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Key Points: 15 

• Decarbonisation has the potential to generate substantial health co-benefits by averting 16 
millions of premature deaths associated with PM2.5 exposure across all income groups. 17 

• The low-income population is predicted to experience the smallest health benefits of 18 
decarbonation and continue to be exposed to PM2.5 concentrations that are over three 19 
times that of the WHO Air Quality Guideline. 20 

• Under a decarbonisation future pathway, the global socioeconomic disparity in PM2.5 21 
exposure reduces but persists at around 30% by the end of the century.  22 
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Abstract 23 

Understanding the costs and benefits of climate change mitigation and adaptation options is 24 
crucial to justify and prioritise future decarbonisation pathways to achieve net zero. Here, we 25 
quantified the co-benefits of decarbonisation for air quality and public health under scenarios 26 
that limit end-of-century warming to 2ºC and 1.5ºC. We estimated the mortality burden 27 
attributable to ambient PM2.5 exposure using population attributable fractions of relative risk, 28 
incorporating projected changes in population demographics. We found that implementation of 29 
decarbonisation scenarios could produce substantial global reductions in population exposure to 30 
PM2.5 pollution and associated premature mortality, with maximum health benefits achieved in 31 
Asia around mid-century. The stringent 1.5ºC-compliant decarbonisation scenario (SSP1-1.9) 32 
could reduce the PM2.5-attributable mortality burden by 29% in 2050 relative to SSP2-4.5, 33 
averting around 2.9M annual deaths worldwide. While all income groups were found to benefit 34 
from improved air quality through decarbonisation, the smallest health benefits are experienced 35 
by the low-income population. The disparity in PM2.5 exposure across income groups is 36 
projected to reduce by 2100, but a 30% disparity between high- and low- income groups persists 37 
even in the strongest mitigation scenario. Further, without additional and targeted air quality 38 
measures, low- and lower-middle-income populations (predominantly in Africa and Asia) will 39 
continue to experience PM2.5 exposures that are over three times the World Health Organization 40 
(WHO) Air Quality Guideline. 41 

1 Introduction 42 

The Intergovernmental Panel on Climate Change (IPCC) Sixth Assessment  report confirmed the 43 
need for rapid reductions in both carbon dioxide emissions and in emissions of other greenhouse 44 
gases (GHGs) such as methane by 2030 (Riahi et al., 2022). These reductions towards a mid-45 
century net zero target are the minimum necessary to satisfy the Paris Agreement temperature 46 
goals. At the same time actual policies are falling short (UNEP, 2022). Climate change 47 
mitigation can be incentivised by the realisation of co-benefits, such as improved health, wealth, 48 
air quality, water availability, and access to nature (IPCC, 2022). These benefits and where they 49 
fall are poorly quantified, leading to difficulties designing co-benefits into specific policies and 50 
interventions. Here we detail the quantification of one possible co-benefit: air quality health 51 
effects.  52 

Long-term exposure to ambient fine particulate matter (PM2.5) is associated with a range 53 
of negative health outcomes including cardiovascular diseases, respiratory diseases, lung cancer, 54 
and subsequent premature mortality (Yuan et al., 2019; Chen and Hoek, 2020; Yu et al., 2021; 55 
Zhu et al., 2021; Liu et al., 2021; Park et al., 2021). At present, exposure to ambient PM2.5 56 
pollution is the largest environmental risk factor for disease and premature death globally (GBD 57 
2019 Risk Factor Collaborators, 2020). Over recent decades, emission control efforts have 58 
delivered notable reductions in PM2.5 exposure across North America (Butt et al., 2017), Europe 59 
(Turnock et al., 2016), and more recently in China (e.g., Silver et al., 2020a,b; Conibear et al., 60 
2022a). Despite these reductions, ambient PM2.5 exposure risk has been increasing globally, with 61 
increases mainly occurring in countries with a low to middle socioeconomic status e.g., countries 62 
in South Asia, Southeast Asia, Africa, and the Middle East (GBD 2019 Risk Factor 63 
Collaborators, 2020). 64 

Ambient PM2.5 pollution exposure is often greater in populations with a lower 65 
socioeconomic status compared to those with a high socioeconomic status (Hajat et al., 2015; 66 
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Miao et al., 2015; Fairburn et al., 2019), with low- and middle-income countries in Asia and 67 
Africa experiencing some of the highest PM2.5 concentrations globally (Shaddick et al., 2020; 68 
WHO, 2022). Sub-national PM2.5 exposure inequalities are also observed in countries with a high 69 
level of income and overall health inequality such as the United States (Y. Wang et al., 2017; 70 
Colmer et al., 2020; Jbaily et al., 2022). These inequalities can be partly explained by the non-71 
linear relationship between PM2.5 exposure and socioeconomic development. Ambient PM2.5 72 
concentrations tend to increase with industrialisation and per-capita GDP, and then subsequently 73 
decrease as air quality control measures are introduced with increasing resources and awareness 74 
of the health implications (S. Wang et al., 2017; Lim et al., 2020). Futhermore, higher-income 75 
countries/regions have in some cases ‘outsourced’ their manufacturing (and associated air 76 
pollutant emissions) to lower-income countries/regions with less stringent air pollution controls 77 
(Zhang et al., 2017; Xia et al., 2018), which can exacerbate the disparities (Nansai et al., 2020). 78 
Additional drivers of inequality in ambient air pollution exposure arise from polluting activities 79 
that are mostly undertaken by poorer communities (Reddington et al., 2021; Rao et al., 2021). 80 

