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Abstract. Three Intergovernmental Panel on Climate Change (IF&G&presentative Concentration Pathways
(RCPs) are used to simulate future ozong,(@itrogen dioxide (N@), andfine particulate matter (Pb4) in the
United Kingdom UK) for the 2050s relative to the 2000s with an air quality model (AQUM) at a 12 kaohtal
resolution. The presefiay and future attributable fractions (AF) of mortality associated with-termg exposure
to annual mean NGO, and PM s have accordingly beesstimated for the first timfor regions acrosEngland,
Scotland and Wales.

Across the three RCPs (RCP2.6, RCP6.0 and RCP8.5), simulated annual mean of the daily maximum 8
mean (MDAS8) Q concentrations increase compared to predawt likely due to decreases in N(itrogen
oxides) emissions, leading to less titration aft® NO. Annual mean N@and PM sconcentrations decrease
under all RCPs for the 2050s, mostly driven by decreases in dd@ sulphur dioxide (S£p emissions,
respectively.

The AF of mortality associated with losigrm exposure to annual mean MDA8i®estimated to increase in
the future across all the regions and for all RCPs. Reductions imhNDPM s concentrations lead to reductions
in the AF estimated for future periods under all RCPs, for both pollutants. Total mortality burdens are Biso high
sensitive to future population projections. Accounting for population projections exacerbates differences in total
UK-wide MDAS8 Os-health burdens between presday and future by up to a factor of ~3 but diminishes
differences in N@health burdens. Fd®PM; 5, accounting for future population projections results in additional
UK-wide deaths brought forward compared to preslagtunder RCP2.6 and RCP6.0, even though the simulated
PMgz s concentrations for the 2050s are estimated to decrease. Thusethétehighlight the sensitivity of future
health burdens in the UK to future trends in atmospheric emissions over the UK as well as future population

projections.

Keywords: RCPs, health impacts, ozone, nitrogen dioxide, particulate matter, populationrgjections,

climate change

1 Introduction

Longterm exposure to ambient air pollution has been linked with adverse health imnpacismbeiof studies
(e.g. Burnett et al., 20142018 Jerrett et al., 2009; Krewski, 2009; Turner et al., 20Kk estimates for
mortality associated with lorterm exposure to ambient particulate matter less than 2.5 pm in diametgy) (PM

are well establishefe.g.Hoek et al., 2013; Krewski, 200%everal studies have quantifiedposureresponse
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relationship (often called concentratieresponse functions, d@RF9 associated with lonrterm exposure to
ozone (@) (Jerrett et al., 2009; Turner et al., 20854 nitrogen dioxide (N& (COMEAP, 2018; Crouse et al.,
2015; Faustini et al., 2014; Hoek et al., 20E8)wever, for both @and NQ, longterm effects are still emerging

with moststudies to date performed over North America.

Future air pollution levels (anglatedhealth burdens) can be influenced by a number of factors including
changes in emissions of air pollutants (both natural and anthropogenic) and ehmabdity. In thisstudy we
focus on the emissiordriven impacts on air pollutants and the corresponding health bumlehe UK To
estimate future ambient air quality, several futpathwaysare employed utilising thetergovernmental Panel
on Climate Chang@PCC)Representative Concentration Pathways (RQRs) Vuuren et al., 2011a)hese are
future pathways of global greenhouse gas (GHG) and air pollutants and their precursor easssgmtsin the
Coupled Model Intercomparison Project Phase 5 (CMIP5) project. They consist qfatbwaysthat lead to
radiative forcing levels from the combined effects of greenhouse gases and aerosols of 2(6aW Yiuuren et
al., 2011b)4.5 W m?(Thomson et al., 20115 W m?(Masui et al., 2011)and 85 W n? (Riahi et al., 2011py
2100. For all RCPs, large decreases in emissions of particulate matter (PM) and precurspespédially
nitrogen oxides (NQ, carbon monoxide (CO), sulphur dioxide (lack carbon (BC) and organic carbon
(OC), are projected globally following the assumption of more stringent air pollution control measures over time
(van Vuuren et al., 2011ahn exception is ammonia (NfHwhich globally increases in nearly ghlathwayg, and
methane (Ck) which increasesspeciallyfor RCP8.5. Howeverthese are global trends which may vary both
spatially and temporally. Note that the assumption of more stringent air pollution measures across the globe is a
caveat of the RCPs as these may not represent the true uncertainty in emissions pathwatisnirteel8CPs
are developed independently and are governed by different assumptions about social, economic and political

development.

Several studies have analysed the impact of emission changes on future pollutant concentrations both
globally and regioally. For Europe, several studies suggesteductions due to decreases wplecursors under
different future emission scenarios (ektpdegaard et al., 20]18Vild et al, 2012. However, increases i@
concentrations have also been observed especially Rfe8.5 due to increases in £tbncentrationgWild et
al., 2012)andin regions with high NQlevels (e.g. the Benelux region and the south of the (Bi€legaard et

al., 2013 Colette et al.2012) In a multimodel study,Im et al. (2018)suggest an average increase if O



concentrations (pup to ~6%) for Europe in response to a Z0reduction of anthropogenic emissions; this study

also suggests a larger contribution of Hocal source$or O; concentrations in Europe.

Future emission changbsth globall and in Europeye likely tolead to lower PMsconcentrations due
to reduced primary emissions as well as changes in secondary inorganic @hesot! et al., 2014; Hedegaard
et al., 2013; Im et al., 2018; Vieno et al., 2Q18)Iphate and nitrate aerosols compete for ammonium, such that
reductions in S@emissions (with lead to reductions in sulphate concentrations) and increases enNssions

could increase nitrate aerosol levels even though NOx emissions ddérgast al., 2009)

Most recent studies focusing on future health burdens associated witltelomgxposure to £and/or
PM; sconcentrations under the RCPs typically analyse the comiminestts of changes emissiosandchanges
in the climate. Fllowing RCP4.5, the estimatd@M,sand Q-related global mortality burden is 1.1+0.5 and
0.2+0.1 million avoided deaths per year in 2050, respect{Végst et al., 2013JFuture hedh burdens associated
with long-term exposure to air pollution do not solely depend on projected future air pollutant concentrations but
also depend on changes in mortality rates and demographic or population changel as underlying rates of
diseass Despite projected future reductions in pollutant concentrations, Silva et al. (2016) soggesds in
premature mortalityvhen accounting fdncreases in total population size in 208est et al. (2013lIso suggest
that globally and in Europe, the population growth and baseline mortaliticeatdsminate changes the health
impacts resulting from the RGParticularly in 2100.

