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1 Observed change (northern hemisphere)
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Figure S1: Cumulated total change of vortex-averaged ozone mixing ratio for
the northern hemispheric winters 1979/1980-2020/2021 at 70 hPa (layer 1) sim-
ulated by ATLAS-SWIFT as a function of the day of year (cf. Figure 1la of the
main manuscript).
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Figure S2: Cumulated total change of vortex-averaged ozone mixing ratio for
the northern hemispheric winters 1979/1980-2020,/2021 at 54 hPa (layer 2) sim-
ulated by ATLAS-SWIFT as a function of the day of year (cf. Figure la of the
main manuscript).
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Figure S3: Cumulated total change of vortex-averaged ozone mixing ratio for
the northern hemispheric winters 1979/1980-2020,/2021 at 42 hPa (layer 3) sim-
ulated by ATLAS-SWIFT as a function of the day of year (cf. Figure la of the
main manuscript).
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Figure S4: Cumulated total change of vortex-averaged ozone mixing ratio for
the northern hemispheric winters 1979/1980-2020,/2021 at 32 hPa (layer 4) sim-
ulated by ATLAS-SWIFT as a function of the day of year (cf. Figure la of the
main manuscript).
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Figure S5: Cumulated total change of vortex-averaged ozone mixing ratio for
the northern hemispheric winters 1979/1980-2020,/2021 at 24 hPa (layer 5) sim-
ulated by ATLAS-SWIFT as a function of the day of year (cf. Figure la of the
main manuscript).
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Figure S6: Cumulated change by chemistry of vortex-averaged ozone mixing ra-
tio for the northern hemispheric winters 1979/1980-2020/2021 at 70 hPa (layer
1) simulated by ATLAS-SWIFT as a function of the day of year (cf. Figure 1c

of the main manuscript).
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Figure S7: Cumulated change by chemistry of vortex-averaged ozone mixing ra-
tio for the northern hemispheric winters 1979/1980-2020/2021 at 54 hPa (layer
2) simulated by ATLAS-SWIFT as a function of the day of year (cf. Figure 1c
of the main manuscript).
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Figure S8: Cumulated change by chemistry of vortex-averaged ozone mixing ra-
tio for the northern hemispheric winters 1979/1980-2020/2021 at 42 hPa (layer
3) simulated by ATLAS-SWIFT as a function of the day of year (cf. Figure 1c
of the main manuscript).
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Figure S9: Cumulated change by chemistry of vortex-averaged ozone mixing ra-
tio for the northern hemispheric winters 1979/1980-2020/2021 at 32 hPa (layer
4) simulated by ATLAS-SWIFT as a function of the day of year (cf. Figure 1c
of the main manuscript).
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Figure S10: Cumulated change by chemistry of vortex-averaged ozone mixing ra-
tio for the northern hemispheric winters 1979/1980-2020/2021 at 24 hPa (layer
5) simulated by ATLAS-SWIFT as a function of the day of year (cf. Figure 1c
of the main manuscript).
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Figure S11: Cumulated change by transport of vortex-averaged ozone mixing ra-
tio for the northern hemispheric winters 1979/1980-2020/2021 at 70 hPa (layer
1) simulated by ATLAS-SWIFT as a function of the day of year (cf. Figure le

of the main manuscript).

