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Responses of the Ross Sea to the Climate Change:
Importance of observations in the Ross Sea, Antarctica
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Abstract :

The Ross Sea, Antarctica plays an important role in the formation of Antarctic Bottom Water

(AABW) which is the densest water mass in global thermohaline circulation. Of the AABW, 25% is formed
in the Ross Sea, and sea ice formation at the polynya (ice-free area) developed in front of ice shelves of the Ross
Sea is considered as a pivotal mechanism for AABW production. For this reason, monitoring the Ross Sea
variations is very important to understand changes of global thermohaline circulation influenced by climate
change. In addition, the Ross Sea is also regarded as a natural laboratory in investigating ice-ocean interactions
owing to the development of the polynya. In this article, I introduce characteristics of the Ross Sea described
in previous observational studies, and investigate variations that have occurred in the Ross Sea in the past and
those taking place in the present. Furthermore, based on these observational results, I outline variations or
changes that can be anticipated in the Ross Sea in the future, and make an appeal to researchers regarding the
importance and necessity of continuous observations in the Ross Sea.
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(Rintoul 2018). 3], Y204 BAHE G2 A=4
(Antarctic Bottom Water, AABW)(Williams et al. 2010;
Talley et al. 2011; Budillon et al. 2011)= A 3i%F <=
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£ AXsh=d| 3938 98-S 3(Orsi et al. 1999, 2001;
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et al. 2009; Gordon et al. 2009; Orsi and Wiederwohl 2009;
Jacobs and Giulivi 2010; Budillon et al. 2011; Rusciano et
al. 2013; Castagno et al. 2019; Yoon et al. 2020; Silvano
et al. 2020).
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o B oA} Aid o gron, o= ola) T Y
af sfl(al, Alw olEAlsl(Amundsen Sea))ol] H]E =
23 AT A @A) e o). g U ggo) 2u
of| A, Aol Yx|7t WS (ice shelf)o] thE s, A
= oz Als)oll f1xIgt Wl vlsl 714 8-5E(basal
melt rate)o] 4 H) -2 EAJ(Rignot et al. 2013,
2014)S Ho|7] wjRe), 2A HZ] 2o E A 3
7¥el7| & gich olof & dtois A B 9 At
9] A& W AFARElA &) fIal,
= ol ¥relA & mad s 9 eghe] S-S &vffet
i, 715 Wetke] ke yehial Qle 20| Ml
el AR} ok E3t 7|E QA v S
O R A= A0 WS} HGo| el ol o]
£ Sl =Ae w5 A Aot 28y o] ke
A= AAskaLA} Jit.
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3] )= th& A}H(continental shelf slope)S 7|&0 2 3
o 5410] 3,000 m o]/l Qsfet Ht 4] 1,000 m
o510l &5 ko =z HKFig. 1; Gordon et al.
2009). 2Jsfio] A5 it 4lal H(abyssal plain) S
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o] Wrgst=t| ol T = off MM RS
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Fig. 1. (a) A topographic map of the Ross Sea with a schematic pattern of ocean circulation. The location and feature
of Ross Gyre, Antarctic slope front, and coastal current are referred to from Jacobs et al. (2002) and Dotto et
al. (2018), Budillon et al. (2011), and Silvano et al. (2020), respectively. The upper-left panel indicates a location
of the Ross Sea in the Southern Ocean. (b) A topographic map of a continental shelf region in the Ross Sea.
The abbreviations CB, MB, PB, RB, HaB, DB, GCB, DT, JT, GCT, DIT, and TNB mean Crary Bank, Mawson
Bank, Pannell Bank, Ross Bank, Hayes Bank, Drygalski Basin, Glomar Challenger Basin, Drygalski Trough, Joides
Trough, Glomar Challenger Trough, Drygalski Ice Tongue, and Terra Nova Bay, respectively. Black arrows
indicate schematic flow pattern of coastal currents and circulation along the Victoria Land suggested by Stevens
et al. (2017), Yoon et al. (2020), and Silvano et al. (2020). Red arrows denote observed and expected pathways
of mCDW intrusion onto the continental shelf (Cincinelli et al. 2008; Jendersie et al. 2018; Tinto et al. 2019)
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O] Wi =(bank, &)} o|Hr} 7S 419] H(trough) B &
A(basin) A|Fo] LdElo] Ql=d], WA= Hd W=
(Pannell Bank), 222419 3 (Mawson Bank), F 2] 53
(Crary Bank), 22 HJ=(Ross Bank), 3]|o]2 H=(Hayes
Bank)7} Qlal, Zoll= Egfo]z7] Z(Drygalski Trough),
Z0]Z Z(Joides Trough), 2=2ut2 MH*] Z{Glomar Cha-
llenger Trough)o] EA5HH, EA|oll= EfoldLy] £4]
(Drygalski Basin), 2212 A& #] EX|(Glomar Challenger
Basin)7| ®-3Z3FCKFig. 1b; Jendersie et al. 2018). TS5
fFe] =g AA| ol AP} detE] o] skt °]
AA| o2 Mol ZA|5] Agshes sl thEs ol
& dQtell §AEE WEo == AARIA 7 & HA 9
22 WSS vIEste] WAl ®)-g(Nansen Ice Shelf), W
T HE(McMurdo Ice Shelf) 50| tj#lolct 228 &
= W5 Atz digtvl= AHafel7)z], ojgrejo} nf
2@ FA2] 7|X|(Mario Zucchelli Station), w|= W
71X (McMurdo Station), A= A3 7] X|(Scott Base)
5 AA 229 G2 1A% A5k slckFig. 1b).

