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Abstract
Herewe quantify the regional co-benefits to future air quality on annual to dailymean timescales from
implementingmitigationmeasures to stabilise future climate. Two consistent future emissions
pathways are usedwithin the composition-climatemodelHadGEM3-UKCA: one is a reference
pathway of future economic growth and development (REF), whilst the Representative Concentration
Pathway 4.5 (RCP4.5) assumes the same development pathway but stabilises anthropogenic radiative
forcing at 4.5Wm−2 in 2100. Implementing greenhouse gas (GHG)mitigationmeasures in RCP4.5
reduces globalmean air pollutant emissions by up to 30% in the 2050s, in addition tomitigating
climate. Annualmean surface concentrations of ozone andPM2.5 decrease by 10%–20% from the
combined reductions in emissions and climate change. The number of days exceeding theWorld
HealthOrganization’s (WHO) dailymean air quality standards are reduced by up 47 days for ozone
and 15 days for PM2.5 over different world regions. The air quality co-benefits frommitigation
measures aremainly achieved from reductions in anthropogenic emissions, although benefits can be
offset due to changes in climate. In terms of anthropogenic climate forcing, while the reduction in
globalmean effective radiative forcing (ERF) in 2050, relative to the 2000s, due to enacting carbon
dioxidemitigationmeasures (−0.43Wm−2) is enhanced by decreases in tropospheric ozone
(−0.26Wm−2) andmethane (−0.2Wm−2), it is partially offset by a positive aerosol ERF from
reductions in aerosols (+0.35Wm−2). This study demonstrates that policies tomitigate climate
change have added co-benefits for global and regional air quality on annual to daily timescales.
Furthermore, the effectiveness of theGHGpolicies in reducing anthropogenic climate forcing is
enhanced in the near-termby reductions in ozone andmethane despite the increased forcing due to
reductions in aerosols.

1. Introduction

The air pollutants ozone (O3) and particulate matter
(PM) can have a detrimental impact on human health
(Lelieveld et al 2015) and variable impacts on ecosys-
tems (Fowler et al 2009). Additionally, both pollutants
are ‘Near Term Climate Forcers’ (NTCFs) because
they influence climate in the short-term (due to their
short atmospheric lifetime) by perturbing the Earth’s
radiative balance (Myhre et al 2013). O3 acts as a
greenhouse gas (GHG) whereas PM both scatters and

absorbs radiation (aerosol radiation interactions—
ari), in addition to altering the microphysical proper-
ties of clouds (aerosol cloud interactions—aci).
Changes to climate (via meteorological parameters)
can also affect the spatial distribution and concentra-
tions of air pollutants (von Schneidemesser et al 2015,
Doherty et al 2017, Silva et al 2017).

Future mitigation measures targeted at reducing
air pollutant emissions are generally enacted to
improve local air quality and benefit human health
(US EPA 2011, Turnock et al 2016). However, policies
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focussed on the mitigation of climate, through the
reduction of GHGs, can also inadvertently impact the
concentration and spatial distribution of air pollutants
in the atmosphere (von Schneidemesser et al 2015).
This can occur through changes in the rate of air pollu-
tants co-emitted from carbon sources and by changes
in the physical climate. The effect of future changes in
climate on PM is uncertain (Jacob and Winner 2009,
Allen et al 2016) but climate change is generally con-
sidered to decrease background O3 concentrations
(Isaksen et al 2009, Fiore et al 2012) and worsen sur-
face O3 in polluted regions—the so-called ‘climate
penalty’ (Rasmussen et al 2013, Colette et al 2015). The
number of premature mortalities associated with
exposure to PM2.5 (particles with a diameter less than
2.5 micrometres) and O3 is likely to increase under
future climate change (Doherty et al 2017, Silva et al
2017). Less stringent climate mitigation measures,
leading to a larger temperature response, could also
eliminate any future benefits to surface O3 from
reductions in precursor emissions (Fortems-Cheiney
et al 2017). It is therefore important to consider the
impact from air quality and climate mitigation mea-
sures together as future air quality will be determined
by the combined effect of both.

Model studies using the Representative Con-
centration Pathways (RCPs) in the 5th CoupledModel
Intercomparison Project (CMIP5) simulated both
positive and negative changes to surface O3 and PM
concentrations in the 2050s, relative to the 2000s, from
the combined effects of changes in emissions and cli-
mate (Kirtman et al 2013, Young et al 2013, Kim et al
2015, Glotfelty and Zhang 2017). ForO3, reductions in
global mean surface concentrations are simulated in
the 2050s for all RCPs apart from RCP8.5 whereas,
global mean PM2.5 concentrations are predicted to
decrease in all scenarios. Reductions in surface O3 and
PM2.5 concentrations of up to 20% in 2050 were simu-
lated over Europe, Asia and North America using
future climate mitigation measures targeting mainly
methane (CH4) and black carbon (BC) sources (Stohl
et al 2015). However, there is a large range of regional
responses (positive and negative) in O3 and PM, both
within models and to the different future pathways,
highlighting the large uncertainty in future estimates
(Fiore et al 2012). Changes to future PM2.5 concentra-
tions tend to be smaller than for O3 due to the larger
contributions from natural sources (e.g. dust, sea-salt
emissions), that are inherently more variable due to
the assumed future climate state.

Solely implementing climate mitigation policies
has been shown to improve future air quality and
human health at a carbon price that is less than air pol-
lution abatement costs (Shindell et al 2012, West et al
2013, Vandyck et al 2018). Results frommultiple Inte-
grated Assessment Models (IAMs) on the co-benefits
of climate policies for air quality found a benefit to
crop yields and a reduction in global exposure to
PM2.5 above World Health Organization (WHO)

values in 2050, but with large variations over India and
Africa (Rao et al 2016, Vandyck et al 2018). Combining
climate and air quality mitigation measures results in
39% of the global population in 2050 being exposed to
PM2.5 concentrations less than the WHO annual
guideline value of 10 μg m−3 (Rao et al 2016). Apply-
ing carbon dioxide (CO2) mitigation measures over
the USA in the 2050s reduces surface concentrations
of O3 and PM2.5 and causes a negative O3 and positive
aerosol radiative forcing (Lee et al 2016, Zhang et al
2016). Over Europe, implementing climate policies
provides cost savings from reduced health impacts in
2050 due to reductions in both PM2.5 (mainly emis-
sion driven changes) and O3, although the sign of the
O3 response depends on the magnitude of future cli-
mate change (Schucht et al 2015). Over China, simu-
lating an illustrative climate policy for peaking CO2

emissions in 2030 reduces annual mean PM2.5 con-
centrations by up to 12%, with 94 000 associated avoi-
ded premature mortalities and associated co-benefits
that are larger than mitigation costs (Li et al 2018). Air
quality co-benefits for health and crop yields could be
larger if the ambitious long-term goals of the Paris
Agreement on climate change are met (Reis et al 2018,
Vandyck et al 2018). These studies highlight the poten-
tial co-benefits to air quality and human health that
can be achieved from solely implementing climate
mitigationmeasures.

