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Abstract; Operational positioning and intensity estimation errors, as well as track and intensity forecast er-
rors of typhoons over the Western North Pacific and the South China Sea in 2022 are evaluated according to
the “Regulations on Typhoon Operations and Services”. The results show that in 2022, the positioning er-
rors made by the official typhoon forecasting agencies displayed a negative correlation with the typhoon in-
tensity grades. The mean error of position estimation made by the National Meteorological Centre
(NMC), China Meteorological Administration (CMA), were the smallest at each typhoon intensity grade.
In 2022, the mean error of position estimation (15.4 km) made by NMC was 21. 8% lower than 19. 7 km
in 2021, and the mean absolute error of intensity estimation (1.3 m * s ') made by NMC was slightly
smaller than the value (1.4 m « s~ ') in 2021. Relative to 2021, the mean errors of track forecast by sub-

jective and objective forecasts in 2022 were generally reduced, but the mean absolute errors of intensity
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forecasts were generally increased. Track forecast skill scores by SSTC, CMA-TRAMS, and ECMWF-IFS
were relatively high. Intensity forecast systematic biases by NCEP-GFS, JMA-GSM, CMA-TRAMS, and
CMA-TYM were insignificant, while forecast skill scores by NCEP-GFS, HWRF, and CMA-TRAMS

were relatively high.

Key words: typhoon, positioning and intensity estimation error, track forecast error, intensity forecast

error
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Table 1 List of subjective forecast and objective forecast methods for verification
Ty k£ 7 B WTTAR AL 5 2 Fx B 225 3Lk
FEHAZRBHRIRE) CMA(NMOC)
HASRLT IMA
EEPUNITE REBAG B XNER DO JTWC
AT KMA
HERILE HKO
T E S LR AR FE L BR R 5% CMA-GFS RAEAE . 2021 5 B4 46, 2022
2 [ [ B Wk PO 2R B R 5 NCEP-GFS Zhou and Juang, 2023
SRR W H R B L BURR S ECMWF-IFS Haiden et al,2021; Magnusson et al,2021

[ UKMO-MetUM Heming,2016;Short and Petch,2018

# H A 50 JMA-GSM Yonehara,2021
IRG3=PIN S SHTM Li et al.2019

W0 Bl B o E S AR A REUE TR R 45 CMA-TRAMS #4538 4 45,2020 5 Zhang et al,2022
FEALRE X G REEHER R 5 CMA-TYM FRE £14.2021a;2021b
% HEF BT PO R R B RS HWRF Biswas et al,2020

it I PG AU AT 6 KUK A2 2 15 X AR RO TR O 7 SSTC AR, 2019
RS KBRS & ARG A TR R &5 STI-TEDAPS Li et al, 2019
WP PR S O 2 FRES Bl RS ECMWE-EPS Palmer,2019; Magnusson et al.2021

i Py HAS LT 2REGHMAS JMA-GEPS Yamaguchi et al, 2022
EEERREME P OLRESTRASE  NCEP-GEFS Zhou et al. 2022
WEHAZRESTIRAS UKMO-EPS Inverarity et al,2023
s KL RERTHRRS MSC-CENS Gagnon and Deng,2019

SR 5 IR B AR R 9IRS B L 23 5 R B U R
PR DR L 2 T DR T 1 U B (R % 0 55, 2012
RUTHFE,2020),

2 RURMEBEEEENZE GTERIN
2022 4 5 NE G R (£ D 2445 671
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#(18.6 km,193 ¥K) /N 6. 6 km, 2022 45 5% MAE

BARE(2.2 m s DM 2021 (2.6 ms s 1)
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CMA & fii F 3% 2% (14. 4 km) Fl & 3 MAE
(1.4 mes DN ENCFERZEM T IMAJTWC,
KMA F1 HKO 435142 8 7 37.4%.41. 7% .27. 6%,
37.1%.

