Reconstruction of past large-scale atmospheric circulation
by reconstruction of snow accumulation rate from ice cores

in Victoria land
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SUMMARY

(3 & 2 o 7

. Title

Reconstruction of past large-scale atmospheric circulation by reconstruction of

snow accumulation rate from ice cores in Victoria land

ll. Purpose and Necessity of R&D

The scope of this research is related to the approach to reconstruct the past
climate changes in regions near Victoria Land, Antarctica based on the ice core
records, and the technique to recontruct the large-scale climate circulation by
analysing the water stable isotopes and trace elements in the ice cores obtained

by Korea Polar Research Institute

. Contents and Extent of R&D
Reconstruction of past large-scale atmospheric circulation in Victoria Land based
on the relationship between snow accumulation rate reconstructed from ice core
and past climate factors
- Age dating of shallow ice core based on water stable isotopes
- Estimation of snow accumulation rate based on the age scale
- Identification of the potential relationships for snow accumulation rate, trace
element records in ice core with climate factors
Retrieval of correlations between climate factors and indicators of large-scale
atmospheric circulation (e.g, SAM, ASL) near Victoria Land

Reconstruction of large-scale atmospheric circulation using ice core records

V. R&D Results

- Stable water isotope analysis of firn cores from the Styx region has been
completed, and trace element analysis is currently being conducted

- The chronology of approximately 25 years was established using stable water
isotopes, major ions, and model results from Styx glacier samples

- Snow accumulation in the Styx region was reconstructed based on ice-core dating,

and its relationship with sea-ice variability was identified



- Using snow-pit samples, a correlation between sea-ice extent and stable water
isotope values was identified

- The applicability of #170 isotopes to glacier research was preliminarily examined.

- Monthly mean stable water isotope values derived from snow-pit samples were
found to be correlated with atmospheric temperature

- To compare trace element results with meteorological data, trace element data
obtained from firn cores collected in the Styx region are currently being analyzed
and organized

- Ice-melting experiments were conducted to interpret melting layers within ice
cores

- Trace element analyses were performed on ice-core samples, and correlations with
regional climatic factors were analyzed

- Snow accumulation was reconstructed through comparison with reanalysis data,
and consistency between reconstructed accumulation and ice-core-derived estimates
was verified

- Past temperature variations in the study area were reconstructed using stable
water isotope values, and key factors influencing isotopic variability in ice were
analyzed

- Chronology for the GV7 ice-core samples was established using stable water
isotopes, and the results were cross-validated using electrical conductivity data
associated with volcanic eruptions

- Correlation analyses between reanalysis data and ice-core records were conducted
over the study period to identify spatial climatic factors influencing ice-core
signals

- Stable water isotope analysis, chronological reconstruction, and chemical
component analyses were comprehensively conducted on ice-core samples, and
their relationships with global-scale climate variability were presented through

comparison with reanalysis data

V. Application Plans of R&D Results

- The snow accumulation reconstruction technique based on glacier or firn-core
dating is expected to be utilized as a core source technology for future ice-core
analyses

- Reconstructed snow accumulation records can be used as reliable proxies for
understanding climate change in polar regions

- The integrated analytical approach combining stable isotopes, major ions, trace

elements, and reanalysis data overcomes limitations of single-dataset studies and



can be applied to a wide range of Antarctic ice-core samples

Snow accumulation reconstructed through ice-core dating can serve as a
high-confidence climate proxy for interpreting changes in sea ice and atmospheric
circulation

Reconstruction of past atmospheric circulation through snow accumulation records
provides essential baseline data for paleoclimate studies in northern Victoria Land,
Antarctica

This study advances domestic polar research beyond ice drilling and sample
analysis by integrating atmospheric circulation, sea ice, and climate proxy
interpretations, thereby elevating national research capability

Comparison with reanalysis and global climate datasets enhances the consistency
and reliability of the research outcomes, forming a foundation for future
international collaborative research

As climate change in polar regions influences mid- and low-latitude climate and
sea-level variations, the outcomes of this study contribute to improving proactive
national responses to climate change impacts

Research on Antarctic glacier change and associated sea-level rise can be utilized
to assess and mitigate potential economic and industrial losses, including coastal
flooding and damage to ports and coastal infrastructure

This study aligns with national priorities under the post-Paris Agreement climate
regime and Korea’s role as an IPCC chair country, contributing to enhanced global
scientific leadership and national image

By scientifically demonstrating the linkage between Antarctic ice-sheet changes and
sea-level rise, this research provides a basis for shared international
understanding of climate risks and supports leadership in global climate
agreements

Furthermore, the results can be utilized as educational resources from primary
education to higher education and professional fields, addressing public interest in
Antarctic glaciers and climate change

Through these efforts, the study contributes to raising societal awareness of the
severity of sea-level rise caused by ice-sheet melting and promoting recognition of

the importance of multidisciplinary glacier research



A

A

Al

A

A

A

A

A&
U Zled a8
ATy e 3 A

AFABEE BHE 2 vjsl7]o] =

AT LA 2842

AT AEIAGANAM T el rl g H1

FuEH



M1 &3 ME

s 2 wle] wBE o}

KeN
=

shel o

e

%
o)

2]
Mo

o)
M-
Mo
ﬁ

LIRS

k<3
T

Edol ¥ 4% 59 2 A 7]

0

X
_rl

B
ol
oo
]

Gl

o
1o

ofp

0

_Zrl
B

N

<

ted #AA d7ldes =

o]-§3

AQ FaF 54 v

p s
-

}

o
o
il

k]

S

S A%

|

3l
o

2239 of

2 A

#F

—~
o

G

o
oL
NS
o

oo

—_
file)

H]_Tﬂ_

s oke] th7] =2

dl|

10



2]

T M
w3 o ol wﬁ T = N W
= T 7o T B (SR
o | _ W T |
K o = 7o B o 2K < o
o or ﬂL — Eo wK s
X e | X Ay E! =
) 8 o = o) i I ol — X o —
7w g | T ol N A <
< b 4 KR o=
o oo ~5 o o (e 2 |~ — s wo |4 ~
dlo * |o D = B T L R i L
) | ) — ‘m _ —~
o S R Rl o R O o Bl | 2o R
N e < T N~ H M " = s do mh| & R’
=0 I~ )y X .
N R I I RN I T L E N T S LA T
EL .Zrl ﬂ_rﬁ :.E — X ,_Ir._yl E#E X 0 ﬂ X
Bl | F | 2ot ol o] ot R
S T I SO TR (e w3 i W
TR X | T M X oM sl NCICEC)
W oaw =l o | ® | o | W [] T Nt O LY
T AT e | | ek | % B | o ol Tl mR 1o T|mR
™ o T | NP BT HP AN T | T K
%) :.i
T N NN g
U.__n :ﬁ AIﬁ =~ Tr _ﬂ._yl EL -— o nme HT_ 7O i = Zo
— Qﬂ X X ‘m_ﬂ ,_ﬂﬁ T = ,.ﬁv‘_ ﬁo duL xX :.L o X
S - - TR U N S~ I § X =
o BT KAP I e AR — e
B! Wt =~ % | T |HB T © B < = o
G o N BN T " oo | P ° o
o KR | RBR 0B Mo H | m RO KR
H 5 W | H S H 5 W < T
e % e % guvl % vl % e % gyl %
. ® Q xS xS xS X Q K Q
e — &N ap) — a\ ap
B
T T
Y R

11



H 2 =ule 7[s

Aoz EuEgoldl=(Northern Victoria Land) *] <<l

=
=

)

e

=]
-

d

A7 A

53

il skom, @Al o] A qelA

9

R

= =
= T

a7 AT

=i}
=

5!

e

o

80m),

=
-

GV7 (2013 - 2014 A

qelom, 74z
é (2015 - 2016 A

210m), Hercules N

65m)©] t}.

80m), Tourmaline

=
]

eV

7

=
)

Styx Glacier (2014 - 2015 A]

Plateau (2018 - 2019 A|

oj th ol A 2]

=
]

—

A GVT R

_ﬁ_l

[e23
T

Hercules Névé$} Tourmaline Plateau # <]

i

ol

e

)
ok

Mo

el

B

)

5

s =3 7= skt

ol
H
o2 odelx rh Stenni et al. (2000)& o]

2 fr

o

=
=

(Ross Sea)oll Al 71913 =57]7F W

9]

2 22

SEIOEE

[ez]
=

G

@

ol

o
T
ol

—

;OL

olo
]
S
o

1
o}

G

ol

=
o

of Sawo] g,

o

o
7ol
r

el
70

No

A

pAR=a

57 450}

4%

e gl whebA

2

b

7

ﬁo
s
50
1o

mK

St AT7F e Ao w ZiE T

2]

2 u

g0

g

s

32

/\] 2~ gl

3

@

ARE AT, FUH o=

=

]

7

o
o
Nlo

dl

A

—_
110

=
)

el

12



ol
=

715e F& Ao 7

NO

pa—

0
N
i

2]

—_
fIle)

—_
fite)

vzl
;él

B/

ol

olo

el

HEA

44

&80, §D)] 7

2 oh 2k

= U

o]

B

o

—~
fIfe)

]

e

3

°o]-&

o] AL 1d F718 HERE, o

22 2k

)

=3

sk,

s

o

=N
[}

]

0

X

el

N
B

o

o

ox

r
-

B/

o

)
<
ol

nr
an!
gt
i
o
i

AT

%l
A @<= A] (surface mass balance)

#HL A

ek

ik ] ol A <]

3

=
=

ol

A

B

Njo
&o
o~
o}
MO
nr
~n
I
o
i

13



ol g3 HAAHF B ATde= I WAe A ¥ (Antarctic mass balance)S ©] &= H
YA 712 ARE ATt

]
= -1
A o] FAFS v aclel o8 A" A olF o A AN 3}

(sublimation)t} 73t vlgkeol]l 9]tk z)jo]-s(wind redistribution)e] 2§ & om o= A
=

o
2
i
>,
N
rir
fo
0,
o
N
X
o
ok
r
facs
o
H
rot
=
N
=
M
‘
o A
rE
ot
%
ok
rE

Locations

Accumulation kg

Time period

Reference
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Styx—A core 164+71 1951-2014 N | |
B B yamgerel et a
Styx—A core 124+40 1990-2014 (submitted)
Styx-B core 146+59 1990-2014
Hercules Neve, B _
northern Victoria Land 160 1971-1992 Udisti, 1996
. Stenni and others,
Styx Glacier 203 (111-335) 1994-1970 2000
Talos Dome 36.6 1965-2007  “tenm 5‘832 others,
Northern Victoria 93+44 ~ Frezzotti and

