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Abstract Ground-motion simulations can be viable alternatives to empirical rela-
tions for seismic hazard analysis when data are sparse. Interfrequency correlation is
revealed in recorded seismic data, which has implications for seismic risk (Bayless
and Abrahamson, 2018a). However, in many cases, simulated ground-motion time
series, in particular those originating from stochastic methods, lack interfrequency
correlation. Here, we develop a postprocessing method to rectify simulation tech-
niques that otherwise produce synthetic time histories deficient in an interfrequency
correlation structure. An empirical correlation matrix is used in our approach to gen-
erate correlated random variables that are multiplied in the frequency domain with the
Fourier amplitudes of the synthetic ground-motion time series. The method is tested
using the San Diego State University broadband ground-motion generation module,
which is a broadband ground-motion generator that combines deterministic low-fre-
quency and stochastic high-frequency signals, validated for the median of the spectral
acceleration. Using our method, the results for seven western U.S. earthquakes with
magnitude between 5.0 and 7.2 show that empirical interfrequency correlations are
well simulated for a large number of realizations without biasing the fit of the median
of the spectral accelerations to data. The best fit of the interfrequency correlation
to data is obtained assuming that the horizontal components are correlated with a

®

correlation coefficient of about 0.7.

Supplemental Material

Introduction

Numerical simulations can provide critical information
for seismic hazard analysis at near-fault distances and for
large-magnitude earthquakes where strong-motion records
are sparse. Recent advances in simulation methods due to
improved source characterization, accuracy of wave propa-
gation methods, and available computational resources have
increased potential benefits for seismic hazard assessment.
Ground motions generated by many broadband simulation
methods (e.g., Atkinson and Assatourians, 2015; Crempien
and Archuleta, 2015; Graves and Pitarka, 2015; Olsen and
Takedatsu, 2015) have been used as input for engineering
applications. However, although these methods have been
tuned to produce median spectral acceleration in good agree-
ment with that from strong-motion data, less attention has
been paid to their correlation behavior compared with empir-
ical data (Bayless and Abrahamson, 2018a).

Seismic ground motions recorded from earthquakes
reveal both interfrequency and spatial correlation. A number
of studies have been done over the past decades for the
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spatial correlation of response spectra (e.g., Wesson and
Perkins, 2001; Boore et al., 2003; Kawakami and Mogi,
2003; Wang and Takada, 2005; Goda and Hong, 2008;
Jayaram and Baker, 2009; Esposito and Iervolino, 2011;
Sokolov et al., 2012; Loth and Baker, 2013; Sokolov
and Wenzel, 2013; Markhvida et al., 2018; Heresi and
Miranda, 2019) and interfrequency correlations of response
spectra (e.g., Baker and Cornell, 2006; Baker and Jayaram,
2008; Goda and Atkinson, 2009; Cimellaro, 2013;
Abrahamson et al., 2014; Akkar et al., 2014; Azarbakht et al.,
2014; Baker and Bradley, 2017), as well as some recent stud-
ies for interfrequency correlations of Fourier spectra (e.g.,
Wharf, 2016; Stafford, 2017; Bayless and Abrahamson,
2019). In addition, many studies (e.g., Burks and Baker,
2014; Weatherill et al., 2015; Stafford, 2017; Bayless and
Abrahamson, 2018a) have demonstrated how seismic hazard
assessment from simulations without such correlation can
lead to underprediction of the seismic risk.

Stafford (2017) and Bayless and Abrahamson (2018a)
both proposed techniques to incorporate interfrequency
correlations into the Boore (2003) simulation method. The
Boore (2003) method generates a windowed Gaussian noise,
transformed into the frequency domain and shaped by the
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deterministic Fourier amplitude spectrum (FAS) for a sce-
nario. Stafford (2017) used a model that is developed using
two as-recorded horizontal components of unsmoothed FAS.
Bayless and Abrahamson (2018a) used an interfrequency
model that is developed using a smoothed and orientation-
independent FAS called effective amplitude spectrum (EAS,
as described in the following sections). We choose to apply
the model developed using the EAS, applied to each of the
two horizontal components, because our simulations are per-
formed separately for each component. In contrast to the two
recent studies mentioned earlier, we optimize the results for
the interfrequency correlation based on assumptions about
the correlation of the two horizontal orthogonal components.
Specifically, we find that incorporating two correlated FAS
components can lead to a more accurate correlation structure
in EAS, as described in the following sections.

