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Abstract We use the global rate of Mw ≥ 9.0 earthquakes, and standard Bayesian procedures, to estimate
the probability of such mega events in the Aleutian Islands, where they pose a significant risk to Hawaii. We
find that the probability of such an earthquake along the Aleutians island arc is 6.5% to 12% over the next
50 years (50% credibility interval) and that the annualized risk to Hawai’i is about $30M. Our method (the
regionally scaled global rate method or RSGR) is to scale the global rate ofMw 9.0+ events in proportion to the
fraction of global subduction (units of area per year) that takes place in the Aleutians. The RSGR method
assumes that Mw 9.0+ events are a Poisson process with a rate that is both globally and regionally stationary
on the time scale of centuries, and it follows the principle of Burbidge et al. (2008) who used the product of
fault length and convergence rate, i.e., the area being subducted per annum, to scale the Poisson rate for
the GSS to sections of the Indonesian subduction zone. Before applying RSGR to the Aleutians, we first apply
it to five other regions of the global subduction system where its rate predictions can be compared with
those from paleotsunami, paleoseismic, and geoarcheology data. To obtain regional rates from paleodata, we
give a closed-form solution for the probability density function of the Poisson rate when event count and
observation time are both uncertain.

1. Introduction

The main goal of the paper is to estimate the probability of magnitude Mw ≥ 9.0 ± 0.1 earthquakes along
two sections of the Aleutians in the next 50 yrs, extending the method of Burbidge et al. [2008] to the rate
of Mw 9.0+ events on the global subduction system (GSS). Before applying it to the Aleutians we first test
our regionally scaled global rate (RSGR) method by comparing its rate predictions with those from available
historical, paleoearthquake, paleotsunami, and geoarcheological data (i.e., paleodata) for Mw 9.0+ earth-
quakes in five regions of the global subduction system (GSS). These very large events are suitable for
testing in this way because the paleodata for large events are clearer than those for smaller events. In
our calculations we use standard Bayesian methods [e.g., Gelman et al., 2014]. After confirming that
the RSGR method agrees with the paleodata analysis, we apply it to the Aleutians, where there is very
limited paleodata.

There have been five Mw 9.0+ earthquakes since 1900 [Engdahl and Villaseñor, 2002] (supplemented by U.S.
Geological Survey/National Earthquake Information Center for 2000–2014), which include Kamchatka
1952 (Mw 9.0), Chile 1960 (Mw 9.5), Alaska 1964 (Mw 9.2), Sumatra-Andaman 2004 (Mw 9.3), and Tohoku
2011 (Mw 9.1). We recognize that Mw estimates are probably no more accurate than ±0.1 but note that there
are no Mw 8.9 events either in the Engdahl and Villaseñor [2002] catalog or subsequent to 1999. All of these
Mw 9.0+ events occurred as shallow, megathrust earthquakes along subduction zones, and generated large,
deadly tsunamis. The probability of a Mw 9.0+ earthquake in the Aleutians has particular relevance to the
State of Hawaii because this section of the GSS directs (Figure 1) tsunami wave energy toward the
Hawaiian Islands [Butler, 2012; Butler et al., 2014].

We are not dismissing the dangers to Hawai’i from smaller earthquakes. Indeed, the largest tsunamis in
Hawai’i in 1946 and 1957 were Mw< 9. Nor are we excluding the dangers from other subduction zones. It
is clear that Kamchatka is also a substantial threat, even though the 1952 Kamchatka earthquake (Mw 9)
was not among the most destructive. However, we focus on the Eastern Aleutians in this paper to
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characterize the tsunami risk from a region that
may have been the tsunamigenic source region
for a significant paleotsunami recently found on
the Island of Kaua’i [Butler et al., 2014].

Plan of the paper: We first estimate (1) the global
rate of Mw≥ 9.0 earthquakes. Then we estimate (2)
the regional rates of such events by distributing
the global rate over regions of the GSS, in propor-
tion to the regional product of length and trench-
normal subduction speed, i.e., in proportion to
regional subduction rate in units of area per year.
As noted above, the combination of methods (1)
and (2) is called the regionally scaled global rate
method (RSGR). Then, (3) in order to test the RSGR
method, we estimate the same regional rates using
only paleodata, finding reasonable agreement.
Finally, (4) we apply the RSGR method to the
Aleutians region, where paleodata are scarce, to
estimate the probability of a Mw 9.0+ event there
in the next 50 years and in the next 12months.
Combining annual tsunami probability with an
estimate of damage for such an event gives the
financial risk to the State of Hawaii. Appendix A
briefly reviews the Bayesian principles used in our
calculations. Appendix B explains our uninformative
prior probability density function (PDF) for Poisson
rate. Appendix C gives a closed-form solution for
the probability density function of Poisson rate
when event count and observation time are
both uncertain.

2. RSGR Methodology

Here we give the essence of the method, and in the
following section we give a more rigorous statistical
treatment. Following Burbidge et al. [2008] we
assume that the probability distribution of Mw 9.0+
earthquakes on Earth is stationary in time both
globally and regionally; i.e., that the (Poisson) rate
of such events is constant on a time scale of centu-
ries, and that they may occur on any section of the

GSS that has length sufficient to accommodate aMw 9.0+ earthquake [e.g.,McCaffrey, 2008]. We assume that
the probability of Mw 9.0+ events follows a Poisson distribution, and hence that the events occur indepen-
dently in time [e.g., McGuire, 2004; Geist and Parsons, 2006]. After removing local clustering related to after-
shocks, the temporal stationarity of large earthquakes since 1900 (magnitudes ≥ 7) is indistinguishable
from a homogeneous Poisson process [Shearer and Stark, 2012; Michael, 2011; Parsons and Geist, 2012;
Daub et al., 2012]. Studies questioning this stationarity have focused on characteristics selected a priori
[Bufe and Perkins, 2005], or among subdivisions [Lombardi and Marzocchi, 2007] of the Earth’s surface using
a small (<50%) subset [Pacheco and Sykes, 1992] of the global catalog [Engdahl and Villaseñor, 2002], or on
type II errors in statistical tests [Dimer de Oliveira, 2012]. The present situation seems to be that the Poisson
hypothesis cannot be rejected but that it is difficult to recognize true clustering.

To link the global rate to the local physical earthquake process at a subduction zone, we follow Burbidge et al.
[2008] in assuming that the regional Poisson rate is proportional to the regional rate of area subduction.

Figure 1. The map plots the geometry of the Aleutians with
respect to Hawai’i. Tsunami energy is directed predominantly
orthogonal to the strike of the earthquake fault, and hence,
earthquakes along the Aleutian subduction zone focus tsuna-
mis toward Hawai’i. The red and yellow arcs indicate the sec-
tions of the Aleutian subduction zones considered in the
probability analysis. The red arc encompasses the Eastern
Aleutians (EA), whereas the yellow arc of the Aleutians-Alaska
Peninsula (A-A) extends east from the rupture of the 1965
earthquake to the edge of the 1964 Alaska earthquake rupture
zone. Stars and dates indicate epicenters of prior twentieth
century great earthquakes (Mw> 8). Contributions from the
regions of the 1965 and 1964 events are not included in the
analysis, as tsunami energy is focused away from Hawai’i.
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Burbidge et al. [2008] conducted similar tests for earthquakes with smaller magnitudes (Mw< 9) on the
Chilean and Nankai sections of the GSS and concluded that the method agreed well with historical rates.

We follow Burbidge et al. [2008] in omitting rupture width from the model, for several reasons. First, it adds an
additional variable and degree of freedom. Second, compared with lesser events, the Mw 9.0+ earthquakes
are distinguished by their large lengths and aspect ratios. Third, the rupture width of these large events varies
much less than their length [e.g., Pacheco et al., 1993]—the depth of the seismically coupled zone is about
40 km for most of the circum-Pacific subduction zones [Tichelaar and Ruff, 1993].

No assumptions are needed in regard to the potential rupture zones based upon geological or tectonic
province, as great earthquakes have already been observed to rupture across complex plate boundaries.
The most recent example is the 1 April 2007, Solomon Islands Mw 8.1 earthquake which ruptured the
Solomon Islands subduction zone at the triple junction where the Australia and Solomon Sea-Woodlark
Basin plates simultaneously underthrust the Pacific plate with different slip directions, thereby showing the
ability of ruptures to traverse substantial geologic boundaries [Furlong et al., 2009].

We measured piece wise the length (Li km) of subduction faults in the GSS using Google Earth, where faults
are composed of one or several relatively straight segments, referred to here as regions. For each region, the
relative convergence (vi mm/yr) and azimuth were determined primarily from the University NAVSTAR
Consortium (UNAVCO) Plate Motion calculator using the MORVEL 2010 model of DeMets et al. [2010, 2011],
supplemented by literature references of convergence zones for several smaller plates. Small variations of
convergence rate and azimuth were averaged over the region. The obliquityΩi is the angle between the azi-
muth of convergence and the trench normal direction. The subduction rate in units of area per year is thus
the product of length, convergence rate, and cos(Ωi), i.e., ∑viLicos(Ωi) in m2/yr.

