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ABSTRACT

In recent years, abnormal warming of the ocean has become more frequent. Marine
Heatwaves (MHWs) are extreme climatic events characterized by unusually warm ocean
temperatures, which not only affect heat transfer between the ocean and atmosphere but also
have significant impacts on marine species and ecosystems. The Indonesian seas, located at
the intersection of the Indian and Pacific Oceans, hold a crucial position in the global climate
system and marine ecosystems. Rich in fisheries and fish resources, these waters are sur-
rounded by countries whose marine fisheries production is significantly affected by the oc-
currence of MHWs. Consequently, studying the characteristics and variability of MHWs in
the Indonesian seas is essential. Investigating their changing features and dynamic mecha-
nisms can provide theoretical foundations for predictive research, ultimately offering possi-
bilities to mitigate the threats of MHWSs to human societies and economies.

This article's analysis relies on satellite observation data and reanalysis data of
ocean-atmosphere interactions. Initially, statistical methods are employed to identify the spa-
tial and temporal characteristics of MHWs. During this process, spatial variations across dif-
ferent sub-regions are noted, leading to a focused examination on the representative seas of
Sulawesi, Maluku, and South Java. A mixed-layer heat budget analysis is then conducted for
the Sulawesi Sea, along the main axis of the Indonesian Throughflow, to assess the warming
contributions from advection and heat flux terms, addressing the gap in previous studies on
the role of advection in heating. On the other hand, prior research has mainly analyzed
MHWs characteristics during the cold and warm phases of three major climate modes: El
Nifio-Southern Oscillation (ENSO), Pacific Decadal Oscillation (PDO), and Indian Ocean
Dipole (IOD). To expand upon this, the study incorporates multiple climate modes dominant
in the Arctic, Atlantic, and Southern Oceans, conducting composite analyses for the MHWs
characteristics in the Sulawesi Sea under different phases. This allows for the identification of
the dominant climate drivers influencing MHWs .

Through the above research processes, new insights into MHWs in the Indonesian seas
are gained as follows:

(1) The frequency of MHWs across the entire Indonesian seas ranges from 1 to 3 events
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per year. Long-term trends show an increasing tendency of MHWs occurrences throughout
the region. Among them, the Sulawesi and Maluku Seas exhibit the most significant increase,
significantly higher than the South Java. The growth intensity in the Sulawesi and Maluku
Seas is similar to that in the western tropical Pacific, possibly due to the advection of heat
transport caused by the Mindanao Current and the Indonesian Throughflow. The average in-
tensity of MHWSs across the Indonesian seas varies between 0.8 and 1.6°C, with noticeable
spatial differences. MHWSs near the equator tend to be weaker. The South Java has the
strongest MHWs intensity, followed by the Maluku Sea, while the Sulawesi Sea has the
weakest. The duration of MHWs ranges from 8 to 18 days, with the South Java having the
longest durations (>14 days), Maluku Sea in the middle (11 days), and the shortest in the Su-
lawesi Sea (<9 days). In terms of long-term trends, there is an overall increase in the duration
of MHWs in the Indonesian seas. The most pronounced increase is observed in the South Ja-
va, while the trend is insignificant in the Maluku Sea, and a decreasing trend is seen in the
Sulawesi Sea. Analysis of the dynamic mechanisms reveals a significant weakening of sur-
face heat fluxes in all three seas, particularly in the Sulawesi and Maluku Seas, with reduc-
tions reaching one-third. As a key factor affecting Sea Surface Temperature (SST), the weak-
ening of surface heat fluxes likely contributes to the reduced intensity of MHWs in these re-
gions. Regarding ocean dynamics, the mean kinetic energy (MKE) along the main axis of the
Indonesian Throughflow in the Sulawesi Sea has notably increased, indicating intensified
flow transporting more water from the western Pacific into the Sulawesi Sea, strengthening
the connectivity between the two areas and making their MHWs events more similar. In the
South Java, advection weakens, but vortex activity and Ekman vertical suction strengthen.
Changes in ocean dynamics in the Maluku Sea are relatively weaker compared to the other
two seas.

(2) The mixed-layer heat budget analysis in the Sulawesi Sea reveals that, in terms of
long-term trends, atmospheric-ocean heat fluxes dominate the changes in the mixed layer
temperature, serving as the primary driver of surface warming in the region. However, the
long-term warming effect due to advection heat transport by the Indonesian Throughflow is
about half the strength of the atmospheric-ocean heat fluxes, acting as a significant secondary
driver that cannot be overlooked. At interannual scales, the warming effect of the advection

term exhibits extreme event characteristics in certain years (1998, 2001-2002, 2004-2005,
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2015-2016, 2020), which coincides with years of high intensity in the time series of the re-
gional average MHWs characteristics in the Sulawesi Sea. This suggests that during these
years, the warming induced by advection heat transport disrupted the original heat balance,
becoming the dominant driver behind the occurrence of MHWSs, which are characterized by
unusually warm ocean temperatures.

(3) From a large-scale climate forcing perspective, contrary to the commonly held un-
derstanding, the response of MHWSs events in the Sulawesi Sea to climate modes such as
ENSO, PDO, and IOD is not the most prominent. Instead, MHWs events exhibit the most
significant anomalies in response to several climate modes originating from the Atlantic, in-
cluding the Tropical Northern Atlantic Index (TSA), the Atlantic Multidecadal Oscillation
(AMO), the Atlantic Meridional Mode (AMM), and the Arctic Oscillation (AO). Similarly,
the primary dynamic factors driving MHWs, like atmospheric-ocean heat flux, heat advection,
and vortex activity, show the most substantial anomalies in response to Atlantic-based climate
modes, particularly TSA and AMO. Through analysis, it is hypothesized that this might be
due to the Indonesian seas being located in the ascending branch of the Walker Circulation,
with anomalous sea surface temperature signals in the Atlantic closely related to the Walker
Circulation. As a result, under the influence of teleconnections, the sea surface temperatures
in the Indonesian seas, especially extreme warming events, are more sensitive to signals from

Atlantic climate modes.

Key words: marine heatwaves; Indonesian Seas, maritime continent; heat budget; global

warming; climate change
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HEHYR (Marine Heatwaves, MHWSs) & — il 7K 5 o 38 B (1) S A5 AR g 44, Al 4
BAREIA K “CBRRE 7, X5 HE AR E =R KR SHAIR (Heatwaves) RZEI )
O SR AR M RGRAE R AE N RIRE (Sea Surface Temperature, SST) 4 Wi 3 i
AR T B SST, XM iR REOE 2 TR DA b o AT 155 I SR I 3 T3,
PERIRR AT 1Y) SST  AEI [8] 79 A A1 8] 73 A _EAFAE 235 B AU AR, AT )i LR
SEAREL T KR

W PERIR O PE AN A 25 R G0 B R R U2 i 90 R AR T P AR R 82 R AN A
R ILAERE T A TG A MES P4 52 2™ H LM, Garrabou 5578 0] 1 7 ¥ & A8 B K RS
FPFE T A s 1 R FAIR AT BE T R AT TG 8 HEBN P B 1) ™ E M Y 1979 4F 2 2020
AR, ARSI LR T 2300 A AHIBIET-FMF, WK 90 ZAWF,
R RZ 8 5K 5 AR 0 [F, e RAR A AT 5 B8 20 I TG HESh P 1) 3
KRNFEEY K. an e dR 58 R F 2HK X, 5tz . Rtk MHWSs A G
HESI I 5 M) A2 3 S 7K S 2 FR) DA 3 BB, AN B3 L 7K 48 52 PR 0 10 3 ol 4 /NP
eAh . HIRF— LW ) e IR FE 2 1Y) (temperature-dependent sex determination,
TSD), BV LA A P 1) 2 b VR i el v 1 s 8 i 2 ke i O, g o v )
WEta, XA AR R S EUNHE AMETE(L (Feminization) 5[4 1 %,

A BRAR I () S Ak 1) B R AR o5 [ I OV, AERX PR URARIE R E ST, &ER4LK
LRI SST W EIW T ETHIK IS, W AR Mg K AR IR 1 — Mo o 175
SST 172 A, A1 2 W) BRI 2 R0 2 QI3 ) 32 AT Tt Rz — D100, IR A 5 i 8 W o
FAAM T — PR A AE AL . IhAh, ERBRARRIRE ST, KR
i S T AL P R AR A B MR S N [R]ERAE AN W B I, DR b At oo Y v AR A 28 A A i =
(PRI 9 B S A SRR TR Y, M PR A BRI ) REAE M R LA R I 2 — o B
& E U R SRR & 12 2 (Intergovernmental Panel on Climate Change, IPCC) 1E
TR A BTN 1R AR A AR S R GO0t il AR (e 812, R S, MHWs fEH
R VB ZF RGO RIBT FB B TR L. 56 H E g MK UE R (National
Oceanic and Atmospheric Administration, NOAA) T J& N4 #2255 % (Physical Science
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TFPERGR A IE U 7B B, (E R SHE K IGRE I R O 2, I PEHIR )
W7 AT LLLL Hobday %5(2016) U8 e SUHEZR N 5B 73 A0 5 AN B -

