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Large contribution of sea surface warming to recent
increase in Atlantic hurricane activity
Mark A. Saunders1 & Adam S. Lea1

Atlantic hurricane activity has increased significantly since 1995
(refs 1–4), but the underlying causes of this increase remain uncertain2,5–15. It is widely thought that rising Atlantic sea surface temperatures have had a role in this16,17, but the magnitude of this
contribution is not known. Here we quantify this contribution
for storms that formed in the tropical North Atlantic, Caribbean
Sea and Gulf of Mexico; these regions together account for most of
the hurricanes that make landfall in the United States. We show
that a statistical model based on two environmental variables—
local sea surface temperature and an atmospheric wind field—can
replicate a large proportion of the variance in tropical Atlantic
hurricane frequency and activity between 1965 and 2005. We then
remove the influence of the atmospheric wind field to assess the
contribution of sea surface temperature. Our results indicate that
the sensitivity of tropical Atlantic hurricane activity to August–
September sea surface temperature over the period we consider is
such that a 0.5 6C increase in sea surface temperature is associated
with a 40% increase in hurricane frequency and activity. The
results also indicate that local sea surface warming was responsible
for 40% of the increase in hurricane activity relative to the 1950–
2000 average between 1996 and 2005. Our analysis does not
identify whether warming induced by greenhouse gases contributed to the increase in hurricane activity, but the ability of climate models to reproduce the observed relationship between
hurricanes and sea surface temperature will serve as a useful
means of assessing whether they are likely to provide reliable projections of future changes in Atlantic hurricane activity.
North Atlantic hurricane activity has increased significantly since
the 1970s and 1980s. The proportion of years with activity (based on
the Accumulated Cyclone Energy (ACE) index18) above the 1950–
2000 mean has increased from 16% for the period 1970–1994 to 82%
for the period 1995–2005 (ref. 4). This upswing in hurricane activity
has been interpreted as being due either to a return to positive phase
conditions of the Atlantic Multidecadal Oscillation5,8,13,14 or as part of
a rising trend linked to global warming2,10–12,15. The former cause
would imply a return to below-norm hurricane activity in ,20 years,
whereas the latter would suggest that hurricane activity may continue
rising through the twenty-first century. To provide informed projections for future hurricane activity it is essential first to quantify the
separate contributions of dynamical (that is, related to atmosphere
circulation) and thermodynamical (related to sea warming) changes
in the recent increase in Atlantic hurricane activity. Simulations of
Atlantic hurricane activity have not yet been able to provide this
information19–22. We deduce the contribution of sea warming to
the recent rise in hurricane activity by using a statistical model.
The following data sets and procedures are employed. We use
maximum sustained windspeed data from the US National
Hurricane Center’s North Atlantic hurricane database23 between
1950 and 2005. As recommended by Landsea3, no bias-removal
1

scheme is applied to records between 1950 and 1969. We employ
monthly sea surface temperature (SST) data and monthly wind
records at 925 hPa (about 750 m above sea level), 850 hPa and
200 hPa between 1965 and 2005 from the National Center for
Environmental Prediction/National Center for Atmospheric
Research reanalysis24. Throughout, we define ‘tropical Atlantic
activity’ as including those storms that form as tropical depressions
within the tropical North Atlantic south of 20.0u N, the Caribbean
Sea or the Gulf of Mexico. These storms account for 85–90% of the
hurricanes and intense hurricanes that made landfall on the United
States between 1950 and 2005. We employ this subset because statistical models best explain its interannual activity, so the uncertainties
in conclusions are smaller. However, our results are robust if tropical
storms from the whole North Atlantic are included (see Supplementary Information). The four standard measures of hurricane frequency and activity considered here are numbers of tropical storms,
numbers of hurricanes, numbers of intense hurricanes and the ACE
index.
Figure 1 compares the tropical Atlantic and US-landfalling hurricane frequency and activity between 1996 and 2005 with the longterm norm and with the previous peak in activity in the 1950s.
Tropical cyclone records for the Atlantic basin are considered reliable
from the mid-1960s but between 1950 and ,1965 are probably missing storms because of a lack of geostationary satellite imagery3,25.
Activity levels are displayed as ten-year running averages, with the
last value corresponding to the period 1996–2005. A ten-year averaging period removes the influence of the El Niño Southern
Oscillation (return period ,5 years) on variability and highlights
longer-term trends. Figure 1a displays a similar pattern for each
measure of hurricane activity: during the 1950s and early 1960s
Atlantic basin activity was 20–40% above the norm; during the
1970s and 1980s activity fell to 20–40% below the norm; by 1996–
2005 it had risen substantially to reach 40–70% above the norm. For
US-landfalling activity (Fig. 1b) the time series is more noisy but the
general pattern of Fig. 1a is replicated, showing that tropical Atlantic
activity and US-landfalling hurricane activity are positively linked
when averages are taken over several years.
The contribution of sea warming to the recent exceptionally high
hurricane frequency and activity is examined by using a statistical
model with a sound physical basis. We apply the model from 1965
because North Atlantic hurricane records (and environmental fields)
are considered most reliable from this time3,25. This model replicates
a large proportion (75–80%) of the variance in tropical Atlantic
hurricane activity between 1965 and 2005 from a knowledge of just
two environmental fields: one, sea surface temperature; the other, an
atmospheric wind field. These fields are the anomaly in August–
September zonal (east–west) trade wind speed, uT, at 925 hPa over
the Caribbean and tropical North Atlantic (region 7.5–17.5u N,
30–100u W), and the anomaly in August–September SST over the
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August–September environmental fields is further demonstrated by
their anomaly time series (Fig. 2d, e), which display long-term trends
similar to the trend in hurricane activity (Fig. 1). Furthermore, their
1996–2005 SST anomaly value of 0.27 uC is the highest ten-year
anomaly since records began in 1950.
The hindcast correlation skill for tropical Atlantic hurricane frequency and activity during 1965–2005 is compared for four different
statistical models in Table 1. These models comprise two with single
predictors and two with two predictors. The single-predictor models
employ the August–September SST in the MDR and the August–
September 925-hPa uT wind. The two-predictor models use the
August–September SST in the MDR and the August–September
925–hPa uT wind (as above and in the third row in Table 1), and
the August–September SST in the MDR and the August–September
850–200-hPa vertical wind shear. The area employed for the latter is