Inequities in PM2.5 exposure can be compounded by other socioeconomic factors that 81 
increase the vulnerability and disease susceptibility of a population, such as poor healthcare and 82 
nutrition (O’Neill et al., 2003) and population ageing (Conibear et al., 2018a; Rafaj et al., 2021). 83 
Lower-income countries tend to suffer from reduced access to healthcare (O’Neill et al., 2003), 84 
while high-income countries tend to have older (more vulnerable) populations than low- and 85 
middle-income countries (United Nations, 2019). Overall, despite current differences in 86 
population vulnerability, 92% of the 2019 PM2.5-attributable mortality burden was in low- and 87 
middle-income countries (GBD Collaborative Network, 2020). Even accounting for differences 88 
in population size, the PM2.5-attributable mortality rates in middle-income countries were 2-3 89 
times greater than in high-income countries (GBD Collaborative Network, 2020). Rapid 90 
increases in population age in the least developed countries may increase this disparity, with 91 
two-thirds of the global population aged 60 years and over expected to live in lower- and middle-92 
income countries by 2050 (United Nations, 2019). The extent to which socioeconomic disparities 93 
in ambient PM2.5 pollution exposure and health impacts will continue in the future, as low- and 94 
middle-income populations develop economically and address their air quality problems, has not 95 
yet been quantified. 96 

Improvements in air quality and public health can be achieved by implementing climate 97 
mitigation strategies that involve reductions of both GHG emissions and co-emitted air pollutants 98 
(West et al., 2013; Silva et al., 2016; Chowdhury et al., 2018; Shindell et al., 2018; Fujimori et 99 
al., 2020; Amann et al., 2020; Hamilton et al., 2021). The estimated global economic value of 100 
these air quality and health co-benefits could potentially offset the costs of climate change policy 101 
implementation and GHG reductions (West et al., 2013; Markandya et al., 2018; Vandyck et al., 102 
2018; Scovronick et al., 2019; Sampedro et al., 2020; Aleluia Reis et al., 2022). The greatest 103 
health benefits are likely to come from implementation of mitigation policies in combination 104 
with stringent air pollution control measures (Likhvar et al., 2015; Rao et al., 2016; Partanen et 105 
al., 2018; Harmsen et al., 2020; Rafaj et al., 2021; Shim et al., 2021; Conibear et al., 2022b). The 106 
new Shared Socioeconomic Pathways (SSPs) (O'Neill et al., 2014) combine a range of potential 107 
future climate policies with varying degrees of air pollution control (Rao et al., 2016). Recent 108 
studies have assessed the impacts of the SSPs on global air quality (Turnock et al., 2020; Allen et 109 
al., 2020; Shim et al., 2021) and public health in Africa (Shindell et al., 2022), China (Wang et 110 
al., 2022) and globally (Yang et al., 2023), demonstrating that strong mitigation of both climate 111 
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and air pollutants in the SSPs could yield large reductions in PM2.5 concentrations across all 112 
world regions.  113 

Here, we examine and quantify the air quality and health co-benefits of future 114 
decarbonisation pathways that were designed with the aim of meeting the Paris Agreement 115 
temperature targets of 2°C and 1.5°C by the end of the century. This is the first multi-model 116 
quantification of future global PM2.5-attributable health impacts of the 2°C- and 1.5°C-compliant 117 
SSP1 scenarios using the current generation of Earth system models, which account for changes 118 
in both emissions and climate and simulate non-linear impacts of climate change on PM2.5 119 
concentrations. We examine how PM2.5 exposure and associated health outcomes under different 120 
decarbonisation scenarios vary with socioeconomic status, and we make the first quantification 121 
of future socioeconomic disparities in PM2.5-exposure and health. 122 

2 Data and Methods 123 

Here we briefly describe the emission scenarios, models, and health impact assessment 124 
methodology used. The methods are described in further detail in the supplementary material. 125 
Our results are reported for six continental regions (shown in Fig. S1) and for four 126 
socioeconomic groups (see Sect.2.4). 127 

2.1 Future baseline and decarbonisation scenarios 128 

We used existing model data from experiments conducted as part of the Coupled Model 129 
Intercomparison Project Phase 6 (CMIP6; Eyring et al., 2016) by the latest generation of Earth 130 
system and climate models. The CMIP6 model simulations were driven by prescribed GHG 131 
concentrations based on future scenarios that combine a particular climate mitigation target (in 132 
terms of an anthropogenic radiative forcing reached by 2100) and the range of emission 133 
mitigation measures necessary to achieve it, within the social, economic, and environmental 134 
developments of the individual SSP (O’Neill et al., 2014; 2016). We selected three future 135 
scenarios (SSP2-4.5, SSP1-2.6, and SSP1-1.9) used in the future experiments conducted as part 136 
of the Scenario Model Intercomparison Project (ScenarioMIP; O’Neill et al. 2016), a sub-MIP of 137 
CMIP6. The scenario selected to be our future baseline, SSP2-4.5, combines the “Middle-of-the-138 
Road” socioeconomic development of SSP2, with a medium radiative forcing target of 4.5 W m-2 139 
by 2100. The mitigation (decarbonisation) scenarios used in this study combine the “Sustainable 140 
development” pathway of SSP1 with the lower end of the range of future forcing pathways 141 
aimed to limit warming to either well below 2°C (with a radiative forcing target of 2.6 W m-2; 142 
SSP1-2.6) or below 1.5°C (with a radiative forcing target of 1.9 W m-2; SSP1-1.9) by 2100. Our 143 
future baseline scenario has medium strength air pollution controls, which follow current 144 
legislation until 2030 and progress towards 75% of maximum technically feasible reduction 145 
thereafter (Rao et al., 2017). Our decarbonisation scenarios have strong air pollution emission 146 
controls, which go beyond current legislation and rapidly progress towards maximum technically 147 
feasible reduction (Rao et al., 2017). 148 

