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Fig. 1.

Ganachaud and Wunsch (2000) &, D &5 &2FikE
World Ocean Circulation Experiments (WOCE) 1 & %K
£ 15 1 #5780 (WOCE Hydrographic Programme ; WHP)
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KRR L TRERIRIA W S 2 E 2 NIE, T OfEiR
INEWEFZRD, COMNE14SY A ZD E LREE R
TR FFEICER SN S LS L DIFETIRES TR S
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Meridional overturning circulation. Red, yellow, green, and blue denote upper, intermediate, deep, and
bottom layers, respectively (Lumpkin and Speers, 2007).



T -

B —E DIKE % B 1K e R % RO MK DS AR L
T 5, WBHERBICHAE L iR LA PR KT 75
5 ETOVN R (ZhEifKo “Fi”, 20,
HLSOHEMEL IND) X, BFEREIC X 3 ERHEE
i & NniE, #9900 4 (Matsumoto, 2007) L SR TED,
EIRBATOROBFVIFAKTH 2 EPAENT L S,
ZOTEDE, LR ZEREEREROKER L W
bhaZtbdsb, LrLiahrs, ILRFEEEREKD
900 4F & v 5 I, ALKPEEE CURAIAA 72K i
EhBHEMZERLTVEDT TR, JEAFEEEEK

WCAET BIREKIE, BT Th K FREADRE
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N, T E 274-280 kg m” i AT B LR
J&7k (Upper CDW : UCDW) &, &K TREST 5
N, LT 280-282 kg m” I AR 2 T b A
J&7K (Lower CDW; LCDW) e 65, BT
oD NADW & BRI TRER DS v AABW O
FYEIRE D iRA A IRET 2 FiEic L niX, LCDW
DRE5IE, NADW Tld7z <, MBSl sh 5
A (FREE/K) 12 & > THEEhTw 5 LfiESh
T\ % (Johnson et al., 2008), Z @ LCDW i,
¥ — 7 v FMITIRD % R VA A AEE R %2 8 U TR IC
MAT 5, Z0LEDlKEIZ 1216 Sy & BiEd 51T
% (Warren and Voorhis, 1970; Wunsch et al., 1983;
Taft et al., 1991 ; Tsimplis et al., 1998 ; Whitworth et al,
1999), X512, JEKFEREICHAT 2 ERTOY € 7T iE
IZH B ROHIETH 25 € 7 (10°S) £ 2Dl
OFINC X 012 Sv 25K U 2 > 7 JLPEHNIC IR D3 5 i
KPPERRICE S L ST b (Rudnick, 1997 ; Roem-
mich et al., 1996),
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L3N b, HEDE (8Sv) @5 B DF4r (4Sv)
&, v—v X VRO H B Y 2 — 7 BRAD IR
TEChsryx—ri@gEiEd (Kawabe ef al., 2005), H
RENT A FHEEOBICIAD 5 PR T PRI RA T
5, 2055 T —fhidZz ok 4t L L TCREMRLIIO
RKEBYNH FFEAA v Fr v 7) poRICHET 2
D, ZDIEFEAEFHAR RS, —/T, FRK
PR TN SR (4Sv) 05 BRES
(2Sv) &, 74 VEVHEFO T4V E VLTS
Za—FXF=7HHOEF Y v T4 VilFREICRAL, 2
TRAEERZT2LSINE2, Eb¥5 (2Sv) 139 H
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AEFHHICED, ZZThoy 2 — 2@z iE-74Sy
& &S % (Fujio ef al., 2000; Fujio and Yanagimoto,
2005), COHAHAMHTEMLZ6SvIE, 2o ik
kU, REBLIIRIGE2 67V 2= > VIIEITHS
HETHB7Va—v v L rF2ED (Warren and
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T L7 EELFEE AL OB, Rl RE BN
& oC, BN K E RRHZESEZ SN Tw 5
CEBEBETH D, A, KVEEREANDEREAKTA
HOWELCBW TEEZBR CH IV ETHBKICELE
Hi D 32°S T, LCDW D #9 2 4 i o -3 it & %5 16 Sv
THZDICHNL, RREIZEBET OFELERAED 9 Sy B E
H ot EDMEIN T B (Whitworth et al, 1999),
7, RFPE~NOMARFMCERLEEZ SN D
Y —7HEE T, —5~15Sv LIEEICKE L LEH
BHEIE T3 (Kawabe ef al., 2005), Z 95 L7ZBO
BRIEF I BAS 22 id e o Toia o,

