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Abstract Due to the limited observational datasets available fordéwévation of ground-
motion prediction equations (GMPESs) there is always epigteincertainty in the estimated
median ground motion. Because of the increasing quality qurahtity of strong-motion
datasets it would be expected that the epistemic uncertainground-motion prediction
(related to lack of knowledge and data) is decreasing. Ik shidy the predicted median
ground motions from over 200 GMPEs for various scenariospéoted against date of
publication to examine whether the scatter in the predisti@ measure of epistemic uncer-

tainty) is decreasing with time.

Itis found that there are still considerable differencepredicted ground motions from
the various GMPEs and that the variation between estimatestireducing although the
ground motion estimated by averaging median predictionsughly constant. For western
North America predictions for moderate earthquakes hawe shhigh level of consistency
since the 1980s as do, but to a lesser extent, predictiomsdderate earthquakes in Europe,
the Mediterranean and the Middle East. A good match is obsdretween the predictions
from GMPEs and the median ground motions based on obsamgdtimm similar scenarios.
Variations in median ground motion predictions for staldatmental regions and subduc-
tion zones from different GMPEs are large, even for modezatthquakes. The large scatter

in predictions of the median ground motion shows that epigtaincertainty in ground-
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motion prediction is still large and that it is vital thatshs accounted for in seismic hazard

assessments.

Keywords strong-motion dataground-motion prediction equations (GMPEgpistemic
uncertainty- shallow crustal earthquakestable continental regions (SCRsubduction

zones

1 Introduction

Ground-motion prediction equations (GMPESs) have beenldped since the 196&sind to
date over 250 models for peak ground acceleration (PGA) aad 150 models for linear
elastic response spectral ordinates have been publisfmdy(@s, 2008). During this same
period the quality and quantity of strong-motion data al@d#é to constrain these models
have increased dramatically, particularly in the past texcedies with the occurrence of var-
ious moderate and large earthquakes in well-instrumenteasge.g. Loma Prieta, 1989;
Northridge, 1994; Kocaeli, 1999; Duizce, 1999; Chi-Chi999Parkfield, 2004). These data
have significantly improved the understanding of strongigdbmotion. Epistemic uncer-
tainty in ground-motion prediction is related to a lack ofadand knowledge and can be
large. Within probabilistic seismic hazard assessmerttastbecome standard practice to
account for epistemic uncertainty by using logic trees, efiod the degrees of belief in var-
ious inputs (e.g. Bommer and Scherbaum, 2008). This uniogrtean have a large impact
on the mean probabilities of exceedence. Thanks to thectiolteand analysis of consid-
erable data from recent earthquakes the epistemic unagriaiground-motion prediction
should have been coming down since the 1960s. This artiedsiiyates whether this is true
using a simple technique. It should be noted that the progesdested here probably only
lead to lower bound estimates of epistemic uncertainty —e &ssessments would require
more sophisticated methods and expert judgment. Thideagidends the analysis of Dou-
glas (2010) to other geographical regions and also it giiestihe scatter in predictions of
the median ground motions.

Douglas (2007), Douglas (2010) and Appendix G of Chiou andngs (2008) present
another technigue to assess epistemic uncertainty of drowation predictions: calculation

of the widths of confidence limits based on uncertaintieggression coefficients. As noted

1 Gutenberg and Richter (1956) present some empirical groustibn estimates but these are not true
GMPEs.



by Chiou and Youngs (2008) the computation of confidencetdifioir non-linear functional
forms and non-standard regression techniques (e.g. mandiikalihood) is not straightfor-
ward and requires the development of new techniques. Tarereh this brief article such
an approach has not been attempted.

In the next section, median predicted ground motions frondheds of GMPEs are plot-
ted against publication date to see whether these preactice tending to a single value,
which in the absence of epistemic uncertainty they shounl@ddition, because it is impor-
tant to check consistency between predictions and obsemgato these graphs are added
the median ground motion (and its confidence limits) for thasidered scenarios based
on strong-motion records from a large databank. Strassar(2009), following Douglas
(2003), show that aleatory variabilities associated witipiical GMPEs do not show much
variation with time and are generally betwee@®and 035 in terms of common (base 10)

logarithms. Therefore, this aspect of consistency is nainsidered here.