2.2 CMIP6 model simulations 149 

To investigate future changes in PM2.5 pollution between 2015 and 2100, we calculated 150 
global surface distributions of PM2.5 concentrations from five CMIP6 models (see Table S1) with 151 
data available for the SSP2-4.5, SSP1-2.6, and SSP1-1.9 experiments. Simulated surface PM2.5 152 
concentrations were calculated at the native model grid and then re-gridded to a consistent 153 
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horizontal grid, before generating multi-model means for five-year time intervals between 2015 154 
and 2100. To improve the representation of real-world ambient PM2.5 concentrations for the 155 
health impact assessment, the present-day CMIP6 modelled data were bias corrected to 156 
observation-based estimates of PM2.5 concentrations from van Donkelaar et al. (2021). The steps 157 
involved in processing and bias-correcting the data are described in Sect. S1.1. 158 

2.3 Health impact assessment 159 

We performed an air pollution health impact assessment to estimate the future disease 160 
burden attributable to long-term exposure to ambient PM2.5 concentrations under the different 161 
model scenarios, using population attributable fractions of relative risk following Conibear et al. 162 
(2022b). The relative risk for a specific PM2.5 exposure and population age group was estimated 163 
using the Global Exposure Mortality Model (GEMM) (Burnett et al., 2018). Long-term PM2.5 164 
exposure was calculated as the population-weighted five-year mean PM2.5 concentrations from 165 
the bias-corrected CMIP6 multi-model mean data (at 0.125° × 0.125° resoultion). We used the 166 
GEMM for non-accidental mortality (non-communicable disease, NCD, plus lower respiratory 167 
infections, LRI) with parameters that included the China cohort, and with age-specific modifiers 168 
for adults over 25 years of age in 5-year intervals. The uncertainty range in our premature 169 
mortality estimates was calculated based on the derived uncertainty intervals at the 95% 170 
confidence level (UI) from the GEMM exposure-outcome association (Burnett et al., 2018).  171 

For each country, current and future cause-specific (NCD and LRI) baseline mortality 172 
rates and population age structure were taken from International Futures (IFs) for adults aged 25-173 
80 years in 5-year age intervals and for 80 years plus (Frederick S. Pardee Center for 174 
International Futures, 2021). Current and future global gridded population count at a resolution 175 
of 0.125° × 0.125° was taken from Jones and O’Neill (2016; 2020). Future changes in global 176 
population count follow the SSP2 pathway (Jones and O’Neill 2016; 2020; Fig. S2). Future 177 
changes in baseline mortality rates and population age structure follow a middle-of-the-road 178 
“Base Case” scenario defined by IFs (Turner et al., 2017; 179 
https://pardeewiki.du.edu/index.php?title=Scenario_Analysis). We assumed that the current and 180 
future population (count and age structure) and baseline mortality rates were identical for all 181 
three scenarios (SSP1-1.9, SSP1-2.6, and SSP2-4.5). 182 

2.4 Income groups 183 

We grouped the global population into four socioeconomic groups (low-, lower-middle-, 184 
upper-middle-, and high-income; Fig. S3) following the method of Alizadeh et al. (2022) and 185 
using the per-capita gross domestic product (GDP) for the years of 2020 to 2100 in 10-year 186 
intervals. We used globally gridded GDP values (Murakami et al., 2021) that develop in line 187 
with economic development of the SSP2 pathway. The gridded GDP product from Murakami et 188 
al. (2021) accounts for sub-national variability in GDP. The boundaries of the income groups 189 
were calculated as the population-weighted 25th, 50th,, and 75th quantiles of the per-capita GDP 190 
distribution, which meant that the population count was similar in each income region for all 191 
time periods. In simple terms, the low-income population group (referred to as a “region” in our 192 
results following Alizadeh et al. (2022)) represents the population with the lowest-quartile per-193 
capita GDP globally.  194 
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3 Results 195 

3.1 Future air pollution exposure 196 

Global PM2.5 exposure is projected to reduce considerably during the 21st century under 197 
both the baseline scenario (SSP2-4.5) and the decarbonisation scenarios (SSP1-2.6, SSP1-1.9). 198 
Under SSP2-4.5, global PM2.5 exposure reduces from 28.5 μg m-3 in 2015-2019 to 16.9 μg m-3 in 199 
2095-2099. Relative to SSP2-4.5, the decarbonisation scenarios consistently produce greater 200 
reductions in global PM2.5 exposure: by 22% (SSP1-2.6) and 26% (SSP1-1.9) on average across 201 
the 21st century. Several factors are responsible for the model-simulated changes in global PM2.5 202 
concentrations, including future changes in anthropogenic emissions, natural emissions, and 203 
climate. However, the predicted reductions in PM2.5 in the decarbonisation scenarios are likely to 204 
be driven mainly by the projected reductions in primary anthropogenic emissions of organic 205 
carbon (Fig. S4), black carbon, and sulphur dioxide, resulting from the implementation of 206 
stringent air pollution controls and climate change mitigation policies. The CMIP6 models 207 
include changes in natural aerosol, such as mineral dust and biogenic SOA, in response to 208 
changes in climate, which likely drive the diversity in model estimates of PM2.5 exposure in 209 
some regions (e.g., Shindell et al., 2022). 210 

