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Introduction

Epistemic Uncertainty in Median

In the traditional approach to developing GMPEs, data from round the world are combined to have enough large data to constrain the magnitude and distance scaling, particularly at large magnitudes and short distances. In the 1980s, key differences in the magnitude and distance scaling were observed for three main tectonic categories: active
crustal regions, stable continental regions, and subduction zones. To capture these differences in scaling, separate global GMPEs have been developed for each of these
three tectonic categories.
As empirical data sets have grown in the last 10 years, it has become clear that there are significant differences in the distance scaling and site scaling within these broad tectonic categories. Two approaches have been used:
(1) Region-specific GMPEs in which only data from a single region are used in develop the GMPEs. The main disadvantage of this approach is that there are not enough
large- magnitude and short-distance data to constrain the scaling for scenarios that control the seismic hazard.
(2) Regionalized global GMPEs with some coefficients in the GMPE varying by region. This method uses the global data set to constrain the large- magnitude and short-distance scaling while using the region-specific data to constrain the distance and site scaling.
The scale of the regionalization is now being evaluated. If there are differences in the distance and site scaling between broad regions (e.g. California versus Japan), are
there also differences the scaling within a region. This is the move from partially nonergodic GMPEs to fully non-ergodic GMPEs. As the source, path, and site specific effects
are included in the GMPEs, there is a large reduction in the aleatory variability of the GMPEs. Using the large data set from Taiwan, Lin et al (2011) showed the separation
of the ergodic standard deviation of a traditional GMPEs into the systematic (repeatable) source, path, and site terms and the remaining aleatory variability. (Table 1)
We know that the aleatory variability for the ground motion from an earthquake with a specific rupture location recorded at a specific site will have a smaller aleatory variability
(about 0.4 ln units) compared to an ergodic aleatory variability of about 0.65 (Fig 1). That is, about 60-70% of the variance of aleatory variability in global ergodic GMPEs is
due to systematic effects that can be constrained. Using an aleatory variability of 0.4 as compared to 0.65 leads to much steeper hazard curves (Fig 2), but without data to
constrain the source, path, and site-specific effects, there is large epistemic uncertainty in the hazard curves.
In this paper, we develop nonergodic GMPEs for California including the epistemic uncertainty. To capture both the nonergodic GMPE and the epistemic uncertainty, three
concepts used in GMPE development are combined in this paper:
(1) The NGA-W2 GMPE are selected for the ergodic scaling in California. Sammons maps are used to develop the epistemic uncertainty in the ergodic GMPE scaling.
Epistemic uncertainty in the HW effect is also included.
(2) Spatially-varying coefficients are used for the fine regionalization of the short-distance and site scaling. Epistemic uncertainty is included based on the density of
earthquakes and recordings for the specific site and source
(3) Spatially-varying azimuth-dependent coefficients are used for the fine regionalization of the large-distance scaling. Epistemic uncertainty is included based on the
density of ray paths though each part of the region.

Table 1: Components of Sigma

Lin et al (2011) decomposed the sigma from an ergodic
GMPE for Taiwan into the systematic source, path, and
site effects and the aleatory part.

Figure 1. Comparison of aleatory variability of the
spectral accelration for a given scenario. The three
nonergodic models represent the epistemic
uncertainty if there is no site/source-specific
information available.
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We use Sammons Maps to sample the range of magnitude - distance scaling in
the ergodic base model. A total of 17 representative models are selected. In
this example, logic tree weights are based on the density of the generated
models (Figure 4, gray dots). Alternative weighting methods are described in
the SWUS report (Geopentech, 2015).
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Figure 5: Epistemic Uncertainty in the Ergodic GMPE

Example of the uncertainty in T=0.2 sec SA from the 17 models listed in Table 3.

Epistemic Uncertainty in the Azimuth-Independent
Non-Ergodic Part of the Model:

Next Steps
Figure 6: Uncertainty in Azimuth-Independent
Nonergodic Terms for T=0.2 sec
Standard devlation (in LN units) of the epistemic
uncertainty of the spatial variation for an M6
earthquake at a distance of 10 km. The uncertainty is
lowest (about 0.15) in the regions with data and
increases to a maximum value of 0.6 in regions with
no data to constrain the nonergodic terms.

