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Abstract The global mean sea level (GMSL) has risen by 0.16 meters over the past
century, which has caused various climate challenges on both global and regional scales.
Tropical atmospheric circulations are direct drivers of weather and climate anomalies,
playing critical roles in determining global heat and moisture exchange. Understanding
the influence of GMSL rise on tropical atmospheric circulations can help improve
climate change adaptation and mitigation efforts. Here, using climate model
simulations based on the Norwegian Earth System Model (NorESMI1-F), we
decompose the upper tropospheric velocity potential into Hadley circulation-, Pacific
Walker circulation-, and monsoon circulation-related components. We then investigate
changes in the Hadley circulation, Pacific Walker circulation, and monsoon circulation
in response to GMSL rise under different GMSL rise scenarios. The results show that
the velocity potential decomposition method effectively captures the climatology and
seasonal evolutions of tropical atmospheric circulations. We further find that, in
response to GMSL rise, the Hadley circulation weakens in both the Northern
Hemisphere (NH) and Southern Hemisphere (SH) during the boreal summer and the
SH Hadley circulation strengthens during the boreal winter. The Pacific Walker

circulation shows a slight strengthening and exhibits a shift towards the east and both
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the East Asian winter and summer monsoons strengthen along with the rising GMSL.

Keywords Global mean sea level rise, Velocity potential decomposition, Hadley

circulation, Pacific Walker circulation, Monsoon circulation
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ERRAIRT RN, AP AW LA X R ET RIE A RS
T 1% 22 R R A UK 5 B VK BB A R I oK )1 B R SR R R R K . A&
i Hy 7K fi# B A8 AL 5 9% (Nerem et al., 2018; Portner etal., 2019; Frederikse et al., 2020
Prasanna et al., 2020; K%, 2022). BCA EBURESERN L TR R SH NI
WAL RS (IPCCAR6) $8H, 2006-2015 44 BRI (1) _ETHEE N 3.6mm/4F,
2158 1901-1990 4E-F-H3EE (1.4mm/4E) [ 2.5 fi5(Portner et al., 2019). 2ERK-T-13
VT B PR A BROR DXl ROBE B A ™ 28 T 50 o B, B A 4 BRI
BT, SRR i T SR ) R AR R S B BTG N (England et al., 2014).
UeAh, Mg BT S RGIRAUKR « A B K JE VAL JE BRI R AT 5K (Portner et
al.,2019). SZUG I B2, AR SR FAHT SURE R R S SR B 7K 8 i mT e 2 IR A%
iy HE 1 T ROV 9 9% E (Schuerch et al., 2018; Portner et al., 2019). K, BI#f4ER
S5 THT b T PR AR AR 2 A8 AR A AU U

ARy B A BT 2 Y T B TR U A A B S e 7 AR T U AL
Zhang %5(2023)FHT T ABR-PE8E P ETHSREG, RO P BT 51k
P~ R 1 2R PG A, R AL 3R e S, 1S R OCPE R IR PR, T
JERPEER TS, AR — O R PR AR 7. sbAh, WP ETHHES)
T ZHKFEEE GBI B A e EN ALK, 450 K VG 7 28 1 B0 2RI
( Atlantic Meridional Overturning Circulation, AMOC) J55. T 1% R5R%, 1%
FAREE(2023) I FE R I, A UR (B UK A A BRG] b T3 45 3R I8 P 8 R AR AR
1, BUGSEIER S H 2o, BRI R AR A . T PR,
A BRI ETE 10 K, JE/R 8 ¥#5-7 75 % 3 (El Nifio Southern Oscillation,
ENSO) FHMHRE L, H o Je/RJE VB om0, T hL e 46 34 am ks .