Land (GPS2) - others, 2004
Nearest to northern
Victoria Land from ~ Becagli and others,

traverse data 141/83.9 1998-2001 2004
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Styx Glacier 260 2009-2012  Kwak ;8?5“}“5’
Styx Qlamer (model 130 ~1360-2014 Han and others,
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GV, northern Victoria B Caiazzo and others,
Land 242+71 2008-2013 2017

14



DOME C

ABC
Dz o

NPt

ABC ABC

.
@ o
-~ 2 Wﬂ.
@«
8% 3 o
- o = _.m_.ﬁ
b 2 s 2 k4
_ F 2% = ol
2 Zp > § =
ok B EEE % e
nm @ § E 5 3 =y
0= o L -
w.r.%nmﬁT 8 B il
BE 2 > * + T 8 -
3T 42 FE ® o
» E8 &8 2§ 3 -
= 2 = £ 2 2 g el @
mm E == 3 4 u .
o MW HHHEHHH =]
e
-l
]
e
e <44
e
HeH o
- ot
e
B
o
e
—y
[
—a—1
i H——
[SE8]
152
bt L
[
L&
2 8 8 °

(.2, BY) uopeINWNIIE MOUS

Stake farm and core site

&
Ga
o
NS
o

el

N

J|
—~
o

]
<]

Wl

TH

]

o

A}

£

o] (firn core)

2 A

1]

—_
o

—_

O

il

~

T ol A= Styx A9 9]

mK

o w#= o ktH(TH). ol

=]
14

e Aaheke] Hla

ol

o
ol
ar
T

mK

_Zrl
=

iz
el

—_—

0
o

o))

=9 A AldlE Thomas et al. (2017)

o
°

~
fi%e)

o

—

Gl

ek 1 Aol A 9

I 3
FA T

S

2

o
=<

o

e
22

w2

thu] ok 123+44 Gt yr! It

rJ

NG Al E A

A A]

=
[}

15



3
H

THH oz vl

| A3}

7he ot

3

AT Abel 2 ¥

Z] o]
1w

=3
o

ﬂl
T

o

i

N

Ay

ol

XO
o

To

il

1o

0o

~n

™

16



<aY> muste muE ¥ G

<TE> H2 200 (2 100063 (%) 9] = A A <l

17



2.3. Amundsen Sea Low (ASL)3} YW=ZI%=(Southern Annular Mode,

SAM)

)

Amundsen Sea Low(ASL)

o

_Eu
~

T
N

o

22

ol
=

— T =

AzRom, AT

)

o

hyA
-

& W (sea ice)

ol

o

)

—
file)

el

A AadEof gtk SAM

S

ASLe] HEA L P35 (Southern Annular Mode, SAM)¥ &

-
R

2, Fel SAM “GH el A

&+

e A

=
=

A5 Abole] 718} Aol

=

H
o
Nfo

et

~n

ol

el

ﬁo

o 9

R4

gk SAM

ol &

Bl

el

ze]
-
A1

_,AO
o

1o

0

ﬁo

N
No

thRo] M3 dATte] wrEw, 1990t o]

| Sl M=

23!

)

)

_Lmo

—_
fils)

¥l Styx A9

o

39
=

Aol A

] Ao &

Ho

e

%

o

N
B

—

Y
1o

w0y, o]

7] %ol

2=
T o

N
No

1o

o
olo

NI

—
file)

Nfo

Ho

il
-

o

_—

718 B A S, ol s Ad, 22 o

o
¢

e

o
;OO

‘._WO

p—

0
X
e

—_

~I
H

tel A 7]

)

!

el
0

% ASLY SAMOl w2 7] &3 Wsh

P o= &% 9o

&
4
o
w
e

—~
o

e
!
o

o

ol

o] 2(Na", CI")

o olrt

¢+

il
olo
gl

B

I
—~
o
N

-

n
oy
Ga
o)
ﬂ_mo
,._A.uﬂo

AL
OO

o
=K
o
B

—

HO
o
I
<

ol

1 <1 (aerosol) 4433} th 7]

Joll whet 3

%2

AEAY 3

3}

i o]

9]

AT

18



—~
o

oV

~
file)

4 Wskel 7

o2 ZlgEcH(H).
o9} z+o] ASL¥ SAM

—_
fils)

o -
’C]ﬁ]—ﬁ

A Aol o

—_—

H o

)

o
!

23!

S AF 3

2.71% 4 W7

=

g A=

ol A o) mhekel o

1=4 v
= 3L

A}
2}

19



o

R

—

124
S

<AY> Styx HA

{r

<1H> Styx A

20



e

=

v
=

JE 2 glon, A UEST Yo zA

[

R o N W o0 o % o5 MW ow ww v oW o) N do T <8R
COC G _vmw mﬂ o M._ o '~ i TR = T o ol o N o Noo oo ~
_ - T o~ 2 6 _ A ) o
N ® R o N oo MW wﬁ T ML oA g R R/
o o X CXE T T AR R T T WA LT T N
Ty®®E ®FTE B _FE T Doy s P 2 H TN B oW
< CO GO N S bo :
o TE o _ (o il W T R S B S R R
B o - do o N+ e T 5 T~ = 5
of B o o b B o B RGN N . o] o m = T % o ojy 3 A
o 9 “MW_ o 1%_ w = o B _ o T T o) m/ m ) o %,_ m o s oF xr Ho ~
) . —_ ~
- 5 L O Py ERoprm Pt P ow o
1@1 = X ! X Mlm .Mw - ° o< w T T o m Gl Mo A .Dr,_ £ EE ok
M <A =3 o Y ] T o N = Mo o ) ojy ~ N — %° e e
B AT T W o o = =N 5 oo AR
LT MY g K = i - B\ ™ N 5 o T d O om - S
A O 4o Sp ¥ N O L E TN
™ BT - o 0w . o I o G w Woa =) o ™ ol m o o
— T e T RNEEY e X w T w HEM RN G4 ®Tw
S S - NP O < e L T I s B R Cow o, X
;_u ‘U| o <0 o ﬂ| = ﬂ_OI ~ _1_0| o = KO :.L AT ‘DF Of AT N QL =y E
2w I I ON T X w8 oo ) o o P
= R 5 =o o R gy T T W omo S = o - a8 N M a8 R WE = o I+
IR S T 3 T i I - S e o
ol :Tuﬁ], ﬁfoﬁﬂ%ﬁm %o_aﬂﬂ@ﬁ%l(wﬁo@ﬂid%%?ﬂﬂ%
ToH O#E ,wu ,_HWH ,.mﬂ ,_wwﬂ %0 ;oT \AT .WL EE wA_uo o ‘:ﬂ_ AT < WO [y T vﬁ oR oy Qw._ QE O_ EE ,ﬂT_mE _/T \W.OH ﬂE
T = WO g o W o Ik R oo ~ = 9 o A
Ay XD Ne O ~ ~ = W j W AR IR oF o XX
MRS R - B b R T Tl I S O .
T od Ty T REEM LT L de mE R L RT
0 m — S o or KA N M mo & WX / wo o X L
S U o o OB E oy T o pwEH h BT ™ o =
LT oW o B o AR oy g G R T W] N
~ T N N <R kL 2 X N X o M = = .
D % Chd o am T HEE T oM o L ERE Ny
= i S S A P AT S B R
o Agr 3 o o~ T 7 o B o o & K o = do T - o~ x X T
S oo ox ST B I Ho o hi o g S I i o
N oo & ) e X Ty oo T % mw o g T W g o Mo
W oo %_ﬂ]%%ﬂimﬂwﬁﬂréa_ﬁﬂix%@Hﬂ%%?%ﬂwx
o " = Wﬁ . Howe 2 TN 4% YN 5 L0 ooy T WK o B Mv =
=2l T it sETNswTttwETalerre DX
= P o g " WM T T W R E T Ao N NN o M B T
1%urﬂmrvmﬁﬂ%ﬂmoﬂﬂo%%meﬁ%%ﬂ%ﬂmﬂ%%Mﬂﬂo_?ﬂmﬂ%
K NORE i o ,_ﬂof EE @M ™ 5 J_/.ﬁ _ﬂ..yl Mn: UrU ~ ‘;loo Ga uy 1 oF Eo o MO l_ﬁly % E ,ﬂl ~ ﬂE HmP! ﬂ_OI
R R R R R D . B
NPT o MMM AETRE AT N TR ENT ST LA S O

21

b}

= o 7]estaa &

1

5

:rL



—104 @ : A | 3D for Is0-GSM === 8'"0 for Is0-GSM

¥ 20—

£ |

o

T i R B it S S D S [l TR Y S

—50':“.’):

~100

€

2-150+

200
rlllIIlllilITITYTYI!IIrll]Illlll[l(llillllIrlIIIllllIIIIIIIIIII‘YITIFIIIIlIl!ll!iIlll"II]T
6 13 20 27 '3 0 17 24 31 7 14 21 28

