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Mean and Modal ¢ in the Deaggregation of Probabilistic
Ground Motion

by Stephen C. Harmsen

Abstract An important element of probabilistic seismic-hazard analysis (PSHA)
is the incorporation of ground-motion uncertainty from the earthquake sources. The
standard normal variate ¢ measures the difference between any specified spectral-
acceleration level, or SA,, and the estimated median spectral acceleration from each
probabilistic source. In this article, mean and modal values of ¢ for a specified SA,
are defined and computed from all sources considered in the USGS 1996 PSHA maps.
Contour maps of ¢ are presented for the conterminous United States for 1-, 0.3-, and
0.2-sec SA, and for peak horizontal acceleration, PGA, corresponding to a 2% prob-
ability of exceedance (PE) in 50 yr, or mean annual rate of exceedance, r, of
0.000404.

Mean and modal ¢ exhibit a wide variation geographically for any specified PE.
Modal ¢ for the 2% in 50 yr PE exceeds 2 near the most active western California
faults, is less than — 1 near some less active faults of the western United States
(principally in the Basin and Range), and may be less than O in areal fault zones of
the central and eastern United States (CEUS). This geographic variation is useful for
comparing probabilistic ground motions with ground motions from scenario earth-
quakes on dominating faults, often used in seismic-resistant provisions of building
codes. An interactive seismic-hazard deaggregation menu item has been added to the
USGS probabilistic seismic-hazard analysis Web site, http://geohazards.cr.usgs.gov
/eq/, allowing visitors to compute mean and modal distance, magnitude, and & cor-
responding to ground motions having mean return times from 250 to 5000 yr for any

site in the United States.

Introduction

A standard product of probabilistic seismic-hazard anal-
ysis (PSHA) is a set of site-specific ground motions, or 5%-
damped-response spectral acceleration (SA,) corresponding
to a fixed probability of exceedance (PE) in a 50-yr period,
or exposure time. Structural engineers may use these SA,
data and related products, such as Uniform Hazard Spectra
(Leyendecker et al., 2000) and site-specific deaggregations,
when designing to earthquake-resistant provisions of build-
ing codes. Private- and public-sector planners consult maps
of SA, and related PSHA products to support earthquake mit-
igation, preparedness, and management policy decisions.

Whenever a theoretical value, such as SA,, is translated
into a set of practical decision rules, such as design to with-
stand some fraction of the uniform hazard-spectral ordinates,
which are approximately the 2% in 50 yr SA, (Leyendecker
et al., 2000), it is of some practical interest to know how
SA, is related to ground motion from potential sources. The
deaggregation of source contributions (McGuire, 1995) in-
forms us about the most likely magnitude, M, and distance,
R, contributing in a mean annual sense, to the PE, given that

M,R pair. Deaggregation also indicates the quantile (loca-
tion) of SA, on the conditional SA distribution given M and
R. The Greek letter epsilon (¢) has been chosen to represent
this quantile (McGuire, 1995). When we compute the PE of
a specific ground motion at the site, then & for each M,R is
a specific number, which we designate &,.

According to the ground-motion prediction equations
currently invoked in PSHA by the USGS and many other
agencies, SA has a lognormal conditional distribution (Abra-
hamson and Shedlock, 1997). That is, sa = log (SA) from
sources having a given M,R (and perhaps other parameters)
that might be recorded at any site is approximately normally
distributed, with mean u, and standard deviation ¢ ,. Some
caveats about the relationship between empirical SA distri-
butions and the conditional ground-motion probability den-
sity functions (p.d.f.) used in PSHA are mentioned in the
Appendix.

Here, the subscript A represents one of the ground-
motion prediction models that is used in the PSHA. u o(M,R)
and o,(M,R) may exhibit dependence on geographic region,
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fault maturity, and fault style, for example, normal, strike
slip, and reverse slip. Maximum likelihood values of x# and
o differ from model to model because analysts use different
physical/statistical models to explain the observations. Fol-
lowing McGuire (1995), we define

Ea(S)=(sag —Up)/ 04, (D

that is, the standardized value of sa;, = log(SA,) or the
(signed) distance, in standard deviations, from sa,, to the log-
arithmic mean ground motion, u,, for a specific source S,
and attenuation model, A. Every source in a PSHA is defined
with a mean recurrence rate, a magnitude, and a distance to
site. In the western conterminous United States (WUS) a
source is frequently a mapped fault. In the United States east
of the Intermountain Seismic Belt, few sources can be as-
sociated with mapped faults, but are instead areas charac-
terized by historical activity rates.

Uncertainty about some source properties, including
stress drop and directivity, propagation properties, including
regional variations in apparent attenuation, and site proper-
ties, including degree of nonlinearity of response as SA in-
creases, is called epistemic uncertainty. Epistemic uncer-
tainty is that part of the total uncertainty that promises to
diminish as understanding of the Earth increases. Although
epistemic uncertainty is not a central topic of this paper, its
effect on estimates of & is illustrated in a subsequent section.
The remaining uncertainty is called aleatory (random) un-
certainty. For the 1996 USGS PSHA maps, aleatory uncer-
tainty in SA for a given M,R is equated to the strong-motion
data regression’s estimated total o for a given attenuation
model. Aleatory uncertainty in future earthquake locations
and magnitudes are discussed in Frankel et al., (1996).

PSHA methodology suggests the inclusion of several
ground-motion prediction models to account for epistemic
uncertainty in ground-motion prediction (SSHAC, 1997).
The 1996 National Seismic Hazard Maps assign several an-
alysts’ ground-motion prediction equations equal weight in
the PSHA (Frankel ef al,, 1996), which implies that these
equations are equally likely to be valid. Weights sum to 1.
In practice, new models may be added and weights modified
in future revisions.

Mean ¢ (€, and €) for a Specified PE

For the set of sources that contribute to a specified seis-
mic hazard at the site, we define the mean or average &,

g = (2 Y 0aWt(A)A, Pr[SA = SA IS, 414,04 ]J /

A S

[Z Y Wit(A)A, Pr[SA 2 SA, 1S, 414,04 )]J )
A S

Here, Wt(A) is the weight (>0) applied to terms computed
with ground-motion prediction model A. A, is the estimated
mean annual rate of occurrence of source S. Earthquake rate
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estimates are discussed in Petersen ef al. (1996) for Califor-
nia sources, in Wesson et al. (1999) for Alaska sources, and
in Frankel et al. (1996) for all other United States sources.
The Pr[ ] factor is the conditional probability that earthquake
S will produce a ground-motion exceedance, given the max-
imum likelihood parameters of the ground-motion uncer-
tainty distribution for model A. In the 1996 USGS seismic-
hazard calculations, and in later USGS PSHA products, this
probability is computed by integrating the normal density
function from sa, = log(SA,) to oo,

Pr[SAZSAO |S HA,GA] =

2 3)
R O /JA)

sagp

With this definition, ground motion is not bounded. Note
that equation (2) can be interpreted as if all of the PE is
concentrated at SA = SA,,. This definition is therefore equiv-
alent to the definition by McGuire (1995) of mean é&.

