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Abstract

Global warming plays an important role on environmental of the
tropical cyclone (TC). Understanding the tropical cyclone formation
factor based on climate change is very important in future tropical
cyclone activity. In this paper, the projection of TC activity based on
power dissipation index (PDI) is investigated using 10 Coupled Model
Intercomparison Project 5 (CMIP5) global climate models, 2 reanalysis
data and Joint Typhoon Warning Center (JTWC) best—track data. The
simulation for future projection is based on the one (8.5) representative
concentration pathways (RCP) scenario from 2075 to 2099 and
compared with historical PDI from 1981 to 2005 over the North Pacific.
In order to project changes in the future activities of TCs, we evaluated
performance of the 10 CMIP5 models for environmental factors of TC.

In the end of 21° century, CMIP5 multi model ensemble simulated
sea surface temperature (SST), vertical wind shear (VWS), maximum
potential index (MPI) and the other climate conditions which influence
the PDI, show increasing or decreasing patterns in their temporal
changes. However, these patterns were different regionally.

In order to predict TC’s activity based on PDI, we developed multi
regression equation using environmental factor of TC and project the
future TC’s activity (PDI) after verification observation data. The PDI
value over the Western North Pacific (WNP) is larger than that over the
Eastern North Pacific (ENP) in historical period. At the end of 21°
century, over (WNP) SST/MPI is expected to increase while VWS
decrease due to global warming. Such climate conditions are favorable

for increasing of PDI but different results are projected over ENP.
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Aol 7 s ARl 71ddd Sl skl Ao A 71 (Tropical
cyclone) 2 H A W &< AF, 35 2 HFF LS T B2 AAL &
At APFAE Z#EtH(Zhang et al, 2009). IPCC 42+ #7114 (IPCC
AR4, 2007) &= A WHAIZ] 5 A THLE Ao diFato] <19y 27t

2ELRS] SR Q] AUy FAAAAAA dAlFHEE Sl A 713
S 7FsAol dvka Rustdd HZ IPCC 53 #7814 (IPCC AR5, 2013)
ANME AF2HEsE Qe 7|Fwsks mFe] I3 7$E BAYAY Aow F

ek vk 53] /15 A AdAsg w4 9 dde] dd8 $PAAES
M7 ee Axegeh oleF ol KT mee) J At AejA7IG B
g ofwl JBS vAAe] g ATt A we AR Sl B thiol

¥ Y (Bengtsson et al.,, 2007; Emanuel et al., 2008; Chan, 2009;
Knutson et al., 2010). 283 & A3YAFoA= T3l o AhA
71949 At S7re Aolgta o538t 9 th(Emanuel, 1987; Emanuel,
2008; Zhao et al., 2009; Knutson et al., 2010; Kim et al, 2011).
Knutson et al. (2001) ¥ Knutson and Tuleya (2004)% F£x4dS Z& v
A 23t AN FoAg ALY AEvE FUHe Balskglitt.

AA7I ] DAY Ao FFS vA= 8= 8l
o] zlo], w719 Y&, AAAEA o, FUFE Fol AF
(Demaria et al.,, 2001). A 2047] &<t A F2Hd3s= Qs 7| W= 4
A 71ske] s e SAA ] AHAQ S vFL, I Ad9E 4
A 7Iske]l A R 1A, 28y A W gy T WIkE xd
Z B33 9lvk(Webster et al., 2005). o]#]gt $74 Q1z52] W= A4
7188 AN AR AFACoE FFS v 7] Wl A3l AAA<] 1
E =ol7] SeiA mddS5S d5A o)t

FAA/d A5 (Genesis potential Index, GPD) 2] W3tE AFg3ste] v Eu
#1719k WstE A A AT (Zhang et al., 2010; Emanuel, 2013) ¢l ¢
sk 204171 diE] 214170 DA 7ISE &so] zropd Zlojtar sttt



Camargo et al. (2007b)x= FABGA T AA AhA7IF AN A
ol ek B9 Aes ddshy] f& R das B4 s3I Ay, &
R A5 el AAYIE &sol 7H Eiet SA s el s AEskr] oy

