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1 Introduction

This report describes the procedures of selection and adjustment of Ground-Motion
Prediction Equations (GMPESs) for use within the Share program.

The selection procedure is based on objective criteria as first defined in Cotton
et al. [2006] and updated in Bommer et al. [2010] within the Share project. The
application of those criteria in order to select ground-motion prediction equations
(GMPESs) for use in the Euro-Mediterranean regions is presented in Douglas [2009].

The selected GMPEs are using different horizontal component definitions and
some of the models do not use style-of-faulting as a predictor variable. Consequently,
one needs to correct for those differences to homogeneously estimate ground-motions.
The component and style-of-faulting adjustment strategies have been presented in
a previous report [Drouet et al., 2010a]. The final effect of those adjustments will
also be presented in the current report.

A third kind of adjustment is needed because models for stable continental re-
gions are developed for very hard rock sites and we are aiming at predicting ground-
motion for a ”standard rock site” characterized by vg30=800 m/s. Preliminary work
has been done on the estimation of the high-frequency attenuation characteristics
of rock sites [Drouet et al., 2010b,c]. The resulting rock site adjustment strategy is
presented in the current report.

2 Selected GMPEs

Due to the very large number of available GMPEs, some clear and objective criteria
must be adopted to select a subset of the existing GMPEs in order to predict ground-
motion in the region of interest. There are three main families of GMPEs:

e Models for active crustal regions
e Models for stable continental regions
e Models for subduction zones

The three seismotectonics contexts can be found in the Euro-Mediterranean region
considered in Share plus three specific contexts where specific GMPEs should be
used: volcanic regions, deep-focus non-subduction events regions, and coastal regions
where seismic waves travel mostly through the oceanic crust.

For each of these contexts, the pre-selection criteria defined by Cotton et al.
[2006] and updated by Bommer et al. [2010] have been applied to the existing GM-
PEs by Douglas [2009]. The pre-selected models are given in Tables 1 to 4.

All the preselected models have been plotted for different magnitudes, distances
and periods in Drouet et al. [2010a]. From this visual check and taking into account
some problems with predictive variable definitions Drouet et al. [2010a] suggested
that some of the models might be removed from the selection. Those are highlighted
with red color in Tables 1 to 4. They are still indicated here because in the ranking



procedure an expert judgment on the models is needed and they might choose to
keep those models with a very low weight.

During the Share meeting in Roma, June 15-16, 2010, the existence of new
models or model updates that could be helpful for Share has been highlighted:

e Cauzzi & Faccioli update for PGV

e Toro update for Toro et al. [1997] GMPE, there are two options in this update:
Shall we use both?

e Abrahamson new model for subduction

e Chiou & Youngs new model extension of their NGA models to a broader range
of magnitudes

Those models will be implemented before the end of the project.

Table 1: Description of the ground-motion prediction equations for Stable Conti-
nental Regions.

Site clas- sof or pN, | H defini-

Reference Area M range D range (km) | T range (s) sification PR
pR tion

VS30
Atkinson 0.1-5.0, N, R, S,
2008] ENA My,=4.3-76 | R;p=10-1000 PGA, PGV 760 m/s U GMRotI50
Atkinson 0.025-5.0 2000 m/s
and Boore | ENA M=3.5-8.0 | Ryup=1-1000 ’ 2 and 760 | 0.01, 0.81 | GM

PGA, PGV

[2006] m/s
Campbell _ - 0.02-4.0,
2003] ENA My=5.0-8.2 | Rpup=0-1000 | 5y 2800 m/s | 0.01,0.81 | GM
Douglas Southern _ _
et al. [2006] | Norway M,=4.5-75 | R;yp=1-1000 0.02-2.0 2800 m/s | N, R, S GM

Toro et al.
[1997)

0.03-2.0,

ENA PCA

M,=5.0-8.0 | R;p=1-1000 2800 m/s | 0.01,0.81 | GM

The red color indicates models that might be removed depending on the experts judgement



Table 2: Description of the ground-motion prediction equations for subduction areas.

Depth

Reference Area M range D range range (km) | T range (s) Slt? classifi- sof (a) H 'deﬁ—
(km) (a) cation vg3g nition
<180
Atkinson *=00T
. _ R,up=11- F:0-50, 0.04-3.0, 180<x<360,
and  Boore | Worldwide| M,,=5.5-8.3 550 B:0-120 PGA 360<x<760. F, B Random
2003
x>760 m/s

Kanno et al. gjﬁlaenfoi My=5.5-8.0 | Rpp=30- | F:0-30, 0.05-5.0, gl‘:ittli‘;‘;ousof r B | ve
[2006] cign (Myra) 450 B:30-185 PGA vS30
Northern Mo—d 1
Lin and Lee | Taiwan 81"’_ ' (ML Ruypo=15- F:5.54-30, 0.01-5.0, x<360, F B oM
[2008] + some | 630 B:39.9-161 | PGA x>360 m/s ’
. converted)
foreign
x<180
McVerry New M,,=5.08- . F:10-25, 0.075-3.0, o
et al. [2006] | Zealand | 7.09 Rrup=6-400 1 pos 150 | PGA 180<x<360, | F, B | GM
x>360 m/s
M,,=5.0-8.2
Youngs et al. . hot Ryyp=8.5- F:10-50, 0.075-3.0, x<750,
[1997] Worldwide| (MS and mb | -5’ B:13-229 | PGA >750m/s | B | GM
converted)
X<200,
200<x<300 ,
[221(1)%%] et Al Japan My=5.0-8.3 | Rypup=0-300 gé(()):ig’z OP'giE"O’ 300<x<600, | F,B | GM
: 600<x<1100,
x>1100 m/s

(a) "B” refers to inslab earthquakes and ”"F” to interface earthquakes
The red color indicates models that might be removed depending on the experts judgement




Table 3: Description of the ground-motion prediction equations for active crustal

Regions.

Reference

Area

M range

T range (s)

Site classifi-
cation vgsg

sof or pN,
pR

H defini-
tion

Akkar and Europe and R;5=0-99 0.05-3.0 x< 360,

Bommer Middll)e Bast My=5.0-7.6 | (Repi for P’GA 'P,GV 360<x<750, | N,R/T,S | GM

[2010] small events) ’ x>750 m/s

Boore and | California + _ Continuous

Atkinson Taiwan  + My=4.27- R;5=0-280 0.02-10.0, function  of N, R, S, GMRotI50
. 7.9 PGA, PGV U

[2008] other regions V530

and

Cauzzi
Faccioli
[2008]

worldwide

x< 180,
180<x<360,
360<x<800,
x>800 m/s

x<180
McVerry M,,=5.08- 0.075-3.0, —
—6- <
ot al. [po0g] | New Zealand | o Ryup=6-400 | 5y 180<x<360, | N,R/T,S | GM
x>360 m/s
Pankow and .
Pechmann | Lxtensional 50020 | Ryp=0-100 | 0.1-2.0, PGA | X570, 0.45, 0.00 | GM
regime x>750 m/s
2004]
x<200,
200<x<300 ,
[Z;(l)%‘é] et al | 5 an Myy=5.0-8.3 %g%_o.o- OP'giE"O’ 300<x<600, | N,R, S | GM
: 600<x<1100,
x>1100 m/s

The red color indicates models that might be removed depending on the experts judgement



Table 4: Description of the region-specific ground-motion prediction equations for
active crustal regions.

The red color indicates models that might be removed depending on the experts judgement

D range Site  classifica- | sof or pN, | H defini-
Reference Area M range (k) T range (s) tion vg30 bR tion
x<800 (2 classes
. depending  on
Bindi et al. o Rjp=2.8- 0.03-2.0, . .
12009] Italy M,,=4.0-6.9 100 PGA, PGV sediment thick- | 0.47,0.16 | LE
ness),  x>800
m/s
Danciu and 0.1-4.0 x<360,
Tselentis Greece My=4.5-6.9 | Repi=0-136 P‘GA‘ 1’3GV 360<x<800, N,R/T,S | AM
[2007] ’ x>800 m/s
Douglas Southern o o 0.1875,
ot al. [2006] | Spain M,=4.5-75 | R;p=1-1000 | 0.02-2.0 1870 m/s 0.1875 GM
Kalkan and M,=4.0-74 | Ryp=1.2- .
Giilkan Turkey (scale  mnot | 250 (Rep; for | 0.1-2.0, PGA f?l(;r(ljil;;zo;lfs ; géigg’ LE
[2004] specified) small events) 530 '
Massa et al. | Northern _ _ 0.04-2.0, x<800, x>800
12008] Ttaly My=4.0-65 | Repi=4-100 | 5o s 00,05 |LE

Table 5: Description of the ground-motion prediction equations for deep focus earth-

quakes.
D range Depth Site  classifica- | sof or pN, | H defini-
Reference Area M range range T range (s) | .. .
(km) tion vg30 PR tion
(km)
8 sets of coef-
. pr=1.0
Sokolov . 0.1-3.0 ficients to e (reverse
ot al. [2008) Romania | M,,=5.0-8.0 | R.p;=1-500 | 70-160 PGA coun't for'reglon— ovents GM
specific site am- only)
plification Y




3 Component adjustment effect

The component conversions proposed in Drouet et al. [2010a] based on the study by
Beyer and Bommer [2006] show that the largest conversions factors are those from
the larger envelope definition to the geometrical mean. As an illustration the effect
of the conversion is shown in Figure 1 for the Massa et al. [2008] GMPE. We also
show the adjustment for the Kanno et al. [2006] model which uses the time domain
vectorial composition of the two horizontal components (Fig. 2). The conversion in
this case is based on Bragato and Slejko [2005] study which indicate that on average
this definition is 27% higher than the geometrical mean. The component conversions
do not depend on magnitude, on distance or on the original model.
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Figure 1: Original model for larger envelope (black) and component adjusted model
to geometrical mean (red) models based on Massa et al. [2008] GMPE.

Figure 1 shows the original model and the adjusted one for different periods and

distances for a magnitude 6 scenario (note that the adjustment only depends on
period). The effect on the amplitude is ranging between 0.83 and 0.91 depending on
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Figure 2: Original model for time domain vectorial composition of the two horizon-
tal components (black) and component adjusted model to geometrical mean (red)
models based on Kanno et al. [2006] GMPE.

the period, and the standard deviation is almost unchanged. We suggest then not
to modify the standard deviations for the component conversions. Figure 2 shows
that the ratio between the original model and the adjusted one is quite large (larger
than the ratio between LE and GM definitions). However, we have no clue of the
effect of this conversion on the standard deviation since Bragato and Slejko [2005]
only give an average ratio.

We recall now how these conversions are performed technically. The response
spectra are simply divided by a period dependent filter. For the conversions of ro-
tated geometrical mean as defined by Boore et al. [2006] (GR), arithmetic mean
(AM), larger envelope (LA), random horizontal (RA) and larger PGA (LP) com-
ponent definitions to geometrical mean (GM), the period dependent filter is the

11



following:

ciif T <015 s
T
adjustment = { ¢ + (ca — ¢1) * ln(oo‘lss) 1f 0.15<T <08 s (1)

(5% )
Co Zf T>08s

where T is the period, and the coefficients ¢; and ¢y depend on the original com-
ponent definition (see Table 6). Note that these conversions are valid from 0.02 to
5 s. From the example shown in Figure 1, we suggest not to modify the standard
deviation of the original GMPE.

Table 6: Coefficients for the component conversion.

Original
component | GR | AM | LE | RA | LP
definition
c1 1.0 1.0 | 1.1 ] 1.0 | 1.1
c2 1.0 1.0 | 1.2 ] 1.0 | 1.0

For the conversion of the time domain vectorial composition of the two horizontal
components (VC) to geometrical mean (GM) the adjustment factor is independent
of period and is equal to 1.27.

4 Style-of-faulting adjustment effect

On the contrary to the component adjustment, the style-of-faulting adjustment is
model-dependent since it uses the proportions or normal and reverse events in the
underlying database of each model [Bommer et al., 2003]. These values are given in
Tables 1 to 4. A combination of adjustment factors for normal and reverse events
weighted by the above mentioned proportions are used to define the adjustment
factor [see Drouet et al., 2010a, for details]. Note that this adjustment does not
depend on magnitude or distance. Figure 3 is an illustration of the effect of the
style-of-faulting adjustment for the Bindi et al. [2009] GMPE. The main difference
exist for reverse faulting. Figures 4 to 10 show the ratios between style-of-faulting
adjusted and original models for active crustal regions.

The effect of the style-of-faulting adjustment on the response spectral amplitudes
ranges between 0.85 and 1.27, and again the standard deviation is not varying very
much. Thus one can keep the original standard deviation unchanged.

There are 4 other models which require such style-of-faulting adjustments but
are not plotted here:

e Atkinson and Boore [2006]
e Campbell [2003]
e Tavakoli and Pezeshk [2005]

12
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Figure 3: Original (black) and style-of-faulting adjusted (red: reverse, blue: strike-
slip, green: normal) models based on Bindi et al. [2009] GMPE.
e Toro et al. [1997]

Technically the adjustment is a period dependent filter, and response spectra
have to be multiplied by this filter:

Strike — slip event : adjustment = Fr.ss(T) PR X Fy'g
Normal event : adjustment = Fp.55(T) PR x Fyrd (2)
Reverse event : adjustment = Fr.gg(T) P2 x Fr 28
with py and pg given in Tables 1 to 4, and Fgr.g5(7T) is given in Table 7, and
Frss(T)=0.95.
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Figure 4: Ratio between style-of-faulting adjusted models (red: reverse, blue: strike-
slip, green: normal) and the original model based on Bindi et al. [2009] GMPE.
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Figure 5: Ratio between style-of-faulting adjusted models (red: reverse, blue: strike-
slip, green: normal) and the original model based on Cotton et al. [2008] GMPE.
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Figure 8: Ratio between style-of-faulting adjusted models (red: reverse, blue: strike-
slip, green: normal) and the original model based on Massa et al. [2008] GMPE.
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Figure 9: Ratio between style-of-faulting adjusted models (red: reverse, blue: strike-
slip, green: normal) and the original model based on Ozbey et al. [2004] GMPE.
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Table 7: Coefficients for the style-of-faulting conversion.

T (S) FR:SS(T)
0.00 (PGA) 1.22
0.10 1.08
0.11 1.10
0.12 1.11
0.13 1.13
0.14 1.13
0.15 1.15
0.16 1.16
0.17 1.16
0.18 1.17
0.19 1.18
0.20 1.19
0.22 1.20
0.24 1.20
0.26 1.21
0.28 1.22
0.30 1.23
0.32 1.23
0.34 1.23
0.36 1.23
0.38 1.23
0.40 1.23
0.42 1.24
0.44 1.23
0.46 1.24
0.48 1.23
0.50 1.23
0.55 1.23
0.60 1.22
0.65 1.21
0.70 1.20
1.60 1.19
1.70 1.18
1.80 1.17
1.90 1.16
2.00 1.14
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5 Very hard to hard rock adjustment

One of the aim of Share WP4 is to provide GMPEs for rock conditions defined
by v530=800 m/s. Most of the models are able to predict ground motion for such
vg3p or rock site category. However, the GMPEs for stable continental regions are
usually derived for very hard rock sites with vgso ranging between 2000 and 2900 m/s
with the exception of Atkinson [2008] and Atkinson and Boore [2006] who provide
GMPEs for vg30=760 m/s.

Additionally to the change in response spectral amplitude linked with lower vg39
values, one has to take into account the high-frequency decay effect [Anderson, 1986]
which is very different for the two types of rock. A first effort was made to determine
both vg3p and & (the high-frequency decay parameter), and their correlation using
the French weak-motion database [Drouet et al., 2010b]. It was followed by the
analysis of NGA and KIKNET data with measured vg3y values in order to determine
k [Drouet et al., 2010c]. These new results and some others from the literature [Silva
et al., 1998, Chandler et al., 2006, Douglas et al., 2010, Edwards (2009) personal
communication] were used to analyse the relationship between vgzy and x [Drouet
et al., 2010c]. Drouet et al. [2010c] results are reproduced in Figure 11. There is a
large scatter in the vgso-+ correlation, however, very hard rock sites (v530=2000 m/s)
seem to be characterised by a x of the order of 0.01 sec or below while ”standard”
rock site (vg30=800 m/s) have a x around 0.03 sec.

0.1

0.01 I

Kappa (s)

| Rock site this study B

I Very hard rock site Toro et al.(1997)
Very hard rock site Atkinson & Boore (2006)
Very hard rock site Campbell (2003)
0.001 [~ Dpata with measured vsso ]

[ .
200 500 1000 2000 5000

V3o (M.sT)

Figure 11: Correlation between vg3y and k from Drouet et al. [2010c]. The linear
fit is from Silva et al. [1998] and the non-linear fit from Chandler et al. [2006]. The
colored areas indicate the k-values for rock sites and very hard rock sites used in the
present study, in Toro et al. [1997], in Campbell [2003], and in Atkinson and Boore
[2006].
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The reference rock site has been defined within Share WP4 by vg30=800 m/s
(Ankara meeting, November 2009). From Figure 11 we can propose a range of k
values from 0.02 to 0.05 s corresponding to vg30=800 m/s. The standard rock defi-
nition given by Atkinson and Boore [2006] corresponds to vg30=760 m/s associated
with x values ranging from 0.01 to 0.03 s. Those x values are low compared to the
results from Figure 11.

Very hard rock sites are defined in three ways in Toro et al. [1997], Campbell
[2003], and Atkinson and Boore [2006]. Toro et al. [1997] use vg30=2800 m/s and
three equally weighted s (0.003, 0.006, 0.012 s). Campbell [2003] also use vg30=2800
m/s and the same k values but with higher probability for k=0.006 s than for the
other two values. Finally, Atkinson and Boore [2006] use vg30=2000 m/s and a
uniform distribution for x between 0.002 and 0.008 s.

Figure 11 indicates the "rock site” and ”very hard rock site” domains as defined
above.

In order to perform the adjustment of both vgsg and &, we used Campbell [2003]
host-to-target adjustment methodology. The basic idea is that having a GMPE
for a host region and a set of seismological stochastic parameters which allows the
simulation of ground-motions [i.e. using SMSIM Boore, 2003] for both the host
and the target regions, the original GMPE can be adjusted using the ratio between
the simulations for the target and the host regions. The requirement is then a
set of seismological stochastic parameters which can reproduce the ground-motions
predicted by the "host” GMPE. Such sets of parameters have been determined by
Scherbaum et al. [2006] for various popular GMPEs and more specifically for the
Toro et al. [1997] GMPE (Table 8) which is part of those considered in Share WP4.
For the Campbell [2003] GMPE, the set of parameters is given in Table 2 of the
original paper (Table 8). The site amplification relative to the target vgsy have been
computed from the Boore and Joyner [1997] generic rock velocity profiles [Cotton
et al., 2006].

Table 8: Host stochastic parameters for Toro et al. [1997] GMPE (equivalent stochas-
tic parameters as determined in Scherbaum et al. [2006]) and for Campbell [2003]
GMPE (as given in Campbell [2003]: ENA model).

Stress drop Geometrical spreading . V530 Duration
GMPE (bar) o (sec) exponent Quality factor (m/s) parameter
-0.826 if 1>R<29.3
Toro et al. [1997] | 198 0.01 -0.998 if 29.3>R<97.3 | 225 x f0-613 3000 0.067
-0.5 if R>97.3
-1.000 if 1I>R<70.0
Campbell [2003] | 150 0.006 0.000 if 70.0>R<130.0 | 680 x f9-36 2800 0.04
-0.5 if R>130.0

Using a Fortran program written by J. Douglas and used in Douglas et al. [2006],
we computed the host-to-target adjustments for the Toro et al. [1997] and the Camp-
bell [2003] GMPE. The adjustment in this study takes into account only the site
effect terms: wvg3y and k. Spectral accelerations are computed for a set of periods,
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magnitudes and distances. For the same set of periods, magnitudes and distances
stochastic amplitudes (Fourier spectra) are computed using SMSIM for the host
model (see parameters in Table 8) and for the target model (same parameters ex-
cept vg3p and k). The spectral accelerations are then multiplied by the ratios of the
stochastic amplitudes to create a new data set of adjusted spectral accelerations. Fi-
nally, those new data are regressed using the same functional form as in the original
model.