It is important to further understand the impact
from climate mitigation measures on air pollutants, as
uncertainties still exist in the future impact on air
quality and climate, especially the extent to which they
could alter the efficacy of air quality mitigation mea-
sures. Previous studies have tended to only focus on
the air quality and health co-benefits, whereas here we
systematically assess the impact of climate mitigation
measures on regional air pollutants (O3 and PM2.5)
across different timescales (annual, seasonal, daily)
and on near-term climate forcing. In this study we use
a set of self-consistent future climate scenarios (RCPs
used in CMIP5), in a similar way to West et al (2013),
but within a fully coupled global composition-climate
model (HadGEM3-UKCA). Here we perform a sys-
tematic assessment of the impact on air pollutants
(O3 and PM2.5) from climatemitigationmeasures across
specific world regions on daily, seasonal and annual
timescales, to assess the exposure of the world’s popula-
tion to concentrations aboveWHOguideline values. The
influence from the reduction in co-emitted sources and
climate change are quantified separately by using addi-
tional sensitivity simulations. By analysing 30 years of
global climate simulations, that include interactive
chemistry and aerosols coupled to climate, we are able to
more fully consider the effect of climate variability on the
future projection of air pollutants (Garcia-Menendez
et al 2017, Shen et al 2017). This is particularly important
for Earth system feedbacks, which can be strongly affec-
ted by different future climate states (e.g. changes to nat-
ural emission sources of aerosols, and have not been
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previously considered in this context). We also quantify
for the first time the additional climate co-benefit from
reducing carbon emissions on the change in effective
radiative forcing (ERF) from the near-term climate for-
cers relevant to air quality;O3,CH4,BCand total PM.

2.Methods

2.1. Emission scenarios
Future pathways of socio-economic development,
including changes to air pollutant emissions andGHGs,
previously used in CMIP5 are also used here to study
the impact of climatemitigationmeasures on air quality
and climate forcing. Decadal mean air pollutant emis-
sions and GHG concentrations centred on the year
2000 (Lamarque et al 2010) are used within a baseline
scenario for model evaluation purposes (BASE 2000).
Consistent futureGHG concentration and air pollutant
emission pathways developedby the same IAMare used
to assess impacts in the 2050s. Like inWest et al (2013),
we compare RCP4.5, developed by the Global Change
Assessment Model (Thomson et al 2011), to its
associated reference pathway (REF). See section S1
available online at stacks.iop.org/ERL/14/104013/
mmedia for supplementary scenario details.

The air pollution emission controls assumed in
REF are the same as in RCP4.5, allowing any differ-
ences in emissions to be attributable to the climate
mitigation policies within RCP4.5. The magnitude of
change in carbon emissions in 2050 between RCP4.5
and REF is a mid-range climate policy scenario, inter-
mediate between the Nationally Determined Con-
tributions and reductions required to meet the 2 °C
goal set out in the Paris Agreement. The REF to
RCP4.5 change in SO2 andNOX, key drivers of air pol-
lution, is also of intermediate magnitude when com-
pared to changes amongst the shared socio-economic
pathways (SSPs) used in CMIP6 between the reference
and 4.5 W m−2 scenarios (Rao et al 2017). Whereas,
changes in other air pollutants (CO, NMVOCs, BC
andOC) between RCP4.5 to REF are larger than in the
SSPs (figure S1). Figure 1 and table S1 show that
implementing climatemitigationmeasures, the differ-
ence between RCP4.5 and REF (referred to as RCP4.5
2050 and REF 2050), has a relatively large impact on
regional air pollutant emissions in 2050. A global
reduction in air pollutant emissions of up to 30% in
the 2050s results from solely implementing the climate
mitigationmeasures within RCP4.5, with larger regio-
nal reductions. Carbon monoxide (CO) and BC emis-
sions are reduced by more than 50% over North
America and Russia, attributed to a reduction in bio-
mass burning of the boreal forest. For some species
(e.g. NOx, SO2), the reduction in air pollutant emis-
sions over Europe and North America from solely
implementing climate mitigation measures in the
2050s, tends to be smaller than that from combined air
pollution controls and climate policies over the period

2000 to 2050 (RCP4.5 2050—BASE 2000). However,
over the rapidly developing regions of Africa and
South Asia, implementing climate mitigation mea-
sures could offset some of the anticipated increase in
air pollutant emissions e.g. SO2.

2.2.Model set up
In this study, an atmosphere only configuration of the
fully coupled HadGEM3-UKCA composition climate
model (see section S2 of the supplementary for details)
was used at a horizontal resolution of 1.875° by 1.275°
(∼140 km atmid latitudes) and 85 vertical levels (up to
85 km). Timeslice simulations were conducted where
the climate in each scenario is represented by using
decadal mean prescribed sea ice (SI) distributions, sea
surface temperatures (SSTs), concentrations of well-
mixed GHGs and ozone depleting substances centred
on the year 2000 in BASE 2000 and centred on 2050 in
RCP4.5 and REF. SI and SST distributions for RCP8.5
simulations (Jones et al 2011) from HadGEM2-ES
(Collins et al 2011) are used to represent the climate in
REF, as no future climate simulations have been
performed in anymodel for this pathway. Tables 1 and
S2 summarise all simulations performed in this study,
which have been conducted for a 30 year averaging
period to more fully account for the influence of
climate variability.

