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A B S T R A C T   

Most research on the air pollution-related health effects of decarbonization has focused on adults. We assess the 
potential health benefits that could be achieved in children and young people in a global sample of 16 cities 
through global decarbonization actions. We modelled annual average concentrations of fine particulate matter 
(PM2.5) and nitrogen dioxide (NO2) at 1x1 km resolution in the cities using a general circulation/atmospheric 
chemistry model assuming removal of all global combustion-related emissions from land transport, industries, 
domestic energy use and power generation. We modelled the impact on childhood asthma incidence and adverse 
birth outcomes (low birthweight, pre-term births) using published exposure–response relationships. Removal of 
combustion emissions was estimated to decrease annual average PM2.5 by between 2.9 μg/m3 (8.4%) in Freetown 
and 45.4 μg/m3 (63.7%) in Dhaka. For NO2, the range was from 0.3 ppb (7.9%) in Freetown to 18.8 ppb (92.3%) 
in Mexico City. Estimated reductions in asthma incidence ranged from close to zero in Freetown, Tamale and 
Harare to 149 cases per 100,000 population in Los Angeles. For pre-term birth, modelled impacts ranged from a 
reduction of 135 per 100,000 births in Dar es Salaam to 2,818 per 100,000 births in Bhubaneswar and, for low 
birthweight, from 75 per 100,000 births in Dar es Salaam to 2,951 per 100,000 births in Dhaka. The large 
variations chiefly reflect differences in the magnitudes of air pollution reductions and estimated underlying 
disease rates. Across the 16 cities, the reduction in childhood asthma incidence represents more than one-fifth of 
the current burden, and an almost 10% reduction in pre-term and low birthweight births. Decarbonization ac
tions that remove combustion-related emissions contributing to ambient PM2.5 and NO2 would likely lead to 
substantial but geographically-varied reductions in childhood asthma and adverse birth outcomes, though there 
are uncertainties in causality and the precision of estimates.   

1. Introduction 

There is strengthening evidence that, among other effects, exposure 
to ambient fine particulate matter (PM2.5) and nitrogen dioxide (NO2) 
can affect children’s lung development, the incidence of asthma and, 
through maternal exposure, the risk of premature birth and low birth
weight babies (Landrigan et al., 2019; Chen et al., 2015). The evidence 

for these effects in children is not as conclusive as for many outcomes in 
adults but is supported by high quality systematic reviews published in 
the last decade (Johnson et al., 2021; Perera et al., 2019; Volk et al., 
2021). Various mechanisms have been proposed to explain how air 
pollution exposure may affect child health, including oxidative stress, 
airway and systemic inflammation, epigenetic factors and DNA damage 
(Esposito et al., 2014). 
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Since air pollution shares many common emission sources with 
greenhouse gases (GHGs), action to decarbonize economies can be ex
pected to reduce air pollution (Chang et al., 2017; Gao et al., 2018). 
Following the 2021 United Nations Climate Change Conference (COP26) 
in Glasgow, as of March 2022, almost 50 countries have now committed 
either in law or policy to reducing their GHG emissions to attempt to 
meet the ambition of the 2015 Paris Agreement to restrict the global 
average temperature rise to no more than 1.5 ◦C above pre-industrial 
levels. In practice, this entails many countries working towards ‘net 
zero’ emissions – the state in which GHG emissions are balanced by 
removal through GHG sinks – by 2050, with other nations having am
bitions for similar emissions reductions by later dates (ECIU, 2022). 

Despite a growing body of literature on the air pollution-related 
consequences for health of reducing GHG emissions (Lelieveld et al., 
2019; Markandya et al., 2018; Hamilton et al., 2021; Vandyck et al., 
2018), the impact on the children and adolescents has been much less 
studied. One study by Perera et al. (2020) of the US Regional Green
house Gas Initiative, found that the associated reductions in air pollution 
would have substantial benefits for several aspects of child health. We 
aimed to add to this literature by assessing, as an ‘upper limit’ indication 
of the air pollution-related impact of decarbonization, the reductions of 
PM2.5 and NO2 levels that could be achieved in 16 cities of the world 
through removal of combustion-related emissions and the resulting 
impact on the health of children and young people. Given the large 
uncertainties in the data used for analyses of this type, to help improve 
future modelling studies we also systematically assess the limitations of 
currently-available data. 

