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Abstract: Robust warming and frequent extremely high sea temperature events (marine heatwaves, MHWs) have
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been observed in the coastal China seas (CCS) over the past decades, causing a series of ecological disaster, including
mass mortality of marine organisms and outbreaks of harmful algal blooms. This paper presents a comprehensive
review of the research progress involving the warming and MHWs in the CCS, including the characteristics and
causes of long-term warming trend and MHWs, as well as their ecological impacts and adaptation strategies. Under
the combined influences of the East Asian monsoon and Kuroshio, the sea surface temperature (SST) in the CCS,
especially in the East China Seas (Bohai, Yellow and East China Seas, hereafter ECS), has shown an enhanced
response to global warming, with annual mean increases of 1.02 £0.19°C and 1.45+0.32°C during the period of
1960-2022, respectively, with significant inter-decadal and inter-annual variability. In addition to the influence of
large-scale air sea interaction such as ENSO and PDO, SST changes are also directly affected and jointly affected
by the East Asian Monsoon changes and the Kuroshio meridional transport. The ocean warming has caused rapid
northward migration of geographic isotherms and seasonal phenological changes (spring arrives earlier and fall ends
later than normal), resulting in the changes in the growth rhythm, geographic distribution, community structure and
ecological service functions of marine organisms. Since 1982, the MHWs in the CCS has obviously increased in
frequency, intensity, and duration, and are projected to be likely further increase in the future. Among them, the
frequency of MHWs in the ECS and SCS is 20 times and 4 times higher than that in the 1980s, respectively, and
there are high correlations between them and the negative Indian Ocean Dipole and the El Nifio. Frequent extreme
MHWSs have caused devastating disasters to some marine ecosystems such as coral reefs and aquaculture. In the
future, the CCS especially the mid-high latitudes of CCS will be simultaneously exposed to the enhanced warming,
deoxygenation, acidification, and reduced productivity; and sever climate tipping points of marine ecosystems such
coral reef ecosystems in the South China Sea are very likely to be triggered in the near future. There is an urgent
need for in-depth research on the physical processes and predictability of marine heatwaves, as well as the forecasting
and early warning systems. Furthermore, transformative climate action measures should be developed to enhance
the climate resilience of marine systems, and strong mitigation measures need to be taken as soon as possible to

slowdown global warming.

Key Words: the coastal China seas; warming; marine heatwaves; phenological shift; transformative

climate action
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Table 1 The adopted dataset in this study
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(5590 B A AL B R IE N AR BN, HIESE BE A D T5 K (FoVe 5 4 02 30 ) Ik 2
HUET B, (ARBEEL T2 KD o WEERIR—ERA, AT — R AT bR E B R i
IRMVFFE, A5 HGRMTFIREE . FRElml e HORoRE. R, KAEMIKE.

3ERS5HHR

T AL T AR ZE X, B AL R TR A . AR, BRI IR () A
W WA ARG SIS, m AL AL DL R G RGO (B o ZRTFEREE M,
T EHE K KR A TR, BRRIE, BRERNLERT . LFBATEAWNERLZ i)
JeR, H IR Bk A KR TEIL A, BLR AR IR EZRDTER KOy F, P KUE
A0, BEEMIBE BN, WATIED AL b E i E 2Rl 2 B P AL KT R R R
JEf R, KD =, KRESSREL, (R i RGP, 28 R 1 i R R 4 R U
by WG RAEMFERIR . BAh, A E IR R G032 BT PG A R e B b
(Frsem . STV E SRR EAR I, AR MILREA AT B R, A R 5 A 4k 4k
R T AT, FFE KRR MR IS BRI, RS SR B R A
VDX o e [T Y R PR 2t B AN A SR AR A A AR BRI S N R A T R E MTHE AL
T AR T4 0T, S0 AR 2R AR BN B A A AR AR e U X R 43 AR o g
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Fig.1 Climatology of SST (°C, blue contours), wind field at 925hPa (m/s, red vectors), and upper 30-m ocean
current (m/s, green vectors) during winter (a) and summer (b) in the coastal China seas.
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e AR PEFE RIS B R P8 A PG JA0RT B RS B B b i X . X 5 WusE (2012) 1)
WFFEEE AL, B 25 7 4R SRRV TE A F It v X F) T i o 23 2 4 BR VAV~ 2 (1 2~3 4% . 1960
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FIBHT 22 5 PV Ik B S0 3k (Cai et al, 2016, 2017) o AHXIT S, FEHESSTIHEE R /N TR [
g, % HETHERIEZE S 51790.19/10a10.14°C/10a, {H & T4 Bk-FI5 7K.

it sls, EGEHESST TR JFIE & S i) b, FE A BRARIR A [F] IR 30 30 H AR K
[ 2 5o A BT R THI IR 2 76 20t 20 TOARAR R BIQOARAR AR PRI TH R, ARy 4 BRAZ B 1) s 39
M 7E21tH 2 W H (1998-20134F) FHEUE A K AL T B 1599 B 22, O BRI E 1 2014
UG A BRI AR IR LA T S N —/M B i) BT 5 (Dai et al. 2015; Suetal., 2017) . H[E T
JCIL I 7R v ] ¥ SSTAE 4 BRAZ B f) AN [R] o HA 35 2 B0 b 189 3 1y i 2RI (Tan et al, 2021) o Bk
Ny, FEABRARBEINE M (1979-19984F) , AR [EFSSTLAHE Py LI, AFFHRE AT
0.62°C/10a, JfE4BR-FI/K-FHIBMLEL B, ML BRI (1998-20134F) |, ZRHE g 3%
DU S B A IS, A FRRIEERIES]-0.39°C/110a, [FIFEE & T 24, 201340l E,
B A PR BRI I 450, 7R b Bl SST S LA A i) B e hn (42214 %0.89°C/10a) -
BEAh, FEEI AR R BARMR T AR P g, EAOVRE T AR KSF . kAl W, T EE T
HR IR B R A BRI R BUR X, A B S AR A B AR RRAE . X B 4> BRAR R
SRS, 5 HOHURR (0 AT BRI IR A

Bl 219602022 F£&XZFE (a, ¢) MEZFE (b, d) £FRIGHE SSTRUBHZM A4 (°C/10a) PR [ FF]
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REBRX AL .

Fig.2 Trend (°C /10a) and time series of SST anomaly over the global ocean (polar regions omitted) in winter

and summer of 1960-2022.

