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 ϳ 

Abstract ϴ 

Tropospheric Ozone (O3) is both an air pollutant and a greenhouse gas. Predicting changes ϵ 
to O3 is therefore important for both air quality and near-term climate forcing. It is ϭϬ 
computationally expensive to predict changes in tropospheric O3 from every possible future ϭϭ 
scenario in composition climate models like those used in the 6th Coupled Model ϭϮ 
Intercomparison Project (CMIP6). Here we apply the different emission pathways used in ϭϯ 
CMIP6 with a model based on source-receptor relationships for tropospheric O3 to predict ϭϰ 
historical and future changes in O3 and its radiative forcing over a 300 year period (1750 to ϭϱ 
2050). Changes in regional precursor emissions (nitrogen oxides, carbon monoxide and ϭϲ 
volatile organic compounds) and global methane abundance are used to quantify the impact ϭϳ 
on tropospheric O3 globally and across 16 regions, neglecting any impact from changes in ϭϴ 
climate. We predict large increases in global surface O3 (+8 ppbv) and O3 radiative forcing ϭϵ 
(+0.3 W m-2) over the industrial period. Nine different Shared Socio-economic Pathways are ϮϬ 
used to assess future changes in O3. Scenarios involving weak air pollutant controls and Ϯϭ 
climate mitigation are inadequate in limiting the future degradation of surface O3 air quality ϮϮ 
and enhancement of near-term climate warming over all regions. Middle-of-the-road and Ϯϯ 
strong mitigation scenarios reduce both surface O3 concentrations and O3 radiative forcing by Ϯϰ 
up to 5 ppbv and 0.17 W m-2 globally, providing benefits to future air quality and near-term Ϯϱ 
climate forcing. Sensitivity experiments show that targeting mitigation measures towards Ϯϲ 
reducing global methane abundances could yield additional benefits for both surface O3 air Ϯϳ 
quality and near-term climate forcing. The parameterisation provides a valuable tool for rapidly Ϯϴ 
assessing a large range of future emission pathways that involve differing degrees of air Ϯϵ 
pollutant and climate mitigation. The calculated range of possible responses in tropospheric ϯϬ 
O3 from these scenarios can be used to inform other modelling studies in CMIP6. ϯϭ 

Keywords – Ozone, air quality, climate, radiative forcing, CMIP6  ϯϮ 



1.0 Introduction ϯϯ 

Tropospheric Ozone (O3) is an important trace gas in the atmosphere, and is both an air ϯϰ 
pollutant and a climate forcing agent. At the Earth’s surface elevated concentrations of O3 are ϯϱ 
harmful to human health (Jerrett et al., 2009; Malley et al., 2017; Turner et al., 2016) and can ϯϲ 
affect ecosystems (Fowler et al., 2009). O3 in the troposphere acts as a greenhouse gas by ϯϳ 
interacting with outgoing longwave radiation, resulting in a net warming impact on climate of ϯϴ 
+0.4 (0.2 to 0.6) W m-2 over the industrial period (Myhre et al., 2013; Stevenson et al., 2013). ϯϵ 
The relatively short lifetime of O3 in the troposphere (~3 weeks, Young et al., 2013) means ϰϬ 
that it is classified as a Near Term Climate Forcer (NTCF), having an important influence on ϰϭ 
climate over shorter timescales. Understanding how tropospheric O3 changes is important for ϰϮ 
both future air quality and climate. ϰϯ 

Tropospheric O3 is a secondary pollutant that can be formed from both local and remote ϰϰ 
precursor emissions (Fiore et al., 2009). It is therefore influenced by both national and ϰϱ 
international emission control measures. Changes in global methane (CH4) abundance and ϰϲ 
climate change also affect O3 formation. These global changes are influenced by changes in ϰϳ 
future emission policies, adding additional uncertainty to the O3 response (Fiore et al., 2012; ϰϴ 
Jacob and Winner, 2009; von Schneidemesser et al., 2015). It is therefore vital to consider the ϰϵ 
impact on tropospheric O3 from a range of different future scenarios to ascertain which have ϱϬ 
beneficial effects over key regions.  ϱϭ 

A multi-model assessment of historical and future changes in tropospheric O3 was made in ϱϮ 
the Atmospheric Chemistry and Climate Model Intercomparison Project (ACCMIP), using ϱϯ 
future changes in climate and O3 precursor emissions from the Representative Concentration ϱϰ 
Pathways (RCPs) (Lamarque et al., 2013). The models participating in ACCMIP predicted ϱϱ 
changes in global annual mean surface O3 concentrations between 2000 and 2030 of  ±1.5 ϱϲ 
ppbv using the different RCPs (Young et al., 2013). More recent single model estimates by ϱϳ 
O’Connor et al., (2014) and Kim et al., (2015) predict a surface O3 response across the ϱϴ 
different RCPS of between -4.0 to +2.0 ppbv by 2050 (relative to 2000).  Global annual mean ϱϵ 
tropospheric O3 burden was predicted to change by between -18% and +20% from 2000 to ϲϬ 
2100 in the different RCPs (Cionni et al., 2011; Kawase et al., 2011; O’Connor et al., 2014; ϲϭ 
Young et al., 2013). For the ACCMIP models, Stevenson et al., (2013) calculated that ϲϮ 
tropospheric O3 radiative forcing (relative to 2000) varies between -0.05 and +0.08 W m-2 in ϲϯ 
2030 and between -0.19 and +0.22 W m-2 in 2100 across the range of the RCPs. For RCP8.5, ϲϰ 
Iglesias-Suarez et al., (2018) predicted a whole atmosphere O3 radiative forcing of +0.43 ± ϲϱ 
0.11 W m-2 in 2100 (relative to 2000), with +0.3 ± 0.05 W m-2 due to tropospheric O3 and +0.13 ϲϲ 
± 0.04 W m-2 from stratospheric O3. Future tropospheric O3 may therefore either increase or ϲϳ 
decrease depending on the mitigation measures assumed in the scenario. In addition, the ϲϴ 
spread of the model responses in ACCMIP can be as much as 50% of the reported multi-ϲϵ 
model mean values, highlighting the large uncertainty in the future prediction of tropospheric ϳϬ 
O3 across different models.  ϳϭ 

ACCMIP formed part of the 5th Coupled Model Intercomparison Project (CMIP5) and used air ϳϮ 
pollutant precursor emissions that spanned a relatively narrow range of future trajectories in ϳϯ 
the RCPs (Rao et al., 2017). In preparation for the 6th CMIP (CMIP6) a new set of historical ϳϰ 
and future pathways have been created. Five different socio-economic pathways (SSPs) have ϳϱ 
been developed with centennial trends based on different combinations of social, economic ϳϲ 
and environmental developments (O’Neill et al., 2014). Different levels of emission mitigation ϳϳ 



are included within a specific SSP, to meet a particular climate target and a defined amount ϳϴ 
of air pollution control (Rao et al., 2017; Riahi et al., 2017). The SSPs allow for a wider range ϳϵ 
of future trajectories in air pollutant precursors to be explored than was possible in CMIP5 with ϴϬ 
the RCPs.  ϴϭ 

