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Abstract As the core western boundary current of the North Pacific subtropical gyre, the evolu-
tionary history of the Kuroshio Current (KC) is of great significance for understanding ocean circulation
and climate change in the Northwest Pacific. However, previous studies have mostly relied on single
proxies, providing insufficient understanding of the integrated characteristics of upper water-mass structure
and sedimentary dynamics during KC evolution. Moreover, it remains unclear whether KC variability has
influenced precipitation in eastern China on orbital-millennial timescales. Based on Core CF5 from the
south-central Okinawa Trough, this study reconstructs the KC evolution from the Last Glacial Maximum to
the early Holocene through integrated analyses of the carbon isotope difference (A8'°C) between surface-
and thermocline-dwelling  planktonic  foraminifera, the SIRM demagnetization interval ratio
(SIRMg 30 60/(2.5-10)mr) » and sediment grain size. AS8"C reflects changes in the vertical structure of the
upper ocean, whereas the SIRMg 3, 4, (5 510 wr ratio and grain size together indicate the transport capacity
of the KC for coarse-grained materials; these three proxies respond to KC variability from different physical
perspectives. The results reveal distinct phases in KC evolution; a generally weakened phase during the
Last Glacial Maximum (18.9-17 ka) ; a fluctuating intensification during the deglaciation (17-12ka) ,
with a strengthening pulse during the Bglling-Allergd (BA) warm period and a brief weakening during the
Younger Dryas (YD) cold event; and a sustained strengthening from the end of the deglaciation to the
early Holocene (12-6ka), culminating in its peak intensity at~9.5 ka. Comparison with regional sea
surface temperature gradient ( ASST) records shows that the phased evolution of the KC is consistent with
the zonal ASST across the tropical Pacific, with La Nifia-like background states favoring KC intensification
and El Nifio-like states favoring weakening. Comparison with three paleo-precipitation records from the
Meiyu rainbelt region of eastern China—Dajiuhu, Chaohu, and the Xinjie site—reveals a coupling
between KC intensity and regional precipitation on orbital scales ( strong KC-more precipitation ),
accompanied by significant spatial heterogeneity; precipitation in the core Meiyu region proximal to the
Okinawa Trough is highly synchronous with KC intensity, whereas the western marginal region exhibits a
relatively muted response, reflecting the influence of KC-modulated western Pacific moisture supply. This
study reveals the driving mechanisms of KC variability and its potential influence on precipitation in the
Meiyu region of China, providing new evidence for understanding the role of western boundary currents in
regulating East Asian hydroclimate.

Key words Kuroshio Curren, Last Glacial Maximum, foraminiferal carbon isotopes, environ-
mental magnetism, grain size, Okinawa Trough
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T S AU R B R A P AU, b R i
WAEAE A RS IR 2SS E , WB AR
b, ZEEREER AR, R ZOK B G
HoamEE P e g EmX (Jayne et al., 2009; Fe-
nies et al., 2023) . H E {7 T P KPR UL
s o ZUAY X, X AR WA . bR R 1 L
L X B R DURR W) 20 A1 A A 5 U 2 ( Jian
et al., 2000; Qiu, 2001; Hu et al., 2015; Yang
et al., 2024) . [A]}, FAA AT GE @ G — O B
VTR 2 R R 2 XU B8, 9E T 52 W) ] R 1)
Bie KRR Jo) AR Sy M S (Sasaki et al., 20125 BZ
HH4E, 2016; Gan et al., 2019)

