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Fig. 4. Time series of SSH-based strength of Subtropical gyre (STS, a) calculated by (1), Kuroshio Recirculation
(KRS, b), and Kuroshio Extension Recirculation (KERS, c). Characters A, B, C, and D in (a) depict the represen-
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Fig. 9. The first three principal components of EOF's in

the North Pacific subtropical gyre. (a) PC-1 of the EOF

nondimensionalized by its variance (blue line) and zonal mean (141° E-153° E) latitude of Kuroshio Extension ax-

is (red line). The correlation coefficient between PC-1
The time series of PC-2 (red line) and PC-3 (blue line),

& (1) 2355, 3445 H (Fig. 11 @ (¢) & (h)) 25
BREFE fr o T3, 7z, 32 H (Fig. 11@ (b) &
(g)) »igftd 2R, 36 4£H (Fig. 11 @ (d) & (i) &
55{t3 5 CFg» 6 8IcE %) KEHICHIGEL Twv 5, 581k
B (324EH) @¢%Y — 13 EOF2 (Fig. 8 @ (b)) i, 59
LI (36 £ H) ¢4 — 13 EOF3 (Fig. 8 ® (c)) <Xt
HLTWw3,

Fig. 11 1%, HiVEIEERAETHO SSHA L LTor A
v — D E#%HS ST-EOF2-3 D RFRIZA(L L DL T %
TEERLTWD, STHTOERSRIEA 5z
T HHZ, ST HodtE s 1ED SSHA (Fig. 11 @ (a)
E(f) 22H) b0, 2D, VERE O 7N EE
DAE—JKELTERLTYL, MEOE,»S, ST-
EOF2 ¢t ST-EOF313u 2 ¥ — K DB T 5 £ —
FThrtwzd, STHNOZD (Y —rDZE#ia 2
= OWZEET— FOLBLELL TV 3,

EOF f#fT DfEFE, Baticiisz KRl L T v 2 2 H)
DIRY =V BRTH, Z DY — v DR & ST
b DT\, EBET— FOERD 5 HERIC Rk 72

and the latitude of Kuroshio Extension axis is 0.96. (b)
PCs are nondimensionalized by its variance.

8% — > % Appendix A 127”87 (Fig. A-1), Fig. 11 &
Fig. A-1 242 L, Bfiviav—varcfioh
TAHE v 2 € — O AAARGRE I, (RIS PuEEE &7
EVIHEWIEDH DN, HEmMRLER LTS IL
Wohd, BARMIZIE, by 2 2v— a3 (Fig 11)
D3EH(T=0) »538FH(T=2r) 21HWL
L7254, Z0Z8N%, Fig A-11CpR L 2lgaEE— N
ERARIGLTWS, 2L, HIRMITREE T, KIE
BGOMNIC L 2HBORALEZBEL T 5720,
fHE " A & — 3 O AHBE ZEEIREFET —ETH
b, WhHEANDEEL FICh>T w5, ZHRITHL,
By 22 v—varvifRcld, RERICBT 2B
(> 7 =) ik 2 HRELN Ghicar<c 7y b rmy 7
T5) IfEo T, BRI EHEE D A = ORI K
L0, MARSICERL VS, ZoRFIE, HEH
BRI CIREIR T E 20, ATl Fm oA R
- CHNTWw 3 (Lig, (1999b) @ Fig. 8 & Fig. 9 %
[h#Z s Appendix B ), Fig. A-licBwT, £9T=
0 (314EH) 1, wacEVTH [LE) » 57 () i
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KREND LI, ZOWHEOEHD AT FLE—72
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(a), (b) & (g)), 2) Hhr v x—ifH O fIEh
D 1 (Fig. 12 @ (b)), 3) Z D FiiAs I o7
3% (Fig. 12D (¢)), MNPHE S &, ¥ v V¥ —iE
LoiEHIRE b, 4) MElOSEIRAE TS 5n, U
LCrPEIcEid 5 (Fig 120 (d)), FEFC, NELE
kb, INEHRRAT =V OFHEERSTER SN, EANME
&L Tw < (Fig. 120 (e)), Bl 73 o VI 1%,
ST fHBOIER ORI KT BT E TWw 3,

