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W% JE/REiE-% # % 3 (El Nifo and Southern Oscillation, ENSO)xt Ak A FE#M AL H EE W P H, W EFF
R BEd Rl e U R ENAESE. LN RAENSOW M . B, FRA B EENE 7 ' AT
TKRWHE, EBREARS FAMAFFR RAXHEMERT £ AZENSOWAE X E b, Tk, FEFHEURL
FREEMAM. FABETHERMURBEEN T @ NFR: &8 BB TENSOKEATH /L4 E #, B (K4 #BjerknesiE
BARHLE . ERIKkFER, RHERTFER, FRRARTERUREAFFERTEL. HA RAHEETE
ARIE R TN E AR TR E Fm B AERR, BARTFHERY . W EF-KFERGN RS RFERTF), I
W T B AT IAR AT AR R IR JE SRR A R BT R LR ENSOE A5 AE, A SCHE 4030 [ 38 73X 07 T B AH X
R RGN FEF. FR, NMET X TENSOW & A EH X B ol T A R UK EELE 0, X HEEN T
T AT5 98 7 A2 B9 1] B R ENSO X K g 2 B0 R HEAT 7 318 & B, B3R A8 % 07 T 7 48 B0 1 DAL R BB R R e B 1R R

BAT T R R4

Kol JRRRE-E T A, o 0 FALE, TR, AR, R, EE A EA

EFAEG T, JRERTFHEIT AR AR, 5T
N, RACEEERRERZESE, TR HRRZHIR. PIR
STV 2 T IR ¥R T2 8 C A X BB A 1 R ST B it X
W, JERJEVEVE N BAT Bk b i e 3 AR PR AR AR ) B
%, JRIR2~TAE, TR R R B S (S AFR A TR
JEWIRG, TV S5 I ARFR NP RS, B 7 V6 3)
SEFE AT I B /R JE v IR G A s il 2 T ik B S 1) R
Bt A 11 2% o NN iy N N S8 R YT TR WA 0 e
JE R eI, PRE AR BE R Sk, AR iE
ZR kS, ARIE AR A EERERZ R RS N, VA EER
BRZIREERFEAR. PO AR BT RS, ELBR it B n)
HASDh, T ACE BB DX 35y A R IAL DX S Al 1] 2R
s, JE/RIE T AR B0A Nifio3 475 %, EI5°S~5°N,

170°W~120°W DX B2 IR 52 . @ W YRR JE
VR EGA A ra )7 5 B F8 %X (Southern Oscillation Index),
FE SR AR B AR IR SCE SO 25. 20094F, Bungeffl
Clarke! T o8 R P AP R 22— L T ok
1B 5 ¥ 48 8(Equatorial Southern Oscillation Index).
T IE/RJEW A, AR RPPHIRERIZ IR, 61522y
P X, RIS TR, BRI, ARCTVEIE R
R DME R R e i ie . MR SE EE RS R
ME S, aRJER e kTR BUES 6 H it 0.5°CHk 4
ARG & SUNEIR JRAE, ZART—0.5°CI5E SCh
PLRIAE. #R¥EOceanic Nifio Index (ONI, BT 4:
BB N0 34X B34 A R 55T
), F19584F, LA 18ME/RIEHHEIF, Hr1982/
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1983, 1997/1998. 2015/2016 H#k3IE /R JE i,
1963/1964. 1965/1966. 1968/1969. 1969/1970.
1972/1973. 1976/1977. 1977/1978. 1986/1987.
1987/1988. 1991/1992. 1994/1995. 2002/2003.
2004/2005. 2006/2007. 2009/2010 % 45 5. /R JE % H
. 3 FUR S T /R JE v 2 T B T Cai e NP5 3L,
Bi12 A Z A2 H 3 Nifio3 X8 (5°S~5°N, 150°W~
90°W ) ML [ T 149 57 5 1 st 5 mm d ™

I SCAERFSY R IO /R R AR e, BIARR
FHILREH . TRFRIEREHEF . AR TFHE
IR RV ) Je R JE T i, AR b M B AR R
SRR, PACTEEIE R R, HIEEE ORI TR R
LR e FAF P mES, 0T H SR rY R iE th
IR, Jf B3GR Ss. XAE R n /R el
WiF M“El Nifio Modoki”™. “Central Pacific EIl
Nifio” " 855 J7“Warm Pool El Nifio™™. [119804F
PISRIE/RJEVERFIE K4 T I AR L, RICABSR /R
JEVE RN AR PR IR JE 3 A AR AR i ™), i
FAEIE EIRHE H, XTSRS, N
[ A BILIR R 3 AR (PO R PRIR B 1 5, B A
JE/RJe i FE S RBIPGHETE R I BRA K, RRFF
JE/RJE T A X s g A AR R Sung
A Fnvess AMEsE X, B 19584E LR, HA 100
KT IR R FF(1963/1964 . 1965/1966+ 1968/
1969. 1977/1978. 1987/1988. 1991/1992. 1994/
1995. 2002/2003. 2004/2005. 2009/2010), 7% K
PEIE R e FAE(1969/1970. 1972/1973. 1976/1977.
1982/1983. 1986/1987. 1997/1998. 2006/2007), 14
REML/RIEwFH(2015/2016) % E. JE/REHR 42
BRAMEAR E EEE A IREIEA, b EREn . AE TR
LT AREWZER. ENEVE(E TR EIEEVE
W EREE I ZE A LA S AL A . KPS I 4 (an
R RPGPE X ) A, FRAT TR 5 TR A 5750 SR I HE.

1 JE/RIEHTRAEA PR

KTIE/RICERE A THe, Hrb s 2
W& BjerknesiE [ HLHIM, B ARIE 4 AT PE f T4
Jir PR B AE AR S R PR B, S P R, T
WSS AR E AR, FEOR I LA, #F—2 28
TR IR TS, AR RS, IS s R i 5 5 AR AT
AETCRR W4 K, {HBjerknes IF S AL I A48 H 2]
Pl B2k TR AIG K. B, JUFM RS2l Rt
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FUHLE], G IR IR 7 PRiS (the delayed oscilla-
tor)"*). FEHCHL IR T (the recharge-discharge oscilla-
tor)!' "7 S R SR F RIS (the  advective-reflective
oscillator) ™" L K 5 K- 2:4% T B8 (the western-Paci-
fic oscillator)™>*!, Hirh, ZE IR 4% T FEIE 3R I 2% 7 K
S SR P XWCR 9 AR T T R SCIR A AR I A S 5 R )
VUL RE B T DL, IF i — 2D AEVE i ¢ RS T JR 3T
W, TARMGRE, B4 REARTRRRZAR %, Hil
SRR AL, RAMRE /RIS ik
Pl g, R T EE R IE, JO/R e I,
PEREE o8 1) rE G P AR S 1 PE KU i, 205
L XN T e B S8, SR T K ) R A%, 2E I
HORIEBEKIARF AL, DL R TR ARk, e
SERURIR SR PR GHR TR A,
I T8 PG KSR 5 U R TR T R SC B3k AR 0 s TS
RS T DL, IRt ) PU TR S, B NAE e P Y
T b, R ) U AT Kk, DTS T2 45 B /K
JEHIFERALCIR. PEAT R TR A, R
PR IS T 5 B 1 2138 A i DU AR P9 3 A ROk
FORIE, Pl PO RO 8 R i 2 RS T DL B &
TRERZ FTHIF /RSO I AR AL HE, IS BUL /R e it
24t AR T I, Clarke AP i T 87
BURIERE, |, SR P PP DR S, AR 2R
IV R R R . BUA e AR N R e i
AR AEARAE T Bl 2 ks, (BRI AR Z A
R, T TR IS FR I, AR AR B AT 2 T 45
TR = BE2~3 H ARG B T DL D K I IR ST
AEZ M EIE A e RN S, PR IR S
T AR S A, T2 BT D3R v TR v B A
Wi AHAR L. 20174F, ZhangMIClarke ™ BF5E48 1, K2
B sl 12T LSRR A 3G, ARk, K 1T I
W Bl 72 AR AR T DX 3 ) AR A5 406 1 R SCU A ) P A%
0y 2 Wy DU & e — k2, w7 LA % i DL i ok 5%
UL K S 3T DL P o i 5 20 R ) 6 0 T 28 34
JIN, ST LA SR T v R 45 1] A A6 () Tk ) P
I, M TR = 23 H L TR W
%3 1%, ZhangfIClarke™ R T 7RG E/K
AU Fe/RJE i TR A sl )2 5 R o ELA i, i
AR, 2R B 7K B Pl P SR T T 25 A 4 ) S A G
Wi BeAh, JEIRIEEAAAEE BUHRHE, RYE/RIEimsif
MU A B3I bR, 212 3 4k AEE D (HINifo3.445
BOXR B RAE), B TG =08, P, Je/R el F7E3