2 Comparing ground-motion predictions

The empirical ground-motion models up to the end of 2008 sarired in the reports of
Douglas (2004, 2006, 2008) have been programmed. Somerautbmot report the coef-
ficients of their models or the original reference of the niaaild not be retrieved and,
therefore, a few of the listed GMPEs were not coded. In tof&l @mpirical GMPEs are
considered here. In addition, 26 models (generally forlstabntinental regions, SCRs)
based on ground-motion simulations, often the stochasitiod but sometimes the hybrid
empirical-stochastic method (Campbell, 2003) or the ezfeed-empirical approach (Atkin-
son, 2008), were also included in this analysis (some ofthesdels provide multiple sets
of coefficients to account for epistemic uncertainty, whielve been considered in the anal-
ysis for SCRs). When sufficient information exists the d#feces in independent variables
(e.g. magnitudes, style-of-faulting, horizontal companaefinition and source-to-site dis-
tance) between models have been minimized using the metimtlsquations discussed in
Bommer et al (2005) and Beyer and Bommer (2006). Many (p4daity early) studies do
not provide sufficient information on, for example, magdéuscales used or definition of
horizontal component so these adjustments could not be.rfageefore, the predictions
shown for some models could be in error by up to 20% but thisishaot affect the overall

behaviour.



For this article, models have been adjusted to: moment rhadgmifM,,), distance to
the surface projection of the rupture (Joyner-Boore dis#uf jp), vertical-dipping strike-
slip faulting and the geometric mean of the two horizontahponents. The size of the
rupture plane and other additional parameters needed loatd@asome of the models have
been computed using the methods given in Chapter 7 of CaimgilBozorgnia (2007).
To compute the epicentral and hypocentral distances thedeypre has been assumed to
be at one end of the fault at a depth of 10km and the site halfal@yg the fault. Only
two strong-motion intensity parameters are considered:HeGA and (pseudo)-spectral
acceleration (SA) at 1s natural period and 5% damping. Someséts (e.g. Joyner and
Boore, 1981) have become standards for the testing of neessign techniques; this could
lead to an apparent underestimation of the true uncertairgyound-motion predictions in
the following graphs. For easy comparison, in following figgithe maxima of the y-axes

are always 25 times the minima.

2.1 All GMPEs

Figure 1 presents the predicted PGAs and Bg)s from all programmed GMPESs against
publication date for #,,6 strike-slip earthquake recordedrgf = 20km on a site classified
as NEHRP class C (Eurocode 8 class\&)p = 490nys, Boore and Atkinson (2008)]. This
scenario was considered since it is roughly the best-repted scenario in global strong-
motion databases (e.g. Bommer and Scott, 2000) and henaitpons from GMPEs are
becoming more similar then it should be noticeable for suskeemario. A few predicted
ground motions are off the graphs shown on Figure 1 oftendegttapolating a model far
outside its range of applicability. Figure 1 shows that tispersion in predicted earthquake
ground motions from different GMPEs is large (the ratio kestw the smallest and largest
predictions is greater than ten) and that this scatter isobwiously reducing with time
(even when considering only models passing basic qualityrabcriteria). As a measure of
this the standard deviation of the common logarithm of meedistimates for each five-year
interval are computed: for both PGA and 84) these standard deviations are arourl 0
Also roughly constant are the average PGA and SA(1s) over.tim

Assuming that predictions from GMPEs from all regions wélhdl to a single value over
time makes the assumption that regional dependence ofdrootions (e.g. Douglas, 2007)

is minimal. However, this assumption is the focus of stroagate in the literature [e.g. see



references in Douglas (2007)]. In addition, Figure 1 plongnmodels that do not pass
basic quality assurance criteria concerning peer-re\peslication of basic information on
the underlying dataset, independent and dependent paeanaeid extrapolation far outside
the range of applicability of the model (e.g. Cotton et alD@0 These issues complicate
the use of Figure 1 when looking for a reduction in epistenniceutainty. Therefore, it was
decided to conduct the analysis for smaller geographicabns for which many models
exist: western and eastern North America (WNA and ENA), Bardhe Mediterranean and
the Middle East (EMME) and subduction zones; and also teatdithose models that were
published in peer-reviewed international journals an@ ¢pasic details of the datasets used

for their derivation [criteria 2 and 3 of Cotton et al (20Q6yhich act as basic quality control.

[Fig. 1 about here.]