20
Day of year

20
Day of year



, Change by transport 54.0 hPa NH 1980

, Change by transport 54.0 hPa NH 1981

, Change by transport 54.0 hPa NH 1982

, Change by transport 54.0 hPa NH 1983

, Change by transport 54.0 hPa NH 1984

, Change by transport 54.0 hPa NH 1985

1s s I 15 15 15
T E T £ £ E
& 1 & 1 & 1 & 1 & 1 &1
g Y Fy F F 3
g os g 05 2 os 2 os 2 os £ os
8 o ER) g o 3 o 3 0 g o ~
Eos Bos Bos Bos 2os Bos
2 2 2 2 2 2
3 g - 3 3 3 3
45 45 45 45 45 1s
% 0w & ® w0 o 4 @ e N ) 0 o 2w w w0 2% @ w w0 2w w0 w
year Day of year Day of year Day of year Day of year
2 Change by transport 54.0 hPa NH 1986 2 Change by transport 54.0 hPa NH 1987 2 ‘Change by transport 54.0 hPa NH 1988 2 Change by transport 54.0 hPa NH 1989 2 Change by transport 54.0 hPa NH 1990 2 Change by transport 54.0 hPa NH 1991
1s 1s 15 15 15 15
T T £ £ £ T
& &1 & 1 & 1 R g
3 3 F g 8 8
805 8 os ___/*"IM %0s %0s Bos 205
3 3 8 S N N
3 o g o g o g o 3 o 3 o
Eos Eos Bos Bos Bos Bos
H H g g g H
3 - 3 g - 3 3 3
45 45 15 15 15 1s
o o w o ® % 0 x w0 w0 ® 0w w @ w0 2 @ o = w0 w0 @ & EREE w  w
Day of year Day of year Day of year Day of year
2 Change by transport 54.0 hPa NH 1992 2 Change by transport 54.0 hPa NH 1993 2 Change by transport 54.0 hPa NH 1994 2 Change by transport 54.0 hPa NH 1995 2 Change by transport 54.0 hPa NH 1996 2 Change by transport 54.0 hPa NH 1997
15 s 1s 15 1s 1s
T T T T £ T
g g 1 g1 g & 1 &1
s Y F s g g
£os £os £os £os £os £os
8 0 g 0 g o g o g o 8 0
$ S S
Eos Zos Eos Eos Eos £
H : : E H H
o o 1 o A (s} A o A o 1
15 45 45 45 45 45
w0 @ % & & 2 0w w0 @ e 2 0 @ @ @ e % o 2w w % » 0 % w0 w & 2 0 = w0 @ &
, Change by transport 54.0 hPa NH 1998 , Ghange by transport 54.0 hPa NH 1999 , Ghange by transport 54.0 hPa NH 2000 , Ghange by transport 54.0 hPa NH 2001 , Ghange by transport 54.0 hPa NH 2002 , Change by transport 54.0 hPa NH 2003
1 15 1 15 15 1s
E E T T £ E
g 1 g 1 g 1 g 1 g 1 g 1
8 Y Y 3 s B
B ,-'W g0 g L _/J 2 /AMA/‘/ L
g ¢ g o g o 8 ¢ 8 ¢ g 0
3 3 3 il 3 2
£0s £os Los £o0s £os 2os
g g g g B g
g 3 3 - 3 - 3 - g
1s 45 45 45 a5 15
N R % 0w s @ e 2 0w w0 @ w o o w 2 0 w0 @ & % 0w w0 @ %
Day of year Day of year Day of year Day of year Day of year Day of year
, Change by transport 54.0 hPa NH 2004 , Change by transport 54.0 hPa NH 2005 , Change by transport 54.0 hPa NH 2006 , Ghange by transport 54.0 hPa NH 2007 , Change by transport 54.0 hPa NH 2008 , Ghange by transport 54.0 hPa NH 2009
is I I s s s
E E E E E T
g 1 & g1 g & 1 & 1
i Fy F Ky F s
£os PO 2 os g o0s /J‘/ gos 2 os %05 M/w
g o g o g o g o g o g o
B B B B B B
Bos Bos 2 %o Bos o
H H 2 H H H
H g £ . £ £ £
(5] ! o ! o 1 o o 1 o
15 15 15 45 15 45
2w o w @ s w R R 0w a0 @ w R R I ] % o = w0 @ &
Day of year Day of year Day of year Day of year
2 Change by transport 54.0 hPa NH 2010 2 Change by transport 54.0 hPa NH 2011 2 Change by transport 54.0 hPa NH 2012 2 Change by transport 54.0 hPa NH 2013 2 Change by transport 54.0 hPa NH 2014 2 Change by transport 54.0 hPa NH 2015
s s s 1s s s
T T T £ £ £
g1 g1 g1 g1 g1 g 1
8 s s Y F F
£os £os fos £os \/\//\,, HE HE
S 8 8 3 3 3
g o g o g o g o 3 o 3 o
Eos Bos Bos Eos Bos Zos
3 3 3 3 3 3
15 45 45 45 45 45
2 0w w0 @ w 2 0w w0 @ 0 o w0 o = 2 0 % w0 w0 0w @ @ w 0w % w0
of year Day of year of year of year y of year of year
2 Change by transport 54.0 hPa NH 2016 2 Change by transport 54.0 hPa NH 2017 2 Change by transport 54.0 hPa NH 2018 2 Change by transport 54.0 hPa NH 2019 2 Change by transport 54.0 hPa NH 2020 2 Change by transport 54.0 hPa NH 2021
s 15 1s 1 1 1s
T T T T £ T
& 1 & 1 & 1 &1 &1 &
gos gos ’JJ\/\/\—J’ gos Eusv/f gos gos
8 ° 3 ° g ° g ¢ g ¢ g ¢
g g 2 B B B
Bos Bos Bos Bos Bos Bos
H 2 H H 2 H
E £ £ £ £ E
3 3 3 3 3 3
15 45 45 45 48 15
F— 0 o w % 2 o T o o w % E w & F— 0w