UTAER, A 22k T OB AN M A 35 b 0 A PR )
TG SR 5 Ak AR . AR A L JUBR [R] A R B
(AS8°C) o3RI KU B 43 5 AL BR 2 VR HE L /K A
73 V2 5 7K AL ER R 5045 A 4 s b2 UK P A xR
T 5E B Ak 9 e . (Ujiié and Ujiié, 1999; Jian
et al., 2000; Ujiié et al., 2003; Li et al., 2020) , X}
TUARPRLEE F Se-Nd [6] 3 3= 19 43 B 48 75 78 30 1) it
F/ANFFE B g 42 (McCave et al., 1995; Diekmann
et al., 2008, Dou et al., 2010; Zheng et al., 2016)
[Fi) BNt A ) T BR 00 %) 2 A o ) 18 KL TR 1 1 4
Py 4 % 3z BE g %8 SR A W L, DA D SR A R IR
B Ak ATE D (Wang et al., 2025b) , %4 EiR
FEARWFIE A L, ) 9 32 7 DR TR UK e S0 R A 5
H UKIH T 46 2 B B v e 3, Atk 3|
SRBEIRZS (Shier al., 2014) . ST, CABEZM
HR YRR, E NG S 2K A 2R A
PRIz BE T 2R G R AR AR A 2, AR B LA [
T b o 1) SR U AL I S R N 2 S R L Ak
SRR IR, R UK I ) AR T RE e A B AR
PEAUhEE R, VK 3 R T Y 0] R AR I
zpttam (Wang et al., 2025a) , H 2E 0 i) o FF A8 1k
HEBRIEBAATER E M E 5P (Huang e al.,
2025)

sesh, BRI S5 BUE R IESS, 1 4FEBr—4F
PR RUEE b, PR30 00 728 Ak RT LA o 30 49 1] 78 P 7
I b Py AR e R R B ) 2R I K Bl PR K P %, X AR
PR K 7 A — € Wi (Qiu and Chen, 2010;
Taguchi et al., 2010; Gan et al., 2019) ., ¥ E &
WEIEE— 2 B, SRR AR B K 0 52 i 7 v [ 2R

B F A JE O 3 s AR v R B I R o o R I
JRARJZE W37 56 5 5K IR R S 1Y s i R R /K (Qiao
et al., 2024) , 33 40 £ (] R U EE T i X A T
Rif K 35 58 19 TTHR R AT 3k 37%  ( Qiao et al., 2025)
TE A VL S 1 42 A i A2 BT v, kBT R
7K 5 R i R DB 4R 5 0 S ) e R 4R T AR
DI B B Be ML A2 A0 (Chen et al., 2024)
THRAE R I ) R, FE80E — T4 RUEE b R
55 v [ R BB K 22 1) R A G AR S L
PHA A o i — 20 JEL I .

FET U, ASHIESE BRG] e 2 VA R AR R T
FUELFL CF5, 3@ 33 XT i /K 32 )2 Fh ( Globigerinoides ru-
ber, G.ruber) FIYK )2 M ( Pulleniatina obliquilocula-
ta, P.ob) AfLHEKFENLR T, 456 DI YKL
T RAE Rl AT ) UL K /N 1 R AL 2 SR
P BB G S by, RO E AR YR K 2 R
A5 T 300 18] o 20 T A8 v e S R A AR R AE L 4R
PUE— T4 RZ F R 5 b AR R K RS &
KE, G PR ICEPEA U RS Bl 3¢, )
G S A SRS L, LI O RN B A Y 0 A
AR K S 7 A T B A P AL O B A 3 B UE 4

1 XRigRES

LETRIEY A R 2 T ST A1 N TR U R e[
HOIY -5 HE 4 52 9 A R 0 DOCIE Al B 4 Tl i 5 7 e %8
YIFH K (Sibuet et al., 1987; Diekmann et al., 2008,
Liu et al., 2016) . G185 PR B A B EM, 5%
TRAE AT 3K 2500 m, 7K & — 8 & 1000 m  ( Diek-
mann et al., 2008) , AP E A BEIE A%, R
T P AE A, BER S 9K B ER T T8 R 5
R Byl R R (Li et al., 2023) , BT
PO VR AR B B i i . R E R, AR
BRI M Z R e B AR R R, JERCRE,
2 At P T R A BR R A% 0 PE 3L R (Hu
et al., 2015) o FEWHAEHE A v 28 ¥ A8 J5 1Y KRG 3L
O 1), H b AL K Bl g 5 R X X
R A A GIE (Wang e al., 20165
Hsueh, 2000) . ¥ Z=3R)2Ki ik 28 CLL L,
AR BE K TE 34, 5%0 ~ 35%0 Z [], YR I iR
HA BRI IRIZHE ST, e R R 26 B A e £ s 2]
Hh e 2 B I R B o BUACOWI AR R, SR
e AR RS B R Z A T35 1.5~2.0m/s, JF3Z
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Fig. 1 Location of Core CF5 (red star) in the Okinawa Trough and the flow path of the Kuroshio Current (KC) ( Black dots denote

