1844

REPORTS

16. E. Kalnay et al., Bull. Am. Meteorol. Soc. 77, 437
(1996).

17. ). E. Nilsen, Y. Gao, H. Drange, T. Furevik, M. Bentsen,
Geophys. Res. Lett. 30, 10.1029/2002GL016597 (2003).

18. H. Hatan, A. Sandg, H. Drange, M. Bentsen, in The
Nordic Seas: An Integrated Perspective, AGU Mono-
graph 158, H. Drange, T. Dokken, T. Furevik, R.
Gerdes, W. Berger, Eds. (American Geophysical
Union, Washington, DC, 2005), pp. 239-250.

19. M. Bersch, J. Geophys. Res. 107, 10.1029/2001)C000901
(2002).

20. N. P. Holliday, J. Geophys. Res. 108, 10.1029/2002JC001344
(2003).

21. T. P. Boyer, S. Levitus, J. I. Antonov, R. A. Locarnini,
H. E. Garcia, Geophys. Res. Lett. 32, 10.1029/
2004GL021791 (2005).

22. T. M. Joyce, P. Robbins, J. Clim. 9, 3121 (1996).

23. S. Hakkinen, P. B. Rhines, Science 304, 555 (2004).

24. N. P. Holliday, R. T. Pollard, J. F. Read, H. Leach,
Deep-Sea Res. 47, 1303 (2000).

25. D. J. Ellett, J. H. A. Martin, Deep-Sea Res. 20, 585
(1973).

26. D. ). Ellett, S. R. Jones, “Surface temperature and
salinity time-series from the Rockall Channel, 1948-
1992" (Fisheries research data report number 36,
Ministry of Agriculture, Fisheries, and Food, Direc-
torate of Fisheries Research, Lowestoft, 1994; www.
cefas.co.uk/publications/files/datarep36.pdf).

27. We thank M. Bentsen for model development, P.
Rhines for commenting on the paper; M. Miles for
language editing, and S. Hakkinen for the extended
gyre index in Fig. 2A, based on altimetry. The work is

Changes in Tropical Cyclone
Number, Duration, and Intensity

in a Warming Environment
P. J. Webster," G. J. Holland,? J. A. Curry,1 H.-R. Chang1

We examined the number of tropical cyclones and cyclone days as well as
tropical cyclone intensity over the past 35 years, in an environment of in-
creasing sea surface temperature. A large increase was seen in the number
and proportion of hurricanes reaching categories 4 and 5. The largest increase
occurred in the North Pacific, Indian, and Southwest Pacific Oceans, and the
smallest percentage increase occurred in the North Atlantic Ocean. These
increases have taken place while the number of cyclones and cyclone days has
decreased in all basins except the North Atlantic during the past decade.

During the hurricane season of 2004, there
were 14 named storms in the North Atlantic,
of which 9 achieved hurricane intensity. Four
of these hurricanes struck the southeast United
States in rapid succession, causing considera-
ble damage and disruption. Analysis of hurri-
cane characteristics in the North Atlantic (1, 2)
has shown an increase in hurricane frequency
and intensity since 1995. Recently, a causal
relationship between increasing hurricane fre-
quency and intensity and increasing sea sur-
face temperature (SST) has been posited (3),
assuming an acceleration of the hydrological
cycle arising from the nonlinear relation be-
tween saturation vapor pressure and tempera-
ture (4). The issue of attribution of increased
hurricane frequency to increasing SST has re-
sulted in a vigorous debate in the press and
in academic circles (9).

Numerous studies have addressed the is-
sue of changes in the global frequency and
intensity of hurricanes in the warming world.
Our basic conceptual understanding of hurri-
canes suggests that there could be a relation-
ship between hurricane activity and SST. It
is well established that SST > 26°C is a re-
quirement for tropical cyclone formation in
the current climate (6, 7). There is also a hy-
pothesized relationship between SST and the
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maximum potential hurricane intensity (8, 9).
However, strong interannual variability in hur-
ricane statistics (/0-/4) and the possible in-
fluence of interannual variability associated
with El Niilo and the North Atlantic Oscilla-
tion (11, 12) make it difficult to discern any
trend relative to background SST increases
with statistical veracity (8). Factors other than
SST have been cited for their role in regulating
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hurricane characteristics, including vertical
shear and mid-tropospheric moisture (15). Glob-
al modeling results for doubled CO, scenarios
are contradictory (/5-20), with simulations
showing a lack of consistency in projecting
an increase or decrease in the total number of
hurricanes, although most simulations project
an increase in hurricane intensity.

