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Projected future changes in tropical cyclones
- Recent Studies -

1. A brief review of the history of Future Projections for TCs

2. Recent studies on future changes
Global TC frequency, TC intensity, TC size, TC precipitation

3. Projected changes in regional TC activity
Western North Pacific
Central Pacific
North Indian Ocean
Medicanes

Extra-tropical transition storms in the North Atlantic

4. A short summary
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A brief review of the history of Future Projections for TCs

1990  Broccoli and Manabe (1990, GRL)
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Simulated TC by the R30 model

*Model s
R15 (500-km) Atmosphere-mixed layer ocean Simulated global TC metrics
R30 (300-km) Atmosphere-mixed layer ocean Inegraion  Numberof Swomm  Average

Experiment Segment Storms Days Duration
R1SFC-1X 68.3 117.2 L.72

*Cloud treatment

FC: Fixed cloud RISFC-2X 72.3 1394 1.93
(cloud distribution is prescribed based FC  [(Rdff (2X-1X) +59  +189 +122
H : |ncreased R30OFC-1X 55.0 100.2 1.82
on_cllmatologlcal data)) RIOFC-2X %6 1162 208
VC: Variable cloud @ diff. @X-1X)  +29  +160 +126
(cloud is predicted) RISVC-1X 81.0 1714 212
X 758 148.9 1.96

- Experiments ve  magoxix 64 -131* 75 )
1X: CO, = 300 ppmv Decreased R30VC-1X 1018 2453 241

: _ - %.3 2175
2X: CO, = 600 ppmv faff.QX-1X) 64 -113* 57 |




A brief review of the history of Future Projections for TCs (1996-2006)

1990 Broccoli and Manabe (1990) 300 and 600 km, Increase or decrease
l Haarsma et al. (1993) 300km, increase

1993 |WTC Il “Projected future changes are uncertain because of low resolution in models”

Bengtsson (1996) 120km ECHAM3, 5-yr time slice, decrease (NH:27%, SH:57%)
May (2000) 120km ECHAM3, 30-yr time slice, decrease (NH:23%, SH:22%)

2000
Tsutsui (2002) 300km NCAR model, no change

Bengtsson (2007) 200km ECHAMS5, no change

Sugi et al. (2002) 120km JMA-GSM89, 10-yr time slice, decrease (NH:28%, SH:39%)
McDonald et al. (2005) 100km HadAM3, 10-yr time slice, decrease (6%)

Hasegawa and Emori (2005) 100km former MIROC, 10-yr time slice, decrease (4%)
Yoshimura et al (2006) 120km JMA-GCM89 with different convection, decrease (9-18%)
Oouchi et al. (2006) 20km MRI-AGCM, decrease (30%), but increase in intense storms

v

2006 IWTCVI “Projected future decrease in global TCs is still uncertain”



A brief review of the history of Future Projections for TCs (2006-2014)

% Change

)

“Projected future decrease in global TCs is still uncertain.”

North Atlantic

Tropical Cyclone (TC) Metrics:

| ANITC frequency

Il Category 4-5 TC frequency
Il Lifetime Maximum Intensity
IV Precipitation rate

NORTHERN HEMISPHERE

2006 IWTC VI, IPCC AR4
Many modeling studies have been published since 2006.
v
2010 Knutson et al. (2010, Nature Geoscience)
They commonly project the decreased number of total global storms,
but the increased number in the intense category.
v
2014 IPCC ARS Western North Pacific
o Eastern North Pacific
North Indian
50 bie = .
3 &
% nsf. d — ~a/e“ § ob—__ iNst. . e T
‘fZ ’ \"'1 { R ||| ?
5\_50 50
: Sou'xliri Ind.il:n\v' . South Pacific
8’ & nsf. d ==
E 0 nsf.d. TR === g 0
o = 2 —
* 50
-50
I i = = | ) ] v
SOUTHERN HEMISPHERE GLOBAL
50 50
& &
E 0 f.d e T § b - =
Sl m S =
D--50 t’--50

I Il i v

1 Ul i v

i m v




A brief review of the history of Future Projections for TCs (2006-2014)

2014 IPCC AR5

* The average intensity of tropical cyclones, the proportion of Category
4 and 5 tropical cyclones and the associated average precipitation rates are
projected to increase for a 2°C global temperature rise above any baseline
period (medium confidence).

