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Abstract : The collapse of ice shelves is a process that can severely increase the rise of global sea-levels through
the reduction of the buttressing effect of ice shelves and the consequent acceleration of the ice flow of ice
sheets. In recent years, the West Antarctic ice shelves in the Amundsen Sea, whose buttressing effect is
essential for a great part of the West Antarctic ice sheet, have been experiencing the most rapid melting and
thinning in the world. The melting of the West Antarctic ice shelves is caused primarily by heat transported by
Circumpolar Deep Water (CDW). For this reason, it is important to investigate ice-ocean interactions that
could influence the melting of ice shelves and evaluate the stability of West Antarctic ice shelves. A lot of
researchers have been actively investigating the West Antarctic ice shelves in the Amundsen Sea. High-impact
journals have recognized the importance of and published studies on ice-ocean interactions occurring near and
under the ice shelves as well as the connections among ice shelves. However, in situ observations are limited
due to extreme weather and sea-ice conditions near the ice shelves; therefore, many scientific questions remain
unanswered. This study introduces the characteristics of the Amundsen Sea and investigate the past and latest
research issues in this region. This study also gives suggestions regarding important scientific questions and
directions for future research that should help early-career scientists take the lead in future research on the
melting dynamics of the West Antarctic ice shelves in the Amundsen Sea.
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21001 0] A1I5H oA Althe} H sl AT B =L WA West Antarctic Iee Sheet)o] 7HAi= ZA1A HebA

2°C o4} S718 Ao 2 o AFETKIPCC 2023). A7) 2 o0& Qg Ad= WA 8§07 AF IS g 24
ol szo] g} W2 2 Aol dis|A Zo] Bt

*Corresponding author. E-mail: styoon@knu.ac.kr

A15E A}5Fo|THIPCC 2023).

Review of the Melting of West Antarctic Ice Shelves in the Amundsen Sea

School of Earth System Sciences, College of Natural Sciences, Kyungpook National University,



156 Yoon, S-T

(ice shelf)2] X A | buttressing effect)ol] &J3l AA| =12
Qlth(Joughin and Alley 2011; Gudmundsson et al. 2013;
Reese et al. 2018). 121}, 7|3} ko o As)
(Amundsen Sea) &5 o & Fhd= AZ<(Circum-
polar Deep Water, CDW) §-¢Jo| &lsj x| 11, Ald= 3
ool 7] B} WO ASIES] WS F717} A
o FelsuA obAls) AdT WEe v e &
0] §-G(melting) a1} E2|(calving) S AL YrRignot
et al. 2008; Shepherd et al. 2012; Pritchard et al. 2012;
Holland et al. 2019; Jun et al. 2020; Smith et al. 2020;
Greene et al. 2022). 71 & G- vjgho] KR} 712
Ao X3 Ago|= HSH Thwaites Glacier; Fretwell
et al. 2013)o| A= Z|F 20|07 E=ollA 7MY & A=
a7 WAt Rignot et al. 2014; Joughin et al. 2014;
Scambos et al. 2017; Yu et al. 2019; Smith et al. 2020).
oHEAIS) AT o] TV ShotAIAG el Bare
= Qla Wio] FHI A9 Mg wiph orshEn A
T3 WAkl ajerom Lok U sis4o] olxn
(Pritchard et al. 2012; Greene et al. 2022), o= AFE
e Aoe Y Aor ASHH A= B Al
0.65m, Ag= A YAk 3 m; Feldmann and Levermann
2015; Scambos et al. 2017; Morlighem et al. 2020). w}2}
A, Ad= W] EHE Ads B8y eHgEol o)
A=, Ag= WA 889 AXTA FkS g2 o
S517] flsiAle W 86 713k Tetsiar Wso) oy
= g7 fIe AE5AQ si-E BUE o] i F
[3}c)

oRzAls A= WEol -850l 7R3 H 1990t 3
HHEE BE 86 712 24 9 MBS Sl ok
Al 55 st g QAU siellA s dAtAdat A
FH(mooring) 52 E-§3F s wSo] Els] 4= ]Ik
oF 20 717t SiSf WS AFEe} oREAls] A9 mdlE]
= 5ol oREAlsl 2JsfollA e 7HAY = A
A EAl(¢f|, Walker et al. 2007; Thoma et al. 2008; Jacobs
et al. 2012; Dutrieux et al. 2014a; Nakayama et al. 2014,
2018, 2019), W5 ZA s =gk 42 HE(oll, Thurn-
herr et al. 2014; Heywood et al. 2016; Zheng et al. 2022),
HE S1E L3519l o G EA(4, Schodlok et al. 2012;
Dutrieux et al. 2014a; Nakayama et al. 2014, 2019; Wahlin
et al. 2010, 2021), *F 889 AlXF 7 ¥s 9 Al
712K 4], Dutrieux et al. 2014a; Webber et al. 2017; Davis
et al. 2018; Jenkins et al. 2018; Adusumilli et al. 2020),
S5 3 9 EH(9), Heimbach and Losch 2012;

o5

Biddle et al. 2017, 2019; Yoon et al. 2022; Dotto et al.
2022) 5o] BRI E3], 2018 d5 = ITGC (Inter-
national Thwaites Glacier Collaboration; https:/thwaites
glacier.org) ZR2AE7} u|=-QJ= = YL o], 29|
o= Wol 1 Bl A5 FE(ice cavity)ollA Al s
W= 7, Fsadteld, TS 283 85
o] o|Fojzlom, st TS AL vlo|A/Ao] A Ul
T A R]of] RarE] Tk <], Holland et al. 2020; Wahlin
et al. 2021; Yoon et al. 2022; Dotto et al. 2022; Davis
et al. 2023; Schmidt et al. 2023).