A back-of-the-envelope version of the RSGR method goes as follows: There have been five Mw 9.0+ earth-
quakes since 1900A.D. in the population sample of instrumentally analyzed earthquakes. Ignoring conver-
gence rate for a moment, the total length of Earth’s subduction zones, ∑Li, is ~ 44,600 km. The cumulative
length of the five Mw 9.0+ earthquakes measures about 5000 km, or a ninth of the total, and therefore,
roughly 11% of the subduction system contributed five Mw 9.0+ earthquakes since 1900A.D. RSGR assumes
that in region k of the GSS, e.g., Tohoku, the recurrence rate rk for Mw 9.0+ earthquakes is the global rate
(r≈ five events per (2015–1900) years) times the fraction of global area subduction rate attributable to the
Tohoku region, vkLk cos(Ωk)/∑viLi cos(Ωi). Here Lk is the length of the Tohoku region, vk is the convergence rate
in units of length per year, andΩk is the obliquity of convergence in Tohoku and the sum in the denominator
is over all regions of the GSS. In our more detailed calculations below, the uncertainty in the length of each
region is assumed to be ±100 km and the uncertainties in obliquity and convergence rate are neglected (See
Appendix 3 of Butler [2014] for referenced literature).

Table 1 gives the fraction of the global subduction rate for each of the k prior Mw 9.0+ earthquakes, and for
the Aleutian segments of interest here, together with ±100 km uncertainties. For the 1950 km long Aleutians-
Alaska Peninsula segment, an uncertainty of ±200 km is used.

Table 1. Regions of the Global Subduction System (GSS) With Their % of Area Subduction Rate

Mean
L (km)

Mean
v (mm/yr)

Mean Ω
(deg)b

% of GSS
L×v×cos(Ω)

L + 100
(km)

L� 100
(km)

Historic earthquakesa

Tohoku 2011 600 92 �3 2.18% 2.53% 1.82%
Alaska 1964 800 59 �6 1.84% 2.06% 1.61%
Chile 1960 950 73 �17 2.61% 2.88% 2.34%
Sumatra-Andaman 2004 1500 54 �58 1.68% 1.79% 1.57%
Kamchatka 1952 500 84 �16 1.92% 2.23% 1.60%

Hypothetical earthquakes
Eastern Aleutians 700 70 �21 1.80% 2.05% 1.55%
Aleutians-Alaska Peninsula 1950 69 �28 4.62% 5.04%c 4.20%c

aL values of the historical events are their estimated rupture lengths.
bConvergence azimuth minus downdip orthogonal to strike (0° is pure thrust). (�) is subduction downdip and left
and (+) is right.
cL ± 200 km.
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3. Event Rates and
Event Probabilities
3.1. The PDF of Global Rate

Savage [1994] has given a method for
estimating earthquake probability over
time intervals that are multiples of
the recurrence time. Here we give a
Bayesian method [e.g., Gelman et al.,
2014] that is applicable to time intervals
of arbitrary length. For clarity when dis-
cussing a random variable xwe occasion-
ally write E(x) and var(x) instead of μx and
σ2x. A brief review of the relevant Bayesian
principles is given in Appendix A.

Following Savage [1994] and others we
assume that the occurrence of earth-
quakes within a particular magnitude
range is a Poisson process with rate r

and recurrence time r� 1. Therefore, the probability of n events in observation time t is (rt)ne� rt/n !. In parti-
cular, the probability of no events in time t is Pr[T> t] = e� rt, where T is the waiting time to the next event.
Thus, Pr[T< t] = 1� e� rt is the cumulative distribution of waiting time, and its associated probability density
function (PDF) is the exponential distribution p(r|t) = re� rt.

For convenience, we work with rate, converting it to recurrence time as needed. In the GSS there have been
n= 5 historical Mw 9.0+ earthquakes in the observation interval τ = 115 yr, so the likelihood of rate r is
(rτ)ne� rτ/n !. As a prior PDF for rate, we use the reciprocal prior p(r) = r� 1, because it has the same scale-
invariant density for recurrence time r� 1 as it does for rate; in other words, it carries no more information
about rate than about recurrence time (see Appendix B: An Uninformative Prior). Multiplying the prior and
the likelihood shows that the posterior PDF for rate is proportional to r n� 1e� rτ, and thus the properly scaled
posterior for rate is the gamma PDF Gam[r, |n, τ� 1] =Γ(n)� 1τnrn� 1e� rτ with shape parameter n= 5 and
inverse-scale parameter τ =115 years. As explained in Appendix A, the scaling process is trivial here because
the r� 1 prior is an (improper) instance of the gamma distribution, the natural conjugate prior for the Poisson
likelihood. The gamma posterior for rate is shown in Figure 2, which also shows a histogram made from the
samples used for Monte Carlo calculations below.

3.2. The PDF of Regional Rate

We predict the rate of Mw 9.0+ earthquakes for a region of the GSS by distributing the global rate over each
region in proportion to that region’s fraction of the global area subduction rate. We use the Eastern Aleutians
(EA) as our hypothetical example here because it is the goal of the paper. However, before making the
prediction for the Aleutians we use the method of this section to generate rate PDFs for the five test regions,
comparing them with rate predictions from paleodata, as explained below.

As above, let r be the global rate. Following Burbidge et al. [2008] the rate rE for the Eastern Aleutians (EA) is
the global rate times the fraction φ= ν1 cos(Ω1)L1/Σiνi cos(Ωi)Li where subscript 1 refers to the EA region.
Thus, rE= rφ. As the fraction 0<φ< 1 has some uncertainty, we model it with a beta distribution, which
has the domain [0, 1]. The uncertainty (standard deviation) in φ is taken to be the uncertainty in the EA
length, L1, multiplied by ν1 cos(Ω1)/Σiνi cos(Ωi)Li. The shape parameters of the beta distribution, a and b,
are uniquely specified by its mean and standard deviation, and the formulas a = a(μ, σ), b= b(μ, σ)
are embedded in the call to the beta distribution for samples, so the numerical values of the shape para-
meters are irrelevant.

To estimate the PDF of rE, we use Monte Carlo: we draw a sample ri from the gamma distribution for global
rate and a sample φi from the beta distribution for φ; the ith sample from the distribution of rE is then riφi
because we assume that r and φ are statistically independent. Figure 3 shows the beta distribution for φ

Figure 2. The posterior PDF for rate on the global subduction system. The
excellent agreement of the Monte Carlo PDF (effectively a histogram of
samples from the gamma posterior for GSS rate) with the target gamma
PDF verifies that the samples are suitable for use in subsequent calculations
of regional rates and recurrence times, and for earthquake predictions. The
two curves are identical to within the resolution of line width.
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together with a histogram of samples from it, the same samples that are used to estimate rE. Agreement of a
histogram with its target PDF provides a partial check that samples have been correctly generated.

3.3. The PDF of Regional Earthquake Probability

Given a regional rate rE = rφ, the probability of one or more Mw 9.0+ events in the EA in the next t years is
PE(t) = 1� exp(�rφt). As riφi is a sample from the distribution of rE, the quantity 1� exp(�riφit) is a sample
from the PDF for PE(t). From NS = 107 samples of PE(t) we estimate its quantiles, and we estimate its PDF by
binning the samples. The value of the PDF at the center of each bin is approximately equal to the number
of samples in the bin divided by the product of bin width and NS, an approximation that is very good
because of the large number of samples.

3.4. Checking the Monte Carlo PDF

As a check on our Monte Carlo estimate of the earthquake probability PE(t), we estimate the expected value of
PE(t) analytically. Our method is to estimate the parameters of a gamma distribution for rE then compound it
with the probability Pr(T> t|rE). To get the shape and scale parameters nE and τ�1E , we invoke the independence

of φ and r to write μφr = μφμr and σ2φr ¼ σ2φσ
2
r þ σ2φμ

2
r þ σ2r μ

2
φ. The distribution of the EA rate is therefore

Gam rE nE ; τ�1E
�� ��

, with shape and scale parameters given by the following sequence of relations:

μr ¼ nτ�1; σ2r ¼ nτ�2; E rEð Þ ¼ μφμr ;

var rEð Þ ¼ σ2φσ
2
r þ σ2φμ

2
r þ σ2r μ

2
φ;

nE ¼ E rEð Þ2= var rEð Þ; τE ¼ nE=E rEð Þ:
(1)

The mean probability of no EA events in an interval of duration t is then given by averaging Pr(T> t|rE) over
the distribution of the EA rate:

E
�
Pr T > t n; τμφ; σφ

�� ih �
¼ ∫

∞

0 d λ Pr T > tjλ½ � Gam λjnE ; τ�1
E

� �

¼ ∫
∞

0 d λe�λt λnE�1e�λτE τnEE =Γ nEð Þ
¼ τnEE t þ τEð Þ�nE ∫

∞

0 dλλnE�1e�λ tþτEð Þ t þ τEð ÞnE=Γ nEð Þ
¼ τnEE t þ τEð Þ�nE ∫

∞

0 dλ Gam½λjnE ; t þ τEð Þ�1�
¼ 1þ t=τE½ ��nE :

(2)

The mean probability of one or more events in time t is therefore 1� 1þ t=τE½ ��nE . In our calculations this
approximate analytic mean agreed with the Monte Carlo mean to four significant digits.