* Rising mean sea levels will contribute to higher extreme sea levels
associated with tropical cyclones (very high confidence).

* Coastal hazards will be exacerbated by an increase in the average intensity,
magnitude of storm surge and precipitation rates of tropical cyclones.
There are greater increases projected under RCP8.5 than under RCP2.6
from around mid-century to 2100 (medium confidence).

 There is low confidence in changes in the future frequency of tropical
cyclones at the global scale

GLOBAL
50 Tropical Cyclone (TC) Metrics:
§° B j— |  AITC frequency
g 0 — Il Category 4-5 TC frequency
2 Il Lifetime Maximum Intensity
-50 IV Precipitation rate

| Il i v



After IPCC AR5 (2014-): Statistical-Dynamical Downscaling by Emanuel (2013)

Downscaling CMIP5 climate models shows increased
tropical cyclone activity over the 21st century

Kerry A. Emanuel’

Emanuel (2013, PNAS)
Number of global TCs
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period 2006-2100 minus the average over 1950-2005. The white regions are

H iStO rical d nd RC P85 where fewer than five of the six models agree on the sign of the change.

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 CCsSM3 ccsm4 -3 +11 +5 +8
GFDL CM2.0 CcmM3 -13 +41 +2 +72
MOHC HADGEM?2-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.



Statistical-Dynamical Downscaling by Emanuel (2013)

Emanuel (2013, PNAS)
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Statistical-Dynamical Downscaling by Emanuel (2013)

But, 5 years ago, Emanuel (2008, BAMS) concluded:

b)

100*10og(A1B/CTR)

A new technique for deriving hurricane climatologies from global data, applied to climate
models, indicates that global warming should reduce the global frequency of hurricanes,
though their intensity may increase in some locations.

Downscaled from CMIP3 models (A1B minus historical)
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Projected future changes in TCs directly computed from CMIP5 model outputs {

TC detection method by Camarogo and

30

Zebiak (2002).
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TC detection method by Murakami et al.
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(2012).

CMIPS5 RCP4.5 CMIPS5 RCP8.5
Model ID GL %  Model ID GL %
1 -7.0° 1 +7.8°
2 —50° 2 +33.5°
3 -10.17 3 -19.7%
4 —15.8% 4 -21.6*
5 -16.0° 5 —35.5%
6 —15.6° 6 —40.4°
7 -23.3 7 _32.3a
8 -66° g ~14.9°
9 —34 9 -13.2°
10 -2.0 10 -24
11 —05 11 +5.6°

All of the models under the RCP4.5 show

IR T Y T T T YN N T T T Y N M Y TN T N T M Y N T N I N
H4585 H4585 H4585 H4585 H4585 H 4585 H 4585 H 4585

FIG. 7. Global number of TCs per year in models for the his-
torical (H) run for the period 1951-2000 and in the future scenarios
RCP4.5 (45) and RCP8.5 (85) in 2051-2100. Range boxes asin Fig. 3.

Some models (M6, M12, and M13) shows

Projected increase in the number of global TCs.

Canargo (2013, J. Climate)

decreases in global TCs, whereas a few
models under RCP8.5 show increases.

Murakami et al. (2014, J. Climate)

The difference in TC detection methods may
also affect results.




Statistical-Dynamical Downscaling by Emanuel (2013)

Emanuel (2013, PNAS)
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Environmental factor that leads to increase in GPI

Murakami and Wang 20-km mesh MRI-AGCM (Future (RCP8.5) minus Present-day)
(2022, Commun. Earth Environ.)

(g) TCG (Present-day) 573.8 (h) TCG (Future) 436.2 (i) TCG (Future Change) -137.7 (-24.0%)

Directly
detected ..}
TC genesis ™

45°E 90°E 135°E 180° 135°W

T T T T°7

-8 -4 -2 -1 -01 .01 1 .