W Fie AR A 5 XU B 4 HR ARG XU (T'S) | i 4
KGR (STS) (B RCTY) B3R E K (STY)  #5m 5 K
(SuperTY) FFH 174195, 2022 4F CMA TE £ 58
RN IR 255 22,8 km (TS, 158 110 .
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Table 2 Mean of errors position estimation and mean absolute errors of intensity estimation

of 25 typhoons by official typhoon forecasting agencies in 2022

FEAE R et CMA IMA JTWC KMA HKO RN
TE LB/ IR 385 366 339 312 315 1717

e FE TR 22 /km 15.4 25.1 24.6 22.8 24. 4 22.3
e E BRI/ IR 385 366 339 312 312 1714
ESRF LR/ (me s™1) 1.3 2.4 2.9 2.8 1.9 2.2

AV BRIR B/ IR 234 234 234 234 234 1170

i) B AR TR 2%/ km 14.4 23.0 24.7 19.9 22.9 21.0
SEE BN RZE/(ms™D) 1.4 2.6 3.1 3.0 1.9 2.4
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3.1.1 BAFEZ Fig.1 Mean errors of position estimation

3 0 2022 A 3 WL AR RN % W A 7 ik 4% T
i i 2L R AR B AE R FEAR - iR Z . S ANE A
TR AL 24 .48.72.96 F1 120 h §%4% B4R - 35 1%
Z X[ 435k 72. 7~83. 8,133, 3~148. 4,178, 5~
216.3.214. 1~257. 1 1 290. 7~362. 9 km, H#
2021 4E 58 A BTN . 24,48 .72 h B4R TR - iR
Z I 2021 A4 /N T 5~15.5~25,15~40 km
N,

% WL TR A L = U TR A7 AR I ) S . 35 0 T
R3EH S % 12 h ZHR R & W IR BT LA 24,48,
72,96 F1 120 h E WM AR KK S % 36.60.84,108 il
132 h 2 WL 4R . 4 KB 2 A8 T4 P BB 22 ¢ 8K
K .36.60.84,108 Fl 132 h P45 Fi # F 34 1% 2% X

[&] 4351 & 85. 2~124.1,147. 8~193.5,197. 9~271.6,

at each intensity grade by official typhoon

forecasting agencies in 2022

254.5~398.7.385.5~688. 5 km, 4 4~ X 1 X
36 h 60 h A AR P2 5% 22 X (Rl 43 o 75, 2~
126.3 km,137. 4~211.9 km,

2022 4, SSTC & F R B2 (12~120 h) [ 4% i
T 15 2 M /N, L 36.60.84 F1 108 h fE A2 Fildk
S H5R 2 435k 82. 7,133, 5.176. 8,232, 9 km(FE 3),
SSTC A% Tl i) 2 BUAS £5 T 4R BUN B 1 36 5, 12~
72 hik EE 6 W) 4E 0L, 4k B O CMA-TRAMS,
SHTM, ECMWF-IFS, NCEP-GFS, JMA-GSM,
UKMO-MetUM,78~120 h i35 3 W) H4 B 5L, 4%
w2 ECMWE-IFS, NCEP-GFS, UKMO-MetUM,
¥ SSTC 431 5 5 2Bk 4 A 17 (R
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Table 3 Mean errors of track forecast (unit; km) by each forecast method at each lead time in 2022

