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 1 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 1 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 1 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 1 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 1 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 1
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 1
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 1
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 1
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 1
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 (blue), linear
fit to the cumulated change (red) and linear slope based on the averaged slope
of the fits of all years (black) (cf. Figure 1 and 2 of the main manuscript).



Ghango by transpor 540 1930

G5 change by vaneport

—Commeros

Ghange by transpon 56,0 hPa 1961

wwor

Ghange by ranspon 540 hPa 1962

T3

by

| Lt Sope rage ovr o e

Ghango by vanspon 5401 1963
ey

=

hange by ranspor 5401 1984

RIed O3 Grange by Tarapot
a 10 i year

rango by rasspot 540 1Pa 1985

By vanepon

—Camumeaci
e o e o

i i B
8 8 8
3 3 3 9
H H H
3 05| 3 05| ERE

G0 gy
Cineari

wpor

hange by tanspon 540 P 1838

— G 07

Ghange by transpon 54.0 Pa 1857

7

near 1 s

¥
| — e sope averaged over a yeas

s aied O change by Tanspor
Lineas 10 s year

Chango b ransoon 5401Pa 1900

Change by vanspon 5401 1909

Cumatod 03 change lpp)

5

hange by ranspor 54013 1990

2
[~ Cumilied O3 crarge by Tarapot

et o e year
| — Lcirsope averaged over i years

Crang by ranspot 540 1Pa 1991

v wamnnn

Gumiated 03 change lp

near it o i yeer

E) [
Day o your

Change by tanspor 540 1Pa 1852

Ghange by anspon 54.01Pa 1953

E o
Day of yoar

) o
Day ol yoar

s aied O chargs by manepor.
Lineas 1o s year

Ghange by ansoon 5401 1994

3 g D a5 EJ E)
ay ol year

Change by vanspo 5401a 1995

raritiome yer

Change by ransport 54013 1996

‘ nearfitto hs
| Lnearsope weraged over al yrs

= g E) 3 E) E)
Dy ot year

Change by tanspot 540 1Pa 1857

e O Sy
"

, syon
T 3 £ B
& & 3 &
£ £ o 2o £ o
8 3 8 8
HE HE FE HE
1 1 i H
§os § o § o § o
E i N N e B NPT % % Ca—
S oy ot o oyt oyt oyt

==

-0

Cumiated 03 chang lpem)

Change by tanspor 540 hPa 1838

Cumiated 03 change lpom]

Change by ranspon 54.0hPa 1839

]
Lnear 1o

Cumiated 03 change lpom)

Ghange b ansoort 54012 2000

hange by anspart 540 1Pa 2001

a3 ey
Lnear 1o e

ange pom)

hange by ansport 54.01Pa 2002

[— Gumuated O3 e by Faraport.
ncar i o i yoar

Cumiated 03 chang lpom)

Change by vansport54.0 1P 2005

Coruared G change by Fansport
Linear - e

E) [

(Change by tansport 54.0 hPa 2004

Change by ranspon 54.0hPa 2005

E o
Day o yoar

E) o

Guraiod O3 change by aneport.
Linear 1o year

Changs by ranspon 54.0hPa 2006

= g E) o ® E]

Grange by ansport 5407Pa 2007

Gurmaied 03 change by vansport.
Linear 10 year

Gumated 03 hange lpom)

&

g E) o E] E)
ay o our

hange by vansport54.01Pa 2008
[— Gumuated O3 e by Faraport.