o & 5 7 FERE B T ORI FIcEO <
FiE L dAlic, RAEMmEzF AL <, EFE2REL
MBI EHEE T 23ABITONTE R, TOHIEIC
L 2 MEINEOHEME DL 1%, WERBHKICET 5
EEHITIC & 2MERICHAR TN D DfEE > T
V3, Fl, WOPDORTIE, MBEIGICHED S HEE
fili & VB O FHNI HE S B Mo T E 72 E
WhHH DI EWHEESBLETH D, %7z, Macdonald
(1998) 122 1d, WMEINLDFERD 6 A FPEPEE AR
JEROEBBAECTH 2 EHEL TS, Zhig,
PAFENIRA U T RSB AK D KE 53 IR REACER ~ &
AT 3 L5 %d Kawabe and Fujio (2010) OfH & 52
o TWw5, HlziE, BEDHFSEICD T Huussen et
al. (2012) O F5 % SE IR % SERHICIRE L CH
BIbL, ERICELDOMAICEI>TNIDELH BT
EDan b (Fig 2), Fric, dWREREHEEIEER DUk X
NTOENRKEW (Fig 3). RIEREMTELNZFIH L 725
BIGKIC & 2 fEEROMOE L, FICHH L 72 1R
DABLRFICEEDDTH D EEZ LN, B, &4
DIFATIRARIN TV A ERELZE T NI ERRE
WERB AV, 7, BEREE COEMICHES R
b b EERERE L mENC I EIC BED b oM
DEVS, I TORE BRI ZE R % &
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Fig. 2. Vertical diffusion coefficients (K; m* s™) in
the Pacific, which are inferred from deep-layer
transport reported in previous studies (see below).
The vertical axis (“Height”) denotes distance above
the sea floor. Detailed estimation methods are given
in Huussen et al. (2012). The deep layer thickness
used in the estimation was calculated from the
World Ocean Atlas 2013 (Locarnini et al., 2013).
Deep layer transport was taken from the following
studies: LS2007, Lumpkin and Speer (2007); KF2011,
Katsumata and Fukasawa (2011); KF2010, Kawabe
and Fujio (2010); W1996, Wijffels et al., (1996); B1991,
Bryden et al. (1991); K2009, Kouketsu et al. (2009);
T2003, Talley (2003); M1998, Macdonald (1998).
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Fig. 3. Vertical diffusion coefficients (K,; m*s™) for dif-
ferent latitudinal ranges. Data sources are as in Fig. 2.
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AR, HED Y ONHED S OHIFHNTH % Al6elE:
FEV, MR BED bicly, ERNICER
HRRESN TV 3 KRCHEDH 5, —777T, REEM
&, EERZ & O R eiin g v o0 R TR
T2HDTH-TC, BHHEOEZR+STH 20721
T, MO FEELKPELEZ TICATw a0 E
SIHBAHTH 2 L I MEZLA TS,

IR AT BT LCDW Dk id, 38722 @i DL
HCRERICHECE R VIR EMBERIRNTH 212 D
b 53, 2000 FE IR, WHP FEHlic & - ¢ LCDW
DL IR - 7 AR 2 EE T % (Fukasa-
wa et al., 2004 ; Kawano et al., 2006), Z#uix, WHP @
Tofrbh - BERMEEHICE S SR EEN o R
(Uchida et al., 2007) T®» %, HEMKE AR, F
I LCDW O ICih > T\WB T &, £/, AlEmIEA
EEANDLCDW DAL TH 530S 72 3 »
(P06) TLOEWI L% EDS, LCDW Ot ABDHHD
DD TR AHMEIRERINTWVE, TOXI %A
D228 — 0%, WEERIGER O FF I FE S R I A
SN TELEMBGE KF1IXT) oBflis 2 2L —
varTh LCOW mARDFLE LTHEINES L
PR 2T %28 L TRIN T3 (Masuda ef al.,
2010), ZOFEFIZ, FEOMNRENEFRT 5720,
HEEENIR RIS C B - TROK D N T 7= A28 7 v 5k ¢l
HWEHMEY S av—vavziadTs7 2R AT
LEHOEETH Loz, L Lers, Zolfky
AT LDEBOZEICE D 2 2T oW E I HLY A
nNTwzbliFcidkwe, #lziX, co7F—2RLy 2T
LTIFER SN T WHEGI RS, LCDW A D 584
AR L L 725 A G R B, B L W55 o 72 R
Wb THRESH 2, T EEEINE, FEE
b6 TEEREBREL TOERNICTHL TVv 2 L3S
A\, Fiz, —MRicT—2RLY AT L%, BIEE,
WM ESS, TGk bL 3 2L — 3y OBRERE.R
ElXOWT, ZNEFNDOHEIL LIE2RTEAZHEL
7mECHEBLTY I aL—vary LBHOKAZ2ITS b
DTHY, ZOHEHBMEBEWENHFET 5, ZOEADK
ERTLERDL I ab—va Yy EFIVCE > THIETD
BIGEWHKEL B LD, 4T Lo —DRERT
Fswv, EREEIL, FEOMIFRICHY 6 Tw 37 —4 [