(c) ENGPI (Future Change) +84.3 (+14.0%)

GPI
(Emanuel and "]
Nolan, 2004) «-
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(d) DGPI (Present-day) 539.0 (e) DGPI (Future) 506.0 (f) DGPI (Future Change) -33.0 (-6.1%)

DGPI
(Wang and
Murakami,
2020)

45°E 90°E 135°E 180° 135°W 90°W 45°W 0* 45°E 90°E 135°E 180° 135°W 90°W 45°W 0* 45°E 90°E 135°E 180° 135°W 90°W 45°W 0*

BT T 1 17 T T .

1 156 2 3 4 5 6 7 8 9 10 1 16 2 3 4 5 6 7 8 9 10 -1 -8 -4 -2 -1-0101 1 2 4 8 1




Environmental factors responsible for the GPI changes

dRH,,,\ > /MPI\"’
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Murakami and Wang (2022, Commun. Earth Environ. )



Ventilation Index

UsXm

A =

where A is the non-dimension ventilation

upi

index; u, vertical wind shear; X, is the
entropy deficit, uy; is potential intensity.
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Relative SSTs

(a) CMIP3 SST
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(b) Cluster 1 SST
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PDI by a linear regressed model using absolute SST  PDI by a linear regressed model using relative SST

Power dissipation index anomaly (1011 m3 s=2)

Atlantic tropical cyclone power dissipation index anomalies

Based on Absolute SST
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Potential large-scale environment affecting future changes in global TC

frequency

1. Entropy Deficit 2. Mass Flux (msq0)

saturated vapour pressure of water :
POSE /ﬁadiailtive 1 : Radia%\
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3. Ventilation Index (Vshear) Sugi and Noda (2002)

4. Potential Intensity
(relative SST)

A consensus has not been reached!




Another study showing projected increases in global TC number

Vecchi et al. (2021) conducted some idealized experiments using high-resolution dynamical

model.

Models: GFDL-FLOR (coupled, 50-km Atmosphere/land & 100-km Ocean/Ice)
GFDL-HiFLOR (coupled, 25-km Atmosphere/land & 100-km Ocean/Ice)

Experiments:
Fully coupled:

1990 Control (free run with fixed anthropogenic forcing level at 1990)
Transient 2xCO2 (doubling CO2 relative to 1990 level)

: 1
SST nudged: dSST (x,y, 1)/t = y(x,y,t) + — (SSTy(x,y,t) — SST(x, y,1))
T

Experiment name CO, forcing  SST nudging target
MoC 352.7 ppm 1990-control coupled model monthly climatology (years 201-250)
MoC +Full 7054 ppm  Transient 2 X CO, coupled model climatology (years 201-250)
ObC 352.7 ppm HadISSTv 1.1 monthly SST climatology (1986-2005)
ObC + Full 705.4 ppm HadISSTv 1.1 monthly SST climatology (1986-2005) + transient

ObC+2K+2xCO, 7054 ppm
ObC+2K 352.7 ppm
ObC+2xCO, 705.4 ppm

2% CO, SST response climatology (years 201-250)
HadISSTv 1.1 monthly SST climatology (1986-2005)+ 2 K uniform
HadISSTv 1.1 monthly SST climatology (1986-2005)+ 2 K uniform
HadISSTv 1.1 monthly SST climatology (1986-2005)

Vecchi et al. (2019, Clim. Dyn.)



Vecchi et al. (2021, Clim. Dyn.) --Increased TCs by HiFLOR--

Simulated Changes in global TC number relative to the 1990 Control.

FLOR HIFLOR
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iL S -

-20

Transient 2xCO2 DMoC+Full DODC+Full

\ ) | J
| |

Fully Coupled SST-Nudged
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HiFLOR increases TCs more under +2K warming
than 2XCO2, leading to increased TCs.

FLOR projects decreased TCs, whereas
HiFLOR projects no change or increased TCs

Vecchi et al. (2019, Clim. Dyn.)




