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ABSTRACT

Regional variations in North Atlantic hurricane landfall frequency along the U.S. coastline are examined
in relation to the phase of El Nifio-Southern Oscillation (ENSO). ENSO warm (cold) phases are known to
reduce (increase) hurricane activity in the North Atlantic basin as a whole. Using best-track data from the
U.S. National Hurricane Center, regional analysis reveals that ENSO cold-phase landfall frequencies are
only slightly larger than neutral-phase landfall frequencies along the Florida and Gulf coasts. However, for
the East Coast, from Georgia to Maine, a significant decrease in landfall frequency occurs during the neutral
ENSO phase as compared to the cold phase. Along the East Coast, two or more major (category 3 or above)
hurricanes never made landfall in the observational record (1900-2004) during a single hurricane season

classified as an ENSO neutral or warm phase.

1. Introduction

Atlantic basin hurricane landfall frequency, catego-
rized by phases of El Nifio—Southern Oscillation
(ENSO), is examined for regional variations along the
U.S. coastline. The work is motivated by a need to
better understand regional variations in hurricane land-
falls in an era of increasing hurricane activity and grow-
ing coastal population (Pielke and Landsea 1998;
Changnon et al. 2000). Goldenberg et al. (2001) noted
that hurricane activity across the Atlantic basin be-
tween 1995 and 2000 was nearly double the activity
during the preceding 24 yr (1971-94). Above-normal
hurricane numbers in 2004 and 2005 reflect a continu-
ation of active Atlantic hurricane seasons. Clearly, re-
gional landfall probabilities would be useful to many
government agencies [e.g., the Federal Emergency
Management Agency (FEMA) and local governments]
as they plan for potential hurricane emergencies. To
achieve maximum benefit, the results of the presented
research must be combined with a 3-6-month lead time
forecast of the ENSO phase that will onset during the
Atlantic hurricane season.
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The presented results expand upon the data and re-
sults contained in the master’s thesis of Tartaglione
(2002). The authors focus on differences in landfall fre-
quency, landfall probability distributions, and the loca-
tion where U.S. landfalling hurricanes are first classi-
fied as tropical storms only for the three phases of
ENSO. The authors acknowledge that other climate
modes, including the Atlantic Multidecadal Oscillation
(AMO; e.g., Goldenberg et al. 2001; Sutton and Hod-
son 2005) and the North Atlantic Oscillation (NAO;
Xie et al. 2005), likely play a role in hurricane fre-
quency in the Atlantic, but these modes will not be
explicitly treated in this analysis. Separating hurricane
landfalls by ENSO phase and landfall region already
limits the sample size for statistical testing. Further si-
multaneous separation using the AMO or NAO would
further limit the ability to test for significant variability
in regional landfalls. The primary update to Tartaglione
(2002) is the use of the reanalyzed Atlantic hurricane
best-track data for 1900-2004 (Landsea et al. 2004).
The authors specifically limit discussion of cause and
effect relationships, noting up front that this manuscript
focuses on statistical relationships and that additional
research is required.

The impact of ENSO on basin-wide North Atlantic
hurricane activity has been well documented. ENSO
warm-phase (El Nifio) conditions reduce hurricane ac-
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tivity in the North Atlantic basin (Gray 1984). The
main factor Gray (1984) credited for the suppression of
tropical cyclone development in the North Atlantic
during El Nifio is a strengthening of the upper-level
westerlies over the equatorial Atlantic and Caribbean
Sea. These westerly anomalies, estimated at 2-7 ms ™"
during El Nifio years, result in increased vertical wind
shear, which is known to suppress tropical cyclone for-
mation and growth (Gray 1968). Recently, Tang and
Neelin (2004) have correlated the reduction in hurri-
canes during ENSO warm phases to changes in column
static stability over the Atlantic. Conversely, ENSO
cold-phase (La Nifia) conditions tend to increase hur-
ricane activity primarily due to weaker upper-level
westerlies and reduced vertical wind shear.

