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The Influence of Magnitude Range on Empirical
Ground-Motion Prediction

by Julian J. Bommer’, Peter J. Stafford, John E. Alarcén, and Sinan Akkar

Abstract A key issue in the assessment of seismic hazard in regions of low-
to-moderate seismicity is the extent to which accelerograms obtained from small-
magnitude earthquakes can be used as the basis for predicting ground motions
due to the larger-magnitude events considered in seismic hazard analysis. In essence,
the question is whether empirical ground-motion prediction equations can be applied
outside their strict range of applicability as defined by the magnitude and distance
ranges covered by the datasets from which they are derived. This question is explored
by deriving new spectral prediction equations using an extended strong-motion da-
taset from Europe and the Middle East covering the magnitude range M, 3.0-7.6 and
comparing the predictions with previous equations derived using data from only
M,, 5.0 and above events. The comparisons show that despite their complex func-
tional form, including quadratic magnitude-dependence and magnitude-dependent
attenuation, the equations derived from larger-magnitude events should not be extra-
polated to predict ground motions from earthquakes of small magnitude. Moreover,
the results suggest not only that ground-motion prediction equations cannot be used
outside the ranges of their underlying datasets but also that their applicability at the
limits of these ranges may be questionable. Although only tested for smaller magni-
tudes, the results could be interpreted to suggest that predictive equations also cannot
be reliably extrapolated to higher magnitudes than those represented in the dataset
from which they are derived, a finding that has important implications for seismic
hazard analysis.

The conclusion of the study is that empirical derivation of ground-motion pre-
diction equations should be based on datasets extending at least one unit below
the lower limit of magnitude considered in seismic hazard calculations. The inclusion
of small-magnitude recordings results in a significant increase in the aleatory varia-
bility of the equations, although it is yet to be established whether this is due to greater
uncertainty in the associated metadata or whether ground-motion variability is gen-
uinely dependent on earthquake magnitude.

Introduction

The smallest earthquakes for which there are reliable
reports of appreciable damage to the built environment
have had moment magnitudes slightly greater than M, 5
(Bommer et al., 2001). Consequently, the focus of engineer-
ing seismology has been primarily on moderate-to-large
events, except for special circumstances such as considera-
tion of the hazard and risk posed by induced seismicity (e.g.,
Bommer et al., 2006; van Eck et al., 2006). Probabilistic
seismic hazard analysis (PSHA) imposes a lower magnitude
limit on the integrations across scenarios in order to exclude
contributions to the hazard associated with high-frequency
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ground-motion amplitudes from earthquakes considered to
be too small to be of relevance to engineering design. This
is reflected in the ranges of magnitude covered by the strong-
motion datasets used for the derivation of empirical ground-
motion prediction equations: the vast majority of equations
derived for western North America since 1981 have had a
lower magnitude limit (using various scales) of 5.0 (Douglas,
2003a). Whereas in other parts of the world, such as Europe,
some equations have been derived using data from earth-
quakes of magnitude 4 and above (e.g., Ambraseys et al.
[1996] using M), recent equations in this region have also
adopted the lower limit of M, 5 (Ambraseys et al., 2005;
Akkar and Bommer, 2007a,b). Some other studies, how-
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ever, have derived equations from datasets based entirely on
recordings of small-to-moderate magnitude earthquakes
(Theodulidis, 1998; Bragato and Slejko, 2005; Frisenda
et al., 2005). These studies have all concluded that equations
derived from larger-magnitude earthquake recordings sys-
tematically overestimate the ground motions produced
by smaller-magnitude events. Dost et al. (2004) reached a
similar conclusion in exploring the ability of widely used
empirical equations to estimate the peak accelerations and
velocities recorded from small-magnitude events in The
Netherlands.

The discrepancies between ground-motion prediction
equations derived from small- and large-magnitude record-
ings have recently been explored by F. Cotton et al. (unpub-
lished manuscript, 2007) using Kik-net data from Japan. This
study concludes that the differences are due to two factors:
motions from smaller-magnitude recordings decay more
rapidly, and magnitude scaling of ground-motion amplitudes
decreases with increasing magnitude. Some other studies,
however, have compared the predictions from equations de-
rived using recordings from moderate-to-large magnitude
events with recordings from small-to-moderate events and
have concluded that the overestimation of the latter by the
former is due, amongst other explanations, to regional differ-
ences in ground motions (e.g., Marin ef al., 2004). The issue
is of great importance in PSHA for safety-critical projects
such as nuclear power plants in regions of low-to-moderate
seismicity where there are only strong-motion recordings of
relatively small events, as is the case, for example, in Central
Europe (Cotton et al., 2006). Scherbaum et al. (2004) found
that the only region-specific equation for Central Europe, de-
rived from small-magnitude events, provided poorer predic-
tions of recordings from the M, 4.8 St. Dié earthquake of
February 2003 than many equations from other regions.

In this study, we explore the issue of extrapolating
ground-motion predictions from small-to-large magnitude
earthquakes by performing a simple experiment in the oppo-
site direction. A strong-motion dataset covering magnitudes
from M, 5.0 to 7.6 has recently been used to derive equa-
tions for the prediction of response spectral ordinates in Eur-
ope and the Middle East (Akkar and Bommer, 2007b). The
dataset is extended to include recordings from earthquakes as
small as M, 3.0, and new equations are derived using ex-
actly the same functional form and regression techniques.
The predictions from the two sets of equations, nominally
valid for different magnitude ranges, are then compared, par-
ticularly for small magnitudes where only the new equations
are constrained by the data.

