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Hurricane Landfall Probability and Climate

James B. Elsner and Brian H. Bossak

This chapter discusses climatological aspects of U.S. hurricane activity during
the twentieth century. It focuses on climate factors that are known to be related
to the occurrence of hurricanes and major hurricanes along the coast. Statistical
models are used to define and describe these relationships. In general it is found
that coastal hurricane activity increases during episodes of La Nifia, when the
North Atlantic Oscillation is weak. Increases are most apparent along the central
Gulf Coast, including New Orleans, as well as along portions of the Florida coast.
Hurricane activity in the United States diminishes during El Nifio episodes.
Results of this study can be refined by incorporating additional hurricane infor-
mation collected from historical proxies and geological records, which are dis-
cussed elsewhere in this volume.

andfalling hurricanes are of important concern to society. In the United

States, the potential for damage and loss of life from hurricanes rivals that
from earthquakes (Dfaz and Pulwarty 1997). In Florida, Hurricane Andrew
(1992) caused more than $30 billion in direct economic losses, while Hurri-
cane Floyd (1999) disrupted the lives of 2.5 million of its residents due to evac-
uation alone. Understanding the past record of hurricane activity provides clues
about future frequency and intensity, which is important for land-use planning,

emergency management, hazard mitigation, and insurance applications.
Empirical and statistical research has identified climate factors that con-
tribute to condilions favorable for hurricanes over the North Atlantic Basin,
which includes the Caribbean Sea and the Gulf of Mexico (Gray et al. 1992;
Elsner, Kara, and Owens 1999; Elsner, Jagger, and Niu 2000). These factors
influence the occurrence of hurricanes differently depending on the particular
region. For instance, the effect of an El Nifio on hurricane frequency over the
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entire North Atlantic Basin is significant, but El Nifio’s influence on the fre-
quency of hurricanes forming over the subtropics is small. In fact, additional
climate factors are usually needed to explain local variations in hurricane activ-
ity (Lehmiller, Kimberlain, and Elsner 1997; Jagger, Elsner, and Niu 2001).
During some years there is a tendency for hurricanes to track westward through
the Caribbean Sea and threaten Mexico and the United States. At other times,
hurricanes tend to move parallel to the East Coast of the United States (Elsner,
Bossak, and Niu 2001). To some extent, the degree to which the Gulf Coast is
vulnerable to a hurricane in a given year is inversely related to the degree to
which the East Coast is vulnerable.

In this chapter, we examine the occurrence of tropical eyclones that make
landfall in the continental United States as hurricanes. These are termed “U.S.
hurricanes.” The focus on U.S. hurricanes allows the use of reliable data
extending back to the beginning of the twentieth century, as well as emphasiz-
ing the socially relevant component of hurricane activity in this part of the
world. Although tropical storms are capable of inflicting damage and loss of life,
hurricanes cause significantly more wind destruction and flooding. The goal of
this chapter is to describe quantitative changes in hurricane landfall probabili-
ties in response to variations in climate. The assumption is that large-scale cli-
mate variations cause changes to hurricane activity.

The chapter is divided into two main sections. First we examine the annual
frequency of U.S. hurricanes and show how the frequency is related to climate
factors. In particular, we consider the annual occurrence of U.S. hurricanes and
U.S. major hurricanes using the technique of generalized linear modeling. The
modeling process is used to explore linkages between coastal hurricane activity
and climate as well as to identify climate factors for the regional model. Climate
factors (or covariates) are variables that have a statistical relationship to U.S. hur-
ricane activity. Next, we make use of a technique for regional modeling of hurri-
cane activity. The model uses covariates in assigning local probabilities of hurri-
cane occurrence. The regions are coastal counties from Texas to North Carolina.
Although our analysis is done for the coastal United States, the procedutes de-
scribed here can be applied in other tropical cyclone-prone regions of the world.

ANNUAL LANDFALL PROBABILITIES

DEFINITIONS AND HURRICANE DaTA

A hurricane is a tropical cyclone with maximum sustained (1-minute) 10-m
winds of 65 kt (33 m s7) or greater. Major hurricanes of Category 3 or higher
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on the Saffir-Simpson damage potential scale have winds of 100 kt (51 m s7})
or greater (Simpson 1974). Hurricane landfall occurs when all or part of the eye
wall, the circular region of intense wind and rain surrounding the eye, passes
directly over the coastline or over an adjacent barrier island. Because the eye
wall can extend outward a distance of 50 km or more from the hurricane cen-
ter, landfall may occur even when the precise center of lowest pressure remains
offshore. A hurricane may make more than one landfall. In 1992, for example,
Hurricane Andrew struck Florida and Louisiana. In this section we consider all
tropical cyclones that make landfall in the continental United States at least
once at hurricane intensity. In the next section we examine landfalls along the
coast from Texas to North Carolina.