The cell values of the
terms were estimated as random effects. The standard deviation is computed from the posterior distrobution. For cells with no ray paths (eg. Northeastern California),
the standard deviation is simliar to the standard deviation of the
random effect . For cells with ray paths, the standard deviationreflects the number of ray paths per cell (Figure 7). The resulting
epistemic uncertainty per cell is shown in Figure 8.

Figure 7: Number of ray paths per cell
The cell size is 30 km x 30 km.

Figure 8: Uncertainty in Azimuthdependent Nonergodic Terms
Standard devlation of the
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Figure 3: Spatially Variable Coefficients for SA at
T=0.2 sec
The nonergodic terms for California were estimated using the
NGA-west2 data set of Abrahamson et. al (2014).
Panels A, B, C, and D show the median values of the spatially varying Coefficients from Landwehr et al, (2016). These
are azimuth independent
Panel E shows the median values of the
terms. They
are estimated by treating the value in each cell as a random
effect. These lead to azimuth-dependent path terms.
In regions with no data, the median values are zero, corresponding to the ergodic model, but there will be larger epistemic uncertainty.
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Hazard Code Application

The generation of the spatially correlated nonergodic terms is
done outside of the hazard code. They are then read into the
hazard code as data tables.

1. Apply the method to a wide range of spectral periods
2. Add constraints to central Coastal California nonergodic terms using
3-D numerical simulations from the SCEC Central CA seismic project
(See Wooddell and Abrahamson poster at 2017 SCEC meeting)
.
3. Evaluate the correlation of path effects at short periods and long periods to determine
if numerical simulations limited to low frequencies provide constraints on the
path effects at higher frequencies.
4. Develop nonergodic terms for FAS-based GMPEs
5. Advocate for deployment of dense networks of seismometers

Conclusion

The large increase in ground-motion data sets shows that ergodic GMPEs significantly overestimate the aleatory variability. We
know that after removing the repeatable source, path, site effects, the aleatory variability is about 0.4 ln units. This value of the nonergodic aleatory variability is stable for different regions of the world. The issue is that to use this lower value of the aleatory variability
in seismic hazard studies, the site/source specific source, path, and site terms need to be estimated, including the epistemic uncertainty in the estimated values. In the development of GMPE over the last decade, there is a clear move to nonergodic models (box
to right).
Site-specific site effects can be estimated using observed ground motions at the site or using analytical site response methods with
epistemic uncertainties on the inputs. This is standard practice for critical facilities and it is used with the partially nonergodic
sin-gle-station sigma method. Because path effects in the crust are in the linear range, the site-specific path effects can be
estimated empirically using recordings from small earthquakes. In addition, numerical simulations with 3-D crustal models can
provide con-straints on the path effects. This approach is being applied by SCEC as part of the Central California Seismic Project.
Site-specific source effects are more difficult to estimate empirically than path effects because it is not yet been shown that
source effects from small earthquakes in a region are correlated with source effects for large earthquakes

The nonergodic approach should be used in both regions with large amounts of data and in regions with sparse data. The key is that
lack of data does not mean certainty; lack of data implies large uncertainty. For regions with sparse data, the aleatory variability is the
nonergodic value of 0.4, but there will be large epistemic uncertainty in the hazard due to the epistemic uncertainty in the site/source
specific source, path, and site terms. The mean hazard will be unchanged from the ergodic model, but the nonergodic approach will
show the limitations of the available data which is masked with the ergodic approach.

The hazard code HAZ45 was modified to run nonergodic
ground-motion models as described above. Three main changes
to the hazard code were required:
(1) The nonergodic terms as a function of longitude and latitude
were read into lookup tables
(2) The latitude and longitude of the closest point on the rupture
was computed and passed to the nonergodic GMPE
(3) The ray path lengths,
, through each cell were computed
for each rupture. (Figure 9)
To capture the epistemic uncertainty, we randomly sample 100
ground-motion models. For the epistemic uncertainty in the ergodic GMPE, the 17 models listed in Table 3 and 5 HW models from
SWUS (not shown) are sampled. For the nonergodic part, the 100
realizations of the spatial variability of the nonergodic terms described above are used. They are then combined by randomly associating the sampled ergodic GMPEs and realizations of the
nonergodic terms.