20
Day of year

20
Day of year

20
Day of year

20
Day of year

20
Day of year

Figure S12: Cumulated change by transport of vortex-averaged ozone mixing ra-
tio for the northern hemispheric winters 1979/1980-2020/2021 at 54 hPa (layer
2) simulated by ATLAS-SWIFT as a function of the day of year (cf. Figure le
of the main manuscript).
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Figure S13: Cumulated change by transport of vortex-averaged ozone mixing ra-
tio for the northern hemispheric winters 1979/1980-2020/2021 at 42 hPa (layer
3) simulated by ATLAS-SWIFT as a function of the day of year (cf. Figure le
of the main manuscript).
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Figure S14: Cumulated change by transport of vortex-averaged ozone mixing ra-
tio for the northern hemispheric winters 1979/1980-2020/2021 at 32 hPa (layer
4) simulated by ATLAS-SWIFT as a function of the day of year (cf. Figure le
of the main manuscript).
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Figure S15: Cumulated change by transport of vortex-averaged ozone mixing ra-
tio for the northern hemispheric winters 1979/1980-2020/2021 at 24 hPa (layer
5) simulated by ATLAS-SWIFT as a function of the day of year (cf. Figure le
of the main manuscript).
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Figure S16: Left (cf. Figure 2a of the main manuscript): Concatenated time
series of the change of vortex-averaged ozone mixing ratio by transport per day
for all years in ATLAS-SWIFT (blue) and corresponding fit from the multivari-
ate regression model (red). Right (cf. Figure 2c of the main manuscript): Same
data as a scatter plot.



5 Vortex mean temperatures (northern hemi-
sphere)
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Figure S17: Vortex mean temperatures at the SWIFT levels as a function of day
of year for all individual years from 1979/1980 to 2020/2021 based on ERA5
(grey lines), vortex mean temperature averaged over all years (red) and the
same curve shifted by —4.5K as an approximation of the lower envelope of the
grey lines (black) (cf. Figure 3a of the main manuscript).



6 Change of ozone versus change of temperature
(northern hemisphere)
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Figure S18: Scatter plot of the change of vortex-averaged ozone mixing ratio
by transport per day for all years in ATLAS-SWIFT and corresponding change
in vortex-averaged temperature per day, corrected for the change in radiative
equilibrium temperature (cf. Figure 4a of the main manuscript).



7 Validation of the transport term (northern
hemisphere)
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Figure S19: Cumulated vortex-averaged ozone change by transport at 70 hPa
(layer 1) for the northern hemispheric winters 1979/1980-2020/2021 (blue) and
a simulation of the cumulated change by transport by a stand-alone version
of the transport parameterization (red). The thin grey line shows a simulation
with only the constant term, and the thin black line shows a simulation with the
constant and temperature-dependent term, but without subtracting the change
of the radiative equilibrium temperature from the vortex-averaged temperature
change (cf. Figure 5a of the main manuscript).
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Figure S20: Cumulated vortex-averaged ozone change by transport at 54 hPa
(layer 2) for the northern hemispheric winters 1979/1980-2020/2021 (blue) and
a simulation of the cumulated change by transport by a stand-alone version
of the transport parameterization (red). The thin grey line shows a simulation
with only the constant term, and the thin black line shows a simulation with the
constant and temperature-dependent term, but without subtracting the change
of the radiative equilibrium temperature from the vortex-averaged temperature

change (cf. Figure 5a of the main manuscript).
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Figure S21: Cumulated vortex-averaged ozone change by transport at 42 hPa
(layer 3) for the northern hemispheric winters 1979/1980-2020/2021 (blue) and
a simulation of the cumulated change by transport by a stand-alone version
of the transport parameterization (red). The thin grey line shows a simulation
with only the constant term, and the thin black line shows a simulation with the
constant and temperature-dependent term, but without subtracting the change
of the radiative equilibrium temperature from the vortex-averaged temperature
change (cf. Figure 5a of the main manuscript).
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Figure S22: Cumulated vortex-averaged ozone change by transport at 32 hPa
(layer 4) for the northern hemispheric winters 1979/1980-2020/2021 (blue) and
a simulation of the cumulated change by transport by a stand-alone version
of the transport parameterization (red). The thin grey line shows a simulation
with only the constant term, and the thin black line shows a simulation with the
constant and temperature-dependent term, but without subtracting the change
of the radiative equilibrium temperature from the vortex-averaged temperature
change (cf. Figure 5a of the main manuscript).
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Figure S23: Cumulated vortex-averaged ozone change by transport at 24 hPa
(layer 5) for the northern hemispheric winters 1979/1980-2020/2021 (blue) and
a simulation of the cumulated change by transport by a stand-alone version
of the transport parameterization (red). The thin grey line shows a simulation
with only the constant term, and the thin black line shows a simulation with the
constant and temperature-dependent term, but without subtracting the change
of the radiative equilibrium temperature from the vortex-averaged temperature
change (cf. Figure 5a of the main manuscript).
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8 Validation of the complete SWIFT model (north-
ern hemisphere)
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Figure S24: Left (cf. Figure 6a of the main manuscript): Vortex-averaged
ozone simulated by the stand-alone Polar SWIFT model for the date of vor-
tex breakup in the northern hemisphere for different years. Ozone mixing ratios
simulated without the transport parameterization (blue), ozone mixing ratios
simulated with only the ”constant change” term of the transport parameteri-
zation (brown), ozone mixing ratios simulated with the full transport param-
eterization with the ”constant change” term and temperature-dependent term
(green), and corresponding measurements of ozone from the MLS instrument
(red). Middle (cf. Figure 7a of the main manuscript): Scatter plot of the same
data (”constant change” term and temperature-dependent term). Right: Scat-
ter plot of the same data (only ”constant change” term).
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9 Difference transport term at vortex breakup
of transport parameterization to ATLAS (north-
ern hemisphere)
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Figure S25: Left: Difference of cumulated vortex-averaged ozone change by
transport at vortex break up between the transport parameterization and
ATLAS-SWIFT for the northern hemispheric winters 1979/1980-2020/2021.
Right: The difference from the left column divided by the ozone that is simu-
lated (green) or observed by MLS (red) at this day.