Fig. 1312, LA T B & (NHRFEEHTE o o i
GLOMEE T 2L X — 5%~ §, Fig. 13® (a) 1 104
H# 5 55 4 H £ TOMER = 2L X — DDA TH
5, KOS EEI T 2L X —DOEIKE L, Hifl—
HEElseiis Tl KR, KER B, X O
DOHIFERDSTR IR LIEER E LT Tw 5, S50,
IR O FEEERIE ERL I3RS, vy V¥ —ELMTrE
UL, IEEI T 2L X — O WIEEA TN WD, 32
FH (Fig. 13 @ (b)) 5 34 4EH (Fig. 13D (¢)) £T
DORHZIE, FHIZEOSELLD T 2L X — 35wk
s, BELEOIREBICBTT28EEEZTRL TV 5,
X561z, 3554EH (Fg. 13® (d)) icE->Tix, FELE
HAR BT LAY I A G BRI I B 2 5 2 5 L dkig,
BRI X D ETEIIC A > T Wb T LR R LTV 5,

ORI 6FEEHT, B EARORICERL
(Fig. 12 (f)), OB 42FHEcREVELTY
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Fig. 11. Time transition of spatial pattern of ST-EOF2-3 (left), reconstructed by ST-EOF2 and ST-EOF3, and
SSHA (right) in years with representative pattern of 31st ((a) and (f)), 32nd ((b) and (g)), 34th ((c) and (h)),
36th ((d) and (1)), and 37th ((e) and (j)). Rectangular area (30° N-37° N, 160° E-170° W) in (f) depicts the source
of disturbance.
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Fig. 12. 7-year period variation of SSHA distribution in the Kuroshio Extension region from year 2817 (a) to year
36.17 (f). Thin black lines: SSH contour line. Color map shows zonal speed of currents, i.e., dark blue: less than
—30 cm s, blue: —25 cm s, dodge blue: —15 cm s, sky blue: —5 c¢cm s7, white: 0 cm s™, gold: 5 cm s, dark
orange: 15 cm s}, red: over 25 cm s Jet axes of the Kuroshio-Kuroshio Extension are depicted by solid-white
20 cm SSH contour lines. (g): Time series of SSHA (black) in the regions of 160° E-180°, 28° N-35° N, and areal
mean latitude (red) of Kuroshio Extension axis. Characters A, B, C, and D: the representative phase years of 30,
32, 34, and 36.
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Fig. 13. Distribution of mean eddy energy in the
North Pacific Ocean during years from 10 to 55 (a),
together with those in the years of 32.0 (b), 340 (c)
and 355 (d). Color bar at the bottom of (a) defines
the ocean depth in m.

(Fig. 12 @ (¢) »5 (d)) »MEER 2 £ —J (& SSHA)
DI - BRI EE A BN D,

4. BRHEBEIRADEBEIR (STS, KRS,
KERS) QOZE & BV OREFRM

41, BBEROESDEE

FHEBELGE 105 4F (126 » HEH) » 5 8154 (978 » A
H) ofifiic L, KX (1) » 5k ST i, KR,
KER &4 e B 56RO ME (STS, KRS, KERS)
DOWRGI%, %4, Fig. 4® (a),(b),(c) 2R T, Th
5D 3DODRERIND AR FVIRITZ T 72, Fig. 5D
(b) IZRT KRS D A2 FLDIRARY — 27 DENE 71
HETHb, %72, Fig. 5d (¢) IR T KERS ® 22 b
Wi, 220 — 2 2¥b, 51— 0RMIZ AT 4E,
FE2E—7 DL T84 TH B, STS, KRS, KERS @
TARCOFEHOMEEROLENL, AT ~8FE GRDHER
KETHRE) TARZ bV E—27%2F->T W03,

