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Abstract

This study aims to develop a statistical model for typhoon-induced
accumulated rainfall (TAR) prediction over the Korean Peninsular (KP) using
historical track, intensity, and rainfall data for 91 KP-influence typhoons
during 1977-2014. Tracks of typhoon are obtained from the best track data
archived by the RSMC Tokyo and rainfall data are from the 56
meteorological stations over the KP. The procedure for the statistical
estimation of TAR consists of three steps: (i) estimating the TAR at 56
stations for the KP-influence typhoons during 1977-2014, (ii) selecting
historical typhoons similar to the track of the target typhoon within the
regions of 32-40°N and 120-138°E using a Fuzzy c-Mean clustering method,
(iii) averaging the TAR for the top-16 typhoons with the highest track
similarity after a bias correction of TAR based on a linear regression
between TAR and intensity (maximum wind speed of typhoon) bias.

Simulation results for 91 KP-influence typhoons revealed that the present
model is capable to simulate TAR with an accuracy of 56mm mean root
mean square error (RMSE) over 56 stations. For the validation of model,
real-case predictions for Typhoon Chanhom and Goni in 2015 are performed.
The result shows that the model predicted TAR with the RMSE of 33mm
and 29mm for Chanhom and Goni, respectively, when the best track data are
used. In the predictions using the predicted track and intensity data for
Typhoon Goni, out model also showed an overall good performance with the
RMSE of 28~50mm, varying according to the accuracy of the predicted track

and intensity.

Keywords: typhoon-induced accumulated rainfall, statistical model, Korean

Peninsular
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Table 1. List of the KP—influence typhoons (1977—2014) and rainfall period

used in this study.

Z,
e

KP—-inpluence
Typhoon No.

Typhoon name

Typhoon—induced Raifall
period

QOGO CO GO GO GO GO GO GO GO DD DD DD DO DO DO DO DO DD DD = b b e e e e
O UDTN AN~ DO OOTDTN AW —OOWIL-TD U AW = O O 0T WN

7707
7803
7808
7811
7818
7910
7911
8007
8013
8105
8110
8118
8120
8211
8213
8219
8310
8403
8410
8508
8509
8513
8520
8605
8613
8616
8705
8708
8712
8906
8911
9007
9015
9109
9112
9113
9117
9119
9219

AMY
POLLY
WENDY
CARMEN
IRMA
IRVING
JUDY
IDA
ORCHID
JUNE
OGDEN
AGNES
CLARA
CECIL
ELLIS
KEN
FORREST
ALEX
HOLLY
KIT

LEE

PAT
BRENDA
NANCY
VERA
ABBY
THELMA
ALEX
DINAH
ELLIS
JUDY
ROBYN
ABE
CAITLIN
GLADYS
NONAME
KINNA
MIREILLE
TED

08/23/08:00
06/19/13:00
07/31/16:00
08/18/20:00
09/13/09:00
08/15/08:00
08/24/10:00
07/13/10:00
09/10/16:00
06/22/02:00
07/31/12:00
09/02/03:00
09/23/23:00
08/12/14:00
08/26/08:00
09/25/01:00
09/27/01:00
07/04/21:00
08/20/19:00
08/08/09:00
08/13/13:00
08/31/00:00
10/04/10:00
06/24/06:00
08/27/16:00
09/19/10:00
07/14/14:00
07/29/06:00
08/30/14:00
06/23/18:00
07/27/18:00
07/10/12:00
08/31/09:00
07/28/05:00
08/21/09:00
08/29/00:00
09/14/00:00
09/26/03:00
09/23/03:00

~ 08/24/21:00
~ 06/20/21:00
~ 08/03/20:00
~ 08/20/12:00
~ 09/15/18:00
~ 08/18/09:00
~ 08/26/18:00
~ 07/15/00:00
~ 09/12/01:00
~ 06/23/01:00
~ 08/01/18:00
~ 09/04/06:00
~ 09/25/20:00
~ 08/15/06:00
~ 08/29/06:00
~ 09/25/15:00
~ 09/28/15:00
~ 07/06/00:00
~ 08/22/08:00
~ 08/11/03:00
~ 08/15/14:00
~ 09/01/03:00
~ 10/07/05:00
~ 06/25/12:00
~ 08/29/16:00
~ 09/21/20:00
~ 07/16/21:00
~ 07/30/19:00
~ 08/31/12:00
~ 06/25/14:00
~ 07/29/06:00
~ 07/12/17:00
~ 09/03/18:00
~ 07/30/12:00
~ 08/24/18:00
~ 08/30/21:00
~ 09/14/15:00
~ 09/28/01:00
~ 09/25/12:00




Table 1. Continued.

