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Fig. 1 Distribution of observation sites
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Numbers represent the number of repeated observations at the corresponding stations; the light green line and red line represent the winter ice edge and the sum-

mer ice edge, respectively, calculated from the mean 15% sea ice concentration lines in Januaries and Julies over 2011-2020; bottom topography is drawn ac-

cording to the ETOPO1 dataset!™
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Table 1 Date information of observation stations
g 20114F 20124F 20134 20144F 20154F 20164F 20174 20184F 20194F 20204F
60°S 12H31H 1H3H 1H6H 1H19H 1HI18H 1H23H 1H7H 1H8H 1H9H 1H15H
61°S 1H3H 1H7H 1H20H 1HI18H 1H23H 1H8H 1H8H 1H10H 1H15H
61.5°S 1717H
62°S 1H1H 1H8H 1H22H 1H20H 1H25H 1H9H 1H9H IH11H 1H17H
62.5°S 1H8H 1H20H 1H18H
63°S 1H1H 15H 1H8H 123H 1J128H 1725H 1A15H 1710H 1712H 1J718H
63.45°S 1H17H
63.5°S 1H6H 1H9H 1H21H 1H17H 1H20H
64°S 1H1H 16H 1H9H 123H 1721H 1J126H 1710H 1716H 1J120H
64.24°S 1H10H
64.30°S 1H9H
64.5°S 1H6H 1H12H 1H22H 1H24H
64.68°S 1H12H
65°S 1H2H 1H9H 1H24H 1H22H 1H27H 1H15H 1H23H
65.28°S 1H11H

T: 201 14FEAE60°S st A5 AU H 151420104F 12 H 31 H, FH T R ZkbsiE

EKE = %(u'2+v’z), (1)

2, w RV a3 5] Shy £ 1) F1Z ) Y b i R .
Sh, A9 AAO 5 Ko 58 [ [ S i Rk < B
Jo B g S T 4R

3 45

3.1 KXEHSR

2011-2020 47 £E 10 4F B WL 25 5 s, R4S
T PR UK DX P, WW 5 i A7 7F T30 2 1 1 22 R 2K
FIAFGT 55 Tk = 6 1 B W R A R 2 K 22 ), BT 2 1
PAZARE, H R AL e (& 2), WW 2501 B
W Y 2 ) 22 5, 7E ST 2R K S B O A o R
65°S ufi v, WW 2R B K, 2014 4F1Z 0k 5 WW T 57
I REN TR 420 x 10° Pa, 1 S5 iR 20 M 207 3¢ 1m (] 2d),
M7E 64°S LAAbuG & b, M VER 2P K 55, WW 43
i TFREZE, BETE 100 m 247284k, BT 7e iR A
AR TR A A 53 Ah, X EE AR TR AR 403 B4 W T ] T
L, WW 2B 3 25 (0] 43 A B AR BRAE (R RRAE, F %
RILAE A5 WW 2B | T 76 TR B K At 1) 428 fift 7
B AR AE 2014 45, WW 2 $E R 5, 1 76 1% F ok
[ 2015 4F . 2016 4 B o o i Ak, WW )2 f 1 WW
B 2011 4F R 2014 4 Fe ik iA E) 20 x 104 Pa . T

BT AE 2018 4F 35 B 55 TR 9 140 x10* Pa B35 BR T
2017 4EH1 2019 4, HABKFR S 4E4-0.5C LT 1) WW
HOEIE T ALY 60°S 3l A .

ik — 2B W5 WW ¥ A% e I HL it s AR 4k, 24
T 206 AR (0) FIEL R 436 (8 3), XLk
ANTR) 3 A5 0 T AT, 10 A7 ) ¥ % U 52 B0 M M e AL
Fh 0 B A, TR BP0 10 6 B 0 338 Uk (153 60°S 33
SO BRI Y 65°8 3 A, ¥ R A TR B AR AE (0,)
IR BN FE T T 2 VK A5 A —1.81°C, X R R BE R T 34.35; 1M
FERALSR Y 60°SU 1, 6, F1—1.43°C, XFREREE K 34.02.
3N, [l — 3l g R TRV AE Oy (v A% Rt R B B 35 1Y
EPRARAL . AN 60°S 3 A, R AL IR AE 2019 4F I
ik F 0.31°C, Ho 2018 4F UL I 2 (Y e IS A7 IR
1.74°C o[RS, AS [R)4F 3 ¥ % 1 6 B (Bt I 8 22
S, HARTE 6208 il 5 1, 10 4F i) 19 ¥4 A% 3 B 19 25 4k X
iK% 0.2, Z5 L, 1€ 10 AEHIE P, Wi 4G 110°E 9 ZE 1Y
PEVK X N WW 2 B J5 B i £h 5 vk a0 B A B 2 A
el R S N e T3E 73 @ ER (R BRSO
AL

Pz 5 WW R M i S AR A Ak E AT 09 g0 (1 4)
e, BT 10 MK R AE WW B i 45 22 2 17,
FE R RIS b AR A4S 4 1 ] U5 o R AE R AR AR AL # . I



