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1. INTRODUCTION

Hurricanes are of important social and eco-
nomic concern in the United States. Strong winds
and storm surge accompanying hurricanes over
land kill people and destroy property. Knowledge
of their past occurrence, even if it is incomplete,
provides clues about their future frequency and in-
tensity that goes beyond the capabilities of present
climate prediction models in terms of specificity
and lead time. This understanding is important for
land-use planning, emergency management, haz-
ard mitigation, (re)insurance application and poten-
tially the long-term derivative market.

Here we consider the occurrence of tropical cy-
clones that make landfall in the continental United
States as hurricanes and major hurricanes. The
purpose of the present work is to provide a com-
prehensive climatology of U.S. coastal hurricanes.
The focus on U.S. hurricanes allows us to use reli-
able data extending back at least to the start of the
20th century. Moreover, less reliable but still use-
ful information is available back through at least
the second half of the 19th century. We are mo-
tivated to describe U.S. hurricane activity spatially
and temporally using all available information since
1851. Results from a careful analysis define the
past climate that not only tells a story about the
past, but can be used to gauge future activity. This
paper is an extended abstract of Elsner and Bossak
(2001).

2. DATA

The North Atlantic HURricane DATa base (HUR-
DAT or best-track) is the most complete and reliable
source of North Atlantic hurricanes (Jarvinen et al.
1984). The data set consists of the six-hourly po-
sition and intensity estimates of tropical cyclones
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back to 1886 (Neumann et al. 1999). Important
additional contributions to the knowledge of past
hurricanes were made by interpreting written ac-
counts of tropical cyclones from ship logs, news-
papers, and other non-traditional archives (Ludlum
1963). These studies update and add information
about hurricane landfalls during the period 1851
through 1900. For instance, the New York Times’
reports of damage and casualties often contain suf-
ficient details to reconstruct the location and in-
tensity of a hurricane at landfall. Arguably these
additional sources of U.S. hurricane information
provide justification to extend the U.S. hurricane
record back to the pre-industrial era (Elsner and
Kara 1999; Elsner et al. 2000). Recently, the
National Oceanic and Atmospheric Administration
(NOAA) embarked on a three-year hurricane re-
analysis project. The motivation was, in part, to
reduce the level of uncertainty surrounding the his-
torical reports of hurricanes during the last half of
the 19th century. A concatenated data set consist-
ing of landfalling hurricane accounts from historical
archives and modern direct measurements is care-
fully analyzed here.

Table 1 provides descriptive statistics of U.S.
hurricane and major hurricane activity during the
three consecutive time periods. The average an-
nual number of U.S. hurricanes ranges from a high
of 1.8 during the period 1901-1950 to a low of
1.4 during the period 1951-2000. Each subperiod
has at least one year of six or more hurricanes,
with the most in a single year occurring in 1886.
The 90% confidence (credible) intervals generated
from a bias-corrected bootstrap procedure (Efron
and Tibshirani 1993), indicate large overlap sug-
gesting minor differences in the observed rates of
U.S. hurricanes between consecutive periods. The
bootstrap procedure considers each year as inde-
pendent and re-samples, with replacement, the an-
nual counts. The number of bootstrap samples is



Table 1: Annual U.S. hurricane and major hurricane
statistics. Values include the mean, variance, max-
imum, minimum, and quantiles of the mean from a
bootstrap re-sampling (number of bootstrap sam-
ples is 1000).

guantiles
total of the mean
Years no. mean var 5% 95%

All U.S. hurricanes
1851-00 88 1.7 235 142 214
1901-50 92 1.8 1.77 154 2.16
1951-00 72 1.4 156 1.16 1.72

Major U.S. hurricanes
1851-00 26 05 050 0.36 0.68
1901-50 36 0.7 070 054 0.92
1951-00 27 05 046 038 0.70

