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Abstract

For improvement of TC (Tropical Cyclone) intensity predictability, we have
investigated the performance of sixteen TC intensity guidance models in the
western North Pacific during 2008-2014 and tested various consensus
techniques on the basis of the results. From the evaluation using total errors
up to 72 hours, we found that HWRF (Hurricane Weather Research and
Forecasting model) outperforms all others overall although GFS (Global
Forecast System), KWRF (Korea Meteorological Administration WRF) and
JGSM (Japan meteorological agency Global Spectral Model) also shows a
good performance in some forecast times. HWRF, in particular, shows the
highest performance in predicting the intensity of strong TCs above Category
3, which may be attributed to its highest spatial resolution (~3 km). GFS
was the most improved model from 2008 to 2014. For initial intensity error,
two Japanese models, JGSM and TEPS (Typhoon Ensemble Prediction
System), had the smallest error. In track forecast, the ECMWF (European
Centre for Medium-Range Weather Forecasts), including recent GFS model,
outperformed others.

On the basis of evaluation of 16 numerical models, we have tested two
consensus techniques according to the number of model used, training period,
rank criteria (correlation or absolute error), and averaging methods (equally or
weighted mean). Prediction tests for 2012-2014 reveals that (i) the CON2
(using one consensus method showing the smallest error up to 72 hours
during training period) generally outperformed CON1 (using the best
performance consensus methods at individual forecast time during training
period), (ii) 1-year training period showed lower errors than 2-year, (iii) the
consensus using 4 or 5 models showed the best performance, (iv) weighted
averaging matched correlation criteria while equally averaging matched

absolute error criteria in terms of absolute error.

Keyword: tropical cyclone, intensity prediction, consensus, guidance models.
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16719 2 Fo fEuetdA =8 F<el EE2 UM, UM_R, TWRF,
KWRF, DLM, DBAR, KEPSo|t}, UM 9= 7|43 9 3% 4% 54 (Unified
Model, UM)& =3kl Mt 714He] AAF AmEsh-oF Al 2=5H(Global
Data Assimilation and Prediction System, GDAPS)S. & 201038 7]4% 9
ddes 2dz AFEE 3 Jh(Lee et al, 2011). UM A7Rdy xormdz
TAEl gty UM AFRde 4390 HEHS A1&8H 25 kme T H =
oF 70709 4 F& 7HAH, &F 49 oF ARE A AR7|3E 2010
AR 2014@7kA] o] th. UM A 952 (UM Regional, UM_R)-> 12 km<2] 233l
dEet 700 A TS JHAH, & 4We] dF AmE Attt a7
Z 4d(2011~2014)e] o,

KWRF+ WRF (Weather Research and Forecasting) R &S 7]¥to g 3 7]
g o] A dBAI~E(RDAPS) 9 dtubolth, KWRF& 10 kme] n8)d%= 4

ol

77 (Bogusing) 7IHE 7l¢ste] A &star doh(Park et al, 2008). 3FF 49 o
=255 AAstY) 2577 F 44d(2011~20143) ol tF. TWRF+= KWRFSF

npz 7k 2 WRFS 7|9to 2 3t RdgA HEF dgow 8 F ot 15
sl A2 = 20109 F-E 2014

W7kA] 5zt A5 E Eeetal JAR HAFTAFEH(Maximum Wind Speed,



MWS)el diaiA &= 2013958 AEE Al 3ot

KEPS+:= 201158 71783 olA 98 il 3l GFErde 4304
< ARt AFRIEERY 27 Fs A 40 kmel =9 7070
o 4 FT& zZtvrth. 27] A4E<S Ensemble Transform Kalman Filter
(ETKF)E AR&sto] ABAME L F 24709 HdE W= 450 v 8% 2
HodqSAdEE AAET DBARE FA A gk o] % Feld w5 E ol§
st A AF £=U4HFE o129 (Double-Fourier-Series BARotropic Typhoon
Prediction Model)ol] GFDL (Geophysical Fluid Dynamics Laboratory) .47
7IME HE3 BF dSEdolt(Lim et al, 2003). 37 43] R E 3t 35
kme] 4 == zt=t}. DLM  (Dynamic Linear Mode)2 JMA (Japan
Meteorological Agency)®] FXE2 Ai}E o]g&3st Hst-F74 Xdo|ti(Sohn,
2005).

16709 ¥ H%E o= 7lojldx~ ®2E F GFS+ V= NCEP (National
Centers for Environmental Prediction) 4t} EMC (Environmental Modeling
Center)ol A/l 7H=]o] NWS (National Weather Service)oll A 33k 3l
A of| S Al 2~ 8l (Global Forecast System) ©]tHNCEP, 2003). 334 ==

[

al

w

5
kmo|™, SAS (Simplified Arakawa-Schuber) 75 =53}, 321 WHE GSI A=
53t L¢3l Vortex relocation W2 %7|3t WHS ARG o7 23] oS}
525 AAelH, AR 7] 2008958 20143714 7d o]tk GFS_EPSE GFS<9]
FFE RIE 23 km 7 WEEE AW 210 GEE AHE FAE O 9

HWRF (Hurricane WRF)¥= "] NCEPYlA] &8 3¢ WRF 7|wre] A9 3

GAY dEmdelth GFS AAT 534S 271 % A/ Fow Agsv, 3
Ao BN W BYdY mes PS AR BE F4S met oF

st A AR Al2FE AESte] HE S F-2olA 3 km7bA] LR
o Zo] 7hssttH(Vijay et al, 2014). NOGAPS (Navy Operational Global
3l
ek 3070e] A SoR Ad WA Rddelnh 334 AmEst WS Ab
&3, A= 7] 2008 A F-E 20143 74%] o] T},

Atmospheric Prediction System)i= W] sl A 729 F<2 55 km 5%



Table 1. List of the numerical model used for this study.

