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Abstract 
This paper reviews assessments of possible changes in tropical cyclone frequency and intensity due to 

global warming, based on climate change projection experiments using atmospheric general circulation 
models (AGCMs). Recent experiments with relatively high-resolution (mesh size of about 100 km or less) 
models consistently indicate that the global frequency of tropical cyclones is likely to decrease due to global 
warming. In contrast to the global frequency, the regional tropical cyclone frequencies projected by various 
models significantly differ from each other. On the other hand, high-resolution (mesh size of about 50 km or 
less) models consistently indicate that future tropical cyclone intensity (wind and precipitation) is likely to 
increase. As a result, the number of intense tropical cyclones may increase, even if the total number of tropi-
cal cyclones decreases. The reduction in tropical cyclone frequency and the increase in tropical cyclone 
intensity are likely to be qualitative. However, it should be noted that there are enormous quantitative 
uncertainties in these projections of possible changes in tropical cyclone frequency and intensity, particu-
larly among the regional changes. The large uncertainties in the projections of regional changes in tropical 
cyclone frequency and intensity make it difficult to use the information effectively in planning measures to 
mitigate the future wind disaster risk associated with tropical cyclones in particular regions. Reducing the 
uncertainty in climate change projections, particularly regarding regional changes, is the most demanding 
task for climate change research. 
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1. Introduction 

 
Climate change projection is usually conducted using 

a climate model (atmosphere-ocean-coupled model). As 
a climate projection calculation needs long-term integra-
tion (several tens of years to hundreds of years), rela-
tively low-resolution models are used as compared with 
numerical weather predictions. On the other hand, a 
high-resolution model is necessary for simulating a 
mature-stage tropical cyclone with a large pressure 
gradient and strong winds near the cyclone center. 
Therefore, climate change experiments involving tropi-
cal cyclones (projections of changes in frequency and 
intensity of tropical cyclones) using a climate model 
have been difficult. To overcome this difficulty, climate 
change projections involving tropical cyclones have 
been usually carried out using a two-tier method. In the 
first tier of the two-tier method, a relatively low-resolu-
tion climate model (atmosphere-ocean-coupled model) 
is used to project future sea surface temperature (SST) 
changes. In the second tier, a climate change calculation 
is made with a relatively high-resolution AGCM (atmos-

phere model) using the SSTs projected in the first tier. 
The second-tier time integration is performed usually 
for a limited time period (time-slice method). For exam-
ple, for a projection of the climate of 100 years ahead, a 
20-year simulation with the projected SST of the final 
20 years of the 100-year period is compared with a 
20-year simulation using the present-day SST. In Sec-
tion 2, we review such experiments conducted so far and 
summarize the main results. In section 2.1 we take a 
look at early studies before the IPCC TAR (Intergovern-
mental Panel on Climate Change Third Assessment 
Report). In sections 2.2 and 2.3, we review studies 
referred to in IPCC AR4 (Fourth Assessment Report) 
and recent studies published after IPCC AR4, respec-
tively. In Section 3, we discuss the remaining issues, and 
give concluding remarks in Section 4.  

 
2. Projections of Tropical Cyclone Frequency 

and Intensity  
 

2.1 Studies before IPCC TAR (2001) 
The first attempt to assess the possible changes in 
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tropical cyclones associated with global warming was 
made by Broccoli and Manabe (1990). They used a 
Geophysical Fluid Dynamics Laboratory (GFDL) 
AGCM with a mesh size of about 300 km. In their 
experiments, tropical cyclone frequency increased when 
climatological clouds were used, while it decreased 
when variable clouds were used. Haarsma et al. (1993) 
conducted an experiment using a UK Met Office AGCM 
with similar resolution. They found that the number of 
tropical cyclones would significantly increase under a 
future warm-climate scenario. There was strong criti-
cism of these early experiments for the models being too 
coarse to simulate tropical cyclones reasonably (Evans, 
1992; Lighthill et al., 1994). In the late 1990s, an im-
proved experiment with a higher resolution model 
appeared. Bengtsson et al. (1996) used a Max Planck 
Institute AGCM with a mesh size of about 120 km. They 
showed that the global tropical cyclone frequency would 
significantly decrease (by about 30%) due to global 
warming (Table 1). This was a rather unexpected result 
and the reason for the reduction in frequency was poorly 
understood. Critics in the late 1990s complained that the 
resolutions of GCMs were still too coarse to realistically 
simulate tropical cyclones, and therefore, to assess 
possible changes in intensity and frequency of tropical 
cyclones (Henderson-Sellers et al., 1998).  

