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Executive Summary

The available earthquake data in the M2 to M5.2 range are used to develop an initial non-ergodic
ground-motion model for France. Because most of the magnitudes of the French database are small
(Mw = 2.0 — 5.2), the non-ergodic model is developed for the average horizontal Fourier Amplitude
Spectral values (called EAS) rather than for the response spectral accelerations. The scaling of PSA
depends on the spectral shape, the linear source, path, and site effects will not have the same scaling
on the PSA values for small and large magnitudes; however, using the EAS can avoids the scaling issue
being affected by differences in the response spectral shape. The non-ergodic EAS model includes
source, site, and path terms. In this study, an ergodic EAS ground-motion model (GMM) is first
developed to use as a reference model for evaluating the regional differences. A California GMM for the
EAS is used to constrain the extrapolation of the GMM outside the magnitude range covered by the
French data. A fully non-ergodic GMM is then developed using a method similar method to Landwehr
et al (2016), with a modification for anisotropic path effects. The non-ergodic model shows that using
the French data set, about 60% of the aleatory variance in the ergodic model is due to systematic source,

path, and site effects, consistent with data sets from other regions.

Examples hazard results are shown for eight sites in France for 5 Hz and 1Hz using a non-ergodic
version of the program HAZ45. Using a non-ergodic GMM, there is a large reduction in the aleatory
standard deviation, but there is also a shift in the median from each source location that can be either
positive (large median) or negative (smaller median). The differences between the ergodic and non-
ergodic hazard results are larger at 5 Hz than at 1 Hz. At the 1 x 10~*annual frequency of exceedance,
there tends to be a reduction in the hazard using the non-ergodic GMM, but at some sites, there will be
an increase in the hazard if there is an increase in the medians for the controlling sources that offsets

the reduction in the aleatory standard deviation at the 1 x 10~* annual frequency of exceedance.

The next step for this task is to complete the verification of the non-ergodic probabilistic seismic hazard

analysis (PSHA) codes by comparing hazard results from OpenQuake with those from HAZ45.
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1. Introduction

As ground-motion data sets have grown over the past decade, there has been a trend of moving from
ergodic to non-ergodic ground-motion models (GMMs). For example, the 2008 Next Generation
Attenuation West-1 (NGA-W1) GMMs developed for crustal earthquakes (Power et.al., 2008) were fully
ergodic models that were applied to all regions within the same broad tectonic category. Six years later,
with a much larger data set available, four of the 2014 Next Generation Attenuation West-2 (NGA-W2)
GMNMs for crustal earthquakes (Abrahamson et. al., 2014; Boore et al, 2014; Campbell and Bozorgnia,
2014; Chou and Youngs, 2014) included regional differences in four terms of the GMMs: constant term,
large distance scaling, the Vsso scaling, and the basin depth scaling. Within broad regions, there are still
regional differences in the median ground motion on a scale of 10s of km. This has led to the
development of non-ergodic GMMs in which the median ground motion depends on the coordinates of

the source and the site.

Non-ergodic GMMs have a significantly smaller aleatory variability compared to ergodic GMMs. This
reduction in the aleatory variability has been seen in many studies with different data sets: Atkinson
(2006), Morikawa (2008), Anderson and Uchiyama (2011), Lin et al. (2011), and Lanzano et. al. (2017).
These previous studies have shown that for a specific site and earthquake pair, the variance of the
aleatory variability is only 30-40% of the ergodic variance, indicating that most of the variability treated

as randomness in ergodic GMMs is actually due to systematic source, path, and site effects.

Partially non-ergodic GMMs that only account for the systematic site effects have been developed (e.g.,
Rodgriez-Marek et al., 2013; Kotha et al., 2016; Sung and Lee, 2019). The single-station sigma
approach that has been used in seismic hazard studies for nuclear power plants and dams over the past
ten years (e.g, Renault et al., 2010; BCHydro 2012; Coppersmith et al., 2014; Bommer et al., 2015;
Geopentech, 2015; Tromans et al., 2019; and NCREE 2018). The reduced aleatory variability for the
partially non-ergodic approach is called the single-station standard deviation. Using single-station
variance, about 30% - 40% of the variance of the ergodic model is removed as compared to 60-70% for
the fully non-ergodic case. The site-specific site effect is then included as an adjustment to the median
using either results from analytical site response analysis or residuals from empirical ground-motion

data recorded at the site.

For PSHA applications with the single-station standard deviation approach, the hazard is computed for
a reference rock site condition with the ergodic GMM for the median and with a reduced standard
deviation. The single-station standard deviation approach is straight forward to implement in a PSHA
because it only involves changing the standard deviation of the GMM and incorporating the site-specific
site effect which applies to all sources.

Fully non-ergodic GMMs account for the systematic source and path effects in addition to the systematic

site effect. Because the source and path effects depend on the location of the source and the site, the

C.H. Sung & N. Abrahamson Author(s) - Implementation of Non-Ergodic Ground Motion Prediction
Equations in Probabilistic Seismic Hazard Analysis for France- SIGMA2-2020-D5-059



Research and Development Program | SIGMA2-2020-D5-059

YIGMAZ on
Seismic Ground Motion Page 5/72

coefficients for the non-ergodic GMM depend on the latitude and longitude of the source and the site.
This makes implementation of a fully non-ergodic GMM into PSHA more complicated and requires
modification to the PSHA software. Under Work Package 5, this study conducts a trial PSHA

implementation of a non-ergodic GMM for France.

In this study, there are four main tasks: (1) develop an ergodic GMM for France that serves as the
reference model; (2) develop a non-ergodic GMM for France, sampling the epistemic uncertainty in the
median; (3) modify the PSHA computer program HAZ45 to implement the non-ergodic GMM; (4) conduct

example PSHA calculations.

2. Data Set

2.1 RESIF database

We use the processed ground-motion data from the Réseau Sismologique et géodésique Francgais
(RESIF) data set, which includes more than 6500 recordings from 468 earthquakes recorded at 379
stations in Metropolitan France between 1996 and 2016. This dataset includes data recorded by
accelerometric and broadband sensors (RESIF, 1995a, b), including 177 permanent stations (RA and
FR network codes) and 202 temporary stations (X7 and YP network codes) in France. The dataset is
available as a version-numbered flat file containing the metadata, the response spectra for several

damping values, and the Fourier amplitude spectra (Traversa et al., 2020).

Two methods for the conversion to moment magnitude were used based on the year of the earthquake:
For earthquakes that occurred in France between 1996 to 2009, the moment magnitude was provided
by the Sismicité Instrumentale de 'Hexagone (Si-Hex) project (Cara et al., 2015). For earthquakes that
occurred after 2009, the moment magnitude was estimated using the conversion equation proposed by
Grunthal et al. (2009). The magnitude conversions are given in the SIGMA2-2019-D3-028 report
(Bremaud and Traversa, 2019). Figure 1 shows a map with the event and station locations in the data

set that were selected.

For the ground-motion model, the site conditions are parameterized by the time-averaged shear-wave
velocity over the top 30 meters (Vsao); however, Vszo measurements are not available for most of the
stations in the RESIF data set. For the stations without measured Vsso, we used the estimates from the
global Vsso map (https://earthquake.usgs.gov/data/vs30/) of the United States Geological Survey
(USGS) which uses the topographic slope as a proxy for the Vszo (Wald and Allen, 2007 and Allen and
Wald, 2009). Figure 2 shows the global Vs3o values from USGS in France and also shows the final Vsao
values at each station. As we will estimate the site-specific site terms as part of the development of the

non-ergodic GMM, using proxies for the for Vsao is not a key limitation of the study.

C.H. Sung & N. Abrahamson Author(s) - Implementation of Non-Ergodic Ground Motion Prediction
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The final subset consists of 6044 recordings from 463 earthquakes with the range of M is from 2.0 to
5.2 (ML 2.4 to 5.6), rupture distance (Rrup) between 2 km to 660 km, and Vs30 is from 171 to 3100 m/s
(Figure 3). The usable frequency band was set based on the filters applied during the data processing.
Figure 4a shows the total number of useable records at each frequency and also the number of
recordings with and without measured Vs3o values. Figure 4b shows a number of useable records for
different moment magnitude (M) ranges. Most of the records are in the M3.0 to M4.0 range. The number

of useable records at each frequency is also listed in Table 1.

2.2 EAS Ground-Motion Intensity Measure

To have enough data to constrain the non-ergodic terms, data from small magnitudes are used. But why
do we need to use Fourier spectral values instead of PSA values to build the GMM? Figure5a shows
two theoretical source spectrums are based on the omega-squared spectrum (Aki 1967; Brune, 1970)
with the stress drop = 100 bar, kappa = 0.02 sec, and Vs = 3600 m/s, from M3 to M7. One of them
contains the site amplification (solid lines), and the site ampilification function is shown in Figure 5b.
This site amplification function is from the B/C boundary of Akinson and Boore (2006) with Vs = 760
m/s. Whether it is at M3 or M7, the linear transfer function is the same. That is, the site amplification
function does not depend on the magnitude in the FAS; however, for the response spectrum, the site
amplification function does depend on the magnitude. As an example, we used the Random Vibration
Theory (RVT) to convert the two FAS in Figure 5a to the response spectra as shown in Figure 5¢c. We
further calculated the site amplification function from the two response spectrums (ratio of the two
spectrums per magnitude) and obtained the magnitude dependence in the PSA amplification function
as a function of frequency, shown in Figure 5d. The main reason for this difference is that the response
spectrum is based on the peak of the oscillator response for each period. Therefore, the non-ergodic
model is developed for the Fourier spectral values rather than for the PSA values. The non-ergodic FAS
model can be converted to a PSA model in a later step using Random Vibration Theory (RVT), but that
task belongs in WP3; it is not part of the current WP5 task.

