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A spatial pattern of the linear trend of sea level during the period 1993-2010 from satellite data. Unit is
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Fig. 2. A geometry of the thin-jet model. Any point
(%, ») in Cartesian coordinates can be expressed in
natural coordinates (s, #), where s is distance along
the jet and # is distance from the nearest point (X,
Y) on the jet. (From Sasaki and Schneider 2011a)
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Fig. 3. The first EOF mode of Sea Level Anomalies
(SLAs) of OFES from 1960 to 2004. Domain of the
EOF analysis is denoted by the gray box in panel
(a). (a) Regression coefficients of SLAs of OFES
onto the principal component (PC) of the first EOF
mode. Shading indicates the regions where the ab-
solute correlations are greater than 04. (b) PC of
the first EOF mode. (Modified from Sasaki and
Schneider 2011a)
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(a) linear long Rossby model
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Fig. 4. Regression coefficients of SLAs calculated
by (a) the linear long Rossby wave model and (b)
the thin-jet model onto PC shown in Fig. 3b. Shad-
ing indicates the regions where the absolute corre-
lations are greater than 0.4. (Modified from Sasaki
and Schneider 2011a)
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Fig. 5. Anomalies of annual mean latitude of the Kuroshio Extension (KE) jet axis at each longitude. Unit is de-

gree. (From Sasaki and Schneider 2011a)

35.5

T
[uN
—_

T
[
o
T
—_

I 34.5

SLA PC1
o
©

©
~
Latitude [degree]

Velocity [m s™]

o
@

[}
d
5}

1994 1996 1998 2000 2002 2004 2006 2008 2010

Fig. 6. The latitude (black dotted) and velocity (gray
solid) of the KE jet at the surface averaged over
140°-165°E along with PC of the first EOF mode of
satellite-derived SLAs in the KE region (black sol-
id). (From Sasaki et al. 2013)
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Fig. 7. Lag regressions of SLAs of the satellite observation onto PC shown in Fig. 6 for the lag years of (a) —4,
(b) -3, (c) -2, (d) -1, (e) 0, and (f) +1, where negative lag means that PC lags SLAs. The contour indicates the
regions where the correlations are statistically significant at 95% confidence level. (From Sasaki et al. 2013)
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Fig. 8. Lag correlations of PC shown in Fig. 6 with
() the latitude of the KE jet and (b) the absolute
velocity over the KE jet axis. Shading indicates the
regions where the correlations are statistically sig-
nificant at 95% confidence level. Negative lag means
that PC lags. (Modified from Sasaki et al. 2013)
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b B2 U7z 2003 SFHGE~ 2010 SF 07— (=3 - )1
I, 2012) O 2FEE A L2, &, T XTOHIHK
M7= 06, &KEEOWHEF ML Y F (+30mm
yr) LR ECOHFEEMEEE, 51090 ABET
Hickza =827 4 VY EEL Th 5N E2IT> T
%,

HA A OWFFEIEERAE) & HARR FEARMZB O M DIk
EEE T 5720, HEMEE ST & 2R
PEEE O ¥ = R 22 &, PSMSL O iz 51 H A K
£z oM SVD (Singular Value Decomposition) f##fr %
fiotee TOSVDEE 1 E—FIE, WHEDOHEEHD 60.3%
2T 5, SVD % 1 € — F RS a2 80,
PrEtIc HER T — LV CHBL 2228 2R (RRE 9,
7272 L SVD % 1 & — F o # 281 o Ke B %0 Fig. 6
O BEHR TR L IWBH S E D EOF % —€ — F ORER71
LIEEICHEMICLTWD), ZoE 1 - Fo/ERHO
IR RS AL & LA E ST O il = A B OB (R % FH R %
L, BEGRY x v Miciho THAMEZ O KE
WIEDRZEZ 7T (Fig. 9), Z O 22 RRE & 13 Bl e it
Yy bOREIEEIL ORRER®RL, FERICSVDE L
T — F O f R B o R [ B8 & SRe I o i g 25 )
FIEEICE IR (r=089) 2/R7, LZd->T, HA
INERIKAL & e S B O K Z WAL EEPE T O W PEE B
ZENE, BRWFREEO T HERT —VEFHTH S, Z0D
HHFTEEOEB O A H = X LF, 23fTRL KD
ALK I 2 S BRI 42 U 72 VB S R 22 jet-

50N

45N 1
40N 4
35N Nk

30N 1

- 2

25N

160E

17 [cm]