ROy DUGARXMERR, AR R F 2R bR, (A 1
PSS IHIA % LR e i B RRIE.

T EFRATEEARAN B — T T JL/R e R 7
e DA KR FH R PR DR 7. X B 2 ] R e A
ENSOTM A —™ g Z4HE, Bl R8RS E R =
TARENSOF AT, X B Fi s 57 K294, 5H a4
TR R, RIS SR A RO o M Y — R R
G P T RBHR RIS K EWUR, B Rk
CARZWITE, KA LAS A LA JLFR. S —F a5k
JHIENSOZF A B f4FE LA K 254k, Uil Torrence FllWeb-
ster® W5 £, FZEENSOZ b T AR AL 24
V22 TRV B (B9 J7 22 FVE I L e/, ENSOARBHE
SR, RIARMESIR. #0552, ENSOS A B 21
ARACERAE CBRRRIE), 2T R JE 1 TR A 5 2= 4R
Bl 53— PO ) 3 T B0 KO T
PR A #ai KA RE R, BRI, #is RFErE
YR B G A SE PR B i 5 A P s S 2
AIAEPRER S e TR E RS RGFE 214k,
RI7EEZE, RSN AT, VE- KRN A U, JEim
FEIRPL N AT LA K, Rk A $#r S0 (R
T Eh R XSO AN B, B 25 5 RTENS O i
r=A e, B =R B IE, BR T ENSOZH A%
5. SMEEWAETEIA K REIMERSL, e B0 iR
ZLEMMRFETIEN. Mo A5, BEFES
RS AEIEAFENSOFAFAS B HRFAE, WA R
MR IR IR ZE S5, B PR BER AN T RE &R, R,
— BB IRIR 22 RENS B SR 1Y B B TR B0, 1 ) —
BRI IR TR 72 0] BB B T ) B 2 TR R A 5l A 5 i)
FHRTARBERE. ChenS AF] FiZebiak-Canefi st it —
SHAFSE T S, MooreFllKleeman” i — 88 T 4%
PR B R KA VE T, AR RIIR IR 25 B
RENS T BUR TR BEAT 4 7= A, R 52 2 A 1) B (R A
X, MuZE APPLL K DuanftHu® i — 5 7E AR M =t
FEZL /R T T80 3 B T PR A ) b iR 22 I 4548
FRAE, I e SEPR i R dR iR 22, T LAMR AR
JE | A A 2 PR R A 1 1) S0 B SR, Bk
VT FERCR AL SR, Tin AP 48, ENSOMY
T e 71 -5 3R AL A Fr S LR T 2 TR B S5 Tk
REMSEICRZA KX, 451, A19604: LI
()55 B ENSO Tl [t e 4 AU ENS O JE 1 15 ). LA I
X BB 5 A B ENS O Y 7 25 9 4 e 1 42 1L T 238
Fenl.

2 JURIEIEI PR

JEIRJE Vi 8 T8 ik T3l e R AN S S,
19874F, CaneFiZebiak”* Fi| FH—AN 45 5 25 B (14163
AR (AR ZORRERN), BN T S L
AR RJE S, T T e /R JE A E AU i
S, WA, ARk R SRR iz N TR R e
R TR, (HRAH LT HA ¥, AR Tt
GTIR. ML T3 2R, Geit e B B R A AL,
XA T EAMGE SR T, HALSR M ). S
3% HLIK M 37 K2 (Florida State University)f{Clarke%
APPHNG JRT — R B BT AR B A G AR AR
B, RERS U R LR SR v R A e T A PR
— A GHASCR) TAE. SEFEHRHE R (Columbia
University in the City of New York)Lamont-Dohertyff
G2 W K AR JE /R JE Wi R, JF HeAse 1 AN [a] i
W W TR BE 11 (https://iti.columbia.edu/our-exper-
tise/climate/forecasts/enso/current/).

JRIE B KRR B YRR e Bl R -2 —,
BARGE SO RLERS®, R-PEARTVE20°CAEHRZ LA 2
IR [R] P41, AR IE R KRB AT LU e /R Je it i)
Wik, EEEIET I R ST R e, BRI
KRR T IO /R e 46 45~6 1 H . MeinenfIMcPha-
den™ I FHURINBCAE, 1 SEIESE T AR B A A BUAT LA
TIE/RIEE TG — A, teah, w e Re kR
FRAPGIRFFER, DA - R B 28
B ZhangfiClarke™ 8, AR AEPERI T LA
VERER BRI TR T, Wang A E— 08 T
PR X R Z M TR AE S), IF8 LR A
RERE A R4 5 IRB R Je 1 FI R 5 Vs 3h TR Y 4 2 A,
A G Bl A 1 A B RAR OC R B dd 9 1720%. J6 T
WILES IR 25 ] 25 75V (4 TR R AT L AR SR G A4 T B T
W7, 20194F, Ham5 A5 F IR 2 ) Jrft e 7
BRI M 454574 (convolutional neural network, CNN).
AR AT DL ENSO TN I 5 i 21— 482, JFiA 3
80%Zc A7 iy TN R 48, M 14T —4F DL R kAT
ENSOFHFIN o xEal. A T IR K], CNNAZR!
AE TR i R B2 S 5 AN [ 25 ] 20, XA R T2 2R JE
WRRICRARPFAE S O R TR ) O Ay
B pIMERAR, JRAN T HATSI B R GER A L. KA E
JURR H 7 LA KOsk, A8, HohaiRid B KRR
S RS Ho IR TR R 7, 32 T o X e
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WeAKAFR S ARSI /N, REAS LB R L P e
IR R A . T PU RPN AR BN K
SEREX IR B RN 5197 1%, RERS A RO ke
IRJEVE TR BTG, Hi T X BA B A
LT 5% (FT LA B IS 19604F), IF LR Z A%, LIK
FI ATt AN RV R 46 nT AR Bn] 52 i K i, i A
W7 B RE RS LU A ) IR PP Al K I i) RUBE R A 394
R IETIRABERA T, HENSORY TR EZHE 18
AORLA, T LA a3 Aok TR WL BT 345 1) i S 2K
PETIARENSOEAF, fELI Hhy T 7 B 16 2R3 DX ] g
FAAEAE BORUR 22, HEAT HLNS, 28 A R n v M.
He T IRIE S ) D7 A I BRI AT LOKE ENS O Tt i 2
FEATE—4FF, I ARERIEWRBICR A
HORSPR Y TRA ) BN LA s ) IE A R,

