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be relatively safe. Here, we examine what went wrong for Tohoku, and how this failure illustrates limitations
of earthquake hazard mapping. We use examples from several seismic regions to show that earthquake occur-
rence is typically more complicated than the models on which hazard maps are based, and that the available
history of seismicity is almost always too short to reliably establish the spatiotemporal pattern of large earth-

g:ﬁ:ﬁ;e hazards quake occurrence. As a result, key aspects of hazard maps often depend on poorly constrained parameters,
Seismology whose values are chosen based on the mapmakers' preconceptions. When these are incorrect, maps do poorly.
Faulting This situation will improve at best slowly, owing to our limited understanding of earthquake processes. How-
Hazard mitigation ever, because hazard mapping has become widely accepted and used to make major decisions, we suggest two
changes to improve current practices. First, the uncertainties in hazard map predictions should be assessed
and clearly communicated to potential users. Recognizing the uncertainties would enable users to decide
how much credence to place in the maps and make them more useful in formulating cost-effective hazard
mitigation policies. Second, hazard maps should undergo rigorous and objective testing to compare their
predictions to those of null hypotheses, including ones based on uniform regional seismicity or hazard. Such
testing, which is common and useful in similar fields, will show how well maps actually work and hopefully
help produce measurable improvements. There are likely, however, limits on how well hazard maps can

ever be made because of the intrinsic variability of earthquake processes.
© 2012 Elsevier B.V. All rights reserved.
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“It's a problem that physicists have learned to deal with: They've
learned to realize that whether they like a theory or they don't like
a theory is not the essential question. Rather, it is whether or not
the theory gives predictions that agree with the experiment. It is not
a question of whether a theory is philosophically delightful, or easy
to understand, or perfectly reasonable from the point of view of com-
mon sense.” (Feynman, 1986)

“My colleagues had the responsibility of preparing long-range weath-
er forecasts, i.e., for the following month. The statisticians among us
subjected these forecasts to verification and found they differed in
no way from chance. The forecasters themselves were convinced
and requested that the forecasts be discontinued. The reply read ap-
proximately like this: The commanding general is well aware that
the forecasts are no good. However, he needs them for planning
purposes.” Nobel Prize winner Kenneth Arrow describing his experi-
ence as a military weather forecaster in World War II (Gardner,
2010)

1. Introduction

Until March 11, 2011, residents of Japan's Tohoku coast were proud
of their tsunami defenses (Onishi, 2011a,b,c). The 10-meter high sea
walls that extended along a third of the nation's coastline - longer
than the Great Wall of China - cost billions of dollars and cut off
ocean views. However, these costs were considered a small price to
pay for eliminating the threat that had cost many lives over the past
centuries. In the town of Taro, people rode bicycles, walked, and
jogged on top of the impressive wall. A school principal explained,
“For us, the sea wall was an asset, something we believed in. We felt
protected.”

The defenses represented what an affluent technological society
could do. Over a period of years, most recently in 2010, an agency
of the Japanese government, advised by some of Japan's leading seis-
mologists, had calculated precisely what kinds of earthquakes could
be expected in different parts of the country. The largest hazard was
assumed to be from thrust fault earthquakes to the east, where the
Pacific plate subducts at the Japan Trench and the Philippine Sea
plate subducts at the Nankai Trough. For the area of the Japan Trench
off Miyagi prefecture on the Tohoku coast, the hazard mappers stated
that there was a 99% probability that a magnitude 7.5 earthquake
would occur in the next 30 years (Earthquake Research Committee,
2009, 2010). This forecast, as well as similar detailed seismicity fore-
casts for all other regions, was used to produce the national seismic
hazard map that predicted the probability that the maximum ground
acceleration (shaking) in any area would exceed a particular value
during the next 30 years. Larger expected shaking corresponds to
higher predicted seismic hazard. A similar approach was used to fore-
cast the largest expected tsunami. Engineers, in turn, used the results
to design tsunami defenses and build structures to survive earth-
quake shaking.

All this planning proved inadequate on March 11, when a magni-
tude 9 earthquake offshore generated a huge tsunami that overtopped
the sea walls, causing over 19,000 deaths (including missing; official

police data as of December 2011) and at least $200 billion damage
(Normile, 2012), including crippling nuclear power plants. This earth-
quake released about 150 times the energy of the magnitude 7.5 quake
that was expected for the Miyagi-oki region by the hazard mappers.
Somehow, the mapping process significantly underpredicted the
earthquake hazard. The complex decision making process involved
for the Fukushima nuclear power plant is reviewed by Noggerath et
al. (2011).

The hazard map, whose 2010 version is shown in Fig. 1, predicted less
than a 0.1% probability of shaking with intensity “6-lower” (on the Japan
Meteorological Agency intensity scale) in the next 30 years. In other
words, such shaking was expected on average only once in the next
30/0.001 or 30,000 years. However, within two years, such shaking
occurred.

How this discrepancy arose has become a subject of extensive
discussion among seismologists (Kerr, 2011). We raised three issues
in a recent short opinion article (Stein et al., 2011): 1) What went
wrong for Tohoku? 2) Was this failure an exceptional case, or does
it indicate systemic difficulties in earthquake hazard mapping? 3)
How to improve this situation? Here we discuss these issues in
more detail.

2. What went wrong at Tohoku

Analysis of the Japanese national seismic hazard map (Fig. 1) after
the earthquake (Geller, 2011) pointed out that the Tohoku area was
shown as having significantly lower hazard than other parts of Japan,
notably the Tokai, Tonankai, and Nankai districts to the south. This as-
sessment arose for several interrelated reasons. We use this example
to illustrate how, owing to limited knowledge, hazard maps often de-
pend crucially on mapmakers' preconceptions, which can lead to signif-
icant overprediction or underprediction of hazards.

The map reflects the widespread view among Japanese seismolo-
gists that M 9 earthquakes would not occur on the Japan Trench off
Tohoku (Chang, 2011; Sagiya, 2011; Yomogida et al,, 2011). The largest
future earthquakes along different segments of the trench there were
expected to have magnitude between 7 and 8 (Fig. 2) (Earthquake
Research Committee, 2009, 2010). The model assumed that different
segments of the trench would not break simultaneously.

However, the March 2011 earthquake broke five segments, yield-
ing a magnitude 9 earthquake. As illustrated in Fig. 3a, an M 9 earth-
quake involves a larger average slip over a larger fault area, resulting
in a larger tsunami because the maximum tsunami run-up height is
typically about twice the fault slip (Okal and Synolakis, 2004). Thus
the March earthquake generated a huge tsunami that overtopped
10-meter high sea walls.

Such a giant earthquake was not anticipated off Tohoku due to
several incorrect assumptions that reinforced one another. The avail-
able earthquake history that appeared to show no record of such
giant earthquakes seemed consistent with an incorrect hypothesis
that the subduction dynamics precluded M 9 earthquakes in the
Japan Trench.

Specifically, the fact that the available history had no record of
giant earthquakes seemed plausible, given an analysis (Ruff and
Kanamori, 1980) of the largest known earthquakes at various subduc-
tion zones. These data (Fig. 3b) appeared to show a striking pattern -
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Fig. 1. Comparison of Japanese government hazard map to the locations of earthquakes since 1979 that caused 10 or more fatalities (Geller, 2011).

magnitude 9 earthquakes only occurred where lithosphere younger
than 80 million years old was subducting rapidly, faster than
50 mm/yr. This result made intuitive sense, because both young age
and speed could favor strong mechanical coupling at the interface be-
tween the two plates (Fig. 3c). Because oceanic lithosphere cools as it
moves away from a ridge and ages, young lithosphere is less dense
and thus more buoyant. Similarly, faster subducting lithosphere
should increase friction at the plate interface. The stronger coupling
was, in turn, assumed to produce larger earthquakes when the inter-
face eventually slips. Hence the age of the subducting plate and the
rate of plate convergence were used to predict the maximum
expected earthquake size in subduction zones.

This model was widely accepted (Satake and Atwater, 2007)
until the 2011 Tohoku earthquake (Chang, 2011). However, the giant
December 26, 2004 magnitude 9.3 Sumatra earthquake that generated
the devastating Indian Ocean tsunami, should, according to the model,
have generated at most an earthquake with a magnitude of about 8.
Hence studies after the 2004 Sumatra earthquake (McCaffrey, 2007,
2008; Stein and Okal, 2007) showed that a fundamental rethinking
was needed for several reasons. Better rates of plate motion were avail-
able from new Global Positioning System data. Additional information

on maximum earthquake sizes came from new observations, including
paleoseismic estimates of the size of older earthquakes such as the 1700
event at the Cascadia subduction zone (Satake and Atwater, 2007).
Moreover, it was recognized that although the largest trench earth-
quakes are typically thrust fault events, this is not always the case.
With the newer data the proposed correlation between earthquake
size and the rate and age of subducting slabs vanished, as the 2011
Tohoku earthquake subsequently confirmed (Fig. 3d).

Thus instead of only some subduction zones being able to generate
magnitude 9 earthquakes, it now looks like many or all can (McCaffrey,
2007, 2008). The apparent pattern had resulted from the fact that magni-
tude 9 earthquakes are rare - on average there is less than one per de-
cade (Stein and Wysession, 2003). They are about ten times rarer than
magnitude 8. Thus the short seismological record (the seismometer
was invented in the 1880 s and seismograms that allow magnitude 9
events to be reliably quantified have only been available since about
1950) misled seismologists into assuming that the largest earthquakes
known for each subduction zone were the largest that could occur
there. Moreover, until recently seismologists tended to downplay geo-
logical evidence for past extremely large earthquakes, such as that of
Minoura et al. (2001) for Tohoku.
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Fig. 2. Comparison of the trench segments assumed in the Japanese hazard map to the aftershock zone of the March 11, 2011 earthquake, which broke five segments (left:

Earthquake Research Committee, right: U.S. Geological Survey).

These results also illustrated the weakness of the concept of strong
interplate coupling leading to larger earthquakes. Although the frictional
properties of the plate interface are hypothesized to control earthquake
rupture geometry (Scholz, 2002), efforts to directly relate maximum
earthquake size to the physical processes at the plate interface have
been unsuccessful (Stein and Wysession, 2003). The magnitude of earth-
quakes depends on their seismic moment, which is the product of the
shear modulus, average slip, and area of fault rupture (Kanamori,
1977a). The ruptured area has the largest effect, because subduction
zone earthquakes break various segments of a trench, as shown in
Fig. 3e for the Nankai Trough. Sometimes one segment ruptures, and
other times more than one does. The more segments rupture, the bigger
the earthquake. Whether these segments are fixed and represent
long-term properties of the interface, or are simply transient effects due
to the history of slip in earlier earthquakes, remains unknown. It is simi-
larly unclear what controls the variation in the amount of slip along the
rupture, as strikingly illustrated by the surprisingly high values observed
on part of the Tohoku rupture (Simons et al., 2011).