Here we utilise the historical and future scenarios used in CMIP6 with the parameterised ϴϮ 
approach of Turnock et al., (2018) to quantify the response of tropospheric O3 to changes in ϴϯ 
regional precursor emissions and global CH4 abundances. The parameterisation uses source-ϴϰ 
receptor relationships derived from the response of models to emission precursor perturbation ϴϱ 
experiments, conducted as part of Phase 2 of the Hemispheric Transport of Air Pollutants ϴϲ 
(HTAP) project (Turnock et al., 2018). Whilst it is not intended to replace full atmospheric ϴϳ 
chemistry simulations, the parameterisation allows rapid assessment and provides a first look  ϴϴ 
at the impact of all future CMIP6 scenarios on surface O3 air quality and near-term O3 radiative ϴϵ 
forcing. It calculates the response of tropospheric O3 across the industrial period and to all ϵϬ 
available future SSPs, permitting simple identification of the most interesting SSPs to ϵϭ 
investigate in more detail using the current generation of chemistry, climate and Earth system ϵϮ 
models.   ϵϯ 

In this paper we briefly describe the historical emissions and those in the SSPs that are used ϵϰ 
with the parameterisation to predict changes in tropospheric O3 and its radiative forcing. We ϵϱ 
quantify changes in surface O3, tropospheric O3 burden and O3 radiative forcing over the ϵϲ 
historical period (1750 to 2014) and provide the first results from future scenarios used in ϵϳ 
CMIP6 (2015 to 2050, when the impact of climate change is relatively small). The O3 response ϵϴ 
is solely due to changes in anthropogenic emissions of O3 precursors and CH4 abundance, ϵϵ 
neglecting any impact from climate change. Here, we extend the analysis with a limited ϭϬϬ 
number of CMIP6 scenarios by attributing changes in O3 to anthropogenic emission source ϭϬϭ 
sectors and by using idealised experiments to explore the impact on O3 of mitigation measures ϭϬϮ 
solely targeting CH4. Finally, we summarise how different policy measures in the SSPs impact ϭϬϯ 
future surface O3 air quality and O3 climate forcing. ϭϬϰ 

2.0 Methods ϭϬϱ 

2.1 Ozone Parameterisation  ϭϬϲ 

The approach used in this study is a parameterisation of O3 changes developed previously by ϭϬϳ 
Wild et al., (2012) and Turnock et al., (2018). The parameterisation uses the source-receptor ϭϬϴ 
relationships from models participating in the HTAP project, derived from perturbation ϭϬϵ 
experiments of regional precursor emissions and global CH4 abundances. The input to the ϭϭϬ 
parameterisation is the individual model O3 response to changes in global CH4 abundance ϭϭϭ 
and to 20% reductions of nitrogen oxide (NOx), carbon monoxide (CO) and non-methane ϭϭϮ 
volatile organic compound (NMVOC) emissions within each source region (14 source regions ϭϭϯ 
in total over the globe, see Figure S1). The parameterisation accounts for the effect of ϭϭϰ 
emission and CH4 changes on O3 but neglects any influence from changes in climate, as the ϭϭϱ 
HTAP simulations were performed for a single meteorological year corresponding to 2010.  ϭϭϲ 

For a particular emission scenario, the fractional precursor emission (NOx, CO, NMVOCs) ϭϭϳ 
and CH4 abundance change (r) is calculated relative to the original 20% emission (E) ϭϭϴ 
perturbation (Eq. 1). This linear emission scaling factor is applied to the O3 response for ϭϭϵ 
changes in CO and NMVOCs (Eq. 2), but a non-linear scaling factor (Eq. 3) is used for ϭϮϬ 
changes in NOx and CH4 and (Eq. 4) for conditions where O3 titration occurs (an O3 increase ϭϮϭ 



for a decrease in NOx). For each source region the multi-model monthly O3 response (Eq. 5) ϭϮϮ 
from the 20% emission perturbation experiments (ǻO3 for emissions of NOx, CO and ϭϮϯ 
NMVOCs and ǻO3m for CH4) are then scaled by the relevant emission scaling factor (f). The ϭϮϰ 
total monthly mean O3 response (ǻO3) over each receptor region (k) is the sum of the ϭϮϱ 
individual O3 responses from each model to global CH4 changes and the different emission ϭϮϲ 
precursors (i) across all source regions (j).  ϭϮϳ ݎ ൌ οாೕିǤଶ ൈ ாೕ  οሾுరሿିǤଶ ൈሾுరሿ          ;ϭͿ ϭϮϴ ݎ 

݂ ൌ  ϮͿ ϭϮϵ;     ݁ݏ݊ݏ݁ݎଷܱ ݂ ݈݃݊݅ܽܿܵ ݎܽ݁݊݅ܮ                              ݎ

݂ ൌ ͲǤͻͷݎ  ͲǤͲͷݎଶ ܰ ݉ݎ݂ ݏ݁ݏܽ݁ݎܿ݊݅ ଷܱ ݀݁ܿݑ݀݁ݎ ݎ݂ ݃݊݅ݐ݊ݑܿܿܽ ݈݃݊݅ܽܿܵ    ܱ  ସ  ;ϯͿ ϭϯϬܪܥ ݀݊ܽ 

݂ ൌ ͳǤͲͷݎ െ ͲǤͲͷݎଶ ܱܰ ݃݊݅ݏܽ݁ݎܿ݁݀ ݁ݎ݄݁ݓ ݏ݁݉݅݃݁ݎ ݊݅ݐܽݎݐ݅ݐ ݎ݂ ݈݃݊݅ܽܿܵ    ϰͿ ϭϯϭ οܱଷሺ݇ሻ;     ݏ݁ݏܽ݁ݎܿ݊݅  ൌ σ σ ݂οܱଷହୀଵଷୀଵ ሺ݅ǡ ݆ǡ ݇ሻ  ݂οܱଷሺ݇ሻ      ;ϱͿ ϭϯϮ 

The parameterisation provides the global and regional O3 response at the surface and ϭϯϯ 
throughout the troposphere. The O3 radiative forcing is then derived from the change in ϭϯϰ 
tropospheric O3 burden using the multi-model ensemble mean relationship from ACCMIP ϭϯϱ 
(Stevenson et al., 2013). In this way the parameterisation can be used to rapidly assess the ϭϯϲ 
impact of changes in precursor emissions and CH4 abundance on surface O3 air quality and ϭϯϳ 
near term climate forcing due to O3. In addition, a measure of uncertainty is generated by the ϭϯϴ 
parameterisation based on the range of HTAP multi-model responses. ϭϯϵ 