The denominator of equation (2) is the mean annual rate
of exceedance of SA,, r. Making the standard PSHA as-
sumption that ground-motion exceedances are a Poisson
(memoryless) process (Cornell, 1968), the mean annual rate
of exceedance r = 4.04 X 10~* corresponds to the 2% PE
in 50 yr, and r = 2.107 X 1073 corresponds to the 10%
PE in 50 yr. A mean annual rate r is equivalent to a mean
return time of 1/r. In many PSHA reports the various ex-
pressions mean return time, mean annual rate r, or X% PE
in 50 yr are used interchangeably to describe the hazard, for
independent Poisson random exceedances. The distinction
between mean return time, for exceedances, and mean re-
currence time, for a specific source, which can be a point
source, a fault, or an area, is an important one.

The definition of &,(r) in equation (2) is used in the
g-contour maps that follow. Summation is over the same
sources and ground-motion prediction models as were used
in the 1996 USGS seismic-hazard maps. In this report a bar
over a PSHA statistic, such as M or R, implies a statistical
mean value, using the same source and attenuation-model
weighting scheme as in equation (2). Bazzurro and Cornell
(1999) note that R when computed with multiple attenua-
tion-model distance metrics, as in equation (2), may be a
questionable quantity. For example, any or all of the distance
metrics discussed by Abrahamson and Shedlock (1997)
might be invoked during a deaggregation of PGA, but the
resulting source-to-site distances are averaged as if they were
derived from the same distance metric.

A natural definition of mean &, conditional on SA = SA,,
utilizes the normal distribution of ground-motion exceed-
ances for a given M,R, and attenuation model A:

oo

J xn(x)dx

EOA =E[€|€2£0A]=€0:—,

J n(x)dx
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where n(x) is the standard normal density function. If in
equation (2) 4 is substituted for &4, the resulting left-hand-
side is the conditional mean ¢ or €. We report € as well as
&, at our web site of interactive deaggregations, but do not
consider it further here.

Modal-Event Epsilon (£,) and Modal Epsilon (¢)
for a Specified PE

Statistical means have some desirable as well as unde-
sirable properties for specific applications. A desirable prop-
erty is that the mean, at least as defined in equation (2), is
invariant with respect to binning schemes. An undesirable
property of the triple M,R,&, is that it may be associated
with an unlikely source for bimodal and multimodal deag-
gregated hazard distributions, which are common at both
CEUS sites (Harmsen et al., 1999) and western United States
sites (Harmsen and Frankel, 2001). For applications that
choose to consider only those sources that have a likely
probability of future occurrence, an alternative to mean
source statistics is needed. PSHA modal (most likely source)
statistics are frequently suggested. For this article, hats on
statistics indicate modal values consistent with McGuire
(1995) and Chapman (1995).

To define &, some background is needed. During a
PSHA, information about each source is converted into a
source-to-site distance, R,, and moment magnitude, M. The
summation over S is, in practice, a double summation over
R, and M. The subscript A is a reminder that distance to
source is defined differently for different ground-motion pre-
diction models, A. M also has an A-dependence for sites in
the CEUS for the 1996 USGS seismic-hazard calculations
(Harmsen et al., 1999, equations 5 and 6). When deaggre-
gation is performed, seismic hazard is computed and
summed for sources assigned to bins. Following McGuire
(1995), a bin contains sources with magnitudes in the range
M; £ AM/2, and distances in the range R; £ AR/2, where i
and j are indices on magnitude and distance bin dimensions,
respectively. For this article, £, is computed from sources in
the (M,R) bin with the largest mean annual rate of exceed-
ance.

USGS deaggregations use regionally constant AR and
constant AM. Magnitude lower and upper limits, and dis-
tance upper limit are site-dependent, and possibly applica-
tion-dependent, quantities. Various source-binning schemes
are encountered in applications. Some analysts recommend
deaggregations with distance bins whose AR is equally
spaced in log R rather than R. Some applications require that
we consider sources associated with known structures
separately from randomly occurring sources. For sites in the
Pacific Northwest, we keep deep and shallow random
sources separate. At many of those sites, events that occur
in the subducting Juan de Fuca plate present significant haz-
ard in the USGS 10% and 2% in 50 yr PSHA maps (Harmsen
and Frankel, 2000). Application-specific source-binning re-
quirements can affect estimates of the modal, or most likely,
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magnitude, distance, and epsilon (Bazzurro and Cornell,
1999).

Once the source-binning scheme is defined, we define
a modal-event &, &) as the £ computed for sources confined
to the (M,R) bin having the greatest hazard or mean annual
rate of SA exceedances. Let r, = mean annual rate for
sources in the ith bin, and let j be the index of the bin such
that r; = max(r;). Then, we define

8= €0aA(S))Pr[SA2SA IS 11,04 |WH(A) 7,
A5 “)

where §; refers to a source in the jth bin. This definition of
&, corresponds to the definitions of modal distance, R, and
modal magnitude, M in Harmsen et al. (1999) and Harmsen
and Frankel (2001) and is consistent with the modal event
in Chapman (1995). The modal-event triple, (IA?,AA/I ,2‘0) and
the mean (R, M,&,), are reported in the interactive web-site
seismic-hazard deaggregations available at the URL http.://
geohazards.cr.usgs.gov/eq/. The decision to define modal
statistics from the joint distribution of M and R is based on
the argument that the most likely M, R pair represents a phys-
ically plausible event, that is, one of the sources (or binned
set of similar sources) considered by the probabilistic model.

The physical meaning of equation (4) is the quantile
(location relative to median ground motion) of SA, for the
most likely (magnitude,distance) pair in the hazard deaggre-
gation. Using equation (4), the target motion, SA,, is recov-
ered from the triple (M,IA?,Q‘O) when just one attenuation
model is used in the PSHA and just one source occupies the
modal-event bin. If a structure is designed such that the 2%
in 50 yr ground motion represents a collapse level (cf. Ley-
endecker et al., 2000), and if the modal event (most-likely
M, R pair) occurs, that collapse level is &, o from the loga-
rithm of the median ground motion from the modal event.
In this sense, &, is a useful statistic for thinking about prob-
abilistic ground motions in a seismic-engineering context.

The modal-event &, of equation (4) is distinct from an-
other potentially useful modal & obtained by deaggregating
¢ independently of R and M. (M,R, ¢) deaggregation is per-
formed at our interactive deaggregation web site. The modal
triple (M*,R*,£*) is the mean magnitude, mean distance, and
epsilon-interval for sources in the (IM,R,¢) bin having the
greatest mean annual rate of exceedances, that is, the mode
of the joint conditional distribution of binned M,R, ¢ (Baz-
zurro and Cornell, 1999). This triple is now reported at the
interactive deaggregation web site; £* is reported as an in-
terval (e.g., 1o to 20) rather than a scalar. As stated by Baz-
zurro and Cornell (1999), (M*,R*,&*) can correspond to SA
> SA,. For example, if & < O, the triple (M, R,0) is more
probable than (M ,IAQ,Q‘O) but corresponds to a higher ground
motion.