1.2.1 GF R E MAERNIR L AT E

Ve 7K S BE  T HE AE A PRIR I RR A2 I R BT WL 5 T W82 1), DR AE IR = dm 440X —
WomFERT, CF ¥ # RITFIEHIA, W 2009 4 Garrabou %5 AXF 2003 47 & Zxh ity
G R TG SUHE AR ) () U IE T kAT 10, O S R BAE M R B T 3R O3 A
55 7K S S (R PG B s AR DR, 3 3 WG 1) e B AR A O R A B8 (R B FE AR A
B, XY AR B O RS2 A R A 720

“Marine Heatwaves” X — A5 H X # {# F & 7E Pearce %5 NT 2011 5% 2010-2011
SRR R IV P8 VA ¥ 7K S o 398 AT 7 R0 ORI e L S BT i o P21, 4 iy N 5
2013 MR FT AT, A FE R B 0 /K 0 5 e 5 w2 i) B Je ik DL
AR iy 80~ TR vy B S o O, WM )~ TR v B2 S 2 B8 T 9 24 ) Leeuwin Current G
RE P8 i R R T AR B 25 0 — A B R ), R S B T ™ E i
PORFAF . BEZARERIR NG, EERIRE € IESE R Si—. 2016 4F, Hobday
SRR T ANE B CHEZE: A H 28 90 B 20 A Mg AR Jyar g PR )
RS, Tz, R SRR A B SST I [a] 7 41 i i {8 H. 22 /b Hpst 5 R
AL E A — R RGR AR, FREUH NS T BHE RIS LRV BT 2 RP) X e X
HREERZSEH 2013 4 Perkins F1 Alexander #4511 RS IR E XHEZER), G %%
RS 99 A AU ARSI BB, 33X 58 g i o BRI FAGR AT LAY 28 21 Hobday %5
(2018) I 7 IR AN ] it B2 () E FRIR HEAT 23 SR AR v v 24 e AR DA G RO B 5 v 4 )
TR E B AE,  []5E BRAE AT DA B RR 8 TR VE DA R 4 b BR R 8 S, 91 A mT DA B
A EACRIR FER | T EE BE R AN LR A7 B A ORGSR —, WA e IR
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A 30 4F (135 FE B 6] 37 31 g E 120

208 XAEZEAE A BRAR IR FC WA TAAEA 2 o« HI T K IR A B B K AR R
#, RERFGHFERRZ 0.25°C, Kt 30 4 RIEHE 35 5 Fr it 8 0 SUES 1R AL ik
FHWT AR LA A ] B Y DA b g /K SR T, SEBRIFIE RS 2 B B s TR, AT i
R AR BIE5L, 72 “ B — B R S R R R A R 4 ) R
Oliver QO2)PELEHLEIR 4 tH T HIEsh S X —m @15 X, {2 Chiswell
(2022)R81 K Bt 78 R WA Bl A S TEA R — IR R BRI RE HE S B AR T R,
Amaya 5 2023 FIPIE Nature F3EHFERIR T EBEFEW L, HEH T DT %R:
30 FTH5H [ E B ATIF TR E R I THE, IR Bl AR A B ) A5 R ERT e L

A “total heat exposure”s

1.2.2 @ F ORI Rt R

JE R RIR E SREZRATY SR A e 2 Ak, B2 FLAE BT I [) R 22 18] B B 7
i AT EE I
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% (Pacific Decadal Oscillation, PDO) AL K17 Gyre #&% (North Pacific Gyre Oscillation,
NPGO) K. Myers M 2013-2015 BAAIE A TRE R A ORI T T A58, Hot
ARVE BRIz RBERZBOC T SST ISR . Schlegel 5559 (2021) X PUALA T4

4



F1E KR
K I B BRI R IR B () R LR AT T 04T, R — R R SR R A
KAFGFERTPRFEL (HRCE Iz — SRR B T R E R, IR 1
THIEMHIFAE J2. Xu 2687 (2021) WS 20132015 FRACK PR EERFA 07
ORI AR A6 ST PR FAR B BE S5 R (IR Y B 0%, T RSN ] 52 31 1 #ily 1) 5%
1

FRACT SRS AR IR 7T, DX 3 P PR T 0 I 30 ] SR X R SRR R o
Schlegel 40812017 AN I KK 7 ity AR VE B 3 AR 70 3R I A A = F 3l 771
Hl: PR IS SRS R (R i B i (Agulhas Leak), KGR BN E, B
U S8 LR TV R ETHAR R R 2R - Oliver 2503912018 £E32 F 1o 20 H AR PEAR Sk 15 1y
L Je AR S IR S, R B A AN TR 14 AT AT SR 43 B HE 2R KR i
& TSN F7. Darmaraki ZE404112019 5 b rp PR AR T 25 I ARG Je AR T8 A8 43
BT T T, LB TR W s R R S AN S AR R FER R FIR 2 HRZ LT
PV Y TR R 2252 I T] 5 B R E R ARG, AR SRy v Y A IR PR O A 2 B Dl e
Elzahaby %514212021 4%} 2R KV HA L 22 Ge PRI 9 2 30 78 0 St e TR ) = 20k 5y
TR HGE R, T X (1) 3 ZIRE) 18R . Huang %541 (2021) FIH =% SST %
Y5t EAR T R IEAT 73 BT 13 S0 UK FE PR PR 5 0 FVR B 3G 0 2K Yao AT Wang!*4!
(2021) 7EXT FE R RIR IR 78 iR R DOZ I i GRSk B T EFHRRES, T b
FHARURES K B T Bl #vs i R R X ) 578 . Barkhordarian 5511 (2024) % 2007 4
PASRAC IR R B R AR AT T VAR b, 45 SRR = SR p s U 2020 4 &)™
HEM GREEIE 4°C, FFEERANA 103 KD RAERDEFM.

IEWIASCHTSCR, WFERRA SRR IR A, I B2 m N EhEE K.
Schaeffer Z51401 (2017 T FH K 3 1R 30 7 0L I 50 s kR R0 2R g 2 R IR = (100 KD
WPERGIRIAT T, RINZMEISIR R Z PRGN R R, HACGRZEPERIR T L
A R b L A 2B KR BRI R DU L T B KBS BEARFAE . Hu 55M7(2021) R FH K
7 F ) TAO/TRITON {45 RGEHTE Fi K IIRR IZ M RORBREEAEE &, P39 iR
RRIAF 5.2°C, “PIFFEEIT 208 17 R, RIS IR HOR 1) K AR AR T JE /R 8
VI ARG o HE AR, 55— A LG, DS A RGBT AR, LRI+ H
(S5 T AR AR, AT HE DU e A B AR T 2 R IR 280 L

W RAE R BRAR IR (18 5 2 T 1] R R A 22 % . Frolicher S52000 H 4 BRAZ IR
T N HOHEERIRBEAT 1T FT, R UL D0 S AR T i I FARAE 4 BRAR IR A 1y




W& ZRVEE AR 2 A 22 1 S0

BcHEBCR T LA MG K, 87% I ERIR T DL R N s, A 3RAR IR A 4545 i <
{5 A B i o

EEERIR IR AR & T SR AT 7. Schlegel 21481 (2017) 785 R K ik 7 it
FRIRIF 5T B 1 T M VEFER) (Marine Cold Spells, MCS) HIMES, 48 A R R4 2 [A] [
REER, RSB CHFREEFNRRELN A FRAR) X —RHIE & ] B2 A B B AR
fabr, FALSRA TSR R L MR S R, A AR EAAEEE R RHMR
& Bt A7E 1, Schlegel &1 (2021) X FEFERI AT T 2 & 2 X - Hayashida %5%12020
SEFR R 0.1° PR S Ak 23 AMHL B A 1 I HE e AR HEAT 6T
bl, 45 3R I PE I TR A AR e A — S X3, KL o AL B = e 4 FERE
T AT 2 BB e AR DR FEAUAIG, L4 SR RIRE AR 1 v o FRcHs ) A FH ) 22
£, Woolway £ (2021) /5 JEHgFEHIR PIBFFLEEH T “HIH VR (Lake Heatwaves) ”s