& e e AREE deplon, HEaFFAE U B

%
1o
03
i
i

AZb Aeka Bastoln mg AR YAeE TS e R 499
A BAAAQ AdYAZETE HAAEEFe] dAAVIE A o A
BEE Hola QI3 (Chan, 2009). ©l¢ tlEo] AWIAZEE TAehs &

v SAJNAES FAEHE AN 5o ARPAE 2t v a5
AA T 7|5 AdAst 7| Sl v duAT|d S R
Emanuel (2008) A<= 21417] 2ol @ityrollA= AuA 7]k Aol Eo=
AR gy £F AEE Tk RHE, BAEHE Gl A TN R SUkskt
I Baskth shAIRE A A= AT R HAEE S = DA
719 EAAA A 2 FAETE flvbal 4 A 3t (Emanuel, 2010). E3F, Ay
A718F AL FS AFEste]l 1471¢ CMIPS RS Abgsto] wlg] driA
718t &5l s 223k Camargo (2013) 94+ AUiA7 EZ A #|
o iR Aot ddow v AATIY WS FHe WIE A X
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—
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r]

djA71te] dss YehdE AgERs HARE, A HA]7H(Landsea,
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(Accumulated Cyclone Energy, ©]3} ACE, Bell et al.,, 2000), 181 %%
o] w38 X]4=(Power Dissipation Index, ©]3} PDD) &°] Stk 53], ddiA
e A, £ 9 A WESE 25 aedt ACEY PDIx @A 7149
d5s dxstes ATE dy AFEET st 92 Emanuel (2005) & A%

2 @ PDIS BAAF}ES o] &ate] 1970t Fik o]F BAg ek @ B¢
BES vebdtta By skqich
A 2 Ao BAL HddFox e sAE Rekety] flE ddiA TS
F5A T} ARETE B FAJAAES AFESte] vl AN F5S ©
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2. A4

2 dAqt= IPCC 52 HaAMe] AFgE  CMIP5  (Coupled Model
Intercomparison Project Phase 5; Taylor et al.,, 2012) B9 10%F& AF&3}
32 (Table 1) &A 2 ¥ 55 7d%E (Representative Concentration
Pathways, ©]3F RCP, Moss et al., 2010) A48l 2 4% 5 RCP8.5 Ayl e
(Riahi et al., 2007)& AH&3t3ith. §-4, NCEP A4 2= 9 ERA-Interim
AEAAZE ARESH] 20417 2 7I1ZEREe] CMIPS BE 1059 452 H

shal vjed el Ags mds Ad & vddgs Al o] AR

El

ANl

HFE O 2 20417] 2 (1981~20054) tiw] 214171 ¥ (2075~20994) 9]
253 7~10€9] 71 @S nluste] duiA7Id AR v A4

}=, RCPAIYE 2, 4

i

N
N

Ane dgstn BASY AT g w2

A7ZIsE Al el ARy vy g

2.1. CMIP5 2¢€ 4 z8

oAM= AREE CMIPSREE I AAAGEE= Table 1o AAISTH
CMIP5 =249 PCMDI (Program for Climate Model Diagnosis and
Intercomparison, http://pcmdi9.llnl.gov) CMIP5 T}S-Z = AE oA T2 E
7Fsetth. CMIPS Yl 105 t7]-3l 58S shve 495ds A9
aFolth (Table 2). TEgh, 204171 & 7]7ke] CMIPS 10% B¥e] A5d5S 4
3l AwEA HolH 2% ARESISITE AFE-E A5+ NCEP/NCAR (Kalnay et
al., 1996) 2} ERA-Interim (Dee et al., 2011) AMEAAAEE AFESFAT. 7+
=g g ARARRe Axtel A4 Fol ZA FEg mEsk 7], sl BT
1° X 1° (180 latitude X 360 longitude) Z W/ S8 A7 A3lse] &
Ao AbgeRelth e, AdiAYIY e #dE"E #dAANE 3] 9§

¥ PDIE AT



Table 1. Model name, institute, and resolution of atmosphere / ocean model.

Model name

Center, Country

Atmosphere Resolution
(Iat. X lon.)

Ocean Resolution
(lIat. X lon.)