The intensity measured used in the ground-motion model is the “Effective Amplitude Spectrum” (EAS)
defined by Goulet et al. (2018). The EAS is an orientation independent measure of the average

horizontal-component Fourier amplitude spectrum (FAS) of the ground acceleration given by

BAS(F) = [AFASin(F)? + FAS (Y] (1)

in which FASH1(f) and FASH2(f) are the FAS of the two as-recorded orthogonal horizontal components
of the ground motion, and f is the frequency in Hz. This definition is used to facilitate the later use of

RVT to convert the EAS to response spectral values.
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The EAS is also smoothed using the Konno and Ohmachi (1998) smoothing window. The weights and
window parameter are set to be consistent with those used by PEER for other data sets (Next
Generation Attenuation East and NGA-W2 data sets):

sin(b loglo(f/fc)))4 @)

w =

) < b loglO(f/fC)
in which W is the weight defined at frequency f for a window with center frequency fc, and the window
parameter (b) is set to b = 0.033. The general scaling of the EAS for 1 Hz and 5 Hz are shown in Figure

6 as a function of magnitude and distance.

3. Ergodic EAS Ground-Motion Model

The ergodic EAS model for France is based a simplified form of the Bayless and Abrahamson (2019)
empirical EAS GMM for shallow crustal earthquakes in California (called BA19). The magnitude scaling
in the BA19 functional form is based on the functional form used by Chiou and Youngs (2014) (called
CY14) for their GMM for response spectral values, which is able to model magnitude scaling of strong
ground motion over the M3 to M8 range. Figure 7b shows the results for magnitude scaling of 0.02, 0.3,
and 20Hz, which are based on an omega-squared spectrum (Aki, 1967; Brune 1970) from M3 to M7
(Figure 7a). There is the apparent quadratic behavior for magnitude scaling in 0.3 Hz. Because of that,
most GMMs adopted the quadratic term to define the magnitude scaling, but there would be an issue
that the steeper slope for quadratic terms does not extrapolate well to the small magnitude range. In
contrast, the magnitude scaling in the CY14 model is a smooth transition scaling model between a slope
at the low magnitudes (c3aM) and a slope at the large magnitudes (c2M) in Figure 7¢ (Chiou et al. 2010).
The cm term sets the break in the magnitude scaling between small and large magnitudes. The cn term
controls how sharp is the break in the magnitude scaling. This model includes the similar behavior of

the quadratic term and solving the issue of going steeper for small magnitudes.

The functional form used for the French ergodic GMM includes the magnitude scaling, path scaling,

linear site amplification, and depth to the top of the rupture (Ztor) scaling as shown in equation (3):

IN(EAS) = ¢; + ¢;(M — 6) + c3ln(1 + enM™) + ¢, In(R,,,;, + cscosh(cgmax(M — cp, 0))) + (Caq —

c)In(R) + C7Rpyp + cgln(min(Vs30,1000)/1000) + comin(Zsor, 20) + &, (3)

In which M is the moment magnitude; R, is the shortest distance from the site to the rupture plane in

km; R = /Rﬁup + cZg, cras is the midpoint of the transition in distance scaling, and was set as 50 km

from analyses of NGA data sets (Chiou and Youngs, 2008). Vs, is in m/s; Z,,, is the depth to the top of

the rupture plane in km; and ¢ is the total residual in naturel logarithm units. For simplicity, the basin-
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depth scaling and the non-linear site effects in the BA19 functional form are not included. The French
ground-motion data are not reliable at long periods (T>1 sec) for which the basin terms are most
important. The amplitudes of the ground motions in the French data set are in the linear range, so the
nonlinear site terms are not needed for this study, but the nonlinear site terms should be included in a

final model for the EAS for applications to soil sites in a seismic hazard analysis.

In the BA19 model, the scaling at large magnitude is controlled by five terms: c,, cs, ¢4, ¢,, and ¢,,. The
c2 term is the scaling for large magnitudes. The cs and cs terms are finite-fault terms for the saturation
at short distances. cscosh(cs max(M — ¢, 0)) also like the transition formula, which is varying
smoothly from a constant at small magnitudes to large magnitudes. Because there are no data from
large magnitude earthquakes in France, the coefficients of the large magnitude scaling for the French
ergodic GMM are constrained to the values for the BA19 model (c2, ¢s, Cs, Cn, and cnm). €3 term is not the
scaling for small magnitudes, it is the transition formula mentioned previously in the Figure 7c, so c3 =
(c2 - c3a)len (Chiou and Youngs, 2010). For long distances, the (c,, — c,)In(R) term is the transition
formula between the S waves and the surface waves. cgj is the midpoint of the transition in distance

scaling in the In(R). We also follow the CY14’s assumption that cz; = 50 km and c,, = -0.5.

In the regression, we used the maximume-likelihood technique based on the random-effects approach
(Brillinger and Preisler 1984, 1985; Abrahamson and Youngs, 1992) to estimate the coefficients for the
GMM in the statistical software R (Pinheiro et al., 2020). This procedure leads to the separation of total
residuals (&) into between-event residuals (§B), between-site residuals (§52S), and within-site residuals
(6WS) (Al Atik et al., 2010; Villani and Abrahamson, 2015).

The number of useable recordings decays quickly for frequencies less than 1 Hz. Therefore, the
coefficients are only estimated for frequencies greater than or equal to 1 Hz. For frequencies less than
1 Hz (0.1 Hz to 0.9 Hz), we adopt the coefficients from the BA19 model which are only shown in
APPENDIX A. This approach allows us to move forward with the EAS GMM for France, but it needs to
be further evaluated. The resulting ergodic model coefficients from 1 Hz to 23.5 Hz are listed in Table 1

and are shown in Figure 8.

As an example, the residuals for the ergodic GMM for the EAS at 5 Hz are shown in Figure 9. There
are no significant trends in the between-event residuals with magnitude, in the within-site residuals with
distance, or in the between-site residuals with Vs3o. Table 1 also shows the standard deviations for these
residual components of the French ergodic models from 1 Hz to 23.5 Hz. The standard deviations from
0.1 Hz to 0.9 Hz based on the BA19 model are shown in APPENDIX A.

The comparison of the median EAS for the French ergodic model with the BA19 model (without the
nonlinear site term or the basin depth term) for the distance scaling and magnitude scaling at 1.0 Hz
and 5.0 Hz are shown in Figure 10. Overall, the scaling of the EAS is similar between the two regions.

The main differences are in the distance scaling at large distances (linear R term) and in the small-

C.H. Sung & N. Abrahamson Author(s) - Implementation of Non-Ergodic Ground Motion Prediction
Equations in Probabilistic Seismic Hazard Analysis for France- SIGMA2-2020-D5-059



Research and Development Program | SIGMA2-2020-D5-059

YIGMAZ on
Seismic Ground Motion Page 9/72

magnitude scaling. For the 5-Hz distance scaling, the attenuation at large distance is lower in France
than in California. For the magnitude scaling, there is weaker magnitude scaling in France than in
California. Fig. 17 of Ameri et al. (2017) also shows a similar PSA scaling for NGAW2 and French
models. Regional differences in median ground motion in France can be seen in the data. For example,
we chose eastern France as the target area to plot the between-event residuals (Figure 11a). We further
split this area into three smaller regions: E1, E2, E3. The probability density distribution of between-
event residuals for the combination of three regions is shown in Figure 11b, and other individual small
regions results are shown in Figure 11c, Figure 11d, and Figure 1le.The results show regional
differences in the mean source term (solid lines in Figure 11b-d) of up to a factor of 1.22 (0.2 In units)

for the subregions.

4. Non-Ergodic Ground-Motion Model

Using the notation of Al-Atik et al (2010), the median non-ergodic GMM can be written as
#nonerg (X' te' ts) = .uerg (X) + 6L2L(te) + 6525“5) + 6P2P(te' ts)- (4)

in which te and ts are the coordinates of the earthquake and the site, respectively, §L2L(te) is adjustment
to the source term, 6525(ts) is the site term, and §P2P(te, ts) is the path term. Below, we relate the non-
ergodic terms in equation (4) to the notation of Landwehr et. al. (2016) with modifications for anisotropic

linear R scaling used by Abrahamson et. al. (2019).

