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Abstract: Errors of typhoon operational position and intensity estimation, as well as errors of typhoon
track and intensity forecast over the Northwest Pacific and the South China Sea in 2023 are evaluated. The
results show that the mean error of typhoon position estimation by official typhoon forecasting agencies in

2023 was 17.1 km, and the mean error of typhoon intensity estimation was 2.8 m ¢ s '

. Compared to the
errors in 2022, the accuracy of typhoon position estimation got improved in 2023, whereas the accuracy of
typhoon intensity estimation decreased. The mean errors of track forecasts with 24, 48 and 72 h lead time
by subjective and objective forecast methods in 2023 were reduced than in 2022. In 2023, the mean errors
of 24 h track forecast by the official typhoon forecasting agencies reached a historic low. Among objective

forecasts, mean errors of track forecasts by ECMWEF-IFS, NCEP-GFS, CMA-TRAMS were relatively
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small. Mean absolute errors of typhoon intensity forecasts by NCEP-GFS, CMA-TYM and ANNGA were

generally small, and their intensity forecast skill scores were relatively high.

Key words: typhoon, position and intensity estimation error, track forecast error, intensity forecast error
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Table 1 Subjective and objective forecast methods for evaluation
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Table 2 Official typhoon forecasting agencies’ mean position estimation errors and mean absolute intensity

estimation errors for TCs in 2023

FEAZE R it CMA JMA JTWC KMA HKO -y

o E %2/ km 12.4(465)  18.5(466)  18.1(409)  19.1(422)  17.7(382) 17.1
A FERF AT iR 2%/ (mo e sTH) 1.7(465) 2.9(466) 2.9(409) 4.00422) 2.5(382) 2.8
- AL 3 2% /km 12.2 17.1 16.8 17.8 16.5 16.1
R FERR T B AN R 2E/(m - s™ D) 1.6 2.9 2.8 4.2 2.4 2.8
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Fig.1 (a) Annual mean position estimation
errors and (b) annual mean absolute intensity
estimation errors for TCs by each official

typhoon forecasting agencies during 2021 —2023
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Fig. 2 Sample proportions (bar chart) and
mean errors (line chart) of position
estimation at each typhoon intensity

grade by CMA during 2021 —2023
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Table 3 TC mean track forecast errors with each lead time by subjective and
objective forecast methods in 2023 (unit: km)
TR AL
kAR
12h 24 h 36 h 48 h 60 h 72 h 84 h 96 h 108 h 120 h
CMA 43.3(427)  64.2(382)  89.2(341) 115.4(302) 141.7(268) 175.0(240) - 269.0(195) - 362.1(160)
- IMA 41.3(236)  60.1(383) - 108. 3(303) - 165. 7(240) - 255.0(195) - 364.6(158)
Tfﬁié JTWC 43.7(385)  63.7(352)  85.3(320) 108.0(290) - 164.0(234) - 236.7(192) - 328.5(155)
i
KMA 46.8(391)  67.3(357)  92.2(325)  113.6(295) - 173.8(238) - 257.9(196) - 351.2(159)
HKO - 62.6(282) - 117.7(241) - 179.6(199) - 266. 3(165) - 360.4(134)
CMA-GFS 55.7(392)  77.4(358) 107.6(328) 141.3(298) 184.0(268) 233.3(236) 291.1(214) 372.1(194) 457.5(176) 532.2(158)
s NCEP-GFS 43.1(370)  60.8(341)  81.1(311) 107.9(283) 138.4(255) 167.3(229) 197.9(208) 233.7(190) 276.6(172) 333.1(156)
%}_jé ECMWE-IFS  35.1(390)  50.3(356)  72.6(326) 101.5(300) 134.4(267) 165.4(242) 198.9(219) 233.1(101) 282.9(90)  333.3(81)
p2
UKMO-MetUM ~ 41.6(195)  57.0(178)  79.0(163) 103.5(148) 138.7(132) 173.7(120) 213.4(108) 261.9(98)  314.4(86)  390.3(76)
JMA-GSM 40.5(389)  61.5(355)  85.4(323) 116.4(295) 153.7(265) 193.2(237) 247.7(214) 314.4(192) 369.9(171) 434.6(152)
- STHM 46.9(174)  62.9(161)  84.8(148) 113.5(134) 148.0(120) 187.0(107) 247.6(96)  313.2(86)  389.5(75)  473.6(68)
Tﬁ?ﬁ K4 CMA-TRAMS  34.9(190)  52.4(175)  78.1(160)  99.9(145) 127.1(132) 162.4(120) - - - -
e,
i CMA-TYM 46.3(388)  67.4(355)  87.9(324) 117.4(294) 153.1(266) 191.9(235) 236.6(213) 284.4(193) 358.3(176) 451.1(158)
HWRF 48.3(232)  TLL219)  95.3(204)  129.8(189) 169.8(175) 207.0(159) 242.0(145) 272.4(134) 322.2(123) 384,6(111)
SSTC 29.6(380)  47.2(353)  68.8(323)  91.5(295) 121.1(267) 149.8(241) 186.3(218) 230.8(197) 281.2(179) 337.9(161)
51t ANNGA 39.0(328)  57.6(295)  83.3(260) 103.6(231) 131.5(206) 163.9(185) 207.9(164) 251.8(151) 308.3(139) 356.2(128)
ik FIOP 37.7(123)  61.6(116)  90.4(109)  122.4(100) 152.4(92)  186.1(84) - - - -
JSPC 38.4(59) 54,9(52) 85.3(48)  109.2(40)  136.1(35)  147.6(28) - 205.4(15) - 219.7(8)
T AE S A REAR R S AN 5 — 7 3RR B XU SCHE % TR I 5CTE B4 RO
140 240 400
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B o KN
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Fig. 3 Annual mean track forecast errors for TCs with 24, 48, 72 h lead time by