W, M PERGR IS P D5 T - Holbrook 2019 45X} 4 BRI VEHIRIKEN /1 A 1)
WHAHHAT T4, WK 1.2 Fos, @ERIRIE R ERER B E R, FHRERIL
TR E] EFFREH,

Long-term
1 00 yr _ climate change
Decadal modes
(e.g. IPO, AMO)
10 yr - Large-scale & regional
climate modes R~
o ----"~7=%<__ (e.g ENSO, IOD)
8 Year - Mari 7 _%T\\H% . Ocean/atmosphere
0 arine - Atmospheric blocking >, -
— Rossby waves
b} heaiwa)f,es Jet stream T i
£ ‘ Fronts | ntrasea Y
= ! :
Month — y : Oceanic Kelvin wayes
* Wind stress P
~ Teleconnection processes &
Ocean -7 persistent features
Airsea Tadwecton -7
Day — heat fluxes
Local processes affecting mixed
Eddy layer temperature budget
) processes
Vertical
processes

I I I [ I
10°%m 10'km 10°km  10°km  10*km
Spatial scale

1.2 WEPEAGRIRS) Jg i 1] ]ROBE A1 23 18] )R (Holbrook et., 2019)
M 1.2 el BLEH, 5 MHWs B EMIKEN 0] 0 AW K5 O HhIkz)
71, @RREAGEE.



1= ER

FREBCT RAIRIX R T U i S S, e i RO I S A SR A R R TR
Z HEERIR AT TR D TR, A7 AERLZ MR 78 70 AR AR 7 i R ¥ AR 5 R A o
£55 . BRI 2021 SEAOHTFEL7A0Y, Oliver 55 A 2021 SE B FLZRAR P A} 5t
JEH, LAK 2021 24 KPR H IR R EAT 55 AT R 450 T

(1) DX HIRAIT TR AN 2 o 4 BRUEVE PIRAFAE ORI 25 18] 22 531571, AN [R) i3
ANTR] 2 ) RUBE (AR AR FRIR 7 AE BRI P BE S A ANTR] o 3XHE IR O AN [T ) S B AAE, K
HERTR CRFEE R EE R BT RBRARREHE B RS > A TRE, MDA
AR e RGRIEAT A BT, T R SST 7EiL il IR e A v 5, I A 1
Ve TR SE R TR LR 7E o 4 BRI

(2) MIEHE A R FEEER Z R RGRIT AL B2 B s A LA 2
A RFEEFE LI B it

(3) BB AR AR N SRS A R . H AT 1A PR TR S5 A LA
VA OXEEZFRFFES KAE R (National Oceanic and Atmospheric Administration,
NOAA) T JEEER} 22515 % (Physical Sciences Laboratory, PSL), @# 78 % /K F1KS
W5 Fr (National Institute of Water and Atmospheric Research, fiFX NIWA) @ A F| ¥
ISR A0 Tk BT 5T 2H 23 ( Commonwealth Scientific and Industrial Research Organisation,
CSIRO). H.#k 2 AN 3L 5¢ U 8 AR AT LA A AT RS P AR A 7

(4) Gt AERAFAEAR & . Hobday %5 (2016)F2 Hi HIMFE IR HELLPTIZE 4 BRAR
BEHIH 5 Pl RE 2 SR “FEAML 0 E BN Hm S XA GEREREE, X
e RN R EAFAE — MR K TS, HE R R+ ETF 0.25°C. Wik H
B I I 30 F RS RS 254 M e IR, IR 3 B LR B AR 38 1 22
ERXTE I, Oliver 55027 2021) MBS LRIR Hgh Y T FIIE 3" F 35 34%, Amaya 55612912023
FERF AR T X — a5

1.2.3 ENE e i a0 e £ R AR IR

E1) R J PG MR S5l S B S R i, SR B LA, T 1 Y AR O A
iz B A PH ORI A i 3 B AR = 0%, (E R B 2 AR ER IR O BT BN
b,

Iskandar 503312021 456 JTUHE &) B 38 MR RGRIEAT 7L, R DA 8 o o AR TR
g/ ey, FPEEmf i, AR K BT . R AR ILE 1998 4

\\



W& ZRVEE AR 2 A 22 1 S0

2016 FIXPHANJE/RJEERF I (FPIRAE), HRFEBIKTERESE, B4 TAe
TH R, DR b LA DT TOME (2 e S 1Y) AR T BB 52 ENSO RIZE KUK, (HAR X 30 /)
WL g — PR

Edullantes £#5612023 4% A S R BOREEAT TR IE, R ILHEBE ST
W E IR R A B 1 T BT, I EROR I IE EA 20 &S . Hodd
L9 BT RE TR ENSO K AE XTI FU I S0 VE AR I R AR R 3 1 28 50 FH B A
.

Beliyana 1712023 4F X} B B J8 P4 W80 E #GR AE PDO, ENSO, 10D — /MRS
THIESRIAT T /00, R T H SR AIEEN R, PDO 1L AR AR IR K
A AR AN 5 B A 5, PDO SR A A TR FAR R AR AT R i ALK . M JB B4,
PDO F LA, 10D IEAL AR HHRIN R A1, 54 e i4E sk PDO Fi 474 H 10D fifs
FHR AR LG, PRI, SR, Fraem B #OE R T Rkl R, S e, PDO
T AR, 10D A AR BAF B A AR R, S50 RS L, MR ROIR I =/ NMRHIE &
Hw N Rk, CHERT R JE G4 A 7 TOD FHARI 3L A1 S 80 1 B0 FE e v i
KR B RIR R AR, JEIR 6 VAL e G SR I P K BRIhA B iR 3 n] Be A
Wi o Y PIRFAE AR AT T, RS KB R IR 1) BT, (H)R &
B R IUATREANTR], TR, 5 )20 T I8 G 3 S5 R A7 TE W TR B K B 1) T Pt 34,
JRVE G BVEES, B2 e A I A R PR AR T B SA . B AT Pl
SCRTH AR AR T %A S BRI ) .

1.3 83 B Y R SRR A [a) 30

EREFTIA, BN JE VU EHE SR TR B FEAFAE RO AL, IR 78 32 B
2 2% 10 AL A BB s e PR R S5 R B DI R, R RRHIRE A VR st — 2B 35T

PR, ASSCHUGE AT 7T A RTSDLAEE R 1 e AL

B E JE 74 U PR e TR SR A LE AR AN S o BE AR 2 55 S ) G iy 2

(1) WKIIKFE, BN JE PO IR g P IR A CRAEDIR, SRR, st
) A ERRALL?

(2) MRS, EIEE JE PG Vs R e R A2 A 2 RE Y AL P 9 5l 2
XY AL B Tk ?

(3) MWRRESMRAMEE, B S 78 ML i35k AR R B2 AR A A 2 G 2 16
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F1E &L
P BIAS S LR ? X B S B S TR i 2] 1 N 7 s e AR ) R A, R
AFTFAZBIRAEFE IR A ? XSRS R ARG o v, A RE AR T H e ok
HO S AL 2

L4 RXMRABT KRR LETRHE

FEXHUME R 18, BREGRAL, AWRSORYEE 1.3 0 N HAE.
518 (1)
I
BiRERE (828)

|
ENE R 7 8 8 F AR
TUHE (HI5)

ENE e I E0EiF ARESIRRISIENE

HORE EIREN Fe L eiE i R Y
(545) # ($55F)

[ |
1

Fig (Fo&E)

Kl 1.3 ASCCESE

H—EONEW . WA ARSI T IR 5 TEAE . He R R 2
B 76 VTR IR FR (BT FEBIIR o SR J5 B4 H AR SC A 9 B AR RN S A P ) R
B Jo 2 H AR PR 98 N 25 B i SC 5 2

B FRNBIENBE NIRRT HR I BAERIR, 3T 30 il
i1l 53 M7 BT FH 0 T A A R SR AT A 28 o SRR RVR I E SUHESE, Ry 3l )2 53 W 7 33t
ITHIEINH . KA SO FER F 2 R R BE B SRR S TR A 21

55 =y EIVRE JE V8 P S T PR AR AR o K oxof B & T ML IREIER ) SST RFAIE A 3
AL THEAT I 53 M, SF B FE J 78 MV 33 v TR PR = ANRRAE B S AR kAT S 4B 350 3
e

S VU B A BV T2 7 S Ak v o AR R M B B 77 o KXt S s ALk i DL P X
JIEAT 5 AT, 49 B0 60 BE JE VG WA B 1) — MR AR AE o AT S T B, TR FE A
IFi) o L B 50y g (R ST R G 4T, R 3 A 38 K g S A R 2 P B T K R R

