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Fig. 1 The 1979—1999 (a) and 2000—2021 (b) squared covariance coefficient associated with the first MCA time series
between anomaly fields of the Z500 (20°~90° S) and the Antarctic SIC as a function of seasons and lags. The x-axis denotes
the months assigned to Z500, from May to July (MJJ) to December to February (DJF) of the following year. SIC leads

7500 at negative lags indicated (in months) on the y-axis. When the lag is negative, it represents the selection of previous

sea ice and lagging geopotential heights for calculation. When lag is 0, it represents the selection of sea ice and geopotential

heights for the same season. Shading indicates the 90% (heavy) and 95% (the most heavy) confidence levels
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Fig. 2 1979—1999 (left) homogeneous SIC and (right) heterogeneous Z500 covariance maps in the first MCA mode at lags

(f) lag=+1 SIC(OND)/Z500(SON)

from —4 to +1 months when Z500 is fixed on SON seasons (Contour interval is 7. 5 gpm for Z500; Negative contours are

dashed and the zero line is omitted. The shaded and dotted areas indicate significance at 95% confidence levels)

SAM RFE™ "« 15 26 B2 1) B Al K i 2 v 45 B 1Y)
v B JE 3 AR B AR AR A FE 4 ) X AR g 43 T
A7 T B 552 BRI L IX 2R SR AL 2 1979—1999
4F SON H12000—2021 4F JJA =75 Z500 () EOF ¥
SRS . 850 hPa 1 150 hPa {7 #v i FE 37 1 45 51 5
ZARRLCEIBE ) R IZ AR Bl SAM Y KA 0 f 76 %
2N EA EER LRSS . £ 2 B8 PLE B
T2 MCA-Z500 i} [8] )37 51 5 iZ B ] SON Z& 45 Z500
EOF 1 Z A2 (EOF 1) B 1] J32 71 ] (4 AR DG M 3K T
0.9, 3 HA 95% &5, 1fi P2 B Bt MCA-Z500 f B
B8] 7 31 5 JAS 22745 2500 (1) EOF B EL AR 2% it 8] J 471
] A S PR R T 0. 98 H.95% B4 3% . M Bt
43 51 F FH ASO F1JTA Z=745 (1 2500 5% 5 SIC F 4
THA I MCA 25538 5 Z Akl . MCA-Z500 F1Z500 )
EOF1 B[R] 77 41) [i] i) dud 35 40 6 IEIA 1979—1999 4
F12000—2021 =PI B B, 1 309 %) e A 78 K S 5 T
DETE 3 A E SR IR S s sy N B S A E

K 4 R T M Fr Bt MAM, JJA 1 SON Z=15 SIC
f) EOF1 53 [A] 525 . 1979—1999 4F EOF1 £ #{ ADP
Y SRR T M2 5 V) ) VA K S Ry A A 0 A
[A]IHZ B BE MIT  JJA JAS 11 SON Z=75 (13§ K EOF1
¥4k ADP(MJJ A JAS & ) ,EOF1 Bt a] /7 51 5 1]
2 R ZE T A MCA-SIC I ] 5 41 18] 74 4 56 2 51
43514 0. 67.0. 85.0. 92 F10. 89 () EL 45 95% E 15
), W P1 By B 1472211 ADP 5 SON Z& 45 i fif
AH SAM i 2 CHK . P2 [ Bt MAM 2275 (1) EOF1 H
R AR IR YR AR 25 T VYA K R U B 5 AR =l AR
T VK S H B, AMI ZE 5 1 EOF1 (&% ) 5
MAM Z=45 2R, 1T JTA Z=75 i EOF1 5 P1 B BEAY
ADP FBL, {H g A8 R 15 VK S5 9 B A 55, %
IR VRS IS RO . B BE MAM-MIT 215 /Y
EOF1 i} [8] 751 5 [&] 3 H X} 1 %747 (1Y) MCA-SIC i (7]
J 50 18] () A 5 2 800 0. 69, 0. 69 F10. 55 () B A
95% EAE ) , o St P2 By B i vk 5 19 EOF1 5
B3 (a)~(d) st fe 1R A0 I 19 g DK 57 S



1808 K JI

7 + 45 3%

(e) lag=0 SIC(JAS)/Z500(JAS)

(b) lag=-3 SIC(AMJYZ500(JAS)