We have updated the parameterisation used in Turnock et al., (2018) to rectify some small ϭϰϬ 
coding errors subsequently found in the calculation of tropospheric O3 burden and O3 radiative ϭϰϭ 
forcing. Table S1 reproduces Table 10 of Turnock et al., (2018) but includes results from the ϭϰϮ 
updated parameterisation used here. The surface O3 response is unaffected by the updates, ϭϰϯ 
but the tropospheric O3 burden and O3 radiative forcing are reduced compared to that in ϭϰϰ 
Turnock et al., (2018), although still within or at the lower end of the range of the ACCMIP ϭϰϱ 
multi-model response.       ϭϰϲ 

The parameterisation has previously been shown to reproduce the O3 response to different ϭϰϳ 
emission perturbations from full model simulations (Turnock et al., 2018; Wild et al., 2012). ϭϰϴ 
Here we use the parameterisation to quantify the O3 response to CMIP6 historical emissions ϭϰϵ 
and to the full range of future SSPs, which include differing climate mitigation targets and ϭϱϬ 
various levels of air pollutant control. Using a combination of historical and future emissions ϭϱϭ 
we calculate 300 years of changes to tropospheric O3. Further experiments are conducted ϭϱϮ 
with the parameterisation to attribute the change in tropospheric O3 from different emission ϭϱϯ 
source sectors and the impact from mitigation scenarios solely targeting reductions in CH4. ϭϱϰ 

2.2 CMIP6 Emissions ϭϱϱ 

A new set of historical anthropogenic emissions has been developed with the Community ϭϱϲ 
Emissions Data System (CEDS) (Hoesly et al., 2018). CEDS uses updated emissions factors ϭϱϳ 
to provide monthly emissions of the major aerosol and trace gas species over the period 1750 ϭϱϴ 
to 2014 for use in CMIP6, and includes the interannual variation in biomass burning.  ϭϱϵ 

The SSPs used in CMIP6 represent an update from CMIP5 as they combine pathways of ϭϲϬ 
different greenhouse gas concentrations (RCPs) with new scenarios of socio-economic ϭϲϭ 



development that encompass a range of challenges to mitigation and adaption (O’Neill et al., ϭϲϮ 
2014; van Vuuren et al., 2014). Five different baseline SSPs (1-5) are used to represent ϭϲϯ 
different combinations of future social, environmental and economic development over the 21st ϭϲϰ 
Century (O’Neill et al., 2014; Riahi et al., 2017). The SSPs vary from those with lower resource ϭϲϱ 
and energy use (sustainability - SSP1) to those focussing on energy intensification and fossil ϭϲϲ 
fuel use (SSP5). Mapped onto each SSP is an assumption about the degree of air pollution ϭϲϳ 
control (strong, medium or weak), representing the different speeds and technological ϭϲϴ 
pathways to meet targets. Rising income levels and stricter air pollution controls are assumed ϭϲϵ 
to occur together, as control technology costs are lowered and a greater emphasis is placed ϭϳϬ 
on improving human health (Rao et al., 2017). This allows the SSPs to cover a wider range of ϭϳϭ 
future air pollutant emission trajectories in a greater number of scenarios than was possible in ϭϳϮ 
CMIP5, and supports the need for a rapid assessment tool to evaluate all scenarios. ϭϳϯ 

The baseline SSPs are unable to reach lower radiative forcing targets and result in a climate ϭϳϰ 
radiative forcing of 5.0 – 8.7 W m-2 by 2100 (Riahi et al., 2017). Different greenhouse gas ϭϳϱ 
mitigation strategies are introduced on top of each baseline SSP to achieve a defined climate ϭϳϲ 
radiative forcing target in 2100. A wide range of measures are used to achieve emission ϭϳϳ 
reductions and reflect the specific storyline of the SSP, e.g., carbon capture and storage, ϭϳϴ 
increased use of renewables, reduced agriculture emissions and afforestation. A summary of ϭϳϵ 
each scenario used in this study is shown in Table 1, with further details on each pathway ϭϴϬ 
presented in O’Neill et al., (2014), Rao et al., (2017), Riahi et al., (2017) and (Gidden et al., ϭϴϭ 
2019). ϭϴϮ 

Table 1 – Summary of all CMIP6 scenarios with gridded emissions that are used in this study ϭϴϯ 

Scenario SSP Narrative 

Challenges for: Climate Target 
(radiative forcing 
by 2100, W m-2) 

Level of Air 
Pollution 
Controls Mitigation Adaption 

SSP1 1.9 Sustainability Low Low 1.9 Strong 
SSP1 2.6 Sustainability Low Low 2.6 Strong 
SSP2 4.5 Middle of the Road Medium Medium 4.5 Medium 
SSP3 7.0 Regional Rivalry High High 7.0 Weak 
SSP3 7.0 
lowNTCF Regional Rivalry High High 6.3* Strong 

SSP4 3.4  Inequality Low High 3.4 Weak 
SSP4 6.0 Inequality Low High 6.0 Weak 
SSP5 3.4 Fossil-fuelled Development High Low 3.4 Strong 
SSP5 8.5 Fossil-fuelled Development High Low 8.5 Strong 

* Climate target is lowered due to reduced contribution of NTCFs to end of century warming (Gidden et al., 2019). ϭϴϰ 

In this study we have used changes in CH4 abundance and anthropogenic emissions of NOx, ϭϴϱ 
CO and NMVOCs from the historical dataset and nine SSPs developed for CMIP6 (Table 1). ϭϴϲ 
Similar climate forcing targets to those used in CMIP5 are included within SSP1 2.6, SSP2 ϭϴϳ 
4.5, SSP3 7.0 and SSP5 8.5 scenarios. Additional scenarios with differing levels of climate ϭϴϴ 
mitigation (SSP1 1.9, SSP3 lowNTCF, SSP4 3.4, SSP4 6.0 and SSP5 3.4) are provided for ϭϴϵ 
CMIP6. The radiative forcing targets range from a strong mitigation scenario of 1.9 W m-2, ϭϵϬ 
which keeps temperatures well below 2°C by 2100 (in accordance with the Paris Agreement, ϭϵϭ 
(United Nations, 2016)), to a weak mitigation scenario with a radiative forcing of 8.5 W m-2, ϭϵϮ 
resulting in a temperature change of ~5°C by 2100 (Riahi et al., 2017). SSP3 7.0 lowNTCF is ϭϵϯ 
provided for the Aerosol and Chemistry Model Intercomparison Project (AerChemMIP) ϭϵϰ 
experiments (Collins et al., 2017) and represents a direct comparison to SSP3 7.0 but with ϭϵϱ 
substantially reduced NTCFs. SSP4 scenarios are included to study pathways with low ϭϵϲ 



mitigation challenges that have strong land use and aerosol-climate effects (Gidden et al., ϭϵϳ 
2019). SSP5 3.4 is a delayed mitigation scenario which follows the same pathway as SSP5 ϭϵϴ 
8.5 up until 2040 but then implements policy measures to reduce warming in the latter half of ϭϵϵ 
the century. ϮϬϬ 

 ϮϬϭ 

Figure 1 – Global total annual emissions of NOx, CO and NMVOCs and the global CH4 abundance ϮϬϮ 
from the CMIP6 historical and future scenarios dataset.  ϮϬϯ 