Jed, ok Als] Ak SRt 71 2 W T=
B2 o] HolA ARt H5 Ame} oy 7Hgo|
sRhE mels 83 A9t = ] e, A
g 860 =24 slaE fsiMe o g S5
5t7F Fasie} ofof & Aol AR ¥Rl of
ALt Ad= e 869 54 3 WEs At
24l A s Ao A S A ARElA ok
Asf| 5 Ad= W k9] Quiel 84S VAL
Al ghek Yozt oo = s dslof & weha RSt 3
T AT Y 52 AXTeEN S HS dARE0]
ojefo]] obgAls] ATE T ¢ YT B3 A

Azld 54

oz A= Z25f|(Ross Sea)2} Ml 25}-p-AI5f|(Belling-
shausen Sea) Afo]ofl |23k HittR Ad=9] ufjz] HE=
H=(Marie Byrd Land) Fell 912l 21z, tieF2{Ql 9=
1 A HOL Zh7) 76°-68°S, 130°-100°W o[t} 2 A5
9 Wl sk Als|eke] Haket 8 AAIE 2kt Ajo]=
(Siple Island)ol $]A*]$F TF2E 3(Cape Dart)} A2
d(Thurston Island) EA4Z Lol QJx]3t %] 2LCape
Flying Fish)o] sfgeiti(Fig. la). ol2Alsl= 223 Yl
A2 3l(Weddell Sea)e} F-AFsHA siAof] sl ¢l= of
5 AFH(continental shelf slope)S 7|&FC 2 $410] 2,000
m o3l QJafel 4~4lo] 1,000 m o]}l iS5 o=
A, &8 X192 223 THRoss Sea Embayment),
A3l THWeddell Sea Embayment)@} 4| Ad= ®IA)
820 3t) 4] 24] okl T Amundsen Sea Embayment)
2 E¥ck

oRAlsl wtoll= tiEE ol AE At PRI
B71A] 500 m B} 712 =49] I(trough) A o] TR

7IEA 2= g s QckFig 1a). A= & 3719
=o] EAstH & AFo] =Edt= WHY olFs o
Z} Gh- A= E{(Dotson-Getz Trough, DGT), 2}¢1 o}

N
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-~ Qo]= Z{(Pine Island-Thwaites Trough, PITT), o}
HE-FA~T02H Z{Abbot-Cosgrove Trough, ACT)o|2} F

ShFig. la). We ol ANk & A[Fo] = L= hd=
SR o-IATIRE S e, Bl ofdHE-
Afolx 2 tiEeld 44 A% 5 5 5 7 2
A= e 2l dise $XE AF(T3°S)NM s =
Z|Fo] Hthr} 9= 74.5°8 FLofl A ThA] F L9

A0

o]z Wstel udl ofdE WE WIHE UFle BG5S
Hol= Zlo] E4olhFig. 1). A og 72 44 7}
A & AP = A9 Y A2 o UH
gk o] Jlow, = A g wRlsiAlE ol
Aol A Z[AIB] 71453

oz Als] W AQtelli= Aol7t 500 km7} Hi= A=
(Getz Ice Shelf), =7 SKHKohler Glacier), 21|
SKSmith Glacier), 33 W3KPope Glacier), 3|12 5
(Haynes Glacier)E X Z|3}aL Ql+= Gr<= HlE(Dotson Ice
Shelf)7} Z 24 WE(Crosson Ice Shelf), ~¢o]= W5}
£ A A5} Q= A9e]= Hld(Thwaites Ice Tongue)}
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Island Glacier)E R| X[}l Q)= 1<l o= HIE (Pine
Island Ice Shelf), 12|17 oFFAIS JF QEH| ZATRE
B "lE{(Cosgrove Ice Shelf), o} HlE{(Abbot Ice Shelf)
o] fJAIskaL QltKFig. 1). oAl sfje] WAke] AWk
St g0l et R ol f12|6h] whizel sk FF
2 Wo] HoKOrsi et al. 1995; Pritchard et al. 2012;
Schmidtko et al. 2014) FE= Ao H]g| P =7} Hof
A, olEAls] kel 1A% WE-S ok d= Weel
H]3l] 8§ &7} Q- w2 Shepherd et al. 2012; Rignot
et al. 2013, 2014, 2019; Adusumilli et al. 2020; Smith et
al. 2020). 53], 29°|E W5le] B9 A|HkAlo] s
o} wo Fiof 9IAIe B ofe} o2 A Al
91207} ] Z0]7]7] wEol(Fretwell et al. 2013), -5
] & F|oks] XutA $E| &% w2 CHPritchard et al.
2012; Rignot et al. 2014; Paolo et al. 2015). E3F o}
aff A= ol fEEE B Y 58 dFeR
oA Tt sjoll= AYEHA Grt ke R FAY

-
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Fig. 1. (a) A topographic map of the Amundsen Sea with a schematic pattern of ocean circulation. There are the location
and feature of Antarctic Circumpolar Current (ACC) and Ross Gyre (Nakayama et al. 2018), and expected path-
ways of Circumpolar Deep Water (CDW) intrusion onto the continental shelf (red arrows) (Jacobs et al. 2012).
The gray line denotes positions of grounding line. The upper-left panel indicates a location of the Amundsen
Sea in the Southern Ocean. The abbreviations DGT, PITW, PITE, ACT, and PITT indicate Dotson-Getz Trough,
Pine Island-Thwaites West trough, East trough, Abbot-Cosgrove Trough, and Pine Island-Thwaites Trough,
respectively. (b) A detailed topographic map near the Thwaites Glacier (TG) and Pine Island Ice Shelf (PIIS)
(Hogan et al. 2020). Blue arrows indicate schematic circulation pattern of glacial meltwater flowing out from the
PIIS and TG suggested by Biddle et al. (2017, 2019), Wahlin et al. (2021), Yoon et al. (2022), and Dotto et
al. (2022). Red arrows denote main pathways of CDW intrusion into the PIIS and TG (Dutrieux et al. 2014a;
Wihlin et al. 2021; Yoon et al. 2022). The solid (dotted) blue circle denotes the approximate size and position
of the cyclonic (anticyclonic) gyre found in Yoon et al. (2022) and Zheng et al. (2022). The abbreviations TT,
TGT, EIS, EB, PIT, and PIB mean Thwaites Trough, Thwaites Glacier Tongue, thwaites Eastern Ice Shelf, Eastern
Basin, Pine Island Trough, and Pine Island Bay, respectively
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3jH(fast ice)o] Y-S HE|ZE E3E3}7)(Bintanja et al. 2013),
Vi 2203 B3 WS RAE $4 26 okeds) 9
Stoli= W3} 7|77} gick

olZA Y HF &3

otAlel= s ko o] HA| Yot A =
o #52 A%k E2|tHpolynya) S SOl ARt AlRhA o
2 ololxn), F2 W5 43} Belslo] v o]
olxl9] Bk Alad w3k 54 Tk gjgt & A7 ©
2 A R2olqo] 5 441F 300 m) o)} TEo] B
o] e,

oRZAlS] Qsfjoll= HREE F-1=(60°S Fh) HAIS
odgko] o5 wdE Y= £3F(Antarctic Circumpolar
Current, ACC)7} 5% all+9] FHl= WA s+ (Barker
et al. 2007; Talley et al. 2011), A|A| ®3Fo 2 F|AsI=
22 2H7(Ross gyre)] 5% 9 H& AA| siF7F okZAl
3} A17](Amundsen Sea Low)&] Al|7] B 9] whe} of
FAs el|7tA] AR 7| = S Wahlin et al. 2012;
Dotto et al. 2018). 7]& Aol A 2008 129EE] 2009
| 1 77t 59k Gh-Zl= ZH(DGT) % 32l ofdHhe-
9ol = A& Z(PITW)t 7F7ke tiE-55 s o4 A
F et 5&F st 242 w5 E, AT R
22 gHRo) 3 5 dine H T dFe=
B 1% v} QT Wahlin et al. 2012).

