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T 30 AERFERN, HAHEEIER AR HELE La Nife AR E YIS, T
HAE 2020-2022 FEHELE =A4F La Nife S5 5T, PEARFEERITLX MHW 8R40
PGSR PR e, HEBEREAR, BASIR. SR, BRI 1982 LA
KT 1 o M P R R X SR & R ARSI 43T, 2020-2022 4 ]
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Abstract Under the influence of global warming, the continuously growing Marine
Heatwaves (MHW) has a serious impact on the climate system and the social
economy, of which the Western Pacific Warm Pool area is a typical area of MHW
characteristic changes. Based on the MHW database, the National Centers for
Environmental Prediction (NCEP) atmospheric and oceanic reanalysis data, the
chlorophyll-a concentration data provided by the National Aeronautics and Space
Administration (NASA) Aqua satellite and the biogeochemical Argo floats, by using
statistical methods such as composite analysis and singular value decomposition
(SVD), we explore the evolution characteristics, physical mechanisms and ecological
impacts of MHW in the Western Pacific Warm Pool from 2020 to 2022. The results
show that MHW properties in the Western Pacific Warm Pool region have increased
significantly in the past 30 years and it is closely related to the continuous La Nifa
events. Under the background of multi-year La Nifa events from 2020 to 2022, the
frequency of MHW in the Western Pacific Warm Pool reached the highest in the
world, and the coverage area, frequency, total days and cumulative intensity of MHW
are the most notable since 1982. By using the mixed layer heat budget equation in the
Western Pacific Warm Pool region, it is shown that the occurrence of the strongest

MHW during the period 2020 to 2022 is mainly dominated by the downward
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shortwave radiation term in the net flux and the latitudinal advection term in the
marine dynamic processes. In addition, we also revealed that the MHW properties and
marine ecological indicator chlorophyll-a concentration show a negative correlation
on the spatial and temporal scales in the Western Pacific Warm Pool region, especially
the MHW events during 2020-2022 caused the significant decline of overall
phytoplankton biomass in the upper ocean of the region.

Keywords: Marine Heatwaves, Triple-year La Nife, Western Pacific Warm Pool, Outbreak

mechanism, Marine ecological impact
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RN O FBUhIRAUR Rt RER R M, JCHR LRI R T &

(Cheng etal., 2019). I fEHG R R T Hiommim Il R, RIEEEHWR (Marine

Heatwave, MHW), HJEiFKIRIE (Sea Surface Temperature, SST) 4L {mAR
FE, ATRREEECR BB HEE R EACKT ], 5 ER REES AT A B (Pearce
et al., 2013; Hobday et al., 2016). MHW FH4-7Ed 25 J L4 B4 AR5 A
Tz AR SRS (Frdicher et al., 2018; Oliver et al., 2018; Darmaraki et al., 2019;
Laufkdter et al., 20200, AWiEIiERE MHW FA4ECEIHEFEES ARG S4
GRBE T Tz ™ E 8 E  (Garrabou et al., 2009; Oliver et al., 2017; Frdicher et
al., 2018; Cheung and Frdicher, 2020; Dalton et al., 2020).

H T 7 AT EERE ¥ (Western Pacific Warm Pool, WPWP) ELA5 4 Bk & = /) SST
T AFAE 3R 2P =ORE LA R, FLAE R ) 28 3R R G rh 2 0 22 (Yan et
al., 1994; %K, 2016). HOFAFFEEY], AL ZJUHER, WPWP XK
RZH MHW SR AR 22 [a] B 39 0, HXERZ#) MHW £ La Nife 4
WA EE El Nifo SHE R &eom H A% (Hu et al., 2021; Spillman et al., 2021;
Holbrook et al., 2022; Zhang et al., 2022) . WPWP [X 3454218 in ) MHW L4 %} ™
E ARG I TR SR AE 4R 20 B O U ) 8 B L S S X A& B 1 B KB HE (Spillman
et al., 2021; Holbrook et al., 2022; Noh et al., 2022; Hamdeno et al., 2022). i
WPWP XI5 MHW 3= 2252 5 ENSO S5 AH K - KR8 713 A2 19X 5) (Holbrook
etal., 2019; Huang et al., 2021; Lee et al., 2022; 5K/NESE, 2022), {5 H A% H H7H
ARRFAE AR AL S R SO AR B2 o Al 2 18 B =y BeFE I = RIS
ST, MHW SR ) e K ARG e AR By PR PEATALUKEE - (Frdicher et al,
2018; Darmaraki et al., 2021; Qiu et al., 2021), #F ik — 4R P8 R FrERE
MHW AR RFAE . P BT S AR A RO 55