Figure 3. The beta distribution for φ = ν1 cos(Ω1)L1/Σiνi cos(Ωi)Li in the hypothetical Eastern Aleutians event is plotted as
the exact PDF and as a histogram approximation generated from samples from that PDF. The histogram line plot is
obscured by the exact PDF, which, together with Figure 2, indicates that the number of Monte Carlo (MC) samples is
adequate for subsequent calculations.
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4. Bayesian Analysis of Paleodata

The analysis proceeds in steps for each region. In the first step, we estimate the probability mass function
(PMF) for the number of Mw 9.0+ paleoevents and the PDF of the paleodata observation time. In the second
step we combine the PMF for event count and the PDF for observation time into a PDF for the rate ofMw 9.0+
events. In this section we explain the method, and in section 5 we examine the data and results for each
region in detail, comparing the paleodata estimate of regional rate with the RSGR estimate of regional rate.

4.1. Number of Mw 9+ Events and Observation Time

For each region of the GSS, the number n of Mw 9.0+ events in the paleorecord is uncertain, and a degree of
subjectivity is unavoidable in estimating the probabilities Pr(n). In an early effort, we estimated the Pr(n)
directly from inspection of the published paleodata. For example, we might estimate Pr(3) = 0.1, Pr(4) = 0.6,
and Pr(5) = 0.3 with all other probabilities zero. Although direct estimation of Pr(n) gave good agreement with
the RSGR method without any tuning, we subsequently revised our procedure to make the paleodata analy-
sis less subjective. In the revised procedure, each event in the paleorecord for a region was subjectively
assigned a probability that its Mw magnitude exceeded nine. The probabilities Pr(n) were then computed
by Monte Carlo and checked by an analytical method. Supporting information S1 gives the computer code
for both methods, but the essence of the calculation may be seen as follows: Suppose there are three
candidate events in the paleodata and that their probabilities of being Mw 9.0+ are, respectively, p1, p2,
and p3. Then the probability of zero Mw 9.0+ events is (1� p1)(1� p2)(1� p3), the probability of exactly
one Mw 9.0+ event is p1(1� p2)(1� p3) + (1� p1)p2(1� p3) + (1� p1)(1� p2)p3, and so forth. However, in
each test region, the most recent event included (event 1, say) is one of the historical events in Table 1, which
are known to be Mw 9.0+, and thus, p1= 1, and so the probability of a zero event count, Pr(0), is always zero.
Only the probabilities of the other events, the true paleoevents, were subjectively assigned. The fact that Pr
(0) = 0 has the technical benefit of ensuring a proper posterior PDF for rate when the prior for rate is improper
(Appendix C). A proper PDF is one whose integral does not diverge, and an improper PDF is more correctly
referred to as a density function instead of a probability density function.

For each region (Figure 4) the uncertain paleodata observation interval was given a gamma distribution. The
mean of the gamma distribution was our best estimate of the observation interval, which extended backward
from the most recent Mw 9 event to the earliest dated paleohorizon. For events with broad geographical
paleodata coverage (Sumatra-Andaman and Alaska in Figures 6a and 7a, respectively), the observation inter-
val reaches to the earliest geographically extensive potential event, and the uncertainty in the interval is
taken from the error estimates in the paleodata literature. For regions with limited geographical paleodata
coverage (Tohoku, Chile, and Kamchatka in Figures 5a, 8a, and 9a, respectively) the observation interval

Figure 4. The locations and areas of earthquake faults are shown in red for the five earthquakes Mw ≥ 9 since 1900.
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begins at the earliest dated horizon preceding the earliest paleotsunami, and the uncertainty in the interval is
the span of time between that earliest dated horizon and the earliest paleotsunami. The subjectivity of
the above procedure is obvious, but it was reasonable for each region considered individually, and (perhaps
more important) it was arrived at without consideration of the RSGR results to which the paleodata results
were subsequently compared. A more sophisticated analysis would account for the interplay between
carbon dates and the calibration curve [e.g., Bronk Ramsey, 2009] as well as the probability of different recur-
rence models [e.g., Fitzenz et al., 2012; Marzocchi and Jordan, 2014].

4.2. The PDF of Regional Rate From Paleodata

The problem of estimating Poisson rate from uncertain event count and uncertain observation time is treated by
Martz and Hamada [2003], with aMonte Carlomethod. In Appendix Cwe follow their logic and notation to derive
a closed-form expression (C6) for the PDF of rate, which we use below to process the paleodata for each test
region. The PDF of regional rate from paleodata appears as a red line in Figures 5b, 6b, 7b, 8b, and 9b. The black
line in each of those figures gives the PDF of regional rate computed by the RSGR method explained above.

5. Paleotsunami and Historical Evidence

To validate the RSGR method using available paleodata, we review the paleoseismic, paleotsunami, and
geoarcheological dates for the antecedents of the five Mw 9.0+ earthquakes since 1900 (Figure 4). In order
to visually link the paleorecord with the paleodata PDFs for rate, and their corresponding RSGR PDFs for rate,

Figure 5. (a) The paleotsunami dates with ±2σ uncertainties from the Sendai Plain are shown from: 1: Sawai et al. [2012]; 2:
Minoura et al. [2001]. Numbers 1 and 2 reference the data columns to the literature reference source. Circled dates are
known historical events. Dotted event horizons and probabilities Pr demarcate plausible prior Mw 9.0+ dates. (b) Tohoku
Posterior PDFs. On the Tohoku section of the GSS, the median of each rate distribution is well within the 50% credibility
interval of the other, although the paleodistribution is significantly broader.
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we pair these for Tohoku (Figures 5a and 5b), Sumatra-Andaman (Figures 6a and 6b), Alaska (Figures 7a and
7b), Chile (Figures 8a and 8b), and Kamchatka (Figures 9a and 9b). We now consider each region in detail.

5.1. Tohoku

Paleotsunami deposits from the Jōgan Era on the Sendai plain [Minoura and Nakaya, 1991; Minoura et al.,
2001] match a historical tsunami in 869A.D. [Yoshida, 1906; Sawai et al., 2012] whose inundation is compar-
able to the 2011 Tohoku event. The depositional ages (Figure 5a) inferred from 14C dating evince that prior
huge tsunamis occurred at least twice before the Jōgan Era event. Combining results from Minoura et al.
[2001] and Sawai et al. [2012] for the Sendai plain shows large inundation events at 869 A.D., 361 ± 63A.D.,
and 606 ± 72 B.C. (±1σ). There are additional deposits on the northern and southern parts of the Sendai
Plain of comparable ages within larger error bars. Potentially correlative deposits further north into Sanriku
or south of Sendai are uncertain due to the absence of a key 915A.D. ash layer beyond its eastern limit.

Figure 6. (a) The paleotsunami dates with ±2σ uncertainties from the Indian Ocean, Bay of Bengal, and Andaman Sea are
shown from 1: Brill et al. [2012a, 2012b]; 2: Jankaew et al. [2008], Fujino et al. [2009], Prendergast et al. [2012]; 3: Brill et al.
[2011]; 4: Harper [2005]; 5: Monecke et al. [2008], Grand Pre et al. [2012], Kelsey et al. [2015], Patton et al. [2015]; 6: Meltzner
et al. [2010]; 7: Abeyratne et al. [2007], Ranasinghage [2010]; 8: Jackson et al. [2014]; 9: Rajendran et al. [2006]; 10: Rajendran
et al. [2011]; 11: Rajendran et al. [2013]; 12: Klostermann et al. [2014]; 13: Rhodes et al. [2011]. Numbers 1–13 reference
the data columns to the literature reference source. Sites are shown counterclockwise around the earthquake. Circled dates
are known historical events. Black arrowed bars indicate range of uncertainty and the unconstrained limits. Dotted event
horizons and probabilities Pr demarcate plausible prior Mw 9.0+ dates. Note there is a diversity of dates in the shaded
region encompassing all paleotsunami measurements from a single location at Phra Thong Island, Thailand. The shaded
region within the NW Sumatra section shows apparent turbidity dates from deep-sea sediment cores offshore. (b) Sumatra-
Andaman Posterior PDFs. In the Sumatra-Andaman section of the GSS, the 50% credibility intervals for rate are comparable,
although the paleo-PDF is slightly broader and nearer the origin.
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Further, Sawai et al. [2012] note that tsunamis of many sizes must have filled narrow valleys wall to wall along
the mountainous Sanriku coast, effectively erasing prior evidence. Between the Tokoku and Jōgan events,
many presumed Mw~8 events were recognized in the historical record, which did not leave tsunami evidence
so far inland on the Sendai plain.