Before December 2004, seismologists only knew of earthquakes
along the Sumatra trench with magnitude less than 8 due to short
ruptures (Bilham et al., 2005), so the much larger multi-segment rup-
ture came as a surprise. Plate motion calculations show that earth-
quakes like 2004's should happen about 500 years apart (Stein and
Okal, 2005), so the short history available did not include any. Paleo-
seismic studies have since found deposits from a huge tsunami about
600 years ago in northern Sumatra (Monecke et al., 2008).

Similar variability is found at other trenches (Satake and Atwater,
2007). For example, the magnitude 9.5 1960 Chilean earthquake, the
largest ever seismologically recorded, was a multisegment rupture
much bigger than typical on that trench (Stein et al., 1986). Similarly,
it appears that the very large Cascadia subduction zone earthquake in
1700 was a multi-segment rupture, and smaller events occur in the
intervals between the larger ones (Kelsey et al., 2005).

The presumed absence of giant earthquakes on the Japan Trench
was implicitly interpreted as indicating that much of the subduction
occurred aseismically. The Kurile trench, just to the north, seemed
to show this discrepancy. The largest seismologically recorded earth-
quakes there are magnitude 8, which only account for about one third
of the plate motion. Hence it had been assumed that most of the

subduction occurred aseismically (Kanamori, 1977b). However,
more recently discovered deposits from ancient tsunamis show that
much larger earthquakes had happened in the past (Nanayama et
al., 2003), accounting for much of the subduction that had been
thought to occur aseismically. In hindsight, the same applied off
Tohoku.

In the decade prior to the March 2011 earthquake, increasing atten-
tion was also being paid to data showing that large tsunamis had struck
the area in 869 (Minoura et al., 2001), 1896, and 1933. Some villages
had stone tablets marking the heights reached by previous tsunamis
and warning “Do not build your homes below this point” (Fackler,
2011). GPS data also were recognized as showing a much higher rate
of strain accumulation on the plate interface than would be expected
if a large fraction of the subduction occurred aseismically (Loveless
and Meade, 2010). Including these data would have strengthened the
case for considering the possibility of large earthquakes.

However, the revised ideas about maximum earthquake and tsunami
size were not yet fully appreciated and incorporated into the Japanese
hazard map. Thus, as summarized by Sagiya (2011) “If historical records
had been more complete, and if discrepancies between data had been
picked up, we might have been alert to the danger of a magnitude-9
earthquake hitting Tohoku, even though such an event was not foreseen
by the Japanese government.” Instead, the hazard map focused on the
Nankai Trough area (Geller, 2011). Based on the seismic gap model and
the time sequence of earthquakes there (Fig. 3e), large earthquakes are
expected on the Nankai (segments A-B), Tonankai (segment C,) and
especially Tokai (segment D) portions of the trench. Thus the 2010 hazard
map (Fig. 1) and its predecessors show this area as the most dangerous in
Japan. As noted by Geller (2011):

“The regions assessed as most dangerous are the zones of three hypo-
thetical ‘scenario earthquakes’ (Tokai, Tonankai and Nankai; see
map). However, since 1979, earthquakes that caused 10 or more fa-
talities in Japan actually occurred in places assigned a relatively
low probability. This discrepancy - the latest in a string of negative
results for the characteristic earthquake model and its cousin, the
seismic-gap model - strongly suggests that the hazard map and the
methods used to produce it are flawed and should be discarded.”
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Fig. 3. What went wrong at Tohoku. (a) [llustration of the relative fault dimensions, average fault slip, and average tsunami run-up for magnitude 8 and 9 earthquakes. (b) Data
available in 1980, showing the largest earthquake known at various subduction zones. Magnitude 9 earthquakes occurred only where young lithosphere subducts rapidly. Diagonal
lines show predicted maximum earthquake magnitude. (Ruff and Kanamori, 1980). (c¢) Physical interpretation of this result in terms of strong mechanical coupling and thus large
earthquakes at the trench interface. (d) Data available today, updated from Stein and Okal (2007) by including 2011 Tohoku earthquake. (e) Earthquake history for the Nankai
trough area (Ando, 1975) illustrating how different segments rupturing cause earthquakes of different magnitudes (Stein and Okal, 2011).

3. Why hazard maps matter

The Tohoku example illustrates how earthquake hazard maps are
crucial in developing hazard mitigation strategies. Society faces the chal-
lenge of deciding how much of its resources to spend on natural hazard
mitigation. More mitigation can reduce losses in possible future disas-
ters, at increased cost. Less mitigation reduces costs, but can increase po-
tential losses.

The discussion in Japan about reconstruction of the Tohoku coast,
which suffered enormous damage from the tsunami generated by the
earthquake of March 11, 2011, illustrates this tradeoff. Because the tsu-
nami overtopped 5-10 m high sea walls, destroying most of the seawalls
in the impacted area (Normile, 2012), the extent to which the seawalls
and other defenses should be rebuilt is a difficult and debated question.
The issue is illustrated by the city of Kamaishi (Onishi, 2011c). The city,
although already declining after its steel industry closed, was chosen
for protection by a $1.6 billion breakwater. A song produced by the gov-
ernment “Protecting Us for a Hundred Years” praised the structure “It
protects the steel town of Kamaishi, it protects our livelihoods, it protects
the people's future.” However, the breakwater collapsed when struck by
the tsunami. 935 people in the city died, many of whom could have evac-
uated once warnings were given but did not, believing they were safe.
Although the breakwater is being rebuilt, critics argue that it would be
more efficient to relocate such communities inland, because their

populations are small and decreasing. Otherwise “in 30 years there
might be nothing here but fancy breakwaters and empty houses.”
Because building coastal defenses adequate to withstand tsunamis
as large as March 2011's is too expensive, those planned are about
12 m high, only a few meters higher than the older ones (Cyranoski,
2012; Normile, 2012). These are planned to provide protection for
the largest tsunamis expected every 200-300 years, augmented
with land-use planning to provide some protection against much
larger tsunamis. The defenses should reduce economic losses, while
improved warning and evacuations should reduce loss of lives.
Although such policy issues are complicated and must be decided
politically, their economic aspects can be conceptualized by consider-
ing a simple model for deciding how high a seawall to construct
(Stein and Stein, 2012) based on economic modeling approaches
(Stein, 2012). As shown in Fig. 4, the optimal level of mitigation - in
this case the height of a seawall - minimizes the total cost to society,
which is the sum of the cost of constructing tsunami defenses and the
expected property and indirect losses from tsunamis. The expected
loss is the sum of the losses expected for tsunamis of different heights
times the probability of a tsunami of that height. Because both terms
depend on the mitigation level, their sum has a minimum at the opti-
mal level of mitigation. Less mitigation decreases construction costs
but increases the expected loss and thus total cost, whereas more
mitigation decreases the expected loss but increases the total cost.
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of mitigation level. The optimal level of mitigation, n*, minimizes the total cost. The
expected loss depends on the hazard model, so the better the hazard model, the better
the mitigation policy (Stein and Stein, 2012).

A hazard model is crucial, because it is used to predict the probabili-
ties of tsunamis of different heights and hence the expected loss. A simi-
lar analysis can be done for earthquake ground shaking, in which the
expected loss is predicted from a hazard model's predicted shaking and
data about building stock and vulnerability (Leonard et al., 2007).

Society's goal is to choose a level of safety that makes economic
sense, because such mitigation diverts resources from other uses. Ide-
ally mitigation should not be too weak, permitting undue risks, or too
strong, imposing unneeded costs. These questions are complex, and
involve assessing both the economic costs and benefits and compar-
ing the relative cost per life saved by earthquake hazard mitigation
to that required to save a life through other improved health or safety
measures (Stein, 2010).

As a result, the best decisions come when a hazard map neither
overpredicts nor underpredicts the hazard. Naturally, a hazard map
has uncertainty, but this can be included in the analysis. It is thus crucial
to understand how well hazard maps are performing, how to assess
their uncertainties, and how to improve them to the extent possible.

4. Lessons from the Tohoku failure for hazard maps

In some cases, earthquake hazard maps have done well at predicting
the shaking from a major earthquake; in other cases they have done
poorly (Kossobokov and Nekrasova, 2012). Is the Tohoku failure a rare
exception? Or does it illustrate major problems with current hazard
mapping?

4.1. What can go wrong

To explore this issue, we use the Tohoku earthquake to identify
four partially overlapping factors that can cause a hazard map to
fail. Although all are much easier to identify after a map failure than
before one, they are useful to bear in mind when trying to assess ei-
ther how a map failed or how useful a map will be in the future.

4.1.1. Bad physics

Some map failures result from incorrect physical models of the
faulting processes. The basic models underlying the hazard maps
are those of “characteristic earthquakes”, which assumes that parts
of a fault or fault segment will rupture in a predictable fashion, pro-
ducing characteristic earthquakes with quasi-regular recurrence in-
tervals, and of “seismic gaps”, where the fault has not ruptured
recently relative to other parts of the fault and are thus most likely
to rupture in the future. The Japanese hazard map shows high hazard
along the Nankai Trough, especially the Tokai segment (“D” in
Fig. 3e), because the mappers assume that it is a seismic gap where
earthquakes are “due.” Although this concept underlies a great deal
of earthquake seismology and has had some success, it remains con-
troversial (Kagan, 1996). The physics that causes some ruptures to

stop at short distances while others to rip through many segments
is not well understood. Kagan and Jackson (1991, 1995) found that
the seismic-gap model does not identify future earthquake locations
significantly better than assuming earthquakes occur randomly on
these faults. Although these negative results have never been refuted,
many hazard mapping studies implicitly or explicitly continue to use
the seismic-gap model.

In addition to these general presumptions, specific ones are often
made for individual areas. As discussed, the Tohoku area was mapped
to have low hazard based on the presumption that M 9 earthquakes
could only occur where young lithosphere was subducting rapidly,
which we know now is not the case.