ARICEJ T T 1982-2022 4 WPWP [X MHW % J& V(1 I A] /7 5118 4k =%
) AR AN =TT A Ak, 3 B R 1 AE 2020-2022 = 5FE4 e PR 5+t
TZIX A MHW BN B3R RAE, R R & B GO i i 1 =4 MHW
HIBE R B, BRGRDT 1 R R 2 A RS 2 i AR Dk FE 5 T

2 BRI



2.1 HBAEHHA

AR A BRE AL R B RS ERT S RT A A B) MHW =73 3%
B i, KA SORP 2R R -a, L RS BT 253K 1. MHW
e o R A P R T 1982-2022 4355 [ [ SO AR AUE IR (NOAAD 11
B HER (1/4°) i H B G ER IR (Daily Optimum Interpolation Sea Surface
Temperature V2, OISST) HEgiit i) MHW HEdE . 7= M7Eff e REN SR T
AT 77% (Hobday etal., 2016), HXF MHW (1€ SCN: XA &, HP
¥ SST JELEE /D hioR T 30 £ [ S #EN] (1983-2012) %5 90 F/0Ar (B
HIBSBL, 5 SOOIk MHW F4F o IXFEREA S S B R AR — A ERME, HBER 55
AL AT LR S A MHW BB ARFAE o 5300 MHW 1) 7E SC5 8T MHW
(e SOREA AR, TR T IR AR vh v 55 H oA A 13 1 B S ) R B AT
SAEPIME, ORI IS AT LA HBOR MHW. S50 (1) 50 5 I 2B K L RR 4k
IR, S AMZWT AL E 72— RIESE 2 H 29 HE) MHW, ] LTSRN
M MHW () HZE{kid 2 (Zhang et al., 2022). M4 -a ORI
=K (Behrenfeld et al., 2005; Blondeau-Patissier et al., 2014; Hu et al., 2022),
AR SO A F AR A 2 AR A

® 1 B ALE
Table 1 Datasets used in this study

H Py EEE BRI RIE B

MHW %4 0.25°>0.25°=  1982-2022 IAP, CAS http://www.scidb.cn/e
n/s/inqauYn

RS HGEE  2.5°%2.5° 2020-2022  NCEP2 https://psl.noaa.gov/d
ata/gridded/data.ncep.
reanalysis2.html

| _b/m R s 2.5°%25° 2020-2022 NCEP2 https://psl.noaa.gov/d

it ata/gridded/data.ncep.
reanalysis2.html

m /A R Ak EE  2.5°%2.5° 2020-2022 NCEP2 https://psl.noaa.gov/d

it ata/gridded/data.ncep.

reanalysis2.html
HFPEIRE Ve 25°%25° 2020-2022 GODAS https://www.psl.noaa.
ENC gov/data/gridded/data




.godas.html

RKEMHEGRWRE  9km>Okm 2020-2022 NASA https://oceancolor.gsf
-a c.nasa.gov/
WEREHGER 3N EFR 2020-2022 BGC-Argo ftp://ftp.ifremer.fr/ifre
ff-a mer/argo