(a—c) subjective and (d—1f) objective forecast methods during 2008 —2023
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AR 43 B A6 X F ECMWE-IFS fi§ 36. 60, 84, 108,
132 h AR WU T 404K R 10. 220 ~21. 2%
15.5%~23.0%.10. 9% ~16. 2% .6. 6 % ~12. 9%
6. 5% ~ 14, 4%, B TGP 43 Bl 1004k oof A0 2 B o

Fh-Ja Bk i) = Be Ui A8 . 24 h A 48 h, B I59F
S FTEE K E LI IE (1Y £5 4 98 5 48.72.96 h, HL
TG4 S LR M 08, 96 h B IG5y /NF 24 h 1 153F
43396 h Al 120 h, $ 159 43 X (8] /) 42 2 i@ B /N +
2%, HI I TR E. DL RS IR R, TR A X
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Table 4 TC track forecast skill scores (unit: %) by subjective and objective

forecast methods in 2023

SR— AR I 55
24 h 48 h 72 h
CMA 65. 8(355) 67.3(288) 66.6(233)
. TMA 68.5(357) 69.5(290) 68.6(234)
fﬁi}n“ JTWC 66.8(343) 70.2(281) 69.2(227)
it KMA 64.6(348) 68.3(286) 67.0(231)
HKO 62.2(278) 63.5(237) 62.5(196)
CMA-GFS 58.8(349) 60. 3(289) 55. 8(229)
NCEP-GFS 67.2(333) 69.7(275) 68.4(223)
fﬂe ECMWE-IFS 73.4(348) 71.8(291) 68.9(235)
Pt UKMO-MetUM 70.1(173) 71.2(143) 67.5(115)
JMA-GSM 67.9(347) 67.3(287) 63.2(231)
- STHM 67.2(156) 68.1(129) 64.4(104)
- X 45} CMA-TRAMS 71.1(170) 70.5(140) 68.6(115)
B CMA-TYM 64.0(346) 66.9(285) 63.5(228)
HWRF 64.6(212) 63.9(182) 57.8(153)
SSTC 74.9(344) 74.3(286) 71.5(234)
i3t ANNGA 66.1(277) 68.5(222) 65.6(180)
VIRCS FJOP 61.0(115) 60. 4(99) 59.7(83)
JSPC 65.1(51) 69. 4(40) 75.2(28)
T 45 B A AR B AL A
3.1.3 AR R o8 FE fi e R R RO B AR BRI T R

B KSR TR 1 25 A PR FeAr th 6 2R
18 4300 R 10 e R LB RS R B LA AR R
JEE A A R e ) AR L DL A X TR RSk
U — PR B 5P 4 X R A E AR R 0. 2,0, 2,
0.3,0.1,0. 1,0. 1. R A — HEEHIFE i bn. 4%
24 h 5 48 h M) — LA VP& 5 An 40 S AL E 0. 4
Ho.6, 8 - HEATFEER(PEHILR,
2012) .

