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V=—=ahrbI=—=r iz b 72692
23N E L7 (McCreary and Anderson, 1984), \»
Thofad, FHAFETIE SST RE T G REE
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FEONLEWBOIR 2 v idiEmE A (SST) 5
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NIk > TREPHEATOFERL R 5@E%2F-> T8
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1991) #f1E, 27— VvoRESERHshELL, (FA
CHEICEmEERT L, B#EN7 FvE2Hls <A 7 ajiil

Fig. 1.
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THIEIWHDEFMIBE L7, BRI 23EFEER
WOBETET 2 D13 A6EER D SST 2SEEER & D HE VA 5,
LW DRR[REREN RGN, —FdbEBko SST 1372
FEOOPIFHEEIHE D I FhroTVEFATLRE,
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Ny 7 Clk SST ORFdLZIFFHHTE R A, £ 2 THl
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T4 —=FRy 7 LIRS S DT, FEALSOSFREELZ
RICRESEL X5 1ch>TwET (Fig. 1a),
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Meridional modes (a) across the equator and (b) in the subtropics: SST (color shading) and low-level

wind (arrows) anomalies. Block arrows in (a) denote the mean easterly winds. In (b), anomalies of SST, 850-
hPa wind, and SLP (line contours at 0.1 interval; zero contour omitted, negative in blue) are expressed as
correlations with a PMM index. (a) Based on Xie and Philander (1994), and (b) adapted from Ma et al. (2017).
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1995) <# A 7w NEEFEE & L T UCLA @ David
Neelin [Gicfpn, KRERNKZE2GE L, ITCZ O
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NV=—=a%b7cHL7cb LET (Amaya, 2019),
BB BT RIEANEET 20 LT, SREE
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Kbt 224 x ¢ SST L DHEICIED 7 4 — F oy 728
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COEBET 4 — PNy 298, EKFORMEKEED 54
U5 SSTIREAFICLHT 2SI L x> TnE T (Yang
etal., 2023), COMRKIEE7 4+ — Ny 723 WES 7 1 —
Foxw 7 & —ifgic, JERRPED» SR ANLED 3
PMM DRy 7zfd& 2 Ev L £3 (Miyamoto et al.,
2023), MRESEEIL, FRE TS A L5 Subduc-
tion Window (Nonaka et al., 2000) T & b, gk
SST #EHLAME b B HEFE b~ 2 L 2h 5 (Liu and Alexan-
der, 2007) PRESIN T E TS, EEREEFSLIZ S
WIS N DT, EAOEMHESEEHE L TE
ZDLERHD T,
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WECELEN 12 LR O R 7 PVEGEE CHINE T, FNE
TOWEEMNZFIZ 5 LB WIRICES Toizizd,
APHBETF o X — PV TOREEZ L o T E
TATL,

HHAGEIE SR NI c LIl S 1 5, fREE 2RI 5
S W &g (Fig. 2) 3z o—fltd, N7 AEED
ViT &N % N7 A BN RO (HLCC) 1&4 T4 — b
WD % I S 0 2 UG A — v D &4 K — )V I BRE)
N3 (Xieetal., 2001) &5, ZoJLPEICAET %
AT S (STCC) W ShEIC A E VW E— FA2 Z ot
HICE > CTERLDDTT, ZIFARN%eA: OB
THH I N, HEHBEKREO/MEL E AR 5 FE
FEL 72 d o T (Kobashi and Kubokawa, 2012), ##h
ETREMINIZTHNZAKE LTbh TE
T— FRD %2 QB R L - EE AR TT,

= FAKIZEERE TR SN 5 b 0T, HILKY:
DS O BRI S ADNEIICHTZE L E < DR % IX
HTVET, fZiF, T— FAERICEELZLFZRAE
EHei Y = v b oMl < (Suga et al., 2004),
ERTRDR AT T v 7 AW R D K& it L TR
BREPEG, L ERBEREBTEE T VOB L REL
iz v %9 (Fig. 3), ¥ OFES (Ocean general cir-
culation model for the Earth Simulator) I & % & f#&:
B (1/30%) v Iabv—varrbAVERLIIT TR
VR — VBSOS & BUE & B AR S N &
L7z (Ding et al., 2022) , IRWiERAE TR S 5 € —

R K A3 R EE B AL AA T 1T 2 72 - T b TP BLE sk &
CHELGT BEEED, 77 a— k& Hv S )
SELSNTWET (Xuetal., 2016),
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LD 5 LR EBHL 55500 £ L7 (No-
naka and Xie, 2003 ; Fig. 4), K50 J2E3HE O KF 2
T KE WD, SST 7u v b DA W Elo i A
WTREAEALENML (SST=T,BKEW, LELT,
FMBERR), SRERA DL L EEREE O K E WIS
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Fig. 2. (a) Schematic meridional density section across the STCC. (b) Annual-mean surface zonal geostrophic
velocity relative to 400 dbar (color shade), and sea surface dynamic height referenced to 1,000 dbar (con-

tours in cm). From Kobashi et al. (2006).