oISl thE5T SS9 = 20082009 Al A
d 24 85 9 de ¥R dFer AHoR g
Wk elF7t WEE7| = ShANL YRbE o 2= sk
Fdofl Wil WeEe] sl 77t WEsh(Fig. 6 in Jenkins et
al. 2016), o= oRZAIs] A7|4e] 7] W3} 9 o5
w2 vieby Hole} W5l etk = 55 AY v
O] A7 wslo] ofsf WERltt. HatA o= oAl A7)
o Falo] ofZAlsl Qs Saloll YIXIstaL dAtlA= &
Z Ad vigro] =t g v 24ollxl= tiEsd 2

5 ol HRollA 53 AG Bl ot SRk o=
T o] HAsh, AAQtol A s d(downwelling)©]
douf 55 Ul SUE=A Ao Llsfof vls)] 27
HhkskcH(Jenkins et al. 2016). ©]9F - S AHAL
(isopycnal slope)2 <13l chs-sek jelof Al 2 A}
Z Xl(Antarctic Slope Front)o] HAEn, AA o= 4=
Aok 300 mE VjEom A% U sl 47k A A3
F(westward geostrophic current)@} 5% RH(eastward
undercurrent)7} TSt (Walker et al. 2013; Fig. 6 in
Jenkins et al. 2016).

ajeF malls] Faf AkE vie] wh2H, Jaktofx
¢t 52 diEAMH BYsHA 22 5F dHe &

2o @I} B NBL v HE Y T

R

=

bl
5
=

&L o

A1
=

Y H5ko 2 3| AEHs EAJS HQItHKlinck et al. 1998;
St-Laurent et al. 2013). A= ZAulel =AUsHA A4 &
% Ao AL, olzAlsl thse s sk5 ol Uyt
B AR tEAe] Hsh sect Atdos 4
Aol Ze 2 AW AP hEE WFom BAst
(Walker et al. 2013), o] IS Z3) 2|30 =A|sl= 3+
3= A3 gIE5E sl9e® FdHtiFig. 1a; Walker
et al. 2013; St-Laurent et al. 2013; Jenkins et al. 2016).
webdl, B ARl we Jul 5 sl w Wy
29| 3= S5 g 245t tE4 ajles
o] AZX T Walker et al. 2013; Jenkins et al. 2016). 9|&
5ol, A%t " S oA 5F AD Higo] A3t
g ool dise sidolxe shdddol s H
A FEEA BAE AA AF AR 5ol o B
AR, = A A9 ZslR 6459 FoF = oF
3te] shed= A5 F-dol At Thoma et al. 2008;
St-Laurent et al. 2015; Kim et al. 2016; Fig. 6a in Jenkins
et al. 2016). BFH, A%t 50| okl 55t 54
A EF ot 52 AF AE Higol & Aol A5
AFRE FBIEA 15 BT T G4 ek n
S e el Shge] B AF4vt 2 Sl
(Thoma et al. 2008; Fig. 6b in Jenkins et al. 2016; Holland
et al. 2019). o]&jof|= thFE oA =W 5 S+
7h S A v of| 2Rt FollA SRk 2 9] ofAnt
o] WP IEE sfelos B A3aT §5
+= 7)ZKWiéhlin et al. 2012), 22 327} oAz 3
AT 5 oo I HFT RYUHE 18
(Nakayama et al. 2018; Gomez-Valdivia et al. 2023) 5°]
F7H o2 AjkE HE Stk

QoA = U5 Bl HEE o2 FUE e
= ASTe = ARE et HE7HA =StthFig. la;
Jacobs et al. 2012, 2013; Ha et al. 2014; Nakayama et al.
2014; Heywood et al. 2016; Jenkins et al. 2016; Boehme
and Rosso 2021). = @< Wt ghd= A5E W67t
Al EHbshs We Wk slFe I W A= (Ame-
borg et al. 2012), A& & T(coriolis effect) FFo =2
Ago &0 g 294 st Assmann et al. 2013;
Kalén et al. 2016). & 2| AZof| X W% ulZ ko
2] st Esh=t o= HE 8502 A4E 89
a =1 ABFEcH(Fig. 1b; Kalén et al. 2016; Biddle et
al. 2019). & YFollA 9] gha= S A=Y 2o o
£ 49 FYES FEA= S04 212 0.3-04 Sy, 1.2-
3.3 TW (Wahlin et al. 2010; Ha et al. 2014), 321 o}&l=H
= Aol AZE ZoA 2+ 0203 Sv, 2234 TW
(Walker et al. 2007; Assmann et al. 2013) 2 EQI=E|X|qk
a A= BE A7]o] wel WEskTHJacobs et al.

o
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2012; Assmann et al. 2013; Dutricux et al. 2014a; Webber
et al. 2017). u}¢l o} E=-~9o]= FZ Z(PITE) 12
oA Bgel aroE St AlE4 W A el
A W2 A FEAA, G T uet 2902
Wk 2 skl ol WEAA Y FHAIS A
4 oF 450 m) TRER> 05°0) BT AETt B
7 WhEe] BT AEe] Fa 99 AR olAM
(Jacobs et al. 2012; Dutrieux et al. 2014a; Heywood et al.
2016; Mallett et al. 2018; Nakayama et al. 2019; Boehme
and Rosso 2021).