2289 % <&

I F SOl S 5055 e FHOR o
= HE5S Sl JAEH7E EEs) 9Lem(Thompson
and Wallace 2000; Thompson et al. 2000; Moreno et al.
2018), o] FFoz F=dlolli= it AlA Wk 2kl
U= &35 (Antarctic Circumpolar Current, ACC)7} 343
To] ZEcKBarker et al. 2007; $=%3F 2F 100-150 Sv).
A SR U Ao EE A9 UE A2
sto] =As[eL dsfio] 247t SEgyre)E s, 1
Atz 23] Lfsfolli= AlA| RHE= 71 o= Ssh=
22 3(Ross gyre)7} sl QIthFig. la; Van Woert
et al. 2003). 22 $R0) Y A7 229 At
e}, 52 FAe #jEd-9 sJlEe aet s
7] fizel, 24 2R 2R 55 ool § W HY
% Ee] FHIE Hols Zlo] S o|th(Fig. 1a; Dotto et
al. 2018). 2A BHE0] B4 SaAEES OF 1530 Svel Ao
2 =59 ©H(Chu and Fan 2007; Mazloff et al. 2010;
Nakayama et al. 2014), 24 2H= olFAS] #7|¢
(Amundsen Sea Low)®| A|7]7} Z32ke wj(7]h9] 22 ¢
) 21 3 JSPE R A7 ek es dY
A QItiDotto et al. 2018). A 3= Y $37E o}
o} olpats ajeg 2 dorow, wad YlaY %
9 sirE Yl Adsl] ulzol, 28l Aol $1Ag
Wyo] ggolt dhem wEe] FRd ofars v}
(Rignot et al. 2013; Rye et al. 2014).
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PP BHoA A% WFOR SEE Aot R}
FebScH(Fig. 1; Whitworth et al. 1998). whahA], &2 H]
olli= AMakel a7t 2Aeh, =24 Was AU
[Eejo} A=S e Ao]T ofslol(Cape Adare)7}7]
o= 357t #=EtiFig. 1b; Silvano et al. 2020).
oleigh qigh R ok Ale), 22, Fed S 74l
o wgk 9 sy olFof Fa3k AdS o, 53, ok
A 2 sl §H4E Wol Zekel] ujo]
o] o] B AF Sl 2 L oA Ao
2 A QlchJacobs and Giulivi 2010; Malyarenko et al.
2019; Castagno et al. 2019; Silvano et al. 2020). 712, X<
A OB oF 250 m 79| Eefoldy] B /d(Drygalski Ice
Tongue) F-tof|A WS 9361 i H&o| SlEm
(Fig. 1b; Stevens et al. 2017), H2hulqlo| A= HAS
-3J5h= sliFet AlAl ko] vk 89 =%H(wind stress
curl) 9] FFOE 3ol A AlA W3] gho] e
SHKFig. 1b; Van Woert et al. 2001; Yoon et al. 2020).
ool iS5 sieF 119 sl olF2 T2 = AF=
upepA] HAsh, Setold ] &, Fo|= &, FRUE
WA 2, ol 2 WAL] A% AT Wt MY By
AlZ4x(modified Circumpolar Deep Water, mCDW)7} &
Y= (Fig. 1b), =248l 55 At sfiefollA ThEoi%l
At BUT ARE el fEEE BEE wold
(Cincinelli et al. 2008; Jendersie et al. 2018). o] IS =
o} thEAPHol =3t si= S0l 2fsl(gravity current)
thEARH o}efi(downslope) <t 3,000 m =419 2J3=
o] (advection)$F-H Gordon et al. 2009). 712, 23
S8 syl ZAIH: Sl O Qi BA(G47 of
hom 5 524 ofaol EAEHE sl W e
Aol B8l At ok, chs A o] W A4
Z X (Antarctic Slope Front)E & AJ$tcH(Fig. 1a; Gordon
et al. 2009; Budillon et al. 2011). 3 AA1Q] Hgko g
2o i RS Aot slromol Wy By A
Y2 ARt oln, 4] o] WiT A& APHES
QU A BT A1l Ikl SRl W sl
7H] GFE v|A= AR HSE|QIHFig. 1b; Cincinelli
et al. 2008; Jendersie et al. 2018; Tinto et al. 2019). o]2}
2 228 S o] 54 At f1xgE HE9
714 §Hl4> AYAFE(basal meltwater production) H3=9}
e welo] Qow], s UIS-S A4 24014 B A4
3l hewe sk
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712ko]| whe} @]sf| E2|LKOpen sea polynya), At 2Lk
(Coastal polynya) S-2 HE Zz| 1K Sensible heat polynya),
e ZZ) K Latent heat polynya)= JLEE T Morales
Maqueda et al. 2004). ¢J3l] Z&jf E= dE Ee|v=
S ol A 853k a22-9] sl Ssi(AE 5+ BH
Hlo| =olx] AA =] 31(Holland 2001; Morales Maqueda et
al. 2004), ¢t Felvf= I IS0 E2RY A&Ho=
o] o= et S5 W2 7]29] 70 vl(katabatic
wind)o] 19t skl EAEl= S Qsi= Lojufol
FHAAETHVan Woert 1999; Morales Maqueda et al. 2004;
Rusciano et al. 2013). ¥ot Z kol A= 7431 34 &)
Hpgo] Jro g oi7]-sfeF 1) &= ztolrt AA sk
oAl th7] 28] & olFo] WA, o]= Qlsf o] ¥
A€t s 2HgollA] o] W] wiiZel(Thompson
et al. 2020) A%t Fejub= FE Feu= A Yshr| = g
of E3E o) A agolA e & oty A W=
(brine rejection)©] HHAYSIE Z(Ushio and Wakatsuchi
1993; Thompson et al. 2020), 19t E&|ith= 1 HE 9] 3
Z= PAJo]| oS- F @93t QTS St Williams et al. 2010;
Rusciano et al. 2013). F=toj|A] Wash= dubz el 2]
U= A%k E2vfoln, 9ds] ZeojuhWeddell Sea
polynya)7} FdsHA Qs Fejub= HaE ®F lok
(Holland 2001, Cheon and Gordon 2019).

225 s ¢t sifollAe At vt ids
3, B2 Ry oho diesh= 24 vl Zauy WAl iy
ro| resh= Elehetil(Terra Nova Bay) E2|Lp7}
4] o]chFig. 2). 224 g Feluf, HeheHRt Sk o
Al = HiROIA AEGA R Fof Lo Bkt o
¢k ] st sz Uojtjo] F/dEtiVan Woert
1999; Fusco et al. 2009; Rusciano et al. 2013; Yoon et
al. 2020). 53], =2 W5 E2Ufe] Aoe 22 BlEolA
Eoles thyti 7aletol o dckE: wet AA| &2
U7} QSR uh(Fig. 2a; Bromwich et al. 1998), H|2heH}
T EEvhes = Al Wleo] AXJstaL Rl Bl wis)
(Reeves Glacier)ol|A] Eol 2= &7} vigo] o) Was
H 2 (Ciappa et al. 2012), 2 He7| HlEg|o} 2= <9t
o] opd Hjgi=rnt S 0= AZHAo|ch(Fig. 2a). HlZHe
HiE E2upe] B 9olls, F7kE Eefoldy] Hldo] =
2 Yoy oy fYUS Yol Eeu deds v A
o2 d#A QIci(Fig. 1b; Kurtz and Bromwich 1985).