For the non-ergodic source term, the model is a constant based on the coordinates of earthquake source

location, te:
OL2L(t.) = B_1(te) (5)

For the non-ergodic site term, there are two length scales for the constant term, so the model includes
two constant terms (one correlated and one uncorrelated) and a spatially correlated change in the Vsso

scaling based on the coordinates of site location, ts. The uncorrelated site term is given by 8Sg,s:

852Sg = Bo(ts) + frs30(Vs30; t5) + 8Sgys (6)

For the non-ergodic path term, the linear R scaling is removed from the reference ergodic GMM, the
region is broken into a grid of cells, and attenuation through each cell is estimated. The path term is

given by

O0P2P(t,, ts) = Zch eAttn,i ARRup,i - gAttnRRup (7)

C.H. Sung & N. Abrahamson Author(s) - Implementation of Non-Ergodic Ground Motion Prediction
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in which the ARy, ; is the length of the ray (between the source and the site) in the it cell (Figure 12).
In the reference ergodic GMM, the linear R scaling coefficient, 84;+,,, is constrained to be negative to
represent Q effects. The minus in front of 6., Rz, indicates the linear R scaling is removed from the
ergodic GMM, so that a constraint on the attenuation (6,,., ;<0 for each cell) can be applied to the non-

ergodic model, similar to the constraint in the ergodic model.
The total residuals from the ergodic GMM are given by:

Ees = ln(EASes) — Herg (M’ RS, .. ) (8)

These total residuals, e.s, are modeled in two steps to estimate the non-ergodic terms: (1) the source
and site terms using the Variable Coefficient Model (VCM) via a Gaussian process regression
(Landwehr et al., 2016), and (2) the path term of anelastic attenuation per cell from the cell-specific
approach using the Bayesian hierarchical model (Kuehn et al., 2019). These two steps are described

below.

4.1 Source and Site Terms for the VCM

In the first step, we follow the equations (5) and (6) that depend only on source or site coordinates as

the additional parameters to regress the total residuals:

€es = Co + -1 (te) + Bo(ts) + fysz0(Vs30; ts) + 8S5p5 + 6B, + WS, 9)

In this model, fyg,,(Vs3o; ts) = B4(ts) In(min( Vg3, 1000)/1000)), C, is the intercept that accounts for the
change in the implicit weighting for each recording, §S¢, is the zero-correlation length site term, §Be is
the remaining aleatory variability of the event term, and W Ses is the remaining aleatory variability of
within-site term. The §5g,¢ has the same role as §Ss2s for the single-station standard deviation approach,

but it is computed relative to the site scaling in the VCM model.

The regression approach for the VCM is the Gaussian Process (GP) with a hierarchical Bayesian
framework. The Gaussian process is a distribution over a function f(x), its distribution is defined by a

mean function and a covariance function:
f(xX)~GP(0,k(x,x")), (10)

Because we are fitting the model to the residuals from the ergodic GMM, the mean function is set in 0
and the x = (te, ts) and x’ = (te', ts') into covariance function. The covariance function model is the joint
distribution of all random variables to build the distribution over a function with a continuous domain,
such as location of event or site. We set the covariance function (also known as the kernel function) of
VCM to be consistent with Landwehr et al. (2016):

C.H. Sung & N. Abrahamson Author(s) - Implementation of Non-Ergodic Ground Motion Prediction
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6Zexp (_nx(te); (tem) ifj € (1)
j

0Zexp <_||x(ts);;< (ts)n) ifj € {04}
J

K;(x,x) =

(11)

in which 9]-2 is the variance (amplitude) and p,-Z is the correlation length (length scale); they are the
hyperparameter in the kernel function. We estimate the hyperparameters of the Gaussian process via
the marginal likelihood based on the observations. Then, the posterior distribution with mean prediction
and standard deviation of the -1, Bo, and B4 for each source location and site location are estimated.
The resulting hyperparameter of equation (11) from 1.0 Hz to 23.5 Hz are listed in Table 2 and are

shown in Figure 11. The hyperparameters from 0.1 Hz to 0.9 Hz are shown in APPENDIX A.

Following Landwehr et. al. (2016), the estimate of the variance of epistemic uncertainty (1)?) in the

median ground motion is given by:

Y? =k, —kT(K+ oZD7'K, (12)
K1,1 Kl,n
K= : . : and Ki,l = Z?’:l xij xlej(ti! tl)! (13)
Kn,l Kn,n
k= [kl! kz, ) kn—l' kn] and ki = Z}i:l xij x*jKj(ti, t*), (14)
k* = [k*, k*, Yy k*x k*] and k* = Zj’l=1 x*j x*jKj(t*: t*)a (15)

in which

t«is the latitude and longitude for a new location to estimate the median ground motion

Y is the standard deviation of epistemic uncertainty for site location, t«

kjis from the equation (11)

| is the identity matrix

0, is the standard deviation of aleatory variability of the ground motion.

To show the adjustment map of source constant (8-1), site constant (Bo0), and In(Vsao) coefficient (54),
we divide France into cells of size 0.2 x 0.2 degrees. The justification for the selected grid size is
discussed later. The mean values of the three non-ergodic coefficients are computed for each cell using
either the source location or site location. Maps of the spatially varying mean coefficients are shown in
Figure 14 (constant source term), Figurel5 (constant site term), and Figure 16 (linear Vs30 term), for

1Hz and 5 Hz. These adjustment terms are zero in regions without data (or with sparse data) and
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potentially show the larger (positive) values or smaller (negative) values for cells close to observed

events and stations.

The median ground motion using the VCM model is given by

uyeu(M,R,S, 0,t,,t5) = terg(M,R,S) + Co + B_1(te) + Bo(ts) + frs30(Vs30; ts) (16)

and the total residuals from the VCM are given by:

Nes = ln(EASes) — Hyvem (X’ 0, t., ts) (1 7)

4.2 Path-specific attenuation term

We used the same 0.2 x 0.2 degrees grid size for the path effects. Figure 17a shows the ray paths from
each source to each station with a useable recording at 5 Hz from that earthquake. The number of rays
that pass through each cell is shown in Figure 17b, which indicates how well the path effect is
constrained for each cell. We apply the cell-specific anelastic attenuation terms to replace an ergodic

term in the GMM by fitting the residual shown in equation (17):

Nes = fAttn(ARRup,i; Celli) + aBe + aSZSS + aVI/S.eS' (18)

fartn (ARpyp i; €ell)) = XN Oapen i ARRyp,; (19)

and 6Beis the remaining variability of the event term, §S2Ssis the zero-correlation length site term, §W Ses
is the remaining variability of within-site term. To avoid nonphysical attenuation coefficients, the Gattn,i is

constrained to be negative.

We apply the same regression model (Bayesian hierarchical model) as Kuehn et al. (2019) into the cell-
specific anelastic attenuation terms. The path terms are assumed to be distributed as a truncated normal
distribution. The truncation is used to remove the positive values. All the settings of the prior distributions
of variables in the cell-specific model are the same as equation (5) to equation (8) of Kuehn et al. (2019).
Figure 18 shows the mean values of the posterior distribution of the G4t per cell at 1.0 Hz and 5.0 Hz.
Greater anelastic attenuation coefficients (lower Q) occur in Alps whereas the smaller values (higher Q)
in western France Furthermore, Figurel9 shows the other French anelastic attenuation maps: (1) Qs
in Figure 5 of Campillo and Plantet (1991) at 6Hz, and (2) the ratio of the absorption quality factor (Qi)
and the spatial average of Qi (Qm) in Figure5 of Mayor et al. (2018) at 4 — 8 Hz. These results also show
apparent lower Q values in the south-eastern regions and higher Q values in the western areas;
however, if the cell did not include any path ray, the cell-specific anelastic attenuation coefficient would
use the ergodic anelastic attenuation value (c7). The standard deviation of the epistemic uncertainty of

the Batm,iis captured from the result of the posterior distribution for 64:», which are shown in Figure 20,
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for 5.0 Hz. In the specific-site PSHA calculations, these epistemic uncertainties for each source cell are
included on the logic tree. Table 3 lists the results of mean attenuation, pe4cen, and standard deviation,
oeatn, for 43 frequencies. The mean attenuation and standard deviation from 0.1 Hz to 0.9 Hz are shown
in APPENDIX A.

If the chosen grid size is not larger than the correlation length of the hyperparameter, the results
will not be sensitive to the grid size. Figure 21 shows the semi-variogram of non-ergodic source term
for the different grid sizes at 5Hz. For this case, the correlation length of the hyperparameter in the GP
model is 0.387 degrees. The result shows the consistent trend of the semi-variance when the grid size
is smaller than the correlation length. On the contrary, the semi-variance is unstable with the grid size
greater than the correlation length. We finally chose the grid size is 0.2 x 0.2 degrees because this given

grid size needs to suitable for all non-ergodic terms.

4.3 Residuals & Standard Deviation

The residuals of the ergodic, VCM-non-ergodic, and fully non-ergodic (VCM + path effects) GMMs for
5.0 Hz are shown in Figure 22. The results show a significant reduction of the variability of the between-
event and between-site residuals for the VCM-non-ergodic model as compared to the ergodic model.
Because the VCM-non-ergodic model used in the first step did not include a non-ergodic path term,
there is not a significant reduction in the variability for the within-site residual. Including the non-ergodic
path term does not significantly change the standard deviation of the between-event or between-site
residuals, but it does reduce the standard deviation of the within-site residuals at large distances. The
standard deviations of the within-site residuals in different distance bins for the three models are shown

in Figure 23, for 1.0 Hz and 5.0 Hz. At short distances, the standard deviations of the within-site
residuals, ¢ _, are similar for the three models, whereas there is a significant decrease in the ¢__at long

distances for the non-ergodic GMM, particularly for 5 Hz.