R 2 R EMgRREHE SST AR HHTHREESR (°C/102)
Table 2 Warming rate (°C/10a) during different periods in the East China Seas and South China Sea
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Vot 0.0840.01 0.0940.01 0.11+0.08 0.1440.07 -0.0340.11 -0.0240.08 0.10#0.21 0.0740.12

Ednth S, SEUTEER CAEZ NI HRES SN, EH W ENFEAPRRERRL . Hit,



NHE—B T b ETHESST AR AR BR AR BR AR, SO SR A /NI 3T 77 5%k vh R T i SS T A8 4k
JAI A 4. B3y BT ifE 4 B ZESST P A1 (/NI RS o /N SRS 4 0 B R
H B SRR A ME S 9SS . I EIBFT L, /INBCRESEHERR 1 [ HESST Y 3 2 ]
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(Mantua and Hare, 2002) . v [E3TiF7E 4= BRAZ IR AN 7] I 0T T 22 55 PDO I AL AR #4655 1)
FH5%. PDOTELITOFEARAIE N IEAIAR,  F43 I 7E 1980 AN 199045 AR v A 2| i, FF7E1990
AR Ry GO o v RT3 3 T 5 3 17 79 A BT 389 43 3 2 PDO AL T 1 v A B3 K AL I BT 3
1990FAR R LA S HF [ 1w g L B2 1) 1 P A S5 PDORE N AL AH (R IR A JE A — 2. 20144 LLJE,
B PDOF X EE NIEAIAH (Suetal., 2017; Tang etal., 2020) , A [ 3/ A0 UG AP T i
W, IFEBEE B R AR I AR . MR TR, R EE A ZESSTF A0 s 5
PDOFR ¥ B AT 5 35 IOAR S (HIC R¥CN0.55, 099 & S , 15 AMOTESLIK X R A
K (Tanetal., 2021) o X3 B H [EE i A A A BR A2 R AR AT RE 52 21 PDOAAH A il

B 3 1960-2022 £ HITELZ (a) FIEZFE (b) SST 751 /M se ki

Fig.3 Wavelet real part spectra of SST in winter (a) and summer (b) in the coastal China seas during the
period of 1960-2022.

3.1.2 iR AR AL I SZ AL

WAy, AU 5 T B HR AR o E i SST R Z B Z I R I, 45
RUZEN B, B EE. KRS, CDARRHERERE R (Cai et al., 2017; ZAFM5E,
2022a) o FRF A DT ik b 2R T R OB 7GRS 1 I SR AR X, R, SCR AR
TR V2% AR R AR A S FL R . — D7 T, R 28 VIR 2 KU I 4 78 2l v S e S i i < 57



THI 78 ARG & A8k, Sl T ) R ESST AL, DRI 2R 7. 2= XU ) R 55 A8 3
AL I R e o T B AR KU AR AT SRR Y e . b, &R, SREUA TR AL A
1Y R R A 25 0 A BRI A P ) o R0 0, 52 2 7 g 2 XA i R A At G o v 2 P2 IX
Ty 71, A A T Al TR AT P SR R e X . BRI S bR B R A RS
JRTE I VU IR 4 AR T B AR S AL ) SR, A AT BRI RS, FA AN
R E kG A, IR R b [ PRI R G0k R AL A i, TR S SO R
Wi NZ RS . Horb, AR UURBEIMNS TR GREMERD &R 2R b E iR 0
HEPK 72— (Wuetal, 2012; Caietal.,, 2017) o HILAT UL, 7R 2% XURH 22 ) 2 o [ 3 g SSTAR
B B R DR T, I 3 s I ROE R AR BN S R AR AR B R b
2009; Liu and Zhang, 2013; Zhang et al., 2010; Moon et al., 2019; Cai etal., 2017) .

B4 E T SST A AW ZERMCZ (925hPa) KU E A CH A RIE, AT 3:ZL
KZERBD) TEEARBRFIAERR RE R R 2 1 AR (Cai et al, 2017; Tan et al.,
2021) . ME4a. brlLAEMTHLE 2], o EITEATESSTAA B AR ARMRRIE, &2 XIAr
TR EE, T AR 4 2R R AR i 35 RS 5 AR b B s R | b R B R PR AL R,
FRIAH O R ik £1-0.89. ARV 24 2= XU AE 1980 4FARHE N Sz AH IF JT 498 55, v [ 3T 3 SST 2. 71980
EARA AR A IEAAE T 4G BT, B REBISSTR; KA e M B 1) i 5 i A2, AR A& 2= KA Fr
ok 555 1% T A o DV L AR v R M A R SSTIR FHIR (M BB R 3R . XKW, L4k
7R v ] 38 B8R ) AR 2 5 2R 2 X AR AR BRI S R R B V) o 2R 2R IRVTE 19704 AR K FF 43 93 55 7E
2000 LAJE A BT imag (T —IC4%, 2018) , bikrh [H g SSTHHFEMRBR B 5 2 A7k, M El4c,
daf &, ELIESSTHIZR AR Z A7 MR B M BN — B E R R, X REEIE-
0.81. XWLH, AR EFRIEZFAIRRE, T EITESSTIEN S RITATENAEYIKR:
FEH, XFOE R AR T AR

4 1960-2022 FEH EITHEATE SST (Hifh). 1R)2 925hPa A7 (RE) HHERER (a fl b) MERRE
(¢ d) E EOF EEEBHZEE 4 5RE T, FERRMERRRE SST 5RGa LD T 2-7 SFH0H B IS
B 7EU LRGBS, ALOARG N EFS] PCILIRERKIENT (BB Cai et al, 2017, R ERAS
A1 HadISST %48, EHE 2022 54
Fig.4 The major EOF modes of SST (color shading with white contours) and wind field at 925 hPa (black
vectors) in winters during the period of 1960-2022 on the interdecadal (a and b) and interannual (¢ and d)
time scale. SST and wind field datasets were conducted 2-to-7-year band pass and 7-year low pass filtering
before EOF analysis.

M, MARMAFNGR (59) B, SRR () BRI, b EIT R R AR b E
FARZ R MAC G JFREEE R RIIE R Gekgs) , TRz R Qe I H i KR
SUERZR AR QN 5 R 5 IR A ORI Pl AR Gl B 2GR
R FPESSTREAR (Thm) o BRI, AW AT KU AR AL g o v [R50 g ) e < PR 0 ™ A )
MR, REMTRZNISSTRIAR M . — MBEdh,  Fp 24s S I8 1A g UM FL AR ) T BRI N R SORHE A 1Y
PR, T AT U T ZER B R IR o 3 ol T e e me e 1) SR i e AR



BHOK, SSTHim (26°CUA L) , SSTH wmn] BRI L KM REE, AR ENR
AR5 o T R ¥ SST AT AIE I 7k SR HR AR N, AT BRA R i P T S, AR
SR B A3 A7 R A TR B . b TR PR L 1 DR 4 Iy 200m BL IR (Y e At dak, L S8 2 b
W B RGE BRON, NG SRS, H BB RSN EEZ P AR RS
SR, MXREE, JERZKMEME RGN MR, BYRERERRK, KT FEREZPLE RS
W MR IaR K, RN, Rk, MAEGES FoRE, 7R b i K B i e i i < A
A 3 BN R IR AR 2R RO SSTRIRZ R, 5 1 2% v BV K A THIE AR I, A3 #H AL R B0
% (Caietal, 2016) , XA A AR IZIE IS S EAEH P ERFIER. M52, ARRESE
JRG I 78 A B FC 3 Jod g S A ot v [ O 3 R R R SSTI SE I I 72 o WL — 25 0F 5
I ARl .