7% QoA AAeE 228 Eejuke] Batalel we
WSk, W Y B RE JjEoR MY, djtomy
6] oF 60% Sl SRR A% oAl o] st
o] 60%)7HA] H<]ol sjd3h(Fig. 2a; Bromwich et
al. 1998; Ciappa et al. 2012; Tamura et al. 2016; Yoon
et al. 2020), W §9l= AR &) vigke] A71e} <]

o

Mo

ofl5lof siHy g Aol wel MEshe Aom dEA
1tHRusciano et al. 2013; Yoon et al. 2020). AA] A2d
Bt Y = o] wEY, WRE ol 5A(12, 1, 29)
W AZH6, 7, 8H)ol 22t Ao 2ol W ¥ i(Fig.
2b and d)E Ho|iz, dukt FH(9, 10, 119)} 7RG,
4, 5Y)oll= AAHT= QAN BatEts S22 U3
W91 HelS o 4 QlrkFig 2c and ¢). Thk o] 5ol
= 7ML A|7|7F 9F8Fal(Rusciano et al. 2013; Yoon
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Fig. 2. (a) A distribution of sea ice concentrations in the
continental shelf region of the Ross Sea averaged
during 1978-2020. The interval of the white thick
(black dotted) contour lines is a concentration of 30
(5) %. The mean sea ice concentration is estimated
using the 25 km x 25 km (denoted by black points)
Nimbus-7 SMMR and DMSP SSM/I-SSMIS Passive
Microwave version 1 sea ice concentration data
(Cavalieri et al. 1996). The TNB and RIS means
Terra Nova Bay and Ross Ice Shelf, respectively.
(b), (c), (d), (¢) The same as Fig. 2a, but for a distri-
bution of mean sea ice concentrations during the
austral summer (December, January, and Febru-
ary), austral fall (March, April, and May), austral
winter (June, July, and August), and austral spring
(September, October, and November), respectively
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et al. 2020), 2]} afi=)
52 ZlojHE AA| Ak "Eﬂ‘* % ‘ﬂ-r]~ OHH] i"‘E
EIO| A EO:V]E g Mot 52
H, ALHo|| = 7t Al7)= ek KRusmano et al.
2013; Yoon et al. 2020) 2]&fjo] sjrlo] Wol Aot Zak
e J97F 7P A dEhus AR ofAXITE 2

W Belui Wl weshs ofy gk Belu 3 7}
A e S ARSI SIok Beubell Al AAeke

AR S 20% oY), Blekenkl Selb ¢ ol
ool A AARSHE AA] B 34% HES Aehs
Ao7 A4HA QtHTamura et al. 2016). YHZ= Z2A
W5 Z2ure} HigheHiwt Z2uf 5 3o Ao o
MAEES Ho|3l, AAZRo gL YR AL Zo] o] 24
of| v} =& vl AWAEFS K oIt Tamura et al. 2016).
HAQE ET kol A9 %‘Qf& S AYAE Hgel 228 A
Sk sollAe A o] EdstA dojub, d= A
T0] 7]¥o] H= & A& thE-5-(Shelf Water)7}
A= TH(Fusco et al. 2009; Budillon et al. 2011; Rusciano
et al. 2013; Yoon et al. 2020). S5<= ZA] Z|Lfo
A S Alo] TR 4R T A2HE AH 109
7k 9] 717F B A EE Ao Z dEA QlthMathiot et
al. 2012; Rusciano et al. 2013; Yoon et al. 2020; Stevens
et al. 2020). T Ztoji= P e} mel A EE oA
2 Vo, thEEGT e S Bl ANl U
xﬂr/]. S7tulet ol E-Z ek Wief 7] §joF Jnsl-3)
H] A Gas HEZ g 2o)A] TEE 82 AYA-s|oF
53} oS Wt -\—]‘ZE,](COIIVCCUVG process)
£ E31 559 A5 3 (Fusco et al. 2009; Mathiot
et al. 2012; Rusciano et al. 2013; Yoon et al. 2020). ThHk

dlehcrbyr Sejuer 22 Wy EeluolA sl

il

il

9] Fgo] th=A Uehtr] wiizol, A F E2ikollA
el BUSIE uSEl BHOIE Aol slost 3
%@2 = 7 e 24S 71 4 A2 3o
?_ﬂ(Budlllon et al. 2011).
—Om_, Qe o] FaFol A2 HiEhenit et

Aﬂ‘—- :-’:ﬂl,}: Ig=o EOH A =] I;HE‘:'/\ = = A= I:H

5-5<(High Salinity Shelf Water, HSSW)7} = A&
o] 71| Siek, e T TEoNl oy A
ol T2 G W Fo) A e, Fee e
ofslR #F =] of=R(eF -1.8°C) Rt WL, A (prac-
tical salinity)> 34.75 ©]4}, dI=(potential denmty)% 1,028
kg/m® o]Aro|thBudillon et al. 2011; Yoon et al. 2020).
AE EAJL 3485 oJAA = HIlE v Qlow AL
O HjsRel B Che oI gl A
A Qo) = 7335t E& F7ule oW E(EL0] 25 m/s
X7k, afope] civ]z Wi o] A7l

oA dAt=]o] Q= Ao R BRI ¢ik(Fusco et al. 2009;
Rusciano et al. 2013; Yoon et al. 2020). E|2heHlTt &
L= 228 55522 of 33%E /st Ao= 4
A ) 0 H(Fusco et al. 2009; Rusciano et al. 2013; Jendersie
et al. 2018), EHl2eHtE EEjubollA] FAE I1HE =
B A ORE 112, 19| T AF<{(warm Antarctic
Bottom Water, WAABW) &Ajof| 7]t Budillon et al.
2011).