10 Observed change (southern hemisphere)
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Figure S26: Cumulated total change of vortex-averaged ozone mixing ratio for
the southern hemispheric winters 1980-2021 at 70 hPa (layer 1) simulated by
ATLAS-SWIFT as a function of the day of year (cf. Figure 1b of the main
manuscript).
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Figure S27: Cumulated total change of vortex-averaged ozone mixing ratio for
the southern hemispheric winters 1980-2021 at 54 hPa (layer 2) simulated by
ATLAS-SWIFT as a function of the day of year (cf. Figure 1b of the main

manuscript).
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Figure S28: Cumulated total change of vortex-averaged ozone mixing ratio for
the southern hemispheric winters 1980-2021 at 42 hPa (layer 3) simulated by
ATLAS-SWIFT as a function of the day of year (cf. Figure 1b of the main
manuscript).
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Figure S29: Cumulated total change of vortex-averaged ozone mixing ratio for

the southern hemispheric winters 1980-2021 at 32 hPa (layer 4) simulated by
ATLAS-SWIFT as a function of the day of year (cf. Figure 1b of the main

manuscript).
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Figure S30: Cumulated total change of vortex-averaged ozone mixing ratio for
the southern hemispheric winters 1980-2021 at 24 hPa (layer 5) simulated by
ATLAS-SWIFT as a function of the day of year (cf. Figure 1b of the main

manuscript).

Day of year

200
Day of year



11 Chemical change (southern hemisphere)
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Figure S31: Cumulated change by chemistry of vortex-averaged ozone mixing
ratio for the southern hemispheric winters 1980-2021 at 70 hPa (layer 1) simu-
lated by ATLAS-SWIFT as a function of the day of year (cf. Figure 1d of the
main manuscript).
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Figure S32: Cumulated change by chemistry of vortex-averaged ozone mixing
ratio for the southern hemispheric winters 1980-2021 at 54 hPa (layer 2) simu-
lated by ATLAS-SWIFT as a function of the day of year (cf. Figure 1d of the

main manuscript).
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Figure S33: Cumulated change by chemistry of vortex-averaged ozone mixing
ratio for the southern hemispheric winters 1980-2021 at 42 hPa (layer 3) simu-
lated by ATLAS-SWIFT as a function of the day of year (cf. Figure 1d of the

main manuscript).
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Figure S34: Cumulated change by chemistry of vortex-averaged ozone mixing
ratio for the southern hemispheric winters 1980-2021 at 32 hPa (layer 4) simu-
lated by ATLAS-SWIFT as a function of the day of year (cf. Figure 1d of the

main manuscript).
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Figure S35: Cumulated change by chemistry of vortex-averaged ozone mixing
ratio for the southern hemispheric winters 1980-2021 at 24 hPa (layer 5) simu-
lated by ATLAS-SWIFT as a function of the day of year (cf. Figure 1d of the
main manuscript).
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12 Transport change (southern hemisphere)



, Change by transport 69.7 hPa SH 1980

, Change by transport 69.7 hPa SH 1981
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Figure S36: Cumulated change by transport of vortex-averaged ozone mixing
ratio for the southern hemispheric winters 19802021 at 70 hPa (layer 1) sim-
ulated by ATLAS-SWIFT as a function of the day of year (cf. Figure 1f of the

main manuscript).
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Figure S37: Cumulated change by transport of vortex-averaged ozone mixing
ratio for the southern hemispheric winters 1980-2021 at 54 hPa (layer 2) sim-
ulated by ATLAS-SWIFT as a function of the day of year (cf. Figure 1f of the

main manuscript).
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, Change by transport 41.6 hPa SH 1980 Change by transport 41.6 hPa SH 1981 , Change by transport 41.6 hPa SH 1962 , Change by transport 41.6 hPa SH 1983 Change by transport 41.6 hPa SH 1984 , Ghange by transport 41.6 hPa SH 1985
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Figure S38: Cumulated change by transport of vortex-averaged ozone mixing
ratio for the southern hemispheric winters 1980-2021 at 42 hPa (layer 3) sim-
ulated by ATLAS-SWIFT as a function of the day of year (cf. Figure 1f of the

main manuscript).
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Figure S39: Cumulated change by transport of vortex-averaged ozone mixing
ratio for the southern hemispheric winters 1980-2021 at 32 hPa (layer 4) sim-

ulated by ATLAS-SWIFT as a function of the day of year (cf. Figure 1f of the
main manuscript).
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Figure S40: Cumulated change by transport of vortex-averaged ozone mixing
ratio for the southern hemispheric winters 19802021 at 24 hPa (layer 5) sim-

ulated by ATLAS-SWIFT as a function of the day of year (cf. Figure 1f of the
main manuscript).



