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Future Projections – TCs
• Based on theory and models
• Increase in storm surge due to sea level rise (SLR)
• Globally averaged intensity of TCs shift towards stronger storms –

2-11% by 2100
• Globally averaged frequency of TCs: decrease 6-34% 
• Increases of ~ 20% of the precipitation rate within 100km of the 

storm center (mean and peak)
• Projected changes for individual basins – uncertain.
• Regions with hurricane occurrence is NOT expected to change.

Knutson et al., Nature Geosc. 2010
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ABSTRACT: Model projections of tropical cyclone (TC) activity response to anthropogenic warming 
in climate models are assessed. Observations, theory, and models, with increasing robustness, 
indicate rising global TC risk for some metrics that are projected to impact multiple regions. A 2°C 
anthropogenic global warming is projected to impact TC activity as follows. 1) The most confident 
TC-related projection is that sea level rise accompanying the warming will lead to higher storm 
inundation levels, assuming all other factors are unchanged. 2) For TC precipitation rates, there 
is at least medium-to-high confidence in an increase globally, with a median projected increase 
of 14%, or close to the rate of tropical water vapor increase with warming, at constant relative 
humidity. 3) For TC intensity, 10 of 11 authors had at least medium-to-high confidence that the 
global average will increase. The median projected increase in lifetime maximum surface wind 
speeds is about 5% (range: 1%–10%) in available higher-resolution studies. 4) For the global 
proportion (as opposed to frequency) of TCs that reach very intense (category 4–5) levels, there 
is at least medium-to-high confidence in an increase, with a median projected change of +13%. 
Author opinion was more mixed and confidence levels lower for the following projections: 5) a 
further poleward expansion of the latitude of maximum TC intensity in the western North Pacific; 
6) a decrease of global TC frequency, as projected in most studies; 7) an increase in global very 
intense TC frequency (category 4–5), seen most prominently in higher-resolution models; and 8) 
a slowdown in TC translation speed.
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• Highest confidence: SLR + warming: leads to higher storm inundation levels.
• Medium to high confidence:
– Increase of TC precipitation rates (~ 14%)
– Global average intensity increase (~ 5%)
– Increase of proportion of cat 4-5 TCs (13%)

• Mixed confidence:
– Poleward shift
– Frequency of intense TCs 
– Slowdown in TC translation speed
– Decrease in global TC frequency 

Knutson et al., BAMS 2020,
doi:10.1175/BAMS-D-18-0194.2



TC frequency projections – increase in uncertainty

3× 1011m3s−2, which can be compared with our six-model mean
of 1:2× 1011m3s−2.
Knutson et al. (14) used regional and local models to down-

scale both CMIP3 and CMIP5 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 CMIP5 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 χ, so the choice of
level is important.
As a preliminary step to address this, we calculated χ 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 χ
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

Institute ID CMIP3 model CMIP5 model
CMIP3 change in global

frequency, %
CMIP5 change in global

frequency, %
CMIP3 change in global
power dissipation, %

CMIP5 change in global
power dissipation, %

NCAR CCSM3 CCSM4 −3 +11 +5 +8
GFDL CM2.0 CM3 −13 +41 +2 +72
MOHC HADGEM2-ES +22 +31
MPI ECHAM5 MPI-ESM-MR −11 +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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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.
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frequency of TCs and major hurricanes, the percentage
of TCs that become major hurricanes, LMI, the spatial
distribution of TCs and major hurricanes, the probabil-
ity density of 6- and 24-h wind speed changes, and the
spatial distribution of RI rates. The storm selection cri-
teria outlined in section 2 as well as the warm-core cri-
teria discussed in Murakami et al. (2015) is applied to
the data before analysis.

a. TC intensity projections

In response to projected twenty-first-century radiative
forcing and SST warming, HiFLOR projects the annual
global frequency of TCs and major hurricanes to in-
crease. Figure 9 contains histograms for each basin that
show the annualmean TC andmajor hurricane count for
the three HiFLOR simulations. As in Fig. 1, unpaired
t tests are calculated to determine statistical significance,
and a p value of 0.05 is the threshold for significance.
Table 1 shows the percent difference between the cli-
mate change simulations and the CTL simulation for
different TC intensity and intensification metrics. Ex-
cluding the north and south Indian Ocean, the global-
and basin-average TC count increases as the twenty-first
century progresses. Though the projected changes are
larger at the end of the century, the period 2016–35
shows a significant global mean increase of 2.5 TCs per
year (12.4%) compared to the period 1986–2005. For
the last 20 years of the twenty-first century, HiFLOR