Dec. 2015 Jan. 2016 Feb. 2016

<> [so-GSMI} 213 X33 37|59 YAee] vlu A

22



A 3

0
R g
" =
_:_I
ol = = d
T T o N
Eo HT_ _Mvn _zT ﬂo o#m H.W oru B Ax_ ,mv_l = ﬂm
° 4 oy ®EEE | F g [ ®
& KT o] A 2 X U NN el
B |, B X nE N R
ol " 2 | o o o T g © TR
o o o <] ) = o g zo I |°° T mK oF H 1 =
= |F ar P ey 5 ok = Zo B o T g
Ww Y e e R x w3 R x B e A CERE
AP R8I Tes rrlElLs M i
Ex 92 vy Lys EL Ry R . w bl B
~— ) L ) 0
B ol e h_uw B o < e T m &AL 5 ™o | TR o o| w % o
ox 0 O#E i o 2 ﬂ%._ HT._ X DV-W ‘A,.# o E+o Lt 0 W.AJ 10 ‘Ml 0
oy o 0 B IR %no imamafm% %ﬂT B KT ﬂ_@% = =
W o s W W5 | NE X o R BX o w % Fw® w5 g | M
H 55 = o <X 5 o Ho OF o £ = P o ra L -
&m0 o B % e i ﬂ1moh%o ) o = 7| % = |0 wox
o o R | o 0 B 2 gl |Z &3 * leelE T =
: | 5 o N on T KN o = ab oy o) G o< -
| 2 | <] o o) T o sy o & ﬂmmﬂmﬂ@u § <z |9 o = RS |
AR - BE| mO e e A — 1E B o X r T N Eomu 5 i | o
| O.C o o) = O# ‘ﬁ 0 a i _i —_ ~ OT_ < EO
. p— [ = A | = o = i ie) X S oF KO — i o Elkey
% 0 Y ! | N2 (TO ﬁrﬂ 1o o AM ) EO ~ oF o 1_,_AI 07
S ﬁo X , _ ﬂm o w i ﬂﬂmo o Ma X e o ﬁm% wﬁ
X = J Cid ol o = F g
A1 A o i} UArT # KR ic o ﬂuvaa X
= | ok o o [ or| = o oy ojn o) | o ARy ~ TH| 7
o e — < TR T - I o B R o %O )| I <0
Hjr ~ N | 0 o
ok = | * B = T = T R A 3 N | T 7B 7o B
= B o g O = TR 2 R e
K| RO s Gl Ho W = \ Gl =Y o 4 NEREN
T & L @ W oz In & 4@ = i o _ o o b&
| B - or| N x° B hYCY il o NE mK G F 7o
% 27T S g <ew o BT = .
417w |® B o O | X < < A o T zo NI 1
oF | W 9 o R o = 7 o < B -~ " oo
o | mo o o o) ~o ™ )| X ﬂﬁ T K E! o0 —_
B R T N g il 3 A wBE i & 0
y TEIZTV L r g3 | 2T e | R 5
T a0 F W o ® A o™ Az W@umﬂ M )
o o X X AR %o ™ = A i) 3 ~
173 | 3L T 135 | f7 | I
o T B = o= T o = | W T 2
<0 AT - N o7 T W T AR o * T 7
= T o U R T Ao
A o By T o o B OB AT
o . o Ty - Bl
o B T r T T o
o BT oo N MM )
m T X0
T KW

23




e of B NWAFT T C ey
\,AI wour T P %o B E_Asfm”wuz]z W%ﬂ%ﬂ%% =Y = %
Y m_ua - G S o " o = R A __ E
iy ~ ) ; Aoy ge ™
. = ~ mom © U Mo o PAS = ol
o 20 R L N = ome o o Mo o D M B A =
2 | p zEREEL SEFET PRIZEE. fess
B * o T h g oo ST g B =2 e g o ®E
T x R T L3t ST R bw %%wﬁﬂmﬂ.mﬁ F TR %
—_— _— =S - N hall | )
wf W To Mﬁﬂm%qﬂmmo oy B T %%@%7%& 5 S e
- /| ! — ~ Lo —~ < _ -
Q| o= o }mm@_@wf S pE T T B oo Do
o 0 ) -~ o | 2 boms X
e Norr o o = deom R Y o & Moo Noog g R
Ta | BRI oo T EwmE I Bo o & 23 ,TPTo I
e siwsZ E°"zd 229 s
we | A o BT T x Cpa=2 FLwTOE s Ledra
. o o X @ ) 8 ol ofp o Do 3 - C g T o " y o E r
sl o 0 W _z_l <o pm S o ™ 8 50 E Ma Mo do o Nd T m R o oy
“E | L i e 3 2 o v oA w D oo oo Ew N ® oo
T i n ® NN Z Ny > g N z° " w M g = do o g5 N -
W %0 il »MV_IL o o K ol =) | n " w1 ‘m_l, = 22 W= W No X Br o N
Nr X o ) o A= ~ o0 - = = 0 = o o ¥ < ™ - —~ — N T
hl ey o a%%_%oiwzﬂz_s@@%? N O
o= | By il e S o o o S R
2 5 il o R R B e e 5 MK
5 O =% o ™ ] ~ 7 N e N N O — ~ = 7o
20 Qo_@urmmﬁzaly = o % Boo (s T o X a9 b
, , g %qﬁzu_@%ﬁrﬂﬂﬂﬂ/r%,%hﬁr% H LT W T D
-] _ —_— —
.A_ ~ wo o) N T By o B o R W do & L ﬂw = M%r °
w gﬂiﬁg%%_}4M%o_ﬂ>¢kaﬂ%ﬂ AR CINCI
w._ T d \_._Iv_l S X o 2 = i % % — 3r B w ) MM iz} ~ o) T wll Q/
= <] = o MY g g I N R e ol 2 Mg o my g :
NS G I of L &g dgd -8 2 Ho W oo m o
—_— o ) N V3 — - ® T =~ . T
s 2| M —~— T B ﬁM@%ﬂéHTATo%ﬂo%ﬁVEmmJ {u.&%m
d_lwfm N ~ le) 7o I _,No# o X W&_ No ) o e 1 N;\_ ~ o] T Dm m A B i s K
il —_— — = = NN o N P B>
s.2 %% | b *erTirpisirpIziniz iy ¥Ry
S M e w =T Lyl TG AR p ey
e . R o R B o 5w oW S T . 5
—_ - N — = 0 ﬂ I} ) “_U”
cEw | eea| W w@@a%wwww%ﬁwu%%megﬁmfmeﬁv il
N oo v o S A ) o T 23 B W B S
M E o i QH}%wgoﬁmHOfaMgaﬁommu% T E Mg
W« ! v R I G Iy LRI T e Moz N »
™ 7K A H o= N Jr B me S o B X o W
A = " EANCI- B A R o SER TR i I SR
e B e i I A A B - B B W o~ N el
TRk s BEr¥cd TadrzsEiuws o
e . X X X k=1
- o xxxﬂnx%ﬂﬂﬂﬂﬂﬂmo_ﬁiegﬁ.urmmﬂﬂﬂg
~ i 35 N B =
X BN R W W

24



H tolrl 917k Wit 50, MSA ¥ nssSO, 29 97 T~ W@sE wod oy 9
701

(sea ice extent, SIE)¥} H]u3gt A3} FA7](JJASON) s|®] wWHo] Fr7lst4= 73wy
§0%ko] TAaste Frolnlst FaAdo]l FAHAT o= Y FF A dE 57 FHOl
Agre ar, olo] wal AR A L UL 1d dAo]l YElYE WAYSS v stE

Ao AN odd At Syx WIZE Bed 4 7S AEW ohge, &Y wal

@ 47 ¥ B9 A7 AAH JF ARE 289 F oM, dF WY DU
Wa 2 e $ W% ATelE Fad 2 AnE AFY Ao vur

Table 3.1.1. Summary of statistics of water stable isotopes in % (17 = 227) and

chemical species in ug L~ (n =197) in the firn core.

. . Std. Std. M
Min Max Range Mean Median ¢ .t . eagl nss
error deviation %
§%0 -43.13 - 26.70 16.43 -34.92 -34.85 0.21 3.13 -
6D - 340.63 -205.17 135.46 -273.11 - 272.99 1.68 25.32 -
MSA 1.34 53.71 52.37 8.12 5.25 0.51 717 -
Cl- 6.58 16394.61 16388.03 339.42 151.98 88.34 1239.98 25.1
5042 ) 13.38 2506.58 2493.20 91.63 65.80 13.43 188.53 65.5
Na” 1.20 8802.32 8801.12 171.07 64.45 47.81 671.04 (@_
K’ 0.43 373.13 372.70 7.38 2.61 2.04 28.60 19.2
Mg2+ 1.07 1042.42 1041.35 20.86 10.01 5.53 7767 19.1
Ca® 2.73 362.57 359.83 26.97 9.91 3.64 51.08 74.0

(a) assumed to be solely sourced from sea spray
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Table 3.1.2. Loadings of 11 variables for first three principal components (PC) in the

firn core with larger values highlighted in bold.

PC 1 PC 2 PC 3
§%0 -0.12 0.92 -0.24
8D -0.12 0.93 -0.17
d-excess -0.03 0.33 0.92
MSA 0.15 0.60 0.09
Cl 0.99 -0.01 0.02
$sS0,* 0.99 -0.01 0.02
nssSO4% 0.33 0.60 0.01
Na' 0.99 -0.01 0.02
K" 0.99 -0.02 -0.01
Mg?* 0.99 0.00 0.02
Ca™ 0.62 -0.03 -0.19
Variance explained (%) 49.52 23.14 8.86
Cumulative percent (%) 49.52 72.66 81.52
Number of variables 197 197 197
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Fig 3.1.1. Annual layer counting of the isotopic and ionic species with PC 1 and PC 2
score, starting from the year of drilling (2014). The Cl , Mg?', K are not shown in the
figure because those are similar to Na' (r > 0.99), but the ratio of Cl /Na" shown.
Non-sea-salt portions are indicated for Ca*. The raw values (wide line) of §%0, 8D, and
MSA shown with standardized profile in thin line. Enrichment factor (EF) of nssSOZ  was
shown in black line and horizontal red line indicate the average nssSO4° . Brown shading
represent depth range to increased nssSO,°  which indicate the period of Pinatubo and

Cerro Hudson volcanic signals.
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Fig 3.1.2. The comparison of the depth-age relationship of the annual layer counting and

the firn densification models.

Table 3.1.3. Mean accumulation rates estimated near to the Styx glacier for comparison to

the firn core

Accumulation rate,

Locations kgm >y ! Time period Reference
Styx Glacier 146 + 60 1990 - 2014 This study
ERA-Interim 154 + 37 1990 - 2014

Dee and others, 2011
ERA-Interim 150 + 36 1979 - 2014
Hercules Neve 160 1971 - 1992 Udisti, 1996
Styx Glacier 203 (111-335) 1971-1990 Stenni and others, 2000
Talos Dome 86.6 1965 - 2007 Stenni and others, 2002
Styx Glacier 226 2009 - 2012 Kwak and others, 2015
Styx"M (densification model 3, 1360 - 2014  Han and others, 2015
for Styx-M-core)
GV7 242 + 71 2008 - 2013 Caiazzo and others, 2017

28



Fig 3.1.3. Comparison of annual accumulation rate (Styx-B firn core, ERA-interim, Stenni
and others, 2000), annual mean §%0, standardized annual flux of MSA and nssSO4*, SIE
during cold period (JJASON) and temperature record from Lola AWS and ERA-Interim
reanalysis data. The linear trendlines shown for annual accumulation rate (Styx-B firn core
for the period of 1990-2014 together with Stenni and others (2000) up to 1971 from 1990)
and trend of SIE between 1979 and 2014)
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Table 3.2.1 Statistics of the isotopes and ions from different studies in northern Victoria Land