=y

(f) lag=+1 SIC(ASO)/Z500(JAS)
B3 2000—20214F JAS 7= 15 500 hPa {3345 B 37 53 1 S5 BT ] 0~4 4> RIS 11> (R A SIC 58 MCA 1 225 114 ) Jo
A0 S St A ) W3 2 22 (i) 58 7 34 o B ) A (L 1T B 7. 5 g, 2k OBER) A IE (B0 8L, 4R AT W 5
BRI AT A5 DX 3 SRR 3 s JEE AN VK 370G T 15 22 MCA-SIC I 1] F 81 1] Uit 95% 5 32 DXl |
Fig. 3 2000—2021 (left) homogeneous SIC and (right) heterogeneous Z500 covariance maps in the first MCA mode at lags

from -4 to +1 months when Z500 is fixed on JAS seasons (Contour interval is 7. 5 gpm for Z500; Negative contours are

dashed and the zero line is omitted ; The shaded and dotted areas indicate significance at 95% confidence levels)
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Z [ IR AH DG £ L
Table 1 Correlation coefficients between the first MCA-SIC

time series in Fig. 2 and Fig. 3

R(P1/P2) lag=-3 lag=—2 lag=—1
lag=—4 0. 78%*/0. 88** 0. 67**/0. 68** 0. 59%*/0. 64**
lag=-3 / 0. 82%*/0. 84** 0. 71**/0. 71**
lag=—2 / / 0. 82**/0. 80**

TE: R 95% EARE .
Note: ** indicate that the coefficients are significant at 95%

confidence levels.
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F2  1979—1999 4 H12000—2021 4F , ¥ UK I Z500-4 FJ+1 4~ A 15519 1 5 MCA-Z500 ] 31, 5% 1% 2545 (9 2500 EOF1
P H] J3 1) ) (R A DG R (R 1) , PAB 12 MCA-SIC I R] J3 51 5[] 399 SIC EO1 i [i] F# 81 1] Fiy AH G R 4 (R2)
Table 2 Correlations between the first EOF time series of Z500 and the MCA-Z500 time series (R1), between the
first EOF time series of SIC and the MCA-SIC time series (R2) associated with the first MCA mode
when Z500 is fixed and SIC lags from -4 to +1 months
7500 SIC lags
LSS -4 -3 -2 -1 0 1
P1 SON R1 0. 95%* 0. 96%* 0. 92%* 0. 90%* 0. 92%%* 0. 94%*
R2 0. 67%* 0. 85%%* 0. 92%* 0. 89%* 0. 91%%* 0. 67%*
P1 ASO R1 0. 82%%* 0. 847%%* 0. 90%* 0. 90%* 0. 89%%* 0. 71%%*
R2 0. 61%* 0. 78%%* 0. 84%* 0. 87#%* 0. 91%%* 0. 95%*
P2 JAS R1 0. 98*%* 0. 99%%* 0. 99%* 0. 99%*%* 0. 98%*%* 0. 99%*
R2 0. 69%%* 0. 69%* 0. 55%* 0. 20%* 0. 96%* 0. 99%*
P2 JJA R1 0. 95%%* 0. 98%%* 0. 97%%* 0. 95%%* 0. 99%%* 0. 99%%*
R2 0. 75%%* 0. 57%%* 0. 60%* 0. 56%* 0. 87%%* 0. 97%%*
TE: = Fe R L 90% F195% AR .
Note: ** (*) indicate that the coefficients are significant at 95% (90%) confidence levels.
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Fig. 5 Composite response in seasons preceding (a)~(d) 1979—1999 SON and (e)~(h) 2000—2021 JAS 1~4 months surface

energy heat flux of the normalized MCA-SIC time series ( The dotted areas indicate significance at 95% confidence levels)
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Fig. 6 Regression coefficients of 1979—1999 SON (a)~(d) and 2000—2021 JAS seasons (e)~(h) 500 hPa EKE (interval:

3 m* s, red contours represent positive) onto the normalized MCA-SIC time series at lags from —4 to —1 months

(f) P2 lag=-3

(g) P2 lag=-2

(Shadings indicate that the coefficients are significant at 95% confidence levels)
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Fig. 7 Regression coefficients of 1979—1999 SON (a)~(d) and 2000—2021 JAS seasons (e)~(h) 500 hPa horizontal
component of E-vector onto the normalized MCA-SIC time series at lags from —4 to —1 months