13 Fit (southern hemisphere)
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Figure S41: Left (cf. Figure 2b of the main manuscript): Concatenated time
series of the change of vortex-averaged ozone mixing ratio by transport per day
for all years in ATLAS-SWIFT (blue) and corresponding fit from the multivari-
ate regression model (red). Right (cf. Figure 2d of the main manuscript): Same
data as a scatter plot.



14 Vortex mean temperatures (southern hemi-
sphere)
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Figure S42: Vortex mean temperatures at the SWIFT levels as a function of
day of year for all individual years from 1980 to 2021 based on ERA5 (grey
lines), vortex mean temperature averaged over all years (red) and the same
curve shifted by —2.5 K as an approximation of the lower envelope of the grey
lines (black) (cf. Figure 3b of the main manuscript).



15 Change of ozone versus change of tempera-
ture (southern hemisphere)
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Figure S43: Scatter plot of the change of vortex-averaged ozone mixing ratio
by transport per day for all years in ATLAS-SWIFT and corresponding change
in vortex-averaged temperature per day, corrected for the change in radiative
equilibrium temperature (cf. Figure 4b of the main manuscript).



16 Validation of the transport term (southern
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Figure S44: Cumulated vortex-averaged ozone change by transport at 70 hPa
(layer 1) for the southern hemispheric winters 1980-2021 (blue) and a simulation
of the cumulated change by transport by a stand-alone version of the transport
parameterization (red). The thin grey line shows a simulation with only the
constant term, and the thin black line shows a simulation with the constant
and temperature-dependent term, but without subtracting the change of the
radiative equilibrium temperature from the vortex-averaged temperature change
(cf. Figure 5b of the main manuscript).
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Figure S45: Cumulated vortex-averaged ozone change by transport at 54 hPa
(layer 2) for the southern hemispheric winters 1980-2021 (blue) and a simulation
of the cumulated change by transport by a stand-alone version of the transport
parameterization (red). The thin grey line shows a simulation with only the
constant term, and the thin black line shows a simulation with the constant
and temperature-dependent term, but without subtracting the change of the
radiative equilibrium temperature from the vortex-averaged temperature change
(cf. Figure 5b of the main manuscript).
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Figure S46: Cumulated vortex-averaged ozone change by transport at 42 hPa
(layer 3) for the southern hemispheric winters 1980-2021 (blue) and a simulation
of the cumulated change by transport by a stand-alone version of the transport
parameterization (red). The thin grey line shows a simulation with only the
constant term, and the thin black line shows a simulation with the constant
and temperature-dependent term, but without subtracting the change of the
radiative equilibrium temperature from the vortex-averaged temperature change
(cf. Figure 5b of the main manuscript).
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Figure S47: Cumulated vortex-averaged ozone change by transport at 32 hPa
(layer 4) for the southern hemispheric winters 1980-2021 (blue) and a simulation
of the cumulated change by transport by a stand-alone version of the transport

parameterization (red).

The thin grey line shows a simulation with only the

constant term, and the thin black line shows a simulation with the constant
and temperature-dependent term, but without subtracting the change of the
radiative equilibrium temperature from the vortex-averaged temperature change
(cf. Figure 5b of the main manuscript).