B/ b

AR 12 24 36 48 60 72 84 96 108 120 132
CMA 51.9(334)  76.5(280)  111.0(238) 148.4(201) 189.3(166) 216.3(135) - 249.2(85) - 362.9(56) -
- JMA 48.4(261)  72.7(279) - 133.3(203) - 198, 4(141) - 217.3(92) - 290.7(61) -
fﬁ}ﬁ JTWC 55.6(310)  78.2(272)  105.1(235) 136.9(204) - 208.0(143) - 257.1(95) - 331.3(64) -
KMA 59.8(275)  83.8(237)  115.1(205) 144.1(177)  333.9(5)  215.1(123) - 244.9(80) - 352.4(55) -
HKO - 79.3(232) - 136.9(174) - 178.5(123) - 1(86) - 332.6(57) -
CMA-GFS 66.6(305)  88.3(260) 124.1(226) 157.7(193) 193.5(163) 236.7(132) 271.6(108) 325.1(85)  374.9(70)  414.9(56) -
NCEP-GFS 48.7(250)  67.4(218)  95.7(190)  134.2(169) 164.7(148) 194.0(127) 204.9(108)  230.9(90)  254.5(75)  328.3(63)  385.5(51)
® - ECMWE-IFS  46.3(271)  63.3(234)  85.2(203) 114.8(176) 147.8(151) 179.7(128) 197.9(104) 222.7(45)  275.6(35)  339.6(29)  416.4(23)
s UKMO-MetUM 49, 2(145)  68.6(125)  92.3(106)  132.0(91)  170.9(79)  224.4(67)  248.4(52)  324.6(43)  398.7(34)  544.1(28)  688.5(22)
R JMA-GSM 49.1(264)  70.5(227)  101.2(192) 138.5(165) 182.1(140) 233.6(115) 260.0(91)  305.4(76)  321.3(60)  397.9(50)  461.9(40)
% SHTM 55.9(152)  78.7(129)  118.1(108) 164.4(93)  205.5(77)  244.3(61) - - - - -
K CMA-TRAMS  42.4(139) 3(119)  75.2(103)  104.4(89)  137.4(76)  180.9(62) - - - - -
B S CMA-TYM 53.00311) L9(266)  116.1(231)  159.8(198) 208.6(166) 257.4(133) 306.4(106) 382.9(87)  498.9(72)  689.1(57) -
HWRF 58.2(222)  83.7(195) 126.3(169) 175.4(150) 211.9(132) 251.5(115) 277.1(99)  315.1(83)  379.1(72)  469.9(60) -
SEI SSTC 37.00308)  57.7(268)  82.7(232) 110.7(199) 133.5(167) 158.8(135) 176.8(109) 196.8(87)  232.9(71)  288.4(58) -
T A6 N REAR B B A 5™ — "SRR TR 7 5 19 15 XU SCAE T2 TR I 28 5 A T4 48
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AL BRI 3 d S DL b B AR AR T 2 0R 25 W /N T
ECMWFE-TFS, 4 4 X 3 # = it CMA-TRAMS %
T 8% (12~72 h) B4 AR 7 34158 25 /N T H A X
WAL, SSTC 60 h KLU E B TFHiRES
CMA-TRAMS #14,72 h #4824 - ¥ 22 /N T
CMA-TRAMS,

HE— 200 BT UL B WL A TR R 1% 2 AR
B2E KT 95 % 43 LB REA AR g R 22 B A (32
W) . 5 ANE G KR AL 24.48.72,96 1 120 h
TR 22 95 %0 40 £ 53 5l Ry 163. 6~195. 0,366, 7~
423. 7,442, 9~669. 9,461, 7~805. 9,619. 1~790. 1 km,
Hir CMA 24 h FiliR iR 2 95% o i Bide /. a2 Ek
15 2R XA 2, CMA-TRAMS & i iz iof &% 13
AR 95 % 437 K /N + 24 .36 ,48.,60,72 h 43 B}
N 95.2.114.3,177. 4,258, 1,310. 8 1 403. 7 km,
F TR KR 25 R A & X, W
2218 5 H KK 7. 2212 5 H RAELE .

Bl 2 s T E I 6 MBI (B 2a~2¢) .42
B A X SRR 2 (& 2d~2D) 3 15 4F (2008—2022

24,4872 h B{AR TRV iR 22 A Yl T
B WL 2 T IR A R TR A R S
7 U AR T 1 AT 34 15 22 8 Ak R 1 —
. 20082015 4EH Jr & KU I AR BLAE AR =X 24,
48.72 h %A% TR OV B i 22 FE L IR P N, B
2013 4F R H B NI 24.48.72 h F§42 Fil i
SR 22 40 5 1 R R % 100, 150, 250 km 56 [,
2015 4F LK (20152022 45) B )7 & K R ML i
P R AR T 4T T 38 158 2 T 3 B A R /N 1
P, PR ECMWE-TES Jj 4R J% 48 94 7 1 1%
223 BN KR A T CMA-TRAMS Jj 4F g% 12
- 1 15 2 3 3 AN
3.1.2 #753F 5

2022 4 AR T A F AR Sk (P E A
L5y 2012) B B{ AR AR FL 5P 405 T 38 4.5 NE T
& ITRMLAL 24,48 1 72 h B4R B4R 3 15 943 X 6]
SRR 63. 2% ~T71.7%.66. 9% ~72.4%.70. 7% ~
T4.0% . SEMBAR I 24,48 F1 72 h B4R AR
I R TF 60%, H i SSTC,CMA-TRAMS
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Fig. 2 Annually-mean errors of track forecast by (a, b, ¢) subjective forecast and