Vecchi et al. (2021, Clim. Dyn.) —Large-scale Parameters--

Some key large-scale parameters (Transient CO2 minus 1990 Control)
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Transient 2xCO, Response Per Degree Global Warming
None of the parameters explains the model differences in TC genesis frequency.



Vecchi et al. (2021, Clim. Dyn.) —Large-scale Parameters--

% Change +30°-Averaged Emanuel Genesis Potential Index

% Change Global TC Frequency

% Change Global TC Frequency

% Change +10°-30" Averaged Inverse Ventilation Index
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Vecchi et al. (2019, Clim. Dyn.)



TC Seeds: Pre-TC synoptic-scale disturbances (e.g., easterly waves, monsoon depressions, TD-type)
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Projected changes in TC genesis associated with TC seeds
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Li et al. (2010, GRL) showed projected
Increase in TC genesis over the central
Pacific and decrease over the western
North Pacific under the A1B scenario.

Changes in 2-8-day variance in vorticity at
850hPa reproduces well the TC genesis
change, indicating the importance of
synoptic-scale disturbances.



Vecchi et al. (2021)
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Even though P, decreases, the number of TC genesis can increase if P, largely increases.
Vecchi et al. (2019, Clim. Dyn.)



Hsieh et al. (2020, Clim. Dyn.)
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This model reproduced the nTC
changes among the different experiments.




Future changes in TC seeds
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Definition: 2_8_day Vorticity variance Definition: Candidate of TCs during the TC

detection algorithm (weaker storms)
Sugi et al. (2021, SOLA)

MRI-AGCM, NICAM showed projected decreases in TC seeds in the future
Definition: Maximum wind speed between 10m st and 17m s



Less role of TC seeds on the NA TCs
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Patricola et al. (2018, GRL) did conduct idealized experiments by placing a sponge layer to
kill synoptic-scale disturbance from the African continent (AEW).

Table 1
Measures of Atlantic TC Activity From the Ensemble Average of the Control and AEW Suppressed Simulations

Control AEW suppressed % change p value
Number of TCs/season 19.5 20.2 +4% 0.64
Number of TC days/season 105 117 +11% 0.17
ACE (10* kt?) 168 192 +15% 0.07

Note. This includes the percent change relative to the control simulation and the p value corresponding to a t test for
difference of the means.

No change (or increased) TCs, indicating less role of TC seeds on the climatology of TC
number in the North Atlantic.



Rebuttal paper by Emanuel (2022, J. Climate)

1. Changing the rate of TC seeds does not 2. TC rate from TC seeds depend on intensity
change the TC genesis number by Emanuel’s of TC seeds.
hybrid model. 3 '
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3. TC seeds do not determine TC genesis, but large-scale parameters determine TC genesis



Uncertainty in Statistical Dynamical Downscaling
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Princeton synthetic storm model (PepC)
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Changes in the dominant effect of large-scale parameters on TC genesis

Western North Pacific |
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A brief review of the history of Future Projections for TCs (2020-)

2020 Knutson et al. (2020, BAMS)
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more uncertain since IWTC-9 due to projected increases in TC

frequency by a few climate models.



Projected changes in TC intensity

There is a general consensus from theory and climate modeling that the
strongest TCs will get stronger in the future and will at least become a larger
fraction of total TC frequency.

Knutson et al. (2020):
There is a ~13% increase in the proportion of intense TCs (Cat. 4-5) under
2°C warming GLOBAL

50

% Change
o

-50

Lee et al. (2020):

Statistical-dynamical downscaling led to a relative increase in intense TCs,

with an increased fraction undergoing rapid intensification in both genesis
scenarios used.

Roberts et al. (2020):
Small increases in intensity in HighResMIP simulations by 2050, but with
mixed results across models.

Emanuel (2021):
A large increase in intensification rate in the future, in particular, > 20% increase
at higher intensity regimes



Projected changes in Rapid Intensification

Projected increases in the frequency of Rapid intensification of TCs.
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Projected changes in TC size
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https://www.jamstec.go.jp/e/about/press_release/20170914/

Projected changes in TC size
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No significant future change in the outer size of the North Atlantic storms.

