Uncertainties in Seismic Hazard Maps for the
New Madrid Seismic Zone and Implications for
Seismic Hazard Communication

Andrew Newman'*, John Schneider?**, Seth Stein', and Andres

Mendez?

INTRODUCTION

Earchquake risk assessment has been described as “a game of

chance of which we still don’t know all che rules” {Lomnitz,
1989). This challenge is illustrated by attempts to estimare
the seismic hazard for parts of the central U.S. due to earth-
quakes in the New Madrid Seismic Zone (NMSZ). The U S
Geological Survey National Seismic Hazard Maps predics
that the seismic hazard in the area is surprisingly high, in
some ways exceeding that in California. These predictions
reflect crucial parameter assumprions, many of which have
considerable uncerminty due to the absence of instrumental
data from any bue smaill earthquakes. Hence we explore the
coupled questions of how the predicted hazard depends on

various assumptions and how the uncerwinties in estimates of

hazard might be communicazed o scientists, engineers, pol-
icy-makers, and others facing the challenge of deciding on
seismic safety strategies that balance costs and benehs.

At present, most seismic hazard assessment is done using
the probabilistic seismic hazard analysis {PSHA} approach
developed by Cornell (1968) and widely applied in engineer-
ing design (e ¢, Reiter, 1990; McGuire, 1995). An informa-
tive and entertaining overview of PSHA s given by Hanks
and Carnell {1994). Major studies of seismic hazard in the
central and eastern United States, including the NMSZ, were
conducted in the 1980s by Lawrence Livermore Narional
Laboratory (Bernreuter er @/, 1985} and the Electric Power
Research Insticute (EPRI, 1986) for application to nuclear
power plant licensing. A detailed study of the NMSZ was also
carried our for the U.S. Department of Energy for the Gas-
eous Diffusion Plant in Paducah, Kenrucky (Risk Engineer-
ing, 1999). Based on these and related efforts, and morivated
by the design and licensing needs of critical facilities, derailed
consensus recommendations have been developed for con-

ducting PSHA (SSHAC, 1997).
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It has become common to apply the PSHA method to
develop seismic hazard maps for input to various aspects of
public and financial policy. These maps predice the maximum
ground motion expected at various probability levels during a
certain time interval, such thae the larger the expecred
motions, the higher the predicted seismic hazard. Such hazard
maps are used in the formulation of seismic design maps,
which are used in turn to develop national recommendations
for building codes (¢ g, Youngs er al, 1987; Petersen et a/,
1996; Building Seismic Safery Commission, 1997; Wong and
Olig, 1998) States and municipalities generally follow these
recommendations in adopting local building codes. The most
commonly used hazard maps are the U.S. Geological Survey
(USGS) National Seismic Hazard Maps (Frankel er 2/, 1996).

An intriguing fearure of the National Seismic Hazard
Maps is the high hazard predicted for parts of the central U S,
due to earthquakes in the NMSZ. In parts of the NMSZ, the
predicted hazard exceeds that in high-hazard portions of Cal-
ifornia: Peak ground acceleration (PGA) predicted in 50 years
at 2% probability exceeds that in San Francisco, and the area
predicted to experience very high acceleration (exceeding
1.2 g) for the NMSZ exceeds that for Los Angeles. These pre-
dictions seem surprising because California is within the plate
boundary zone that accommodates mast of the approximartely
45 mm/fyr net motion berween the Pacific and North Ameri-
can Plates (DeMers er 4/, 1990; Bennerr et f , 1999). In con-
trast, the NMSZ is within the generally stable plate interior,
which GPS dara show is rigid to better than 2 mm/yr (Dixon
et al, 1996; Newman er af, 1999a}. Hence large earthquakes
{(magnitude 7 or grearer) taking up the interplate motion typ-
ically occur on major faults in California with mean recur-
rence of 100-200 yr (e g, Sieh er @/, 1989), whereas the small
intraplate deformartion in the NMSZ appears to give rise to
earthquakes of this size about every 500-1,500 yr (Johnston
and Schweig, 1996; Newman e 4f, 199%).

This high hazard estimate assumes thar the largest New
Madrid earthquakes are of comparable magnirude to, though
far less frequent than, those in California and will, because of
more efficient seismic energy propagation, eventuaily pro-
duce ground motion exceeding that in California ac compara-
ble distances. The National Seismic Hazard Maps show this
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effect for the largest ground motions predicted over approxi-
mately 2,500 years {2% probability in 50 years). The situa-
tion differs for the more frequent, smaller magnitude events
that might do damage in the interim: These maps for proba-
bilities of 3% and 10% in 30 years show the hazard in the
NMSZ to be lower than in high-hazard areas of California.

However, the 2% probability in 50 years criterion is of

importance because it is used in the 2000 International
Building Code (IBC 2000) (International Code Council,
2000), which is being recommended for ¢he area. Thus, the
proposed new seismic design standards for the New Madrid
zone requiring that buildings be built to California standards
are more stringent than earlier ones, such as the 1994 and

1997 Standard Building Codes, which used = criterion of

10% in 50 years. An important consequence of considering a
lower probabilicy (longer time window} is chat both the esti-
mated hazard and the underlying uncertaintes in the hazard
estimation increase

SOURCES OF UNCERTAINTIES

Although the products of hazard mapping are widely used
and accepred, our experience is that few practitioners, let

alone users, have an in-depth understanding of the limits of

applicability of such hazard maps or their sensitivity to
assumptions in the underlying variables. Because these maps
influence policy decisions on issues ranging from building
codes to science funding, an appreciation for the uncertain-
ties and limiting assumptions underlying such maps is valu-
able for the user and decision-making communities. Hence
our goal here is to illustrate some of these issues, which are
recognized in the seismic hazards community (¢ g, Reiter,
1990; SSHAC, 1997; Frankel e af, 1997), for the specific
case of New Madrid and to explore how these issues might be
betzer presented to a broader community.