We generally find that (M* ,R*) = (M , IAQ) for the 2% in
50 yr PE for United States sites when using the relatively
coarse intervals, AM = 0.5, AR = 10 or 25 km, and A¢ =
1 used at our interactive web site. Some sites in the CEUS
where these pairs differ are given in Harmsen et al. (1999).



1540

A WUS site where they can differ is discussed in a section
that follows.

Because the definitions of modal statistics such as &,
sum over events, sensitivity to binning details should be con-
sidered in some applications. A calculation illustrating sen-
sitivity of modal-event estimates to AR is given below for a
site near the 1992 Landers, California, mainshock. The triple
(M*,R*,¢*) is sensitive to the definition of the & bin bound-
aries as well as those of R and M. Using l1o-wide bins, we
find that (M*,R*) can vary significantly as the & bin bound-
aries are changed from ko to (k + 1/2)a, k = 0, =1, +2,
sometimes equaling (M , IA?) sometimes not.

How Different Attenuation Models Affect
Epsilon Estimates

In many studies, if two processes yield response values
s, and s,, then the sample mean, 0.5(s; + s,), is an estimate
of the mean response. In PSHA, equations (2) and (4) indi-
cate that if &), and &y, are the epsilons for source S corre-
sponding to attenuation models 1 and 2, respectively, then
&, is in general not equal to 0.5(¢y; + &y,) even though the
two attenuation models have equal weights, Wt(1) = Wt(2)
= 0.5. Another weighting factor is important, the condi-
tional PE given the occurrence of S. This factor is often
considerably larger for one of the several attenuation models
being used in the PSHA.

To illustrate how &, and &, depend on ground-motion
prediction equations used in the USGS 1996 PSHA, a real-
istic &, calculation is now performed. We consider the 0.2-
sec spectral acceleration from an M 8 New Madrid Seismic
Zone (NMSZ) source at a CEUS rock site 200 km from that
source. Suppose that the PSHA 2% in 50 yr SA, at that site
is 0.6g (¢ = standard gravity ~ 9.8 m/s?). Two attenuation
models are used for 1996 USGS CEUS PSHA calculations
(Frankel et al., 1996). According to the attenuation model
of Frankel ef al., or A, the median 0.2-sec SA for an M 8
earthquake at 200 km is 0.307g, and according to the atten-
uation model of Toro et al. (1997), or A,, the median SA is
0.159g. For both models, the CEUS 0.2-sec logarithmic stan-
dard deviation, g, is 0.751 (natural log units). For the 1996
seismic-hazard maps, Wi(A)) = 0.5,j = 1, 2. Figure 1 il-
lustrates the two ground-motion p.d.f.s for this example. The
area of each of the curves to the right of the solid vertical
line is the conditional probability of observing an exceed-
ance of 0.6g at the site, given the occurrence of the M 8
source, for each attenuation model. In(0.6) is In(median) +
0.891¢ for A, and is In(median) + 1.7660 for A,, so that
&, 1s 0.891 and &, is 1.766. Consulting a tabulation of the
standard normal distribution upper tail, we determine that
the weighted conditional probability is 0.5(0.1866 + 0.0387)
= 0.1127. The mean annual rate of occurrence for a CEUS
M 8 source is 0.001 (1000 yr mean recurrence) (Frankel et
al., 1996). At the site under consideration, the M 8’s con-
tribution to the mean annual rate of SA exceedances is 0.001
X 0.01127 = 0.0001127, or 27.9% of the total rate,
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Figure 1.  Ground-motion uncertainty p.d.f.s for
an M 8 earthquake at distance 200 km from two
ground-motion attenuation models used in the 1996
National Seismic Hazard maps. For each of these, the
logarithmic ¢ is 0.751. The vertical line is located at
In(SAy) = —0.51, or SA; = 0.6g. PSHA computes
exceedance probability, Pr[SA > SA,] = Pr[In(SA)
> In(SAy)], which is the area of the curves to the right
of the vertical line. Median motions are for a BC rock
site, with average Vs = 760 m/sec in the top 30 m.

0.000404, associated with the 2% in 50 yr PE. Suppose this
M 8 source is the modal source for the deaggregation. There-
fore, according to equation (4), & = (0.5 X 0.891 X 0.1866
+ 0.5 X 1.766 X 0.0387) / 0.1127 = 1.037. Note that &,
is closer to &; (0.891) than to &, (1.766).

For the 1.0-sec SA, the attenuation functions A; and A,
predict median ground motions of 0.134g and 0.080g, re-
spectively, for this source and site. For 1-sec SA, the greater
similarity between median estimated ground motions im-
plies less variation in ¢ for A, and A,. Although this example
illustrates effects on epsilon, the same recipe for averaging
over attenuation functions is used to determine M, M, R, and
R. Thus, all of these statistics are closer to the values asso-
ciated with the highest-predicted-response attenuation func-
tion(s), when the Wr(A,) are equal. Bender and Perkins
(1993) note that the hazard curve that results from averaging
over attenuation functions is closest to the curve for the func-
tion that predicts the highest response, and ask if that atten-
uation function should be given lower weight when aver-
aging.

If the conditional probability of exceedance of SA,
given S and A, is low, then S is very likely not the modal
source when deaggregating hazard with Wt(A,) = 1, even
though S is the modal source when deaggregating with
Wt(A;) = 1. At many sites in the CEUS, the modal source
using just the attenuation model of Frankel et al. is an M 8
NMSZ event at regional distances, while the modal source at
that site is a small to moderate (M < 6) local earthquake
when using the attenuation model of Toro et al. (1997). This
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circumstance is likely to exist when the deaggregated
seismic-hazard distribution shows a bi- or multimodal pat-
tern, with the primary peak corresponding to NMSZ M 8,
and the secondary peak corresponding to a local moderate
earthquake. In these cases, applications often should work
with (e.g., design to resist) both (several) of these M,R, ¢
triples. Beta earthquakes, in the terminology of McGuire
(1995) are modal M, R, ¢ triples associated with each consid-
ered attenuation function.

How Source-Recurrence Times Affect € for a
Specified PE

We next discuss the relationship of ¢ to event occur-
rence rates or probabilities. If a probabilistic source S has
mean annual rate A, that is, mean recurrence time 7 = 1/4,
then the mean annual rate for which logarithmic ground mo-
tion, sa = log (SA), from that source exceeds the mean log-
arithmic motion, u, is 0.54. For any &, and assuming an un-
bounded upper ground-motion limit, the annual rate, rg, for
which SA exceeds u, + &g, from that source is AN(¢),
where N(¢) is area under the upper tail of the standard normal
distribution,

)
IS ey/2dy.