200
Day of year

200
Day of year



Change by transport 24.1 hPa SH 1980

Change by transport 24.1 hPa SH 1981

Change by transport 24.1 hPa SH 1982

Change by transport 24.1 hPa SH 1983

Change by transport 24.1 hPa SH 1984

Change by transport 24.1 hPa SH 1985

2 2 2 2 2 2
15 5 5 5 15 15
£ E E T T T
&1 & & 1 & 1 51 g1
2 o o o o F
2o0s 2os 205 205 205 205
8 ° 8 ° 8 ° g 0 8 ¢ 8 °
3 3 3 3 3 3
o5 £0s5 £ 05 £ 05 £ 05 £ 05
H —ATAS g f—ATU = —ATLAS = —ATL = AL = [—ATLR
£ ‘Stand-alone model (ony const erm) g Stand-alone model (o const erm) g Stand-alone model (only const term) g Stand-alone model (only const term) H Standalone model (only const term) 2 Stand-alone model only const term)
3 1 | —— Stand-alone model (without TR) 3 1 ——Stand-alone model (without TR) 3 1 |—— Stand-alone model (without TR) 3 1 |—— Stand-alone mode! (without TR) 3 1 |—— Stand-alone model (without TR) 3 1 | —— Stand-alone model (without TR)
|—— Stand-alono mods! (l terms) |—Stand aion model (alterms) |— Stand alono mods! (i terms) |— Stand alono modol (al torms) |— Stand alono mods! (l terms) |— Stand aions modsi a torms)
45 415 15 15 15 5
150 200 250 300 150 250 300 150 250 300 150 200 250 300 150 250 300 150 200 250 300
year Day of year Day of year Day of year
, Ghange by transport 24.1 hPa SH 1986 , Ghange by transport 24.1 hPa SH 1987 , Ghange by transport 24.1 hPa SH 1988 , Change by transport 24.1 hPa SH 1969 , Change by transport 24.1 hPa SH 1990 , Change by transport 24.1 hPa SH 1991
15 5 5 5 15 5
E E E E E T
21 2 1 & 1 & 1 & 1 & 1
3 s s s s s
gos gos gos §os gos gos
8 ° 8 ° 8 ° 8 ° 8 0 8 0
B 2
S [— S — S — S — S —ATLAS 3 —ATLAS
E Stand-alone model (ony const erm) g Standtalone model (o const term) g Stand-alone model (only const erm) g Stan-alone model (only const erm) H Stand-alone modal (only const tarm) E Stand-alone modal (o const arm)
3 Stand-alone model (without TR) 3 Stand-alone modl (without TR) 3’ Stand-alone model (without TR) 3 tand-alone model (without TR) 3 ! |——Stand-alone model (without TR) 3! |——Stand-alone model (without TR)
|— Stand-alone model al terms) | (alltems) |— Stand-alone model (al terms) |— Stanc-alone model (a terms) |— Stand alone moda al terms) | —— Stand-alone model (all terms)
15 15 15 45 5 15
150 200 250 300 150 250 300 150 250 300 150 200 250 300 150 200 250 300 150 250 300
Day of year  of year Day of year Day of year Day of year f year
, Change by transport 24.1 hPa SH 1992 , Change by transport 24.1 hPa SH 1983 , Change by transport 24.1 hPa SH 1994 , Change by transport 24.1 hPa SH 1995 , Change by transport 24.1 hPa SH 1996 , Change by transport 24.1 hPa SH 1997
15 15 15 5 5 15
T T E E £ £
&t &1 &1 &1 &1 gt
205 2os 205 205 205 2os
o o @ ° o o
g o g o g o g o g o g o
3 3 B B B 3
£ 05 £05 £o0s £ 05 £ 05 £os
g [—ATiAS 3 [—ATLAS 2 [——ATLAS 2 [——ATLAS g [—ATLAS g [—ATLAS
E ‘Stanalone model (o const term) E ‘Standalone model (ory const term) E Stand-alone model (only cons term) E Stanc-alon model (only const erm) £ Stand-alono model (only const term) £ Stand-alono model only const term)
3 |—— Stand slone mocel (wihout TR) 3 |—— Stand lone mocdel (without TR) 3 | —— Stanc-alone mocel (without TR) 3 | —— Stanc-alone mocel (without TR) 3 Stancsalone model (wihout TR) 3 Stand-alone madel (ot TR)
|— Standalone model (l terms) |— Stand-alone model (al terms) |— Stand-alone modol (al terms) |— Stand-aione model (al terms) |— Stand-aione model (al terms) |— Stand-aion model (a terms)
15 15 45 45 45 15
150 250 300 150 250 300 150 250 300 150 200 250 300 150 200 250 300 150 200 250 300
 of year y of year year jear of year
, Ghange by transport 24.1 hPa SH 1998 , Ghange by transport 24.1 hPa SH 1999 , Ghange by transport 24.1 hPa SH 2000 , Change by transport 24.1 hPa SH 2001 , Change by transport 24.1 hPa SH 2002 , Change by transport 24.1 hPa SH 2003
15 5 5 15 5 5
T B E E E T
g 1 g 1 g 1 R g 1 & 1
B 3 8 8 8 8
§os gos §os gos gos gos
I g 0 g o g o g o g o
£0s 205 £o0s £os £o0s 205
= [—rtAs = [—nAs g —ATLAS 3 —ATLAS L] —ATAS 3 —ATLAS