3 JERIEHARR PR IELL S AR WA AL

JEIR SR 8 55 — A SR AR B AT FR I DL
AEARBRAR AL, X FRYE BRI LT LA — 2
s, BB /R e S — s Thi e s, — 2 A4
SEpfiE] b, BE/RJE i —MEEE1~24F,  THLE ihFaE
BHER K, WA W E R =R ek, =2
HONEWINN = R LD SRS O b ek S DA B3V S (E P
FIPLJE RIS JG R U AR L /R R 4. Clarke
Zhang Mg, iR =07 EERMNGA X, R
IR T A 1) 5755 R 50 A7 A S8 IR T R X
B, AERLE ISR AR R 14 X 57 8 A 43 7 7 R
X, FEJRE S U B E AR s,
AT LA AL T JE R, (7 Je b R B s A
FHAX B35, A —a SR e /R e it 3.

BungeflIClarke 4§11, JE/RJE B TIRAEAE B 4
RBRAEML, BITEJE/RIEHEAEANPR(1973~1998), ZRIEE
K TR AE AR R AT T A, M RECR0.9),
TERLR AR FR(1959~1972. 1999~2009), JRiABEK
TR AE S B HS (AT 2 A, HSERECRO.5), X E
BRI KT 0 A7 LA K 0 0 DL 2 2 e, o
AR, JERJEHEAARER, ARl R gaa i e
b RAEEE, PR AEARER, ZRiE R R IR ia
SURBRF PR EEHT1973~1998, il XI7i%
IR Z3 (8] 50 A 5 e R e o 44 & AR sk K3 i e 2540,
BR- gy AP, B Z /R e #F18
Frll [EHE, 1959~1972. 1999~2009FK 2 A Je WAEAL:
Fr. XTENSORyAEXIFRME, EFr LCAERZMsE.
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AN ST AT 25 1 ASAR S T I B S AR LA
JE/R G- A ARG JE X FRTE. ENSOFHAE
AE 1) ¥ 2 T Ui 2 O B2 AR AU PRI ] (the  interdecadal
change in the skewness of SSTA, ICS), B4 5 Tiik.
ICS 5 ARIEZR AR RLE . ENSOZE AL LK F-
SRS Z R AL E R B A DG ICSHREAL) K
PRI LI S S IE(ROMSE. Anflin Y i mise
P T B E R FE HE $(the maximum potential inten-
sity index, MPD)FIAEZ LS A hih 25 i (LENSO B 4
AIAEXSFRIE. SRS, AR, dEZtksh
ST X S0 AR s, IR AERE IS A RLE i
PFuiss, BRI - AR AR FRYE. 7E19704F
A EIR SR S (114n1957/1958F11972/1973  ENSOs),
AR LU MY, R -ICR)Z Z A R AN
FITARL AR Tyt B2, Bk, JE/RJEHEFAFA IR
. AR, AnfliWang! HEHE, 19705, ENSOfEERHIH
R T Ak, Bl 0 S 2~ TAE A il A~64F. WL
GERHE— L IR, IR A AR G ENSOZS 4 1y A8
1k, BITEARSURHY, PO XU o Il Pa R 3h,  HL ) p AL ik
e, IARREE AR AR M AR 8. R B 5
55, A TiE—2048 H, ENSOM#E-75 [A 25 RRAE (1) i 2
SR04 5. Duan A58 i R BB R L
KSR etk A AL 3 8 777 (conditional nonlinear
optimal perturbation, CNOP)EE T A E 5t AX
ENSOIEXFRPERIEEMA, LI 19764F: LIk kA i AEACER
AR AATRETE R, ENSOAEXSFRIE AR/
PRAs b 32 28 5 #i 8 SO PR AR AR SC Y AR PR IR
-t i FE (nonlinear temperature advection, NTA) A %,
NTAXS TR e - HA w25, (H2X) T
JEIBFAEZ RN, #—2-FE T ENSOHR IR AYAEXFR
PE. AAT TR IR B /R JE v S AF R, NTAMOCH
LML, ENSOZEAF RN FRIEBGR. X dLf%
FET A2 19764F LU G FENSOSE (42 8L H B I8 () 3E
XIFRIE. FIRBFEAE RS ST, S R e
WARXTARIE A B AR A T 550 TR

4 JERJEHHE N U T

UTLEAER, P T A A L SR EAR XA 1 H,
YNNI CPSE AR 70 SN ER A7 D L e 1} 2y
65004F 1y rh 4 it kil K BHIE S H A iR B S
AT, BARE AR R BIE S80S U R T A
[, 35 H AR R0.87 VAR, i H RMEE



JE100.33°), Ot — S 2RI AR, 5]
T A B S a3 f) AR A (B M, R AR kT ik )
+20 W m™).  HER TR 4 1) T 1 e 8 R Rk
F(S~10)Hm, XFMEFA1~4H )L, RAGHE
R, JEHIE R IE U1, i 51
WFFEAR L, At i, SERSREA FTSCE, i
B 2R DK AR . 2 KUK b G B o, - B R A
UCH10.7%- 18.7%F17.3%, X FEEZ IR THUE MM P
S E ZR 2 ) I R A0 N D) R AR S
VRS IR H AR, R SR A A PR A B
813 ) FH4 S AsAR 2 (National Center for Atmospheric
Research Community Earth System Model Version 2:
CESM2, Japan Meteorological Agency Meteorological
Research Institute Earth System Model Version 2.0: MRI-
ESM2.0, Model for Inter disciplinary Research on
Climate, Earth System Version 2 for Long-term simula-
tions: MIROC-ES2L, National Aeronautics and Space
Administration Goddard Institute for Space Studies
model: GISS-E2-1-G)% Uik [ ity AUl L)
(Paleoclimate Modelling Intercomparison Project-Phase
4, PMIPAYBEAISE SR 43T, Zhang % A P2 %d kil AP
SERZSHET THRSE. WH5ERN, hasgiit ], JRiEAR
RAVPEHF R TR AR RIS . AR KPR N 7~12
FHEBE(£90.5°C), 1~6HASA(1°C), A IBUIR KT
TR EZAEIR NS AP RE—0 4 h, 7Erh 28 Y,
Je/RIE R AR, TSR AE e /R e i 22 Ae Y
Nifio3.448 B I /E MRI-ESM2. 045 28 H i /N 232 %,
CESM2#E =X thii/N16%, MIROC-ES2LAR = i/
10%, GISS-E2-1-GHEHI8/N25%. AT IR, o
IRJEV HAT W A B RRE, AR EAE 4 H 3 TT iR
B, 127 RAEE, FEEITIR R, AT PR
Y, A i, Je /R e i AR IE L 2 A T 284K,
AR/, e/ MER A Byt g4 A 56 H 1.
WAL HTRER . KUI5Ran L RERZ IR E AR ML, Zhang
S5 NPURRF S — A8 e, R R B R e AR
H T U RSP B 0 XU B 3 A, G RS 2R ) 2R
FEABITFIR S, FBOR AR FAERERZ Y22, dEmis |
AR AT TR T LS P72 A 3 I 7 XU o Y Dt
WEZAPA: (1) TR 22575 R R E R
SERR R VYRR Sl (2) LT RIHAHT 2 T sl
55, X5 A RIBFgE— 80,
KTILRIETAE A ] R T2 iTsE, A