4.1.2. Bad assumptions

Many map failures result from assumptions about which faults are
present, which are active, how fast they are accumulating strain, and
how it will be released. Although these somewhat overlap with the ear-
lier category, they can be viewed as model parameter choices that prove
inaccurate, rather than as assumptions about the underlying processes.
The Japanese hazard map's presumption that giant earthquakes did not
occur in the Tohoku area (bad physics) led to the view that the different
segments would not break together. Interactions between faults (Luo
and Liu, 2010; McCloskey et al., 2005; Stein, 1999) and unsteady loading
rates are among many other factors that can complicate assumptions
for other areas. Hazard maps also require assumptions about when
and/or how often large earthquakes will recur. These estimates have
large uncertainties and often prove incorrect, because (as discussed
later), reliably estimating earthquake probabilities is very difficult
(Freedman and Stark, 2003; Savage, 1991).

4.1.3. Bad data

Often crucial data are “wrong” in the sense that they are lacking, in-
complete, or misinterpreted. Earthquake recurrence in space and time
is highly variable and still not well understood. As a result, earthquake
hazard mapping is challenging even in areas where there are good
earthquake records from instrumental seismology (which began in
about 1900), historical accounts and paleoseismic (including in some
cases paleotsunami) data going back further in time, and GPS data
showing the presence or absence of strain accumulation. For Tohoku,
the data showing very large past earthquakes and ongoing strain accu-
mulation were available but not yet incorporated in the map.

The challenge is even greater in most other areas, where far less
data are available, typically because the earthquake history available
from instrumental and paleoseismic records is too short compared
to the long and variable recurrence time of large earthquakes. In
such cases, the locations, magnitudes of the largest future earthquakes
and the resulting shaking expected are poorly known. In particular,
some earthquakes occur on faults that had not been previously identi-
fied, in many cases because they are “blind” and have no clear surface
expression (Stein and Yates, 1989; Valensise and Pantosti, 2001). In-
sufficient information about the shaking in earthquakes that occurred
prior to the advent of modern seismometers also makes it difficult to
accurately predict the shaking in future earthquakes.

4.1.4. Bad luck

Because most hazard maps predict the maximum shaking
expected with some probability in some time interval, earthquakes
can produce higher shaking without invalidating a map. A much larg-
er earthquake and resulting shaking than predicted can be regarded
as an operational failure in terms of the map's providing information
for hazard mitigation. However, formally it need not indicate a map
failure. Instead, it can be considered a rare event - a “black swan”
(Taleb, 2007) - that should not be used to judge the map as unsuc-
cessful. Although the Japanese map predicted a less than a 0.1%
probability of shaking with intensity 6 in the next 30 years, the fact
that it occurred within two years could simply reflect a very


image of Fig.�4

S. Stein et al. / Tectonophysics 562-563 (2012) 1-25 7

low probability event. Moreover, when large subduction thrust earth-
quakes eventually occur in the Tokai, Tonankai and Nankai portions of
the trench, they could be used to declare the map successful.

4.2. Too many black swans

The recent steady stream of large earthquakes around the world
that produce higher shaking than predicted (Kerr, 2011) increasingly
raise doubts about whether they can usefully be regarded as isolated
“black swans”. If such operational failures are more common than
predicted by hazard maps, they would represent a systemic failure
of the maps.

This may be the case, because analyses of large earthquakes
worldwide subsequent to the 1999 publication of the Global Seismic
Hazard Map (Kossobokov and Nekrasova, 2012) find that the shaking
in these earthquakes is often significantly higher than predicted. This
effect is especially large for the largest (M>7.5) earthquakes, which
thus cause many more fatalities than expected (Wyss et al.,, 2012).
Naturally, this analysis is biased against the maps because it considers
large earthquakes that did occur rather than sample an area uni-
formly, which would also consider areas where little or no shaking
occurred. However, it suggests the advantage of analyzing these
cases, rather than dismissing them as “black swans”, to explore
what caused the discrepancies and how to improve the maps. To do
this, we first consider a few examples that illustrate the four factors
just discussed.

The 2008 Wenchuan earthquake (M 7.9) in Sichuan Province,
China, caused more than 80,000 deaths. It occurred on the
Longmenshan fault (Fig. 5), which was assessed, based on the lack
of recent seismicity (Fig. 5b), to have low hazard. The green and yel-
low colors in the hazard map show that the maximum ground accel-
eration predicted to have a 10% chance of being exceeded once in
50 years, or on average once about every 50/0.1 =500 years, was
less than 0.8-1.6 m/s2. This value is less than 16% of the acceleration
of gravity (9.8 m/s?), so little building damage would be expected
(Fig. 6).

However, a different view would have come from considering the
geology (Witze, 2009), namely that this is where the Tibetan plateau
is thrusting over the Sichuan basin, as illustrated by the dramatic relief.
GPS data also show 1-3 mm/yr of motion across the Longmenshan
Fault (Meng et al.,, 2008; Zhang et al., 2004). Although this seems
slow, over 500-1000 years such motion would accumulate enough for
amagnitude 7 earthquake, and longer intervals would permit even larg-
er earthquakes. Given the lack of evidence for large earthquakes on the
Longmanshan fault in the past thousand years or so before the
Wenchuan earthquake, the accumulated moment on the Longmanshan
was enough to produce an M 8 event (Wang et al., 2011). This situation
is comparable to Utah's Wasatch fault, where GPS shows similar motion
and the paleoseismic record shows large earthquakes, although there is
little present seismicity (Chang and Smith, 2002).

Another example is the convergent boundary between Africa and
Eurasia in North Africa. The 1999 Global Seismic Hazard Map, which
shows peak ground acceleration expected at 10% probability in
50 years, features a prominent hazard “bull's-eye” at the site of the
1980 M 7.3 El Asnam earthquake. The largest subsequent earth-
quakes to date, the 2003 M 6.8 Algeria and 2004 M 6.4 Morocco
events, did not occur in the bull's-eye or regions designated as having
high hazard levels (Fig. 7). Instead, they occurred in areas shown as
having low hazard.

The 2010 M 7.1 Haiti earthquake similarly occurred on a fault
mapped in 2001 as having low hazard, producing ground motion far
greater than the map predicted (Fig. 8). This situation arose because
the map was based on recent seismicity. A much higher hazard
would be predicted by considering the long term earthquake history
of faults in the area and GPS data showing strain accumulating across
them (Manaker et al., 2008).
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Fig. 5. (a) USGS seismic hazard map for China produced prior to the 2008 Wenchuan
earthquake, which occurred on the Longmenshan Fault (black rectangle). (b) Seismicity
in the region. Note that the hazard map showed low hazard on the Longmenshan fault,
on which little instrumentally recorded seismicity had occurred before the Wenchuan
earthquake, and higher hazard on faults nearby that showed more seismicity.

A different, but also illuminating, problem arose for the February 22,
2011 Mw 6.3 earthquake that did considerable damage in Christchurch,
New Zealand. This earthquake, an aftershock of a Mw 7.1 earthquake on
a previously unrecognized fault, produced much stronger ground
motion than the hazard map predicted would occur in the next
10,000 years (Reyners, 2011).

These examples illustrate that although hazard maps are used in
many countries to provide a foundation for earthquake preparation
and mitigation policies, they often underpredict or overpredict what
actually happens. These difficulties are endemic to the hazard
mapping process, rather than any specific group or nation's imple-
mentation of it. As these examples show, the maps often depend dra-
matically on unknown and difficult-to-assess parameters, and hence
on the mapmakers' preconceptions. As a result, hazard maps often
have large uncertainties that are often unrecognized and rarely com-
municated to public and other users.
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Fig. 6. Approximate percentage of buildings that collapse as a function of the intensity
of earthquake-related shaking. The survival of buildings differs greatly for construc-
tions of weak masonry, fired brick, timber, and reinforced concrete (with and without
anti-seismic design) (Stein and Wysession, 2003).

In hindsight, the problem is that present hazard mapping practices
were accepted and adopted without rigorous testing to show how well
they actually worked. This acceptance was analogous to what took
place since the 1970s in finance, where sophisticated mathematical
models were used to develop arcane new financial instruments
(Overbye, 2009). Few within the industry beyond their practitioners,
termed “quants,” understood how the models worked. Nonetheless, as
described by economist Fischer Black (Derman, 2004), their theoretical
bases were “accepted not because it is confirmed by conventional
empirical tests, but because researchers persuade one another that the the-
ory is correct and relevant.” This wide acceptance was illustrated by the
award in 1997 of the Nobel Prize in economics to Myron Scholes and
Robert Merton for work based upon Black's, who died a few years earli-
er. Only a year later, Long Term Capital Management, a hedge fund
whose directors included Scholes and Merton, collapsed and required
a $3.6 billion bailout (Lowenstein, 2000). Unfortunately, this collapse
did not led to reassessment of the financial models, whose continued
use in developing mortgage backed securities contributed significantly
to the 2008 financial crisis (Stein, 2012). The Tohoku earthquake is a

similar indicator of difficulties with earthquake hazard maps. Hence
our goal here is to review some of the factors causing these difficulties
and propose approaches to address them.

5. Hazard map challenges

Making earthquake hazard maps is an ambitious enterprise. Given
the complexities of the earthquake process and our limited knowledge
of it, many subjective choices are needed to make a map. As a result,
maps depend heavily on their makers' preconceptions about how the
earth works. When these preconceptions prove correct, a map fares
well. When they prove incorrect or inadequate, a map does poorly.
Predicting earthquake hazard has been described as playing “a game
of chance of which we still don't know all the rules” (Lomnitz, 1989).
Not surprising, nature often wins. As in any game of chance, the best
we can do is to maximize our expectation value by understanding the
game as well as possible. The better we understand the limitations of
the hazard maps, the better we can use them and hopefully improve
them.

5.1. Forecasting and prediction

To understand the challenge of earthquake hazard mapping, it is
useful to view it as an extension of unsuccessful attempts to predict
earthquakes (Geller, 1997, 2011; Geschwind, 2001; Hough, 2009).
In this paper, following Geller (1997) among others, we use “predic-
tion” to refer to attempts to issue warnings of imminent earthquakes
on a time scale of a few days or at most weeks, and “forecasting” for
the much longer time scales involved in hazard maps.