ORAIS) AL By RESh Gk vl WE, 2

(e}

&2 F27F SRIETFig. 1b). HatZ| o2 oAl
Qholli= Aol Baet E3AE vigo] EA9L Agol=
WA AZoA= 2I¢t sl H A=E WG =) 7=
2 ae] Ggros EEAY vigke] Seo] orshE
(Zheng et al. 2022). o|2 °2l3}, Ago]= WA A& 3|
o= RHAIA] WeFe] vl 88 gKwind stress curl)©]
Wdslal o] HEAJA|(anticyclonic) WlEFe] Ago|= I
(Thwaites gyre) &4dof 7|oJgkcl(Fig. 1b; Zheng et al. 2022).
2A9o]= SR FA| oF 400 m, BEA]E ©F 13 km fH=
20199 A1E} ADCP (Acoustic Doppler Current Profiler)
TSoA A3 WA=, 0.2 Sve sliE F3ith
(Zheng et al. 2022). 2~9]o]= 2ha} RiTh = 3}Ql ofdwH
E g ShollA= AlA Wakcycelonic) 2] T}l ofdsHE wh
2}5%(Pine Island Bay gyre)7| ®F23cH(Fig. 1b; Thurnherr
et al. 2014; Yoon et al. 2022; Zheng et al. 2022). 1}<]
ofdHE TF SR+ vl &8 o8k 9 flo] 7kl ofd
HE WeolA FE5e sl ott e (vorticity) &
Tite 2 PR, g FE== FAE ago] &
Eot= 9= 0.4-0.7 SVORE TZHoA HolXl =55
1.2-1.5 SvHEt} 2Re 4=Zo|tl(Heimbach and Losch 2012;
Thurnherr et al. 2014; Yoon et al. 2022). 3}Q] of2lzsi=
HlE Qkof A= Z2LHpolynya) W& (Macdonald et al.
2023)= Qlsf sy FaFo] Hof At EIFAE vl 9
gk AA ] wigt 32 =gtko] WEsly| wioll(Zheng
et al. 2022), 7}l ofUHE Tk Shr= g =0l 23]
FAE T vkt 38 gl o 1 A717F A3tEE A
o & gkt o}l ofd e v 3hR= A ¢F 700 m,
HEX|E oF 2025 km F2E 7}A|9(Thurnherr et al. 2014;
Yoon et al. 2022), 5% 7A| 2] 5F sl ol Sd=
A5 el ofdE Bl MR FUEAL HE A
O] A3k sl oJs &7t #Ql ofdHE vho= {
Z%tH(Fig. 1b; Dutrieux et al. 2014a).

Loz ol otdME v $HRTE Tl ofd e HlE
5E|(Jeong et al. 2016)°f 2J3] A= ot el o7 o

—

EoFHA, Tl ofdE TF S Aol REAIA Wk &
H(anticyclonic gyre)7} MEA4 A= %1 1(Fig. 1b; Yoon
et al. 2022), 5 87 oA §Hl5eo] ofgh o FHOR
FJETHYoon et al. 2022). WEAJA| ¥ Shr= T oF
700 m, §H2]& ©F 16 km 15 7}A|H, oF 04 Svo] d4=
£ 4431t Yoon et al. 2022). o]jo= Ago]= WA
eEpoR U sifel ola BYT W4Tt 4
i, YH A= A= sl sl a7 f=Eet
(Fig. 1b;, Wihlin et al. 2021). 0|2} -2 Hl5 FHof|A <]
A w2 W sHE=o] d Fdd 280 w9 T2
ok I3HS So] BESAE o) 3 AeA 2As] A
sl

of o

=

ohgAsle] a4 &

ofFA )= thEAQ w3l t)S-5(Warm continental
shelf) s o2 opZAlsof| #3EZ5k= s AVHeE i
“5{(Cold continental shelf) 3%j2] Z2alof| F3Ls|= s
H]al] Ao g 4~20] =11 W=7} Yrl(Fig. 2a; Silvano
et al. 2018; Yoon et al. 2020). ZA3fjol|lA 714 U=7}
=2 diee diSe sidolA AAEE LHE s
(High Salinity Shelf Water, HSSW)¢1 WFH, o A3} o] 4]
+ QalellA FdE gd= st 7P HETE =2
o]l s3It Fig. 2a). thEET - = A& ol
A BEEE T S = $4 U x(neutral density,
Y") 28.00 kg/m® EX= 28.03 kg/m’ o] 4] 28.27 kg/m® 7}
HOE, 29 (potential temperature)= 1°Co]A};, HH
34.7 A=) EAL 7}t Whitworth et al. 1998; Walker
et al. 2007; Wahlin et al. 2010). S'g= A& = UiEE
o FQlu= oA 2919F dio] o Ak
L(Thoma et al. 2008; Wahlin et al. 2012; Assmann et al.
2013; Wahlin et al. 2013; Walker et al. 2013), H& 2l
o = o3| 1°C o}e] =2 EAE 7HAIH, #£F o=
ol vlsf oF 3°C7} wobA We 859 =8 4 a4
&2 Stcl(Fig. 2a; Dutrieux et al. 2014a; Jacobs et al.
2012; Heywood et al. 2016). 312 tj&5 | U]
= 258 olalol 2Rk ST HEcole] Fie
sl B2 HE shgd= A<E<(modified Circumpolar
Deep Water, nCDW)2} 4 2J517| %= SEA|HE 2 Atof| A
= ST ASTE Qo = At WE gd=
ASTE BT Ik sz FYskiirh

SF Mol AgRt Biel Zo] ghd= S U
Tl ofdME-A9o]l = T Sl 7P SUsHA o] Fo]
Aw, 2o wef ghd= A5 S A Sk 29

Z "5 9 1l ofdNE W5 A4 T LA &
izob, ghg= A a2 IA] 7P =th(Jacobs et
al. 2012). W5 Bt gl slRoA BSEE S AT
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o] #22 BE tiEedolM fid &= A 72
S0l me 2 A E A, &A= ) (Naka-
yama et al. 2018; Dotto et al. 2019), A9|o]= "3} 3}
U SRS OR felsls BT el e 5
ge e ek 9 Ao sl o] olg BT AlEs

A== AA 224 W5} 036‘0115 Hk=THDutrieux et al.
2014a; Webber et al. 2017; Kimura et al. 2017; Dotto et

al. 2019; Yoon et al. 2022). T3k 1}Q] ofdWHE=-A9o]

= & I& A AEEHE %’r%% N [
e W ESE AA HE EALS Ho|n, Jukl o] &
Ho|| ghd= A5 52

FAE QAL o] Wom, |

ML Al BT A5G 59 FAE AT 420)

=Tl Assmann et al. 2013; Boehme and Rosso 2021;