B AR T ISR, WA AR = TR
JREAAL T, MiE AR, Je/ReittiEZE L,
CaiZ NP K Geng5 \IFGe 61, 72 BRAS R M 461
T, Wan)C/RIEEFER I, 2900 e MBS g .
BN FIE/R I EE KN RE N hE 2l T
K ASY, (IR E AR 2R dk TR, A
H 3 H BT SRAS BE WS TR M AT RO R 3 M X 1) S e AR
k. A — SR I T I At S I S, (A o e
W FORIE T AR ILA S S, FE I R s % AL ak
R ER BERAR R, HORAFAEE AN E T, X LR IEA
HRAEAFIEFT A, T A Tt — 2N 4 — T A
P AR AE ) s 25

5 AUBAOH FIE/R e

SRR 22 EE A T IR 2E, SR
&7 (Inter-Tropical Convergence Zone, ITCZ)[RJE%%.
F OB & A B AR s R B, ko fR iR
HESL IR, P B P EIR R B —A
T RE . VR TTIR R Eh 1R 25 CF iR 225 i S —4°C,
—0.9 psu). WA IR AR IR 2Z 7SS UG AR L
BRI (Coupled Model Intercomparison Project
Phase 5, CMIPS)H[IAE I EAAAE, A5 pg KT
25 ) S BT R39S TR -RIAGHT Z 8] K
RAS . AN, ZIRZE(R S AT DLl #ly RO B2
P BRI ) AR AR G, 5 AR T IR 3R 2 AR R FINRER 246
Tt AT 248, IR R B R RS T
T B AT 07 XU T 8 R 25 FINE B 7K 12 22 5 |
A, X FWLE TR B A AT i A7 78 A
BHE, KRR PR A . XuE NPT R,
3 o R KRR AT H = 2R -V, R - v R T R
B, — A 25 B 1L Bk e 4 v A O A
B, ZhangMIClarke® HE— 245 H,  IEHIREALIPE K
SRR K SR I X T IE B BB R Je 1 8 12 B
BN SC R TR G R Z R S, H A
B BB AU MO A0t JE IR Je v S A B 258 R i e 2
FEME(R . RAREREIE/RIE ), HAFRE RS
3 1X](Coupled Model Intercomparison Project-Phases
3, 5 and 6, CMIP3, 5, 6) - AT B /R JE 1 AR UL
Wk, AR — Lo 22 (AR, IREE S o, 4
EHBLE Ay, HARSFHERIED Nifio B ToRf ] BiHl5g
%), HAFBRABHIR IR 22 50, Aok
B, a5 AT T CMIPS i 1 7SR A
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X201 28 A BLINEE SR, A 2 H0E X nT DR G-
B SR JE W R A 2 AR RRIE . SR AU
AR I . ENSOJE AR fb R BlAH AR 4, (A % 2R
2 CMIPSAR AR AU Y 7R JE 125 44 (A e (L HH BRAE 11
HEWF2H, DEEER /R e i s T
(HBTEO~10H), A MR Y G (2 s e 5
Ze. AT, MRS E—A K, ENSOBIS:
BA2~TAER R, Horh, 4409 E I . R S0
AL ENSO I AR LT Bl N, (RAT b= 2
W, P22 A IR ENSO 22 R 114,
L 2~7AE T . ZhangZs AP T CMIP6[44
X (MIROC, MRI, CESMAIGISS), & Fla M IEA
HOAT AR JE /R S AR, bR T IR 2%
FEXRIN ] PG e b, M ANPERRRILY 3 R L A 25 51,
MRIFIMIROCHA 5 WM —2L, {HZGISSHICESM i
FEOR T PlantonE A48 i, CMIP6#CMIP5%t T
P 25 DL L ENSO R AR A 1 ik — 4 i #2755
KimFIYu' 5 T CMIPSAE X 25 A v B v oK SF-
FERS PN AS [F] 9 JE R JE i S R B RE O, R BER
CMIP34 TAR KRR, £ B A T
CMIP5/CMIPOXTJE R JE T ZREE R, FRiaRE
BCMIPS/6 Mt CHE NS A FHHIBTLIEL Ninof) it
FRIE, HCMIP6ZHIA AL CMIPS A B B #2 Tt.
CMIPORELR AU T AR A F-VERIE] NifioZs [ A5
P ETECHE, M H B S T R R EEERUEL Nifioss
TR ZS AOREALIRE 17, CMIP5/6 21 FEA REAS B 1
ZEE1 Nifof )T i HEARE, (HH RFE7EAIE]D NifofE
T T U B S8 375 34 ;- IRl CMIPS /6 245U
PUAR A F-FERIE]D Nifiodi B -5 UL (42 AT, (HHp
KRBT Nido FA 4R 1 2058 X0 .

6 JEIRJERR T HARER A 55

IRTE AP X T A Bk A AT R 2 E 2 i A 1,
WL RN . FEWT R TR . AR g, BT
(LT ENBEVEMM . ERREVRE A L K AL KA
s RPEFEE NI RVEHE X I8) 5. ENSOFEL
3 3 A BBV FBRGHE R T Z A R G IR SE 3R
TS A AR 5 ) BN EE PRI, F(Indian - Ocean
Dipole, IOD). & JEEl Nifiof] DS M #AT E[ R 1 P &R 1)
SSTR%. HWI4El NifioMIODIFIL[F KA mf, HPuHgL
(FSSTHE 574 HHak. 8K, JWIRJE bS5 (AR Ep FE VA A
THIRAE ), TODU AT LAFE— 50 AR KF

1052

PEPENSONY % J2 ) ENSOXTER B i 55— A5 1)
RITEED FE e 2 5 (Indian  Ocean Basin Mode,
TOBM).  EfJ B2 A 2% T RLE 79 A B AR A X ] T IX 3k 7
AEEAEZAFZW. B EEVER R AR 2R — A
PO A RE Bty NP U 01| e hP OREN ) R aia A
BB P2 A MU R AT T 3835, AR LR JLASHLA,
LauNath' A JE SR JE 1 5 19 IS BRI i 4 i 2
VR VT 7% - v o Dot e S B R I AR R A
HFRZ R RSP, KleinZe AT NIGA A i i H
VPG B AS ARAHT BN BE A AS IR, (HR DY R
PR 3 B 2 PR AR . LauFINath!” it
— B AR GER T AT, Murtugudde FllBusalac-
chi A K YuFRienecker' 2 i i v 8l 1) 235 B 7
RS VEARBE (15 A b 3 MR, BFEds 2
DL Byt A8 S B A2 . R 32 B A 46t X g B B
PERYAEE A TR, TR AR T X
Sof VA S A FH IR Bl g 2 s AR B R R % T
BHMER. Bl s, JE/RIEHRT FENEE 7 BT
TR R B S [ T AR AR, IF SRR B I Z R
SN e B AN I HIR SEER R LA R B EE VR A X
BRI OC. ZhangFIMochizuki it — 2548 1, RIS 5
BES(B/RIEH  EDBE AR DL S B R 2 )T
EPEEVE IR IVE AR B AR ARk, X T2
A WMAR A, WA LTS 2485 A
5. ENSOAUXTEPREPERL % BB AOMER, i Ho bk
et B EE R, HARRIAE oK e e, gR
T AR 9 R SR AL SR U 81, IF ik —
AR RIS R EE DL R R A Ak,
BEAL, AR SRR K PG PRI A (A RS K
X3t HA EwE A, BRI AT LU AN A Y
MU ORI SE B AR O X2 k. IR w-ia ok
ISR S AR R B AL K P PR S (North
Tropical Atlantic Mode, NTAM)*****! ) F-aF#L il &
SRIFRE T ENSOMEANTAMM L, (H A A 1R £ )i
ToEEf# R, Wk 4 ENSOSRIE SNTAMAH 2% — 42
2 A AENSOXFNTAM K5 Wi 7E 4 Z= 1 1R 378
ENSO& A UAF Y Z ik S AR ? ANRTSCITAR, JE/R
JEIRATAEZRENE, Bal s £, RNRIESIE/RIEH
XFFNTAMBVE B AT, 4 rp KOSF 2B R R R
PRl 2 AT 6K P PR AR LR /N VA SS TAR ¥4 (O
] T 25 KPR R SR I 5 | /S A BAGHE b A v v g A AR
%), X FBEHRK LRI ST AR PNALE