In the 1960's and 1970's, prediction programs began in the U.S.,
China, Japan, and the USSR. These programs relied on two basic ap-
proaches. One was based on laboratory experiments showing changes
in the physical properties of rocks prior to fracture, implying that
earthquake precursors could be identified. A second was the idea of
the seismic cycle, in which strain accumulates over time following a
large earthquake. Hence areas on major faults that had not had recent
earthquakes could be considered seismic gaps likely to have large
earthquakes.

Optimism for prediction was high. For example, Louis Pakiser of
the U.S. Geological Survey announced that if funding were granted,
scientists would “be able to predict earthquakes in five years.” Califor-
nia senator Alan Cranston, prediction's leading political supporter,
told reporters that “we have the technology to develop a reliable pre-
diction system already at hand.” Such enthusiasm led to well-funded
major programs like the U.S. National Earthquake Hazards Reduction
Program and Japan's Large-Scale Earthquake Countermeasures Act.

In the U.S., prediction efforts culminated in 1985 when the USGS
launched an official earthquake prediction experiment. Part of the
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Fig. 7. Portion of Global Seismic Hazard Map (1999) for North Africa, showing peak ground acceleration in m/s? expected at 10% probability in 50 years. Note prominent “bull-eye”
at site of the 1980 M; 7.3 El Asnam earthquake. The largest subsequent earthquakes to date, the May 2003 M 6.8 Algeria and February 2004 M 6.4 Morocco events (stars) did not

occur in the predicted high hazard regions (Swafford and Stein, 2007).
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Fig. 8. Left: Seismic hazard map for Haiti produced prior to the 2010 earthquake (http://www.oas.org/cdmp/document/seismap/haiti_dr.htm) showing maximum shaking (Modified
Merecelli Intensity) expected to have a 10% chance of being exceeded once in 50 years, or on average once about every 500 years. Right: USGS map of shaking in the 2010 earthquake.

San Andreas fault near Parkfield, California, had had magnitude 6
earthquakes about every 22 years, with the last in 1966. Thus the
USGS predicted at the 95% confidence level that the next such earth-
quake would occur within five years of 1988, or before 1993. The
USGS's National Earthquake Prediction Evaluation Council endorsed
the prediction. Equipment was set up to monitor what would happen
before and during the earthquake. The Economist magazine com-
mented, “Parkfield is geophysics' Waterloo. If the earthquake comes
without warnings of any kind, earthquakes are unpredictable and sci-
ence is defeated. There will be no excuses left, for never has an am-
bush been more carefully laid.”

Exactly that happened. The earthquake did not occur by 1993, leading
Science magazine (Kerr, 1993) to conclude, “Seismologists' first official
earthquake forecast has failed, ushering in an era of heightened uncer-
tainty and more modest ambitions.” Although a USGS review committee
criticized “the misconception that the experiment has now somehow
failed” (Hager et al., 1994), the handwriting was on the wall. An earth-
quake occurred near Parkfield in 2004, eleven years after the end of the
prediction window, with no detectable precursors (Bakun et al., 2005).
Thus searches for precursors did not result in a short-term prediction of
the 2003 event. It is unclear whether the 2004 event should be regarded
as “the predicted Parkfield earthquake” (although much too late) or
merely a random earthquake (Jackson and Kagan, 2006; Savage, 1993).

Attempts elsewhere have had the same problem. Although various
possible precursors have been suggested, no reliable and reproducible
precursors have been found (Geller, 1997). For example, despite China's
major national prediction program, no anomalous behavior was identi-
fied before the 2008 Wenchuan earthquake (Chen and Wang, 2010).
Similarly, the gap hypothesis has not yet proven successful in identifying
future earthquake locations significantly better than random guessing
(Kagan and Jackson, 1991, 1995), and the “characteristic earthquake”
model also fails to explain observed seismicity beyond random chance
(Kagan, 1996).

As aresult, seismologists have largely abandoned efforts to predict
earthquakes on time scales less than a few years, although the ongo-
ing government program in Japan to try to issue a prediction within
three days of an anticipated magnitude 8 earthquake in the Tokai re-
gion is a notable exception (Geller, 2011). Instead, effort has turned to
trying to make longer-term forecasts (e.g., Jordan et al., 2011; Lee et
al.,, 2011). This approach melded with efforts initiated by earthquake
engineers to develop earthquake hazard maps. The hazard maps are
used in the formulation of seismic design maps, which are used in
turn to develop building codes. Given that typical buildings have use-
ful lives of 50-100 years, the long-term approach is natural.

5.2. Defining the hazard

Hazard maps predict the effects of future earthquakes of different
magnitudes by assuming how likely areas are to have earthquakes
and using ground motion attenuation relations to specify how shak-
ing decreases with distance from the epicenter. The hazard in a
given location is described by the maximum shaking due to earth-
quakes that are expected to happen in a given period of time.

Such maps can be made in various ways, whose relative advan-
tages are debated (e.g., Bommer, 2009; Castanos and Lomnitz, 2002;
Mucciarelli et al., 2008; Panza et al., 2010; Wang, 2011; Wang and
Cobb, in press). One is to specify the largest earthquake of concern
for each area. That means assuming where it will be, its magnitude,
and how much shaking it will cause. This is called deterministic seis-
mic hazard assessment or DSHA.

The most common approach is to consider all the possible earth-
quakes that could cause significant shaking at a place. This method,
called probabilistic seismic hazard assessment or PSHA, involves esti-
mating the probable shaking from the different earthquakes and
producing an estimate of the combined hazard. PSHA uses the proba-
bilities and uncertainties of factors like the location and times of
earthquakes and how much shaking will result from an earthquake
of a given magnitude. It was developed by Cornell (1968) and is wide-
ly applied in engineering design (e.g., McGuire, 1995). A overview
of PSHA is given by Hanks and Cornell (1994), who note that “to
the benefit of just about no one, its simplicity is deeply veiled by
user-hostile notation, antonymous jargon, and proprietary software.”

However the hazard is calculated, it is important to remember that
earthquake hazard is not a physical quantity that can be measured.
Instead, it is something that map makers define and then calculate
using a set of computer algorithms. Thus, as the Japan example
shows, a hazard map depends on its makers' assumptions. The pre-
dictions of maps made under various assumptions can be combined
using a “logic tree,” but they must still be subjectively weighted. Al-
though the specifics vary for probabilistic and deterministic maps,
many of the same uncertainties arise in either approach because
they reflect limitations in knowledge of future earthquakes. For ex-
ample, the Tohoku map underpredicted the shaking and tsunami,
due to the assumption that M9 earthquakes would not happen.
Each of the fault segments that broke was assumed to have maximum
magnitude less than 8, and it was assumed that they would not fail
together. Any map made with these assumptions would also have
underpredicted what happened. Hence our goal here is not to argue
for or against PSHA or DSHA, but to show how these limitations -
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and thus in the parameters used in map making - produce uncer-
tainties in hazard maps.

As a result, evaluating a hazard map and assessing how much con-
fidence to place in it involves considering the assumptions made, how
well constrained they are by data, and their effects on the map. A
good way to do this is to look at the map's robustness — how do
maps change due to map makers's assumptions. There are five main
assumptions in making hazard maps: how, where, when, how big,
and how strong?

5.2.1. How?

The most crucial issue in defining the hazard is the probability or time
window, sometimes called return period, used. The simplest approach
assumes that the probability p that earthquake shaking at a site will
exceed some value in the next t years, assuming this occurs on average
every T years, is

p=1—exp(—t/T)

which is approximately t/T for t < T (Stein and Wysession, 2003). Lower
probabilities correspond to longer time windows. Thus shaking that
there is a 10% chance of exceeding at least once in 50 years will occur
on average once about every 50/0.1 =500 years (actually 475 using the
more accurate exponential). However shaking with a 2% chance of
being exceeded in 50 years will occur on average only every 50/0.2 =
2500 (actually 2475) years.

1982

o o

The effect of the return period is illustrated in Fig. 9, contrasting
hazard maps for the U.S. made in 1982 (Algermissen et al., 1982)
and 1996 (Frankel et al., 1996). The maps show the hazard in terms
of peak ground acceleration (PGA). The San Andreas fault system ap-
pears similarly in the two maps. Given that this area has many large
earthquakes and is well studied, the high hazard mapped there
seems sensible. In contrast, the seismic hazard in the New Madrid
(central U.S.) seismic zone was increased from approximately 1/3
that of the San Andreas in the 1982 map to greater than the San And-
reas’ in the 1996 map. This change resulted largely from a change in
the return period used to define the hazard for building codes. The
older map shows the maximum shaking predicted to have a 10%
chance of being exceeded at least once in 50 years, or once in
500 years, which is the return period used in most nations' maps.
However, the new map shows the maximum shaking predicted to
have a 2% chance of occurring at least once in 50 years, or on average
at least once about every 2,500.

To see why using a longer return period increases the hazard, con-
sider Fig. 10, which approximates the New Madrid seismic zone in the
central U.S. Earthquakes can be thought of as darts thrown at the
map, with the same chance of hitting anywhere in the area shown.
About every 150 years a magnitude 6 earthquake hits somewhere,
causing moderate shaking in an area that is assumed to be a circle
with a radius of 50 km. Over time, more earthquakes hit and a larger
portion of the area gets shaken at least once. Some places get shaken a
few times. Thus the longer the time period the map covers, the higher
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Fig. 9. Comparison of the 1982 and 1996 USGS earthquake hazard maps for the US. The predicted hazard is shown as a percentage of the acceleration of gravity. Redefining the
hazard raised the predicted hazard in the Midwest from much less than in California to even greater than California's.
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the predicted hazard. Whether constructing typical buildings (as op-
posed to highly critical structures like nuclear power plants) to
withstand such rare shaking makes economic sense is debatable
(Searer et al., 2007), given that typical buildings have a useful life of
50-100 years. The new definition in fact increased California's hazard
to a level that would have made earthquake resistant construction
too expensive, so the hazard there was “capped.”

This example brings out the crucial point that the definition of
hazard involves not only scientific, but also political and economic, is-
sues. Redefining the hazard using a 2500-year return period rather
than 500 years is a decision to require a higher level of seismic safety,
via stronger building codes, at higher cost. This involves choosing
how to allocate resources between earthquake safety and other soci-
etal needs (Stein, 2010). There is no right or unique answer. Making
building codes weaker lowers costs, but allows construction that is
less safe if a future earthquake occurs. More stringent codes impose
higher costs on the community and use resources that might be bet-
ter used otherwise. For example, communities have to balance put-
ting steel in schools with hiring teachers. An important aspect of
defining the hazard is that different levels may be appropriate for dif-
ferent structures. As shown by the Fukushima nuclear accident,
extremely stringent hazard requirements appear appropriate for nu-
clear power plants (Noggerath et al., 2011).