2. Material and methods 

We selected 16 global cities with a global distribution and variations 
in population size, socioeconomic development and current air pollution 
levels using a combination of convenience and purposive sampling: 
Bhubaneswar (India), Dar es Salaam (Tanzania), Dhaka (Bangladesh), 
Freetown (Sierra Leone), Glasgow (UK), Harare (Zimbabwe), Jaipur 
(India), Lahore (Pakistan), London (UK), Los Angeles (USA), Manila 
(Philippines), Mexico City (Mexico), Milan (Italy), Nairobi (Kenya), 
Quito (Ecuador) and Tamale (Ghana). 

The modelled child health outcomes were selected as those likely to 
be affected by changes in air pollution following a ‘balance-of-proba
bilities’ assessment of evidence from the epidemiological literature and 
the recommendations of a previous review (Perera et al., 2019). The 
three included outcomes were: asthma incidence, low birthweight and 
pre-term birth. 

For each city, using published exposure–response relationships, we 
estimated the burden of child and adolescent asthma incidence and 
adverse birth outcomes (pre-term birth and low birthweight) attribut
able (i) to current PM2.5 (birth outcomes) and NO2 (asthma incidence) 
annual average ambient (outdoor) concentrations and (ii) to levels cor
responding to a decarbonization scenario in which all combustion- 
related emissions contributing to these air pollutant concentrations are 
removed. Although this is an ambitious target, nevertheless it represents 
a stated policy aim in many countries around the world. 

2.1. Air pollution exposure 

We used observation-constrained, model-derived estimates of annual 
average PM2.5 and NO2 concentrations at 1x1 km resolution in each city 
based on methods used in Hammer et al (2020) and Chowdhury et al 
(2021) respectively. The estimates of PM2.5 were based on gridded data 
for 2019 using methods from Hammer et al. (2020) that combine in
formation from satellite retrievals of aerosol optical depth (AOD), PM2.5 
and the ratio of PM2.5 to AOD simulated by GEOSChem (Bey et al., 
2001), with available ground measurements to produce PM2.5 exposure 
at 1x1 km spatial resolution with high confidence. Further detail on the 
methods can be found elsewhere (Hammer et al., 2020; van Donkelaar 

et al., 2021; Chowdhury et al., 2022). 
For NO2, the ECHAM/MESSy Atmospheric Chemistry (EMAC) gen

eral circulation model was used at a spatial resolution of roughly 
1.1x1.1◦ and the bias towards low values (in particular over densely 
populated areas) was corrected using a publicly available land-use 
regression model at 1x1 km spatial resolution that employs measure
ment data from globally-distributed monitoring sites and predictor 
variables including distance from major and minor roads, satellite 
retrieved active fires, tree cover, population density, elevation, satellite 
retrieved NO2, water mask and elevation (Larkin et al., 2017). The 
modelled PM2.5 and NO2 have been shown to perform well against 
ground measurements and satellite retrievals. Please see Chowdhury 
et al. (2022), Chowdhury et al. (2021) and Hammer et al. (2020) for 
more details on comparison with ground measurements. 