KP-inpluence

Typhoon-induced Raifall

No. Typhoon No. Typhoon name period

40 9306 PERCY 07/28/05:00 ~ 07/30/12:00
41 9307 ROBYN 08/09/11:00 ~ 08/11/03:00
42 9313 YANCY 09/03/00:00 ~ 09/04/00:00
43 9407 WALT 07/26/03:00 ~ 07/28/12:00
44 9411 BRENDAN 07/31/23:00 ~ 08/02/03:00
45 9413 DOUG 08/09/21:00 ~ 08/12/12:00
46 9414 ELLIE 08/14/06:00 ~ 08/15/09:00
47 9429 SETH 10/10/08:00 ~ 10/12/10:00
48 9503 FAYE 07/22/14:00 ~ 07/24/13:00
49 9514 RYAN 09/22/00:00 ~ 09/24/13:00
50 9711 TINA 08/08/03:00 ~ 08/09/18:00
51 9719 OLIWA 09/15/11:00 ~ 09/17/04:00
52 9809 YANNI 09/29/00:00 ~ 10/01/06:00
53 9810 ZEB 10/17/07:00 ~ 10/18/06:00
54 9905 NEIL 07/26/12:00 ~ 07/28/12:00
55 9907 OLGA 08/03/02:00 ~ 08/04/00:00
56 9917 ANN 09/19/05:00 ~ 09/20/12:00
57 9918 BART 09/22/03:00 ~ 09/25/02:00
58 0004 KAI-TAK 07/10/07:00 ~ 07/12/00:00
59 0006 BOLAVEN 07/30/05:00 ~ 07/31/22:00
60 0012 PRAPIROON 08/30/16:00 ~ 09/01/16:00
61 0205 RAMMASUN 07/04/04:00 ~ 07/07/10:00
62 0209 FENGSHEN 07/26/03:00 ~ 07/27/20:00
63 0215 RUSA 08/30/08:00 ~ 09/01/20:00
64 0304 LINFA 05/29/12:00 ~ 05/31/17:00
65 0306 SOUDELOR 06/18/07:00 ~ 06/20/06:00
66 0310 ETAU 08/07/05:00 ~ 08/07/16:00
67 0314 MAEMI 09/10/22:00 ~ 09/13/13:00
68 0407 MINDULLE 07/03/12:00 ~ 07/05/11:00
69 0410 NAMTHEEUN 08/01/05:00 ~ 08/02/04:00
70 0415 MEGI 08/18/04:00 ~ 08/19/20:00
71 0418 SONGDA 09/06/09:00 ~ 09/08/11:00
72 0514 NABI 09/05/16:00 ~ 09/08/11:00
73 0603 EWINIAR 07/10/00:00 ~ 07/11/05:00
74 0610 WUKONG 08/18/00:00 ~ 08/20/16:00
75 0613 SHANSHAN 09/16/18:00 ~ 09/18/17:00
76 0704 MAN-YI 07/13/12:00 ~ 07/15/05:00
77 0705 USAGI 08/03/04:00 ~ 08/04/02:00
78 0711 NARI 09/16/03:00 ~ 09/17/10:00
79 0807 KALMAEGI 07/18/09:00 ~ 07/20/00:00
80 1004 DIANMU 08/09/22:00 ~ 08/11/16:00




Table 1. Continued.

KP-inpluence

Typhoon-induced Raifall

No. Typhoon No. Typhoon name period

81 1007 LIONROCK 09/01/16:00 ~ 09/02/22:00
82 1009 MALOU 09/05/16:00 ~ 09/07/14:00
83 1109 MUIFA 08/07/10:00 ~ 08/08/23:00
84 1112 TALAS 09/02/08:00 ~ 09/03/08:00
85 1207 KHANUN 07/18/11:00 ~ 07/19/22:00
86 1214 TEMBIN 08/29/16:00 ~ 09/01/00:00
87 1215 BOLAVEN 08/27/23:00 ~ 08/29/08:00
38 1216 SANBA 09/15/14:00 ~ 09/18/06:00
89 1324 DANAS 10/07/19:00 ~ 10/09/04:00
90 1411 HALONG 08/09/02:00 ~ 08/11/07:00
91 1412 NAKRI 08/01/13:00 ~ 08/04/00:00
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Table 2. List of ASOS location information used in this study.

No Administrative ASOS location Latitude Longitude
' district (point number) ¢ N) ¢ E)
1 Sokcho (90) 30.2508 128.5647
2 Daegwallyeong (100) 37.6771 28.7183
3 Chuncheon (101) 37.9025 127.7357
4 Kangwondo Gangneung (105) 37.7514 128.8909
5 Wonju(114) 37.3375 127.9466
6 Inje (211) 38.0598 128.1671
7 Hongcheon (212) 37.6836 127.8804
8 Seoul (108) 37.5714 126.9657
9 Incheon(112) 37.4775 126.6243
10 Kyeonggido, Suwon (119) 37.2723 126.9853
11 Seoul Kanghwa (201) 37.7073 126.4463
12 Yangpyeong (202) 37.4885 127.4944
13 Icheon (203) 37.2639 127.4842
14 Chungju(127) 36.9703 127.9526
15 Seosan (129) 36.7766 126.4939
16 Chungju (131) 36.6392 127.4406
17 Daejun (133) 36.372 127.3721
18 Chupungryeong (135) 36.2202 127.9945
19 Chungcheongdo Jecheon (221) 37.1592 128.1943
20 Boeun (226) 36.4875 127.7341
21 Cheonan(232) 36.7796 127.1212
22 Boryeong (235) 36.3272 126.5574
23 Buyeo (236) 36.2723 126.9208
24 Geumsan (238) 36.1056 127.4817
25 Uljin (130) 36.9917 129.4127
26 Pohang (138) 36.0325 129.3796
27 Daegu (143) 35.8851 128.6190
28 Ulsan (152) 35.5601 129.3202
29 Busan (159) 35.1046 129.0320
30 Tongyeong (162) 34.8454 128.4356
31 Jinju (192) 35.2084 128.1191
32 Yeongju (272) 36.8718 128.5169
33 Kyeongsangdo Munkyeong (273) 36.6272 128.1487
34 Yeongduk (277) 36.5333 129.4093
35 Euisung (278) 36.3561 128.6886
36 Kumi (279) 36.1305 128.3205
37 Yeongchun (281) 35.9774 128.9514
38 Hapcheon (285) 35.5650 128.1698
39 Milyang (288) 35.4914 128.7441
40 Sancheong (289) 35.4129 127.8791
41 Geoje (294) 34.8881 128.6045
42 Namhae (295) 34.8166 127.9264
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Table 2. Continued.

No Administrative ASOS location Latitude Longitude
' district (point number) ¢ N) ¢ E)
43 Kunsan (140) 35.9929 126.7056
44 Jeonju (146) 35.8215 127.1549
45 Kwangju (156) 35.1729 126.8915
46 Mokpo (165) 34.8168 126.3812
47 Yeosu (168) 34.7392 127.7406
48 Wando (170) 34.3958 126.7018
49 Jeollado Buan (243) 35.7295 126.7165
50 Imsil (244) 35.6122 127.2855
51 Jeongeup (245) 35.6122 127.2855
52 Namwon (247) 35.4053 127.3330
53 Jangheoung (260) 34.6887 126.9194
54 Haenam (261) 34.5535 126.5689
55 Koheoung (262) 34.6182 127.2757
56 Geochang (284) 35.6712 127.9110
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Similar track of TC1215 (Clustering range :: Lat28-40°N)
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Fig. 9. The high—rank 6 (text in figure) similar tracks (black solid line) of
TC1215 (gray solid line) using FCM. top and bottom figure is clustering

latitude range of 28—40° N and 32—40° N, respectively.
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Similar track of TC1216 (Clustering range :: Lat28-40°N)