In our view, one significant source of controversy and
confusion is the narure of uncerraincy and how ro express it in
hazard maps. [t is useful o differentiate berween two sources
of uncertainry (or variability) (¢ g, SSHAC, 1997). The first,
aleatory (after the Latin word for dice} uncertaingy, is due to
the inherent randomness of nature and thus is not generally
reducible with better data or models. The second, epistemic
uncertainty, results from our lack of dara or understanding
and is often reflected in differences berween models or model
bias. Examples of alearory uncertainty would be the natural
variation in the magnitudes, rupture directions, occurrence
times, and locations of major earthquakes on a given fault.
These properties are generally considered to be variable from
one earthquake to the next. Epistemic uncertainty would be
associated with che long-term rate of seismic activity and slip
rate of the fault, maximum event magnitude, or local ground
motion response. These properties are generally considered to
have specific values but are often treated as variable due to
lack of data. Ideally, hazard maps (or risk models in general)
should reflect both aleatory and epistemic uncerraincy.

For instance, the USGS maps address aleatory uncer-
tainty by treating the occurrence time of earthquakes as a
Poisson (time-independent) process. In this model, the prob-
abilities of occurrence and magnitude of earthquakes are pre-
sumed known and constant through time In reality, there
may be significant epistemic uncertainty in the magnitudes
and probability of the earthquakes” occurrence, which is not
treated in the maps. On the other hand, the epistemic uncer-
rainty in ground-motion predictions for a given earthquake
and diseance is treated, at least in part, by incorporating two
different ground-motion relations. The resulting variability
ot uncerrainty in ground motion is combined with aleatory
effects in the final probabilistic ground-motion distributions.
In other words, we never see multiple hazard-model results
that reflect the range of uncertainry generated by different
assumptions or opinions, merely a single “average” model
derived from a consensus of opinton. The diversity of opinion
is not known to the user or reader, nor is it clear what the
resulting impact is on the uncertainey in hazard.

The issue of how uncertainty is treated prompred us o
explote alternarive values for the key parameters used in mak-
ing seismic hazard maps and ro illustrate the sensitivity of the
differences in estimated hazard to the paramerers chosen. The
variation in the estimated hazard due to differences in plausi-
ble values of these parameters is a measure of the epistemic
uncertainty associated with any particular such map

The New Madrid Seismic Zone is a natural focus for this
discussion because, while the uncertainties in a few parame-
ters have been widely discussed (e g, Newman et al,, 1999b;
Schweig ¢t al , 1999), their implications for hazard maps have
not. Specifically, while there has been much discussion of the
maximum earthquake magnitude and return period, the pre-
dicted ground motion depends on both these parameters and
on the model used ro predict ground motion for specific
earthquakes. Hence we explore these issues to illustrate the
general sensitiviey of such maps to the underlying assump-
tions and associated uncereainties and o make some sugges-
tions about che use of such maps. We have not attempted to
replicate the specific USGS hazard model or make rehned
estimates of hazard for use in risk analyses,

Before discussing New Madrid, it is worth noting thar
the challenges of assessing probabilities and uncerrainties are
general to science and are the subject of an interesting litera-
ture Ekelands (1993) uses as examples the Titanic, described
as “unsinkable” {probability zero), and the space shuctle,
which was lost on its 25th launch despite an estimated prob-
ability of accident of 1/100,000. Other examples come from
the history of measurements of physical constants {Henrion
and Fischoff, 1986). For example, the 27 successive measure-
ments of the speed of light berween 1875 and 1958 are
shown by subsequent analysis to be consistently in error by
much more than the assigned uncertaingy. Ir appears thar
assessments of the formal or random (aleatory) uncertainty
significantly underestimarte the systematic (epistemic) error,
so the overall uncertainty is dominated by the unrecognized
systematic error and thus larger than expected. As a resulr,
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estimates of a quantity often remain stable for some time and
then change by much more than the previously assumed
uncertainey. Henrion and Fischoff (1986) suggest that some
of the cause is discarding of outliers. For example, although
R Millikan reported using all the observarions in his famous
(1910) study of the charge of the election, his norebooks
show that he discarded 49 of 109 oil drops which appeared
discordant, increasing the apparent precision of the result.
Another possible factor, which Henrion and Fischoff (1986)
term the “bandwagon effect”, is discounting data that are
inconsistent with previous ideas but that later prove more
accurate than those included. They discuss approaches o
developing more realistic uncerrainry estimates by reducing
the tendency to discard disconforming evidence, bur note
that no satisfactory method has yet been developed. Hence,
although such analyses are more difficult in the Earth sci-
ences—for example, an earthquake is a nonrepeatable experi-
ment-they are useful to bear in mind.