Model L Data Spatial Fest Fest # Fest
No Description . ki .
Name Period Resolution interval per day data
KMA Operational Global 2010
1 *UM . 25km 6h 4 X,Y,W,p
Model (Unified Model) -2014
KMA Operational Regional 2011
2 *UM_R . 12km 3h 4 X,¥,W,D
Model (Unified Model) -2014
WRF-based Typhoon 2010
3 *TWRF 15km 6h 2 X,Y,W,p
Model -2014
WRF-based KMA 2011
4 *KWRF Operational Regional 2014 10km 6h 4 XV, W,p
Model
2008
BATS model data based
5 DLM . 2011 - 6h 4 X,y
Dynamic Linear Model
-2014
Double-Fourier-Series 2008
6 DBAR BARotropic -2014 35km 3h 4 X,y
Typhoon-Prediction Model 2010X
JMA Operational Global 2008
7 *]JGSM 20km 6h 4 XV, W,p
Spectral Model -2014
JMA Operational Typhoon 2009
8 *TEPS Ensemble Prediction 2014 60km 6h 2 XV, W,p
System
*NOGAPS Navy Operational Global 2008
9 o 55km 6h 2 X,Y,W,D
(NAVGEM) Prediction System -2014
NCEP Global Forecast 2008 3
10 *GFS 1 6h 2 X,Y,W,D
System -2014
European Center for 2008
11 +*ECMWF Medium-range Weather 2014 0.5 24h 2 XV, W,p
Forecasting
KMA Ensemble Prediction 2012
12 *KEPS 40km 6h 2 X,Y,W,p
System (24 members) -2014
ECMWF ECMWEF Global Model 2011
13 ) 16km 6h 2 X,Y,W,p
_TIGG received from TIGGE -2014
ECMWF ECMWF Global Ensemble 2011
14 32km 12h 2 X,¥,W,D
_EPS Model (51 members) -2014
NCEP Global Ensemble 2012
15 GFS_EPS 23km 6h 4 X,V,W,p
Model (21 members) -2014
NCEP EMC WRF-based 2012
16 *HWRF . 27/9/3km 6h 4 X,¥,W,p
Regional Model -2014
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S AFg3H(Nakagawa, 2009). TEPS (Typhoon Ensemble Prediction

o

System)= €& 713 HAAT GEE EHE FHAGEE 56 kmelH, 1171
o] otArE Wi 2 FA o] 9lti(Yamaguchi and Komori, 2009). TIGGE (The
Observing System Research and Predictability Experiment Interactive Grand
Global Ensemble)= A|AI717d7]7-(WMO) Atst AlAl A A5 Z 2715 (World
Weather Research Programme, WWRP)ol| A <17+ Ao 2 o & (high-impact)
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MWSRSMC*Tokyo = 1.43 X MWSJTWC - 925 (MWSJTWC > 2165 l’l’l/S) (1)

65 ———— —_— 65
_8of (a) GFS Bolaven (1215) 1 60f (b) JGSM ) ./\Bolaven (1215) -
D 55t L 551
éss 555
50f 50}
3 3
& a5 8 45t
P s} 2 4o}
2 E
= ssf Z 35p
£ 3o} £ 30}
= =
£ 25 £ 25t
x =3
S 20f = 20}
15F 15}
10 10
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Day Day

60f (c) HWRF Bolaven (1215) 1 60F (d) KWRF Bolaven (1215) {
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Fig. 1. Model intensity forecast for Typhoon Bolaven (2012). The black line
indicates RSMC-Tokyo best-track. Other lines indicate each model
output. (a) GFS, (b) JGSM, (¢c) HWRF, and (d) KWRF.
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Fig. 2. Maximum wind speed (m/s) comparison between the RSMC-Tokyo
and the JTWC from 2008 to 2013.
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Fig. 3. Scatter plot of maximum wind speed (0~72h) between all models and
RSMC-Tokyo best-track from 2013 to 2014. The numbers in the

bracket indicate ranking of models associated with verification method.
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Table 2. MAE of maximum wind speed and minimum sea level pressure with
lead time for all models from 2013 to 2014. The number in bracket is

ranking of errors. Shaded boxes represent from 1°' model to 3" model.

Forecast MWS MSLP

z
Model ¢ 0h  24n  48h  72h  Oh  24h  48h  72h
UM 16.46 17.99 18.64 17.51 15.08 17.95 18.05 13.50
(10 (100 (1)  © 7 D ©® (6
UM.R 7.68 8.15 7.00 5.32 12.57 13.06 10.75 7.43
- s m G 6B @ 65 @ O
11.62 11.97 8.39 7.19 20.36 18.79 16.75 14.08
TWRE ") 9% o ® © © 7
8.50 7.03 5.07 4.92 16.87 12.29 10.20 8.60
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® G @ ©B ®  © @O
JGSM 0.92 6.38 10.79 12.28 1.52 12.69 20.71 23.88
m @ ® ©® 1 @ 10 (11
TEPS 0.92 5.01 7.37 9.32 1.52 10.23 13.95 18.47
m @ ® O @ @O & 10
8.78 7.45 6.21 4.93 26.66 25.07 20.91 14.94

AP
NOGAPS = "5y 990 @ @ (y (1n an (@
GFS 3.89 451 4.45 4 .88 20.37 18.18 15.56 10.78
@ @ @ @ (10 @ (6 (4
9.91 12.68 15.39 17.81 13.33 13.18 11.43 8.72
BCMWE ") 99 9 an & ® @ @
KEPS ~ 18.44 18.60 17.56 14.90 20.11 20.06 15.36
(1) (100 (100 (6) (100 (9 (9
2.68 4.15 4.28 4.83 551 10.27 11.94 12.03

HWRF
w ® @O O 0 @3 @ @ o

1) d= &dH =45
A Jlold A RHlo AT W3l= 2008 H-E 2014\ 7FA] 48h FH UES,

= i BFFALAC ddk MAES o] &8t FAbstslth(Fig. 4). 3
54 &5 NOGAPSZF 20089 13.12 m/sell A 201413 3.94 m/s= MAEZ}
A7 A (Fig. 4a). GFS =gk 20081 el 1255 m/solA 2014del] 3.70 m/s&
MAE7Z} Stopxm x| &2l o]l ol FofAal 3= Ae AT = AT
FEES TV dFedME M 2 A FEe BAHFig. 4b). KWRF=

