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Abstract

Spatial variations in strong ground motion have a significant impact on performance
of distributed infrastructure in earthquakes. These variations are also important to
insurance companies that have earthquake insurance policies for many buildings in a
region. Currently, these spatial variations are measured using ground motion data
from densely recorded earthquakes. While useful, this measurement process is limited
by availability of ground motion recordings. This project compared spatial variation
calculations from the CyberShake platform (Graves et al., 2011) to comparable esti-
mates from empirical data. The rich CyberShake data allow for a myriad of spatial
variation computations, and results indicate that they are generally consistent with
empirical observations. This work provides a new dimension of ground motion simu-
lation validation, and helps make the case for the value of using physical simulations
when evaluating risk to distributed infrastructure systems.

1 Introduction

A number of previous studies have investigated the spatial correlation of the residuals using
empirical earthquake records and simulations (e.g., Boore et al., 2003; Wang and Takada,
2005; K. Goda and Hong, 2008; Jayaram and Jack W. Baker, 2009; Foulser-Piggott and
Stafford, 2012; Katsuichiro Goda and Atkinson, 2010; Katsuichiro Goda, 2011; Esposito and
Iervolino, 2011; Loth and Jack W. Baker, 2013). Infantino et al. (2018) is the only prior
study we are aware of that evaluated spatial correlation of ground motion using physics-based
numerical simulations, and found that the spatial correlations in simulations are consistent
with an empirical model at long and short periods.

In this study, we used 5%-damped response spectra of ground motions simulated at
336 stations using the version 15.12 CyberShake runs (https://scec.usc.edu/scecpedia/
CyberShake_Study_15.12). Two ruptures, Puente Hills (Mw = 6.65) and San Andreas (Mw

= 8.05) are selected for comparison. Two additional sets of simulations from other ruptures
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were examined to confirm the generality of the findings, but results from these cases are
not presented for brevity. There are 32 and 355 rupture realizations for Puente Hills and
San Andreas rupture extents, respectively. These data are used to estimate the residuals of
ground motions.

2 Methodology

Consider a typical ground motion model (e.g., Chiou and Youngs, 2014) for spectral accel-
erations

lnSAi,j = µlnSA(Rupi, Sitej) + δBi + δWi,j (1)

where SAi,j is the spectral acceleration at site j caused by ith rupture (with a given period
and damping); µlnSA(Rupi, Sitej) is the natural logarithmic mean of spectral acceleration
intensity, which in this study is calculated as the sample mean of lnSA at site j over a
series of rupture realizations with the same rupture extent; δBi is the between-event residual
for the ith rupture, δWi,j is the within-event residual for site j from the ith rupture. The
ground motion model also specifies the standard deviations of δBi and δWi,j, denoted τ and
φ, respectively. The total residual εti,j is the sum of the within- and between-event residuals:

εti,j = δBi + δWi,j = lnSAi,j − µlnSA(Rupi, Sitej) (2)

Here we use Pearson’s correlation coefficient to evaluate the spatial correlation of resid-
uals. The correlation coefficient of ground motion residuals between site j and site k can be
estimated as:

ρ̂(j, k) =

∑n
i=1 zi,jzi,k
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(3)

where n is the number of rupture realizations (simulation scenarios) and z is the within-event
residuals or total residuals. Pearson’s correlation coefficient quantifies the spatial correlation
in a non-stationary and anisotropic fashion, since it gives the correlation coefficient between
any site j and site k instead of a given separation distance. However, it requires multiple
observations of residual z at site j and site k, and thus is not commonly used when studying
empirical earthquake data. The richness of CyberShake data allows us to use Pearson’s corre-
lation coefficient to study the non-stationary and anisotropic behaviors of spatial correlation
in ground motions.

