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Abstract

Based on the best track data of tropical cyclones (TCs) in the western North Pacific from 1977 to 2023,
this study employs a K-means clustering method using multiple features—including centroid positions,
track variance, genesis/lysis positions, and turning angles—to objectively classify TC tracks into five
types: offshore recurring (OR), nearshore westward (NW), nearshore recurring (NR), northeastward
(NE), and offshore westward (OW). By comparing simulations from three CMIP6 /HighResMIP models
under historical and future scenarios, we reveal that the poleward migration trend of TCs exhibits
significant track dependence and non-uniform characteristics. The results show that NE and OW
tracks display the most pronounced northward shift in latitude of maximum intensity and centroid
latitude under future scenarios. The systematic northward migration of the two recurring types (OR
and NR) acts as an “amplifier” for the overall poleward shift, whereas the NW track type shows the
strongest uncertainty, with most of its indicators contributing negatively to poleward migration. Phys-
ical mechanism analysis indicates that under global warming, the weakened meridional temperature
gradient leads to the poleward expansion and overall weakening of the Hadley circulation. The north-
ward shift of its ascending branch creates a more favorable dynamic environment for TC genesis in
subtropical regions. Meanwhile, the northward expansion of the descending branch couples with the
“northward extension and westward expansion” of the subtropical high, resulting in a correspond-
ing northward displacement of the steering flow and recurvature points, which jointly drive the
poleward migration of TC tracks.
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1. 5]

AT g (Tropical Cyclone, TC)& K AAERHT FE I BA B O &5 s ZLRIE[1] . £ A1 5
T, TC R EAEAETE BN EH 7 PR 5K I 5 S i AR A, CRONEZELGE . Kossin 548, 2FRE
W70 TC A iy B B K0 FE AL B A7 A 0 AL #%,  HoAr P AL P (Western North Pacific, WNP)[¥) 71 ik
BN H[2]. Daloz 1 Camargo. Song 1 Klotzbach % Zhao 25 FHITF 75 20 Sl MAE AL B« 555 43 A1 S UK 5
DRI 25 46 A BT I R EAT T 478 W [3]-[5]. W FE Ny, AIRAZHE S 5T T e 3 ) 45 A8 4k
Hadley PRim# f& . ml 3 & R & AER PR SR G LR T TC MR B, IS8T s
X3 AT -

Fl9¢ WNP TC RSO BILG, 5T EZ OISR BENLE] . M REIR I, TC Ba) R
HIREE 5| AR BIEFEULE6] [7]. ENSO. ml#vii k. EXMESE KRR R AN Z, BERE K
BEIFRR, MM TC #42[8] [9]. Uhah, WGRMREE . FE AU 75 A BRI 7E i KR E
ZEIREN 77 R T AR 2 3 [F I IE AN R B 4 S AL KA AR fb i 35 10]-[12]

TERFEAR TC MRS A 7T, V12 FH RN EUER SN T, dd B ER iRk TC 2
B AT A e A Ja M mT e . 2/ MSETIAG o, 75 WNP WIS TC [al R # 1 7E R ke 4k 22 [9] [13]-
[15]. CMIP6/HighResMIP X} TC [R4LAHA T HoAt A =0 W 2 42 F+[16]-[18]. 7£ CMIP6 Z B Fil T,
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ARk TC [FMIERE T Z AL RSB —R2ERAMET =T Hadley iRy 5k 5 Walker 33
H5g, LR R RS 35[19]; SRR AR AR R W R, FrlEsh TC AL s ) w4 e
#[20].

JUEHT NAER R TR S 1 45 B SCR, (H T WNP TC RIS 13 1 245 B Tl T 28 3
H B A BRI, Tk Z 0 AN F B AR R R ] BRSOk X — PSS i REE B, B
WU T 5 2 R SR BR AR AR AL, R 8 R A vt [ 00 (P 45 FAR T R A0 ] SRR B T I EE A AN A B 42
B, I E o RBEE R —— X B AJIESE EE[3] [9].

X BIRANE, ASCKE SRR 2EE T, FIH CMIP6/HighResMIP 1573 1 A5 X B BHE 7R AN A
HAR R KA X WNP TC AISIER 5 Bothik, JFFRHF S35 5 8L .