MODELS

Hazard maps can be produced for various ground-motion
parameters, probabilities, and time intervals. Each of these
choices describes the predicred hazard in a different way and
in tn depends on several parameters that characeerize the
hazard model. To illustrate this effect, we examine how the
predicted ground motion depends on three crucial variables:
the refation used o predice the ground acceleration expected
at a given distance, and the assumed magnitude and recur-
rence interval of the largest earthquakes.

Various relations (Figure 1) have been proposed to pre-
dict the ground motion expected ar a given distance from
earthquakes of a given size in the central and eastern US.
(Atkinson and Boore, 1993; Frankel et a/, 1996; Toro et af,
1997). These relations refleci the combined effects of the
earthquake source spectrum and propagation effects includ-
ing geomerric spreading, crustal structure, and anelastic atten-

100 150 200

50
B 1N
& 100
3]
]
<
o
=
2 10 -
]
e
Q
o

1
gﬂmm
g
<
b ]
s
3510 -
2
&)
N
aw
™

50

T - ¥ ¥
100 150 200

Distance from Source [km]

— — M8

Frankel et al,, 1996 Atkinson & Boore, 1995 Toro et ol , 1997

M,7T . .... M6

A Figure 1. Comparison of ground motion (peak ground acceleration and 1 Hz) as a fuaction of distance for difierent earthquake magnitudes predicted by
three relations for ground motion considered in preparation of the USGS maps Colors denote ground-mation models and line types denole magniludes Taro
and AB9S models are converted from “hard rock” to "firm rogk” susface shear velocity conditions For M, 8, the Frankel af af (1996} relalion predicts signifi-

cantly higher values than the olhers

Seismolagical Research Letters  November/Decamber 2001 Volume 72, Number 6 649



uation. Due to the lack of ground-motion data for eastern
earthquakes with magnitudes greater than 6, the models have
been developed using different approaches. The Atkinson and
Boore (denoted AB93) relation was derived by fitting a soutce
spectrum to ground-motion data for small earthquakes,
whereas those of Toro ef af (1997) and Frankel er 4/ (1996)
were developed using a stochastic ground-motion model and
an assumed single-carner-frequency earthquake-source spec-
rrum. All the models have strengths and are consistent with
observations of small (M, < 6) events ar moderare distances
{50--200 km) (Atkinson and Boore, 1997), but no dara exist
to validate the models in the range of greatest interest for haz-
ard estimates, /e, M, > 6 for distances less than 50 km.

For our discussions here, the key point is that there are
major differences beoween the model predictions {Figure 1},
This difference occurs both for peak ground acceleration
(PGA) and 1 Hz mation, a lower-frequency paramerer more
useful chan PGA in describing the hazard ro major scructures.
The differences are greater at the lower frequency, which is
more sensitive to the differences in the assumed source
spectra

In these comparisons (Figure 1), all predicdons are
shown for “Arm rack” site conditions (V, = 760 m/s in the
upper 30 m, corresponding to NEHRP B-C boundary}, as in
the USGS maps Thus, the Toro er af (1997) and Artkinson
and Boore (1995) predictions were converted from hard rock
(V.= 1,830 m/s) to “firm rock” using the magnitude- and dis-
tance-independent scale factors of 1.52 for PGA and 1.34 for
1 Hz motion proposed by Frankel ez 2l (1996). For conve-
nience, these constans factors used by Frankel er «/ (1996)
simplify a presumably complex relationship. For example, the
factors should probably be substandally reduced for large
accelerazions due to high-strain weakening of surficial mate-
rial, especially above 0.3 g (e g, Risk Engineering, 1994;
Huang er al, 1997). However, because the Toro et al (1997}
and Arkinson and Boore (1995) relations predict ground
motions lower than those of Frankel et «f (1996), such con-
stant factors actually underestimarte the differences berween
models for accelerations above 0.5 g

The predicted hazard also depends significantdy on the
assumed size and recurrence interval of the largest Frrure
earthquakes, which are assumed 1o be similar to the largese
New Madrid earthquakes of 1811-1812. The present maps
assume that the three largest New Madrid earthquakes of
18111812 were moment magnitude (M) 8 events and will
recur every 1,000 years. Vatious approaches to estimating
these parameters yield quite different results, making chese
parameters difficult to estimate and the resulting uncereain-
ties difficulr to quancify. In general, the formal uncertainties
of individual estimates are smaller than the differences
between estimates. Hence, as noted earlier, it seems fikely thas

the true uncertainties significantly exceed the formal errors of

each technigue

The most direct estimates of the 1811-1812 earth-
quakes’ magnitude are from the area over which various
Modified Mercalli Intensity levels were reporsed Nuwli

(1973) interpreted these noninstrumental data as implying
body-wave magnitudes of 7.2, 7.1, and 7.4 for the three
major shacks. A subsequent analysis of Nuteli's intensity con-
tours (Johnston, 1996) reported A, of 8.1, 7.8, and 8.0
(£0 3). A recent reevaluation of the reported intensicies
{Hough er af, 2000) favors lower M, (7.2-7.3,7.0,7 4-7 5,
all £0.3). The revised intensities are consistent with the minor
damage reported in the St Louis area and elsewhere exceprin
the immediate epicentral area The felr areas are similar (only
about 20% larger} than for the 1929 A{, 7.2 Grand Banks
earchquake, the largest in eastern North America since the
invention of the seismograph. Hough er a/’s (2000) uncer-
tainry estimates are not formal errors but indicate their assess-
ment of the plausibie range.