130E 140F 150F
I —

-17 -13 -9 -5 -1 1 5 9 13

Fig. 9. Regression coefficients of SLAs of the satel-
lite data onto the time series of the first SVD mode
for satellite SLAs. The contour indicates the re-
gions where the correlations are statistically signif-
icant at 95% confidence level. (From Sasaki et al.
2014)

trapped @ A E =L LT AEBEL, BE» T TEM
FeisIcERE T 2 2 L TEL TV S,

RIT T O BIHEIRZENAE S HARR R DKL ZEE) % 5
N3 L, FHARDI KA RG2S & EOMHE -
FfRfREcE R L, FHCHNE - BRI RE TR E WA
Zm7~7 (Fig. 10), ZHEE@HTRY = v b23dbay 7 b
ToHL, IS DOHEETOREKY FAT 22K
T, KO ERNICE, BEHRRY v A1 EY 7
NS5 e, WO - BATHIT R R CHRY 10 cm AKALAY RS
%, BRIEWL Z LT, T ORAMAEE O IZIEFE IR
&<, HUbH T O ASFER R T AEE - YRR B L,
FEEAEEET, ZOEDEEROEEHIZERY AT
WALE T %, FARRDIBERKMZAB OS2 1%, GPS TH
ERiEE L7z E LGt o AR T— 2 TH S
hp7:0, WREBOMEICKZbDTIERY,

ZN TR, RGBS IR LB 2
D & 5 AR R HIBE DAL T B D725 5 2 ? ALAREE
HRER 2 5 BRI AR U 2o s R A 1%, B L2k
I jet-trapped B A E = & LT HRIEL, Z0miE6
TR Y = v MR LEALR 7 —uhsfl 7z b,
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(a) Correlation
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Fig. 10.

(b) Regression
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_—
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(a) Correlation and (b) regression coefficients of SLAs of tide-gauge data onto the time series of the

first SVD mode for satellite SLAs. The closed (open) circles mean that the correlation is statistically significant
(insignificant) at 95% confidence level. (Modified from Sasaki et al. 2014)

RIEZSKEL 52, 20k, BElEiisiih 2 EEE
FECIEAMEBORIEIZAZ L %5 (Fig. 11 @ “active
zone” ), 7 HAIBFEEA & AS L7 jet-trapped 7 A € —
FoO—MINFRKE L TREEAFCRUERT 2720,
PEHATHINEKMOEBNEL 2, —F, Hihso
KRR R AR E O LB T 2 72 jet-
trapped 7 A ¥ =BT, IBFEDIZ LA LERHEL
TIhv, ZokOIREENE %% (Fig 11 ® “shad-
ow zone”), TibbH, BEFRY =y FAFEET S
L75, HABREOKMESOERMEE IR EEL Tv
o

RIEE TV X DR FHIOMERIC X 2 &, Bl
T2 o LA & 0 b RELHHRP LR TS
EMRENTED (eg., Yin et al, 200952010), o
W E R EESEROILA~ND Y 7 FERBT S, ko T
FAAARDIGETIE, @RTIEIF—fic EAFT 23K
AT, BEigemsdi~y 7 r 3259, BEKEY ERET
BIENTRENDG, LEd->T, MRoOHKREDK
LB %22 720X, FROBEIFHRS = v FHES

50N
45N -
40N -
L
35N -

30N -

25N T T T T
130E 140E 150k 160E
Fig. 11. A schematic diagram illustrating the mech-
anism for the coastal sea level change along Japan.
The green arrow denotes jet-trapped Rossby
wave, and the gray arrow denotes coastal waves
in response to the incoming Rossby wave. The
blue and red ovals indicate a “shadow zone” and
an “active zone” of coastal sea-level variability, re-

spectively. (Modified from Sasaki et al. 2014)
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5% LB LR ARTH B,
25 BEKBIRETINVICEZAXDIABRES

