oottt botdgdoogtdood
Juoogdood

00 oooood
ISSN 09161562
ood oo,0
oo,000
oo,00
oo,0
oo,00
oo,0
00,0
o0od oooood
0/0 8601 401
oooo
ooooo p. 153-165
oodo 202200 110
o000 O0ooOoO0o0ooobOoooobOoOoooooboooono QAQ
Tsukuba Business-Academia Cooperation Support Center, Agriculture, Forestry and Fisheries Research Council oMyrinnowiedge

Secretariat



KEEHFERTZE 86(4) 153-165,2022 Bull. Jpn. Soc. Fish. Oceanogr.

SR RERFEBETTIVONFEMICKD
FE N OERFARIEKBRE T O

B OBELY OIS E—RR? - NEESD - R e - SR
Ak T ANgE RST

Evaluation of coastal waters advected to the Kuroshio based on
particle-tracking experiments with a high-resolution coastal ocean model

Shin Kazuno® *, Shin'ichiro Kako?, Hirohiko NAKAMURA®, Toru YAMASHIRO?,
Ayako NisaNA®, Gen Kume?, and Toru Kosar®

BRETHLEETH, BHRNROKRBRSTF V7 M BEERRPEENZRAS S WRESER SN TH 528,
HRIBON TS, £ TABRTE, SOBREFEEEFT VBT AN TEARERICLY, BE~BET2EH
WEBROAROMGEL L UBRER2BH LA, B 70 Y F THRETHETRPRE LOBEICERTSILT, B
AP 5 BHBRAOKABESBR STz, BRERORBIRE LTE, M IR TOEEN LB bR
&L, WYFBTOLE»LEHMOBROERLZL. BEANERD» S BEB~0EY S > 7 P U BRER, BHAT
OEMT T V7 b VHBERD 2 U%ITESZL, MNETIERY S MR G R TOBESER L. BEIRAR, S
WTrHYWTT 7 Vv oERE, BENOBY T Y7+ rORRICLAHESTERL, REICBTA8ELED
HEREZZ TV LTHREFD 5.

F—TU—FipREEE T, RTENER B BENARKR BTS00 v AERE

While it has been suggested that advections of coastal waters stimulate plankton standing stocks and productivity in the
oligotrophic Kuroshio, there is still limited information. Here, we explore the source and process of coastal waters ad-
vected to the Kuroshio using particle-tracking experiments with a high-resolution coastal ocean model. Advections of
coastal waters to the Kuroshio were stimulated by encountering frequent disturbances such as meandering and eddy
near the Kuroshio front. The source of coastal waters advected to the Kuroshio were the largest from southern Kyushu
throughout the year and from the East China Sea during winter to spring. Zooplankton biomass fluxes across the Kuro-
shio front were equivalent to 2 to 44% of those across the Kuroshio path. The estimated fluxes across the Kuroshio
front were comparable to zooplankton biomass increase by their growth rates reported in the Kuroshio. These results
suggest that the coastal zooplankton community advected to the Kuroshio supports food requirements for the fish com-
munity in the Kuroshio.

Key words: coastal ocean model, inshore water of Kuroshio path, Kuroshio, particle-tracking experiments, zooplank-
ton biomass
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BE H IR dREE b B ORF - Ak TN B

&I

B, WEE ORI TH 5IRERRICEREZ Fo, b
RKEPFEEBFEROVEEBERIILTH Y (Qiu, 2001; Huet
al,,2015), 74V EVORKETNEDHELZER, BE
D> H RS o TR FHlzdb EL, P FiERE
B L TRFEANAD, BEFIBOMREIHV 225 ER
EERBEzERMENLHENSE (P, 2017). REIZERBO
FARBEEAIE S (Guoetal,2012), ¥ - 875 v 2

b OGRS THL D 0D, FNH5OBER -
BT HARA 7280 (Guo, 1991; Hirota, 1995), [H M AE
DR - WEWRE LTI ABETH S LB #HINTE
LAaL, S0 RS ISRNIC, BRI
{2~ 7 ¥ Trachurus japonicus, Y 7NJE Scomber japonicus,
S. australasicus, 7 V1% 7" U Thunnus orientalis, < 4 7 ¥
Sardinops melanostictus 7 ¥ D M HEW AR O EIPGFHFEL
(Watanabe and Kuroki, 1997; Sassa et al., 2006; Yukami et al.,
2009; Sassa and Tsukamoto, 2010; Ishihara et al., 2017), Z h
5 DI RAF MM RN L o TTHBAEE SN, FHA
DORBEFIBE 2o TWB I Wb o>Twsb (ltohetal.,
2009; Kitagawa et al., 2010). EEHEM TR ERZBTEY L
MR &) BRERICH LT, EEEAEOBWIREERE
EARTHEE TRWNRT Py 7 X EMFENRTW S (Saito,
2019).

W TS b F BRI CORBRBRICB VT,
BWNABICHFET 2K & BEKOREICHE T 55585
HENTE BT, B HEBETEKEMA L BEAD
BESEI L E (Matsuno etal, 2009), JLHA &G
B2 TOHERBERIIBWT, E#RNHASOKIE L 2
KOBEFRRZ B & (Awajietal, 1991) FEE S Tw
5. 7z, ZOX) HRARBEICHE D BEINAB O£ B
LOBRIZBIBIIBI0Y -8 TS50 N VBER
DEARZRL TWABWEM (Kobari et al,, 2018, 2019), &