Data and Regression Analysis

Akkar and Bommer (2007b) present equations for the
prediction of response spectral ordinates at periods from
0.0 to 4.0 sec, for damping ratios of 2%, 5%, 10%, 20%,
and 30% of critical, derived from strong-motion accelero-
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grams from Europe and the Middle East. The dataset, which
is essentially the same as that used by Ambraseys et al
(2005), consists of 532 recordings obtained at distances
up to 100 km from 131 earthquakes with magnitudes ranging
from M, 5.0 to 7.6. The characteristics of the strong-motion
data set are presented together with predictive equations for
peak ground velocity (PGV) in Akkar and Bommer (2007a).
In the same paper, the selection of the following functional
form for the equations is also presented:

logo[PSA(T)] = by + byM,, + b3M3,

—+ (b4 + bsMW) loglO HR_?b + b%

+ f(S. F), )

where f(S,F) = b;Sg + bgSa + boFy + byoFg, in which
PSA(T) is the geometric mean of the two horizontal compo-
nents of 5%-damped pseudospectral acceleration in units of
cm/sec? (and T is the period in sec); R j» 18 the Joyner—Boore
distance (see Abrahamson and Shedlock, 1997) in km; S
and S, are dummy variables taking values of 1 for soft soil
(Vg0 < 360 m/sec) and stiff soil (360 < V39 < 750 m/
sec), respectively, and are O otherwise; and Fy and Fp are
similar variables taking a value of unity for normal and re-
verse faulting events, respectively, and are 0 otherwise.

The European Strong-Motion Database (Ambraseys
et al., 2004) was searched for events smaller than M, 5.0
obtained at distances of 100 km or less, for which site clas-
sification of the recording stations and the style of faulting—
as defined by Akkar and Bommer (2007a)—for the causative
rupture were available. The smallest event for which a record
was found was M, 2.0, but only 11 accelerograms were
retrieved from earthquakes smaller than M, 3.0 and so this
was taken as the lower limit. A total of 465 records from
158 earthquakes were added to the dataset, bringing the
total database for the regressions to 997 recordings from
289 events.

The basic information on the earthquakes generating
these records is presented in Table 1, and the distribution
of the data with respect to magnitude, distance, and site clas-
sification is presented in Figure 1. Although equation (1) is
defined in terms of the Joyner—Boore distance, for these
small-magnitude recordings only epicentral distances are
available, but for events smaller than M, 5.0, the two dis-
tance metrics can be considered equivalent by virtue of
the small dimensions of the fault ruptures.

The data can be seen to be well distributed with respect
to magnitude, distance, and site classification, although for
M, <4.0 the data are sparse at distances greater than 40 km.
Seventy-five recordings are from soft-soil sites, 173 are from
stiff-soil sites, and the remaining 217 are from rock sites. The
distribution with respect to the style of faulting is less even,
with just 24 records from reverse earthquakes, 140 from
strike-slip earthquakes, and the remaining 291 from normal
ruptures. This means that the uneven distribution among the
styles of faulting is exaggerated in the extended magnitude
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Figure 1. Magnitude—distance distribution of small-magnitude recordings added to the dataset; symbols indicate the site classification.

range dataset; whereas for the larger events used by Akkar
and Bommer (2007b) reverse faulting earthquakes were re-
sponsible for about 18% of the total, in the extended dataset
they account for just 12% of the recordings.

Examination of Table 1 can give the impression that the
additional data is predominantly from Greece, which might
represent a regional bias in the data. However, although there
are a large number of Greek earthquakes contributing record-
ings to the smaller-magnitude data, these events are mostly

associated with just one or two accelerograms. Figure 2
shows the geographical distribution of the data; it may be
appreciated that the distribution of the extended dataset is
not particularly different from that of the original dataset
of Akkar and Bommer (2007b) except for the addition of
recordings from four countries of low-to-moderate seismicity
(France, Germany, Spain, and Switzerland) and the inclusion
of far fewer records from the most active countries (Iran,
Turkey).

Albania
Algeria
Armenia
Cyprus
Egypt
[ France
Georgia
Germany

Iceland
Iran
Israel

Lebanon
Portugal

' Saudi Arabia
Serbia-Montenegro
Slovenia
Spain
[ Switzerland
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Uzbekistan
1

3.0<M,, <5.0data

B 50<M, <7.6data

Greece

Italy

0 100

200 300

Number of records

Figure 2.