Stenni et Gragnani This Nyamgerel Stenni et Stenni et SeiVZIr. !
al. 2000 et al. 1998 study et al. 2020 al. 2000 al. 2000 2009
Time period 1980 - 1987 1986 - 1994  2010-2014 1990 - 2014 1971 - 1990 1973 - 1992
Type of record Firn core Firn core Snowpit Firn core Firn core Firn core  Ice core
fa fec ‘;(gm I‘;l,ga;‘lo” 130 - 426 140 - 180 14371 146 111 - 335 83 - 265 774
Altitude, m a.s.l 650 1560 1630 1630 1800 3000 2316
?;Ztsi?cfm from 40 -70 -60 -60 50 75 250
Location Mdge  ClacerC  Gaser SO Gl Nee pome
Mean -25.5 -33.5 -36.16 -34.92 -32.9 -33.6 -
5150 (%) SD 4.4 5.02 3.13 3.2 2.4 -
Max -17.1 -27.2 -24.90 -26.70 -23.7 -27.0 -
Min -37 -40.8 -43.91 -43.13 -39.2 -42.0 -
Mean 26.7 16.17 14.12 8.12 13.6 94 5.36
SD 24.4 12.36 15.78 7.17 10.1 6.9 6.61
MSA (ug/D
Max 143.0 71.32 66.08 53.71 57.3 118.3 40.49
Min 2.0 3.80 2.03 1.34 2.5 12.7 0.42
Mean 131.6 62.44 44.36 49.87 57.5 46.2 42
nssSO,% SD 92.8 76.85 37.82 49.22 36.0 27.8 27.47
(ng/ Max 405.9 408.27 163.28 523.03 2704 178.6 100.2
Min 5.2 -273.78 5.00 4.10 1.7 0.8 6.59
Mean - 485.07 59.23 171.07 - - 21.79
SD - 625.30 1480.14 671.04 - - 16.14
Na" (ug/h
Max - 4620.79 6706.94 8802.32 - - 84.87
Min - 20.69 1.16 1.20 - - 2.52
Mean - 82.16 24.56 26.97 - - 2.80
Ca® (gl SD - 54.11 52.04 51.08 - - 1.88
Max - 402.78 236.13 362.57 - - 20.71
Min - 18.04 2.77 2.73 - - 0.76
Mean - 144.66 20.47 7.38 - - -
SD - 191.58 57.15 28.60 - - -
K" (ugh  Max - 1266.78 275.63 373.13 - - -
Min - 19.55 0.84 0.43 - - -
Mean - 44.96 61.58 20.86 - - 2.31
Mg® (ug/) SD - 60.76 165.31 77.67 - - 1.63
Max - 466.66 768.47 1042.42 - - 10.56
Min - 8.51 1.49 1.07 - - 0.36
Mean - 808.33 1018.27 339.42 - - 46.73
) SD - 1052.95 2672.45 1239.98 - - 30.72
CI™ (ug/h
Max - 6877.88 12205.73 16394.61 - - 184.1
Min - 88.63 7.30 6.58 - - 6.54
Mean - 182.52 178.20 91.63 - - 47.52
SO& SD - 158.50 373.67 188.53 - - 27.47
(ng/ Max - 979.84 1732.80 2506.58 - - 139.6
Min - 43.23 14.08 13.38 - - 12.42
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NO;3~
(ug/D

Mean
SD
Max
Min

60.14
26.04
189.73
12.40

49.28
24.42
130.7
12.68

42.46

19.15

118.91
10.09

47.38
13.49
100.2
21.59
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Table 3.2.2. Correlation matrix for the isotopic and ionic species in the snowpit. The

correlation coefficient values larger than 0.4 were highlighted in bold (7 = 32)

§%0 8D d:s’;C MSA CI'  1nssSO SO NO; Na* K Mg Ca¥
3'%0 1.00
8D 1.00  1.00
d-excess -0.19 -0.11 1.00
MSA 041 045 035 1.00
cr 0.11 012 002 -0.15 1.00
nssSO,> 056 057 002  0.63  0.05 1.00
totSO,~  0.17 0.8 002 -0.08 0.99 0.15 1.00
NO;~ 031 028 -043 -0.02 0.03 0.42 0.07  1.00
Na® 0.12 012 002 -0.14 1.00 0.04 0.99 0.03 1.00
K’ 035 012 002 -0.14 1.00 0.05 1.00 003 1.00 1.00
Mg* 0.11 012 003 -0.14 1.00 0.06 1.00 002 1.00 1.00 1.00
Ca*" 0.14 015 000 -0.14 0.99 0.11 0.99 007 099 099 099 1.00

Table 3.2.3. Linear regression of Na' versus K', Mg®, Ca’ and Cl  with comparison to

their theoretical ratios in seawater (Pilson, 2013)

Cr $8504* Mg** K Ca*
Sea water ratio 1.794 0.252 0.119 0.037 0.038
Slope 1.805 0.251 0.112 0.038 0.035
Intercept 44.734 42.87 1.444 -0.346 5.75
R 0.999 0.989 0.997 0.999 0.983
n 32 32 32 32 32
D <0.001 <0.001 <0.001 <0.001 <0.001

35



Fig 3.2.1. Concentration vs. the depth profiles of isotopic composition and ionic species with
3-point running average (red lines). Cl /Na’ ratio was shown with their typical seawater
ratio of 1.794 (red line). The shaded area represents the summer peak from January 2011
to January 2015. Dashed lines (black) are the sea salt EF for SO and Ca® and crustal
EF for Sr which are highlights the sharp increase in January 2013.
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Fig 3.2.2. Comparison of monthly mean SIE in the Ross Sea, 60 of the snowpit and
IsoGSM2 simulation, and daily temperature from Lola (bold black), Alessandra (black), and
Eneide (grey).

Table 3.2.4. Annual mean values of §%0, temperatures (temp) from AWS (Lola, Eneide,
Alessandra) and ERA-Interim reanalysis data, SIE, snow accumulation rate (SA) from the

snowpit and ERA-Interim reanalysis data (the largest values are highlighted in bold).

18 Temp Temp Temp Temp SA SIE
Year 570 (Lola) (Encide)  (Alessandra) ERA) A ERA g swpit) (10°%km?)
2014 -36.05 2230 -13.32 -10.19 -29.07 137.88 129.85 3.01
2013 -36.49 22.62 -13.62 -15.16 -28.96 159.84 129.85 3.10
2012 -35.16 22.54 -13.60 -15.33 -28.53 162.15 148.40 2.78
2011 -37.16 -21.44 -12.48 -14.04 -27.14 203.74 166.95 2.74
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Snow-Pit Record from a Coastal Antarctic Site and Its Preservation of Meteorological Features

YALALT NYAMGEREL,™® SANG-BUM HONG.” YEONGCHEOL HAN,? SoNGYI KiM,*® JEONGHOON LEE,”
AND SOON D0 HURP

& Department of Science Education, Ewha Womans University, Seoul, South Korea
® Division of Glacial Environment Research, Korea Polar Research Institute, Incheon, South Korea

{(Manuscript received 22 September 2020, in final form 19 May 2021)

ABSTRACT: Polar snow pils or ice cores preserve valuable information derived from the atmosphere on past climate and
environment changes. A 1.57-m snow-pit record from the coastal site (Styx Glacier) in eastern Antarctica covering the
period from January 2011 to January 2015 was discussed and compared with meteorological variables. The dominant
contribution of the deposition of sea-salt aerosols due to the proximity of the site to the ocean and processes of sea ice
formation was revealed in the ionic concentrations. Consistent seasonal peaks in 5'%0, 5D, MSA, nasSOﬁ". and NOJ
indicate the strong enhancement of their source during warm periods, whereas the sea-salt ions MNa®, K", Mgz"'. ™t -,
and totSO}™) exhibit a distinct distribution. Monthly mean §'%0 positively correlates with the air temperature record from
an automatic weather station (AWS) located in the main wind direction. Despite the shortness of the record, we suspect that
the slight depletion of the isotopic composition and lowering of the snow accumulation could be related to the cooler air
temperature with the decrease of open sea area. Consistency with previous studies and the positive correlation of sea-salt
ions in the snow pit indicate the relatively good preservation of snow layers with noticeable climate and environmental
signals [e.g., changes in sea ice extent (SIE) or sea surface temperature]. We report a new snow-pit record, which would be
comparative and supportive to understand similar signals preserved in deeper ice cores in this location.

KEYWORDS: Antarctica; Sea ice; Smow

re
rr
o
u
K
i)
Lo
N
Y
N
L
By
i
N
o,
Y
ro
Do
(@)
[S—
(S
T
ol
ol
)
=2
offl
o
4
=,
M
ke
jus)
=
)
—
D
3
Q
Z,
@)
<
Qo

rd
%
=
By
18
-3
>,
2
N
o,
[»
8
o
2
>
bl
il
=
o
lo
it
o
o
oX,
M
&
o
=

FEAAL 24
Gt FA e
A% BHom SN AT By ~
o

°F 31 (2008 - 2010%)

2 K o oo g} ro
) <

m 12 o

no o

U 4
18

= o

N

ka ~

o

=

=

X

’

AP

a2

lo

St

o

v

w

2

s

o

(o]

il

AAEALA(E0, 6D) A A, 23 s A5 ddHer =2(F5E 59
H

7 FHE) ghol, Aedols W2 Fhol

clo

A

, =3} 883 & 5E A (post-depositional) A FTFES A HbA] Lgkow <H 3

o
Z7] F7 540 & nEHC] g AAUT ouw Ave AP ~

0% o\ =L
S S R R WA 0¥
N
12
Al
B
ol
+
2
=
o)
&
=N
=
@
T
o
.
)
=
Q
T
=
&
5
Oy
i)
=2
o
Ho
>
>
r
N
o
22
2
£
o
rlr
>
il
)

fr

X
bt
o
e,
D
=
D
=)
(@)
D
=
D
(@)
o
=
e
t
>
o,
=]
ofo
N
X
ofr
oX,
o
Pt
s
i)
ok
v

38



Fob £33 £29 &X%(blowing

o]

=
=

o ello] =2

o

14 51

%

el g

3

wnelom, o

=
=

O KR Ho wm ] o) - o] oy o o8
— o - 1 %R al 7
S ® %Wzﬂux quqme? i
W = o ) El X
R S oo B
s " M Sy M
Z o o o] W T g N2
— — +° 0 Mmoo N of
w OF w ol W 2w X 2
R F P44z oy 2N " o AL
I R A TR
TR R TR oW ® T
by S Qoo X O X o F Bo
WS oy o B < N X0 o o
o 0 ,_ﬂof .XE ct & o#_u . Eo s xX X
~ "L o HEoop s o o O cr
o w Wa BT O™ MM = ojn n/N\ ity _ Foor alil
moX — S o o A w ¥ oo —
o T —_ = X
de T L G md T
5 =) 3 o MAr L O ,.i
DI %édr%%%#%ﬂi N
wm " W]_ ol = Mﬂ Wode N omx N o w_ﬂ
hwo T o Lo M_H o & i =) il N ol K]
Mur,_ _ﬂ_A_VH 4.0” N mmo o ,MI_! Z.L _ﬂ_A_VH M :i —_ =
o - 3 = N N T
g T 0 e d R ET 4w £l
A - B
L ~ ﬂ_AlO o) | 0
I SR T S N A
PER R R RN L o
T R N L
. o X Ty B
BT g md s gw PB
ﬂAo%ﬂ?@iwﬂ@H 7 Ho 3
do oF gn O CR {] =) oo = oy T M
= o ® o] Ell SR R by o W.o il g
T o K 2 = W R o = ' W m il
ﬁ O oy | % o Wﬁ il M \Aun/ o 03 o %o X
iﬁnﬂMEﬁo@uxcﬁN% )
Er; AT ﬂL ~ o Murw_ s ‘.A_uLO & N iy ﬁw JI
= B B = =7 = < ° iy
ﬂﬂwﬂ%%%%ﬁ%%mapi.o
oMo om T oo g N P o oo W
ﬂamdr.ﬁwmﬂua%%@%%H%@%
ay Zo = = T
\IW/ it ‘.@.M R . o ~ 1o ZT ._ﬂ_OrL Pe) wmw ‘H_Oi \mUﬂ ‘H_Oi
s W T " OB oM 9w o o B < e
G T W RN B W o M R o N

20213 Polish Polar

ol A

-

s

o]
=2

) A

p==
[}

o

SERRE

7

]
“
(&
T

dT A

FA .

