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Domain Predictors RMSE R? F_ratio
X, 1.67 0.14 6.00
NEA X 1.70 0.11 4.63
Xy, X3 1.49 0.34 9.28
Xy 1.18 0.13 5.59
MEA X2 1.14 0.18 8.27
Xy, X, 1.14 0.20 4.60
x, 2.23 0.11 4.53
SEA X 2.15 0.17 7.79
Xy, X2 1.97 0.32 8.64
x 1.84 0.20 9.36
EEA X 1.92 0.13 542
Xy, X7 1.82 0.24 5.65
[= 8]
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Fig.

2.1 The southern (blue), middle (green) and northern (yellow) part of the
East Asian coast used to define typhoons landing in East Asia. --eeeeeee 7
2.2 Annual cycle of typhoons that affected East Asia from 1980-2018. Yellow
box is typhoon Season to be Predict. - e 8
2.3 Extinction date of the typhoons that occurred in June. - 9
3.1 Regression of (a) relative vorticity and (b) horizontal wind at 500hPa
from R2 against the observed typhoons over NEA for the 1980-2018.
(¢) and (d) are the same as (a) and (b), but at 700hPa. 'P" ('N) in (a)
and (c) indicates the positive (negative) relative vorticity center, and
solid (dashed) white lines indicate the positively (negatively) significant
areas at the 95%, 98% and 99% confidence levels. Shading in (b) and
(d) indicates the areas at the 95% confidence level. ---o-eeoeeeeeneenieiinnne 13
3.2 Composite of 5,880gpm line representing summer Western North Pacific
High at 500hPa in AN_Year (solid line) and BN_Year (dashed line) over

NEA (red line), MEA (green line) and SEA (blue [ing). - eeeeeeseeeceseeeenns 14
3.3 As in Fig. 3.1. But for typhoons landfall over MEA. -« 16
34 As in Fig. 3.1. But for typhoons landfall over SEA. - 17
3.5 As in Fig. 3.1. But for typhoons landfall over EEA. s 18

4.1 Regression of relative vorticity at (a) 500hPa, (b) 700hPa, (c) 500hPa and
(d) 500hPa from PNU CGCM against the observed typhoons over (a)
NEA, (b) MEA, (c) SEA and (d) EEA for the 1980-2018 period. 'P" ('N’)
indicates the positive (negative) relative vorticity. Solid (dashed) white
lines indicate the positively (negatively) significant areas at the 95%,
98% and 99% Confidence |eV€IS. ...................................................................... 22

5.1 Time series of the observed typhoons, simulated typhoons by SDTFM
and the forecasted typhoons by SDTFM wusing LOOCV for the
1980-2018 period over (a) NEA, (b) MEA, (c) SEA and (d) EEA. 'SCOR'
(‘'FCOR’) is correlation coefficient between observed typhoons and
simulated (forecasted) typhoons for every year during the period
1980-2018. ***, ** and * indicate significance at the 99%, 98% and 95%

Confidence |eVe| ..................................................................................................... 26



Fig. 5.2 Regression of relative vorticity (left column) and horizontal wind (right
column) at (a-b) 500hPa, (c-d) 700hPa, (e-f) 500hPa and (g-h) 500hPa
from R2 against the PNU CGCM v2.0 predicted typhoons over (a-b)
NEA, (c-d) MEA, (e-f) SEA and (g-h) EEA for the 1980-2018 period. In
the left column, ‘P ('N’) indicates the center of positive (negative)
relative vorticity, and the solid (dashed) white lines indicate the
positively (negatively) significant areas at the 95%, 98% and 99%
confidence levels. 'COR’ is spatial correlation between vorticity patterns
for each domain. Shading in right column indicates the areas at the
O5% CONFIAENCE [QVEL  wreverrrrreeeemmiiieirinteiree ettt ettt 27
Fig. 5.3 Difference in steering flows between BN_Year and AN_Year for (a) NEA,
(b) MEA, (c) SEA and (d) EEA. The color of streamline represents the
difference in averaged wind speeds, and the black box represents each
domain defined in Fig. 2.1. Shading indicates the areas at the 95%
CONFIAENCE [QVELL c+evrevereererruerrteisietseisiieet et eteeaet sttt sttt sttt 28
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2 AF0AM= Pusan National University coupled general circulation model
(PNU CGCM)O| Of=3t Ci7| w=2tat SOFA|OF Ef S AtO[o] 2hatatAE 0|83t Ef
29| Y| o|52 % Statistical-Dynamic seasonal Typhoons Forecast Model
(SDTFM)= st 1 oZ4=2 ZHBSIGCHL SHYAES2H  (ocean data
assimilation)@t A|ZtX| IR (time-lag method)2 &-&3t0] MAitkl= & 40742 &

4

=
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Y2 S ZBSLE northern East Asia (NEA)2 entire East Asia (EEA)O| CHSHA= 5
2 =9 HE oF55EH Ro% 0|540| LIEH 2O, middle East Asia (MEA)IM
=, do|m, HEYS ETSlE southern East Asia (SEA)O|| CHSHM = 28 =2 A
2 O=82H {95t 0|540| LIEIRICH SEAE M eIst CHE YoM &= EfSSl ¢
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of HIoK XgF7F F3SHK| @0 = AF0A 7St SDTFMOIM Folgh Zuat7t
LXK RERUACE 2{L} NEA, MEA, EEAO CishM= Folot EfE 0f=0| O|F 07|
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o} (Vitart and Stockdale, 2001). 2000@df o]g #Hfsstud
General Circulation Model, CGCM)9] ¥t™ut &
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Jeu 9ot B@e BET DEH YUY ARAlY sHEeteel e
5ol sl golst Ame melch mety Be APAse Adsly

Hobd SFEANT e EAYEL o8 dstuygon QMY ASAxt (o, A
Ao}, shEete S)et dlEa4 (o, ElEo] wAlE 9 K2) Atolo] WA el
o] E3}] BjEE o|&5tAt 5ttt o]zl B3-S Statistical-Dynamic seasonal

Typhoon Forecast Model (SDTFM) o]zt 3stH, ogJAQ (9], Vitart and
Stockdale, 2001; Vitart et al., 2003; Vitart, 2006; Zhao et al., 2010; Chen
and Lin, 2011, 2013; Vecchi et al., 2011; Vecchi and Villarini, 2014: Camp
et al., 2015; Xiang et al., 2015) gt oflz}t Efj=9] A& (of], Liu and Chan,
2003; Goh and Chan, 2010; Au-Yeung and Chan, 2011; Sun and Ahn, 2011;
Wang et al., 2013; Zhang et al., 2013, 2016, 2017)2} w8l %= (o], Chan et
al., 1998; Fan, 2007, 2010; Fan and Wang, 2009; Lu et al., 2010; Wang et
al., 2013; Zhang et al., 2013, 2016; Kim et al., 2017)9] $47] o &0 &&=
oIt}