Based upon the distribution of Jōgan paleotsunami sand deposits on the Sendai Plain observed up to
4.5 km inland [Minoura et al., 2001], the 869 A.D. event was modeled by an earthquake of at least Mw

8.4 [Satake et al., 2008]. However, the inundation from the 2011 Tohoku event went far beyond the limit
of its sand deposition. Using a threshold thickness of 0.5 cm as necessary for being preserved in the geo-
logic record, the maximum inland extent of the sandy deposit of the 2011 tsunami is about two thirds of
the inundation distance [Sugawara et al., 2012]. Therefore, if the relationship between sand deposition
and inundation for the 2011 Tohoku event is applicable for the Jōgan event, then the magnitudes of
the Jōgan tsunami and earthquake could have been significantly underestimated [Goto et al., 2011;
Sugawara et al., 2012].

The section of the Tohoku-Sanriku subduction zone east of Honshu, Japan is about 600 km long (first day
aftershocks of 2011 Tohoku earthquake) with a convergence rate of 92mm/yr. Therefore, we have used a
fault length of 600 ± 100 km. The observation period is the interval from Tohoku (2011) to the mean of the

Figure 7. (a) The paleotsunami dates with ±2σ uncertainties from the Kodiak Island, Kenai Peninsula, Prince William Sound,
and Alaska: 1: Carver and Plafker [2008]; 2: Shennan et al. [2014a]; 3: Shennan et al. [2009]; 4: Shennan et al. [2014b]; 5:
Hutchinson and Crowell [2007], Gilpin [1995], Combellick [1991, 1993, 1994], Combellick and Reger [1994], Hamilton and
Shennan [2005a, 2005b]; 6: Hutchinson and Crowell [2007], Gilpin [1995], Combellick [1991, 1993, 1994], Combellick and Reger
[1994],Hamilton and Shennan [2005a, 2005b]; 7:Hutchinson and Crowell [2006]. Numbers 1–7 reference the data columns to
the literature reference source. Circled dates are known historical events. Dotted event horizons and probabilities Pr
demarcate plausible prior Mw 9.0+ dates. (b) Alaska Posterior PDFs. In the Alaska segment of the GSS the median rates are
very close, but as usual the paleodistribution is significantly broader.
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earliest dated sample, 1700 B.C. [Sawai et al., 2012], and earliest paleotsunami lower bound date, 910 B.C.
[Minoura et al., 2001]. The uncertainty of this period is ± 395 yr.

For the paleoposterior PDF, the gamma distribution for observation time was assigned the mean= 3316 yr
and σ = 395 yr. In Figure 5a, the estimated probabilities that observed paleotsunami deposits are due to
Mw 9.0+ earthquakes are listed. The Mw 9.1 Tohoku earthquake has Pr = 1.0. The Jōgan event is a strong
candidate with Pr = 0.8, since the lack of evidence of its northward and southward extents limit certainty
of Mw 9. Similarly, the two older deposits have less certainty at Pr = 0.7. Combining these individual prob-
abilities gives the probability Pr(n) = [0, 0.018, 0.156, 0.434, 0.392], where n= [0, 1, 2, 3, 4] is the number of
Mw 9.0+ earthquakes.

5.2. Sumatra-Andaman

Following the 2004 Indian Ocean tsunami, extensive paleotsunami evidence was collected along the
tsunami-affected coasts around the Andaman Sea, Bay of Bengal, and Indian Ocean. These areas include
Northern Sumatra [Monecke et al., 2008; Grand Pre et al., 2012; Kelsey et al., 2015], deep-sea sediment cores
from offshore Sumatra [Patton et al., 2015], northern Simeulue Island off the west coast of Sumatra
[Meltzner et al., 2010], Thailand [Brill et al., 2011, 2012a, 2012b; Jankaew et al., 2008; Harper, 2005;
Prendergast et al., 2012; Rhodes et al., 2011], Andaman-Nicorbar Islands [Rajendran et al., 2013],
Southeastern India [Rajendran et al., 2006, 2011, 2013], Sri Lanka [Abeyratne et al., 2007; Ranasinghage,

Figure 8. (a) The paleotsunami dates with ±2σ uncertainties from the three sites in Chile near 40°S: 1: Cisternas et al. [2005];
2:Moernaut et al. [2014]; 3: St. Onge et al. [2012]. Numbers 1–3 reference the data columns to the literature reference source.
Circled dates are known historical events. Black arrowed bars indicate range of uncertainty and the unconstrained
limits. The wavy interval under the Reloncavi Fjord paleodata [St. Onge et al., 2012] shows undated turbidite horizons
beneath the dated section. Dotted event horizons and probabilities Pr demarcate plausible prior Mw 9.0+ dates. (b) Chile
Posterior PDFs. In the Chile section of the GSS, the paleorate is greater than the RSGR rate, although the median of each
PDF is within the 50% credibility interval of the other.
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2010; Jackson et al., 2014], and the Maldive Islands [Klostermann et al., 2014]. Figure 6a plots the dates of these
tsunamis with ±2σ confidence intervals. Some variation is likely due to loss of underlying evidence due to
succeeding tsunamis.

Since all the sites in Figure 6a were affected by the tsunami from the 2004 earthquake, the correspondence
of dates across the whole region is the key factor in assessing whether a given deposit is likely to be due to a
Mw 9.0+ event. A second criterion is tsunami evidence at a great distance from the source regions—the dis-
tances to the SE India and Sri Lankan coasts and the Maldives are ~1300 km and ~2300 km, respectively.
There are broad indications across the region for events at 1015 ± 17 A.D. and 854± 86 B.C. The correspon-
dence of dates near 2168 ± 82 B.C. in Thailand, Sri Lanka, and the Maldives suggests a third possible event.
Earlier than the possible 2168 B.C. event, there is evidence widely separated geographically in N. Sumatra,

Figure 9. (a) The paleotsunami dates with ±σ uncertainties from the three coastal sites in Kamchatka are shown from
Pinegina and Bourgeois [2001]. Circled dates are known historical events. Dotted event horizons (red) and probabilities Pr
demarcate plausible prior Mw 9.0+ dates. Black dashed segments show limiting dates for selected tephra layers in the
lower most section (see text). (b) Kamchatka Posterior PDFs. In the Kamchatka section of the GSS, the paleorate is greater
than the RSGR rate, although the median of each PDF is within the 50% credibility interval of the other.
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Sri Lanka, and the Maldives of paleotsunami events as early as 3500 B.C. (see Figure 6a), forming the basis for
our observational period, 5505 years. Given the 2σ uncertainties on dates of the paleodata, the estimated σ of
the observing period is 225 yr.

The 2004 Sumatra-Andaman earthquake was nearly 1450 km long, with a relatively higher obliquity of conver-
gence than other events considered. For the paleoposterior PDF, the gamma distribution for observation time
was given mean=5505 years and σ =225 years. In Figure 6a, the estimated probabilities that observed paleotsu-
nami deposits that are due to Mw 9.0+ earthquakes are listed. The Mw 9.3 Sumatra-Andaman earthquake has
Pr =1.0. The events at 1015A.D. and 854B.C. are a strong candidates with Pr =0.8, given their wide regional
observations. The spread of paleoages for the 2168B.C. event lowers its Pr = 0.5, as severalMw~8.0+ events could
be represented. Additionally, two other events with a spread of paleoages and limited regional extents are noted
in Figure 6a with Pr =0.3. Combining these individual probabilities gives the probability Pr(n) = [0, 0.0098, 0.0966,
0.313, 0.375, 0.178, 0.0288], where n= [0, 1, 2, 3, 4, 5, 6] is the number of Mw 9.0+ earthquakes.

5.3. Alaska

Following the 1964 earthquake, extensive paleoseismic and paleotsunami measurements were conducted in
the region of the earthquake rupture [e.g., Plafker et al., 1992; Combellick, 1991, 1993, 1994; Combellick and
Reger, 1994; Gilpin, 1995; Hamilton and Shennan, 2005a, 2005b; Hutchinson and Crowell, 2006, 2007; Carver
and Plafker, 2008; Shennan et al., 2009, 2014a, 2014b] and geoarcheological studies of aboriginal settlements
at coastal sites from the Copper River delta in the east to Kodiak Island in the west [Hutchinson and Crowell,
2006, 2007]. Hutchinson and Crowell [2007] and others note that earthquakes along this section of the Alaska
subduction zone may include events like the Mw 9.2 1964 earthquake that ruptured the whole zone from
PrinceWilliam Sound to Kodiak, as well as smaller (Mw 8.0+) great earthquakes that rupture smaller segments.
They note that aboriginal settlement of the coast in the Kodiak region may also have been affected by
tsunamis in the Aleutians and adjacent segments to the west.