ERRBOKRSBRH 70> MRICRYAFhEZ L TR

HNRROEY T 5 > 7 b U AER SN ST EEEDRRE &
NTw3 (Nakataetal, 2000). Zhbid, EBEIRAROK
RERISBEHERROBRREEDICHELSZTVWEI L
ERELTWS, LaL, BEAHROKECEYEED
BWICE S 2 EENFITIEA 2K, ZhiciE) BRIAERR
DIERREEDCS 2 BEBIZOWTIEHTE TV,
WA, BEET VMo THEICBIIZ TSV 2 oo
BMETEURBATE2RAI L ENTE L. #H121E, FRA-
JCOPE2IZ L 2D 2R Lo FEBIERICE Y, Bl
NOBKRY T I35 5 7 OEEREE S 2 L2 flRe
(Shiozaki etal., 2015), 7 ¥V OFADOEH X BROBE»
LENGEZHERE LML TWS (Kasaietal., 2008).
T72, av¥a—¥oFtERIN ERT— 7 FEFEIC &
D, BRETHIALOBRVEBRBEEEY I V-V a v
A7) T L BUEIZR 5 TWwWb (Nakadaetal,2014). L

oo T, BEEFNEHo CEMNAROKBBREZE
Hod L, IS X 2 RN CERT I TEY
RERIRG - 22l R MRREE <, BHEINENRO AR EHTE
HERRICGZIHEEENICFHECTE 57255,

Z 2 CABIERIE, EEANROKRERIESAERRIC
B2 2B 2BNICEEMT A2 L2 BNE LT, BFHE
EBEAFREFVEAR LB S0 R 2H<, B
NEBROEY 75 > 7 b U REBOBY TS5 v 7 b VB
BIC5 X 582 5HE L7

M EFE
B TIE, BEPABROKREBI 7 0 & XIS oW T
TR BB ERET, BEMNNROSY 7S 27 b oas
BB 7T v 7 b YBRERICS 2 DEEFEICOVWT
BEHRS X OCRENEOMETE IO BT v
T T9y 2 ADWREIL L o TiTo 72,
SFARNEOKRBER 7 O & X5
MBI EEERC B AR FOWMEOFEIE, K
25 )1 S FE AT RIS S 72 B IR EE 3B £ 7 )V Data
assimilation Research of the East Asian Marine System Energy
(DREAMS_E: Liuetal.,, 2018) [Z &k o THA Sz EE
Rl ZoREEFVIE, B UINKSIEHE S0
TR SN 72 NG ER T 57 )V RIAM Ocean Model (Lee et al.,
2003) #N—R & LTWw5%. DREAMS EDFMEEEIL, K
T S ALTE KPR F 7285 72 125-137.5°E, 25-35.25°N
OHHETH Y, KFEHMOMREIREFT IS 1/75°, &
EHFEIC1/60°0TH 5. SHEFMICIZI0ED Y, HEHE
IZIZ ETOPO1 & JTOPO30 2 S L7z b D& MHAL T 5
(Liuetal, 2018). ABFFEDOR T BB ER TIE, 201840
FrEmReMH L, BTEHEE, EyriEL, b5
A 5 I %8 E2 25-34°N, 126-136°E & L7z (Fig. 1).

%9, DREAMS EZ X A EDOHHRMZRILT 5720,
BT — % LEFTNVORERRCRIMRHMOME 2 B L
7o, BT —% L LT, #LRETHEERE, SHRMA S
T REGOREEEBEEFREMEHA L. ARET
&, BHlsNzFT—5 D55, 20184E 7D 126-135°E DI
WZoWT, HREEICBISRHMMEORE OEFHEE R
O EE L. EFVORIERERE LT, DREAMS_
ElZ L o TEE SN 1 mBOFHED 2018 FEDEFHER
v, BHll7— 7163 2 BERET, HEIrRAL R
LER V- ML, BHORMMEL D7

BT — % L EFNVOFBEERTORB ORI EOZE
133.92-6836 km DEEHTH Y (Fig.2), JII7A (2003) T
100 kmBBE L SN BBOKFFHMOIBOHEANTH 2
e, AP THSE LD FOBWEOKETIC
TR TH 5 LB L/

WAL o TREIS 5 1EKOBHF & L CTREBAANLEIC
REDOHNFZEEL, €1 5DDREAMS_EDHELHIT L

— 154 —



B O R E N RISOKE 5T

33 A

L

Latitude (°N)
3

Velocity (m - s)

27

126 128 130 132 134 136
Longitude (°E)

Figure 1. Model domain and sites released particles (gray and
white) . Background contour indicates annual average flow-
field during 2018 under the model (DREAMS E:
DREAMS_Energy). Solid line indicates an example of the
boundary between the inshore area of the Kuroshio path and
the Kuroshio. Dashed line indicates area classification of the
Kuroshio. ECS: East China Sea. WK: Western Kyushu. SK:
Southern Kyushu. EK: Eastern Kyushu. SS: Southern Shi-
koku. Subscript “0” and “t” mean the position at the begin-
ning (particle release) and end (particle destination) of par-
ticle-tracking experiments, respectively.
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Figure 2. Comparison for position of the Kuroshio axis. Solid
and broken lines indicate the observed data developed by
Japan Coast Guard and modeled data of 1-m depth under
the model (DREAMS_E: DREAMS_Energy), respectively.
Annual average flow-field in 2018 was used for modeled
data.

LBENZENT 5 LT, BRAAROKESEEEAR
W oI TOBELZMRIL. HFORAHERIL, HYF
17D B JUNEE 780 B 1T 5 BN AR O KSR 7t % ad
5720, Wi (ECSo), JLMPEH M (WKo), JL
MG i (SKo) D3I E#E L7z, S HEIMOBES
FE, WY F# (ECSo) 1d126.0-127.5°E, JuHVE J5 sk
(WKo) 13127.5-129.5°E, JuM®§ 73K (SKo) 1% 129.5-
131.0°EC, #EEE#HFI R AR 20184ED 1 mEDE
FHFHEA040ms T E R BB EZREEEL, FIh
LAt & 1ofmE L-#E 25 &9 E L (Fig
D, MY OBEARIZZOEBAICHEE - BEZRLZEN
0.04°BIfE & %25 & 9 128 E L7z (BCSo: 962 K, WKo:
1300 5%, SKo: 988 /%),

RFOlf%lE, Kakoetal. (2014) IZEDOEEE L. Ar
(=18:H) WSEHE 2T BEMEE L, EMBEEI—D#
ATERE ORI T- DALE X2 (x, y) 1, ROKXTEENS.