SDTFMO} o542 Aursoz AL8H odstnao] d5Uxts doht & o 5ot
=710 o2t &R LA]ETE (Vecchi et al., 2011, 2014; Li et al., 2013; Kim et
al., 2015; Murakami et al., 2016;: Zhan and Wang, 2016: Zhang et al., 2016).
J3Y o540t ofEJAA Atolo]l Z2]AQl FAZE viEo] & o Aoz dF
g & Q7] g MRS A EQAAE A= A= 525 (Zhang et al, 2017). #]
=27HA] EAejE o] =2z 29 Xl= (quasi-biennial oscillation, QBO), &Y
-G AlE (El Nino-Southern Oscillation, ENSO) Afto]e] Ao Tjjsf =hshA
A1t} (Chan, 1985, 1995; Lander, 1994. Saunders et al., 2000; Wang
and Chan, 2002: Camargo and Sobel, 2005: Ho et al., 2009). 7 2] E=X]
oY F=150e] JEHUAE FAE A+ A (Ho et al., 2005 Wang and
Fan, 2007; Choi and Byun, 2010). 3tX|gt o] A5 B8 EfZ9] LWAX|HE
ojL}f WAIRILoF A A S A9 Zoltt. AA BF mdie A=7 M 2 9
= OIA7] 2o & Ao+ BFE A=o 28 % HsHl=s o &5staLAt 5t
. o]et st o2 AAEo] tiwd S5 (700hPa, 500hPa)®] +~gho] Ef

A2t AASH HAIE 7HR = AL ¥4Fth (Chan and Gray, 1982; Harr
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Economic Cooperation Climate Center (APCC)Q] multi-model Ensemble
(MME) prediction system®] %oy @ &9l Pusan National University coupled
general circulation model (PNU CGCM) v1.0& o]&sff SDTFMS 7etst vzt Q)
ou gE5=o] Hssh HET o5E & A & AqtolAs PNU CGCM v2.02
o]-&3ll EfEAIEEL FOotA 10} =7F A9 WSSl tsh M=z SDTFMS 7iE
str Awz AZstuAr gk v1.0w 2] PNU CGCM v2.08 SHYALE 58t
(ocean data assimilation, ODA)S &85tH, AR A (time-lag method)Q 2
0 & 40709 opge wWelS ABNdT) SAbY oy Wk £7]15UC) 9xtel
299] BaHAYS YAAA M2 SDTFMY /e 7Bl #eh (Weigel et al.,
2008).
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H 2%, e ol Xt=

2.1 Hef=82 3 (Coupled general circulation model, CGCM)

B oo ARgSH CGCME& PNU CGCM v2.022, APCCO Long-range
Multi-model Ensemble (LR-MME) prediction system Zo{@23 % sputo|t} (o,
Ahn et al., 2012; Williams et al., 2015). 0f& 8714 Oﬂé APCCoﬂ A53st7] ¢

sl PNU CGCM v2.02 sl At= &2t (ODA)E &8&sto] F 40719 dd=s A4t

stoh 2A|7)1%oA A dT CGCME AM&sto] A7) Oﬂé% & o Bishe A=

Wl 5 125t F 40719 dAAE WHE 7] 21 oF ¥ =Y EEAAES

2 A5 £ QS ut=E F835] It Jdbo] o] Alal waE RA|SH AMSFS o}
S

B9l d&5d2 Y= WY £ B9 EA E T ofy2} AMEsSte dHE
7|Ho| @2} o2t} (Seong et al., 2017: Oh and Suh, 2017). & ALo|A AFESH
7|HLe 7F opAbE w2 oS H5= simple composite method (SCM)&, CH&
7ol vsl IHsty o &5/dS Betst=t su7F £of HHEHA 02 ALEE| = ¥l
ot (Min et al., 2014).



22 Xt&

B AqoA ASH EIE AlRe 2R wFo] Ao 59 7|4 AE| (Regional
Specialized Meteorological Centre, RSMC)Q] best track A&z, OofA]o} X|H9]
EjE AFoA de] AFEEI Tt (Sun and Ahn, 2011; %|7]/d et al., 2015;
Zhang et al, 2017). 10 ¥« FHATLHS 7I&Cz FUAVIYS SUAUYR
(~33kt), Bt =F (~63kt), B}F (64kt~)o2 LhTh EfF7HA] WESHA] ot
g Z3F= FotAlot =7tol F&5] mafiE dE 4 V] "ol & Aol = U
Bgol 2d £ HIS ZF Zsich HF #Hd V] o2 245
]3] National Centers for Environmental Prediction- Department of Energy
(NCEP-DOE) Reanalysis 2 (R2)%] #%8+ 3utahy doiet=s Ates ARESHUT
(Kanamitsu et al., 2002). Al&A4 Atg+= 19799 1€93H o]& 7t=s5tH 17759 &
Ao FdEo] glon, f~EARQl AL 2.5%2.5°08 F 144X73719] AXES
Faled
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23 0I5 X9 A 7|

EE wWals Sotalol & siokx|olo] AA wAIsty] o] o5 AlGe Fop]

of MAZ Attt Jolu SotAlobs MY LRE F A wHAsH] B2
Aolgz BEo] &St t7hZe] obF 4 ok mebd AldMz MY 2

NS a) o|E X|FL MESSIICE (Chan and Xu, 2009; Huang and Chan,
2014; Zhang et al., 2017). stz o} ABS mSh5h= 30~40°N 124~143ES 2%
ofX|o} (northern East Asia, NEA)Z, TjgF, Z=AA, XA, AH2AA - AFslo]| & s
SH= 22~40°N 117~124°ES Z=o}Xx|o} (middle East Asia, MEA)2, Y& =1} H|E
U ™da]m e 1sksl 5.7~23.5'N 117~127E2 d=o}X|o} (southern East Asia,
SEA)Z, A 98 Tt stst X|d2 Zolr|o} AA| (entire East Asia, EEA)Z A
ojstAct (Fig. 2.1). ol 23} ehZo] 7t Joig AL A9 T IS Uast
[ PSR e A9E USElsS NEA EiE, MEA Ei¥, SEA B3, EEA Hj
Zoz Holstalrt. gk o Jje] EjEo] & 7 ojate] @ole XUt AURE mE

O{tl

B ool 1980 HE] 2018E7HR] & 39Ldoﬂ tisl RejE]len, Fig. 2.2+ <

T2 B¢ SorAlor Al UWEEEe] FoAQl WARIEE UERd Aol RE

AoA 7€~9Y (JAS)| AFAoR UL Eﬂ% | 2A8st, NEA 739 75%, MEA

9 76%, SEA 79 46%, EEAS] 72 61%7} o]

o] 7] 4@}01 50% ©l]4}9] LH EHFJ—} NS ATEo17] diEol % AtolM= JAS
O

goz Aé}% o—?“%‘ =3t 3}04 64~94 (HAS)E 3945}9‘1@ (Fig. 2.3). 9]
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Fig. 3.1 Regression of (a) relative vorticity and (b) horizontal wind at 500hPa from
R2 against the observed typhoons over NEA for the 1980-2018. (¢) and (d) are the
same as (a) and (b), but at 700hPa. P’ (‘'N’) in (a) and (c) indicates the positive
(negative) relative vorticity center, and solid (dashed) white lines indicate the
positively (negatively) significant areas at the 95%, 98% and 99% confidence levels.

Shading in (b) and (d) indicates the areas at the 95% confidence level.
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Fig. 3.2 Composite of 5,880gpm line representing summer Western North Pacific

High at 500hPa in AN_Year (solid line) and BN_Year (dashed line) over NEA (red
line), MEA (green line) and SEA (blue line).
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Table. 3.1 The years in which typhoons landed above and below than normal over
NEA, MEA and SEA.