The goal of this study is to develop a new approach
for including interfrequency correlation in stochastic ground-
motion simulations, and to demonstrate and validate the
approach on an established and validated ground-motion sim-
ulation tool. We have selected the San Diego State University
(SDSU) broadband ground-motion generation module (Olsen
and Takedatsu, 2015) which is implemented on the Southern
California Earthquake Center (SCEC) Broadband Platform
(BBP) for this purpose. The SDSU BBP module participated
in and passed the SCEC BBP validation exercise (Dreger,
et al., 2015; Goulet et al., 2015). The focus of this exercise
was on validating simulated median pseudospectral accelera-
tions (PSAs) for earthquakes in western and eastern United
States and Japan, as well as Next Generation Attenuation
ground-motion prediction equations (GMPEs). The stochastic
component of the SDSU method has undergone extensive cal-
ibration with respect to PSA using GMPEs and strong-motion
data, aiming at improving the prediction of ground motions.
However, the SDSU module was designed to provide satisfac-
tory fits to data for median ground motions only, lending itself
as an appropriate testbed for incorporating interfrequency
correlation.

PSA has traditionally been the preferred metric in earth-
quake engineering. However, PSA for a given response fre-
quency depends (nonlinearly) on ground-motion amplitudes
over a range of frequencies. On the other hand, the FAS
is simply obtained by Fourier transform of the time series
and can therefore be used more directly in ground-motion
simulation of time histories. This extends to interfrequency
correlations as well, as shown by Bayless and Abrahamson
(2019) for ground motions from the Pacific Earthquake
Engineering Research Center Next Generation Attenuation-
West2 Project (NGA-West2) database.

This article starts by reviewing the intensity measure and
the empirical covariance matrix for interfrequency correla-
tions that we used. We then explain and verify our approach
to compute the correlation, and demonstrate how the inter-
frequency correlation coefficients are applied to the SDSU
module.
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FAS and EAS

The FAS is the amplitude spectrum of the Fourier trans-
form of the acceleration time series. The EAS defined by
Goulet et al. (2018) as

EAS(f) = \/ % [FASZc (f) + FASZ o, ()] (1)

is used as the intensity measure in our study. In equation (1),
FASyc; and FASyc, are the FAS of the two as-recorded
horizontal components of a three-component acceleration
time series, and f is the frequency in hertz. The EAS is inde-
pendent of the recording instrument’s orientation. The EAS
is smoothed using the log;y-scale Konno and Ohmachi
(1998) smoothing window selected by Kottke er al. (2018)

2
blog(f/fc) @

W(f)=(

in which W is the weight defined at frequency f for a window
with center frequency f, and b = ,2)—” = 60z in which b, is
the smoothing window bandwidth in logo units. For more
details on the smoothing technique, the reader is referred
to Kottke er al. (2018).

Interfrequency Correlations of Within-Event Residual

We follow the notation defined by Al Atik et al. (2010)

3)

in which y,, is the natural logarithm of the ground-motion
intensity measure observed at station s during earthquake
e, and p, is the mean prediction of the natural logarithm
of the intensity measure. 6B, is the between-event residual
(or interevent residual), representing the average shift of the
observed ground motion for an individual earthquake e from
the population mean prediction. 6W, is the within-event
residual (or intraevent residual), depicting the misfit between
an individual observation at station s from the earthquake-
specific mean prediction. The source effect average (over
all azimuths) is described by the between-event residual that
reflects the influence of factors such as stress drop and varia-
tion of slip in time and space that cannot be captured by the
inclusion of magnitude, faulting style, and source depth in
the mean prediction. Azimuthal variations in source, path,
and site effects are described by the within-event residual that
reflects the influence of factors such as crustal heterogeneity,
deeper geological structure, and near-surface layering that
cannot be captured by a simple distance metric and a site-clas-
sification based on the average shear-wave velocity (Al Atik
et al., 2010). These residuals are normally distributed with
zero mean and are uncorrelated with each other.