o
| — Lreerdope

= g E) o E) E)
oayotyear

hange by vansport54.0 1P 2000

— oo
it me y-m

N e N N e N N E R B NN R CE N I E R B NN R
Crangety st oneaon0 Crange by vaonsa v 2 [ET—— Craran o g st 1013 [E———" Crang by v sa 0t 015
. p y
TG e ST ST e T o — e
) o e Crevita mres oo o
" o o - . "
£o £ o o oy
! . ! g
3 o3| 3 05| 3 05| 05
E S
] e N N ] R NI B CEE N S a— N NI I
et - ot eyt P oy ctynt
Crangety aron s oneaors [ESam—— [T Crarge o st s 01 Crarg by v s4 1 2020 [
. p .
—CrTE T e ST ST GG GG e T
) vl e o Crev oo o o e oo re
" o i e . =t o] v
£ os £ os £ os £ os £ o £ o
i | g H H ]
3 3 3 % g 5
H i i i i
3 -05| 3 05| 3 -0 3 08 3 05 ERL
4
' 20 o 20 40 20 0 20 40 20 o 20 40 20 o 20 0 80 B0 20 0 20 a0 50 80 20 o 20 40 50 80
e - oot oyt P oy ctyent

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 (blue), linear
fit to the cumulated change (red) and linear slope based on the averaged slope
of the fits of all years (black) (cf. Figure 1 and 2 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 (blue), linear
fit to the cumulated change (red) and linear slope based on the averaged slope
of the fits of all years (black) (cf. Figure 1 and 2 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 (blue), linear
fit to the cumulated change (red) and linear slope based on the averaged slope
of the fits of all years (black) (cf. Figure 1 and 2 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 (blue), linear
fit to the cumulated change (red) and linear slope based on the averaged slope

of the fits of all years (black) (cf. Figure 1 and 2 of the main manuscript).



4 Fit for temperature-dependent term (north-
ern hemisphere)
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Figure S16: Anomaly of the cumulated vortex-averaged ozone change by trans-
port at 70 hPa (layer 1) for the northern hemispheric winters 1979/1980-
2020/2021 (blue, after subtraction of the change by transport that is constant in
every year), vortex-averaged temperatures of the individual years regressed on
the ozone anomaly (red) and vortex-averaged temperatures scaled by the mean
slope of the regressions of all years (black) (cf. Figure 3 of the main manuscript).
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Figure S17: Anomaly of the cumulated vortex-averaged ozone change by trans-
port at 54 hPa (layer 2) for the northern hemispheric winters 1979/1980-
2020/2021 (blue, after subtraction of the change by transport that is constant in
every year), vortex-averaged temperatures of the individual years regressed on
the ozone anomaly (red) and vortex-averaged temperatures scaled by the mean
slope of the regressions of all years (black) (cf. Figure 3 of the main manuscript).
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Figure S18: Anomaly of the cumulated vortex-averaged ozone change by trans-
port at 42 hPa (layer 3) for the northern hemispheric winters 1979/1980-
2020/2021 (blue, after subtraction of the change by transport that is constant in
every year), vortex-averaged temperatures of the individual years regressed on
the ozone anomaly (red) and vortex-averaged temperatures scaled by the mean
slope of the regressions of all years (black) (cf. Figure 3 of the main manuscript).