Domain AN_Years BN _Years

1982, 1985, 1988, 1990, 1991, 1993, | 1980, 1983, 1984, 1995, 1996, 2001,
NEA 1997, 2000, 2002, 2004, 2012, 2016, | 2003, 2005, 2007, 2008, 2009, 2010,
2018 2017

1981, 1990, 1992, 1994, 2000, 2001, | 1980, 1983, 1986, 1987, 1988, 1991,
MEA 2004, 2005, 2006, 2012, 2013, 2015, | 1993, 1995, 1996, 1997, 1999, 2009,
2018 2011, 2014, 2017

1980, 1982, 1985, 1986, 1988, 1992,
SEA 1984, 1994, 1995, 2001, 2008, 2009, | 1998, 1999, 2000, 2002, 2003, 2004,
2011, 2012, 2013, 2017 %8(1)2, 22%01% 2007, 2010, 2014, 2015,

1982, 1985, 1989, 1990, 1991, 1993, | 1980, 1983, 1984, 1986, 1987, 1992,
EEA 1994, 2000, 2001, 2002, 2004, 2009, | 1996, 1998, 1999, 2003, 2006, 2007,
2012, 2013, 2016, 2018 2008, 2010, 2014, 2015
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Fig. 3.3 As in Fig. 3.1. But for typhoons landfall over MEA.
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Fig. 3.4 As in Fig. 3.1. But for typhoons landfall over SEA.

- 17 -



I
-y aw

-0.1 -0.08 -0.06 -0.04 -0.02 0 0.02 004 006 008 0.1

Fig. 3.5 As in Fig. 3.1. But for typhoons landfall over EEA.
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Table. 4.1 The initial condition and atmospheric variables used as predictor for

each domain.

Domain Initial condition Atmospheric variable
NEA May 500hPa  Vorticity
MEA February 700hPa  Vorticity
SEA February 500hPa  Vorticity
EEA May 500hPa  Vorticity
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Fig. 4.1 Regression of relative vorticity at (a) 500hPa, (b) 700hPa, (c) 500hPa and
(d) 500hPa from PNU CGCM against the observed typhoons over (a) NEA, (b) MEA,
(c) SEA and (d) EEA for the 1980-2018 period. ‘P’ (‘N’) indicates the positive
(negative) relative vorticity. Solid (dashed) white lines indicate the positively
(

negatively) significant areas at the 95%, 98% and 99% confidence levels.
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Table. 5.1 SDTFM and the predictors to be used for SDTFM.

Domain SDTFM Predictorl (X1) | Predictor2 (X2)
NEA | Y = 0803%X1) + 0476(X2) + 5.615 A3 135 e
MEA | Y = -0370(X1) -0.652%(X2) + 3.846 ERer: 232
SEA | Y = 0512*X1) + 0.260*(X2) + 6.718 % N
EEA | Y = 0684%X1) + 0.871%(X2) + 13154 | 30320 015N
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Fig. 5.1 Time series of the observed typhoons, simulated typhoons by SDTFM and
the forecasted typhoons by SDTFM using LOOCV for the 1980-2018 period over (a)

NEA, (b) MEA, (c) SEA and (d) EEA. ‘SCOR’
between observed typhoons and simulated (forecasted) typhoons for every year
during the period 1980-2018. 98%

and 95% confidence level.

(‘FCOR’) is correlation coefficient

*xx xx and * indicate significance at the 99%,
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Fig. 5.2 Regression of relative vorticity (left column) and horizontal wind (right
column) at (a-b) 500hPa, (c-d) 700hPa, (e-f) 500hPa and (g-h) 500hPa from R2
against the PNU CGCM v2.0 predicted typhoons over (a-b) NEA, (c-d) MEA, (e-f)
SEA and (g-h) EEA for the 1980-2018 period. In the left column, ‘P’ (‘N’) indicates
the center of positive (negative) relative vorticity, and the solid (dashed) white lines
indicate the positively (negatively) significant areas at the 95%, 98% and 99%
confidence levels. ‘COR’ is spatial correlation between vorticity patterns for each

domain. Shading in right column indicates the areas at the 95% confidence level.
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Fig. 5.3 Difference in steering flows between BN_Year and AN_Year for (a) NEA, (b)
MEA, (c¢) SEA and (d) EEA. The color of streamline represents the difference in
averaged wind speeds, and the black box represents each domain defined in Fig.

2.1. Shading indicates the areas at the 95% confidence level.
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Statistical-Dynamic seasonal Prediction
for landfalling typhoons in East Asia

So-Hee Kim
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Abstract

A Statistical-Dynamic seasonal Typhoon Forecast Model (SDTFM) which utilizes
the correlation between typhoons and atmospheric circulation predicted by
Pusan National University coupled general circulation model (PNU CGCM)
version 2.0 for seasonal prediction of typhoon has been developed and verified
its predictability. A total of 40 ensemble members utilizing different ocean data
assimilation and time-lag methods, enables the development of a new SDTFM
that predicts typhoons by reducing the initial condition error and model
uncertainty. According to the results of SDTFM, for entire East Asia (EEA) and
the northern East Asia (NEA) including the Korea Peninsula and Japan, a
significant predictability appears in the forecast integrated with the initial
conditions of May. But for middle East Asia (MEA) including Taiwan, Fujian,
Zhejiang, Jiangsu and Shanghai and southern East Asia (SEA) including South
China, the Philippines, and Vietnam, forecast with February initial conditions are
better. The annual variability of typhoons is significantly predicted at the 99%
confidence level except SEA. The results are significant at 95% confidence level
even after cross-validation. The reason for the relatively low predictability in SEA
seems to be due to no outstanding steering flow in the region. Therefore,
there is insignificant result from the SDTFM of SEA, but significant predictions
for NEA, MEA and EEA will contribute to the development of East Asian
landing typhoon prediction.
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Abstract

This study develops a statistical-dynamical seasonal typhoon forecast model
(SDTFM) that utilizes the statistical correlation between East Asia
(EA) tropical cyclone (TC) landfall and atmospheric circulation predicted by a
coupled general circulation model for seasonal prediction and its predictability
is verified. A total of 40 ensemble members produced through different data
assimilation and time-lag methods introduced as a way to reduce the initial
condition error and model uncertainty enabled the development of the new
SDTFM. According to the results, the SDTFM developed in this study showed
significant predictability in TC landfall prediction when using the month of
May for the initial conditions for the entire East Asia (EEA) and its three sub-
domains: Northern East Asia (NEA), Middle East Asia (MEA), and Southern
East Asia (SEA). The predicted TC season is July-September (JAS), and only
for SEA, including South China, the Philippines, and Vietnam, it is July-
November (JASON) considering the relatively long landfall period. The models
developed for each domain significantly predict the interannual variability of
TC landfall at the 99% confidence level. The cross-validated results are still sig-
nificant at the 99% confidence level in NEA and SEA and the 95% confidence
level in MEA and EEA.

KEYWORDS

CGCM, seasonal prediction, statistical-dynamical model, tropical cyclones (TCs), typhoons
landfall

winds and heavy rains. In recent years, strong TCs are
frequently occurring, such as Haiyan in 2013 and Meranti

Tropical cyclone (TC) is a rapidly rotating storm system
that develops by obtaining energy from warm tropical
ocean. It is called typhoons (in the Western North
Pacific), hurricanes (in the Atlantic and Eastern North
Pacific) or cyclones (in the South Pacific and Indian
Ocean) according to the area of occurrence, and are
accompanied by hazardous weather, including strong

in 2016, which have caused serious damage in East Asia
(Mori and Takemi, 2016). In particular, Haiyan that
made landfall in the Philippines is one of the strongest
TCs ever recorded in the region, classified as a Category
5 storm on the Saffir-Simpson hurricane wind scale. East
Asia resides more than 20% of the world's population,
making it more vulnerable to extreme weather such as
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TCs. Moreover, climate change could make the damage
caused by TC more severe. Tu et al. (2009) showed that
TC activity near Taiwan increased from 3.3 per year
before 2000 to 5.7 per year after 2000 during the period
from 1970 to 2006. Park et al. (2011) showed that the
number of EA TCs that make landfall will increase as
the TC season lengthens, and the precipitation and the
Power Dissipation Index (PDI), defined as the sum of the
maximum one-minute sustained wind speed cubed when
the cyclone is at least of tropical storm strength, will
increase significantly in the future. In addition, rising sea
levels due to climate change is particularly adding to the
damage caused by TCs that make landfall (IPCC, 2014,
2019). Therefore, reliable seasonal predictions of East
Asia (EA) TCs that make landfall will help prevent and
minimize various types of damage by preparing for them
in advance.