Yz v MR- TR FEIET % jet-trapped v A E—
Wik, BEEREZ T TlE R A Xy aBiEo+H4ER
VBN EELRAEE R T, A X2 aBiEE
DTAERT — VEEZ ERORLKEBH I T A U A FH
DINFREKMICHET 2 2 L 64 L DINEDTbNTE
b, ALRPEFEIRENC B ENCEE T2 2 LM 6T
W3 (eg., Joyce et al., 2000; Frankignoul et al., 2001),
L2 LiBEDIZE A EDfZETlE, JRPEHIREIC X D
AU BBSEIEBROEEH S A ¥ 2 aBROLHCEETH
2LLTED, ABEROEENITEH I Twish ol
Sasaki and Schneider (2011b) Tix OFES ® 7 —# % fi#
i, A%y aBiRombhicih-> CHTERET % jet-
trapped B A £ —i A%, A ¥ a@Ei Ligomits 7
MCEBETHZILER L, COWHRET 27 F
i, AERVEFEIRENCAE S RS S5 — v O 2B EE R $
5, $l.C0AXaEROBEIBEICHELT, o
I T OPHER OTEEN S 20T 5, DL EORERIEK
THERDZEIH A X 2 aBIROMELE O FHATH D,
ZDAH=ZRALE LT jet-trapped B A E—IEBEETH
5ZLEARTHDTH D,

A X ETEIE, PR TR O RN DB
b2 fE 0 1 > TH % (e.g., Minobe et al., 2008 ;
Small et al., 2008), D A ¥ ¥ ABFDO4ER T — V2
#it, COFEBROBNT L RIcHFEL 5 2 5, Sasaki
and Schneider (2011b) & * ¥ & a2 EH B TEAE O B
T 24T, ZOXF T aBEROTERT —)LTOD
b (F) ~oBEHCHE Y, W ol ERRAZL,
AFx v aBRY v~ OFEIN T OWERE AR LA
(EF) $22 2R LA, ZhICthy, X2 2B
TOWHIET 7 v 7 A7 EE (FHE) cizb, X
¥ aBmic S wREAKR 7 v v igss ()
%,

3. MAFFBEHRGRIROTEIT—ILEE)

Fig. 1IZ/R L7z & 512, 1990 FEAR BRI R FE o
PRH A 5 VEER T3 R E SRR & D & R E T

ERLTWS, 20 kL v RIZHAEIER M2 0,
JR R A AR B & W E N 5 REREBE—FO LY FIiC
HBHEDERFENTY S (Roemmich et al., 2006 ; Qiu
and Chen, 2006), L2 L, #EEEEETHCK21CK2
THAEREDOF—2TIE LY FERHEE OISk
FEEL W, — 7, BIfEE D S REBMILIRT O KA T — %
BHReh2b00, FT—2IHRFICRO6NE -0, W
HETOBNEELS 25 2 LI3H L\, Sasaki er
al. (2008b) TIXFRESEFEH X b B0 7T —2 2155
1% OFES OfH % v CRIAE I o Wi e E o K JH 3
BEEZDAHZRXLIZOWT DR 21T 72, BT
¥, OFES @4+ /71 ijv» 72 NCEP/NCAR Hfi##r 7 —
Y OFFERCOMBEEER L 1970 ~ 2003 4F & L7,
OFES o & E 57— 41 EOF @i #1715 &, 2D
BE1E— FEEAPERLATLE =2 -2 =5 v PO
8 2= i CIEDIRIEZ > (Fig 12a), < D22k
R R R S RN & B EE T — 21 & il R
DRy —v EHFEPLTWwWSE, TDEOF% 1 £— Folh
Mo T & 3 EE BN IR R IR $ % 1993 45 LUK
WWEHT 2L, Ay 6 Eofflic L TED,
COWMTRZ LA FFEoEESEIREVER ML
¥ FZ&FF> (Fig. 12b), L2 L, 1970 £ 5 2003 4T
Rl EF ML Y FETHERT —VEHO—HTH
b, 1970 ~ 76, 1999 ~ 2003 FE CTIED HLHH, Z NS D
R CIEMIRBE DTS 5, Lich > T o EEH
MM oW S E R EFAL P Ly FTidaL, HHER
T VEBONHZLORERTH D, =2 —Y—FVF
R 3 7y FTOMIfEH T — 2 L o Tl %217 - 7 f5 3R
L TOHETEOF % 1 £ — F o RS L 95% S
THELRIEMESS D, 2 1970 FEE 2 D KA D4R
TbHEHN, T OFES OfER%235Hd %,
COMHIEEET DA H = X LEFAND DT RE
Wa A —KEFTVEH W, £/, =2a—Y—5 U F
O¥EAERL, Liu et al (1999) DER{LEICIC= 2 —
V=5 v FREBICAS LIcBIERE e A € —KARET
VE VKT, —a—Y =5 v FliEL» 5 BURRIEE
FoAe—e LCHET 2 ELHAANTL, O
R, MIPRHE 9 R € =T 7OV AR I S o 7
HICr I COIEDRAZERNICR L HHT % (Fig
13) £ A VB CORHBELHDRLAG-TE
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(a) Regression Coefficients
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Fig. 12. The first EOF mode of monthly SLAs of OFES from 1970 to 2003. (a) Regression coefficients of SLAs of
OFES onto PC of the first EOF mode. (b) PC of the first EOF mode (black line) and an index of decadal ENSO
(gray line). The sign of the decadal ENSO index is reversed. (Modified from Sasaki et al. 2008)