1 U
XA = X7 4 UAZ + ?(U VyU+ TJM +R\2K,A1 (1,§) (1)

URKFFHOFTBENRZ IV, K,iE Smagorinsky (1963)
WCESLCHFBIEBOIF A V¥ =Y g VI o THELT:
KPP ERMTHE. RBFT VI L7+ — 2 2ELTHED,
FH0.0, EEFRELOOERILLE LTHEAT Yy 7L
WCEHEE NS, iBXOjIENENEHIME L OFAL
HMOREDHMRZ bV THD. HBEIFEIZ2KA —
¥—DETH 570, KEOHRICKELEFES LAV
WO AR, 2008 FE 1A IO R2ARAETE
L, LHIE2S15MET, Aft24mEEA L. 10001H
DR T % FARICEE L, DREAMS EDJE#ESHIC L -
TISHEOR FOHELZBEH L. 72, HTOEAR
RbEWEDSIEICI, 10,30,50, 100mD5BOF— % %
fERL 7.

WFORBBAOFEEIX, ROL) ZFIETHEL .
9, i ERRT RS RERIC X 5 Bl ¥ g EC
vy, DREAMS E® 1 mEDFHERKF LT, HPEEHHEDS
BRREGAMBEZRESLICHBL, Zho2BAHE
B & e, B ERETIEERTOERICEOR,
B o 13 ELICME S0 E, BREAEe 2
WMOBERTHAHEM 70 b & L7z (hitps://www] kaiho.
mlit.go.jp/KANKYO/KAIYO/gboc/exp/kuroshio_path.html,
202462 H1H). ASNZRFPBWESNLHEE 2
DOBFMHE D b BEANCENE L 225 CBEBABT L
el Hizl, TOMBEEE L OB, Bz e
2k 5T, B FiE (ECSt: 126.0-127.5°E), JLINTE 5 i
(WKt: 127.5-129.5°E), JuIMEEJ7 38 (SKt: 129.5-131.0°E),
JUMNBE 5 (BKt: 131.0-133.0°E), DU E RS 5 ik (SSt:
133.0-136.0°E) D SODEBIZ /T CTEMHE LAz, 72, BT
DEHEIZ ER O S TITY, ENH 2 SRER TR T
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BE R NEHEER - ATEE - R - TR - AR T N R

5L CEHBIGELANTORERHEE L. T, &
AR CREIBICEE S TWwWziF 38 X 'DREAMS_E
DFHEFROILTAH OFHHEEROBRIE LM FIIEE
OS2,

BTS00 T75y 0 AHEE
BHNUBOBYM TS v 7 U BBEANBHT ALK
D, BEBOBYW S5 N BHFRICSZLHBEYER
MICREli g 2 L2l Aak. Bz oy METEZHED -
T, HARERE - BAEES -V ICHRAT2E8W TS 2 b
VEMERT Sy 7 ARHET B0, BRIRAIRS SR
BAOBH 7S v 2 X (CZF) B X UE#ERA, S BN
BIBA~OBH 7 5 v 7 X (KZF) #KD\:. FEIILT,
BWREWME MBS v 2 P EEOER T
597 R (KZF) %Rz, KZF iTEBEERD S RBIAR
BWALHBTAHETH 5720, KZF b HKZF % K<

Z & T, BUHUEEHTE 2 M 5 EROBY TS s b VA

WME77v 7R (KZF) %KD, Th&BERAMAE»S
BHIBA~OBIKT T v 7 X (CZF) LHBL:.

B2 7oy M clE 2Rl & BRI
I FMITDONWT, 1-100 miE F TOWE 2 #HY) 2 HE %,
EL PRI C 13 RS PR & BEPR OB RS S R X
24098 (i LRRIT TS HER © https://www1 kaiho.mlit.
20.jp/KANKYO/KATIYO/qboc/exp/kuroshio_path.html, 2022 4
2H1H) OIFIZOWT, 1-100 miE ¥ TOWIE %8 % 5
BEHE LS ZOWE%R BCStH 5 SStOZFHIRIZDONWT,
DREAMS_EDREHMOEFRAT v 7T EZEFEL, €
o Ol % ZFEBOBHEHEICBIT 2 HEORKREL
L CHpTicft L.

37, BEEBRNEORES,S1Z, BEiyor a2
U CEEED S BENABARHE T 2REEZRWA. T
5y 7 ADFETIE, 2009-20194E D T 104E3 DFHEHED
BYEYT— 2120w T, SHEHFMIC12EERCEEES
L7z b OOl % L7 (DREAMS_E DHET — ¥
WREL T2 20152 B 7). MBRATEERR I, B
FHEE, M TS, O WUEME ST 25-34°N, 126-136°FE
L7

BWANRD, O OB MOZELEBRI LGN T 5720
2, BEIBEZBEICL T, LB LA5>o0EM (BCSt,
WKt, SKt, EKt, SSt) 12T TRIE 79 v 7 A0 E % EH
L7,

EHMAHESRS L OCRBSOBY TS v o VAR,
Kobari et al. (2018) 235272 (Table 1). AW TIF, &
B (-3R), B4 4-6H), BH 7-98), & (10-128)
D 4BEI % 352 L72A%, Kobarietal (2018) & DOBMAZHE
BINTWBERD, EiZe A, Blizn A, &LV
HEMZeHE N ROPHEEFER L. COFHITLEOE
WEI, ERTROALFKREFELLZ LT, RREERIOE
WIBRARATEFEEN BTS2 Y7997, B

Table 1. Comparison of zooplankton biomass (ZB) between
inshore of Kuroshio path and Kuroshio area reported by
Kobari et al. (2018).