The difference between the RCP4.5 2050 and REF
2050 simulations will show the impact on future air
quality from undertaking mitigation measures to sta-
bilise climate. The magnitude of the reduction in car-
bon emissions and changes in air pollutants
considered here in 2050 are from a mid-range climate
policy scenario (figure S1), meaning that the overall air
quality co-benefits will be intermediate. A student
t-test has been performed to assess whether the differ-
ence is significant at the 95% confidence interval. To
isolate the influence of changes in climate versus that
from co-emission sources, a simulation (REF4.5 2050)
is conducted which uses the model setup in REF 2050
but with the SI and SSTs replaced by those used in
RCP4.5 2050. Further experiments have been under-
taken to calculate the ERF, as defined in Forster et al
(2016), for CO2, CH4, O3, BC and total aerosols (PM)
between the 2000s and 2050s for both RCP4.5 2050
andREF 2050 (table S2).

2.3.Model evaluation
The BASE 2000 model simulation has been evaluated
against surface observations for PM2.5 and O3 (see
section S3 of supplementary for details). Surface PM2.5

concentrations have been obtained for all the locations
currently compiled within the Global Aerosol Synth-
esis and Science Project (GASSP) database (http://
gassp.org.uk/data/; Reddington et al 2017). Surface
O3 observations have been obtained from the Tropo-
spheric Ozone Assessment Report database (Schultz
et al 2017). An evaluation is performed for annual,
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seasonal and daily mean timescales (daily for O3 is the
monthlymean of the daily maximum 8 hmean value).
Due to the limited amount of observed PM2.5 data
available before 2000, measurement data is based on a
decadal mean over the 2000–2010 period for both
PM2.5 and O3 to provide a consistent comparison to
the BASE 2000 simulation.

A summary of the surface O3 and PM2.5 model
evaluation, in terms of the spread in normalised mean
bias factors at observation sites, is shown in figure 2 for
different timescales (annual, seasonal and daily) and
across different regions. The model slightly over-
predicts annual mean surface O3 concentrations in the

northern hemisphere (by a factor of 1–1.5) and under-
predicts southern hemisphere concentrations (by a
factor of∼1.5), in a similar way to other global models
(Young et al 2018). Seasonally, the model under-
estimates wintertime and overestimates summertime
surface O3 measurements. Figure 2 shows that Had-
GEM3-UKCA generally underpredicts annual mean
surface PM2.5 concentrations, with a better repre-
sentation of observed summertime values and a con-
sistent low model bias in wintertime. The model
observational biases for surface PM2.5 are similar to
those identified before (Turnock et al 2015) and in
other global and regional models (Glotfelty et al 2017,

Figure 1.Annual regional total anthropogenic, shipping and biomass burning emissions of (a) sulphur dioxide (SO2), (b)nitrogen
oxide(s) (NOx, represented asNO), (c) carbonmonoxide (CO), (d)non-methane volatile organic compounds (NMVOCs), (e) black
carbon (BC) and (f) organic carbon (OC) for the BASE 2000, RCP4.5 2050 andREF 2050. Regions are defined infigure S2. Units are in
mass of emitted species per year, apart from (d) to (f)where it is TgC yr−1.

Table 1.Details of timeslicemodel simulations conducted in this study for a 30 year averaging period, with an additional 10 years of spin up
(see table S2 for details of experiments to quantify effective radiative forcing).

Simulation Time period Air pollutant emissions SST/Sea Ice

BASE 2000 2000s All fromhistorical dataset in 2000 2000s

RCP4.5 2050 2050s All fromRCP4.5 for 2050 RCP4.5

REF 2050 2050s All fromREF for 2050 RCP8.5

REF4.5 2050 2050s All fromREF for 2050 RCP4.5
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Solazzo et al 2017, Im et al 2018). For both O3 and
PM2.5, the model under-represents the elevated daily
surface concentrations during pollution episodes,
which is expected when using a global model driven by
decadal mean monthly emissions at a horizontal reso-
lution of >100 km. The magnitude of seasonal con-
centrations and similar daily events in the future will
also be underestimated by the model, although the
simulated change between future scenarios will be
consistent, but conservative inmagnitude.

3. Results and discussion

3.1. Regional impact on air quality
Implementing climate mitigation measures (RCP4.5
2050 minus REF 2050) reduces annual mean surface
O3 concentrations across continental areas by up to
2 ppbv (table S3), with maximum reductions over
northern hemisphere mid-latitudes in June, July, and
August (JJA) (figure 3). Annual mean surface PM2.5

concentrations reduce over Asia (Central, South and
East) by up to 2.5 μg m−3, with the largest change in
December, January, and February (DJF). The reduc-
tion in surface PM2.5 tends to be largest over anthro-
pogenic source regions and dominated by changes to
sulphate, BC and organic aerosol (figure S3). However,

changes in surface PM2.5 concentrations are less
coherent than for O3 due to the variable response of
natural PM emission sources (dust and sea salt) in
different future climatic states (figure S3). Large
changes in the outflow from the Saharan dust source
region are simulated on both the annual and seasonal
timescales, although the changes are not significantly
different between RCP4.5 and REF at the 95%
confidence level. However, this does indicate the large
potential feedback that natural emission sources could
have in the future, potentially offsetting benefits from
anthropogenic emission reductions.

Implementing climate mitigation measures redu-
ces population weighted surface O3 concentrations in
the 2050s across the majority of regions in most sea-
sons (figure 4). Globally, surface O3 concentrations
reduce in all seasons. A maximum global reduction of
2.2 ppbv occurs in JJA (table S4), which is strongly dri-
ven by the reduction of co-emitted tropospheric O3

precursors (−2.6 ppbv) but partially offset by the effect
of climate change (temperature reduction) acting to
increase background (i.e. non-episodic) surface O3

concentrations (+0.4 ppbv) due a reduction water
vapour and O3 loss (table S5). Largest benefits to sur-
face O3 occur in spring and summer over most north-
ern hemisphere regions. Maximum reductions of up

Figure 2.Normalisedmean bias factors (NMBF) calculated by comparingmodelled concentrations of surfaceO3 and PM2.5 in BASE
2000 to observations across each region. The solid line shows themedian value, the boxes show the 25th and 75th percentile values
with the error bars showing themaximumandminimumvalues and the crosses representing outliers (values>1.5× interquartile
range). The total number of observations used is shown in brackets. Comparisons on annual (grey), summertime (red), wintertime
(blue) and daily (green) timescales are shown.NMBFs for dailymean PM2.5 concentrations are shown on a separate axis on the right of
each graph.
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to 3 ppbv occur in JJA over Europe, East Asia and
North America, mostly due to the reduction of co-
emitted tropospheric O3 precursors (<−3 ppbv).
Changes to climate from mitigation measures tend to
increase surface O3 concentrations over most regions
by less than 1 ppbv. Surface O3 increases by 0.3 ppbv
over the Pacific, Australia and New Zealand region in
DJF due to changes in climate (+0.4 ppbv) with a
slight offset from emission changes (−0.1 ppbv).