3ET STS DiREOEE Y — v O & iim L 72,
T, 51T, KRS & KERS 052l A TEE 7o 4
ICB T 2R s SSHA /8% — v % Fig. 14 Ik LT
RT, KRS D SSHA 8% — > % H 25 L, KRS A kg
DA, FFOREX D ER (95 cm O SSH O EAR) o
BRREW EDXDD B, £72, KERS © i »IE &
KERS 2355\ % i 3 % &, KERS D3RO /7 5F
B MBE (95cm @ SSH O Sl fR) AR EF v, %72,
Fig. 4 X b, KRS 8 & &* KERS O£ &%, STS 0ufl -
SLEBRPH B LEZ N D, M EOKIEERD SSHA
Ny —vEoB® AR % 2, DT, STS & KERS,
KERS O &2 DO ABIRIC OV TR 5,

4.2. STS & KRS DE5#%

STS D251 (Fig. 4 @ (a)) & KRS O35 (Fig. 4
® (b)) ®F 7 H#IEARE{R % Fig. 156 @ (a) xR T, K
7= L1 &, HBEREUE—065 (—0.33 LT Dl 5% D

BAKMETHE) L/ TH B, STS DRFZEIFK L
KRS ® 88 & O W25 % Fig. 16 ® (a) <R T, KiEs
STS DIsfEZEA= (DSTS) TH bh, HFAHT KRS DX
Ths, DSTSOIE L Eix, &4, STS oxafl & 55t
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WG LT3, DSTS & KRS D251 D R o B R %0
—056 (—0.39 LU F Dflins 5% DHBEKETHERE) TH b,
STS 738813 2 I (DSTS 2SE D) 12 KRS 235V IRAE,
STS 7358ft 3 2 s (DSTS 2SIEDRE) 12 KRS A3550 2 IREE
THDLI LD D,

FE o A IEBR N @ SSHA O fEfFICB L ¢, KRS
DR (F9\0) K, IE (£1) @ SSHA 23w 2 & —j &
L CHEBHIEBRISIE T ICEE L T % (Fig 11 o (d) &
(b)) IE (£1) @ SSHA H3Hfi BB BRI P Ic B L 72
LE, PAFETIE (&) @ SSHA 383k %78, STS
5510 (381L) %, D% b KRS 2858\ (351») & ¥, STS
15510 (3fk) LTw 2 (Table 1 2H), 2D, KRS

28N+
141E

144E  147E 150E  153E

£ DSTS BEwEOMEER> EHE 2 5N 5,

Xiz, KRS & ST-PC2 % ST-EOF2 D% % F~ T H
%, Fig. 16 ® (b) ic ST-PC2 ®HR%1 & KRS 2 HEid
b TRT, 2 0DKRIOMHBIREIZ—0.71 (=039 X
Tl 5% DHEBEAKETHRE) T, ADHEEELD, &
7z, ST-EOF2 8% — iz, HEVEIEERNT, 2 BEifio
G TH 5, ST-PC2HIED & &, ST-EOF2 @ %2
MR, HEAEIERNOETcaTH Y, HILTIET
&% % (Fig. 8@ (b)), 3T Ti#Eam L 7225, ST-EOF2 &
ST-EOF3 o F AR 22 M &2 R T BRI, HER
AE—EDOWHE—FTHBEEZLNS (Fig. 11), &
1, ST-EOF2 IZIE % 72 13 B DRZAEH 20°N ~ 35°N o]

136E 140E

147E  150E  153E

Fig. 14. Distribution of monthly mean SSHA in phase of strong KRS in year 21 (a), weak KRS in year 25 (b),
strong KERS in year 60 (c), and weak KERS year 21 (d). Monthly mean SSHA are calculated from twelve
months running mean SSHA. Black solid lines depict SSH contour lines of 20 cm and 95 ¢cm, which show current

axis and circulation periphery.