Accessl.0

CanESM2

GFDL-ESM2M

GISS-E2-R

HadGEM2-AO

HadGEM2-ES

MIROC5

MPI-ESM-LR

MRI-CGCM3

NorESM1-M

Commonwealth Scientific and Research Organization
(CSIRO) and Bureau of Meteorology (BOM), Australia
Canadian Center for Climate Modelling and Analysis,
Canada

NOAA Geophysical Fluid Dynamics Laoratory, USA

NASA Goddard Institute for Space Studies, USA

National Institute of Meteorological Research/ Korea
Meteorological Administration, Korea

UK MetOffice Hadley Centre, United Kindom

University of Tokyo, National Institute for
Environmental Studies, and Japan Agency for
Marine-Earth Science and Technology, Japan

Max Plank Institute for Meteorolology, Germany
Meteorological Research Institute, Japan

Norwegian Climate Centre, Norway

1.25° X 1.875°

2.79° x 2.81°
2°x 2
2° x 25
1.875° X 1.25°

1.875° x 1.25°

1.4° x 1.4

1.865°%1.875°
1.2° x 1.12°

1.9° x 2.5°

1" x 1°
1.14° x 0.94°
0.33° x 1°

1° X 1.25°
1° x 1~1/3°

1° x 1~1/3°

0.5~1.4° x 1.4°

1.5° x 1.5
05 x 1°

1.125° X 1.125°




Table 2. Reanalysis data name, institute, and resolution of atmosphere / ocean model.

Reanalysis Center, Country Atmosphere Resolution Ocean Resolution
data name ’ (lat. %X lon.) (lat. X lon.)
National Centers for Environmental Prediction (NCEP)/
NCEP/NCAR NAtional Center for Atmospheric Research (NCAR), 2.5° x 2.5 1" x1°
USA
ERA-Interim European Centre for Medium-Range Weather Forecasts 92 5° x 9.5° x1

(ECMWF), Europe




2.2. RCPAIYE 2

4702 Ayg e deHR RCPAIYE 2E RCP2.6 (Van Vuuren et al.,
2007), RCP4.5 (Clarke et al., 2007), RCP6.0 (Hijioke et al., 2008),
RCP8.5 (Riahi et al., 2007)7} Slthk. RCP AlYz] Q9] A= HAMGAY, =
ATt Fo® UAY BEE WA FFHAEE dn|dhs oA
9l Wm otk RCP2.6 Aluel et Z8d gadhgdfo] ALgd AwE
Al e A A dse EstE B dUAE Hlole oUAE A A]7]7]
A&l FABA Zol F71stE RCP4.5 2 6.0 AU s & Alvg 2ol
SaErg Aol ol Ax AFE= Ay Lotk EF RCP2.6 Alve 2Kt
bzt ¥ @& oYAE A&t RCP6.0 AlveloE AR AF8Z o)
A WP RCP4.5 Alvel s FAduAde AREate] A dRed 9 &35

A AR gsS AlS olojrke avlE AluE o, =L ATAEEES Vel
A& 7Hgstn®2 RCPAYVE R Foll 7H W2 ouA7F A5 He Co29 ¥=
Fol 7HE wrh 1Al AR duAg e 2olu £ AdTTrHEE H

L] flal AR ARl STlske Al 2ol

2.3. UZAZ=

A 71¢te]l Hu A% = (Maximum Potential Intensity, MPD+ <tiA
71¢ke] olgdeor THd F v FH HUAE ((m/s))E T
(Emanuel, 1999). HWHFAL =7 IA vHebdth= 22 ddiA7I4e] Hd 5
Fo] Adal vh= S gvlehy] wize]l ZF sz Wgsts AR

AEAZelA 85 AT S Yok AN FEE AYATIRE st

7)oz FIe stu, AhAZIGe W] AAFAA ANAR atel s
Yo o] FES Pl FHE AP A BES F AUA =TS
Aow ST 5 g Adgzelw, ted ge How mdAw



(Emanuel, 1999).
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2.4. AR AT Ao

AP =Alo] (Vertical Wind Shear, VWS) = 850hPa¥ 200hParle]e] &
2 vpghAlol 2 At o7 FFet AubgAlol = gAY dES JA st
adH A Aot (Gray, 1968; Merrill, 1988; Zhang and Tao, 2013). T3},

AEA= EUA7IG oS ez AREE™  (Demaria  and
Kaplan, 1994) th&3 22 Wi o= Arksin.