Seasonal mean changes in population weighted
surface PM2.5 concentrations due to implementing cli-
mate mitigation measures are smaller and more vari-
able (figure 4). Global mean population weighted
PM2.5 concentrations decrease by 0.6 –1.2 μg m−3 in
most seasons, mainly due to the reduction of sulphate,
BC and organic matter from emission changes (figure
S3). However there is an increase in global mean
population weighted PM2.5 concentrations in March,
April, and May (MAM:+0.2 μg m−3), which is domi-
nated by changes in dust and organic aerosol sources
(figure S3). Climate change mitigation measures act to
increase PM2.5 (+1.0 μg m−3, figure S5) in MAM,
which outweigh benefits from emission reductions
(−0.8 μg m−3, figure S4). A large reduction in popula-
tion weighted surface PM2.5 concentrations of >2 μg
m−3 occurs over South Asia in DJF from emission
reduction measures, primarily from SO2 decreases
(figure 1). Certain regions (Central Asia, Middle East

and North Africa) are influenced by natural PM (dust)
sources and exhibit a large variability in their PM2.5

response. However, the large overlapping error bars
on figure 4 and absence of stippling on figures S3–S5
show that these changes in PM2.5 near the dust source
regions are not significant. Future projections of sur-
face PM2.5 concentrations are more variable and
harder to attribute to a particular influence, as indi-
cated by the large overlapping error bars from emis-
sion and climate drivers.

Overall, implementing GHG mitigation measures
reduces global population weighted annual mean
surface concentrations of O3 and PM2.5 in 2050 by
1.6 ppbv and 0.5 μg m−3, respectively. Benefits and
penalties to regional air pollutants from measures to
stabilise climate are shown to vary both regionally and
seasonally. The global and regional co-benefits to air
quality are smaller in this study for O3 and PM2.5 and
have a more variable response for PM2.5 than in West
et al (2013) and Zhang et al (2017). The difference
between studies can be attributed to the use of a differ-
ent model and the larger simulated influence of cli-
mate change on ozone (globally 15%) and PM2.5

(globally 30%). The increase in surfaceO3 solely due to
the effects of climate change is spatially consistent with
that in West et al (2013) but slightly larger due to the
higher climate sensitivity of the model (HadGEM2;
Collins et al 2011) used to provide SST and sea ice

Figure 3.Annual and seasonalmean differences in surfaceO3 and PM2.5 in the 2050s betweenRCP4.5 2050 andREF 2050. Seasons are
defined asDJF—December, January, February,MAM—March, April,May, JJA—June, July, August, SON—September, October,
November. Stippling shows differences that are statistically significant at the 95% confidence interval using a student t-test.

6

Environ. Res. Lett. 14 (2019) 104013



fields (Andrews et al 2012). The influence of climate
variability was shown to be particularly important for
interactive natural sources of aerosols (dust and sea
salt) (figures S4 and S5). It is therefore important to
account for climate variability in model simulations
where Earth System feedbacks could limit improve-
ments from future anthropogenic emission controls.
Nevertheless, the benefits from co-emission reduc-
tions outweigh any penalties from mitigating climate
and result in a net benefit of climate policies to surface
O3 and PM2.5 concentrations, in accordance with
West et al (2013) andZhang et al (2017).

3.2. Impact onWHOair quality guideline values
(AQGVs )
Simulated daily mean surface PM2.5 concentrations and
the Daily Maximum 8 hour mean (DM8H) surface O3

concentrations have been compared to the WHO
AQGVs, 2005 (25μgm−3 for PM2.5 and 100μgm

−3 for
O3). Solely implementing theRCP4.5 climatemitigation
measures reduces the number of days per year in the
2050s that the surface DM8H O3 exceeds the WHO
AQGV (figure 5 and table S6). Largest benefits occur
across Asia, Europe and North America where the
regionalmean exceedance reduces bymore than 25 days
(table S6). The reductions in the 2050s over these regions
are even larger when compared to the number of

exceedances in the 2000s. However, for regions like
Africa, Middle East and South Asia climate mitigation
measures act to limit any future increase in the number
of exceedances compared to the 2000s.

Whilst the absolute magnitude of simulated daily
mean PM2.5 concentrations is underestimated by the
model (figure 2), there is a change in the number of
daily exceedances due to climate mitigation measures,
which is smaller than that for O3 due to the influence
of climate variability on emissions from natural sour-
ces (section 3.1). Changes in PM2.5 from dust source
regions contributes to the small increase in the num-
ber of days that daily mean PM2.5 exceeds the WHO
AQGV over the Central America, South America and
Pacific, Australia, New Zealand regions. Across the
anthropogenic source regions of East Asia and South
Asia, climate mitigation measures reduced the regio-
nal mean exceedances of the WHO AQGV by more
than 10 days (table S6). Compared to the large number
of exceedances in the 2000s, climate measures provide
an additional reduction of exceedances for East Asia
and limits future increases over SouthAsia.

In summary, climate mitigation measures provide
an additional reduction in the daily exposure of the
population to elevated surface concentrations of both
O3 and PM2.5, particularly over regions (e.g. South and

Figure 4.Total seasonalmean difference in populationweighted surfaceO3 and PM2.5 in the 2050s across the different regions from
implementing climatemitigationmeasures (RCP4.5 2050–REF 2050, shown in solid coloured bars). The regional difference due to
solely emission related changes (RCP4.5 2050–REF4.5 2050) is shown by the X symbol, whereas that due to changes solely in climate
(REF4.5 2050–REF 2050) is shown by+symbol. The error bars on theX and+symbols represent the standard deviation in the
mean regional response over the 30 year simulation period.
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East Asia) where there is currently a high population
exposure.