 
2.2 Studies referred to in IPCC AR4 (2007) 

In the early 2000s, results of experiments using rela-
tively high-resolution models were published. Sugi et al. 
(2002) and Yoshimura et al., (2006) reported the results 
of climate projection experiments using the Japan Mete-
orological Agency (JMA) AGCM with a mesh size of 
about 120 km. Sugi et al. (2002) found a significant 
decrease (by more than 30%) in the global frequency of 
tropical cyclones due to global warming, but a signifi-
cant increase (by about 60%) in the frequency of tropi-
cal cyclones in the North Atlantic (Table 1). They found 
little change in the intensity of simulated tropical 
cyclones. Yoshimura et al. (2006) conducted experi-
ments using different SST change distributions (El 
Ninõ-like pattern and La Ninã-like pattern) and different 
convection schemes (Kuo scheme and Arakawa- 
Schubert scheme), and they found a reduction in global 
tropical cyclone frequency in all their experiments. They 

also found little change in the maximum wind speed of 
simulated tropical cyclones but a 10% to 20% increase 
in the precipitation associated with tropical cyclones. 
McDonald et al. (2005) reported the results of an experi-
ment using a UK Met Office Hadley Centre AGCM with 
a mesh size of about 100 km. They found a modest 
reduction (by about 6%) in global tropical cyclone 
frequency, but a significant increase in regional fre-
quency over the Eastern North Pacific (Table 1).  

Oouchi et al. (2006) reported the results of an experi-
ment using a very high resolution (20-km-mesh) 
Meteorological Research Institute (MRI)/JMA AGCM. 
With the 20-km-mesh model, they could simulate tropi-
cal cyclones much more realistically than lower resolu-
tion models (Figs. 1 and 2). They found a significant 
reduction (by about 30%) in global tropical cyclone fre-
quency and an increase in the frequency over the North 
Atlantic (Fig. 2 and Table 1). With the 20-km-mesh 
model, Oouchi et al. (2006) showed, for the first time 
using a global model, that the number of intense tropical 
cyclones may increase in a future warmer climate, even 
if the total global frequency of tropical cyclones 
decreases (Fig. 3). Regarding changes in tropical 
cyclone intensity, high-resolution regional models have 
also shown an increase in intensity. With a high- 
resolution (9-km-mesh) regional model, Knutson and 
Tuleya (2004) showed 6% higher maximum surface 
wind speeds and about 20% greater near-storm rainfall 
when CO2 was doubled. With a 30-km-mesh regional 
model, Walsh et al. (2004) showed a 56% increase in the 
number of intense storms with maximum wind speed 
greater than 30 ms–1 when atmospheric CO2 concen-
tration was tripled. 

Regarding changes in tropical cyclone frequency, all 
the relatively high-resolution models consistently 
showed a reduction in global tropical cyclone frequency 
under a future warmer-climate scenario, although some 
lower-resolution models (Tsutsui, 2004; Bengtsson et al., 
2006) showed insignificant increases or decreases. In 
contrast to the global frequency, the regional tropical 
cyclone frequencies projected by various models differ 
significantly from each other. Based on these global and 
regional model experiments, IPCC (2007) concluded in 
the Summary of Policy Makers (SPM) of Assessment 
Report of Working Group I:  

Table 1 Tropical cyclone frequency change projected by relatively high-resolution AGCM experiments. The 
changes are shown in terms of the ratio of future frequency to present frequency. Statistically significant 
increases (decreases) at a 95% confidence level are indicated by red (blue). 

Ratio(%) of TC frequency  Future/Present 
Reference Resolution 

Global
 N   

Indian
NW 

Pacific
NE 

Pacific
N 

Atlantic 
S   

Indian 
S    

Pacific
Bengtsson et al. 

(1996) 
120km 63 90 66 79 87 36 49 

Sugi et al. (2002) 120km 66 109 34 33 161 43 69 
McDonald et al. 