40 40 40 7
38 . C9503(1) a8 as /| TC8705(3)
J /i
36 f 36 36 /
34 34 34
32 ‘ 32 32
30 ] 30 30
28 1 . 28 28 1o,
120 125 130 135 120 125 130 135 120 125 130 135
40 . 40
38 ,a TC1 20?(4) 38
36 36
34 34
32 32
30 30
28 28
120 125 130 136 120
. . . . o
Similar track of TC1216 (Clustering range : Lat32-40°N)
40 40
sl i £co503(3)
36 36
34| 34
32L 32 '
120 125 130 135 120 125 130 135 120 125 130 135
40 40 40
gl 38 a8 ;p TC0215(6)
/
36 - 6 36 /’
f f
34t [ 34 34 f
| |
32k 32t 32 ’
120 125 130 135 120 125 130 135 120 125 130 135

Fig. 10. Same as in Fig.9 but for TC1216 SANBA.
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Fig. 11. Scatter plots of Difference of intensity
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respectively.

(@ and (b)

is clustering latitude range of 28—40° N and 32—40° N,
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FARTE SARDS A8l A, I oA AWe F U s B
2 34 33z (1977~2014) 9] FA 74l g RMSES R? & F
el F e el w248tk (Fig. 12).

Fig. 12 28" N, Holel thato] SHAEHE sl 42 =9l thsh SMR¥%
EMR &4 tiste] 917012 efFe tigh H i RMSES} R? 3t RAFrh &
T8 FARIE =2l thete] VS E e A4S ¢ SMR 49 A3E 2

A&7 fAretAl ehokd kel &9l HFer 2% JEdTde] A

o

ZF RMSE7} AdA o=z AA= AS & F AAY ([Fig. 12.(a), A4 A4).
=

714

90mm 7HA] S7FstE A& HoFE
R? T3t 39 HIT o= Z44F J|THsHe TGS EY AHRsr 744

grolxl= A& &l & F AAThFig. 12.(b), A2 AH). FARZE 19
H

T AT sHAIRE, o= gHAle] Edeto] X127 shA] ke EfEell

= W, A et Axe AdE BTt (Fig. 12.(a), 214 4
). ol SAET WMoY A, 97 ARtk ddES sk
71U exkE Fekele W AAA 54.49mme] M FE @Ak @hs
AR 19 BE3 7= &S] RMSE#Q! oF 74.66mmXE.

o oF 20mmAdAag gholth 997hA 9] GEEE T o] FE, sed HIEE
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Fig. 12. RMSE and R? Comparison Ensemble Mean RMSE (EMR, black solid
line) and Simple Mean RMSE (SMR, gray dashed line) of clustering range
latitude 28—-40° N.
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Fig. 132 S9AE® ®S7F kol AR ke £4<l 32° N H el o
gto] SElAEE gt 2 &9l tid SMR¥ EMR &4 Aol

I A3, SMR ®#AeA = ¢ke] #A4% w7 E JZ27F AR s
91 =99 "HEor s VIEHE R AT " RMSEZE A3 ow
AR (Fig. 13.(a), A4 HA).

%, 28" No= S¢AEd IS AF FARE 19859 @l oF 72mmEt
2mm o 2 #S Bou, 3097HA 9 HFOE Vhe ®E Fe dFEo]
85mm ©|3t= © AJrt (Fig. 12.(a),Fig. 13.(a), A2 2A).

R? = RMSE %4 Ave] nls)] obd 247} v)5e AFS wolon, 3197
HEow 455 ZIeHIHe wAAFEEY Adusrt A3 sebt (Fig.
13.(b), A AA). vpR7HARE, FARE 19 HF 59 el 0.2¢004 st
AE HFER 455 0.1 olate] v Auns Bt

Fig. 13.(2) 314248 EMR £49 438 vehich o 243 v5a
Agom, NFUFR] 45T oAt elel wE PR 5ol net 2
Folmk L HAT £ YA FHAW AL oA BB PR AFE 2R
S W 28" NI Aol7h itk of FesEY WY A%, 14917449

zpe Al 53.85mme 7HE A2 kg Holow, ol fARE
529 RMSE#EQ! ©F 76.16mmEtt oF 23mmadAst @)
12.(a), 3|4 AA).

28" NFH SH2dHE e Ayold 7 £ ks Bdd 99 7HA4 GdE
Had FAAdTES VIedHEe] F
55.16mm=E, 14917b4] 8] & H FAAT%E 22k gro oF 1.3mm & 2
2 & Btk 239% 71Ho® thA] 556mm o] ARG E Ak ol A

4 Fhse A 2 5 99
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AR, SMR #AHET= 2 A% 31 2e & 5 AQdTh 53], AR 1
o HES] Wizt A#RE Bl 0.14~15 F7FE 2SS ge1d £ Qv (Fig.
12.(b), Fig. 13.(b) 3 A A A).

Fig 129} 134 yebd A3 gtel diste] T340z Adeadils o, + 2
HAET 19 EF SMR Wil tist 24 A7 th= EMR 2404 7|5 EHF

3 fARIE BES RMSE ghel A& g AT £ Q90m, EMR #4]0]
FARFFE A5 d Yo o 2L A% FE 9 5 Ub Wolnke
Ae & 99

Bt AT g ARt Ao SNE =
M FARKE A¥ grell dist FA 74" RMSEZ A4
QN FH&gkel diste] BluE wW (9%, 14%) °F 0.6mm o #& A&

T ATt (Fig. 14, 241). o] 43E EUE, IV-1.2)°4 EMR 4%

gatel BE RAL /] Av FoalmBAG AhE A&
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flo
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Fig. 14. Comparison clustering range latitude 28—-40° N (black line) and
32—40° N (gray line) of EMR analysis. black and gray line is RMSE (solid

line) and R? (dashed line), respectively.
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2 A Biasel dist] = BAS 7] Ay 59 EMR 49 RMSE<®}

