the distance scaling is controlled by the geometric spreading
terms, which includes a transition to R%3 scaling to model
surface-wave geometric spreading at larger distances. At
increasing frequencies, the effect of the Q term becomes more
pronounced. In Figure 9c, the distance scaling is shown to
deviate significantly from the Chiou and Youngs (2014)
model, which has a magnitude dependence on Q. This differ-
ence can be explained by the differences between the EAS and
PSA. At high frequencies, the PSA is strongly influenced by
the predominant ground-motion frequency, as discussed

Within-site residuals (W S,,) versus M, Ry, V539, and Z; for f =5 Hz.
The color version of this figure is available only in the electronic edition.

10° results of these simulations, plotted as
mean EAS versus M for a given frequency
and rupture distance, are used to evaluate
the near-source saturation of the M scaling
and to compare with the scaling implied
by the data. Examples of these results are given in
Bayless and Abrahamson (2018b; their figures 6.5-6.7).
At very close distances, there is smaller high-frequency M
scaling rate in EXSIM than in GP. Interestingly, this relation-
ship is inverted at low frequencies. There is stronger M scal-
ing rate in BA18 than there is in Chiou and Youngs (2014)
(for PSA) at all frequencies. Based on these comparisons, we
determine the EAS M scaling rate in this model is consistent
with that from the simulations. The EAS should have some
M scaling at zero distance even though the PSA is nearly
fully saturated at high frequencies because the PSA is
defined as the peak response of the oscillator over all time,
meaning it is not affected by increased duration of the small
amplitude part of the signal. Conversely, the EAS will con-
tinue to scale for large magnitudes at short distance because
of the longer source durations.

Bayless and Abrahamson (2018b; their fig. 6.8) summa-
rizes the linear portion of the site response scaling of BA18
with a set of example scenarios. Figure 11 illustrates the
behavior of the nonlinear portion of the site response scaling.
Figure 11a shows the scaling of the modified Hashash et al.
(2018) nonlinear site term with M, for a scenario with R, =
30 km and Vg3 = 300 m/s. Similarly, Figure 11b shows
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- Chiou and Youngs, 2014). This is believed
to be the effect of x, which is related to
regional crustal damping, being mapped
. into the between-event terms. For a given

2 em<3s5 ]
© ; =. .‘
gw 0 ® .} 8
= - ®
-2r O
1 L L N | (S S L L L L |
107! 10° 10t 102

earthquake, recordings in close proximity

™ T — T T — T T

o[Cess<meas]

WS
o

1 | L PR |

to the source will have similar x, and the
high frequencies of these recordings may
be systematically above or below average.
If there is a regional difference in kappa,
then the regression treats this as an

107! 10° 10t 102

103 event-specific variation, which artificially

T T T
2| ©4.5<M<5.5

increases 7. Stafford (2017) also observed
an increase in the variance components
of the FAS with increasing frequency and
hypothesized that the increase of ¢gg
reflects variations in « across different sites.

”103 The magnitude dependence of each

] aleatory term is modeled by equa-
tions (19a)—(19c). At low frequencies,
the small-magnitude data have higher
] between-event standard deviation. This

is also consistent with the Abrahamson
et al. (2014) response spectrum model
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8 and could be related to the steeper magni-
tude scaling slope at low magnitudes and
the uncertainty in small-magnitude source
measurements (Abrahamson et al., 2014).
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Figure 6. Within-site residuals (SWS,) versus Ryyp» binned by M for f = 5 Hz. The
color version of this figure is available only in the electronic edition.

the scaling of the modified Hashash et al. (2018) nonlinear
site term with R, for a scenario with M 7 and
Vs30 = 300 m/S.

Standard Deviation Model

Prediction of the EAS (equation 6) requires a model for
the aleatory variability. The random-effects method used
leads to the separation of total residuals into between-event
residuals (0B) site-to-site residuals (652S) and single-station
within-event residuals (§WS), which have variance compo-
nents 72, ¢k, and ¢, respectively. The total standard
deviation model (natural logarithm units) is given by

0 = \/TZ+¢§2s+¢§s+C%a» (18)

in which ¢y, is the difference between the regressed values of
¢, and the constrained values of ¢y, as described previously.

