Downscaling CMIP5 climate models shows increased
tropical cyclone activity over the 21st century
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A recently developed technique for simulating large [0(10%)] num-
bers of tropical cyclones in climate states described by global grid-
ded data is applied to simulations of historical and future climate
states simulated by six Coupled Model Intercomparison Project 5
(CMIP5) global climate models. Tropical cyclones downscaled from
the climate of the period 1950-2005 are compared with those of
the 21st century in simulations that stipulate that the radiative
forcing from greenhouse gases increases by 8.5 W-m~2over pre-
industrial values. In contrast to storms that appear explicitly in
most global models, the frequency of downscaled tropical cyclo-
nes increases during the 21st century in most locations. The inten-
sity of such storms, as measured by their maximum wind speeds,
also increases, in agreement with previous results. Increases in
tropical cyclone activity are most prominent in the western North
Pacific, but are evident in other regions except for the southwest-
ern Pacific. The increased frequency of events is consistent with
increases in a genesis potential index based on monthly mean
global model output. These results are compared and contrasted
with other inferences concerning the effect of global warming on
tropical cyclones.

climate change | natural hazards

S ome 90 tropical cyclones develop around the world each year,
and this number has been quite stable since reliable records
began at the dawn of the satellite era, about 40 y ago. The in-
terannual variability of just over nine storms per year is not
distinguishable from a Poisson process. The physics behind these
numbers remains enigmatic, and the general relationship be-
tween tropical cyclone activity and climate is only beginning to
be understood.

It has been known for at least 60 y that tropical cyclones are
driven by surface enthalpy fluxes (1, 2), which depend on the
difference between the saturation enthalpy of the sea surface and
the moist static energy of the subcloud layer. On time scales
larger than that characterizing the thermal equilibration of the
ocean’s mixed layer (roughly a year), this enthalpy difference is
controlled by the net radiative flux into the ocean, the net con-
vergence of ocean heat transport, and the mean speed of the
surface wind (3). An increase of the net surface radiative flux,
brought about by increasing greenhouse gas concentrations, should
result in an increase in the enthalpy jump at the sea surface,
enabling tropical cyclones of greater intensity. Calculations with
a single-column model (4) confirm that increasing greenhouse
gas content increases the enthalpy jump and, with it, the po-
tential intensity of tropical cyclones. Experiments with general
circulation models also show that the intensity of the most in-
tense tropical cyclones, which are usually close to their ther-
modynamic intensity limit, generally increases as the planet
warms (e.g., refs. 4, 5).

Although global warming increases the thermodynamic po-
tential for tropical cyclones, the frequency and to some extent
the intensity of such storms respond to several other environmental
factors, first elucidated by Gray (6). These include the vertical
shear of the horizontal wind, environmental vorticity, and the
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humidity of the free troposphere. The response of one or more of
these additional factors to global climate change generally results
in a reduction of the global frequency of tropical cyclones as the
climate warms, seen in many explicit and downscaled simulations
using global climate models (7). The most likely explanation for
this decrease is the increase in the saturation deficit of the free
troposphere as represented by the nondimensional parameter y
defined by Emanuel (8):

h* —hy,
e hy —h* (1]
where 7" is the saturation moist static energy of the free tropo-
sphere (nearly constant with altitude in a moist adiabatic atmo-
sphere), h,, is a representative value of the actual moist static
energy of the middle troposphere, and A is the saturation moist
static energy of the sea surface. (h, is probably better repre-
sented by a pressure-weighted mean over the moist convective
layer. In that case, Eq. 1 can be interpreted as the ratio of the
time scale for surface fluxes to saturate the troposphere to the
time scale for surface fluxes to bring the whole troposphere into
thermodynamic equilibrium with the ocean.) Under global
warming, both the numerator and the denominator of Eq. 1 in-
crease, but the former increases somewhat faster than the latter.
At constant relative humidity, the numerator increases with tem-
perature following the Clausius—Clapeyron relation, while the
denominator increases in proportion to the surface turbulent
enthalpy flux, which in the global annual mean is constrained
to balance the net radiative cooling of the troposphere, which
increases only slowly with global warming (9). Although one may
therefore expect y to increase in the global mean, its trend is
highly variable from region to region.

