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during the above desertification period had ra-
diative forcing of +0.006 W m−2, a factor of 24
smaller and in the opposite direction than the
combined radiative effects [compare with (28)].

On the basis of our estimates, the total de-
sertification in the semi-arid regions had a
combined RF of about –0.14 W m−2. This coun-
teracts the equivalent of ~20% of the global
RF associated with the 44-ppmv increase in
atmospheric CO2 over the same period [(35)
e.g., (0.145–0.006)/0.62; see Eqs. 1 and 2], mod-
erating the potential warming trend. This mod-
erating effect adds to that assigned to the low
CO2 airborne fraction resulting from ocean and
land carbon sinks (34). These are clearly first
approximations, but the large effects and the
large area involved with generally stable high-
radiation low-cloud conditions make these esti-
mates relatively robust and demonstrate again the
importance of research in the semi-arid regions.
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Modeled Impact of Anthropogenic
Warming on the Frequency of Intense
Atlantic Hurricanes
Morris A. Bender,1* Thomas R. Knutson,1 Robert E. Tuleya,2 Joseph J. Sirutis,1
Gabriel A. Vecchi,1 Stephen T. Garner,1 Isaac M. Held1

Several recent models suggest that the frequency of Atlantic tropical cyclones could decrease as the
climate warms. However, these models are unable to reproduce storms of category 3 or higher intensity.
We explored the influence of future global warming on Atlantic hurricanes with a downscaling strategy
by using an operational hurricane-prediction model that produces a realistic distribution of intense
hurricane activity for present-day conditions. The model projects nearly a doubling of the frequency
of category 4 and 5 storms by the end of the 21st century, despite a decrease in the overall frequency of
tropical cyclones, when the downscaling is based on the ensemble mean of 18 global climate-change
projections. The largest increase is projected to occur in the Western Atlantic, north of 20°N.

Rising sea-surface temperatures (SSTs)
and a possible increase in Atlantic basin
hurricane activity since 1950 have raised

concern that human-caused climate change may

be increasing Atlantic hurricane activity. In-
creasing amounts of greenhouse gases are a
likely factor in the recent warming of tropical
Atlantic SSTs (1–3), although internal variability

(4) and reduced aerosol or dust forcing (5, 6) may
have also contributed. Some statistical analyses
suggest a link betweenwarmer Atlantic SSTs and
increased hurricane activity (6–8), although other
studies contend that the spatial structure of the
SST change may be a more important control on
tropical cyclone frequency and intensity (9–11).
A few studies (6, 8, 12) suggest that greenhouse
warming has already produced a substantial rise
in Atlantic tropical cyclone activity, but others
question that conclusion (9, 11, 13).

Dynamical models that can reproduce certain
aspects of the observed frequency, structure, and
intensity of hurricanes bring an important perspec-
tive to these questions (9, 10, 14–16). A recent
modeling study (16) at the National Oceanic and
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08540, USA. 2Center for Coastal Physical Oceanography, Old
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AtmosphericAdministration’s (NOAA)Geophys-
ical Fluid Dynamics Laboratory (GFDL) using an
18-km grid regional atmospheric model (ZETAC)
has demonstrated success in reproducing the trend
and year-to-year variability in August-through-
October Atlantic tropical cyclone frequency during
1980 to 2005 [supporting online material (SOM)
text]. The modeled interannual variability of hur-
ricane counts was well-correlated with observed
counts (r = 0.86) and exhibited an increasing trend
during 1980 to 2005, although themodeled count
was somewhat larger than what was observed.

Hurricane frequency in a globally warmed,
late-21st-century climate was investigated in a
subsequent study (9) by perturbing the mean at-
mospheric state and SSTs given in (16) by an

ensemble-mean (18 models) late-21st-century
climate change projection. The 18 models are
from the World Climate Research Program
coupledmodel intercomparison project 3 (CMIP3)
(17) and use the Intergovernmental Panel on
Climate Change (IPCC)A1B emissions scenario.
The frequencies of both tropical storms and hur-
ricanes in the ZETAC model were significantly
reduced (–27% and –18%, respectively) in the
warm climate relative to the control. However,
the model was unable to simulate major hur-
ricanes (category 3 to 5) with maximum winds
greater than 50 m/s (Fig. 1B).

To improve the simulations of intensity, we
extend the modeling approach of (9) by down-
scaling each individual model storm from that

study with two different operational versions of
the GFDL hurricane model (18). The National
Weather Service (NWS) version of the model
(termed here GFDL) has been used operationally
since 1995, and since 2001, it has been coupled
to a three-dimensional ocean model (19). The sys-
tem has remained largely unchanged from 2006
through 2009 and has been run on a large sam-
ple of tropical cyclones of varying intensity. The
second closely related version of this hurricane
model (GFDN) has been run operationally by
the U.S. Navy since 1996 for tropical cyclone
activity globally. The GFDN model was up-
graded in 2008 and usesmodified surface physics
compared with the GFDL version, providing a
test of robustness of our results.