Figure 1 shows the global change in the emission of air pollutants (NOx, CO and NMVOCs) ϮϬϰ 
and CH4 abundance over the period 1750 to 2014 in the historical emissions and in the nine ϮϬϱ 
different future SSPs from 2015 to 2050. Global emissions of air pollutants remain low up until ϮϬϲ 
the early part of the 20th Century. In the second half of the 20th Century global emissions rapidly ϮϬϳ 
increase in response to industrialisation, particularly over Europe, North America and Asia ϮϬϴ 
(Table S2). On a global basis, SSP3 7.0 is the only scenario where global air pollutant ϮϬϵ 
emissions are not declining (relative to 2015). Large reductions in all air pollutant emissions ϮϭϬ 
are seen across all regions in SSP3 7.0 lowNTCF and the SSP1s (Table 1 and Table S3-S4) Ϯϭϭ 
due to large reductions in the energy, industrial, residential and transport sectors (Figures S2-ϮϭϮ 
S4, Tables S5-S7). In SSP3 7.0 and SSP5 8.5 air pollution emissions tend to increase in most Ϯϭϯ 
regions, apart from Europe and North America. Emissions decrease across most regions in Ϯϭϰ 
the SSP2 and SSP4 scenarios, apart from in South Asia where emissions increase for almost Ϯϭϱ 
all scenarios, mainly from the energy, industrial and transport sectors (Figure S5).        Ϯϭϲ 

CH4 abundances show a continuous increasing trend over the historical period from 731 ppbv Ϯϭϳ 
in 1750 to 1831 ppbv in 2014, with the most rapid changes occurring since the 1950s. Over Ϯϭϴ 
the period 2015 to 2050 most of the future scenarios show an increase in global CH4 Ϯϭϵ 



abundance of between 10% and 36%, apart from the three scenarios with the strongest ϮϮϬ 
climate and air pollutant mitigation (SSP1 1.9, SSP1 2.6 and SSP3 7.0 lowNTCF), where CH4 ϮϮϭ 
abundance reduces by 18% to 26% (Table 2).   ϮϮϮ 

Table 2 – Percentage change in global methane abundance and in global and regional total ϮϮϯ 
(anthropogenic, shipping and biomass burning sectors) annual NOx emissions in 2050, relative to 2015, ϮϮϰ 
over each source region for the different CMIP6 emission scenarios. Positive changes are shown in ϮϮϱ 
bold. Regions are as defined in Figure S1.  ϮϮϲ 

Region 

Annual Total Emissions Change in 2050 (%) from 2015 

SSP1 
1.9 

SSP1 
2.6 

SSP2 
4.5 

SSP3 
7.0 

SSP3 7.0 
NTCF 

SSP4 
3.4 

SSP4 
6.0 

SSP5 
3.4 

SSP5 
8.5 

Global CH4 -22 -18 +10 +34 -26 +21 +36 +15 +33 
Global NOx -66 -51 -27 +7 -46 -35 -15 -21 +2 
Central 
America -58 -42 -20 +27 -51 -41 -25 0 +32 

Central Asia -32 -6 +11 +27 -37 -26 -11 -13 +4 
East Asia -79 -68 -53 +17 -44 -61 -27 -29 -12 
Europe -79 -74 -50 -38 -58 -64 -43 -34 -14 
Middle East -77 -55 -22 +46 -63 -42 -25 -39 -12 
North Africa -45 -4 +10 +54 -46 -1 +18 +10 +51 
North 
America -82 -74 -59 -37 -60 -61 -45 -49 -29 

North Pole -92 -86 -36 -43 -84 -56 -48 -46 -32 
Ocean -88 -78 -29 -27 -79 -47 -34 -35 -14 
Pacific Aus 
NZ -52 -46 -37 -13 -42 -32 -18 -22 -14 

Rus Bel Ukr -56 -50 -17 -14 -60 -59 -37 -42 -26 
South 
America -59 -46 -23 +13 -38 -39 -18 -9 +12 

South Asia -59 -25 +29 +72 +3 +11 +50 +12 +52 
South East 
Asia -49 -26 -24 +33 -31 +46 +18 -22 +6 

Southern 
Africa -10 +3 -14 -8 -33 -9 -2 +9 +25 

 ϮϮϳ 

3.0 Results ϮϮϴ 

3.1 Historical Changes ϮϮϵ 

The parameterisation reveals that global annual mean surface O3, tropospheric O3 burden and ϮϯϬ 
O3 radiative forcing (± 1 standard deviation) increased by 7.6 ± 0.7 ppbv, 73 ± 8.9 Tg and 0.29 Ϯϯϭ 
± 0.03 W m-2 over the period 1850 to 2014 (Table 3 and Figure 2). The change in these ϮϯϮ 
variables over the period 1850 to 2000 simulated by the ACCMIP models is 10 ± 1.6 ppbv, 98 Ϯϯϯ 
± 17 Tg and 0.36 ± 0.06 W m-2 respectively (Stevenson et al., 2013; Young et al., 2013), Ϯϯϰ 
slightly larger than the changes from the parameterisation. The large standard deviations show Ϯϯϱ 
that there is a substantial diversity in model responses in the ACCMIP results. UKESM1, an Ϯϯϲ 
Earth system model conducting experiments for CMIP6 (Sellar et al., 2019, in prep.), and a Ϯϯϳ 
successor to the HadGEM2 model used for building the parameterisation, gives global Ϯϯϴ 
changes of 7.3 ± 0.4 ppbv in surface O3 and 66.7 ± 5.1 Tg in O3 burden, very similar to the Ϯϯϵ 
parameterisation (Figure 2). ϮϰϬ 

The parameterisation does not account for the impacts on tropospheric O3 from changes in Ϯϰϭ 
stratosphere-to-troposphere exchange, chemical regime (O3 production/titration) or climate, ϮϰϮ 



which could explain the discrepancy with the ACCMIP models. A discrepancy could also occur Ϯϰϯ 
from the use of the different emission datasets in ACCMIP and CMIP6, but a comparison with Ϯϰϰ 
the parameterisation itself found this contribution to be very small. Within ACCMIP some Ϯϰϱ 
models calculated the impact of climate change over the historical period by conducting Ϯϰϲ 
experiments with a varying climate and emissions fixed at 1850 values. These models Ϯϰϳ 
calculated that climate change has a relatively small impact on tropospheric O3 over the Ϯϰϴ 
industrial period, reducing the change in surface O3, O3 burden and O3 radiative forcing by 2.7 Ϯϰϵ 
ppbv, 22 Tg and 0.024 W m-2 respectively (Stevenson et al., 2013; Young et al., 2013). Most ϮϱϬ 
of this reduction is anticipated to occur from enhanced O3 destruction due to increases in water Ϯϱϭ 
vapour from rising temperatures (Doherty et al., 2013). If the reduction in tropospheric O3 due ϮϱϮ 
to the effects of climate change is removed from the ACCMIP estimate of change in O3 over Ϯϱϯ 
the industrial period, then there is better agreement with the estimate of historical change from Ϯϱϰ 
the parameterisation.  Ϯϱϱ 