Schenkel et al. (2023, J. Climate)



Projected changes in TC rainfall

a)

Number of Cases

Tropical Cyclone Precipitation Rate Change Projections: Global b) Tropical Cyclone Precipitation Change Projections: By Basin
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All 16 global projections from eight studies indicate a mean global increase (median:
+14%; range: +6% to +22%).

The projected 14% TC rain-rate increase for a 2°C global warming implies a slightly
stronger than 7% increase per 1° C of tropical SST warming (Clausius-Clapeyron).

Tropospheric water vapor content will increase in a warmer climate (IPCC 2013).

Knutson et al. (2020, BAMS)



Projected changes in regional TC activity

Projected future changes in TC density
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Murakami et al. (2012, J. Climate)
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Projected eastward shift of TC tracks in the WNP
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Projected eastward shift of TC tracks in the WNP @
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Projected eastward shift of TC tracks in the WNP
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Projected changes in regional TC activity
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Projected increase in TCs near Hawaii

(a) Observations {(1879—-2003) (b) Present—day (1879-2003) {c) Future Change
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Fig. C reveals an east-west contrast in projected future changes in TCF:
increase in the subtropical central Pacific and
reduction in the eastern tropical Pacific.

Murakami et al. (2013, Nat. Clim. Change)




Empirical Statistical Analysis (Total Analysis)

To assess the relative importance of TC genesis and tracks in terms of

future changes in local TCF, a simple empirical statistical analysis is
applied.

TCF in a grid cell (A) can be written as follows.

= | fC 9(A0)Xt(A, Ag)dA,

g (A,) : Frequency of TC genesis in a grid cell A,
t (A, Ay) : Probability that a TC generated in grid cell
A\ A, travels to the grid cell A.

\\Ax C: Entire eastern Pacific domain to be integrated
0

Future change in TCF in the grid cell A is computed as follows.

SF(A) = f jc 59 (Ag)Xt(A, Ag)dA, + f jc g(Ag)x8t(A, Ay)dA, + f L 5g(Ag)X8t(A, Ay)dA,

Genesis Effect Track Effect

Non-linear Effect

Murakami et al. (2013, Nat. Clim. Change)



Empirical Statistical Analysis (Total Analysis)

Genesis Effect Track Effect Non-linear Effect
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“TC track effect has the largest contribution to the projected
increase in TCF around the Hawaiian regions.

*TC genesis effect has the largest contribution to the projected
decrease in TCF in the tropical eastern Pacific.

Murakami et al. (2013, Nat. Clim. Change)



Empirical Statistical Analysis (Origin Analysis)

Here, we want to identify the locations associated with a large contribution to the
increase in TCF in a specific region near Hawaii.

The effect of remote grid cell A, on TCF changes in a specific region B (e.g., Hawaiian
region) is described as follows.

5f (B, Ao) = [f,, 69 (Ap)XT(A, Ag)dA + [[, g{Ag)XBt(A, Ag)dA + [f, 8g(Ap)XBt(A, Ag) dA

Effect of TC genesis Effect of TC track Effect of
change in AO on TCF change Non-linearity
change in region B

B : Region including multiple grid cells
g (Ap): Frequency of TC genesis in a grid cell A,
t (A, Ay): Probability that a TC generated in grid cell
A, travels to the grid cell A.

Murakami et al. (2013, Nat. Clim. Change)



Empirical Statistical Analysis (Origin Analysis)

Genesis Effect Track Effect Non-linear Effect
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* Contribution of TC track change (middle) is the largest southeast of
the Hawaiian domain, indicating that TCs generated southeast of
the domain tend to propagate to the Hawaiian domain regardless
of projected changes in TC genesis frequency.

*TC genesis change and nonlinear change nearby the domain partly
contributes TCF increase in the domain.