__4 "f

Jor? 5)
The subscript A refers to a ground-motion attenuation func-
tion. If only one source contributes to the probabilistic haz-
ard, then r¢ = r, which implies that large 4 is associated
with large ¢, and small 4 is associated with small ¢ for a
given PE. That is, ¢ increases with A for a fixed probability
of ground-motion exceedance. As r decreases, the &, asso-
ciated with each source increases.

When many sources contribute to seismic hazard, SA,
and ¢ values are affected by the source-site R distribution,
by source M distribution, and by recurrence-time distribu-
tions. In this case, quantitative generalizations about the re-
lation of &, and &, to source-recurrence times are more dif-
ficult. Qualitatively, we can say that shorter distances, larger
magnitudes, and shorter recurrence times tend to increase &
and &, for a given PE. Thus, geographically, we expect to
observe higher ¢ associated with a given PE at locations
where larger, closer, and/or more frequent earthquakes are
encountered in the PSHA. The geographic variation of £, and
£, in the United States computed in this article may be un-
derstood by thinking about the geographic variation of these
source factors, along with attenuation-model influences. For
example, 2?0 for sites close to the surface trace of the San
Andreas fault (SAF) is determined by characteristic events
(large magnitude, close distance, short recurrence times) on
that fault, and is larger than &, for sites further from the SAF,
where the influence of longer recurrence time sources in-
creases.

£, may be used to calculate the mean annual rate of
occurrence of the modal event (or modal-event set) from a
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deaggregation analysis. If the ensemble of seismic sources
yields an annual rate of exceedance r, and if the fraction of
exceedances contributed by the modal bin is f, then the mean
annual rate of occurrence of the modal event, )AL, is

A= fr/]f n(e)de. (6)

€0

Here, the integral is the upper tail of the standard normal
distribution, with lower integration limit &, The equality is
approximate when at least two ground-motion prediction
models are used in the PSHA, and is exact when one ground-
motion prediction equation is used, for example, when de-
termining beta earthquake parameters (McGuire, 1995).
Equation (6) is just equation (5) for binned data, solved for
A. For a given PE and a given modal-event M,R we see that
relatively low SA, < low &, < long mean recurrence time
of the modal event, that is, low A.

Modal Sources, Predominant Earthquakes, and ¢

The distinction among source types can be important
when we inquire about modal M,R, which by analogy to
equation (4), are averages in the modal bin. Sources in the
1996 USGS PSHA (Franket et al., 1996) include character-
istic earthquakes and smaller sources on faults with known
strike, dip, and Quaternary slip. Other sources include ran-
domly occurring earthquakes, often called background seis-
micity. Randomly occurring earthquakes include point
sources for smaller magnitudes, and earthquakes on uniden-
tified, and therefore random-strike, finite faults for M 6.5
and greater. USGS PSHA also considers areal source zones
with a variety of source treatments. In a seismic-hazard
deaggregation, binned sources may contain earthquakes on
known faults and random earthquakes. At most sites in the
WUS, the main exceptions being some Basin and Range
sites, the annual exceedance rate contributed by mapped
fault sources significantly exceeds the rate contributed by
random seismicity in each M, R bin. Often there is no overlap
of random-seismicity and known source or source-zone
events. Non-zero hazard in an M 7.5-to-8 bin for a WUS site
means only characteristic events on the SAF are contributing.
Similarly, non-zero hazard in an M 7.5-to-8 bin for an east-
ern United States site implies that NMSZ characteristic earth-
quakes are the sole contributors, since random seismicity’s
M,.x < 7.5 (Frankel et. al, 1996). On the other hand, at
many sites in the Basin and Range province, sources on
faults having low Quaternary slip rates contribute less to the
modal (M,R) bin than does random seismicity. In any given
bin, ¢, for individual sources having larger magnitudes and
shorter distances is lower than &, for smaller or more distant
sources. Just as there is a geographically varying &, corre-
sponding to a fixed PE, at many United States sites there can
be considerable variation in &y, for individual sources and
attenuation models contributing to &, for that PE when using
bin dimensions AM = 0.5 and so on.
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In western California, where the spatial density of Qua-
ternary faults is relatively high, it is sometimes difficult to
associate the dominant hazard with any one fault system.
For example, in Santa Barbara, California, each of four fault
systems contributes more than 20% of the exceedances to
the 10% in 50 yr SA, according to the California Division
of Mines and Geology (CDMG) and USGS source models.
For lower probabilities, contributions from the Mission
Ridge—Arroyo Parida—Santa Ana fault system (FSI) tend to
dominate North Channel Slope and other fault sources. This
illustrates the general principle that as probabilistic ground
motion increases, the relative contributions from the nearest
sources increase. For the Santa Barbara site, with coordi-
nates 34.423° N, 119.703° W, ¢, (averaged over attenuation
models) from FSI sources for the 5-Hz SA, is less than —0.1
when considering the 10% in 50 yr PE, and is about 0.7
when considering the 2% in 50 yr PE.

In much of California, characteristic events on one or
two fault systems often strongly dominate the hazard for the
10% PE in 50 yr probability. These predominant earthquakes
can sometimes be determined by reducing deaggregation
AM and AR to small values. Maps that show these predom-
inant earthquakes are available from CDMG for several ur-
ban areas in California, for example the Hollywood quad-
rangle (CDMG, 1998). Rarely, however, do we find PSHA
reports that focus equal attention on & as on magnitude and
distance, even though the question naturally arises, how does
SA, differ from the median motion for the predominant, mo-
dal, or other distinguishing earthquake?

Some sources may be dominant under certain deaggre-
gation rules, whereas others may be dominant under other
rules. We have already seen examples of this, resulting from
using different attenuation models. Individual source M,R, ¢
triples are briefly discussed in this article, sometimes for
sources that do not happen to occupy the modal bin. It would
seem prudent for decision makers to inform themselves
about several hazardous sources, not just about the source
that a PSHA analysis determines to be the most hazardous,
for example, (M,R,&,) or (M*R* &%), given a somewhat
arbitrary set of binning rules. By analogy, the medical com-
munity strives to immunize the population against many
known diseases, not just the most likely one or few.

€ and &, for CEUS Seismic Hazard

Figure 2 is a set of contour maps of SA; and mean ep-
silon, &, for the 2% PE in 50 yr case, for the CEUS. Here,
CEUS just means the United States with longitude =100° W.
The maps are for 1-, 0.3-, and 0.2-sec SA, and for peak
ground acceleration (PGA,). SA, is discussed in the online
documentation for the National Seismic Hazard Maps, and
in Frankel et al. (1996). Historically active, large-magnitude
sources in the CEUS include the M 8 NMSZ and M 7.3
Charleston, South Carolina, earthquakes. Recurrences of
characteristic events in NMSZ and M 7.3 Charleston, South
Caolina, dominate hazard in much of the CEUS for the 2%
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PE in 50 yr ground motion (Harmsen et al., 1999). Figure 2
indicates that &, for the 2% PE in 50 yr motions, is between
0 and 1 almost everywhere in the CEUS. For the 2% in 50
yr exceedance probability, £, has a spatial median of 0.40
for PGA, and £, has a spatial median of about 0.76 for 1.0-
sec SA, in the CEUS. The spatial median is a summary sta-
tistic: for a randomly chosen location in the CEUS, the prob-
ability is 0.5 that g, for that site will be greater than (less
than) the spatial median of &,. Other spatial medians are
given in Table 1 for CEUS and for western United States
epsilons.