There is no agreed observed change in tropospheric O3 over the industrial period due to the Ϯϱϲ 
absence of reliable measurements (Young et al., 2018). Chemistry-climate models are only Ϯϱϳ 
able to reproduce half of the observed trend in O3 over the second half of the 20th Century, Ϯϱϴ 
when reliable measurements are available and most of the change in O3 occurred (Gaudel et Ϯϱϵ 
al., 2018; Young et al., 2018). Tropospheric O3 changes from the parameterisation over the ϮϲϬ 
industrial period are consistent with those from ACCMIP models and UKESM1 but all tend to Ϯϲϭ 
underestimate the measured change. ϮϲϮ 

Figure 2 shows that surface O3, tropospheric O3 burden and O3 radiative forcing rapidly Ϯϲϯ 
increase through the 20th Century, coinciding with the largest changes in emissions and CH4 Ϯϲϰ 
(Figure 1). Larger regional increases in annual mean surface O3 of >10 ppbv occur over Ϯϲϱ 
Europe, North America, Asia and the Middle East (Table 3 and Figure S6). The changes in Ϯϲϲ 
annual mean surface O3 since 1750 show the impact of industrialisation and increasing Ϯϲϳ 
emissions over the 20th century across most regions. However, they also show the more recent Ϯϲϴ 
decline in surface O3 concentrations across Europe and North America (<2 ppbv) over the last Ϯϲϵ 
30 years due to the reduction in precursor emissions from the implementation of air pollution ϮϳϬ 
controls. Historical changes in tropospheric O3 over the industrial period provide a context in Ϯϳϭ 
which to frame the predicted changes from different future scenarios. ϮϳϮ 



 Ϯϳϯ 

Figure 2 – Change in the global annual mean surface O3 concentrations, total O3 burden and O3 Ϯϳϰ 
radiative forcing over the historical period, relative to 2014, from the parameterisation using historical Ϯϳϱ 
emissions provided for CMIP6. A 5-year running mean of the change in global surface O3 concentrations Ϯϳϲ 
and total O3 burden, relative to 2014, is also shown from UKESM1. Shaded areas show the spread in Ϯϳϳ 
the response from the multi-model parameterisation and ensemble members of UKESM1 (±1 standard Ϯϳϴ 
deviation).  Ϯϳϵ 

Table 3 – Regional and global change in annual mean surface O3 concentrations over the historical ϮϴϬ 
period, relative to 2014.  Ϯϴϭ 

Region 

 ǻ Surface O3 (ppbv) 

1750 1850 1900 1950 1980 2000 
Global -7.9 -7.6 -6.9 -4.8 -1.2 -0.4 
Central America -9.1 -8.7 -8.2 -5.3 -1.0 +0.5 
Central Asia -10.6 -9.9 -8.8 -5.8 +0.9 +0.4 
East Asia -12.9 -12.4 -11.5 -8.7 -2.5 -1.2 
Europe -10.5 -9.6 -8.3 -5.0 +2.0 +1.0 
Middle East -17.6 -16.8 -15.7 -11.9 -3.4 -1.0 
North Africa -12.2 -11.6 -10.4 -6.9 -0.1 +0.4 
North America -10.8 -10.1 -9.1 -4.5 +1.0 +0.7 
North Pole -7.8 -7.3 -6.6 -4.2 +0.2 +0.2 
Ocean -7.8 -7.4 -6.9 -4.8 -1.4 -0.4 
Pacific Aus NZ -4.7 -4.5 -4.0 -3.0 -1.2 -0.3 
Rus Bel Ukr -7.9 -7.4 -6.5 -4.0 +0.4 +0.2 
South America -4.6 -4.4 -4.1 -3.2 -1.5 -0.5 
South Asia -17.7 -17.1 -16.3 -13.6 -6.9 -3.8 
South East Asia -9.7 -9.5 -9.1 -7.7 -4.8 -2.9 
South Pole -3.5 -3.3 -3.0 -2.2 -0.9 -0.3 
Southern Africa -5.1 -4.8 -4.4 -3.1 -1.1 -0.3 



3.2 Future Scenarios ϮϴϮ 

The nine CMIP6 SSPs (Table 1) are used with the O3 parameterisation to predict the impact Ϯϴϯ 
on tropospheric O3 over the near-term future (2015 to 2050), when effects of climate are likely Ϯϴϰ 
to be small (Doherty et al., 2017; Fiore et al., 2015). Figure 3 shows that there are a variety of Ϯϴϱ 
responses in global annual mean surface O3, O3 burden and O3 radiative forcing to the Ϯϴϲ 
different SSPs. The predictions from the parameterisation are compared to the global mean Ϯϴϳ 
changes simulated by UKESM1 for four representative SSPs.    Ϯϴϴ 

The three strong mitigation pathways (SSP1 1.9, SSP1 2.6 and SSP3 7.0 lowNTCF) all show Ϯϴϵ 
(relative to 2015) large reductions of >3.5 ppbv in surface O3, >30 Tg in O3 burden and an O3 ϮϵϬ 
radiative forcing of <-0.1 W m-2 in 2050, due to the large reductions in precursor emissions Ϯϵϭ 
and CH4. Figure 3 shows that the global changes in surface O3 and O3 burden in 2050 from ϮϵϮ 
the parameterisation are consistent with those simulated using UKESM1. Using the simplified Ϯϵϯ 
expression of Etminan et al., (2016) a direct CH4 radiative forcing of <-0.15 W m-2 is calculated Ϯϵϰ 
for the strong mitigation scenarios, providing an additional direct benefit to climate on top of Ϯϵϱ 
the reduction in O3 forcing. However, the benefits to surface air quality and near-term climate Ϯϵϲ 
forcing in the most ambitious mitigation scenarios are still less than half of the changes that Ϯϵϳ 
occurred over the industrial period.  Ϯϵϴ 

The middle of the road scenario (SSP2 4.5) is predicted to have slightly reduced global surface Ϯϵϵ 
O3 concentration, O3 burden and O3 radiative forcing in 2050 compared to 2015. In this ϯϬϬ 
scenario decreases in precursor emissions are offset by increases in global CH4 abundance ϯϬϭ 
of 10%. The global changes predicted by the parameterisation are again in agreement with ϯϬϮ 
those from UKESM1, which shows a slight reduction in surface O3 and O3 burden.  ϯϬϯ 