2023 4 5 ANE T 6 KR — Lk 5 P
{ELIA X [R] A 0. 81~0. 84, % M Hi ik Iy ik LA 1T
EAE B IX [ R 0. 78 ~ 0. 89, CMA-TRAMS #i
SSTC W) Z R Ei G P EAE R 439 0. 89 F1 0. 88
(W),

2023 AR E T B IR ALK 24 h BER v, g7 1)

% GE 2023 A PR B R E BE Y BE S B BR e2q 1A 100 kmyeqs n 2 200 km,

R BE R 0. 79~0. 85,3 W] 24 h R MR 1R 25 /N T
100 km MUREA i LA 7990 ~85% . 7l e s E N
0. 93~0. 97 , 3% B 101 12 [H 4% 1 55 B % 428 7E 26 [n) 5 42
o] (B ZE A ] — B REAS (5 L Ry 9390 ~ 972, 1% 4R
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SR (J5 24 h PR >0 24 h FHBHE MW
£5) B SR 5 24 h PR 3 <Hi 24 h P
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2 K, 2305 Ttk 5 MCAL IR YR B 10,2309 Sl
A KT BB R 1 kL2311 S A KW B R
R 4 UL 2314 ol 5 B RN R RE 1R 2316
T AR R S S SR BB 3 K

5N 2023 AR A% AR T ik 0 Bl R AR IR 22
LRI BR IMA Sb H Al AL A B T3 95 X 95
PLVFET R BRI 24 h & Rl R PR R 22 Bk . O
PR AR A TS DUAR VR T2 B I AT B O R R AR,
W JE A FEE AR . AR SR B R AT 24 b, KA
7 1) 5 96 R BN e f /N o AR IR R
FEARI RS RN 55 5| 3 1 L KB KRS Bl 7 1)

Hilgra kAo NERRWILRZ T, S 85008
FiL7 1) 5 By A LR B K. BR TR LR = LA,
CMA it Hofth & X 24 b DL P % fili it 04 15 22 905 [l o0
5~45 km, H 8 i 55 T4 152 22 35 30 /T H AR E O &
IR LAY . % W B4R 77 3% § s CMA-GFS X “ £t 95
A7 A YT B i AR 158 2 N T At 4 BR AR
A, CMA-TRAMS #l FJOP X} “M %" E G E A &
) B il A TR i g BRAE . SSTC R Ak 5 1 7 78 #8
T VTR U 25 7 76 48 A AR L 10 8 Bl A T B o B
4k s CMA-TRAMS FiI CMA-TYM 43 51| 1% 2y i 4%
W7 S EFE T AR IR VR RNV R I R 1