112 R - (L - HATH

ZUEEICEEL, KREZEOHARIREMTICEET 2 KRS & ST-PC2 iz & D BEI% 7~ L, ST-EOF2 1% KRS
B8y —v©, STS L7 2D/, $9 — (Fig. 11 OWRFLEEEEEL, 2hICHETIE—FTHEEL
D (d) EFig 110 (1) WHIEL TWw b, M E» 5, 25,
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Fig. 15. Cross-correlation functions of KRS with STS (a), KERS with STS (b), and KERS with KRS (c). Lag times
in (a), (b), and (c) indicate respectively that KRS, KERS, and KERC lead to STS, STS, and KRS. Dotted lines
show 95 % significant levels.
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Fig. 16. (a) Time series of temporal change rate of STS (DSTS, red line) and KRS (blue line), and (b) time series
of ST-PC2 (red line) and KRS (blue line). Cross-correlation coefficients of KRS with DSTS and ST-PC2 are
—056, and —0.71, respectively.
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4.3. STS & KERS DR

STS & KERS ok 50HBIRI R % Fig. 15 @ (b) i<
N, IREIZEDS 10 4 CHEBERBDMAME L 2 b, ZD
& EHHBIREUE 042 (033 DL EDOfEDS 5% O EEAHETH
#) Ths, £7-, DSTS t KERS 0FA%1% Fig. 17 ®
(a) WRT, Z2h 6 OMHBMRENL 040 TH B, DF D
STS 2353 % BF (DSTS 23 IE D) 12 KERS 2858 Uk
e, STS #»3531L3 % (DSTS 23 D) iz KERS #3555
WIRFETH 5, FFiC, 204EH 25 55 FH £ TIER WHE
ERLT05,

EEE O AGHEIEER N O SSHA O H) LRI ICBI L <,
1E (#1) @ SSHA 2l B 75 B o SR A2 1E 3 5 IR,
ViR ¢ (IE) @ SSHA (ZH3 3 % 7z ®, STS i35t
T2 (5319 %), 2% b KERS 28\ (55\2) I, STS
3 3 (3919 %), 2oz, KERS & DSTS I1F
OMHBEERFOLEZ BN D, £/, KERS OfiAklX STS
offiRizx LT 10 457 LT3 (Fig. 15® (b)),

X1z, KERS & ST-PC2 % ST-EOF2 @ B % % & ¢
KERS 0 %51 & ST-PC2 # Eh &b+ T, Fig 170
(b) 1IZRT, HfEA ST-PC2TH b, FHfEas KERS TH
%, 2O DOKERII OGRS 056 (030 DL EDOMEA 5%
DHEBAKETHR) CIEOME%ZRT, ST-EOF2 @ /¢
& — VIFHBVEIEIRIN T 2 k0 Z2MEE T, IEE 72
B ORAH KER % & T BEHi A Tic FE L 2 Ko
Ry —=vThHb, HlziE, KERS 235\ (35\») B, IE
(1) @ SSHA AMEE T 2 € —ik & U ¢ BEliefisiiuic
fiiE 3 % (Fig. 8 ® (b)), L kA5, KERS & ST-PC2

EIFoBE# R L, ST-EOF2 1%, KERS o Z#j¢ &
L, ZHICHETLIE—FLEWVZR D,

44. KRS & KERS OF%

Fig. 15 @ (c) 12 KRS & KERS @ T 7' {HBIBI % %2 R 97,
T DR A 0.3 4F <M BIBI BB /ME —047 (—0.39 I
TOEPSNDEREARETHR) L5, TOI LI, 1F
X U KRS & KERS DO RFEIZ S 25 b HHEI DS <,
Wit TH B LR R LT3, Fig 11 @ (b) & (g)
1%, KRS »%55<, KERS 23\ 324EH DRETH 5,
Fig. 11 @ (c¢) & (h) &, KRS 23501t L, KERS 23551t
LTw? MEHDRETH S, Fig. 110 (d) & (1) &
KRS 7338 <, KERS 2355\ 36 FEH DIREETH D, D
LEEBEENCIETEME ST w3, Fig 11 @ (e) &
(j) 1, KRS »353fk L, KERS 28T\ 3 37EHD
WEchH s, 2ok, KRS & KERS OEFHH55 D
BIREfRE b o C, M7 FERECEH L T (Table 1
ZMH),

4.5. HHEIFREUS

SSHA #5® KRS o253 3 2 tHEH R #5 % Fig.
18 1ic" T, HBIREES D Y — » ORI E) L KRS 12
WET 7T VMPMEb AT ER LT 5, HERE
B1x, KRS o5 %0% SSHA 5 ORR5Icx LT +8 4
D6 —3FETTH LT, 1 FEICHITL 72, Fig 18 (+6
DS —3EETD/Y —) 1E, IEAOHEHREGAYE
BEERR O S B ICHEEANBE L TfTd 2 L &
ALTWw3, ZOEOHEBERE OV E LRI,

Table 1. Cyclic variations of STS state, KRS state, and KERS state derived from distributions of lagged correla-

tions.