3.3. Changes to ERF
As both O3 and PM are NTCFs, any change in their
concentration could have an impact on climate forcing
in addition to air quality. Implementing the climate
mitigation measures in RCP4.5 not only reduces CO2

and CH4 concentrations and their radiative forcing
compared to REF but will also inadvertently change
O3 and aerosol (PM) radiative forcing. Table 2 shows
the calculated global mean ERFs between 2000 and
2050 for RCP4.5 2050 and REF 2050 using the
experiments listed in table S2. A large reduction in
global CO2 ERF by 2050 is shown by implementing
climate mitigation measures to stabilise future climate

(−0.43 W m−2). Additional reductions in climate
forcing result from changes in CH4 (−0.20 W m−2)
and O3 (−0.26 W m−2, shown by the decrease in O3

burden from changes in precursor emissions andCH4,
figure S6). However, the reduction in aerosol concen-
trations by 2050, as shown by the decrease in the
column integrated aerosol optical depth (figure S7),
results in an increase in the positive aerosol ERF
(+0.35 Wm−2) from aerosol-radiation and aerosol-
cloud interactions. However, it has been shown that
the aerosol ERF is quite strong in this version of the
model (Mulcahy et al 2018) and could overestimate
the impact of aerosols on climate. Changes in BC
concentrations between the RCP4.5 2050 and REF
2050 scenarios has a negligible impact on the BC ERF.
In contrast to the more uniform CO2 and CH4 ERF

Figure 5.Populationweightedmean number of days exceeding theO3 and PM2.5WorldHealthOrganizationAirQuality Guideline
values (2005)within each region for the 2000s (BASE 2000; blue) and the 2050s for RCP4.5 2050 (green) andREF 2050 (red). Centre
maps show the change in the number of exceedance days forO3 and PM2.5 in the 2050s as a result of climatemitigation policies
(RCP4.5 2050–REF 2050).

Table 2.Effective radiative forcing (± one standard error) ofO3, aerosols (ari and aci), CH4 andCO2 in 2050 relative to 2000 inRCP4.5
andREF. (see table S2 for simulations used to calculated ERFs)

Effective radiative forcing (ERF) in 2050 relative to 2000 (Wm−2)

Pollutant RCP 4.5 REF Difference

Ozone +0.04± 0.03 +0.30± 0.04 −0.26

Aerosols (All-Sky) +0.97± 0.10 +0.63± 0.07 +0.35

Black carbon (All-Sky) −0.02± 0.03 −0.04± 0.03 +0.02

Methane −0.02± 0.03 +0.18± 0.03 −0.20

CO
2

+1.47± 0.04 +1.90± 0.05 −0.43
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(figure S8), the aerosol ERF is regionally variable and
highlights the effect from changes to different source
regions (table S8). Regionally, the largest positive
change in aerosol ERF occurs across South and East
Asia (figure S8) due to large changes in aerosols, whilst
for O3 the reductions in ERF are largest across Europe.
The benefits to climate forcing from reductions in
CO2 and CH4 ERFs due to climate mitigation mea-
sures is enhanced by reductions in the tropospheric O3

ERF, but partially offset by the positive aerosol ERF
fromdecreases in aerosols.

4. Conclusions

Mitigation measures to stabilise future climate are
targeted at reducing emissions of CO2, its radiative
forcing, and future climate change. However, imple-
menting these measures has the potential to have an
inadvertent impact on concentrations of air pollutants
from changes in future climate, aswell as to co-emitted
precursors. Here we use a coupled composition-
climate model to assess the impact of future climate
mitigationmeasures on air pollutants by using simula-
tions with the same air pollutant controls but different
climate policies. Globally, climate policies reduce the
co-emission of air pollutants in 2050 by 10%–30%, in
addition to stabilising climate at a lower value of global
mean surface temperature.

From our simulations we estimate that the imple-
mentation of climate mitigation measures reduces
surface concentrations of O3 and PM2.5, with annual
mean co-benefits of up to 10% regionally. Larger ben-
efits of up to 15% are simulated in summertime for
surface O3 and in wintertime for PM2.5 over northern
hemisphere anthropogenic source regions. Scenarios
used in this study were those used in CMIP5 as newer
scenarios, providing a greater number of future trajec-
tories with differing levels or air pollutant and climate
mitigation, were not available (Rao et al 2017, Gidden
et al 2019). The extent of climate mitigation con-
sidered here in 2050 represents a mid-range climate
policy scenario, with air quality co-benefits that are of
intermediate magnitude (figure S1). The scenarios
used in CMIP6 provide a larger range of future climate
and air pollutant emission trajectories, with the poten-
tial for larger or smaller air quality co-benefits.

The co-benefit to surface air quality is mainly
achieved through the reduction of co-emitted air pol-
lutants and their precursors, in accordance with West
et al (2013). However, over certain regions, there are
small increases in air pollutants in response to the
changes in climate induced from climate mitigation
measures. Simulated co-benefits of climate mitigation
measures to air quality are smaller here than in West
et al (2013) due to the use of a different model and the
larger simulated influence of climate change. This
highlights the need for further investigation (through a
multi-model assessment) on the importance of Earth

System feedbacks in limiting any benefits from future
emission controls.

Implementing climate mitigation measures reduces
the exposure of the population to daily concentrations
of PM2.5 and O3 above the WHO air quality guideline
values. For regions currently experiencing high levels of
air pollution, such as East and South Asia, there are
notable reductions in the number of days that con-
centrations of PM2.5 andO3 exceed theWHOAir Qual-
ity Guideline Values in the 2050s. Climate mitigation
measures are therefore able to provide an additional
reduction, on top of direct air pollutant controls, in the
daily exposure of the population to high levels of air pol-
lutants, with associated co-benefits for human health
(e.g.West et al 2013).

O3 and PM, are radiatively active and can influence
the Earth’s radiative balance as well as impact on sur-
face air quality. Changes to their concentrations from
implementing climatemitigationmeasures alters their
radiative effect on climate. Reductions in aerosols
(PM) increases their radiative forcing in 2050 (relative
to 2000) whilst reductions in O3 reduce its radiative
forcing. Reductions in radiative forcing from CO2,
CH4 and O3 due to climate mitigation measures bene-
fits anthropogenic climate forcing, although this is off-
set by the increased aerosol forcing.