<]

=
=

=

1 oa A
39

]
yal

S 9
Eg ol = (Styx, GV7, Hercules Név

2

o

v F83k 7]

1
T

3

[<]

3

]

°|

o

=

7+

-

s

%5

3 o)A B B

=1
=

of 7]
Researchol] A A = 21 o}

?.
L
R



Fig 3.3.1. Location of the snowpit (red star) near the Korean Jang Bogo Station (blue star)

in Terra Nova Bay, East Antarctica.

Table 3.3.1. The isotopic and chemical compositions of four snow samples (JBG-01,
JBG-01, JBG-03, JBG-04) and snownpit.

JBG-01 JBG-02 JBG-03 JBG-04 SNOWPIL | Snowpit
mean SD*
4 S74° 36.665 | S74° 37.0977 S74° 37.2497 S74° 37.489’ 740 953447
Location |E164° 13.536 | El64° 12.239/ | E164° 11.644’ | E164° 12.894" B164° 10.4297
North of JBS | Northwest of JBS | Northwest of JBS | Southwest of JBS )
MSA 47.88 522.62 494.68 504.28 36.59 32.54
Cr 759.21 15,329.19 10,997.50 20,394.78 493.51 546.08
SO 212.73 2614.34 2085.81 3166.07 205.70 116,18
NO3 189.08 1582.84 1469.41 1587.28 64.24 78.81
Na* 412.45 8674.51 6406.89 11,635.68 298.32 312.94
K 70.43 582.13 565.36 376.85 22.32 18.95
Mg?* 175.86 2160.94 1916.33 2495.20 56.05 68.89
Ca® 74.94 3262.69 3078.66 3248.20 51.64 71.95
d®o —13.88 —14.86 —18.15 —16.77 —24.34 4.84
dD —99.48 —117.88 —146.55 —130.79 —186.50 39.82
d-excess 11.57 0.98 —1.36 3.35 8.22 516

Note: SD: standard deviation.
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Fig 3.3.2. The linear regression line between dD and d'®O. The regression line is similar to
that of the GMWL (grey line) and LMWL.
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Fig 3.3.3. Vertical profiles of stable water isotopes. Summer and winter in the snowpit were
defined from the maximum and minimum values of the stable water isotopes, respectively.
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the ClI' /Na' ratio in the Sea Water Ratio (SWR, 1.18).

Depth (cm)

40

(-]
o

-
N
o

160

200

(@) |

PRI T BN Y

I.J

(b) |

summer |

0 02 04 06 08 1
MSA (ueg/L)

0

2 4 6
SO, (neqlL)

8

0 0.05 0.1 0.15 0.2 0.25
MSA/nssS0,*

1 2010

winter

2009

q winter

1 2008

Fig 3.3.5. Vertical profiles of MSA, sulfate, and MSA/nssSO4*  ratio. The gray line in the

middle indicates non-sea-salt (nss).

42



alg
HJ

W

<A

43



3.4. E¢SolA 09

g glel 7HE

s

H22 ol

Gl

N
o
<
0

0

¢

<)

AH(tracer) &, AEH o2 §80< §D7}
Aol AbgEo] gkt 1y §'%0 - 8D

S|
ZS|

| 7}

R4

3l A

ol

s

A
a3

3

3)

2]

2
2~ A Al(triple oxygen isotope system)

sl

Els

1] A

KN
T

29 (kinetic fractionation)¥} 7+

==
3

2

i)

N

7gol A= Tt

=
[e)

T A= AMEE 7

[
e
o o
DO
N
N o
ol S
%T m_x
o0 —
\N.\w N
m =
Xoof
)]

o
O ur
Sl
%0 X
= Mr
O ™
- W
w T
- 7
5 o
T Rr
W
63 Ho
T ok

X

o
=
Nlo
b
al IR

o2 20211 Molecules®ll
3}

)

ol ol
Ao g
238 45 10

=g
==

s

S
)
gl
i

A
o

o

e

b, 6708 §1°0 719

7| 3]

=
T
9] d-excess9}

H] & (2F 0.038%) =

ke
T

-
T

N

22!

A-&3k=

AR5

=24

e

1
T

—excess+—

,_._mo

S Aol A o] A

-
T

"0O-excess

—

0

¢+

B

3

ks

EEEEE]

A Z71S ®HU}t

2

‘?4

9]

2 7

A

54& AdH, oz

N
No

A Ao A= "O-excess’t FE F

R FTHAE

.
=l

Hg e 9

81:1]'

T &

A=l

2]

7]

=

N

o
B

Hsh A grRe ]

& 35 A (post-depositional) #FAo] "0 &

N

(supersaturation)°l| A o] &

o
o
Nfo

=
23!

T
o

&

mK

W
do

4o

il

0

;O.*
.

.AO

o 914 Wl

Wslso] W "O-excess W

Qe A

3 AE

U= FHA

R
o
!

.4
™o
B o
Mo Ho
X o0
o

5

i}
o= o
H(laser absorption spectroscopy)

W=
xr

b

o of

W N
|

T

§'°0 7IRF 2%

= 71&
o
7] (dual-inlet IRMS)¢} o] A

o]
i

©
=

3

A

s 5

2

-
34

=]
RN

o
E]

mK

i

XN
)

N
2!

—_
fils)

0

E

B

3

!
o

o
olo

N

el

o)

O-excess7} 7]

= 17
.

98 A7

2 B

Z o
- —

81:1]'

o

—

0
B

4

o

oF

o

)

—_
o
T
o
el

fvze)

=
il
i)

Tor

oK

o
B

A

d-excess <}

2, 8180 ¥

fla R e

I

ol

of

Njo

g
_Z#O

0

=
=

O-excess

ol A]

,_._mo

sl

44



G

45



Table 3.4.1. Summary of published §%0, At and O-excess in different samples. All values
are averaged from published values. We note that the sampling location, period, and
sampling numbers are distinct depending on the studies; thus, values are representative of

local scale variations

"0-Excess Mean

080 Analytical ‘
Sample Type Range or Range (per A ref Method Time Scale Reference
meg)
Low- and mid-latitude Precipitation
Vapor Surma et
-34. -20.4 2 .52 IRM 2016 (F M
(Mt Zugspitze. Germany) (-34.4 to -20.4) (30 to 82) 0.5265 S 016 (Feb to May) al., 2021
Cave water -9.69 0.05 IRMS Luz et al,
(Canada and USA) (1767 to 639 (0.03 to 0.07) o0 2005 (Feb, Jub 2010
Cave drip waters 87 19 _ Picarro 2010 (Nov) to 2014 Affolter et
(Northwest Switzerland) ' CRDS (Jun) al., 2015
Fluid inclusions 83 10 ~ Picarro 2012 (Mar) to 2014 Affolter et
(Northwest Switzerland) ' CRDS (Jun) al., 2015
Leaf water (Mpala central 7.84 -0.06 Li et al.,
- IRM 2012 ~Jul
Kenya) (-0.27 to 16.14)  (-0.16 to 0.04) > 012 (Jun-Jub 2017
Stem water (Mpala central -2.46 0.02 Li et al.,
- IRM 2012 ~Jul
Kenya) (-4.71 t0 0.59)  (0.01 to 0.03) S 012 Qun-Jul 2017
. . 25.83 -144.4 Surma et
Pond (Sistan Oasis, Iran) 301 10 9907 (172 t0 56) IRMS - al., 2015
-8.06 0.02 Luz et al.,
Lake and pond (16.03 to 419)  (0.02 to 0.0 % R 2002, 2008 2010
-8.88 -46.4 to 55.67 Aron et al.,
surface water (-2031 to 9.56) (mostly 14 to 33) "2 RMS Global scale 2020
e T g T am T T am
pring, irmgate (-6.84 to 14.09) (59 to 25) al., 2015
(Sistan Oasis, Iran)
Lake and river (western -9.58 5.28 - IRMS _ Passey et
USA) (-19.11 to -0.34) (=39 to 46) al., 2019
Dam water (Mpala central -1.08 0.01 ~ Li et al.,
Kenya) (-3.98 t0 2.26)  (-0.004 to 0.02) IRMS 2012 (Jun-Jub 2017
. -4.99 0.04 Luz et al,
Tap, spring water (Israel) (574 to —4.24) 0.03 o 0.05) 0.515 IRMS 2008 2010
. -8 + 4.7 17 £ 11 0.526 to Li et al.,
Tap water (continental USA) (207 to -0.7) 6 10 43) 0.527 IRMS 2006 to 2011 9015
Tap and puddle water 3.36 -0.01 Li et al.,
- -Jul
(Mpala central Kenya) (233 to 4.39)  (-0.01 to —0.003) IRMS 2012 Chun-Jub 2017
Precipitation 0.9 18 B Picarro 2012 (Mar) to 2014 Affolter et
(Northwest Switzerland) ' CRDS (Jun) al., 2015
Precipitation (Okinawa -4.81 25.26 _ Picarro 2011 (Jan) to 2012  Uechi et
Island, Japan) (-9.88 to -1.05) (4 to 54) CRDS (Dec) al.,, 2019
o 2014 (Jun) to 2018 Tian et al,
Precipitation (central USA) 6.25 31 0.5275 OA-ICOS (May) 2019
Rain (Indonesia, India, and -5.45 0.04 0.522 RMS Zoosoéli/latz ?O(QOV) Luz et al,
-9, -2. : : ' 201
Israel) (-9.03 to -2.53)  (0.02 to 0.06) 2008 (Feb to Aug) 010
Water vapor (south Indian -15.45 13.51 0.532 RMS 2005 (Dec) to 2006 Uemura et
and Southern Ocean)  (-23.41 to -11.65) (-6 to 46) ] (Jan) al.,, 2010
’ ’ -0. . -0. . ' 201
and Northern Red Sea) (-0.42 to 2.43) (-0.01 to 0.0038) 010
Snow Surma et
(Mt.Zugspitze, Germany) (21.7 10 -8.3) (17 to 62) j IRMS j al.,, 2021
Snow, ice -17.34 0.02 Luz et al,
(Canada, Montenegro)  (-26.11 to -5.44)  (-0.01 to 0.04) 0.529 IRMS 2009, 2010 2010