Although theory and models indicate that both potential in-
tensity and y will increase with global mean temperature, leading
to the expectation that storm intensity will increase while storm
frequency will decrease, one must rely on numerical simulations
to produce more detailed and quantitative information on how
these storms might respond to climate change. The starting point
for most estimates of climate change effects on tropical cyclones
is the global climate model. Three techniques have been used to
estimate tropical cyclone climatology from global models:

i) Direct simulation: Most climate models today directly simu-
late tropical cyclones, although they are poorly resolved. It
proves not entirely straightforward to detect tropical cyclones
in the output of global models, and although there has been

Author contributions: K.A.E. designed research, performed research, analyzed data, and
wrote the paper.

Conflict of interest statement: The technique used here to estimate the level of tropical
cyclone activity in CMIP5-generation climate models is also used by a firm, WindRiskTech
LLC, in which the author has a financial interest. That firm applies the technique to
estimate tropical cyclone risk for various clients.

This article is a PNAS Direct Submission.

"E-mail: emanuel@mit.edu.

PNAS Early Edition | 10of 6

wv
; 8
2=
Gy
I
wv

Sz
by
3

E&
-
W=z
<



mailto:emanuel@mit.edu
www.pnas.org/cgi/doi/10.1073/pnas.1301293110

<
pd

AN

N\

much progress on this (e.g., ref. 10), a single, universally
agreed-on algorithm has yet to emerge. A clear advantage
of direct simulation is that it requires no additional assump-
tions or model applications (other than the detection algo-
rithm). An important limitation of this approach is that it
severely underresolves tropical cyclones, resulting in a sub-
stantial truncation of the intensity spectrum of simulated
storms, even at 50-km grid spacing (11), and usually produces
fewer events than observed (12).

ii) Dynamical downscaling: This technique embeds high-resolution
regional or local models within general circulation models
(GCMs) producing more highly resolved tropical cyclones.
It has the advantage of providing high spatial resolution,
but suffers from a number of disadvantages, including
problems arising from a mismatch of the regional model
physics with those of the global model (13) and the lack of
feedback of the simulated storms to the global climate
system. Nevertheless, we apply a variant of this technique
in the present paper.

iii ) Genesis indices: This technique, pioneered by Gray (6), em-
pirically relates observed frequencies of tropical cyclogenesis
to large-scale environmental factors as provided by climato-
logical or global model data. These indices have the advan-
tage of a strong empirical foundation and easy applicability
to model or reanalysis datasets. On the other hand, they only
predict genesis locations and frequencies and do not account
for changes in tracks or intensity; moreover, they are usually
developed and calibrated to capture regional variability and
may not respond accurately to global changes.

A comprehensive listing of these three techniques applied to
Coupled Model Intercomparison Project (CMIP) 3-generation
climate models is provided in the supplementary information
accompanying Knutson et al. (7), who also summarize the main
results of the applications of these techniques. Taken together,
they imply a global decrease in the frequency of weaker events
but an increase in high-intensity cyclones. On the other hand,
there is large intermodel and interbasin variability in such trends.
Most models also predict an increase in precipitation associated
with tropical cyclones in most regions (Knutson et al., ref. 7).

Early results from CMIP5 model simulations show mixed
results for global and Atlantic tropical cyclone frequency (12, 14,
15) and some indication of an increase in North Atlantic tropical
cyclone intensity (16). Although there are too few results to make
any decisive statements, these early papers suggest less decrease—
and perhaps no decrease—in tropical cyclone frequency, com-
pared with earlier results based on CMIP3-generation models.
The only CMIP5-based intensity projections so far pertain to the
North Atlantic and these suggest increasing intensity (16).