ZB (mg DW-m™)

Coastal Kuroshio
June 14.82 16.74
November 10.40 9.23

IR ERNLEW TSI 2 V7T v 2 ARE
HL7.

Fe4THFFE (Kobari etal, 2018) Tix, B#lgicBIF 5 H
NAEBH V0TS v N Y EERE, ThbbEH
RRATOBY TS v 7 b OBAPRENTWS. Zh
BN S OBRBICE B SS vy b OBSE
WBHET 5 2 & C, BENABUKSBR SRR OB
TS5V b BERICRIZTEEERNICHMTE 5.
Z ZCARMZE T, BHIANRE BEBROBRIBSOHE
WIRREOBW 75 7 P BEERERLL LT, BY
PEIIR A & BEIBABR T 2875 v 7 b VBFREER
Wiz, ZTNEECStH S SStOK RO BB OBECHRT S
Z&C, BHIRAES S OBREIC L o TREBR ML
B AEREE- Y08 TS 7 b EEERD 7.

KR TR S L2 &EBICBWTER ST
BWrS vy b TS v TR, BTS2 bV EREIC
DWTIE, KEBE TOMEFZNARELRD B0,
Steel-Dwass DZ BV EZ {To 7.

w® 2

BRI O KB TERE

EE RO KBS BEIRAE RS % T TOBBEE MRS
5720, ZFEESOBASNIKNT O S, BERA~3%

L7=hT- O % -7z (Fig. 3).

ECSo 2 BT AL AR T OWMBFICIE, FEHEAPED L
iz, WINOFETH BHNAB CHEE T 5 HTFH% <
FELZY, LHeHRPEICIZES 70y Moifo THES D
s, TRATEHE~BRTIHNTOFEL..
WKo IZ BT 2% AR F ORMBFICIE, ECSo & I1dHE 7% 2 FHi
AL bz, LHREFEH I, BEINAETHEE T
BRFICMAT, E#NMRE R 7 1 v Mo THER
PICHIE SN2 RIC, TR TR~ BIE T A HTF DA
L. L, Efetkilicidg olTrE2Erory
MZifo THRPLPICHE SR, THMAcRBER~ZK LT
Wz,

BT 0 BENRA D% & B 7 1 v M ROEEO MR
EBETT 5720, By oy MROBEIL LR F O E
B U7 (Fig.4). B MORY FiE, BRI
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Figure 3. Trajectories of particles at 30 m depth. Trajectories of particles that eventually advected to the Kuroshio are only indicated in
figures. Graduation indicates the number of days elapsed in particle-tracking experiments. Winter: January—March, Spring: April—
June, Summer: July-September, Fall: October—December. ECS: East China Sea. WK: Southwestern Kyushu. SK: Southern Kyushu.
Subscript “0” means the position at the beginning (particle release) of particle-tracking experiments.

MR - UEMCIX, B 7oy METORTRMEIRO
NI Nz, T L) ZEETIRIBEBICHRA I
B ORE 71 2 MO - TR ROk D
RSy (s

S P9 3848 (ECSo* WKo+SKo) 12 15 H [ T A
L72R 7125 © 2 B ARBG L 72k O 413 31-62%
OfiAERL, HRLZFHEB LRI %h o7 (Fig 5).
WA L IC s % &, BEABIRT 20 TFOE G
13 WKo Tl 4-24%, SKo TlZ13-28% Cd 1, B2 Z 4
W E8 % RS Lh o7z i), ECSoTIE2-22%TH D,
ZHIH HFNIT TEHWHIADSFRD bz, T Dk
FoEEOEERE (CV) [IFHER2EDFED 51, ECSo
IZBWTHERKDO0.51, SKolZlBWTHR/ND0.19 %2R L7,

IFEHIRE TIHRAR T EARLR D720, Bk kBt
T AR BB 5 ZHBOBARTFROZEITEHNTE &
VW, FIT, TOEBRBROWEFEZIT) 20, BEE~
DORFR T 5% FHEBOPEX AR T TR 52 LT, #Hi
TLORTOBHREFREHB LKL Zo#E, &K%
AT O B~ OB WK FOFHEEZHIRT 5 &
(Fig. 6), SKolZ# A S N7k IO ST, Bl
ALY AT NBRTFOEEHERIZE Do 72 (Steel-Dwass

DL EIEK, p<0.01).

WIT, 3HEE (B AR THRA LR T8 Lo (B
TiER) TERMBICBE L 222Kz, WThoRk Al
BIZBWTDH, AT S 2O Fiikic s TR
WABHRT 2MINA R 57 (Fig. 7). ECSo~D#% AL
Ti&, AWNICECStIS, FE2 SIS HT T WK BT
L7k OEEDE L, SKEINDEIE1E 12% Kiili, EKtS
SStANDEIA I 1% Kbl & KA 5 72, WKo~DFARL T3,
ZH B FEINCTWKIZ, B2 58312 SKt % EKt DO
WEEGHE L, ECStRSStNDEEILE H1T6% LT &K
{, WABERZFEIN 2 EMIIR S Rd o7z, SKoNDOF AR
Ti&, SKtIZRUE L 7= EIE S B 22 /i) 2 IR S 3,
EKt~DOE A IS, SStICZEM2ALEMICEL 25
2R L, ECStR WKtNEEIZE BIT1% LT TR -
yidd
EHRAEBOBM TSI N T I IR
BREE» L0875 v 27 b Uy BHA, B#EEICBT 58
W7oy b EMBECH L TEOREDREZ S 2 5h
IOV TERNZ M 24T ) 72012, BEEAHEA 5 B
WAOEWT T 7 b URIE (CZF) &, BBk
Y 5 IEROBY 75 ~ 7 b v EYE (KZF,) ZRD7z.
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Figure 4. Trajectories of particles released at the beginning (particle release) in particle-tracking experiments. Background contour
indicates hourly flow-field under the model (DREAMS_E: DREAMS_Energy). (a) Day 8 for early January experiment. (b) Day 6
for early March experiment. (c¢) Day 15 for early July experiment. (d) Day 15 for early December experiment.