£, exhibits a greater range and variance in the CEUS
than does &,. &, corresponding to short-period SA exhibits
greater spatial variance than &, for intermediate-period SA.
Figure 3 shows M on the left and £, on the right for 1-,
0.3-, and 0.2-sec SA, and PGA associated with 2% PE in 50
yr. AR = 25 km in Figure 3. CEUS modal magnitude and
distance are discussed further in Harmsen et al. (1999). Ta-
ble 1 exhibits spatial medians of &, for CEUS sites. The spa-
tial medians of &, are 0.2-0.3 less than those for &,. For more
than half of the CEUS, if an event having the modal M,R
(for the 2% in 50 yr PE) were to occur, SA, would be ex-
ceeded with greater likelihood than if an event with the mean
M,R, were to occur. For the CEUS sites of Figures 2 and 3,
the spatial standard deviation of &, is about twice that of &.

Figure 3 indicates that &, is generally greater than 0.5
for the 1-sec SA in the CEUS and is generally greater than O
for shorter-period SA or PGA, for the 2% in 50 yr PE. &, =
0 is a useful reference point because it represents median
ground motion for the modal source. Locations where &, for
0.2-sec SA and PGA generally occur in low-hazard regions
like northern Minnesota. £ = 0 is also found in a relatively
high-hazard region, coastal South Carolina. This &, distri-
bution appears anomalous, as the mean recurrence time for
an M 7.3 characteristic earthquake, which dominates the
hazard, is 650 yr (Frankel et al., 1996). The result may be
understood by remembering that the M 7.3 host fault loca-
tion is unknown. To model source-location uncertainty,
sources are distributed uniformly over a large area, such that
the ensemble’s average interevent time is 650 yr (Frankel et
al., 1996). For M 7.3 sources confined to any one distance
annulus, however, the mean recurrence time is much greater
than 650 yr. Areally spreading the M 7.3 hazard may de-
crease SA, and &, at many interior sites and at many sites
near but exterior to this areal region, versus concentrating
the hazard at a single fault at some preferred location in the
region. Using AR = 10 km also decreases &, from that
shown in Figure 3 for sites in the areal source zone. Contri-
butions from M 7.3 (and all other) sources in more distant
annuli keep &, > 0 in Figure 2, however.

For all frequencies of SA shown in Figure 3, geographic
regions in the CEUS with 1 < &; < 1.5 are not uncommon.
These are often transition areas where mean annual rate of
exceedance of SA, from the distant NMSZ M 8 or Charleston
M 7.3 source, while still dominant, is comparable to that
from lower-magnitude or less-likely local and regional seis-
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Figure 2.  Left side, SA, and PGA, for PE = 2% in 50 yr, for sites in the CEUS.
Values from National Seismic Hazards Maps (Frankel et al., 1996). Right side, mean
&(&y) for sites in the CEUS, corresponding to these ground motions. SA frequency
increases down the page, 1.0-sec SA top, then 0.3-sec SA, 0.2-sec SA, then PGA.
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Table 1

Spatial Median Values of &, and &, for USGS Seismic-Hazard Sources for SA with 2% in 50 yr
PE For CEUS, AR = 25 km, but for WUS, AR = 10 km.

Frequency (Hz) 1.0 333 5.0 PGA
Statistic & & & &o & & & o
CEUS 0.76 0.60 0.65 0.40 0.59 0.30 0.40 0.12
wUsS 0.84 0.59 0.68 0.45 0.62 0.46 0.43 0.31

micity. In such regions, &, <1. Contributions from several
sources increase the 2% in 50 yr PE motions. Crustal atten-
uation raises &, for these distant sources, while &, averages
over distant and nearby sources, and is therefore less than éo
in these regions.

€ and &, for Western United States Seismic Hazard

Figure 4 is a set of contour maps of SA, and &, for the
2475-yr return accelerations, for 1-, 0.3-, and 0.2-sec SA and
for PGA,, for the WUS. We see that there is far more geo-
graphic variation of £ in the WUS than in the CEUS. This is
because in the WUS, there are many active faults with mean
source-recurrence times, 7, on the order of a few hundred
years, and many active faults with 7 on the order of 10,000
yr. As 4 in equation (2) is the reciprocal of 7, the conditional
probability factors in equation (2) may be quite low (upper
tail of ground-motion uncertainty distribution) for sites near
sources with short (few hundred years) T when compared
with those factors for sites near the dominant long-recur-
rence time sources, for a given r.

The data of Figure 4 indicate that €, at some locations
in the WUS is significantly less than O for the 2% PE in 50
yr ground motions. In other words, the 2% in 50 yr ground
motions are less than the predicted medians for many
sources at those sites. Negative ¢ occurs where dominating
sources are associated with faults that have mean recurrence
times greater than 5000 yr, quite typically in the Basin and
Range. Few such faults have known historical activity. Well-
known examples in eastern California are Owens Valley
(1872) and Landers (1992). The 16 October 1999, M 7.1
Hector Mine earthquake in southern California ruptured a
fault that had previously exhibited no surface displacement
in the Holocene (Scientists from the USGS, SCEC, and
CDMG, 2000). Well-known examples in Nevada include
Pleasant Valley (1915), Dixie Valley (1954) and Fairview
Peak (1954) (Rogers et al., 1991). Spatial medians of &, in
the WUS are quite similar to those for the CEUS (see
Table 1).

WUS M is contoured in Figure 5 on the left side, and
modal epsilon, & is contoured on the right side, for the 2%
in 50 yr PE. We attempt to separate sources on closely
spaced faults into different bins using smaller AR (10 km)
in the WUS regional and site-specific seismic-hazard deag-
gregations. Modal magnitude and distance for the WUS are

discussed further in Harmsen and Frankel (2000). Table 1
exhibits spatial medians of &, for WUS sites. For the sites of
Figures 4 and 5, the spatial standard deviation of & is about
2.5 times that of g;.

£, > 1is frequently encountered in WUS deaggregations
of the 2% in 50 yr (and less probable) ground-motion ex-
ceedances. & > 1.5 is common in western California, and
£, > 2 occurs at locations near the Salton Sea, mostly as-
sociated with Brawley seismic-zone sources. In the WUS,
high &, corresponds to short 7, on the order of 1/5 to 1/10
the ground-motion return time, 2475 yr. Whereas sources
with short recurrence times are relatively common in tecton-
ically active western North America, they are absent from
the CEUS, at least in the 1996 PSHA maps. Relatively high
£, at sites in the CEUS is a consequence of many distant and
local sources affecting the hazard additively.