2.2 MHW Fyse U4 7542

AICHET MHW S, % WPWP XS A& fi4eih T MHW RHEE .
F& MHW SHAEER AT . BRRGRE (MHW B8] H 505 1 a R i Ko
(MHW SHIE H 38R B R AED . PRI3REE (MHW A= B 37 24 K FD i iR
HO RRE (BHE MHW R RED R R 4R MHW KA 1R B %
AT E R A BT La Nif 5 MHW & J&8 156 R8T T 20 #r
(¥ FEMi, 20000, HFIHAFIESE (Singular value decomposition, SVD) 77
% (BRI, 1999) SKAfiE WPWP X MHW () 2 AR G854 KK E-a (R 2
MM, Ak (205-35N, 100-180F) JEFE KWK MHW £ SVD 4%,
[F) 90 [ R i 2R =Wk -a A SVD 23t AT 1 SVD 43
e, N TP 2020-2022 4F WPWP [X A HA S FIRRE 51 g 3 R
MHW 31 IR AR A B DT R, A S PR & 2 RS R IEAT T ¥ I R 43 A
(Jin et al., 2006; Ren et al., 2013, 2020). £ WPWP X3 :K-F-#JH (55-159N,
120E-160E), LIHEAHIREZRBCC T 5.
oT  —oT -oT —oT .oT .oT a7
E:uaxvvay - 'uax Y 5.1)

A Ty uv v w2 RIFORIFFEIRE . Silni. SR EDEE, Qnet NIES

AOEE. T\ Uy Vo WRFURESE, T 0. v, w. Q RRfiETy

BRI H NIREZIRE, 2% 11 A7 (Ren & Jin, 2013; Ren & Wang, 2020),

AR A R IR FE VR E A (80m), p=1026 kg/m® it /K 2 FE, ¢p =4096 J/(kg K)
NEEKIEE . R BRBEARD, ARG BRAIRRE S KRG ¥ HnE

HIRE.



1R OB B Qe 7N :
Qnet = Quw + Qv ~Qsnr ~Qunr — (5.2)
Hp Qow=dsw-Usw~ Q=Ciw-Uw~ Qshi~ Qint 73 W NIFEE AR B« 1R KPR 158
A EAFEAREE . dsws Usws diws U 205091/ _ERE R AR S AR /W)

H H

KR 5t . Qi=Qsw ( 0.58e 035 +0.42¢ %) N FEIRAJZ LA R (5 i 48 4+ (Shi et al.,
2022).

(5.0 R BT RHRFR AT D — 2240 iy LR 8L CAn et al 1999; Ren
& Jin, 2013):

I g tswb T (5.3)
0z H H

MR Jin £\ (20060 BT, AR (5.1 FAHFEAEH IE IR RN
6 NS -

%: MC + ZA+EK +TH + NDH +TD+R (5.4)
mMc=—u v _yT (5.5)
x oy H
s (5.6)
OX
EK :—v'i—w'i (5-7)
oy oz
TH :\T\,TS_Ub (5.8)
H
NDH :—ulﬂ—vlﬂ—wlﬂ (5-9)
oX oy oz
1D = Jnet (5.10)
pcpH

Hrf MC 2 BRI, ZA 24T, EK 2 Ekman fili S5, TH
FEURERJZE 05, NDH fedR2e s 77 AAam, TD 52 Gl 80, R ZFR T

3 FAACFRERE MHW ZR4L4RME
A EHLOHT T 1982-2022 FE 7 A FEEREN- - H SST % 1 MHW H)7&
M. B 1 2G5 3K 1982-2022 4= WPWP [X P15 H SST 4 il MHW 78



R ARAIITE P21 H 1982 4F A LKk, WPWP &) | B35 1R EAR
1, JUHZAE 2000 42 J5 (& 1a), iX A RE=& A e Fl A A8 2 1) 25 5 (Oliver
etal., 2018; Laufkditer et al., 2020) . AH R H, 354K 7E WPWP [X H I T BE A 1) |
AR BE K MHW (] 1b) o fERE 500+ —4, WPWP ) MHW 7 a5 i A (3 —
RIERETHRD RREHINE&ES, Hrh 1998 4, 2010/2011 4. 2013/2014 4,
2016/2017 4 F1 2020-2022 4 MHW H)78 o AR S 1 2978 o5 AR DU £ . 7EIX
e MHW 78 55 AR 35 AR R, BT 2014 48, JLAMAE G #iES: La Nifa 4.
ifi HL, fGE =40 SST IE 5% A MHW 78 55 AR ERIA B 1 DY+ — 45k 1) )7 5 i
1, XA B 2020-2022 4 =4F La Nife RAA K. B EATAL, PRI
MHW 7 5 FF 13240 5 A BRIGIE (W 55 R HE LR La Nifa (IR A B VIAER, ARk
W7 RESE La Nifa X P ACFEERRI MHW % @ YRR . 5T A 723K
A ERATIE 2 5% MHW 8RR AT & 1) 51 22 IR K 22 — (Olliver et al, 2018; Laufkdter et
al., 2020), Hoxt T4 BRI IE 4 3AF La Nife F94EFR 28 26 MHW S200 (1) 5 K144t
AR Ja S F i — IR AR DT