Kl5791958-20084F, i R4 HERE (28NWiH) EJE (200-m) i 2 ) s
H RS LKA S . BT Iy 2R B R BT I 98 2 AE 121 5 E~123E i hh, R s ALK,
200 mUEAR AR EO.4m/sLL b, i U W AT LAk 2]0.5m/sA by IR H, B R E R T4
o & HE, BEE200 miREE LR IR 4 ) i £ 1958~20084F (8] 354 2 3 I a5y,
VR R AR B ok . 6 R B (L8 N ) 28 M i & A AE PR AR AR BRAR b .

23N A& — /D T 18 NI, 3X 3 B K Y SR (18N Jbiid ki, —i%
IS BRGNS, T E N E ARS8l o (H T 23 NI R 28 1 T e Bk B
2 g AR b E S R R . B, KIS, 6FT/R K BILE ) i e K A AT E
H 19704 b 5 3 AR K 1r) ALHIS Y 3R, A TN B VR 38 2R o [ A () AR R

AL, EI6IE IR, R4 n) Bk A 3 AR BR MAE PR AR ARRAE, U R R &
IS E 1970 A 5 MR 4G B 1, JFRFLE 2 1990 ARt I 2 THIE, 7E1990F A =
2 20044F Ic A7 BB N 22 I s B LRSS,  20044F J5 XA G G (SAEmSE, 2013; Sr4k
W55, 2014; ZEARMISE, 2015; Wang et al., 2016) , 1X 5 4Ry A - Bl g i I I AR AR B AR 1t
SRR

&l 51958-2008 FEEHRMAZE (a) MEZFE (b) BH 23°NWH (121°E~125°E) EEEHZMREKR
SESTY GBE, w/s) MKEREES (Fif, msa) (5| BEBBE, 2022a)

Fig.5 Climatology (black contours, m/s) and trend (color shading, m/s/a) of meridional velocity of the upper
30-m Kuroshio Current (KC) at 23°N section during winter (a) and summer (a) of 1958-2008.

B 6 JRHLER] (18°N WiH) MERIERMENRRGEN, MWL NE 5 NABITY, HELANZ 10235
FFy (5] B8, 2013)

Fig.6 The interannual and interdecadal variations of the Kuroshio volume transport at 18°N section.

{18 I VEIR AT 45 WV 25 JRUFN 28 1 6 v [ 0 g SST Y L B 2 ma ML . 1817 491958~20084F H [H i
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W47 1 30mZ i SR 40 A1 ) %22 E30mE i %) 75 T4 28 R 2 3% PCLIRT JA 1) 2 [ 43 A
nE4a. bffiR, AR EME (. BBMZRE) MERRFARR T 5 E4b R35HPCLR K AR
T 2 R AR B Y5 551 W S AR DG A, 3815 P T LT €00 3 Sk T 1) S 0 B 7K NAR R o [ Bl 4 1 9352 I
23 B ARMGWEE N FIEALE I RSO A BV R R M52, BRI R AR 421 B
WAL A T b [ AR SO AR BRI . X R Dy b [ AR B R A ZE K (FEAE RO
FEARBFIRII = E MR 2 (Ekman) it (FIFE) 4855, MIH R T RN R AR A0,
MXTSST FABRI LA BTtk FFE, BT AREEFEREL, 2R EEFRAL THEARRR
RIS, HPEAE AR R 2R AL TR ES R, A B TR A IR (B AR (E
AR T BB K AR AR T = i S SSTH) BT (Caietal., 2017) .

B 7 1958~2008 £ EHIL LA FAMHEFH L 30m BRG M (). A 8 FLEEKAZTEIEE L

30m EHRGFAELLFX (EAWM) 925 hPa X PC1 EHMFRES (BRXEEBIE 95%WERE)
(b) (3] H Cai et al., 2017)

Fig. 7 (a) Distributions of winter climatological mean upper 30-m ocean currents in offshore China for

1958-2008. (b) Spatial patterns of the 8-yr, low-pass-filtered winter upper-ocean current regression

with213PC1 of the East Asian winter monsoon (EAWM) wind field at 925 hPa for 1958-2008 (shaded areas

exceed 95% confidence level). Reference vectors are in the top right corner of (a), (b) in m/s.

3.2 ZBRE MW
3.2.1 ARG (1 5

IPCC ARG 15, SRR CL& ™ HE M A AAR RS, OB EMNEHE. Ak
AEAESE A iy L3, DA S A i b B 20 A A 2= PR3 B RS (IPCC, 2022) o L, Y
THE AR B 4G 51 e v Hh B AR 2R 1) AR TE, TV b B S IR R I Bl A 1) 2 5 AR A RGN
)2 BEVE R B A ORI A S B b . IR BN TR S, PRBE S IR B A REOREF
HAEBALIFE NI E 721k (Burrows et al., 2011) o iR T v o 75 o 1 25 0 28 15 A2 X 7 17
¥ah. WEFRERY], H19604E K, 4Bk UHAHEE N21.7km/10a, o, HCHAEEISATIL
AT A A A 538 2 2 e T LA X o AR o, B i I f R AR Ik B i I B
R, PR R M RS B 38 ik $59.2+ 15,5 km/10a, X 545 iR 2k i SR AR AL IR R 5O — L
(Cooley et al., 2022) .

PR EREIURA Il (2018) OB FE 795, ABFFCET Mo MR M ERASHEIR FF /0 HT v kL, 52
WU EIEEA . AR SRS AEEN AR (B8 o AREW, 1960-20224F, Hi[H
AT i 3R S5 A 0 I FEE 7 1) WAL T R 2y, T B AR 4 O 5 1 AR S SRR R A BT
16 J5 S P8 K AR AEL LTE B S AR RR (R VI B s IR L, R e X ) P55 U 2 7% 3 ek 3
HEE TR ESEENEX, XRFARSEEX MRERER N (A2 , SEChETEED
IR . RIS, MBS RAE AT WG R 7 M A B K 35, v A () 25 2% 17 7
ACTT IR BN, T AR i D A5 U e U 5 R et A X ) R e A Bl . 7R BRI, E T R XA IR
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s R L P N R, SRR PR TR T FE R . R AR R AT HRE R,
HH TR R EEROR, S IRERBE IHE R £20km/10a (Kl8a) , HABRPEIKPAHEY. HZF,
T BE AR FEAR X B, SRR A Bl A W K, B 50km/10a, Jf 1A B, BT M)
(E8b)

W e S BT R AR A . 8 LR . KR AR IR 0L
IEAEAN B Bl R SERT AR IR ] CRD o BT RFTHRES, 1960-20224F, 78 [HiFi
R NG BRI 25 ) FF5RAT 1 5R/10abh b, FEigdLE-F 52 A12~3d/10a, 1M F
2R S S AR R B I ()42 AT 3d/10abh b (&l9a) o Rk, AR [ g A g g AL T A R
Iy HEIECT )5 3~6d/10a. i EAR A, TR IR EAUR T AR, RS
PE AT A i v, ZEXHE RIS 20 d/10a (9 BAFE) , %X 7 45 R T RE R A BRI
AHfEYE (Burrows et al., 2011) o SAAITF, RASRERT 5t H o EUTIE A HR i X M k472
SERTAAKZAEIR , IX R 1 I R SUD A0 S A AN S 4 U F) 4 4

B 8 1960-2022 E P EIEHAE (a) MEZE (b) SSTEEL (HELL) BIHNSBEEBEE (km/10
a). RE (Fitr) KRFEEBIHEETTH (KD

(BB ZAFMAATE, 2018; RF ERAS UEEHZ 2022 4F)
Fig. 8 The climate velocity (km /10, a) of seasonal mean isotherms (white lines) in the coastal China seas
during the winter (a) and summer (b) during the period of 1960-2022. The vector (color shading) denotes
direction (magnitude) of the climate velocity.