Modal sources with long recurrence times, on the order
of five times the ground-motion return time, are also fre-
quently encountered in many western states. Sites near these
sources have low &, Modal values like —0.5 are common,
and sites with & < —1 can be found for the 2% in 50 yr
motions. The most negative &, in Figure 5 occurs near the
Cheraw fault of eastern Colorado. Significant earthquakes
on the Cheraw fault have a very long recurrence time; how-
ever, unlike the eastern California seismic zone, there is no
high regional slip rate in eastern Colorado. Thus, neither
gridded (random) seismicity nor other faults have much in-
fluence on SA, in the vicinity of the Cheraw fault.

Negative ¢ is sometimes associated with sources having
earthquake recurrence times less than five times the proba-
bilistic ground-motion return time. For a site at 116.6° W,
34.6° N, in the immediate vicinity of the Landers, California,
fault system, which ruptured with an M 7.3 earthquake on
28 June 1992, M = 6.78 and £, = 0.5 for the 1-sec SA. The
second-largest hazard bin, with M from 7 to 7.5 and R < 5
km, has nearly the same hazard (bimodal distribution) at
most SA periods, and a major contributor to that bin is an
M 7.3 characteristic earthquake, like the 1992 Landers main-
shock, whose 1-sec SA g, =—0.47. The mean recurrence
time for characteristic events on the Landers fault is 5000 yr
(Petersen et al., 1996).

For this eastern California site, estimates of modal pa-
rameters are sensitive to the choice of AR. The modal source
has a higher magnitude with a significantly lower & when
AR is reduced from 10 to 5 km. Table 2 shows the modal
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data when using these two AR values. In both cases,
AM = 0.5.

We next illustrate how magnitude-bin interval may af-
fect £. Here and in web-site deaggregations, we use AM =
0.5. For a site in the northern Owens Valley, 36.51° N,
118.11° W, the 1-sec SA M = 6.7 and &, = 0.25, &, = 0.55.
For this location near the Independence fault (R < 1 km,
mean recurrence time 5500 yr) (Petersen et al., 1996), the
modal bin includes effects from a characteristic event on that
fault. & is greater than 0, but the biggest contributor to the
modal bin, an M 6.9 event on the Independence fault, has
&, <—0.3. An M 7.6 characteristic event on the Owens Val-
ley fault (R = 7.5 km, recurrence time 4000 yr, similar to
the March 1872 earthquake) (Petersen et al., 1996) is another
significant PSHA source at this site, with 1-sec SA g, =—0.24.
Reduction of AM to 0.2 or 0.1 makes one of these negative-
&, sources modal. Regardless of binning details, &, for im-
portant individual sources can be significantly less than ei-
ther &, or &,

The subduction of the Juan de Fuca plate dominates
seismic hazard in much of the coastal Pacific Northwest.
From Figure 5, we see that for many coastal sites in the
Pacific Northwest, the primary (modal) source of seismic
hazard is an M 8.3 or M 9 earthquake. M 8.3 and M 9 are
the two subduction-source magnitudes considered in the
1996 hazard maps. These two Cascadia sources contribute
to high 2‘0 in a transition zone, that is, the zone where the
two subduction sources contribute comparable ground-
motion exceedances.

Although our knowledge of Quaternary fault locations
in the Pacific Northwest is limited, at sites near known faults,
such as the Seattle fault and the South Whidbey Island fault,
the 2% in 50 yr SA exceedances are often dominated by
motion on those faults (Harmsen and Frankel, 2000). For the
Seattle fault, both characteristic and smaller-magnitude
sources are considered in the 1996 PSHA. The characteristic
event magnitude is 7.1, and the 2% in 50 yr 1-sec SA,, which
is 0.524¢, is lower than the median motion from this M 7.1
event for a site 1.6 km from the fault. For this site/source
& = —0.32. The mean &, for lower-magnitude Seattle fault
sources for this same 1-sec SA, is 0.11. In other words, the
2% in 50 yr probabilistic motion is approximately equal to
the median motion from the modal source for many sites in
downtown Seattle.

Which Mode Should I Use?

The modal-event M s R can be different from, M* R* and
even if equal, &* can exceed &, Figure 6 is the USGS web-
site deaggregation of 0.2-sec SA at a site near a potential
national nuclear-waste repository at Yucca Mountain, Ne-
vada. The deaggregation analysis for the 2% in 50 yr PE
at this site yields (M,R,&) = (6.25, 7.3 km, 0.1) and
(M*R*,e*) = (6.81, 32.8 km, ¢ > 2). The hatted triple
corresponds to random local seismicity, whereas the asterisk
triple corresponds to earthquakes on the Death Valley/Fur-
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Table 2

One-Second SA for Site at 34.6° N, 116.6° W. %C is percent
contribution to 2% in 50-yr hazard.

AR (km) R M & %C
5 1.3 7.24 —0.40 28.0
10 4.2 6.67 0.51 28.9

nace Creek fault system. Adoption of one or the other of
these (M,R) pairs as the scenario earthquake for 0.2-sec re-
sponse could result in different design considerations. These
distinct sources comprise the largest and second-largest haz-
ard bins, with 17.2% and 13.5% contributions to the 0.2-sec
SA exceedances, respectively. Altering the bin widths and/
or centers could change these estimates. One strategy for
design that appears quite sensible is to include both of these
scenario earthquakes. M s R and M*,R* tend to be equal over
a broad range of response-spectral periods at this site near
Yucca Mountain. For PGA and 0.1-sec SA, local sources
determine the two modes, whereas for 0.3- to 2.0-sec period
SA, Death Valley sources determine the two modes. All ex-
ample deaggregations are for the 2% in 50 yr PE.

The fact that (M* ,R*,¢e*) tends toward the mode of the
three-dimensional conditional p.d.f. of M,R, ¢ as the bin
widths tend to O (Bazzurro and Cornell, 1999) does not pro-
vide much more than academic insight. In practice, USGS
deaggregations always use substantial bin widths, and these
are often required if we wish to associate significant prob-
ability with a binned event. When comparing the influence
of random seismicity hazard with fault hazard, we may use
R bins several hundred kilometers in width (Harmsen and
Frankel, 2001). The Nisqually, Washington, earthquake of
28 February 2001 is an example of random seismicity hazard
(no mapped fault is associated with a 52-km deep event) that
yields a significant percentage of PSHA ground-motion ex-
ceedances for many sites in the Puget Sound area, especially
at the 10% in 50 yr PE. We believe deep intraplate sources
should be considered in seismic resistant design decisions
for structures in parts of the Pacific Northwest. Large bin
dimensions are useful in PSHA deaggregations when alea-
tory uncertainty in M,R is large.

Summary, Conclusions, and Recommendations

This article attempts to supplement the information
given in similar previous articles that focused on PSHA mean
and modal magnitude and distance in the conterminous
United States. (Harmsen et al., 1999; Harmsen and Frankel,
2001). Here, two mean ¢ and two modal ¢ are defined. Maps
of &, and &, are presented for the 2475-yr-return ground mo-
tions. &, is the quantile that relates SA to the median ground
motion from significant seismic sources. The geographic
variation of £, and &, for a given frequency of ground mo-
tion, and for a specified probability of exceedance, is large.