2. ®E5A%
2.1, BuEZEH

AW FEE T 2V BRI R #ir SR A ST S IILRE T AT SRR AR P S B RER A H
A5 % [T (Japanese Meteorological Agency) & A7) 1977~2023 4E [ M A B a4, e HUH: A ik B X
N UL EBREE) 1191 /MRS, AR FL T 008 BB R BRIE 100 B R AT K e ik B v X g iR
FERIBF R, 2l T ARG ORBREANE AL E, M T 2 FREsangit.

AR AR 77 1L B =% CMIP6/HighResMIP 1573 ## %A 55k} : CNRM-CM6-1-HR. EC-Earth-HR F1
MRI-AGCM3-2-H. iE#F X ZILT LU FHE: 5B—, O HighResMIP iF5ER ], &0 RS
B A IR TE TC 98 5 A oy JA HHIEAE 20 A0 U7 TS e AR TR/ R e B [17]s 35—, =& Wt T TC
R AN B4 2 2 0 ) 8] 73 HE R AU, ReSCUF BB WNP R BEER 42K [18]; SR =, — &R HhE
PRI Fiy @ A Hadley PRI HEATEAS[21]-[23]. EAFUEH)2, CNRM-CM6-1-HR 5 EC-Earth-HR 7
BEPDL A SRR ST 7 s AR R {10 MRI-AGCM3-2-H T3 28 B0 H B 5 A Rk, R s I AR s i ) 2
BORIR 2 —[23]. ¥ = EE AT, BERTEET AN — B0 (E SRR g s, 7Rl iE i i 25 22 F ORI
PLGE SR VPA TN A AN B MRV Bl ARHIE FE R 0o 7E T LA = BB U AN [R] B A8 0 SR Skt 45 77 1) 1) — 2K
PEE oy, DAHRNT MR A% 15 5 v R s 30 2 5 1S AR s 4

2.2. #R TCIHAMERKS A

AT 5K 3B A TC K592 TempestExtremes, F&T- & 43 #1256 h 8] 55 ) A ECHE HEEX -5 D S0 0
FILLIY TC #eAR[24] 0 Al ik R i DY A5 30 0 ik -

1) AE 6° 30 [l P9 VR T T U SR S AR /M A M 34 A

2) {EfEIE AT 5.5 [l N R AUR 20 FH & 2 hPa, DA IR A& 56 R 4k

3) fE 300~500 hPa fi 3 fi37 b, Kl iidk sl 17V Bl N A7 TE R 0 4544 (6.5° [ FE N A 34 R B kD> > 6
R K

4) kA st 60 h LA B/ TC 8k, HHZKERAR W IR KT 18 h, AL NI,

BT SR bR N =B & PR A RS AR A S, SRS P s — 208 K-means 25 HESE
AT, MR ORI 58 5 A R RS TE JURMRRAE T L, DARTEETPl R OR TC AEuE A S A &
P

2.3. BROIBIFIEEES K-Means B3
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Yo =2 (W) 2w, @)

B, x oy R AN RIIALERE, w, R A KU
B R 2, TR R BUATE 77 1O FR R B R

ot =3[ w(x-x ) |/Zw ®
ot =X w(y-v.) ] /Zw @
Oh=Y W [(xi —X,)€0s45° +(y, -y, )sin 45°:|2/2Wi (5)

B = RHE RN E A AN T A B, e E R g A b B 22 5
S VUSRI B e 10 FA P o A AT LR 1 R V7 B P ) B o AR Ko P LR [ Y T Aor

B,
G:Z.Eﬁﬁiii:iiﬁlﬁiﬁ ©)
B=E$Rj§ﬁi§ )

S 4 1 6 5 S
e:_mn{fiij ©

A RERAEN. BAERE B MPEARRE M, KA UHREARK=5,
24. RERRY

AHIF 74 F 5 B9 R 5 (Mass Stream Function, MSF) A T2 WNP [X 45 Hadley 3 ) 2 BBl 34 37 45 4
S HAEARBRARAY,  MSF 18 XA 26 J Y06 [l A 26 ) 03 S e S R AR oy, L8 1) - i T3 0PI BV 7~ Hadlley
W BT NSRRIk s B SV AR AL, AR

¥ (4. p) = Zna;:os¢J-0p[v]dp, ©

Hr, ¢ NAEE, p NEEE, a NHBRER, g NEDIEE, VAL RIS R FY . A8
100°E~180°E i [l ~F¥41F 5 WNP [X 15, MSF.