100

75

Proportion (%)

Month

Figure 5. Monthly variations in the relative proportion of parti-
cles advected to the Kuroshio to all particles after 15 days
from each released site. ECS: East China Sea. WK: Western
Kyushu. SK: Southern Kyushu. Subscript “0” means the po-
sition at the beginning (particle released) of particle-track-
ing experiments. '

WENOHHRIZ BT D, KZF I R REELE RS
Ldroleb o0, FENHM UKIIRA T 5 BB 2246
ZAb%ER L7 (Fig. 8). WM 2ZHIRICIZBRERD Y,
SSZB W THR/ME (CV=0.23), SKIZBWTHRKME (Cv=
0.33) 2R L7z SHHREROKZF, O IER, BT 5
v b viglEEE (Dry weight: DW) T 582 g DW-m™2-day ™!
ol WBRIEDORKZF, OFREOMICIEEEND D
(Steel-Dwass ® % B [t #, p<0.01), SKt THR/ND370¢
DW-m2day!, SStTHKRKM722gDW-m >day ' &R L7
(Fig. 9).

CZF \FWTF R OHEEIC BT H AR R RES LA
LSRR b2 o7z (Fig. 8). WY 2 BRI IR
BRHN, WKtIZBWTHR/AME (CV=0.24), SStIZHBWVTH
KA (CV=0.40) 2R L7z 5HERAIRO CZF, O HIfE R
50 gDW-m >day ! CH 1), ECSt THR/MD 30 g DW-m >day ',
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Figure 6. Ratio of particles advected to the Kuroshio to those

released from each site. ECS: East China Sea. WK: Western
Kyusyu. SK: Southern Kyushu. Subscript “0” means the po-
sition at the beginning (particle released) of particle tracking
experiments. Box represents first, second, and third quartiles
and cross marks are the average values. Whiskers indicate
minimum and maximum values. Different small letters indi-

cate significant differences among the released sites (Steel—

a) ECSo 100
75

50
25

0
b) WKo

Proportion (%)

c) SKo

JF M A M J J A S O N D
Month

Figure 7. Monthly variations in the relative proportion of parti-

cles advected to the five regions of the Kuroshio to all parti-
cles released from each released site after 15 days. ECS: East
China Sea. WK: Southwestern Kyushu. SK: Southern Ky-
ushu, EK: Eastern Kyushu. SS: Southern Kyushu. Subscript
“0” and “t” mean the position at the beginning (particle re-
lease) and end (particle destination) of particle-tracking ex-

periments, respectively.

Dwass test, p<0.01).
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Figure 8. Seasonal and interannual variations in zooplankton biomass flux across the Kuroshio axis transect (solid black line) and across
the Kuroshio front (dotted line). The upper shaded areas indicate the average values of flux across the Kuroshio axis transect. The
lower shaded areas indicate the average values of flux across the Kuroshio front. The top (bottom) of each shaded area corresponds
with the average value of flux added to (subtracted from) its standard deviation. The estimated fluxes are smoothed by the 31-day
running mean. ECS: East China Sea. WK: Western Kyusyu. SK: Southern Kyushu. EK: Eastern Kyushu. SS: Southern Kyushu. Sub-
script “t” means the position at the end (particle destination) of particle-tracking experiments.
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Figure 9. Comparisons of zooplankton biomass flux across the
Kuroshio axis transect among the five regions of the Kuro-
shio. ECS: East China Sea. WK: Western Kyusyu. SK:
Southern Kyushu. EK: Eastern Kyushu. SS: Southern
Kyushu. Subscript “t” means the position at the end (particle
destination) of particle-tracking experiments. Box represents
first, second, and third quartiles and cross marks are the aver-
age values. Whiskers indicate minimum and maximum val-
ues. Different small letters indicate significant differences
among the released sites (Steel-Dwass test, p<0.01).

SK, CHEAD 70 g DW-m2-day ! 7~ L7z (Fig. 10). Wi
DEFREICBVTD, CZF, OFREICIIFEEN RO LN
7z (Steel-Dwass DZ E LB, p<0.01).