How successful the U.S. map will be over time — hundreds of years
- is an interesting question. Given that California deforms at a rate 50
times faster than New Madrid, and is 30-100 more seismically active,
treating the New Madrid hazard as comparable to California, as in the
hazard map based on 2500 years return period (Fig. 9b), is likely to
have vastly overestimated the hazard (Stein, 2010; Stein et al., 2003).

5.2.2. Where?

As the Tohoku, Wenchuan, and Haiti examples showed, the choice of
where to assume large earthquakes will happen is crucial in hazard
mapping. Fig. 11 illustrates this issue by comparing hazard maps for
Canada made in 1985 and 2005. The older map shows concentrated
high hazard bull's-eyes along the east coast at the sites of the 1929 M
7.3 Grand Banks and 1933 M 7.4 Baffin Bay earthquakes, assuming
there is something especially hazardous about these locations. The al-
ternative is to assume that similar earthquakes can occur anywhere
along the margin, presumably on the faults remaining from the rifting
(Stein et al., 1979, 1989). The 2005 map makes this assumption, and
thus shows a “ribbon” of high hazard along the coast, while still
retaining the bull's-eyes. Thus quite different maps result from using
only the instrumentally recorded earthquakes, or including geological
assumptions.

Only time will tell which map fared better. To see this, consider the
simple simulation shown in Fig. 12. The simulation assumes that M 7
earthquakes occur randomly along the margin at the rate they have in
the past 100 years. As shown, the simulations yield apparent concentra-
tions of large earthquakes and seismic gaps for earthquake records up to
thousands of years long. Approximately 8000-11,000 years of record is
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Fig. 11. Comparison of the 1985 and 2005 Geological Survey of Canada earthquake haz-
ard maps. The older map shows concentrated high hazard bull's-eyes along the east
coast at the sites of the 1929 Grand Banks and 1933 Baffin Bay earthquakes, whereas
the new map assumes that similar earthquakes can occur anywhere along the margin.

needed to show that the seismicity is uniform. Any shorter sample - like
that available today — would give a biased view. Hence if the seismicity
and thus hazard are uniform, a hazard map produced using the seismic
record alone will overestimate the hazard where previous large
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Fig. 10. Schematic illustration showing how the predicted earthquake hazard increases for longer time window. The circles show areas within which shaking above a certain level

will occur (Stein, 2010).
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earthquakes occurred and underestimate it elsewhere, as appears to be
happening in North Africa (Fig. 7).

This continental margin example illustrates the challenge for what is
essentially a one-dimensional seismic zone. The situation is even more
complicated for plate boundary zones and mid-continents where the
spatiotemporal patterns of seismicity are even more irregular. For
example, although GPS data indicate ~3 mm/yr of extension across
Utah's Wasatch front region, the strain pattern is quite diffuse. This
led Friedrich et al. (2003) to suggest that strain might be distributed
across a number of faults in the area, each one of which would have a
small rate, and hence a smaller seismic hazard. On the other hand,
Malservisi et al. (2003) suggest that the diffuse pattern of GPS strain
can be fit by having all strain accommodated on the main Wasatch
fault, but with the fault late in its earthquake cycle. This difference
illustrates the importance of including detailed knowledge about the
fault in question and the regional tectonic setting in hazard assessment.

In plate interiors, the zones over which seismicity is distributed
can be even larger. A 2000-year record from North China shows mi-
gration of large earthquakes between fault systems spread over a
broad region, such that no large earthquake ruptured the same fault
segment twice in this interval (Fig. 13). Hence a map made using
any short subset of the record would be biased. For example, a map
using the 2000 years earthquake record prior to 1950 would miss
the recent activity in the North China plain, including the 1976 Tang-
shan earthquake (Mw 7.8), which occurred on a previously unknown
fault and killed nearly 240,000 people.

The China example illustrates the difficulty in hazard assessment
for continental interiors, where such variable fault behavior is being
widely recognized (Camelbeeck et al, 2007; Clark et al., 2011;
Crone et al., 2003; Newman et al., 1999; Stein et al., 2009). In many
places large earthquakes cluster on specific faults for some time and
then migrate to others. Some faults that appear inactive today, such
as the Meers Fault in Oklahoma, have clearly been active within the
past few thousand years. Thus mid-continental faults “turn on” and
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“turn off” on timescales of hundreds or thousands of years, causing
episodic, clustered, and migrating large earthquakes, and making it
even harder to assess the extent to which the seismological record re-
flects the location of future earthquakes. Moreover, while the loca-
tions of past small earthquakes are good predictors of the locations
of future ones (Kafka, 2007), they can be poor indicators for where fu-
ture large earthquakes will occur because intraplate earthquakes can
have aftershock sequences that last hundreds of years or even longer.
As a result, many small earthquakes may be aftershocks of previous
large quakes (Stein and Liu, 2009). In such cases, treating small earth-
quakes as indicating the location of future large ones can over-
estimate the hazard in presently active areas and underestimate it
elsewhere.

Consequently, some countries are changing from hazard maps based
only on historical and recorded seismicity to ones including geological
data, which predict lower and more diffuse hazard (Fig. 14). An inter-
esting example contrasting U.S. and Canadian approaches by comparing
map predictions near the border is given by Halchuk and Adams (1999).
As in all such things, the mappers' choices reflect their view of how seis-
micity in the areas in question works. As discussed in the section about
map testing, a long time will typically be needed to tell how good each
view was.

5.2.3. When?

After assuming where earthquakes will happen, hazard mappers
then have to assume when they will happen. As discussed earlier, the
Japanese government map (Fig. 1) reflected the assumption that the
Nankai Trough area was the area most likely to have a major earthquake
soon. How to describe this possibility is difficult. As Fig. 3e shows, the
recurrence history in the area is a complicated function of space and
time, whose underlying dynamics is not understood.

Fig. 15, showing a longer earthquake history for the Nankai A-B
segment reported by Ishibashi (1981), illustrates that even on this
pair of segments the recurrence time is quite variable, with a mean

Atlantic Canada: 1910 - 2004

Magnitude
1]
® 50
e 50
. 40

W SO°W

Fig. 12. Intraplate seismicity along the eastern coast of Canada. Simulations using a frequency-magnitude relation derived from these data predict that if seismicity is uniform in the
zone, about 11,000 years of record is needed to avoid apparent concentrations and gaps. (Swafford and Stein, 2007).
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Fig. 13. Earthquake history of North China, showing that seismicity has migrated such that no fault segment has ruptured twice in 2000 years. Solid circles are locations of events
during the period shown in each panel; open circles are circles are the location of events from 780 BCE to the end of the previous period (1303 CE for panel A). Bars show the rupture

lengths for selected large events (Liu et al, 2011).

of 180 years and a standard deviation of 72 years. Moreover, which
segments break at the same time is also quite variable (Ishibashi
and Satake, 1998).

Such variability is the norm, as illustrated in Fig. 15 by the paleo-
earthquake record at Pallett Creek, on the segment of the San Andreas
that broke in the 1857 Fort Tejon earthquake (Sieh et al., 1989). The
nine recurrence intervals have a mean of 132 years and a standard de-
viation of 105 years. This large variability results from the presence of
several clusters of large earthquakes, which together with the observa-
tional uncertainties, make it difficult to characterize the sequence and
estimate earthquake probabilities. Hence Sieh et al. (1989)'s estimates
of the probability of a similar earthquake before 2019 ranged from 7%
to 51%. Moreover, using different subsets of the series will yield differ-
ent results (Stein and Newman, 2004). As a result, the actual variability
is greater than inferred from studies that use short earthquake se-
quences, typically 2-4 recurrences (Nishenko and Buland, 1987).

Hazard mapping requires assuming some probability density
function that describes the distribution of future earthquake recur-
rence intervals. However, as these examples illustrate, even long pal-
eoseismic and historic earthquake records often cannot resolve the
probability density function very well (Parsons, 2008a; Savage,
1991, 1992, 1994).

A crucial choice among the possible probability density functions
is between ones representing two models of earthquake recurrence
(Stein and Wysession, 2003). In one, the recurrence of large earth-
quakes is described by a time-independent Poisson process that has
no “memory.” Thus a future earthquake is equally likely immediately
after the past one and much later, so earthquakes often cluster in
time. Under this assumption, the probability that an earthquake will
occur in the next t years is approximately t/T, where T is the assumed
mean recurrence time, and an earthquake cannot be “overdue.”

The alternative is to use some time-dependent recurrence model in
which a probability distribution describes the time between earth-
quakes. In this model earthquakes are quasi-periodic, with the standard
deviation of recurrence times small compared to their mean. In such
models the conditional probability of the next large earthquake, given
that it has not yet happened, varies with time. The probability is small
shortly after the past one, and then increases with time. For times
since the previous earthquake less than about 2/3 of the assumed
mean recurrence interval, time-dependent models predict lower prob-
abilities. Eventually, if a large earthquake has not occurred by this time,
the earthquake is “overdue” in the sense that time-dependent models
predict higher probabilities. Fig. 16 (top) illustrates this effect for faults
on which the time since the past large earthquake is a different fraction
of the assumed mean recurrence interval.

The difference is shown in Fig. 16 (bottom) for the New Madrid
seismic zone, where M 7 earthquakes occurred in 1811-1812. Assum-
ing that such earthquakes occur on average every 500 years, the
probability of having one in the next 50 years is 50/500 or 10% in a
time-independent model. Alternative models assume that recurrence
times have Gaussian distributions with a mean of 500 years and a
standard deviation of 100 or 200 years. The “crossover” time is the
year 2144, 333 years after 1811. The time-dependent models predict
that the probability of a major earthquake in the next hundred years
is much smaller than does the time-independent model. Similar re-
sults arise for a time-dependent model with recurrence times de-
scribed by a lognormal probability distribution. An important aspect
of using a time-dependent model is that it requires choosing a larger
number of parameters, in that both the model used for recurrence
times and its parameters are needed, but are usually poorly
constrained by the available earthquake history (Parsons, 2008a;
Savage, 1991, 1992, 1994).
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Fig. 14. Alternative hazard maps for Hungary and the surrounding area, showing peak ground acceleration in m/s? expected at 10% probability in 50 years (Swafford and Stein,
2007). The GSHAP model, based only on historic and recorded seismicity (bottom), predicts more concentrated hazard near sites of earlier earthquakes, compared to a model

(top) including geological data that predicts more diffuse hazard (Toth et al., 2004).