&l 9 1960-2022 FH EHILEST 4 H, 2 FKZFE (10 A, b) MYWEZTEE (d/10a); EE (FRUE
RTRAT (HER) s B b B KRR A BRI X,

(BB A ATE, 2018; KA ERAS FIREH = 2022 )
Fig. 9 The speed (d/10a) of seasonal shift of Spring (April, a) and Autumn (October, b) in the coastal China
seas during the period of 1960-2022. Positive (negative) values denote the timing of advancement (delay).

3.2.2 AR AL A

SRREEMNIR R BN KIES A S EREINES RS . SR, SRR 50 EE N
Jil o FRE B A 20 K UF B A 28 B0 13 1 R R AR S R GG A0 T BUR w1 R K P
(Bindoff et al., 2019; ##5Hifi%%, 2020a, 2022a) . e, 702 T2 22K M THR AR HE 5]
(¥, Gy b s 3 53 A1 (AR RN ) AR P 0 AR A, T T 9 D0 = S R SRR TR R A A
Uiy e IR AT S 80 R KM O AL B b BET . A T AR R N AR IR 2R 1T
BRI SRS P AE M RS KRG R A BES . — RIS, WA N T IRFFH
A AL 5 AL T B3 U DX I o b 39 5 U 208 103 % T R VTR AR ) i 7 1 1 A T B
LM REZ), 1K S5O T A 00 (Y b B8 2 () A1 DA X33 P PR AR WD I VAR S50 . W =
FIZ PSS . M /KAR IR 51 R IR B AR AR (I R MR R TE M SR B2 B IR &, JF
IR R MBI T LB A 5 AF o TR Bk A= ) 1 76 220 A
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WOy, ARSI R B AR AR L R At S R AR A R GUR S AR ) R R A ™
B XTI, ELRERBRLNEMET (FEFL , FFEKEIE LR
AFIT AR P AR, Horh R R PR T REHE, SR A AR B e e R (3
WA, 20105 JEARHSE, 2017; SAAMISE, 2022a) o MVFIFshIREE ML, g Ah=E
FERISRATIHIR, BRAR T XNF U A0SR 6 e 77, (A5 B 0 AN i sh 4 2 T (¥ B ) e A )
AR, I EAT AR I RIS A R T R K E R B AL, SRR E R
() 5 R VE R AR AL T 78 40 0 TR A SR, T I U R 1 AR A B B T B AT R R
(BFEmT, 20105 Xu, 2011; ZFAISE, 2022a; Guo etal., 2023)

FRk, WA A K T VA A SE S R, IR aRIBK I ESS, BRREE AN TZ
ik, SUREMREIE T (Huang et al., 2018) , I H RHIBETE 46 [ 4 95 2 o5 4 Kt a3k — 25 IRl
JEJZ KRR, A1 0 S e R T SR R A ik ) 8 5 DBV T = BB T, M
T R WY, 3R E AT DR ER YL 1AM A7 AR PR IR, AR AT oK i 35
(Wei et al., 2017) , JRiGp™ HE AL IR (BEHEE, 20200) o EARTTtHER, B
AR IR, AR PESARIR I 2 P 10 A8 (K 587G R A 55 e S R0 1 B 00 o P B2 1
W WE 2, WO E R R R T AR R & Blan, 55 sE A L,
Tt 20404%, B THEETHE RIS 7L 55 A5 W 0 S 0 S R, A AR B I i
VIR T A R A S S T AR, B RIICR] e R AR BRAR AR, R AR
—RIUATAIY H A ANEE LB AR T (SIS, 2022a; Guo et al., 2023) . Rk, ZF
T PR M 1 2 ST o 2 D i S L P 00 34 P (R B AR R DA SR i B AL 2 TR 3R P A AL, IR
K@ e ERE— D S B K S W A REVE G54

WAL, ATV (5 1 AR AT TE 7E -4 4k S5 0t b 8 D 94 32 LA 5 BRIV i Sk S (4 A ) 2 R AE
Pl A DA S 25 1) oy A SRR 5, B RhALRS . BB AT 7 U0 A iR I TR () R A
Hor, BEURAEYE R AN AE A (AR, AR VRO SR DR B B R R, A X W R 2R 4
RIS, 2022b) o HFIFARRETS S N ASHU Al SRS IS (R BRAL LA S AN SRR IR, 60 Joi 3
T2 DX Il B YRR 7K R B A SRR IR R o I, JBR AR 43 A7 T 7 1 30 3 ) o B
IKFP IR ]2 1 4 2 4. (Nemipterus mesoprion) £ AT 75 7 #6557 000 2] (3 pE 8 fUR EBR
2009) ; VI A AT B A LAY I R M IR K B, 1986-1997 4 1] B - £ Vi A Mk 37 11 1 T Ak
FHBE KV f 24 (1 LA 43 590 B Bk 710~20% (BRK G, 2004) 5 (EFREGFEHEIR, BG4 KM
ol (9 U P 5 /N B GAR B Bt R R O B B RS S (ZEEL)P, 20115 Maet al,
2019) , P RBVABRIRIE AR A X R CGRHESE, 2011; o k5, 2013)

RRBEEWGPERF AR, b EDL G40 K 2 B R (o B Ve L AL B2 3l mmnEm
FEE 13 43 A5 K Joy P8 PT R KA AL P I B e BB A i 17 I () RUBE 0 22 R A A 11 3
45y (Huetal, 2022) o ZRH BRI B0 ZR O 4 2L 008, s, Higi S5
i A R L B Y K S B R o £ A B M SR P AR, LA, TR A T A R
i P B A MY 22 R A S S = AR T S R GRS IR 4 B R, VT AN B
T L 2R 2 R G KT B B AR (BRI, 2020b, 2022b; Liu et al., 2022; Yan et al.,
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2022) . SRT, KESHETEADHITRS LG 2 BN 5 2 OBH RS, I RO LE B IK R ) R4
ZJE ¥ ToAb T K7, de AT e TR JC V0 I KT B R R SR b T T AE A X T R BOK 4
(Burrows et al., 2011; Cooley et al., 2022) .