Despite the importance of seasonal predictions about
TCs, due to the complex and chaotic nature of a TC's
occurrence and development, it is difficult to predict its
generation, size, intensity, and track, even just a few days
ahead. The first type of attempt at seasonal predictions of
EA TCs that will make landfall is a statistical method
that uses atmospheric and ocean initial conditions as pre-
dictors before the onset of the TC season (Chan
et al., 1998; Chan et al., 2001; Fan and Wang, 2009).
However, this method is vulnerable to climate variations,
such as inter-annual and decadal variations, because it is
based on the assumption that statistical relationships will
be valid for the next season and beyond (Vitart and
Stockdale, 2001). Since the 2000s, with the development
of the Coupled General Circulation Model (CGCM), it
has been possible to use dynamic methods to predict TC
frequency and movement. However, despite the continu-
ous development and improvement of the model, our
poor understanding of the physical processes associated
with TCs, and the sparse spatial resolution of the
dynamic models, make TC-related predictions difficult
(Zhang et al., 2017). Moreover, as the lead time increases,
the prediction ability of the dynamic models becomes
lower because the influence of the initial conditions
decreases as well.

However, the dynamic models generally have a
meaningful ability to predict large-scale environmental
variables, such as vertical shear and the low-level vortic-
ity closely related to TCs. Therefore, many researchers
have paid attention to the relationship between large-
scale environmental variables produced by a dynamic
model and observed predictands (e.g., the frequency of,
or landfalls made by, TCs) using statistical methods such
as linear regression and Poisson regression, and have
attempted to predict TCs by utilizing the relationship.
Such hybrid models called a statistical-dynamical

seasonal typhoon forecast model (SDTFM) are often used
for seasonal prediction of the track (Liu and Chan, 2003;
Sun and Ahn, 2011; Wang et al., 2013; Zhang et al., 2013,
2016, 2017) and the frequency (Chan et al., 1998;
Fan, 2007, 2010; Fan and Wang, 2009; Wang et al., 2013;
Zhang et al., 2013, 2016; Kim et al., 2017) of EA TCs that
make landfall, as well as Atlantic TCs that make landfall
(Vitart and Stockdale, 2001; Zhao et al., 2010; Vecchi
et al., 2011; Vecchi and Villarini, 2014; Camp et al., 2015;
Xiang et al., 2015).

The predictability of an SDTFM generally depends on
how well the used dynamic model predicts the predictors
(Vecchi et al., 2011; Li et al., 2013; Kim et al., 2015;
Murakami et al., 2016; Zhang et al., 2017). However, it is
also important to select appropriate predictors to develop
an effective SDTFM, because a prediction based on the
physical correlation between predictand and predictor is
relatively stable (Zhang et al., 2017). Therefore, it is nec-
essary to analyse the correlation between landfalling TCs
(LTC) and large-scale atmospheric variables. The damage
caused by TCs is more related to their storm tracks than
to where and how often they occur, so this study focuses
on predicting TC tracks. In this regard, several previous
studies have shown that the flow in the lower and middle
troposphere (700 hPa and 500 hPa) significantly affects
the movement of EA TCs (Chan and Gray, 1982; Harr
and Elsberry, 1991, 1995). Based on those, this study
intends to use the atmospheric circulation predicted by
the CGCM for the prediction of TC landfalls in each
domain.

Sun and Ahn (2011) previously developed an SDTFM
for the period 1979-2009 using v1.0 of the Pusan National
University (PNU) CGCM, which is a participation model
of the Asia Pacific Economic Cooperation (APEC) Cli-
mate Center multi-model ensemble (APCC MME) predic-
tion system. However, the SDTFM developed by them
only predicts LTCs in South China. This study develops a
new SDTFM for LTCs that influence all East Asian coun-
tries by using PNU CGCM v2.0. Unlike v1.0, PNU CGCM
v2.0 utilizes ocean data assimilation and produces a total
of 40 ensemble members for each month by using time-
lag methods. Extended ensemble members reduce the
error in initial conditions as well as in the model uncer-
tainty (Weigel et al., 2008), enabling the development of a
new SDTFM for EA TC landfalls.

Section 2 describes the CGCM, the data, and the
predicted domains and TC season used in this study, and
Section 3 analyses the relationship between atmospheric
circulation and TC landfall for each domain. Section 4
examines the possibility that the PNU CGCM can be
developed as an SDTFM based on the relationships dis-
cussed in Section 3. In Section 5, the SDTFM is developed
using PNU CGCM v2.0 and linear regression, and the
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predicted results are verified. Section 6 compares the
model developed in this study with other models, and
Section 7 presents a summary and a conclusion to the
study.

2 | MODEL AND DATA
2.1 | The coupled general circulation
model

The CGCM utilized in this study (PNU CGCM v2.0) is one
of the participating models of the Long-range Multi-model
Ensemble (LR-MME) prediction system of the APCC
(Jeong et al., 2008; Ahn et al., 2012). The PNU CGCM fore-
cast data of eight-month leads with 40 ensemble members
are provided to the APCC each and every month. The
ocean data assimilation (ODA) is used when initial condi-
tions of each ensemble member are produced. A total of
40 ensemble members is large enough to minimize the ini-
tial conditions error and model uncertainty, considering
the number of ensemble members produced by global
institutes producing long-term predictions using state-of-
the-art CGCMs. The details and performance of the model
were introduced and studied by several authors (Ahn and
Kim, 2014; Jo and Ahn, 2015; Bayasgalan and Ahn, 2018).

The ensemble prediction ability of the model depends
on the ensemble method used, as well as the number and
features of the ensemble members (Oh and Suh, 2017;
Seong et al., 2017). The method used in this study is a
simple composite method (SCM) that arithmetically aver-
ages each ensemble member. The method is widely used
because it is simple and has relatively better predictability
compared to other sophisticated methods (Min
et al., 2014; Ahn and Lee, 2016; Kim et al., 2021).

2.2 | Thedata

Observed TC data used in this study are the best track
data from the Regional Specialized Meteorological Center
(RSMC) Tokyo, which are widely used in TC research in
Asia (Sun and Ahn, 2011; Choi et al., 2015; Zhang
et al., 2017). TCs in Western North Pacific are classified
into tropical depression (~33kt), tropical storm (~47kt),
severe tropical storm (~64kt), and typhoon (64kt~)
according to the maximum wind speed averaged over
10 min. In this study, EA LTCs included tropical storms,
severe tropical storms, and typhoons that affected the
domain. It is because, although a tropical storm is not
generally stronger than a typhoon, it still causes great
damage. The monthly average atmospheric variables,
such as horizontal wind and relative vorticity, from the
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National Centers for Environmental Prediction of the
Department of Energy (NCEP-DOE) Re-analysis 2 (R-2)
are used to analyse the atmospheric circulation related to
EA TC landfalls (Kanamitsu et al., 2002). The horizontal
resolution of the re-analysis data is 2.5°x 2.5° with 17 ver-
tical levels spanning January 1979 to the present.

