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Introduction
• Work Package 5 Task - PSHA implementation of Non-ergodic GMPEs
• For testing PSHA implementation of non-ergodic GMPE for France:
• Develop an initial nonergodic GMPE for France (overlap with WP3)
• Trial implementation into hazard software
• HAZ45
• OpenQuake

• Non-ergodic GMPE Approach
• Develop average FAS model for France
• Develop nonergodic GMPE for FAS
• Median for each earthquake location for a given site
• Epistemic uncertainty in non-ergodic terms leads to a suite of models

• Convert FAS to PSA using Random Vibration Theory
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DATASET

Earthquakes (451) and seismograph stations, from 1996 to 2016.

DATASET

•
•

FAS smoothing is performed using a Konno-Ohmachi (1998) log-scale smoothing with bvalue=188, bn=1/30 (100 frequency points per decade). The parameters are from PEER
report for NGA-East (PEER Report No. 2018/05). Down-sampling 100 points from 0.05 to 50Hz.
the orientation independent FAS as the effective amplitude spectrum (EAS),

where FASHC1 and FASHC2 are the FAS of the two orthogonal horizontal components of the ground motion
and 𝑓 is the frequency in Hz.

GMPE

Bayless form for French data
ln( EAS )  c1  c2 ( M  6)  c3 ln(1  e cn ( cM  M ) )  c4 ln( R rup  c5 cosh(c6 max(M  chm ,0)))
 (0.5  c4 ) ln( Rˆ )  c7 Rrup  c8 ln(min(Vs30,1000) / 1000)  c9 min( Z tor ,20)
moment magnitude (M), closest distance to the rupture plane (Rrup), the time-averaged shear-wave velocity in the top
30 m of the soil column below the site (Vs30), Source effects are also modeled using the depth to the top of the
2
rupture plane (Ztor), 𝑅 = 𝑅𝑟𝑢𝑝
+ ℎ2 . c2=1.27, cn=14.31, cM=5.16, c5=7.48, c6=0.47, chm=3.51, h=50 (Bayless and

Abrahamson, 2018).

BA2018 model (Bayless and Abrahamson, 2018) (FAS GMPE for California)
ln( EAS )  c1  c2 ( M  6)  c3 ln(1  e cn ( cM  M ) )  c4 ln( R rup  c5 cosh(c6 max( M  chm ,0)))
 ( 0.5  c4 ) ln( Rˆ )  c7 Rrup  c8 ln(min(Vs30,1000) / 1000)  c9 min( Z tor ,20)
 c10 FNM  f 2 ln(

I R  f3
min( Z1 ,2.0)  0.01
)  c11 ln(
)
f3
Z1Re f  0.01

style-of-faulting flag for normal faults (FNM), the peak ground acceleration at rock outcrop (IR), the depth to shear wave
velocity horizon of 1.0 km/s (Z1).

Traversa form for French data ( the Σigma 2 report, 2019) (GMPE for France)
log10 ( 𝐸𝐴𝑆) = 𝑒1 + 𝑐1 + 𝑐2 𝑀 − 4.7 log10 (

+

𝑏1 𝑀 − 6.0 + 𝑏2 𝑀 − 6.0 ,
𝑏3 (𝑀 − 6.0),

𝑅 2 + ℎ2
− 𝑐3
𝑅𝑟𝑒𝑓

𝑅2 + 7.642 − 𝑅𝑟𝑒𝑓 + 𝑆1 log10

𝑉𝑠30
800

𝑖𝑓 𝑀 < 6.0
𝑖𝑓 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠

Rref=1km, b3=0.337 (the Σigma 2 report, 2019).

Regression for Base Model (all of France)
• Standard GMPE development using random-effects regression
• Two Random-effects
• Event terms
• Site terms
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Spatial Changes
in Betweenevent Residual
Bayless form for French data
at 5 Hz.

Spatial Changes Between-Event Residual
Bayless form for French data at 5 Hz.

Spatial Changes Between-site Residual
Bayless form for French data at 5 Hz.

Spatial Changes Between-site Residual
Bayless form for French data at 5 Hz.

Spatial Changes
Within-site Residual
Bayless form for French data at 5 Hz.

Within-site Residual
Bayless form for French data at 5 Hz.

Within-site Residual
Bayless form for French data at 5 Hz.

Non-Ergodic GMPE: Varying-Coeﬃcient Model
Bayless form for French data
ln( 𝐸𝐴𝑆) = 𝑐1 + 𝑐2 (𝑀 − 6) + 𝑐3 ln( 1 + 𝑒 𝑐𝑛 (𝑐𝑀 −𝑀) ) + 𝑐4 ln( 𝑅𝑟𝑢𝑝 + 𝑐5 cosh( 𝑐6 max( 𝑀 − 𝑐ℎ𝑚 , 0)))
+ (−0.5 − 𝑐4 ) ln( 𝑅) + 𝑐7 𝑅𝑟𝑢𝑝 + 𝑐8 ln( min( 𝑉𝑠30,1000)/1000) + 𝑐9 min( 𝑍𝑡𝑜𝑟 , 20) + 𝜖
moment magnitude (𝑴), closest distance to the rupture plane (𝑹𝒓𝒖𝒑 ), the time-averaged shear-wave velocity in
the top 30 m of the soil column below the site (Vs30), Source effects are also modeled using the depth to the top
of the rupture plane (𝒁𝒕𝒐𝒓 ).