cores discussed and cited in the text; red triangles indicate drilling holes within the Meiyu-influenced region; the blue dashed box

delineates the Meiyu rainbelt region, according to Hu et al., 2008)

Bl R AW A R I (R i R O S N U )
(Sasaki et al., 2012; Zhao et al., 2015) . fF 7K HH—
() D A M T o ik R v, R Y S R S () B R
. JbdEgh, 5 El Nifo 4 #—<UM & o B AHSE,
T2 0 A5 b ] 2R 80 0 i X m i AT AR AR
(Hu et al., 2015)

WH9E X UURR IR A2 Wy R L 38 3 80 ) 2%
DXCI0H 368 1 2 45 2 HE N R A (Ujiié et al., 2003;
Bian et al., 2010; Dou et al., 2010; 2% $F %,
2015) , YUY F Bk HARIE M ARIBREZE . B8 E
L DL BBk il 5ok, Ea i A - s
FIVE i iy 1% oF A WA ( Bian et al., 2010; Zheng
et al., 2016; F # & %, 2018; Wang et al.,
2025a) o BRI R TS 0y, g R

AR B TR Y W oz . R A A A
LR BRI, K Bl g H 5 TR A BORL ) 5 1) B X
SRz 5 I G I, O T IR 3 R AR
¥ M A2 4k ( Ellwood and Ledbetter, 1977; Qiu,
2001; Qiu and Chen, 2010; Zhao et al., 2015) , X
K 2y 1 AR DR IC S b R B R BE AL .
SR W RAE B9 2840, O T X I PR AR 4
it T EIEEIL (Thompson and Oldfield, 1986)

2 MBS5RFE
2.1 WHR#MH

AWFIE B LR RAE (CFS £54L) 7 F
i o i Al R AR (125.33°E, 26.57°N; KR
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1015 m) , BEALES 514 em, S i 75 & 1 97 Ho 5 fF
FEIT T 2020 A6 FH 7 FEARCR FE G 3R . B ALA
PELAH Kb g o8 £, DIRUESE, featE b
A R B S i ORRAIC 2 A B] I, Ak T BRAR PR 2 0
ST N, R 5 R A Y BEAR S 7 o o Bl
L a2, P2y 2em g, SR
249 K il BEAT B ~E 035 AR R IR B [ AP R 4R
249 K T RLEE 0 A, I A P Tl A i A
FEARBRATA BB, [EAS 52 i 5 fAOR J8E il 2k 1) 5
SR LI 6 em NEIEE, KA 76 HE it TH
AL AL [ 57 3R 37 o