Some studies have focused on future health impadtsee UK following different emission scenarios.
Using three IPCC Special Report on Emissions Scenarios (SR&8¢enovic et al., 2000and including
population projections for 203®{eal et al(2013)estimate that the £health burden increases over the UK by
16-28 % compared to that in 2003. A recent modelling stedgmine hedth impacts due tair pollutant
concentration changes in 2035 and 28&0three Uk specificenergyrelatedscenariogWilliams et al., 2018)
In all three scenarios, N@oncentrations decrease in 2050 due to reductions in NOx emissions. The subsequent
reduction in longterm NG- related mortality following the baseline scenario in 2050 is estimated to be ~6.5
million life-years gained compared to 200illiams et al., 2018) PM, 5 concentrations across the UK also
decrease for this baseline scenario leading to +hifli®n life-years gained in 2050 compared to 2Q/lliams
et al., 2018)Using the AQUM(Air Quality in the Unified Model;Savage et al., 20)1&s used in our stugy

Pannullo et al. (2017)jnd reductions in N@concentrations for three RCPs across the UK in the Ré&&Dto



reductins in respiratory hospital admissions associated with exposure tobM@.7 % (RCP2.6), 1.4%
(RCP6.0) and 2.% (RCP8.5)(Pannullo et al., 2007
As discussed above, several global and regional studies have analysed the impact of emission changes
on future air quality However to date such health impact assessment studies conducted using the RCPs
comprehensively for thrgmllutants Q, NOand PM sover the UK are limiteéind generally do not account for
future populatiorprojections The focus of thistudyis on UK primary and precursor emission changesHer
2050 based on three RCPs: RCP2.6, RCP6.0 and RCP8.5 anthskequent impactd these changem ambient
levels ofOs, NO; and PM s. We also assess the headffectsassociated witlong-term exposuré each pollutant

under each RCRind the sensitivity ofstimateduture health burdens to two population scenarios.

The study is organised as followEhe impact of changes in future UK emissions on simulated annual
mean MDA8 Q, NO, and PM;s concentrations are discussed in Section 3. The corresponding future health
burdens associated with lotgrm exposure tall three pollutantsre described in Sectiontdgether with the
sensitivity of estimated mortality burdens associated with eactitaotito future population projectiarfsinally,

summary anaonclusionsare presenteth Section 5.

2 Methods

2.1 Air Quality in the Unified Model i AQUM

In this study we use air pollutambncentrations for both presemdy and future which arderived from
configurations of a limiteéirea model systemAQUM (Air Quality in the Unified Model)based on the UK Met
Office Unified Model(Brown et al., 2012)AQUM has a horizontal resolution of 0.11° x 0.11° (~12 Bavage

et al., 2013with a domain covering the UK and partstioé westernEuropen region Themodel has 38 vertical
levels from the surface up to 39 km (with the lowest model level at 20me) model includes an interactive
aerosol scheme CLASSIC (Coupled Lagpale Aerosol Simulator for Studies in ClimaBellouin et al., 2013,
2011; Jones et al., 200dhich simulates ammonium sulphate and nitrate, fégsilorganic carbon (OC), mineral
dust, soot and biomass burni(BB) aerosol interactively. Biogenic secondary organic aerosols are prescribed
from a climatology(Bellouin et al., 2011and sea salt is calculated over sea points only and does not contribute
to PM concentrations over land/ithin AQUM, sulphate and nitric acid compdte available ammonium to form
ammonium nitrate and ammonium sulphate aerosols (Bellouin et al., ZBddphase chemistry is simulated

within AQUM by a tropospheric configuration of the United Kingdom Chemistry and Aerosol (UKCA) model
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(Morgenstern et al . ,.TReCHedistnsdDdme asedistire RegipnalaAlr Quality ZRAQ)4 )
chemistry scheme, which has 58 chemical species, 116 gas phase reactions and 23 photolysis reactions. Photolysis
rates are calculated with the-tine photolysis scheme Fa3X (Neu et al., 2007)Lateral boundary conditions

for chemistry and aesols are derived from the GEMS (Global and regional Earstem Monitoring using

Satellite and irsitu data) and MACC (Monitoring Atmospheric Composition and Climate) gltebaklysidields
(Flemminget al., 2009Wwhilst meteorology is obtained from the UK Met Office Unified Model (MetUNgbal

forecast fieldsFurther details on AQUM, including evaluation, can be found in Savage(2048) We use the

same AQUM configuration as described in Fenech et al. (2018).

2.2Model Setup

In this study weconduct a total of four simulatisrusing AQUM one to derive air pollutant concentrations for
the 200G (presentdayd and another three simulations to derive air pollutant concentrations following three
different RCPs fothe 2050 (dutured. Forall these simulations the same meteorology was emplbyiedt of
the year 200@Fenech et al. 2018for thepresent dagimulation, anthropogenic and biomass burning emissions
aretaken from decadal mean emissions centred on the yea(R@®@rque et al., 2011, 201d)hese historical
emissionsvere originally created for thé"&limate Model Intercomparison Program (CMIP5) in support of the
IPCC Fifth Assessment Report (AR5) and are used as a starting point for allRCHEse future simulations,
anthropogenic and biomass burning emissioms abtained from decadal mean emissions centred on 2050
following three IPCC RCPs: RCP2BCP6.0 and RCP8.Biogenic emissions of isoprene for all simulations are
diagnosed from simulations with a fully coupled nested configuration of the MetUM (describlegliret al.,
2017)and then prescribed in AQUM with a diurnal cycle imposed. Thezefilthough the climate is unchanged
betweerthe 200G andthe 205G, the prescribed biogenic isoprene emissions have responded to changes in CO
and temperature ithe 2050 compared tahe 200G following Pacifico et al. (2011)Emission changes are
discussed in more detail in Sectipi2.1

The lateral boundary conditions used for futsiraulations are kept the same as for the predaynt For
all simulations, feedbacks of aerosols and greenhouse gases on the radiation scheme are excluded, thus ensuring
the climate is unchanged between the predagtand future simulationglence the prjected changes in air

pollutant concentrations show the influence WK anthropogenic, biomass burning and biogenic emission



changes only. Greenhouse gas (GH®)h as ChH carbon dioxide (C&) and nitrous oxide (MD) haveprescribed
concentrations foead simulationdue to thé long lifetime.