Technique and Models

The present work applies the downscaling technique of Emanuel
et al. (9) to six CMIPS global models. Initially, we selected all

Table 1. List of CMIP5 models and horizontal resolutions

seven of the global models that archived all of the output needed
by our technique, but discarded one of the models that contains
large discontinuities between the end of simulations representing
the historical period (1950-2005) and the beginning of simu-
lations representing climate projections into the 21st century
(2006-2100), owing to a discontinuity in aerosol content. The six
models we selected are the Community Climate System Model 4
(CCSM4) of the National Center for Atmospheric Research
(NCAR), the Climate Model 3 (CM3) of the Geophysical Fluid
Dynamics Laboratory (GFDL) of the National Oceanic and At-
mospheric Administration (NOAA), the Hadley Center Global
Environment Model version 2 Earth System (HadGEM2-ES)
model of the United Kingdom Meteorological Office Hadley
Center, the Max Planck Institution Earth System Model Me-
dium Resolution (MPI-ESM-MR) model of the Max Planck
Institution, the Model for Interdisciplinary Research on Cli-
mate Version 5 (MIROCS) of the Japan Agency for Marine-
Earth Science and Technology, Atmosphere and Ocean Re-
search Institute of the University of Tokyo and the National
Institute for Environmental Studies, and the Meteorological
Research Institute Climate General Circulation Model 3 (MRI-
CGCM3) of the Meteorological Research Institute of Japan.
These models will hereafter be referred to respectively as
NCAR, GFDL, MOHC, MPI, MIROC, and MRI. They are
listed in Table 1 along with their approximate horizontal
resolutions.

Our technique applies a highly resolved, coupled ocean—
atmosphere model formulated in angular momentum coordinates
(8) to tropical cyclone tracks initiated by random seeding in
space and time, and propagated forward using a beta-and-
advection model driven by winds derived from the climate model
simulations. The intensity model is integrated along each track.
In practice a large majority of the events suffer declining in-
tensity from their onset and are discarded; the survivors consti-
tute the tropical cyclone climatology of the model.

The downscaling model relies on large-scale winds both to
drive the beta-and-advection track model and to derive the
wind shear that is required by the intensity model. As de-
scribed in Emanuel et al. (17), the winds are derived from
synthetic time series of winds constrained to have the same
monthly means as those produced by the global model, as well
as the same monthly mean covariances among the wind com-
ponents at two model levels, where the fluctuations are defined
in terms of departures of daily means from monthly means.
The wind time series are also constrained to have power spectra
that fall off with the cube of the frequency. The thermody-
namic input to the intensity model consists of monthly mean
potential intensity and 600 hPa temperature and specific hu-
midity derived from the global models. The ocean component
of the intensity model requires ocean mixed layer depth and
sub mixed layer thermal stratification; in the simulations de-
scribed here, we use present-day climatology for both these
quantities. Thus, the effect of global warming on the thermal

Average horizontal

Modeling center Institute ID Model name resolution, °
National Center for Atmospheric Research NCAR CcCsM4 1.25 x 0.94
NOAA Geophysical Fluid Dynamics Laboratory GFDL CcM3 25x%x2.0
Met Office Hadley Center MOHC HADGEM2-ES 1.875 x 1.25
Max Planck Institute for Meteorology MPI MPI-ESM-MR 1.875 x 1.865
Atmosphere and Ocean Research Institute (The University of Tokyo), MIROC MIROCS 1.41 x 1.40
National Institute for Environmental Studies, and Japan Agency
for Marine-Earth Science and Technology
Meteorological Research Institute MRI MRI-CGCM3 2.81 x 2.79
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stratification of the upper ocean is not considered here. Earlier
work showed that order 10% increases in ocean mixed layer
thickness have very minor effects on tropical cyclone activity (18),
but future work will incorporate modeled changed in upper ocean
thermal structure.