b A7 LD TH, HEEOMINZ O TIEICE
WHBIEREITERNNBETH S (F1 212, Estimat-
ing the Circulation and Climate of the Ocean (ECCO;
Forget et al., 2015) & Estimated State of Global Ocean
for Climate Research (ESTOC ; Masuda et al., 2010)),
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WhW B ACAEREREEAE, BRI & B A
EREPLLHS % X 5T (F 21, Matsumoto,
2007), FEFICHNEHRECIEREZ L Twd, TOIL
o, KEEZED XS KB LT HIEER B b 56
EEHETDICH > T, £ L DBEINHZRICE VLT,
C DARFEFREIE K O AT 5 S R 5 o FE e
() L LTHeshTE R, {EoT, Hlikiie
SR E D o TR TEREKOIEER 2 HE T 2 O I3 HE
Thd, RENZERNE AR L 7 #REE #Fik
ZHATHM L S5 DWiR L ZD %25 I EHT
25, HLETCHENLZLOTHH- T, RENELS
B o N AN BIEREE, EROEE DOREC D 2GR
EHOCKBEL7Z20 DL 6 AR E v, R,
WERICRTSINTELBEREBEIGICL>TE, b
L—H— DKM E T ABANTHRVHS b5 (B
E, 2016, #Af8), 27z, JWARFEFHEREKOIEERICD
WL, WERITbNTERLLI R ML=V —THDA
IZ ko CRib S N7 1EBR G (121, Reid, 1997) & ok
BTN EINIRETHDEFR D, IHICIE,
HREWNERT DKL - BAEOAL LT, FECKEREOD
HBRKEDRAEDEEDIVRKEVWDDLEEZ LN,
fitoT, HELERBOIERE ERNICHET 2 LT,
HiE - EKE L DRAEWE-—O ML —H =DM 5 R b5
HEERICONT LT, KIRSTRE O ZRM 046 % HEE
TOIMENDHDLEEZLND,

4. HEKORBEER

AR AR B D 26.7-26.8 0 (HTICIE, SREMY 2
oG YA Bl s (B 212, Talley, 1993),
RFEREA L AT 5 Tw % (Fig 4), CORgE
&, AERP PR RS D RIE 0 K ASh B I ik e £ o
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Mea B AR, RE - TERSNZb 0Bl N T
w3 EEZLNTWS (HlZ1F, Yasuda, 2003), D
RN S N B EERICE TR TR O EE
WK DB S N BYHED A R =Y 7MW TH B L5,
BESEORFIZA A —Y 2T 2 LHESN S,
F R = 7T, ZFOMIKICH Y, JbFaRE -
KB CREmEREMAKDSTER SN S Z EHI6 T
%, COBEMKO—ED, A k= 7N CRAEE
2T, KT EACTE OB ERICHE D AZ NS L
Ezbohb, TOFF=Y 7@ TR NIEAKE T
BB & % e 258 U IR ok L Zfas b,
COLE, AF—v2¥Eh ol LK, HEoR
WERTEIRS (B1212, Nakamura and Awaji, 2004 ; Yagi
etal,2014) 12Xk, HLF vV hYEREILRNTE
7oK E DRATEEL, BRI X - TILiE M £ T/
T 5, BENC & > THICH% SN 2 ¥EAKIEHE 267-
26.8 0 FHT TR I RIS DRI T H B, T
DIz, B FOKTIE, ERAKD DI & - TH B
i3 (Yasuda, 1997), BElic X > TR N9 5, bl
i E T, BEE AR IMEE S BI Sn B
L7, RERCEECHEBCERERBAPBEIIS L
%,
SRV, FEA T 13 B DR K 28 B
BRIES (42°N AhT) 282 CHEVTI R Icik s h b
ZETIEEENG, Z0—o0MBRE LT, BEicho
THE S NTARIEAK S, dEE ik, REO A
OEEBMEARE O SRERESICLVEENT 2 LT,
fER & U CRED K E ORA OFED D Iz & A ENTE