The magnitude, timing, and rate of reductions in PM2.5 exposure vary strongly between 211 
the different scenarios and between different regions of the world. Figure 1 shows the variation 212 
in simulated PM2.5 exposure, calculated as population-weighted five-year mean PM2.5 213 
concentration, in six continental regions (Fig. S1) under the three scenarios between 2015 and 214 
2100. In the Americas and Asia, the decarbonisation scenarios produce consistent reductions in 215 
PM2.5 exposures relative to the baseline across the 21st century, with average reductions between 216 
2015 and 2100 of 13-16% in South & Central America, 20-24% in North America, and 26-32% 217 
in Asia. In Europe, PM2.5 exposure is similar in all three scenarios up to around 2030, after which 218 
we see the additional air quality benefits from decarbonisation. Hence, over the course of the 219 
21st century overall, the decarbonisation scenarios produce average reductions of 16% and 19% 220 
relative to the baseline across Europe. In Africa, the decarbonisation scenarios lead to an air 221 
quality penalty towards the end of the century, where the baseline PM2.5 exposure decreases 222 
beyond the levels predicted by SSP1-2.6 and SSP1-1.9 (as a result of the projected changes in 223 
anthropogenic aerosol emissions; Fig. S4). However, the decarbonisation scenarios predict 224 
strong reductions in PM2.5 exposure relative to the baseline in the first part of the century, 225 
leading to overall average reductions of 13-15%. In Oceania, present-day PM2.5 exposures are 226 
relatively low and are predicted to reduce by relatively small percentages towards 2100, relative 227 
to the baseline (by 5% on average). 228 
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 229 
Figure 1. Variation in predicted PM2.5 exposures between 2015 and 2100 under the baseline scenario, SSP2-4.5, and 230 
two decarbonisation scenarios, SSP1-2.6 and SSP1-1.9, in six continental regions. PM2.5 exposure was calculated as 231 
the population-weighted five-year mean PM2.5 concentration in each region from 2015-2019 to 2095-2099 (plotted 232 
as 2020 to 2100). PM2.5 concentrations are from the observation-corrected multi-model mean CMIP6 data. 233 

3.2 Future air pollution exposure by income region 234 

Relative to present day, PM2.5 exposure is predicted to reduce across all four income 235 
regions (low, lower-middle, upper-middle, and high) by the end of the century, under the three 236 
future scenarios (Fig. 2). The predicted reduction in PM2.5 exposure from present-day levels is 237 
largest in the lower-middle-income region (49-54%) and smallest in the high-income region (22-238 
30%). However, populations in the high-income region are consistently exposed to the lowest 239 
PM2.5 concentrations of all four socioeconomic groups across the century. The highest PM2.5 240 
exposures are experienced by populations in the low- and lower-middle-income regions.  241 

In the baseline scenario (SSP2-4.5) the PM2.5 exposures in the low and lower-middle 242 
income regions are predicted to increase initially towards 2040, and then decrease towards 2100. 243 
In the decarbonisation scenarios (SSP1-2.6, SSP1-1.9), all income regions experience relatively 244 
rapid reductions in PM2.5 exposure up to around 2040. The predicted reductions in PM2.5 245 
exposure in the low-income region in SSP1-2.6 and SSP1-1.9 are not as strong as for the lower-246 
middle-income region. Thus, during the latter half of the century the low-income region 247 
experiences the highest PM2.5 exposure of all the socioeconomic groups. 248 
 249 
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 250 
Figure 2. Variation in predicted PM2.5 exposures in four income regions (low, lower-middle, upper-middle, and 251 
high) between 2015 and 2100 under the (a) baseline scenario, SSP2-4.5, and two decarbonisation scenarios, (b) 252 
SSP1-2.6 and (c) SSP1-1.9. The dashed line shows the “PM2.5 disparity”: the difference between the income regions 253 
with the greatest and lowest PM2.5 exposures in each five-year interval. PM2.5 exposure was calculated as the 254 
population-weighted five-year mean PM2.5 concentration in each income region from 2015-2019 to 2095-2099 255 
(plotted as 2020 to 2100). PM2.5 concentrations are from the observation-corrected multi-model mean CMIP6 data. 256 
The income regions are calculated based on the population-weighted per-capita GDP. The projected population 257 
count and GDP data, and thus the regions within each socioeconomic group, vary with time in 10-year intervals. 258 

Populations in Asia make up largest share of the total lower- and upper-middle-income 259 
populations across the century (51-74%; Fig. S5), hence the magnitude and temporal pattern of 260 
PM2.5 exposure for these income regions in Fig. 2 are comparable to Fig. 1e. While populations 261 
in Asia also make up a large proportion of the low-income region population (38-48%), 262 
populations in Africa make up the largest proportion (39-53%), which explains why the 263 
reduction in PM2.5 exposure is weaker beyond ~2030 than for the lower-middle-income region 264 
under the decarbonisation scenarios (Figs. 2b and 2c), resembling Fig. 1d. The regional 265 
contribution to the high-income population is more mixed, with large contributions from Asia 266 
(45-54%), North America (14-22%), and Europe (12-24%). Towards the end of the century, 267 
there is an increasing contribution of populations in Africa (with relatively high PM2.5 exposure) 268 
to the high-income population (up to 19%), which is why there is a small increase in PM2.5 269 
exposure beyond 2070 for this income region in Figs. 2b and 2c. 270 