When driven by National Center for Atmospheric Research/
National Centers for Environmental Prediction (NCAR/NCEP)
reanalyses during the period 1980-2006, this downscaling tech-
nique with a constant rate of random seeding produces results
that explain as much of the observed variance and trends in
North Atlantic tropical cyclone activity as do certain global
models (11, 19) and the regional downscaling model of Knutson
et al. (20), which was also driven by NCAR/NCEP reanalysis
data. The technique captures well the observed spatial and sea-
sonal variability of tropical cyclones around the globe, as well as
the effects of such climate phenomena as El Nino Southern
Oscillation (ENSO) and the Atlantic Meridional Mode (9).
When driven by reanalysis data that extend over much of the
20th century, the downscaling technique captures observed
trends in storm frequency in all ocean basins except for the
eastern North Pacific (21). Thus, there are objective reasons to
have some confidence in the ability of the downscaling technique
to simulate the effects of climate and climate change on tropical
cyclone activity. An important advantage of this technique over
explicit simulation with global and regional models is that its
high resolution of the storm core allows it to capture the full
intensity spectrum of real storms.

Our downscaling technique requires a single global calibra-
tion of the rate of seeding. Here we calibrate the seeding rate
used by each model so as to produce 80 events globally with
maximum 1-min winds at 10 m altitude exceeding 40 knots (kn),
averaged over the historical period 1950-2005. Because some of
the events included in our dataset have maximum winds less than
40 kn, the total storm frequencies shown here may have 1950-
2005 averages slightly larger than 80. It should also be noted that,
in contrast to Emanuel et al. (9), we downscale each year of
model data separately. We ran 600 events per year globally,
for each of the years in the span 1950-2100, using historical
simulations for the period 1950-2005 and the Representative
Concentration Pathway 8.5 (RCP8.5) scenario for the period
2006-2100. This large number of events keeps the strictly random
(Poisson) interannual variability of global storm counts at less
than 5%.
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Fig. 1. Global annual frequency of tropical cyclones averaged in 10-y blocks
for the period 1950-2100, using historical simulations for the period 1950-
2005 and the RCP8.5 scenario for the period 2006-2100. In each box, the red
line represents the median among the six models, and the bottom and tops
of the boxes represent the 25th and 75th percentiles, respectively. The
whiskers extend to the most extreme points not considered outliers, which
are represented by the red + signs. Points are considered outliers if they lie
more than 1.5 times the box height above or below the box.
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Fig. 2. Change in track density, measured in number of events per 4° x 4° grid
box per year, averaged over the six models. The change is the average over the
period 2006-2100 minus the average over 1950-2005. The white regions are
where fewer than five of the six models agree on the sign of the change.

Results

Fig. 1 shows a box plot of the global frequency of downscaled
tropical cyclones, averaging each simulation over 10-y blocks. An
increase in global mean frequency during roughly the first three
quarters of the 21st century is indicated, with a total increase in
the range of 10-40%. Fig. 2, displaying the change in track
density averaged over the five models, shows that most of the
increase in frequency is in the North Pacific, but with substantial
increases in the North Atlantic and South Indian oceans as well.

One distinct advantage of our downscaling technique is that it
captures the full spectrum of storm intensity (17), in contrast with
direct global model simulations, which truncate the high-intensity
events (11) that do a disproportionate amount of total tropical
cyclone damage (22, 23). One convenient measure of tropical
cyclone intensity is the power dissipation index, an estimate of the
total amount of kinetic energy dissipated by tropical cyclones over
their lifetimes (24). The power dissipation index is the integral
over the lifetime of the storm of its maximum surface wind cubed.
Here we also accumulate global power dissipation over each 10-y
block from 1950 to 2100 and display the result in Fig. 3. Averaged
over the six models, power dissipation increases by about 45%
over the 21st century. Of this increase, very nearly half comes
from the increase in the frequency of events discussed previously;
the other half comes from an increase in the cube of the surface
winds. This is reflected in a 40% increase globally in hurricanes of
Saffir-Simpson category 3 and higher.