Furthermore, Pearson’s correlation coefficient under stationarity and isotropy assump-
tions can be evaluated by averaging the correlation coefficients of all pairs of sites separated
by the same distance. Specifically, the expected value of Pearson’s correlation coefficient
under stationarity and isotropy assumptions at distance h can be regarded as:

E[ρ(h)] = E
d(j,k)=h

[ρ(j, k)] (4)

which can be estimated by
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ρ̂(h) =
1

N

∑
|d(j,k)−h|<∆h

ρ(j, k) (5)

where d(j, k) is the separation distance between site j and site k, and the summation con-
dition takes the average of the correlation coefficients of all pairs of sites with separation
distances between h− ∆h and h + ∆h, ∆h is a distance threshold and N is the number of
such pairs.

3 Results

3.1 Site-specific results

In order to investigate the effect of geological condition on spatial correlations, we select a
reference site and calculate the correlation coefficient between it and every other site. Then
a heatmap of correlation coefficients is provided to visualize spatial patterns in the results.

The heatmap of correlation coefficients of within-event residuals for spectral accelera-
tion at T = 3s caused by San Andreas rupture is shown in Figure 1. Two reference sites
on different site conditions, site s345 in the Los Angeles basin and site s383 on rock, are
selected for comparison. Correlation coefficients predicted by an empirical model are used
here as a reference. Positive correlations are displayed in red and negative correlations in
blue. The empirical correlation coefficients decay uniformly in all orientations away from the
reference site, because this model depends on separation distance only. The correlation level
also generally decreases with distance from the reference site in CyberShake simulations.
However, the basin region shows a higher correlation level when the reference site is also
in the basin. Similarly, the rock region shows a higher correlation level when the reference
site is on rock. For reference, Figure 2 shows basin depths in the CyberShake model, where
Z1.0 is the depth below ground surface to a shear-wave velocity of 1km/s (with large values
indicating sedimentary basins) and surficial site conditions, where Vs30 is the time-averaged
shear-wave velocity to 30m depth (with small values indicating surficial soils). This obser-
vation is consistent with the idea that earthquakes may generate similar ground motions in
regions that have similar geology.

3



(a) (b) (c)

Figure 1: Heatmap of correlation coefficients of within-event residuals for spectral acceler-
ation at T = 3s caused by the Mw = 8.05 San Andreas rupture. (a) Jayaram and Jack
W Baker (2009) Model, reference site: s345; (b) CyberShake, reference site: s345; (c) Cy-
berShake, reference site: s383. Black lines show the surface projection of the rupture. The
triangle shows the reference site. Shading shows the correlation coefficient with the reference
site.

(a) (b)

Figure 2: (a) Map of Z1.0 values in CyberShake region. Red regions indicate sedimentary
basins. Dash lines show the boundary of the basin region. Data from Small et al. (2017).
(b) Map of Vs30 values in CyberShake region.

3.2 Average trends

In order to evaluate trends in correlation coefficient results, we average the correlation coeffi-
cients of pairs of sites separated by the same distance (Equation 5) to calculate the averaged
correlation coefficients with the reference site s389 in CyberShake simulations, and those
results are compared to the empirical models in Figure 3. In Figure 3, each data point is
an average of the correlation coefficients with ∆h = 2.5km. The correlation coefficients
observed in CyberShake simulations show the same pattern of decay with distance as the
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empirical models. The total residual shows slightly higher correlation. In both cases, the
correlation coefficients of within-event residuals correspond well to the empirical models.

(a) (b)

Figure 3: Averaged correlation coefficients of within-event residuals and total residuals for
spectral acceleration at T = 3s varied with distance. San Andreas rupture (a), Puente Hills
rupture (b). Reference site: s389.

4 Conclusions

We have evaluated spatial correlation in ground motion residuals using CyberShake simu-
lations. The results show general agreement in the distance decay of correlations between
CyberShake simulations and empirical recordings. Potential follow-on work to this project
will further evaluate differences between simulated and recorded motions’ spatial correla-
tions, and through continued discussion with SCEC scientists will hopefully provide a deeper
understanding of the relationship between ground motion simulation inputs and resulting
spatial correlations.
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