EEEE

FA 5 A K Gl 57 5 T /R SCA 5. Wang!™ 1
Cai NV 48 T P2 (AR B AR M &, ot —
UL T SR Z ARG MK, TEAAAE
EMBEAEHPR. AN, Lt 3R, ENSOXT
BRI PRSI s AR, Bk U, BP9 & 3R
R 12 A AR I 5 TR JE v AR IR AR OG,  BIABE
AL K (N B ENSOPR IR A FE T+ 25 7= A= 2 () I
KR, ENSOYRIE S ACHAERFRME, Sit—
S R I AP CRIE. AN, RN, 21t LUk
B A B DL R AR BN, ST R R
W, Jf H st —0 52 B PR BT DA ST
PE-RAFRRD. w24 Mk, A KEMBIRT T
JE IR JE U5 B R 3 AT 0 A BR A R 52 1) B 3 225 ]
IR EAREH, AR TAER Bt —EE il sh 2%
PLHIERTT, IR R, SR A& 4RI 8l 72
5%,
7 RSB REE

I RKBJLTE, XFIRRBHENIIRESE TR
JERIVEIE. [ 19694EBjerknestiE ! iF LRI, T
JE/R RGBS A TR KRS, Bk HRirE
IS O S TARKMZERE, 1R Z 77 HA MBS K
SRANBEMERE, WIE/RIEHEIMBIFILEH . JL/RJEHIIA

CEPUIN

XERRPE S AFARBRAZ LA, R “IRE Al R TR
JEVE I TTERILSRANTE 28, ISk, XTI /RIE i1 T
i, WELLE T AR MITE G R Z) )y 2
B, AFEBPHRA T, iR B K AR PERFAE A
GBI RO /R Je i i il b A o i i
P, FHE SR A HAT R Ik R IO R B R S N
TIARASS T3 T7 1. Bl I R4, S AR AL 7o
AR B, AR R RIS B b, S AR A A
TR, BAA S E AR . AR, X T2k ER T, JE
IRV AL B sl J 2 HLl, s SR, JER e
AR, H RIS TR BR i L K,
(ER T U R R A S A B R 22, X TR
IRJEHTEN J1 Tt AR JE N B, X T e /R e i
) 12 B R R T IO B IEAR (LBl ) 24K,
It — LRI NER eI AE AL, $RALE R AR AT Ik
i BRI RERE AT MR A9 UL, HEATE R JE T i Bt
. w, R TIRE R BESE Z 2 T
b, $REE R TTRR AN T 200, P 2 — 4k
JE P BEXEI o, O EL A AR ) ER R e ol LA
A TR R RHILAR,  $hEEXT T e R JE u A I
PR — LS, A B ARRAE AR a] . 28 (8] KUK
ERIOTFERRE B — 2P K. TR IR JE VX A 7
ARV R RERE Wt — A HRAT

1 Bunge L, Clarke A J. A verified estimation of the El Niflo index Nifio-3.4 since 1877. J Clim, 2009, 22: 3979-3992

2 Cai W, Borlace S, Lengaigne M, et al. Increasing frequency of extreme El Niflo events due to greenhouse warming. Nat Clim Change, 2014, 4:

111-116

3 Zhong W, Cai W, Zheng X T, et al. Unusual anomaly pattern of the 2015/2016 extreme El Nifio induced by the 2014 warm condition. Geophys Res

Lett, 2019, 46: 14772-14781

4 Ashok K, Behera S K, Rao S A, et al. El Nifio Modoki and its possible teleconnection. J Geophys Res, 2007, 112: 2006JC003798
5 Yul Y, Kao HY. Decadal changes of ENSO persistence barrier in SST and ocean heat content indices: 1958-2001. J Geophys Res, 2007, 112:

2006JD007654

6 Takahashi K, Montecinos A, Goubanova K, et al. ENSO regimes: Reinterpreting the canonical and Modoki El Nifio. Geophys Res Lett, 2011, 38:

L10704

7 Wang X, Wang C. Different impacts of various El Nifio events on the Indian Ocean Dipole. Clim Dyn, 2014, 42: 991-1005

8 KuglJS,JinFF, An S I. Two types of El Nifio Events: Cold Tongue El Nifio and Warm Pool El Nifio. J Clim, 2009, 22: 1499-1515

9 Yeh S W, Kug J S, Dewitte B, et al. El Nifio in a changing climate. Nature, 2009, 461: 511-514
10 Lee T, McPhaden M J. Increasing intensity of El Niflo in the central-equatorial Pacific. Geophys Res Lett, 2010, 37: 2010GL044007
11 Kao HY, YulJ Y. Contrasting eastern-Pacific and Central-Pacific types of ENSO. J Clim, 2009, 22: 615-632
12 Sun F, YuJ Y. A 10-15-yr modulation cycle of ENSO intensity. J Clim, 2009, 22: 1718-1735
13 YulJY,ZouY,Kim ST, et al. The changing impact of El Nifio on US winter temperatures. Geophys Res Lett, 2012, 39: 2012GL052483
14 Bjerknes J. Atmospheric teleconnections from the equatorial Pacific. Mon Weather Rev, 1969, 97: 163172
15 Suarez M J, Schopf P S. A delayed action oscillator for ENSO. J Atmos Sci, 1988, 45: 3283-3287

1053


https://doi.org/10.1175/2009JCLI2724.1
https://doi.org/10.1038/nclimate2100
https://doi.org/10.1029/2019GL085681
https://doi.org/10.1029/2019GL085681
https://doi.org/10.1029/2006JC003798
https://doi.org/10.1029/2006JD007654
https://doi.org/10.1029/2011GL047364
https://doi.org/10.1007/s00382-013-1711-2
https://doi.org/10.1175/2008JCLI2624.1
https://doi.org/10.1038/nature08316
https://doi.org/10.1029/2010GL044007
https://doi.org/10.1175/2008JCLI2309.1
https://doi.org/10.1175/2008JCLI2285.1
https://doi.org/10.1029/2012GL052483
https://doi.org/10.1175/1520-0493(1969)097%3c0163:ATFTEP%3e2.3.CO;2
https://doi.org/10.1175/1520-0469(1988)045%3c3283:ADAOFE%3e2.0.CO;2

M % h & 20244538 #He69% H8H

16
17
18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41
42

43
44
45
46
47
48

49

50

Jin F F. An equatorial ocean recharge paradigm for ENSO. Part I: Conceptual model. J Atmos Sci, 1997, 54: 811-829

Jin F F. An equatorial ocean recharge paradigm for ENSO. Part II: A stripped-down coupled model. J Atmos Sci, 1997, 54: 830-847