Other estimares of the magnitude can be made via esti-
mates of the recurrence period for such events and hence are
also affected by uncertaintes in the estimated recurrence
time. The first such estimates come from an interpretation of
the frequency-magnitude distribution of earthquakes If such
earthquakes follow a Gutenberg-Richter distribution, the
slope (& value} of the distribution derived from smail earth-
quakes can be used 1o infer the recurrence of large ones
Johnston and Nava (1985) assumed that the 1811-1812
earthquakes had M, greater than 8.3 and inferred a 550-1,100
year recurrence for such earthquakes However, thac analysis
used the incorrect assumption thar all earthquakes with body-
wave magnitudes above 7 have surface wave magnitude 8.3,
(The fact thar body-wave magnitudes do not exceed 7 even as
earchquake size increases does not imply that all these earth-
quakes have M, 8.3 [Geller, 1976]. In fact, the global fre-
quency-magnitude curve remains linear uncil abour M, 7.5-8
[Okal and Romanowicz, 1994]). Hence reanalysis of these
data (Newman e f, 1999a) yields much longer recurrence
times for A7, 7.0 and 8.0 earthquakes of abour 1,400 = 60O
and 14,000 £ 7,000 yr, respectively. More recently, paleo-
tiquefaction studies have been interpreted as indicating that
the 1811-1812 earthquakes were preceded by similar
sequences in zbour A D. 1500 and 900 (e.g., Turde and Sch-
weig, 1995; Kelson e al, 1996: Turde, 1999), implying a
recurrence interval of about 500 + 100 yr for large events.

It is not clear how o interprer the apparent discrepancy
berween the paleoseismic and b-value results. One possibility
is that the unceriainties in one or both are underestimated
The interpretation of the paleoseismic data as showing a 500
+ 100 yr recurrence depends on assuming that paleoliquefac-
tion events are due to a few large earthquakes, whereas the
observation that such events are absent from large portions of
the NMSZ (Wesnousky and Leffler, 1992) suggests that the
liquefaction data reflect distributed smaller events alfowing for
a longer recurrence interval for the largest evens. Elsewhere,
paleoseismic studies sometimes find large (“characteristic”)
earthquakes more frequent than expected from the linear rela-
tion derived from instrumental dara (Youngs and Copper-
smith, 1985) although the reverse is also reported (Meghraoui
et al, 2001 Whether these differences are real or are due 1o
differences between seismological and peological approaches
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remains to be established. Interestingly, seismological dara for
continental interiors (Triep and Sykes, 1997) show that large
earthquakes are less frequent than expected from the linear
relation, presumably because of the finite depth available for
faulting. Some of the deviations of the fargest earthquakes in
cither the seismological or paleoseismic data from a linear fre-
quency-magnitude relation may reflec small sampling;
Numerical simulations show thar for an earthquake popula-
tion with a Gurenberg-Richrer distribution, the & value is rea-
sonably well estimarted from the small earthquakes but nor the
infrequent larger ones (Howell, 1985}

A third approach uses displacement rates and thus
reflects their uncertainties of both measurement and inter-
pretation. Newman er a/ (1999a) argue from the slow
{0 + 2 mm/yr) rates across the NMSZ observed in GPS data
that large earthquakes occurring every 500-1,000 years are
likely to be in the low magnitude 7 range (Earlier GPS
results of Liu er a/ {1992] interpreted as showing 5-8 mm/yr
of motion across the NMSZ, consistent with a magnitude 8.0
earthquake abourt every 1,000 years, are now recognized to be
incorrect [Kerkela e af, 1998]). Similar suggestions emerge
from a paleoseismic study of fault-related folding (Mueller er
al, 1999), which finds a chrust slip rate of 5-6 mm/yr across
the Reelfoot scarp, corresponding to abour 2 mm/yr of strike
slip, which would in 500 years give about 1 m slip, core-
sponding to about M,, 7.0 = 0.3 using Wells and Copper-
smith’s (1994) relarions. 1t has also been noted that the
relatively short faulr lengths thoughe to have been involved in
the 18111812 earthquakes are probably roo small foran M,
8 evenrt {Schwartz er 2/, 1999),

The effect of the magnitude on the predicted ground
motion is also illustrated by Figure 1, which shows that
assuming that an M, 7.0 earthquake had been M, 8.0 over-
states the expected ground motion by a facror of two or more,
depending on the ground-motion relation used. Thus,
although the assumed earthquake size and ground-meorion
relation are physicaily different entities, hazard estimares have
a tradeoff between them. As shown, the ground motion for
an M, 7 earthquake predicted by the Frankel er al (1996)
relation ar distances greater than 100 km is comparable to
that predicted for an A1, 8 earthquake by the Atkinson and
Boore (1995) relation Thus, the predicred ground motions
can rely as significandy on the ground-motion relation as on
the maximum magnirude, depending on the distance of the
site from the source. Naturally, substantial differences from
these predicted ground motions can result from local ground-
motion amplification. However, because these effects scale
approximately with differences in the ground motion at rock
sites estimated as in Figure 1, a comparison of maps con-
structed to include site effects would show relative differences
in hazard similar to those illustrated here.