2.3 | Forecast region and period

The research domain covers the whole of EA because
LTCs cause damage across all regions of EA. The TC
tracks that determine the landing area in EA are all dif-
ferent for each TC and can be divided into three types
(Figure S1). This means that regional prediction of TC
landfall is possible through atmospheric circulation
affecting each type of TC track. Therefore, the forecast
region was subdivided into three climatically similar
regions (Chan and Xu, 2009; Huang and Chan, 2014;
Zhang et al., 2017). The domains located 30°N to 40°N
and 124°E to 143°E includes the Korean Peninsula and
Japan, 22°N to 40°N and 117°E to 124°E includes
Taiwan, Fujian, Zhejiang, Jiangsu, and Shanghai, and
5.7°N to 23.5°N and 117°E to 127°E includes South
China, Vietnam, and the Philippines. The entire East
Asia (EEA) comprises Northern East Asia (NEA), Middle
East Asia (MEA), and Southern East Asia (SEA), as mar-
ked in Figure 1. In this study, if a TC passes through one
domain, it is regarded as a TC making landfall in the
domain. If a TC passes through more than one domain, it
is assumed that all those domains are affected by the

40N — -
NEA
—IMEA
20N — o3 — -
SEA
0 T T T
90E 120E 150E
FIGURE 1 Sub-domains used to define tropical cyclones (TCs)

making landfall in East Asia. The domains located 30°N to 40°N
and 124°E to 143°E, 22°N to 40°N and 117°E to 124°E, and 5.7°N to
23.5°N and 117°E to 127°E are northern East Asia (NEA), Middle
East Asia (MEA), and southern East Asia (SEA), respectively.
Entire East Asia (EEA) contains all three sub-domains [Colour
figure can be viewed at wileyonlinelibrary.com]
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TC. Moreover, the subdivision of the forecast region is
appropriate to simulate different regional trends in EA
TC activity (Lee et al., 2012).

The research period for this study is from 1980 to
2018. Figure 2 shows the average monthly landfall fre-
quency of EA TCs and typhoons for each domain. For
NEA, MEA, and EEA, 73% (81%), 76% (79%), and 59%
(63%) of the total annual TCs (typhoons) land from July-
August-September (JAS), respectively. This period during
which most of the total annual landfalls occur is defined
as the predicted TC season for these domains. For SEA, a
TC lands at least once a month from May to November,
which is longer than the other domains. In particular, in
July-August-September—October-November  (JASON),
typhoons land relatively frequently, so it is defined as
SEA TC season. During this period, 72% (78%) of the total
annual TCs (typhoons) land on SEA. In addition, atmo-
spheric circulation used in this study is averaged during
each TC season for each domain.

3 | RELATIONSHIP BETWEEN EA
TC LANDFALLS AND
ATMOSPHERIC CIRCULATION

In order to use mid- and low-level atmospheric circula-
tion as a predictor, the relationship with TC landfalls for

each domain is examined using the relative vorticity and
horizontal wind at 700 hPa and 500 hPa. Figure 3 pre-
sents a regression of the relative vorticity and horizontal
wind in the re-analysis data for NEA LTCs, which show
favourable atmospheric circulation for TC to land in
NEA. Figure 3a,c shows the NEA vorticity pattern at
500 hPa (700 hPa), and Figure 3b,d shows the NEA wind
pattern at 500 hPa (700 hPa). P (N) in the NEA vorticity
patterns indicate the centre of positive (negative) vortic-
ity, and the solid (dashed) lines indicate the positively
(negatively) significant areas at 95%, 98%, and 99% confi-
dence levels. Shading in the NEA wind patterns also indi-
cates an area at the 95% confidence level. The NEA
vorticity patterns consist of a negative vorticity over the
Korean Peninsula, and positive vorticities over east
China and the tropical Pacific (see Figure 3a,c). The neg-
ative vorticity over the Korean Peninsula and the positive
vorticity over the tropical Pacific are more evident and
significant at 700 hPa (Figure 3c) than at 500 hPa
(Figure 3a), but the overall patterns in both layers are
similar. The regression patterns indicate atmospheric cir-
culation in support of TC landfalls, and previous studies
allow understanding of the patterns.

On both the interannual and interdecadal timescale,
the western North Pacific subtropical High (WNPSH) can
have a significant impact on the EA TC activities (Choi
and Moon, 2012; Wang et al., 2013). Therefore, composite
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FIGURE 2 Average monthly landfall frequency of TCs and typhoons from 1980 to 2018 in (a) NEA, (b) MEA, (c) SEA, and (d) EEA.

The TCs include tropical storms, severe tropical storms, and typhoons [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 Regression of
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(a) relative vorticity and

(b) horizontal winds at 500 hPa
from re-analysis 2 (R-2) against
the observed TC landfalls over
NEA for 1980-2018; (c) and

(d) are the same as (a) and (b), “
but at 700 hPa. P (N) in (a) and 20N m\ <0
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-0.1  -0.08 -0.06
TABLE 1 The years in which TCs made landfall at above- and

below-normal levels over NEA, MEA, SEA and EEA

Above-normal years Below-normal years

Domain (AN_Years) (BN_Years)
NEA 1991, 1993, 2000, 2002, 1980, 1981, 1983, 1984,
2012, 2018 1995, 2003, 2008,
2009, 2013, 2017
MEA 1994, 2000, 2005, 2006, 1983, 1986, 1988, 1993,
2012, 2015, 2018 1995, 1999, 2009,
2011, 2014, 2017
SEA 1983, 1994, 1995, 2013, 1982, 1999, 2002, 2004,
2017 2010, 2011, 2014,
2015
EEA 1991, 1994, 2000, 2002, 1980, 1981, 1983, 1984,

2018 1986, 1998, 2003,

2008, 2014

analysis was conducted to examine the effects of WNPSH
on TC landfalls for each domain. The years in which the
landfall frequency deviates from the normal range
(-1o ~ +1c) are defined as above-normal years
(AN_Years) or below-normal years (BN_Years) and are
summarized in Table 1. Figure 4 shows 5,880 gpm lines
at 500 hPa during the AN_Years (solid) and BN_Years
(dashed), which empirically represent the boundary of
the summer WNPSH. In the NEA BN_Years, the WNPSH

150E

-0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1
| | |
NEA AN_Year Y
MEA AN_Year
SEA AN_Year /
= = =+ NEA BN_Year 4 &
40N — MEA BN_Year o~ —
= = =+ SEABN_Year o= R e
20N — ) A
0 | N i | = {2 [
90E 120E 150E

FIGURE 4 Composite of 5,880 gpm lines empirically
representing the summer Western North Pacific high at 500 hPa in
the above-normal years (AN_years) (solid line) and the below-
normal years (BN_Years) (dashed line) over NEA, MEA and SEA
[Colour figure can be viewed at wileyonlinelibrary.com]|

expanded in the zonal direction, while it contracted in
the NEA AN_Years. This means that the contraction of
WNPSH could be related to the positive vorticity over
east China shown in the NEA vorticity patterns
(Figure 3a,c). The positive vorticity together with the neg-
ative vorticity over the Korean Peninsula constitutes a
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dipole pattern, which is analogous to the positive
Pacific-Japan (PJ) teleconnection pattern. In this regard,
previous studies showed that TCs land more frequently
on NEA when the PJ pattern is positive than negative
(Choi et al., 2010a; Kim et al., 2012). Kim et al. (2012) also
reported that during the negative PJ pattern, the WNPSH
expands in the zonal direction (like NEA BN_Years in
Figure 4), which prevents TCs from taking a northeast-
ward track.