Bove et al. (1998) also showed a decrease (increase)
in hurricane landfall probabilities in the United States
during El Nifio (La Nifia) events. For the period of
record 1900-97, the mean number of hurricanes to
make landfall in the United States annually was 1.04
during El Nifo years, 1.61 during neutral years, and
2.23 during La Nifa years (Bove et al. 1998). For the
same period, Bove et al. (1998) found the probability of
two or more North Atlantic hurricanes making landfall
anywhere along the U.S. coastline to be 28% during El
Niflo, 48% during the neutral phase, and 66% during
La Nina.

The previous studies do not analyze hurricane land-
fall probabilities for the United States on a regional
scale. Regional differences in the effects of ENSO on
hurricane landfalls in the Caribbean have been ob-
served (Tartaglione et al. 2003; Landsea et al. 1999). El
Nifio (La Nifa) decreases (increases) hurricane landfall
activity relative to the neutral phase for the entire Ca-
ribbean region. Regionally, no differences were ob-
served in hurricane landfall probabilities between the
El Nifio and neutral phases in the eastern and western
Caribbean, while more landfalls occurred during the
neutral versus warm phases in the northern Caribbean
(Tartaglione et al. 2003). More recently, Klotzbach and
Gray (2006) have begun providing forecast landfall
probabilities for regions along the U.S. coastline; how-
ever, the role of ENSO is not directly included in their
probability calculation but indirectly through their fore-
casts of net tropical cyclone activity.

As a follow-up to Tartaglione et al. (2003), hurricane
landfall probabilities for the period 1900-2004 are cal-
culated separately for Florida, the Gulf Coast, and the
East Coast to assess the regional impact of ENSO on
U.S. landfalls. The East Coast was defined as extending
from the Florida—Georgia border northward to the
Maine-Canada border. The Florida coastline extends
from the Florida—Alabama border around Florida to
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the Florida—Georgia border, and the Gulf Coast spans
from the Texas—Mexico border eastward to the
Florida—Alabama border.

The analysis reveals a significant increase in the
probability of hurricane landfalls along the East Coast
during ENSO cold versus neutral phases. Surprisingly,
there is virtually no difference in the probability of hur-
ricane landfalls in Florida or along the Gulf Coast dur-
ing ENSO cold versus neutral years. The probability of
an East Coast landfall during ENSO neutral phases is
nearly identical to the landfall probability for ENSO
warm phases. Along the Gulf Coast and in Florida the
landfall probabilities are reduced for warm versus neu-
tral ENSO phases.

2. Methods

The Atlantic basin best-track hurricane dataset
(HURDAT; Jarvinen et al. 1984; Neumann et al. 1993;
Landsea et al. 2004) is used to identify hurricanes mak-
ing landfall in the United States. The authors use all
hurricanes (winds = 64 kt) noted by HURDAT as mak-
ing at least one landfall along the Florida, Gulf of
Mexico, or East coasts. Only hurricanes (storms with
winds = 64 kt) defined by HURDAT as having a U.S.
landfall are considered. The authors note that the list of
U.S. landfalls derived from HURDAT includes a few
hurricanes whose center never crossed the coastline
(termed hurricane strikes) but were included as land-
falls because 1-min wind speeds of at least hurricane
force (64 kt) impacted the coast (C. Landsea 2006, per-
sonal communication). The term landfall in this paper
is used to encompass both hurricane strikes and hurri-
canes whose center (eye) crossed the coastline. The
record of landfalling hurricanes is more accurate than
the record of all hurricanes because, prior to the de-
ployment of satellites in the 1960s, open-ocean hurri-
canes may not have been identified if they failed to hit
land. It is unlikely that any U.S. hurricane landfall was
missed during the twentieth century. In addition, land-
falling hurricanes are of more interest to the general
public because they directly impact lives and property.
The authors also use the Saffir—Simpson hurricane in-
tensity scale listed in HURDAT to identify major (cat-
egory 3-5) hurricanes.