(a) Daily S5Ta averaged (5°5-15°N,120°E-160°E)
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B 1: (a) 1982-2022 A= PE A TR (WPWP) (5%8-15N, 120E-160F) T34 H iR 575
(SSTa) (W] F51, Hr 2L 5% R SSTa KT H 1.5 MrifEZE. (b) WPWP X MHW [
BRI, LLEKFRRE G HAIRT 1982-2022 4F 5 IIMEI 4 £
Figure 1. Time series of daily SST anomalies (SSTa) averaged in the WPWP (5<5-15<N,
120°E—160°E) during 1982-2022, where red bars indicate SSTa is greater than its 1.5 standard
deviations. (b) the coverage area of Marine Heatwaves (MHW) in the WPWP, where red bars
indicate the coverage area is greater than 4 times the climatological mean from 1982 to 2022.

1982-2022 4 WPWP XIg 5Fh MHW Jgt: GBIk, BFERE ., o KR
B PR, MRS (A)D) B E A i 2 Fias. WPWP ) MHW
BRI BN S 7] 25 [A) 0 A be AR — 8, HRE X FEAEPRE 5N DA
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Figure 2. Statistical characteristics of six marine heatwaves (MHW) properties in the Western
Pacific Warm Pool from 1982 to 2022. (a—f) The annual mean of MHW frequency (counts),
cumulative intensity (T days), maximum intensity (<C), intensity mean(<C), total days (days) and
durations (days), respectively.

BT LT, WPWP X 7E 2020-2022 4E MHW 7 3 T ARIA ) T 41 453k
e N T BRI =4 WPWP [X 35 MHW % J& 14 (1) 57 8 2% (8] 4> A R AE
A5 IR 2020-2022 T35 MHW [ AR BRARBRAE . S KaRE . T34
FE . PRI RS RECT 5 T T 41 AR (1982-2022 4F) (1 REH (K
3. WK 3 i, WPWP (1) MHW % J& {4 B # A 1E %, MHW FER R AT
SRR B R B AE 35 1) E e RAE X, FEA T 125E-145E #igI8(&] 3a,
K 3b, El3e). Hr, MHW BRI N, Ko X5 ik