Eo) 8t

Y

_18_



215k 201439 = 615 m/se] MAEE HolW 14709 RdE F 795 A3
t. HWRF+= =W s Wste =24 AT dA s MAEZF °F 5 m/s
ol HEAHORE M & AFS Btk JGSM3 ECMWEFE T 59 F

TEH9 2247t 238 FUheke A4EFS 1At 53], JGSMS MWS$H MSLP
BIE A B 20080l = 1~2918 o A9 HS A SFRARE dv AR
F5 S A7F FUhste] 20149l = 14709 B F SHSIE(11~149] U)ol W=7
t}. TEPSS] #A9$ JGSM3} wlz7bA & MWS, MSLP #H7toA] % 37} A%
g5 QA7 Stk AFgS BT

A Jloldx mdo] AT WaE Fn W olyel Mo i Friw g
l= A tH(Fig. 4c). WE2H7H= B3 X2 55 433t DLM¥ DBARC]
EgEAet B4 HEHNE =S TWRF, DBAR, GFS_EPS =4d& 7]
S g0 RElEd A s o] o]Folxrh 53 DLM¥ GFS+= 20149l
B EA 2 e 27k 2008 Hlel Z7F 1651 kmet 1686 km &%t GFSE 2008
Holl 6719 2dl F 392 vud £ F5 2SS ¥ oy 2014d = 7}

S+ 1671 B & Fatxl

N
BN
>~

o)
P
rlo
of,
=t
™
fr
to
=
©
oy
o~
-
g

il
ui
J{m
ol
o)
m

o
(@)
=~
3
22
2
[
a8
Jo
e
ot
kg
S
S
£
t
O
<
=
)
Ir
N,
ll
o]
N
N
A
N
N
2

HE2 F AN B e R o] Z438 3 tH(Table 3).
e Bd HWRFE AMJJ, Aug. 7|3kl

(

MWSel A Amrx oz 713 v ¢
A 2912 AAT ok 4 m/s olate] O HolW HmA FO E2A=S
A3 g A 717k M E 11719 2| T 195 %tk HWRF tgoz £
H7E wold GFS B8 AMJJ, Aug. 713t A 7Fd @& 9235 H$al, Sep,
ON 717kl 4] Zh2} 3, 2912 skt Lefu} diie] =3 mdSo] 4-99 7|7+

BT} ON 7]3te] AdiH oz 937 o 2 AL g3 5 ok

_19_



21 T T T T T 30

48h

25

MAE (m/s)
MAE (hPa)

I\

Il‘ﬂl &7

4
o

(a) (b)

3 5
2008 2009 2010 2011 2012 2013 2014 2008 2009 2010 2011 2012 2013 2014

T T T T T

asof 48h 1

MAE (km)

—@— TEPS

—8— NOGAPS

—&— GFS

—@— ECMWF
KEPS

—B— ECMWF_TIGG

—B— ECMWF_EPS

—8— GFS_EPS

—#@— HWRF

1 L 1 1 1

50
2008 2009 2010 2011 2012 2013 2014

Fig. 4. MAE of 48-h forecast result for all models from 2008 to 2014. (a)
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Table 3. MAE of maximum wind speed (0~72h) associated with month for
all models from 2013 to 2014. The number in bracket is ranking of

errors. Shaded boxes represent from 1°' model to 3™ model.

Month MWS
Model AM]] Aug. Sep. ON
16.21 15.78 12.76 22.88
UM
(10) (10) (10) (10)
UM.R 6.23 5.06 7.20 9.89
- (5) (6) (6) (8)
TWRF 11.64 13.48 12.51 7.21
(8) (9) (9) (5)
KWRE 4.40 4.49 6.22 8.61
(3) (5) (4) (7)
JGSM 6.93 4.29 7.09 6.96
(7) (4) (5) (4)
TEPS 5.69 3.68 4.65 5.98
(4) (3) (2) (3)
NOGAPS 6.66 6.32 8.21 7.59
(6) (7) (7) (6)
GFS 3.04 2.93 4.90 5.53
(1) (1) (3) (2)
ECMWE 12.60 12.42 9.70 16.38
(9) (8) (8) (9)
KEPS 16.78 15.95 13.23 23.30
(11) (11) (11) (11)
3.28 3.63 4.22 3.91
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= 039 oFst HEd W ox7F A, HE AUt FaAAFS oAU A
2t HWRFE= TS 35 A3 5 Zmoa] 39 ¢to == A5S Bk

53 TY, STY FelAdE 114 28 5 7b4 e 948 ngorn wE Jleu
gl A oF 5 m/s olate] eabE Bt HWRF= EE Bd o 7H %2 &
=G km)E 7L Qo] A BT s Rejshedl U el Ao A7)
Aot HWRF oo 2 4 %10 km)7h 52 KWRFE RE 7he e o A
°F 8 m/s olste] W& MAEES Wth GFSE d8d=7E =4 435
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Table 4. Same as in Table 3 except for category.

Category MWS
Model TS STS TY STY
3.78 10.01 13.32 25.06
UM
(6) 9) (10) (10)
UM_R 3.29 4.84 5.53 10.14
(4) (6) (5) (8)
TWRF 13.75 15.34 11.76 7.97
(11) (11) (9) (5)
KWRF 5.47 3.81 4.72 7.93
9) (5) (3) (4)
2.24 3.51 5.90 9.42
GSM
] (2) (4) (6) 7)
1.57 3.45 5.41 6.64
TEPS
(1) (2) (4) (3)
3.49 6.40 7.17 8.57
NOGAPS
(5) (7) (7) (6)
2.73 3.13 4.44 5.09
GFS
(3) (1) (2) (2)
10.93 7.24 10.87 15.70
ECMWF
(10) (8) (8) (9)
3.97 10.28 13.59 25.41
KEPS
(8) (10) (11) (11)
HWRE 3.88 3.47 4.22 3.77

(7) (3) (1) (1)
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s HolFAn. 53 HWRF= HulgAZHol 24dd siAH (1324, 1408,
1411, 141914 1, 2915 &9 BlE A=5 7P 2 2ot HWRF= 724
A AL EAAE 344 m/sE 7 MWSE Z Bttt 1ot
° 2 GFS¢ NOGAPS7F MAE(3.99, 570 m/s)ollA Z+2 2, 3915 stH % & o
st

T
i

ftlo

Table 5. Same as in Table 3 but except for rapidly intensity change case.