A&

Mallett et al. 2018).
ghd= A5 91 = 100-300 m 4 ®lflolle=

A sfj<(Winter Water, WW)7} £A5hH(Fig. 2; Dutrieux

et al. 2014a), I ASH 73l HEE 50 Exo| B
o Az EUE BIRSE A% EE]uH(coastal

polynya)oll 4 si®] AT} Ho WE IS S5 A
THDutrieux et al. 2014a; Biddle et al. 2017, Macdonald
et al. 2023). ALH Fo WA= ALH jy] 24T
#3 ol B4 Goll Wt 540 24 =H|(Silvano et
al. 2018), BHAA O & 20| _[.5°C 0|3}, FE 34-34.49]
545 7HAIH(Fig. 2a), 314 AEE7] wiZel &
ZEAA 57F 68 mL/LZ =TtH(Dutrieux et al. 2014a;
Jenkins et al. 2018; Yoon et al. 2022). A-&4 <=
oF EZefufoll A AAE = skl =] Ab EEuk
oA AT GH 34.7 o]A+S] thEE<(shelf water)
o} Qo] LHeH|(Fig. 2a), ol oHEAls) Al B

A FEEE U I3 mjEo|tKSilvano et al. 2018).
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Fig. 2.

(a) Examples of #—S diagram in the Warm and Cold Water Cavities. The gray dots show seawater properties
observed near the Thwaites Glacier and Pine Island Ice Shelf in 2009 (Jacobs et al. 2011) and 2014 (Heywood

et al. 2016). The closed area by the dashed blue line indicates general range of ¢-S in the Ross Sea (Orsi and
Wiederwohl, 2009; Budillon et al. 2011; Yoon et al. 2020). The red (blue) plus symbols denote mean properties
for water masses observed in the Warm (Cold) Water Cavity. A-AASW, CDW, and WW represent Amundsen
Sea-Antarctic Surface Water, Circumpolar Deep Water, and Winter Water. R-AASW, AABW, LSSW, TISW, and
HSSW mean Ross Sea-Antarctic Surface Water, Antarctic Bottom Water, Low Salinity Shelf Water, Terra Nova
Bay Ice Shelf Water, and High Salinity Shelf Water. The surface freezing point depending on the salinity is shown
by the dotted blue line. Isopycnals (kg/m®) are represented by the dashed black lines, and 28 and 28.27 kg/m’
~™ (neutral density) surfaces are denoted by solid gray lines. (b) A example of meltwater fraction estimated near
the Thwaites Glacier and Pine Island Ice Shelf in 2009 (Jacobs et al. 2011; Yoon et al. 2022). The black circles
indicate end-members for Circumpolar Deep Water (CDW) and Winter Water (WW). The green line links CDW
and ice water properties. The blue (black) dashed lines denote meltwater fraction of 0 and 20 (35) permille. The

upper-left panel represents a

schematic figure for changes in profiles of potential temperature (red) and dissolved

oxygen (blue) when glacial meltwater (GMW) is intruded into WW layer
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e
o,

ofele v
508 §38 §UT 130 4308 Bt
BT AL EYE e

MU
1
- A=
=
og,
s
K
=)
a
%
=S
e FUTS ot do

A= WHEstal AdE7] vl W5 st
Do) P A2 S WHERE lgozE Aot
E]=d|(St-Laurent et al. 2015; Nakayama et al. 2017; Web-
ber et al. 2017) o] HA] of2f| 38 Aol 2} A|5] g5}
Ak

ALE sile7t At SAdolA = HE §5o=
=9 g7 B==H(Fig. 2b; Biddle et al. 2017,
2019; Yoon et al. 2022). G2 =& E(ice water)©] 7}4]
= W2 2 B4 E EskaL ol Al Ad= Ws
‘5o 5 sl dd= A5 I dlel A
&4 sfgpo] B3| ~20] Eom(Rle] 0(107)°0), &4
2 JA] wr(Rko] O(10") mL/L) (Fig. 2b; Dutrieux et al.
014a), T B AT RE §u% 58 YES 4
oz aolel] TSN 4% volxlel §4 Je
Heysp] 9fe g5 B8 AAEe] RO B
ClJenkins 1999). §+% B8 AXPHL: opals) the
shelold DS s B4 A 7 o - B 4
5 AR ol E8 52 B - o ¢l s 2=
= 7H8 stoll AlokE Wi olch(Jenkins 1999). 54> &

aakao] SZHS 77E M5k TJenkins et al. 2018), O]
= g8oto] 29-dE, S9-8EA s, P-4 A
7] Aol gt W HEs TR ALkt o]
Al 7HA] 894 E-& AXE AIE v]asto] zjo]7} go]

= TAHN(ERH C.2, FF0lA 100 m )= ARt
=, Al 7K g Bes Bl a0 HE U4
HE ZHHE9]: %opermille))S A=t}(Jacobs et al. 2012;
Jenkins et al. 2018; Yoon et al. 2022). Fig. 2b= 29-4
B ahe Basio] AN G5 o) BE dli2A,
9% B40] AL slold He) AT,
I A2 oS w0 2o F3k MEEA Ao 7he
22 g B80] 24 Uehdth Qulgos s 1
£90] 10%0 ool R4 Jafo] 2 ALz Ih3ith
(Yoon et al. 2022). 312
Az o] BEEE #ol7] Sk
¢ 2E A4 kS 28517 % $ITH(Zheng et al.
2021).

&5 wAlA Al 7 R 28] Apel7F A4
Uehhes ol sli=9] S4do] ehd= A< A4 8l
T G e = B oy FUHH R 7] JF=

¢

Hol7) o, 94 B8 AP 78S A83
glo] BAlo A A L]l thJacobs et al. 2012; Biddle et al.
2017; Jenkins et al. 2018; Yoon et al. 2022). E3} o] =%
o2 A4bE 4 Qe Y e 282 dVdeR ®
< oledy = ASe-ds 52 B9 £ Aol v
U= A0 Ee= AAsHARHEEA obid), AA 24
o= = Aea-ds 52 B9 £ A(EEA A,
B4 & 0 permille A(71d @ B2 oA 2ib4l), o
4 E3 o=l HA) R Helel A8k 8l
Foll A ALk g4 EavS Z83tiFig. 2b). o
Alsl WaolA fEEe 8= oRAls] el A &=
2k 9 WE9] 85, 1Pal ot =9 s =t
St Asoll7A] Gk m1A = lo] ARl 1
& Ao 8 S48 oldl= A vle Sash
T GF A= off 49 Ao A RAE] 7]
shalct Ftole W5 £ AL eakE E017] 9
3, &9, J&, S kA B oolyal B4 7]A|(ol, vl
of2, AYE, M) W Ak F9a B4 2 5t
2 Z-83to] g4 S (meltwater content, T g/kg)S
AAFsH= OMPA (Optimum Multi-Parameter Analysis)
W Agstr|= SHohBiddle et al. 2017, 2019).
oA} EZ<(Antarctica Surface Water, AASW)2]
5782 Aol wet M Ao R o= A|RE okZAs]
gkl E3zshe o 9 TR WA FEFer I
54 W A48 BHOE 3 315 A= glon, oF
A oAl St Fefuf sfollA W& ST B
I FFoR Q| AL E5e Y TR HiE
U)ol Arfdom @e 54& HeIth(Fig. 2a).