Figure 12 shows the standard deviations for each compo-
nent of equation (18), as calculated directly from the regres-
sion analysis (all magnitudes). The increase observed in 7 at
frequencies greater than ~3 Hz is consistent with the behavior
of response spectrum models (e.g., Abrahamson et al., 2014;
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103 The standard deviations of the two within-
event residuals do not have strong magni-
tude dependence at low frequencies. At
higher frequencies, = does not show strong
magnitude dependence, but ¢g,g and @,
are larger for the small-magnitude data, which is again con-
sistent with the Abrahamson et al. (2014) and Chiou and
Youngs (2014) within-event variances. Higher within-event
variability for small magnitudes may be related to the
stronger effect of the high-frequency radiation pattern, which
is reduced for larger magnitude events because of destructive
interference from waves generated by different parts of the
finite rupture (Abrahamson et al., 2014).

S for M < 4.0
r:{sl—i—%(M—@ for40<M<6.0, (19a)
55 for M > 6.0
53 for M < 4.0
Psos = {S3 + 352 (M—-4) for40<M<6.0, (19b)
S4 for M > 5.5
S5 for M < 4.0
by = {s5 + 355 M—-4) ford0<M<6.0. (19¢)
S6 for M > 6.0

At frequencies above ~20 Hz, the model is constrained to
smoothly transition to be flat in frequency space for all
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Figure 7. Median model spectra (solid lines) for a strike-slip
scenario at Ry, = 30 km, with Z,, = 0 km, and with the reference
V30 and Z; conditions compared with the additive double-corner
frequency source spectral model with typical western United States
(WUS) parameters (dashed lines). To help visualize the decrease in
corner frequency with increasing M, the theoretical corner fre-
quency (f. = 4.906 x 10° x g, x (Ao x My)'/?) for each magni-
tude is indicated by the vertical dashed lines. The color version
of this figure is available only in the electronic edition.

components of ¢. The frequency-dependent coefficients
51—S¢ are given in the (E) supplemental content to this article.
The total standard deviation model for M 3, 5, and 7 is shown
in Figure 13. In Figure 14, the components of the standard
deviation model are compared with those from Bora et al.
(2019) and Stafford (2017). The strong differences observed
between the three models can be attributed, in part, to the
different datasets used by each group and to how the FAS
GMM was developed. The Bora et al. (2019) model was
developed using individual horizontal FAS components with
high smoothing (Konno and Ohmachi, 1998 smoothing
parameter equal to b = 40, equivalent to b,, = 0.157) from
a subset of the NGA-West2 data including multiple regions.
The Stafford (2017) median FAS model was developed for
unsmoothed FAS from a subset of the NGA-West1 database
(Chiou et al., 2008) using two methods: frequency-by-fre-
quency regression and adapting a smooth point-source model
to the data. The Stafford (2017) FAS standard deviation
model makes use of the results using both methods.

The standard deviation model developed here is linear,
meaning it does not account for the effects of nonlinear site
response. As discussed by Al Atik and Abrahamson (2010)
and Abrahamson ef al. (2014), the nonlinear effects on the
standard deviation are influenced by the variability of the rock
motion, leading to a reduction in the soil motion variability at
high frequencies. In Abrahamson et al. (2014), the standard
deviation of the rock motion is estimated by removing the site
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(@) V3o = 1000 m/s and Ry, = 100 km and (b) V530 = 500 m/s
and Ry, = 0 km. The color version of this figure is available only
in the electronic edition.

amplification variability (determined analytically) from the
surface motion, and the variability of the soil motion is com-
puted using propagation of errors. In a future update of the
model, similar steps will be taken to account for the effects
of nonlinear site response on the standard deviation.

Range of Applicability

The model is applicable for shallow crustal earthquakes
in California. The model is developed using a database
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dominated by California earthquakes but uses data world-
wide to constrain the magnitude scaling and geometric
spreading. The model is applicable for rupture distances of
0-300 km, M 3.0-8.0, and over the frequency range 0.1—
100 Hz. The Vg3, range of applicability is 180-1500 m/s,
although the model is not well constrained for Vg3, values
>1000 m/s. Models for the median and the aleatory variabil-
ity of the EAS are developed. Regional models for Japan and
Taiwan will be developed in a future update of the model. A

model for the interfrequency correlation of egug is presented
in Bayless and Abrahamson (2018c).