H Stand alone modal (o const erm) g Stand-alone model (only const term) £ Stancalon model (only const term) E Stand-alone mode (ony const term) £ Stand-alon modal (only const term) £ Stand-alone model (ony const term)
g |— Stand-alone model (without TR) 3 |— Stan-alone model (without TR) 3 |—— Stanc-alone mode (without TR) 3 | —— Stand-alone model (wibout TR) 3 Stanc-alone model (without 3 | —— Stand-alone model (withaut TR)
|—Stand aiono modei (al terms) | (allioms) |— Stand alono mods! (l terms) |— Stand-alone mode al terms) |—— Stand-alono modsi (l terms)
5 15 15 15 45 15
150 250 300 150 250 300 150 250 300 150 200 250 300 150 200 250 300 150 200 250 300
y of year ay of year ear jear Day of year
, Ghange by transport 24.1 hPa SH 2004 , Change by transport 24.1 hPa SH 2005 , Change by transport 24.1 hPa SH 2006 , Ghange by transport 24.1 hPa SH 2007 , Change by transport 24.1 hPa SH 2008 , Change by transport 24.1 hPa SH 2009
15 15 15 15 15 5
£ £ T E E E
g1 &1 &1 & 1 & 1 & 1
8 g 8 s s s
2os £os £os 205 2 o0s 205
g 8 ° 8 ° 8 ° 8 0 8 °
H 3 3 B B 3
205 £os £aos 205 205 Eos
= [—riAs < —ATLAS 3 [—AiAs E —ATLAS = —ATLAS 3 —AiLAS
E Stanctalone model (ony const term) H Stand-lone mode (ony const term) E Stand-alone mode (o const term) g Stanc-alone model (only const term) H Stancalone model (only const term) £ Stand.alone model (only const arm)
3 Standlons modsl(wihout TR) 3 | —— Stand-lone mode (wikout TR) 3 |—— Stand-slone model (wikout TR) g and-lone model (wihoot TR) g land-slone model (wihaut TR) 3 |—— Stand.slone model (ithout TR)
|— Stand aiono modei al terms) |— Stand alono mods! (i terms) | — Stand-aiono mods! (al terms) |— Stand-alone model (a terms) )
15 45 15 45 45 15
150 250 300 150 200 250 300 150 200 250 300 150 200 250 300 150 250 300 150 200 250 300
, Ghange by transport 24.1 hPa SH 2010 , Change by transport 24.1 hPa SH 2011 , Change by transport 24.1 hPa SH 2012 , Change by transport 24.1 hPa SH 2013 , Change by transport 24.1 hPa SH 2014 , Change by transport 24.1 hPa SH 2015
5 15 5 5 5 5
T B T E E £
g 1 g 1 & 1 g 1 g 1 g 1
gos gos gos gos gos gos
8 ° 8 ° 8 ° 8 ° 8 ° 8 °
05 05 205 205 205 £0s
E [—ATiAs 2 [—ATLAS 3 ATLAS 2 [—ATLAS 3 [—ATLAS g [——ATLAS
H Standtalone modal (o const erm) g Stand-alono model (ony const erm) 2 Stand-alono model (only const term) 2 Stand-alono model (only const ) 2 Stand-alono model (only const term) £ Stand-alono model only const term)
g |— Stanc-lone model (without TR) 3 |— Stan-alone model (without TR) 3 |— Stanc-alone mode (without TR) 3 |—— Stanc-alone mode (without TR) 3 | —— Stand-slone mode (without TR) 3 | —— Standlone model (withoot TR)
|—Stand-alone model (all terms) | (alltoms) |—— Stand-alono mods! (al terms) |— Stand-alono modsl (al terms) |—— Stand-alono modsi (al terms) |— Stand-alone model (ll terms)
5 5 15 15 45 15
150 250 300 150 250 300 150 250 300 150 200 250 300 150 200 250 300 150 200 250 300
Day of year Day of year f year y of year y of year Day of year
, Change by transport 24.1 hPa SH 2016 , Change by transport 24.1 hPa SH 2017 , Ghange by transport 24.1 hPa SH 2018 , Change by transport 24.1 hPa SH 2019 , Change by transport 24.1 hPa SH 2020 , Change by transport 24.1 hPa SH 2021
5 5 5 5 15 15
£ £ § § g £
& 1 & 1 & 1 81 a1 g 1
B 8 8 8 B 8
gos gos §os gos gos §os
8 ° g ° 8 ° 8 0 8 ¢ 3 °
B 3 2 3 3 3
£ 05 £o0s £ 05 £ 05 £ 05 £ 05
< —ATAS < —ATAS E —riiAS 5 —ATLAS z —ATLAS = ——ATLAS
£ Stand-alane model only const term) H Stand-alone model (only const erm) g Stand-alone model (only const term) g2 Stand-alone model (only const term) E Stand-alone model (only const term) 2 Stand-alone model only const term)
3 1 Stand-alone model (without TR) 3 ! Stand-alone model (without TR) 3 1 |—— Stand-alone model (without TR) 3 1 |—— Stand-alone mode! (without TR) 3 1 | —— Stand-alone model (without TR) 3 1 |—— Stand-alone model (without TR)
|—— Stand-alono mods! (l terms) |— Stand-alono mods! (l terms) |— Stand alono mods! (i terms) |— Stand alono modo! (al terms) |— Stand-alono mods! (al terms) |— Stand aions modsi (atorms)
45 15 15 15 15 15
150 300 150 300 150 300 150 250 300 150 300