3.3 HFERIR

Hh [T ¥ S 3 T TR AR R 2 B BOR T R R AR R (BTG5S, 2020; Yao
etal., 2020; FPRICEE, 2021) o SR, AR TAREE A AR kG R miR ORI RIR 2 3
MO, (A A R ™ E (FARISE, 2022b) . 201648 H, AR EMg R AL T ik 4l %
(B o e R, X3 SST IR LR IE2°C (2 briE22) , 28.5°CEEHZ AL 36N
B 22 5, A LOREIE LY (Tan and Cai, 2018) . ifif5, 2017FI20184FEfH %,
7 H [ g SO SR 24F R A T (B R AR (Gao et al., 20205 Yan et al., 2020) ; 20224FH 7,
R v L L U R W M E R (Tan et al., 2023) o RREEIIA IR 2E R W RE AR 2S5 R GE it ik
7 R R I 4500 R K SR R B 2 U  (BEFARNSE, 20205 Lietal., 2022) . 20204
B2, Mt RE T K ETERIR, PURREGEIE60K, FiEM T ALHmEM S . HrE 5
PO G 5 A0 P D B B S S R 1 R AR AT BE T (Feng et al., 2022; Lyu et al., 2022) .
3.3.1 IEVE AR I AR R AE

P10 /945 T-1982-20224F iy 43 1 %05 H TR REIEHE  (OISST) AR 3RA5 6 [ 0T Vi v o T4
TR SIS 1R R S5 B B 1 SRS o0 A SR A e %A . BT DU Y, R dbdl (R340
FIZR I AT 1 SRR M R R AR BB I X, PR AR R A BRI R BUL 25K DA L
(E10a) o TEMPERIRE AR SRE T, T ETREES RS Gk, KiTr &3k
YU X R, GRS 2°C (100D o 1982-20224F, H [E T HFEF I IR I R AR A
FROF 5 FEE SR I L I 25 () 3 e B o e Vg G R AR DS 40V X RTR R A DR BSOR i P S8) HAE
#n120-30 K F11°C (K10, d) , X 5 P4k A BRI R LTt LA — a0
CRIARXS F Tl ¥ aT, FHIE0.48. 0.70. 0.82. 1.091°C) F#A[F ¥ (IPCC, 2021) . HH.,
o L R A T T PR RRGR AR A R AR TR SR JEE T SREERE R (10, 1D . FERIR,
P (2010-20194F 1R) ) ZR b (B35 . R ¥E5-9 i i AR B0 A SR (1 1 43 L 29 20.0% 1
36.2%, 47l 219804 (1982-19894F, 1.0%F17.8%) MJ20ffM4f%. 20154FLLJE, 1 [H T i
BEERGOREITHEN T —ANE R, o, 20160 2017, 2020, 20217120224, 7= v [ i 5 44
IRFERAERBIYHIES0R, HUFEFMEFRNEZE (Klla) , [12020-20224F %< 4 [H ik 2 2=
VEPE AR T O 22 120d/a (110, 11D o UK, FH20154FE LK, FII R B A
REABHEN —ANELL TR (E110) o SubFn, 5 RIRm K0 2 IR oA F AR R
AR IEAE SRR, SR A T %S (Yaoetal., 2022; Lietal., 2023) .

& 10 1982-2022 £ b HILE I RIRER SRS (1) FMFHEE (°C) KBS KBLERE(*/10a)

Fig. 10 Climatology and trend (per decade) of duration and mean intensity of marine heatwaves in the
coastal China seas from 1982 to 2022.
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B 11 1982-2022 FERFEE (afl o) FIEEE (b Al ) BERREEREGYSKEATI. 59 HEER
REREHFEE T (%) URERRT GEXNT 1982-2011) 2L (¢ M d)

Fig. 11 Seasonal series of marine heatwaves duration (a, b) and decadal frequency percentage as well as SST
anomalies (c, d) in the East China seas (a, ¢) and south China sea (b, d) from 1982 to 2022.

3.3.2 M HVR I R AL

W RIRITE BRUR R A2, WURIBCN A% o AN [0 P ROR R AL 22 5ok, RIS ]
—HE, RRROR AR B R R AT BE AR A KB A NI R KA R, R
Z) 77342 (Holbrook et al., 2018; #4121, 2022) o KAHRIE FZAFHK ARG B
TERANARLA IS o WIS I R E SRR R S B IR FAE R RS R RGP 5
TGS A Ekmandh iR . Hh [ET i R R AL TR K P PRI G mE RS (BIlED
0 PR B A VI SR SR A LRI R, RN S I R AR ., — 7, R
BlEAEGHIXIEN, =B K08Es, 51595 2 1K PHAL AR SR VR T, sk B2
PEs RIS T 70898 X g LR IR S AR, SRR LR EMIRRE S Z AR,
AR T REPERRE, AHEIRMRE A FH—I71H, FERSRE T K R SBER IR X A,
H1 T Ekmansi R A R T B BE K N2 B i, RN 2 5 6 RS I 1 R R AR
MEXAAR R, T P ECR I RIRE B — P I 4ERE (8120 13)

5 R AR R A 1 SR i o R K S S R 2 3 S5 5 G I A A N 28355 B0 H BG5S
MRt K THR S . KRESERGRA, WJE/RJE#MEE %3 (El Nifo and
Southern oscillation, ENSO) . ElZ V£ T C(Indian Ocean Dipole, 10D) FlKSZ1 AR %
(MJO) 4 AT LI Jab oK/ 5 6 B30 A 56 % 3 b v 33 R 0 0 A= AR e A (ke /N B RS K
2022) o FEUHFEETERGR BA W B E R RHE, JESENSOX R % VI, fEEI Nifo & 4= IRAE 1)
H, MR 2 R A A IR HOR (411998, 2010f120164F) ; 1fifELa NifeiK 1)
HZE, BULbKAE (01989, 1999, 20004120114F)  ([&113) . fEEI Nifo AR B —F 2
TR TR T EEIRBRZ AR« TR ARSI 3 A0 T 09 55 5 - 50 73 R T Ay T VA T TR
R A6 R4 (Yao and Wang, 2021; Liuetal., 2022) . 3FH, £RBEE S, &
VS 357 B 1) L TR — 5 40 T S P SR R AR IR R R . R, B 5 I EL
NiPD 3t e S BN G PERGR I 4, W20154E B2, AAXITIT &5, 48P MR e ORI B %
FIREHEI NiFo IR AEA —E KR, HE5HG IR (10D) X RWHE NEY) (Tan
and Cai, 2018; Li et al., 2022) . #lln, 7Ei&EL:=4La NifaSi{F 2 5 CZIEH AN FE
HFRIRZ R, Boening et al., 2012), fE20224F 8 7 4 b [E MK SR B K 1 W s i o PR 1
(Tanetal., 2023). XA PR A #ty B REFE 2R R BLAT) R Fee (0 48 M Sl o 9 268 A T Ut ek
FEOR SO 0] 2R A 4, A A9 B4t 2 i B E VBT B2 JR P S 75 | ) 250 i B PRV B 2 IR, e 7
T AR W 5 6L 2 mT il i Matsuno—Gill (Matsuno, 1966; Gill, 1980) Wivz, i 51 #2 fi b A3
3 b RO AL SRR AR o B X, AT R TSR ROR IR A (B12)  (Xiao et
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al., 2020; Li et al., 2022; Tan et al., 2023) . fEEI NifofIZEE ], KAMRE KIS EIR i #2 H 35
i T 1 R 3 AR 2R T R 0 i, R T R T K PR R S B PR AR IR AL, I
T RS, R ERSRSBEIR IS A SRR A O S U, 1R T AR
SRR I R R AL IS, AR R R B ALK A R AR, AT N T R LR ARG
HEAR S P R AR I SR EE AR, A N ez (E13) o B, 21t 42 Bk, 4551522015
LS EN NiPD S 138 22 3850 R T R v AR s i P PR K R A