Case MWS
Model RW RI
UM 1(?1 .01)1 2(81 . 8)8
o 7(.5\;3)0 5( 58)1
o 8(.%)2 1826)35
X o,
- 6( é5)6 1 1(%8%8
o 3(.%)4 5( Z?))G
o 1215)95 8(2)0
HWRF ('2) ('1 )
Average 8.45 13.20
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Table 6. Same as in Table 3 but except for approaching korea peninsula case.

TC MWS
Model 1304 1315 1324 1408 1411 1419  Average
M 461 1024 1927 1809 2350  30.00  20.93
(7) (10) (10) 9) (10) (10) (10)
UM R 2.92 3.98 9.67 3.99 416 1611  7.61
B (5) (6) (8) (4) (4) 9) (7)
TWRE 1460 1510  8.16 6.20 10.55 = 4.28 8.30
(11) (11) (6) (6) (8) (1) (8)
CWRE 7.21 3.31 6.19 3.55 507 1425  7.01
9) (5) (3) (3) (6) (7) (6)
1GSM 1.43 2,63 6.54 9.05 5.08 8.95 6.73
(2) (3) (4) (8) (7) (5) (5)
TEPS 0.96 2.06 7.27 7.70 4.07 9.40 6.30
(1) (2) (5) (7) (3) (6) (4)
NOGAPS 3.08 598  10.11 505 4.95 5.10 5.70
(6) (7) 9) (5) (5) (3) (3)
2.12 1.77 4.81 2.66 2.10 8.04 3.99
GFS
(3) (1) (2) (2) (1) (4) (2)
ECMWE 8.85 6.47 850 1877 2479 15.10 16.64
(10) (8) (7) (10) (11) (8) 9)
KEPS 5.00 8.99  19.77 2058 2321 30.16  21.75
(8) 9) (11) (11) 9) (11) (11)
2.40 3.21 3.29 2.31 3.48 5.04 3.44
HWRF

(4) (4) (1) (1) (2) (2) (1)
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7FA A dok(Fig. 5e). 7 ® ZF ¥ nd A3k
case numbers L& dle] C59 C62 =X oA A< At}

Table 7. Correlation coeff., MAE, and Bias of maximum wind speed (6~72h)
from 2013 to 2014. The number in bracket is ranking of errors. Shaded

boxes represent from 1% model to 3™ model.

AMWS
Model R MAE Bias
. o o
o O(.25)6 8(.%)9 _6( %1)5
a9 ay
e O(él)6 7(.31)3 4(. 16)1
oo O('77)2 5(2))6 0(.92)5
ay 1o
KEPS (11) (5) (4)
HWRF 0.83 4.58 2.79

(1) (1) (7)
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Cluster 1 {3203) Cluster 2 {2383)

I%IIIIIII 120 140 160 180 I%IIZIIZI 120 140 160 180
Cluster 3 (2321) Cluster 4 (2731)
a0 = a0 .
D?-:h.- il G St . Dh.-.-f"'a._." o i
100 120 140 160 180 100 120 140 160 180

Cluster 5 {1938) Cluster 6 (2196)

a0

100 120 140 160 180 100 120 140 160 180
Al TCs (15377)

a0

Fig. 5. Six Fuzzy clusters of 15377 TC track case (0~120h) from 1982 to
2014 and all the tracks before using FCM. The thick track are the

cluster mean tracks.

gaie @l AE B 4 dEo] HWRFE wE 2864 o 5 m/s ola

MAEZ 714 £& 35S HYtH(Table 8). 1 th&o® GFS7/F 28 3
oA 2919 AEE HATh dE VA FHE B TEPSE oiFiEe =HF
o] TFUF R AFdE EAS B C1e AT BE FHdA 11749 24
= 391E stk ClaA % 582 m/se] MAEE Ho|w Hlaw2 v 9315 WS
t}. Clel- = HWRF, GFS thg o2 KWRF7} 446 m/s& W& 942 3helst
4 ATk HE dgrde TWRFE ClolAE 1175 m/s 943 Holw|A 11
Mol mdl F 7bd 2 oxE Btk vy Hi HE JE7F dE s A

)
i
rlo
Y
4o
il

= C39A4 837 m/s 2xE 117/0e] 2d = 59 &y vl
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A8kt Wb ECMWE= C2~C4ol A= 9F 12 m/s o9 x5 Ho|wA
89 o] el 95 HAAT Cl olA= 499(5.56 m/s)E sttt

Table 8. Same as in Table 3 except for cluster group.

Custer MWS

Model C1 C2 c3 C4
11.04 18.91 25.88 16.73

UM (9) (11) (11) (10)
6.13 8.55 10.83 5.79

UM-R (6) (7) (8) (4)
11.75 12.93 8.37 7.80

TWRE (11) (9) (5) (8)
4.46 6.66 8.88 6.04

KWRE 3) (4) (6) (5)
6.72 6.70 10.26 6.07

JGSM 7) (5) 7) (6)
5.82 5.30 6.20 4.70

TEPS (5) 3) 3) 3)
8.14 7.75 8.18 6.29

NOGAPS (8) (6) (4) (7)
4.39 4.59 6.10 3.38

GFS 2) @) (2) (2)
5.56 12.12 15.96 16.68

ECMWE (4) (8) (9) (9)
11.48 18.86 25.69 17.24

KEPS (10) (10) (10) (11)
4.21 4.35 3.72 3.20

HWRF

(1) (1) (1) (1)