Tropical ocean SSTs increased by approx-
imately 0.5°C between 1970 and 2004 (21).
Figure 1 shows the SST trends for the trop-
ical cyclone season in each ocean basin. If
the Kendall trend analysis is used, trends in
each of the ocean basins are significantly
different from zero at the 95% confidence
level or higher, except for the southwest Pa-
cific Ocean. Here we examine the variations
in hurricane characteristics for each ocean
basin in the context of the basin SST varia-
tions. To this end, we conducted a compre-
hensive analysis of global tropical cyclone
statistics for the satellite era (1970-2004). In
each tropical ocean basin, we examined the
numbers of tropical storms and hurricanes,
the number of storm days, and the hurricane
intensity distribution. The tropical cyclone
data are derived from the best track archives
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of the Joint Typhoon Warning Center and of
international warning centers, including spe-
cial compilations and quality control (22).
Tropical cyclonic systems attaining sur-
face wind speeds between 18 and 33 m s™!
are referred to as tropical storms. Although
storms of intensity >33 m s~ ! have different
regional names, we will refer to these storms as
hurricanes for simplicity. Hurricanes in catego-
ries 1 to 5, according to the Saffir-Simpson
scale (23), are defined as storms with wind
speeds of 33to 43 ms~ 1,43 to 50 ms~!, 50
to56ms 1, 56t067ms !, and >67 ms !,
respectively. We define the ocean basins that
support tropical cyclone development as
follows: North Atlantic (90° to 20°W, 5° to
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L Y B L LS FLEL TR LR L LR

hurricanes + storms

Number of cyclonic storms

tropical storms |

n
(=]
T

(o 1 SPUPRI IPURP PSPPI IPIT) NPT RPN
70 75 80 86 90 95 00 05

Year

25°N), western North Pacific (120° to 180°E,
5° to 20°N), eastern North Pacific (90° to
120°W, 5° to 20°N), South Indian (50° to
115°E, 5°-20°S), North Indian (55° to 90°E,
5°-20°N), and Southwest Pacific (155° to
180°E, 5° to 20°S). Within these basins, total
tropical storm days are defined as the total
number of days of systems that only reached
tropical storm intensity. Total hurricane days
refer to systems that attained hurricane status,
including the period when a system was at
tropical storm intensity. Total tropical cyclone
number or days refers to the sum of the statis-
tics for both tropical storms and hurricanes.

Figure 2 shows the time series for the glob-
al number of tropical cyclones and the number
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Fig. 2. Global time series for 1970-2004 of (A) number of storms and (B) number of storm days
for tropical cyclones (hurricanes plus tropical storms; black curves), hurricanes (red curves), and
tropical storms (blue curves). Contours indicate the year-by-year variability, and the bold curves
show the 5-year running average.
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of cyclone days for the period 1970-2004, for
hurricanes, tropical storms, and all cyclonic
storms. None of these time series shows a trend
that is statistically different from zero over
the period (24). However, there is a substantial
decadal-scale oscillation that is especially evi-
dent in the number of tropical cyclone days. For
example, globally, the annual number of tropical
cyclone days reached a peak of 870 days around
1995, decreasing by 25% to 600 days by 2003.

Figure 3 shows that in each ocean basin
time series, the annual frequency and dura-
tion of hurricanes exhibit the same temporal
characteristics as the global time series (Fig.
2), with overall trends for the 35-year period
that are not statistically different from zero.
The exception is the North Atlantic Ocean,
which possesses an increasing trend in fre-
quency and duration that is significant at the
99% confidence level. The observation that
increases in North Atlantic hurricane character-
istics have occurred simultaneously with a
statistically significant positive trend in SST
has led to the speculation that the changes in
both fields are the result of global warming (3).

It is instructive to analyze the relationship
between the covariability of SST and hurricane
characteristics in two other ocean basins, spe-
cifically the eastern and western North Pacific.
Decadal variability is particularly evident in
the eastern Pacific, where a maximum in the
number of storms and the number of storm days
in the mid-1980s (19 storms and 150 storm
days) has been followed by a general decrease
up to the present (15 storms and 100 storm
days). This decrease accompanied a rising SST
until the 1990-1994 pentad, followed by an SST
decrease until the present. In the western North
Pacific, where SSTs have risen steadily through
the observation period, the number of storms
and the number of storm days reach maxima in
the mid-1990s before decreasing dramatically
over the subsequent 15 years. The greatest
change occurs in the number of cyclone days,
decreasing by 40% from 1995 to 2003.