The global socioeconomic disparity in PM2.5 exposure is predicted to reduce by the end 271 
of the century, but remain considerable, under all three scenarios (Fig. 2). Under SSP2-4.5, the 272 
difference in the 2015-2019 mean PM2.5 exposure between the high-income region and the 273 
income region experiencing the greatest exposure (lower-middle) is 18.6 μg m-3 (51%), 274 
increasing up to 25.5 μg m-3 (63%) around 2035, and then reducing to 5.1 μg m-3 (27%) by the 275 
end of the century. Under the decarbonisation scenarios, the PM2.5-exposure disparity continually 276 
decreases from present-day; going from 17.6 μg m-3 (51%) in 2015-2019 between the high- and 277 
lower-middle-income regions to 5.4 μg m-3 (31%) in 2095-2099 between the high- and low-278 
income regions under SSP1-1.9. Overall, these results demonstrate that a range of future 279 
anthropogenic emission pathways could act to reduce the global inequality in PM2.5 exposure by 280 
the end of the century. However, immediate reduction in the global PM2.5 exposure inequalities 281 
in the near term, is only achieved under a decarbonisation scenario. 282 
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3.3 Future compliance with the WHO Air Quality Guideline 283 

Across the 21st century, the decarbonisation scenarios consistently result in greater 284 
proportions of the global population moving into compliance with the WHO Air Quality 285 
Guideline (AQG) for PM2.5 of 5 μg m-3 annual mean concentration (WHO, 2021), when 286 
compared to the baseline scenario. Figure 3a shows the fraction of the worlds’ population 287 
exposed to ambient PM2.5 concentrations within the AQG as predicted by the three scenarios for 288 
selected years. In 2095-2099, the decarbonisation scenarios produce a 52% (SSP1-2.6) and 61% 289 
(SSP1-1.9) increase in the population exposed to AQG-compliant PM2.5 concentrations, relative 290 
to the baseline scenario. This suggests that by following a decarbonisation pathway, an 291 
additional 0.45-0.53 billion people could have a significantly reduced risk to acute and chronic 292 
health effects associated with PM2.5 pollution by the end of the century. However, it is important 293 
to note that even with the strongest air pollution controls, as implemented in SSP1-1.9 and SS1-294 
2.6, a large fraction of the worlds’ population (~85%) remains exposed to concentrations above 295 
the AQG at the end of the 21st century.  296 

 297 
Figure 3. (a) Proportion of the global population exposed to PM2.5 concentrations in compliance with the WHO Air 298 
Quality Guideline (AQG) for PM2.5 (5 μg m-3) as predicted by the baseline scenario (SSP2-4.5) and the 299 
decarbonisation scenarios (SSP1-2.6 and SSP1-1.9). (b) The relative contribution of six continental regions to the 300 
AQG-compliant population as predicted by scenarios SSP2-4.5 and SSP1-1.9. (c) The relative contribution of the 301 
four income regions (low, lower-middle, upper-middle, and high) to the AQG-compliant population as predicted by 302 
scenarios SSP2-4.5 and SSP1-1.9. Results are shown for selected time intervals: 2015-2019 (shown as 2020), 2025-303 
2029 (shown as 2030), 2045-2049 (shown as 2050) and 2095-2099 (shown as 2100). 304 

The North American population are predicted to make up the largest fraction (35-65%) of 305 
the population exposed to PM2.5 concentrations within the AQG, under both the baseline and 306 
decarbonisation scenarios (Fig. 3b), despite making up only 7-8% of the total global population 307 
(see Fig. S2). The next largest fractions of the global AQG-compliant population are from 308 
Europe (12-30%; whilst making up 8-10% of the global population) and Asia (9-20%; whilst 309 
making up 49-60% of the global population), which increase under SSP1-1.9 towards 2100. The 310 
proportions of the populations within Europe and Asia that are compliant with the AQG increase 311 
strongly under SSP1-1.9 from 5% and <1% in 2015-2019 to 60% and 6% in 2095-2099, 312 
respectively (see Fig. S6). The fractional contributions of Oceania (3-11%) and South & Central 313 
America (5-10%) to the global AQG-compliant population are relatively small and decrease 314 
towards 2100 as the contributions from Europe and Asia increase. However, within South & 315 
Central America, the proportion of the AQG-compliant population increases strongly under 316 
SSP1-1.9 from 4% in 2015-2019 to 25% in 2095-2099 (Fig. S6). Oceania has the greatest 317 
proportion of its population in compliance with the AQG of all regions (Fig. S6; evident by the 318 

(a) (c)(b)



manuscript submitted to Earth’s Future 

 

low exposures in Fig. 1f), which increases under both scenarios from 58-66% in 2015-2019 to 319 
83-86% in 2095-2099. The African population make up the smallest fraction of the global AQG-320 
compliant population under both scenarios (≤5%; Fig. 3b), despite a 16-29% contribution to the 321 
global population (Fig. S2), with little change across the century (decarbonisation generally 322 
reduces future PM2.5 exposure in Africa (Fig. 1d), but not to levels below the AQG). Africa has 323 
the smallest proportion of its population in compliance with the AQG of all six regions, 324 
increasing from 0.6% in 2015-2019 to just 1.5% in 2095-2099 under SSP1-1.9 (Fig. S6). 325 