In this study, we focus on within-event variability only.
Although between-event variability conceptually can be
treated in a similar fashion, it would require extensive changes

Yes = Hes + 6B, + W,
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(a) Empirical within-event residual interfrequency correlation coefficients contour plot and (b) cross section versus frequency at

conditioning frequencies 0.2, 0.5, 1, 2, 5, and 10 Hz. Modified from Bayless and Abrahamson (2019). The color version of this figure is

available only in the electronic edition.

to the target code for our analysis (the SDSU broadband mod-
ule) as well as current computational procedures on the SCEC
BBP. For these reasons, we leave the between-event variability
for future work.

We target the EAS within-event residual through ep-
silon (¢),

_ 5Wex (f) . In EASes (f) — HInEAS,, (f) - 5Be

e = = o)

o) - @

the within-event residual normalized by its standard
deviation ¢. The value of the within-event residual of
EAS depends on frequency f. By the normalization, epsilon
is standard normally distributed.

For a given set of observations, the values of ¢ at neigh-
boring frequencies (f) are probabilistically correlated. If a
ground-motion intensity measure is stronger than average at
a certain frequency, it tends to also be stronger at nearby
frequencies; however, the e values are weakly correlated
if the frequency pair are widely separated (Bayless and
Abrahamson, 2018a). The correlation coefficient of & at two
frequencies f; and f, can be estimated by the maximum-
likelihood estimator (Kutner ez al., 2004) using the Pearson
product-moment correlation coefficient (Fisher, 1958)

Y ) —a(f))e(f) —m
VI @) e S e ) — e ()
(5)

Pe(fpe(f) =
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in which n is the number of observations, ¢;(f) and &;(f5)
represent the ith observation of ¢ at frequencies f and f>,
respectively, e(f) and e(f,) are their sample means, and the
expectations of £(f) and e(f,) are both zero. This correlation
is important when simulated time histories are used for seis-
mic risk analysis because variability in the dynamic structural
response will be underestimated if the interfrequency correla-
tion in simulated ground motions is unrealistically low
(Bayless and Abrahamson, 2018a).

Bayless and Abrahamson (2019) generated an empirical
estimate of p for the EAS within-event residual (with the
within-event residual partitioned into site-to-site and within-
site residuals) using the NGA-West2 database (regression
from shallow crustal earthquakes, with M > 3) at frequencies
from 0.1 to 24 Hz. The epsilon at each frequency, which was
determined in the Bayless and Abrahamson (2018b) EAS
model regression, was calculated from the individual EAS val-
ues and the earthquake-specific smoothed EAS median model
for each recorded event at each station. Then, p,(r )s(r,) Was
calculated for each pair of frequencies f; and f,. Figure 1
shows the empirical correlation coefficients. This empirical
estimation for the interfrequency correlation coefficients of
the within-event residual is applied into the implementation
method described in the following section.

The SDSU Broadband Ground-Motion Generation
Module (SDSU Module)

The SDSU module is a hybrid method that merges deter-
ministic low-frequency (LF) synthetics and high-frequency
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Figure 2. Interfrequency correlation coefficients of epsilon at

reference frequencies 0.2, 0.5, 1, 2, 5, and 10 Hz from the current
San Diego State University (SDSU) module using 50 source real-
izations of the Loma Prieta earthquake (solid lines), compared to the
empirical correlation coefficients (Bayless and Abrahamson, 2019;
dashed lines). The color version of this figure is available only in the
electronic edition.