We first started by the adjustment of the original GMPEs (i.e. Toro et al. [1997]
and Campbell [2003]) to alternative very hard rock site definitions (v530=2000, 2600,
2800 m/s and k=0.002, 0.005, 0.01 s for Toro et al. [1997] and vg30=2000, 2600, 2800
m/s and k=0.002, 0.006, 0.01 s for Campbell [2003]). The coefficients of the new
models are given in annex. The adjusted models and the original ones, for a specific
magnitude-distance scenario (M=6, R=20 km), are shown in Figure 12. One can
first check that the adjustment (correction of original spectral amplification by the
ratios of target and host Fourier amplitudes plus new regression) with the original
very hard rock site definition gives a model equivalent to the original GMPE which
valids the methodology. However, we observed that the adjustment of the Toro
et al. [1997] GMPE performs poorly for distances greater than 100 km, which is not
the case for the Campbell [2003] GMPE. This is due to the set of parameters used.
Indeed the equivalent stochastic parameters determined by Scherbaum et al. [2006]
are valid up to distances of 100 to 200 km. In the following we then will not use the
adjusted Toro et al. [1997] GMPEs for distances greater than 100 km.

We then made the adjustment from the original very hard rock definition to rock
site definition (vg30=800 m/s and four values of x: 0.01, 0.02, 0.03 and 0.05 sec).
The coefficients of the new models are given in annex. The results for a specific
magnitude-distance scenario (M=6, R=20 km) are shown in figure 13. The effect
of a lower wvg3y value is to increase the spectral amplitudes at all periods, but this
effect is counter-balanced by a drastic diminution of the amplitudes due to higher
values especially for periods lower than 0.5 s.

In order to evaluate the variability of the predictions for different very hard rock
conditions, we have computed the ratios between the models shown in Figure 12
over the original one for both the Toro et al. [1997] GMPE and the Campbell [2003]
GMPE. The ratios are computed for a number distances and magnitudes (R=1, 2,
3, 5, 10, 20, 30, 50, 100, 200, 300, 500 km; M=5, 6, 7). Distances greater than 100
km are not used in the case of the Toro et al. [1997] GMPE as explained above.
The results are shown in Figure 14, and the average ratio can be seen as the ratio
between the Toro et al. [1997] or Campbell [2003] models and a generic very hard
rock model.

Similar ratios between the Toro et al. [1997] or Campbell [2003] models and
a generic rock site (vs30=800 m/s and £=0.02 to 0.05 s) are shown in Figure 15
using the results from Figure 13. Since Atkinson and Boore [2006] give two sets of
coefficients for very hard and hard rock sites, we computed the same ratios between
very hard rock and rock predictions. Those are also plotted in Figure 15. Their
definitions of very hard and hard rock sites are as follows: vg30=2000 m/s, k=0.002-
0.008 sec, and vg30=760 m/s, k=0.01-0.03 sec (respectively). The low « for rock sites
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chosen by Atkinson and Boore [2006] are leading to low amplitude ratios compared
to the ratios we computed using the Toro et al. [1997] and the Campbell [2003]
GMPEs.

The scatter seen in the ratios using Toro et al. [1997] or Campbell [2003] GMPEs
does not depend on the host vgsp-x couple which is fixed (see Table 8). The same
is true for the ratios in both Figure 14 and Figure 15. In the case of Atkinson
and Boore [2006], it includes the effect of the uncertainty on the host x since these
authors used uniform distributions for x from 0.002 to 0.008 sec.

Our aim is to take into account the uncertainty associated with the very hard
rock definition for both vg3y and k, and with the x which has to be assigned to a rock
site defined by vg30=800 m/s in order to compute ratios to convert motions from very
hard rock sites to motion for rock sites. This is finally done by computing the ratios
between the average ratios of Figures 14 and 15 (which we note ratiovery hard rock
and ratiogeck, respetively).

Tam'OVery hard rock

Final ratio =

ratioRock
2 . 2 (3)
oy R OVery hard rock + ORock XTAt0V ery hard rock
Final ratio ratioRock ratio%ock

In this case we end up with the ratios between a generic rock site (with vg30=800
m/s and k ranging between 0.02 and 0.05 s) and a generic very hard rock site (with
vg30 ranging between 2000 and 2800 m/s and x ranging between 0.002 and 0.01
s). These final ratios are obtained for both Toro et al. [1997] and Campbell [2003]
models and are shown in Figure 16 together with the average ratios from Atkinson
and Boore [2006]. Again the rock site  used by Atkinson and Boore [2006] is rather
low compared to the results of Figure 11 which explains the slightly higher amplitude
ratios in this case.
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Figure 12: Top: Ground-motion predictions for a M=6, R=20 km scenario using the
original Toro et al. [1997] GMPE and the ”very hard rock-site” adjusted Toro et al.
[1997] GMPE (vg530=2000, 2600 and 2800 m/s; k=0.002, 0.005, 0.01 sec). Bottom:
Same plot using Campbell [2003] GMPE (vg30=2000, 2600 and 2800 m/s; k=0.002,
0.006, 0.01 sec).
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It appears from Figure 16 that the results using Toro et al. [1997] GMPE and
Campbell [2003] GMPE are consistent and similar. The final ratios have close mean
and standard deviation at each period, while the ratios estimated from Atkinson and
Boore [2006] presents higher values and lower standard deviation due to the low rock
site k these authors used. Finally, we suggest to keep and use the ratios computed
with the Campbell [2003] since there is no distance limitations as in the case of Toro
et al. [1997] (see text). The final ratios using Campbell [2003] GMPE can be used
as a proxy to perform the very-hard to hard rock adjustment: motion estimated
for a very hard rock site can be converted to motion expected for a rock site by
multiplication of the response spectra by the period dependent adjustment factors
given in Table 9. Further analysis using the other GMPEs for stable continental
regions could help to check the stability of the ratio.

Table 9: Coefficients for the component conversion.

T (s) | Adjustment factor o

0.01 0.735106 0.338916
0.03 0.423049 0.289785
0.04 0.477379 0.320650
0.10 0.888509 0.352442
0.20 1.197291 0.281552
0.40 1.308267 0.198424
1.00 1.265762 0.154327
2.00 1.215779 0.155520
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6 Annex

6.1 Coefficients of the Toro et al. [1997] adjusted models
The functional form of the Toro et al. [1997] GMPE is the following:

R
In(Y) = c1+co(M —6)+c3(M—6)? —cyln(Ry) — (c5 —cq)max [ln (%) ,0} —cgRy

with Ry, = | /R?b + ¢2 and Rj, the Joyner-Boore distance. The proposed coefficients

below are giving In(Y') in m/s® while the original coefficients in Toro et al. [1997]
are giving In(Y’) in g. Note that T=0.0 s corresponds to PGA.

6.1.1 Very hard rock models

Table 10: Coefficients of the adjusted model for vg30=2800 m/s and £=0.002 sec.
Period (sec) c1 co c3 C4 cs Co cr
0.000 596 | 0.74 | 0.03 | 1.49 | 1.05 | 0.0023 | 9.0
0.028 6.65 | 0.76 | 0.02 | 1.45 | 1.82 | 0.0014 | 94

0.040 6.15 | 0.76 | 0.02 | 1.36 | 1.52 | 0.0021 | 8.9
0.100 4.62 | 0.78 | 0.01 | 1.02 | 0.42 | 0.0052 | 7.1
0.200 3.96 | 0.83 | 0.00 | 0.93 | 0.13 | 0.0049 | 6.6

0.400 3.27 | 1.05 | -0.10 | 0.89 | 0.16 | 0.0036 | 6.4
1.000 229 | 1.41 | -0.19 | 0.87 | 0.20 | 0.0025 | 6.3
2.000 1.52 | 1.83 | -0.29 | 0.91 | 0.22 | 0.0018 | 6.7

Table 11: Coefficients of the adjusted model for vg30=2800 m/s and £=0.005 sec.
Period (sec) c1 co c3 C4 cs Co cr
0.000 4.99 | 0.76 | 0.02 | 1.32 | 0.85 | 0.0025 | 8.5
0.028 6.29 | 0.76 | 0.02 | 1.43 | 1.63 | 0.0015 | 9.3

0.040 5.93 | 0.77 | 0.01 | 1.36 | 1.43 | 0.0021 | 8.9
0.100 4541 0.79 | 0.01 | 1.02 | 0.43 | 0.0051 | 7.1
0.200 3.92 | 0.83 | 0.00 | 0.93 | 0.14 | 0.0049 | 6.6

0.400 3.25 | 1.05 | -0.10 | 0.89 | 0.16 | 0.0036 | 6.4
1.000 2.28 | 1.41 | -0.19 | 0.87 | 0.20 | 0.0025 | 6.3
2.000 1.52 | 1.84 | -0.29 | 0.91 | 0.22 | 0.0018 | 6.7
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Table 12: Coefficients of the adjusted model for v530=2800 m/s and k=0.01 sec.

Period (sec) c1 c c3 C4 cs Co cr
0.000 4.28 | 0.78 | 0.01 | 1.21 | 0.67 | 0.0028 | 8.1
0.028 564 | 0.77 | 0.01 | 1.38 | 1.31 | 0.0019 | 9.1
0.040 554 | 0.78 | 0.01 1.34 | 1.25 | 0.0021 | 8.9
0.100 4.41 { 0.79 | 0.01 | 1.03 | 0.43 | 0.0049 | 7.2
0.200 3.85 | 0.83 | 0.00 | 0.93 | 0.15 | 0.0048 | 6.7
0.400 3.22 | 1.05 | -0.10 | 0.89 | 0.17 | 0.0036 | 6.4
1.000 2.28 | 1.41 | -0.19 | 0.88 | 0.19 | 0.0025 | 6.3
2.000 1.52 | 1.84 | -0.30 | 0.91 | 0.22 | 0.0018 | 6.7

Table 13: Coefficients of the adjusted model for vg30=2600 m/s and £=0.002 sec.
Period (sec) | ¢ Cao c3 C4 cs Cs cr
0.000 596 | 0.74 | 0.03 | 1.49 | 1.05 | 0.0023 | 9.0
0.028 6.65 | 0.76 | 0.02 | 1.45 | 1.82 | 0.0014 | 94
0.040 6.15 | 0.76 | 0.02 | 1.36 | 1.52 | 0.0021 | 8.9

0.100 4.62 | 0.78 | 0.01 | 1.02 | 0.42 | 0.0052 | 7.1
0.200 3.96 | 0.83 | 0.00 | 0.93 | 0.13 | 0.0049 | 6.6
0.400 3.27 | 1.05 | -0.10 | 0.89 | 0.16 | 0.0036 | 6.4
1.000 229 | 1.41|-0.19 | 0.87 | 0.20 | 0.0025 | 6.3
2.000 1.52 | 1.83 | -0.29 | 0.91 | 0.22 | 0.0018 | 6.7

Table 14: Coefficients of the adjusted model for vg30=2600 m/s and £=0.005 sec.

Period (sec) c1 co c3 C4 cs Co cr
0.000 4.99 | 0.76 | 0.02 | 1.32 | 0.85 | 0.0025 | 8.5
0.028 6.29 | 0.76 | 0.02 | 1.43 | 1.63 | 0.0015 | 9.3
0.040 593 | 0.77 | 0.01 | 1.36 | 1.43 | 0.0021 | 8.9

0.100 4.54 | 0.79 | 0.01 | 1.02 | 0.43 | 0.0051 | 7.1
0.200 3.92 | 0.83 | 0.00 | 0.93 | 0.14 | 0.0049 | 6.6
0.400 3.25 | 1.05 | -0.10 | 0.89 | 0.16 | 0.0036 | 6.4
1.000 228 | 1.41 | -0.19 | 0.87 | 0.20 | 0.0025 | 6.3
2.000 1.52 | 1.84 | -0.29 | 0.91 | 0.22 | 0.0018 | 6.7

Table 15: Coefficients of the adjusted model for vg30=2600 m/s and £=0.01 sec.
Period (sec) c1 c c3 C4 cs co cr
0.000 4.28 | 0.78 | 0.01 | 1.21 | 0.67 | 0.0028 | 8.1
0.028 5.64 | 0.77 | 0.01 | 1.38 | 1.31 | 0.0019 | 9.1
0.040 5.54 | 0.78 | 0.01 | 1.34 | 1.25 | 0.0021 | 8.9

0.100 4.41 | 0.79 | 0.01 | 1.03 | 0.43 | 0.0049 | 7.2
0.200 3.85 | 0.83 | 0.00 | 0.93 | 0.15 | 0.0048 | 6.7
0.400 3.22 | 1.05 | -0.10 | 0.89 | 0.17 | 0.0036 | 6.4
1.000 228 | 1.41|-0.19 | 0.88 | 0.19 | 0.0025 | 6.3
2.000 1.52 | 1.84 | -0.30 | 0.91 | 0.22 | 0.0018 | 6.7
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Table 16: Coefficients of the adjusted model for vg30=2000 m/s and £=0.002 sec.

Period (sec) c1 c c3 C4 cs Co cr
0.000 6.24 | 0.73 | 0.03 | 1.52 | 1.11 | 0.0022 | 9.0
0.028 6.84 | 0.75 | 0.02 | 1.44 | 1.87 | 0.0014 | 9.3

0.040 6.33 | 0.76 | 0.02 | 1.35 | 1.55 | 0.0022 | 8.8
0.100 4.77 1 0.78 | 0.01 | 1.01 | 0.41 | 0.0053 | 7.1
0.200 4.09 | 0.82 | 0.00 | 0.93 | 0.11 | 0.0050 | 6.6

0.400 3.37 | 1.05 | -0.11 | 0.89 | 0.16 | 0.0036 | 6.4
1.000 2.36 | 1.41 | -0.18 | 0.87 | 0.20 | 0.0025 | 6.3
2.000 1.58 | 1.83 | -0.28 | 0.91 | 0.22 | 0.0018 | 6.7

Table 17: Coefficients of the adjusted model for vg30=2000 m/s and £=0.005 sec.
Period (sec) c1 co c3 C4 cs Co cr
0.000 5.22 |1 0.75 | 0.02 | 1.34 | 0.89 | 0.0026 | 8.6
0.028 6.49 | 0.76 | 0.02 | 1.43 | 1.69 | 0.0015 | 9.3
0.040 6.11 | 0.76 | 0.01 | 1.35 | 1.46 | 0.0021 | 8.9
0.100 4.69 | 0.78 | 0.01 | 1.02 | 0.41 | 0.0052 | 7.1
0.200 4.04 | 0.82 | 0.00 | 0.93 | 0.12 | 0.0050 | 6.6
0.400 3.35 | 1.05 | -0.10 | 0.89 | 0.16 | 0.0036 | 6.4
1.000 2.35 | 1.41 | -0.19 | 0.87 | 0.20 | 0.0025 | 6.3
2.000 1.58 | 1.83 | -0.29 | 0.91 | 0.22 | 0.0018 | 6.7

Table 18: Coefficients of the adjusted model for vg30=2000 m/s and £=0.01 sec.
Period (sec) c1 c c3 C4 cs co cr
0.000 4.48 | 0.78 | 0.02 | 1.23 | 0.71 | 0.0028 | 8.2
0.028 5.86 | 0.77 | 0.01 | 1.38 | 1.37 | 0.0019 | 9.1
0.040 573 | 0.77 | 0.01 | 1.34 | 1.30 | 0.0021 | 8.9
0.100 4.56 | 0.79 | 0.01 | 1.02 | 0.42 | 0.0051 | 7.1

0.200 3.97 | 0.83 | 0.00 | 0.93 | 0.13 | 0.0049 | 6.6
0.400 3.31 | 1.05 | -0.10 | 0.89 | 0.16 | 0.0036 | 6.4
1.000 235 | 1.411-0.19 | 0.88 | 0.19 | 0.0025 | 6.3
2.000 1.57 | 1.84 | -0.30 | 0.91 | 0.22 | 0.0018 | 6.7

34



6.1.2 Rock models

Table 19: Coefficients of the adjusted model for vg30=800 m/s and £=0.02 sec.
Period (sec) c1 Cs c3 C4 cs Co cr
0.000 4.34 | 0.78 | 0.01 | 1.15 | 0.58 | 0.0031 | 7.9
0.028 5.29 | 0.77 | 0.01 | 1.26 | 1.00 | 0.0025 | 8.5
0.040 5.56 | 0.77 | 0.01 | 1.30 | 1.06 | 0.0025 | 8.7

0.100 4.79 | 0.78 | 0.01 | 1.02 | 0.39 | 0.0052 | 7.1
0.200 4.28 | 0.82 | 0.00 | 0.92 | 0.10 | 0.0051 | 6.6
0.400 3.62 | 1.04 | -0.10 | 0.89 | 0.14 | 0.0037 | 6.3
1.000 2.57 | 1.40 | -0.18 | 0.88 | 0.19 | 0.0025 | 6.3
2.000 1.76 | 1.82 | -0.29 | 0.92 | 0.22 | 0.0018 | 6.7

Table 20: Coefficients of the adjusted model for vg30=800 m/s and £=0.03 sec.
Period (sec) c1 Cs c3 C4 cs Co cy
0.000 3.56 | 0.83 | 0.00 | 1.02 | 0.58 | 0.0029 | 6.4
0.028 4.02 | 0.85 | 0.00 | 1.06 | 0.84 | 0.0026 | 6.7
0.040 4.39 | 0.83 | 0.00 | 1.13 | 0.87 | 0.0026 | 7.1

0.100 4.20 | 0.81 | 0.01 | 0.95 | 0.47 | 0.0047 | 6.1
0.200 3.89 | 0.83 | 0.01 | 0.87 | 0.19 | 0.0048 | 5.7
0.400 3.36 | 1.05 | -0.10 | 0.85 | 0.21 | 0.0035 | 5.7
1.000 240 | 1.42 | -0.20 | 0.84 | 0.24 | 0.0024 | 5.8
2.000 1.56 | 1.84 | -0.30 | 0.87 | 0.27 | 0.0017 | 6.1

Table 21: Coefficients of the adjusted model for vg30=800 m/s and £=0.05 sec.
Period (sec) c1 cs c3 C4 cs Co cr
0.000 3.03 | 0.89 | -0.02 | 0.97 | 0.45 | 0.0029 | 6.2
0.028 3.20 | 0.92 | -0.02 | 0.97 | 0.62 | 0.0027 | 6.2
0.040 3.33 |1 091 | -0.02 | 1.01 | 0.55 | 0.0028 | 6.4

0.100 3.67 | 0.84 | 0.00 | 0.95 | 0.40 | 0.0044 | 6.1
0.200 3.61 | 0.85 | 0.00 | 0.88 | 0.23 | 0.0045 | 5.7
0.400 3.21 | 1.05 | -0.10 | 0.85 | 0.22 | 0.0035 | 5.7
1.000 234 | 142 | -0.20 | 0.84 | 0.24 | 0.0024 | 5.8
2.000 1.52 | 1.86 | -0.31 | 0.87 | 0.27 | 0.0017 | 6.0
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6.2 Coefficients of the Campbell [2003] adjusted models
The functional form of the Campbell [2003] GMPE is the following:

In(Y)=c + coM + c3(8.5 — M)2 + caln(R) + (c5 + ce M)Tpup + f(1rup) (D)

with R = \/rzup + (crexp(csM))? and:
0 fOT’ Trup S ™

f(rrup) - C7<lnrrup - ln'rl) fOT T < Trup S T2 (6)
cr(Inryyy — Inry) + cs(Inrpyy — Inrg) for ra < rpy,

The proposed coefficients below are giving In(Y) in m/s? while the original coeffi-
cients in Campbell [2003] are giving In(Y") in g. Note that T=0.0 s corresponds to

PGA.

6.2.1 Very hard rock models

Table 22: Coefficients of the adjusted model for vg30=2800 m/s and £=0.002 sec.

Period c1 Co c3 cq cs Cg cr cs Co c10

(sec)

0.000 | 3.1852 | 0.819 | -0.0211 | -2.122 | -0.00227 | 0.000297 | 0.996 | 0.378 | 1.940 | -1.564
0.028 | 3.8205 | 0.791 | -0.0208 | -2.048 | -0.00144 | 0.000294 | 1.112 | 0.366 | 1.540 | -1.913
0.040 | 3.1677 | 0.782 | -0.0209 | -1.879 | -0.00189 | 0.000289 | 0.913 | 0.393 | 1.603 | -2.005
0.100 | 2.1332 | 0.759 | -0.0243 | -1.648 | -0.00287 | 0.000233 | 0.628 | 0.448 | 1.829 | -1.852
0.200 | 2.0433 | 0.715 | -0.0544 | -1.579 | -0.00286 | 0.000175 | 0.572 | 0.456 | 1.834 | -1.485
0.400 1.9062 | 0.622 | -0.1113 | -1.448 | -0.00234 | 0.000135 | 0.510 | 0.452 | 1.614 | -1.168
1.000 | 1.6656 | 0.513 | -0.1983 | -1.307 | -0.00167 | 0.000127 | 0.501 | 0.440 | 1.284 | -0.865
2.000 | 1.0483 | 0.478 | -0.2496 | -1.232 | -0.00115 | 0.000115 | 0.472 | 0.450 | 1.094 | -0.736

Table 23: Coeflicients of the adjusted model for

v530=2800 m/s and k=0.006 sec.