Across the century, the high-income region accounts for the largest fraction of the global 326 
AQG-compliant population under all three scenarios, with low- and lower-middle-income 327 
regions accounting for the smallest fractions (Fig. 3c). In the middle of the century, 65-67% of 328 
the AQG-compliant population is in the high-income region, with only 8-9% in the low-income 329 
region and 7-8% in the lower-middle-income region. At the end of the century, the proportion of 330 
the AQG-compliant population in the high-income region is smaller (39-40%) but remains over 331 
twice that in the low-income region (17-18%) and the lower-middle-income region (16%). 332 
Across the century, low- and lower-middle-income populations consistently have greater 333 
proportions that remain exposed to PM2.5 concentrations above the AQG than high-income 334 
populations. Under the decarbonisation scenarios, 89-91% of the low- and lower-middle-income 335 
populations remain exposed to PM2.5 concentrations that are not in compliance with the AQG at 336 
the end of the century, compared to 75-76% of the high-income population. Therefore, although 337 
global PM2.5 inequalities are projected to reduce in the future, they persist even under the 338 
strongest mitigation scenario.    339 

3.4 Impacts of decarbonisation on future air pollution-associated mortality 340 

We estimate the global PM2.5-attributable mortality burden for 2015-2019 to be 6.61 341 
(95UI: 5.49 - 7.68) million annual premature deaths (see Table S2). Under the baseline scenario 342 
(SSP2-4.5), the global PM2.5-attributable mortality burden is predicted to increase from present 343 
day towards 2075 (despite reductions in global PM2.5 exposure) following projected increases in 344 
global population and population ageing, then decrease slowly towards the end of the century to 345 
10.34 (95UI: 8.53 – 12.10) million annual deaths. Projected changes in population demographics 346 
can have a strong influence on estimates of the future PM2.5-attributable mortality burden (see 347 
Sect. S2 and Figs. S7-S9), as found in previous studies (Conibear et al., 2018a; 2022b; Rafaj et 348 
al., 2021). In general, increasing population count and age act to increase the future PM2.5-349 
attributable mortality burden, while decreasing baseline mortality rates act to moderate this 350 
future increase, although there are interesting differences in these drivers across income regions 351 
(Fig. S7) and continental regions (Fig. S9). 352 

Relative to the baseline scenario, the decarbonisation scenarios consistently produce 353 
reduced global annual PM2.5-attributable mortality burdens across the 21st century (see the “all 354 
varying” line in Fig. S8). The annual mortality burden that could be averted by following a 355 
decarbonisation scenario instead of the baseline scenario is greatest around mid-century (when 356 
decarbonisation is predicted to drive the largest reductions in PM2.5 exposure; Fig. 1) and then 357 
decreases towards 2100 (see Table S2). Following the SSP1-2.6 scenario could avert 2.48 (95UI: 358 
2.09-2.84) million annual premature deaths worldwide in 2045-2049, and 0.99 (95UI: 0.82-1.15) 359 
million annual premature deaths in 2095-2099. Following the SSP1-1.9 scenario could avert 2.95 360 
(95UI: 2.48-3.38) million annual premature mortalities in 2045-2049, and 1.24 (95UI: 1.03-1.44) 361 
million annual premature deaths in 2095-2099. 362 
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Across the 21st century, substantial public health benefits relative to the baseline scenario 363 
could be achieved in most continental regions by following either of the decarbonisation 364 
scenarios. Figure 4 shows the regional averted mortality per 100,000 head of total population of 365 
all ages (or “mortality rate”). The averted mortality rate depends on the PM2.5 exposure levels 366 
predicted by the baseline and decarbonisation scenarios, in addition to projected changes in 367 
baseline mortality and population ageing. The mortality rate is not dependent on projected 368 
changes in future population count, allowing values to be more easily compared between 369 
continental regions.  370 

 371 
Figure 4. Averted annual PM2.5-attributable mortality burden in continental regions over 2015−2100 that could be 372 
achieved by following the decarbonisation scenarios (SSP1-1.9 or SSP1-2.6) relative to the baseline scenario (SSP2-373 
4.5). Results shown are the averted regional annual premature mortality rates (deaths per 100,000 head of total 374 
population of all ages) associated with PM2.5 exposure in five-year intervals from 2015-2019 to 2095-2099 (plotted 375 
as 2020 to 2100). The PM2.5-attributable mortality burden was calculated for adults aged 25 years and older. The 376 
shading represents the uncertainty in the mortality estimates, calculated at the 95% confidence interval, due to the 377 
uncertainty in the GEMM health function. 378 

Both decarbonisation scenarios result in a similar temporal pattern of averted premature 379 
mortality rates over the 21st century in all regions except Oceania, with SSP1-1.9 generally 380 
producing greater values. All continental regions experience a strong increase in averted 381 
mortality rates in the early part of the 21st century, from 2015 (from 2025 onwards in Europe) up 382 
to around 2035, reflecting the strong reductions in regional PM2.5 exposure in the 383 
decarbonisation scenarios relative to the baseline over the same time period (Fig. 1). In the 384 
Americas and Europe, the increasing trend in averted annual mortality rate flattens off beyond 385 
~2035 but continues to increase at a slower rate towards the latter part of the century. In Asia and 386 
Africa, the averted annual mortality rates peak around mid-century and then begin to decrease 387 
towards 2100.  388 
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The greatest averted annual mortality rates of up to 49 (95UI: 41-55) premature 389 
mortalities per 100,000 people are predicted to occur in Asia, around the middle of the 21st 390 
century. The averted mortality rate in Asia decreases towards the end of the century but remains 391 
the largest of the six regions with 22 (95UI: 18-25) averted premature mortalities per 100,000 392 
people per year under the SSP1-1.9 scenario. In Europe, North America, and South & Central 393 
America, the greatest averted per-capita mortality burdens are achieved during the latter half of 394 
the century with up to 21 (95UI: 18-25), 21 (95UI: 17-25), and 16 (95UI: 13-19) mortalities per 395 
100,000 people per year, respectively. Beyond mid-century, the averted mortality rates in Europe 396 
and the Americas remain similar in magnitude year to year with small variability. In Africa, 397 
following either of the decarbonisation scenarios yields health benefits up to ~2085 (averting 1 – 398 
12 premature mortalities per 100,000 people per year), but leads to health penalties in the latter 399 
part of the century relative to the baseline scenario (driven by the differences in predicted PM2.5 400 
exposures shown in Fig. 1d). In Oceania, the averted mortality rates are generally small relative 401 
to the other continents (up to 6 (95UI: 5-7)) and fluctuate between health benefits and health 402 
penalties over the century due to small variations in predicted PM2.5 exposure in this region (Fig. 403 
1f). 404 