Picaut J, Toualalen M, Menkes C, et al. Mechanism of the zonal displacements of the Pacific Warm Pool: Implications for ENSO. Science, 1996,
274: 1486-1489

Picaut J, Masia F, du Penhoat Y. An advective-reflective conceptual model for the oscillatory nature of the ENSO. Science, 1997, 277: 663—-666
Weisberg R H, Wang C. A western Pacific oscillator paradigm for the El Niflo-southern oscillation. Geophys Res Lett, 1997, 24: 779-782
Wang C. A unified oscillator model for the El Nifio-Southern Oscillation. J Clim, 2001, 14: 98-115

Clarke A J, van Gorder S, Colantuono G. Wind stress curl and ENSO discharge/recharge in the equatorial Pacific. J Phys Oceanogr, 2007, 37:
1077-1091

Zhang X, Clarke A J. On the dynamical relationship between equatorial Pacific surface currents, zonally-averaged equatorial sea level and El Nifio
prediction. J Phys Oceanogr, 2017, 47: 323-337

Webster P J, Yang S. Monsoon and ENSO: Selectively interactive systems. Q J R Meteorol Soc, 1992, 118: 877-926

Webster P J. The annual cycle and the predictability of the tropical coupled ocean-atmosphere system. Meteorl Atmos Phys, 1995, 56: 33-55
Torrence C, Webster P J. The annual cycle of persistence in the El Niio/Southern Oscillation. Q J R Meteorol Soc, 1998, 124: 1985-2004
Zebiak S E, Cane M A. A model El Nino-Southern Oscillation. Mon Weather Rev, 1987, 115: 2262-2278

Battisti D S. Dynamics and thermodynamics of a warming event in a coupled tropical atmosphere-ocean model. J Atmos Sci, 1988, 45: 2889-2919
Mu M, Duan W, Wang B. Season-dependent dynamics of nonlinear optimal error growth and El Nifio-Southern Oscillation predictability in a
theoretical model. J Geophys Res, 2007, 112: 2005JD006981

Chen D K, Zebiak S E, Busalacchi A J, et al. An improved procedure for El Nifio forecasting: Implications for predictability. Science, 1995, 269:
1699-1702

Moore A M, Kleeman R. The dynamics of error growth and predictability in a coupled model of ENSO. Q J R Meteorol Soc, 1996, 122: 1405—
1446

Mu M, Xu H, Duan W S. A kind of initial errors related to “spring predictability barrier” for El Nifio events in Zebiak-Cane model. Geophys Res
Lett, 2007, 34: 2006GL027412

Duan W S, Hu J Y. The initial errors that induce a significant “spring predictability barrier” for El Nifio events and their implications for target
observation: Results from an earth system model. Clim Dyn, 2016, 46: 3599-3615

Yu Y S, Duan W S, Xu H, et al. Dynamics of nonlinear error growth and season—Dependent predictability of El Nifio events in the Zebiak-Cane
model. Q J R Meteorol Soc, 2009, 135: 2146-2160

Duan W, Wei C. The ‘spring predictability barrier’ for ENSO predictions and its possible mechanism: Results from a fully coupled model. Intl J
Climatol, 2012, 33: 1280-1292

Zhang J, Duan W S, Zhi X F. Using CMIP5 model outputs to investigate the initial errors that cause the “spring predictability barrier” for El Nifio
events. Sci China Earth Sci, 2015, 58: 685-696

Jin Y, Liu Z, Duan W. The different relationships between ENSO spring persistence barrier and predictability barrier. J Clim, 2022, 35: 6207-6218
Cane M A, Zebiak S E. A theory for El Nifio and Southern Oscillation. Science, 1985, 228: 1085-1087

Clarke A J, Van Gorder S. ENSO prediction using an ENSO trigger and a proxy for western equatorial Pacific Warm Pool movement. Geophys Res
Lett, 2001, 28: 579-582

Clarke A J, Van Gorder S. Improving El Nifio prediction using a space-time integration of Indo-Pacific winds and equatorial Pacific upper ocean
heat content. Geophys Res Lett, 2003, 30: 2002GL016673

Clarke A J, Zhang X. On the physics of the warm water volume and El Nifio/La Nifia predictability. J Phys Oceanogr, 2019, 49: 1541-1560
Meinen C S, McPhaden M J. Observations of warm water volume changes in the equatorial Pacific and their relationship to El Nifio and La Nifia. J
Clim, 2000, 13: 3551-3559

Wang J, Lu Y, Wang F, et al. Surface current in “hotspot” serves as a new and effective precursor for El Nifio prediction. Sci Rep, 2017, 7: 166
Ham Y G, Kim J H, Luo J J. Deep learning for multi-year ENSO forecasts. Nature, 2019, 573: 568-572

An S 1. Interdecadal changes in the El Nifio-La Nifia asymmetry. Geophys Res Lett, 2004, 31: 2004GL021699

An S I, Jin F F. Nonlinearity and asymmetry of ENSO. J Clim, 2004, 17: 2399-2412

An S I, Wang B. Interdecadal change of the structure of the ENSO mode and its impact on the ENSO frequency. J Clim, 2000, 13: 2044-2055
Duan W, Mu M. Investigating decadal variability of El Nifio-Southern Oscillation asymmetry by conditional nonlinear optimal perturbation. J
Geophys Res, 2006, 111: 2005JC003458

Duan W, Liu X, Zhu K, et al. Exploring the initial errors that cause a significant “spring predictability barrier” for El Niflo events. J Geophys Res,
2009, 114: 2008JC004925

Duan W, Xu H, Mu M. Decisive role of nonlinear temperature advection in El Nifio and La Nifia amplitude asymmetry. ] Geophys Res, 2008, 113:

1054


https://doi.org/10.1175/1520-0469(1997)054%3c0830:AEORPF%3e2.0.CO;2
https://doi.org/10.1175/1520-0469(1997)054%3c0830:AEORPF%3e2.0.CO;2
https://doi.org/10.1126/science.274.5292.1486
https://doi.org/10.1126/science.277.5326.663
https://doi.org/10.1029/97GL00689
https://doi.org/10.1175/1520-0442(2001)014%3c0098:AUOMFT%3e2.0.CO;2
https://doi.org/10.1175/JPO3035.1
https://doi.org/10.1175/JPO-D-16-0193.1
https://doi.org/10.1002/qj.49711850705
https://doi.org/10.1007/BF01022520
https://doi.org/10.1002/qj.49712455010
https://doi.org/10.1175/1520-0493(1987)115%3c2262:AMENO%3e2.0.CO;2
https://doi.org/10.1175/1520-0469(1988)045%3c2889:DATOAW%3e2.0.CO;2
https://doi.org/10.1029/2005JD006981
https://doi.org/10.1126/science.269.5231.1699
https://doi.org/10.1002/qj.49712253409
https://doi.org/10.1029/2006GL027412
https://doi.org/10.1029/2006GL027412
https://doi.org/10.1007/s00382-015-2789-5
https://doi.org/10.1002/qj.526
https://doi.org/10.1002/joc.3513
https://doi.org/10.1002/joc.3513
https://doi.org/10.1007/s11430-014-4994-1
https://doi.org/10.1175/JCLI-D-22-0013.1
https://doi.org/10.1126/science.228.4703.1085
https://doi.org/10.1029/2000GL012201
https://doi.org/10.1029/2000GL012201
https://doi.org/10.1029/2002GL016673
https://doi.org/10.1175/JPO-D-18-0144.1
https://doi.org/10.1175/1520-0442(2000)013%3c2044:ICOTSO%3e2.0.CO;2
https://doi.org/10.1175/1520-0442(2000)013%3c2044:ICOTSO%3e2.0.CO;2
https://doi.org/10.1038/s41598-017-00244-2
https://doi.org/10.1038/s41586-019-1559-7
https://doi.org/10.1029/2004GL021699
https://doi.org/10.1175/1520-0442(2004)017%3c2399:NAAOE%3e2.0.CO;2
https://doi.org/10.1175/1520-0442(2000)013%3c2044:ICOTSO%3e2.0.CO;2
https://doi.org/10.1029/2005JC003458
https://doi.org/10.1029/2005JC003458
https://doi.org/10.1029/2008JC004925
https://doi.org/10.1029/2006JC003974