55 T B O ORRUBE A A S T B i 18 VA RTR R S o i Sl 22 A8 R T) 11
RN ITIR A FE B, SUEBS Z RIMAROCOC R . Het il & o ik A [ A fig
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W& ZRVEE AR 2 A 22 1 S0

BRSNS FALA IR (i P AR AR B3 AT & BRI 2 MR R IE, RiXeer
PR RFALEAT X, AT 20 Bt AN R SAGAS S AR [R5 AR X B EZ JE o8 Mgt v AR R 52
i o R Je TR (0 7 SORHE (R (1 SR s X sl A EAT 5 il i, NS AN R SRS A A
FADE TS AE Rt SR B T IRISAMA o fo S g X PR 25 RABBEAT XL, AT 20 A7 HE AN [R5
SRR B AR TR B R 7 3K
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52w RN S N7k

B2EHENBEDHA
99 7 ARG TR, JFRETAIBLROSMHT, A SCIRE PR LA TR S R K 7%

2.1 OISST IR EEREE

WHEER IR (Sea Surface Temperature, SST) & AN K S 78 b 85 2 108 0 45

b, WA AR B . SST ALK B T Bz WL An 2N, Bz W 3= 2
LA AR P 6 DL RS VAR KR T LSRR AR SRIBCEOE 1) A =

B Mk, T 200 7 A Bh 3T TR B RS, SRR AR, Bl
K

FCAHT SST =it (L4 25D 2 Blsn o A T E Wi s gt T duRat &, 5
7 BRI ] LS4TI0 73 b4 (R R 25 5 R0 1 0 M4 2
AT Bl BRI R LR PP, AT 27 a5 e Bk A B

AR SCAER IR PORINAE A T & B U6 R IR S (Daily Optimum Interpo
lation Sea Surface Temperature, OISST) HJ 2.1 iz (OISST v2.1) B8, Zp= Rk H
TR AR B UL N EE A L I s B RS, JEXE 2.0 RRCAS B Hcdfs i 22 i)
AT T . R S VE DY 1981 9 H 1 HES, WEa# R NEEH, 267E b
TEHEAAER, SE5 RN 0.25° X0.25° . OISST 3% [ E KM KRS (Na
tional Oceanic and Atmospheric Administration, NOAA) & EZFIHAEE B0 (N
ational Centers for Environmental Information, NCEI) /& 4fi Chttps://www.ncei.noaa.gov
/products/optimum-interpolation-sst)

OISST /2 e iR CAM 7t i) 2 MK SST Hdfar=i, HJ ZisHT
25 I O AR TRIR T T . BRI, PR IR SST IRk dl, ANFREHE
PIBEEAN NTHE, BRIt SST ¥ 7 ZEi i) RO IA ) =+ F Bl =14, RN
H D) A i AR A

2.2 ERAS KEB D hEEE
AR SCE R FE RS0 R 1B U B 32 1 T4 BT RO A T v B R S T AR e
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W& ZRVEE AR 2 A 22 1 S0

(European Centre for Medium-Range Weather Forecasts, ECMWF) & i [f) 58 FLAC KA F
I EdE S (ECMWE Reanalysis v5, ERAS) PLiZ¥EREMAS T EERRSHEE (7]
FLIN )78 o2 G LY 1940 48 1 H 24, W g #R &N /AEHAEH , 23078 & El DY
EER, ZE RN 0.25° X0.25° o AIHIA] ERAS H & #GE & (Surface Sensible Heat
Flux, SSHF), ##Jd& (Surface Latent Heat Flux, SLHF), AXPH4EI4EHT (Surface net
Solar Radiation, SSR), E[Hl[FIZMCEFEST (Surface net Thermal Radiation, STR) 5
OB

2.3 BRAN 2020 B thEiESE

W E i 5 (Bluelink Reanalysis, BRAN 2020) 2020 ik [ T KAV ()
Bluelink 5 H , %50 H gAML LA T2 (Commonwealth Scientific and In-
dustrial Research Organisation, CSIRO) , WK H]V.< 5 J&) (Bureau of Meteorology Australia,
BoM), W KFIEEURFE B3 (Australian Government Department of Defence) & 1EFFJ& .
BRAN SCHERD 1R K S8 3 3 b S v (R g T b 55

BRAN2020 #5485 £ 18 ik 30 375 L0 &85 5 A0 36 43 % 1 56 = A8 KR P 383 o T ik A5 284

(Ocean Forecasting Australian Model v3, OFAM3) #1454, FH & i AL 4G E

(Ensemble optimal interpolation) 3R, #hEE, WFH&EE, W —=1r=MI04E
g B ZBARERR RIE SR 1993 £ 1 HES, NES#RNEH/ER /&
W, FEERICE AR, TR HEEN 0.1° X0.1° .

2.4 GLOYSY12V1 €38 ¥ BB SRS

BREEYIFL AT 8 £ (Global Ocean Physics Reanalysis, GLOYSY12V1) H
KM EF 18 ¥ v 34 55 I U ARk 45 ( Copernicus Marine Environment Monitoring Service,
CMEMS) %Al o ZEHE LR BVEE Dy 4Bk, SR HFOY 1/12° X1/12° , I [ATEH
1993 4E 1 H 1 HZE 2021 4F 6 H 30 H (B 2024 4 2 H 22 H), W2 #FE A&
MR ZEHREAE TR B W WP e RE RN E, EA LA
50 J=-

GLOSYSY12V1 2+ NEMO #3, #4318 Kk B T ECMWF ERA-Interim Al
ERAS Bofrfide. HoEFRC L, RA Vit 8, B2 SST, IR,

12



%2 B HUEN RSN

Dt eE, JFig M TR R R /R 2 U8B

2.5 EFRIRE XHESR

A Heat Peak date — Temperature
eatwave " .
(=5 days) ~—__ g::gi;ci)llc:jgmal mean
s”p?f:s (Sjtat” Marine heatwave/
] \\ ae heat spike
E \
© End date
(] Peak
g' ‘ intensity
" |
Duration
- '
Time

Kl 2.1 ERIRREE (CRHE http://www.marineheatwaves.org/)

Hobday 2016!"8IHE 48 H ARG HGRE BE SON: FrE A B R A BT . HRek—
BN IR) A e W MR K A ke e AL ELARTE AR AL SST #dls T, AR E4E 1) SST I [|] ¢
ST T SRR, & 2.1 B TR e 4 RO Bt RS 5. B HUR fa i IR
WM 0 S A T G N T A TR T o 48— BN (AN FR R 2RI R 75 K T48 1 5 R, Hrp e
AAE 2 REYEWT . FRBRKGEIRIRE TR ER T —EBRME, ZBREN 30 FHRPIE
Hodie BLHT 90% i 1 SST T BA HAUE, — HIXBZ R, EWAE SST Ll 2 14K 90%

] SST #BE .

TR, AR R RS S R T AR BRME SR P, RSN
30 8 H P15 21 365 A EE (75 B RS H D, WCFE F 5 B0 e SGR EAT 20 JI

HEPE IR BB 20O T 2

R 2.1 AR B R AL

HEAL St Hfy X
#i% (Frequency) W/ o SR MR 22 2
/A #
F-H45% % (intensity mean) C HERERGR B I SST #5 A 1
S AE
FERHTF] (Duration) % R B L2
8]
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AR TAR K2R 2 18 50
ASCHTR I ERRRFER AT LR 2.1,
$1% (Frequency) A& 54/ 83 F HFPERIR IR AR IRE, 37 R AR Mg HGR IR 57 D0 U
FEPE, BB W, BN . FFEEE] (Duration) A2 HEVE PR M & A 51 45 o) e
Z ], R T MHWs A BB, T intensity A2 MHWs B BAR SST i <% AS
FELLI T INRIE, 2R A I IR P P2 B

2.6 Bt F o AEAERE N
2.6.1 XM

FHI43 T (Correlation Analysis) J&—#H THF 7N MR8 2 ] R RS0
W7k, R AR B T ARAR B 2 (R AH SCPEARRE, BB TR ] —# AR i) . £EAH SR>
o, WHEGTRERAE R R, R R AR5 R A A 0 R aR AT 1) .

BENLAS R A, B I8 B RHEMHE IS R BT 0 7 225 XA 5], AN

cov(A, B)
cAcB

Bz JRHAH 5 2 U B ) A LR AR T 2 TR A S AR . EIIUE VS FIZE-1 B 1 2
f], H 1 RoRTERTEMK, -1 RRTEAME, 0 RRLLEMEKRR.