The 224 e ZPupe] A%, okt Als| =R e f9 s
+ Y g7 Sure) dE 9 A a2l
[ T, H1F = ATt ETvkolA AEE
o SHIT A A ?__Q.B_ AH o2 e
8 —‘% ‘%EOM tjzofl, A H5EE HEere 2L
Faof| vlsl W= 4\*21—]( HES 7FRIcK(Budillon
et al. 2011 Tinto et al. 2019; Silvano et al. 2020). THA]
e, 22 Y FeUElE DT et 2
RolH §2H §u7} EakEo] FHH AL YREs
(Ice Shelf Water ISW)7} E= A=5=9] 7] °JO] T, =
£ 2°C, PH 3465, U= 10279 ke/m’9] B ATk
(Budillon et al. 2011). wghA], 22 "B Zaifof A A

= 9% WSe4= WAABWED Atz os 4=-2a)
HEo] e = Z=<x(cold Antarctic Bottom Water,
cAABW) &AJo] 7]oJ3ttBudillon et al. 2011).

22 9% WY $40) 57

ould o g Fjofo 2 HE [°C o)A+ jig 7}{ 3}
= 4]Z<4(Circumpolar Deep Water, CDW) &2 3
s A3ae] WE oRe fo] Wie] ke 74

S47 W o] §U $2E oAl Ao U
Z] QJti{Jenkins et al. 2016; Holland et al. 2020). &HFA S
=2, o]#3t F-g 2] W52 w53t F-5(warm water cavity)
olg} = w(Holland et al. 2020), A'F=of YAt 24
0] Z(Thwaites) W&, 391 oA E=(Pine Island) WE, 5
d=oll Y1xI7E E(Totten) W& 50| 7L of|o|tk 12,
A= OU\1 AbHE HEe) Zo), U= AAF A Ale] Wik
= Q8 thsE At Ajfowel Wy ST 45 f
ol AgHAIQl Srole}. Ieju R, wHert 353 2, of
S il FH FAL el Tt o o
ot WE SR = fYEe] VA S8 oIt
(Jenkins et al. 2016; Holland et al. 2020). tJ&5559 4
28 12 aeo] ORI e BA(19°0E 71A7]
ufZof, 228 Ate] YIAF WE-2 A7 Fs(cold
water cavity) 0 & oA ZtHHolland et al. 2020). T}k, &
R N LR EREPES UL

= A7 FUEe] 714 882 olstEE, 2
3 lot B MR AR 8§ Il x|zt ek
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4, Bleherbyr Beluph $IXIgE Bl BET 4%
22 WEe AR Arhe TE0 SR Tinto e
al. 2019; Holland et al. 2020; Yoon et al. 2020). o|& 4l
B SPoAE Aok BeuelN WA TR ghEE)
23] o] b 853 Model £-§714); Jenikins
et al. 2016), o]= 3| Tt = AL W50l Hlal ¥
712 gHl% AWARES HolthRignot et al. 2013). X A
ol A Al WE-S- 1.1+0.6 Gtfyear, 24 BE-0] A& 1]
B -1.4420 Gtyear (AH= 09| 71A4 gH4 B4ksE
2 R YcH(Rignot et al. 2013). FE3}, HIE-9] 8-8-5 o]
Sk o] =7t &3 sl ol == T Wl wiwol,
$50) AT}z PEE B ] SRE 21°C 4
R Ol W o oJA] T ojEELo] Hja) oF 0.1
A o EAS WOt (Yoon et al. 2020). ek, 4&

2247} o] ofa) S4lth} thA] Aelrefreczing)
wlof #E dHplatelet ice)S /st AtE7F WS5E7]
T 3}t (Robinson et al. 2014). T F20] AAAEH, 3
A ggoll AeE WE, A8 sl 71ds] el
(Robinson et al. 2014), H|2leulgt Z2vpe} 224 95
Zefoll A9 digs Aol digh I tise<e] 719
ol P 2 o AAIE A7k Bastch Model
8474 olelol, 4% Ba WRoNE WHle] ggom
e AL, A #F sl ol FRt o5
W= A B 3EZ<(Antarctic Surface Water, AASW)
7} We s AAE wek f9E] e 86 o718t
+ ‘Wedge mechanism’ = =5 tiMode 3 8834
(Jenkins et al. 2016); Malyarenko et al. 2019).

W, 5% 25 gkl dllols Bia AR APES
Fol S W BT W54 Ul QNS 85
Al7]3(Mode2 -8-83H4; Cincinelli et al. 2008; Jenkins et
al. 2016; Jendersie et al. 2018; Tinto et al. 2019), ©|=
QI8 5% WeollAe A% W 9 49.1+14 Gtlyear
o] =2 7]z gH4= PAE-S HQITKRignot et al. 2013).
ol 55 22 W0 714 g S-S 9l ofdwl
= HE(101.2+8 Gtlyear), 29|o]= HE{(97.5+7 Gt/year),
EE W8(63.2+4 Gt/year)o| H|3l o]3] W2 Frell i

, Hee] WAS aEsto] AR 5% 224 W59
&8E 94l 03 miyear®, A4ljo]=, HQl ofdE,
W82l 714 8-85(°F 17 m/year)o] Bal vl-9- =¥l
2 HoItiRignot et al. 2013). F1LE, o]l T&2 2
o] Wdo] 2glo]2, Tl ollUE, EE g
H]3f| oF 308 Fw== =27] wiZo] doixl Axto]chRignot
et al. 2013). Wb, 74§48 AT ulFo] # u),
2 H]Bof|X+= Jenkins et al. (2016)9)| 4] ASFs 1 FE