Geographical origin of the extended dataset.
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Akkar and Bommer (2007b) developed equations for the
prediction of spectral ordinates at response periods up to
4.0 sec by carefully reprocessing the strong-motion accelero-
grams and applying consistent criteria regarding the usable
period range of the filtered records (Akkar and Bommer,
2006); the number of usable records consequently decreased
with the increasing response period, and beyond 4.0 sec
the number of records was considered insufficient to reli-
ably constrain the regressions. The additional records from
smaller-magnitude events were adopted as processed routi-
nely for the European Strong-Motion Database, which
means that they were filtered with a low-frequency cutoff
at 0.25 Hz. On this basis it was decided that spectral ordi-
nates at periods up to 0.5 sec could be reliably calculated,
and because the new equations are derived purely for com-
parative purposes, this period range was considered suffi-
cient. The usable period range of the data could easily be
extended to 2 sec, but it is not the purpose of this study
to provide new equations for application; for exploring
the influence of extending the lower magnitude limit on
the predictions, the short-period motions are of most rele-
vance. Regressions on equation (1) were performed using
the complete extended dataset, following exactly the same
procedures as employed by Akkar and Bommer (2007a,
b); the resulting coefficients for 5%-damped spectral ordi-
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nates and the magnitude-dependent standard deviations are
presented in Tables 2 and 3, respectively.

Figure 3 shows examples of median values of the spec-
tral acceleration at 0.5 sec predicted by the new equations,
for various combinations of magnitude, distance, style of
faulting, and site classification. The plots show that the pre-
dictions follow expected patterns, with motions on soft-soil
sites being greater than those on stiff-soil sites and similarly
those on stiff-soil sites being greater than those on rock. Re-
verse faulting earthquakes are seen to generate stronger
motions than strike-slip and normal ruptures, which produce
almost identical motions, as found by Bommer ez al. (2003).
These trends are all consistent with the original equations of
Akkar and Bommer (2007b). On the basis of these observa-
tions it can be concluded that the new equations are robust
and reliable and can be used with confidence to predict
ground motions over a wide range of magnitudes.

Comparisons with Equations for
Limited Magnitude Ranges

Figure 4 compares the new equation for peak ground
acceleration (PGA) with that of Akkar and Bommer (2007b)
for M, 3—7 and for distances up to 100 km. The plot shows
that the new equations cap>ture a much stronger nonlinearity

Table 2
Regression Coefficients of Equation (1) Obtained Using the Extended Dataset
T (sec) by b, by by bg b, by by byg
0.00 0.0031 1.0848 —0.0835 —2.4423 0.2081 8.0282 0.0781 0.0208  —0.0292  0.0963
0.05 0.4251 1.0246 —0.0793  —2.5379 0.2128 8.1789 0.0425 —0.0075 —0.0385  0.1056
0.10 —0.4749 13892 —0.1107 —2.5861 0.2224 89151 0.0292 0.0129  —0.0514  0.0985
0.15 —1.4596 1.6752 —0.1298 —2.4580 0.2067 9.0852  0.0269 0.0280 —0.0498  0.0962
020 —2.2362 1.8453 —0.1386 —2.3159 0.1909 85791  0.0609 0.0294  —0.0319  0.0955
025 —2.8890 19277 —0.1380 —2.0382 0.1547 7.1914 0.0910 0.0404 —0.0361  0.1002
030  —3.3622 2.0013 —0.1391 —1.8741 0.1294 6.7018 0.1132 0.0416  —0.0314  0.1075
035 —-3.6122 20029 —0.1348 —1.7689 0.1148 6.2981 0.1362 0.0578 —0.0163  0.1103
040  —3.7495 19803 —0.1289 —1.6834 0.1000 62095 0.1704 0.0776  —0.0122  0.1175
045  —3.8277 19645 —0.1263 —1.6849 0.1019 6.1421  0.1928 0.0971  —0.0099  0.1172
050  —=3.9037 19273 —0.1197 —1.6129 0.0904 6.0412  0.2054 0.1140 0.0000  0.1069
Table 3
Intra- and Interevent Components of Aleatory Variability (with Standard Errors)
T (sec) Intraevent (o) Interevent (o)

0.00  0.599(40.041)-0.058(40.008)M.,,
0.05  0.578(£0.046)-0.052(%0.009)M,,
0.10  0.642(40.046)-0.063(%0.009) M,
0.15  0.652(40.049)-0.064(£0.009)M,,
020 0.690(£0.046)-0.070(%0.009)M,,
025  0.630(40.045)-0.059(%0.009)M,,
0.30  0.584(40.051)-0.051(£0.010)M,,
035 0.525(£0.053)-0.040(£0.010)M,,
040  0.471(£0.051)-0.030(£0.010)M,,
045  0.465(£0.053)-0.029(£0.010)M,,
0.50  0.423(£0.053)-0.021(&0.010)M,,

0.323(£0.075)-0.031(£0.014) M,
0.330(=£0.081)-0.030(£0.015)M,,
0.386(=£0.077)-0.038(£0.015)M,,
0.413(2£0.078)-0.040(£0.015)M,,
0.420(=£0.076)—-0.043(£0.014)M,,
0.386(=£0.074)-0.036(£0.014) M,
0.372(£0.079)-0.033(£0.015)M,,
0.346(=£0.080)—-0.026(£0.015)M,,
0.322(£0.075)-0.020(£0.014) M,
0.316(=£0.078)-0.019(£0.015)M,,
0.293(=£0.077)-0.014(£0.015)M,,
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in the magnitude scaling but a much weaker magnitude de-
pendence of the geometric spreading (attenuation).

Figure 5 shows the ratios of median spectral ordinates
obtained from the equations of Akkar and Bommer (2007b)

100

PGA (cm/s?)