2.2 Western North America (WNA)

Epistemic uncertainty in ground-motion prediction is kekto the quality and quantity of
available strong-motion data. Therefore, given an abundata set, predictions for a con-
sidered scenario should match the average ground moti@ma@asfor that scenario. Hence,
in addition to plotting the predictions from various GMPHs median ground motion for
the considered scenario obtained from a large (over 13 @@29de from over 2 500 events)
strong-motion database [the data from the Internet Sité&etoppean Strong-motion Data
(ISESD) (Ambraseys et al, 2004) with the addition of manyedmmgrams from WNA and
elsewhere (e.g. Chiou et al, 2008)] are shown up to a given, d&e median should track
the predictions and the variability in the median shoula alkow a reduction. Note that
the variability in the median is not the same as the aleatariahility in an individual es-
timated ground motion [modelled by the standard deviatoie.g. Strasser et al, 2009)]
since given enough data the median can be well predictethewiariability in an individual
estimate will remain high due to the complexity of earthcqugkound motion generation
and propagation (e.g. Douglas, 2007). The variabilitiethefmedians are computed here
by dividing the standard deviation byn, wheren is the number of records used to com-
pute the standard deviation. When constructing the strootien database employed here
particular attention was given to the collection of datarfrehallow crustal earthquakes in
active tectonic regions. Therefore, medians and vartasliare only plotted on the graphs
for WNA and EMME and not on the graphs for ENA (a stable conttakregion, SCR)



nor for subduction zones. The medians and their variaslitvere computed by considering
the available data within.B-M,, units and 10km of the scenario of interest and excluding a
consideration of local site conditions and style of fagtitt could be argued that these bins
are too broad and that a consideration of local site effdutsild have been made. How-
ever, given the limited data available, particularly ¥y, > 7, narrow bins would lead to
statistics based on few records from only a handful of eadkgs. Tests were made using
narrower bins (within @5-M,, units and 5km of the scenario of interest) and considering
only records from NEHRP C classes and similar results wetairdd but based on much
smaller sample sizes, particularly before 1990. The megliannd motions computed from
averaging data within broad bins should not be stronglycédfby the width of the bins but
the variabilities of these medians may be slightly oveneated.

Figure 2 shows the results of the analysis for WNA for the adenM,6 atr j, = 20km.
This figure does not clearly show a decrease in the scatteedigbed ground motions after
about 1980 [the narrowing of the limits at that time could bkated to the occurrence of
the Imperial Valley earthquake in 1979, which significantigreased the amount of near-
source strong-motion data available (e.g. Joyner and Bd®@®&1)]. Standard deviations
of the median PGAs and SA(1s)s equal roughl¥ (half of the value when considering
all equations). The median ground motions and their condieldimits obtained from av-
eraging observations match the predictions from the GMRHs® gvell although they are
slightly higher. The confidence limits from the observasi@ne narrower than the scatter in
the predictions from the GMPEs, which suggests that thetian in predictions from GM-
PEs could be slightly over-estimating the actual uncetydimthe prediction of the median

ground motion for this scenario.
[Fig. 2 about here.]

Figure 3 repeats the exercise for the scenbfj.5 atr;, = 10km, for which obser-
vational strong-motion databases are still limited. Asestpd the scatter in predictions for
this scenario shows a slight decrease with time, partisularthe past decade when more
data to constrain predictions for larger magnitudes becawvadable. In addition, the pre-
dictions from the GMPEs show a greater scatter (standartitav of roughly 015) for
this scenario than favl,,6 atrj, = 20km since there are still few records to help modellers
constrain their GMPEs in the near-source region of largenitades. Large outliers are in-

variably attributable to extrapolation of models outsideit strict range of applicability and



the use of point-source distance metrics. The median growiins based on the averaging
of observations match the predictions reasonably welbalh they are below the predic-
tions from the GMPEs. Recent data from large earthquakegs @hi-Chi, 1999; Kocaeli,
1999; Denali, 2002) have shown lower ground motions tharebeal (e.g. Ellsworth et al,
2004), which is in line with the observations made here. lfdtethe previous scenario the
confidence limits on the medians from the averaging are wairthan the scatter in the pre-
dictions from the GMPEs. This is partly due to multiple ratofrom the same earthquake
being used to compute these averages, which could lead toderastimation of the true

variability in the medians.
[Fig. 3 about here.]