3. BESEAERSREKERIBESR
3.1 BIRTAER

F T 1977~2023 4 HASRIT ARSI FULALTR . AR 22 A AT T2 B 1) £
[EAERHIE R, HH ZHFE K-means JEIET PE AL rE R AU Aa g R e v TR AR (B 1 E4T), IB%
gE RN iR ) 2 (Offshore Recurving, OR). 1T 7617 % (Nearshore Westward, NW). Iz ] 7Y
(Nearshore Recurving, NR). {71t (Northeastward, NE)A1:z i 76 17 24 (Offshore Westward, OW), LAk
DHESREE T 7y PR e i U B R U TC B AR RS R 1 88 — 247 Hoh “iighzmig” JEENA
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Figure 1. Classification results of five tropical cyclone (TC) track types over the Western North Pacific (WNP) from 1977 to 2023,
based on historical observations (top row) and simulations by three high-resolution climate models (CNRM-CM6-1-HR, EC-Earth3P-
HR, and MRI-AGCM3-2-H) for the historical (Present experiment, 1979~2014) and future (Future experiment, 2015~2023) periods
& 1. 1977~2023 FE ALK ¥ (Western North Pacific, WNP)# 5 S iE(tropical cyclone, TC)R A KEZE N XER, ETHEW
M(EIT)R=ES 5P (CNRM-CM6-1-HR, EC-Earth3P-HR, MRI-AGCM3-2-H)7E [7; SE Bt (Present X%, 1979~2014 4F)
FIARRATHA(Future iX38, 2015~2023 £F)HIHEHL

3.2. TEIBEXBPARNKMES

2 XFLE T = AN HE R O TR AR TC MBS TN, ARG S BAT B2 A K
PESREKAE, BTN Jorr, ROk NE BRI KOG S, OW lF Fskb, mIRgsE— 5 sk WNP
TC P B ALY RIS . NR X Rl IA 2 &7 s B UK, 2 FBOER oIz —, HH
RAAE 2R F e BRI B0, R f@ PR+ NE AT OW. OR A NW (A R a3 A e —
BUEREAG, AHEEER, MHZ P EEMTRMIEE, J575 W RN AR S R e v R R
B, KRR WNP TC A HGER 2 fagam,  F 2 T 26 e S8 2 RE T IR AR AR U AT 280224k, Tk
B EEAA.
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Figure 2. Long-term trends of TC frequency for the five track types under different models. The trend slope is given in “/year
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Figure 3. Long-term poleward migration trends of genesis, maximum intensity, dissipation, mean latitude and centroid latitude
for TC of the five track types under different models. The trend slope is given in °/year
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Figure 4. (a)~(c) CNRM-CM6-1-HR; (d)~(f) EC-Earth3P-HR and (g)~(i) MRI-AGCM3-2-H model simulations of 500 hPa
geopotential height (shading) and wind field (vectors) in the WNP region, for the Present (1979~2014), Future (2015~2050)
periods and the difference between the two periods
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Figure 5. (a)~(c) CNRM-CM6-1-HR; (d)~(f) EC-Earth3P-HR and (g)~(i) MRI-AGCM3-2-H model simulations of the merid-
ional mass stream function MSF vertical cross-section in the WNP region for the Present (1979~2014), Future (2015~2050)
periods and the difference between the two periods. The positive values in the shading represent westward (eastward) motion
5. (8)~(c) CNRM-CM6-1-HR; (d)~(f) EC-Earth3P-HR F1(g)~(i) MRI-AGCM3-2-H &R ##E 7 WNP X313 Hadley IF
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Figure 6. Zonal circulation structure of Hadley circulation in the WNP region. (a)~(c) CNRM-CM6-1-HR; (d)~(f) EC-
Earth3P-HR and (g)~(i) MRI-AGCM3-2-H model data of the area-averaged zonal-mean divergent meridional wind (m-s™2,
vectors) and vertical velocity (1072 Pa-s™2, vectors) in the WNP region for the Present (1979~2014), Future (2015~2050) peri-
ods and the difference between the two periods. The background shading represents the vertical air velocity in the same region,
with negative (positive) values indicating upward (downward) motion
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