All simulations are conducted for 18 months with the first 6 months discarded aspspitourly
pollutant concentrations taken from the lowest model vertical level (20 m) are then extracted, from which the

annual nean MDAS8 Q, NO; and PM s concentrations are calculated.

2.2.1 Presentday and future UK emissions

Emissions totals and percentage differences over the UK betlwe@000s and 2058 for key &; and PM s
primary and precursor species under epathwayare shown in Fig. 1. Most of the emissions over the UK
decrease in the future compared to presant with the greatest reductions occurring for RCP8.5 (Fig.1). For
example, nitrogen oxides (NOx) emissidal from ~ 1.3 Tg (NO) ytin 200Gto ~ 0.5 Tg (NO) ytfor RCP2.6

and RCP6.0 and ~ 0.3 Tg (NO)%for RCP8.5 in 205§ corresponding to reductisof 60 %, 58% and 73%
(Fig.1a). Spatial distributions of NOx emissions for prestayt and for differences in future emissions compared

to presentay are illustrated in Fig.2. For all RCPs, the largest reductions in NOx emissions occur in regions
having high preserday emisions (e.g. central and south east England) (Fig. 2). Emissions following RCP8.5

exhibit the largest reductions compared to predegtwhile the smallest reductions are for RCP6.0.

Emission changes betwetre 2000 and 2058 for CO, OC and BC follow aimilar pattern to that of
NOx with the highest reductions occurring for RCP8.5 and lower reductions for RCP2.6 and RCP6.0«(Fig. 1 b
d). SQ emissions also decrease in the future in all RCPs. However, reductions in each RCP follow a different
pattern, withthe highest reductions occurring for RCP2%20%6) and RCP8.5-94 %) and the lowest reductions
occurring for RCP6.0-43 %; Fig. 1e). Ammonia (N} emissions and methane (gHoncentrations increase
over the UK for certain futurpathwaygFig. 1f and §. Ammonia emissions total ~ 0.35 Tg (NH)%in 200G
and increase for all RCPs, with the highest increase occurring for RCP&4) {@Bowed by RCP2.6 (1%0) and
RCP8.5 (7%) (Fig. 1f). As mentioned in the previous section,s@dncentrations are prescribed for all four
simulations due to its long lifetintelative to the simulation perio€H, concentrations over the UK are ~1200
ug nt for presentday and decrease by ¥%6in 205G following RCP2.6 (Fig. 1g). In contra€H, concentrations

increase following RCP6.0 @) and RCP8.5 in 20554 %; Fig. 10).
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Figure 1: Emissions totals and percentage differences over the UK (land only) between 2000s and 2050s for the k
and PMz.s primary and precursor species: (a) nitrogen oxides (N&) (b) carbon monoxide (CO), (c) fossil fuel organ
carbon (OC), (d) fossil fuel black carbon (BC), (e) sulphur dioxide (Sg€), (f) ammonia (NHs), (g) methane (CH)
(concentrations) and (h) isoprene (€Hs) for presentday (blue), RCP2.6 (orange), RCP6.0 (green) and RCP8.5 (re
Percentage differences between future and presedty are shown above each pathway.



Isoprene (6Hg) emissions used in thiudyare obtained from a model simulation in which biogenic

VOC emissios are calculated interactively responding to changes in carbon dioxidg &D@ temperature

(Pacifico et al., 2011)These are then prescribed in the UK domain within AQUMs@missiongiecreasérom

~0.09 Tg (GHs) yrfor preseniday to ~0.07 Tg (€Hs) yr*under all RCPs (~206 reduction; Fig 1h). This

suggests that the main driver for reductions in isoprene emissions for all pathrgaysis CQ; inhibition of

isoprene (high levels of GOsuppressing leaf isoprene productid@yneth et al., 2007)which offset the

temperaturadriven emission increases, as found by other stifdigs Pacifico et al., 2012; Squire et al., 2015)
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Figure 2: Total NOx emissions for (a) presentlay (PD7 2000s) and (kd) differences in NOx emissions betwe:
presentday and future (2050s) under three RCPs.

2.3 Heath impact assessment

Estimated health burdens attributable to lbeign exposure tannual mearMDA8 Os;, NO; and PMs

concentrationare calculated as follows for each of the B@/ernment Office Region&OR) for England, and

for Scotland and Wales (Fig):

where

and

YY A@®H YOwn

1)

)

®3)



and

@ (4)

In ecuation 1,0 is the mortality associated withng-term exposure to MDA8 ©NO, or PM; sfor each region,

i (Fig. 3), 6 0 is the total regionainnual respiratorynortality for Os-related healttestimatesand altcause
(excluding external) mortality foNO, and PM srelatedhealth estimatefor 2006 (henceforth referred to as
baseline mortalityandd "Os theattributabé fraction associated with lostgrm exposure tannual meaiDA8

O3 or NO; or PM2 s concentrationshat is calculated for each region using equatiddadeline mortality datéor
2006 was obtained from the Officlor National Statistics for England and Wales (ons.gov.uk) and from the
National Records of Scotland (nrscotland.gov.ok)which only ages above 30 years were considehed
equations 2 and RRis the retive risk associated with lortgrm exposure tannual meamir pollutantlevels