Negative &, can be an indicator that a site is near a
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Probabilistic seismic-hazard deaggregation for a site near Yucca Mountain,

Nevada, for the 0.2-sec SA and the 2% PE in 50 yr. The front face of each column is colored
to indicate the relative contribution to hazard by &. Acceleration = 0.7293g; annual ex-

ceedance rate = 0.401 X 1073

known source of potentially damaging earthquakes even
though the 2% in 50 yr probabilistic ground motion is quite
low. For the 2% in 50 yr SA,, regions and sites where
&, < 0 are identified. Several locations in western states of
the United States, principally Colorado, New Mexico, and
Nevada, but also Texas, Washington, Oregon, and Arizona,
have relatively low 2% PE in 50 yr SA, levels, yet they are
near long recurrence-time active faults believed to be cap-
able of M 7+ earthquakes. The Meers fault of southwest
Oklahoma is an example of a similar CEUS seismic source.

The Landers, California, case discussed previously il-
lustrates that to exclusively focus attention on the deaggre-
gation’s modal-event M,R pair may result in overlooking
significant earthquake sources near the site. Seismologists
often advise engineers to consider the contents of nonmodal
but significantly contributing hazard bins (e.g., Cramer and
Petersen, 1996). Geographic deaggregations to determine all
faults with significant contributions (Bazzurro and Cornell,
1999) often emphasize contributions from such faults.

In southeastern California, because of the spatial density
of mapped Quaternary faults, and the high rate of random
or gridded seismicity, PSHA SA, values are much higher than
in many other states, where long recurrence-time faults exist
in relative isolation and where random seismicity hazard is
of limited importance. The Cheraw fault of southeastern
Colorado and the Meers fault of southwestern Oklahoma are

examples of long-recurrence-time faults having &, <0 and
£, < 0. The list of such sources grows in many states, as a
result of advances in paleoseismology and geophysical dis-
ciplines that study low-strain-rate phenomena.

At sites near several active, short-recurrence-time faults
in the WUS, the 2% PE in 50 yr SA, is often a higher ground
motion than that which current building codes consider for
earthquake-resistant design (Leyendecker et al., 2000). Of-
ten, these are sites where @‘0 > 2, or where SA, is two stan-
dard deviations above the median for the predominant
source. Geographically, these are sites near some of the large
western California faults, such as the San Andreas, Maa-
cama, Hayward, San Jacinto, Brawley, Imperial, and others.
Some cities containing locations with 1.9 <&, <2 for the
2475-yr probabilistic SA, include San Bernardino, San Jose,
and Sacramento, California, and Anchorage, Alaska. 2‘0 and
&, both exceed 2.1 for a range of SA periods at Brawley,
California. Because &, > 2 implies a ground motion having
less than 0.023 probability of being exceeded if the modal
event occurs, the code decision made in western California
to use as a design ground motion a lower value than the 2%
in 50 yr SA, is currently deemed to be adequate.

Indeed, the 1997 NEHRP Provisions (BSSC, 1998) and
the International Building Code (IBC) (ICC, 2000) define a
maximum considered earthquake (MCE) ground motion for
sites near several large, historically active, short-recurrence-
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time faults. These MCE values are 1.5 X median motion
for a deterministic earthquake for sites sufficiently near the
active faults (Leyendecker et al., 2000).

The developers of these building codes did not explic-
itly consider ¢ for significant probabilistic sources when de-
ciding how to determine MCE values. However, they did
believe that the 1.5 margin-of-safety factor also represented
approximately 1o above the median (Leyendecker et al.,
2000) for a deterministic event. A more quantitative estimate
of the distance of near-fault MCE values to median motion
may be derived from the strong-ground-motion regression
equations. For example, the 1-sec SA attenuation equations
of Boore et al. (1997) tabulate o,y =0.61. This ¢ corre-
sponds to & ~ 0.66. The equation for determining ¢ is

(1.5 x median motion from the earthquake) = e“**° (7)

with ¢ = 0.61. The probability that sa exceeds u + 0.660
given the occurrence of the deterministic event is 0.25. Rec-
ognizing that ground motions near certain faults can be quite
high, developers of the 1997 Uniform Building Code (UBC)
(ICBO, 1997) incorporate a near-source factor to increase
the design motion (Petersen et al., 2000).

Public policy seeks an appropriate level of protection
given the seismic hazard. A deterministic definition of pro-
tection is seismic design that should resist 4 + ¢o, for a
specified ¢, for the sources which contribute most to the
hazard. The &-choice involves a balance among economics,
engineering experience, safety, and uncertainty. In the pre-
vious paragraph, it was shown that near some major faults,
including several in southern California, IBC-2000 code in
effect requires engineers to design structures for elastic re-
sponse for sa = x4 and noncollapse for sa < u + &o, with
& = 2/3 for the 1.0-sec ordinate of the design spectrum.

The probabilistic definition, in contrast, says protect
against SA having a specified probability of exceedance.
IBC-2000 adopts a probabilistically determined SA for its
design value when the PSHA 2% in 50 yr level is less than
deterministic-event median, for example, for sites near many
long-recurrence-time faults of Nevada, Colorado, Texas, and
many other states (Leyendecker et al., 2000). These areas
include the blue zones for &, in Figures 3 and 5. This choice
shows that IBC-2000 code considers that earthquake-
resistant design to SA less than two-thirds the median pre-
dicted ground motion from the infrequent earthquake on
such faults represents acceptable risk for structures near
these faults, because the probability of damage is small.

Whitman (1995) proposes that a long-range goal (for
the year 2077) of NEHRP might be the protection of 99.9%
of buildings against life-threatening damage from any earth-
quake with a mean recurrence interval of 2000 yr. We de-
termine the 2% in 50 yr &, for such an earthquake. First, we
assume that other sources make a negligible contribution to
the seismic hazard for buildings near this 2000-yr source.
The 2% in 50 yr r is 0.000404, and Whitman’s 2000-yr
source has 4 = 1/2000. Thus, from equation (5), &, =
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—0.8705. In this case, IBC-2000 code’s requirement to pro-
tect to two-thirds of this SA, would probably need to be
strengthened to meet Whitman’s proposed goal. Seismic
provisions of this building code imply that the MCE or col-
lapse ground motion is expected to be exceeded with prob-
ability 0.8 if this 2000-yr source occurs. Faults with, say,
four to six Holocene events are rare in the 1996 USGS fault
database (Frankel et al., 1996) The Owyhee River fault sys-
tem in southeast Oregon has a several-thousand-year recur-
rence time. For sites about 10 km from this fault system, the
2% in 50 yr PGA, can be less than 0.2g, and &, can be less
than —1.