F T 6k CREFEINT 5, REEL = La Nife FIHER T, WPWP
DX () MHW 48 R AR E 38 (B 3a). [FEE, WPWP K4 X 35 MHW ) 21
SR SEEAEIAE] T 96T K, MREMREEE LR T 74 K (& 3b, K 3e).
RS La Nire S (1 & A2 AT (R4 b DX 48 MHW 78 45 55 hnRp 2 A FE 1 i (1]
3b) . KT MHW (155 KSR EEAN T35 5 B, LA AR 1) 53 E 85/ (1 3c, 1 3D
1P 3f B, 35 =4F MHW [ REEEI RI7E A B 35K I X 380 B 5 9 1E 530
2% bR E], 2020-2022 4F WPWP [X MHW I H AU A B A B N Rp 4, ~F
)i P SR A /NI R AE , X T R 32 S R AR La Nife SRR G 1A,
AT NBIRFE R, FREEIT R MHW ) SRRt 235, L2 i e AR i i
W R SR SR M- (Holbrook et al., 2022) .
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Figure 3. Anomalies of the annual mean marine heatwaves (MHW) in the WPWP from 2020 to 2022
relative to the climatological mean from 1982 to 2022. (a-f) are MHW frequency (counts), cumulative
intensity (<C days), maximum intensity (C), intensity mean(<C), total days (days) and durations (days),
respectively, the dotted area indicates passing the significance test (the anomalies exceed the standard
deviation).
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MHW & J& £ X 38T B AR Ak, s 6 2 RAELE P 4 & LA La Nire
th, BWERESRNZEESLEMS. FidR 4 FER, MHW B RFERE . BRI,
BRBORFRELI I ESE i E RN, BB RR M0 5% 4 La Nifa
PEE B R 5% &, JEHRAE 2020-2022 £EIX PUANJE B B T 5 s i e (& 4a,
Kl 4d-f). BRibZ4At, MHW B SRBGRIE . BRI SR EAE  2013/2014
2016/2017 F1 2020-2022 il | & @I KPP E KPR (& 4a, Kl 4d-e).
[FIEF, MHW R 5 K B2 AT SR AR B T 5 4 —4F La Nifa A BUORIC R, HHAS
75 1998 4EILE T i fm (B 4b, B 40). IXRFIAITFRIEES: La Nifa F1f
M5 T, WPWP XIRR T RASRAE o, BB Rrakif R K.
o AR [ MHW S
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B LaNife &, WEOE S RH=FELEREMN.
Figure 4. Time series of annual mean marine heatwaves (MHW) properties in the WPWP from 1982 to
2022. (a)-(f) are cumulative intensity, maximum intensity, intensity mean, frequency, total days and
durations of MHW, respectively. The red bar in (a)-(f) denote values more than twice the averages of
the full-time series, orange bars represent multi-years La Nif®, and the blue asterisks are three-years
La Nife events.
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S REAEIR L HERER N, JFHAZ%8: LaNife HOmEARNEE. AL
HE—B 0 7 WPWP X F H MHW ZERERE (— N H KN MHW SE5RED
BRI (— D HAWNEAE MHW BRED FERE (—DMHN MHW 2 HHD
245454k, ATLAEE], 1982-2022 4 WPWP [X ik H MHW S 58 B AL K5
FAEZETAR L, FL7E 3 A0 O H UM IR BINEAR, TR AR AR UEA W 2 1 21 28 4L,

(&l 5a, &l 5c, & 5e). X T MHW RBREE B R ARG REEZES: La Nif
B 4 R BEMESE La Nifa ) A RIZET R, H MHW S8R5 B AL RE
SEEw, AR 9 AMAEIER KM (& sb, EI5d). [FHE, ZE4E La Nifa 4
MHW J& AR A Frigin, (H2%A N RT3 (& 50. Kk, WPWP
X MHW S35 B2 ALECR B 2B 5 A0 2 B LE La Nire ST RI5200 .
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Bl 5: WPWP [X MHW J&: 121451k, 1982 4F 1 A & 2022 4F 12 A H MHW R RI58F
(a). BKRH (o) AURRAIKR () & HK. (b) #LE LaNifa £ MHW R (b).
SOREL (d) FgERSIR (F) G . WO RERARIIER 95%E(E X H.
Figure 5. Seasonal variations of monthly marine heatwaves (MHW) properties in the WPWP. A
composite of monthly MHW cumulative intensity (a), total days (c) and frequency (e) from Jan
1982 to Dec 2022. A composite of monthly MHW cumulative intensity (a), total days (c) and
frequency (e) for multi-years La Nifa. The blue error bars represent confidence interval of mean
(95%).

PLEGEit oy Hr K B, 7R 4 — 4 La Nife S 17 51, 2020-2022 4= WPWP
X MHW B S AR SRR . BRI R BHE B T 41 4 LUKV R
B, H MHW 1) ZRREAGREAE 9 H ikl % . HE 6an]LLEH], 2020-2022
FEAEES: LaNife IS 5T, WPWP [X MHW S {1 R AR & e Bk B & 1. B
2020-2022 4 WPWP X1, MHW FARFE —E R =5 81A K4, &EENH
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Figure 6. The spatial distribution of the frequency of MHW during 2020-2022 (a) and the seasonal
variations of the area mean MHW frequency in the WPWP (b). The black frame in the (a) is the WPWP
region (5B-15N, 120E-160E), (b) the black line represents the SST, the green line represents the
90% threshold of SST, the blue line represents the climatic state of SST, and the shade orange
represents the statistical MHW frequency.
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Figure 7. The mixed layer heat budget and monthly MHW cumulative intensity in the WPWP
from 2020 to 2022. (a) - (g) are the effect of mean circulation (MC), zonal advection feedback
(ZA), Ekman pumping feedback (EK), thermocline feedback (TH), nonlinear dynamical heating
(NDH), net heat flux (Qnet), and residual term (Res), respectively. The black line is mixed-layer
temperature anomaly budget. (h) The proportion of seven feedbacks, (i) The cumulative intensity
of monthly MHW in the WPWP region.
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Figure 8. The net surface heat flux anomalies in the WPWP from 2020 to 2022. (a)-(f) are
downward long-wave radiation, downward short-wave radiation, upward long-wave radiation,
upward short-wave radiation, net sensible heat flux and net latent heat flux, respectively. The