HAZARD MAPS

A hazard map expresses the probability of exceeding a given
level of ground shaking at least once during a specific period

A0 g T

| Mid-Continent
! 00033

36° -

Cuachita
0.0029

* Activity > myy, 5

Fap.

268° 2720

A Figure 2. Area sousce geometry used in hazards modeling Areas rep-
resent differences in underlying geolegy, and their seismicity is described
by the annual activity rates of earthquakes shown

due to all the assumed seismic sources. Hence hazard maps
can be viewed as a sparial convolution or weighted average of
curves like those in Figure 1 with an assumed distriburion of
earthquake sources. We calculated maps for owo of the quan-
tities mapped by Frankei et #/ (1996}, the peak ground accel-
eration and 1 Hz amplitude expected at 2% probability of
exceedance in 50 years This choice, which corresponds to the
shaking expected over a 2,500-year return period, is that rec-
ommended for use in the new IBC 2000 building code.

For our maps, we used rwo earthquake populations. The
fiest is a simple strike-slip New Madrid faulr source, which
predicts high ground shaking in areas nearer the fault (e g., at
Memphis) and less shaking further away (e.¢, at St Louis}.
The second set represents area sources, which predict more
uniform regions of shaking from smaller earthquakes thac
occur away from the principal fault source.

We used a set of nine area source zones developed by
Electric Power Research Insticure (EPRI, 1986) and Lawrence
Livermore National Laboratory researchers (Bernreuter,
1985) and compiled by Risk Engineering Inc. (1994). The
source zones (Figure 2) were chosen to represent differences
in underlying geology, and their seismicity is described by a
maximum magnitude, an activity rate specifying the rate of
M, > 4.6 (my, > 5) earthquakes, and a b value. We use the
Gucenberg—Riciuer relation to estimate the time-independent
probability of earthquakes of different sizes within each area.
The variations in acrivity rates create spatial variabilicy in the
resulring hazard map. For example, in some of the maps
increased hazard in the St. Louis Arm and the Wabash Valley
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appears as prominent “bunny ears.” For simplicity, we did
not explore the effects of variability in these sources but
instead focused only on the effects of varying the main
NMSZ faulr source Although the largest predicred accelera-
tions are due to the fault source, area sources represent a sig-
nificane portion of the hazard at greater distances from the
fault, for example for St Louis The area sources’ contribu-
tions to the hazard maps depend on the ground-motion rela-
tion but are independent of the magnitude and recurrence
assumed for the New Madrid fault source.

The faulr and area source geometries differ somewhat
from those assumed in the national hazard maps, but our
resules are comparable o those maps and offer insight into
them. More generally, because our goal is to examine the
effect of varying several key parameters, our resufts do not
depend crucially on the source geometry chasen

The spattal trends in predicted hazard vary with the fre-
quency of ground mortion and time window. For instance, a
lower frequencies (e g, 1 Hz), large earthquakes from the
NMSZ have a relatively greater impact than area sources on
the hazard out to greater fault distances (¢ g, Frankel er 2/,
1996G: Harmsen et a/ , 1999). Conversely, outside the NMSZ,
area sources have a relacively greater impact on the hazard for

shorter time ingervals, which correspond to lower levels of
ground shaking but higher probabilities (or rares) of

pccurrence.

For the hazard models, we consider several variable
choices. For maximum magnitude M, of the New Madrid
faulr source, we use either A4, 8 0 or 7.0. We computed maps
(Figures 3 and 4) for all three ground-motion relations ar
PGA. {In the USGS maps, the Frankel er o/ [1996] and Toro
et al [1997} relations were averaged, whereas the Atkinson
and Boore [1993] refation was considered but not used ) We
also considered recurrence times 7, for the largest earthquakes
on the New Madrid fault of both 1,000 and 500 yr (Figures
3 and 4). As discussed, this recurrence range seems reasonable
bur is hard to assess given the uncertainties due to facrors
including the shott earthquake time series. We denote models
by these three parameters, ¢ g, “Frankel/M8/1,000 yc”

The different variables affect the PGA maps in various
ways. It is useful to compare che effeces near the faule at Mem-
phis (50 km away) and farther (230 km away) in St Louis
(Table 1). For a given ground-motion relation and maximum
earthquake recurrence time, the assumed maximum magni-
tude primarily affects the predicred acceleracion near the

faule. Hence for ali ground moton relations and T, of

1,000 yr, lowering M, from 8 to 7 reduces PGA ar Mem-
phis from an average of about 0.56 g 1o less than 0.30 g
However, the effects at St. Louis are less: For the Frankel er af
{1996} relation, PGA drops from an average abour 0 35 g to
about 0.30 g.

In contrast, differences in the assumed ground-motion
relations primarily affect the predicred PGA ar large dis-
tances. Hence the predicted hazard at Memphis is similar for
the three models, whereas that at Sc. Louis is significanly less

for the Toro et al {1997) relation. The general pattern of the

maps persists for a shorter (500 year) recurrence time for the
largest events (Figure 4). The predicted acceleration increases
overall, but the variarion with A, , and ground-motion rela-
tion is similar to chae for the 1,000-year recurrence.