= This study

| | =e=ee——— Akkar & Bommer (2007b)
0.1 [ [
1 2 10 20 100
Ry, distance (km)
Figure 4. Comparison of predicted median values of PGA for

strike-slip ruptures and rock sites from the Akkar and Bommer
(2007b) equation and the new equations for extended magnitude
range for various combinations of magnitude and distance. The Ak-
kar and Bommer (2007b) values are drawn as dashed lines outside
their range of applicability.

and the new coefficients derived using the extended dataset at
four response periods for five magnitudes and distances up
to 100 km. A number of interesting observations can be made
because for M,, 5, 6, and 7 one might expect the equa-
tions to predict very similar values. The first and most ob-
vious observation is that for small magnitudes, well beyond
the lower limit of applicability of the equations of Akkar and
Bommer (2007b), the equations based on larger magnitudes
result in gross overestimation of the ground motions. The
overestimation decreases with increasing distance from the
source, but for the smallest magnitude (M, 3) over distances
of greatest engineering interest (< 25 km), the spectral ordi-
nates are overestimated by factors of between 2 and 13.

This comparison demonstrates very clearly that simply
using a functional form that appropriately reflects the non-
linear magnitude scaling and the magnitude dependence
of the geometrical spreading does not necessarily mean
the resulting equation can be used outside the range covered
by the underlying dataset. Indeed, it would seem that unless
the dataset itself covers a sufficiently wide range of magni-
tudes, the scaling and attenuation dependencies are not
fully captured.

This leads to the next observation, which is that at mag-
nitude M, 5, which is the lower limit of the data used by
Akkar and Bommer (2007b), the equations do not agree,
with the larger-magnitude equations predicting ordinates
consistently 1.5 to 2 times greater than the extended range
equations. This is interpreted as also being due to the limited
magnitude range of the Akkar and Bommer (2007b) equa-
tions not allowing the scaling and attenuation dependencies
on magnitude to be fully captured. This could be interpreted
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as a kind of edge effect, indicating that an empirical equation
may not actually be robustly applicable at the limiting mag-
nitude values of the dataset. Figure 6 shows the residuals of
records from events in the range M, 4.9-5.1 compared with
the predictions for M, 5.0 from Akkar and Bommer (2007b)
and the new equations. Although the differences are small,
the plots do confirm that the equations for which this mag-
nitude is the limiting value of the dataset are less able to
predict the motions and in fact tend to overestimate the
accelerations.

The troubling implication of this observation is that the
same is likely to be true at the upper limit of magnitude, and
PSHA very often requires equations to be used for the esti-
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mation of ground motions from earthquakes larger than those
represented in the dataset. The existence of this edge effect in
the upper magnitude range is supported by the fact that at
M, 7 the extended range equations predict higher values
than those obtained from Akkar and Bommer (2007b). Ad-
ditional evidence for edge effects is provided by the fact that
for M, 6, which is well inside the magnitude ranges of both
equations, the ratios of predicted ordinates for strike-slip
events and rock sites (both of which are well represented
in the datasets) are very close to unity.

Figure 7 compares the median 5%-damped response
spectral ordinates from the new equations with those from
Akkar and Bommer (2007b) and from Bragato and Slejko



2160

(@) 1000 |
E O Observed
o) = This study M, 5.0
(90 Akkar & Bommer (2007b) M,,5.0
100 P8
— E
@
IS
o
< :
S 10 3
o
1
r (0]
" 1 " 1 " 1 " 1
0 20 40 60 80 100
Ry, distance (km)
Figure 6.

J. J. Bommer, P. J. Stafford, J. E. Alarcén, and S. Akkar

B)_, 1

o)
i) o O 2
9O 8
® 05 [ £ Q

4 el B

L\ Pay YEY

% O ) C§ 9] é%y o 5
o 080 (& o 9
GEJ 0 —_— = T
o o ¥ O o
o) [} RN eYe) .
~ o OO(\, O )

2.0.5 - A o
3 @ ° "
o 0 @
@ g
® .1 || ©O Thisstudy

=) Akkar & Bommer (2007b) o)
© .
7 ==== \Mean this study

[0} I Mean Akkar & Bommer
o 15 1 . 1 -

1 2 10 20 100

Ry, distance (km)

(a) Comparison of recorded PGA values from events of M, 4.9-5.1 with predictions for M, 5.0 (for strike-slip rupture and

stiff-soil sites) from the equations of Akkar and Bommer (2007b) and the new equation derived for an extended magnitude range; (b) the

residuals of the PGA values against distance.

(2005), who used only recordings from earthquakes in north-
east Italy with local magnitudes (M7 ) from 2.5 to 6.3. While
the new equations and those of Akkar and Bommer (2007b)
use exactly the same parameter definitions, some adjust-
ments are necessary to achieve compatibility between these
equations and those of Bragato and Slejko (2005). The latter
equation predicts the maximum vector resultant of the two
horizontal components whereas the other two equations pre-
dict the geometric mean component. Beyer and Bommer
(2006) provide empirical ratios between spectral ordinates
using a variety of component definitions, but the vectorally
resolved component was not included, so the ratio of 1.27 of
this component to the geometric, stipulated by Bragato and
Slejko (2005) for PGA, is employed here for the complete
spectrum. Bragato and Slejko (2005) use M , and it is simply
assumed that for small-to-moderate values this scale is
equivalent to M,. All of the equations use Joyner—Boore dis-
tance; hence, no adjustments are required for this parameter.
We set the predictions from the European equations to re-
verse faulting, because this is the dominant mechanism in
the region from which Bragato and Slejko (2005) obtain their
data, and to stiff-soil sites, because Bragato and Slejko
(2005) state that this is the class for which their equations
are applicable.