2.2 MRAE
2.2.1 BREMIRSH

1t CFS B FLAE b e 7 i A7 £L IR 2 Glo-
bigerinoides ruber ( G. ruber) FI ¥ K Z Fp P.
obliquiloculata (P. ob) 5 1A i 17 F3 % i [A] oL 3 73
Bro AR Sl SRR Fe IR e B R v HLG W]
B R . BRE 1Y SR A B R AR )
1£10% H,0, 23 12 h ZERA YL, Bl 7E OB
WP DA PO Ay (40Hz) 7235 3~5 s £k
FREAMURL, HAZTEUE 3 W, HE B HEMN,
BRJE BT 60 CHEAR AL T ¥ BlAL 2S94 L R
MAEFH % Gas bench [T FEMIB Y, A 100% #%
B2 s, ) CO, K4k 5 A Thermo Fisher
Delta V Plus F& & [f] £ 28 B3 AL H#E 47 0 5 o 3 T
YETE H 1L K 2 M R A 2 55 AR 2 e vy b 1 55 30 = o8
Ao MR A 2 [ B b fE 5% 45t 9 Vienna Pee Dee
Belemnite (VPDB) 4%, # 4% NBS 18 FiI 04405
PRUEEAT R ERCHE,, o AT kE BE A T £0. 06%0 . 1h T
SIS SRR ZU, KRy R, AN EK A fLR
MR ) 67 2% L R ) 22 1 RE 8% S e K AR 25 i 1) A8 Ak, 3.
IR A8 Co s =6 e =87°Cry . REER
53 BR 2 22 8] (R [ 47 2 22 5 ASUCHE K AR R i
BRIZINGE . FJZ RS 2 h0em 38 5% i ) 4 0
MrBes Rz W d8m i BRZ 28 3 2 (Ujiie
et al., 2003) ,
2.2.2 HESH

PRICZ 0.2~0.3 g PLERPIFE i (2 T2 B 2
2T AT R R DG K ), AR 10% 3L
SAUK N 10% 5 1R 76 W 2 BR A DL S5 Bk IR E, 2
e R K B0 Ve R pH Bk, EALI

HiM A 0. 05 mol/ L 75 i 8 B2 B 1% W JF i 75 7% %%
5 min i 30RL 78 43 3 #5043 BT AE Ll K 2 b R
Floe 5 TR A Be i P o IR 2 00 58 58 L, i ] Maste-
rsizer 3000 B FOERLEE 73 A4 o I3t ik e rh A 1
FEAS 5 3y 2500 B /min, JfRERE 15 s B 4L,
P i 22 (B BRAT B P 3 U DA B 38 S5 G o s B DN 31
Fil 0~3500 wm, HAZMHAHXFRZE/NT 5%,
2.2.3 WESHENE

Xf CFS B LT A A 547 55 I B (IRM)
W, E AR 1T /Y ik w37 (58 4 ot A A
b, WASAE G A I A0 S5 RRI G (SIRM) , Bl )5 38 40
it fInBR L AE e iR g (2.5~ 80 mT) I 5 o
I A A R R (BRI M ERRE A e e
I 52 s = 58 i, # ] 2G755 -4k U-Channel
SQUID 4 ARG S, R R 1.0x107"7 Am”,

%P AT A RS TE AGICO KLY -5 Kappabridge # 4k
AL AT [/ A A2 (in-phase) H1 5 AH A (out-of-
phase) RREEAL RN (CAESISE 1220 He, b
In3zas 400 A/ m) o S5 AR 07 B Al 38 R T M ORL 7R
S Bl S 1 I B At TR JS RONE , CEE /N R AL T
NPT/ R 300 5 400 /)N s Ve ORI Ol UG, R
SRR (X)) SFR, AT R R Uk
(ARXEF2 (Hrouda et al., 2013) o SZHG7E H 1K
FHLERBR 5 AR A el M R 5 5

3 FRIER

R AR BORT B i ORI AR I 15 8, VR AR DO
Yk AR R A, N CFS DL R BE R B 1
MR EBCE Y — | KR AN 200, Pkik 18 4>
TEE A AL R FE AR R o3 ) 16 1 26 [ Beta 5245 % FI
Hh [ B B ) M b BR AR 22 W5 BT R AT 0 P B ) o7
R B AR (AMS FC) .

MAERE WoR, AR Z N AMS"C AR I8 17 16 1]
BAH . BEIENRCGR TP MR, X5
208 T vy DD AR R, DX g AE AE I DT AR — i iikiz
RRF YR . RV AR, - T bRk [m] 7
FEOR RPN AR B, Ri2E ECA R B TR
o 4= ol 15 02 2z v 28 0 A B DT A (Dou et al,
2010; Zheng et al., 2016) , &A% T A [A]Z 07 A 7 UiF
AL HRST AR AE IR 1Y BT 2 8] . Broecker % (1989)
feth, e m TURECR R TR b, s 1R
S LA L AMS UC AR IS SRR R —,
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DTS, 178 -