5. Median and Epistemic Uncertainty for Non-Ergodic Model

Because the adjustment terms of a non-ergodic GMM vary by the geographical location, the median
predictions at a given site also change depending on event locations. Figure 24 shows an example of
the spatial variation of median EAS predictions by the French non-ergodic and ergodic GMMs for a set
of predictor variables M = 5.0, Vs30 = 2100 m/s, Ztor = 10 km at 5.0 Hz for SITE 1 in south-eastern
France. The ergodic GMM has the same attenuation in all directions, but for the non-ergodic GMM, the
attenuation can depend on the direction. Figure 25 compares the distance scaling of the EAS in different
directions for the ergodic and non-ergodic models at 5.0 Hz for three sites (SITE1, SITE2, and SITE4).

The largest differences are seen for distances of 100-300 km due to the path effects.

The epistemic uncertainty of the median ground motion for the non-ergodic model is shown in Figure

26 for SITE 1 and SITE 2 at 5.0 Hz. The results show the lower uncertainty is constrained to locations
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where data are available, whereas the uncertainty is increased for the region without data (or with
sparse data). Furthermore, all epistemic uncertainties for the SITE 1 are lower than the resulting of
SITE 2, which is due to the location of SITE 1 nears the observed data.

We chose SITE 1 and use the same parameters (Vs3o= 2100 m/s, Ztor=10 km) to calculate the median
EAS spectra at 1.0 Hz to 23.5 Hz. We chose two target sources which have the similar source-site
distance. The first target source (Source 1, 43.7°N, 2.7°E) is located west of the site at a distance of
246.8 km, and the second source (Source 2, 45.9°N, 5.7°E) is located north of the site at a distance of
247 km (Figure 27). Examples of the median EAS spectra from the non-ergodic and ergodic models
from M3 to M8 are shown in Figure 28. For Source 1, the ergodic and non-ergodic models have similar
Fourier spectra, only a slight reduction on lower frequencies and a slight increase on higher frequencies
for the non-ergodic model. (Figure 28a). Source 2 shows a significant difference at frequencies greater
than 2 Hz between non-ergodic and ergodic models (Figure 28b). Figure 29a and Figure 29b show
the epistemic uncertainties of the non-ergodic model at all frequencies for Source 1 and Source 2,
respectively. Source 2 has a smaller epistemic uncertainty than Source 1 due to the available data
closed.

Figure 30 and Table 4 show the standard deviations terms for the ergodic and non-ergodic GMM for
each frequency: total, between-event, between-site, and within-site standard deviations. There is a
significant reduction of the aleatory variability for the non-ergodic model. For example, at 5 Hz, the
ergodic aleatory standard deviation is 0.94, the partially non-ergodic aleatory standard deviation (the
single station standard deviation) is 0.80, and the full non-ergodic aleatory standard deviation is 0.59.
This corresponds to a 60% reduction in variance from the ergodic to the non-ergodic GMM and is
consistent with the results from active regions discussed in the introduction. For the 0.1 to 0.9 H are
shown in APPENDIX A.

6. PSHA Implementation

For PSHA implementation of the non-ergodic approach, the site/source specific adjustment along with
the standard deviation of epistemic uncertainty in the adjustment needs to be included (e.g., Figure 26).
The current approach is to precompute the net adjustment term (sum of the source, path, and site terms)
for each source location for a single site location. We randomly sample 100 different adjustments from
the distribution based on the epistemic uncertainty that was implied by the varying coefficient model and
cell-specific approach. Figure 31 shows the two samples of 100 maps for sampled adjustments. That
is, in PSHA code, we will add these adjustments (constants per grid) to the ergodic model; there is a
logic tree with 100 branches of the non-ergodic terms for the GMM that are equally weighted (Figure
32).

For the site terms, a single non-ergodic term is estimated for each realization. The source and path non-

ergodic terms are sampled to capture the variance and the correlations of the terms. The net adjustment
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is the sum of the source, path, and site terms. By precomputing the net adjustment terms, fewer changes
are required for the PSHA program. The main change is that the adjustment terms depend on the latitude

and longitude of the source.

The following is the formula for the ergodic probability of exceeding any PGA level using knowledge of

the median ground motion (u.,4) and ergodic aleatory standard deviation (o,,,4) in the units:

P(Y > ZIM,R) = 1—q>(l"(z)_“erg(M'R,T)>

Oerg(M,R, T)

Where the Y is the ground-motion parameter of interest, and P(Y > Z|M,R) is the conditional
probability that Y is larger than z for a given magnitude, distance, and other relevant parameters. ®() is
the cumulative distribution function of a standard normal distribution. But for non-ergodic GMMs, the
latitude and longitude of each source needs to be passed to the GMM subroutine and the appropriate

adjustment factor interpolated from the pre-calculated values.

1(2) = (tterg (M, R, T) + Aptn(Lat,, Lon,, Lat, Lony, M, T))

P(Y > ZM,R) = 1—-® ,
( | ) O-ne(M;R:T)

The HAZ45 code runs the hazard for a single site, so the Ay, is a table of values for different source
locations and magnitudes for the selected site, and the g, is the non-ergodic aleatory standard
deviaiton. Multiple realizations are included to capture the epistemic uncertainty in the non-ergodic
terms. Figure 33 shows the map of the locations of the sites which we selected to randomly sample the
adjustments, and Table 5 shows the latitude, longitude, Vs30, and non-ergodic site terms for each site.
Figure 34 shows the mean adjustment over the 100 realization for SITE 1 and SITE 2 per source grid.
For sites without local data (e.g., SITE 2), the mean values in the maps are close to zero. For sites will
location data to constrain the non-ergodic terms (e.g., SITE 1), the mean can be close to zero or different
from zero depending on the data. The mean adjustment for other six sites is show in APPENDIX B. For
standard deviation of the 100 realization for the same sites is shown in Figure 35 and APPENDIX C.
The epistemic uncertainties range from 0.15 for regions with local data to 0.7 for regions without local
data. It should be similar to the previous epistemic uncertainty map (Figure 26) because we adopted

these epistemic uncertainties to generate the samples (adjustments) for each cell.

The changes required to implement the non-ergodic GMMs have been implemented into HAZ45 and is
currently being implemented into OpenQuake (OQ). Example hazard results using the HAZ45 software

are shown below. The seismic source model is the EDF zoning (Drouet et al., 2020)

Figure 36 to Figure 41 compares the hazard using the ergodic EAS GMM with the hazard from the 100
samples of the non-ergodic adjustment terms for eight sites. SITE1, SITES to SITES8 are all close to the
local data, so they would have data to constrain the adjustments for the site term. For the non-ergodic
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GMM, the aleatory variability is reduced. If only the aleatory variability is reduced, then the non-ergodic
hazard curves would be much steeper than the ergodic hazard curves; however, the adjustments vary
spatially, which acts like additional variability in the total hazard (summed over all source locations). So,
the non-ergodic hazard curves are not as steep as would be the case if the adjustment was the same
for all source locations, as is the case with the partially non-ergodic single-station standard deviation
approach. The mean hazard also samples the epistemic uncertainty from the 100 realizations which will
also flatten the slope of the mean hazard curve. The effect of the epistemic uncertainty on the slope of
the hazard curve can be seen by comparing the slope from the mean hazard and the slope from the

median hazard.

For SITE 1 (southeastern France, Figure 36), the mean hazard curves for the ergodic and non-ergodic
GMMs are similar for 1 Hz, but there is a large reduction in the mean non-ergodic hazards for 5 Hz. At
an annual frequency of exceedance of 1 x 10™*, there is a factor of 2 reduction in the ground France
motion, and the 95th fractile from the non-ergodic hazard is close to the mean ergodic hazard. The slope

of the median hazard (dashed blue line) is steeper than the slope of the mean hazard.

For SITE 2 (central — western France, Figure 37), SITE 3 (northwestern France, Figure 38), and SITE
4 (northern France, Figure 39), the 1-Hz mean hazard and 5-Hz mean hazard are similar the mean
ergodic hazard results. These sites have wider range of the fractile than SITE 1 is dues to the higher

epistemic uncertainties for the adjustments.

Ameri et al. (2017) showed a factor 2 reduction in the PSA ground motion in the uniform hazard spectra
at a 10,000-yr return period when they adopted the partially non-ergodic model. However, the hazard
will not be reduced/increased at all sites. To demonstrate this, we selected four additional sites (SITE 5
to SITE 8, Figure 40 to Figure 41) for which the non-ergodic model leads to hazard that is larger/lower
than then ergodic hazard at the 1 x 10™* annual frequency of exceedance. For SITE 5 (eastern France),
the 1-Hz ground motion from the mean non-ergodic hazard at the 1 x 10~* annual frequency of
exceedance is about a factor of 1.75 larger than the ground motion at the same annual frequency of
exceedance for the ergodic model. For SITE 6 (southern France), the 5-Hz ground-motion from the
mean non-ergodic hazard is about 1.5 larger than the 5-Hz ground motion from the ergodic model for
the 1 x 10~* annual frequency of exceedance. For SITE 7 (northwestern France), there is a factor of 1.8
reduction at the 1 x 10~* annual frequency of exceedance of the 1-Hz ground motion from the mean
non-ergodic hazard. For SITE 8 (eastern France), the 5-Hz ground-motion is about 2 reduction from the
mean non-ergodic hazard at the 1 x 10™* annual frequency of exceedance. SITE 7 has higher

epistemic uncertainty for the adjustments so that the fractile is wider than others.