To determine the sector contributions, concentrations of ambient 
PM2.5 and NO2 were simulated using the EMAC model with all emission 
sources based on 2014 emissions taken from the Community Emissions 
Data System (CEDS) anthropogenic emission inventory at 0.5x0.5◦ res
olution for primary emitted PM2.5 species, NOX, SO2, CO and volatile 
organic compounds (Hoesly et al., 2018). The sources include land 
transportation, industries, domestic energy use, energy generation by 
power plants, agricultural soils, agricultural waste and residue burning, 
emissions from ships and other water navigation, biomass burning, and 
biogenic and natural emissions. For India, we augmented the CEDS 
anthropogenic emissions data with a regional emission inventory 
(Venkataraman et al., 2020). Biomass burning emissions were obtained 
from the Global Fire Assimilation System (GFAS) inventory (Kaiser et al., 
2012). The emission data were pre-processed by distributing them over 
six emission heights as described elsewhere (Pozzer et al., 2009). Con
centrations of ambient PM2.5 and NO2 were first estimated by running 
EMAC with all emission sources, and then the individual source sectors 
were removed one at a time, and the results linearized, to determine 
their contribution to ambient levels. See Chowdhury et al (2022) 
(Chowdhury et al., 2022) and Chowdhury et al (2021) (Chowdhury 
et al., 2021) for further details on modelling exposure and sources of 
PM2.5 and NO2 respectively. 

We calculated the population-weighted average of PM2.5, NO2 and 
the sectoral contributions to both across all 1x1 km grid squares in each 
city. To define city boundaries, city extents were obtained from the 
Global Human Settlement Layer (GHSL) Urban Centre Database GHS- 
UCDBR 2019A (European Commission, 2018). Our decarbonization 
scenario assumed removal of the (population-weighted) contribution 
from all global emissions in land transport, industries, domestic energy 
use and power generation. 

2.2. City populations 

Population estimates (for age-groups 0–4, 5–9, 10–14 and 15–19 
years) for the year 2020 at 1x1 km spatial resolution within each city’s 
boundaries were based on downscaled population projections from the 
Shared Socioeconomic Pathway, SSP2, from Gao (2020). 

2.3. Estimation of attributable health burdens 

We calculated the burden of incident asthma cases attributable to 
NO2 and the burdens of pre-term and low birthweight births attributable 
to PM2.5. 

For asthma calculations, we used 2019 estimates of age- and country- 
specific asthma incident cases (expressed as incidence rates) from the 
2019 Global Burden of Disease (GBD) study (IHME, 2019). For four 
cities (London, Los Angeles, Nairobi, Mexico City) these were available 
at sub-national level. We applied the rates at ages 1–4, 5–9, 10–14 and 
15–19 to our population data to estimate baseline incident asthma cases 
in each city in those age groups. 

For birth outcomes, we used country-specific counts of total live 
births, pre-term births and low birthweight births from GBD 2019 
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(IHME, 2019) and available from Ghosh et al. (2021). We downscaled 
the birth counts to city level using the ratio of city to national pop
ulations using national population estimates from GBD 2019 (IHME, 
2019). 

The health burdens were calculated using standard methods for the 
population attributable fraction (PAF): 

PAF =
RR − 1

RR  

where RR is the relative risk of the health outcome at the given exposure 
level. 

The PAFs at each exposure level were calculated by applying expo
sure–response functions (ERFs) obtained from recent high quality meta- 
analyses of the effects of air pollution on child health, which covered the 
range of modelled exposure levels (Table 1). For asthma incidence, we 
assumed the ERF for NO2 was log-linear and used a counterfactual (low 
cut-off) concentration of 2 ppb in accordance with the original meta- 
analysis and other modelling analyses (Achakulwisut et al., 2019; 
Khreis et al., 2017; Khreis et al., 2019). For birth outcomes, we used the 
meta-regression–Bayesian regularized trimmed (MR-BRT) model for 
PM2.5 from Ghosh et al. (2021). We calculated and applied median risk 
functions from 1,000 draws of each function provided by Ghosh et al. 
(2021). In accordance with the source study, we normalized the RRs by 
the RR at the theoretical minimum risk exposure level (TMREL) (we 
used the median of 1,000 estimates, TMREL = 4.2 µg/m3) and set RR = 1 
at PM2.5 exposures below TMREL. There is minimal risk for these out
comes below this population level exposure. 

We applied the calculated PAFs to the baseline health data to esti
mate numbers of attributable incident cases at present day air pollution 
levels and air pollution levels corresponding to the decarbonization 
scenario. 