3/22



82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

A BRAR I 0 R R AL AL T IR I 2N (Watanabe et al., 2023; Chemke
and Yuval, 2023; Luo et al., 2024). 141, Chemke and Yuval(2023)¥§H!, Tt
A BRIA S SE IR 0 P RIS REAE , 2R AR T A R T NS R, I BREE R
FAMHER I 2, 0 BRSSP SR A AR R L AT T R R SRS
Lionello %§(2024) Mt F R, I 22 PU-T4F K 4 BRIG FESE R AL 2 30 H 1) P AR A
(e, AR RS BRI AESEIR RO B am ok, 1P BR 00 S0 2 2 (X ek
PFoRAAE . Hu Z5(2018)1 B 7 A 3R SEIE T 5 N S Y vk 2 L Z=
ZE5p, HIEE. JLPRERASEESEIR MY RAE R E = MAKE T B35 . Sun 45(2019)
R FE BN, SRR A 2 I HH ik 1 A B 1 i (R AR . e — B4R, R
PR B RIS s 32 5 A BR A A8 SIEPA AL 5 P 1 A AR 2, IRV K K e
PH S A 3 B R (R AR PR AR 3R, T e~ BRI B SEPA R T FE AR B AR 2 U E K AR
BB KPUPETG ER AR KRG 3L [F 5. England %5(2014)F1 McGregor %5(2014)1E
H I 25 A AE TS KR I, fRBEE RCSFEEIR T IR R N HE5 . Wu 5§
(021)KIL, H 1979 4= LA I EI KPR SO A i 42 22 5 H 1 5 K P i
P AR A 2 AR BR R R %% (Interdecadal Pacific Oscillation, IPO) [¥)AH{z
#AF , Chen 25(2023) 8045 T 1k 2 JUEE W MZE X T TH R, HEHZSIERGEN
AR R ZRIIEEN, RIAZE KGR AR 21 Y2 5 REEARR G 5 .

SN B S AR [ BTG KRR T i 25, it
FERTE A BRI T b FE%E Ry KA IR ATRE R o AR SCHE TR Btk 2R Gupsi 2
(NorESM1-F) it | — R AER-F35 -1 [ _E AL (Zhang et al., 2023),
BT HERARITIE, WA T P TR AP PER SRR PA SR IRR 22 R
PR BIFEI o B FE 45 R B T Haom A8 SR AR TS 5 B KA I~ 1h T+
JS7, RAEK A BRI T b T AH DG S5 BN I ER AR, D A AR A T 42 it 5 P 5 11
AR .
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106 2 BE/EEFE

107 2.1 ERXNTAR

108 MR R GiAE 0 (NorESMD S 72l F AU UEE 4 il (CCSM4) i b
109 JFRIKSIHEER S 2 2R S IR R G, HESURA (NorESMI-F) 7]
110 FH T TA) ROBE B9 vl A=A PR B 018 400 RO AR 4 5 1540 (Guo et al., 2019).
111 NorESMI-F [ RABHCR Al RS CAM4, HoK Pl 20, HETT
112 [k 26 JF. MEEHUE B A A BT ERL . (MICOMD, R/ 7K -7 3%
113 N 1P =G, FEETT 3L 53 Z(EE TS, 2022).

114 2.2 e E AR T

115 AHIE T I /2 Zhang %5(2023)2%: T NorESMI-F #1111 8 A4 Ek-F1Y
116 T TR . ZRIIRIHEH T 1990CE FIFESHM CHL IR, 4567 1
117 Hr AR BRI E ) COy WK, BRARAS A 1B 2 OR i i oy A
118  (Zhangetal.,2023), {EFEHRIE (CO2400) FIFEAL L, K AER-P- M1 4 546
119 JF0.15. 0.3. 0.625. 1.25. 2.5, 5 F110 K (& 1). EBINHEERE KRN,
120 MR B B RHOE E R (NSRS B =2 B AR A K T D) . a3k
121 1847 2200 4F, EHURITIY 200 5K H 25 REEAT T

122 R 1 ERFyErE AR R E
123 Tablel Global mean sea level rise experimental design
B HIESH  COppm) CHa(ppb) K HiFE R B (5F)

C02400 1990 400.00 791.60 pi pi 2200
C02400s10.15m 1990 400.00 791.60 pi+0.15m pi-0.15m 2200
C02400s10.30m 1990 400.00 791.60 pi+0.30m pi-0.30m 2200
C02400s10.625m 1990 400.00 791.60 pi+0.625m pi-0.625m 2200
C02400sI1.25m 1990 400.00 791.60 pi+1.25m pi-1.25m 2200
C02400sl2.5m 1990 400.00 791.60 pi+2.5m pi-2.5m 2200
C02400sI5m 1990 400.00 791.60 pi+5m pi-5m 2200
C02400s110m 1990 400.00 791.60 pi+10m pi-10m 2200
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23 RSHRDBTE
oG, MR4E 200hPa Y B AR RO E (U AV, ZERGHE N
ZEJE 2.5 A 1.875°) HIMURITHEAGBINERES ¥

D=V-V=-V (1)