Each landfalling storm is categorized following the
method of Bove et al. (1998) as occurring during the
onset summer of a warm, cold, or neutral ENSO phase.
The phases of ENSO are defined using the Japan
Meteorological Agency (JMA) index of equatorial Pa-
cific sea surface temperatures (SST). Warm and cold
phases classified by the JMA index compare favorably
with many modern ENSO studies (Trenberth 1997,
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TABLE 1. ENSO phases for hurricane seasons (June—
November) based on the JMA index and the method of Bove et
al. (1998). Row indicates decade, and column indicates year. W =
warm, N = neutral, and C = cold ENSO phase.
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Hanley et al. 2003). The JMA defines the 12-month
period October through September as a warm (cold)
phase when the 5-month running average SST anomaly
over the tropical Pacific, from 4°S-4°N, 150°W-90°,
is greater than 0.5°C (less than —0.5°C) for at least 6
consecutive months including October-December
(JMA 1991). As an example, the hurricane season of
June-November 1997 is split across the 1996 ENSO
neutral event (June-September) and the onset of the
1997 ENSO warm event (October—-November). By the
criteria of Bove et al. (1998), the hurricane season of
June-November 1997 is classified as occurring during
the onset of an ENSO warm phase. All hurricane sea-
sons that are not categorized as occurring during the
onset of an ENSO warm or cold phase are classified as
neutral seasons. Using this method, 25 of the hurricane
seasons in the 105-yr period are classified as cold
phases, 23 are designated warm phases, and 57 are cat-
egorized as neutral (Table 1).

The number of landfalls and landfall probabilities are
determined for each ENSO phase and coastal region.
Landfall counts are made for all hurricanes and for
major hurricanes. If a hurricane makes landfall in
Florida and then along the Gulf Coast, it is counted as
a landfall in each of the two regions; however, the same
hurricane is counted only once when considering all
regions as a whole. In addition to counts of landfalls in
each region, hurricane landfall probabilities for the 105-
yr period of record are calculated using inverse cumu-
lative frequency distributions (ICFDs).

The count of hurricane landfalls during a hurricane
season is a discrete random variable; therefore, differ-
ences in the landfall frequency between ENSO phases
can be tested in terms of two Poisson populations. Fol-
lowing the method used by Patten et al. (2003) and
Tartaglione et al. (2003), a Z test based on a joint Pois-
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son distribution (Lehmann 1986) is formulated to test
the null hypothesis that the two rates of occurrence of
hurricane landfalls between two ENSO phases are sta-
tistically similar. The alternative hypothesis assumes
that the landfall rates of occurrence are significantly
different. The Z-test statistic, with a continuity correc-

tion, is
n
x—05— ( = )
n,+n,

Z= . )
n, n,
\/t<nx + ny) (nx + ny)

Considering the comparison of ENSO cold versus neu-
tral phases, x = the number of landfalls occurring in n,
cold-phase years, y = the number of landfalls in n,
neutral-phase years, and t = x + y. The Z test is valid
when ¢ > 25 and is evaluated for significance levels of
90% or higher.

ENSO phase shifts in the mean and median location
where hurricanes making landfall in the United States
are first classified within the HURDAT as a tropical
storm or stronger (winds = 34 kt) are identified for
each coastal region. Standard error bars (S/W) are
applied to the mean latitude and longitude of tropical
storm classification. Box plots of the tropical storm clas-
sification latitude and longitude reveal these distribu-
tions to be asymmetric (see Fig. 7); therefore, a non-
parametric statistical test is used to reveal significant
shifts in the median classification location. The test
method is based on a 2 X 2 contingency table (Bhatta-
charyya and Johnson 1977). The null hypothesis tested
states that median tropical storm classification latitude
and longitude between two ENSO phases are statisti-
cally equal versus the alternate hypothesis that the me-
dians are different. Mean and median locations of
tropical storm classification are also provided for major
hurricanes; however, the small sample size precludes
the application of significance tests.

3. Results

The number of hurricane landfalls in the three
coastal regions shows a clear pattern of interannual
variability (Fig. 1). A total of 53 hurricanes made land-
fall along the East Coast between 1900 and 2004, with
18 making landfall during the 25 ENSO cold events, 10
during the 23 warm events, and 25 during the 57 neutral
events (Fig. 1a). Landfalls along the East Coast show
clear active and inactive periods, with only two landfalls
from 1917 to 1932 and only one from 1961 to 1970.
During the same time period, 67 hurricanes made land-
fall in Florida (Fig. 1b). There were 20, 7, and 40 land-
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FiG. 1. The number of hurricanes that made landfall along the (a) East Coast (except
Florida), (b) Florida coast, (c) Gulf Coast (except Florida), and (d) the entire U.S. coastline
during each year between 1900 and 2004. ENSO cold, neutral, and warm phases are indicated
by black, gray, and black dashed bars, respectively. Triangles indicate the number of category