Studies of the 1964 earthquake source [e.g., Ichinose et al., 2007] indicate that it was composed of at least two
or three major asperities that contributed to the moment release. The largest contribution to the seismic
moment came from the Prince William Sound region where the rupture originated. It is possible that the
section of faulting east of the Kenai Peninsula was equivalent to a Mw 9, but only if the entire earthquake
was Mw 9.2 [Kanamori, 1970], rather than Mw 9.1 [Ichinose et al., 2007]. Nonetheless, the preponderance of
contemporaneous paleoseismic evidence—a length of rupture extending from Kodiak through Prince
William Sound, the Kenai Peninsula, and the Copper River delta on the eastern coast—distinguishes the
potentially Mw 9.0+ event from smaller but more numerous Mw 8.0+ earthquakes. The paleoseismic and
paleotsunami dating of prior events throughout the region are presented in Figure 7a. For the archeological
sites the ±2σ error bounds (±140 years) are derived from the mean of 14C uncertainties [Hutchinson and
Crowell, 2006] determined from 133 dated sites.

Although earthquakes smaller than the 1964 rupture are evident in the historical record (in 1788A.D. [Hatori,
2005]) and in the paleoseismic record—circa 1450A.D., 1100A.D., and 1000A.D. [e.g., Plafker and Rubin, 1994;
Gilpin, 1995; Hutchinson and Crowell, 2007; Carver and Plafker, 2008; Shennan et al., 2009, 2014a]—the most
recent earthquake apparently encompassing the whole segment from Kodiak to the east Alaska coast—like
the 1964 event, and therefore likelyMw ≥9—was circa 526 ± 14A.D. (Figure 7a). Based upon geoarcheological
evidence on Kodiak Island, a prior event is indicated at about 666 ± 27 B.C. Earlier than the possible 666 B.C.
event, there are geoarcheological and paleotsunami evidences from about 1600 B.C. that are widely sepa-
rated geographically extending from Kodiak Island eastward to Prince William Sound, Alaska (see Figure 7a),
forming the basis for our observational period, 3564 years. Given the 2σ uncertainties on dates of the paleodata,
the estimated σ of the observing period is 70 years.

For the paleoposterior PDF, the gamma distribution for observation time was given mean= 3564 and
σ = 70 yr. In Figure 7a, the estimated probabilities that observed paleotsunami deposits are due to Mw 9.0+
earthquakes are listed. The Mw 9.2 Alaska earthquake has Pr = 1.0. The events at 526 A.D. and 666 B.C. are a
strong candidates with Pr = 0.8, given their wide regional observations. Other potential events with Pr = 0.1 in
Figure 7a do not have expression on the Kenai Peninsula, between Kodiak and the east. Combining these
individual probabilities gives the probability Pr(n) = [0, 0.029, 0.243, 0.545, 0.164, 0.0176, 0.00064], where
n= [0, 1, 2, 3, 4, 5, 6] is the number of Mw 9.0+ earthquakes.
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5.4. Chile

Based upon historical accounts, Lomnitz [1970] and Cisternas et al. [2005] consider that the historical Chilean
event in 1575 is comparable to the 1960 earthquake—an interval of 385 years—even though there are no
accounts of the 1575 event in the southern half of the 1960 rupture zone. Nonetheless, the 1960 earthquake
was sufficiently large that even at half its seismic moment, it would exceed Mw 9.0. Paleoseismic and paleot-
sunami evidences from the Río Maullín estuary [Cisternas et al., 2005], the Reloncavi Fjord [St. Onge et al.,
2012], and Andean lacustrine turbidites [Moernaut et al., 2014] are limited to a narrow region between
39.5° and 41.5°S, which lie about 300 and 500 km, respectively, from the northern and southern extent of
the 1960 rupture zone. Hence, there is no comprehensive means to define the size of paleoevents.
Because of the estuary’s central location, this history probably includes earthquakes from full-length breaks
of the 1960 rupture area and partial ruptures in the proximity while perhaps excluding earthquakes from par-
tial ruptures to the north or south [Cisternas et al., 2005]. Six paleotsunami deposits in the area of the 2010Mw

8.8 Chilean earthquake—discovered in the Quintero Bay marsh north of Valparaiso, Chile, and about 500 km
north of the 1960 rupture zone—dated from underlying sediments as more recent than 1650 to 4250 B.C. are
considered evidence for tsunamigenic events comparable to the 1730 and 2010A.D. earthquakes [Dura et al.,
2015]. Nonetheless, there is to date no paleodata connecting these paleotsunami deposits to those preced-
ing the 1960 event.

Two historical events in 1837 and 1737 are deemed smaller than the 1960 event [Lomnitz, 1970; Cisternas
et al., 2005]. St. Onge et al. [2012] and Moernaut et al. [2014] arrive at similar conclusions for the 1837,
1737, and ~1400–1475 events.Moernaut et al. [2014] attempted to model the magnitude of the earthquakes,
using lake turbidites’ spatial extent and thickness for reconstructing paleointensities. Yet there is no way to
distinguish between a Mw 8 and a Mw ≥ 9 earthquake.

All of the paleoevidence is shown in Figure 8a. Below the dated section (<1400 A.D.) of the fjord turbidites,
there are three additional undated, evident flows of unequal thickness, suggesting that the youngest of the
three is smallest. Of the eight events discovered by Cisternas et al. [2005], the largest events appear to be
1960A.D., 1575, 530 ± 120, and 90± 130 (±1σ), based upon indications that the other events were smaller
in size or extent [St. Onge et al., 2012; Moernaut et al., 2014]. Given the narrow range of latitudes where all
of the paleoevidence was collected, it is reasonable to assume that there are other Mw 8.0+ events north
and south along the zone of the 1960 rupture. An example is the Mw 8.2 foreshock a day before the 1960
earthquake [Cifuentes, 1989]. Nevertheless, there is no compelling reason why any of the events prior to
1960 in Figure 8a could not beMw< 9.0. Themean interval between the four most likelyMw 9.0+ earthquakes
is ~667 years. However, given the order of magnitude more numerous Mw 8 earthquakes than Mw 9 events
globally since 1900, it is reasonable to consider that some of the events in Figure 8a are Mw< 9. The
Cisternas et al. [2005] study extends from 1960 A.D. to 18–300 B.C., with some questionable evidence earlier,
for an observation period of 2119 ± 141 years.

For the paleoposterior PDF, the gamma distribution for observation time was given mean= 2119 years and
σ = 141 years. In Figure 8a, the estimated probabilities that observed paleotsunami deposits are due to Mw

9.0+ earthquakes are listed. The Mw 9.5 Chilean earthquake has Pr = 1.0. The historical earthquake in
1575A.D. is a strong candidate with Pr = 0.8, given its wide regional observations. Three earlier potential
events with Pr = 0.3 in Figure 8a are plausible Mw< 9.0, as evinced by [Dura et al., 2015] for predecessors
to the 2010 earthquake, leading to a combined Pr ~ 0.8 that one of these three events is Mw~9.
Combining these individual probabilities gives the probability Pr(n) = [0, 0.0343, 0.353, 0.416, 0.173, 0.0243],
where n= [0, 1, 2, 3, 4, 5] is the number of Mw 9.0+ earthquakes.

5.5. Kamchatka

Large numbers of events have been observed in the paleotsunami record of the eastern Kamchatka Peninsula,
as well as evidence of the 1960 Chile tsunami originating more than 15,000 km away. Based on historical narra-
tives [e.g., Krasheninnikov, 1755], the 1737 Kamchatka tsunami between dated tephras is interpreted as the lar-
gest in the last 300 years and was likely as large or larger than the 1952 event [Pinegina and Bourgeois, 2001].
Therefore, the most recent time interval between plausibleMw~9.0+ events is 215 years. For the paleotsunami
evidence not correlated to a known earthquake, we have estimated average error bounds of ±100 years. (±σ)
based upon the aggregate uncertainty in tephra and 14C dates [Pinegina et al., 2003].
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Mapped deposits and local observations of the 1952 Kamchatka tsunami indicate that near-field runup in
central Kamchatka was consistently less than 10m (averaging 6m), while southern Kamchatka and the north-
ern Kuril Islands had more variability and higher average runups, 8m and 10m, respectively [MacInnes et al.,
2010]. In the region of the Zhupanova River mouth (near the northern terminus of the 1952 rupture), tsuna-
mis more than 5m high occurred an average of 12 times per 1000 years during the last 3000 years, with inun-
dation distances on the order of 1 km. Given that the GSS has about an order of magnitude moreMw 8 s than
9 s, many of these events are likelyMw< 9.0. Pinegina and Bourgeois [2001] further note that the apparent rate
of smaller tsunamis appears to be more frequent in the last 1000 years than prior. This increase in frequency
in these sections might be amatter of increased preservation toward the present day [Pinegina and Bourgeois,
2001] or possible evidence of a nonstationary process. Over the 5800 ± 300 year combined record of the
tephra markers along eastern Kamchatka from Kronotskiy Bay to Asacha-Mutnaya Bay (Figure 9a), tsunamis
about 30m high (on coastal headlands) occurred only once about every 1000 years, themaximum distance of
penetration being 10 km upriver [Pinegina et al., 2000, 2003]. Many of these latter events may plausibly be
considered as Mw 9.0+ events. In the 200 km between the Kronotskiy Bay and Asacha-Mutnaya Bay sites,
the oldest paleodata are limited by a 1500 B.C. tephra layer at Avachinsky Bay. Furthermore, paleodata in this
200 km section along the Kamchatka coast does not encompass even the rupture of the 1952 Kamchatka
event. See Pinegina references for details of the paleorecord.