Fig. 1. Simulated and
observed histograms of
maximum surface wind
speed (m/s) in the Atlan-
tic basin. (A) Simulated
versus observed maxi-
mum winds for every
120-hour forecast made
(at 6-hour intervals)
during the 2006 to
2009 hurricane seasons,
using the GFDL opera-
tional model run by
NOAA’s NWS (excluding
depressions). (B) Nor-
malized intensity histo-
gram (dividing by the
total number of storms)
for the ZETAC regional
model (red), the com-
bined GFDL (NWS) and
GFDN (Navy) downscal-
ings (blue), and the observed (black) for the 27 seasons (1980 to 2006) of the
control simulations. (C and D) Observed (C) and simulated (D) cumulative
maximum wind distribution (CDFs) comparing the period 1995 to 2006 (blue) to
1980 to 1994 (red). (E) Comparison of control (black) and warm climate (red)
distributions (combinedGFDL andGFDNmodels) based on the 18-member CMIP3

ensemble A1B scenario climate change. (F) Comparison of control (black) and
warm climate (colors) distributions for the GFDL and GFDN models based on the
four individual CMIP3model A1B warming scenarios. To save computer resources,
the four supplemental experiments (F) were only run for the 13 odd years during
1981 to 2005.
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Table 1. Comparison of observed and control storm counts from the GFDL
downscaling experiments for various categories of storm intensity and the
percent change for each of the five warmed climate conditions. Results for all 27
years from1980 through2006 are shown in the leftmost three columns, with the
columns indicated by asterisks computed for the 13 odd years only. The results
are from the average of storm counts for the two versions of the operational

hurricane model (versions run by NOAA’s National Weather Service and the U.S.
Navy). The warmed climate perturbation runs are based on downscaling the
same seasons but with the addition of the mean climate change difference field
between the 2001 to 2020 and the 2081 to 2100 periods from the CMIP3model
ensemble or the linear trend over 2000 to 2100 for each model, scaled to 80-
year magnitude, for each of the four individual CMIP3 models (SOM text).

Type of storm Number of
observed
storms
(average
storms per

year)

Number of
storms in
control
(average
storms per

year)

Ensemble
warmed
climate

(every year;
percent
change)

Ensemble
warmed
climate*
(percent
change)

GFDL-CM2.1
warmed
climate*
(percent
change)

MRI-CGCM
warmed
climate*
(percent
change)

MPI-ECHAM5
warmed
climate*
(percent
change)

UKMO-
HADCM3
warmed
climate*
(percent
change)

Tropical storms
and hurricane

9.0 10.9 –28% –28% –4% –22% –33% –49%

Hurricane
(33 m/s or above)

5.3 8.0 –32% –33% –7.5% –24% –40% –60%

Major hurricane 2.4 2.7 –18% –18% 40% 8% –30% –60%
Category 4 and 5 1.4 0.59 81% 75% 110% 110% 21% –53%
Winds greater than 65 m/s 0.52 0.11 250% 220% 160% 180% 80% –60%
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Operational forecasts from the GFDL hurri-
cane model have a distribution of maximum
winds that agrees well with observations (Fig. 1A
and fig. S1), and the model simulates a much
more realistic distribution of intense hurricane
winds than the ZETAC regional model does (Fig.
1B). To evaluate the GFDL model’s ability to
simulate the interdecadal variability of Atlantic
hurricane intensities, we compared the observed
and simulated cumulative distribution functions
(CDFs) of maximum wind for the relatively in-
active and active eras of 1980 to 1994 and 1995
to 2006 (Fig. 1, C and D). The observed CDF
(Fig. 1C) is shifted toward higher intensities in
the more-active era. The GFDL model (Fig. 1D)
reproduces this tendency toward higher inten-
sities, but underpredicts the magnitude of the
change. The intensity distributions in Fig. 1, A
and B, and the qualitative simulation in Fig. 1, C
and D, of the multidecadal increase of hurricane
intensity raises our confidence in the model’s
ability to simulate the effects of changes in the
storm environment on intensity. However, the
model’s underprediction of the magnitude of
the multidecadal intensity signal provides a note
of caution. Future studies with significantly in-
creased model horizontal resolution and explicit
treatment of convection could potentially alter
sensitivities to wind shear and other environ-
mental conditions.