It is not just for large earthquakes that there is considerapistemic uncertainty in
ground-motion predictions. Figure 4 shows the resultsHerscenaridv,,5 atrj, = 10km,
which shows similar scatter to the scenavla?7.5 atrj, = 10km. The median ground mo-
tions from averaged observations match the predictioms fhe GMPEs quite well although

they are slightly lower.

[Fig. 4 about here.]

2.3 Europe, the Mediterranean and Middle East (EMME)

Over the past three decades many dozens of GMPEs have bdehedbor the EMME,

either combining data from many countries within this regiw using only from a specific
country (or part of a country) (e.g. Bommer et al, 2010b)haigh until recently there
were few published models for spectral ordinates. Figure® &d 7 show the results of
the same analysis as was performed for WNA. Compared witltaheesponding graphs
for WNA the scatter in predictions of the median PGA and SA(@re greater (standard
deviations roughly @5 for M6 at 20km and about.®5 for M,,7.5 at 10km andV,,5

at 10km) although there is some evidence that prediction®@A are becoming more
consistent (since about 2000) as data coverage improveslafe scatter in predictions
for My 7.5 atrj, = 10km is evidence of the lack of available data for such a sezfram

EMME. This strongly suggests the need to introduce data fotmer regions (e.g. WNA)
into datasets used to derive GMPEs for EMME in order to betbestrain predictions near

to the source of large earthquakes. As has been recently bgiefor example, Douglas



(2007) and Bommer et al (2010b) there is no strong evidenca &ignificant difference
in ground motions from moderate and large shallow crustéhgaakes between WNA and
EMME and, therefore, it is more defensible to combine dasfsem different regions when
deriving empirical GMPEs. The large scatter in predictifmsthe scenaridvly,5 at 10km

is surprising since strong-motion databases for EMME atgeri at small magnitudes than
at large magnitudes. Some of this scatter could be due toendepce of median ground
motions on region for different parts of EMME because datanfsmall earthquakes may
display strong regional variations (e.g. through streep differences) even when data from
larger events does not show such regional dependency (&igsén and Morrison, 2009;
Chiou et al, 2010).

[Fig. 5 about here.]
[Fig. 6 about here.]

[Fig. 7 about here.]

2.4 Stable continental regions (SCRs)

Figures 8 and 9 show the results of a similar analysis for S@Rsnly ENA). Note that
unlike the previous figures, the vast majority of predicsiguiotted come from simulation-
based GMPEs rather than empirical GMPEs due to the lack ohgtmotion data from
this region. This means that the variation amongst premtistis more under the control
of the GMPE developers since they define the parameters agésaised to develop the
simulations that are the basis of these relations. Bottetfigares show that there has not
been much decrease in the variation between predictions tihe GMPEs for SCRs over
the past 25 years. In addition, the difference between gtieds for SCRs is higher than
for WNA (standard deviation of the median predictions isgialy 0.2). These findings are
in line with expectations since there are still only a hahdfurecords from SCRs from
earthquakes witMy, > 6 that can be used to constrain predictions (e.g. AtkinsdrBaore,
2006). It is surprising that the scatter in PGA predictioos the M,,7.5-10km scenario
is not greater than the scatter for the smaller event at greligtances since there are no
records from SCRs available for such a scenario. This styagygests that the variation
in predictions from GMPEs for SCRs is underestimating thie &pistemic uncertainty in

the prediction of ground motions for large events in sucloreg A similar conclusion was



reached by Atkinson (2007). Note that due to higher averagssdrops4o) in SCR
earthquakes and lower pat)(and site k) attenuation in stable regions, median high-
frequency ground motions (e.g. PGA) are higher than thosetine areas (e.g. WNA and

EMME) (e.g. Campbell, 2003). This can be seen by compariggres 2 and 8, for example.
[Fig. 8 about here.]

[Fig. 9 about here.]

2.5 Japan (subduction zones)

The final geographical region considered here is Japanhwiags a long history of strong-
motion recording and for which many GMPEs have been derilre@ddition to models
derived specifically for Japan, models derived for subduactiones in general are also con-
sidered since the majority of these are heavily based oméapadata. Since most strong-
motion data from Japan are from subduction events preditioe compared for an interface
event with a dip of 15. Two scenarios are consideréd;,6.5 at at rupture distance;(,) of
50km, which is roughly the centre of the magnitude-distadis#&ibution of subduction data
used by Atkinson and Boore (2003) and therefore where pgied&should be most similar,
andM,8 atryyp = 20km, for which little data is available. Again a NEHRP cl&site is
assumed. As mentioned above the strong-motion databadkarsehis analysis is not rich
in records from subduction-zone earthquakes and, thergboedictions are not compared
to observations in this section.