In view of the uncertainties associated with generating
the plots in Figure 7, the comparisons need to be interpreted
with some caution. However, a number of interesting obser-
vations can nonetheless be made. The first is that, for mag-
nitudes from M, 3 to 6, the new equations predict spectral
ordinates that are very similar to those from Bragato and

Slekjo (2005), whereas Akkar and Bommer (2007b) severely
overestimate the spectral ordinates except at M, 6, where all
three equations are in broad agreement.

Aleatory Variability

During recent years many empirical ground-motion
equations have found that the aleatory variability displays
a clear dependency on magnitude in accordance with the
observations of Youngs er al. (1995). The equations of
Ambraseys et al. (2005) and Akkar and Bommer (2007a,
b) have found magnitude-dependent standard deviations
such as those shown in Table 3, confirming the idea that
the variability is heteroscedastic with respect to magnitude.
For equations covering a wide range of magnitudes, the
issue becomes particularly important because if a linear
dependence on magnitude is identified, it can result in
very broad distributions of the predictions for small magni-
tudes (Fig. 8).

When extrapolated to small magnitudes, the sigma
values become very large, which is important because one
of the major advantages of equations for extended magnitude
ranges is that they could be used in conjunction with small-
magnitude recordings to test the applicability of the equation
to a given region following the method of Scherbaum et al.
(2004). However, if the sigma values are very large, this like-
lihood approach will not provide a robust indication of the
equation’s ability to model the data because the equation be-
comes uninformative regarding its applicability to local data
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by virtue of the breadth of the predicted distribution of
accelerations.

Additional analyses were conducted to explore the de-
gree to which the apparently very strong variation of the sig-
ma value with magnitude is genuinely supported by the data.
The first exercise consisted of testing the sensitivity of the
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Figure 7. Comparison of predicted median spectra on stiff-soil
sites at 25 km for different magnitudes from the new equations,
thick lines; those of Akkar and Bommer (2007b), dashed lines;
and those of Bragato and Slejko (2005), thin lines. (Continued)
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pure error results to the specific binning scheme that was
used. The initial pure error results were obtained following
the method outlined by Douglas and Smit (2001) in which
the magnitude—distance space is partitioned into bins of
0.2 magnitude units and 2-km distance (Fig. 9). A standard
deviation of logarithmic ground-motion amplitudes was ob-
tained if any such bin contained at least three records. Given
that the purpose of pure error analysis is to obtain an estimate
of the variability of ground motions resulting from a repeated
scenario, smaller bin sizes were chosen (0.1 magnitude and
1-km distance increments). This trial necessarily led to fewer
bins having at least three records and consequently resulted
in the estimate of the magnitude dependence being based
upon fewer data points. The next trial was to consider the
influence of increasing the number of records required to cal-
culate the standard deviation for a bin. Values of four and
five records were chosen for this purpose, and while this re-
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Figure 8. Comparison of magnitude-dependent sigma values

for PGA from Akkar and Bommer (2007b) and the present study.
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sulted in an increase in the confidence associated with the
values of the standard deviations determined for any given
bin, these are still very small samples from which to obtain
a robust estimate of the variability.

An additional trial was conducted whereby logarithmic
rather than linear distance increments were used. As shown
earlier in this article, and by numerous others previously, the
magnitude and distance dependence of ground-motion am-
plitudes may be well modeled using a functional form as gi-
ven in equation (1). Given this a priori knowledge one may
anticipate that the adopted binning scheme used for the pure
error analysis may lead to an apparent magnitude depen-
dence even if the data is in reality homoscedastic. Consider
the partial derivatives of equation (1) with respect to both
magnitude and distance as shown in equations (2) and (3),
respectively:

0logo[PSA(T)]  r—
lgT = b2 =+ 2b3MW =+ b5 10g10 Rjzb =+ b2,
2)

0logo[PSA(T)] _ (by + bsM )Ry,

IR},  In(10)(R%, + b7) )

From inspection of equation (2), one can appreciate that
the difference in ground-motion amplitudes across any given
linear increment in magnitude, for a given distance, should
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decrease as the magnitude increases because b, is positive
while b5 is negative. Similarly, inspection of equation (3)
shows that the difference in ground-motion amplitudes for
any given linear increment in distance, for a given magni-
tude, also varies with respect to distance and that, with
the exception of the near-source region, the difference
reduces with increasing distance. The implication of these
simple considerations is that, even if the data were truly
homoscedastic, one would observe larger variation in
ground-motion amplitudes for smaller events at closer dis-
tances than for larger events at larger distances. The fact that
most strong-motion datasets have an inherent magnitude—
distance correlation whereby a greater number of larger
events are recorded at large distances simply acts to exacer-
bate this effect.