In equation 3CRFis the concentrationesponse function coefficient anaal is the regionainnualpopulation
weighted pollutant concentration. TBR&RF used inthis study for longterm exposure tannual meafDA8 O3
concentrationss taken from Turner et al (2018ndfor long-term exposure tannualmeanNO, andPM. s the
CRF used isfrom COMEAP (2015)and WHO (2013) respectively The CRFrecommendedby Turner et al.
(2015)for the effects of londerm G exposure on respiratory mortalityis06 (95 % Confidence Interval (Cl) =
1.04,1.08 per 10 ug ¥ increase irmnnual meaMDAS8 O3 concentrationsvith a threshold 053.4pg m® (Turner

et al. 201%. For longterm NO, exposureon alkcause (natural) mortalitfgOMEAP (2015)suggest a coefficient
of 1.025 (95% CI = 1.01,1.04) per 10 ug fincrease in annual mean N@Goncentrations (with no threshold)
while for longterm PM.sexposure on altause ifatura) mortality, we usea coefficient 0of1.062 (95% CI =
1.040,1.083) per 10 pg fincrease in annual average concentrations (with no threshold), which is based on a
metaanalysis of cohort studies by Hoek et al. (20E). all three pollutantghe healthestimates in this study
are forpeopleaged30 yearsand above The uncertainty in AF estimatepresented in thefigures of the
supplement section of this manuscript asrebars representghe 95% CJ as taken fronthe literature and
described abovassociated with thencertaintiesn the concentratiomesponse coefficieausedonly. Burdens
for the effects of each pollutaate calculatedeparatelyollowing recommendationsdm the studies from which
the coefficients are drawrthoughit should be noted that N@ffects could to some extent overlap with effects

of long-term exposure to PMasthe two pollutants are strongly correlaf{gOMEAP, 2018)
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SC = Scotland

WA = Wales

) NW = North West

Y o NE = North East

YH = Yorkshire and The Humber
WM = West Midlands
EM =East Midlands
EE = East of England
SW = South West

SE = South East

LN = London

LN

Figure 3: Government Office Regions (GOR for England, Scotland and Wales used in this stuc
(adapted from Fenech et al. 2019).

The populatioaveighted pollutant concentrations are calculated by first counting the total residential
gridded population datfor people aged 30 years and o¢gr at a resolution of 5 km (GWPv3), obtained from
the Socioeconomic Data and Applications Centre (SEDAEJ4c.ciesin.columbia.edwithin each model grid
cell, Gequation 4). This population totaj ( is then multiplied by the annupbllutant concentration within each
grid cell®, summed over every grid cell within the region r, and divided byotla population of the regioio
quantifydifferences irealth burdens between presday and future we simplubtract the presesufay estimate
from the future one (ie MO, wrel Mort pp).

Future mortality estimatedo not solelydepend on future pollutant concentrations but also on future
popuation projections anchortality rates. In thistudy we analyse how changes in futpopulationprojectiors
may influence estimatedfuture health burden€sach RCP is associated with aug population projection.
However to isolate the effect of changes in air pollutant concentrations across the RCPs we che®sesiagle
population projectionThis is done by using the future population projections from the Shared Socioeconomic
Patlways (SSPyridded at a resolution of 17 kinJ ones and .0Oh® NPk ard g set 2f Give different
socioeconomic development narratives that describe plausible pathways for the evolution of society over the next
century and are intended to provide a range of pathways that can be combined with tlRi&GRsal., 2017)

I n conjunction with each RCP the pobpiuliattyioo ns tporroyjleicntei

C

or fHNFaedilled Developmento storyline are applied. Thes

(SSP1) limits of projected population totals for the UK for 2050
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Based on SSP1 and SSP5, the totalpdigulation is estimated to reach 74.7 million and 85.3 million,
respectively, in 2058(a factor of 1.2 and 1.4 greater than preskayt totals used in thistudy). The UK Office
of National Statistics (ONS) projects a total UK population of 72.9 milliamid-2041 based on 2016 d4@NS,
2017), while the Directorat&eneral of the European Commission (Eurostat) estimates suggest that at the start of
2040 the total UK population will be 75 milliqiEurostat, 2017)The baseline mortality rates and demographics

for the future estimates are kept at presiay rates.

3 Results and Discussion

3.1 The emissions driven impact on ®@and NOz concentrations in the UK

Simulatedannual mean MDAS8 ©concentrationsn 2000 areon average- 77 g n across the UKrangng

from ~ 62 pg n¥in centralEngland (West and East Midlands regions) to more than 80}ig the south west

of EnglandWales and ScotlandFig 4a). Os concentrations increase under all RCPs (80&@mpared to present

day (200@) and are on average between ~4 pgand ~9 pg ¥ higherdepending on the RCP (Fig. 4. For

all three RCPs the largest increases for 2@s@ur in regions where presesdy Os concentrations are low (Fig.
4b-d). The largest increases in @ncentrations occur for RCP8.5 where concentrations are more than 12 ug m
3(~40%) and up to 18 ug Mm(~50%) higher across much of the central and southern regions of England (Fig.
4d). For RCP2.6 and RCP6.0 increases irc@nhcentrations are about 6 ug?(r25%) compared to preseday

in Central England with smaller increases elsewiretbe UK (Fig. 4b and c).