We conducted an initial the verification of the ergodic and non-ergodic PSHA codes by comparing the
hazard results from OQ with HAZ45 for SITE 1 on 5Hz in Figure 42. The OQ’s results is from Marco

Pagani. The result show that the consistent hazard level for both models.
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7. Conclusions

Traditionally, GMMs used in PSHA have been based on the ergodic assumption (Anderson and Brune,
1999). The move to non-ergodic GMMs will lead to GMMs that have a better physical basis and provide
more accurate estimates of the hazard in regions with local data. In regions with little local data, non-
ergodic GMMs can still be used. In this case, the mean hazard will approximate the ergodic mean
hazard, but the uncertainty range will be broader and will provide a better estimate of the uncertainty

and also show the value of collecting local ground-motion data.

The non-ergodic GMM for EAS develop in this study can be extended to response spectral values.
Before doing so, the extrapolation to low frequencies should be revised. Because the available data
ground-motion from France were not reliable at low frequencies, the current model assumed that the
low-frequency scaling from the BA19 model is applicable to France at frequencies less than 1 Hz. This
can be improved. It may be possible to use the hyperparameters for low frequencies from the California

models and then estimate the non-ergodic terms using the French data.

Using a non-ergodic GMM, there is a large reduction in the aleatory standard deviation, but there is also
a shift in the median from each source location that can be either positive (large median) or negative
(smaller median). At the 1 x 10~* annual frequency of exceedance, there tends to be a reduction in the
hazard using the non-ergodic GMM, but at some sites, there will be an increase in the hazard if there is
an increase in the medians for the controlling sources that offsets the reduction in the aleatory standard

deviation at the 1 x 10™* annual frequency of exceedance.

There is a need to verify the PSHA programs for implementing non-ergodic GMMs. The next step for
this task is to conduct the verification of the non-ergodic PSHA codes by comparing hazard results from
OpenQuake with those from HAZ45. The initial comparison shows that the two PSHA programs lead to

consistent hazard estimates for both the ergodic and non-ergodic GMMs.
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Table 1 Coefficients for the ergodic EAS model for France

Freq N €1 C2 €3 €4 Cs C6 €7 Cg €9 Cn Cm Chm or T Ps2s Pss

1 4815 -3.831 127 -0.339 -2.165 7.5813 0.4519 -0.0037 -1.2200 -0.0024 3.714 5.616 3.811 1.025 0.600 0.569 0.523

11 5056 -3.754 1.27 -0.328 -2.165 7.5811 0.4522 -0.0037 -1.2237 -0.0035 3.857 5.980 3.806 1.052 0.627 0.619 0.514

12 5166 -3.891 127 -0.307 -2.165 7.58101 0.4525 -0.0038 -1.2358 -0.0034 4.007 5.850 3.801 1.053 0.625 0.631 0.514

13 5316 -3.77 127 -0.300 -2.165 7.5808 0.4529 -0.0040 -1.2095 -0.0054 4.172 5.80 3.796 1.01 0.629 0.562 0.502

15 5495 -3.872 1.27 -0.261 -2.165 7.5800 0.4541 -0.0042 -1.1919 -0.0020 4.561 5.650 3.780 0.995 0.609 0.559 0.503

1.6 5544 -3.855 1.27 -0.247 -2.165 7.5795 0.4548 -0.0044 -1.1789 -0.0007 4.788 5.580 3.771 0.971 0.596 0.529 0.505

17 5638 -3.928 1.27 -0.226 -2.165 7.5790 0.4554 -0.0044 -1.1685 -0.0015 5.038 5.520 3.761 0.94 0.553 0.521 0.499

18 5686 -4.053 127 -0.208 -2.165 7.5784 0.4561 -0.0045 -1.1667 0.0041 5.314 5.400 3.752 0.935 0.544 0.519 0.496
2 5727 -4.012 127 -0.182 -2.165 7.5779 0.4568 -0.0047 -1.1627 0.0058 5.619 5.373 3.743 0.923 0.535 0.505 0.499
2.1 5770 -3.948 1.27 -0.173 -2.165 7.5769 0.4578 -0.0049 -1.1492 0.0086 5.957 5.349 3.731 0.898 0.514 0.495 0.493
2.2 5847 -3.885 1.27 -0.164 -2.165 7.5756 0.4589 -0.0050 -1.1532 0.0072 6.332 5.325 3.717 0.898 0.505 0.491 0.503
2.4 5879 -3.887 127 -0.147 -2.165 7.5742 0.4600 -0.0051 -1.1125 0.0074 6.746 5.303 3.702 0.9 0.484 0.492 0.504
2.6 5920 -3.892 1.27 -0.132 -2.165 7.5721 0.4612 -0.0053 -1.0669 0.0090 7.207 5.282 3.687 0.877 0.451 0.489 0.489
2.8 5931 -3.883 127 -0.120 -2.165 7.5689 0.4626 -0.0055 -1.0355 0.0114 7.722 5.264 3.670 0.87 0.453 0.488 0.487
3 5961 -3.884 1.27 -0.108 -2.165 7.5657 0.4640 -0.0055 -1.0091 0.0122 8.292 5.247 3.653 0.87 0.453 0.504 0.49
32 5978 -3.837 127 -0.098 -2.165 7.5624 0.4654 -0.0058 -0.9832 0.0128 8.910 5.233 3.636 0.876 0.448 0.506 0.489
34 5990 -3.803 127 -0.089 -2.165 7.5583 0.4668 -0.0060 -0.9152 0.0137 9.572 5.220 3.618 0.872 0.429 0.495 0.502
3.6 5994 -3.842 1.27 -0.078 -2.165 7.5513 0.4684 -0.0062 -0.8605 0.0167 10.278 5.208 3.600 0.872 0.42 0.495 0.498

4 6001 -3.858 127 -0.069 -2.165 7.5444 0.4699 -0.0063 -0.8213 0.0197 11.034 5.198 3.582 0.885 0.416 0.508 0.498

4.2 6005 -3.885 1.27 -0.062 -2.165 7.5333 0.4715 -0.0065 -0.7891 0.0221 11.831 5.189 3.563 0.892 0.423 0.51 0.502

4.5 6008 -3.954 1.27 -0.054 -2.165 7.5196 0.4730 -0.0067 -0.7655 0.0255 12.654 5.181 3.544 0.904 0.434 0.51 0.51

4.8 6006 -4.028 1.27 -0.046 -2.165 7.5058 0.4745 -0.0069 -0.7414 0.0289 13.487 5.173 3.526 0.921 0.437 0.511 0.519

5 5992 -4.042 1.27 -0.041 -2.165 7.4877 0.4760 -0.0072 -0.6994 0.0318 14.314 5.165 3.507 0.94 0.439 0.509 0.53

5.5 5983 -4.061 1.27 -0.037 -2.165 7.4619 0.4773 -0.0074 -0.6567 0.0353 15.131 5.157 3.487 0.964 0.444 0.523 0.544

6 5953 -4.096 1.27 -0.034 -2.165 7.4358 0.4787 -0.0075 -0.6379 0.0369 15.931 5.148 3.468 0.98 0.46 0.538 0.553

6.3 5938 -4.181 1.27 -0.030 -2.165 7.3948 0.4798 -0.0076 -0.6132 0.0402 16.685 5.139 3.447 0.988 0.468 0.549 0.557

6.8 5906 -4.253 1.27 -0.027 -2.165 7.3477 0.4809 -0.0078 -0.6005 0.04401 17.354 5.128 3.424 1.003 0.478 0.557 0.564

7.2 5875 -4.288 1.27 -0.026 -2.165 7.2768 0.4818 -0.0080 -0.5663 0.0473 17.911 5.117 3.396 1.025 0.49 0.57 0.571

7.8 5809 -4.351 1.27 -0.024 -2.165 7.2060 0.4827 -0.0082 -0.5365 0.0486 18.345 5.105 3.369 1.044 0.501 0.578 0.575

8.3 5764 -4.423 1.27 -0.021 -2.165 7.1352 0.4836 -0.0084 -0.5048 0.0489 18.653 5.094 3.341 1.07 0.528 0.595 0.582

9 5671 -4.484 1.27 -0.019 -2.165 7.0217 0.4843 -0.0086 -0.4773 0.0495 18.835 5.083 3.302 1.091 0.551 0.621 0.592

9.5 5606 -4.558 1.27 -0.018 -2.165 6.9069 0.4849 -0.0089 -0.4628 0.0523 18.890 5.073 3.264 1.115 0.573 0.634 0.608

10 5466 -4.599 1.27 -0.017 -2.165 6.8004 0.4855 -0.0090 -0.4611 0.0538 18.827 5.068 3.227 1.141 0.584 0.66 0.618