(Fig. 6). £3], ti¥-&2] H7lolA a7F 24 A5 AY UMY KEPS+ ¢
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o] kel A oF 20 m/s ©]/de] eAHE KAt JGSM&
T 10~20°N, 4% 100~110°E A el A °F 2418 m/s o A=

o2 A9gn Hlaste] & A5 Btk iR REEo]l A9E Ao 2
27y AA EAgE b ECMWEE 9% 20°N ool A doM e s Z
o] Z3t#] % stth. HWRF9F GFS& Ao 2 AL A9 AQe i
o] F7rolA 15 m/s olate] A5 Holw nwd FAFTEHS T Rt

(a) UM

(b) UM_R

(c) TWRF

° i)
Goo’e  t0%e 120% 130°E

GoE 10 120 130°E  10E 180°E

G
Qo TI0E 120 130°E 10T 10°E

40E 1S0°E 160°E  170°E 180 160 170°E 180 160°E 170°E 180
(d) KWRF (¢) JGSM (f) TEPS
K . Imis] K . [mis],
’ 0 ko
v 35 ¢ 35
2 z
ONF ‘ 20 20
is is
10 1
5 5
3 o
enp
N 2
,Q (‘/Z I G ¢
Go°E TIE 120 130°E 1A 1S0E  T60E  TUE 160 OO TIOE 120 190 1A0E IS0E T60E TOE 180 J00°E T 120 10 1O0E TS0E 160E  TOE 180

(g) NOGAPS
N

(h) GFS

(i) ECMWF

20 N
15

N

T

5 G
QoE 110 120 130°E 140 150°E

(i) KEPS

170°E 180°

(k) HWRF

oo 10 120

130°E 140°E  150°E

1706 180'

IS

N %

® i)
100 110°E 120 130°E

140 150°E

Fig. 6. Geographical distribution of average maximum wind speed (m/s)

woE 180 Gooe  10E 120

130° 140°E  150°E

1706 180°

[v]
GoE TIOE 120°E 130°E 10T 10T 160°E

170 180"

relative to RSMC-Tokyo best-track within 10 Lat./Long. Boxes.
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ZHI2h)FE 72h SAIZE AR ZF S A T @ 0akE Bl Z1AlA
2 2dgo] & g ZFo|t[l2h : MAE-WEIB), 24h : MAE-AVE(4), 36h :
R-WEI(5), 48h : R-WEI4), 60h : R-WEI(3), 72h : R-WEI(2)]. 671¢] time
stepoll Al 24h oA BAIZFS A|Qstal B dF Aol A 7R i 1H (WED ©f
AFEE AT AN E o S2udtde AH T A wE AN A
do] Me i, dSFRteAs FHeE VFor & AN~

Atk CON2 94 AERDE F 72h F3 237F 567 m/s2 7F¢ AAd
KWRF Ht} e MAEE HAth olgA wxetdAd HAE E3l CONL,
CON2E Asla v, =S 98 FdV|te Fx5d A3 7ts AA s
YeA e s ASTFE Tt VA 23 @ A PAAAZ VREY] Y REE

2 Table 10& &3 &< 4 Sl

WAtk (a), (b= 27 MAE, 3= £95 Yeidt S92 el 2de
CON19] dZAIzt ¥ Aeyd RdES Yepla, T4 do2 4

CON2ell 2}& ¥ ZdSoltl, CON1 EEES AA3 BH Z27|AIZEQ 12, 24h
dHA b= oFH 3o A e FRRDE] FTH oA B QKo xV]A]
o AFAd Tl M | dE dAd2El JGSM, TEPS”Y
5 9 tH(Table 10a). JGSM¥} TEPS:E % 7] A7kl
Hlalako] wl§- EQA Rk 48h o] F R eyt Adow Frlste A4S Bd

Ldlo]th(Table 2). o] A4 3e] uwe}
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R-WEI(5)7F A#¥21ch(Table 9). A4~ 2@ R-WEIG)®RE sho] 4%,
AEA R FARYE T 3 72 dEA% MR ARE 294 g9
5719 RelS AME3skAl ®th(Table 10b). ofgfe] =2 77} 20124, 20133 &

A71he Bal AuE AL mdEe BEo|t),

20123 CON1 - [12h : R-WEI(@Q), 24h : MAE-WEI(7), 36h : R-WEI(7),
48h : MAE-WEI(7), 60h : MAE-WEI(7), 72h : R-WEI(3)]
CON2 - MAE-WEI(5)
20131 CON1 - [12h : MAE-AVEQ), 24h : MAE-AVE(3), 36h : R-WEI(4),
48h : MAE-AVE(2), 60h : MAE-WEI(5), 72h : R-AVE(4)]
CON2 - MAE-AVE(@)

20120l = 201193 fFARSHAl BE S ARl A ZHe A R (WEDo] A
S5t obwk 12h, 36h, 72h oAM= AHE(R)E, 24h, 48h, 60hol A= MAEE
7o ® gk o] thETh HE ALES M4 12h, 72hE A3 ZE 4
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Table 9. Errors of each consensus scheme with forecast time in training period (2011). Shaded boxes indicates selecting