46



High-latitude precipitation

-41.77 32.33 Landais et
Vapor (NEEM, Greenland) (4463 to -38.33) {5 to 48) 0.528 IRMS 2008 (Aug) al. 2012a
Snow precipitation -29.60 35.67 Landais et
- IRM 2 A
(NEEM, Greenland)  (-35.53 to -24.33) (23 to 43) 5 008 (Aug) al,, 20122
Firn core -32.17 49.70 B RMS 2003 (Jan) to 2005 Landais et
(NEEM, Greenland) (-38.80 to —26.70) (30 to 73) (Aug) al., 2012a
Snow pit (Vostok) 57.13 (_367';103 © IRMS 1949 to 2008 W:lnklzeorlgt
(-61.20 to -51.39) N
friiﬁgiinsnsi‘znf;vtfgjeto ~34.30 34.95 Ry 2009 (Do) o 2010 Pang et al.
g (-58.69 to -17.60) (9 to 51) (Jan) 2015
Dome A)
Snow (transect from -47.26 24.82 IRMS _ Touzeau et
Syowa to Dome Fuji)  (-56.69 to -30.20) (6.1 to 43.8) al.,, 2016
-58 Landais et
Ice core (Vostok) (5074 10 —62.05) 24.31 (-6 to 54) - IRMS 150ka years al.. 2008
445
Surface snow -41.27 Landais et
(Vostok, Antarctica)  (-28.23 to -51.03) >0 1062 0528 IRMS ) al., 2008
Snow or ice Luz et al,,
(Dome F, Antarctica) o842 ~0.006 B IRMS B 2010
Ice core Winkler et
(Talos Dome, Antarctica) 41.67 to -36.52 - 0.5278 IRMS 9.15 to 33.78 ka age al.. 2012
Ice core (WAIS, -35.44 25.22 . _— Srfgostnzrlna
Antarctica) (-42.68 to -31.61) (2.9 to 38.46) 2019 v
Ice core -39.56 14.28 0.5313 IRMS ~ Sgr}llostnzrlna
(Taylor Dome, Antarctica) (-42.92 to —37.36) (-1 to 28) ' 9019 ”
Ice core 3131 19 S i Sggo(ffzrl“a
(Siple Dome Antarctica) (-36.21 to —24.02) 8 to 27 2019 v
Snow precipitation ~ . . 2000 Landais et
(Vostok, Antarctica) 68.47 to -50.51 27 10 29 0.5308 IRMS (Feb-Oct) al., 2012b
Snow precipitation ~ ~ _ 1999 (Dec) to 2000 Touzeau et
(Vostok, Antarctica) 58.5 10 =526 0.5269 IRMS (Jun) al., 2016
Ice core Winkler et
(Dome C. Antarctica) -56.48 to -46.639 - 0.5294 IRMS 7.61-24.8 ka age al.. 2012
Snow precipitation -55.58 18.43 0.5282 IRMS 2010 Touzeau et
(Dome C, Antarctica)  (-69.63 to -38.89) (=11 to 47) ) (Sep-Nov) al.,, 2016
Snow -54.25 31.64 0.5087 RMS 2010 (Dec) to 2011 Touzeau et
(Dome C, Antarctica) (-61.35 to —48.19) (14 to 47) ) (Dec) al., 2016
Snow pit -51.14 31.68 Touzeau et
(Dome C, Antarctica)  (-55.31 to —46.06) (17 to 51) 0.528 IRMS al.,, 2016
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Figure 2. Schematic of §170 and §180 fractionation in the hydrological cycle. This figure

1s a simplified modification of the descriptions from Luz and Barkan and Aron et al.
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Fig 3.6.1. Location of a snowpit (red rhombus symbol) at Moore Dome ice rise in Bear
Peninsula, West Antarctica. Ice rises (colored in yellow) are shown, and the map is
generated by the Quantarctica GIS package.
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Table 3.6.1. Mean, standard deviation, minimum, maximum values of isotope (%) and ions (ueq/L).

Variables Mean Standard Deviation Minimum Maximum
3D -107.11 21.97 -156.65 -70.96
8"%0 -14.05 2.83 -20.85 -9.03
d-excess 5.27 3.05 0.25 11.76
Na* 9.31 9.65 0.27 64.95
NH," 0.25 0.13 0.06 0.57
K" 0.21 0.25 0.00 1.57
Mg* 2.20 2.15 0.26 14.00
Ca™ 0.52 0.43 0.07 2.40
MSA 0.40 0.45 0.01 1.68
Cr 11.67 12.44 0.43 83.69
SO, 1.88 1.61 0.19 7.69
nssSO,> 0.76 1.05 -0.43 3.53
NO; 0.47 0.37 0.07 1.86

Table 3.6.2. Correlation matrix for the isotopes and ions in the snowpit. Correlation

coefficient values larger than 0.4 are underlined.

oD | 80 | d-excess | NO; | CI' | SO | MSA | Na* | NH,' Mg**
3D 1.00
3"%0 0.99 | 1.00
d-excess -0.15 | -0.28 1.00
NO; 0.09 | 0.02 0.51 1.00
CI -0.22 | -0.25 0.26 0.04 | 1.00
SO -0.26 | -0.31 0.45 0.04 | 0.76 | 1.00
MSA -0.26 | -0.30 0.38 -0.10 | 032 | 0.83 | 1.00
Na* -0.21 | -0.24 0.27 0.05 | 1.00 | 0.76 | 0.32 | 1.00
NH," 0.18 | 0.12 0.45 0.50 | 035 | 0.56 | 042 | 0.36 | 1.00
K -0.19 | -0.22 0.27 0.08 | 0.99 | 0.74 | 0.30 | 0.99 | 0.39 | 1.00
Mg** -0.23 | -0.26 0.28 0.05 | 1.00 | 0.77 | 0.34 | 1.00 | 0.37 | 0.99 | 1.00
Ca* -0.21 | -0.24 0.30 0.05 | 095 | 0.78 | 037 | 0.95 | 043 | 0.96 | 0.97
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Fig 3.6.2. Vertical profiles of snow temperature and snow density in the Moore Dome snowpit
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Fig 3.6.3. d'*0-dD diagram of the snowpit with Global meteoric water line (Craig, 1961)
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temperature data only) meteorological data between Jan 2011 to Dec 2012 in Bear Peninsula
AWS with monthly mean SIE data.
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Table 3.7.1. The model parameters used in the present simulation

Parameter Value Source
Gravitational acceleration (g), m s 9.8 -

Viscosity (n), N s m? 1.793 Kestin et al, 1978
Intrinsic permeability (k), m 22 x 107 Colbeck, 1982
Density of ice, g cm” 0.917 -

Density of water, g cm” 1.000 -

R (D/H)ysmow 1.5576 x 107 Hagemann et al., 1970
R ("*0/"0)vsmow 2.0052 x 107 Baertschi, 1976
Equilibrium fractionation factor (o) for hydrogen 1.0195 O’Neil, 1968
Equilibrium fractionation factor (o) for oxygen 1.0031 O’Neil, 1968
Water saturation (S) 0.06 Taylor et al., 2002
Porosity (¢), % 0.57 Taylor et al., 2002
Irreducible water content (S;) 0.04 Jordan, 1991
Fraction of ice involved in isotopic exchange (f) 0.3 Taylor et al., 2002
Dimensionless rate constant of isotopic exchange (V) 3.0 Taylor et al., 2002
Initial 6D for the two layers, %o —87.7 and —114.9 Lee et al., 2010
Initial 3'%0 for the two layers, %o —12.6 and —16 Lee et al.,, 2010
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Table 3.7.2. The calculated and experimental values obtained from Hermann et al. (1981)
and Taylor et al. (2002).

Parameter Value Source

Bulk density (average of two layers), g cm 0.397 Herrmann et al., 1981
Snowpack height, cm 35 Herrmann et al., 1981
Specific discharge, cm h™' 0.2 Herrmann et al., 1981
Porosity 0.58 Calculated

Percolation velocity, cm h™' 3.53 Calculated

Water saturation (S) 0.06 Taylor et al., 2002
Initial 3D (top layer), %o -141.4 Herrmann et al., 1981
Initial 3D (bottom layer), %o —-124.8 Herrmann et al., 1981
Mass of liquid (a), g cm” 0.06 Calculated

Mass of ice (b), g cm” 0.50 Calculated

f 0.3 Optimized

] 3 Optimized

k, h' 0.30 Calculated

v 0.73 Calculated
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Fig 3.7.1. The modelled isotopic evolution of the meltwater by varying the isotopic
difference between two layers: (a) 8D; (b) §%0. The thick black lines represent the
homogeneous layer with 8§D (- 114.9%;) or §®0 (-16%); the thin lines are the simulations
for an enriched top layer and depleted bottom layer, and the dashed lines are the
simulations for a depleted top layer and enriched bottom layer.
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Fig 3.7.2. A comparison of the present model results (solid lines) with the experimental
isotopic composition of meltwater according to Herrmann et al., 1981 (red circles). The red
line is the good fit to the observed data. The grey circles represent outlying experimental
data points that were excluded from the model fitting.
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Fig 3.7.3. The simulated evolution of the 6D value of meltwater as a function of the
fraction (F) of melted snowpack with various values of f (a and b), ¥ (c and d), and S (e
and f), where the left-hand panels (a, ¢, and e) represent the results for the
isotopically -depleted top layers and enriched bottom layers, while the right-hand panels (b,
d, and f) represent the results for the isotopically—enriched top layers and depleted bottom
layers.
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Fig 3.74. The simulated evolution of the 6%0 value of meltwater as a function of the
fraction (F) of melted snowpack with various values of f (a and b), y (c and d), and S (e
and f), where the left-hand panels (a, ¢, and e) represent the results for the
isotopically -depleted top layers and enriched bottom layers, while the right-hand panels (b,
d, and 1) represent the results for the isotopically—enriched top layers and depleted bottom
layers.
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Table 3.7.3. The slopes of 6D vs. §®°0 with various f, w, and S values (Dep = depleted,
Enr = enriched).