Regr. SLAs of the linear model
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Fig. 13. Regression coefficients of the monthly SLAs of the linear model from 1970 to 2003 onto PC shown in
Fig. 12b. (From Sasaki et al. 2008)
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D, COEFH L C=a—Y—=F Y FOEIPLDHED
B DIARDPEETH 5, L7k > CrEAFED R E
DTAER T — VEB)IRSIEROZE & LTSNS,
BARIC & OMTH = FEZEE) & WS § 5 KR5S 028D
WTEN % &, 500 hPa SFEMIE R Y — 3T
B BRI A, R RZRICERAEE R D, MR
WHE T S h T 7 BMIRE) Tl 7 <, PSA (Pacific
South American) ¥4 — > (e.g., Mo, 2000) IZZE{LL T
W7z, PSA »8% — 132 ENSO (El Nifio-Southern Oscilla-
tion) & B L Tk b, BKFHE O ¥ &L L H IE
ENSO o HEZH LR L TV B 2 LR ang, &
BRiC, TEEDT =827 4 VY 23 R A DR
7K IC EOF f@#fr 247\, 20 1 €— FORRIIL
L CENSO O HEE# & EXRT 2 &, FATIREHEE
EOF % 1 € — F ol L oM cE v A DB 2R
(Fig. 12b), L7z23->C, MiEEERHC L DBl Nz
VLA D R RTE D B BVIFIE B Rl & £ 5 g B L v
FiZ, ENSO O-T4EZECAIRE L 72 KEAZEIC X b i
SN B ABIEROHER T — VEBOMHEZMIC K > T
ELTVD,

4. BBHYIZ

DLk, BRMREH, A ¥ 3R, B & ORISR
HWEBRO TER T —VEBE ZDOAH =X LITDVTOD
FEHOBM T — 2 LiFHERIEERE 7OV OREIRE v 70
REMALTCE e, TOFTAH=ZZALIZDOOTIE,
WP ERET 20 A8 —HOKRENEH L7z, CORH
&, PIRBERRECHERAT — )V OEED kT 2 A
ELT, BRAE—HEPEET S LIk RADEHE)IC
X OIS N BEOB IRV EETCH 270 TH D
(e.g., Schneider et al., 2002 ; Sasaki ez al., 2008b), Hi#
el & A ¥ v aBEmElicly, KAL) X - CEvET
SN 7 F U, Yoy M- TEKT 3
jet-trapped @ A & — B HER T —VEF DA H = X L
ELTHETH 7, —7, MAPTEHEAEIER DS &
i, FU L RLREIC X b B S 05 s
LTw32, MERERo A —EBEETH-7, TD
SR DA A = X L OENIE, FAEEHEEIER O
FREFRRTHZ2HEA—A LIV TR ZORRTH %

Y A<wv7ary bomng, BEEIRS A X2 aBimic
RTHwI LigERLTWw3, $hbb, Mot
Py FOEENEEL 50 A —HOMWEEREL
Tw3, EH50MEHDOT R —HAREERICOWTIE,
7wy MCHES Ao ALARLIC T % R E R E RN
FLOFS5THRBL LN TELLTRINGD, Th
KOWTESBROBETH S, ZOOFHTRTITEL
THER T — VAT EOEEICER L T b, i
Fhk & B AR BV BR T D H4E R 7 — VE B DA
ZAVAZ I O MIBRIRIE(LICHE S & Sh 2 HEEO LA
FLY FlckELELE L Twi (Fig 1), 20 FEHEEED
T =225, W ticES LEhs Ly Fict+4F
AT = VEFPEENTOIOTEENILETH 5,
ARETHMA L& DS, WY = v b OFEIZZER- A
TV B SRR M OEE) & KO 2 &EH 2R L
Twb, RPFEREETCOTHER T — VA, BhEd
20T H B RLAEHH EF L 1,000 km 4 — 2 —D2E[H] 2
=V EREO, —7, BAE—ETEHERRL R
U CHRRERMEIC A L 2 HER T —VEENE, & b/
SVEMA T —VOBR, HHEEIEEIRIBEAKAL, 7K
H7ay bANEHEEEZ 5, S5ICAEWERTEKIR
Juy bEBELTRKEANE 74— NNy 7 %52 275
D H D, TOHTHRIC Sasaki e al. (2013) 128 W T,
BEEERH T — 2 A N7z jet-trapped B A E = &
L CERKT 2R ToeM 27 — L offid (Fig. 7) 133k
IR CHIRTH %, EFEOEM T — & 0WFERNE
BRETFNVOEMBERENMC XD, DIENC AN S »2EHE 2
=V OBRROIEEEIEA TV S D (eg., Kida et al.,
2015), B zZEMAr — VEOMEERIZSHOEE
T —<Thd,