Figures 3 and 4 and Table 1 can be viewed as showing the
partial derivatives of the predicted acceleration with respect
to M,,,.. ground-motion relation, and recurrence time. The
combined effects of the different paramerer choices at PGA
can be iltustraced in several ways (Figure 5}. The Frankel/M8/
500 yr and Toro/M7/1,000 yr models predict the highesr and
lowest peak accelerations of the models we considered. The
range of values is shown by the difference berween and ratio
of the predicrions of these models. As shown, the predicred
accelerarion at Memphis varies by a factor of 5, whereas that
for St Louis varies by a factor of 3 This variation berween
models is typical for most sites in the region, except for sites
at either end of the main fault zone, which show higher frac-
tional changes because they are at the fault ends. Another way
to show the variarion is via the mean and standard deviation
of the models considered. Similar calculations for | Hz
ground motion show even greater differences berween models
{Figures 68, Table 1}. The models prediceing the highest and
lowest accelerations differ by Factors of 10 at St Louisand 13
at Memphis.

These examples illustrate how the predicred hazard
depends on the choices of several crucial model variables.
Orther variables can also affect the predicted hazard For
example, whether the main New Madrid fault is represented
as a single strike-slip faule or as a complex faule wich srrike-
slip segments separated by a thrust segment has little effect
away from the fault zone bur noticeably affeces the predicted
hazard near che fault in the Missouri Bootheel and Memphis
Other imporrant choices include whether one postulates
both Gutenberg-Richter distribution and  characreristic
earthquakes (as done both here and in the USGS maps), and
whether the probability of the occurrence of the largest earth-
quakes is presumed time-independene (as done both here and
in the USGS maps) or time-dependent. Further refinements
include uncerrainry in the locations of the faults in the
NMSZ, their lengths, and other characteristics of fault rup-
ture Finally, the hazard ar any specific site also reflects local
and regional effects. This issue has been addressed in prelim-
inary models by Toro er al (1992} and Risk Engineering
(1994). For example, the lower ground mortions for models
like “M7 — Toro” may be more consistent with the lower
MMI values determined recently (Hough er @/, 2000) for the
18111812 earthquakes. However, comparison of the MMI
dara o a hazard model’s prediction for the largest earthquakes
requires considering site effects and ground failure.

DISCUSSION

The examples explored here iliustrate some important fea-
tures of hazard maps and suggese some guidelines for their
use. Such maps are useful as long as their limitations are rec-
ognized. Certainly a plausible quantitative estimate of earth-
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TABLE 1
Predicted PGA (g) Values for Vaticus Parameter Sets
St. Louis Memphis
Frankel ABY5 Tare Frankel ABY5 Toro
1B/1,000 yr 043 039 023 055 061 052
M7/1,000 yr 034 036 019 027 037 020
MB/500 yr G50 042 027 092 083 074
M7/500 yr G36 038 020 038 048 027
Mean 034+010 351023
Predicted 1 Hz (g) Values for Various Parameter Sets
MB/1,000 ve G628 008 215 042 022 035
M7/1,000 ye ©018 G 04 008 020 005 012
M8/500 yr 038 o 020 063 035 054
M7/500 yr 021 005 011 026 008 017
Mean 0154010 328018

quake hazard seems likely to be more useful than none ac all,
although only time will tell how well such maps have in fact
represented the earthqualke hazard.

However, it is imporrant to bear in mind that any parric-
ular map—and the hazard it predicts—-depends crucially on
the parameters chosen. Often these parameters are very
poorly known, so in making any map the authors of necessiry
choose the model parameters they prefer and hence deter-
mine the predicted hazard For example, the range of ground-
motion relations proposed for eastern North America reflects
the absence of data for earthquakes greater than magnitude 6.
In chis absence of dara, Frankel ef /. {1996} state that “work-
shop participants were nor comfortable” with the source
model used in the Arkinson and Boore {1995) ground-
motion relation and so “decided to construct” a new relation
which predicted higher ground motions. Similady, Frankel e
al {1996} considered bur did nor use an alternative recur-

rence distribution based on a cumulartive recurrence time of

1,500 years for events greater than M 7.5 which “produced
substantially lower probabilistic ground motions.” Thus, lim-
its in scientific knowledge can have profound implications on
the perceived hazard. The bounds on epistemic uncertainty
can be explored using logic trees and expert panels (SSHAC,
1997; Hanks, 1997), bus the subjectivity of the results cannot
be eliminated because different options must be subjecrively
weighted. The experience in assessing physical constants, dis-
cussed earlies, points out some possible difficulties.

Qur point is not to criticize such choices, burt to note
their existence and point out thar they make the estimated
hazard correspondingly uncertain. Pur another way, there is
often no compelling reason to accept one hazard map as any
more likely than a wide plausible range of others, Moreover,
although one can examine how different parameter choices
affect the predicted hazard, it can be difficult if not impossi-
ble to assign meaningful uncertainties objectively o the
parameters and hence the predicted hazard. The ground-

Seismological Research Letlers

motion issue illustrates this challenge: Suitable dara would
permit testing the various proposed relations, but without
data a wide range of models can be proposed and the choice
berween them is purely subjective. Due to the low seismicicy
of the eastern U.S., this situacion may not improve for a long
iime.