R @ A5 nolzth AAdow 2rnde @ 4% ¥ FeAH" W9
of WE A3 ol Aol B AL B T 5 AU
Fig. 15.@olA A=W 18e 49 A4 o4 g 149714 248 3

= 7d-%°l™, 53.85mme 22t s BAY. sHAN FEERAS dE 5, 169
i

Aol 169 FHE FHAAFE 23k 53.95mme] FE How, T A
B A AE BAES sl Imm o5 A3E 2. Ha oA
S YEhd 14999 Ha S WE 0.85mm E9E #S Ho] F3oh

R? &= &9 Aol wpx7ix 2, 0.05 o2 #e Holw Hld FAgFS 1wl
CHHESA A, o] AnE ZeAEE W EE v »%s uW, FeAEE
HE7E 28° Nell gk AR EEF2 A% ¢ 5o BAS 3 7S o, 4=
B AR g Yol MAE AnE BT, A geE e v 327 N
gk AR RS A% ghEe] 9 A 23 ghs Bl
th 53], 16997HA 3E Fatsto] AR B
RMSEZte]l H2& 94k 7S Bl

Ay oZ  32° Neof| gst ¥4 F A=A S 58 7tsAE Yoz o
1697441 9] A5 FA%47%e] RMSEZ 7Hd £& 3= 43l
AHoz oF 0.359 AE Bt B Aol v Wy Fo| Ay}t Ao
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Statistical Analysis about historical database
{ " The estimation of historical typhoon-induced ;
| accumulated rainfall. i

The typhoon-induced intensity bias correction of
accumulated rainfall.

i The ensemble averaging of typhoon precipitation (EMR
] analysis)

The selection of best result about historical
database analysis.

Model setting

The typhoon-induced intensity bias correction of similar
track Rankl with historical analysis.

Ensemble mean accumulated rainfall with similar track
from rank16.

WRF model prediction If typhoon track into
of TC Track, Intensity 32~40N, 120~138E
output.

||
Model run :
A\ 4

Statistical prediction of accumulated rainfall

Fig. 16. The block diagram of procedure for statistical prediction of

accumulated rainfall.
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b BAT WEES EuE 749 TAREZ tfste] 2015¢ gFe o
A= A A, eaRAE f8 91708 H HSol st #= ghel o
A7y} Standard deviation(STD, 2] (6))2 3k 1, ©]9F ®H]w
Zh 53 BdR oS3 FAAsEe] Afolo] tiste] Bias (4] (1) i) 9f
, Rz (2] (5) #al) 12]aL Mean absolute error (MAE, 21(7)) ¢ MAE®] df

=
o

il

2] (6)

MAE=—3 | T,— F| 2 (D

A (6) 2 AgolM AREE STDO A& yehdoh na T4olA AHS-E H

F AT F 9AE guisd, T 7 ARl diste] 9170 BE el dg &5
T AS @ 2R oS @ Aol W@ Bewts qvdy. e 1,7
o5 T d5 #@d 29 A5 ge] AolE yehdn A (D elAM Fe AR

g oS ghs onlgith

Fig. 17(@ ¢} ()& 27 91719 HAEFel gt Ft w2742 olef o
st STDE uepdich. Ao E By go] 71 ol Aurk= dAekwsl 44
T 53] dalgl Aol HFHoZ 100mmelie] ul7h Wigloen, oo uwE
STDE Hyt FAZFFel et S7hets S &+ A%tk Table 3 (a),(b)
oA AE B kit olo] st STDeFY] Aojo] fist Ad) &S v, %
A% Ao A g2 Ao vlal & STDE Btk 9% x99 100, 1054
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e B o 5 dEl FTAA F5Fo] B AYUAFS STD AAE A



2 g & Al
MAEE: @3 gt =9 o3 @l 253 Aol o g gow,

Fig.17(c) ¢} Table 39 (0)& ®H¥ AAHCZ 10~39mme MAEZ vetd

e @ 5 AU BITER B W, BF PO ¥k G Ao
uel wel o ke A AeAelo] MAEE Aot W¥ES J%E wol
WE dehEs ZYRE AGEE 08 A% ¢ 5 99tk AT doE A
& we me PE BRI, B3 g3t NS @ Lk A A Ha @
F 9lgith MAES] th@ STD E8 #3 g3} bz, 295 Aoy 3
# B5Fol e AGUSE, MAEE #AX7] Wil STDE A (Fig.17

(c), Table 3.(c)).

biast= AAZA =2 15mmelate] <ol #& B, B3 szt 7 B2 &
et Aol x 2 Aol HlE] E biasE UERIT FYE A9 10544
of thalA®t -0.419] &9] bias?! Z-& A9 stil= AAHSZ Fo Fho] vt
7] wiEel oS gho] &= ghel wlEl AR HIAtE RS & F v
(Fig.17(d), Table 3.(d)).

#HZ g S el diEiA AdEE FAEE 24
Ak 7 Ay Hit AVETF BUE ASOS (AL AL A A4 (289) 4
qo= 0.39 R* #& Hth o] N9 139.2mm2 FAASF A5 H4w
S Hol, & Xl wls Aoz W Frgo] HpHoz
3 B35 @ A5 el g MAEZF 66mme FEE B oy STD7F +
0.769 oz o Ao vlg Z& STDE BAth R? 7} g2 A Ho B3

%

J‘d

_43_



(b)

40°N 40°N 155
150
145
140
135
‘é‘ 130 -
on F on F 125 ‘g
3°N E 38°N % E
=! 115 ‘E‘
(i) 110
E 105 2
[ 100 8
o L= o ] 95 3
36°N 3 36°N %0 ©
© 85
3 80 _rg
E 75 8
Q 70 8
o o [ 65
34°N < 34°N 85
55
50
15
40
o : : : 35 32°N - > 2 35
324 126°E 128°E 130°E 132°E 124 126°E  128°E  130°E  132°E
(c) (d)
o o
40°N N 40°N -
70 70
66 66
62 62 _
38°NT 58 38°N[ 58 E
54 54 ~—
c
50 E 50 ©
46 E 46 ®
36°N 42 W 36°N 1 42 E
<
38 = 38 g
34 34 _g
30 30 E
34°N 26 34°N 26 0
22 22
18 18
14 14
32°N L ' ' 10 o ' ' ' 10
124°8 126°E 128°E 130°E 132°E ME  126°E 128°%E 130°E 132°E