WA, H N S B B R B AR 3 R Y S R B B T B 0 T AR R A A
SMGEAE . Lietal. (2023) it & A 1202147 H PG AL A V-3 il 4057 A B it VP AR P DAL ERT A
FORR AR 5 A T $5 5 P 1 oA 45 A i e 4 PR R AR AR 38 40 2 £3%

B 12 K EEEEEFARRENARE SST R (Fifs, °C). 850hPa X3 (RE, m/s) 1500
hPa Bl 5,860 B £k (blue line) & BT, TR 10 AN FALH TOD 4E24 2022, 2021, 2016, 2013, 2010,
2004, 2001, 1998, 1996 and 1990, FHFHX T 1982-2011 4 (5| H Tan et al., 2023).,

Fig.12 Composited differences in the July-August SST anomaly (color, °C), 850 hPa wind anomalies (vector,
m/s), and 500 hPa contour line for 5,860 gpm (blue line) between ten cases of significant negative IOD
events, defined as monthly IOD index less than -0.5 °C (including 2022, 2021, 2016, 2013, 2010, 2004, 2001,
1998, 1996, and 1990) and climatological mean condition.

B 13 EZARE SST 5% (Fifs, °C). 850nPa K% (K&, m/s) #1500 hPa BIE 5,860 ZEL% (blue

line) W & AT, B 6 NMERKBIEFERE (1983, 1988, 1998, 2010, 2016) M FALAHr B HFRE
(1989, 1999. 2000, 2008 2011), FHFAHXSF 1982-2011 4 (5| H Tan et al., 2022).

Fig. 13 Composited differences in the summer SST anomaly (color, °C), 850 hPa wind anomalies (vector,

m/s) between five El Nifio decay years (1983, 1988, 1998, 2010, 2016) and five La Nifia decay years (1989,

1999, 2000, 2008, 2011). Blue (green) line is 5,880-gpm contour line at 500 hPa during El Nifio (La Nifia).

Dots denote SST anomalies above the 90% confidence level.

3.4 IR

RO T8 M (e AR IR T o, VTR FRIRR SRR PR I AR i e Vi U S, T 3 R v AR P A
AR RGHHRENEW, HCERWRMZES. G, 17w 5 RE e G Ay S RN R
1, IHEBFEAEY RES REME R R, TEHEMNEESRRRENESKE, OfFE
PEAEWIBET, W KL A RIBET . AR S BRI R R, LRI KRR I K
=, DL EMESZFIRK ZEREIISE, 2020b) o LATNER A SCTE IR /K SR At 1 1 )

e I Y AR 2 S 93 T i AL 26 24930 2 [] 1y Aty AIE AR K I, 3 T BRI B 5 AR A
NS EWILEEWRE L. —J7 0, A SRR E A £90.0%, (HE) )y 25%(1
PRI ES AT, JE N NS SRR REEE B AP RN S AR SN, AR AR BEUR
URRE FREEEAT . SO AR BRI AR E 2 RS ThEE . Bk, SFREMNAH
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2,754 N VAR EAE BE B S A 30 TR AV B/, (HL RS0 170 B U5 S 5 A 3R 22 /DB AC NI A vt
(Hoegh-Guldberg, etal., 2014) . 5 —J7 0, Mtk LREssmESRGEL —. Flk,
I D042k A BRIE HE IS 2 T £913.5%, £J11700km?, T 4 R0 s H1 38 0 T £920%, KIS
BRI, WA S RGO T EMIBM S (Souter et al,, 2021) . Hr, BT A
RIGE IR, AR AR (K AR A BRI E i AR S R A IR (M B ZE A (IPCC
2022; HAEMSE, 2021a) o BRI phJC 5 B e AR R G 1 R A A T BT AR TR R

I EA A AR S R G G R . PSRN ARG T A L R A . o, BRI R L
WA R R H Y], RO EE S & v IR B W E R RAMAS, HERIE
TR I K R R AR R . EJR, FEMG VR RBE A R S0 R, SR ity e e U A P 33
FOR AT IR T 3 5 R IR SC R IR Je Ak py S AR ) R B g BTGV R R 3
ERER, TR L b T I A R SRR B, B N R 2 R K E TR TR Rk KU
5 TR, B R M DR R 2 A Y OB R i Py B R B R R B, AT R R 4R A
NE, BRI A LA RIET: . B, 19984FE AR SRENSOZF A, 7 1 g it T S04 BRI 3
MR AR A, FEZPET, Forb B RSV P 900% (M I 3 i 26 14k s 2016-20174F, JRKH
P K B2 207 — 21 1 Jet A A T B DR R R RS R A A BRBE TS, B S B TG A e 7
R AMERER . ARGHURY D> . R SR ESUES (Hughes et al., 2017) o BLAh, i
FERGRIE S NFIEEY) . R, RANEE . i S ARG AL a4 = AE A RIRE A . i 4n,

201647 T R T INE v AVR T BUCA R AR KRBT AR AR, A AR KR IR h F IR AT
KRS EESET: (Walsh etal., 2018) .

R, 3 2 T4k, o KRR R 5 3 R I BV 2R T 80%, T A R Vi A B R
(VU307 24 7 5 % U A60% LA I N B4 %] 1720% 7 457 (Hughes et al., 2012) . Yuetal (2006)
T3 6} R VDR S AT T PR I I 1 A AR, R 2008 AER B VO RE B R A T 2K
FURBIAGE T, R4 X AR W] R B T il S I (AL A . sk, 16 b E R i
5 CmEyb. PEDEES) RUERIHR (g =, SR TS BRI AR
FIfk (Lietal., 2012; Keshavmurthy et al., 2019) . 4, 202045 Z=ma i HGR S 2T L3
TIN5 A S T £ 80% LA L I & A= 14k (Lyuetal., 2022; Fengetal.,2022) . Ib4F,
PRI R 2 7 rp E T R K IR . 2018558, R EITE . v R AR R v AR S A
Fo S AL K L B 5 RIS SS TR 26°C (B KB FE o T P35 °CH , FF HLaFgnd
RS20 K . ARG FECUMIRIIG S KIAIET:, ERAE TR 1501 AR T (Li et al,
2023) .

