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Supplementary Fig. 1 Interdecadal modulation of the relationship between ASO and ENSO from MERRA2. (a) 252-month (21-year) running lead-lagged correlation coefficients between the ASO and Niño-3.4 for the period 1980–2023 in MERRA2 (y-axis). Negative and positive values on the x-axis indicate leads of ASO and Niño3.4 at monthly timescales, respectively. Hatching indicates values above 0.25 at a 95% confidence level using a two-tailed Student’s t-test (degree of freedom: 60). (b) Lagged correlation between the ASO and Niño-3.4 indices for the period 2002–2023, where the x-axis indicates the number of months by which the ASO index leads the Niño-3.4 index; the y-axis indicates the period of November to the following October. The negative maximum is found at 7 (x-axis) during April (y-axis), indicating that the ASO in April negatively leads ENSO with a lag of 7 months. Hatching indicates the 95% confidence level using a two-tailed Student’s t-test (degree of freedom: 20). (c) Red and black lines indicate the March-April (MA) ASO index and the November-December (ND) Niño-3.4 index from 2002-2023. The correlation coefficient between them is 0.57, significant at 99% confidence level by student-t-test.
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Supplementary Fig. 2 the spatiotemporal influence of springtime ASO on atmospheric circulation at 200hPa in MERRA2. (a) Regressed air temperature (shading, °C, shading bar shown at bottom), ozone concentration (contour, interval: 40 ppb), and wind anomaly (vector) at 200hPa in March–April against the springtime (March-April) ASO index for the period 2002–2023 in MERRA2. Anomalous air temperature is marked with a 95% confidence level when the Student’s t-test is satisfied. For winds, the areas satisfying 95% and 85% confidence levels by the Student’s t-test are marked with black and grey color, respectively. (b), (c), and (d) show similar figures to (a), but in March-April, April-May, May-June, respectively. For the Student’s t-test, the degree of freedom is fixed at 20.
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Supplementary Fig. 3 ENSO evolution in association with the springtime ASO at 850hPa in MERRA2. (a) Regressed SSTA (shading, °C, shading bar shown at bottom), low-level wind anomaly (vector, at 850 hPa) in March–April against the springtime (March-April) ASO index for the period 2002–2023. Anomalous SST and winds are marked with a 95% confidence level when the Student’s t-test is satisfied (degree of freedom: 20). (b), (c), and (d) show similar figures to the (a), but in April-May, May-June, and November-December, respectively.
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Supplementary Fig. 4 Evolution of atmospheric circulation and ENSO in terms of the springtime ASO. (a) Regressed air temperature (shading, °C, shading bar shown at bottom), ozone concentration (contour, interval: 40 ppb), and wind anomaly (vector, at 850 hPa) at 200hPa in March–April against the springtime (March-April) ASO index for the period 2002–2023, wherein previous winter (ND[-1]) ENSO signals are removed from the MA-ASO index. Anomalous air temperature is marked with a 95% confidence level when the Student’s t-test is satisfied. For winds, the areas satisfying 95% and 85% confidence levels by the Student’s t-test are marked with black and grey color, respectively. (b), (c), and (d) show similar figures to (a), but in March-April, April-May, May-June, respectively. (e) Regressed SSTA, air temperature anomaly (shading, °C, shading bar shown at bottom), low-level wind anomaly (vector, at 850 hPa) in March–April against the springtime (March-April) ASO index for the period 2002–2023. Anomalous SST and winds are marked with a 95% confidence level when the Student’s t-test is satisfied. (f), (g), and (h) show similar figures to the (a), but in April-May, May-June, and November-December, respectively.
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Supplementary Fig. 5 Stationary wave model experiments with springtime ASO. (a) Horizontal and vertical (inside panel) structure of steady vorticity forcing. (b) Steady response of atmospheric circulation (i.e., stream function) to the vorticity forcing described in (a) under the March–April mean state of atmosphere variables. (c) Geopotential height anomalies at 200hPa in March–April (shading, m) regressed on the ASO index and the relevant wave activity flux (vector). 
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Supplementary Fig. 6 Comparison between SPV variability between 1980-2001 and 2002-2023 in MERRA2. (a) Geopotential height (shading, m2/s2) and wind (vectors, m/s) anomalies at 100hPa in February-March regressed onto zonal wind at 100hPa in February during 1980-2001. (b) Similar to (a), but in March-April. (c) and (d) are similar to (a) and (b), but during 2002-2023. [image: 텍스트이(가) 표시된 사진

자동 생성된 설명]
Supplementary Fig. 7 Comparison stratospheric ozone and temperature variability between 1980-2001 and 2002-2023. (a) Standard deviation of ozone(units; ppb) in March–April at 100-200hPa during 1980-2001 from ERA5. Contour intervals are 30 and shading bar shown at bottom. (b) is similar to (a), but during 2002-2023. (c) and (d) is similar to (a) and (b), respectively, but for temperature (units; °C). Contour intervals are 0.5 and shading bar shown at bottom.