(d, e, f) objective forecast methods with 24—72 h lead time during 2008 —2022



%5

Y B B4 2022 SE TG AU R TR I 15 OB 2 PF

F4 2022 EEFMAFHNBEETIRBRITES (RA:%)
Table 4 Track forecast skill scores (unit: %) by each forecast method in 2022

. B 2/ h
TEER 24 48 72
CMA 69.0(259) 66.9(186) 70.7(127)
IMA 71.7(256) 72.4(186) 74.0(131)
EPUNIE JTWC 69.3(260) 69.8(192) 72.0(132)
KMA 68.2(226) 69.3(167) 71.5(116)
HKO 63.2(221) 67.4(165) 71.8(117)
CMA-GFS 64.3(248) 64.3(182) 65.3(124)
NCEP-GFS 73.7(205) 70.5(158) 72.1(118)
% 4R AR ECMWEF-IFS 74.9(224) 73.3(167) 74.7(120)
UKMO-MetUM 72.3(120) 69.6(86) 69.9(62)
" IMA-GSM 72.6(216) 69. 3(155) 68.3(105)
i SHTM 69.8(123) 62.4(88) 62.6(58)
X CMA-TRAMS 75.3(114) 74.4(84) 72.1(58)
IX I Ao 5 . -
e CMA-TYM 68.5(254) 63.9(187) 63.7(125)
HWRF 67.5(185) 60. 8(140) 62.8(107)
95 SSTC 78.1(256) 76.5(188) 78.6(127)

TR A O REAS R S A

3.1.3 A EMMRIEE

2022 4E DLHGHE KR K L b 25 908 B TR Y &
RAEA 4 4, 48 5 2203 28 . 2207 B K 2%,
2209 5 LRl 2212 SHEfE. Hog, CEETOR 2
CE AR R E 1K CMEAR B BT E 4 ). Ui
FE7 2 1949 4 LUK B AT AIE TR E 4 AN A48 17 8
Fifi 4 5 XU AR 1949 4F AR i B8 i Ll AR AL T 1Y
f IR,

5 N 2022 4E 4% 3 W TR AN & UL TR O 5 A
G RCERERT 24 h Py & A A TR 5 42 5 00 R 2R S
FURIXT T B RS2 B B B e 22 D) ) B R 22, A R R
BB 7 & KB AILRG 24 o N 0 85 Bl o T 40 13 22

PRS- /NF 50 ko, X Ty B FE T AR G B B
FRAR 22 /8 F 40 km, CMA X “HMg 467761 7 42
N 8% i o5 R R 25 e/ . A ERBEC 24 h B
Fifi 5 AR P ¥R 22 30~50 km AN 5F, CMA-GFS
X AN A AR T AR L M AR TR L AR I L
) 24 h PR BE S TR 22/ F 30 km, AR 5K
24 h PR S LR OF B 22 35~65 km AN,
SHTM Xf“ ¥ FE T ZR ML 1Y 24 h BBl e 4R
W22 H 4F # /N CMA-TRAMS f1 CMA-TYM %}
“HEAL”AEWT VL BE RN BV AR R 24 h PN R Bl
AR ZEHXF N

RS 2022 FEWMATE 24 h R FUHR B R0H B B S BURIR 2= (8L :km)
Table 5 The 24 h landfall point forecast errors (unit: km) by each forecast method in 2022

4 ZFR RS 1 (2203) A 22 (2207) 8 (2209) HEAE(2212)  MEFE(2212)  HMFAE(2212) HFAE (2212)
B il o JTREAEA TABITRE JASARE WAL E EES IDREFSEIL T RESM
CMA 74.5 87.7 37.6 84.5 90. 2 78.6 24.0
JMA 48.7 55.6 39.0 40. 7 34.2 7.9 #
ESDUNE JTWC 26.0 * 3.8 28.6 26.5 18.9 43.4
KMA 76.8 77.6 10.1 52.1 49.6 62.1 24,1
HKO 71.3 72,7 27.6 51.5 36.4 8.5 77.0
CMA-GFS 30.0 65.7 24.9 69.3 69.1 22.1 35.6
. \ NCEP-GEFS 115.0 * % 13.0 0.0 38.4 64.7
%ﬂ‘ ECMWEF-IFS 105. 8 23.8 3.1 34.8 51.0 24,4 71.5
W0 Pt UKMO-MetUM 9.3 17.5 40. 6 30.0 20. 4 57.4 121.0
TMA-GSM 3.8 15.1 42.0 32.4 22.1 66.9 24. 1
il SHTM 94.7 64.9 10.1 59.2 41.1 93.9 91.1
X CMA-TRAMS 38. 2 59.5 50. 2 0.0 11.0 74.9 24. 4
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HWRF * * * 38.1 30.6 62.1 43.2
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Fig. 3 Ensemble mean track forecast errors at each lead time by ensemble prediction systems in 2022