11 5384 -4.653 1.27 -0.016 -2.165 6.7103 0.4859 -0.0092 -0.4415 0.0577 18.673 5.066 3.196 1.167 0.622 0.661 0.627

12 5215 -4.727 1.27 -0.015 -2.165 6.6201 0.4864 -0.0095 -0.4233 0.0590 18.473 5.065 3.165 1.18 0.642 0.674 0.624

135 4934 -4.883 1.27 -0.013 -2.165 6.4551 0.4872 -0.0100 -0.3668 0.0621 18.028 5.062 3.109 1.223 0.69 0.706 0.637

14.5 4801 -5.022 1.27 -0.012 -2.165 6.4551 0.4874 -0.0102 -0.3204 0.0656 17.800 5.061 3.107 1.252 0.701 0.716 0.653

15.5 4593 -5.095 1.27 -0.010 -2.165 6.4551 0.4876 -0.0105 -0.2782 0.0650 17.588 5.060 3.106 1.271 0.704 0.746 0.654
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16.5 4466 -5.214 1.27 -0.010 -2.165 6.4551 0.4878 -0.0108 -0.2811 0.0668 17.388 5.059 3.104 1.291 0.725 0.756 0.662
18 4303 -5.288 1.27 -0.009 -2.165 6.4551 0.4880 -0.0108 -0.2645 0.0606 17.174 5.059 3.103 1.303 0.724 0.757 0.665
20 4184 -5.515 1.27 -0.006 -2.165 6.4551 0.4882 -0.0110 -0.2151 0.0646 16.959 5.059 3.102 1.341 0.745 0.771 0.686
22 3774 -5.725 1.27 -0.003 -2.165 6.4551 0.4885 -0.0114 -0.0900 0.0606 16.529 5.061 3.100 1.374 0.717 0.786 0.714
235 3447 -5.941 1.27 0.0018 -2.165 6.4551 0.4886 -0.0114 -0.0561 0.0600 16.3134 5.063 3.099 1.383 0.708 0.802 0.712

N = number of records

o= total standard deviation

T =Between-event standard deviation

¢s,s = Between-site standard deviation

pss= Within-site standard deviation
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Table 2. Hyperparameters for the VCM

Freq 0_, 0o 0, P-1 Po Py
1 3.92E-01 3.71E-01 1.49E-01 4.25E-01 9.04E-01 4.68E-01
1.1 4 22E-01 3.71E-01 1.47E-01 5.09E-01 8.92E-01 5.23E-01
1.2 4 11E-01 3.97E-01 1.48E-01 4.22E-01 8.16E-01 4 97E-01
1.3 3.87E-01 3.79E-01 1.50E-01 4.22E-01 9.44E-01 4.86E-01
1.5 4 .84E-01 3.62E-01 1.51E-01 3.85E-01 1.27E+00 4.74E-01
1.6 4.58E-01 3.63E-01 1.50E-01 2.45E-01 9.07E-01 5.53E-01
1.7 4. 40E-01 3.83E-01 1.52E-01 2.56E-01 1.09E+00 5.15E-01
1.8 4.31E-01 3.51E-01 1.52E-01 2.42E-01 8.51E-01 4.69E-01
2 3.93E-01 3.08E-01 1.52E-01 2.50E-01 1.04E+00 5.57E-01
2.1 3.90E-01 2.77E-01 1.51E-01 2.89E-01 1.11E+00 5.60E-01
22 3.60E-01 2.92E-01 1.51E-01 2.76E-01 8.42E-01 5.23E-01
24 3.61E-01 3.01E-01 1.50E-01 3.71E-01 5.68E-01 4.94E-01
2.6 3.64E-01 2.95E-01 1.50E-01 3.59E-01 4.50E-01 4.85E-01
2.8 4.02E-01 2.85E-01 1.49E-01 3.12E-01 3.07E-01 4.74E-01
3 3.87E-01 2.88E-01 1.50E-01 2.34E-01 2.56E-01 4.74E-01
3.2 4.07E-01 2.64E-01 1.52E-01 2.44E-01 2.70E-01 5.03E-01
3.4 3.85E-01 2.41E-01 1.50E-01 2.49E-01 2.41E-01 4.72E-01
3.6 3.58E-01 1.82E-01 1.50E-01 3.11E-01 3.44E-01 4.77E-01
4 3.22E-01 2.28E-01 1.50E-01 3.73E-01 2.91E-01 5.45E-01
4.2 3.45E-01 2.06E-01 1.46E-01 3.55E-01 2.88E-01 4.65E-01
4.5 3.85E-01 2.09E-01 1.50E-01 3.29E-01 2.86E-01 5.09E-01
4.8 3.91E-01 2.27E-01 1.49E-01 3.32E-01 3.16E-01 4.70E-01
5 3.72E-01 2.99E-01 1.54E-01 4.36E-01 3.11E-01 4.43E-01
55 3.76E-01 3.47E-01 1.50E-01 4.46E-01 3.33E-01 4.84E-01
6 3.81E-01 3.79E-01 1.49E-01 4.79E-01 3.90E-01 4.76E-01
6.3 3.97E-01 4 13E-01 1.53E-01 4.66E-01 4. 11E-01 5.42E-01
6.8 3.90E-01 4.53E-01 1.48E-01 4.37E-01 4.07E-01 4.72E-01
7.2 4.07E-01 4.61E-01 1.50E-01 4.43E-01 4.23E-01 5.78E-01
7.8 4.33E-01 4.70E-01 1.50E-01 4.98E-01 4.32E-01 5.54E-01
8.3 4.56E-01 4.92E-01 1.49E-01 5.14E-01 4.59E-01 5.13E-01
9 4.87E-01 5.40E-01 1.49E-01 5.06E-01 5.26E-01 4.37E-01
9.5 5.14E-01 5.60E-01 1.51E-01 5.41E-01 5.74E-01 4.60E-01
10 5.49E-01 5.79E-01 1.51E-01 5.82E-01 5.98E-01 5.06E-01
11 5.80E-01 6.08E-01 1.52E-01 5.94E-01 5.57E-01 5.00E-01
12 6.22E-01 6.34E-01 1.50E-01 6.58E-01 6.01E-01 5.76E-01
13.5 6.59E-01 7.09E-01 1.52E-01 7.63E-01 4.68E-01 4.78E-01
14.5 6.87E-01 7.33E-01 1.50E-01 7.69E-01 4.22E-01 5.19E-01
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15.5 6.83E-01 7.28E-01 1.51E-01 8.33E-01 4.00E-01 5.03E-01
16.5 7.06E-01 7.40E-01 1.51E-01 8.55E-01 4.08E-01 5.29E-01
18 7.01E-01 7.52E-01 1.49E-01 9.57E-01 4.23E-01 5.08E-01
20 7.32E-01 7.52E-01 1.48E-01 9.33E-01 4.27E-01 4.69E-01
22 7.43E-01 7.69E-01 1.51E-01 9.58E-01 4.15E-01 4.62E-01
23.5 7.13E-01 7.83E-01 1.49E-01 8.45E-01 4.67E-01 4.34E-01
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Table 3. Mean and Standard Deviation of Posterior Distribution of 6 4yrr

Freq (Hz) 1(O anrr) std(6 4nrr)

1 -3.76E-03 1.19E-03
1.1 -3.68E-03 1.14E-03
1.2 -3.89E-03 1.21E-03
1.3 -4.02E-03 1.27E-03
1.5 -4.21E-03 1.38E-03
1.6 -4.39E-03 1.44E-03
1.7 -4.36E-03 1.42E-03
1.8 -4.49E-03 1.48E-03
2 -4.70E-03 1.57E-03
2.1 -4.93E-03 1.66E-03
2.2 -5.02E-03 1.73E-03
2.4 -5.14E-03 1.77E-03
2.6 -5.16E-03 1.79E-03
2.8 -5.31E-03 1.88E-03
3 -5.43E-03 1.91E-03
3.2 -5.57E-03 1.95E-03
3.4 -5.77E-03 2.02E-03
3.6 -5.97E-03 2.13E-03
4 -6.12E-03 2.17E-03
4.2 -6.18E-03 2.21E-03
4.5 -6.41E-03 2.28E-03
4.8 -6.65E-03 2.38E-03
5 -7.00E-03 2.52E-03
5.5 -7.29E-03 2.64E-03
6 -7.39E-03 2.69E-03
6.3 -7.57E-03 2.80E-03
6.8 -7.80E-03 2.88E-03
7.2 -8.05E-03 2.96E-03
7.8 -8.22E-03 3.04E-03
8.3 -8.43E-03 3.13E-03
9 -8.69E-03 3.20E-03
9.5 -8.93E-03 3.32E-03
10 -9.10E-03 3.37E-03
11 -9.38E-03 3.45E-03
12 -9.57E-03 3.52E-03
13.5 -1.00E-02 3.63E-03
14.5 -1.03E-02 3.71E-03
15.5 -1.06E-02 3.81E-03
16.5 -1.09E-02 3.99E-03
18 -1.10E-02 3.93E-03
20 -1.11E-02 3.97E-03
22 -1.15E-02 4.02E-03
23.5 -1.15E-02 3.86E-03
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Table 4. Component of the Standard Deviation of Non-ergodic Ground Motion Models