29

image4.png
son @M (T-1) gon (& MA (T=0)

prevTTTTTTYS i
75N Lo * o 75N o
60N 60N -
45N 45N
30N \ 30N
15N > v \7 15N
0 EhE > 0

30E 6(;5 Q‘I)E 120E 150E 1an \SII)W I2(‘)W 9{)IW 30E 60E 90E 120E 150E 180 150W  120W 0w

(b)MA (T=0)

T T T —
30E 60E 90E 120E 150E 180 150W  120W L0
(©)AM (T+1)

30E 60E 90E  120E  150E 180  150W  120W  9OW 30E 60E  90E  120E  150E 180  150W  120W  9OW
MJ (T+2)

. :
B0E  60E  90E  120E  150E 180  150W 120W  9OW 30E  60E  90E  120E  150E 180  150W 120W  90W

E—— C Cee— - D
S5 12 09 06 03 0 03 06 08 12 15 i 06 05 04 03 02 01 0 01 02 03 04 05 06  —>
Temperature (°C) 3ms’' SST (°C) Imet





image5.png
SWM experiment (2002-2023, March-April)
(a) Vorticity Forcing

90N |
75N &
q .
SN (c) GPH-200hPa & Wave Activity Flux
45N
30N 90N
15N f 75N
o i 60N
T T T T — T 45N
30E 60E 90E 120E 150E 180 150W  120W 90w
30N
(b) Stream Function (sigma: 0.17) 15N

90N

T T T T T T T T

75N ' ‘
N 30E 60E 90E 120E 150E 180 150W  120W 90w
60!
E——
45N 50 40 30 20 0 0 10 20 30 40 50 -
Geopotential Height (m) ams’

20E B0E 2 90E  120E 150E 180  150W 120W  90W




image6.png
—

-100 -80 -60 -40 20 0 20 40 60 80 100 -100 -80 -60 -40 20 0 20 40 60 80 100 -

Geopotential Height 2ms’ Geopotential Height 2ms’




image7.png
(a) Os: 100-200hPa Std. [ 1980-2001 ] (c) T:100-200hPa Std. [ 1980-2001 ]

(b) Og: 100-200hPa Std. [2002-2023 ] (d) T: 100-200hPa Std [2002-2023 ]

[ D ——
0 30 60 90 120 150 180 210 240 270 300 0 05 1 15 2 25 3
Ozone (ppb) Temperature (°C)

35 4 45




image1.png
(a)

2011
2009
2007
2005
2003
2001
1999
1997
1995
1993

1991

Lead-Lagged Corr. (Arctic Ozone vs. Nino34)

24 -20-16-12 -8 -4 0 4 8 12 16 20 24

|

0.05

-0.25

-0.35

(b)

Lead-Lagged Corr. (Arclc Ozone vs. Nino34)  [2002-2023]
.
055
sep
045
AuG
035
o -
N 015
MAY 005
PR 005
. 015
= 0z
035
N
05
oeC
055
Nov
as
Observed ASOMAD]
25 3 AsomAw)
ENSONDI]
15 4
05
05 |
15
25 3 ComCost.-052
1 concoet. =054

RSN ICHIACMICIIRIOIRINN A





image2.png
90N 90N

75N 75N

60N 60N
45N 45N
30N 30N

15N 15N

30E 60E 90E 120E 150E 180 150W  120W 90W 30E 60E 90E 120E 150E 180 150W  120W 90W

90N

90N
75N 75N
60N 60N
45N 45N
30N 30N

15N 15N

30E 60E 90E 120E 150E 180 150W  120W 90W 30E 60E 90E 120E 150E 180 150W  120W 90W

I D I - D
15 12 09 -06 03 0 03 06 09 12 15 - 15 12 09 -06 -03 0 03 06 09 12 15
Temperature (°C) 3ms’ Temperature (°C) 3ms’




image3.png
90N
75N
60N
45N
30N
15N

90N
75N
60N

45N

30N
15N

(c) MJ

90N
75N
60N
45N
30N
15N

30E 60E 90E 120E 150E 180 150W  120W 90W

90N
75N
60N
45N
30N
15N

I D
-06 -05 -04 -03 -0.2 -0.1 0° 0.1 02 03 04 05 06

30E 60E 90E 120E 150E 180 150W  120W 90W

E— | C—
-06 -05 -04 -03 -02 -01 0 0.1 02 03 04 05 06
SST (°C) 1ms’