E AR O 6 2ok R o, AR BF 5 RO LT E -
PR (1) PRJGHEECE T EAE BBV B ¢ 2 -
L AMEREE, (2) HBRWBREREE L] F,

W — R B A 5 2 RE (3R 1 Al T ARl
B RE 1 IR 2 AR I8 B ka2 i FL U A B
B i BRbRE, 18 A4 g BIBR O 2
TR IB B, AR 9 S TN ARRE ST
WA (£ 1), WAL R CALIB
8. 1.0 AR #EAT H Py IE, A% 1E il £k 3% A1 Marine 20
(Heaton et al., 2020) , i FH 24 $b T Vi P42 28000 4 1F
{ AR=-150+59"C yr (Wang et al., 2025b) , 44t
— IR L T Bacon v2.5.6 g (BRI 43 2 5
J°K 5 ¢cm; Blaauw and Christen, 2011), g A blnf
Wrgeit Jy 290 F IR DT Ry AR . A5 R R
(K 2), CF5 &ifLidsk 7 B2 18.9—2. 9 ka J ] 4%
HES N TUAE FE, TURE R A T 20.8 ~49. 6 cm/
kyr Z[6], 129 7.0 ka ik B IR, -3 PO
A 33.2 em/kyr,

U T A BIE 5 R AR B VK 2 L 4 i R

\‘\\\‘\\\‘\\\‘\\\‘\\\
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4Ei/cal ka B.P. qz{ﬂm’mﬁ%i
/em-kyr

B2 EhFL CF5 P45 i % B 4
Fig. 2 Age—depth model of Core CF5

W B 38 A S Ho A ons, HORE AL EE (29 6ka
PIR) A 2 DA 8 (8cem I 48 cm,
® 1), UURER IR W W, WA mEY
Pz, FEAFEM AMS “C 4R 2 (Broeck-
er et al., 1989; Zheng et al., 2016) , AN, FiFH
AL R [ 2B TE S 6 ka LUK 4y BER AR, HE
PLSCRERS A b i e st . BRI, dhig e fr £
ZR2 18.9—6 ka W By & IT, oW 42 0 th 2R i AR
L5 7R R K AR 5 A 155 40 Ja 38 i o B

®1 7 CF5H AMS "C £ 5 R
Table 1 Age information of the Core CF5 using AMS "“C method

LI E 5 W/ cm “C H AR /a B P. K IEAE M /cal a B.P.,2¢ AR A4 At
Beta 491955 8 3150+30 2836 ~3046 T A L HUR S #
Beta 491956 48 4620+30 4782 ~4939 T A L AUR G H
Beta 491957 98 623030 6594~ 6771 T A L AUR G H
Beta 491958 * 102 10170+40 11074~ 11255 T Ui A L BUR A 4
Beta 491959 152 6850+30 7290 ~ 7429 T A LR AR
Beta 491960 * 202 1418040 16423 ~ 16898 T L HUR AR
GZ11699 * 227 12920460 14456 ~ 15164 R A L HUR A R
Beta 491961 252 1061040 11716~12100 TP A L BUR A
GZ11700 " 285 1332070 15085~ 15703 TR L B AR
GZ11701* 321 1290060 14419~ 15137 TR FLIUR A R
Beta 491962 " 348 1332040 15238 ~ 15631 A LIREGH
GZ11702* 375 13390+60 15180~ 15782 FIEE LIRS
Beta 491963 398 13540240 15595 ~ 15980 TR LI AR
GZ11703 424 14010+70 15976~ 16619 A fLAUR AR
Beta 491964 * 438 16510+50 19246 ~ 19603 A LR A& H
Beta 491965 * 478 16280+60 18945~ 19353 Tl A L HUR G H
GZ11704 496 1572080 18089 ~ 18652 Tl fLAUE A H
Beta 491966 518 16470+50 19213~ 19567 A L AUR G #