(2005) 
100km 94 142 70 180 75 110 82 

Oouchi et al. 
(2006) 

20km 70 48 62 66 134 72 57 

 



 Possible Changes in Tropical Cyclone 109 
 

 

  

 
Fig. 1 A typhoon simulated by 20 km-mesh MRI/JMA AGCM. The eye, eyewall 

clouds and spiral rainbands are simulated. (from MRI/JMA/AESTO Reseach 
Team in Kyo-sei Project (FY2002-2007)) 

 
 

 
Fig. 2 Tropical cyclone tracks from observational data (top), present-day climate experi-

ments (middle), and future climate experiments (bottom). The initial positions of 
tropical cyclones are marked with “plus” signs. The tracks detected at different sea-
sons of each year are in different colors (blue for January, February, and March; green 
for April, May, and June; red for July, August, and September; orange for October, 
November, and December). (from Oouchi et al., 2006) 
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“Based on a range of models, it is likely that future 
tropical cyclones (typhoons and hurricanes) will become 
more intense, with larger peak wind speeds and more 
heavy precipitation associated with ongoing increases of 
tropical SSTs. There is less confidence in projections of 
a global decrease in numbers of tropical cyclones.” 

 
2.3 Studies after IPCC AR4 

Several studies using high-resolution models after 
IPCC AR4 supported and reinforced the IPCC AR4 
conclusions on the projections of changes in tropical 
cyclone frequency and intensity. Bengtsson et al. (2007) 
conducted experiments with 180-km, 60-km and 
40-km-mesh models and systematically examined the 
impact of the resolution of the model on tropical 
cyclone projection experiments. With 60-km and 
40-km-mesh models, they showed that the number of 
intense tropical cyclones may increase, although the 
total number of tropical cyclones will decrease under a 
future warmer-climate scenario. This is consistent with 
the results of a 20-km-mesh model experiment by 
Oouchi et al. (2006). With a 120-km-mesh atmosphere- 
ocean coupled model, Gualdi et al. (2008) showed a 
16% (44%) reduction in global tropical cyclone 
frequency when atmospheric CO2 concentration was 
doubled (quadrupled). With a 50-km-mesh GFDL 
AGCM, Zhao et al. (2009) showed a modest reduction 
(by about 15%) in global tropical cyclone frequency. 
They also showed an increase in the number of 
relatively intense tropical cyclones under a warmer 
climate scenario. Sugi et al. (2009) examined the results 
of experiments using 20-km and 60-km-mesh MRI/JMA 
AGCMs with different SST change distributions. They 
found that a reduction in global tropical cyclone 

frequency was a robust result but the regional changes 
in tropical cyclone frequency varied significantly among 
experiments depending on the projected SST change 
distribution.   

The implications of recent studies after IPCC AR4 
are summarized by the World Meteorological Organiza-
tion (WMO) Expert Team in a new assessment report 
(Knutson et al., 2010). Below are the Projection Sum-
maries of the assessment report. 

 
TROPICAL CYCLONE FREQUENCY  

It is likely that global mean tropical-cyclone- 
frequency will either decrease or remain essentially 
unchanged owing to greenhouse warming. Late-twenty- 
first-century model projections indicate decreases rang-
ing from −6 to −34% globally. For individual basins, 
there is much more uncertainty in projections of tropical 
cyclone frequency, with changes of up to ±50% or more 
projected by various models. 

 
TROPICAL CYCLONE INTENSITY  

Some increase in the mean maximum wind speed of 
tropical cyclones is likely with projected twenty-first 
century warming, although increases may not occur in 
all tropical regions. Studies based on potential intensity 
theory and the higher resolution (<20-km grid) models 
project mean global maximum wind speed increases of 
+2 to +11% (roughly +3 to +21% central pressure fall) 
over the twenty-first century. 

 
TROPICAL CYCLONE RAINFALL  

Tropical-cyclone-related rainfall rates are likely to 
increase with greenhouse warming. The range of projec-
tions for the late twenty-first century between existing 
studies is +3 to +37%. The percentage increase is 
apparently quite sensitive to the averaging radius 
considered, with the larger (smaller) sensitivities re-
ported for the smaller (larger) averaging radii. Typical 
projected changes are about +20% within 100 km of the 
storm centre. 