Despite the crucial difference between the time-independent and
time-dependent models, it remains unresolved which one better de-
scribes earthquake recurrence. Seismological instincts favor earthquake
cycle models, in which strain builds up slowly from one major earth-
quake and so gives quasi-periodic events, as observed on some faults
(Parsons, 2008b). However, other studies find clustered events (Kagan
and Jackson, 1991). As a result, both types of models are used in hazards
mapping, often inconsistently. For example, the U.S. Geological Survey
uses time-independent models for New Madrid, whereas their maps
for California increasingly use time-dependent models (Field et al.,
2008; Petersen et al., 2007).

The effect of the model choice on a hazard map is illustrated in
Fig. 17 by alternative maps for the New Madrid zone. The biggest ef-
fect is close to the three faults used to model the jagged geometry of
the earthquakes of 1811-1812, where the largest hazard is predicted.

These are assumed to have a moment magnitude (M,,) of 7.3 (Hough
et al., 2000).

Compared to the hazard predicted by the time-independent
model, the time-dependent model predicts noticeably lower hazard
for the 50-year periods 2000-2050 and 2100-2150. For example in
Memphis, the time-dependent model predicts hazards for 2000-
2050 and 2100-2150 that are 64% and 84% of those predicted by the
time-independent model. However if a large earthquake has not oc-
curred by 2200, the hazard predicted in the next 50 years would be
higher than predicted by the time-independent model.

Given the limitations of knowledge, choosing how to model the
recurrence on faults in a hazard map largely reflects the mappers’
preconceptions. Thus the Japan map (Fig. 1) reflected the mappers'
view that a large earthquake would happen much sooner on the
Nankai Trough than off Tohoku.
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Fig. 15. Observed variability in recurrence intervals for two long sequences of large earthquakes (Stein and Newman, 2004).

5.2.4. How big?

Hazard maps depend also dramatically on the assumed magnitude
of the largest earthquakes expected in each area. Because this is un-
known and not at present effectively predictable on physical grounds,
mappers predict the size and rate of future large earthquakes from an
earthquake record containing seismological, geological, and historical
earthquake records. The Tohoku, Wenchuan, and Haiti examples indi-
cate that this process is far from straightforward and prone to a vari-
ety of biases.

Conditional probability of earthquake in next t years

Charleston ;lﬁe; i san Fort 5 %
i Francisco Tejon - .
¢ ¢ ¢ "l' -~ Time-dependent
T i = Time-independent
0 2173 T

Years since last event

Conditional probabilities of earthquake in next 50 years
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0% ===
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Fig. 16. Top: Schematic comparison of time-independent and time-independent models for
different seismic zones. Charleston and New Madrid are “early” in their cycles, so
time-dependent models predict lower hazards. The two model types predict essentially
the same hazard for a recurrence of the 1906 San Francisco earthquake, and time-
dependent models predict higher hazard for the nominally “overdue” recurrence of the
1857 Fort Tejon earthquake. The time-dependent curve is schematic because its shape de-
pends on the probability distribution and its parameters. Bottom: Comparison of the condi-
tional probability of a large earthquake in the New Madrid zone in the next 50 years,
assuming that the mean recurrence time is 500 years. In the time-independent model the
probability is 10%. Because the time since 1811 is less than 2/3 of the assumed mean recur-
rence interval, time-dependent models predict lower probabilities of a large earthquake for
the next hundred years (Hebden and Stein, 2009).

Some biases arise from the assumption used in these analyses that
earthquake recurrence approximately follows a log-linear, or Guten-
berg-Richter, relation,

log N = a—bM,

with b~ 1, such that the logarithm of the annual number (N) of earth-
quakes above a given magnitude (M) decreases linearly with magni-
tude (Gutenberg and Richter, 1944). However, studies of specific
areas, which commonly address the short history of seismological ob-
servations by combining seismological data for smaller earthquakes
with paleoseismic data or geologic inferences for larger earthquakes,
sometimes infer that large earthquakes occur more or less commonly
than expected from the log-linear frequency-magnitude relation ob-
served for smaller earthquakes (Fig. 18).

These deviations are important in seismic hazard assessment. In par-
ticular, higher seismic hazard is assumed when larger earthquakes are
presumed to be more common than expected from the small earth-
quakes. Such large earthquakes are termed “characteristic earthquakes”
(Schwartz and Coppersmith, 1984). This usage is somewhat confusing,
in that other applications (mentioned earlier) use this term for the “typ-
ical” largest earthquake on a fault (Jackson and Kagan, 2006). By analo-
gy, large earthquakes less common than expected from the small
earthquakes could be termed “uncharacteristic.”

This problem is common, because earthquake records in many re-
gions are shorter than would be adequate to show the true size and
rate of the largest earthquakes. This is especially so when the length
of the earthquake record under consideration is comparable to the
mean recurrence time of large earthquakes.

This possibility is illustrated by simple numerical simulations, which
involved generating synthetic earthquake histories of various lengths as-
suming that the seismicity followed a log-linear frequency-magnitude
relation. The recurrence times of earthquakes with M>5, 6, and 7 were
assumed to be samples of a Gaussian (normal) parent distribution with
a standard deviation of 0.4 times the mean recurrence for each of the
three magnitudes.

Fig. 19 (top) shows the results for 10,000 synthetic earthquake se-
quences whose length is half of T, the mean recurrence time of
earthquakes with M>7. The left panel shows the actual log-linear
frequency-magnitude relation and dots marking the “observed”
mean recurrence rates in the simulation for M>5, 6, and 7 events in
each sequence. The center panel shows the parent distribution of re-
currence times for M>7 that was sampled, and a histogram of the
“observed” mean recurrence times for the sequences. Apparent char-
acteristic (more frequent than expected) earthquakes, for which the
observed recurrence time is less than T, plot above the log-linear
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Fig. 17. Comparison of hazard maps for the New Madrid zone. Colors show peak gr
time-independent model, the time-dependent model predicts noticeably lower hazard for
has not occurred by 2200 (Hebden and Stein, 2009).

frequency-magnitude relation in the left panels, and to the left of 1 in
the center panels. Due to their short length, 46% of the sequences con-
tain no earthquakes with M>7, 52% have only one, all but one of the

ound acceleration as percentages of 1 g. Compared to the hazard predicted by the
the 50-year periods 2000-2050 and 2100-2150, but higher hazard if a large earthquake

remaining 2% have two earthquakes, and one has three. The mean
inferred recurrence times for sequences with one, two, or three earth-
quakes are T,,/2, T,y/4, and Tg,/6. Earthquakes with mean recurrence
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1985), showing large earthquakes more common than expected from the small ones. Right: Historical and paleoseismic data for the greater Basel (Switzerland) area (Meghraoui
et al,, 2001). The paleoseismic data imply that large earthquakes occur at a lower rate than predicted from smaller ones (Stein and Newman, 2004).
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interval greater than or equal to Ty, are not observed in a sequence
half that length.

Hence, due to the short sampling interval, in about half the cases
we “observe” characteristic earthquakes, whereas in the other half
no large earthquakes are observed. This is because we cannot observe
half an earthquake. Hence we either overestimate the rate of the larg-
est earthquakes and thus the seismic hazard, or underestimate the
size of the largest earthquakes that can occur and thus underestimate
the hazard.

Similar biases persist for longer sequences (Fig. 19, bottom). For
example, if the sequence length is twice T,, we underestimate the
rate of the largest earthquakes 20% of the time and overestimate it an-
other 20% of the time.

Another bias can arise from spatial sampling. Fig. 20 shows
frequency-magnitude data for Utah's Wasatch Front area. Here, the rate
of small instrumentally recorded earthquakes is consistent with the pal-
eoseismically inferred rate of large earthquakes. However, data from only
the part of the area around the Wasatch Fault show a different pattern, in
that the rate of small earthquakes underpredicts that of large paleo-
earthquakes. This difference arises because the larger earthquakes
occur on the fault, whereas the smaller ones occur all over the front.
Hence whether one infers the presence of characteristic earthquakes de-
pends on the sampling region.

Other biases can arise from the challenge of estimating the magnitude
and rate of historic earthquakes and paleoearthquakes. Apparent charac-
teristic earthquakes could occur if the magnitudes of historic earthquakes
or paleoearthquakes were overestimated. Conversely, the mean recur-
rence time T, would be overestimated if some paleoearthquakes in a se-
ries were not identified. These issues arise in many cases, including
inferring the size of paleoearthquakes from tsunami deposits.

5.2.5. How much shaking?

Hazard mapping also has to assume how much shaking future
earthquakes will produce. This involves adopting a ground motion at-
tenuation relation, which predicts the ground motion expected at a
given distance from earthquakes of a given size. These relations re-
flect the combined effects of the earthquake source spectrum and

propagation effects including geometric spreading, crustal structure,
and anelastic attenuation.

Fig. 21 illustrates various ground motion models for the central U.S.
In general, the predicted shaking decreases rapidly with distance for a
given magnitude. This effect occurs in most places, as illustrated by the
fact that much less damage resulted from shaking in the giant Tohoku
and Sumatra earthquakes than from the tsunamis, because the earth-
quakes occurred offshore. The models also show how a smaller earth-
quake nearby can cause more damage than a larger one farther away.

In some areas, seismological data can be used to develop models
describing average ground motion as a function of distance, about
which actual motions scatter owing to variations in crustal structure
(e.g., Burger et al., 1987) and source properties. However, in many
areas, including the central U.S., there are no seismological records
of shaking from large earthquakes. In such cases, mappers choose be-
tween various relations derived using data from smaller earthquakes
and earthquake source models, which predict quite different ground
motion and thus hazard.

For example, the relation of Frankel et al. (1996) predicts significant-
ly higher ground motion than those of Atkinson and Boore (1995) and
Toro et al. (1997). In fact, the ground motion for an M 7 earthquake
predicted by the Frankel et al. (1996) relation at distances greater
than 100 km is comparable to that predicted for an M 8 earthquake
by the other relation. This difference occurs both for Peak Ground Accel-
eration (PGA) and 1 Hz motion, a lower-frequency parameter more
useful than PGA in describing the hazard to major structures. The differ-
ences are greater for the lower frequency because the predicted shaking
is more sensitive to the differences in the assumed source spectra.