TE: WIS Beta, GZ 435 0 IE Beta 5280 % A1 M BRALEBF TN AORE R o ol ™ fORERBIER, A2 5 Bacon T /P M AR I — IR AELE
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SRS B AR AU 1 ) AR ik — 20 T
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4.1 FHIHKEAMAER

TRUFA LI G ruber E B TR TEFR)Z KA, T
P.ob RIRERJZFE , AETEAEZY 100 m 7245 K IR,
52 5E R ASUCA I A8 Ak S B T B J2 K H PR 1 TR
G — B K AR5 JZ S B (Jian er al., 20005
Jing et al., 2024) . f T B DL i . ER AR E
FRERNFRAE, HEBER AR, KRS SRR U5 A
N2 AT, PR O 3 2 0 Wit A L s e A ) ik () 457 3R AH
DL i TE )2 R R Z 2 8] [ AL 3R B R
K (Ujiié et al., 2003; Chen et al., 2011; Xu
et al., 2021) , CF5 554l G. ruber B[R] & 2 # 3
Brigezh e BrBe I (18.9—12ka) BT Bi
Bl (12—8.8ka) sl FEA%; prEc Il (8.8—
6ka) PR P Bk E B 5 Z ET A T K R
(& 3-a), P.ob M BAKMEE G ruber MJz, f
Bl oy B2 R T AR REZ M B sh (K 3-b) . BIi3k
J2 A L BB [0 28 D AE I, R BR 2 i 0 k[
PR B, o Z T B B ASTCIm K (B 3-¢) .
X AR S T B AR, RERZ S, K
SrIEM R, M R)E SRR R FAL R Z E R A
YEIAE 585, BRI .

4.2 EHENUFEFREE

i 2 T REDRLABURL P S 20 A AR IR 2R A B 1
& 177 (Bian et al., 2010; Dou et al., 2010) , HH
iR B KRS AR Sy, Y SR I s 2
M Wik % i ( Diekmann et al., 2008; Li et al.,
2014; Zheng et al., 2016) ., FE[F]—ZERI R TEDT ¥
rh L JRE T /N T D s e R F R 248 A2 A
RLAURE % R0 W9 A, AR A AR 37 DX T) ] L
PUHTE VR 5 A0 UKL G S i g ey, B 0 3R
TER R 3228 9 A BE B A T BR - (Thompson and Old-
field, 1986) . 3 #r CF5 45 fL#E 5 SIRM ) 32 745 3B
i th 23tk (&l 4-a), A]LLKEAE 2.5~ 10 mT F1 30
~60 mT Z ], B4 M4 i e Dl FEAPAE 2 i
AOREAR T DR B AU SR TR REPE R
T 2 D) S e 26 240 s P JOUASE 485 217 0 1 1 A8 Ak o i
TX—IL, SIRM 50 6o (2510w LETE CEATN f] FR

YD BA H1

1.6—

11
2 1.2—
S
% 0.8—
0.4—

0

[T \ \ [T
10 12 14 16 18 20
AR ka

=

6

a~ c— W RERRIFIA LR (G ruber) FHRBRZFAILE (P. ob)
MBI L R (87°C) KM (A8°C). h R EY SHTF
oIy I B9 23 SRR 8 T 4% Z 5 FR AL A2 L B Be o MR 2R
TR R A F
3 AL g [l £ 3R 4528

Fig. 3 Foraminiferal carbon isotope results

S tUIE) AT LA WL AR vb i ML 07 ) ORLAL . 40
Hor & R 2L, HTRER R T Rz 3 ) 58 55
AL, AT RAE S PR R B p B ARE AR, B S, HUME
AR, 48 2 RUBDRL B M0 A X & Sl s, R
WU O Rz RE ) HE SR . (H U AN UKL G VR4
AR 23 52 LI R A T A 52 o A e L D )
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Fig. 4 Reliability assessment of magnetic proxies for the Kuroshio Current
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Fig. 5 Magnetic parameters, foraminiferal carbon isotopes,

and grain-size results of Core CF5
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Fig. 6  Evolution of the Kuroshio Current in the south-central

Okinawa Trough
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