A4

VIS = \/(Uzoo - Ugso)2 +(V200 - %5())2 (2.2)

UQOUQ’ U850'E‘ Z+z} 200hPa$} 850hPacl A & FAuteAd L, VQOOJ—L}‘ V850

+ 200hPa®} 850hPaclA e E&EulaAd S 523t



25. EHAZIY &5 A5

o
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o

2 AAYG FEel U HEZ AdAr|ee] Ax, HE, A
2rol xZeEl AfA 7| %A 4 (Power Dissapation Index, ©]3F PDI)
< 7 21 Emanuel (2005)¢] AAIS oA 714+ HAdF55S AHE-st

shelvh(d 2.3).
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PDI:/ Vi dt (2.3)
0

A7 Ve AUTE, 75 AKAIZOIH @9 (m/s)’olth 2 Ao A]
+ CMIPSEH] 7|5 3t& AF&ato] g A7 5o A5 8] 28l
%3] A4 (Multi Regression analysis) 2 %3 A 2% PDI AAkd & w59
ol st 5 St 3ol T Ev I o) WgE el EAE
+ #EA8E FA5] flete] #59 A5elA ols 19 A AAE TAF
W o ekal o SYHWETE FoRe wl oo wE FHEATE oS5k
Holt} Xu and Wang (2014 of

of ofsf A9 = Atk

=2
1o
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e
e

©3}#] ¢kthi= Chan (2009) ¢ wet A Q=Ajojnkg o] g3to] Axtatqict. A
N, 110°E~150°E) A

s EE Hola sith
5, e SAJAE vl AAupgale] o] dir]Qlatute] HF AN T W
Z 71915 sk Ao®E etk =9, vgle] oisk PDIR EA8HA k7]l

A7l AAEE A 7|9 2 GEEE 7R @3S s AREe AL ATiA
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A A 71¢r 52 mdde 98 CMIPS RES 20417] #(1981~2005
d) 7~10€ 7|3 F_be ARHAESL HuE FE
W t7]AAks} S FIAE
T3} o] o]Folxtt ti7|lztel] st 5B rtE dho] ¥ A ekl
Ao gt A5HIME st de wdl g8l HEH o R PDIY wed gl
A= FA71Ee w=E PDISE CMIPSERzEe] PDIO theh Ankz el 7

V5 Fi ddd muEve el o8 daHgi. AFNow AP

3.1. t710A 5387}

CMIPS 9] tj7]Axke]l  HFWHS> ESMValTool (Earth System
Model eValuation Tool, Eyring et al., 2016) S A3t A7) H2 &
A 75Ed FrypAs FAA7I= F40 g8 idE A" Eolth
ESMValTool:= H4jef w2} F7hsh= Wilo] vhakapArt 2 A-olx= IPCC
AR5 Chapter 9. Evaluation Climate Modelsel|A A3 CMIP5E 7} vk
H = #3259 RMSE (Root Mean Square Errors)E o] &3] CMIP5E
9 Ae FHrtele WHAPCC AR5, Chapter 9, Fig. 9.7, Gleckler et al.,
2008) = A9 st

o&:,

m‘l.;
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Table 3. Observationally-Based Reference Data Sets.

Variable I.D. Description Unit Referencel/Reference2 Levels
ta Temperature °C ERA-Interim/NCEP-NCAR 200,850hPa
ua Zonal wind m/s ERA-Interim/NCEP-NCAR 200,850hPa
va Meridional wind m/s ERA-Interim/NCEP-NCAR 200,850hPa
hus Specific Humidity kg/kg AIRS/ERA-Interim 400hPa

Mean sea level )
psl hPa ERA-Interim
pressure
Sea surface )
tos ERA-Interim/NCEP-NCAR
temperature

_12_
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RMSD - Western North Pacific

psl_WNP // - // 0.50
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HadGEM2-ES
MIROC5
MPI-ESM-LR
MRI-CGCM3
NorESM1-M