Figure 10 shows the results of a series of different
binning schemes. While the influence of using logarithmic
distance increments is not as pronounced as anticipated,
an effect can nonetheless be observed. What is most signifi-
cant when considering this figure is that the strength of the
magnitude dependence varies greatly depending upon the
binning scheme adopted. It is also noteworthy that none
of these slope values are found to be statistically significant
at the 95% confidence level. This is largely a result of having
such unstable estimates of the standard deviation for any
given bin. It can be concluded that while pure error analysis
may provide some insight into the nature of ground-motion
variability, current strong-motion datasets are still far too
sparsely populated to enable reliable results to be obtained
using this method. In light of the preceding findings new
coefficients for equation (1) were determined assuming that
the aleatory variability is homoscedastic; the coefficients,
however, are not presented here because the main focus
of this study is to reproduce the analysis of Akkar and
Bommer (2007b), with heteroscedastic scatter, using an ex-
tended dataset.

Figure 11 compares the median predictions from the het-
eroscedastic and homoscedastic equations, from which it can
be seen that they are, as would be expected, very similar,
although the latter equation captures an apparently weaker
nonlinear magnitude scaling and even lower magnitude de-
pendence of the attenuation with distance. The concern that
arises, however, is that even with the homoscedastic model,
the sigma value is large compared to most equations in
current use, and this may be problematic because the values
remain high for the larger earthquake magnitudes that drive
probabilistic seismic hazard analyses.

The findings of the pure error analysis suggest that while
there is some magnitude dependence this dependence may
not be statistically significant. However, when making the
assumption of homoscedasticity, the weak magnitude depen-
dence of the ground-motion variability that was observed
during the pure error analysis still exists. The net effect is
to make the magnitude scaling steeper and consequently
cause the homoscedastic case to predict higher ground mo-
tions at large magnitudes than for the heteroscedastic case.
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Although the preceding analysis shows that there may
not be an unambiguous case for a heteroscedastic model,
there is no doubt that the inclusion of the small-magnitude
data has resulted in a significantly increased aleatory varia-

100

-
o

PGA (cm/s?)

M, 3.0

Heteroscedastic
Homoscedastic

0.1 N
1 2 10 20 100
R, distance (km)
Figure 11.  Comparison of predicted median values of PGA for

strike-slip ruptures and rock sites from the heteroscedastic and
homoscedastic equations for various combinations of magnitude
and distance.

bility. Figure 12 shows the ratios of the inter- and intraevent
standard deviations from homoscedastic equations derived
with the full extended dataset and another set of equations
derived using the records for only M\, 5 and greater events
as used by Akkar and Bommer (2007b). The plot shows un-
equivocally that the increased variability in the equations for
the extended magnitude range comes almost entirely from
increased interevent variability; this result is consistent with
the findings of Youngs ef al. (1995) that the magnitude de-
pendence of sigma is greater for inter- than for intraevent
components. This could very easily be the result of greater
uncertainty in the determination of moment magnitudes and
other parameters for the smaller earthquakes. That the lower
reliability of the small-magnitude metadata may be respon-
sible for the increase in the interevent variability is also sup-
ported by the findings of Rhoades (1997), in which it was
demonstrated that through accounting for the uncertainties
in magnitude estimates a marked reduction in the interevent
variability can be achieved.

In this respect it is also interesting to note that although
many of the ground-motion prediction equations in use
in western North America during the last decade did have
magnitude-dependent variability, most of the models emer-
ging from the Next Generation of Attenuation (NGA) pro-
ject (Boore and Atkinson, 2007; Campbell and Bozorgnia,
2007; Chiou and Youngs, 2006) have constant standard
deviations, leading analysts to conclude that the previously
encountered heteroscedastic variability was in fact a result of
uncertainties in the metadata for smaller events (Campbell
and Bozorgnia, 2007).
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One possible cause of the increased variability for the
extended dataset may be the combination of data from sev-
eral different regions (some operating different instruments)
and the fact that ground motions from smaller earthquakes
may be more sensitive to differences in crustal structure.
In order to explore this possibility, the regressions were re-
peated removing the data from events smaller than M, 5
from each of the four regions contributing significantly to
the small-magnitude data. The resulting equations and asso-
ciated standard deviations for PGA and PSA[0.25] are com-
pared with each other and with heteroscedastic equations
obtained using the whole dataset in Figure 13. The plots
clearly indicate that the median motions and their variability
are not sensitive to the inclusion of any of these individual
regional datasets.

To investigate further any possible regional differences,
the inter- and intraevent residuals for the four equations
obtained with regional subsets of small-magnitude data re-
moved are plotted against earthquake magnitude (Fig. 14).
It should be noted that sensu stricto these are not true resi-
duals as the plotted data points by definition were not in-
cluded in the regression analysis. The split into inter- and
intraevent residuals has therefore been made by assuming
that the inter- and intraevent standard deviations that were
obtained from the regression on the dataset excluding these
points are valid for these points also. The residuals do not
show any clear deviations from the general trend of the com-
plete dataset, with the possible exception of the Spanish sub-
set; however, because this is also the smallest regional
subset, the inclusion of this data is not likely to explain
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the increased standard deviation for the equations derived
from the extended magnitude range.

Is there Evidence for Soil Nonlinearity?