N T A RAEA R SRR E S B IEE, A3CS% Tanaka
£E(2004) 7772, H4 200hPa T8 B2 55 73 NG TESRIA I« AP PEIR SE MU ZR XA
TAHIE S 5 o AHBCT 16 G KRR R A B RN B)) ) SRR IR R R SRR E 3, Tl
FESA B AR TR T AR RE R S A, AR TEMIE . SRR B SRR
RGN TTER . ARYEE SCRT A, MR ESEIRI AL P8 2 I R 50 AR A B IR
T (RIS, 2014), @R RXNRIILN, ERER G A, ERIFAGH H
DX R s ARSPPEIR LA B T 2R P8 KPP IR 20 AT A 2 5008 R 26 Bl AR 3R
WETEPIACE PR X F T, FEARACPIEIX Tt ZERUE KA R
I B R R G, B 4 72 S A A4 B 2 v IR i) PR B e 2 2 U X
Hh R B LA R A (R TEAE S 2015). FE T FIRIRRARHE, K 200hPa 3 B AT 2
[ ARTESF 5] b P i -

x&x,y) =[x& ]+ x* @ xy),

=[xt W]+ 10, y) + 1" (% y) (2)

AR () - AFRER R BT A E R E, B R R, 5
AT ARAE SR T A R A HEAT I ) B4R . Ferh, [O1R1 ()40
RFL T LRI, OMO)' S HRERETHLIRRES, ¢ x,y5 5
RISl ZREERILE R, AR (2) 5 AT S0 AT TS R W A R
(et ) KPR O (6, y) FIZERINT (' (6,x,y)) RIFELL_ES
R N e ) NI O e L I e <O Vo =i e YA AU R 1) e = L B N
SRS, 200hPa 5% b SRR O R o X AT DL A IR
BT CRED b
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2.4 MEHEIR K EFRRIFRMERNATRIEHE X

N T RGP I R TR R AR K SRR BE, 2% T Tanaka
(2004 7778, I e ORI ECR AR R AR . o, Jbekng il
SR ATARHUE LA CHZ L REE—H M) 0°~30°N XI5, 3k B 35
s/ ME, JbFERIESEIN R E R HUE LN EZE OGS H L BHRUH) 0°~30°N
DX 35 P T P A PR B KB, 7 S BRI SRR R F8 B € A S BT R, 1E
JEE BRI R SRR A ZR 4R HOR B 1 BRIS TR SEIA R E =8O U, DR I H08k /N
ALV LR . KPR R FRH0E SO H BTl (10°S~45°N,
120°E~180°) AWM EAAE, FHEM 12 A K30 TR EEEE AL
2R RIEE (&) ZFERIAIREE SRR BT CRD Hob
X3k (10°~50°N, 60°~160°E) HEHAMHA (/M) {H.

3 BSEME MR IRRE

3.1 EEHMBENHSIESS 6

N T BSAEAHIT T AR R R385 i 3 2 R B 1k A B A DL )l B4,
BRI TGS (CO2400) HH i B4 AT N EYRE XU SRS 20 AT

B 125 1 2000Pa LSS K HUE X —H« WA EAA+ RS,
Forb, O R B ) i KA H LA AT P TR AR X B8, TE 3 140x10°m?s
b s/ME HIAE R PUPEHBIX, DY-120x10°m2s™, A DATE 385 ) e KR IX 3
[ e/ MEL X IR Ko X — AR B, AR PR P PR A7 AR s 2L 1Y) BTz S,
[ JEAE AR AR 2R X, [ AR R A B AR T X, SRR 2 R 3 A 0 AT
BRI B AR A 5 AL 2R AR B I EBN RIEE R L AR, RIZR-
V8 171 R AP PR R SE AL B I [P (DR SR I R DU, S 3 5 U KU 0 A
RO — H I, BT 3 AR L s LU B 100 10°m?s s B, HEES
H B KA DR 2 T ARIE PR RE BRI, I HAg5R 3] 7 190x10°m?s™!,
Bt H AL AR BRIC ) R P BRIK SR BUZ X, ATRES IR RESRIAAT k. T H, HEEH M
sREEARN -G H A FES, mORERCNE] 80x10°m?s ! o [HAFEEHIE, EHMALT
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AT P8 A DU AR 5 B B ARG I o A2 R X RSP R SE AT s 1
SIS FINE I BER, =M AL X i T3 X — Xt — A
O A P A B ZEALRARINE, 5 XU 5K

g5 b, TRPEHNELRE XA (Z= T PR AL W LB AR U — &7y, A2
TSR ) R V8 [ R 20 A7 12 AT P g SCR AT PER S 3L, e[RRI
i Yy BAE— HA-CHIRRIE S, W] LLE AT 2 MR TSR IA LA DTk -