MICER BRI L e b, SFHRIE DTN E U T 2 B 8
Hlsfn T3 (Kono, 1997), Z DULEEDEIEKD—H
X, ZOMWEZRL O OFEIC X o THiA I, FiiH
& DR ORA/KIRIC AL, Bl Lo ik & T
FEL, iR R i BARE 2 S i N & TR S
BRET- D3 O G E N T % (Yasuda ef al., 1996;
Maximenko ef al., 1997 ; Okuda et al., 2001), —J5 T,
HEEikt g o 150°E fHE T, RFTI 2 EE K i)
s 5 L3, EWam/No @ EEhic gy
—RRER B EPRESNT D, TDT LI, 150°E
TORAGAEIET TORED, LR TTEICE T 2o
INRHE DK BRI B & E 2 LT T EERRL
T\ % (Hiroe ef al., 2002; Masujima et al., 2003)., 7=
B, RAKEEHRE N OEEK DR SEITIE, B
BEREL Tl B 7 v v b2, 45°N fhiE % & HIC A
MR 7 vy MBI TOMIC X 2K FERADEST
HHEIERSNETH S (HIZ1F, Yoshinari ef al,
2001), Z DIREKE TR S N LR IE K,
BB O RIATIERICR > Tk S, HEVIEERE O
JROHIHCB SN S, 72, —HEHCRATHMNE
HgEHR, 77 AABUATAL, HERICET 2460
B 7 AR A (FIEREE) OIGE 2> T B T AR
EN T3 (Ueno and Yasuda, 2003),

Zo&Sic, PEAKOEEBRICIE, BABREIKE
(BEboTwazd, RABEBEZDLDDIEL TN
T&E7, HlzF, HEF 7y FRMVWIES 7y b T
HDHDIL, FrRY VT (FHEHLORES DGR,
K DARE TR DR - I i3 2 RIS & o0

CTD Salinity for P14 179°E (1250:1)
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Fig. 4. Salinity on the vertical section along 180° (WHP-P14), from WOCE Atlas Volume 2 (Talley, 2007).
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Fig. 5. Salinity distribution on 26.85 neutral density surface, from WOCE Atlas Volume 2 (Talley, 2007).

DEEXVEOHKPTERENEHR) TEL S L
W (EYV) EAOEES IR E W L) RITHER D H
% (You, 2003), ZoHi%Hi;7 v b colEEE, K
SERIC I R BT IR IEAR IR 72 K & & 72 6 9 L [FRRIC,
MR ICEE SRR EERS LI R D T DD,
HFEKOZE 2T ¢ L, HEERHEIT O P IEREE O T
D & 5 AR BT 2 HEAKD NI EE D % A
BEVEDS B 2, F 7o, WHFER ORIRARIE 22 /K & HiEVT O
AR EE OWAK D RERMICES D A KB HARRET
SRS N D 2 &k, 9 LIRE QIO E D
WIZ & D AL B TEILHBONR 2 E OSERGIBREAE S

M/NEOBEEE X OO OREICEETH D T LER
ML T35 (Inoue et al., 2007), T 5 L7RABEREE,
WEHOES —ODWKPHD &5 71 v M TEEICE
MxhrRENLZHERTHD, FHENE, L2L, Z
OHERZ, R FHICBI2EED 70y F o cH
RIGIZHEL TV B 720, ZORMFERIER - S~
HEHPERN, MENICHOPICINTYwRLIFFEAR
WIRILTH 5,
ARl oW TR, 20D 2 hic i
COMEDRB I b TE, LirL, FTHEOBEEEE
OB OERNIZ, FEHICHEETH 2 EHERHI SN D,
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5, HEOERIFKDIEEAA K — Y 7 NI IRE
ENTWw3 (<1Sv; #l 2%, Shcherbina et al., 2004 ;
Fukamachi et al., 2004) iIcb b 53, ZTOLEHE - i
RIS G N IR 2 S HE D 7 v v ki
boTkED, &40z NKE BIZIFHES) & RIS
BEEECHI 2 OMIEHICEE L wh B 7D TH D, I5ITIF,
MENDOFEGPEETERVIEMBEZEEENcER
FNICHET 2 0L w2 L b iBIN o EELZE# L
LT3, EARTEREK E B RAT T T S
NG ERKOEEELZIT T»5 &IN5 B R
TCORBMWZITEE &K CZ 025, BHEOWE (i
%1%, Macdonald, 1998; Talley, 2003 ; Kawabe and Fu-
jio, 2011) TEZH->TW3DIE, Z0X>5%ZEHHE D
loThsrEEILEND,