(e) (f)

40°N 15
14
13
12
38°N[ "
10
- J—
[
8 E
36°N 7w
8
6 m
5
4
34°N 3
2
1
0

32°N

124°E 126°E 128°E 2

i ” : : h
130°E 132°E 124°E 126°E 128°E 130°E 132°E

Fig. 17. Map of (a) average observation(OBS) for 91 typhoons, (b) STD about
(a), (¢) TAR average MAE for 91 typhoons, (d) same as in (b) but for (c),
(e) bias between OBS to forecast results by TAR statistical model, (f) same as

in (e) but for R? .
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Table 3. List of the results as in Fig.17 : (a) OBS, (b) OBS minus STD of (a), (¢c)MAE , (d) MAE minus STD of (c), (e)

and (f) bias and R? in the administrative district(point number 56), respectively.

Administrative AS.O S OBS*o MAELo bias R?
No. district point (mm) (mm) (mm)
number (a) (b) (9) (d) (e) (£
1 90 97.29 +30.10 33.21 +16.69 3.10 0.15
2 100 155.74 +59.21 36.59 +41.29 1.66 0.07
3 101 47.43 +14.86 12.82 +12.59 8.49 0.39
4 Kangwondo 105 150.97 +66.31 42.28 +24.11 -0.41 0.12
5 114 48.85 +13.62 15.17 +11.22 8.14 0.13
6 211 44.97 +12.47 11.90 +12.28 8.87 0.02
7 212 58.57 +19.66 16.57 +12.88 9.52 0.08
8 108 51.23 +17.41 16.17 +10.24 8.64 0.13
9 112 51.49 +18.07 14.97 +12.76 7.13 0.11
10 Kyeonggido, 119 48.55 +16.84 13.34 +13.90 6.59 0.05
11 Seoul 201 65.56 +27.73 21.98 +8.00 8.50 0.25
12 202 51.39 +16.58 13.00 +15.09 8.99 0.01
13 203 52.29 +15.55 14.46 +13.08 8.76 0.11
14 127 53.04 +16.71 15.60 +13.60 6.10 0.10
15 129 58.04 +21.47 17.29 +10.87 7.53 0.16
16 131 52.88 +16.54 14.09 +14.62 7.69 0.04
17  Chungcheongdo 133 53.36 +14.82 15.37 +13.31 7.28 0.12
18 135 77.87 +20.71 29.75 +6.15 6.15 0.28
19 221 51.86 +13.95 15.89 +12.81 7.06 0.11
20 226 47.09 +9.45 14.39 +12.48 8.04 0.11
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Table 3. Continued.

Administrative AS.O S OBS*o MAELo bias R?
No. district point (mm) (mm) (mm)
number (a) (b) (©) (@) (e) (H)

21 232 55.50 +16.76 15.56 +12.62 9.02 0.17
22 235 49.04 +13.72 14.59 +11.39 8.56 0.19
23 236 55.25 +17.36 17.04 +10.75 7.73 0.19
24 Chungcheongdo 238 51.90 +12.62 17.13 +8.81 7.05 0.21
25 130 89.66 +26.82 20.93 +25.06 7.13 0.14
26 138 114.46 +39.29 24.40 +29.91 9.24 0.06
27 143 73.10 +16.79 16.26 +22.37 9.76 0.08
28 152 107.74 +28.68 26.36 +28.46 11.32 0.03
29 159 95.13 +25.81 20.77 +27.64 12.40 0.06
30 162 92.72 +25.75 18.72 +29.95 11.37 0.09
31 192 92.78 +10.68 35.07 +13.57 9.50 0.20
32 272 59.44 +10.78 18.03 +15.71 8.02 0.14
33 273 60.23 +11.84 19.87 +13.50 6.43 0.17
34 277 77.61 +13.36 21.64 +19.87 8.47 0.08
35 Kyeongsangdo 278 54.50 +12.63 12.96 +18.40 7.97 0.09
36 279 71.11 +16.62 20.39 +16.31 8.14 0.16
37 281 61.20 +6.97 15.38 +20.09 10.63 0.05
38 285 92.95 +17.80 32.51 +14.80 7.87 0.21
39 288 76.54 +9.65 22.21 +18.98 12.49 0.13
40 289 139.20 +21.69 66.63 +0.76 9.82 0.30
41 294 123.98 +25.30 36.58 +29.15 7.84 0.18
42 295 128.73 +27.48 48.91 +14.00 6.12 0.25

_46_



Table 3. Continued.

Administrative ASQS OBS*+o MAE+o bias R?2
No. district point (mm) (mm) (mm)
number (a) (b) (c) (d) (e) ()
43 140 49.79 +15.20 14.53 +11.49 7.51 0.15
44 146 56.92 +19.10 15.47 +10.88 6.72 0.15
45 156 80.18 +25.19 20.49 +21.63 7.68 0.07
46 165 89.92 +35.26 20.84 +23.36 7.80 0.06
47 168 94.49 +18.67 27.02 +24.59 10.93 0.16
48 170 108.30 +33.60 26.36 +24.87 13.01 0.13
49 Jeollado 243 61.86 +20.98 16.86 +12.99 7.11 0.15
50 244 63.04 +15.50 21.69 +8.64 7.60 0.23
51 245 74.63 +26.77 22.55 +12.17 6.00 0.15
52 247 67.24 +17.45 21.16 +12.12 7.61 0.17
53 260 121.24 +36.08 39.04 +15.07 13.39 0.17
54 261 115.69 +36.92 35.21 +19.85 10.56 0.15
55 262 134.54 +39.07 43.68 +18.19 12.08 0.13
56 284 87.96 +15.35 35.48 +7.93 8.54 0.26
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Fig. 18. Map of section of typhoon—induced intensity using bias correction.

Symbol red ‘X’ is approach intensity of sample track.

2d el gt AsAPs A8 20159 EFel ek =
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Table 4. The hindcast and forecast results for TC1509 and 1515 of developed

statistical model in this study.