BoTED, 7uv b AT — L TIREBENSKGIEREIC
BELERIFT L 2R THEERIM Y (Small et al.,
2008),

IS OFEBMREREE E 2, ILEERFORARE
=3 A, BEIMREORREBS AV —FLT, W
Zefii 5 GPS Vv 7 & 15 R B o KI5 FLE
~NDEER L 5 2 % L7 (Tokinaga et al., 2009),
HAFEOHR M E A & JAMSTEC OB IE R & A AR
2 HEAESE HotSpot 7 = 7 & ((BfF 5, 2019)
Nrhz I LICHRESE, 3EOWIEMI Rtz it
A CRIRELI T 2223 L £ L7z (Kawal et al.,
2015),

4. WIKCRER(E  BEOELE JVRE

2007 Fiz R 2 B 2 BURE <2 v (IPCC) 12
£ 2% 4 RiMilid & F A FER S h, FLEIPCC A/ —
WEEEZE L, HERRBEHEEICIZ S Tickhniy
DPEEFDE LTz, bk E20084FICYNT 4 HV%E
Wz Eicikh, 2% E > ICHT O ZE KEE
AR L T S EFEXE Lz, 9846 EilEl
W citi%2 Y — 4% GFDL £ NCAR A7 ZkiclL
F U7, RERFRIC & 2O FIRIE AT ST i —kk T
37, 6Dy = E2ERT D55 LREHIC
Bow, 208 = 2R THT LI E L, ZDFER,
oD ENTL O E L, T IZB OMKIZIEE
Kl $ —ick->CikE b (Fig. 5), LA b %D SST
RY =V FHBHEERKBEDO 7 4 = F Ny 7tk > TES
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Fig. 3. March mixed layer depth (color shade and
white contours at 50 m intervals) from (a) Argo ob-
servations, (b) 1/30° and (c) 1/2° OFES simulations,
superimposed with sea surface height (black con-
tours at 0.1 m intervals). From Ding et al. (2022).

N3k9TLk, TNLDFERE L DRI (Xie et
al., 2010) #% Journal of Climate IcZH XN £ L7, &
% H Nature Geoscience gz Bkd 72 5 &k {7z & 14 b
PHICODEE Lz, BOABFEL I EZEZDDALR
LR, RXEFATHALL, ZRHFFOHD DR
W3 BEtEmE o D £ L7z, FEi Nature Geoscience
OMER DT B OFwE BT, BloWrkE IciTm %
EHLX WAL 72 %5 7 (Clement et al., 2009),
WEAIC X > CHEDLNB CTHENIEA L LWV
wet-get-wetter i 23 L LY 72 o 7z Dk L ¢, SST /¢
Y — v Z 2R EIET 5 L v S K5RIZ TPCC
5 REEM A 5 & (Christensen et al., 2014) 1ZHLD
Eon, AEBEESMZMICDEELHREINTOE
T, RERFD CO, RER 2510 L7256 02T

FE D _FRIE A 5 SRR IS SST 89 — v 23ib -
TBb, HHENTWwE T (Rugenstein et al., 2023),
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F9HICA My 7KL LT 100 B0 E OB ES
B350, PEBENIEO MRS E 2 KR T 5 25T,
BI4AFEEZRBELTCSMLE L, / —NVEBRESD
DN B HETOKEI— VT, 27 2—F VEIFEM#ED
TAF—BrhE L, KRS N7H b KRS
FEEWE T sE AT, —FHE > 0EME, T1997
5 15 FMICRIRTREOWIMFIZ LA LRGN
75K, R AR EfE0 iy AEE T VB2 L VLo
TlR7EWwhy EwsdboTLik,

Fixz o 2EMETNC, RERFKKREZO/NES AL
Nature 351 BIEGR X2 FE L % L7z (Kosaka and Xie,
2013), S TV O FHIFEBRO X 5 IRELR
AR 7% & OGRS E AN S L, 2FIREIO/RO
O IIRIFHFVEML, BEROBIM & 2013 FERFRICE
WTIAREL TR TV ET (Fig. 6), LA L, E
HARTHEOBLZKIR D T 7 IVICID AN s L, FRfto &
I EELIFE—HLCwET, Thbb, ARE
gh & U CEvFARTEE KRS 2 @ 15 FERFA L, 1RIEL
NATAZA (B 2b76 Lzl icizbh 7,

NA A YRR BLEE b, Nature 7
iz b DX EERT BRIz HEL, L0
XiF 2013 FERMBEIT R O BE R ERICHZBENF L 72

(Van Noorden et al., 2013),

4.2. BEFERERRLE

KV O # A FEHREIRE) X 90 F£R» 6FH S, dt
KR, R HARE 7T & 2 B cIRIED K
L, HLOMEIK SN TEE L (Qiu, 2023),
JAMSTEC D% K3 & A @ OFES £ 7L % Bl o &
S CEENT %k, @R S M S 7Y A &
X {—E L Cw%¥ (Taguchietal., 2007),

MBI 2 AP VR IE R R OISR E SR 5
NTEE L7, ZLORMEE TN TIEEMGTRARL 20
%4 (Sakamoto et al., 2005; Yamanaka et al., 2021),
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Fig. 4.