The spatial distribution of the increase in power dissipation is
illustrated in Fig. 4. Consistent with the increase in track density,
most of the increase in power dissipation is in the North Pacific,
but with significant increases in the western part of the North
Atlantic and in the South Indian Ocean as well. Averaged over
the six models, the power dissipation at landfall increases by
about 55% over the 21st century, consistent with the increase in
basin-wide power dissipation. (Landfall power dissipation is de-
fined at the cube of the surface winds at the last 2-h snapshot of
a tropical cyclone before landfall. Landfall is defined in terms of
1/4 x 1/4 degree bathymetry.)

Overall, these results project substantial increases in tropical
cyclone activity under the RCP8.5 emissions pathway, at least for
the six models used here. In the next section, these results are
analyzed and compared and contrasted with previous work.

Analysis and Comparison with Previous Work

Although the physics underlying the frequency of tropical cyclo-
genesis are not well understood, several indices have been de-
veloped that empirically relate observed tropical cyclogenesis rates
to environmental variables thought to be important in controlling
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tropical cyclone climatology (e.g., refs. 6, 25). Here we use the
genesis potential index (GPI) developed by Emanuel (21):

GPI= o™ MAX (Vyor=35m-571),0)° (25 m 57" + Vi)™,

[2]

where # is the absolute vorticity of the 850 hPa flow, V), is the
potential intensity in m-s™', Vi is the magnitude of the 850
hPa-250 hPa wind shear (in m-s™'), and y is defined by Eq. 1
Genesis indices like the one used here, based on potential inten-
sity, have an intrinsic advantage over those that are based on sea
surface temperature over a threshold (e.g., refs. 26-28), in that
there is no physical justification for a climate-invariant sea surface
temperature threshold. Indeed, when applied to global models
under global warming, these sea surface temperature threshold-
based indices produce unrealistic increases in activity (27).

We calculate the GPI defined by Eq. 2 for each of the six
models, using monthly mean thermodynamic data, 850 hPa
vorticity, and 250-850 hPa wind shear. We then sum the GPI
over all 12 mo of each year, and over the whole planet. (Note
that the GPI vanishes wherever the potential intensity is less than
or equal to 35 ms~!.) This is done both for the historical simu-
lations over the period 1950-2005 and the RCP8.5 simulations
over 2006-2100. The resulting GPI is scaled by a constant mul-
tiplicative factor to match the number of downscaled events for
each model averaged over the period 1950-2100. Fig. 5 com-
pares the multimodel mean GPI thus calculated to the mean
downscaled global tropical cyclone counts.

The mean GPI well captures the upward trend in global
tropical cyclone counts. (Individual model storm counts are also
highly correlated with the GPI based on the models.) Examina-
tion of the four individual factors that comprise the GPI as de-
fined by Eq. 2 for each of the six models shows that there is no
single dominant factor that explains the GPI trend over the
21st century for all models. In all but the MPI model, the
thermodynamic inhibition of tropical cyclones, y, increases as
the planet warms, as discussed by Emanuel et al. (9). On the
other hand, all models have increasing potential intensity and
all but NCAR and MRI have decreasing vertical shear; MRI’s
shear shows no discernible trend, whereas NCAR'’s trends
upward. The vorticity factor in Eq. 2 does not contribute in any
significant way to the GPI trends.

The results presented here differ significantly from those de-
rived by applying the same downscaling to CMIP3-generation
climate models, as described in Emanuel et al. (9). That study
downscaled seven models, five of which were predecessors of
models used in the current work, and compared tropical cyclone
activity averaged over the last 20 y of the 22nd century simulated
under emissions scenario Alb to activity averaged over the last
20 y of the 20th century. The different emissions scenario and
different time periods make comparison difficult, but Table 2

40of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1301293110

compares global trends in frequency and power dissipation of the
two generations of models. Clearly the CMIP5 generation of
global models shows substantial increases in downscaled tropical
cyclone activity compared with the CMIP3 generation. Only the
MRI models show roughly consistent results between the two
generations. Although there have been small changes in the
downscaling technique, most of the differences between that
study and the current one arise from the different emissions
scenarios and time periods, and the different models used.