Second, we consider sites where Whitman’s long-term
NEHRP proposal is perhaps already met by the IBC-2000
seismic provisions. Background seismicity can elevate the
2% in 50 yr SA, at the site near the 2000-yr fault so that &,
can be greater than zero. In the 1996 USGS maps, PGA, >
0.5g near the long-recurrence time Mission fault in Montana,
located near 114° W, 48° N. The mean rate for characteristic
events is 2.44 X 10~ * although the rate associated with
smaller Mission fault events is higher. For a site 2 km from
this fault, whose characteristic event M is 7.4, &, = 0.26 for
PGA,, whereas for a site 8 km from this fault, &, = 0.84,
using the attenuation function of Boore et al. (1997). Thus,
the combined effect of fault hazard and random seismicity
hazard at some sites in the United States yields 2% in 50 yr
ground motion that if protected against, would also protect
against median ground motion from the nearby characteristic
earthquake whose recurrence time is several thousand years.
However, in this instance, source-directivity effects and
longer ground-shaking duration of the M 7.4 earthquake are
likely to be separate design issues for many structures.

This article does not advocate a specific preference for
probabilistic or deterministic approaches in seismic-resistant
design—both suffer from limited but growing understanding
of where the active faults are, how active they are, and what
the pertinent features of the next challenging rupture are.
This article suggests that the triple M ,IA?,éA‘O) does approxi-
mately recover the probabilistic ground motion, for example,
the 2% in 50 yr motion. Therefore, (M, R,&,) is useful for
facilitating discussion on the appropriateness of SA, as a
design value. By considering ¢ with other deaggregation pa-
rameters, principally M and R, some of the fog surrounding
PSHA ground motions (Allen, 1995) is lifted.

A New Product Available on the Web

An examination of deaggregated M, R, and ¢ data at the
site of interest should help engineers to understand the re-
lation between the ground-motion level they are protecting
against, and the probabilistic source M,R, and ¢ distribution
associated with that ground-motion level. The USGS’s
National Seismic Hazards Mapping Project web site, http:/
geohazards.cr.usgs.gov/eq/, now includes an interactive
seismic-hazard deaggregation page. This page may be ac-
cessed by clicking the Interactive Deaggregations menu item
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under Seismic Hazard. The user can select one of a large
range of probabilities (from 20% PE in 50 yr to 1% PE in
50 yr) for any location in the conterminous United States
and Alaska, for SA periods in the 0.1- to 2.0-sec range, or
for PGA. The request generates a deaggregation hazard anal-
ysis and produces a graph of deaggregated magnitude, dis-
tance, and &. The analysis displays the site’s mean and modal
distance, magnitude, and &. The first mode is for binned
(M,R) and the second is for binned (M,R, €). Site conditions
are everywhere assumed to be firm rock—760 m/sec average
shear-wave velocity in the top 30 m. This web page includes
the option to generate a plot of geographically deaggregated
seismic hazard as discussed by Harmsen and Frankel (2001),
similar to that of Bazzurro and Cornell (1999).
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Appendix: Caveats

1. Analysts of strong-motion data agree that the empirical

SA distribution conditional on (M,R) is approximately
lognormal; however, there is no published consensus
about the maximum SA that is possible for a given (M, R).
Establishing a realistic upper bound on ground motion
becomes important when performing PSHA for very long
return times such as 10° yr, and can affect the analysis
for shorter return times as well. For sites near the Brawley
seismic zone of southern California, @‘0 for the 2% in 50
yr PE can exceed 2. This means that the probability mass
corresponding to motion more than 2¢ above the median
is the only part of the probability mass function that the
PSHA considers for those sources. Errors in its assumed
shape (such as infinite upper tail) affect estimates of SA,
at such sites. Frequently, seismologists recommend trun-
cating the ground-motion uncertainty distribution at
Up +30,4.

. Most empirical-data-based SA models are published with
specific domains where the analysts believe the models
are valid. Boore er al. (1997, p. 146) state, “The equations
are to be used for M 5.5-7.5 and d (R) no greater than
80 km.” What then is done in PSHA for M, R pairs outside
this domain of applicability? For example, USGS deag-
gregations indicate that an M 7.8 or greater earthquake
on the SAF is the modal event at many sites in western
California, some more than 100 km from the SAF. In
practice, USGS PSHA simply extrapolates the attenuation
function outside the recommended domain using the
same carrier variable coefficients and same estimate of
0. Some attenuation models use large shallow subduc-
tion-zone earthquake records to define the large (M 7.8
and greater) event response (Campbell, 1997). In the
1996 USGS hazard model, the only M 7.8 and greater
crustal earthquakes are strike-slip. Thus Campbell’s im-
plied extrapolation is not only between South American
and North American subduction events, but between
thrust and strike slip for these magnitudes as well. Esti-
mates of the location of and uncertainty on both ¢ and o
for the largest SAF events are a problem when consider-
ing the current strong-motion database.

. There is no strong-motion data to confirm validity of M 9
attenuation models. M 9 is an important hazard for
coastal sites in the Pacific Northwest (Harmsen and Fran-
kel, 2000) and megathrust events with M > 9 are im-
portant for sites in southern Alaska (Wesson et al., 1999).
Youngs et al. (1997), whose model is used exclusively
for M = 9 sources in USGS PSHA, do not indicate any

S. C. Harmsen

upper bound on M when they specify the domain of ap-
plicability of their attenuation function.

. In general, the list of probabilistic M,R,¢ triples having

no or very limited strong-motion data to support the
attenuation model(s) used to compute SA,, &, modal
M,R,¢, and so on, is much larger than can be indicated
here. Even where recorded strong motion data are used,
the number of events used to estimate the median and
spread parameter is often quite small. A fundamental sta-
tistical fact is “there is no law of small numbers.” To
apply published attenuation functions in PSHA or in de-
terministic analysis, we are frequently required to rely on
regression-determined u, o values, which at M,R are
based on data from one earthquake or none (extrapola-
tion). On the other hand, to the extent that the attenuation
model is a valid representation of the physics of earth-
quakes and crustal propagation, extrapolations may be
justifiable. Much of the heated debate about the appro-
priateness of different attenuation models results from the
need for answers where the event and similar-site strong-
motion data sample is small. Applying a weighted sum
of attenuation models in PSHA (e.g., equations 2 and 4)
does not really change the nature of the debate, as the
dominant model (least attenuation) largely determines the
estimates engineers need (e.g., modal M,R,¢).

. The near-source forward directivity pulse, which has

been observed to produce major damage, receives limited
attention in attenuation models used in 1996 USGS PSHA
calculations. For spectral response corresponding to long
and intermediate oscillator periods (¢ > 1 sec), this pulse
can be several times stronger than the median predicted
ground motion. For some quantitative work on potential
building damage from the directivity pulse of an M 7
thrust event in an urban area, see Hall et al. (1995). These
pulses are known to accompany many major earthquakes,
well-known examples being Landers, Northridge, and
Kobe (Somerville et al., 1997). Somerville et al. (1997)
propose an attenuation model that specifically accounts
for the directivity pulse. Naeim (1998) states that further
research is needed before a consensus can be reached
among seismologists and structural engineers about the
ability of modern design to successfully resist the near-
source pulse(s).
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