Lag time STS state KRS state KERS state
+5 year minimum decreasing increasing
+3 year increasing minimum maximum
+2 year maximum increasing decreasing
0 year decreasing maximum minimum
-2 year minimum decreasing increasing
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(a) Time series of temporal change of STS (DSTS, red line) and KERS (blue line), and (b) time series of

ST-PC2 (red line) and KERS (blue line). Cross-correlation coefficients of KERS with DSTS and ST-PC2 are 040

and 0.56, respectively.

SSHA O LHML, zhbi3&EfizboL AL
2BTE % (Fig 11 2H),

xic, MBIREE; oM (Fig. 18) #Hw T, KRS &4
BRfRD & 2 BB 7 F VB FEL, mbolkTE, %
DL T STS & KERS, KRS 0 ZALo#f % T 5
(Table 1 ), ZZTix, IE (A) OHBEFRKZIE (£)
@ SSHA k Zffizsb D & LTH %, Fig. 18D (b) 2 K
3L, I7MBH54ETIZ, 160°E ~ 160°W i 2> 1F T HHEL
HHEBRALHE O 20 cm @ SSH BRI IR - THWL IE D
BIREGEHIE S A L T b, COMBRESG Dy — v
1, STS 7355\ d SSHA /84 — > (Fig. 11 @ (f)) &
HOLTEL, 2ot EDKRSBHILo®EBTHD,
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Fig. 18 ® (b) TR 5t/ i IFE OB RECGHER 13 vE R
P E L, BRI ELL B-oTwd, 2Dy —v
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% —v (Fig 1o (g)) CHEPLTEY, 2oL F,
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2 +24E D Fig. 18 @ (e) 1&, STS 2358\ SSHA /<
% —v (Fig. 1 ® (h)) CHEPL T3, Tk ZHES
REOEVHEX ST HohkEciEATED, KRS
HWiLD®FTH b, KERS 3BT THs, 7708
0 4£® Fig. 18 @ (g) T, STS 13535{t ok (DSTS 73¢1)
THb, KRS12# <, KERS 1359w (Fig. 11 o (i), 5
7 A —24ED Fig. 18 @ (i) 1F STS #353 \>H » SSHA /<
4 —v (Fig. 11 @ (j)) WHEEILTEBY, 2oL ZFKRS
1355 % 53¢, KERSWGiig 28 chs. 2%bh,
RAID T 7 H =5 FEDOMHBIRE D¢y —VICTR->TED,
CORMIZTETH D, T/ E STS & KRS, KERS
DIRFEE Table 112 LD TR,
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Fig. 18. Spatial distribution of lagged cross-correlation of SSHA with KRS time series. Positive lag time means
that KRS leads SSHA. Black lines depict representative periphery SSH contours of 20 cm. The 95 % confidence
values are F 0.39.
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EOF1) 3 Bmlie ik o i o B AL B I IE L, 562
£—F (ST-EOF2) £ % 3 € — F (ST-EOF3) DO HEAL
22 [ AV IR BRI B 2 & VR AN i 2 2
A E—j (Chelton and Schlax, 1996; Liu, 1999) & B8
T5E—F2mRL7% (Fig 112M1), £7, ST-EOF1ic
RGBTSR (ST-PC1) @ =Bk 85 4F &
142 Cdh b, Bl LR o jilh o V-1 R O FE
B (KER) B OfEE DR RS O sl & AL Tz
(Fig. 9 » (a), Fig. 10 (a) M), 7z, ST-EOF2
& ST-EOF3 @ £ 47241 (ST-PC2 & ST-PC3) D A
RZINVE=TDORMIZT~84F L -7 (Fig. 10 ®
(b) & (c) ),

WPV IEER D 7 ~ 8 SEAA B O FIK T H %
EEZONDMHER A - OFRE - RIEEZHWRE7-0
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Table A-1. The parameter list for linear reduced-gravity Q-G model in Appendix A.