for (a) non-homogeneous and (b) homogeneous comparison
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Fig. 4 Bi-directional quantitative chart of ensemble spreads and ensemble mean track forecast errors

at each lead time by six ensemble prediction systems in 2022



%5

Y B B4 2022 SE TG AU R TR I 15 OB 2 PF

637

K., ECMWF-EPS (| 4a) il NCEP-GEFS (& 4c¢)
5 WA RO 8 A B HUE P BOR TS T kR
TR 25 PR, G TR B R0 1 . UKMO-EPS
(A 4 1 STI-TEDAPS ([ 41) 4 4 1 % 42 B4R
% 22 11 T B R S WO b 6 8, JMA-GEPS
( 4b) Fl MSC-CENS([& 4e) 54 5 i i 4 F
o) [ A% T 0% 25 1) v A B A Y

LA WA R2ZE R T ON) ES B HUE .,
AR 2R 4R & Tl 8 e A 1) T Ay G i) 5 XU A2 93
WA E M. Wik, IMA-GEPS fil MSC-CENS
B R T 2022 4 6 KU AR TR AS 1 2 1 i
ECMWEF-EPS fil NCEP-GEFS 7 — & 2 B |- {1 i)
Tl T B KU AR R 09 A 1 E P . UKMO-EPS
1 STI-TEDAPS Wi ) 31044 7 & KUK 42 740 1Y
AN E

4 5 M B IROR BV E

4.1 MEMETR

2022 4F 3= 00T A0 % 00T AR O k5 (B KU
J2 H O BRI B R XU, R TRD B MAE . 39 4 # #5
— 3% (RCT), ¥ Jr i 1% 22 (RMSE) #l £ 4% £
(SIZE)H|F 2 6., RCT {1t 3 Fil 4 i )& A8 b 5 52 30
SR AR A 11 [] 45 38 O[] 191 41 B 4550 1) i B A% 4k D) i

i if 20 ) s RCT B ey A 3R 0 40 ik B2 A2 Ak 55 52 100
55 B AR AL Y — Bt B L B TR R AR AL A
MR R TERE. 3R 6 RS NE A KBk HLIY
44F 24 .48.72.,96 F1 120 h 3 Wik MAE [X ja] 43
MR 4.5~5.5.6.7~7.6.6.8~8.2.5.9~7.2
5.5~7.3m-s ', A NCEP-GFS £ il it
I MAE F1 RMSE A1 %8 /N RCT AH %45 & .
KA h CMA-TRAMS & fi#ft i) &4 ) MAE 1
RMSE #%F 8/ 1 HWRE £ i 42 5 %801 RCT A1
X R 1R o 2% 2 XL T A % 00 T 12 7 2 1) 5 B AT A
PEARFAE 2y 25 TR BT 2550 Ay 5 32 9 1 e A At 553 1 3 5
KT SRR B, 2022 4F & KPR ol 44 08 2 % (5%
AP IS, 2023) , ) 5 XU I i B B ) 4R R R
JE A A it P AR O 55 1) R 22—

SR JE Rk MAE [RIFEA LR B (R Ig) .5 4
BT W ALE H, CMA 24 h Fl 48 h i BE T4l
MAE(4.3m+s 'f6.0m-s DE/NJMA 72 h Hl
96 h R MAE(6.0m s 'fl5.1m=+s ")fx
/NGJTWC 120 h 5B E i MAE(4. 8 m » s™ ') B
N SR EREE A P, JMA-GSM 24 h 5 B 13 4l
MAE(7.0 m » s~ ") &/, NCEP-GFS 48.72.96 Al
120 h 38 J¥ Fi 4k MAE(8.3.,7.1.4.9 F1 5.4 m »
s OEAN, 4 AR, HWRF 24,48 #1 72 h
SRR MAE(6. 1.7. 1 f16.6 m + s e/, Hk
3 CMA-TRAMS(6.9.7.7 f1 7.5 m s '),