model.
Forecast 12h 24h 36h 48h 60h 72h 84h 96h 108h 120h Total
Time (~72h)
Best individual 3.28 4.63 4.55 5.50 6.27 6.56 6.50 6.94 6.37 5.88 5.67
Consensus modIeHOdel TEPS TEPS KWRF KWRF GFS GFS GFS GFS GFS GFS KWRF
Case 116 102 63 54 49 41 37 33 28 21 425
M AVE 3.31 4.71 5.07 5.18 571 6.53 8.82 6.31 7.13 6.16 4.73
, B Weight 341 4.40 4.95 5.86 6.77 5.70 5.14 7.86 7.12 7.14 4.80
. AVE 3.31 4.71 5.86 4.94 5.05 4.4 11.81 10.05 7.99 8.29 4.54
Weight  3.41 4.40 4.14 4.67 4.77 4.30 5.61 4.79 5.43 5.90 4.16
M AVE 3.06 4.03 4.47 6.11 5.60 5.49 5.59 5.64 573 4.82 4.49
, B Weight 296 4.12 4.95 5.55 6.54 6.00 4.87 5.58 9.12 7.11 4.66
. AVE 3.96 4.40 4.20 5.40 6.07 4.8 6.81 5.33 6.20 6.59 4.64
Weight  3.07 4.22 4.11 4.74 4.43 4.75 6.61 4.30 4.90 5.50 4.07
M AVE 3.27 4.01 4.80 5.7 6.07 6.26 5.54 6.16 6.33 6.32 4.71
, B Weight 310 4.27 4.28 6.04 6.91 6.06 4.71 4.65 8.49 6.51 4.77
. AVE 4.15 4.63 4.61 5.43 5.98 5.78 5.23 5.39 4.95 5.20 4.92
Weight  3.43 4.58 3.80 4.66 4.56 4.66 5.78 5.94 4.46 5.32 4.18
M AVE 3.79 4.28 5.30 5.99 6.63 5.56 6.90 5.08 5.02 5.02 5.00
s B Weight 327 4.76 4.12 6.78 6.80 4.31 5.31 6.76 4.61 7.46 4.78
R AVE 4.31 4.45 4.67 5.74 5.68 6.29 4.81 5.08 5.02 5.02 4.99
Weight  3.24 4.16 3.36 4.9 5.06 4.55 5.14 6.76 4.61 7.46 4.07
CON1 MAE-WEI MAE-AVE R-WEI R-WEI R-WEI R-WEI
(3) (4) (%) (4) (3) (2)
CON2 arie
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Table 10. Ranking of individual models with forecast time for training period

(a)

(2011). Based on (a) MAE, (b) Corr., Shaded area shows the cases

that CON1 scheme were used. The models inside thick line box were

applied by the CON2 scheme.

I\é[ 12h 24h 36h 48h 60h 72h

1 TEPS TIERS KWRF KWRF GFS GFS

2 JGSM JGSM GFS GFS KWRF KWRF
3 GFS KWRF TEPS UM_R UM_R UM_R
4 KWRF GFS UM_R TEPS TEPS TEPS

5 ECMWF UM_R ECMWF ECMWF ECMWF NOGAPS

(b)

R 12h 24h 36h 48h 60h 72h

1 TEPS JGSM KWRF NOGAPS NOGAPS NOGAPS
2 JGSM TEPS NOGAPS KWRF KWRF KWRF
3 NOGAPS NOGAPS JGSM JGSM JGSM UM_R
4 KWRF UM_R TEPS UM_R UM_R JGSM
5 GFS KWRF UM_R TEPS GFS ECMWF
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2. 5T

FAGA A watebdd AAF § AEE CONIZ CON2& o 57]1te 3l
s 2012~201497bA] & 3%k oS5 A & =i A9
A A2 Az HastAtHFig. 7). tFEY] FARAE] AP} FASHA
CON1# CON2 RE5F o HA|7te] AoAFE a7l Frtetes 43S HATh
20119 FdGAR Fa 201298 dSesls e dSAZE 2R & dA
Mq2aE 233 CON1°] 72h 74 2 A(total errors)”} 7Fd Skl A AlA =<l
CON2 Ht} oF 034 m/s ¥ 25 Btk o= CON17F Z7]A17H12~48h)
o HAUFES o # Rogdy] WiEoR AAZTE HAAx TR 45 4%
el FRARAES] Fok dF dAdA EA7F A B9
H HAEES & 2o 3 oz AL ol dFdAdAe A &

9 AE AFLIAT AA Soj7ks ARE Sz 27] Awo|7] ],

lo
o
rE
e
x

A 95 B 4 9la, Table 112 oZ7]3E1 20129 FAIEEES] &4
& HolFErh 5, Table 107 Table 119 &917F fAlstthd A2~ 7]He] 2
= FgHHI Aoz AlgEY 2011d FHGA A AdE AMs 2dES
Au B CON19ll 12, 24h o317+ MAEo wiel =$7F 24 3 ZdSo|u}
olmj 2011do] EHE<] =99 2012 =99 AL TEPS, JGSM, GFS=Z
fFrAFSFATE WHH CON2E HH=E 7o 2 ¢ R-WEIG) 29 ot} Adx
= MAE] #Hl&] 20112 20126 &9 ®iso] & AL & F AATHTable
10b, 11b).

NOGAPSE 2011 F&A7|ztole 8% &27F el X8 e o=
AlZbell g R A Fedstgdtt ey 20129 ol S7] 7kl = 4~59]el 913}
M 2012 ElFol tid dFAse FATbel nlE) "otk 53] 48, 72hel =
=9 ¢l TFHAE FEa) 2012 o713k CON12 72h& Al9)e e
o] S A 7ref A 7 2l (best model) BT w2 QA5 H Y THFig. 7a). CON2%
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60, 72hE A3 RE A 7to] AERAE W}l Q27 HJrk 72h 7 2
2} T3 CON1, CON2& 714

rd = Jbg 3o 932 By KWRFo| H] 3|
°F 157 m/s < 2xE Holw 74

2RE Bo ANFAEES 4 nelge
LIS
L L] L T ) L] ]
6 - — -
=" (a) 2012
Eat .
=
s 2f 1
0
12h 24h 36h 48h 60h 72h Total
¥ L] ] T T L] L]
B - =)
="[ (b) 2013
Eaf :
<
=21 i
0
12h 24h 36h 48h 60h 72h Total
a— L] L T T
"E sk (c)2014
W
3 Il Ilﬂ_llﬂ_llﬂ
=9
12h 24h 36h 48h Total

Il Best individual model EBICON1 [ |CON2

Fig. 7. Errors with forecast time and total errors (12~72h) for best individual

model and CONI1, CONZ from 2012 to 2014.
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Table 11. Ranking of individual models with forecast time for forecast period

(2012). Based on (a) MAE, (b) Corr.,

(a)