All the weak mitigation scenarios (SSP 7.0, SSP5 8.5 and SSP4 6.0) are predicted to increase ϯϬϰ 
global annual mean surface O3 by up to 1.5 ppbv, O3 burden by up to 18 Tg and O3 radiative ϯϬϱ 
forcing by up to +0.07 W m-2 in 2050. The predicted changes in surface O3 and O3 burden for ϯϬϲ 
SSP5 8.5 are consistent with those from UKESM1. For SSP3 7.0 the predicted increases in ϯϬϳ 
O3 are larger than those in UKESM1, particularly over South Asia (Figure S7). These regions ϯϬϴ 
experience large increases in NOx emissions of up to 70% in SSP3 7.0, resulting in changes ϯϬϵ 
in chemical regime from O3 production to O3 titration. This change in chemical regime cannot ϯϭϬ 
be captured with the parameterisation and it therefore overestimates the O3 response in these ϯϭϭ 
regions, as previously shown in Turnock et al., (2018). A direct CH4 radiative forcing of up to ϯϭϮ 
+0.27 W m-2 is calculated using the simplified expression of Etminan et al., (2016) for the weak ϯϭϯ 
SSP mitigation scenarios. This is in addition to the positive forcing from O3, which will both ϯϭϰ 
have a detrimental effect on climate. The large global increase in CH4 abundance in these ϯϭϱ 
scenarios, of up to 36%, offsets any benefits to O3 from reducing precursor emissions, ϯϭϲ 
highlighting the importance of controlling future CH4 emissions for reducing tropospheric O3. ϯϭϳ 



 ϯϭϴ 

Figure 3 – Changes in global annual mean surface O3 concentrations, total O3 burden and O3 radiative ϯϭϵ 
forcing, relative to 2015, from the parameterisation for different future CMIP6 pathways. Shaded area ϯϮϬ 
shows the spread in multi-model response (±1 standard deviation). The spread in multi-model response ϯϮϭ 
in 2050 is represented by the vertical line at the end of each plot. The change in surface O3 and O3 ϯϮϮ 
burden (±1 standard deviation) simulated by UKESM1 in 2050 is represented by the circles at the far ϯϮϯ 
end of the plot. ϯϮϰ 

Figure 4 and Table S8 show that there is a large range in annual regional mean surface O3 ϯϮϱ 
responses for the nine SSPs. The largest range occurs over the Middle East and South Asia ϯϮϲ 
where a reduction of >10 ppbv (relative to 2015) is predicted for the strong mitigation scenario ϯϮϳ 
(SSP1 1.9) and an increase of >3 ppbv is predicted for the weak mitigation scenario (SSP3 ϯϮϴ 
7.0). However, the range in O3 responses over these particular regions may be overestimated ϯϮϵ 
with the parameterisation, as noted above. Across Europe, North America and East Asia, the ϯϯϬ 
range of response in surface O3 is smaller but reductions of >6 ppbv occur in the strong ϯϯϭ 
mitigation scenarios where precursor emissions and CH4 abundances are heavily reduced. ϯϯϮ 
However, even the most ambitious mitigation scenario results in regional annual mean surface ϯϯϯ 
O3 concentrations over Europe and North America that are 30% greater than estimated for the ϯϯϰ 
pre-industrial period (Figure S6).  ϯϯϱ 

For the weak mitigation scenario of SSP3 7.0 surface O3 increases by 2.6 ppbv for East Asia ϯϯϲ 
and by ~1 ppbv for Europe and North America. Increases in surface O3 occur in both SSP3 ϯϯϳ 
7.0 and SSP5 8.5 due to the >30% increase in global CH4 abundances, despite reductions in ϯϯϴ 
NOx emissions. This again highlights the importance of implementing both local and ϯϯϵ 
hemispheric emission control measures, particularly for CH4, to control future regional ϯϰϬ 
changes in surface O3.  ϯϰϭ 



 ϯϰϮ 

Figure 4 – Changes in global and regional annual mean surface O3 concentrations, relative to 2015, ϯϰϯ 
for different future CMIP6 pathways. The spread in multi-model response in 2050 is represented by the ϯϰϰ 
vertical line at the end of each plot (±1 standard deviation). ϯϰϱ 

A source attribution is presented for selected SSPs for East Asia (Figure 5) and South Asia ϯϰϲ 
(Figure 6) to show the influence of local and remote emission sources on surface O3. Across ϯϰϳ 
East Asia the contribution of locally formed O3 to the total surface O3 response in 2050 ϯϰϴ 
decreases by up to 2.8 ppbv across most scenarios due to the reduction of local emissions. ϯϰϵ 
SSP3 7.0 is an exception to this, as local emissions increase and consequently the O3 ϯϱϬ 
response increases by 0.5 ppbv in 2050. The influence from regions external to East Asia is ϯϱϭ 
shown to be important in achieving reductions in regional surface O3, particularly for the ϯϱϮ 
stronger mitigation scenarios where reductions of more than 1 ppbv can be achieved. In most ϯϱϯ 
scenarios, apart from SSP1 1.9, global CH4 abundances rise and contribute to an increase in ϯϱϰ 
surface O3 of up to 2 ppbv.  ϯϱϱ 

Over South Asia, local emission sources are more important in influencing the total O3 ϯϱϲ 
response and counteract changes from external source regions. Large reductions in surface ϯϱϳ 
O3 concentrations are achieved in the strong mitigation scenario from local (-4.8 ppbv), remote ϯϱϴ 
(-4.1 ppbv) and CH4 (-1.5 ppbv) sources. However, in the medium and weak mitigation ϯϱϵ 
scenarios surface O3 increases from local emissions (up to +4.1 ppbv) and global CH4 ϯϲϬ 
abundance (up to +1.9 ppbv). This increase outweighs any reductions in O3 obtained from ϯϲϭ 
emission sources remote to South Asia (up to -1.6 ppbv). ϯϲϮ 

This analysis of source contributions highlights that local emission reductions are not always ϯϲϯ 
enough to reduce regional surface O3 concentrations in the future. Emission controls on a ϯϲϰ 



hemispheric scale are also required, particularly for CH4, to reduce transboundary sources of ϯϲϱ 
O3 and keep the regional surface O3 below present-day concentrations.   ϯϲϲ 

 ϯϲϳ 

Figure 5 - Total annual mean changes in regional surface O3 concentrations over East Asia and the ϯϲϴ 
contribution of local (blue), remote (red) and methane (gold) sources between 2015 and 2050 from the ϯϲϵ 
parameterisation for the CMIP6 emissions under the a) SSP1 1.9, b) SSP2 4.5, c) SSP3 7.0, d) SSP4 ϯϳϬ 
6.0 and e) SSP5 8.5 scenarios. Grey lines on the local and methane panels represent individual model ϯϳϭ 
estimates of O3 changes, showing the spread in model responses; solid lines show the multi-model ϯϳϮ 
mean. Error bars represent one standard deviation over the entire multi-model range. The bottom ϯϳϯ 
panels show the O3 response from individual sources plotted together.  ϯϳϰ 



 ϯϳϱ 

Figure 6 - Total annual mean changes in regional surface O3 concentrations over South Asia and the ϯϳϲ 
contribution of local (blue), remote (red) and methane (gold) sources between 2015 and 2050 from the ϯϳϳ 
parameterisation for the CMIP6 emissions under the a) SSP1 1.9, b) SSP2 4.5, c) SSP3 7.0, d) SSP4 ϯϳϴ 
6.0 and e) SSP5 8.5 scenarios. Grey lines on the local and methane panels represent individual model ϯϳϵ 
estimates of O3 changes, showing the spread in model responses; solid lines show the multi-model ϯϴϬ 
mean. Error bars represent one standard deviation over the entire multi-model range. The bottom ϯϴϭ 
panels shows the O3 response from individual sources plotted together. ϯϴϮ 