3, 4, and 5 hurricanes while bars indicate the total of all hurricane categories.

falls during the cold, warm, and neutral ENSO phases,
respectively. The record in Florida shows nearly twice
the landfalls (41) from 1900 to 1950 that occurred from
1951 to 2001 (22 landfalls). The Gulf Coast experienced
the most landfalls (77) from 1900 to 2004 (Fig. 1c), with
23, 12, and 42 landfalls during the cold, warm, and neu-
tral ENSO phases, respectively. Gulf Coast landfalls
are distributed fairly evenly through the 105-yr period
record. The totals for all regions combined (57 cold-, 94
neutral-, and 26 warm-phase landfalls) show a drop in
landfalls from 1960 to 1995 (Fig. 1d), which coincides

with the decrease in Atlantic major hurricanes from the
mid-1960s to 1994 noted by Goldenberg et al. (2001).
Landfall frequency per year for the entire U.S. coast-
line from 1900 to 2004 (Fig. 2d) compares favorably
with the results of Bove et al. (1998). Regionally, the
highest frequencies occur during ENSO cold phases for
each of the three coastal regions (Figs. 2a—c). The land-
fall counts result in an average of 0.72, 0.80, and 0.92
hurricane landfalls per season, respectively, for the East
Coast, Florida, and the Gulf Coast during ENSO cold
phases. Comparing landfall frequencies during ENSO
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FIG. 2. Average number of hurricane landfalls per year (a) on
the East Coast (except Florida), (b) in Florida, (c) along the Gulf
Coast (except Florida), and (d) along the entire U.S. coastline
from 1900 to 2004 during years classified as cold, neutral, or warm
ENSO phases. As an example of how to interpret these averages,
approximately one (0.92) landfall occurs per ENSO cold phase vs
one landfall for every two ENSO warm phases (0.52) along the
Gulf Coast.

cold versus neutral phases reveals a significant decrease
only for hurricanes making landfall along the East
Coast. Applying the Z test from (1) allows rejection of
the hypothesis that East Coast landfall frequencies are
equal during ENSO cold and neutral phases at a sig-
nificance level of greater than 90%. During a neutral
phase along the East Coast (Fig. 2a), only 0.44 hurri-
cane landfalls occur per season, which can be inter-
preted as approximately four landfalls for every 10 neu-
tral phases. This compares to seven landfalls for every
10 ENSO cold phases along the East Coast. Differences
in ENSO cold versus neutral landfall probabilities are
notably smaller for Florida and the Gulf Coast (Figs.
2b,c). These results suggest that there is a significant
change in formation location and/or steering patterns
during neutral years that limits East Coast landfalls.
The probability of hurricane landfalls within each of
the three coastal regions is lowest for ENSO warm
phases (Fig. 2). The authors expected this result based
on previous work, but clear regional variations also ex-
ist for the warm versus neutral ENSO phases. First, the

FIG. 3. Average number of major (category 3, 4, or 5) hurricane
landfalls per year (a) on the East Coast (except Florida), (b) in
Florida, (c) along the Gulf Coast (except Florida), and (d) along
the entire U.S. coastline from 1900 to 2004 during years classitied
as cold, neutral, or warm ENSO phases. Within the 1900-2004
period, there were no occurrences of major hurricane landfalls
along the East Coast during ENSO warm phases.

probability of hurricane landfall along the East Coast is
nearly identical for warm and neutral ENSO phases
(Fig. 2a). In addition, the difference in landfall prob-
abilities in Florida between warm (0.30) and neutral
(0.70) phases is significant at the 99% level (based on
the Z test).