Period c1 Co c3 Cq Cs Cg cr cs Co C10
(sec)

0.000 | 2.2542 | 0.805 | -0.0276 | -1.941 | -0.00237 | 0.000284 | 0.844 | 0.405 | 1.967 | -1.622
0.028 | 3.3606 | 0.788 | -0.0231 | -2.018 | -0.00182 | 0.000301 | 1.048 | 0.375 | 1.622 | -1.724
0.040 | 2.8863 | 0.777 | -0.0228 | -1.869 | -0.00201 | 0.000300 | 0.889 | 0.398 | 1.616 | -1.874
0.100 | 2.0642 | 0.753 | -0.0256 | -1.651 | -0.00285 | 0.000251 | 0.635 | 0.446 | 1.821 | -1.855
0.200 | 1.9855 | 0.715 | -0.0544 | -1.581 | -0.00287 | 0.000182 | 0.572 | 0.456 | 1.834 | -1.489
0.400 | 1.8338 | 0.630 | -0.1099 | -1.452 | -0.00234 | 0.000137 | 0.503 | 0.455 | 1.621 | -1.173
1.000 | 1.7140 | 0.508 | -0.1997 | -1.311 | -0.00166 | 0.000126 | 0.493 | 0.443 | 1.291 | -0.869
2.000 | 1.2271 | 0.452 | -0.2554 | -1.230 | -0.00112 | 0.000110 | 0.475 | 0.448 | 1.090 | -0.733
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Table 24: Coeflicients

of the adjusted

model for vg3p=2800 m/s and k=0.01 sec.

Period c1 Co c3 Cq cs Cg cr cs Co c10

(sec)

0.000 | 1.8864 | 0.791 | -0.0335 | -1.868 | -0.00242 | 0.000275 | 0.783 | 0.417 | 2.000 | -1.630
0.028 | 2.9087 | 0.785 | -0.0260 | -1.981 | -0.00215 | 0.000302 | 0.973 | 0.387 | 1.732 | -1.607
0.040 | 2.6055 | 0.773 | -0.0251 | -1.856 | -0.00217 | 0.000308 | 0.858 | 0.403 | 1.647 | -1.755
0.100 | 1.9983 | 0.747 | -0.0270 | -1.654 | -0.00283 | 0.000270 | 0.641 | 0.445 | 1.814 | -1.855
0.200 | 1.9374 | 0.713 | -0.0548 | -1.581 | -0.00288 | 0.000190 | 0.574 | 0.455 | 1.832 | -1.492
0.400 | 1.7849 | 0.633 | -0.1093 | -1.454 | -0.00235 | 0.000138 | 0.500 | 0.456 | 1.624 | -1.175
1.000 | 1.7366 | 0.504 | -0.2005 | -1.314 | -0.00166 | 0.000125 | 0.487 | 0.445 | 1.296 | -0.871
2.000 | 1.3595 | 0.433 | -0.2599 | -1.228 | -0.00110 | 0.000106 | 0.478 | 0.446 | 1.087 | -0.731

Table 25: Coefficients of the adjusted model for

v530=2600 m/s and £=0.002 sec.

Period c1 Co c3 Cq Cs Cg cr cs Co C10

(sec)

0.000 | 3.1852 | 0.819 | -0.0211 | -2.122 | -0.00227 | 0.000297 | 0.996 | 0.378 | 1.940 | -1.564
0.028 | 3.8205 | 0.791 | -0.0208 | -2.048 | -0.00144 | 0.000294 | 1.112 | 0.366 | 1.540 | -1.913
0.040 | 3.1677 | 0.782 | -0.0209 | -1.879 | -0.00189 | 0.000289 | 0.913 | 0.393 | 1.603 | -2.005
0.100 | 2.1332 | 0.759 | -0.0243 | -1.648 | -0.00287 | 0.000233 | 0.628 | 0.448 | 1.829 | -1.852
0.200 | 2.0433 | 0.715 | -0.0544 | -1.579 | -0.00286 | 0.000175 | 0.572 | 0.456 | 1.834 | -1.485
0.400 | 1.9062 | 0.622 | -0.1113 | -1.448 | -0.00234 | 0.000135 | 0.510 | 0.452 | 1.614 | -1.168
1.000 | 1.6656 | 0.513 | -0.1983 | -1.307 | -0.00167 | 0.000127 | 0.501 | 0.440 | 1.284 | -0.865
2.000 | 1.0483 | 0.478 | -0.2496 | -1.232 | -0.00115 | 0.000115 | 0.472 | 0.450 | 1.094 | -0.736

Table 26: Coeflicients of the adjusted model for

v530=2600 m/s and k=0.006 sec.

Period c1 Co c3 Cq cs Cg cr cs Co c10
(sec)

0.000 | 2.2542 | 0.805 | -0.0276 | -1.941 | -0.00237 | 0.000284 | 0.844 | 0.405 | 1.967 | -1.622
0.028 | 3.3606 | 0.788 | -0.0231 | -2.018 | -0.00182 | 0.000301 | 1.048 | 0.375 | 1.622 | -1.724
0.040 | 2.8863 | 0.777 | -0.0228 | -1.869 | -0.00201 | 0.000300 | 0.889 | 0.398 | 1.616 | -1.874
0.100 | 2.0642 | 0.753 | -0.0256 | -1.651 | -0.00285 | 0.000251 | 0.635 | 0.446 | 1.821 | -1.855
0.200 | 1.9855 | 0.715 | -0.0544 | -1.581 | -0.00287 | 0.000182 | 0.572 | 0.456 | 1.834 | -1.489
0.400 | 1.8338 | 0.630 | -0.1099 | -1.452 | -0.00234 | 0.000137 | 0.503 | 0.455 | 1.621 | -1.173
1.000 | 1.7140 | 0.508 | -0.1997 | -1.311 | -0.00166 | 0.000126 | 0.493 | 0.443 | 1.291 | -0.869
2.000 | 1.2271 | 0.452 | -0.2554 | -1.230 | -0.00112 | 0.000110 | 0.475 | 0.448 | 1.090 | -0.733
Table 27: Coefficients of the adjusted model for vg30=2600 m/s and £=0.01 sec.
Period c1 Co c3 Cq Cs Ce cr cs Co C10
(sec)

0.000 | 1.8864 | 0.791 | -0.0335 | -1.868 | -0.00242 | 0.000275 | 0.783 | 0.417 | 2.000 | -1.630
0.028 | 2.9087 | 0.785 | -0.0260 | -1.981 | -0.00215 | 0.000302 | 0.973 | 0.387 | 1.732 | -1.607
0.040 | 2.6055 | 0.773 | -0.0251 | -1.856 | -0.00217 | 0.000308 | 0.858 | 0.403 | 1.647 | -1.755
0.100 | 1.9983 | 0.747 | -0.0270 | -1.654 | -0.00283 | 0.000270 | 0.641 | 0.445 | 1.814 | -1.855
0.200 | 1.9374 | 0.713 | -0.0548 | -1.581 | -0.00288 | 0.000190 | 0.574 | 0.455 | 1.832 | -1.492
0.400 | 1.7849 | 0.633 | -0.1093 | -1.454 | -0.00235 | 0.000138 | 0.500 | 0.456 | 1.624 | -1.175
1.000 | 1.7366 | 0.504 | -0.2005 | -1.314 | -0.00166 | 0.000125 | 0.487 | 0.445 | 1.296 | -0.871
2.000 | 1.3595 | 0.433 | -0.2599 | -1.228 | -0.00110 | 0.000106 | 0.478 | 0.446 | 1.087 | -0.731
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Table 28: Coefficients of the adjusted model for vg30=2000 m/s and £=0.002 sec.

Period c1 Co c3 Cq Cs Cg cr cs Co C10

(sec)

0.000 | 3.4195 | 0.821 | -0.0198 | -2.140 | -0.00218 | 0.000283 | 1.025 | 0.373 | 1.920 | -1.567
0.028 | 4.0055 | 0.795 | -0.0199 | -2.050 | -0.00131 | 0.000276 | 1.118 | 0.365 | 1.535 | -1.970
0.040 | 3.3297 | 0.786 | -0.0200 | -1.879 | -0.00182 | 0.000270 | 0.913 | 0.394 | 1.608 | -2.046
0.100 | 2.2503 | 0.765 | -0.0235 | -1.645 | -0.00287 | 0.000211 | 0.620 | 0.450 | 1.837 | -1.845
0.200 | 2.1615 | 0.716 | -0.0541 | -1.578 | -0.00284 | 0.000164 | 0.569 | 0.457 | 1.836 | -1.480
0.400 2.0057 | 0.622 | -0.1112 | -1.447 | -0.00233 | 0.000132 | 0.510 | 0.452 | 1.614 | -1.167
1.000 | 1.6773 | 0.522 | -0.1961 | -1.308 | -0.00168 | 0.000128 | 0.499 | 0.441 | 1.286 | -0.867
2.000 | 0.9599 | 0.500 | -0.2440 | -1.240 | -0.00117 | 0.000120 | 0.463 | 0.455 | 1.105 | -0.743

Table 29: Coefficients of the adjusted model for

v530=2000 m/s and £=0.006 sec.

Period c1 Co c3 cq cs Cg cr cs Co c10
(sec)

0.000 | 2.4359 | 0.809 | -0.0258 | -1.952 | -0.00231 | 0.000272 | 0.861 | 0.402 | 1.954 | -1.629
0.028 | 3.5486 | 0.791 | -0.0221 | -2.022 | -0.00168 | 0.000284 | 1.059 | 0.373 | 1.606 | -1.770
0.040 | 3.0519 | 0.781 | -0.0218 | -1.870 | -0.00193 | 0.000282 | 0.892 | 0.397 | 1.616 | -1.916
0.100 | 2.1810 | 0.758 | -0.0247 | -1.648 | -0.00284 | 0.000230 | 0.627 | 0.448 | 1.829 | -1.850
0.200 | 2.1018 | 0.717 | -0.0541 | -1.580 | -0.00285 | 0.000171 | 0.569 | 0.457 | 1.836 | -1.484
0.400 | 1.9349 | 0.629 | -0.1098 | -1.451 | -0.00234 | 0.000134 | 0.503 | 0.455 | 1.621 | -1.172
1.000 | 1.7373 | 0.514 | -0.1980 | -1.312 | -0.00167 | 0.000127 | 0.492 | 0.444 | 1.293 | -0.870
2.000 | 1.1442 | 0.473 | -0.2502 | -1.236 | -0.00115 | 0.000115 | 0.468 | 0.452 | 1.100 | -0.739
Table 30: Coefficients of the adjusted model for v530=2000 m/s and k=0.01 sec.
Period c1 Co c3 Cq Cs Cg cr cs Co C10
(sec)

0.000 | 2.0418 | 0.795 | -0.0315 | -1.877 | -0.00237 | 0.000265 | 0.795 | 0.414 | 1.989 | -1.638
0.028 | 3.0990 | 0.787 | -0.0248 | -1.987 | -0.00202 | 0.000287 | 0.989 | 0.384 | 1.709 | -1.637
0.040 | 2.7734 | 0.777 | -0.0240 | -1.858 | -0.00207 | 0.000291 | 0.864 | 0.402 | 1.641 | -1.794
0.100 | 2.1146 | 0.752 | -0.0260 | -1.651 | -0.00281 | 0.000248 | 0.634 | 0.446 | 1.821 | -1.852
0.200 | 2.0527 | 0.715 | -0.0544 | -1.580 | -0.00286 | 0.000178 | 0.571 | 0.456 | 1.835 | -1.487
0.400 | 1.8855 | 0.633 | -0.1092 | -1.453 | -0.00234 | 0.000135 | 0.500 | 0.456 | 1.624 | -1.174
1.000 | 1.7684 | 0.509 | -0.1991 | -1.314 | -0.00166 | 0.000126 | 0.488 | 0.445 | 1.296 | -0.872
2.000 | 1.2829 | 0.452 | -0.2550 | -1.233 | -0.00113 | 0.000111 | 0.472 | 0.450 | 1.096 | -0.736
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6.2.2 Rock models

Table 31: Coefficients of the adjusted

model for vg3p=800 m/s and k=0.02 sec.

Period c1 Co c3 cq cs Cg cr cs Co c10

(sec)

0.000 | 2.0736 | 0.776 | -0.0376 | -1.805 | -0.00225 | 0.000210 | 0.744 | 0.423 | 2.022 | -1.640
0.028 | 2.6986 | 0.783 | -0.0297 | -1.899 | -0.00221 | 0.000223 | 0.844 | 0.408 | 1.904 | -1.576
0.040 | 2.6558 | 0.777 | -0.0267 | -1.824 | -0.00211 | 0.000240 | 0.796 | 0.415 | 1.722 | -1.655
0.100 | 2.3586 | 0.753 | -0.0265 | -1.649 | -0.00268 | 0.000216 | 0.624 | 0.449 | 1.828 | -1.838
0.200 | 2.3632 | 0.717 | -0.0542 | -1.579 | -0.00280 | 0.000156 | 0.564 | 0.458 | 1.840 | -1.478
0.400 | 2.1661 | 0.637 | -0.1080 | -1.455 | -0.00231 | 0.000127 | 0.496 | 0.457 | 1.629 | -1.174
1.000 | 1.9029 | 0.523 | -0.1954 | -1.321 | -0.00167 | 0.000128 | 0.479 | 0.449 | 1.307 | -0.878
2.000 | 1.2437 | 0.486 | -0.2458 | -1.250 | -0.00118 | 0.000121 | 0.456 | 0.457 | 1.120 | -0.751

Table 32: Coefficients of the adjusted

model for vg3p=800 m/s and k=0.03 sec.

Period c1 Co c3 Cq cs Cg cr cs Co c10

(sec)

0.000 | 1.8740 | 0.746 | -0.0485 | -1.760 | -0.00225 | 0.000204 | 0.710 | 0.430 | 2.048 | -1.614
0.028 | 2.0672 | 0.752 | -0.0427 | -1.793 | -0.00236 | 0.000206 | 0.715 | 0.433 | 2.036 | -1.565
0.040 | 2.0876 | 0.758 | -0.0357 | -1.769 | -0.00237 | 0.000237 | 0.703 | 0.435 | 1.846 | -1.536
0.100 | 2.2006 | 0.737 | -0.0302 | -1.655 | -0.00263 | 0.000255 | 0.636 | 0.446 | 1.812 | -1.832
0.200 | 2.2518 | 0.712 | -0.0554 | -1.580 | -0.00282 | 0.000173 | 0.569 | 0.457 | 1.836 | -1.485
0.400 | 2.0873 | 0.638 | -0.1081 | -1.456 | -0.00232 | 0.000130 | 0.495 | 0.458 | 1.630 | -1.175
1.000 | 1.9377 | 0.515 | -0.1975 | -1.323 | -0.00166 | 0.000126 | 0.475 | 0.450 | 1.310 | -0.879
2.000 1.4741 | 0.450 | -0.2545 | -1.242 | -0.00114 | 0.000113 | 0.463 | 0.453 | 1.108 | -0.743

Table 33: Coeflicients of the adjusted

model for vg30=800 m/s and k=0.05 sec.

Period c1 Co c3 Cq cs Cg cr cs Co c10

(sec)

0.000 | 1.7367 | 0.696 | -0.0677 | -1.712 | -0.00219 | 0.000195 | 0.680 | 0.435 | 2.067 | -1.572
0.028 | 1.7176 | 0.684 | -0.0677 | -1.687 | -0.00233 | 0.000181 | 0.647 | 0.445 | 2.084 | -1.529
0.040 | 1.5379 | 0.699 | -0.0608 | -1.660 | -0.00240 | 0.000203 | 0.586 | 0.461 | 1.969 | -1.471
0.100 | 1.8933 | 0.707 | -0.0391 | -1.660 | -0.00259 | 0.000317 | 0.640 | 0.446 | 1.799 | -1.779
0.200 | 2.0447 | 0.700 | -0.0580 | -1.583 | -0.00288 | 0.000213 | 0.581 | 0.453 | 1.827 | -1.500
0.400 | 1.9447 | 0.636 | -0.1089 | -1.457 | -0.00233 | 0.000136 | 0.494 | 0.458 | 1.630 | -1.177
1.000 | 1.9418 | 0.508 | -0.1997 | -1.326 | -0.00164 | 0.000123 | 0.469 | 0.453 | 1.316 | -0.882
2.000 | 1.8235 | 0.394 | -0.2679 | -1.230 | -0.00107 | 0.000100 | 0.473 | 0.447 | 1.091 | -0.732
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6.3 Bommer et al. (2010) article on the GMPE pre-selection
criteria
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On the Selection of Ground-Motion Prediction
Equations for Seismic Hazard Analysis

Julian J. Bommer,! John Douglas,? Frank Scherbaum,? Fabrice Cotton,*

Hilmar Bungum,® and Donat Fah®

INTRODUCTION

A key element in any seismic hazard analysis is the selection of
appropriate ground-motion prediction equations (GMPEs).
In an earlier paper, focused on the selection and adjustment of
ground-motion models for probabilistic seismic hazard analysis
(PSHA) in moderately active regions—with limited data and
few, if any, indigenous models— Cotton ez /. (2006) proposed
seven criteria as the basis for selecting GMPEs. Recent experi-
ence in applying these criteria, faced with several new GMPEs
developed since the Cotton ez al. (2006) paper was published
and a significantly larger strong-motion database, has led to
consideration of how the criteria could be refined and of other
conditions that could be included to meet the original objec-
tives of Cotton ez al. (2006). In fact, about a dozen new GMPEs
are published each year, and this number appears to be increas-
ing. Additionally, Cotton ez al. (2006) concluded that the cri-
teria should not be excessively specific, tied to the state-of-the-
art in ground-motion modeling at the time of writing and thus
remaining static, but rather should be sufficiently flexible to be
adaptable to the continuing growth of the global strong-motion
database and the continued evolution of GMPE:s.

The purpose of this paper is to present an update of these
criteria, which formed a small section of the Cotton ez 4/.
(2006) paper but which are the exclusive focus of this study.
The revised and extended list of selection criteria should be of
use to those charged with conducting seismic hazard analyses,
primarily as a way of avoiding unintended subjectivity in the
process of assembling suites of GMPEs to be used in the haz-
ard calculations. At the same time, the suite of criteria—which
are actually for excluding GMPEs from a global set rather than
selecting in the strict sense—may also be useful as a checklist
for those developing new GMPEs.
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OBJECTIVES OF GROUND-MOTION MODEL
SELECTION

The two fundamental components of a PSHA are a model for
the occurrence of future earthquakes in terms of magnitude,
frequency, and location; and a model for the estimation of
ground-motion parameters at a given site as a result of each
carthquake scenario. The epistemic uncertainty in both com-
ponents must be identified, quantified, and captured in the
analysis, the most widely used tool for this purpose being the
logic tree (e.g., Kulkarni ez a/. 1984; Bommer and Scherbaum
2008). In order to capture the epistemic uncertainty in both
median ground-motion predictions and their associated alea-
tory variability, it has become standard practice to include
more than one GMPE in logic-tree formulations for PSHA
(e.g, Bommer et al. 2005).

The approach of Cotton ez al. (2006) to populate the
ground-motion branches of a logic-tree begins with the prem-
ise that to avoid availability traps (.., Kahnemann ez /. 1982),
whereby an analyst may choose those models with which he or
she is most familiar, the starting point should be to assemble
a comprehensive list of all ground-motion models that meet
the standard scientific quality criteria of international peet-
reviewed journals and then eliminate those considered unsuit-
able. The first basis for exclusion of a model is that it is from a
tectonic region that is not relevant to the location of the site
for which the PSHA is being conducted. We believe that this
should not be a basis for selection or exclusion on purely geo-
graphical criteria (i.e., only using models derived for the host
country or region) since several studies have concluded that
there is no strong evidence for persistent regional differences
in ground motions among tectonically comparable areas, at
least in the range of moderate-to-large magnitude earthquakes
(e.¢., Douglas 2007; Stafford ez al. 2008), although some stud-
ies have found modest differences in ground-motion attenua-
tion (for high-frequency response parameters) between active
regions (Scasserra ez al. 2009). Rather, this criterion would sim-
ply mean not including equations for subduction earthquakes
in the analysis of hazard due to shallow crustal earthquakes,
and vice versa. One should also exclude equations derived for
volcanic areas for PSHA in a region that does not have this fea-
ture and models for deep Vrancea-type carthquakes for arcas
not affected by such events. In some cases, there may be a clear
basis for other exclusions, such as in the United States where
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models derived for western North America and for central and
castern North America (CENA) are each unlikely to be used
for hazard analyses in the other region. However, beyond these
cases, the issue of tectonic, rather than geographical, relevance
will not generally be a sufficient basis to populate the logic-
branches by itself.