Latitude (°N)

tropical North Atlantic (region 10–20u N, 20–60u W; termed here the
hurricane main development region (MDR) but comprising ,60%
of the 10–20u N latitude belt termed the hurricane MDR in ref. 26).
The wind field influences cyclonic vorticity and vertical wind shear
over the main hurricane track region. Cyclonic vorticity either helps
or hinders the spinning up of storms, depending on the sign and
magnitude of its anomaly. Vertical wind shear either helps a vertically
coherent storm vortex to develop or hinders it from doing so,
depending on its magnitude. The oceanic thermal field provides heat
and moisture to help power the development of storms within the
MDR. August and September are the main months for North Atlantic
hurricane activity, with 70% of the annual ACE index occurring in
this period.
The central role of these two environmental fields in annual hurricane activity is shown in Fig. 2 and Table 1. Figure 2a displays the
composite difference in SST and 925-hPa vector winds between subset years when the ACE index 1965–2005 is in its upper and lower
quartiles; it thus shows the anomalies in SST and 925-hPa wind
linked to active hurricane seasons during August and September.
White rectangles mark the areas used for the two key environmental
fields. Active hurricane seasons are associated with below-norm
August–September 925-hPa trade winds and above-norm August–
September SST in the MDR. Assuming perfect knowledge of
these two fields we apply multiple linear regression27–29 with crossvalidation and block elimination29,30 to compute hindcasts (forecasts
run retrospectively) for the four different measures of tropical
Atlantic hurricane activity during 1965–2005. The hindcast time
series are compared with actual values for the ACE index and numbers of hurricanes in Fig. 2b and Fig. 2c, respectively. The model
precision is impressive, explaining 81% and 76% of the variance in
these two measures between 1965 and 2005. The key role of the two

1.0

0.0

–1.0

0
–0.4

–2.0
1950 1960 1970 1980 1990 2000

–40
1950–1959 1960–1969 1970–1979 1980–1989 1990–1999

Figure 1 | The recent exceptionally high hurricane frequency and activity.
Ten-year running averages for different measures of tropical Atlantic (a) and
US-landfalling (b) hurricane frequency and activity between 1950 and 2005
are expressed as percentage departures from norm values for 1950–2000.
The measures shown are numbers of tropical storms (blue), numbers of
hurricanes (green), numbers of intense hurricanes (red) and the ACE index
(purple)18. For b these measures refer to US-landfalling events, and ACE is
the US ACE index29.
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Figure 2 | Nature and performance of the statistical model replicating
hurricane frequency and activity in the tropical Atlantic between 1965 and
2005. a, The two August–September environmental field areas that
comprise the model and the August–September anomalies in SST (colourcoded in degrees Celsius) and 925-hPa wind anomalies (arrowed) linked to
active Atlantic hurricane years. b, c, Comparison of the model’s hindcast
performance (purple) with actual values (green) for the ACE index (b) and
number of hurricanes (c). d, e, The anomaly time series relative to the norm
for 1950–2000 (green) and its associated ten-year running average (red) for
the two environmental fields comprising the model, namely
August–September SST (d) and 925-hPa uT wind (e).
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Table 1 | Predictive skill 1965–2005 as a function of predictor(s) and hurricane frequency/activity measure
Predictor(s)