(HF) scatterograms (Mai et al., 2010; Mena et al., 2010;
Olsen and Takedatsu, 2015). On the SCEC BBP, the LFs
are input through the standard rupture format using a number
of source realizations (e.g., 50) from Graves and Pitarka
(2015) kinematic source generator module. The HF scattero-
grams are simulated for each of the three components of
ground motion based on the theory for multiple scattering
by Zeng et al. (1991, 1993), with user-specified site scatter-
ing parameters in a 1D velocity structure. The direct P-wave
arrival time is found using 3D raytracing (Hole, 1992), after
which the seismic-scattering wave energy appears. A source
time function is then convolved with the scatterograms, assum-
ing that the scattering operators and moment release originate
throughout the fault but start at the hypocenter (Olsen and
Takedatsu, 2015).

The SDSU module is available to generate input syn-
thetics for structural seismic risk analysis, as one of the ground-
motion generator modules of the SCEC BBP. However,
the current SDSU module does not incorporate realistic inter-
frequency correlations into the simulations, as shown by the
resulting interfrequency correlation coefficients for the Loma
Prieta earthquake using the current SDSU module synthetics
compared with the empirical result in Figure 2. At frequencies
below the merging frequency between deterministic and sto-
chastic signals (typically 1 Hz), the interfrequency correlations
of epsilon show some promise, but the correlation is still much
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lower than the empirical value. At frequencies above 1 Hz, the
interfrequency correlations of epsilon are significantly lower
than the empirical value and drop to almost zero moving away
from the reference frequency. In the following, we develop and
validate a method to implement interfrequency correlations of
epsilon for FAS into the synthetics generated by the SDSU
BBP module.

Inclusion of Interfrequency Correlation in the FAS

The empirical correlation available for this study is devel-
oped for the orientation-independent EAS, whereas our sim-
ulations generate separate components of ground motion. For
that reason, we apply the EAS empirical correlation to the two
horizontal components of FAS with assumptions about the
relationship of the two components at the same station.

The procedure to generate a new ground-motion time
series with realistic interfrequency correlations is as follows:

1. take the Fourier transform of the two horizontal compo-
nents of the synthetic ground-motion time series. For
each component, let the number of frequency points be
n, the Fourier amplitude and phase at the ith frequency be
Amp,ean (1) and Phy,, (i), respectively;

2. for the two horizontal components 1 and 2, respectively,
sample normally distributed vector-valued random varia-
ble Ryc; and Ryc, with zero mean, constant standard
deviation o, and size n. Ryc; and Ry, can be independent
or correlated with a correlation coefficient pg. An illustra-
tion of Ryc; and Ry, is shown in Figure 3a. Correlated
Ryci and Ry, (Rfyc; and Rfy,) can be generated by:

e express covariance matrix C of the two components:

pr 1 [
* apply the Cholesky decomposition of covariance matrix
C and obtain a 2 x 2 upper triangular matrix U as:

)

e right multiply matrix [Ryc;, Rpc;]by U and obtain two
correlated random variables Rf,-; and Rf;., with corre-
lation coefficient pg:

(6)

c=UTU,

(8)

in which [Rfj-. Rfic;] and [Rycy, Ryci] are n by 2
matrices with Rf;o; or Ryc; as the first columns and
Rfic, or Ryc, as the second columns, respectively.
The upper triangular matrix is used here because the
correlation is between the two columns of the matrix
[Rfic1s Riici]- Anillustration of Ry, and Rf;, is shown
in Figure 3b.

The following steps are the same for Ryc; and Ry, (or
R{ic; and Rfi,), so the HC1 and HC2 subscripts (or

[Rfic1»> Riic1] = [Ruci RucilU,
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Figure 3. Illustration of steps (2—4) showing two independent
normally distributed vector-valued random variables, corresponding
to frequencies from 0.1 to 24 Hz for the two horizontal Fourier
amplitude spectrum (FAS) components in terms of (a) Ryc; and
Ryca, (b) Ry, and R, and (c) S, and Sfic,.
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superscript c) are dropped for notational brevity and R
refers to either of the two random variables.

