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S1 Schematic of the parameterisation

1. Calculate fractional emission change (r)
AE;;

"= 02 ) Ey

2. Generate scaling factors (f)

2.1. Linear scaling of 2.2. Non-linear scaling accounting for 2.3. Non-linear scaling for titration regimes
O, response reduced O; increases from NOx and CH, where decreasing NOx increases O;
— 2
\ fl] = rij fl] = 0957‘!] + 0057"5 ﬁ] = 1057'” - 0057‘11

~

3. Apply different scaling factors to precursors and source regions under
different chemical regimes

O; Production Regime O; Titration Regime
Precursor Perturbation: Precursor Perturbation:
CO and NMVOCs - Linear scaling (1) Increased NOXx — Linear scaling (1)
NOXx and CH, — Non-linear scaling (2) Decreased NOx — Non-linear scaling (3)
O; Production Regime O, Titration Regime
Sl Al RAAN AR LARS RAAS LALS LS LARS RARI RARN 5 prerre e
4 --- Linear . 4 — — - Linear 7
3+ Non-linear - 3+ Non-linear —
§ 2+ - 2 F J
3 aF ] 1F E
2 of 7 of 7
g af 3 1F ]
S3F - 2k 2
4 ] af ]
J ] I I I IS PP I P P B 5 Loaaloalinl [ PP PP PPN IO PP
-1 08 -06 -04-02 0 02 04 06 08 1 “-1 08 -06-04-02 0 02 04 06 08 1
Emission Scaling Enussion Scaling

Figure S1: Schematic showing the different stepsused in the parameterisation from calculating a fractional emission
change (1), to generating an emission scaling factor (2) and applying thisto the appropriate precursor in a particular
chemical regime (3). Thefiguresat the bottom illustrate the effect of applying the quadratic function compared to the
linear onein the different chemical regimes.



S2 Additional testson thelinear scaling used in the parameterisation based on multiple models asinput

b) O, response over North America
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Figure S2: Sensitivity of monthly surface Os changes in HadGEM 2-ES (solid lines) and that of the parameterised
response using solely multi-model response as input (dashed lines) to 20%, 50% and 75% reduction in all precursor
emissions over the European source region (a) and a remote region receptor of North America (b). The difference
between HadGEM 2-ES and the par ameterised responseisshown over Europe(c) and North America(d). Annual mean
values are in black with monthly responses in grey and the highest and lowest months highlighted in red and blue
respectively.



S3 Per centage changein CO and NMVOC precursor emissions for each of the ECLIPSE emission
scenariosover the TF-HTAP2 regions and used with the parameterisation

Table S1. Percentage changein global and regional CO emissionsrelative to 2010 over each TF-HTAP2 region for the
different ECLIPSE V5a emission scenarios (CLE, CLIM and MTFR). MTFR scenariosareonly availablefor 2030 and
2050.

TF-HTAP2 Region Annual total emission change (%) from 2010
CLE CLIM MTFR
2020 2030 2040 2050 2020 2030 2040 2050 2030 2050
Global CO -7 -14  -10 -8 12 22 23 -25 64 -70
Regional CO Emissions
Central America 0 -17 -14 -6 -16 -38 -41 -43 -59 6 -7
Central Asia 42 42 35 32 44 18 -7 -23 -45 -82
East Asia -18 -35 37 41 -24 40 -43 47 71 -75
Europe 22 34 36 -37 26 -42 -48 50 -64 -70
Middle East 21 16 42 66 -2 23 28 -29 32 40
North Africa -8 -2 15 31 27 24 -17 -10 -63  -67
North America 11 27 29 -31 9 23 29 -32 52 -70
North Pole -30 -38 -42 41 37 47 -47 51 70 -81
Ocean -2 10 16 23 -3 -10 -12 -12 51 -61
Pacific Aus NZ -7 40 41 42 22 46 -48 51  -61-69
Rus Bel Ukr -10 -4 0 5 -15  -13 -7 -6 -57  -60
Southern Africa 5 11 17 24 2 7 8 9 -64  -69
South America -7 -7 -1 6 -9 -11 -6 -1 -58 -59
South Asia 2 2 10 16 -1 -4 -4 -7 -66  -65
South East Asia -6 -9 1 10 -1 -16 -15 -16 -67 77

Table S2. Percentage change in global and regional NMVOC emissions relative to 2010 over each TF-HTAP2 region
for the different ECLIPSE V5a emission scenarios (CLE, CLIM and MTFR). MTFR scenarios are only available for
2030 and 2050.