EIFE W 2GR O 0 — )<, dIETiE, JbX
TPEDER/NMEE T D24, ZEp#HEIn T b,
Nakanowatari ef al. (2007) 1%, *+— Z7H#c BT 55
50 FE DA E LT & 7 AR EE R AL o i 17 o JF A
X, EEEENKOEE OB TH S I LE2RERL T
%, £7, TofmED, TEIEHMPIZHEFoTWS
BerERLTWwW2, &5, Nakanowatari et al. (2015)
&, AERFEEREK O 50 SER ORISR WEE P L o F
MREGKE TR Ehs 2L 2R L, ZoEl»RD
A X RN E OZL BN H 5 2 L s, RE
A c B W TE, T IC & 2 HEIEER 022D
HEZAICE S FEL TR Y, ot h—y 7ozl
FEENCRKBLZDOTEREVWELTVWS, £/, &
D0FED LY FEBET2ELRERIEE Wbw3
1976 fEDRMEL Y — LY T b THoE LTV B,

—J7T, KB X - TRk o b E
WO ERA D LEZHWE LR B hbh
T&E7, BT —2 %A LIFE T, 47°N & 24°N
128 W TREE T 1A O 3 oy i N DARSE AT A3 3
NTEL, MBI S R ICB T 2 BRI ARHAK 7
T 7 ADOIMCERT 2 L wHERLREINT»D
(Wong et al., 2001), 137°E B 2840 Ficbz bR
B © & AR IR L 23 H S T v B (Nakano
et al., 2007), HIEKDOZAZWHTDOHRAKT 5 v 7 22
{Bizsk® 5 Wong ef al. (2001) DHE%L1%, Jad Nakano-
watari et al. (2007, 2015) OFEH L%, HAHICIZEAL

7\, A k=Y 7T OB HE S R B R AT
o FE, TREKORIEAKDKREE/NEMES (F 21,
Ohshima et al., 2014), LU7=23- T, i&EBLEST LLRTIC
BT K DESEED INE I o T ABIE 72 & © RIBITIT VK
b, EBBAETRICEE L o o EHE A K & SR
HEH ETHEE S Z LItk b, BFEKIZSHE
i Lcid & EEERAICENMT 2 2 L3RS, St
PRI CBLA S 7 R B RIE AV I B 3 R Ko e,
7272 L, Nakanowatari et al. (2015) »sth@{EiE (o F 72
B E LT BIC & 3 P EER O 26— R 72 %
HoZCREES N2 boThhiE, FEHNBTOS
2SR D DOAT, HEO—BCEE/MEL SRR L
ThiFEekRcEElicE s kv, Led-1T, BE
KT WEELE X CHIAL T Th, g
EY 0o tBETEDORBEZML 220 TIE AT
H5, K0 FEMITT HMICBVLCE, BREE
DAEICEIESTH D, BUKED —EL Twirnik
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A review of observational studies of circulation in
intermediate and deep layers in the North Pacific

Shinya Kouketsu*

Abstract

This article reviews observational studies of circulation in intermediate and deep layers in
the North Pacific. While meridional overturn in the North Pacific is relatively weak in compari-
son to other basins, deep layer observation studies show that the vertical diffusion inferred
from mass or volume conservation differs. Large differences are present north of the North Pa-
cific midlatitudes. The differences could be due to large mooring observations capturing high
frequency transport changes and influences of long-term small changes in water properties,
however, estimates of overturn have not sufficiently accounted for variations in transport and
water properties. In addition, although many previous studies have successfully captured the
processes relating to tracer distributions and circulation structures in intermediate layers,
quantitative evaluation of the processes is not sufficient to explain the small changes in deep
layers. As mixing in the ocean is assumed to be negligible or spatially and temporally constant
in many observational studies, evaluation of ocean mixing may be one of the keys for better
understanding North Pacific circulations.

Key words : meridional overturn in the North Pacific, water masses, vertical and horizontal
diffusion
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