£S5 2023 FEWMERTRAEZNENER AFURIRE (B AL :km)
Table 5 Forecast errors of landfall points for TCs by subjective and objective methods in 2023 (unit; km)
£ BA AR IR % IR =g
- (%) (2304) (2305)  (2309) (2311) (2314) (2316)
P J%fiE{I JPE %aa}éef J%f /i é‘%‘ i JfF =R 3 J%f r&?r‘ﬂ
M=ER duE EIL I A& wElE Rl BT A K #BE e
Ny 20 h 22 h 20 h 24 h 20 h 24 h 21 h 23 h 24 h 24 h 13 h 24 h
CMA 32 19 45 255 11 # 5 12 24 90 # #
- JMA - 10 51 21 26 # 19 31 38 76 # #
ﬁﬁ&“ JTWC 39 106 78 £ 17 # 33 47 58 77 # #
KMA 41 111 73 258 22 # 5 15 44 # # #
HKO 25 96 65 # 11 # 9 17 34 # # #
CMA-GFS 13 # 25 # 19 # 32 46 16 # # #
\ NCEP-GFS 34 32 27 164 16 # 23 24 31 # # #
f;}* ECMWE-IFS 9 # 42 211 4 # 11 25 11 # # #
ot UKMO-MetUM - 110 - - 29 # 30 46 21 86 # #
JMA-GSM 22 10 49 # 40 # 18 23 39 # # #
_— SHTM - 82 - 16 # 28 44 # # # #
- X 15 CMA-TRAMS - 32 - - 0 # 39 59 33 # 17 #
B CMA-TYM 43 59 33 148 13 # 44 63 33 # # 2
HWRF 99 227 23 - - - - - 10 # # -
SSTC 11 12 0 204 18 # 0 8 20 # # #
%4t ANNGA 29 10 - 245 17 # - - 29 - # #
T FJOP - 14 - - 0 # 7 17 4 - - -
JSPC — 19 — — 21 # 23 47 37 — - —
T+ IR 2 R i I 220 A0 i o 22 % ] R 5 ) — B Bl A % T O 1 018 R I 2 — B — RN IR TR R A R I 2 A TR RO 5 2 7 RO i Bl

T WA R A I 220 A T A 8 B

3.2 &E&5WR

2023 4F 6 MER B R G M & KE S T35
BWRIREZE R R (B D, & RGP IREZE R
Wi T 1% B % 398 K T i Ae, 24 .48.72.96 1 120 h 4
B B B A TR R 22 10 IXCR) 43 B Ol 49, 2~ 82. 4,
96.3~151. 4,153. 2~229. 9,235, 7~320. 9,325, 3~
471.8 km, H i ECMWE-EPS 1 4£ & - 5 % 72 T
15 25 Ry 45 T e AL 25 XL T R (] da) . [H]
FEAS LA W] (& 4b) : ECMWF-EPS & 15 4% 5 4% 14

64 34 I AR TR 1% 22 B/ FLk O NCEP-GEFS
Ml STI-TEDAPS, MSC-CENS, JMA-GEPS fiI UK-
MO-EPS £G4 3 j§ 42 Wil 4 1% 22 A XT3 K.

B 5 LB 4 7 BB 3R 7R 2023 4545 4 A Tl
R ARG G R AT ) 16 42 T4 5% 25 FNAE 5 B 1
BE AR ES P WRIRZMRT (H PO ER B S,
R 7 e il IR A7) 6 48 AS g 2 . 2023 4, MSC-
CENSCE] 5e) Xt 42 A 1 2 14 21 875 4 . ECMWE-
EPS([ 5a) 5§ NCEP-GEFS(J& 5¢) & fili T M 42 A1
M, T JMA-GEPS(E 5b) . UKMO-EPS( 5d)
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Fig.4 TC ensemble mean track forecast errors with each lead time for (a) non-homogeneous

and (b) homogeneous comparison by ensemble prediction systems in 2023
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P-4 Xt 1R 25 (MAE) | Hil i #a 35— B0R (RCT) fil Yy
JiRRZE (RMSE) . Horpr, RCT H 4 ik i B A8 {k
A A T A 0 s o S SO0 R R A D T A R
JEAEAL I TR 5 R . RCT iy, 26 W IR #4552 il
MWy G . 6 T, 5 A G KR LA 44
24.,48.72.96 Ml 120 h 3% J& B4t MAE X [8] 5 5 4
4,4~6,3.5.7~7.9.6.2~8.7.7.0~9.5.7. 5~
10.6 m o« s™', AxBRAT A0 B WU R 22 19 22 K
H NCEP-GFS £ il 2 it 4 (1) MAE F1 RMSE % /)8,
RCT MR # & . 2 BREE H IMA-GSM g 3 i ] T
Bl G K B, CMA-GFS,NCEP-GFS, ECMWE-IFS,
UKMO-MetUM f{ii [7 T fiGf & WU B2, R T NCEP-
GFS Z 4, X 4852 3 0 48 31 05 3 10 45 XU JEE 19141 1k
AEM 8 I T A Bk i X, X R f CMA-TYM FI
HWRF £ #4201 MAE £/, ib/ HWRF 4% i
ATk i RCT @ F Hopth % W W03 0y vk . Geit ik
t1, ANNGA 1) MAE Fl RMSE %/ H RCT % .