1000. The independence assumption is valid since
the lag-1 temporal autocorrelation value is a negli-
gible —0.002.

We test for differences in mean rates between
the three periods using a Wilcoxon signed rank
test. The p-values based on the large-sample ap-
proximation for the null hypothesis of no difference
against the two-sided alternative indicate little ev-
idence against the null hypothesis of equal hurri-
cane rates, so we make the assumption of station-
arity for these data and time periods. In contrast,
the variance of inter-annual activity decreases from
2.3 during the last half of the 19th century to 1.6
during the last half of the 20th century, indicating
a potential bias during the earliest 50 year period.
This is because information is measured in terms
of precision, which is the inverse of the variance.
Larger inter-annual variance (lower precision) dur-
ing the 19th century might result from an incom-
plete record. A hurricane striking southeastern
Florida or southern Texas during the 1850s could
have gone undetected as these areas were unde-
veloped at that time. Or a tropical storm at landfall
might have been misclassified as a hurricane due
to insufficient or inaccurate historical accounts near
the storm center.

Similar statistics on the annual occurrence of
major U.S. hurricanes are provided. The numbers
indicate an average of approximately two major
U.S. hurricanes every four years during the peri-
ods 1851-1900 and 1951-2000, and an average
of two major hurricanes every five years during the

period 1901-1950. Each subperiod has at least
one year in which three major hurricanes reached
the coast. The lag-1 autocorrelation for annual ma-
jor hurricane counts is +0.030 and the Wilcoxon
tests provide no evidence against the null hypoth-
esis of constant rates. Overall the data on U.S.
hurricanes and U.S. major hurricanes provide little
or no evidence of statistically significant differences
in the level (rate) of activity between the three 50-yr
periods.

3. A BAYESIAN APPROACH

Observational information on past hurricane ac-
tivity is available from instrumental records and his-
torical accounts, with the historical accounts hav-
ing a greater degree of uncertainty. Represent-
ing uncertainty is the province of probability theory,
with its practical application the domain of statis-
tics (Pole et al. 1999). The Bayesian statistical ap-
proach provides a rational and coherent foundation
for using all available information, while explicitly
accounting for differences in uncertainty. Here we
follow the formalism presented in Epstein (1985).

3.1 Poisson Process

The arrival of hurricanes on the coast can be
considered a Poisson process (Elsner et al. 2001;
Solow and Moore 2000; Elsner and Kara 1999).
The Poisson distribution is a limiting form of the
binomial distribution with no upper bound on the
count of occurrences. The parameter A, the in-
tensity, characterizes a Poisson process. Note in
that the annual means and variances are of similar
magnitude. Knowledge of \ allows statements to
be made about future outcomes, but since the pro-
cessis stochastic, the statements must necessarily
by couched in terms of probabilities. For example,
the probability of A hurricanes occurring in T years
is

h
fPoz'sson (h|)‘7 T) = eXp(—)\T) ()\Z—;) - (1)

The parameter A and statistic T' appear in the
formula as a product, which is the mean and vari-
ance of the Poisson distribution. More importantly,
knowledge of A can come from whatever informa-
tion is available and we want to use the best a pos-
teriori knowledge of A in making predictions about
future hurricane activity (see e.g., Epstein 1985).
Therefore it is necessary to treat X not as a single-
valued parameter but as a continuous random vari-
able that can take on any positive real number. The
functional form for expressing judgement about A
is the gamma distribution (Epstein 1985).



The numbers that describe the outcome of a
Poisson process for seasonal hurricane activity are
the length of the time interval sampled 7", and the
number of hurricanes that occur over this interval
h'. For instance, during the first ten years of the
record (1851-1860), observations indicate 15 U.S.
hurricanes, so 7' = 10 and h' = 15.

The gamma distribution of possible future val-
ues for A is given by

th' yh' —1

(AW, T = T

exp(=AT"), (2

with the expected value E()\) = h'/T', and the gamma

function T'(z) given by

I(z) = /Ooo t* te tdt. (3)

Of importance here is the fact that, if the prob-
ability density on Mis a gamma distribution, with
initial numbers (prior parameters) A’ and 7", and
the statistics h and T are later observed, then the
posterior density of A is also gamma with param-
eters h + h' and T + T'. In Bayesian terminology,
the gamma density is the conjugate prior for the
intensity of the Poisson process, A.