Despite the reduced storm frequency that
was simulated in ZETAC (9), the distribution of
maximum winds of the downscaled storms from
the hurricane model shows an increase in the
number of the most intense storms for the warm-
er climate compared with the control climate
(Fig. 1E). Focusing on the category 4 and 5 hur-
ricanes with maximumwinds greater than 60 m/s,
the total number (GFDN plus GFDL) increased
sharply from 24 to 46. Hurricanes with winds
greater than 65 m/s increased from 6 to 21.

Four individual CMIP3 global models were
also downscaled using the same two-step meth-
odology as is used in the 18-model ensemble.
These four individual CMIP3 models (17) are the
GFDL-CM2.1, the Japanese Meteorological Re-
search Institute MRI-CGCM, the Max Planck In-
stituteMPI-ECHAM5, and the Hadley Centre UK
Meteorological Office UKMO-HadCM3. Because
we used a single realization of the late-21st-century
climate scenario (A1B) from each global model,
the simulation results may differ between models
in part because of internal variability, as well as
because of differences in the global model for-
mulations or precise forcings, although our exper-
imental design attempts to reduce the influence of
internal variability on the results (SOM text).

Figure 1F shows the intensity distributions
obtained from downscaling the four individual
CMIP3 models. The substantial differences be-
tween the resulting projections of intense hur-
ricane activity imply that there are important
differences among the large-scale environment
changes projected by the 18-model ensemble
(fig. S2) and by the individual models (fig. S3).

The largest increase in category 4 and 5
hurricane numbers is simulated for the GFDL-
CM2.1 and MRI-ECHAM5 models, with each

exhibiting an increase of over 100% (Table 1),
despite simulated reductions in the total number
of hurricanes by 8% and 24%, respectively. On
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the other hand, the downscaling of the UKMO-
HadCM3 produces a decrease in all categories
of tropical cyclones. For the odd years, the
most-intense simulated hurricanes (>65-m/s
winds) in four of the five model projections
(including the 18-model ensemble) showed an
increase, ranging from 80 to 220%.

The year-by-year changes (warm minus con-
trol) of storm counts for each of the five down-
scaled climates were examined (Fig. 2). Results
are presented separately for five different classes
of storm intensity. Reduced numbers of both
tropical storms and hurricanes are simulated
nearly every year in the warm climate runs. For

major hurricanes (category 3 to 5), a mix of in-
creases and decreases is simulated, whereas for
very intense hurricanes (category 4 and 5), a
more robust increase in frequency results. Final-
ly, the most intense hurricanes (>65 m/s) showed
either no change or an increase in every year
except one.

Fig. 3. (Left) Tracks for
all storms reaching catego-
ry 4 or 5 intensity, for the
control and the warmed
18-model ensemble condi-
tions, as obtained using
the GFDL/NWS hurricane
model. (Right) The spatial
distribution of category 4
and 5 occurrences (scaled
by storm counts per dec-
ade) for the combined
control (average of the
GFDL and GFDN model
versions, top right); the
combined CMIP3 18-
model ensemble warmed
climate results (middle
right); and the difference
between the warmed cli-
mate and control intense
hurricaneoccurrences (bot-
tom right). (The tracks for
both the GFDL and GFDN
models are presented in
fig. S7 for comparison.)
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of the model, GFDN, are
presented in fig. S8).
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The tracks and spatial distribution of category 4
and 5 hurricanes (Fig. 3) for the control and the
warm climate (18-model ensemble) indicate that
the largest increase of very intense hurricane ac-
tivity is projected for the western Atlantic between
20°N and 40°N. This region corresponds fairly
well with a region of increased potential intensity,
reduced vertical wind shear, and increased SSTs
(20) (fig. S2). In contrast, the ensemble mean
exhibits an increase of shear in the Caribbean and
mixed changes in the Gulf of Mexico (20) (fig.
S2). The number of hurricane days for all cate-
gories, including category 4 and 5, decreases sub-
stantially in the Caribbean, with more modest
decreases in the Gulf of Mexico (fig. S4).

The distribution of category 4 and 5 tracks and
spatial distribution obtained from downscaling
climate changes from the four individual CMIP3
models (Fig. 4 and fig. S6) show that for three of
the four models, an increase of intense hurricane
activity occurs in the region of thewesternAtlantic
similar to the increase in the 18-model ensemble
case. The decreased activity in the fourth model
(UKMO-HadCM3)plausibly results from thatmod-
el’s relatively large projected increase inwind shear
over much of the Atlantic south of 22°N (fig. S3),
as well as a decrease in potential intensity in the
western Atlantic equatorward of 25°N. In contrast,
the GFDL-CM2.1 model projects reduced shear
over most of the western Atlantic, whereas the
MRI-CGCM andMPI-ECHAM5models project
shear changes (and simulated storm changes)
between these two extremes. The differences be-
tween the individual GCM responses (fig. S3)
and the ensemble-mean response (20) (fig. S2)
give some indication of the uncertainty of the
projected changes due to model formulation and/
or forcing differences. Quantification of the rel-
ative influence of shear, potential intensity, or
other environmental factors on these results is
beyond the scope of this study.