a) Present Day (PD) b) RCP2.6 - PD c) RCP6.0 - PD d) RCP8.5 - PD

jrg
g e

pgm ®
pngm ®

Mean=4.4 Mean=45

WMean = 8.9

Figure 4: Simulated annual meandaily maximum 8-hr running mean (MDA8) O3 concentrations for (a) presemtday
(PD, 2000s), (kd) differences in simulated annual mean MDA8 @ concentrations between presentlay (2000s) an
future (2050s) calculated as MDA8 @uture I MDA8 O3 presentday fOr each future pathway. Mean concentration:
(g m®) are shown at the bottom of each panel
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Changes in the abundance of édncentrationsan occurvia changes irprecursor emissiongNOx
emissions play a key role in determining surfagec@ncentrations. For all three RCP simulations, UKxNO
emissions decrease in 2@50y up to 73%; Fig. 1 and 2) with the largest decreases occurring in regions having
high presentlay NQ emissions (Fig2), for example central and south eastern England (Fig).2bhis results
in substantial decreases in annual mean &centrations across the UK (Fig-8p Presentlay annual mean
NO; concentrations averaged across the UK are 11.2 $anarange fom ~3 pug m?in most of Scotland to ~ 27
ug nt3in Central and South East England (Fig. 5a), with the spatial distributiog imeiersey to that ofOs
concentrations (Figla). Annuailmean NQ concentrations reduce in the future, with decreases between 6 pg m
(~=-25%) and 12 pg M (=-50 %) in most of central England for RCP2.6 and RCP6.0 (Fig. 5b and c) and higher
than 15 pg n# (~-75%) for RCP8.5 (Fig. 5d). Regions showing low preskayt G concentrations and high NO
concentrations (Figda and 5a), also exhibit the greatest increases to@centrations and the largest decreases
in NO; concentrations ithe205Gs relative to 2008 (Fig. 4 b-d and Fig. 3»-d). Reductions in N@concentrabns
are highest for RCP8.5 (Fig. 5d) followed by RCP 2.6 (Fig. 5b) and RCP6.0 (Fig. 5c), consistent with reductions
in NOx emissions (Fig 1 and 2). The highey &@ncentrations in the future are likely due to the titration effect of
NO on Q. Thus UK NOx emission reductions between presday and future increases;@oncentrations,
suggesting a NQsaturated environment acros the UK, but particularly in highly polluted regions, where

estimated NQ@ emission reductions are highest.

a) Present Day (PD) b) RCP2.6 - PD c) RCP6.0 - PD d) RCP8.5 - PD

15 "ﬁ -12 ‘“‘: -12 7: -12 "':

12 3 -15 % -15 % -15 3

9 -18 -18 -18

6 -21 -21 =21

3 -24 =24 r -24
Mean=11.2 0 Iean=-4.5 —27 Mean=-4.7 -27 Mean=-6.0 -27

Figure 5. Annual mean NO: concentrations for (a) presemtday (PD i 2000s) and (kd) differences in NG
concentrations between presentlay and future (2050s) under three RCPsMean concentratiors (ug m3) are shown a
the bottom of each panel

While annual mean CHconcentrations decrease for RCP2X60%6) across the UK, they increase for
RCP6.0 (+8%) and RCP8.5 (64 %) (Fig. 1). This increase in GHoncentrations for RCP6.0 and RCP8.5
between preserday and future magontribute toincreases in @concentrations for these tvpathwayqFig. 4c

and d) but fails to explain increases in annual mean MDASAcentrations for RCP2.6 (Fig. 4b). Nonéddss,
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the spatial patterns ins@ifferences between presetdy and future (Fig. 4) aggimarily drivenby changes in

NOx emissions (Fig. 5) as discussed above.

These findings are consistent with previous studies over Europe. A number of global gneviideo
studies have shown a strong impact of \Nfnission reductions and higher €ldvels leading to higher O
concentrations inhe northernEuropen region Hedegaard et al. (2013) find the chemical environment for O
production to differ between Nortvest Europe and elsewhere in Europe. In the Benelux regions and surrounding
countries (including the UK), £xoncentrationfncreasd under RCP4.5 between 1990 and 2880ause olNOx
decreases. However, tiOx- saturated environmemtas not consistent across the UK as found inghidy.
Elsewhere in Europe, N@missions reductions under RCP 4.5 were found to lead to loyveor@entrations
(~20%) between 1990 and 209R @y limited; Hedegaard et al. 2013). In another regional peam study with
different future emission scenarios (Global Energy Assessment scenarios) but which also feagmassion
reductions, annual mean; @asfound to increase across most of north west Europe and the UK in particular
centraland south east England (Colette et al. 20&aR) highlighting the North West Europe and the UK as a

NOx saturated environment.

Similar to the work presented in thigudy, a UK-focused report evaluating nine regional models
(including AQUM) suggests thatducing the total anthropogenic Nénd VOC emissions by 3% for 2006
across the UK, led to an increase in annual mean simulatean©entrations ranging between 1.2 and 6.1 pg m
8 for all models(Defra, 2013) A similar increase in annual meas €@ncentrations over the UK wasso found
for a 30% reduction in anthropogenic N@nd VOC emissions across the UK and Eurdpgais, this study
suggests that increases in@ncentrations are more likely driven taductions in th&K NOx and VOCrather

than changes in emissions outside the UK.

3.2 The emissions driven impact on PMsconcentrations in the UK

Presentday simulated annual mean RMoncentrations averaged across the UK argg-81° and range from ~

4 ug nt3in Scotland to ~ 1ig nt® in eastern England (Fig. 6a). For all RCPs, annual meais &Wcentrations
decrease compared to presday, with a notable nortfsouth gradient (Fig. 6-d). Across the UK, the largest
reductions in PMs concentrations ithe 205Gs relative to 2008 occur under RCP8.5 (Fig. 6d). For RCP8.5 and
RCP2.6, annual mean BNconcentrations are between #d.n3 (~-15%) in Scotland to ~ 4.5 g f(~-50 %)

in centralandeasternEngland lower compared to preselay (Fig. 6 b and)dIn 205G, reductions in simulated
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PM..s concentrations under RCP6.0 relative to 2086 smaller than the other two futupathwayswith

differences ranging from -0.5 pug m3(~-10%) in Scotland to ~2 pg m3(~-20% ) in eastern England (Fi6c).

a) Present Day (PD) b) RCP2.6 - PD c) RCP6.0 - PD d) RCP8.5 - PD
12 0.0 & 0.0 & 0.0
11 -0.5 -0.5 -0.5
10 -1.0 ﬁ -1.0 -1.0
9 -1.5 “ -15 -15
8 f': -2.0 7: -2.0 7. -2.0 ?":
7 3 -25 3 25 % -25 %
6 -3.0 -3.0 -3.0
5 —-3.5 —-3.5 —-35
r 4 r —-4.0 r —-4.0 ( -4.0
Mean = 8.7 3 hean=-2.2 45 Mean=-1.2 —45 Mean=-2.1 _45

Figure 6: Simulated annual mean PMs concentrations for (a) preserdday (PD i 2000s), (bd) differences ir
simulated annual mean PMs concentrations between presentlay and future (2050s) calulated as PMsuture T
PMa2.spresentday fOr each future pathway. Mean concentrations(ug m3) are shown at the bottom of each panel

In this study, for both presexdfy and futurethe two major componerstcontributing to total isnulated
annualmean PM; concentrationsareammonium sulphteand to a lesser extepammoniumnitrate(Fig. 7). For
preseniday, ammonium nitrate constitutes 3% of total PMs concentrations while ammonium sulphate
constitutes 4846 (Fig. 7a). For all RCPs, this distribution is modified compared to presgniwith ammonium

nitrate increasingly becoming the more dominant constituent ofsbhcentrations especially under RGP2

and RCP8.5 (Fig. 7-0).