2.4. Uncertainty analysis 

To assess the effect of parameter uncertainties in our estimates, we 
used Monte Carlo simulation based on 10,000 simulations sampling 
from the distributions of input parameters, conservatively assuming 
uniform distributions. For the ERFs and asthma incidence rates, we used 
the 95% confidence intervals (CIs) from the original sources. For air 
pollution exposures, we compared the estimated annual average PM2.5 
levels for each city to those reported in the WHO’s air pollution database 
to obtain an indication of the likely uncertainty in our estimates (WHO, 
2018). The average difference between our estimates and the WHO 
database was − 3.7% but with relatively large differences for some cities 
(range: − 52.8%–39.9%). Based on this comparison, we assumed a uni
form distribution of ± 40% around the central estimates for both PM2.5 
and NO2. 

We also performed a semi-quantitative assessment of confidence in 
the model inputs. We judged the quality of model inputs for each city 

against the author-defined criteria shown in Appendix A (Table A1). We 
combined these ratings to estimate a level of confidence in the modelled 
health impacts for each city based on an overall assessment across the 
model inputs. 

3. Results 

Current population-weighted PM2.5 in the 16 cities varied from 7.5 
µg/m3 in Dar es Salaam to 74.2 µg/m3 in Jaipur (Table 2). Decreases in 
PM2.5 under the decarbonization scenario were generally large, ranging 
from 2.9 µg/m3 (8.4% reduction) in Freetown to 45.3 µg/m3 (63.7% 
reduction) in Dhaka, with the largest absolute reductions in Dhaka 
(45.3 µg/m3), Bhubaneswar (43.0 µg/m3) and Jaipur (27.9 µg/m3) and 
the smallest in Dar es Salaam (1.8 µg/m3), Freetown (2.9 µg/m3) and 
Harare (2.9 µg/m3). For NO2, the lowest current exposure was in Dar es 
Salaam (2.8 ppb, approximately 5.3 µg/m3) and the highest exposure in 
Mexico City (20.4 ppb, 38.3 µg/m3). The range of reductions under 
decarbonization was again large for NO2, ranging from 7.9% in Free
town to 92.3% in Mexico City. Absolute reductions varied from 0.3 ppb 
(0.7 µg/m3) in Freetown to 18.8 ppb (35.4 µg/m3) in Mexico City. 

Between-city variations were correspondingly large for modelled 
incident asthma cases, pre-term births and low birthweight births 
averted in one year attributable to the reductions in PM2.5 and NO2 
under the decarbonization scenario (Table 3). For asthma incidence, the 
difference between the city with the lowest and highest rate per 100,000 
population averted by decarbonization was greater than two orders of 
magnitude. Our estimates of reduced asthma incidence in Freetown, 
Tamale and Harare were close to zero. On the other hand, we estimated 
149 averted cases per 100,000 in Los Angeles and 62 per 100,000 in 
London and Mexico City. In absolute terms, the largest number of 
averted cases were in Los Angeles (6,765 cases), Mexico City and (5,309) 
and Manila (3,601). 

There were also very large differences between cities for estimated 
reductions in adverse birth outcomes under the decarbonization sce
nario (Table 3). For pre-term birth, the modelled impacts ranged from 
135 per 100,000 live births in Dar es Salaam to 2,818 per 100,000 live 
births in Dhaka. For low birthweight, the impacts ranged from 75 per 
100,000 live births in Dar es Salaam to 2,951 per 100,000 live births in 
Dhaka. In absolute terms, the impacts ranged from 8 in Tamale to 
10,674 in Dhaka for pre-term births, and from 6 in Tamale and Freetown 
to 11,180 in Dhaka for low birthweight. However, the ranges of un
certainty around the central estimates were large, particularly for pre- 
term birth due primarily to the wide confidence interval around the 
exposure–response function. Although the central estimates show posi
tive numbers of averted cases of pre-term birth (i.e. health benefits), it is 
worth noting that the lower bound estimates suggest the possibility that 
decarbonization may have no or even adverse impacts for this outcome. 