3.5 Impacts of decarbonisation on future air pollution-associated mortality by 405 
income region 406 

Figure 5 shows the global PM2.5-attributable mortality burden for the four income regions 407 
that could be averted by following a decarbonisation pathway instead of the middle-of-the-road 408 
pathway. The greatest per-capita health benefits of reduced PM2.5 pollution through 409 
decarbonisation are predicted to occur in the middle-income regions, with an average of 27 410 
(95UI: 22-31) averted premature mortalities per 100,000 people per year under SSP1-1.9 (Fig. 5a 411 
and b). Meanwhile, the smallest health benefits are predicted to occur in the low-income region 412 
(beyond ~2030), with an average of 14 (95UI: 12-16) averted premature mortalities per 100,000 413 
people per year under SSP1-1.9.  414 

The proportion of the total annual PM2.5 mortality burden that could be averted through 415 
decarbonisation is greatest around mid-century in all income regions (Fig. 5c and d), with up to 416 
34% of PM2.5-attributable deaths averted in the lower-middle-income region under SSP1-1.9. For 417 
low- and lower-middle income regions, the peak in the averted fraction occurs slightly earlier 418 
(during 2040-2044) than for upper-middle- and high-income regions (between 2045 and 2070), 419 
particularly under SSP1-2.6. Beyond 2025, the proportion of deaths averted through 420 
decarbonisation in the low-income region (an average of 17% over 2025-2099 under SSP1-1.9) 421 
is noticeably smaller than in the other income regions (averages of 24-25%). 422 
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 423 

Figure 5. Averted annual PM2.5-attributable mortality burden in four income regions (low, lower-middle, upper-424 
middle, and high) between 2015 and 2100 that could be achieved by following the decarbonisation scenarios (SSP1-425 
2.6 or SSP1-1.9) relative to the baseline scenario (SSP2-4.5). (a) and (b) show the averted annual premature 426 
mortality rates (deaths per 100,000 head of total population of all ages) associated with PM2.5 exposure. The shading 427 
represents the uncertainty in the mortality estimates, calculated at the 95% confidence interval, due to the 428 
uncertainty in the GEMM health function. (c) and (d) show the percentage of the total PM2.5-attributable burden 429 
(under SSP2-4.5) averted under SSP1-2.6 or SSP1-1.9. The PM2.5-attributable mortality burden was calculated for 430 
adults aged 25 years and older. All results are in five-year intervals from 2015-2019 to 2095-2099 (plotted as 2020 431 
to 2100). The income regions are calculated based on the population-weighted per-capita GDP. The projected 432 
population count and GDP data, and thus the regions within each income region, vary with time in 10-year intervals. 433 

The greater number of averted mortalities in the middle-income regions (particularly 434 
between ~2030 and 2090) is largely due to the strong reductions in PM2.5 exposure predicted by 435 
the decarbonisation scenarios relative to the baseline (29-30% on average across the century 436 
compared to 20% in the low-income region and 25% in the high-income region under SSP1-1.9). 437 
However, the averted mortality rate in each income region depends not only on the changes in 438 
PM2.5 exposure between the decarbonisation scenarios and the baseline, but also on the absolute 439 
PM2.5 concentrations (since the exposure-outcome association is non-linear) and on the 440 
underlying health data of the populations within each income region, all of which vary with time. 441 
Thus, in regions with higher PM2.5 exposure and older populations there will be reduced health 442 
benefits per unit exposure decrease, compared to regions with lower PM2.5 exposure and younger 443 
populations. On average between 2015 and 2100, the relative reduction in the PM2.5-attributable 444 
mortality burden per 1% reduction in PM2.5 exposure between SSP2-4.5 and SSP1-1.9 is greater 445 
in high income regions (0.86%) compared to the low, lower-middle, and upper-middle income 446 
regions (0.73-0.79%). Inequalities in the underlying health data are projected to reduce by the 447 
end of the century (Fig. S10). Therefore, keeping population demographics fixed at 2020 values, 448 
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the difference between income regions is more pronounced, with a 1% reduction in PM2.5 449 
exposure resulting in an average 0.71-0.77% reduction in PM2.5-attributable mortality burden in 450 
low- and middle-income regions, compared to an average 1.00% reduction in high-income 451 
regions. These results show that although PM2.5 exposure-health inequalities are predicted to 452 
remain throughout the 21st century under all three scenarios, projected reductions in PM2.5 453 
exposure and changes in population demographics are acting to reduce these inequalities over 454 
time. 455 