Limiting the analysis to major hurricane landfalls
again reveals the Gulf Coast to have the most landfalls
(32) as compared to Florida (27) and the East Coast
(14). Major hurricane landfall frequency for the com-
bined U.S. coast from 1900 to 2004 mirrors the results
for all hurricanes, with more (less) landfalls during cold
(warm) phases relative to neutral. Regionally, the high-
est landfall frequencies occur during the cold ENSO
phase for the East and Gulf Coasts (Figs. 3a,c); how-
ever, the neutral phase dominates major hurricane
landfalls in Florida (Fig. 3b). The number of landfalls
represents a summary of rare events during the 1900-
2004 period of record and the totals are too small to
allow the application of the Z test for major hurricanes.
Clearly the warm-phase sample is too small to draw any
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F1G. 4. ICFD of hurricanes making landfall (a) on the East
Coast (except Florida), (b) in Florida, (c) on the Gulf Coast (ex-
cept Florida), and (d) along the entire U.S. coastline for ENSO
cold, neutral, and warm phases from 1900 to 2004. ICFD shows
the probability of x or more hurricanes making landfall within 1 yr,
where x is the abscissa on the plot. For all cases, the probability of
zero or more hurricanes is 100% by definition and is not plotted.

regional conclusions beyond the fact that the rare event
of a major hurricane landfall is even more infrequent
during ENSO warm phases based on the 1900-2004
period of record. Based on the small sample available,
the authors note that the only years between 1900 and
2004 with two or more major hurricane landfalls along
the East Coast (1954 and 1955) are classified as ENSO
cold phases (Fig. 1a). In Florida from 1900 to 2004, only
two ENSO neutral years have had multiple major hur-
ricane landfalls (1950 and 2004), while two ENSO cold
and two ENSO neutral years (1909 and 1916; 1915 and
1926, respectively) had two major hurricane landfalls
on the Gulf Coast (Fig. 1).

The ICFDs from the 1900-2004 period confirm a
higher probability of hurricanes making landfall during
cold versus neutral ENSO phases along the East Coast.
During a cold phase, the probability of two or more
hurricanes hitting the East Coast is 16% versus only
10% during a neutral phase (Fig. 4a). In Florida, the
probability of two or more hurricanes making landfall is
nearly identical for the cold (20%) and neutral (21%)
phases (Fig. 4b). Probabilities of two or more landfalls
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along the Gulf Coast are also similar during a cold
(16%) and neutral (17%) phase. The authors note that
no ENSO warm-phase season during the 1900-2004
record has produced more than one hurricane landfall
in Florida or along the Gulf Coast (Fig. 4). In addition,
when considering the combined coastline, only cold and
neutral phases have exhibited four, five, or six hurri-
cane landfalls in a single year.

The analysis above clearly shows regional differences
in landfall frequencies during ENSO phases. The dif-
ferences led the authors to question whether there are
variations in the location where landfalling hurricanes
first reach tropical storm status during the three ENSO
phases. Identifying variations in tropical storm classifi-
cation location will help focus future research into the
variability of physical processes (e.g., air-sea fluxes of
heat and moisture) that enhance or suppress hurricane
activity.

Plotting the location where each U.S. landfalling hur-
ricane was first classified as a tropical storm or stronger
in the HURDAT reveals differences by ENSO phase
(Fig. 5). Most striking is the expected reduction in the
number of tropical cyclones forming during ENSO
warm phases (Fig. 5c). The overall mean (Fig. 6) and
median (Fig. 7) position of first classification as a tropi-
cal storm is shifted to the north and west for hurricanes
making landfall along the entire U.S. coastline during a
warm phase, relative to cold or neutral phases. Non-
parametric tests reject the hypothesis that the all-
regions warm-phase median latitude is equal to the
neutral (and cold)-phase median with a confidence of
greater than 90%. For the East Coast, the northward
shift (relative to neutral phase) in median latitude and
the westward shift (relative to neutral and cold phases)
in median longitude during a warm phase reject the
hypothesis of equal medians at the 99% and 95% level,
respectively (Table 2; Fig. 7). Similar significance can
be expected for the East Coast mean latitude and lon-
gitude where the range of 2 times the standard error on
the mean for the cold and neutral phases falls outside
the same range for the warm phase (Fig. 6). The au-
thors also note that no hurricane making landfall in the
United States during ENSO warm phases was first clas-
sified as a tropical storm east of 50°W from 1900 to 2004
(Fig. 5c¢).