All of the other exclusion criteria are then related to the
inherent quality of the model and its applicability to the partic-
ular PSHA being conducted, in terms of ranges and definitions
of both predicted and explanatory variables. These criteria can-
not be completely decoupled from the consideration of tectonic
relevance for the simple reason that when dealing with any type
of seismicity other than active crustal earthquakes, the number
of available GMPEs is limited. Therefore, while it is possible
to be rather stringent with regard to quality and applicabil-
ity criteria for GMPE:s to be used in regions of shallow crustal
seismicity, for subduction zones and particular areas such as
the Vrancea region of Romania, the application of similarly
rigorous exclusion criteria is likely to leave the analyst with no
models at all. Using these criteria, stable continental regions
(SCRs) are also less likely to be left with any models except for
stochastic ones.

In terms of overall objectives, Cotton ez a/. (2006) stated
that “ideally, the ground-motion selection process should result
in the smallest set of independent models that capture, poten-
tially after host-to-target conversions, the analyst’s estimate
of the range of possible ground motions in the target region.”
Two aspects of this statement have been reconsidered in the
light of recent experience and developments, the first being
to question the practice of applying full host-to-target conver-
sions, using the hybrid approach of Campbell (2003) com-
bined with the method of Scherbaum, Cotton e 4/. (2006)
for obtaining equivalent stochastic parameters for empirical
GMPEs. These approaches will nearly always be employed
using local recordings of small-to-moderate magnitude earth-
quakes, because if there were sufficient large events recorded in
the target region, then one would simply develop local equa-
tions. Without extending the discussion of this topic, which
is somewhat outside the strict focus of this paper on ground-
motion model selection procedures, many recent studies have
cast doubt on the use of small-magnitude data as the basis for
predicting motions from moderate-to-large magnitude earth-
quakes (e.¢., Bommer ez al. 2007; Cotton ez al. 2008; Atkinson
and Morrison 2009; Chiou ez 4., forthcoming). In summary,
we are now inclined to believe that host-to-target conversions,
beyond a V-« adjustment to the reference site profile, may
provide an apparent degree of precision in terms of improved
local applicability of the equations, but at a high cost in terms
of added uncertainty because of the problems in extrapolating
magnitude scaling from small to large carthquakes. Also, the
parameters needed for host-to-target conversions are also often
poorly constrained, especially for target regions. If one accepts
this conclusion, then the selection process should be imple-
mented keeping in mind that models will not be subsequently
adjusted to better match the characteristics of the target region.

The other aspect of the above statement cited from Cotton
et al. (2006) that has been re-evaluated is the objective of
obtaining the smallest suite of GMPEs possible that capture the
potential range of future ground motions. The original ratio-
nale for this objective was to avoid model redundancy through
having several models derived from overlapping datasets, not-
withstanding that differences among such models, as is the case
for example with the Next Generation Attenuation (NGA)
equations (Abrahamson ez a/. 2008), may be a legitimate repre-
sentation of epistemic uncertainty. Although the option always
remains for the analyst to remove more equations if it is felt
that model redundancy is an issue, an alternative approach is
to assign weights to the logic-tree branches in a way that groups
such models in the first instance and then redistributes their
collective weight among the individual equations. For this pur-
pose, while in the past any judgments regarding redundancy of
models would have been based purely on the degree of overlap
in their underlying datasets, tools have now been developed
that allow the assessment of the degree of proximity of predic-
tive models in terms of actual ground-motion distributions for
appropriate ranges of predictor variables (e.g., Scherbaum ez al.
2009 and forthcoming). However, beyond these statements,
considerations of host-to-target model adjustments and logic-
tree branch weights are beyond the scope of this paper, which is
intended to address only the question of model selection.

The remainder of the paper discusses the criteria that may
be applied to exclude GMPEs from the global list assembled for
consideration by the hazard analyst, after models that are from
inappropriate tectonic regimes have been removed. Compendia
of published empirical GMPEs for response spectral ordinates
have been compiled by Douglas (2003, 2006, 2008), and these
may provide a useful starting point for assembling the global
list of candidate equations. The criteria are grouped under three
broad headings, namely data issues, modeling issues, and model
performance, although the separation into these categories is
somewhat artificial, not least because of a degree of interdepen-
dence among some of the criteria. The paper concludes with a
brief discussion of how these selection criteria may be adapted
to keep abreast with the evolution of ground-motion modeling,
and at the same time how the criteria could influence the latter
by providing guidance on minimum standards for published
ground—motion prediction equations.

DATA ISSUES

The starting point for deriving a ground-motion prediction
equation is the dataset of ground-motion recordings that
will be used either directly for regression analysis in the case
of empirical models or the inversions that will provide the
parameters for a stochastic model. Clearly it is important that
any parameters used to characterize the earthquakes and the
recordings must be determined in a consistent manner, using a
unique definition or convention, for all of the recordings.

We also believe that the dataset should be presented as
part of the model. Ideally, the presentation of the dataset will
be in the form of a listing of the recordings, providing all of
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the carthquake source parameters, source-to-site distances, and
site classifications. However, it is also recognized that as the
datasets used in the derivation of GMPEs become larger and
larger, it may become cumbersome to provide so much infor-
mation directly within the paper. Often the minimum that can
be expected is a listing of the earthquakes represented in the
dataset, together with their source parameters, and an indica-
tion of the number of recordings from each event, possibly with
the range of distances over which these were obtained. When
it is not possible to include such a table within the paper due
to length considerations, it needs to be made available to users
of the model in the form of an electronic supplement or a list-
ing in an easily accessible publication such as a report that can
be freely downloaded. Within the paper presenting the model
itself, some basic statistics of the dataset, including a plot in
magnitude-distance space (using different symbols for styles of
faulting and/or site classes), are helpful for users to assess and
understand the model. Ideally, the authors should make the
data freely available, which would then allow their work to be
reproduced and validated by others.

Predicted Ground-Motion Parameters

A site-specific PSHA will generally be conducted to determine
seismic design loads for a specific engineering project, in which
case there will be specific requirements with regard to the
predicted ground-motion parameters that will influence the
selection of GMPEs. For nearly all seismic design the principal
parameter required is the response spectrum of absolute accel-
eration, usually with the nominal 5% of critical damping. Over
the range of response periods relevant to most engineering proj-
ects, the difference between the true acceleration response (SA)
and the pseudo-acceleration response (PSA) is generally not
significant (e.g:, Chopra 1995), but when combining GMPEs
in a logic-tree the difference should be considered, especially if
very short or long response periods are being considered.

The main issue that needs to be addressed is whether the
GMPE covers the full period range that will be required for the
engineering analyses, especially if it will be necessary to define
the complete response spectrum for the full period range. At
the short-period end, most GMPEs provide an explicit equa-
tion for peak ground acceleration (PGA) and then acceleration
response ordinates at a range of periods. If the highest response
frequency required is not covered by a given equation, then pro-
vided there is a PGA equation it is possible to interpolate the
coefficients to determine the missing values. This may require
an assumption regarding the response frequency above which
PSA is equal to PGA, which will depend on the stiffness of the
site and the stress drop of the earthquake, among other fac-
tors. Estimates of this frequency generally lie in the range from
25 to 50 Hz, but for very hard rock conditions such as those
typically represented in models for CENA, it may be closer to
100 Hz. Similarly, the coefficients for any specific intermedi-
ate response frequency not covered explicitly by the equations
can be determined by interpolation of the coefficients against
frequency (or its logarithm), but for complex models the behav-
ior of the resulting equation should be carefully inspected

before application since small variations in the coeflicients can
have a surprisingly large impact on the results (e.¢., Akkar and
Bommer 2010).

All records in the dataset should be carefully processed,
using uniform criteria and procedures to take account of
high- and low-frequency noise. The derivation of a GMPE for
response spectral ordinates should take account of the usable
period range of each accelerogram, which will be determined
mainly by the processing applied to the records (e.g:, Boore
and Bommer 2005). At the other end of the frequency range,
the highest usable frequency will depend on the instrument
characteristics (hence analog recordings will have lower limit-
ing values than digitally recorded accelerograms), the digitiza-
tion interval, and any low-pass filtering applied to the records.
(e.g» Douglas and Boore 2010). The longest period for which
spectral responses can be reliably calculated is determined by
the high-pass filter cut off and is considerably shorter than this
value for analog recordings (e.g:, Akkar and Bommer 2006).
When regressions are performed, the spectral ordinates from
each record should only be used down to the minimum usable
frequency, and if this rule has not been followed then the
equation should not be used beyond the clear limit of usable
response periods.

A final consideration is the way that the two horizontal
components from each accelerogram have been treated, since
several different options have been used in the derivation of
GMPE:s. The choice of reference definition will be determined
by the engineering analyses to be conducted downstream and
the need for consistency between the manner in which the
scismic loads are defined and how they are then applied to the
structure in both response spectrum and time-history analysis.
There is no need to exclude a model if it is based on a definition
of the horizontal component definition different from that
chosen for the PSHA, since simple conversions can be made
for medians and associated standard deviations (Beyer and
Bommer 2006; Watson-Lamprey and Boore 2007). A model
may be excluded, however, if the horizontal component defini-
tion used is not explicitly stated and cannot be inferred from
the publication describing the model definition.

Magnitude-Distance Ranges

Integrations in PSHA cover a range of range of magnitudes
from the minimum considered to be of engineering impor-
tance (usually in the range M,, 4-5) to the maximum con-
sidered physically possible within each seismic source, M, .
Even in regions of relatively low seismic activity, M, will
often be assigned values up to at least M, 6.5, even if these may
be assigned relatively low weights on the logic-tree branches.
Therefore, a GMPE needs to be applicable to this range of mag-
nitudes, or at least to a range not too different from the inte-
gration limits of the PSHA calculations. The range of applica-
bility of a predictive model is fundamentally controlled by the
distribution of the data from which it is derived, so the upper
and lower limits of magnitude of the dataset become impor-
tant considerations in the selection process, and in particular
the analyst will tend to exclude any equation in which the larg-
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est magnitude represented is significantly smaller than M, ..
Similar consideration may be given to the distance range of the
model.

Excluding GMPEs that are not constrained for larger
magnitudes will obviously tend to discriminate against the
inclusion of local models for regions of low-to-moderate seis-
micity, which to some will seem counter-intuitive since it
means not using in the PSHA those equations that are nomi-
nally most relevant to the setting of the site under consider-
ation. However, as with the host-to-target region adjustments
discussed earlier, the inclusion of such models can create the
illusion of precision while actually adding considerable uncer-
tainty because of the problems associated with extrapolation
of magnitude scaling determined mainly from smaller events.
This does not mean, however, that local small-magnitude data-
sets have no use at all, since they can be employed in several
different ways to enhance the ground-motion model section of
the logic-tree for a PSHA. For example, the data can be used to
test the applicability of models from other regions, using tech-
niques such as those proposed by Scherbaum, Schmedes, ez a/.
(2004) and Scherbaum ez al. (2009), although consideration
must still be given to magnitude-scaling issues. Another option
is to adjust one or more coefficients of a well-constrained model
from another region, with more abundant data, to fit a locally
recorded dataset (e.g., Atkinson 2008). Equally, larger locally
recorded datasets, although insufhicient to derive sophisticated
models with multiple explanatory parameters, may be used to
test the implied magnitude, distance, and site scaling of global
equations, making minor adjustments to some coeflicients for
local application if deemed necessary. An example of such an
approach is the study of Scasserra e /. (2009) in which the
NGA models were compared with Italian strong-motion data.
Local datasets can also help to characterize stations’ site trans-
fer functions (e.g:, Edwards ez al. 2008; Drouet ez al. 2008).
These site properties are useful to implement V-x adjustments.

There is another potentially very important use for local
datasets related to the recent discovery that empirical GMPEs
tend to consistently over-predict ground motions at their
lower magnitude limit (e.g:, Bommer ez al. 2007; Atkinson
and Morrison 2009). This is illustrated in Figure 1. Since this
tendency to overpredict motions at the lower magnitude limit
is consistently found in empirical GMPEs, it is believed that
the overprediction arises not from data issues directly but on
fitting the functional form over an insufficiently wide range
of magnitudes to capture the change in scaling from linear at
small magnitudes to non-linear for larger events. In order to
overcome this problem in such a way as to have models adjusted
to local conditions, Chiou ez 4/. (forthcoming) have developed
an approach to extending GMPEs so that predictions remain
unchanged for larger magnitudes but fit those from target-
region data in the smaller magnitude range.

The fact that a dataset extends between two limits in
terms of both magnitude and distance, however, does not auto-
matically mean that the resulting equation will be robustly
constrained to provide predictions of ground motions for all
of these magnitude and distance combinations, even without
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A Figure 1. Ratios of predicted median peak ground accelera-
tions on rock sites from strike-slip earthquakes of different mag-
nitudes obtained from the equation of Akkar and Bommer (2010),
derived using data from M,, 5.0 to 7.6, to those from Bommer et
al. (2007), which used the same data supplemented with addi-
tional data from M,, 3.0 to 5.0. Note that although M, 5 is com-
mon to both datasets, the former equation predicts values 50%
higher at short distances.

considering the “edge effects” (in other words, empirical mod-
els not performing well at the lower magnitude limit of the
dataset from which they are derived) referred to in the previous
paragraph. This consideration is relevant if the model has been
derived with the primary focus on fitting an equation to obser-
vations rather than using these to constrain a model that can
be used for robust predictions of ground motions from future
scenarios that include but are not limited to those generating
the dataset. One option for the hazard analyst is to consider the
ability of the dataset to constrain the magnitude scaling and
attenuation with distance over the range defined by the statisti-
cal confidence limits on the determination of mean values from
the dataset, for which two simple measures could be used. The
first is the average number of carthquakes in the dataset per
unit of magnitude defining the total range, and the second the
total number of records per 100 km of distance covered by the
dataset. These numbers have been calculated for alarge number
of GMPE: for response spectral accelerations (for which the
numbers of earthquakes and records, and the magnitude and
distance ranges, were all reported) and are displayed in Figure
2 against year of publication of the model. These figures have
been prepared using the information available in the reports of
Douglas (2003, 2006, 2008).

Although these plots show that there are still some equa-
tions derived from very sparse datasets, the trend is cleatly
toward using larger and larger collections of strong-motion
recordings (the rate of growth is somewhat concealed by the
logarithmic y-axis). The question that the analyst needs to
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A Figure 2. Measures of the density of datasets to constrain
the magnitude and distance dependence of ground-motion pre-
diction models as a function of the year of publication.

address, in effect, is whether an equation derived from a data-
set that could be classified as “small” compared to other con-
temporary models is justified? The important point here is
that what appears to be an acceptable size for a strong-motion
database now may have been impossible to achieve 30 years ago,
and in turn may secem unacceptably small 10 or 20 years from
now. As Figure 3 shows, the two parameters depicted in Figure
2 generally show a degree of correlation, but there is sufficient
variability in this relationship to justify explicit consideration
of both the number of earthquakes constraining magnitude
dependence and the number of records constraining decay of
ground-motion amplitudes with distance.

MODELING ISSUES

Once the analyst has duly considered the database from which
the model has been derived and judged it to be at least ade-
quate, the next criteria that may exclude an equation from use
in the PSHA are related to the formulation and derivation of
the model itself.

One option, as a prelude to specific considerations, is
to drop any equation that has not been published in a peer-
reviewed journal, since publication implies that it has passed
some degree of scrutiny and technical challenge. Some flexibil-
ity may also need to be applied with such a criterion in order
not to prevent the use of robust equations derived for specific
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A Figure 3. Relationship between data density measures from
Figure 2. The black circles correspond to models derived from
datasets with at least 10 earthquakes for each unit of the mag-
nitude range, and 100 records for every 100 km of the distance
range.

projects or regions and published in the form of a techni-
cal report by a research institute with its own internal review
system, although clearly one may have higher confidence in
models published in reputable journals. The hazard analyst
team will often possess similar review competence and should
be allowed to exert the same, provided that their judgment is
properly documented.

Predictor or Explanatory Variables

All GMPEs include earthquake magnitude and some mea-
sure of source-to-site distance as predictor variables in the
model. The key issue is that the magnitude scale employed in
the equation is consistent with that used to define earthquake
activity rates in the seismic source model. These may require
conversions for some of the GMPEs selected for inclusion in
the logic-tree in a PSHA. The most commonly used scales
have been surface-wave magnitude, M, and moment magni-
tude, M, and there are a number of empirical relationships
between these scales that may be used to make the conversion,
although increasingly modelers are adopting M,,. Many equa-
tions for smaller-magnitude earthquakes use local magnitude,
M . The important point is that the variability associated with
these relationships must be propagated into the sigma value of
the GMPE for which the adjustment is made (Bommer ez /.
2005). Although this is straightforward, the analyst may wish
to limit the number of equations for which such adjustments
are required since the sigma penalty is not insignificant (e.g,
Scherbaum ez a/. 2005), and in some sense the increase is arti-
ficial because it is not routinely found that equations derived
in terms of M| have higher variability than those derived as a
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function of M, for example. Models that use local magnitude,
M, to quantify carthquake size might be avoided by the haz-
ard analyst, especially if from a different region than that for
which the PSHA is being conducted. Even if the M scale is
from the target region, the fact that this magnitude scale sat-
urates at a relatively low value may be considered a reason to
exclude the model, and unless there is a robust local M, -M,,
conversion available, compatibility issues are also likely to lead
to such models being dropped. Also, M -M,, relations for mag-
nitudes below 5 often show trends that, if extrapolated to larger
magnitudes, could introduce significant biases.

In terms of distance metrics used in the ground-motion
models, these need to be consistent with the manner in which
carthquake scenarios are modeled within the seismic hazard
computation code. Conversions can be made among different
distance metrics (e.g., Scherbaum, Schmedes, ez al. 2004), but
the sigma penalty is often very high and for this reason these
adjustments should be avoided as much as possible (Scherbaum
et al. 2005). However, this should not lead to GMPEs being
excluded, since the solution to this problem lies in acquiring or
developing a hazard code that is capable of modeling extended
seismic sources in such a way that each of the commonly used
distance metrics (e.g., Abrahamson and Shedlock 1997) can
be computed, and cach equation used with its native distance
measure. Nonetheless, the analyst may consider the use of
point-source measures (¢.g., epicentral or hypocentral distance)
as inappropriate metrics for the prediction of ground-motion
amplitudes from larger earthquakes associated with fault rup-
tures tens or even hundreds of kilometers in length. Conversely,
if the hazard analysis is to be performed with software that
models earthquake occurrences within area sources as points
without simulated fault ruptures for larger earthquakes (ran-
domly oriented unless geological and stress-field information
indicate a preferred strike), then in a sense it would be more
appropriate to adopt GMPEs based on epicentral or hypocen-
tral distance. If such software is used with modern equations
employing Ry or R, (see Abrahamson and Shedlock 1997
for definitions) as the distance metric, then the ground-motion
variability needs to be increased in the near-source region to
account for the difference in distance metrics; this could also be
achieved by applying the empirical adjustments of Scherbaum,
Schmedes, ¢z al. (2004). Ideally, one should simply avoid per-
forming PSHA calculations with software that cannot accom-
modate the native distance metric of each GMPE (Scherbaum,
Bommer et al. 2006).

In addition to magnitude and distance, it is generally
true that a parameter (or parameters) is included to model
the influence of the near-surface materials, although there are
some equations for which this is implicit by virtue of predict-
ing ground motions only for a specific type of site (e.g:, rock).
For those equations that do include one or more parameters to
model the influence of site effects, the main consideration is
whether the range of values that these parameters encompass
can cover the target horizon at the site (which may be the foun-
dation level or a deeper stratum if site response or soil-structure
interaction analyses are to be conducted). The fact that a model

does not include the site conditions in question need not, how-
ever, exclude it from the PSHA, since adjustments can be made,
but the analyst will need to consider the uncertainty associated
with such adjustments and will need to propagate this uncer-
tainty through the hazard calculations. The main issue in this
respect is that it will generally not be sufficient to apply only a
correction from the reference V3 of the GMPE to the target
V30 at the site, but to also adjust for differences in the near-
surface attenuation parameter, x. If this is not done, one is
making the implicit assumption that only the uppermost 30
m at the reference and target sites are different, with the deeper
kappa values being the same; these two parameters are coupled
and should not be treated in isolation from one another. An
important point to note is that applying an adjustment only
for V3, when applying CENA equations derived for sites with
shear-wave velocities of 2-3 km/s, without a corresponding
correction, can lead to ridiculously large and unrealistic high-
frequency spectral accelerations.

A model may also be rejected by the analyst if it does not
include the influence of a factor known to exert a marked
influence on the ground motion, for which a range of values
or classes is present in the underlying strong-motion dataset.
An obvious example is the style of faulting, which is increas-
ingly, but not universally, included as a predictor variable. If the
seismic source characterization model specifies styles of fault-
ing, then GMPEs that do not include this factor need to be
adjusted, which can be done using, for example, the method
proposed by Bommer ez a/. (2003). This approach requires that
the distribution of the dataset among different styles of faulting
can be determined, or that the dominant rupture mechanism
represented by the model—such as reverse faulting for CENA

GMPEs—can be assumed with some confidence.