Figure 1. Relative root-mean square error (RMSE) calculated from the
1981-2005 climatological seasonal cycle of the CMIP5 historical simulations
over western north pacific (0°~60°N, 100°~180°E). A relative performance is
displayed, with blue shading indicating performance being better and red
shading worse, than the median of all model results. A diagonal split of a grid
square shows the relative error with respect to the reference data set (Ref.l,
obs data, lower right triangle, Table 1) and the alternate data set (Ref. 2,
reanalysis data, upper left triangle, Table 2). White boxes are used when data
is not available for the given model and variable or no alternate data set has
been used. The figure shows that performance varies across CMIP5 models
and variables, with some models comparing better with observations for one
variable and another model performing better for a different variable.
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Figure 2. Same as Figure 1. But for region is Eastern North Pacific (0°~60°N,

180°~300°E).

Table 4.

RMSD - Eastern North Pacific

P
/

P
>

T E 2
& © &
E £ 2
e
= o <«
=

CanESM2

e

GFDL-ESM2M
GISS-E2-R
HadGEM2-AO

HadGEM2-ES

MIROCS

Separated RMSE +0.4 up/down over WNP and ENP.

MPI-ESM-LR

MRI-CGCM3
NorESM1-M

0.50
0.40
0.30
0.20
0.10
-0.00
-0.10
-0.20
-0.30
-0.40
-0.50

Coose the CMIP5 models for atmosphere variable by ESMValTool.

RMSE <04 > 0.4
ACCESS1-0 CanESM2
GFDL-ESM2M GISS-E2-R
WNP HadGEM2-A0 HadGEM2-ES MIROCH
MPI-ESM-LR MRI-CGCM3
NorESM1-M
ACCESS1-0 CanESM2
GFDL-ESM2M GISS-E2-R
ENP HadGEM2-A0 HadGEM2-ES NorESM1-M
MIROC5 MPI-ESM-LR
MRI-CGCM3
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Table 5. Correlation between reanalysis data with CMIP5 models.

Model Correlation Model Correlation

ACCESS1-0 0.94 CanESM2 0.71
GFDL-ESM2M 0.6 GISS-E2-R 0.78
WNP HadGEM2-A0 0.87 HadGEM2-ES 0.76
MIROC5 0.98 MPI-ESM-LR 0.25
MRI-CGCM3 0.79 NorESM1-M 0.93
ACCESS1-0 0.6 CanESM2 0.51
GFDL-ESM2M 0.24 GISS-E2-R 0.62
ENP HadGEM2-AO 0.52 HadGEM2-ES 0.53
MIROC5 0.65 MPI-ESM-LR 0.11
MRI-CGCM3 0.63 NorESM1-M 0.73

Table 6. Choose the CMIP5 models for ocean variable. Separated correlation

reanalysis data with CMIP5 models over WNP and ENP respectively.