B1 (1A, (b)4H. (c)7HM (D 10 A 200hPa SFA A (F{HLk, Hir
H10°mPs™) R RECEE R, (i k, BA mes™)
Figure 1 Spatial distributions of the climatology for velocity potential (contour, the units are10°
m?s™!) and divergent wind (vector, the units are m-s™') at 200 hPa in (a) January, (b) April, (c) July
and (d) October

3.2 FRSIESHH

3.21  PAEESEIRIR

BE—RE AN (20 FAHRE L EEER AT E e, Ham
SRS (@)D A AE 2 Froas. —FH, @RI IAE 15°S 1 30°N Tk
B KA R B/ IME, o S 22 ) PRI B e 2 Bk g B3R 0 B TR R U . 3X
i o3 A7 ] i A MR AE AL BR ARG S R Z R 3. WA, i F3y
(IR B S5 i B AL T 10°S, S /MBS HIAL T 2508 1 25°N, K M 5k BTt
(S a0l i EE A G B T, F B b 2S00 T el m i 3. [FIRE, &
HIXHRZE BZEBEFAE 159N 1 2008 PSSl KB A H/ME, SRAE 15°N
EFRmEBBNIALE 2008 ML FUt. A, BEHEKMEAT 10°N, m/AME 5
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Figure 2 Zonal mean of the velocity potential at 200hPa in (a) January, (b) April, (c) July and (d)
October. The units are 10> m?s™. Hadley circulation is defined by the zonal mean of the velocity
potential at 200 hPa

322  KFHREHRR

Bl 3 45 H T 2000Pa 13 1 H 7 B0 5 #5hE G 4 ) S 2400 S A A O
# (x*(t,x,y)) sAn. WE 3 A%, MEAMMEFOHE 1R, EAfe
AT PR, NUTHOAL T R FAEROR TR, (HERfEA s, 5K 1
A AR LG, SO LRI ARERTRR, JE HIRE LT k. e A0
(2) ATED, x*(t, x, y)HH 7 3 FHOAL AN BE 2= 715 28 0 B RSP PR S A T R I EE Y
RAE AT ZE IR B N R JE—20% )™ (¢, x, y) AT IS [0 48 2 i, 7531
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Figure 3 Deviation from the zonal mean of the velocity potential (contour, the units are 10° m*s™)

and divergent wind (vector, the units are m-s™) for (a) January, (b) April, (c) July and (d) October
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Figure 4 Annual mean of the deviation from the zonal mean of velocity potential (contour, the
units are 10° m?s™) and divergent wind (vector, the units are m-s™") at 200hPa. The Walker
circulation is defined by the annual mean of the deviation from the zonal mean of the velocity

potential
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Figure 5 Deviation from the annual mean of the velocity potential (contour, the units are 10> m?s”

1) and divergent wind (vector, the units are m-s) in Figure 3 in (a) January, (b) April, (c) July and
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in Figure 3
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Figure 6 Walker circulation change in response to GMSL

Shown are the mean differences between seven sensitive experiments and the control experiment.
The shading represents changes in velocity potential, contours denote the velocity potential in the

control experiment, and stippling indicates regions where all experiments agree in sign. The units

are 10° m3s™!
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Figure 7 (a) The Walker circulation index (the units are 10° m?s™") under different sea level rise
experiments. (b) Same as (a), but showing the percentage change relative to the control

experiment (unit: %)
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Figure 8 Changes in the Northern Hemisphere Hadley circulation indices in (a) winter and (b)
summer (the units are 10> m?s™") under different sea level rise experiments. (c-d) Same as (a-b), but

for the percentage change relative to the control experiment (units: %)
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Figure 9 Changes in the Southern Hemisphere Hadley circulation indices in (a) summer and (b)
winter (the units are 10° m?s™) under different sea level rise experiments. (c-d) Same as (a-b), but

for the percentage change relative to the control experiment (units: %)
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Figure 11 The (a) winter and (b) summer monsoon circulation indices (the units are 10° m?s™") in

the Northern Hemisphere under different sea level rise experiments. (c-d) Same as (a-b0, but for
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