 
3. Discussion 

 
3.1 Resolution 

Climate change projection experiments using AGCM 
have come under criticism for the resolution of AGCMs 
being too coarse to simulate tropical cyclones realisti-
cally, and therefore, the projections of tropical cyclone 
frequency and intensity changes using AGCMs are said 
to be unreliable. However, during the last ten years, as 
the resolution of AGCMs has gradually increased, the 
results of experiments have tended to reach some level 
of consensus, at least qualitatively. Experiments using 
models with mesh-sizes of about 100 km or less consis-
tently project a reduction in global tropical cyclone fre-
quency, and experiments with models with mesh-sizes 
of about 50 km or less consistently show an increase in 
the number of intense tropical cyclones. From this 
experience, it seems that AGCMs with mesh-sizes of  

Fig. 3 Annual mean global tropical cyclone frequency as a 
function of maximum wind speed. The abscissa is the 
largest maximum surface wind speed in the lifetime of 
each tropical cyclone. The thick solid line, thin solid line 
and dotted line indicate present day simulation, future 
simulation and observation, respectively. Statistically 
significant differences between the future and present 
are indicated by open or closed circles. (from Oouchi 
et al., 2002) 
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50 km or less are appropriate for both frequency and 
intensity change assessment. It should be noted that not 
only a high resolution but also a good convection 
parameterization scheme is needed to simulate a very 
intense mature stage tropical cyclone realistically.  
The intensity of simulated tropical cyclones in the 
20-km-mesh AGCM in the experiment by Oouchi et al. 
(2006) is much weaker than that of observed tropical 
cyclones, as shown in Fig. 3. It is likely that this is a 
problem in the cumulus parameterization scheme rather 
than a problem with resolution. Indeed, more intense 
tropical cyclones are simulated in the 20km-mesh 
MRI/JMA model with a new convection scheme (a 
modified version of Tiedtke (1989) scheme). The rela-
tive importance of convection scheme and resolution in 
the simulation of intense tropical cyclones has not been 
investigated systematically and it is an important subject 
of future work. 

 
3.2 Effects of atmosphere-ocean coupling  

In experiments using AGCMs, we neglect the effect 
of atmosphere-ocean coupling. 

It is known that an intense tropical cyclone decreases 
the underlying ocean temperature and this suppresses 
further intensification of the tropical cyclone. If we 
neglect the effect of this atmosphere-ocean coupling, the 
simulated tropical cyclones become stronger. Therefore, 
AGCM simulation of tropical cyclones is likely to have 
a bias toward stronger intensity. It should be noted that 
the effect of atmosphere-ocean coupling is large for an 
intense mature-stage tropical cyclone, and it is not so 
large at the tropical cyclone genesis stage. Therefore, 
projection of intensity changes may be affected to some 
extent by the effect of atmosphere-ocean coupling, but 
the projections of frequency changes may not be 
affected so much. In addition, AGCMs may have an 
opposite bias (of weaker intensity) like MRI/JMA 
AGCM due to the cumulus parameterization scheme. In 
such a case, the bias of neglecting atmosphere-ocean 
coupling may not be apparent. For a quantitative assess-
ment of intensity changes, the bias due to neglecting the 
effect of atmosphere-ocean coupling should be evalu-
ated as well as the other model biases. 

 
3.3 Mechanism of the reduction in tropical cyclone 

frequency 
The summary on tropical cyclone frequency change 

projections in the SPM of IPCC AR4 reads, “There is 
less confidence in projections of a global decrease in 
numbers of tropical cyclones.” One of the reasons for 
“less confidence” may be that the mechanism of the 
reduction in global tropical cyclone frequency is poorly 
understood. Sugi et al. (2002) and Bengtsson et al. 
(2007) argue that a weakening of tropical circulations 
due to global warming may be the reason for the reduc-
tion in tropical cyclone frequency. The weakening of 
tropical circulation means a weakening of the upward 
mass flux associated with cumulus convections. The 
most important process in the genesis of a tropical 

cyclone is the development of a system-scale vortex 
through convergence of low-level absolute vorticity. 
Therefore, a weakening of upward mass flux associated 
with cumulus convections may lead to a weakening of 
convergence of low-level vorticity and weakening of the 
development of a tropical cyclone-scale vortex. It 
should be noted that a weakening of tropical circulation 
due to global warming is found in all the climate projec-
tion experiments of IPCC AR4, and therefore, it is a 
very likely to happen under a future warmer climate 
scenario (Held & Soden, 2006; Vecchi & Soden, 2007a).  