For the paleoposterior PDF, the gamma distribution for observation time was given mean= 5800 years and
σ = 300 years. In Figure 9a, the estimated probabilities that observed paleotsunami deposits are due to Mw

9.0+ earthquakes are listed. The Mw 9.0 Kamchatka earthquake has Pr = 1.0. The historical earthquake in
1737A.D. is a strong candidate with Pr = 0.9, given historical accounts that the tsunami exceeded the 1952
event [Pinegina and Bourgeois, 2001]. Five potential events, Pr = 0.5, are broadly observed. Two events,
Pr = 0.4, have a wider range of paleoages with concomitantly greater uncertainty. Combining these individual
probabilities gives the probability Pr(n)= [0, 0.00112, 0.0172, 0.0834, 0.202, 0.284, 0.244, 0.127, 0.0365,
0.0045], where n= [0, 1, 2, 3, 4, 5, 6, 7, 8, 9] is the number of Mw 9.0+ earthquakes.

6. Comparing RSGR and Paleodata Rates

Posterior PDFs of rate were estimated above, independently for the paleodata and for the RSGR rate model.
Credibility percentiles are presented in Table 2, and Figures 5b, 6b, 7b, 8b, and 9b show the posterior distri-
butions for the five regions with historical Mw 9.0+ events. The two Bayesian models for the paleodata and
RSGR rate were developed independently. No adjustments or iterations were made to improve the agree-
ment of the posteriors from paleodata with the corresponding posteriors from the RSGR method.

Figure 10 includes the posterior PDFs of recurrence time with their medians and quantiles. For example, at
Tohoku, the median recurrence time from global data allocated to regions is 1148 years with a 50% credibility

Table 2. Percentiles of the Posterior Distribution of Recurrence Time From Paleodata (Upper Panel) and From the
Regionally Scaled Global Rate Method (RSGR) (Lower Panel)

Percentile (%)

Kyears/EQ

Paleodata
Earthquake 2.5% 25% 50% 75% 97.5%

Tohoku, 2011 7.143 1.887 1.157 0.768 0.405
Sumatra, 2004 9.174 2.625 1.653 1.122 0.617
Alaska, 1964 9.804 2.347 1.403 0.916 0.477
Chile, 1960 6.803 1.508 0.873 0.557 0.283
Kamchatka, 1952 4.950 1.786 1.203 0.859 0.506

RSGR
Earthquake 2.5% 25% 50% 75% 97.5%

Tohoku, 2011 3.438 1.619 1.148 0.837 0.490
Sumatra, 2004 4.254 2.043 1.470 1.090 0.662
Alaska, 1964 3.969 1.890 1.350 0.994 0.593
Chile, 1960 2.778 1.326 0.950 0.701 0.421
Kamchatka, 1952 3.921 1.843 1.305 0.951 0.554
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interval from 837 to 1619 years. The comparable paleodata recurrence time is 1157 years with a 50% credibility
interval from 768 to 1887 years.

We conclude that where sufficient paleodata exist to estimate recurrence rates, the RSGR method gives
similar results. Having validated the RSGR method, we now use it to estimate the probability of future Mw 9.0+
events in the Aleutian Islands (Figure 1).

7. Aleutian Analysis
7.1. Hawai’i and Aleutian Paleotsunami Data

Below we estimate the probability of a Mw 9.0 event in the Eastern Aleutians because of its above-noted
relevance to megatsunamis in Hawai’i. As there is no such historical event, it is important to examine the
paleoevidence for a precedent. Butler [2012] has summarized the great (Mw ≥ 8) earthquakes along the
Aleutian-Alaska subduction zone since 1900. On the island of Kaua’i in Hawai’i, there is paleotsunami
evidence in the Makauwahi sinkhole for one very large tsunami exceeding historical observations, with a
probable date between 1430–1665 cal yr A.D. [Burney et al., 2001; Butler et al., 2014]—calibrated range at
95% confidence interval. A single paleotsunami deposit on Sedanka Island in the easternmost Aleutians
has six dated tsunami events in the past 1600 years, for a mean interval of 300–340 years [Witter et al.,
2013, 2016] which includes earthquakes Mw< 9. The most recent deposit corresponds to the Mw 8.6 1957
earthquake in the central Aleutians. Witter et al. [2016] have dated the preceding event at 300–170 cal yr B.P.,
which is later than the Kaua’i deposit. Nonethless, paleotsunami studies along the coast of the Pacific
Northwest indicate deposits in the same range of the Kaua’i dates [Burney et al., 2001], predating the recog-
nized 1700 Cascadia event [e.g., Peters et al., 2007]. Modeling of the Kaua’i deposit indicates that the event is
likely due to aMw> 9.2 earthquake whose rupture zone includes the Eastern Aleutians [Butler et al., 2014]. The
tectonic convergence rate in the Eastern Aleutians is 70mm/yr. Since ~1550A.D., about 33m of convergence
has accumulated, which is sufficient to generate an earthquake of Mw 9.0 + .

7.2. Application of RSGR to the Aleutians

In view of the scarcity of paleodata from the Aleutians, we use RSGR for our forecast of future events there.
Two cases are considered for the Aleutians: a Mw 9.0+ earthquake in the Eastern Aleutians and a Mw 9.0+
within the extended zone from the 1957 earthquake through the 1938 earthquake (see Figure 1) excluding
the zones of the 1964 and 1965 earthquakes. We refer to the latter as the Aleutians-Alaska Peninsula (A-A)

Figure 10. ForMw 9.0+ earthquakes in each region, quantiles are used to compare the posterior distribution of recurrence
interval derived solely from paleodata (left hatched black) with the posterior distribution derived solely from the global rate
scaled by the ratio of regional area subduction to global area subduction (RSGR method) (right hatched gray brown).
Data are shown in Table 2. For each distribution, the white central bar is themedian (50% quantile); each solid bar spans the
25% and 75% quantiles, while the “whiskers” give the 2.5% and 97.5% quantiles, comprising the 95% credibility interval. The
close correspondence between independently derived distributions of recurrence interval supports the regional partitioning
of the global rate of Mw 9.0+ earthquakes. Continuous PDFs are shown in Figures 5–9.
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zone, as it includes the Eastern Aleutians. An Eastern Aleutians event is a “worst case” tsunami scenario for
Hawai’i [Butler, 2012; Butler et al., 2014] (see also Tang et al. [2006], for Pearl Harbor), as the tsunami energy
is focused on the Hawaiian Islands. However, an A-A event rupturing into the Eastern Aleutians might
easily generate a tsunami larger than the great historical tsunamis of 1946 and 1957 (which were generated
byMw 8.6 earthquakes). Moreover, the greater length of the A-A sectionmeans that the probability of aMw 9.0+
event there exceeds that for the Eastern Aleutians.

The Eastern Aleutians (red zone in Figure 1) stretch for 700 ± 100 km between the rupture zones of the 1946
and 1957 earthquakes [Butler, 2012], where the convergence rate is 70mm/yr. Using the trench normal
fraction (vkLk cos(Ωk)/∑viLi cos(Ωi)) with an obliquity of ~21°, gives 1.5 to 2.0% (see Table 1). The A-A section
(yellow zone between the 1965 and 1964 earthquakes in Figure 1) has a fault length of 1950 ± 200 km. The
convergence rate varies from 65 to 74mm/yr, and the obliquity varies from about 16° to 47°. The trench
normal fraction (vkLk cos(Ωk)/∑viLi cos(Ωi)) for the A-A section is 4.2% to 5.0%.

We estimated the PDF of one or more Mw 9.0+ events in the Aleutians for two time windows: 50 years and
1 year. The PDFs are shown in Figure 11, and their quantiles are given in Tables 3 and 4. Here we take the
50% credibility interval to be the equal-tailed interval between the 25% quantile and the 75% quantile.
Thus, for the Eastern Aleutians (Figure 1, red zone), the chance of a Mw 9.0+ in the next 50 years is 2.5% to
4.8% with 50% credibility (odds of about 1 in 20 to 40). For the coming year, the chances are 0.05% to
0.1% (odds of about 1 in 1000 to 2000). For the Aleutian-Alaska Peninsula (Figure 1, yellow zone), the chance
of aMw 9.0+ in the next 50 years is 6.5% to 12% with 50% credibility (odds of about 1 in 8 to 15). For the com-
ing year, the chances are 0.13% to 0.25% (odds of about 1 in 400 to 750) for a Mw 9.0+ in the Aleutians-
Alaska Peninsula.