2.6.2 BRGTHT

p(A, B) =

2-1)

E T (Composite Analysis) A&k 240 70 6 58 5 H B —Fh ok 22 0 By 7 ik,
W TS NAEEEIEE, DEIEGEERHRRIER, WA E R 80 %
W AR . £ R ISR AU, ST 2 N . B R 3
I 2 MHIEAE (B, FRE R RARG . AR GRS AT [H]
B A] B R5E, AR A TR S F AR P BPIR S B AR, AR R IX S B S R RFAE
A ERPT ANEFE AN T -

L A BE ST R A B, SRR AT RE ik it — R A FA
wAREAE, W EE R T A RE i R — R E R B I BLR FAT

2. WP SN IR ) s B A 30 S S A R IS R s TR ROBE XS 5%« il 4y Ui ml e
DAHE 1K 3] i R 50 B2 PR IR [V Do 55 05, TR JE W A AT g DAL U AR A ot 5% R

3. WWEAPIME R WA : X55)E, tHE AT X T R S T i I 1R B A) Y6
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%2 B HUEN RS INTIIE

WP EPRESESR H . 5 EE 4R A T BRSO 2
4. 3R ANERE A O B AR BT EPIR S BR H R R, BT T LR G HE
PEROFEPERFE A SRS, IR e S5 R B B L I G W BN A AN 52
BT A SR SO R T2 . B, FEWESUIE R JE Ve -FE U7 W5l (ENSO)
-2 TN S=y & 2 NIEVI/ER? X CRIDE-Ve R QRVAIIEVIER 72 Dtk 3= SR P S i)
AL . JEAh, G AT AT LR TR R TR ARG A GO A

<

Jlo

2.7 BN ZES AL

271 RERSREERE

Visible & UV
Radliation

sensible
heat
transfer

\ Infrared

Fe)
"
A ﬁ\adiarion
\
a-/ﬁ_ﬁ

I=

% |J|‘|L|\

Internal
Wave
Radiation

f " Jayne Doucetta
L4/ WHOI Graphics

2.2 WARFH K L ERFERG R FE ([lustration from Jayne Doucette, Woods
Hole Oceanographic Institution)

RE R R ERGUA 22 NI e — A R, R BIRAEmEE . ’BE
EAAAEREE MRS, i 22 o, B 7 &M, siiblEl, i e
R, TEMPERVRIIBTL T, S EH GO I R E AR, BE S B
I KRS -
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W R TRE R A 22 A 18 5L

RERRE RS ZREL A ERIRE, 2RGEERRRESH, v UE N
P A A K R B P R A R B R AL (KR B, B PT AN 0.03kg/m’, R A]
PN 0.01kg/m*, Ef&0] I De Boyer 2004000, 52 % 35 [ i 7 47 B 27 F0 08 SR 92 96 =5
(Laboratory for Ocean Physics and remote Sensing, LOPS) [} Mixed Layer Depth Climatology

X3 (https://cerweb.ifremer. fr/deboyer/mld/home.php)-

272 @FEREERIEZ AT

a Processes affecting mixed-layer temperatures Turbulent

heat fluxes Radiative
Geostrophic (O Qi) heat fluxes
P Mesoscale Ekman O )

advection (u)

mixing (xp,) advection (u)

Kl 2.3 RA ZRE N FEY S (Oliver 2021)
Stevenson & Niller (1983) F1 Moisan & Niiler (1998)%5 Hi VR4 /2 Hulie S2 J5 FE 1)y

0
. VI, +V. (/ dez>+
—h

oh do — 4q_p
T,-T_,)x & - Vh = )
(T, ) py +v_, +w_y, o (2-2)

2T RS S LS — BUMR & R IR A R T80 55 ORI, 28 = TR 3 4] (1)
iR, HUIRR RS (B VIRE RREN R AR, APt e,
D TR RBONE 2%, AESKPRN IR, BR RS IR G R IR E AR R
i, M2 IR & R IR A R, AR Bk, ATEATIRG R IR E W
MfEsE, ERXFMEGE T, FRIUNAGE B TS i EENIE, HenUy /N, FIkn]fE

Hh
< oT,

a> = Qnet (2'3)
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52 & BURNH ST

:/H\:EF'V=V +vT=T,+T-

J34b Bian 2500212023 48 H 1 RS IR FERHE R RGR A2, R A 3G 1 kN
WA S, RIS EE VRS P . A ST 2R ORI 7 KA S 1 F de i A A 20 — i
=, B p=1025kg-m> NEFKZEE, C,=4000]-(kg-K)' FifF/K I LT iR O R 7T,
B EE JE VU i R & 2 R ] 2 IRV B H=50m .

2.2 AR A URE SRR

M5 i FE
AMM Atlantic Meridional Mode SST Index KPEVEL ML
AMO Atlantic Multidecadal Oscillation Index K747 2 FARPRIR
AO Arctic Oscillation dt##43)
ONI Oceanic Nino Index ¥ JE 15 TEEL
DMI Dipole Mode Index &l FHEAFa 4L
IPO TPI Tripole Index for the Interdecadal Pacific Oscillation X FEEFEFRIZ%E SN =)
T
NAO North Atlantic Oscillation index At K a3 FEEL
PDO Pacific Decadal Oscillation AP 4EHR %
PMM Pacific Meridional Mode SST Index A P4 A TR AL
PNA Pacific/North American pattern X-F7/dbSERZS
SAM Southern Annular Mode F§-ERIIRILZS
TSA Tropical Southern Atlantic Index #ii i K U VEFR 2L

2.73 B RBENS KL

R A B9 K BH 8 5 B8 R B ARG T 7T, R FH 3R KB sy (K
750nm~2500nm) (1] 99.9%4 ¥ b= 2m i o3-04 . Ty HL KT Ik 1o Bl 7K IR B S DR T
AR, BN B AR S T AR e IR A TR TR, DRI 75 X R R S ) FAGE
BEHTEIE. FEEGEREHRIEERIOES Rl E, EiER G BRSO 7 2k
ZEm L.

Pacanowski & Griffies 1999 /EHE R MOM3 (1) 3041 B 15 71 45 H 1028 5 i

BEZHL A RIS
Qpen = Qynors (0.58e7035 4 0.4267123) (2-4)
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ARV TR S22 18 S
H h RoRiREZIRE

2.8 ARESIREDH
ARSCFR B UGS 7T L2 2.2

MK 2.2 AP ASERSIEERTR, ASCRH T RESGERSTEE, XS
RS I BAK € X ] 525 https://climatedataguide.ucar.edu/ o
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553 & EREJE PG G R AR AL

£ 3 & EE e mILsuiEF R TAHE

A G F H DOISST Hdxot B A e 8 MV ¥4l e VR AT FAF BRIl % B ek
AR 45 SRAEAE PR 29 RS BT Seut, AT 20 BT HE S e IR M G T 24
fiE, AT N3N 7350 S b A Fo Al o W AR B ARFAE B AU HE 7B L FRERI A) i
o EIREJE PO P IS AE A FU BT 08 B X 3808 15° S~15° N, 90° E~144° E.

3.1 EffBsEiE, SST MZFEEMTS

H 2 #E2R1F) SST HIGe i fE e PR BERE W T S A BT, AT DA IARE IR A RS0
SEABRT SST. RN T FEGF A 1 R BN JE 78 WU I e R, 7 i B AN 3k )
SST HEAT 4 #1. ENEE SRR SST 78 1993-2022 4E 6] (3 30 4F) ISP, i

7. KIS mE 3.1 fros.
(a) Mean SST

°C/Decade

0.3

0.2

0.1

o 2 3 .
= Pas .. f
] i

W TRy o or N
90°E  100°E  110°E 120°E 130°E  140°E 90°E  100°E 110°E  120°E 130°E  140°E