(Shadings indicate that the coefficients are significant at 95% confidence levels)
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Fig. 8 Regression coefficients of 1979—1999 SON (a)~(d) and 2000—2021 JAS (e)~(h) 300 hPa geopotential height
tendencies (interval: 310~ m-s™') onto the normalized MCA-SIC time series at lags from —4 to —1 months

(Shadings indicate that the coefficients are significant at 95% confidence levels)
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Interdecadal changes in the impacts of Antarctic sea ice anomalies on the

Southern Hemisphere winter and spring atmospheric circulation
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Abstract: Sea ice is an important component of the polar climate system. Previous observations and simulation

studies have shown that the persistent anomalies of Antarctic sea ice can directly alter the thermal radiation bal-

ance in the Southern Hemisphere (SH) , thereby affecting the zonal temperature and pressure gradients, and

have the ability to affect the atmospheric circulation in the SH. The main mode of Antarctic sea ice variability is

called the Antarctic Dipole (ADP), which is characterized by the inverse changes of sea ice anomalies on both

sides of the Antarctic Peninsula. The occurrence of ADP is significantly correlated with atmospheric circulation
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anomalies in the SH and profoundly influenced by El Nifio-Southern Oscillation (ENSO) events. Previous stud-
ies have shown that El Nifio underwent a noteworthy interdecadal shift from an eastern Pacific to a central Pacific
type after 2000. The correlation coefficient between ENSO in the mature stage and the subsequent cold season
ADP has significantly weakened in the past two decades. With this transition, the anomalous patterns of Antarc-
tic sea ice and its impact on atmospheric circulation in the SH have also undergone interdecadal changes. Results
from the Empirical Orthogonal Function (EOF) decomposition suggest that post-2000, the principal mode of SH
autumn sea ice anomalies no longer represents ADP. The impacts of Antarctic sea ice anomalies on the SH win-
ter-spring atmospheric circulation during the two periods have also undergone interdecadal changes. The maxi-
mum covariance analysis (MCA ) can be used to study the connection between two fields. The results of MCA
between prior Antarctic sea ice anomalies and lagged SH winter-spring geopotential height anomalies are intrigu-
ing. Specifically, from 1979 to 1999, the persistent positive phase of ADP from austral winter to spring demon-
strated a significant correlation with the austral springtime negative phase of the Southern Hemisphere Annular
Mode (SAM). However, this correlation became weaker and shifted to a significant correlation between the aus-
tral autumn tri-polar sea ice anomalies and the subsequent winter SAM from 2000 to 2021. The correlation be-
tween the MCA and EOF time series of the two fields proves that the early Antarctic sea ice anomalies are related
to the main modes of sea ice variability, and can significantly affect the main variability of the later austral cold
seasons atmospheric circulation in the SH. The main modes of austral autumn and winter sea ice anomalies in the
two stages have undergone interdecadal changes, and the traditional ADP in the second stage no longer appears
as the dominant mode. This may be related to the weakening of the ENSO-ADP connection after 2000. In the
first stage, ENSO has a strong connection with ADP, establishing a tropical-to-polar connection. However, in
the second stage, ENSO’s impact on Antarctic sea ice has weakened and its location of influence has changed,
partially explaining the changes in sea ice anomaly modes. Although the main modes of sea ice anomalies that af-
fect the later atmospheric circulation underwent interdecadal changes around 2000, the overall response of the
SH atmospheric circulation during the first phase in austral spring and the second phase in austral winter to the
previous sea ice anomalies presents a structure similar to SAM. Dynamical diagnosis proves that ADP and the tri-
polar sea ice anomalies can trigger changes in high-frequency transient eddies, thus stimulating and maintaining
SAM-like atmospheric circulation patterns. In subsequent research, numerical simulation experiments can be
used to verify the impact and specific mechanism of two sea ice anomaly modes on SAM. In addition, the chang-
es in the relationship between Antarctic sea ice and SH atmospheric circulation are likely closely related to the in-
terdecadal changes of ENSO. The different roles of sea ice forcing factors such as ENSO in the process of Ant-
arctic sea ice anomalies affecting SH atmospheric circulation around 2000 still need further research and confir-
mation.

Key words: Antarctic sea ice; Antarctic Dipole; Southern Hemisphere Annular Mode; transient eddy; inter-

decadal change
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