The effect of these choices is shown in Fig. 22 by four possible
maps. The two in each row are for the same ground motion model,
but different values of the maximum magnitude - the magnitude of
the largest earthquake on the main faults. Raising this magnitude
from 7 to 8 increases the predicted hazard at St. Louis by about 35%.
For Memphis, which is closer to the main faults, the increase is even
greater. This is because the assumed maximum magnitude of the
largest earthquake on the main faults affects the predicted hazard es-
pecially near those faults.
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Fig. 21. Comparison of ground motion (peak ground acceleration and 1 Hz) as a func-
tion of distance for different earthquake magnitudes predicted by three attenuation re-
lations for the central US. For M, 8, the Frankel et al. (1996) relation predicts
significantly higher values than the others (Newman et al., 2001).

The two maps in each column have the same maximum magnitude
but different ground motion models. The Frankel et al. (1996) predicts a
hazard in St. Louis about 80% higher than that predicted by the Toro et
al. (1997) model. For Memphis, this increase is about 30%. The ground
motion model affects the predicted hazard all over the area, because
shaking results both from the largest earthquakes and from smaller
earthquakes off the main faults.

These models assume time-independent recurrence for the largest
earthquakes, following USGS practice. As shown in Fig. 17, assuming
time-independent recurrence would lower the predicted hazard.

The different maps give quite different views of the hazard, which is
the subject of ongoing debate. A key parameter in the debate has been
what to assume for the magnitude of a future large earthquake, which
is assumed to be similar to the large events of 1811-1812. Analyses of
historical accounts give values ranging from M 7 (Hough et al., 2000;
Nuttli, 1973) to M 8 (Johnston, 1996), with recent studies (Hough and
Page, 2011) favoring the lower values.

The maps in Fig. 22 also indicate that the choice of the ground mo-
tion model is as significant as that of the maximum magnitude. Thus
without good constraining data, the predicted hazard depends signif-
icantly on the mappers' assumptions. Frankel et al. (1996) state that
“workshop participants were not comfortable” with the source
model used in the Atkinson and Boore (1995) ground motion rela-
tion, and so “decided to construct” a new relation, which predicted
higher ground motions. They similarly considered but did not use
an alternative recurrence distribution because it “produced substan-
tially lower probabilistic ground motions.”

6. What to do
The Tohoku, Wenchuan, and Haiti earthquakes show that hazard

mapping has many limitations and a long way to go. In any given
area, additional research will improve hazard mapping, as more
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data are acquired from paleoearthquake records, geodesy, and other
approaches. Modeling of fault processes will also help. However, we
still do not know how to effectively use these data for anything be-
yond relatively general forecasts. For example, even had the GPS
data showing strain accumulation off Tohoku been appreciated,
there was no good way to forecast how large an earthquake might
occur or how soon. This limitation is illustrated by the fact that commu-
nities inland from the Nankai Trough are now being warned of much
larger tsunamis than previously anticipated, assuming that a future
earthquake could be as large as March's Tohoku earthquake (Cyranoski,
2012). These communities face the challenge of deciding what to do for
a possible 20-meter tsunami whose probability cannot be usefully
estimated beyond saying it would be rare, perhaps once in a millennium.

Despite the limitations in our ability to assess future hazards,
earthquake hazard mapping has grown into a large and widely-used
enterprise worldwide. Although much of the approach in making
hazard maps sounds sensible, fundamental advances in knowledge
- which may or may not be achievable - will be needed for it to be-
come fully effective and reliable. At this point, hazard maps in many
areas seem inadequate for making multi-billion dollar decisions. We
need to know whether earthquake recurrence is time dependent or

independent, or whether there is a reasonably regular recurrence in-
terval for some faults. We need to know what controls fault segmen-
tation, and why segments rupture sometimes singly and other times
multiply. We need to know whether seismic activity on faults within
continents remains steady for long periods, or switches on and off.
We need reliable ways to predict strong ground shaking in areas
where there are no such seismological records. Absent these ad-
vances, we should not be surprised that hazard maps often do poorly.

However, hazard mapping was developed by engineers out of ne-
cessity. Buildings must be built, so some seismic safety requirements
need to be specified. In many active areas, such as California, the haz-
ard maps seem sensible and in reasonable accord with experience.
However, a sense of humility and caution is also required, as some
seismologists in Japan might have made similar statements before
the Tohoku earthquake. Kanamori's (2011) advice that we should
“be prepared for the unexpected” is wise counsel.

In assessing the state of hazard mapping, an engineer might con-
sider the glass half full, whereas it seems half empty to a seismologist.
Engineers operate in a world of legal requirements. To avoid liability,
they need a recognized standard, whatever its flaws. Depending on
circumstances, this can create explicit or implicit pressure on hazard
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mappers to arrive at either lower or higher values. The existence of
the map allows engineers to get on with their work, and failures only be-
come undeniable when “unexpected” earthquakes occur (e.g., March 11,
2011 Tohoku earthquake). The non-occurrence of “expected” earth-
quakes (e.g., Tokai in Japan) has not become an issue, because they can
always be regarded as “impending” no matter how long we wait. In
contrast, to a scientist the map failures are interesting because they
point out what we do not understand and would like to.

Because many of hazard mapping's limitations reflect the present
limited knowledge about earthquakes and tectonics, we anticipate ad-
vances both from ongoing studies and new methods (e.g. Newman,
2011). Still, we suspect that many of the challenges are unlikely to be re-
solved soon, and some may be inherently unresolvable. Hence in addi-
tion to research on the seismological issues, we suggest two changes to
current hazard mapping practices.

6.1. Assess and present uncertainties

Hazard maps clearly have large uncertainties. When a mabp fails, it is
often clear in hindsight that key parameters were poorly estimated. The
sensitivity analyses shown in this paper illustrate the same point - the
maps are uncertain in the sense that their predictions vary significantly
depending on the choice of many poorly known parameters.

Assessing and communicating these uncertainties would make
the maps more useful. At present, most users have no way to tell
which predictions of these maps are likely to be reasonably well con-
strained, and which are not. Having this information would help users
make better decisions. For example, estimates of the uncertainty can
be used to develop better mitigation strategies (Stein and Stein, 2012).

The case for such an approach has been eloquently articulated in
other applications. Perhaps the most famous is in Richard Feynman's
(1988) report after the loss of the space shuttle Challenger: “NASA
owes it to the citizens from whom it asks support to be frank, honest, and
informative, so these citizens can make the wisest decisions for the use of
their limited resources.”

Relative to hazard predictions, Sarewitz et al. (2000) argue simi-
larly that

“Above all, users of predictions, along with other stakeholders in the
prediction process, must question predictions. For this questioning
to be effective, predictions must be as transparent as possible to the
user. In particular, assumptions, model limitations, and weaknesses
in input data should be forthrightly discussed. Institutional 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 techni-
cal products of predictions are likely to be “better” — both more robust
scientifically and more effectively integrated into the democratic pro-
cess — when predictive research is subjected to the tough love of dem-
ocratic discourse... Uncertainties must be clearly understood and
articulated by scientists, so users understand their implications. If sci-
entists do not understand the uncertainties — which is often the case -
they must say so. Failure to understand and articulate uncertainties
contributes to poor decisions that undermine relations among scien-
tists and policy makers.”

Useful lessons for seismology can come from the atmospheric
sciences. Meteorologists are much more candid in predicting hazards
due to weather, which in the U.S. causes about 500 deaths per year com-
pared to about 20 per year due to earthquakes. One key is comparing
predictions by different groups using different assumptions. For exam-
ple, on February 2, 2000 the Chicago Tribune weather page stated:

“Weather offices from downstate Illinois to Ohio advised residents of
the potential for accumulating snow beginning next Friday. But fore-
casters were careful to communicate a degree of uncertainty on the

storm's precise track, which is crucial in determining how much
and where the heaviest snow will fall. Variations in predicted storm
tracks occur in part because different computer models can infer up-
per winds and temperatures over the relatively data-sparse open Pa-
cific differently. Studies suggest that examining a group of projected
paths and storm intensities — rather than just one — helps reduce fore-
cast errors.”

The newspaper's graphics compared four models' predicted storm
tracks across the Midwest and seven precipitation estimates for Chi-
cago. This nicely explained the models' uncertainties, their limitations
due to sparse data, and the varying predictions.

Hurricane researchers also often clearly explain what they can and
cannot do. As Hurricane Irene threatened the U.S. East Coast, Emanuel
(2011) explained to the public that “We do not know for sure whether
Irene will make landfall in the Carolinas, on Long Island, or in New En-
gland, or stay far enough offshore to deliver little more than a windy,
rainy day to East Coast residents. Nor do we have better than a passing
ability to forecast how strong Irene will get. In spite of decades of re-
search and greatly improved observations and computer models, our
skill in forecasting hurricane strength is little better than it was decades
ago.” The article described the causes of this uncertainty and ap-
proaches being taken to address it.

Such candor is also common in climate modeling, in which the re-
sults of a suite of different models developed by different groups
using different methods and assumptions are typically presented
and discussed. For example, the Intergovernmental Panel on Climate
Change (2007) report compares the predictions of all 18 available
models for the expected raise in global temperature, showing a factor
of six variation. It further notes that the models “cannot sample the full
range of possible warming, in particular because they do not include un-
certainties in the carbon cycle. In addition to the range derived directly
from the multi-model ensemble, Figure 10.29 depicts additional uncer-
tainty estimates obtained from published probabilistic methods using
different types of models and observational constraints.”

Similar presentations should be done for seismic hazard maps.
One approach is to contrast crucial predictions. For example, Fig. 23
compares the predictions of the models in Figs. 17 and 22 for the haz-
ard at Saint Louis and Memphis. The predictions vary by a factor of
more than three. This representation shows the effects of the three
factors. At Memphis, close to the main faults, the primary effect is
that of magnitude, with the two M 8 models predicting the highest
hazard. At Saint Louis, the ground motion model has the largest effect,
so the Frankel models predict the highest hazard. Most models show
hazard well below that predicted for California. The predictions for a
maximum magnitude of 7 are similar to ones in which the large
earthquake sequence has ended and the hazard reflects continuing
aftershocks (Stein, 2010).