Table 3. Eastern Aleutian Forecast for Mw ≥ 9.0
Quantile Global Rate East Aleutian Rate Pr(T< 50 years) Pr(T< 1 year)

% EQ/yr yr/EQ EQ/Kyr Kyr/EQ % %

97.5 0.089 11.230 1.665 0.600 7.99 0.166
75 0.055 18.332 0.985 1.015 4.81 0.098
50 0.041 24.622 0.722 1.385 3.55 0.072
25 0.029 34.134 0.514 1.945 2.54 0.051
2.5 0.014 70.795 0.244 4.107 1.21 0.024

Figure 11. 50 year and 1 year probability densities, respectively, of a Mw 9.0+ earthquake (a and c) in the Aleutian Islands
and (b and d) in the Eastern Aleutians, as noted in Figure 1. The areas under the curves are unity, with the y axes having
units of %�1. On each plot the vertical lines indicate the median probability of an event (heavy black), the mean probability
(red), the 25% and 50% quantiles (solid), and the 2.5% and 97.5% quantiles (dashed).
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8. Tsunami Risk

The International Tsunami Information Center of the Intergovernmental Oceanographic Commission of
United Nations Educational, Scientific and Cultural Organization defines tsunami risk as “The probability
of a particular coastline being struck by a tsunami multiplied by the likely destructive effects of the tsunami
and by the number of potential victims.” The potential effects of an extreme Aleutian tsunami on the City
and County of Honolulu (i.e., the Island of O’ahu), from a Mw 9.0+ Eastern Aleutians earthquake (Figure 1,
red zone), have been considered by Chock and Butler [2014], who estimated an exposure of upwards of $23
billion in damage and an affected population of >75,000 residents plus another ~20,000 or more tourists.
Extended statewide, that estimate increases to $40 billion [State of Hawaii, Department of Defense Civil
Defense Division, 2013] in damage, with over 375,000 people affected in this extreme scenario. The risk
to Hawai’i over 50 years is thus the product of the probability of an event times the cost of its effects,
3.5% × $40 billion ≈ $1.4 billion ± $0.5 billion. In terms of the population at risk, 3.5% × 375,000 peo-
ple≈ 1300 people. Using the annual probability instead of the 50 year probability, this is about $30mil-
llion/yr. Moreover, events within the broader Aleutian-Alaska peninsula zone (Figure 1, yellow region) are
more probable (~9% over 50 years). Accordingly, it would be reasonable for local, state and federal
governments and the private sector to consider effective research and mitigation strategies to reduce this
annualized $30million/yr risk.

9. Conclusions

The RSGR method for estimating earthquake probabilities on sections of the GSS combines the methods of
Burbidge et al. [2008] with standard Bayesian techniques; we use it to estimate the probability of a Mw 9.0+
event on two sections of the GSS, the Eastern Aleutians, and in the Aleutians-Alaska Peninsula. The method
assumes that such events comprise a stationary Poisson process where each local rate contributes in propor-
tion to its rate of area subduction. Comparison of the RSGR method with the extensive paleodata for the
Kamchatka, Chile, Alaska, Sumatra-Andaman, and Tohoku regions shows remarkable agreement, given the
limits of our knowledge.

For the Aleutians-Alaska Peninsula section of the global seismic system, the 50% credibility interval for a Mw

9.0+ earthquake in the next 50 years is 6.5% to 12%. Although historically this section has not experienced a
Mw 9.0+ earthquake (the largest known events are in the range Mw 8.3–8.6), it is not improbable. Indeed, the
Mw 9.2 Alaskan earthquake of 1964 was adjacent to this zone. For the Eastern Aleutians, which has not histori-
cally experienced significant fault rupture from a great earthquake, a 50% credibility interval for the probabil-
ity of a Mw 9.0+ in the next 50 years is 2.5% to 5% (odds of about 1 in 20 to 40). Given the rate of tectonic
convergence in the Eastern Aleutians since the huge paleotsunami event recorded in Kaua’i, strain sufficient
for a Mw 9.0+ event may already have accumulated.

With the above estimates for great Aleutian earthquakes, the tsunami risk to the State of Hawaii can
begin to be quantified. The modeled hazard, based upon a great Aleutian event and corroborated by a
paleotsunami deposit on Kaua’i [Butler et al., 2014], is substantial and greatly exceeds historical precedent
in the Hawaiian Islands. By multiplying the 50 year event probability by the likely damage, we find the risk
to be $1.4 billion ± $0.5 billion for the State of Hawaii. These results underscore the need for city, state,
and federal agencies to study the threat posed by tsunamis and to take appropriate steps to mitigate
the risk.

Table 4. Aleutian-Alaska Peninsula Forecast for Mw ≥ 9.0
Quantile Global Rate Aleutian-Alaska Rate Pr(T< 50 years) Pr(T< 1 year)

% EQ/year year/EQ EQ/Kyr Kyr/EQ % %

97.5 0.089 11.230 4.183 0.239 18.87 0.417
75 0.055 18.332 2.524 0.396 11.85 0.252
50 0.041 24. 622 1.866 0.536 8.91 0.186
25 0.029 34.134 1.339 0.747 6.48 0.134
2.5 0.014 70.795 0.641 1.560 3.15 0.064
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Appendix A: Basic Bayes

Here we use y to denote data and θ to denote parameters, and as usual the goal is to estimate the parameters
from the data. In Bayesian data analysis, the fundamental relation is p(θ|y)p(y) = p(y|θ)p(θ), which is a tautol-
ogy because each side is equal to the joint PDF p(y, θ), which is sometimes referred to as the statistical model.
Reading from right to left, p(θ) is the prior PDF for the parameters, i.e., the state of information before any data
are gathered, p(y|θ) is the sampling distribution, i.e., the PDF of the data conditional on the parameters, p(y) is
the prior predictive distribution, and p(θ|y) is the posterior PDF of the parameters conditional on the data, i.e.,
the state of information after the information in the data has been combined with the information in the prior.

When an actual data value is substituted into the prior predictive distribution, it is referred to as the evidence,
and when the sampling distribution is regarded as a function of the parameters, it is referred to as the like-
lihood. The evidence is of great interest if one is doing model selection [e.g., Sivia and Skilling, 2006,
Chapter 4] but is otherwise seldom mentioned.

Noting that p(y) =∫p(y, θ)dθ =∫p(y|θ)p(θ)dθ gives the form of Bayes’ rule found in many books and papers:

p(θ|y) = p(y|θ)p(θ)/∫p(y|θ)p(θ)dθ. In other words, to obtain the posterior PDF of the parameters given the

data, we simply multiply the likelihood by the prior and normalize the product so that when it is inte-
grated over the parameters, the result is unity. This normalization procedure is trivial if the prior is chosen
so that its product with the likelihood, regarded as a function of the parameters, is recognizable as an
unnormalized PDF in the same family as the prior, and such a prior is said to be a conjugate prior or more
precisely a natural conjugate prior. For example, the gamma distribution is the natural conjugate prior for
the Poisson likelihood. A density function whose integral diverges is said to be improper, and thus, our
uninformative prior for rate (Appendix B) is an improper instance of the gamma PDF.

The main result of this paper is the PDF of a probability. The probability of a probability is a dubious concept,
but the PDF of a probability is both sensible and familiar; indeed, it is the very problem treated by Reverend
Bayes in his famous essay [Bayes, 1763]. Bayes considered a series of what would now be called Bernoulli
trials. Suppose one conducts n identical experiments, such as flipping a coin, each experiment is either a suc-
cess (heads, say) or a failure (tails), and y successes are obtained. Bayes’ goal, like that of Jacob Bernoulli fifty
years earlier, was to calculate what would now be called a posterior PDF for the probability of success, θ. With
modern Bayesian machinery the problem is straightforward: we let y denote the number of successes from
the n trials; the likelihood function is binomial with kernel θy(1� θ)n� y; the form of this kernel tells us that
the natural conjugate prior family is the beta distribution with kernel θa� 1(1� θ)b� 1; multiplying the kernel
of the likelihood by the kernel of the prior gives the kernel of the posterior as θa + y� 1(1� θ)b + n� y� 1; and
from its kernel, we recognize that the posterior distribution of θ is a beta distribution with shape parameters
a+ y and b+ n� y.

Of course, none of this machinery or terminology was available to Bayes, and the prior he chose was
the uniform distribution, a beta distribution with a = b = 1, now known as the Bayes-Laplace prior. The
Bayes-Laplace prior is inappropriately informative when θ is a typical probability, as Jeffreys [1946] later
showed, but it is appropriately uninformative, in our opinion, for the balls-on-a-table example that Bayes
used in his famous essay. For historical details, see Stigler [1986], especially p. 64 for material on Jacob
Bernoulli and p. 122 for material on Bayes. Our main point here is that the PDF of a probability is a familiar
concept in science—indeed, it would be only a slight exaggeration to say that Bayesian data analysis was
invented to handle it—but Bayes’ essay also illustrates a phenomenon that can be important in geophysi-
cal work, which is that a parameter obtained from a constrained position coordinate is an unusual type
of probability.