51

52

53

54

55

56

57
58

59

60
61

62
63

64

65

66

67

68
69

70

71

72

73

74

75

76

71

78

79

80

81

2006JC003974

Tian Z P, Jiang D B, Zhang R, et al. Long-term climate simulation of CCSM4.0 and evaluation of its performance over East Asia and China (in
Chinese). Chin J Atmos Sci, 2012, 36: 619-632 [, 2K, 5K, 5. CCSM4.0MYH AR MG ST A< AN Hh [l S BB Al . K
SR, 2012, 36: 619-632]

Zhang X, Atwood A R, Nag B, et al. The tropical Pacific annual cycle and ENSO in PMIP4 simulations of the mid-Holocene. J Geophys Res-
Oceans, 2022, 127: ¢2021JC017587

Karamperidou C, Di Nezio P N, Timmermann A, et al. The response of ENSO flavors to mid-Holocene climate: Implications for proxy
interpretation. Paleoceanography, 2015, 30: 527-547

Erb M P, Broccoli A J, Graham N T, et al. Response of the equatorial Pacific seasonal cycle to orbital forcing. J Clim, 2015, 28: 9258-9276
Geng T, Jia F, Cai W, et al. Increased occurrences of consecutive La Nifia events under global warming. Nature, 2023, 619: 774-781

Zhang Q, Zhu Y, Zhang R H. Subsurface thermohaline biases in the southern tropical Pacific and the roles of wind stress and precipitation. J Clim,
2023, 36: 2293-2309

Xu W, Lee J E, Fox-Kemper B, et al. The andes affect ENSO statistics. J Clim, 2022, 35: 7077-7091

Zhang X, Clarke A J. Observations of interannual equatorial fresh water jets in the western equatorial Pacific. J Phys Oceanogr, 2015, 45: 2848—
2865

Zhang F, Dong M, Wu T W. Evaluation of the ENSO features simulations as done by the CMIP5 models (in Chinese). Acta Meteorol Sin, 2014, 72:
30-48 [3k37, HHL, 5403 CMIPSEEITENSOB G BLAE I ITAR. 4R, 2014, 72: 30-48]

Bellenger H, Guilyardi E, Leloup J, et al. ENSO representation in climate models: From CMIP3 to CMIP5. Clim Dyn, 2014, 42: 1999-2018
Planton Y Y, Guilyardi E, Wittenberg A T, et al. Evaluating climate models with the CLIVAR 2020 ENSO metrics package. Bull Am Meteorol Soc,
2021, 102: E193-E217

Kim S T, YuJ Y. The two types of ENSO in CMIP5 models. Geophys Res Lett, 2012, 39: 2012GL052006

Wang W Q, Zhang X Y, Xu K, et al. Assessment of El Nifio diversity simulations using CMIP6 and CMIP5 models (in Chinese). J Trop Oceanogr,
2023, 42: 21-33 [T D3k, SKIEHE, 1RAE, 5. CMIPS/6/ BRI XTEl NifoZZ REVERLIAE 77 (0 IEAL. S EE2AR, 2023, 42: 21-33]

Izumo T, Montégut C B, Luo J J, et al. The role of the western Arabian Sea upwelling in Indian monsoon rainfall variability. J Clim, 2008, 21:
5603-5623

Wang J, Yuan D, Zhao X. Comparison of the positive and negative Indian Ocean Dipole forcing on the Pacific interannual variability through the
oceanic channel. J Oceanogr, 2021, 77: 819-826

Yulaeva E, Wallace J M. The signature of ENSO in global temperature and precipitation fields derived from the microwave sounding unit. J Clim,
1994, 7: 1719-1736

Klein S A, Soden B J, Lau N C. Remote sea surface temperature variations during ENSO: Evidence for a tropical atmospheric bridge. J Clim, 1999,
12: 917-932

Schott F A, Xie S P, McCreary Jr. J P. Indian Ocean circulation and climate variability. Rev Geophys, 2009, 47: 2007RG000245

Lau N C, Nath M J. The role of “atmospheric bridge” in linking tropical Pacific ENSO events to extratropical SST anomalies. J Clim, 1996, 9:
2036-2057

Lau N C, Nath M J. Impact of ENSO on SST variability in the North Pacific and North Atlantic: seasonal dependence and role of extratropical air-
sea interaction. J Clim, 2001, 14: 28462866

Murtugudde R, Busalacchi A J. Interannual variability of the dynamics and thermodynamics, and mixed layer processes in the Indian Ocean. J
Clim, 1999, 12: 2300-2326

Yu L, Rienecker M M. Mechanisms for the Indian Ocean warming during the 1997-98 El Nifio. Geophys Res Lett, 1999, 26: 735-738
Masumoto Y, Meyers G. Forced Rossby waves in the southern tropical Indian Ocean. J Geophys Res, 1998, 103: 27589-27602

Xie S P, Annamalai H, Schott F A, et al. Origin and predictability of South Indian Ocean climate variability. J Clim, 2002, 15: 864878
Chowdary J S, Gnanaseelan C, Xie S P. Westward propagation of barrier layer formation in the 2006-07 Rossby wave event over the tropical
southwest Indian Ocean. Geophys Res Lett, 2009, 36: L04607

DuY, Xie S P, Huang G, et al. Role of air-sea interaction in the long persistence of El Nifio-induced North Indian Ocean Warming. J Clim, 2009,
22:2023-2038

Zhang X, Han W. Effects of climate modes on interannual variability of upwelling in the tropical Indian Ocean. J Clim, 2019, 33: 15471573
Zhang X, Mochizuki T. Decadal modulation of ENSO and IOD impacts on the Indian Ocean upwelling. Front Earth Sci, 2023, 11: 1212421
Eure K C. The Influence of ENSO on the North Pacific Ocean through Daily Weather Changes. Environ Sci, 2017, doi: 10.5065/1yqm-0670
Enfield D B, Mayer D A. Tropical Atlantic sea surface temperature variability and its relation to El Niflo-Southern Oscillation. J Geophys Res,
1997, 102: 929-945

Giannini A, Kushnir Y, Cane M A. Interannual variability of caribbean rainfall, ENSO, and the Atlantic Ocean. J Clim, 2000, 13: 297-311