TF-HTAP2 Region Annual total emission change (%) from 2010

CLE CLIM MTFR

2020 2030 2040 2050 2020 2030 2040 2050 2030 2050

Global NMVOC -4 -6 0 6 -3 -3 -1 -1 -68 -64

Regional NMVOC Emissions
Central America 4 -2 1 7 -5 -11 -12 -11 -49 -60
Central Asia 46 53 50 50 51 39 23 12 -18 -49
East Asia 2 -6 -4 -2 1 -5 -4 -5 -54 -61
Europe -18 -24 -25 -26 -19 -25 -27 -28 -55 -56
Middle East 9 11 30 45 -3 -4 2 5 -18 -10
North Africa -3 -2 6 23 -14 -13 -10 1 -50 -55
North America -8 -25 -26 -28 4 -18 -20 -21 -58 -63
North Pole -24 -32 -29 -27 -25 -35 -35 -36 -47 -46
Ocean 4 8 14 21 -04 0.2 2 4 -27 -27
Pacific Aus NZ -13 -28 -29 -33 -13 -28 -28 -32 -60-65
Rus Bel Ukr -11 -15 -11 -7 -14 -21 -19 -19 -56 -61
Southern Africa 5 8 16 25 2 5 9 13 -62 -62
South America 0 0 9 20 8 4 11 18 -52 -56
South Asia 6 19 34 47 4 13 16 16 -58 -48
South East Asia 0 3 19 33 -15 -19 -16 -14 -56 -64




4 Additional figures showing the Os response from the parameterisation and HadGEM 2-ESto emission
changesin 2030 for the ECLIPSE CLE scenario
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Figure S3: January ozone responsein HadGEM 2-ES to a 20% emission reduction over South Asia of all
anthropogenic precursor emissions (NOx, CO, NMVOCs)
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Figure $4: January ozone response from the parameterisation to the emission changesin the ECLIPSE CLE 2030
scenario, relativeto 2010
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Figure S5: January ozone response from HadGEM 2-ES to the emission changes within the ECLIPSE CLE 2030
scenario, relativeto 2010



S5 Additional regional results from the parameterisation using the CM 1 P5 emission scenariosin 2050

Table S3. Annual mean surface Os response (ppbv plus one standard deviation) in 2050 (relative to 2010) using the
parameterisation for each RCP scenario.

Surface Oz response from 2010 to 2050 (ppbv)
TF-HTAP2 Region  RCP2.6 RCP4.5 RCP6.0 RCP8.5

Central America -3.0+/-03 -15+4/-0.2 -1868/3 +0.6+/-0.4
Central Asia -44+/-05 -2.6+/-0.4 -1.8+/-0.40.5+/-0.6
East Asia 4.7 +/-0.3 -29+4/-0.3 +0.2+/-0.2 .48/-0.3
Europe -44+/-03 -29+4/-0.2 -1.6+/-0.2 +8/30.1

Middle East -43+/-05 -19+4/-0.7 -14+/-0523+/-1.1
North Africa -40+/-04 -2.1+4/-0.3 -1.5+4/-0.3+0.9 +/-0.7
North America -50+/-0.3 -35+4/-0.3 -1.8+/20. -0.7 +/-0.3
North Pole -3.3+/-05 -2.1+/-04 -0.8+/-0.30.%+/-0.6
Ocean -23+/-0.2 -1.0+4/-0.1 -0.7+/-0.1 +1/00:4

Pacific Aus NZ -1.4+/-06 -0.3+/-0.5 -0.4+[40 +1.4+/-0.6
Rus Bel Ukr -3.6+/-0.2 -2.3+/-0.1 -0.9+/-0.%0.4+/-0.4
Southern Africa -0.8+/-0.2 +0.3+/-0.1 -0.3@é4 +2.1+4/-05
South America -0.9+/-0.2 -0.1+/-0.3 -06+40.+1.3+/-0.3
South Asia -0.8+/-0.2 +2.4+/-0.2 -05+/-0.14.6-+/-0.4
South East Asia -1.3+/-0.2 -0.2+/-0.2 +0.106:+ -0.4+/-0.5

South Pole -09+/-0.2 -0.1+/-0.2 -0.2+/-0.11.3++/-0.5




S6 Per centage changein CO and NMVOC precursor emissions for each of the CMIP6 SSPs over the TF-
HTAP2 regions and used with the parameterisation

Table $4. Per centage changein global and regional CO emissionsrelative to 2010 over each TF-HTAP2 region for the
different CM1P6 emission scenarios (SSP3 BASE, SSP2 60 and SSP1 26)