NI O BRIBABR T 28 S5 7 + v ORI
BRI BT 2 AT ARRE 472 ) 04 W& % Fig. 111SR L7z,
BHBEE TORGEE DO #HPHIX041-1.49 mg C:m™>-day™
THH, FRMHEIZ0.68mg Cm > day  THo/z. 5HEHRD
EYEOHRRERICIZEEZEND ) (Steel-Dwass DL EL
B, p<0.01), ECSt THR/PD0.40 mg C-m~>-day™!, SKtTH
KD093mgC-m>day ' &7~ L, CZF & FARDM@EIN %R
L7

BHBOBY 7o v 7 b VEEEICNT 5, BEIANHE
PODEW TSV UBREOERE R R & ICHE
L7z, EEREE» S BER~0BW 75 v 7 + Y BRE
X, PRAETEMBREIRDO % Z GO, PRMEOHF T
2-44% FR L7z, 2, BEHBROFEEOPRMERICITHE
BENDH Y (Steel-Dwass DL ENE, p<0.01), ECStTH
IND 6%, SKtTERAD2%ZRL, SKthHOEW ST >~
7 F Y BREBRMOMRIC R TE» 272 (Fig. 12).
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Figure 10. Comparisons of zooplankton biomass flux across the
Kuroshio front among the five regions of the Kuroshio. ECS:
East China Sea. WK: Western Kyusyu. SK: Southern Ky-
ushu. EK: Eastern Kyushu. SS: Southern Kyushu. Subscript
“t” means the position at the end (particle destination) of
particle-tracking experiments. Box represents first, second,
and third quartiles and cross marks are the average values.
Whiskers indicate minimum and maximum values. Different
small letters indicate significant differences among the re-
leased sites (Steel-Dwass test, p<0.01).

BB~ ®EINTBY (Fig. 5), BEINARERH 70>
MZF> TTFRHAANE BRSNS L W50 o7z (Figs. 3,4).
CDE)BRTFOEEI3-62% DB TEEH LT/ L
AL, TOWMEBBIE—HFTERL, LHrOFMICTE
¥R M TS & O AR T2 H Y F gD BN
B —ERHER LRI 25— AFEDLR, h
b DORLFATFATEIRD & TR TREBARY AT b
AR s niz (Fig. 7). L FEMOR Y FiETIZEH
70 MECTHEBEHBEEOKRZEE (BEl7or Mol
RUEAT) LRFOWE L BEBAOBENR SN (Fig. 4),
C ORNCIZECSt 2 5 OB AL T4 L T 5 (Fig. 7).
Rk, EoMERTRAOAz7 0y METHRTO
WEPR LN (Fig.4), ZORHOEKtD L OB 71X
BINT AEMICH o7 (Fig. 7). Kasaietal. (2002) i3, B
HRRE: SRA SN2 TAH, BEivuy MIho TR
BLTWwaRRIDD 70y MRICIY A h-BICBE)#
EMETSAREZRLAZEEZMELTVWS. F/2, B
¥ CIMRE S TR S B BRI KIEAS, Bl
TRILZEH 70 POKERHICEBL, Bl %
ENBZLEPHEBEINTWS (Isobeetal., 2004). ZN5HD
RRIZ BEivor o 2YHENETLA~OE B R
BAORBNROAIBRZHET 22 L ZRL TV 2.
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Figure 11. Comparisons of daily changes in zooplankton bio-
mass flux across the Kuroshio front among the five regions
of the Kuroshio. ECS: East China Sea. WK: Western
Kyusyu. SK: Southern Kyushu. EK: Eastern Kyushu. SS:
Southern Kyushu. Subscript “t” means the position at the end
(particle destination) of particle-tracking experiments. Box
represents first, second, and third quartiles and cross marks
are the average values. Whiskers indicate minimum and
maximum values. Different small letters indicate significant
differences among the released sites (Steel-Dwass test, p<
0.01). The top and bottom of each shaded area correspond to
the maximum and minimum value of zooplankton biomass
flux of the whole region of the Kuroshio across the Kuroshio
front, respectively.

77, JUNEE S E W - RO Y i, JUNPE S
M & O AN T, BT By o v Mo
TFMANEBEIN TS LDOO (Fig. 3), E@l~o
PO ABNTI AT L D D TIM Tk 2 2 B A8 1R
Doz (Fig. 7). REROBEAKR - BIESK & BB
BWOBIKIR - IS K & DBRITIE, BWEIC X > THERIC
Mol SNB R 7Y PAFAELTE Y (A, 2017), 9
TR 70 L 2 AEBR IS KBRS IR IR AT A 2 L 13 %
AW, F7e, WEKEEINCZ LRI E ik s D
WA AT VER N S 2 F AT VAT, BEyay
FPCEWHARZ R T I EHWE I N TS (Nakata et al.,
1988; Nakata, 1990; Okazaki et al., 2003). JUMFEHH#ER X
b TR OBEE T, BEINANSICER S M AIEERTTIC X
LKBIRED 1 » AREORMAr — VTR I % 2 LA
EEERIZE > TRENTWS (Awajietal, 1991). T D%
fESEER & MRS, ARBFZET S UM H G HESI R ORT- D
WA 5N (Fig.3). ThOHDOREIS, WHNL
BEELAVIN S VIR R Tl B R o K B B 7 o
Y MZHREEIND D OO JITITEBIBRAIY AT,
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Figure 12. Comparisons of relative contributions of zooplank-
ton flux across the Kuroshio front to those across the Kuro-
shio axis transect among the five regions of the Kuroshio.
ECS: East China Sea. WK: Western Kyusyu. SK: Southern
Kyushu. EK: Eastern Kyushu. SS: Southern Kyushu. Sub-
script “t” means the position at the end (particle destination)
of particle-tracking experiments. Box represents first, sec-
ond, and third quartiles and cross marks are the average val-
ues. Whiskers indicate minimum and maximum values. Dif-
ferent small letters indicate significant differences among the
released sites (Steel-Dwass test, p<0.01).