Future implementation of climate mitigation
measures results in a co-benefit to both air quality and
climate. Surface concentrations of air pollutants are
reduced, mainly from decreases in co-emitted pre-
cursors, which improves air quality and reduces the
daily exposure of the population to high concentra-
tions. Anthropogenic climate forcing is reduced due to
decreased CO2, CH4 and tropospheric O3 precursors.
However, this benefit is partially offset by the reduc-
tion in PM causing an unintended positive (warming)
forcing to climate. It is therefore important to consider
both the air quality and climate impact from near-
term climate forcers in any future climate and air qual-
ity policies.

Acknowledgments

Steven Turnock and Fiona O’Connor would like to
acknowledge that support for this work came from the
BEIS and DEFRA Met Office Hadley Centre Climate
Programme (GA01101) and the UK-China Research
and Innovation Partnership Fund through the Met
Office Climate Science for Service Partnership (CSSP)
China as part of theNewton Fund.

Data availability statement

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

9

Environ. Res. Lett. 14 (2019) 104013



ORCID iDs

STTurnock https://orcid.org/0000-0002-
0036-4627
S Smith https://orcid.org/0000-0003-3248-5607
FMO’Connor https://orcid.org/0000-0003-
2893-4828

References

Allen R J, LanduytWandRumbold S T 2016An increase in aerosol
burden and radiative effects in awarmerworldNat. Clim.
Change 6 269–74

Andrews T,Gregory JM,WebbM J andTaylor KE 2012 Forcing,
feedbacks and climate sensitivity inCMIP5 coupled
atmosphere-ocean climatemodelsGeophys. Res. Lett. 39 1–7

Colette A et al 2015 Is the ozone climate penalty robust in Europe?
Environ. Res. Lett. 10 84015

CollinsW J et al 2011Development and evaluation of an Earth-
Systemmodel—HadGEM2Geosci.Model Dev. 4 1051–75

Doherty RM,HealMR andO’Connor FM2017Climate change
impacts on human health over Europe through its effect on
air quality Environ. Heal. 16 118

Fiore AM et al 2012Global air quality and climateChem. Soc. Rev.
41 6663–83

Forster PM, RichardsonT,MaycockAC, SmithC J, Samset BH,
MyhreG, Andrews T, Pincus R and SchulzM2016
Recommendations for diagnosing effective radiative forcing
from climatemodels for CMIP6 J. Geophys. Res. Atmos. 121
12460–75

Fortems-Cheiney A, Foret G, SiourG,Vautard R, Szopa S,
DufourG, Colette A, Lacressonniere G andBeekmannM
2017A 3 °Cglobal RCP8.5 emission trajectory cancels
benefits of European emission reductions on air qualityNat.
Commun. 8 1–5

FowlerD et al 2009Atmospheric composition change: ecosystems–
atmosphere interactionsAtmos. Environ. 43 5193–267

Garcia-Menendez F,Monier E and SelinNE 2017The role of
naturalvariability in projections of climatechange impacts on
U.S. ozone pollutionGeophys. Res. Lett. 44 2911–21

GiddenM J et al 2019Global emissions pathways under different
socioeconomic scenarios for use in CMIP6: a dataset of
harmonized emissions trajectories through the end of the
century, GeosciModel Dev. 12 1443–75

GlotfeltyT,He J andZhangY2017 Impact of future climate policy
scenarios on air quality and aerosol-cloud interactions using an
advancedversion ofCESM/CAM5: I.Model evaluation for the
current decadal simulationsAtmos. Environ.152222–39

Glotfelty T andZhang Y 2017 Impact of future climate policy
scenarios on air quality and aerosol-cloud interactions using
an advanced version of CESM/CAM5: II. Future trend
analysis and impacts of projected anthropogenic emissions
Atmos. Environ. 152 531–52

ImU et al 2018 Influence of anthropogenic emissions and boundary
conditions onmulti-model simulations ofmajor air
pollutants over Europe andNorthAmerica in the framework
of AQMEII3Atmos. Chem. Phys. 18 8929–52

Isaksen I SA et al 2009Atmospheric composition change: climate–
chemistry interactionsAtmos. Environ. 43 5138–92

JacobD J andWinnerDA2009 Effect of climate change on air
qualityAtmos. Environ. 43 51–63

Jones CD et al 2011TheHadGEM2-ES implementation of CMIP5
centennial simulationsGeosci.Model Dev. 4 543–70

KimMJ, Park R J, HoC-H,Woo J-H,Choi K-C, SongC-K and
Lee J-B 2015 Future ozone and oxidants change under the
RCP scenariosAtmos. Environ. 101 103–15

KirtmanB et al 2013 Projections and predictabilityClimate Change
2013: The Physical Science Basis. Contribution ofWorking
Group I to the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change edT F Stocker et al (Cambridge and
NewYork,NY: CambridgeUniversity Press)

Lamarque J-F et al 2010Historical (1850–2000) gridded
anthropogenic and biomass burning emissions of reactive
gases and aerosols: methodology and applicationAtmos.
Chem. Phys. 10 7017–39

Lee Y, Shindell DT, Faluvegi G and Pinder RW2016 Potential
impact of aUS climate policy and air quality regulations on
future air quality and climate changeAtmos. Chem. Phys.
2009 5323–42

Lelieveld J, Evans J S, FnaisM,Giannadaki D and Pozzer A 2015The
contribution of outdoor air pollution sources to premature
mortality on a global scaleNature 525 367–71

LiM, ZhangD, Li C-T,MulvaneyKM, SelinNE andKarplus V J
2018Air quality co-benefits of carbon pricing inChinaNat.
Clim. Change 8 1

Mulcahy J P et al 2018 Improved aerosol processes and effective
radiative forcing inHadGEM3 andUKESM1 J. Adv.Model.
Earth Syst. 10 2786–805

MyhreG et al 2013Anthropogenic andnatural radiative forcing
Climate Change 2013: The Physical Science Basis. Contribution
ofWorkingGroup I to the Fifth Assessment Report of the
Intergovernemental Panel on Cliamte Change edT F Stocker
et al (Cambridge andNewYork, NY: CambridgeUniversity
Press)