Similarly, the uncertainty in the assumed magnitude and
recurrence interval for large New Madrid earchquakes is no
easier to assess objectively Even assuming the paleoseismic
dara are correctly interpreted as showing rwo previous 1811
1812-style earthquake sequences whose dates are exacily
known, it is far from clear what these say abour furure earth-
quake recurrence. This issue is illustrated by data from Cali-
fornia, where earthquake history data are much beteer. The
Palletr Creek paleoseismic record of large (magnitude 7+)
earthquakes on part of the San Andreas, probably the best
record in the U S., shows such large variability in recurrence
times chat the estimated probability of a similar earthquake
before 2019 ranged from 7-51% (Sich et a/, 1989). Mote
recently, the next major Parkfield earthquake, predicied in
1985 to occur berween 1987 and 1993, has not yet material-
ized, illustrating the variability of earthquake recurrence and
perhaps the limjzations of the statistical approach used (Sav-
age, 1993}, Even worse, the San Andreas earthquakes indicate
time variabifity resulting from plate mortion thar has been
going on at the present rate for millions of years, whereas
New Madrid is an incraplate system which may have “turned
on” within the past 10,000 years (Schweig and Ellis, 1994)
and may be “shutting down” (Newman et 4/, 1999a).

Hazard maps for New Madrid (or any other intraplace
seisrnic zone) are not only more uncersain than for California
(or another plate boundary zone), they are more difficult to
test and improve. Within a few decades, a California map can
be compared to the reasonable number of moderate or large
earthquakes that occurred. In conrtrast, because even magni-
tude 6 earthquakes in the NMSZ are likely 1o occur on aver-
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age less than once per century (Newman e al, 1999a), a fong
fime may be needed 1o test maps. Given these uncerainsies
and the fact that the predicted hazard for California has sim-
ilar although smaller uncertainties, it is difficult to compare
the hazard in California to thar ar New Madrid

IMPLICATIONS FOR HAZARDS COMMUNICATION

We believe thar the issues discussed here have implications for
how earthquake hazards can be berrer communicated to the
public and other groups including engineers, insurance ana-
lysts, and emergency planners How to make meaningful pre-
dictions and hazard estimates, communicate their
uncertainties, and best use them for policy is a topic of discus-
sion relevant not just to seismology burt to the other Earch sci-
ences. Some useful suggestions from a deniled analysis by
Pielke er 2/ {1999) and Sarewitz e+ 2/ (2000) include:

Above all, users of predictions, along with ather
stakeholders in the prediction process, must ques-
tion predictions. For this questioning to be effective,
predictions must be as transparent as possible to the
user. In particular, assumptions, mode! limitations,
and weaknesses in inpur data should be forthrightdy
discussed. Instirutional motives must be questioned
and revealed. .. The prediction process must be
open to external scrutiny. Openness is important for
many reasons but perhaps the most interesting and
least obvious is that the technical producss of predic-
tions are likely to be “berrer™-—both more robust sci-
entifically and more effectively integrated into the
democratic process—when predictive research s
subiected to the tough love of democratic discourse
Uncertaineies must be cleatly understood and
articulated by scientists, so users understand their
implications. If sciendsts do not understand the
uncertainties—which is often the case—they must
say so. Failure o understand and articulate uncer-
tainties contributes to poor decisions that under-
mine relations among scientises and policy makers.

Toward these ends, we believe that in many applications ir is
useful to go beyond considering a single map or set of hazard
maps For regulatory and policy purposes, a single accepted
map is somerimes necessary. In other applications, however,
we believe it would be useful to consider multiple hazard esti-
mates developed by various governmene, academic, and com-
mercial groups under different assumprions. Our experience
has been that groups such as engineers and insurance analysts
would like to understand the underlying assumprions, how
well known they are, and the resulting range of uncerrainries,
and have the sophistication to make valuable use of this infor-
mation (¢ g, Michaels er af, 1997). Hence they would be
helped by maps that explicitly present estimates of the uncer-
tainy via graphics like those in Figures 5 and 8 or in Cramer
et al (199G), and the variabilicy berween different maps

would provide another indicaror of the uncerwainty. This pro-
cess should be facilitazed now thar the USGS hazard map
software has been made publicly available. Similarly, we
encourage discussion of alternative models in the open litera-
tre. We favor encouraging a broader range of seismologists
and other Earth scientsts to become involved in hazards
issues, At present we believe that many are deterred from con-
tributing their knowledge and ideas to probabilistic hazard
analysts, in part because its “simplicity is deeply veiled by
user-hostile notation, antenymous jargon, and proprietary
software” (Hanks and Cornell, 1994).

Our approach thus addresses different issues from those
of public education about earthquake hazards, e g, Nathe e#
al (1999). These authors assume that the scientific issues are
clear and explore the sociological question of how best to
present a simplified picture to a general audience wich licle
interest in scientific detils, This approach seems reasonable
in providing a broad public awareness of earthquake hazards
in a California context where the general dimensions of the
earthquake hazard and approaches to addressing it via build-
ing codes, insurance, eec. are relatively clear However, their
discussion of situations such as the Palmdale Bulge or the
Parkfield prediction does not address the issue of whether or
how the significant sctentific difficulties (Jackson ez 4/, 1981;
Davis et af, 1989; Savage, 1993) associated with these two
unsuccessful predictions or the large uncerminties in earth-
quake probability estimates (Savage, 1991) should be com-
municared. In contrast to Californiz, the fundamental
scientific uncerrainties for New Madrid are much greater and
cannot be neglected in the complex and far from clear chal-
lenge of deciding on seismic safery strategies thar balance
costs and benefits. Hence, we deal here with the issue of com-
municating not only to the general public bur also to groups
of which many ate both capable of understanding the techni-
cal issues and would like candid discussion of the uncertain-
ties caused by our limired knowledge of the hazard due 1o che
much less frequens major earthquakes in the New Madrid
zone _