S AR T RE AR MAE (F2mg) W . 2 3k X
H1,NCEP-GFS £ 1 4t i 24 5k Ji #i 4t MAE f /),
XK B 5, CMA-TYM 96 h J% D N 38 )3 0 4

MAE %3 fz /) » HWRF 96 h DL |5 & #il 4t MAE
/N

N 1) b A S TR O vk D7 AR B BE AR 1) MAE
([ 6) . 25 5L R B . 2023 4F 2% T4l 7 75 1) 5 5 7014t
MAE # 2022 44 7 [) B2 5 19 38 K s /h . K B
5] 7P 51 5K 7 25 5 0 T80 i R 0 191 412 7 125 1) 8 B T
fRVERETE 2017 AFA B KR BE 42 Tt B BE IS JLAF 5 EE
TR 25 R R B A B /. 5 AR (2019—2023
AE) TR 24 .48 F1 72 h iR HiHit MAE KR 7E
4~6.5~8.5~9 m s "ZEAH G KT
CMA 5 JE #il it MAE FH X870 » X058 X 1 42 BR AR
Hf CMA-TYM.HWRF fil NCEP-GFS 3% & i i
MAE HiX /.
4.1.2 #5535

2023 4 5 NEH T B AR ALY 24,48 F1 72 h
AR T 6 WUk B R R R Sk P EAR R R
2012) I 5 JE FRAR F 7 VP o3 i R B T IE G K
(R 7),24.48 F1 72 h 58 FE WUk 4 375 9% 43 X (8] 53 53]
F13. 6% ~40. 1% .26, 1% ~47. 8% .24. 5% ~
48.200, I 24,48 F1 72 h i FE WAL G E 4. &
R N NCEP-GFS Y3k 3] 1 IEH2 15 (24,48 Fl
72 h B IGIEAR 4 Wk 13.5% .31, 3% Fl 33. 4%, X
X CMA-TRAMS,CMA-TYM ,HWRF F i
A SR J7 2 (ANNGA F1 WIPS) %13k 3] T 1E 4%
5, KR CMA-TYM #1 HWRE, DL & 4831
J7 ik ANNGA 1) 45 15 3F 40 A 4 5 /. 2010—
2020 4745 == X0 1942 A0 % 00 T4 7 1k 1 5 R T 4
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Fig.5 Bi-directional quantile plot of TC ensemble mean track forecast errors and

ensemble spreads with each lead time by ensemble prediction systems in 2023
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Table 6 MAE, RCT and RMSE of TC intensity forecasts with each lead time by subjective

and objective forecast methods in 2023
HR
Tk 4R 24h 8h 2h 96 h 120 h
MAE RCT RMSE SIZE MAE RCT RMSE SIZE MAE RCT RMSE SIZE  MAE RCT RMSE SIZE  MAE RCT RMSE  SIZE
CMA 03 Tt 6T 82 1.3 T 9.0 302 7.3 8.1 9.2 240 7.7 795 9.4 195 9.4 819 1.2 160
JMA %5 7.3 6.6 380 7.5 76, 8.9 300 7.9 837 9.3 233 9.2 757 109 189 10.6 77.8 125 153

)
oo

5

}‘m JTWC 44781 6.0 B2 5T 8LT 1.6 290 6.2 8.2 8.4 BET0 797 9.2 192 7.5 865 9.9 155
i KMA 6.3 7.2 1.9 BT 19 790 9.7 295 8.7 8.8 10.4 238 9.5 79.1 1L3 196 9.9 8.7 1L8 159
HKO 01 TLY 6.5 282 7.0 780 8.5 41 8.0 849 9.5 199 8.9 80.6 101 165 9.5 8L3 1L2 134