3. express the empirical correlation p,f,)e(s,) from equa-
tion (5) in matrix form X (n by n, real, symmetric, and
positive definite), and apply the Cholesky decomposition
of X as

X=LL", 9)
in which L is a n by n lower triangular matrix
(Seydel, 2012);

4. left multiply random variable R in step (3) (within the

corresponding frequency range 0.1-24 Hz) by L as

S =LR, (10)
to generate a normal random variable § with zero mean
and covariance equal to 6>?LLT = 6> (Seber and Lee,
2012). The lower triangular matrix is used here because
the correlation is between the rows of R. An illustration
of S, and Sjyc, is shown in Figure 3c. Here, for the
corresponding frequency points outside the 0.1-24 Hz
range, S = R;

5. multiply the exponential of § with Amp,,.,, to compute
the Fourier amplitude of the new ground-motion syn-
thetics, Ampy.,,, as

(11)

6. calculate the new ground-motion time series by applying
the inverse Fourier transform to the amplitude spectrum
obtained in step (5) and phase spectrum from step (1).

The method can be applied as the last step to simulate
the ground motion using the SDSU SCEC BBP module. It
maintains the mean of the natural logarithm of the Fourier
amplitude for the updated ground-motion synthetics, since
the mean of S; in step (5) equals 0. Taking the natural log-
arithm of the equation in step (5) we get

Ampnew(i) = Ampmean(i) exp S;;

lll Ampnew(i) = 11'1 Ampmean(i) + Si' (12)
We tested our method by calculating the within-event residual
for simulations of the Loma Prieta earthquake using the SDSU
broadband module (Olsen and Takedatsu, 2015) on the SCEC
BBP. We generate 50 source realizations for the Loma Prieta
earthquake using the kinematic source generator module by
Graves and Pitarka (2015). These 50 source realizations have
variations in hypocenter locations and slip distributions that
are represented by the between-event residual. Here, we refer
to each of the 50 source realizations as a separate event. For
each event, we generate 10 simulations with imposed within-
event interfrequency correlation at all the stations. The 10 sim-
ulations differ by the random variables (Ryc; and Ryc,) in
step (2). The mean of the 10 simulations and their within-event
residual is computed for each event, respectively. The within-
event residual at all stations and all the 50 events are then
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earthquake (top) after and (bottom) before implementing the interfrequency correlations.
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Figure 5. Examples of the north-south component of FAS

for one simulation at station 8001-CLS for the Loma Prieta earth-
quake (a) after and (b) before implementing the interfrequency
correlations.

pooled together at the corresponding frequencies. At each sta-
tion and each frequency f, the epsilon of within-event residual
e(f) has a size of 500 (50 events x 10 simulations). A total
of 40 stations are used for the Loma Prieta earthquake in
our simulations, so that the population of the epsilon of the
within-event residual e(f) at each frequency f is 20,000
(500 x 40 stations).

This method generates correlated synthetic time series
that are very similar to the original results from the current
SDSU BBP module. Figures 4 and 5 show one component of
synthetic time histories (velocity and acceleration) and FAS,
respectively, at station 8001-CLS (see Fig. 6 for location) for
the Loma Prieta earthquake before and after implementing
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Figure 6. Location map for the Loma Prieta earthquake. The

star depicts the epicenter, the bold line represents the fault trace,
and the dots show the stations. Station 8001-CLS, where we com-
pare time histories, is highlighted. Figure modified from Southern
California Earthquake Center (SCEC) Broadband Platform (BBP)
output. The color version of this figure is available only in the elec-
tronic edition.

the interfrequency correlations. A suite of 10 simulated
EAS sequences for one of the 50 events at station 8001-
CLS for the Loma Prieta earthquake with interfrequency cor-
relation of the within-event residual implemented using this
method is shown in Figure 7. Suites of 10 simulated EAS
sequences for the rest of the 50 events at station 8001-
CLS for the Loma Prieta earthquake are provided in
® Figure S1, available in the supplemental material to this
article. Figure 8a shows that the resulting interfrequency
correlation coefficients obtained by our method (using
independent Ryc; and Ry, in step 2) for the Loma Prieta
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Figure 7. A suite of 10 simulated effective amplitude spectra
(EAS) (thin light lines) with interfrequency correlation of the
within-event residual implemented and their mean (bold black line)
for one of the 50 events at station 8001-CLS for the Loma Prieta
earthquake. Suites of 10 simulated EAS for the rest of the 50 events
at station 8001-CLS for the Loma Prieta earthquake are provided in
® Figure S1. The color version of this figure is available only in the
electronic edition.