Corr. > 0.7 < 0.7
ACCESS1-0 CanESM2
GISS-E2-R GFDL-ESM2M
WNP HadGEM2-A0 HadGEM2-ES MPI-ESM-LR
MIROC5 MRI-CGCM3
NorESM1-M
Corr. > 0.5 < 0.5
ACCESS1-0 CanESM2
GISS-E2-R HadGEM2-AO GFDL-ESM2M
ENP HadGEM2-ES MRI-CGCM3 MPI-ESM-LR
MIROC5 NorESM1-M
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Figure 3. Sea Surface Temperature ('C) for CMIP5 multi model ensemble (MME,
top), reanalysis data ensemble (OBS, middle) and difference MME and OBS
(bottom) over North pacific of the end of 20" centuary (1981~2005).
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Figure 4. Sea Surface Temperature (‘C) for 10 CMIP5 models and 2
datas over North pacific of the end of 20™ century (1981~2005).
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4.2. @R HJEA 9] (Vertical Wind Shear)
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Figure 5. Typhoon track over North pacific of the end of 20
century(1981~2005). The data based on JTWC-Best track.
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Figure 6. Vertical Wind Shear (m/s) for CMIP5 multi model ensemble (MME,
top), reanalysis data ensemble (OBS, middle) and difference MME and OBS
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(bottom) over North pacific of the end of 20" centuary (1981~2005).
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Figure 7. Vertical Wind Shear (m/s) for 10 CMIP5 models and 2 reanalysis
datas over North pacific of the end of 20" century (1981~2005).
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Multi Model Ensemble 1981-2005 JASO
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Figure 8. Maximum Potential Intensity (m/s) for CMIP5 multi model ensemble
(MME, top), reanalysis data ensemble (OBS, middle) and difference MME and
OBS (bottom) over North pacific of the end of 20™ centuary (1981~2005).
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Figure 9. Maximum Potential Intensity (m/s) for 10 CMIP5 models and 2
reanalysis datas over North pacific of the end of 20™ century (1981~2005).
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Figure 10. Changes in sea surface temperature (C) for 10 CMIP5 models and
multi model ensemble for RCP 8.5 scenario over North pacific between the
periods of 2075~2099 from 1981~2005.
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Figure 11. Changes is vertical wind shear (m/s) for 10 CMIP5 models and multi
model ensemble for RCP 8.5 scenario over North pacific between the periods of
2075~2099 from 1981~2005.
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Figure 12. Changes in maximum potential index (m/s) for 10 CMIP5 models and
multi model ensemble for RCP 8.5 scenario over North pacific between the
periods of 2075~2099 from 1981~2005.
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Figure 13. Upper/lower panels are correlation observed PDI with each variables
for NCEP reanalysis data over North Western Pacific and North Eastern Pacific
respectively. First column is MPI and second column is VWS. Number in the
black box means correlation OBS PDI with NCEP each variables data.
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Figure 14. Caculated PDI (Power Dissipation Index, (m/s)’) for Observation
data (OBS) and NCEP reanalysis (NCEP) data. Upper panel is western north
pacific and lower panel is eastern north pacific. Black, Red lines mean OBS

and NCEP respectively. Each lines are 4-years moving average.

Multi Model Ensemble WNP

6.0:10
5.0:10" F
4.0:10" F
3.0:107 3
20107 3
1.0:10
0.0:10

T T T T T T T T
1981 1984 1987 1990 1993 1996 1898 2002 2005

Multi Model Ensemble ENP

3,510’
3.04107 1 o
25107 1 F
2.04107 1 £
1.5107 F
1.0107 A F
0.5%107 1 F
0.010

1981 1984 1987 1890 1993 1996 1999 2002 2005

Figure 15. Same as Fig. 16. But Black, Red lines mean OBS and multi model
ensemble respectively.
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Table 7. Correlation observed PDI with calculated multi regression PDI for 10
CMIP5 models and 2 reanalysis datas over north pacific from the end of 20™

century.

Model WNP ENP

NCEP 0.74 0.66
ERA-Interim 0.49 0.66
ACCESS1-0 0.51 0.52
CanESM?2 0.46 0.45
GFDL-ESM2M 0.53 0.22
GISS-E2-R 0.46 -0.03
HadGEM2-A0 0.18 0.43
HadGEM2-ES 0.56 0.52
MIROC5 0.52 0.23
MPI-ESM-LR 0.2 0.32
MRI-CGCM3 0.7 0.48
NorESM1-M 0.42 0.42
Multi Model Ensemble 0.61 0.5

Table 8. Finally CMIP5 models selected for the future projections.

ACCESS1-0 CanESM2
GFDL-ESM2M GISS-E2-R
WNP
HadGEM2-ES MRI-CGCM3
NorESM1-M
ACCESS1-0 CanESM2
ENP HadGEM2-AO HadGEM2-ES
MRI-CGCM3
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Figure 17. Changes in caculated PDI (Power Dissipation Index,
CMIP5 multi model ensemble. Black, Red, blue lines mean the end

(m/s)’) for
of 20", the

end of 21% and difference of the end of 21% between the end of 20"

respectively. The lines are 4-years moving average.

Table 9. Mean of new calculated PDI of each periods and difference of the end

of 21° between the end of 20th. Unit is (m/s)’.

Period WNP ENP
1981~2005 2.71%10’ 1.38%10’
2075~2099 8.5%10’ 1.14%10’
difference 5.8+10’ -2.38+10°
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