sismeatsso siamparser siampatsez siatparsss siatpatsns sismpatess
o — — G
03 = O3 anomaly from regression wilh T anomaly (ths year) 03 | T o3 | o3l T o3 T o3 T
T | . | T. imean all yoars)| | T. il yoars)| | T T
o2 o2 o3 o o
H H H B R
&4 £ £ o £ o £ o
: : : H : :
L E : o J o o
8 8 8 8 8 8
H H H H H H
5o £ s P 5o
] g 4 2 o
o o o oo oo oy
B I N T R B NNy R NI I N % N XY B N NPT I
oay oty eyt Doyt — oyt oyt
sismparses siamparser siamparses siatparses suamaisn P
sy = — G
[ R et T — o | v oo | . . ot | : o ; o ;
o o3 oz v o2 o2 \// oz}
3 £ £ £ £ £
o £ L0 o £ o £ o
2 9 2 9 2 o 2 o 8 9 o o
8 8 H 8 8 8
H H H 3 3 H
] o 4 03 2 o
o o o o o oy
B BT ST B B N e B N N % N NPT B N NPT B
ooy e oy oty oyt — Darot e oy ctynt
18 sz 1858 P staea s - -
Gy =
031 [y tom ey T nomay s e o3 oar | T oar | . oar A\ T o3 T
; =s T oy i siyewr) =& ; ews ; i
o o3 o o3 v \/ o
2 9 2 o 2 9 2 o o o
8 8 H 8 8
H H H ] H
301 3 -0 H 2.0 301
g g H g
g g g 03 o
0 4 4 9 3 o
B BT ST B B I W e I N N W B N R B B N
ooy o Doy oty Doy oty — art o P
P 18158 s1ampazom Stapazon - -
T =
ol n | " o " o T C— o T . o y
| i A= i pid] | i e | =S T sy ety :
o o o o o
g0 5o 5o 2 o £
S o - : o H S d
g g H 8 g
§ o1 § 01] § 0.1 i:“ 0.1 Lé 01
2 3 03 2 o
o 4 4 9 3 o
B BT N B B W e I W S R O NPT I
s1apaanne s1apacons s1apaonn stapazon stareazon -
e — G i G wna i ca wona s s G o
W S Syt i Tonay e oo | " oar | i T ot | [ o 2 o 3
) o et T e =2 i e =S T Sronay (e
o o o o
& XY £ 0 X
2 9 2 9 2 o 2 o
g g H H
E Y E E Lo
2 03 03 o
3] B 4 9 3 o
B N I Sy w h % ® S R e % w N W N v m e W w
s1areanno s1apazon srapaore stapazors srampazone suaraans
e — TG G i ca wo s s G o
o3 o sy Taroay s e oor | oo oor | g ot | — o " o —
=S i T e == i e =S et folier SO i
&, &, & &
é o é of g of é of
fo Lo Y S
) B 0 9 9 o
R NN I B N B LI N O N I B NS
w1armsanns sraracor srapacons srarpazons ststeazze s1sweazen
G e [ TeeT e ] ety
03 anomaly from egresson wih T aromaly (i ear) o | T o | T o | T 03 oy T
G oo e i st )| =S Tt e T e =2 : o) =8 o ) o) i
o o o o o og
&y, &, &, &4 8 &4
é 0) é of Q: of g o g o é of
i {0 S S £ o
o o o o o3
) B B 9 9 o
R T ooyt T o oy ctynt

Figure S19: Anomaly of the cumulated vortex-averaged ozone change by trans-
port at 32 hPa (layer 4) for the northern hemispheric winters 1979/1980-
2020/2021 (blue, after subtraction of the change by transport that is constant in
every year), vortex-averaged temperatures of the individual years regressed on
the ozone anomaly (red) and vortex-averaged temperatures scaled by the mean
slope of the regressions of all years (black) (cf. Figure 3 of the main manuscript).
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Figure S20: Anomaly of the cumulated vortex-averaged ozone change by trans-
port at 24 hPa (layer 5) for the northern hemispheric winters 1979/1980-
2020/2021 (blue, after subtraction of the change by transport that is constant in
every year), vortex-averaged temperatures of the individual years regressed on
the ozone anomaly (red) and vortex-averaged temperatures scaled by the mean
slope of the regressions of all years (black) (cf. Figure 3 of the main manuscript).



5 Vortex mean temperatures (northern hemi-
sphere)
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Figure S21: 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 —4.5 K as an approximation of the lower envelope of the
grey lines (black) (cf. Figure 4 of the main manuscript).



6 Validation of the transport term (northern
hemisphere)



hangs by tanspet 597 1Pa 1950

Ghangs by anspor 697 hPa 1581

‘Ghangs by ranspor 697 hPa 1982 Grange by sansport 897 ra 1983
—s

Stanc-a

o

model oy const o)
ol (ke

(o onst

[ ot oy const )

e (e
tanc-slone o (i terme)

H,m,ww
®
i

Cumdaied 03 charge lopm]
Cumeied 03 change fopm]
Guated 03 chang lopm]

range by vansport 897 Pa 1984

Gumdated 03 changefopm]

rango by vrasport 897 1Pa 1985
— s
Sand-sone ol oy corst i)
Sandons mosel {hout )
— Stand-aions model e torms)