earthquake compare very well with the empirical result, as
intended. Figure 9 compares the bias (natural log misfit
between the median observed and predicted PSA) for the
uncorrelated and correlated SDSU synthetics. It is clear that
the addition of correlation to the synthetic time histories
results in insignificant changes in the bias. In other words,
the method can be used as a postprocessing step to incorpo-
rate correlation into an already established and validated

with Interfrequency Correlations
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ground-motion generator, without biasing the median spec-
tral accelerations.

A small bias remains between the empirical values and
the interfrequency correlation coefficients obtained by our
method using independent Ry and Ry, (Fig. 8a). This bias
can be minimized using correlated Ryc; and Ry, in step (2).
Baker and Jayaram (2008) show that epsilon of response
spectral accelerations for orthogonal components of ground
motions is correlated, with correlation coefficients slightly
dependent on period (0.7-0.9 for periods from 0.01 to 10 s).
This result indicates that the different components of EAS
ground motion (e.g., the two horizontal components) are also
correlated. Because EAS is the square root of the mean power
of the two horizontal components of FAS (FASyci, FASy),
implementation of correlated random variables Ryc; and Ry
into FASyc; and FASyc, can indeed further improve the cor-
relations in EAS. We generate Ry¢c; and Ry, with correlation
coefficient pp equal to 0.7 at all frequencies in step (2) and
compute the resulting interfrequency correlations in EAS
(see Fig. 8b). The fit to the empirical value is further improved
as compared with the interfrequency correlations in EAS using
independent random variables for the two horizontal compo-
nents. The value of the correlation coefficient here is chosen
to provide an optimal fit in the final interfrequency correlation
results and is similar to those described in Baker and Jayaram
(2008). The resulting interfrequency correlation coefficients
using other values of correlation coefficient between Ry
and Ryc, are provided in (E) Figures S2-S4. These results

(a)

0.9

(b)

09

0.2

7\

/ J
-
\

\

10’

[—FR-=10 F,=02]

Figure 8.

F,=02|

Interfrequency correlation coefficients of epsilon at reference frequencies 0.2, 0.5, 1, 2, 5, and 10 Hz from the empirical

correlation coefficients (Bayless and Abrahamson, 2019; dashed lines) and the SDSU SCEC BBP module (solid lines) after applying our
method for two horizontal components using (a) independent random variables and (b) correlated random variables with a correlation coef-
ficient of 0.7 for the Loma Prieta earthquake. The color version of this figure is available only in the electronic edition.

Downloaded from https://pubs.geoscienceworld.org/ssa/bssalarticle-pdf/109/6/2437/4891077/bssa-2019136.1.pdf
bv San Dieao State | Iniv 14171



(a) 1.5- T T T T T T T T T T T ]
1t 4
£ 5t g
&
2 0
e -5 E
= —
-1F 1-c interval
-15} RotD50 Median i
0.01 0.05 0.1 0203 05 1152 3 45 7510
Period (s)
b lomap: data and V163—-convkemps: 50 rizs
(b) , o e e ———
1t 4
£ 5 4
]
5 2 =
z -5 R
-1F 1-cinterval
_15} RotD50 Median
0.01 0.05 0.1 0203 0.5 1152 3 45 7510
Period (s)
Figure 9. Logarithm misfit between the median observation of

50 source realizations and the median prediction for the (a) current
and (b) improved SDSU synthetics for the Loma Prieta earthquake.
The color version of this figure is available only in the electronic
edition.

suggest that a correlation analysis between the FAS values of
two orthogonal components may further improve the results.

Figures for the resulting interfrequency correlation
coefficients from the other six western U.S. earthquakes are
provided in () Figures S5-S10.