Kl 3.1 EEEJEPE RIS SST 7E 1993-2022 48] (25 (Al A AR4FAE (a) SST Z4E T4,
(b) SST br#HEZ, (c) SST K itk
Bl 3.1(a)2 B BEJE PE EIREIS, SST £ 30 4F 8] (1) T3 2 [H) /3 AR AE . A2 AR I BT AL
H, AR ED 30 FEREEE R 2 4TI 45 R0, IXRE I 45 R AR g AR — )
SAEG R . BRI DL, B REJE P TR IR B R A T 27°C~29.5°C ZIh], 4y
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TR o IR B AT R I 29.5°C, 7R AR ML 2P S E, MR LT IS, A FLEE
AR ZESR. (H2E 3.1(MER, —M& SST 700 BB 4 1260 IR 7 A FRAE B 2 52 3]
TrERsem, FUCEMEE R —2i B, SST tABKZER . K2t~ S EEA L&
POEALAX AN B TE AL, SST B AR T R4 FE R H e g, -~ B B e A R Vi 119
WEKHEN, AR 2 2 A 2 N B B I 0 KR TE , DR ] 2 HE DU B JE P 5
SST (M FFAE AT 8 52 BIFEIAN_FTHAL A 22 R, A AH KT R 26 5 5 A (1 g 7K N 1%
W33, Bl 3.1(b)2ENE S PE i SST IFRifEZ (standard deviation, STD), 7~ | SST
75 30 4F BB HOREE, [HlmE£oR 30 4R B SST #24F, (HMMKR R SST #ifaE. wf
PIEH, 7RIE 6°S~6°N HEAAKE 1.0°C, H SST Bl X AIARHEZFIXTE/N, Wi B
PEIFIR I FRUEZ N 0.5°C~0.75°C. & 3.1(c) /2 ENE R TE i, SST AUKIH#%: (long-
term trend), %45 RIEL —4ELME AR H, Box T SST 78 30 - KA IIHR 1B B M
ZE R LLE Y, RS U i3S SST 1) S IR RRRFAE, 0 /g S AR B 6 B A 31 4
TG 02°CRL b, HAPCF ARG KSR E N R E, B HEEIRETIA 0.3 CRL L,
I H R (i B 5 b B . 8. RS RBANE ., PHANRE . BESURAR RS X
f2s il 7 99% B AR .

gx b, BDEEJEVE i K S A SR, AR e, KRR (D RRE . T %,
B[ FE JE P8 Ui 4 i A3, SST MJRIE IRl B AL 77 A1, ki SST 43452 3
EpJe B aF i iy 5, M sem; LUk, SST AHN B i (i 8L SST 2 AL 4L
N, FEXRRE; fJE, ENEEJR VO MR 1) SST A B MRS, R R AR
ISR N T B, Hod i i 22 2R XS 5 AN B T 25 h i i i & i

3.2 ENfeigigng i F AOR A 2 S T I945E

1993~2022 4[] B[ J& HE I R i v AR 25 F ZAR B I AU TR R 3.2
R HA, WPERIRA R AR MEBIEARMNTE, XA CF WA BT X 5. X
A3 AN A RS D M 72

B £ JE 7 S0 9 350 (0 PRGR R A e A S i A 1 N AR, W 3.2() BT
A ROR R KA ATIRAE 1.4~2.8 X2 18], R4 Oliver 55 (2018) MIHFST, 4K
W PRI RT3 200 1~3 k00, X 5 HBF R R —5. BRSGII# M IES
ST, QB 3.2(0)FT 7 o AR JmFS e TOM: 55 B 0 (R A B AR — 28, AR I 7E 1.5
AR A 3.2(c)FI(d) B FERIR P BE, FRE4 B R R B, ik
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PP T 229 5 FEANEE AL 1°C 11 JICREE & R A S e I N R 3] 1.4°C Je DA b, AiRg
15 RS P P A R TR (01 24 550 P AT SR ALK o AR AR R R TR 2
ARG, JRIE 2 L PR R B SE I TR I TRV ACRE, 2908 8~9 Ko JINIE By i HlSE v FIR I
FREf ARG, Il ik 2 el 14 K.

(a) MHWs Frequency in the Indonesian Seas (b) Histogram of MHWs Frequency

6%

5%

4%

3%

2%

1.4 1.6 1.8 2 2.2 2.4 26 2.8
(c) MHWs imean in the Indonesian Seas (d) Histogram of MHWSs imean

6% —

5% -
13 4% -
3%+
2%

ﬁ 0%

= i H
100°E 110°E 120°E 130°E 140°E

(e) MHWs duration in the Indonesian Seas (f) Histogram of MHWSs duration

5%

14 4%

3%+

K 3.2 B JE ph e sifE v AR A 2 E GUTHRFE 0 AT (a) R TR AR ) 2 18] 73 A1 5

(b) HFAERIRPURMETT Gt (o) WFEHIR PR RSB0 (d) HEERIRT

PSRRI BT GEvhs (o) MR FREIN R R M 040, (f) WA AWREF S R B
Jigiit. REOTTHEMNILF BRI BB BB, A

Bl JE P VI e IR R A A AE g 22 5, JTCTE B e T VTP AR e S8 i) AT 5 P

FREAE v eI, TR BT IR R PR I SR A o W] AR T e i, Ml

JIAL BTG T ) B v U LR TR 9 AT BRI (8] T IX W 2 2 8], [RIAE R T SR AT
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UEF I N 2 T = A0S

FOH, X =N A R ORTE
13 T

13.5944% 26.2122%

11 pEe s e LR
10.9666

B R |

o
w
PDF (%)

Duartion (days)
[(e]

16.0724%

0.70 0.95 1.20 1.45
(C)

|
mean

Bl 3.3 1993-2022 47 E[1 FE J8 1 P HAaf Vo BRS04 0t PS8 R 5 B [ F) MU 236 5 ik Bl o0 AT

- 357 558 B RN R ] TR 4 A A IR M I AR B N I S8z —. ] 3.3 R
B EE &V VG B FAGTR R 1 28 i R AN KRR I (] () R 22 % FE R 48 (Probability den-
sity function, PDF), X424t [ UFERIRGETHRAE I — iR o e BRI 2R fE 24
£ 0.7-1.45C 28], FAE 0.95CAIARNIEAE . ENJE JE VU I IS BT A Vi 1 AR (1) P 24 53R
JERRFEEI [AE 737008 1.11°C A 10.97 K, il 3.3 HBATR. HIXPIFRE&R 51
PN ZRIEMNA LR 95 ARR 14, R)5, &EHIFMTURERBZFERR 3
(IETAD. TUANZRIEI R PDF 53108 26.21%. 13.59%. 44.12%A1 16.07%. X3
BH, B RE 8 18 s e A A R TR A A DY A R PR e R AR 35 1), (O
e AR 2 DA R T B KR R iR )

DA RS IHRAE, 45 T B RS 8 7 o e R R AR B — MR, R —
TRGAEIS ] RUEE_EREAT 04

3.3 ENfeisigng i F R MEFT T

T SE0S BN JE VU M SO R B 2T R AR BEAT T T o BIKS BARIE AR kAT
[P R R RS, S5 R 3.4 PR

K 3.4 g5 T B RLJE PE LSRR AR KE H oAU, BRAR AR T RN T R4
PARR T RS 12T . n] DA HY B JE D e PR IR A A PR AL S 2 .
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3.4(2)F 1998, 2009. 2016 S (A TR A RFAE A B 2 I m) 25 A IR 0 A Fi e,
TX i BH £E B RE & 78 s DX 35 N v R B R L RFEE T 94, 1993-2022 A%
LA H R PE R K A SIERAE 0~0.7 ]V H , K AW HERIKEZ N, 2020 FAE46A
MEPS 2 L B RIR SR B 3.4(0) i RIR IR EELE 0.9~1.4°C 2 18], 434l
A 3.4 FERCRZES, B T 1998 -8 2 i R S [F I H & S FERHE 2 A1
2005 4 2 A S5 AR R AE AR B I I 2 AR R B 5RE o B 3.4(c) RFSEI TR (1)
SR 3.4(a) X — 20, B 3.4(a) TFifg v FAR 14 15 R B S R RS B [R]85 3k 4E 10 K
DAL, E2EAE 15 K, 20 RULE, EWE 4 H KAEEFERIRKRBGEL T 50%- 66.7%:

(a) Frequency

12 v
10 I '
8
" .
4 ’ 1
: '
1993 1998 2003 2008 2013 2018
(b) Intensity mean (c) Duration
12 -~ 5 = 14 121 25
10 13 10
20
81 12 © 87 £
I 15 g
[
6 L 61
11 2 %
4 , 41 10
2 n 21
0.9 5
1993 1998 2003 2008 2013 2018 1993 1998 2003 2008 2013 2018

Kl 3.4 1993-2022 4F 1 i Je VU WP e R RHIE BB H 2L (a) A (b) 58JE (¢)
Fre2I) 1]

T TR TS [F] DX R R R 2 e, TR AR R AR E S E RS A A B
1Ty, RE AP AES, dGRmE 3.5 |/ 3.6. B 3.7 FR.

HFER 3.2 g ERIR R EAA R I B S IH) 22 5%, e SeRsh iR i & &
DL Pl =N ReZE 5, UGBS R . S8 HiE. IO B g =N A
Fio FoH TR R M S0 AR AR R . KFFLERIS ), FRRL VG AR A I
SHEE . ARFFEENT (], D& IEMRHEN T X AN 0], &g I3 gl v i A I
T, ARRAA BB 5, BRI W] DL H 5 T gl 7 A A U P o < A i E A AR
AR FAE,  TIE T —F 7559 B T B 7L .