Functional Form of Equation

The functional forms used for ground-motion prediction equa-
tions have evolved considerably, with some of the most recent
models being rather cumbersome to implement as a result. Asa
consequence, the problem of balancing model complexity and
data constraints becomes increasingly relevant for the genera-
tion of empirical ground-motion models (Kuchn ez /. 2009).
Although the criteria discussed in this section are related pri-
marily to the exclusion of models considered to be excessively
simple, one may also consider the issue of over-parameteriza-
tion for already existing models. In other words, the analyst
may decide that some models have attempted to constrain too
many factors and too many influences on the ground motion.
In astrict sense, the influence of each additional parameter can
be unambiguously determined if it can be effectively decoupled
from that of the other parameters already in the model. In
other words, ideally one would like the distribution of the data-
set with respect to each class or range of the additional param-
cter to be comparable with respect to the other model param-
cters. This consideration should take account of equations for
which constraint from physical modeling was included in their
derivation rather than relying entirely on fitting to empirical
data, the main example of which are some of the NGA models.
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A Figure 4. Upper: The number of coefficients in ground-motion
prediction equations against the year of publication. Lower:
The total number of records in the dataset used to derive these
GMPEs divided by the number of coefficients determined by
regression analysis, against the year of publication.

Figure 4 shows both how the number of coeflicients in
models and the number of records used to constrain each coef-
ficient of GMPEs has varied over time, again extracting the
information from Douglas (2003, 2006, 2008). A few com-
ments on these figures are in order, the first being that the
highest number of coefficients (79) corresponds to the equa-
tion of Molas and Yamazaki (1995), which includes a separate
term for each accelerograph station contributing to the dataset.
Among recent equations, the European model of Akkar and
Bommer (2010) has 12 coefficients whereas the NGA mod-
els of Boore and Atkinson (2008), Campbell and Bozorgnia
(2008), and Abrahamson and Silva (2008) have 18, 19, and 20
coeflicients, respectively, while the Chiou and Youngs (2008)
model includes 29 coefficients. However, as noted above, the
NGA models generally did not rely purely on fitting to empiri-
cal data to constrain the values of these parameters.

The average increase in the number of records per coefhi-
cient is much less pronounced than the ratios (earthquakes per
unit magnitude, records per 100 km of distance) displayed in
Figures 2 and 3, suggesting that model developers have become
increasingly ambitious as the database available to them has
expanded. This means that much more sophisticated models
are being developed, but whether or not the available data justi-
fies this degree of complexity is open to discussion; Kuchn ez

al. (2009) discuss the issue of possible over-fitting of ground-
motion models.

Leaving this issue aside, the main reason a hazard analyst
may exclude a GMPE is that its functional form does not lend
itself well to extrapolation of the model across the full range
of magnitudes and distances to be considered in the hazard
integrations. This essentially means that the model should
include non-linear scaling of ground-motion amplitudes with
magnitude, and magnitude-dependent distance dependence;
the latter can be included in various ways, including a magni-
tude-dependent multiplier on the distance-decay (geometrical-
spreading) term or else through a magnitude-dependent depth
or near-source term. If the dataset used to derive the model is
from a narrow range of magnitudes, these features are unlikely
to be captured well, but from carlier discussions such models
are likely to have been rejected by this stage anyhow. In other
cases, it is common for ground-motion modelers to perform
tests of statistical significance for these terms and use these to
determine whether or not they should be included. This raises
the important question of whether the purpose of these mod-
els is primarily to explain a given set of strong-motion obser-
vations or to serve as the basis for predicting ground motions
from future earthquake scenarios, including but also extending
beyond those in the database. We believe that the latter is the
real purpose of GMPEs, and even if non-linear magnitude scal-
ing is not strongly revealed by our dataset, we need to ask what
will happen in terms of predicted motions if, as will almost
invariably be the case in PSHA, we push the equation to halfa
unit of magnitude (or more) above its supposed upper limit of
applicability?

A hazard analyst may also give some consideration to
other aspects of the functional form, such as how site response
is modeled. Although very rarely done in modern equations,
the inclusion of a single dummy variable taking three distinct
values for three site classes (and thus fixing  priori the ratio of
their influences on the ground motion) rather than using two
binary variables could be the basis for excluding an equation.
Depending on the particular application, an analyst may also
have reservations about GMPEs not including non-linear site
effects, even though these are often difficult to identify directly
from strong-motion data and models that do include this fea-
ture may have other constraints (e.g., Walling ez a/. 2008).

Regression Analysis for Empirical Models

If the model has survived the analyst’s evaluation of the dataset
used and the formulation of the model in terms of explanatory
variables and their assumed relationship with the predicted
ground-motion parameter, the next hurdle to be crossed is con-
sideration of how the model has actually been derived. The main
criterion that a hazard analyst is likely to invoke here is that the
model should have been derived using one-stage or two-stage
maximum likelihood regression (e.g., Joyner and Boore 1993),
or the random-effects method (e.g., Abrahamson and Youngs
1992). Most strong-motion datasets show a correlation between
magnitude and distance and also feature both poorly and well-
recorded earthquakes. In addition, ground-motion variability

Seismological Research Letters Volume 81, Number5 September/October 2010 789



is composed of two terms: inter- and intra-event. These features
mean that standard one-stage least-squares regression can lead
to biased coefficients and, therefore, should be avoided for the
derivation of GMPEs.

MODEL PERFORMANCE

A ground-motion model still in contention at this stage could
be expected with confidence to be suitable for application to
the PSHA, but the hazard analyst would be well advised to
actually explore the model’s performance across the range of
magnitudes and distances (and other variables) to which it
will be applied before adopting it for use in the hazard calcula-
tions. The first step is to consider the coeflicients of the model
and check that there are no physical inconsistencies (such as
a positive coefficient on a quadratic magnitude term), but for
complex functional forms it is difficult to judge the influence
of any individual coeflicient and one should be cautious about
attributing too much physical significance to any term in such
an equation.

The analyst therefore needs to actually inspect the
model predictions, which can be done in a number of ways.
Reproducing the figures of the original paper is an effective
tool to assist in validating the analyst’s implementation of the
model. Plotting attenuation curves for individual parameters
to visually inspect the dependence on magnitude, distance,
and other parameters may be useful, but for spectral ordinates
plotting the complete response spectra for different scenarios
is likely to be more informative. The analyst should plot the
median spectral ordinates but also other fractiles so that the
influence of the aleatory variability (sigma) can be viewed as
well. It is important that the response spectra are not only
plotted for scenarios corresponding to the “comfort zone” of
the equation (i.c., within the magnitude-distance range of the
data from which it is derived) but the GMPE should also be
extended to the limits to which it will be applied in the PSHA
calculations. This should hold for the sigma value as well, and
may require the analyst to look even beyond the 84-percentile
ordinates if significant contributions from epsilon (normalized
standard deviations) greater than 1 are expected in the PSHA.
When spectra are plotted for larger epsilon values at the lower
and upper magnitude limits of the PSHA integrations, one can
see the true stability and performance of the GMPE. This is
particularly the case for those equations with heteroscedastic
(e.g, magnitude-dependent) sigma values (see, for example,
Strasser ez al. 2009). Many models have successfully incorpo-
rated magnitude-dependent sigma, some of the NGA models
being good examples of this, but other models have been found
to display somewhat erratic behavior when heteroscedastic
variability was assumed. Akkar and Bommer (2010) discuss
the unexpected results obtained in such circumstances, which
prompted the revision of the heteroscedastic model of Akkar
and Bommer (2007) by making the simplifying assumption of
constant sigma at each response period.

In assessing the performance of a particular model, it
can obviously be informative to compare the predicted spec-

tral ordinates with those from other equations, although it is
important to be wary of assuming that either model is exclu-
sively the cause of any unexpected differences between two sets
of predictions. Indeed, the basis for any expectations must be
carcfully examined. However, for models derived from compa-
rable datasets or for the same region, one may reasonably expect
some degree of agreement between the two sets of predictions.
The visualization tools of Scherbaum ez al. (forthcoming) pro-
vide a powerful way of checking if this is actually the case.

DISCUSSION AND CONCLUSIONS

This paper has presented a number of suggestions for criteria
that can be used to select ground-motion prediction equa-
tions for use in PSHA. The basis of the approach is that this
selection should neither be guided by familiarity with certain
GMPEs, or even with their creators, nor by any particular pref-
erence that the analyst may have for a given model. Rather, the
hazard analyst should begin with a comprehensive list of equa-
tions that meet the standard scientific quality criteria of inter-
national peer-reviewed journals and that cannot be excluded
on the basis of clearly being from irrelevant tectonic settings
to the PSHA in question, and then exclude those judged to
be inappropriate on the basis of considerations of their qual-
ity, robustness, and suitability to the boundary conditions of
the PSHA being conducted, in terms of magnitude-distance
ranges and site characteristics. The exclusion criteria suggested
in this paper are in no sense intended to be prescriptive, and
hazard analysts should adapt and develop the criteria to suit
cach application. As noted carlier in the paper, the criteria will
need to be adapted—and softened—as soon as one is consid-
ering subduction earthquakes or other tectonic regimes for
which the number of published GMPEs is relatively small.

The criteria can in effect be considered as reflecting the
state-of-the-art in ground-motion prediction, and trying to
identify equations that fall significantly below this standard.
Therefore, as what is state-of-the-art will continually evolve,
the exclusion criteria must also be allowed to develop at the
same time to continually reflect the best that can be done with
the available strong-motion data and knowledge of ground-
motion generation and propagation.

By way of illustration, we can apply a series of exclusion cri-
teria that we consider to represent the current state-of-the-art
in ground-motion modeling to the models for shallow crustal
earthquakes available at the time of writing; for subduction
zones, it would not be possible to apply the same strict criteria
since there are relatively very few models currently available.
The exclusion criteria proposed by the authors are as follows:

1. Model is derived for an inappropriate tectonic environ-
ment (such as subduction-zone earthquakes or volcanic
regions).

2. Model not published in a Thomson Reuters ISI-listed peer-
reviewed journal (although an exception can be made for
an update to a model that did meet this criterion).

3. The dataset used to derive the model is not presented in
an accessible format; the minimum requirement would be
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a table listing the earthquakes and their characteristics,
together with the number of records from each event.

4. The model has been superseded by a more recent publica-
tion.

5. The model does not provide spectral predictions for an
adequate range of response periods, chosen here to be from
0.0 t0 2.0 seconds.

6. The functional form lacks either non-linear magnitude
dependence or magnitude-dependent decay with distance.

7. The coefficients of the model were not determined with
a method that accounts for inter-event and intra-event
components of variability; in other words, models must
be derived using one- or two-stage maximum likelihood
approaches or the random effects approach.

8. Model uses inappropriate definitions for explanatory vari-
ables, such as M, or R, or models site effects without
consideration of V3.

9. The range of applicability of the model is too small to be
useful for the extrapolations generally required in PSHA:
M, >5 M, <7R, . <80km.

10. Model constrained with insufficiently large dataset: fewer

than 10 earthquakes per unit of magnitude or fewer than

100 records per 100 km of distance. The open circles in

Figure 3 represent models failing this criterion.

Criteria nos. 6 and 8 are most effective at eliminating candi-

date models from further consideration, and collectively the

application of these criteria leave only eight current models

(from more than 150) passing on all 10 accounts, listed here in

alphabetical order:

o Abrahamson and Silva (2008)

o Akkar and Bommer (2010)

o Atkinson and Boore (2006)

o Boore and Atkinson (2008)

o Campbell and Bozorgnia (2008)

¢ Chiou and Youngs (2008)

e Toro et al. (1997), as modified by Toro (2002)
o Zhao et al. (2006)

If one accepts the general approach presented in this paper, then

it becomes inappropriate to develop and publish GMPEs that

would subsequently be excluded from use in PSHA on the basis
of not satisfying one or more of the requirements embodied in

the criteria. With the preceding discussion in mind, Figure 5

presents a possible checklist, in the form of a flowchart, which

we recommend for use by those planning to add to the large
body of ground-motion prediction equations.

Clearly the application of excessively demanding criteria
for GMPE selection would leave some important regions, such
as SCRs, without indigenous relations, and in such cases other
approaches have to be used, such as calibrated-theoretical (sto-
chastic) methods, possibly combined with host-to-target con-
versions.

Recognizing that satisfying all of these criteria, either in
the selection or in the development of GMPEs, may be rather
onerous, Figure 5 indicates our view of their relative impor-
tance. We consider those shown in bold as indispensable, and
these should always be given due consideration. Those in nor-

| Does the dataset cover an adequate range of M and R? |

| Records individually processed for low- and high-frequency noise? |

v

Are there sufficient earthquakes and records in dataset
to constrain dependence on M and R?

v

Are all magnitudes known on a consistent scale (not M)? Are
all distances calculated using a consistent metric (not R,,)?

v

Are other parameters (style-of-faulting, site classification)
consistently determined for all earthquakes and records?

)

Are the predicted variables consistently determined using an
appropriate definition for their intended use?
Response spectral ordinates in the usable period range ?

v

Has development of model considered non-linear magnitude scaling,
magnitude-dependent decay with distance and soil non-linearity?

epi

Sufficient data to constrain all coefficients in model?

Regression technique considering earthquake-to-earthquake and
record-to-record variability?

v

Model performance, in terms of medians and sigma, checked
across full range of M-R applicability and beyond?

¥

Model and its derivation presented in peer-reviewed
publication, with dataset listing made available in
publication or in accessible source elsewhere?

A Figure 5. Flowchart of considerations by ground-motion
modelers in order to produce predictive equations that will be
routinely applicable to state-of-the-art seismic hazard analy-
ses. Those shown in bold text are considered indispensable;
those in italics are the leastimportant.

mal text are also very important but a greater degree of flex-
ibility may be shown by the analyst for those models that do
not fully satisfy these conditions. Those criteria shown in italics
are the least important, and could be omitted if their inclusion
became an impediment to the application in hand. B
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Pre-selection of ground-motion prediction equations for WP4 of SHARE
John Douglas
29™ June 2009 (slightly revised 4™ August 2009)

Within WP4 (Strong ground motion modelling) of SHARE it is planned to undertake
selection, testing and possible modification of published ground-motion prediction equations
(GMPEs) for use in the seismic hazard assessment of the wider European region within WP5
of SHARE. The first stage of this process is a pre-selection from the over 250 GMPEs that are
currently available (Douglas, 2008) to retain a subset of the most recent and robust models.
While making this pre-selection it is important to retain a sufficient number of models so that
the potentially large epistemic uncertainty within the prediction of earthquakes ground
motions is recognised. The purpose of this short report is to present a pre-selection of
available models for all the seismotectonic regimes present in the wider European region. The
wider European region can be divided into these broad classes:

Stable continental regions (SCRs);

Subduction zones;

Active regions with shallow crustal seismicity;

Volcanic zones;

Areas of deep focus non-subduction earthquakes, such as Vrancea (Romania);

Areas where the travel paths are mainly through oceanic crust, such as coastal
Portugal.

Only models for the prediction of horizontal linear elastic response spectral ordinates for 5%
damping are considered in this report since this is the focus of the seismic hazard assessments
made in SHARE. In addition, mining-induced seismicity is not considered as a priority for
SHARE and, therefore, no models for the prediction of shaking from mining-induced events
are included. Note, however, that it some parts of Europe (e.g. southern Poland) mining-
induced seismicity is the largest contribution to seismic hazard.

Pre-selection criteria

Due to the vast number of available GMPEs within the literature it is necessary to define
criteria to winnow down the models to a more manageable number although recognising the
necessity to retain sufficient models to account for epistemic uncertainty in the prediction of
shaking. For this pre-selection it was decided to apply the seven criteria proposed by Cotton et
al. (2006):

the model is from a clearly irrelevant tectonic regime;

the model is not published in an international peer-reviewed journal;

the documentation of model and its underlying dataset is insufficient;

the model has been superseded by more recent publications;

the frequency range of the model is not appropriate for engineering application;
the model has an inappropriate functional form;

the regression method or regression coefficients are judged to be inappropriate.

NNk W=

Criterion 1 was applied to retain only models relevant for the broad classes listed above (e.g.
only subduction zone models were considered for these regions). Criterion 2 was applied to
reject GMPEs that had not been published in a journal that is listed by IST Web of Knowledge,
which is a standard reference for bibliographic information. Criterion 3 was applied to reject



those studies that do not provide detailed information on the dataset used to derive the
GMPEs presented. Criterion 4 has been applied to reject GMPEs for areas for which more
recent models have been published using larger datasets even if the more recent models have
not been derived by the same author teams. For example, the model of Field (2000) for
southern California has been rejected since the data he used is a subset of the NGA database
used by the NGA teams in developing their models. Criterion 5 leads to all peak ground
acceleration (PGA)-only models being rejected as well as those that do not provide
coefficients for periods less than 0.04s (25Hz) (that can be assumed to approximate PGA) and
up to at least 2s (0.5Hz). This criterion removes models such as that by Ghasemi et al. (2009)
who do not provide coefficients for periods less than 0.05s and the GMPEs by Bommer et al.
(2007) who do not provide coefficients for periods greater than 0.5s. Criterion 6 has been
applied to exclude models that do not use moment magnitude (My) (since there are
difficulties and uncertainties in converting between other magnitude scales, especially My,
and M, the standard magnitude scale for seismic hazard assessments) and to exclude models
that do not allow the prediction of ground motions at rock sites (e.g. Crouse, 1991). Criterion
7 has been applied, in particular, to exclude those models based on simulations whose
standard deviations were computed without taking into account modelling variability (e.g.
Hwang & Huo, 1997).

These criteria have been applied to the empirical GMPEs listed in the reports of Douglas et al.
(2004, 2006, 2008) plus the additional models published since the end of 2008 (or
accidentally missed by these compilations). In addition, simulation-based GMPEs identified
through a thorough literature search were considered. Note that only simulation-based
GMPEs with fitted functional forms are considered since these are straightforward to use
within seismic hazard assessment. Models derived using the hybrid empirical-stochastic
approach of Campbell (2003) have also been considered although within SHARE this method
maybe used to adjust some models. If this is done then it should not applied to these hybrid
models but rather to the empirical GMPEs underlying these hybrid models.

The following sections list the GMPEs that have been retained for each seismotectonic regime.
The models tested by Allen & Wald (2009) for Global ShakeMap purposes and those GMPEs
used by Petersen et al. (2008) for the construction of the US National Seismic Hazard Maps
are, in general, subsets of the models pre-selected here for SHARE.

Note that this pre-selection was performed in summer 2009. During the duration of the
SHARE project many new GMPEs will be published (on average a dozen new models are
published every year, according to the reports of J. Douglas) but it is not planned within
SHARE to repeat this pre-selection to account for these models.

Stable continental regions (SCRs)
The following six models are pre-selected for stable continental regions:

Atkinson (2008): Referenced empirical model for eastern North America
Atkinson & Boore (2006): Extended stochastic model for eastern North America
Campbell (2003): Hybrid model for eastern North America

Douglas et al. (2006): Hybrid model for southern Norway

Tavakoli & Pezeshk (2005): Hybrid model for eastern North America

Toro et al. (1997): Stochastic model for eastern North America



A number of other models exist for SCRs but they fail one or more of the selection criteria, in
particular the requirement of a publication in an ISI-listed journal.

Subduction zones
The following eight models are pre-selected for subduction zones:

¢ Atkinson & Boore (2003): Worldwide empirical

Atkinson & Macias (2009): Simulation-based model for Cascadia (only for large
magnitudes)

Garcia et al. (2005): Only intraslab model for Mexico

Kanno et al. (2006): Japan empirical

Lin & Lee (2008): Taiwan empirical

McVerry et al. (2006): New Zealand empirical

Youngs et al. (1997): Worldwide empirical

Zhao et al. (2006): Japan empirical

It should be noted that the epistemic uncertainty associated with the prediction of ground
motions from subduction events seems to be higher than the uncertainty in the prediction of
shaking from shallow crustal earthquakes (e.g. Atkinson & Macias, 2009).