CMA-GFS  10.4 62,9 13.1 358 IL5 67.5 142 298 12,4 73.7 155 236 13,5 70.1 167 194 142 69.0 17.4 158

NCEP-GFS 6.4 69.4 8.4 M4 T 0.8 283 8.4 79.9 10.8 229 9.5 753 121 1% 9.7 782 125 156

X ECMWEIFS 10.4 65.5 13.5 356 10.7 67.3 143 300 1L5 69.8 15.4 242 112 743 15.1 101 1L9 741 16.2 81

V UKMO-MetUM 8.4 29.2 10,7 178 118 40.5 146 148 13.7 45.0 167 120 146 48.0 17.7 98 13.6 SL3 173 76

il IMA-GSM 7.0 66.7 8.9 341003 68.1 125 295 1L9 76.4 147 237 132 7L2 163 191 135 66.5 16.5 152
Wil STHM 6.8 77.6 9.1 161 6.9 77 9.1 13¢ 8.4 766 10.6 107 10.1 76.7 12.5 86 12.8 82.4 16.2 68

6
Kl CMA-TRAMS 6.6 65.7 8.4 175 86 76.6 10.6 145 9.4 792 1.2 120 - —  — - - - - -
B CMATYM 5.6 75,2 7.3 355 6.9 820 9.0 294 82 80.0 L1 235 9.2 8L4 124 193 10.7 823

HWRF 5.4 790 7.2 219 6.9 8.0 9.9 18 7.1 8.8 95 159 &2 8.1 1Ll 13 9.3 89.2 1.8 1l
i ANNGA 55 TL2 67 295 6.9 79.2 &3 231 7.9 843 95 185 &7 80.8 10.4 151 8.8 828 104 128
Jik o WIPS 6.7 69.8 9.0 34 9.5 746 1.8 248 105 731 121 186 9~ - - - - - - -

T 50 3 TR 24 46 0 R 22 (MAE) FI ) 5 iR % 22 (RMSE) B4 cm » s 1 PR B A — ECR (RCT) L B0« %6 s BEARBL (SIZE) L BT . A5 — "R
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Fig. 6 Annual mean absolute errors of intensity forecasts for TCs with 24, 48 and 72 h lead time by

(a—c) subjective and (d—1{) objective forecast methods during 2011—2023
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Table 7 TC intensity forecast skill scores (unit: %) by subjective and
objective forecast methods in 2023
. AR I 2K
AR 48 h 72 h
CMA 25.6(343) 29.7(286) 33.9(195)
JMA 21.8(341) 28.4(283) 28.9(188)
F U .
iR JTWC 40.1(337) 47.8(279) 48.2(189)
KMA 13.6(342) 26.1(284) 24.5(195)
HKO 26.50271D) 28.4(232) 31.0(168)
CMA-GFS —44.9(343) —8.9(287) —4.00192)
NCEP-GFS 13.5(326) 31.3(272) 33.4(188)
?:};k ECMWEF-IFS —43.1(340) 1.5(288) 7.8(196)
A UKMO-MetUM —23.6(171) —11.5(142) —12.4098)
- JMA-GSM 2.0(338) 0. 8(283) —6.1(192)
il STHM —5.9(158) 28.0(132) 19.9091D)
X 35§ CMA-TRAMS 2.2(167) 17.0(139) 18.2(98)
i CMA-TYM 21. 6(340) 31.9(283) 28.3(191)
HWRF 17.9(204) 31.4(178) 32.4(127)
44t ANNGA 17.50267) 29.0(220) 29.5(153)
J5 ik WIPS 8.0(305) 10.8(241) 13. 4(161)
T A6 B REAS B B0 A
4.2 EETR PTR
o ZHw

7 S BRI R 48 4% T i 8 & AR 67
Yoo B AR 1R 22 L R G TR AR 6 B iR RE TR R 22 1Y
25 W3 .24 .48.72.,96 Fl 120 h F2 47258 B Tl
R X A4y 3k 8. 4~16.5.9. 1~18.4.9. 6~
19.9.11.6~19.6.11.2~18. 4 m + s ' (| 7a), [A*E
A H 5 F (] 7b) : NCEP-GEFS il ST TEDAPS 4
AoV S5 B A R 25 B/ ok Oy ECMWE-EPS Fi
JMA-GEPS,MSC-CENS fil UKMO-EPS % 4 -
R WRR2ZE K.
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Fig.7 TC ensemble mean intensity forecast errors with each lead time for (a) non-homogeneous

and (b) homogeneous comparison by ensemble prediction systems in 2023
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