TC Forecast time RMSE (mm) R?

hindcast 1509 33.29 0.80
(RSMC Tokyo) 1515 - 29.32 0.59
(a) 08/20/12:00 47.00 0.04

(b) 08/21/00:00 35.18 0.52

(c) 08/21/12:00 30.09 0.56

Forecast (d) 08/22/00:00 28.47 0.61
(Numerical 1515 (e) 08/22/12:00 30.33 0.53
model output) (f) 08/23/00:00 48.62 0.46
(g) 08/23/12:00 40.16 0.14

(h) 08/24/00:00 33.08 0.56

(i) 08/24/12:00 30.65 0.56

Table 5. Same as in Table 4 but for Approach intensity and Track error of

between hindcast and forecast track.

. Intensity Track error
TC Forecast time
(Knot) (km)
hindcast 1509 59.1667 -
(RSMC Tokyo) 1515 - 85 _
(a) 08/20/12:00 0.1 221.54
(b) 08/21/00:00 48.1 105.58
(c) 08/21/12:00 46.24 154.72
Forecast (d) 08/22/00:00 46.4 99.46
(Numerical 1515 (e) 08/22/12:00 3.29 132.47
model output) (H) 08/23/00:00 50.62 167.42
(g) 08/23/12:00 1.54 75.12
(h) 08/24/00:00 41.97 134.25
(1) 08/24/12:00 42.28 83.99

_63_



(@) Before Weighted intensity

40°N

36°N[

o
=t
Accumulated rainfall (mm

20

ko ok
orat

O=sbhifN oo

Q L i &
M 126°E 128%F 130°F 132°F

(b) After Weighted intensity

40°N

—b s ks b P L0 B LR~ 00D
ScEEELE8E888EE
Accumulated rainfall (mm)

[ [=-1ie]
(=111

- 4 —a AN IR LN
S=NEIRsunCHOSS

329 ! 7
124°E 126°E 128°E 130°E 132°E

Fig. 24. The TAR prediction of WRF output (track, intensity) using TAR
statistical model. (a) Before and, (b) After weighted intensity of 1200UTC 22

Aug 2015 for TC1515.

_64_



=
=

7hRL A EE

=

=

A=

i

0]
pal

(1977~2014%) ¢

3T
5

3 by Al

o
3

WE

el

gk

L —

R

B

S

717

sanat

91742

L —

T

=
o] BEL o

Aol A

O
1l

2
.

|

PR

[e;

W N T W g ® o T o % Moo W oy F L O S )
O R mw o _Lﬂ . o X Ry =y A m
- 5 r— T . 0 B
e NOXKN ,A] o B . Mtuo oy 9 R B S ,_% &
Ly~ < —_ S — X
BN op Mg e N o T Ko 3
ﬂﬂ%zfc%ﬁrﬂa;&ﬂovﬁpfﬂ% . oy
G o 9 o "TNSR o o T =
A 0 = = 7 o B
NE ™ ERR T cmE d A E M
<° o o = mm U 7 © TR A
= W W o o K = o T U
R s R T 2 = Ho o ™ room m
o X T K o) 2 XK Jul\mﬂ _SLOMEE
of ﬂ]cnﬁliwrinnurwmwnvLo.Eo _1__o|_1_|M
= o s | &3 ~ N oy F SN o o
2 T = W oz p g M TR ow &
A S R O - R SR
W oe ® 2z % e Fm xR g ol
T oo 0 o R of F Ok B . E o
W_m fnﬂﬁfkomp_lj;_/ = o#ac,_ W
g MR R N T e o g R g Wy T
S O SN S TS O
%%wgwﬂ%@mwﬂﬂwwﬂo,i%@zﬁo
A R - e B M U
OE Clg AWAW 0o X ﬁlL ﬂ/l E.o Fo X ™ O#E ﬁE 17_.0 " ‘o ﬂ_ol Hl R
IO IR . S T T )
4 oy 9 o ol L & X
S LR L B ENE RSN B BEEEE S
ko= o o5 s A % Ho oL ﬂo% i w@ mON % o © o
%ﬂﬂ&N%iﬂoﬂmMﬂ&oﬂ GO (R )
‘mE*Oﬂ‘mchﬁU‘WHﬂLﬂE#E”Ar9ﬁO‘IFO?‘WO#EW__/HIUUEWM
Tk ey PRy BT s w3 ow
I T T S B WA TR - AR N C
e ew S8R 0N e wm T ow o odt ooy o T
5 W o M oW g @ ot of T M 3 X o=
H muizemv — K W o O )
T o P W T Ho Joo° o wm o A+ o o T m
W T Lm T T T o W e T b W W o

_65_



Ytk veor AAR 59

=
=

0.8% 0.59

AT (R =

o

29.3mm 181

Iy
—_
fite)

ofi

o7
Ko

Hlo

el

A5 AN YEFE RMSE

9w 2]

28.5~48.6.mm ¢

28.5mm) o4 L}ERTY,

A3} (R?=0.61, RMSE

=
=

00A] el

Pawsk ol

9]

A9l

b},

ks
RS

=

3 AAH ARe FA 2

AA AY A Aepnbs o] A Wl SRk o

A

e
e

T—
T

ol=Ho| 747t A=Y= Sauat

L

i
-

=0

o)

i

Ho

i
o
%
B!

—~
10

g7 v

o a8z Azg

Nr

_66_



CddMe 1%35) 2009 HE Ao o5k
, SFrT] e B Srahgld =5, 20094),

AL, He=, AT, 2002: THE FAEHY IAE VHE o] &3
AV o) EE wel 7], 12(3), 610-613.

21743, Ae)FE, @A %, Kazuhisa Tsuboki, 2003: 2002\ BF ‘FAF ¢

2 AR, 7], 13(1), 440-441.

8%, %3], 2003: HFe] Nt oAFH 22 7] WAl 71A= Gl
w3 A7, 7, 13(1), 362—-365.

ols%, H¥E, 2013 HF WlF Al H¥e FeAFALe] Al I H-,
oF %] 97 =] 2] 18] %], 19(3), 384—400.

g4, Ad, 149, FAx, 998, DEE, 2008 UL JFHF A2

ofd

AR EEA O AstAF, Journal of Kosham, 8, 49—54.
Cha. E. J., Y. H. Park, H. J. Kwon, 2008: Characteristics of tropical

cyclones over the western North Pacific in 2007, Atmosphere,
18(3), 183—-197.