One of the most crucial reasons for discussing and presenting
uncertainties is that experience in many applications shows that the
real uncertainty is usually much greater than assumed. The general
tendency toward overconfidence is shown by the fact that in many appli-
cations 20-45% of actual results are surprises, falling outside the previ-
ously assumed 98% confidence limits (Hammitt and Shlyakhter, 1999).
A famous example is the history of measurements of the speed of
light, in which new and more precise measurements are outside the
estimated error bars of the older ones much more frequently that
expected (Henrion and Fischhoff, 1986). This effect has been observed
in predicting river floods (Merz, 2012) and, as we have seen, is likely
occurring for earthquake ground motion.

6.2. Test hazard maps
Clearly, we need a way to judge hazard maps' performance.

Currently, there are no generally agreed criteria. A basic principle of
science is that methods should only be accepted after they are shown
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Fig. 23. Comparison of the hazard at St Louis and Memphis predicted by hazard maps of
the New Madrid zone shown in Figs. 17 and 22. For example, Frankel/M8 indicates the
Frankel et al. (1996) ground motion model with a maximum magnitude of 8 in Fig. 22,
and TI indicates the time-independent model in Fig. 17.

to be significantly more successful than ones based on null hypotheses,
which are usually based on random chance. Otherwise, they should be
rejected, regardless of how appealing their premises might seem.

Results from other fields, such as evidence-based medicine, which
objectively evaluates widely used treatments, are instructive. For ex-
ample, Moseley et al. (2002) found that although more than 650,000
arthroscopic knee surgeries at a cost of roughly $5,000 each were
being performed each year, a controlled experiment showed that
“the outcomes were no better than a placebo procedure.”

Weather forecasts, which are conceptually similar to earthquake
hazard mapping, are routinely evaluated to assess how well their pre-
dictions matched what actually occurred (Stephenson, 2000). A key
part of this assessment is adopting agreed criteria for “good” and
“bad” forecasts. Murphy (1993) notes “it is difficult to establish
well-defined goals for any project designed to enhance forecasting
performance without an unambiguous definition of what constitutes
a good forecast.” Forecasts are also tested against various null hypoth-
eses, including seeing if they do better than using the average of that
date in previous years, or assuming that today's weather will be the
same as yesterday's. Over the years, this process has produced
measurable improvements in forecasting methods and results, and
yielded much better assessment of uncertainties. Although the pro-
cess of testing is easier than for earthquakes, because forecasts can
be tested on shorter timescales, it illustrates how such testing can
be done.

The recent examples of large earthquakes producing shaking
much higher than predicted by the hazard maps indicate the need
for an analogous process. This would involve developing objective
criteria for testing such maps by comparison to the shaking that actu-
ally occurred after they were published. Such testing would show
how well the maps worked, give a much better assessment of their
true uncertainties, and indicate whether or not changes in the meth-
odology over time resulted in improved performance.

Various metrics that reflect both overpredictions and under-
predictions - neither of which are desirable - could be used. A natural
one is to compare the maximum acceleration observed over the years
in regions within the hazard map to that predicted by the map and by
some null hypotheses. This could be done via the skill score used to
test weather forecasts (Murphy, 1988). It would consider a region di-
vided into N subregions. In each subregion i, over some time interval,
we would compare the maximum observed shaking x; to the map's

predicted maximum shaking p;. We then compute the Hazard Map
Error

HME(p,x) = ¥_;(xi—p;)* /N

and assess the map's skill by comparing it to the misfit of a reference
map produced using a null hypothesis

HME(r,x) = 3_;(x;—1;)° /N
using the skill score

SS(p,r,x) = 1—HME(p,x)/HME(r,X).

The skill score would be positive if the map's predictions did bet-
ter than those of the map made with the null hypothesis, and nega-
tive if they did worse. We could then assess how well maps have
done after a certain time, and whether successive generations of
maps do better.

One simple null hypothesis is that of a regionally uniformly dis-
tributed seismicity or hazard. Fig. 1 suggests that the Japanese hazard
map is performing worse than such a null hypothesis. Another null
hypothesis is to start with the assumption that all oceanic trenches
have similar b-value curves (Kagan and Jackson, in press) and can
be modeled as the same, including the possibility of an M9 earth-
quake (there is about one every 20 years somewhere on a trench).

The idea that a map including the full detail of what is known
about an area's geology and earthquake history may not perform as
well as assuming seismicity or hazard are uniform at first seems un-
likely. However, it is not inconceivable. An analogy could be describ-
ing a function of time composed of a linear term plus a random
component. A detailed polynomial fit to the past data describes
them better than a simple linear fit, but can be a worse predictor of
the future than the linear trend (Fig. 24). This effect is known as over-
parameterization or overfitting. A test for this possibility would be to
smooth hazard maps over progressively larger footprints. There may
be an optimal level of smoothing that produces better performing
maps.

It is important to test maps using as long a record as possible. As a
result, a major challenge for such testing is the availability of only a
relatively short earthquake shaking record. A number of approaches
could be used to address this issue. One would be to jointly test
maps from different areas, which might give more statistically signif-
icant results than testing maps from individual areas.

It is also crucial to have agreed upon map testing protocols. When
maps are published, their authors should specify the protocol they
will use to test the map's performance. In addition, testing should
be also conducted by other groups using other methods. For this pur-
pose, datasets of maximum shaking in areas over time should be com-
piled and made publicly available. Similarly, it is important to avoid
biases due to new maps made after a large earthquake that earlier
maps missed (Fig. 25). Statisticians refer to such a posteriori changes
to a model as “Texas sharpshooting,” in which one first shoots at
the barn and then draws circles around the bullet holes. In some
cases assessing whether and how much better a new map predicts fu-
ture events than an older one may take a while — sometimes hun-
dreds of years - to assess.

Until recently, such testing was rare, although the value of such stud-
ies was illustrated by Kagan and Jackson (1991). Recently, however, inter-
est has been growing. In addition to initial tests of hazard model
performance (Albarello and D'Amico, 2008; Kossobokov and Nekrasova,
2012; Miyazawa and Mori, 2009; Stirling and Gerstenberger, 2010;
Wyss et al,, 2012) there are ongoing projects to test earthquake pre-
dictability (CSEP, 2011; Kagan and Jackson, 2012; Marzocchi and
Zechar, 2011; Schorlemmer et al., 2010). Because this process is just be-
ginning, the available hazard map tests have limitations. Some use
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Fig. 24. Illlustration of overfitting by comparison of linear and quadratic fits to a set of data. The quadratic gives a better fit to the points but a poorer representation of the trend.

shaking data from earthquakes before (rather than after) the map was
made. This process favors a map in that even if these data were not explic-
itly used in the map making, the mappers were aware of these earth-
quakes' dates, locations, magnitude, and shaking. Similarly, because the
mapping process involves a large number of subjective assumptions, it
is difficult to use part of a data set to develop a map and test it with the
other part. Conversely, tests using only data from large earthquakes
after a map was made are biased against the map, because they do not in-
clude areas where little or no shaking occurred. In years to come, more
comprehensive tests should be forthcoming. Until then, we have no
way of knowing how well or poorly hazard maps are performing.

Hypothesis testing is the heart of the scientific method. Notwith-
standing the difficulties, it is essential that a continuing process of se-
rious and objective testing be conducted for the methods used to
produce seismic hazard maps.

7. Mission impossible?

The present state of hazard mapping reflects the general paradox
that humans desire to predict the future so strongly that we are reluc-
tant to ask how well or poorly predictions do. This tendency, includ-
ing the example in the epigram, is explored by Dan Gardner's (2010)
book “Future Babble: Why expert predictions fail and why we believe
them anyway.” Pilkey and Pilkey-Jarvis (2006) show many examples
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of models in the earth sciences that remain in common use despite
repeated failures.

An interesting assessment is given by historian of science Naomi
Oreskes' (2000) analysis:

“As individuals, most of us intuitively understand uncertainty in mi-
nor matters. We don't expect weather forecasts to be perfect, and
we know that friends are often late. But, ironically, we may fail to ex-
tend our intuitive skepticism to truly important matters. As a society,
we seem to have an increasing expectation of accurate predictions
about major social and environmental issues, like global warming
or the time and place of the next major hurricane. But the bigger
the prediction, the more ambitious it is in time, space, or the complex-
ity of the system involved, the more opportunities there are for it to be
wrong. If there is a general claim to be made here, it may be this: the
more important the prediction, the more likely it is to be wrong.”

With these caveats in mind, it is worth noting that truly successful
hazard maps would have to be very good. Ideally, they would neither
underpredict the hazard, leading to inadequate preparation, nor
overpredict it, unnecessarily diverting resources. Advances in our
knowledge about earthquakes and objective testing of successive
generations of hazard maps should improve their performance.

However, there are almost certainly limits on how well hazard
maps can ever be made. Some are imposed by lack of knowledge

c-nuweroweesaon 858888

Fig. 25. Comparison of seismic hazard maps for Haiti made before (GSHAP, 1999) and after (Frankel et al., 2010) the 2010 M 7.1 earthquake. The newer map shows a factor of four

higher hazard on the fault that had recently broken in the earthquake.
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and the intrinsic variability of earthquake processes. As Kanamori
(2011) notes in discussing why “the 2011 Tohoku earthquake caught
most seismologists by surprise,” “even if we understand how such a
big earthquake can happen, because of the nature of the process in-
volved we cannot make definitive statements about when it will hap-
pen, or how large it could be.”

A similar caveat comes from the fact that inferring earthquake prob-
abilities, which is crucial for such mapping, is very difficult (Parsons,
2008a,b; Savage, 1992, 1994). Freedman and Stark (2003) explore the
question in depth, and conclude that estimates of earthquake probabili-
ties and their uncertainties are “shaky.” In their view, “the interpretation
that probability is a property of a model and has meaning for the world
only by analogy seems the most appropriate. ... The problem in earth-
quake forecasts is that the models, unlike the models for coin-tossing,
have not been tested against relevant data. Indeed, the models cannot
be tested on a human time scale, so there is little reason to believe the
probability estimates.” Savage (1991) similarly concluded that earth-
quake probability estimates for California are “virtually meaningless.” Al-
though this situation presumably will improve somewhat as longer
paleoseismic histories and other data become available, it will remain a
major challenge.

Other limitations may reflect the fact that maps are produced on the
basis of postulates, such as the seismic cycle model. If these models fun-
damentally diverge from the actual non-linear physics of earthquake
occurrence - as may well be the case - then no amount of tweaking
and tuning of models can produce hazard maps that come close to the
ideal of predicting the shaking that will actually occur. Such a develop-
ment might seem discouraging, but may prove to be the case. Objective
analysis and testing of hazard maps is the only way to find out.
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