Freq (HZ) O-Total,nonerg Tnon—erg ¢525,non—erg (pSS,non—erg

1 0.868 0.476 0.506 0.521
1.1 0.881 0.490 0.525 0.511
1.2 0.881 0.467 0.548 0.508
1.3 0.853 0.489 0.490 0.499
1.5 0.786 0.344 0.504 0.496
1.6 0.784 0.372 0.480 0.496
1.7 0.742 0.325 0.451 0.492
1.8 0.758 0.341 0.469 0.488

2 0.793 0.394 0.485 0.489
21 0.776 0.382 0.476 0.479
2.2 0.784 0.412 0.455 0.487
2.4 0.762 0.386 0.445 0.484
2.6 0.722 0.344 0.429 0.468
2.8 0.702 0.302 0.430 0.465

3 0.724 0.328 0.443 0.469
3.2 0.725 0.307 0.464 0.465
3.4 0.737 0.300 0.475 0.477
3.6 0.768 0.321 0.514 0.471

4 0.773 0.354 0.500 0.471
4.2 0.774 0.333 0.513 0.475
4.5 0.766 0.309 0.513 0.478
4.8 0.762 0.308 0.505 0.480

5 0.746 0.337 0.455 0.486
5.5 0.739 0.334 0.434 0.496

6 0.743 0.343 0.426 0.503
6.3 0.732 0.335 0.410 0.505
6.8 0.720 0.335 0.384 0.508
7.2 0.727 0.326 0.397 0.514
7.8 0.728 0.320 0.403 0.515
8.3 0.739 0.323 0.413 0.521

9 0.740 0.311 0.412 0.530
9.5 0.751 0.315 0.418 0.539
10 0.768 0.315 0.438 0.547
11 0.765 0.316 0.423 0.553
12 0.755 0.299 0.418 0.553
13.5 0.742 0.315 0.368 0.562
14.5 0.749 0.311 0.365 0.575
15.5 0.771 0.320 0.401 0.576
16.5 0.778 0.319 0.406 0.582
18 0.784 0.320 0.400 0.594
20 0.809 0.312 0.423 0.615
22 0.843 0.323 0.443 0.641
23.5 0.865 0.314 0.468 0.656
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Table 5. Geographical coordinates and site terms for the example sites.

No. Latitude | Longitude Vs3o0 Bo(1Hz) Bo(BHZ) | fys30(1HZ) | fys30(BHZ)
(m/s)

Site1 43.6748°N | 5.7664°E 2100 0.1632 -0.1591 0 0
Site2 47.2294 °N | 0.1673°W 1020 -0.1660 -0.0029 0 0
Site3 49.5379°N | 1.8754°W 1900 -0.1877 | -7.58E-04 0 0
Site4 48.5164°N | 3.5185°E 765 -0.0217 | -5.28E-06 | 2.49E-05 | -8.75E-06
Site5 45.4°N 5.4°E 900 0.6591 - -0.0001 -
Site6 42.2°N 1.0°E 783 - 0.5003 - 0.0004
Site7 48.0°N 2.0°W 285 -0.6690 - 0.0023 -
Site8 45.2°N 6.0°E 900 - -0.2246 - -0.0007
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Figure 1. Map showing locations of the strong-motion stations and crustal earthquakes of France used
in this study. The circles indicate the earthquake epicenters and the triangles indicate the locations of

the stations.
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Figure 2. (a) global Vs30 values form USGS in France, and (b) final chosen Vs30 per station.
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Figure 3. (a) Magnitude-distance and (b) magnitude-Vs30 distribution for RESIF database.
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Figure 4. (a) the number of the original record with measured Vs30 (green) and without measured Vs30
(blue), red line is the final number of records after adding the global Vs30 of the USGS, (b) the number

of records for different magnitude ranges.
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Figure 5. (a) two theoretical source spectrums are based on the omega-squared spectrum (Aki 1967;

Brune, 1970) from M3 to M7, solid lines mean the spectrums contain the site amplification. (b) the site
amplification function based on the B/C boundary of Akinson and Boore (2006). (c) two response

spectrums are converted from FAS via RVT. (d) the site amplification function from the two response

spectrums (ratio of the two spectrums per magnitude).
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Figure 6. Distribution of EAS as function of magnitude and distance, for 1.0 Hz and 5.0 Hz.
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Figure 7. (a) an omega-squared spectrum (Aki, 1967; Brune 1970) from M3 to M7, (b) the results for

magnitude scaling of 0.02, 0.3, and 20Hz, and (c¢) a smooth transition scaling model between a slope

at the low magnitudes (c3aM) and a slope at the large magnitudes (cz2M) in CY14 model.
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Figure 8. Coefficients of ergodic ground motion models. Gray points are the coefficients of BA19, pink

points are the results of the French ergodic model.
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Figure 9. (a) aleatory, (b) between-event, (c) between-site, and (d) within-site residuals of the ergodic
GMM for 5.0 Hz.
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Figure 10. The median EAS as function of magnitude and distance, for 1.0 Hz and 5.0 Hz
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Figure 11. (a) the regional difference effect of the between-event residuals at 5.0 Hz. probability density

function and mean values for (b) the combination of three areas, (c) E1 area, (d) E2 area, and (e) E3

area.
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Figurel2 Schematic showing how the length of the ray in the ith cell are calculated for the regression

of the cell-specific attenuation coefficients (Kuehn et al., 2019).

Figure 13. Hyperparameter of kernel function for frequencies: (a) 6_, and p_,, (b) 8, and p,, (c) 8, and
P4 in the VCM.
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Figure 14. Spatially varying adjustment of constant event term (S_;) for 1Hz and 5Hz.

C.H. Sung & N. Abrahamson Author(s) - Implementation of Non-Ergodic Ground Motion Prediction
Equations in Probabilistic Seismic Hazard Analysis for France- SIGMA2-2020-D5-059




Research and Development Program | SIGMA2-2020-D5-059

YIGMAZ on
Seismic Ground Motion Page 41/72

Figure 15. Spatially varying adjustment of constant source term (f,) for 1Hz and 5Hz.
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Figure 16. Spatially varying adjustment of linear-Vs30 scaling term (g,) for 1Hz and 5Hz.
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Figure 17. (a) Map of path rays with stations and earthquakes at 5.0 Hz, each gray line shows the path
from the earthquake to the recording station. (b) Number of paths per cell, the cell size is 0.2 times 0.2

degrees.
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Figure 18. Mean values of the posterior distribution of the 6,,., per cell, for (a) 1.0 Hz and (2) 5.0 Hz.

Green lines are mountain regions.
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Figure 19. (a) the Qs in Figure 5 of Campillo and Plantet (1991) at 6Hz, and (2) the ratio of the absorption
quality factor (Qi) and the spatial average of Qi (Qm) in Figure5 of Mayor et al. (2018) at 4 — 8 Hz.
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Figure 20. Standard deviation of the posterior distribution of the 8., per cell for 5.0 Hz

Figure 21. the semi-variogram of the non-ergodic source term (e.g., Figure 14b) for the different grid

sizes at 5Hz.
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Figure 22. Residual of the ergodic GMM (black circles), VCM-non-ergodic GMM (blue circles), and non-
ergodic GMM (red circles) for 5.0 Hz.
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Figure 23. the standard deviations of the within-site residuals in different distance bins for the three
models for ergodic, VCM-non-ergodic, and non-ergodic GMMs for (1) for 1.0 Hz, and (2) for 5.0 Hz.

Dashed lines are within-site standard deviation for each GMM.
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Figure 24. Median EAS predictions at Site1 for (a) the French ergodic model, and (b) the French non-

ergodic model at 5.0 Hz.

C.H. Sung & N. Abrahamson Author(s) - Implementation of Non-Ergodic Ground Motion Prediction
Equations in Probabilistic Seismic Hazard Analysis for France- SIGMA2-2020-D5-059



SIGMAZ

Research and Development Program | SIGMA2-2020-D5-059

on
Seismic Ground Motion Page 50/72

(b)

10—1 L
1073
,10—3.

w107

o2
0107
< e
wi10

7L
10 —
@ EAS prediction (North)
,10—8 L *  EAS prediction (West)
= = Ergodic model

10—9.

1 10 100 1000
Rrup (km)

-1L
10 5Hz

< EAS prediction (South)
,10—8 L * EAS prediction (East)
— — Ergedic model

1 10 100 1000
Rrup (km)

@ EAS prediction (South)
10—8 L * EAS prediction (South-East)
— — Ergodic model

1 10 100 1000
Rrup (km)

Figure 25. Distance scaling of the EAS prediction of ergodic and non-ergodic models at the given site

for 5.0 Hz.
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Figure 26. Epistemic uncertainty of a non-ergodic model per cell at 5.0 Hz for (1) Site1 and (2) Site2.
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Figure 27. the distribution of the available data and two target sources for Site1.
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Figure 28. Median EAS spectra from the BA19, ergodic and non-ergodic models from M3 to M8 for

each frequency, for (a) source1 and (b) source 2.
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Figure 29. The epistemic uncertainty of the non-ergodic model for each frequency, for (a) source 1 and

(b) source 2.
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Figure 30. All kind of standard deviation of ergodic and non-ergodic GMMs. (a) aleatory, (b) between-

event, (c) between-site, and (d) within-site standard deviations.
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Figure 31. two samples of 100 maps for sampled adjustments for 5Hz at site1.
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Figure 32. a logic tree with 100 branches of the non-ergodic terms for the GMM.