Opverall, the difference in median tropical storm clas-
sification position for cold- versus neutral-phase land-
falling hurricanes is small (only 1.0° latitude and 1.5°
longitude); however, significant regional variations are
present (Table 2; Fig. 7). Hurricanes making landfall in
Florida exhibit a 12.8° westward shift in median tropical
storm classification location during ENSO cold versus
neutral phases (Table 2). This significant westward shift
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FIG. 5. Location at which hurricanes making landfall in the United States are first desig-
nated as a tropical storm (or stronger) within the HURDAT for ENSO (a) cold, (b) neutral,
and (c) warm phases and (d) all years combined. Landfall location is separated into East Coast
(square), Florida (diamond), and Gulf Coast (inverted triangle). Open symbols are hurricanes
that made landfall as a category-1 or -2 storm, and closed symbols are hurricanes that made
landfall as a category-3, -4, or -5 storm. Note that storms may move across land as a tropical
storm and make landfall in a different region as a hurricane.

(90% level) brings developing tropical storms closer to East Coast landfalling hurricanes, except those form-
the Florida coast and increases the probability of these ing during a warm phase, typically form farther east
storms making landfall as hurricanes in Florida during than those that strike Florida or the Gulf Coast (Figs.
ENSO cold phases. 5-7). In fact, the median longitude of tropical storm
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F1G. 6. Mean (a) latitude and (b) longitude at which hurri-
canes making landfall in the United States are first classified in
HURDAT as a tropical storm. Means are separated into cold
(C, black), neutral (N, gray), and warm (W, white) ENSO phases
and are grouped by landfall region. Error bars represent 2 times
the standard error of the mean (S/\/;l).

classification during cold and neutral ENSO phases is
near or less than the 25th percentile longitude for both
Florida and Gulf Coast landfalling hurricanes (Fig. 7).
Tropical cyclones that form in the far eastern Atlantic
have more time to be influenced by upper-level troughs
as they travel across the Atlantic, thereby increasing
the likelihood that they will reach a more northern lati-
tude and impact the East Coast. During the ENSO cold
phase, the 19.0° difference in median longitude of tropi-
cal storm classification between hurricanes making East
Coast versus Florida landfall is significant at the 99%
level. During the neutral phase, the East Coast versus
Florida median longitude difference is only 8.0°, but
this difference grows to 17.1° when considering only
major hurricanes. Major hurricanes making landfall
during the neutral phase in Florida have a median

F1G. 7. Box plots showing the median and interquartile range
for the (a) latitude and (b) longitude at which hurricanes making
landfall in the United States are first classified in HURDAT as a
tropical storm. Box plots are separated into cold (C, black), neu-
tral (N, gray), and warm (W, white) ENSO phases and are
grouped by landfall region. Upper (lower) whiskers extend to the
90th (10th) percentile value and the box width is proportional to
the V.

tropical storm classification longitude of 62.0° versus
44.9°W for East Coast major hurricanes during the neu-
tral phase (Table 2). A classification location closer to
the United States may partially explain Florida having
the highest probability (35%) of a major hurricane
landfall during ENSO neutral phases (Fig. 3b) over the
1900-2004 period of record.

Along the East Coast, the reduction in hurricane
landfalls during ENSO neutral phases may be related to
variations in the number of hurricanes that are first
classified as tropical storms in the eastern tropical
North Atlantic Ocean. When considering all hurricanes
that make landfall in the United States over the 105-yr
period of record there is a 16% probability per year
that hurricanes first classified as a tropical storm east of
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TABLE 2. Mean, standard error (s/\n), and median of the lati-
tude (°N) and longitude (°W) at which U.S. landfalling hurricanes
first achieve tropical storm (or stronger) status according to the
best-track data. The number of hurricane landfalls (n) is deter-
mined by separating landfalls by coastal region (e.g., East Coast,
Florida, and Gulf of Mexico) and ENSO phase. Summary statis-
tics for all regions are also presented, but note that the totals are
not cumulative due to the method of counting only one landfall
for the combined region even if a hurricane makes landfall in
multiple subregions. The statistics are shown for (top) all and
(bottom) major hurricanes when n = 5.