FE<o] o3t 8-§ 19 Model, SRt 4150l oJ3t
48 I Mode2, = £55=¢] 93t 8§ 1 Mode3
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I =

ol
=2

7| *
E
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iyl

[> m
ox

oL

7h mIE HPRSHA, 2o o] 7Hl BAS A7k 3
Fol Thgekn A2AE 4 ek

2289 4= §4

2289 &gk 9 EQvf S, 18]l At W &5
W} TSk} QloflA ATt S5 Bl S48 2
2afjol| A TARE HE5E ARE o E AIjkE o] £t
o, 241 29(potential temperature), & (salinity), &
el W (potential density) 7|22 2ot Ai}= Fig.
3a9} ZtHBudillon et al. 2002). S5 df|Fol|A AHAE
+ WS (SW)= 7 xdld dert & 545 7HA
A, AR 2= ds tHES(ISW)EE ol 2K Budillon
et al. 20020 -+= A& G- thE5E<(Deep Ice Shelf Water,
DISW)= “g2Jgh), =A8f A9t Zejufk Sl ofsf A4
T S EAHSSW)} A% thE-EHLow Salinity
Shelf Water, LSSW)2 & A o]=t{Fig. 3a). LSSW+=
HSSWe} npzb7Fx| &= At Ee|uf E-gof ofs A=A
9h HSSWHUE iAo = e it SAS 7AW =2
&5 2A U QoA AdEE Aom deA it
(Cincinelli et al. 2008; Budillon et al. 2011). Th2, HSSW
of AdiAom & 29 EAS VI gdS As
(CDW) E= HY 2= AH5(mCDW) 7He] &3ko
AE " ASHAABW)= HSSWHU= =2 29,
e AR 2ea A2 2EHd W S48 Hou,
= ESAASW)= 2204 tEEE s S 7
2 z2ko. IEA UE EA(< 27.50 kg/m’)S 7HA= Ao
£ ZOoJEltiFig. 3a). GRI o538 5 AR 7|He s
582 29] 0°Cojs}, ¥ 342
W 859 9 W=l Ao=
CHETHFig. 3a). 226 A5l E2E5k= AASWO| 7%,
7)€} 7P SsHA S ARgsl7] wiitell thE sl<rol]
Hal] Ade| wpet & B4 HskE Hol=d], did Mdh=s
A Uk 7% Sl B4 AatellA] Ho AAls] dast
ZAcHOrsi and Wiederwohl 2009).

el g olelo], A|2|4 913 AlelE s o= 1
slo] ZAAA HiFe] sl /8= 4% Hlask=t v avtA
Q1 A Ux(y", Neutral density)(Jackett and McDougall
1997) 7Wdo] MEA AP=HA, 248 a4 5442 of
et o] T4 Uk 7IEo 2 o A8 Y= UrkFig.
3b; Orsi and Wiederwohl 2009; Budillon et al. 2011; Yoon
et al. 2020). =4 W= 7|& dyfe| w2H, ~" o] 28.0
kg/m® Hr} ZR2 Fl AASW, ~" o] 28.0-28.27 kg/m’
Heloll Sl S iS5 sidellA= mCDW, Qsfjoll A=
CDW, " 0] 28.27 kg/m® W} 2 s cha skl
= SW, Qo= AABW= Aot ARfAos, of
S8 Sako] AASWE A HOR We 28] S4(0°C0]

—

kS
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ELaURE

shat Aol whet

) 344(ALE)S iom 2]5]2] AASW
0 291(0°ColAhet =& HE EX> 34.4)S

SRR

3T

2 a55e] ula) Ao we 29

1_

R

Ha WS 54G4.0(AF
AR o=
7HA o
3 H

A= Hgherlet AL tEE<x(Terra Nova Bay Ice
Shelf Water, TISW)2 #2|gh=2 -3t A o|Hc(Fig.
3b; Orsi and Wiederwohl 2009; Budillon et al. 2011).
oY 2o a4 BA TES S WA 29,
B mEIE W 24 WUe AHE 5850 9lou)

£ 7MItiFig. 3b; Orsi and Wiederwohl 2009; Budillon

et al. 2011; Yoon et al. 2020). TF2, ~"o] 28.0-28.27
keg/m’ H 9]0l Sl CDWE ti55- 3%l A= mCDW =
o= CDWo| H|sl} 2919} F& =i iAoz e
582 7= ALE AoEtiFig. 3b). 1aL, 4" 0]
2827 kg/m’ l‘L'E} 5 55 2ol AABW+= A e
o], S5 9] HSSW 7102 FAE wAABW
oF ISW 7|¥og FAH cAABWE F7} -TLEHF",
WAABW= 29] -1.0°C oJA), B 34.65 o|Ato] EA
cAABW= £9] -1.0°C o]s} H 3465 o]ale] EAL
71 Ao 2 Ao tiFig. 3b; Budlllon et al. 2011). v}x]
o g &5 dfoFe] SW= FrA o2 -1.85°C (Orsi
and Wiederwohl 2009) 2-2 -1.80°C (Budillon et al. 2011)
Er,} likg i_clq EA—L@ 7].7\]: Aoz X“Q,]ﬂtt] oqao]
34.625tcE 2 F9= HSSW, 22 Fo= 1LSSW, 18|a1

T TOTT o
2017} -1.95°CHT} WS 9= [SW (Yoon et al. 2020

E
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! / 4
1.51 // /// CD/W // -
274 ! /4- /
1.0 7. 276 y !
—_ / / / /
OO // I/ 7/ /
0.5 27.8 /
o 1 ! / i
2 ! ! 1 /
SR 1 / / !
g / / AABW
E 1 1 ! 1
2.05 H H CDX;V + 258
g | aasw ; mcp ;
st
2.1.01 I’ + /l ! |
n‘f ! I ! I
1 1 1 1
1.5 1 )I I‘ LSSW_lLI ,’
i } ; /HSSW
T 1 'l
2.0 b ol
: ! e
i ! ! DISW!
2.5 — . : : .
34.0 342 34.4 34.6 348 35.0
Salinity

Fig. 3.

TEOS—IO(Thermodynamlc Equation of Sea Water-2010)
WAL Bl 2, GE Aol AT EA ol

Oock

o] & (absolute salinity) HXE
o Wgs| HostauA}; sh= s

23] B

Ex]o
=0=

T2} s BE 4=2(conservative temperature), &

F7H 0% Bl =

A|Z=E]31 Qltk(Silvano et al. 2020; Thompson et al. 2020).