AT

% % e % %
ot oy ooy
[ g by vrmn 60719 1989 [
ety it o)
N btk N etk
s ens et ame s o )
i 3 R T i i
i i i o R K
i i i
3 -05| 3 -05] 3 -08) 3 05|
E 20 o 20 0 &0 () h 20 0 20 40 &0 0 h 20 0 20 w0 E) 0 o 20 0 20 0 C) 80 o 20 o 20 0 E) 80 B 20 o 20 a0 60 80
et e oo ot T R oo
[ — [S—— [ g by vrsn 69719 1995 [SRNR—— [SN—
=
s nod st vy ot P s o o ot
o S ey N s e ek ol i e o S
Sont-ar o S st o o) -t o4 ) s s s )
i i ' T i i
E o £ o £ o ; F o
H H 3 8 H
3 o % o o 3 3 o
i : {
3 -05| 3 -03| 0.5} 3 -08) 3 05|
E 20 o 20 0 &0 E) h 20 0 20 40 El E) h 20 0 20 w0 &0 0 h 20 0 20 0 0 E] - 20 o 20 0 0 E] - 20 o 20 0 E] 80
et yen R Ceryes P P A
[ —— Crnge by vaons 7 689 [—— g by vrson 697 201 JSN—— [SON——
. p p P
= o oS o o
s mod o) A st ot corn o) e ot oy s R o e oy oo s o o crs )]
o SR e o] S e o] St s o] S e o] e e . el sy
| surt s oottt s o s -t o4 ) -t ) s ttame) coa et ame)
g £ £ £ g £
H W H L\‘;— H 8 ._/A/ H WJ H
B 9 2 9 R R R B
i i H g H {
3 -05| 3 -05| 3 05| 3 -05f 3 -08) 3 05|
E 20 o 20 0 &0 80 b 20 0 20 40 &0 0 b 20 0 20 w0 0 £ b 20 0 20 w0 0 E] - 20 0 20 0 0 E] a 20 o 20 0 E] 80
ot yen Cortyes P ey ee P A
[— IO — P—— P———— Crrg by vran 607 2008 Crng by varon 7 2008
P
= e o
S oy o) T—— S e o st ) S o o ot )
o — e N e s pefeod o e e oS
— surt st s vy s o e ora ot -t e ) s s ttame) st s ttame)
\ . £ |
H H H H
£o %o o o
3 ,,aﬁ 8 ,ﬁ/( 8 8
e HE g §
i i {
5o o L 5oy
B 20 o 20 40 El 0 b 20 0 20 40 &0 0 b 20 0 20 w0 0 0 B 20 0 20 a0 0 80 - 20 0 20 0 0 E] - 20 o 20 0 El 80
et yen - ot oo oyt o A -
[RTG—— . [ —— . oty om0 7 2 oy rin 07 a2 PR A— [
3 —woe —woe e
e aore oy ot s are mos oy oo - R o o o corg e o mos oy gt
o s ret o) o St net o) o] s et o) o s e o B e o) o e e
— st s vy s ot oot st —ans e ey s o o ey — ar s o ttms)
T T 5 £ = T
i i £ E B i
£ o £ o %o £ o o £ o
H H H H H H
§ I . . HE §
Sy $oy 5oy L L 5oy
B 20 0 20 40 El 0 h ) 0 20 40 w0 0 b 20 0 20 w0 0 0 B 20 0 20 a0 0 80 - 20 0 20 0 0 El a 20 o 20 0 El El
Crnge by vapona7 e 016 [T ——— [E— Coarg y ren 007 a0 o by raon 07 a2 [
2 . P
e —s —woe e
o atre moe oy ot - R R mod o crt s oy o]
o s e errem) o] S e T A e i o e,
st st oy ot sy s ot o ey mvpowpiunl
T T T T T
i i [ i i
£ o o %o o £ o
H H 3 w{; 3 g
3 -05| 3 -05| 3 05| 3 -osf 3 -0st
a . “ “ S .
R Ca el o el % ol Ca— s Ca—

E) [ E o E) o E) o
Day o year Day ot year Day ofyear Day ofyeur

Figure S22: 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 5 of the main manuscript).
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Figure S23: 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 5 of the main manuscript).