Figure 33. the locations of the selected sites in the PSHA calculation.
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Figure 34 Mean residual of 100 residuals per cell, which are differences between an ergodic In(EAS)
and 100 non-ergodic In(EAS) at (a) Site1 and (b) Site2 for 5.0 Hz.
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Figure 35. Standard deviation of 100 residuals per cell at (a) Site1 and (b) Site2 for 5.0 Hz.
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Figure 36. Mean hazard as well as 5%, 50%, and 95% fractiles of the resulting hazard curve distribution
for Site1 for 1.0 Hz (upper) and 5.0 Hz (bottom)
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Figure 37. Mean hazard as well as 5%, 50%, and 95% fractiles of the resulting hazard curve distribution
for Site2 for 1.0 Hz (upper) and 5.0 Hz (bottom).
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Figure 38. Mean hazard as well as 5%, 50%, and 95% fractiles of the resulting hazard curve distribution
for Site3 for 1.0 Hz (upper) and 5.0 Hz (bottom).
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Figure 39. Mean hazard as well as 5%, 50%, and 95% fractiles of the resulting hazard curve distribution
for Site4 for 1.0 Hz (upper) and 5.0 Hz (bottom).
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Figure 40. Mean hazard as well as 5%, 50%, and 95% fractiles of the resulting hazard curve distribution
for Site5 for 1.0 Hz (upper), and for Site6 for 5.0 Hz (bottom).
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Figure 41. Mean hazard as well as 5%, 50%, and 95% fractiles of the resulting hazard curve distribution
for Site7 for 1.0 Hz (upper), and for Site8 for 5.0 Hz (bottom).
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Figure 42. the verification of the ergodic and the non-ergodic PSHA codes by comparing the hazard
results from OpenQuake with HAZ54.
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APPENDIX A

Table Al. Coefficients of Ergodic Ground Motion Models from 0.1 to 0.9 Hz.

c C: C: C c C (4 C C, C, C. C g T
Freq N 1 2 3 4 5 6 7 8 9 n m hm T ¢SZS Pss

0.1 49 3.645 | 0.27 | 1.402 | 1.86 | 0.5818 045 |5.26E-05| 0.755 | 0.0312 | 0.573 | 0.774 | 0.838 | 0.432 | 0.732 | 0.253 | 0.645

0.2 86 3.582 | 0.27 | 1.074 | 1.86 | 0.5818 0.45 0.0008 | 0.933 | 0.0315 | 0.928 | 0.432 | 0.837 | 0.184 | 0.240 | 0.200 | 0.652

0.3 498 | 3.541 0.27 | 0.881 1.86 | 0.5818 | 0.4501 | 0.0013 | 1.042 | 0.0303 | 0.228 | 0.220 | 0.836 | 0.117 | 0.935 | 0.366 | 0.599

0.4 077 | 3.514 | 0.27 | 0.763 | 1.86 | 0.5818 | 0.4502 | 0.0017 | 1.103 | 0.0256 | 0.474 | 0.072 | 0.834 | 0.114 | 0.795 | 0.445 | 0.599

0.5 659 | 3.494 | 0.27 | 0.681 | 1.86 | 0.5818 | 0.4503 | 0.0022 | 1.136 | 0.0193 | 0.680 | 0.963 | 0.833 | 0.065 | 0.731 | 0.453 | 0.579

0.6 303 | 3.474 | 0.27 | 0.604 | 1.86 | 0.5817 | 0.4505 | 0.0026 | 1.151 | 0.0116 | 0.900 | 0.861 | 0.830 | 0.072 | 0.708 | 0.497 | 0.551

0.7 699 | 3.460 | 0.27 | 0.555 | 1.86 | 0.5816 | 0.4507 | 0.0030 | 1.151 | 0.0066 | 0.060 | 0.798 | 0.827 | 0.065 | 0.693 | 0.521 | 0.546

0.8 081 | 3.447 | 0.27 | 0.506 | 1.86 | 0.5815 | 0.4511 | 0.0034 | 1.144 | 0.0022 | 0.243 | 0.735 | 0.822 | 0.061 | 0.688 | 0.517 | 0.53

0.9 459 | 3435 | 0.27 | 0.466 | 1.86 | 0.5814 | 0.4514 | 0.0037 | 1.133 | .0009 | 0.419 | 0.685 | 0.818 | 0.031 | 0.650 | 0.531 | 0.516

Table A2. Hyperparameters of Kernel Function from 0.1 to 0.9 Hz.

Freq 0_4 0, 0, P-1 Po Ps
0.1 6.73E-01 2.45E-01 1.50E-01 5.11E-01 10.64E-01 4.67E-01
0.2 3.60E-01 1.72E-01 1.49E-01 1.01E+00 7.14E-01 4.80E-01
0.3 2.30E-01 3.06E-01 1.50E-01 8.41E-01 1.79E-01 5.42E-01
0.4 4.80E-01 3.59E-01 1.50E-01 6.06E-01 3.80E-01 4.94E-01
0.5 4.48E-01 3.27E-01 1.51E-01 4.35E-01 5.87E-01 5.50E-01
0.6 5.93E-01 3.67E-01 1.50E-01 3.54E-01 3.62E-01 5.11E-01
0.7 4.33E-01 3.96E-01 1.50E-01 5.87E-01 7.06E-01 4.83E-01
0.8 4.27E-01 5.13E-01 1.47E-01 3.56E-01 1.30E+00 5.39E-01
0.9 4.87E-01 4.15E-01 1.49E-01 3.10E-01 1.03E+00 4.79E-01
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Table A3. Mean and Standard Deviation of Posterior Distribution of 8 4y7¢, Standard deviation and the

aleatory term for the fully non-ergodic models from 0.1 to 0.9 Hz.

Fred| u(@anrr) [Std(0antT)|OT non| Tnon |Ps2snon|Pssnon|Paitnonerg

0.1 |-4.00E-03| 1.05E-03 {1.960(1.740| 0.434 |0.792 | 1.910

0.2 |-2.90E-03| 7.30E-04 |{1.397(1.140| 0.349 |0.729 | 1.350

0.3 |-3.00E-03| 7.34E-04 {1.198]0.962| 0.298 | 0.648 | 1.160

0.4 |-2.97E-03| 7.52E-04 |0.981/0.676| 0.334 |0.628 | 0.23

0.5 |-2.81E-03| 7.04E-04 |0.937|0.602| 0.394 | 0.600 | 0.850

0.6 |-2.94E-03| 8.08E-04 |0.810|0.430| 0.394 | 0.562 | 0.708

0.7 |-3.29E-03| 8.84E-04 |0.898|0.549| 0.444 | 0.555| 0.781

0.8 |-3.44E-03| 9.61E-04 |0.831|0.466| 0.433 |0.535| 0.710

0.9 |-3.66E-03| 1.09E-03 |0.800|0.390| 0.466 | 0.520 | 0.650
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APPENDIX B
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Figure B1. Mean residual of 100 residuals per cell, which are differences between an ergodic In(EAS)
and 100 non-ergodic In(EAS) at (a) Site1 for 1.0 Hz, (b) Site 1 for 5.0 Hz, (c) Site2 for 1.0 Hz, (d) Site2
for 5.0 Hz, (e) Site3 for 1.0 Hz, (f) Site3 for 5.0 Hz, (g) Site4 for 1.0 Hz, (h) Site4 for 5.0 Hz, (i) Site5 for

1Hz, (j) Site6 for 5Hz, (k) Site7 for 1Hz, and () Site 8 for 5Hz.

C.H. Sung & N. Abrahamson Author(s) - Implementation of Non-Ergodic Ground Motion Prediction

Equations in Probabilistic Seismic Hazard Analysis for France- SIGMA2-2020-D5-059




Research and Development Program | SIGMA2-2020-D5-059

YIGMAZ on
Seismic Ground Motion Page 71/72

APPENDIX C

C.H. Sung & N. Abrahamson Author(s) - Implementation of Non-Ergodic Ground Motion Prediction
Equations in Probabilistic Seismic Hazard Analysis for France- SIGMA2-2020-D5-059




SIGMAZ

Research and Development Program
on
Seismic Ground Motion

SIGMA2-2020-D5-059

Page 72/72

Figure C1. Standard deviation of 100 residuals per cell at (a) Site1 for 1.0 Hz, (b) Site1 for 5.0 Hz, (c)
Site2 for 1.0 Hz, (d) Site2 for 5.0 Hz, (e) Site3 for 1.0 Hz, (f) Site3 for 5.0 Hz, (g) Site4 for 1.0 Hz, (h)
Site4 for 5.0 Hz, (i) Site5 for 1Hz, (j) Site6 for 5Hz, (k) Site7 for 1Hz, and (I) Site8 for 5Hz.
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