I xa

~

0.

3. olEAE AT WE $89 547 uE

ofeAs HdT UE 889 =4

a%F 7191 W5 88 2 F Al 7HA] EE(Mode)=
AotEIth(Fig. 1 in Jacobs et al. 1992; Fig. 3 in Jenkins
et al. 2016). = 1 G52 HjFE Y At =1

Ul AAE RS R 9 T 98e sf
W §EE WAL AR, RS 20l B3
EE

ol Zhg7) el SRR 4 -2 oA 3

LTk B(eF 2.1°0, §957 W /1 4RS ot
e Relo] ofsh Ashual AR AR (efreezing) ==
Zo] ExJo]tiRobinson et al. 2014; Fig. 3a in Jenkins
et al. 2016; Yoon et al. 2020). 2= 2 883742 Q]5jjof
A 8 BT AE47E 0 A T o8 st
HE 84S WAL Row, Y AL 95
= HGY 20| £ ol=rlEe) ot Ao WAy

Jo]tFig. 3b in Jenkins et al. 2016).

o
=

o

I
Y
o
1
oN
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HE 3 88 He Aol= = ES7F
8 4 3ad 9 sk A7l= AL
2, o golMe d= 3571 7 5400 webA
$EEE g%l AW ojir ARE(Fie. 3c in
Jenkins et al. 2016; Malyarenko et al. 2019).

oAl Ae= We sl FA e I
7F = 400600 mE Fhd=r A5 AR FA At
Hl 5o 7|1 Alo] G-AlSIcHJacobs et al. 2011; Davis
et al. 2023). whetA], Z|RHA S 238 W5 skl
Aot sl RS = A B wEt Wl =gt
ghd=r 57t ARAIShH(TSEt 575, warm water cavity;
Fig. 2b in Holland et al. 2020), oR=AIs] A'd=- ®E-of| A
= ol T Aol o3t € FEoR HE 2 883
Aol F& WS Dutrieux et al. 2014a; Fig. 3a in
Jenkins et al. 2016; Wahlin et al. 2020, 2021). kx| o}&
As) 56 s =gk Fzo|A A Eol(Fig. 1b),
T2 W50 LEHoR S Aol okt Fo] 7
o] W& ggo] GHrEchDutrieux et al. 2014a; Wahlin
et al. 2020). SH Wi, A= W, Aglol= Wsk wel
ol W oA BT AEo] o J gl
2 9F 50-160 Gtlyear®] W5 8682 WA & U=
0.5-1.5 TW o2 T=5]=t|(Wahlin et al. 2020,
2021; Yoon et al. 2022), & S-YUF HE HY= T= A
of whe} o]2oh I A veld 4= ¢ltk(Dutrieux et al. 2014a;
Webber et al. 2017; Jenkins et al. 2018). T3}, afjoFof 2+
A Q= e mefol wet &g sl gt 4 7
2 WH(ice front)ol| A 2phd 4= 917 wfe], BE o
oA TSE= E FUF T B sl &gk & #4
Suto] Wy el 8ol 7lojet 71540l AcKWahlin
et al. 2020).

BE 2 8§ 3ol ofs) ofAls] A W] 717
8-8{(basal melting)> T}= H= 52| §-gof vlsf W
2 g JRASITH(Shepherd et al. 2012; Rignot et al. 2013,
2014; Paolo et al. 2015; Adusumilli et al. 2020; Smith et
al. 2020). A7 = 2pol= UANE oAl Ad= W5
o) B9l 714 448 oF 7 myear® TFE W W
9] 71A4 &gl vlsf 3] o]A =2 (Adusumilli et al.
2020), ghd= I Fedol 7 Rt widl ofdiE
et Ago]= WetoA= 7P wE 714 88(2F 16
m/year)©] THISFCHRignot et al. 2013). 7|# §882 &
A W5 HolA= S0 ® Apolg Hol=t), o= F=
e skl YIAIgE sfiA] AT 22 BiA x|F e o
A 7Y A= d fdEol 24 E7] wZo]™(De Rydt
et al. 2014; De Rydt and Gudmundsson 2016; Goldberg
et al. 2020), A A|Fo] 7|A o5&l P FFS
W5 w2 thokstA YRt Goldberg et al. 2020). 34

£y
ok,
of riy
o)

O
filo
i
oZ,

o)
ol

Ay anets AR, 714 $5&2 7P FAE e
1557F Q&S v|A|= A|ubd Ftat wWg 7)Ao 24
F= 2+ W, ) olA A4 YeRdti(Dutrieux
et al. 2014b; Schmidt et al. 2023). 112, W= 2 8§
I olefofl W Ajg=Z(subglacial channel)oflA fE%=
Tt ofE ) AT W 8] AR 7]oigchSch-
roeder et al. 2013; Le Brocq et al. 2013; Wei et al. 2020).
OFRAIS) AT WES WE 717 83} tiRo] me

A HtAl B E| 43RS Hlth(Rignot et al. 2014; Milillo et
al. 2019). W2 £=9] 7|4 g0 AN FE] Fa
Holom AR M=, ol 714 &52=2 We 77t
Aasha g ok gjedo] HORN o Be g
Qo] Wy 22 48 4 9l7] wEo|chArthern and
Williams 2017). 12} =ele) o2 Aol ge) 7|4 &
§89 T 9L 9§45 KEL oPIok WY
SH SIS ASAIA 25]8 AN E5ES A
7= RS R =5 S H(Davis et al. 2023), i 7|2
ojojof Wt A «Ql, &, W FA Haz gt
A|HEA &F2(drag force) ¥ W5 FH -3 (back stress)
oFS7} WhE Smo) AUk TS WA 5 8ol w
3 & cH(Davis et al. 2023).