Cumulted 03 change o Cumulted 03 change [ Cumulied 03 chage lopm] Cumdaied 03 charge lopm]

Cumiated 03 change )

Cumiated 03 chang )

Cumuted 03 chang )

Figure S24: 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
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Figure S25: 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 5 of the main manuscript).
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Figure S26: 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 5 of the main manuscript).
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7 Validation of the complete SWIFT model (north-
ern hemisphere)
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Figure S27: Left (cf. Figure 6 of the main manuscript): Vortex-averaged ozone
simulated by the stand-alone Polar SWIFT model for the date of vortex breakup
in the northern hemisphere for different years. Ozone mixing ratios simu-
lated without the transport parameterization (blue), ozone mixing ratios simu-
lated with only the ”constant change” term of the transport parameterization
(brown), ozone mixing ratios simulated with the full transport parameterization
with the ”constant change” term and temperature-dependent term (green), and
corresponding measurements of ozone from the MLS instrument (red). Right
(cf. Figure 7 of the main manuscript): Scatter plot of the same data.



8 Difference transport term at vortex breakup
of transport parameterization to ATLAS (north-
ern hemisphere)
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Figure S28: 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.



9 Observed change (southern hemisphere)



Toal modeed change 897 1Pa 1880

Total modeted change 687 hPa 1881

Totl modeled change 697 172 1902

Total modeled change 697 hPa 1983

Total modeled change 697 P 1984

Total modesed change 697 13 1985

o o o o o o
T 9 T 9 T 9 T o T o T o
£ £y £ o £y £ o Fa
3 8 8 8 3 3
H H H £ g
3 -15| 3 15| 3 15 3 15| 3 -15]
4 B
20 140 160 180 200 220 240 260 280 300 f20 140 160 180 200 220 240 260 280 300 20 140 160 180 200 220 240 260 280 300 0 140 160 180 200 220 240 260 260 900 T20 140 160 180 200 220 240 260 260 900 T20 140 160 180 200 220 240 260 280 900
E-) ot oo o o oo
T modeat harge 607 1688 o o carge 807 967 T sl carge 607 968 T modsld cange 807 1668 T ot chnge 607 1380 T masta hnge 807 1681
P ) ! ! ! .
o o o o
£ . £ £ £ £
Foos £ o £ o £ o £ oo Foas
g i 1 1 1 i
3 3 - - 3 Fi 3 -
3 -15] 315 315 3 15| 5 3 -15]
. . . | | .
i e e R @ e @ @ W e T W W @ b @ B % e W B @ o B @ W M o W W @ b @ @ B W e W b o @ B B @ @ o W W @ B mn @ @ %
e Tty ) B e St
Tt st chargo 97 190 152 T ol charge 897 950 [——— Tomossscrargs 537174 1955 Tomossidchargs 59714 158 Tt mocesdchrgs 5971 157
o o o o o o
T 9 T 9 T 9 T o T o T o
& & -3 £ & &
£y o o £ o £ £
8 8 8 8 8 8
3 3 3 b b 3
E ) E 4
a 140 160 180 200 20 240 260 280 300 s 140 160 180 200 20 240 260 280 300 a0 40 160 180 200 220 240 260 280 300 0 140 160 180 200 220 240 260 280 300 T 140 160 180 200 220 240 260 280 300 Y 140 10 180 20 220 240 20 280 00
Bt By e B oo o
o matagchrg 719 138 Tt shrg 79 199 T modad cargs 897 200 [A— Totmodsidchangs 897 s 2052 Tt moceidchargs 597 P 2078
| | | | ! !
o o o o o o
T 9 T 9 T 9 T o T o T o
Foy Foy o oy £ o Fo
3 8 8 8 8 3
E H H H
5oy 51y 51y §ag 4
4 4 B
1: 140 160 180 200 220 240 260 280 300 it 0 160 180 200 220 240 260 280 300 20 140 160 180 200 220 240 260 280 300 20 140 160 180 200 220 0 260 280 300 Y20 140 160 180 200 220 240 260 280 900 T20 140 160 180 200 220 240 260 280 900
EW) Borctr ) o ot e
Tt et charge .7 P 204 o oo carge 807 00 ool carge 607 008 Tomodsld crarge 807 s 2007 T ot hnge 807 008 Tt mceidcange 897 s 208
p ) ! ! ! .
o o o o o o
£ . £ £ £ £
Foos £ o £ o £ o £ oo Foas
] ] E : H 3 -
315 315 315 3 15| 3 -15] 3 -15]
4 4 4 4 4 y
i e E @ e @ @ W e T W W @ b @ B % e @ o B @ W M o W W @ b @ @ B W e W b o @ o B @ @ e o W W @ B m @ @ %
e ooty ) B o St
Tt st chargo 897 90 2010 T mossscharg 87 201 [———— [ET———— Tomosaidcrargs 597122014 Tt mocesedchrgs 5971275
o o o o o o
T 9 T 9 T 9 T o E T o
& k-3 k3 £ &
£y [ 2o £ o £ £
8 8 8 8 8 8
3 3 3 3 3 - 5
4 - -
a 140 160 180 200 220 240 260 280 300 s 140 160 180 200 20 240 260 280 000 T0 w40 10 180 200 220 260 260 280 900 Y 40 160 180 200 220 260 280 300 140 160 180 200 220 240 260 280 300 90 1a0 180 180 20 20 240 260 280 300
oo ) ) B oo o
o matagchrg 67 a0 T o carge 897 017 T modad cargs 897 2018 Tomodsdcargs 897 22013 Totmocsidchangs 897 2029 Tt mocesdchangs 597221
| | | | ! !
o o o o o o
T 9 T 9 T 9 £ o T o T o
Foy Foy o £y £ o Fa
8 8 8 8 8 3
5oy 51y 51 $ag §
1: 140 160 180 200 220 240 260 280 300 7 140 160 180 200 220 240 260 280 300 T20 W0 160 180 200 220 240 260 280 300 T 40 160 180 200 220 0 260 280 300 T20 140 160 180 200 220 260 280 300 T20 140 160 180 200 220 240 260 280 900
ER) ot ) oo - St