Rao S et al 2016Amulti-model assessment of the co-benefits of
climatemitigation for global air quality Environ. Res. Lett. 11
124013

Rao S et al 2017 Future air pollution in the shared socio-economic
pathwaysGlob. Environ. Change 42 346–58

RasmussenD J,Hu J,MahmudA andKleeman JM2013The ozone
climate penalty: past, present and futureEnviron. Sci. Technol.
47 14258–66

ReddingtonCL et al 2017The global aerosol synthesis and science
project (GASSP): measurements andmodeling to reduce
uncertaintyBull. Am.Meteorol. Soc. 98 1857–77

Reis LA,Drouet L, vanDingenen R and Emmerling J 2018 Future
global air quality indices under different socioeconomic and
climate assumptions Sustainability 10 1–27

Schucht S et al 2015Moving towards ambitious climate policies:
monetised health benefits from improved air quality could
offsetmitigation costs in EuropeEnviron. Sci. Policy 50
252–69

SchultzMG et al 2017TroposphericOzone assessment report:
database andmetrics data of global surfaceOzone
observationsElem. Sci. Anth. 5 58

Shen L,Mickley L J andMurray L T 2017 Influence of 2000–2050
climate change on particulatematter in theUnited States:
results from a new statisticalmodelAtmos. Chem. Phys. 17
4355–67

Shindell DT et al 2012 Simultaneouslymitigating near-term climate
change and improving human health and food security
Science 335 183–9

Silva RA et al 2017 Future globalmortality from changes in air
pollution attributable to climate changeNat. Clim. Change 7
647–51

Solazzo E et al 2017 Evaluation and error apportionment of an
ensemble of atmospheric chemistry transportmodeling
systems:multivariable temporal and spatial breakdown
Atmos. Chem. Phys. 17 3001–54

Stohl A et al 2015 Evaluating the climate and air quality impacts of
short-lived pollutantsAtmos. Chem. Phys. 15 10529–66

ThomsonAM et al 2011RCP4.5: a pathway for stabilization of
radiative forcing by 2100Clim. Change 109 77–94

Turnock S T et al 2015Modelled and observed changes in aerosols
and surface solar radiation over Europe between 1960 and
2009Atmos. Chem. Phys. 15 9477–500

Turnock S T et al 2016The impact of European legislative and
technologymeasures to reduce air pollutants on air quality,
humanhealth and climate Environ. Res. Lett. 11 24010

USEPA2011The Benefits and Costs of the CleanAir Act from 1990 to
2020: Summary ReportU.S. Environmental Protection
AgencyOffice of Air andRadiation

Vandyck T, Keramidas K, Kitous A, Spadaro J V, VanDingenen R,
HollandM and Saveyn B 2018 Air quality co-benefits for