black line is mixed-layer temperature anomaly budget. The anomaly is relative to 1983-2012.
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Figure 9. The spatial distribution of heterosexual correlation coefficient and corresponding time series
of the first SVD modes of MHW (a) left field and Chl.a (b) right field, the black line in (c) is the MHW
time series of the first pair of modes decomposed by SVD, the red line is the Chl.a time series, r is the
correlation coefficient of the two series, and the pva (pva =0.0) value represents the significance test is
passed. The purple box in (a) is the WPWP.




N T SR 2020-2022 4 WPWP [X 35 i AE M) 1 IR J2 U IR Z
(RI7BAk, A5 S X T A4 2020-2022 45 WPWP [X 3843 2 -a < B B3 1 = > Argo
FAr, XA ARG ST BN 11N -14°N, 125°E—158°E, I [a] 7 /& 2020 4F
8 H %2022 4 12 H . AR 3 NI R R E 4k R -a WREEIR T T
WPWP [X 3 MHW X182 2 DL T iR s m . & 11 BT #FTIX 5%
JZ 2 220 m IR ERJZ IR BE IR AR I = 4 S5 A TR SO0 (K 3R T A A 3 NI A
435 -a W BE I THT (0 2 B A D) S HAEARN TR E JZ 284k, K 11 AT LG
H, ERZMIRSERIZRED YRR, HitstFa REEEREHNT
0.1mg m3, JLHRAER G E R . PRl Y= 2 REEREGE N7 H
200m A RRERZ (0.25mgm B2 4D, HEFZENAN, HESERN 11 AL
HHEWAE . 4k, TESER) MHW HAHR R 5, I =R 0 X A
BEILRZEVREEVREZE LN &R Z B B3 1> (K 11d) . 2020-2022
- WPWP DX i A= ) B AR AR 5 N [y, RIS R A 1) MHW A A F)
TR X s BRI AR A A

036
027
018

0.09

o422 250 0.00

—— N r-surface layer (0-10m)
—e— In the mixed layer

—e— Below the mixed layer
Max layer

W

1721 04/22 22 5 Aug/20 Nov/20 Feb/21 May/21 Aug/2l Nov/21 Feb/22 May/22 Aug/22 Nov/22
Month

B 10: HBFCIX SRR = 4E 451 . () W XIBER Z M4 &K -a (Chl.a) (1 [H]-26
FEEIFNIFEAR 1 Chla R [a]-IRBER, ALK EZHE; (b) F1 (o) [ (a) MR, HE2
R TR 2 F1 3 () Chla (Rt A-ZR . (d) BFFCKIARE Chla MR TH). 4
YR 2 J7 0 120m-180m IRFETEH, R &2 T 77 MRS JZ R 2 220 m IR ETEH .
Figure 11. The three-dimensional structure of phytoplankton in the study region. (a) Time-latitude
plot of surface Chl.a and time-depth plot of Chl.a from float 1 in the study area during 2020-2022.
The red line represents the depth of the mixed layer depth. (b) and (c) same as (a) but for
time-depth plot of float 2 and 3. (d) Vertical averaged Chl.a at different layers in the study area.
Max layer used in this study indicates the depth range from the 120m to 180 m, and below the
mixed layer is the depth range from the bottom of mixed layer to 220 m.
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