Figure S29: Cumulated total change of vortex-averaged ozone
the southern hemispheric winters 1980-2021 at 70 hPa (layer
ATLAS-SWIFT as a function of the day of year

manuscript).
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cf. Figure 1 of the main
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Figure S30: Cumulated total change of vortex-averaged ozone
the southern hemispheric winters 1980-2021 at 54 hPa (layer

ATLAS-SWIFT as a function of the day of year

manuscript).

mixing ratio for
2) simulated by

cf. Figure 1 of the main
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Figure S31: Cumulated total change of vortex-averaged ozone
the southern hemispheric winters 1980-2021 at 42 hPa (layer
ATLAS-SWIFT as a function of the day of year

manuscript).
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Figure S32: Cumulated total change of vortex-averaged ozone
the southern hemispheric winters 1980-2021 at 32 hPa (layer
ATLAS-SWIFT as a function of the day of year

manuscript).
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Figure S33: Cumulated total change of vortex-averaged ozone
the southern hemispheric winters 1980-2021 at 24 hPa (layer
ATLAS-SWIFT as a function of the day of year

manuscript).
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10 Chemical change (southern hemisphere)
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Figure S34: Cumulated change by chemistry of vortex-averaged ozone mixing
ratio for the southern hemispheric winters 1980-2021 at 70 hPa (layer 1) sim-
ulated by ATLAS-SWIFT as a function of the day of year (cf. Figure 1 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 54 hPa (layer 2) sim-
ulated by ATLAS-SWIFT as a function of the day of year (cf. Figure 1 of the

main manuscript).
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Figure S36: Cumulated change by chemistry 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 1 of the

main manuscript).
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Figure S37: Cumulated change by chemistry 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 1 of the

main manuscript).
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Figure S38: Cumulated change by chemistry of vortex-averaged ozone mixing
ratio for the southern hemispheric winters 1980-2021 at 24 hPa (layer 5) sim-
ulated by ATLAS-SWIFT as a function of the day of year (cf. Figure 1 of the

main manuscript).
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11 Transport change and fit for constant term
(southern hemisphere)
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Figure S39:
ratio for the