3.2 Posterior Density for A

The additive nature of the prior parameters b’
and 7" with the sample statistics h and T indicate
how to combine the earlier, unreliable hurricane
records with the later, reliable records to obtain
a posterior density on the annual hurricane rates
A. Since the earlier records have greater uncer-
tainty we must incorporate this lack of precision
into our estimates of the prior parameters. Here,
to quantify our prior judgement about A\ we use a
bootstrap procedure to estimate quantiles on the
annual counts of hurricanes during the uncertain
period.

The record of U.S. hurricanes is uncertain be-
fore 1900. However, a bootstrap of the annual
mean from the available observations over the pe-
riod 1851-1899 indicate a 90% confidence interval
of (1.45, 2.16) hurricanes per year. Although one
cannot say for certain what the true rate of U.S.
hurricanes was over this earlier period, we make a
sound judgement that we are 90% confident that
the credible (confidence) interval contains it. In
other words, we admit a 5% chance that the true
rate is less than 1.45 and a 5% chance that it is
greater than 2.16.

To capture this information, we make use of
the close relationship between the gamma and

x2 distributions. Specifically, if A is gamma with
parameters h' and T', then the random variable
Z = 2T is x2 with 21 degrees of freedom (Ep-
stein 1985). The probability that A < 1.45 is 0.05
implies that Z = 2(1.45)T" = 2.97" is x2(0.05),
where x?2(0.05) is the lower 0.05 quantile of a 2
distribution with n degrees of freedom. Similarly,
the probability that A < 2.16 is 0.95 means that
Z = 2(2.16)T" = 4.32T" is x2(0.95), where x2(0.95)
is the upper 0.95 quantile. Thus the ratio of the
upper to lower quantiles of the x? variable must
be 2.16/1.45 = 1.49, and the degrees of freedom
when the 2 ratio is 1.49 are 138. Since h' is one-
half the degrees of freedom, A’ = 69. Moreover, T"
is x%35(0.05)/2.9 = 38.6. This procedure formally
quantifies the prior information.

After quantifying our prior judgement we have
two distinct pieces of information for obtaining a
posterior distribution on A. We have our likelihood
statistics based on the reliable period of record
(1900-2000) which gives h = 165 and T' = 101
and we have the prior parameters A’ = 69 and
T' = 38.6. Note that the reliable period includes
1900. The posterior parameters are thus A" =
h+h'=234and T" =T + T' = 139.6. Note that
although the likelihood parameters h and 7" must
be integers, the prior parameters can take on any
real value depending on our degree of belief (Ep-
stein 1985). Figure 1 shows the prior, likelihood,
and posterior gamma densities for the Poisson pa-
rameter )\ based on (2). Of note is the relatively
broad distribution for the prior estimate indicative
of both the uncertainty and relative short length of
the unreliable period. The distribution of the likeli-
hood estimate is narrow and centered on a mean
rate of 1.6 hurricanes per year. Combining the prior
and likelihood results in a posterior distribution that
represents the best information about A. The pos-
terior distribution has flatter tails representing less
uncertainty than both the prior and likelihood dis-
tributions.

3.3 Predictive Distribution

Knowledge we obtain about A from the pos-
terior distribution is codified in the two numbers
h'=h+h and T" = T + T' of the gamma den-
sity. Of practical interest is information about fu-
ture hurricane activity. Therefore, the question be-
comes how to obtain this future information when
the posterior annual rate is known only in terms of a
probability distribution. The answer lies in the fact
that the predictive density for obtaining A U.S. hurri-
canes over the next 7' years when knowledge of the
annual rate is contained in the gamma density with
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Figure 1: Gamma densities on the Poisson inten-
sity A (Lambda) for annual U.S. hurricane rates
based on (a) prior, (b) likelihood, and (c) posterior
parameters.

parameters k' and T" is a negative binomial distri-
bution, with parameters h" and Ti; (see Epstein
1985)

The mean and variance of the negative binomial

are T and T2 (T+17), respectively. Note that
the variance of the predictive distribution is always
larger that it would be if A were known precisely. If
we are only interested in the climatological proba-
bility of a hurricane next year, then T is one and
small compared with T" so it makes little differ-
ence, but if we are interested in the distribution of
likely hurricane activity over the next 10, 20, or 30
years then it is important.