A possible limitation of the equations derived using
equation (1) is that it does not include soil nonlinearity.
Akkar and Bommer (2007a) examined the residuals of
PGV in each site class against the predicted value in order
to explore evidence for nonlinear soil response but found
no significant trends. The residuals of the new equations
are analyzed in a similar way to search for soil nonlinearity;
Figure 15 shows the soft-soil site residuals of PGA, although
the same patterns are observed across the spectrum.

The plots in Figure 15 show the full datasets and, on
the right-hand side, only those for the stronger rock motions
because evidence of nonlinearity is expected to become
apparent only for accelerations beyond 100-200 cm/sec?
(Beresnev and Wen, 1996). The plots are shown for the total
residuals and for the intraevent residuals, because the latter
should be expected to more clearly reveal such site effects if
they are present. Although there are trend lines fitted through
the data on the right-hand side of the plot with a nega-
tive slope, as would be expected, the slope is very mild—
especially for the intraevent residuals—and poorly con-
strained. The only conclusion that can be drawn is that
the data does not provide a robust model that would allow
an adjustment to be made for soil nonlinearity.

Soil nonlinearity is a well-established and broadly re-
cognized phenomenon and has been included in recent
ground-motion prediction equations such as the preliminary
models of the NGA project cited previously. However, there
are many reasons why soil nonlinearity may not be apparent
even when considering an extended range of ground-motion
amplitudes. For a start, the site classification scheme that is
adopted in this work must be regarded as being a relatively
crude attempt to account for the influence of near-surface
geology when predicting ground motions. The types of sites
that are grouped together into any given class vary signifi-
cantly from one to another. In most cases the site class is
based upon the average shear-wave velocity over the upper
30 m. However, the range of shear-wave velocity that is
associated with each site class is large, and the 30 m limit
is an arbitrary criterion to characterize the properties of
the near-surface geological profile. In addition, when plot-
ting the residuals against the median prediction for rock,
one is dealing with uncorrelated ground motions, that is,
the prediction on rock is simply the median estimate of
the ground motion for the same magnitude, distance, and
style-of-faulting scenario and is not the actual ground motion
on rock at the site. With the current dataset, as revealed in
Figure 15, there is also the serious limitation that there are
very few recordings at soil sites with high amplitudes,
whence there are very few data for which nonlinearity would
have been strongly invoked so that the influence could be
revealed through examination of residuals.
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Therefore, while the predictive model proposed herein
does not include terms to account for the larger soil ampli-
fication of weak motions than of large, as is expected for
nonlinear site response, this should not be taken as evidence
against soil nonlinearity. Rather this leads to the conclu-
sion that the soil classification scheme currently used for
the development of European predictive equations must
be improved and more genuinely strong recordings are
needed before soil nonlinearity may be reliably modeled
for this region.

Discussion

This article has presented new equations for the predic-
tion of short-period response spectral ordinates in Europe
and the Middle East using a dataset that extends the data used

by Akkar and Bommer (2007b) from a lower magnitude limit
of M, 5 to M, 3. The functional form and fitting procedures
followed in deriving the new equations are identical to those
employed by Akkar and Bommer (2007b). This prompts, be-
fore drawing definitive conclusions, exploration of whether
this approach is appropriate over such a wide magnitude
range. Inspection of Figures 4 and 5, comparing the equa-
tions of Akkar and Bommer (2007b) and that for the ex-
tended magnitude range presented herein, shows that the
magnitude scaling, as indicated by the misfit at small dis-
tances, of the two equations is significantly different. The
new equation predicts lower ground motions for smaller
magnitudes, which is to be expected, but interestingly also
predicts higher ground motions at larger magnitudes. A pru-
dent question that should therefore be asked is whether or not
the quadratic magnitude scaling adopted in this study is sui-
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Figure 14.
these data excluded from the regressions.

table for application over the entire extended magnitude
range. As a first step in attempting to address this question,
plots of both inter- and intraevent residuals were generated
that indicated that the functional form is performing well
over the entire magnitude range (Fig. 16). However, the
new equations are derived only for the purpose of exploring
the effect of the extended magnitude range and are not pro-
posed for application.

The critical parameters that govern the magnitude scal-
ing are b, and b3, so it is therefore instructive to consider the
values of these terms derived for the two different magnitude
ranges. In doing so, one finds that the values of b; are re-
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Inter- and intraevent residuals calculated for small-magnitude data from four countries using PGA equations derived with

latively similar for the two datasets and that the major dif-
ference occurs in the values of b,, where these values are
significantly larger for the extended magnitude dataset. This
comparison suggests that the effect of adding additional
small-magnitude data is to steepen the magnitude scaling.
As the values of b are similar for the two datasets, the linear
portion of the magnitude scaling, for small magnitudes, is
constrained by more data, and the second-order term is
not strong enough to sufficiently flatten the magnitude scal-
ing off at higher magnitudes—hence the reason for the larger
predictions at large magnitudes. While the residual plot
indicates that the magnitude scaling over the larger magni-
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tudes is still sound, it may be that this effect is being dis-
guised by the complex interplay between the inter- and in-
traevent residuals.