Our current results may be compared with recent work exam-
ining explicit, downscaled, and statistically inferred changes in
tropical cyclone activity using CMIP5 models. Camargo (12) di-
agnosed tropical cyclones simulated explicitly in 14 global model
simulations and two emissions scenarios, including the one used
here, RCP8.5. She documents a number of serious deficiencies in
the climatologies of the explicitly simulated cyclones, including
a strong negative bias in the overall frequency of storms, in rough
inverse proportion to the horizontal resolution of the model. Of
the seven models that had nontrivial numbers of tropical cyclone
in the historical climate simulations, only one showed significant
upward trends in global tropical cyclone frequency over the 21st
century; the others showed little significant change. Interestingly,
the one global model that did show an upward trend, the MRI
model also used here, was the only model that came close to
simulating the observed number of events (~85) in the current
climate; the other models simulated less than half this number.
The MRI model also had the best agreement between its clima-
tology of tropical cyclones and its GPI.

Villarini et al. (15) applied a statistical downscaling scheme to
17 CMIP5 models and projected that North Atlantic tropical
cyclone frequency will increase early in the 21st century, owing
mostly to changes in radiative forcing arising from non-green-
house gas causes. (The 17 models included five of the six models
used here, but the authors did not provide a model-by-model
breakdown of their results.) At the same time, their technique
projects no significant change in North Atlantic tropical cyclone
frequency over the 21st century as a whole. (By contrast, our
results do indicate a robust increase in the frequency of North
Atlantic tropical cyclones.) Their method uses only global and
North Atlantic sea surface temperature as statistical predic-
tors and does not explicitly account for changes in humidity or
wind shear; thus, it is not surprising that their results differ
from our explicit downscaling or from those based on the GPI
used here. Villarini et al. (16) extended their earlier work to
examine changes in North Atlantic power dissipation index.
For the RCP8.5 scenario, they project an increase of about

60°E 120°E 180°w 120°W 60°W

Fig. 4. Change in Power Dissipation Index averaged over the six models, per
4° latitude grid box. This is defined as the difference between power dissi-
pation averaged over the period 2006-2100 and that averaged over 1950-
2005. Units are 102m3s~2per 4° x 4° square, and white areas show regions in
which fewer than five of the six models agree on the sign of the change.
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Fig. 5. Annual downscaled global tropical cyclones (green) and GPI given by

Eq. 2 (red). Both quantities have been averaged over the six models. The
green shading shows one SD up and down among the six downscaled storm
counts.

3 x 10" m?s~2, which can be compared with our six-model mean
of 1.2x10"'m3s~2.

Knutson et al. (14) used regional and local models to down-
scale both CMIP3 and CMIPS5 global simulations in the North
Atlantic region. For the CMIP5 models, they examined simu-
lations using the RCP4.5 emission scenario, which is roughly
half the radiative forcing used in our study. They downscaled an
ensemble average over 18 CMIPS5 models using the 18-km-res-
olution Zetac models, and an ensemble average over 13 CMIP5
models using the 50-km-resolution HIRAM model. They find
a modest (~20%) decrease in the projected frequency of North
Atlantic tropical cyclones, and although they also find some
increase in high-intensity events, this increase was not deemed
statistically significant. The projected decrease in the numbers
of Atlantic tropical cyclones may be contrasted with the results
of Villarini et al. (15) and Camargo (12), who shows essentially
no change, and with the current downscaling and application of
the GPI defined by Eq. 2 to the five GCMs used here, which
indicate a small increase in Atlantic tropical cyclone frequency.
In comparing these results, it should be remembered that dif-
ferent models and/or emission scenarios have been used, so the
comparison is not uniform.