Figure 10: Comparison of mean hazard and epistemic uncertainty ranges using ergodic and nonergodic ground-motion models

The aleatory variability has a strong effect on the seismic hazard at low probability levels typically used for design of structures. The
move to nonergodic ground-motion models will lead to the largest changes in seismic hazard estimates since the change to including
the aleatory variability for ground-motion models in the 1980s.

for M > 6.5
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Northeastern CA Site
No ground-motion data
Large uncertainties in source model

San Jose Site

One hundred realizations of the
terms are generated. The
values are spatially correlated using a correlation length of 60 km.

6.5

San Luis Obispo Site
Limited ground-motion data
Well-contrained source model

Sammons map for T=0.2 seconds. GMPE
model index in lower right corner.

Table 3: Description of Terms in Non-Ergodic GMPE
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San Jose Site
Significant ground-motion data
Well-constrained source model

Northeastern CA Site

Epistemic Uncertainty in the Azimuth-Dependent
Non-Ergodic Part of the Model:

for M < 5.5
for 5.5

Logic tree weight for each of the 17 models
selected from the Sammons map. Each
model corresponds with one of the red dots in
Figure 4.

Figure 4: Sammons Map

Functional form of the base ergodic GMPE:
2
RUP

Example calculations of the T=0.2 sec spectral acceleration mean hazard and epistemic uncertainty for three sites in California are shown below. The
epistemic fractiles show the combined effects of uncertainties in the source model and ground-motion model. Flatter slopes of the hazard curves for
northeastern California reflect the large uncertainties in the source model and lower rate of activity.

San Luis Obispo Site
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Table 2: Components of the Non-Ergodic GMPE

Table 4: Logic Tree Weights for each
of the Selected Representative Models
from the Sammons Map

Epistemic uncertainty in the
HW scaling is based on the 5
alternative HW scaling models
also described in the SWUS
report.

We use the epistemic uncertainty from Landwehr et al. (2016)
shown in Figure 6 for the azimuth-independent nonergodic part of
the GMPE. The epistemic uncertainty is partitioned into uncertainty in the site and source terms based on the spatial density of rupture locations and recording site locations.
One hundred realizations of the epistemic uncertainty in the
terms are generated. For a single site, only the
at the site location is needed. For the source terms, which depend
on rupture location, spatially correlated values are generated using
a correlation length of 15 km.

Figure 2. Comparison of hazard for a single
dominate scenario with a recurrence interval
of 200 years using ergodic and non-ergodic
ground-motion models shown in Figure 1.
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Epistemic Uncertainty in the Ergodic Part of the Model:

Hazard Results

Using the nonergodic approach will show how large are the current uncertainties in the hazard estimates. In many cases, the
uncer-tainties will be large. To reduce the uncertainties requires additional ground-motion data: from dense arrays of stations or
from numerical simulations using 3-D crustal models. Educating owners of critical infrastructure, regulators, and building code
developers of the current limita-tions of the seismic hazard information due to the uncertainty in the nonergodic ground-motion
models will help to make the business case for seismic instrumentation and region-specific numerical simulations.

Limitations

The spatially-variable source terms is based on the assumption that the spatial variability in the source terms for small
magnitudes is applicable to large magnitudes. This assumption is currently being evaluated (Wooddell, work in
progress).
The linear site and path are developed for response spectral values from mainly smaller magnitude earthquakes.
This has an implicit assumption that the spectral shapes in
the short-period range are similar between earthquakes
because response spectral factors at short periods depend
on spectra shape. To address this issue, the nonergodic
GMPEs will be developed for FAS which does not have this
limitation. The FAS will then be converted to response
spectral values using RVT.
The epitemic uncertainty in the nonergodic short-distance
scaling was not included in the current due to complications from correlations with other parameters. Moving forward, these correlations will be addressed.
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