(Top) SST (°C) and (middle) surface wind speed (m/s) averaged in April-June 2001. (Bottom) schematic

of vertical wind profiles and air temperature (brown dashed curve) across a sharp SST front (blue solid).

From Nonaka and Xie (2003).
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—ODAREMEE LT, O kok LEbATIEARL, HEiHE
AIRZ DD OPWFERBEMEREZMEL T 209 d LN

A

ZICREEZTIC, BERIERET LV (GCM) T
KRS B EEE L CAF Lz, ZOE, G
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Fig. 5. Annual mean precipitation percentage change (0P/P in green/gray shade and white contours at 20%
intervals), and relative SST change (color contours at intervals of 0.2°C; negative dashed) to the tropical (20°S
to 20°N) mean warming in RCP8.5 projections, shown as CMIP5 ensemble-mean 2081-2100 minus 1986-
2005 difference. From the IPCC AR5 (Christensen et al., 2014).
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Fig. 6. Global mean surface temperature anomalies in observations (black), historical (20-member ensemble
mean in white curve and spread in blue shading) and tropical Pacific pacemaker (10-member ensemble mean
in red line and spread in orange shading) runs. Updated from Kosaka and Xie (2013).



102

(a) Upper layer 0-200m
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Fig. 7. Response to a 4K SST increase: vertically averaged dynamic height (m, color shading) and ocean cur-
rent changes (m/s, vectors) in (a) upper (0 to 200 m) and (b) lower (500 to 1,000 m) layers. Adapted from

Peng et al. (2022).

o LA EEEN AT 20T, ATREL, ®
TINSWDAER Y ET, T2 L, MAEOHMTRE
MfHE b 4, 22 Cc—oOMEIREET, Z
NIGEE T 2 EEOEESZE DL R T N, ARVF
Z v TEREIZERL kb, Bz ntns LT
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DIEIFFEIC e b, HHEEIEER T TR DNE
WbhbW b ETOYA K- UiEEIc b 29, i GCM
DEE R TH B L, HEric EEOIEN T TR
L IHkEIc > TcwE T (Fig. 7 Peng et al., 2022),
T S 2L SRTERE 2 U 72 ¥ o BB 2 I G
LETDT, TOEICARLVET Y T - A4 F v
ADNBVEINEE 2 HIR T 2 2 itk b £,

5. BE I XINFX—REFEEHZEDORE

KL OWEZNRA A DIINC & o THIERDSIE A £ 72
D EI, KR IRICE T3 T E RS oEMms (B
i) ORED B WESTIN L, WE(LEENL v &
T, O XS IBHEOBIIUIATE—RE TR L, BBKE
JEIEER DI AIAAE & O BRI Z 2 hic Y7z 2 0K
PEERAPEICET L TWw T (Shietal, 2018 ; Fig.
8), & I ARG E EEIES X 5 ICEHRZ T L
ZNIEOREARD D ZE DD £ (Huet al., 2022),
HEE DB AR & e - RAKIEER D2, WBE -
KEFEA DR m7ary547ELT, 9EHSH
TWwE7d,

EYoREENL SR — L2 FHEL, = 3xov¥ —{RERI7E
FEA-> TONER—VOEREFEZFHcE T, [
Loz —RECEIOEIERIREI LT
9, FLVLELNII Xie (2023, 14.4 fi) cH#H LT
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Fig. 8.

1861-2005 trend in net surface heat flux (color shading in 107" W m™? per decade; downward posi-

tive) in CMIP5 historical greenhouse-gas single-forcing run. From Shi et al. (2018).
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IMEBENRA A & 2 FiliEEZ 2540, BEHmEHIK
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il d, FWIREE LS ITCZ omitEHEIz/NE»T
T, Lo L, MR EACKEREOBIIIE ZhZ N T
BB I2EE» S OHES, BLUYAMOC (Atlantic
meridional overturning circulation) ®¥{lic & % D
T, EFNVICE > CEMZEOENEHTET, ITCZH
MItBE T 2 I0EBHE I N TWwE T (Genget al.,
2022),