L (m) Rp  (m) R (m) B Y T, (year)
=(g’H))"* /fy =ByL/ fy =f,’R*/( g’H))
5%10° 4.75%10" 9.5%10* 1.37 4 6.9
(@  T=0 (year31) ‘ ~ T=27/7 (year 32) ‘
1.0 1.0
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0.0 0.0
00 02 04 06 08 1.0 0.0 0.4 1.0
Lo (© T=67/7 (year 34) 10 ~ T=10=/7 (year36)
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0.0 0.0
00 02 04 06 08 1.0 0.0 0.2 0.6 1.0
10 @  T=127/7 (year37 Lo ®H  T=2z (yea.r 38)
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0.0 0.0 -
00 02 04 06 08 1.0 00 02 04 06 08 1.0

Fig. A-1. Variation of first baroclinic Rossby wave basin mode in the rectangular domain during one period of 7
years. Orange (blue) shade depicts positive (negative) values.



122 R - i - H

(a) T=0 (year 31) (b) T=2z/7 (year 32)
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Fig. B-1. Same as Fig. A-1 except for including the basic ocean circulation fields.
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Self-organized 7~8-year period oscillations in the
North Pacific subtropical gyre

Kenta Shiratori®, Yuki Yamada'? and Tomonori Matsuura?*

Abstract

A long-term, 82-year numerical simulation is conducted under time-independent wind forc-
ing using an ocean general circulation model (Modular Ocean Model Ver. 3) to elucidate the
mechanism of selt-organized 7~8-year oscillation in the North Pacific subtropical gyre. The
Kurosio recirculation (KR) region, the Kuroshio-Extension recirculation (KER) region, and
the North Pacific subtropical gyre (ST) region are defined, which the long-term sea-surface
height data in those regions are analized statistically. Analysies of the empirical orthogonal
function (EOF) in the ST region indicates that the first EOF mode is coinsident with the me-
ridional migration of the northward Kuroshio-Extension jet and that the second-third EOF
mode corresponds to the first baroclinic basin mode with a 7~8-year period in the subtropical
gyre. An investigating into the correlation of the latter mode with the strength of the quasi-
harmonic oscillation for KR, KER, and ST regions, reveals the the existence of spectral peaks
in their 7~8-year period oscillations and that they demonstrate lagged correlations with each
other. Mesoscale eddy disturbances generated by the Kuroshio-Extension jet and the Shatsky
Rise play an important role and propagate southwestward as basin-mode baroclinic Rossby
waves. This 7~8-year long-term variability in the North Pacific subtropical gyre is a self-sus-
tained oceanic oscillation, a phenomenon that is capable of occurring in oceanic areas.

Key words : Ocean circulation simulation, Long-term variability, North Pacific subtropical
gyre, Kuroshio-Kuroshio extension recirculation, Baroclinic Rossby waves

(Corresponding author’s e-mail address : matsuura@sci.u-toyama.ac.jp
(Received 5 December 2016 ; accepted 7 November 2017

(doi:10.5928 /kaiyou.27.2_97

(Copyright by the Oceanographic Society of Japan, 2018

NN NI AN

1 Faculty of Science / Graduate School of Science and Engineering for Education, University of Toyama
3190, Gofuku, Toyama 930—8555, Japan
2 Faculty of Science / Graduate School of Science and Engineering for Science, University of Toyama
3190, Gofuku, Toyama 930—8555, Japan
a Present affiliation: Kanden System Solutions Co.
Wing Ichiokamotomachi No.101, 2—8—20 Ichiokamotomachi, Minato-ku, Oosaka, Oosaka 552—0002, Japan
* Corresponding author : Tomonori Matsuura
e-mail : matsuura@sci.u-toyama.ac.jp