TF-HTAP2 Region Annual total emission change (%) from 2010
SSP1 26 SSP2 60 SSP3 BASE
2020 2030 2040 2050 2020 2030 2040 2050 2020 2030 2040 2050
Global CO -19 -38 -42 -45 -9 -12 -17 -24 2 2 2 1

Regional CO Emissions
Europe, North America,

Pacific Aus NZ -19 -40 -45 -48 -16 -23 -30 -35 -1 6 - -8 -10
Central Asia,

Rus Bel Ukr 1 3 -17 -27 -5 -4 -8 -16 2 2 4 2
East Asia, South Asia,

South East Asia -23 -42 -46 -51 -12 -16 -27 -39 70 1 12 10
Middle East, North

Africa, Southern Africa -15 -32 -39 -36 0 3 7 8 -2 5 -6 -7
Central America,

South America -18 -38 -37 -44 -14 -24 -30 -38 1 -2 -1 0

Table S5. Percentage change in global and regional NMVOC emissions relative to 2010 over each TF-HTAP2 region
for the different CM|P6 emission scenarios (SSP3 BASE, SSP2 60 and SSP1 26)

TF-HTAP2 Region Annual total emission change (%) from 2010
SSP1 26 SSP2 60 SSP3 BASE
2020 2030 2040 2050 2020 2030 2040 2050 2020 2030 2040 2050
Global NMVOC -21 -33 -32 -28 -6 -9 -13 -17 3 3 6 7 -

Regional NMVOC Emissions
Europe, North America,

Pacific Aus NZ -35 -54 -62 -68 -14 -21 -25 -27 2 7 - -11 -12
Central Asia,

Rus Bel Ukr -17 -44 -58 -69 -6 -10 -12 -11 3 4 -1 -3
East Asia, South Asia,

South East Asia -26 -35 -41 -49 -6 -9 -15 -22 7 1111 10
Middle East, North

Africa, Southern Africa -10 -18 6 46 0 3 3 -2 1 3 5 6

Central America,
South America -21 -41 -40 -47 -14 -24 -25 -30 3 4 2 4




S7 Additional figures showing the source contribution analysisfor the other TF-THAP2 sour ce regions
using the ECL IPSE emission scenariosin the parameterisation
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Figure S6: Total annual mean changein regional surface Os concentrations over North America and the contribution
of local (blue), remote (red) and methane (gold) sources between 2010 and 2050 from the parameterisation for the
ECLIPSEv5a emissions under the CLE (a), CLIM (b) and MTFR (c) scenarios. Grey lines on the local and methane
panels represent individual model estimates of Oz changes, showing the spread in model responses; Solid lines show
the multi-model mean. Error barsrepresent one standard deviation over the model range. Thelast row of panels shows
the Os response from individual sour ces plotted together for each year.
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Figure S7: Same as Fig. S6 but for East Asia
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Figure S8: Same as Fig. S6 but for Middle East
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Figure S9: Same as Fig. S6 but for Russia Belar us and Ukraine
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Figure S10: Same asFig. S6 but for Central America
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Figure S11: Same asFig. S6 but for Central Asia
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Figure S12: Same asFig. S6 but for South East Asia

a) CLE b) CLIM c) MTFR
Total Total Total
44 + <+ + + 4
Ofirr =" C = == = 3 — F Rss=sas=mm=== 3o
-2 4 + + 3 4 + -2
-4 4 + <+ + + + -4
-6 £ 1 L 1 L + 1 1 1 L < 1 1 1 + —6
2010 2020 2030 2040 2050 2010 2020 2030 2040 2050 2010 2020 2030 2040 2050
Local Local Local
24 + 4+ + 4 + 2
1 -:—/ + <+ 4+ <+ 41
D s o e ! e o Ve B i e B e ) s . s 1o
-1+ T T T '\ 1%
-2 4 + <+ + + + -2
_.3 I 1 I 1 L 1 L L 1 L 1 _3
2010 2020 2030 2040 2050 2010 2020 2030 2040 2050 2010 2020 2030 2040 2050
Remote Remote Remote
0 S . i ) o s I e PR A e b e s () ] o [ e Jo
-14+ + 4 + 4 + -1
-2 4+ + 4+ + 4+ + =2
1 L 1 1 L 1 L 1 1 L 1
2010 2020 2030 2040 2050 2010 2020 2030 2040 2050 2010 2020 2030 2040 2050
5 Methane Methane Methane ,
14 &+ & E S S +1
0 e — - - — d e = — o L e e ey o |, . ] )
-1+ + + + + + -1
1 1 L 1 L L L L 1 L 1 1
2010 2020 2030 2040 2050 2010 2020 2030 2040 2050 2010 2020 2030 2040 2050
Al Al Al
24 + <+ + 4 + 2
O---—-l-l.nhh } o, -, 3 1o
_3 1 1 L 1 1 1 1 1 1 1 1 L L 1 _3
S 10 S 20 WIPRAL) S5 20 S 20 (WAL V] o
20¥9027902790%7 108505 20%2902790227035 1085905 27 20°
| Methane @ Remote W Locall