3. 71% Wslo] e

223 W

ShA, Bale] F W Aok R g0 B4 Telw
olot Gizkslel Uehbs 2 sj4ee] B9l SA4of
ol Atk 3 sl el e Eeht 25
= &9l A== tse7t d= A9 71e] Ha,
At TR dlot sloromel MY B A5
FUS P 2ad) Aok Bl Ak 3F DS
(b)

20 7 4 L II
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/
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(a) A schematic #-§ diagram for water properties in the Ross Sea reproduced from Fig. 1 of Budillon et al
(2002). The dotted blue line denotes the surface freezing point depending on the salinity, and the dashed black

lines denote isopycnals. AASW, CDW, AABW, mCDW, LSSW, DISW, and HSSW means Antarctic Surface
Water, Circumpolar Deep Water, Modified Circumpolar Deep Water, Low Salinity Shelf Water, Deep Ice Shelf
Water, and High Salinity Shelf Water, respectively. (b) The same as Fig. 3a, but for newly defined water properties
based on neutral density (v*) from Budillon et al. (2011), Orsi and Wiederwohl (2009), and Yoon et al. (2020).
The solid dark-gray lines indicate 28 and 28.27 kg/m® 4" surfaces, and the horizontal dark-gray line indicates
-1.85°C isotherm line. The green-shaded region indicates approximate #-S ranges of AASW. TISW, wAABW,
and cAABW represents Terra Nova Bay Ice Shelf Water, Warm AABW, and Cold AABW. The blue (green)
letters indicate water masses mainly detected at the outer (inner) region of the continental slope (shelf)
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@95 di§ FHAA Y 71F ist

= s e =E ghe= 7|9E(Circumpolar trough)’
olg} stof, A7|dth7t HE Fej= Wdsf 9o, s
719=0 FRFo R oFAl Augt Hiel o], Ere] 60°FE
of @5 &S SexaL HAZH7E sl 2t Gong
and Wang 1999; Thompson and Wallace 2000; Thompson
et al. 2000). o] HAFTHe] AI7|e} f1A= Td= 7=
O = WF olgol ol AAEH, tharA o= FHkte]
719 HEE Z8s Foet ER- 2+ 2 =(Southern
Annular Mode, SAM; T+ 3= Z5(Antarctic Oscillation,
AAO)o. 2 UTA L) 7|& A4(climate index)7} F=
3 HAZ o] HES Ho{EtGong and Wang 1999;
Thompson and Wallace 2000; Thompson et al. 2000).

Gk SR 7)% A4e] WES Avw, 75
7} 714:ahel 19604 T B o) wheko 2 o
2 Z7Vek= 8RS B QAtFig. 4a; Marshall 2003; Jacobs
and Giulivi 2010). @8t = X427} k9] 7FS 7
A 9, BAFTL Wk S1Esh Yo R of
SR AL oJulstol, ge] 2717 2 A9 71 2
w2jo] 371 5, uigrel A717k BB A ouidie &
gL IPCC ARA(7|S-H3tol| et A R7HH oA A=} 57}
HI14(2008))2F ARS(A|52F H7FE.114(2014)), 12]al
215 ARG(AI67} 71 A0 ) A LE2] 2. AF Azt
AL, oikeigta: s 7R 7| SHst ZiEskE
21000 =¥ =6l HAFH7E FYFe s ofF 2°-3.5°
olF skl Al717F °F 10-25% B= S7I5HA = clSst
FTHFyfe et al. 2007; Goyal et al. 2021). o83t T=3}
we A3 7 st GO YT thF Tl 7]
o sjeie] Wale} o) me uitael W} uARe
wojr) B3], Ye) WAEL U SRS WA
L 2a aQlo]7|E skl W 4% sl A u
@ ofl=AvKEkman) 52 =5t A5 sl SR
T W EHE A% ddelAY] &5& 2EskE 8=
3}7] wj&Zof(Hall and Visbeck 2002), s HAZ=]o] H
ke " oS 8 sidelA e sl A 9 el
& FFS vk

20109 Fuk o]H 223 ¥

19508 et SPHE 27t oFe] Wifo s
37k 73 (Fig. 4a), =, “g=of AAFH7F FHUEFS
2 o|Fskal F59 A|717t skl we, o=t Aol
ofs) A Warome] B3 sl 4ol Z71ehaL, olEAl
o e siere gha= HEs 7Y 9 A% &5
o] F7kstelom, oREAls) gkl Yx|gt WE-e] g5l
713}z @it Jacobs et al. 2002; Jacobs and Giulivi 2010;
Castagno et al. 2019). 712072 7|SHsEE 213 1970
A $RERE e olZAls] A7 (Amundsen Sea
Low, &= 7= AlA W3k 2h o] AFF olF X Al7| 4
3t AA| ozl thES sid e ha= A FY
S S7HNA olEAlE] gl $xIgh WEe] 882 71
SFA|FHtHThoma et al. 2008; Turner et al. 2009; Jacobs
and Giulivi 2010). 9] oA F-=% W2 4o g9
b g ol RS ue 2asE SHe o
1950t SHHEE] 2010t SHE o] A7HA] =28 i
$40) AR(H 900 m oINS PR FL R
U R BAHSSW) FE0) US oprla Ao BRI
CHFig. 4a; Jacobs et al. 2002; Jacobs and Giulivi 2010;
Fusco et al. 2009; Castagno et al. 2019; Yoon et al. 2020;
Silvano et al. 2020). £3], oF2Als] et skl A WAy
She 3L slde] ol W akol gueE AAel
W3 ot SRS gt 2 g sl gk
So] HES THAATITHE RS B2 B opUz} 2
AlEgold ZAuE EdiAx E¢l=E 9t Assmann and
Timmermann 2005).

sasjolrle] B A4E B Aol nj2w, 19504
SHERE] 2000t FHE7IA| O] 226 4150] it 4
kO -0.030/decade = LJERIII(Fig. 4a; Jacobs and Giulivi
2010), 1990t ZHEEE 2010 ) FR71A] 9] X 2
ol sl okghe) Aol gloit sk ArRt
AE A 3RS HtHCastagno et al. 2019): H|2heH}
ut -0.045/decade, Egfo)ZdA7] & -0.043/decade, 0|2
= -0.037/decade; A& = H]E OF 0.047/decade, ==
ul2 AHA F —0.023/decade (|2} enputa} 224 HIE
=2 Fig. da 313, A% 22 WG o =0k MRIA
ZolAe WS AETE 550 95% AlZ| A 79
0k AeE G4 1. FUHe R, 225 S Y
S 29 ghd= AS Y Tk e 22 HeY &
5 7% e 57 e 2Ad tise 9w A
[1E=E AAE| %It (Jacobs et al. 2002; Jacobs and Giulivi
2010; Castagno et al. 2017). 3| G& 37| H3} 252
7|1 HBLE Qg A R k& k= ok A
A7] oFstel AR s H-85F s U sileH Aol
i3t 027} A= A7|7F E9omJacobs et al. 2002),
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J|ist JRRo.R 210087k A HAEAL A
Al SFHFOR o Fstal M7= ek Aolgh= oS
AHFyfe et al. 2007; Goyal et al. 2021)E 1= W],
wleol moa) thEg Eo el o) R
o A%Hoz Frael B oz obEch