e j%
N o
>

[
rir
p

oLEAIS AT WE 88 WY ¥

7] 1900t 25k o EAIS chERe ol o)
of §IAIRE okZAs] AZIUAAYF =ehe] FFe
& Al vlgo] SAleHA sl 1 e R Qs
oA C5E sholoe] BT 434 flo] Hzstol
e e AR drt 4ol Ex3itHHolland et
al. 2019). Z12u}, 1950ty o] % 7|37} A8 o
upet obEAlsf ol WEet 17| HAXHJun et al. 2020)
Qo okAls) A7Ito] oFalueln, BT sl
oflME FF AL v ofs) # op et AF Al vt
o] WrA v = 37| Z7)5F9itiHolland et al. 2019). &F
A ofAls) Sop e Aol A mekzol, ol 24l

FotolA A AY vige] & 9ol gd= S
47} b slelow Bs] 4elsl7) HE, okls)
A= W5 8885 19509 o]F A& og Zrlst
o] HRJS] =F(-100 Gt/year)o]] o|=2A At Holland et
al. 2019). 3 4L 100H0] 77k AJ7F 1Re] o}
As Ad= He 88 He= op7Ieh Yoz o AR
(Holland et al. 2019), oFEAls]7} Wro] gjm2]Ql whE
3 =% dledoz Bl B flolr]E sk

4% 7|53} FgFe s oF gt Al7lo] AA wEegt
B S40] Z)E ol Alal AT WEL ST A2
4= wisjoll TSl Wk Sto] chebt AT o] S5

B S-S Holck obRAIS) A e 882 A
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(decadal)—<= A W(multi-decadal) F29] A7 HE
& Holu, o= FY AIE HHE 7HA= sl 71
S9leF WEo] 2 1o & AkElTKJenkins et al. 2018).
Sl 20] o~ A ¥E el el 20009 SHES
5254 A7) warm phase)2 OS] A W] e
|58 Holm(2009%d Fdf), 2010 o] = A7k
K17 |(cool phase) RIS ATHS Wil We 868
2 HFATH2012 Z|A)(Jenkins et al. 2018). Zals, HlE
of §4L WE SPiE SR o5 Ao Lo A
ol HF(HAE ¥-3)sk7] wizoll, wegt A7) =2 2}
7ke A7) Beke) A sis SRRk 2 A7) B
¢k =3Hextreme) 9] sl S4do] Yehd wiol] o gA%H
W& 8§ wxo] ¥gtc(Jenkins et al. 2018). 7}4.C
2, )58 sfofol i o] oJgt o2t HY(Ekman
pumping)o] & A3 ol M| 42 ok 4l W B
shpae] BT AEe $UBE 2as) ok Ay
= g 840 4+ AW ] WES Sl T
(Webber et al. 2019).
oA A= HWE 882 ¢7l(interannual) 5 W
£ BAE wolul, 200018 S| obAla) A
4] 2Th §gBol T 20003} 24 §580| B
2201208 Wi 859 o BES HolEs gEA]
Al712 oA ZtHJacobs et al. 2011; Dutrieux et al. 2014a;
St-Laurent et al. 2015; Webber et al. 2017; Adusumilli et
al. 2020). 1 OF ele} EelpolAe] feoks 44l s}
9 7] ¥4 Al atmospheric teleconnection)o] 23t T
53 8o i WIS} Sol 97k W) low Aty
A=dl, 20129 A9, 20119 AR ZhgE ek
(La-Nifia) o|HIE FeFo =z ofzAls #|7|¢o] Z3te]ar
S selo] et B AL vl el g
Az Bolo] FA A A cHDutrieux et al. 2014a).
olof| tlste], WG oF A%t FejuolA] 7|29 4 &4
o] FArTt A WS ALA vt s FAAEU
onl, o] 3 ANTl A WE R fYHsIE s
(St-Laurent et al. 2015), 733t tj5F AN deep convection)
oR 520K 241 Zold BT A3 fUol &
It Webber et al. 2017). THA] Taf, ¥A3} 29 @9l
B 20124 o Ala) AT WE 8-g0] WA To]
71o45ick vk, 2009 0ll= YA A Q91 B b
2 434 9L F7MIYIE wareR Agsiglon, 2
22 oj=Ho] Hla) oF 4°C B -8 54
7 ghd= A7t e SRR 1YE B2 W
2 oF7|dtHJacobs et al. 2011; Dutrieux et al. 2014a).
27, W 2R sigelke] sy £ W ik st
off Sfgt Loks 441 WISk BT 4134 B4 9 57
O Ad ¥E & oRAls) Ad= We 859 Ad ¥

=
h

[e=]
=2

oo filo

F % of7|shH(Wahlin et al. 2013; Kimura et al. 2017;
Mallett et al. 2018; Boehme and Rosso 2021; Yang et al.
2022), 41710} W vk glellAle] uigo] ofst ozt
P 5 F 4 AL e 710 5 WES fslE
SFcH(Davis et al. 2018). o|X & = = AA F7|7HA
cloreh AR O] W 8§ WS op|shs 7]2k50]
AElo] 91, BT 1A 0|9l A} o] ofg
454 o §-%Jourdain et al. 2019), FE AZ EA
o) & 913t &3} 733K Wahlin et al. 2021), H5 k5 |

o 27 Wk Ul el QI AR A opjshe
W e WAkl ofat e T8 HE ohmals) A
\R=

HE 8839 =7} Q952 o] AZItKChristianson et al.
2016; De Rydt et al. 2021; Yoon et al. 2022; Bradley et
al. 2022; Greene et al. 2022). 3t QhA] A&t v} 2+
o] B 8522 F=H gk U &6 ¥l I
FUE 68 HHS F A0 el glok(Duti-
eux et al. 2014a; Yoon et al. 2022), <=7} oJ@E A|7F
T8 88 WEs oblsk=Alol telixl= Sl
2 9 7t o Baslch ofoh WAL ofef §4
P AAofA drgskeich

4. OFBAS AT 9¥ S50 UNE 3

LEEE DERERE:

b= Sl ot oRZAls) Ald= W 8o %
AHHA Fo A fEH e ol Yl 5o,
W% sholAe] sl 7k W ul(density gradient) S %
7WNA AA B 3 3 of7|$tHHeimbach and
Losch 2012; Dutrieux et al. 2014a). 71231 §Hl4=7} <ot
YO FEE o]Foll= AQboll WTt sfief =3t =
HE &5 oUAE ¥of 94 9A &M (Centrifugal
overturning instability)2 -3} (Garabato et al. 2017),
24 oA BobAol o) shE 9 W o5t R
&3 Qarem gu47 54 SAdELEA)] A2
QJafj&= £33k Fig. 1b; Biddle et al. 2017, 2019; Garabato
et al. 2017; Zheng et al. 2021). 0|2} ZH-S At ool A
o] g 7 5L 75 438t A4St Eikt o
SA13Y) ST ER 12 REdk g e ke
&l 2 SRlE, "ukt ALHA(T7-9Y) 0= ALE s
Wt BT PO o AN JYOR F2 EF U A
=4 s sHE AACNARE §H o] WAyt
(Zheng et al. 2021).