The significant positive vorticity over east China pro-
duces an anomalous cyclonic flow (Figure 3b,d). In par-
ticular, the negative vorticity over the Korean Peninsula
contributes to the TC landfall into NEA by strengthening
anomalous southeasterlies over the Korean Peninsula
and the south of Japan. In addition, the contradicting
flows between the subtropics and tropics can generate
cyclonic wind shears and positive vorticity in the lower
troposphere (Harr and Elsberry, 1995; Chu et al., 2007).
This atmospheric circulation favours TC generation and
prevents TCs from entering SEA by affecting the low-
level vorticity and vertical wind shear, allowing more
TCs into NEA (Choi et al., 2010b). Meanwhile, the NEA
wind pattern is associated with the strong Western North
Pacific (WNP) monsoon. Wang and Fan (1999) found
that strong convection of the WNP monsoon induces
anomalous cyclonic flow, which is a circulation condition
favourable for TC generation. Wang and Chan (2002)
and Choi et al. (2015) showed that when the WNP

monsoon is strong, TCs generated in the eastern part of
the WNP frequently move towards NEA. Choi
et al. (2015) also showed a positive correlation between
the WNP monsoon index defined by Wang and
Fan (1999) and LTCs in Korea.

The positive vorticity in the tropical Pacific, the other
major component of the NEA vorticity pattern, could be
associated with Madden-Julian oscillation (MJO). Kim
et al. (2008) examined the variability of TC activities
according to the MJO category and found that the MJO-
related convection centre is strongly related to NEA
LTCs. They showed that when the convection occurs in
the tropical Pacific, TCs occur more and have northward
tracks because of the influence of the monsoon trough
enhanced by the anomalous westerlies. Thus, the
regressed circulation shown in Figure 3 can be regarded
as the characteristic pattern at the middle and lower
levels associated with TCs making landfall in NEA.

Figure 5 shows the relative vorticity and the horizon-
tal wind from the re-analysis data regressed onto TC
landfalls in MEA. The regressed vorticities are similar
regardless of the level, which show that MEA LTCs
strongly correlate with mid- and low-level atmospheric
circulation. The MEA vorticity patterns consist of nega-
tive vorticities from east China to the east of Japan and
positive vorticities from the Indochina Peninsula to the
North Pacific (Figure 5a,c). This dipole pattern causes
distinctly contradicting wind anomalies in subtropics and
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tropics, aiding landfalls into the MEA (Sparks and
Toumi, 2021). In Figure 4, the contracted WNPSH
enables frequent landfall on MEA. These characteristics
are similar to those shown in the NEA pattern, but there
are important (albeit small) differences that determine
the landing area. The latitude at which the anomalous
easterlies shown in the NEA wind pattern is 30°N to
40°N, while it is 25°N to 35°N in the MEA wind pattern.
Before landing on NEA, the strong anomalous easterlies
at 25°N to 35°N make TCs land on MEA, and the weak-
ened TCs are mostly extinct without propagating to NEA.
In contrast, the anomalous easterlies at 30°N to 40°N
allow TCs to land in NEA without dissipation. Owing to
this difference, only 14 TCs have passed both sub-
domains in 39 years, which is extremely low compared to
153 NEA LTCs and 101 MEA LTCs. In addition, the
MEA vorticity patterns do not show the positive vorticity
associated with MJO in the tropical Pacific. Therefore,
the NEA and MEA patterns are clearly different, and the
circulation pattern shown in Figure 5 represents the
atmospheric circulation associated with MEA landfalls
(especially the steering flow).

Figure 6 shows the regression of the relative vorticity
and the horizontal winds of the re-analysed data onto TC
landfalls in SEA. The main features of the SEA vorticity
pattern at both levels are similar and are relatively more
significant at 700 hPa. The patterns consist of positive
vorticity over the sea near the Korean Peninsula, negative

of Climatology

vorticities near 25°N, and positive vorticities near 15°N
(Figure 6a,c). The significant anomalous northwesterlies
over Japan shown in the SEA wind patterns are related
to the positive vorticity over the sea near the Korean Pen-
insula, which means a lack of flow to help a TC propa-
gate to the mid-latitudes (Figure 6b,d). The vorticity
pattern in the mid-latitudes is relatively insignificant
compared to other sub-domains (Compared with Fig-
ures 3 and 5), which could result from the weak relation-
ship between SEA LTCs and WNPSH. In this regard,
Figure 4 shows that for SEA, the difference in the devel-
opment of WNPSH during the AN_Years and BN_Years
is negligible. On the other hand, the positive vorticities
near 15°N are favourable for the generation of TCs,
increasing the likelihood of landfall in SEA. The positive
vorticities with negative vorticities near 25°N induce
anomalous easterlies near 20°N, which is the steering
flow that lands TCs into SEA. Meanwhile, this wind pat-
tern is associated with a weak summer monsoon trough.
Wang and Chan (2002) and Choi et al. (2015) showed
that when the WNP monsoon is weak, TCs in the west-
ern part of the WNP frequently made landfall in SEA.
Thus, the patterns shown in Figure 6 contain atmo-
spheric circulations specific to frequent SEA TC landfalls.

Figure 7 shows the regression between relative vortic-
ity and horizontal winds with TC landfalls in EEA. The
EEA vorticity patterns (Figure 7a,c) are composed of neg-
ative vorticities around 40°N, positive vorticities around
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20°N, and negative vorticity near the equator. The nega-
tive vorticities around 40°N expand further zonally at
500 hPa and the negative vorticity near the equator is
more significant at 700 hPa, but the overall phases of the
pattern in both layers are similar. The EEA vorticity pat-
terns induce the EEA wind patterns, including the strong
anomalous westerlies in the tropics, and the anomalous
easterlies in the subtropics. In these patterns, the main
features of the NEA and MEA patterns are captured
together. Although SEA landfalls occur most frequently
compared to landfalls in other regions, the weak wind
pattern of SEA is masked by the strong wind patterns of
NEA and MEA. This suggests that one forecast region
covering all of EA smooths out the unique circulation
characteristics associated with TC landfalls on each sub-
domain. This could result in erroneous predictions, so
the subdivision of the forecast region in this study is
reasonable.

4 | POSSIBILITY OF PREDICTING
TC LANDFALLS USING PNU
CGCM V2.0

The prediction ability of the dynamic model is crucial to
determining successful SDTFM development (Vitart and
Stockdale, 2001). From that perspective, the predictability
of PNU CGCM v2.0 for the atmospheric circulation

discussed in Section 3 is evaluated. However, it is rela-
tively difficult to predict the atmospheric circulation at
the mid and low levels used as predictors, compared to
other meteorological elements. That is because low-level
wind is strongly influenced by surface processes, which
are extremely complex and difficult to understand due to
the inhomogeneous and turbulent nature of the surface
boundary flows. Such conditions make it difficult to
parameterize these processes, resulting in great error in
wind simulated according to local influences. The turbu-
lent variations of the wind are eliminated in this study by
using monthly averaged data. Evaluating the similarity of
temporal variations at each grid point is a general
method of predictability evaluation, but it is not appropri-
ate in this study related to large-scale circulation (Lee
et al., 2016). Thus, we focused on whether the CGCM
similarly predicts relative vorticity and horizontal wind
related to the TC landfalls. This study evaluates predict-
ability based on atmospheric circulation discussed in Sec-
tion 3, and then develops the SDTFM.