b) CLIM
Total

c) MTFR
Total

2f 1 f 1 f 12
o._.._-—f:’:":’__—{ 1 e O L o
24 o 1 1 1-
1 1 1 1 1 1 1 1 1 1 1 1
2010 2020 2030 2040 2050 2010 2020 2030 2040 2050 2010 2020 2030 2040 2050
Local Local Local
0 e | B )
9 N 11 - -i\ =
) 1 1 1 L 1 1 1 1 L 1 1 1
O 2010 2020 2030 2040 2050 2010 2020 2030 2040 2050 2010 2020 2030 2040 2050
o Remote Remote Remote
)
Q o =T, F T R e o e i i ) e o )
@ P——— .\_\ﬂ
V]
© -1+ 1 1 1 L4+ <+ | 1 1 L + 1 1 1 I3 -1
= 2010 2020 2030 2040 2050 2010 2020 2030 2040 2050 2010 2020 2030 2040 2050
> Methane Methane Methane
n o 1 -~ 12
g4 14 11 + 4 11
O = ———— + e e - - - — 4 o ———— o — — - 0
=14 11 1 I 14
1 1 1 L 1 1 i 1 L 1 1 1
2010 2020 2030 2040 2050 2010 2020 2030 2040 2050 2010 2020 2030 2040 2050
All All All
1 f 1 f 3 i 31
07-.-.-=.-D-JZ|-UII|-- i - U = R r:, {0
-14 4+ 4 4 4 l 4
1 L 1 1 1 L L 1 1 1 1 1 1 1
5_10_115_130_q80_c0 S 10 15 a0 _ a0 _.c0 0 )
20%29027 9022035108590 20329027 9022037 1087 0% 2% 2°
| Methane  mEEE Remote W Loca||
Figure S13: Same asFig. S6 but for South America
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Figure S14: Same asFig. S6 but for North Africa



A Surface O, (ppbv)

A Surface O, (ppbv)

a) CLE b) CLIM c) MTFR
Total Total Total
0 b 4 e o o - - Lo
-2+ * & & o + =2
_4 1 L 1 1 1 1 1 1 1 1 1 L _4
2010 2020 2030 2040 2050 2010 2020 2030 2040 2050 2010 2020 2030 2040 2050
g Local Local Local .
0.__—-—_—_—:"‘_’:—:—:—_ B R 4 .‘— 40
-1+ + 4 + 4+ + -1
L L 1 L L L L 1 1 L L L
2010 2020 2030 2040 2050 2010 2020 2030 2040 2050 2010 2020 2030 2040 2050
Remote Remote Remote
I BRSO U N I I P A S P L o
14 + 1 1 \,\_‘ T-1
L L 1 1 L L L L 1 1 L L
2010 2020 2030 2040 2050 2010 2020 2030 2040 2050 2010 2020 2030 2040 2050
Methane Methane Methane
2F 3+ F 3+ F 3 2
14 -+ -+ -+ -+ <+ 1
0 fnen 1 e N — ] L e e e 3, o, o 4] )
14 + & + & 1
L 1 1 1 L L L 1 1 1 L L
2010 2020 2030 2040 2050 2010 2020 2030 2040 2050 2010 2020 2030 2040 2050
All All All
14 + 4+ - + +1
0..—.——.=-.D-Dd:’i].. .._,._dzd:f#_ﬂ. 4 -+ 0
1 1 1 1 1 1 1 1 1 1 1 1 1 1
Q (V) 0 0 Q (A} 0 0 0 W}
2952902007%9030 208005 2992992007%9530 108005 2% 20°
| Methane @ Remote mmmm Local |
Figure S15: Same as Fig. S6 but for Southern (sub-Saharan) Africa
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Figure S16: Same as Fig. S6 but for Pacific Australia and New Zealand
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Figure S17: Same as Fig. S6 but for Ocean Regions
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