W5 sHRollA e A2 ke 2 fEEH
T 2F e s S7HAA HE 1 sligollA Y
3 3} 4221 97 2l (overturning circulation) A]7]

9|
o
ARR

= 7J3kA 71T Webber et al. 2019; Yoon et al. 2022).
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Biddle et al. 2017, 2019; Dotto et al. 2022). ©|<}
TG FFOE oA thES- s Well s
Aoz o W E44E Hom(Fig. 2), oA Awdl
Aet Feuol A e tisa7t ofd AXE st
FtKSilvano et al. 2018).

3t 55 R 0E ] M3l tA o

iy
flo

2

oft M
ox ©

_{

A Ad= % 85 Hes opIgth A, 18
ol ofsl] ke WE okt =gk W gy oF 7, 2
T BF S AST S A e 888

2 Z7MAZ1tHDutrieux et al. 2014a; Jourdain et al. 2017;
Webber et al. 2019; Yoon et al. 2022). 3l -4 &
88 B 1% S HokAA W 882 o 27
Z7MA]7]+= 9F9] mHQl(positive feedback) FATOZ o
AX|H(Yoon et al. 2022), 2009 2 201211 YHofA
25§48 WSS YN AR FAom A gt
(Jacobs et al. 2011; Dutrieux et al. 2014a; Webber et al.
2017; Yoon et al. 2022). 9Fo] =HQ] HA} o]Q]of =, 1l
ofdE WEolA FEH gHr= &9ol=2 s WE
spRe A4 §elue] Aglolx Wt 882 FAHITIE
S 7] = ti(Dotto et al. 2022). W, o= 5
Aol 514 o] =2 el of U HE vk REAJA v
3F 3k=(Fig. 1b; Biddle et al. 2017)7} 5} o}l w2
SR Sl ARk GaciA 49 A3k 12% of
DAt Aol AfEA B %tk Yoon et al. 2022).

SbA o], HhAA| Wk Bk 84 S0 o)

=} =
= A 29 =Y (negative feedback)
oF Al 20201 il ofdiE WE

S5 S99 12 A WS 9 XS 4o Sol=
= gk njR= Ao g dHA =d|(Arrigo and van
Dijken, 2003; Arrigo et al. 2012; Planquette et al. 2013;
Miles et al. 2016), 3 G 2 LolA] thFe= a9k
=2 W= dutdo] HolA ArgolA AlLfskitt

Qa2 o] ¥

A= g HE e AQRS whebi= oREAls oA
225 ko2 s 2= Ak sF7F WEdshH(Orsi and
Wiederwohl 2009; Dotto et al. 2018), ®&-o|A] t)&5 3
Foz FEH 5l o] At slifol Qs =2 9
Y= oz S%F i (Jacobs et al. 2002; Nakayama
et al. 2014, 2020). £3], 2482 5= FH49 4
T 220 US55 S #2358 A 2 dse 34
o] FE & 4 =t HA 1950 ThHE] 2000t =
WE7kR] ERAEE TS5 9 Y= S4(Antarctic Bottom
Water) H+ 740 ¢l Ag= g4 F-4do] Algt
E]chJacobs et al. 2002; Jacobs and Giulivi 2010; Purkey
and Johnson 2013; Nakayama et al. 2014). 4=%] 24& A1}
of W=, Ad= 7 = Yy E=AST F
d #1921 ¥12] SH(Cape Darnley)7HA| 455 =t oF S
-10" A= Algto], Es7IAl= 10-15d H&= AJ7to]
20 %= Ao 2RIE 7] wfiZof(Nakayama et al. 2020),
oREAls) Ald= WaollA FEE g7 =280 1]
A= Foo] 7P F AR o). AR, 2010y
SHHEE 2A8joA= diEe 4 E=5A45 279
A7t EAG =T, o= R ERE FU%E= &
W4 ool a7k ohd Sl £ Aol ol Aoz A
OF=] YItH(Castagno et al. 2019; Yoon et al. 2020; Thomas
et al. 2020; Silvano et al. 2020).

T3l de WeelA fEE Sl o8 gd= &
3 ol =7t shdehal ' o R o wWe oo
Al 3fjulo] ¥d-sl=t|(Bintanja et al. 2013), OFZZI3] A
= WeolA =E sHaE g Al dF 7o
Aog oA Halg, ol At 243} FIFoll ozt
S 7 AT ARkElE Aajelok 1E]aL A= H
B 2l F= WA 9 WSl fEE $Ha= W]
Lz A =35 & =Hd|(Intertropical Convergence
Zone, ITCZ)9] 5% o5 U SAJejg oA WAYsl= of
5 A AAoll 7]of8l sorAlol st FIFe A
= AHOh et al. 2020). & Yo7}, oAl Al'd= Wl
oA A&EHoE fEH = AT s Aol
= 7]oJ3kcK(Shepherd et al. 2012; Rignot et al. 2013). Z
AT s W 2] oS Bd Aol ofshd, 214
7] ol A= WA 9 W &5 o s s
2= 2 mm/year OJAFY A O 2 o] &% m(Scambos et al.
2017), o] 5 A4llo]= Wok= §8& Waol w2t A=
0.1 mm/year ZA+= 0.5 mm/year £=9] w9 G235t 3
4 ARsS gkt Joughin et al. 2014). 20062018
717F &% AAAE s AsEo] oF 3.7 mm/year (IPCC
2023)%1 A& s, Aglo|= WelE xEgls| Ald=

W H HeolA wEEe e AT s s
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off - 2 71HE e & ‘EP 2|aL A2ollM M
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