All landfalling hurricanes

ENSO phase Cold Neutral Warm
Lat Lon Lat Lon Lat Lon
East Coast Mean 19.1 560 18.6 555 263 719
Std error 1.3 35 1.5 40 23 2.9
Median 191 576 154 558 260 728

n 18 18 25 25 10 10
Florida Mean 16.6 729 173 640 192 771
Std error 1.0 35 0.8 3.0 1.4 34
Median 156 766 164 63.8 192 822

n 20 20 40 40 7 7
Gulf Coast Mean 172 740 197 725 213 802
Std error 1.0 33 0.9 34 1.9 4.0
Median 164 779 19.6 803 214 824

n 23 23 42 42 12 12
All regions Mean 17.8 683 19.0 674 226 765
Std error 0.7 2.2 0.6 2.1 1.4 2.3
Median 17.0 724 180 739 21.8 79.0

n 57 57 94 94 26 26

Major landfalling hurricanes

ENSO phase Cold Neutral Warm
Lat Lon Lat Lon Lat Lon
East Coast Mean 176 515 168 460 — —
Std error 1.7 6.7 2.3 71 — —
Median 157 580 146 449 — —

n 7 7 7 7 0 0
Florida Mean 151 718 166 593 — —
Std error 1.6 3.8 0.9 49 — —
Median 150 764 160 620 — —

n 5 5 20 20 2 2
Gulf Coast Mean 17.1 745 168 588 — —
Std error 1.2 4.1 1.2 57 — —
Median 167 781 153 569 — —

n 10 10 18 18 4 4
All regions Mean 16.8 66.6 17.1 59.5 19.0 726
Std error 0.8 3.6 0.8 3.6 1.7 6.5
Median 16.0 665 160 612 194 659

n 22 22 38 38 5 5

50°W will make landfall on the East Coast regardless of
ENSO phase. The probability drops to 13% for Florida
and 9% for Gulf Coast landfalls, respectively. In other
words, one hurricane reaching tropical storm status east
of 50°W makes landfall on the East Coast every 6 yr
versus one in every 10 yr along the Gulf Coast. When
we consider the actual number of landfalling hurricanes
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first classified as tropical storms east of 50°W, we find
that 5 (11), 3 (9), and 1 (8) made landfall along the East
Coast, in Florida, and along the Gulf Coast during
ENSO cold (neutral) phases (Fig. 5). Based on there
being only 2.4 times as many neutral-phase years as
cold-phase years from 1900 to 2004, it is surprising that
8 times as many hurricanes classified as tropical storms
east of 50°W during a neutral phase make landfall on
the Gulf Coast. The increase during neutral phases
(relative to cold phases) in landfalls along the Florida
and Gulf coasts for hurricanes classified as tropical
storms east of 50°W allows the authors to hypothesize
that a variation in the steering flow exists during neutral
phases. The hypothetical variation in the steering flow
seems to keep tropical cyclones forming in the eastern
tropical North Atlantic on a more southerly track dur-
ing a neutral ENSO phase, thereby decreasing the
probability of East Coast landfalls.

Recent work by Xie et al. (2005) reveals that hurri-
canes favor tracks moving more to the southwest
(northeast) during ENSO cold (warm) phases. This pat-
tern favors landfalls along the East Coast during ENSO
cold phases. Xie et al. (2005) do not comment on tracks
during ENSO neutral phases; however, separating hur-
ricane landfall locations along the East Coast by state
boundaries reveal that hurricanes tend to hit farther
south during an ENSO neutral phase than during cold
phases. For the 1900-2004 period, both Georgia and
South Carolina have more landfalls during ENSO neu-
tral versus cold phases. Georgia averages one landfall
for every 20 neutral-phase years while there are no oc-
currences, from 1900 to 2004, of a hurricane landfall in
Georgia during a cold phase. In South Carolina, an
average of one hurricane makes landfall for every six
(eight) ENSO neutral (cold) phase years. From North
Carolina through Massachusetts there are more land-
falls during ENSO cold versus neutral phases, exclud-
ing Delaware and New Jersey, which recorded no land-
falls. The more southerly landfall location on the East
Coast during ENSO neutral phases combined with the
result that 8 times as many hurricanes reaching tropical
storm status east of 50°W during a neutral phase make
landfall on the Gulf Coast versus the East Coast imply
that a more southerly track for hurricanes is favored
during ENSO neutral phases, thus decreasing the like-
lihood of an East Coast landfall.

4. A look at 2005

The authors’ primary analysis was completed during
the extremely active 2005 hurricane season, so 2005
data are not included in the results above. We now
compare the 2005 hurricane season to the 1900-2004
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TABLE 3. Statistics for hurricanes making landfall along the U.S.
coastline during the 2005 hurricane season. Note that Katrina
made landfall in two regions: category 1 in Florida and category 3
along the Gulf Coast. (Source: HURDAT 2005 update.)