84 FERITAF: 2011-2020 4 5] B A EP B T Bl X 4 ZRoK IR AR bR AL A6 AiF S H: AN 15

65° 64° 63° 62°61°8S

65° 64° 63° 62°61° S

65° 64° 63° 62°61°S  65° 64° 63° 62° 61°60° S

-2.0 -1.5 -1.0 —-0.5

0.5 1.0 1.5 2.0

AL/ C
B2 20112020 4F 1 3 110°E 3545 A9 A0 (0). b 13 Wi if &)
Fig.2 Cross sections of potential temperature (6) and salinity obtained along 110°E in Januaries 2011-2020
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Contours indicate salinity; black dashed lines show the 8 =—0.5°C isotherms, being the upper and lower boundaries of the WW layer; white dot represents the

depth where the cold core temperature is observed at each station
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Fig. 3 Distributions of potential temperature and salinity for WW cold core at all stations during 2011-2020
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Different colors distinguish the years of observation; black triangles represent the mean values at the same integer latitude stations; error bars represent one

standard deviation

e 279 ik, A R HERR T 65°S whi i b i K SCEK
i, 7E 2011-2020 4E 0] WW 4% A7 LL 0.098°C/(10 a)
B R R T, X R EE DL 0.017 (10 a) ! Y 8RR,
PR %5 B L 0.012 kg/(m?+ (10 a)) [ 38 FR 14 I, 45 i 480 vk
JE B3 % 4.8 pmol/(kg- (10 a)), WW JE J il /)N i %
4 13.9m/(10 a), [AlHT WW BAZFTAETREE L) 17.3 m/(10 a)
R AR . AEXT T B3 I A PR AR A, SR Y R A

e LU, BLER T WW WA BT e IR BE A, Al
TR R RE T B E AR 35027 SRR
[27], TR 4 TR A ER B R S S AR R AR R
ZI, R BRI A,

nyXa;
§=

STD (a;x; —y:) ’
X, ny =10 J2 82 W AEE o 2P 1T A 2 1 @)

(2)



16 R 455
0.8 0.10 T T T T T T T T
&j a b
& 04EF 0.05
o n
& L E! I = L | I
m 00F s ¥ ? i 0.00F ] 1
3, TR S Ty | 1
9 -04F —0.05 T+
ﬁ &Li'ﬁb&}:ﬂﬁfﬁ 0098 C/(l()d) ibggwg 0017(103)‘
-0.8 . -0.10 .
2010 2011 2012 2013 2014 20152016 2017 2018 2019 20202021 20102011 20122013 20142015 201620172018 201920202021
L _ L
& 0.10 2L 24 o :
g ¢ ) x ]
Hqu_ 0.00 H T /.\ e T \E/ 4 @ 0_ I/E\T T lL Sl _
- I (el MR T
K —0.05 ~ -12F E
k) EPI&& Eﬂz?’rﬁ 0012 kg/(m3 (10a)) & E ﬁmﬁ%z;g;{mg 4.8 pmol/(ke- (IOa))
+ —0.10
2010201120122013 20142015 2016 20172018 201920202021 % 201020112012201320142015201620172018201920202021
4y G
50 40 T
e f
E 25 E 20F
N S o
#H o0 H 0
::d -]
Zx —25F K 20
J‘J&Iﬂ:ﬁ%ﬁ *139m/(10a) | BRAALR =-17.3 m/(10a)

=50 L
2010201120122013 2014 2015 2016 2017 2018 2019 2020 2021

Ay
4 2011-2020 4E ] WW .00

IR BEHEF (), $RBEREF (b), HP PR BEREF (c), i

20102011 20122013 20142015 201620172018 201920202021
S0

VSR B BE - (d) JREEBE - (e) RS

A% BT TE R BE RS- (F) R B[] )7 31
Fig. 4 Time series of anomalies of core temperature (a), salinity (b), neutral density (c), dissolved oxygen concentration (d) at cold core of
WW, thickness anomalies of WW (e), and depth anomalies of the cold core of WW (f) during 2011-2020
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Error bars denote one standard deviation of the results between different grids for the same year, as the spatial variability components

RN 4 2 F B4 T AR ) x HAEG; y I —
ARG FESRSFXME; TR i A 1.2, 3.4, 5. 6, 1R
Wi 6 22, STD MhnifE 2., S X ERT 1 £
KIS N £ 5, RZAEPRE N EF . G5RER,
WW A A% R M AR R X 44
BRI FEUAEPR A 5, 1 WW S BRI
BREITERE KRB as oy 5. £TU
b E R S A I R, AR SO TE WW kR
PEMAE PR AL £ B A5 A K B R B R AKX
10 47 1 1] 9 e 43028 A0 AR AOE