The hindcast data needed for regression between
predicted relative vorticity and observed TC landfalls are
the output from model integration with the January (six-
month to eight-month) to June (one-month to three-
month) initial conditions. Of the seven-month initial
conditions, the May initial conditions (two-month to
six-month) were used because its regression results were
stable for all domains. Since the regression of predicted
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atmospheric circulation for observed TC landfalls is more
significant at 700 hPa only in MEA (not shown), atmo-
spheric circulation at 700 hPa is used as a predictor only
in MEA. In this regard, we have already seen in Section 3
that the patterns associated with TC landfalls at 500 hPa
and 700 hPa are similar for each domain. Therefore, we
select the layer that PNU CGCM predicts more signifi-
cantly and compare it with the regression pattern using
re-analysis data at the same layer.

Figure 8 shows the regression between the relative
vorticity predicted by PNU CGCM v2.0 and the observed
TC landfalls for each domain. P (N) indicate the centre of
positive (negative) vorticity, and the dashed lines indicate
the significant areas at the 95%, 98%, and 99% confidence
levels. In Figure 8a, the positive vorticities over east
China and the tropical Pacific shown in the NEA vortic-
ity pattern appear similar, but the negative vorticity shifts
to the north of Japan. Figure 8b shows that the positive
vorticity centre shown in the MEA vorticity pattern
appears similar, but the negative vorticity shifts to the
north of Japan. In Figure 8c, the positive vorticity over
the Korean Peninsula and Japan shown in the SEA vor-
ticity pattern appears similar, but the other vorticities are
shifted relatively south. The negative vorticities near
25°N shift to 15°N and the positive vorticity near 15°N
shifts to 5°N. Figure 8d for EEA shows that the two nega-
tive vorticities around 40°N, shown in the EEA vorticity

(a) NEA
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pattern, shift to central China and Japan, respectively.
However, the positive vorticities around 20°N and the
negative vorticity near the equator maintain similar posi-
tions. Considering these results, PNU CGCM v2.0 is suffi-
ciently developable as SDTFM because it can
significantly predict the unique characteristics of the cir-
culation discussed in Section 3.

5 | THE STATISTICAL-
DYNAMICAL SEASONAL TYPHOON
FORECAST MODEL

Regarding predictors for SDTFM development,
Wilks (2006) reported that many predictors in multivari-
ate regression do not necessarily give better predictability
because of overfitting problems. In particular, the model
in this study is based on simultaneous relationships and
therefore does not require as many predictors as those
based on lagged relationships (Wang et al., 2009). Sec-
tions 3 and 4 suggest that the vorticities in the boxed
regions in Figure 8 have a significant impact on the TC
landfalls for each domain. Thus, they are defined as
potential predictors for each domain and are summarized
in Table 2. x; and x, for NEA are associated with steering
flow and MIJO, respectively, and those for MEA only
relate to steering flow. In this regard, Sparks and

(b) MEA

40N —

~ 40N —

~ 20N —

20N o N
L7
D
FIGURE 8 Regression of relative 0 -
vorticity at (a) 500 hPa, (b) 700 hPa, 90E
v (c) SEA
1

(c) 500 hPa, and (d) 500 hPa from the

PNU coupled general circulation
model (PNU-CGCM) onto the
observed TCs over (a) NEA, (b) MEA,
(c) SEA, and (d) EEA for 1980-2018.
The dashed lines indicate significant
areas at the 95%, 98%, and 99%
confidence levels. P (N) indicates the
centres of positive (negative) D
vorticity, and boxes are the areas

40N |

20N 4 S

- 40N

— 20N —

selected as potential predictors
[Colour figure can be viewed at
wileyonlinelibrary.com|
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Toumi (2021) showed a negligible correlation between
the MEA landfall frequency and large environmental cli-
mate indices (PMM, EI-Nino, and PDO, etc.). They
emphasized the importance of steering flow in landfall
prediction for MEA. x; for SEA makes it difficult for a TC
to enter the mid-latitudes, and x, helps a TC enter SEA
with frequent TC generation and distinct steering flow
(albeit weak). The potential predictors of EEA are also
associated with frequent TC landfalls in terms of their
occurrence and steering flow.

For each domain, the regression was repeated for
three cases of predictors, and the best-case was deter-
mined by comparing the results. Of the three cases, the
first uses only x; as predictor, the second uses only x,,
and the third uses x; and x, together. The method used
was the same as Kim et al. (2017), which selected one or
two predictors from the potential predictors depending
on the initial conditions. The goodness-of-fit measures
were used to minimize the root mean squared errors
(RMSE), and maximize the coefficient of determination
(R? and the F-ratio (Wilks, 2006). Table 3 summarizes
the results for each case of predictors, where the best-case
is the third case (x; andx,) for NEA and SEA, the second
case (x,) for MEA, and the first case (x;) for EEA, respec-
tively. Finally, Table 4 lists the SDTFMs developed with
the best-case of predictors. All regression equations are
significant with p-values up to 0.006 in the F-test. Each
regression coefficient is significant at the 99.9% confi-
dence level using the student's -statistic.

Figure 9 shows the time series of observed TC land-
falls, TC landfalls predicted with the SDTFM, and cross-
validated TC landfalls for the 39 years from 1980 to 2018.
Leave-One-Out Cross-Validation (LOOCV) was applied
to verify the SDTFM (Sun and Ahn, 2011). SCOR and
FCOR are the correlation coefficients of the observed TC
landfalls with the predicted and cross-validated TC land-
fall, respectively. The SCOR for NEA, MEA, SEA, and
EEA were 0.583, 0.427, 0.570, and 0.449, respectively,
which were significant at the 99% confidence level. The
FCOR for NEA, MEA, SEA, and EEA were 0.445, 0.343,
0.463, and 0.339, respectively. They are significant at the
99% confidence level for NEA and SEA and 95% confi-
dence level for MEA and EEA. These results mean that
the developed SDTFM can be used effectively to predict
TC landfalls.

Domain Atmospheric variable X1

NEA 500 hPa vorticity 27-32°N 109-115°E
MEA 700 hPa vorticity 21-32°N 110-115°E
SEA 500 hPa vorticity 38-43°N 110-118°E

EEA 500 hPa vorticity 10-18°N 93-98°E

To further evaluate the SDTFM, the relative vorticity
and horizontal wind in the re-analysis data regress onto
predicted TC landfalls (Figure 10). The solid (dashed)
lines in the left column indicate the positively (nega-
tively) significant areas at the 95%, 98%, and 99% confi-
dence levels, and shading in the right column is
significant for the 95% confidence level. Figure 10a
shows the main characteristics of the NEA vorticity pat-
tern (Figure 3a) (e.g., negative vorticity over the Korean
Peninsula and positive vorticities over east China and
tropical Pacific), and their pattern correlation coefficient
is 0.625. Figure 10b shows the anomalous southeast-
erlies over Japan and the westerlies in the tropics shown
in the NEA wind pattern. Figure 10c is also similar to
the MEA vorticity pattern (Figure 5c), with a pattern
correlation coefficient of 0.764. In addition, the signifi-
cant wind anomalies associated with MEA LTCs shown
in the MEA wind pattern are evident and statistically
significant in Figure 10d. The pattern correlation coeffi-
cient between Figure 10e and the SEA vorticity pattern
(Figure 6a) is 0.761, indicating that the relationship
between circulation and SEA TC landfalls was reflected
well by the SDTFM. Although not statistically signifi-
cant, Figure 10f shows the wind features related to SEA

TABLE 3
predictors for each domain

Results of goodness-of-fit measures of the potential

Domain Predictors RMSE R? F_ratio
NEA X1 1.67 0.14 6.00
X 1.70 0.11 4.63
X1 Xn 1.49 0.34 9.28
MEA X1 1.18 0.13 5.59
X, 1.14 0.18 8.27
X1,X 1.14 0.20 4.60
SEA X1 2.23 0.11 4.53
X 2.15 0.17 7.79
X1,X 1.97 0.32 8.64
EEA X1 1.84 0.20 9.36
X 1.92 0.13 5.42
X1, 1.82 0.24 5.65

Note: Bold means that it is selected as the final predictor.