Choi. E. S. and I. J. Moon, 2008: The Variation of Extreme Values in
the Precipitation and Wind Speed during 56 Years in Korea,
Atmosphere, 18(4), 397—416.

Hwang. H. S., H. R. Byun, S. M. Lee, K. S. Choi, and J. S. Lee, 2010:
Distribution of Precipitation on the Korean Peninsula Associated
with the Weakening of Tropical Cyclones, Jour. Korean Earth
Science Society, 31(4), 322—334.

Jeong. Y. Y, I. J. Moon, S. H. Kim, 2013: A Study on Upper Ocean
Response to Typhoon Ewiniar (0603) and Its Impact, Atmosphere,
23(2), 205—220.

_67_



Kim.

Kim.

Kim.

Lee.

Lee.

Lim.

H. S, J. H Kim, C. H. Ho, and P. S. Chu, 2011: Pattern
Classification of Typhoon Tracks Using the Fuzzy c—Means
Clustering Method., J. Climate, 24, 4838-508.

J. H., C. H. Ho, M. H. Lee, J. H. Jeong, and D. Chen, 2006: Large
increase in heavy rainfall associated with tropical cyclone landfalls
in Korea after the late 1970s, Geophysical Research Letters, 33,
1-5.

J. Y., and K. H. Seo, 2014: The Development of Ensemble
Statistical Prediction Model for Changma Precipitation, Atmosphere,
24(4), 533—540.

D. K., D. E. Jang, T. K. Wee, 1992: Typhoons Approaching Korea,
1960—1989 Part I: Statistics and Synoptic Overview, Atmosphere,
28(2), 133—148.

S. E., and K. H. Seo, 2013: The Development of a Statistical
Forecast Model for Changma, Wea. Forecasting, 28, 1304—1321.

E. H.,, T. Y. Lee, 1994: Two—Dimensional Numerical Study of the
Terrain Effects on the Development of Cloud and Precipitation for
the Middle Part of Korea, Asia—Pacific Journal of Atmospheric
Sciences, 30(4), 565—582.

Lin. I. I., C. C. Wu, and I. F. Pun, Upper—Ocean Thermal Structure and

the Western North Pacific Category 5 Typhoons. Part I: Ocean
Features and the Category 5 Typhoons' Intensification, Mon, Wea,

Rev, 136, 3288—-3306.

Park. J. S., H. S. Kang, Y. S. Lee, and M. K. Lee, 2011: Changes in

the extreme daily rainfall in South Korea, International Journal of

Climatology, 31, 2290—2299.

_68_



40°N

38°N

y

40°N

38°N

36°N

329N 5
124°E

Map of Accumulated rainfall
TC0012

4°E 126°E 128°E 130°E

Map of Accumulated rainfall
TC1215

126°E 128°E  130°E

Map of Accumulated rainfall

S
S

SN W B D ~DD

o-nron GBS S BIB 8RS IRESRSHSSSSS:

132°E

ETTTeTRY
Do Br e
SoES33S:

AN B0

B = T = ST Sttt

132°E

. TC1207
40°N
i
700
600
500
.
0y 3
38°N 250
200
150
130
110
g@
0) 80
36°N 70
60
50
40
30
5
34°N 18
12
10
8
6
3
e
124°E 126°E 128°E  130°E  132°E

Fig. A. 1. Map of the high—rank 16 (text in figure) similar tracks correction

Map of Accumulated rainfall
TC0807

40°N

38°N

36°N

32°)

N
124°E 126°E 128°E  130°E

Map of Accumulated rainfall
TC8509

40°N

38°N

34°N

32°

N
124°E 126°E  128°E  130°E

Map of Accumulated rainfall
TC9907

329N 5
124°E

126°E 128°E 130°E  132°E

132°E

NN B0

132°E

= INGIOI S I ND

A AONIG BN

O=NRPRSHHSHECS BSOS,

NN I B OO
DN BN S BB B0
SoES3838333855

SIS ISt

OB O NG BN,

SIStSiS)

15
£

Ngwbmwﬂww

STt
SSstsie

SSSSS,

O O BN BB IBD
8588388535853

Map of Accumulated rainfall
TC1109

gon
o
600
500
400
350
300
250
200
lw
30
8
90
80
70
60
50
40
30
25
20
18
12
10
8
6
4
2
o 0
32°N
124°E 126°E 128°E  130°E  132°E
Map of Accumulated rainfall
5 TC8211
40°N
900
800
700
]
I-4m
. @
38°N a0
200
13
q 113
1100
150
o
36°N 70
60
50
40
%
o e
34°N 12
10
8
6
B
7
2°N 0
2N 120 128 190 132°E

Map of Accumulated rainfall
TC7910

40°N

38°N

36°N

32°N
124° 126°E 128°E 130°E

TAR (after weighted) with RSMC Tokyo best track of TC1509.

_69_

o= SRS NINWOE NN
DD ENBND BBSBS
SoES33355335353

SN BT
R e = Sttt Sttt

132°E



Map of Accumulated rainfall
TC0004

40°N

38°N

36°N

32°N
124°E 126°E 128°E  130°E  132°E

Map of Accumulated rainfall
TC9015

40°N

38°N

36°N

34°N

32°N
124°E 126°E  128°E  130°E  132°E

Map of Accumulated rainfall
TC1007

o
ZNCE 12%E 128 130°E 1%

Fig. A. 1. Continued.

2N BT~
OB PR SNHONO OB B0

STt
SSES333S:

©;
St

AN B D NDD
DD ONONS BB IBD
SoES33353553833

NG B OIDNOOD;

OB PR S SHO OB OO0,

S
S

WL B IO

AN,
=R SSHERSSSSIBES2RTSTSRS SIS,

Map of Accumulated rainfall
TC0603

40°N

38°N

36°N

32°N
124°E 126°E

Map of Accumulated rainfall
TC0407

40°N

38°N

36°N

o
N
2 NoE 126

_70_

128°E 130°E  132°E

== AN B D NGO
S 22TSISHSSISES

ENISCISIS I SIS = =50 S

N BN,

128°E 130°E  132°E

SSSSSS
SSSS33

RN DD

o-nronstHEREEEBIBES ZRacaS!