20109 FHE o]F 223 WS

SUEALE, 20109 SH7AA] Fastd 226 tiss
52 1R 55 HE-2 o g 2010
FHE o]% A STk MG HQItH(Fig. 4a; Castagno
et al. 2019; Yoon et al. 2020; Silvano et al. 2020). 23}
o] T 2w BA ATlo] E, 2ad) A4S dR
< 201455 F7sE7] AJZFsEe], 2018 ol 1990 ATy

SHE A7 BSEAE A ghez ohA] 35 E A ckFig.
4a; Castagno et al. 2019; Yoon et al. 2020; Silvano et al.
2020). o]= oFZAS=HE ] g4 F SR 2
o] s dao] Ao Aolehs Ade ARtE=
Axoln], JZo] F7F B H s AtollA Y] &4
High Al7] #3lete o] gl Aoz FRlEdnt
(Castagno et al. 2019). thAl, ZL 23xs ddo)A= o9
HFE S e 29] YHE%X]4x(Southern Oscillation
Index, SON&} AytE]o] 2014 FE] AYZE FH o5
A ol Al vy HalrE oz Aol A =] thES
s ezo] s olg2 Weliste] mAd EEjufolA 9
3t o AT =26 iR A S7HE oVl
P22 Aot tHFig. 4b; Silvano et al. 2020). FHE-
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Fig. 4. (a) Timeseries for salinity of HSSW (High Salinity Shelf Water) observed in front of the Ross Island (RI) and

in Terma Nova Bay (TNB) (regions are shown in Fig. 1b), and annual averaged SAM (Southern Annular Mode
index; Black) during 1957-2020. The red, black, blue, and navy dashed lines indicate linear regression lines for
salinity of HSSW in front of the RI (1957-2010), SAM (1957-2010), salinity of HSSW in TNB (1995-2012),
and salinity of HSSW in TNB (2012-2019), respectively. A left axis is for salinity, and a right axis is for climate
indices. A gray box indicates the period 2014-2018. The salinity values are digitized from Fusco et al. (2009),
Jacobs and Giulivi (2010), Castagno et al. (2019), and Yoon et al. (2020). The annual averaged SAM is calculated
using monthly SAM provided by the British Antarctic Survey (Marshall 2003; http://legacy.bas.ac.uk/met/gjma/
sam.html). (b) Time series for November-December period-mean Antarctic sea ice extent anomaly averaged over
the Southern Ocean (90°-50°S), and November—February period-mean SOI (Southern Oscillation index) and SAM
during 1980-2020. A gray box indicates the period 2014-2018. The sea ice extent means an area (km”) of ocean
where has at least 15 % sea ice concentration (Turner et al. 2017; Stuecker et al. 2017). The anomaly is obtained
by subtracting a total period-mean value from the original timeseries. The November-February period-mean climate
indices are calculated using monthly SOI provided by the National Centre for Atmospheric Research (https://
go.nature.com/2Tz3TOJ) and monthly SAM. A left axis is for sea ice extent, and a right axis is for climate indices
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o548 ol HQl viery Wsk= olzAlsl A7} A
sto] 228 FH ASkS wet Wt 559 A7V 3
Al ge] v ofsbe A on|shd, ApARE 24 of
T B 571 712 ofgje o] AU

ARFA O =, gkt S M e o} WIS A= R
=& 2 A1, 12, 1, 29)of] 2 e R Hesh=
712 X2 GEjA QIthFig. 4b; Silvano et al. 2020). ©|
WA= dEEiE gl 2huiLa Nifia; @HE7E5A]571 %
o] S H7H A A, 7] =skEE A9 ofste i
o) BAFOE B o H(dNly BYRET} o
O] V& 7HDsHA HS YJnlgtth(Antarctic dipole Rz
Yuan and Martison 2001). &1 2014 3 5g R 3
YR 22 o) g WA 72 89| ow
Wi SV ASHE Mel(Fig. 4b), 1T SPAL
T HAZ e 73k olE Al #7199 Rt v =
26l S5 At sl oldAQl 552 ofelrt WAyst
FthSilvano et al. 2020). 5-F2] FSh= &4 oA
oflff =AsE A SRS wet olEshe o) & A
2A7]3L, o]t s} SO T AE 2Ad gt
= vt dds] g 4l e v 5 Sl
(Silvano et al. 2020). AA] T= Axfof w2, 20152018
| 3710 7|7k 5t =48 AQt EuollA = HtEh
W2 o SR(FT 0.5 m o] AR Ao ® YEpyd
CKSilvano et al. 2020). wala], QoFslH, o=3 o]#|Z
%l 539 ofsl® olrAlsi=HE O s o] st
of oRe3) ALE avfzel 2AE) At Zeuf E5o] 7
L3171, o]& 913 L A jEES Jio) Ty =
7VolA| ¥ Zlo|tiFig. 4; Silvano et al. 2020).