R

CDRCRLED 2 HRBHELARMHE2THE, KE
HRTT, MHEOZEHICELEL T, HE - EELT
W REFICESE#HCZLET, ThETEHLD
FHRICTHRESL TR EE, Rz ks oLy
TEZF U7, dWEERY O RIEERERBZICIE, AR
ROWEHEL LT, MMEFEOVAEIL, wXDOHF
&S, MECOOTOLER - BEX T E TR TIRE
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LW &% Lz, ¥BERFEUCHRED ERlE L
T, HEX D REBHERICR-TEVET, 5T Rk
HRICHEA TP W EEZERTE TR LIEREY
HCTHRREBPIILTEDLETY, Thhbd THHE
W2 E BnE T, FdbEERY T O AAITE
BICRAFZFRE L LCHTE L 7o 7 A R ERRRY
PEffFZE £ ~ ¢ — 1%, Niklas Schneider #i#Z DIt T 2 4
Fof, FAFZHHEE &V BEERD 505851
bbb FTHBICHEZ STV AEEEE L, T4IC
O, FEO X S IR DIFFRAEIC D W TR U T
Wi 72wl T LD, ARETHA L7z jet-trapped B A E —
BT 2 —~HEOMIEIc OB o BuE T, £72H
LA N7 A4 KFD Bo Qiu ZFZIT IZAFZEIC D\ THIHE 72
HEFZE LT w23 Tlidinl, N7 4 ToOENEE
WKBWTAREBHIERICRD £ Uik, dGHEEREORERE
WA, FAERRICIIFAD AR L ORI %2 B S T
W2 g, HESFRUMAE LT TwiZnTE
hgd, zhblsticsy, S BRI - R ED
oy, HAMEEOH 4, AHROMEED 4,
MERDHEEDTLICH, TOE%2 B0 LTEL BAL
EFHLEFET, %D, X0 —EoIiHEIHikEs
B0 3 k5 BECHL EIFET,
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Theoretical and analytical study for western boundary
currents and their extensions

Yoshi N. Sasaki’

Abstract

Western boundary currents and their extensions play important roles in the climate sys-
tem, such as by transporting a large amount of heat poleward and releasing it to the atmo-
sphere. In this article, I review studies for decadal variability in the Kuroshio Extension (KE),
the Gulf Stream, and the subtropical gyre in the South Pacific including the East Australian
Current based on observational and numerical datasets with an emphasis on the mechanism. It
has been known that decadal variability of the KE exhibits a lagged response to atmospheric
fluctuations by several years, suggesting an importance of Rossby wave propagation. However,
the advent of satellite observations and high-resolution numerical models showed that the tra-
ditional linear Rossby wave theory cannot explain spatial structures of the decadal variability.
To overcome this problem, I proposed a new mechanism in which Rossby waves propagate
westward along the jet, referred to as jet-trapped Rossby waves. The jet-trapped Rossby
waves can account for the speed and spatial structures of westward propagating signals on
decadal timescales. The jet-trapped Rossby wave influences the strength of the jet and eddy
activities around the jet, and induces a strong spatial contrast of coastal sea-level fluctuations
along Japan. Also, this jet-trapped Rossby wave is important for decadal variability of the Gulf
Stream. On the other hand, decadal variability of the subtropical gyre in the South Pacific,
which results in recent prominent sea level rise and the spin-up of the subtropical gyre, is ex-
plained by the linear long Rossby wave theory induced by wind fluctuations associated with
decadal ENSO.

Key words : western boundary current, Kuroshio Extension, decadal variability, jet-trapped
Rossby wave, sea-level rise
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