Figures 10 and 11 show that recent GMPEs for Japan and sidndaohes show slightly
more consistency than GMPEs from the 1990s or earlier btithleae is still considerable
scatter in the predictions of the median PGA and SA(1s) evea §cenario such &8,6.5
at 50km for which considerable data exists. The variatiothépredictions is higher than
those for WNA (standard deviation of the medians is roughB/for PGA and about Q
for SA(1s) forMy6.5 at 50km). As expected, due to the lack of observations frimsec
to large interface earthquakes there is more variationemtledian predictions fdvl,,8 at

20km (standard deviations of roughly3) than for the other scenario.
[Fig. 10 about here.]

[Fig. 11 about here.]
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3 Conclusions

In this article the expected reduction in epistemic undetyan earthquake ground-motion
prediction thanks to the accumulation of data and knowlddgebeen indirectly assessed by
examining the dispersion in predicted ground motions framlished GMPEs. This analy-
sis has shown that although epistemic uncertainty seenesredoicing slightly for moderate
events, there is still large uncertainty in the estimatibground motions even for scenarios
that are well represented in strong-motion databanks K&. atrj, = 20km for shallow
crustal events an,6.5 atr.,, = 50km for interface subduction earthquakes). For WNA
the epistemic uncertainty in the median PGA is roughly 25%n@ the standard deviation
of 0.1 computed over recent five-year intervals) for moderatthgqaakes. For EMME it is
higher (roughly 40% using the computed standard deviati@l®). For areas with limited
datasets, e.g. SCRs, the uncertainty in the median groutidmags higher (factors of three
between predictions from different models are not uncommionaddition, even with the
accumulation of large datasets from subduction zonesi(eJgpan) there is still large vari-
ation in predicted ground motions from, even moderate, gctimh earthquakes. The results
presented in this article clearly demonstrate that evethfobest-investigated regions (e.g.
WNA) that epistemic uncertainty in ground-motion prediatis real and must be accounted
for in seismic hazard assessments through the use of neuttiptiels capturing the range of
possible median ground motions and their associated ajeadabilities. Methods for the
selection and adjustment of appropriate GMPEs are disdussdor example, Cotton et al
(2006) and Bommer et al (2010a).
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Fig. 1 Predicted PGA and SA(1s) (unfilled black circles) fdvig6 strike-slip earthquake af, = 20km on

a NEHRP C site against publication date for over 250 modetdighed in the literature. Filled red circles
indicate models published in peer-reviewed journals andvfich basic information on the used dataset is
available. Also shown are the median PGA and SA(1s) withiyigar intervals (black line) and the median
+1 standard deviation (dashed black lines) based on averagatlictions.
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Fig. 2 Like Figure 1 but only for WNA models. Also indicated are thedian ground motions (solid blue
line) and their 16th and 84th confidence limits (dashed bhe) lbased on averaging records up until that
date (see text for details). Up until the end of 2005, 253 néérom 56 earthquakes were used to compute

these averages.
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Fig. 3 Like Figure 2 but foM,,7.5 atrj, = 10km. Up until the end of 2003, 129 records from 15 earthgsiake
were used to compute these averages.
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Fig. 4 Like Figure 2 but forMy,5 atrj, = 10km. Up until the end of 1998, 51 records from 30 earthquakes
were used to compute these averages.
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Fig. 5 Like Figure 2 but only for EMME models.



20

SA(1s) (9)

0.1 1 1 1 1 J
1960 1970 1980 1990 2000 2010
Publication date

Fig. 6 Like Figure 3 but only for EMME models.
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Fig. 7 Like Figure 7 but only for EMME models.
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Fig. 8 Like Figure 1 but only for SCR models and for very hard rogksp = 2.8km/s).

2010
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Fig. 9 Like Figure 8 but forMl, 7.5 atrj, = 10km.
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Fig. 10 Like Figure 1 but for arM,,6.5 interface event at,p, = 50km and only for Japanese or subduction-
zone GMPEs.
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Fig. 11 Like Figure 10 but for aiM,,8 interface event at p = 20km.