Cumulated change by transport of vortex-averaged ozone mixing
southern hemispheric winters 1980-2021 at 70 hPa (layer 1) sim-

ulated by ATLAS-SWIFT as a function of the day of year (blue), linear fit to
the cumulated change (red) and linear slope based on the averaged slope of the
cf. Figure 1 and 2 of the main manuscript

fits of all years (black
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Figure S40: 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 (blue), linear fit to
the cumulated change (red) and linear slope based on the averaged slope of the

fits of all years (black

cf. Figure 1 and 2 of the main manuscript
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Figure S41: 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 (blue), linear fit to
the cumulated change (red) and linear slope based on the averaged slope of the
cf. Figure 1 and 2 of the main manuscript

fits of all years (black
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Figure S42: 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 (blue), linear fit to
the cumulated change (red) and linear slope based on the averaged slope of the
fits of all years (black) (cf. Figure 1 and 2 of the main manuscript
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Figure S43: Cumulated change by transport of vortex-averaged ozone mixing
ratio for the southern hemispheric winters 1980-2021 at 24 hPa (layer 5) sim-
ulated by ATLAS-SWIFT as a function of the day of year (blue), linear fit to
the cumulated change (red) and linear slope based on the averaged slope of the
cf. Figure 1 and 2 of the main manuscript

fits of all years (black



12 Fit for temperature-dependent term (south-
ern hemisphere)
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Figure S44: Anomaly of the cumulated vortex-averaged ozone change by trans-
port at 70 hPa (layer 1) for the southern hemispheric winters 19802021 (blue,
after subtraction of the change by transport that is constant in every year),
vortex-averaged temperatures of the individual years regressed on the ozone
anomaly (red) and vortex-averaged temperatures scaled by the mean slope of
the regressions of all years (black) (cf. Figure 3 of the main manuscript).
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Figure S45: Anomaly of the cumulated vortex-averaged ozone change by trans-
port at 54 hPa (layer 2) for the southern hemispheric winters 1980-2021 (blue,
after subtraction of the change by transport that is constant in every year),
vortex-averaged temperatures of the individual years regressed on the ozone
anomaly (red) and vortex-averaged temperatures scaled by the mean slope of
the regressions of all years (black) (cf. Figure 3 of the main manuscript).
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Figure S46: Anomaly of the cumulated vortex-averaged ozone change by trans-
port at 42 hPa (layer 3) for the southern hemispheric winters 1980-2021 (blue,
after subtraction of the change by transport that is constant in every year),
vortex-averaged temperatures of the individual years regressed on the ozone
anomaly (red) and vortex-averaged temperatures scaled by the mean slope of
the regressions of all years (black) (cf. Figure 3 of the main manuscript).
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Figure S47: Anomaly of the cumulated vortex-averaged ozone change by trans-
port at 32 hPa (layer 4) for the southern hemispheric winters 19802021 (blue,
after subtraction of the change by transport that is constant in every year),
vortex-averaged temperatures of the individual years regressed on the ozone
anomaly (red) and vortex-averaged temperatures scaled by the mean slope of
the regressions of all years (black) (cf. Figure 3 of the main manuscript).
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Figure S48: Anomaly of the cumulated vortex-averaged ozone change by trans-
port at 24 hPa (layer 5) for the southern hemispheric winters 19802021 (blue,
after subtraction of the change by transport that is constant in every year),
vortex-averaged temperatures of the individual years regressed on the ozone
anomaly (red) and vortex-averaged temperatures scaled by the mean slope of
the regressions of all years (black) (cf. Figure 3 of the main manuscript).
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13 Vortex mean temperatures (southern hemi-
sphere)
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Figure S49: 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 —2.5K as an approximation of the lower envelope of the grey
lines (black) (cf. Figure 4 of the main manuscript).