Active regions with shallow crustal seismicity
These models derived for broad areas of shallow crustal seismicity are pre-selected:

Abrahamson & Silva (2008): NGA model using worldwide data

Ambraseys et al. (2005): Model using Mediterranean and Middle Eastern data
Akkar & Bommer (2007): Model using Mediterranean and Middle Eastern data
Boore & Atkinson (2008) : NGA model using worldwide data

Campbell & Bozorgnia (2008) : NGA model using worldwide data

Cauzzi & Faccioli (2008) : Model using worldwide data (mainly Japanese)
Chiou & Youngs (2008): : NGA model using worldwide data

Cotton et al. (2008): Model using Japanese data

Idriss (2008): NGA model using worldwide data

Kanno et al. (2006): Model using mainly Japanese data

McVerry et al. (2006): Model using mainly New Zealand data (note that this was
published in a non-ISI listed journal)

Pankow & Pechmann (2004, 2006): Model using data from extensional regimes
e Zhao et al. (2006): Model using mainly Japanese data

The commonly-used model of Berge-Thierry et al. (2003) has not been pre-selected for
SHARE due to its use of surface-wave magnitude (Ms), its non-consideration of the effect of
style of faulting and its use of a binary soil/rock classification. In addition, it can be
considered to have been superseded by more recent models using Mediterranean and Middle
Eastern data (e.g. Ambraseys et al., 2005; Akkar & Bommer, 2007).

In addition, these regional models are of interest for particular areas although they are less
robust than the models listed above since they are based on smaller less-well distributed
datasets:



Bindi et al. (2009): Italy

Danciu & Tselentis (2007): Greece

Douglas et al. (2006): Southern Spain (hybrid)
Kalkan & Giilkan (2004, 2005): Turkey
Massa et al. (2008): Northern Italy

Ozbey et al. (2004): NW Turkey

Note that a number of recent regional models fail the selection criteria of Cotton et al. (2006)
since they use local magnitude and/or they are derived for a limited magnitude range.

Volcanic zones
Only this study explicitly mentions the prediction of ground motions in volcanic zones and

passes the selection criteria of Cotton et al. (2006) (although it is not for the prediction of
ground motion from volcano-associated earthquakes):

e McVerry et al. (2006)

Atkinson (2009) has recently published a report on the application of her referenced-empirical
technique to Hawaiian data but this study has yet to be published as a journal article.

It is suggested here that, if the prediction of earthquake ground motions in volcanic zones is a
priority for SHARE, a careful study of the difference between shaking in volcanic zones and
other areas of active tectonics is made.

Areas of deep focus non-subduction earthquakes, such as Vrancea (Romania)

Only this model passes the selection criteria of Cotton et al. (2006) for this type of region
(although the authors do not list the derived coefficients within their article):

e Sokolov et al. (2008)
Areas where the travel paths are mainly through oceanic crust, such as coastal Portugal
There are thought to be no available models for the prediction of ground motions in this type
of area. Therefore, it is suggest that models for active zones and SCRs [as used by Vilanova &
Fonseca (2007) for their hazard assessment of Portugal] are tested against data from these
regions to check which models are most appropriate.
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SUMMARY

We investigate recordings from weak to moderate earthquakes, with magnitudes ranging
between about 3 and 5, recorded by the French Accelerometric Network. S-wave spectra
are modelled as a product of source, propagation and site terms. Inverting large data sets of
multiple earthquakes recorded at multiple stations allows us to separate the three contributions.
Source parameters such as moment magnitude, corner frequency and stress drop are estimated
for each earthquake. We provide the first complete and homogeneous catalogue of moment
magnitudes for France, for the events with magnitude greater than 3 that occurred between
1996 and 2006. Stress drops are found to be regionally dependent as well as magnitude
dependent, and range from about 0.1 MPa (1 bar) to about 30 MPa (300 bars). The attenuation
parameters show that, in France on a nationwide scale, variations of attenuation properties do
exist. Site transfer functions are also computed, giving the level of amplification at different
frequencies with respect to the response of a generic rock site (characterized by an average
30 m S-wave velocity, v, of 2000ms~"). From these site terms, we compute the high-
frequency fall-off parameter k [modelled as exp (—m« f'), with fthe frequency] for 76 stations.
We also determine rock stations v and we show the k—v,3¢ relationship for 21 rock stations.

Key words: Fourier analysis; Earthquake ground motions; Earthquake source observations;

Body waves; Seismic attenuation; Site effects.

1 INTRODUCTION

Ground-motion prediction equations are usually obtained from re-
gression analysis of strong ground-motion data (see Douglas 2003,
for a review). In areas of moderate-to-low seismic activity, it is
common to have few recorded strong ground motions. As a con-
sequence, the prediction of the expected ground motion for hypo-
thetical future earthquakes is often performed through stochastic
simulations (Boore 2003), or by selecting and adjusting empirical
models from other regions (e.g. Cotton et al. 2006). In this context,
Campbell’s hybrid empirical approach (Campbell 2003; Campbell
& Bozorgnia 2004) provides a methodological framework to adapt
ground-motion prediction equations to arbitrary target regions, by
using response spectral host-to-target-region conversion functions.
The purpose of those transfer functions is the removal of the effects
of'the host region characteristics in terms of attenuation, geometrical
spreading, average stress drop, site effect, etc., and their replacement
by the equivalent effects for the target region. This can improve the
overall usefulness of a particular empirical model for a target region
of interest. A small number of observed ground-motion records can
then help to rank the adjusted ground motion models in a systematic
and comprehensible way (e.g. Scherbaum et al. 2004).

Several issues related to source, path and local site effects must be
resolved before one can properly select, adjust and rank allogeneous
models in low-seismicity areas.

© 2010 The Authors
Journal compilation © 2010 RAS

(1) Recent ground-motion prediction equations use the moment
magnitude scale. Compatibility must therefore be achieved between
this moment magnitude scale and the magnitude scale describing
the earthquakes used for ground-motion prediction in Probabilistic
Seismic Hazard Analysis (PSHA). However, there is currently no
systematic moment magnitude (#/,,) determination in many coun-
tries, and generally only local magnitudes (M| ) are estimated ho-
mogeneously since the 1960s. For example, calibration of the rela-
tionship between M, and M| is currently an issue for French PSHA
analysis: the local magnitudes estimated in France are known to be
higher than the M of neighbouring countries (Braunmiller et al.
2005); and large discrepancies exist between the M, and My, es-
timated from punctual studies of specific earthquakes (Dufumier
2002).

(2) No consensus exists on the regional dependence of ground
motion (Douglas 2007). Differences between recent ground-motion
prediction equations derived in the United States and in Europe are
slight (Campbell & Bozorgnia 2006; Stafford et al. 2008). However,
intensity studies have long since shown a regional dependence of the
attenuation of intensity with distance (e.g. Bakun & Scotti 2006).
Recent studies of regional weak motions (e.g. Bay er al. 2003;
Akinci et al. 2006; Malagnini et al. 2007; Drouet et al. 2008a;
Edwards et al. 2008; Atkinson & Morrison 2009) confirm that clear
regional particularities exist in terms of attenuation and/or stress
drop. There is then a need to analyse the regional variation of ground
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motion and the scaling of both geometrical spreading and stress
drops with magnitude (e.g. Bay ef al. 2005; Cotton et al. 2008).
(3) The average 30 m shear wave velocity (vy30) is widely used
as the number characterizing the site effect in the context of ground-
motion prediction equations. There is then a need to characterize the
vs30 at the stations of the target region. This value is usually deter-
mined from direct borehole or geophysical measurements. However,
the associated cost of these measurements is high (some thousands
or tens of thousands of euros depending on the method used), and
as such there is a real interest to develop cheaper alternative meth-
ods. As most PSHA studies are performed for rock conditions, it is
particularly crucial to obtain these measurements for rock stations.
(4) In addition to v, one other site parameter, the high-
frequency decay (k or fm.x), has a primary influence on the adjust-
ments required (Cotton et al. 2006). That decay has been observed
and modelled through two different ways: the x model [Anderson
& Hough 1984, exp(—m«k f)]; and the fy.x model {Hanks 1982;
Boore 2003, [(1 + (f/fmax)®]"/2}. Those studies demonstrate that
the high-frequency decay is mainly a site term. A source depen-
dency of « has been demonstrated by Papageorgiou & Aki (1983)
or Purvance & Anderson (2003) however this source component
has a smaller effect than the site component. The clear dependence
of k on the site suggests a potential relationship between x and
vs30- However, to our knowledge, only the Silva ef al. (1998) and
Chandler et al. (2006) papers investigate such a relationship.

The development and improvement of accelerometric net-
works provide an opportunity to analyse these issues. In
Europe, several networks have recorded high-quality small-
to-moderate events (http://itaca.mi.ingv.it/ItacaNet/, http://www-
rap.obs.ujf-grenoble.fr/, http://www.seismo.ethz.ch/). The advan-
tage of these weak-motion databases compared with the interna-
tional strong ground-motion databases, such as the NGA (Next
Generation Attenuation of ground motions) database, is the homo-
geneous coverage of a unique region. This allows the recovery of
path and site terms. So in this study, we use data from the French
Accelerometric Network (RAP, Pequegnat et al. 2008) to analyse
source, path and site effects for three different tectonic regions
(French Pyrenees, French Alps and Rhine Graben). We compute
moment magnitudes and corner frequencies for 161 events and de-
liver a moment magnitude catalogue of French earthquakes recorded
between 1996 and 2006 in these tectonic regions. Our inversion pro-
cedure also characterizes the geometric and anelastic attenuation
parameters for these three tectonic regions. We finally describe the
site transfer functions of 76 accelerometric stations. A new method,
developed to analyse these site transfer functions, allows the de-
termination of x and vy at the rock stations. This new k—v3q
relationship is finally presented and discussed. Those results super-
sede those from our previous studies (Drouet ef al. 2005, 2008a) as
the amount of data has more than doubled and the inversion is per-
formed for a wider frequency range (now up to 30 Hz compared to 15
Hz). Moreover, the inversion procedure has been modified to work
with acceleration spectra rather than displacement spectra (reducing
the processing used) and the site terms are determined relative to a
quantified reference (i.e. a rock site with vg3p = 2000 m s™!).

2 DATA

The French Accelerometric Network (Réseau Accélérométrique
Permanent, RAP) has been operating since 1996. Today more
than 100 stations cover the national French territory providing
high-quality data, even for small events, which is freely available

at the National Data Center RAP-NDC: http://www-rap.obs.ujf-
grenoble.fr/ (Pequegnat et al. 2008).

On the basis of the RAP recordings, three regional data sets for
France have been constructed (Fig. 1). The records of earthquakes
with local magnitude greater than 3 are kept if at least three different
recordings with a distance greater than 15 km are available. These
are the same criteria as in a previous paper (Drouet ef al. 2008a)
however the number of analysed spectra has since more than dou-
bled. The final data set is composed of 72 earthquakes in the Alps
(Table 1), 23 in the Rhine Graben (Table 2) and 66 in the Pyrenees
(Table 3). The hypocentral information comes from the French na-
tional network RéNaSS, whereas local magnitudes are given by two
national agencies: RéNaSS and LDG (M., and M y,). Fig. 1 shows
the locations of the three regions within France and the earthquakes,
stations and paths for each region.

Each three-component recording has been visually inspected and
the P- and S-wave arrival times have been picked. As in Drouet
etal. (2008a), a 5 s time window is used to select the direct S waves
for all the distances, and acceleration Fourier spectra are computed.
The spectra are then smoothed between 0.5 and 30 Hz using a
Konno—Ohmachi procedure (Konno & Ohmachi 1998). Noise spec-
tra are similarly computed, using the pre-recorded window before
the P-wave arrivals. The north—south and east—west components (of
signal and noise) are combined, to get a single horizontal compo-
nent, as follows:

S(H) = /S(E)* + S(N)2. ()

A minimum signal-to-noise (S/N) ratio of 3 is imposed at each
frequency. Consequently, some points between 0.5 and 30 Hz might
be missing in some spectra. To minimize this problem, a minimum
of 60 per cent of the total number of frequencies with S/N ratio
above 3 must be included in a record.

3 METHOD

The S-wave acceleration spectrum A;(7;;, fi) can be written as the
product of a source, a propagation and a station term.

Aijk(rijv i) = Q:i(fr) Dij(rij: i) Sj(fk)v 2

where r;; is the hypocentral distance from earthquake i to station j
and f; the frequency. We adopt the far-field acceleration spectrum
given by Brune’s model (Brune 1970, Brune 1971).

QCrfi)’ My,

()]

where M, is the seismic moment and f;, the corner frequency of
event i.
Attenuation involves anelastic decay and geometrical spreading.

wri; fr 1
oy o= (- Gt ) < o @
where vg is the average S-wave velocity along the path and
O(fr) = Qo x f% is the frequency-dependent quality factor. Note
that the geometrical spreading may differ from the classical r;l
form through the coefficient y. We expect y to be greater than 1,
because downward reflections from layer interfaces (e.g. Frankel
1991) and scattering (e.g. Gagnepain-Beyneix 1987) can result in a
geometrical loss of energy.

Considering the moderate magnitudes of the largest analysed
events and the minimum frequency of 0.5 Hz, a minimum hypocen-
tral distance of 15 km was required, for the far-field approximation
to be valid (e.g. Aki & Richards 2002).

Qi(fi) ~ 3)

© 2010 The Authors, GJI
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Figure 1. Maps of the earthquakes (circles), stations (squares) and paths (lines) used in this study for the three data sets: Alps, Rhine Graben and Pyrenees

(see the map of France, top left frame).

Si(f+) is the site effect at the station j. This term is equal to
unity for all frequencies in the absence of site effect (‘rock’ site
conditions). The so-called f,. effect (Hanks 1982) or « effect
(Anderson & Hough 1984) describes the observed strong attenu-
ation of the high-frequencies. Although the origin of this effect is
not completely understood an important contribution comes from
the high intrinsic attenuation in the most superficial layers (Hanks
1982). Drouet et al. (2008a) used frequencies up to 15 Hz to avoid
or limit the f . effect. In this study, we assume that this effect is
a site term (Hanks 1982) and that it will be resolved in the S;( /%)
parameter elements without using any extra parameters.

Eq. (2) may thus be rewritten as

Q@ fi)?
Yijk = mo, — log, —kz —y log,(rij)
()
wri; fr
- s,
log,(10)Q ffvs ®)
where
yiji = logyo [Aiji(rij. fo)] (6)

© 2010 The Authors, GJI
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2Ry
mo, = logyg |:M0i X 47t,0;3:| ’ (7

sk = logyo [S;(f0)] ()

with Ry, the source radiation pattern, assumed to be constant
(Rgy = 0.55 for S waves, Boore & Boatwright 1984), p the density,
B the S-wave velocity of the medium at the source and vg the S-wave
velocity along the path (we assume 8 = vg = 3.5kms™! and p =
2800 kg m~3). The factor 2 in eq. (7) accounts for the free surface
reflection at the station assuming a quasi-vertical incidence. This is
exact for SH and a reasonable approximation for quasi-vertical SV
(Aki & Richards 2002).

Additionally, we want to compute ‘absolute’ site effects; thus we
normalize the input spectra to a common reference accounting for
crustal amplification. To do this, a generic rock velocity profile with
depth associated with a vy of 2000 ms~! (Boore & Joyner 1997;
Cotton et al. 2006) is computed together with the corresponding am-
plification spectrum. Examples of generic amplifications computed
from generic profiles with different v, values and for a SH-wave
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Table 1. Earthquakes analysed for the Alps.

Number Date Hour Latitude  Longitude Depth My,  Mpn  Number of Distance My, fe
(km) records range (km)
1 15-05-1997  00:24:05 45.23 6.62 3 3.8 4.1 4 49/93 32 1.58
2 03-10-1997  15:03:35 44.32 6.45 6 3.8 4.0 4 39/101 33 286
3 31-10-1997  04:23:44 44.26 6.57 2 4.7 4.8 10 63/201 4.0 1.11
4 06-11-1997  12:39:49 44.41 6.53 2 3.6 3.7 4 79/103 32 229
5 08-11-1997  01:56:09 44.07 7.89 2 - 4.1 6 28/213 35 335
6 30-03-1998  20:49:00 46.64 7.23 10 - 32 3 75/165 2.8 627
7 11-04-1998  11:05:03 44.61 7.38 10 4.0 3.8 9 54/168 35 299
8 06-05-1998  12:02:26 44.15 6.01 10 - 32 4 20/118 3.0 3.01
9 13-05-1998  21:11:55 44.45 6.30 5 - 3.1 3 38/86 2.6 534
10 09-12-1998  22:08:16 46.20 7.45 2 34 3.5 5 55/136 3.1 2.19
11 11-01-1999  03:36:37 45.10 5.76 2 42 4.1 11 60/196 3.5  3.26
12 14-02-1999  05:57:55 46.84 7.11 2 4.7 3.8 9 70/233 4.0 1.79
13 25-04-1999  20:36:50 4591 6.97 2 - 3.0 6 23/123 2.8 3.08
14 30-04-1999  20:59:11 44.01 7.97 2 - 32 4 33/89 3.1 3.31
15 10-06-1999  16:16:12 45.65 6.06 2 - 3.1 4 34/104 2.8 3.18
16 28-08-1999  15:03:15 45.26 6.48 2 - 33 6 17/63 32 291
17 13-09-1999  23:27:11 45.51 5.38 10 4.0 3.5 11 33/170 32 427
18 01-11-1999  17:22:35 43.78 7.36 4 - 33 3 27/137 2.8 3.80
19 01-04-2000  01:21:39 45.04 7.43 5 3.1 3.0 6 61/132 3.1 4.39
20 05-04-2000  08:38:22 45.52 4.84 2 34 32 6 61/161 3.0 577
21 31-05-2000  07:46:08 44.75 7.22 10 3.5 3.2 9 55/150 32 4.69
22 10-06-2000  02:44:31 44.47 7.29 5 3.5 32 9 37/145 3.1 4.32
23 26-06-2000  19:29:18 44.45 6.90 2 3.6 33 11 21/183 33 249
24 19-08-2000  08:37:26 46.10 6.68 10 4.0 3.5 8 27/126 34 241
25 19-12-2000  14:20:50 43.78 7.37 5 3.7 34 4 27/131 3.6 1.04
26 20-12-2000  05:45:15 43.78 7.37 5 32 3.0 4 27/131 3.2 1.32
27 25-01-2001  02:17:15 46.03 6.73 6 33 3.0 9 34/123 2.8 533
28 23-02-2001  22:19:42 46.11 7.03 7 3.9 3.6 10 41/144 33 421
29 25-02-2001  01:22:31 46.11 7.02 7 3.5 32 7 40/144 3.1 2.56
30 14-03-2001  07:09:53 43.50 7.94 7 4.1 3.8 8 48/154 36 3.28
31 30-05-2001  22:43:51 45.80 6.49 6 3.6 33 12 30/113 29 564
32 01-07-2001  19:37:20 44.58 7.03 5 3.7 34 12 37/178 33 275
33 09-07-2001  22:50:03 46.04 7.67 7 34 33 3 108/169 3.0 4.39
34 16-10-2001  04:18:30 45.11 6.48 6 34 3.1 7 16/105 30 2.68
35 26-01-2002  07:35:47 44.36 7.27 5 3.5 3.0 8 30/149 32 335
36 21-04-2002  17:57:17 45.61 7.63 5 3.5 33 4 90/165 3.1 3.16
37 06-05-2002  06:42:53 44.49 7.27 5 3.5 3.0 6 37/154 3.1 5.95
38 31-05-2002  16:50:34 46.29 7.39 5 3.6 3.5 4 106/155 32 3.40
39 04-02-2003  20:49:41 46.05 7.77 5 3.6 34 7 90/177 3.1 4.06
40 10-03-2003  13:25:06 4485 7.81 10 3.5 3.1 7 96/175 30 6.74
41 29-04-2003  04:55:08 46.32 7.59 5 4.2 39 12 76/192 35 3.6l
42 25-05-2003  23:03:32 45.12 6.50 5 4.0 3.6 23 16/172 34 1.85
43 10-06-2003  22:59:47 44.78 7.70 5 3.8 34 19 84/250 32 581
44 17-08-2003  22:31:51 44.65 6.86 5 34 3.2 6 44/195 3.1 3.07
45 01-09-2003  19:28:11 44.26 7.44 5 3.7 34 8 32/198 34 203
46 16-10-2003  16:23:26 44.62 7.01 5 34 3.1 7 41/115 3.0 422
47 02-12-2003  17:08:23 46.39 5.34 5 3.1 3.0 4 70/137 2.7 8.64
48 09-12-2003  18:03:07 45.33 6.07 5 3.1 3.0 11 24/65 2.8 3.07
49 20-12-2003  03:29:41 44.49 7.21 5 3.6 33 21 34/195 32 323
50 21-12-2003  01:35:57 44.49 7.00 5 3.5 3.1 10 27/125 32 246
51 28-01-2004  20:09:22 45.43 5.46 5 3.8 33 16 33/123 3.1 3.90
52 18-02-2004  14:26:02 46.63 6.91 10 3.5 33 4 65/143 30 498
53 18-02-2004  14:31:59 46.67 6.81 10 3.8 3.5 5 69/180 3.1 4.52
54 14-05-2004  00:30:35 45.03 7.48 10 4.0 3.6 19 66/174 34 289
55 12-06-2004  04:44:35 45.78 6.88 10 3.7 32 8 34/108 3.0 432
56 03-12-2004  22:28:59 44.34 7.35 5 3.1 3.1 5 81/155 2.8 648
57 25-03-2005  23:19:28 44.48 7.27 5 3.9 3.5 20 37/202 3.5 3.30
58 02-04-2005  04:33:52 44.75 6.76 5 3.5 3.1 17 18/150 32 383
59 10-04-2005  08:04:38 45.36 6.56 5 3.8 34 14 20/93 32 2.60
60 12-06-2005  21:16:15 45.11 7.35 5 33 3.1 9 54/173 3.0 4.30
61 08-09-2005  11:27:18 46.01 6.87 10 53 4.9 22 41/329 44 1.14
62 08-09-2005  11:53:11 46.02 6.88 5 3.5 3.2 5 40/88 2.7 1755
63 08-09-2005  14:10:03 46.00 6.82 5 3.5 32 6 39/118 3.0 392
64 10-09-2005  13:25:29 44.60 6.87 5 3.6 3.2 9 38/168 33 243
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Number Date Hour Latitude  Longitude Depth Mgy  Myen ~ Number of Distance My, fe
(km) records range (km)
65 04-10-2005  13:37:15 4438 7.23 5 3.0 3.0 9 26/92 28 6.72
66 31-10-2005  03:39:58 45.68 6.40 5 4.1 3.6 17 31/243 32 288
67 20-12-2005  23:57:34 44.10 6.99 5 3.8 3.5 15 19/219 3.7  0.66
68 11-01-2006  10:32:08 45.92 541 5 4.1 3.7 7 19/280 3.5 1.43
69 02-09-2006  01:21:31 43.92 7.59 10 43 4.0 17 20/248 3.8 261
70 11-09-2006  15:04:11 44.70 7.80 5 3.7 33 11 71/187 32 570
71 24-10-2006  17:31:49 43,92 7.59 5 3.8 3.6 12 17/185 33 3.76
72 22-11-2006  15:54:32 45.83 6.68 6 33 3.0 10 26/97 2.7 651

Note: Date and localization are from the REéNaSS network. Mjqg and Men are local magnitudes from LDG and RéNaSS. The number
and the distance range of recordings are also indicated, as well as the moment magnitudes and corner frequencies determined in this

study.