Use Gaussian Process models (GP) following
Landwehr et al (2016)

𝑦𝑖 ~𝑝 𝑦 𝐱 𝑖 , 𝛃𝑖
𝛃𝑖 = 𝛚 𝐭 𝑖 ,

𝛚~GP 𝟎, 𝛋

ln( 𝐸𝐴𝑆) = 𝛽−1 (𝐭 𝐞 ) + 𝛽0 (𝐭 𝐬 ) + 𝑐2 (𝑀 − 6) + 𝛽1 ln( 1 + 𝑒 𝑐𝑛 (𝑐𝑀 −𝑀) ) + 𝛽2 ln( 𝑅𝑟𝑢𝑝 + 𝑐5 cosh( 𝑐6 max( 𝑀 −
𝑐ℎ𝑚 , 0))) + (−0.5 − 𝛽2 ) ln( 𝑅) + 𝛽3 (𝐭 𝐞 )𝑅𝑟𝑢𝑝 + 𝛽4 (𝐭 𝐬 ) ln( min( 𝑉𝑠30,1000)/1000) + 𝛽5 min( 𝑍𝑡𝑜𝑟 , 20) + 𝜖
in which te is the event latitude and longitude. ts is the station latitude and longitude.

GP models
• Regression estimates the variance structure of the coefficients
(hyperparameters), not the coefficients themselves
• Hyperparameters
• Constant (not varying spatially)
• Geometrical spreading
• Small magnitude scaling
• ZTOR scaling

• Spatially correlated using separation distances between sites
• VS30 scaling
• Site-specific term (dS2S)

• Spatially correlated using separation distances between sources
• Source term
• Linear R term (note: should be based on both source and site location)
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EAS predictions for VCM method

Distance attenuation for 4 lines

Median predictions for M5.5 at 50 km

Possible magnitude
conversion (ML -> M) issue

Epistemic uncertainty for M5.5 at 50 km

Additional Features for Non-ergodic GMPE
• Replace linear R scaling with cells
• Method of Dawood and RodriquezMarek (2013), with modification by
Kuehn et al (2019)
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PSHA Calculation
• For non-ergodic GMPEs, the epistemic uncertainty in the median GM
needs to capture the uncertainty for each source/site pair.
• e.g. Path effects from different directions

• Requires a large number (100s) of branches for the GMPE logic tree
• In current PSHA programs, adding GMPE branches is computationally
expensive

• Need a more efficient method to propagate the epistemic uncertainty
in the GMPE
• The Polynomial Chaos (PC) method is well-suited for this problem

Application of Non-Ergodic GMPE in PSHA
• Approach 1a
• For a given site, precompute the total non-ergodic adjustment term for a grid
of source locations (using 5 km x 5 km grids)
• Use monte carlo to generate a suite (100) samples of the non-ergodic terms for the grid
of source locations

• In PSHA code, add this adjustment (constant) to the base model GMPE
• Run time is similar to running 100 GMPEs (slow)

• Approach 1b
• For each source location, assume distribution from the Monte Carlo
realizations can be approximate by a lognormal distribution
• Use Polynomial Chaos to efficiently propagate the epistemic uncertainty
• Run time similar to running 2-3 GMPEs (fast)
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Application of Non-Ergodic GMPE in PSHA
• Approach 2a
• Develop non-ergodic coefficients for each source location.
• Use Monte Carlo to generate a suite (100) samples of the non-ergodic coefficients for
the grid of source locations

• Compute the non-ergodic adjustment inside the hazard code
• Avoids need for precomputing the nonergodic terms for the site
• Easier to use for multiple sites, but requires more changes to the hazard code

• Approach 2b
• Use PC for efficient calculations
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Next Steps – Non-Ergodic GMPE
• French Ground-Motion Data set
• Add site information (VS30 or soil category) that is missing
• Check on small magnitude conversion consistency for Italian, Swiss, French eqk
catalogs

• Non-ergodic FAS model
• Add attenuation by cells method
• Update the hyperparameters (variances and correlation lengths)
• Check the the resulting correlation lengths make physical sense

• Model extrapolation
• Check that the extrapolation to large magnitudes and short distance of the non-ergodic
model remains physically reasonable

• Convert FAS model to PSA
4th Scientific Committee meeting – November 2019

25

Next Steps – PSHA implementation
• Monte Carlo Sampling of epistemic uncertainty for non-ergodic terms
• Currently Implemented in Haz45
• Will be implemented in OpenQuake
• Verification: compare results from the two hazard codes

• Polynomial Chaos (PC)
• Replace Monte Carlo sampling with median and standard deviation of a
lognormal distribution of the nonergodic terms
• Modify PC method to include the spatial correlation of non-ergodic terms for
each source location
• Add partially correlated PC expansion to hazard codes
• Haz45 and OpenQuake
• Verification: compare results using PC with Monte Carlo sampling
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Schedule
• June 2020
• Complete initial nonergodic GMPE for France
• Complete PSHA implementation for HAZ45 and OpenQuake
• Monte Carlo
• Polynomial Chaos
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