3.3 Emission Source Sectors ϯϴϯ 

We have used the fractional emission change from different emission source sectors, relative ϯϴϰ 
to the total (Figures S2-S4, Tables S5-S7), to understand their contribution to the overall ϯϴϱ 
response in annual mean surface O3 and O3 radiative forcing in four SSPs (SSP1 1.9, SSP2 ϯϴϲ 
4.5, SSP3 7.0, SSP5 8.5). The sum of the O3 response from the individual source sectors ϯϴϳ 
closely matches (within 7%) the combined O3 response in each scenario (Figure 7).  ϯϴϴ 



 ϯϴϵ 

Figure 7 – Changes in global annual mean surface O3 concentrations (ppbv) and O3 radiative forcing ϯϵϬ 
(mW m-2) due to individual emission sectors and the total overall response between 2015 and 2050 ϯϵϭ 
using four different CMIP6 future scenarios. ϯϵϮ 

Figure 8 shows the surface O3 response from each source sector in 2050 across four regions. ϯϵϯ 
Both Figures 7 and 8 show that the dominant driver of changes in surface O3 both globally ϯϵϰ 
and regionally is changes in CH4 abundance. An analysis of individual source sectors ϯϵϱ 
contributing to CH4 emissions shows that the largest changes occur in the energy, waste and ϯϵϲ 
agricultural sectors (Figure S8). Globally, other emission source sectors make smaller ϯϵϳ 
contributions to surface O3. The energy, industrial, transport and residential source sectors ϯϵϴ 
are more important regionally. Strong emission controls in these sectors, particularly on ϯϵϵ 
transport, could reduce surface O3 by up to 2 ppbv over Europe and East Asia and by more ϰϬϬ 
than 4 ppbv over South Asia. In contrast, scenarios that include weak emission controls show ϰϬϭ 
increases in surface O3 of up to 2 ppbv over South Asia.   ϰϬϮ 

From the individual source contributions to surface O3 in 2050, we find most of the benefit for ϰϬϯ 
surface O3 air quality occurs from emission reduction measures in a limited number of sectors, ϰϬϰ 
e.g., transport. This highlights where more action to reduce precursor emissions could provide ϰϬϱ 
additional benefits to surface O3, e.g. from agriculture. For regions like Europe and East Asia ϰϬϲ 
local emission policies targeting the energy and transport sectors will not be sufficient to ϰϬϳ 
achieve substantial O3 air quality benefits compared to the present day. Benefits can only be ϰϬϴ 
achieved by targeting CH4 sources, as well as local precursor emissions.   ϰϬϵ 



 ϰϭϬ 

Figure 8 – Changes in annual mean surface O3 concentrations (ppbv) due to individual emission ϰϭϭ 
sectors between 2015 and 2050 for different regions using four different CMIP6 future scenarios.  ϰϭϮ 

The contribution of different source sectors to global O3 radiative forcing in 2050 is shown in ϰϭϯ 
Figure 7 and Table S9. The largest source contribution in all scenarios comes from changes ϰϭϰ 
in CH4 abundance, with the energy, waste and agricultural sectors being important sources ϰϭϱ 
contributing to changes in CH4 emissions (Figure S8). For the weak mitigation scenarios ϰϭϲ 
(SSP3 7.0 and SSP5 8.5) CH4 is shown to be the main contributor, causing a positive O3 ϰϭϳ 
radiative forcing in 2050. There are smaller positive contributions under these scenarios from ϰϭϴ 
the energy, industrial and transport sectors. For the medium mitigation scenario (SSP2 4.5) ϰϭϵ 
the small positive O3 radiative forcing due to CH4 is offset by the negative forcing from the ϰϮϬ 
energy, transport and residential sectors. For the strongest mitigation scenario (SSP1 1.9) ϰϮϭ 
there is a negative O3 radiative forcing from the energy, transport, residential and shipping ϰϮϮ 
sectors, as well as from CH4, which combine to produce the largest negative O3 radiative ϰϮϯ 
forcing by 2050. Strong reductions in both CH4 and precursor emissions are needed to reduce ϰϮϰ 
the warming effect of O3. Controlling CH4 would have the largest impact on reducing future O3 ϰϮϱ 
radiative forcing, as the strong mitigation scenarios show that decreasing CH4 can significantly ϰϮϲ 
reduce the overall positive O3 radiative forcing, as well as the direct CH4 radiative forcing.  ϰϮϳ 

3.4 Reductions in Global Methane ϰϮϴ 

To assess the additional benefits from further reductions in global methane we have performed ϰϮϵ 
sensitivity experiments with the parameterisation using different values of global CH4 ϰϯϬ 



abundances (-25% to +25%) compared to that in five of the SSPs (Table 4). For all SSPs ϰϯϭ 
using lower values of CH4 (of up to -25%) additionally reduces the predicted global surface O3 ϰϯϮ 
concentration by more than 1 ppbv in 2050 (Table 4 and Figure 9), with larger reductions on ϰϯϯ 
a regional scale (Figure S9). For example, the predicted increases in global surface O3 ϰϯϰ 
concentrations in 2050 under the weaker mitigation scenarios (SSP3 7.0, SSP4 6.0 and SSP5 ϰϯϱ 
8.5) could be eliminated if the global CH4 abundance was reduced by 1525% of the original ϰϯϲ 
value used in each scenario. A similar benefit is seen in climate forcing (both O3 and direct ϰϯϳ 
CH4). The O3 radiative forcing in SSP1 1.9 would not be as large if the reductions in CH4 ϰϯϴ 
abundances were smaller under this scenario. If larger reductions in global CH4 abundances ϰϯϵ 
occurred for the weaker mitigation scenarios then O3 radiative forcing in 2050 relative to 2015 ϰϰϬ 
could be reduced to near zero, with an additional reduction in the direct CH4 radiative forcing ϰϰϭ 
of up to 0.2 W m-2. Further reductions to the global CH4 abundance by 2050 would deliver ϰϰϮ 
clear additional benefits to surface O3 air quality and near-term climate forcing (both O3 and ϰϰϯ 
CH4) under all SSPs.     ϰϰϰ 

Table 4 – The response in global surface O3, O3 radiative forcing and CH4 radiative forcing to additional ϰϰϱ 
perturbations in CH4 abundance compared to that in five of the existing SSPs.  ϰϰϲ 

Initial SSP Scenario 
% change from the initial scenario concentration 

-25 -20 -15 -10 -5 Initial +5 +10 +15 +20 +25 

SSP1  
1.9 

ǻCH4 (ppbv) - - - - - 1428 1499 1571 1642 1714 1785 
ǻO3 (ppbv) - - - - - -4.7 -4.5 -4.3 -4.1 -4.0 -3.8 