Our suggested approach would in ways follow that in the
armospheric sciences, which face a similar challenge of pre-
senting information about hazards which in the U.S. signifi-
cantly exceed that of earthquakes (severe weather causes
abour 500 fatalities per year compared to abour 10 per year
due to earthquakes). In the aumosphetic sciences, various
groups make forecasts for differene applications, different
forecasts are publicly compared, and key software such as glo-
bal climate models is publicly available. Private, university,
and government groups interact and play mutually support-
ive roles. For example, private weacher services, whose annual
sales are at least 50% larger than ¢he budget of the National
Weather Service, provide many of the forecasts used by the
media and address specialized needs, varying from agriculture
to ourdoor recreation (Roseafeld, 2000}

The resules are impressive. For example, on 2 February
2000 the Chicago Tribune weather page stated:
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Weather offices from downstate lllinois 1o Ohio
advised residents of the porential for aceumulating
snow beginning next Friday. Buc forecasters were
careful to communicate a degree of uncertainty on
the storm’s precise track, which is crucial in deter-
mining how much and where the heaviest snow will
fall. Variations in predicted storm rracks occur in
past because different computer models can infer
upper winds and temperatures over the relatively
daca-sparse open Pacific differently. Studies suggest
that examining a group of projected paths and scorm
intensities—rather than just one—helps reduce
forecase errors.

The newspapers graphics then compared four models’ pre-
dicted storm tracks across the Midwest and seven precipita-
tion estimates for Chicago Thus the public was shown model
uncertainty, fimitacions due to sparse data, and varying pre-
dictions

Similarly, on 2 monthly time scale, NOAA's Climate Pre-
diction Center presents and contrasts various universiry and
government predictions for El Nifio/La Nifia events (which
have billions of doliars in economic impact), and cautions
“potential users of this predictive information that they can
espect only modest skill.” Moreover, in assessing the possible
effects of global warming, perhaps the most significant natu-
ral effect on human society, current discussions compare a
wide range of different models developed by various groups
(Mackenzie, 1995). Hence the U S, Global Change program
notes that “thete remains substantial uncertainty in the exact
magnitude of projected globally averaged temperature rise
caused by human activity, due to shortcomings in the climarte
models. ... Furthermore, sciensists have little conhdence in
the climate changes they project av a local level Other uncer-
taindes, not arising from specific limications in the climate
models, also restrice the ability to predicr precisely how the
climate wili change in the furure.” In our view, similar candor
and humility in the face of the poorly understood complexi-
ties of nature would be very helpful in discussing earthquake
hazards.

Based on the mereorological example, we believe char the
public can accept a realistic discussion of the uncertainty in
earthquake hazards estimartes It has been argued that even
unrealistically high hazard estimates (including Iben Brown-
ing’s infamous predictions of a 1990 NMSZ earthquake) are
in part desirable as they raise public awareness of earthquales
(Farley, 1998; Nigg, 2000). Nonetheless, we think it crucial
to avoid overestimating seismic hazards, which can both cre-
are undue public concern and inflate building costs, diverting
resources from other applications. Furthermore, high con-
struction standards may actually reduce seismic safery by
encouraging evasion of requirements that would be econom-
ically mer at a lower level We believe that society is best
served if scientists present their best estimates of the hazard
(including its uncertainry) and the public and political and
economic decision makers choose their responses based on

the economic and societal considerations, The current situa-
rion in the New Madrid area, where local aurhorities are con-
sidering whether to adopt more stringent provisions that
would require buildings to meet seismic safery criteria similar
to those in California, illustrates this issue. We think evalua-
tion of the costs and benefits of the proposed changes is best
done with as much information on the seismological issues
and uncertainties as possible

Thus, in our view society is best served by candid discus-
sion of the limits of our knowledge and its implications for
hazard estimates and public policy, including the risks and
costs We think it unfortunate that official statements and
publications dealing with Midwest seismic hazards continue
to disseminate probability estimates (such as Johnston and
Nava’s [1985] probabilities for an M, > 6.3 earthquake of 40—
63% by 2000 and 86-97% by 2035) which in hindsight
seem essentially meaningless (see S Stein and A Johnston
discussion on http://clifty.com/hazard/archives.html) given
how complex and variable earthquake recurrence now
appeats (Savage, 1991). Candor seems especially crucial for
the Midwest sicuation, where the public, media, and author-
ities have less sophistication in understanding earthquake
issues than their counterparts in California

It summary, we suggest presenting seismic hazards in the
spirit of Richard Feynman's (1988) admonirtion after the loss
of the space shuttle Challenger: “NASA owes it to the citizens
from whom it asks support to be frank, honest, and informa-
tive, so these citizens can make the wisest decisions for the use
of their limired resources For a successful technology, reality
must take precedence over public relations, because nature

cannot be fooled ™ ¥
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