MIE 4 Ha] UE 1, WW IR R 22 R A 2 i) 2
AR . WW H P B I S B AR fb AR AE AR
SR —3 (& 4b, & 4c), BiE T LR T %
3 B R R U IR A WW B IR B R T A
2014 4 TR BN G — AW/ IMEL, X RIAZ O3 B | TR AR
JE RSP AR AR, DA K i S0V B BRI . 35X
it WW A0 i B B S8 Ak 5 4% 00 0 B RS R RTUR
PRSP AR AR S, 55 0 fife SV B RSP AR A0 R[] 1 4
o B 7E A A 3 1% L 2 SR, H e A A Y
2018-2020 4, UBLAb, #%.00 1 BETE 2016 4F 35 B i K IE

BESF5 F 2, B0 BR B R BE AE 2015 4F | 2016 4F H 81
A
3.2 SMEBRIB TAKAFAE

FIEH WW il E— & FIRAZEAE MR, W
I A Y i R/ HE—4F, 23 HF 2010-2019 4F 1 [7] 19 AAO
FeR . W . R K L VR R Bl e R K AR B,
PRI IX LL ARSI 1) B AL RFE . AAO SRAE B P 3Kk 5
25 B L X R REAS, IEAHAL T AAO 23 5 3070 X
MR R L A1, B AAO RS AR AL T LLAE F R M
IS5, DT B 722 i K G5 AT I VDN R ER 4l A e
[, 57 FF8 ACC g B I 1) B AR 5 HECHT X6 o7 v 7K 1)
I, AR ACC 1Ty B 78 JRUHE 1R 004 M AR
AT 2Z ) 4 2 1) e 3K Bl o AR A 30T e L, AT
4 ) RS IR AR A EE (e ok L) VE A H o &, DL
I R RO 9 B R ACC BB JLIR 4R IE . [/ 5
7R T 2010-2019 4F 10 4F [i1] AAO 8 %k . F 5% 16 35k
100°~ 120°E Z [B] S35 L, S W35 2 (B i AH 56 R &
TE3X 10 4R399 6], TEAHAL AAO 5 S Hf7: 7 2010 4F
H12015-2018 =14 5 - P9 2 I IEAHAL; 20112014
AF[H] AAO #8 $U7E IE T M ¥R 3%, B 238 0 {9 4EF



84 FERITAF: 2011-2020 4 5] B A EP B T Bl X 4 ZRoK IR AR bR AL A6 AiF S H: AN 17

"R=20.61

AAOFEHL

o

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
10

K5 AAO $8%k(a). L(b) MY EFH] R # MK R (¢)
Fig. 5 Time series of AAO index (a), Z,(b), and their correlation (c)
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In figure a and figure b, gray circles and dashed lines show the monthly results; black lines are results after 3-month moving average; the dotted lines with black

dots are annual averages, respectively
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Interannual variability of winter water in the Indian Ocean Sector of the
Southern Ocean and its causes during 2011-2020

3

Cheng Linggiao"*?, Meng Junjie', LiDeng', Kitade Yujiro*, Zhang Chunling"?, Zuo Juncheng"*

(1. College of Marine Sciences, Shanghai Ocean University, Shanghai 201306, China; 2. Key Laboratory of Marine Ecological Monitoring
and Restoration Technologies, Ministry of Natural Resources, Shanghai 201306, China; 3. Center for Polar Research, Shanghai Ocean Uni-
versity, Shanghai 201306, China; 4. Department of Ocean Sciences, Tokyo University of Marine Science and Technology, Tokyo 108-8477,
Japan)

Abstract: Multiple studies have confirmed the long-term property modification of water columns from the bottom
to the sea surface at the Southern Ocean and pointed out that it is closely related to the changes of large-scale extern-
al forcing. However, the higher frequency interannual variability of the water masses and its causes are still poorly
understood, including the winter water (WW), which is the most vulnerable to external forcing near the sea surface.
Based on repeated hydrographic observations along 110°E in Januaries 2011 to 2020 and meteorological reanalysis
datasets, this study estimated interannual variability of the WW layer in the seasonal ice zone (SIZ) and its possible
causes over ten years. Results show that WW properties have significant temporal and spatial variability in this re-
gion. A significant positive correlation between the WW core temperature anomaly and the previous-year Antarctic

Oscillation (AAO) index anomaly (R = 0.69) and a negative correlation between the AAO index and the turning lat-
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itude of the local zonal wind component (R = —0.61), indicate that a larger (smaller) AAO index corresponds to a
southward (northward) shift of the divergence zone, and the increase (decrease) of the WW core temperature in the
SIZ. A negative correspondence between the local net precipitation anomaly and the WW core salinity anomaly in-
dicates the negative net precipitation anomaly (less freshwater transport to the ocean) after 2016 contributes to an
increase in the WW core salinity anomaly. Meanwhile, the local eddy kinetic energy anomaly is negatively correl-
ated with the WW thickness anomaly (R = —0.70), which supports the idea that the enhancement (decrease) in the
intensity of persistent cyclonic eddies in this region may strengthen (weaken) the upward pumping to shoal the
depth of the circumpolar deep water, and further affect the WW thickness. This study contributes to an in-depth un-
derstanding of the specific response of water columns in the Southern Ocean to the high-frequency variability of ex-

ternal forcing.

Key words: the Indian Ocean Sector of the Southern Ocean; winter water; interannual variability; external forcing
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