14 Validation of the transport term (southern
hemisphere)
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Figure S50: 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 5 of the main manuscript).
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Figure S51: 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 5 of the main manuscript).
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Figure S52: 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 5 of the main manuscript).
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Figure S53: 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 5 of the main manuscript).
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Figure S54: 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 5 of the main manuscript).



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



Vortex mean ozone at vortex break up 69.7 hPa

—— with constant term 69.7hPa
—— with constant and temperature term 35
1.4] —— without transport parameterization 2020
—MLS
3
—12
§ _ 25
S E
% 1 & 2015
2 3 2 .
H 2 H
E 08 g L
2 ° 1.5]
8 ]
06 © | . 2010
.
04 ost %
o . . . . . . . . 2005
980 1985 1990 1995 2000 2005 2010 2015 2020 0 05 1 15 2 25 3 35
0Ozone measured [ppm]
Vortex mean ozone at vortex break up 54.0 hPa
24
—— with constant term 540hPa
22 — with constant and temperature term 35
—— without transport parameterization 2020
—MLS
2 3
=18
é _ 25
1.6| £
% 8 2015
2]
214 ¥ o
£ g : £
212 Eis B
H g .o
1 ° ye 2010
038
0.5
06
0.4 2005
190 1965 130 1395 2000 205 2010 2015 2020 0 05 1 15 2 25 3 35
Ozone measured [ppm]
Vortex mean ozone at vortex break up 41.6 hPa
3
—— with constant term 416hPa
—— with constant and temperature term 3.5
— wl(houl transport parameterization 2020
25 3
é _ 25
2 E
% 8 . 2015
o 3 ? L
x 2 . 8
& i : >
@ 15 15| .
15 g . b
S 8 S
© 2010
1
1
05
o, 2005
1980 1985 1990 1995 2000 2005 2010 2015 2020 o 05 1 15 2 25 3 35
Ozone measured [ppm]
Vortex mean ozone at vortex break up 31.8 hPa
3
—— with constant term 318hPa
with constant and temperature term 35
without transport parameterization 2020
—MLS
3
é _ 25 .
2 E
% 13 . 2015
El g2 ‘e -
= 3 3
€ g e e 4
215 518
8 g
© © 4 2010
1
05
[
1980 1985 1990 1995 2000 2005 2010 2015 2020 0 05 1 15 2 25 3 35 2008
Year Ozone measured [ppm]
Vortex mean ozone at vortex break up 24.1 hPa
4
= with constant term 24.1 hPa
—— with constant and temperature term 35
—— without transport parameterization 2020
35 —MLS
3
—_ . . ¢
g3 25 .
o T o
'.% & 2015
225 32 o
2 k] 2
H 1)
5 g
R 2 S
8 2
° 2010
1.5|
0.5
1 . . . . . . . . 2005
1980 1985 1990 1995 2000 2005 2010 2015 2020 0 05 1 15 2 25 3 35
Year Ozone measured [ppm]

Figure S55: Left (cf. Figure 6 of the main manuscript): Vortex-averaged ozone
simulated by the stand-alone Polar SWIFT model for the date of vortex breakup
in the southern hemisphere for different years. Ozone mixing ratios simu-
lated without the transport parameterization (blue), ozone mixing ratios simu-
lated with only the ”constant change” term of the transport parameterization
(brown), ozone mixing ratios simulated with the full transport parameterization
with the ”constant change” term and temperature-dependent term (green), and
corresponding measurements of ozone from the MLS instrument (red). Right
(cf. Figure 7 of the main manuscript): Scatter plot of the same data.



16 Difference transport term at vortex breakup
of transport parameterization to ATLAS (north-
ern hemisphere)
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Figure S56: Difference of cumulated vortex-averaged ozone change by transport
at vortex break up between the transport parameterization and ATLAS-SWIFT
for the southern hemispheric winters 1980-2021.