SS33

[ENRNTNSS

Map of Accumulated rainfall
TC0205

40°N

38°N

36°N

32°N
124°E 126°E 128°E 130°E  132°E

Map of Accumulated rainfall

TC8613
40°N
38°N
36°N
34°N o
o P

o
N
ZNOE 126 12°E 130°E 132

NGB NGO
SSBSSS
SISISISISS)

o B IO =
O-NronIHENEESBIBEZZLISTES:

AN B NI~
S ERNSHOHSODSOD
8888853885888

PN BTN,

R = ==ttt



40°N

38°N

36°N

32°N
124°E

40°N

38°N

36°N

34N

0
321§4°E

40°N

38°N

36°N

32?g4°E

Map of Accumulated rainfall
TC0613

126°E  128°E  130°E
Map of Accumulated rainfall

TC8410

126°E 128°E 130°E

Map of Accumulated rainfall
TC1324

126°E 128°E 130°E

i 5y e

A NG BN

OB PR S NHSNE OO Bo0D

132°E

132°E

132°E

STt
SSE3S33

= MWW B NI ~NDO
O AN OND BB IS
85883338333858

RN BN,

OB ORGSR SHECSBODS,

o= S IO B N©
Tttt ]
S55333333833853

= NG B OIN
O OSSN OB BB 0!

40°N

38°N

36°N

32°N
1

40°N

38°N

36°N

32:§4°E

40°N

38°N

36°N

32°)

N
124°E

Map of Accumulated rainfall
TC9306

24°E 126°E  128°E  130°E

Map of Accumulated rainfall
TC9109

126°E 128°E 130°E

Map of Accumulated rainfall
TC0610

126°E 128°E  130°E

Fig. A. 2. Same as in Fig. A. 1 but for TC1515.

_71_

132°E

132°E

132°E

= MWL B IO
Ittt ]
S5883335333858

AN BTN,

B = TS ST SIS

N B DD
SSSSSS
S3S3S33

& o B OO
SR oSSR EREES3IBEZIRTSTE:

N WL B IO
DL DN NS BBDBD
So853833533553

SRR BTN,

O=NRPOSHERSHECS BSOS

40°N

38°N

36°N

2°N
2 Noe

40°N

38°N

36°N

0
321’§4°E

Map of Accumulated rainfall
TC8213

126°E 128°E 130°E

Map of Accumulated rainfall
TC9119

126°E 128°E 130°E

Map of Accumulated rainfall
TC9307

40°N

38°N

36°N

0
4 1§4°E

126°E 128°E 130°E

132°

E

132°E

132°E

= = NI

o=reoeZ HEREE8S3883382SRSS

SSBSBS
SS3333

W B IO

_ e B OO =
o-neonSNHEREESSIBE32RTSASS:!

S INLIE IO
S838883388883

AN BN O
SRS OBBS !

Snso;



40°N

38°N

36°N

0
3215‘4"E

40°N

38°N

36°N

32°N
124°E

40°N

38°N

36°N

32°N
124°E

Map of Accumulated rainfall
TC0306

126°E 128°E  130°E

Map of Accumulated rainfall
TC0418

126°E 128°E 130°E

Map of Accumulated rainfall
TCO0705

126°E  128°E  130°E

Fig. A. 2. Continued.

132°E

132°E

132°E

== N LI B I NEO

STttt ]

S D~; oo
OO000085853335338533

AT

SSSSOS OB ORS NSRS

& NG BTN
=N owSHEREEESIBESZRASHEH

L NINGE IR
D LD NSNS BB IBD
S5853333333553

ARG BN,

OB PO S HONO OB BOS,

40°N

38°N

36°N

322§4°E

40°N

38°N

36°N

20
%,

N
24°E

Map of Accumulated rainfall
TC7808

126°E 128°E 130°E

Map of Accumulated rainfall
TC9918

14

126°E  128°E  130°E

- :7:2 -

132°E

132°E

SSDSDS
SES8S838

NI B IO

s roG BT
O-nr oSSR EREES33IBEZITSTSS:

SSSSDS
SESSSS

S = AINIB DD
ZS33S:

S
S5

NG BN,

R TSNS SIS,

40°N

38°N

36°N

32°N
12

40°N

38°N

36°N

34°N

2°N
2N

Map of Accumulated rainfall
TC0410

4°E 126°E 128°E 130°E  132°E

Map of Accumulated rainfall
TC8520

15

126°E 128°E 130°E  132°E

== N W B IO
DD BN ONS BBSBE
SSEE3388533553

N D~;
SSSSES;

R CATN

=R ORSIARNS,

s s s
S TS
SISt

SRR B3SS8S,

o O R RN BN,



(a) 08/20/12:00

40 40 40
TC8105(1) TC9407(2) TC7911(3)
35 / 35 ,7« 35 / /
120 125 130 135 120 125 130 135 120 125 130 135
40 40 40
TC7707(4) TC9809(5) TC7818(6)
; ‘_L : T\ / ; 7/
120 125 130 135 120 125 130 135 120 125 130 135
40 40 40
TC00086(7) TC8310(8) TC1412(9)
: / : z’tz‘,‘,"’
120 125 130 135 120 125 130 135
40 40 .
1g || TC7803(10) 38 || TC8213(11)
36 36
34 ,;’/, 34
32 32
120 125 130 135 120 125 130 135
40 40

38 38 [|7C1009(14) 3 f|TC1216(15)]
36 [ 36 36 /
34 / 34 /7_\ 34 /
32 32 32 :
120 125 130 135 120 125 130 135 120 125 130 135
40 ;
.
36
34
32
120 125 130 135

Fig. A. 3. The high—rank 16(text in figure) similar tracks(black solid line) with
WRF—forecast track of TC1515 (gray solid line) using FCM. (a)~(i) 1200UTC
20 Aug 2015~1200UTC 24 Aug 2015 [prediction intervals of 12 hourly].
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