Hindcast correlation skill

August–September MDR SST
August–September 925-hPa uT wind
August–September MDR SST and August–September 925-hPa uT wind
August–September MDR SST and August–September 200–850-hPa vertical wind shear

Numbers of
tropical storms

Numbers of
hurricanes

Numbers of
intense hurricanes

ACE index

0.68
0.80
0.86
0.78

0.68
0.78
0.87
0.81

0.64
0.73
0.79
0.74

0.71
0.83
0.90
0.83

The MDR area is 10–20u N, 20–60u W. The 925-hPa uT wind area is 7.5–17.5u N, 30–100u W. The region used for the 200–850-hPa vertical wind shear is 12.5–17.5u N, 40–85u W. Hindcast
correlation skill is the Pearson product–moment correlation between the predicted and actual time series.

Increase in hurricane frequency/activity (%)

selected to maximize hindcast skill. Table 1 shows that the twopredictor model with the August–September SST in the MDR and
the August–September 925-hPa uT wind performs best for each measure of hurricane activity. Table 1 also shows that the August–
September SST in the MDR alone explains 40–50% of the variance
in hurricane activity during 1965–2005, and that the August–
September 925-hPa uT wind individually explains more variance
than the SST does.
We also asked how sensitive the tropical Atlantic hurricane frequency and activity is to increasing August–September SST in the
MDR and how much of the 40–70% above-norm elevated hurricane
activity during 1996–2005 (Fig. 1) is linked to the 0.27 uC abovenorm Atlantic August–September SST in the MDR during 1996–
2005 (Fig. 2d). We addressed these questions by using our statistical
model and removing the influence of atmospheric wind. Because the
SST and wind factors together explain 75–80% of the variance in
hurricane activity during 1965–2005, the differences in storm numbers and activity that remain after removal of the influence of wind
are assumed to be due to the difference in SST. Removal of the
influence of wind is achieved through multiple linear regression
(see Methods Summary).
Figure 3 displays the deduced contribution from sea warming to
the increase in hurricane frequency and activity between 1965 and
2005. Increasing the August–September SST in the MDR by 0.5 uC
above its climate norm value of 27.3 uC is linked to increases above
the 1950–2000 norm values of 31 6 17% (numbers of tropical
storms), 36 6 17% (numbers of hurricanes), 45 6 24% (numbers
of intense hurricanes) and 49 6 18% (ACE index), with uncertainties
being the 95% confidence interval. The proportions of the abovenorm storm frequency and activity during 1996–2005 (Fig. 1) linked
to the 0.27 uC increase in the August–September SST in the MDR are
120
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METHODS SUMMARY
The influence of the August–September 925-hPa uT wind on hurricane frequency and activity is removed by using a multiple linear regression27–29 of the
form I 5 a 1 bS 1 cW, where I is the hurricane frequency and activity measure in
question, a is the intercept, b and c are constants, S is the August–September SST
in the MDR and W is the August–September 925-hPa uT wind speed. The value
of b is the magnitude of I attributable to S with W held constant. The sensitivity to
sea warming deduced with the multiple-regression approach is similar to that
obtained with a simpler method. The latter selects all ‘year-pairs’ between 1965
and 2005 for which W differs by less than 0.1 m s21 (a threshold equivalent to a
change in storm numbers and activity of less than 5%). Because S and W together
explain a large proportion (75–80%) of the variance in hurricane activity during
1965–2005, the difference in hurricane numbers and activity between these yearpairs is assumed to be attributable to the difference in S. Plotting these differences for every ‘year-pair’ allows the sensitivity to sea warming to be deduced.
The 95% confidence interval for the ACE index regression line in Fig. 3 is
computed from equation 5.16 in ref. 28. This confidence band and similar ones
(not shown) for the regression lines for tropical storms, hurricanes and intense
hurricanes allow the computation of the 95% confidence intervals for how much
of the elevated storm frequency and activity during 1996–2005 may be linked to
the 0.27 uC increase in August–September SST in the MDR.
Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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as follows: 37 6 20% (numbers of tropical storms), 46 6 22% (numbers of hurricanes), 35 6 19% (numbers of intense hurricanes)
and 40 6 15% (ACE index), with uncertainties again being the
95% confidence interval. The likelihood of a positive link between
elevated August–September SST in the MDR and increased hurricane
frequency and activity during 1996–2005 is more than 99% for all
measures.
Our study shows that the current sensitivity of hurricane frequency
to warming sea temperatures in the MDR is large: a 0.5 uC increase in
August–September SST is linked to a ,40% increase in frequency.
This finding pertains to storms forming in tropical regions of the
North Atlantic from which 85–90% of US-landfalling hurricanes
originate. The inclusion of tropical storms forming in the subtropics
slightly reduces the sensitivity to a ,35% increase in frequency for a
0.5 uC increase in August–September SST in the MDR. In individual
years the sensitivity will be higher or lower than this average. For
example, during El Niño events the sensitivity will probably be lower.
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Figure 3 | Sensitivity of tropical Atlantic hurricane activity to increasing
August–September SST in the MDR after removing the influence of
atmospheric wind. The four frequency and activity measures are the same as
in Fig. 1 (numbers of tropical storms (blue), numbers of hurricanes (green),
numbers of intense hurricanes (red) and ACE index (purple). Linear
regression fits for each measure and the 95% confidence interval for the ACE
index fit (dashed purple lines) are shown. All fits are built on data from
1965–2005. The anomaly in SST in the MDR is relative to the 1950–2000
norm value of 27.31 uC. The percentage increases in hurricane frequency and
activity are also relative to 1950–2000 norm values.