Kl 3.5 25t R RGRIICH H P ARA, Rox T 1993-2022 4 30 k- F1 4
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UEF I N 2 T = A0S

AP RR I R ARSI o B IR B S A AT AR TN, A IR 1 2 4]
S, B AR TREPERIRIKECEIITE 0~0.3 U, TG B 5 H0R0 BT R 3h 57 (1 1
PIRAAEE RN IER . B 3.6 45t TIBFERGR TR I TR, £on
T 1993-2022 4F 30 AR A MG RIR R . B i e R IR 5 B2 B S X
b, JTOM: B R IR 0 IR SR B AT RIS 1.6°C, 1 IR B P A TR 5
R 0.8°C, L& W IFDEA MIBFERIRBE A 1.4°C, SAEENT HIM/NEEZ
e B 3.7 45 H TR FFEERT (B 1) A SFRAES, RR T 1993-2022 4F 30 4k
A FHFERRIG e N7 B JE VG IR R 30 20 DX 3 (1 g e PR RR SR TR 5~9
Ko ARSI By g 03, BT R sh b it S I I Mg e VR RREEIN R AT 25 R, X
WA B RKAE T LT RSB A MG RGR SR SBRYL, ERIRTERN 8
G ST 355 PR 350 110 2 1) 22 S Ml e 3 = A TR 30 78 0 MR

(e) MAY

907 Il
(g) JUL: MHWSs F

T T

K 3.5 1993-2022 5= J8 7 W i i v R AR H S AS

3.4 BN B e F ORI EIRE L K HA#E TS

B TR, SEBRFFIEAT A S B W RE W EEZ . AT H
L3t 7t B RE JE DU U3 e AR AR A A2 40, 1B 3% 1993-2022 R HIRTIA 15 4F
AT G RO E, SR 3.8 B4
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(b) FEB

5

—
C

K 3.6 1993-2022 4FE1EE JE 75 Wi dak g vt AR Yy o B A P AR ds

(@) JAN: (b) FEB (c) MAR
: v R :

3.7 1993-2022 4 E1|E B P IE MR E RIREF RN 1] 1 P48 2
Bl 3.8(a) P 3.8(b). [ 3.8(c)4H T 1993-2022 4E TR 15 AFHUIEAEHRHIR LM
T RIEM. B 380HETE 3.8 i AR A R K, £/ 38()
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HRT DLW 5% 31 B RE JE 78 V3 44 A g P AR AR AR AE G 1, B A 8 3 RIS D
JR PG AT By i, 5 AR P AT E I B I, X5 31(MIEi R —
B, SST IR ANE IR IR K s L, AR WAL AR R AT BE 2 3G G A
TREAF NP (1 R A 3

MHWSs Frequency (events/year)
(a) 1993-2002 (b) 2003 2022 (c) dlfference between (a )and (b

MHWs intensity mean (°C)
(e )2003 2022

MHWs duration (days)
(h) 2003 2022

K] 3.8 1993-2002. 2003-2022 4 E[1 & J& 74 P i e AR FHIE SR TFIE A ER (a)
1993-2002 FEHEFERIRSCF 7S (b) 2003-2022 FHFFEHGRIIREIIA (c) 1993-2022
RIS 15 FIEFERIRMIRE R (5 15 FERT 154 (d) 1993-2002 FFHFEHGR 38
FEFIAS (e) 2003-2022 SFiFEERGRIEE IS () 1993-2022 SERTJG 15 S HUR
BEZES (5 15 FERER 15 6D (g) 1993-2002 FEFFEHGREFEER A P4 (h) 2003-
2022 FEHFFEIIREFSENT (R PIIZS (1) 1993-2022 SRl G 15 G FEHIRFRE2 H) 22 57
(JG 15 F9ERT 15 99
B S0 RRIR ) A PR A A S K A A R T S5 T . K 1993-2022 411
PERIRFHEAT S, HARI SR, B 99%EAE X [A145 2] K] 3.9 fIaSRHE.
£ 1993-2022 4EIE, B 3.9(a)F1E 3.9(b)ZR WA, N JE 7h I skl o HOR AT R
BoR T W3 PRI 3 . PR RGR PR R A 0~5 Ik, 2L
0.95 XFHF/HFRIEM KA. 1998 £, 2010 £E. 2013 . 2016 . 2020 £, 2021
SRR 2022 SEA TG T I 2 I EEPIREA: (=3 0. MHEZ T, 1993 4. 1994 4. 2003
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RN 2007 SEERA R AMFFERIRFAE o B1JE A PORATR I R AR 2 (0.95 A
F/ A WRRTIEFE (040 NFMF/ 4 Edullantes 55, 2023) PO LA S
(0.84 DNFEAF/A4) IRI4Ek (0.45 DA/ 45 Oliver 55, 2018) M. FFEJEEM
R, XEBDUERT TR TR VS 4G T 1982 4, XAl At S a4 b AR L R I

(a) Frequency Long-term Trend (b)

Mitwagasac : slope=0.950/decade

2 5 R2=0.3215

B 0<0.01

2
0 %3

g
A w2
2 1

0

1993 1998 2003 2008 2013 2018 2023

1 1 =170 ad
90°E 100°E 110°E 120°E 130°E 140°E

(c) MHWSs Duration Long-term Trend (d)

= 51 slope=1.972/decade
5 = daysidecade R2=05766
‘ p<0.01

122N

6N

o°

s
|2
o 9
-2

6°S

) 5 i ) ] " .
2% 1993 1998 2003 2008 2013 2018 2023

ho 1 1
90°E 100°E 110°E 120°E 130°E 140°E

(e) MHWs imean Long-term Trend f

1.3

slope=-0.041/decade
125 R?=0.5064
p<0.01

1.2
O 115
1.1

1.05

1 . . . n . .
1993 1998 2003 2008 2013 2018 2023

1 1 S i
90°E 100°E 110°E 120°E 130°E 140°E

Kl 3.9 1993-2022 4F B[ J& VU VS 7 PR RFIEAF BRAZ (A 1 3 (a) AR I
o (b) PFRRERRAR A A E] P51 (o) FREE IS (d) FrEemf
FIAEPR RIS (o) “PIRE KBS () X5 R A&
I} 8] Fe 471

KA T B 3.9(e)FH & 3.9(DF i, HEFFE IR AR SE I 8] 0 R B H 9 24 ) A s
B CPY EhRMEERED, 2P 1.97 K/HERE KBS . AN EHR T GEEE (0.66
R/AAE) B xk (1.30 K/ IR PNAZH: (1.72 R/T4F; Yao 55, 2020) 67
HREE PR . X WIEN B U Wi Aok & Iy 1 AR AR A ERR . 55— MEAE
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BRI FERGR P Y s M 7R 2 T BB H (0.04C/HH). X5
Edullantes 25 (2023) POFI Yao 25 (2020) TR R4 B —2, MA1HRGE 7 IEE =AM
NI SRR e R H T 2 5 B A AR R

3.5 RS DBHE. NESEREEAEFRRXE %
PR4FIE

MNBA b4 A7 3 T 21 B 2 J6 18 T 455 P S8 AN [ e 4 S B 2 A7 LE AN R 20 1) 2 [ 22
S AEXTBEANEISEAT DX T BRI 18] PP 51 4TI, 3 6 PR 50 ) 245 ) 222 St o R Wi B 2 (1)
TG R R T TR TR P e ROR ZE R, B SO TR R B . BB
VAR TCREE % i 0 P P IR AR AGE 23 ) 2R 47 % (RS- 35, #5331 3.10.

Kl 3.10(a). B 3.10(b). Bl 3.10(c)s& =AM RGRIN R I X P 45 5K .
BRI DA H, 1993-2022 47 30 4FH, JRhi gk i A0 K AR I ERGR A 0~7 Ik, T3
NEAE 2.04 IR, BN RKZERIGEY, BHEMREKARN 1.35 R BHERE—
YEPERNAZA H, BEXEN 99%, R AT IHEEIEANG &, #aL 0 B4 800
oF, BEEE 1 WERCREE. 5SS EEEREMEERIRN 0~8 K, TP HEFE
2.01 R, FFHESIEKL 1.38 K, S5IRR0 GG DU L. TN 5 B Sk
A HIHEEIGRA 0~7 ¥R, THINMEE 1.88 I, BHEMUIEKL N 0.87 Ik, ZIKiE
HHRIGT AN BRRE, BB RIR A RN S, =ML T A AE R
— AR, BT R AR 2 A A (e R SR (R I3 B P v AN B B Y (1)
IMARIHRC TR, 202 TG By BB 1.7 fi% .