Among all of the CMIP5-related techniques and results, ours
appears to be the only one that projects a significant increase in
global tropical cyclone frequency (although tropical cyclones
modeled explicitly by the MRI model also appear to increase)
(12). It is not surprising to see differences with the statistical
downscaling of Villarini et al. (15, 16), who used only sea surface

temperatures as predictors; nor is it surprising to see differences
with storms modeled explicitly by GCMs (12) given that, with the
exception of the MRI model, the models significantly under-
predict real storm counts in the current climate. It is more sur-
prising, on the other hand, that our results differ qualitatively
from the application of dynamical downscaling (14) to GCMs,
given that these are based on high-resolution physical models.
[An important caveat here is that the models used in that dy-
namical downscaling constitute a different (but overlapping) set,
and the RCP4.5 emissions scenario was used, rather than the
RCP8.5 scenario we used. Also, those results are only for the
North Atlantic, where the current downscaling shows only
a small, although still statistically significant, increase.] There
are, of course, limitations and areas of concern for both the
dynamical downscaling used by Knutson et al. (14) and the
technique used here. Focusing on the latter, and making use of
the observation that the GPI given by Eq. 2 predicts well the
number of downscaled events, one area of concern is the some-
what arbitrary choice of 600 hPa as the level at which to estimate
the midtropospheric moist static energy used in Eq. 1 and also by
the downscaling model. Emanuel et al. (9) showed that down-
scaled tropical cyclone activity is sensitive to y, so the choice of
level is important.

As a preliminary step to address this, we calculated y using the
moist static energy at 500 and 700 hPa, rather than at 600 hPa,
for the RCP8.5 simulation using the MOHC model, which shows
a robust increase in downscaled tropical cyclone activity over the
21st century. The increases over the 21st century in the value of
calculated using the moist static energies at 500 and 700 hPa
were noticeably less than that using 600 hPa, so had we chosen
either of these two alternative levels, we would have obtained an
even larger increase in tropical cyclone frequency. It may be true,
on the other hand, that our simple intensity model is less sen-
sitive to midlevel moisture than is, e.g., the GFDL hurricane
model used Knutson et al’s (14) dynamical downscaling.
Experiments aimed at quantifying the sensitivity of the GFDL
hurricane model to midlevel moisture and comparing it to the
sensitivity of our model may prove enlightening on this issue.

Summary

Application of a tropical cyclone downscaling technique to six
CMIP5-generation global climate models run under historical
conditions and under the RCP8.5 emissions projection indicates
an increase in global tropical cyclone activity, most evident in the
North Pacific region but also noticeable in the North Atlantic
and South Indian Oceans. In these regions, both the frequency
and intensity of tropical cyclones are projected to increase. This
result contrasts with the result of applying the same downscaling
technique to CMIP3-generation models, which generally predict
a small decrease of global tropical cyclone frequency, and with
recent CMIP5-based projections that show little consistent
change in frequency. The few CMIP5-based projections of storm
intensity published to date pertain strictly to the North Atlantic

Table 2. Comparison between CMIP3 and CMIP5 changes in downscaled tropical cyclone frequency and power dissipation
CMIP3 change in global CMIP5 change in global CMIP3 change in global CMIP5 change in global

Institute ID  CMIP3 model  CMIP5 model frequency, % frequency, % power dissipation, % power dissipation, %
NCAR ccsm3 CCSm4 -3 +11 +5 +8
GFDL CM2.0 CcM3 -13 +41 +2 +72
MOHC HADGEMZ2-ES +22 +31
MPI ECHAMS5 MPI-ESM-MR -1 +29 +4 +57
MIROC MIROC3.2 MIROC5 -12 +38 +8 +80
MRI MRI-CGCM2.3.2a MRI-CGCM3 +2 +13 +22 +26

For CMIP3 models, the listed numbers are percentage changes from the 20-y period 1981-2000 to the 20-y period 2181-2200 under emissions scenario A1b.
For the CMIP5 models, the listed numbers represent percentage changes from 1981-2000 to 2081-2100 under radiative forcing scenario RCP8.5.
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and suggest some increase in intensity and power dissipation, con-
sistent with the present work. It should be borne in mind, however,
that each of the CMIP5-based studies used different sets of models,
different (or no) downscaling techniques, and, in some cases, dif-
ferent emissions pathways, so they may not be strictly comparable.