(@) PD (b) RCP2.6 (9 RCP6.0 (d) RCP8.5

3% 2%
7% 1% 5% 0%
5%
6% 2% 2%
3% 4% 0%
° 0% 2%

B Ammonium Sulphate m Black Carbon B Biomass Burning

Organic Carbon W Secondary Organic Aerosol mDust ® Ammonium Nitrate

Figure 7: The individual components that add up to the total PM.s concentration as simulated by the AQUM mod
for (a) presentday (2000s) and (kd) future pathways following RCP2.6, RCP6.0 and RCP8.5.

The magnitude and spatial distribution of differencesrmmonium sulpate concentrations between

presentday and futire for all three RC#is similar to that of simulatetbtal PM, s concentrations with differences
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ranging from ~1 pg min Scotland to ~4.5 pg m in central and eastern Englafig. S1 of the supplement

to this articlg.

In contrastsimulated ammonium nitrate concentrations over the UK are higher by ~0.25 tm -+t
ug nt3 for all three RCB compared to presewiay (Fig. S2). For all futurCPs, UK SQ, emissions decrease
(Fig. 1) leading to a reduction in sulphate aerosol in thedu This reduction in SGemissions in conjunction
with increases in ammonia emissions under all three RCPs results in an overall increase in the simulated nitrate

aerosols even though N®missions in the UK are projected to decrease in the future.

These decreases in Rytoncentrations in 205Gollowing the RCPs compared to 2G0fre consistent
with those ofHedegaard et al. (2013%uggesting that changes in anthropogenic emissior&0pfand BC
following RCP4.5 lead to a decrease in 2gbncentrations across Europe. Under a European emission reduction
scenario for 2020 based on the MEGAPOLI proje€hemel et al. (2014find annual average PM
concentrations reductions > 2 ug®raver England due teeductions in S@ NOx and NMVOCsVieno et al.
(2016) also suggest that under current legislation (CLE) emissions for 2030, surface-average PWMs
concentrations over the UK reduce by up to 2.8 pjammpared to 2010. Furthermore, these findings on the
impacts of SQ emission reductions on the ammonium sulphate and ammonium nitrate balance are similar to those

reported in previous studies (e.g. Pye et al., 2009).

4 Future health burdens due to changes in UK emissions

Using the simulatednnual mearMDA8 Os, NO, and PMs concentrations discussed in Section 3 finst
calculat@ the populatiorweighted pollutant concentratigribenestimate theregionalattributable fraction (AF)
of mortality, and mortalityburders (Section 4.1associaté with long-term exposws to each pollutant for present

day (2000) and all three futurpathwayg2050s) following the method described in Section 2.3.

We estimate that across all UK regions the percer{sigeof respiratory mortality associated with leng
term exposure to annual mean MDA8i®higher for all three RCPs in 2086ompared to presewlay estimates
(refer toFig. S3in the Supplement to this manuscyigh contrastfor all RCPs the Afof mortality associated
with long-term exposure to annual mean N&did PM sconcentrationss lower for 205@ relative to 2006 (Fig.

S4 and S5, respectively). These differences are driven by differences in the respective peapeigtitad
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pollutant concentratiasy annual mean MDA8 @concentrations are higher for futypsathwaysand annual mean

NO. and PM sconcentrations are lower.

The uncertainty estimates based on thé&®Bonfidence interval of all three CRFs used are relatively
large such that theonfidence rangbetween presesttay and all three futuneathwaysoverlapfor mostregions
(Fig. S35). There arexceptions forspecificregions following RCP8.5 (Fig. S&#8). This suggests a significant
difference in the AF of mortality between presday and RCP8.5. The large uncertainty is further reflected in
the confidence intervals of differences between predayptand each futurpathways(Fig. S3b5b). For all
regions under all three RCPs, the limit of the @b5confidence interval of the difference is close to zero and in
some regions includes both positive and negative AF values thus suggesting that AF diféeeencesignificant

(Fig. S3b5b), although this imot the case for most of the regions urde@P8.5(Fig. S3b5b).

4.1 Health impacts associated with longerm exposure to annual mean MDA8 @

The estimatedespiratorymortality burdens associated with letegm exposure to annual mean MDA &e
shown in Fig8a. The estimated total Ultide presentiay (2008) mortality burderis 7,705 attributable deaths.
Under all RCPs, regions which have high population totals, such as the NortlENMgéstdregion, have high
estimated mortality burdens in 285(ig. 8a). For exampleunder RCP8.5, the North West and South East
regions are the regions with the highest estimated mortality burden is @§08a). Under all three RCPs, the
future total estirated mortality burden in 2050s higher than preseflay (positive differences, Fi@b), as a
result of higher total AFs of respiratory mortality (FBgb). For RCP2.6 and RCP6t@ere are2,710 and 2,529

additional attributable deaths respectively, 8896 additional attributable deaths for RCP8.5 (8liJ.
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Figure 8: (a) UK annual respiratory attributable deaths associated with longerm exposure to annual mea
MDA8 O3 for present-day (PD1 2000s), and all three RCPs for 2050s. (b) Differences in UK annual attributat
deaths between presentlay and future under RCP2.6, RCP6.0 and RCP8.5. Colours indicate the anni
attributbale deaths for each region in England and Scotland and Wales. N.B. no population projections
included in these future health burdens.

