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Introduction
• Goals
– long term: use CyberShake as a complete 

alternative probabilistic seismic hazard analysis 
(PSHA) model
–medium term (this study): integrate 

CyberShake results into empirical nonergodic 
ground motion models (GMMs)

• We incorporate spatially varying location, site 
and path effects in the nonergodic model with 
Gaussian process

• We use CyberShake Study 15.4 (CS15.4) in 
southern California, which is based on 3D 
velocity model CVM-S4.26.M01
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Figure 1. Map of events 
(red dots) and sites (black 
triangles) for the reduced 
CS15.4 dataset. The blue 
rectangle marks the 
boundary of the 3D velocity 
model.

1. Linear regression of reference GMM

3. Gaussian process (GP)

Cell-specific attenuation

2. Total residual decomposition

β-1(te): spatially varying source effects with event location te
β0(ts): spatially varying site effects with site location ts
ΔP2P: spatially varying path effect (defined below). 
ε: remaining residual after all spatial correlations are considered.

Covariance function: Matern kernel

d is the distance between two events or sites
σ, ρ and ν are the hyperparameters of the Matern kernel
Γ and Κν are gamma and modified Bessel functions, respectively

We use a reduced dataset from CS15.4 and select 1,000
events; for each event (defined by a rupture plane and
magnitude), only one rupture variation is used.

• We use the Integrated Nested Laplace Approximation (INLA) 
package in R, which significantly reduces computation time

• We use a coarse mesh to constrain the spatial range of events and 
sites for the reduced CS15.4 dataset

• We create a dense mesh with maximum size being half of the 
spatial range of events or sites  

• β-1, β0 and δi are solved on the dense mesh

• Most events have the same stress drop and all are located along
faults, leading to large correlation lengths.

• In R-INLA, the GP is assumed isotropic. As a result, when
predicting at new locations, the large correlation length is
projected onto all azimuths.

• We perform another test on a dataset with broader stress drop
variations.

• We observe strong site responses within the Los Angeles Basin 
and Ventura basins, which was expected from basin effects.

4. Bayesian approximation (INLA)

Table 1. Reduced CS15.4

Figure 2. Magnitude-Rrup
distribution of the reduced 
CS15.4 dataset. 

Figure 3. VS30 histogram 
for sites in reduced 
CS15.4 dataset.

Figure 5. (Left) β0 map. (Right) Standard deviation of β0.

Figure 8. δ map for different depths. 

Figure 9. VS map of the 3D velocity model.

Figure 6. (Left) β-1 map. (Right) Standard deviation of β-1.
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δi: anelastic attenuation per kilometer in the ith cell, computed as an 
independent random effect (i.e., no spatial correlation). 

Ri: travel distance within the ith cell between hypocenter and site. 
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Figure 10. (a) Input δ at surface. (b) Output δ. (c) Difference 
between the output and input δ showing that the approach 
can work and recover the input.

• The δ map does not agree with the input velocity model, 
suggesting potential problems in the approach.

• The point source assumption for wave path is no longer 
appropriate for M>6 events in CyberShake.

• We conduct sensitivity tests with point sources and prescribed 
random attenuation patterns. 

Figure 11. Cartoon 
illustrates the second 
test, in which the point 
sources are shifted 
randomly ~1 km after 
computing the 
attenuation.

Figure 12. Differences between input and output at three 
depths ranges. The results are very sensitive to the path 
assumptions

Figure 4. Cartoon showing the wave 
propagation assumption. The star and 
triangle denotes the hypocenter and 
site, respectively. The entire subsurface 
is divided into 1km-thick layers. In the 
top 10 km, each layer is further divided 
horizontally  into cells of 0.25० by 0.25०. 
Below 10 km, each layer consists of a 
single cell. 

Figure 7. (a) Map of CS15.4-600b dataset, with events color-
coded by stress drop. (b) and (c) Results of β-1(te) and ψ(β-1), 
respectively.

• The correlation lengths are now much smaller. The R-INLA
package is not appropriate to estimate path effects from the
CS15.4 dataset (due to its lack of stress-drop and event location
variabilities).