O3 RF (Wm-2) - - - - - -0.17 -0.16 -0.15 -0.14 -0.14 -0.13 
CH4 RF (Wm-2) - - - - - -0.20 -0.16 -0.13 -0.09 -0.06 -0.03 

SSP2  
4.5 

ǻCH4 (ppbv) - - 1717 1818 1919 2020 2121 2222 - - - 
ǻO3 (ppbv) - - -1.7 -1.4 -1.2 -0.9 -0.7 -0.4 - - - 

O3 RF (Wm-2) - - -0.06 -0.05 -0.04 -0.03 -0.02 -0.01 - - - 
CH4 RF (Wm-2) - - -0.06 -0.01 +0.03 +0.08 +0.12 +0.16 - - - 

SSP3  
7.0 

ǻCH4 (ppbv) 1854 1978 2101 2225 2348 2472 - - - - - 
ǻO3 (ppbv) +0.1 +0.4 +0.7 +1.0 +1.3 +1.5 - - - - - 

O3 RF (Wm-2) +0.01 +0.03 +0.04 +0.05 +0.06 +0.07 - - - - - 
CH4 RF (Wm-2) +0.01 +0.06 +0.11 +0.16 +0.21 +0.26 - - - - - 

SSP4  
6.0 

ǻCH4 (ppbv) - 2003 2128 2253 2378 2504 2629 - - - - 
ǻO3 (ppbv) - -0.5 -0.2 +0.1 +0.4 +0.6 +0.9 - - - - 

O3 RF (Wm-2) - -0.01 +0.01 +0.02 +0.03 +0.04 +0.05 - - - - 
CH4 RF (Wm-2) - +0.07 +0.12 +0.17 +0.22 +0.27 +0.31 - - - - 

SSP5  
8.5 

ǻCH4 (ppbv) 1835 1957 2079 2202 2324 2446 - - - - - 
ǻO3 (ppbv) -0.4 -0.1 +0.2 +0.5 +0.8 +1.0 - - - - - 

O3 RF (Wm-2) -0.01 +0.00 +0.01 +0.03 +0.04 +0.05 - - - - - 
CH4 RF (Wm-2) +0.00 +0.05 +0.10 +0.15 +0.20 +0.25 - - - - - 



 ϰϰϳ 

Figure 9 – Changes in the global annual mean response of surface O3 concentrations, O3 radiative ϰϰϴ 
forcing and direct CH4 radiative forcing in 2050 due to different amounts of methane mitigation assumed ϰϰϵ 
in a particular SSP. ϰϱϬ 

4.0 Conclusions ϰϱϭ 

We have used a parameterisation based on source-receptor relationships to predict changes ϰϱϮ 
in tropospheric O3 and its radiative forcing over the period 1750 to 2050. Changes in CH4 ϰϱϯ 
abundance and O3 precursor emissions (NOx, CO and NMVOCs) from historical and future ϰϱϰ 
scenarios of the CMIP6 emission dataset are used within the parameterisation. This allows an ϰϱϱ 
initial assessment of the full range of CMIP6 scenarios to be conducted prior to full chemistry ϰϱϲ 
climate modelling studies. ϰϱϳ 

Using changes in precursor emissions and CH4 abundances over the industrial period (1750-ϰϱϴ 
2014) we find changes in surface O3, tropospheric O3 burden and O3 radiative forcing of +8 ϰϱϵ 
ppbv, +76 Tg and +0.3 W m-2. These changes in O3 over the historical period are within the ϰϲϬ 
range of multi-model changes simulated in the ACCMIP project, although the parameterisation ϰϲϭ 
does not account for changes in climate, stratosphere-to-troposphere exchange or chemical ϰϲϮ 
regime (O3 production/titration). There is a much better agreement over the historical period ϰϲϯ 
between the parameterisation and ACCMIP if the impact of climate change on tropospheric ϰϲϰ 
O3 is accounted for.  ϰϲϱ 

Nine future SSPs are used to explore changes to tropospheric O3 over the period 2014 to ϰϲϲ 
2050, when the effects of climate change are assumed to be small. Future scenarios that ϰϲϳ 
include strong climate and air pollutant mitigation measures show reductions in global surface ϰϲϴ 
O3 concentrations of more than 3.5 ppbv and have a global O3 radiative forcing of less than -ϰϲϵ 
0.1 W m-2. There is an additional benefit in these scenarios from the reduction in direct CH4 ϰϳϬ 



radiative forcing, to less than -0.15 W m-2. Large reductions in surface O3 occur across the ϰϳϭ 
Middle East and South Asia, due to substantial reductions in O3 precursor emissions and ϰϳϮ 
global CH4 abundance. These reductions will benefit both future surface O3 air quality and ϰϳϯ 
near-term climate forcing but remain well above pre-industrial values.  ϰϳϰ 

Surface O3 increases across all regions in future scenarios with assumed weak climate and ϰϳϱ 
air pollutant mitigation measures, with the largest increase of >6 ppbv over South Asia. The ϰϳϲ 
weak mitigation scenarios result in an O3 radiative forcing of >+0.05 W m-2, along with a direct ϰϳϳ 
CH4 radiative forcing of up to +0.27 W m-2. This highlights that without reductions to O3 ϰϳϴ 
precursor emissions, particularly CH4, it will not be possible to prevent the future degradation ϰϳϵ 
of surface O3 air quality and the enhancement of anthropogenic climate forcing. ϰϴϬ 

A source attribution for East Asia shows that any benefits to surface O3 from reducing local ϰϴϭ 
emission sources could be offset by intercontinental transport of O3 formed from sources ϰϴϮ 
remote to the region and that from global CH4 sources. In contrast, for South Asia local sources ϰϴϯ 
of O3 are shown to be more important than those remote to the region. Global CH4 and the ϰϴϰ 
transport, industrial and energy sectors have the largest contribution to changes in surface O3. ϰϴϱ 
Our analysis shows that local emission control measures are required alongside ϰϴϲ 
intercontinental controls to provide regional benefits to future air quality and near-term climate ϰϴϳ 
forcing. In particular, the level of climate mitigation measures for CH4 within a scenario has a ϰϴϴ 
strong influence on the magnitude of benefits that can be achieved. Additional reductions in ϰϴϵ 
global CH4 abundance within a scenario have the potential to provide larger benefits for air ϰϵϬ 
quality and climate.       ϰϵϭ 

The O3 parameterisation used here provides an easy-to-use tool with which to rapidly assess ϰϵϮ 
the impact on tropospheric O3 from a large range of future emission scenarios. The results of ϰϵϯ 
this study highlight the need for emission reduction measures both locally and internationally, ϰϵϰ 
particularly for CH4. While not replacing full model simulations, the tool can provide useful ϰϵϱ 
information on a range of future trajectories for tropospheric O3. This is particularly valuable ϰϵϲ 
for modelling centres conducting full chemistry-climate model simulations, allowing them to ϰϵϳ 
make better informed decisions on selecting a more limited range of scenarios for detailed ϰϵϴ 
analysis.   ϰϵϵ 
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