Limitations and Future Considerations

The model presented uses the ergodic assumption, as
introduced by Anderson and Brune (1999). This means that
the variability in the data from a broad geographic region (in
this case, globally for the magnitude scaling and geometric
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spreading, and over California and western Nevada for the
remaining parameters) are assumed to represent the variabil-
ity of the ground motions over time for a given site in the
target region. With this approach, the model is expected to
be appropriate for general use in California but will be biased
for a particular site. In an ergodic model, systematic site,
path, and source effects are the dominant parts of the aleatory
variability, making fully or partially nonergodic models
attractive (Abrahamson, 2017). Developing a partially non-
ergodic model requires repeated observations of source, path,
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or site effects. For example, in this model, with multiple
recordings at a site, the median site-specific amplification for
the site is separated from the within-event residual. The cost
of removing this systematic site term from the within-event
aleatory variability leads to epistemic uncertainty in the site-
specific site term (Walling, 2009). To develop a fully non-
ergodic model, all of the components of the total ground-
motion variability that are caused by systematic effects for a
given source and site must be removed (Abrahamson and
Hollenback, 2012).
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Incorporating regional differences into a GMM is a first
step toward a partially nonergodic assumption (Kuehn and
Scherbaum, 2016). To account for the known differences
in regional crustal structure, regionalized models for Japan
and Taiwan can be developed in a future model update.
This will involve regionalizing the linear Vg3 scaling (cg),
soil depth scaling (cy), anelastic attenuation (c;), and spec-
tral shape (c;) coefficients.

At frequencies >24 Hz, this model uses a k-based
extrapolation. This approach required selecting a x — Vg3,
relationship from the literature. Future improvements to
the model may include explicit data regression at higher
frequencies, developing a region-specific k — Vg3, relation-
ship, or calculating one directly from the database used.

The effects of rupture directivity, hanging-wall scaling,
and aftershock scaling are not explicitly included in the
model. Therefore, these effects are accounted for in the total
aleatory variability. The hanging-wall effect, characterized
by increased ground-motion amplitudes on the hanging-wall
side of dipping ruptures, is not well constrained by the data.
For NGA-West2, Donahue and Abrahamson (2013) investi-
gated these effects for response spectra using finite-fault
simulations, and the results were incorporated in the
Abrahamson et al. (2014) model. In a future update, a similar
study for hanging-wall effects on the EAS could be incorpo-
rated into this model. The effects of rupture directivity on the
EAS are also a potential future research topic. Finally, the
effects of nonlinear site response on the standard deviation
are not accounted for in this model, which can be addressed
in a future update.

Data and Resources

The ground-motion data were provided by the Pacific
Earthquake Engineering Research Center (PEER) Next
Generation  Attenuation-West2  (NGA-West2) project
(Ancheta et al., 2014). Regression analyses and graphics pro-
duction were performed using the numeric computing envi-
ronment MATLAB (www.mathworks.com, last accessed

Downloaded from https://pubs.geoscienceworld.org/ssa/bssalarticle-pdf/109/5/2088/4870425/bssa-2019077.1.pdf

bv iavi4dbav

2103

@,

o, In units

0.4} — w3l
= =M5
..... M7
0.2 ' '
107t 10° 10! 102

Frequency (Hz)

10° : '
Rrup=30km — M3
Vg = 1000 /s —_— M5
102 ¢ —M7 |
101 4...............,_..
“w 0
-~ 10
€
S
p2 R |
5 10
1072
1073
1074 ! ; AW
107! 10° 10! 10°
Frequency (Hz)
Figure 13.  (a) Total standard deviation model for M 3, 5, and 7.

(b) Median (solid lines) and median plus and minus one ¢ (dashed
lines) EAS spectra for M 3, 5, and 7 scenarios. The color version of
this figure is available only in the electronic edition.

March 2019). The finite-fault simulations were calculated
on the Southern California Earthquake Center (SCEC)
Broadband Platform (Maechling et al., 2015). The point-
source spectra were calculated using the SMSIM software
provided by Dave Boore (www.daveboore.com, last
accessed March 2019). The (B supplemental content to this
article contains a zip file with a MATLAB program that
implements the BA18 ground-motion model and a spread-
sheet listing the model coefficients. The MATLAB function
includes all model coefficients required to predict the median
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effective amplitude spectrum and associated standard devia-
tions over the frequency range 0.1-100 Hz.
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