F6 2022 FEMBAERTHME A BERREHENRE FMEZ —BEMBFTRIRE
Table 6 MAE, RCT and RMSE by each forecast method at each lead time in 2022

B/ D

itk 4 24 48 2 96 120
MAE RCT RMSE SIZE MAE RCT RMSE SIZE MAE RCT RMSE SIZE MAE RCT RMSE SIZE MAE RCT RMSE SIZE
CMA 4.5 786 6.6 280 67 8.1 9.2 200 7.5 7.0 1.0 135 6.9 765 9.1 8 7.3 768 &7 56
xfﬂ JMA 55 7.8 7.8 262 7.4 842 109 19 7.1 805 9.9 133 6.7 80.7 9.1 8 55 836 67 6l
};f! JTWC 5.4 712 T2 212 7.6 848 9.8 204 T.6 874 9.7 143 T.0 842 9.1 95 6.2 90.6 7.6 64
" KMA 51 73.8 7.3 237 6.7 785 9.2 177 6.8 813 9.4 123 59 8.5 7.8 8 6.0 8.0 7.2 55
HKO 520 6704 7.4 230 7.5 717 0.6 173 &2 779 1.1 122 7.2 7.7 9.6 8 .0 754 87 57
CMA-GFS  10.6 63,1 144 260 1.1 66,3 150 193 1.1 652 150 132 10.7 565 141 8 9.1 60.7 121 56
NCEP-GFS 6.7 67.0 89 218 7.7 763 10.6 169 7.0 748 9.5 127 5.3 756 .1 90 6.8 730 87 63
*OECMWEIFS 110 727 142 23 1L6 75.0 151 176 1.9 766 143 128 103 66.7 13.1 45 118 65.5 1h4 29
mEUKM(%MetUM 7.8 344 1004 125 9.2 46,2 127 91 87 567 1.8 67 9.3 628 1.7 43 7.8 643 9.4 28
JMA-GSM 6.5 70.0 88 227 9.7 733 13.0 165 10.7 67.8 14.2 115 13.7 59.2 16.8 76  13.5 66.0 16.4 50
B x  SHTM 8.4 752 113 129 80 785 10.2 93 7.5 80.3 9.5 6l - - - - - - - -
B CMA-TRAMS 5.8 689 7.9 119 6.9 764 86 8 7.1 8.7 86 62  — - - - - - - -
B cMATYM 64 726 83 266 8.4 $0.8 1L0 198 9.3 805 121 133 o1 759 124§ 9.2 79.0 1L3 57
X HWRF 6.2 723 85 195 7.9 820 10.8 150 7.6 7.8 9.9 115 7.6 8.5 10.2 8 7.3 8.0 87 60
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Fig.5 Annually-mean absolute errors of intensity forecasts by (a, b, ¢) subjective forecast and

(d, e, D) objective forecast methods with 24 —72 h lead times during 2011 —2022
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RT 2022 EEMIBAFHBEFRBHIGTIES (B4A: %)
Table 7 Intensity forecast skill scores (unit: %) by each forecast method in 2022

. B 2/ h

Trik A 8 Py
CMA 37.3(216) 28.9(158) 40.0(70)
IMA 26.3(192) 27.8(147) 51.2(66)
EPUNIE JTWC 33.1(21D) 26.0(159) 21.8(71)
KMA 26.0(189) 29.1(139) 42.2(64)
HKO 29.8(172) 17.4(129) 23.0(67)
CMA-GFS —42.8(210) —18.5(154) 7.1(69)
NCEP-GFS 13.3(158) 23.5(126) 43.9(62)
4R AR ECMWE-IFS —39.0(192) —10.1(146) 10. 7¢70)
bUl UKMO-MetUM 0.1097) 9.7(7D) 30.9(32)
IMA-GSM 17.1(201) 10(148) 5.0(68)
il SHTM —13.0(105) 14.2(74) 29.6(32)
- X Bl 5 CMA-TRAMS 27.1095) 30.0(70) 39.7(33)
CMA-TYM 16. 8(216) 12.2(159) 1.3(69)
HWRF 32.3(153) 34.6(121) 46.2(62)
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