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Datasets Number of
stations Number of events Number of

seismograms

NGA-West2 in
California 156 73 2013

CyberShake (CS)
17.3 438 ~500,000 ~108

Figure 1. Map of
stations for both
datasets. The
black and red
triangles are
stations from CS
17.3 and NGA-
West2 in CA,
respectively.
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posed into between-events variability, Ќ#, and within-event 
variability, ΔW, which are zero-mean, independent, normally 
distributed random variables with standard deviations τ and 
ϕ, respectively. As illustrated in Figure 1, the between-events 
residual (also called inter-event residual or event term), δ#e, rep-
resents the average shift of the observed ground motion from 
an individual earthquake, e, from the population median pre-
dicted by the ground-motion model. The within-event residual 
(also called intra-event residual), δWes, is the misfit between an 
individual observation at station s from the earthquake-specific 
median prediction, which is defined as the median prediction 
of the model plus the between-event term for earthquake e. The 
between-events and within-event standard deviations of the 
ground-motion model represent the earthquake-to-earthquake 
variability and record-to-record variability, respectively. The 
between-events and within-event residuals are uncorrelated, 
so the total standard deviation of the ground-motion model, σ, 
can be written as:

 � = �2 + �2  (2)

To further analyze and decompose the residuals and variances 
of ground-motion models into their respective components, 
consider the sketch of a site with soil overlying rock as shown 

in Figure 2. The observed ground motion on baserock at point 
# and at period 5 can be written as:

  yes
B T( ) = µ es

B ( M e , Res , Fe , ZtoRe , X s
B ,T ) + δBe

B + δWes
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where  yes
#  is the natural logarithm of the observed ground-

motion parameter on baserock at site s during earthquake e, 
 µ es

B
 is the predicted median ground motion on baserock for an 

earthquake of magnitude  . e , style of faulting  'e , and depth-
to-top of rupture  ;UoRe  at site s with site parameter  9 s

#  (F�H�, 
TJUF�DMBTT
�TIFBS�XBWF�WFMPDJUZ�JO�UIF�VQQFS����N�PG�UIF�TJUF�QSP-
file) located at a rupture distance  Res �� δ Be

B
 and  δ Wes

B
 are the 

corresponding between-events and within-event residuals on 
baserock. The between-events and within-event residuals on 
baserock have standard deviations  τ

B  and  ϕ
B , respectively.

The observed ground motion on the ground surface at 
QPJOU�(�BOE�BU�QFSJPE�5�DBO�CF�XSJUUFO�BT�
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where  yes
G  is the natural logarithm of the observed ground-

motion parameter on the ground surface at station s during 
earthquake e,  µ es

G  is the corresponding predicted median 
ground motion on soil, and  9 s

G
 is the vector of site parameters 

(F�H�
�TJUF�DMBTT
�TIFBS�XBWF�WFMPDJUZ�JO�UIF�VQQFS����N�PG�UIF�TJUF�
profile, depth of soil). The between-events and within-event 
residuals on the ground surface,  δ Be

G  and  δ Wes
G , are part of 

zero-mean, normal distributions with standard deviations  τ
G  

and  ϕ
G , respectively.

The between-events residual represents average source 
effects (averaged over all azimuths) and reflects the influence 
of factors such as stress drop and variation of slip in space and 
time that are not captured by the inclusion of magnitude, style 
of faulting, and source depth. The within-event residual rep-
resents azimuthal variations in source, path, and site effects 
reflecting the influence of those factors such as crustal hetero-
geneity, deeper geological structure, and near-surface layering 
that are not captured by a distance metric and a site-classifica-
tion based on the average shear-wave velocity. 

The computed sigma from empirical ground-motion mod-
els includes a contribution from measurement errors in the 
EFUFSNJOBUJPO�PG�UIF�FYQMBOBUPSZ�WBSJBCMFT�JO�UIF�NPEFMT��ăF�
influence of such metadata uncertainties can be quantified and 
removed from the models. Strasser FU�BM��	����
�HJWF�FYBNQMFT�
of reductions of sigma to account for measurement errors in 
NBHOJUVEF
�EJTUBODF
�EFQUI
�BOE�PUIFS�QBSBNFUFST��JO�BMM�DBTFT
�
the reduction in sigma due to measurement errors is modest.

 ▲ Figure 1. Between-event and within-event components of 
ground-motion variability (after Strasser et al. 2009).

 ▲ Figure 2. Site response reference points.

Figure 2. Illustration of
between-event and within-
event components of
ground-motion variability
(from Al Atik et al., 2010).

m is the magnitude of event, R is rupture distance,
VS30 is the time-averaged S-wave velocity to 30 m
depth.

Figure 3. (A, B)
Comparison of
distance scaling
among ASK14
(black), models
derived from
CS17.3 3D (blue)
and CS17.3 1D
(red). (C, D)
Comparison of
magnitude scaling.
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Introduction
In the context of probabilistic seismic hazard analysis 

(PSHA), the standard deviation (s) of ground motions drives 
ground motion estimates at the low probabilities of exceedance 
used for design. The most promising way to reduce s is through 
the removal of the ergodic assumption and transferring of 
aleatory variability into epistemic uncertainty. Our objective is to
better quantify the contributions from repeatable source, site 
and path variability from ground motions. We use CyberShake
as our testbed as it provides a controlled testing environment 
with large datasets. We also use NGA-West2 dataset, which are 
more sparse, for comparison and validation. Our analysis 
procedure builds on work from Al Atik et al., (2010) and Villani
and Abrahamson (2015). We identify remaining issues and 
explore innovative solutions.
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Figure 5. Total residuals from the model (left) and 
aleatory (right) derived with CS17.3 3D dataset.

Issues

Figure 6. Map of site terms and mean rupture
distance at each site.

Issues, continued

1. CyberShake generates larger ground motions
comparing to existing models;

2. At single site, CyberShake allows us to dig
deeper into the source of variability;

3. The correct variance partitioning is not yet
captured and more work is still ongoing.

Conclusions

Residual Partitioning

Figure 9. Partitioning of variance components for 
three models.

B/W event

Figure 8. The variability of ground motions from
rupture variations (Top) and stress drop (right).

CS17.3 1D

Figure 4. Total residuals 
for CS17.3 using
coefficients obtained from
NGA-West2 in CA.

Figure 7. Ground motions
for CS 17.3 1D and 3D.
The red circles denote the
mean ground motions for
each distance interval.
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