In summary, careful analysis of global hurri-
cane data shows that, against a background of
increasing SST, no global trend has yet emerged
in the number of tropical storms and hurricanes.
Only one region, the North Atlantic, shows a
statistically significant increase, which com-
menced in 1995. However, a simple attribution
of the increase in numbers of storms to a warm-
ing SST environment is not supported, because
of the lack of a comparable correlation in other
ocean basins where SST is also increasing. The
observation that increases in North Atlantic hurri-
cane characteristics have occurred simultaneously
with a statistically significant positive trend in
SST has led to the speculation that the changes in
both fields are the result of global warming (3).

Examination of hurricane intensity (Fig. 4)
shows a substantial change in the intensity dis-
tribution of hurricanes globally. The number of
category 1 hurricanes has remained approxi-
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mately constant (Fig. 4A) but has decreased
monotonically as a percentage of the total num-
ber of hurricanes throughout the 35-year period
(Fig. 4B). The trend of the sum of hurricane
categories 2 and 3 is small also both in number
and percentage. In contrast, hurricanes in the
strongest categories (4 + 5) have almost doubled
in number (50 per pentad in the 1970s to near
90 per pentad during the past decade) and in
proportion (from around 20% to around 35%
during the same period). These changes occur
in all of the ocean basins. A summary of the
number and percent of storms by category is
given in Table 1, binned for the years 1975—
1989 and 1990-2004. This increase in category
4 and 5 hurricanes has not been accompanied
by an increase in the actual intensity of the
most intense hurricanes: The maximum inten-
sity has remained remarkably static over the
past 35 years (solid black curve, Fig. 4A).
Cyclone intensities around the world are
estimated by pattern recognition of satellite
features based on the Dvorak scheme (25). The
exceptions are the North Atlantic, where there
has been continuous aircraft reconnaissance;
the eastern North Pacific, which has occasional
aircraft reconnaissance; and the western North
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Fig. 4. Intensity of hurricanes according to the

Pacific, which had aircraft reconnaissance up
to the mid-1980s. There have been substantial
changes in the manner in which the Dvorak
technique has been applied (26). These changes
may lead to a trend toward more intense cy-
clones, but in terms of central pressure (27) and
not in terms of maximum winds that are used
here. Furthermore, the consistent trends in the
North Atlantic and eastern North Pacific, where
the Dvorak scheme has been calibrated against
aircraft penetrations, give credence to the trends
noted here as being independent of the obser-
vational and analysis techniques used. In addi-
tion, in the Southern Hemisphere and the North
Indian Ocean basins, where only satellite data
have been used to determine intensity through-
out the data period, the same trends are appar-
ent as in the Northern Hemisphere regions.
We deliberately limited this study to the sat-
ellite era because of the known biases before
this period (28), which means that a comprehen-
sive analysis of longer-period oscillations and
trends has not been attempted. There is evidence
of a minimum of intense cyclones occurring in
the 1970s (/1), which could indicate that our
observed trend toward more intense cyclones is
a reflection of a long-period oscillation. How-
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Saffir-Simpson scale (categories 1 to 5). (A) The

total number of category 1 storms (blue curve), the sum of categories 2 and 3 (green), and the
sum of categories 4 and 5 (red) in 5-year periods. The bold curve is the maximum hurricane wind
speed observed globally (measured in meters per second). The horizontal dashed lines show the
1970-2004 average numbers in each category. (B) Same as (A), except for the percent of the total
number of hurricanes in each category class. Dashed lines show average percentages in each

category over the 1970-2004 period.

Table 1. Change in the number and percentage of hurricanes in categories 4 and 5 for the 15-year
periods 1975-1989 and 1990-2004 for the different ocean basins.

Period
Basin 1975-1989 1990-2004
Number Percentage Number Percentage

East Pacific Ocean 36 25 49 35
West Pacific Ocean 85 25 116 41
North Atlantic 16 20 25 25
Southwestern Pacific 10 12 22 28
North Indian 1 8 7 25
South Indian 23 18 50 34
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ever, the sustained increase over a period of 30
years in the proportion of category 4 and 5
hurricanes indicates that the related oscillation
would have to be on a period substantially
longer than that observed in previous studies.

We conclude that global data indicate a 30-
year trend toward more frequent and intense
hurricanes, corroborated by the results of the
recent regional assessment (29). This trend is not
inconsistent with recent climate model simula-
tions that a doubling of CO, may increase the
frequency of the most intense cyclones (18, 30),
although attribution of the 30-year trends to
global warming would require a longer global
data record and, especially, a deeper under-
standing of the role of hurricanes in the general
circulation of the atmosphere and ocean, even
in the present climate state.
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