—H, KBtz KEtd 2 ARERFEOKRKR T T vy v
IR TRE WD, £U SBT3V ¥ —mIEiRkEZfl
57, EBKEEGHEERL R VEEREAEE VT
ITCZ W RELHICBET 2 EAAONTVRES, L
L, dbEskomEotrduiEsE 2 ik L (Fig. 9a),
IR AN DY PEENEA DG Z B 72, KRIT K BT 20
¥ -l RE /NS CFEAET (Fig. 9d), Lo
T, VBRI DL ITCZ OF~OBE %2 5 2 LT
720 %3, AMOC OS8R HEZ T R WRTFETIE,
R CILAAARECHERT 2, EEORVIHEG I
figER (STC; Fig. 9b) & Bk I Hk L ITCZ oM L%
A HEIE AL >TwEd (Kang et al., 2021),

SST 8 —v&fliciEz 5 “HHl fHEHELES
T, TOZFNX—3 SST 2 icffeb$, Zig &
e D KA ARG OMEL A VX —T7 5 v 7 2D
FIREEZZW TN, BFICRT OIRE S THITE %
vy, BERGERE LU fibhTwEd, Ll
ZORKELT, T2V F—EiLOEE B 5 K&
FHEERBRE2 DB CE R VD, HIREE» 5 DK
B ER A W LB T hE T,

KLAL7 v VIEHEFE IS RELLTED, KA
MRS AINEZ TR L, BIHEEIERD 1Z2, 53
Fi TR KB EDLWES 7 4 — KNy 2 SEE L
PMM »8 % — > /¢ & (Luongo et al., 2023), BARZH)
KRN D &S RiEST7 4 — PNy 79034 Hk7 SST /<
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Fig. 9. Climate response to solar radiation reduction in the extratropical NH (45-65°N). Mean (gray contours,
negative dashed) and change (color shading) in (a) Atlantic Ocean MOC, (b) Indo-Pacific ocean MOC (volume
transport in Sv), and (c) atmospheric MOC (mass transport in 10° kg/s). Positive MOC streamfunction denotes
clockwise circulation. (d) Changes in global energy transport by the ocean (black, PW) and atmosphere (red).

Adapted from Luongo et al. (2022).

Y—VEEVHET I EB o T0ET, SSTHHH» 56
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9,
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VEBMRT A0, TRVF—mD AL ST SST %
& — v DR Ree£¥ A (Kang et al., 2021),
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HICHIERIRRALIR R IE T CIcEE L, BESHSICKE
BREE L L TwET, ThE2EBLTHT S L
IR - [IEEOTE R ZRBICORD D LRVET,

WO

CORPRIHED D HRBEFERERIHE, KRB
CEVET, BATEHLTVwRIc Mbs T, ¥4Y
WEITh, Bt A 2R A, FEE X CBERE OB
Wb 6 EHER L B E 3, BHCREICERE D, WY
PSR RE DI E S 5 CIRBENE 7 E, AR
L HEVICHIEL G- T, FHLLIFRICHIRL w5
S2HEE L7, JLK, IPRC, 227V v 7 A THKED
5% L ORFEBiE, HFEMEE L/, BErsERD
RME AT &N, FRCEEL, BRTERLILIRHE
CEEICEVE T,

ARG HBEICHE DS, ~HHHEMAE L, &
CCHEFLLMEDEICET 2 MUMHE LT,
ITCZ FEdtIER PR3 3 (1997), BWEFRPEIEE A~ F
PEAENZH (2002), ZLTT VT EV A=Y IThhb
BREWBHEMAEERIZHE (2024) 2 C2HWEE TR
EEwIcBuEd,
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Ocean-atmosphere interactions in climate formation,
variability and change

Shang-Ping Xie®

Abstract

A scientific revolution was underway in the 1980s treating the ocean and atmosphere as a cou-
pled system. In addition to Bjerknes feedback for El Nino in the equatorial upwelling zone,
wind-evaporation-sea surface temperature (WES) feedback was originally proposed to explain
the northward-displaced intertropical convergence zone (ITCZ) but broadened to explain the
Pacific meridional mode, a key conduit for mid-latitude atmospheric variability to affect tropical
climate. Since the 1990s, satellite-borne microwave sensors led to the discovery of narrow
(<1,000 km) features in the ocean and atmosphere, including the long wake of Hawaii and ubiq-
uitous ocean forcing of the atmospheric boundary layer across ocean fronts and eddies. My re-
cent research probes how anthropogenic climate change is altering the ocean circulation. A ma-
jor finding is that surface buoyancy forcing dominates while wind change is secondary as
illustrated in the example of the surface acceleration of the subtropical gyre. A new chapter of
ocean-atmospheric dynamics awaits to be written as growing climate change unveils its struc-
ture and patterns.

Key words: Ocean-atmosphere interactions, meridional modes, satellite observations,
ocean circulation change in warming climate, energy view of climate change
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