The results in Figs. 3 and 4 used the GFDL/
NWS version of the hurricane model. As a sen-
sitivity test, the experiments were repeated using
the alternative GFDN model. For both the 18-
model CMIP3 ensemble (fig. S7) and the four in-
dividual CMIP3 models (fig. S8), the results are
similar for the two operational models, increasing
confidence in the robustness of our findings.

An analysis of normalized hurricane damage in
the United States during 1900 to 2005 (21) indi-
cates that major (category 3 to 5) and very intense
(category 4 and 5) hurricanes at landfall accounted
for 86% and 48% of all hurricane damage,
respectively, despite accounting for only 24% and
6% of U.S. landfalls. Combining these findings
with our model-based projections of the percent
change in number of hurricanes for each category,
we estimated changes in damage potential (table
S1). For the CMIP3 ensemblemean and for two of
four individual models, the increase in damage
potential from the increase in very intense hur-
ricanes outweighs the decrease in damage potential
from the reduced occurrence of weaker systems. A
damage potential increase of roughly 30% is pro-

jected for the CMIP3 18-model ensemble, with a
range of roughly –50% to +70% among the four
individual CMIP3 models. These estimates use
projected storm changes over the entire North
Atlantic basin. The estimate for the ensemble-
mean CMIP3 model, in particular, would be in-
creased if we took into account that the largest
increase of intense hurricane frequency is projected
for the western part of the basin.

For the downscaling of the 18-model CMIP3
ensemble-mean climate change, the frequency of
category 4 and 5 hurricanes increased by 81% in
80 years (Table 1), corresponding to a linear trend
of roughly +10% per decade. We estimate that
the emergence time scale ( p = 0.05) for such a
linear trend would be roughly 60 years, based on
bootstrap resampling tests using noise character-
istics from the observed category 4 and 5 hur-
ricane time series since 1944 (SOM text).

The A1B scenario for the 21st century includes
significant reductions in aerosols as well as in-
creases in greenhouse gases; we have not attempted
to separate the effects of these two forcings in our
projections. To the extent that aerosol effects are
significant, rescaling these projections to historical
periods with a different mix of aerosol and green-
house gas forcings is problematic. We refer to the
mix of forcings in theA1B scenario as “A1B-like.”

Assuming that we can rescale our model pro-
jections to the observed (~0.5°C) tropical Atlan-
tic warming since 1944, the expected increase in
category 4 and 5 hurricanes from 1944 to 2008
due to A1B-like anthropogenic effects is only
about +20%, or about one-third of the projected
change at our estimated time of signal emer-
gence. Although our internal variability estimate
is very uncertain, these results suggest that one
would not expect to detect an A1B-like anthro-
pogenic influence on Atlantic basin category 4
and 5 frequency at the present time.

The observed category 4 and 5 time series for
1944 to 2008 (fig. S9), which incorporates a
downward adjustment of intensities for certain
storm classes during 1944 to 1969 (22), shows a
pronounced increase since the 1970s. The fre-
quency also increases bymore than a factor of two,
in terms of the estimated linear trend, over the
period 1944 to 2008.We suspect, however, that the
trend since 1944 is biased high because of changes
in the capabilities of observing systems during the
record, although a quantitative evaluation of such a
bias is beyond the scope of this study. In addition to
data problems (13, 22), the potential influence on
trends of Atlantic multidecadal variability (4) is
cause for concern. If one has confidence in our
downscaling results, and assumes that our A1B
downscaling can be rescaled to apply to 1944 to
2008, this leads to a trend that is less than one-fifth
of the observed magnitude. Such a small trend
argues against the interpretation of the larger ob-
served trend as resulting from a (rescaled) A1B-
like anthropogenic forcing. On the other hand, our
model’s underestimate of the difference in intensity
distributions between active and inactive periods
(Fig. 1, C versus D) raises some note of caution

concerning our model’s estimate of anthropogenic
intensity trends.

Our results suggest that a significant anthro-
pogenic increase in the frequency of very intense
Atlantic hurricanes may emerge from the back-
ground climate variability in the latter half of the
21st century, despite a projected decrease in the
overall number of hurricanes. These findings are
dependent on the global climate models used to
provide the environmental conditions for our down-
scaling experiments. Future studies should reassess
our findings using both updated climatemodel pro-
jections and improved hurricane simulation models.
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