Layer sequence f = 0.1 f=103 f=105 f=107 f=109

Dep-Enr 6.85 7.60 6.37 6.04 5.81

Enr-Dep 6.87 7.97 6.07 5.98 6.03

Layer sequence ¥ = 0.3 Y = Y = Y = Y =15 Y =30
Dep-Enr 6.85 7.66 7.20 6.79 6.80 6.82
Enr-Dep 6.87 8.37 8.26 6.77 6.79 6.82
Layer sequence S = 0.06 S = 0.09 S =01 S =105 S =038

Dep-Enr 6.85 6.90 6.92 7.35 7.52

Enr-Dep 6.87 6.99 7.03 7.92 8.05
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Table 3.7.4. The isotopic variation in meltwater and its contribution to runoff reported in

some studies

o Melting
Location Sample type 8'*0 and/or 8D ConTul;llz)t;(f)n to season and Reference
study period

Permafrost catchment, . Carey &
Wolf Creek Research Snowmelt 380 = -25.9%0 to —23.8%o ;21}"1%) tOf total ?&g to June Quinton,
Basin, Yukon, Canada ceshe 2005
Granger Basin within 18~ _ . _ 32% based on . Boucher
Wolf Creek Research Snowmelt §1808 f2;24'18%°’ oD = 5"%0; 23% ?(%181 to July and Carey,
basin, Canada esee based on 8D 2010
Western Mongolia Late June
(Upper Khovd River Glacier melt - (12504(‘)61307:/60) and early gg?;t al,
Basin) July
Changbai Mountain 30 = —18.83%o to Aoril to June. Feng et al
area, semi-arid region Snowmelt 12.38%0; 6D = —134.5%0 14.4% to 59.8% 26)20 ’ 202% ”
in China to —85.34%o

. . . 30 = ~18.3%0 to 2011 to 2012
Juncal river basin, Glacier . - Ohlanders
Central Chile meltwater —17.1%; ?D = —136.0% 50% to 50 % (unusual dry et al., 2013

to —126.8%o year)
High and Mid Atlas 18 .

. . §°0 = —10.0%0 to —2.4%o; Rhoujjati et
Nountain region, Snow 8D = —72.6% to —11.6% /7 - al., 2021
Snowy range watershed 70.5% to 74.4% . .
in Southern Rocky I 30 = —18.27 + 0.52%0 during melting Melting out Millet et
Mountains, China (event) event by June al., 2021

Snowmelt: §'%0 = —14%o
. to —4%o (mean = —11.4%0); Snowmelt: During
Eg;ersngfﬁ%? £ It{l:;/er Snowmelt and 6D = —103%0 to —27%o 59.6% ; ablation Rai et al.,

X . . glacial melt (mean = —78.2%o) Glacial melt: period, 2004 2019

Gangotri Glacier, India Glacial melt: 5"°0 = 36.8% to 2005
—18.5%0; 0D = —132.8%0

Forested (disturbed and I
undisturbed) mountain Psrec1p1tatlgn $80 = —14.1% 8.1%o: 3'%0 = 29% to M v
catchment. Sumava (Snow an = —14.1%0 to —8.1%0; (oo, o2 ay to ystavna et
National Park. Czech rain) in the 8D = —100.3%0 to —54.0%o 38% to 539 October al., 2018
Republic g cold season ° 0
Himalayan River Glacial, snow 18 _ Maurya et
(Satluj), India melt 8°0 = —9.6%0 to —24.7%0  15-64% - al, 2018
Beas basin, western Snow/Glacial 550 = —10.05% 50% to annual April to June, Ahluwalia
Himalaya, India melt Rt runoff 2010-2011 et al., 2013
High elevation 30 = —18.8%0 (early 35% (early melt . .
catchment of Snowmelt melt event) to —17.9%o season) to 75% %’&1 to June Stc l;rlmeggrl 6
Rofenache stream, Alps (peak melt event) (peak season) ”
Bridge Creek . .

. . Snow/Glacial _ March April Penna et
]c)aéil)lﬁﬁgg in Italian melt oD = -26.1 to —202.0%0 58-72% 2011 to 2013 al, 2016
Tizinafu glacier river Fan et al
in north Kunlun Ice meltwater  — 28.31-65.43% 20112012 2015 ”
Mountains, China

. Snowmelt: §'%0 = .
iSﬂal:lﬁleraEgls\;gHCfigﬁgnt Snowmelt and  —15.62%0 to —14.09%o %?;:g?erlltléli}% May to July  Engel et
Alps glacial melt Glacial melt: 880 = 65% ’ 2011-2013 al., 2016
p ~15.33%o to —13.86%o ’

Wind River Range ) , Cable et
watershed, American Glacial melt - 53-59% 2007-2008 al. 2011

Rockies
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Fig. 2. Profiles of 6180, d-excess, nssSO4% | EF (S04*), MSA, and Na+ of the Styx-M
ice core. Thick red and black lines in 6180 and d-excess indicate the 15-point moving
averages. Vertical grey lines indicate the austral summer peaks (Jan 1) of each year, and
green shaded areas represent increased nssSO4% corresponding to the volcanic deposition
events of El Chich’on (1982), Pinatubo (1991), and Puyehue - Cord’on Caulle (2011). The

dashed black line is the mean value of nssSO4%
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Fig. 3. Plots of 6D and d-excess against 6180 from the Styx—M ice core, with points
corresponding to austral summer (DJF), autumn (MAM), winter (JJA), and spring (SON).
The local meteoric water line (LMWL) for the Styx—M ice core (dashed line), the LMWL
for Antarctica (grey line; from Masson-Delmotte et al., 2008), and the global meteoric

water line (GMWL, black; from Craig, 1961) are shown.
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Fig. 4. Comparison of the annual mean values of the Styx—-M ice core records (§180,
d-excess, and SA) with the ASL, ENSO, summer (DJF) and annual SIE, local temperature
at Lola (Lola-T), and the JJA mean of SAM. Red lines indicate the 3-point moving
average trend, whereas grey vertical shading indicates the years with higher SIE values.
The PC1 score of rare earth elements (PC1-REE) and the PC1, PC2, and PC3 scores of

the trace elements (TE) are shown (axis is not to scale).
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Fig. 5. Comparison of the variations of annual temperatures (standardized) at the nearby
AWSs and the ERA-Interim reanalysis with the mean 6180 of the Styx-M ice core. The
periods with 6180 peaks and steady values are highlighted in the underlined years at the
top of the figure. The PC1 and PC3 scores from the principal component analysis (PCA)

on the AWS temperatures are shown.
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Fig. 6. Spatial correlation maps between the annual mean 6180 of the Styx-M ice core
and 2-m temperature from the ERA-Interim reanalysis for annual (a) and DJF (b). The
same map is presented for the annual mean d-excess (¢) and SA (d) with the annual
mean temperature. Blue crosses indicate the location of the Styx—M ice core site. The scale
bar indicates the Pearson’s correlation coefficients at the 95 % significance level. This
correlation analysis was performed using Climate Reanalyzer by Climate Change Institute

of University of Maine, USA (https://climatereanalyzer.org/).
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Fig. 7. Relationship between the mean isotopic compositions and temperatures of the
Styx—M ice core and those of ice cores from other sites in northern Victoria Land (Stenni
et al.,, 2000). The dashed line is the regression line given by Stenni et al. (2000); the thick
black line is the modified regression line including the results from the Styx-M ice core,

Whitehall Glacier (Sinclair et al., 2012), and GV7 (Casado et al., 2018).
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Fig. 8. Spatial correlation maps of the annual mean of the Styx-M ice core records (6180,
d-excess, and SA) with SST (a, ¢, e) and SIC (b, d, f) of the ERA-Interim reanalysis
data. The white area (b, d, {) indicates the boundary of the SIC data utilized in the
correlation analysis. Blue crosses indicate the location of the Styx—M ice core site. The
scale bar indicates the Pearson’s correlation coefficients at the 95 % significance level. This
correlation analysis was performed using Climate Reanalyzer by Climate Change Institute

of University of Maine, USA (https://climatereanalyzer.org/).
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Fig. 9. Spatial correlation maps between the PC1 scores of REE (a, ¢, e) and TE (b, d, f)
of the Styx—M ice core records with 10-m wind speed and 10-m u-wind components
(annual and JJA season) of the ERA-Interim reanalysis data. Blue crosses indicate the
location of the Styx-M ice core site. The scale bar indicates the Pearson’s correlation
coefficients at the 95 96 significance level. This correlation analysis was performed using
Climate Reanalyzer by Climate Change Institute of University of Maine, USA

(https://climatereanalyzer.org/).
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Fig. 10. Comparison of the PC1-REE, PC1-TE, and PC2-TE with the SAM index during
the DJF (red) and JJA (blue) seasons spanning the 1979 - 1999 period. Horizontal blue and
red dashed lines indicate the SAM index at zero. The elemental ratios of Cd/Rb, Mo/Rb,
As/Rb, Sb/Rb, and Rb/Ti in the Styx-M ice core were plotted with those in Mount Erebus
Plume (purple dashed line).
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Figure 2. Temporal variation in the SA (bottom panel), §180 (middle panel), and d-excess

(top panel), with the horizontal black line indicating the overall mean. The thick black lines

represent the 5-year running average. The blue and red lines (arrows) indicate the periods

that are higher or lower than average for at least four continuous years.
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Figure 3. Comparison of the standardized profiles (grey lines) for SA, §180, and d-excess
with the climate variables for 1957 - 2013 CE. The red and blue lines indicate the 3- and

5-year running average. The vertical red shading indicates periods with large 6180 values.
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Figure 4. Comparison of the 5-year running average for SA, 6180, and d-excess with the
IOD, SST anomaly of the southeastern Indian Ocean (SST-SEIO), SST anomalies over the
Southern Hemisphere, the SAM, and Nino3.4 for 1872 - 2013 CE. The SAM index is
presented with the annual mean (thin blue line) and the neutral (at zero) horizontal line.
The thin purple line indicates the annual mean of Nino3.4. The thin grey line represents
the annual mean of the SA, §180, and d-excess. The blue and red lines (or arrows)
indicate the periods with a higher or lower than average SA, 8180, and d-excess over at
least four consecutive years. The gray shading corresponds to the period after 1957. The

linear trend in 6180 during the 1782 - 1845 CE period is represented by the black line.
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Figure. 5. Spatial correlation of d-excess with annual SST variability for (a) 1979 - 2013
CE, (b) 1957 - 2013 CE, and (c) 1854 - 2013 CE. The scale bars indicate Pearson’s
correlation coefficient (r) at p < 0.05. This figure was generated using Climate Reanalyzer
(https://climatereanalyzer.org/) from the Climate Change Institute, University of Maine,
USA.