I\éi 12h 24h 36h 48h 60h 72h
1 TEPS GFS GFS KWRF KWRF KWRF
2 JGSM TEPS KWRF GFS GFS GFS
3 GFS JGSM TEPS TEPS TEPS UM_R
4 KWRF KWRF JGSM JGSM UM_R TEPS
5 ECMWF UM_R UM_R NOGAPS NOGAPS NOGAPS
(b)

R 12h 24h 36h 48h 60h 72h
1 JGSM JGSM JGSM KWRF KWRF KWRF
2 TEPS TEPS GFS JGSM JGSM JGSM
3 GFS GFS TEPS GFS TEPS TEPS
4 ECMWF NOGAPS ECMWF TEPS GFS UM_R
5 NOGAPS ECMWF NOGAPS ECMWF NOGAPS GFS

20137 20149 S Sol A= CON1¥ CON29| 72h 74 o o+ 20129
o Z717v3 mpsbAl 2 7 E 2 (best model) ®TF wgkth 2012 o =73k}
g 20139 dSoe MEREE] Ao £97F 20129 FRAV| ] =919
ARG 5SS Bon oAm 2012 =717t W EFAE RS B 9l
ATHFig. 7b). ol 2012 oS ZAdolAe & = Qo] F&7|tel] HAA 2
o AA | i RdEe] 47| E 1 Ass FASIA=UTE A9
Aol J8S FE Aow Bojzn 2013de= CON1(3.26 m/s)3 CON2(3.25
m/s)e] 72h F4 &= 001 m/s AolZ 1 zkolr) wwstA T dFAI7F H
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H7F A= CON1> EE o SA[ oA 7 Rl (best model)®] MAEX.t} vkqk
t}.

2014\d ol = 12, 24h ]S A)zbell = CON13} CON2ol FA R &k A 2 o
o] MAE-AVER)S. 2 Fd&tqitt. 20149 =7 7kol = 2012 o &7k §-A4}
SHA dlZA)7te] 2o S uf JHE R (best mode) BTt 2 x7F ¢ & HE &
T A} (Fig. 7c). 53], 36h cl5A|ZFel= CON1, CON2 257 71 =4 5 7}
Fwe A5 Bl NOGAPSEU °F 047~223 m/s w& 247 o Z
NOGAPS: w3l 43S %S w GFSSF 84 7H4 3 dd mdo|th(Fig.
4). oluf F4 RS A¥EW 2013d FAVHS S8 AA ¥ CON1L &3
=5 Vo ® A9 e ndz Y AT AAs o] tR-WEL4)].
o] AAMAM o= =AU Z HWRF, GFS, NOGAPS, TEPS7} AF&-5 9ttt
2014\ el 36h o SAIZFe AHErt /Mg =& BRI NOGAPS #i, 1 H=
HWRF, GFS, TWRF <=°]lth. TWRFE 2013928 HUSAES A2S A
R R A 2013 FEEA S AFEHATH 60h A SA A R frAEE A

=

|

e
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£ oAt A A 3 CON1¥ CON29l A|wk 21dzH2013~2014)°] A4 5S
AR g fE R vawsts] 98k 72A17 k4] A AbEE A#AS(R),
18] 32 MAE, BiasE T3t thH(Fig. 8). Fig. 8& U xR d o] A% 7o) A
Fig. 37 ThEA 12h o B AIFRE 12A13F (FA S 2 72h 744 vhE FA38to] o
Wkt Fig. 8o ®A ¥ (a)-()E 29 Tz EA4sE 10719 0¥
FARD] AELEE e (k), )& 22 CON13 CON2Z et 7]

H

i
I

g FollA = Al 3 FARLAES] AHtAA B F

%(0.90), MAE (4.28 m/s)7} 7} 2931, BiasE 1.90 m/s2 Al HAZ 29
th AAM2s 2del CON1Z CON2E ®y /il 2ds B A#w MAE,
Bias 2#Fel Al =& £9E AAsE S A & YTk 53], 72h FAH L

ZF(total errors)”F 7FE e AMMMs 2dS AEE CON2E A= (091),

r

MAE@B50 m/s)= /WEELES E¢ste] M BE sATES & 2ot

Biasal A= -0.122 79 00 717t BiasE Eth oAz €2 713 JGe
oAbE Wel AMAA muse] £3el CONI £3 CON2 thgow F& A

& BTk
o AelA gRlstglxo]l Fe7|tel o] &d MEARAES] Fsol wet oS
AoA dE5ZA77t detd F AdeS FAstadnt o5 © AAE Asnr] 93|
AT E d571Hs 201332 hal, 1

N
s
ftlo
\]
#n
=
\]
=
[y
)—A
N
S
—_
\)
e
N—"
O}H

sto] Fd7]|zbol 1d(2012:d)1 M 29 HlaE &Flvh. 7 2013\ d R of

of wl 2013~2014 Ao B LAHMAE)7E Wi, B35 A
A meke] Aamrt 7 = %d CON2el A &3
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Fig. 8. Scatter plot of maximum wind speed (12-72h) between all models and
RSMC-Tokyo best-track from 2013 to 2014. (a)-(1) all
models, (k) CONI1, (1) CON2. The number in the bracket indicate

individual

ranking of models associated with verification method.
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2013\dell gk o FolA= FH7|ZhR Adaglo] JHE R d(best model) E T
BE dZSAol A ex7F A JvH(Table 12). 28y F#H7|7to] ©E CON2E
Husk S e BE dSAtel A 71 H 1d(20129) S F-7]Fo = ARE
3 Bdo] TS 24d Foh Adst ERdudg AA= 004 m/s, AAE 2.07
m/s WE x7F AQdvh 2014l ik dAA s AaE HlasjE, 2013
PP R 72h v eabs A 1dS FTIes ARES mdo] FH Y|

S 2dow 3 2d Hrh Ue oA HuH(Table 13).

Table 12. Compare with errors associated with training period for 2013

forecast.

CON2 12h 24h 36h 48h 60h 72h Total
model

3.23 4.19 3.83 4.33 3.82 4.24 4.01

Training period

2012 2.73 3.59 3.46 3.28 3.15 3.44 3.25
2011~2012 3.06 3.63 4.36 4.18 5.22 4.56 3.96

Table 13. Same as in Table 12 except for 2014.