projects 9.5 more TCs per year (19.1%) than the annual
TC count during the period 1986–2005. This result is con-
sistent with the HiFLOR response to idealized carbon di-
oxide doubling (G.Vecchi et al. 2018,manuscript submitted
to Climate Dyn.), suggesting that increasing greenhouse
gases are the main driver of the additional TCs.
Although HiFLOR indicates that the future climate

will likely have more TCs, the more robust signal in-
volves the trend in major hurricanes. Both globally and
in individual basins, there are significantly more major
hurricanes in the HiFLOR late simulation than the
HiFLOR CTL simulation. HiFLOR even suggests that
there will be a significant increase inmajor hurricanes by
the early part of the twenty-first century, and only the
north Indian and Australian basin do not show a sig-
nificant increase between the 1986–2005 run and the
2016–35 run. Globally, the early and late climate change
experiments have 11.1% and 20.3% more major hurri-
canes than the CTL experiment, respectively. Individual
basins log substantially higher percent increases. For
example, HiFLOR projects the east Pacific and South
Pacific basins respectively to have 23.4% and 33.1%
more TCs and 69.6% and 60.6% more major hurricanes
at the end of the twenty-first century compared to the
end of the twentieth century.
The upward trend in major hurricanes observed in

HiFLOR is in agreement with a majority of published
research on climate change projections and TCs (Knutson
et al. 2010; Walsh et al. 2016; Camargo and Wing 2016;
Bacmeister et al. 2018). The model’s projected major
hurricane response is comparable to its response to ide-
alized carbon dioxide doubling (G. Vecchi et al. 2018,
manuscript submitted to Climate Dyn.), suggesting a
consistent relationship with increasing greenhouse gases
and a property of this model. Additionally, in the con-
text of other GCM and dynamical downscaling studies,
HiFLOR’s prediction of more TCs in response to cli-
mate change is very unique. According to the recent
review articles by Walsh et al. (2015) and Camargo and
Wing (2016), AGCMs, CGCMs, and dynamical down-
scaling consistently forecast a reduction in global TCs
due to changes in radiative forcing and SST warming.
However, there is no accepted theory that explains why
changes to the climate system should favor increased
intensification but not more TC genesis.
The emergence of HiFLOR as a contrarian model is

not completely surprising, because it is the first CGCM
with atmospheric resolution as fine as 0.258 3 0.258 that
has produced multidecadal climate change projections
of TCs. Additionally, recent studies (Emanuel et al.
2008, 2013; Korty et al. 2017; Zhang et al. 2017) using a
statistical–downscaling scheme have predicted an in-
crease in TC global frequency in response to SST

FIG. 9. The annual frequency of TCs and major hurricanes in the
1986–2005, 2016–35, and 2081–2100 HiFLOR simulations. Histo-
grams are plotted for global frequency as well as each basin. The
basin identifier on the x axis of the histograms is respectively un-
derlined in green or blue if the annual TC count for the 2081–2100
or 2016–35 simulation is significantly greater than the annual TC
count for the 1986–2005 simulation. A magenta or red asterisk on
the top-right corner of the basin identifier respectively indicates the
2081–2100 or 2016–35 HiFLOR simulations has significantly more
major hurricanes than the HiFLOR control simulation.

8294 JOURNAL OF CL IMATE VOLUME 31

Bhatia et al., J. Climate 2018

3. Results
3.1. TC Genesis Frequency

Figure 1 shows relative probabilities of annual TC genesis frequency from observations and current and
future climate simulations over the global ocean (see Figure S2 for each ocean basin). Even a single-member
simulation can represent both the observed climatological mean and interannual variability as well as the
all-member results. However, the frequency distribution of the single-member simulation is not smooth
due to the small sample size, similar to the observations, whereas the all-member simulations have a smooth
frequency distribution, similar to a normal distribution. Mean TC genesis frequency in the future climate
decreases by 33% from the climatological mean value of current simulations (83.2 counts/year).
Uncertainty ranges of probability distributions for a three-member case, corresponding to a typical ensemble
size, and for a 30-member case are also shown as intermediates between the single-member and all-member
cases. These uncertainty ranges indicate that as the number of ensemble members increases, the ranges
apparently shrink. Additionally, the uncertainty ranges of normal distributions estimated by the three-
member set are larger than the uncertainty ranges of directly estimated distributions for the 30-member case
and are not adequate for assessing the probability in detail. Unlike the results in the global ocean, the actual
probability distributions in individual ocean basins tend to be out of range of estimated normal distributions,
especially the NIO, ENP, and NAT (Figure S2). It should be emphasized that these directly estimated probabil-
ity distributions are the outcomes of explicit global model simulations, not a statistical estimation. Thus, even
extremely low probability events—that were not observed so far in a short term but could be observed if
sufficient sample of observations is available—may be simulated.