4.2 Health impacts associated with longerm exposure to annual mean N@

The presentday NQ-related UK mortality burdeis 25,278 attributable deaths (Figa), with regionshaving
high presentlay population (e.g. South East regioggulting inthe highestotal attributable mortalityEstimated
mortality burdens for 20%ange from 9,496 t@5,860 attributable deaths for RCP8.5 and RCP6.0, respectively

(Fig 9a). For all RCPs, the estimated mortality burdens in 2@86 lower compared to preseatdy; differences
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in mortality burdens range between 15,782 and 9,418 avoided attributable draRGH6.0 and RCP8.5,
respectively (Figdb). These reductions in estimated mortality burdens are driven by reductions in annual mean
NO; concentrationslt should be noted that N@ffectscould to some extent overlap widffects oflong-term
exposure to PMsasit is difficult to attribute health effecisdependery due to the typically strong correlation

between these two pollutaftS8OMEAP, 2018)
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Figure 9: (a) UK annual attributable deaths associated with longerm exposrue to annual mean N@for present-day
(PDi 2000s), and all three RCPs in 2050s. (b) Differences in UK annual attributable deaths between presdsy anc
future under RCP2.6, RCP6.0 and RCP8.5. Colours iticate the annual attributable deaths for each region in Englar
and Scotland and Wales. N.B. no population projections are included in these future health burdens.
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4.3 Health impacts associated with longerm exposure to annual mean PMs

For presentiay, we estimatehat 32,996 attributable deathsthe UK are associated with lonatgrm
exposure to annual mean RdtoncentrationgFig 10a) The total UK mortality burdens for each of the future
emissionpathwaysare estimated at 24,034, 28,475 and 23,514 attributable deaths over the UK under RCP2.6,
RCP6.0 andRCP8.5 in 205§ respectively (Fig@a). Forall pathwaysthe estimated mortality burdens are highest

in regions having a combination of a high2.5 concentratio(Fig 10a) andahigh population. For example, this

35000
(a) 32,996
30000 - 28,475
o m Yorkshire and The Humbet
m West Midlands
2 250001 24,034 23,514
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g 20000 ®m South West
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I m Scotland
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. - | .
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-11000
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Figure 10: (a) UK annual attributable deaths associated with longerm exposure to annual mean PMsfor present-day (PC
i 2000s), and all three RCPs for 2050s. (b) Differences in UK annual attributbale deaths between presgay and future
under RCP2.6, RCP6.0 andRCP8.5. Colours indicate the annual attributable deaths for each region in England and Scotla
and Wales. N.B. no population ptojections are included in these future health burdens.
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occurs in the South East, London d&wakt of England regions (Fi@d). As with differences in the AF of mortality
(Fig. S5b) the estimated mortality burden for all RCPs in 20&@ lower compared to preseaddy (Fig Db).
The largest decreases in estimated attributable deaths associhtdtMyi occur under RCP2.6 and RCP 8.5
(8,962 and 9,481 avoided attributable deaths, respectively) while the smallest decceasesder RCP6.0

(4,521 avoided attributable deaths).

4.4 Comparison of estimated future health impacts to literature

Models used to simulate future air pollutant concentrations generally have a coarse (~50km) horizontal resolution
and studies typically only quantify impacts at a global or European scale, dimestacomparison of results in
this section with other studies is quantitativéilyited. Insteadwe comparethe direction of changes under

differentpathways

Using a similar model setp to this papebutincluding climate changeffects Pannullo et al. (2017)
estimate the respiratory hospital admissions attributable taMNZD5G and findreductiors of 1.7%, 1.4% and
2.4% in hospital admissions under RCP2.6, RCP6.0 and RCP8.5, respectively in England (relative to average
presentday respiratory hospital admissions per year across Engjléh8,052). This is to some extent similar to
findings in thisstudy where reductions in Nfconcentrations under all RCPs in 283€ad to reductions in
correspondingnortality burdens across the UK compared to predapt Williams et al. (2018) also estimdte
the health benefits for the UK following emission reductions under three energy consumption scenarios,for 2050
suggestinga decrease in annual mean N{dd PM s concentrationgndtheir respectivenortality burdenss a
result ofemissionreductions in 2056 In a broader European contexg-i@lated mortality burdens are generally
found to reducéor different RCPs$n 20505, with a slight increase for RCP8.5 as a result of increases in methane
concentrationge.g. Silva et al., 2016; West et al., 20130t found in ths study likely due to the finer model
resolution of 12 kmPM, s mortality burdens are generally found to decrease in the future as a result of reductions

in primary and precursor emissiofesg. Pozzer et al., 2017; Silva et al., 2016)

Overall, the findings in thistudy compare well with previous Wased studies based on future
emissions reductions, in terms of directions of change in future &M@ PMsrelated mortality burdens.
Differences in the direction of change between the futureet@ted health burderin this study and tho$eund

in different European studies (West et al. 2013; Silva et al. 2016) may be due to the coarser model resolutions
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used in these studigghich mg influence howthe nonlinear chemnstry of NOc and Q are capturedan increase

vs. a decrease inz@elated health burdens, respectiyely

4.5 Sensitivity of estimated regional mortality burdens to future population projections

In this section we assess the sensitivityfutiire mortality burdens presented Sectiors 4.1- 4.3 to future
population projections based on two shared secmmomic pathways (SSP SSPland SSP5(a detailed
description of changes in individual regions as welresuls for SSP5 can be found iBection 8 of the

Supplemento thismanuscript Under thes@athwayghe population of the UK increases by a factor of 1.2 and
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Figure 11: Differences in UK annual attributable deaths associated with longerm exposure to annual mean (i
MDAS8 Os (b) NOz2and (c) PM2s between presentay (PD) for the 2000s pathway and the future under RCP2.
RCP6.0 and RCP8.5 emission pathways including future population projections following SSP1. Colours indic
differences in annual attributable deaths for each region in Englad and Scotland and Wales.
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1.4from presentday, respectively $ection 2.3 Regional annual baseline mortality ratised to calculat@iture

mortality burdens are assumed to be the same as for poasent

Including the projected populatigathwaysvhen estimating future mortaliburdens based on the SSP1
and SSP5, results in higher future mortality burdens especially in densely populated regions such g&igondon
1laand Fig.S6a) For 3 whose levels are estimated to increase in the future, the difference in mortality burdens
between preserttay and future is amplified when incorporating future populgiethwayqup to a factor of ~3).
However, for NQand PM s, pollutants that are estated to decrease under future UK emissmathwaysfuture
increases in population may result in a change in sign as well as the magnitude for the total differences in UK
mortality in the future(Fig. 11bc and Fig. S6ix). This result is broadly congent with other studies. For
example, Silva et al (2016) suggest that a larger population ins20&@nifies the impact of changes in PM
concentrations and find the future global mortality burden of air pollution forse&h exceed the current burden,

even where Pl concentrations decrease.