3.5 RFKEH

IPCCH 4R H,  H1 AR IE B HEBOR B COLS I & Mk 51 AR ) SR AR A D& 545 4 BRI V)
YIRS R AE T RE NN, iR EOKBRICRB WG DR
%%, JFH, XFBEEES N E (IPCC,2021,2022,2023) o & Fo ik [ bRl & i s b i &)
(CMIP5) Mk RGMEN S5 RARH, LIRS A R & SR HE ORI 50 R ARk E 4 v [EL i
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https://baike.baidu.com/item/%E7%8F%8A%E7%91%9A%E8%99%AB/578693?fromModule=lemma_inlink
https://baike.baidu.com/item/%E7%A2%B3%E9%85%B8%E9%92%99/2984057?fromModule=lemma_inlink
https://baike.baidu.com/item/%E9%AA%A8%E9%AA%BC/962673?fromModule=lemma_inlink

() BRFAE, I BLAR A A 6 TR B B v T R . AR S AR, AR R HEOR E
5t (RCP2.6. 4.5F18.5) T, #HXfT-1980-20054FF-, it BIAM AR, < HigSSTH 4
HFFE0.74°C. 1.75°CHI13.24°C (K14, Tanetal.,, 2020) . i E TR 512K o 1SR IR E
R AN A N5 DA 8 3R S A0 4055, SBURENIZ A 1 T CBERAISE, 2022a) o Rk

T R AR FE 5 1L 5 SR HE U SR LT S Ee B e 5 R, (HR AR b E g pH R %
lE R I R . 25 b, AR b EDE 0 LR AR vh (B0 e b R B T o U FHR . TRk 5t
BRI A SIS I LRI B T, 33K o w6130 6 T s 1 A SR

Bt I = AR BE TR I, AR R A BRI I FATR 0 9 B AR R B . 1R %
X EL A T ARG L SR TERIRIL R . TR, RCP8SIE R, FIAML AN, 4k
FHE3.5°CHITE BN, A BRIEPEAGIR ISP 50 50 K 1 3 AL BT /K SF 14165, IR IK 28 1R) 38
¥ 88 2165 (Frdicher et al., 2018) ; JFH, MW IEAIRAIAAEINZAR LT ZRCPASTE FHI2 f%
(Oliver et al., 2019) . & EITHEAKIE—LTHRMER T, E Uit 1 5 ™ & i
PERGRIE . 0, ARXS T Tk % drfit (1850-19004E) , F21t2 KM, ). BREEA
TR R A RECK 300k (RCP4.5) #1350 Kk (RCP8.5) , R ik X di bl o vy Ik ¥ =1
W PR, T R A SR P RIR XS (Yao et al., 2020) . b, 7E4ERFHE2°C
TN, 20224 B = 7R v [ i 28 R (1 AR o v P AR 14 B LUK PR 4 22 JLAE 38 (Tan et
al,, 2023). #EZ, MAERMEHERIRER KA REBONTER, XA RZHIEFEAY A
BRG R KMEVE RN R, AR AERTHE T A HGR K75 (ks 7 i o A 25 R4
514, TEFRIMIR,  H AT 2 HOR I RIR RO AR A 1 TR BIF ST R T A T 2w 7 s e A R
fEbrdE, AT S S AHERS AL A0 BE b T2 B 0 A SR v R R A 1 i P R R 4
I IE), T AR IR R AR 2 AT B R R ZEAR K324k (Oliver et al., 20210 . [lL, HHFFLEW
SR F B0 5 [0 A Bt VP AT P R 128 Ak %4 (Jacox, 2019)

BT R, AT THEIRE (1.1C, AEXF Tl an D SER RISk
FERAETRCR GG, A& L 20K . PO R IOK G . IRERIITIE R gt JbERRE R A& E
W SCHFIFUK,  IF HBEE 4 BRAZIR R 200 2 M 5 R E N SR 3 (Armstrong et al., 2023) .
52 AR IRH R, AT 7 AR A 25 3 A ) 2 R R i M B 2R S R G IE ARSI SR I T A
(Guo et al., 2023; 4FEf%E, 2021a, b) o WHALRM, EEMRKR T 5% KR ER R,
SR RERGRA B A e E (Yao et al., 2020) o HEVEHWR 5 /K BRI 2 AR A 7 E 1
RN, WHER RGNS & T —F 4 (Huang et al., 2018; Yao et al., 2020) . HF7i&H,
It 5 4 Bk o [ i v S RO 1 O SR A, B AR ) S S M AR R SR T R e S AR
fb S (Hoegh-Guldberg et al., 2014; #ZFsH%%, 2021a, b) o M44IRTHE1.5°CH, T
20404 AR (SSP5-8.514 5t) , AR /K e 0144 9k 2> 70%~90%: 4 FHifi2°Ciy, JLF
i (>99%) FR/KIMHIFER: 278 %% (IPCC, 2022) . fifdt LA S KRG LT R Goxt
NGB 5SS SN RN S UK, SRR R G, iR RGRE L.
RItE, GRS AL S R “ & 7 BRI SCH,  il RRE 2 e, SR
HAMWE S B, R AL 1 — A SRR AR k2
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& 14 2006-2100 £ RCP2.6. RCP4.5 7l RCP8.5 &R TRTEHE (LMD M Chll) EREE. B#
£ K pH NIRRT SE-FRIRI FZALF 5, IR 25~75% K Al 2=

(fEEX A Tan et al., 2020)
Fig.14 Time series of SST, DO, pH, and NPP in the East China Seas (left panel) and South China Sea (right
panel) under RCP 2.6, RCP 4.5, and RCP 8.5 during the period of 2006-2100.

150 5RE

4.1 4%

LR, NS A B v [E i 52 AR B DA S PE IR R AR, FEhiE e )
FAEBRGT LT — RIZEMFEN, HIL0 7 A SO 1 SRR X 25 AL 2 11
FIRFEL R o SCFRE R AT T o [ AR S P IR A G T . B WA R (D
1960~20224F, W ETEICH 2R T EE A BE M ER&ES, 0 EF 7 1.02 20.19°C,
1.4540.32°C, H 7R Eg A FHTHE CE2°C; 1 4R H B 7R A BB g 4] (1979~19984F)
SRR (1998~20134F) 347G W TR R RARAE, S A BRI TE Ty, SR A BRI i A
JEIX o (2D ZR 725 IRk 55 0 S\ AR o ]G0 P 10 2 v LU VA AR O ) B R IR X T
R AL TR FPIRA I, 270 & AR AR 556 R T BB K N2 b B RS, JRa 8T
INeRE ARG AIEE ISR AR (BR) Ji.  (3) ENITWSSTRA HE24E. 3~THEMFERL LY
164FHIFAPR AL Y], SENSOMPDORIAZAL K RE Y], ANFISERLENSOXS H [F U HESSTH 5
WA A (4) SAEASIE 5] v I i s B AR 2k L R A B 7 TR, SRR %
RAEZE, HERWAKEEE, FHMGHEEMRAEKTIE. IS0, B4 MRS R
S TIRE Sy, 0T EACE AR TR, ORI A R AR, Y SRR R A A
W SR AR, HEK 2 Bt M S S Bl AR 3, AR MR B R SO D REIR, K
Sl AT S A AR AR . (5) 1982-20224F,  H [E UT I E IR G AL R, B+ (2010-
20194F) ML T N2, Ry EWE. FIE5-9H MHWSsHR R R 1T 502 45 ) /2 19804 AR 1)
205 ANARG . o, JLEE UL U ARAUT IR, R I AL E R AR U R 40 X AR R A TR B8O i
YR ARG IN20-30 R FI1°C e T P-4 ) Ay v P 1) A8 A o [T i B RV P IR R AR 1 8