84



Figure S1. Spatial correlation of §180 with (a, d, e, f, g, h, 1) air temperature, (b) SST,
and (c¢) SIC from the ERADS reanalysis data for different seasons over the 1957 - 2013 CE
period. The scale bars indicate Pearson’s correlation coefficient (r) at p < 0.05. This figure
was generated using Climate Reanalyzer (https://climatereanalyzer.org/) from the Climate

Change Institute, University of Maine, USA.

85



Figure S6. Spatial correlation of d-excess with the (a, b) 10 m wind speed and (c, d)

v-wind component from ERAS5 reanalysis data for different seasons over the 1957 - 2013
CE period. The scale bars indicate Pearson’s correlation coefficient (r) at p < 0.05. This
figure was generated using Climate Reanalyzer (https://climatereanalyzer.org/) from the

Climate Change Institute, University of Maine, USA.
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Figure S8. Spatial correlation of SA with (a, d) wind speed, (b, e) u-wind components, and
(c, f) v-wind components from ERA5 reanalysis data during the MAM season over the
1957 - 2013 CE period. The scale bars indicate Pearson’s correlation coefficient (r) at p <
0.05. This figure was generated using Climate Reanalyzer (https://climatereanalyzer.org/)

from the Climate Change Institute, University of Maine, USA
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Figure S10. Spatial correlation of the Nino3.4 index with ERADS reanalysis data for different
seasons over the 1940 - 2019 CE period. The scale bars indicate Pearson’s correlation
coefficient (r) at p < 0.05. This figure was generated using Climate Reanalyzer

(https://climatereanalyzer.org/) from the Climate Change Institute, University of Maine,
USA
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Fig.2. Depth profiles of dl80 and major ion concentrations

Horizontal dash lines denote the maxima of d180 wvalues, indicating the austral summer

Season.
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in the four snow pits.



Fig.4. PCA plots (PClvsPC2) for the four snow pits. Total variances are indicated on each

axis.
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Fig.5. Temporal variations in the crustal enrichment factors (EFc) of the snow pits during
the period 1999 - 2002.
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Fig.6. Percentage contributions of each metal in the factor profiles derived from the PMF

analysis of the trace elements in the snow pits from 1999t02002.
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Fig.7. Comparison of the temporal variation trends of the PMF factors (standardized) for

the snowpits.
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Figure 2. Depth profiles of climate indices and isotopic parameters from the surface to a
depth of 26m from the Hercules Névé ice core. Panel (A) represents the Amundsen Sea
Low (ASL) index derived from principal component analysis (PCA) based on longitude,
latitude, and strength of the ASL defined in Hosking et al. (2013), specifically displaying
PC3, which showed significant correlation with isotopic data. Panel (B) shows the Zonal
Wave 3 (ZW3) index obtained from Goyal et al. (2022). Panel (C) depicts the 239Pu
concentration profile for the period 1950 - 1975. Panels (D) - (F) illustrate water isotope
measurements (dexc, 2H, and 180, respectively) spanning from 1950 to 2016. Data utilized

for detailed analysis in this study (1979 - 2015) are indicated by the shaded grey region.
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Figure 3. Spatial correlation analysis of (A) the 2m temperature (T2m), (B) total
precipitation (tp), (C) 10m v-wind (v10), and (D) 10m u-wind (ulO) across Antarctica
based on ERA5 data with 180 in HN ice core (black symbol) from 1979 to 2015 during
DJE. The p < 0:1 confidence level is indicated by black contours.
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Figure 4. Spatial correlation analysis results between the secondary parameter dexc from
the HN ice core (black symbol) and (A) the sea ice concentration (SIC) and (B) sea
surface temperature (SST) from ERA5 data during DJF for 1979 - 2015. The p < 0:1

confidence level is indicated by black contours.

Figure 5. Spatial correlation analysis for (A) 180 from the HN ice core (black symbol) and
(B) the 2m temperature (T2m) from ERA5 data with the mean sea level pressure (MSLP)
from 1979 to 2015 in DJF. Contour plots are used for p < 0:05 and black lines for p <
0:01.
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Figure 6. (A) Scree plot showing the variance explained by each principal component
derived from ASL monthly variability (central pressure, latitude, and longitude) during DJF
(1979 - 2015). (B) Scatterplot between PC3 and 180 values from Hercules Névé (r = —0:34),

based on DJF-averaged data, showing the strongest correlation among all PCs.

Figure 7. 7 d HYSPLIT back-trajectory clusters arriving at Hercules Névé during (left) the
five strongest ASL summers and (right) the five weakest ASL summers (D]JF,

1979 - 2015). Strong ASL cases show dominant air mass transport from inland Antarctica
and the Ross Ice Shelf, while weak ASL cases are associated with zonal trajectories

originating from the Amundsen Sea and lower-latitude ocean sectors.
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Figure S1: (A) Time series of hourly-averaged temperature data from ERA5 reanalysis
(black line) and AWS observational data (red line) during the post-drilling period in 2016,
covering the operational period of the AWS. The ERA5S dataset provides reanalyzed
atmospheric data, while AWS measurements represent in-situ observations. (B) Correlation

between the hourlyaveraged temperature data from ERA5 and AWS.
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Figure S2: Seasonal variation in the isotopic composition (6§'*0 and §%H) of ice core at
Hercules Névé. (A) Comparison of 6§80 and 6§°H values across four seasons and regression
lines for each season’s local meteoric water line (LMWL). Regression lines for the
Antarctic meteoric water line (AMWL) and the global meteoric water line (GMWL) are
presented for reference. (B) Box plot showing §'®O values by month, categorized by season
(spring, summer, autumn, and winter) at Hercules Névé. (C) Box plot showing deuterium

excess (dexc) values at Hercules Névé by month and season.
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Figure S3: Relationship between §'®0 and temperature for various Antarctic studies. The
linear regression depicts the correlation between 6'%0 and temperature (°C) for different
sites, including this study at Hercules Névé during the DJF season. The slopes and
correlation coefficients (r) are shown for each dataset, with comparisons to previous studies
from Stenni et al. (2008), Nyamgerel et al. (2024), Sinclair et al. (2012), and Dreossi et al.

(2024). The red line represents the regression calculated in the present study.
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Fig 5.1. R1 and RO (half of it) section that used for trace element analysis

Fig 5.2. Chiselling procedure of the portions of Styx-M ice core for trace elements analysis

and the class 100 clean bench in a cold room at KOPRI

Fig 5.3. Inner layer with diameter of “1-1.2 cm after chiselling for the depth sections
between 4.2 to 6.2m
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Fig 5.4. Inner layer with diameter of ~3 cm after chiselling for the depth sections between

6.2 to 9.8m

Table 5.1. Mean, standard deviation (SD), median, max, min, and DL in pg g ! of trace
elements

Element Mean SD Max Min Range n DL
1 Rb 15.37 19.92 94.81 0.99 95.64 81 0.010
2 Sr 286.90 677.62 3609.80 1.80 2002.92 81 0.042
3 Mo 4.04 15.55 129.90 0.07 1960.17 81 0.030
4 Cd 2.48 2.32 14.12 0.51 27.77 81 0.018
5 Sb 0.43 0.68 4.75 0.05 89.77 81 0.024
6 Ba 38.58 56.40 382.17 2.65 144.01 81 0.063
7 Tl 2.09 17.09 153.97 0.02 7810.11 81 0.009
8 Pb 52.41 120.07 901.22 1.85 487.32 81 0.342
9 Bi 0.08 0.08 0.43 0.01 55.48 75 0.005
10 Th 1.05 1.99 14.06 0.02 872.94 81 0.001
11 U 0.28 0.49 2.71 0.00 828.42 80 0.003
12 Al 3246.28 7777.26 60846.28 7.30 8330.47 80 0.755
13 Ti 261.15 475.95 2586.57 0.49 5273.71 81 0.148
14 \ 6.39 10.12 46.59 0.01 4689.26 78 0.013
15 Cr 10.25 33.63 262.41 0.14 1839.56 62 0.073
16 Mn 125.39 212.02 1534.14 1.02 1503.91 81 0.020
17 Fe 2757.99 4950.40 30529.82 3.14 9730.39 81 0.861
18 Co 5.06 9.61 78.81 0.06 1378.03 81 0.014
19 Ni 1139.35 2723.20 15699.84 3.96 3963.45 81 0.522
20 Cu 164.07 505.95 4156.93 1.12 3700.62 81 0.194
21 Zn 1336.42 1161.55 6088.50 23.38 260.36 81 1.101
22 As 4.98 3.89 29.89 0.78 38.33 73 0.322

Table 5.2. Mean, SD, median, max, min, and DL in pg g

1

of rare earth elements

Element Mean SD Max Min Range DL
1 Sc 0.69 1.01 5.52 0.03 218.29 64 0.024
2 La 3.98 8.16 53.40 0.03 1861.90 81 0.002
3 Ce 8.59 18.63 104.65 0.06 1614.49 81 0.003
4 Pr 0.87 1.79 11.53 0.01 1972.20 81 0.002
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5 Nd 337 7.26 47.34 0.03 1585.25 80 0.037
6 Sm 0.58 1.25 7.17 0.01 1095.65 81 0.005
7 Eu 0.13 0.31 2.03 0.00 468.47 75 0.004
8 Gd 0.54 1.14 6.56 0.01 487.95 75 0.012
9 Tb 0.07 0.15 0.89 0.00 635.25 76 0.001
10 Dy 0.39 0.86 5.06 0.01 818.32 78 0.003
11 Ho 0.07 0.14 0.88 0.00 458.44 79 0.001
12 Er 0.17 0.36 2.26 0.00 1026.70 81 0.001
13 Yb 0.17 0.31 1.91 0.00 715.46 65 0.006
14 Lu 0.02 0.04 0.26 0.00 224.28 75 0.001

Fig 5.5. Depth vs standardized profile of trace elements measured in the portion of Styx-M

ice core
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