We show here that the predicted increase in the frequency of
tropical cyclones is consistent with increases in a GPI that was
developed independently, based on observed seasonal, spatial,
and climate variability of tropical cyclones. The good agreement
between the downscaled tropical cyclone frequencies and those
based on GPI lends further confidence to the technique. Al-
though both the GPI and the random seeding technique used to
initiate storms in our downscaling method produce good pre-
dictions of spatial, seasonal, and short-term climate variability of
tropical cyclones over the past few decades during which meas-
urements of tropical cyclone are of high quality, neither has been
tested against truly global climate change. Indeed, no technique,
including explicit simulation of tropical cyclones in climate models,
has been tested against global climate change.

. Kleinschmidt E, Jr. (1951) Grundlagen einer Theorie der tropischen Zyklonen. Archiv
fur Meteorologie, Geophysik und Bioklimatologie, Serie A 4:53-72.

. Riehl H (1950) A model for hurricane formation. J App/ Phys 21:917-925.

. Emanuel K (2007) Environmental factors affecting tropical cyclone power dissipation.
J Clim 20:5497-5509.

4. Emanuel K (1987) The dependence of hurricane intensity on climate. Nature 326:483-485.

5. Bender MA, et al. (2010) Modeled impact of anthropogenic warming on the fre-

quency of intense Atlantic hurricanes. Science 327:454-458.

6. Gray WM (1979) Hurricanes: Their formation, structure, and likely role in the tropical
circulation. Meteorology Over the Tropical Oceans, ed Shaw DB Royal Meteoro-
logical Society, J. Glaisher House, Grenville Place, Bracknell, Berks., United King-
dom, pp. 155-218.

. Knutson TR, et al. (2010) Tropical cyclones and climate change. Nat Geosci 3:157-163.
8. Emanuel KA (1995) The behavior of a simple hurricane model using a convective
scheme based on subcloud-layer entropy equilibrium. J Atmos Sci 52:3959-3968.

9. Emanuel K, Sundararajan R, Williams J (2008) Hurricanes and global warming: Results
from downscaling IPCC AR4 simulations. Bull Am Meteorol Soc 89:347-367.

10. Walsh K, Fiorino M, Landsea CW, Mcinnes KL (2007) Objectively determined resolu-
tion-dependent threshold criteria for the detection of tropical cyclones in climate
models and reanalyses. J Clim 20:2307-2314.

11. Zhao M, Held IM, Lin S-J, Vecchi GA (2009) Simulations of global hurricane climatol-
ogy, interannual variability, and response to global warming using a 50km resolution
GCM. J Clim 22:6653-6678.

12. Camargo S (2013) Global and regional aspects of tropical cyclone activity in the CMIP5
models. J Clim.

13. Knutson TR, Sirutis JJ, Garner ST, Vecchi GA, Held IM (2008) Simulated reduction in
Atlantic hurricane frequency under twenty-first-century warming conditions. Nat
Geosci 1:359-364.

14. Knutson TR, et al. (2013) Dynamical downscaling projections of 21st century Atlantic
hurricane activity: CMIP3 and CMIP5 model-based scenarios. J Clim, in press.

15. Villarini G, Vecchi GA (2012) Twenty-first-century projections of North Atlantic trop-

ical storms from CMIP5 models. Nature Clim. Change 2:604-607.

w N

~

6 0of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1301293110

The present study used six CMIP5 models, the only six that
provided the output needed to apply our downscaling and that
did not have large discontinuities between the recent historical
and near-term projected climates. The differences between our re-
sults, those arrived at by applying the same technique to CMIP3
models, and the conclusions of other groups using different
models and/or using different methods suggest that projections of
the response of tropical cyclones to projected climate change will
remain uncertain for some time to come.
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