4 Discussion and conclusions 456 

In this study we used future projections of global PM2.5 pollution under three different 457 
pathways; a middle-of-the-road baseline scenario (SSP2-4.5) and two decarbonisation scenarios 458 
with strong air pollution controls (SSP1-2.6 and SSP1-1.9), to explore the air quality and health 459 
inequalities of transitioning to a low carbon future.  460 

We found that all three future scenarios predict reductions in global PM2.5 exposure, 461 
relative to present-day. However, immediate reduction in global PM2.5 exposure in the near term, 462 
is only achieved under a decarbonisation scenario. Moving from the SSP2-4.5 scenario to a 463 
decarbonisation scenario could further reduce future PM2.5 exposure by 21-26% on average over 464 
the 21st century and will bring over a half a billion more people into compliance with the WHO 465 
Air Quality Guideline (AQG) by 2100. Projected changes in PM2.5 exposure from 466 
decarbonisation vary strongly by world region, with the largest air quality benefits predicted to 467 
occur in Asia. 468 

Despite strong reductions in global PM2.5 exposure under the decarbonisation scenarios 469 
(which include stringent air pollution controls), a large fraction of the world’s population (~85%) 470 
are projected to remain exposed to concentrations above the WHO AQG in 2100. Regional PM2.5 471 
exposures remain particularly high in Africa and Asia, with the PM2.5 exposure remaining above 472 
the WHO AQG for over 94% of the populations in these regions in 2100. Our results are 473 
consistent with findings from previous studies that assessed the impact of removing all major 474 
anthropogenic sources on air quality in China (Conibear et al., 2022) and globally (Pai et al., 475 
2022). As anthropogenic aerosol emissions are reduced, natural or semi natural aerosol, such as 476 
mineral dust, carbonaceous aerosol from wildfires, and biogenic SOA may make increasingly 477 
important contributions to regional PM2.5 exposure in the future (Pai et al., 2022) particularly in a 478 
warming climate. Future work needs to include the response of wildfire emissions to a warming 479 
climate and the subsequent impacts on air quality and public health, which was not considered 480 
here. 481 

We found that substantial public health benefits could be achieved by following either of 482 
the decarbonisation scenarios relative to the baseline scenario. Moving from SSP2-4.5 to the 483 
more stringent decarbonisation scenario, SSP1-1.9, could substantially reduce the PM2.5-484 
attributable mortality burden, averting 2.95 (95UI: 2.48-3.38) million annual premature deaths 485 
globally in 2050. The largest per-capita health benefits of reduced PM2.5 pollution through 486 
decarbonisation are predicted to occur in Asia around mid-century. 487 

By grouping the global population into four income groups, using projections of per-488 
capita GDP, we found that populations in low- and lower-middle-income regions (predominantly 489 
in Africa and Asia) consistently experience the highest PM2.5 exposures across the 21st century in 490 
all three scenarios (SSP2-4.5, SSP1-2.6, and SSP1-1.9). The lowest PM2.5 exposures consistently 491 
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occur in the high-income region (predominantly populations in Europe, North America, and 492 
Asia). The proportion of the low- and lower-middle-income populations that remain exposed to 493 
PM2.5 concentrations above the WHO AQG at the end of the century (89-91%) is considerably 494 
greater than the proportion of the high-income population (75-76%). 495 

The number of averted PM2.5-attributable deaths from decarbonisation is greatest in 496 
middle-income populations across the 21st century, with the fewest averted premature deaths in 497 
low-income populations. The magnitude of the averted PM2.5-attributable mortality burden is 498 
largely driven by reductions in PM2.5 exposure predicted by the decarbonisation scenarios 499 
relative to the baseline, but it can be influenced by other underlying differences between the 500 
income regions. The relative reduction in the PM2.5-attributable mortality burden per unit 501 
reduction in PM2.5 exposure is 8-15% less on average in low- and middle-income populations 502 
than in high-income populations due to differences in population demographics and the non-503 
linearity of the exposure-outcome association at high exposures. Some studies show that 504 
associations between air pollution exposure and health outcomes may be stronger in groups with 505 
lower socioeconomic status (e.g., Bell et al. 2013; Rodriguez-Villamizar et al. 2016; Fuller et al. 506 
2017), which has not been considered here and would therefore act to increase the disparity 507 
between high- and lower-income regions. 508 

Despite the large number of deaths that could be avoided by following a decarbonisation 509 
pathway, particularly in middle-income regions, the total PM2.5-attributable deaths at the end of 510 
the century are greatest in the low- and lower-middle-income regions (109 (95UI: 89 – 126) 511 
annual deaths per 100,000 people under the SSP1-1.9 scenario). This means that although there 512 
are rapid and substantial health co-benefits of decarbonisation through improved air quality, it is 513 
the lower-income populations that are predicted to benefit the least from climate and air pollution 514 
mitigation; and continue to be exposed to PM2.5 concentrations that are over three times that of 515 
the AQG. Overall, the PM2.5 exposure inequality is predicted to reduce by 2100, but still remain 516 
even in the strongest mitigation scenario. In order to tackle inequalities in global PM2.5 exposure 517 
and the associated health impacts, future climate change mitigation and air quality control 518 
measures should be better targeted towards lower-income regions with high PM2.5 exposures. 519 

This study has shown that although some co-benefits arise from decarbonisation, more 520 
could be done to improve non-climate outcomes, particularly in lower-income regions. To 521 
improve health outcomes, either additional air quality improvement measures could be 522 
introduced and/or health and other co-benefit metrics could be incorporated into net zero 523 
policies. The latter option will likely be more successful at minimising trade-offs and creating a 524 
just transformation.  525 
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