Recently, the researchers within the NGA project have
proposed various alternatives to the traditional continuous
magnitude scaling. Chiou and Youngs (2006) have demon-
strated that it is possible to account for different magnitude
scaling above and below the corner frequency. While the
magnitude scaling of their model appears relatively compli-
cated, it may be very well approximated by a continuous
quadratic function as done in the present work. Boore and
Atkinson (2007) employ quadratic magnitude scaling but
conduct their regression analysis such that their model pre-
vents over-saturation from occurring; that is, the b5 term can-
not be so strong that predicted ground motions start to
decrease with increasing magnitude. Idriss (2007) and

Campbell and Bozorgnia (2007) adopt bilinear and trilinear
magnitude scaling, respectively. In effect, all of the NGA
models proposed thus far attempt to capture the same effect:
linear scaling for small-to-moderate sized earthquakes with a
progressive fall-off in slope with increasing magnitude.
Although our model for the extended magnitude range is
in accord with these state-of-the-art models, it is probable
that an improved approach to modeling the magnitude scal-
ing over a very extended range would be to constrain the
magnitude scaling to be linear at low magnitudes and then
allow for a quadratic (or similar) fall-off in slope over the
upper magnitude ranges. However, the clear absence of
any distinct trend in the residuals shown in the upper frames
of Figure 16 suggests that for the M, 3.0-7.6 dataset used in
this study, the quadratic scaling model appears to be per-
fectly adequate to capture the dependence of ground-motion
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Figure 16.

Inter- and intraevent residuals from the heteroscedastic model for PGA (Tables 2 and 3) against magnitude and distance. For

the residuals plotted against magnitude, the mean value of the residuals in bins of 0.2 M, are indicated by diamonds.

amplitudes on earthquake magnitude. The advantages, in
terms of application, of a single model for the full range
of magnitudes are obvious.

One clear result of the analyses presented in this article
is the very strongly nonlinear magnitude scaling of ground-
motion amplitudes and the comparatively weak magnitude

dependence of the attenuation. In this respect it does need
to be borne in mind that in our extended dataset there are
very few data from small-magnitude events recorded at large
distances (> 50 km) (possibly in part due to censoring as a
result of nontriggering of instruments). This means that the
attenuation over the full distance range is governed to a sig-
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nificant extent by the recordings of larger earthquakes. How-
ever, it may also be the case that the attenuation is not in fact
strongly dependent on magnitude and functional forms
assuming such a dependence may actually be capturing a
source-related effect, whereby by in equation (1) should
in fact be magnitude dependent.

Conclusions

The most important conclusion from this study, which is
not new but adds more support to what is becoming widely
acknowledged, is that empirical ground-motion prediction
equations should not be used for estimating spectral ordi-
nates for earthquakes of magnitudes outside the range of
the dataset on which they are derived. An even more inter-
esting finding is that it would appear that equations are not
limited only in applicability to the magnitude range on which
they are based but may also be unreliable at the limiting
values of magnitude. For the lower magnitude limit consid-
ered in PSHA calculations, the solution is relatively simple,
and equations simply need to be derived including records
from events of about one magnitude unit below this limit,
notwithstanding that this may be problematic for longer-
period spectral ordinates. At the upper limit of magnitude
considered in PSHA calculations, which in general is already
in excess of the largest magnitude represented in the datasets
used to derive empirical prediction equations, the problem is
more serious. Estimates of epistemic uncertainty in ground-
motion prediction for large-magnitude events may need to be
broadened to take account of this finding, although seismo-
logical modeling may be able to provide constraints on the
larger-magnitude motions.

The strongly nonlinear magnitude dependence of
ground-motion amplitudes shown by the results presented
herein challenges claims that small-magnitude data have re-
vealed pronounced regional differences in ground-motion
prediction. Indeed, only very small regional differences in
the small-magnitude data were identified in this study, and
these cannot be decoupled from the distributions of these
small datasets. One could argue that it would not be unrea-
sonable to conclude that if small-magnitude recordings from
a given region were well matched by the new equations
for an extended magnitude range, the equations derived
for larger earthquakes would be applicable in PSHA within
those regions.

If empirical ground-motion prediction equations are to
be used in PSHA, for which lower magnitude limits close to
M., 5 are usually adopted, the results of this study suggest
that the equations should be derived using recordings from
events at least as small as M, 4. A consequence of incorpor-
ating small-magnitude data is that the aleatory variability of
the equations is greatly increased. The results of sensitivity
studies suggest that the magnitude dependence found in
previous studies of European ground motion may primarily
reflect a magnitude—distance correlation in the datasets
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in combination with less than optimal binning schemes
used for the pure error analysis. However, the results also
show unequivocally that including the additional data from
small-magnitude earthquakes, while assuming homoscedas-
tic variability, leads to a large increase in the value of sigma.
This may well be due to greater uncertainty in the metadata
associated with the smaller-magnitude earthquakes, and
further work needs to be done on this issue.

The equations presented in this study are not proposed
for application, because the purpose was only to explore the
effect of extending the magnitude range. The next phase of
work will be to derive new European equations for a wide
magnitude range, which may involve the use of alternative
functional forms and possibly alternative fitting techniques;
the importance of the style of faulting, for example, is unli-
kely to be meaningful for small events that can be approxi-
mated as point sources for most recording locations. The first
stage of the work must be a careful inspection and processing
of the strong-motion data and a systematic reevaluation
of the magnitudes and distances on a homogeneous basis
(Douglas, 2003b).
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