In total, summed over all 16 cities, the mean modelled impacts 
represent reductions to the current disease burdens of 19,098 cases 
(22%) for asthma, 22,029 (9%) for pre-term birth and 19,818 (8%) for 
low birthweight. 

Fig. 1 shows that much of the per capita variation in impacts is due to 
the estimated absolute reductions in PM2.5 and NO2 under decarbon
ization with, for example, large reductions in NO2 in Los Angeles and 
Mexico City, which had the largest corresponding reductions in asthma 
incidence (Fig. 1A). Similar findings apply to pre-term and low birth
weight births per 100,000 live births in relation to PM2.5 reduction 
(Fig. 1B and 1C). The other major factor contributing to variations in 
impacts was variation in baseline estimates of underlying disease rates, 
as indicated in Fig. 2, with cities with the highest number of cases having 
the greatest impacts. 

4. Discussion 

This work illustrates the theoretical potential of ambitious global 
action to remove combustion-related GHG emissions on the health of 

Table 1 
Summary of exposure–response functions used in modelling analysis.  

Summary 
measure 

Asthma incidence Adverse birth outcomes 

Source (Khreis et al., 2017) (Ghosh et al., 2021) 
Air pollutant NO2 PM2.5 

Outcomes Diagnosis of asthma at 
ages 0–18 years 

Pre-term birth (gestation less than 37 
completed weeks) and low birthweight 
(birth weight less than 2,500 g) 

Model Log-linear, RR = 1.26 
(1.10 to 1.37) per 10 
ppb* 

Meta-regression–Bayesian regularized 
trimmed (MR-BRT) (non-linear) 

Evidence Systematic review and 
meta-analysis of 21 
studies 

Systematic review and meta-regression 
of 40 studies 

*converted to RR per 10 ppb by Achakulwisut et al. (2019). 
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Table 2 
Summary of modelled current air pollution exposures and exposures under decarbonization scenario.  

City Population-weighted annual average air pollution 

PM2.5 (µg/m3) NO2 (ppb) 

Current Decarbonization % change Current Decarbonization % change 

Bhubaneswar  70.9  28.0  − 60.6%  7.4  2.9  − 60.3% 
Dar es Salaam  7.5  5.7  − 24.1%  2.8  1.5  − 48.0% 
Dhaka  71.2  25.8  − 63.7%  11.8  4.7  − 60.1% 
Freetown  34.6  31.7  − 8.4%  3.3  3.0  − 7.9% 
Glasgow  11.2  6.4  − 42.8%  11.7  2.7  − 76.9% 
Harare  7.8  4.9  − 37.2%  5.0  3.4  − 31.5% 
Jaipur  74.2  46.3  − 37.6%  10.3  5.0  − 51.5% 
Lahore  50.3  31.2  − 38.0%  11.3  4.7  − 58.3% 
London  14.9  8.2  − 45.1%  15.7  4.1  − 74.0% 
Los Angeles  10.7  6.5  − 38.7%  19.8  2.0  − 90.0% 
Manila  23.7  10.3  − 56.3%  10.4  2.2  − 78.7% 
Mexico City  21.1  9.9  − 53.2%  20.4  1.6  − 92.3% 
Milan  20.5  10.5  − 48.9%  16.1  1.4  − 91.3% 
Nairobi  8.0  5.0  − 38.2%  8.1  3.0  − 62.4% 
Quito  15.7  11.0  − 29.5%  8.7  2.2  − 75.0% 
Tamale  52.3  42.9  − 17.9%  5.1  4.2  − 16.8%  

Table 3 
Modelled health impacts (averted cases in one year) for asthma incidence, pre-term birth and low birthweight attributable to removal of combustion-related emissions 
from land transport, industries, domestic energy use and power generation by city.  

