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Motivation

Many studies project increased intensity of tropical cyclones in a warmer climate.
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Pseudo-warming experiments showed the increased intensity of tropical cyclones that
made landfall over the United States due to anthropogenic climate change (e.g., Patricola
et al. 2019; Reed et al. 2020).

A pseudo-warming experiment is useful to estimate the effect of global warming on
storm intensity changes but is not telling about frequency of occurrence of the storm.

An open question is if these costliest landfalling hurricanes might have occurred more
or less frequently under a warmer climate.



The top 20 costliest hurricanes to analyze

(a) Costiest Tropical Cyclones to Impact the United States Since 1990

Name Year Cat. Costs

Katrina 2005 C5 $170.0B
Harvey 2017 C4 $131.3B
Maria 2017 C5 $94.5B
Sandy 2012 74.1B
Irma 2017 52.5B
Andrew 1992 50.5B
Ike 2008 36.9B
Ivan 2004 28.7B
Wilma 2005 25.8B
Michael 2018 25.5B
Rita 2005 25.2B
Florence2018 24.5B
Charley 2004 22.4B
Hugo = 1989 19.3B
Irene 15.8B
Frances 2004

Allison 2001

Matthew 2016

Jeanne 2004

Floyd 1999
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* The top 20 costliest US hurricanes since 1990 were evaluated.
* We attempt to estimate the effect of anthropogenic warming on their occurrence
of frequency in addition to the intensity and translation speed.




A high-resolution dynamical model —HIFLOR-

GFDL-HIFLOR: A global atmosphere-ocean fully coupled dynamical model

Horizontal Resolution: 25-km for atmosphere/land & 1° for ocean/ice components

(c) Observations (1979-2012) GL=84.3 HIiFLOR (1971-2012)

40°S
S10=15.7
30E BO'E 90E  120E 1S50°E 180" 150°W 120'W go'wW 60w 30w 0 30°E

60°S 60°S

150°E 180"

60°E

D TS c1 c2 c3 c4 —
0-17ms' 17-33ms' 33-43ms’' 43-50ms' 50-59ms' 59-70ms' 70ms -

i .PDl_: of .LITE.—TIrT!E: Mlax |.n1erl|5|t3". Max Wind Speed—-Mean SLP Relationship
40 -®-FLOR (1971-2012) - Eggj- i
3°.351 8- HiFLOR (1971-2012) & g0
%30- 8- Observations (1979-2012) f 960 -
o 25 , 7 9407
T 20 Major £ 9201
o . S 800 %y
5 157 Hurricanes E gl TEIN
@ 10 E ggo{®OR | | | N
b :
5 840 - .HlFLD.H | | | | | | \% i
U- | 820 T T T T T T T T T b
0 10 20 30 40 50 60 70 80 00 100 0 10 20 30 40 50 €0 70 80 90 100
3 - 3 - i i _1
Life—time Maximum Intensity [m s7'] Maximum Surface Wind Speed [m s~']

HiFLOR can simulate major hurricanes with reasonable storm structure.



Observed SSTs were forced for the model (FLOR: 50-km mesh model, HiIFLOR: 25-km mesh model)

30

25

20

15

0

5K

(a) Tropical Cyclone Frequency (>34kt) in the North Atlantic (1971-2012)
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For the first time, a global
coupled model could simulate
the observed interannual
| | variation of Cat 45 hurricanes.
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Skillful seasonal forecast of major hurricanes

Retrospective seasonal forecast of major hurricanes using HiFLOR
Initialized on July 15t to predict major hurricanes in the following July-November by HiFLOR

(a) Predicted Number of Major Hurricanes by HIiFLOR (July Initial to predict jul-Nov
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The climate model simulations used In this study 3

We conducted long-term climate simulations with the fixed levels of
anthropogenic forcing using HiFLOR.

Simulation | Fixed level of Mean climate to
years anthropogenic forcing level | represent

1860Cntl 1,500 1860 Pre-industrial
2015Cntl 2015 Present-day
Simulation | Fixed level of Mean climate to
years anthropogenic forcing level | represent
CLIMO Mean of 1986-2005 Present-day
RCP4.5 70 Mean of 2081-2100 Climate The end of this
under RCP4.5 century

Bhatia et al. (2018, J. Climate; 2019, Nat. Comm), Vecchi et al. (2019, Clim. Dyn.)

Using 6-hourly output, we tracked simulated TCs using a few criteria
such as wind speed (17.5 m/s), warm core (2K), and duration (36 hours).



How to pick up the costliest hurricanes in a simulation?
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How to pick up the costliest hurricanes in a simulation?