Table 2. Same as Table 1 for the Rhine Graben.

Number Date Hour Latitude  Longitude Depth  Migg  Mpen ~ Number of Distance My, fe
(km) records range (km)
1 13-11-2000  16:30:40 47.21 7.58 11 3.8 3.6 4 42/117 3.2 5.25
2 22-02-2003  20:41:05 48.31 6.66 10 5.9 54 9 36/140 4.5 1.98
3 22-02-2003  20:54:25 48.32 6.68 10 3.7 34 3 38/87 3.1 6.46
4 23-02-2003  04:53:47 48.30 6.66 10 34 32 8 34/104 2.8 6.25
5 24-02-2003  00:35:41 48.30 6.65 10 33 3.1 5 34/89 2.7 7.11
6 04-03-2003  19:08:11 48.33 6.66 10 3.6 34 6 38/97 2.9 7.68
7 22-03-2003  13:36:17 48.19 8.91 5 4.8 4.5 5 122/171 3.9 2.69
8 24-03-2003  07:54:22 47.68 6.72 10 3.6 34 7 26/70 3.0 8.45
9 06-05-2003  21:59:46 46.97 8.81 5 4.2 3.8 7 127/200 34 3.71
10 24-08-2003  12:43:40 47.76 7.94 10 3.1 3.1 4 47/144 2.7 13.21
11 31-08-2003  05:38:57 47.56 7.88 10 33 3.1 5 27/105 2.9 11.15
12 16-02-2004  09:58:27 48.34 6.66 10 3.5 33 7 39/143 2.9 7.50
13 18-02-2004  14:26:02 46.63 6.91 10 3.5 33 3 126/178 3.0 6.83
14 18-02-2004  14:31:59 46.67 6.81 10 3.8 3.5 5 59/175 3.1 5.62
15 23-02-2004  17:31:21 47.30 6.28 10 5.5 5.1 9 26/181 4.2 3.37
16 13-03-2004  20:00:18 48.01 7.95 10 3.5 33 8 55/161 2.9 7.96
17 21-06-2004  23:10:02 47.50 7.67 21 - 3.8 8 25/115 34 5.41
18 28-06-2004  23:42:29 47.54 8.14 20 42 4.1 8 57/148 3.5 5.86
19 05-12-2004  01:52:39 48.11 8.00 10 5.2 49 8 55/171 4.1 3.40
20 12-05-2005  01:38:05 47.29 7.63 10 4.3 39 6 43/110 3.5 6.24
21 13-05-2005  19:44:07 48.07 8.02 10 3.5 32 7 61/169 2.9 8.73
22 03-11-2005  00:18:07 48.29 7.43 5 3.8 33 3 22/159 3.0 3.25
23 12-11-2005  19:31:16 47.52 8.14 10 4.3 3.8 3 106/147 33 7.72

with vertical incidence are shown in Fig. 2. We assume here that a
v of 2000m s™! is representative of hard rock sites for France.

In addition to eq. (5), a reference condition is also needed to
remove the trade-off between seismic moments and site effects,
which are the two constant parameters that control the amplitude of
the spectrum (Andrews 1986; Field & Jacob 1995). As in Drouet
et al. (2008a), we impose that the average of the logarithms of the
site effects at each frequency over a number of stations is 0.

2

J in list of reference stations

forall k. ©))

sik =05

The ‘list of reference stations’ has to be defined: the common prac-
tice is to use either all the stations, or a subset of stations located
on rock. We choose the second option, beginning by identifying the
rock stations. In a first inversion, we use all the stations within the
reference list. From the obtained results, the stations showing the
least amplification, and with a reasonably flat response, are identi-
fied as rock sites and kept in the final list of reference stations. The
final inversion is then performed, using this additional information.

A system of equations must then be solved where the unknowns
are the following: the m,, value (related to seismic moment) and
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the corner frequency f;, for each event i; the site term s; for each
station j and each frequency k& and the attenuation parameters Q,,
o and y.

We use an iterative Gauss—Newton inversion scheme, based on
the derivatives of y;; with respect to the parameters, to linearize the
problem at each iteration and converge to the solution (Tarantola
2004; Drouet et al. 2008a).

4 RESULTS

4.1 Residuals

Fig. 3 shows the residuals (difference between the logarithms of
observed and modelled amplitudes) for all the records and all the
frequencies obtained after the inversion for the three regions (top
of Fig. 3). The residuals from the three regions are combined in the
bottom frames of Fig. 3. The amount of data is about the same for
the Alps and the Pyrenees, whereas it is about three times smaller
for the Rhine Graben. However, the distributions still have the same
shape and also have similar standard deviations, that is, o = 0.26,
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Table 3. Same as Table 1 for the Pyrenees.

Number Date Hour Latitude  Longitude Depth  Mygg  Mpen  Number of Distance My, fe
(km) records range (km)
1 04-06-2001  19:17:57 43.01 0.16 10 3.6 3.6 3 50/191 3.5 9.44
2 12-12-2001  12:10:52 43.12 —1.08 9 33 3.5 3 31/93 33 12.64
3 14-12-2001  18:28:54 42.87 —0.81 2 3.5 3.6 5 26/115 33 4.85
4 16-05-2002  14:56:33 42.94 —0.16 10 4.8 4.8 12 18/251 4.0 4.92
5 16-05-2002  15:14:44 42.82 —0.15 10 44 42 11 16/249 3.8 6.00
6 19-05-2002  04:44:13 42.99 0.15 10 3.8 3.8 10 22/198 34 7.23
7 11-06-2002  18:56:40 41.88 2.73 5 3.0 3.0 5 64/106 2.8 10.14
8 13-06-2002  10:42:32 41.86 2.78 5 32 34 6 68/130 3.0 11.01
9 21-06-2002  02:26:30 41.86 2.72 5 3.7 3.6 11 66/251 3.5 6.67
10 08-07-2002  09:46:48 42.99 —-0.34 10 33 2.8 4 17/77 3.1 7.69
11 05-09-2002  20:42:15 43.05 —0.40 10 4.1 4.1 6 39/239 3.5 5.41
12 09-12-2002  13:44:54 43.02 0.19 5 3.7 33 5 21/191 32 7.14
13 11-12-2002  20:09:52 43.04 —-0.33 5 4.3 44 5 24/153 3.8 4.99
14 12-12-2002  17:59:49 43.11 —0.28 10 4.9 4.6 9 15/263 4.0 4.87
15 13-12-2002  06:00:23 43.06 —0.28 5 33 2.9 4 20/150 2.9 10.95
16 16-12-2002  16:20:26 42.58 0.33 10 33 33 7 43/173 3.0 6.84
17 18-12-2002  17:58:08 43.00 0.21 10 3.2 2.4 5 25/109 2.9 8.15
18 21-01-2003  18:00:59 43.05 —0.36 10 4.6 44 11 28/277 3.8 5.16
19 26-02-2003  03:32:58 42.38 2.12 10 44 4.1 14 28/246 3.8 4.12
20 10-03-2003  00:54:38 42.39 2.14 10 3.1 3.0 6 27/101 2.8 6.91
21 03-10-2003  23:40:18 42.73 2.07 10 3.5 3.5 9 38/158 3.0 7.74
22 26-10-2003  08:28:32 41.88 2.76 5 3.0 33 3 65/89 2.9 10.03
23 03-02-2004  21:16:14 42.70 0.86 10 3.7 3.7 13 25/188 33 6.65
24 01-06-2004  16:50:19 42.39 2.17 5 4.4 4.1 6 33/109 3.5 4.24
25 04-06-2004  04:56:51 42.40 2.19 5 3.5 3.6 7 21/97 3.2 5.28
26 18-07-2004  02:16:02 42.92 1.04 10 3.8 3.7 12 15/178 3.5 5.55
27 22-07-2004  20:15:59 43.01 0.14 10 34 3.1 6 20/115 2.9 9.58
28 18-09-2004  12:52:15 42.78 —1.60 2 5.2 53 14 51/380 4.6 1.78
29 18-09-2004  19:58:29 42.94 —1.34 5 3.5 3.7 3 25/125 33 345
30 21-09-2004  15:48:05 42.34 2.02 5 5.1 4.8 14 45/239 4.2 2.94
31 21-09-2004  18:12:49 42.32 2.15 5 2.9 3.0 6 17/82 2.7 9.34
32 23-09-2004  09:50:18 42.31 2.13 10 3.5 3.5 7 20/108 32 5.05
33 23-09-2004  09:58:06 42.40 2.07 10 4.0 3.9 9 39/170 3.5 5.14
34 30-09-2004  13:09:05 42.77 —1.45 10 4.6 5.2 8 47/243 4.1 2.30
35 07-10-2004  06:16:29 42.83 —1.45 5 3.9 39 4 67/242 3.7 3.32
36 27-11-2004  22:22:02 43.04 —0.08 10 3.7 3.5 8 22/211 32 7.50
37 02-12-2004  18:11:18 41.61 245 5 33 3.5 5 99/152 3.2 591
38 15-01-2005  07:13:06 42.76 0.79 10 3.6 3.7 12 19/141 34 8.30
39 09-02-2005  15:20:45 42.01 2.58 10 3.5 3.7 6 66/124 32 6.78
40 15-02-2005  16:31:12 42.99 0.20 5 33 34 7 23/110 3.0 10.54
41 26-02-2005  20:36:49 42.62 0.83 5 3.7 3.7 17 27/189 34 6.70
42 15-06-2005  21:27:50 43.04 —0.67 5 3.5 3.5 8 21/258 33 8.22
43 17-06-2005  04:06:48 43.04 —0.21 5 33 3.0 5 15/144 2.9 10.10
44 16-07-2005  09:52:53 43.40 —0.63 5 3.5 34 3 34/59 34 2.03
45 05-11-2005  00:30:08 4291 0.13 5 3.7 3.5 8 25/192 3.5 8.30
46 27-12-2005  21:33:22 42.36 1.43 5 3.8 3.8 10 47/140 34 3.90
47 07-02-2006  14:59:19 42.49 1.74 5 3.7 3.8 7 27/76 32 5.83
48 24-03-2006  07:19:20 42.80 2.55 5 3.1 33 5 23/60 2.9 7.08
49 29-03-2006  12:44:57 43.14 —0.63 5 33 33 4 18/60 32 6.64
50 04-05-2006  09:13:05 42.98 —0.70 5 33 33 4 26/73 33 5.71
51 04-05-2006  09:42:06 43.03 —0.70 5 34 3.6 5 24/73 34 6.70
52 08-05-2006  21:47:56 42.83 2.10 5 3.6 3.6 6 36/123 32 6.71
53 20-05-2006  05:36:06 43.00 0.00 5 3.7 3.5 7 16/161 32 6.75
54 02-06-2006  08:41:55 43.08 —0.28 5 3.5 32 4 19/39 3.0 7.73
55 25-07-2006  19:10:37 42.59 2.11 5 2.9 3.1 4 26/84 2.7 8.30
56 04-09-2006  05:44:22 42.45 1.65 5 3.0 3.0 3 39/58 2.9 7.08
57 24-10-2006  00:04:12 43.50 —0.62 5 3.6 32 6 29/65 34 3.41
58 04-11-2006  16:44:57 43.22 —0.31 6 3.8 3.8 5 17/42 34 6.30
59 14-11-2006  07:40:09 43.06 —0.65 11 32 3.0 5 21/67 3.0 6.11
60 17-11-2006  18:19:50 43.08 0.01 11 5.4 49 17 16/213 4.5 2.88
61 18-11-2006  20:34:19 42.98 0.01 6 3.6 3.1 8 15/125 32 6.10
62 18-11-2006  22:17:27 42.98 0.00 6 33 3.1 8 15/126 3.0 7.81
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Table 3. (Continued)

Number Date Hour Latitude  Longitude Depth Mgy  Myen ~ Number of Distance My, fe
(km) records range (km)
63 19-11-2006  13:16:12 43.00 0.00 6 35 32 8 15/126 32 7.00
64 20-11-2006  04:01:45 43.01 0.00 6 32 3.0 6 25/60 3.0 9.29
65 16-12-2006  08:17:01 42.99 —0.13 5 4.1 4.1 11 18/214 3.6  6.67
66 22-12-2006  12:14:58 43.46 —0.56 5 3.5 32 6 23/74 33 422
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Figure 2. Left-hand side: generic rock velocity profiles (e.g. Boore & Joyner 1997; Cotton et al. 2006) with different vy39 values: 500 ms~! (black dotted line),
1000 ms~! (grey line), 1500 ms~! (black line), 2000 ms~' (grey dashed line) and 3000 ms~' (black dashed line). Right-hand side: generic amplifications
resulting from the profiles on the left for vertically incident SH waves, using a Haskell-Thomson procedure.
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Figure 3. Top panels: distributions of residuals for each region after the inversion. Bottom panels: plots of the residuals (Alps: light grey triangles, Rhine
Graben: black squares and Pyrenees: grey circles) as a function of distance (left-hand panel), local magnitude (middle panel) and frequency (right-hand panel).
Dashed lines show the one standard deviation of the whole residuals distribution. Large white filled symbols are average residuals over a number of distances,
magnitude and frequency bins.
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Figure 4. Hypocentral distance distribution at the stations in each region.

0.20 and 0.20, for the Alps, the Pyrenees and the Rhine Graben,
respectively.

Table 4. Inverted attenuation parameters.

. . . Region y Qo o
At the bottom of Fig. 3 the residuals are plotted as function of the
distance, the magnitude and the frequency for the three data sets. The . Alps 1.06 4 0.01 336 + 15 032+0.02
standard deviation computed for the three data sets simultaneously Rhine Graben 1064001 1163 247~ 0.19 £ 0.07
Pyrenees 1.19 £ 0.01 790 + 31 0.15 £ 0.01

is 0 = 0.23. Fig. 4 shows that the distance distribution is fairly
homogeneous at each station for the three regions. Figs 3 and 4 show

that there is no obvious trend for the residuals with either distance,
magnitude or frequency, indicating that no bias is included during
the inversion process.

4.2 Regional attenuations

The results for the three attenuation parameters y, Qo and « are
given in Table 4 for the three regions. The standard deviations are
relatively small, except for Qy and « in the Rhine Graben where
the limited number of recordings lead to higher uncertainty in the
attenuation parameters.

Those attenuation parameters, especially the Q values, are the
most difficult parameters to invert because small variations of Qg
and « lead to almost unchanged amplitudes, mainly at low fre-
quency and short distance. The main attenuation models valid
for the investigated regions that were found in the literature are:
Thouvenot (1983) (Qy = 436, @ = 0.25) and Drouet et al. (2008a)
(Qo =322, @ = 0.2) for the Alps; Modiano & Hatzfeld (1982) (Qy
=250, a = 0.0), Gagnepain-Beyneix (1987)1 (Qp =30, o = 1.1),
Gagnepain-Beyneix (1987)2 (Qo = 142, « = 0.7) and Drouet et al.
(2008a) (Qp = 376, o = 0.5) for the Pyrenees. Two other models
exist for the whole of France: Nicolas et al. (1982) (Qy = 100,
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o = 0.8) and Campillo & Plantet (1991) (Qy = 320, @ = 0.5). Note
that the original model of Thouvenot (1983) is valid for P waves (Q
=756 x f°2%), and it was converted assuming Qs = Op/+/3 and
g = Up.

To test the adequacy of the attenuation models, we filtered the
times-series for each earthquake in each region around four cen-

Vs30, K, attenuation and M, from accelerograms 9
tral frequencies: 1, 5, 10 and 25 Hz. The peak ground accelera-
tion (PGA) values for the east—west and north—south components,
corrected for the Brune’s source model using the inverted seismic
moments and corner frequencies, and scaled to have amplitude 1 at
40 km, are plotted against distance in Fig. 5. The attenuation models:
exp[—mf R /(Qo f* vs)]/R,.yj using y-values from Table 4 together
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Figure 5. Peak-ground acceleration of the filtered time-series (east-west: triangles; north—south: circles) for four different frequencies in each region. The
attenuation models are the Q-models described in the text, associated with the y-values of Table 4. Note that the amplitudes are scaled to get an amplitude

equal to 1 at 40 km.
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with Q- and «-values from Table 4 or from the literature are also
plotted in Fig. 5. These results show that most of the models fit
equally well the data.

Looking at Fig. 5, we can however draw some conclusions con-
cerning the different models. Models with a low Q (below 300) and
no frequency dependence lead to an overestimation of attenuation
for the high frequencies at long distance, for example, Modiano &
Hatzfeld (1982) for the Pyrenees at 25 Hz. The same conclusion
would be observed for the Alps and the Rhine Graben, should such
models exist, suggesting that Q is frequency dependent. One can
also reject models with a frequency dependence greater than 1, for
example, the first model by Gagnepain-Beyneix (1987) leads to
lower attenuation at high frequency than at low frequency, which
is opposite to the usual observations in this frequency band (0.5—
30 Hz). The Nicolas et al. (1982) model gives a slight overestimation
of attenuation at low frequencies but gives an overall reasonable fit.
Consequently, we suggest an upper bound of 0.8 for the frequency
dependence in the three regions if it is associated with a low Q.
Our analysis also supports the idea that the frequency dependence
is higher in the Alps than in the other two regions, as shown by the
data in Fig. 5.