City Averted cases or rate in one year (95% CI) 

Total number averted Rate per 100,000 population (asthma) or live births (birth outcomes) 

Asthma incidence Pre-term birth Low birthweight Asthma incidence Pre-term birth Low birthweight 

Bhubaneswar 11 (8–50) 193 (− 267–379) 248 (28–452) 6 (4–25) 2,283 (− 3,159–4,484) 2,934 (331–5,347) 
Dar es Salaam 92 (17–223) 93 (− 86–304) 52 (4–127) 8 (1–19) 135 (− 125–441) 75 (6–184) 
Dhaka 307 (106–706) 10,674 (− 15,706–(21,829) 11,180 (1,269–21,415) 5 (2–10) 2,818 (− 4,146–5,763) 2,951 (335–5,653) 
Freetown 1 (0–1) 10 (− 13–23) 6 (1–12) 1 (0–1) 174 (− 226–400) 104 (17–209) 
Glasgow 102 (29–187) 37 (− 34–112) 17 (2–38) 33 (9–60) 244 (− 225–740) 112 (13–251) 
Harare 8 (4–18) 40 (− 36–131) 18 (1–45) 3 (1–6) 222 (− 199–726) 100 (6–249) 
Jaipur 42 (23–165) 316 (− 511–593) 439 (54–754) 7 (4–28) 1,241 (− 2,007–2,329) 1,724 (212–2,961) 
Lahore 311 (164–1,003) 3,428 (− 4,314–7,027) 2,377 (256–4,540) 7 (4–23) 1,341 (− 1,687–2,749) 930 (100–1,776) 
London 1,685 (594–3,861) 446 (− 411–1,286) 202 (19–443) 62 (22–142) 339 (− 312–977) 153 (14–337) 
Los Angeles 6,765 (3,343–18,833) 682 (− 600–2,083) 244 (21–542) 149 (74–416) 347 (− 305–1,059) 124 (11–276) 
Manila 3,601 (1,056–6,913) 3,406 (− 3,533–9,407) 3,580 (349–7,591) 39 (11–75) 852 (− 884–2,353) 896 (87–1,899) 
Mexico City 5,309 (2,312–15,345) 2,255 (− 2,255–6,308) 1,245 (117–2,702) 62 (27–178) 550 (− 550–1,537) 303 (29–659) 
Milan 318 (95–639) 176 (− 170–490) 74 (7–163) 41 (12–83) 544 (− 525–1,514) 229 (22–504) 
Nairobi 273 (70–543) 174 (− 164–589) 76 (6–184) 19 (5–38) 235 (− 222–796) 103 (8–249) 
Quito 272 (84–1,007) 91 (− 86–253) 54 (4–126) 35 (11–131) 228 (− 216–635) 136 (10–316) 
Tamale 1 (0–4) 8 (− 12–16) 6 (1–12) 2 (0–9) 292 (− 438 584) 219 (37–438)  

Table A1 
Summary of criteria for semi-quantitative assessment of confidence in model input data.  

Model input Estimated confidence 

Low 
Low confidence. Uncertainty likely to be large 

Medium 
Medium confidence. Uncertainty likely to be in mid- 
range 

High 
High confidence. Uncertainty likely to be 
small 

Modelled air 
pollution (NO2, 
PM2.5)  

• Very limited or poor quality local air pollution 
emissions data  

• Very limited or poor quality local air pollution 
monitoring data for model calibration  

• Other factors that may adversely affect modelled 
estimates, such as close proximity to large bodies 
of water  

• Some, though limited, local air pollution emissions 
data  

• Some, though limited, local air pollution 
monitoring data for model calibration  

• Availability of high quality local air 
pollution emissions inventories  

• Network of high quality local air pollution 
monitoring data for model calibration 

Baseline health 
data  

• Very limited or poor quality local health data  
• Extrapolation of health data from other settings  

• Some, though limited, local health data  
• Extrapolation of health data from other relevant 

settings (e.g. national data)  

• Routine local health data or data from high 
quality local studies 

Exposure- 
response 
functions  

• Very limited or poor quality epidemiological 
evidence appropriate to the local conditions, air 
pollution and population  