Sugi et al. (2002) showed that the weakening of 
tropical circulation is a result of relatively little increase 
in precipitation compared with a large increase in 
atmospheric moisture due to global warming. Further-
more, Sugi and Yoshimura (2004) found that the small 
increase in precipitation is a result of a reduction in 
radiative cooling in the atmosphere due to the overlap 
effect of long-wave radiation absorption bands of water 
vapor and CO2. It is important to note that there are two 
effects of CO2 increase. The first effect of an increase in 
atmospheric CO2 concentration is a surface warming 
(greenhouse effect), which leads to an increase in atmos-
pheric moisture and precipitation. This effect is 
represented by SST increase in the AGCM experiments. 
The second effect of a CO2 increase is a reduction in 
radiative cooling in the atmosphere due to the overlap 
effect, which leads to reduced precipitation (Sugi and 
Yoshimura, 2004). It should be noted that the first effect 
of a CO2 increase leads to an increase in precipitation, 
while the second effect leads to a reduction of precipita-
tion. Yoshimura and Sugi (2005) found that the second 
effect of a CO2 increase plays an important role in the 
reduction in tropical cyclone frequencies. 

They found that tropical cyclone frequencies 
decrease when CO2 is increased but surface temperature 
(SST) does not change. On the other hand, tropical 
cyclone frequencies do not change much when the 
surface temperature (SST) is increased but CO2 does not 
change (Fig.4). This indicates that the reason for the 
reduction in global tropical cyclone frequencies due to 
global warming is the direct effect of the CO2 increase 
on atmospheric radiative cooling rather than an SST 
increase. 

Changes in SST, however, may play an important 
role in regional changes in tropical cyclone frequency. 
Tropical cyclone genesis takes place in regions of active 
convection. The distribution of active convection areas 
is sensitive to the distribution of SST. Therefore, 
changes in regional tropical cyclone frequency are sensi-
tive to changes in relative SST distribution. If convec-
tive activity in some regions is enhanced in the future, 
the tropical cyclone frequency in that region may in-
crease, even if the global total number of tropical 
cyclones decreases. Recently, Vecchi and Soden (2007b) 
showed that regional changes in tropical cyclone inten-
sity are also sensitive to changes in relative SST 
distribution. 
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3.4 Detection and attribution issues 
In most of the climate change projection experiments 

reviewed in Section 2, “a warm future climate scenario” 
is the climate when the atmospheric CO2 concentration 
is doubled. In some experiments, the climate at the end 
of the 21st century in the IPCC A1B scenario is used as 
“a warm future climate”, but this is almost equivalent to 
a doubled-CO2 climate. The reason we chose a dou-
bled-CO2 climate or the climate projected for the end of 
the 21st century as “a warm future climate” rather than a 
more realistic near-future climate is that we want to de-
tect clearly the signal of anthropogenic global warming 
and clearly assess the impact of climate change and give 
some warning. Therefore, if we consider a more realistic 
future scenario, the impact may not be as large. If some 
effective measures are taken to reduce CO2 emissions, 
then the projected impact of climate change on tropical 
cyclones should be much less than that indicated by a 
doubled-CO2 climate. Also the impact may not be as 
large in the near future, when the CO2 has not yet in-
creased that much. Likewise, it is difficult to detect cli-
mate change signals in past observation data on tropical 
cyclone frequencies and intensities and attribute it to 
anthropogenic global warming, because the impact of 
anthropogenic global warming in the past has not been 
that large compared with natural climate variability 
(Knutson et al., 2010). 

 
4. Concluding Remarks 

 
Recent assessments of the possible changes in tropi-

cal cyclone frequency and intensity indicate that the 
frequency of tropical cyclones will decrease but their 

intensity (wind and precipitation) will increase in the 
future due to global warming. Although these projec-
tions are likely qualitative, there is considerable quan-
titative uncertainty in the projected changes in tropical 
cyclone frequency and intensity. Particularly, uncertain-
ties in regional changes are large. The large uncertain-
ties in the projections of regional changes in tropical 
cyclone frequency and intensity makes it difficult to use 
the information effectively in planning measures to miti-
gate the future wind disaster risk associated with tropi-
cal cyclones in particular regions. To reduce the uncer-
tainty in climate change projections, particularly for the 
regional changes, is the most demanding task for cli-
mate change research. 
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