Murakami et al. (2013, Nat. Clim. Change)



Projected future changes in large-scale parameters in the Central Pacific

25N

(a) Relative Vorticity at 850 hPa [s™°]

20N,
15N

10N

e — /AN
= 0 S

b s

25N

e
-8 _:_‘—-‘_—'_—:.'.—‘?2
160W 150W 140W 130W 120W 110W 100W 0W
Future changes [s™*]
I I | I [ T s
-3 -2 -1 -05 -0.1 0.1 0.5 1 2 3

(c) Vertical p—Velocity at 500 hPa [1072 Pa s™']

20N

15N+

10N+

e g
NI ——

50

)

7, / O\
L s s D -
-

g =

el

170W 160W

150W 140W 130W 120W 110W 100W 90W
Future changes [10™® Pa s]

1 I 1
-3 —2 —1 —-05 —-0.1 0.1 0.5 1 2 3

(e) Relative Humidity at 700 hPa
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All variables show significant and robust future changes
that are more favorable for TC activity in the subtropical central Pacific.

Murakami et al. (2013, Nat. Clim. Change)



Projected increases in TCs in the Arabian Sea

(a) Ensemble Mean of Future Changes in TCF number/25-year
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Projected increases in TCs in the Arabian Sea
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Arabian Sea experiences increasing frequency of intense storms as the
climate models project for the future.

Murakami et al. (2017, Nature Climate Change)



Projected changes in Medicanes

Medicane (Mediterranean TC-like Cyclone)

* Hybrid and shallow warm-core with extratropical
cyclones developed in the Mediterranean Sea

* Tropical cyclone transition sometimes occurs

* One or two storms a year

* Afew hundred kilometers in size (smaller than a TC)

* Induces serious societal and ecological threats

* A decrease in frequency but an increase in intensity

Tous et al. (2016), Romera et al (2017), Romero and Emanuel (2017),
Gonzalez-Alman et al. (2019)

* |Increased rainfall associated with medicanes
Gonzalez-Alman et al. (2019), Gutierrez-Fernandez et al. (2021)

* Changes in SST and atmospheric stability would be important for future changes in
medicanes

Koseki et al. (2021)

Remained Issue:
* Limited availability of reliable historical records of medicanes
* The subjective identification of medicanes
* Less attention paid by the TC climate modeling society



Projected changes in Extra-tropical transition storms
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IPCC AR6

L(—\ CChanges in storms with increasing global warminQ
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precipitation rates increase
with warming
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following storm tracks
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* Average peak TC wind speeds and the proportion of Category 4-5 TCs will very likely
increase globally with warming.

* |tis likely that the frequency of Category 4-5 TCs will increase in limited regions over
the western North Pacific.

* Itis very likely that average TC rain rates will increase with warming and likely that
the peak rain rates will increase at rate greater than the Clausius-Clapeyron scaling

rate of 7% per 1°C of warming in some regions due to increased low-level moisture
convergence caused by regional increases in TC wind intensity.

e ltis likely that the average location where TCs reach their peak wind intensity will
migrate poleward in the WNP as the tropics expand with warming.

* The global frequency of TCs over all categories will decrease or remain unchanged.



Inconsistent historical trends in simulated SSTs by dynamical models

relative to observations (1979-2020)

* Marked model biases in the historical SST trend

* Exaggerated Pacific warming and extreme El Nino
in the future (Tang et al. 2021)

e ENSO characteristics may change in the future (e.g.,
teleconnection) (Cai et al. 2020) I

Observed SST Trend CMIP6 SST Trend

ERSSTvS5 SST Trend (1979-2020) Multi-Model-Mean SST Trend (1979-2020)
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A short summary

 TCintensity and TC precipitation are likely projected to increase in the future.

* The total number of TCs is of great uncertainty even at a global scale.

1990 2022

Climate Change 2021
The Physical Science Basis

* Projected change in regional TC activity is also uncertain because of different
model results.

* Observations are unreliable for analyzing long-term trends, inhibiting
scientists from identifying the effect of anthropogenic climate change.

 We are still beginning a new era for tropical cyclone future projections. New
works using high-resolution climate models, long-term observations, and
theories are desired to shed further light on the uncertainties in the future
projections of TCs.
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