Day of year

Day of year

Day of year

200
Day of year

Figure S48: Cumulated vortex-averaged ozone change by transport at 24 hPa
(layer 5) for the southern hemispheric winters 1980-2021 (blue) and a simulation
of the cumulated change by transport by a stand-alone version of the transport
parameterization (red). The thin grey line shows a simulation with only the
constant term, and the thin black line shows a simulation with the constant
and temperature-dependent term, but without subtracting the change of the
radiative equilibrium temperature from the vortex-averaged temperature change
(cf. Figure 5b of the main manuscript).

200
Day of year




17 Validation of the complete SWIFT model (south-
ern hemisphere)



Ozone mixing ratio [ppm] Ozone mixing ratio [ppm] Ozone mixing ratio [ppm] Ozone mixing ratio [ppm]

Ozone mixing ratio [ppm]

3\éortex mean ozone at break up 69.7 hPa SH

69.7 hPa SH

with constant term 35
—— with constant and temperature term 2020
3 ——— without transport parameterization
—wLs 3
25
g 25
2 & 2015
g 2
°
5 815
£
1 2 2010
§ Y
0.5 o5t %
1=0.80 RMS=0.21 ppm
0 0 2005
1980 1990 2000 2010 2020 0.5 1 15 2 25 3 35
Year Ozone measured [ppm]
3\:/_)orhex mean ozone at break up 54.0 hPa SH
’ —— with constant term 35 54.0 hPa SH
with constant and temperature term 2020
3 —— without transport parameterization
—wLs 3
25
E 25
2 k=Y 2015
E 2
°
5 815 K
£
1 2 & 2010
S o
e}
0.5 0.5
r=0.48 RMS=0.40 ppm
0 0 2005
1980 1990 2000 2010 2020 05 1 15 2 25 3 35
Year Ozone measured [ppm]
3\éortex mean ozone at break up 41.6 hPa SH
’ with constant term 35 41.6 hPa SH
with constant and temperature term
3 without transport parameterization 2020
——MLS 3
25
E 25
2 = . 2015
i .
15 3 Jow
g 15 *
1 2 2010
o
S
0.5 05
r=0.78 RMS=0.42 ppm
0 0 2005
1980 1990 2000 2010 2020 05 1 15 2 25 3 35
Year Ozone measured [ppm]
S\éor!ex mean ozone at break up 31.8 hPa SH
with constant term 35 31.8 hPa SH
with constant and temperature term B 2020
3 without transport parameterization
——wLs 3
25
E 25 ©
2 5 KYd 2015
g 2 .
1. 2
° 815
£
1 2 2010
o
<
0.5 05
1=0.83 RMS=0.28 ppm
0 0 2005
1980 1990 2000 2010 2020 0.5 1 15 2 25 3 35
Year Ozone measured [ppm]
3\t()ortex mean ozone at break up 24.1 hPa SH
; = v\ V V\ 241 hPaSH
35
3 . 2020
3 e
25 . ¢
E 25
2 = 2015
3 2
1.5 3
815
£
1 2 2010
with constant term 8
05 with constant and temperature term o
g without transport parameterization 0.5
——MLS r=0.33 RMS=0.51 ppm
0 2005
1980 1990 2000 2010 2020 0.5 1 15 2 25 3 35
Year Ozone measured [ppm]

Year
Ozone modelled [ppm]

Year Year Year
Ozone modelled [ppm] Ozone modelled [ppm]
S

Ozone modelled [ppm]
@

Year
Ozone modelled [ppm]
S

n
@

N

o

o
o

o

d
o

©

N
o

r

o
o

o

n
23

N

o

4
@

o

w
o

w

n
o

o

o
o

o

N
o

o

o
o

69.7 hPa SH
2020
2015
2010
o
<
1=0.67 RMS=0.22 ppm
2005
0.5 1 15 2 25 3 35
Ozone measured [ppm]
54.0 hPa SH
2020
2015
.‘.;*' 2010
r=0.48 RMS=0.33 ppm
2005
0.5 1 1.5 2 25 3 35
Ozone measured [ppm]
41.6 hPa SH
2020
2015
.
Dy
2010
r=0.41 RMS=0.45 ppm
2005
0.5 1 1.5 2 25 3 35
Ozone measured [ppm]
31.8 hPa SH
2020
So
o
o 2015
o 0% 60
2010
1=0.40 RMS=0.37 ppm
2005
0.5 1 15 2 25 3 35
Ozone measured [ppm]
24.1 hPa SH
2020
oo
.
2015
2010
r=0.03 RMS=0.55 ppm
2005
0.5 1 15 2 25 3 35

Ozone measured [ppm]

Figure S49: Left (cf. Figure 6b of the main manuscript): Vortex-averaged
ozone simulated by the stand-alone Polar SWIFT model for the date of vor-
tex breakup in the southern hemisphere for different years. Ozone mixing ratios
simulated without the transport parameterization (blue), ozone mixing ratios
simulated with only the ”constant change” term of the transport parameteri-
zation (brown), ozone mixing ratios simulated with the full transport param-
eterization with the ”constant change” term and temperature-dependent term
(green), and corresponding measurements of ozone from the MLS instrument
(red). Middle (cf. Figure 7b of the main manuscript): Scatter plot of the same
data (”constant change” term and temperature-dependent term). Right: Scat-
ter plot of the same data (only ”constant change” term).
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18 Difference transport term at vortex breakup
of transport parameterization to ATLAS (north-
ern hemisphere)
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Figure S50: Left: Difference of cumulated vortex-averaged ozone change by
transport at vortex break up between the transport parameterization
ATLAS-SWIFT for the southern hemispheric winters 1980-2021. Right:
difference from the left column divided by the ozone that is simulated (green)

or observed by MLS (red) at this day.



19 Fit coefficients with error bars
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