5.

6.

7.
8.

Trenberth, K. E. Uncertainty in hurricanes and global warming. Science 308,
1753–1754 (2005).
Emanuel, K. A. Increasing destructiveness of tropical cyclones over the past 30
years. Nature 436, 686–688 (2005).
Landsea, C. W. Hurricanes and global warming. Nature 438, E11–E13 (2005).
Bell, G. D. et al. The record breaking 2005 Atlantic hurricane season. Bull. Am.
Meteorol. Soc. 87, S44–S45 (2006).
Goldenberg, S. B., Landsea, C. W., Mestas-Nunez, A. M. & Gray, W. M. The recent
increase in Atlantic hurricane activity: causes and implications. Science 293,
474–479 (2001).
Webster, P. J., Holland, G. J., Curry, J. A. & Chang, H.-R. Changes in tropical
cyclone number, duration and intensity in a warming environment. Science 309,
1844–1846 (2005).
Emanuel, K. A. Emanuel replies. Nature 438, E13 (2005).
Bell, G. D. & Chelliah, M. Leading tropical modes associated with interannual and
multidecadal fluctuations in North Atlantic hurricane activity. J. Clim. 19, 590–612
(2006).

559
©2008 Nature Publishing Group

LETTERS

9.

10.
11.
12.

13.
14.
15.

16.
17.

18.
19.

20.
21.

22.

NATURE | Vol 451 | 31 January 2008

Hoyos, C. D., Agudelo, P. A., Webster, P. J. & Curry, J. A. Deconvolution of the
factors contributing to the increase in global hurricane intensity. Science 312,
94–97 (2006).
Trenberth, K. E. & Shea, D. J. Atlantic hurricanes and natural variability in 2005.
Geophys. Res. Lett. 33, L12704, doi:10.1029/2006GL026894 (2006).
Mann, M. E. & Emanuel, K. A. Atlantic hurricane trends linked to climate change.
Eos 87, 233–244 (2006).
Elsner, J. B. Evidence in support of the climate change–Atlantic hurricane
hypothesis. Geophys. Res. Lett. 33, L16705, doi:10.1029/2006GL026869
(2006).
Klotzbach, P. J. & Gray, W. M. Causes of the unusually destructive 2004 Atlantic
basin hurricane season. Bull. Am. Meteorol. Soc. 87, 1325–1333 (2006).
Vimont, D. J. & Kossin, J. P. The Atlantic meridional mode and hurricane activity.
Geophys. Res. Lett. 34, L07709, doi:10.1029/2007GL029683 (2007).
Holland, G. J. & Webster, P. J. Heightened tropical cyclone activity in the North
Atlantic: Natural variability or climate trend? Phil. Trans. R. Soc. A 365, 2695–2716
(2007).
Nature editorial. The gathering storm. Nature 441, 549 (2006).
IPCC. Climate Change 2007: The Physical Science Basis. Summary for Policymakers
Æhttp://www.ipcc.chæ (IPCC Secretariat, World Meteorological Organization,
Geneva, 2007).
Waple, A. M. et al. Climate assessment for 2001. Bull. Am. Meteorol. Soc 83,
S1–S62 (2001).
McDonald, R. E., Bleaken, D. G., Cresswell, D. R., Pope, V. D. & Senior, C. A.
Tropical storms: representation and diagnosis in climate models and the impacts
of climate change. Clim. Dyn. 25, 19–36 (2005).
Bengtsson, L., Hodges, K. I. & Roeckner, E. Storm tracks and climate change.
J. Clim. 19, 3518–3543 (2006).
Oouchi, K. et al. Tropical cyclone climatology in a global-warming climate as
simulated in a 20km-mesh global atmospheric model: frequency and wind
intensity analysis. J. Meteorol. Soc. Jpn 84, 259–276 (2006).
Knutson, T. R., Sirutis, J. J., Garner, S. T., Held, I. M. & Tuleya, R. E. Simulation of the
recent multi-decadal increase of Atlantic hurricane activity using an 18-km grid
regional model. Bull. Am. Meteorol. Soc. 88, 1549–1565 (2007).