• Based on evidence (meta-analysis or local 
evidence) that may not entirely reflect the local 
conditions, air pollution and population  

• Comprehensive meta-analysis or high 
quality epidemiological evidence from local 
setting  

• Based on evidence that is likely to 
accurately reflect the local conditions, air 
pollution and population  

J. Milner et al.                                                                                                                                                                                                                                   



Environment International 175 (2023) 107972

5

children and young people in terms of reduced incidence of asthma and 
adverse birth outcomes (pre-term and low birthweight births) as a result 
of lowered urban air pollution exposure. Although there were wide 
variations across the 16 cities we considered, all would be likely to see 
appreciable reductions in either asthma cases or adverse birth outcomes. 
In combination, the total reduction in asthma incidence across these 16 
cities would represent roughly one-fifth of the current (2019) burden 
and there would be a reduction of almost 10% in the burden of adverse 
birth outcomes. The very wide variation in estimated impacts across 

cities reflects genuine differences in exposure and underlying disease 
rates (which vary by setting), but it may also in part reflect differences in 
the quality and completeness of input data, both with regard to disease 
outcome and local air pollution emissions. The ten-fold variation in 
underlying asthma incidence per 100,000 population is particularly 
noteworthy. 

We modelled the effects of global decarbonization (i.e. actions across 
all nations) because of the inter-dependence among cities in their 

Fig. 1. Relationship between modelled air pollution reductions and modelled 
averted cases per 100,000 for [A] asthma incidence, [B] pre-term birth and [C] 
low birthweight. 

Fig. 2. Relationship between baseline cases per 100,000 and modelled averted 
cases per 100,000 for [A] asthma incidence, [B] pre-term birth and [C] low 
birthweight. 
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collective contribution to ambient air pollution. We did not quantify the 
likely effect of individual cities acting alone, but in such a scenario, it is 
reasonable to assume air pollution reductions would be appreciably 
smaller, especially for PM2.5, because of the contributions of regional 
and other long-range sources (Kiesewetter et al., 2014). The results 
therefore emphasise the benefits of cities (and countries) acting together 
to mitigate climate change and reduce air pollution, since the air 

pollution concentration in one city will partly reflect emissions from 
surrounding areas, other regional cities and beyond. 

Our findings are consistent with existing evidence that climate 
change actions that reduce ambient air pollution will have net beneficial 
effects on population health, but emphasize that those net benefits are 
likely for children as well as adults (Chang et al., 2017; Gao et al., 2018). 
In one of the few studies to focus explicitly on children, Perera et al. 

Table A2 
Estimated level of confidence (low, medium, high) in different components of modelling and modelled health impact estimates for each city.  

(continued on next page) 
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(2020) assessed the PM2.5-related benefits of the Regional Greenhouse 
Gas Initiative to reduce GHG emissions from the electric power sector in 
the north-eastern USA, finding reductions in asthma cases, pre-term 
births, cases of autism spectrum disorder and low birthweight (Perera 
et al., 2020). Other studies have included child health in wider 

assessments of climate change mitigation health impacts. These include 
analyses showing improvements in respiratory health due to alternative 
transport scenarios aimed at reducing GHG emissions in Adelaide, 
Australia (Xia et al., 2015), reductions in infant mortality and improved 
respiratory health from climate mitigation policies in Europe (Schucht 

Table A2 (continued ) 

(continued on next page) 
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et al., 2015), reductions in infant mortality, health service contacts and 
acute bronchitis in children from the use of technologies to reduce fossil 
fuel emissions in Mexico City, Santiago, São Paulo and New York City 
(Cifuentes et al., 2001), and reductions in paediatric outpatient visits 
under energy scenarios in Shanghai, including scenarios of improved 
energy efficiency and a CO2 tax (Kan et al., 2004). Further studies have 
considered child health impacts from isolated, local actions intended to 
reduce ambient air pollution but which may also lead to incidental re
ductions in GHG emissions (Adamkiewicz et al., 2021; Host et al., 2020; 
Malmqvist et al., 2018; Galvis et al., 2015). 