Appendix B: An Uninformative Prior

Choice of priors is perhaps the most confusing aspect of Bayesian data analysis; hence, it is incumbent on the
analyst to explain his choice [Gelman et al., 2014]. For this paper, an uninformative prior was thought
desirable in order to avoid distractions from the derivation of the RSGR method and its comparison with
paleodata. Here we offer several intuitive arguments to show that the reciprocal prior p(r) = r� 1 used in
our analysis is uninformative. For a fuller treatment of the topic see Jaynes [2003].
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At first glance the reciprocal prior seems to favor low rate, and thus long recurrence time, but in fact it is
much less informative than the uniform distribution (see below). An additional source of confusion is that
the reciprocal prior is sometimes referred to as a Jeffreys prior, even though the Jeffreys prior for the
Poisson likelihood p(n|λ) = λne� λ/n ! is proportional to λ� 1/2. We suggest that this λ� 1/2 prior is uninforma-
tive only for a dimensionless rate parameter λ; it is not, in our view, uninformative for the Poisson likelihood
p(n|r) = (rT)ne� rT/n ! when the observation time, T, is fixed and the rate parameter is of interest or vice versa.

First, to see that a uniform density for rate favors short recurrence time, notice what happens when one
uses conservation of probability to transform it into a density for recurrence time t. In an obvious notation,
conservation of probability gives pR(r)|dr| = pT(t)|dt| in which a subscript indicates what PDF is meant. The
uniform density is pR(r) = 1, and since r= 1/t, we have |dr/dt| = t� 2. Thus, a uniform density for rate implies a
recurrence time density pT(t) = t� 2, which strongly favors short recurrence times. As Jeffreys [1946] pointed
out, these difficulties are avoided if one takes pR(r) = r� 1 for then pT(t) = t� 1; that is, the densities for rate
and recurrence time are identical, expressing equal ignorance of rate and recurrence time.

Second, although the integral ∫
r2

r1
r�1dr ¼ ln r2=r1ð Þ is not a probability, because the density r� 1 is improper

(i.e., its integral from zero to infinity diverges), it can be used to compute a ratio of probabilities,

Pr r1 < r < r2ð Þ
Pr r3 < r < r4ð Þ ¼

ln r2=r1ð Þ
ln r3=r4ð Þ ; (B1)

which suggests another approach that leads to the reciprocal prior. Suppose we use y = ln(r) as a parameter
instead of r. By conservation of probability, the pR(r) = r� 1 prior becomes pY(y) = pR(r)|dy/dr|

� 1 = 1. Now
consider changing parameters to z= ln(t). Then z=� ln(r), and by conservation of probability, the prior
for z is pZ(z) = pR(r(z))|dz/dr|

� 1 = 1. In other words a uniform density for ln(r) is equivalent to a uniform den-
sity for ln(t), and both are equivalent to the r� 1 density for r.

Third, recall that natural conjugate prior families are often used in Bayesian data analysis for their analytical con-
venience. The natural conjugate prior family [Gelman et al., 2014] of the Poisson distribution p(n|r) = (rT)ne� rT/n !
is the gamma family, proportional to ra� 1e� r/R, whose parameters are related to its mean and variance by
R� 1 =μ/σ2 and a=μ2/σ2. Letting the variance of the gamma prior go to infinity (maximum uncertainty) gives
the reciprocal prior r� 1.

Appendix C: Estimation of Poisson Rate From Uncertain Event Count and Uncertain
Observation Time

FollowingMartz and Hamada [2003] we write the joint distribution of rate, observation time, and count as p(r, t,n).
The product rule for conditional probability then gives p(r, t|n)Pr(n) = Pr(n|r, t)π(r, t), in which the use of the sym-
bol “π” is a reminder that the last factor is a prior. Our prior for observation timewill be informative, based on the
paleodata, but for consistency with our RSGR analysis we will use the uninformative prior for rate discussed in
Appendix B. Having zero prior information regarding rate implies the prior independence of observation time
and rate, so it is appropriate to write the joint prior π(r, t) as the product π(r)π(t). It follows that for a given event
count n, p(r, t|n)∝Pr(n|r, t)π(r)π(t), and so the properly scaled version of p(r, t|n) may be written as

pðr; t nj Þ ¼ Prðn r; tj Þπ rð Þπ tð Þ
∬dr′dt′ Pr n r; t′j Þπ r′ð Þπ t′ð Þð

(C1)

in which both integrals in the denominator are from zero to infinity. The marginal distribution p(r|n) is then
obtained by integrating p(r, t|n) over t:

pðr nj Þ ¼ π rð Þ∫dt Prðn r; tj Þπ tð Þ
∬dr′dt′ Pr n r; t′j Þπ r′ð Þπ t′ð Þ:ð

(C2)

Finally, to estimate the PDF of rate we average p(r|n) over the paleodata-based count probabilities Pr(n). The
result is

p rð Þ ¼
X

n

Pr nð Þπ rð Þ∫dt Prðn r; tj Þπ tð Þ
∬dr′dt′ Pr n r; t′j Þπ r′ð Þπ t′ð Þ:ð

(C3)
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Martz and Hamada [2003] used Monte Carlo to evaluate the integrals in this expression, but a more direct
method can be used here because the distributions π(r) and π(t) are parametric. The probability of count n
given rate r and observation period t is the Poisson distribution (rt)ne� rt/n !. For the distribution π(t), of the
unknown observation interval t, it is convenient to use a gamma density Gam[t|k, R� 1] = RkΓ(k)� 1tk� 1e� Rt

with shape parameter k, which may be noninteger, and scale parameter R� 1. The quantity R is sometimes
referred to as the inverse-scale parameter, and the parameters of the gamma density are related to its mean

and variance by the relations μt= kR� 1 and σ2t ¼ kR�2. Using the mean and variance of observation time esti-

mated from the paleodata thus gives the gamma parameters asR ¼ μt=σ
2
t and k= Rμt. (Obtaining distribution

parameters in this way is often called moment matching.)

The time integral in the denominator of (C3) can now be written in the following way.

∫dt Prðn r; tj Þπ tð Þ ¼ ∫
∞

0
dt Poisðn rtj ÞGamðt k; R�1

�� �

¼ ∫
∞

0
dt

rtð Þne�rt

n!
Rktk�1e�Rt

Γ kð Þ
¼ rnRk

n! Γ kð Þ ∫
∞

0
dt tnþk�1e� rþRð Þt

¼ rnRkΓ nþ kð Þ
n! Γ kð Þ r þ Rð Þnþk ∫

∞

0
dt

r þ Rð Þnþk

Γ nþ kð Þ tnþk�1e� rþRð Þt

¼ rnRkΓ nþ kð Þ
n!Γ kð Þ r þ Rð Þnþk ∫

∞

0
dt Gam½tjnþ k; r þ Rð Þ�1�

¼ r=Rð ÞnRnþk

r þ Rð Þnþk

Γ nþ kð Þ
n!Γ kð Þ

¼ r=Rð Þn
1þ r=Rð Þnþk

Γ nþ kð Þ
n!Γ kð Þ :

(C4)

As the prior for rate, we use the uninformative prior, π(r) = r� 1 discussed in Appendix B. The double integral in
the denominator of (C3) is thus given by

∬dr′dt′ Prðn r; t′j Þπ r′ð Þπ t′ð Þ ¼ Γ nþ kð Þ
n!Γ kð Þ ∫

∞

0
dr

r�1 r=Rð Þn
1þ r=Rð Þnþk

¼ Γ nþ kð Þ
n!Γ kð Þ ∫

∞

0
d r=Rð Þ Rr�1 r=Rð Þn

1þ r=Rð Þnþk

¼ Γ nþ kð Þ
n!Γ kð Þ ∫

∞

0
du

un�1

1þ uð Þnþk

¼ Γ nþ kð Þ
n!Γ kð Þ B n; kð Þ;

(C5)

in which B(n, k) is the beta function defined on the domain n, k> 0.

The beta function can be written in terms of gamma functions and is supplied by most computational
software. Inspection of equation (C3) shows that it is required only once for each value of n for which Pr(n)
is unequal to zero.

Substituting (C4), (C5), and π(r) into (C3) now gives the PDF for paleorate as

p rð Þ ¼
X

n

Pr nð Þπ rð Þ∫dt Prðn r; tj Þπ tð Þ
∬dr′dt′ Prðn r; t′j Þπ r′ð Þπ t′ð Þ

¼
X

n

Pr nð Þr�1Γ nþ kð Þ
n!Γ kð Þ

r=Rð Þn
1þ r=Rð Þnþk

Γ nþ kð ÞB n; kð Þ
n!Γ kð Þ

¼ R�1
X

n

Pr nð Þ
B n; kð Þ

r=Rð Þn�1

1þ r=Rð Þnþk :

(C6)
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The summation in (C6) is limited to those values of n for which Pr(n)> 0, and the requirement n> 0 for B(n, k)
means that the probability of zero events must be zero. In other words, there must be at least one event
within the uncertain observation period. Inspection of equation (C6) shows that this requirement ensures
that the PDF for rate is proper even though the prior for rate is not. The PDF of regional rate given by (C6)
appears as a red line in Figures 5b, 6b, 7b, 8b, and 9b.
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