Discussion

We have developed and tested our method to include
interfrequency correlation using the SCEC SDSU BBP code.
However, the approach can easily be implemented in other
simulation methods. The SDSU SCEC BBP module version
1.6.2 (v.1.6.2) has almost no correlation in the simulated
result, so the empirical correlation matrix was applied directly
on the broadband time histories with the desired results. If the
method is applied to synthetic time histories that already
include a level of interfrequency correlation different from that
for empirical data, the correlation matrix X in step (3) can be
adjusted accordingly. In addition, the empirical correlation
coefficients used in this study are rather general without
statistically significant magnitude, distance, site parameter,
or regional dependencies (Bayless and Abrahamson, 2019).
However, studies on the empirical correlations are on-going,
and more parameter-specific results (e.g., for source and
region) are likely to be obtained in the future. Including such
updates into our method will be straightforward due to its flex-
ible nature.

In our approach, the interfrequency correlations are only
implemented into the amplitude spectrum in which we modify
the Fourier amplitude while using the original phase spectrum
(as is also the case for the correlation analysis of other
methods, e.g., Stafford, 2017; Bayless and Abrahamson,
2018a). This is equivalent to applying a zero-phase filter to the
uncorrelated synthetics to produce the correlated synthetics.
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Figure 10. Comparison of the interfrequency spectral acceler-
ation correlation coefficients of epsilon at reference periods (a) 0.1 s
and (b) 1 s from the Baker and Jayaram (2008) model (dashed lines)
and the SDSU SCEC BBP module after applying our method (solid
lines) for the Loma Prieta earthquake with 50 simulations. The color
version of this figure is available only in the electronic edition.

We also tested the use of a causal minimum-phase filter and
obtained insignificant differences from the zero-phase filter in
our application.

It is worth noting that the similarity on how S; (step 5 of
our method) and the within-event residual affect the interfre-
quency correlations. The value of the standard deviation ¢ in
step (2) should be chosen such that it is consistent with the
standard deviation of the original FAS. ¢ can also be imple-
mented as frequency dependent if needed. For the SDSU
SCEC BBP module, the same equations and scaling are used
for simulating each component of the ground motions, thus ¢
is chosen to be the same for each component. However, other
simulation methodologies may warrant different treatment
of o.
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Figure 10 shows the resulting interfrequency correlation
coefficients in response spectral accelerations obtained by
our method for the Loma Prieta earthquake. The comparison
shows a good level of agreement between our simulated
result and the within-event correlation model regressed by
Baker and Jayaram (2008). This result shows that imple-
menting interfrequency correlations developed for FAS
can also improve the correlation in spectral accelerations.

This method can be further enhanced to incorporate (fre-
quency dependent) spatial correlations into the simulations
by extending the correlated random variables in step (2) to
2D, to facilitate even more realistic seismic risk analysis.
This effort, along with correlation analysis of the FAS com-
ponents, is a part of an ongoing project.

Conclusions

We present a postprocessing method to introduce inter-
frequency correlations into seismic synthetic time histories,
mimicking that seen in recorded ground motions, to allow
more realistic seismic risk analysis. After implementing the
correlation into the current SDSU SCEC BBP module, we
show that the method generates correlated synthetic time
series with interfrequency correlation that match that of empir-
ical data very well. We show that incorporating the interfre-
quency correlation developed for the Fourier amplitudes also
significantly improves the correlations in response spectral
accelerations. Introducing the interfrequency correlation
affects the median spectral accelerations insignificantly, and
therefore retains the goodness of fit.

Data and Resources

Analyses and graphics production were performed using
the numeric computing environment MATLAB (www
.mathworks.com, last accessed May 2019). The empirical cor-
relation coefficients table was provided by Jeff Bayless and
Norman Abrahamson. Simulations in this article are performed
using the Southern California Earthquake Center (SCEC)
Broadband Platform (BBP) code. Figures showing examples
of simulated effective amplitude spectrum (EAS), interfre-
quency correlation implemented in broadband synthetics for
the Northridge, Landers, Chino Hills, North Palm Springs,
Chino Hills, and Whittier events, and dependency of the results
on the correlation between the two horizontal components are
provided in the (E) supplemental material of this article.
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