Saffir-Simpson Location at

Landfall category tropical storm
Name region at landfall classification
Cindy Gulf Coast 1 25.1°N, 90.2°W
Dennis Florida 3 13.0°N, 65.9°W
Katrina Florida 1 24.5°N, 76.5°W
Gulf Coast 3

Ophelia East Coast 1 27.9°N, 78.8°W
Rita Gulf Coast 3 22.2°N, 72.3°W
Wilma Florida 3 16.9°N, 79.6°W

results. The JMA index and the method of Bove et al.
(1998) classify the 2005 hurricane season as a neutral
ENSO phase. A recent update of the HURDAT data
to include the 2005 season reveals that six hurricanes
made landfall along the U.S. coastline (Table 3). The
2005 hurricane season marks only the fourth time since
1900 that six hurricanes made U.S. landfall (other years
are 1916, 1985, and 2004). The 2005 season also marks
the first occurrence since 1900 of four hurricanes clas-
sified as major at landfall.

By region, one, three, and three hurricane landfalls
occurred along the East Coast, in Florida, and along the
Gulf Coast, respectively. The fact that only one of the
seven landfalls occurred along the East Coast is consis-
tent with the authors’ findings of reduced East Coast
landfall probabilities during ENSO neutral phases (Fig.
2). The location at which each of these five hurricanes
reached tropical storm strength, clustered between 60°
and 80°W longitude, also contributed to the reduced
probability that they would make landfall along the
East Coast (none of these cyclones first reached tropi-
cal storm strength in the favored East Coast landfall
region east of 50°W). Finally, the authors note that the
only occurrences from 1900 to 2005 of multiple major
hurricane landfalls in Florida (Fig. 1b; Table 3) are dur-
ing ENSO neutral years (1950, 2004, and 2005). Mul-
tiple major hurricane landfalls along the Gulf Coast
(Fig. 1c; Table 3) are almost equally likely during the
cold (1909 and 1916) and neutral (1915, 1926, and 2005)
phases.

5. Conclusions

The regional differences in Atlantic hurricane land-
fall probabilities along the U.S. coast are identified with
respect to the warm, neutral, and cold phases of ENSO.
Combining forecasts of the ENSO phase that will onset
during a hurricane season with the landfall frequencies
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from 1900 to 2004, one can determine whether the
probability of a hurricane landfall is the highest along
the East Coast, in Florida, or along the Gulf Coast.
Local, state, and federal emergency management agen-
cies, particularly with respect to coastal areas, should
benefit from the results of this study.

Residents of the East Coast are most likely to see a
landfalling hurricane during a season that precedes a La
Nifia winter. The landfall probability during ENSO
cold phases (0.72) drops to 0.44 during neutral phases
for East Coast landfalls. In Florida and along the Gulf
Coast, there is little difference observed in the fre-
quency of hurricane landfalls between cold and neutral
events. As expected from previous works, landfall
probabilities are smallest during ENSO warm phases in
all regions.

Exploring the possible physical mechanisms that may
explain the decrease in hurricane landfalls along the
East Coast during neutral years are beyond the scope of
this work. Variations in the landfall location of hurri-
canes first reaching tropical storm status in the eastern
tropical North Atlantic Ocean are revealed between
ENSO cold and neutral phases. Overall hurricanes
reaching tropical storm strength in the eastern tropical
Atlantic are more likely to strike the East Coast; how-
ever, hurricanes reaching tropical storm strength in this
region during ENSO neutral phases have a higher than
expected probability of striking Florida or the Gulf
Coast. Clearly variations in location where landfalling
hurricanes first reach tropical storm strength alone can-
not account for variations in regional U.S. landfalls and
future research must investigate changes in steering
flow during ENSO phases. The strength, position, and
shape of the subtropical Atlantic surface anticyclone
and its relationship to phases of the North Atlantic Os-
cillation and Atlantic multidecadal oscillation should be
considered. Further investigation is needed to gain a
better understanding of the mechanisms suppressing
East Coast hurricane landfalls during ENSO neutral
years.
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