CON?2 12n  24h  36h  48h  60h  72h  Total
model 4.9 394 371 404 377 411  4.30

Training period
2013 3.02 369 418 352 349 3838  3.60
2012~2013 332 348 361 377 383 426  3.64

ol 2011l = o] & 7hse mE vt S7iE A E o] 9, 20124l &
oj WA KEPS¢ HWRF Rde| o Fho] F7iHlow 2013dol= TWRF2
& Axz T £ JATh FTHVNE 2do® WA BN ALEE 4

743 (2013~2014)e F#H = MAEOIA 7Hg =
< d54d5s BT HWRF(Fig. 3)¢F #2 RdlESo] X35 gol 27t o
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AR RAoR HAZIY, TE 2011dedx= dFAsE Astd RdE T

NOGAPS®] 45 H250] AHTHAZTEH a7 wo] &FdH o Felds A

3 waoth(Fig. 4). o= FAZE A7 A W 0§ s wd A5}
AARDEY 5 45 FF 5o uee] MFH] GRe] 23 %7}

r

713& 2011d ez sgste] 20149l ek o3& AN = 20119
wEoobuEh 2012, 2013W9E Z7F Fddke] 20149 HEE el Skl ol 7l
Mg wlE WMAder s way oo AErdse oF v Pl ohe

A7 #98 4 gtk Table 14% FH7170¢ zbzb 2011, 2012902 &,

il

[N}
(@)
—_
w
rL
2,
fu)
rot
£
AN
o

>,
>,
o,

i
:i
:L
2
I
>,
)
DJE
q
[\
=
—r
X
to
)
(\)
(@)
[
—

A"

A7t b AW 2R gFow AARETh 2014de] B S A4S w
W, 201393 vhRA R AT0139) V17 Mol A5 ot AAE BFS

gele 4 UAtH(Table 15). o= < 7fE RS oS54 55 ol wgdvd

Jeffries and Fukada (2002)+= = AAMA = s 471 &= 57 2d& A}
S5 HAM27E & 27 e HY RES ARES AAMA Bu 2A e A7t
Hagts B Aol Qv 2 AFtolA W HAHe e JfeE FU] 95k
2013~20143 48h, 72h o B ATVl 47FA] A AAM2(MAE-AVE, MAE-WEI,
R-AVE, R-WEDd| =9 7lg=o] w2 Hteaks v as] 1w gkth(Fig. 9, 10).

48h o|Feats B AdgATof viztrbA = 2l 5T 2720OHE A ), T
7Hd BE)E AHEE we] Wsd(spread)o] L, 29 Jf5E 3~671E AMEst

2L,
A= W HAH<A(stable) o= A3E A 5 AATH(Fig. 9). v]aLel] ARG
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4742 A 2] Hatgke Bl A4S A9 15 AHEER S W 410 m/s &
A2 7H skt

72h ASAAME Bl 5EE 4~505 AHEEA S u AlY g Ay
B JdAt(Fig. 10). 18y 1 B o AAY, g Bl JFE ALEE
NS Wi 48h oS Akl A Btk MAE®S W& A (spread)o] 7 X T 48h 2 ¥}e}
PRZEA R 72h ol M= 47FA] Al 0] Fatghe Bd NS A e =
S AMEEIAS W 503 m/sE 7HE wrtow 48h dlF oAk ®th wiEAe] v

N EEES

Ll

Table 14. Compare with errors associated with fixed training period for 2013

forecast.
CON?2 12n  24h  36h  48h  60h  72h  Total
model 4.4 419 383 433 382 424 4.0l
Training period
2011 326 427 575 539 806 649  5.00
2012 2.73 359 346 328 3.5 3.44  3.25

Table 15. Same as in Table 14 except for 2014.

CON2 12n  24h  36h  48h  60h  72h  Total
S model 549 394 371 404 377 411 430
2011 552 532 698 11.83 13.12 937  7.53
2012 367 355 358 378 407 408  3.75
2013 302 369 418 352 349 388  3.60
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2013-2014 (48h)

6 T T T T
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Using number of model
Fig. 9. 48h forecast MAE (m/s) of 4 consensus schemes associated with
using number of models from 2013 to 2014. The number in figure

indicates mean error of 4 consensus schemes.

2013-2014 (72h)
T

T T T
-4 MAE-AVE
T3 O MAE-Weight —
-~ R-AVE i
L} ———— -4 R-Weight -
Nes5 3
E B o
w 1
s 5.5 -
5L ‘ Ao i @R, Bz, >
B R @ i ¥
45 548 5.73 5.03 5.13 5.83 6.19'
4 1 1 1 1
2 3 4 5 6 7
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Fig. 10. Same as in Fig. 9 except for 72h forecast MAE (m/s).
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©] 2013~2014 48h, 72h Bt o525 v tH(Table 16). 48h o 5 2 %}
oAM= 7 AH T HH(WEDS AMSe Rds nlasgs o, 4AEE 752
2 3 7} [R-WEI4)] o] 390 m/s& 7Hd 92 o33 Btk

THAVE)S ol &3 2ds Hwssls W 7FAE 8 (WED 3 REdl
2 MAEZ 7lFez 3 dgd i [MAE-AVE@)]o] 402 m/sZ R-AVE®4)
By QA7E At 72hE wVMAR VM AE T H(WEDS AHEe Rde

HUEE JIFOE ¥ AAN2 AWl dFeAt W AYm, deEuy

(AVE)& A8 Ad5o= MAES 7le€o= 3 dAAs 7ol ¢ w2 o4

g wolt A%e narh

Table 16. 48h and 72h forecast errors of 4 consensus scheme (4) from 2013
to 2014.

Consensus
- MAE-AVE(4) MAE-WEI(4) R-AVE(4) R-WEI(4)
Forecast time

48h 4.02 4.29 4.18 3.90
72h 5.03 5.01 5.09 4.99
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