TABLE 2
could be used in the statistical-
dynamical seasonal typhoon forecast
model (SDTFM) for each domain

x Potential predictors that
2

10-15°N 138-145°E
49-54°N 140-150°E
13-18°N 96-104°E
2-6°N 102-109°E
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LTCs, such as the anomalous northwesterlies over
Japan and the anomalous easterlies near 20°N.
Figure 10g is also similar to the EEA vorticity pattern
(Figure 7a) (e.g., negative vorticity around 40°N, and
positive vorticities around 20°N), with a pattern correla-
tion coefficient at 0.737. Figure 10h shows the anoma-
lous subtropical easterlies and the anomalous tropical
westerlies, which are similar to the EEA wind pattern
(Figure 7c) and are statistically significant. These results
indicate that the PNU CGCM performs well in
predicting the observed spatial-temporal relationship of
TC landfalls with atmospheric circulation, despite the
spatial shift in the position of the major vortices shown
in Figure 8 (Sun and Ahn, 2011).

TABLE 4 SDTFM for each domain
Domain SDTFM
NEA y =4.872 + 0.872x; + 0.816x,
MEA y = 3.359 - 0.526x,

SEA y = 8.308 + 0.900x,; — 1.076x,

of Climatology

6 | COMPARING WITH OTHER
FORECASTS

This study produces improved the prediction results com-
pared to existing studies. As mentioned in Section 1, Sun
and Ahn (2011) predicted the TC landfalls in south
China from 1979 to 2009, with the same CGCM with
lower versions. The period of our study was 1980-2018,
and the predicted region covered the whole of EA, so the
spatial-temporal range was wider than Sun and
Ahn (2011). In addition, they used the initial conditions
of July, but the current models predicted LTCs earlier
than theirs using the initial conditions of May. Zhang
et al. (2017) predicted the LTCs for NEA, MEA, SEA, and
EEA using the initial conditions from January to June.
The hybrid model developed by them used 4-5 predictors
for each domain, with different initial conditions for each
predictor. In comparison, our model was simple because
only one initial condition was used to compute the pre-
dictors. Tian and Fan (2019) predicted the TC landfalls in
China during June-July-August using relative vorticity
as a predictor. In China, typhoons land more frequently
in September than in June (Figure 2b,c), but September

EEA y = 11.128 - 0.900x, was excluded from their forecast season. The season in
(a) NEA (b) MEA
SICOF! = 0.583"1' FC(I)R = 0.445** S'COR = 0.427'1* 1 FCIOR =0.343*
12 10
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FIGURE 9 Time series of the observed TC landfalls, the simulated TC landfalls from the SDTFM, and the forecast TC landfalls from the

SDTFM using leave-one-out cross-validation (LOOCYV) for the 1980-2018 period over (a) NEA, (b) MEA, (c) SEA, and (d) EEA. SCOR
(FCOR) are the correlation coefficients between the observed TC landfalls and the simulated (forecast) TC landfalls for every year from 1980
to 2018. * and ** indicate the significance at the 95% and 99% confidence levels [Colour figure can be viewed at wileyonlinelibrary.com]
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this study is JAS/JASON, which is more advantageous in
predicting TCs during frequent typhoon landfalls.

7 |

This study examines the correlation between TC landfall
and atmospheric circulation, and based on that relation-
ship, develops an SDTFM using the dynamic model and
linear regression. LTCs in EA inflict serious economic
and social damage on countries along the Western Pacific

0

SUMMARY AND CONCLUSION

[ T |
0.02 0.04 0.06 0.08 0.1

FIGURE 10
relative vorticity (left column) and

Regression of

horizontal wind (right column) at
(a,b) 500 hPa, (c,d) 700 hPa, (e,f)

500 hPa, and (g,h) 500 hPa from R-2
onto the PNU-CGCM-predicted TC
landfalls over (a,b) NEA, (c,d) MEA,
(e,f) SEA, and (g,h) EEA for 1980-
2018. In the left column, P

(N) indicates positive (negative)
vorticity, and the solid (dashed) lines
indicate positively (negatively)
significant areas at the 95%, 98%, and
99% confidence levels. COR is the
spatial correlation with vorticity
patterns for each domain. The
shading in the right column indicates
the areas at the 95% confidence level
[Colour figure can be viewed at
wileyonlinelibrary.com]

during boreal summer, and its landfall frequency during
the TC season is gradually increasing in accordance with

climate change, especially in the NEA, MEA and EEA
(Figure S2). The long-term prediction of TC landfalls in

EA is effective in minimizing such damage and is being

continuously developed. The CGCM used in this study

was PNU CGCM v2.0, which is a model participating in
the APCC MME prediction system. The model produces
a total of 40 ensemble members every month utilizing
time-lag method, and SCM is used for ensemble predic-
tion in this study. The SDTFMs are made for each of four
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regions: NEA, including the Korean Peninsula and
Japan; MEA, including Taiwan, Fujian, Zhejiang,
Jiangsu, and Shanghai; SEA, including South China,
Vietnam, and the Philippines; and EEA. Tropical storms,
severe tropical storms, and typhoons passing through
each domain were defined as TC landfall. In addition,
the predicted TC season was defined as JASON for SEA
and JAS for the other domains, with more than 60% of
TC landfalls occurring during this period.

To find appropriate predictors, the relationships
between observed TC landfalls and mid- and low-level
atmospheric circulation were analysed, and significant
regression patterns were found in each domain. The NEA
and MEA LTCs are affected by the anomalous subtropi-
cal easterlies and anomalous tropical westerlies. Such
flow affects the low-level vorticity and vertical wind
shear, inducing an environment favourable for TC gener-
ation and development. In particular, the anomalous sub-
tropical easterlies determine the landing area, and the
anomalous tropical westerlies prevent the TCs from
entering SEA and help them move to the mid-latitudes.
Meanwhile, the SEA LTCs are related to anomalous
northwesterlies over Japan and anomalous easterlies at
20°N. They prevent TCs from moving to the mid-latitudes
and allow them to land on SEA. In addition, the positive
vorticity over the Philippine Sea provides an environment
favourable for TC generation.

As a result of evaluating the potential of PNU-CGCM
v2.0 to develop SDTFM, significant regression patterns
were found for all domains when integrated with the
May initial conditions. In the regression between
the predicted relative vorticity and observed TC landfalls,
the vorticities in significant areas were selected as poten-
tial predictors. Of three cases of potential predictors, the
best-case was found by comparing the regression results
while changing the predictors. The developed model
offered significant predictions at the 99% confidence level
for all domains. According to the LOOCV result, the
SDTFM still predicted TC landfalls at the 99% confidence
level for NEA and SEA, and 95% confidence level for
MEA and EEA. That is, the SDTFM developed in this
study can be used to predict TC landfalls in EA and its
sub-domains.
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