EHICTRB TR~ AThDEEZOND.
BN A SN T O R~ OB LR LT
%L, JUMEE RS 5 OBHEIEFNICRDE L (Fig.
6), T TR AT M@EI% R L7 (Fig. 7).
INFTOREICE D E, AT I B A
BRI A7 VEPA SR, S REARO KR
MICE DR SN REESBVW EEHSh TV
(Kobari etal., 2019). F7z, M4 I E ZDO FHIKTIE,
Wor - MR - 200 7 4 ValREDRHICELLTH
D, T OHEECTHEICE Z 5 Bl o B NS o A5
BMASEEE SN TS (FEIZ2, 2019). b OH
BEWINRHHE (11 H) TH Y, AR TN EE T i
MPOHOBIHIKE L RLBHICHY TS (Fig.5). 2hb
DORRERE 25 L, JUNBE TSI BT % % 1 7 B
PR D K SRR T S IR O KB A s A B 88 C
WhHEEZOLND., M, WY FE,LOBTEEIZE D
DD, LW HFRENIUINEE )7 S VERcS 2 S s
DKM AD Y (Fig. 5), B F#lETORTMEIMEEZ
72 (Fig. 7). AM» S5KRW<F, dLWEH Sk FHEAHE
W e AL EE D Z LR (Nakamura et al., 2010),
BILAPRKZHR Y FilEREHICH®ELTHED (Lie and Cho,
2016), ZNABRFPIROKFE O L 22 o TV B WTHE
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EOEH SN TS (Kodamaetal,2015). 7z, HH
(1992) &, Y F#EMELIBCEE SN 7T Y M
PERBAMBOI - A % BEIRAER L T Rk
FRRLTWA, Thiud, LHTRANERFERICBITS
EWRHRBRICMZ, ZOERBERIESFilETH R
WRBIROKREFIC & 2 BEIOEEIGEE TWEZ L &R
BLTW5. : :
EHAMBROBH TS b BROBE
—IC, BE oY P CRATFHLABEEARSKEW
B, AEORNFERCIXBIKOEALEH 71> M
PHEBEIERENS Z L RESLTYE (PR, 2017).
L7225oTC, B#lvuy b TRAETHERIC X - THED
BRI E NG Z EHFFREN, KRPEWEBUC I TEHEYL
BICL 2875 7 F VRO RITERTELRVDD
LhZw, LaL, $HEEHZET ChENICEENRD
REVKEFIRBEWCOMT 28TV FrHmb
NTw5b (Mackasetal, 1993). ABFETIE I N L DOFE
ZRIRICEHM T 2 2 LA TE R WZD, BEINARN SR
RO TS v 7 b UBREZHEET HIIEAKTER
EDOHRER L7

AEFFETIX, DREAMS EDWHETFT— 7 # HWTE# 7
Oy FBIUBRHRBABULHERZEET A LICX
D, BEIRNTOEM TS V7t VE%RE L BERNEES
SEMBA~OEW TS 7 U BREEREE L. KT8
BERICL 2L, BEAMEL S BREBRA~BET 2R T
IIIBEE L FHEBHIRD N2V 00, BIF#EB L
OISR 5 OBAKFIZL R HICE %5
EmERLAz. Shiux, BB L UM ERIc B
JAEBNAROBY TS 2 b A, LABrOEMICE
HWABR LT b2 EEREBLTWAS. LML, B
HAREr 08 7S v 7+ Y EBREZESBRNTOE)
W7rs v b VEREREICET L TR, BEBmEosiy
TV b UREROFHEGH NS HREIIBENT
Hotl. BEBNOBW TS Vs VEBRBRLH»OE
By 2@ R E R T, TRIZEEEREOTHEIC
X550 TH5.

ARG CHEE SNIZIRRERS L BEBARR T 28W T
. v MEYE (041-1.49 mg C-m™T -day™h) 1%, ERAERE
BCRENTRYFHBEEIBIZEW ST 7 b A&
B (0.93 mg C-m~>-day™, Kobari et al., 2018) ¢ 13-48% IZ
Y5 (Fig. 11). Zh bR, BMRME» S 2
BAOEW TS 7+ YEERTRER, BEROBYW ST
VI MNUBEORRICIZMAICERT AL EBRLT
W5, 5, BEIBROBY TS o b VEEREICNT S
NT AL T VEFAOEBHEEZ4% LBV o0, BEE
PEP o 7eEROT A4 7 VFAOEEIL185%ICB LB
ZEDRFEENRT WS (Sassa, 2019). BHEIRCIZEHAeLE L
% 5 AER R AR P RBHABTFHAOBRFROE/LD

KEWD, BEAERD O BEB~NOBY TS5 V2 b
DOBWH, ThODABEOHEHEREHE T H2EHERAL
TWBHDLEZOLNSE. ZDX) LBEVPAEOHEE
REMETLHLE, BEBABTRTIAONATNS
(Kobari et al., 2008).

KT, BEROBW TS 7 M Y EHERITT S
BEHNNBOBROLEL R L IR L. 20EE,
ERHCTBROBBICENBDOON, ORI D Y
FEHBTRIEVWESE2R LA (Fig 12). ZhiEdER L b
DEMFEBADT T v 7 AD/NEW—FT, BERAR»
LDBRT TGy I APKRENZEIZERLTWS., BV F
ERNEN TR, BEMAlE—0Mita7 248 LHEER
3 %% (Book et al., 2002; Yanao and Matsuno, 2013), b 7% 5
BCIiE, BEAH 150 kmBICEBOMK I 72 BR TS
EHHEENRTWS (MEIZ A, 2013; Feng et al., 2000).
DREAMS EIZ X o THHEINLEMORESFTL, b
7 5 RO BAE QTR THEAIB T AT 5
ni: (Fig. 1). AHETE, BERBOEZEH 70>
POABEOBICHRELTEY, T3t 7 5ERTR
LNBEMOFED 7 OHMHEH LY bk, 0208
WOWFEBS 2L ST, M T EERICEIT 5 BERR
WDT7 5y 7 A% B/NHMEL 27201, BERAENS O
BRKT7Ty 7 A BREMLPD LR, —FT, B
¥ I RTRR IR B R AP BRI X o TREINER KB
DPRWT L BB ENTBY (sobeetal, 2004),. + &
T TH CNICED L BASRET L e HRES N
Tw5h (Nagata and Takeshita, 1985; Nakamura et al., 2003).
CNICMACBABLETFEOMICHE TRASFET S L
FEBERTWS (FHE 2009). Zhdid, MEHE
BOBWRT 79 7 ABPRECELEIXFLTNS. £72,
TN FEBROBIE 7 5 v 7 2+ H FBRICKVTEY
A% (Fig. 10), Z DRI ARBHEREL B %I 5 B
SRETA RS T 0y P ERI S FEICHA TS (Guoet
al,2006). TSN LHh L, MNBEHEBRD S FF IR
TIREFH 70y METORRM ZEEISMAT7e Y b
B 5 HMOEERRRNADD 570, BEHRAROEY
T BEPBHEASIBRTSLEEZONS.