MR R 22—, (B PERIR IR A48 %2 BIIODRIENSORI TR, I3 il LA r [ A0 o o 52 5]
GREMANEEE . (6) TEURARRR ST, AR E 02 27 b [ 2R R TR 2 A THIR
POR BRAL. BRECRIRI A = AR A I SE IR LR, Ve A AR A 1 25 X SGfE B S
I H, A R R AR S R G IR Ak FET R YT 3 s A A A A (1
IR AR AT F T Ak A A AGR I 5 s 0 R A 2 DKV BRSO ) XU

42 Y
FESA AR A NG S L RIS R, o [ T 5 A 25 28 495 % Y0 o 1 X 420 5% T I 60 4%
PR H 25480, 0 2 W i Y TR (A0 B 2 o R ko B B 25 2 25 R G AN A S I A
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KRR ™ E . A H AT ORI T — Lo SO, W@ SIS 5 AR ORI X, SRR
RAaHIEE, FFIT R KBS SR . R/, SCBAER], DA RG22 2 55
R4 R BUHE— 25 R AR B vk 5473 (BMEMI4E, 20214, b; Bruno et al., 2018; Abd-Elgawad et al.,
2023; Mohamed et al., 2023; Okubo, 2023) . &M CUFTTHRE S, Tivk BIACH 20 AT,
TR FR) A AR a2 B 38 ) AT 32 BE 0, I IR S5 A 25 R GUR AR T B A U Wi 7 0, AR Y
I AR ORGP XA B R A% G % A U7 AR W 52 32 A5 I P LA P 52 0, i RA T ) ™ R
VPR AR RIS MEL R XS R A 2E o DA 2 A SR 8 i o U S o AR AR A R T L R S e B

o, AT E IS ARG [T HHEE R S R R TN . PUE A R, X AT R
DR T RIR 8 T A AT AR A, DAR KU BRI AR AN IR N o a0, AR [ g v
PIRA ARV RE . AL I 5 R RBE AU A1 B 2R L G R Mk 3 Tl 28 i SR A M e T 74
IRHIZE G G TR S L S R3S R G028 e L AN G 59 PR AR ELAE AL ok, OO R Tt |
ORI 28 32 A 2 AN AR AL A HI 2, 38 0 JUR A R 38 N 5 gz i it . H AR R
IR E SRR X L AR R I 1) P S8 15 T 0 Vi e 2R 28 R G AN A BRI ) OR3P SRS 3 1 B A
M ABEAARER R, PEARSE X ARREERE. KEWR IR EYBAT, Bk, %
TR XM PR 1) R 75 75 408 L AL AR 82 P 8 8 2 A A9 A % TR S T TR N TR ) [ R, 28 =,
BT ARA R 5 A0V 2 &N AE I, KHRPUABIRIR (IPCC, 2022) o ik, T
AR RG UM HIRE . R AL AR S I . REVERIRE I, R R £ hn R T R T
“HARMMRRITR” CERE AT, NLFR/SCFE AT, BLAT50-1004F A HE LM AT
B (BEFEMI4E, 20214, b; Abd-Elgawad et al., 2023; Mohamed et al., 2023) , VK& 23, 5
IR ZEREARRI ER VA S A 0, AN “HERR” AESRGERIL, KRR R TERESR
SR SNEAAIER s AR, BTN “FBSRE” MMEERE, SCii G5 2R & 5
B, PLSCNAT A BE VR BBk 3RS B A7 BRI AT 3, PR B U5 A8 e KU F B
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Fig.1 Climatology of SST (°C, blue contours), wind field at 925hPa (m/s, red vectors), and upper 30-m ocean
current (m/s, green vectors) during winter (a) and summer (b) in the coastal China seas.
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Fig.2 Trend (°C /10a) and time series of SST anomaly over the global ocean (polar regions omitted) in winter
and summer of 1960-2022.
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Fig.5 Climatology (black contours, m/s) and trend (color shading, m/s/a) of meridional velocity of the upper
30-m Kuroshio Current (KC) at 23°N section during winter (a) and summer (a) of 1958-2008.
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Fig. 7 (a) Distributions of winter climatological mean upper 30-m ocean currents in offshore China for
1958-2008. (b) Spatial patterns of the 8-yr, low-pass-filtered winter upper-ocean current regression
with213PC1 of the East Asian winter monsoon (EAWM) wind field at 925 hPa for 1958-2008 (shaded areas
exceed 95% confidence level). Reference vectors are in the top right corner of (a), (b) in m/s.
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Fig. 8 The climate velocity (km /10, a) of seasonal mean isotherms (white lines) in the coastal China seas
during the winter (a) and summer (b) during the period of 1960-2022. The vector (color shading) denotes
direction (magnitude) of the climate velocity.
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Fig. 9 The speed (d/10a) of seasonal shift of Spring (April, a) and Autumn (October, b) in the coastal China
seas during the period of 1960-2022. Positive (negative) values denote the timing of advancement (delay).
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Fig. 10 Climatology and trend (per decade) of duration and mean intensity of marine heatwaves in the
coastal China seas from 1982 to 2022.
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Fig.12 Composited differences in the July-August SST anomaly (color, °C), 850 hPa wind anomalies (vector,
m/s), and 500 hPa contour line for 5,860 gpm (blue line) between ten cases of significant negative IOD
events, defined as monthly IOD index less than -0.5 °C (including 2022, 2021, 2016, 2013, 2010, 2004, 2001,
1998, 1996, and 1990) and climatological mean condition.
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Fig. 13 Composited differences in the summer SST anomaly (color, °C), 850 hPa wind anomalies (vector,
m/s) between five El Nifio decay years (1983, 1988, 1998, 2010, 2016) and five La Nifia decay years (1989,
1999, 2000, 2008, 2011). Blue (green) line is 5,880-gpm contour line at 500 hPa during El Niiio (La Nifia).

Dots denote SST anomalies above the 90% confidence level.
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(&% Tan et al., 2020)
Fig.14 Time series of SST, DO, pH, and NPP in the East China Seas (left panel) and South China Sea (right
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