4. RESULTS

Here we present results of the Bayesian ap-
proach to generating predictive climate distribu-
tions of U.S. hurricanes. We examine hurricanes
and major hurricanes along the entire U.S. coast as
well as hurricanes affecting the Gulf coast, Florida,
and the East coast separately. The start year
of reliability is assigned based on U.S. census of
“settled regions" defined as at least two inhabi-
tants per square mile. We use the latest reliable
year for the region. For the entire U.S. coast, the
record is not reliable before 1900 because histor-
ical records from sparsely populated regions like
southern Florida are missing before this time. For
the Gulf coast (excluding Florida), reliable records
extend back to 1880 before which they are unre-
liable for south Texas. For the East coast reliable

records extend back to at least 1851. The likeli-
hood parameters (h and T') are determined from
annual counts over the reliable period and the 90%
confidence intervals are determined from a boot-
strap re-sampling of the mean annual rate over
the unreliable period. The prior parameters are
then estimated from the ratio of the upper to lower
bounds on the confidence interval as explained in
the previous section. Posterior parameters are the
sum of the prior and the likelihood statistics, except
for the East coast where only likelihood information
is used. Predictive values are representative of cli-
mate time scales.

Figure 2 show the predictive densities for coastal
hurricanes and all major hurricanes. Here the re-
liable period begins in 1900. The top plots show
the probability of observing a specific number of
hurricanes and major hurricanes over the next 10
years. Note the tails are fatter on the right side
of the distributions. The middle panels show the
cumulative probability distributions of observing no
more than a specified number of storms over the
next 10 years. The bottom panels show the cumu-
lative probability distributions of observing at least
the specified number of storms over the next 10,
20 and 30 years. The expected number of U.S.
hurricanes over the next 30 years is 50 of which
18 are anticipated to be intense. These probabil-
ity distributions represent the best estimates of the
future climate of U.S. hurricanes.

5. SUMMARY & CONCLUSIONS

Predictive climate distributions of U.S. landfalling
hurricanes are estimated from availabe records. A
Bayesian approach combines the reliable records
of hurricane activity during the 20th century with
the less precise accounts of activity during the 19th
century, to produce a best estimate of the posterior
distribution on the annual rates. The methodol-
ogy provides a predictive distribution of future ac-
tivity that serves as a climatological benchmark.
Results are presented for the entire coast as well
as for the Gulf coast, Florida, and the East coast.
Statistics on the observed annual counts of U.S.
hurricanes, both for the entire coast and by region,
are similar within each of the three consecutive
50-year periods beginning in 1851. However, ev-
idence indicates that the records during the 19th
century are less precise. Bayesian theory provides
a rational approach for defining hurricane climate
that uses all available information and that makes
no assumption about whether the 150-yr record of
hurricanes has been adequately or uniformly mon-
itored.
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Figure 2: Predictive densities for the likelihood
of U.S. hurricanes (H) and U.S. major hurricanes
(MH) over the next 10 to 30 years. For U.S. hur-
ricanes (a) is the probability of observing H hurri-
canes in 10 years, (b) is the cumulative probability
of h < H in 10 years, and (c) is the probability of
h > H in 10 (squares), 20 (circles), 30 (triangles)
years. Plots (d—f) are the same, except for major
U.S. hurricanes.

The main conclusions of this paper are:

e The statistics of the observed counts of U.S.
hurricanes are similar across three consecu-
tive 50-year periods beginning in 1851.

e Similar statistical distributions are noted across

regional hurricane activity.

e Evidence suggests that hurricane records from
the 19th century are less precise, with the
level of precision depending on region.

e Bayesian theory provides a framework to de-
fine a predictive hurricane climate that uses
all the available records, and that can to be
used as a benchmark against which future
activity is gauged.

e According to this climatology, the expected
number of U.S. hurricanes over the next 30
years is 50 with 18 of these hurricanes antici-
pated to become intense. The mean number
of Florida hurricanes over this period is antic-
ipated to be 20.

Details concerning this analysis are provided in El-
sner and Bossak (2001).
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