3.2. Geographical Distribution of TC Occurrence

Geographical distributions of TC occurrence frequency, so-called TC days, for all tropical cyclones and for
those in category 4 and 5 of the Saffir-Simpson Hurricane wind scale (maximum surface wind speed greater
than 59 m/s; CAT45, hereafter) are shown in Figure 2. The current climate simulations reproduce the spatial
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Figure 1. Relative probability distribution of annual tropical cyclone (TC) genesis frequency [counts/year] over the global ocean. Black line is for observations, light
blue and blue lines are for a single-member and 100-member of the current climate simulations, respectively, and orange and red lines area single-member (with
CCSM4 warming pattern) and 90-member of the future climate simulations, respectively. Shading shows 95% confidence intervals of uncertainty ranges for 3 (light
green or light yellow) and 30 (dark green or dark yellow) members of the current and future simulations, respectively. Dotted curves show 95% confidence intervals
of normal distributions estimated by three member of the current and future simulations. Each confidence interval is calculated from 1000 sets of ensembles
chosen by the bootstrap method. Vertical dotted lines show climatological mean values of TC genesis frequency for the current (blue) and future (red) simulations.
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Lee et al. 2018, JAMES

Columbia HAZard model (CHAZ): 

MONTHLY PI, vorticity, humidity, shear, 
large-scale circulation
DAILY winds

A generator of 
synthetic TCs genesis, 
track, intensity, and 
winds are functions of 
the environment

Genesis (TCGI, Tippett et al. 2011)

Track (Emanuel et al. 2006)

Intensity (Lee et al. 2015,2016b)

Real world - observations

Model world (one realization)

Chavas et al. 2015, JAS

Lee, Tippett, Sobel & Camargo, JAMES 2018 Figures by Chia-Ying Lee



Historical period 2006-2040

2041-2070 2071-2100

CHAZ climate change simulations 

Example: one ensemble member
Forced by one CMIP5 model

Figures by Chia-Ying Lee



CHAZ Climate change simulations

Lee, Camargo, Sobel & Tippett, J. Climate 2020, doi: 10.1175/JCLI-D-19-0452.1



CHAZ Climate change simulations

Relative
Humidity

Saturation
Deficit

Lee et al., J. Climate 2020, doi: 10.1175/JCLI-D-19-0452.1 



Genesis Indices and climate change

Camargo, 
J. Climate 2013



Tropical Cyclone Genesis Index - TCGI 
Poisson regression:

Tippett et al., J. Climate 2011

Vorticity

Humidity: RH/SD

relative SST/PI

Vertical Shear



HiRAM – perfect model experiment
Column Integrated Relative Humidity Saturation Deficit

Camargo et al., J. Climate 2014

CRH = CIWV/CIWVs
SD = CIWV - CIWVs

CIWV = column integrated water vapor
CIWVs = saturated column integrated water vapor



CHAZ climate change simulations -
Frequency changes

FIG. 2. Time series of (a) the CHAZ simulated the annual global TC frequency, (b) the TCGI estimated

seeding rate, and (c) the survival rate of the synthetic storms. Thin lines show downscaling results from each of

the CMIP5 models, indicated by color. The box and whisker diagram in (a) shows the medium (orange), and 5,

25, 75, and 95 percentiles. The thick blue and red lines show the ensemble mean from TCGI CRH (blue) and

TCGI SD (red) experiments, respectively.
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Lee et al., J. Climate 2020, doi: 10.1175/JCLI-D-19-0452.1 



Saturation Deficit & Relative Humidity

Lee et al., J. Climate 2020, doi: 10.1175/JCLI-D-19-0452.1 



CHAZ climate change simulations - Frequency changes

Lee et al., J. Climate 2020, 
doi: 10.1175/JCLI-D-19-0452.1 



CHAZ climate change simulations - Intensity changes

Lee et al., J. Climate 2020, doi: 10.1175/JCLI-D-19-0452.1 



CHAZ climate change simulations
Intensity + frequency changes

Lee et al., J. Climate 2020, doi: 10.1175/JCLI-D-19-0452.1 



Conclusions

• Projections of TC frequency have become more uncertainty in 
the last few years.

• CHAZ results show that TC frequency is sensitive to the type of 
humidity variable used when downscaling future projections. 

• Work in progress: can we determine which is the “best” CHAZ 
simulation for the present climate? 