Table A2 in Appendix A presents our semi-quantitative assessment of 
confidence in the model inputs and results. Overall, our confidence is 
greater for the high income cities of Europe and North America and 
lower for the lower income cities in Africa, Asia and South America. 
Uncertainties were generally largest for underlying disease rates because 
of differences or unknowns in the completeness of data recording and 
comparability of definitions/detection. Although we used well estab
lished data and methods of the Global Burden of Disease (GBD) initia
tive, those methods still rely on assumptions and imperfect data, for 
example using country-level estimates to represent cities. There may be 
particular concerns about underestimation of asthma prevalence due to 
under-reporting and differences in clinical definitions in Africa and 

South Asia, for example Asher et al. (2021). 
Modelled air pollution estimates are most likely to be close to true 

ambient levels in higher income settings (e.g. Europe and North Amer
ica) where local emissions inventories have been established and there is 
often extensive monitoring. But in many lower income settings, espe
cially in sub-Saharan Africa, such inventories are less (Ostro et al., 
2018). There is therefore an urgent need for improved health and air 
pollution data collection in many low income settings. 

We also acknowledge that the strength of evidence of (avoidable) 
causal associations for child asthma incidence and birth outcomes is 
lower than for some other outcomes of air pollution exposure. We chose 
a select few child health outcomes where, in our judgement, the balance 
of evidence is clearly in favour of avoidable causal relationships with 
PM2.5 or NO2, supported by recent systematic reviews (Ghosh et al., 
2021; Khreis et al., 2017). Our rationale is that decisions for climate 
action are needed now with less-than-perfect evidence, and that a 
’balance of probabilities’ assessment is an important component of that 
evidence. The evidence on which the exposure–response functions was 
based comes largely from higher income settings (particularly Europe 
and the USA), though there is growing evidence from settings with 
relatively higher ambient air pollution levels (e.g. east Asia). Because of 
differences in population vulnerability, source characteristics and 

Table A2 (continued ) 
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exposure patterns, extrapolation of these exposure–response functions 
to other settings may not always be appropriate. Nonetheless, the 
exposure–response functions we used were from global meta-analyses 
and the GBD study, and all the functions have been previously applied 
globally in other studies. 

Our analysis is the first to assess the impacts of climate change 
mitigation actions on the health of children in cities representing a wide 
range of settings, including cities in the Global South. Among the 
strengths of our analysis are that we employed a state-of-the-art atmo
spheric chemistry model and applied established health impact model
ling methods based on the latest evidence of associations between air 
pollutants and important child and adolescent health outcomes. How
ever, with any modelling exercise such as this, there are of course 
multiple uncertainties. In particular, removal of all combustion-related 
emissions is a theoretical scenario and probably unrealistic even for 
the distant future, and not needed for achievement of net zero targets. 
However, it seemed a reasonable ‘upper limit’ approximation of needed 
ambitions for the 2015 Paris Agreement and could help identify sectors 
to target emission reductions in the future. We did not attempt to cap
ture the contribution of household exposure, which may be the domi
nant source of exposure in some settings (though we did account for the 
contribution of domestic emissions to ambient air pollution). It is also 
worth noting that there would likely be benefits for other child health 
outcomes that were not included in this analysis because of insufficient 
evidence or data, including lung and neurological development. The 
probable total health impact of decarbonization could therefore be 
appreciably greater than quantified in this study. There also remain 
uncertainties relating to data inputs and causality as described above, 
especially for cities in lower income countries. 

5. Conclusion 

In conclusion, achieving a global target of net zero GHG emissions 
would likely result in substantial reductions in ambient air pollution 
which would bring significant net beneficial effects on child asthma and 
adverse birth outcomes. There are important uncertainties in our esti
mates of these impacts, but we believe they provide a reasonable 
demonstration of some of the likely gains from an ambitious decar
bonization agenda. Future work on the quantification of health impacts 
attributable to climate change mitigation actions would benefit from 
efforts to improve data quality. 
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