Kl 3.10(d)~ Bl 3.10(e) Bl 3.10(f)2 =AM RFIE ) GRS 2598 B2 1) XT38 45 3R
SR PG M AR R A T R PR TR EAE 0.9~1.2°C 2], P3N 0.99°C, R MMIIZEES
IS, R HERE ISR 9-0.04C . BE I RE R AREERIREELE 0.7~1.5CZ
7], P4 1.00°C, & AEREFIKLIN-0.05C . JIHE 5 g A4 & A BOHEE PR
SRIEAE 1~1.4°CZI], ~FH059 1.18°C, fHAFEmEiS L) N-0.01°Co XFELATLURIL, K
T I A P A AR B B A o ELR IS A ES, BB I S IR R AT, S B
BRI TEA I .

Kl 3.10(g)« Bl 3.10(h)« Bl 3.10(1)A& =AM HEA R e FATR R 22 I [ () DX P2 45
SRR TG Y A A R AR MG PR VIR FREEI [AIFE 5~12 RZ I8, “FI3N 7.98 K, BH4ERR4E
BT 117 Ko B8 dE R4 KA P IR FF SR RIFE 5~18 R [H], P34 8.42
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K, BHHERLEERE KA 2.08 Ko T 5 Rl &k AL BT POR RREE I [A] 17E
5~30 K28, FHIN 1027 K, FHEREREIEK A 2.95 K. e an, JIE SR
PIEFE R FF S i K K i, D8 R PR R A KRRz, Jhd

JB PG I F5 55 o

Sulawesi Sea Maluku Sea
() (b)
" Slope=1.3505/decade, '°[ Slope=1.3771/decade,
R2=0.3807, P<0.01 R2?=0.2661, P%0.01
Mean=2.0440 Mean=2.0141

Frequency (eventsiyear)

0 ]
1993 1998 2003 2008 2013 2018 2023 1993

South Java

Slope=0.872/decade,
R?=0.1253, P<0.01
Mean=1.8754

. - . pgld
998 2003 2008 2013 2018 2023 1993 1998 2003 2008 2013 2018 2023

d) e)
gs Slope=-0.0423/decade, * Slope=-0.0546/decade,"*
5 4 R?=0.3230, P<0.01 ' R2=0.0959, P<0.01 ¢
= = Mean=0.9950 13 Mean=1.0023 13
H i : 120
g 1.1
2‘ =
B Slope#-0.0152/decade,
g [ R=0.0131, P<0.01
= ‘ Mean=1.1863
0'71993 1998 2003 2008 2013 2018 20230'71993 1998 2003 2008 2013 2018 20230‘.1993 1998 2003 2008 2013 2018 2023
(@) (h) 0,
" Slope=1.1734/decade, sl Slope=2.0825/decade, Slope=2.9492/decad
& R2=0.3368, P<0.01 R2=0.2363, P<0.01 %1R2=0,1987, P<0.01
Ey " Mean=7.9848 ' Mean=8.4178 ,,Mean=10.2703
5
B ol ol . - ™ o (R
_..'., L

5 '
1993 1998 2003 2008 2013 2018 2023 1993 1998 2003 2008 2013 2018 2023 1993 1998 2003 2008 2013 2018 2023

B 3.10 1993-2022 SEF5 R0 EPGHE B E . R IX 3725 R i P GR ge v
AL N LS (a) J3 3L BV R PR PR K a % (b) & 5 i IR E PR
R FES (c)Fa NHHRFERGIRF PR Sota 3 (d) 7530 B PG e R IR B ok B S 5
(e) & iHEAEAIREPR R K HaH (R TERFERIRERRRE oY () TR
VU IR PR RPN [A] a3 (h) & b e e AR R PR R 8L I 18] St %y (DRI
TR AE IR A PRy BRI 8] S e 35

gi b, WUVEMAE =N T, TR B TR AR R B B

K ETHES . s AR BN AR E « FREEm B B s N T e 5&
R AR R SR AR BT % B2 sm A BOR F LI [R5 i B
P A A S R o JTC: 5 R B e TR Dy PR IR B4
/Ny o R W i e L EL AT S A /), R ) W i e e e HL A YT 5
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KA &

3.6 RE /NG

FEA T, ST 1 B JE DUV SST R4, 5 sl dr 1 e R B Z= T 1t
AL, FRRREARKES . 53] 7 LU

(1) B JE V8 SV I 385 PR it A 708 T PR B A vy, (EU SR I AR AL B /DN, TR T
B RERZ R VIR, P BCHREHR R 26 B AR, SRR R Ik 2 KR R R i 2]
TR TR BT B G B — 2B AR T

(2) FEHFAERIR AR RFAE b, e IR RS [R) L 50« A3 A 22 8] 3 A Ry
ik B2 IBGR I ZE T E, ki =GR R AL ZE 5 8 2 1) XA O L R T8,
M LB 2 S, 5 AR T T R B A s R (0 Tk

(3) B & vt ML i Sskifip v TR A W 8 R A PR A A, Ve TR e A I AR AT 4 5
A AR . SR PR AR R AR DL RR A A E R, RREEIT DN 3, PRl A A1
LR BRAR AR, RT3 SR I T B DA AT R 8 — B4

(4) WIS FE, B JE 78 ML skt o PR A PR RF S IR TR CE 3 T, 5 Tn
B N IR B AN S B O 1 135 AR, TR IR 9 A S R
TR, AW EEAIREE FFETE 0.01~0.05C/ T4, E1EE 8 U L IR RFIE I
HAEZE, AT LSRR ER R AL 0.4, 5RER MG BORRZE .

(5) JTURE &y i I A . 88 vy s s s o oz ¥ 2 [ PR R VIR I AT 2 25 1) 22
St JTUEE B R AR VR A W 2= AL

30



55 4 & BN S VG e AR A SR s R 5 7

£ 4 & EE REISEEF R EMIRE)

fEb—Frr, SERE T B RE JE P VI TR I 2 () 3 AT RFAE IR 0 AR R AE
ANFI TR R e P27, SR JE ] 351, BARGE3A AT 1 S Ar,
T T BT IR B R AR AE B JSE JE 4 Y P45k 1) 25 [ 20 A FE AN [F) i ds z TR A7 AE W 22 5 o 3K
YT RAAEA R Rz AHLHRAY, 35 N RAEAR TIE I G B AR e AN [ SR 5]
TIRFHF IR B TTHR S5

4.1 REERE . imhER)RE R IR T S K

Oliver %5(2021)" & Holbrook %5(2019)PXff 5K B TR & JZ B /Mt TR A
M PE R IRE I SRR, FL R H RTHME— R € S TH SRS R e VR R I 7 20,
11 Bian %5 2023 =25 H 5 70 3 2 200 (R 90 45 SR 1 IR IR A2 Mg R Bl L v
TER WA 20 A SCK B U RE R & 2= GO i v i R Gl & SR, s o
A L1 BT X B REAN iR e B REKE 25 G N B 1 F LI AR

AT 3 RN

U= Uypgn + Uy U= Uppogn + Uy (4-1)

P upeqn RRIEZLRFIIE, u, RoREELRIEE, o My REEGHRRAD 5.

W iZ o i, AR AT BLAR 0 8 X343l HE (Mean Kinetic Energy, MKE) Fiia JiE
#hg¢ (Eddy Kinetic Energy, EKE), “FIJzhgEA

1
MKE = (Urean + Uhean) (4-2)

11w e HEN N

EKE = = (uZ + v}) (4-3)

N —

R, EmEsiRErI T T, R SRR 18 s A R, B HERR A
FbrIRY, S ERAT ISR, BRI S T R U ERE SIS, Tl
FERVR ARSI TBAE LR PLERIE R, R IX 4815 5 R AMEUK, DA SR BT 7E A
HAN TR A R EEPAE T A BRI S

S, RE RGO TR G R KRS, Sk B X T R
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56 2 flW (Ekman Pumping) ££ 5 A b0 62 IR L A9 AR AL 38 BRAN W] 2L, R et
R4 5 S PR i K I [ E N5 8 o 1R 7 2 il B 1 3 [ S 3

wg(0) = —curl, <%> (4-4)
HI 78 XK AT IR £ O 0, AELETHEE T i iR se @ IR I E IR K, 5 SEBr A
R, DRI SRIE B XA N5
42 ENfEBEERARRE. R M. FIEEE. RN
RHHIE

FIFH ERAS E03E i [ g o HGE B, GLOSYSI12vl F i #8m7, ¥ 1993-2020
EHESPGER. B2, FE6e. IRiEShEEHAT SRS, BRI R mE

4.1 flm
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