5 Conclusions

Theinfluence of changes in UK emissions following three RCPs; RCP2.6, RCP6.0 and RCP8.5 on simulated air
pollutant concentrations of{ONO, and PM s over the UK forthe205Gsrelative tothe2000s, has been quantified

for the first timeusing an air quality model (AQUM) at 12 km horizontal resolution. The corresponding changes
in attributable fraction (AF) of mortality and mortality burdens associated withtemgexposurestannual mean

MDAS8 O3, NO, and PM s between preserttay and futurgpathwaysare estimated for different regions of the

UK. In addition the sensitivity of these healtimpactestimates to future population projections is also analysed.

Under all the three RCPsz@oncentrations increase across the entire UK due to substantial decreases

in NOx emissions (ranging betweéesB % and-73 %) resulting inless titration of @by NO. Projected increases

in CHs concentrations for the UK under RCP6.0 and RCP8.5 may also contribute to increasamicetrations.

In contrast, under all RCPs, simulated annual meap ddé@centrations decrease across the AKnual mean

PM; s concentratins also decrease in 2@5fr all RCPs driven by large reductions in precursor emissions
however, the PMs composition is noted to change for futyyathwayswith ammonium nitrate increasingly
becoming the more dominant constituent ofz2RM he lateral boundary conditions usadhis studyfor all three

RCPs are constant to the preséay runtherefore, the impact of changes in regional and global emissitsisie

the UK are not accounted fdResults concerninthe impact of changes in European emissions for the 2050s on
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UK air pollutionare variableThis typically depends on the models used as well as the source of precursors for
the pollutant being stueld. For example, for PM as well as gaseous pollutants sucha£8&@nd S@ changes
in local emissions are more likely to be dominant however, a larger impact frofflogadrsources may be

expected for, for examplezO

For all regions and under allrde RCR, the corresponding total respiratory mortality burden associated
with long-term exposure to MDA8 ©between the RCPs is estimated to increase by 2,529 (RCP6.0) to 5,396
(RCP8.5) additional attributable deathstliie 205G relative tothe 200Gs. Differences between presettdy and
future NQ-related mortality burdens range between 9,418 and 15,782 dvaitiebutable deathsvhile
differences inPM. s relatedmortality burdengsange from 4,521 to 9,481 avoided attributable deaths for RCP6.0
and RCP8.5, respectiveligven thoughhe PM sconcentrations are suggested to decrease for all three RCPs, we
note that the PMscomposition changegvidence on the toxicity and chemical composition of B4 very
limited. Thus while our results suggest reductions in BNelatedmortality for the 2050s under all three RCPs,
we cannot estimate the differencaaricity due to a change in Bicomposition between preseady and future

estimates.

Results show that future mortality burdens are sensitifigttioe populationpathwaydor all pollutants
We rote that, the mortality burdempsesented in this studyay be overestimate as the effect of exposure tp NO
and PM s may not be independeast these pollutants atgpically strongly correlatedn terms of uncertainty,
the 95% Cl representing uncertainties associated with the CRF is quantified for the AF of mortality due to long
term exposure to )NO, and PMs. Results suggest that the uncertainty in the CRF has a substantial impact on
the estimates of the AF of mortality foradaUK region in terms of their magnitude and directadrchange,
except for four UK regions where significant differences in AF estimates are found between-gagsand
following RCP 8.5 in 2058 We also notehe large uncertaintiy future emissionaenariosand their driversfor
example the recent changes in emissions across the globe drivéte bynited movement of people following
the unprecedentedpread of the COVIEL9 virus In addition although uncertainties in population projections
are onsidereduncertainties associated with the population demograpligsan ageing population are not
consideredChanges in future baseline mortality rates are also negletibede may in turn have a significant
impact on the overall results lagseline mortality rates are expected to increasfageingand largepopulation
total which will result in higher estimated mortality burdeRsrthermore, the estimates presented in this study

are highly dependent on changes in local policies.
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Nongheless results in thistudy highlight the sensitivity of annual mean MDA& ONO; and PM s
concentrations to reducing UK N@missions which in turn drive changes in estimates of UK and regional
mortality burdens associated with leteym exposure to these pollutants under three RCPshéoR050
compared tahe 200Gs. In addition mortality burdens are also shown to be sansjtto future population

pathways
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S1. The emissions driven impact oammonium sulphate and nitrateconcentrations in the UK
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Figure S1: Simulated annual mean ammonium sulphate concentrations for (a) preseday (PD), (b-d) differences ir
simulated annual mean annual mean ammonium sulphate concentrations between preseay (2000s) and futur:
(2050s) for ech future pathway
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Figure S2: Simulated annual mean ammonium nitrate concentrations for (a) presemtay (PD), (b-d) differences ir
simulated annual mean annual mean ammonium nitrate concentrations between presatday (2000s) and futur
(2050s) foreach future pathway
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S2. Health impacts associated with lonterm exposure to annual mean pollutant concentrations
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Figure S3:(a) Attributable fraction (AF) of respiratory mortality associated with long-term exposure toannual mean MDAE
Oz for presentday (PD7 2000s) and each RCP for 2050s expressed as a percentage of total annual respiratory mortality
Difference in AF between presentlay and future expressed as a percentage for each regions in England, Scotland svales
(AFuture T AFpresentday). Error bars show the 95% CI which represents uncertainties associated only with the concentratie

response coefficient used.
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Figure S4:(a) Attributable fraction (AF) of all -cause (excluding rternal) mortality associated with longterm exposure tc
annual mean NQ for presentday (PD) in 2000s and each RCP for 2050s expressed as a percentage of total a
respiratory mortality. (b) Difference in AF between presentday and future expressed aa percentage for each regions
England, Scotland and Wales (Aktre | AFpresentday). Error bars show the 95% ClI which represents uncertainties associat
only with the concentrationsresponse coefficient used.
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