4.3 Source parameters

Moment magnitudes are determined from the seismic moments
using the Hanks & Kanamori (1979) relationship

_ logyo(Mo) —9.1

M, = 10
1.5 (10)

Fig. 6 shows a comparison of the moment magnitude scale deter-
mined in this study and two local magnitude scales used in France
(M 4g and M ). The solid black lines show the regressions obtained
in this study

M,, = 0.42(£0.10) 4 0.77(£0.03) x Mg (11)

My, = 0.43(£0.10) + 0.80(£0.03) X Miep. (12)

Those relations are close to that obtained by Drouet et al. (2008a),
which are also shown in Fig. 6.
To test our moment magnitude scale, we search through

LI L L
N\

10
N
T
S—
>
%)
c
)
3
o
o)
—
=
S
2
5 1
o

N\ N
s b b L a1

2 3 4 5 6
M

w

Figure 7. Corner frequencies as a function of moment magnitudes. Solid
lines show the regressions determined in this study for the Alps (light grey),
the Rhine Graben (black) and the Pyrenees (dark grey). Dashed lines show
constant stress drops of 0.1, 1 and 10 MPa (1, 10 and 100 bars).

seismo.ethz.ch/) for the events where a moment magnitude has
been computed using the waveform inversion technique of surface
waves. Fig. 6 displays the comparison for the 29 earthquakes for
which the information was available. It shows that from magnitude
3 to 5, the two independent methods give equivalent values. The
regression between the two magnitude scales gives

My, = 0.24(£0.16) + 0.90(£0.05) x My-pri. (13)

Fig. 7 shows the corner frequencies as a function of the moment
magnitudes. Lines of constant stress drop of 0.1, 1 and 10 MPa (1,
10 and 100 bars) are indicated. In this case, a regional dependence of
the relationship between corner frequency and moment magnitude
is apparent. The regression give the following relationships for the
three different regions:

the catalogue of the Swiss Seismological Service (http://www. Alps :log;o(f:) = 1.91(£0.08) — 0.43(£0.03) x My, (14)
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Figure 6. Inverted moment magnitudes as a function of LDG local magnitudes (left-hand panel), ReNaSS local magnitudes (middle panel) and ETH moment
magnitudes (right-hand panel), for the Alps (light grey triangles), the Rhine Graben (black squares) and the Pyrenees (grey circles). Solid lines show the
regressions determined in this study, dotted lines show the regressions from Drouet e a/. (2008a) and dashed lines correspond the one-to-one relationship.
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Figure 8. Brune’s stress drops as a function of seismic moments (left-hand panel), and apparent stresses as a function of seismic moments (right-hand panel).
Solid lines show the regressions determined in this study for the Alps (light grey), the Rhine Graben (black) and the Pyrenees (dark grey). Dotted lines show
the dependency of Ao and o, on seismic moment [originally developed for o,: 0, M8'25 Mayeda & Walter (1996) and extrapolated to Ao assuming

proportionality between Ao and o, Bay et al. (2005)]. Open symbols in the right-hand frame do not fulfill the conditions % > fmin OF 5 X fe < fmax (see

text).

RhineGraben : log,(f.) = 1.83(£0.14) — 0.33(£0.04) x M,,,
(15)

Pyrenees : 1og,(f.) = 1.87(£0.08) — 0.33(£0.02) x M,.  (16)

The inverted moment magnitudes and corner frequencies for each
earthquake are reported in Tables 1-3.

From the inverted seismic moments and corner frequencies,
Brune’s stress drops are computed using the Brune (1970) rela-
tionship.

7 fi '\
Ao = —My | — : 17
T 16 0(0.37v5> an

As a consequence of the regional dependence of the corner
frequency—moment magnitude relationship, the mean stress drop
values are also regionally dependent. The mean stress drop for the
three data sets equals to 4.9 MPa (49 bars) whereas values of 0.9,
5.7 and 8.9 MPa (9, 57 and 89 bars) are found for the Alps, Rhine
Graben and Pyrenees individually. The computed Brune’s stress
drops are shown in Fig. 8.
We also computed apparent stress, defined as

2uE
O'a = N
M,

(18)

where E is the radiated seismic energy assumed to be equal the to
S-wave radiated energy. In reality P waves also carry some radiated
energy however this energy is estimated to be less than 10 per cent
of the total energy (Abercrombie 1995; Mayeda & Walter 1996).
Here, £ will denote the S-wave energy. u, the shear modulus, is
taken as 3.4 x 10'° Pa.

E is estimated from the integration of the squared velocity source
spectra (obtained by integration of the acceleration source spectra)
in the frequency domain (Mayeda & Walter 1996)

R
E=—2
4mpvg

f2
x /, s (19)

Here V(f) is computed from the original data, corrected for site
and propagation effects, and averaged for each earthquake over all
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the stations. As most of the energy is radiated at around the corner
frequency, Abercrombie (1995) suggests that /| should be less than
half the corner frequency and that f, should be greater than five
times the corner frequency. Another study (Ide & Beroza 2001)
computed a correction function to account for missing high fre-
quencies in the integration which arises from recording limitations.
The apparent stresses shown in Fig. 8 are all adjusted using the
Ide & Beroza (2001) method; earthquakes which do not fulfill the
condition proposed by Abercrombie (1995) are indicated as open
symbols.

Standard deviations on Brune’s stress drop are estimated from the
corner frequency and seismic moment standard deviations. Simi-
larly, standard deviations on apparent stress are estimated from the
energy and seismic moment standard deviations. Note that the stan-
dard deviations of energy are relatively high. This is because they
combine the uncertainty linked to source spectra retrieval (via path
and site effects corrections) with the uncertainty from averaging the
source spectra over all the stations.

Both Brune’s stress drop and the apparent stress show an increase
with increasing seismic moment (Fig. 8). The increase is almost lin-
ear in a log—log space and flattens towards higher values of seismic
moment. If one extrapolates the results to high magnitudes, then
unrealistically high stress drops would be obtained. Thus this flat-
tening of the curves is expected. Mayeda & Walter (1996) have
already observed a scaling of apparent stress with seismic moment:
0, & M), which can be extrapolated to Brune’s stress drop as-
suming proportionality between apparent stress and Brune’s stress
drop. The scalings observed here are of the same order of magni-
tude. One other interesting result is the regional dependence of the
stress drop, which is lower in the Alps than in the other two regions.
One possible explanation is the pre-dominant extensional regime in
the Alps. This will be discussed later.

4.4 Site effects

4.4.1 Site transfer functions

As shown by previous studies, the site amplifications are the most
stable parameters coming out of an inversion such as the one
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presented in this paper, because they are less sensitive to the trade-
off between parameters (Field & Jacob 1995; Drouet ef al. 2008a).
In addition, several studies (Field & Jacob 1995; Bonilla et al. 1997,
Drouet et al. 2008a; Bindi et al. 2009) have shown similarities be-
tween the calculated site effects from an inversion method, and those
computed using other common methods (such as the spectral ratios
with reference station or the horizontal-to-vertical spectral ratios).
More specifically, Drouet et al. (2008a) have shown a semblance of
the site effects estimated from these different methods at stations
PYLO and OGDH. The inversion results are also similar to the
theoretical amplifications computed from a layered soil model in
Drouet et al. (2008Db).

The main difficulty is in defining the reference used. In this study,
all the spectra have been corrected for crustal amplification using
a generic rock site with a vy = 2000m s~ as the reference. This
methodology allows us to compare the site effects obtained from
independent inversions (i.e. for the three regions). After a first trial
inversion, the stations that are kept in the list of reference stations (as
explained in section 3) are: CALF, ISOL, NBOR, OGAN, OGCH,
OGFB, OGGM, OGLE, OGMU, SAOF and STET for the Alps;
STSM for the Rhine Graben; PYAS, PYLI, PYLL and PYLO for
the Pyrenees. Fig. 9 shows that no systematic bias with distance or
magnitude affect the residuals obtained at the reference stations for
two selected frequencies (1 and 10 Hz). Such bias would be observed

ALPS
1Hz 10 Hz
B
< ] ]
w E i
) B B
< .
s L KIS
o 100 | H i E Eoelel y N
o Eoir E Hi
s = I
b= Lo -
c g 4
a
o] ] ]
o)
SN
2 10
4 - — - —]
z E ]
= 1 L A ]
3 F B - '" B
L g 85T E 3 UL 53823823 Y28k
o Y} QO w Z O 5 Q ] o w
S22 2888383883 H6 S22 383383803856
RHINE GRABEN PYRENEES
1 Hz 10 Hz 1Hz 10 Hz
B B
= 1 [ i =3 ] 1
w 1 T A w | ]
v - () e
c e ]
S ] .
) 100 | E = = ) 100 | = - -
S E E ] ° Eo. ] E E
= 1 ] = b ] ]
S v F HE ] s « ]
c 1 t < c < ]
@ @
v] 1 = 4 v] 4 ]
o) o)
g g
2 10 2 10
4 A R A 4 + 4 L ]
H 1 T ] 2 A E
= 1 F i1 = ] <
s o d ] 3 | 11 ]
= = “ 5 4 O ©w — 4 O
v < < J 3 ur
5 Z £ & EE £ Tz

Figure 9. Distribution of the residuals versus hypocentral distance and magnitude for two frequencies: 1 and 10 Hz, for the reference stations in each region.
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Figure 10. Site transfer functions + one standard deviation for the horizontal component (black line and dark grey shaded area) for the stations in the Alps.
Solid lines indicate the regression of the high frequency part of the transfer functions, which leads to the «-values indicated on top of each frame.

if all the reference stations were affected by strong fall-offs at high ing amplifications greater than 10. The stations in the Rhine Graben
frequencies. area present lower amplifications above 1Hz, however Fig. 11

Figs 10-12 show, for each region, the site transfer functions suggests that high amplification occurs at low frequency (below
for the different stations. The largest amplifications in the fre- 1 Hz). This could be linked to a large-scale structure like the Rhine
quency range 1-5 Hz are obtained for stations in the Alpine Valleys Graben. Some of the Pyrenean stations are also characterized by
(e.g. NALS, NPOR, OGAP, OGBL, OGDH among others), reach- large amplifications below 10 Hz, however the most striking feature
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Figure 11. Same as Fig. 10 for the stations in the Rhine Graben.
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Figure 12. Same as Fig. 10 for the stations in the Pyrenees.
is the high attenuation observed at high frequencies (above 10 Hz) ready accounted for this. The computed values of « are indicated
at most of the stations. Some studies have shown that scattering is in Figs 10-12 next to the station name. For some of the stations,
very strong in this region (Gagnepain-Beyneix 1987) which could we see that the peaks in the transfer function are probably leading
explain the observed rapid high-frequency decay. to a biased « (e.g. NCAD, STST or PYPE). This effect has already

been analysed theoretically by Parolai & Bindi (2004). For a few
stations, the procedure also gave positive slopes, in which case no «
is computed because it would have been a negative value. However,

44.2 Kappa () for most of the stations, a good fit is obtained and the k-values range

From these curves, we also compute the « values by regression of between 0 and 0.05, which is the usual range of variation for «.

the high-frequency part of the transfer functions (/> 10 Hz). Sim- The Anderson & Hough (1984) method has recently been applied
ilar to Anderson & Hough (1984), we model the high-frequency to the French data by Douglas et al. (2010) and the results are
attenuation through exp (—m« ), however in our case the « values summarized in Table 5. Although there is a clear correlation between
are independent of distance since the inversion procedure has al- the x-values from both methods, ours are pre-dominantly lower,
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Table 5. k-values from Douglas et al. (2010)
(from their constrained weighted regression, i.e.
after correction for regional attenuation) compared
to k-values from this study.

Station  « Douglas et al. (2010)  « This study

OGMO 0.035 0.014
OGMU 0.027 0.012
OGSI 0.023 0.010
PYAT 0.016 0.006
PYFE 0.030 0.036
PYLO 0.021 0.008
PYLS 0.008 0.000
PYOR 0.015 0.017
PYPR 0.025 0.028

except for stations PYFE, PYOR and PYPR. The difference may be
the result of data processing and attenuation correction. In our case,
we first separate source, path and site effects using data for all the
stations in the 0.5-30 Hz frequency band. Then in a second step,
we estimate x by regression of the high-frequency part (>10 Hz)
of the site transfer functions. Douglas et al. (2010) used a higher
frequency band from 2-12 to 20-50 Hz depending on the quality
of the data to determine a «, which depends on distance, because it
includes the effect of attenuation. They made attenuation correction
at a regional scale using the slope of the «, distance curves, before
the final x-value for each station is computed. Consequently, the
attenuation correction term is estimated using only high-frequency
data in Douglas et al. (2010). Our results are also likely to be
less affected by source effects, because again the inversion process
deconvolves all the terms.
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Figure 14. Same as Fig. 13 for the stations in the Rhine Graben.

4.4.3 V30

We develop a new method to infer some information about
the mean shear wave velocity over the uppermost 30 m (vy30)-
We have computed the ratios between the generic rock site
amplifications for different vgg-values (shown in Fig. 2) with
respect to the generic rock site amplifications for vy =
2000 ms~'. We then compare these ratios with the inverted site
transfer functions (which are also relative to the generic rock site
amplifications for v,y = 2000 ms~'), corrected for the « effect.
This comparison is shown for the rock stations in Figs 13—15. Then
we assign to each rock station in France the vgo-value that mini-
mizes the misfit between the site transfer function and the generic
amplification curves (see Table 6). A quality criteria, estimated visu-
ally, is also given in Table 6 which describes the level of confidence
we give to the estimated vgo-values (‘+++ for a good fit, ‘++’
for an intermediate fit and ‘+’ for a poor fit).

Our results show that stations identified as rock stations from
superficial geological investigations can be split in three cate-
gories depending on the vgp-value: (1) soft rock: vy from 500 to
1000 m s~!; (2) intermediate rock: v,30 from 1000 to 2000 m s~! and
(3) hard rock: v,39 above 2000 m s~!. From Table 6 it is clear that
stations located on alluvial deposits (BELV), or moraines (PYFO)
are included in the soft-rock category. PYLO is an outlier located
on Moraines but with a relatively high v0(1500 ms™!). This
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Figure 13. Site transfer functions for the rock stations in the Alps after correction of « (black lines) compared with the ratios between generic amplifications
for vg3p = 500, 1000, 1500, 2000 and 3000 ms~! with respect to generic amplification for vy = 2000 m g1 (grey lines).
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Figure 15. Same as Fig. 13 for the stations in the Pyrenees.

Table 6. vg3p-values determined from Figs 13 to 15.

Station vgo (ms~!)  Quality Geology
Alps
ANTI 500 ++ Dolomites (Upper and Middle Jurassic)
BELV 1000 + Alluvium (undetermined age)
BRGM 500 ++ Limestone
CALF 2000 ++ Limestone (Callovian)
ESCA 500 +++ Limestone (Senonian)
ISOL 2000 + Metamorphic crystalline massifs
NBOR 1000 ++ Limestone (Portlandian)
OGAG 1500 + Limestone (Dogger)
OGAN 3000 +4++ Limestone (Barremian, Aptian)
OGCA 500 +++ Limestone (Valanginian)
OGCH 3000 ++ Limestone (Tithonian)
OGDI 500 ++ Limestone (Hettangian, Sinemurian, Pliensbachian)
OGFB 3000 +++
OGGM 3000 ++ Limestone (Pliensbachian, Toarcian)
OGLE 3000 ++ Metamorphic crystalline massifs
OGMO 500 +++ Gypseous formation (Triassic)
OGMU 1000 + Limestone (Oxfordian, Kimmeridgian)
OGSI 1000 +++ Limestone (Barremian, Aptian)
SAOF 3000 ++ Sandstone (Mesozoic)
STET 500 ++ Rock fragments above metamorphic crystalline massifs
Rhine Graben
STSM 1500 ++
Pyrenees
PYAD 1500 + Limestone (Aptian)
PYAS 3000 +++ Gneiss
PYAT 1000 ++ Marlstone (Albian)
PYBA 500 +4+ Limestone
PYBB 1000 ++ Flysh (Albian, Cemonian)
PYBE 1000 ++ Marlstone (Albian)
PYFO 500 +++ Moraines (Wiirm)
PYLI 1000 +++ Limestone (Aptian)
PYLL 3000 ++ Gneiss (Precambrian)
PYLO 1500 + Moraines (Wiirm)
PYLS 1000 ++ Calcareous schistose formation (Carboniferous)
station is located on a slope of a hill and topographic site effects have One interesting station is STET, located on rock fragments above
been observed (strong deamplification above 5 Hz, Dubos 2003). metamorphic crystalline massifs. As Fig. 13 shows, this station ex-
The stations located on metamorphic crystalline massifs (OGLE, hibits high amplification above 2-3 Hz, whereas the part of the
ISOL) or on gneiss (PYAS, PYLL) are in the hard-rock category. curve below 2-3 Hz suggests a high v,;. Finally, for the stations
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Figure 16. Distributions of residuals for the rock stations tabulated in Table 6, computed without site correction (first frame), using a site correction based on
vs30 (second frame), using a site correction based on vg3 and « (third frame) and with a site correction based on the inverted site amplification curves (fourth
frame). On top of each frame, the median and standard deviation of the corresponding normal distribution are shown. The grey distribution in the second frame
corresponds to all the frequencies while the black distribution results from frequencies lower than 10 Hz.

located on limestone, which appear in each of the rock categories,
there is a large variability of the response.

To check the reliability of the vy, estimates, we tried to quantify
the reduction of the residuals linked with the use of these estimates
as a proxy for site effects. We computed modelled spectra using
the inverted seismic moments, corner frequencies and propagation
parameters. Site effects were handled in four ways: no correction;
correction using generic amplification curves based on the com-
puted vy for each station; correction using generic amplification
curves based on the computed v;, for each station plus correction
of k and correction using the inverted site specific amplification
curves. Fig. 16 shows the four distributions of residuals corre-
sponding to these four cases. One can see the reduction in standard
deviation at each step, from 0.35 without site correction to 0.24
with site specific site corrections. From Fig. 16 one can also see
that the correction based on vy, only improves the residuals below
10 Hz (median closer to zero and lower standard deviation), while
the combined correction of vgo and « results in a global improve-
ment for all the frequencies.

Finally, we compare the k—v,3 couples we computed for the rock
stations in France with the results obtained in California by Silva
et al. (1998) (Fig. 17). The uncertainties linked with the estimation
of’both x and v are very high as shown by the error bars in Fig. 17.
Looking at these results one cannot draw a clear conclusion about
the correlation between kappa-values and vg. A recent paper by
Campbell (2009) shows that the kappa-values are strongly depen-
dent on the sediment thickness for soft sites. x may thus also depend
on deep structures at rock sites, which could explain the low level
of correlation with v, a value that describes superficial properties
of the soil.

5 DISCUSSION AND CONCLUSION

We modified the method proposed by Drouet et al. (2008a) to sep-
arate source, path and site effects from the far-field S-wave Fourier
spectra in three different tectonic regions of France (Pyrenees, Alps
and Rhine Graben). The inversion is performed using accelera-
tion spectra instead of the displacement spectra from the original
method, and higher frequencies are now included (30 Hz instead
of 15 Hz). All the spectra are corrected for crustal amplification so
that the reference site is a generic rock site with v,30 = 2000 m s
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Figure 17. Plot of the vg30 versus the k-values (circles) compared with the
relationship derived by Silva et al. (1998). The size of the symbol refers to
the quality of the vy30 as given in Table 6.

The « values are computed by regression of the high-frequency part
(f = 10 Hz) of the transfer functions.

The moment magnitudes resulting from our analysis show a good
agreement, throughout the whole magnitude range, with the avail-
able moment magnitudes determined by the ETH Ziirich. Our in-
verted moment magnitudes are linearly correlated to the local mag-
nitude of French seismological agencies. In the range 2.5-5.5, local
magnitude values are higher than our moment magnitude determi-
nations. This discrepancy increases with the size of earthquakes.
This point has already been observed in Deichmann (2006), Drouet
et al. (2008a) and Edwards et al. (2008). We finally provide the first
complete and homogeneous catalogue of moment magnitudes for
France, for the events with magnitude greater than 3 that occurred
between 1996 and 2006. Propagation and site terms determined in
this study can also be used to estimate the moment magnitudes of
any new event.

We observe an increase with magnitude for both Brune’s stress
drop and the apparent stress. Such increase has already been pro-
posed by Mayeda & Walter (1996) and Kanamori & Rivera (2004)
(Ao o< M%), Resulting stress drops are lower in the Alps than in
the other two regions (Pyrenees and Rhine Graben). This regional
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variation could be explained by differences in the style of faulting.
Events in the French Alps are located in a region with pre-dominant
normal focal mechanisms (Sue et al. 1999; Kastrup et al. 2004).
Events in the Pyrenees and Rhine Graben are usually characterized
by strike-slip or reverse focal mechanisms (Eva et al. 1998; Rigo
et al. 2005).

Our results show a regional dependence of the attenuation (for
both geometric and anelastic attenuation). The Alps area is charac-
terized by higher attenuation than the Rhine Graben or the Pyrenees
areas, a conclusion also reached by Bakun & Scotti (2006) from
their analysis of intensity data. However, large variations in the ab-
solute value of Q lead to similar amplitude decays with distance
(see the different models in Fig. 5). More data are then needed to
constrain accurate values of Q.

The local site transfer functions have been determined and «-
values have been derived for each station. These « determinations
are based on the spectral high-frequency regression of the site trans-
fer functions. An original method to determine vy for the rock
stations is also proposed; comparing the resulting transfer functions
with ratios of generic site amplifications allows us to estimate vgg.

From this analysis, we then provide a vgo range for the rock
stations of the French accelerometric network (see Table 6). Our
individual vgo—« estimates are compared with the Californian rela-
tionship developed by Silva et al. (1998). At first glance, the results
suggest a correlation between vy and . However, considering the
large uncertainties in both vy and « estimates, the correlation be-
comes less clear. Additionally, Campbell (2009) showed that « is
strongly dependent on the thickness of the sedimentary layers for
soft sites. This study provides a methodology to rapidly and easily
estimate vgo and « for any rock station. Such data are needed to
further test any correlation between v, and « and understand the
physical origin of k at rock sites.
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