¢

d

20109t FHk o] A} o] A5 Wkg-o| FIF

SPA] A E 2010 F4E o] d3} o] ¢ ZAG) hEF
9] di H3loA FEafol & H2 olg HIL =&
off WRoARE TE5E= Kgo] ofyek=s Aolth AA,
AR e QRS e 2Ad) S ESE 2ot R
2w} o)Rste] FHT SYAE 105 £e] o 12
d F wxeel, 1 gl o sl U A5 54
Holo| a2 v x]o] YEldtiThomas et al. 2020).
ThA] sl 2010 FRE o] Hof] WSEUH =28
S0] QR dat FUT W oY U AFe
GE 9 A AR YERG S H(Jacobs and Giulivi 2010;
Silvano et al. 2020), 2010 =1t o]% P25 QH Z A
g AR S7H: BU URE U A2 o
¥ 9 W Z7h ges BEEsiehs ol Thomas e
al. 2020; Silvano et al. 2020). 22X 0 & X|F7}A]| A5
2 A A= 2AE7E 715 $ste]| i d=
o uid 9 sfjF =gt Wstol| w9 wIZsHA vk

HojZu], 2sje] uhgo] S tol HAT e 2
wafel] AAel Aok w3

4. v 2239 Wz}

ulg 22349 W3} ot

ZAF9} gEo], Yds(Weddell Sea)= 19t Zik
350l ofs T Ao} 7]glo] B S ek
o321 sfikolch sl Actel] fIAgh Bl GA| 2ha
= SVt ofd 1HE dEE Fdel s &5l
WS W&o xR 3o 2 o AZItKNicholls et
al. 2009). 181}, 7|53 oJgko & 2070t SHEEE]
Adsl & siFoze ghd= HS ol WAt
I MR S ABAdo] Eolso] Hdaizt wet &
oz v 4= Qlthe of|S(regime shift, A|A|1Hel) A
7} 22 SHEE Y cHHellmer et al. 2012, 2017; Daae et
al. 2020). 3T Ao Af= A 2d3to]| whE skt~
g wg fgag Qg Y A A 9 %35 §E
(stress) 571 FFo =2 7131 A2t a1 (Luitpold current)
7F g 5% ezl ehd= A = 57t
AlA AAgEo] HAE 4= 9SS HolFch(Hellmer et
al. 2012). 3k B A5l ofs) W 5ol 27}
shin, 74§14 Fgom Feltoliel 1R ofF
T Ao Fole o|FollE, At AlFIt st EkE
szt thA] 2A7Ee: S50 2 SEER] X3tk oS
o] F7FA SR AQtE] It Hellmer et al. 2017; Daae et
al. 2020).

22804 = T S5, dE 571 Bl IS
E| XTI Castagno et al. 2019; Silvano et al. 2020), 2014~
2018 717t 2 YEhd tf7] S =iE H oEE
Hht S et diRlE Al oAl e Hale}
ATE A ZE(Silvano et al. 2020) 3 of7] AT &
F7PF AE5E AeR oAAR A= etk E, JhEb
P, PHRIEA 7h] v 1 I MY =
off Aot Zeuke] aA¢l E5S v WHeRE e
0|22 o R ESHEI) dlE S0, 59 'Rkt 2
RE, ool RS A (Rt ghuur A ) 7]
oA, Bhure] Gk ot Hhd, HAS 7 A=
WO o, "= UiE ¥ &3 djdel =Y o
L5t sl 33 of7Iste] 20164 EHbE EH(9-119)
Aol 22 A gle Fasi(E28 ZghollAlof iy
H Ql(sea ice extent) TE|7} 2Rt 4= QIc}(Fig. 4b; Turner
et al. 2017; Stuecker et al. 2017). o] -, =3 =
2] FFor 2oy At ET kol AL s A
ol e 7FsAdol o, AA| 20179 AsE 24
3 Aot ZTifoll A 2016 A&H vlg| e v
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AAFFS B S tKSilvano et al. 2020). &2, 223 s
o] SE|e} 28| tE5 Hwel Aol Belx= 5
711 EAo] I astRXL ofefgl Aik= A fle= 7]
% 3} S ost s Hhg-o] Wk o] AER]
e HolFu, 71401 IHlolA oY FEFE A=
AHE 7Fs/dol =25 gttt 2E8A 08, 7|3 s}
HAS E35] o5 e} Zo|(Fyfe et al. 2007; Goyal et
al. 2021), 7|93} FgFo= nlefjof = =l HAFTH
7 A &H o m SO ol Fsial 7|7t ek Ao
2 ook weba, 20109 SR o] =28 tiEe
T0] ol AaWH A(Fig. )3}t FASHA, olz#ls]
2HE 2adj2o] g5 o] S8 vlHedls =&
3 &= Aol AGH o Fols AR oiHrt

228 thEa YPES s d= A A9 Al
7] ofstet o2 EE &S YO R =T S
Y 5712 olojd 7hsAdol =t 5, Adsie] 7] o
= A9, A7) Hal BdoA] mAsoAE AR 5
FollA Rt S50 &2 AAEe] A = S
oJujgith. E3L At 2HEE 3 s 2Lt Ald
A At EH, A% 22 Blgela] ARKEE d= &
Z2po] o131 HlE- 8-391%(wedge mechanism; Malyarenko et
al. 2019)0] A, ZA8)] Aok HE &5 SV W =
Uil A 9] 1dE S5 AHE ALE VT 7hs
go] om, o] HA| 2As0) Wit 35 o= o] AAIA
ghof] 7ol Ao m ot 7SI} o njgf =
2of7h w3 S48 7HAAl "ok AR st
3] 515 Al Al7| ofstel AR k] dskE &
T 7Fs/dol om, AlANA 7P & WA R Ad=
Wde AASRL Qs 22 Wao] EM =7 AA HA
T sl Aol ARk f1de] E 4= Sl oh, mlE
T IS S o, 21417] Well A
off AAjgte] WS 7heAdS Wk oS At 22
H % ZxY(Naughten et al. 2021), SR ZA3[2] AJA|
A%k A7 s 4E A= E7Fs0H, Hes of
£ WA Ha W7] flsliAde A52AR] =a8 H50)

G4o]ct,

o of:

ul 2ad BE AL

ujg) i8] wish oSS Ul Fash adolu, o
o) PALS ML BAS] BES ALHOR S
slo] g wale] Tt ARE FAstolof gt £,
25 Aok Zeut sjok, 2AS) Qo Wl sl 2
RO} AR A9k, ThEE sopel $IAIE Boly WaHo
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o, g5, i A, A UEE 7Y ¥EkE #Ssfof
Ko, Rusciano et al. 2013; Pifiones et al. 2019; Yoon
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R
§3lo] PR a4l W SR 493 ol <)
TR 88 W UG EE AT Yolof st
(ell, Stevens et al. 2020). 12|11, ZAF FH Al A=
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oF 3tt}(4ll, Thomas et al. 2020; Silvano et al. 2020). ©}X]
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