1055


https://doi.org/10.1029/2021JC017587
https://doi.org/10.1029/2021JC017587
https://doi.org/10.1002/2014PA002742
https://doi.org/10.1175/JCLI-D-15-0242.1
https://doi.org/10.1038/s41586-023-06236-9
https://doi.org/10.1175/JCLI-D-22-0524.1
https://doi.org/10.1175/JCLI-D-21-0866.1
https://doi.org/10.1175/JPO-D-14-0245.1
https://doi.org/10.1007/s00382-013-1783-z
https://doi.org/10.1175/BAMS-D-19-0337.1
https://doi.org/10.1029/2012GL052006
https://doi.org/10.1175/2008JCLI2158.1
https://doi.org/10.1007/s10872-021-00611-8
https://doi.org/10.1175/1520-0442(1994)007%3c1719:TSOEIG%3e2.0.CO;2
https://doi.org/10.1175/1520-0442(1999)012%3c2300:IVOTDA%3e2.0.CO;2
https://doi.org/10.1029/2007RG000245
https://doi.org/10.1175/1520-0442(1996)009%3c2036:TROTBI%3e2.0.CO;2
https://doi.org/10.1175/1520-0442(2001)014%3c2846:IOEOSV%3e2.0.CO;2
https://doi.org/10.1175/1520-0442(1999)012%3c2300:IVOTDA%3e2.0.CO;2
https://doi.org/10.1175/1520-0442(1999)012%3c2300:IVOTDA%3e2.0.CO;2
https://doi.org/10.1029/1999GL900072
https://doi.org/10.1029/98JC02546
https://doi.org/10.1175/1520-0442(2002)015%3c0864:SAMOSI%3e2.0.CO;2
https://doi.org/10.1029/2008GL036642
https://doi.org/10.1175/2008JCLI2590.1
https://doi.org/10.1175/JCLI-D-19-0386.1
https://doi.org/10.3389/feart.2023.1212421
https://doi.org/10.1029/96JC03296
https://doi.org/10.1175/1520-0442(2000)013%3c0297:IVOCRE%3e2.0.CO;2

M % h & 20244538 #He69% H8H

82 Huang B. Remotely forced variability in the tropical Atlantic Ocean. Clim Dyn, 2004, 23: 133-152

83 Chang P, Fang Y, Saravanan R, et al. The cause of the fragile relationship between the Pacific El Nifio and the Atlantic Nifio. Nature, 2006, 443:
324-328

84 Saravanan R, Chang P. Interaction between Tropical Atlantic Variability and El Nifio-Southern Oscillation. J Clim, 2000, 13: 2177-2194

85 Gill A E. Some simple solutions for heat-induced tropical circulation. Q J R Meteorol Soc, 1980, 106: 447-462

86 Garcia-Serrano J, Cassou C, Douville H, et al. Revisiting the ENSO teleconnection to the tropical North Atlantic. J Clim, 2017, 30: 6945-6957

87 Amaya D J, Foltz G R. Impacts of canonical and Modoki El Nifio on tropical Atlantic SST. J Geophys Res-Oceans, 2014, 119: 777-789

88 Wang C. Three-ocean interactions and climate variability: A review and perspective. Clim Dyn, 2019, 53: 5119-5136

89 Cai W, Wu L, Lengaigne M, et al. Pantropical climate interactions. Science, 2019, 363: eaav4236

90 Wang G, Cai W, Santoso A, et al. Future Southern Ocean warming linked to projected ENSO variability. Nat Clim Chang, 2022, 12: 649-654

91 Cai W, Gao L, Luo Y, et al. Southern Ocean warming and its climatic impacts. Sci Bull, 2023, 68: 946-960

1056


https://doi.org/10.1007/s00382-004-0443-8
https://doi.org/10.1038/nature05053
https://doi.org/10.1175/1520-0442(2000)013%3c2177:IBTAVA%3e2.0.CO;2
https://doi.org/10.1002/qj.49710644905
https://doi.org/10.1175/JCLI-D-16-0641.1
https://doi.org/10.1002/2013JC009476
https://doi.org/10.1007/s00382-019-04930-x
https://doi.org/10.1126/science.aav4236
https://doi.org/10.1038/s41558-022-01398-2
https://doi.org/10.1016/j.scib.2023.03.049

Summary for “JE/RJEi#- R J5 sl o it fg

Progresses of El Nifio and Southern Oscillation research

Xiaolin Zhangl’z* & Yongxing Ma’

" Innovation Centre for Ports and Maritime Safety, Dalian Maritime University, Dalian 116085, China;

2 Department of Earth and Planetary Sciences, Kyushu University, 744 Motooka, Nishiku, Fukuoka 819-0395, Japan,
? Fisheries and Oceans Canada, Bedford Institute of Oceanography, Dartmouth B2Y 442, Canada

* Corresponding author, E-mail: xz12j@my.fsu.edu

El Nifio-Southern Oscillation (ENSO) is a quasi-periodic phenomenon with significant global influence, primarily
characterized by variations in sea surface temperature across the tropical Pacific and associated oscillations in surface air
pressure. Over the past decades, ENSO has been a focal topic of research owing to its profound influence on global climate
patterns, impacting phenomena such as the Indian monsoon, Peruvian coastal fisheries, and North American climate. In
recent years, with the emergence and application of new tools such as advanced climate models and machine learning in
ENSO research, a comprehensive review of past studies could serve to outline the accomplishments made and shed light on
the outstanding questions that persist. By integrating these powerful tools, researchers can pursue unresolved questions and
further advance our understanding of ENSO dynamics. In this paper, we reviewed past studies on ENSO from both
scientific and practical perspectives. As science and practice are often interconnected and inseparable, we structured our
paper in a logical sequence, covering classic ENSO theories, forecasting methods, asymmetry and decadal variations,
changes in ancient climates, simulated ENSO in climate models, and the impacts of ENSO in other oceans. In the realm of
science, we began by discussing some classic theories. We summarized the positive feedback mechanism proposed by
Bjerknes for El Nifio and highlighted its shortcoming of lacking negative feedback. In addition, we covered various
negative feedback mechanisms proposed by others, such as the delayed oscillator, recharge-discharge oscillator, advective—
reflective oscillator, and the West Pacific oscillator theories. Furthermore, given that asymmetry and decadal variations are
important features of ENSO, we reviewed several relevant studies that proposed different mechanisms, including long
Rossby wave dynamics, nonlinear dynamic heating and nonlinear temperature advection. Additionally, we reviewed the
studies on ENSO in scenarios of ancient and future climates, revealing how ENSO’s properties, such as strength and phase-
locking, differ from those of the present. Finally, we summarized the ENSO’s influence beyond the Pacific, encompassing
the Indian Ocean Dipole and Indian Ocean Basin Mode, as well as impacts on the North Tropical Atlantic Mode in the
Atlantic Ocean. In practical applications, we first introduced different forecasting methods, including statistical and
dynamic models, each with its own advantages and disadvantages. We briefly overviewed a study using a dynamic model
and then emphasized the statistical models. We outlined commonly used factors for predicting El Nifio, including warm
water volume, the West Pacific wind field, the space-time integration of Indo-Pacific winds, and equatorial flow fields,
along with discussions on the current limitations in forecasting. Recent advancements in ENSO forecasting employing
deep learning are also discussed for their potential to improve prediction lead time and accuracy. In addition, some
researchers have explored ENSO by analyzing outputs from climate models. In this context, we summarized some studies
utilizing models from various phases of the Coupled Model Intercomparison Project (CMIP). While some studies identified
inaccuracies in simulated seawater temperature and salinity during ENSO events in climate models, others have indicated a
gradual improvement in the simulation of ENSO within newer phases of CMIP. Despite significant progress in the
aforementioned areas of ENSO, various questions remain unanswered. In the last section, we outlined shortcomings and
challenges that require further exploration in both the scientific and practical realms of ENSO research.

El Nifio and Southern Oscillation, dynamics, prediction, paleoclimate, salinity, inter-basin interaction
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