WY FERSBICE <7 VN E o EEE AR
DEING DI & 1 (Sassa et al., 2006; Sassa and Tsukamoto.,
2010), EFRHIIRZhEFNh2-5 BB L U6 HMEENT
BY (Yodaetal, 2014, Yukami et al., 2009), AHFF7E CHERR
SNTHYVTEPLOBRPEE AR LERL TN
(Fig.5). oz i, LH»roERNCHEZLEY T,
5 OB EEERAFIIBIT 2 BETRIEAOHEICK
EREE R LTWAILEEZRBLTWS. BV FET
BIN S N/z= 7 VORISR X o TIINFE H i
NEERENSEFTICP,LHBIISOHERELONTS
D (Sassaetal,2006), 7 ¥VBILIHNNTEILED
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AP LIMEPEET LI TCOHEBMEELERSBB LT
4BTHBZEFHESN TS EHED, 1982 FHIE
A, 2005). Thbb, STIVBIOIYNOFHS N
5 UHRICELE S 2 RIS I ELIC B 24T o T B W gtk dt
B, RIS, BRGNS 2R ODBIREAESK &
WwZ & (Houde, 1996), MadS 27 AEICRERT 28RS0 A4
B b L (Hjort, 1914), FALITFELREREDORKZ
R — B A SRICK & { B & 5.2 5 Z & (Cushing,
1990) Z EBHMENTWE, IRSOHRIZETLE, &
HLRPICBH I 2RV FHEEHMANE» >OBHIZLD,
FEEEFEAEOFRANBERRO TR E CH%EIs 2
R, JUMNBER R CHEEICE V BE RO KSR I AT

b o TRHANESOBY 7 F 7+ Y OREEAOEE -

S, MaES AFAHRIC b A T iR BT 5 BEE R AE O
ERICEML TR WHEEREBL TS,

EEM AT ERBORIE S U TOREEE |

A THE L L-EmiR (KIEER S ) 7iEkE
#9) KRR T IVBIUYNOERGEIERINL I L
FHLNTEY, ZOHRICBT 2FAOEEEEE K
EREEIRYTEODDOLASETH AL I LIEHINTHY
% (Takahashi et al., 2016, 2019; Kume et al., 2021). 7z, <
TYVDOERMIIE Y FiETI25H, BEEERTIZ13AH
(Yoda et al., 2014), - < ¥ SO EIIERII Y FHETIZ2-6 A,
BER W TiZ 12 A (Yukami et al., 2009; AR &R, 1964) T
HEMEISRTWS, ZO), KEEREICIE, Bhb

HROENFRIET RGNS 5. EB, KMNEH#E

BWCRELNAT T VB LU~ N EHOFEIIIBLERD
FRICHE, 25IRECEIIIMEL: L E 2 5Rb KR
DOFADFERFICHEEINTBY, IR XERES cEN
ENBDTHLEHEEINRTYS (IRES, 1964). A
FETCEM S NN TFEHERTIE, 14 TREYFiES
LOBWHNPOMME, FICILET 5 UM iR 5
OBFRFIEDO 5N (Fig. 5), ORI MZERICS
T2 7VBITYNOERPLERL TS, $77,
BEIROE T 5 v 7 b UEERIIRT 5 BRSSO
DEMWTS v 7 b UBREREOFS L, ANBEHESTEXR
THY, WHEFERTEZENRICRVTEL o T
(Pig. 12). ThbDZbid, EELENGE SKTEAK
VFWEO ARG BT, JUNEEFERICE WD EIHICESR
TR BENABOKBBRICL T, 7 VBIUw
INOFEPHECEFIRANEEHREEIN TSI L ER
LTw5, F7z, B#EAMEED S RERAE®% S 8w
TS bR BV, ERERTENShE
BHREEE - REGRE2ETAFAOEREONLICES
LTwaohd Lk, %, By FE2REEETE<
T VB LY SOFHAORBIC L B HARFIERHFEAD
WA, CHODKFERBOBRIIKELEELTVS
C LR EINT &7 (Sassa et al., 2008; Sassa and Tsuka-

moto etal, 2010). LA L, RBEIZE - T, EHEERTE
PRENATAE, EINENICBI 2R FEICERT 52 2H
ARBED & DBHIC L o TREBA~\EINEZ L, Z0
X5 B FADERVEBRLETOBVEM TS v 7 b vk
BICE > THRNEINTHIHRENED L Z EhbhoTz,
L7Z2ho T, ERUHRICEEY HOMGRED, Ry gL
FRRIC KRR T 27V - <Y NO8RIEE LT
BEETHHLEZLND.

BB
FBFFERATH 1CHT2Y, FEBHS L AR ST
EWERERFFRISLEIAMES L UCRHBRED

BRRICEHBE L LT 9. AR, BEMERGEDE
(18H04920, 20K06186, 20K 12151, 22H05206) 2 X > THES
POAY % NG
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