Because most of the costliest hurricanes were major hurricanes, we only pick up simulated
storms with major hurricane categories (296kt) in the HiFLOR simulations.
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The top twenty costiest hurricanes

Projected changes in the number of the costliest hurricanes

Present-day - Preindustrial Future (RCP4.5) — Present-day
Changes in Number of Storm (%, 2015Cntl-1860Cntl) Changes in Number of Storm (%, RCP4.5-CLIMO)
(a) Fractional Change in Number of MH (2015Cntl—1860Cntl, %) (b) Fractional Change in Number of MH (RCP4.5L—CLIMO, %)
Katrina(2005) Katrina(2005)
Harvey(2017) l68.5 [ 7756 Harvey(2017)
Maria(2017) Maria(2017) B8N 7621 52.4 556 [ 63.0
Sandy(2012) sandy(2012) B8l 627 542
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(c) Significant Changes in Frequency of MH (2015Cntl - 1860Cntl) (d) Significant Changes in Frequency of MH (RCP4.5L - CLIMO)
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Only the changes with statistical significance at 95% level are shown
Hurricanes with Significant change (red) for any of RMSEs
* Generally, the frequency of occurrence of the costliest storms increases by increased
anthropogenic forcing with some dependency on the hurricanes (e.g., +92% increase for
RMSE<5)
* Changes between pre-industrial and present-day (left) are more significant than the future
changes (right).



Projected changes in the lifetime maximum intensity (LMI)

Present-day - Preindustrial Future (RCP4.5) — Present-day
Changes in Number of Major Hurricanes Changes in Number of Major Hurricnaes
(%, 2015Cntl-1860Cntl) (%, RCP4.5-CLIMO)
I (a) Fractional Change in LMI (2015Cntl—1860Cntl, %) - (b) Fractional Chanae in LMI (RCP4.5L—CLIMO. %)
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Only the changes with statistical significance at 95% level are shown

e Lifetime maximum intensity would be more intense by increasing greenhouse gases
(e.g., +4~6% increase for RMSE <5)



Projected changes in the mean translation speed

Present-day - Preindustrial Future (RCP4.5) — Present-day
Changes in Number of Major Hurricanes Changes in Number of Major Hurricnaes
(%, 2015Cntl-1860Cntl) (%, RCP4.5-CLIMO)

(c) Significant Changes in Mean Translation Speed (2015Cntl — 1860Cntl) (d) Significant Changes in Mean Translation SPeed (RCP4.5L - CLIMO)
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The top twenty costiest hurricanes
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Only the changes with statistical significance at 95% level are shown

* No significant changes in the mean TC translation speed for the simulated
costliest hurricanes.



Major Hurricane Landfall Drought (2006-2015)

US major landfalling hurricanes 1900-2020
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No major hurricane landfall in the consecutive 10 years (2006-2015)
Any relation with increasing anthropogenic forcing?

Levin and Murakami (2016)




Major Hurricane Landfall Drought (2006-2016)

Simulation Years Fixed CO, Level Mean Climate to
Represent

1860Cntl 1,500 286 ppmv

1990Cntl 300 354 ppmv
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(b) Major Hurricane Landfall Drought Frequency (buffer=300km)
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HiFLOR shows decreased
frequency of major hurricane
landfall drought events

with increasing anthropogenic
forcing.

Levin and Murakami (2016)




Observed and simulated trends in the NA major hurricanes (1980-2018)

M Hurricanes (Cat. 1or2) & Major hurricanes (Cat. 3,4 or 5)
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Increasing basin-total major hurricanes in the North Atlantic since 1980.
s this trend related to natural variability (AMO?) or anthropogenic forcing (CO,, aerosols)?



Observed and simulated trends in the NA major hurricanes (1980-2018)
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AllForc: Historical simulations by prescribing time-varying external forcing (green-house
gases, aerosols, volcanic forcing, and solar constant)
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Observed and simulated trends in the NA major hurricanes (1980-2018)

Observed Trend in Major IForc by HiFLOR (1980-2018) NatForc by HiFLOR (1980-2018)
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Indicating a substantial impact of anthropogenic forcing (e.g., greenhouse gases and aerosols)
on the positive trends in the North Atlantic major hurricanes since 1980.
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e Both the occurrence and mean lifetime maximum intensity of
the top 20 costliest hurricanes may increase due to increased

anthropogenic forcing, but no significant changes in the mean
translation speed.

e HiFLOR doesn’t project increased events of major hurricane
landfall drought by increasing anthropogenic forcing.

* The large-ensemble simulations suggest that increased
anthropogenic forcing plays an important for the increasing
frequency of occurrence of NA major hurricanes since 1980.

 Quantitative assessment of the changes in major hurricane risk
using a dynamical model is still challenging by the substantial
uncertainties such as insufficient model resolution, biases,
experimental design, and insufficient simulation length, etc.