10

Environ. Res. Lett. 14 (2019) 104013

https://orcid.org/0000-0002-0036-4627
https://orcid.org/0000-0002-0036-4627
https://orcid.org/0000-0002-0036-4627
https://orcid.org/0000-0002-0036-4627
https://orcid.org/0000-0002-0036-4627
https://orcid.org/0000-0003-3248-5607
https://orcid.org/0000-0003-3248-5607
https://orcid.org/0000-0003-3248-5607
https://orcid.org/0000-0003-3248-5607
https://orcid.org/0000-0003-2893-4828
https://orcid.org/0000-0003-2893-4828
https://orcid.org/0000-0003-2893-4828
https://orcid.org/0000-0003-2893-4828
https://orcid.org/0000-0003-2893-4828
https://doi.org/10.1038/nclimate2827
https://doi.org/10.1038/nclimate2827
https://doi.org/10.1038/nclimate2827
https://doi.org/10.1029/2012GL051607
https://doi.org/10.1029/2012GL051607
https://doi.org/10.1029/2012GL051607
https://doi.org/10.1088/1748-9326/10/8/084015
https://doi.org/10.5194/gmd-4-1051-2011
https://doi.org/10.5194/gmd-4-1051-2011
https://doi.org/10.5194/gmd-4-1051-2011
https://doi.org/10.1186/s12940-017-0325-2
https://doi.org/10.1039/c2cs35095e
https://doi.org/10.1039/c2cs35095e
https://doi.org/10.1039/c2cs35095e
https://doi.org/10.1002/2016JD025320
https://doi.org/10.1002/2016JD025320
https://doi.org/10.1002/2016JD025320
https://doi.org/10.1002/2016JD025320
https://doi.org/10.1038/s41467-017-00075-9
https://doi.org/10.1038/s41467-017-00075-9
https://doi.org/10.1038/s41467-017-00075-9
https://doi.org/10.1016/j.atmosenv.2009.07.068
https://doi.org/10.1016/j.atmosenv.2009.07.068
https://doi.org/10.1016/j.atmosenv.2009.07.068
https://doi.org/10.1002/2016GL071565
https://doi.org/10.1002/2016GL071565
https://doi.org/10.1002/2016GL071565
https://doi.org/10.5194/gmd-12-1443-2019
https://doi.org/10.5194/gmd-12-1443-2019
https://doi.org/10.5194/gmd-12-1443-2019
https://doi.org/10.1016/j.atmosenv.2016.12.035
https://doi.org/10.1016/j.atmosenv.2016.12.035
https://doi.org/10.1016/j.atmosenv.2016.12.035
https://doi.org/10.1016/j.atmosenv.2016.12.034
https://doi.org/10.1016/j.atmosenv.2016.12.034
https://doi.org/10.1016/j.atmosenv.2016.12.034
https://doi.org/10.5194/acp-18-8929-2018
https://doi.org/10.5194/acp-18-8929-2018
https://doi.org/10.5194/acp-18-8929-2018
https://doi.org/10.1016/j.atmosenv.2009.08.003
https://doi.org/10.1016/j.atmosenv.2009.08.003
https://doi.org/10.1016/j.atmosenv.2009.08.003
https://doi.org/10.1016/j.atmosenv.2008.09.051
https://doi.org/10.1016/j.atmosenv.2008.09.051
https://doi.org/10.1016/j.atmosenv.2008.09.051
https://doi.org/10.5194/gmd-4-543-2011
https://doi.org/10.5194/gmd-4-543-2011
https://doi.org/10.5194/gmd-4-543-2011
https://doi.org/10.1016/j.atmosenv.2014.11.016
https://doi.org/10.1016/j.atmosenv.2014.11.016
https://doi.org/10.1016/j.atmosenv.2014.11.016
https://doi.org/10.5194/acp-10-7017-2010
https://doi.org/10.5194/acp-10-7017-2010
https://doi.org/10.5194/acp-10-7017-2010
https://doi.org/10.5194/acp-16-5323-2016
https://doi.org/10.5194/acp-16-5323-2016
https://doi.org/10.5194/acp-16-5323-2016
https://doi.org/10.1038/nature15371
https://doi.org/10.1038/nature15371
https://doi.org/10.1038/nature15371
https://doi.org/10.1038/s41558-018-0139-4
https://doi.org/10.1029/2018MS001464
https://doi.org/10.1029/2018MS001464
https://doi.org/10.1029/2018MS001464
https://doi.org/10.1088/1748-9326/11/12/124013
https://doi.org/10.1088/1748-9326/11/12/124013
https://doi.org/10.1016/j.gloenvcha.2016.05.012
https://doi.org/10.1016/j.gloenvcha.2016.05.012
https://doi.org/10.1016/j.gloenvcha.2016.05.012
https://doi.org/10.1021/es403446m
https://doi.org/10.1021/es403446m
https://doi.org/10.1021/es403446m
https://doi.org/10.1175/BAMS-D-15-00317.1
https://doi.org/10.1175/BAMS-D-15-00317.1
https://doi.org/10.1175/BAMS-D-15-00317.1
https://doi.org/10.3390/su10103645
https://doi.org/10.3390/su10103645
https://doi.org/10.3390/su10103645
https://doi.org/10.1016/j.envsci.2015.03.001
https://doi.org/10.1016/j.envsci.2015.03.001
https://doi.org/10.1016/j.envsci.2015.03.001
https://doi.org/10.1016/j.envsci.2015.03.001
https://doi.org/10.1525/elementa.244
https://doi.org/10.5194/acp-17-4355-2017
https://doi.org/10.5194/acp-17-4355-2017
https://doi.org/10.5194/acp-17-4355-2017
https://doi.org/10.5194/acp-17-4355-2017
https://doi.org/10.1126/science.1210026
https://doi.org/10.1126/science.1210026
https://doi.org/10.1126/science.1210026
https://doi.org/10.1038/nclimate3354
https://doi.org/10.1038/nclimate3354
https://doi.org/10.1038/nclimate3354
https://doi.org/10.1038/nclimate3354
https://doi.org/10.5194/acp-17-3001-2017
https://doi.org/10.5194/acp-17-3001-2017
https://doi.org/10.5194/acp-17-3001-2017
https://doi.org/10.5194/acp-15-10529-2015
https://doi.org/10.5194/acp-15-10529-2015
https://doi.org/10.5194/acp-15-10529-2015
https://doi.org/10.1007/s10584-011-0151-4
https://doi.org/10.1007/s10584-011-0151-4
https://doi.org/10.1007/s10584-011-0151-4
https://doi.org/10.5194/acp-15-9477-2015
https://doi.org/10.5194/acp-15-9477-2015
https://doi.org/10.5194/acp-15-9477-2015
https://doi.org/10.1088/1748-9326/11/2/024010


human health and agriculture counterbalance costs tomeet
Paris Agreement pledgesNat. Commun. 9 1–11

von Schneidemesser E et al2015Chemistry and the linkages between
air quality and climate changeChem.Rev.115 3856–97

West J J, Smith S J, Silva RA,NaikV, Zhang Y, AdelmanZ, FryMM,
Anenberg S andHorowitz LW2013Co-benefits ofmitigating
global greenhouse gas emissions for future air quality and
humanhealthNat. Clim. Change 3 885–9

Young P J et al 2013Pre-industrial to end 21st century projections of
tropospheric ozone from the Atmospheric Chemistry and
ClimateModel Intercomparison Project (ACCMIP)Atmos.
Chem. Phys. 13 2063–90

Young P J et al 2018Tropospheric OzoneAssessment Report:
assessment of global-scalemodel performance for global and
regional ozone distributions, variability, and trends Elem. Sci.
Anth. 6 10

Zhang Y, Bowden JH, AdelmanZ,NaikV,Horowitz LW,
Smith S J andWest J J 2016Co-benefits of global and regional
greenhouse gasmitigation forUS air quality in 2050Atmos.
Chem. Phys. 16 9533–48

Zhang Y, Smith S J, Bowden JH, AdelmanZ andWest J J 2017Co-
benefits of global , domestic , and sectoral greenhouse gas
mitigation forUS air quality and humanhealth in 2050
Environ. Res. Lett. 12 114033

11

Environ. Res. Lett. 14 (2019) 104013

https://doi.org/10.1038/s41467-018-06885-9
https://doi.org/10.1038/s41467-018-06885-9
https://doi.org/10.1038/s41467-018-06885-9
https://doi.org/10.1021/acs.chemrev.5b00089
https://doi.org/10.1021/acs.chemrev.5b00089
https://doi.org/10.1021/acs.chemrev.5b00089
https://doi.org/10.1038/nclimate2009
https://doi.org/10.1038/nclimate2009
https://doi.org/10.1038/nclimate2009
https://doi.org/10.5194/acp-13-2063-2013
https://doi.org/10.5194/acp-13-2063-2013
https://doi.org/10.5194/acp-13-2063-2013
https://doi.org/10.1525/elementa.265
https://doi.org/10.5194/acp-16-9533-2016
https://doi.org/10.5194/acp-16-9533-2016
https://doi.org/10.5194/acp-16-9533-2016
https://doi.org/10.1088/1748-9326/aa8f76

	1. Introduction
	2. Methods
	2.1. Emission scenarios
	2.2. Model set up
	2.3. Model evaluation

	3. Results and discussion
	3.1. Regional impact on air quality
	3.2. Impact on WHO air quality guideline values (AQGVs )
	3.3. Changes to ERF

	4. Conclusions
	Acknowledgments
	Data availability statement
	References