23. Neumann, C. J., Jarvinen, B. R., McAdie, C. J. & Hammer, G. R. Tropical Cyclones of
the North Atlantic Ocean 1871–1998 (Historical Climatology Series 6-2, National
Oceanic and Atmospheric Administration, Asheville, NC, 1999).
24. Kalnay, E. et al. The NCEP/NCAR 40-year reanalysis. Bull. Am. Meteorol. Soc. 77,
437–471 (1996).
25. Landsea, C. W. Counting Atlantic tropical cyclones back to 1900. Eos 88, 197–202
(2007).
26. Goldenberg, S. B. & Shapiro, L. J. Physical mechanisms for the association of El
Niño and west African rainfall with Atlantic major hurricane activity. J. Clim. 9,
1169–1187 (1996).
27. Wilks, D. S. Statistical Methods in the Atmospheric Sciences 2nd edn (Academic,
San Diego, 2006).
28. Kleinbaum, D. G., Kupper, L. L. & Muller, K. E. Applied Regression Analysis and Other
Multivariable Methods 2nd edn (Duxbury Press, Belmont, CA, 1988).
29. Saunders, M. A. & Lea, A. S. Seasonal prediction of hurricane activity reaching the
coast of the United States. Nature 434, 1005–1008 (2005).
30. Elsner, J. B. & Schmertmann, C. P. Assessing forecast skill through crossvalidation. Weath. Forecasting 9, 619–624 (1994).

Supplementary Information is linked to the online version of the paper at
www.nature.com/nature.
Acknowledgements We thank J. B. Elsner for helpful comments on the manuscript.
This work is supported by the TSR (Tropical Storm Risk) venture sponsored by
Benfield (an independent reinsurance intermediary), Royal & SunAlliance (an
insurance group), and Crawford & Company (a claims management solutions
company). We acknowledge NOAA-CIRES, Climate Diagnostics Center, for the
NCEP/NCAR Global Reanalysis Project data and NOAA’s Hurricane Research
Division for the HURDAT North Atlantic hurricane database.
Author Contributions M.A.S. instigated and directed the research and wrote the
manuscript. A.S.L. performed the data analysis and contributed ideas.
Author Information Reprints and permissions information is available at
www.nature.com/reprints. Correspondence and requests for materials should be
addressed to M.A.S. (mas@mssl.ucl.ac.uk).

560
©2008 Nature Publishing Group

doi:10.1038/nature06422

METHODS
Predictor selection. The following predictor selection rule was used to select the
region for the August–September 925-hPa uT wind (Fig. 2a). The area-averaged
wind anomaly must be linked significantly (correlation P , 0.01 after correction
for serial autocorrelation29) to the ACE index and number of hurricanes for each
training period 1950–1964, 1950–1965, 1950–1966, …, 1950–2004. This rule
simulates the selection process for the predictor region in a replicated real-time
forecast sense. The selected region is situated appropriately to influence cyclonic
vorticity and vertical wind shear over the main hurricane track region. The
region used for the August–September SST in the MDR is the hurricane
‘development region’ employed in ref. 31. This region is similar to the hurricane
MDR employed in ref. 26. The region used for the August–September 200–850hPa vertical wind shear (Table 1) is chosen to maximize predictive skill for
hurricane frequency and activity between 1965 and 2005.
Vertical wind shear. Vertical wind shear is defined as the magnitude of the
vector difference between monthly mean winds at 850 and 200 hPa (see, for
example, ref. 5). Computing vertical wind shear as the monthly mean of the
difference of the two vector wind fields in six-hourly data gives similar values and
predictive skill (Table 1).
31. Saunders, M. A. & Harris, A. R. Statistical evidence links exceptional 1995 Atlantic
hurricane season to record sea warming. Geophys. Res. Lett. 24, 1255–1258
(1997).
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