The HURDAT (best-track) dataset is the most complete and reliable source
of North Atlantic hurricanes (Jarvinen, Neumann, and Davis 1984). The data
set consists of the six-hourly position and intensity estimates of tropical cyclones
back to 1886 (Neumann et al. 1999). These data are used to determine the
annual frequency of hurricanes and major hurricanes reaching the United
States over the period from 1900 to 1997. Additional U.S. hurricane informa-
tion extending back to 1851 is now available through the hurricane data re-
analysis project (Landsea et al., chapter 7 in this volume). This additional infor-
mation is not considered in the present analysis.

The historical data indicate a total of 159 U.S. hurricanes and 63 U.5S.
major hurricanes over the 98-year period in question, for an average of 1.62
hurricanes and 0.64 major hurricanes per year (table 12.1). This amounts to
approximately 13 hurricanes and 5 major hurricanes every eight years. But
each year is different. In 1985, six hurricanes hit the United States, while in
1994 none did. More than half the years are without a major hurricane land-
fall. The 95% confidence intervals on the annual means are (1.38, 1.91) for
hurricanes and (0.50, 0.80) for major hurricanes. The confidence intervals are
based on bias-corrected bootstrapped samples. Whether a hurricane reaches
the United States in a given year depends on formation and development

TABLE 12.1  U. S. Hurricane Statistics, 1900—1997

Maximum  Minimum BCMQ' BCMO

Mean  Variance  number number 2.5% 97.5%
Hurricanes 1.62 1.660 6 o 138 1.91
Major hurricanes 0.64 0.582 3 o 0.50 0.80

'Bias-corrected mean bootstrapped (1,000 samples) quantiles.
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Raw Exceedence Probabilities
Category 1 Hurricanes

fiiliie 0.085 - 0.122
0422 -0.166 |

:_Raw Exceedence Probabilities
Category 3 Hurricanes

[Jjo-0000 |
0.008 - 0.018
0.018 - 0.029 |
0.029-0.045 |
)| 0.046 - 0.081 |

PLATE 7 Annual exceedence probabilities for Category1 (top) and Category 3 (bottom) hurricane
winds in coastal counties from Texas to Nerth Caralina using the dynamic probability model run in
the raw climatological mode. Exceedence refers towind speeds greaterthan or equaltothe minimum

categorical value.



| Posmve S80I and Negahve NAO

| Differences in Exceedence Probabilities |

5 (Conditional - Raw) :
Category 1 Hurricanes

;mmo uoss - a0
= 0.095 -0.185

Pmo1es-0210 | i
| 0.210 - 0.289

[

B0 160 Miles

Positive SOI and Nagal:ve NAO |
| Differences in Exceedence ProbabilltlesI
(Conditional - Raw) |

Category 3 Hurﬂcanes

80 160 Miles

PLATE 8  Differences in annual exceedence probabilities (conditional minus raw} for Category |
{top) and Category 3 {bottom) hurricane winds in coastal counties from Texas to North Carolina, The
probabilities are based on an SOl value of +5.2 s.d. and an NAO value of 3.1 s.d, The differences (i
probabilities are spatially smoothed using a triangle kernel-type smoother with a bandwidth of Uiree
tounties,




| Differences in Exceedence Probabilities

< )

Negative S“Ol.a.l.ld Positive NAO

(Conditional - Raw)
Category 1 Hurricanes J

|% -0.156 - -0.104 |
l_ Q'gg‘;'fh‘:)%ﬁz 8 0 80 160 Miles
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Negative SOl and Positive NAO i
| Differences in Exceedence Probabilities
(Conditional - Raw}

Category 3 Hurricanes

7 .0.050 - -0.030
| |-0.030 - 0.000 80 0 B0 160 Miles
[ 10.000-0.010 o R
0.010 - 0.032
0.032 - 0.068

PLATE g  Differences in annual exceedence probabilities {conditional minus raw) for Category 1
{top) and Category 3 (bottam) hurricane winds in coastal counties frorm Texas to North Carolina. The
prababilities are based on an SO value of —5.2 s.d. and an NAO value of 43.1 s.d. The differences in
probabilities are spatially smoothed using a triangle kernel-type smoother with a bandwidth of three

counties.




Difference in Number of Hurricanes per County: l|
1950-2000 and 1861-1900

é&uu_‘:alg‘*;‘e

]
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PLATE 10  Differences inthe number of hurricanes per county over two so-year periods. Negative

values (blue) indicate that there were more hurricanes in the county during the period 1851 to 1900
than during the period 1950 to 2000. A hurricane is defined as the center of circulation of a tropical
cyclone passing through the county borders based on 6-hour positions given in the HURDAT
reanalysis dataset. The map considers only tropical cyclones designated as hurricanes at landfall. For
inland counties, tropical cyclones have typical wind speeds well below the hurricane threshold.




